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We dedicate this volume to two of our 
most distinguished colleagues who met 
untimely deaths this year: 

H. MAHR S.L. SHAPIRO 

Both will be sadly missed by all in the 
picosecond field and our deepest sympa
thy goes out to their families. 



Preface 

The third international conference devoted to picosecond phenomena was held 
June 16-18, 1982 in Garmisch-Partenkirchen, West Germany. Scientists from 
widely varying disciplines, physicists, chemists, biologists, and engineers 
came together to share their common interest in picosecond and subpicosecond 
processes. The meeting attracted approximately 250 scientists from numerous 
countries around the globe. 

More than .100 papers were concerned with the latest advances in the ex
perimental and theoretical understanding of ultrafast phenomena. New dis
coveries in femtosecond and picosecond pulse generation and new results in 
chemical dynamics, solid-state physics, and nonlinear optics were presented. 
The quality of the scientific reports, the enthusiasm of the participating 
scientists, as well as the magnificent surroundings of the Bavarian alps 
guaranteed a successful and pleasant conference. 

Numerous people have helped to make the conference a success. Special 
thanks are due to Carin von Oberkamp for dOing a superb job in implementing 
the meeting arrangements and to the program committee for the selection and 
organisation of the scientific presentations. 

The financial support of the Deutsche Forschungsgemeinschaft and of the 
Bayerische Staatsministerium fUr Unterricht und Kultur is gratefully ack
nowledged. 

New York, NY 
Philadelphia, PA 
Munich, Fed. Rep. of Germany 
Bayreuth, Fed. Rep. of Germany 
August, 1982 
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Part I 

Advances in the Generation of 
Ultrashort Light Pulses 



Moving from the Picosecond to the Femtosecond Time Regime 

C. V. Shank. R. L. Fork , and R. T. Yen 

Bell Laboratories. Holmdel . NJ 07733, USA 

Considerabl e progress has taken place in the last decade and a half in the 
generation of ultrashort optical pulses. A steady progression of developments 
has led to ever shorter optical pulses and subseqllent improvements in our abil
ity to resolve fast spectroscopic events. In this discussion 1 will describe 
progress that has taken place in our laboratory which has led to the generat ion 
of optical pulses of l ess than 0.1 picoseconcis in duration, plIshing well into 
the femtosecond time regime. Three significant advances have taken place in 
the last two years wh ich have made possible experimental investi gations on a 
femtosecond time sca le. The first key advance was the improvement of the pass 
ively modelocked Qye laser [1] using the colliding pulse modelocked dye laser 
configuration [2J. With this laser the first pulses with a duration of less 
than 0.1 pi coseconds were generated. The second impo rtant result is an 
i mprovement in alJl) l ification t echnique which has permitted the generation of 
femtosecond optica l pulses of gigawa tt intensities . The final point of dis
cuss ion will be .the use of pulse compression techniques to generate a 30 femto
second optf ca 1 pul se, the shortes t opt i ca 1 pul se dura ti on yet reported. 

1. Col lid ing Pul s e Modelocking (CPM) 

The diagram of a CPM ring dye laser is shown in Fig. 1. This laser ut ili zes 
the interacti on or "collision" of . two counterpropagating opt i cal pulse t rains 
1n a thin saturab l e absorber stream. The interaction of the counterpropa
gating pulses creates a transient grating of the population of the absorber 
mole cu les, which synchron izes, stabilizes , and shortens the pulses. The gain 
medium is a conventiona l flowing stream of Rhodamine 6G dissolved in ethylene 
gl yco l. The saturable absorber is 3,3 '-Oiethylo)(adicarbocyani ne iodide dis
solved i n ethylene glyco] . The dye laser was pumped with a cw argon laser 
us ing 3- 7 watts at 514. 5 nm. When the first results of the operation of this 
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laser were reported a pulsewidth of 90 femtoseconds was measured. It has sub
sequently been found that by empirical substitution of laser mirrors the 
pulsewidth could be reduced to 65 femtoseconds. Apparently the operation of 
these short pulse lasers is very sensitive to mirror coatings. Most laser 
mirrors are fabricated with only the reflectivity specified. The frequency 
dependence of the phase change upon reflection is not accurately controlled. 
This can lead to dispersion in the optical cavity and subsequent pulse broad
ening. Some future improvement in femtosecond laser operation is almost cer
tainly to come by designing laser mirrors to minimize cavity loss and dis
persion. 

2. Femtosecond Pulse Amplification 

For many experimental situations it is highly desirable to have intense opti
cal pulses in the gigawatt range. Earlier we reported techniques for amplify
ing subpicosecond optical pulses (0.5 psec in duration) while maintaining the 
pulse duration [3]. The short duration and high electric field intensities 
encountered in amplifying femtosecond optical pulses introduce new problems in 
amplifier design. Group velocity dispersion in the dye solvent and amplifier 
optics causes significant temporal broadening. 

The diagram of a femtosecond pulse amplifier is shown in Fig. 2. As in 
earlier versions of this amplifier, the four stages are pumped with a frequency 
doubled Nd:YAG laser. Each stage is isolated with saturable absorbers. The 
temporal broadening due to group velocity dispersion alone can be compensated 
with a grating pair compressor [4]. In addition to linear dispersion arising 
from propagating through the amplifier chain, nonlinear amplification effects 
can introduce distortions of the incident pulse more complex than a linear 
frequency chirp. Our approach is to seek the necessary amplification while 
minimizing these distortions which interfere with recompression [5]. 

The measured autocorrelation functions of our amplified pulses are shown in 
Fig. 3. During amplification an incident 90 femtosecond optical pulse is 
broadened to 0.4 picoseconds in the course of being amplified to an energy of 
one millijoule. Using the grating compressor the pulsewidth can be restored 
to 70-90 femtoseconds with a peak intensity at gigawatt levels. This pulse 
is quite useful for generating a picosecond continuum as described by Fork, 
et al. in this volume [6]. 

3. Compression of Femtosecond Optical Pulses 

Using optical compression techniques [7,8,9,10] we nave succeeaed in generating 
and measuring an optical pulse of only 30 femtoseconds in duration. This is 
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the shortest optical pulse ever generated and corresponds to only 14 optical 
cycles. 

The experimental arrangement for pulse compression is shown in Fig. 4. 
Optical pulses of 90 (sec duration are obtained from a CPM dye laser and 
amplified as described above. The amplified pulse is attenuated and focused 
into a 15 em long single mode optical fiber [11]. For a few nJ energy coupled 
in to the optical fiber the optical spectntl1 is observed to broaden signifi~ 
cantly by the process of self phase modulation. The light from the fiber is 
recollimated with a lens and passed through a grating compressor. Nakatsuka, 
et al. have shown that optical fibers are a nearly ideal medium for applying 
a well-controlled chirp of frequency sweep on the optical pul ses [12]. The 
opt i ca leI ements used to reco 11 ima te the beam exit i ng from the fi ber and to 
di rect the pulses into the autocorrelator all contribute to the group velocity 
dispersion experienced by the pulse. Fortunately, the grating compressor used 
in this experiment compresses the chirped pulse and provides a means of com· 
pensating other dispersive elements in the beam as well. The resu\ ts of an 
autocorrelation measurement of a 30 femtosecond optical pulse are shown in 
Fig. 5. 

Conc l usion 

We expect that pulses on the femtosecond time scale wi 11 open the way to new 
investigati ons in physics, chemistry and biology. Pulses of the duration 
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described here are comparable to the vibrational period of many phonon 
excitations . Already the work of Tang and that of Greene in this conference 
have shown the val ue of femtosecond spectroscopy in unravel ing the non1 inear 
optical properties of simple molecules. Even shorter pulses appear possible 
in the future by straightforward extensions of the techniques described above. 
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Femtosecond Optical Pulses: Towards Thnability 
at the Gigawatt Level 

A. Migus, J.L. Martin, R. Astier, A. Antonetti, and A. Orszag 

Laboratoire d'Optique Appliquee, Ecole Poly technique - ENSTA, 
F-91120 Palaiseau, France 

Since 1975 different kinds of dye lasers have been developed to generate 
subpicosecond pul ses : CW pumped passively mode locked oscillators [1J, 
synchronously pumped lasers or more recently CW mode locked ring lasers [2] 
which generate pulses of duration less than 100 femtoseconds. Many more 
applications become accessible when these pulses are amplified to powers in 
the gigawatt range [3,4] and particularly if one can util ize nonl inear optical 
phenomena to generate pulses at different wavelengths. In this paper, we 
describe new techniques for producing high power wavelength tunable subpico
second pulses, starting from the amplified outputs of CW mode locked linear 
or ring dye lasers, generating a white light continuum pulse and amplifying 
any selected spectral part of it to GW peak power. 

As initial laser we have first used a linear passively mode locked CW 
dye laser OJ. After passive compression through a grating pair the resul
ting pulses of energy 1 nJ and duration typically 0.5 psec were close to 
transform limited. The amplifier configuration I~J used with this oscilla
tor employs three amplifier stages separated by saturable absorbers which 
help to prevent self-oscillation or overamplification of the leading edge. 
The pumping is realized with a Q-switched Nd-Yag laser which produces pulses 
of 1.7J at 1.06 ~11f (14 ns duration) and 500 mJ at 0.53 ~m with one single 
KDP. This set up which generates subpicosecond pulses of up to three GW peak 
power in the 610-620 nm spectral range has been used in time resolved spec
troscopy experiments because such intense pulses have the capability of 
generating white light pulses of same duration. Up to now this continuum 
light has always been used as a weak probe (or interrogation) beam while 
the intense pump (or excitation) was at the fundamental wavelength or with 
much less energy at the second harmonic or at Stokes shifted frequencies. We 
have developed a technique which allows to produce high peak power subpico
second pulses at a selected wavelength allover the visible spectrum by 
using one fraction of the 615 nm amplified beam to generate a continuum and 
by amplifying a selected part of it. In our experiment an interferential 
filter selected a few microjoules in a 7 nm spectral band centered at 575nm. 
A second KDP crystal allows a pumping source of 200 mJ at 0.53 ~m from the 
remaining 1.2J at 1.06 ~m. This green light pumped transversally one single 
3 cm long amplifier stage containing a circulating solution of Rhodamine 6G. 
The transverse amplified pulse area was 0.15 cm2 • We can notice thatsynchro
nization is automatically realized once the initial amplifier is synchronized. 

A gain saturation experiment has been performed by measuring the output 
pulse energy E (in ~J) as a function of the input energy Eo (in ~J) with 
calibrated filters. The experimental points are in very good agreement with 
the theoretical saturation curve 

E '\, 200 in [1 + 3.3 Eo ] when' E and Eo are expressed in ~J 
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obtained by followi ng t he computations of ref [5] . Output energies as high 
as 1 mJ have been obtained. 

Pulsewidths were measured using background free S H G autocorrelation tech
niques. The propagation of such a large spectrum is associated with pulse 
temporal broadening due to group velocity dispersion in the dye solvent and 
the optics between the continuum generation and the KQP crystal . Byextending 
the case of gaussian pulses, t he pulsewidth T , after propagating indifferent 
media of l ength Lm and group velocity dispersion Om. ca n be approximated by 

T : [/p + ( fI).. r. L 0 )2] l /Z 
m m m 

where l p : 0.6 ps is the initial pulsewidth (fig . 2) and 6), the amplified 
spectrum width. In our e)(perimental conditions >: LmDm '\> 50 f sec/ nm. 

m 
While this effect can be compensated by the gra t ing pair technique. this 

is not the case for gain saturation which is another strong factor of pulse 
broadening. Assuming a sech' pulse shape we have numerically [5] computed 
the output pulse width as a function of input energy (fig . 1). The theore ti 
cal prediction which takes i nto account all the broaden i ng factors is then 
in very good agreement with the observed pulsewidths (fig. 2) . 

This technique can directly be e)(tC!n dC!d to the infrared and the blue partof 
the spectrum by using the 355 nm obtained by tripling the remaining 1.06 ~m. 

Fig . 2 Starting l eft: autocorrelation curve of the initial 1 mJ 615 nm 
~Thedotted curve cor responds to the autocorrelation of a sech' of 
du rati on 0.6 ps . The following autocorrelation cur ves demonstrate the effect 
of gain sa turat ion (and of dispersion) on the pulse duration . They respecti
ve I y corres pond to the fo 11 owi ng energ ies : 100 IJJ. 20G ~J and 400 IJJ ina spectra 1 
band of 7 nm centered at 575 nm 

7 



This same technique can also be applied to much shorter pulses. Following 
the recent discovery of techniques for generating pulses in the femtosecond 
re~ime [2J and their ampl ification [6] we have built a ring laser in (fig.3) 
[7J and a:nplifted the output pul ses of duration 100 fsec at 618 nm to the mJ 
regime while keeping the same order of pulsewidth. Our'oscillator is diffe
rent from the one reported already [2J in that we did not include an intra
cavity pellicle etalon to avoid losses in the cavity. Instead we found the 
use of an external interference filter very effective to remove the red part 
of the spectrum. The output pulse is then transform limited with very clean 
rise and decay and a duration very independent of the laser fluctuations. 

Our amplifier (fig. 3) is similar to the one developed by R.L. FORK and 
coworkers 1-6J in that it includes four stages of ampl ification separated by 
saturable absorber jets. The introduction of one more stage is of prime 
importance because of the low energetic input pulse (less than 50 pJ). As 
already noticed group velocity dispersion in the amplifier and in the optics 
before the KDP crystal implies temporal broadening. In our set up the esti
mated dispersion of 110 fsec/nm is compensated by a dispersive delay line 
composed of two 1200 g/mm diffraction gratings blazed at 630 nm, used at 
50 0 and separated by a distance of 37 mm, Different solutions 5an be adop
ted: this compressor can be introduced after the last stage L6J but it im
plies then a loss factor which can be quite important (above five). It can 
be introduced at the oscillator output, but the resulting low energetic pul
se is then difficult to separate from the fluorescence after the first stage 
of amplification. We have found that the optimum solution was to introduce 
the dispersive delay line after the second stage. In that case the satura-

Fig. 3 Ring laser and amplification set up. F is an interferential fil
~, 2, 3 are three transversally pumped amplifier stages follo-
wed by saturable absorber jets. 4 is a longitudinally pumped am-
plifier stage. DP is the dispersion compensation with a grating 
pair. The right part of the figure represents the set up for tuna-
ble continuum amplification. CG is the continuum generation cell, 
GP is a grating pair which compensates the further group velocity 
dispersion and S is the spectral selection. The stage 5 is pumped 
transversally by 150 mJ at 0.53 ~m obtained from a second KDP crys-
tal. 
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-1 +1 Fig. 4 Autocorrelation of the 10 Hz amplified pulse at 
time delay in ps 612 nm. Peak power:s as· high as 10 GW have been obtained 

tion of the gain in the next two stages allows to recover a large part of 
the losses at the expense of a small temporal broadening. The output pulse 
with an energy well above 1 mJ has then a duration of 160 fsec (fig. 4). 

This new set up has been applied in time resolved spectroscopy experiments 
using as excitation source the frequency doubled output pulses. In that case 
we found even shorter 309 nm UV pul ses (fig. 4 1-7J) with a duration of 100 fsec 
and an energy up to 20 ~J (0.2 GW peak power). The generation of less than 
200 fsec tunable pulses by continuum amplification has been undertaken. To 
that effect we have modified our original set up (fig. 3) by introducing a 
grating pair (1000 g/mm and 25 mm separation) which takes care of the 
45 fs/nm dispersion at 575 nm. On the opposite, we have then to shorten to 
22 mm the separation of the gratings in the four stage amplifier. 

In conclusion, we have shown that the main problem of broadening associated 
with group velocity dispersion can be overcome, and demonstrated that the 
technique of continuum amplification is a powerful too] to generate less than 
200 fs tunable pulses in the GW range. 

This work has been supported by the Direction des recherches, Etudes et Techniques. 
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Femtosecond Continuum Generation 

R.L. Fork, C.V. Shank, R.T. Yen, and C. Hirlimann* 

Bell Laboratoires, Holmdel, NJ 07733, USA 

W.J. Tomlinson 

Bell Laboratories, Allentown, NJ 18103, USA 

We obtain white light continuum pulses with durations as short as 80 fsec. 
The broad spectral range (G.19JJ-l.6)l) minimal chirp, stable repetitive 
character, and availability of powers extending to the gigawatt range sug
gest these pulses will provide a powerful new tool for femtosecond spectros
copy. We obtain these pulses by using short (65 fsec) pulses from our col
liding pulse rolode locked laser [1] which have been c!l;lplified to gigawatt 
powers in an amplifier designed specifically for short pulse amplification 
[2J. The short duration and high intensity of these amplified pulses permit 
us to generate continuum pulses in il short length of nonlinear medium with 
the consequence that pulse distortion by group velocity dispersion is 
minimal. We thus generate pulses which are temporally s~ort and which also 
have almost negligible chirp over broad spectral regions. Such a feature is 
essential for femtosecond time resolution in most practical applications. 
This approach is also of special interest in that the temporal distribution 
of the continuum is determined primarily by the generation mechanism rather 
than by group velocity dispersion in the generating or analyzing r,ledia. He 
can thus present convincing evidence, e.g., that self phase modulation plays 
a prominent role in the continuum generation process. 

1. Experimental Apparatus 

We generate and measure our continuum pulses as illustrated in Fig. 1. A 
pump pulse at 627 nm of 80 fsec duration and 1.2 GW power is focused into 
a thin (500)1) jet of ethylene glycol. The focusing mirror has a radius of 
25 cm producing intensities at the jet of 1013_1014 W/cm2. Because the con
tinuum has an angular divergence approximately twice that of the pump beam 
we use a 10 cm mirror for recollimating the continuum. Aluminum coatings 
are used on the mirrors which reflect the continuum and dielectric or alum
inum coatings on the other mirrors. A reference pulse is split off from the 
pump pulse, delayed by a stepper motor driven stage and focused by a 25 cm 
mirror on a thin (100)1) KDP crystal. Another 25 cm mirror focuses and 
overlaps the continuum pulse with the reference pulse at the KDP crystal. 
Crosscorrelation functions are obtained by varying the stepper motor driven 
d~lay and observing the upconverted signal on an OMA2 optical multichannel 
analyzer. The finite bandwidth of the KDP crystal and its angular orienta
tion serve to select a given spectral region of the continuum. The spectral 
bandwidth of the upconverted light is sufficiently broad to permit adequate 

* Permanent Address: Univers ite~ Pi erre et Mari e Curi e, Laboratoi re 
de Physique des Solides, C.N.R.S. (L.A. 154) 
4 Place Jussieu T13-2, 75230 Paris Cedex 05, France 
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temporal resolution. For our KDP crystal which was cut to double 620 nm at 
normal incidence we can upconvert continuum light over the range .44~ to l.l~. 
(A s lightly greater range can be obtained by using the crystal at highly 
oblique angles ; however, we avoided these conditions because of the rela
tively long path for the continuum light in the crystal.) The crosscor
relation of the continuum with the reference pulse was obtained by selecting 
a given spectral region and relative pulse delay, integrating 500 pulses in 
the Ot1A2, changing the delay and repeating the measurement. The crystal 
angle was then changed and the process repeated at another wavelength until 
the time dependence of the continuum was mapped out. 

2. Continuum Properties 

He illustrate the temporal properties of the continuum by the crosscorrela
tion traces shown in Fig. 2. The data points for a given trace have been 
connected by a smooth curve. Here we have crosscorrelated a segment of the 
continuum centered at 4694~ with the reference pump pulse. We also show the 
crosscorrelation of a segment of the continuum centered at 10093~ with the 
reference pulse. The zero of time is indicated by the autocorrelation func
tion of the pump pulse taken at an intensity below threshold for continuum 
generation. 

We see both the infrared and blue portions of the continuum have durations 
closely approximating that of the 80 f sec pump pulse . We also see the infra
red portion of the continuum coincides with the leading edge of the pump 
pulse and the blue portion of the continuum coincides with the trailing edge 
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of the pump pulse. This temporal behavior is consistent with a model of con
tinuum generation in which self phase modulation plays a prominent role. 
That is, the rapid increase in intensity associated with the leading edge 
of the pump pulse causes a rapid increase in the nonlinear contribution ,to 
the refractive index. This causes an increasing retardation of the pump 
light and hence a shift to the red. Similar arguments predict the blue por
tion of the continuum will coincide with the tra~ ling edge of the pump pulse. 
The crosscorrelation trace for the light at 4694A clearly shows such a result. 
(The positions of the crosscorrelation traces have been shifted slightly to 
correct for dispersion in the KDP crystal, see Fig. 3) . 

We plot the temporal distribution of the continuum in time in Fig. 3. The 
data pOints were obtained from a series of crosscorrelation traces taken as 
described above. The uncorrected data points are shown by (x). The data 
pOints corrected for the apparent time shift introduced by group velocity 
dispersion in the KDP are shown by (e). These points give the actual dis
tribution of the continuum in time and are connected by a s~ooth curve drawn 
through the origin. We also include an indication of the position of the 
continuum if a correction is introduced for the temporal shift caused by 
group velocity dispersion i n the generating jet (,r). The principal point to 
be made is that the dominant factor determining the temporal distribution of 
the continuum is the generating mechanism rather than group velocity disper
sion in the generating or measuring apparatus. We also see that the chirp is 
small amounting to <30 fsec/1000~ in the blue and <10 fsec/1000~ in the red. 

The continuum is generated with high efficiency (>50%), is sufficiently 
reproduCible to permit detection of spectral changes as small as one part in 
ten thousand (500 shots averaged), and falls off relatively slowly with 
increasing frequency shift from the pump. The intensity decreases by 
approximately an order of magnitude for an increase in optical frequency of 
2 x 1014 Hz and somewhat more rapidly for decreasing frequency. Given the 
gigawatt power level in the continuum this yields experimentally useful light 
from O. l~ to 1.6~. We have recently used continuum from .65~ to 1.55~ to 
measure a relaxation time of 160 fsec in polyacetylene, e.g. [3J 

3. Pump-Probe Experiment 

We have also performed pump-probe experiments in which the KDP crystal is 
replaced by a second liquid sample. In that case a portion of the continuum 
pulse selected by a narrow band pass filter probes the region of the sample 
excited by the reference pump pulse. We find, e.g., that the probe is up
shifted if it coincides with the leading edge of the pump pulse and down
shifted if it coincides with the trailing edge of the pump pulse. We also 
find evidence for a frequency dependence of the nonlinear index. 
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4. Calculation 

Our calculation of continuum generation using the nonlinear Schrodinger 
equation [4J predicts approximately the observed spectrum. Given the very 
large frequency shifts. variations in the focused pump intensity. and the 
possibility of some self focusing. it is difficult to make precise compari
sons with theory. We suggest that while self phase modulation clearly plays 
a major role other nonlinear mechanisms. such as self steepening. free elec
tron generation. and parametric mixing must also be considered as having 
significant influence. 

Special thanks are due F. A. Beisser for essential technical support. 
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New Picosecond Sources and Techniques 

A.E . Siegman 

Stanford University, Stanford, CA 94305, USA 

H. Vanherzeele 

Vrije Universiteit Brussel, B-I050 Brussel, Belgium 

1. Introduction 

In this paper we report on two new techniques for generating picosecond optical 
pulses, that is, colliding pulse mode-locking in a special "anti resonant ring" 
cavity, and mode-locking of a self-pumped phase conjugate resonator. We also 
give a preliminary report on a possible new technique for picosecond spectro
scopy, namely the photoacoustic detection of picosecond pulse effects. 

2. Co11 iding Pul se ~lode-Locking in an Antiresonant Ring Cavity 

By far the most important recent advance in mode-locking has been the develop
ment of colliding pulse mode-locking as described earlier by SHANK, FORK and 
YEN. We report here a useful variant of this technique in which the colliding 
pulse function is obtained using an "anti resonant ring" laser cavity (Fig.l). 

In this interferometer (also known as a cyclic or SAGNAC interferometer), a 
signal at any frequency entering through the beam splitter from either external 
arm will divide and travel around the ring in opposite directions, thus provid
ing the colliding pulse function for a Brewster angle saturable absorber cell 
located at the midpoint of the ring. For a fifty-fifty beam spl itter and a 
ring with symmetrical focusing elements, these signals then always recombine 
in such a fashion that all the energy returns back into the same external arm, 
independent of the frequency or pul se envelope of the radiation (hence the 
"an tiresonant" character of the ring) . In the example shown, the ring thus 
acts as a lossless end mirror for the laser medium, with no energy loss out 
the other external arm indicated by the dashed lines . 

This concept has now been implemented on flash-pumped, passively mode
locked Nd:YAG lasers in experiments first by VANHERZEELE and VAN ECK at the 
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Vrije Universiteit Brusse1 [1,2], and more recently at .Stanford University. 
In the experiments at Brussels, TPF pu1sewidth measurements made for various 
axial positions of the passive mode-locking cell around the exact central 
point in the antiresonant ring gave results for pu1sewidth, peak pulse inten
sity, and shot-to-shot stability as plotted in Fig. 2. The dashed line indi
cates the typical 40 ps mode-locked pu1sewidth produced by the same laser 
using a conventional conta cted saturable absorber cell. The < 15 ps pu1se
width measured in the colliding pulse case with the cell centered in the ring 
is an average over all the pulses in approximately 30 laser shots with a non
flowing saturable absorber cell. A two-photon fluorescence trace for a single 
laser shot with fresh dye indicates a pu1sewidth closer to 10 to 12 ps, 
approaching the bandwidth limit for a Nd:YAG laser. The shot-to-shot pulse 
amplitude was also sUbstantially more stable in the colliding pulse configur
ation than in the standing wave cavity as indicated by the second plot in Fig.2. 

Advantages of the anti resonant ring configuration for colliding pulse mode
locking include the fact that all the energy can be taken out of the cavity in 
a single pulse train, and the pulses can double-pass the gain medium for each 
single pass through the resonator. We have found the anti resonant ring con
figuration easy to align and use. Fig.1 (b) shows a simple monolithic design 
which, once aligned, can function in effect as one end mirror for a laser 
cavity. An effective form of single-pulse cavity dumping for the anti resonant 
ring is also available [3]. 

One disadvantage of this approach for femtosecond dye laser pulses will be 
the unavoidable dispersion of even a very thin beam splitter substrate. We 
believe that this design should be the cavity of choice, however, at least 
for all mode-locked solid-state lasers in the future. 

3. Mode-Locking of a Self-Pumped Phase Conjugate Resonator 

A second new mechanism for generating ultrashort optical pulses makes use of 
four-wave mixing in a "se1 f-pumped" phase conjugate resonator as ill ustrated 
in Fig.3. 

It is well understood that three optical pulses colliding in a four-wave 
mixing cell can produce a reflected and phase conjugated pulse that is signi
ficantly shorter than any of the other pulses. Suppose such a shortened and 
phase-conjugated pulse is redirected back through a laser gain medium to be
come the pump pulse for a subsequent collision, as shown by the shRded path 
in Fig.3, while the previous pump pulse becomes the new probe pulse. Once 
appropriate initial pulse conditions can be established, the phase conjugated 
pulse #4 produced by the four-wave cellon one pulse collision can provide the 
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necessary feedback for oscillation of cavity. Self-sustained oscillation, Q
switching and mode-locking of this resonator, with spatial phase conjugation 
as well, wili then ensue. 

This concept has now been demonstrated experimentally using a Nd:YAG laser 
[5], with results as shown in Fig.3. Here the beam path indicated by the 
heavy line represents a conventional flash-pumped and mode-locked Nd :YAG 
laser with a saturable absorber cell, which also functions as a phase conju
gate cell, in close conta.ct with the laser mirror at one end . A Pockel s cell 
(PC) and polarizing beam splitter (PBS) were then added to the laser cavity to 
split off a fraction of the circulating energy and create the phase conjugate 
probe beam path shown by the lower shaded line, thus forming a folded and 
self-pumped phase conjugate cavity. 

In our experiments the Nd:YAG laser was fired and the Pockels cell then 
switched at various times before or during the laser burst so as to couple 
a varying fraction of the circulating energy (up to 100%) from the original 
laser cavity (dark line) into the self-pumped phase conjugate cavity (shaded 
line). In part (a) for example the Pockels cell couples a fixed 50% of the 
conventional laser cavity energy into the phase conjugate probe beam. The 
upper trace then shows the conventional mode-locked laser burst, while the 
lower trace shows the phase conjugate reflection of the shaded probe beam from 
the saturable absorber cell. Part (b) shows the behavior with the Pockels 
cell triggered so as to block the conventional laser cavity at the instant 
when the conventional laser intensity reached its maximum value . The pulses 
ih the second half of this trace thus show essentially self-sustained oscil
lations in the shaded-path phase-conjugate cavity. Parts (c) and (d) show 
similar results with a second Nd:YAG laser head added in the lower shaded 
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part of the path. Almost no initial signal is needed in the primary laser 
cavity to initiate these "self-pumped" phase conjugate oscillations. 

The pulse widths obtained in the self-pumped phase conjugate cavity ranged 
from 30 to more than 300 ps long depending upon various adjustments The be
havior of this system is complex, and deserves further study. Delay processes 
in the phase-conjugating medium itself and strong cumulative thermal gratings 
in the saturable absorber cell may play significant roles. In any case this 
represents a new and interesting type of optical mode-locking and, we believe, 
the first demonstration of mode-locking in a phase conjugate laser cavity. 

4. Picosecond Spectroscopy Using Photoacoustic Detection 

Picosecond lifetimes are often measured by observing some comparatively slow 
secondary effect produced by a pair of picosecond optical pulses - for example, 
the total fluorescent emission from some excited state - as one varies the 
arrival time delay between two ultrashort pulses. We are attempting to make 
such picosecond spectroscopic measurements using photoacoustic detection -
that is , measurement of the total acoustic emission produced by the two optical 
pulses - to provide the necessary signal detection. 

Photoacoustic spectroscopy (PAS) in its conventional form, using chopped cw 
or long-pulse optical excitation, offers widely recognized advantages for 
measuring very weak absorptions in liquids, gases and solids. If extended to 
picosecond pulse excitation, photoacoustic detection may offer advantages for 
picosecond spectroscopy in nonfluorescing or very weakly absorbing samples. 
In general, photoacoustic detection, because it focuses on the nonradiative 
part of the energy delivered to the sample, may yield different information 
than purely optical or fluorescent techniques. 
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A useful tool for this type of measurement would seem to be a photoacoustic 
cell with a clean and sensitive response to short pulse excitation. Fig.4 
shows a novel photoacoustic cell with an ell iptical cross section, in which 
the cylindrical pressure wave produced by a laser pulse passing along one 
focal line is focused upon a cylindrical piezoelectric transducer located 
along the other focal line. The upper trace in Fig. 4 shows the impulse 
response of this cell to either a Q-switched or a single mode-locked and 
doubled Nd:YAG laser pulse passing through a weak solution of Rhodamine 6G 
in carbon tetrachloride. The main response appears at -23 ~sec after the 
laser pulse, followed - 46 ~sec later by an acoustic echo that has reflected 
from the transducer and made one complete round trip in the cavity. One can 
also observe a faint precursor signal before the main impulse, resulting from 
acoustic energy travelling directly from the optic axis to the acoustic axis 
without wall reflection. The arrival of each pulse causes the transducer it
self to ring at its resonance frequency of -1 MHz, as shown in the lower 
trace. The response shown is a time exposure over - 100 laser shots, indicat
ing the stabil ity of both 1 aser and cell. 

We have not yet made dual-pulse or variable-delay measurements with this 
detector. Fig.5 shows however output optical pulse amplitude and PAS signal 
amplitude versus input optical pulse amplitude for several different dye solu
tions in this cell. The supral inear response of the PAS signal in rubrene, 
for example, we interpret as indicating the presence of an excited state 
whose absorption is more efficient than ground state absorption in generating 
acoustic response. These curves indicate at least the potential capability 
of PAS detection for measuring different excitations and different saturation 
intensities than are measured by conventional fluorescence or optical satura
tion techniques. 
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Generation of Coherent Tunable Picosecond Pulses in the XUV 

l. Srinivasan, K. Boyer, H. Egger, l.S. Luk, D.F. Muller, H. Pummer, 
and C.K. Rhodes 

University of Illinois at Chicago, P.O. Box 4348, 
Chicago, IL 60680, USA 

Coherent extreme ultraviolet (XUV) radiation is useful in a wide 

ranoe of aDo lications to Dhysical measurements includinq areas such as hioh 

resolution SDe ctrosCODV [1] and solid state surface studies [2]. Nonlinear 

ootical orocesses, in which ultraviolet radiation serves as the fundamental, 

have been Droven [3- 5 ] to be an efficient means of uoconvertinq ultraviolet 

laser radiation to the XIN soectral ranqe. Furthermore , excimer lasers, 

which serve as attractive sources of radiation at 193 nm and 248 nm, have 

demonstrated [0-8] oerformance essentially at the fundamental limits GOV

erninq sDectral briqhtness. ~laturally, the Deak Dower of these hiqh briqht

ness svstems can b e very qreatly increased, if the enerov can be extracted 

in a short Dulse. In this oaoer we reoort the develooment of such a source 
and th e aene ration o f coherent, tunable, na.rrow linewidth radiation in the 

"TN usinq the radiati on from this laser system. 

The schemati c of a hiqh briohtness source at 193 nm with Dulse dura

tion co 11) os is shown in Fig. 1. The OUtDUt of a synchronouslv oumDed mode

locked dye las e r ( Coherent Radiation 599-04, A co 580 nm, Dulse duration < 

10 DS) is Dulse amDlified in a three staoe, XeF* excimer laser Dumoed dve 

amDlifier chain. In order to SUODress amDlified SDontaneous emission, cells 

(250 ~m thi ck) containino DQOCI as a saturable absorber are installed between 

two consecutive amolifier stages. The co l-mJ 580-nm outout Dulse (Dulse 

duration co 6 .os) is focuss e d into a strontium h eat oi.oe, where co 2 n.J of 

the third harmonic at 193 nm is Droduced. This radiation is amolified in a 

double Dass ArF* amplifier, soatially filtered and oassed throuqh a qratinq 

~ Schematic of tunable oicosecond ArF* 

laser 
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pinhole combination with a 25_cm- l bandpass. After further amplification 
in two single pass amp~ifiers , the output energy in the short pulse is typ
ically in the range of 30 ± 10 mJ, a value which is a substantial fraction 

of the maximum energy available for extraction ( ~ 50 mJ) in a pulse shorter 
than the excimer lifetime. This fact is further supporte~ by the observation 
of very strong saturation in the amplified spontaneous emission occurring 
immediately after the passaqe of the 10 ps pulse . 

The xuv radiation is oroduced via harmonic generation and mi xing in 
vari ous gases. such e xperiments involve two basic technical difficulties, 
namely , the lack of sui t able window materials and self-absorption at the xuv 
frequency in the nonlinear medium . The window prob l em is readily solved by 
using the well known technique of differential pumping shown in Fig. 2. in 
which the nonlinear gas flows through a small pinhole into the differential 
pumping chamber. This allows the fundamental radiation to be focussed into 
the region near the pinhole wher e the XUV rarl.i"tion is generated . Absorp
tion of the generated XUV light is minimized by using pinholes in thin foils 
(t hickness < 100 um) so that the gas tends to e xoand into a relatively large 
solid angle , instead of rather thick plates , which cause the gas stream into 

the diff erential pumping stage to be more rl.irected . ~ven for optimized geom
etries, however, absorption in this expanding gas plume can represent a sub
stantial loss for the generated XUV radiation. In cases for which a b uffe r 
qas wi th low absorption c ross section is avai lable. the pinhole in Fig . 2 
can be replaced by the simple transverse-flow geometry shown in Fig . 3 . Here , 
the nonlinear medium is confined to the conversion zone by easily established 

flow pa tterns . A more detailed description of t his arrangement has been 
given earlier [3). 

using t he picosecond ArF · laser as a pump source, the generation of 
third and f i f th harmonic radiation has been observed in va rious gases . In 
the t r ansverse flow geometry . with neon as t he buffer gas, peak powers up to 
20 kW at 64 nm have been Obtained with hydrogen or several other ga ses as 
t he nonlinear medium . Due to the lack of a suitable buffer gas for 36 . 7 nm 
radiation , fifth harmonic generation has been studied in the conventional 
pinhole geometry (refer to Fig . 2). In this configuration . peak pow-er s up 
t o 200 ~1 at 36.7 nm have been obtained with argon as the nonlinear medium. 
The list of gases in whiCh fifth harmonic qeneration was observed , along 
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processe s 
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Fig. 3 Transverse flow cell. The nonlinear 

medium is confined to the core flow and the 
absorption of the generated XUV radiation is 
minimized 

with the approximate harmonic power, is given in Table 1. We note that for 

the first time, under 193-nm irradiation, He and Ne have produced third and 
fifth harmonic outputs. In earlier studies with 200-mJ, 10 ns ArF* pulses, 

no harmonic radiation could be detected with these two gases. 

The results summarized in Table 1 have been obtained at different 
pressures, depending on the capacity of the differential pumping system for 
the specific gas. With all gases, an increase in harmonic outputs has been 

observed with increasing gas pressure. In addition, no attempt has been 
made to phase match the harmonic and fundamental beams. Estimates indicate 
that the present conversion efficiency can be substantially enhanced in this 

manner. 

The XIW radiation can be tuned over a frequency range corresponding 
to the tuning range of the ArF* laser (~ 200 cm- l ). Tunability over a con

siderably broader interval can be achieved with frequency mixing processes. 
Previous experience with mixing of ArF* radiation and dye radiation in 10 ns 
pulses indicates that pee~ powers analogous to those of the third and fifth 
harmonic can be produced. 

Table 1 Harmonic generation with 193 nm 10 ps pulses 

GAS 
RELATIVE POWER 

3rd harmonic 5th harmonic 
(64 nm) (38 nm) 

105 weak 

He 10 2 10 

Ne 10 2 10 2 

Ar 105 10 3 

10 3 10 2 

co 10 2 0 

5th Harmonic power in Ar is 200 W. 
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New Infrared Dyes for Synchronously Pumped Picosecond Lasers 
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0-8000 MUnchen, Fed . Rep. of Germany 
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I ntroduction 

In recent years substantial progress has been made in the syn 
thesis of new infrared dyes of good photochemical stability which 
exhibit absorption and fluorescence bands beyond lum . Infrared 
dyes with very short ground-state recovery times have been used 
for switching of Nd- lasers for many years /1 , 2/ . Of special inter
est is the application of dyes with long fluorescence lifetimes 
i n infrared dye lasers. 

New Infrared Dyes 

We have investigated a series of new polymethine cyanine dyes /3/ . 
Detailed data on the absorption and fluorescence properties, the 
fluorescence lifetimes and the photochemical stability were 
collected. 

In Fig. 1 examples of two groups of molecules are shown which are 
of par t icular interest . Dye No. 24 is a representative of group I 
dyes. These dyes are well suited for switching purposes due to 
their short fluorescence lifetimes . Dyes of group IV exhibit 
longer lifeti mes . They are candidates for i nfrared dye lasers. 
In the lowe r part of Fig.1 dye No. 26 is shown as an example . 
This molecule was used in a laser system. 

No.14 

~ Molecular structure of 
No_2' a group I and a group IV dye 
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Fig.2 Bleaching recovery in 
dyes 9860, No. 26, and No. 27 

Group I dyes are pyrylium dyes with four freely rotating phenyl 
groups. It is known that molecules with freely rotating parts have 
short fluorescence lifetimes due to rapid internal conversion. 
In group IV a benzene ring is rigidly attached to the pyrylium 
group and there are only two phenyl groups. In consequence these 
molecules dissipate less energy via internal conversion. 

We measured the fluorescence lifetimes of the new infrared 
dyes in dichloroethane solution. In our experiment a picosecond 
pulse at 1 . 06 ~m reversibly bleaches the dye. A second pulse at 
the same frequency monitors the absorption recovery as a function 
of time /1/. In Fig.2 the change of transmission as~a function 
of delay time is shown for the commercial dye 9860 and for two 
dyes from group IV. For dyes No. 26 and No. 27 we find relaxation 
times of 22 ps and DO ps, respectively. Dye No. 27 has the same 
structure as dye No. 26 but the sulfur atoms are replaced by 
oxygen. The broken line is the time resolution of our experiment. 

Table 1 summarizes the properties of four of the most inter
esting dyes . All dyes are strongly absorbing around 1 ~m. For 
group I dyes we find lifetimes below 10 ps. The lifetimes in 
group IV are longer than 20 ps. All new dyes hav e a higher photo
chemical stability compared to 9860. Dyes of group IV represent 
the most stable infrared dyes reported on so far. 

Infrared Dye Lasers 

Considering the values in Table 1 dye No. 26 appears to be a good 
dye for a picosecond laser-system. The photostability is excellent 
and the fluorescence lifetime is sufficiently long. 

Table 1 

Group Dy. Absorption Lif.time Relative 

Nil Amax Cnm1 t (ps] Stability 

I 9860 1060 7 • 1 1 

I 24 1120 8.5 t 1 100 

IV 26 1080 22 t 1.5 >10' 

IV 27 985 50' 5 >10' 
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Fig.4 Tuning range of the IR 
dye-laser using dye No. 26 

The . absorption and fluorescence spectrum /2/ of dye No. 26 
dissolved in dichloroethane is depicted in Fig.3. It shows a 
strong absorption at the wavelength of the Nd-laser. The fluor
escence spectrum extends from 1.1 ~m to 1.4 ~m. 

In our dye laser experiment /4/ dye No. 26 was synchronously 
pumped by a pulsed Nd:YAG laser. The cavity consists of two 
mirrors with high reflectivity and a prism as dispersive element. 
The emission spectrum and the pulse duration were observed. 

Fig.4 shows the tuning curve of dye No. 26. The normalized out
put energy of the dye laser is plotted as a function of the fre
quency. We found laser action between 1.15 ~m and 1.24 ~m. To our 
knowledge picosecond pulses at 1.24 ~m generated by a dye laser 
have never been reported previously. 

The prope rties of our IR dye-laser are summarized in Table 2. 
We pumped dye No. 26 at 1.06 ~m and found a tuning range from 
1.15 ~m to 1.24 ~m. The pulse duration of the dye laser was 5 ps 
using pump pulses of 21 ps duration. An energy conversion of 
approximately 1% and a divergence of 2 mrad were observed. 

Table 2 

Tuning range 1.15 Jlm to 1.24 IJ.m 

Pulse duration 5.5 ps {pump 21 psI 

Power conversion of No_ 26 -" -I. 

Energy converSIon of No 26 - 1 -,_ at 1.2 Jlm 

DNTPC 

Divergence 2 mrad 

Stability,relative to DNTPC >105 
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Most important for the application is the stability of a laser 
dye. We found the photostability of No. 26 to be at least five 
orders of magnitude higher than of the commercial dye DNTPC. No 
decomposition was observed after weeks of operation. According 
to our present results the synthesis of IR dyes for even longer 
wave-lengths appears possible. 

The authors gratefully acknowledge the contributions of B. Sens 
and P.Qiu. 
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Acousto-Optic Stabilization of 
Mode-Locked Pulsed Nd: YAG Laser 

H.P. Kortz 
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1. Introduction 

Increasing complexity and accuracy of experiments involving pico
second lasers have led to the need for more reliable and more 
stable picosecond sources than available thus far. Improvements 
of the stability of a passively mode-locked Nd:YAG laser by add
ing both Q-Switch and active Q-Modulation has been reported al
ready in 1374 [1]. A Pockels cell was used for the modulation 
requiring high voltage in the 100MHz range. Later, the availa
bility of appropriate acousto-optic modulators made experimental 
set-ups with less complexity possible. Improvements of the pulse 
train amplitude stability of Nd:Glass lasers down to ±5% was re
ported [2,~. Nd:YAG lasers are only briefly mentioned in refer
ence 3. An actively/passively mode-locked Nd:YAG laser operated 
at 1Hz repetition rate is described in reference [4J, but no char
acteristics of the laser are given. 

Here an extensive description of the characteristics of an. 
actively/passively mode-locked Nd:YAG laser operated at a repe
tition rate of 10Hz is given. An output stabilization of ±l% 
was achieved, without any sacrifice in pulse duration or energy. 

2. Theoretical Considerations 

When the system is optimized the transmission of the modulator 
is periodically varied with the laser round trip frequency vRes' 
The single pass transmission of the modulator can be written as: 

Tmod(t) = (1 - a) + a . sin (2rrvRes t) (1) 

having the modulation depth 2a. The combination of the output 
mirror with reflectivity R and the active modulator can be con
sidered as one element at the position of the output mirror with 
periodically variable reflectivity. 

Rmod(t) = (1 - a)2 + a (1 - a) 2 sin (2rrvRest) . k 

+ (k 2 - 1) a 2 + a 2 sin2 (2rrvRest) }. R (2) 

The factor k = cos(rr d/LRes) contains the distance d between 
active modulator and mirror. If d ~ 0 both the modulation depth 
is lower and an additional constant loss is generated. 

LOSSconst = _(k 2 - l)a 2 (3) 
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In the case of high gain lasers like pulsed Nd lasers the addi
tional constant loss is negligible compared to the regular 
diffraction loss (10-40% per round trip) and the output loss 
(50-90% per round trip), even if the distance between olltput 
mirror and modulator is relatively large (e.g. 1/10 of the reso
nator length). This is of course different in low gain lasers 
where the losses per round trip have to be much smaller. 

3. Experiment 

A standard acousto-optic modulator (70MHz RF, 140MHz optical) 
was integrated into a passively mode-locked Nd:YAG laser (Quantel 
YG400). The modulator was placed inside the oscillator close to 
the output mirror. The output mirror was mounted on a precision 
translation stage allowing the exact matching of resonator round 
trip frequency and modulator frequency. The output signal was 
given to a photodiode in order to monitor pulse train and stabi
lity with an oscilloscope. The pulse length was measured with a 
well known SHG method [5,6]. In this method the output beam is 
split in two parts, one var1ably delayed against the other. The 
two parts are recombined and sent through a doubling crystal in 
which doubling occurs only if field components of both beams are 
overlapping. 

4. Results 

4.1 Threshold 

The most spectacular effect of the acousto-optic modulator is a 
dramatic change in the threshold behavior of the laser. At dye 
concentrations for which the thresholds for mode-locking and for 
double pulse-train mode-locking are broad and overlapping with
out additional active modulation, these thresholds become very 
sharp and clearly separated when the modulator is turned on. 
The sharpness of the threshold is shown in fig.l. The sharpness 
is defined as {(E5% + E95%) /2}/{E95% - E5%}' with E5% and E95% 
being the pump energies at which the probability for mode-locking 
is 5% or 95% respectively. The sharpness increases with increas
ing dye concentration. The threshold pump energy goes through a 
minimum when the RF drive power of the modulator is increased. 
There is also a sharp minimum for the threshold for proper match
ing of the resonator length with respect to the modulation fre
quency. 

4.2 Stability 

Since the build-up process of mode-locked pulse trains is of a 
statistical nature, the energy output of a mode-locked oscillator 
without active modulator can have variations of up to ±30%, 
depending on the specific parameters of operation. With the 
acousto-optic modulator on, the output stability can be consid
erably improved down to about ±l%. The improvement becomes even 
more evident when the frequency doubled output is monitored. 
The resonator length has to be matched to the modulator fre
quency with an accuracy of better than ±lOO~m in order to achieve 
optimum stabilization (see fig.2). The stabilization reaches 
an optimum for a specific dye concentration and is better when 
the laser is pumped well above threshold. 
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The influence of the active modulation on the build-up process 
of the mode-locked pulse train can cause a lengthening of the 
pulses. This effect is minimized when the resonator length is 
properly adjusted (see fig.3). The data points with error bars 
were directly obtained with the delayed pulse method as descri
bed above, while the circles are indirect data points obtained 
by comparison of non-saturation second harmonic conversion effi
ciencies. 

4.4 Distance Between Modulator and Mirror 

In order to see the influence of the distance between output 
mirror and modulator, this distance was varied and the para
meters ~tability, pulse-length and output energ~ were measured 
(see fig.4). The output fluctuations slightly increase with 
increasing distance, the pUlse-length remains constant, and the 
output energy remains constant up to a distance of IOOmm, then 
decreases due to the higher resonator.loss. These results con
firm the theoretical predictions which say that for this type 
of laser the position of the active modulator is not critical 
as long as it is reasonably close to one of the mirrors. 
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5. Conclusion 

Fig.4 Dependence of 
output energy, pulse
length and stability on 
the position of the active 
modulator inside the laser 
resonator 

It has been shown that acousto-optic Q-modulation is a simple 
and very effective way of improving the performance and stabil
ity ().f mode-locked pulsed Nd:YAG lasers. The resonator length 
or the modulator frequency respectively have to be kept con
stant to within ±10-4. The threshold behavior was improved so 
that stable mode-locking operation is already possible at very 
low dye concentrations meaning that the danger of optical damage 
is now almost completely eliminated. This results in a consi
erable improvement of the reliability of the laser. The increase 
of the pulse-length with the acousto-optic modulator was found 
to be only 10% with pulses of - 25 ps still possible. At a 
repetition rate of 10Hz the pulse to pulse stability of the 
full train output energy was ±l %. 
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Active Mode Stabilization of Synchronously Pumped Dye Lasers 

A.I. Ferguson and R.A. Taylor 
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I. Introduction 

Synchronously pumped mode-locked dye lasers have proved to be a reliable way 
of producing ultrashort light pulses throughout the visible region of the 
spectrum. Dramatic improvements in pulse duration have resulted from the use 
of rf generators of high spectral purity and very fine control of the dye 
laser cavity length with respect to the pump laser. However, synchronously 
pumped dye lasers have not yet reached the extremely short pulse duration 
typical of passive systems and appear to suffer from more timing jitter than 
their passive counterparts. We have explored methods of improving the proper
ties of sypchronously pumped dye lasers which are common in single mode dye 
lasers [IJ. We expect such stabilization schemes to give rise to shorter, 
cleaner and more coherent pulse trains with less timing jitter. Many other 
stabilization methods have been proposed and demonstrated [2, 3, 4, 5J. 
These schemes attempt either to stabilize the ion pump laser or to stabilize 
the dye laser. It is c\early crucial that the pump laser must first be stab
ilized before the dye laser can be operated at its best and indeed most of 
the efforts have been directed at improving the pump laser. In this paper 
we propose and demonstrate a stabilization scheme which is applied to the dye 
laser only. The scheme can be applied to any mode-locked laser and has par
ticular utility in experiments where the phase coherence of the pulse train 
is important. We have demonstrated the use of a stabilized dye laser in per
forming coherent multiple pulse Doppler-free spectroscopy. This source should 
also be ideal for coherent transient experiments using multiple pulse inter
actions [6J. 

2. Principle of the Method 

The time averaged spectrum of a train of picosecond light pulses such as is 
produced by a synchronously pumped dye laser consists of a comb of modes each 
separated by the laser repetition rate and spanning the band width of 'an indi
vidual pulse in the train. The mode-locking process ensures that adjacent 
modes are rigidly locked together. However the absolute optical frequency of 
the modes is free to drift and will be determined by the dye laser cavity 
length. Thus a perturbation in the dye laser cavity length does not apprec
iably perturb the mode spacing but rather moves the whole mode profile, If 
it is possible to stabilize one of the laser modes then all other modes will 
also be stabilized through the mode-locking process. A laser stabilized in 
this way will certainly have improved temporal coherence but we also believe 
that such stabilization will give rise to cleaner and shorter pulses with 
less timing jitter. 

Two methods have been proposed to accomplish frequency stabilization of 
mode-locked lasers [2J. One of these methods is to use a series of inter-
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ferOmeters to filter out a single mode and then actively stabilize this mode 
to a reference interferometer. The second method uses a heterodyne signal 
between one of the laser modes and a stabilized single mode laser. The beat 
frequency, which will be at less than half the laser mode spacing, can then 
be used to stabilize the mode-locked train. The method which we demonstrate 
here is closely related to the first of the above proposals except that we 
have been able to lock the laser using only one reference interferometer. 

The main problem in the use of a single interferometer as a stabilizer is 
that it should be capable of resolving the laser modes, separated by about 
100 MHz and which span a region of about 500 GHz. An interferometerused in 
the conventional way would have to have a finesse of at least 5000 to be of 
any use in such a scheme. However, since the laser is mode-Iocked,adjacent 
modes are equally spaced. Provided the interferometer can be adjusted such 
that its free spectral range is an integer multiple of the mode spacing the 
interferometer will be comensurate with the mode spacing and a considerable 
simplification in the transmission of the interferometer will be observed. 
This requirement on the interferometer is not very restrictive as the maximum 
change in free spectral range that could be called for is half a mode spacing. 

We have chosen to demonstrate the stabilization method using a confocal 
interferometer. The critical adjustment in such an interferometer is that 
the separation between.the mirrors should be accurately matched to their com
mon radius of curvature. The maximum value, 1821, of the departure from the 
exact confocal condition which can be tolerated without allowing the TE~n 
mode of the interferometer to resonate at an observably different mirror 
spacing from that at which the TEMoo mode is resonant is given by [7J 

1821 = rrR/2 (I + m + n)F, (I) 

where R is the radius of curvature of the mirrors and F is the finesse of the 
interferometer. The change in length 02 which will bring about a change in 
free spectral range of at most f/2 is given by 02 = 22 2f/c, where 2 is the 
separation between the mirrors of the interferometer and f is the laser rep
etition rate. Setting this change in length equal to the maximum allowed by 
(I) we see that provided 2 is chosen to satisfy the inequality 

2<rrc/4fF (I + m + n) (2) 

it will be possible to adjust the free spectral range to the interferometer 
to make it comensurate with the laser mode spacing without destroying the 
confocal condition. The interferometer will then resolve the laser modes 
despite the band width of an individual pulse in the train being very much 
more than the interferometer free spectral range. 

3. Experiment 

We have demonstrated the stabilization scheme using the apparatus represented 
schematically in fig.I. The pump laser was an argon ion laser operated at 
228, 759, 468 Hz which corresponded to these being three pulses within the 
ion laser cavity at any instant [8J. The dye laser was operated with rhoda
mine 6 G and was a modified version of a commercially available model (CR-s99) 
in which the fold mirror was replaced by a small mirror mounted on a high 
frequency piezoceramic for fast cavity length corrections. Slow corrections 
were accomplished using a plate mounted at Brewster's angle on a scanning 
galvanometer. The laser pulse duration was I.sps which corresponded to 
a line width of 300 GHz. 
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Fig. I Schematic diagram of apparatus used for active mode stabilization and 
coherent multiple pulse spectroscopy of sodium 

The output from the dye laser was directed into a confocal interferometer. 
(Tec Optics SA 7.5) which had a finesse of 100 and a free spectral range of 
7.5 GHz.' Inserting these numbers into (2) it can be seen that this interfer
ometer is capable of resQlving the laser modes and of being adjusted to be 
comensurate with the mode spacing of 228 MHz provided that high order trans
verse modes of the cavity are not excited . This ties in with our observation 
that the laser modes are easily observed but that the alignment is consider
ably more critical than when a single mode laser is used. It has also been 
possible to mode match into the confocal interferometer. 

A frequency error signal was obtained by comparing the transmission through 
the interferometer with an attenuatea portion of the laser beam on two similar 
photodiodes. The error signal was applied to a commercially available elec
tronic servo system of theki'nd ~~ually used with single mode lasers (CR 699 -
21). Figure 2(a) shows an oscilloscope trace of the difference signal as the 
reference interferometer was scanned through a small portion of its free spec
tral range. Each peak corresponds to a superposition of laser modes and is 
separated from its neighbour by 228, 749, 468 Hz. In this particular example 
the interferometer was mode matched. The error signal obtained when the in
terferometer was no longer scanned and the servo system was locked is shown 
in fig.2(b). This is 50 times more sensitive than the trace in fig.2(a). 
From this figure it is possible to estimate the laser frequency jitter rela
tive to the reference cavity. We estimate an rms jitter of less than ± 350 kHz 
in a dcto 10 kHz band width. This corresponds to approximately 25 MHz when 
the laser was not locked. 

The improvement in stability of the dye laser was demonstrated by using it 
in a high resolution Doppler-free experiment on the 3S to 4D transition in 
sodium. The experimental technique has been described previously [9J. The 
arrangement is shown in figure I . The pulse train was focused into a sodium 
cell and retroflected with a delay adjusted such that each pulse met its pre 
decessor at the focal region in the cell . A Doppler-free signal was observed 
in this standing wave region by monitoring the fluorescence from the 4D level. 

The levels involved in the 3S to 4D transition are shown in fig.3(a). The 
four allowed transitions are also shown together with their expected relative 
strengths. Figure 3(b) shows the 4D fluoresence as the laser modes were 
electronically scanned. In multiple pulse spectroscopy each transition gives 
rise to a comb of resonances and so the complete spectrum is obtained by scan
ning through half a mode spacing. The resonances are labelled according to 
the letters used in fig.3(a). From this data we have estimated the hyperfine 
splitting in the ground state to be 1771.0 ± I. I MHz and the fine structure 
splitting in the 4D stat e to be 1028 . I ± 1.0 MHz. 
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Fig.3(a) Energy levels involved in the 3S to 
4D transition in sodium, together with expected 
single-mode laser spectrum 
(b) Multiple pulse spectrum of the above tran
sition us ing 6 ps pulses versus laser frequency 
change. I ntegration time was Is and the line
widths are 10 MHz FWHM 

We have demonstrated that the mode spectrum of a s ynchronously pumped dye 
laser can be readily locked using variations on well established technology. 
The reduction in frequency jitter corresponds to an improvement in the tem
poral coherence of the laser by almost two orders of magnitude. The method 
can be easily applied to other t ypes of lase r sys t em. One of the main reasons 
for our investigation of this technique has been to e stablish the influence 
of the laser frequency jitter on the puls e durati on, c leanliness and timing 
jitter of synchronously pumped lasers. However, these properties are at 
present limited by the quality of pulses from the pump laser. We believe 
that if we can reduce the noise of our pump laser then the active frequency 
stabilization methods described above will lead to shorter and clearer pulses 
from synchronously pumped dye lasers. 
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1. I ntroduct ion 

Mode-locked Nd-glass lasers generate bandwidth limited pico
second light pulses only in the early part of the pulse train 
[1-3]. Towards the maximum of the pulse train the spectra are 
broadened and irregular spectra are observed beyond it [1-5]. 
Self-phase modulation causes the spectral broadening and struc
turing. The spectral broadening might be enhanced by self-fo
cusing [2] and nonlinear dispersion [6]. 

Here we studied the spectral development of picosecond light 
pulses along pulse trains of passively mode-locked Nd-glass la
sers. The experimental spectra beyond the pulse train maximum 
may be explained by taking into account sDectral hole burning 
in the inhomogeneous gain profile of the active medium in addi
tion to self-phase modulation. 

2. Experiments 

The investigated laser oscillator is depicted in Fig. 1. Diffe
rent types of Nd-glass rods were used. A silicate (Schott LG 
630), a phosphate (Schott LG 703) and a fluorophosphate 
(Schott LG 802) Nd-glass rod were used as active media AM (do
ping 3 weight-% Nd203). The saturable absorber cell SA is 
contacted to a flat 100 % mirror M (dye Eastman 9860, thick
ness 0.1 mm). The output mirror M2 has 30 % reflectivity and 
a curvature of 3 m. 

Single picosecond light pulses are selected from the pulse 
train at varying positions with an electro-optic shutter. The 
spectra are analysed with a spectrograph and an optical spec
trum analyser. The pulse durations are determined by the two
photon fluorescence technique. Values of ~t = 6 + 2 ps (FWHM) 
are obtained. They practically do not change with switching 
position. The intensity of the light pulses is determined by a 

M1 ~ ~.-.-B.-
lII-·T·~ M2 
SA Fig.1 Laser oscillator 
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saturable absorber technique. The maximum peak inten§ity a2 
the Nd-glass rod in s ide the oscillator is ~OP ~ 7x lO W/cm 
(single pass saturable dye transmission T - 0.85). 

3. Resul ts 

The spectra of the selected pulses change along the pulse train. 
In the early part of the train (pulse heights less 0.2 maximum 
pulse height) nearly bandwidth limited pulses are generated. 
In the following region up to the pulse train maximum the half
width of the spectra increa s es, wings become detectable and mo
dulate the spectrum (self-phase modulation). A small spectral 
shift to higher frequencies is observable (temporal asymmetry 
of pulse shape). Beyond the maximum a new small spectral peak 
builds up preferably at the high frequency side about 20 cm- 1 
away from the central frequency (spectral hole burning in ac
tive medium). Sometimes two intense peaks at both sides of the 
central fr.equency are observed upon a broad pedestal. Frequent
ly the pulse trains form a second temporal maximum . The spec
tra around this second maximum often show a small spectral peak 
upon a broad pedestal at the lower frequency side . 

Fig . 2 depicts a typical pulse train. In Fig. 3 pulse spec
tra at the first pulse maximum (a), the trailing part (b) and 

<l 
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@ 

1i9.3 Single picosecond pulse spectra with Schott LG 703 
aser glass 

a) at pulse train maximum, b) at trailing part, c) behind second 
maximum, d) at . pulse train maximum with 2 cm (S2 in oscillator. 
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the second maximum (c) are depicted. Spectrum (d) was obtained 
at the first train maximum with a 2 cm long cell of CS2 inside 
the oscillator to increase the effects of self-phase modula
tion. The depicted spectra belong to a Nd-phosphate glass rod 
(Schott LG 703). Similar spectra were obtained with Nd-silicate 
and Nd-fluorophosphate glasses. 

4. Discussion 

The spectral development along the pulse train may be ex
plained by taking into account spectral hole burning in the in
homogeneously broadened gain profile of the active medium [7-9]. 

In the linear build-up region the laser spectrum is nar
rowed by spectral mode selection. Light amplification occurs 
only in a narrow spectral range at the maximum of the gain 
profile since the laser is operated only slightly above thre
shold. The statistically fluctuating spontaneous emission is 
amplified in the linear phase. 

The nonlinear region begins when the strongest fluctuation 
spike is intense enough to bleach the saturable absorber. This 
spike is preferably amplified due to its reduced losses. Du
ring the opening time of the absorber the laser loss is re
duced for all frequency components of the emission and effec
tive amplification takes place over a wide frequency range. 
Spontaneous emission at the spectral wings is amplified. As 
long as saturation effects do not occur the gain is highest at 
the center frequency. Towards the pulse train maximum the cen
tral frequency components of the generated emission deplete 
the inversion of the inhomogeneously broadened laser medium 
(inhomogeneous width ~ 200 cm- 1 , homogeneous width ~ 15 cm- 1 
[8], cross-relaxation time ~ 70 ~s [9]) and a hole is burned 
in the center of the gain profile. The wings of the emission 
are more strongly amplified than the central part. 

Towards the maximum of the pulse train the intensity of the 
pulses becomes large and self-phase modulation broadens, modu
lates and slightly shifts the spectra [3-5,10]. The observed 
small spectral shift of the peak frequency to higher values 
indicates an asymmetric pulse shape with steeper rising than 
decaying parts [10]. The peak pulse intensity is limited by 
two-photon absorption of the Nd 3+ ions [11]. 

For the trailing part of the pulse train optimum gain acts 
in the wings of the emission during the opening period of the 
absorber. The gain at the central frequency is below laser 
threshold (net gain <1) beyond the first train maximum. The 
spectral wings are built-up and emission maxima occur at shor
ter and longer wavelengths. 

Computer simulations verify the described spectral develop
ment. 
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1. Introduction 

A passively modelocked ring dye laser has been shown [1] to 
produce optical pulses in the femtosecond regime. We have 
undertaken experimental and theoretical investigations of this 
configuration with both single and double modelocked[2] opera
tion. In the set up shown in Fig.1, Rh6G was used as the gain 
dye, with DODeI or cresyl violet as the saturable absorber in 
the single and double modelocked lasers respectively. The 
Rh6G was pumped by a cw argon laser. At certain positions of 
the dye jets and critical tuning (615nm), narrow modelocked 
pulses were observed. At other tunings with pulse widths of 
the order of a fraction of the roundtrip time are formed. 
These pulses are very stable with respect to pump power. The 
exact behavior changes with the relative positions of the gain 
and absorber dyes. A computer program was written to analyze 
the system and provide a better understanding of the pulse 
formation. 

~. Theory of single and double modelocked lasers 

The dyes are each modeled as two-level systems whose 
dynamics are governed by the following rate equations[3]: 

(L 1 a 
I (oenl - °ano)1 (1) + cat ax 

(L + 1 a I - ° n I (2) 
ax c at p pOp 

a + ! )n ° no1 -( ° n )1 (3) (at ° n -
Tl 1 P P e 1 a 0 

nO + n1 nT (4) 

where I is the laser photon flux and Ip is the pump photon 
flux in photon/cm2sec; no is the ground-state population den
sity, n1 is the excited state population density, nT is the 
total density of molecules in molecules/cm3. 0e' 0a' and 0p 
are the emission, absorption, and pump absorption cross
sections respectively. T1 is the relaxation time of the dye. 

These four equations are applied to the gain and absorber 
separately with appropriate conditions for single and double 
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Fig.1 The ring dye laser 

modelocked cases. For example, for cresyl violet in the dou
ble modelocked case, I is the cresyl violet flux and I is the 
Rh6G flux. Dispersion is introduced into the system Pin the 
form of a digital filter. For initial conditions, we used both 
random noise ensembles and low level cw radiations with the 
same end result. The computation converges to short optical 
pulses for some parameters and to long pulses (as long as half 
a cavity roundtrip time) for others. 

}. Numerical results of single mode locked laser 

For a single modelocked laser, there is a cw pump for the 
Rh6G; lasing intensity I is omitted for the absorber dye 
DODe I. 

3.1 Dependence on initial conditions 

Fig.2 shows the evolution of laser pulses inside the cav
ity with both cw and noise spike initial conditions for a par
ticular set of parameters which result in long square pulses. 
We see in Fig.2a that the pulse slowly evolves from a continu
o~s wave to square pulses. In Fig.2b, starting from a noise 
input, the evolution is quite different. The noise spikes per
sist throughout the first fifty roundtrips, but the envelope 
of the noise spikes begins to indicate the general form of the 
steady-state solution as early as the 30th roundtrip . The 

a 

B ~DG 
o ROUNOTRIP 50 ROUNDTRIPS 50 ROUNOTRJPS soo ROUNOTRJPS 

Fig.2 Evolution in the long pulse region with low revel cw and 
noise initial conditions. In (b), the dots indicates the upper 
and lower boundaries of the noise spikes. 
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Fig.3 Output of lase r at 40th roundtrip with different values 
of absorber cross-section 

final steady-state solution at the 500th roundtrip is the same 
as in Fig.2a . So the solution converges to the same value for 
these two quite different initial conditions . This fact gives 
us some confiden ce in the validity of our model. 

2.~ Dependence on the absorber cross-section and fo cusing 

Fig.3 shows the pul se shapes of the laser at the 40th 
roundtrip for different values of absorber cross-section. The 
steady-state solution has not yet been reached but the final 
solutions are already indicated. For (a) , the pulses will 
evolve into square shapes as in the case shown in Fig.2. For 
(d), the pulses narrow rapidly and have already reached the 
resolution of our computations. With finer resolutions a 
steady-state picosecond pulse will result. Quite apart from 
the question of resolution , it is not clear that the physic91 
model used here is complete enough to explain the shortest 
pulses obtained with the ring laser. In particular, the tran
sient grating effect proposed by Fork et al . [1J is not 
included. However, our model does show clearly the crucial 
mechanisms for short pulse formation in the early pulse evolu
tion stage. We see that a small absorber cross-section favors 
long pulse formation and a large cross-section (or stronger 
focusing) favors short pulse formation due to changes in the 
effective saturation energy. 
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1.1 Dependence on relative positions of gain and absorber dyes 

In the long pulse situations, the calculations show a 
strong dependence on the positions of the two dyes. Fig.~a 
shows the relative positions and Fig.~b shows the calculated 
output of the laser for both the clockwise and counter
clockwise directions. The origin in Fig.~b is always set at 
the gain dye's edge. The anti-symmetry of the two trains of 
pulses suggests gain sharing in the gain medium with the laser 
operating near the linear region. This represents a satura
tion too weak to favor short pulse evolution. 

~. Exppriments with single mode locked laser 

The experimental set up is shown in Fig.1. Fig.5 shows 
the outputs as measured with a photodiode-oscilloscope combi
nation with a resolution of about 1 ns. In (a), the laser is 
tuned to about 580 nm, and the pulse widths are half roundtrip 
time of the cavity. In (b), with tuning at 615 nm, the 
pulses are resolution limited. This is consistent with the 
calculation because the cross-section of DODCI is larger at 615 
nm than at 580 nm[3] due to the formation of photoisomprs. 

Different relative positions of the dyes were also tried. 
When the dyes were mixed or placed directly opposite, no 
pulses were oberved. When the absorber was one quarter 
roundtrip away from the gain, pulse widths equal to half the 
roundtrip time were observed as shown in Fig.5a. These results 
are again in agreement with the numerical calculation. 

5. Double mode locked lasers - theory and experiment 

Calculations were also made to model the double 
modelocked laser[3], in which the absorber also lases. Both 
long- and short-pulse behaviors are again predicted. In the 
short-pulse case, the pulses from the cresyl violet dye seem 
to form faster than the pulse from the Rh6G. For experimental 
investigations, cresyl violet was substituted for DODCI. 
Trains of yellow and red pulses were observed. 

Preliminary correlation measurements show Rh6G pulses 
about 1 ps duration with improved stability over the linear 
cavity configuration[2]. 

This research was supported in part by NSF grants EC.S81-
1~526 and ECS79-21177. 
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Fig. 5 
a. square pulses 

from the ring dye 
laser with the abso
rber placed one quarter 
round trip from the 
sain dye 
b. Narrow pulses from 

ring laser tuned to 
about 615nm 
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Theoretical and Experimental Investigations 
of Colliding Pulse Mode-Locking (CPM) 

W. Dietel, D. KUhlke, W. Rudolph, and B. Wilhelmi 
Sektion Physik der Friedrich-Schiller-Universitat Jena 
DDR-6900 Jena, German Democratic Republic 

1. I ntroducti on 

Due to its large bandwidth, the cw dye laser is very suitable for generat
ing subpicosecond optical pulses. The shortest pulses obtained to date have 
been produced by the method of "coll iding pulse mode-locking" (CPM) recently 
reported by FORK et al. [1]. This method is based on the coherent interac
tion of two counter-propagating pulses in the adsorber dye used for the pas
sive mode-locking of a cw dye laser. The counter-propagating pulses form a 
transient grating in the population of the adsorber that scatters a portion 
of ~he pulse travelling in one direction into the other pulse. Because the 
scattered and original waves are in phase, constructive interferences occur. 
A regime of pulses counter-running in the mode-locking absorber can be 
achieved either by an absorber optically contacted with an end mirror, by a 
Fabry-Perot laser where m pulses oscillate and the absorber is placed at a 
submultiple m of the cavity length, or by a ring laser with two counter-pro
pagating pulses [1]. The essential condition for CPM is a sufficiently thin 
saturable absorber; i.e., the optical path in the absorber must be of the 
order of (or less than) the pulse width. 

2. Theoretical Results 

Our theoretical treatment of the action of a thin saturable absorber as 
mode-locker of a cw ring laser within the framework of the approximations 
made in [2,3] gives the following results: When the spacing between the ab
sorbing and the amplifying media is a quarter of the perimeter of the ring 
resonator, two counter-running pulses of a sech 2 shape with equal durations 
and energies occur which meet inside the absorber (CPM regime). In compar
ison to a cw dye laser mode-locked by an absorber which is long compared 
to the pulse width, the stability region of the CPM regime is more favour
able, and assuming equal pulse energies, the pulse duration is expected to 
be shorter by a factor of about 3 (Figs.1,2). From Fig.1 it is evident that 
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pulse duration is normalized to 6w- 1 
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where 6w is the spectral width of any 

O~ m DE ~ «0 bandwidth-limiting element in the cavity) 

for a bandwidth of about 70 nm, typical for dye lasers, a pulse duration 
ranging from 40 to 60 fs should be expected. (The bandwidth of the cavity 
was assumed to be determined by the bandwidth of the gain line.) 

If the spacing between the absorber and the amplifier deviates from one 
fourth of the perimeter, the sech2 shape remains only approximately valid. 
The pulse for which the amplifier is more recovered gets the greater sta
tionary energy, and its duration is slightly prolonged. The stability range 
of the CPM regime decreases with increasing deviations (Fig.2). Above the 
upper boundary of the CPM regime, the ring laser is expected to work in a 
unidirectional regime or in a regime where the counter-travelling pulses do 
not meet in the absorber. The parameters of those pulses correspond to the 
case of mode-locking by a long absorber. 

3. Experimental Results 

The experimental investigations involved a cw-pumped rhodamine 6G laser 
mode-locked by use of DODCI. In order to determine the shortening of the 
pulses by the transient absorber grating (CPM), a passively mode-locked dye 
laser with Fabry-Perot resonator was optimized with respect to shortest 
pulse duration. To avoid CPM, the distance between the DODCI jet and the end 
mirror was chosen to be 3 cm. The shortest pulses were sech 2 shaped with 
0.42 ps FWHM. 

For the CPM we used a ring resonator with a DODCI jet of 30-50 ~m thick
ness at a distance of approximately one quarter of the ring perimeter from 
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the stability range. the dashed line the upper boundary for the case of 
counter- running pulses amplified in the same manner (the spacing between the 
two media is one quarter of the perimeter u). and the dot-dashed line is 
the upper limit for the case when the spacing is 0.21 u 

the rhodamine jet. The wavelength and bandwidth of laser oscillation can be 
controlled by a prism. sech 2Shaped pulses of 0.1 ps were generated. 

In both cases similar conditions were chosen: pump power 0.9-1.2 W at 
514 rill; 1.3% output mirror; 3-5 mW output; identical spherical mirrors; 
round trip time 10 ns and 13 ns, respectively; distance between the two 

jets 0.7 m and 1 m, respectively. 
Obvrously the action of the transient absorber grating shortens the gen

erated pulses by a factor of about 4. This is somewhat better than expected 
from the theoretical results. The absolute theoretical values for the mini

mum pulse duration are in good agreement with new experimental results re
ported in (4). However, it should be mentioned that the calculated pulse 
durations sensitively depend on some parameters which are not known . Besides 
the pump and loss. parameters this concerns in particular the ratio of the 
saturation energies of the two media. By adjustment of the prism the gener

ation maximum can be shifted within narrow 1 imits. The pulses have been 
found to have a down chirp, which was observed via the shortening of the 

generated pulse f,lassing a medium with normal dispersion. The influence of 
non-linear optical effects on the pulse length can be ruled out. In Fig.3 

the FWHM l out of the autocorrelation function of the pulses having passed a 
17-cm ~lass block is plotted versus the autocorrelation width l in before 
entering. Pulses of l in = 0.4 PSt for example, are shortened to 0.26 PSi 

for pulses of 0.24 ps the dispersion of the glass block compensates the 
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~ The FWHM of autocorrelation of the pulses generated in a passively 
mode-locked dye laser after passing a BK 5 glass block of 17 cm length 
('out) vs the autocorrelation width before entering ('in). The solid line 
shows the theoretical dependence of the FWHM of the autocorrelation of 
down-chirped Gaussian pulses fitted to the experimental data 

down chirp and then broadens the pulses to the initial width; and pulses 
with 'in < 0.24 ps are broadened. 

Fitting the theoretical dependence of the FWHM of the autocorrelation of 
down-chirped Gaussian pulses to the experimental data (Fig.3) gives a wave
lingth sweep over the pulse duration of about 3 nm for 0.1-ps pulses. This 
should also be a good estimate for the sech2-shaped pulses measured. These 
experimental results show that (1) the chirp should be taken into account 
in the theory, (2) for the generation of very short pulses the chirp should 
be avoided or the pulses should be compressed, and (3) even not very long 
pathways in glass may affect the pulse-width measurement. 
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Picosecond Carrier Dynamics and Laser Action 
in Optically Pumped Buried Heterostructure Lasers 

T. L. Koch, L.C . Chiu, Ch. Harder, and A. Yariv 

California Institute of Technology, Pasadena, CA 91125, USA 

Over the past several years there has been a continued interest in the generation 
of picosecond pulses from semiconductor diode lasers . We report here some prelim
inary results from an experiment to investigate the picosecond carrier and lasing 
dynamics of high quality buried heterostructure (BH) diode lasers using techniques 
similar to those outlined in earlier work with stripe lasers[ 1]. The GaAs-AlGaAs BH 
lasers, shown in Fig. 1, were grown in our lab with a transparent contact over the 
active waveguiding region to allow optical pumping as well as the usual electrical 
operation, and had typical threshold currents in the 20-30 rna range. Electrical 
operation was required for alignment into the optical measurement system to be 
described below, but was used only for this purpose . 

Gigawatt level subpicosecond pulses were generated from a CW synchronously 
modelocked dye laser and Nd:YAG pumped amplifier chain combination at a 10 hz 
repitition rate[2]' The tunable system was operated at 598 nm and split into two 
paths . One was Raman shifted with deuterated acetone to 686 nm and was then 
focussed onto the BH diode, pas~ing through the transparent contact and 
Alo .4Gao .6As upper cladding region to be absorbed directly in the active region of the 
device. The second pulse was sent through a variable delay arm and then combined 
collinearly with the IR diode laser output in a LilOs crystal phase matched for sum 
frequency generation. The sum frequency was fed into a signal averaging system, 
effectively synthesizing a slow sweep picosecond resolution sampling oscilloscope by 
varying the delay of the short amplified dye laser pulse. 

We tind that the picosecond dynamics of optically pumped semiconductor lasers 
are not as strongly dependent upon the diode cavity length as has been suggested 

PUMP 

Figure 1. Geometry of buried heterostructure laser used in experiment 
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Figur e 2. BH diode laser output: ill, b , 
and c are the long. medium. and short 
wavelength normalized outputs ""ith 
pulsewidths of 15 .6, 9 .0 , and 4.5 psec 
respectively 

1-0----- 22 PSEC----o; 

Figure 3. Short wavelength BH laser 
output under high pumping condi
tions. Pulse rwHM is 1.2 psec, and 
note unusual shape 

by other investigators working with thin film GaAs and InGaASP (3,41. The Important 
quantities for short pulse operation are fast and significant gain/loss tranSients to 
initiate laser action and a short photon lifetime for termination. Fig. 2 shows the 
results from a 200.um device Which, even at this long length, already has a short 
photon lifetime of - 1.3 psec. The three curves are the normalized simultaneous 
output at three wavelengths obtained by angle tuning the LilO, crystal. The pulse 
rwHM are 4.5, 9 .0 , and 15.6 psec at Ao, A.o + 11 nm, and Ac + 23 nm respectively, 
where A.o"" 743:!: 15 nm. This confirms the trend towards shorter pulses at higher 
photon energies(3] which appears to be an essential featu re when high carrier den
sities a re inJected well above the bandgap. We esllmate our carr Ier density to be 
_5x l 0 18 cm , although this figur e is only approximate due to the uncertainties of 
the transparent contact injection scheme, 

When the pumping level is varied, the general bchavior at a fixed wavelength is a 
forward shift in Ume and a shortening of the pulse as expected from a usual tran
sient ,ain/loss analysis. We estimate the upper limit on the carrier density to be 
.s 10 l cmJ due to a dynamic Burstem-Moss bleaching eflect at the pump wavelength 
in the A1c _ceGac.Q2As active region. As the diodes are pumped up to this limit, several 
interesting features begin to appear. As expected from band filling, shorter 
wavelength pulses are generated, but the pulses also develop unusual tempo ral 
profiles. Fig. 3 shows the - 700 nm output of an eO.um long BH diode on an 
expanded scale with a FWHM of 1.2 psec. Since this approaches the pu mp pulsewidth 
(.s 1 psec ). the deconvolved diode pulse is also probably subplcosecond. Note that 
the rise time is more gradual than the fall time, in sharp contrast to the usual rate 
equation predictions of gain/loss switched laser action. At long wavelengths, the 
pulses are longer t o start with, but they begin to acquire a distinct tail as the excita
tion denSity increases, even to the point of developing a secondary peak at the long
est wavelengths or emission. This is shown in Fig. 4. and note the change in scale. 

We nnd that a straightforward computer model accounts for the basIc behavior 
as depicted in rig. 2. The model includes the broadband nature of the stimulated 

i"'--- 130 PSEC --1 
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emission from the optically pumped semiconductor laser output, but makes the 
simplest assumptions possible while still retaining the essential physics of the 
device; i.e., we employ all the standard results of parabolic band, direct gap semicon
ductor theory, and assume that the electron-hole plasma maintains an equilibrium 
Fermi-Dirac distribution at all times. The plasma temperature T, number density N, 
and the spatially averaged signal photon density 9'(v) are the dynamic variables, and 
cooling is given by the usual optical phonon emission cooling formula[5] which we 
modified to include Fermi-Dirac statistics and screening by the large free carrier 
density. 

dN 
dt 

I (t) - c 
= - -"----GthP (vp,N,T) - f[ -a.(v,N,T) 9'(v) + r(v) ] dv 

vp 0 n 

d"d(V) = [ r ~(v,N,T) 9'(v) + (Ir(v) ] - M 
t n ~h 

dT 
dt 

= }U [( hEg - l)lp(t)a(vp,N.T) - j[ ~(v.N,T) 9'(v) + r(v) ] hv dv 
_u_ vp 0 n 
aT 

au dN + dU ] 
aN d t d t phonon cooling 

(1) 

(2) 

(3) 

Here Ip(t) is the pump intensity. U = U(N.T) is the total energy density of the 
electron-hole plasma, Tph is the photon or cavity lifetime, (I is the fraction of spon
taneous emission into the lasing modes,and r is the mode confinement factor. while 
the gain/loss a(v,N.T). recombination rate r(v), aUIlIT, and aUIlIN are all well known 
expressions involving Fermi-Dirac distributions e"nd integrals involving these distri
butions. 

This simple model predicts most of the observed features of the short pulse laser 
performance. In particular, the strong X dependence of the pulsewidth is correctly 
predicted. even in detail down to the unusual shapes as shown in Fig. 3. The impor
tant physical effects seem to arise just fl'om the cooling of the plasma and the down
ward motion of the Fermi level. One unusual and perhaps non-intuitive computed 
result is that after a preliminary cooling period of a few picoseconds before most of 
the laser action has initiated, the laSing begins and this actually re-heats the plasma 
thereby reducing the gain. Lasing action slows or subsides and the plasma then 
cools again. However. this mechanism wi11lead to double pulsing on the time scale 
shown in Fig. 4 only if the carrier cooling is cq.nsiderably slower than the theoretical 
value. We believe that the double pulsing as observed in Fig. 4 is due to many-valley 
effects in the AIGaAs band structure. In this model the delayed peak evolves after 
the return of electrons from L valleys which are partially filled by the hot electron 
distribution during the pump pulse. We have included these effects in a more 
sophisticated set of integro-differential rate equations which appear to support this 
interpretation[ 6]. 

Since any ultrashort pulse driving scheme for semiconductor diode lasers without 
optical feedback involves large and rapid gain and carrier population transients, 
these hot electron effects possibly have more generality than the particular injec
tion scheme considered here and could affect the ultimate short pulse performance 
of diode lasers. 

In conclusion we have used picosecond spectroscopic techniques to observe some 
novel picosecond laser dynamics in high quality BH diode structures. We also have 
shown that a relatively simple model seems to account for most of the observed 
features of our experiment. 

This work was supported by a grant from the National Science Foundation. 
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Optically Pumped Semiconductor Platelet Lasers 
in External Cavities 

M.M. Salour1 

Department of Electrical Engineering and Computer Science 
and 
Research Laboratory of Electronics, Massachusetts Institute 
of Technology, Cambridge, MA 02139, USA 

The new type of laser under discussion is based upon ootical pumoing in 
semiconductors. Various individual features of such a device have already 
been realized [1] and the attractiveness of these individual features is that 
they potentially combine pleasingly in the newly developed laser [2,31. 

The most singular feature of semiconductor lasers [4-7J is that one is not 
dealing with gain centers (atoms, ions, molecules, complexes) sparsely dis
tributed in a passive medium or empty soace, but rather with the problem of 
inverting the atoms in an entire block of solid, unlike any other kind of 
laser. Since the absorption and gain lengths in a semiconductor laser are 
very small indeed comoared to other lasers, this central fact bears on the 
choice of pumping scheme: active medium, heatsinking, cavity design, and samole 
geometry as semiconductors are crystals, and their ordering implies spatial 
anisotropy (selection rules), and polarization, since polarization effects all 
depend on crystal orientation in general. 

A single bulk semiconductor is the simplest amplifier medium: it is cheap, 
readily available, and requires far less processing than heterostructure. To 
date, most optically pumped semiconductor lasers have used either crystal faces 
[1] or closely attached mirrors [8] as the cavity reflectors; this prevents the 
insertion of tuning elements into the cavity and lowers its optical quality. 
We recently reported the first cw optically pumped semiconductor laser in an 
external cavity [2]. T~e lasing medium was a cadmium sulfide platelet pumped 
longitudinally by an Ar laser. The laser had an output power of 9 mW and a 
linewidth of 0.1 nm. The power conversion efficiency was 10%. The output is 
both prism- and temperature-tunable over a range of 9 nm. 

