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ULTRA HIGH RESOLUTION MOLECULAR BEAM CARS SPECTROSCOPY
WITH APPLICATIONS TO PLANETARY ATMOSPHERIC MOLECULES

Robert L. Byer

ABSTRACT

We have successfully demonstrated high resolution pulsed and cw
CARS spectroscopy measurements in pulsed and steady state supersonic
expansions. We have characterized pulsed molecular beam sources, have
observed saturation of a Raman transition and have, for the first time,
observed the Raman spectrum of a complex molecular cluster. We have
observed cw CARS spectrum in a molecular expansion and observed the effects
of transit time broadening.

Our work has established supersonic expansions as a viable technique

for high resolution Raman spectroscopy of cold moleculaes with resolutions

of 100 MHz.
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ULTRA HIGH RESOLUTION MOLECULAR BEAM CARS SPECTROSCOPY
WITH APPLICATIONS TO PLANETARY ATMOSPHERIC MOLECULES

Robert L. Byer

I. INTRODUCTION

This program was initiated with the goal of demonstrating high
resolution spectroscopy of molecular gases under conditions encountered
in planetary atmospheres.

We proposed to investigate supersonic expansions as a means of
obtaining molecules of sufficient density for Raman spectroscopy but at
very cold rotational tempetatures.l Our program has succeeded to clearly
show that high resolution (~ 100 MHz) Raman spectroscopy is possible on
both a pulsed and cw basis of suparsonic expansion cooled molecules and

molecular clusters.

II. ACCOMPLISHMENTS

The key accomplishments of this research effort have recently appeared
in print or are soon to be published. In this section these accomplishments
are summarized. For a more complete review the publications have been
included as Appendices to this report.

In 1980 we succeeded in obtaining the first CARS spectrum in a pulsed
molecular beam source. The results were published in February 1981 (see
Appendices 1 & 2). The key points were the development of the pulsed super-
sonic valve and the characterization of the expansion parameters. Also cf

importance was the observation that the Raman signal-to-noise was excellent



in the expansion even to equivalent rotational temperatures of a few
degrees Kelvin. )

The intense beams used in the CARS interaction led to the first
observation of saturation in a Raman spectrum (see Appeadix 3). This
observation showed that a fundamental limit did exist on pumping intensities.
More importantly, it opened the door for the next level of resolution in
Raman spectroscopy via saturation techniques.

In mid=-1981 a cw CARS experiment was attempted on a steady state CH“
expansion. The experiment was successful and led to the first observation
of cw CARS in a supersonic expansion. Preliminary results were reported at
the Laser Spectroscopy Conference held in Jasper, Canada in July of 1981,
(see Appendix 4).

Also reported in the conference paper was the first observation of
Raman spectrum of CZHa:argon clusters. This important result was published
in a recent paper (see Appendix 5).

Studies of cw CARS in a supersonic expansion have continued. A soon to
be published paper reports on the first observation of transit time broadening

in CARS. Work is continuing on line fitting of the resolved Q-branch spectra

of CHQ, (see Appendix 6).

III. WORK TO BE COMPLETED

We have made considerable progress in lineshape theory for CARS
including transit time broadening. We plan o extend our work in supersonic
expansion spectroscopy using both pulsed and cw sources. Our goal is to achieve

sub-Doppler resolution by saturation Raman spectroscopy. We have recently



demonstrated a less than 1 Miz linewidth Nd:YAG oscillator that is
a key component of sub-Doppl.er. CARS spectroscopy.

1f research support is forthcoming we should be able to demonstrate
saturation CARS spectroscopy in a molecular beam using the narrow band-
width scurce within two years.

We are also preparing for publication an analysic of the JET
expansion for applications to spectroscopy. This will be part of
Eric Gustafson's Ph.D. thesis along with papers describing D2 pressure
broadening measurements and D2 measurements in a 60 um diameter glass

microsphere.
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A 100 usec, rellable, 10 Hz pulsed supersonic molecular

beam source
R. L. Byer and M. D. Duncan®

Applied Physics Deparimenst. Edward L. Ginzson Laborasory of Physics. Stanford University. Stanford,

California 94303
{Received 24 Qctober 1980; accepted 4 November 1980)

We describe a 10 Hz repetition rate, 100 usec duration, relisbie pulsed supersonic molecular beam source.
Mechanical and electrical design of the pulsed valve are given in detail. Characteristics of the supersonic
expansion obtained using coberent anti-Stokes Raman spectroscopy (CARS) in acetylens are pressnted. They
include pulse shape, gas rotational and tranalationsi cooling ss a function of distance from the nozzie,

cluatering effects, and shock heating at the leading edge of the puise.

. INTRODUCTION

The uaique properties of a supersonic molecular beam
make it an ideal system for studying molecular proper-
ties. For spectroscopy, the substantial collisional cool-
ing which occurs during free expansion in a supersonic
molecular beam source prepares molecules in their low-
est energy states and resuits in a greatly simplified spec-
trum.!"* The very low translational temperatures
achieved encourage formation of van der Waal complexes
which can be studied using a variety of techniques. **
After expansion, the cold, collision-free molecuiar
beam can be skimmed and used as a source {or scatter-
ing, ¢ photoionization, 7 or selective excitation studies.

Until recently, however, the use of supersonic molec-
ular beams has been limited by the cost and complexity
of the required vacuum systems. In addition, the maxi-
mum achievatble density of a continuous molecular beam
has been kept relatively low since it is also limited by
the vacuum system pumping capability. In skimmed
systems a differential pumping arrangement must be
used to ensure a collision-free environment for the
propagating molecular beam.

The use of a pulsed molecular beam source can over -
come the above limitations to a large extent. A 100
usec duration pulsed source operating at ten pulses per
second has a duty factor of 10~ compared to an equiva-
lent density continuous source. This allows the instan-
taneous intensity of the pulsed source to be 100 times
that of a cw source, but with only ¢y the pumping re-
quirements. In addition, since the pressure before
each pulse is low due to continuous pumping, the need
for differential pumping schemes is eliminated. Each
pulse expands {reely into an already evacuated voiume.
AsS long as steady state expansion conditions are reached
in a time short compared to the pulse length the major
portion of the fiow is identical to a continuous expansion.

In this paper we describe in detail a reliabie, 10 Hz
repetition rate pulsed molecular beam source. Both the
mechanical and electrical design is discussed. In addi-
tion, detailed progperties of the supersonic expansion are
presented. The measurements show that steady state

' present address: Optical Sciences Division, Laser Physics
Branch, Naval Research Laboratories, Washington, D. C.
20390.
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conditions are reached quickly in the pulsed molecular
beam.

il. THE PULSED NOZZLE
A. Introduction

Early attempts at building a pulsed molecular beam
source resuited in relatively slow (>1 msec) solenoid
actuated devices.® Recent designs, which achieved much
shorter pulses, have been based on a puised valve de-
veloped by Gentry and Gieze.' Pulse lengths as short
as 10 usec have now been reached. A simple schematic
of a Gentry and Gleze type pulsed valve is shown in Fig.
1. The device consists of a hairpin loop of highly con-
ductive metai. The loop is clamped on both ends and
an insulator is placed between the top and bottom pieces
of the open end. A hole is drilled in the bottom plate
and then sealed by an “QO” ring againsi the upper piate.
A high peak current is pulsed through the hair pin loop
to activate the puised valve, as shown in Fig. 1(b). The
current sets up opposing magnetic fields between top and
bottom pieces of the hairpin and causes a displacement
of the top late. The displacement breaks the “O” ring
seal and allows gas to escape from the high pressure
region of the valve into a low pressure region. For
short electrical current pulses, the pulse time is de-
termined by the mechanical response of the upper piate.

Despite the simplicity and elegance of this approach,
there are many problems with the original Gentry and
Gleze design. Physical dimensions of the device are
small to keep the inertial mass of the top plate to a
minimum, but this leads to resistive heating of the
plate and, therefore, a low repetition rate. Current

(o) L

o

[ | CURRENT
(o) i p— }PULSE
FIG. 1. Simplified diagram of a Gentry and Gieze type pulsed

vaive (a) closed and (b) open.

© 1981 Americen institute of Physics
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pulses are delivered by spark -gap switched high voltages
which can lead to arcing and unreliable operation. It
was with these problems in mind that we decided tc de-
sign an improved version of the Gentry and Gieze puised
valve. The design goals were to produce a reiiable
pulsed molecular beam source which could be used in
conjunction with 10 Hz repetition rate pulsed lasers.
Pulse length was not critical in our applications, but
pulse lengths of approximately 100 usec were desir -
able to minimize vacuum system pumping require-
ments, We also wanted a design that would allow the
interchange of nozzles and be readily accessed for re-
pair. Finally, we wanted to provide {or gas stream
{iz.; through the valve for sampling and the possibility
of heating or cooling the valve. Our original design
called for operation at up to 40 atm of input pressure.

The valve described below 2volved after a series of
design changes in both the mechanical and electrical
system. It is useful to summarize the early versions
along with the reasons for later changes.

The basic mechanical design of the valve has re-
mained as shown in Fig. 1. However, earlier versions
of the valve utilized mechanically stiffer copper coated
spring -steel beams and spring-steel or phosphor -bronze
spring bars, machined into an “'I” -beam shape [or more
rapia mechanical response, It was soon found that the
puise energy required to open the valve was not com-
patible with 10 Hz operation due to the finite conduction
and limited convection cooling of the beam. This led
to a mechanical design that utilized a simple bar of
hardened aluminum which was more readily cooled but
which also operated at longer pulse lengths,

The early electrical system used a thyratron to pro-
vide the rapid switching of the high peak current puises.
Although the thyratron was operated within its peak cur-
rent and peak voltage rating, it was found not to be with-
in its peak charge rating. The thyratron thus exhibited
a short operating life of only 100 h before failing. . Fail -
ure was likely due to sputtering of the control grid and
loss of hydrogen gas in the tube.

