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Detection of argon dimers by means of Raman scattering is reported. This first observa-

tion of dimers by Raman scattering in a supersonic expansion provides a new technique for
the study of the low-lying excitations of dimers and perhaps larger clusters, useful in deter-

mining interatomic potentials, etc. Spectra were recorded at low temperature and density in

a supersonic expansion of pure argon. Both the pure rotational and the much weaker vibra-

tional Raman transitions were observed for the lowest two vibrational states of the dimer.

Raman transition frequencies were determined from the spectra. Theoretical spectra were

generated with the use of the polarizability approximation. By using a classical point-

dipole-induced dipole model in the calculation of the matrix elements and assuming a

thermal distribution over the dimer levels, we could reproduce the rotational spectra to
within experimental uncertainty.

I. INTRODUCTION

van der %aals molecules have been extensively
studied since their discovery more than two decades
ago. ' These molecules are characterized by weak
binding energies of order 10 meV for argon; for the
extreme case of He no bound state exists in the po-
tential well. As a result, in a room-temperature gas
they are present in such low concentrations that they
are very difficult to detect. Two methods have been
successfully applied for their study: (a) cooling the
gas near the hquification temperature and (h) pro-
duction in a supersonic expansion from a nozzle. In
the latter case, downstream of the nozzle exit, the
gas of the isentropic expansion cools sufficiently so
that collisions result in the formation of dimers, tri-
mers, etc.

van der %'aals (vd&) dimers of the rare gases
have been studied mainly by two techniques: mass
spectioscopy in a molecular beam and uv absorption
in a cold stagnant gas. The study of the spectra pro-
vides detailed information concerning the interatorn-
ic potential. In addition, vdW dimers of molecules
including species such as H2, N2, I2, etc., can be
made and have been studied by various other tech-
niques such as infrared and fluorescence spectros-
copy and magnetic resonance. These spectra pro-
vide interesting new results concerning the (anisotro-
pic) potentials and orientational configurations of
these molecules. The technique of Raman scattering
would be of substantial importance for studying the
low-lying spectra arising from vibrational, rotation-
al, librational, and tunneling excitations. In some

cases due to symmetry, etc., Raman scattering is the
only method of directly studying these low-lying
spectra.

Recently, we succeeded in making the first suc-
cessful observation of vd%' molecules by spontane-
ous Raman scattering. Earlier attempts by others '

to measure these spectra in a stagnant gas were un-

successful for a number of reasons. Such spectra are
extremely weak since the intensity is proportional to
the dimer density and to the square of the anisotro-

py in the polarizability. The latter arises from an
induction mechanism in vdW molecules of rare-gas
atoms and is typically small compared to the aniso-
tropic polarizability of a covalent bonded molecule
such as N2.

To obtain a strong signal it would be desirable to
have a large dimer density. At moderate tempera-
ture and pressure the dimer fraction is only of the
order of 1k or less of the total gas density which
must be kept low, otherwise the dirner spectra will
be collisionally broadened. A further difficulty that
arises in a high-density gas is a dominating overlap-
ping spectruIn due to collision-induced scattering
from unbound pairs of atoms. Finally, even for low
densities, the spectra which can lie at very sma11 fre-
quency shifts from the laser frequency suffer from
interference with the strong Rayleigh and parasitic
scattering intensities.

In this and an accompanying article an extensive
description is given of our Rarnan scattering experi-
ments on Ar2 in a supersonic expansion. In this pa-
per attention will be focused Inainly on the spectro-
scopic results of the experiments. The second arti-
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cle, to be referred to as II, will discuss some of the
properties of the expansion, the gas kinetic aspects
of the dimer formation, and the relaxation of its
internal degrees of freedom.

An expansion was used in order to increase the di-
mer signal and to simplify interpretation of the
spectra: The dimer fraction increases in the expan-
sion since, due to the cooling, the chemical equilibri-
um between dimers and monomers shifts to the di-
mers. Although collisions are needed to obtain the
increase, the density falls so rapidly that collisional
broadening is unimportant except near the nozzle
throat. In addition, collision-induced light scatter-
ing is negligible. Nevertheless, there is a sufficiently
high collision rate so that the dimers can cool along
with the monomers down to low temperatures. We
have studied Ar2 for T=30—40 K, far below argon's
triple point of 83.8 K. A further spectroscopic sim-
plification results since only a limited number of
states are thermally populated.