The crystals used were very thin «5 \.1m) cadmium sulfide platelets chosen 
for flatness and parallelism by observing under a microscooe the interference 
patterns created by a sodium lamp. The best crystals varied in thickness by 
less than 3 wavelengths over an area of 5 mm by 5 mm. The crystals were 
mounted onto a piece of sapphire using a thin film of silicone oil (refer to 
Fig.l). The same side of the sapphire-was dielectrically coated with a maximum 
reflectivity mirror. The pump beam was focused onto the crystal to a spot 
size of ~5 \.1m by a lOX microscope objective, which also served to collimate 
the crystal fluorescence. This beam was seoarated from the pumo beam by a 
polarizinq beamsplitter which transmitted 98% of the CdS emission. In order 
to make this possible, the c-axis of the CdS crystal was vertically oriented. 
Then its fluorescence, which p~imarily has E 1 c, was polarized perpendicularly 
to the vertically polarized Ar laser beam. 

lAlfred P. Sloan Fellow. 
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~ Cavity design for experiments with prism tuning 

The semiconductor laser beam passed through a prism and could be tuned by 
rotating the output mirror about the vertical axis (2J. The sapphire mirror 
was held by copper pieces which were attached to a liquid ni trogen chamber 
using copper braid. It could also be tilted in two di rections to align this 
end of the cavity. This arrangement allowed sample temperatures as low as 
94 K. The microscope objective was also held in the vacuum, which was sealed 
by two AR-coated windows. 

This work demonstrated the first prism-tunable optical ly pumped semiconduc
tor laser. +We have extended this technique to CdSe and CdSSe crystals , using 
a S14-nm Ar pump. Then several crystals were mounted adjacent to each other 
on the same mirror , yiel ding a laser which is easily tunable from 500 to 700 
nm. Heating probl ems in the crystal might be further reduced by the use of 
epitaxial layers of CdSe grown on sapphire [1 0] . 

• 

b 
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~ (a) Autocorrelation trace taken from 
laSer with 3.2 mW output power. A pulse width 
of 4. 7 ps is calculated if a single-sided exeo
nential shape is assumed but the large si9nais 
in the tails of the pulse indicate an 8 ps pulse 
width. {b) Simultaneous spectrum, taken with 
0.08 nm resolution 
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~ Autocorrelation trace obtained from 
InGaAsP laser operating at 1 .19 ~m 

For synchronous pumping the Ar+ laser was actively mode-locked to produce 
100-psec pulses on the 476-nm line, and the cavity was lengthene.d to 1.8 m. 
The pulse width was measured in an autocorrelator using a lithium formate 
crystal. Typical spots gave stable 4-10 psec (assuming a single-sided expo
nential shape; see Fig.2) pulses with 3-5 mW output Dower and 50 mW of pump 
power. Up to 26 mW of output power could be maintained for a short while. 

Tunable, bandwidth-limited pulses of 6-ps duration (see Fig.3) were also 
obtained at 1.1 to 1.3 ~m from synchronously pumped InGaAsP lasers in external 
cavity with ACW output powers of 2 mW+ Using 2-5 ~m thick LPE quaternary 
layers, longitudinally pumped by a Kr laser, peak output power of over 15 W 
directly tunable over a 2-nm range was achieved [111. 

The cavity length can be changed by 500 ~m without adversely affecting the 
pulse shaDe (Fig.4). This is in sharp contrast to synchronously Dumped dye 
lasers, where r. hanges of only microns can drastically alter the pulse sha~e. 
This indicated that passive pulse shaping may be taking place . The output 
spectrum is much broader than that encountered in cw operation, and often 

~ Dependence of the laser output power (solid line) and peak second har
monic power (dashed line) on the relative cavity length. The dots refer to 
the output pulse width at various cavity lengths as measured by autocorrelation 
assuming a single-sided exponential 
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lasing in more than one mode of the crystal Fabry-Perot occurs. We have 
demonstrated that antireflection coating of the crystal face eliminates these 
modes, increases the cavity bandwidth, and results in shorter pulses. 

These lasers differ from dye lasers in that no jet fluctuations are present, 
eliminating a very strong source of noise. They can be operated completely 
in a vacuum, eliminating atmospheric pressure fluctuations present in dye 
laser cavities. In addition, the spontaneous emission spectrum is narrower 
than those of dyes, allowing a stabilized single-frequency laser to operate 
with fewer wavelength-selecting elements while tuning can be done by varying 
the temperature. We believe that lasers of this tyoe have the capability 
for single-frequency operation tunable throughout most of the visible and 
near IR. 

The author thanks C. B. Roxlo, D. Bebelaar, R. Putnam, D. A. Johnson, D. C. 
Reynolds, A. Mooradian, H. A. Haus, and E. P. Ippen. This work was supported 
by the U.S. Air Force Office of Scientific Research. 
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Two Photon Pumped Bulk Semiconductor Laser 
for the Generation of Picosecond Pulses 

Wei-Lou Cao!, Fei-Ming Tong2, De-Sen Shao3, Scott A. Strobel, 
~.K. Mathur, and Chi H. Lee 

Electrical Engineering Department, University of Maryland, 
College Park, MD 20742, USA 

Recently considerable attention has been devoted to optically pumped bulk 
semiconductor lasers. '!he primary !lOtivation has been to obtain high peak 
power, which has been a main drawback of diode lasers due to their small 
active volume confined to the junction region. Single photon longitudinal 
pumping of the bulk semiconductor platelets have yielded tunable semiconductor 
lasers with pulse widths of -4-6 picoseconds [1,2], however, peak powers did 
not exceed a few tens of watts. '!his perfonnance is difficult to improve 
through single photon longitudinal pumping due to poor heat dissipation and 
low thennal conductivity, and any further increase in the power of pump laser 
leads to the destruction of the medium. we underscore that the single photon 
longitudinal pumping, which is adapted fran a dye laser system can not be 
easily adopted for optically pumped semiconductor lasers for the following two 
reasons: 1) heat dissipation does not present any problem in a dye system 
because it is flowing, 2)the absorption coefficient, a factor which is fixed 
in a semiconductor can be manipulated by adjusting the concentration of the 
dye. '!hin platelets, of the order of 101lm, have been used for semiconductor 
lasers, which is quite thick oanpared to an absorption depth of llJffi. Con
sequently the gain medium has a nonuniform population inversion. 

We suggest, therefore, that a two photon pumping in a transverse con
figuration is !lOre suitable for the generation of high peak power optically 
punped semiconductor lasers. Single photon pumping in a transverse con
figuration has the disadvantage of large diffraction losses because the 
thickness of the active volume is of the same magnitude as the wavelength of 
emission. Moreover such a system is difficult to align in a ring cavity and 
surface recanbination will deplete the inverse population. '!he distinct 
advantages of the two photon pumping scheme are the deeper penetration of the 
punp beam and the flexibility of the two photon absorption coefficient K(2) 
(=flI) which i$ intensity dependent. K(2) can vary fran 1 em-l to 107 em-l in 
contrast to Kll), single photon absorption coefficient, which ranges fran 
104-106 em-l • Peak powers as high as one Megawatt, with pulse durations of 
7-10 ps have been dem:::>nstrated by us [3] under two photon pumping in a trans
verse configuration. Both synchronous JIDde-locking and amplified spontaneous 
emission (ABE) have been observed in GaAs, with an output power density in 
excess of 100 MW/em2• 

'!his peak power is several orders higher than the peak power reported [2] 
with single photon longitudinal pumping. we report here our recent results 

1 01 leave fran Shanghai Institute of ~tics and Fine ~chanics, Olinese Pca
demy of Sciences, Shanghai, PRe. 

2 01 leave fran Shanghai Institute of 'Iechnical Etlysics, Olinese l\cademy of 
Sciences, Shanghai, PRe. 

3 01 leave fran Peking Research Institute of Materials and 'Iechnology, Peking, 
PRe. 
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obtained by the extension of this technique to CdSO.SSeO•S• 'Ihe mixed crystal 
of cadmium sulphide selenide is attractive because of its potential of lasing 
over a broad spectral range from green to red depending on the ratio of 
sulphur to selenium. 

In the present experiment no external cavity was fonned. Instead the 
opposite emitting surfaces of the crystal were anti-reflection coated and were 
deliberately cut so that they are not parallel to each other. we believe that 
the stimulated emission observed is due to ABE. 'Ihe device would lase even 
when only a portion of the crystal was pumped. A study of the output power 
versus pumping length confirms the characteristics of amplified spontaneous 
emission. 

A 10xSx4mm crystal of high resistivity (~108 nem) CdSO.SSeO.S was mounted 
in a cryostat which was cooled by liquid nitrogen. 'Ihe end faces (5x4mm) of 
this crystal were A.R. coated (R~.Ol) for its intrinsic emission. 'Ihe crystal 
was pumped from the long side (lOx5mm) in a transverse configuration. 'Ihe 
1.06~m laser spot was focussed along the length of the crystal by using a dove 
prism and a cylindrical lens. 'Ihe complete mode-locked pulse train from a Nd: 
Glass laser was used to pump the crystal. 'Ihe emission from the crystal was 
collected and image relayed to the monochranator, where it is detected by a 
photomultiplier. 'Ihe schematic of the experimental arrangement has been 
described earlier [3]. 'Ihe spatial profile of the ABE was obtained by 
replacing the monochranator by a camera and photographing the image of the end 
face of the crystal under a magnification of about 3.5. 

Fig. 1 shows oscilloscopic traces of the ABE and pump pulse trains (upper 
and lower traces respectively) by two high speed IT!' photodiodes. 'Ihe peak 
intensity of the pump pulse train is estimated to be several hundred MW/em2• 
'Ihe vertical scale of the two traces is not the same since the intensity of 
~SO.S~O.S emission is more than th:ee orders of magnitude less than the pump 
lntenslty. 'Ihe total energy output 1n ABE was measured to be 
lxlO-S Joule for the whole pulse train. 'Ihe energy of pump pulse was 
measured to be 0.1 J of which 85% is absorbed in the crystal over its 
thickness of 0.4 em. 'Ihe output pulse train from CdSO.SSeO•S is well resolved 
and resembles the pump pulse train. 'Ihis is interestlng in view of the long 

Fig. 1 OScilloscopic trace of ABE pulse train and pump pulse train. 
Sweep rate 50 ns/div. 
(a) ABE (upper trace) 
(b) pump (lower trace) 
(vertical scale for two traces is different) 
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lifetime of excited carriers reported earlier [4]. Moreover, the ASE pulse 
train emerges later and disappears earlier than pumping laser train. we 
believe that this behaviour is related to the threshold of ASE. At the 
leading and trailing part of the pump pulse train, the pump intensity is less 
than the threshold, therefore no stimulated emission is observed. 

The gain characteristic of GdSO•5SeO•5 was further investigated by studying 
the band-width (FWHM) of emission and the output intensity as a function of 
pump intensity. The plots of bandwidth and output intensity versus pump 
intensity are shown in Fig. 2. The pump intensity was varied by inserting 
neutral density filters in the path of the exciting laser. At very low pump 
intensity the bandwidth is very large (~250A), a characteristic of spontaneous 
emission. As the pump intensity is increased the band-width decreases rapidly 
in the beginning and then slowly to a value of 30 A. At the same time, the 
output intensity increases abruptly and begins to saturate at high pump inten
sity. OUr results are similar to the results obtained by SHAKLEE and LEHENY 
[5]. Both bandwidth and output intensity measurements exhibit a threshold 
behavior. The threshold is, however, not sharp. Moreover, the peak of the 
emission moves towards shorter wavelengths at higher excitation levels. The 
spontaneous emission was observed to peak around 6240 A at lower pumping 
intensity, while at higher pumping intensity the peak of emission occurred at 
6040 A as shown in Fig. 2. This shift can be attributed to the band filling. 

We have measured two photon absorption coefficient of l.06~m radiation in 
GdSO 5SeO.? with a view to extend the technique of the generator-amplifier 
configuratlon to obtain high peak powers. The results are tabulated in Table 
1. 

Table 1 Measurement of S for GdSO•5SeO. 5 
Crystal of thickness 0.4 em 

IO MW/em2 Transmission S anjMW 

312 
50 
20 

15% 
52% 
73% 

0.045 
0.046 
0.045 
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'!he measured value of Il reported here is consistent with the value 
reported earlier [6]. The above results were used to determine the punp 
intensity for the amplifier which soould be kept below the thresoold of ASE. 
our preliminary results indicate that an amplification factor of 2-5 can 
easily be achieved. 

'It> denonstrate the deep penetration of the tv.u proton punp beam the spatial 
profile of the ASE was IIDnitored at different punp intensity. '!he results are 
described in Fig. 3. Fig. Ja, is a shadow of the emitting face obtained by 
shining light from the opposite ends of the crystal. The upper and lower 
edges of the shadow are not visible due to the structure of the cold finger. 

'!he crystal is punped fran the right side. At low intensity of punping, 
the whole of the emitting crystal surface shows uniform illumination indi
cating deep and uniform generation of carriers in the bulk which reccmbine 
radiatively to give spontaneous emission. As the intensity of the beam punp 
is gradually increased, an intensity contrast begins to show up on the 
emitting surface. The part of the surface towards the incident punp radiation 
appears brightest, finally ASE appears as a bright patch on the right side. 
It seems that at very high punp intensity there is a considerable carrier gra
dient from right to left across the crystal and, the active volume for ASE is 
confined to a depth of the order of one millimeter on the right, i.e., the 
side from which punp radiation is incident on the crystal. 

Pump Intensity 
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(b) 
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(d) 

10.0 
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Fig. 3 Spatial profile of ASE. 
punp lntensity was varied by in
serting Neutral Density filters in 
its path. In the same way, awro
priate a Neutral Density filters 
were placed before the camera. 

(a) is a shadow of the crystal 
face (0.4 em wide) from which 
emission was IIDnitored. Suc
cessive pictures show how the 
relative intensity of ASE 
changes with respect to spontane
ous emission as the punp inten
sity increases. In (b) the emis
sion is predaninantly spontaneous, 
while in (e) it is ASE. 



It may be remarked that in conjunction with a IlOnochranator and usin.:J a 
pinhole camera method, the above technique can be exten:led to nonitor simulta
neously the spectral and spatial profile in a single shot. '!his experiment is 
now tnlerway in our laboratory. 

Simultaneous measurements of photoconductivity and photoluminescence 
excited by a single picosecond 1.06pm laser pulse indicates that the radiative 
life-time of the carriers is of the order of a few nanoseconds because the 
luninescence ceases within several nanoseconds. a>wever the photoconductivity 
signal lasts for several millisecon:ls which signifies trapping and detrapping 
of carriers before final recanbination. It has been observed that ASE pulses 
are not well resolved under low punp intensity but at high punp intensity 
individual pulses are well defined as shown in Fig. 1. '!his appears to be due 
to the decrease in lifetime with the increase in the density of photoexcited 
carriers, a result which conforms with the recent 'NOrk of O.LSCN and ~ [7]. 

'lb surmarize, we have derocmstrated the potentiality of a t'NO photon punping 
scheme in a transverse configuration for the generation of high peak power 
picosecond pulses. '!his scheme can be extended to a generator-amplifier con
figuration to further increase the peak powers. 

Authors thank Aileen Vaucher for her valuable assistance. '!his 'NOrk was sup
ported in part by National Science Fbundation under Grant NO. ENG-78-06862 and 
by Minta Martin Aeronautical Research Fund from the Cbllege of Engineering, 
the University of Maryland. 
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1. Introduction 

As we have shown recently [1-3], distributed feedback dye lasers 
(DFDLs) are a new type of source for the generation of pico
second light pulses. DFDLs are relatively simple in construc
tion and produce stable single pulses without need for a special 
pulse selecting device. Their range of operation extends through 
the visible to the near uv part of the spectrum [4]. Smooth 
tuning can be achieved by several techniques [2]. It is easy to 
set up an oscillator-amplifier system for DFDL pulses which is 
pumped by a single N2-laser [5]. Synchronization is greatly 
facilitated this way. 

A disadvantage of DFDLs as compared to mode-locked lasers has 
been, so far, the long duration of the output pulses of typi
cally 80 to 100 ps. As has been indicated in [1] the rate equa
tion theory of the DFDL predicts the shortening of the laser 
pulses with decreasing pump pulse duration. It is the goal of 
the present study to verify this prediction experimentally and 
to produce the shortest pulses possible with the pump sources 
presently available to us. 

2. Rate Equation Model of the DFDL 

The influence of various parameters, viz. pump intensity, fluo
rescence lifetime, geometrical dimensions etc., on the temporal 
and energetic properties of DFDL output has been studied in 
detail [3]. The good agreement observed between theory and ex
periment encouraged us to apply the rate equation model of the 
DFDL also to the present investigation. 

The rate equations (cf. equations (1-6) of [3]) were solved 
numerically. The parameters of Rhodamine 6G as given in [3] 
were used. Pumping pulses of various durations in the range from 
0.5 to 5 ns (FWHM) were assumed to be Gaussian. 

3. Experimental 

The experimental layout of the DFDL is shown in Fig. 1. Five 
different pumping sources were employed: 

a) A low pressure N2-laser (LAMBDA PHYSIK M-1000) with pulse 
duration of 3.5 ns. 
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Fig.l Experimental 
arrangement of the 
DFDL 

b) An oscillator-amplifier system com
prising a TEA-N2-laser, built in our 
laboratory, as oscillator and the 
low pressure N2-laser as amplifier. 
The TEA-N 2-laser produced pulses of 
1.1 ns which were broadened in the 
amplifier to about 1.8 ns. A tele
scope was inserted between oscilla
tor and amplifier. 

c) The same setup as in (b) with an 
additional cuvette containing a 
solution of saturable absorber 
(bis-MSB) in the focal plane of the 
telescope. Pulse duration was 1.2 ns. 

d) A similar system as in (c), but in
corporating a different TEA-N 2-laser 
producing pulses of 0.7 ns duration. 

e) A frequency-tripled Nd-Iaser system 
(J. K. LASERS, System 2000) consist
ing of a passively mode-locked Nd:YAG 

oscillator and two Nd:glass amplifiers. A single pulse was 
selected. Its duration was 16 ps for the third harmonic of the 
Nd:YAG frequency. 

The concentration c of Rhodamine 6G and the pumped length L 
of the DFDL had the following values during different experi
ments: (a,b,c): c = 3 .. 5 X 10- 3 M/£, L = 3.5 mmi (d): 
c = 5 X 10- 3 M/£, L = ;2 mmi (e): c = 4 x 10- 3 M/£, L = 3 mm. 
Solvent mixtures were used in order to adjust the output wave
length to 590 nm. The height of the pumped volume was 0.025 mm 
in all cases. 

Pulse durations were measured with a streak camera-image 
intensifier system (HADLAND IMACON 600 + EMI T2001) coupled to 
an optical multichannel analyzer (PAR OMA) and a DEC PDP-ll/34 
computer. Instrumental time resolution of the system was 11 ps. 
In the case of picosecond pulse pumping (e) DFDL output was 
analyzed by a second order correlation technique using diffrac
tion gratings in Littrow mounting as delay elements for the 
subsequent SHG [6]. This arrangement represents a modification 
of the technique described in [7] and allows to measure single 
shots with a resolution of the order of 0.1 ps. 

4. Results and Discussion 

The output characteristic of a DFDL is governed by the pump 
power level [1,3]. The number of pulses generated increases 
with pump power. We observed very good agreement between the 
results of the rate equation model and experiments. This sit
uation is not altered when the pump pulse duration is varied. ' 
Stable single pulse output can be obtained when the pump power 
is adjusted for the threshold of the second pulse [3]. Figure 2 
shows some typical examples under this condition. 

With even shorter pump pulses the duration of DFDL output 
approaches the time resolution limit of our streak camera 
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Fig.2 Single pulses of the 
DFDL. a) Results of the rate 
equation model. b) Streak 
camera recordings. Pump pulse 
duration decreases from top 
to bottom of the figure cor
responding to pump sources 
(a), (b) and (c), respec
tively 

recording system (Fig.3) . In the typical example shown FWHM is 
8.8 OMA channels. Considering a streak speed of 1.4 channels/ps 
and an instrumental resolution of 11 ps we obtain a deconvoluted 
pulse duration of 6 ps . The energy of the single pulses was 
about 40 nJ corresponding to 7 kW peak power. 

Experiments with picosecond pulse pumping (e) are presently 
in progress . Preliminary results indicate a pulse duration of 
1 ps and a time-bandwidth product of 6v . 6 t ~ 0.6 [6] . Further 
shortening of the pulses appears to be feasible by pumping the 
DFDL in a travelling wave excitation arrangement . In this case 
no limitation of the shortest pulse duration is expected by 
transit time effects, which presently might impose a lower limit 
of the order of a picosecond . 

Figure 4 summarizes our results and demonstrates the corre
spondence with the model computations . 

Pulse shortening of the DFDL pulses relative to pump pulse du
ration is about the same as that for cw synchronously pumped 
mode-locked dye lasers. The use of DFDLs as simple and rela-
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tively inexpensive sources of ultrashort laser pulses could 
considerably facilitate the progress in picosecond laser spec
troscopy. 
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Picosecond Distributed Feedback Dye Laser Thnable 
in a Broad Spectral Range 

A.N. Rubinov, I. Chesnulyavichus, and T.Sh. Efendiev 
Institute of Physics, Academy of Sciences of the 
Byelorussian SSR, Minsk, 220602, USSR 

The rapid development of picosecond spectroscopy requires efficient and con
venient sources of ultrashort pulses that are easily tunable over a wide 
spectral range. The generation of tunable picosecond pulses in dye lasers has 
been demonstrated in a number of experiments, in particular with cw dye 
lasers. Unfortunately, laser systems allowing single ultrashort high-power 
pulses that are tunable in a broad spectral region are still too complicated 
and expensive, which makes them inconvenient for practical use and unavail
able for many laboratories. 

The operation of a simple and reliable pump-induced, distributed-feedback 
(PIOF) dye laser which produces single ultrashort pulses tunable in a wide 
spectral range is reported here. 

The applicability of the PIOF dye laser for the generation of train or 
single tunable ultrashort pulses was first demonstrated in [1,2]. The mode
locked ruby [1] and Nd 3+:glass· [2] lasers operating in a single short regime 
were utilized as a pumping source in those early experiments. We now report 
on the operation of a picosecond PIOF dye laser pumped with a Nd3+:YAG laser 
with a 12.5-pps repetition ratt. 

The possibilities of shortening the PIOF dye laser pulse by decreasing 
the length of the OFB structure in a solution, and also by introducing time 
delay between interfering pumping beams, are demonstrated experimentally. 
The generation of the narrowest picosecond pulse so far obtained in a PIOF
type dye laser is also reported. 

The second harmonic of a passively mode-locked Nd 3+:YAG laser with a 
12.5-pps repetition rate was used to pump a PIOF dye laser. A single pulse 
of 30 ps duration, 2 MW peak power and 1 ~ spectral width was picked out of 
a train of Nd3+:YAG laser pulses. The pulse duration of both pumping and 
PIOF lasers was measured by the conventional technique of noncollinear se
cond harmonic generation in an AOP crystal. The wavelength of dye laser os
cillation was registered by the diffraction grating spectrograph with 

4 ~/mm linear dispersion. 
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Stable generation of ultrashort pulses with the repetition rate of the 
pumping source was observed in a PIOF laser using rhodamine 6G(R-6G), R-B 
and R-4C dyes in ethanol as an active medium. The absorption coefficient 
of the laser solution at the wavelength of pumping was in the range of 
60-120 cm- 1. 

Spectral tuning of PIOF laser emission from 548 nm to 590 nm for R-6G, 
582-610 nm for R-B and 583-620 nm for R-4C was easily obtainable with a 
linewidth varying from 1.5 A to 4 A, depending on the excitation conditions. 

The pumping radiation was converted into stimulated emission of the dye 
with an efficiency of 10%, and thus tunable picosecond pulses of up to 
0.2 MW peak power were obtained. 

The pulse duration of the PIDF laser was found to be in almost linear de
pendence on the length of the periodical structure in a dye solution. Thus, 
with periodical structure lengths of 1 mm,. 2 mm, and 3 mm, the lasing pulse 
durations were 15 ps, 35 ps, and 45 ps, respectively. A decrease in the pulse 
duration from 45 ps to 15 ps was followed by broadening of the spectrum from 
1.5 A to 4 A. 

A possibility of further narrowing the dye laser pulse by optically delay
ing one of the interfering beams with respect to another was studied. With 
a delay of 12 ps, the lasing pulse width was reduced to 9 ps, while the dur
ation of the pumping pulse was 30 ps. Shortening of the PIOF laser pulse was 
followed by some decrease in the output energy. 

Still shorter pulses were obtained in a PIOF laser when the dye was ex
cited by the second harmonic of a mode-locked Nd 3+:phosphate-glass laser. 
With a pumping pulse duration of 6 ps, a dye laser pulse duration of 3 ps 
was observed. At present this is the shortest tunable pulse obtained in a 
PIOF-type dye laser. 

In conclusion it can be said that the application of pump-induced dis
tributed-feedback dye lasers in conjunction with mode-locked Nd 3+:YAG or 

3+ Nd :glass lasers is very efficient and is apparently the simplest method 
of obtaining powerful picosecond pulses that are tunable in a broade spec
tral range. 
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Modelocking of a Wavelength Tunable IDgh-Pressure 
COz-Laser by Synchronous Modulation of a 
Broadband Intracavity Saturable Absorber 
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In recent years, both passive and injection modelocking has been applied 
to the multiatmospheric CO2-laser for generation of subnanosecond pulses of 
high power radiation at the 10.6 ~m wavelength, thus taking advantage of the 
strongly pressure broadened bandwidth (1,2). On the other hand, continuous 
wavelength tuning over significant range from 9 to 11 ~m of the freerunning 
laser can be readily obtained by operating the laser in the 10 atm pressure 
range. In spite of the many potential and attractive applications, for 
example to time-resolved spectroscopy of molecules, there appears to be no 
reported success of short pulse generation with such wavelength tunability. 
We have combined in a simple scheme elements of both forced and passive 
modelocking to provide a versatile source with good tuning characteristics. 
The difficulties with reliability in modelocking which are generally connect
ed with the relatively high gain and its short lifetime in high pressure 
lasers were here reduced by additional external optical modulation of absorp
tion losses in intracavity p-Ge. 

In our approach a simple linear resonator with a high resolution grating 
provides the wavelength selective structure for the high-pressure laser. The 
mode locking is achieved by using the intensity dependent absorption associat
ed with intervalence band transitions in p-Ge. Earlier experimental work by 
Keilmann has shown that the saturation intensity in such an inhomogeneous ab
sorber is approximately 4-10 MW/cm2 at 10.6 ~ and room temperature, while 
the homogeneous width obtained from holeburning experiments with discretely 
tunable C02 lasers is large in comparison with the adjacent line separation 
(3). The doping of germanium is here assumed to be sufficiently low so that 
acoustic and optical phonon emission dominate the hot hole relaxation rate. 
In our experiments, a 3 mm thick Brewster angle plate of germanium (p = 
3 x 1015cm-3) was placed near the grating end of the 10 atm laser. In addit
ion, external radiation from an acousto-optically modelocked, linetunable 
TEA CO 2-laser was also directed at the absorber. The discharge circuits of 
the lasers were synchronized in such a way that the modelocked pulses (tp~2nsec) 
from the TEA laser could reach the p-Ge before any significant oscillations 
had taken place in the resonator of the high pressure laser. The presence of 
this modelocked emission affected the nonlinear absorption periodically accord
ing to the resonator length of the TEA laser. This method of loss modulation 
is similar to that used earlier by Keilmann and Kuhl to control emission from 
an HF laser outside the resonator [4]. 

Under conditions of resonator length matching of the two lasers, we have 
obtained distinct modelocking from the high pressure laser. This emission 
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is characterized by high intensity subnanosecond pulses and behavior which 
indicates that both externally applied and self-induced nonlinear absorption 
in the p-Ge is responsible . The duration and details of the modelocked trains 
have been found to depend strongly on the intensity of the controlling TEA 
at the fixed wavelength of the injection source . In contrast, the synch
ronous loss modulation readily yielded significantly shorter pulses whose 
wavelength could be tuned approximately 5 cm- l about the particular line 
chosen for the TEA laser in its 9 or 10 micron band. While this tuning 
range is substantially less than the previously reported holeburning width 
measured for p-Ge (3), it nevertheless demonstrated how continuous wavelength 
tuning of the mode locked high-pressure laser is possible by accompanying 
discrete wavelength adjustment of the TEA laser. 

Our study of the temporal characteristics of this mode locked emission 
shows how pulse narrowing occurs during the formation of the train of sub
nanosecond pulses. While the details of this are sensitive, for example, to 
the wave.1ength tuning, there appears to be a gradual transition from an 
forcibly· mode locked to a passively modelocked regime during the pulse train . 
An example of the resulting pulse compression is illustrated in Figure 1 
laser and its timing relative to the onset of laser oscillations in the high 
pressure laser. Typically, considerable improvement in repeatability, when 
compared with purely passive modelocking, would be observed when the external 
loss modulation was added by the presence of the nanosecond pulses from the 
TEA laser at the p-Ge. However, care had to be exercised to prevent convent
ional injection locking from occurring as a result of accidental scattering, 
from the surface of the absorber, of the TEA laser radiation directly to the 
gain medium. In thi s instance, relatively long pulses were obtained (tp=lnsec) 
which compares a single pulse from the TEA laser to that from the middle of 
the train of the high-pressure laser. The latter is not time resolved by 
the 1 GHz bandwidth of the detection electronics . By using additional pulse
width diagnostics (spectral width measurements and second harmonic correlation 
in Te) we estimate that the lower limit to our pulsewidths is in the range 
of 100 psec, consistent with earlier results of passive modelocking at a 
fixed wavelength. Precise temporal measurements by averaging methods were 
here made somewhat difficult by the finite fluctuations of the pulsewidths 
from shot to shot; this behavior is ascribed to problems inherent to the 
operation of a truly stable, reproducible discharge in the h.igh-pressure en
vironment. The intensities associated with successful modelocking were high, 
estimated to exceed 100 MW/cm2 within the laser resonator itself, thus pre
senting a ready challenge to the damage resistance of present infrared com
ponent and coating technology. 

~ Single pulses from the TEA laser (left)and the high-pressure 
laser (right; not time resolved). Horizontal scale 500 psec/div. 
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The Non-Mode-Locked Picosecond Laser 

F. Armani, F. De Martini, and P. Mataloni 

Quantum Optics Laboratory, Istituto di Fisica, "G. Marconi", 
1-00185 Roma, Italy 

In the present paper we report the first application of the r~: 

generative compression technique to the self-injected Nd-YAG la
ser to generate band-limited picosecond pulses ~,~ . With this 
technique we are able to reduce the typical 30 nanosecond pulse 
duration of a normal Pockels Cell Q-switched laser down to less 
than 6ps, realizing a pulse compression by about 3 orders of ma
gnitude. This is achieved by first stepping down the Q-switched 
pulse to a seed pulse about 1ns long using the self-injection 
(i.e. cavity flipping) technique. Then this seed pulse is ampli
fied by the active medium and, at the same time, undergoes a fur
ther compression due to the nonlinear transmission characteristics 
of a saturable dye flowing in a cell inserted in the laser cavi
ty. Since the shortening process is quasi-adiabatic, very high 
pulse peak power can be obtained, limited basicaily by damage 
to the optical components and by effects of nonlinear loss and 
self actions arising in the active medium [2]. In addition to 
that, the system has very good stability characteristics. 

The basic laser is the self-injected Nd-YAG system described 
in a previous paper [1]. A 3xSOmm Nd-YAG rod wi th AR coated end 
faces is pumped in a double elliptical cavity by a couple of sim
mered flashlamps. For our present application, the optical cavi
ty was designed in such a way as to provide the adequate balance 
between the laser intensities seen by the active medium and by 
the saturable dye flowing in a cell. This is required by the dif
ferent values of the gain and absorption cross sections for the 
two media respectively and by the need of reaching simultaneous
ly a regime of saturation for both gain and absorption in order 
to obtain good compression performance [3,4]. Two equally total
ly reflecting spherical mirrors with radii R1=99.9cm and R2=67.5 
cm determined the geometrical size of the cavity (see fig.1). 
With the geometrical parameters given in fig. 1, the ratio of 
beam areas in the dye cell and in the rod was ~ 7, 6. The dye we 
used was the Eastman-Kodak no. 9740 Q-switching solution in di
chloroethane. The dye concentration was adjusted to an adequate 
value, different from the one which caused self Q-switching and 
mode-locking in the laser. The Pockels Cell (PC) was a Laserme
trics ~OS7 FV driven by a krytron circuit capable of delivering 
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~. Laser cavity scheme used for regenerative pulse compres-
sion in the self-injected laser 

the waveform which is necessary for a combined Q-switching, cavi
ty flipping and cavity dumping operations[l]. The laser operated 
typically at 3 pps and the output was monitored by an ITL 1850 
photodiode and a Tektronix 519 travelling wave oscilloscope. The 
overall risetime of the detection system wa s 320ps. Ultrashort 
pulse duration measurements were performed by a standard triangu
lar two photon fluorescence technique using a cell filled with 
a 10- 3M/I solution a Rhodamine 6G in methanol. 

The laser was initially adjusted for operation under self-in
jection conditions by flowing pure dichloroethane through the dye 
cell. In this way the light pulse evolved in the laser cavity as 
a train of 2.5 ns pulses as shown in figs.2a and 2b,with the satu
rable dye flowing into the cell, we acted upon the flashlamp pum
ping voltage to find the condition of best pulse compression. 
This one has been found to correspond to driving the laser just 
above threshold. In this condition the pulse train of figs.2c 
and 2d, was obtained. The two photon fluorescence pattern is shown 
in fig.3 and corresponds to the highest pulse shown in fig.2c. 
Drawing the corresponding densitometric trace we have measured 
a pulse duration of lS ps using Nd-YAG as active medium. In the
se conditions the peak power was found to be N1 GW. A further pul
se shortening (of a factor N 2,5) has been obtained by inserting 
in the laser cavity an independently flashpumped 6% doped Nd-Phos
phate (4mmx60mm) glass rod. In this configuration the Nd-YAG ac-

------ - ---
~ b 

~-: . ... 
t ' C 

, 
~ ~ -

Fig~2(a) Pulse train in self-injection operation without dye in 
the cavity (sOns/div).(b) Same conditions as in (a) but showing 
the self-injection operation with dye solution in the cavity (SO 
ns/div).(d) Detail of the pulses near the peak of (c) (sns/div). 
Pulse shape is determined by the detection system bandwidth. 
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Fig.3. Two photon fluorescence measurement pattern . 
The length sign at the bottom of the figure corre
sponds to SO ps. 

tive medium was responsible for the low threshold genera tion of 
the seed pulse while the Nd phosphate rod provided large band in
tracavity amplification for pulse shortening. Details on the be
haviour of this new, two media , picosecond laser will be given in 
a forthcoming paper . ""hen only the Nd-YAG was operating, the enve
lope of the pulse train shown in fig . 2c had a shape which is qui
te typical of the physical proc esses which are at the base 
of the behaviour of 'our device{31. This shape can also give a 
fair indication of the good pulse shortening performance of the 
l aser. The slow rise of the l e ading edge of the envelope at low 
pul s e power indicates that the overall , low level, laser gain is 
small. Th i s is a condition for reaching the maximum intensity of 
the train with a large number (>100) of shortening passages . 

In summary , we have presented a new technique for production 
of high power picosecond pulses. In the present application .... ·e 
observed a pulse compression by a factor Nl00 with respect to 
the normal self-in jection operation, while the peak power gain 
in the compression process .... 'as SO . This implied an energy reduc
tion in this process by a factor of only 2. The obtained short 
pulses were very stable and showed low jitter (~ I Ons) relative 
to the Q- switching HV pulse applied to the Pocke ls Cell. 

We stress here the basic difference existing between, our laser 
and the usual mode-locked lasers. In our system the pulse doesn't 
develop from quantum noise but rather is the result of a nonli
near frequency- time processing in the cavity of a co herent seed 
pulse. This one keeps its coherence properties since the starting 
of the shortening process. Apart from obvious technical advanta
ges (no need for Brewster cut rods and components), our device 
shows r emarkable characteristics of pulse stability due to the 
above considerations on coherence. I\te believe that ou r device 
opens new perspectives in the field of laser physics and techno
logy. 

Work supported by Consiglio Nazionale delle Ricerche, Italy. 
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A Novel Method for Generating Sub-Transform Limited 
Picosecond Nd: YAG Laser Pulses 

s.c. Hsu and H.S. Kwok 

Department of Electrical and Computer Engineering, 
State University of New York at Buffalo, 
Amherst, NY 14226, USA 

1. Introduction 

Picosecond Nd:YAG pulses have been traditionally generated by mode-locking. 
For high power pulses, passive mode-locking with a saturable dye solution 
is usually employed. However, being a statistical process, this method is 
plagued with fluctuations in both the pulse train reproducibility and the 
delay time in the pulse formation. We propose a method to generate these 
picosecond pulses using a scheme which has been proven to be successful for 
the CO 2 laser. 

In this demonstrated method, a fast transient is introduced into the 
nanosecond pulses by a triggerable plasma shutter [1]. This fast transient 
is then filtered out with a suitable high pass spectral filter. For the 
case of the C02 laser, another C02 gas cell is used as a resonantly absorbing 
filter and pulses as short as 30 ps can be produced routinely [2]. Effect
ively, a picosecond slice is taken out of the nanosecond pulse. The ultimate 
duration of the slice is determined by the speed of the plasma shutter. 

The advantages of applying the same scheme to the case of the Nd:YAG 
system are: (1) there is a possibility of generating pulses shorter than 
30 ps, provided that the plasma shutter is fast enough; (2) no pulse selector 
is necessary to switch out a single pulse out of the pulse train; and (3) 
most importantly, the switching of this picosecond pulse can be triggered 
externally and therefore it can be synchronized with another picosecond laser 
system (e.g., the OFID C02 system) to perform double resonance experiments. 
It is estimated that pi cosecond pul ses with peak powers of 20 r~w can be pro
duced by this method which is comparable to mode-locked pulses. 

2. The Plasma Shutter 

The main uncertainty in the proposed system is the speed of the plasma shutter. 
It is well known that a gas breakdown plasma can truncate the laser pulse ever 
since the early days of the giant pulse Ruby laser. However, the rapidity 
of the truncation had not been studied carefully since most attentions were 
focussed on the plasma itself. 

In the case of the C02 laser plasma, the truncation time was measured to 
be 10 ps, corresponding to a plasma front propagation speed of 8.5 x 107 cm/ 
sec. However, this result cannot be applied to the present situation without 
modification. Most importantly, the C02 laser plasma is overdense, i.e., 
wp>wlaser where wp is the plasma frequency. For the Nd:YAG laser, the plasma 
is underdense even assuming that all electrons are stripped off the gas 
molecules. The truncation of the laser pulse in this case is due primarily 
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~ Experimental set-up to demon
strate the truncation of a weak laser 
beam by a strong laser plasma 

to inverse Bremsstrahlung absorption . (At intensities typical in our experi
ments, stimulated Brillouin and Raman scattering should be negligible.) 

We have measured the transmitted pulse with a 100 ps resolution photo
diode together with a Tektronix 519 oscilloscope. The observed falltimes 
for both the 1.06~m fundamental and the 0.532~m second harmonic pulses were 
~0.8 ns. The laser plasma was generated by focussing a 20 ns 0.3J pulse with 
a 50 mm focal length lens in clean air. The estimated peak power was 1012 
W/cm2. Since this falltime is quite close to the risetime of the oscillo
scope, we believe that the actual falltime may be shorter. Interestingly, 
it was found that upon focussing the same laser pulse into a liquid cell, 
there was no truncation observed. Different liquids such as H20, methanol 
and acetone were tried. The rapid quenching of the plasma in a liquid must 
be responsible for the lack of truncation. 

We have also performed one interesting measurement of the propagation of 
the plasma beyond the focal point . This experiment showed that it is possi
ble to truncate a weak laser pulse with the plasma produced by another power
ful laser. The experimental arrangement is depicted in Fig. 1. 

A cw 10 mW HeNe laser was combined with the 1.06um laser pulse by a dichroic 
mirror. The overlap of the two foci could be adjusted by a pre~ision angular 
orientation mount. The spectrometer was tuned to pass the 6328A HeNe laser 
frequency. However, a small amount of the 1 . 06~m leaked through the spec
trometer and could be detected. A typical trace of the detector output is 
shown in Fig. 2. A positive and a negative pulse can clearly be identified. 

The positive pulse is the truncated 1.06~m while the negative pulse is the 
truncated 6328A . The time delay between the two pulses could be varied 
by adjusting the distance between the two foci. Then' was a range of sepCl.
rations where no apparent delay could be observed as the two pulses were 
truncated simultaneously. Fig. 3 shows the time delay between the two trun
cation events versus the separation between the two beams. The risetime of 
the system was limited to 2 ns because a slower oscilloscope (Tektronix 485) 
was used. From the slope of this curve, the lateral propagation speed of 

--I I-- S " . ~ Photodiode output. The 
positive pulse is the 1 . 06~m driver 
and the negative pulse is the trun
cated 6328A 
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the truncating plasma can be estimated. It varies from 2.4 x 106 cm/sec at 
a distance of 20~m to 105 cm/sec at a distance of 300~m away. Propagation 
speed at distances closer than 20~m are inaccurate due to the uncertainty in 
the delay time. The size of the focus was estimated to be ~lO~m. Presumably, 
when the two foci are exactly aligned, the truncation time of the HeNe will 
be the same as the 1 . 06~m pulse which is <0. 8 ns. Therefore , the ultimate 
plasma speed must be >1. 4 x 106 cm/sec . Incidentally, these speeds are all 
within the range of the hydrodynamic or shock wave propagation mechanism [3). 

The result of this experiment does not give us the speed of the plasma 
shutter. However, it di rectly demonstrates that the laser plasma can be used 
to truncate a much weaker cw laser beam. This result will have important 
applications in fast transient studies of atoms and molecules. For example, 
a single mode , highly coherent cw dye laser can be truncated and used to ob
serve the free induction decay of atoms . This introduces a new option for 
fast transient spectroscopy. 

3. Formation of Ultrashort Pulses 

Once the rapidly truncated pulse is obtained, the spectral filtering and 
ultrashort pulse formation can be carr ied out in a strai~ht-forward manner . 
Three different methods had been employed in the past : (1) A Michelson 
Interferometer can be used to produce a variable duration pulse provided 
the path difference is gi ven by 2{Ll-L2) = (n + 1/2)A where n is an integer 
[4]. The corresponding square pulse duration is 2{Ll -L2)/c where c is the 
speed of light; (2) A Fabry-Perot used in reflection can be used to produce 
a triangular pulse [5]. For reasonable reflectivities, the pulse duration 
is given by the round trip transit time inside the cavity 2~/c; (3) An anti
resonant ring also produces a square pulse with duration {Ll-L2)/c [6] . 
However , the plasma shutter is inside the ring and makes it more difficult 
to align. The above interference schemes can either be external or internal 
to the laser cavity . 

In all of the above methods, the ultimate pulse duration that can be pro
duced is given by the fa11time of the plasma shutter. Moreover, they all 
depend on the constructive and destructive i nterference of two laser beams . 
Since the coherence length of a Q-switched Nd:YAG laser without any longi
tudinal mode control is about 1 em, this puts an upper limit of 30 ps on the 
maximum pulse duration . Obviously, the spatial and longitudinal mode of the 
laser has to be improved before such schemes can be realized . Presumably , a 
single longitudinal mode laser should be used as the driver . This may dim
inish the attractiveness of the proposed system. 
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To demonstrate the feasibility of the proposed method, further work has 
to be done in (1) optimizing the speed of the plasma shutter by changing the 
gas pressure and/or type of gas molecules; and (2) limit the lasing to a 
single longitudinal mode. Experimental work is being carried out at this 
time. 

Support by NSF Grant No. CPE 8103623 is gratefully acknowledged. 
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Optical Dephasing in Inorganic Glasses 

R.M. Shelby and R.M. Macfarlane 

IBM Research Laboratory, 5600 Cottle Road, 
San Jose, CA 95193, USA 

In recent years it has become clear that the low temperature dynamical pro
perites of glasses are quite different from those of crystals and that this has a 
profound effect on the relaxation behavior of ions and molecules present as do
pants in glassy media [1,2]. In particular, the presence of 'two level systems' 
(TLS) - double well potentials associated with defects in glasses with a wide 
range of tunneling splittings [3] - has been proposed to explain the linewidths 
seen in optical experiments at low temperatures. Fluorescence line narrowing 
[1,2] and hole burning [4,5] widths are observed corresponding to de phasing 
times (T2) in the nanosecond and sub-nanosecond range, as much as four or
ders of magnitude faster than for the same ion or molecule in a crystal. 

These mei3surements have had experimental timescales ranging from the ex
cited state lifetime (i.e. for fluorescence line narrowing) to many minutes (for 
long-lived hole burning experiments), but no time-domain measurements of T2 
have been reported. We have measured optical homogeneous linewidths at liq
uid helium temperatures for the rare earth ions Nd3 + and Eu3 + in silicate glass 
using picosecond coherent transients and long-lived optical hole burning techni
ques. The observed optical dephasing times are assigned for Nd3 + to pORula
tion decay to other electronic states by multi-phonon emission and for Eu3 + to 
interactions with the TLS modes. 

For the Nd-glass, measurements were made for Nd3 + c2ncentra~ons of 0.5 % 
and 2.0% at temperatures between 1.3 and 3.5K on the '912+ .... G512 band 
at 5850A. Dephasing measurements were made with the picosecond ~ccumu
lated photon echo technique [6]. With this technique photon echoes are stimu
lated from a population distribution which varies sinusoidally with optical fre
quency. This distribution is produced by the action of high repetition rate pico
second pulse pairs which burn the pattern into the inhomogeneous line by stor
ing population In a third, metastable level. The population storage level for 
Nd3 + was the F 3/2 level with a 200 p. sec lifetime. The photon echo decay 
curves were wavelength dependent, being longest (T2 = 100psec) at the long 
wavelength edge of the Qand, and becoming faster and non-exponential at 
shorter wavelengths. 

The photon echo data was in good agreement with linewidths measured in 
optical hole burning experiments where permanent (> 1 hour) holes were 
burned into the line by - 30min exposure with - 150W / cm2 of single frequency 
cw laser light. These holes are attributed to a photo-induced rearrangement of 
the local environment of the excited ions. The change in environment shifts the 
optical absorption frequency within the broad inhomogeneous line. This type of 
hole burning is facilitated in glasses by the relative ease of conversion among a 
wide range of available environments. The potential barrier associated with the 
relaxation of the local environment is sufficiently large that at liquid helium 
temperatures the hole lifetimes are very long. This hole burning mechanism has 
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been observed by others in organic glasses [4,5], but our measurements in Nd3 + 
and Pr3+ samples are the first for inorganic glasses. 

The agreement of the hole burning and accumulated photon echo results 
shows that no additional relaxation of local environments in the glass contrib
utes to widths observed on the (much longer) hole-burning timescale. This may 
not be surprising for Nd3+ since the T 2 values are likely d,?minated by popula
~on rel~xation among the various 'crystal field' states of GS/2 or to the nearby 

HJ or FJ manifolds. This interpretation is consistent with the observed con
centration and temperatur~ independence of our results over the range studied, 
and with estimates of the G5.12 lifetime based on an energy gap law or on the 
fluorescence quantum yield. The wavelength dependence can be attributed to 
varying contributions from more than one crystal field level whose inhomogene
ously broadened spectra overlap. The fast non-exponential behavior represents 
fast relaxation to the lowest crystal field level of this manifold. 

The situation is quite diftp,rent i~ Eu3+ doped silicate glass where we have ob
served hole burning in the Fo-- Do transition with a recovery time of 20 
seconds due to optical pumping of the Eu3 + nuclear quadrupole levels. At 2K 
the hole width is 50MHz, corresponding to T = 13nsec. This value of the hom
ogeneous linewidth ( r = 24M Hz ) falls on a nne extra~olated from higher temp
erature fluorescence line narrowing data [2] using a T dependence, showing 
that the same T2 law, i.e. r = 5T2 MHz is obeyed from below 2K to over 200K. 
This dependence is often ascribed to dephasing by impurity ion - TLS interac
tions. Once again, the agreement between the fluorescence line narrowing and 
hole burning results is significant in view of the difference in experimental 
timescales of 104 . The observation of a smooth T2 temperature dependence 
over the entire temperature range is in disagreement with recent theoretical 
work [7] which predicts a crossover from quadratic to linear temperature de
pendence at these low temperatures. Clearly more work in both theory and ex
periment will be required to understand this dephasing mechanism in terms of 
the TLS model. 

The authors wish to thank M.J. Weber for providing some of the samples used 
in these experiments. 
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Part II 

Ultrashort Measuring Techniques 



Picosecond Holographic Grating Experiments in 
Molecular Condensed Phases 

M.D. Fayer 

Chemistry Department, Stanford University, Stanford, CA 94305, USA 

In this article some recent results from a nonlinear approach to the 

application of subnanosecond laser pulses to the investigation of molecu

lar interactions and excited state dynamics are briefly described. The 

method involves the optical generation of a transient holographic diffrac

tion grating in a sample, and the observation of various time and frequency 

dependent phenomena via subsequent Bragg diffraction from the induced 

grating. The basic experiment works in the following manner. Two time 

coincident picosecond laser pulses of the same wavelength are crossed 

inside of the sample to set up an optical interference pattern. The 

fringe spacing, d, of the interference pattern is determined by the angle 

between the beams, e, and the wavelength, A, of the excitation pulses, 

i.e., 

d = A/2sin(e/2). (1) 

The interaction of the radiation field with the sample can produce a 

number of different changes in the sample, depending on the nature of the 

sample and the wavelength, A. Electronic excited states can be produced (1), 

internal molecular vibrations can be excited (2), or acoustic waves, i.e., 

phonons, the collective vibrations of the medium, can be generated (2,3). 

In some experimental situations more than one of the above types of excita

tions are simultaneously produced (3d). 

In all cases, the excitations generated in the sample have a spatial 

periodicity which mimics the periodicity of the optical interference pat

tern used to excite the sample. Excitation results in a spatially periodic 

change in the physical properties of the system. This in turn produces a 

periodic variation .in the sample, s complex index of refraction, ;' (3d), 

Ii' = n + iK. (2) 

The periodic variation in Ii' acts as a Bragg diffraction grating for a 

picosecond probe pulse (3d). The probe pulse is brought into the sample to 

82 



meet the Bragg diffraction condition for the holographic transient grating 

pr oduced by the excitation beams. A part of the probe pulse is diffracted 

and leaves the sample in a unique direc t ion as a collimated beam. The 

intensity of the diffr acted beam is the obser vable in the transient grat

ing experiment. The probe pulse can be delayed 1n time various amounts , 

and the intensity of the diffracted beam as a function of probe pulse 

delay can be related to the system's dynamics ( 1). In addition, the probe 

pulse can be br ought in st a fixed delay time, and the wavelength of either 

the probe (3d), or excitation beams (2) , can be varied. In t his manner 

various types of spectroscopic measurements can be made. 
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The transient grating experimental 

setup is shown in Fig. 1. The 

system operates st 500 H~. A single 1.06 ~ 

pulse is selected from the YAG mode - locked 

pulse train . Generally, one of its harmonics 

is employed (shO\JTl her e with 3x) although i n 

some experiments the fu ndamental or a tunable 

mode-locked dye laser pulse may be used. The 

single puhe is then split into two excita

tion pulses . These excitation pulses are re 

combined at the sample, creat i ng the tranaient 

grating. The relMinder of the pulse t r ain ia 

frequency doubled to synchronously pump a tun

able dye laser whose ou t put probes the grat

ing after a variable delay . In some experi 

ments a YAG harmonic is used as a probe. The 

Bragg-diffr acted part of the probe pulse is 

the transient grating signal. (In the figure, 

PC ~ Pockels cell; P 3 polarizer; PO .. photo

diode; DC .. dye cell; E • eta l on; BS if beam 

splitter.) 

The contributions to the transient grating diffraction efficiency 

ariaing from excited state amplitude grating effects (changes in the 

imaginary part of the index of refraction, K) and from phase grating 

effects (changes in the real part of the index of refraction, n) are demon 

strated experimentally in Fig . 2 (3d) . The sample is a mixed molecular 

crysta l (solid solution) of pentacene in the host p- terphenyl. The inset 

in the figure shows the absorption spectrum. The transient grating excita-
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tion employed doubled Nd:YAG pulses at 532 nm. The diffraction efficiency 

~x(W) due to the resulting excited state grating was measured at fixed 

time delay (5.00 psec) as a function of probe wavelength, w, using tunable 

dye laser pulses as the probe. In Fig. 2a, the circles with the solid 

line are the experimentally measured excited state grating diffraction 

intensity as a function of probe wavelength near the So to Sl transition 

A) DIFFRACTEO JN TEN $ITY V$ PROBE FREO. 

S90 (nm) 600 

. _-', P'HA.SE CRATING 
·.\~ONTAleUTION 

\\. 

~""~~' 

600 

of pentacene. The dashed curve is theoretically 

calculated from the absorption spectrum (inset) 

(3d). The dash-dot curve is the calculated 

amplitude grating contribution to the diffraction 

efficiency. This demonstrates the significant 

contribution of phase grating effects. In Fig. 

2b, the points with the solid line are the phase 

grating contribution to the diffraction inten

sity obtained by subtracting the curves in 2a • 

The predicted m shape curve associated with 

excited state phase grating diffraction is 

clearly observed. The dashed curve is theoreti

cally calculated from the absorption spectrum. 

On the red side where the transition is isolated 

the agreement is good. On the blue side, inter

ference from the next spectral peak (see inset), 

which was not included in the calculation, influences the dispersion 

effect. Although excited state phase gratings have been discussed by a 

number of authors (4), experimental observations have been sketchy. The 

results presented here provide the clearest characterization of the wave

length dependence of excited state phase grating diffraction. In many 

experimental situations, failure to properly account for both phase and 

amplitude grating effects can lead to erroneous interpretations of data. 

This can be true in more general four-wave mixing experiments as well as 

in transient grating experiments. 

Picosecond optical gratings can provide a convenient method for 

optical generation of ultrasonic waves in transparent or light-absorbing 

liquids and solids. The acoustic frequency can be continuously and easily 

varied from about 3 MHz to 30 GHz with our experimental apparatus, and a 

considerably wider range should be possible. In anisotropic media any 

propagation direction can be selected . 

The technique, called Laser Induced Phonons (LIPS), is based on the 

transient grating experiment. Energy deposited into the system via 
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optical absorption or stimulated Brillouin scattering results in the 

launching of counterpropagating ultrasonic waves (phonons) whose wave

length and orientation match the interference pattern geometry. The 

acoustic wavelength is given by Eq. 1. The acoustic wave propagation 

causes time-dependent, spatially periodic variations in the material 

density, and since the sample's optical properties (real and imaginary 

parts of the index of refraction) are density-dependent, the irradiated 

region of the sample acts as a Bragg diffraction grating . The propaga

tion of the ultrasonic waves can be optically monitored by time-dependent 

Bragg diffraction of a variably delayed probe laser pulse (3d). 

1..11-1 ACOUSTIC WAVt ~[H::::"'.T IO,N 

CONt[NT',*lIOH O[P[NO[HC[ 

Figure 3 shows LIPS transient grating 

data from pure ethanol and solu-

tions of malachite green (MG) in ethanol. 

The excitation wavelength was 532 nm and the 

probe wavelength was 566 nm. The fringe 

spacing (2.47 ~) and the ethanol velocity of 

sound produce an acoustic cycle time, Tac = 
2.13 nsec. Experimental conditions for the 

data sets a - c were identical except for the 

MG concentration. In pure ethanol (Fig. 3a) 

there is no optical absorption. Stimulated 

Brillouin scattering is responsible for the 

generation of a standing acoustic wave with 

wavelength equal to the grating fringe spac

ing. The standing wave causes the diffrac

tion intensity to oscillate twice each 

acoustic cycle, Tac' In Fig. 3b optical 

absorption by the MG and the subsequent 

rapid (2 ps) deposition of heat, as well as 

stimulated Brillouin scattering, contribute to the acoustic response. The 

acoustic response from the optical absorption mechanism causes the dif

fraction intensity to oscillate only once each acoustic cycle. When both 

mechanisms are operative to comparable degrees, the data has the appearance 

of Fig. 3b. In Fig. 3c, because of increased MG concentration, the opti

cal absorption mechanism completely dominates and there is one oscillation 

per Tac' 

The LIPS technique is an extremely versatile tool for controlled 

optical generation of ultrasonic waves in condensed media. LIPS experi-
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ments have been performed on transparent and absorbing solutions, organic 

and inorganic crystals, glasses, and plastics. The effects have been 

observed from liquid helium temperatures to room temperature. The opti

cally generated acoustic waves can be optically amplified, cancelled, or 

phase shifted (3c). LIPS has been used to measure anisotropic elastic 

constants, acoustic attenuation parameters, photoelastic constants and 

spectra of weakly absorbing materials. We are currently using LIPS to 

investigate excited state-phonon interactions, thermal diffusivity in 

molecular crystals at liquid helium temperature and structural properties 

of phospholipid bilayers. 
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Self-Diffraction from Laser-Induced Orientational Gratings 
in Semiconductors 

A.L. Smirl, T.F. Boggess, B.S. Wherrett*, G.P. Perryman, and A. Millert 

Center for Applied Quantum Electronics, North Texas State University, 
Denton, Texas 76203, USA 

We have resolved new ultrafast structure in the picosecond excitation
probe response of thin semiconductor wafers. This structure, located near 
zero delaY2 and observed only at the very highest excitation intensities 
(-10 GW/cm ), can be understood only in terms of sel f-diffraction froo a 
transient orientational grating produced by anisotropic state-filling. 
This anisotropic state-filling, as opposed to band-filling, arises froo a 
o-function-like spike in energy and a directional dependence in momentum of 
the carrier distribution function, caused by the nearly monochromatic 
polarized nature of the exciting radiation. This is the first observation 
of anisotropic state-filling of which we are aware. 

A single pulse at 1.06 )lm with a duration of 8 psec (FWHM), produced by 
a mode-locked Nd:glass laser, was divided by a beam splitter and a variable 

·delay was introduced into one path. The delayed pulse (probe) was 
attenuated by a factor greater than 1,000. The two pulses, the excitation 
and the probe, were recoobined at a small angle e after focusing on the 
surface of a 5.7-)lm-thick wafer of crystalline germanium. The experimental 
procedure was to measure the probe transmission as a function of time delay 
after the excitation pulse with excitation and probe electric field polari
zations arrange~ parallel. The peak excitation pulse fluence was measured 
to be 60 mJ/cm. Notice that this is just short of the damage threshold 
and is higher than excitation levels previously reported. 

Inspection of Fig.la reveals three distinct features. The most prOOli
nent of these is a rapid rise and fall in probe transmission (- 2 psec, 
FWHM) centered about zero delay. Thi s spi ke has been observed previ ous ljl 
[1] and has been interpreted [2,3] as a parametric coupling (or self
diffraction) of the excitation beam into the probe beam caused by a carrier 
concentration grating produced by the interference of the two pulses when 
they are temporally and spatially coincident near zero delay. This narrow 
spike is followed by a gradual rise and fall of the probe transmission 
lasting hundreds of picoseconds. This slower structure has been studied 
previously and is not the subject of our investigations here. 

A more careful examination of the structure near zero delay in Fig.la 
shows that the narrow feature is superposed on a broader rise and fall in 
the probe transmi ss i on approximately 10 psec (FWHM) wi de. Thi s structure 

*Permanent Address: Department of Phys i cs, Heri ot-Watt Uni versity , 
Edi nburgh, Scotl and. 

tpresent Address: Royal Signals and Radar Establishment, Malvern, Worcs." 
England. 
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Fig.l Probe transmission as a function of time delay between the excita
tlon and probe pulses 

has not been previously observed. That this structure is distinct from the 
narrower corre I at i on spi ke can be demonstrated by repeat i ng the meas ure
ments in Fig.la with the probe polarization rotated perpendicular to that 
of the excitation pulse. The results are shown in Fig.lb. Clearly, the 
narrower spike disappears when the polarizations are crossed while a 
broader structure remains. 

Similar measurements (Fig.2) in the direction of the background-free 
self-di ffracted pul se (-6) confi nn that both features are produced by self
diffraction from laser-induced transient gratings and substantiate the 
polarization dependence. The self-diffracted Signal at - 6 is shown in 
Fig.2b for perpendicular relative polarizations for the excitation and 
probe fields. Again notice that the narrow spike has disappeared but the 
broader spike remains for crossed polarizations. 

The origin of the broader spike, and hence of the entire signal in the 
configuration of Fig.2b, we attribute to the presence of an orientational 
grating. We hold that the excited carriers in the valence band are di stri-
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buted in k-space with a preferred orientation and that this orientation 
modulates across the irradiated region. To show how this anisotropy can 
come about we concentrate on the heavy-hole states and model the i nterband 
transitions by those of a set of independent two-level systems. Saturation 
is described by performing iterative calculations to third-order in the 
electromagnetic field, within the slowly-varying-wave approximation. We 
account for (i) de-excitation of the saturated two-level- systems by recan
bination or by scattering away fran the optically coupled states; (ii) 
spatial diffusion and (iii) reorientational diffusion. The third-order 
polarization, at time t, takes the form: 

t 

~(3)(t) a:IPcvI4i~exp[i(~r~k+~.e.).!']~iEj(t) fE~(tl)E.e.(tl)A(t-tl)dtl , 
_00 

Here Pcv is the i nterband momentum matrix el ement, and ~,i is the propaga
tion <llrection of the component of the field of polarrzation t.. The 
orientational diffusion time i.s Te, Tv is the de-excitation life~ime and 
Tk£. is the spatial diffusion time. The latter is present only if t~r: 
flelds,3Ek and Ee. propagate in diffj!f~nt diredions. The parameters yt ) 
and yl ) have tile symmetri es of Xl) and xP ) opt ical suscept i bi 1 i ties, 
respect ively, 

yP)=<pA .~~pA .~.>.YP)=<pA .~~Ap A 

1 J vc 1 CV J' lJ k.e. vc 1 CV • e: j 
A * 
Pvc • t k P cv • ~ i . 

The average < > is over all k orientations. NQte that the effect of 
reorientation is to change the tensor nature of p(3). The values of the y
parameters are given below for the heavy-hole model and, in parentheses, 
for a molecular model [4]. (l)'or the experimental conditions there are six 
distinct contributions to P ,all of strength of the order of the probe 
field times the excitation intensity. We take the excitation field to be 
in the z-direction and the probe in the z(parallel) or x (orthogonal) 
direction. The background term originates fran the gradual accumulation of 
carriers in the excited states. Self-diffraction terms are the sources for 
the experimental spikes. 

Parallel Configuration: 

All Contributions 

Orthogonal Configuration: 

Background (8 di rection) 

Self-diffraction (e) 

Self-diffraction (-e) 

fxx= 
Yxz = 

yzz = 1/3 

yzz = li3 

Yzx = 0 

Yxz = 0 

( 1/3) yzzzz = 2/15 ( 1/5) 

(1/3) 'xxzz = 1/10 ( 1/15) 
(0) Yxzzx = 1/10 (1/15) 
(0) Yxzxz = -1/15 (1/15) 

In the orthogonal orientation, there is no grating-like modulation of 
the radi ation intensity - the total concentration of excited-carriers is 
uniform in space. However the direction of the resultant polarization of 
the interfering beams does modulate. By analogy to the fact that for 
molecules in a liquid one would achieve greater excitation of those 
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molecules aligned along the local polarization direction than nonnal to it, 
so also is there a preferred excitation in semiconductors. In this case, 
however, the nature of the heavy-hole ei genfunct ions demands that those 
electrons with wave-vector k nonnal to the polarization direction are pre
ferrentially excitedL Consequently modulation of this ~ orientation 
results and self-diffraction can still occur, as manifested by the nonzero 
Yxzzx and Yxzxz tenns above. The presence of a signal in the -9 direction 
is testimony experimentally that a grating has been formed. 

In the parallel configuration, reorientation plays only a small role. A 
concentration grating exists because the resultant radiation intensity 
modulates. In fact, band-filling as a consequence of free-carrier thennal
ization is expected to dominate the satura~~~n behavior1)in fNs configura
t ion [3]; the symmetry of the associ ated Pis of Y z Y zz type. As a 
further pOint, we note that the response function A(t-{') associated with 
band-fi 11 i ng is slowly varyi ng so that the diffracted energy will refl ect 
the coherence of the excitation pulse (- 2 psec). However the anisotropic 
state-fi 11 i ng grating will decay rapidly-primaril y through intraband 
deexcitation - and the diffracted energy will reflect the intenSity 
correlation of the pulses (-10 psec). 

In conclusion, additional detailed studies (not described above) indi
cate that the narrower spike in Fig.la is indeed a result of a spatially
dependent dynamic Burstei n-Moss shi ft of the absorption edge (band
filling). The corresponding concentration grating is formed at all intensi
ties for which saturation of the direct absorption is observed, but only if 
the excitation and probe pulses have parallel electric field components. 
The grating has a measured lifetime of 50 psec, consistent with the 
expected decay by spatial diffusion. 

By contrast, the broader spi ke has characteri stics that are cons i stent 
only, with an orientational grating formed by an anisotropic (in the 
Bri 11 oui n zone) fi 11 i ng of the opt ically-coupled states (state-fill i ng). 
f11,at is, a grating that diffracts light is formed regardless of the direc
tion chosen for the polarization of the probe pulse. This grating is 
observed only at the very highest excitation levels, where the generation 
rate for optically-created carriers into energy states in a given k
di rect ion mi ght be expected to be of the same order as the scatteri ng-out 
rate. The measured state-filling grating lifetime is short compared to the 
8 psec pulsewidth. Furthennore, the polarization dependence of the 
scattered light is accurately predicted by the nonlinear polarization given 
above. 

Thi s work was supported by the Office of Naval Research and The Robert 
A. Welch Foundation. 
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A Picosecond Raman Technique with Resolution Four Times 
Better than Obtained by Spontaneous Raman Spectroscopy 

W. Zinth, M.e. Nuss, and W. Kaiser 

Physik Department der Technischen Universitat MUnchen 
0-8000 MUnchen, Fed. Rep. of Germany 

A new Raman technique is presented which allows to observe a 
Raman transition with a bandwidth smaller than the common spon
taneous Raman line-width. 

This technique is based on ~hort ~xcitation and Erolonged 
interrogation (SEPI) of molecular states /1,2/. During the short 
and transient excitation process the molecules are driven at the 
difference frequency vD = v1-v2 by two pulses of frequency v1 and 
v2. Raman transitions which are close to the frequency vD become 
coherently excited with amplitudes Qi' This material excitation 
persists when the two pumping pulses have left the sample. After 
the excitation the molecules vibrate with their individual 
resonance frequencies and the coherent amplitudes Qi decay ex
ponentially with the time constants T2~' A third delayed probe 
pulse interacts with the coherently vibrating molecules and 
generates a Stokes spectrum of the freely relaxing material ex
citation. 

The crucial point of the transient excited Raman spectroscopy 
discussed here is the narrow Stokes spectrum produced by the long 
third pulse. Only molecules vibrating in phase contribute to the 
coherent Stokes light. Molecules which have suffered collisions 
are out of step and are not observed subsequently. For Gaussian 
shaped probing pulses tbe spectral width of the observed Stokes 
bands equals the width 6vL of the interrogating third pulse /1,2/. 
With long probing pulses of duration tp > 1.4 T2i the SEPI reso
lution will be better than the resolut10n of spontaneous Raman 
scattering. 

The experiments on SEPI spectroscopy are performed using a 
picosecond Nd-glass laser system /2/. The second harmonic fre
quency v1 is used for one pumping and the probing pulse. The 
second pump frequency v2 is generated via transient stimulated 
Raman scattering in a generator cell. 

Experimental results on liquid cyclohexane in the frequency 
range 2850 cm- 1 to 2940 cm- 1 are shown in Fig.1. Fig.1a shows 
the emission band-widths of the liquids employed to generate 
pulses at v2' The spontaneous polarized Raman spectrum of C6H12 
is shown in Fig.1b. Between the three strong CH-stretching modes 
one encounters a diffuse spectrum due to overlapping overtones 
or combination bands. Transition frequencies found in SEPI 
spectroscopy are marked with the vertical lines. 
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~ Experimental results of SEPI spectroscopy of C6H12. 
(a) Frequency ranges of the various Raman generators liquids used 
in the experiment. (b) Polarized spontaneous Raman spectrum of 
of C6H12 recorded with a resolution of 1 cm- 1 . The frequency 
positions of the resonances found in SEPI spectra are marked with 
vertical lines. (c) Three SEPI spectra taken with different 
generator liquids. New Raman lines are detected and the spectral 
resolution is improved. (Note, the frequency scale of (c) is 
3.7 times larger than the one of (b).) 

In Fig. 1c we show three SE~I spectra on an expanded scale 
(factor 3.7). Each spectrum was obtained by a single laser shot. 
On the r.h.s. we present the sharp SEPI band corresponding to 
the CH-stretching mode at 2923 cm- 1 . We note that the SEPI band 
is considerably narrower than the corresponding band in the spon
taneous Raman spectrum. The SEPI spectrum in the center shows 
four Raman transitions between 2905 cm- 1 and 2916 cm- 1 . Lines 
as close as 2.5 cm- 1 are clearly resolved. In spontaneous Raman 
spectra the four transitions are hidden under the wing of the 
strong Raman band at 2923 cm- 1 and cannot be detected. Fig.1c, 
l.h.s.,shows a SEPI spectrum of the frequency range 2875 cm- 1 to 
2890 cm- 1 . We find two distinct Raman bands at 2877.5 cm- 1 and 
2887 cm- 1 . The band at 2877.5 cm- 1 has never been reported on 
previously. It is buried in the diffuse part of the conventional 
Raman spectrum. 

The following points are relevant for the application of the 
SEPI technique: (i) The frequency positions of the observed 
Raman lines are independent of the excitation conditions since 
we observe freely relaxing molecules. (ii) In SEPI experiments 
the exc'iting and interrogating pulses should not overlap tempo
rarily in order to avoid the generation of a coherent signal via 
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the non-resonant four-photon parametric process. (iii) SEPI 
spectra taken for different delay times allow an estimate of the 
dephasing times T2i. (iv) The frequency precision of the gene
rated Stokes spectrum depends upon the frequency stability of 
the interrogating pulse. For highest accuracy the frequency vl 
has to be measured simultaneously with the SEPI spectrum. (v) The 
scattering process may also be performed on the anti-Stokes part 
of the spectrum. The disturbing interference found in stationary 
CARS spectroscopy does not occur for the delayed probing used 
with SEPI spectroscopy. 

The data presented here give convincing evidence of the poten
tiality of the short excitation and prolonged interrogation 
spectroscopy; new Raman lines are readily observed and vibratio
nal energies are determined with improved accuracy. 
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Broadband CARS Probe Using the Picosecond Continuum 

L.S. Goldberg 

Naval Research Laboratory, Washington, D.C. 20375, USA 

1. Introduction 

Coherent antistokes Raman scattering (CARS) provides a potentially useful 
diagnostic approach to the identification and study of transient molecular 
fragment species produced as the primary events in UV laser photolysis of 
molecules. GROSS, GUTHALS, and NIBLER [1] ~pplied nanosecond dye laser 
techniques to obtain scanned as well as broadband single-shot CARS spectra of 
transient species from 266-nm photolysis of benzene vapor and derivatives. 
This work was extended to the picosecond time scale by HETHERINGTON III, 
KORENOWSKI, and EISENTHAL [2] who used optical parametric generation to 
provide tunable frequency Stokes pulses for a point-by-point probe of the 
photolysis spectrum. Earlier, GREEN, WEISMAN, and HOCHSTRASSER [3] had 
demonstrated single frequency picosecond CARS measurements in molecular 
nitrogen. In the present paper, development of a broadband picosecond CARS 
probe technique is reported. The method uses the picosecond white-light 
continuum [4] as Stokes light and enables an extensive antistokes spectrum to 
be obtained in a single 5-ps laser pulse. 

2. Experimental 

Figure 1 shows a schematic of the experimental arrangement. A recently 
developed modelocked Nd:phosphate glass laser system produces energetic 
pulses (25 mJ, 5 ps) of high beam quality at 1054 nm and harmonics, at a pulse 
repetition rate of 0.2 Hz [5]. The laser second harmonic at 527 nm serves as 
the pump frequency, 001, for the four-wave nonlinear CARS interaction. Its 
near transform-limited spectral width of ~4 cm-l defines the spectral 
resolution of the measurements. A picosecond pulse continuum, extending 
throughout the visible and near IR spectrum, was produced by focusing the 
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Fig.l Schematic of the broadband CARS probe and photolysis experiment 
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Fig.2 Single-shot spectrum of white-light continuum in ~O and in 50% 
D3P04/D20 mixture. The equivalent range of antistokes wavelengths 
are given in parentheses. 

1054-nm fundamental into a 5-cm liquid D20 cell (Fig. 2, upper trace). A 50% 
mixture of D3P04/D20 also has been used and produces a lower intensity, but 
spectrally more-uniform continuum (Fig.2, lower trace). The continuum beam is 
collimated and filtered to pass wavelengths >530 nm, thus providing a broad 
band of light at Stokes frequencies, w2. The wl and w2 pulses are then 
combined spatially and temporally, and focused collinearly into a 22-cm gas 
sample cell. Relatively strong coherent antistokes signals are generated over 
the spectrum of frequencies, w3 = 2w1 - w2, corresponding to Raman-active 
vibrational resonances, w1 - w2, in the third-order susceptibility X(3} of the 
system under study. The w3 beam is spectrally filtered using short-pass 
dielectric filters and focused into a 0.3-m grating spectrograph. The 
dispersed CARS spectrum is then recorded by an OMA II intensified vidicon 
system. For photolysis experiments, the fourth-harmonic beam at 264 nm is 
sent through an independent delay path, recombined collinearly with the probe 
p~lse pair and focused into the sample cell. 

3. Results 

Figure 3 (lower trace) presents a CARS spectrum obtained at low resolution 
with a single 5-ps laser pulse from ground-state benzene vapor at 60 torr. The 
prominant narrow spectral features are identified as the fully symmetric 
3070 cm-1 C-H stretch and 992 cm-1 C-C stretch modes of benzene. The 
vibrational frequency range encompassed in this measurement extends well over 
2000 cm-1 • In direct estimates of signal strengths using the vidicon system, 
the CARS signal at 3070 cm-1 was determined to be -10-4 of the corresponding 
white-light signal. A joulemeter measurement of the white-light pulse energy 
gave -10 VJ from 550<A<620 nm, ~ielding an average of -5 nJ/cm-1 • This 
corresponds to approximately 106-107 photons in the antistokes signal over a 
linewidth of 4 cm-1 • 

Upon photolysis of benzene (Fig.3, upper trace), dramatic new spectral 
features appear in the region from 2300-2600 cm-1 • The sample was probed 
-200 ps after arrival of the UV pulse. Figure 4 shows CARS spectra 
for ground-state and photolyzed toluene vapor at 20 torr. The new spectral 
lines appear the same for both molecules, although there are differences in 
line intensities that may be traceable to shot-to-shot variations in 
white-light intensity. There is also some correlation in the occurrence of 
intense green pulses with production of particularly strong fragment 
signals. 
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4. Discussion 

These measurements have shown an intense CARS product spectrum strikingly 
similar, albeit appearing in a distinctly different spectral region, to the 
complex spectrum attibuted by GROSS et al. [1] to the C2 diradical. Their 
spectrum in the 2800-3000 cm-l region-was shown to have no hydrocarbon 
component and was interpreted as arising from multiply resonantly-enhanced 
CARS signals of C2' HETHERINGTON III et al. [2] observed the same spectral 
lines to be present within the 25 ps duration of their overlapping photolysis 
and probe pulses. BOESL et al. [6] and later HERING et al. [7], using mass 
spectrometry detection, have~emonstrated that 2-photon UV ionization is the 
primary step in fragmentation of benzene yielding C6H6+, and that subsequent 
photons, most effectively in the visible spectrum, lead to efficient further 
fragmentation of the parent ion species. 

The strength of the new bands observed in the current experiments relative 
to the dominant vl and v2 modes of benzene suggests that they also arise from 
strong multiple resonant enhancements [8] in the susceptibility of the product 
species. On the assumption that C2 is the origin of these CARS signals, the 
difference in spectrum compared with that of [1] and [2] may result from the 
different laser wavelengths (527 nm vs. 532 nm) that define wl' The 
antistokes frequencies w3 then fall among the vibrational-rotational 
transitions in the 6v = +1 Swan series of C2 (d3rrg + a3rru) , while w2 lies in 
the region of 6v = - 2 , giving opportunity for several multiple resonances to 
occur. 
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Jitter-Free Streak Camera System 

W. Knox, T.M. Nordlund, and G. Mourou 

Laboratory for Laser Energetics, University of Rochester, 
250 East River Road, Rochester, New York 14623, USA 

Since the demonstration of a streak camera with 2 ps jitter,l 
we have evolved a versatile system for picosecond detection which facili
tates study in a wide range of areas. The capabilities of the system 
are discussed with emphasis upon the advantage of signal averaging. 

The detection system consists of a Photochron-II image-converter 
tube followed by an Ern 4-stage magneti ca 11y focused i ntens i fi er secti on 
and an OMA-II SIT vidicon detector. In this system, the deflection ramp 
voltage for the image-converter tube is generated with a picosecond 
high-power semiconductor switch: GaAs doped with chromium.2 The 
switch operates in a linear photoconductive mode, resulting in a shot
to-shot jitter of only 2 ps, and complete absence of timing drift. Day
to-day reliability is ± 2 ps. 

This enables the use of a particularly simple *i~nal averaging 
technique: summation of successive laser shots (Nd :YAG at 1 Hz). 
This results in an increase of signal-to-noise ratio in proportion to 
the square root of the number of shots averaged. Signal averaging 
allows the detection of very weak signals 3 ,4 and comparison of data to 
kinetic theory to a greater degree of accuracy5 than single-shot results. 
Since the system has no internal drift, several experimental techniques 
become greatly simplified. Fluorescence lifetimes significantly less 
than the 30 ps laser pulsewidth can be measured by picosecond time-delay 
fluorimetry. 6 The time-resolved spectrum of luminescence can be acquired 
by using successive interference filters as opposed to a diffraction 
grating to recora the entire spectrum on a single shot. The grating 
technique suffers from limited throughput and spectral and temporal 
resolution. Fluorescence depolarization measurements are simplified and 
we have achieved SIN> 15 in polarization signals by averaging up to 
200 shots of fluorescence. 

Samples are mounted in a closed-cycle helium circulator and can be 
maintained at any temperature between 8° K and 3000 K. We have made 
detailed measurements of the fluorescence lifetime of purple membrane as 
a function of temperature. Long-term timing stability is necessary in 
detailed temperature cycling experiments. 

The dynamic range of the streak camera is extended over single-shot 
va~ues by signal averaging. In order to take advantage of the large 
dynamic range of the streak camera in this mode, it was necessary to 
adopt a new data acquisition software. Operating the OMA-II in the open 
system allows complete programming capability. Using this, we subtract 
a background signal immediately after each shot is acquired. This 
results in a cancellation of background drift which is a characteristic 
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Fi gure 1 Timi ng of fl uorescence ri se of M, centers in NaF. (a) 30 shots 
of scattered excitation pulse, (b) 30 shots of M center fluorescence, and 
calculated fluorescence response curves for response times of 0,3 and 12 psec. 
This indicates rapid vibrational relaxation. 

of SIT vidicon tubes. Operating in the open system also allows full 
data-reduction and simulation routines to be run in parallel with data 
taking operations . This allows for an immediate comparison of streak 
camera data with kinetic models. 

Figure 1 shows a measurement of fluorescence of color centers in an 
alkali-halide crystal at 300oK. The theoretical curves shown are 
numerical solutions to the following coupled differential equations 
which simulate a finite fluorescence response time T: 

, where 

N2 is the population density of a generalized intermediate state which 
relaxes to level 1 with rate constant l/T, and Ni is the population 
density of the fluorescent state, with fluorescence lifetime T. (0 is 
the absorption cross-section, T is typically > 10 ns, and No is the 
ground state population density, assumed constant). Using curve (a) for 
I(t), solutions for N (t) are generated for values of T = 0, 3 and 12 
ps. In order to best1fit the fluorescence rise, it is necessary to USE! 
T ~ 0, however the accuracy of curves (a) and (b) is only ± Y, pSi. 
Therefore, it is concluded that the overall relaxation time of this 
center is less than 1 ps. 

The jitter-free streak camera provides the basis for a powerful 
picosecond detection system. This system has found numerous applications 
in luminescence studies in solid-state physics, biophysics and chemistry. 
Use of signal averaging resul ts in greatly improved data qual ity. 
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Electrical Transient Sampling System with 
Two Picosecond Resolution 

J.A. Valdmanis, G. Mourou, and C.W. Gabel 

Laboratory for Laser Energetics, Institute of Optics, 
University of Rochester, Rochester, New York 14623, USA 

With the advent of picosecond photodetectors, photoconductive switches 
and other ultrafast devi ces, the need has ari sen for a measurement svstem 
capable of characterizing small electrical siqnals with picosecond accuracy. 
Techniques for measuring ultrafast electrical signals to date have limitations 
in their use. Sampling oscilloscopes have temporal resolutions limited by 
their llectronic sampl ing window. This is typically 'V 25 ps. Recently, 
Auston demonstrated a sampling technique in amorphous semiconductors that 
can resolve electrical transients as short as 5 to 10 ps. However, the 
ultimate resolution of that system is constrained by a material recovery 
time of approximately 10 ps. 

We report the construction of a simple electrooptic sampling system 
based on the Pockels effect that avoids the fundamental limitations of 
these previous methods. The current system has demonstrated a temporal 
resolution of at least 2 ps (> 200 GHz bandwidth) with a sensitivity of 
less than 50 ~V, and is believed to be limited by the test signal described 
later. 

The system utilizes a Lithium Tantalate travelling wave Pockels 
cell as an ~ltrafast intensity modulator. A colliding pulse modelocked 
(CPM) laser generating 120 fs pulses at 100 MHz is used to drive the 
electrical signal source and synchronously sample the electric field as 
it propagates across the crystal. Two detectors are employed to measure 
the intensities of both the transmitted and rejected beams of the 
analyzer. These signals are processed by a differential amplifier, 
lock-in amplifier, and signal averager. Optimum sensitivity is achieved 
with the modulator biased at its quarter wave point. The output signal 
is a linear, equivalent time representation of the electrical signal 
requiring no further processing. 

The sampling system is tested by char~cterizing the impulse response 
of a Cr-doped GaAs photoconductive switch. The figure shows the initial 
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Fi gure 1: Response of the Cr-doped GaAs 
Photoconductive Switch 
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response of such a switch with a 30 ~m gap, biased at 25 V when activated 
by a 120 fsec pulse of 0.1 nJ energy. Two components are clearly 
visible on the rising edge of the signal. The initial, faster component 
could be due to intervalley scattering or geometrical considerations of 
the gap and associated strip1ine. 

In summary, we have developed a system capable of fully 
characterizing electrical transients with true picosecond resolution. 
This enables the possibility of analyzing ultrafast electrical processes 
such as those involved in photoconductive materials, photodetectors, and 
other-picosecond electronic devices with the goal of understanding and 
improving their operation. 
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High-Resolution Picosecond Modulation Spectrocopy of 
Near Interband Resonances in Semiconductors 

S. Sugai, J.H. Harris, and A.V. Nurmikko 

Division of Engineering, Brown University 
Providence, R.I. 02912, USA 

There are many methods of modulation spectroscopy which have been app
lied with success to the study of interband critical point structure in 
crystalline semiconductors under equilibrium conditions. We have used the 
sensitivity afforded by presently available wavelength tunable cw pico
second dye lasers to perform excite-probe spectroscopy of electronic ex
citations near lowest interband resonances in GaAs, Gal_xInxP, and the semi
magnetic semiconductor Cdl_xMnxTe. From the time resolved optically modul
ated spectra new information has been obtained about the character and re
laxation of free carriers, impurity and exciton states, and electronic spin
polarization. 

The experimental arrangement employed by us is similar to that develop
ed recently by Heritage, Levine, and co-workers in connection with Raman 
gain spectroscopy of transparent molecular systems (1). A pair of synchron
ously pumped, mode locked cw dye lasers provided the wavelength tunable exci
tation and probe radiation. The former was electro-optically modulated at 
an rf frequency (10 MHz) and the reflected or transmitted component of the 
latter (from a semiconductor sample) was synchronously detected. In our 
case, optically induced changes of less than 1 x 10- 7 were detectable. Under 
conditions of low excitation, the changes in the transmission and reflection 
coefficients remained in most cases proportional to the corresponding 
changes in the absorption coefficient and the index of refraction, respect
ively. 

We first illustrate the effect of free carriers in optically excited 
GaAs, probed in this instance within the Eo + 60 interband resonance, thus 
giving sensitivity to the direct detection of changes in the electron occu
pation factor at the conduction band minimum. 

Figure 1 shows the spectrum of modulated reflectance (6R), obtained 
from the free surface of a nominally undoped piece of crystalline bulk GaAs 
approximately 60 psec following the excitation. The strong spectral feature 
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Fig. 3 : Modulated reflectivity 
(upper trace) in Ga.50In.50P 60 psec 
following excitation at nwex=1.946 eV. 
Lower trace shows photoluminescence 
spectra excited at A=5145 A. 

near the Eo + 60 interband transltlon ( ~ 1.850 eV) with its characteristic 
shape is also in good qualitative agreement with the measured changes in 
modulated transmission (6T) in a thin film of GaAs, when the two are compar
ed through a Kramers-Kronig calculation. Figure 2 shows directly the time
resolved decay of excess free electron-hole pairs in GaAs with emphasis on 
demonstrating the influence of the interface environment on recombination. 
In part (A), the decay of modulated transmission is measured for a 0.18 ~m 
thick GaAs layer in a MBE-grown double heterostructure ,formed with the 
addition of surrounding layers of larger gap GalnP (x ~ .50). In contrast, 
part (B) shows the considerably faster decay for a 'free' GaAs/air inter
face, now measured by modulated reflectance. Analysis of such data over a 
wider spectral region has permitted us to obtain direct information about 
the interface recombination for GaAs for different dielectric surroundings, 
as well as an indication of the carrier confinement in a heterojunction [2]. 
For example, consistent with recent work based on photoluminescence effic
iencies [3] we find that the interface recombination velocity in this re
latively strain free heterostructure is reduced to less than 1 x 104 cm/sec 
from the value of 5 x 105 cm/ sec for a free GaAs surface. 

