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Streak camera detect ion has been used to determine the temporal  characteristics of  pulses f rom Nd:phosphate  glass 
used as a mode-locked laser oscillator and as an amplifier. The frequency doubled pulses are not t ransform limited (za~, 
= 46 cm -t  , At = 6 ps). The four th  harmonic  has a spectral bandwidth  o f  11 cm -J and is tunable  across the full bandwidth  
o f  the second harmonic.  Tempera ture  tuning characteristics and efficiencies for harmonic  generation are described. A com- 
parison is made with the  properties of  Nd:silicate glass. 

1. Introduction 

The characteristics of neodymium-doped silicate 
glass as a mode-locked oscillator and as an amplifier 
have been well documented [1-8].  

We describe here the characteristics of a new laser 
glass, namely neodymium-doped phosphate glasS. We 
have examined the spectral and temporal properties of 
frequency doubled single pulses (527 nm) and the 
spectral properties of single pulses of the fourth har- 
monic (263 nm). We also report tuning curves for sec- 
ond and fourth harmonic generation using tempera- 
ture-tuned cesium dihydrogen arsenate and ammo- 
nium dihydrogen phosphate crystals. 

2. Laser system and detection techniques 

Phosphate-glass rods with 3.3% Nd 3+ doping were 
obtained from two sources: the LHG-5 glass from 
Hoya (Japan) and the EV2 glass from Owens-Illinois 
(USA). Our measurements refer principally to the 
LHG-5 material. 
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The laser rod (203 mm × 12.7 mm dia, brewster-  
brewster) is mounted in an Apollo housing. The oscil- 
lator cavity consists of  a 5-m radius of curvature re- 
flector (R =0.99) mounted ~25 cm from the laser 
head and a plane output coupler (R =0.5) ~60 cm 
from the laser head. Kodak 9860 dye (1-cm path, in 
dichloroethane, adjusted for 0.12 OD at 1054 nm) 
was used with the dye cell situated at Brewster's angle 
~20 cm from the output mirror. The total energy dis- 
charged through the flashlamp at threshold is ~300 J; 
the flash duration is 300 ~s. 

Single pulses are switched out of the mode-locked 
pulse train with a laser-triggered spark gap, similar to 
that described by von der Linde et al. [9], in conjunc- 
tion with a Pockels cell (Lasermetrics 1073) and Glan- 
Taylor polarisers (Electro-optic Developments). After 
frequency doubling, the intensity ratio of the selected 
pulse to the discarded pulses is better than 1000:1. 
The choice of which pulse in the train is selected can 
be controlled to some extent by varying the attenua- 
tion of the beam which is focused into the spark gap. 
The energy of a single fundamental pulse has been 
measured to be ~ 1 - 2  mJ. 

The selected pulse is amplified in a single pass using 
a 178 mm × 12.7 mm dia LHG-5 rod, cut with 6 ° 
wedged ends, mounted in a Quentron Optics 
(Australia) QP25-A amplifier housing. All spectral 
data were obtained at an amplifier gain of 8, corre- 
sponding to a total input energy to the flashlamp of 
1920 J, flashlamp duration 350/~s. 
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A temperature-tuned cesium dihydrogen arsenate 
crystal (Quantum Technology) is used to generate the 
second harmonic from the selected single pulse. The 
fourth harmonic is generated using a temperature-tun- 
ed 90°-cut ammonium dihydrogen phosphate crystal. 

Temporal characteristics of the mode-locked pulses 
and of the pulse trains have been determined directly 
using an Electro Photonics Photochron II streak cam- 
era. A detailed description of the streak camera/opti- 
cal multichannel analyser detection system is publish- 
ed elsewhere [10]. At the fastest streak corresponding 
to 1 ps/channel on the optical lnultichannel anal- 
yser, the half-width of the overall instrumental re- 
sponse function is 4.5-+0.5 ps. The response function 
is symmetric and essentially gaussian [10]. Additional 
instrumental broadening due to curvature of  the 
streaked slit image has been avoided by masking the 
slit to a height of ~1 ram. The laser pulse half-width 
Ar can be obtained from the measured pulse half- 
width Az m and the instrumental half-width A~-i, using 
the relationship A~-= {Arm)2 - (A,ri)2}l/2 ' For true 
gaussian shaped pulses, this is an exact corollary of 
the convolution relationship. In fact, measurements 
of single pulses show them to be asymmetric (see be- 
low). However, the departure from a gaussian shape is 
not appreciable and hence we have chosen to obtain 
the pulse widths using the above relationship in pre- 
ference to subjecting the data to the possible pitfalls 
of deconvolution [11 ]. Asymmetry in the pulse shape 
will not be affected by convolution, since the instru- 
mental response function is symmetric. 