A careful consideration of the peak current and voit-
age required for valve operation showed that a Silicon
Controlled Rectifer (SCR) could be purchased that would
handle the peak and average current puises needed for
valve operation. The SCR drive circuit is described
below.

8. Mechanical design

Figure 2 shows an exploded view of the pulsed valve.
The main components are, {rom top to bottom on the
diagram, spring bar (A), Mylar insulator (B), copper
base bar (C), Mylar insulator (D), “O” ring (E), stain-
less steei base plate (F), reinovable nozzle (G). and
nozzle retaining ring (H). The end clamps (I), which
hold both ends of the bar asseinbly tightly down. are
shown above the spring bar. Two [eed throughs (J) on
one side of the base plate provide for current input and
output. One feed through is simply a copper rod brazed
in a hole in the base plate. Electrical contacts are made
between top and bottom bars by a copper shim located on

R. L. Byer and M, D. Duncan: Supersonic molecular beam source
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FKG. 2.

Exploded view of puised vaive.

the opposite side from the feed throughs. The thickness
of the Mylar insulator between top and bottom bars is
0.05 mm (0. 002 in.) ana the thickness of the Mylar in-
sulation between base bar and base plate is 0.175 mm
(0.007 in.). The end clamps are insulated by Mylar
glued to their arches. The nozzle assembly inserts

and makes an “0O” ring seal with the base plate. The
neck of the nozzle comes flush with the inside surface
of the baseplate and seals against a number 001 “O”
ring. This small Q" ring fits within a hole made in the
base bar and both insulating strips and seals against the
under side of the spring bar.

The “O" ring has an i.d. of 0.71 mm (0.029 in.) and a
cross section of 0,98 mm (0.040 in.). The spring is 3.8
cm long, 3 mm wide, and 0.5 mm thick, with a mechani-
cally active lenstb of approximately 3 cm. The copper
base bar has equivalent dimensions except for the buige
around the “O” ring hole. The 0,635 cm (0.25 in.) thick
stainless steel base plate is 19 cm long (7.5 in.) and has
mounting holes drilled on either end. The main body of
the base plate supports a rectangular “O” ring which
forms a vacuum seal with a large water cooled solid cop-
per body. The copper body has gas inlet and outlet lines
and supports enough connecting bolts to allow operation
at 40 atm plenum pressure. The total enclosed space
in the valve, once connected with the copper body, is
approximately 10 cm?.

Figure 3 shows two photographs of the pulsed vaive
assembly. Figure 3{a) shows the buse plate with the
assembled mechanical pieces and the copper body with
water and gas lines. Figure 3(b) shows the valve com-
pletely assembled and shows the nozzle assembly. A
conical nozzle is shown in this photograph, but other
nozzle shapes ure also commonly used. At present the

-6 -
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(b)

FIG. J Photographs ot (a) assembled internal components ol
the pulsed valve and th) assembled valve showing nozzle

valve operates with a flat nozzle with a straight cylindri-
cal channel 6§ mm long and 0.5 mim in diameter.

The actual spring bar material used is 6061T6
aluminum. This material was chogen because of its low
ijensity. [airly high stiflness. and good electrical and
eal conductivities. When struck by an impulse force
raused by opposing magnetic {ields. the spring bar re-
sponds with its natural [requency and executes sinusoidal
notion. Only one-haif ot a natural vibration can vcecur

fue to contact with the “"O" ring Using 1 well known

la tor the mechanical response of 1 beam with
both ends clamped. we can calculate the natural beam

iscillation (requency It 1s given by’

vheres S (requency the length of the beam y the
1ensity the cross-sectional area. £ Young s modulus
the two dimensional moment o1 inertia ind i1 con-

stant which 1s 4 r the lowest natural [requency

Supersonic molecular beam source

a good seal with the “O" ring. This st1 +ss biases the
response of the bar so that it requires a large impulse
to open. [t also slightly reduces the response time,

C. Electrical design

The schematic for the pulsed value electrical circuitry
is shown in Fig. 4. A pulse charging power supply is
used to charge a 35 uF capacitor to voltages up to 1000
V. A large hockey-puck silicon controlled rectifier
(International Rectifier *800 PBQ 180) is used to dis-
charge the capacitor and allow a high peak current
pulse to flow through the conductors of the pulsed valve,
A 2 L H inductor is added to the circuit to iimit the rate
of current change i, (! to a value consistent with the
SCR specifications (800 A, usec). A diode is included
in the [ront end of the circuit to prevent the capacitor
from seeing damaging reverse voltage swings. A snub-
ber circuit is used to prevent high voltage spikes and a
large trigger signal is used to assure uniform SCR turn
on.

A tvpical electrical pulse produced by the circuit is
30 .sec long and reaches a peak current of 2500 A for a
800 V charging voltage. The energy per pulse is 6,3 J.
giving a power dissipation throughout the circuit of 83 W
at a 10 Hz repetition rate, Electrical connection is made
to the pulsed valve by a few feet of heavy gauge wire
which is either in a twisted pair or coaxial arrangement.
The SCR switch has proven to be very reliable over six
months of operation.

The resistive heating produced in the active parts of
the valve during a current pulse can be calculated. It is
approximately 2.5 W for the aluminum spring bar and
1.0 W for the base bar at 10 Hz repetition rate. Ther-
mal conductivity is good in both of these components so
that there is no problem with local heating. Overall heat
ing of the valve is not a problem due to the water cooled
copper bodv, Without water flow the valve slowly heats
up until the thin Mylar insulation between spring and
base bars melts. This results in an electrical short,
Reliability of the value is good as long as it is cooled.
We estimate that the lifetime for the mechanical parts
of the valve is 5+ 10" shots. To date mechanical wear
and arcing have not been observed. he only failure
) the valve occurred due to inadver.ent lack of water
cooling There have been no probl:ms with the solid
state driving e.ectronics where oprration iifetimes ol
the SCR and capacitor are expected tc be in excess ol
10* shots
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D. Dasign considerations

The mechanical response of the pulgsed valve is not in-
stantaneous. At a driving voltage of 600 V a delay of 70
use¢ between slectrical pulse and gas pulse is seen,
This delay is caused primarily by the inertia of the
spring bar and indicates that it is not the peak value of
the current pulse that drives the bar but rather the total
impulse. This fact can be used to advantage in systems
with mechanical response times greater than 50 . sec by
allowing a longer electrical pulse at a lower voitage to
achieve the same mechanical displacement as shorter,
higher voitage pulaes. The only criterion to be met is
that the electrical pulse be shorter than the mechanical
response time,

The design oi the present pulsa.d valve indicates that
a valve with shorter nper. times should be possible to
construct. The natural frequency of the spring bar is
given by Eq. (1) and is proportional to (//A)!/%, where
A is the cross-sectional area of the beam and / is the
two aimensional moment of inertia. For a rectangular
[25h%/3, where b is the width and / the height of the bar.
This gives the simple relation that {requency is propor-
tional to the height of the spring bar and that doubling
the thickness of our present spring bar would give a 50
usec response time. The energy needed to provide de-
flections of the thicker bar equal to deflections of the
thin bar now in use would be increased four times, giv-
ing twice the present voitage and approximately twice
the present heating. This does not present a problem
since all parameters {or the present valve are two or
three times below maximum ratings for electrical com-
ponents, The water cooling is capable of handling the
increased heat load easily.

(1l. GAS PULSE AND SUPERSONIC EXPANSION
PROPERTIES

The puised valve discussed in this paper was developed
specifically for use in a laser spectroscopy experiment
using the CARS technique.'’ The v,Q branch of acetylene
(C,H,) was initially studied. The spectrally resolved
@ branch structure of acetylene provided an sxcellent
indication of local rotational temiperature. The complete
experimental apparatus is described elsewhere’ and only
the parts relating to molecular beam parameters are
dis ~ussed here,

The pulsed valve is mounted on an x-y translation
stage in the center of a | m diam, 0.5 m high vacuum
chamber, Stationary lenses {ocus and recollimate the
interacting laser beams, The laser beams propagate
transverse to gas flowgs. The face of the valve can be
brought to within 1 mm of the {ocused laser beams or
can be moved up to 10 ¢m away. The vacuum system
is pumped by a single 6 in. diffusion punp with liquid
nitrogen coid trap. The approximate pumping speed is
850 1/sec. A quidrupole mass spectrometer used for
molecular suecics diagnostics is also in the molecular
beam line.

The pulsed valve is lypically operated with 1-5 atm
of gas in the valve body. No leakage is observed when
the valve is not pulsed. and an average vacuum of 3

R. L. Byer and M. D. Duncan: Supersonic moleculsr besm source

an
8
1etm Cg Mg
- 19em FROM NOZ2LE
» =
=
4
-
-
zL
r
p—
-
Al i Al A P RS SR T S
O 02 O3 04 03 08 O7 08 09 10 12

FIG. 5. “Nude” ionization gauge signal of gas pulse (rom
pulsed valve, Gauge was 15 cm [rom the valve nozzle and
source pressure was 1 atm of ethylene (CyH,).