The article is organized as follows. In Sec. II
spectroscopy of argon dimers is discussed. The ear-
lier spectroscopic work is first reviewed; then Ra-
man scattering theory is applied to Ar&. The argon
diatom polarizability is discussed and, finally,
linewidth calculations are presented. The experi-
mental technique is described in Sec. III. In Sec. IV
a brief introduction into expansion theory is given.
In Sec. V the dimer spectra are presented. Finally, a
short summary of results is given in Sec. VI.

B. Raman spectroscopy of argon dimers

The Raman scattering efficiency is given in the
polarizability approximation of Placzek and Teller'
by

S =r'vv'
~ af ~

p;5(Ef h(v—' —v)) (2.1)

d
(R)

~ J J+1
(R)

2m dR~ 2mR~

=E~X~(R) . (2.3)

where v and v' are the incident and scattered light
frequencies, respectively. af is the polarizability
matrix element between initial and final states and r'
contains some numerical factors. p; is the density of
scatterers in the initial state and the 5 function
serves to conserve energy, with E,f the difference in
energy between the initial and final states. The effi-
ciency S is the number of scattered photons per in-
cident photon, per unit frequency, per unit solid an-
gle, per unit sample length. The matrix element
squared

~
af

~

is proportional to

(X 'J'(R)
)
a "(R)

~
XEJ(R) ) ), (2.2)

where e "(R) is the diatom polarizability in the
molecular frame and the initial [final] state X~(R)
[X„J(R)] is a solution of the radial Schrodinger
equation for the diatomic system:

II. ARGON-DIMER SPECTROSCOPY

A. Review of earlier work

Molecular absorption bands of Ar2 were first
recorded by Tanaka and Yoshino in the vacuum ul-

traviolet. Since they could only resolve the vibra-
tional structure of the ground-state molecules their
experiments were subsequently repeated by Colbourn
and Douglas with improved apparatus. In one
band system these authors were able to resolve the
rotational structure of the ground electronic state.
Using their spectroscopic data and high-temperature
viscosity data of Maitland and Smith, ' Chen and
Aziz" constructed a potential, called HFD-C, that
could fit most of the available data on virial coeffi-
cients and transport properties and also seems to
agree with more recent scattering experiments. '

The potential reproduces the spectroscopic levels of
Colbourn and Douglas (CD) to approximately 0.2
cm '. For most of the bound levels the agreement
is almost an order of magnitude better. It also
predicts the metastable levels, though with reduced
accuracy. In the rest of this article this potential
will be used in calculations unless noted differently.

Here v,J denote the vibrational and angular momen-
tum quantum numbers. After separating out the
angle-dependent factors, averaging over the polari-
zations of the incident and scattered light and sum-

ming over magnetic sublevels' we get for the Ra-
man scattering efficiency

S ~ vv'SJ
i &X~J [

a "
[ XU~ ) [

'

Xp~5(Ef —h (v' —v)) (2.4)
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(2.5a)

(2.5b)

(2.5c)

with SJ a J-dependent factor and p~ =p; the density
of scatterers in the initial state with quantum num-
bers U,J. For Ar2, as a spinless homonuclear dia-
tomic molecule, the usual Raman selection rules ap-
ply: b,J =0, +2. Sz is given by (for S-, Q-, and 0-
branch transitions, respectively)
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C. Diatom polarizability

In order to predict the intensity of the dimer Ra-
man spectra, expression (2.2) has to be evaluated
within some model for the diatom polarizability.
vast number of collision-induced light scattering
measurements of the polarizability have been

presented in the literature. ' "' The results were

mostly at variance with one another. Recently,
however, most of the experiments indicate that a
c assic p1

'
al point-dipole-induced dipole (DID) model

adequately describes the data. ' This is supporte
b recent theoretical calculations. ' In the discus-
sion in this section we will concentrate on the DID
model, but later on, results of other models will be

compared to experiment. Working in the molecular
frame one finds for the DID model. '

6ap 6ap2 3

P(R)=, + 6 +0(R ) (2.6a)

and

—, Trina(R)= 6+0(R 9) (2.6b)

with ao ——11.34 a.u. and A6 =9665 a.u. P(R )

=
II
—

~
—a is the (incremental) anisotropy in the dia-

tom polarizability in the molecular frame, R the in-

ternuclear distance, and ap the atomic polarizability.
The trace polarizability [Eq. (2.6b)] is not strictly
the DID result but has been corrected for correlation
effects.

Matrix elements of p for bound dimer states have
been reported by Frommhold. His calculations
were initially carried out using approximate wave
functions. In a later comment, ' matrix elements
were computed with the v- and J-dependent solu-
tions of the radial Schrodinger equation [Eq. (2.3)].

