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Raman studies of argon dimers in a supersonic expansion.
II. Kinetics of dimer formation
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Results of a, systematic study of the formation of' dimers in a supersonic free-jet expan-
sion of argon as studied by Raman scattering are presented. By seeding the expansion with
N2, measurements of temperature and density werc obtained in the part of the flow field
where dimers were observed. Temperature was also measured in the remaining part of the
expansion showing large deviations from the behavior of an isentropic expansion due to con-
densation. The condensation was observed directly by Rayleigh scattering as well. From
the Raman spectra it was shown that the dimers can relax their internal energy rapidly
enough to come into thermal equilibrium with the translational degrees of freedom. By re-
lating the intensity of dimer transitions to that of the simultaneously measured N2 J=0~2
Raman transition, we were able to measure the concentration of dimers in the expansion.
The measurements were compared to the predictions of equilibrium theory for a chemical
equilibrium between dimers and monomers. Thc predictions of two- and three-body col-
lision dimer-formation models were also tested.

I. INTRODUCTION

Since the original study of Kantrowitz Rnd Grey'
describing a nozzle expansion used for the produc-
tion of 8 molecular beam, the study of the expan-
sions themselves has developed as a complete field
of physics. For the monatomic gases the gas
dynamics are relatively well understood, but in ex-
pansions of polyatomic molecules the internal relax-
ation processes can, in most cases, only be described
ln 8 qualltatlvc manner. This dcrivcs ffom thc fact
that the temperature-dependent rate constants are
usually too difficult to calculate from first princi-
ples. However, even with a knowledge of such rate
constants the gas dynaInicist is faced with the prob-
lem of solving a generalized Boltzmann equation
that also includes the internal degrees of freedom
sutject to boundary conditions determined by the
geometry of' the expansion system. Calculations for
this problem must, therefore, rely on simplifying as-
sumptions about the magnitude of the rate constants
and their behavior as a function of temperature. In
addition, approximations to the Aow equations must
be made that make the differential equations tract-
able for numerical integration.

In expansions in which clustering occurs, the
same problems exist with increased acuity. In addi-
tion to models for the internal relaxation of the clus-
ters 8 description of the formation processes would

be required to reach 8 full understanding of the
Aow. Experimental input to the problem can cer-
tainly give a great stimulus to the theory of such
condensing Aows. Experimental observations
should provide the theoretician with local values of
quantities such as temperature, density, Aow veloci-
ty, clustered mass fraction, etc. Some of these quan-
tities have been measured previously with Pitot
probes or by inserting a skimrner in the expansion
and observing the properties of the resulting beam.
These techniques necessarily suffer from the in-
herent disturbances they introduce in the expansion.
In this aftlclc wc pfcscnt thc lcsults of 8 light
scattering study of an argon free-jet expansion close
to the onset of condensation, where dimerization ki-
netics are expected to be important. The extremely
wcRk lntcfactlon bctwccn thc light and the g8s parti-
cles insures that the expansion is not affected by the
measurements. Onset of condensation was measured
with Raylcigh scattcnng as 8 function of soufcc
pressure in expansions from room temperature. In
our expansion system it was also possible to observe
Raman spectra of argon dimers for the first time.
In 8 companion article (to be referred to as paper I)
details of the spectroscopy have been discussed.
Hcfc wc shall coQccntr'atc on thc gRS klnctlcs ln thc
system. From the spectra it was possible to deter-
mine a dimer temperature. Independent measure-
ments of the expansion temperature were obtained
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from the rotational Raman spectrum of N2 that was
seeded in low concentrations into the expansion. By
relating the intensities of the dimer and N2 spectra
local values of the dimer concentrations were ob-
tained. In this way, the first reliable determination
for the dimer fraction in an expansion was made,
finding X2-1.4%.

Our article is structured in the following way.
First, the experimental technique is discussed. In
Sec. III the Rayleigh and Raman scattering mea-
surements of the density and temperature in the ex-
pansion are given. In Sec. IV the dimer spectra are
discussed and the dirner temperature derived from
them. In Sec. V the dirner concentration measure-
ments are presented. This last section also deals
with predictions of several models for the dimer
density in the expansion. The separation into two
kinetic parts describing relaxation (Sec. IV) and for-
mation (Sec. V) is clearly somewhat artificial since
there is a strong relation, but this increases readabili-

ty.

II. EXPERIMENTAL

tiplier and to avoid effects of a changing scattering
length in the argon expansion as a function of X/D,
the field of view from the detector of the laser focus
was limited to a boxlike volume of dimensions
~OYEZ-4&20&10 pm . X, Y,Z directions are
defined by the expansion, laser, and scattered light
axes, respectively.