% 10" Torr is maintained during operation. The pres-
sure is low enough and distance lorg enough 80 that the
molecular beam properties observed ire completely
unaffected by background gas or scattered molecules.
A gas pulse from the valve is shown in Fig. S. This
measurement was made by monitoring the output of a
“nude” ionization gauge 13 cm [rom the valve. The
measured pulse length is very close to the expected 110
usec long pulse predicted from Eq. (1). This pulse
length is typical of most medium sized molecules at
1-10 atm plenum pressures.

To be equivaient to a continuous flow, pulses from
the puised valve must reach the “choked” flow regime.'*
This condition occurs when the valve has opened suffi-
ciently far to allow pressure limited gas flow through
the nozzle and is indicated by flat-topped pulses. Fig-
ure 6 shows observation of such flat-topped pulses.
The method of obta'ning puise shapes was to delay the
pulsed valve opening relative to the pulsed lasers and
observed the actual CARS signal as a {unction of the
delay. Modulation of the flat top is seen and may be
indicative of density fluctuations. The flat top of both
(a) and (b) indicates that the vaive has opened fully and
that gas flow is limited by pressure alone. Part (b)
shows that as voltage to the valve is increased the
choked flow region of the pulse lengthens, as it should,
since the spring bar is driven further {rom the “O” -
ring seal. Normally the pulsed valve is operated at
1.5 times the threshold voltage to insure steady state
flow and to increase pulse-to-pulse stability.

Expansion from a nozzle source into high vacuum re-
sults in adiabatic cooling of the molecular flow, This
coouling is a real reduction in Maxwellian velocity dis-
tribution relative to the center of mass flow velocity.
Well known continuum expansions equations describe
this process very well. The temperature and density
are given by'!

T=Ty[led(r=-0M, (2)
p=pglledly=1apdpram {3)

-8 -
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and T, is the initial temperature, py the initial density,
v the molecular ratio of specific heats, D the noszle
diameter, X the distance {rom the nosile, A a constant
which depends on v, and X, an expsrimentally derived
constant. Rotational degrees of freedon: thermally
equilibrate very quickly with the translaiional degrees
of {resdom in the expansion and become a very good
probe of temperature of the expansion,

Figure 7 shows a sequence of spectra of the v; Q
branch of acetylene taken by using the CARS technique.
Figure 7(a) is a scan taken in room temperature static
gas showing clearly the temperature of the gas by its
rotational Boltzmann distribution. Acetylene has a nu-
clear spin degeneracy factor of 3:1 for odd : even rota-
tional states and this ratio is enhanced to 9:1 by the
CARS process. Figure 7(b) is a scan taken in the mo-
lecular beam 2.5 mm, or at an X/D of 8, away {rom
the nozzie. Cooling is indicated by the shift in peak
rotational population and the spectrum is fitted nicely
using an 60 "X temperature. Farther along in the ex-
pansion, at X/D =20, temperature has dropped to 30 ‘X,
as is indicated in Fig. 7(c).
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FIC. v Gas pulses (rom the pulsed valve operated at (a) 480V
and (b) at 350 V. The tlat top on the pulses indicaled choked
flow
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FIG. 7. Speotrs of the w Q braach of sostylens takea with the
CARS technique in (a) stazic gas, (b} in the molecular beam at
X/D =8, and (c) in the molecular beam at X/D =20,

A systematic study of expansion rotational tempera-
ture for acetylene vs distance {rom the noszle was un-
dertaken and the cesuits are shown in Fig. 8. Also
shown are theorstical plots of temperature vs X/D for
two different v's. The ¥ =7/8 line corresponds to the
cooling which is predicted for acetylene using Eq. (2)
and the ¥ =5/3 line is the predicted cooling for a noble
gas. Data for acetylene at 20 and 40 psi plensum pres-

s 5981 C‘H:
. 20 PSY C‘Ht
* 40 PST CgMy
v 4 PSI CaHy, 12 PSI e

FIG. 3.
sion versus X/D. Theoretical curves for gases with Y= 7/5 and
Y+5/3 are shown.

Plot of rotations! temperature in the supersosic expan
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sure indicate that the actual cusling in the sunersonic
expansion is not as great us predicted by theory. This
is explained by attributing the temperature discrepancy
to heating effects due to clustering, Clustering can oc-
cur in a cooling expansion whenever the local tempera-
ture has dropped below the boiling point for the expand-
ing gas and local density is high enough to support three-
body collisions. Dimers, trimers, and larger clusters
form in the low temperature, high density gas and their
heat of formation is released into the expangion. The
subsequent cooling produced in the expansion reaches a
temperature higher than predicted by theory. The boll-
ing point of acetylene is 190 °K and is reached very
quickly in our expansion, indicating that clustering is
the cause of the fugh expansion temperatures. This is
verified by the magnitude of the effect as a [unction of
temperature., The heating should be less severe as the
plenum pressure is lowered since this reduces the ex-
pansion density. This is indeed the case as indicated
by the data in Fig. 8. Expansion temperatures decrease
a8 the plenum pressure is reducct from 40 to 20 psi and
measurements at 5 psi indicate that t.2 cooling is al-
most as great as predicted by theory. Cluster forma-
tion is ualso verified by mass spectrometer data whizh
indicates a 4 und 8% density of dimers in the expansion
at 20 and 40 psi plenum pressvies, respectively.

Expansion temperatures can be controlied to some
extent by the uddition of a noble gas, such as helium, to
the plenum gas. The noble gas has a ¥ of 5/3 and cools
much more effectively in the expansion, as is shown by
the cooling curve for ys5/3 in Fig. 8. For large ratios
of helium to the gas of interest, expansion temperatures
of less than 1°K can be achieved.'* The effect is shown
in Fig. 8 for a moderate ratio of 3:1 helium to acetylene
where temperatures below those predicted for acetylene
alone are achieved.

Density in the supersonic molecular beam cannot be
measured accurately using the CARS technique. Values
of density, based on signal strength or signal-tc-noise
ratios, are only approximate. A somewhat more ac-
curate measurement of density can be made using a
calibrated ionization gauge. All measurements made
in that way agree well with the density predicted by
Eq. (3).

An interesting feature of pulsed molecular beam is the
possibility of shock heating during the leading edge of a
gas pulse. Shock heating is caused by the interaction
of the pulse with low density background gas. This ef-
fect was predicted’ by analogy with classical gas dy-
namic shock tubes. I[n a shock tube a high pressure gas
1s suddenly allowed to expan< into a low pressure re-
gion. The expanding gas siv cks against the “stationary”
gas 1n the low pressure region and cause - a large heat-
ing to occur in the leading edge of the expansion. In the
case of the puised valve the expanding supersonic mo-
lecular beam shocks against the low pressure background
zas and heuts the beginning of the pulse.

Shock heating 18 indeed observed in our puised molec-
dlar beam. Pulsed valve opening times are delaved
relative to the laser interaction time and rotational
spectra of Jhe low dengity leading edge of the gas pulse

are obtained. Temperature measurements from these
spectra indicate that gas temperatures are four times
higher inthe first 15 usec of the gas pulse than predicted
by Eq. (2). The density of gas is so low that clustering
is not significant, so the heating must be attributed to
shock effects.

IV. CONCLUSION

In this paper we have presented in detail the design
and cheracteristics of a pulsed, supersonic molecular
beam source. [mprovements in this source over previ-
ously built puised molecular beam sources includes high
repetition rate, simple mechanical design, reliable op-
eration and low voltage, solid state driving electronics.
Characteristics of the source have been obtained in large
part by using rotational temperatures of the expanding
molecular beam derived {rom the roiational spectra of
acetylene. These characteristics have been shown to
follow theoretical predictions {or low source pressures
but are seen to be modified at high source pressures by
clustering and shock heating.

The design and characteristics of this rellable, 10 Hz
repetition rate pulsed mulecular beam source should
encourage the use of pulsed, supersonic molecular
beams in an increasing number of applications.
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We have obtained & high-tesolution coherent anti-Stokes Raman spectrum of CsH; in a pulsed molecular beam and
have used the resvlved Q-branch spectrum to study the properties of the expansion. Cluster formation limited the
minimum observed rotational temperature in the pure-acetylens expansion to 30 K.

The possibility of performing high-resolution coher-
ent anti-Stokes Raman spectroscopy (CARS) in a mo-
lecular beam was theoretically investigated over one
year ago by Duncan and Byer.! In this Letter we report
the first known high-resolution CARS in a puised su-
personic molecular beam.

The advantages of Raman spectroscopy in a molec-
ular beam include increased signal resulting from
spectral simplification from rotational cooling on ex-
pansion, sub-Doppler linewidths, and the possibility of
studying complex molecules. Initial estimates of the
required laser power and expected signal-to-noise ratio
were promising but not encouraging.!

Recent advances in pulsed nozzle sources? and in
high-power single-mode laser sources’* have made
CARS and Raman-gain spectroscopy in molecular
beams possibie. Low-resolution CARS of a continuous
niwoge. supersonic flow has been demonstrated.’ and
recently cw CARS measurements of CH, have been
obtained in a continuous supersonic flow.® Almost
coincidentally with this work, Valentini et al.” have
obtained high-resolution inverse Raman gain spectra
of CHy4 in a continuous supersonic jet.

The high molecular density in a pulsed supersonic
flow and the reduced vacuum-system pumping re-
quirements are advantageous for molecular-beam
CARS studies. In addition, the unique properties of
the pulsed supersonic jet make it an interesting topic
for further study. Acetylene was chosen for this study
because its resolved @ branch? is an ideal probe of the
supersoni * jet parameters. [n addition to linewidth-
narrowing effects, we report measurements of rotational
temperature cooling versus plenum pressure and dis-
tance from the nozzle and rotational heating from
cluster tormation.