Spectral band shapes of single pulses have been 
measured photographically using a 0.75 m Czerny-  
Turner spectrograph (Jarrell-Ash). The measured re- 
solution in second order is better than 0.02 nm at 
435.8 nm. Wavelengths are calibrated using an iron-- 
neon hollow cathode lamp. Ilford R.20 (ASA 50) 
plates have been used to record the spectra. Two dif- 
fusers placed in front of  the spectrograph slits ensure 
that the spectra are free from coherence effects. We 
have measured the plate factor directly by taking a 
series of exposures with different degrees of attenua- 
tion of the frequency doubled pulse train while moni- 
toring the intensity of the pulse train with a calori- 
meter (Scientech). The plates are found to be linear 
over the range 0.3--1.80D. Traces of single pulse 
spectra are recorded using a Joyce-Loebl  Mk III mi- 
crodensitometer. 

Temperature tuning curves for second and fourth 
harmonic generation are measured using two volume- 
absorbing disc calorimeters (Scientech), one to moni- 
tor the shot-to-shot variation in the lasing fundamen- 
tal, the other to measure the relative energy contained 
in the second or fourth harmonic. Temperatures are 
measured with a calibrated thermistor immersed in 
the index matching fluid and in contact with the CDA 
or ADP crystal. Absolute conversion efficiencies are 
determined by comparing the energy of the incident 
beam plus harmonic transmitted through the crystal 
with that of the harmonic alone. The results from 
several laser shots are averaged. 

3. Mode-locking and gain characteristics 

Mode-locked pulse trains from both the phosphate 
glass oscillators do not differ from pulse trains that we 
normally obtain with the silicate glass; they are smooth, 
relatively flat-topped, with a duration of 600-1000 ns. 
The input energy to the flashlamp is controlled by a 
voltage comparator [10] so that it remains constant 
from shot-to-shot at a value ~5% above the threshold 
for lasing. We find that the energy of the whole pulse 
train remains constant to within -+ 10% for as many as 
50 successive shots fired at 2½ minute intervals. Good 
mode-locked pulse trains, free from satellite pulses are 
ontained with >90% reliability. 

The lasing threshold for the phosphate and silicate 
glasses has been measured under identical operating 
conditions (same laser head, mirror, dye concentra- 
tion). The phosphate glasses are found to have a signif- 
icantly lower threshold (300 J) than for silicate (455 J). 
The LGH-5 phosphate glass appears to have a slightly 
lower threshold than the EV2 phosphate glass, al- 
though this may be due to slight differences in laser 
realignment after rod changeover. 

Fig. 1 compares the amplification experienced by 
pulse trains obtained from a silicate glass oscillator/am- 
plifier combination with those from a phosphate glass 
oscillator/amplifier combination. The amplifier gain is 
significantly higher for phosphate glass: a factor of 1.4 
higher at an amplifier input energy of 3.0 kJ and as 
much as a factor of 1.7 higher over the range of 2 .0 -  
2.5 kJ. 
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Fig. 1. Gain measurements for oscillator-amplifier combina- 
tions as a function of amplifier input energy. Upper curve 
(solid circles) corresponds to a phosphate glass (LHG-5) oscil- 
lator and amplifier; lower curve (open circles) is for silicate 
glass, ED2.3 oscillator and LSG91-H amplifier. 