III. DENSITY AND TEMPERATURE
IN THE EXPANSION

Since the main objective of the present paper is
the study of the kinetics of dimer formation and the
relaxation of the energy in the internal degrees of
freedom, the thermodynamic conditions in the ex-
pansion under which these kinetic processes took
place were studied. Before presenting the measure-
ments we give a qualitative description of the expan-
sion process. First, an expansion without condensa-
tion is considered. Then, under the usual assump-
tions of reversible and adiabatic Aow and ignoring
real-gas effects, temperature and density are simply
related by the isentropic relations for an ideal gas:

Details of the light scattering system were given
in I. Here we shall only discuss the construction of
the nozzle, the gas handling, and the experimental
procedure in the Rayleigh scattering experiment.

The room-temperature nozzle had a conical inner
and outer shape (angles 90' and 120'). A conical
shape was necessary to minimize interference with
the laser beam. In the top of the cone a 140-prn-
diameter hole had been made by spark erosion. The
diameter-to-length ratio was estimated to be &1.
The nozzle was mounted on a XYZ translation stage
for ahgnment with respect to the laser focus and
scanning of the flow field in the measurements. The
small size of the laser focus (10-pm diameter) with
respect to the nozzle diameter insured that local
values of the measured quantities were obtained.

The argon purity was nominally 99.996%. The
main impurities were N2 and 02. Bust filters were
used in the nozzle supply line to avoid effects of in-
homogeneous condensation. Maximum source pres-
sures in this experiment were approximately 10 atm.
The nozzle Reynolds number was always larger than
—15000 so that effects of a viscous boundary layer
were negligible. Gas in the expansion chamber was
pumped away by a 75-liter/sec Roots pump. Back-
ground pressures were of the order of 0.2 torr. Since
no skimmer was used, the expansion could be
probed upstream of the Mach disk. Its position was
calculated as (X/D)M„h-120, ~here D is the noz-
zle diameter.

Rayleigh scattering was used to determine the
density on the axis. For protection of the photomul-

with p the density, T the temperature, and y=e&/c„.
Subscripts 0 denote stagnation conditions. A rela-
tion between T and X, the position in the flow field,
can, in principle, be found by solution of the hydro-
dynamic equations describing the isentropic flow.
In practice only the hyperbolic flow equations can
be solved numerically, once the boundary conditions
downstream of the sonic plane are known. Since
the detailed shape of the nozzle determines these
conditions, only simplifying assumptions are usually
made about the position and shape of the sonic sur-
face. It was shown experimentally that the results
of these calculations adequately describe the flow
field far downstream of the nozzle throat. Devia-
tions whose magnitudes depend on the specific
boundary conditions of the experiment exist, howev-
er, at small values of X/D. In our experiment where
the onset of large scale clustering occurs ai
X/D=2. 5 it was important to make an experimen-
tal determination of temperature and density to
avoid the uncertainties of the isentropic calculations
before the onset and of the changing flow conditions
caused by the unknown heat of condensation after
the onset.

To show the effects of condensation we have stud-
ied the expansion with Rayleigh scattering. The in-
tensity of the scattered light is shown in Fig. 1 as a
function of X/D. The different curves correspond
to different source pressures as indicated in the cap-
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FIG. 1. Rayleigh scattering intensity as a function of
X/D. Source temperature To ——293 K, source pressures as
indicated.

tion. For low stagnation pressures no clustering
occurs. The Rayleigh signal is then just proportion-
al to the density of atoms (monomers) and for
X/D)1 the measurements agree with the predic-
tions for an isentropic (uncondensed) free-jet expan-
sion of a monatomic gas. For X/D (2.5, the signal
was in all cases approximately proportional to the
pressure in the source indicating that the expansion
takes place isentropically. Beyond X/D & 2.5, devi-
ations from proportionality appear for high stagna-
tion pressures that are attributed to clustering: in an
expansion with clustering the Rayleigh signal is
given by

IRay ~ QPII ao
1=1

with pI the density of clusters consisting of I parti-
cles and ap the atomic polarizability. This expres-
sion ignores possible many-body effects on the po-
larizability. From the data in Fig. 1 it is seen that
clustering increases with increasing source pressure,
as expected. Although the effects of clustering are
obvious, it is very difficult to interpret the results
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FIG. 2. Rotational temperature of nitrogen in expan-
sions as a function of X//D.

quantitatively. Very little is known about. pI as a
function of X/D, pp or Tp (Tp is the source tem-
perature). In previous work by Lewis et al. ' on
CO2 clustering it was assumed that the monomer
density was not affected by the clustering and the
cluster fractions were distributed according to Pois-
son statistics. Such simplifying assumptions seem
inappropriate in our case: The considerable heating
due to cluster formation certainly affects the mono-
mer density in the expansion even in the unlikely
case where the clustered mass fraction remains small
compared to the monomer fraction. The hypothesis
of Poisson statistics was made ad hoc for want of
anything better and certainly requires further study.
This, however, is not attempted here.