The experimental apparatus shown in Fig. | consists
of three principal subsystems: a pulsed mulecuiar-
heam source (pulsed valve). a single axial-mode unstable
Nd:YAG oscillator, and a Nd:YAG-pumped dye um-
plifier chain. The Q-switched unstable-resonator
Nd:YAG oscillator is operated in a stable single axial
mode by a recently demonstrated injection-locking
technique.*® 1 ud of energy trom a non-Q-switched
single-axial-mode TEMw-mode Nd:YAG oscillator is
injected into the unstable-resonator oscillator, leading

to single axial-mode operation at 200-mJ output energy
with a Fourier-transform-limited linewidth of less than
100 MHz. The output of the unstable resonator oecil-
lator is split, amg ''fied, and frequency doubled in
KD*P. One green beam is used for the pump in the
CARS interaction. The second beam is used to pump
a three-stage dye-amplifier chain, which amplifies a
100-mW cw dye laser up to 1-MW, 4-nsec, Fourier-
transform-limited pulses with a bandwidth of 140
MHz.? The dye-laser source is tuned to the Stokes
frequency and combined collinearly with the pump
beam. Both are focused tightly into a region in front
of the pulsed nozzle.

The pulsed nozzle is an improved version of the
original Gentry and Giese design.? Tt operates by
magnetic repuision of a spring bar, which sits above an
O-ring seal. A 30-usec, high-current puise opens the
vaive and allows the gas to flow into a cylindrical
channel 6 mm long by 0.5 mm in diameter. The 100-
usec-long, 10-Hz repetition-rate pulses expand into a
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Fig. 1. Experimental arrangement for recording pulsed su-
personic molecular-beam CARS spectra.
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Fig. ™. CARS spectra of the » Q branch of acetviene at 1974
cm™'. (a) Static gas: 20-Torr pressure, 300 K. (b) Pulsed
supersonic jet: 20-psi backing pressure. 80 K. <0.5-md,
0.5320-um energy. (c) Pulsed supersonic jet: 20-pei backing
pressure; J0K; <0.5-m4J, 0.5320-um energy.

3 X 10~4-Torr vacuum, which is maintained by a small,
15.24-cm-diameter diffusion pump. The pulsed nozzle
is mounted on a translation stage, which allows mea-
surements to be made at various distances from the
nozzle.

For the measurements reported here, pure acetylene
at plenum pressures up to 4 atm was used. The laser
beams propagated transversely to the molecular-heam
axis and were focused to a 30-um-diameter spot in front
of the nozzie. The generated anti-Stokes beam was
separated by prism- and grating-dispersing elements,
passed through a spike filter, and directed onto a pho-
tomuitiplier cathode. Background and scattered light
were not a problem. The signal was processed by a
boxcar integrator and fed to a minicomputer for storage.
plotting, and analysis.

Figure 2(a) shows a resolved v» Q-branch spectrum
of acetylene taken at 20 Torr in static gas. The even-
odd 1:3 nuclear-spin degeneracy factor, enhanced to 1:9
by the nonlinear CARS response, is clearly seen. This
300-K scan has a 143-MHz FWHM Doppler-width
contribution to the measured linewidth of 400 MHz.
The dye-laser linewidth and £50-MHz frequency jitter
of the Nd: YAG laser that is due to thermally induced
cavity-lergth changes contribute to the observed line-
width. Saturation broadening and ac Stark broadening
also contribute to tne measured linewidth.

Figure 2(b) shows the acetylene spectrum in the
pulsed molecular beam at a distance 2.5 mm or five
nozzle diameters downstream from the nozzie. A sig-
nificant decrease in the rotational temperature is evi-

ca e ¥ - e
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dent, as is a reduction in the linewidth from 400 to 300
MHz. Figure 2(c) shows the spectrum at a distance 10
am or 20 nozzle diameters from the nosale. At this
distance, the effective gsa density is only 0.2 Torr, and
the gas has nearly achieved its maximum cooling.

Spectra were taken at a series of distances from the
nozsle so that temperature could be accurately deter-
mined and compared with the well:known contin-
uum-expansion equation for supersonic flow!? given
by

T = To/[1 + Y(y — 1NIM3E), 1)
where

T

(2)

is the Mach number, v is the ratio of specific heats, A
is a constant determined by v, X is the distance, D is the
nozzle diameter, and Xo is an experimentally deter-
mined constant. In the present expansion, v = 7/5
(rotational degrees of freedom only). The nuclear-spin
states remain at room temperature throughout the ex-
pansion.

Figure 3 shows a plot of the measured and theoreti-
cally predicted rotational temperatures versus distance
from the nozzle. The measured temperatures at large
X/D are approximately 20 K above the predicted
temperature for 20-psi and 40 K above for 40-pei acet-
ylene pressures. We attribute this temperature dis-
crepancy to dimer and larger cluster formation with a
resuitant heat release.!! This is verified by a low-
pressure expansion at 5 psi, which, for X/D = §, falls
very close to the theoretical curve. We have looked for
acetylene dimers with a mass spectrometer and have
found approximately 4 and 8% for 20- and 40-psi pres-
sures. From this dimer-formation percentage (a lower
bound) and from the measured temperature difference,
we estimate that the acetylene van der Waals dimer
binding energy is approximately 390 cm-!.

We have looked for and observed an increase in
acetylene temperature near the leading edge of the

s 3 PSI Cpry
° 20 ML Cyiy
. 40 P31 Coiy

i i b i i e
0O % 10 19 20 239 30 33 &0 3 %
x/0
Fig. 3.  Plot of temperature versus distance from a supersonic
nozzle. Distance is given in units of 1, the nozzle diameter.
D = 0.5 mm, and initial temperature was 300 K,
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100-usec puise. This temperature increass was pre-
dicted!? by analogy with shock-tube behavior. The
measured shock temperature was 40% greater than the
steady-state temperature obtained in the rest of the gas
pulse.

The combination of a pulsed, supersonic molecular
beam and its increased gas density, greatly reduced
pumping requirements, and spectral simplification
because of expansion cooling, together with coherent
Raman spectroscopic techniques, provides for the first
time to our knowledge the possibility of performing
high-resolution Raman studies of complex molecules.
The present experiment demonstrates that molecu-
lar-beam CARS has more than adequate signal-to-noise
ratio and resolution to become a useful spectroscopic
tool for these studies.

We want to acknowledge the assistance of Isaac Bass
and Frederich Konig, the assistance of M. A. Henesian
tor use of his CARS line-shape theory and program, and
the support provided by the National Aeronautics and
Space Administration through contract NSG2372 and
the National Science Foundation through contract
CHE?91-12673.
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OBSERVATION OF SATURATION BROADENING OF THE COHERENT ANTI-STOKES
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Reported is the first observation of saturation broadening in a high-resolution coherent Raman spectrum of the v Q-
branch of acetylenc. The measured satueation broadenine of 1050 MHz is significantly greater than the calculated ac

Stark broadening of less than 100 MHz.

In this letter we report the observation of satura-
tion broadening in the high-resolution coherent Raman
spectrum of acetylene. Saturation effects have been
observed and studied in dipole allowed (1] and even
two-photon spectroscopy [2}, but not until the ad-
vent of high peak power lasers and coherent Raman
spectroscopic techniques has saturation become im-
portant in Raman spectroscopy. Saturation has been
discussed in relation to stimulated Raman gain spectros-
copy [3] (SRGS) and coherent and anti-Stokes Raman
spectroscopy [4] (CARS), but no attempt has been
made to measure or calculate its effect on linewidths.
Recently saturation has been proposed [5] and used
[3] 1n a Raman analog to nermal saturation spectros-
copy.

In this letter we present calculations which de-
scribe the etfect of saturation broadening on spectra
obtained using the CARS technique and present ex-
penmental data showing saturation broadening on
spectral linewidths of the v5 Q-branch of acetylene.
Saturation occurs in 2 CARS interaction when there is
sutficient perturbation of the molecular ground-state
popuiation due to stimuiated Raman scattering (SRS).

* Present address: Naval Research Laboratories, Washington
DC., USA.

+ Visiting scholar trom Freiburg University, Freiburg, W.
Germany.

* Visiting scholar from Heidelberg University, Hewdelberg,
W. Germany.

The CARS signal strength for u low-density gas is
given by [6]

P, = (8x2c2w Mww}) (aM 3 (do/dQ)?

X [GPL3[1/(28w° +T2)), M

where w,, w, and w, are anti-Stckes, Stokes and
pump frequencies. AV is the population difference
between ground and excited molecular states, da/dQ
is the spontaneous Raman scattering cross section,

I is the pump laser intensity. P, is the Stokes laser
power, L is the interaction length. Aw is a detuning
factor given by w — (wp, - w,) where w is the molec-
ular transition frequency of interest, and [" is a con-
volution of all natural and laser linewidth factors.
SRS occurs simultaneously with the CARS process
and may significantly affect the population difference
AN, at high laser intensities. For the case of pulsed
lasers with pulse lengths less than population decay
rates, the transient perturbation of AN caused by SRS
is described by

d(ANY/dt = ~(ANY8r c? M w, wdKdo/dS)

X I 1 [T/(aw? + T3], ()

where I, is the Stokes laser intensity and all other
quantities have been defined previously. Saturation
causes a decrease in AV and hence in the CARS signal
on line center. as can be seen from eq. (2). but causes
a smaller decrease off line center. This has the effect

253



avar &

IR S |
c 2

O'F PGOR Qo vty

Volume 80, number 2

of tlattening and broadening a line. Eq. (2) can be in-
tegrated to give

AN = AN exp (- AL, [T/(aw? + T e}, @A)

where AN is the population difference before the
laser interaction and

4= 8rcimiu wl)do/in

is th: interaction constant. Damping terms have been
lett out of ¢q. (2) since typical radiative decay life-
times and low-pressure collisional lifetimes are assum-
ed to be greater than the laser pulse widths.