1
22The potential used was the MSVIII potentia .

Only a few representative matrix elements were

Owing to nuclear-spin statistics only even J states
are allowed for the dimer in its ground electronic
state 'X+. Owing to the shallowness of the poten-
tial, the dimer wave functions probe a large range of
the attractive well. Therefore, anharmonicity in the
potential and centrifugal distortion strongly affect
the energies of the diner levels. As a consequence, a
rotational Raman spectrum consisting of sets of
only approximately equally spaced lines (spacing is
=88„where B„=Pl/2mR is the rotational con-
stant) for each of the vibrational states is expected.
The vibrational-rotational spectra are expected to
show a structure with a high density of states at the
bandhead in the S and Q branches due to the differ-
ences in the rotational constants of the different vi-
brational states and the increasing effects of anhar-
monicity.
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FIG. 1. Radial anisotropic polarizability matrix ele-

ments for the dipole-induced dipole model in atomic units

as a function of the initial rotational quantum number J
for Stokes S transitions [Eq. (2.2) with J'=1+2 and
u' & u]. Different curves correspond to different values of
the initial vibrational quantum number v and of
hu =O' —U, the change in vibrational quantum number.
Curves marked hv =0 correspond to the pure rotational
Raman transitions. Geometrical factors SJ [Eq. (2.5a)]
are not included.

D. Dimer linewidths

In Eqs. (2.1) and (2.5) the energy-conserving delta
function should, in fact, be replaced by some physi-
cal line-shape function that reflects the width of the
Raman lines. Apart from the finite width of the ex-
citing laser, the main contribution for the bound di-
mer states comes from collisional line broadening.

given and these seem to have a numerical error of
approximately a factor of 3. (This may be due to an
incorrect numerical factor in their formula for the
DID result for p. ) The matrix elements were
therefore recalculated in the present work. For S
transitions (J' —J=+2) the results are shown in
Fig. 1 as a function of initial angular rnornenturn J
of the dimer. The pure rotational transitions
(Av =0) are seen to be about an order of magnitude
larger than the vibrational terms. Contribution of
the second term in Eq. (2.6a) ( o:R ) is about 3%
of the total; it is fairly independent of v or J. For
the vibrational matrix elements the R term con-
tribution varies as a function of v and J between 5%
and 10% of the main term. In view of its smallness
with respect to the R term we have neglected the
quantum corrections to it which, similar to the iso-

2p(b)tropic polarizability, are due to correlations.
The Q- and 0-branch matrix elements are generally
somewhat smaller than the S-branch elements with
the same initial state. Q-branch transitions also get
a contribution from the isotropic scattering [Eq.
(2.6b)]. This is found to be negligible.
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For the metastable states tunneling through the rota-
tional barrier may also be of importance.

Collisional broadening has been discussed by
Frenkel and McTague in a semiclassical approxi-
mation based on the work of Gordon on collisional
linewidths. In this method the equations of motion
are solved classically for a collision between a dimer
and a monomer. The line-broadening cross section
0;; for the ith Raman line is given by

o';;=(v«1) ' 2vrbdb(v«ioi(b, 'v„,i))0

(2.7)
where v„i is the relative velocity between the col-
lision partners. The brackets ( ) indicate a thermal
average and the integral is over all impact parame-
ters b. The cross section o;;(b,v„i) is given semi-

classically for Stokes and anti —Stokes-Raman tran-
sitions by

0;;(b,v„i)=1—P;; cos (a/2)exp(+2ig) (2.8)

with P;; the probability that a collision is elastic, a
the reorientation angle of the angular momentum,
and g the collisional phase shift of the rotor. The
linewidth of the ith Raman line is then found as

~v&n p(——v„i )o t(/2n' (2.9)

with p the density. For most of the interesting tran-
sitions these authors found cr;;=200 A at T=143
K. The temperature dependence was found to be
weak, 0-T ' . For our conditions in the expan-
sion (p=0.5 amagat, T=40 K, hvii2-0. 03 cm
which is smaller than the instrumental resolution.

TABLE I. Dimer linewidth calculations. Columns 1,2: vibrational and rotational quantum
numbers of states. Column 3: energies of states relative to lowest vibrational-rotational state
(Ref. 9). Column 4: results of JWKB calculation of tunneling width in cm '; since the state
with v =0 and J=30 is stable, its tunneling width is 0. Column 5: results of collisional Ra-
man linewidth calculation in cm for pure rotational Stokes-Raman transitions at T =39 K
and p=0. 5 amagat; only collisions between dimers and monomers are included in the calcula-
tion. Column 6: dimer level width due to inelastic collisions in cm ', this is discussed in pa-
per II.