4. Tuning curves and efficiencies for harmonic 
generation 

The lasing wavelength for phosphate glass is 1054 
nm while that o f  silicate glass is 1062 nm (manufac- 
turer 's data). The maxima and widths of  the tempera- 
ture tuning curves obtained with CDA and ADP crys- 
tals used to generate the second and fourth harmonics 
from the amplified fundamental  are listed in table 1. 
The curves differ significantly from those measured 
for silicate glass. Maximum efficiency for frequency 
doubling (with CDA) is found to be 24%at  a crystal 
temperature of 34°C. For conversion of  the green to 
ultraviolet with ADP, the maximum efficiency is 11% 
at 34.6°C. For silicate glass, the IR-+ green conversion 
efficiency for temperature tuned CDA at 46°C [12,13 ]; 
the green --* UV conversion efficiency for temperature- 
tuned ADP peaks at ~4% at 48°C [13]. 

The half-width of the ADP tuning curve for quadru- 
pling Nd:phosphate  glass is ~3.50C. This contrasts 
with the much narrower ADP tuning curve (~0 .2°C 
half-width) for quadrupling a Q-switched Nd:YAG 
laser [14,15]. The less critical temperature dependence 
for Nd:glass is consistent with its larger spectral band- 
width (see section 6). 

Table 1 
Summary of spectral and temporal characteristics of frequen- 
cy doubled and quadrupled pulses from mode-locked Nd:phos- 
phate glass and Nd:silicate glass oscillators. 

Phosphate Silicate 
glass glass 

Second harmonic 

Temporal pulse width (ps) 
Spectral band centre (nm) 
Spectral bandwidth (cm -1 ) 
Tuning curve 

maximum efficiency (%) 
maximum (°C) 
width (fwhm) (°C) 

Fourth harmonic 

Spectral band centre (nm) 
Spectral bandwidth (em -1 ) 
Tuning curve 

maximum efficiency (%) 
maximum (°C) 
width (fwhm) (°C) 

6.5el 6.5+1 a 
526.8 530 
46+-5 ~ l o o b ; - 7 0  c 

24 e 15 c,d; 25 e,f 
34 45 
10 5 

263.4 265 
11+-2 15 

11 e 4c, d 
34.6 

3.5 

a Streak camera studies, ref, [10]. b Ref. [241. c Ref. [131 . 
dMeasurement of conversion efficiency carried out with oscil- 

lator only. e Measurements with oscillator]amplifier × 8 gain. 
f Ref. [10]. 

5. Temporal measurements of  mode-locked pulses 

Our temporal  measurements, limited by  cathode 
spectral sensitivity ($20) and glass camera lenses, refer 
only to the second harmonic at 527 nm. 

Fig. 2 shows the temporal  spread of  a single pulse 
measured at the fastest streak speed (1 ps/channel). 
The halfwidth of the pulse r determined from the re- 
lationship r =  {(rm) 2 - (ri)2}1/2 is 6 ps. Pulses record- 
ed from several successive laser shots yield an average 
halfwidth of  6.5 -+ 1 ps. All the measured pulses are 
from the early part of  the pulse train. Our measure- 
ments of  single pulses from an ED2.3 silicate glass os- 
cillator in the same configuration [10] give pulse 
widths essentially identical with those obtained here 
for the LHG-5 phosphate glass. 

Amplification appears to cause some temporal  
broadening. Although our data are not extensive, we 
obtain a halfwidth of 10 ps for an amplified pulse 
(LHG-5 oscillator/amplifier,  × 8 gain) compared with 
6 ps for the pulses from the oscillator alone. 
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Fig. 2. Streak camera measurement of a single pulse from a 
frequency doubled LHG-5 oscillator; time scale is 1 ps/chan- 
nel; plot at left corresponds to a linear intensity scale, at right 
a log intensity stole. 

The pulse shape, pictured in fig. 2 is clearly asym- 
metric. The falling edge is roughly exponential  with a 
decay time o f  ~ 4  ps. Frequency-doubled pulses from 
the silicate glass oscillator are similar in shape [10]. 
Van der Linde [1] has shown that the 1.06/~ pulses 
from a si l icate-glass oscillator, measured using a meth- 
od based on stimulated Raman scattering, are also 
asymmetric  in the same sense as observed here. How- 
ever, Treacy [16] and Shelton and Shen [17] have re- 
ported asymmetry  in the opposite sense, while Auston 
has discerned no pulse asymmetry  [18], or only oc- 
casional asymmetry  [19]. These earlier studies all re- 
lied on indirect methods for determining the pulse 
shape. Pulse asymmetry,  as shown in fig. 2, is always 
seen i n o u r  measurements.  