Eq. (3) must be integrated over the interaction time
 to determine the population perturbation effects on
the CARS signal strength. The result after squaring is

am? - exp (- 241/ [[/(aw? + T 7}
(AN,)? 211 |MHaw? + T '

4

We can ubtan an approximate value for the saturation
linewtdth by using eq. (4) as a multiplicative factor in
¢g. (1) to obtain the signal maximum, /. and signal
half maximum §/, as a function of /,, /, and detuning
Aw. Combining these equations we obtain

1 - exp(-:‘.Alpl,r/ r
|- exp (=241 [F(Aw]y + PH] 7} 23w+ 12
()

where Jwys is the detuning needed to achieve {/,,.
This equation must be solved iteratively to find values

28w}, + 2r?
=

of dwyp asa function of IP and /. The fwhm broaden-

ing due to saturation is 23w ,.

Eq. (5) is usetul for obtaining an approximate satu-
ration broadened linewidth. However, to predict the
etfect of saturation on the CARS lineshape at arbi-
trary detuning or for complex spectra a more detailed
theoretical treatment must be tollowed which couples
the stunmulated Raman induced population change with
the CARS lineshape theory {7.8].

The expenimental apparaius used to observe satu-
ration 1n 3 CARS interaction is shown in fig. 1. The
apparatus was designed to allow high-resolution
Raman studies of molecules 1n a supersonic molecular
beam and is described in more detail elsewhere [9].
The apparatus consists of three principal subsystems:
a puised molecular beam source (“‘pulsed valve™),

a single 1xaal mode unstabie Nd | YAG oscillator [10].
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Fig. 1. Experimental apparatus for pulsed molecular beam
CARS spectroscopy.

and an Nd : YAG pumped dye amplifier chain. The
output of the Nd : YAG laser is split. amplified and
frequency doubied to 532 am. One green beam is
used as the pump frequency in the CARS interaction.
The second beam is used to pump a three-stage dye
amplifier chain which amplifies a 100 mW single-fre-
quency cw dye laser up to 0.5 MW peak power. The
dye laser source is tuned to the Stokes frequency and
combined collinearly with the pump beam. Both are
focused tightly into the central region of an expanding
molecular beam. The molecular beam is puised in syn-
chronism with the 10 Hz lasers and produces 2 100 us
long burst of collisionally cooled molecules of »1016
mol/cm> number density [11]. The signal produced
at the anti-Stokes frequency is separated from the inci-
dent beams by prism and grating dispersing elements,
filtered. and detected with a photomultiplier.

The tight focusing conditions and high peak powers
of the interacting laser beams are responsible for satu.
ration. In our case energies of 0.1 and 1.0 mJ in the
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Stokes and pump beams respectively, are enough to
significantly perturb the population difference AN.
Fig. 2 shows a sequence of spectral scans of the »5 Q-
branch of acetylene at successively higher pump ener-
gies. The 3:1 odd : even nuclear spin degeneracy fac.
tor for acetylene is enhanced to 9: | by the CARS
process. Fig. 2a shows the unperturbed spectrum with
clearly resolved Q-branch lines. Fig. 2b shows signifi-
cant broadening brought about by an increase in
pump energy to 2 mJ. Along with the broadening
there is a change in relative intensities between differ-
ent lines. Fig. 2c shows strong saturation broadening
at 4.5 mJ of pump energy. At this pump intensity
230% of the population has been induced to the
upper level.

oemy 93208

(a)

2w 33208

RELATIVE INTENSITY

A U U BT | F SO NP B S\ WU G SR 1
0 2 & 6 6 10 12 4 16 10 20 22 20
(L]

Fig. 2. CARS spectra of the vq Q-branch of acetylene. (a) Un-
perturbed spectrum at 0.4 mJ 5320 A energy, (b) same spec-
trum with 2 mJ 5320 A energy, (c) ame spectrum with 4.5
mJ 5320 A energy. In all spectra the Stokes energy at 5944

A was kept at 0.1 mJ energy.

The ac Stark sffect is another line brosdening
mechanism which occurs at very high laser intensities.
Recently Rahn et al. [12] presented a classical theo-
retical treatment of ac Stark broadening along with
experimental results for the CARS interaction. Using
the acetylene molecular constants we caiculate an
ac Stark broadening for acetylene of 3.5 MHz/GW
cm?. Using the measured value of intensity of 35 GW/
cm?,at 2 mJ input energy for the present CARS ex-
periment, we obtain less than 100 MHz for Stark
broadening. Comparing this to the measured saturation
broadening at 0.1 mJ Stokes and 2 mJ pump energies
of 1050 MHz and the caiculated broadening using eq.
(5) of 1150 MHz, we see that ac Stark broadening
plays a smail role in the observed spectral broadening.
To verify this, we lowered the Stokes energy below
0.1 mJ while keeping the pump energy constant and
observed a decrease in the broadening. This is to be
expected for saturation broadening which is depen-
dent on the product L1, butisnot to be expected
for Stark broadening, which depends on the sum of
intensities.

In conclusion we have observed line broadening
due to population saturation in high-resolution co-
herent Raman spectroscopy of C,H, in a puised super-
sonic molecular beam source. Saturation broadening
sets another limit on the uitimate sensitivity and resc-
lution of coherent Raman spectroscopic techniques.
However, it also offers the possibility of new measure-
ment techniques based on the induced population
shifts.

We want to acknowiedge the support of this work
by the National Science Foundation under Grant no.
CHE 791-12673 and by the National Aeronautics
and Space Administration under Grant no. NSG 2372.
Friederich Konig would like to acknowledge the sup-
port of the Max Kade Foundation. Peter Oesteriin
wishes to thank the Deutsche Forschungsgemeinschaft
for support.
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PULSED AND CW MOLECULAR BEAM
CARS SPECTROSCOPY

R.L. Byer, M. Duncanl, g. Gulegfson
P. Oasterlin? and F. Konig

Edward L. Ginzton Laboratory, Stanford Universicy
Stanford, California 94305. USA

I. Introduction

The advantages of molecular beam Coherent Anti-Stokes Raman Spectroscopy
include increased spectral resolution from sub-doppler linewidths, improved
signal-to-noise resulting from spectral simplification due to rotational
cooling upon expansion, and the possibility of studying molecular complexes
generated by the expansion process. In this paper we report recent high
resolution CARS studies using pulsed laser sources combined with a raliable
pulsed molecular beam source and the first cw CARS measurements in a steady
state high Mach number supersonic expansion.

High resclution pulsed molecular bean CARS measuremenis of the Q-branch
of acetylenewers used to characterize the properties of the pulsed molecular
beam expansion. The onset of saturation broadening in a Raman spectrum was
observed for the first tims in the resolved Q-branch spectrum of expansion
cooled acetylene. The previcusly unresolved Vv, Q-branch of ethylene was
resolved in the expansion cooled spectrum.

We have obtained the first high resolution cw CARS spectra of the CHy
Q-branch in a steady state supersonic expansion. The supersonic jet
expansion is a very useful spectroscopic tool that provides a convenient
method of generating a range of molecular temperatures and densities. We
observed, and have included in the CARS lineshape theory, the effects of
transit time broadening evident in the tightly focused geometry used t
obtain the supaersonic jet CARS spectra of CHy. :

2. Pulsed Molecular Beam CARS

The possibility of high resolution CARS spectroscopy in a supersonic
molecular beam was theoretically analyzed by DUNCAN and BYER [l] in 1979.
Initial estimates of the required laser power and resulting signal-co-noise
ratios showed that conventional effusive molecular beam sources could not
be used in the proposed measurements because of their inherently low
molecular density. The molecular beam CARS experiment was, therefore,
designed "o utilize the pulsed nozzle source introduced by GENTRY and

GLESE I}I . Simultaneously with the development of a 10 Hz, reliable,
pulsed nozzle tﬂ a high peak power, single axial mode, unstable resonator
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Nd:YAG sourge was successfully demonstrated using injection locking
techniques [4] . A Nd:YAG pumped dye amplifier chain was also implemanted
to provide high peak power amplified output from a cv dye laser source.
The doubled Nd:YAG source and the dye lasar source both operated at their
Fourier transform linewidth limits near 100 MHz. The laser sources are
described in more detail ia [6) + PFigure 1 shows a schematic of pulsed
molecular beam CARS apparatus.

' + During the construction of our

pulsed molecular beam CARS
R apparatus showan in Fig. 1, low
e resolution CARS of a continuous
e nitrogen suparsonic flow was

\X demonstratad by HUBER-WALCHLI,

GUTHALS and NIBLER (7] , early
ve !
-

]
)

——— e - -
See NOOE Arep-e

{ =ee H seese |

ferecccccccena-

results of cw CARS of CH4 in a
supersonic jet were reported

and a ssries of high resolution
Raman Gain Spectroscopy measure-
mants of CH4 followed by other

b S molecules wers obtained by
VALENTINI, ESHERICK and OWYOUNG.[9]

)

| 5

The principal advantage of the
suparsonic aolecular beam in these
experiments is the spectral
simplificacion providad by the
» — reduced rotational temperatures.