At sub-bandgap photon energies the inherent sensitivity of our experi
mental method has lead to the observation of significant additional spectral 
structure in comparison with conventional steady-state photoluminescence data. 
This is illustrated in Figure 3' where modulated reflectance is shown for an 
epitaxial film of n-type Ga.50In.50P, obtained some 60 psec following the 
excitation at near bandgap energy (E g ~ 1.99 eV). In contrast, the steady 
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state luminescence spectra on the same sample yields a single dominant feat
ure in this energy range (bottom trace). A lineshape analysis of an opti
cally modulated spectrum involving closely lying transitions is inherently 
difficult due to contributions from different effects (e.g. carrier occupancy 
and exciton screening). The fairly complex spectrum in Figure 3 may be de
composed into a superposition of five dispersive Gaussian resonance line
shape functions with comparable damping parameters of ~20 meV and with ad
justable amplitudes. The dispersive (as opposed to absorptive) part of the 
dielectric constant is expected.to make the dominant direct contribution to 
the modulated reflectivity spectrum in a simple model where the optical 
transition probabilities for the probed resonances are affected by the exci
tation, without frequency shifts. In particular, the dispersive function 
with a zero crossing at 1.923 eV coincides with the peak of the measured lum
inescence and is identified as a 'fundamental' transition. The energetic 
position and behavior of this resonance strongly suggests an acceptor-like 
transition to be responsible in this compensated material. The energy spacing 
of the remaining lower energy dispersive functions relative to the primary re~ 
sonance coincide closely with the 48 meV LO-phonon energy for GaInP (x = .50), 
as extrapolated from Raman data for GaP and InP. The relative amplitudes of 
these phonon sidebands in our spectrum may, however, be further affected by 
the relatively broad free electron contribution at the Eo + 60 transition 
from the GaAs substrate. The modulated reflectance at the fundamental tran
sition also shows a strong periodic dependence on the photon energy of excita
tion, with the periodicity matching the LO-phonon energy. This and addition
al evidence points to an acceptor-bound exciton with a strong polaron char
acter as the main contributor to the spectrum in Figure 3. 

Of the complicated time evolution in the modulated reflectivity in 
GaInP we show here only an example at the strongly phonon coupled resonance 
discussed above. Figure 4 shows the time dependence of the peak at hwp = 
1.940 eV for three different energies of excitation separated by approximately 
hWLO/2. The characteristic decay time is on the order of 200 psec for the 
three traces (amplitudes not normalized). At the highest excitation energy 
(fiwex>Eg) an initially faster decay is observed, probably due to an additional 
initial contribution from thermalizing and. diffusing free carriers. The de
cay times, which showed only ~ weak temperature dependence in the range of 
10-77 K, thus provide a direct measure of the electronic relaxation of the 
phonon coupled complex. The relative insensitivity of the relaxation time 
on hwex is not unexpected for the different states of a strongly phonon 
coupled transition. However, the observed time constants are quite short 
when compared e.g. with luminescence decay measured at low (liquid helium) 
temperatures for bound excitons in many III-V compound semiconductors. In 
the present instance the short lifetimes are not inconsistent with the very 
low steady-state photoluminescence yield in our samples [4], thereby indicat
ing a rapid ionization or excitation transfer from the acceptor center. Add-
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at nwp = 1.940 eV for three energies 
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itionally, a strong Auger process and diffusive transport of a mobile species 
(free exciton or free carrier) to the GaAs substrate may also contribute to 
lifetime shortening. 

As a final example of our method, we have employed circularly polarized 
excitation/probe to study electron spin relaxation of free carriers and ex
citons. Of particular interest to us is the semimagnetic Cdl_xMnxTe (x = .30) 
which also shows strong excitonic subgap features in the modulated reflectance 
spectra. In particular, we have observed time-dependent spectra which appear 
to show a free electron/free exciton like component with a strongly tempera
ture dependent spin relaxation. Such dependence may be influenced by the 
presence of a spin-glass transition in this alloy approached at low tempera
tures in our experiments. The details of this work will appear elsewhere [5]. 

Research supported by USAFOSR. 
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Electron Diffraction in the Picosecond Domain Steven Williamson 
and Gerard Mourou and Synchronous Amplification 
of 70 fsec Pulses Using a Frequency-Doubled Nd: 
YAG Pumping Source 

J.D. Kafka, T. Sizer II, I.N. Duling, C.W. Gabel, and G. Mourou 

Laboratory for Laser Energetics, University of Rochester, 
250 East River Road, Rochester, New York 14623, USA 

I. Electron Diffraction in the Picosecond Domain 

With the exception of picosecond photoelectron switching recently 
demonstrated, streak camera tubes have been used exclusively as a fast optical 
and x-ray diagnostic tool. However, some of the most beautiful features 
of the image converter device used in the streak camera have been only 
partially exploited with this application. The image converter device pro
duces a temporal and spatial monoenergetic photoelectron replica of the 
incident optical pulse. This replica is ultimately limited by the 
temporal and spatial resolution of the particular streak tube employed. 
Temporal and spatial resolution can be as good as subpicosecond and 
100 ~m respectively. It is also worth noting that this replica is 
accurately synchronized with the incident optical pulse. We have used 
this electron burst to generate an electron diffraction pattern, infer-
ring that picosecond snap shots of laser induced structural changes in 
laser annealing or in the field of surface physics, can now be taken not 
only with a picosecond exposure, but also in picosecond synchronization 
with the laser induced kinetics. In the experiment (Fig.1) a demount-
able photochron II streak camera tube is used. The Al specimen of 150 
Angstroms thickness is located in the drift space 1 cm behind the 
anode. The diffraction pattern is captured on a phosphor s~reen and 
photographed using an image intensifier with a gain of 3x10 lens coupled 
to the film. The optical burst used to generate the electron is the 
fourth harmonic of a Nd:YAG system. The pulsewidth is estimated to be 
about 15 psec. The optical energy on the Al photocathode of the streak 
camera is on the order of a few microjoules . The electron pulse width 
has been measured by using the camera in the normal streak mode and is 
found to be N 100 psec. This value departs significantly from the 
15 psec pulse width expected. The pulse broadening is due to the space 
charge effect caused by the relatively high electron flux required to 
photograph the pattern with our present system. This electron flux level 
should decrease by a factor of over 100 by using a larger gain image in-

Figure 1 Picosecond diffraction 
experimental set up 
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Figure 2 Transmission electron diffrac
tion pattern of Al from 100 psec 
exposure of 20 keV electron 

tensifier directly contacting the recording film. Additionally, for the 
investigation of single crystals diffracting singular spots, the electron 
flux is naturally relaxed still further. Fig. 2 represents the transmission 
electron diffraction pattern obtained with a single ~ 100 psec electron 
burst passing through the Al specimen. The distinct rings correspond to 
the Ill, 200, 220, and 311 planes. Fro~ the radius of each ring and the 
Miller indices, a lattice constant of 4.02 ± . 04 ~ is measured which agrees 
nicely with 4.05 ~ previously reported. 

In conclusion we have shown that electron diffraction can be used 
in the picosecond time domain USing an electron burst generated by a 
streak camera tube. We believe that this technique will make possible the 
study of structural kinetics on a time scale that is currently of great 
interest. 

II. Synchronous Amplification of 70 fsec Pulses 

A. Optical Synchronization 

Recently we reported on the generation and amplification of short 
dye laser pul~es pumped by the frequency-doubled output of a CW modelocked 
Nd:YAG laser. The advantages of this pumping source over others include 
a shorter pump pulse, increased component lifetime, and the relative 
ease of short pulse amplification. Pulses shorter than 70 fsec are2 
presently generated by the use of a Rhodamine 6G-DQOCI dye mixture. The 
autocorrelation of the pulse is shown in Figure 3. 

The addition of a saturable absorber, DQOCI, to the same jet as the 
lasing medium, Rhodamine 6G, in a synchronously pumped dye laser combines 
the effects of active and passive modelock.ing to produce extremely short 
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light pulses. Tbirty milliwatts of power is obtained with 300 mW of 
532 nm pump power. The shorkest pulses are observed at 605 nm. Since 
the lasing bandwidth is 100 ~, greater than the fourier transform of 
a 70 fsec pulse, a frequency chirp is indicated which could be exploited, 
through compression techniques, to further reduce the pulse width. 

The use of a synchronized 70 psec pump pulse for amplification reduces 
the problem of amplified spontaneous emission (ASE) and yields a more 
stable and efficient system with improved beam quality. The unconverted 
1.06 ~m radiation from the oscillator is used to seed a regenerative 
amplifier. The output is further amplified and then frequency doubled 
resulting in a 10 mj pump pulse precisely synchronized with the 70 fsec 
pulses from the dye laser. Three dye amplifier stages containing the 
dye KitonRed are pumped longitudinally. This configuration preserves 
both the beam quality and the synchronization of the pulses. The evolu
tion of the first stage gain with time is displayed in Figure 4 .. The 
gain increase as the pump pulse energy is integrated by the dye, and then 
decreases as the ASE removes the stored energy. The input pulse must come 
within 50 psec of the correct time in order to access the optimal gain. 

The temporal precision that is present in our optically synchronized 
system allows operation at the peak of the gain without having to con
stantly reinvert dye population. This elimination of wasted pump energy 
greatly reduces the ASE generated. In nanosecond pumped dye amplifier 
systems, to prevent the ASE from propagating down the amplifer chain, the 
stages must be isolated with saturable absorbers which degrade the spatial 
quality of the dye beam. Our picosecond pumped dye amplifier system no 
longer'requires isolation and as a consequence we have removed the saturable 
absorbers from our system. The result is a trade off between pulse 
broadening and beam quality. With no saturable absorbers in the long
itudinally pumped amplifier system, we obtain an output of 200 ~j in less 
than 1 psec, with enhanced beam quaJity over systems requiring isolation. 
The effiCiency of the system is 3%, which is much greater than comparable 
nanosecond pumped systems. Finally, the synchronization removes a major 
source of output fluctuations by eliminating temporal jitter between the 
pump and input pulses. 

A diagram of the synchronously amplified subpicosecond system is shown 
in Figure 5. Advantages of this system include 70 fsec Oscillator pulses, 
reduced ASE, and increased stability, efficiency and beam quality. 

B. ~ F. Synchronization 

In the past we have produced subp!coseond pulses with low energy and 
high repetition rate1 (100 pJ, 100 MHz) and high energy with low repetition 
rate (100 ~J, 10Hz). To fill this gap a system has been built with a 
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Figure 5 Layout of the synchronously amplified subpicosecond system 

500 Hz repetition rate which would amplify pulses to a few microjoules. The 
system layout is shown in Figure 6. 

The subpicosecond pulses from a synchronously pumped dye laser are 
amplified in a single pass two stage configuration. The amplifier is 
pumped by an actively Q switched and modelocked CW Nd:YAG oscillator which 
is frequency doubled in temperature tuned CD*A. The peak energy at 
520 nm is 26 ~J. The dye laser pump and the amplifier pump are synchronized 
by using the same RF amplifier to drive both modelockers. In order to 
attain maximum efficiency from the amplifiers, the pump and dye pulses must 
be synchronized within 50 psec. Using autocorrelations of each pump laser 
and the cross correlation between the two, the maximum jitter was measured 
to be 40 psec. (Figure 7). 

The gain depletion due to amplified spontaneous emission in the amplifier 
is shown by measuring the gain as a function of dye pulse delay. This 
measurement was made by varying the RF phase to the amplifier pump mode
locker, eliminating the need for an optical delay line (Figure 8). 

Currently pulse energies of 350 ~J have been obtained pumping with the 
entire train when thermal breakup is the limiting factor. This limit will 
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be ren'Oved by an external switch out or an internal cavity dUJIller. It 
should be possib~e to use this technique to amplify a colliding pulse 
modelocked laser if the amplifier pump model ocker RF is derived from the 
cpr~ laser output. 
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Picosecond Time-Resolved Photoacoustic Spectroscopy 

M. Bernstein, L.J. Rothberg, and K.S. Peters 
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1. Introduction 

In this paper we report the development and application of photoacoustic spec
troscopy (PAS) for the detection and characterization of transient intermedi
ates with lifetimes on the picosecond timescale [1]. 

During the course of our investigations into photochemical reaction mechan
isms we often have been frustrated by the insensitity of picosecond absorption 
spectroscopy. Current technology, based upon picosecond continuum generation 
and high quantum-yield vidicon and CCD detectors [2], tends to be both expen
sive and unreliable, especially since the very nonlinear process of continuum 
generation requires excellent laser stability and extensive signal integration. 
Sample fluorescence and phosphorescence can easily saturate these sensitive 
detectors, rendering emission species difficult or impossible to study. Even 
with considerable care and favorable conditions, transient absorbance levels 
lower than 0.01 A are difficult to study [3]. 

2. Picosecond Photoacoustic Detection [4] 

In the picosecond photoacoustic experiment, a 2Sps pump pulse (frequency vo , 
energy Eo) creates an ensemble of excited molecules which can be interrogated, 
after a time delay t, by a probe beam (frequency vp' flux Fp ' duration t p). For 
simplicity, we shall assume here that the unexcited sample 1S transparent to 
the probe beam, and absorbs the excitation beam with extinction coefficient E. 
If the pump beam contains No photons, the number of transients initially cre
ated (assuming unit efficiency) will be 

(1 ) 

The amplitude S of the photoacoustic signal rising from this excitation pro
cess is simply 0 

S 
o 

KNhv 
o (2) 

where the proportionality constant K is a function of sample geometry, trans
ducer construction, and the quantum yield for radiationless conversion of the 
excitation energy. 

If transients created by the excitation beam absorb the probe pulse with 
cross-section a, they will, in turn, generate an additional photoacoustic con
tribution S : 

p 

S = KNhv [1 - exp(-aF t )]. p p p p (3 ) 
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The changing composltlon and concentration of transient species may be studied 
by varying the delay t between excitation and probe pulses. Since the re
sponse time of the microphone is much longer than the temporal separation be
tween the two laser pulses, the photoacoustic contributions are additive and 
the observed signal is Set) = S + S (t). The portion of the signal S due to 
the excitation beam can be estigatedP (2) from the measured energy of tRe exci
tation pulse. Hence, by measuring Set) and E , one obtains the photoacoustic 
contribution S (t) arising exclusively from pRotoproducts. In addition, analy
sis of the depgndence of S on probe flux can provide a direct measure of the 
excited state absorption c?oss-section o. 

Note that the photoacoustic signal Sp can be comparable to S even though 
only a minute fraction of the probe beam is absorbed, providingOonly that the 
probe beam be sufficiently intense [4]. The incremental signal S IS is 
independent of the concentration of transients, depending only onPthg fraction 
of transients which absorb a probe photon. In contrast, direct absorption---
experiments measure the number of transients that absorb a probe photon, and 
must therefore fail at low transient concentrations. 

A detailed description of the picosecond photoacoustic apparatus appears 
elsewhere [4]. We employ a Nd:YAG laser, using a 0.1 mJ 355 nm excitation beam 
and a 5mJ 530 nm probe beam. The excitation beam is weakly focused by a 1m 
lens to avoid multiphoton effect, while the probe is collimated with approxi
mately 3 [nun2] spot size. Increasing probe flux produces proportionately la:rger 
signals, limited only by saturation of the transient absorption or stimulated 
Raman scattering by the solvent. 

3. Absorption in Diphenyl Polyenes 

Diphenyl polyenes, long a focus of spectroscopic and theoretical interest [5J, 
have recentl y gained significant technological importance as laser dyes and 
scintillators [6]. All except stilbene are strongly fluorescent, a property 
which gravely complicates conventional absorption studies. Photoacoustic de
tection, on the other hand, is ideally suited to such compounds since emission 
makes no contribution to the photoacoustic signal. Furthermore, photoacoustic 
detection affords substantially enhanced sensitivity in comparison to direct 
absorption measurements, and we routinely obtain adequate kinetic data on sam·· 
pIes with peak absorbances of 0.001 A or less. 

The photoacoustic absorption signal for the UV laser dye diphenyl stilbene 
is shown in Fig. 1. The measured lifetime (700 ± 100 ps: dioxane) is consis
tent with the fluorescence lifetimes observed in other solvents [7]. 
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The photophysical properties of the diphenyl polyenes are strongly solvent 
dependent [5,8]. We have examined the transient absorption decay rate for 
this compound in a number of solvents, and have found that the lifetimes close
ly parallel observed fluorescence lifetimes [8]. This observation appears to 
preclude the possibility that diphenyl butadiene's short, solvent-dependent 
fluorescence lifetime arises from competition between emission and radiation
less conversion to a non-emissive excited Ag state [8,9]. 

4. Stimulated Emission in Coumarin Dyes 

We have also applied time-resolved photoacoustic spectroscopy to investigate 
excited state dynamics of laser dyes by direct observation of stimulated emis
sion. In the absence of a probe beam, excited dye molecules partition their 
excitation energy between radiative and nonradiative decay channels, charac
terized by quantum yields ~ for emission and ~ for radiationless conversion. 
Since ~ is never identically zero, excitationn~lways produces a finite photo
acoustigrsignal. 

If the excited sample is subject to an intense probe beam of appropriate 
wavelength, stimulated emission may become a significant decay mode. Since 
some molecules which undergo stimulated emission would otherwise relax nonradi
atively, stimulated emission is observed as a net depletion of the photoacou
stic signal . 

Figure 2 presents the photoacoustic signal arlslng from an ethanol solution 
of Coumarin 485, an important laser dye [10], in the presence of diazobicyclo
[2.2.2]octane (DABCO), a potential electron donor. 

Strong stimulated emission is observed initially, decaying with a time con
stant of 285 ± 50 ps, much longer than the approximately 5nsec lifetime [10] 
observed in the absence of DABCO. The 50 ps risetime of the stimulated emis
sion signal is due entirely to the 25 ps pulsewidths. In fact, this measure
ment provides a uniquely simple and inexpensive method for characterizing pico
second laser pulses. 

The stimulated emission decay, ascribed to formation of the coumarin radical 
anion, occurs at approximately the same rate as observed for electron transfer 
from DABCO to benzophenone in this solvent [11]. Although the Coumarin 485 
anion appears to be transparent to the 530nm probe, we have observed strong 
absorption at this wavelength from the radical anions of related dyes (eg. Cou-
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marin 540A). By resolving the temporal evolution of stimulated emission and 
absorption processes in dye solutions, we can thus obtain important informa
tion useful in designing new active media for dye lasers which can be optim
ized for stability, emission lifetime, wavelength, or other desirable proper
ties. 

References 

1. Nanosecond transient absorption was detected photoacoustically, but without 
time resolution, by M. G. Rockley and J. P. Devlin, Applied Physics Letters 
32, 24 (1977). 

2. r:-- T. r-Tetzel and P. M. Rentzepis, Chern. Phys .. Lett. 29, 337 (1974). 
3. B. 1. Greene, R. M. Hochstrasser and R. B. Weisman, ~. Chern. Phys. ZQ, 

1247 (1979). 
4. M. Bernstein, L. J. Rothberg and K. S. Peters, submitted to Chern. Phys. 

Lett. 
5. ~ Hudson, B. E. Kohler and Klaus Schulten in ~xcited States vol. 5, 

E. C. Lim, ed., in press. 
6. K. H. Drexhage in Dye Lasers, F. P. Schafer, ed., Springer-Verlag, New 

York, 1973. -- ---
7. C. D. Amata, et. aI., J. Chern. Phys. 48, 2374 (1968). 1. B. Berleman, 

Handbook of Fluorescence spectra of Aromatic Molecules, Academic Press, 
New York,-Y97l, p. 231. 

8. S. P. Velsko and G. R. Fleming, J. Chern. Phys. 76, 3553 (1982). G. R. 
Fleming, personal communication.- D~ S~rc~and R. E. Imhof, Chern. 
Phys. Lett. 88, 243 (1982). 
Experiments with polarized pump and probe beams indicate that rotational 
diffusion makes only a minor contribution to the observed absorption decay 
rate. 

9. J. R. Andrew and B. S. Hudson, J. Chern. Phys. 68, 4587 (1975). 
10. While the fluorescence lifetime-of Coumarin 48~ a dimethylamine, has not 

to our knowledge been reported, it would be expected to resemble that of 
the diethyl analog, Coumarin 151, reported by G. Jones, W. R. Jackson and 
A. Halpern, Chern. Phys. Lett. 72, 399 (1980). 

11. J. D. Simon and K --S:-Peters, L Am. Chern. Soc., in press. 

115 



Subpicosecond Pulse Shape Measurement and Modeling 
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1. Introduction 
We present a theoretical model of the linear and ring, passively mode 
locked dye lasers. This simple model gives a clear understanding of the 
rol e of the ampl ifi er, the absorber, and the dynamiCS of the degenerate 
third order nonlinearity resulting from spatial hole burning [1]. 

The validity of the model is established by fitting the pulse shapes 
measured experimentally in the case of the 1 i near 1 aser. The model pre
dicts a minimum pulse duration in the case of the ring laser which is 
within a factor of two of that obtained in experiments [2]. 

2. The Experimental Measurement of the Pulse Shape 

In each roundtrip time for the linear cavity (4 ns) we observe a train of 
two pulses separated by 0.33 ns. The 0.33 ns corresponds exactly to the 
roundtrip time for pulses to travel from the dye jet, to the end mirror, 
and back to the jet. This indicates that the pulses must collide in the 
jet. 

Two aspects of the 1 i near 1 aser output make it possible to extract 
information about each of the two pulses from the auto- and cross-correla
tions. First, since the peak intensity of the first pulse in the train of 
two is more than 15 times that of the second, the auto-correlation near 
zero del ay is unaffected by the second pul se. Second, si nce thE! second 
pul se in the trai n of two is much broader than the fi rst, the cross
correlation accurately portrays the shape of the second pulse. 

The experimental measurements are shown in Fig.l. The front of the 
broad weak pulse has a slow rise followed by a fast decay. The auto
correlation of the sharp intense pulse scaled down to the peak amplitude of 
broad weak pulse is indicated by the dashed line. 

3. The Theoretical Model 

The theoretical model includes saturation of the gain and absorbing media, 
interaction of the pulses through spatial modulation of the populations of 
the active media, a finite jet thickness, and dispersion and bandwidth 
limitation in the cavity. The population difference W of either media will 
evolve according to the rate equation 

(1) 
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In Eq. lEis the saturation field, W is the population difference in 
the absence ol" fi e 1 ds, and T lis the 1 i f~ ime (corrected for the pumpi ng 
rate in the case of the amplifying medium). With a driving field E 
composed of two counterpropagating components 

the population differences will be of the form 

W W + W e2ikz + W2j~ e-2ikz 
j = oj 2j 

wi th j = G for the ga i n med i um, and j = A for the absorber. 

For propagation in the dye jet the equations are written in advancing 
spatial coordinates for el and regressing spatial coordinates for e2. 

tl = Aoel + A2 C2 

AO includes contributions from the Woj's and A2 includes contributions 
from the W2i 's. One should not forget while 100lcing at these equations 
that the A'~ are functions of the fie1 ds. The media comprising the dye jet 
are allowed to relax between pulse passages. At each cavity roundtrip the 
fields are modified to account for the spectral narrowing and d.ispersion 
introduced by thlt mirrors and solvent in a real cavity. Arbitrary shapes 
are assumed for ~1 and t2 and then the calculation is cycled until a steady 
state is reached. 

4. Discussion and Results 

Fig'ure 2 shows the calculated pulse shapes for the two pulses in the linear 
laser. The slow rise and rapid decline of the weak pulse appears as in the 
experiment. Inspection of the numerical values of W2j(t) indicate the 
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fonnation of a strong grating duri ng the slow ri se of the weak pul see As 
the peak of the strong pulse is approached, the population gratings are 
washed out by complete saturation. It should also be noted that the pulse 
shapes are nearly independent of the jet thickness, but strongly affected 
by dispersion. 

This same model was used to describe colliding pulse mode locking in the 
ring laser. The only differences from the previous calculations are in the 
sequence of events and the fact that mutual interact i on of the counter pro
pagating pulses occurs only in the absorber jet. A steady state pulse 
shape is shown in Fig.3. Unlike the calculation for the linear laser, the 
calculation for the ring laser indicates that in the absence of dispersion 
the pulse duration is 1 imited by the jet thickness. For this figure the 
medi urn thickness was 120 ).1m. The pul se duration corrected for medi um di s
persian is 0.4 psec in air. Scal ing the thickness down to 10 ).1m yields a 
minimum duration of 35 ftsec. This is within a factor of two of the result 
obtained by FORK et al. [2]. 
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5. Conclusions 

A theoretical model has been made which describes the pulse fonning 
mechanism in passively mode locked dye lasers. The model includes those 
parameters that are essential to the operation of the laser. The exact 
influence of each parameter has been evaluated by fitting the experimental 
data frOOl ali near cav i ty. 

In the case of the linear laser the model predicts that the pulse shape 
is independent of the dye jet thickness and that a population grating is 
fonned in the leading edge of the broad weak pulse. In the case of the 
ri ng 1 aser the model predi cts that the pul se shape is dependent on jet 
thickness, that the induced grating yields pulse broadening, and that the 
stable regime results frOOl a balance between pulse broadening and pulse 
cOOlpression by mutual saturation. 

The agreement between these predictions and the results of experiment 
leads us to conclude that the proposed model accurately describes the 
colliding pulse mechanism in passively mode locked linear and ring lasers. 

This work was supported by the National Science Foundation, Grant No. 
ECS-8119568, and the Office of Naval Research. 
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Experimental Demonstration of a new Technique to Measure 
Ultrashort Dephasing Times 
J.-C. Diels 
Center for Applied Quantum Electronics, North Texas State 
University, Denton, TX 76203, USA 
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Hughes Research Laboratory, 3011 Malibu Canyon Road 
Malibu, CA 90265, USA 

We demonstrate experimentally a new technique to measure ultrashort 
dephasing times. The method applies to the measurement of subpicosecond 
coherence memory time of dipole transitions. We perfonn demonstration 
experiments in metal vapors (sodium and lithium), using picosecond pulses. 
The techniques consists essentially in preparing the medium with a first 
pulse, and subsequently probing the atomic system with a second pulse. The 
second hannonic of the transmitted energy - as it is affected by successive 
absorption-reemission - is measured. 

The basic instrument of our set up is an interferometric autocorrelator 
used previously to make accurate measure-dents on the coherence of subpico
second pul ses [1]. In the latter measurement, the beams issued from each 
ann of the interferometric delay line cease to interfere with each other 
when the relative delay exceeds the pulse coherence time. However, as seen 
in Fig.1, if the laser is tuned to resonance with an atomic vapor inserted 
between the interferometric del ay line and the second hannonic detect ion, 
the interference region extends to delays beyond the coherence time (10 
psec for the pulse used in Fig.1). Each vertical line corresponds to a 
scan through several interferences, for a coarse setti ng of the delay 
indicated on the abscissa. The envelope corresponding to destructive 
interferences starts from a smalls i gna 1 at mi nima 1 delays (dest ruct ive 
interference of overlapping pulses), then overlays the envelope of "con
structive interferences" at larger delays, because of the larger transmis
sion ' of "zero area pulse" sequences [2]. At large buffer gas pressures 
(1000 torr in the case of Fig.1) and with a pulse duration of 10 psec FWHM, 
Fig.1 can be accurately fitted by model ing the lithium as a pure two-level 
system with a phase relaxation time of T2 = 15 psec. In this buffer gas 
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pressure range, the phase relaxation time can be measured directly as one 
exponential decay of the upper envelope in Fig.l between 16 and 40 psec 
delay . We confirmed the value of 15 nsec-torr for the collisional 
re 1 axat i on time Li -Ar, by performi ng experiments of se 1 f -induced trans
parency in the pressure range of 0 to 150 torr of Ar. The value of the 
relaxation rate was deduced from the measurement of the delay [3] for 
2 pulse transmission experiments. Our measurements in sodium yielded 16 
nsec-torr for the Na-Ar collisional dephasing time. 

The method demonstrated here appl i es ideally to di screte trans i t ions, 
with a homogeneous broadening comparable to the pulse duration. With 
50 fsec pulses, it should be possible to measure dephasing times in the 
10 fsec to 1 psec range . We have shown [4] that the technique can also be 
extended to measurements of the dephasing time of multiphoton transitions. 
Care should be taken in trying to apply this method to ~ye solutions or 
systems with large inhomogeneous broadening . The use of weak pulses as 
proposed by CHO et al., [5] will result in a null effect in these systems 
[6]. With intensities far beyond the dye saturation intensity instead, one 
expects a recording qualitatively different from Fig . l, with no crossing of 
the lower and the upper envelopes (because there will be a larger absorp·, 
t ion for out-of-phase sequences in medi a with 1 arge inhomogeneous 
broadening [6]). 

Measurements performed without buffer gas, wi th shorter pul ses, prov ide 
a completely different type of information (Fig.2).. It enables one to 
remove the ambi gui ty present in an interferometric second order autocor,· 
relation. Indeed, we have shown previously [7] that the latter measurement 
provides a very sensitive diagnostic for the pulse coherence, but cannot 
di sti ngui sh between a 1 ad of "ensemble coherence" (the pul se of the trai n 
not being identical) or a lack of coherence (or phase modulation) in the 
individual pulses. In the measurement shown in Fig.2, the interference 
pattern would not decay if the pulses of the train were identical (chirped 
or unchirped) . The 15 psec decay in the fringe pattern amplitude is 
representative of pulse to pulse bandwidth fluctuations in the train, or a 
figure of merit for the frequency stability of the pulse train. 

The nOde\ seen i n Fig.2 at 6 psec interval indicate a detuning of 
(1/16 psec)- 60 GHz. It is thus possible to measure a detuning much 
smaller than the pulse bandwidth. This property can be used to measure 
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pressure shifts of atomic transitions. The interference of one pulse with 
the polarization created by a previous pulse could be used inside or out
side a laser cavity, to control the frequency of a laser with an accuracy 
much greater than the inverse pul sewidth. If used outside the cavity, the 
laser wavelength could be actively controlled to maintain a node at a pre
detennined delay setting (i.e. at a predetennined amount off resonance from 
an atomic 1 i ne). The decay of fri nge pattern ampl i tude (representative of 
the pulse train frequency stability) detennines how close from line center 
a laser could be actively tuned by this procedure. Because the amplitude 
of the interference decreases when the laser is tuned away from line 
center, there is a maximum detuning of the order of one linewidth for which 
active wavelength control is possible. 

It should be noted that there is an ambiguity in the interpretation of 
Fig.2 which can only be resolved by tuning the, laser frequency across the 
resonance. Indeed, the beat note is identical above or below resonance. 
Therefore, if the 1 aser carri er frequency has two components symmetrical 
wi th respect to the resonances, the same beat note wi 11 be observed as in 
Fig .2. 

We have demonstrated a new method to detennine dephasing times, ideally 
suited to the subpicosecond range with subpicosecond pulses. The method can 
be extended to multiphoton as well as to inhomogeneously broadened transi
tions, provided high intensities are used. 

This work was supported by the National Science Foundation, under Grant 
No. ENG-7B26209 and ECS-8119568. 
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Optical Pulse Compression with Reduced Wings 

D. Grischkowsky and A.C. Balant 

IBM Thomas J. Watson Research Center, P.O. Box 218 
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Most optical pulse compression schemes are based on the genera
tion of a frequency swept pulse, followed by passage through a 
dispersive delay line. Since the group velocity of the light is 
determined by its instantaneous frequency, different portions of 
the frequency swept pulse travel at different speeds through the 
delay line. If the length of the line is adjusted so that the 
leading edge of the pulse is delayed by just the right amount to 
overlap the trailing edge at the output of the delay line, the 
output pulse can be as short as the reciprocal of the bandwidth 
of the frequency sweep. 

The use of this scheme requires a method for producing a lin
ear frequency swept (chirped) optical pulse. For picosecond op
tical pulses it is quite difficult, using electro-optic techni
ques, to obtain the required amount of frequency chirp. Conse
quently, all applications to date have used either the chirp pro
duced by the mode-locked laser itself, or the chirp produced by 
the nonlinear process of self-phase modulation (SPM) in a non
linear optical material. For this case, the instantaneous fre
quency is proportional to the time derivative of the optical 
pulsesh~pe. Thus, for the case of the 6 psec, (hyperbolic 
secant) pulse depicted in Fig.1a, only the central region of 
the pulse has the proper frequency chirp (Fig.1b) for pulse com
pression, while the chirp on the wings of the pulse will lead to 
temporal broadening of the wings. 

We present here a new method to chirp intense psec pulses by 
propagating them through a single-mode optical fiber. During 
passage through the fiber the combined action of self-phase mod'J
lation and positive group velocity dispersion broadens both the 
pulseshape and the frequency bandwidth in such a manner that 
essentially the entire output pulse is positively chirped. This 
approach is based on a recent experimental result [1] made in
cidentally to a nonlinear pulse propagation experiment involving 
optical fibers. Our purpose here is to illustrate by a numerical 
calculation the importance of this method to pulse compression 
applications. For th~s illustration, we consider the example of 
a (hyperbolic secant) input pulse (Fig.1a) with a peak power of 
100W and a pulsewidth (FWHM) of 6 psec; the characteristics of 
the fiber are given in Ref. [1]. 

The results of our numerical integration of the nonlinear 
Schrodinger equation for this case are illustrated in Fig.2. 
As the pulse propagates through the fiber the calculated re
shaping proceeds smoothly to the characteristic square pulse-
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shape shown in Fig.2a, which occurs at 30 m. Simultaneously, 
the developing chirp grows in magnitude and extends over more 
and more of the pulse. For this example, the chirp shown in 
Fig.2b describes more than 95 percent of the total pulse energy, 
compared to only 59 percent for the SPM pulse. 

The recompression of the output pulse of Fig.2a and the SPM 
pulse of Fig.1a are calculated as follows. The pulses are 
Fourier analyzed (Figs.1c and 2c) and are considered to pass 
through a dispersive delay line with a group velocity dispersion 
opposite to that of the optical fiber. At the output of the 
delay line the Fourier components are summed to give the recom
pressed pulses. The lengths of the delay lines are adjusted to 
obtain the shortest recompressed pulses shown in Figs.1d and 2d. 
For the fiber case the recompressed pulsewidth (FWHM) of 0.6 
psec is to be compared to the input pulsewidth of 6 psec. The 
output intensity has correspondingly increased by approximately 
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10 times. The recompressed pulse of Fig.2d is more intense than 
the recompressed SPM pulse of Fig.1d, because of the fact that 
it contains more of the total energy of the input pulse. How·· 
ever, the most important feature is the fact that the recom
pressed fiber pulse has much less extensive wings than the SP~i 
pulse. The relative energies in the wings of the two recom
pressed pulses, as measured from the first null next to the cen
tral peaks, are 42 percent for the SPM pulse compared to only 
10.6 percent for the fiber pulse. 

In addition, because of the single-mode propagation in the 
fiber, the entire output beam has the same chirp, i.e., the 
chirp is independent of the position on the output beam. The 
extensive frequency chirp enables the output pulses to be com
pressed to the frequency transform limit without any significant 
wings on the recompressed pulse, while the lack of any spatial 
effects in the frequency modulation allows the entire pulse to 
compress as a spatial unit. 

Reference 

1. H. Nakatsuka, D. Grischkowsky and A. C. Balant, Phys. Rev. 
Lett. 47, 910 (1981). 
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Polarition-Induced Compensation 
of Picosecond Pulse Broadening in Optical Fibers 

G.W. Fehrenbach and M.M. Salour 

Research Laboratory of Electronics and Department of Electrical 
Engineering and Computer Science, Massachusetts Institute of 
Technology, Cambridge, MA 02139, USA 

During the past few years the use of optical fibers has grown because of 
their Dotential application as transmission media in long-distance hiqh
bit-rate optical communication systems. Recently considerable attention 
has been given to the study of pulse distortions in single-mode optical 
fibers where the maximum data rate of signal transmission is limited by 
the group velocity dispersion (GVD). Distortion-free pulse propagation 
has been demonstrated in fused silica fibers at 1.3]Jm and in the 1.3-
1.7 ]Jm spectral region [1,2]. Recent work showed the recompression of 
light Dulses broadened by passage through optical fibers, using an atomic 
sodium-vapor delay line [3]. We report the compensation of the pulse broad
ening in optical fibers using the n = 1 exciton-polariton resonance of a 
thin direct-gap semiconductor. 

The coulomb interaction of electron-hole pairs in semi-conductors causes 
discrete exciton resonances. Their coupling to the light field leads to 
the concept of the polariton, a mixed exciton-photon state [4]. In a cw 
absorption spectrum of the GaAs samples (see Fig l(a)). the n = 1 and n = 2 
exciton resonances are well resolved. Fig. l(b) shows the predicted delay 
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AUTOCORRELATKN I ~ Experimental setup 

near the n = 1 exciton-polariton resonance in the single-exciton oscillator 
model [4J, using the values ET = 1.5151 eV (transverse exciton energy), 
E'T = O.OB meV (longitudinal-transver se splitting), M h = 0.6 m (heavy 
exciton mass), and Eh = 12.6 (backarpund dielectric c6~stant), ~nown from 
resonant Brillouin scattering experiments [51. This model was found to be 
in good agreement with the observation of slow-pulse propagation near this 
resonance [6J. 

Figure 2 shows the experimental arrangement: nearly band-width limited 
pulses with single-sided exponential pulse shape of 0.7-ps duration and 
5.B A spectral width (6V 6t = 0.2) are generated with a synchronously mode
locked oxazine-750 dye laser. The laser beam was slightly focused into a 
300 ~m-diameter spot on the GaAs crystal, which was held in pumped liquid 2 
He at 2.0 K. The samples of controlled thickness d = 6.3 ~m and ~ 1 x 1 mm 
size were prepared from high-purity (NO' NA ~ 5. 1014 cm- ) liquid-phase 
epitaxy material by standard lapping and etching techniques. 

The pulse shapes were measured by autocorrelation techniques, using 
background-free noncollinear second harmonic generation (SHG) in a 2-mm 
thick angle-tuned LiI03 crystal. 

The distortion-free propagation of light pulses is demonstrated in Fig. 3. 
Fig. 3(a) shows the intensity autocorrelation traces of the 0.7-ps light 
pulses generated with the dye laser. The temporal dispersion 0 = !95 ps/nm/km 
of the optical fiber was directly measured using a Tektronix sampling scope 
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~ Intensity-autocorrelation pulse-width measurements (a) O.7-ps puls!!s 
with single-sided exponential pulse shape generated by the synchronously mode
locked dye laser, (b) 2.B-ps output pulses after transmission through the 
100-m single-mode optical fiber, and (c) O.B-ps output pulses after trans
mission through the optical fiber and the GaAs sample 
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and a fast photodiode. The pulses emerging from the ootical fiber are broad
ened to 2.8 ps, as shown in Fig. 3(b). 

o 
At the wavelength of 8178.5 A, which corresponds to the photon energy 

~w = ET + 0.83 meV, we are able to achieve essentially distortion-free 
trgnsmission in the optical fiber - GaAs crystal combination, as demonstrated 
in Fig. 3(c). However, the small increase in the pulse duration to 0.8 ps 
indicates that the GVD compensation does not work perfectly over the whole 
spectral width of the input pulses. The observed compensation energy is 
0.5 meV closer to the resonance than the energy determined by the single
exciton oscillator model [4] and the condition of a vanishing GVD in the GaAs 
crystal - optical fiber combination. The internal transmission in the GaAs 
crystal at the matching wavelength was 30%, whereas the actual losses in our 
arrangement were higher due to reflection losses at the glass windows of the 
cryostat and the crystal surfaces. 

In conclusion, we have demonstrated a new technique for achievinq distor
tion-free pulse propagation through optical fibers at essentially any wave
length including those at which optical fibers have a large positive GVD. Our 
technique marks the first use of the anomalous dispersion near a discrete 
resonance in a solid to counterbalance the pulse broadening in optical fibers. 
The combination of a single-mode optical fiber and any direct-gap semiconduc
tor with parameters similar to those used in our experiment should provide 
a useful tool for distortion-free pulse propagation in optical fibers at any 
wavelength. 

This work was supported by the Air Force Office of Scientific Research. 
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Generation and PoIsewidth Measurement of Amplified Ultrashort 
Ultraviolet Laser PoIses in Krypton Fluoride 

P.H. Bucksbaum, J. Bokor, R.H. Storz, and J.W. White 
Bell Telephone Laboratories, Holmdel, NJ 07733, USA 

D.H. Auston 
Bell Telephone Laboratories, Murray Hill, NJ 07974, USA 

Rare gas halogen excimer laser amplifiers have long been considered attractive media for the 
production of high power ultraviolet picosecond light pulses. We have used standard nonlinear opt· 
ical techniques to up-convert the output of a well mode-locked dye laser to 248 nm for 
amplification in KrF*. Pulses with up to 20 mJ of energy and 17 psec in duration have been 
obtained at a repetition rate of 10 Hz, after a single pass through a KrF* discharge. The output pul
sewidth has been characterized using an electronic autocorrelator consisting of two ultrafast photo
conducting detectors. 

A block diagram of our apparatus is shown in Fig. 1. The ultrashort pulses were produced by a 
synchronously pumped mode-locked dye laser similar to the system described by Wouun, et al (3). 
648 nm oscillator pulses were amplified, frequency doubled, and the 324 nm radiation which 
resulted was summed in KDP with a single 70 psec, 1.06 um pulse from the Nd:Y AG pump laser 
to produce the desired wavelength. The amplified 648 nm laser pulse length has been measured by 
background-free second harmonic generation [4], yielding a second order autocorrelation FWHM of 
20-30 psec, with the lower figure obtained when the oscillator is .close to threshold. Assuming a 
gaussian pulse shape, this corresponds to an actual FWHM pulsewidth of 14-20 psec (4). Up to 
30 I'j per pulse was available at 248 nm. 

The bandwidth at 248 nm has been inferred from measurements of the 648 nm linewidth by 
observation of the interference fringes in transmission through a high finesse etalon. It was found 
that the bandwidth for each 648 nm laser pulse was essentially equal to the Fourier transform limit 
(l an-I; however, the shot to shot frequency jitter was as high as 10 em-I. This jitter could be 
eliminated by reconfiguring the dye laser oscillator cavity at the expense of an increase in pul
sewidth to about 30 psec. 

Amplification of this laser pulse occurred in the 85 cm long discharge region of a Lambda Phy
sics EMG 200 excimer laser with the mirrors removed and the windows tilted by approximately 20 
degrees to eliminate feedback. However, even in the complete absence of optical feedback, the 
gain was sufficiently high that approximately 60 mJ of amplified spontaneous emission (ASE) was 
emitted from each end of the amplifier. A 1:4 cylindrical telescope was used to match the input 
beam to the 6 mm X 30 mm cross section of the discharge. Reflection losses here typically reduced 
the pulse energy at the amplifier input to 10 - 20 I'J. The discharge was approximately 15 nsec in 
duration. 

Fig. 1 Block diagram of the apparatus 
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In Fig. 2, the input-output characteristics of the amplifier are shown together with a fit to the 
usual Franz-Nodvik formula [5] for a two-level system 

Eout = ESaiin [I +e gl [e E,./E, .. -I] 1 (I) 

where EOIII and Ein are the output and input energy densities, respectively. The best fit corresponds 
to a small signal gain, egl = 3500, and a saturation energy density, ESDI = 2.1 mJ em 2. For this 
measurement, the input wavelength was tuned to the peak of the KrF* gain curve at 248.5 nm. 
The highest amplified energy observed was 20 mJ, obtained with approximately 20 uJ of input 
energy. In obtaining the data of Fig. 2 the strong ASE background was suppressed with a simple 
spatial filter consisting of a 500 mm focal length lens and a 0.5 mm aperture. This reduced the 
background to 0.4 mJ which appears in Fig. 2 at the nonzero intercept. 

A somewhat larger value for ESDI was obtained from 2 nsec KrF* pulses in [I], The discrepancy 
may be due several dynamical gain recovery mechanisms which are known to occur on 50 psec time 
scales [2], Intensity inhomogeneities also tend to decrease the measured value for ESDI' The small 
signal gain g is also much smaller than values measured in shorted excimer discharge cavities [I], 
This is probably due to gain saturation from the strong ASE output in our long cavity. 

An important characteristic of the output is the pulse width, which we would like to keep as 
short W&s possible. However, under conditions of fairly strong gain saturation, it is in general very 
difficult to keep the output pulsewidth from broadening [6], For this reason, it is extremely useful 
to have some means of monitoring the output pulsewidth. The usual technique of autocorrelation 
by second harmonic generation (SHG) is not applicable to these ultraviolet laser pulses since there 
presently exists no nonlinear crystal capable of generating the second harmonic of 248 nm. Streak 
cameras have been used to measure short pulses, and recently, ultraviolet short pulsewidth meas
urement by multiphoton ionization autocorrelation has been demonstrated [7], 

We have developed a general method for measuring ultraviolet laser pulsewidths which is based 
on an electronic autocorrelator [8], This technique is found to be quite comparable to SHG in 
terms of cost and simplicity. The device consists of two photoconducting switches connected in 
series by a terminated transmission line (Fig. 3) . Ion-implanted silicon on sapphire is used as the 
photoconducting material. The signal from one photoconductor acts as a bias for the second photo
conductor, which functions as a sampling gate. The photoconducting detectors are sensitive to all 
wavelengths shorter than the cutoff given by the material bandgap, which is in the near-infrared for 
silicon. Thus, this device is useful throughout the visible, ultraviolet and even soft X-ray spectral 
regions. 

Pulsewidth measurements are performed via second order autocorrelation. The incident laser 
beam is split into two, with each beam directed at one of the photodetectors. By varying the rela
tive time delay T between the two beam lines, and simply measuring the total charge Q( T) flowing 
through the second detector, we obtain the second order autocorrelator function 

Q(T) a:. I J(t)J{r+T)dr (2) 
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O(T) Fig. 3 (left) Electronic autocorrelator 

where I(t) is the laser pulse waveform. Relation 2 holds when the laser pulse duration is much 
longer than the photoconductor and circuit response times. For laser pulse durations comparable to 
the device response time, a deconvolution procedure may be used. The device response time can 
be determined using visible laser pulses by comparing electronic and SHG autocorrelation measure
ments. 

In Fig. 4 we show some results obtained using an electronic autocorrelator to characterize the 
amplified ultraviolet laser pulse. Figure 4(a) shows a SHG measurement of 20 psec 648 nm dye 
laser pulse. An electronic autocorrelation of the same pulse, using the same optical delay line is 
shown in Fig. 4(b). These may be compared to yield a response time for this particular device of 
23 psec. Figure 4(c) shows an autocorrelation of 248 nm input pulses to the amplifier. If the same 
device response is assumed, this yields a pulselength of 14 ± 2 psec for a gaussian pulse shape. 
The precision of this measurement is limited by the response time, which is now longer than the 
light pulse. The output pulsewidth of the KrP amplifier, shown in Fig. 4(d), is measured to be 
17 ± 2 psec. Little, if any, broading is observed. 

In conclusion, a system has been constructed for the generation of ultrashort uv laser pulses n 
the 15 - 30 psec range, with peak powers of over one gigawatt. Future improvements may include 
multiple passes through excimer amplifiers. In the regime of strong saturation, it may be possible 
to extract up to 100 mJ from this amplifier module. Careful pulse shaping will undoubtedly be 
required to accomplish this without significant pulse broadening. 

We gratefully acknowledge helpful discussions with R. R. Freeman, J. P. Heritage, E. P. Ippen, 
C. V. Shank, and P. R. Smith, and the technical assistance of L. Eichner. 

Delay (em) 
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Fig. 4 (right) Autocorrelation traces for the KrP amplifier system: 
(a) 648 nm laser pulse, using SHG; (b) 648 nm pulse, using 
electronic autocorrelator; (c) 248 nm input pulse to amplifier; 
(d) 248 nm output pulse from KrP amplifier; the rising background 
to the left of traces (b) and (d) are due to an electronic reflection 
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Addressing and Control of High-Speed GaM FET Logic Circuits 
with Picosecond Light Pulses 

R.K. Jain, J.E. Brown, and D.E. Snyder 

Hughes Research Laboratories 
3011 Malibu Canyon Road, Malibu, CA 90265, USA 

We demonstrate optically-addressed operation of high-speed GaAs FEr logic 
circuits. More specifically, using picosecond light pulses from a cw mode
locked dye laser to illuminate specific FH's, we demonstrate complete logic 
level switching in NOR gates and inverters, and logic function control there
by. The latter is demonstrated by toggling a O-flip-flop in a divide-by-two 
mode with 76 MHz repetition rate pulses from the mode-locked dye laser. Be
sides their direct application to the optical addressing of ultrafast circuits, 
as might be required for data processing in GHz-rate optical cOllTl1Unication 
links, such experiments show potential for contactless di agnostic procedures 
for test circuits, and for picosecond resolution measurements of the on-chip 
response times of specific logic gates via the use of optical sampling tech
niques. 

Although other photosensitive circuit elements may be speCially introduced 
into logic circuits, in depletion-mode FET logiC circuits, metal-semiconductor 
junction field effect transistors (MESFETS) present themselves as natural cir
cuit elements that are Significantly photosensitive to light in the visible 
and the near infrared. At these wavelengths optical generation of carriers 
in the exposed GaAs results in photoconductivity in the source-gate and gate 
drain regions. The effect. of light is clearly more pronounced if the MESFET 
is biased in the pinch-off regions (i .e. the FH is non -conductive in the 
absence of illumination). Figure l(a) and 1(b) show a magnified photograph 
and circuit diagram of a typical depletion-mode NOR gate. Jl through Js are 
FETS and 01 through DJ are diodes. The logic levels are "0" = - ZVtO.SV and 
"1" :: OV±SV. J3 and 4 represent a nonlinear load and buffer amplifier stage, 
and do not exhibit strong photosensitivity. However, fn the pi nch -off mode, 
extreme sensitivity to illumination is exhibited by JS ' and by both of the 
input FET's (Jl and JZ). With proper adjustment of thP. drain and source bias 
voltages (VDD , VSS), and by using -0 ps pulses at A :6000X from a 76 MHz repe
tition rate synchronously mode-locked cw dye laser~ we obtained complete 
logic level switching with only -2 mW of average laser power (focused into a 
spot diameter of -10 ~). When observed on an external SOQ sampling scope, 
the "1" to "0" logic level switching of the NOR gate manifests itself as a 
negative goi ng voltage pulse of - 1.5 volt magnitude and of -200 ps pulse 
duration. The shortness of the observed electrical signal was limited 
largely by inadequate high speed coupling (and impedance mismatch) between 
the circuit and the measuring instrumentation. Nevertheless , these results 
illustrate a secondary application of such standard log iC circuits, viz . 
their usefulness as moderately sensitive high-speed photodetectors. Similar 
results were obtained with the use of an Inverter gate, which is essentially 
a NOR gate with only one input. 

The logic level values of the optically- switched voltages were confirmed 
by using these electrical pulses to switch a second logic circuit. For this 
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• J, - J5 ARE FET's, D, - D3 ARE DIODES; 

• LOGIC LEVELS: "0" = -' .5V±0.5V; "''' = OV±0.5V 

Figure 1 (a) Magnified photograph, and (b) Circuit Diagram of a typical 
depleti on - mode NOR gate. 

experiment, an inverter and D flip-flop were fabricated on the same GaAs chip, 
and the D flip-flop was bonded to operate in a divide-by-two mode, so that 
each logic level pulse at the flip-flop clock input results in a change in its 
logic state, The output of the inverter was then bonded to the flip-flop 
clock input, and a probe lead was also connected at this point, so as to 
monitor the waveform at the inverter output. To reduce loading problems, 1. 1 
K ~ series chip resistors were mounted on the printed circuit boards and 
electrical signals were fed in and out via a ( 10 GHz bandwidth) co-planar 
transmission line. Note that these series resistors result in a 23:1 voltage 
divider for observation of signals on the 50 ~ sampling scope. 

As seen in this photograph, switching of the flip-flop output state occurs 
with each ~nput pulse, confirming the logic level character of the optically 
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Figure 2 Electrical waveforms 
observed on a fast sampling oscil
loscope at the outputs of the in
verter (Vi), and the divide-by
two D-flip-flop (Vo)' For this 
data, the output FET of the in
verter was illuminated with dye 
laser pulses at a -76 MHz repe
tition rate . 
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Figure 3 Hypothetical plot of average power POl (at output of latching gate) 
versus pulse pair separation for high-resolution measurement of the latching 
gate response time. 

switched pulses at the output of the inverter (top trace in Fig. 2). Clearly, 
manipulation of more complex logic functions is thus possible, especially 
with the use of more than one optical input,addressing various pre-selected 
points in such circuits. 

The observed risetimes of the flip-flop output ( ~400 ps, as measured on 
expanded time scales) are still limited by loading problems. We describe 
here a novel technique for the measurement of picosecond risetimes of such 
circuits which uses essentially low speed «lOOMHz) electronic instrumenta
tion. In this technique, we split each optical pulse in our MHz rate pulse 
train into a pair of pulses with variable temporal delay td spanning the 
range of interest. Then, if td > TL, where TL is the response time of the 
latching circuit (e.g. flip-flop), the output VOl of the latching circuit 
will be a rectangular pulse of width td. However, if the adjustable pulse 
pair separation td is less than the latching circuit response time (TL), then 
the latching gate will switch only once for each pair of pulses, and the out
put waveform will be a square waveform of period T given by the repetition 
period of the pulse-pair excitation. Thus, if one were to simply measure 
the "low-frequency" (MHz or slower) electrical power POl (for instance, with 
an rms voltmeter) at the output of the flip-flop, for Td < TL a plot of 
POl vs. td would stay constant until td - TL' At td - TL' i.e. at temporal 
durations where the pulse pair can switch the flip-flop twice, the average 
power will drop (or rise) abruptly, and then will vary linearly with td, as 
shown schematically in Fig. 3. 

Another very promising application of optical addressing of logic circuits 
is in the use of picosecond optical pulses for the contact-free diagnosis of 
complex high-speed logic circuits or test patterns. Specific locations in 
the FET circuits could be addressed optically, and one could look at the out
put or various outputs for predicted behavior. A high level of flexibility 
in the choice of address locations should help identify any failure points 
in the circuit. 
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Surface MetaI-Oxide-Silicon-Oxide-MetaI Picosecond 
Photodetector 

S. Thaniyavarn and T. K. Gustafson 

Electronics Research Laboratory, UniverSity of California 
Berkeley, CA 94720, USA 

1. Introduction 

Recently there has been increased effort on the development of 
high speed photodetectors with ultimate response time down to 
the picosecond range. We have recently i~plemented a metal
oxide-silicon-oxide-metal junction photodetector havin~ a sur
face structure as shown diagrammatically in Figure 1a [1]. The 
device has a relatively large circular optically sensitive 
area. A dark current of less than 1 nA at under 20 V bias, 
and a responsivity of the order 1/2 mA/mW at the cw He-Ne 
laser wavelength (6328~) has been observed. The device has a 
fast response time with a rise and fall time of about 50 psec. 

2. Basic structure 

A basic structure of the device is illustrated in Figure 1a. 
A very lightly doped, high resistivity p-type silicon wafer is 
used as a substrate. The thin uniform silicon dioxide surface 
layer is approximately 45-60 \ thick. The aluminum top layer 
of about 2000 A thick is used to form both metal electrodes . 
A cross-section across the optically sensitive region is shown 
in Figure 1b . A photograph of the device displayed in Figure 
2 shows the top two electrodes forming an interdigitated 
structure over the circular active area (150 microns in diame
ter). The interdigitated electrode fingers and the gap widths 
are both 5 microns . 

.-'-~ 
~~ ~ 

Fi gure la. Fi gure Ib 
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Figure 2 

}. Fabrication 

The silicon wafer is first stripped of its non-uniform native 
surface oxide layer. Then a thin very uniform surface oxide 
layer is regrown by thermal oxidation in a dry oxygen atmo
sphere at 700-850 ~ for 10-15 minutes. This is followed by a 
thermal anneal in a dry nitrogen atmosphere for another 10-15 
minutes at the same temperature. The top aluminum electrodes 
are subsequently formed by thermal evaporation and patterned 
by a photoresist lift-off technique. The fabrication process 
of the device is extremely simple. This is one of its major 
advantages. No semiconductor doping processes such as.diffu
sion or ion implantation, necessary for the fabrication of 
most other detectors, are required here. Furthermore, for the 
basic structure, only one photomasking step is needed since 
both top electrodes are defined at the same time. There are 
no alignment steps . Thus the interdigitated electrodes and 
gap widths ,not being limited by the resolution of alignment, 
can be reduced to within approximately a micron. Submicron 
electrode fingers and gap widths, if needed, can be accom
plished by techniques such as electron beam lithography. 

~. Operations and Experimental results 

The metal-oxide-silicon-oxide-metal junction is basically com
posed of two back-to-back M-I-S tunnei diodes. Since the sem
iconductor is very lightly doped, the active region immedi
ately below the surface is totally depleted. The dark current 
flowing through the device is the sum of the minority electron 
and majority hole thermionic emission currents injected from 
the metal electrodes as in case of a completely depleted MSM 
structure [2]. The current is dominated by the minority ther
mionic emission current and saturates as the applied bias 
increases. This thermionic emission current is reduced by the 
presence of the tunnel-barrier layer. The barrier introduces 
a tunnel transmission factor which varies approximately 
exponentially with the product of the square root of tunnel 
barrier height in eV and the tunnel barrier thickness in 
angstroms [3]. Thus the dark current can be controlled simply 
by' adjusting the tunnel-oxide thickness. An experimental dark 
current-voltage characteristics is shown in Figure 3. The dark 
current is limited to less than 1 nA for under a 20 V bias. 
The slight increase of the dark current, as the applied vol
tage increases, is due to the image force Schottky barrier 
lowering effect and the two dimensional nature of the device. 

The photoresponse of the M-I-S-I-M junction is similar to 
that of an open-base bipolar NPN phototransistor. An aluminum/ 
tunnel-oxide/ p-type silicon forms a 'minority' M-I-S tunnel 
diode. The tunnel-oxide layer introduces asymmetries in tun-
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nel barriers for electrons and holes [4] in such a way that 
the junction current is dominated by the minority electrons 
rather than the majority holes as in the metal! p~type silicon 
Schottky diode. Thus the minority M-I-S diode behaves simi
larly to a PN junction. It has been used in place of an N+ P 
junction in solar cell work [5], and has also been employed as 
an emitter in a bipolar transistor structure [6]. When a d.c. 
bias is applied to the M-l-S-I-M structure, a high electric 
field develops in the totally depleted base region. Photogen
erated electron-hole pairs in this high field region will 
drift apart. The holes move towards the cathode, in effect, 
to forward bias the M-I-S junction. This induces more elec
trons to tunnel from the metal providing a current gain in a 
similar manner to an NPN phototransistor. Figure 4 shows the 
I-V characteristics of the device in response to a cw He-Ne 
(6328 °A) excitation with differing intensities of 0, 0.22, 
0.45, 0~9 and 1.85 mW respectively. A responsivity of the 
order of 1!2 mA!mW corresponding to one carrier! photon is 
observed. 

Fi gure 4 
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To test the response speed, a synchronously pumped mode
locked R6G dye laser providing (10 psec optical pulses at a 
wavelength of 6000·A was used. The response in Figure 5 was 
taken with sampling oscilloscope with a limited rise time of 
25 psec. The observed pulse response shows a symmetric fast 
rise and fall time of -50 psec. The junction was biased to 20 
Volts. 

2' Advantages of the surface structure 
Besides satisfying the basic requirements of high speed, low 
dark current and high responsivity, the device surface struc
ture offers other advantages. Its planar structure makes it 
readily compatible with other microwave silicon integrated 
circuits. It can also be directly incorporated into a 
microwave microstrip transmission line. Moreover, the 
surface-type detector has a wider spectral response extending 
into the UV range. Since the biasing field is highest near the 
surface where most of the UV-generated carriers are created, 
no degradation in speed for UV radiation as in the case of a 
conventional vertical P-I-N diode is expected. 

6. Conclusions 

We have demonstrated that a simple silicon surface photodetec
tor having a high response speed can be easily fabricated. The 
speed can be further increased by reducing the gap width, thus 
reducing the transit time limit. The silicon active layer 
thickness should also be reduced since long wavelength radia
tion can generate photo-carriers up to several microns deep. 
This depth must be limited if a higher speed is desired. This 
can be accomplished by using a thin slab of silicon. For 
example, a thin poly-silicon film of a micron or less in 
thickness can be deposited onto an insulating substrate such 
as sapphire or quartz. The film can then be recrystallized by 
annealing, and used as a substrate. In order to increase the 
detection sensitivity and reduce the dark leakage current 
further, the tunnel-oxide thickness should be optimized. An 
antireflection coating layer and a thick field oxide buffer 
layer should also be employed. A simple photodetector with a 
response time to within a few picosecond and a dark current of 
a few pico-amperes should be achievable ultimately utilizing 
this structure. 
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Solid-State Detector for Single-Photon Measurements 
of Fluorescence Decays with 100 Picosecond FWHM Resolution 

A. Andreoni, S. Cova, R. Cubeddu, and A. Longon; 

Centro Elettronica Qvantistica e Strumentazione Elettronica, C.N.R . 
lstituto di Fisica del Politecnico, Piazza Leonardo da Vinci 32, 
1-20133 Milano, Italy 

The single-photon timing or time-correlated single-photon counting techni
que for measurements of fluorescence lifetimes is wel l known n,2l . It is 
a flexible technique, suitable to all cases where the emission is within the 
spectral sensitivity of Single-photon detectors and a high repetition rate 
of the excitation pulse is ava il able (> I kHz). It provides high linearity 
and accuracy over a wide dynamic range, extending down to very low intensity 
levels , and has better time-resolution than other techniques employing pho
todetectors. It is therefore very wel l suited andin many cases almost unique 
for phySical, chemical and biological investigations that require measure
ments with high resolution and accuracy on fluorescence and scattering phe
nomena involving low detected l ight intensity. 

After the development of laser systems for the generation of picosecond 
light pulses , the limit to the time-resolution in such measurements is set 
by the photodetector.. The best resolution values so far reported are from 
230 to 400 ps full-width at half~maximum (FWHM) for photomultiplier tubes 
with discrete dynodes. Values from 130 to 200 ps FWHM have been reported 
for PHTs with microchannel plate (MCP) multipliers [4,5] ; the application of 
such MCP- PHTs , however, is still hampered by various problems, a major one 
being the degradation of the photocathode quantum efficiency, that results 
in limited working life of the device. 

Single-photon detection can be obtained al so with specially devised types 
of semiconductor photod iodes, operating in non-proportional avalanche multi 
plication [6,7,8] . These Single-photon avalanche diodes (SPAOs) have uniform 
breakdown over the junction area (diameters from 10 to 80 urn) and are biased 
above the breakdown voltage. With properly deSigned device structures , the 
carrier transit times in the junction can be as low as a few 10 ps, and other 
sources of time-jitter in the triggering of the avalanche curr~nt can be mi
nimized. Theoretical evaluations, based on the physical phenomena involved, 
give for such devices expected resolution values in the range from 20 to 60 ps 
FWHM. 

The avalanche-quenching necessary for generati ng single-photon pulses, 
however , was traditionally obtained by simple passive circuits. This passive 
quenching operation has features that degrade the detector performance for 
both photon-counting and photon-timing (g) . This fact , together with specific 
feat ures of thedevices and of the electronic equipment used, contributed to 
degrade to about one nanosecond the resolution actually observed by other 
experimenters [1 0] . The active-quenching method was devised by COVA and LON
GONI [g] , in order to operate the SPADs with well controlled parameters and 
short deadtimes (less than 20 ns), thus overcoming the limitation of the pas 
sive-quenching. Preliminary experimenta l tests performed on active-quenched 
SPADs with laser pu l ses having durations down to 150 ps showed that the de
vice resolution is better that this value [1 1] . 
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The possibility of obtaining measurements of very low-intensity fluore
scences with better than 100 ps resolution was deemed to be of the utmost 
interest and worthy of specific studies. Experiments were therefore undertaken 
by using a synchronously-pumped mode-locked Rhodamine 6G dye laser as the 
excitation source. The time duration of the dye laser pulses was measured 
by SHG autocorrelation function, and resulted to be less than 5 ps FWHM, as
suming a gaussian shape. A time-to-pulse-height converter (TPHC) and a multi
channel pulse-height analyzer (MCA) were used to measure the delay distri
bution of detected single photons with respect to reference start pulses, 
synchronized with the laser pulses . The start pulses were obtained by using 
a beam splitter and an ordinary fast photodiode, associated to fast electronic 
circuitry. Measurements were performed both with and without a pulse picker 
on the laser beam. In experiments without the pulse picker the repetition 
rate of the start pulses at the TPHC input was reduced to levels from 5 to 
50 kHz by suitable demultiplying circuits . The use of the pulse picker al
lowed such repetition rates to be obtained directly for the light pulses. 
The synchronism jitter was preliminary checked by using a photodiode-circuit 
set-up identical to the start in the stop channel . The observed FWHM were 
about 20 ps with the pulse picker and between 35 and 70 ps without it, depend
ing on various side effects. 

Measurements of the laser pulse yielded FWHM from 90 to 100 ps; Fig . 1 
shows a typical result. The slower tail is due to diffusion of the carriers 
generated in the neutral region beyond the depletion layer in the SPAD [11]. 
This effect increases with the wavelength A of the detected radiation, due to 
the increase of the optical absorption length in the semiconductor. In the 
present SPAD structure, the tail is significant for A > 500 nm and may compli
cate the ana lysi s of fl uorescence measurerolents, due to its marked wavelength 
dependence. ~owever, the carrier-diffusion effect is found also in ordinary 
photodiodes and avalanche photodiodes and it is known that it can be strongly 
reduced by using suitably modified devices structures (see e.g. Ref. [12] ). 

Solutions of various dyes as DODCI, Erythrosin B, Rhodamine B and Rhodamine 
6G, either in ethanol or in water, were used as tests for fluorescence decay 
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Fig. 2 Fluorescence decay of 10-5M 
Rhodamine B (Rhodamine 610 Per
chlorate-Excitation, Inc.) in 
ethanol. Time scale: 46.94 ps/channel. 

a GIl 100 1&11 22lI = seQ 'Sll Measured decay time constant: 2.99 ns 

measurements. The samples were placed in a quartz cuvette and the fluorescence 
was measured at 90° through cut-off filters by the detector placed about 1.5 cm 
far from the excitation beam. No optical device was used to improve the light 
collection efficiency on the sensitive area (about 35r'm diameter). The inci
dent light intensity was adjusted so that the average number of detected 
photons per pulse was less than 0. 1, as required for measurements of single
-photon delay distribution [1,2] . A representative experimental result ob
tained with Rhodamine B 10-5M in ethanol, is shown in Fig. 2. The fluorescence 
decay time was found to be 2.99 ns in agreement with the values reported in 
the literature [3] . 

The results obtained demonstrate that SPADs can effectively be used for 
measurements of lOw-intensity fluorescence decays with the time-correlated 
single-photon counting technique, and that for such measurements they provide 
the highest time-resolution today available. In comparison with PMTs, besides 
the higher time resolution, SPADs have other advantages: the time-response 
curve is free from the small secondary peaks observed with almost all PMTs 
[13] ; the spectral sensitivity is more extended, in particular on the long 
wavelength side; the device is rugged and can easily be gated in short times 
Il4J . 

Other studies and experiments under way suggest that the resolution obtain
ed in practice from the present devices can be improved towards the expected 
theoretical values. Furthermore, developments in the device design and techno
logy may be expected to improve the detector performance in various respects 
(larger sensitive area, lower tails in the resolution profile, etc.). Deve
lopments in the fast circuits associated to the SPAD may also contribute to 
fully exploit the time resolution of the device. 
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Picosecond Optoelectronic Modulation of Millimeter-Waves 
in GaAs Waveguide 

M.G. Li, V.K. Mathur, Wei-Lou Cao and Chi H. Lee 

Department of Electrical Engineering, University of Maryland 
College Park, MD 20742, USA 

Optically controlled microwave or millimeter-wave devices have been a topic 
of great interest recently. utilizing a laser induced electron-hole plasma 
in semiconductor waveguide to control the propagation of an RF signal, we 
have previously demonstrated the switching, gating and phase shifting of 
millimeter-wave signal in si-waveguide with picosecond precision [1]. Phase 
shifts as large as 3000 /ern at 94 GHz were observed. In the experiment 
involving switching and gating of RF waves, millimeter-wave pulses with 
pulsewidth as short as 1 ns and variable to tens of nanoseconds have also 
been generated. In these earlier experiments, high resistivity Si was used 
as the waveguide material. Since the carrier lifetime in pure silicon is in 
the millisecond range, to generate a short RF pulse, one generally requires 
two separate laser pulses, one to "turn on" and the other to "turn off" the 
millimeter-wave signal. Furthermore, the repetition rate of the device is 
limited by the carrier recombination rate to less than 10 KHz. In this work, 
we will report on our II'Ost recent study of this type of device by using 
Cr:doped GaAs as the waveguiding medillll. D.le to rapid carrier recombination, 
only a single picosecond optical pulse is needed to produce an ultrashort 
millimeter-wave pulse . This feature has been utilized to construct a high 
speed millimeter-wave lI'Odulator with a repetition rate well in excess of 1 
GHz. 

Optical control of RF-waves offers the following advantages: (a) near 
perfect isolation between the controlling and the controlled devices, (b) low 
static and dynamic insertion loss, (c) possibility of fast response with 
picosecond precision, and (d) high power handling capability. 

The basic principle of opical control of millimeter waves is illustrated 
schematically in Fig. 1. The propagation constant, Kz' in an interval ilL of 
a rectangular GaAs waveguide (2.4 x 1.0 mn) is· changed to Kz I by illuninating 
the broadwall with optical radiation. The absorbed light generates an 

u 
LASER 
BEAM 

OPTICALLY CONTROLLED MILLIMETER - WAVE 

PHASE SHIFTER 

DIELECTRIC 
WAVEGUIDE 

Fig. 1 SChematic diagram of 
an optically controlled phase 
shifter, kz is the propagation 
vector in 'the waveguide. 
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electron-hole plasma resulting in a change of the complex index of refraction 
of the semiconductor thereby altering the boundary conditions of the waveguide 
and changing the propagation constant. A millimeter-wave launched into the 
waveguide experiences amplitude and/or phase modulation while propagating 
throu;Jh the illuninated interval. The ratio of amplitude to phase modulation 
depends on the density and geanetry of the plasma. For example, if the 
density yields a skin depth 0 much less than the thickness of the plasma 
layer, the effect of the plasma is equivalent to an ~ge guide. This yields 
a nearly pure phase shift, 4>, given by the relationship 

(1) 

In general case, the transient response of the millimeter-wave depends upon 
the transport parameters of the optically induced carriers, such as carrier 
collision time, ll'Obili ty, diffusion characteristics, etc . 'D1e mechanism for 
phase shift and attenuation can then be satisfactorily described in terms of 
a model developed in this work based on Marcatili's approximation [2]. 

An experiment was performed by using a millimeter-wave bridge similar to 
that used previously. The GaAs waveguide was inserted in one arm of the 
bridge . Initially, without laser-pulse illumination of the GaAs, the bridge 
was balanced by adjusting a mechanical attenuator and phase shifter in the 
other arm so that there was no signal at the output. When a single picose
cond pulse of 0.53 ).1m extracted fran a frequency doubled mode-locked N::i :YJIG 
laser was illuninating the GaAs waveguide, the bridge became unbalanced and 
coherent signals appeared at the output of the bridge. Because the lifetime 
of the induced carriers is of the order of 100 picoseconds, the millimeter
wave signals rise and decay rapidly. If an optical pulse train is used to 
illuninate the waveguide, a millimeter-wave pulse train results mimicking the 
optical pulse train (see Fig . 3 of reference 3). '!his feature indicates that 
a modulation bandwidth approaching 1 GHz is attainable. The pulse width of 
the individual pulse is not resolvable since the canbined response time of 
the detecting and display system is slower than the expected pulse width of 
about 200 picoseconds, wider than the predicted pulse width by a factor of 
three. This discrepancy can be resolved by realizing that the millimeter 
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Fig. 2 '!heoretical temporal prof i le of the millimeter-wave signals 
generated for the unbalanced bridge due to the decay of the opti
cally induced carriers. '!he curves are plotted for different 
initial phase angles between the electric fields fran two dif-
ferent arms'. (a) 1800 , the balanced case; (b) 00; (c) llSo; and (d) 2350 • 
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Fig. 3 Experimentally observed millimeter-wave signals corresponding to 
the theoretical ones depicted in Fig. 2 in the same cyclic order. 

wave pulse is actually 'chirped' due to rapid phase rn:::x:1ulation. Group velo
city dispersion will broaden the 'chirped' millimeter-wave pulse when it pro
pagates through a positively dispersive guiding structure. Mismatches 
between the dielectric and metallic waveguides will also contribute to same 
broadening. 

Since the millimeter-wave signals are obtained by rn:::x:1ulating the 
dielectric property of the Cr:doped GaAs waveguide, the pulse width of the 
signals are smaller than the combined response time of the detecting and 
displaying system. As a result the convenient calibration technique 
employed in the Si waveguide YoCrk [1] to obtain the values of phase shift and 
attenuation is not directly applicable here. We have, however, developed a 
dynamic bridge method to determine the values of the laser induced phase 
shift and attenuation. The output electric field of the bridge (see Fig. 2 
of reference 3) is the sum of tYoQ phasors, EA representing the electric field 
in the arm with dielectric waveguide, and EB' the RF field in the other arm. 
EA and Es are linearly polarized in the same direction. When the bridge is 
balanced prior to laser illumination, EA= -Es and the output is zero. under 
laser illumination EA is suddenly shifted to a new value and then relaxes 
back to its initial value as the laser induced carriers decay (represented by 
the rotation of the EA phasor in a phasor diagram). The output waveform of 
the millimeter-wave detector is proportional to 1 EA + Es 12. A positive pulse 
with a characteristic decay results. The amplitude as well as the detailed 
temporal profile of the pulse depends upon the initial density of the induced 
carriers and the material transport parameters. Based on the theoretically 
calculated curves of phase shift and attenuation as a function of carrier den
sity [4] and assuming a certain decay characteristic of the excess carriers, 
we have calculated the temporal profile of the signal at the output of the 
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detector. Figure 2 represents the results of these calculations with dif
ferent initial phase angles between EA ard Es. It:!re we have 
asswted a two canponent decay mechanism for the carriers with decay constants 
Tl=lOO ps ard T2=1000 ps respectively. 'D1e mechanism for Tl may be due to 
efficient reocmbination at chranium impurities; while for T~, it may be due 
to ambipolar diffusion. '!he laser induced carrier density 1S estimated to be 
2 x 1018/ ern3, corresponding to the laser energy of 101iJ. 'D1e temporal pr0-
file is very sensitive to the initial carrier density fran optical injection. 
Fig. 3 shows the observed millimeter-wave signals corresponding to the 
theoretical situations depicted in Fig. 2. It is apparent that there is a 
good qualitative agreement. By oanparing the data with the theoretically 
calculated curve, one can conclude that a phase shift of 2700 has been 
observed. 'D1is value canpares very favorably with the theoretically expected 
value of 2800 for a plasma column of 2 millimeters in length, or 14000 /ern [4]. 

In conclusion, we have denonstrated for the first time the generation of 
• chirped' millimeter-wave pulses. USing this technique, the l'OCldulation of 
millimeter-wave signals at 94 GHz with l'OCldulation bandwidth in excess of 1 GHz 
is readily achievable. A dynamic bridge method has been developed to measure 
the phase shift ard to Ironitor the carrier decay kinetics. A two canponent 
decay has been observed in a Cr:doped GaAs waveguide. 
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Synchroscan Streak Camera Measurements 
of Mode-Propagation in Optical Fibers 

J.P. Willson, W. Sibbett, and P.G. May 

Optics Section, Blackett Laboratory, Imperial College, 
Prince Consort Road, London SW7 2BZ, England 

Introduction 

The use of optical fibres in telecommunication and data processing links 
is a rapidl~ expanding field due to the potentially large information 
bandwidth (~10 Gbits/s)ll 1 and low transmission loss «0.2 db/km at 1.55 
).Jm) 121. The combination of high data rates and long repeater spacing is 
now making optical systems very competitive with conventional copper cable 
systems and consequently t~e characterisation of optical fibres is of 
primary interest. 

The maximum information bandwidth can be ensured by minimising the pulse 
dispersion through the choice of single-mode fibres to avoid modal disp
ersion and using light sources in the 1'.3 - 1.5 ).Jm spectral region where 
the chromatic dispersion is small 131. Appropriate characterisation of 
manufactur.ea fibres is usually performed by measuring the refractive index 
profile to determine the core radius and core/cladding index difference. 
From these data the normalised frequency parameter can be calculated and 
the cut-off wavelength for ~ingle-mode operation can therefore be 
established. However, this technique is indirect and can be rather 
inaccurate due to the sUbstantial deviations of the refractive index away 
from the idealised step-index profile (refer to Fig. 1.). 

IDEAL SINGLE MODE FIBRE 
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-, 
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a = 2,8 jJm 

V = 4-37 

A( = 1-12 J-lm 

~ Ideal and actual 
re:Fract i ve index profil es 
of optical fibres 

A more direct measurement of the fibre 
characteristics can be made by exploiting the 
fact that a fibre which is single-mode at 1.3 
).Jm is weakly multimode at wavelengths in the 
visible region. Measurement of the intermodal 
temporal dispersion then enables the effective 
core radius and index difference to be 
conveniently determined. Although a technique 
involving coherent optical filtering has been 
reported for the measurement of this dispersion 
14 I, it involved the use of a fibre interfero-

meter with its associated critiBality of 
aliqnment. In this paper we describe a conven
ient real-time intermodal dispersion measure
ment system involving a passively mode-locked 
Cl1 ring dye laser used in conjunction with a 
synchronously-operating picosecond streak camera. 
From our results, we have been able to directly 
characterise the optical fibre. 

EXPERIMENTAL TECHNIQUE 

The experimental configuration is shown schem
atically in fig. 2. 
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The sample of optical fibre studied was a commercially mPnufactured [5[ step
index fibre. It had the refractive index profile shown In (1) and was 
nominally single mode at 1.3 ~m. To avoid problems arising from mode 
coupling, a short 28.5 m length of fibre was used. The light pulses which 
were propagated in the fibre were produced by a passively mode-locked cw 
Rhodamine 6G ring dye laser which generated pulses with durat~ons ~.2 ps 
at a wavelength of 615 nm [6[. The pulses were coupled into and out of the 
fibre by X20 microscope objectives and the output was directed into the 
optical delay calibrator for the Synchroscan streak camera. A removable 
mirror could be inserted into one arm of the delay line to allow inspection 
and photographic recording of the transverse mode structure. In addition, 
the polarisation state of the output was determined using an analyser. 

The second output beam of the laser was directed into a photodiode/ 
tunnel-diode oscjllator microstripline circuit to produce a voltage sinus
oid at 82 MHz synchronised to the mode-locked pulse train. This signal 
which was subsequently frequency doubled and amplified to RF powers ~lO W, 
provided the deflection voltage of a Photochron IIA streak tube [7[. The 
streak images were lens-coupled to a two-dimensional optical multichannel 
analyser and data processing console (8 &r·l, Spektronic OSA 500-WP1/2) which 
gave a real-time display on a CRT and hard copy with a X-V chart recorder o 

This Photochron IIA streak camera operating in conjunction with the 
passively mode-locked CW ring dye laser has been previously shown to have a 
time resolution ~l ps and it has been directly demonstrated that the long
term jitter in the laser pulses is substantially less than 1 ps [6[. 

RESULTS 

The normalised frequency parameter for a step-index fibre is given by 

(1 ) 

where a is the core radius, n is the refractive index of the cladding, ~ is 
the core/cladding refractive index difference and A is the free-space wave
length. In the approximation that the index difference is small (ie ~«n), 
the guided light will propagate along the fibre in linearly polarised (LP) 
mode groups [8[. The dependence of the normalised group velocity of the 
mode groups on the normalised frequency parameter is shQwn in fig.(3a), 

(3b). When the fibre dimensions (given in fig.l) are substituted into 
(1), then a value of V = 4.37 is obtained for A = 615 nm. Reference to 
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fig.3 would therefore indicate that up to five LP mode groups would be 
expected to be guided and the calculated field distributions for the three 
lowest order groups are reproduced in fig.3c. 

In practice, only three mode groups were observed on the streak camera 
(refer to fig. 4). The individual mode groups were segregated by changing 
the launching conditions and polarisation axis of the analyser such that a 
single mode group was dominant at one particular time. 

By simultaneously observing five "spatial" tracks along the streaked 
images and examining the transverse mode structure, it was possible to 
determine which mode groups were propagating in the fibre. The fundamental 
LPOl mode was characterised by a gaussi4n mode structure whereas Fig.5a 
shows the dominant LPll two-lobe structure and the four-lobe LP2l pattern 
is shown in fig.5b. From these observations, it was concluded that the 
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mode groups were propagating in the order LPOl LP 21 , LPll. Their relative 
gro~p delays are given directly from the strea~ image reproduced in fig.4 
and it can be seen that the effective normalised frequency parameter of the 
fibre was Veff = 4.06. The group delay of each mode group (neglecting material 
dispersion) s given by 171 

T = L n~ d(vb) 
gr C ---av--- (2) 

Thus, by substituting the relevant dispersion data, two simultaneous 
equations relating to the three observed mode groups are obtained f~om which 
a value for the effective index difference ~ ff = (6.0 ± 0.2) x 10- has 
been deduced. When these values for Veff ana eff are inserted into (1), 
then the effective core radius aeff = J.O ± 0.1 llm and consequently the 
actual cut-off wavelength of the flbre can be calculated to be 1.04 llm. 

CONCLUSION 

The mode-locked cw dye laser/Synchroscan streak camera has been demonstrated 
to be a powerful and convenient high temporal/spatial resolution technique 
with which to study the principle features of mode propagation in short 
lengths of step-index optical fibre. From the resulting time-dispersion 
data, the effective characteristics of the fibre have been directly deter
mined. 

We are glad to acknowledge V. Henderek and R. Epworth from STL Harlow 
for the supply of the optical fibre and useful discussions. The work was 
supported by the Science and Engineering Research Council. 
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Picosecond Lifetimes and Efficient Decay Channels 
of Vibrational Models of Polyatomic Molecules in Liquids 

C. Kolmeder, W. Zinth, and W. Kaiser 

Physik Department der Technischen Universitat MUnchen, 
0-8000 MUnchen, Fed. Rep. of Germany 

Convincing evidence is presented that anharmonic coupling between 
fundamental vibrational modes and overtones or combination modes 
is of major importance for the lifetime of vibrational states. 
The selection rules known to hold for Fermi resonance determine 
the decay channels. In a number of examples the decay pathways 
of vibrational energy were observed experimentally by measuring 
the population and depopulation of subsequent vibrations. Drastic 
variations of vibrational lifetimes were found for different 
vibrations of the same molecule. 

Molecules are first excited by an ultrashort resonant infrared 
pulse and the instantaneous degree of excitation is monitored by 
observing the anti-Stokes Raman signal of a delayed probe pulse. 
Different vibrational modes are distinguished by their character
istic anti-Stokes frequency. 

We have investigated numerous molecules and found widely vary
ing values of the population life-times between 1 ps and 240 ps 
in polyatomic molecules at room temperature /1,2/. Special 
attention was paid to the CH-stretching modes in the frequency 
range of 3000±100 cm- 1 . 

Vibrational energy is transferred from the CH-stretching modes 
(~3000 cm- 1 ) via overtones and combination modes to lower energy 
states. Intramolecular anharmonic coupling, the Fermi resonance, 
manifests itself in the infrared and Raman spectra. Overtones 
and higher order combination modes borrow intensity from CH
stretching modes. We define as a measure of Fermi-resonance 
mixing the intensity ratio, R, between the final and initial 
state taken from the infrared or Raman spectrum. In a recent 
publication a formula was derived which allows to estimate the 
life time T1 of vibrational states: 

T1 = N(1_R)2 R-1 exp(w/rl)2/3 T2 (f) (1) 

N corresponds to the number of states initially excited, R is a 
measure of the Fermi resonance, and T2(f) stands for the de
phasing time of the final state. T2 (f) may be estimated from the 
Raman line-width ~v as T2(f) = (2nc~v)-1 (T2(f) is equal to 
T2/2 measured in coherent Raman experiments) • The frequency w 
represents the energy difference between the initial and final 
state. rl has a value close to 100 cm- 1 . 

As an example for the importance of Fermi resonance we present 
data of the two molecules 1,1-dichloroethene and trans 1,2-
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dichloroethene which are made up of the same atoms; only two 
atoms have exchanged their positions. The infrared and Raman 
spectra between 2950 cm- 1 and 3250 cm- 1 of both molecules are 
d~picted in Fig.l. There are drastic differences in the anhar
monic coupling of the CH-stretching modes. In Fig.la we see strong 
Fermi resonance of CH 2=CC1 2 between the fundamental \)1 and \)2+\)3' 
both of Al symmetry and between the fundamental \)7 and \)2+\)6+\)11, 
both of Bl symmetry /3/. This observation suggests that we have 
to consider at least two decay channels for the CH2-stretching 
modes . For the decay \)1 + \)2+\)3 we estimate the intensity ratio 
R = 0.2±0.05 and calculate T2 (f) = 0.3 ps from the Raman line
width of ~v = 17 cm- 1 . With N=l and w = 45 cm- 1 we calculate from 
(1) a value of Tl = 4±2 ps. For the second decay channel 
v7 + \)2+v6+vll we have to take a short dephasing time T2 (f) of 
the combination mode . We estimate T2 (v2+\)6+\)11) ~ 0.2 ps from the 
observed line width. With R = 0.6±0.1, N=l and w = 45 cm- 1 we 
calculate Tl = 1.5 ps. 