30
40
42
44
46
48

E
(cm-')

52.76
91.60

100.44
109.60
119.05
128.74

Tunneling
width (cm ')

0
0.24 X 10-"
0.62 X 10
0.26 X 10
0.88 X 10
0.24X 10-'

Raman width
(cm-')

0.022
0.022

0.022

Coll. width
(cm-')

0.015

34
36
38
40
42

86.91
93.83

101.03
108.45
116.04

0.15X10 "
0.28 X 10
0.66 X 10
0.26 X 10-4

0.53 x 10-'

0.024

0.023
0.022

2
2
2

«2
«2

30
32
34
36
38

89.21
94.64

100.23
105.88
111.45

0.21 X 10-'4
0.93X 10-'
0.42 X 10-'
0.52 X 10
0.62

0.027

0.028

0.019

3
3

3
«3

24
26
28
30

86.18
90.00
93.94
97.84

0.55 X 10-"
0.48 X 10
0.30X 10
0.19

0.029

0.021

20
22

86.90
89.43

0.43 X 10
0.87 x 10-'

16 86.56 0.84 X 10



H. P, GODFRIED AND ISAAC F. SILVERA

Therefore, it is not pursued any further for the
bound states.

For the metastable states the natural width due to
tunneling was calculated using the J%KB method. 26

In this semiclassical method the predissociation life-
time ~ is given as the ratio of the oscillation period

t„;b within the potential well to the probability u of
transmission through the barrier. Thus the
linewidth is given as

POP v ldeo

L
Fabry-Perotphoton spect. ro-

count er tpmt me f er

with

(2.10)

etalon
(optional)

plasma tube
vacuum chamber

(8 )1/2 R3(E)
co=exp — J„[U(R) E]' d—R

(2.11)

FIG. 2. Schematic of the experimental apparatus. Ex-
pansion nozzle (not shown) is centered in the vacuum
chamber with its axis pointing out of the page.

R~{E)

r„,,=(2) )'"I„,[E U(R)] —'"dR .-(2.12)

Here R ~(E) &Rq(E) &R3(E) are the classical turn-

ing points for the system at the resonance energy E
with effective potential energy (that is, including the
centrifugal term) U(R). The integrals for r„;b and co

are thus calculated in the classically allowed region
within the well and in the forbidden region, respec-
tively (Table I). The values for the hnewidth, given
in column 4, were calculated at the resonance ener-

gies given by Colbourn and Douglas with the use of
the HFD-C potential. Since this potential gives
slightly different resonance energies the width was
also calculated at those resonances. Results differed
approximately 20%. It is to be noted that for the
smallest linewidths slight changes in the potential
easily change the width by an order of magnitude.
For a particular choice of the potential, however, the
J%KB method is expected to give fairly accurate re-

sults, especially for the narrow linewidths that are
found in a heavy system such as Ar2. In column 5
of Table I the Raman linewidths [Eq. (2.9)] are
given. These linewidths then also dominate for most
of the mctastable states with the exception of those
indicated by *.

III. EXPERIMENTAL

A schematic of the experimental apparatus is
shown in Fig. 2. In order to obtain a large Raman
signal we used a crossed intracavity laser-expansion
gcon1ctry son1cwhat modifrcd fron1 ouI car'11cr

design which used an internal focusing lens. The
laser cavity was formed by three mirrors (M1, M2,
and M3) in a folded configuration to produce a
focus of 10-pm diameter crossing the expansion axis
at right angles. The radius of curvature of M& was

ao,' those of M2 and M3 were 50 mm. The folding
angle was kept as small as poss1ble (28-5') to m1m-

mize astigmatism. An intracavity power of the or-
der of 50 % was achieved with the use of a Spectra
Physics 166 Ar+ laser with a nominal power of 1.8
% in conventional operation. An optional intracavi-
ty etalon narrowed the 5-6Hz laser linewidth down
to about 0.5 GHz, at the expense of a factor of 2 in
power. The laser then resonated in approximately
three longitudinal modes. This had the advantage of
improved amplitude stability over single-mode
operation, while the resultant laser width was still
substantially narrower than the spectrometer system
resolution.