The pulse decay time is thought to be closely relat- 
ed to the recovery time of  the saturable absorber [20]. 
For Kodak 9860 dye, the excited state lifetime has 
been reported as 9 ps [3] and 6 ps [20]. Hagelstein and 
Ausschnitt  [21 ] have presented a theoretical  analysis 
of  mode-locking applicable to the case where the ab- 
sorber relaxation time, ~'a is approximate ly  the same 
as the mode-locked pulse width. They conclude that 
the pulse shape is a weak function of  r a and that it 
should be asymmetric ,  but with a slower rising edge 
and more rapidly decaying edge. Neither van der Linde's 
nor our measurements substantiate this prediction. 
This emphasis Letokhov's  point that the mechanism of  
mode-locking in a pulsed laser differs from that in a cw 
laser [20]. Hagelstein and Ausschnitt  assume steady 
state condit ions in their theory but  do not make a 

clear distinction between the application of their the- 
ory to pulsed or cw mode-locking. 

6. Spectral measurements of  frequency-doubled and 
quadrupled single pulses 

Fig. 3a shows the spectral distribution of  two fre- 
quency doubled single pulses, one of  which is from 
the early part of  a pulse train, the other from about 
the middle ( ~ 3 0 0  ns after the start) of  the pulse train. 
There is little difference in the overall characteristics 
of  two spectra; in both  cases the band maximum is at 
526.8 nm and the bandwidth measured at half maxi- 
mum intensity,  is 1.3 nm (47 cm-1).  From spectra of  
some twenty  single pulses, we conclude that the aver- 
age bandwidth is 4 6 -  + 5 cm- 1 and that the average 

band maximum occurs at 526.8-+0.2 nm. There is no 
significant spectral difference between pulses selected 
early in the pulse train and those selected as late as 
300 ns after the start of  the train. 

The raggedness of the spectra is significant. Indeed, 
spectra taken of  the whole pulse train, a t tenuated to 
give similar plate exposure, are considerably smoother 
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Fig. 3. (a) Microdensitometer traces of single pulse spectra; 
frequency doubled LHG-5 oscillator. Left hand trace shows 
spectrum of a single pulse selected from an early part of the 
pulse train; at right, a single pulse selected from near the mid- 
dle of the mode-locked pulse train. (b) At left, microdensito- 
meter trace of integrated spectrum of the whole pulse train; 
at right, a "single" pulse selected from a poorly mode-locked 
pulse train (multiple pulse train). 
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due to the effect of  averaging over the individual 
bandshapes o f - 1 0 0  pulses (fig. 3b). 

Amplification appears to result in only slight spec- 
tral broadening. Based on spectra of  sonre twenty am- 
plified pulses, we conclude that the average spectral 
bandwidth is 49+__6 cm -1 . The band maximum is un- 
changed at 526.8+0.1 nm. 

However, spectral broadening was apparent on each 
of three occasions when the laser mode-locked poorly, 
i.e., multiple pulse trains were observed on the monitor 
oscilloscope. The bandwidths in these instances were 
73,73 and 66 cm -1 . An example is shown in fig. 3b. 
Imperfect mode-locking associated with multiple pulse 
trains indicates that the laser has been driven well 
above threshold. Thus there are more modes oscillat- 
ing in the laser cavity, and the lasing spectral band- 
width must be correspondingly broader. 

We were only able to record single pulse spectra of  
the fourth harmonic after amplification of  the funda- 
mental. Fig. 4 records some of the spectra and sum- 
marizes several interesting features of frequency qua- 
drupling. The fourth harmonic generated by doubling 
the 527 nm second harmonic with temperature-tuned 
ADP has a much narrower spectral width than the 
527 nm pulse. Fig. 4 also shows that the UV band maxi- 
mum depends on the crystal temperature, and in fact 
we have shown that the UV (at), /2) can be scanned 
across the whole green bandwidth from X = 525.6 nm 
to X = 528 nm by varying the crystal temperature. 