According to Figs.la and lb the symmetric (vl) and asymmetric 
(\)7) CH 2-stretching vibrations are separated by 100 cm- 1 • We 
estimate an energy-transfer time between the CH2-stretching modes 
of Tl (vl + \)7) ~ 3.3 ps using the formula Tl (wl + w7) = 
T2(wl)exp(w/ n )2/3, where T2(wl) was taken from the Raman spectrum. 

The estimates given here indicate that vibrational energy 
flows faster out of the v 7 mode than it is supplied by the trans
fer vl + v7 . For the excited and interrogated mode vl we simply 
add the two decay rates for the two decay channels vl + v7 and 
vl + \)2+ v 3 and arrive at a lifetime Tl (\)1) ~ 2 ps. 
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Fi9.2 Anti-Stokes scattering signal versus delay time of the 
probing pulse. (a) CH2CC12 in CC1 4 (c = 0 . 35 m. f.). The decay 
of 'the CH<! - stretching mode at 3036 cm- 1 is shown . (b) trans 
CHCICHCl 10 CC14 (e = 0.35 m.f . l , The eH-stretching mode at 
3084 cm- 1 is excited and the mode at 3073 cm- t is monitored. The 
broken curves are the cross-correlation functions of the IR ex
citing and green probing pulses. 

In Fig.2a we present experimental data of the direct deter
mination of the Tl value. The scattered Raman signal of the vl 
mode rises to a sightly delayed maximum during the excitation 
process and decays with a relaxation time of T, discussed in the 
preceding paragraph. The broken curves in Fig . 2 are cross
correlation curves of the excitation and probing pulse; they 
determine the zero point on the time axis and give a good indi
cation of the time resolution of the experiment. 

In Fig.lc we see the infrared active CH-stretching mode v9 
and in Fig.ld the Raman active symmetric vl mode of trans CHClCHCl . 
Here we find a considerably smaller Fermi resonance . The Raman 
spectrum of Fig .l d suggests some anharmonic coupling between v, 
and 2v2' both of Aa symmetry j3{. With the values R = O.15±O . 02, 
T2 = 0 . 3 ps, N=2 and w = 80 cm- we calculate T, = 13 ps . It 
should be noted that there might be additional weak Fermi 
resonance between the v9 mode and higher combination modes (e . g . 
v2+v5+vl0) burried under the high frequency tail of the v9 funda
mental . These additional decay channels may reduce somewhat the 
estimated T, value. 

The time dependence of the CH-stretching modes of trans CHClCHCI 
is depicted in Fig . 2b. The molecule is excited via the v9 mode at 
3084 cm- 1 and the population of the v , mode at 3073 cm- 1 is 
monitored by anti-Stokes Raman scattering . The rapid rise of the 
Raman signal, i.e . the fast population of the v l mode, gives 
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clear evidence of the quick energy exchange between the two CH 
fundamentals v1 and v9. The decay of the signal curve suggests 
a long lifetime of the two CH-stretching modes of T1 = 10±2 ps. 
This number is in good agreement with the value estimated above. 
The small intramolecular coupling gives rise to the longer vibra
tional life time. 

The vibrational states of acetylene a~e well documented in the 
literature /4/. Inspect.ion of the energy-level system (see Fig.3) 
suggests the following interesting situations: (i) Energy in the 
high lying CH-stretching modes around 3200 cm- 1 readily flows 
into several combination modes, all of which comprise the symme
tric C=C-stretching mode at v2 = 1968 cm- 1 . (ii) The energy trans
fer from the v2 mode to neighboring combination modes is forbidden 
by symmetry selection rules. Thus we expect a long population 
life-time of the ~2 mode. 

Experimentally we investigated a solution of C2H2 in CC14. 
Acetylene molecules first are vibrationally excited via the infra
red active CH-stretching -mode v3 = 3287 cm- 1 and the population 
and depopulation of the V2 mode at 1968 cm- 1 is monitored. In 
Fig.4 we indeed see a rapid population of the V2 mode within 
$ 3 ps and a very slow depopulation with a time constant of 240 ps. 
The v2 mode in acetylene represents a bottle-neck state. It ex
hibits the longest relaxation time observed so far in a polyatomic 
molecule in the liquid state at room temperature. 
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Vibrational Population Decay and Dephasing of Small and Large 
Polyatomic Molecules in Liquids 

H. Graener, D. Reiser, H.R. Telle, and A. Laubereau 

Physikalisches Institut, Universitat Bayreuth, 
D-8580 Bayreuth, Fed. Rep. of Germany 

Vibrational relaxation processes have received increasing interest 
in recent years. With picosecond light pulses and novel experi
mental techniques we are in the position to study vibronic relaxa
tion in the excited electronic state of dye solutions and vibra
tional dynamics in the electronic ground state of simple liquids. 

Ultrafast Polarization Spectroscopy of Dye Molecules 

It has been shown in recent publications that valuable infor
mation on molecular rotation can be obtained investigating ultra
short pulse propagation in dye solutions under carefully selected 
polarization conditions. In these investigations enhanced pulse 
transmission was noted during and shortly after the occurrance of 
the excitation pulse. The time behaviour was interpreted as a co
herent artifact via parametric 4-wave mixing of the excitation 
and probe pulses. We have carried out a detailed theoretical study 
of the processes which occur in ultrafast dichroism measurements. 
Our analysis reveals the importance of vibrational relaxation and 
of excited state absorption for a quantitative understanding of 
the signal transients at short delay time. Of particular interest 
is the limit of weak excitation intensity where the accurate know
ledge of the pump pulse intensity is not required for the deter
mination of the molecular relaxation times. 

Fig. 1 presents experimental data on the system phenoxazone 9 
in solid polystyrene obtained with a Nd:glass laser system. 1 The 
probe transmission behind a blocking polarizer is plotted versus 
delay time between pump and probe ~ulse. Equal probe and excita
tion frequencies, wpr=wL=18990 cm- , are applied in Fig. 1a. We 
note a rapid signal rise to a maximum which occurs close to tD~O. 
The curve then promptly decays and reaches a slow exponential 
asymptote. The rapid decrease for small tD gives direct evidence 
that the vibrational relaxation time TV is shorter than the time 
resolution of the system, Tv<2 ps. Information on TV is provided 
by the signal enhancement H = 2.5+0.3. This value is significantly 
larger than the pure coherence peak of 1.4 for Gaussian pulses. 
Taking into account the excited state absorption we determine 
Tv=0.7+0.2 ps. Similar results were observed for phenoxazone 9 
in dioxane and CCI4' For Rhodamine 6G in ethanol our polarization 
technique yields Tv=0.5~0.2 ps in good agreement with earlier 
results by a nonlinear absorption technique. 2 

The data for the situation wpr<wL are depicted in Fig. 1b. 
It is interesting to see the steep rise of the signal curve in 
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scattering S(tp) versus de
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CH2-stretching mode of CH2Br2' 
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ted curves. Broken line and 
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instrumental response of the 
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the figure to a maximum va lue and a subsequent slow exponential 
decay. The rising part of the curve indicates a short vibrational 
relaxation time in accordance with the result of Fig. 2. 

We emphasize the high sensitivit~ of the technique which allows 
to detect probe transmissions ~ 10- in single shot experiments. 
At this low excitation level disturb ing nonlinear effects are 
clearly negligible. 

Vibrational Population Lifetimes of Methylene Halides 

We have devised a picosecond Raman spectrometer for the mea
surement of population lifetimes in liquids, which is based on 
a mode- locked YAG-laser with single picosecond pulses of 2) ps 
and a repetition rate of several Hz. The infrared excitation 
pulse is generated by a multiple step parametric generator -
amplifier setup yielding tunable pulses of 10 ps and 200 ~J 
around ) ~m. The excited molecules are interrogated by a green 
probing pulse via spontaneous anti - Stokes Raman scattering . ) We 
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routinely control the time resolution of the setup measuring the 
cross correlation of excitation and probing pulses. The system 
provides values of the population lifetime Tl ~ 4 ps 'with en
larged dynamic range and increased measuring sensitivity as com
pared to previous experimental approaches. Examples for the ob
served signal curves are shown in Fig. 2. The scattering signal 
of the probe pulse from the symmetric CH2-stretching mode of 
three methylene halides is plotted on a logarithmic scale versus 
delay time between excitation and probing pulses. The experimen
tal points represent the accumulated information of 200 to 600 
laser shots and extend over a factor of approximately 100. The 
open circles in the figure denote the si~ultaneously measured 
cross correlation function of excitation and probing pulses. 
The curves in the figure are calculated assuming Gaussian shape 
of the light pulses and using the population lifetime Tl as 
fitting parameter. It is interesting to see that the delay of 
the signal maxima and the asymptotic decay are fully accounted 
for by the theoretical curves. Results on Tl are listed in Table 
I, which indicates values of 6.5 to 50 ps for the investigated 
symmetric CH2-stretching modes. 4 Data on (CH2C1CH2l20 are included 
to demonstrate the time resolution of the measuring system. 

The population lifetimes are explained by vibrational energy 
transfer via anharmonic coupling to neighbouring combination 
bands and overtones. Numerical estimates have been performed 
considering Fermi resonance with the adjacent overtone of the 
CH2-bending modeS yielding only fair agreement. It is concluded 
that higher order combination bands in the immediate neighbour
hood of the symmetric stretching mode give a notable contribu
tion to the observed population decay. 

Subpicosecond Vibrational Dephasing in Liquids 

In the past numerous investigations of the vibrational dephas
ing time T2 in liquids have been performed. In these studies ex
ponential decay of the coherent vibrational excitation has been 
observed on the time scale of several ps. No direct information 
is available on the dephasing in the subpicosecond time domain. 
For recent theoretical work on stimulated Raman scattering purely 
exponential time behaviour was assumed, which is not correct 
during very short times for general theoretical arguments. We 

Table I: Measured population lifetimes 

concentration vol % \) [cm -1 ] T 1 [psJ 
CH 2Br 2 100 2987 7 ± 1 

30 2987 7 ± 1 
CH 2Cl 2 100 2989 12 ± 2 

10 2989 12 ± 2 
CH 2 I f 50 2967 45 ± 5 
CH 2C Br 30 2987 13 ± 2 
CH ClI 30 2979 14 ± 2 
(C~2Cl)_) 10 2950 6.5 ± 1 
(CH 2CICi1 2 l 2O 5 '" 2964 2 ± 2 
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have generalized the theory of transient stimulated Raman scatter
ing to account for non-exponential dephasing using band shape 
theory.6 Our theoretical approach avoids the two-level approxi
mation used previously and introduces the vibrational dynamics 
via the vibrational autocorrelation function. Using stochastic 7 
theory the following expression for this function may be derived: 

It I 
~(t) = exp{- -- -

T2 
( 1 ) 

Here the correlation time TC denotes the time scale of the inter
action. The time constant T2 represents exponential &symptotic 
dephasing. Pure exponential dephasing is contained in the present 
treatment for TC=O. A flat top at t=o results for TC >O. Eq. 1 re
presents homogeneous dephasing for short values of Tcs1 ps (T2: 
a few ps). For large values of TC a Gaussian-like time dependence 
is predicted representing the inhomogeneous case. 

We have directly observed the delayed onset of vibrational 
decay as predicted from Eq. 1 for finite TC using coherent Raman 
probing techniques. A Raman amplifier setup with small amplifica
tion factor ~ 2, pumped by the second harmonic of a glass laser 
system and a suitable Stokes pulse, was used for the near-resonant 
excitation of CH-stretching modes. The coherent vibrational exci
tation was monitored by non-collinear coherent Stokes probing. 
As probe pulse we use part of the Stokes component of the 
pump process. Results for the symmetric CH 3-stretching mode of 
CH31 are shown in Fig. 3. 6 For a reliable control of the time re
solution of the measurement we simultaneously measure the cross 
correlation of the light pulses and plot the ratio of the cohe
rent probing signal in the sample to the experimental cross corre
lation curve versus time delay between excitation and probing 
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pulses. The signal points extend over three orders of ten and 
fully compare with computed theoretical curves. The result for 
the correlation time is 'c=0.5 ps. Similar data have been obtained 
for other methane derivates. Our results on 'c represent the 
first direct observation of non-exponential dephasing on the sub
picosecond time scale. Assuming dephasing via the repulsive part 
of the intermolecular potential to be predominant the constant 
'C denotes the time scale of the translational motion of the 
liquid molecules; i.e. the elastic collision time. Simple models 
of the liquid state suggest this time to be 10- 12 to 10-13 s in 
satisfactory agreement with our experimental data. 
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Mechanisms for Ultrafast Vibrational Energy Relaxation 
of Polyatomic Molecules 

S.F. Fischer 

Physik-Department der Tethnischen Universitat MUnchen, 
0-8046 Garching, Fed. Rep. of Germany 

In recent years ultra fast vibrational relaxation processes 
have been observed for molecules in a liquid[l]. The rate of 
energy depopulation of CH-stretching modes can vary by two or
ders of magnitude for different molecule~ Jike benzene(T 1 =1ps) 
on the one side and acetylene (T =200ps)[1]on the other ~ide. 
In order to understand the deter~ining factors that influence 
the deactivation process one may arg~e on the basis of harmonic 
model calculations that the number of quanta exchanged in the 
transfer process should be small and the energy mismatch be
tween the initial and the final state should also be small. 
These criteria, however, have to be specified further. For in
stance the -medium or collision induced energy transfer between 
two CH-stretching modes, which may be localized predominantly 
at different sites Rand R !will depend upon the local amp
litude squared the moHe loca~lzed at R has at the site Rn and 
vice versa. Only if both modes have elsentially the same local 
amplitudes and only differ in the phases the energy relaxation 
is fast as the pure dephasing process of these modes. If the 
initial and the final state differ by many vibrational quanta 
the rate may still be fast provided these two states mix due to 
anharmonic interaction. If both states are actually in Fermi 
resonance the medium or collision induced transfer is again of 
the same -magnitude as the corresponding dephasing process. 
Therefore, it is very essential to know the anharmonic coupling 
constants. 

For the electronically excited state selective vibrational re
laxation has been observed for several molecules in the gas 
phase[2]. It is found that the collision induced rates are 
usually faster than the corresponding rates in the ground state. 
This may partially depend upon the intermolecular forces but al
so upon the different intramolecular anharmonic interactions. 
We like to demonstrate here that vibronic interactions between 
different excited states can cause anharmonic interactions which 
may be much larger than those commonly known from anharmonic 
force fields in the ground state. 

We consider two electronic states 1~1> and I~?> and several har
monic oscillators. We denote the symmetric moae frequency by 
w , those of the coupling modes by w (promoting modes). The 
e~uilibrium position of the ~f~metrie modes may differ for the 
two states by ~Rs = (~/Msws) gs. Using creation and destruc
tion operators b; and bs or b~ and bp for the symmetric 

164 



and the promoting mode respectively we obtain for the model 
Hamiltonian. 

H = [~(E2+E1) + L1lwSb;b +Lw b+b] [11/J 1><1/J 1 1 + 11/J 2><1/J 2 II sSp ppp 

+ [~(E2-E1) + t gshwS(b;+b S)] [11/J 2><1/J 2 1 - 11/J 1><1/J 1 I] 

+[f AphWp(b;+b p )] [11/J 1><1/J 2 1 + 1 1/J 2 > <1/J 1 I] (1) 

This Hamiltonian contains a vibronic symmetrY[3]and can be 
split into two parts by a proper canonical transformation 

(2 ) 

The two vibrational Hamiltonians ~+ and ~ can be further 
canonically transformed to make them very sUltable for the 
final analysis[3l. 

~ = ~o + -Ranh + ~int 
+ + + + (3 ) 

The z e roo r d e r t e r m rea d s to lowes tor d e r i n (LA 2 h w ) ( E 2 - E 1 ) - 1 : 
p p p 

(4 ) 

and the anharmonic interaction has the form 

with 

(6 ) 

The interaction term is an odd function 02 the promo!~ng mode 
coordinates. It is of higher order in LApllw (E 2-E 1 ) and will 
not be discussed here. p p 

As applications for vibronically induced anharmonic interactions 
we like to discuss benzene. Wunsch, Metz, Neusser, and Schlag [4] 
studied two photon spectra of benzene in the gas phase. They ob
served so called shadow b~nds. In benzene the transition 14~16 

is acco~~anied by a transition 141 16 1 176 which is shifted by 
29.5 cm and has 13 % of the intgnsi£y from the 141 11 tran
sition. The relative intensity increases for the ovgrt8nes of 
the v1 mode. An even stronger effect is observed in 
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deuterobenzene. Hpre the transition 18~ l' is followed by a 
transition 18~ 10 2 which takes 50 % of thg intensity. Both tran
sitions show equa9 intensity for the combinations 19~ 1~ and 
19 1 11 and 19' l' 10 2 • Fischer, Scharf, and Parmented5rdis
cu~se8 the ef~ec£ ofoanharmonic_~ouPlingS in benzene. They nee
ded coupling constants of 11 cm in order to interpret the in
tensity distribution between v 1 and tns Rvertone of vfi. We can 
now estimate from our expression for ~+n (5) these constants. 

For the coupling of 1 V 1 with the ov,rtone of v6 we obt~in the 
values ow = 86 cm- w = 993 cm- , E -E = T7600 cm (E 2 is 
the nn* EP -state). fhesbond length ch~ng~ can be estimated 
from the b~nd order change and its emperical relation to bond 
length change. W~lfind g = 0.4 and the anharmonic coupling con
stant is 19.5 cm _,_which is even larger than the value assumed 
by Fischer et al.[5]. For the anharmonic coupling between VI 
and v 16 + v 17 we need to consider a 0n* excitation. v 16 and 
v I7 are of ~? symmetry, so E2 must have El symmetry. We 
suggest that t~Y_transition takes place from ~he highest occu
pied 0 orbital[6]to the lowest unoccupied n* orbital. There 
exist no good predictions on the energy location of thi~ state. 
One may, however, locate it between 20000 and 30000 em above 
the nn~B2 excited state of benzene. In this case g is larger 
since a aUbond is removed. Taki9g for g a valu~lbetween 1 and 
1.5 we obtain_~ith w = 993 cm ,J;w I6 = 62 cm and -1 
ow = 255 cm as a~proximate value k = 12.4 cm . 
Thl~ can well account for the observed l~t~~~ity borrowing. In 
the case of the interaction of v with 2v in deuterobenzene 
again a a-n* excitation is r~~uifed for t~2_¥ibroniCallY couer 
led state. We take oW p=207cm ,ws = 925 cm ,E 2-E l =25000em 

For g we obtain a value closer to two (g = 2) since the final 
n*state has three nodal pla~,s. This gives for the coupling 
constant kl 10 10 = 15.3 cm . This value gives just the right 
intensity r!t'~. The relative coupling increases by a factor of 
1.4 if the overtone of the VI mode is involved instead of the 
fundamental. Finally we like to mention that the strongest 
coupling is predicted between the overtone or higher overtones 
of the v 4 mode and the VI or v? mode. This interaction does not 
show up ln the frequency regime of the v mode, since the 
energy mismatch is too high. Higher ordef coupling terms, neg
lected in (5) couple the eighth overtone of v4 with v2. T~is 
effect may explain the sharp drop in the quantum yield of flu
orescences in this energy regime, which has been described as 
the "channel three" problem of benzene[71. 
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Studies of the Generation and Energy Relaxation in Chemical 
Intermediates-Divalent Carbon Molecules and Singlet Oxygen 

E.V. Sitzmann, C. Dupuy, Y. Wang, and K.B. Eisenthal 

Department of Chemistry, Columbia University, 
New York, NY 10027, USA 

To understand the nature of complex chemical phenomena, it is necessary to 
describe more than the initial reactants and the identities and relative a
mounts of final chemical products. It is the sequence or sequences of compet
ing elementary steps by which the initial molecules evolve through a variety 
of energy states, molecular structures, and short-lived chemical intermediates, 
which are necessary to explain the distribution of final product molecules. 
In recent years, there has been enormous activity aimed at identifying the 
transient molecular species and their structures using inert matrices at low 
temperatures (:AOK) as stabilizing environments. With picosecond laser meth
ods, these unstable intermediates do not have to be "frozen" and stabilized 
but can be detected in their rapid evolution at room temperature in liquid 
systems where most of what we call chemistry occurs. Two chemical intermedi
ates which we are studying are the divalent carbon fragments, R1-C-R2,(called 
carbenes) [1-11] impl icated in an enormous variety of chemical reactions and 
singlet oxYgen (102) [12-25] a prime species in materials degradation in photo
chemistry and photobiology. Little is known about the dynamics and competing 
pathways of thei r generation from precursor molecules such as diazo compounds 
and endoperoxi des. There is also scant information about energy relaxation in 
carbene fragments, an issue which is of crucial importance since the chemistry 
is known to be state selective. ~ith picosecond laser methods we can probe 
the energy states of the newborn chemical intermediates and thereby address 
the key issues of formation, energy relaxation and chemical reactivity of these 
transient species. 

1. Generation of Singlet Oxygen, 102' from Laser Induced Photoreactions 

Photoexcitation of molecules which contain oxYgen in the form of a peroxide 
bond generally results in the rupture of the 0-0 bond. For alkyl peroxi des, 
R-O-O-R' where Rand R' are groups of the type methyl (CH 3), ethyl (C2H5l, etc., 
this is the mode of photofragmentation following UV excitation. However, for 
aromati c endoperoxi des a new pathway for bond breaki ng becomes important, 
namely one which yields the aromatic moiety and oxygen in an excited singlet 
state, 102. An example is the 1,4-endoperoxide of 1,4-dimethyl-9,10-diphenyl 
anthracene ([1w1DPA-02). We have been investigating[25J the nature of these 
processes which comprise an important class of excited state adiabatic photore
actions (i.e., producing excited state products) and which provide a convenient 
photochemical source for producing 102 for funther investigations as well. 
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hv + 

We have recently discovere~[251 that one of the paths in the photodissoci
ation of the ('nthracene endoperoxide, !)f10PA-Oc' produces not only 102' but 
also the electronically excited aromatic 10MOPA*. This represents one of the 
few cases of a photodissociation producing two electronically excited frag
ments. The experiment was carried out at a concentration of 1.5xlO-4 t1 
O~.10PA-02 in acetonitrile at room temperature using the fourth hannonic of a Nd 
glass li;lS(~t' ilS the picosecond pulse excitation. The risetime of the fluores
cence of the excited aromati c fragment Im10PA * was monitored with a streak 
camera ano found to be less thiln ~ ps. 

An import ant aspect of thi s newly di scovered photodi ssoci ati ve route is the 
particular state in which oxygen is formed. By considering the energetics[20, 
221 of the reaction, l'ie have been able to determi ne that 102 is produced in 

its Ilia state for this pathl~ay, tile 1); state being too high in energy to be 
reached (Fig.1). This finding rcpreseHts the first time that the state of 
102 resulting from a photodissociation has been established. 

To map out the photodissociation mechanisms leading to oxygen, we must 
sider other possible routes. The various spin-allowed processes are: 

(1) OMOPA-02 hv ) 1DMOPA'~ + 102 (2) OMOPA-02 hv ) 30MOPA * + 

108---

87--+--

'" <5 h ..... E 
"-
a 
u 
~ 

W 

and (3) 

h"1I = 71 

8 So 

DMDPA 

hv ) 1DMOPA + 10 
2 
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23 
3 • 
Lg 

~ Energetics of endoperoxide photodissociation, Aex=266nm 
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Fig.2 Best fit of risetime of ground state 1,4-dimethyl-9,10-diphenyl anthra
cene (lDMDPA) following photoexcitation of endoperoxide at A =266nm 

ex 

Using triplet-triplet absorption to probe for the appearance of 3DMDPA* via 
route (2) we conclude that this is not an important decay path. The third 
channel, which produces the ground state aromatic fragment, was monitored by a 
laser induced fluorescence technique using a 355 nm Nd:YAG pulse which can 
excite ground state DMDPA but not the precursor DMDPA-02• From this study, 
we have determined that the dcminant path for producing molecular oxygen is 
route (3) finding no evidence for route (2) and also that route (1) is roughly 
a factor of 10 less important than route (3). To obtain the kinetics of 
DMDPA formation the 355 nm pulse \~as time delayed using an optical delay 
line with respect to the 266 nm ohotodissociating pulse. Fig . 2. We note that 
the risetime of DMDPA is 45±15 ps. If the routes (1) and (3) proceed from a 
conmm state of the photoexci ted precursor 1 [)1DPA-02 *, then they woul d have 
the same rise times. They do not, thus indicating that these dissociative 
channels do not arise from a commonly prepared state . The observed ground 
state [»1DPA obtained via channel (3) does not proceed from the IDMDPA* since 
we find the decay time of l[)'1DPA* TO BE 0.5 ns. A possible interpretation of 
these results involves a biradical chemical intermediate living for 45 ps. A 
possible sequence is 

The chemical intermediate widcil \~e are proposing as a possibility and which we 
seek to identify results from the rupture of one of the C-O bonds which is 
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followed in 45 ps by breaking of the second C-O bond yielding 102 and the aro
matic fragment ONOPA. Further work is needed to delineate these various pro
cesses. 

2. Excited State Photochemistry of Oiphenylcarbene 

The lowest singlet and ground triplet states of carbenes have different and 
distinctive chemistries[l-3l . For the case of diphenylcarbene (OPC), it is 
known that reactions with alcohols occur preferentially in its lowest singlet 

©r'C~ 
state whereas reacti ons with 01 efi ns such as isoprene, ~, occur chi efly in 
its ground triplet state. Although the chemistry of t:,ese low-lying electron
ic states have been extensively studied, the nature of carbene chemistry in 
higher states remains unknown, in large part due to the reactivity of the 
thennally accessible singlet and ground triplet states. In order to examine 
the reactivity of excited triplet diphenylcarbene, 30PC*, with alcohols and 
isoprene, we have used picosecond laser methods and have found substantial 
differences between 30PC* and 30PC. 

The diphenylcarbene was generated by laser photolysis of the precursor mol
ecule diphenyldiazoamethane (10- 3 ~1) in a degassed acetonitrile solution. 
Excitation of the precursor molecule with a single pulse from a frequency 
quadrup 1 ed Nd: phosphate gl ass 1 ase r (264nm) produces two fragments, di phenyl
carbene and N2• The excited state triplet carbene was obtained by using a 
second picosecond pulse to photoexcite the ground triplet carbene to its ex
cited triplet state, (30PC~30PC*), or by uSing the small 30PC* produced 
adiabatically from the photoexcited precursor molecule. The results obtained 
were found to be independent of the method used for generating the excited 
triplet carbene. The reactions of 3DPC* were monitored by measurement of the 
30PC* fluorescence lifetime, Fig.3, using a streak camera-optical multichan
nel analyzer system. 

>
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Fig.3 Quenching of 30PC* 
fl uorescence by reactions 
with methanol and isoprene 
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The lifetime of 3DPC* in acetonitrile with no quencher present was found 
to be 3.8 ns, Its decrease as a function of the added quencher concentration 
yielded the bimolecular reaction rate constant k. 

3DPC* + QUENCHER __ :..:...k ----+1 PRODUCTS. 

For isoprene, we find an increase in reactivity with 3DPC* relative to the 
ground triplet carbene 3DPC r3,6] by roughly a factor of 104; with k for 
3'DPC* equal t§ 2xl09 '1- 1S- 1• Whether this jump in react~vit:,; is due to great
er energy of DPC r-58 kcal/mole) or the nature of the DPC electronic 
state is not yet known. 

Ilith al cohol, we indeed do observe a rapi d reaction with 3DPC* unl i ke the 
relatively inert ground triplet carbene. The bimolecular reaction rate con
stant k of 3DPC* with methano 1 (CH 30H) is 3x108 W IS-I. A compari son of the 
rate constants we have measured for methanol, isopropanol and t-butanol shows 
a close parallel with the acidity of the alcohols. Combining this result with 
our observation of a kinetic isotope effect for the deuterated alcohols (ROD), 
we conclude that it is the O-H bond and not the C-H bond which is being at
tacked. A further point of interest is that the relative reactivities of 
3DPC* with the alcohols is strikingly similar to that of 1DPC reacting with 
the alcohols[5,9,11j pointing to an analogous reaction mechanism. 

3. Summary 

Using picosecond laser methods, we have investigated the dynamics of produc
tion and reactivities of significant chemical intermediates. The relative 
importance of various dissociative routes, their kinetics, and the possible 
intermediates in the generation of 102 from a photoexcited endoperoxide are 
discussed. We have studied some aspects of the photophysics and photochemis
try of diphenylcarbene as well, and have observed excited triplet state reac
tions with alcohols and isoprene and speculate on possible reaction pathways. 
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New Developments in Picosecond Time-Resolved Fluorescence 
Spectroscopy: Vibrational Relaxation Phenomena 

B.P. Boczar and M.R. Topp 

Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104, USA 

Problems associated with the determination of the pathways and rates of the 
relaxation of radiatively prepared vibronic states have occupied much atten
tion in recent years. 'llle subject has been approached fran t\\O main points 
of interest. First, the more significant advances have been made in the 
study of coherence loss phenomena associated not only with vibrational 
energy but also with "pure" dephasing contr ibutions. '!his type of approach 
has same advantages in that it promises much higher spectral resolution and 
sensitivity since it is possible to \\Ork in the' frequency domain as well as 
to make use of coherent amplification techniques including CARS spectroscopy 
and photon echo studies. On the other hand, the incoherent aspects of the 
relaxation phenomena are much harder to get at experimentally. Incoherent 
anti Stokes Raman [l) and two-step excitation of molecular fluorescence [2) 
have been used to probe vibrational relaxation in the grouOO state, while 
studies of the corresponding process in an electronically excited state have 
mostly used time-resolved fluorescence approaches. One exception has been 
the transient absorption spectroscopic \\Ork of HOCHSTRASSER and co-workers. [3) 

we report here the successful utilisation of a tunable picosecond laser 
to study ultrafast-gated fluorescence spectra of aromatic hydrocarbons in 
solid solutions. Information available from these experiments allows the 
study not only of vibrational relaxation phenomena, but also of the time
evolution of molecular site distributions. 

1. A picosecond Fluorescence Spectrometer Using a Tunable Excitation Source 

Although in principle the technology for the operation of tunable laser 
sources in the picosecond reg ion has been developed for a decooe, [4-6) they 
are not widely used in fluorescence spectroscopic applications. Furthermore, 
the scientific community has been slow to adopt optical gating techniques as 
opposed to electronic scanniBJ techniques, even though the former have to 
date provided the only systematic studies of high-resolution, picosecorrl time
resolved fluorescence spectra. HaviBJ developed earlier a functional spec
trometer for time resolved fluorescence spectroscopy, [7) we were particu
larly interested to incorporate a tunable excitation source into this 
instrument, of ~ich the major considerations were reliability, narrow 
frequency bandwidth, short pulse-duration and relatively high power. 

Experiments carried out in our laboratory have shown that the radiative 
rate constant is the dominant criterion in determiniBJ the strength of a 
fluorescence signal sampled by an ultrafast gate. Further, our experiments 
were exterrled to species such as benzophenone and its 2-hydroxy derivative, 
[8) of ~ich the radiative lifetimes were measured to be in the range of 
several microseconds. Given this sensitivity, then even if only 10% of the 
irradiation intensity were available, still species with fluorescence 

174 



radiative lifetimes in the range of several huoored nanoseconds loIOuld fall 
into range of our technique. 'Itlerefore, it was clear that aranatic hydro
carbons such as anthracene an:3 perylene, having radiative lifetimes less 
than 10 nsec should be capable of study under high-resolution conditions. 

CKle of the maj or limitations of the II'Ore usual sources for generating 
tunable ra:Hation in the picosecond region is that the pul~uration, out
put frequency arrl bandwidth are interdependent. OJr approach has been to 
separate these flttlctions as far as IX>ssible, thereby securing a higher 
reliability for the instrument as a whole. 

'Itle apparatus is depicted in Fig. 1. Single pulses from a Nd3+_YAG laser 
oscillator are injected into a regenerative ring amplifier, [9J , which pro
duces well-defined pulses less than 10 psec in duration. second harrronic 
pulses frCJ'll this laser are used to punp a dye cell in a Hansch-type cavity , 
except that the cavity length is appcoximately the same as that of the 
regenerative amplifier. (Precise synchronous cavity adjustment is not 
necessary.) Normally, a diffraction grating would be expected to broaden 
the output pulses by imposing nearly 200 psec time--dispersion across the 
spatial profile of a 1 on bein reflected from the grating. However , the 
gain in the transversely puTlped dye cell is so large that gain saturation 
prevents the pulses reaching durations much greater than SO psec. In the 
configuration used by us, the grating has the effect of broadening the band
width of the laser output close to 20 on-I as a result of a strong chirp. 

FOr our present applications, we require ultraviolet pulses so that 
further efforts to reduce the pul~urations am bandwidth available from 
the dye laser are unnecessary, since the process of up-converting the dye 
laser pulses into the ultraviolet region automatically produces shorter, 
narrow bandwidth pulses . 'n1e output pulses from the dye laser are carefully 
resynchronised with the short fundamental pulses from the regenerative 
amplifier and, after passing through a Type-II phase-matched crystal, the 
desired sUll-frequency pulses in the near ultraviolet are generated. 'the 
pulse-duration of the sum-frequency pulses is slightly longer than that of 
the up-converting pulses because of a saturation of the efficiency of the 
up-converting process. '!he bandwidth is fourd to be much less than that 
of the chirped dye laser output. 

Typical characteristics of the tunable ultraviolet laser yutput are dura
tions down to about 12 psec, frequency bandwidths near 3 aTI- and a !»Wer 
of from 10-20% of the energy of normal third harmonic pulses . 
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2. Fluorescence Line-Narrowing Effects in Solid Solutions of Anthracene 

Studies of vibrational relaxation phenomena which involve electronically 
excited states in condensed media must always contend with inhomogeneous 
broadening effects, except at the very lowest temperatures in well-formed 
crystals. Therefore, a study of vibrational relaxation phenomena must 
involve the development of an understanding of effects such as fluorescence 
line-narrowing and molecular site relaxation. 

That such effects can readily be observed using a tunable picosecond 
laser is shown in Fig. 2. A solution of anthracene in a 5:2 isopropanol: 
ether was frozen to 4.20 K and the fluorescence spectra measured using dif
ferent irradiation wavelengths. Although the linewidths are broader than 
when a truly narrow-band laser is used, the spectra show typical features 
associated with the site selected molecular fluorescence (i.e. the fluores
cence spectral shapes are strongly dependent on the excitation wavelength). 
This effect persists at 77DK in polymethylmethacrylate, as Fig. 3 shows. 

Here, gated spectra are presented along with time-integrated spectra. 
One major advantage of using a picosecond-pulsed laser source for the 
measurement of such spectra is that the laser irradiation event may 
readily be removed from the spectrum by time-discrimination. Thus, while 
the fluorescence spectra excited at 373 nm and 374 nm are seen to be fairly 
similar in the presence of the intense scattered laser line, when this was 
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removed by time-gating, a substantial difference was revealed. Experiments 
carried out on the extreme red edge of t~e absorption band have shown the 
Franck-Condon progression in the 400 cm- mode of anthracene to exhibit an 
intensity ratio of approximately 1:0.5:0.25. Thus, the spectra excited by 
373 nm and 374 nm are seen to represent different proportions of excitation 
of the anthracene molecules in different sites into v=0 and v=l of this 
mode. Excitation into ~e v=l level results in a spectrum the origin of 
which is shifted 400 cm- from the irradiation line, whereas excitation 
into v=O gives rise to a fluorescence origin superimposed on the laser 
excitation wavelength. 

An attempt was made to observe a persistence of resonance emission at 
373 nm following laser excitation at that wavelength, but this las 
unsuccessful. This indicated that the v=l level in the 400 cm- mode 
persisted for substantially less than the instrument resolution of 15 psec. 
More work is necessary, however, at even better resolution. 

3. Evidence for the Interception of vibrationally Unrelaxed Molecules 

While the experiments near the origin of the anthracene first excited 
singlet state must be further developed in order to display evidence of 
emission from vibrationally hot molecules in identifiable states of 
excitation, it is a simpler matter to demonstrate the phenomenon of "hot" 
fluorescence if higher excitation energies are used. In fact, it is one of 
the characteristics of time-evolving fluorescence spectra, if the time
resolution is around 10 psec, that short-time components are observed, 
characteristic not only of vibrationally unrelaxed molecules, but also of 
higher states of electronic excitation. For example, we have reported such 
observations in the case of 3,4,9,10-dibenzpyrene llO) and diphenylpolyenes 
[11). More recently, we have observed [12) emission from a pre-proton
transferred species in the intramolecularly hydrogen-bonded molecule 
3-hydroxyflavone. 
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An even more recent example is shown in Fig. 4. This shows the time
evolution of the gated fluorescence spectrum of perylene in a heptane 
matrix near14oK. Here, the molecule was excited with an energy equivalent 
to 5800 cm- above the origin of the first excited singlet state. The 
eventual structure shown in the time-integrated spectrum was found to evolve 
over a per iod of more than 50 psec. However, in this example, while one can 
indeed demonstrate that the molecule is fluorescing from unrelaxed vibra
tional energy levels, mechanistic information is not available without much 
greater control over the excitation level. 

4 • SUIIII1ary 

A picosecond time-resolved fluorescence spectrometer using a tunable laser 
has been shown to be capable of yielding important new information about 
vibrational relaxation dynamics of polynuclear aromatic hydrocarbons in 
solid solution. It has further been shown that, in addition to the use 
of well-characterised crystal matrices, the phenomenon of fluorescence 
line-narrowing can be used in a polymer even at temperatures above 770 K 
to extend the useful range of these experiments. 

we are grateful to the National Science Foundation for the support of 
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Picosecond Photon Echo and Coherent Raman Scattering Studies 
of Dephasing in Mixed Molecular Crystals 

K. Duppen, D.P. Weitekamp, and D.A. Wiersma 

Picosecond Laser and Spectroscopy Laboratory, Department of Chemistry, 
University of Groningen, Nijenborgh 16, NL-9747 AG Groningen, The Netherlands 

The advantage of time-delayed over dispersive four-wave mixing experi

ments is that in the former case power broadening effects are absent. This 

becomes particularly important when the exciting laser frequencies must be 

tuned into electronic resonances as is the case in the study of four-wave 

mixing of guest molecules in dilute mixed crystals. 

We report here on the progress made on the theory of these pulsed four

wave mixing experiments and discuss some results obtained in psec delayed 

(vibrational) CARS experiments of pentacene in benzoic acid and naphthalene. 

First consider the level scheme of Fig.l. Here a is the ground state, bone 

of its vibrational levels, c an electronically excited state and d its 

vibrational level. When the exciting laser frequencies are close to the 

indicated resonances, it is sufficient in a calculation to only consider 

these four levels. In order to describe four-wave mixing effects in such a 

level system, what is quite often done in a description of'dispersive coher

ence effects [lJ, is to calculate the third order susceptibility of the 

system using perturbation theory. This of course is a valid description as 

long as the coherent signals show the proper response with regards to the 

intensities of the incoming laser beams. 

In pulsed high-power picosecond experiments this approximation breaks 

down and the predictions of the steady state theory may no longer be rele

vant. An intriguing example of this sort is found in the case of coherent 

Stokes Raman scattering (CSRS) in the four-level system of Fig.l, where 

perturbation theory predicts [2J only an W d resonance damped by r d 
* c c 

(dephasing rate) when pure dephasing (T2) processes are present in the 

system. Nonperturbative calculations of the CSRS signal show [3J that, 

in time delayed CSRS experiments, the decay of the coherence between c and 

d (pcd ) can be probed even in the absence of pure dephasing processes. 

When the vibrational discrepancy is large with respect to the Rabi-

frequencies in the system: (~a - wdc ) > €ij the relevant Hamiltonian, 
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Fig.l Upper right shows relevant level scheme for time-resolved coherent 

anti-Stokes Raman scattering experiments; la) and Ic) are purely electronic 

levels, Ib) and Id) vibrational levels. Note that the probe pulse is reso

nant with the (dl +-+ Ib) transition. Upper left shows CARS FID decay of 
-1 the 755.6 cm mode of pentacene in benzoic acid at 10.4 K. Lower part of 

the figure shows that the vibrational coherence exhibits exponential decay, 

with lifetime of 35 ps (~ T2), over three decades. 

in an appropriate doubly rotating frame with the spatial dependence trans

formed away, is in frequency units [3]: 

x = ~(cose rac + sine I bc ) 
x x (1) 

with ~~~) = h-l(iIE~. ~Ij) and I!j = ~(Ii)(jl + Ij)(il). This three-level 

problem can be solved by hand and we obtain for the vibrational coherence 

at time r: 
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Tr(\a)(b\p('1"» = ~[~(3 cos 29-l)sin 29 

+ ~(l+cos 29)sin 29 Cose'1"-sin 29 cos 29 cos(e'1"/2)] (2) 

with 9 = tan- l (e(2) /e(l» and e =«e(1) )2+ (E (2»2)1/2 
bc ac ac be 

There are several interesting features worth noting of this function which 

are not evident from perturbative treatments. First the time evolution of 

the vibrational coherence during the preparative stage has Fourier components 

at zero, e/2 and e. The relative weight of these components depends on the 

ratio of the applied fields. This ratio is important for the efficiency of 

the preparation process. 

For short times e'1" « 1, the coherence amplitude is given by: 

(3a) 

which can also be written as 

(3b) 

showing the relation with the perturbative approaches to the calculation of 

the vibrational coherence. 

For large values of e'1" the situation is very different. If an average 

over e'1" is taken only the first term of (2) survives. This average vibra

tional coherence changes sign as the ratio of the fields is varied. Experi

mentally, averages over pulse angles can arise due to inhomogeneity of the 

beams across the sample. 

The probing process has also been described to all 'orders in the field 

amplitude' and can be found in [3] together with a complete account of this 

work. What still remains valid is that the decay of the delayed CARS FID 

signal is governed by the damping constant (homogeneous and inhomogeneous) 

of the vibrational transition. 

We now turn to a short discussion of some of the results obtained in a 

study of the CARS FID decay of the 756 cm- l vibrational mode of pentacene. 

In the actual experiments we have chosen the frequencies of the incoming 

beams such that the probing process was resonant with the (d +-+ b) transi

tion. Note th~t this configuration, in principle, also allows measurement 

of the vibrational lifetime through observation of the probe-induced fluores

cence. The upper part of Fig.l shows the observed CARS decay signal at 
-1 10.4 K of the 756 cm vibrational mode of pentacene in benzoic acid. The 

lower part shows a display of the logarithmic signal intensity versus probe 

pulse delay. First of all we conclude, from the exponential decay of the 

CARS FID, that the 756 cm- l vibrational transition is homogeneously broadened 

and that the measured decay (~ T2 = 35 ± 2 ps) is due to vibrational relaxa-
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tion. Note that this decay is a factor of three longer than previously [4J 

inferred from dispersive CARS experiments. Secondly, we find that the CARS 

FID decay, at least up to 20 K, is temperature independent. Very recently 

we have found the same result for the same mode of pentacene in naphthalene. 

These results become very interesting in view of the fact that electronic 

dephasing of pentacene in both mixed crystals in the same temperature range 

is extremely rapidly increasing with temperature. It was previously shown, 

using psec photon echoes [5J that optical dephasing in these systems was 

basically due to uncorre1ated phonon scattering processes in the ground and 

electronically excited state involving a specific guest 1ibrationa1 level. 

In the mixed crystal of pentacene in naphthalene [5J the frequency (w) 

and lifetime (T) of this 1ibration were found to be rather different in the 

ground and electronically excited state. DE BREE and WIERSMA [6J showed 

that in such a four-1eve1-coup1ed-to-a-bath system, optical Redfield relaxa

tion theory should be used to interpret the homogeneous line shape. The 

* pure dephasing constant T2 (R) for such a four-level system takes the fol-

lowing form [6 J: 

1/T*2(R) = ~[T-1 exp(-w /kT) + T- 1 exp(-w /kT)J + r(a), 
g gee ge (4) 

where the subscripts g and 

state, respectively. rea) 
ge 

e refer to the ground and electronically excited 

refers to the adiabatic [6J contribution to T;l 

For the pure electronic and vibronic transitions in pentacene this contri-
-1 [ but ion to T2 ' up to 20 K, was shown 5J to be negligible. 

In case of vibrational transitions one might expect [5J the ground and 

vibrationa11y excited state 1ibrations to be very close in frequency and 

lifetime, in which case, instead of (4), exchange theory [7J should be used 

* to describe dephasing. The exchange-determined dephasing constant T2 (E) is 

given by: 

lIT*2(E) = [e,zT/(l + 52/) J exp(-w/kT) + r(a), (5) ge 

where 5 = \we - wg \, T = (Te + T )/2 R; T and w = (w + w )/2 R; w • gee g e 

Note that exchange theory is only applicable when 5T ~ 1. Furthermore in 

case of vibrational dephasing, in addition, T should be much shorter than 

the vibrational relaxation time. For a thorough discussion of the limita

tions of exchange theory consult [6J. Comparing (4) and (5) it is clear 

that in case of vibrational exchange, the homogeneous line shape is narrowed 

compared to the no-exchange case. In the extreme case, where w = w , 
g e 

exchange-induced dephasing will vanish and the adiabatic contribution (r(a» 
ge 

to the homogeneous line shape may become important. 
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The observation of a temperature-independent vibrational line shape (up 

to 20 K) suggests that we are in the extreme limit where we = Wg and that 

the exchange-induced dephasing vanishes! Physically it means that the libra

tional frequency is independent of vibrational excitation. Furthermore up 

to 20 K, the adiabatic contribution to vibrational dephasing is also absent. 

We note that the results presented here (for pentacene in naphthalene) 

are in conflict with our recent (supposedly) resonance Raman scattering 

experiments [8J. We now believe that in those experiments we have, for 

unknown reasons yet, measured vibronic rather than vibrational dephasing. 
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Picosecond Laser Spectroscopy of Molecules in Supersonic Jets: 
Vibrational Energy Redistribution and Quantum Beats 

A.H. Zewail* 

Arthur Amos Noyes Laboratory of Chemical Physics, California Institute of 
Technology, Pasadena, CA 91125, USA 

I. Introductory Remarks 

The dynamics of vibrational energy flow in large and isolated molecules 
following selective laser excitation is very mteresting and challenging for 
many reasons. From a theoretical point of view, one would like to know 
how the coupling between bond vibrations influences the energy flow, and 
at what energy threshold does this flow or redistribution of energy from 
one mode-to-others occur. The energy region in which randomization or 
"chaotic behavior" dominates is important for mode-selective chemistry 
[1,2]. 

Our own interest in this problem has been focused on studying the time 
resolved dynamics by picosecond excitation of large isolated molecules 
(in S ) in supersonic jets [3-7]. Here, we shall highlight the new findings 
we obtained from different studies (quantum beats, isomerization, selective 
energy transfer, etc. ), with particular emphasis on the relevance of these 
observations to vibrational energy redistribution (statistical, RRKM-type 
vs nonstatistical) and dephasing in the isolated molecules. 

II. The Picosecond Laser- Molecular Beam Apparatus 

Figure 1 displays the arrangement we 
used for interfacing a molecular beam 
(or free-jet) system to a picosecond 
tunable dye laser system. The latter 
is a synchronously pumped, cavity 
dumped dye laser. The laser was 
directed toward a spot down stream 
on the nozzle axis. The distance 
from, the temperature of, and the 
pressure behind the nozzle were var
ied depending on the experiment. The 
pressure in the beam chamber was 
10-4 torr. For fluorescence measure
ments we dispersed the emission 
(after being collimated with f ~ 1 optics) 

Fig. 1 

*Alfred P. Sloan Rmndation Fellow and Camille & Henry Dreyfus Foundation 
Teacher-Scholar 
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and used a fast photo-multiplier in connection with a time-correlated 
photon counting system interfaced to a PDP 11 /23 com[JUter. The coher
ent time and the aernallaser band width were varied by using a eom
bination of intrac vity filters and eta Ions. Finally, typical rotational and 
vibrational temperatures for these large molecules in the free-jet are 1 K 
and 20-40" respectively. 

f 

III. Applications 

A. Coherent picosecond excitation am quantum beats in anthracene and 
stilbene 

The emission spectra of anthracene in a gas bulb at ~480K reveal little 
Intensity of quasi-sharp lines (Is ) and a large intensity of background that 
is very broad (Ib) or diffuse in nature. When anthracene is jet-cooled, 
the Isl lb varies dramatically depending on the excess vibrational energy in 
SI' As shown in Fig. 2, this ratio varies from 100 or more at zero excess 
energy to 1O-~ or less at 5600 cm- I ; the spectra in the high excess energy 
(Ex) region are very similar to the bulb spectrum. 

At 1400 cm- 1 of excess energy in anthracene, LAMBERT et aL [3,4} 
observed quantum beats on the dispersed fluorescence with a large moou
lation depth. The beats are very sensitive to the excess energy and to the 
fluorescence detection wavelength. On the other ham, the quantum beats 
in stilbene appeared at a number of different E. Clearly. the observa
tion of beats in these large molecules must be ~elated to the coherence of 
the vibrational states excited. From our results we conclude that the 
homogeneous width (dephasing ) of the level (or bunch of levels) is definitely 
less than O. 1 cm- I , and vibrational redIstribution is In the intermediate 
coupling limit. The beats (due to rovibronic states) in anthracene are not 
expected to be sensitive to magnetic field In contrast with beats due to 
coupling betwee n electronic states, one of them is a triplet state. In a 

"391 

. i;o.o " 00.0 

'~"[ __ '_' "9'·Y".9'9,"'----"----
.... \ · 3;!08L 

,~, 

v-, 
~ 

t ' 8." I.On_ 

F~ Jet-cooled fluorescence of anthracene at two different excess eoer':... 
gies{O and ~1400 em-I). The quantum beats shown is obtained when the 
laser was tuned at 3439 A. 
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recent work by FELKER et al. we reported on the Zeeman effect on these 
beats in pyrazine, and on the importance/of beats to unravel coupling of 
singlet and triplet rotational levels of the isolated molecule (details are 
elsewhere ). 

B. Isomerization of trans-stilbene 

The isomerization process of trans-cis stilbene involves some torSional 
vibrational modes for the twisting to finalize. This is a classical problem 

>
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in chemistry, and much work has 
been done in solution and more recent
ly under gas ~hase isolated molecule 
conditions [8 J. SYAGE et al. [6] 
showed that the jet-cooled spectra 
displays the isolated molecule low
frequency modes which are optically 
active. But, perhaps, more impor
tantly the observed rate as a function 
of excess energy exhibits a threshold 
at -1200 cm- I , which is in excellent 
agreement with the estimated barrier 

0) 
b) height for isomerization from S{ in 

'-------' solution. The jet studies clear y 
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indicate the absence of thermal energy 
influence on rates, and a restricted 
involvement of molecular modes in 
the redistribution. This latter point 
is now under examination in a collab
orative effort with R. A. Marcus. 

C. Hydrogen-bonded systems 

With the same technique, FELKER 
et al. [5] examined molecules exhibi
ting (possible) proton transfer in the 
excited state. In other words, in 
these molecules there exist the possi
bility of ''tunneling'' between different 
configurations. The results for methyl 
salicylate in the jet show a drastic 

change in the equilibrium configuration upon excitation. The distorsion 
involves the OH, C=O, and a low-frequency mode of 180 cm- I • Further
more, the observed fluorescence rate exhibits again a marked change with 
E ; from (12nsec)-1 at zero E to (160psfl at E -2000 cm- I • We conclu
d&l from these studies that fol the E =0, the diSlorted excited state is 
created simultaneously with the absorption of a photon in the isolated 
molecule. In the high excess energy limit, the low-frequency mohons 
promote excited state electronic states coupling or configurational changes 
that are reminiscent of the stilbene case. Thus, the prevailing of a 
threshold effect (Fig. 3). 

D. Chromophore-selective picosecond excitation 

The idea of this experiment is to excite a Single chromophore in a mole
cule (jet-COOled) and to observe real energy flow from the optically
pumped vibrations of the chromophore to other modes in the whole 
molecule. We chose the above molecule (I), which has been extenSively 
studied by the Columbia group and by others [9]. This molecule (for 
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Fig. 3 The "threshold" 
effect In jet-cooled methyl 
salicylate. 

brevity called APA), possesses an "optically active" chromophore-
anthracene. Thus, in the jet we excite (picosecond) different modes in the 
anthracene moeity and follow the time-resolved dispersed fluorescence of 
anthracene-like emission and product emission (red shifted emission due 
to the folding of the aniline moeity towards anthracene : CT emission). 
FELKER et al. [7] observed a decay in the anthracene-like emission, and 
a buildup in the CT emission (Flg:41. These rates were found to be very 
sensitive to the excess vibrational energy in the anthracene moeity.' This 
represents the first report on real time measurement of energy flow in an 
isolated molecule. Since the conformational change needed to give the red 
emission requires that the vibrational modes of the propyl linkage become 
populated, our results show that the excess vibrational energy in the 
anthracene moeity redistribute to vibrations (and "rotations") in the side 
chain, thus triggering the folding process which leads to a drastic change 
in the spectral and temporal behavior of the molecule. The threshold for 
this excess energy dependence of the product formation is ~lOOO cm-1 

(3k cal/mole) consistent with a reaction barrier involving C-C type bonds. 
Finally, the decay and buildup time constants at ~3000 cm-1 of excess 
energy (~400 ps) are much different from the decay time constant of bare 
anthracene at similar excess energies (5. 7 ns). The question then; what 
does this rate in the isolated molecule mean and what is the role of the 
solvent? 
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Fig. 4 The time-resolved and gated 
spectra of jet-cooled APA. The rise 
and decay times in the top spectrum 
are very similar. 
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Using an assumed set of vibrational frequencies for APA along with our 
jet lifetimes at different E~, we have calculated the decay of the anthracene
like emission for a thermal distribution at 298K. The calculated lifetime 
(~600 ps) is shorter than actually observed in cyclohexane solution (1. 4ns) 
L 9 ]. Thus, it appears that the geometrical changes needed for the C T 
product formation are hindered by the solvent. 

IV. Concluding remarks - Redistribution by low-frequency modes, the 
Hthreshold" effect, and coherence 

From our studies of anthracene, stilbene, pyrazine, methyl salicylate, and 
APA in the jet the following conclusions may be drawn: 

a) A threshold for an order of magnitude change in the rate at E..x between 
1000 and 2000 cm-1, depending on the molecule is present. m anthra
cene there is a leveling off of this rate at E ~1500 cm-1 - 3000 cm- 1 . 

The effect of deuterium substitution depend~on the excess energy. 

b) The observed quantum beats in anthracene and stilbene are absent above 
the energy region for this abrupt change in the rate. Dephasing must be 
relatively slow at these excess energies. 

c) The dispersed fluorescence around this threshold area displays two 
features--a sharp emission and a "diffuse" red shifted (from the 0,0 
excitation)emission. The spectra become completely diffuse at high ex
cess energies and resemble the trend found in other large molecules [10]. 

d) Energy flow at moderate excess energies in APA has a time constant of 
~400 ps and not one or so ps. 

An interesting question arises from these studies: What is the origin 
of this threshold effect? In what follows some ideas are discussed. 

The initial temperature of the molecule is very low and certainly is much 
lower than liw/k of totally symmetric modes. We may divide the modes of 
the molecule into those which are optically active (predominately totally 
symmetric or "relevant" R) and those which are not excited directly by the 
laser (bath modes B including nontotally symmetric and torsion modes). 
This division of the system-bath interactions accounts for dephasing and 
energy relaxation by T2 and Tl time constants as discussed recently [2,11]. 

The redistribution of R excitation to B will have a threshold depending on 
the number of quanta that can be populated in B (density of states) and the 
degree of coupling. Invoking these low-frequency modes in the redistribu
tion suggests the use of restricted density of states since high frequency 
modes are not efficiently populated. Further, coherence among some 
rovibronic states is expected since the modes denSity is not total, i. e. , 
restricted. More details will be given elsewhere. 

In conclusion, the measurements of rates vs. E in the beam provide 
a new way for obtaining the threshold energy ("sol~nt free") and the res
tricted number of modes. It is possible that B-type modes are the main 
constituent of the phase space for the redistribution, and that this threshold 
effect is almost universal These studies raise interesting new questions 
regarding these possibilities and more experiments are in progress for 
testing these ideas. 
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Picosecond Studies of Intramolecular Vibrational Redistribution 
in SI p-Difluorobenzene Vapor 

R.A. Coveleskie, D.A. Dolson, S.C. Muchak, C.S. Parmenter, and B.M. Stone 

Department of Chemistry, Indiana University, 
Bloomington, IN 47405, USA 

Para-difluorobenzene (pDFB) is being used as a model aromatic 
molecule for detailed study of the picosecond dynamics of 
collision-free intramolecular vibrational redistribution (IVR). 
Three experimental methods allow the redistribution to be seen 
rather directly in the S1 electronic state. 

1. Collision-free room temperature fluorescence spectra 
after pumping various S1 levels reveals the presence of IVR 
by congestion in the fluorescence spectrum that cannot other
wise be explained. 

2. Line widths as determined from structure in high reso
lution (S1 ~So) absorption band contours give a complementary 
view of IVR as one looks at rotational level widths within 
various S1 vibrational levels. These data come from T.M. 
Dunn (University of Michigan). 

3. The most direct view comes from picosecond time-resolved 
fluorescence spectra after various levels in S1 pDFB are pumped 
by a tuned laser. By looking at the time-dependent disappear
ance of structure in the fluorescence spectrum, one can deter
mine the actual kinetic characteristics of initial state decay 
by IVR. A special chemical timing technique is used to achieve 
simultaneously the fast timing and high fluorescence detection 
sensitivity that are required. 

An overall view of redistribution as one climbs the S1 
vibrational ladder has emerged. Strong level mixing that is 
best described as ordinary ~ermi resonance is seen as additional 
structure in fluorescence from levels as low as 819 cm-1 • The 
first secure indications of extensive level mixing are seen by 
picosecond timing when excitation reaches E: .b .". 1490 cm-1 • 
That mixing becomes sufficiently extensive ~y the time one 
reaches &. .". 2000 cm~ so that a severely congested back
ground app~grs in the fluorescence spectrum. The background 
cannot be accounted for by other explanations. Both level 
widths and collision-free fluorescence spectra show that the 
level mixing associated with IVR persists for every accessible 
level above these thresholds. 

The level widths correspond to lifetimes of tens of psec 
for the threshold region. The IVR lifetimes decrease to less 
than 5 psec for levels above 2500 cm -1. While these lifetimes, 
as indicated by the level widths, show a trend to shorter values 
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as vibrational energy increases, the trend is not completely 
monotonic. Some sensitivity to initial level identity seems to 
be present, but the data need refinement to press this issue 
further. 

Chemical timing studies have been carried out for a variety 
of levels from 1250 cm-1 up. The method of picosecond fluores
cence spectroscopy is clearly successful in displaying the 
collision-free time evolution of the S1 vibrational identity. 

As of this writing, detailed kinetic studies by picosecond 
timing have been completed only with excitation of an initial 
vibrational level lying in the threshold region near 2200 cm~ 
We are able to monitor the decay of the initial level and the 
build-up of the neighboring vibrational field by looking at 
the relative intensities of structured and background emissions 
as a function of time. The initial level decay is clearly non
exponential. If IVR is modelled by analogy with the theory of 
nonradiative tranSitions, the decay fits well the expectations 
of the intermediate case and not at all the statistical case. 
In such IVR studies, one learns only about the "short" decay of 
the intermediate case. It turns out to be about 35 psec. 

The fit to intermediate case theory is the least surprising 
aspect of the results. With a density of vibrational levels of 
only about 40 per cm-1 (ungerade levels only for this case), 
such decay is perhaps to be expected. There is, however, an
other characteristic of the IVR that is more remarkable. 

It concerns ergodicity. Our experiment is modelled by a 
"two-state" system comprised of the initial level and the field 
of levels as seen by structured and unstructured emission. The 
question is whether the entire field is needed to give the 
unstructured emission or could it be accounted for by a subset 
of available levels? If we seek an answer by computer simulated 
fluorescence spectra, we get a secure result. The full density 
of vibrational-levels is not nearly large enough to account for 
the congested background. It is clear that some other source 
of level density is used by IVR. The only possibility appears 
to be rotational levels made accessible by Coriolis vibration
rotation coupling. One needs such coupling to explain also 
the appearance of IVR from lower levels. Thus IVR has another 
link with intermediate case radiationless transitions. 
Rotation-vibration coupling appears commonly used in both. 
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Direct Picosecond Resolving of Hot Luminescence Spectrum 

J. Aaviksoo, A. Anijalg, A. Freiberg, M. Lepik, P. Saari, T. Tamm, and 
K. Timpmann 

Institute of Physics, Estonian SSR Academy of Science, 
Tartu 202400, USSR 

Hot luminescence 11 1 (HL) as a natural by-product of relaxa
tion within excited electronic states enables relaxation kine
tics to be investigated in detail without recourse to applying 
any additional (probing) action on the system, which may dis
turb the process ·under study. For systems possessing distinct
structured vibronic spectra (e.g. molecules in rigid matrices) 
the cw HL spectroscopy allows us to evaluate rather precisely 
vibrational relaxation times up to 10-13s (see review 121). Yet, 
by introducing direct picosecond time resolution, HL becomes a 
truly versatile tool in the study of transient states and re
laxation in condensed matter. 

On the other hand, the payment for the spontaneous nature of 
HL is its low intensity and therefore a need for a sophisticated 
signal-averaging picosecond set-up for a successful measurement 
of time-resolved HL spectra. As far as we know, the attempts 

I ~>-~ I 
I~I 
I ~>-I A=350 -
I 1200 nm 

~ JL minl.,.t). 3.5 

Fig. 1: Picosecond spectrochronograph for studying time-resolved 
emission spectra with uncertainty-principle-limited resolutions. 
For exciting the sample placed in a liquid He cryostat (e) 82 
MHz pulses from an oxazine-dye laser are used, which is synchro
nously pumped by actively mode-locked krypton laser. The mode
locking voltage controls also the image scanning in the streak
camera (Se). The output image is recorded by a SIT-vidicon and 
an optical multichannel analyzer (OSA) and processed in a mini
computer. On the right the time response of the spectrochrono
graph is shown in comparison with an extremely poor response of 
a common Raman-quality spectrometer. 
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made up to now in order to observe time-resolved HL by single
shot streak-cameras have not given any reliable results. More
over, if studying distinct-structured spectra an additional 
difficulty arises in connection with a considerable broadening 
of light pulses in a spectrograph with spectral resolution suffi
cient for displaying the vibronic structure. The reasons of such 
a broadening, far exceeding the uncertainty-principle-determined 
value, have been considered in 131, where the solution to the 
problem - subtractive dispersion mount in the spectrometer, is 
also proposed. The scheme of a corresponding set-uf is shown 
in Fig. 1 (a detailed description can be found in 4-61). It 
should be pointed out that such a spectrochronograph has a re
solution cell in frequency/time/intensity-space with volume 
close to the quantum-mechanical minimum value and therefore it 
opens for experimental study various interesting pecularities 
predicted for time-dependent emission spectra (see refs. in 131). 

In the present paper we discuss the first direct observation 
of the picosecond-domain temporal behaviour of vibronic lines 
in luminescence spectrum on an example of perylene molecule in 
paraffin lattice (preliminary results reported in 171). From 
spectrochronograms obtained we derive lifetimes of vibrational 
relaxation in the 51 state of the molecular system. 

o . t- r 
o 

Fig. 2: 

Two views on the spectro
chronogram of the lumines
cence of the perilene mole
cules in the n -heptane 
matrix (~10-4 M/ £ ) at 4.2 K. 
The spectral slitwidth is 
31 cm- 1 . The lines are as
signed by indicating the 
initial and final vibra
tional levels in the ex
cited and ground electronic 
states, respectively. At 
t=O excitation by frequency
doubled picosecond laser -
pulses ( A=396 nm) populates 
a selected high-lying intra
molecular vibrational level 
of 51 manifold. 
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The time-resolved HL spectrum is displayed in Fig. 2. The 
right hand side represents the slowly-decaying lines of ordinary 
luminescence. On the left one can see four short-living HL lines 
arising due to the radiative transitions from excited levels of 
two lowest totally symmetrical vibrational modes populated in the 
course of the relaxation process. 

There exist two distinct series of ordinary luminescence lines 
which correspond to two - "red" and "blue" - inhomogeneity-caused 
types of centers. All marked HL lines belong to the "red" centers 
which have considerably higher density (the 0-0 line of these 
centers is suppressed by the reabsorption). 

In Fig. 3 the time axis cuts of the spectrochronogram in the 
0-0 and vl~O transition wavelengths are given. If the shape of 
the last one is quite well approximated with the convolution of 
the spectrochronograph response function and the one-exponential 
decay, the shape of the first one is much more complicated. This 
is due to the overlapping of fastly decaying Nv 'n-+N vn-type hot 
transitions to the 0-0 transition. 

The decay times of the excited state vibronic levels obtained 
by the one-exponential least-square fit of experimental curves are 
gathered in the Table. For comparison in the last column the decay 
times estimated from the steady-state HL spectrum 181are also shown 

From these results it is evident that despite the relative com
plexity of the perilene molecule and the existence of the thermal 
bath of the matrix the relaxation of the excitation energy is ra
ther slow . This interesting aspect as well as peculiarities of re
laxation of the different amounts of vibrational energy need fur
ther study and it seems that the spectroc;::hronography has a number 
of advantages compared tQ other possible methods of investigation. 
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Table: Lifetimes T (ps) for lowest vibronic levels of peryler;.e mo
lecule in n-heptane at 4.2 K. 

Vibrational assignment to vi- T T 

energy (cm- l ) brational modes (this work) (from 181 ) 

1580 v' 9 10 + 3 

1380 v' 5 + 2 8 -
1300 v' 7 14 + 3 

900 v' 1 + v' 3 15.7 + 2.5 

710 2 v' 1 21.0 + 1 .4 

550 v' 3 26.0 + 2.2 

360 v' 1 25.0 + 0.5 35 + 5 
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The Temperature Dependence of Homogeneous 
and Inhomogeneous Vibrational Linewidth Broadening 
Studies Using Coherent Picosecond Stokes Scattering 

S.M. George, A. L. Harris, M. Berg, and C.B. Harris 

Department of Chemistry, University of California and 
Materials a~d Molecular Research Division, Lawrence Berkeley Laboratory, 
Berkeley, CA 94720, USA 

The theoretical interpretation of vibrational dephasing 
experiments has been dependent on several simplifying assumptions 
[1). One important assumption has been low depletion «(5%) of 
the laser pump in the stimulated Raman excitation process. We 
have observed that, given exponential stimulated Stokes gain and 
pulse intensity fluctuations from passively mode-locked Nd:glass 
laser systems, maintaining stimulated Stokes conversions between 
1-5% is a nearly imposs~ble task. Figure 1 shows that 
immediately after the stimulated Raman scattering threshold is 
reached, the laser can be depleted >10% and depletion approaches 
~50% as the laser energy increases. Other studies measuring both 
laser and Stokes pulses after the Raman cell reveal coincident 
sharp thresholds for stimulated Stokes scattering and laser 
depletion (2). Consequently, we believe that most vibrational 
dephasing experiments [3-6) have been performed in the high 
Stokes conversion regime. 

A theoretical explanation for vibrational dephasing 
experiments conducted in the high Stokes conversion region is 
currently being developed. Solution of the coupled differential 
equations for transient stimulated Raman scattering reveals that 
energy oscillates between the laser and Stokes pulse via the 
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Figure 1 
Transmitted laser pulse 
energy versus incident 
laser pulse energy with 
and without the 10 em 
Raman cell using the 
experimental setup 
detailed in references 
2 and 6. 



coherent molecular polarization in the medium [7,8]. 
Calculations show that the position, width and slope of the 
stimulated Stokes pulse are all dependent upon T2 , the 
homogeneous dephasing time of the coherent molecular 
polarization. Because the vibrational amplitude closely follows 
the Stokes pulse, we believe that T2 or a time associated with T2 
can be measured under conditions of high Stokes conversion using 
the selective coherent picosecond Stokes scattering technique 
[1,4,6]. The following experiment and discussion rely upon this 
interpretation. 

In order to determine the temperature dependence of 
homogeneous an~ inhomogeneous vibrational linewidth broadening, 
the temperature dependent dephasing times were measured for the 
symmetric CH 3 stretch in liquid acetonitrile over its entire 
liquid range at P= 1 Atm [2]. The dephasing times from 
individual measurements, numbered according to their sequence, 
are shown in Figure 2 and the averages of this data are plotted 
in Figure 3. 

~ 
,i" 
';2 
.S ,.. 
'" c .;;; 

~ 
Q. 

'" o 
"0 c: 
'" E 
.~ 

~ 
w 

5i 
.9-

~ ,..N 

'" E 
;:: 

'" .s 
"' 0 

'" 0-

'" 0 

3 

2 

0 

5 

6 

-40 -20 

8 
7 

0 20 40 60 
Temperalure ("c) 

T;/2 (HydrodynamiC> 

f 
--------~ r T2/2 (wIth dlffusona! I 

site exchange) 

f 

-40 -20 0 20 40 60 
Temperalure (oC) 

80 

80 

Figure 2 
Experimental dephasing 
times from individual 
measurements versus 
temperature. The 
measurements are numbered 
according to the sequence 
in which they were 
performed. 

Figure 3 
Average dephasing times 
versus temperature. 
Solid lines show 
and T2 /2 values 

T2/2 
which 

!Jive the best fit to 
data according to 
Eqn. 3. 
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Figure 4 
Measured inhomogeneous 
linewidths versus 
temperature. Solid 
lines show absolute 
magnitude of 
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linewidths predicted 
by Schweizer-Chandler 
theory. 

The dephasing times at various temperatures are 
reproducible which demonstrates that they are not the result of 
day-to-day pulse fluctuations [9]. More importantly, these 
consistent dephasing times at various temperatures do not reflect 
the corresponding isotropic Raman linewidths which are nearly 
invariant with temperature [2,10]. Consequently, we believe 
these dephasing times are a measure of T2 and the homogeneous 
linewidth. 

The inhomogeneous broadening linewidths were obtained by 
deconvoluting the homogeneous linewidths determined by the 
dephasing times from the isotropic Raman linewidths [6] and are 
shown in Figure 4. 

Many vibrational dephasing theories have been developed to 
explain homogeneous and inhomogeneous vibrational linewidth 
broadening caused by rapidly and slowly varying processes, 
respectively. The homogeneous linewidth broadening theories, 
based primarily on repulsive mechanisms, have been reviewed by 
OXTOBY [11]. Recently, GEORGE, AUWETER and HARRIS suggested that 
inhomogeneous linewidth broadening is proportional to the width 
of the distribution of local number densities in the liquid 
[6]. SCHWEIZER and CHANDLER have proposed a more comprehensive 
vibrational dephasing theory in which long range attractive 
forces provide the coupling between the slowly varying local 
density and the vibration [12]. When the attractive force 
correlation time, TA= m, their theory leads to the prediction 
that LW, the inhomogeneous broadening linewidth (FWHM) is given 
by: 

LW (1) 

where P is the number density, kBT is the thermal energy, KT is 
the isothermal compressibility, N is the estimated average number 
of nearest neighbors and <at> is the attractive force 
contr!bution to the gas-to- iquid frequency shift. The 
inhomogeneous linewidths (FWHM) calculated according to Eqn. 1 
for three different representative N values [12] are shown in 
Figure 4. These absolute predictions, based on TA- m, are 
remarkably close to the experimentally determined inhomogeneous 
broadening linewidths. 
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The attractive force correlation time. TA• is dependent upon 
the lifetime of the various local density sites. which is 
proportional to lID where D is the translational diffusion 
constant. Actual values of TA are calculated by: 

(2 ) 

where 0 is the hard core diameter [12). Because of the 
temperature dependence of the translational diffusion constant. 
the attractive force correlation time will narrow the 
inhomogeneous linewidth as temperature increases and TA + O. 
This motional narrowing occurs as translational diffusion causes 
interconversion of the various local density sites which define 
the inhomogeneous distribution of distinct vibrational 
frequencies. The narrowed inhomogeneous broadening linewidths 
observed at higher temperatures are consistent with this 
interpretation. 

Likewise. as TA + O. the attractive force correlation time 
will also broaden the homogeneous linewidth as translational 
diffusion causes population interconversion between the various 
local density sites at distinct vibrational frequencies. In 
analogy with T1 • this "population loss" effect on the T2 time for 
an individual vibrational isochromat was modeled according to: 

* 2/T2 + lIT (3) 

where T2* is the pure dephasing time and T ~ lID. The model's 
approximate fit to the mefsured T2 times shown in Figure 3 was 
accomplished using the T2 12 values scaled according to the 
hydrodynamic dephasing theory [13) given in Figure 3 and T values 
scaled according to measured values of D [14) using T= 4 psec at 
70· C. We note that this T is in excellent agreement with the 
calculated TA_ >2.3 psec at 70· C e!~lua~ed using Eqn. 2 with 
o - 4.3 x 10 8 cm and D= 8.3 x 10 cm Isec. 
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A Picosecond CARS-Spectrometer Using Two Synchronously 
Mode-Locked CW Dye Lasers 

J. Kuh 1 
Max-Planck-Institut fUr Festkorperfoschung, 
D-7ooo Stuttgart, Fed. Rep. of Germany 

D. von der Linde 
University of Essen, 
D~430o Essen, Fed. Rep. of Germany 

Time resolved coherent anti-Stokes Raman spectroscopy has proven to be a 
powerful tool for studying the dephasing of molecular vibrations /1/. Exci
tation and delayed probing is usually performed with single high power pico
second pulses from Nd glass lasers. Up to now widespread application of this 
technique to study the decay of coherent optical phonons in solids was ex
cluded by the lack of suitable sources for simultaneous generation of pico
second pulses with a material dependent difference frequency. In this paper 
a CARS-spectrometer with two synchronously mode-locked cw dye lasers paral
lely pumped by a mode-locked Ar+ laser is described. It has been applied to 
explore the decay of coherent lattice vibrations in GaP and the dephasing 
of molecular vibrations in Toluene. 

The experimental set up is as follows: The output of the ion laser (700 mW 
average power) is split into two equally intense pump beams. Both dye lasers 
are equipped with output couplers of 80 % reflectivity and two plate bire
fringent filters. Each laser generates a pulse train with 76.5 MHz repeti
tion rate, average power of 30-40 mW and spectral band width of 6-8 cm- 1• 
The system permits synchronous generation of ps pulses at two wavelengths 
and continuous tuning of the difference frequency between 0 and about 
4000 cm- 1, if Rhodamine 110, Rhodamine 6G and DCM are employed as laser dyes. 
Thus practically any Raman active mode in gases, liquids or solids can be 
coherently excited. In spite of their potential for time resolved spectro
scopy experiments with such systems are rare and the time constants measured 
so far were several 10 ps long /2-5/. This may be explained by the consider
able problems inherent in the synchronisation of two independently pumped 
lasers. 

The dye laser pulses were analyzed measuring auto- and cross correlation 
functions by background free second harmonic and sum frequency generation. 
In addition phase matched four wave mixing of the two laser outputs (frequen-· 
cies vl and V2) according to 2Vl - v2 = V3 due to the third order nonlinear 
susceptibility x(3) in a GaP crystal was investigated. Fig. 1 shows a semi
log plot of the autocorrelation, cross correlation and four wave mixing func
tion versus time delay ~t. The signals can be traced over 6 orders of magni
tude. The autocorrelations at the two different wavelengths (vl = 17354 cm- 1" 
v2 = 17020 cm- 1 for these measurements) have the same FWHM 'p = 3.9 ps cor
responding to a pulse duration tg = 2.6 ps ('p/tp ~ 1.5) for the asymmetric 
profile described below. The alm st noiseless cross correlation has a FWHM 
as short as 6.5 ps. This is about 20 % narrower than cross correlations ob
tained with similar systems so far /2/. Such a high synchronisation requires 
a highly stable pump source and careful optimisation and critical alignment 
of the dye lasers. Amplitude fluctuations of the pump pulse train, length 
variations of the dye laser cavities due to bubbles and thermal fluctuations 
in the jet, and mechanical instabilities of the cavity are the main sources 
of jitter. If the cavity length of one dye laser is changed by 1 ~m the emit-
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ted pulse train is sh ifted by 5-10 ps with respect to the train of the se
cond laser. Similar shifts have been observed if the pump power for both la
sers was var ied by ± 10 %. 

The four wave mi xing signal exhibits a distinct asymmetry which reflects 
the different slopes of the rising and falling edges of the laser pulses. 
Deconvolution of this profile provides information about the pulse shape not 
attainable from second order correlation functions. Computer simulations have 
shown that the pulses are best described by a profile composed of hyperbolic 
secant functions with 0.5 - 1 ps and 4 - 5 ps FWHM for the leading and trai
ling edges of the pulse, respectively. The jitter has been considered in 
these calculations by assuming a normal probability distribution for the 
position of pulse v2 around the delay setting. The best fit to the experi
mental data is achieved with 4 ps FWHM for this distribution. The time band
width product for the dye laser pulses of ~ 0.5 is close to the bandwidth 
limited case and indicates well mode-locked operation. The decay of the four 
wave mixing signal yields a lower 1 imit of 1.3 ps for the resolution attain
able with our present laser system in CARS experiments. Fig. 1 demonstrates 
that this is considerably shorter than the temporal resolution obtained with 
the same lasers in excite and probe experiments which depends on the shape 
of the cross cor relation between the two pulses. The much faster decay of the 
CARS-signal is explained by the higher order nonlinearity and the asymmetry 
of the pulses. . 

For time resolv~d CARS-spectroscopy of a vibrational mode with frequency 
Vo and wavevector q the lasers have to be tuned to vL and vs = vL - vo. The 
output of the laser operating at vL is split into a pump (vl' kL) and a probe 
beam (vL' kp) of comparable intensity . For coherent excitatlon the pump pulse 
is superimposed on the pulse of the second laser within the sample and the 
subsequent decay of the coherent vibrational amplitude is investigated by 
the delayed probe pulse . The beam geometry has to serve for spatial and tem
poral overl~p in the ~xcitation volume as well as for wavevector conserva
tion kAS = kL + kp - kS. The CARS-s ignal at frequency vAS is recorded as a 
function of the delay time ~t between the probe pulse and the two pump pulses 
by a standard photon counting Raman spectrometer . In Fig. 2 the anti-Stokes 
count rate obtained from GaP at room temperature is displayed versus ~t for 
three different settings of vS. The trace marked by triangles is measured if 
vL - vs is equal to the LO-phonon frequency vLO . The rapidly changing signal 
near ~t = 0 is ma inly due to the nonresonant mixing of the three laser pulses 
by x (3) due to the electronic levels. This nonresonant part of the signal is 
very strong because the photon energies are close to the band gap of GaP. 
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The exponential decay with a time constant T2/2 = (6.7 ± 0.3) ps observed 
for 6t > 10 ps must be ascribed to the decay of coherently excited LO pho
nons, This interpretation is confirmed by the other two curves, which have 
been obtained for off resonant excitation. Detuning of Vs by 8 cm- 1 (curve 2, 
marked by crosses) leads to a smaller phonon population and cons1quentl y to 
a lower resonant signal. If vL - vs deviates by more than 15 cm- from vLO 
no slow exponential decay is detectable (curve 3, marked by circles). When 
the sample is cooled to 5 K T 2 2 increases to (26.0 ± 2.5) ps. A tempera
ture variation from 0 to 300 K/ should roughly double the relaxation rate 
if the decay of the LO phonon into two acoustic phonons of equal but oppo
site momentum is the dominant contribution to the finite phonon lifetime in 
GaP /6/. The present experiments give twice this value. Additional measure
ments of the energy relaxation time T1 of the LO lattice mode by the tech
nique which we have recently applied to GaAs /7/ and detailed investigations 
of the temperature dependence of T2 are in progress in order to identify 
different processes contributing to the observed dephasing. 

Further experiments have been performed to study the decay of coherent 
polaritons close to the pure TO lattice mod1 of GaP. For all investigated 
modes with energies between 338 and 365 cm- the time-resolved CARS-signal 
has the same shape and width as curve 3 in Fig . 2. Therefore we have to con
clude that T2 2 for these polaritons in GaP at 300 and 5 K is shorter than 
the resolutioh of 1.3 ps. This result agrees quite well with the damping 
parameters derived from line shape analysis of spontaneous Raman data /8 f9/. 
In contrast a lifetime of (5.5 ± 0.5) ps was found for the (vo = 361 cm- , 
q = 2770 cm- 1) - mode in an earlier CARS experiment /10/. This discrepancy 
is not understood at the moment. Accelerated decrease of the coherent sig
nal due to the frequency distribution of the excited vibrational systems can 
be ruled out. For Vo = 361 cm- 1 our experimental configuration leads to an 
inhomogeneous broadening of 0.8 cm- 1 which is not sufficient to explain the 
rapid decay. 

Experimental results obtained for the dephasing times of several modes in 
liquids are summarized in Tab. 1. The dephasing of the 784 cm- 1 and 1002 
cm- 1 modes of Toluene has been resolved for the first time. Within the ex
perimental errors T2 2 = (2.6 ± 0.4) ps is the same for both modes. This re
sult agrees quite we{l with the value calculated from the width of the 
1002 cm- 1 Raman 1 ine . 
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Tab. 1: Measured dephasing times of several 
molecules and modes 

frequency Icm11 \I.z Ipsl 

CCI4 459 2.8tO.5 

CSz 656.6 lOtOS 

C7HB 1002 2.6.04 

C7HB 784 2.6W.4 

CHCI3 360 <1.3 

CH3COCH3 785 <1.3 

C4HB01 830 <1.3 

In summary, we have described a CARS-spectrometer with time resolution as 
short as 1.3 ps. It is distinguished by the independent broad tunability of 
the laser pulses and thus provides the ability to excite many different Raman 
active modes within the same material. In spite of the low peak power the 
quasi cw measurement techniques provide a dynamic range of 5 - 6 orders of 
magnitude. The performance has been demonstrated by the first measurement of 
the decay of coherent LO phonons in GaP and of the dephasing of two vibratio
nal modes in Toluene. 

We are indebted to N. Stath, Siemens AG, Regensburg, for supplying the 
GaP crystal. The expert technical assistance of A. Jonietz, W. Konig, 
H.J. KUhne, and R. Krause is gratefully acknowledged. 
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Picosecond Studies of Intramolecular Charge Transfer Processes 
in Excited A-D Molecules 

H. Staerk, R. Mitzkus, W. KUhnle, and A. Weller 

Max-Planck-Institut fUr biophysikalische Chemie, 
0-3400 Gottingen, Fed. Rep . of Germany 

1. Introduction 

In compounds of the type A-(CH2)n-D (abbreviated AnD) photo
induced intramolecular charge transfer processes between electron 
donor (D) and acceptor (~) molecules produce in a picosecond to 
nanosecond time range the following high energy intermediates: 
exciplexes 1 (ATID+), radical ion pairs 2Asn2Dt and triplets 
3~nD [1-3]. 

The objective of the present work was to study the role of 
solvent and chain length on the dynamics of intramolecular elec
tron transfer fluorescence quenching of the compounds shown in 
Fig.1. 

2. Measurement Technique 

We use a frequency-tripled (354 nm) picosecond laser pulse from 
a mode-locked Nd/YAG laser (Quantel) to excite the sample, and 
a modified GEAR streak camera with ITT streak tube to monitor 
the fluorescence of the sample (5) which is placed in front of 
an adjustable precision slit. The set-up is reproduced schematic
ally in Fig.2. This also shows the function of an Auston-switch 
(5i) [4,5] made of intrinsic silicon which is used in some applic
ations to gate the proximity-focused channel plate behind the 
photocathode [6]. The streak image is amplified by the channel-

~ AnD, n = 1,2,3. 
Anthracene is the initially 
excited moiety 

Fig.2 Streak camera arrangement 
with diode array camera (DAC + 
OMA) 
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plate intensifier tube CITl (ITT) and the intensifier tube CIT2 
(Pr o x itronic) and is finally detected by a diode array camera 
DAC- OMA (8 & M Spektronik) or a SIT-vidicon. The use of SIT
vidicon-OMA systems has been critically examined recently [71. 
Streak c amera signals have been digitally corrected with the 
flat-field function of the apparatus and with the sweep- time 
functions obtained by Fabry- Perot (FP) etalon calibration . 

3 . Results and Discussion 

Fig . 3 shows a log- log plot of the fluorescence quenching rate 
constant k : (liT - liTo) agains t solvent viscosity n for the 
compounds ~nD dissolved in the linear alcohols CmH2m+l0H, m: ' - 8 . 
To : 6 - 8 ns is the lifetime of the unquenched acceptor viz _ 1A-CH3 
or ll- (CH2)n-~ . T is the measured 1lnD-fluorescence lifetime 
which , within e xperimental accuracy, decays exponentially down 
to pulse-width-limited decay times of about 10 ps. 

The following facts are obvious from the experimental results : 

(i) While keeping all other conditions constant, the quenching 
rate increases with decreasing chain length connecting the 
moietie s A and D. (ii) The quenching rate constant kq is in
versely related to the solvent viscosity n. (iii) The ratio ~/T 
of fluorescence quantum efficiency and lifetime are apprOxima t e l y 
of the order 5)(107 s-1 . (iv) No simple correlation is observed 
betwe en the fluorescence lifetimes and the dielectric relaxat i on 
times as measured with microwave techniques [81 . 