The temperature was determined by "seeding" the
expanding gas with a few percent of N2. With the
use of the rotational Raman transitions of N2 the
temperature in the expansion was measured. "'
This is shown in Fig. 2. Since N2 consists of ortho
and para modifications that do not interconvert in
the expansion, each spectrum gives two independent
measurements of the temperature. This is indicated
by the open and filled data points. Circles and
squares are measurement points for the Ar expan-
sions with N2. In addition, data are shown that
were recorded on a pure N2 expansion for calibra-
tion purposes. These measurements (indicated by 6
and a ) follow isentropic behavior for a diatomic gas
with y= —,, as expected. ' For the Ar expansions12, 13

it is seen that the temperature follows insentropic
y= —, behavior up to the point where condensation
starts according to the Rayleigh scattering data of
Fig. 1. Since the rotational temperature of the seed
molecules can never fall below the translational tem-
perature of the expansion, this result directly proves
the equality of the two temperatures for X/D &2.
Downstream of X/D=2. 5 the temperature is essen-



3022 H. P. GODFRIED AND ISAAC F. SII.VERA

tially constant. The coincidence of the freezing of
the temperature and the onset of condensation there-
fore compels us to attribute the freezing to conden-
sation and not to the rarefaction in the expansion.
Since the deviations in the temperature from free-jet
isentropic behavior should precede those in the den-

sity, use of the isentropic free-jet Mach number for
the monomer concentration is justified upstream of
the point where massive condensation starts, i.e., for
X/D & 2.5. This means that the state of the expan-
sion is fully determined there. %e can not, however,
completely ignore the effects of the formation of
small clusters (see the Appendix for an estimate of
the effects of dimer formation itselfj on the tem-
perature in this region. %e shall exploit the above
result in the discussion of the dimer kinetics by con-
fining ourselves to the region X/D(2. 5. This is
also motivated by the fact that it was not possible to
extend the concentration measurements beyond this
range. For this reason it is not necessary for the
purpose of this article to explore the Rayleigh
scattering further than on a qualitative basis.

IV. DIMER TEMPERATURE

In Fig. 2 the rotational temperature of N2 seed
molecules in Ar expansions is shown. Independently
from these N2 measurements a temperature could
also be determined from the rotational Raman spec-
tra of the dimers as described in I. There it was
found in the fitting procedure for the temperature
that the measured spectra did not deviate signifi-
cantly from the generated spectra indicating the ex-
istence of a thermal distribution of the dimers in the
expansion over the observed levels. The tempera-
tures that were derived in the fitting are also given
in Fig. 2. Stagnation pressure was in most cases
-8.2 atm. The results should, therefore, be com-

pared to the square data points in Fig. 2. %ithin the
experimental uncertainty there is a good agreement
between the two determinations of the temperature
in the expansion. This is not a trivial result: The
dimers are formed in high-energy states near the dis-
sociation limit. Relaxation must take place rapidly
otherwise a nonthermal distribution would be ob-
served. From the spectra shown in I (Figs. 3 and 4)
it is seen that the molecules are indeed thermalized
in the ground vibrational-rotational states and from
Fig. 4 in paper I it is concluded that the occupations
of the U = 1 states are also described by a Boltzmann
distribution with the same temperature. No such
conclusions can be drawn, however, from these spec-
tra for the higher vibrational states. For U =2 and 3
the occupations certainly are smaller than the occu-
pation of the ground vibrational state (otherwise the
observed Raman spectrum would be significantly
distorted) but only upper limits can be given for
their occupations (Table I, column 5). In Table I it
is assumed that the rotational states within the vi-
brational levels are all thermalized to 39 K, the tem-
perature observed in the spectra. No upper limits
can be given from the spectra for U & 3.

To some extent this is possible, ho~ever, from the
history of the expansion. In the following it is again
assumed that thermal equilibrium exists over the ro-
tational states for each of the vibrational states but
that the vibrational degree of freedom is not neces-
sarily thermalized. First, it is noted that for each of
the vibrational states the ratio of dimers in such a
state to monomers increases in an expansion of ar-
gon in which dimers and monomers are in "thermo-
dynamic equilibrium, "between 300 and 39 K. Since
for a particular value U' of U, the fraction of dimers
with U g U' at T =300 K is smaller than the "equili-
brium fraction" at T =39 K of dimers in states with
U =U', it is argued that the fractions of dimers in the
different vibrational states cannot exceed their

TABLE I. Occupations of dimer vibrational states. Columns 2,3: equilibrium occupations
at T =39 K. Columns 4—6: occupations relative to ground vibrational state occupation.
Column 4: equilibrium values. Columns 5,6: measurements.

excl. metast.

0.55
0.23
0.11
0.06
0.03
0.02

incl. metast.

0.58
0.23
0.10
0.05
0.03
0.01

1

0.40
0.17
0.09
0.05
0.02

1

0.40
~ 0.40
«0.40

concentration

1

0.40
g0.28
g 0.16
g 0.09
g 0.03
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equilibrium value relative to the monomers at
T =39 K. (Note that nothing is said about the rela-
tive occupations of the dimer levels. ) At this point,
we anticipate the result of Sec. V in which it is
found that the occupation of the ground vibrational
state P(u =0))0.7P~(u =0) for the conditions of
measurements (X/D =2 and T =39 K). Relative to
the ground vibrational state new upper limits can
thus be given (Table I, column 6). Experiments,
therefore, indicate that the assumption of thermali-
zation is quite good.

