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We report a new high-resolution spectroscopic technique designed for the study of short-lived free radicals and clusters contain- 

ing free radicals. Excimer laser photolysis of a suitable precursor during the initial stages of a planar supersonic expansion is used 

to generate ultracold free radicals which arc subsequently probed by a tunable far infrared laser. A detection limit of lo* mole- 

cules/cm3 for light hydrides is demonstrated and prospects for 2 to 3 orders of magnitude improvement are discussed. 

1. Introduction 

A great deal of attention is currently directed to- 

wards elucidating the roles of very reactive free rad- 
icals in combustion processes and in atmospheric 

chemistry. For example, the vinyl radical is one of 
the most important intermediates in hydrocarbon 
combustion, and has been investigated theoretically 
in considerable detail [ 1,2] yet its very transient na- 
ture has prevented detailed spectroscopic study. It is 
clear that a new generation of high-resolution spec- 

troscopy experiments will be required to investigate 
such extremely reactive species. In this Letter we de- 
scribe our initial efforts aimed at the study of very- 
short-lived radicals and of clusters containing free 
radicals in the far infrared (FIR) region of the spec- 
trum. A similar experimental design has recently been 

implemented by Curl et al. [ 31 in the infrared region 
of the spectrum. 

The far infrared is particularly attractive for such 
investigations for several reasons: First, even though 
this technology still in its infancy, tunable FIR laser 
systems have become both highly sensitive and im- 
pressively versatile [ 41. Fractional absorptions as low 
as 1 part in 106/Hz ‘I2 have been measured. While 
this detection limit is already comparable to or bet- 
ter than those available with many other techniques, 
improvements in both FIR laser and detector tech- 

nology can nevertheless be expected to significantly 

increase the sensitivity of these systems, thus placing 
them among the most sensitive methods of direct ab- 
sorption spectroscopy. Second, the high spectral res- 

olution (100 kHz) that it possible in the far infrared 
allows for measurements of hyperfine structure and 

small tunneling splittings that are not observable in 
the infrared and visible regions of the spectrum (fig. 
I). Details of molecular structure can thus be elu- 
cidated. Finally, and perhaps of greatest interest, the 
intermolecular vibrations of weakly bound clusters 
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Fig. 1. The 3/2+ l/2; l,,tOw rotational transition ofNH,. The 

structure results from both hydrogen and nitrogen hyperiine 

interactions. 
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occur predominantly in the far infrared. Direct mea- 
surement of the FIR vibration-rotation-tunneling 

(VRT) spectra of molecular clusters has been shown 
to be a powerful method for the study of the global 
intermolecular potentials and intcrmolccular dy- 
namics for systems containing stable molecules [ 51. 
Important new information about the nature of weak 
intermolecular forces and their roles in chemical re- 

actions can be expected from similar investigations 
of spectra of complexes containing free radicals. 

The approach chosen for this experiment is to use 
excimer laser photolysis of a suitable precursor dur- 
ing the initial stages of a cw planar supersonic ex- 

pansion for the generation of an intense source of 
ultracold free radicals. Earlier generations of this ex- 
periment have been used to measure FIR spectra of 
‘HCO, ‘HO*, and SO (u= 0, 1,2 11 generated by pho- 
tolysis in static room temperature samples. Spectral 
congestion due to absorption by precursor molecules 

severely impeded progress using this approach. The 
advantage of the planar supersonic expansion for ab- 
sorption measurements have been fully illustrated in 

our previous investigations of molecular clusters [ 61. 

Diplexer 

As an initial test of this approach we have mea- 
sured the spectrum of the ‘NH* radical generated by 

193 nm photolysis of NH,. The molecular constants 
for the ground and first excited vibrational states of 
this system have been precisely determined [ 7-91 
and many of the details of the photodissociation of 
NH3 are also well established [lo-121 making this 
an excellent prototype for study. Photolysis of NH3 

at 193 nm yields ‘NH2 with about 14000 cm-’ of 
internal energy [ lo]. This is a severe test of the cool- 
ing rate that can be achieved in the planar expan- 
sion; if most of this energy is not rapidly converted 
into translational energy by collisions during the 
course of the expansion the absorption signal will be 
distributed among too many states to allow spectro- 
scopic detection. 

2. Experimental 

The laser photolysis-FIR-planar jet apparatus is 
diagrammed in fig. 2. Both the tunable FIR laser and 
the cw planar jet which are used in this experiment 
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Fig. 2. The laser photolysis-tunable far infrared-planar jet apparatus. 
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have been described in detail previously [ 4,6]. Only 
a brief review will be given here. Fixed frequency FIR 

radiation is generated by cw optical pumping of a 2.4 
m far infrared molecular gas laser, with a commer- 

cial (Apollo Lasers) 150 W line-tunable COr laser. 
Far infrared radiation in the range 13-l 50 cm-’ has 
been generated with this system. The fixed frequency 
FIR radiation is mixed with tunable microwave ra- 

diation in a Schottky barrier diode (Univ. Va. 117) 
to generate sum and difference frequencies at 

vria t- n vhlw, n= I, 2, 3, Microwave power from 
2 to 110 GHz is available, to give tunability of more 
than 7 cm- ’ about a given fixed frequency far in- 