Fig. 1. Experimental ent for ing p - The temperaturs for a continuum

personic molecular-beam CARS spectra. expansion in a supersonic jet is
- . given by [10]

L

T = To/[1 + Yty = LUMT), 1 is the Mach number, Yy 1is the ratio
. of specific heats, A is a constant
M= A(’_‘_'_xs ~i_ 1(7 +1) [A (X = Xo\v-l]-l determined by v , X is the
D D |

where

2y -1 disctance from the nozzle and D
(2) 1is the nozzle diamater.

We have used CARS spectra of the V) Q=branch of acetylenes where
Y = 7/5 to verify the expansion cooling provided by the pulsed nozzle.
The measurements showed that during the steady state expansion phase of the
100 usec long gas pulse emitted by the nozzle (1) is indeed obeyed when
dimer formation is not significant at low gas densities. At higher gas
densities dimer formation, with the resultant heat release t[11. » prevents
cooling to the theoretically pradicted temperatures. Figure 2 shows the
Q-branch spectra of aczetylene obtained in a static cell, at 809K and at
20°K expansion temperatures. Figure 3 shows the rotational temperatcure
in the supersonic expansion vs X/D. Dimer formation clearly prevents
acetylene from reaching predicted temperatures except at low gas density
or when seedad in helium,

The spectral simplification provided by the supersonic expansion is

illugtrated by the v2 Q-branch of ethwlene. Figure 4 shows the
spectrum at room temperature in a static cell at 60 torr pressure.

- 19 -
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FIG. 2-=Spectra of the V2 Q=branch
of acetylene taken with' the
CARS technique in (a) static
gas (b) in the molecular
beam at X/D = 5 and (c) in
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FIG. 3=—Plot of rotational
temperature in the super-
sonic expansion vs X/D.
Theoretical curves for gases
with v = 7/5 and v = 5/3 are
shown.

FIG. 4—CARS spectrum of the vy
Q=branch of ethylene at
60 torr in a static cell.
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FIC. 5=-CARS spectra of the vi
Q-branch of ethylene ac
X/D = 5 at various input
pressures and seeded in
helium.
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Figure 5 shows the same spectrum at succassively colder locations along
the jet expansion. The temperatures indicated in the figure are estimacas
based on the known rotational constant for ethylexe and a best fit to the
envelope of the rotational component amplitudes. Efforts ars under way to
fit the spectrum and to determine more pracise ethylene spectral constants.

The above molecular beam CARS spectra were gerarated with input pulse
energies of less than 1 aJ. Higher
input energies near S mJ lead to
saturation broadening of the Raman
spectrum. The population changes
induced by stimulated Raman scattaring
: lead in turn to significant spectral
broadening. We have observed
f tes 13004 saturation broadening in the
expansion cooled acetylene spectra
as shown in Fig. 6. [12].
Saturation broadening sats a limit
to the sensitivity of the CARS
process in high resolution studies.
Improvements in sensitivity can be
gained by decreasing tha incident
laser power in the interaction
focal volume by either increasing
the focal spot size or by increasing
B ) the pump and probe laser pulse
widths. The latter option is
FIC. 6——CARS spectra of the V2 desirable as it also leads to
Q-branch of acecylene. improved Fourier transform
a) unperturjed spectrum “., 5 o limited laser linewidths. Howaver,
+4 =] 5320 & energy b) ac I. longer pulse lengths are not easily

¢) same spectrum with 4.5 aJ -
5323 X energy. In all speiua Ii:::"::‘::‘:;zn?"m"' Q-switched

the Stokes energy at 5944
was kept at .l aJd.

asas 3380d

[ lmﬂll

The early onset of saturation in
the molecular beam Raman spectrum
of acetylene suggests that Raman
saturation spectroscopy, in the form
firsc demonstrated by OWYOUNG and
ESHERICX {}31 » 18 a practical approach for sub-doppler Raman spectroscopv.
The shift of substantial population into the Raman level also suggests the
possibility of state elective collisional transfer studies. Step wise
ionization from the Raman level followed by detection of the ion or Raman
ionization spectroscopyv, is also possible.

There is intarest in obtaining the Raman spectra of van der Waals complexes
for the determination of the structure of these systems. The formation of
complexes in the pilsed molec-ular beam expansion led us to search for a
Raman signal due fc ehtylene complexes. Early results were encouraging in
that a broad peak shifted 4.8 ca~l from the previously resolved VY,

Q-oranch peak of ethylene was observed. The magnitude of the peak-varied
with input pressure squared indicating either an ethylene complex or
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FIG. 7—CARS spectra of a supersonic
molecular beam of an ethylene/argon

mixture, The ethylaene pressure was

consctant for all measursments,

(0.27 acm.). The peak at 1623 cm™t
is che unresolved Q-branch of the

vo vibration of CyH4. The peak at
a smaller Raman shift is due to the
ethylene molecular complex.
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ethylene/argon complex was prasent.
Figuze 7 shows the CARS spectrm
taken at 1 cz™* rasolution. The
peak at 1623 ca~l {s che praviously
resalved (see Fig. 5), vy Q=branch
of ethylsne. Moasursments vs
position from the nozzle showed
that the complex began forming at
X/D = 5, tha signal sctrength
increased to X/D = 10 and then
decrsased due to the decrease in
density with further expansion.

Spectral scans attamptad at
higher rasolution did not resolve
structure in the spectrum but
instead led to a significant
decrease in signal sctrangth that
was suggestive of pre-dissociaction
of the complex. These rasults are
preliminary and must be confirmed
by further measurements.

Our pulsed molecular beam CARS
systam has now operated reliably
for more than one year. Contrary
to early expectations, measursments
at good signal-to-noise with less
than 1 @l of input energy have been
vcadily achieved. The combination
of the single axial mode pulsed
laser sources and the reliable
pulsed nozzle have allowed
significant advances to be made in
high resoluticn Raman spectroscopy.

Supersonic cooling in steadvy state flcws can be achieved in the laboracory
using available vacuum pukps 1if the noz:zle diameter is less than

appioximately 1 mm.

We have constructed i '« mm diameter supersonic jet
backed by an old nitrogen laser vacuum pump.
1l ¢ x 1 ca dye laser cuvette for easy optical access.

The jet is enclosed in a
Control of the

back pressure and cf the input puressure allows a wide range of Mach flows

up to Mach 8 to be generated at aminimum gas consumption.

The supersonic

jet was used in cw CARS studies of the flow density, temperature and

velocity.

The study showed that the supersonic jet is an inexpensive,

straightforward method of generating molecular pressures from 1l ata to
less than 1 torr with corresponding temperatures from room temperaturs to
less than 209K under vervy well controlled concitions.
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FIG. 8==Schematic of the supersonic jet expansion showing the location
of the CARS measurements along the jet axis. The dashed line
indicates the barrel shock and the wavy line the location of

the Mach disk.
indicaced.

spectra.

cw CARS spectra of CH, Q-branch at the temperatures
The dots are the data, the sclid line the calculated

A schematic of the supersonic jet with spectra of the methane Q=-branch
taken at three positions along the expansion is shown in Fig. 8. The
spectra were taken using the cw CARS apparatus described previously [;4;.
Spatial location in the supersonic jet was assured by using a tight
focusing geometry with 3.7 cm focal length lenses providine a 2 um spot
size with 907 of the CARS signal generated in less than 100 um length,

It is interesting to note that less than 108 molecules were in the
interacction volume of 6 x 1070 cmd ar 10 corr pressure,
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The spectral simplification of the methane Q-branch to the ground
quantum state is illustrated in the T = 309K spectrum of Fig. 8. Here
the J = 0, 1 and 2 rotational components are fully resolved. The
spectral resolution was set by raesidual Doppler broadening of 100 Miz,
transit time broadening of 100 Miz,and laser linewidth jitter of 30 MHz,
The theoretical f£it to the data points was made using a CARS lineshape
thaory that included transit time brocadening. The cw CARS spectrum was
obtained using a IW argon ior. laser and 100 oW of cw dye laser inmput.
Typical signal count rates ware 1000 cps at pressures of a few torr. The
signal levels were high due to the spectral simplification that resulted
from the expansion cooling. Signal levels were high enough to allow an
accurage measuramant jet flow velccity and temparature.

These results illugtrate the spectroscopic utility of a simple steady
stace supersonic jet. The independent control of input pressures and
backing pressure coupled with position along the expansion axis of the
jet allows ready access to a wide range of temperatures and pressures.
The small diamester jet provides adequate intaraction length for noalinear
spectroscopy and yet minimizes gas consuption at even high Mach numbaer flous.
For example, the present jet consumed approximately 1 boctle of mechane
for eight hours of operation.

4, Conclugion

We have demonstrated that high resolution Raman spectra of complex
molecules can be obtained using a combination of pulsed high peak powaer
single axial mode laser aources and a pulsed supersonic beam source. The
pulsed nozzle reduces the vacuum pumping requirements by a factor of 104
so that aven a small 6" Jiamecer diffusicn pump provides adequate pumping.
Specrral simplification due to expansion cooling allows the Raman spectra
of even complex molecules to be resolved, improves the signal-co=noise
level and introduces the possibility of Raman studies of molecular complexes
formed by the expansion orocess. Saturation effects were obssrved.
Improvements in both the pulsed laser sources and the pulsed nozzle should
greatly enhance the ease of pulsed supersonic expansion spectroscopy.