Raman scattered light was collected at right an-

gles to both the laser and expansion axes. To ob-
serve the closely spaced rotational transitions the
necessary high resolution was obtained using a Bur-
leigh RC-10 Fabry-Perot etalon that was driven and
actively stabilized with an on-line Digital Equip-
ment Corporation PDP-11 computer. This was
scanned in tandem with a Jobin- Yvon HG2S grating
spectrometer with a bandpass of approximately 2
cm ' which served to reject the large interfering
Rayleigh signal. The etalon was operated with a
free spectral range of 6.9 cm ' and finesse of -75.
Resolution was 0.09 cm ' with the intracavity
ctalon and 0.18 cm ' without it. Because of the ex-
pected weakness of the vibrational spectra no at-
tempt was made to resolve the individual transitions.
Instead, a direct optical path circumventing the
Fabry-Perot etalon was used to reduce the losses.
Resolution was then approximately 1 em

For detection of scattered 11ght a cooled ITT
FW130 photomultiplier (PMT in the figure) with a
0.8-Hz dark count was used along with digital pho-
ton counting. Spectra were stored and averaged by
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the computer. The system was stable for about 20
hours, being limited by a deterioration of the intra-
cavity power. A high-resolution run required about
1 hr/cm ' measurement time. All spectra were
recorded on the Stokes side of the laser line.

Before or after measurements of argon spectra, a
known Raman spectrum was recorded for frequency
calibration of the spectrometer system. Gases used
were CO& when recording rotational dimer spectra,
and N2 and/or Oz for the vibrational spectra. From
the COq calibration spectra we detected some non-
linearity in the piezoelectric drive of the Fabry-Perot
etalon. In addition, creep of the piezoelectric trans-
ducers distorted the frequency scale, Creep effects
were most noticeable after the piezoelectric trans-
ducers had been rapidly reset to their initial position
for multiscan averaging. Details of the nozzle and

gas handling system will be given in paper II.

IV. EXPANSION

Although the expansion properties will be con-
sidered in detail in paper II, it is useful to give a
short introduction into expansion theory to charac-
terize the state of the system. In the expansion the
random thermal motion of the expanding gas parti-
cles is converted to directed mass flow via interpar-
ticle collisions. This then causes the cooling of the
gas; very low temperatures can be achieved this way.
The consequences this has for the dimer spectra
have been mentioned in the introduction.

In the first instance the flow is considered isentro-
pic. Ignoring real-gas effects the temperature T and
density p are simply related by the isentropic rela-
tions for an ideal gas

high cooling rates in the expansion are not always
matched by an equal cooling of the internal degrees
of freedom of the molecules. If relaxation between
these degrees of freedom and the translational bath
occurs at too slow a rate, the occupations of the
states of the molecules may differ markedly from
the Boltzmann distribution expected at the tempera-
ture of the translational bath. ' Therefore, in the
expansions we have studied, it is not a priori clear
what the occupations of the dimer states will be. In-
tensity measurements in the Raman spectra can give
quantitative information pertaining to this distribu-
tion.

As the gas expands the total particle density rap-
idly falls but the dimer fraction increases due to the
decreasing temperature. An optimum in the dimer
signal was, therefore, found experimentally. Most
of the measurements were taken near this optimum
which was located at X!D=2. Slightly downstream
of the optimum the dimer signal disappeared below
our detection limits. This was partly due to a mas-
sive clustering in the expansion, which will be dis-
cussed in the accompanying article.

V. DIMER SPECTRA

In this section we present the measured dimer
spectra. First, a comparison is made with the earlier
spectroscopic work. In the second part of this sec-
tion the intensities of the spectra are compared to
the predictions of Sec. II.

pT ' ' "=const (4.1)

with y the ratio of heat capacities at constant pres-
sure and volume, y=cz/c„. A relation between T
and X, the position in the flow field, exists via the
so-called Mach number M, the ratio of the flow
velocity to the local sound velocity

' —1

(4.2)

I
C
Q)

C

P, = 6.5 atm—experiment
theory

T=36 K

laser

with Tp the source temperature. M is a function of
X/D only, where D is the nozzle diameter. The
temperature in an isentropic expansion, therefore,
does not depend on the density. Expressions for M
have been given in the literature. ' As an exam-

ple, for X/D =2 the temperature in an expansion of
argon from a room-temperature source is approxi-
mately 36 K. The density is 0.042 times its value in
the source.