Finally, we shall try to get a feeling for the max-
imum gas kinetic cooling rates obtainable for the di-
mers and relate these to the hydrodynamic cooling
rate. For this purpose, inelastic collision cross sec-
tions were calculated' for several representative
states at T 39 K. Three states were chosen with
the same angular momentum J=30: The state with
U=O is bound. The others with 0=2 and 3 are
mctastaMc; thc latter ls strongly prcdlssoclatlllg (pa-

per I, Table I).
The inelastic collision cross sections were calcu-

lated as a function of the kinetic-energy change in

the center-of-mass system of the collision partners.
This ls shown ln Flg. 3. From thcsc results thc total
inelastic collision cross section o;„,~ and the second
moment of the distribution were calculated. The
latter gives some measure of the rms energy that is
exchanged in inelastic collisions. Multiplying this
quantity with p(u„l )rr;„,I, where (u„l) is the aver-

age relative velocity, gives a measure of the max-
imum gas kinetic cooling rate. For the three states
it was found that EE~,=10 K (Table II). %ith
p-0. 5 amagat the maximum gas kinetic cooling
rate would, therefore, be of the order of 10' K/sec.

This result is to be compared to the hydrodynam-
ic cooling rate in the expanding gas. The rate of
change of the temperature in an isentropic expan-
sion ls caslly shown to bc

dT dT
dt dx

(y —1)M;, ykT dM;,

m dX/D

with Q thc flow vcloclty, Ptl thc atomic mass, and

M;, the isentropic Mach number. For our expansion
at X/a=2

dT 8=10 K/sec.
hydxo
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FIG. 3. Inelastic cross sections 0. for argon monomer-
dimer collisions at T =39 K as a function of the kinetic-

energy change of the colliding particles. Initial dimer
state: (a) U =0, l =30; (b) U =2, J=30; (c) U =3, J=30.
R;„=3.759 A is the internuclear distance at the potential
minimum. OD is the cross section for dissociation of the
dim er.

TABLE II. Inelastic cross sections and rms internal di-
mer energy change calculations at T =39 K (Ref. 14).

State &jnel

(A )

in which the dimer finds itself after the colhsion.
Conceivably it could, therefore, be possible that the
estimate of the cooling rate only applies to the rota-
tional cooling. Therefore, cross sections for vibra-
tional relaxation were calculated to get some more
detailed information. In the calculation a dimer in
ihe initial state v =0, J=30 coHidcs with an atom

Therefore, it is concluded that the dimers would
have ample time to relax their energy. The preced-
ing estimate is, however, only indicative, since only
the energy exchange is considered but not the states

2
3

30
30
30

189
182
178

9.3
10.9
9.5
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and the cross section for a transition to a state with
u'&0 was calculated. Final values of J were not
considered. Estimates for U' = 1,2 were
approximately 30 and 14 A, respectively. Larger
changes of U were also observed in the calculation.
The corresponding transition rates are thus of the
order of 10 sec '. Assuming the energy exchange
to be again of the order of 10 K it is seen that vibra-
tional relaxation between the lowest vibrational lev-
els should also be rapid enough for equilibration to
the monomer temperature.

From the experiments and from the estimates of
obtainable cooling rates it is concluded that the di-
mers do reach a thermal equilibrium with the mono-
mers for the conditions prevailing in our expansion,

V. DINER CONCENTRATION

A. Reviews of earlier work

Dim er fractions have been the subject of
numerous studies both experimental' and
theoretical. ' ' ' ' Dimerization was studied for
widely different conditions. The experimental stud-
ies to date consist mainly of mass-spectroscopic
measurements: Ion currents at the dimer and mono-
mer masses, extracted from a molecular beam, are
measured and from their ratio a dimer fraction is in-
ferred. Uncertainties exist, however, about the ioni-
zation and fragmentation probabilities of the dimers
(and larger clusters, if present). For argon this has
led to reports of widely differing dimer fractions in
molecular beams under comparable conditions. In
carly work, values were given of the order of 1% or
less' ', with the assumption of negligible frag-
mentation of the dimer in the ionization process.
This assumption was challenged by Lee and Fenn'
who found considerable fragmentation in an experi-
ment designed to test this hypothesis. As a result,
they gave dimer fractions about 20 times larger than
previous measurements. Subsequent experiments by
Helm et al. showed a changing fragmentation ra-
tio as a function of electron energy, whereas
Geraedts et al. reported that fragmentation for ar-

gon dimers was negligible. This discrepancy has not
been resolved to date.

Theoretical work was first mainly directed at the
equilibrium dimer concentration. ' ' ' ' More re-
cently some studies were made of terminal dimer
fractions from supersonic free-jet expansions.
Such terminal fractions could then be compared to
the molecular-beam mass-spectroscopic results. In
the calculation of the terminal dimer fraction, the
dimer-formation processes ultimately determine the
results. For argon the following two such processes
have been considered.

kr

Ar,*+Ar~Ar2+ Ar .
ky

(5.2b)

%hen discussing the present experimental results we
shall return to these models and apply them to the
expansion conditions of this experiment.

