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Gas dynamic flow and laser spectroscopy of molecules
P K Chakraborti

Bhabha Atomic R h Centre, M.D.R.S., Bombay-86

Abstract : A novel techmgue for overocoming the difficulties involved in
high resolution gas phase spectroscopic studies of complex molecules ia des-
cnbed. A desirable spectroscopic samplo would be an ensemble of molecules,
all in a particular well dofined quantum state (usually the lowost energy state)
travelling in free spaco with & narrow velocity distribution, and at a sufficiontly
Jow densit

v Ro that intermolecular interactions aro unimportant. A supersonic
expansion of molecules in a monatome carrier gas seems, fo a large degree,
satisfy the requirement of an 1deal spectrosoepio pl ome applications
of this technique to the study of both stable and unstable inolecules and 1its

usefulness in relation to laser isotope separation will be discuksed.

\

1. Introduction

An extremely high level ol occupaney of tho low lymng levels of complex heavy
moleoulos makes them unattractive apccios for high resolution spoctroscopic
studies. The difficultios arc vory much aggravated with increasing number of
atoms in tho molecule and with increasing molocular woight Theoretically
the solution to this problem is to supercool the vapour tb very low' temperaturo
without condensation and without loosing vapour phase characteristics. Isolu-
tion of the molecules in an incrt gas crystal lattice (Lowis and Kasha 1944,
Robinson et al 1957, MeClire 1954, Paine ¢t al 1976) rolve the problem only
partially. This technique can not determine all the cnergy states of the freo
molecule, since the intermolecular interaction results in a loss of information
on the rotation of the moleculo, and the goometry of the molecule can bocomo
strongly distorted. Thus, it 15 necessary to have & mora offective method of
roducing the vibrational and rotational structure of the spectra.

Use of hydrodynamic flow dource for high intensity molecular beams was
first suggested in 1951 (Kantrowitz and Groy 1951). Sinco then great advancos
have been made in tho design and operation of nozzle beam sources and they arve
adequately doscribed in the literaturc (Anderson et al 1966, Pauly and Toennis
1968, Fluendy and Lawloy 1973). In conventional molecular beam studies
such, sources are now routinely uscd (Parson et al 1972, Ng ef al 1974, Vehmoycr
et al 1978). Hydrodynamic source has also been used for studying unstable
Species e.g. van der Waals’ comploxes (Milne e¢f al 1970, Golomb et al 1972,
Gordon et al 1971, Van Doursen et al 1975, Vohmoyer et al 1976). The formation
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of van der Waals complex m & wozzlo boam is dug (o
duced in tho jet. This well-known phenomenon of

vapou.m n a supersonio strenn und their wse ny speetroscopy was Arst suggested
by Milne t.md Green (19G9)  "The {ranslational temperature as low ag 0-03°K
can be achieved in some cases through nozzle expansion. Tolyatomic molecules
seeded into thix expanding jot communicate with this refrigeration modia throngh
binary collision causing considerable cooling of the differen
Troe, collisionless flow is uchioved vary quickly

the extensive cooling pro-
supercooling of gases and

t degrees of freedom

! : » pormnitting the highly unstable
cold spacie 10 survive for a period dotermined by the size of the apparatus,

. . . L
Three body collision leading to coudensation is muinimized due to the suddeu
nature of the enoling.

Over the last fow yours this tochmgue of supersone cxpansion has heon uged
by a numbor of works for viable fluorescence studics (Smalley et al 1974, 1975,
1976, 1978), cloctronic absorption studics (Katacv 1976) and infra red shsorption
studios (Jonsen ef al 1976, Travis el al 1976, Milor 1977). Tn tlus account wo
will digeuss some of thoe charactoristics of a supersonic jou flow and also traco
very briofly the progress of rescarch in the application of suporsonic heams and
jots towards the solution of a number of problems in molecular optical spectros-
copy and to illustrate the promise such oxperiments hold

2. Cooling in supersonic beams and jets

A molscular beam source consists of a high-pressuie gas reservoir, an orifico in
the resorvoir to allow tho escapo of gas, collimating apertures to shape tho down-
stroam flow pattern, and sufficient pumping spoed to maintain low downstroam
prossuve. LU collimating aportures are absent and there i8 no attempt to control
the downstream flow pattern. a supersonic source is called a frce jet. For
supersonic operation the source prossure must satisfy the coudition D3> A,
whero ) i the orifico diamoter and A, stagnation mean free path.