In the case of expansions of molecules the very

I I I I I I I

9 8 7 6 5 4 3 2 1

frequency (cm ")

FIG. 3. Low-resolution Raman spectrum of the Arq

pure rotational transitions. Source pressure po ——6.5 atm.
Distance from nozzle X/D =2.0. Theoretical spectrum
was calculated using the DID model. Temperature as
determined from the spectrum is T =36+8 K. This was
equal within experimental uncertainty to the temperature
determined with a seeding technique (see paper II):
T,~——39+1.2 K.
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Po- 7. 2 otm

—experiment
-" theory

T= 39+ 4 K

u
1

loser

resolution
Hl-

FJ
CI
C

I

9 8 7 6 5 4 3 2 1 0
frequency (cm" j

FIG. 4. High-resolution rotational Raman spectrum of
Ar2, showing hot (v =1) transitions (indicated by a, b, and

c). Expansion conditions were as in Fig. 3. Temperature
as determined from the spectrum is again given in the fig-
ure and T~——39.3+0.8 K.

A. Spectroscopy

1. Rotational spectra

Pure rotational spectra of Ar2 were recorded with
frequency shifts between -8 and 2 cm '. A low-
resolution (0.18-cm ) spectrum is shown in Fig. 3.
The peaks in the spectrum correspond to transitions
of molecules in the ground vibrational state. At-
tempts to observe transitions at frequency shifts
larger than 8 cm ' were unsuccessful due to the
weakness of the signal; at frequencies smaller than
-2 cm ' the laser interference was too large.

A high-resolution (0.09-cm ') rotational spec-
trum recorded with approximately the same expan-
sion conditions as in Fig. 3 is shown in Fig. 4. To
obtain a high signal-to-noise ratio only part of the
spectrum was scanned, enabling longer measurement
times per data point. In addition to the main peaks,
smaller intermediate features ilabeled a, b, and c) are
seen that arise from transitions in "hot" molecules
in the first excited vibrational state.

By recording several spectra similar to the ones
shown in Figs. 3 and 4 it was possible to determine
the transition frequencies and check the reproduci-
bility of the system. In general, it was found that
peak positions (i.e., frequencies of transitions) repro-
duced to approximately +0.03 cm ' in successive
runs on one day. Differences in frequencies between
successive transitions also reproduced to about 0.03
cm ' between runs on different days, however, the
peak positions did not reproduce very well. This
was due to the nonlinear response of the piezoelec-
tric transducers, discussed in Sec. III. A different
bias voltage after the daily initial alignment would

change the average linear response of the system and
thereby its frequency calibration. The nonlinearity
is seen, e.g., in Figs. 3 and 4 where the laser position
does not coincide exactly with the zero of the abscis-
sa. The calibration procedure outlined in Sec. III
was, therefore, indispensable for determining the
transition frequencies and identifying the lines.

Very good agreement exists between our results
and those of CD. This is shown in Table II where

measured Raman transition frequencies are given to-
gether with the ones calculated from CD. Note that
we could not measure the frequency with good abso-
lute accuracy, so the frequency of the J=16~18
transition was fixed to the value of CD and all the
others were derived from it. Although the resolu-

tion obtained in this experiment is higher than in the
CD experiment, the very large amount of data
makes their results more accurate than ours. A fur-
ther test of the accuracy of the results is found by
calculating differences (hv) in the frequencies of
successive lines. The smooth behavior of the CD re-

sults is not completely reflected in our results since
the scatter is larger. Although there is, in general,
good agreement between our results and those of
CD, there are still some small deviations that are not
entirely due to scatter. This is seen for the differ-
ence frequency v(16~18)—v(14~16) which is
considerably smaller than the result of CD (0.42 in-

stead of 0.45 cm '). As a consequence, the lowest

two measured frequencies are shifted with respect to
the CD results. How this would affect the dimer
levels cannot be concluded from these data since the
choice of fixing the frequency of the J=16~18
transition at 4.00 cm ' was made arbitrarily. In
conclusion, our results confirm the analysis of CD
in a direct manner for the levels observed in the ex-

periment. Our observations are thus in good agree-
ment with the predictions from the interatomic po-
tential. "

2. Vibrational spectra

Vibration-rotation spectra were recorded in the
optical bypass system discussed in Sec. III. Since we
expected a signal approximately 50 times weaker
than for the case of the pure rotational spectra, we
did not try to resolve individual vibrational-
rotational transitions. Therefore, the peaks in the
vibrational-rotational spectrum (Fig. 5) correspond
to unresolved transitions close to the bandheads of
some of the vibrational-rotational bands. In the
theoretical spectrum (to be discussed below) they are
labeled by S and Q for hJ =+2 and 0, respectively.
Subscripts indicate the initial vibrational states. At
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TABLE II. ComII. Comparison of present spectroscopic results with lt f C lbo

oug as ( e . ) for pure rotational Raman transitions in ground vibrational Ar~ molecules.