In other e x periments we comp~red the fluorescence decay times 
of AnD in propylene glycol (T( 1A3D) : 110 ps, T( 'l2D) ~ 50 ps, 
T('l1D) ~ 15 ps) with those of n-propanol (T(l A- 3D) : '30 ps, 
T(' A2D) : 66 ps, T(1 A- 1D) : 22 ps) . Both solvent molecules have 
approximately the same size, but the macroscopic viscosities and 
dipole moments ~s (prop-glyc) : 2 .50 0 , ~s (n-PrOH) = 1.75 are 
very different. 

" 

l~ 
".-~ 

m . , _ B 

A"-O 

A-2-0 

A-3-D • _~07'-~OC-IO-9~fe'--~o.~,----C,.~o---.J 
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fig . 3 Variation of the observed 
luorescence quenching rate 

constants ka with viscosity n 
of alcohol so l vents . 
Solid lines: d log kq/d log n: - 1 
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* ,I, l-I~I=<LEqldeICTq> 

lAnD " \ ELEo - Eels 

LEo 

CTs 

o q 
reaction coordinate 

~ Transition between 
the locally excited state 
LEo and the charge transfer 
state CTs in charge transfer 
reactions. 

All observations support a dynamic quenching mechanism to be 
predominant. The energetic interrelation between the locally 
excited state LEo and the charge transfer state CTs is indicated 
in Fig.4 (0, q, and s give the position along the reaction 
coordinate) . 

We interpret the observed viscosity dependence of the quenching 
rate constant as due to the dynamics of both solvent and solute, 
contributing to the development of a molecular configuration 
where charge transfer is possible. 

While fluorescence decay functions were single exponentials 
for AnD in the alcohols (where t-G"'" 0.5 eV of free energy change 
is involved in the electron transfer reaction) biphasic fluores
cence decays have been observed with A1D and A2D in the low 
polarity solvents toluene and diethylether. A change of free 
energy of only t-G = 0.12 eV and 0.08 eV respectively has been 
determined for exciplex formation in toluene [3,9]. The time
resolved picosecond experiments have been evaluated by fitting 
the standard solutions of the system of coupled differential 
equations describing the equilibrium Situation, thus providing 
the forward and· backward rate constants (kc kc) associated with 
the charge transfer reaction [9]. ' 

A remarkable observation is the drastically enhanced inter
system crossing found with compound A1D, where the two moieties 
are close but not parallel. In the nonpolar solvents MCH and 
n-hexane, the exciplex is not stable, as a result of the Coulomb 
interaction, which is lower for A1D and A2D than for A3D because 
of the larger separation of the charges. The triplet yields in 
MCH (0.68) and n-hexane (0.63) are solely associated with inter
system crossing from the locally excited state lA1D. The triplet 
yields found in the sol vents toluene (0.85), diethylether (0.8·8), 
dimethoxyethane (0.88), tetrahydrofurane (0.93), n-propanol (0.43) 
and acetonitrile (0.30) are considered to be due to intersystem 
crossing from the exciplex, since it was verified [3] that the 
exciplex fluorescence decay time matches the rise time of the 
triplet absorption. A similar observation has been made recently 
by OKADA et al. [10] for (l-pyrenyl)-(CH2)-(amines). It is 
important to note that even in the highly polar solvent aceto
nitrile, where the formation of solvated ion pairs is expected, 
the triplet yield is 30 per cent (while 1 per cent was found for 
A2D and <0.1 per cent for A3D). In the latter cases a triplet 
transition in the ion pair due to hyperfine modulation in the 
individual ions (as we usually find it in separated systems [11]) 
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is ruled out because the two,moieties in the 1 (2A-n2D+) molecule 
with overall singlet multiplicity cannot separate far enough 
to yield the very low exchange interaction necessary for the 
dephasing process of the precessing free electron spins to occur. 

Finally, we wish to report briefly on the kinetic work we 
have done on A3D in a larger solvent polarity range. In contrast 
to the results published by others [12] we find a fluorescence 
lifetime decrease by a factor of ~150 on going from n-hexane to 
acetonitrile. There is a drastic increase of the quenching rate 
constant in the medium polarity range. This can be readily cor
related with the free energy change ~G of the states involved 
[2,9], where the reaction is assumed to proceed in two steps 
1A3D ~ 2A- 32D+ ~ 1 (A-3D+), i.e. the ion pair formation is 
followed by the Coulomb attraction of A- and D+ to yield the 
sandwich exciplex [2]. We call this process "harpooning". 
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Femtosecond Transient Birefringence in CS2 

B.I. Greene and R.C. Farrow 

Bell Laboratories, Murray Hill, NJ 07974, USA 

With the technological achievement of stable well characterized optical pul
ses in the 100 femtosecond time regime, [lJ it seems likely that many previ
ously studied systems will now be reexamined with heightened time resolution. 
Optimistically, such efforts will go beyond tracing previously determined 
response functions closer to their time origins. With fully an order of mag
nitude increase in time resolution over most previous picosecond studies, 
qualitatively new results bearing on ultrafast relaxation mechanisms in sol
ids, liquids and gases should be expected. 

Recently, with a time resolved interferometric technique utilizing ultra
short light pulses from a CPM laser, a measurement of transient refractive 
index changes in C52 has revealed a novel 0.33 ps response in addition to 
the well known ca. 2.0 ps relaxation [2J. If this new result proves correct, 
it might have significant bearing on an understanding of the physical nature 
and origin of nonlinear molecular polarizabilities as well as provide informa
tion pertinent to the dynamical structure of complex liquids. It is for this 
reason that we have undertaken, by an alternate technique, to independently 
verify the results of HALBOUT and TANG. 

In the present study we repeat a by now classic picosecond measurement of 
the relaxation rate of an optically pumped C52 Kerr gate [3,4,5J. We util
ize the Kerr gate configuration rather than the interferometric method of 
HALBOUT and TANG as the two methods should yield consistent results. Particu
lar care is taken to establish a precise time delay origin. This is of crit
ical importance when one wishes to discuss the possible contribution of a 
"coherent artifact" [6J in the measured sample response. 

A schematic of the experimental optical apparatus is shown in Fig.l. 
Linearly polarized pulses (0°) derived from a passively model-locked RGG/DODCI 
CPM laser [lJ enter the diagram in the upper right hand corner. The pulses 
are 150 fs in duration as measured by dividing the autocorrelation function 
FWHM by a factor of 1.5, contain approximately 0.5 x 10- 9 J, and occur at a 
repetition rate of 110 MHz. The pulse stream is divided, one being mechanic
ally chopped at 1 KHz and sent down a variable delay line, the other being 
passed through a polarizer oriented at 45° with respect to the original plane 
of polarization. At the sample, a 1 mm pathlength fused silica cuvette con
taining spectrophotometric quality C52, the chopped delay beam (pump) has an 
average power of 6 mw, which has been adjusted to be a factor of 35 greater 
than the probe beam. Both beams are focussed through a single 5.0 cm focal 
length lens into the sample. After the sample, the pump beam is blocked, 
while the probe beam is recollimated and passed through a quarter wave-
plate and a polarizer that has been oriented at an angle of -45 0 with respect 
to the laser output polarization (0°). The waveplate is adjusted to circu
larly polarize the probe beam before it is polarization analyzed and detected 
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~ Schematic of Kerr gate apparatus: P, polarizer; PO, photodiode. 
150 fs pulses enter from upper right hand corner. 

by a photodiode. A lock-in amplifier is utilized in the differential mode, 
subtracting signals from two identical photodiodes looking at the probe beam 
before and after it passes through the sample. Peak signals corresponding 
to modulations of the probe beam of approximately 0.05% were observed. The 
delay line was driven by an encoded motorized micrometer and controlled by 
an Apple II computer, which simultaneously digitized the analogue signal. 
A waveplate is utilized to bias open the Kerr gate in order to 
ensure, in the weak signal limit, a linear signal response. The average of 
four single scan data traces is shown in the top half of Fig.2. 

To establish the delay time corresponding to precise pump and probe pulse 
overlap, an angle tuned KDP crystal was situated in the sample position. 
Absolutely no change in the beam configuration before the sample was made. 
A background free crosscorrelation trace appears in the bottom half of 
Fig.2, and its peaks defines the t=o position. 

Of key concern in an evaluation of the above data is the question of to 
what extent, if any, is a coherent artifact present in the signal. In general, 
if such an effect is present to an appreciable degree, it must be subtracted 
out before evaluation of a sample response can be made. This holds particu
larly true in the present case of CS2, where distortion to a fast sample 
response (comparable to the pulse width) would be severe. 

Our data argues against the presence of such an artifactual signal. As 
has been well established, [6,7J the coherent artifact signal will always 
appear symetrically disposed about the time origin, and to first simple 
approximation have the functional form of the crosscorrelation of the two 
pulses. When we attempt to algebraically subtract out of the data even small 
fractions (ca. 10%) of the normalized experimentally derived crosscorrelation, 
a clearly nonphysical derived rise in the response curve results. Addition
ally, such a small fractional subtraction is seen to have a negligible effect 
on the detailed shape of the decay curve. 

We conclude therefore that the relaxation of induced birefringence in CS2 
exhibits a fast 0.24±.02 ps component and a slower 2.16±.1 ps component. The 
data can be fit to the functional form Ae-t/Tl + Be- t /T2. The fast relaxation 
only contributes significantly to the first 30% of the response curve (see 
Fig. 2). Therefore, by fitting the tail of the response curve (t>l ps) to a 
single exponential and subtracting the -result from the original data, a reli-
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~ Demodulated signals. 
(top) : pump induced transmission 
through Kerr gate vs pump/probe 
delay. (bottom): pump/probe 
crosscorrelation function, 225 fs 
FWHM 

able fit of the faster response is obtained. The values of A and B were de
termined to be 0. 65 (fast component) and 0.35 (slow component) respectively . 
The data was not deconvoluted to correct for the finite laser pulse width . It 
should be noted that the detailed sample response will depend both on the 
laser pulse width and the material damping factors. Our results are therefore 
considered to be in good agreement with those of Halbout and Tang [2J. 

It is generally accepted that the origin of the 2.1 ps response is 
rotational diffusion in the liquid . The origin of the ca 0.2 ps response is 
by no means certain. This timescale however is close to that of collisional 
events in liquids . It seems likely therefore that future investigation and 
speculation will explore relationships between the detailed microscopic 
nature of CS2 liquid and the presently observed ultrafast birefringent 
response. 
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TIme-Resolved Observation of Molecular Dynamics in Liquids 
by Femtosecond Interferometry 

C.L. Tang and J.M . Halbout 

Cornell University , Ithaca, NY 14853, USA 

Results on the relaxation of molecular rotations in various or~anic 
liquids obtained using subpicosecond interferometry [1] are discussed in 
this talk. 

The laser used was a colliding-pulse mode-locked [2] rhodamine 6G rino 
dye laser. which produces a train of highly stable pulses . The shortest 
pulse achieved with the laser was 60 fS (Fig. 1) with a peak power of 5 KW 
and a pulse repetition rate of 108 s- . 

The first liquid we studied was CS 2 since it is a relatively well-known 
simple linear molecule. Until now most of the information on the relaxation 
of molecular rotations in the liquid state has come from Rayleigh scattering 
or electron spin resonance studies. However, the interpretation of the data 
is complicated because the relaxation process is not governed by a single 
exponential relaxation process. The Rayleigh 1 ine shape, for example, is 
known to consist of three regions [3J. Nearest to the incident line, the 
shape is Lorentzian and the width is determined by the Debye relaxation 
time . Further out in the wings, the intensity first flattens out and then 
drops off rapidly again in a third region. The Debye relaxation time for 
CS 2 is known to be on the order of 2 ps . In the large-frequency wing region, 
because the intensity is low and the different regions merge continuously 
into each other, it is difficult to obtain accurate quantitative information 
from the Rayleigh scattering data . It is only known qualitatively that the 
boundary of the first and second regions corresponds approximately to 0. 5 
to 1 ps and the third region begins at approximately 70 fs [3J . Since the 
large-frequency region of the Rayleigh-wing corresponds to the short-time 
domain in transient studies where the signal is strong, for sub-picosecond 
dynamics time-domain transient studies are more suitable. 

With the femtosecond lasers, it is now possible to suddenly realign the 
molecules through the optical Kerr effect and then observe the molecular 
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Time delay (0.21 pSec/ d,v) 
Fig u r e 1 Aut 0 c orr el a t ion t r ace 0 f 60 f s 
(FWHM) mode-locked laser pulse 
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relaxation. Realignment of the molecules leads to an anisotropy in the re
fractive index of the liquid proportional to the averaged angular rotations 
of the molecules. By monitoring the time evolut.ion of the index-change fol
lowing a short pulse excitation, one can then follow the relaxation of the 
molecular rotation back to equil ibrium. In our experiment, a Mach-Zehnder 
interferometer was used with the sample in one of the arms as described in [lJ. 
Although the scheme is conceptually very simple, because the light-induced 
index-change is relatively small, the interferometer must be stabilized by 
feedback control. The minimum phase shift ~~ measurable in our initial sys
tem is approximately 10-~ rad. At this level, the sensitivity of the system 
is comparable to that of the optical Kerr gate [4J-[6J type of measurement. 
However, the sensitivity of the interferometer can still be improved by 
perhaps two orders of magnitude and is, therefore, potentially more sensitive 
than the Kerr gate for this type of studies. 

Figure 2 gives the measured relative phase-shift of the CS 2 sample as a 
function of the delay between the pump and probe pulses. Since the details 
of the experiment on CS 2 have already been given in [lJ, here we concentrate 
on the interpretation of the results . First to be noticed is that the decay 
of the phase-shift deviates from that of the cross-correlation trace almost 
from the peak indicating very little electronic contribution to the third 
order nonlinearity of CS 2 consistent with Hellwarth's suggestion [5J. Also 
because the pulse length (70 fs for this trace) was much shorter than the 
known vibrational relaxation time of CS 2 (on the order of 20 pS), the exci
tation pulse was too short to cause any distortion of the molecules via the 
electronic polarizabllity; the corresponding vibrational relaxation component 
is not present in the decay as expected. The observed relaxation of the 
light-induced index-change is, therefore, primarily due to molecular rotations . 
There are, however, clearly two rotational relaxation components. Numeri-

0.20' 

Figure 2 a) Cross-corre
lation between the pump 
and probe pulses;FWHM 
190 fs. b) Auto-correla
tion of the laser pulse. 
Upper trace: 1 ps/divi 
lower trace: 0.2 ps/div. 
FWHM 110 fs o c) Light
induced phase-shift vs. 
delay between pump and 
probe pulses. 
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cally, the observed decay outside of the range covered by the cross-correla
tion curve can be fitted very well by a 4-parameter double-exponential 
function of the form: 

(1) 

The best-fit numerical values of the parameters are, without taking into 
account the finite pulse width, La =0.36ps,Lb=2.1 ps,A=0.86,and B=0.14. 
The standard deviation in the fitting is comparable to the experimental 
error due to the finite step-size (~17 fs) of the pulse delay. 

Before considering the meaning of the results, let us consider first 
whether it is meaningful to attempt to fit the observed decay curve to a 
double-exponential function of the form (1). The physics of molecular re
laxation in the liquid state is very complicated and not well understood. 
According to the model developed by Fabelinskii, Starunov, and co-workers [3] 
the relaxation of molecular rotations is characterized by three time regions. 
In the large-time region, the molecular relaxation process can be described 
as a rotational or anisotropy diffusion process resulting from the average 
of random hops by the molecules from one local orientational equilibrium 
position to another as in Brownian motion. The characteristic decay time 
is the Debye relaxation time which is proportional to the viscosity of the 
liquid. For times shorter than the mean hopping time, the molecule librates 
in a potential well centered around a local equilibrium, but this libration 
is damped by a frequency-dependent internal friction due to collisions with 
other molecules in the liquid. For times shorter than the mean hopping time 
but longer than the mean collision time or the relaxation time for the in
ternal friction, the molecular libration is damped. For times still shorter, 
the friction is absent and the molecule librates around the local equilibrium 
position. However, because the local environment for each molecule is ex
pected to be quite different in the liquid state, the librational frequencies 
for different molecules will be different and it is unlikely any discernable 
oscillations will actually be seen even in the shortest time domain for the 
liquid as a whole. For CS 2 , the mean hopping time is estimated [3] to be 
about 500 fs and the relaxation time for the internal friction is about 
70 fs [3]. Since the pulse length used in the experiment was 70 fs, the 
rotational relaxation in CS 2 we observed should correspond to the average 
of damped librational motions of the molecules in the short-time domain 
(70 fs to 0.5 ps) and the anisotropy relaxation in the long-time (greater 
than 0.5 ps) domain. Both are of exponential forms and, hence, it is mean
ingful to attempt to fit our data to a function of the form (1) even in the 
short-time (but greater than 70 fs) domain. 

As pointed out above, two relaxation time constants are clearly seen. 
After deconvolution taking into account the finite pulse width, La and Lb 
are, respectively, 0.33 and 2 ps. The long component is clearly the known 
Debye relaxation time. The fast relaxation component has not been seen 
before. It is possible that it corresponds to the damped librational motion 
as discussed above. 

Because the excitation pulse length is shorter than the relaxation times 
ta and Lb' the amplitude constants A and B in Eq.(l) depend upon the pulse 
length because the rotations of molecules do not reach the steady-state 
within the pulse duration. With longer excitation pulse, B will increase 
relative to A. 

To remove any remaining doubts that the observed signal and relaxation 
characteristics are intrinsic to CS 2 , we have also taken extensive data on 
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Figure 3 Measured peak signal 
vs. C5? concentration in mix
tures Of C5 2 and CC1 4 

other liquids. The details will be reported elsewhere. Here we give a 
summary of the relevant results. In Fig . 3, we show similar results obtained 
with mixtures of C5 2 and CC1 4 • The light induced index-change in CC1 4 is 
nearly an order of magnitude smaller than that in CS 2 for a 70 fs excitation 
pulse. The measured peak signal varies essentially linearly with the C5 2 
concentration in the mi xtures, indicating that the signal observed did come 
from CS 2 • In Fig. 4, we show similar results obtained in nitrobenzene. 

The viscosity of nitrobenzene is nearly four times larger than that of C5 2 ; 

thus, the long relaxation component should be much longer than the excitation 
pulse width and the corresponding amplitude coefficient B should be much 
smaller relative to A in nitrobenzene . The observed decay for nitrobenzene 
shown in Fig. 4 has indeed a very small long relaxation component. It is 
interesting to note that the short component is even faster than that for 
CS 2 indicating that the fast component observed in CS 2 is intrinsic to the 
liquid and not some spurious results due to the laser pulse. Because the 
fast relaxation component in nitrobenzene is not too much longer than the 
pulse width, one must be careful in assigning any specific numerical value 
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Figure 4 Measured light
induced phase-shifts in 
nitrobenzene and i n CS2 
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to the relaxation time. A careful numerical analysis is being carried out. 
Qualitatively, Ta for nitrobenzene is on the order of 150 fs, which is one 
of the fastest relaxation times ever observed. 

In conclusion, we have reported here the first direct time-domain observa
tion of the relaxation of molecular rotations in the liquid state. Two re
laxation components are observed. The long component corresponds to the 
Debye relaxation time. The short component is tentatively identified as due 
to the damped librations of the molecules within the potential well around 
the local orientational equilibrium. With further progress in the reduction 
of laser pulse width, a decay due to the superposition of undamped libra
tional motions of the mol,ecules may become observable. But due to the 
inhomogeneously broadened nature of the molecular librations in the liquid 
state, it is unlikely that any coherent oscillations will be seen even in 
this short-time domain due to the rapid dephasing of the librations of the 
molecules in different local environments in the liquid. 
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TIme Resolved Measurement of Nonlinear Susceptibilities 
by Optical Kerr Effect 

J . Etchepare, G. Grillon, R. Astier, J.L. Martin, C. Bruneau, and A. Antonetti 

Laboratoire d'Optique Appliquee, Ecole Poly technique - ENS T A, 
F-91120 Palaiseau, France 

With the advent of powerful and ultrafast optical pulses, many physical phe
nomena, non linear and time dependent in the picosecond and subpicosecond 
time scale, become potentially directly accessible to study. 

Here, we are interested in the direct time resolved measurement of the 
non linear refractive index changes in liquid media. The method, a kinetics 
study of the Kerr effect, can be advantageously used to extract directly the 
different physical mechanisms responsible for the induced transient anisotro
prj namely the elements of the third order optical susceptibility tensor 
X\j~ £ (- v , v , w ,-w ). 

Our laser source [1) creates a high peak power pulse that serves three 
functions:l . obtain a significant transmission of the Kerr cell(1 to 10 per
cent range);2. simultaneously, part of the pulse can be converted to a con
tinuum of light where we extract a narrow spectral band pulse;3. a pulse 
width in the subpicosecond range in order to discriminate between time de
pendent processes in the early picosecond region. 

The experimental setup is shown in fig.l. The pump pulse (w) is linearly 
polarized(polarizer Pl. White light continuum probe pulses are generated in 
the cell C1' filled with H20. One of the probe pulses passes through the 

~. Experimental setup. The items labelled in the figure represent the 
following: contin~um C) and C2 and sample cells; Ph , Ph 2, Ph3 photodiodes; 
delays;G. Glan-prlms; P: polarlzers, °,,°2,°3 neutrll Rl and R2:adjustable 
optical densities; F: interferential fflters. 
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sample cell C2, located between two crossed good quality Glan-Air polarizing 
prisms (G); if properly aligned, the probe beam can be attenuated by a 105 
factor. The transmission of the cell is measured, via a spectrometer for any 
given probe wavelength (v), and normalized with respect to the energies, of 
the other probe and the pump beams measured with the photodiodes Ph3 and Phr 

The results presented below seem to us characteristics of liquid media . 
They concern experiments always using the same two wavelengths :w=615 nm for 
the pump pulse and v=650 nm for the probe pulse. Fig. 2a and 2b represent 
time-resolved transmission of liquid CS , for which third order effects are 
particularly pronounced, and which has been for this reason, extensively used 
as a calibration standard. The results are surprisingly different from what 
has been published before. The reorientational molecular relaxation time pro
cess is significantly shorter than 2 ps [2]; from direct fit to the data, 
we estimate 1 0R=1 .4 ~ 0.1 ps. But, the most interesting result concerns the 
contribution of effects other than the one just described ; comp~rison of 
fig. 2b with 2 a and figs 3 and 4 sho~ls that, when dispersion effects may be 
neglected, all kinetics present a same superimposed instantaneous process, 
limited by the pulse width and consequently of purely electronic origin . 
There also we are in contradiction with recent results [3] where a process 
was observed with a time constant of 0.36 ps. Third, this purely electronic 
contribution appears to have a relatively important value, although i~ has 
been in.ferl!ed that the third order non linearity in CS2 is predominantly of 
nuclea,' (or molecular) origin [4,5]. 

218 



10~' T 

't CSHSN02 I, , ~ 
I ~ 10. 2 

i 1 
I ' , l , ' 
! '~~ 

10. 3 i ""~~ ! ~~R .. ·~rl.~il\~~~ 
, , 

/+ 

10 · · 
H.' 

~ : transmitted Signal 
tnrOUgh 1 cm long nitrobenzene 
cell. 

10 . 1 T 

f 
j' , 

lO- r I : 
i I, : , 
: t' 
i r, 
i t~ 10. 3 : 
i , 

! , 

'0" ,~ , 

~: transmitted 
SlgnaT through 1 cm long 
benzene ce 11 . 

Cs He 

To fit the data of benzene and nitrobenzene we had to take into account 
three different time dependent processes . For nitrobenzene, 11=4 ps and 
12=42 PSi for benzene, 11=t8 ps, 12= 10 PSi in all cases, the instantaneous 
process (1 < 0.2 ps)is of the same order of magnitude. We verified that the 
" Kerr con~tant " associated to molecular reorientation on benzene is about 
one order smaller than its equivalent in CS 2 .He can conclude, that C6H6 is 
for subpicosecond pulses experiments a good candidate for an ultra 
fast shutter based on the optical Kerr effect . 

At this stage, it is possible to give more precise informations on the 
pulse width and shape. If we as~ume that the probe and pump pulses have the 
same characteristics, the response of an optical Kerr shutter is a third or
der correlation of the pulse itself and thus contains specific informations 
on the shape of the pulse which initiates it, and especially about any pos
sible assymetry . If, generally, a severe limitation of such measurements 
results from non-instantaneous Kerr processes, the use of very short pulses 
on compounds where exists an important instantaneous process, enables us to 
obtain an accurate representation of the pulse. He found our rapidtresponses 
to be well described by a biexponential pulse model I(t) = exp - Irl. with 
the subsequent parameters T1= .18 ± .01 ps(t<O) and T2=.1O ± 01 ps '(t>o), 
which results in a FWHM of ZOO fs around 620 nm. 

The formalism of non linear optical susceptibilities, which is employed 
to describe induced refractive index changes, shows that Kerr effect experi
ments lead to the measurement of its non null tensor elements [5.6). In a con
figuration where the pump and probe pulses are linearly polarized, at 45° 
from each other, and where the induced polarization is measured at 90° to 
the direction of polarization of the probe pulse, the intensity which passes 
through crossed polarize~ is : 

IT Ci. I x i~f2 (-v,v,w,-w) + X i~~l (-v,v,w,-w) 12 
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So, we can measure directly, by this way, the contributions of different ori
gin to the induced polarization, third order in th~3~lectric field stren9th. 
From the results obtained, we have seen that the X\ ·k£ 's values of electro
nic origin ~re of the same order of magnitude for lJ all the compounds stu
died and perhaps surprisingly high in the case of CS2. One of the possible 
enhancement of this process of electronic origin may be a two photon absorp
tion resonance [7,8]. The most attractive experiment to study resonant pro
cess- two photon absorption effects as well as Raman types resonances - is 
the configuration presented first by D. Heiman et al.[9]which consists in 
the use of a circular polarization of the pump beam. There, the transmitted 
intensity through crossed polarizers is : 

IT a I xi~12 -~f~~112 
As for non resonant processes, X1212= X1221' one can measure directly the 
difference between'resonant susceptibility tensor elements 
by simply adjusting the wavelength of the pump(or probe)beam or, directly by 
adjusting the spectrometer to the wavelength wanted. Experiments are in pro
gress in this direction. 
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Subpicosecond Laser Spectroscopy: Pulse Diagnostics and 
Molecular Dynamics in Liquids 

C. Kalpouzos, G.A. Kenney-Wallace, P.M. Kroger, E. Quitevis, and S.C. Wallace 

Department of Chemistry, University of Toronto, 
Toronto, Canada M5S lAl 

Molecular Dynamics and Memory in Liquids 

The advent of picosecond (ps) ! 1, 2) and more recently the first femtosecond (fs)! 3) 
laser pulses now offers access to a time regime in simple liquids which approaches 
an interval corresponding perhaps to less than one hundred collisions. Yet, with
in this period, intermolecular potentials are sensitive to local density and con
figurational fluctuations, and the molecular dynamics to spatial correlations, 
which may persist over hundreds of collisions. This is the glimpse of memory 
in liquids. To what extent the early time behaviour of a molecular system at liquid 
densities can be adequately described by hydrodynamic models, developed from 
generalised Langevin equations, or by kinetically motivated models emphasizing 
collisional behaviour, has been a topic of considerable theoretical interest! 4) in 
recent years and a long standing goal of our research in picosecond and nonlinear 
laser spectroscopy[ 5]. However, because the temporal profile of the laser pulse 
is often of finite width with respect to the time-evolution of the molecular response 
and its decay, the properties of the pump and probe laser pulses become a signifi
cant and even deterministic part of the problem when exploring such memory in 
liquids. 

We first report here selected aspects of recent pulse diagnostic measurements 
that are part of a comprehensive study of laser pulse profiles in this time domain. 
Then we outline new results from a tunable, four-wave mixing phase conjugation 
study of the picosecond molecular dynamics of CS2 diluted in various host liquids. 
This is the first time such measurements have been reported and demonstrate the 
potential for nonlinear spectroscopy in probing molecular dynamics and polariza
tion memory in liquids. 

The ps and fs dynamical behaviour can be linked to theory through the time
correlation functions (TCF) of the optical induced properties of the system, probed 
during and after the laser interaction. To fully describe the system of N particles 
We need to define the properties of the laser pulse, its interaction (Ii>, If» with a 
molecule Ni in a reservoir R at temperature T, the coupling ofNi to R, and the 
TCF for all these interactions, while preserving explicit links for the interaction 
probability (W if) to measurable quantities such as dipole moments, polarizabilities 
and so forth. Of particular interest to us has been the time-dependence of the rise 
and fall of the ps optical Kerr (OK E) transients! 5, 6). These should reveal a tem
poral asymmetry in the case that the perturbation is far above kT and laser-field 
induced anisotropy carries the system into a non-stochastic regime, that is, one 
in which the intrinsic assumptions of the fluctuation-dissipation theorem are no 
longer valid! 5) . 
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A furlher fundamental consideration concerns the transition between many 
particle (I) and single particle (T) relaxation behaviour. By analogy with depolar
ized Ra.Ylelgh light scattering: this can be written as r-1 = (g2/j 2)T2, where g2 and 
j2 are the static and dynamic orientational pair correlation functions, respectively 
[4]. The j2 term is frequency-dependent, and at high frequency contains informa
tion on collision-induced events. In a weakly anisotropic system, collision may 
dominate diffusive effects. In lhese phase conjugation studies we set out to investi
gate the nature of the relaxation behaviour in CS2 below the intense field regime. 

Pulse Diagnostics 

The synchronously mode-locked (SML) dye laser oscillator in Fig.1 is presently 
operating in a linear extended cavity configuration and can generate pulses at 82 
MHz of ~ 0.8 ps with an average power of 150 mW, tunable from 580 - 620 nm. 
Full details of its operation and the three-stage amplification to generate trains of 
-800 J.LJ/pulse at 10 Hz in the visible have been given elsewhere[ 6] . 

We have measured the temporal profiles for both average of the pulse ensemble 
and a single pulse selected from the ensemble. Autocorrelation traces are inher
ently of an ensemble-averaged nature. We employ a real-time (speaker) auto
correlator system[ 7] as a permanent on-line monitor to measure the background 
free, second-order autocurrelation GJ2)(T) function of the unamplified pulses 
at the oulput of the dye laser. A step-by-step measurement of GJ2)(T) is taken 
for the amplified pulses using translation stages capable of electronically-con
trolled ± 1 J.L precision to determine the delay time (T) in one arm of the correia tor. 

In order to determine the true single pulse profiles, we have taken unampli
fied and amplified pulse measurements using an Imacon 500 (Hadland Co.) streak 
camera coupled to a 20/30 intensifier, with a minimum slit width of 25 J.L, maxi
mum streak speed of 20 ps/mm and an intrinsic technical response time of 0 .75 
ps for a threshold flux of> 105 photons/event at the slits. In practice, before 
this maximum response of the camera can be fully evaluated, significant elec
tronic synchronization has been necessary to coordinate the multiple functions of 
lhis laser oscillator-amplifier system to the camera and lhe SIT vidicon detector 
and OMA II (PAR Corp). Details will be published elsewhere . 
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Fig.2 Left: Comparison of typical autocorrelation traces (a, b) and streak 
camera traces (c, d) for SML dye laser pulses, with cavity detuning of clz 0. • 
Right: Dependence of argon ion (a, b) and dye laser (c, d) pulse profiles on pump
ing and cavity parameters . See text for details. 

Figure 2 illustrates the general effect of dye laser cavity de tuning by 10. J.I. as 
revealed by the autocorrelation trace versus the streak camera trace of the oscil
lator pulse, and the influence of the argon ion pulse on multiple pulse structures 
in the dye output. The effects of detuning on measurements of Go.(2) for SML dye 
laser systems have been reported earlier by us[ 7] and by others[ 8-10.], but we 
are aware of only two other reports[9,lo.] which have compared these effects with 
streak camera traces in the single shot mode. Reproduced here to indicate that 
indeed apparent "single" pulse Go.(2) traces can actually include a major, if not 
dominant, contribution from multiple pulse structure, are selected data. Of the 
four profiles on the left of Fig.2, trace (a) is obtained under optimum conditions, 
can be fitted yielding T p = 0..8 ps (AV= 20.0. G Hz). In fact, the additional intensity 
in the wings of (a) above the theoretical fit is indeed a signature of some broader 
pulses within the ensemble. The pulse burst of (c)has a FWHM of 75.2 ps, with 
many narrower components. The analogous trace after de tuning in (d) shows only 
single pulses with negligible satellite structures corresponding to the FWHM base 
of (b), namely 10..3 ps . The four profiles on the right of Fig . 2 illustrate (a) a 
streak camera trace of a single Ar+ pulse (FWHM = 117 ps) lasing at 514 nm at 
30. amps, just above threshold, average power 650. mW and vmL = 41.1215 MHz, 
and (b) the double Ar+ pulses which appear at 31 amps, 80.0. mW and vmL = 41.1225 
MHz, with major peaks separated by 259 ps . The pulse in (a) leads to only single 
dye pulses as in (c) when cavity matching is attained and, not surprisingly, pulse 
structure in (b) generates mostly pulse bursts (FWHM = 168 ps) in the dye laser 
seen in (d) • 

There are three important conclusions from our studies so far. First, SML 
systems can generate multiple structure dye pulses with rather small changes in 
laser operating parameters. Single pulse operation is a very sensitive function of 
many variables. Secondly, these pulse bunches cannot be obviously recognized 
through autocorrelation traces, which average over millions of pulses. This is 
because Go.(2) autocorrelation techniques based on second harmonic generation, 
while quite capable of indicating ultrafast subpicosecond and femtosecond compo-
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nents, are nevertheless fated to be symmetric in temporal profile and such pulse 
bunching appears as a somewhat dispersed contribution to the wings of the signal. 
Thirdly, streak camera traces reveal pulse asymmetry and pulse bunching or 
multiple structure very clearly, but nevertheless cannot at the present time 
readily break the subpicosecond barrier for a single shot on several technical 
accounts. These conclusions support earlier observations[ 9,10], but indicate 
single pulse performance to be a much more sensitive function of SML cavity 
parameters than previously supposed. 

Phase Conjugation Studies of Molecular 1!vnamics 

An isolated molecule in the gas phase has an intrinsic linear polarizability (a), 
which is modified upon transition to the liquid phase to give an interaction-induced 
polarizability, 6a i' which takes into account the effect of intermolecular attrac
tions and orientational correlations. Raman and depolarized Rayleigh scattering 
monitor fluctuations in the polarizability density (P a ) that arise from modulations 
in 6a i as a consequence of molecular motion and collision-induced perturbations. 
If, in addition to these fluctuating polarizabilities determined by internal fields, 
we impose an orientational torque, through the interaction of an external laser 
field, then the response of the molecular system will carry information not only on 
the polarization anisotropy L:.a i but on fluctuations in P a (L:.Pa) as well. 

Nonlinear optical responses can thus be used to monitor certain types of 
molecular relaxations through studies in the time and frequency domain, via(Rfth 
the relaxation of the laser-induced anisotropy and the time-dependence of Xijkl' 
which must explicitly contain damping terms in the denominator of the sus
ceptibility expression[ 11] . 

Both phase conjugation using four-wave mixing[ 12] and the optical Kerr effect 
[13-15) operate through a nonlinear polarizability 

(3) _ (3) ~ ~ ~ 
P NL - X ijkl E· E· E 

third-order in the electric field. The optical Kerr effect can reveal on a 
subpicosecond time scale the temporal evolution of the molecular response and its 
subsequent decay in terms of the components X (13) , X (~b) and X (3) [ 13,14] . 

e ec Vl rot 

While clearly there is a temporal separation between electronic and orienta
tioWlI contributions to X(3) , it should be noted that the intrinsic damping terms in 
xJl~c will be apparent as a finite relaxation time for this electronic contribution 
whenever resonance enhancement effects are present [ 16). Thus the electronic 
nonlinear process, whose decay is often intuitively described as instantaneous with 
the radiation field, may not be so in the proximity of resonance effects[ 16). With 
femtosecond duration pulses, we anticipate that such ultrafast relaxation times 
will be readily observable, since only these electronic contributions will have an 
instantaneous response to the laser field while the orientational contribution will 
exhibit a 6a C and field-dependent lag[ 5) . 

We present here new phase conjugation data, which demonstrate for the first 
time the intrinsic ability of a four-wave mixing interation to yield dynamical infor
mation concerning the single particle and many particle interactions in liquids. 
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The experimental arrangement, based on a Nd:YAG pumped, oscillator-amplifier 
tunable dye laser, is shown in Fig.3 . We employ degenerate four-wave mixing to 
measure the frequency-dependence of p~L for the case 

p(3) = ( 3) A(w1) A ( w2) A*(w3) 
(w4 = w +w - w ) X 1 2 3 

123 

where wI = w2' kl = -k2 and w3 is tunable. The intensity, linewidth, frequency and 
polarization of the conjugate wave carry the dynamical information on the molecu
lar relaxation mechanisms in the nonlinear medium. The intensity of the conju
gate wave 1W4 is proportional to (IWOZ Iw..,) and is recor,ded at 90· to the path of 
the object wave, using a fast photomultiplier (PM1) and boxcar inte~rator coupled 
to a computer. For the data reported here, WI =w2 at A = 5321.8 A, /:;.v= 0.1 
cm -1, and the power density in w3 (tunable) was ~ 0.1 MW cm -2. Cylindr ical 
lenses cofocused WI and ~ to a vertical line of ~ 80 I-' width in the sample cell, 
which contained the liquids at room temperature. 

A strong signal was readily observable from pure CS2 and its mixtures, and 
shown in Fig.4 are pure CS2 and CS2 in n-pentane (20% vol fraction).' Note the 
change in intensity, linewidth and frequency maximum of w 4 upon dilution of CSz . 
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Fig.4 Intensity and frequency dependence of w4' the conjugate wave, observed by 
scanning w3 : (a) pure CSz at 300 K, (b) CS2 diluted to 20% (vol) in n-pentane . 
Dotted line shows Lorenztian fit to line shape . 
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Spectra exhibited good signal: noise ratios and were fitted to single Lorentzian line 
shapes (dotted curve) over a wide dynamic range. Since ~ (CS2) >>> ~ (pentane), 
we conclude that even in dilute CS2 the latter molecules are the dominant source 
of the conjugate wave. The Lorentzian line shapes imply lifetime broadening, a 
single exponential decay for the relaxation and hence that we are observing dif
fusive motion. Tra,nsit time limitations due to ~ 80 JJ. interaction width would mask 
phenomena faster than ~150 fs. In pure CS2, T C value is 2.2 ± 0.1 ps, which de
creases in subpicosecond intervals as a linear function of dilution and viscosity, 
until for 10% CS2 in pentane T c = 1.0 ± 0.2 ps. In the limit of infinite dilution, 
T pc < 1 ps. The T c is in go09 agreement with TKerr measured in previous ps and 
subpicosecond OK~ values[ 13,14,17] and a fuller discussion of these in compari
son to data from other techniques and the solute-solvent interactions will appear 
elsewhere [ 16]. In brief, we attribute the decreasing T pc to a gradual transition 
from Tor dominated by many-particle collective effects 

.>. < A .(t)A. (0» 
l'tJ 1 J 

to one which in essence is approaching the single particle reorientation time 
<Ai(t)Ai(O». It is unlikely that T2 vibrational contributions are significant be
cause of the narrow frequency range. Also, dephasing of the VI (Raman) model 4] 
is ~20 ps, long compared to correlation times in the liquid and indicative (via 
Til <Xl {< v2h corr}) that CS2 molecules interact weakly, further supporting our 
conclusion that the loss of the phase grating is primarily via a diffusive, orienta
tional motion. We are presently pursuing these experiments in both frequency and 
(ps, fs) time domain to explore the details of the dilute cases for CS2 and other 
"symmetric rotor" liquids, in which polarization memory can reveal novel dynami
cal effects and probe the onset of collisional regimes. 

The financial support of the Natural Sciences and Engineering Research Council 
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Viscosity-Dependent Internal Rotation in Polymethine Dyes 
Measured by Picosecond Fluorescence Spectroscopy 

A.C. Winkworth, A.D. Osborne, and G. Porter 

Davy Faraday Research Laboratory, The Royal Institution, 
21 Albemarle Street, London W1X 4BS, U.K. 

Introduction 

Po1ymethine dyes are known to undergo ultrafast internal conversion. the rate 
of which depends on solvent Viscosity (1). and this is thought to be due to a 
torsional motion of the heterocyclic quino1y1 rings which allows the excited 
state energy to be diSSipated by intramolecular vibration and rotation. The 
radiation1ess relaxation rate has been found to obey an empirical law of the 
form ,= const.na• where, is the relaxation lifetime. and " for a particular 
dye molecule. is strongly dependent on the type of solvent used. In ethano1/ 
glycerol mixtures. it is found that the power dependence varies between 0.35 
and 0.70 (2). A recent study (3). using both mixed solvents and a homologous 
series of unbranched alcohols. established that a approaches 0.5 in the former. 
but is close to unity in the latter. 

We have measured the fluorescence lifetimes ('FM) of a number of carbocyan
ine dyes, selected for their varying degrees of steric hindrance and size of 
substituent groups. with a view to gaining a fuller understanding of the 
mechanism of the viscosity dependent electronic relaxation. 
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Experimenta 1 

A complete description of the picosecond laser system used may be found else
where (4). A frequency doubled mode-locked neodymium glass laser is used to 
generate the 6 ps duration 530 nm excitation pulse. Fluorescence emitted by 
the sample is time-resolved by an Imacon 600 Streak Camera with an S20 cathode. 
The fluorescence decay curves are digitised by a vidicon optical multi-channel 
analyser (OMA, Princeton Applied Research), and transferred to a computer for 
analysis. Up to ten fluorescence traces were recorded for each sample and 
summed within the computer. The measured decays were all found to fit a 
single exponential convoluted with the instrument response function. In general, 
concentrations of dye were selected to give an optical density <0.5 in a 1 mm 
cuvette. To preclude self-aggregation, self-absorption of fluorescence or 
stimulated emission, dye concentrations were kept below 10-~. Figure 1 shows 
the structures of the dyes whose fluorescence lifetimes are reported here. 
I, II and III were chosen as a series of varying size of N-alkyl group and of 
nature of counterion. IV was chosen as an example of the effect of methyl 
substitution in the polymethine chain. V is an example of an unsymmetrical 
dye. 

Results and Discussion 

TabJe 1 shows the results of measurements of 'FM in a variety of solvents. 
These data are plotted in Fig. 2 on log-log diagrams whose slopes give the 
value of the viscosity power dependence Q. From the data we note the 
following: 

TABLE I - fluorescence lifetimes (~sJ viscositz:: (tP) 

solvent VI scosity II III IV 

methanol 0.55 92 125 137 12 11 

ethanol 1.2 149 173 227 19 20 

propon-l-ol 2.0 lB2 251 270 22 33 

propon-2-ol 2.4 155 252 251 25 35 

buton-1 -01 2.5 254 302 354. 32 49 

penton-I-ol 4.{) 3Bl 371 415 43 73 

hex an -1-01 5.4 353 4B2 545 53 111 

h eptan -1-01 7.0 405 524 644 79 145 

acton-l-ot B.B 44B 627 742 125 196 

nonan-l-ot 10.3 524 641 592 157 247 

decan-l-o! 12.3 553 755 B14 175 316 

undecan-l-01 14.2 S75 79B BOB 214 3B9 

cyclohexano[ 33 552 BB4 BB9 171 367 

ethon-l.2-c;tiol 20 390 603 525 104 137 

propan -1.2-di 0"' 40 4BO Bll B40 155 224 

penton-1.S-dlol 9B 257 470 

penton-1.4-dlol 153 335 654 

gl ycero t 900 BB6 1104 
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(a) Internal conversion (kGM) is anomalously fast in the diols and in 
glycerol as was found for N-aryl substituted rhodamine dyes (5,7). However, 
the anomaly is not nearly so great, TFM in ethane-l,2-diol (n = 20cP) being 
similar to that in the C6 - C8 mon-ols (n = 5-9cP) whereas in the aryl sub
stituted rhodamines, TFM in ethane-l,2-diol was similar to that in propanol 
(n = 2.4cP). 
(b) TFM in the group I, II, III are similar indicating that the size of the 
N-alkyT groups and the nature of the counterion do not have a significant 
effect upon kGM (excluding the unlikely event that the size of the group 
and the nature of the counterion have effects which fortuitously cancel). 
(c)a was lower in the diols than that in the mon-ols. An attempt was made 
to fit the results to KRAMERS (9) equation in a manner similar to that des
cribed by McCASKILL and GILBERT (7) but without success. This equation 
gives the rate of passage over a torsional anole deoendent enerav barrier 
as a function of n, the nature of the barrier and the diameter of moiety 
(taken to be spherical) undergoing the torsional motion. The equation was 
used (8) in the form : 

Q ~(21T) -1 ~ 
~ 1 C2d2 n2 + 66(Q + 8) - ~ Cdn exp(-Q/kT) Q + 8 4 

where C is related to the reduced moment of inertia (I) of the moiety, d is 
the diameter and Q and 8 define the geometry of the barrier. It was found 
that, despite the complexity of the equation, it was approximately equivalent 
to TFM = const.na with a ~ 1 under widely varying values of the parameters 
d, C, 8 and Q. WILHELMI (10) has also recently considered this model and 
concluded that low values of a are due to a viscosity independent channel 
for internal conversion and OSBORNE (8) has shown that, for the rhodamine 
dye, Fast Acid Violet 2R, a value of a of 2/3 can be explained if it is 
assumed that solvent attachment occurs so that, within a solvent homologous 
series, I and hence C increases with viscosity. The presence of an n-
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independent component of kGM must not be discounted but does not explain ~ 
for the same d*e a is smaller in mixed solvents than in pure solvents. I~ 
seems 11kely t at this is connected with the anomalous behaviour of the dyes 
in the diols and glycerol so that mixtures of these with mon-ols give rise 
to a smaller n-dependence, To test this hypothesi~ TFM measurements of I in 
mixtures of heptan-l-ol (n = 7cP) and propane-l.2.diol (n = 40cP) were made. 
These solvents were chosen because TFM is similar (~ 400 ps) in both. It 
was found that TFM was approximately constant 1n such mixtures, i.e. a ~ O. 
(d) Dyes IV and V both had significantly smaller TFM than I, II and III. 
This is taken to be due to relatively weaker conjugation in the polymethine 
chain due respectively to steric hindrance (11) and to asymmetry (1). Both 
were found to have a > 1 in mon-ols which would be explained on the basis of 
KRAMERS equation if there were more solvent attachment in the lower members 
of the homologous series of mon-ols than in the higher members. 
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Rotational Diffusion in Mixed Solvents Measured 
by Picosecond Fluorescence Anisotropy 

T.Doust and G.S. Beddard* 

Davy Faraday Research Laboratory, The Royal Institution, 
21 Albemarle Street, London W1X 4BS, U.K. 

Introduction 
The influence of the microstructural changes of a mixed solvent system, as 
its composition is varied, on the rotational dynamics of a solute chromo
phore has been observed by picosecond fluorescence anisotropy measurements. 
This effect is mediated by the preferential interaction of one component 
of the solvent'with the chromophore. From our observations we infer that 
there are long-lived (> 10-lUs) structural features in the solvent systems 
used. 

Experimental 
The solute used was cresyl violet chloride (Lambda Physik) and perchlorate 
(Exciton), both laser grade. Analar grade alcohols and DMSO and doubly 
distilled deionized water were used to prepare the solvent mixtures. The 
fluorescence depolarisation measurements were made using a modification 
of the upconversion spectrometer described in (2). The fluorescence was 
detected at 670 nm and excited at 590 nm with ~5 ps pulses at 75 MHz from 
a Coherent CR12/CR590 synchronously pumped laser system. 

Results and Discussion 
Preliminary measurements of this behaviour were made in ethanol-water 
mixtures (1) but this behaviour now seems to be more general and appears 
in aqueous solutions of MeOH, EtOH, l-PrOH and DMSO. The data for a 
series of l-propanol-water mixtures is plotted in fig. 1, which shows the 
rotational relaxation time TR plotted against viscosity relative to water. 
As may be clearly seen, at a given solvent viscosity, two very different 
rotation times are observed, depending on composition. 

There are two distinct regimes in the data; the crossover from one to 
the other occurs approximately at the maximum viscosity which is around 
0.2 mole fraction of alcohol. In the low alcohol regime we observe a 
linear dependence of TR on the macroscopic solvent viscosity. The slope 
of this line follows cTosely that predicted for the unsolvated dye mole
cule by Debye-Stokes-Einstein (DSE) theory at the stick boundary condition. 
We have shown previously (2) that in the pure alcohols, solvent interaction 
(presumably H-bonding) to the amino groups results in anomalously high 
rotational relaxation times; normal DSE behaviour is observed in water. 
In contrast the related dye, oxazine-l, in which the amino groups are 
fully ethylated, shows no ~nomalous rotational behaviour in either 
alcohols or alcohol water mixtures (3). 

* Present address: Department of Chemistry, University of Manchester, 
Oxford Road, Manchester M13 9PL, U.K. 
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Fig. 1 
lfci-tatTonal relaxation times (TR) vs relative viscosity for cresyl violet 
chloride in a series of l-propanol-water mixtures ranging from pure water 
to pure l-propanol. 

Thus, in the low alcohol regime where the predicted diffusional 
behaviour is observed, the alcohol must be fully solvated by the water 
and is unable to interact with the solute chromophore. These water 
"cages" surrounding the alcohol must last for longer than the rotation 
time of either the dye or the alcohol and water molecules (~ 10-11s). 

At viscosities above the maximum the rotation time changes with 
decreasing viscosity in a very non-linear fashion with values much largel" 
than predicted by DSE theory; this is clearly due to the availability of 
free alcohol molecules to interact with the dye. These results are con-
sistent with models for alcohol-water mixtures derived from nmr, thermo
dynamic and other measurements (4). 

The possibility of the formation of ion-pairs has been considered. 
Preliminary conductivity measurements indicated that the dye was at least 
partly dissociated but we observe different rotation times for the per
chlorate and chloride over the whole composition range for the ethanol 
water system (2) except at very low ethanol concentration; no differenCE! 
is observed between chloride and perchlorate in pure DMSO. It is poss
ible that these differences are due to ion pair formation but if this is 
the case the deviations from DSE behaviour are not sensitive to whether 
the rotor is the cationic chromophore or an ion pair. 

It appears that this type of composition dependent rotational ~ehavi0ur 
appears to be quite general when the solvent undergoes microstructural 
changes with varying composition and the solute is able to interact 
selectively with one component of the solvent system. 
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~ Decay of fluorescence anisotropy of cresyl violet perchlorate in 
~ropanol calculated from the measured parallel and perpendicularly 
polarized fluorescence decays (TR = 106 ps) 
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Investigation of Level Kinetics and Reorientation by Means 
of Double Pulse Excited Fluorescence 

D. Schubert, J. Schwarz, H. Wabnitz, and B. Wilhelmi 

Friedrich-Schiller-Universitat Jena, Sektion Physik, 
GDR-6900 Jena, German Oem. Rep. 

Fluorescence spectroscopy is advantageously applied in order to 
measure excited state lifetime and reorientation of the trans
ition moment after excitation (see, e. g., [1], [2] ). Applying 
ultrashort light pulses the time resolution is limited in most 
cases by the signal detection system. NJUiR et al. [3) proposed 
a method in which an excite-and-orobe scheme is combined with 
fluorescence observation. The dependence of the integrated fluo
rescence signal on the relative delay between two successive 
exciting light pulses is measured. That dependence arises under 
the condition that the second pulse views a ground state popula
tion depleted by the first pulse. The time resolution is only 
limited by the pulse duration and hence values in the sub-ps
ran~e can be achieved. The method proposed in [3] represents a 
mod1fication of that given in [4J where the fluorescence from a 
higher singlet level has been measured after a two step excita
tion So - S.1 - Sx' in which one of the exciting pulse trains has 
been mOdulat:ed. 

Under the condition that the pulse energies are small in com
parison with the saturation energy the modulated part of the 
fluorescence signal is proportional to the product of the ener
gies of the first and second exciting pulses. For that reason 
the detection sensitivity is only comparable with that of excite
and-probe spectroscopy. The main advantage of the fluorescence 
technique consists in the possibility to perform measurements 
not only in well transmitting samples but also in inhomogeneous 
and opaque ones. With this aim the fluorescence has to be obser
ved in the backward direction. 

In [3J a special modulation of the high repetion rate pulse 
trains has been applied using a third reference pulse train with 
a fixed delay being large in comparison with the signal relaxa
tion time. A very precise adjustment of the pulse intensities in 
the different channels is needed which has to be independent of 
the delay. To avoid this requirement MAHR et al. [5] and the 
authors together with KIRMSSE [6]modified the method by modula
t ing two exci tin~ beams with frequencies. w 1 and w 2' respecti
vely, and measurmg the fluorescence signal at one of the fre
quencies 1 WI + w 21 • Regarding this method care has to be ta
ke~ to minim ze any nonlinearities in the whole detection sy
stem. 

Another possibility considered by us consists in the modula
tion of the polarization direction of one of the pulse trains 
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which is a well known method in ow-polarization spectroscopy. 
Concerning this method we shall discuss hereothe switching of 
the polarization direction by an angle of 90 • An analogous 
technique has been applied by VON JENA and LESSING [7] in probe 
beam spectroscopy. 

These methods have been investigated by us with respect to 
the measurement of level kinetics and reorientation of the trans
ition moment after excitation. The reorientation influences the 
absorption of the second pulse and the emission of light due to 
the first and second pulses. The time-integrated signal depends 
on the polarization directions of the second pulse with respect 
to the first one and on the polarization chosen in the detection 
channel. Assuming isotropic rotational diffusion (coefficient 
D = 1/61" or) in both the ground and excited states, single expo-
nential decay of the excited level (lifetime 1") and weak 
~ -pulse excitation the following delay time dependence of the 
signal under the polarization geometry specified in fig. , re
sults: 

where 
c, ::: ~in2 4J sin2sFcos 2f F + ~sin21f1 sin2eFcos'f F 

+ ~ C3cos2!P - ,)( 3cos2SF - 1) 

c2 = -~ sin2 1p sin2eFcos 2'1' F + ~ sin2 tp sin28Fcos f F 

+ + (6cos2 lp+ 5)(3cos2~ - 1) 

L(t) = exp (- tI,) 
R(t) = exp (- t/r or) 

This signal is a complex superposition of level kinetics and 
reorientation such that certain arrangements of the polarization 
directions are necessary in order to separate these two proces
ses. If one does not take into account this complex dependence, 
experimental results might be misinterpreted (cf., e. g., the 
reevaluation of results of [3] in [81 ).Another inference is 
that under consideration of reorientation the signal is in ge
neral no longer independent of the sequence of the two pulses 
[5] • 

with regard to the three pulse method [3] and the double modu
lation method [5, 6] the influence of reorientation can be elimi
nated 
- in the case of observation under 900 (f F = 900 ) 

for tp = 54.70 , SF = 65.20 

in the case of observation in the backward direction (fF = 0°) 
for lp = 54.70 I SF = 54.70 • 
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Fig •. 1 Geometrical configu
ration of two-pulse excited 
fluorescence measurements 
(Polarization directions are 
indicated by ~ ) 

Then, 1" can be extracted from S( t) '" L( t). On the other hand, de
termination ofT~r would require the formation of certain linear 
combinations of 0 signals with different polarization directions. 

A simpler possibility for obtaining ~_Qr is the modulation 
of the polarization direstion of the secona pulse. If "If' is 
swi tched between ljJ 1 = 0 and tp 2 = 900 and the fluorescence is 
observed, e. g., in the backward direction under ~ = 450 , the 
fluorescence excited by each of the two pulse train~ alone does 
not show any modulation. In this background free method a modu
lation signal arises only if the second pulse views an aniso
tropic orientational distribution of ground state molecules. 
This signal decays with reorientation as well as with excited 
state relaxation during the delay time t: 

[set; '1'1) - S(t;?jJ2)] "'L(t)'R(t) • 

Thus for known T the value of l' ~~ can be determined. 
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Dynamics of Photoisomerization 

G.R. Fleming, S.P. Velsko, and D.H. Waldeck 

Department of Chemistry and James Franck Institute, 
The University of Chicago, Chicago, IL 60637, USA 

Introduction 

There has recently been a good deal of theoretical [1-3J and experimental 
[4-7J interest in activated barrier crossing processes in liquids. The 
best known model is that of Kramers [8J who derived expressions for the 
escape of particles over a barrier in various limiting cases. Combining 
Kramers ideas with recent kinetic theory calculations [1-3J leads to the 
following general picture. At low friction (viscosity) the rate of barrier 
crossing increases with viscosity (inertial region) until it turns over and 
begins to decrease with increasing friction (intermediate friction). Fi
nally at high friction values the rate decreases linearly with increasing 
friction (Smoluchowski limit region). In terms of Kramers Eq. (1) 

k = 41T~'TV {[l + (2W'T V)2 J 1/2_1} exp(-E/RT) (1) 

the transition from intermediate friction to high friction is determined 
by the magnitude of the barrier curvature (w') times the velocity relaxa
tion time for the relevant motion (TV). If w'Tv«l (1) simplifies to the 
Smoluchowski limit and with the hydrodynamic approximation Tvcrn-l where n 
is the solvent viscosity, the barrier crossing rate becomes lnversely pro
portional to n. 

Photochemical isomerization dynamics should provide a valuable testing 
ground for the theoreti ca 1 approaches, and in the fo 11 owi ng we present a 
summary of our recent studies. 

Results 

We have already presented data for the excited state isomerization of di
phenyl butadiene (DPB) in alkane solvents [7J, and of DODCI in alcohol sol
vents [6J. Recently we have extended these studies to polar solvents for 
DPB [9J and to return of the isomer to the normal form on the ground state 
surface of DODCI [lOJ. These measurements enable us to investigate the in
fluence of barrier height and of the characteristic frequency (pre-exponen
tial factor in (1) [7J) on the barrier crossing dynamics. 

Our analysis involves extracting the internal barrier (Eo in (1)) by means 
of isoviscosity plots (see Refs. [6,7J for details). We find that the ob
served activation energy can be decomposed into 'molecular' and solvent 
contributions in a consistent and reliable way. The results are listed in 
Table I along with the value of the effective frequency and the product 
W'TV evaluated at 1 cpo These values are obtained by fitting a plot of k* 
vs viscosity to the hydrodynamic Kramers expression 
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Table I Summary of barrier crossing data 

System Barrier Effective W' TV 1 a (kcc - ) 

Height Frequency at 1 cp na 
at 1 cp value 

DODeI GS 13.7 kcal 4xlO12 -1 7.5 0.26 s 
ES 2.7 8xl 011 0.8 0.43 

[RotationJ 0 107 0.97 

DPB ES alkanes 4.7 1. 5xlO 12 0.71 0. 59 
ES alcohols '"CO. 5 1. 5xlO 10 0.13 1. 07 

FAV 2R ES alcohols '"CO. 2 9xl010 0.02 0. 98 
(Tredwell & Osborne) 

E IRT 
k* = k e 0 = AI (B/ n){ [1+ (B/n)2 J 112_1 } (2) 

where A= w/2~ and Bin = 2 W' TV' Figure 1 shows such a plot for the return 
isomerization on the ground state surface of DODeI. As can be seen the 
Kramers expression does not reproduce the curvature of the data well. The 
same qualitative shape is obtained for DODeI excited state and for DPB in 
the alkane solvents, but not for DPB in the alcohol solvents. Also shown 
in Table I is the value or-d obtained by fitting the data to k= B/na (3) 
Note that a= 1 corresponds to the Smoluchowski limit (2). Equation (3) 
always fits our data extremely well although the value of a ranges from 
0.26 to 1. 07 . 

For both DODeI data sets and for QPB in alkanes the value of W'TV corre
sponds to intermediate friction. In all these cases the barrier is larger 
than kT. Theoretical studies of diphenyl polyenes have suggested that the 
twisted form reached after barrier crossing has significant charge transfer 
character [llJ. Stabilization of the twisted form may then change the shape 
of the potential surface along the twisting coordinate and influence both 
the sharpness and height of the barrier. The data for DPB in alcohols show 
that the barrier height and curvature are greatly reduced and the the twist
ing dynamics are now in the high friction or Smoluchowski regime (Table I). 
The reason for the failure of Kramers equation for high (sharp?) barriers 
may lie in the necessity to consider the frequency dependence of the medium 
response at the effective reaction frequency [lJ. We are currently inves
tigating this aspect of the problem. 
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~l Plot of k* vs n for DODeI 
ground state isomerization. The 
dashed line is the best fit of 
Eq. (2) and the solid line is the 
best fit of Eq. (3). 
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(CD: Cavity Dumper; C: compensa
tor; VFC: voltage to f requency 
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analyzer). See Ref.14 for fur
ther details. 

Rotational Motion and Isomerization 

The use of (2) rather than (l) involves the assumption of hydrodynamic fric
tion. We have tested this assumption by using the rotational diffusion 
times for the same molecule in the same solvent as a measure of the solvent 
friction. Equation (l) is rewritten in terms of the reduced reorientation 
time obtained via the Hubbard relation (see [10] for details.) We have com
pleted this study for DODCI [10] but the fit to Kramers expression is not 
improved as might be expected from ~he close adherence of the rotational 
diffusion data to Stokes-Einstein theory [12]. (Note a= 1 in Table 1). 

A High Repetition Rate Amplifier 

To obtain the rotational diffusion times for DPB we have extended the ani
sotropic absorption technique [13,14] i nto the ultraviolet by use of a high 
repetition rate ( ~5 MHz) amplifier . The system is shown in Fig. 2 and con
sists of a cavity dumped argon laser synchronously amplifying pulses from a 
synchronously pumped dye laser. A 3W argon laser was used to drive the am
plifier. Two configurations were used with the dye laser at its full re
petition rate or also cavity dumped. In the first configuration double 
pass gains of 30 times were obtained, while significantly lower gains (2.75 
times) were obtained with the cavity dumped dye laser. With a larger (18W) 
pump laser T. Gustafson of Sohio has recently obtained double pass gains of 
7 times for a cavi ty dumped laser. Thi s corresponds to a pul se energy 32 nJ. 
However, the gains obtained in our initial setup proved quite adequate for 
UV pump-probe spectroscopy. Frequency doubling efficiency was ~15% in 
Lil03 and 7.6% in ADA. The ADA gave better beam quality and stability and 
was used for the experiments. 

fJ') .... 
u 
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Figure (3) shows the anisotropic absorption signal from DPB in tetrade
cane. The excitation and probe wavelengths were 303nm. Using the measured 
decay time and the fluorescence lifetime in (4) gives Tor 66ps/cp. The cal
culated values for stick and slip boundary conditions are l27ps/cp and 
62ps/cp. Thus the result a9rees well with slip hydrodynamics. The reor
ientation time is obtained from the measured time by (4) 

(4) 

When the excited state is depopulated by a process that does not reform the 
ground state on the timescale of the measurement (4) is inadequate. The 
general form of the signal is 

2 -68t -(kf + 6e)t 2 (5) 
T(t)<X[5N'(0)((1-¢)e +¢e )] 

where ¢ is the sum of the yields of processes S]->-So' kf= kr + knr , and 8 
is the rotational diffusion coefficient. If (5) applies to DPB in ethanol 
where the fluorescence yield is very small (0.04) then the anisotropic ab
sorption signal decays as 2 Tor. We measure 25 ±3ps giving Tor 50 ps in 
reasonable agreement with the above value. 
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Evidence for the Existence of a Short-Lived 
'IWisted Electronic State in Triphenylmethane Dyes 

V. Sundstrom, T. Gillbro, and H. Bergstrom 

Division of Physical Chemistry, University of Ume8, 
S-901 87 Ume8, Sweden 

Introduction 

The viscosity dependence of the radiationless relaxation rate of triphenyl
methane (TPM) dyes has lately been studied in numerous works [1-10]. Time
resolved absorption [1-4] and emission [5-7] techniques as well as more con
ventional fluorescence quantum yield measurements [8-10] have been employed 
in these studies. The results have often been interpreted in terms of the 
Forster-Hoffman theory [8] which predicts a magic n2 / 3 dependence of the 
fluorescence quantum yield. Due to the rapidity of the studied processes in 
solvents of low viscosity, most experiments have been performed in glycerol 
or solvents of even higher viscosity. Here we want to present some new re
sults on the relaxation of TPM dyes in n-alcohols that support the previo~
ly assumed twisting mechanism for the relaxation process, and what is more 
important also suggest the existence of a highly unstable intermediate. ~Je 
tentatively identify this species with a photolytically formed short-lived 
geometrical isomer. In addition to these results the presented data show 
the necessity of performing picosecond absorption studies at several wave
lengths in order to extract all information available. 

Experi menta I 

Absorption recovery rates after picosecond pulse excitation of the TPI1 dyes 
crystalviolet (CV) and ethylviolet (EV) in n-alcohols were studied using a 
synchronously mode-locked and cavity-dumped dye laser [11]. Pulselengths 
and pulse repetition rate were ca 2-8 ps and 82 kHz respectively. A flow 
cell system using a peristaltic pump was employed to circulate the sample 
through a 0.5 mm cell at room temperature. Below room temperature the samp
le was thermostated in an Oxford Instruments cryostat. 

Results and Discussion 

The time resolved absorption recovery of CV and EV was studied in several 
n-alcohols as different wavelengths and temperatures. The measured kinetics 
of EV/EtOH at A = 625 nm at various temperatures display interesting 
features. At room temperature the recovery signal is biphasic consisting 
of a positive (bleachin,g) and negative (absorption) part. As the tempera
ture is lowered the relaxation rates of both processes slow down and the 
intensity of the negative part of the signal decreases. Within a narrow 
temperature range (~ ± 5 0 C) around ca -90 °c the appearance of the signal 
is drastically changed, as the negative part of the signal continously 
transforms into a positive bleaching signal, see Fig. la-b. The variation 
in recovery signal of EV and CV when going through the n-alcohol series 
methanol-decanol is similar to that observed in ethanol upon changing tem
perature. Measured kinetic and spectral data ov EV and CV in alcohols are 
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summarized in table I. From these it is evident that there exists a wave
length for each dye/solvent system where a single exponential recovery is 
obtained (the isosbestic wavelen9th). At wavelengths shorter than this the re
covery signal again consists of a double exponential, now with two positive 
contributions. At ~ 585 nm the two re~overy rates are ca two times slower 
than at A = 625 nm . The isosbestic wavelength changes from ca 600 nm in met-

Table 1 EV- and CV/n-alcohols, kinetic parameters at different wavelengths 
and room temperature 23 ± 1 °c 

A = 625 nm A = 585 rm 
RDH 11 [ps] 1 [ps] AI/A 2 A. [nm] 1. [ps] 1 1 [ps] T 2 [ps] 2 I so ISO 

EV: 
Methanol 599 4.1 
Ethanol 6.8 10.7 605 5.9 10.5 
Butanol 13.5 18.0 - 1.5 611 16.1 19 
Hexanol 15.2 63.0 - 7·2 613 19.0 32 123 
Dctanol 22.3 128.0 -17.0 615 30.0 48 176 
Decanol 31.3 330.0 -25.0 617 42.0 62 
CV: 
Ethanol - 1 599 3. 7 9.0 
Butanol 7.6 13·3 - 2·3 603 7.2 13.8 
Hexanol 9·3 29.6 - 4.0 606 12 . 0 22 
Dctanol 11.5 50.0 - 8.3 610 17.4 28 114 
Decano I 14.4 105 -15 612 19.0 33 212 
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hanol and ethanol solutions to ca 615 nm in decanol. The observations de
scribed above can satisfactory be explained using the energy level scheme 
of Fig. 2. Assuming a delta-pulse excitation the kinetic equations (1) - (3) 

dN 
0 

Nlk3 + N2k2 (1) Cit 
dN 1 

Cit -N k - N k (2) 
I I I 3 

dN 2 
(3) Cit Nlkl - N k 2 2 

N o at = 0 
0 

give the expression (4) for the induced transmission change 6T in the sample 

(4) 

where 

Al = (k -k (')/(k -k), A = k (('-1)/(k -k) and (' = (/( 
2 12 12 I 2 I 20 

The rest of the symbols are explained in Fig. 2. For simpl icity k = O. 
With this scheme the measured quantity 6T is predicted to obey a double ex
ponential decay. The ampl itudes and signs of the individual components of 
the recovery signal depend on the relative magnitudes of k , k and ( , ( . 
Thus, the observed recovery signals at A ~ 625 nm see Fig. 11a ~orrespgnd2 
to the case when kl > k2 and (' > 1. At the isosbestic wavelength (' = 1 
and consequently A2 = 0 which reduces the signal to a single exponential 
with 1 i fet ime T I = l/kl . At wavelengths shorter than A. , k2/kl < (' < 1 re
sult in a double exponential decay with two positive c6~~ributions as shown 
in Fig. lc. At wavelengths shorter than ca 590 nm the situation is further 
compl icated by the appearance of another isomer [3,12,13]. This is eviden
ced by a factor of two slower relaxation rates at these wavelengths. In fact, 
even at A. the measured 1 ifetimes are sl ightly affected by the presence 
of this sp~gies, see Table I. Both the rate of formation (k l ) and decay (k 2) 
of the intermediate state S2 is seen to be viscosity dependent (Table I). 
kJ has approximat~ly a n-2/3 dependence wheras k2 displays a much stronger 
viscosity dependence, k2 ~ n- I • 5 • Since both the formation and decay of S2 
is viscosity dependent it is near at hand to consider a twisting motion of 
the phenyl rings (or possibly the NR2-groups) as responsible for the obser
ved relaxation. This is also the view traditionally assumed to explain the 
viscosity dependence of the fluorescence quantum yield [8-10]. From the 
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picosecond absorption measurements it is not possible to determine if S2 is 
an excited state or a ground state. To settle this point time-resolved emis
sion experiments on a few of the systems in Table I was performed [14]. On
ly the fast decay (k]) was observed in these experiments, no long-lived 
emission corresponding to k2 of table I could be detected within the expe
rimental error limits, A2/A] < 10- 3 • This result indicates that S2 pro
bably is an unstable ground state species. 

Finally it remains to relate the observations in EV/EtOH upon changing 
the temperature, Fig. la-b, to the proposed model. The measurements were 
performed at a fixed wavelength, 625 nm. IIhen the temperature is lowered 
A. gradually 'moves towards longer wavelengths (cf. table I in the case of 
nl~?cohols),consequently E' ~ 1. At a particular temperature it is expected 
that E' = 1 and thus A. = 625 nm. Evidently this happens at T ~ - 90 °c 
for EV/EtOH. Below thi~s~emperature a double exponential decay composed of 
two positive terms is observed, Fig. lb. 

In conclusion, we have observed a twisted intermediate state in the re
laxation pathway of the TPM dyes EV and CV in n-alcohols. I/e have also con
firmed earlier proposals concerning the existence of an equilibrium between 
two different conformers in CV and EV. What at first sight was a puzzl ing 
variation in absorption recovery with changing wavelength, temperature and 
viscosity could be interpreted according to a simple model after performing 
detailed absorption measurements with both picosecond and wavelength reso
lution. 
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Kinetics of Stimulated and Spontaneous Emission of Dye 
Solutions Under Picosecond Excitation 

B.A. Bushuk, A.N. Rubinov, A.A. Murav'ov, and A.P. Stupak 

Institute of Physics, BSSR Academy of Sciences, 
Minsk 220602, USSR 

As was demonstrated in [1], ultrafast superfluorescence pulses can be deve
loped in a dye solution under pumping by a powerful picosecond mode-locked 
solid-state laser, though normally superfluorescence emission of dye has a 
rather broad spectrum and its frequency tuning is comparatively inconvenient 
(it requires changing the dye concentration in a solution). The extreme sim
pl icity of the method makes it quite attractive and useful for some 'appl i
cations in picosecond spectroscopy, 

However, the mechanism of ultrashort superfluorescence pulse formation in 
dye solution is not quite clear. Two different cases have been observed ex
perimentally: (1) dye emission synchronized with a pumping pulse, and (2) 
superfluorescence pulses delayed about 10 ps with respect to the pumping 
pulse. The reason for such different behaviour is not completely understood. 

In this paper we present some new experimental data on the time development 
of ultrashort superfluorescence in dye solution. These data show the impor
tance of self-focusing phenomena in this process. In addition, a new tech
nique for time-resolved measurements of low-intensity light signals is de
monstrated. The experiments were carried out with a mode-locked phosphate 
glass neodymium laser. The second harmonic of a single 5-ps pulse extracted 
from the oscillator and amplified in a two-stage amplifier was used for the 
excitation of rhodamine 6G in alcohol. The time evolution of dye superflu
orescence radiation was investigated using the up-conversion method [2]. 
Frequency mixing of the dye'emission with a 1.054-~ picosecond pulse was 
observed in a KDP crystal. Selected by a monochromator, the sum radiation 
was registered with a photomultiplier at different time delays between pump
ing and 1.054-~ pulses. At the same time, the spectrum and the far field 
distribution of the superfluorescence were detected at each shot. 

The following dependence of superfluorescence parameters on the pumping 
power density was observed in the experiments: when the pumping power was 
less than or equal to 109 W/cm2, the superfluorescence pulse had a duration 
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Fig.1. Kinetics of the superfluores
cence maximum of rhodamine 6G in 
ethanol at low (2) and high (3) levels 
of pumping . (1) Pumping pulse 

of ~ 15 ps and was delayed for ~ 10 ps in respect to the pumping pulse. The 

correlation function of the up-conversion of superfluorescence is shown by 

curve 2 in Fig.1, while curve 1 corresponds to the third harmonic generation 
of the pumping pulse. The diffused structureless spectrum and the smooth in
tensity distribution in a far field were characteristic features of the 
superfluorescence emission in this case. 

A drastic change in the superfluorescence behaviour was observed when 
the pumping power density was increased up to 1010 W/cm2. Under these con
ditions a periodic structure showed up in the spectrum, and characteristic 

"hot spots" appeared in a far field picture of superfluorescence. Such be
haviour gives a clear indication of the formation of self-focusing fila
ments in a solution induced by the pumping beam. At the same time, a change 
in the temporal evolution of the superfluorescence was observed (Fig.1, 

curve 3). The superfluorescence pulse was shortened to the duration of the 

pumping pulse and coincided with it in time. 

The correlation between the temporal behaviour change and the change in 
the spectral and spatial intensity distribution gives direct evidence of the 
important role of self-focusing phenomena in the formation of the ultrasho r t 
superfluorescence pulse synchronized with the pumping one. An investigation 
of the evolution of dye superfluorescence in different solvents and direct 
observation of filament dynamics give additional information on this point. 
We observed a spectral change in the superfluorescence of dye after it 
passed through pure benzene in which the self-focusing filaments were syn
chronously induced by additional radiation. After the benzene cell the in i 
tially smooth spectrum acquires the characteristic periodic structure. Our 
experiments showed that with self-focusing of the pumping beam, the durition 
of dye superfluorescence is close to the filament lifetime. An increase in 

superfluorescence duration is observed when a solvent with a longer Kerr re

laxation time is used . The ultrashort superfluorescence pulses proved to be 

useful in the investigation of orientational relaxation processes in dye 
solutions under excitation with different wavelengths. 
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In some cases, the frequency-tunable light pulses of variable duration 
may be of practical use. Our experiments showed that such pulses can be gen
erated in a dye solution placed in a resonator with a short base. While 
pumped with 5-ps duration pulses, such a system generates pulses of 
200-50 ps; the duration of the pulses can be varied by changing the dye 
concentration or the resonator length. Figure 2 shows the kinetics of the 
emission of an ethanol solution of rhodamine 6G in the 5-mm-long resonator 
at different concentrations of dye molecules. 

The possibility of ultrafast kinetic measurements of low-intensity light 
pulses using picosecond CARS spectroscopy is also demonstrated in this paper. 

The second harmonic of a single 5-ps Nd-laser pulse was superimposed 
with a dye superfluorescence pulse in a benzene cell. When the emission 
spectrum of the dye was overlapped with the first Sto"kes component of Raman 
scattering of the pumping frequency in benzene, and the angle between two 
interacting beams was kept within 1°_2°, anti-Stokes 'scattering of pumping 
light and amplification of the superfluorescence at the first Stokes com
ponent were observed. The duration of dye emission was found by measuring 
the intensity of the anti-Stokes scattering versus time delay between pump
ing and probing pulses. The measurements were easily carried out with a prob
ing puls'e having an intensity three orders of magnitude lower than the pump
ing pulse. 

The orientational relaxation of solvent molecules in a dye solution not 
only influences the duration of the dye superfluorescence via the self
focusing mechanism, but also causes a temporal change in the spontaneous 
emission spectrum. It is known that the excitation of a dye molecule in po
'lar solution leads to an orientational redistribution of solvent molecules 
incorporated into the solvate, the process being followed by a temporal 
shift in the fluorescence (or gain) spectrum of the solution . If the solvent 

molecules are rotationally anisotropic, one can expect at least two differ
ent relaxation times to appear in the process. The shortest time character-
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izes the fastest component of rotation, i.e., the rotation around the axis 
perpendicular to the smallest cross-section of the molecule, while the longer 
time corresponds to rotation in a perpendicular plane. 

To observe experimentally the existence of the two relaxation times men

tioned, we investigated the spectral kinetics of the gain of the oxazin 17 
dye in different solvents using the conventional picosecond continuum probe 

technique. The results presented in Fig.3 show that different relaxation 
times (40-45 ps and 120-170 ps) exist in all investigated alcohol s except 
ethanol. It is quite probable that ethanol also has two different relaxation 
times, but that the shorter one is too short to have been observed in our 
experiments. This hypothesis is in accordance with the fast relaxation of 
self-focusing filaments observed for ethanol in the experiment with super
fluorescence kinetics discussed above (Fig.l). 
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Picosecond Resolution Studies of Ground State Quantum Beats 
and Rapid Collisional Relaxation Processes in Sodium Vapor 
R.K. Jain, H.W.K. Tom1, and J.C. Diels2 

Hughes Research Laboratories 
3011 Malibu Canyon Road, Malibu, California 90265, USA 

1Department of Physics, University of California, 
Berkeley, California, USA 

2Department of Physics, North Texas State University, 
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We report experimental studies of coherent transients and collisional relax
ation processes in Na vapor, using degenerate four-wave mixing (DFWM) with 
picosecond pulses. These include investigation of the quantum beat modu
lation (due to the hyperfine splitting of the ground state) of the intensity 
of the DFWM signal as a function of excitation pulse separation. The pico
second resolution obtained by varying the pulse delay in our DFWM experi
ments has resulted in the first observation of harmonic structure in the 
quaotum beat modulation, and in the observation of an anomalously rapid 
(e- I decay time <50 psec) collisional relaxation process at increased tempera
tures. 

In our experiments, we used the standard DFWM opti ca 1 arrangement with 
forward (f) and counter-propagating backward (b) pump pulses, and a probe 
(p) pulse arriving at the Na cell at times: tf' tb' and t p' respectively. 
Optical delay lines allowed us to vary both tp- and tb independently with 
respect to tf, whose instant of arrival is defined here as the zero refer
ence ofitime. For our excitation source, we used ",35 psec pulses (,y = 9.5 GHz) 
at 5890A iD2-line) from a cw Rh 6G dye laser synchronously-pumped by a mode
locked Ar laser (repetition rate 'V80 MHz). DFWM signals were easily ob
served and the average power in the signal wave (i.e., the energy in t~e si9-
nal pulse) was monitored with a slow photodiode and phase-sensitive (-"1 KHz) 
detection electronics. In contrast with other related work [1-3], no cavity 
dumping or amplification of the output of the cw mode-locked dye laser was 
used for these experiments. and pulse areas were typically less than ~/100. 
A Faraday isolator was used to prevent feedback into the dye laser. 

In Fig. 1, we show the signal intensity as a function of tp. with tb fixed 
at values of 1670 psec and 370 psec. The signal intensity is plotted on a 
logarithmic scale, to emphasize the dynamic range of the data in the region 
of fast decays, such as tp. < O. The modulation of the signal in both Figs. 
1a and lb at both the funaamenta1 and second harmonic of the ground state 
hyperfine frequency (~12 = 1.77 GHz, T12 = 565 psec) is easily observable. 
In the special case in which pulses are incident in the sequence f,p,b (i.e .• 
o < t < t ), the four-wave mixing signal has been identified as a photon 
echo fcallgd the backward-wave echo) with emission occurring at t=t +tb[l ,4]. 
No echo occurs for t < 0, or for t > t. Quantum beat modulationPin the 
echo itself has beenPdiscussed by NRkats~ka, et al., but this is the first 
experimental study of quantum beat modulation of the pulse energy as a funct
ion of excitation pulse separation times. Characterizing this quantum beat 
modulation is essential before ultrashort pulses can be used for DFWM studies 
of rapid relaxation processes, such as for the study of the effect of dephas
ing or rephasing collisions with a large number of external perturbers. 

The rapid decay of the signal in Fig. lb, at tp'" 370 psec, is due to the 
change in the pulse sequence. This rapid decay is consistent with the absence 
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of the photon echo, and was verified by noting rapid decays at the appropriate 
time delays tp for various other choices of tho The modulation in the signal 
for t > tb is attributed to subsequent backward pulses (from the high repeti
tion Prate laser) scattering off the v12 modulated spatial grating formed by 
an initial f-p pulse pair. 

It is well established that transient four-wave mixing in the backward
wave echo geometry is a useful probe of relaxation processes affecting single 
states and coherent superpositions of states [1,4J. In Fig. 2, we show evid
ence of an ultrafast collisional relaxation process that we observed at in
creased temperatures . 250 mTorr of He buffer gas was used for the data of 
Fig. 2(a). Such a strong temperature dependence and anomalously rapid decay 
is not directly attributable to known cross sections of Na-He and Na-Na c01"l
isions. In the absence of He buffer gas (see Fig. 2(b)), similar decays were 
observed at slightly higher (~15°C) temperatures, excluding the possibility 
of relaxation via Na-He collisions. One possible source of such behavior is 
an unknown impurity, perhaps due to outgassing from the specific cells used; 
we are presently unaware of an impurity with such a large Na-perturber cross 
section. This rapid decay is presently a topic of further investigation [6]. 

In our talk, we will compare our experimental observations with theory. 
The relation between quantum beats observed in our backward-wave echo experi
ments and quantum beats observed in fluorescence [5J and transmission [2J 
experiments will be discussed. 
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Part V 

Picosecond Chemical Processes 



Unimolecular Processes and Vibrational Energy Randomization 

R.A. Marcus 

A.A. Noyes Laboratory of Chemical Physics, California Institute 
of Technology, Pasadena, CA 91125, USA 

Intramolecular vibrational energy transfer is the subject of much current 
experimental and theoretical research. Some aspects of this problem are 
reviewed in this talk, together with a few new additions. Inasmuch as ex
tensive references have been given in a recent review,l they are omitted in 
this extended abstract in the interests of brevity. Topics discussed include 
(1) experimental work, (2) some theoretical concepts on "regular" and "cha
otic" motion in the classical and quantum mechanics of anharmonic systems, 
and (3) the question of whether experiments can distinguish regular from 
chaotic behavior. By way of introduction we begin first with a review of 
the unimolecular rate constant. of reactions occurring in the gas phaseo 

Unimolecular Reaction Rate Constant 
The study of intramolecular energy transfer began with investigations of 
unimolecular reactions in the 1920's and 1930's, and was resumed especially 
in the post 1950's. The current interpretation of these data via a Lindemann 
mechanism for a reaction A + B involves activation by collision with a mole
cule M to form a vibrationally-hot molecule A*, which can either be deacti
vated by subsequent collisions or form a reaction product B: 

A + M ~ A* + M, A* k(E) 
I B (1) 

Current interpretation of experimental data in these reactions is typically 
via a statistical theory - RRKM theory - in which a microcanonical distribu
tion of states is assumed for each A* of energy E and for the transition 
state of the second step in (1). Transition state theory is then used to 
calculate the rate constant k(E). One finds, in RRI01 theory, 

k(E) = Nt(E)/hp(E), (2) 

where Nt(E) is the number of quantum states of the transition state of energy 
less than or equal to E, h is Planck's constant and ptE) is the number of 
states per unit energy for molecule A*. 

This expression for k(E) is then multiplied by the steady state distribu
tion function ps(E) dE for the probability of finding an A* in the energy 
range (E, E + dt), and integrated over all E. k(E) may also depend on other 
quantum numbers, such as the angular momentum of A*, J, e.g., via the centri
fugal potential, and then one integrates the corresponding k(E,J) Ps(E,Jj 
dEdJ over all E and all J. 

Much of the current experimental research is designed, in effect, to avoid 
the need for this convoluting of k(E) by preparing molecules A* with a nar-
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rower energy distribution, namely by some way other than the collisional path 
in eq.(l), Before considering some of these methods, we first give another 
form of eq.(2) for k(E), derived in the Appendix. It is somewhat more re
vealing of its content and appears to be new: 

k(E) = Vc Nt(E)/NdE), (3) 

where Vc is any classical vibration of A* and Nl(E) is the number of states 
of A* wlth energy equal to or less than E and with this one degree of free
dom removed. Thus, k(E) equals this frequency Vc multiplied by the quantum 
equivalent of a ratio of phase space available to the transition state to 
that available to a molecule with the same number of degrees of freedom, The 
geometry and vibration frequencies may differ for Nt and N1 , and Nt(E) is 
zero until E exceeds some critical Eo, which in turn is related to the thermal 
activation energy. As a function of E, k(E) has a threshold at E = Eo, then 
rises and tends to "saturate" at high E. 