The most important foatures ol & hydrodynamic heam denive from the fact
that the nozzlo converts tho random kinetic encrgy of the souree gas into dirocted
mags flow with velocity U and with a lower local gas temperature 7' (dofined in
torms of the width of the volocity distribution). Under adiabatic reversable
flow condition (no shock waves, no sheer forces, no hoat source or gink and no
heat conduetivity) the oxpansion is isentropic. Conservation of energy along
u flow stream-line requiro that, at any point in the flow,

Hy = H+}U? )

whero H = C'pT'+Const. is tho enthalpy per umt mass and the subseript o rofor
to stagnation condition in the source.
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From this wo derive
—1 -1

It thoerefore follows that cooling can be quito oxtensive, for example for a
jot with M — 10 and y = 5/8, T|T, = 3x 10-2,

For continuous flow the Mach number dependence on distanco from the nozzle
(Ashkenas and Sharman 1966) is given by

M = AX[D)-1 3)

where X is the distance from the nozzlo and D is the nozzle dian}etrc The
quentity 4 is a constant; which depond on y and is 3-26 for a monatopic gas

There are practical limitations to the usefulness of equation (3) knd to thoe
extent of cooling that can be achieved. These are :

a) Rarefaction .

Binary collision rate decreases rapidly with progress of expansion and very
soon tho collision rate hecomos too low to change the velocity distribution
appreciably. Anderson and Fonn (1965) predict for the asymptonic terminal
Mach number

1—y
My = Const. (A/D) 7 !

= 183(P, D)1 (for argon) 4)

whero P, is the stagnation pressure in atmosgphere and D is the nozzlo diameter
in centimetres Substitution of equation (4) in equation (2) give for the terminal
temperature for argon.

Tr _ 0:87-1

= [1-+-5896(P,D)%#] (5)

Participation of the internal degrecs of freedom of & polyatomic molacule

glows down the cooling rate, thus expansion of pure polyatomic gas produces
much higher torminal temperature. Polystomic molecules must therefore be
used in low concentration in & monatomic carrier gas to achieve lowest possible
internal temperatures. In general we expect Ty >Typ > Troy > Tiy.

b) Pumping speed :
Inadequate pumping speed or obstacles in the flow pattern oan create
standing shock waves which must bo avoided if experiments are to be performed
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on c?ld moleoules. Q&mpurgue (Camparguo el al 1076) discussod the limitations
and important, practical means of mitigating the effects of finito pumping speeds.
¢) Condensation :

The condensation rate 1 vory low . a fast expanding supersonic flow
Nevertheless, at gomo point in the fow the formation of dimors, polymars and
ovontually orystals and droplets will bogin and this will limit {ho ultimate transla-
tional tomperature attainablo. In Figurn 1 we Prosont the measured intensity
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Figure 1. Iulensity VS staguation pressuro ab stagnation temperature,
To = 308“1(.

data for argon as obtained by the prosent author. 1 is obsorved that the mono-
mor intonsity passes through w poak. This is in conformity with tho observations
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made by other workor in the field (Leckenby et ¢/ 1964, Golomb et al 1970, 1972,
Van Doursen et al 1974). Tntensity decreage for the monaiomic spevies could
primarily he attributed to loss of particler due to condensation. However,
additional loss of monomer particles from the collimated besm can be attributed
to additional momentum gain tfrom heat of condensation Propor assignment
of tha detocted nignal is complicated by dissociative ionizaiion of higher clugters
m the 1onizar of the detection systom. Sevoral workors (Van Deussen et al 1975,
Vehmeyer ¢ al 1976) have utilized the measured dimer collision cross gection
a3 a funetion of stagnation pressure and stagnation temperature 10 locato tho
initiation pont for the formation of higher chusters Tigure 2 shows the datu
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Figure 2. Total oollision cross-section date (without velocity selection)

for Ar,-Ne (@) snd for Ar-Ne(x)as a function of stagnation pressure for

caffi source temperatures. The limiti Py, for each temperature

s P

iy indicated by an arrow. (From Vehmeyer H e al 1976).

for argon dimors scattered by noon (Vohmeyor ef ol 1976). The points marked
by Pr mark the boginning of the formation of elustors highor than dimors The
frequoncy of three body collisions mecessary to initiate condensation depend
apon the mass and meratomic potentisl of atows in question. Condensation
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18 minimizod by using lighter spocise 0.8 He or H, m particular helium which
has very weak intermolcoular forec. There is no bound He, molecule (Van
Doursen and Reuss 1975), the formation of puro helium cluster requires at least
four body collision for initiation, and thus the growth of such clusters is a very
slow.proeess. In fact, the growth of clusters of helium with molecules of spectro-
scopio interest, is much fastor than the growth of helium clusters Such cluster
{ormation is minimizod Ly Limiting tho concentration of molecules to & low value.
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Figure 3. A portion of the fluorescence excitation speetrum of NO, for (lop)
& conveniional room temperature sample of pure NO, at 0:04 torr pressuro,
(muddle) a supersonic beam of pure NO,, and (bottom) a supersome boam of
5% NO; m Ar. All spoctra were taken using & CW dyo laser. Laser band-
width was 05 A for tho lower two spoetra. (From Smalley R E et al 1974).