B. Definition of a dimer

Before going into the actual measurements of the
concentration it is first useful to discuss what is
meant by a dimer. More specifically, the question is
raised whether or not metastable states should be in-
cluded when discussing dimer concentrations. This,
in fact, is determined by the experimental conditions
in which the dimers are observed. In molecular-
beam experiments, for instance, a distinction can be
made between stable and metastable dimers. For the
most part, the latter will not survive the Aight
through the molecular-beam apparatus because of
predissociation. Qn the other hand, in a Raman
spectroscopic investigation of their properties in an
equilibrium gas, such a distinction is not very mean-
ingful because the linewidths are generally dominat-
ed by collisional broadening which is not different
for stable and metastable dimers. '

In an expansion, however, with its strong possible
deviations from equilibrium, a distinction could con-
ceivably be made from a thermodynamic point of
view even in a Raman experiment. It is possible, for
instance, to conceive of a situation in which metast-
ables are rapidly formed and dissociated but stable
rnolecules are produced at a rate which is too slow
to effectively take place in the expansion or, more
unlikely, the permuted situation. The first could
occur if stable molecules are formed via intermedi-
ate metastable states. If the intermediates should
dissociate rapidly, e.g., via tunnding, stable dimers
would hardly be formed. That this situation is, in
fact, extremely unlikely is again indicated by the in-
dastic cross-section calculations of Frenkel. ' %'e
have included the level widths associated with these
cross sections in column 6 of Table I, paper I. The
widths given are essentially equal and larger than

(1) A direct three-body process in which three
atoms simultaneously collide to form a stable mole-
cule:

kr

Ar+ Ar+ Ar~~Ar2+ Ar .
k~

(2) A two-step process in which, in a binary col-
lision, an intermediate collision complex is formed.
This is subsequently stabilized in a collision with a
third atom:
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the natural widths of most of the tunneling states
(column 4). In addition, when looking at the distri-
bution of the energy exchanged in the inelastic col-
lisions (Fig. 3) no qualitative differences are seen be-
tween stable and metastable molecules. It is, there-
fore, felt that dimer states do exchange with one
another and no distinctions should be made between
stable and metastable molecules. This means that in
discussing the dimer concentration measurements
the concentration will refer to both the stable and
metastable molecules unless noted differently.

C. Results and data reduction

Although no quantitative information is obtained
from the conditions for which dimer spectra were
observed, it is useful to specify those conditions for
the experimentalist designing a system. Stagnation
pressures varied generally between 4.5 and 8.2 bar.
Depending on this pressure a dimer signal could be
observed between 1.5 &X/D & 3.5. The lower limit
was set by laser stray light. The upper limit varied
with the source pressure and the alignment. The
largest range was approximately obtained for pp 6
atm. This is an indication that dimers are consumed
in the clustering beyond X/D =2.5. We were, how-
ever, not able to make quantitative measurements.
This was caused by the continuing rarefaction and
increase in Rayleigh scattering of clusters which
would decrease the dimer signal relative to the back-
ground of photomultiplier dark count and interfer-
ence from the Rayleigh wings in the spectrum. In
this region of the expansion where massive clusters
were formed, the signal-to-noise ratio was generally
too low to obtain quantitative information from the
spectra. The concentration measurements that will

j =0-2

Ar2

be discussed below were, therefore, all taken in a re-
gime where massive clustering had not yet started.
Comparison of the present stagnation conditions
with those of others' shows that in the other ex-
periments care was usually taken to avoid large clus-
tering, since fragmentation of larger clusters would
contaminate the dimer signal in the mass spectrorne-
ter. A measure of the onset of this clustering was
found by van Deursen, ' who determined a limiting
pressure pL below which only dimers are formed.
For our source (D = 140 pm and Tp ——293 K)
pL

——0.94 atm. In fact, our stagnation pressures are
so high that the dimer signal in a comparable beam
experiment would decrease as a function of source
pressure due to heating effects through condensation
in the expansion. '

Dimer concentrations were determined in this ex-
periment by expanding a mixture of Ar and -4%%uo

N2 (see Sec. III). This apparently does not affect the
clustering in the expansion; we also assume that the
dimerization is not changed by the addition of the
N2. The N2 was included as a reference gas and
for the determination of the expansion temperature
by means of its Raman spectrum. From the tem-
perature measurement in this mixed expansion and
from another measurement in a pure N2 expansion,
the argon monomer density was derived under the
assumption of an isentropic density behavior which
was shown to be valid for X/D &2.5. A rotational
spectrum of Ar2 was then recorded with the high-
resolution Fabry-Perot interferometer system.
Simultaneously, the intensity of the N2 J=0~2
transition was measured. This lies at approximately
11.9 cm ' and does not interfere with the Ar2 spec-
trum, as shown in Fig. 4. From the measured dimer
spectrum a stick spectrum was generated with the
use of the DID model (see paper I); the intensity was
determined by the measured peak heights. The as-
sumption that complete thermalization had taken
place over the energy levels of the dimer was made.
This provided us with a value for the dimer
J=0~2 intensity, which, in fact, was not observed
in the experiment, but is convenient to use in the
analyses.

