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Use of a free-exp2nsion jet in ultra-higheresolution Raman spectroscopy
James J. Valentini

University of California, Los Alamos National Laboratory
CNC=-2, Mail Stop 732, Los Alamos, New Mexico 87545

Peter Esherick and Adelbert Owyoung

Sandia National Laboratories, Albuquergue, New Mexico 87185

Abstract

Rotationally-resolved, ultra-high-resclution stimulated Raman spectra of C4,, CD,, and
SFy have been obtained in cw and pulsed free-exrarsion jets, using a simple and inexpensive
nozzle-and-vacuum-chamber apparatus. Through variation of the no2zle orifice diameter,
nozzle backing pressure, and axial location of the spectroscopic probe region it is possible
to nearly independently control the spectral Doppler width, rotational temperature, and
molecular density in the ijet. Using relatively mild expansior. conditions we have been able
to cool a pure methane ject to a rotational temperature of 13K. We show herc how this con-
trol of temperature, independent of density, allows separation of otherwise unresolvable
spectral features and unambiguous identification of band-heads, hot-bands, and other spec-
tral features.

Introduct ion

‘ree-cxpansion jcts have bern shown to be extremely useful as gpectroscopac media, !

lost of the work done to date has inmvolved clectronic spectroscopy ot molecules far down-
stream in the jet, where the temperature is very low, typically a tow kelvin, However, the
carlier part of the jet, where the temporatures ayve NCK to 10K, provides a uniqgue enviion-
ment for hagh-rosolution rotational an'd vibrationel srectroscopy.  In this paper we pepot
the use of cw and pulsed free-cxpansion jeta in a hiagh-reselution coherent Raman stuly,  We
have chosen stimulated Raman spectr. scopy: as the siectroascopie probe because ot ats hjahb
sensitivity and apatial resolution and alse becausc, i contrast to other nenlinear toech-
nirques, it yields direct kaman spoectia,

Lxperimental

The stimulatoed Raman technigque ukes a hiadh power pulsed laser to produece a "pump " tear
which induces an absorption Ginverse Pamah spectiroscopy) or emipxion (stanalated Raran aane,
spectroscopy) in the sanjle at the anti=Stokes or Stokes shitted trequencey, A dqated ow
laser, the "probe," is used to momitor this transient absorption or emission, whielh e
detected by a photodiode and averaged by a boxcar arteqrator. Spectral seannint of the
pump laser results an a display ot the kKaman spectrun,

our stimulated Raman mysten user o 10 ppy, 6 neec padae length fregqueney<dogb-le b N0y ac
lager Bystem to pump three guecersive dye amplifaers, whach are ured tooamp Lt (0e 0 MKW
poak power witn Ch MHz linewidth) the anjut from a saintlie=mode cloectronical ly-seannable ow
dye laser oncallator, This provides the pump beam. A maingle treguency ow oaen laner g
dred an the |'l'll|n' | TR

We have used both cw and pulsed freceeoxpansion nomrces for these oXpoepirents, The ot
emanates] from a painhole nozzle anto a vaceum chambor pumped by two 1o-gnel ol it tunien
rumpr. The optical pump and probe beams were focune ! byoa 40 em ol lene o anto the mejer-
ular jot perpendicular teo the et axir, with a relative cronming anale of % legrees, yael i-
thg a sampling volume of approxamately 100 ym drameter and 1,4 me lenath,

Sinee the expannion producen a et of fanite davercence (9% ) an optical anteraction
length which wan shart compared to the jet diameter wan necenrnary te o redues the eftec ee
Doppler width,  Thin wan achieved by unaing a ftairly "ptect™ 8" laner crosping angle,
Deapite the smal. interaction volume, the hiah denmity and reduced partition tanction ah
the yet reaulted in obmerved pranal  trengthn comparabide te Chone obaerved an dan celln at
a4 fow Tort prewmnure,

Remultn
Wre have obtained ratationally renolved ppectra of Vi, it a ow free=oxXpatanion jot, and of