Column 1: initial and final rotational quantum numbe C l 2." Rm rs. 0 umn ." aman transition fre-
n: presen measurements. Co umnquency calculated from results of Ref. 9 in cm '. Column 3: present m

ifferences in transition frequencies calculated from column 2. Column 5: differences in

transition frequencies calculated from column 3. Transition frequencies 16~18 are arbitrari-

ly set equal to each other in columns 2 and 3.

Transition
J~J'

0—+2
2—+4
4~6
6—+8

8~10
10~12
12—+14
14~16
16~18
18~20
20~22
22—+24
24~26
26~28
28~30
30~32
32~34
34~36

0.35
0.81
1.27
1.72
2.19
2.65
3.09
3.55
4.00
4.44
4.88
5.31
5.75
6.16
6.59
7.00
7.41
7.77

This work
average

2.67+0.01
3.13+0.01
3.58+0.01
4.00
4.44+0.01
4.89+0.02
5.30+0.03
5.71
6.16
6.57
7.00
7.41

0.46
0.46
0.45
0.43
0.46
0.44
0.46
0.45
0.44
0.44
0.43
0.44
0.41
0.43
0.41
0.41
0.36

This work

0.46
0.45
0.42
0.44
0.45
0.41
0.41
0.45
0.41
0.43
0.41

this point it is also anticipated that the 0 branches
( J= —2) are smoothed out so as to give no observ-(Q

S
able peaks in the spectrum. As seen in Fig. S onl

0 and S& peaks were observed with AU =1. The S
on y
e 0

resolution

peak position was found to be 28.0+0.3 cm ', in
agreement with t;he position calculated frofn the re-
sults of CD. However, the S& peak was shifted up
in frequency by about 0.8 cm ' relative to the cal
ated position. Different weighting of the individual

transitions that contribute to the peak intensity can-

0

Vl
C
Ql

C

—experiment

theory

T= 33K

&V=1~,:

Vl

C

I0

V)
C
Ql

—ex periment
theory

T= 6aK
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I I I I
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I I

Sl S3
I l I
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frequency (cm- I

FIG. 55. Low-resolution rotation-vibration spectrum
over a limited frequency range. Intensities are abo t
actor of 100 smaller than in the pure rotation spectra,

Figs. 3 and 4. Temperature as given in the figure was

determined from seeding.

I

30
I I I l I I

0 10 20
frequency (cm-1I

FIG. 6. Low-resolution rotation-vibration spectrum
over a limited frequency range. High-temperature spec-
trum was recorded at the University of Nijmegen.
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TABLE III. Matrix elements of different diatom anisotropic polarizability models for Ar2.
Matrix elements shown are calculated for transitions v =0, J=0~v'=O, J'=2. Column 2:
analytical form of model function. Column 3: reference and equation number. Column 4:
calculated matrix elements.

Model No.

2
ap6—
g 3

2
ap6—
g3

2
ap6—
g 3

2
ap6—
g 3

2
ap6—
g 3

Model function

g 3 g 3

R3+ PR+ap

3 5

R R
—0.289

3 9.3

3
0.473 9 3

3 6.5—0.226

3 11.1

—,—0.330

Ref., Eq.

DID'

Ref. 33, Eq. (3)'

Ref. 33, Eq. (4)'

Ref. 33, Eq. (5)'

Ref. 33, Eq. (6)'

Matrix element
(a.u. )

2.02

1.50

1.48

1,65

1.68

6ap R —0. 107ap exp
—R

2.36ap
1.12

6apR —1 28ao 4. 12R 4. 12

6apR —1162apexp2 —3
—R

0.901ap

Ref. 33, Eq. (7)"

Ref. 33, Eq. (8)~

Ref. 33, Eq. (10)

—1.71

1.91

1.56

6apR —3995apexp
0.65ap

Ref. 34, Eq. (5), Table I 1.89

'g =6.435 a.u.

ap is Bohr radius, ap ——1 a.u. =0.529177 A.

not resolve the discrepancy since the peak extends
well beyond the bandhead indicated by CD. In or-
der to check this result experiments were subse-
quently repeated at the University of Nijmegen
where a similar intracavity system with approxi-
mately ten times more laser power is available. The
higher power enabled us to obtain a better signal-to-
noise ratio in the spectra. Results for runs with a
sonic nozzle of 250 pm diameter are shown in Fig.
6. The Si peak position was repeatably found at
22.1+0.3 cm ', in agreement with CD. The
discrepancy with the previous measurement remains
unresolved.