The density of Ar2 was determined with the use
of

i ~~i
11.9 e S

f requency ( cm-1
)

2

Io 2(Ar2) p(Ar2) ~Ar, Z(Np)

Io 2(N2) p(Nz) pN, Z(Ar2)
(5.3)

FIG. 4. Rotational spectrum of argon dimers in an N2
seeded expansion, including N2 J=0~2 transition. Spec-
trum was used for determination of dimer density in the
expansion.

in which the stick value of the ground vibrational
J=0~2 Raman transition of Ar2 is related to the
measured value of the corresponding N2 transition.
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TABLE III. Ar-dimer concentration measurements.

To Po
Case (K) (cm )

pi
(K) (cm )

P2
(cm )

E,b,
(cm3)

293 1.85 y 10 1.7 47.4 1.2 &( 10' & 1.1)& 10' & 0.010+0.0025 0.485 g 10 0.139y 10 o
& 0.083 y 10

293 1.5 10 2.0 39.3 6.1 y 10' 0.88 X 10' 0.014+0.003 0.485 x 10 0.235 x 10 0.24 y 10

PA, was calculated with the DID model (see paper

I). (PN, ) was taken as 0.50 A, and for the evalua-

tion of the sum of states Z(N2) a value of the rota-
tional constant 8~, ——1.9895 cm ' was used. The

sum of states Z(Ar2) was calculated with the use of
the energy levels of Colbourn and Douglas. At the

temperature of the expansion (-40 K) metastables
made a contribution of approximately 10% to the
sum. Two such measurements of the concentration
are given in Table III. The relevant stagnation and
expansion conditions are found in columns 2—5.
The argon monomer (dimer) density is given in
column 6 (7) and the dimer fraction in column 8.
Discussion of the remaining quantities is postponed
until after the next section.

For expansion conditions a (Table III), only lower
bounds to the dimer density can be given because
stray light due to reflection of the laser from the
nozzle inhibited a better determination. The values
given in columns 7 and 8 for conditions b differ
from those that were given in Ref. 5, although they
refer to the same measurements. This was caused by
the use of an erroneous value of PN, taken from Ref.
28. %'e furthermore reexamined the assumption of
an isentropic expansion made in that paper. Owing
to the small deviations in the temperature from isen-
tropic behavior [Eq. (3.1)j, it was found necessary to
correct the monomer density used in Ref. 5. For the
dimer fraction these two corrections worked in op-
posite directions.

with h Planck's constant, m the monomer mass, and

Z2;„, the internal partition function of the dimer,

Zp;„, ——g (2j+1)exp( E„)/—kT) . (5.6)

' —3/2

g~ (T) 0 900 3
GEE (5 7b)

with 6'(x) = 1+0.254x +0.057x +0.011x
6 (x)=1—0.190x '+0.032x —0.005x

Superscripts s and m denote stable and metastable
contributions, respectively, and o. and e are the usual
Lennard-Jones repulsive-core and well-depth param-

1O
25

10 26
5

K~q

Im3)

Several authors have reported calculations for the
equilibrium constants E,q(T). Stogryn and Hirsh-
felder ' calculated both the values of the equilibrium
constant for the stable and metastable dimers for the
Lennard-Jones 6-12 potential. Their results could be
approximated by

' —3/2
3 Gs

D. Equilibrium constant

Before continuing the discussion of the results we
first want to go into the calculation of the equilibri-
um constants for the dimerization reaction. In the
following we neglect the influence of larger clusters.
In equilibrium theory the equilibrium constant for a
chemical reaction

10-28

0

shfe[der

is given by

P2Keq

* 3/2
Q

2

mmkT

(5.4)

1 20 3
100/T IK I

FIG. 5. Equilibrium constant Ecq for the reaction
Ar+ Ar~~Arz as a function of inverse temperature. Only
stable dimers are considered.
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eters. Milne' used the numerical solutions of
Cashion for the 6-12 Lennard-Jones potential to
calculate E~(T). van Deursen' used the spectro-
scopic constants of Docken and Schafer ' for his
calculation of E',q. In the present work the internal
partition function Z2;„,=Z(Ar2) was calculated
with the spectroscopic data of Colbourn and Doug-
las. Although obviously lacking the universality
of thc cxprcssion with thc Usc of 8 Lcnnard-Jones
potential, this is the most accurate calculation. Re-
sUlts of thc diffcrcnt approaches Rrc compared in
Fig. 5. Because in the previous work mostly E',

q
was considered, the comparison is made for that
quantity. In addition to the models mentioned
above we have included data points of an analytical
approximation by Knuth to the results of Milne.
This "approximation" clearly deviates strongly from
those data.