Some Experimental Studies 
Among the studies that have been made are those of (1) unimolecular reactions, 
(2) chemical activation (in bulk and in molecular beams), (3) photochemical 
excitation followed by internal conversion, (4) infrared multiphoton disso
ciation (in bulk and in beams), (5) high overtone induced reactions, (6) 
dissociation of van der Waals' complexes, (7) unimolecular reactions in beams 
at low energies, (8) infrared excitation followed by the study of subsequent 
fluorescence or absorption, (g) vibronic excitation followed by dispersed 
and other fluorescence, and (10) high resolution spectroscopy. Several of 
these are considered below: 

One of the first methods used to secure a narrower range of E's for A* 
involves its formation via a chemical activation step, e.g., the addition of 
an atom or free radical to an olefinic double bond, or the insertion of a 
CH z group into a CH bond, 

/ 
C ->-

" 
C1---, ./ 
F -C-C ->

/ ........ 

F, 
Cl + C 

/ 

/ 
C 

........ 
(4) 

The intervening free radical or molecule is vibrationally hot. Its energy 
distribution is mainly due to the thermal distribution of the initial sub
state. Chemical activation has been studied in bulk and in molecular beams, 
In the bulk case k(E) has been inferred via measurements of products in com
petition with the frequency of deactivating collisions, and E has been varied 
by varying the initial reaction leading to the formation of a hot molecule. 
A classic example of the use of the former to study the rate of vibrational 
energy randomization has been the measurement of ratios of products in care
fully selected reactions by Rabinovitch et al, Typically, the intramolecular 
energy redistribution time thus inferredi#aS-about 1 ps at the high vibration
al energies involved. 

The products' energy distribution for chemical activation in beams has 
been used to infer that of the transition state and, thereby, whether or not 
the microcanonical assumption used for A* in RRKM theory is valid. Such 
measurements are unambiguous when there are no exit channel effects (no sub
sequent translational-vibrational energy exchange in the exit channel), namely 
when the exit transition state is "loose". Reaction (4) displayed statistical 
behavio~. An interesting example of nonstatistical behavior occurred, in-
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stead, in the reaction of Cl addition to a bromoolefin, with Br subsequently 
leaving the hot free radical 0 The estimated lifetime « 1 ps) was presumably 
too short for statistical intramolecular randomization to occur. 

Another method for preparing vibrationally hot molecules is a photochem
ical one in which the molecule is excited with light to form an electron
ically-excited state. In some systems the resultant excited molecule under
goes internal conversion to form a vibrationally hot ground state and its 
subsequent unimolecular reaction can be studied. 

Vibrationally hot A*'s have also been prepared by selectively pumping a 
vibrational mode of a molecule using infrared multiphoton absorption. Such 
studies provide interesting insight into different properties of the states 
of the molecule in the lower energy range and in the higher one (the so
called quasi-continuum). To be sure, the system yields a distribution of E's 
of the reactive A*'s, rather than a nearly monochromatic one. A number of 
the studies have tested the RRKM form of k(E) indirectly, via measurement of 
the energy distribution of the reaction products, usually measuring the 
translational distribution but on some occasions a vibrational one. Another 
test has been via measurement of branching ratios, e.g., in the measurement 
of the HF/HBr ratio in a reaction in which CF mode was pumped: 

The observed ratio was found to be the statistical one computed from RRKM 
theory. 

(5 ) 

By and large, the behavior of the dissoci.ating or isomerizing A* prepared 
by the above methods has been interpreted us i ng RRKt1 theory. More recently, 
vibrationally-hot molecules have been prepared by excitation of a high CH 
overtone in a molecule. The lifetime has been measured indirectly as a func
tion of the vibrational energy, via competition with deactivating collisions, 
and, subsequently, directly using studies in real time. In the case of 
CH 3 NC + CH 3 CN, the results are in ballpark consistency with those inferred 
from RRKM theory and unimolecular studies, while data on the unimolecular 
studies is needed for comparison in the other cases. Some argument regarding 
nonrandom behavior has been made from apparent ±50% fluctuations from a mono
tonic k(E) vs E plot in one reaction. Such effects if real would probably 
go unnoticed in unimolecular plots, but the main question is rather whether 
or not the k(E) measured in such selectively-prepared molecules is or is not 
in rough agreement with that inferred from statistical (e.g., RRKM) theory. 

Another interesting source of information has been initially cold van der 
l~aals' complexes (such as I2He) in which the 12 is vibrationally-excited via 
lasers. The subsequent lifetime has been inferred indirectly from line width 
studies. Typically, one has I 2 (v)X + I2(v-l) + X and RRKM theory does not 
apply to such systems. In the language used below, their motion is much too 
regular, rather than chaotic. 

Other more recent interesting and relevant studies include the infrared 
emission from a molecule (methyl formate) in which a CH band is excited (one 
photon) with an infrared laser and emission from other bands is observed, 
(McDonald), the observation of vibrational quantum beats (Zewail), the pump
probe work and vibrational qyantum beats reported here by Bloembergen, 
the study of k(E) versus E for molecules in which the energy barrier for re
action is very low - ~ 1500 cm- 1 (reported here by Zewail) instead of the more 
usual 15,000 cm- 1 barrier, the study of modal intramolecular relaxation via 
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dispersed fluorescence in. substituted benzenes, (Parmenter at this confer
ence, Smalley) and the measurement of highly resolved spectral sequences in 
small molecules. 

Some Theoretical Concepts 
We turn next to current theoretical work on regular and chaotic motions with
in a molecule. An anharmonic molecule, viewed classically, is an example of 
a nonlinear mechanical system. Such a system has been extensively studied in 
recent years, particularly in astronomical journals. There is a relatively 
recent theorem (Kolmogorov-Arnold-Moser) which shows that at low energies the 
motion of such a system is for most initial conditions highly "regular" (i .e., 
quasi-periodic): In an N-coordinate system such a motion has N constant 
"action variables" and so moves on an N-dimensional surface in a 2N dimen
sional phase space, a torus, rather than on a 2N-l constant energy surface. 
It is thus quite highly restricted in its motion. An example of this regu
larity is given for N=2 by the classical trajectory in coordinate space 
(e.g., Figs.1-4 below). Such motion is highly nonstatistical. 

At higher energies the motion tends, for an increasing fraction of the 
initial conditions, to be chaotic rather than regular, as for example in 
Fig.5. The spectrum of the classical trajectory, determined from the Fourier 
transform of an autocorrelation function of the trajectory, changes corres
pondingly. It is "regular" for a quasi-periodic trajectory (N fundamental 
frequencies, plus overtones and combinations). In the chaotic case it is 
more diffuse, centered around principal frequencies usually red-shifted from 
those at lower E. 

The above dynamical behavior is consistent with one current view in which 
statistical theory is appropriate for interpreting rate processes at higher 
energies; at lower energies, a quasi-periodic type of theory should be used, 
e.g., by treating a molecule as possessing independent vibrational modes, 
using some version of the usual radiationless transition theory and its 
Franck-Condon type matrix elements to treat rate processes. Such a treatment 
would, in a sense, be a quantum modification of N.B. Slater's treatment of 
unimolecular reactions. In that treatment, which was classical, a special 
case of quasi-periodic motion was assumed, namely, independent harmonic os
cillations. The drastic effect of even small anharmonic coupling on the 
motion in the presence of internal resonances was neglected but can be in
cluded in any modified theory. The "transition state" (using transition 
state terminology) was assumed to be a hyperplane in the coordinate space. 

The question arises as to whether this classical mechanical transition 
from quasi-periodic to chaotic motion has quantum implications. According 
to our recent findings in a numerical study, the former may be a necessary 
but not a sufficient condition for quantum "chaotic" behavior (as judged by 
the spectrum). Sufficient conditions have been postulated, both by Kay and 
by the writer, based on Chirikov's theory for the onset of chaotic motion 
("overlap" of internal resonances). Our sufficient conditions for quantum 
chaos include one where the overlap region in phase space should (when di
vided by hN) exceed unity, i.e., contain at least one quantum state. 

One limitation of the Chirikov theory for classical chaos is that it is 
basis-set dependent, i.e., dependent on the choice of the unperturbed 
Hamiltonian, Ho. Another approach, which I am suggesting and which ~Ie 
are currently testing, is a basis-set independent extension of the Chirikov 
resonance, namely we examine the trajectories and find the various domain or 
domains in phase space where a trajectory of given shape dominates. One 
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Fi g.l Fig.2 Fig.3 
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Fig.4 Fig.5 Fig.6 

Legend to Figures 1-6 
Classical trajectories y(t) vs x(t) for the Hamiltonian 
H = ~(p2 + p2 + W2X2 + W2X2) + AX(y2 + nx 2 ) for several cases: Fig.l x Y x Y , 
wand w not commensurable; Fig . 2, w = w (3 librating ellipse-like x y x y 
trajectories); Fig.3, w = w (1 precessing ellipse-like trajectory); Fig.4, x y 
Wx = 2wy (1 librating figure-eight like trajectory); and Fig.5, Wx = 2wy 
(chaotic trajectory). In Fig.6 is the wave function for the system of Fig.4 

would then try to determine if a chaotic region corresponds to an overlap of 
such domains. Further, the size of that overlap domain relative to hN would 
indicate, according to this model, whether or not a local "quantum chaos" 
exists. A trajectory of a given shape corresponds, incidentally, to a given 
resonance (cf Figs.2-4). 

Another approach to "quantum chaos" that we have suggested, again basis
set independent, involves examination of plots of vibrational energy eigen
value vs a perturbation parameter, and seeing whether avoided crossings and, 
more particularly, whether overlapping avoided crossings occur. Overlapping 
of avoided crossings will result in destruction of regular shapes of wave 
functions, so that fairly regular nodal patterns no longer occur. (A reg
ular-shaped wave function is given in Fig.6.) The relation between the 
"overlap of different trajectory shapes" method and the overlapping avoided 
crossings method will be discussed elsewhere . 

Can Experiment Distinguish Chaotic from Regular Behavior? 
Not considered above is the relation, if any, between experiment and the 
classification of states as regular or chaotic. The more well-defined the 
"preparation of the initial state" in an experiment the more one expects a 
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difference between regular and chaotic behavior. For example, if one examines 
the vibrational spectrum of a molecule at ultra high resolution and finds 
regular sequences of eigenvalues, the corresponding quantum states of the 
molecule are apt to be "regular": An isolated avoided crossing at the given 
value of a perturbation parameter will cause some mixing of two nodal patterns 
of the wave function, and some perturbation of the regular eigenvalues' se
quence. [E.g., the eigenvalue sequence in a pendulum problem (libration-ro
tation), which is a model for an isolated resonance, is not as simple as that 
of, say, a Morse oscillator.] Overlapping avoided crossings will produce 
even more irregularity in the spectrum. 

In reactions, the difference in rate constant of A* in the two models -
quasi-periodic or chaotic - can be large, depending on the preparation of the 
initial state. (Strictly speaking, a dissociating molecule is never quasi
periodic, at most only approximately so, but we'll neglect this detail.) If 
A* is prepared via a collision in eq.(l) to form a nearly microcanonical dis
tribution of states, or a distribution of states centered about the microcan
onical, the energy dependence of the rate constant might be similar in tne 
regular and chaotic cases. If, on the other hand, the state of preparation 
is less coarse-grained the experiment may distinguish between the two cases. 
Relaxation by itself is no indication: For example, it has been shown that 
even an integrable system (no classical chaos at any energy) shows relaxation 
of a classical state if the initial excitation involves the excitation of 
many KAM tori at once, by exciting some zeroth order mode, rather than by 
exciting motion on a single KAM torus. 

This field is in its infancy, both experimentally and theoretically, and 
it will be interesting to see the growing relation between these new experi
ments and the new theories. 

82pendix. Derivation of Eg.(3) 
The ptE) is dN(E)/dE, where N(E) is the number of states of A* with energy 
equal to or less than E. N(E) can be written, at least approximately, as 
N1(E-E'), the number of states of an A* with one degree of freedom removed and 
with energy equal or less than E-E', times the number of states p' (E')dE' of 
the missing degree of freedom having the energy in E', E' + dE', integrated 
over E' from 0 to E. If for this extra degree of freedom we select a vibra
tion of A* whose frequency Vc is low enough to be regarded as classical and 
which can also be treated as a harmonic oscillator, then p' (E') equals l/hvc. 
One then finds that ptE) in eq.(2) equals N1(E) [using dN1(E-E')/dE = -dN 
(E-E')/dE']. From these results and eq.(2) eq.(3) follows. 
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1. Introduction 
While liquid solution reactions are much more important in chemistry, gas phase reactions are 
much better understood. Given the central importance of solution reactions to inorganic, organic, 
industrial and biochemistry, it is rather surprising that, as yet, there is not a single such reaction 
whose molecular dynamics are understood in detail. Theoretical and experimental evidence already 
makes clear that much of the important molecular dynamic action in solution reactions occurs on 
the picosecond and subpicosecond time scales. The dihalogen photodissociation and recombination 
reactions, X2 + hl'- X + X - X2 , involving the simplest possible molecular reactants and pro
ducts, diatomics, and in rare gas solution involving only two elements, seem excellent candidates 
for study. 

2. Theory 

The first deterministic theoretical study of the molecular dynamics of reactions was by BUNKER 
and JACOBSONII), who computed the classical trajectories for 12 in CCI4 solvent represented by 26 
spherical, structureless particles in a specular cube. MURREL, ST ACE and DAMMEL(2) 
modelled the photodissociation of 12 in dense inert gases, 12 plus 22 gas atoms in a spherical, soft
walled container. We have similarly modelled 12 plus 50 Xe atoms at liquid density in truncated 
octahedral periodic boundary conditions [3, 41, computing the photodissociation, solvent caging, 
atomic recombination and vibrational energy decay to the solvent from the new 12 molecule, as 
shown in Fig. 1. The conclusion of all three molecular dynamic studies is that geminate recombina
tion is usually a very fast process, over within a few picoseconds. An important caveat, and a 
weakness in these theoretical studies, is that the process whereby the I atoms dissociating on an 
excited state potential surface refind the ground state surface on which they recombine is not well 
understood, and is therefore handled in these calculations by arbitrary assumptions which may be 
incorrect. If so, the real time for geminate recombination may be longer than the few picoseconds 
calculated. 

o 
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Fig. 1. Time evolution in liquid Xe solution of 
12 vibrational energy during reaction sequence 
of photodissociation (at time zero), solvent cag
ing of some of the recoiling 1 atoms, radical 
recombination, and vibrational loss to solvent. 
Also shown is the equilibrium Boltzmann vibra
tional energy distribution before photodissocia
tion. The vibrational energy distribution al
ready bifurcates into two branches within the 
0-5 ps period, the higher one corresponding to 
those 1 atom pairs which have escaped the cage 
and whose minimum energy is the 12 dissocia
tion energy, and the lower one corresponding 
to recombined 12 progressively losing vibration
al energy to the solvent. 



In addition, theoretical calculations by NESBITT and HYNES!5 , 61 for 12 in rare gases and in 
CCl4 and by our group [3 , 41 in liquid Xe indicate that the decay to the solvent of the vibrational 
energy in the new)y reformed 12 molecule will require the order of a hundred to hundreds of 
picoseconds, as shown in Fig. I, considerably slower than the time required for geminate recombi
nation . Note that these calculations are for solvent atoms or molecules which are very weakly 
bound to one another, and that the vibrational relaxation might be quite different , for example, in a 
strongly hydrogen-bonded liquid. 

From our calculated molecular dynamics, plus the potential curves and transItion dipole 
moments, we can compute transient electronic absorption spectra(7), as shown in Fig. 2, which 
includes the A-X, B-X, and the Boo lu(ln) - X transitions. A related nonmolecular dynamics 
spectral calculation has been carried out by NESBITT and HYNES(6). A small quantum correction 
by temperature scaling, which would be exact for the coordinate distribution in the harmonic limit , 
is made to the equilibrium spectra which agree well with the known 12 experimental spectral 
points!81. Note that spectra measured at different wavelengths follow different time histories, 
which can in principle be used to follow the time evolution of the vibrational energy distribution of 
the relaxing 12 molecules. 

3, Experiment 

The earliest picosecond experimental results were by the EISENTHAL group!9, 101, who measured 
the transient electronic absorption spectra after excitation at 530 nm. Decay times of -70 ps for 12 
in hexadecane and -140 ps in CCl4 were observed. Subsequently these studies were extended by 
the EISENTHAL group to 12 in aromatic solvents II 11 which are believed to form complexes with I 
atoms, and by LANGHOFF [1 2] who observed 12 photodissociation in several weakly associated 
liquids, finding decay times in the -100-150 ps range. More recently, KELLEY and 
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Fig. 2. Transient electronic absorption spectra 
computed from molecular dynamics for 12 (in 
Xe solution) reaction sequence of photodissoci
ation, solvent caging, radical recombination, 
and vibrational decay. Time zero is the photo
dissociation. The top curve is the computed 
equilibrium spectrum before photodissociation 
on which are superimposed the experimental 
points from Tellinghuisen!81. 
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Fig. 3. Experimental transient electronic 
absorption spectra for 12 in ethylene glycol 
(0.2 molar, 1.3xl0-2 mole fraction), in 
ethyl alcohol (0.33 molar, 1.9xlO-2 mole 
fraction), and in CCI4 (0.096 molar, 
9.3xlO- 3 mole fraction). All the spectra 
are for perpendicular orientation of linearly 
polarized pump and probe beams. 

RENTZEPIS[13] have observed 12 photodissociation in fluid and liquid Xe with a decay time of 
-40 ps, as well as in CCI4, and similar experiments have been carried out by the PETERS 
group[14]. All of the above studies used second harmonic Nd pump light at -530 nm, which, at 
least in the gas phase, results in ' excitation largely to the bound B O,iCn) state which presumably 
predissociates, but may absorb another photon in the meantime[15.,16]. A delay of -20 ps 
between excitation and the maximum in the absorption curve has been attributed to absorption 
from the B state[9, 13, 17]. Thus, the linking of these experimental transient spectra to the molecu
lar dynamics of the 12 photodissociation and recombination reaction is made difficult by the prob
able presence of the additional processes of B state predissociation and absorption. We have 
recently reported[3] transient absorption for 12 excited using an Ar+-dye (DCM) synchronously 
pumped source at 710 nm into the dissociative A state, thus avoiding the problem of predissocia
tion. In order to achieve the sensitivity needed to detect the very weak[8] 12 A state absorption, we 
use a multiple modulation system[18] based on the discovery by HERITAGE[19] and LEVINE and 
BETHEA [20, 21] that the noise in Ar+ synchronously pumped dye lasers falls off by several orders 
of magnitude in going from the audio to the radio frequency region. We modulate the pump and 
probe beams at two different radio frequencies and detect at the difference frequency, using inex
pensive and readily available radio amateur equipment [J 8]. In addition, we audio modulate the 
pump beam and synchronously detect at that frequency. Decay times are shown in Fig. 3. We sug
gest the hypothesis that vibrational decay might be expected to be faster for the more strongly 
hydrogen-bonded solvents which are expected to have a greater spectral mode density in the range 
of 12 vibrational frequencies. All the above experimental measurements suffer in interpretation 
from the rather weak connection between molecular dynamics and electronic absorption, which is 
further complicated by the possible presence of 12 - solvent, I - solvent, and 12 - 12 complexes. 

4. Discussion and Conclusion 

In summary, two hypotheses have been advanced: j) that geminate recombination for 12 is relatively 
slow and thus accounts for the observed range of transient absorption decay times and ii) that gem
inate recombination is relatively fast and that vibrational decay times to reach vibrational levels with 
higher absorption instead account for the observed transient absorption decay times. At the present 
time, the available theoretical and experimental tools have not been sufficiently powerful to cleanly 
disprove either or both of these hypotheses. 

Improvements in both theoretical and experimental tools should lead to more stringent tests. 
On the theoretical side, molecular dynamics and spectral calculations can certainly be extended to a 
variety of differ~t solvents, and to different pump photon energies and thus different I atom recoil 
energies. In addition, different assumptions as to the mechanism for relaxation to the ground state 
potential curve can be tried out. Transient electronic absorption measurements suffer from the 
intrinsic limitation of a weak connection to molecular dynamics. In contrast, transient Raman spec
tra can directly reveal, for example, rotational and vibrational periods in the evolving reactants and 
products. We have computed such transient spectra [3,4] for this reaction sequence. The 
equivalent resonance Raman spectra can also be calculated and they also will reveal much of the 
underlying molecular dynamics, possibly including upper state recurrence times[22]. Thus Raman 
spectra could provide a definitive test of the above hypotheses. 
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It is surprising, but true, that for no chemical reaction in solution, not even for one as sim
ple and as well studied as 12 photodissociation and recombination, are the detailed atomic motions 
by which it occurs yet known. Even such basic aspects are not certain as the order of magnitude of 
the time required for caging and geminate recombination, and whether a direct deterministic or a 
stochastic diffusional approach to geminate recombination is most appropriate. 

This situation may soon change, as there is now a four order of magnitude time range, -100 
fs to 1 ns, over which molecular dynamic calculations and short light pulse experiments can over
lap. Transient infrared, Raman and electronic absorption spectra all reflect the underlying molecu
lar dynamics of chemical reactions and can provide an interface at which theory and experiment 
may meet. By comparing transient spectra computed from molecular dynamics with the equivalent 
measured spectra, one can hope to discover the microscopic dynamics by which many chemical 
processes occur. 

Thanks for the support which has made this work possible to NSF Chemistry, ONR Chemis
try, NASA-Ames, NIH Division of Research Resources, and Fonds National Suisse for fellowship 
support to P. Bado. 
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Introduction 

The visible fluorescence spectroscopy of s-tetrazine in the vapour phase at 
room temperature is reasonably well understood. Vibrational relaxation data 
were obtained in the single collision limit for several collision partners [1]. 
The mode to mode energy flow turned out to be highly selective but not very 
efficient. With argon as a collision partner for instance the complete removal 
of one quantum of the 6a mode (703 cm- 1) in the electronically excited state 
was highly improbable, on the other hand with benzene as collision partner at 
least 20 hard sphere collisions are ne.eded. S-tetrazine photodecomposes with 
high yield (~ 99%) after the absorption of visible light, a not yet understood 
process. Furthermore, the decay time of s-tetrazine in the electronically ex
cited state ranges from <100 ps up to approximately 2 ns, depending on the 
vibrational mode excited [2].Van der Waals complexes between s-tetrazine and 
atomic gases are easily formed in a supersonic beam, which presents a direct 
method to study photodissociation of the complex [3]. Vibrational predissocia
tion of the Van der Waals complex can be seen as the half collision analog of 
the vibrational relaxation process. 

Experimental 

We have performed vibrational predissociation experiments, both time and spec
trally resolved, on s-tetrazine-argon Van der Waals complexes. The complexes 
were formed in a supersonic expansion of argon gas seeded with - 0.03% s-tetra
zine. The expansion was conducted through a nozzle of 50~m with an Ar stagna
tion pressure between 1 and 1.5 bar. The molecular species as well as the 
Van der Waals complexes could be selectively excited with a synchronously 
pumped cw dye laser [4]. The fluorescence emission was dispersed through a 
high resolution monochromator and detected by a photon counting system (spectra) 
or a single photon counting system (decay times). 

Results and discussion 

The dispersed emission spectra of the molecular species excited in different 
vibrational modes only reveal resonance emissions, indicating that vibratio
nal relaxation as a result of collisions does not take place in the supersonic 
jet under the experimental conditions used. 

Excitation to the zero pOint level (00 ) shows that in the emission spectra 
from the uncomplexed s-tetrazine as well as from both Van der Waals complexes 
(T-Ar and T-Ar2) all emission comes from the originally prepared level with 
a decay time of 800 ps; the same value for all three species and identical 
to thecollision free molecular lifetime at room temperature. 

The 6ab excitation bands of the molecular and complex species show a red 
shift of ~2 and 44 cm- 1 for respectively the T-Ar and T-Ar? complexes, indi-
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~ Fluorescence excitation spec 
trum of the 6a5 s-tetrazine molecular 
transition in a supersonic jet. 

~ Fluorescence excitation spec
trum of the 6a~ transition in 
the s-tetrazine-Ar Van der Waals 
complex. 

cating a slight increase of the Van der Waals binding energy in going from the 
ground to the excited singlet state. The rotational population observed from 
the fluorescence excitation spectrum for the 6aO transition of the molecular 
species (fig 1) can be characterized by a Boltzmann distribution with a tem
~erature of 4 K. Two Van der Waals vibrational modes could be assigned in the 

B3u -state i.e. 35 and 43 cm- l ; most probably the Van der Waals bend and 
stretch vibration. This puts a lower limit to the Van der Waals binding energy 
of approximately 65 cm- l . 

If a Van der Waals complex is prepared in the excited state with one quantum 
of a s-tetrazine mode then the energy might flow to the Van der Waals stretch 
mode dissociating the molecule into an argon atom and an electronically excited 
s-tetrazine molecule in a lower vibrational state i.e. T*-Ar + T*+Ar . 

The emission spectra then might show us which product is formed in what 
quantum state . In addition, measurements of the decay times might indicate the 
dominant decay channels. 

Unfortunately only two levels, i.e. 6a l and 16a2 ,can be excited from the 
zero point level in the ground state to the excited electronic state (lB ou) 
with sufficient population to perform reliable experiments. Selective excita
tion can be performed for the molecular and complex species as shown in the 
figures 1 and 2 for the 6a l level. Features observed in the emission spectra 
of the Van der Waals complex then have to be analysed in terms of complex bands 
or molecular product species. 

We will now look in more detail into the T-Ar Van der Waals complex emis
sion of the 6a l vibrational storage mode (fi~ 3). The three bands indicated 
by an "X" are emissions from the prepared 6a level of the Van der Waals com
plex. They show an identical red shift of 22 cm- l as compared to the well 
known 6a l emission from the molecular species as observed under the same con
ditions in a separate experiment (fig 4) . 
The extra emission bands can be assigned to the 16a l , 16a 2 , 51 and (not shown 
in fig 3) 16a l16b l vibrational levels of the complexed or to the uncomplexed 
tetrazine molecule. For these bands we are not able to make a discrimination 
for the assignments between the molecular and complex species, because the 
spectral resolution in emission was too low. In a separate experiment T-Ar 
complexes were prepared in the 16a 2 vibrational level. These experiments in
dicate only a slight red shift ( ~ 7cm-l) of the Van der Waals comnlex as com
pared to the molecular species. Thus a nearly identical Van der Waals bindin~ 
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Ar x 
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18.2 

~~,,,.-~ 
580 ~(rm) - 590 

~ Part of the fluorescence emission spectrum of the 6a 1 T-Ar Van der Waals 
complex. Insert b: rotational contour of the 16a 1 emission around 
577.2 nm. 

energy in ground and excited state is concluded. The decay time of the 16a 2 

complex is much shorter than observed for the molecular 16a" emission in con
trast to the 6a l complex and the 0° complex, where the decay times are ob
served to be.identical to the lifetime of the molecular species (table 1). 

This indicates that another decay channel is open for the 16a 2 level of the 
Van der Waals complex in competition with the radiationless photochemical 
channel. This extra channel might be due to vibrational predissociation of 
the Van der Waals complex. The levels observed after excitation of the Van 
der Waals complex in the 6a l vibrational storage mode all show a decay time 
similar to that of the molecular species (table 1), except for the 16a 2and 
16a l 16b l vibrational levels. Here again we might conclude that vibrational 
predissociation of the Van der Waals complex is responsable for the decay time 
reduction. The 16a 2 and 16a ' I6b l vibrational levels must be formed as a result 
of collision induced vibrational relaxation within the Van der Waals complex 
T-Ar (6a l ). It is believed that soft collisions (or orbiting collisions) are 

Table 1 Decay time results of s-tetrazine (T) and s-tetrazine-Ar in a super
sonic jet (in picoseconds). 
A. For resonance emission from the prepared molecular level and com
pared with room temperature results [c]. 
B. For dispersed emission after selective excitation of the T-Ar Van 
der Waals complex in the 6a I and 1.lia 2 vibrational level. All emissions 
are assumed to originate from the complex, except 16a 1 (see text). 

A B 

eB3U) fiE T T 
evel [em-I] (jet) (300 K 

p=0.5Torr) 

detected 
'level 16a l 16a 2 16al I6b l 

level:~ 
excited 

0° 0 800 820 

51 

16a l 256 1450 1470 6a l 
1500 560- 900 520 

(T-Ar) 680 
16a 2 512 1540 1410 

16cr16bl 664 - 1420 
51 681 - 500 
6a l 703 520 510 

16a 2 
1400 800 - -(T-Ar) 
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580 Alnml- 590 

E.i:L..! Part of t he fluorescence emission spectrum of the 6a' level of the 
s-tetrazine molecule . Note : all emission is from the 6a 1 level. 

sufficient to induce vibrational relaxation in the s-tetrazine-Ar complex 
assisted by the distortion of the molecular vibration by the Van der ~Jaals 
bounded Ar atom. After vibrational relaxation to the 16a2 level, predissocia
tion is favoured into a 16a 1 molecular species and an argon atom because only 
one quantum of a 16a mode (256 cm- i ) has to be redistributed to the Van der 
Waals stretching mode for dissociation. This gives us an upper limit for the 
Van der Waals binding energy in s-tetrazine-Ar of 256 cm- I . The broad rota
tional contour of the 16a 1 tetrazine fragment band indicates that part of the 
energy is redistributed into rotational energy indicating a binding energy 
< 256 cm- 1 • A similar interpretation might hold for the 16a l 16b l tetrazine-Ar 
complex, where we also observed a reduction of the lifetime as compared to 
the molecular species. 

For the tetrazine-Ar2 complex several new bands were observed (fig 5). Un
fortunately we do not have reliable decay time-results due to the low inten
sity. The spectral positions indicate an assignment to the 16a 1 , 16a 2 , 16a 3 , 

x 

A 
570 580 590 A(nm) -

~ Part of the fluorescence emiss ion spectrum of the T-Ar2 (6a 1 ) Van der 
Ivaa 1 s comp 1 ex. 
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0° and 16a 1 16b 1 levels. From the known red shift of the complex th,e Ou band 
has to be assigned to the molecular species. The other bands might be inter
pretated as molecular as well as Van der Waals-Arn complex bands. 
Following the interpretation of the T-Ar complex we might presume the following 
processes for the T-Ar2 complex: 

T*- Ar2 (6a 1 ) ~ T*- Ar2 (16a 3 ) 

T*- Ar2 (6a 1 ) ~ T*- Ar2 (16a 2) 

(1 ) 

(2) 

Consecutive vibrational predissociation from ( 1) gives 
* (16a 3 ) ~ T:- Ar (16a 2) T * - Ar2 + Ar 

T - Ar (16a 2) ~ T (16a 1 ) + Ar 
and from (2): 

* (16a 2) ~ T*- Ar (16a 1 ) + T*- ArL Ar 
T - Ar (16a 1 ) ~ T (0°) + Ar 

From the results we conclude that vibrationru predissociation in s-tetrazine-Arn 
(n=1,2) Van der Waals complexes is favoured through the 16a molecular storage 
mode lather. These results imply that coupling between the 16a out of plane 
tetrazine vibration and one of the Van der Waals vibrations is strong compared 
to the coupling of other molecular modes. Furthermore we conclude that in the 
T-Ar2 complex the argon atoms are ejected one by one during predissociation. 
The observed vibrational predissociation rate is approximately 10 9s- 1 for 
the 16a2 vibrational level. This rate is a factor of two greater than the 
radiationless photochemical process observed in s-tetrazine for the same level. 
The results indicate that the Van der Waals binding energy lies between 65 
and 250 cm- 1 • 

Acknowledgements 

The authors are indepted to ~1r. H.K. van Dijk for experimental assistance. 
The investigations were supported in part by the Netherlands Foundation for 
Chemical Research (SON) with financial aid from the Netherlands Organization 
for the Advancement of Pure Research (ZWO). 

References 

l. a. 
b. 

2. 

3. a. 
b. 

4. a. 
b. 

268 

r1.~J. Leeuw, Thesis, University of Amsterdam (1981). 
M.W. Leeuw, J. Langelaar and R.P.H. Rettschnick. Proc.of the UPS 80, 
Reinhardsbrunn DDR, p. 220-224 (1980). 
J. Langelaar, D. Bebelaar, M.W. Leeuw, J.J.F. Ramaekers and R.P.H. 
Rettschnick. Picosecond Phenomena II, Ed. R./l. Hochstrasser, W. Kaiser, 
C. V. Shank, p. 171-174. Springer Verlag (1980). 
R.E. Smalley, L. Hharton, D.H. Levy. J.Chem.Phys. 68 2487 (1978) 
J.E. Kenny, D.V. Brumbaugh and D.H. Levy, J.Chem.PhYs. 71 4757 (1979) 
J. de Vries, D. Bebelaar, J. Langelaar. Opt.Comm. 10 24-r1976) 
D. Bebelaar, J.J.F. Ramaekers, ruJ. Leeuw, R.P.H. Kettschnick and 
J. Langelaar. Proc.of the UPS 80, Reinhardsbrunn DDR, p. 212-217 (1980). 



Picosecond Laser Induced Fluorescence Probing 
of N02 Photofragments 

P.E. Schoen, M.J. Marrone, and L.S. Goldberg 

Naval Research Laboratory, Washington, D.C. 20375, USA 

Introduction 

The UV photolysis of nitromethane has been studied extensively for many years 
[1-12]. It is now generally accepted that the primary photodissociation 
process leads to formation of the free radicals CH3 and N02 in the reaction: 

hv 
CH3N02 + CH3 + N02 (1) 

We have performed 264 nm photolysis of nitromethane in the gas phase and 
have observed formation of ground-state N02 product within the 5 ps pulse 
resolution time of our laser. This represents the first direct observation 
of the initial fragments of nitromethane photodecomposition with picosecond 
time resolution. We have employed a newly developed Nd :phosphate glass 
laser system, mode-locked and repetitively pulsed at 0.2 Hz [13]. The 
presence of N02 radicals was probed by its fluorescence induced with a second 
harmonic pulse at 527 nm. Thus using picosecond-delayed laser induced 
fluorescence (LlF) in the gas phase (0.1 to 10 Torr), we have been able 
to observe ground-state product formation in the collision free regime. 
The technique of exciting fragment molecules to a fluorescent state has 
proved to be a particularly well adapted approach to detecting gas phase 
species at low concentrations. 

Fig. 1 shows the time integrated fluorescence intensity as a function of 
probe pulse delay. While the photolyzing UV pulse itself produces a 
fluorescing species, the subsequent arrival of the probe pulse causes the 
observed signal to increase by a factor of - 3. The dashed line in Fig. 1 
represents the system temporal response as determined by a photobleaching 
experiment in rhodamine 6G dye solution. The UV pulse initially depopulates 
the ground state of the dye molecule, allowing a subsequent 2nd harmonic 
pulse to be transmitted. 

The fluorescence signal was weak so that its spectrum could only be 
examined by the use of a sequence of long-wavelength-pass color filters. 
These indicated that the emission was characteristic of N02, extending from 
the region near the probe wavelength to beyond 750 nm. This was true both 
for fluorescence induced by the UV pulse alone and also for the UV 
plus probe pulses. Signal at shorter wavelengths, on the antis tokes side of 
the probe, was too weak to be detected in either case. Also characteristic 
of N02, the lifetime of the emitting species was long [14], as indicated 
by Stern-Volmer plots of decay rate vs. nitromethane pressure, for UV alonE! 
and UV plus probe induced fluorescence. 

Fluorescence intensity for both processes was linear over 2 decades of IN 
pulse energy, indicating a single quantum process was occurring. An N02 
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Fig. 1 LIF signal as a function of probe time delay for photo
lysis of nitromethane at 0.8 Torr. Intensity is normalized to 
UV and probe pulse energies. Each data point represents an 
average of 10 laser shots. Dashed line: System temporal re
sponse function determined by photobleaching experiment in 
rhodamine dye solution. 

fragment produced initially in an excited state by absorption of a single UV 
photon would have sufficient excess energy above that required for C-N bond 
scission [15J to fluoresce only at wavelengths beyond ~ 590 nm. which is 
consistent with our observations. 

Therefore considerations of probe absorption. fluorescence spectrum and 
lifetime, and bond energy give strong evidence that we have observed photo
decomposition of nitromethane in the collision free regime to yield CH3 and 
NOZ radicals. 

We have measured the quantum yield for formation of NOZ by comparing the 
signal intensity for LIF in photolyzed nitromethane with that obtained in neat 
NOZ gas. Taking into account the relative quenching rates observed in these two 
experiments, and using an absorption cross-section of 3 x 10-Z0 cmZ at Z64 nm 
[16J, we calculate the yield of ground-electronic-state NOZ to be 70% ± 30%. 
In a representative experiment (0.63 Torr nitromethane. 185 ~J UV energy). 
Z.Z x lOll ground-state NOZ photofragments are produced in an observable volume 
element of 0.Z5 cm3• A small fraction of these are excited by the LIF probe 
pulse: for a probe energy of 940 ~J, and an NOZ absorption cross-section 
extrapolated to 5Z7 nm of 1.4 x 10-19 cmZ [17J. we obtain 6.Z x 108 NOZ 
molecules (0.3%) excited by the probe. Only about 4.6 x 108 molecules (O.Z%) 
are produced initially as electronically-exciteo NOi in the UV-only experiment. 

The dependen,ce of quantum yield on photolyzing wavelength was examined 
using stimulated Raman scattering in HZ gas (5~ZO Bar) to produce wavelength
shifted excitation pulses at Z96 nm and 337 nm (first and second Stokes) and 
at Z38 nm (first anti-Stokes). Fig.Z (upper half) shows the wavelength 
dependence of the quantum yields obtained for excited-state NOZ (UV only) 
and ground state NOZ (UV + probe). The yield for ground-state NOZ does 
not vary appreciably over these photolyzing wavelengths. However. the 
yield for NOZ increases sharply for Z37 nm excitation and becomes essentially 
zero at Z96 nm. 
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Fig.2 Upper half: Relative 
quantum yield of NOi [0] and 
N02 [X] versus photolyzing 
wavelength. The yields are not 
shown to the same scale. 

Lower half: UV absorption 
spectrum of nitromethane gas 
indicating known transition 
states as discussed in text 
below. The arrows indicate the 
UV photolyzing wavelengths 
obtained from stimulated Ram.an 
scattering in H2' 

Rebbert and Slagg [2] suggested that more than one excited state of nitro
methane was involved in its decomposition, and Honda et al. [6] and Flicker 
et al. [18] have supported this idea. Two states are observed in its opti-
cal absorption spectrum Fig.2 (lower half) [16, 18, 19]: a strong feature 
at - 198 nm (a) aSSigned to a IT -> IT* singlet-singlet transition, and a wE,ak 
satellite at - 270 nm (b) suggested to be an n -> IT* singlet-singlet transition. 
A third, still lower energy state has been found by electron energy-loss 
spectroscopy at - 326 nm (c) [18], which the authors suggest has n -> IT* singlet
triplet character, but which may be a composite of overlapping transitions 
of different character. Most investigators have supported process (1) as 
the main primary photolysis channel for nitromethane [1-5]. Honda et al. 
[6] and Flicker et al. [18] suggest that the lower energy transition to the 
triplet state at - 326 nm addresses process (1) particularly while the sing
let-singlet excitation near 270 nm induces a different reaction. 

Our observations that ground-state N02 fragments are formed promptly and 
wi th high quantum yield from 264 nm photolysis of low pressure nitromethane 
support the conclusion that excitation of the n -> IT* transition near 270 nm 
results in dissociation predominantly via reaction (1). Our Raman shifting 
experiments indicate that the yield of the primary product ground-state N02, 
as distinct from final products, does not vary appreciably over the excitation 
range studied. The lower energy transition near 326 nm does not appear to have 
a significant effec t upon this reaction. These experiments do show, however, 
that the higher energy IT -> IT* transition near 198 nm is probably responsible 
for NOi production. 
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Excited State Proton Transfer 
in 2- (2-'Hydroxylphenyl)-Benzoxazole 

G.J. Woolfe, M. Melzig, S. Schneider, and F. Dorr 

Institut fUr Physikalische und Theoretische Chemie der Technischen 
Universitat MUnchen, Lichtenbergstrasse 4, 
0-8046 Garching, Fed. Rep. of Germany 

1. Introduction 

The important roles of excited state proton transfer processes 
in such diverse fields as photostabilization, photochromism in 
certain compounds [1] and certain biochemical processes are in
creasingly being succesfully elucidated by photophysicists. Ex
cited state intramolecular proton transfer usually results in 
the extremely rapid formation of an excited state tautomer of 
the originally excited species [2-5] • The possibility exists, 
therefore, of a dramatic modification of the expected photophy
sical or photochemical behaviour ie that which might be antici
pated on the basis of naive considerations of the starting mole
cule. 

As a consequence of the high rate of proton transfer and the 
subsequent rapid deactivation of the resulting tautomeric ex
cited state, time resolved picosecond spectroscopy has the ca
pacity to provide significant advances in the understanding of 
system exhibiting exciting state proton transfer [2-6] • 

2. Experimental 

Fluorescence decay curves were measured using a "synchroscan" 
streak camera system. The excitation source was a Rhodamine 6G 
dye laser (Spectra Physics 375) synchronously pumped by an a
cousto-optically mode-locked Ar+laser (Spectra Physics 171-18W). 
This combination delivers pulses with a temporal width of ca. 
3 ps fwhm and tunable in wavelength from 580 nm to 610 nm, at 
a repetition rate of 81 MHz. These pulses are frequency doub
led with an angle tuned LiI03 crystal and after passing through 
a filter to remove the remaining fundament~l radiation, the se
cond harmonic ( 300 nm) is focussed onto the sample. The resul
ting fluorescence is viewed by the streak camera (Imacon 675) 
at 90° to the direction of excitation. 

The effects of the finite response time of the system were 
accounted for by numerical iterative convolution using an in
strument response function obtained by recording the scatter 
of the fundamental laser pulses from chalk. Data fitting was 
accomplished using a non-linear least squares routine based on 
the algorithm of MARQUARDT [7) • 

Steady state emission and excitation spectra were recorded 
with an Aminco-Bowman spectrofluorimeter and have not been cor
rected. 
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Fig. 1 Fluorescence spectra of 
HBO in (a) Ethanol (b) Cyclohexane 

3. Results and Discussion 

3.1 The Proton Transfer 
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Fig. 2 Fluorescence decay of 
HBO in DMSO 

The occurrence of an excited state intramolecular proton trans
fer in 2-(2'hydroxyphenyl) benzoxazole (HBO)is clearly indica
ted by its fluorecence spectrum [8-10] . The spectrum consists 
of two emission bands, one of which has an anomalously large 
stokes shift (Fig.1). The relative intensities of these bands 
are both solvent and temperature dependent. The long wavelength 
emission (" max" 4 75) is attributable to the tautomeric species 
in which the proton has been transferred to the nitrogen hetero
atom. The short wavelength emission ( ~max = 375 nm) is assigned 
to the normal form of the molecule, I. 

Despite the very low transmission of our streak camera slit ima
ging optics at wavelengths below 400 nm, the short wavelength e
mission of HBO in dimethylsulphoxide (DMSO) is sufficiently in
tense that the lifetime of this emission can be determined by 
measurements on the tail (A>400 nm) of the band. The fluorescence 
decay of HBO in DMSO is shown in Fig. 2. The decay is clearly non
exponential but has been well fitted by the sum of two decaying 
exponentials (1). 

( 1 ) 

The least-squares optimized lifetimes are T1 = 68.2 ! 7,5 ps, 
and ~2 = 1080 ! 360 ps. A crude wavelength resolution has also 
been made by measuring the decay with various short-pass filters 
between the sample and the streak camera slit. In all cases the 
data are well fitted by the same two lifetimes (within experi
mental erro~, but with different values for the ratio A1/A2 . The 
results are summarized in Table 1. 

These results clearly indicate that the shorter lifetime is 
associated with the long wavelength emission band of HBO in DMSO. 
The fact that the short and long wavelength emission bands have 
different lifetimes and that the long wavelength emission shows 
no detectable risetime indicates that the proton transferred and 
normal excited states do not interconvert and, in particular, 
that an equilibrium between them is not established in the exci
ted singlet state. 
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Table 1 Dependence of A1(A2 on wavelength for HBO in DMSO 

Wavelength region [nm I A1/A2 

400 440 0 
400 460 0.79 .:!:. 0.27 
400 480 1.89 + 0.23 
400 700 2.84 + 0.20 

The two obvious possiblities are that the normal and tauto~ 
meric excited states bot~ arise from the same Franck-Condon exci
ted state but become independent after their initial formation 
or that they result from the excitation of different ground 
state species (conformers) and remain independent after excita
tion. The excitation spectra of the short and long wavelength 
emission bands have been found to be significantly different from 
one another in all solvents we have measured, supporting the se
cond of the above possibilities. 

The most probable ground state precursor of the tautomeric 
excited state is a conformer exhibiting intramolecular hydrogen 
bonding between the hydroxy group and the nitrogen heteroatom 
There are two possible ground state precursors of the normal 
excited state - a "trans" structure with intramolecular hydrogen 
bonding between the hydroxy group and the oxygen heteroatom and 
a "strongly solvated" structure (II). The latter species is ex
pected to exist in appreciable amounts only in solvents capable 
of intermolecular hy.drogen bonding with HBO. 

;. 

(Hk t ~ oc:>-u O=~ru 
I 

s=solvent 
II III IV 

The foregoing discussion illustrates that the relative inten
sities of the normal and tautomeric emissions of HBO are deter
mined not only by the rate constants for excited state deactiva
tion mechanisms, but also by the relative populations of the 
various ground state conformers. The effects of solvent and tem
perature upon the steady-state emission spectrum is therefore 
quite complicated and a correct understanding of the photophy
sics of this molecule is possible only with the aid of direct 
measurements of the fluorescence decay. 

The time dependence of the tautomeric emission has been mea
sured in a large range of solvents. In all cases the risetime of 
the fluorescence was faster than the time resolution of the mea
surement system (5 ps), placing a lower limit on the rate cons
tant for ercited state intramolecular proton transfer in HBO of 
2 x 1011 s - • 
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3.2 Deactivation of the Tautomeric Excited State 
The fluorescence lifetimes and spectral maxima of the HBO tau to
mer in a range of solvents are listed in Table 2. As the dielec
tric constant of the solvent increases there is a general trend 
towards a shorter lifetime and a shift to shorter wavelengths 
of the tautomer fluorescence. This spectral shift is somewhat 
unusual and unexpected. 

One possible explanation for this is that the tautomeric ex
cited state can exist in two distinct forms - quinoidal (III) 
and zwitterionic (IV). Their excistence as distinct entities 
rather than simply as resonance forms of a single species is 
supported by studies of molecular models. These show that while 
IV is planar, III appears most stable in a bent conformation. 
Similar findings exist for a related benzothiazole [8] • 

The existance of two distinct tautomeric species is also suggest 
by the shape of the long wavelength emission band of HBO. This 
band appears rather broad with a shoulder on the long wavelength 
side (ca. 520 nm). The shoulder is relatively more intense in 
solvents of lower dielectric constant. The more polar IV should 
be favoured in solvents of high dielectric constant while III 
exists preferentially in lower dielectric constant solvents. In 
all solvents the decay of the entire tautomer emission was well 
fitted by a single exponential decay law, suggesting that III 
and IV are in equilibrium in the excited state. The results can 
now be interpreted if IV emits at shorter wavelengths and has a 
shorter lifetime than III. The actual measured lifetime and spec
tral maximum then depends on the influence of the solvent on the 
position of the excited equilibrium between Illand IV. 
One difference between III and IV is the bond order of the bond 
linking the two rings of the molecule. The lower bond order in 

Tabe 2 Fluorescence decay time and spectral maximum for HBO 

Solvent Dielectric constant Fluorescence 
at 25°C lifetime [ps]spectral Maximum [nm] 

DMSO 46.68 69.0 .:!:. 4.0 465.2 
Acetonitrile 37.5 84.8 .:!:. 4.0 476.8 
N,N-Dimethyl- 36.71 70.7 + 4.0 466.9 
formamide 
Methanol 32,70 78.0 + 4.0 470.7 
Ethanol 24.58 112.1 "+ 5.0 472.7 
Propanol 20,33 147.3 + 6.0 474.6 
Pyrid ine 12,3 96.4 + 5.0 485.5 
Tetrahydrofuran 7,58 112.8 "+ 5.0 482.4 
Chloroform 4.806 344 !. 25 477 .6 
Carbon Tetrachloride 2.238 413 + 30 482.7 
Benzene 2,275 309 + 15 482.0 -Cyclohexane 2.023 257 + 10 482.0 
Octadecane 
Liquid (31°C) ~2 358 .:!:. 25 482.8 
Octadecane solid 
(25°C) ';2 516 .:!:. 40 474.8 
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IV gives rise to the possibility of internal rotation of the two 
rings relative to one another. Such internal rotation results in 
rapid excited state deactivation in certain dye molecules and 
in 3-hydroxyflavone 16,11,12). This is a possible justification 
for IV having a shorter lifetime than III. The large difference 
between the lifetimes in solid octadecane and the liquid hydro
carbon solvents suggests that such internal rotation may also 
play an important role in this molecule. 

Another interesting trend emerging from the results in Table 2 
is the effect of intermolecular hydrogen bonding between solute 
and solvent. The lifetimes in pyridine and tetrahydrofuran, 

are quite short despite the relatively low dielectric con
stants of these solvents. These solvents act as H-bond acceptors 
and the short lifetimes may be a consequence of the intermolecu
lar H-bond vibrations acting as a strong accepting mode. Alter
natively the hydrogen bonding may give rise to anharmonic con
tributions in the vibrational degrees of the HBO tautomers, lea
ding to enhanced deactivation rates. 
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Picosecond Dynamics of Unimolecular Ion Pair Formation 
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Department of Chemistry, Northwestern University, 
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Introduction 

The ultimate understanding of a complex process like electron transfer in 
solution depends on our knowledge of more elemental steps such as solvent 
stabilization of charge and diffusional motion of oppositely charged ions. 
We report additional work on a molecular system [1] that allows a kinetic 
analysis of these two effects. Malachite green leucocyanide (MGCN) can be 
photoexcited to create MG+ and CN- ions in some solvents. Fig.l shows the 
HGCN tetrahedral structure and the MG+ planar structure. The lowest 
excited singlet state of MGCN is localized in the dimethylaniline groups 
with absorption and fluorescence maxima at 270 and 350 nm, respectively. 
The MG+ cation absorbs strongly at 620 nm and this absorption was used to 
follow the MG+ concentration following photoexcitation of MGCN. 

Experimental Description and Results 

We have measured the steady state MGCN* fluorescence yields, the MGCN* 
fluorescence decay kinetics, and the MG+ rise kinetics as a function of 
solvent. 

The fluorescence yields were done with a commercial fluorimeter and the 
fluorescence decays were analyzed by time-correlated photon counting [2,3]. 
A mode-locked argon ion laser pumped a dye laser to provide-3 ps pulses at 
600 nm which were then doubled by a temperature phase matched [4] ADA crystal 
to 300 nm. The fluorescence was polarization analyzed to remove rotation 
effects and the system response was - 300 ps FWHM. 

Time resolved absorption spectra were done with an amplified dy§ laser 
system similar to the design of IPPEN et al. [5]. A Quanta Ray Nd + YAG 

2 
Fig.l Structures of malachite green leucocyanide (1) and malachite green 
dye cation (2) 
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oscillator was doubled to "532 nm and the output beam of 80 mJ was used to 
amplify the-3 ps pulses (0.5 nJ/pulse) from the input dye laser pulse traill. 
The three stage amplifier delivered-100 ~J/pulse at 10 Hz with good preser
vation of pulse shape. Our electronics and computer system allowed selection 
of acceptable energy limits, ratio calculations on each shot, and real time 
averaging. The transient absorbance of MG+ at 600 nm was monitored as a 
function of time delay after the 300 nm second harmonic excitation pulse. 
For the data reported here we used a 15 shot average at each time delay point 
and measured IO/IT for the sample. Noise in IO/IT was 0.2% and spatial over
lap and spatial noise with the 300 nm pump beam was the main noise source in 
our data. 

We studied a variety of solvents having different dielectric constants 
and hydrogen bonding ability. The most systematic variation of dielectric 
constant (£) at approximately constant viscosity was achieved by making 
mixtures of ethyl acetate (£ = 6) and acetonitrile (£ - 38). Low dielectric 
and inert solvents like cyclohexane and benzene (i a 2.3) are reported to 
have zero ionization yield so that we expect MGCN in benzene, for example, 
to have fluorescence decays*and yields identical to dimethylaniline [6]. 1be 
fluorescence decays of MGCN in the ethylacetate/acetonitrile mixtures sho~~d 
a progressively shortened lifetime compared to benzene solutions and the 
short ti~e «100 ps) fluorescence had non-exponential behavior exhibiting a 
much faster decay rate than expected from the exponential decay occurring at 
times greater than 1 nanosecond after excitation. These latter times can be 
converted to ionization iates by assuming that the radiative and singlet
triplet lifetime of MGCN is constant in all solvents. These rates are 
reported in Table 1 with fluorescence quantum yield results and lifetime 
results. 

The early portion of the time resolved absorbance curves of MG+ are shown 
in Fig.2 for a series of dielectric constants. There is a sudden initial 
rise in all solvents but the low dielectric constant solutions show a slow 

Table 1 Fluorescence Decay Ratesb and Yields of MGCN 

Dielectric Fluorescenceb Fluorescencec Ionizationd 
Solventa Constant Lifetime [ns] Yield Lifetime [ns] 

Benzene 2.3 2.7 .11 
EtOAc 6.0 1.9 .069 6.4 
90.4% EtOAc/ACN 9.1 1.0 .035 1.6 
62.4% EtOAc/ACN 18 0.4 .011 0.47 
31.2% EtOAc/ACN 28 .0050 
ACN 38 .0031 
Ethanol 24.3 .0047 
Methanol 37.2 .0023 
Ethyl Ether 4.3 .11 
Dioxane 2.2 .045 

a. EtOAc is ethyl acetate and ACN is acetonitrile. 
b. The fluorescence lifetime is exponential only for times greater than 1 

nanosecond after excitation, the short time behavior is non-exponential. 
c. The yield of benzene was assumed to be 0.11 as found for cyclohexane in 

[6]. Our relative yields (±5%) were scaled to this value. 
d. The ionization lifetime is calculated by assuming a constant total dec:ay 

of 2.7 ns for fluorescence and intersystem crossing in all solvents. 
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Fi~.2 Time evolution of MG+ after photo-excitation of MGCN in ACN (1, £ -
38 , EtOAc/ACN (2, £ - 18), EtOAc/ACN (3, £ = 9.1), EtOAc (4, £ = 6.0) and 
benzene (5, £ - 2.3). 

growth of MG+ starting immediately after the fast rise. Absorbance measure
ments at longer time delays can yield relative yields of MG+ and these will 
be reported for times longer than our current limit of 600 ps. The quantum 
yield of ionization was previously measured [7) in 95% ethanol as*0.91 and 
it has been postulated [6) that the excited singlet of MGCN (MGCN ) directly 
decays to the ion pair. Our measurements address this unresolved question 
by comparing the fluorescence rate of MGCN* with the rate of rise of MG+. 
The fPpearance of MG+ qualitatively correlates with the rate of decay of 
MGCN fluorescence. 

Discussion 

The data show a direct correlation of MGCN* singlet decay and MG+ creation 
with no evidence for a*long-lived intermediate state or species. The rate 
limiting step for MGCN ionization is very dependent upon ion solvation 
energies as evidenced by the strong dependence of rate on the solvent di
electric constant. The non-exponential rise of MG+ concentration suggests 
that the first 100 ps of the decay will eventually allow testing of real
istic models. However, the exponential behavior at longer times for the 
lower dielectric constant solvents (£ from 6-28) appears to be consistent 
with an activated process having a barrier controlled by ion solvation ener
gies. This simple theory has been used in bimolecular exciplex systems [8) 
and predicts our observed linear correlation between 1/£ and the ionization 
rate. 

The fluorescence yields and approximate MG+ ion yields can be used to 
evaluate the possibility of ion pair recombination. Our current estimste 
suggests that -20% of the ion pairs never separate into MG+ and CN- in our 
solvent mixtures having a dielectric constant of £ (18. Direct measure
ment of these rates is in progress. 

This molecule and derivatives formed from other anions promises to create 
a data base for understanding solvent stabilization of incipient ionic charge 
and diffusion of ion pairs. We are actively pursuing this problem both 
experimentally and theoretically. 
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Effect of Polymerization on the Fluorescence Lifetime 
of Eosin in Water 

Wei-Zhu Lin, Yong-Lian Zhang, and Xin-Dong Fang 
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Zhongshan University, Guangzhou, China 

1. Introduction 

It is known that the fluorescence lifetime and the quantum yield 
of some organic compound solutions decrease as the solution con
centration increases and this phenomenon has been attributed to 
the interaction of the excited molecules with the nonexcited 
molecules of the same kind and the formation of polymers. (1}-(4) 
We report further study of the effect of polymerization on the 
fluorescence lifetime of eosin in water using the ultrafast 
optical gate technique to measure the fluorescence lifetime of 
this solution in various concentrations and various temperatures. 

2. Experimental 

The experimental arrangement is shown in Fig.l. A passive mode
locked Nd'+,YAG laser produces a pulse train of L 06um, each pulse 
of 30 to 40ps duration, and separated by lOns interval. The 
pulses are frequency doubled in a KDP crystal. The second 
harmonic pulses of 530nm are separated by a beam splitter and then 
sent through a variable optical delay to excite the sample con-

1.06AAJ1 

Fig.l The schematic arrangement for measuring the 
fluorescence lifetime. Pl and P2: two crossed 
polarizers, Al and A2: diaphragms for blocking 
5JOnm and l.o6um respectively, FI filter. 
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Fig.2 Eosin fluorescence 
1: 5XIO-4M, 2: lXlO- 2M 

tained in a cell of Imm in thickness. The fluorescence from the 
sample is collected and focused to a Duguay shutter(5)and detected 
by a IP28 photomultiplier. This shutter is opened by the 1.06um 
pulses from an amplifier. The signal to noise ratios at peak 
transmission in these experiments are 40:1 

3. Results and discussion 

The decay curves of the fluorescence intensity of eosin in water 
at two concentrations are shown in Fig.2. Each data point in 
the figure represents the mean of ten separate firings of the 
laser. The fll10rescence lifetime has been obtained by a least 
squares fit of the experimental data. The measured fluorescence 
lifetime at concentration of 5XlO-4 M is consistent with the value 
obtained by PORTER et ale [6]. 

Table 1 shows the experimental values of the fluorescence lifetime 
of eosin in water in the range of 5XIO-4M to lXlO-2M. 

Table 1 Fluorescence lifetime of eosin in water 

Concentration (mole/liter) 

<;XIO- 4 
lXlO-3 
2.5XlO-3 
4XIO-3 
5XlO-3 
6XlO-3 
8XIO-3 
9XIO-3 
1XlO-2 

lifetime (PS) 

962 ±135 
970 ±l09 
900 ±82 
884 ±1l5 
827 ±1l4 
763 ±82 
661 ±79 
556 ±59 
500 ±83 
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It has been observed that the reciprocal Qf lifetime of the dye 
solution depends nonlinearly on the concentration (refer to Fig.). 
This nonlinear dependence can be fit with the following equation 

where7"is the lifetime of the solution'~His the lifetime at very 
low concentration, C is the solution concentration, while Al and 
A2 are constants. Supposing dimers as a kind of quencher besides 
nonexcited monomers, (1) can be derived from Stern-Volmer law. 

Eq.(l) indicates that the effect of dimers, represented by the 
term A2C2, is chiefly responsible for the decrease of the fluores
cence lifetime in concentrated solutions, while the influence of 
the nonexcited monomers, represented by the term AIC, may be of 
less importance. 

The absorption spectra of these solutions also show that the 
absorption band characterizing the dimers rises as the concentra
tion increases. It means that the fraction of the dimers in the 
solution increases. This fact, togeter with the fact that the 
dimers might have a large specific quenching efficiency for the 
excited monomeric molecules, would lead to the strong fluorescence 
quenching in concentrated solution. 

The effect of temperature on the fluorescence lifetime may be 
another evidence for the quenching by polymers. Previously, it 
was observed that heating a concentrated aqueous solution of 
eosin was accompanied by a corresponding increase in luminescence 
yield caused by the dissociation of the dimers. Our experiments 
have also shown that increasing the temperature of solution leads 
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Fig.4 Influence of tempera
ture on the fluorescence 
lifetime of eosin in water at 
concentration of lXlO-2M 

to an increase in fluorescence lifetime (refer to Fig.4). As the 
temperature of the solution at the concentration of lXlO-lM risel:: 
from 20'C to 84·C. the fluorescence lifetime increases from 
446j50ps to 661±72ps. 
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Ultrashort Processes in Biology 



Picosecond Processes Involving CO, O2, and NO Derivatives 
of Hemeproteins 

P.A. Cornelius and R.M. Hochstrasser 

Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19104, USA 

Introduction 

Already it is well known that many ultrafast processes occur in biological 
systems. Picosecond pulses are used to initiate biological reactions in 
which light is either a natural constituent, such as in photosynthesis and 
vision, or a device to create nonequilibrium states of complex systems, such 
as with oxyhemoglobin. We have studied several heme proteins by picosecond 
transient absorption spectroscopy, a technique that is capable of revealing 
both ligand dynamics and changes in the protein structure. 

For some time now, we have been concerned with the possible systematic 
errors associated with those picosecond spectroscopic methods that use the 
nonlinearly generated continuum. It is especially important to account for 
such errors in the case of hemeproteins, since most of the picosecond trans
ient spectra reported have shown distinct differences from spectra known on 
longer timescales. 

The resolution of this problem is hindered by the lack of any "stand
ard" picosecond spectrum. In this article we discuss possible sources of 
systematic error in experiments of this type, in an attempt to begin a 
quantitative evaluation of picosecond spectral accuracy. 

The present paper first presents a brief review of our recent studies 
of myoglobin photochemistry, then some new results on the nitric oxide de
rivative of hemoglobin. The interpretation of these results is critically 
dependent on the details of the spectral shapes which are then discussed. 
Finally, we present our assessment of all known picosecond timescale work 
on hemeproteins and possible relationships to the fundamental biological 
questions that first stimulated these studies. 

Remeprotein-Diatom Dynamics 

A hemoglobin protein consists of four subunits, each possessing an iron 
porphyrin (heme) groqp to which a ligand such as Oz, CO, or NO can bind. 
Each of these derivatives (RbOz, RbCO, RbNO, and Rb) has a characteristic 
visible absorption spectrum whose most prominent feature is an intense band 
(Soret) located between 415 and 445 nm. Because the Soret band is sensitive 
to ligation and to the heme environment, the time evolution of the spectrum 
can be used to study processes occurring at the heme site. For example, 
all of these liganded forms dissociate under visible or uv illumination. 
Three general questions arise concerning this photodissociation: 

(1) What is the mechanism by which the energy of the photon is used to break 
the heme-ligand bond? (2) What is the subsequent behavior of the free 
ligand? (3) Row does the Rb-like photoproduct respond to the loss of the 
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ligand? Because the primary steps in these mechanisms lie in the picosecond 
domain, these heme systems are unusually attractive subjects for picosecond 
transient kinetics and absorption work [1-11). A series of experiments con
ducted in this l a boratory [2-4,8,9) has studied the effect of varying the 
ligand, the protein structure, and the excitation wavelength. 

Myoglobin (Mb) is a heme protein whose spectroscopy and electronic 
structure are virtually identical to hemoglobin, but it has only one subunit. 
In our experiments on MbCO and Mb02 (using 5 ps pulses), less than ca. 15% 
geminate recombination was observed during the first 10 ns, in contrast to 
the Hb case. Thus myoglobin is a simpler system than hemoglobin for studying 
the photochemistry. 

We have examined the transient spectra of Mb02 and MbCO excited with 
second (527 nm) and third (351 nm) ha rmonic pulses [13). In the case of 
351 nm excitation, both molecules showed strong transients consisting of 
three features: (1) The bleaching of the Soret band representing the dis
appearance of ground-state population; (2) The appearance of new absorption 
representing the production of unliganded (Mb-like) product; and (3) a 
rapidly evolving difference feature Which we associated with an excited state 
of Mb. In Mb0 2 only, the appearance of the new absorption (2) was delayed 
in time, suggesting the presence of an intermediate step in the dissociation. 
In the Mb0 2 case the rapidly evolving feature (3) was much more prominent 
than in MbCO. These spectra are presented in Fig. 1. The results for 
MbCO were unchanged when a second harmonic pulse was used as the excitation 
source, but Mb02 exhibited only a weak signal under these conditions indica
ting a wavelength dependence for the conversion to photoproduct. 

We have interpreted these results as follows: The optically pumped 
state of MbCO either promptly dissociates or first relaxes rapidly to the 

0 30 
DIFFERE NCE SPECTRA 

0.20 
(0 ) MbCO 

-0.30 

~ Picosecond transient difference spectra of MbCO(a) and Mb02(b) . 
Time delay in ps is indicated on each curve; see [4). 
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lowest excited level and then dissociates. Mb02 is more complicated (See 
Fig. 2). Optical pumping produces excited species that relax rapidly; 
during this relaxation process only a small probability exists for reaching 
those states through which dissociation occurs. Most of the population 
relaxes to the nondissociative excited level (Mb0 2)*' The large amplitude 
of the rapidly evolving feature (3) in Mb02 suggests that, in this case, 
the Mb photoproduct is born in an excited state when a second photon ex
cites (Mb02)*. In MbCO feature (3) is small, from which we conclude that 
this photoproduct is produced in its ground state. 

We have now studied HbCO, Hb02, and HbNO under the same experimental 
conditions: 353 nm excitation of pH7 solutions (phosphate buffer) with a 
heme concentration of _ 10-4 M. All three ligands are efficiently photolyzed 
under these conditions, producing transient spectra that show a strong bleach
ing of the Soret band. The behavior of the different ligands after photo
dissociation is strikingly dissimilar, despite the fact that all are diatomics 
of approximately equal size. For NO and to a lesser extent 02 a diminution 
of the Soret bleaching amplitude was observed during the first nanosecond, 
suggesting the occurrence of geminate recombination of the dissociated lig
ands. For NO the bleaching signal decayed in two phases (Tj = 17 ps and T2 = 
100 ps) and had completely recovered by 400 ps (See Fig. 3). In 02 ca. 40% 
of the total bleaching signal recovered in a few hundred ps. In CO the dif
ference signal was constant on this timescale. A simple picture explain-
ing these results is that two barriers stand between the bound ligand and 
the protein-solvent interface. The first barrier (I) is associated with 
the formation of the ligand-heme bond; it will be influenced by electron 
spin effects and possibly by the surrounding protein structure. The second 
barrier(II) is an effective steric barrier opposing the escape of the 
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ligand. We have assumed that barrier II is approximately the same height 
for all three ligands. Barrier I is assumed to be strongly dependent on 
electronic factors such as spin-orbit coupling; we note that the formation 
of a bond between CO and heme requires that two spins flip, whereas NO and 
02 can bond with only one spin flip. For this reason we expect that 
barrier I will be higher for CO than for the other two ligands. The ex
citation pulse breaks the ligand-heme bond, in effect transferring popula
tion across barrier I. This population can either recombine with the heme 
by recrossing barrier I or dissociate by crossing barrier II. The partition
ing of population between these two routes depends on the relative heights 
of the two barriers. Thus the lack of any recombination in CO indicates a 
a high barrier I and is consistent with the spin-orbit arguments above. 
Our data suggests that NO possesses a very small barrier I, while 02 is 
intermediate between NO and CO. 

The events that occur at the heme site are strongly influenced by the 
surrounding protein, which is in turn influenced by its aqueous environment. 
A complete understanding of the photokinetic behavior of heme systems must, 
therefore, include an understanding of aqueous solutions on the picosecond 
timescale. We have recently started experiments on simple ions in aqueous 
solutions aimed at understandin~ energy relaxation processes. Preliminary 
experiments on CN- in H2 0 showed that the v = 1 state of the ion decays in 
5-10 ps in a process that is both solvent and counterion dependent [12]. 
This result illustrates that a wider range of fast phenomena might occur in 
aqueous solutions and emphasizes the need to understand better the full de
tails as to how these systems recoverto thermal equilibrium after pico
second laser pulse excitation. 

Picosecond Spectrophotometric Inaccuracies 

There are several possible sources of systematic errors in our spectro
meter: (1) a frequency chirp in the continuum pulse; (2) optical damage to 
the sample; (3) large (3 nm) spectral bandpass of the spectrometer; (4) 
imperfect pump and probe beam overlap. We. have attempted to evaluate each 
of these effects and to minimize them whenever possible. We have found no 
evidence for chirping of the probe beam - the simultaneous appearance of 
both bleaching and absorption in MbCO precludes the presence of significant 
chirp. Optical damage to the hemeprotein samples seems unlikely, since this 
would be expected to produce ligand-independent spectral distortion. Com
puter calculations have demonstrated that our spectral bandpass of 3 nm 
does not seriously perturb the measured difference spectra. The effect of 
beam overlap is difficult to estimate, but it is clear that the probe beam 
traverses a sample volume that is not uniformly populated with photoproducts. 

Under such circumstances the difference spectrum is distorted in shape, 
with the amount uf distortion dependent upon the geometrical details of the 
pump and probe beams. We have previously carried out calculations that con
sider a probe continuum having a rectangular transverse profile and a pump 
beam having a Gaussian profile [13]. In this case we expect some spectral 
distortion but no significant spectral shifts. We also note that imperfect 
beam overlap cannot affect the position of an isosbestic point (a wavelength 
where the reactant and product have the same extinction coefficient), be
cause such a point will always show 6(OD) = 0 in a difference spectrum. 
Isosbestic points are therefore the most reliable means of comparing results 
obtained by different investigators. 
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530"", 353nm OTHER 

Mb Il. Soree bleached <Sps; OS? 
shows IP at 442nm; bleaching 
fully recovered in Ilps (4). 

MbCO 1. Like 353r.m excitation (4) l. Soree bleached <Sps; OSP 1. 265nm excitation - bleaching 
in all respects (9) . shows IP shifted ~y + 1.5nm shows two com~cr.er.: g=~w:~ 

from CJ; ~-like; tD <5ps; <Sps and ca. lOOps. Slow 
2. Soree bleached <2Sps; OS? weak rosc; no bleaching comoonent represents ca. 

virtually identical to ~. recovery (4) . lO-~O7. of signal (energy 
(+O.Snm shift?); ti <2Sps; transfer from !:ryptophan?) 
no TDSC (25ps raso ution); 2. Soret bleached <6ps; no OSP; (9) . 
no bleaching recovery (10). tD-7-1Ops; no bleaching 

I 3. Like 353 excitation (5) (6) 
recovery (6) . 

in all respects. 3. Soret bleached <6ps; no OSP; 
bleaching recovery tR-125ps 
(5); (retracted in ref. 6) . 

Mb02 I' 
Much weaker OS? than for l. Soret bleaohee <Sp.; OSP 
similar energy 353nm excita- shows I? shifted +3r.m f~oQ 
tion (4); bleaching <Sps; no I CWo Mb-like; formation of 

~:~:r!!Y n~~ ~~::~!bf~ (~~~r deoxy peak delayed by '" 5ps; 
no bleaching recovery (4). 

2. Soret bleached <2Sps; OSP 2. Soret bleached <6ps; no nSF; 
shows no shift from CW but tD-7-l0ps; no bleaching 
slight shape difference; recovery (6). 
tD<25ps; no rosc; no bleach-
ing recovery (7). 

3. Soret bleached <6ps; no OSP; 
tD-7-l0ps; no bleaching 
recovery (6). 

Hb 1. No transient observe~ (2) . l. So~ee bleached <Sps; OSP 
similar to 353nm excitation 
of Mb; bleaching recovered 
by 20ps (4) . 

HbeO l. 'Soret bleached <5ps; OS? l. Soree bleached <Sps; OSP l. 615nm excitation: Induceci 
sbows IP shifted + 3. Snm from shows tP shifted bv + 2.5nm absorption <O.Sps; no decay 
~.; Hb-like; tD<5p.; no rosc; from ~.;; tD<SpS; no rosc; no up to 20ps (1). 
no bleaching recovery (3) . b leach in$!: recovery (2) (3) . 

2. Soret bleached caps; OSP 
shows IP shifted + 3.5nm 
from ~J, Hb-like; tD longer 
than bleaching risecime; 
slight rosc during first 
~~gi: no bleaching recovery 

3. Bl.aching not studied; no 
DSP; tD-12ps single wave-
length kinetic study (11). 

Hb02 l. Soret bleaching <Sp.; OSP l. Soree bleaching <Sp.; OSP 1. 6l5nm excitation, Induceci 
shows IP shifted + 5nm from show. IP shifted by + 5nm absorption <0. Sps i decay 
~.; Hb-like tD<5ps; strong from CWo I!b-like; strong of 2. 5ps (1). 
TDSC and '" 401 bleaching rDSe; no bleaching :-ecovery; 
recovery in 500ps (3). visible OS? .hows I? at 

559nm. 

HbNO 1. Soret bleached <8DS; OSP. 

I I 
Shifted ... 4run from C,, Hb-
Uke; tD<SpS; no rosc; tio • 

I 
40ps (slower component I 

'" lOOps). :>95~ recovery (3) . I 
! 
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Summary of Picosecond Studies of Heme Proteins 

The table below presents a summary of all known picosecond absorption work 
on heme proteins. The table lists the following information about each ex
perimental result: (1) the risetime of the bleaching signal (TB); (2) the 
general appearance of the difference spectrum (DSP), if any, and the posi
tions of isosbestic points (IP); (3) the risetime of the deoxy peak (Tn); 
(4) the presence or absence of any time-dependent spectral shape changes 
(TDSC); and (5) the rate at which the bleaching signal decayed (TR). The 
table clarifies the areas of agreement and disagreement between the various 
reported results, and also allows a quick comparison of the behavior of the 
different hemeprotein species studied. 

Myoglobin has been the more extensively investigated system. It seems 
well established that no subnanosecond geminate recombination occurs in 
either Mb0 2 or MbCO. Both species are efficiently photolyzed at 353 rum, but 
at 530 nm the situation is less clear. HbCO exhibits relatively straight
forward behavior, dissociating efficiently under both 353 nm and 530 rum 
light showing little if any recombination up to 5 ns when pumped with 5 ps 
pulses. Only one set of results exists for Hb0 2 and indicated significant 
bleaching recovery interpreted as geminate recombination in the 530 rum case. 
The most controversial aspect of this work concerns the details of the spec
tral shapes, where there is little agreement among the various workers. Only 
one study has reported spectra which closely match those obtained on longer 
timescales, so much further work is needed to resolve this question. 
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and NIH (GMl2592). We thank W. A. Eaton and J. Hofrichter for suggestions 
concerning problems on spectrophotometric accuracy. 
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Femtosecond and Picosecond Transient Processes 
After Photolysis of Liganded Hemeproteins 

J.L. Martin, C. Poyartl, A. Migus, Y. Lecarpentier, R. Astier, and 
J.P. Chambaret 

Laboratoire d'Optique Appliquee, Ecole Poly technique - ENSTA, 
F-91120 Palaiseau, France 

Dynamical analysis of photolysis products in the picosecond time scale have 
allowed new insights in t~e early processes of heme-ligand interactions is; 
myoglobin and hemoglobin [1-4J. In a preliminary experiment SHANK et al [3J 
demonstrated that photolysis of HbCO occurs in less than O.S ps. 

We report here informations upon the photolysis pathways of CO or oxy~en 
liganded myoglobin and hemoglobin in the 100 fs to 200 ps time range. To 
reach this time resolution, we have developed a femtosecond transient elec
tronic absorption spectrometer using an amplified ring laser. We observed 
that photodissociation of the liganded species occurs with a 2S0-300 fs 
time constant followed in the next 200 ps by different spectral evolutions 
of the photoproducts as the ligand is 02 or CO. A two-step recovery process 
including the relaxation of an excited deliganded species and a geminate 
recombination, is only apparent in the 02 liganded species. These data pro
vide a plausible explanation for the large difference in the quantum yield 
of photodissociation between CO and 02 liganded species. 

Purified hemoglobin solutions were prepared from fresh human blood 
through DEAE sephadex column chromatography and diluted in O.OS M bis Tris 
or 0.1 M phosphate buffer, pH? or 8 at ambient temperature. Myoglobin 
(sperm whale type II (SW) or horse heart type III (HH) from Sigma) was pre
pared following the procedure of ROTHGEB and GURD [SJ. Dilutions of the 
stock solutions were made so as to obtain an absorbance of 2.2 at the peak 
of the Soret band after full ligation with either 02 or CO. These solutions 
were introduced in a 0.1 or O.OS cm light path quartz cuvette which was mo
ved horizontally so that each pulse at 10 Hz excites a new region of the 
sample. 

Photolysis was performed by 100 fs pulses generated by a passively mode
locked CW dye ring laser. Amplification of these pulses to the 10 GW regime 
is described in detail in this issue by MIGUS et al [6J. Briefly, the tech
nique for .generating optical pulses in the 100 fs range follows the princi
ples described by R.L. FORK et al [7J with a sl ightly different configura
tion (fig. 1). Almost transform limited pulses are obtained by a spectral 
selection using coated mirrors and does not need intra cavity pellicle eta-
1 on. These pul ses passed through a four stage ampl ifier pumped by a Q-switched 
frequency doubled Nd-Yag laser. A dispersive delay line is introduced at 
the output 9f the second stage to compensate the group velocity dispersion 
in the dye and optics at the level of the sample. This set up produces final
ly pulses at 10 Hz with energy above 1 mJ and 160 fs duration. 

Half the energy is used to generate a broad band femtosecond continuum 
while the other half is focused into a 1.S mm thick KDP erystal to produce 

1INSERM U2?, F-921S0 Suresnes, France. 
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Fig . 1 Femtosecond ring 
QYeTaser and the four sta 
ge amp l ifier including a 
dispersion compensation 
stage (DP) after tHe second 
amplifier . Thissetupdeli
vers at 10 Hz up to 2 mJ, 
160 fs pulses at 618 nm or 
20 ~J , 100 fs at 309 nm 
(S) Sample 
(D) Detector 
(CG) Continuum generation 

up to 20 ~J, 100 fs pulses at 309 nm. The UV beam is the excitation beam 
which can be delayed by an optical delay line driven by a step motor. The 
continuum beam is spl it into two parts and used in a double beam spectro
photometric technique. Transient spectra in the Soret region (380 nm-470 nm) 
were recorded with a 20 optical multichannel analyzer Vidicon detector. Kine
tics at given wavelengths were obtained by two diodes placed at the exit 
slit of a 0.25 m spectrometer. The two signals corresponding to the probe 
and reference pulses are directed through an electronic chain to a HP1000 
computer integrating at least, in each run, 6000 laser pulses of discrimina
ted energy. 

CO-Liganded Hemeproteins 
In HbCO the rise of the bleaching at 419 nm (fig. 2), corresponding to 

the disappearance of the ground state liganded species, occurs within the 
pulse duration Tp = 115 fs (instantaneous response). By contrast the indu
ced absorption at 433 nm, taking into account the dispersion delay in the 
continuum beam, cannot be fitted to an instantaneous response. The best 
fit of the rate of appearance of the deoxy Hb species is obtained with 
THb = 300 fs (fig. 2). This value was found to be independent of pH, ionic 
strength and of CO concentration from 0.01 to 1 atm. Similar results were 
obtained with HH or SW MbCO solutions. 

Fig. 3 illustrates the ~A spectra recorded 5 and 50 psec after excita
tion of the MbCO sample. No other change in the M spectra have been obser
ved up to 200 ps after excitation. It may be noted also that the shapesof 
the transient spectra are similar to equilibrium ~A spectra with no broa
dening at the longest wavelengths. 

These results favor the proposal of a simple scheme of the photolytic 
pathways in CO liganded hemeproteins. These pathways imply the formation 
of a highly photodissociative excited species (XCO*) which relaxes for 
50 % directly to the stable ground state deliganded species (T = 300 fs) 
and to excited non dissociative liganded state(s). No recombination processes 
have been observed in the 200 ps time scale following excitation. 
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fig. 2 HbCO: Kinetics of the bleaching 
~ nm and of appearance of the deoxy 
species at 433 nm. Centerl ine in the upper 
part corresponds to the instantaneous res
ponse computed with a pulse of duration 
Tp = 115 fs. Centerline and dashed lines 
in the lower part correspond to exponential 
responses with T indicated in the figure 
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~2 : Kinetics of the bleaching at 
412 nm and of appearance of the deoxy 
species at 431.5 nm. Normalized induced 
transmission (upper part) and induced 
absorption (lower part). 
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02 liganded hemeproteins 
Fast kinetics of photodissociation in Hb02 (fig. 4) are similar to those 

observed in HbCO or MbCO solutions. The time constant corresponding to the 
appearence .of the deoxy species at 431.5 nm is 250 ± 20 fs. Identical values 
were measured in Mb02 solutions. The fully developed initial ~A spectrum 
corresponding to the 1 to 4 ps time range after excitation is shown in fi~ 
gure 5 (spectrum 4 ps). This reveals the formation of a deliganded Mb species 
with a broader absorption band extending up to 470 nm compared to a stable 
Mb spectrum. This transient excited species fully relaxes to the stable Mb 
product in the following 5 ps (+ 9 ps ~A spectrum) (figure 5). The time 
constant of the. decay of this excited species is 1.4 ps as measured from the 
kinetics of absorbance changes at, or near, the isosbestic point (424.5 nm). As 
shown in fi gure 5 no further change was noti ced in the shape of the M spectra foll 0-
wi ng th i s early rel axa ti on. However, we observed a simultaneous recovery of the 
bleach ing at 414 nm and of the induced absorbance at 438 nm during the fo 11 owi ng 
200 ps. 

Conclusion 
The present results demonstrate that photodissociation of CO or 02 1 iganded 

hemeproteins proceeds through a very short-l ived excited state whicH relaxes 
h=250 fs-300 fs) into a del iganded species [8,9J. The presence of 02 as 1 igand in
duees~n excited deliganded state as indicated by the red-shifted band in the 
~A spectra. Following these early events our results demonstrate also the 
existence of a geminate recombination phase of 02 molecules with a timecon~
tant T = 100 ps. These data give new informations in the pathways of photo
dissociation and imply that the low quantum yield of 02 liganded heme
proteins is primarily due to relaxation of excited states to n~ndissociati
ve states and also to a geminate recombination of 02 moleculesIJ]. 
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Picosecond Fluorescence Spectroscopy of Hematoporphyrin 
Derivative and Related Porphyrins 

M. Yamashita and T. Sa to 
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Laboratory, 1-1-4 Umezono, Sakura-mura, Niihari-gun, Ibaraki-ken 305, Japan 

K. Aizawa and H. Kato 
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Shinjuku-ku, Tokyo 160, Japan 

Recently it has been demonstrated that tunable laser irradiation permits 
the treatment of malignant tumors with a light-activated dye [1]. The success 
of this technique is due to the ability of the dye, hematoporphyrin derivative 
(HpD), to accumulate to a higher degree ( -ten times) in malignant tumors than 
in normal tissues. If HpD in a cancerous cell is exposed to red light from a 
laser, it absorbs enough energy to destroy the cells but allows the full 
recovery of neighboring normal cells containing a lower concentration of the 
dye. However, little is yet known about the dynamic mechanisms of photo
chemical reactions occurring in the treatment, including the reason that HpD 
selectively accumulates in the tumors. In order to make clear the dynamics 
it is important to investigate quantitatively relaxation processes from 
excited electronic states of HpD and related molecules. A few spectroscopic 
studies of metal-free porphyrins which have low-intensity fluorescences have 
been performed [2-4], but no direct measurements of the fluorescence decay 
have been reported [5]. In this paper, we report the direct measurement of 
picosecond fluorescence lifetimes 'M of HpD, hematoporphyrin IX (HpIX), 
hematoporphyrin IX diacetate (HpIXDA), protoporphyrin IX disodium salt 
(PpIXDS), and protoporphyrin IX dimethyl ester (PpIXDE), and the effects of 
oxygen molecules and acid solutions on the lifetimes by a use of a synchro
scan streak camera [6]. In addition, fluorescence quantum yields of the 
metal-free porphyrins are measured, and natural radiative lifetimes and 
radiationless transition rates from the first excited singlet state are 
determined. 

HpD was directly offered from DOUGHERTY's group [1]. Their recent analysis 
has shown that HpD is a mixture of ten metal-free porphyrins including HpIX, 
HpIXDA, and PpIX. HpIX and PpIXDE, and PpIXDS and HpIXDA were obtained from 
the Sigma Chemical Company and the Nakarai Chemical LTD., respectively. Each 
porphyrin was dissolved in a phosphate buffer saline solution (PBS, pH=7.2) 
which is the same condition as an aqueous solution in living cell, or in an 
ethanolic solution (EtOH), at the concentration of 0.5 mg/ml. The porphyrin 
solution in a lxlx5 cm quartz cell was circulated at the flow speed of 
20 cc/min to prevent any photodegradation of its solution. 

A schematic of the experimental arrangements is shown in Fig.l. A 
synchronous-passive hybrid mode-locked CW dye (Rhodamine 6G) laser provides 
the source of excitation pulses of -0.8 ps duration at 572 nm [7]. Average 
powers of ~50 mW are obtained at a repetition rate of 12.2 ns. The con
tinuous train of excitation pulses is focussed by a lens (f=3 cm) into the 
sample cell containing the circulating porphyrin solution. The line of focus 
is directed just inside the output face of the cell to minimize any reabsorp
tion of the fluorescence. The fluorescence band in the region from 600 to 
700 nm from the porphyrins is efficiently selected by using a interference 
filter which eliminates the excitation radiation at 572 nm. The fluorescence 
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at 90° with respect to the input direction is focussed on the input slit 
(slit-width 20 ~m) of the streak camera by a lens after passing through the 
filter and a polarizer set at 55°. 