Chyyand 81 ina pulaed freesexpanmion jet, Thene ppectia, and for compal tBoh room temper -
Aatute mtatie gan mpectra, e nhown an Fiaures 1=, In the ¢, apectia of Pogare 1oone can
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see how the Doppler width reduction effected by the cooling in the jet permits improved
resolution, the fine structure in Q(3) and Q(4) lines being clearly resolved in the mild
expanrion jet spectrum. The CD, spectra of Figure 2 indicate how thie cooling can aid
considerably in identifying band-heads and hot-bands. The nozzle spectrum allows unambig-
vous identification of the Q(0), Q(1), Q(2), and Q(3) lines, due to the disappearance of the
hot bands at low temperature. 1In free-expansion jets tne rotational cooling is generally
greater than the vibrational cooling, i.e., Trgtatjon ¢ Tvibration: This feature of the
jet can be exploited to reveal vibrational hot-bands which are concealed by rotaticnal
structure of the fundamental at room temperature. An example of tnis situation is shown in
the SF; spectra of Figure 3. The vy hot band near 774.18 cm ! is strongly overlapped by
the high rotational states of the fundamental in the room temperature spectrum, but is
clearly cvident in the jet spectrum.

It is important to note that the spectra obtained here of cold molecules in the jet could
not be obtained by simply cooling a gas cell to low temperature. At th> temperatures pro-
duced in the jet the equilibrium vapor pressure of almost all molecular species are 10 “ to
10"!% Torr or less, much too low to allow stimulated Raman spectroscnpic studies. However,
since the molecules in the jet are not in thermodynamic equilibrium, pressures much greater
than equilibrium values are commonly obtained. For example, in our jet spectrum of SF, in
Figure 3 the pressure of SF¢ in the jet at the point at which the spectrum was recorded
was 10 Torr, 10!® times greater than the equilibrium vapor pressure.

Conclusion

Our results demonstrate the desirability and feasibility of applying cohvrent Raman
technigues to precise spectroscopic studies in molecular jets. As indicated by our prelim-
inary work on CH,, CD,, and SF,, the frece jet affords great control over the Doppler widti,
molecular density, and rotational tecmperaturec, and this shovld prove to be considerahbly
helpful in spectroscopic analysis. This technique should also allow Raman spectroscopic
studies of weakly bound, so called van der Waals moleculee, such as Ar,, as well as studies
uf rotational and vibrational relaxation in free jets,
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Figqure 1, Spectra of the vy @ branch ot CHye The top npectium

is that obtaitned 1na 1oom temperature, static gas pample of

Clt, at 1 Torr,  The two lower vpectra were obtalned inoa ow {roee
oXxpannfon jet, the mild expannion with 0 um diameter oritiee,

4.8 1t backing presaure, 1,0 mm downntieam; the stront oxpanrion
with 100 g e ifiee, 50 pri poeuapure, 4.5 mm Qe nntveam, Notoe

the renolantjon of the oY) and Q(4) lTinen in the mild expansion
npectra, and the qreatly reduced Tinewldth in the sthiong expansion,
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Figure ., Spectra of the vy © branch of ¢hy,. The top npectiam
ig that obtained in a room temperature, static gas sample of b,
at 10 Torr. The bottom spectruw is that obtained in a pulsed
jot with 1000 ym drameter orjifice, 50 psi backira pressmo,

2.7 mre downstream The rotational temperature in the jet is
44K, The jet spectrum shows unambiqgueusly that the Q(0) line
iw that at ~2101.3% em™!, and allows casy ldentification of hot
bands in the atati gas spoctrum,
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Pioare 3, Spectra of the g=branch of the vy mode of 4. The
to, gpectrum is that obtained in a room temperature, static gas
rample of Sk at 3.5 Torr, The bottom spectrum is that obtained
noa pulsed free-jet expansion in 8Pa. The jet backing pressure
wan 92 psi, the nozzle oriilce war 1000 um diameter, and the
spectroscople interaction rvegion was located H.% mm downstream
of the orifice,. The rotational temperature in the jet is V70K,
Note the separation of the v hot band {n the jet spectrum,