E. D1scQssion Of fesUlts

Values of the equilibrium constant at the stagna-
tion Rnd local expansion temperature are given in
columns 9 and 10 of Table III. In column 11 we
give an observed value defined by

pzE,~ ———
q

.
pi

The valUcs of Eo~ Rnd j «arc scen to bc cqUal
within the experimental error for conditions b, Table
III. Although this seems to indicate that the con-
centration of dimers is equal to the equilibrium
value, it should be realized that the assumption of a
thermal distribution was invoked in the calculation
of the dimer density. Actually what was directly
measured was the density of dimers in the ground
vibrational states. From thc unccrtaiQty in thc mea-
surement and from the fact that the occupation of a
state cannot exceed its equilibrium value relative to
the monomers we can set boundaries on P(u =0):
0.7P~(u =0) &P(u =0) &P,q(u =0). We continue
this discussion with the assumption of thermaliza-
tion since we believe this to be justified in view of
the measurements and cooling rate estimates as ex-
plained 1Q Scc. IV. %c can then diaw some coQ-
clusions with regard to the dimer-formation process
and the anisotropy of the argon-dimer polarizability.

i. Dimer formation

As mentioned in Sec. V A, dimer-formation mod-
els exist capable of predicting the terminal dimer
fraction after expansion is completed by tracing the
formation history during the expansion. The
present local values of the concentration now can
give an immediate test of these models at a stage

where dimers are still being formed in the expan-
sion. Because the present results do not suffer from
the interpretation difficulties mentioned in Sec. V A
and the experimental uncertainties are small, the
outcome of this test should be more meaningful
than the results in the mass-spectroscopic experi-
ments.

First, the direct three-body recombination models
are considered. In such a reaction [Eq. (5.1)] the
rate equation is given by

(3) 3

Bt
=kg ~pj —pg'2/&c ~cq

with p& and pz the monomer and dimer densities,
respectively, and ky the forward rate constant. The
backward rate constant k, is assumed to be equal to
the one in thermodynamic equilibrium (microscopic
reversibility}, i.e., k, =k~/K, q. Taking the hydro-
dynamic derivative in the expansion we get

dP, Dk~"'
3 Pg,

dX/D u K,q

dM y —1

dX/D
'+

2

This equation was numerically integrated. The
Mach number w'Rs assumed to bc equal to its value
for an isentropic expansion, M;, . The analytic form
of Ashkenas and Sherman was used to which an ex-
ponential was joined for X/Dgl with matched
values and derivative at X/D=1. A complication
arose from the fact that the temperature in our ex-
pansion started to show deviations from isentropic
behavior when it had reached a value of 39 K. This
was programmed in by "freezing" T at 39 K down-
stream of where the experiment showed deviations.
This procedure contains the implicit assumption,
justified from our measurements, that while conden-
sation does heat up the expansion, there are still no
direct effects on the dimer concentration: the latter
can still be described by 8 formation-dissociation
equilibrium with monomers only.

For ky
' tw'o models have been proposed based on

mass-spectroscopic measurements by Milne et a/. '5

and Golomb et a/. ' Milne et a/. proposed an in-
verse power-law dependence of ky on T:

Such a form has also been observed in reactions in-
volving chemically bound diatomic molecules. 32

Optimum correlations were found for 2 & n & 3. The
predictions of these models with n =2,3 are shown
in Fig. 6 for the expansion conditions b in Table III.
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0.05—
Po = 6.0 at
To = 293 K

0 = 140 it
Pg

P1
0.02—

Golomb p=1

e n=2
Golomb p=005

0.005—

I I I I I I I I I I I

-3 -2 -1 0 1 2 3 I 5 6 7
X/D

FIG. 6. Model calculations for dimer fraction as a
function of X/D for the expansion conditions b of Table
III. Solid lines are calculated for an isentropic expansion;
dashed lines give results for' expansion in which heating
due to condensation keeps temperature constant down-
stream of X/D=1. 8. Data point corresponds to the mea-
sured fraction.

The model clearly fails to reproduce the equilibrium
concentration at X/D =2. In this model, as Knuth
pointed out, most of the increase in the dimer frac-
tion takes place in the outer part of the expansion.
The low temperatures attained there enhance the
formation process in this model so much that, in
spite of the rarefaction, dimers continue to be
formed and the formation process actually needs to
be cut off. This was done by Milne at the transla-
tional sudden-freeze surface.

Golomb et al. ' proposed the use of the three-
body collision rate multiphed by some factor q
describing the effectiveness of the collision

' 1/2

k(3) 8 3n s
J

values of p~,„and E to the expansions of Ref. 16 the
final dimer fractions would be much lower than the
observed values. If the model provides a good
description of the dimer formation process for
p=p~,„,this would indicate that the dimer detection
probability in mass spectrometers is substantially
higher (approximately ten times) than previously as-
sumed. Such a large factor seems rather improb-
able. It is, therefore, felt that the model does not
give a consistent description of the available experi-
mental data for such low values ofp.