Probability of binary collsion 18 proportional to DfA, and that of trinayr
oolligion iy proportional to DJA,%  The ratio of three body to two body collision
is proportional to the numbor density of atows sy Since the terminal tenipora-
turo is a {unction of w,D, a fixed terminal tomporature with minimum coxmplex
formation 15 achicved by docroasing », and increasing D, keeping 7,0 constant.
Moss throughput is proportional to n, D, thus meressing nozzle diameter increuses
pump gize.
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3. Optical spectroscopy with supersonic beams and jets

The availebility of tunable lagers along with tho prospect of isolating supor-
coolod molecules, complexes and froe radiclos in a job or & beam has given a new
momentum to moleoular spectroscopists. It is now within our means to separate
tho individual vibronic bands and make proper rotational assignment of the
bands even for tho most complex molocules.

Isotopic features in the ir. absorption spectra of complox molocules hLas
cloarly been rosolved uging flow cooled method. All these have fundamental
importanco as woll as practical implications. Here we will project some solooted
optical sludies carried out with supercooled beams fmd jols to domonstrate tho
capabuity of this technique.

w) Fluorescence studies :

Since 1974 Lovy and Wharton group at Chicago has moasuroll the visiblo
Hluorescence spectra of & number of moleculos and complexes using) supersonic
jol¢ and beams and & tunable CW dye lasor. The system most thoroughly
studied by them include molecules ¢ g., NO,, Iy, S-tetrazino and their complexes
with helium  As a typical example we have taken the caso of NO, in the wave-
length region 6700 to 5700 A The magnitude of simplification in tho observed
flow cooled spectra for NO, (Smalloy et al 1974) is demonstrated in Figure 3.
Tho peak detected fluoroscouce imtensity is ~10° photonf/see In 1ho socded
beam.-data vibronie bands arc now clearly sgparated and the rotational structura
appear 10 be domunated by a triplet. The ratio of intensity of tho central mombe
of a triplet to that of thoe othor two components provide a meagure of rotational
temperalure, and this gives a rotational temperaturc of 3-} 1°K {or the seeded
beam. Subsequently using o dilute mixture of NO, in helium at 100 atm. they
ware able to achieve arotational temperature of 0-7°K. In the vase of S-telrazeno
a rotational temporaturc of 0-5°K was achieved and this permutted a complolo
analysis of the rotational structuro.

b) Infrared Absorpiion :

Apart from basic interest in Ligh resolution spectroscopy, absorplion studics
with supercooled molacules has practical implic&fsion in lagor isolope soparation.
For any {easible model for laser isotopo separation, the most fundamental require-
ment is the existance and identification of isolated isotopic spectral featuro.
Room temperature spectra of polyatomic molecules o.g. 8Ty, UF, ote. are very
complex duo to ‘hot band’ irangitions. Suporcooling the moleculos in & supor-
sonic flow can produco the dosirod spoctroscopic result. Using a tunable diode
lasor and flow ¢voling, high resolution spectra of STy and UF, molocules havo
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been roportoed (Jonsen et al 1976, Travis et al 1976

). Tn Figure 4 wo hav
the room temperature spectra, of the v . e » havo Fhown

band of §F, which can ho compared with
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Figure 4. Infrared sheorption spectrum of S8F, at room temperature. (From
Jensen R. J. ¢ ol 1976).

the spectra of SFg (Jensen et al 1976) in Figure 5 flow-cooled to ~85°K. The
cooling makes the @-branch much gharper than the room temporature spectra,
indicating the extent of roduction in the “hot-band” absorption from that at
room temperature.

A composite high resolution v,-hand spoctra of flow fooled UF, (Jensen et al
1976) is shown in Tigure 6. The isotope offacts are very clearly rosolved. This
spectrs may be compared with the corresponding room-temperature spectra
Tigure 7.

Supersonic flow and its relevance to high resolution laser speotroscopy has
boen olearly dooumented in the oited rosults,
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Figure 5. Spectrum of flow cooled 8F; (From Jensen R, J. et al 1976).

INCREASING FREQUENCY -

Figure 6. Composite spectrum of flow-cooled UF, takon with tunable diode
lasers, Peeks 2, 4 and 5 are R-branch lines of 3%UF,, peek 3 is the @ branch
of 295UF, and peaks 1, 6 and 7 are from referonce gases.' (From Jeneen et @/ 1976).
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Figure 7. Spectrum of 28UF, at room tempersture with ground state PQR
structure for v; band, spectrum 2**UF is shown at bottom for comparison.
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