Our invescigation of the fluid flow properties of a steady state
suparsonic jet has shown that cw CAPS is readily performed in this
simplest of flovs. The ease of construction and operation of the steady
state supersonic jet should lead to its us¢ in a much wider range of
spectroscopic studies.
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CARS spectra (rom 4 supersonic molecular beam of ethylene/argen mixtures show a suung signal cluse ro the Q branch
of the vq vibration of ethylene. The pressure dependence and scaling aws for a condensing nicieculsr hoam indrcate that
it is duc to large C; HyAs clusters. The experimunt did not permit the identification of the clusters.

We report the first direct observation of the Raman
spectra of molecular clusters using coherent anti-
Stokes Raman spectroscopy (CARS) in s puised mo-
lecular beam, Such molecules have heen the subject
of increasing inter::st. Experiments investigating flvo-
rescence {1}, photojonization {2}, and vibraticnal
predissociation [5,4] have been performed, as weil as
several theoretical treatments [£,61. There is interest
in obt2ining Kaman spectra of molecular clusters for
the determination of their structure. However, be-
cause they are normally generated in molecular beams,
at low density, no direct observation using Raman
spectroscopy has been reported.

We have carned out CARS spectroscopy using high
peak power lasers in a pulscd moiecular beam system
[7,8]. For a moleculsr bean of ethviene/argon mix-
tures we have observed structure in the spectra which
is caused by large molecular cumpleacs of the iyyz
(CyH,), Ar,. The measured Raman shift is =d.8
cm—! jess than the CyH,y O-branch vibration at 1623
em—!. The present measurements to locate and de-
tect the cluster spectrum were carried out at a low
resolution (Av = 1.1 em~1) so that the spectrat fea-
tuie appears as a broad peak.

The apparatus is described in more detail else-
where (7], It consists of an unstabie resonator Nd:YAG

* Present address: Physikalisches Institut der Universitdt,
Heidelberg, West Germary.,

* Present address: Fakuadt e Physih der Universitdt,
Freiburg, “Vest Germany.

laser which is pulsed with a repetition rate of 10 Hz,
Its output is amplified and frezuency doubled 0 532
nm. One ;art of this bram is used as the pump for the
CARS prucess. The ou.or part pumps a three-stage
dye amplifier which amplifies the ocutput of a cw dye
laser and supplies the Stokes phiotons for the CARS
interacticn. Typicai pulse encrgies and lengths are 12
mJ and 10 ns for the 532 nm beam and 2 m' and 4
ns for the dyc amplifier output at 532 nm. Tie band-
widthis for the low-resolution study reparted here are
0.8 cm~! for both beams. The two laser beams are
spatiaily overlapped and focused into a iree-expansion
molecular bearn. The CARS signal, after separation
from the laser beams by dispersing elements and flter-
ing, is dctected hy 2 protomultiplier, processed in a
boxcar integracor and piotied on a chart recorder. A
simultaneous ;lot of the cutpur of 2 10 cm=! free
spectral runge inerferumeter, wiich moniturs ihe
scarming uye laser, orovides a rotative fequency scale.

The molecuiar beam sourve is a pulsed nozzie
which is descnbed in detail in another naper {9]. [t is
synchronized with the puulsed lusct svsicm and sunpiies
gas puises of 100 us lengrh. The nozzle has a diameter
of D= 0.5 mm., The specira were taken at a aormal-
ired distance of x/D = 7 from the exit of the nozzla.
The pressur: of C,H, was held constant 2t 0.27 atm
and the pressure ~f Ar was varied between 1.4 2nd 4.9
atm durin2 the measuremente.

Fig. 1 shows three of the nieasured spectra with
argon pressures of 2.2, 2.5 and 4.9 aum. The peak at
a Raman shift of 1623 cra~! is the unresolved Q

a7
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bratich of the ¥4 vibration of the CyH, molecule. Its
rotational structure has been recently resolved with
our apparatus operating in the high-resolution mode
{10]. The broader peak at smaller Raman shift is as-
signed to (C3H,),, Az, molecular complexes. The
spacing between the two pesks is 4.8 2 1.1 cm~!, The
marks of the 10 cm=! interferometer are shown on
top of the spectra. The width of the interferometer
peaks indicates the stepwidth of 0.8 cm=! which is
smaller than the resolution of 1.1 em-!.

The increase of the cluster peak integrated intensity
with increasing At pressure can easily be seen in fig, 1.
At 2.2 atm of argon, the signal intensities are approxi.
mately equal whereas at 4.9 atm argon pressure the.
signal from the (C,H,),, Ar,, molecule is more than
200 times larger than the C,H, Q-branch signal. Al
though it is not possible to calculate the Ranan shift
of such a cluster becauss of the large number of par-
ticles and the unknown binding forces, we believe
that the peak is due to a shift of the », vibration of
C,H, combined with low-{requency vibrations of
van der Waals bonds. A similar shift was abserved in
high-pressure spontanecus Raman scattering of HyHe
and H, Ar collision compiexes {11] a3 well as in low-
pressure infrared absorption measurements in mix-
tures of Hy with Ar, Kr and Xe (12].

An identitication of the clusters wes not possible
for several reasons. First, the signal intensity was too
luw 10 carry out the measurements in the {ree mo-
lecular flow region of the beam. The spectra shown in
fig. | were taken at a reduced nozzie distance of x/D =
7, where the collision rate in the beam is still high.

Secondlv. it is not possible to measure the masses
of large clusters accurately in a conventional mass
spectrometer with electron impact ionization. Mea-
surements with inert-gas clusters have shown that
large clusters fragment strongly, even at electron en.
ergies just above the ionzation threshold {13}, There-
fore, 2 mass spectrometer tends to show a cluster dis-
tribution with too smail a mean cluster size.

Despite the fact that it was not possible to measure
the cluster mass distnbution, we can gve some esti-
mates about the mcan cluster suze. From the spectra
in fig. 11t can be scen that the signal due to ethylene
monomers at 1623 cm=! decreases with increasing
argon pressure, indicating a decreasing density, Since
the parual pressure of C;l1, i3 the same {or all mea.
surements (0.27 atm), the monomer density in the
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Fig. 1. CARS spuctra of a sipstonic melecular beam of an
ethylene/argon mixture. The sthyione pressure was constant
for sl mossurements (0.27 atm). The peak at 1623 cm™! s
the unresoived Q branch of the »y vibration of CyHg, the
peak at a smaller Raman shift is due to (CaHq)mAty clusters

beam shouid be the same for a8 non-condensing beam,
Its diminuition is therefore caused by cluster formas.
tion. The spectra show that the monomer density de-
creases by approximately a factor of two when the
argon pressure is increased from 2.2 to 4.9 atm (the
peak height is proportional to the square of the den-
sity). Such a strong condensation, where =30 of the
particies in the beam are involved, ceruinly leads to
the formation of large clusters

For large distances from the noxzie, far away from
the condensation region, the mean cluster size can be
estimated from scaling laws. It depends mainly on two
parameters, the product of stagnation pressure and
nozzie dismeter, pD, and the binding energy of the
consutuents of the cluster. In our experiment pD =
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196 Torr cm for the highest pressure, The binding en-
ergy between two ethylene molecules is {8 meV [1°}]
and betrween two Ar atoms 11 meV [15]. The binding
energy between an Ar atom and an cthylene molecule
is not known, but it is certainly of the same order of
magnitude. With an average binding energy of 15 meV
between two particles in the cluster we calculated 2
mean cluster size of 3500 atoms and molecules,
using the scaling iaws of Hagena [16]. For clusters of
this size formed in a gas mixture of C,Hy and Aritis
reasonable to assume that they consist of both species.

Since our measurements were performed in the col-
lision region of the beam, the scaling laws can give
only an upper limit for the cluster size. The cstimation
of 2 lower limit is more difficult. The dimer concen-
tration in strongly condensing beams has normally 2
maximum very close to the nozzle, at x/D = 2, Further
downstream small clusters coagulate to larger com-
plexes, so that atx/D = 7, where our experiment
probed the beam, the mean cluster size is aiready large,
about several hundred particles. This assumption is
supported by the fact that for distances larger than 9
nozzle diameters the cluster signal in our experiment
dropped rapidly, indicating that the formation of
clusters stops at this distance, but their number density
decreascs due 10 the diverging yas beam. This justifies
the assignment of the signal in our CARS speztra to
clusters of the type (C5H,),, Ar, with m and 7 be-
tween 100 and 1000.

With the assumption of many C,H, moleculesin a
cluster, the surprisingly strong signal at 1618 cm~!
can be explained. In such a complex the density of
particles is the same as in a liquid. Since the signal in-
tensity for the CARS process depends on the squated
density, only a few percent of clusters in the gas veam
are necessary to give the signal ratio of 200 for the
cluster signai to pure ethylene signal, as was observed
in the measurement at the highest Ar pressure.

The tighuly focused laser Seams used in the CARS
interaction permit the wivesugation of the density of
van der Waals molecules at different distances from
the nozzle. For example, for a mixture of 0.27 aun
CyH, wath 2.2 atm Ar we observed that the CARS
aignal due to the compiexes increases strongly from
x/D = 5-7, indicaung that these moleculcs are forined
mostly at this distance from the nozzle. Measurements
like this open the posability to study the formation
process of clusters in molecular beams,
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Attempts to resolve any structure of the cluster sig-
nal failed because the signal intensity decreased strong
ly with increasing resolution (decreasing bandwidth of
the lasers). This decrease in signal is explained by the
large linewidth of the Raman resonance of the cluster,
which in tlui case is >t cm~1. We do not have a re-
liable model to describe this width, but there are
many line-broadening cffects in large clusters, e.g.
combinations of the vy vibration of ethylene with van
der Waals vibrations, vibrational predissaciation {17)
or distribution of the CyH, vibrational energy over
many van der Waals bonds [18].