frared line. The tunable sideband power ( lo-100 
pW) is separated from the much stronger ( lo-500 
mW) carrier frequency (r+rR) with a polarizing 
Michelson interferometer, and the laser is detected 
by an InSb detector in the range lo-35 cm-‘. Sev- 
eral other detectors are required at higher frequen- 
cies. For experiments in which the source of mole- 
cules is continuous we frequency modulate the laser 
by frequency modulating the microwave synthesizer 
at 50 kHz, and demodulate the signal at 2f in a lock- 
in amplifier. Detection at 2f reduces the baseline 
which results from the residual AM of the micro- 

wave source. For detection of radicals in a planar jet, 
the absorption is present only for a few us after each 
excimer laser pulse. We therefore modulate at 500 
kHz in order to achieve several cycles of modulation 
while the absorption is present. The laser is demo- 

dulated at 1 fin a double balanced mixer with the dc 
output sent to a boxcar integrator which only sam- 
ples when the radicals are present and also serves as 

a signal averager. A 10 Hz high pass filter on the in- 
put to the boxcar effectively eliminates the baseline. 
Background subtraction does not improve the signal 
to noise ratio since the high frequency FM reduces 
the noise to below the detector noise level. 

The cw planar supersonic jet developed by Busa- 
row et al. [ 61 for the study of van der Waals clusters 
was used without modification. A mixture of 3% NH3 
in argon at 1 atm was passed through a 1 S” X 0.00 1” 
slit into a vacuum chamber maintained at 100 mTorr 
by a 1600 cfm Roots Blower pumping system. Ro- 
tational temperatures of ~5 K and linewidths of 
~500 kHz fwhm are routinely observed with this 
source. In these initial tests on ‘NH2, we were unable 
to take full advantage of the increased signal from 

line narrowing in the planar jet since the linewidths 
are dominated by Zeeman broadening from the tcr- 

restrial magnetic field to a width of about 2 MHz. 
The output of an excimer laser (Lambda Physik 

EMG- 103MSC) equipped with unstable resonator 

optics was focused onto the front face of the nozzle 
and into its throat. In order to achieve the highest 
duty cycle possible, the excimer was run at the max- 

imum repetition rate of 200 Hz. At this rate the out- 
put energy is 50 mJ/pulse on the 193 nm line. Ad- 
vantage was taken of the spherical aberration of a 50 
cm focal length right angle turning mirror to focus 
the beam to a line which measures 1.75” x 0.06” at 
the nozzle aperture. Radicals formed at or just inside 
the nozzle throat travel approximately 1 cm to the 
far infrared beam, which is 1 cm fwhm. Absorption 

signals were observed to peak at a = lo-20 us delay 
after the excimer laser pulse. The signal width is about 
30 us. This timing is roughly consistent with the 
transit time through the sampling region calculated 
with the translational speed (5 x 1 O4 cm/s) of a pre- 
dominantly argon beam. The signal to noise is op- 
timized by integrating for 5-l 0 us at the peak of the 
absorption. The effective duty cycle of this experi- 

ment is 0.25%. Compared to a cw experiment, this 
implies a loss of a factor of 20 in the S/N obtainable 
for a given integration time. 

3. Performance 

The spectrum of one of the 3/2- l/2 spin-rota- 
tion component of the 1 ,, +Ooo transition is shown 

in fig. 1. We averaged for 100 excimer shots at each 
point. The scan took 80 s to acquire. The well known 
[7] hyperfine structure resulting from nitrogen 
quadrupole (I= 1) and the nuclear spin of the two 
hydrogens (I= 1, for these rotational levels) is clearly 

resolved. The strongest feature is approximately a 2Oh 
absorption, from which we calculate, using the di- 
pole moment of ‘NH, of 1.82 D [ 13 1, a number den- 
sity of roughly 10” molecules/cm3 at the intersec- 
tion of the supersonic expansion with the FIR laser 
beam. Since we have been unable to detect the 
2,, + 202 transitions we are able to set an upper limit 
to the rotational temperature of 18 K. Based on our 
work with van der Waals clusters we expect a tem- 
perature closer to 5 K. Attempts to raise the tem- 

323 



Volume 164. number 4 CHEMICAL PHYSICS LETTERS I5 December 1989 

perature of the source sufficiently to observe the 
2 I I t202 were unsuccessful. Studies of heavier radi- 
cals are underway and will provide a more detailed 
characterization of the internal temperature of this 
source. As a further check on the degree of cooling 
which takes place in the expansion, we have searched 
for the vibrational satellites associated with the q = 1 
level. These were note detected, suggesting that the 
high degree of initial vibrational excitation in this 
mode is efficiently relaxed in the process of the 
supersonic expansion. For radicals of comparable 
molecular weight and transition moments of z 1 D 
as few as lo* molecules/cm3 can be detected. 

While this initial effort is certainly encouraging we 
are undertaking the development of several im- 
provements to enhance the overall performance of 
this system. First, an etalon surrounding the planar 
supersonic jet has been incorporated. This effects a 
lo-fold increase in the signal, although technical 
problems have thus far impeded routine use of the 
etalon in the spectrometer/jet system [ 141. Second, 
use of a pulsed slit expansion to match the excimer 
duty cycle should allow for improved cooling and 
clustering, and an increase in the number density of 
radicals at the intersection of the jet with the FIR 
laser. Finally, a variety of new detectors which offer 
the possibility of lo-lOO-fold improvements in the 
minimum detectable fractional absorption are being 
incorporated into the laser system. These new fea- 
tures will make tunable far infrared laser spectros- 
copy of radicals and radical complexes a powerful 
new tool. 
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