Finally, a two-step model is considered. Knuth
has studied a model in which dimers are formed via
stabilization of unbound (virtual orbiting} pairs of
atoms. Other possible reaction paths via metastable
states were ignored on the basis of a statistical argu-
ment. Knuth then found the rate limiting process to
be the stabilization of the unbound pairs. A
sudden-freeze model was developed in which the
dimer-formation process is assumed to be in equili-
brium up to the sudden-freeze surface where the di-
merization is discontinuously interrupted. The posi-
tion of this surface is determined by the rate limit-
ing process. The formation rate is then given by

(5.12)

with
' 1/2

k(2) g +(2 2) 12 kT
2

p2 is the (equilibrium) concentration of unbound
pairs. o.z q is a hard-sphere collision diameter and
Q(2'2' the normalized collision integral. The col-
lision effectiveness q is again assumed to be of Ar-
rhenius form:

with q =pe . The factor q was taken to be 1,
resulting in the (unphysical) model that every three-
particle collision produces a bound dimer. Even for
this high value of q the model predicted lower final
dimer concentrations than the experimental observa-
tions. Predictions of this model for our expansion
conditions are included in Fig. 6. The model agrees
with the measured dimer concentration. Therefore,
the steric factor p was reduced keeping the activa-
tion energy E equal to 0 to find a lower bound for p.
A value of pI,„-0.05 was found for conditions b,
Table III. Another estimate was obtained by taking
E=0.6e with e the potential-weH depth. This seems
a reasonable value in view of the fact that the max-
imum rotational barrier in a two-particle description
is approximately 0.8e. We found p~,„-0.2. It is
noted that when applying the model with these

The equilibrium constant Ecq is now the equilibrium
constant for the process

k

Ar2+Ar ~Ar2+Ar .
k)

This model was not numerically integrated as was
done for the direct process. Only the location
(I/D), r of the sudden-freeze (sf) surface was calcu-
lated with the use of Knuth's results (Ref. 22, Eq.
42), again ignoring effects of formation of larger
clusters:

T,g 18K, (X/D), g
——3.3 .

The prediction of an equilibrium concentration at
X/6=2, therefore, agrees with the experiments
presented here. It is noted, however, that the use by
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Knuth of too large a value of the equilibrium con-
stant K~ (see Fig. 5) increases the value of (X/D), f.
The magnitude of this shift is difficult to estimate
due to the complicated form of the model.

Z. Dimer polarizability

In I the dimer polarizability was discussed and in
the calculation of the density the dimer polarizabili-

ty results of the DID model (see I) were used.
Several other models were also considered in I.
From the spectroscopy we could not, however, de-
cide whether or not any of these other models was
acceptable. From the present concentration mea-
surements this is possible. We recall the relations

I cc p2p2

and

p2 +p2eq

From these relations and the experimentally deter-
mined Raman intensity one can set a lower bound
on the value of P . Using the DID model for P we
found that, within the error bounds, p2)0. 7p2,q.
Therefore, we find

p &0.7pDID,

Ipl &og4pDID.

Comparing this result to Table III of paper I we
find that models 2—5 and 8 can be rejected. Our re-
sults agree with the recent collision-induced light
scattering data in that corrections to the DID
model are small.

VI. SUMMARY OF RESULTS

In this article a consistent description was given
of the dimer-formation process in an argon free-jet
expansion. Measurements of temperature and densi-

ty were presented that established the conditions in
which dimers are formed in our expansion. These
Rayleigh and Raman scattering results also proved
the existence of an isentropic expansion core down
to the region where condensation starts. From Ra-

man scattering on dimers it was possible to conclude
that dimers are in thermal equilibrium with mono-
mers. This means that the internal energy of the di-
mers corresponds to the local translational tempera-
ture of the expansion. The dimer concentration was
found to be equal to the value it would have in a
chemical equilibrium with monomers, neglecting the
direct influence of larger clusters on the equilibrium.
The local values of the concentration obtained here
were compared to predictions of a few dimer-
formation models that were suggested in the litera-
ture. The two-step formation model of Knuth and
the three-body collision model of Golomb et al.
could give results in agreement with the experi-
ments. The other models considered did not give ac-
ceptable results. With the use of the present density
measurements a lower bound was found for the an-
isotropic polarizability of the argon dimer.
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APPENDIX

In this appendix we want to estimate the effects
of dimer formation in the "isentropic" part of the
expansion X/D &2.0 on the temperature. Thermal
equilibrium is assumed and the classical expressions
for equipartition are used: the energy of the free ro-
tating, vibrating dimer is taken as 2kT. This means
that at X/D=2 where isentropic temperature is
-35 K, internal dimer energy is -70 K and the
average energy needed to dissociate the dimers is
-75 K. Multiplying with the dimer fraction
(-1.5%) we get the total heat per dimer in the ex-
pansion delivered to the translational bath in the
dimer-formation process. This value is to be com-
pared to the average thermal kinetic energy in the
flowing system of -54 K. Therefore, the increase
in the translational temperature due to the dimer
formation is of the order of 0.8 K.
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