In conclusion we observed a strong nddinonal peak
in 3 CARS spectrum close to the Q branch of the vy
vibration of cthylene in 2 molecular beam of ethylene/
argon mixtures. [t is certainly due to large C,H Ar
clusters. The measured linewidth of 1 am-1 is ex-
plained by the interactions of the particies in the
cluster which behaves like a liquid. The experiment
did not give much information about the clusters .
themselves, mostly because we obtained a measurable
signal only with a strongly condensing beam which
contains large clusters of unknown compasition. But
improvements in sensitivity and signal-to-noise ratio
should be possible in the future, for CARS as weil as
for other Raman techniques, making Raman spec-
troscopy a useful method for the investigation of mo-
lecuiar clusters,
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ABSTRACT

We have obtained high resolution cw CARS spectra of the v
Q-branch of Methane in an underexpanded supersonic jet at temperatures

as low as 31.5 K and pressures below 2 torr.
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HIGH RESOLUTION cw CARS SPECTROSCOPY
IN A SUPERSONIC JET

E.K. Gustafson, J.C. McDaniel and R.L. Byer

In this letter we report the first high resolution cw CARS spectro-
scopic measurements in a steady state supersonic jet. The advantages of
CARS measurements in the jet over Raman spectroscopy in a static cell include
spectral simplification due to rotational cooling upon expansion, reduced
Doppler width, access to a wide range of temperatures and pressures in the jet
flow, and improved signal-to-noise. In addition we have observed significant
transit time broadening as a result of the tight focussing geometry used in
the present experiment.

Molecular beam CARS spectroscopy was first proposed and analyzed by
Duncan and Byer in 1979.l Recently coherent anti-Stokes Raman spectroscopy
at low spectral resolution was demonstrated in a N2 molecular beam by
Huber-Walchli et.al.,2 and at high resolution by Duncan et.al.,3 and Byer and
Duncan.a Raman gain spectroscopy of methane has been achieved in a molecular
beam by Valentini et.al.S The above experiments used high peak power laser
sources to overcome the low signal levels which resulted from the low gas
densities encountered in molecular beam sources. Resolutions were limited to
approximately 100 MHz by the Fourier transform limited linewidths of the
single axial mode pulsed laser sources.

In contrast to the above experiments, we report high resolution cw CARS
measurements In a steady state supersonic free expansion jet, The jet offers

the advantages of simple construction, high molecular density, and substantial
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cooling in the iscntropic expansion zone. The ability to use cw laser
sources offers the potential of substantially higher resolution Raman
spectroscopy than possible with high peak power lasers. In thae present
experiment, the linewidth is limited by a combination of residual Doppler
broadening, transit time broadening and laser linewidth jitter.

Figure 1 shows a schematic of the cw jet CARS experiment. The pump
beam is provided by a 4 watt single axial mode argon ion laser with a measured
bandwidth of 30 MHz. The tunable source is a 599-21 Coherent Radiation dye
iaser, and has a 3 MHz bandwidth. Both laser beams are expanded, combined
with a dichroic mirror, and then focussed with a 3.7 cm lens. The laser spot
sizes were measured using a mechanical chopper and found to be approximately
10 microns, but the best fit to the experimental data was produced with spot
sizes of 12 microns for the pump and 13.5 microns for the dye source. Care
was taken to match the focal planes of the beams and to center the beam waists
into the coldest part of the supersonic expansion. The generated anti-Stokes
beam was collimated with a second 3.7 cm lens aud spectrally dispersed from
the pump and dye beams by a prism and grating, prior to the photon counting
photomultiplier tube. The computer controlled the dye laser wavelength and
recorded the spectrum, In Fig. 2 an expanded view of the supersonic jet and
several spectra are shown. The cooling of the gas as it accelerates away
from the nozzle is evident from the preferential population of the lower
J levels.

The supersonic jet consisted of a 's mm diameter orifice centered in a
1 cm x 1 cm glass dye laser cuvette. The jet and surrounding cuvette were

mounted on an x,y,z stage to allow easyv access to various locations along
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the axis of the expansion. In this way regions from high temperatures to

low temperatures could be accessed by physically moving the jet. The input
pressure was controlled by adjusting the regulator on a standard gas bottle,
The jet exhaust pressure was controiled through a throttle valve which was
backed by a pump that provided approximately 10 CFM pumping speed. Typical
operating pressures were 150 PSI input pressurc and 30- 250 torr backing
pressure., The gas bottle provided up to eight hours of operation under these
conditions. Mach numbers of up to 8.2 could be obtained just prior to the
Mach disc shock front with a corresponding temperature of 24K and pressure of
less than 0.5 torr. Pressure broadening of spectra taken under these conditions
was negligible,

To ensure that the anti-Stokes signal was generated primarily in the
coldest part of the flow it was necessary to focus tightly. In this tight
focussing geometry transit time broadening became a significant broadening
mechanism, Formally, the linewidth broadening effects were calculated by
solving for the anti-Stokes field using a Green's function formalism and
including the time dependence of the molecular positions across the Gaussian
intensity pump and dye laser beams in the nonlinear driving polarization.

The power spectral density must be numerically evaluated and is

+o 2
I(v) « ,/. da X(B) (v + a) K(a, Yoo ? v, V) (D

S0
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where the kernel function K(a, Hpo ) v) 1is given by

2.4 2,2,.2
t +2 +(21' AT A%)z ]
K(a,w_,w_ ,V) -(exp -[T§+(—E§]°‘2)_[ dz R(z,w °.ww)exp s’ 2 DAg 3 2 a?
2 * P T, Ay 2 ]
s
(2)
4
/":221 (Ts ZTTAQZn%Az
x exp 1 AD+K~2 |+ p =
‘P Tgt Ay 2
where
wE S0
t =L and ¢ - = are the pump and Stokes transit times,
P v 8 v
2 2 2

2 t cs 2 t ts
Ts - (_AR) + (—4-) and TD = (—[‘R) -(T) are related times and

2 2 2 2
t 1 t 1 t 1 ts 1
A = (_2) —_ 4 (__s.) -— and AD - (—2) —_— (—) _— are constants
s
4 z 4 z 4 z 4 z
P S p s

written in terms of the pump and Stokes beam Rayleigh ranges, zp and L The

factor R(z, w__, w_) contains Gaussian beam parameters with w and w
po $0 po S0

being the pump and Stokes beam spot sizes at the focus.
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Here x(3) (v) 1is the third order susceptibility including Doppler
broadening, a is the frequency variable of integration, v is the molecular
flow velocity, and v is the CARS frequency variable.

Figure 3 shows a computer generated plot <~f the kernel function
K(a) for several different spot sizes. As the spot size decreases the
effect of transit time broadening {ncreases and the linewidth increases.
In our experiment the linewidth due solely to transit time broadening is
114 Mz, 1In the limit of zero transit cime broadening the total lineshape
theory including Doppler broadening, pressure broadening, and transit time
broadening reduces to the lineshape theory of Henesian and Byer.6

Figure 4 shows a spectrum taken of the 12 Q-branch of methane in a
Mach 6.8 jet at a temperature of 34 K. The temperature was deterunined by
the isentropic expansion relations for the supersonic flow. At the higher
temperatures the higher rotational J values are populated although not
nearly to the extent evident in previously published spectra of the vl
Q-branch of methane, taken at room tempetature.7 As the temperature decreased,
the spectrum simplified to include only the lower rotational components J = O
to J = 2. The three nuclear spin components, A, E and F, remain at room
temperature equilibrium ratios of 1: 3:5 during the expansion. The measured
linewidth for J = 0 is 204 MHz. The equivalent pressure is less than 2 torr.
It is interesting to note that in the inter~ction volume, of less than
10-8 cm-3, the net number of molecules contributing to the CARS signal is less

than 3 x 109 for a single rotational component.
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The experimental gpectra (dots) shown in Fig. 4 are well fit by
the calculated theoretical spectra, including transit time broadening
{sclid lines). The dashed curve ip Fig. 4 is the lineshape excluding
transit time broadening. The lineshape theory thus included contributions
from Doppler broadening, 10 MHz of pressure broadening and transit time
broadening, The pressure and velocity used to evaluate the lineshape
integrals were calculated for the jet using the theory of Ashkanas and
Sherman.8 A temperature of 31.5 K produced the best fit to the data.9
In our present tight focusing geometry transit time broadening was comparable
to the residual Doppler broadening of about 100 MHz.

The calculated linewidths and peak heights agree well with the measured
values except for the J = 2 peak. 1In the linewidth calculations we assumed
that the A & E nuclear spin components are degenerate for the J=2 rotational
level. The measured linewidth is 25 MHz wider than the linewidth of the J=0.
and J=1 levels which suggests that the J =2 nuclear spin components are not
degenerate but are split by approximately 25 MHz.

In conclusion, we have demonstrated high resolution cw CARS spectroscopy
in a supersonic jet expansion. The jet provides a convenient method of
obtaining molecular cooling at relatively high density. The high density and
spectral simplification lead to improved signal-to-noise compared to CARS
spectroscopy in either a static cell or in a molecular beam expansion. We
have observed transit time broadening and have included it in a generalized

CARS lineshape expression.



The ease of construction and the wide range of temperatures and densities
accessable in a supersonic jet make it a generally useful tool for high

resolution molecular spectroscopy.lo
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