B. Intensities

1. Rotational spectra

With the use of the results of Sec. II and with a
knowledge of p~, the density of dirners in the state

~

UJ), it is possible to calculate a theoretical spec-
trurn which can be compared with experiment. The
assumption was made that the distribution over the

dimer states is thermal, so that

—EN /kT
PuJ ~gJe

with gJ the degeneracy and E& the energy of the
level v, J. The temperature T need not be equal to
the local translational temperature as calculated
with Eq. (3.2). With this assumption, spectra were
synthesized by smoothing over the instrumental
line-shape function. As shown in Sec. II this deter-
mined the overall line shape for all of the important
transitions. Through variation of the temperature,
theoretical curves were fitted to the observed spectra
to within experimental error as shown in Figs. 3 and
4. Fitted temperatures are also indicated there.
Other fitting parameters were the absolute intensity
and a smoothly varying background due to laser
stray light and photomultiplier dark count. In Fig.
4 also the intensities of the v =1 hot band transi-
tions (denoted by a, b, and c) are predicted to within
the experimental uncertainty by the DID model and
the assumption of a thermal distribution.

Until now only the DID model was discussed.
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ScvcI'al diff cI'cnt polarizability models werc 31so
tried in the fitting procedure. These analytical
models are given in Ref. 33, Eqs. (3)—(8) and (10)
and Ref. 34, Eq. (15) and Table I. The polarizability
in these models differs significantly from the result
of the DID model. This is seen in Table III where
the matrix elements are given, calculated with the
different models. However, since the dimer wave
functions probe only a limited range of internuclear
distances (6.4gR g9.0 a.u.) inside the potential
well, the fractional changes in the matrix eleInents
arc fairly independent of thc dimcr states involved
in thc Raman transition. Thcrcforc, thc quality of
the fitting was not significantly affected. In view of
the results of Refs. 16--18, the simple DID model
was therefore used in the fits to the observed spec-
tra. On the other hand, it was not possible to rule
out these models on the basis of the spectra alone.
In the companion article we shall return to this
question. Independent of the model that was used
for the polarizability, it can now be concluded that
the assumption of a thermal distribution over the ro-
tational levels is good. From the absence of hot
bands in the spectra (other than U =1), limits on the
occupation of the higher excited states can be set.
Since these level occupations are determined by the
kinematics of the expansion this will be treated in

paper II. Independent Ineasurements of the tem-
perature by means of a seeding technique will also
be discussed there. At this point it is only men-
tioned that the two temperature determinations,
froIn the Ar2 spectra and from seeding, agreed to
within cxpcfiIncntal crroI'.

were again smoothed with the instrumental hne
shape. The adjustable parameters in this case were
the background and the intensity. Since two peaks
were measured, only the ratio of their heights is now
of significance in judging the quality of agreement
between theory and experiment. The theoretical
curves (Fig. 5) for both the b,u =1 and EU =2 tran-
sitions are shown separately. At the frequencies of
observation the AU =2 transitions give rise to an al-
most structureless background of low intensity. At
frequencies between 35 and 50 cm ' its contribution
is not negligible, however, and in future experiments
it should be possible to observe these transitions.

VI. SUMMARY OF RESULTS

Under conditions of high-density flow it was pos-
sible to observe Raman scattering from ground elec-
tronic state argon dimers. The observed transition
frequencies in the rotational spectra agreed within
the experimental error with vacuum-ultraviolet ab-
sorption measurements of Colbourn and Douglas.
The intensity of those transitions could be explained
under the assumption of a classical point-dipole-
induced dipole model for the polarizability and a
thermal distribution of the diIners over the rotation-
al states with U =0 and U =1. The much weaker vi-
brational transitions were also observed. Their posi-
tion was also found to be in agreement with the re-
sults of Colbourn and Douglas. These results estab-
lish the technique of studying dimers by Raman
scattering in a supersonic expansion as reliable and
of potential use in studying a variety of dimer sys-
tems.

2. Vibrational spectra

A soInewhat different procedure was used to com-
pare the vibrational spectra to theory. Because of
the low signal-to-noise ratio we did not attempt to
determine the temperature from the spectra. In-
stead, a measurement of the temperature by means
of the seeding technique was used in the calculation
of the vibrational spectra. The calculated spectra
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