The fast fluorescence lifetime T~ of each porphyrin solution having the 
low fluorescence quantum yield ~ FM (~ 10- 3 ) was measured by using a Hamamatsu 
TV Co. Ltd. Model C1587X synchroscan streak camera [8]. The streak-camera 
tube with multi-channel plates (S20 UV photocathode) in the case of the single 
shot mode has a time resolution limit of 9.0 ps at 532 nm. A synchronous 
output (41.2 MHz) from a frequencysynthes i zer (1 xl OB of frequency stabil ity) 
driving a mode-locking modulator of a pumping Ar ion laser is used for the 
source of synchronization of the fluorescent event with the continuous 
sinusoidal ramp voltage to the streak-camera deflection plates, as shown in 
Fig.l. This means that ~lOB fluorescent events are precisely superimposed on 
the streak camera phosphor. In order to examine the overall resolution of the 
system at the present experimental condition of excitation average powers 
of ~50 mW at 572 nm, the pulse duration of the dye laser beam was measured on 
the TV monitor and shown to be ~26 ps . Fluorescence quantum yields were 
determined by measuring fluorescence spectra by means of a calibrated fluoro
meter (Hitachi Perkin-Elmer Model 650) and using a rhodamine B ethanolic 
solution (2xlO- 7M) as a standard [9]. The excitation wavelength of the 
solution was 360 nm, and a value of 0.69 was used as its quantum yield. 

The porphyrin solution in the cell is excited from the ground state to the 
lowest excited singlet state by continuous pulse trains of the dye laser beam 
at 570 nm to avoid photodegradation due to irradiation around 400 nm. Some 
parts of the porphyrin molecules in the excited state decay to the ground 
state with emitting the fluorescence from 600 to 700 nm. From the decaying 
fluorescence profile displayed on the TV monitor the fluorescence lifetime is 
determined. In order to examine the effect of oxygen quenching of the 
fluorescence, the fluorescence decays of HpD in aero-, oxygen-bubbled, and 
oxygen-outgassed PBS solutions were measured, and those fluorescence life
times were determined to be 239, 176, and 333 ps, as shown in Fig.2-(1), (2), 
and (3), respectively. This indicates that oxygen molecules quench some 
excited singlet state porphyrins by the enhanced SI+T1 intersystem crossing 
due to diffusion controlled collisions [9, 10] or by photooxidation of 
porphyrins due to surrounding singlet oxygen molecules produced [9, 11]. The 
fluorescence decay of HpD in ethanol (EtOH) shown in Fig. 2-(4) indicates 
that the fluorescence lifetime in the case of EtOH is almost similar to that 
in the case of PBS. 

Furthermore, fluorescence lifetimes of HpIX in PBS, PpIXDS in PBS + EtOH 
(1:1), HpIXDA in PBS, PpIXDE in EtOH + HC1 (pH=0.9), and PpIXDS in EtOH + HCl 

HML cw Dye Lner 

Ar Ion laser t ,... MI Mo ~ ~M' 

M 

Fig.l Schematic of experimen
taTa'rrangement 
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(pH=l . O) were determined to be 199, 234, 302; 1135, and 1068 ps as shown in 
Fig. 2- (5), (6), (7) , (8) , and (9) , respectively . Since PpIXDE hardly dis
solved in PBS or EtOH, HCl was added to the PpIXDE ethanolic solution . The 
measurement for the PpIXDS ethanolic solution with HCl addition was made in 
order to examine the effect of the acid solut ion on the lifetime. From 
Fig . 2-(5) , (6), and (7) it is found out that the average value of fluores
cence lifetimes of the three porphyrin solutions except for the HCl additive 
solutions is approximately equal to that of the aero-PBS solution of HpD in
cluding those porphyrins . It seems that the lifetime of the former three 
porphyrin solutions increases as the size of the molecular groups attaching 
to the main ring instead of the pyr role exo-hydrogens 6 and 7 increases. The 
remarkable lengthening of lifetimes of the latter two porphyrins in the acid 
solutions is presumably due to photoreduction of the porphyrins in protonic 
solvents to the phlorins [3 , llJ. For all the porphyrin solutions, the de
pol arization effect on the fluorescence lifetime was also examined by setting 
the angle of the polarizer in Fig . l at 0 and 90°. However, any remarkable 
change in the lifetime was not detected. 

Table 1. Obtained "fl uorescence 1 ifetimes TM, fl uorescence quantum 
yields ~FM' natural radiative lifetimes TFM, and radiationless transition 
rates kNR for metal-free porphyrins 

metal-free porphyr ins TM [psJ 9 FM TFM [nsJ kNR [sec-IJ 

HpD in PBS 239 2.9 x 10- 3 82 4.2 x 109 

HpIX in PBS 199 5.3 x 10- 3 38 5.0 x 109 

HpIXDA in PBS 302 3. 5 x 10- 3 86 3. 3 x 109 

PpIXDS in PBS+EtOH 234 
PpIXDE in EtOH+HCl 1135 1.8 x 10- 2 63 8.6 x 10 8 

PpIXDS in EtOH+HCl 1068 1.6 x 10- 2 68 9.2 x 10 8 
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Fluorescence quantum yields measured for each porphyrin solution are summa
rized in Table 1 with the fluorescence lifetime. By using the quantum yield 
and lifetime, the natural radiative lifetime TFMand radiation1ess transition 
rate kNR from the first excited singlet state are obtained [9], and also given 
in Table 1. The values of those natural radiative lifetimes accord with the 
order of the value of that estimated from absorption spectra of tetrapheny1 
porphyrin in benzene [2]. From the comparison between the radiation1ess 
transition rates in Table 1 it is found out that their rates of porphyrins in 
PBS solvents are relatively larger than those in protonic solvents. This may 
suggest that energy of the first singlet excited state porphyrins in the PBS 
solution is spent more effectively than that in the protonic solution, for 
chemical reactions with target-biomo1ecu1es important for the treatment of 
malignant tumors. 

In conclusion, we have directly measured picosecond fluorescence life
times of HpD and related metal-free porphyrin molecules by the technique of 
the synchroscan streak camera. In addition, the effects of oxygen molecules 
and acid solutions on the fluorescence lifetime have been discussed. 
Furthermore, the natural radiative lifetimes and radiation1ess transition 
rates from the first singlet excited state have been determined. 
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Resonance Raman Spectra of Picosecond Transients 

Picosecond pulses have been used extensively in determining the 
optical (mostly the visible) spectra of picosecond transients. 
These spectra, unfortunately, did not prove useful in most cases 
in imparting structural information about these picosecond 
transients. They gave the rise and, if not too long, the decay 
times of these transients. These results form the fact that most 
of the systems studied with the available lasers are too large 
with broad absorption spectra. Most small molecules with well 
resolved spectra absorb in the deep UV for which continuous 
monitoring picosecond lasers are not yet conveniently available. 

Vibration spectroscopy has proven verv useful over the years 
for the synthetic organic chemist in determining the structure of 
chemicals he prepares. Both, infrared and Raman spectroscopy, 
have been used for this purpose. For this reason, time resolved 
resonance Raman techniques are very essential to develop /1/. 
In spite of this need and the fact that picosecond lasers have 
been used to determine the spontaneous spectra of stable liquids /2, 
only a handful of papers appeared in the literature which report 
on the Raman spectra of picosecond transients /3/. The reason 
for this undoubtedly is the low signal expected to be observed. 
Raman scattering, even after enhancement, has a probability which 
is far smaller than that for optical absorption or fluorescence 
(if it has non-zero quantum yield). This, together with doing 
the monitoring on the picosecond time scale, makes the number 
of collected Ramaa scattered photons by picosecond transients 
very small. Of course, one may think of increasing the laser 
intensity. If the transients are formed photochemically by the 
same laser pulse, as in the case of all our systems studied so 
far, the Raman signal should increase quadratically with the 
laser intensity barring saturation effects. However, the other 
nonlinear processes taking place in solution, e.g. filamentation, 
stimulated Brillouin and Raman processes, multiphoton ionization 
and dissociation, etc., would compete (and probably win) if one 
would try to strongly increase the intensity of the pulsed laser 
system. In our work we have used as a source a mode-locked cavi
tydqrnped synchronously pumped dye system /4/. Each pulse has on-
ly few nanojoules in energy but it produces a million pulses per 
second. The scattering radiation is collected with a spectrometer 
fitted with vidicon detection at such a high duty cycle. 

+permanent address: Chemistry Department, UCLA, 
Los Angeles, CA 90024, USA 
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This system, however, introduces another problem if the pico
second transient changes chemically or photochemically to another 
species in a longer time scale. Using a large volume of the sample 
with continuous stirring (a method used with high power pulsed 
lasers) might not assure a new fresh sample in the laser focal 
volume between pulses (which is ]1sec in synchronuous lasers in
stead of fraction of a second for the YAG lasers or even minutes 
for the glass laser). Electronic gating is of no use for solving 
this problem. 

Sample flow, when combined with laser microbeam (tight focusing) 
techniques, can be used to secure that a fresh sample is present 
for each picosecond laser pulse when using the synch-pump syst.em. 
Using available pumps, the solution sample can be flowed through 
a syringe needle with speeds of up to 40 meters per second. If 
the laser is focused on the sample as it comes out of the syringe 
needle to a spot of a few microns (using a microscope lense) /5/, 
the sample residence time in the laser beam is 
4x10- 4cm/40 x102cm/sec = 0.10]1sec which is ten times shorter than 
the time between the pulses. This insures that, by the time a new 
pulse exposes the flowing sample, a complete new fresh supply of 
the sample would indeed have replaced the sample exposed by the 
previous pulse. The details of this technique are given elsewhere/6/. 

Resonance Raman Spectra o.f Nanosecond - Microsecond Transients /7/ 

Just on passing, one should mention that the above technique has 
been used previously to obtain the resonance Raman spectra of 
microsecond and down to 80 nanosecond transients without the need 
of a pulsed laser. A CW laser initiates the photochemistry as 
well as acts as a source for the Raman scattering. The time re
solution in this case is determined by the residence time of the 
photolabile sample in the laser beam. Under tight focus and 
rapid flow a resolution of 50 - 10 nsec can be obtained. For 
slow flow and more diffuse focus, scattering from transients 
appearing at a longer time scale can be detected and studied. 

The System 

The above techniques can be used for any photolabile /6/ systems 
such as: 

< psec > psec 
A .B~C 

where both, A and B have strong overlapping absorption bands as 
is the case for many photobiological systems. The Raman spectrum 
is obtained at low laser powers (low photolysis efficiencies) as 
well as high laser powers (or tight focus). Computer subtraction 
techniques are used to determine the characteristic bands of the 
picosecond transient B. It greatly helps if the photochemical 
yield of B is high, its resonance enhancement is large, and neither 
A not B is fluorescent. To avoid Raman photon losses from ab
sorption by A and B, the concentration of A, the laser wave-length 
as well as the optical arrangement have to be carefully adjusted 
to give a maximum resonance Raman signal of B. 

The system discussed here is bacteriorhodopsin (bR) /8/, the 
second photosynthetic system in nature (the first being chlorophyll. 
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The primary processes resemble /8/ those of rhodopsin. Using 
optical flash techniques /9/, a scheme is derived showing the 
kinetic behaviour of the different intermediates from the changes 
of the retinal absorption in the visible region . It was believed 
for a long time that II - cis to all-trans isomerization is the 
first step in vision occurring on the picosecond time scale. Some 
kind of isomerization was also believed to occur for bR on a 
similar time scale /8/. Recently, it was observed that the rate 
of the first step in these two systems was slower /9/ in D20 than 
in H20 . The authors of Ref. 9 questioned whether cis-trans iso
merization can occur on this time ~ cale. Instead they suggested 
that the first step involves a proton translocat i on, e.g. the 
schiff base proton on the nitrogen connecting the retinal system 
with the protein. 

In the present work we present the resonance Raman spectra of 
bacteriorhodopsin transients in the )0 - 50 psec time scale of 
two vibrational regions of retinal, one (1100-1400 cm- 1 , the 
fingerprint region) is sensitive to retinal conformational 
changes and the other (1646 cm- 1 ) is of protonated C=N stretching 
of the schiff base . The results in the fingerprint region are 
shown in Fig . 1 . A comparison of the lower two spectra shows that 
the spectrum of the parent (containing all-trans retinal) and 
that for the picosecond transient are indeed different. This fact 
strongly suggests a change in the retinal conformation /(10/ during 
the 30 - 50 psec pulse width of the laser used. 

~ The effect of photolysis of 50 psec, 15 nanojoules, MHz
mode locked synchronously pumped dye laser at 587 nm on the reso
nance Raman spectrum of bacteriorhodopsin in the fingerprint re
gion of retinal (1000-1 400 cm- 1). The third spectrum shows the 
best computer difference betrween the "unphotolyzed" spectrum 
(using diffuse laser focus) and the photolyzed spectrum (focused 
laser). The result suggests that retinal isomer i zation indeed 
takes place in less than 50 psec within the protein pocket. 



Fig.2 The effect of photolysis of the same laser described in Fig.l 
on the C=N+H-stretching region of the schiff base of retinal ob
served at 1646 cm- 1 . Increasing the laser intensity (by focusing 
the laser) is found to decrease the relative scattering in this 
region. This could be a result of the inhomogenous broadening of 
this vibrational transition for the picosecond transient or due 
to a shift in the frequency of this vibration fot the picosecond 
transient. In any case, this might suggest a change in the elec
tronic structure of this group upon picosecond photolysis. 

Fig. 2 shows the effect of the photolysis (focused) on the 
C=N+H region (at 1646 cm- 1 ) of the parent (diffuse). While the 
signal to noise ratio in this region is not very good, the results 
suggest a change in the C=N-stretching frequency upon transforma
tion into the picosecond transient(s). Could this be due to a 
change of the degree or the strength of protonation of the schiff 
base nitrogen or a result of isomerization or perhaps both? 
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An improved double beam laser spect:ro?hctometer is described, 
developed to perform a conparative ctucy of the bathorhodo?sin 
photoproCl.ucts of native ll-cis rhodopsin "'.nd regenerat.ed 9-cis 
rhodopsin. This instrument measnres bathorhodopsin-rhodopsin 
difference spectra of these two visual pigments under identical 
experimental conditions, 25ps to 8ns after excitation of 532 nm. 
The spectra are taken over the entire wavelength range between 
400 nm and 650 nm using a single monitoring pulse. Particular 
attention was given to optimizing the signal to noise ratio of 
measured absorbance changes. This allows data collection with 
excitation pulse energies low enough to avoid multip~oton events. 
In this way, we sought data which would allow a careful investi
gation of the first metastable products resulting from initial 
photochemical events. Our goal was to establish, as best 
possible, characteristic absorption spectra of the transient 
photoproducts arising from ll-cis or 9-cis rhodopsin at room 
temperature and to compare these with the published spectra 
obtained by photostationary studies carried out with aqueous
glycerol rhodopsin glasses at low temperature. 

The rhodopsin samples were prepared from frozen bovine retinae 
(G. Hormel) solubilized in Ammonyx detergent and purified by 
hydroxyapatite chromatography. This procedure allows us to 
obtain highly purified material which is free of any excess 
retinal chromophore and has excellent optical clarity. 

The samples were photoexcited by a single, 25 ps light pulse 
(F\vHlo1) at 532 nm. This second harmonic was generated by a KDP 
cr);-stal from the 1064 nm pulse emitted by Nd3+/YAG laser 
(Quantel). Absorbance changes were monitored by a broadband 
picosecond conb.nuum, generated in a 10 cm quartz cuvette con
taining water. Chirp was found to be <15 ps over the 400 nm to 
650 nm range and therefore did not influence our results obtained 
for delays of 85 ps or longer between excitation and monitoring 
pulses. 

Scattered light from the excitatior. pulse \vas blocked from 
entering ·~he monitoring pathway by ,,- narrow band rejection 
filter (OHEGA OPTICAL, Brattleboro, VT) wbich transmits 80% of 
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the light between 440 rum and 650 rum, but has a transmission of 
about 10-5 in the 525 rum primary and 10-3 in the 440-450 rum 
secondary rejection band. Application of this filter allowed 
us to monitor absorbance over the entire wavelength range for 
each interrogation pulse without the problems related to the 
use of cross-polarizers in excitation and monitoring pathways. 

The interrogation pulses were spectrally resolved by a PAR poly
chromator, detected by a ISIT/OMA2 detector system, ~nd analyzed 
on an Eclipse S/130 minicomputer. A wavelength calibration of 
the detection system was carried out at the beginning of each 
experiment, resulting in a relative error between the experiments 
of less than 0.5 rum. Calibrating the whole system against differ
ent emission lines resulted in an absolute wavelength error of 
less than 2 rum. The detection system was checked for a linear 
response in absorbance changes; with 10 prescans and 20 read out 
scans (140 psec/channel) the error was less than 10% with a signal 
of AOD = 0.2. 

To obtain reproducible absorption ~~plitudes, a quartz flow cell 
of 2 rnrn pathlength, holding 50 pI sample, was used (Hellma 138 
QS). Samples were stirred between each shot and discarded after 
two excitation shots. At the excitation energies used here the 
signal amplitudes of the first and second shots differed by less 
than 5%. No change in shape of difference spectra \laS observ
able between first and second shots. Four to six pairs of data 
(excitation/no excitation) which corresponded to similar excita
tion energy pulses were averaged to smooth the data. Experi
ments were performed under as nearly identical conditions as 
possible for II-cis and 9-cis rhodopsin samples. 

The energy of each excitation pulse was measured with a new 
energy meter (RJ5200, Laser Precision Corp.) calibrated against 
the NBS standard. 

The difference spectra of bathorhodopsin produced minus rhodopsin 
bleached, taken ir. the manner described above, show that the 
isosbestic point (~520 rum) of the II-cis rhodopsin spectra is red 
shifted about 5 rum compared to that (515 rum) of 9-cis rhodopsin. 
There is no indication of positive absorption change in the region 
of 400 rum to 450 rum. The spectra shows that the maximum ratio of 
absorbance decrease due to rhodopsin bleached is 2.3 for II-cis 
and 1.5 for 9-cis. This ratio for II-cis is more than twofold 
higher than previously measured at room temperature but is nearly 
the same as that measured following photolysis of rhodopsin at 
low temperatures. Similar observations were made at 600 ps and 
8 ns. 

These results do not support the classical interpretation given 
to early photochemical events in the process of vertebrate visual 
transduction. Photostationary studies of rhodopsin-bathorhodop
sin in aqueous glasses at low temperature have been accounted for 
by a model which suggests the following photoequilibriurn is 
established: 

II-cis rhodopsin 0.67 bathorhodopsin 0.1 9-cis rhodopsin. 

This mechanism has been one of the key paradigms dictating that 
the primary event in vision is cis-trans isomerizatio~. The 



model indicates that a cornmon batho photoproduct arises upon 
absorption of a photon by either the ll-cis or 9-cis retinal 
chromophore bound to opsin - hence the cornmon intermediate must 
be all-trans. 

Our study of these two rhodopsins indicates that the respective 
bathorhodopsins differ in their extinction coefficients and that 
their absorption maxima are shifted in wavelength by about 10 nrn 
when observed as transients at room temperature between 85 ps and 
8 ns. This suggests that there is not a cornmon bathorhodopsin 
state, whether it be all-trans or distorted all-trans, -when 
s-tarting from two different isomers of the visual pigment 
chromophore. 

This work was supported in part by a grant from the Deutsche 
Forschungsgemeinschaft to J.D.S. and a grant from the National 
Eye Institute to I1.L.A. The authors wish to thank Wolfgang 
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of rllcjopsin samples. 
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Multiple Photon Processes in Molecules Induced by 
Picosecond UV Laser Pulses 
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1. Introduction 

Multistep and multiple photon excitation of atoms and molecules by laser ra
diation makes a base for nonlinear laser photochemistry and their applica
tions (see, e.g. [1,2]). Multiple photon processes dealing with vibrational 
and electronic excitation of molecules have been studied mainly in the gas 
phase when a comparatively long time of excitation and relaxation allows the 
use of nanosecond pulses. In condensed media at room temperature, due to a 
fast energy relaxation efficient multiple photon excitation is possible only 
when one applies laser pulses of picosecond duration. This approach has al
ready resulted in the first successful experiments on mUltiquantum photo
chemistry of molecules in condensed media (aqueous solutions of nucleic acid 
bases [3,4], porphyrine [5]). 

The report briefly presents the recent results of studying photochemical 
transformations of polyatomic molecules in a condensed medium under multiple 
photon excitation of molecular electronic states induced by UV picosecond 
laser radiation. Two examples are considered: 

a) Excitation of high-lying electronic states of molecules in solutions, 
provoking new photochemical reactions, which were not previously observed 
in linear photochemistry. The yield of the new photochemical reactions is 
nearly 100% [6]. 

b) The high rate excitation of a chromophore group in a large molecule 
at the surface of a crystal by a picosecond UV laser pulse resulting in a 
predominant detachment of the chromophore ions. When nanosecond laser pulses 
are used a detacRment of molecular ions predominates. 

2. Picosecond UV Nonlinear Photochemistry of Unsaturated Organic Acids 

and Their AlTI110nium Salts 

Photochemical transformations of some unsaturated acids and their salts in 
acqueous solutions induced by powerful picosecond pulses of 4th harmonic 
YAG-ND3+ laser (A = 266 nm, T = 30 psec) wer.e studied. 
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It was found that the irradiation of ammonium salts in aqueous solutions 
of maleic, fumaric and citraconic acids brings about the formation of cor
responding a-amino acids [6]. The reaction is depicted thus: 

H 0 
I II 

= c- C 
\ 

ONH4 

--+ 
~ ~ ~ l c- c- c- C 
/ I I \ 

HO H NH2 OH 

2hv 

where R = H for maleic (cis-isomer) and fumaric (trans-isomer) and R CH 3 
for citric acids. 

The quantum yield of aspartic acid formed as a result of the irradiation 
of an aqueous solution of maleic acid ammonic salt is enhanced by the inten
sity increase and reaches 0.4 when the intensity is more than 1 GW/cm2. The 
yield dependence upon the intensity indicates the nonlinear two-step charac
ter of the photochemical process. The reaction product yield saturation is 
caused by that of the intermediate, in particular, first singlet state. 

The dependence of photoproduct yield for a wide range of intensities 
starting with the values which provoke one-quantum linear photochemical 
processes up to intensities which activate multiquantum photochemical pro
cesses was studied using an aqueous solution of maleic acid [9]. It is shown 
that the process, well-known in linear photochemistry, of cis-trans iso
merization takes place when the laser radiation pulse intensity does not ex
ceed 5.107 W/cm2. With further intensity rise the efficiency of the above
mentioned process starts to decrease with a simultaneous yield enhancement 
of a new photoproduct (Fig.l). The radiation intensity being 108 W/cm2, the 
quantum yield for this photoproduct exceeds unity which reveals the free
radical character of its formation. The analysis of the photoproduct by' the 
gas chromatography method and the interpretation of'its infrared spectrum 

II 
3 

'iii 1(.50) 
'>, 21<---..... 
e 
" ..... 
c: 
~ 1 
0' 

10' 107 loa 10. 10'0 
Laser intensity [W cm- 2 ] 

~ Dependence of quantum 
yield of photoproducts resulting 
from irradiation of maleic acid 
aqueous solution on the radi
ation intensity. 
I - fumaric acid (cis-trans 
isomerization of maleic acid); 
II - maleic acid dimer (radical 
dimerization) ; 
III - malic acid (water addition 
to -c=c-bond of maleic acid) 
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indicates the formation of a maleic acid cyclic dimer having the following 
structure: 

H H 
I I 

HOOC- C = C- COOH 

HOOC- T = y- COOH 
H H 

2hv 

H H 
I I 

HOOC- C- C- COOH 
I I 

HOOC- y-y- COOH 
H H 

With a further increase in the radiation intensity the quantum yield of 
dimer formation becomes lower, while there is a simultaneous gain of the 
next product of the nonlinear photoreaction. This product is a malic acid 
formed as a result of water photoaddition to -C=C-bond of maleic acid: 

HOD, lOOH 
C = C 

A \ 

~ ~ 
HOOC- c- c- COOH 

A olH 

Under a laser pulse intensity higher than 109 W/cm2 the malic acid yield 
dependence on the intensity becomes saturated. 

Thus, by changing only one photoprocess parameter, namely the laser pulse 
intensity, we managed to selectively produce three different photoprocesses 
having an essential quantum photoproduct yield which results from the follow
ing photoreactions violating the -C=C-bond of unsaturated organic acids 
(Fig.2): 

1. cis-trans isomerization; 
2. the radial break of a double bond with dimer formation; 
3. addition of ammonium and water to double bond with the subsequent 

formation of oxi- and amino acids. 

This experiment confirms a principal possibility of new methods of laser 
photochemistry making use of highly excited electronic states. 

3. Chromophore Detachment off a Large Molecule Induced by UV Picosecond 
Pulses 

The problem of detachment of chromophore group ions off large molecules on 
surfaces is of interest due to a project which uses a laser ionic microscope 
to visualize the structure of large molecules [10]. A number of our works 
demonstrated that when irradiating DNA bases [7,8] and other polyatomic 
molecules [11,12] in the solid state phase by UV laser radiation pulses 
there occurred a photodetachment of molecular and quasimolecular ions. The 
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Fig.2. Mass-spectra of photoions of pep
tide molecules desorbed off the surface 
with UV laser pulses (A = 266 nm) 

heating of the crystal's surface is about 20-70oC. Hence the ion formation 
has a nonthermal origin. 

To study the role of chromophores in a complex molecule during the process 
of photoionization and photodesorption of photoions the experiments [13] 
were performed with peptide molecules consisting of a chain of amino acids -
triptophane, alanine and glycine with acetate and ether groups attached. 

Fine-dispersive crystal peptide powder was positioned in the ionization 
chamber of a time-of-flight mass spectrometer. The sample was irradiated by 
laser pulses with A = 266 nm and durations T = 20 nsec, 30 psec, 5 psec. The 
absorption of the peptide molecule at the 266 nm wavelength is caused by the 
presence of aromatic chromophore-tryptophane amino acid. Desorbed ions were 
ana lyzed by ttie mas.s-spectrometer. 

In Fig.2 the mass-spectra of laser-desorbed ions off the sample surface 
are presented. The mass-spectra consist of several sharp peaks corresponding 
to molecule fragmentation mainly by peptide bonds and charge localization on 
the aromatic chromophore. All three mass-spectra were obtained under one and 
the same energy fluence. Comparison of these mass-spectra reveals the fact 
that reducing the pulse duration results in a large increase in the fraction 
of chromophore desorbed ions so that under T = 5 psec the value of a related 
peak reaches its maximum. 

The result obtained can be explained in the following way. Deactivation 
of the first excited electronic state occurs within the time 10-9 sec [14] 
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and that of highly-excited states much faster. T'herefore, when a peptide 
molecule is irradiated by picosecond pulses the probability of absorbing ad
ditionally one or more photons by excited molecules increases drastically 
in comparison to nanosecond pulses. Due to a large energy storage in the 
chromophore the latter detaches before the absorbed energy can redistribute 
over the whole molecule and further along the crystal. Thus it is shown that 
a detachment of the chromophore from a peptide molecule takes place during 
the radiation by a UV laser pulse. The relative yield of a chromophore group 
drastically increases for picosecond laser pulses. 
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Introduction 

The initial photochemical events occuring in the chromophore (bacteriorho
dopsin) of the purple membrane of Halobacterium halobium belongs to one of 
the most studied subjects in the literature of picosecond spectroscopy. Both 
fast fluorescence [1-3] and absorption recovery [4-7] has been studied. How
ever, there is rather poor agreement between experimental data reported. In 
some recent flash photolysis [8] and fluorescence studies [9-10] it has 
been shown that there is a long-l ived photoproduct of bacteriorhodopsin, 
cal led P-BR, which is formed even at 77 K. We have undertaken this study in 
order to investigate if some of the results given in the literature might 
be better understood assuming that P-BR contributes to the data reported. 

Exper i men ta 1 

The picosecond laser system consists of a mode-locked Ar+-laser whi,ch pumps 
a dye laser equipped with a cavity dumper (Spectra-Physics) [11]. The pul
sewidths used in these experiments were typically 5-8 ps and all the measure
ments reported here were done with the pump and probe technique. The pulse 
frequency was 82 kHz and the intensity of the excitation beam about 0.5 rrM 
at the sample. For some of the experiments the sample was pumped through 
the 0.5 mm sample cell with a peristaltic pump (Cole-Palmer). At subambielt 
temperatures we use a cryostat (Oxford Instruments) cooled with 1 iquid nit
rogen. Purple membrane preparations were made from Halobacterium halobium 
S-9 according to the procedure given by Oesterhelt and Stoeckenius [12]. 

Results 

In order to check the possible influence of a long-l ived photoproduct on 
the absorption recovery kinetics of purple membrane in water at room tempe
rature we performed measurement on the same sample at different flow rates. 
At steady state (no flow) a bleaching signal, which relaxed exponentially 
with T = 16 ± 2 ps to a constant value was observed (Fig. 1) at all wave
lengths. At A > 600 nm the constant value was negative, which indicates 
that a photoproduct was formed, which absorbs more than the species that 
are excited at these wavelengths. Hhen we increased the flow rate of the 
sample through the cell the shape of the signal drastically changed until 
a critical flow rate was reached at which no further change of the signal 
intensity and shape could be observed. The signal recorded at high flow 
rate (at which a sample stayed less than 1.6 ms in the excitation beam) is 
shown in Fig. 2. In this case only a pulse width limited absorbance increase 
is observed at 630 nm. Our interpretation of these results is as fol lows: 

At steady state a photoproduct which absorbs in the same wavelength 
region as light adapted bacteriorhodopsin (BR) is formed. The high concen" 
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~ The kinetics of the absorbance change of a bacteriorhodopsin suspen
sion (298 K) at steady state. Excitation and analyzing light of 
630 nm. 

tration of this photoproduct can be explained if ·it is an intermediate of 
the photocycle of bacteriorhodopsin and if it has a long lifetime relative 
to other intermediates. A good candidate for this intermediate is P-BR, 
which has an absorption spectrum similar to bacteriorhodopsin and a life
time of about 100 ms at room temperature [8]. Other considerations show 
that the K,L,M and O-forms are poor candidates for the photoproduct [13]. At 
high flow rates the concentration of P-BR and other intermediates is low 
and the fast signal observed (T !i: 2 ps) is due to the reaction BR 1w K-BR. 
This number compares favourably with the lifetime of 1.0 ± 0.5 ps obtained 
by IPPEN et al. [7] for this reaction. At other wavelengths, e.g. 576 nm, 
the bleaching due to the depopulation of the BR groundstate was observed. 
Also the repopulation of BR occured with T ~ 2 ps. 

The absorption recovery kinetics of light adapted purple membrane in gly
cerol/water was studied at temperatures from room temperature to 77 K (Fig. 
3). At 77 K and 100 K the recovery lifetimes were 62 ± 5 and 48± 5 ps, re
spectively. The lifetime at 77 K is in good agreement with the fluorescence 
1 ifetime measured by SHAPIRO et al. [3] of 60 ± 15 ps . These authors assig
ned the fluorescence to BR although it has been shown that P-BR is the 
strong emitter at 77 K [9,14]. The fluorescence quantum yield measurement 
performed by SHAPIRO et al. showed an unusual temperature dependance . Fur
thermore, the ratio between the quantum yields at 77 K and 100 K was about 
3.5. This deviates significantly from the ratio of the lifetimes at these 
temperatures, which is only 1.2. The large temperature effect on the emis
sion quantum yield is easily explained if one considers that P-BR is un
stable already at T = 86 K [10]. From Fig. 3 it also follows that log k 
vs. l/T for the excited state relaxati"on obeys an Arrhenius equation rat
her nicely. It is thus likely that the long-lived intermediate at room tem
perature is identical to the strongly emitting primary photoproduct trapped 
at 77 K [8]. 

P-BR in the Photocycle 

In the following we wi 11 make a tentative assignment of P-BR and discuss 
its possible role in the photocycle of bacteriorhodopsin . It seems 1 ikely 
from this and other studies [8.,10] that P-BR is a primary photoproduct of 
BR as well as the last intermediate of the photocycle. This circumstance is 
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The kinetics of the absorbance 
change (A = 630 nm) of bacterio
rhodopsin at high flow rate 

~ The relaxation rate vs . l/T 
for bacteriorhodopsin at 
steady state 

important for our interpretation. P-BR is also formed in competition with 
K-BR at 77 K. This suggests that P-BR is formed by relaxation from the same 
excited state potential surface as K-BR. We think that there are two paral
lel relaxation processes that bring BR to K-BR. First, the chromophore un
dergoes a partial trans-cis isomerization in the excited state. Second, 
whi Ie the chromophore is sti 11 in the excited state the surrounding protein 
structure relaxes into a new equil ibrium conformation. According to our mo
del P-BR is formed only if the chromophore loses its excitation energy be
fore the protein relaxation takes place. Thus the partial trans-cis isome
rization has occured but the protein sur.rounding is unchanged. This means 
that P-BR is not stabi 1 ized by the matrix, which explains for the thermal 
relaxation back to BR already at 86 K [10] and its low activation energy. 
A further impl ication of this model is that the bathochromic shift (0., 20 nm) 
of K-BR as compared to P-BR is caused by the protein matrix. According to 
the external point-charge model of NAKANISHI et al. [15] this would mean 
that some negative charges in the protein (opsin) moves closer to the 
S-ionone ring double bond or away from the protonated Schiff base of the 
retinal chromophore during the excited state process P-BR'" K-BR and in the 
opposite direction during the ground state relaxation P-BR'" BR. 

It is also interesting to see how our model can explain for the last 
steps of the photocycle. In this case we consider O-BR as an intermediate 
with a protonated Schiff base chromophore, which is still not in the re
laxed all-trans conformati.on, and wi th an unrelaxed opsin structure around 
the chromophore. The next step in the photocycle would be a relaxation of 
the opsin matrix to form P-BR, which thus still has an unrelaxed chromo
p~ore. Finally the chromophore relaxes to its most stable conformation, 
which is BR. 

We propose that a simi lar mechanism as for bacteriorhodopsin can explain 
for the occurrence of hypsorhodopsin in competition with bathorhodopsin in 
for instance octopus rhodopsin at 4 K [16]. In this case, however, hypsorho
dopsin seems to be able to relax thermally to rhodopsin on the ground state 
energy surface. 
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Conclusions 

The picosecond lifetime data reported in this work lend further support to 
the existence of a long-lived primary photoproduct of bacteriorhodopsin, 
called P-BR, which has been observed in previous fluorescence [9,10] and 
flash photophysics [8] investigations on bacteriorhodopsin. 
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1. Introduction 

The molecular mechanism of VISIon was the first biological 
problem to be tackled by picosecond spectroscopy. BUSCH et al. 
[1 1 showed that the first intermediate in the photoreaction of 
rhodopsin, the visual pigment in vertebrates, is formed in at 
least 6 ps after absorbing a photon of proper wavelength. 
Rhodopsin consists of opsin (a large protein) and a chromophore 
called retinal. The absorption properties of retinal are 
strongly influenced by its surrounding. So in solution it has 
its main absorption band at 375 nm, while in rhodopsin it 
absorbs at 498 nm. 

Despite the different spectroscopic properties, the photo
chemical behaviour of retinal in rhodopsin and in solution is 
not very different. The all-trans configuration is the energe
tically most stable, but can be converted by illumination into 
various cis-configurations (9-cis, 11-cis, 13-cis) and also 
back to the all-trans form. In rhodopsin retinal is found to be 
11-cis, and the major (if not the only) action of light is 
supposed to be the photoisomerization into all-trans. There has 
been a controversy over the last years, whether in rhodopsin 
isomerization is the very first step following absorption or 
not. This controversy has not been settled so far. 

Surprisingly, most picosecond studies start with rhodopsin 
without prior examination of the properties of retinal itself. 
In our opinion it would be helpful to know the behaviour of the 
simple chromophore before passing over to the complex molecule. 
In this context it seems desirable to conduct a study of the 
primary photoprocesses in retinal using picosecond spectro
scopic techniques capable of detecting conformational changes 
following excitation. 

2. Linear Dichroism Spectroscopy 

Usually non-spherical molecules in solution are randomly 
distributed with respect to the directions of their axes. So 
absorption is independent of polarization direction, irrespec
tive of the shape of the molecule and the direction of its 
transition dipole moment. If the molecules are directionally 
ordered, however, measurement of absorption parallel and 
perpendicular to the preferential direction can yield informa
tion on the direction of the transition dipole and hence on the 
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conformation of the molecule. A method to measure linear 
dichroism by incorporating the molecules in stretched poly
ethylene films has been developed and studied extensively over 
the past years ([2] and references herein). One of the aims of 
the present work is to find out if this technique is also 
useful in picosecond experiments. Furthermore with respect to 
retinal, to study ordered molecules is of advantage, since most 
likely also in the disk membrane of the eye the rhodopsin 
molecules are ordered, the retinal chromophores being oriented 
parallel to the membrane surface. 

3. Experimental 

Experiments were performed using single pulse~ of 6 ps duration 
extracted from a passively mode-locked Nd -glass laser. The 
pulses were amplified in a double-pass amplifier, coupled out 
by a combination of waveplate and polarizer, frequency doubled 
and tripled and then split up spectrally. The green pulse was 
used to excite a picosecond continuum in a CC14 cuvette pro
viding a source for absorption spectroscopy up to 340 nm. The 
polarization of the continuum was rotated by rotating the green 
pulse using a waveplate. The continuum was split into a probe 
and a reference beam. Observation was performed using optical 
multi-channel detection. The pulse duration was recorded by a 
two-photon-fluorescence device with TV-readout for every shot. 
Pulses were carefully selected regarding duration, energy , and 
spectral shape of the continuum. 

The technique for incorporating the retinal into the poly
ethylene films was previously described [3]. Conventional 
dichroic spectra were measured on a Cary 118 spectrophotometer 
using the PNP technique [3]. 

4. Results and Discussion 

The dichroic spectrum of all-trans retinal in a stretched 
polyethylene film is shown in fig.1. The dichroic ratio is 
dg = 1.8 in the band maximum. This is a surprisingly low value 
c mpared with other polyenes of comparable length (e.g. 
1,8-diphenyl-1,3,5,7-octatetraene: d = 14,5). By replacing the 
methyl groups in position 1 and 5 By hydrogens, the expected 
increase in the dichroic ratio value could be obtained 
(do = 6,3). This fact is interpreted as due to the nonplanarity 
of all-trans retinal. Because of steric hindrance by the methyl 

LB~------------~ 
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Fig.1: Dichroic spectrum of 
all-trans retinal in stretched 
polyethylene film. on. and 
OD~: optical densities for 
light polarized parallel and 
perpendicular to the stret
ching direction, respectively 



groups the plane of the ring is tilted by about 59 0 with 
respect to the symmetry plane of the chain, as revealed by 
X-ray studies [4]. As is known from other measurements [2], 
planar molecules are oriented in a stretched film with their 
plane parallel to the stretching direction. In the case of 
all-trans retinal this means that the directions of the chains 
(and hence of the transition dipoles of the S -band) form 
relatively large angles with the stretching direction, yielding 
a small value of the dichroitic ratio. 

In the time-resolved experiment excitation of the sample was 
performed by pulses of 354 nm. The excitation was always 
polarized with its electric vector parallel to the stretching 
direction. The absorption was probed in both directions of 
polarization varying the delay between excitation and probing 
from -30 to +50 ps in steps of 5 ps. Bleaching of the ground 
state is observed immediately after excitation. The bleaching 
recovers with a time constant of approximately 35 ps (fig. 2). 
The experimental values are consistent with the assumption of a 
single exponential decay. This time behaviour was more or less 
the same for parallel and perpendicular polarization. However, 
the extent and spectral shape of the bJeaching is significantly 
different for the two polarization directions. In the perpen
dicular polarization case, the whole absorption band bleaches 
in a fairly uniform way. In the parallel case, efficient 
bleaching is found only in the short-wavelength region of the 
absorption band, while the long-wavelength part bleaches only 
slightly. Accordingly, the dichroic ratio changes remarkably 
over the absorption band (fig. 3). 

All-trans retinal in unstretched polyethylene film as well 
as in n-hexane solution showed a behaviour resembling that 

e. e...l;;l.-r'-y...y...yu,.J..L,P 
III 20 40 

TIME AFTER EXCIT. (p.) 

5 p. AFTER 
EXC IT. (354 n.,) 
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Fig.2: Time dependence of 
ground-state bleaching of 
all-trans retinal in stretched 
polyethylene film after ex
citation with 354 nm 

Fig.3: Dichroic ratio measured 
5 ps after excitation 
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observed for perpendicular polarization in the stretched films, 
irrespective of the relative polarization of the excitation and 
probe beam. Also the relaxation time was approximately the same 
in solution and in the polyethylene film. 

The results show that incorporation of retinal in poly
ethylene films does not alter its ultrashort time response to 
photoexcitation significantly. Yet, there is a significant 
difference when probing the excited molecule with polarizations 
parallel and perpendicular to the stretching direction. A 
tentative interpretation could be that there exists a S - S 
absorption with transition dipole moment along the stretchin~ 
direction and partially overlapping with the So - S1 absorp
tion. 
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1. Introduction 

Among the various pigments found in biological systems bili
verdin is of special interest because of the important role it 
plays in different photobiological processes. The most thor
oughly investigated of these processes is plant morphogenesis 
governed by the chromoprotein phytochrome, containing a bili
verdin chromophore. Recently, a number of important spectro
scopical observations concerning the photochemical actions of 
phytochrome have been published [ 1,2,3] . It became apparent, 
that the primary processes in phytochrome phototransformation 
are going on in picoseconds [ 2,4 1 

There is a strong need for spectroscopic investigations on 
the picosecond kinetics in simple biliverdins, to yield a sound 
basis for interpreting the data known from phytochrome. In this 
work, picosecond absorE!ion spectroscopy ofetiobiliverdin
IV- y in chlor~form (10 mol/l) was performed using a pass:lvely 
modelocked Nd - glass laser system and optical multichannel 
detection. This molecule, which has two strong absorption bands 
at 630 nm and 375 nm, has been studied extensively by FALK and 
coworkers [5,6,7]. From that work it is known, that torsions 
around single bonds severly affect the absorption properties, 
while E-Z-isomerizations around double bonds give only minor 
changes. From measurements of the fluorescence quantum yield it 
is apparent, that fast radiationless processes compete success
fully with radiation in this molecule. These radiationless 
processes proceed essentially via a singlet, as was proven for 
bile pigments in general by the lack of phosphorescence, 
missing heavy-atom effects, and missing influence of triplet 
quenchers [8]. Results of force-field as well as PPP-LCAO 
calculations [6,7] give a good basi-s for understanding 
transient spectra and interpreting intramolecular motions 
following excitation. 

2. Results and Discussion 

A representative result for the time-evolution of the transient 
absorption following excitation with a pulse of wavelength 

A= 628 nm (generated by stimulated Raman scattering in 
propanol) is shown in fig.1a. A new absorption band is found 
to emerge immediately after excitation. A thorough analysis 
of the spectra shows that this absorption consists of two 
bands, one centred at 460 nm and decaying with a time constant 
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± of T= 7 2 ps, and a second , broader one with a decay time of 
T= 23 ~ 4 ps (fig . 1c), which is centred at 480 nm in the 

beginning and shifts to longer wavelengths while decaying. The 
original absorption is bleached with a small delay 
( T= 12 ± 4 ps) and recovers with i n 22 ± 4 ps (fig.1d). An 
interpretation of this transient spectra can be given using the 
theoretical results of FALK et al.L 6,7]: The 460 nm absorption 
cannot originate from a 8 species, because not any ground
state configuration of the mo£ecule shows an absorption in that 
region. 80 it is assigned to a 8 -8 absorption, which assigne
ment fits well to the prompt app~arRnce. The fast relaxation of 
this excited state is attributed to internal conversion, 
possibly assisted by excited-state proton tunneling between N" 
and N [9] . As can be seen from the energy level diagram 
(fig.3~~, the relaxation caB end up in an open configuration of 
the molecule with B= 212 • We assume this path of relaxation 
to be strongly favoured. From a Fokker-Planck analysis [10] it 
is found, that this state should revert back to the original 
grounds tate conformation within about 20 ps. In addition, a 
number of molecules should undergo a small twist in a (fig.3b), 
leading to an absorption around 650 nm . The spectra calculated 
theoretically under these assumptions (fig.1b) are in excellent 
agreement with the experimental ones, thus confirming our 
interpretation. 

When the sample is excited with a pulse of A = 354 nm, a 
transient absorption in the red part of the spectrum is found 
(fig.2a) . The absorption relaxes with T = 11 ~ 3 ps (fig.2c) . 
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This feature can be fitted very well by assuming a twist in a 
after fas~ internal conversion (fig.2b). A twist in B is now 
unlikely due to the high energy threshold in the excited state. 

Thus by comparison of our experimental results with theor
etical models it could be shown, that the predominant re
laxation mechanism in biliverdin is single-bond rotation after 
internal conversion. This process should, therefore, also be 
considered in speculations about the primary photoprocess in 
phytochrome. 
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The ligand binding processes of hemoglobin and myoglobin are among the 
most extensively studied kinetic mechanisms in biology. In recent years, 
the photodeligation mechanisms of hemoglobin and myoglobin have been inves
tigated by a number of groups using picosecond absorption spectroscopy [1-
4]. In this paper, we present some of our recent results, using a newly 
developed technique, picosecond time-resolved resonance Raman spectroscopy 
[5-7], which produces vibrational spectra of transient rather than stable 
molecules. Flash photolysis techniques, such as picosecond absorption spec
troscopy, have been powerful methods for identifying chemical intermediates 
and providing kinetic rate information. The broad absorptions though, con
tain only limited structural information. Resonance Raman spectroscopy, on 
the other hand, is capable of providing detailed vibrational information 
[8] and can be time-resol~ed using pulsed laser techniques [9]. 

Excitation of carbonmonoxy-hemoglobin with 10 picosecond laser pulses, 
has given resonance Raman photoproduct spectra resembling that of deoxy
hemoglobin, but with small downshifts in frequency [5,7]. Similar reson
ance Raman spectra had been observed with 30 nanosecond laser pulses [10]. 
The downshifts were interpreted as reflecting a high-spin heme with the Fe 
atom closer to the heme plane than in deoxy-hemoglobin, presumably due to 
unrelaxed protein forces [7]. The relaxation time for the disappearance of 
these downshifts, reflecting the movement of the Fe atom to its out-of-plane 
position in deoxy-hemoglobin [11] has since been determined to be in 30 
nanosecond range [12]. This is consistent with a large scale tertiary 
structure change, but it is shorter than the known relaxation time for the 
R-T quaternary structure change in deoxy-hemoglobin [13]. The picosecond 
time-resolved resonance Raman results on CO-hemoglobin are consistent with 
the picosecond absorption data of GREENE et~. [3]. Their results showed 
an absorption spectrum of the product of CO-hemoglobin photolysis that was 
similar to that of deoxy-hemoglobin, but broader. It was developed within 
10 picoseconds and persisted for at least 680 picoseconds. 

Transient absorption studies of oxy-hemoglobin photolysis [4] gave some
what different results than what had been seen for CO-hemoglobin [3] in the 
picosecond timescale. Two distinct absorptions were detected, one within 6 
picoseconds, that evolved into a second that was stable within 93 and 1206 
picoseconds. These transient absorptions were similar to the deoxy-hemo
globin absorption except weaker, broader, and shifted in frequency. We 
have followed up our previous picosecond time-resolved resonance Raman work 
on CO-hemoglobin [5,7] with the present study of oxy-hemoglobin photolysis 
in order to provide a more complete picture of this interesting mechanism. 

*Current Address: Dept. of Chemistry, Virginia Commonwealth University, 
Richmond, Virginia 23284, USA. 
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1. Experimental 

Hemoglobin was isolated from human red blood cells, and deoxygenated and 
stored under N2, at 4°C. Experimental samples were diluted to -1 mM in 0.5 
M phosphate buffer at pH 7.0. 

The detection system was an Optical Multichannel Analyzer (Princeton Ap
p1ieq Research model 1205A) with extended delay accessory (model 1207), and 
a silicon intensified vidicon (model 12050) in a dry-ice cooled housing 
(model 1212). The vidicon was attached to a Spex model 1401 0.75 meter 
double spectrometer equipped with a 0.85 meter extended focal length exit 
mirror and a 10 mm central slit. Data was output onto paper tape and pro
cessed on a MINC (Digital Equipment Corp.) computer. 

The passively mode-locked Nd:YAG laser system was the design of MILES et 
a1. [14J. Single pulses of 30 picosecond duration were switched out and am
Plified with a double pass Nd:YAG amplifier. The pulse energies were 0.2 
mJ, at 10 ~z, giving an average power of 2 mW. The frequency doubled pul
ses (5320 A) were used to partially photo1yse the oxy-hemog10bin, and to 
simultaneously Raman scatter from whatever was present during the 30 pico
second pu1sewidth [15J. 

Oxy-hemog10bin was pumped through a 30 gauge syringe needle at a velocity 
of 5 mlsec and recirculated. Since the laser pulse frequency was 10 Hz, the 
sample volume was excited by only one pulse and had several seconds to relax 
and recombine with oxygen before being pumped again through the syringe nee
dle. The method of obtaining the picosecond resonance Raman spectrum of 
photolyzed oxy-hemog10bin was similar to the method we have previously de
scribed for the picosecond resonance Raman studies of CO-hemoglobin [7J. 
With high oxy-hemog1obin sample concentrations and a diffusely focused laser 
beam, a negligible proportion of the sample was photolyzed. To increase 
this proportion, the sample concentration was lowered by dilution with buf
fer, and the laser beam was focused to approximately 20~. In this manner, 
we were able to photolyze 20-30% of the irradiated volume. We had to be 
careful that the photon flux was not too high, however, or stimulated pro
cesses would be observed, which were characterized by a broad emission and 
burning of the sample. The resonance Raman spectrum of deoxy-hemog10bin was 
obtained by recirculating through a 1.0 mm glass capillary with the reser
voir stirring under N2. 

2. Results 

Figures 1a and b show picosecond Nd:YAG laser excited resonance Raman spec
tra with maximal and minimal attainable photolysis of the oxy-hemog10bin 
sample. While Fig. 1b is the resonance Raman spectrum of essentially un
photolyzed oxy-hemog10bin, Fig. 1a is a superposition of the transient upon 
the spectrum of unphoto1yzed oxy-hemog1obin. The resonance Raman spectrum 
of the picosecond transient of oxy-hemog10bin, shown in Fig. 1c, was ob
tained by computer subtracting [16, 17J spectrum 1b from spectrum la with a 
weighting factor adjusted to blank out the well isolated oxy-hemog1obin 
band at 1640 cm- l . This spectrum is quite different from that of previous
ly reported picosecond resonance Raman spectra of oxy- and CO-hemoglobin 
[5-7, 18J which were similar to the resonan~e Raman spectrum of deoxy-hemo
globin (Fig. Id) except for slight downshifts in frequency (2-3 em-I). 
These earlier results were ascribed to a deoxy-hemog10bin like species with 
a high-spin heme but with an expanded porphyrin core and the Fe atom closer 
to the heme plane than in stable deoxy-hemog10bin [5, 7J. 
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Our present results show resonance Raman 
10-15 cm- 1 lower than those observed for de
oxy-hemoglobin. From polarization rtudies, 
we have detennined that the 1590 cm- band in 
Fig. lc is depolarized (dp), and that the 
1540 cm- 1 band has two components , at 1538 
(dp) and 1550 cm- 1 (anomalously polar ized, 
ap). This is similar to the polarization 
pattern of the main bands in the deoxy-hemo
globin spectrum, Fig. ld , (the bands at 1549 
and 1605 are dp; the band at 1556 cm- 1 is ap) . 

3. Discussion 

The polarization pattern of the photoproduct 
indicates that the 1538, 1550, and 1590 cm- 1 
bands may be the vII, v19 and vI0 porphyrin 
modes [19, 20]. The large downshifts of 
these frequencies compared with those of 
deoxy-hemoglobin cannot however be ascribed 
to furthur core expansion over the CO-hemo
globin picosecond transient [7]. In (THF)2-
FeTPP [21] whose protoporphyrin analog gives 
the same vII and v19 frequencies as the CO
hemoglobin photoproduct [7], the Fe atom is 
exactly in the porphyrin plane, and the por
phyrin is expanded as far as in any known Fe 
porphyrin complex . There is no obvious mech-
anism for producing a larger expansion . How-

Figure ever, v10 and vII are also sensitive to the 
effects of electron donation into the lowest 
unoccupied TI-orbital of the porphyrin, eg 
[22, 23]. Thus, both v10 and vII are strong
ly downshifted in (ImH)2Fe(II)MP relative to 

[(ImH)2Fe(III)MP]+, reflecting the dTI+eg backbonding in the former, and the 
downshifts are progressively diminished as ImH is replaced by TI-acid ligands, 
which compete with the porphyrin for the dTI electrons [24]. Moreover bands 
of ZnEP which are assignable to vI0 and vII, at 1613 and 1562 cm- I , have been 
observed to shift down, by 32 and 25 cm-1, upon formation of the porphyrin 
dianion, ZnEp-2 [25]. 

These considerations lead us to attribute the 1590 aOnd 1538 cm-1 oxyhemo
globin photoproduct bands to viO and vII arising from an electronically ex
cited high-spin heme. If this state has appreciable TI-TI* character, the 
12 and 5 cm- I downshifts, relative to the CO-hemoglobin photoproduct , would 
be consistent with the sensitivity of vlO and vll to eg orbital occupancy . 

It is plausible that in the present experiment we are observing the rap
idly relaxing spectral intennediate of oxy-hemoglobin described by CHERNOFF 
et al. [4], and that this intennediate is electronically excited deoxy-hemo-
9lobin, with soubstantial TI- TI* character. This might be a triplet TI- TI* state, 
fonned directly by the dissociation of triplet 02 from photoexcited oxy
hemoglobin (and therefore not fonned via dissociati on of CO from CO- hemo
globin) . It should also be noted that CORNELIUS et al . [26] have just re
cently reported a prompt spectral intermediate upon excitation of oXY-, CO
and deoxy-myoglobin; the extent of formation decreasing in the order oxy
deoxy- > CO-. The intermediate was suggested to be an excited state of de
oxy-myoglobin , which could be formed directly from oxy-myoglobin but not from 
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CO-myoglobin (the small amount of intermediate formed from CO-myoglobin could 
have been generated from photo-produced deoxy-myoglobin). 

The envelope of our oxy-hemoglobin photoproduct resonance Raman bands is 
broad, and it seems likely that we are observing a mixture of prompt and de
layed photoproducts. This is consistent with the disappearance of the prompt 
oxy-hemoglobin transient absorption within 90 picoseconds followed by a long
er lived (delayed) intermediate [4], the recent myoglobin data [26]; and with 
the observation by NAGUr~O et al. [18], in a parallel picosecond time-resolved 
resonance Raman study of oxy-hemoglobjn photolysis, using weak pulses at a 
different excitation frequency (5750 A), of a transient similar to the pre
viously observed picosecond CO-hemoglobin photoproduct [7, 9], presumably the 
longer lived intermediate of ref. 4. 
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Picosecond TIme-Resolved Detection of Plasma Formation 
and Phase Transition in Silicon 

J.M. Lui, H. Kurz and N. Bloembergen 

Division of Applied Sciences, Harvard University 
Cambridge, MA 02138, USA 

1. Introducti on 

The interaction of laser pulses with strongly absorbing media has received 
a great deal of attention during the past five years, especially in silicon 
[1-3]. An important issue has been the time scale of energy transfer between 
a dense electron-hole plasma and the lattice. If this energy transfer were 
insignificant during a picosecond pulse, it is clear that the plasma tempera
ture would attain much higher values. We have presented ample evidence [4,5] 
that melting of a silicon surface layer can take place during ~ 20 ps laser 
pulse. There is a sharply defined fluence threshold (0.2 J/cm for a 20 ps 
pulse at A = 532 nm on silicon) above which the reflectivity changes to a 
value characteristic of liquid phase, the evaporation of silicon atoms be
comes appreciable, and an amorphous phase may be created by rapid resolidi
fication, with cooling rates exceeding 1013 °C/sec, of a thin (10 nm) molten 
layer on top of a cool crystalline substrate. 

In this paper we present new data where the changes in the complex index 
of refraction of silicon are determined with a time resolution of 30 ps both 
below and above the melting point. The classical technique is used, where 
a picosecond excitation or heating pulse is followed by a probe pulse with 
variable time delay. 

2. Experimental Technique 

A single 30 ps pulse with Gaussian spatial and temporal profile is switched 
out of a mode-locked Nd-YAG laser pulse train. Doubling crystals provide a 
Gaussian pulse of 20 ps duration at the second harmonic A = 532 nm, or a 
14 ps pulse at the fourth harmonic A = 266 nm. The 532 nm pulse is focused 
to a spot of 240 ~ diameter at the surface of a silicon sample. The latter 
is either a single crystal Si-wafer or a (100) silicon film of 0.5 ~ thick
ness on sapphire. Since the absorption depth of crystalline silicon at A = 
532 nm is 1.25 ~, a nearly uniform electron-hole plasma and heating profile 
is created throughout the film thickness of the SOS sample. 

The probe pulse at A = 1.06 ~ is used to determine the reflectivity of 
the silicon wafer and the reflectance and transmittance of the SOS sample. 
The probe pulse is focused to a spot of only 30 ~ diameter. Its alignment 
with the center of the heating pulse is verified by recrystallization by the 
probe pulse of the center of the amorphous spot produced by a heating pulse 
of suitable fluence [4]. The probe pulse was then attenuated to less than 
three percent of the pump pulse, so that it would not alter the induced 
heating profile significantly. Temporal overlap of the pulses was ascer
tained by sum frequency mixing in a KDP crystal. The probe pulse could be 
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given a variable time delay. The combined spatial and temporal definitions 
are essential to obtain reliable information on the index changes. Inade
quate ~efinition in earlier experiments has led to erroneous conclusions [6]. 

3. Experimental Results 

Figure 1 shows the results of the reflectivity at A = 1 .06 ~ of the silicon 
wafer as the function of the energy fluence of the heating pulse at A = 
532 nm for zero time delay and for a delay of 100 ps. Note the abrupt rise 
of the reflectivity to a value of 0.76 characteristic of molten silicon. 
This is prima facie evidence for the occurrence of a first-order phase tran
sition. The decrease at higher fluences is due to overheating of the liquid. 
For zero time delay one has a time convolution of effective pump pulse 
fluence with the probe pulse. At 0.1 J/cm2 no melting occurs. The reflec
tivity in this case shows a minimum as a function of time, due to the forma
tion of an electron-hole plasma. More precise information about the varia
tion of the complex index of refraction can be extracted from the observed 
reflectance and transmittance of the silicon film, shown in Fig. 2, by the 
use of the equations of thin film optics [7]. 

The data at 0.1 J/cm2 pump fluence are consistent with the following 
events: 1) More than 80 percent of the absorbed energy is transferred to 
the lattice during the 20 ps pulse. 2) The lattice is heated to about 900 K. 

~ Reflectivity changes at A = 

1 .064 ~m induced by pump pulse at 
0.532 ~m for pump-probe delay times 
T = 0 and T = 100 ps, as a fun~tion 
of pump fluence on a bulk silicon 
crysta 1 

SOS SAMPLE. d' O.S"m 

• REfUCTIVITY 

• TRANSMISSION 

OZf 
~'-!- ' ........ 

o O.3J~,,~1 , -; , ~--; • 
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~ Reflectance and transmittance 
chanqes at A = 1 .064 ~m for a silicon 
on sapphire (SOS) film of 0.5 ~m 
thickness, induced by pump fluences at 
A = 0.532 ~m of 0.1 J/cm2 and 0.3 J/cm2 , 
respectively 
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This causes band shrinking and increases the lattice absorption at A = 
1 .06~. 3) About 20 percent of the energy of the pump pulse is stored in 
the electron-hole plasma with a carrier density between 2 and 5 x 1020 cm- 3 . 
4) The free carrier absorption contributes about one third of total absorp
tivity change at A = 1 .064 ~m. For a probe wavelength A = 532 nm, the plasma 
absorption was found to be negligible. 5) The observed recovery time of 
100 ps for changes in the reflectivity and transmission is consistent with 
an Auger recombination constant c = 2.8 x 10-31 cm6/sec [7J, and an electron
hole density of about 2 x 1020 cm-3 . 6) Auger recombination limits the maxi
mum electron-hole plasma density to less than 1021 cm-3 before melting occurs 
on a time scale of 10 ps. 

At 0.3 J/cm2 the reflectivity first drops because of suppression of mul
tiple reflections as the film becomes more absorbing; then melting occurs. 
At the same time the film becomes opaque. The residual background is due 
to light scattering from vapor formation. It is reduced by placing a pinhole, 
smaller than the pump spot but larger than the prObe spot, just behind the 
sample. This background cannot be used to derive a thickness of the molten 
layer. 

Additional data,taken with an ultraviolet pump wavelength A = 266 nm where 
the absorption depth in crystalline silicon is only 5 nm, confirm the same 
general picture. The heated layer in this case is determined by thermal 
diffusion during the pulse, (2 D tp');' ~ 45 nm. The absorption depth does not 
change much on melting. Overheating of the liquid at high fluences, reducing 
the reflectivity at 1 .06 ~ below 0.76, is much less pronounced. At low 
ultraviolet fluences the electron-hole plasma effects are not appreciable, 
because the absorption depth is smaller and the fluence threshold for melting 
is lower. Data have also been taken with a probe pulse A = 532 nm. No 
plasma effects are noticeable at this wavelength. Clearly a more sensitive 
probe for plasma densities of 1020 to 1021 cm-3 would be an infrared pulse 
with wavelengths between 3-5 ~. Such picosecond pulses could be produced 
by an optical parametric downconverter (OPO). 

4. Concl usion 

Picosecond pump and probe techniques permit the detailed study of the kine
tics of phase transitions and of energetic dense plasmas in condensed matter. 
Characteristic interaction times are shorter than 10-11 sec [8]. Lattice 
heating, melting and vaporization can occur during a 20 ps pulse. 

This research was supported by the Joint Services Electronics Program 
under contract N00014-75-C-0648. 
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1. Photoluminescence Correlation Technique for Measuring Carrier Dynamics 

Time-resolved photoluminescence is a very useful probe of transient physi
cal phenomena. Much progress has recently been made in the generation of 
extremely short, femtosecond laser pulses which can be used for photoexci
tation. However, there are still severe experimental limitations of direct 
detection of luminescence with time resolution matching the available pul
ses. We have recently introduced a versatile correlation technique permitt
ing femtosecond resolution measurements of weak light scattering[l] and 
spontaneous emission[2]. Here, the application of this method to ultrafast 
hot carrier phenomena is discussed, and some experimental results for III-V 
semiconductors are presented. 

In the physical situation of interest an equal number of photoexcited 
electrons and holes is distributed over the conduction and the valence band 
according to distribution functions fe and f h• Consider direct transitions 
correspondi ng to the emi ssi on of photons of energyhw. The instantaneous 
intensity of the photoluminescence ILU(t) is proportional to the product 
fefh' the joint probability that the states coupled by the transition are 
occupied. Changes in the electron or hole distribution will be reflected in 
changes in the luminescence. For example, when a "hot" distribution cools 
down to some lower temperature, states at high energy are depleted while 
states near the band gap are filled up. This redistribution of carriers is 
accompanied by a decrease in the emission at short wavelengths, and an in
crease at long wavelengths. We will now show that carrier redistribution 
gives also rise to characteristic correlation effects, which reveal many 
details of the carrier dynamics. 

Let us consider an experiment in which two consecutive short light pul
ses photoexcite carriers and populate electron and hole states in the 
bands. We assume that these states are subsequently depleted by relaxation 
processes. In Fig.1 two situations are compared: a) the pulses arrive at 
the same time; b) the pulses are separated by a time ~t. In the latter case 
the first pulse generates about half the electron and hole population of 
the two coincident pulses. However, if ~t is shorter than the lifetime of 
the electrons or holes, a larger population exists after the second pulse 
due to the surplus of carriers surviving from the first pulse. The total 
luminescence is determined by the time integral of the product fefh-----
(hatched area). Therefore, two coincident pulses produce four times as much 
emission as one pulse alone, and twice as much as two pulses with very 
large ~t. The total luminescence is thus a function of ~t, having a maximum 
at 6t=O, and decaying to a background equal to one half of the maximum 
when ~t is increased. The decay of the correlation with ~t indicates the 
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diminishing temporal overlap of the carrier populations and the changes of 
the carrier distribution with time. 

Photoluminescence correlation experiments were carried out in GaAs. A 
continuous pulse train from a synchronously mode-locked oxazine dye laser 
(tp=2.5 ps ; A=745 nm) is used for photoexcitation. The output pulse train 
is divided into two beams of equal intensity, and orthogonal polarization. 
The beams are recombined on the sample surface with an adjustable delay 
time lit, and the luminescence is measured by a photon counting spectrome
ter. In Fig.2 the total time-integrated photoluminescence is plotted versus 
lit for various photon energies ~W>Egap=1 . 52 eV. Unity of the vertical 
scale represents the intensity of the luminescence generated by one exci
tation beam alone (dashed-dotted line). 

The following features should be noticed in Fig.2: (i) a signal maximum 
is observed at llt=O for all photon energies; (ii) the luminescence signal 
decays with increasing lit; the higher the photon energy, the faster the de
cay. We find that at still higher photon energies the correlation curves 
approach the autocorrelation function of the laser pulses; (i ii) for photon 
energies close to the gap energy only weak, slow correlations are observed; 
the background level is not reached on the time scale of Fig .2. 

Figure 3 shows results of correlation experiments performed in a GaAs
Gao. 6 sAl O.3SAs sandwich structure . The excitation wavelength of the laser 
is chosen such that the light is absorbed only in the 0.6 ~ GaAs layer. 
The photoexcited carriers remain confined to the GaAs layer, because diffu
sion is hindered by the potential barriers formed by the larger band gap of 
the GaA1As layers. On the left of Fig.4 luminescence versus lit is shown for 
constant laser excitation (0.75 MW/cm 2 peak) and three different photon 
energies . It is interesting to note that at the lowest photon energy 
(~W~g) an anti-correlation is now observed, in the sense that the signal 
has a minimum near llt=O and increases for larger lit. The anti-correlation 
disappears at higher photon energles, e.g . , at ~w=1.61 eV we find again a 
maximum at llt=O. 
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A similar transition to an anti-correlation effect is observed for con
stant photon energy ~w=1.53 eV, when the laser excitation is increased from 
25kW/cm 2 to 0.75 MW/cm 2 (right side of Fig.3l . 

For a qualitative interpretation of these correlation effects let us 
consider the curves of Fig.4 which show products fefh of Fermi distribution 
functions for different carrier densities and temperatures. First we note 
that for constant density the decrease in the carrier temperature leads to 
an increase of the product function at low energi es, and a decrease at high 
energies . This situation is typical of the GaAs-GaA1As structure in which 
diffusion and surface or interface recombination is strongly reduced; the 
carrier density can be regarded as constant over the range of delay times 
of the experiment. The observed anti-correlation effect indicates the fill
ing of states in the vicinity of the band gap, while the decay of the cor
relation for higher photon energies directly reflects the depletion of high 
energy states due to energy relaxation. Fig .4 also explains the observed 
transition to anti -correlation behavior when the laser power is increased: 
a photon energy corresponding to states being depleted during cooling in a 
low density situation will correspond to states with growing population 
when the carrier density is higher. 

In bulk GaAs, filling of low energy states due to cooling has to compete 
with depletion by surface recombination and diffusion. The product fefh 
will decrease for all states if the latter processes dominate, and an 
anti-correlation effect is not observed in this case. The absence of anti
correlati ons in bulk GaAs therefore indicates that the carrier concentrat
ion i n the surface layer from which photoluminescence is observed is rapid
ly depleted by diffusion and surface recombination. 

It should be emphasized that the correlation effects described here are 
an immediate consequence of the fact that the radiative transition rate is 
given by the product fefh, which is a nonlinear function of the excitation 
pulse energy. Similar correlations are expected to occur in many other 
physical situations and systems , possibly also with different material 
probes, e.g., photoconductive, photoelectric or photoacoustic effects , if 
there i s a suitable nonlinearity of the photoexcitation process. 
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2. Reflectivity and Transmission of Si During Picosecond Laser Annealing 

In the last few years there has been a controversial discussion about the 
question of whether pulsed laser annealing involves ordinary thermal melt
ing[3] or some other mechanism[4] in which the extremely hot and dense 
plasma of photoexcited carriers plays a dominant role. Optical reflectivity 
measurements during and after ns laser illumination of silicon showed an 
abrupt increase of the reflectivity[5] lasting for several ns and up to 
~100 ns. The high reflectivity phase (HRP) has been attributed to a sur
face layer of molten Si. On the other hand, it has been proposed[4] that 
the HRP is due to a dense, long-lived plasma which must be postulated for 
the non-thermal model to be valid. 

We have performed careful subnanosecond time scale measurements of re
flectivity(R) and transmission(T) of crystalline Si during laser annealing 
with light pulses at 532 nm of 25 ps duration. A [100] surface is illumi
nated by a laser beam with a Gaussian profile 0.5 mm in diameter (FHWM). 
Reflectivity and transmission of a 100 um central section of the irradiated 
surface area are probed with weak interrogation pulses at 1.064 ~. 

Figure 5 shows Rand T as a function of time for an exposure of 0.35 
J/cm2• Before the arrival of the pump pulse the reflectivity is found to be 
32~, in agreement with the optical constants of c-Si at room temperature. 
About 20 ps before the maximum of the pul se, R goes through a mi nimum of 
27~; during the pump pulse the reflectivity jumps to a plateau of R=76~. 
It was observed that R remains constant all the way from the picosecond 
time scale up to tens of ns. In the same experiment the transmission of the 
sample falls monotonically from 60~ down to a few percent. We note that the 
detector of the transmitted light is also exposed to some photoluminescence 
around 1 ~, which should be taken into account if the sample transmission 
proper is to be evaluated. 

When the pump energy is lowered to 0.11 J/cm 2 we obtain the result 
shown in Fig.6. Now the reflectivity drops to a minimum of 25~ after the 
pump pulse maximum and recovers to a value of 30~ at 50 ps. The transmiss
ion falls to a minimum of 28~ and then increases slowly over several hun
dred picoseconds. 

We find that there is a very distinct energy threshold of 0.21 J/cm2 
separating the two different types of behavior of Rand T. In fact, if the 
pump pulse energy is allowed to vary by only 10~ around 0.21 J/cm 2, the 
data clearly separate into two different subsets which correspond to the 
two types of curves, Fig.5 and Fig.6. 
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These observations suggest the following conclusions: 
(i) The reflectivity minimum - which has never been seen in ns experi
ments[5,6]-clearly indicates the presence of an extremely dense electronic 
plasma. The plasma frequency must be close to the frequency of the 1.064 ~ 
probe pulse, which corresponds to the stunning density of about 1022/cm3, 
approximately 10% of the total number of p-valence electrons of c-Si. 
(ii) The lifetime of the plasma is of the order of 25 ps or shorter, be
cause the induced change in the reflectivity follows the laser pulse in the 
low energy experiment (Fig.5). 
(iii) The initial minimum of the reflectivity in the high energy case 
(Fig.6) also indicates the presence of a dense plasma. However, the subse
quent reflectivity jump can hardly be attributed to the plasma, unless 
there is a mechanism for an abrupt increase by three orders of ten in the 
plasma lifetime caused by only a ~10% increase of the excitation energy. 
On the other hand, the observed absolute reflectivity value of 76% is iden
tical to that of liquid silicon, suggesting that the reflectivity jump is 
rather due to the solid-liquid phase transition. 
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Picosecond Spectroscopy of Excitonic Molecules and 
High Density Electron-Hole Plasma 
in Direct-Gap Semiconductors 

S. Shionoya 

The Institute for Solid State Physics, The University of Tokyo, 
Roppongi, Minato-ku, Tokyo 106, Japan 

In the physics of highly excited direct-gap semiconductors, there are two 
important subjects to be investigated; one is the formation of excitonic 
mo 1 ecul es due to the attractive covalent i nteracti on between two si ngl e 
excitons, and the other is the generation of high density electron-hole 
plasma (EHP), which is caused by the screening of the Coulomb interaction 
between the electron and hole in an exciton and should take place at higher 
electron-hole concentration than that for the formation of excitonic 
mo 1 ecul es. It is needl ess to say that pi cosecond spectroscopy is very 
important to investigate dynamical behavior of high density electron-hole 
systems in direct-gap semiconductors, in which' carrier lifetime is very 
short, the order of nanosecond or less. This paper reviews recent results of 
such studies performed by us* for direct-gap materials such as CuBr, CdS and 
CdSe. 

Excitonic Molecules 

Previously we observed time-resolved luminescence spectra of excitonic 
molecules in CuCl, and obtained the lifetime of the molecule(l,2). Recently 
we have performed si mi 1 ar experiments for excitoni c mol ecul es in CuBr (3). 
The energy level structure of the excitonic molecule in CuBr is more 
complicated than in CuCl; the ground state of the molecule is split into 
three states, r l , rs and r, states from the low energy side. This is due to 
the reflection of the difference of the valence band structure between the 
two materials. These three molecule states in CuBrare all allowed for 
two-photon transition, and three two-photon absorption lines are observed 
experimentally. The transition from each of these three molecule states to 
the single exciton state rs is allowed, but only the luminescence emitted 
from the lowest molecule state rlis observed. This luminescence is composed 
of two lines, ML and MT , leaving longitudinal and transverse single 
excitons, repectively. 

We have measured in detail time-resolved spectra and time-dependence of the 
excitonic molecule luminescence in CuBr at 4.2 K under the one-photon 
band-to-band excitation and two-photon resonant excitation of excitonic 
molecu1es. A tunable picosecond laser system consisting of a mode-locked 
YAG:Nd + laser and a LiNbD) parametric oscillator was used. Time-resolved 
spectroscopy was made by using a CS2 optical Kerr shutter. Figure 1 shows 
four kinds of time-dependence of the intensity of the MJ luminescence line 
(422 nm) for the one-photon band-to-band excitation (B, 355 nm excitation) 
and for the two-photon resonant excitation of the three molecule states, r l 

* Coworkers are Yasuaki Masumoto, Yutaka Unuma, Hiroshi Saito and 
Hidemi Yoshida. 
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(419.8 nm), rs (419.5 nm) and r, (419.3 nm). Under the excitation of two 
lower states r, and rs, the intensity was found to rise almost in proportion 
to the time integration of the shape of exciting pulse, while in the case of 
the excitation of the highest state r, the intensity rises slightly delayed 
from the case of r, and r. excitation. This delay is so small compared with 
the present experimental accuracy that we cannot di scuss the re 1 axati on 
process from the r, to r,state, but it seems that the relaxation time may be 
a few picoseconds. Under the one-photon band-to-band excitation the peak of 
the luminescence intensity is delayed about 100 ps from the peak of exciting 
pulse. 

The observed time-dependence of luminescence is convoluted with the duration 
of 1064 nm laser pulse used to open the Kerr shutter. The time resolution 
of the Kerr shutter of about 40 ps is not negligible compared with the 
observed decay time of 1 umi nescence of _ 100 ps. Therefore, the observed 
data were deconvoluted by the calculation assuming that the opening laser 
pulse has a Gaussian shape. These deconvoluted data were used in the 
analysis, 

The population dynamics of excitonic molecules and single excitons is 
expressed by the following rate equations. 

dn /dt = -an + Bn 2 
m m ex ' 

dn /dt = an - 2Bn 2_ ynex . ex ex 

(la) 

( lb) 

Here, ~m and nex are the densit~Ts of molecules and single. exc~tons, 
respect1vely. a =1m- l and y=1ex ,where 1m and fex arT the llfet1me of 
molecules and that of excitons, respectively. B = "f- nex -, where 1f is the 
formation time of molecules from single excitons. Using these equations we 
analyzed the observed time-dependence of the excitonic molecule lumines
cence, changing the values of three adjustable parameters a, Band y, and 
obtained the lifetime of the excitonic molecule. The time duration of 
exciting laser pulse is not short enough to neglect compared to the decay 
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time of luminescence. Then , we have to add the term expressing the 
generation proces s of excitonic molecules or single excitons to eq. (la) or 
(lb), respectively, for the case of the resonant two-photon excitation or 
band-to-band excitation. 

Figure 2 shows resu l ts of the calculation for normalized densities Nm and 
Nex in the case ~f the resonant two-photon excitation. Nm and Nex are given 
by N m : rm/rm and ~x : nex / rr"O, respectively, where rmO is the total 
density of excitonic molecules directly created by the laser pulsS' The set 
of the parameters used is (1m : 60 ps, tex: 150 ps and Bm-l: (Bnm )-1: 1 ns. 
It is seen that the observed time-dependence of luminescence agrees well 
with the calculated curve for Nm. Also for the case of the band-to-band 
excitation good agreement was obtained using the same values of tm and tex. 
It was found that in this case of excitation the rise time of luminescence 
is mostly determi ned by tm' while the decay time by Tex. 

The lifetime of excitonic molecules obtained 60 ps almost agrees with the 
radiative lifetime calculated by using existing theories. Further from 
resu l ts of the above-mentioned analysis, it was found that the probability 
of the formations of exc i tonic molecules per one collision of two single 
excitons is quite low, and that in the case of the resonant excitation the 
re-formation process of molecules is negligible. 

High Density Electron-Hole Plasma 

As to the high density EHP, time-resolved spectra of spontaneous lumines
cence were observed in detail for CdS and CdSe at 4.2 K under the band 
-to-band exc i tation(4,5,6). General f eatu·res C01TlllOn to the two materials 
are that for the first 100-200 ps after pulse excitation the spectral shape 
changes drastically, the spectral width becor.1ing much narrower . This 
indicates that hot carriers generated are rapidly cooled down during this 
period. Thereafter up to 500-S00 ps delay times the spectral shape hardly 
changes in spite of the successive decrease of luminescence intensity. The 
spectral width in the late stage depends a little on excitation intensity. 
The spectra l shape was analyzed, and the e-h concentration and eff ective 
carrier temperature were obtained. It was indicated that carriers are k.ept 
hot until they are radiatively annihilated. 
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In CdSe time-resolved spectra were measured with changing excitation photon 
energy in the vicinity of the bandgap energy. It was found that in the 
whole range of excitation photon energy the effective carrier temperature at 
the stage of 800 ps delay time does not fall below ~20 K. This means that 
even if the excess energy is not given to carriers at the instance of pulse 
excitation, carriers are made hot, so that there exists a process which 
makes the EHP hot. Considering the phonon-assisted Auger process as such a 
process, it is shown that the EHP can be kept hot at ~20 K. 

As mentioned above the spectral shape of the EHP luminescence hardly changes 
unti 1 the very 1 ate stage. Although carri ers are kept hot, the carri er 
temperature obtained from the spectral analysis is lower than the calculated 
critical temperature for the formation of e-h liquid. From these facts, it 
seems as if gaseous plasma of high density electrons and holes is 
transformed to a condensed e-h 1 iqui d state. However, as menti oned above, 
the spectral width, which corresponds to the e-h concentration, in the late 
stage depends a little on excitation intensity. Therefore, it is sure that 
the condensed e-h drop state, as observed in i ndi rect-gap semi conductors 
such as Ge and Si, which is in equilibrium with the surrounding exciton gas, 
is not realized in the present case. 

To obtain further information on this argument, time-resolved spectra were 
measured in a wide range of temperatures which are surely higher than the 
calculated critical temperature(7,8). It was found that in the case of CdS 
at 130 K aspects of changes of the spectral shape with time are a little 
different from the case of 4.2 K. Namely, the spectral width decreases 
slightly with time. Further the manner of shifts of the high energy edge 
and low energy edge of spectra with changing excitation intensity is 
different. Although we can not give reasonable interpretation for the 
observed dynamical behavior of the EHP for the moment, it would be sure that 
the EHP is in a non-equilibrium state until it is annihilated. 
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Picosecond Time-Resolved Study of Highly Exited CuCI 

1 2 1 
D. Hulin, A. Antonetti, L.L. Chase, G. Hamoniaux, A. Migus and A. Mysyrowicz 

Laboratoire d'Optique Appliquee, Ecole Poly technique - ENSTA, 
F-911210 Palaiseau, France 

1Groupe de Physique des Solides de 1 'Ecole Normale Superieure, 
2, place Jussieu, F-75005 Paris, France 

2Physics Department, Indiana University, Bloomington, 
Indiana 47405, USA 

We present experimental results of a time-resolved investigation of pure 
CuCl crystals, in which extremely high free carrier densities (n>1020 cm- 3) 
are optically injected. Highly excited CuCl crystals have been extensively 
studied before 0], using nanosecond or subnanosecond optical pulses. Howe
ver, the density of generated electron-hole pairs was limited so far by the 
onset of irreversible sample damage to values n < 1020cm- 3. By using optical 
pulses of subpicosecond duration, it is possible to extend the range of car
rier densities beyond the Mott dissociation 1 imit [2]. Accordingly, a tran
sition in the excited state of the system occurs, from an insulating phase 
of excitonic particles to a conducting phase consisting of a superdense 
plasma. Although the formation of an electron-hole plasma has been observed 
in several direct gap semiconductors, most notably GaAs [3J,a dynamical stu
dy of the Mott transition in these materials has proved difficult, since 
the effective temperature of the plasma is comparable with the exciton bin
ding energy. In CuCl, Ex = 0.2 eV so that the criterion Ex/kT » 1 should 
be more easily satisfied. Interest in the dynamics of superdense plasmas 
in direct gap semiconductors has been recently revived, as it may lead to 
picosecond laser action with broadband tunability [4J, and als_o for its 
implication in the behavior of fast bistable optical devices I~J. 

To generate the carriers, a UV pulse is used (A = 309 nm, pulse dura
tion ~t = 120 femtoseconds, maximum energy per pulse = 20 ~J). It is obtai
ned by frequency doubling in a KDP crystal the amplified red output from a 
passively mode-locked Rh 6 G dye ring laser [6J. When focused on the sample, 
it creates up to 1021 cm- 3 electron-hole pairs, initially with an excess 
energy ~E = 622 meV with respect to the minimum energy band gap. In order 
to obtain nearly homogeneous volume excitation, very thin crystalline films 
of thickness d < 1 ~m are used. The samples are obtained by sublimation of 
high purity anhydrous CuCl. 

In fig. 1, time-integrated luminescence spectra are shown for different 
input light intensities for a sample temperature T = 15 K. The line at 
392 nm is well-known and results from the radiative decay of excitonic 
molecules OJ. The hitherto unreported broad emission appearing on the lo
wer energy side of the spectrum above a threshold input intensity is cha
racteristic of the recombination of electron-hole pairs inside a variable 
density plasma: it appears above a well-defined excitation threshold and 
its width broadens,with the low energy side of the emission band shifting 
to longer wavelengths,as the excitation further increases. 

An estimate of the plasma carrier density is obtained from the position 
of the renormalized energy gap, as inferred from the low energy edge of the 
plasma emission. A value nc ~ 3.1020 cm- 3 is extracted near plasma appea
rance threshold. ThlS is consistent with the experimental parameters and is 
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Fig. 1 Time-integrated emis
~pectra of a CuC1 film 
(thickness = 50 nm) at T = 15 K 
obtained with different input 
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curves are normalized to the 
same height for the biexciton 
emission line at 391.5 nm. 
The 1 i ne at 391,5 grows super
linearly below Ic ' and sligh
tly sub1inear1y above Ie(Ic 
is the threshold intenslty 
for plasma appearance). 

close to the Mott criterion ncr~ :;; 1, where rs '" 2aX = 1.4 nm is the average 
distance between particles (aX = exciton radius). 

The decay of the plasma emission has been measured with fast streak came
ras (Thomson-CSF, and Imacon). The duration of the signal was found to be 
less than 10 ps, slightly above our highest camera resolution (see fig. 2). 
The emission at 391.5 nm, from the biexciton gas, was also detected, both 
below and above plasma threshold. In the latter case, it was found to 
succeed the signal from the plasma with a delay (~ 10 ps) more important 
than the 2 ps computed effect of group velocity dispersion. In the former 
case, the signal duration was dependent upon input intensity, ranging bet
ween T ~ 10 ps and T ~ 45 ps at lower intensities. 

Information concerning the dynamics of the exltited system may also be 
obtained in transmission experiments, using a weak subpicosecond continuum 
probe which traverses the excited region of the sample at different delays 
following the UV pump pulse [6,7]. Results taken at 15 K are shown in fig.3. 
The continuous curves is oDtainea when the probe pulse precedes the pump on 
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15 K, recorded in single shots 
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the sample and is therefore representative of the unexcited sample. The two 
lines at A = 387 nm and 378 nm are the n = 1 terms of the excitonic series 
from the two upper valence bands (r7,r8) and the lowest conduction band (r6). 

For a time delay ~t = 1 ps a reduction of the exciton OSCillator strength 
occurs, as expected in the presence of the plasma phase. This effect is par
ticularly well evident in very thin samples where a nearly complete disappea
rance of the exciton structures is observed. At the same time, a new absorp
tion tail, extending below the excitonic structures is apparent with an edge 
snifting to 'lower energies under increasing excitation. 

The excitonic oscillator strength recovers in accordance with the plasma 
decay time reported above, although a broadening and high energy shift of 
the lines persist for a longer period of the order of 100 ps. Time-resolved 
transmission spectra also show some evidence of a transition from optical 
loss to gain in the plasma spectral region below the excitons, occuring wi
thin a few ps from t = a (see fig. 4). This long life gain in the biexciton 
emission region may be due to coll is'ion processes between the excitonic molecules. 