The narrowness of the UV spectral distribution can 
be attributed to the inability of  ADP to phase-match 
over a large spectral bandwidth in the region near 263 
nm: the refractive index of ADP is a very steep func- 
tion of wavelength in this spectral region [22], hence 
any differences in the slope of  the dispersion curve for 
the e-ray and the o-ray will be accentuated, leading to 
poorer conversion efficiency. 

We have also recorded spectra of the 527 nm pulse 
transmitted through the ADP crystal at various crystal 
temperatures. When the crystal is cold (~20°C) and 
green ~ UV conversion is negligible, a normal 527 nm 
bandshape is observed, exactly akin to those shown in 
fig. 3. However, when the crystal temperature is raised 
to the value for which the UV output is maximum, 
the transmitted 527 nm pulse has a "hole" burnt in 
the centre of the band (fig. 4). Off-maximum, the 
green bandshape becomes skew. Note that the wave- 
length at which "hole"-burning occurs is exactly 2Xa, 
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Fig. 4. Microdensitometer traces of  green and UV single pulse 
spectra from an LHG-5 oscillator/amplifier. (a) Spectrum of  a 
frequency-doubled pulse transmitted through the ADP quadru- 
pling crystal when the crystal temperature was offset from 
that corresponding to maximum green -- UV conversion effi- 
ciency. (b) Spectrum of a UV pulse generated with ttre ADP 
crystal temperature offset as in (a). (b) Spectrum of  a fre- 
quency-doubled pulse transmitted through the quadruplet  
with the crystal temperature set for maximum green- ,  UV 
conversion efficiency. (dr Spectrum of  a UV pulse generated 
with the ADP crystal temperature as in (c). 

where Xa is the wavelength of  the UV generated at the 
same crystal temperature. 

The UV bandshape is not symmetric when the ADP 
crystal temperature corresponds to off-peak conver- 
sion. This is readily understood by appreciating that as 
the incident green intensity drops away from the band 
centre, so does the generated UV. Moreover, while the 
power dependence of harmonic generation is linear at 
higher powers (experienced at the band centre), it must 
approach a quadratic dependence at the wings of the 
band envelope. This will accentuate the sharpness of  
the corresponding edge of  the UV band. At peak con- 
version efficiency the UV bandshape is symmetrical 
(see fig. 4), the band centre is at 263.4 nm and the 
average spectral bandwidth of single pulses from some 
twenty laser shots is 11 +-2 cm -1 . 

Again, spectral broadening was seen in both of  two 
instances when a multiple pulse train was observed: 
the bandwidths were 19 and 22 cm -1. 
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7. Discussion 

The data presented in sections 5 and 6 are summar- 
ised in table 1. A comparison is drawn between our 
data for phosphate glass with that available for silicate 

glass. 
We address some further points arising from the 

data presented above. Yu and Alfano [23] have claim- 
ed that satellite pulses cannot be excluded from mode- 
locked pulse trains unless an optically contacted dye 
cell is employed. We believe that their findings apply 
only to thin dye cells ( < 2  mm path) since we see no 
evidence for satellite pulses from either silicate or 
phosphate glass when using a 10 mm path non-contact- 

ed dye cell. 
The "hole" burning in the transmitted green spec- 

tral bandshape leads to the conclusion that ADP can 
only phase-match efficiently over a 11 cm -1 portion 
of the total 46 cm -1 green bandwidth. 

Our spectral and temporal measurements of the 
phosphate-glass second harmonic at 527 nm confirm 

that these pulses are not transform-limited: for 2xr 
= 6 ps and A~ = 46 cm -1, ArAv= 8.3 It has been de- 

monstrated that 1.06 ~t fundamental pulses may be 
transform limited [1 -8] .  From the uncertainty rela- 
tionship, one can impose a lower limit of  ~ 3  ps to the 
temporal width of our UV pulses. However, we see no 
reason why they would prove to be any shorter than 
the incident 527 nm pulses, i.e., ~ 6  ps. 
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