We now briefly comment on the measured plasma decay. Theresultsoffig. 2 
indicate that the lifetime of the free carriers is limited by excitonic par-
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Fig. 4 Time-resolved transmiss!on 
or-tne probe pulse at A = 3923 A 
in the plasma spectral region. The 
gain established at ~t ~ 8 ps 
remains stable for the longer time 
delay. 
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ticle formation when their density reaches nco The initial decrease of the 
carrier density down to nc may ha~e several origins: volume expansion of 
the excited region of the ~ample 1_8J, non-radiative Auger decay involving 
three (or more) carriers I}], and direct annihilation of electron-hole pairs. 
The first process should not playa significant role here, in view of the 
nearly homogeneous volume excitation, large lateral dimensions and short 
times considered. We believe that direct electron-hole pair recombination 
dominates over Auger non-radiative decay in the density range of our experi
~ents because the overall radiative efficiency from the plasma increases 
sharply with higher input intensities well above nc (see fig. 1). To our 
knowledge, there are no known values for the Auger and bimolecular decay 
constants in CuCl. Assuming only radiative decay; we obtain for the electron
hole (bimolecular) recombination constant B a value B ~ 5.10- 10 cm3/sec. 
However, neglect of Auger decay and stimulated emission may not be justified. 

This work has been supported by the Direction des Recherches, Etudes et 
Techniques. 
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Picosecond Dynamics of Excitonic Polariton in CuCI 
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Abstract 

Dynamics of the exci tonic polariton in CuCl was clarified by using a 
tunable picosecond induced absorption spectroscopy and a picosecond tran
sient grating spectroscopy. The energy dependent lifetime of the 
excitonic polariton and the scattering mechanism were discussed. 

1. Introduction 

An excitonic polariton (polariton) - the mixed state of an exciton and 
a photon in a crystal - gives rise to a nonlinear dispersion in E-k 
(energy-momentum) relation (Fig.2-a), when the photon dispersion crosses 
the exciton band. Many workers have recently interested in the character
istics of the excitonic polariton [1]. However, the dynamics and the 
scattering mechanism of the polariton have not been clarified. We 
observed the energy dependent lifetime of the polariton and the tempera
ture dependent diffusion coefficient by using a picosecond induced absorp
tion spectroscopy and a picosecond transient grating spectroscopy, respec
tively. 

2. Experimental Procedure 

Figure 1 shows experimental block diagram for the tunable picosecond 
induced absorption spectroscopy [2] and transient grating spectroscopy 
[3]. In this configuration the polariton was resonantly excited by a 
narrow band tunable picosecond laser (band width .01 nm, tunable range 
385-390 nm). The band width of the probe light was about 2nm and the 
arri val time of the probe light on the sample was delayed by an optical 
delay line. For the induced absorption spectroscopy one of the exci ta
tion beams was used for the excitation of the polariton and the other was 
cut in front of the sample. The time dependence of the induced 
absorption of the probe light (from a level of the excited polariton to 
that of the excitonic molecule) was observed as a function of the 

Fig.1 
The Schematic diagram of the 
transient grating and induced 
absorption spectroscopy 

349 



exci tation energy. The excited polariton moves to the direction of the 
incident laser with the group velocity of the polariton (dw/dk). The 
number of the polariton at the ini tial energy and momemtum decreases, if 
this polariton is scattered . This decrease is observable by the decrease 
of the induced absorption. For the transient grating spectroscopy two 
exci tation beams in Fig. 1 were simultaneously used to make a transient 
grating of the excitonic molecule. Since the wavelengths of the peaks of 
the diffraction due to the excitonic molecule and the polariton 
differ each other, the spatial and energy dynamics of the polariton was 
examined independently from that of the excitonic molecule. 

3. Results and Discussion 

Figure 2 shows the intensity of the induced absorption for various 
delay time at two different excitation energy. These experiments show 
that the induced absorption increases rapidly and decay exponentially. 

Figure 3 shows a lifetime of the polariton of CuCl at 1.8 K at various 
energies. As shown in this figure the life time of the polariton 
strongly depends on the energy of the polariton. The life time is given 
by 

T=l/van (1) 

where v is the velocity of the polariton, n is the number of particles of 
the scattering source and a is the cross section of the scattering 
source. The velocity of the polariton is given by the differential 
calculus of the dispersion curve shown in Fig. 1 (group velocity dw/dk). 
The solid line (a), dotted line (b) and dashed line (c) are calculated 
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from eq.(l) considering the dispersion of the group velocity of the 
polari ton under the assumption of an impurity scattering, acoustic phonon 
sacttering and optical phonon scattering, respectively. The character
istics that the lifetime decreases with increasing the polariton energy 
were mainly explained by the dispersive characteristics of the group 
veloci ty of the polariton . However, the best fi t of eq. (1) with 
experiment is obtained under the assumption that the polariton has the 
constant scattering cross section for the various momentum of the polari
ton. This suggests that the main scattering mechanism of the excitonic 
polariton at 1.8 K in CuCl is the impurity scattering. 

Figure 4 shows the spectra of the diffracted light at different delay 
times. The narrow and intense diffraction spectra A and A I are the 
parametric coupling signals between the weak probe light and the strong 
excitation light in the sample due to large nonlinear susceptibility at 
the wavelength of the two-photon absorption. The broad spectrum B is 
due to the diffraction of the probe light by the index grating of the 
periodically induced density modulation of the exci tonic molecule in the 
crystal. The diffracted light C builds up after the excitation of the 
excitonic molecule with some delay time and decays with some decay 
constant . This band is the diffraction from the grating of the excitonic 
polariton generated after the radiative relaxation of the excitonic 
molecule. 

From the time behavior of these bands Band C for several grating periods 
we can estimate the diffusion coefficient and the lifetime of the exci
tonic polariton. The decay time of the diffracted light T observed under 
the various grating periods gives the diffusion coefficient D and the 
lifetime T independently as an intercept of y-axis and the slope in liT 
vs. 4f2 / A2 plot according to the following equation 

l / T=1/T+4f2 I A2. (2) 

Figure 5 shows liT vs. 4f 2 I A 2 plot at two different temperatures. 
This figure shows that increasing the temperature, the diffusion coeffi-
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cient decreases. The temperature dependence of the. diffusion coefficient 
observed suggests that the phonon (optical or acoustic) scattering is 
dominant for the polariton scattering mechanism in CuCl as shown in Fig.6. 

Since the induced absorption experiment suggest that the impurity 
scattering mechanism is dominant at 1.8 K, the scattering mechanism should 
change from the impurity scattering to the phonon scattering in the 
temperature region of 1.8 K to 15 K to explain consistently the results 
obtained by the both experiments. To confirm our model detailed 
experiments are now in progress. 

4. Conclusion 

The simultaneous use of induced absorption spectroscopy and transient 
grating spectroscopy is a powerful technique to examine the scattering 
mechanism of the polariton. We can emphas ize that the energy dependent 
life time is explained by the dispersive characteristics of group velocity 
of polariton and the impurity scattering and the temperature dependent 
diffusion coefficient is explained by the phonon scattering mechanism. 
These results suggest that the scattering mechanisms in 1.8 k and 15 k 
differ each other. 
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Picosecond Spectroscopy of Highly Excited GaAs and CdS 
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1. Introduction 

The realtime observation of relaxation, thermalization, and recombination of 
nonequilibrium carriers in direct gap semiconductors like GaAs or CdS re
quires picosecond time resolution. Various problems like the dynamics of e. 
g. hot carrier-phonon interaction, exciton screening or electron-hole-liq
uid (EHL) formation have been investigated by picosecond experiments [1-4]. 
In this paper we report application of picosecond spectroscopy for the study 
of a) free carrier relaxation within extended and localized continuum states 
in GaAs and b) the dynamics of the free carrier-exciton system in highly ex
cited CdS. 

2. Experimental 

We have used picosecond absorption ("excite and probe") as well as lumines
cence spectroscopy. Light pulses of 25 ps duration are generated at 1064 nm 
by a passively mode locked Nd:YAG laser. Frequency tunable pulses of about 
20 ps width are obtained in the entire visible and near infrared spectral 
range by synchronous pumping of a dye laser by the second or third harmon
ic of the Nd:YAG laser emission. The GaAs and CdS single crystals are ex
cited by two photon absorption of 1064nm and 532nm pulses, respectively. 
Transmission spectra of CdS are obtained at different delay times using the 
synchronously pumped dye laser emission as the probe light. Time resolved 
luminescence spectra are measured with 25 ps time resolution using a CS2 
optical Kerr shutter and an intensified Si-diode array camera. 

3. Experimental Results and Discussion 

3.1 Free Carrier Relaxation Within Extended and Localized Continuum States 
in GaAs 

The time constants associated with the relaxation of energy and momentum of 
nonequilibrium carriers within extended continuum states of pure GaAs single 
crystals are in the picosecond or subpicosecond range [1,2,4]. Relaxation 
within localized continuum states, however, can be slower by orders of mag
nitude as it has been shown for amorphous semiconductors [5]. We present3da
ta on free carrier relaxation in GaAs heavily doped with Si (p=5x1018cm- ). 
In heavily doped semiconductors extended (high energetic) and localized 
(low energetic) states are present, very similar to amorphous materials [6]. 
The unique advantage of highly doped semiconductors, however, is the possi
bility of varying the density of localized states and the degree of locali-

+ permanent adress: Dept. Appl. Phys., Okayama Coll., Okayama 700, Japan 
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zation in a wide range by simply changing the doping . The experimental re
sults directly reveal the slowing of the relaxation as localized states are 
involved. 

The time resolved luminescence spectra obtained from heavily doped and pure 
GaAs exhibit characteristically different time behavior as shown in Fig.l. 
The emission of the doped sample shifts towards lower energies with increas
ing time, in contrast to the results for the pure material. This pronounced 
but opposite shift disappears for both samples at higher temperatures. Fig.2 
depicts emission spectra for the heavily doped and pure GaAs at 200 K and 
150 K, respectively . The low energy onset of the luminescence remains con
stant in both cases. The shift of the maximum to lower energies and the de-
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crease in halfwidth with time arises from the decrease of the carrier den
sity due to recombination . 

A detailed analysis of the temperature dependence of the time resolved 
luminescence spectra shows that the relaxation within the localized states 
of the heavily doped material occurs via multiple trapping of8the carriers 
[7J. The slow energy relaxation at low temperatures (dE/dt~10 eV/s) is due 
to the thermally activated nature of this process. The data for the pure 
GaAs are consistent with an extremely fast relaxation. The high energy shift 
of the spectra with time is explained by a reduction of the band gap shrink
age because of free carrier recombination . This density dependent gap shrink
age, however, seems to be less important at higher temperatures. This indeed 
is expected, because exchange and correlation interaction are effective only 
as long as the thermal energy is smaller than Fermi and plasmon energy, re
spectively. 

3.2 Dynamics of the Free Carrier-Exciton System in Highly Excited CdS 

A stable EHL is expected in CdS at low temperatures on the base of energe
tic arguments [8J. It is questionable, however, to which extent separation 
of the excited carrier system into a low density (gaseous) and a high densi
ty (liquid) phase occurs within the short lifetime. We report time resolved 
transmission and luminescence experiments which provide first insight into 
this problem. 

Figure 3 depicts transmission spectra of CdS at 10 K and 70 K for differ
ent excitation intensities . Optical gain corresponding to negative values 
for the optical density is observed for delay times larger than 80 ps. In 
the earlier time regime only absorption occurs . The low temperature trans-
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mission spectra consist of several components due to the coexistence of the 
~arious excited species . The high energy part of the spectra at about 2.54eV 
can be attributed to exciton molecule recombination, whereas the low energy 
part is due to free carrier and excitonic recombination [9] . At 70 K the ex
citon molecule is thermally dissociated and furthermore no EHL exists. The 
spectra at 70 K thus are dominated by exciton recombination (exciton scatter
ing) . 

The results of the luminescence and transmission experiments are summa 
rized in Fig.4, where luminescence intensity and optical density at 488.5nm 
and 490nm is plotted vs. time. At 488 .5 nm (exciton molecule recombination) 
the same time behavior is found for luminescence and optical gain (time con
stant - 400 ps). At 490 nm, however , a fast initial decay of the luminescence 
is observed, whereas the gain decreases with almost the same time constant 
as seen for the molecule recombination (Fig .4a). We therefore conclude that 
the gain at 490 nm is dominated by excitonic processes, too, in accordance 
with the observed maximum gain values of about 30 cm- 1. The initial fast 
component observed in luminescence is attributed to free carrier recombina
tion. With in this time regime the initially hot free carrier system cools 
and transforms into the various coexisting components, namely excitons, mo
lecules, and possibly small EHL clusters. The luminescence decay thus is de
termined by the characteristic times related to the cooling of the free car
rier gas and the forffiation of the various coexisting elementary excitations. 
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Non-Linear Attenuation of Excitonic Polariton Pulses in CdSe 

P. Lavallard and Pham Hong Ouong* 

Groupe de Physique des Solides de 1 'E.N.S., Universite Paris VII, 
Tour 23, 2 Place Jussieu, F-75221 Paris Cedex 05, France 

1. Introduction 

Optical transmission and polariton time of flight measurements are done 
with a very thin CdSe sample (e = 0.93~ + 0.02 ~ ) immersed in pumped liquid 
helium. The source is a synchronously pumped dye laser (Rhodamine 640~or 
OCM). The pulse width is 6 ps ; the spectral width of the pulse is 2 A. 
The mean wavelength of the pulse can be easily tuned in the region of 
interest. The rate of repetition is 80 Mhz. The propagation time of the 
light through the sample is measured by the usual autocorrelation technics 
[1]. Our experimental arrangment allows us to measure also the reflection 
and the luminescence spectra. 

2. Experimental results 

~ The light beam was focused on the sample down to a 100~ spot size. 
Even with a rather low average power (P < 5 mW), a large non linear effect 
occurs in the frequency range between wT~and wL. 

By putting neutral filters on the incident beam, we observed that the total 
transmitted light intensity saturated when the incident light intensity was 
increased. With a lens, we made an enlarged image of the spot on a screen: 
the center of the beam was black and surrounded by a bright circle. At higher 
power a small bright spot appeared in the center. With a diode array , we 
analyzed the spatial repartition of the intensity in the beam. The figure 1 
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2 6 Fig . l The transmitted intensity as 
a function of the incident intensity 
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3 5 (a.u.) 

2 

1 
Fig.2 Cross correlation signal as a 
function of the delay time (curve 1 is 
obtained with an incident intensity 20 

t(ps) times 1 arger than for curve 2) 

shows the transmitted intensity as a function of the incident intensity; 
the curve was obtained by comparing the signal given by each diode at low 
and high intensity. The critical incident intensity which corresponds to 
the maximum of transmission was minimum for the light frequencies which 
propagate with the slowest group velocity. Non linear transmission was also 
observed with a CW dye laser for an incident power ten times larger than the 
average power of the pulses. 

U The cross-correlation measurements show that at high intensity, the 
pulse shape is deformed and the peak of the pulse is shifted to earlier 
time. This is well explained by assuming that the early part of the pulse 
creates diffusing (or absorbing) centers which are responsible for an 
increased absorption of the remaining later part. (Figure 2) 

~ In a high intensity transmission experiment, the beam behaves as a 
pump and a probe, at the same time. In order to distinguish between the two 
roles of the beam, we studied the transmission of a weak intensity laser 
beam as a function of the wavelength of a second strong intenSity laser 
beam. Both lasers are CWo Figure 3 shows the results we obtained when the 
wavelength of th~ first laser beam is fixed near the polariton resonant 
frequency (6791 A). The absorption is very much increased when one excites 
bound excitons (I ) or free excitons. We conclude that bound excitons are 
responsible of th~ induced absorption of polaritons (the creation of free 
excitons is only an indirect way to produce the bound excitons). 

~hu.) 

2 

1 

o 
MA) 

~ig.3 Transmitted light intensity at 6791 A as a function of the second 
aser beam wavelength (curve 2 is obtained with a pump intensity 4 times 

larger than for curve 1) 
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3. Interpretation 

We developed a model which explains the experimental results: 

At first, polaritons are diffused on bound excitons : 

po 1 k + ED:' + ... po 1 k' + ED: + 

Diffused polaritons do not contribute to the transmitted light; they do 
other collisions, emit acoustical phonons and lose a part of their energy 
in the band [2]. When they have an energy close of the bound exciton 
resonance, they are easily captured by the donors : 

polk' (relaxed) + ED - ... ED:'+ 

The net result of the initial collision of the polariton is then, the 
creation of a new diffusing center. The process amplifies by itself and 
stops when all the impurities have captured an exciton. On figure 2, we 
have plotted the results of the calculation for realistic values of the 
parameters. The fitting is rather good. The diffusion section is found to 
be of the same order of magnitude as the orbit surface of bound excitons. 
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Introduction 

The importance of kinetic parameters in the determination of the efficiency 
and stability of semiconductor photoelectrodes has been stressed by many 
authors [1]. Transient techniques have served as an important tool for the 
evaluation of kinetic parameters in both electrochemical [2] and solid state 
solar cells [3]. The use of such techniques in photoelectrochemical cells 
has been introduced recently [4,5]. 

We have previously studied the photocurrent transients in CdSe/S-, So 
cell [5]. It was found that photocurrent decay is sensitive to the state 
of the photo-electrode (CdSe crystal) surface. Chemical etching enhanced 
the amplitude and reduced the decay time of the transients and increased 
the photocharge obtained (per flash). Nelson et al [6] found earlier that 
the surface recombination of carriers at the interface n type GaAs/aq. 
alkaline Se 2 /Sex2 - solution, which served as part of a liquid junction 
solar cell, severely limited its performance. They also found that adsorp
tion of Ru ions on the surface of n-type GaAs decreased the surface recom
bination velocity, and enhanced the energy conversion efficiency of the 
liquid junction solar cell significantly. Utilizing time resolved emission 
techniques, the same authors [6] measured the photoluminescence decay time 
for the GaAs photoelectrode, and deduced from it the surface recombination 
velocity before and after Ru ion adsorption. 

In this study we report the results of time resolved photoluminescence 
measurements on n-type CdSe and CdS single crystals at three different 
states of the surface. 1) an untreated crystal, 2) mechanically polished 
crystal, 3) chemically etched crystal. 

Expe ri men ta 1 

The schematics of the optical arrangement was described elsewhere [7]. 
CdSe single crystals were irradiated by 532nm 6 psec or 20 psec pulses and 
CdS single crystals by 353nm 6 psec or'20 psec pulses, (these are the 
second and third harmonics of a mode locked Nd 3+/g1ass and VAG laser res
pectively). The photoluminescence was collected from the sample front 
surface, at an angle of 45° relative to the incident laser light. Colored 
glass filters as well as interference filters were placed before the streak 
camera, (Hamamatsu Model C939). entrance slit. The output of the streak 
camera was imaged onto a silicon intensified Vidicon connected to an optical 
multichannel analyzer (PAR 1205 D). The streak records were averaged and 
analyzed by a Delta Microcomputer (Z-80 microprocessor). 

The hexagonal n-type CdSe and CdS single crystals (Cleveland Crystals 
Incorporated) were 1-2 mm thick, had a resistivity of 12.2 Qcm and 3.3 Qcm 
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for CdSe and CdS respectively, and a surface perpendicular to the C-axis. 
Polishing was performed by 0.3 ~m alumina. Etching was carried out in 4:1 
HCl :HN0 3 for CdSe while CdS was etched by concentrated HC1. The duration 
of the etching was 30 seconds, followed by rinsing in distilled water. 

Results 

CdS and CdSe edge luminescence (band to band transition) is observed at 500nm 
and 705nm at room temperature respectively. For both crystals, the lumin
escence intensities exhibit a quadratic dependence on the excitation inten
sities . The decay times of the edge luminescence for both crystals are very 
sensitive to the crystal surface condition. CdSe and CdS luminescence decay 
times, prior to any surface treatment are shorter than the laser excitation 
pulse width, i.e. <15 ps. The emission quantum yields are very low, estimated 
to be <10 -5 • After mechanical polishing by 0.3~ alumina, the luminescence 
quantum yields are increased by a factor of 10, and the emission decays are 
longer, ~ 50ps. Further polishing by finer alumina (0.05~) causes some addi
tional increase in the luminescence quantum yield and the decay times become 
somewhat longer. The quantum yields and the decay times of the edge lumin
escence are further increased by chemical etching: The emission decay for 
both crystals is then biphasic and the experimental decay curves are analyzed 
by computer fitting to biexponential decay. Following chemical etching, the 
short component of CdSe decay corresponds to TS = 400±100 ps, and the long 
one to T~ = 8±2 ns, while the quantum yield is estimated to be 10-2 • For 
etched CdS the relevant values are : TS = 100±20 ps, T~ = 700±100 ps, QY~10-3. 
The emission curves are shown in Fig.l. The optical spectra of the edge 
emission is very similar for polished crystals and chemical etched crystals. 
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~ Streak camera records of CdS and CdSe time resolved luminescence. 
CdSe was excited by a 532nm (second harmonic) 15 ps pulse, and CdS by 353nm 
(third harmonic). Appropriate filters were used to eliminate penetration 
of extraneous light into the streak camera, Upper curves: CdSe and CdS 
luminescence after mechanical polishing with 0.05 ~ alumina. Lower curves: 
Chemically etched crystals . 
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Low Temperature Studies 

At 77°K. both CdS and CdSe crystals exhibit an additional emission band at 
energies lower than the edge emission. The maximum of the sub-band 9ap 
emission at 77°K is located at 590 nm (~2.l eV) and 850 nm (~l .45 eV) for 
CdS and CdSe respectively. These emissions are structureless and broad. 
The full width half maximum is ~0.3 eV for both crystals compared to 0.04 eV 
for the edge emission at 77°K. The decay rate of the sub band-gap emission 
of a chemically etched CdS crystal at room temperature is 16ns. 10 times 
longer than the edge emission decay rate (~l ns). The sub band-gap emission 
decay rate is very sensitive to temperature. It slows down with the lowering 
of the temperature and reaches a value of T=330 nsec at ~170oK. The sub 
band-gap emission at 77°K from a mechanically polished CdS crystal exhibits 
a similar spectrum to the one obtained from the etched crystal. However. 
the sub band-gap emission intensity from the mechanically polished crystal 
is estimated to be lower by more than 2 orders of magnitude. The edge emis
sion band itself at 77°K is blue shifted with respect to its room temperature 
location and its band-width is narrower. The temperature dependence of the 
edge emission decay rates for CdS and CdSe is small. The emission quantum 
yield exhibits small sensitivity to temperature. 

Discussion 

The edge luminescence intensity was found to be quadratically dependent on 
the exciting laser intensity. This result is expected at high excitation 
intensities since the emission intensity is then proportional to the product 
of the densities of the photogene rated carriers: Ilum(t)=yfn(t)p(t) where Yr 
is the radiative recombination coefficient and n(t} and p(t) are the nonequi
librium densities of the electrons in the conduction band and the holes in 
valence band respectively. Under the excitation conditions in our experiment, 
the generated densities immediately after the short laser pulse are larger 
than the equilibrium densities for both minority and majority carriers, and 
hence the luminescence quadratic dependence on the laser intensity. 

The edge luminescence decay rate and quantum yield are related to the 
photoelectrochemical cell conversion efficiency: To elucidate this relation
ship, the main component processes at an illuminated photoelectrode have to 
be examined: In order for the photoelectrochemical cell to operate. the semi
conductor crystal has to be immersed in aqueous polysulfide solution, result
ing in band bending of about 700mV. This potential variation near the crystal 
surface is forcing the majority carriers (electrons in n-type crystals). away 
from the semiconductor surface region. thus creating a depletion layer. For 
direct band-gap crystals such as CdS and CdSe the thickness of the depletion 
layer (calculated to be several thousands of Angstroms) approximately coin
cides with the crystal optical excitation depth. as calculated from the ab
sprption coefficient (~lOScm-l). Immediately after irradiating the crystal 
by an ultrashort laser pulse, the generated minority carriers are accelerated 
towards the surface. while the electrons are accelerated in the opposite direc
tion towards the edge of the depletion region. Thus charge separation occurs 
on a time scale calculated to be shorter than 1 nsec (based on bulk mobilities 
and the field known from band bending). and the photogenerated holes can be 
utilized in an electrochemical charge transfer reaction taking place between 
the photoelectrode and sulfide ions. The photogenerated electrons are trans
ferred via the external circuit to the counterelectrode. and react there with 
the polysulfide ions. 

As found in our previous study [5J, the amount of charge that is transfer
red from the excited crystal in a pulse experiment is about 5 times smaller 
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in the case of mechanically polished crystals as compared with chemically 
etched crystals. The luminescence decay rate and its quantum yield respond 
qualitatively in the same way, i.e., the luminescence decay time for the 
etched crystals is 10 times longer than in mechanically polished crystals. 
The quantum yields show the same effect, and increase by more than an order 
of magnitude following chemical etching. In the mechanical polishing process, 
the crystal layer near the surface is damaged to some extent. The thickness 
of this layer is estimated to be of the order of the polishing material par
ticle size, i.e., for alumina 0.05 it is ca. 1000 A, which is of the order 
of the optical excitation depth as well as the thickness of the depletion 
layer. In this damaged layer ultra fast recombination processes are taking 
place. Therefore, the luminescence decay rate, the quantum yield and the 
conversion efficiency are more than an order of magnitude lower than in 
chemically etched crystals, in which the nonradiative recombination rate is 
much slower. 

Another important conclusion can be obtained from the intensity and decay 
rate of the sub-band emission: The number of photo carriers which recombine 
via these levels is much higher than by the direct band to band recombination 
mechanism. At room temperature it is expected that non radiative recombination 
through these levels might limit the efficiency of these cells. Further clari
fication of the nature of the midgap states, which cause this fast form of ra
diative and nonradiative decay, is required to show how they are related to 
material properties, and whether they may act also as mediating states in the 
heterogeneous charge transfer process at the semiconductor-electrolyte inter
face. 
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TIme Resolved Spatial Expansion of the Electron-Hole Plasma 
in Polar Semiconductors 
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Introduction 

We have studied the spatial expansion of hot electron-hole plasma generated 
in polar semiconductors (CdSe, CdS) by two photons absorption at A = 1.06~m 
or A = 0.532 ~m, respectively, using a mode locked YAG laser pulse of dura
tion 30 ps. 

Two different experimental techniques, including space and time resolution, 
are used : 

A one dimensional expansion geometry (previously used in [1]) 
. Spot size analysis. In that case the kinetics are compared for different 

spot size of excitation but with a constant observed region [2J. 

These two methods give convergent results which are consistent with an 
expansion of the electron hole plasma, at velocities in the range 
(5.107 cm/s - loB cm/s) depending on the plasma and lattice temperatures. 

Experimental set-up (Fig.1) 

The experimenta 1 set-u p has been descri bed elsewhere [3, 4, 5J ; its charac
teristics are: 

- Two photon excitation of the sample in order to obtain a homogeneous 
excitation. (For 30 ~m thick samples, the inhomogeneities in the exci
tation are less than 10 % between the front and back faces) ; 
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A resolution of 30 picoseconds in kinetics obtained by using a Kerr cell 
as an optical gate. 

c=:::J kerr cell 



The sample faces were roughened to avoid the light stimulation due to the 
cavity effects, and were covered with black paper masks to reject the sti
multated luminescence of the sample edges. 

In the first experimental set-up, the excited region is a parallelipipe
dic volume (1 x 0.3 x 0.03 mm3) (see Fig.2). The luminescence emerges 
through a slit (width 100 ~m) made of black paper which covers all the back 
surface . The thinness of the sample minimize the stimulation in the detector 
direction (V). 

The principle of the experiment is to get a time and wavelength resolu
tion of the luminescence which springs from the back side slit for various 
positions X of the excited region (Fig.2) so that we obtain the space and 
time resolved luminescence spectrum of the sample. 

The experiments are performed, on CdS and CdSe, at TL ~ (10 - 20 K), 
TL ~ (80 - 90 K) and TL ~ 300 K. 

In the second experimental set-up, the laser spot diameter on the sample 
was varied between 80 ~m and 1 mm, and was defined by forming on the sample, 
the image of a slit with well defined dimensions. The luminescence is de
tected in standard backward configuration. The sample thickness was 30 ~m. 

Experimental results and discussion 

A. Q~~_q!~~~~!2~~l_~~p~~~!2~ 
The Fig.3 shows, for CdSe in Fig.2 configuration, two time resolved lumi
nescence spectra emerging from a non excited region, and previously iden
tified as due to recombination of electron-hole pairs in a plasma assisted 
by a LO-phonon emission (LH .P.-LO) [3, 5, 6]. 

We have shown that this luminescence band is an evidence for the presen
ce (at the point X) of high density electron-hole plasma. The time resolved 
spatial distribution of the detected luminescence is strongly dependent on 
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the excitation power: under a threshold Pe, the light springs only from 
the initially excited region, while above this critical value Pe, the light 
emerges from the whole sample. 

Fig.4 shows the luminescence at a given wavelength in the plasma band 
versus X for an incident-time averaged power P = 1 GW/cm2 at two time delays 
t} = 50 ps ant t2 = 80 ps. The time origin is defined as the luminescence 
tnreshold. When P is greater than a critical value Pe (which is dependent 
on the relative direction x with respect to the C-axis) the light emerges 
from regions outsiae the excitea zone. We find, for CdSe, 
Pe (x IIc)~ 0.9 GW/cm2 and Pe(xlc)~ 0.8 GW/cm2. 

All these results are similar when the experiment is performed at 
TL ~ 10 K and TL ~ 80 K ; on the contrary, we cannot detect any luminescen
ce outside the excited region when TL ~ 300 K. 

The fit of the luminescence data reported in Fig.4, using a classical dif
fusion model, would give a diffusivity value D ~ 106 cm2/s which is more 
than four order of magnitude greater than the low excitation one : the 
electron-hole plasma blows up with an expansion velocity of about loB cm/s. 
This very fast expansion is achieved few tens picoseconds after the end of 
the exciting pulse. 

B. !~fl~~~£~_Qf_~~~_~~£i~~~iQ~_~eQ~_~i~~_Q~_!~~i~~~£~~£~_~i~~~i~~ 
We have excited CdS, using standard backward luminescence configuration at 
fixed power (P ~ 250 MW/cm2) with different spot diameter (d). We display 
the luminescence spectra obtained with d = 80 ~m (Fig.5a) and d = 1 mm 
(Fig.5b). 

Both spectra present a similar kinetic behaviour, i.e. the disappearance, 
with time, of the E.H.P.-LO band on the low energy side of the A-LO band 
(attributed to LO-phonon assisted recombination of free exciton) which do-
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minates the spectrum for longer time delays [6, 7J. The acceleration of the 
recombination process observed in Fig.5a as compared to Fig.5b can be ex
plained in terms of plasma explosion (Fig.6) : starting with the same exci
tation power per surface unit and, consequently, with the same electron-hole 
pair density no in the plasma, the initial velocity is identical in 5a and 
5b and so the lowering of e - h pairs density is more efficient with a 
smaller excited region (Fig.6). 

Then the Mott density is reached earlier and the A-LO band appear for 
shorter time delays in Fig.5a than in Fig.5b. 
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Weak-Wave Retardation and Phase-Conjugate 
SeH-Defousing in Si 

E.W. Van Stryland, A.L. Smirl, T.F. Boggess, M.J. Soileau and B.S. Wherrett* 
Center for Applied Quantum Electronics, North Texas State University, 
Denton, TX 76203, USA 

F.A. Hopf 
Optical Sciences Center, University of Arizona, 
Tucson, AZ 85721, USA 

We describe and measure the effects of sel f-defocusing on the various 
coupling effects produced when two coherent. noncollinear. picosecond opti
cal pulses (strong excitation and weak probe) are both spatially and tem
porally coincident in a thin sil icon wafer. Specifically. we observe that 
the weak probe beam experiences considerably more defocusing than the exci
tation beam. We believe that this is the first direct confinnation of 
weak-wave retardation in light-by-light scattering experiments. We also 
observe the effects of this defocusing on the quality of the forward
traveling conjugate wave. 

In our experiments. two 65-psec (FWHM) pulses at 1.06 ~ (excitation and 
probe). separated by an ang 1 e e = 1.2°. were focused to a 600 ]..lm (FWHM) 
diameter spot on the surface of a thin (- 270 ]..lm-thick) Si wafer. The exci
tation and probe could be delayed by an amount L with respect to one 
another by means of an optical delay line. When both excitation and probe 
are spatially and temporally coincident (L = 0). the interference between 
these two parallel-polarized pulses modulates the intensity across the face 
of the sample. The indirect absorption of the two pulses produces a 
spatially-modulated optically-created carrier density that results in a 
spatial modulation of the refractive index. 

The coherent interaction between the excitation pulse and the probe can 
be viewed as the self-diffraction of the excitation pulse fran an opti
cally-produced grating. That is. the excitation (Ee) and p~Qbe (ED) pulses 
interfere to modify spatially the optical propen:ies of the sample. as 
described above. The excitation pulse (Ee) is then self-dHfracted by the 
grating produced by E.a and Ep to produce two first-order scattered beams. 
One first-order dittracted excitation beam is collinear with the 
transmitted probe beam; the other first-order beam Ec travels in the 
background-free direction -e. An alternate point of view is to consider 
the coherent interaction between the two pulses as a transient. degenerate. 
four-wave mixing process. In this case. the second self-diffracted beam 
Ec ' discussed above. is easily recognized as the forward-traveling phase
conjugate of the probe beam. The self-diffracted excitation pulse that 
travels in the direction of the probe is responsible for the so-called 
coherent coupl i ng "arti facts" (e.g •• correl ation spi kes) that are observed 
in traditional picosecond excitation-and-probe experiments. These interac
tions have also been called real-time holography (e.g •• Ref. 1) and light
by-light scattering (e.g •• Ref. 2). Assuming that the sample is optically
thin and that Ec.. and En « Ee' the general fonn for the coupled equations 
for the excitatlon. probe. and cOnjugate poladzations in the transient 
regime are: 

*Pennanent Address: Heriot-Watt University. Edinburgh. Scotland. 
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t 

Pe(z,t) = -i KEe(z,t) / IEe_(z,t')1 2 exp[-(t-t')!T,e]dt' (1) 
-00 

t 

Pp(z,t) = -i KEp(z,t) / IEe(Z,t')1 2exp[-(t-t')!T,e]dt' - i KEe(z,t) 

x /t [E;(z,t') Ep(z,t') + E;(z,t') Ee(z,t')] exp[-(t-t')/TG]dt' (2) 
_00 

t 

Pc(z,t) = -i KEc(z,t) / IEe(z,t')1 2 exp[-(t-t')/T,e] dt' - i KEe(z,t) 

x f\E;(Z,t')E:~z,t') + Ec(z,t')E:(z,t')] exp[-(t-t')/TG]dt', (3) 
_00 

where K is a 10nstant'l T,e is thr free-carrier lifetime and TG is the grating 
lifetime, TG- = TO- + T,e-' The grating in the nona-near refractive 
index that 1S introduced by interference between prob~ and excitation (~r 
cOnjugate and excitation) decays by recombination T.e - or diffusion TO - • 
For our geometry, the optical pulsewidth (65 psec) 1S much less than the 
grati ng 1 i fet ime (- 47 nsec). 

The various terms in (1) and (2) correspond to changes in the phase of 
the excitation (strong) and probe (weak) pulses, respectively. Notice 
that, for picosecond pulses, there is an additional phase delay for the 
probe wave. This additional increase in refractive index was named weak
wave retardation by Chiao and coworkers [2], who first predicted this 
effect. These workers 1 ater observed 1 i ght-by-l i ght scatteri ng, but they 
did not verify weak-wave retardation [3]. 

If beams with Gaussian spatial profiles are used in these self
diffraction experiments, the changes in phase velocities predicted by (1) -
(3) should result in differing degrees of self-defocusing for the various 
transmitted pulses. We measure the degree of self-defocusing by observing 
the transmitted beam profiles with a v idicon detector. Before summari zi ng 
our results, we remark that the self-defocusing of the transmitted probe, 
excitation and conjugate in 5i have been studied recently by Hopf et al. 
[4] using various nonl inear interferometers. They observed a substantial 
self-defocusing of all beams, but they were unable to detect weak wave 
retardation. For their work, the pulsewidth was comparable to the diffu
sion-dami nated grating 1 i fet ime. If thi s were the case, then the second 
terms in (2) and (3) would be small with respect to the first. 

Figure 1 illustrates the distortion of the excitation and probe beam 
profiles during these s~lf-diffraction studies. The fluence of the excita
tion pulse was 46 mJ/cm , and the fluence of the probe was a factor of 500 
smaller. Figure 1a shows scans of the probe profile (in the far field) 
when the excitation was blocked - the profile is reasonably Gaussian. 
Figures 1b and 1c show profil es of the transmitted probe and excitation. 
respectively, when both were simultaneously present. The broadening of the 
excitation pulse caused by the optically-created free carriers in the 5i is 
evident, and the additional self-defocusing of the probe (weak-wave 
retardation) is clear. We believe this to be the first direct observation 
of this effect. 
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In addition, we have measured the transmi tted beam profil e of the for
ward-traveling conjugate wave under experimental conditions identical to 
those of Figs.1b and 1c. The observed distortion of the conjugate (Fig.2) 
is different from the defocusing of either the probe or the excitation, 
contrary to the disparate conclusions of Refs. 2 and 4. 

This work was supported by the Office of Naval Research, the National 
Science Foundation, and The Robert A. Welch Foundation. 
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U1ln1fast Relaxations of Photoinduced Carriers 
in Amorphous Semiconductors 

Z. Vardeny , J. Strait and .J. Taue · 
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Int roduc tion 

A p a"ively .ode l ocked dye l,.er producing .ubpico.econd pul . e •• t 2 tV w •• 
u.ed to .tudy ul traf •• t dyn.mic. of photogener. ted carr ier«, by the pu.p and 
probe time re.ol ved photoinduced .b.orption (6a ) , in doped and undoped 
a.orphou. hydrogenated .i l ieon and ch.leogenide gl • • • e,. We found that when 
t he exciting photon energy ~wp i. larger than the bInd ' I P E., we could 
follow thermalization of hot c.rrier. (t < 2 pI) and the con.ecutive 
trapping and recombination procea.el (we follow it up t o 200 pI) . When 
~~ <Eg• the photogener. ted electron. and holea a re bound tOlether forminl 
palra Whoae I~ina te r ecOQbi nation b y tunnetinl waa ob.erved. 

The dye tale r and experi.enta t ae t-up have been delcribed elle Vhere 1,2 • 
The la.er produce. linear ly po lari zed tranafo~ l imited lilht pulle' at 
~1IIp • 2 eV with tr • 0.6 - 0.8 pi duration , I - 2 nJ enerlY and repeti t ion 
rate 104 - 106 , - . 
The pUlllp and probe be' lIIl were foculed non-colinearly on the .. mph. When 
t he probe polarization wal perpendicular ( ~) to the pUlilp polarization, we 
found that t\0 .J, waa free frOl\l t he coherence artifact. 2 l1euuring both do. 1/ 

an~ [1.0 .1. e nable uS to let the exac t Ihape of the coherent arti fac t and the 
dehy zero . This h ahown in Fig. 1 for a- Si :H whe re curve c il t\o ,,- flu ..... 
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Transient induced absorption model 

All samples showed an instantaneously induced absorption ( 6a >0) which 
subsequently decays in time. 6a is positive because the excited carriers 
have higher optical absorption cross section 01 than the cross-section 00 

for band to band transitions . The decay of 6a(t) can be explained in two 
ways (i) q may decrease with time; this is the case for hot carrier 
thermalization and for trapping in deep defect-states (ii) carriers 
disappear from the excited state by recombination. 

Hot carrier thermalization 

For.flup > Eg , hot carriers with excess energy liE(o) = (-Kwp - Eg)/2 are 
excited across the band gap. These carriers thermalize to the bottom of 
the band losing their excess energy due to electron phonon interaction. 
Since a of hot carriers increases with 6E3, it is possible to observe the 
fast thermalization process optically (Fig . l) and determine the excess 
energy dissipation rate R = dEE/dt. In a-Si:H R ~ 0.1 eV/ps and in a
AS2Se3 R ~ 0.25 eV/ps. These dissipation rates may be explained by Frolich 
coupling to polar phonons. 4 In non-hydrogenated a-Si R is larger (~0.5 
eV/ps); apparently the increase in disorder compared to a-Si:H, opens more 
channels for electron-phonon interaction. 

Geminate recombination by tunneling 

If the electron hole distance after thermalization r o ' is smaller than the 
Coulomb capture radius rc (the "Onsager radius"), most of the electrons and 

holes form bound pairs that 
recombine geminately. For ro 
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~ 

~ . 2 

.; 
. 1 

• 4 
<l 

- 10 

Fig. 2 - 6a I I (t) in 
a-As2S2.4SeO.6 and a-Se 

.3001( 

smaller than the recombination 
radius rp (~ 10Ao) , carriers do 
not have to diffuse towards each 
other first to reach recombination 
conditions. In this case geminate 
recombination by tunneling occurs. 
This is observed if the excitation 
takes place in the Urbach-tail 
where ~wp < Eg • This is the case 
for a-Se and a-AsS2.4SeO.6 as 
shown in Fig. 2. The observed 
decays are exponentials exp(-t/t r ) 
where tr was found to depend 
exponentially on r o ' in accordance 
to a tunneling process. 5 In this 
model, the temperature dependence 
of tr (shorter at low T) is 
produced by the temperature 
dependence of the gap Eg (which is 
larger at low T causing a smaller 
r o )· 

Geminate recombination involving 
transport 

For rp <ro <r c ' a large fraction 
of the carriers may still 
recombine geminately,6 but the 
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carriers have to drift towards 
each other to reach the distance 
rp' This appears to be the case 
for a-As2Se3 (Fig. 3), in which 
Ilup > Eg• The decay is slower at 
low T because the transport is 
slower at low temperatures. 

Trapping by deep defect states 

In contrast to undoped a-Si:H 
where fia > 0 was observed, the 
introduction of a sufficient level 
of phosphorous boron or both 
dopants accelerates the decay and 
the response eventually changes 
its sign, becoming induced 
transmission7 (fia < 0). This is 

~ shown in Fig. 4 for glow 
a 0~~~L-~--~~--~-L--~~--~~-J discharge a-Si:H film with nominal 
<l -2 100 200 P-doping level of 5 x 10-3 in the 
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gas. At t ~ 0 fia > 0 is again 
induced instantaneously but at 
300K it decays quickly and passes 
through zero becoming induced 
transmission. The decay is slower 

100 at lower doping levels and when 
the temperature is decreased. We 
associate the induced transmission 
with carriers trapped in the deep 
defects produced by P-doping. In 
these states the optical 

:- 2 absorption cross-section 0'2 is 
~ smaller than 0'0' The observed 
a 
0~-d~L---~~----~-'OLO~~----~~-2-00 decay corresponds to the transport 

<l -2 

-4 

- 6 

-8 

of the thermalized carriers n(t) 
from the band edge into these 
states. The decay curves in Fig. 
4 could not be fit with an 
exponential function for n(t) but 

L-----oL-----~-------5~0--~----~~~,oo with expressions followiag from 
the dispersive transport theory 
where the mobility is time 
dependent. S A simple version of 
this theory, the multiple trapping 
model,9 gives the observed depen
dencies on temperature and trap 

DE L AY Ips ) 

Figj 4 - (;a.l.(t) in 5 x 10-3 
10- P-doped GD in a-Si:H. 
Solid lines: experimental; 
dotted: calculated 

and 

concentrations. The motion of a 
photocarrier towards a deep trap is 
dominated by trapping in the shallow 

traps close to the band edge, whose distribution is assumed to be 
exponential. From our observation that the dispersive transport starts 
below 5ps it follows that the distribution of shallow traps is exponential 
very close to the band (:5. 0.01 eV). 
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Periodic Ripple Structures on Semiconductors Under Picosecond 
Pulse IDumination 

P.M. Fauchet, Zhou Guosheng*, and A.E. Siegman 
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Stanford, CA 94305, USA 

1. Introduction 

We can routinely generate spontaneous periodic surface structures or ripples 
on both semiconductors and metals, using either single or multiple TEMoo 
Nd:YAG pulses with durations of ~ 100 ps at 1.06 ~m or 80 ps at 532 nm tIl. 
We believe these ripples evolve through stimulated growth of surface corru
gations on molten surfaces, and offer theoretical evidence to this end. 
Results of two-pulse experiments which test another recently suggested model 
are also presented. 

2. Experimental Facts 

When we illuminate for example ion-implanted silicon surfaces with single 
picosecond laser pulses, we commonly observe the production of surface rip
ples occurring in an intensity range between the thresholds for amorphous 
to polycrystalline and amorphous to crystalline transitions (Fig. 1). We 
obtain similar periodic surface structures with picosecond pulses at 
A = 1.06 ~m and 532 nm on 5i, GaAs, and Cu samples in various forms includ
ing amorphous layers, single crystals, and thin polycrystalline films. The 

POLY 
~ Annealing of As-implanted 
Si by a single 80 ps pulse at 
532 nm. The peak intensity is 
4 GW/cm2 

*Zhou Guosheng is currently a visiting scholar at Stanford University from 
Shanxi University, People's Republic of China . 
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peaks of these ripples always run perpendicular to the incident optical 
electric field vector and are not observed with circularly polarized light. 
For TM waves drriving at angle e to the normal, the ripples occur randomly 
in two branches with spatial periods given by A ~ A/(1 ± sin e) (Fig. 2), 
while for TE polarization A ~ A. Large and small spacing ripples may co
exist in the same region, with varying relative strength . Covering the sur
face with a liquid of index n causes A to scale as lin. 

Illumination with hundreds of shots at intensities below the threshold 
for amorphous to polycrystal transition in ion-implanted silicon can also 
create ripples even when single shot illumination produces no observable 
effect. Under single shot conditions, if the laser beam is moved between 
spots in the direction parallel to the ripples, the ripples in one spot gen
erally have no connection with those in an adjoining spot. If the laser spot 
is moved perpendicular to the ripples such that two successive shots overlap, 
the ripples can extend coherently ~ libitum (Fig. 3). 

~ Coherent extension of ripples in raster scanning 
mode. The incident optical electric field is horizontal 
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~ Ripples broken into 
narrow arrays of pits in GaAs. 
The incident optical electric 
field is vertical 

The ripples are also sometimes organized into narrow strips whose width 
can be as small as a few microns. This effect can be quite spectacular in 
gallium arsenide : in Fig. 4 each strip is an array of pits spaced by A. 
Finally we note that the ripples seem most often to appear at pulse inten
sities close to the melting threshold for the material involved. 

3. Theory 

Similar surface ripples have been produced by others under widely different 
conditions. with illumination times varying from picoseconds to milliseconds. 
wavelengths from 10.6 ~m to approximately 0.5 ~m. and materials including 
dielectrics. semiconductors and metals. Qualitative models proposed to ex
plain these ripples have included scattering from dust or scratches [2]; 
coherent emission from small metallic droplets [3]; effects of surface 
plasmons [4]; and surface polaritons [5]. We propose a new theory [6] 
which predicts most of our experimental findings and is well-suited to the 
case of absorbing surfaces. 

According to our model the ripples develop from an exponentially growing 
interaction between the incident laser wave front and selected Fourier com
ponents of initially random irregularities of the sample surface . These 
Fourier components coherently scatter radiation travelling just along the 
surface. either upward (smaller spacing) or downward (large spacing). as 
shown by the inset of Fig .2. Interference between these scattered waves and 
the incident laser beam then produces optical intensity fringes with the same 
spacing. which may in turn cause the surface gratings to grow. 

When we carry out electromagnetic theory calculations assuming periodiC 
surface gratings of either temperature. electron density. or surface corru
gation. we find that the observed polarization dependence. periodicity. and 
angular variation of the ripples are most compatible with a model that ass
umes corrugated surfaces having dielectric properties characteristic of met
als or molten semiconductors . Gratings consisting of electrcn-hole density 
fluctuations in dense plasmas or temperature variations. in metals or semi
conductors fit the observations less well. 

4. Two-Pulse Experiment 

We are also presently performing experiments in which two picosecond pulses 
with different wavelengths and linear polarizations and variable time delay 
overlap spatially on the surface of the sample. Van Vechten has suggested 
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[4] such an experiment as a test for the plasma model of pulsed laser anneal
ing. In that model the high reflectivity phase that persists for nanoseconds 
after laser illumination is interpreted as the signature of a boson condensa
tion undergone by the electron-hole plasma. A single plasmon mode would thus 
be present and cause the ripples as discussed above. If, during the high 
reflectivity phase, a second laser pulse of different polarization is applied, 
Van Vechten suggests that the fringe pattern would rotate by continuously 
variable amounts depending on pulse intensity and time delay. 

We have performed experiments on Si and GaAs samples in which the polari
zation of the second pulse at 1.06 ~m is perpendicular to that of the first 
pulse at 532 nm while the time delay varies from 0 to 4 ns. In all cases, 
except one experiment in silicon, the resulting ripple direction and spacing 
were determined solely by one or the other of the pulses, depending upon re
lative intensities and delay. In one experiment, which we were unable to 
duplicate, the resulting ripples occurred at 45° to each polarization with 
a spacing of 1 ~m. We note that ripples at 45° have also been observed [7] 
following normal Q-switched ruby laser annealing of silicon. 
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1fansmission of Picosecond Laser-Excited Germanium 
at Various Wave-lengths 

C.Y. Leung and T.W. Nee 

Department of Physics, National Central University, 
Chung-Li, Taiwan, R.O.C. 

Interaction of germanium with mode-locked Nd:glass laser has been studied, 
both experimentally [1-3J and theoretically [4], in the past. In one experi
ment, an intense picosecond pulse creates a dense electron-hole plasma in a 
thin Ge slab and the interaction region is probed by measuring the transmis
sion of a weak pulse delayed with respect to the excitation pulse [5J. Both 
excitation and probe have the same wavelength : 1.06~m, correspondlng to a 
photon energy of 1.17eV which is larger than the bandgap energy of Ge. Mea
sured probe pulse transmission is seen to rise, peak and then drop with in
crease in delay time. At a sample temperature of liquid nitrogen, peaking 
of probe transmission occurs at a delay time of about 100 psec. 

The excite-and-probe experiment described above provides information on 
the ultrafast evolution of laser-generated electron-hole plasma in a semi
conductor. Theoretically, it has been proposed that the rise in probe pulse 
transmission with delay time is due to a decrease in direct interband absorp
tion when the optically-coupled states become clogged as the laser-generated 
hot carriers cool via emissions of phonons [4J. However, using known elec
tron-phonon coupling coefficients, probe transmission rise time less than 20 
psec instead of ~100 psec observed is calculated with this theory [2]. An 
alternative theory which involves the decrease of electron-hole density by 
Auger recombination has also been suggested [6]. In order to explain the 
peaking of probe transmission, according to this theory, an absorption mini
mum must be encountered when carrier concentration is reduced. However, 
this minimum in absorption was not found experimentally [7]. 

Still another suggestion is that diffusion of laser-induced free carriers, 
which originally concentrate within a micron of the irradiated surface, to
ward bulk of the sample may play an important role in probe pulse transmis
sion [8J. Preliminary calculations show that diffusion in the pulse propa
gation direction may lead to the rise, peak and fall characteristic of probe 
transmission. There is not enough experimental data to access the validity 
of this proposal. We have thus performed the following experiment where the 
sample is excited by an intense picosecond pulse at 1.054~m and the excited 
spot is probed by pulses at another wavelength. 

Our experimental configuration is depicted in Fig.1. A neodymium-doped 
phosphate glass (Kigre Q-98) laser mode-locked by a saturable dye solution 
(Nippon Kankok Shikiso Kenkyusho NDL 112 dye in 1,2,-dichloroethane) pro
duces 1.054~m pulses 11±2 psec in duration. It is forced to lase in the 
lowest transverse modes by an intracavity aperture. Typical amplified sin
gle pulse energy is 5-10mJ. An angular phase-matched temperature-stabilized 
KDP crystal is used to generate, at a conversion efficiency >30%,second har
monic wave at 0.527~m, which in turn pumps a 1.5 cm long temperature-tuned 
CDA crystal optical parametric amplifier (OPA). The CDA crystal is cut in 
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P 

M Ir SHG 

~ Experimental setup where MLO denotes the mode-locked oscillator, PS 
the pulse selector, AM the amplifier, SHG the second harmonic generator, 
OPA the optical parametric amplifier, M a mirror, P a prism, L a lens, D a 
detector, B a beam splitter, A an attenuator, F a narrow band filter and S 
the sample in a dewar. Laser, pump, signal and idler wavelengths are indi
cated by Al' Ap' As and Ai' respectively. 

the 45 degrees Z-cut orientation, with the pumping beam, polarized along the 
optic axis, propagates along the [110J direction. To avoid crystal damage, 
irradiance on crystal is kept below 500 MW/cm 2 by careful control of beam 
diameter. Output from the OPA is tunable over the range 0.85-1.4~m by vary
ing crystal temperature between 40 and 70°C [9J. Strongly dependent on 
pump power and output wavelengths, conversion efficiency of the OPA varies 
from 0.1% to a few percent in our experiment. The unconverted 1.054~m pul
se, going through a variable delay path and a set of attenuators, is used 
to probe the interaction volume. To ensure good spatial overlapping of the 
two beams, the probe pulse is focused down to an area estimated to be at 
least 4 times smaller than the excitation spot. Before data taking, a pin
hole at the sample position is used to check that the two beams overlap. 
Throughout our experiment, sample damage is checked from time to time by 
measuring linear transmission at low irradiance levels. A drastic change 
in linear transmission will be found whenever damage occurs. The Ge sample 
is an undoped high purity (min. p=40 O-cm) single crystal cut with the [Ill] 
plane as the face. It is fine polished and etched on both surfaces and is 
mounted on a glass substrate. 

Probe pulse transmission vs delay at 77 oK sample temperature for four 
different probing wavelengths : 0.95~m, 1.054~m, 1.15~m and 1.25~m are de
picted in Fig.2. The data are plotted as normalized ratio of probe pulse 
transmission to linear transmission of the sample at the wavelength under 
consideration, in arbitrary units. The arbitrary units are chosen such that 
the highest transmission ratio at 1.25~m is unity. The 1.054~m data shown 
is obtained by simply splitting the laser pulse. Each point plotted is an 
average of at least five data points. The error bars indicate typical spread
ing of data. For all data plotted, the excitation pulse contains approxi-
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~ Probe pulse transmission vs delay at four wavelengths. The data are 
plotted as normalized ratio of probe transmission to linear transmission at 
the wavelength under consideration, T(p)/T(o), in arbitrary units . Excita
tion pulse is 11 psec long at 1. 05411m , containin'g 3.8xlQJi+ photons incident 
on a spot of 1 mm diameter. Sample temperature is 77 oK. 

matel~ 3.8xl0 1 ' quanta, equivalent to an irradiance of approximately 0.85 
GW/cm , which is far below the damage threshold of 7 GW/cm2. We have omitted 
data for delay times less than 20 psec, where coherent coupling between the 
two pulses occur [4]. Also, we must note that actual probe transmission 
differs in different runs of the experiment. We attribute this to a strong 
dependence on the degree of spatial overlapping of the two pulses. In Fig.2 
we have plotted the highest transmission curves obtained. We believe these 
have been obtained with the best overlapping of the pulses. We notice the 
following from experimental data. First, probe pulse transmissions are high
er for longer wavelengths. Second, peaking of probe transmission occurs at 
a longer delay time for the longer wavelength. 

We have performed numerical calculations [10J to investigate the effect 
of diffusion under the above experimental conditions. It is found that dif
fusion in the pulse propagation direction may lead to a rise, a drop, or 
both in probe transmission. When the number of free carriers created by 
excitation is large enough, when they migrate from the front surface, they 
can fill the direct transition-coupled states in the rear without emptying 
those states in the front. Probe pulse transmission rises monotonously in 
this case. On the other hand, when the number of carriers is small, diffu
sion will deplete the optically-coupled states in the front without signi
ficantly filling the states in the back, thus transmission decreases. When 
the number of carriers is intermediate between the two cases above, diffu
sion may lead to an intial increase in transmission which peaks and fall 
afterwards. The time delay that transmission reaches its maximum depends on 
free carrier concentration. For a higher concentration, this time is longer. 

At all our probe wavelengths, photon energy is higher than direct bandgap 
energy, thus direct interband absorption is always the dominant absorption 
process at our excitation levels. When we excite with one wavelength and 
probe with a longer wavelength, the states coupled by probe photons are lo
cated closer to the band minima. The carrier density needed to saturate this 
transition is lower. In this case, calculations indicate that probe trans-
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mission will be higher and it takes a longer delay for the peaking to occur, 
similar to the higher concentration case when probing with excitation wave
length. 

We have theoretically estimated rIO] the carrier density averaged over 
interaction volume to be about 4x10 t9 cm-3 at our excitation level. At this 
carrier concentration, Auger recombination is a slow process on the picose
cond time scale. Also, phonon-assisted relaxation of hot carriers is more 
or less a completed process for delay times longer than 20 psec. With these 
considerations, we thus conclude that our experimental results seem to sup
port that diffusion plays the major role in probe pulse transmission observed. 
In fact, we have recently performed an excite-and-probe experiment in which 
the excitation level is varied. Our data clearly show that probe transmis
sion is higher and peaking Occurs at a longer delay time when excitation le
vel is increased. 
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Nonlinear Interactions in Indium Antimonide 

M. Hasselbeck and H.S. Kwok 

Department of Electrical and Computer Engineering, State University of 
New York at Buffalo, Amherst, NY 14226, USA 

1. Introduction 

The investigation of the phenomenon of laser-induced breakdown in a semicon
ductor is important for high power laser optics. Traditionally, the emphasis 
was on the measurement of the damage thresholds and its scaling with respect 
to pulse area, duration and other laser parameters. We have performed some 
experimental investigations on the prebreakdown stage. The interaction of a 
strong laser field with a semiconducting material below the breakdown thres
hold is important not only to the breakdown process, but is also interesting 
fundamentally because of the high nonlinearities involved. Incidentally, of 
more practical interest, this is the intensity region where most of the laser 
processing of semiconducting materials are performed. 

InSb was chosen to be studied because of its well-known large two photon 
absorption (TPA) coefficient and its importance as a nonlinear optical mat
erial. The Burstein shift of InSb is such that TPA is allowed in intrinsic 
InSb, but not allowed in n-InSb when the doping concentration exceeds O.S x 
101Scm-l . This enables us to investigate different types of nonlinear pro
cesses in the same material. In our studies, we employed intrinsic InSb 
with n = 1.2 x 10-16cm-3 and highly doped n-InSb with a concentration of 
1.3 x 101Scm-3. 

2. Experimental 

The laser system used has been documented elsewhere [1]. Basically, it is 
an Optical Free Induction Decay system capable of producing continuously 
adjustable 30-300 ps duration laser pulses. The laser system can also pro
duce smooth single longitudinal mode 100 ns TEA laser pulses using the hybrid 
high pressure and low pressure double discharge arrangement. 

To measure the electron-hole plasma generation in the semiconductor during 
the intense laser pulse interaction process, a transient reflectivity arrange
ment was employed. The laser beam was focussed onto the sample at a Brewster 
angle and the integrated reflectivity was measured as a function of the laser 
intensity. Optical microscopy and SEM were used to examine the surface of 
the crystal after the experiments. For 100 ns pulses, the time-resolved 
reflectivities were also observed. The change in reflectivity was based on 
the modification of the dielectric constant of the material by the electron
hole plasma. For our particular experiment, the critical plasma density 
where the dielectric constant undergoes drastic change was 2.4 x 101Scm-3. 
Therefore, changes in the plasma concentration below this value will not be 
observed. 
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3. Experimental Results 

3.1 Intrinsic InSb 

Figures l(a) and l(b) depict the measured integrated reflectivities of the 
intrinsic sample as a function of the incident laser intensity with 100 ns 
and 75 ps pulses respectively. The damage thresholds for the sample have 
been carefully measured by observing a small surface s~ark in pitch darkness. 
For 100 ns pulses, the ~reakdown threshold is 37 f.11~/cm while for 75 ps 
pulses, it is 4.3 GW/cm . 

The increase in reflectivity for the case of 100 ns pulses can be explained 
by TPA. Using the established value of 0.23 cm/t4W for the TPA coefficient 
S, the intensity required to create a plasma with 2.4 x 1018cm-3 density is 
estimated to be 2 t·1W/cm2. This value corresponds to the observed nonlinear 
reflection onset of 1.5 ±0.5 t4W/cm2 quite satisfactorily. We also examined 
the time-resolved increase in reflectivities for these 100 ns pulses. The 
results are shown in Fig. 2. In Fig. 2(a), the smooth 100 ns pulse is shown. 
The nonlinearly reflected pulse at an intensity of ~15 MW/cm2 is depicted 
in Fig. 2(b). It can be seen that the reflectivity increases continuously 
as a function of time. Fig. 2(c) corresponds to an intensity of 37 t4\~/cm2 
just at the breakdown threshold. Visible tiny surface sparks were observed 
for these pulses. The reflected pulse shows sudden changes in reflectivity 
corresponding to surface plasma formation. 

The picosecond reflectivity curve in Fig. l(b) is more difficult to inter
pret. Using the same TPA coefficient as in the ns case, one would expect a 

" d· . 
I 1."" 

!~ 
c 

~ Time-resolved reflectivities of t~e i-InSb sample with 100 nsec TEA 
pulses. (a) incident pulse, (b) 15 t4W/cm , (c) 37 MW/cm2. Horizontal 
scale, 0.2ws/div. 
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nonlinear threshold of 0.06 GW/cm2. However, the experimentally observed 
threshold is 0.4 GW/cm2. Since a was calculated from perturbation theory, 
it is not unlikely that its value will be different at high laser intensities. 

Figure l{b) also shows an interesting decrease in reflectivity above 
1.2 GW/cm2. We have examined the surface of the crystal at these intensities 
and found that physical changes were induced in the sample by the laser pulse 
(comparable to Fig. 4). It is fairly certain that the sample was melted by 
the laser pulse at intensities above 1.2 GW/cm2 and hence the reflectivity 
is decreased due to the increased absorption. To our knowledge, this is the 
first direct observation of nonlinear melting in a semiconductor without the 
simultaneous occurrence of a breakdown damage. It should be emphasized that 
the surface remains smooth and without topography when this nonlinear melting 
occurs as opposed to a crater formation usually observed in laser damage 
experiments. 

It is interesting to compare this nonlinear melting process with ordinary 
melting by linear interband transition. Using the example of 0.532 nm laser
induced phase transformation on Si [2], the ratio of the damage to melting 
threshold is 10 for this linear system, while in our case, the ratio is 3. 
There is indeed a "comfortable" region of laser intensities where nonlinear 
melting occurs without the complications of laser damage. 

3.2 Highly Doped InSb 

The 100 ns and 65 ps reflectivity curves for n-InSb are shown in Figs. 3{a) 
arid (b). For this material, the bandgap is 0.25 eV which is larger than 
2hv. Therefore, TPA is not allowed and a different type of nonlinearity is 
expected to generate the dense electron-hole plasma. The measured curves 
reflect this important difference. Fig. 3{a) shows that the 100 ns pulse 
reflectivity remains quite constant and then changes abruptly near the damage 
threshold intensity. This observation is consistent with the avalanche ioni
zation picture of laser-induced breakdown. However, on closer examination 
of the reflectivity below the breakdown, it was found that an enhancement 
in the reflectivity could be observed without the occurrence of a breakdown. 
This effect can be measured more precisely with the ~ime-resolved reflectivity 
in the same manner as Fig. 2. By translating the focussing lens to adjust 
the laser intensity more precisely, a smoothly increasing nonlinearly re
flected pulse can be observed. By increasing the intensity further, one 
would suddenly observe sparks on the crystal surface and the corresponding 
reflected pulse would show ragged changes in the same manner as Fig. 2(c). 
It is believed that the nonlinearity is due to melting of the surface. Ex
perimentally, the ratio of the damage threshold to the melting threshold is 
1. 20. 
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~ SEM photographs of the n-InSb crystal surface after irradiation by 
65 ps pulses. (al slightly below damage at 4 Gl·l/cm2, (b) slightly above 
dama~e at 5 GW/cm2 

The 65 ps pulse curve in Fig. 3(b) appears to be similar to Fig. l(b). 
However, the threshold for enhanced reflectivity occurs at higher intensities. 
Moreover, the enhanced threshold corresponds to the melting threshold of the 
intrinsic sample in Fig. l(b). Upon examination of the surface of the cry
stal using an SEt~, it was found that indeed the surface has been modified by 
the 65 ps laser pulses above 1.6 GW/cm2. Fig. 4(a) shows an SEM scan of the 
surface at 4 GW/cm2 and 4(b) shows the surface at 5.1 GW/cm2 which is just 
at the breakdOl'ln threshold. It should be emphasized that the surface of the 
crystal corresponding to Fig. 4(a) was very smooth and without topography. 
As a matter of fact, the ring shown in 4(a) was not observable using optical 
microscopy, but was readily found using SEr~ with secondary emission. We are 
not certain what type of modification has been impounded on the crystal. 
Possibilities are shallow evaporation of the surface, change in relative 
composition of In and Sb, or changes in the crystal lattice due to crystal
lization and surface oxidatio~. 

Figure 4(b) is the familiar picture of a damaged surface. The central 
crater corresponds to the plasma plume formation. Notice that beyond the 
central crater, there is an outer ring structure which looks the same as 
Fig. 4(a), confirming the speculation that the color change on the smooth 
surface is due to recrystallization of a molten surface layer. The depth 
of the molten layer can be estimated to be 4.8wm. using a hole absorption 
cross section of 8.6 x lO-16 cm-l. 

The question of the initial generation of the dense electron-hole plasma 
still remains. We propose that avalanche. electron multiplication, similar 
to the breakdown process in transparent dielectrics, is responsible for the 
above observations. This multiplication has been analyzed by CANTRELL et 
al [3] and NURr~IKKO et al [4]. Assuming that the avalanche ionization co
efficient n(E) is known, the temperature rise in the sample can be calculated 

t 
N(t) = No exp [[ n(E) dt'] 

o 
t 

llT(t) = l/C ~ N(t') aI(t') dt' 

(1) 

(2) 
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where No = initial electron (or hole) density, C = volumic specific heat of 
the crystal and D is the absorption cross section of either the electrons 
De or the holes Dh, whichever is larger. In the Drude model approximation, 
De and Dh are inversely proportional to the relaxation times Te and Th re
spectively. In this manner, the analysis of nonlinear melting in a semi
conductor is very similar to the case of transparent dielectrics. However, 
there is one important distinction, namely the initial concentration No is 
much larger (~1016cm-3 as opposed to 1-10 for dielectrics). This much larger 
No will result in a weaker dependence of LT as a function of the laser in
tensity, enabling melting to be observable prior to breakdown. It is believed 
that with careful pulse shaping, the different stages in the development of 
melting and vaporization/plasma formation can be realized in sequence and 
melting without damage can be achieved in any semiconductor. 

Along the same reasoning, we have performed an initial investigation on 
the melting of a silicon sample with a 100 ns TEA pulse. The Si was n doped 
to 1.5 x 1018cm-3. Indeed, it was found that the behavior of n-Si is very 
similar to n-InSb. The ratio of the damage threshold to the onset of the 
nonlinear reflection was also 1.2. 

In summary, we have demonstrated that the picosecond C02 laser can be 
used to melt semiconductors without damage by a nonlinear mechanism. The 
mechanism responsible for the nonlinear generation of a dense plasma is TPA 
for i-InSb and avalanche ionization for larger bandgap materials. The in
duced melting should have potential applications in the laser processing of 
semiconductors. 

Support by the NSF under Grant No. ECS 8106007 is gratefully acknowledged. 
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Picosecond Relaxation Kinetics 
of Highly Photogenerated Carriers in Semiconductors 

S.S. Yao, M.R. Junnarker,and R.R. Alfano 

Ultrafast Spectroscopy and Laser Laboratory, Physics Department, 
The City College of New York, New York, NY 10031, USA 

1. Introduction 

High-density nonequilibrium electrons and holes can be produced in semicon
ductors through interaction with picosecond laser pulses. Picosecond photo
luminescence and absorption spectroscopy is an extremely useful experimental 
tool for probing the time evolution of the elementary excitations in semicon
ductors. 

The picosecond excite and probe absorption technique [1] was used to 
study the relaxation processes of photogenerated hot carriers in £-GaSe at 
room temperature. The dominant relaxation mechanism of the photogenerated hot 
carriers in GaSe is attributed to the emission of nonpolar optical phonons 
Ai(l). A smaller value for the deformation potential extracted from the 
measurements is attributed to the screening of hole-phonon interaction by 
the photogenerated carrier density. 

The time-resolved photoluminescence kinetics of GaSe were measured at room 
temperature [2]. The rise time of the spontaneous emission band increases 
with increasing carrier density, and it is attributed to the screening on non
polar optical phonon Ai(l) emission from hot photogenerated carriers due to 
high photogenerated carrier density. On the other hand, the rise time of the 
stimulated emission band cannot be time resolved. 

The hot photoluminescence kinetics of GaAs under intense picosecond ex
citations (1028/cm2s) were also measured [3]. A slow rise time of near band
edge luminescence was observed to arise from a slowed cooling of the electron 
distribution. The slowed electron kinetics of over 50 fold are attributed to 
the screening of the electron-phonon interaction. 

2. Experimental Method, Results, and Theoretical Explanation 

2.1 Time-Resolved Absorption Spectroscopy of GaSe 

A schematic diagram of the picosecond absorption apparatus has been described 
elsewhere [4]. The absorption curves measured at different time delays are 
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displayed in Fig . l. The absorption change at different time delays was fitted 
(dots) using : 

( 1) 

where a and aO are the absorption of the sample with or without excitation, 
and fe and fh are the Fermi distributions of electrons and holes. The carrier 
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density for a degenerate distribution is n = 2(2nm kTi/h2)3/2F1/2(~i/kTi)' 
i = e,h. where F1/2(~i/kTi) is a Fermi function. Both carrier temperature and 
density were varied to fit the experimental results. The reduced band gap is 
obtained [2] for a carrier density below 1018 cm-3 from luminescence peak 
minus 1/2kT. 

In Fig.2. the carrier temperature Te is drawn as a function of the time 
delay. The carrier temperature cools at a rate of 30 K/ps. The temperature 
decay time is 42 ps. 

The average rate of change of carrier energy due to nonpolar optical 
phonon interaction [5] is described by: 

<d£/dt> = -(2/n) '(D2m~m~)/(n~2MN)'(kTe)~[eXo-xe - l]/(exO - 1) 

'[~]K1[xe/2]exe/2 (2) 

where K1 is a Bessel function of the second kind, x = ~w/kT, x = ~w/kTe' 
T and Te are the temperatures of lattice and carriers, ~w is the nonpolar 
optical phonon energy, D is the deformation potential. M is the reduced 
ionic mass per unit cell, and N is the number of cells per unit volume. 
Following SCHMID [6]. we have replaced the crystal density in (2) by MN, 
because the interaction matrix of the carrier optical phonon is different 
for layer compounds. Equation (2) is used to fit the experimental data in 
Fig.2 by the solid line. We found the coefficient 1/3(2/n)~(D2m~mr(n~2MN) 
k -~ = 1.11 x 1012 , and ~w = 16.7 meV fits the experimental data very well. 
Therefore the dominant relaxation mechanism of the photogenerated hot car
riers is the emission of nonpolar optical phonons Ai(l) with an energy of 
16.7 meV. The deformation potential between the holes and nonpolar optical 
phonons is calculated to be 1.3 eV/a, which is about 5 times smaller than 
the result [6] measured by SCHMID and VOITCHOVSKY (6.6 eV/a). We attributed 
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this to the screening of the interaction between holes and nonpolar optical 
phonons Ai(l). The interaction between electrons and Ai(l) phonons can be 
neglected as compared with that between holes and Ai(l} phonons [6]. 

2.2 Time-Resolved Emission Spectroscopy of GaSe 

The photoluminescence from GaSe excited by intense picosecond laser pulse 
consists of two components [2]. The luminescence was collected by a 
Hamamatsu streak camera with a 100-~ slit. Time-resolved photoluminescence 
spectra for a spontaneous emission component with a wavelength of 610 to 
630 nm from GaSe at room temperature is displayed in Fig.3. We used 
[ttl = A(exp(-t/'d) - exp(-t/'r)) to fit the profile of the time-resolved 
emission kinetics, where'd and 'r are the decay and rise times of the 
emission, respectively. The rise time increases with increasing carrier 
density. Time-resolved photoluminescence for stimulated components was 
also measured. The rise time remains within the resolution of the measuring 
system (220 ps). The wavelength is above 640 nm. 

From the theory developed by YOFFA [7], the emission rate v of nonpolar 
optical phonons from hot carriers in semiconductors is proportional to 
(1 + (n/n§)2f1, where n is the carrier density and n is equal to e: 0~/81Te2 
(zmiw/~) /2(1/smi)1/2. In GaSe, e: 0 = 10.6 when the incident light is nor

mal to C axis, ~w = 16.7 meV, mi = 0.5 mO for holes, and S = l/kTe' At the 
temperature decay rate of 30 K/ps from time-resolved absorption kinetics 
measurement, the temperature will drop from 2000 K to 400 K during the rise 
time of spontaneous photoluminescence of 60 ps for a photogenerated carrier 
density of 1019 cm- 3. The inverse rise time should be proportional to the 
emission rate v of phonons from the relaxation of hot holes in GaSe. In 
Fig.4, the inverse of rise time at various carrier densities is plotted. 
. 2 18 3 The values of v <c 1/(1 + (n/nc) ) are also plotted for nc = 4.8 x 10 cm 
at Te = 2000 K. These values fit the experimental data well when the carrier 
density is above 5 x 1018 cm-3 
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~ The inverse of the rise time at 
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v=A/(1+(n/nc)2), where A=O.l, and 
nc=4.Sx101S cm-3. The triangles represent 
v, with A=0.45, and nc=2x101S cm- 3 

The emission rate at 1019 cm-3 and Te = 2000 K is about 1/(1 + (10 19/ 
4.S x 10 1S )2) ?! 0.2, or 5 times smaller than the unscreened value. From the 
absorption measurement, we found that the deformation potential is reduced 
5 times when the carrier density is 1019 cm- 3; the energy decay rate would 
be 25 times smaller than the unscreened value. Since the rise time is below 
20 ps, which is the resolution of our measuring system when the carrier 
density is below 5x lOIS cm- 3, it is impossible to know experimentally 
whether the emission rate at 1019 cm- 3 will be 25 times smaller than the 
unscreened value. In Fig.4, the values of v are also plotted with 
n = 2x101S cm- 3. In this case, the value of v at 1019 would be 25 times 
smaller than the unscreened value. These values do not fit the experimental 

IS -3 19 -3 results as well, compared with that of nc=4.Sx10 cm above 1.5xlO cm. 
There may be three reasons to account for this differen~e of emission rate 
v at 1019 cm-3. The first is that the carrier density of 1019 cm-3 and the 
carrier temperature of 2000 K from absorption measurements could be off 
from exact values. The second reason is that this sample is a layered semi

conductor; therefore the theory of YOFFA probably should be modified to 
account for this change to obtain a different value of nc by a factor 2. 
The third reason may be that the unscreened deformation potential is smaller 
than 6.6 eV/~ by a factor 2; therefore the emission rate v is about 5 times 
smaller at a photogenerated carrier density of 1019 cm- 3 
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Picosecond Radiative and Nonradiative Recombination 
in Amorphous AS2S3 
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W.H. Knox, T.M. Nordlund,and G. Mourou 
University of Rochester, Laboratory for Laser Energetics, 
Rochester, NY 14627, USA 

Current understanding of localized states in amorphous (a-) semiconductors has been 
strongly influenced by studies of sub-bandgap photoluminescence (PL). In particular, the 
PL kinetics and temperature dependence bear directly on the mechanisms for recombination 
and separation of localized carriers_ In the prototype chalcogenide glass As2S3 previous 
experiments have found that the PL is characterized by a large distribution of 
monomolecular decay times extending from less than ten nanoseconds to several 
milliseconds [1,2]_ It is thought that different recombination processes acount for slow PL 
decaying in 10-6 _10-3 s and fast PL decaying in < 10-6 s [3]. The Rrinciple time resolved 
PL spectrum is a broad sub-bandgap peak (-0.5eV FWHM) whose center shifts from 
-1.6->1.1 eV with increasing time following excitation [1-3]. Band-tailor higher energies 
(>2 eV) are required for photoexcitation. A substantial part of the energy difference 
between emission and excitation has been attributed to a Stokes shift accompanying 
'ocalization at defect sites [1,2,4] or small polaron formation [5]. 

The maximum radiative rate 111 has not been measured directly for any amorphous 
semiconductor_ This is because the largest decay rates (even at low T) are considerably 
beyond the temporal resolution (~10ns) of the fastest experiments reported [2,3]' In the 
present work picosecond laser and jitterfree streak camera techniques have been exploited 
to shorten this limit to -7ps. Consequently, for the first time we were able to isolate the 
most rapid radiative processes and thereby determine 111' We also determined the 
temperature dependence (8-204K) of the effective nonradiative rate iinr in competition with 
111 and found that, even at T = OK, iinr is substantial. In addition we have investigated the 
spectral dependence of both the build-up and initial decay kinetics for emission energies 
between 2.1 and 1.5 eV. 

The experiments were performed using the apparatus shown in Fig. 1. An active-passive 
mode-locked Nd3 + ;YAG oscillator [6] provided very reproducible pulse trains. Single 
pulses (30ps FWHM, A = 1064nm) were extracted using a double Pockels cell scheme, 
amplified, and split into two beams. The first beam was frequency doubled (2.33 eV) in 
KO·P, filtered and weakly focused (0.5 mm) at an intensity of 0_2GW/cm2 upon the sample 
housed in a variable temperature i'elium refrigerator. The second beam was directed upon 
a GaAs photoconductive high voltage switch used to provide the deflection voltage ramp for 
a streak tube (S-20 response). This arrangement has been shown [7] to synchrcnize the 
streak tube sweep to within 2ps with the excitation pulse, allowing accurate averaging of ps 
optical information from successive laser shots. Front surface PL was measured. Data 
from up to 300 laser shots were averaged 10 obtain the results. The As2S3 glass \/vas high 
quality optical window material from Servo. The visible and IR absorption and CW 
luminescence spectra agreed with previous work [1,3]. 

The measured instantaneous PL intensity I(t) from 0 to 300 ps at 8 and 154K is shown in 
Fig. 2; I(t) corresponds to the total intensity in the bandwidth 2.1-1.5 eV. By virtue of these 
time and energy constraints our experiments probe only the most rapid PL processes [3]. 
Using different high energy cutoff fil~ers (2.1, 1.9 and 1.7 eV) we studied the dependence on 
PL energy of both the build-up and decay rates at 8 and 154K. Within experimental 
accuracy !lQ variation in rates was found, although the integrated intensity did decrease for 
the lower energy cutoffs_ These results are consistent with a single process contributing to 
PL in this energy regime. Whether picosecond processes extend to still lower energy with 
any intensity awaits future measurements with an S-1 response streak tube. 
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In all our measurements the PL build·up was observed to follow an instantaneous 
response 10 the laser pulse. Considering our signallnoise ratios we find that the 
deconvoluted build·up time is ~10 ps except for the lowest temperature data illustrated by 
the 8K results shown in Fig. 2. In that case a slightly longer build·up time ~20ps) is found 
which we are presently investigating in greater detail. Consequently we can set an upper 
limit of -20 ps on the time for photoexcited carriers to relax into emitting states, regardless 
of the energy of these states (within 2.1·1 .5 eV) or the temperature. Since several tenths of 
an eV are lost during relaxation, our PL observations support a rapid strong coupling 
channel. The Stokes shift mechanisms which have been proposed, involving bond switching 
or breaking at defect sites [1,2,4], or small polaron formation [5], fit this criterion. A fraction 
of the energy lost could also be accounted for by tunneling to lower energy band·tail states; 
however this multi·step process should be slower because of the decreasing density and 
increasing localization of successive states. We can not rule out an important role for band· 
tail tunneling in the relaxation accompanying longer time and CW emission. 

In Fig. 2 the inserts show the best fit of an exponential decay to our data for t > 30ps 
(i.e., after the laser pulse). Typical uncertainties in the decay times are 15·20%. At 8K the 
observed decay time (1/e) is 1150ps but by 204K it ha<> decreased to 45ps. Above this 
temperature we were unable to measure the PL decay time due to unacceptable 
signallnoise ratios. The detailed temperature dependence of the: corresponding decay rate 
peT) is shown in Fig. 3. 
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~ Temperature dependence of the 
observed PL decay rate in a-As2S3. At 
high-T the decay rate is determined 
primarily by non radiative processes; the 
dependence is similar to that for "lcw-' 
(see text). The solid line representing 
p,+Pnr(o) exp (T/To) fits all the data 
quite closely. 

We also attempted to fit the PL decay to a power law rm(n and the product t - TIT, 
exp( - p,t). According to the model of [2], the observed power law dependence for I(t), t> 
lOOns, is the product of a radiative and a nonradiative part. The approximations leading to 
the radiative part (- r') do not apply for t 5: , ns. In that case we expect an exponential 

-TIT, 
decay dominated by",. The nonradiative part should still follow t in the time regime 

of our experiment because the maximum nonradiative rate is assumed to be - '0'3 sec-" 
an internal mode optical phonon frequency [2]. However we could not justify fitting our data 

-TIT, 
to t exp(-",t) for any reasonable and temperature independent choice of the 
parameters T, and Pl' Invariably the fits degraded as temperature was varied because the 

t-TIT, factor varies too rapidly at small t and too slowly at large t compared to our data. 
Therefore it seems that the model of [2] for nonradiative processes, although 
phenomenologically correct at long times, should be modified for t ~ , ns to be applicable to 
our case. Perhaps lower frequency phonons, such as the rigid-layer like cluster modes 
suggested by PHILLIPS [4], should be incorporated. More fundamentally, it seems 
physically unrealistic to assume (as does this model) that the distributions of radiative and 
nonradiative rates will be uncorrelated for a carrier localized at a particular luminescence 
center [4]. 

In Fig. 3 the data were fit to the equation peT) = "1+Pnr(0) exp(T/To)' Here it is 
assumed that the observed decay rate has a temperature independent radiative component p, describing the fastest PL processes in a-As~3' and a temperature dependent 
non radiative component Pnr(T) which competes with Pl' Our 3-parameter least squares fit 

(solid curve in Fig. 3) yields P1 =(4±1) x 108Hz, Pnr(o) = (4±1) x 108HZ, and To • 

(53±5)K. The functional form for Pnr(T) is connected with the well known [1] T2 activated 
behavior exhibited by the CW quantum efficiency "lcw (over 10-230K). Consider the 
effective quantum efficiency "l1 = P1 Ip(T) due to nonradiative competition with Pl' Our data 
show that for T>100K, "l1 a: exp( - TIT 0) similar to "lcw except that T 0::::::26K [1] in the CW 
case. Since "lcw is dominated by slow PL while "l1 corresponds to the maximum rate "" 
the observed similarity in functional dependence on T suggests that similar mechanisms 
could account for the non radiative decay of slow and fast PL in a-As2S3. We note that at 
low-T non radiative competition with P1 is appreciable because Pnr(o) - Pl' Therefore, it is 
likely that tunneling ot some type, which does not vanish as T--+OK [,0], makes a significant 
contribution to the nonradiative decay of the tastest emission processes. 
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Recent picosecond photoinduced absorption (PA) studies [8,9) in chalcogenide glasses 
have shown that the decay of absorption due to photoexcited carriers is quite differ~nt from 
that reported here for picosecond PL. For a-As~2.25SeO.75 with band-tail excitation (same 
absorption coefficient as in our experiments) PA decays in -3ps at 85K increasing to 12ps 
at 300K [9]. In contrast we observe that PL decays in 410 ps at 85K decreasing. to < lOps at 
3OOK. We believe these differences indicate that the subsets of carriers contributing to PA 
and PL are separate. During or just after thermalization a fraction - 1Jcw(OK) = 10-20% of 
the carriers are trapped at luminescence centers in states with a low absorption cross 
section; the remainder contribute to PA. We suggest that a portion of the mitial rapid decay 
ot PA observed in [9) may derive from carrier capture at PL centers. This would place the 
onset time for PL between O.l-lps. 

Because of the disorder inherent in an amorphous solid we expect that after 
thermalization there will be a broad distribution of electron-hole separations r. We can 
conceive of two situations - either the electron and hole are spatially separated, or their 
wavefunctions overlap sufficiently to form a localized exciton. In the separated case 
emission is thought to proceed via radiative tunneling [1) with the rate "T exp(-2ar), where 

a- 1 is the wavefunction extent. For the localized exciton case it is more appropriate to use 
the expression "d= v'74/3(e21Iic) ",3/c21<rd>12 for the emission of a dipole erd imbedded 
in a dielectric (E = 5.9 for a-As2S:Y. We favor tl)e localized exciton picture here for "1 

because it is plausible that the maximum radiative rate "1 = 4xl 08 Hz corresponds to 
recombination of photoexcited pairs with the minimum electron-hole separation. 
Furthermore, the localized exciton picture can provide a consistent short time limit to the 
slower tunneling recombination involving distant pairs. Using the dipole expression we find 
"d = "1 for rd = 2.9A. This sets a lower limit on a-1 of -3A, in good agreement with other 
estimates [1,2,9]. 

Work partially supported by the Sponsors of the Laser Fusion Feasibility Project of the 
University of Rochester and by NSF Grant No. PCM-80-18488. 
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