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Departures from the soft collision model for Dicke narrowing: 
Raman measurements in the Q branch of D2 

J. W. Forsman, P. M. Sinclair, A. D. May,a) P. Duggan, and J. R. Drummondb) 

University of Toronto, Department of Physics, 60 St. George St., Toronto, Ontario, Canada, M5S lA7 

(Received 12 March 1992; accepted 7 July 1992) 

With high quality spectral data, we have observed departures from the soft collision model 
for translational motion, in the transition region from Doppler broadening to Dicke 
narrowing. The departures are in agreement with theoretical calculations based on the 
Boltzmann equation. The implications of the results concerning the dynamics of fluids are 
discussed. In addition we show that the mass diffusion constant describes the translational 
diffusion of the optical coherence and we give precise measurements of the broadening 
coefficients of the Q(O) to Q( 6) lines. 

I. INTRODUCTION 

It is well known that both bound state spectroscopy 
and the perturbation of allowed spectra by collisions can be 
used to explore intermolecular forces. Bound state spec­
troscopy is very precise, but in general explores the inter­
action potential only in the vicinity of the minimum. For 
the case of allowed spectra the dynamics of a collision 
probes the entire range of interaction. However it was not 
uncommon to have experimental errors and uncertainties 
in theoretical calculations of several tens of percent or 
larger, even as late as the early seventies. In the intervening 
years large advances have been made in experimental tech­
niques, mainly due to lasers, and even larger advances in 
theoretical computations due to the incredible expansion in 
computing power. We thus find ourselves in a position to 
go beyond the existing semiquantitative tests, and to make 
a careful comparison of theory and experiment. Further­
more we now have the capability of closely scrutinizing the 
influence of collisions on the molecular degrees of freedom 
and of probing some subtle but fundamental aspects of the 
dynamics that have eluded experimental detection up to 
now. In this paper we use high resolution Raman gain 
spectroscopyl,2 to take a deeper look at the influence of 
collisions on the translational motion of molecules in a 
dilute gas. 

If one neglects the effect of collisions on the internal 
degrees of freedom then the free streaming of molecules at 
low densities yields the Doppler profile with a width of the 
order of kv, where k is the wave vector or momentum 
transfer and v some mean molecular speed. As is well 
known, the translational motion eventually takes on a ran­
dom walk character at a high enough density, and the 
linewidth is determined by ~ D, where D is the diffusion 
constant. Since the diffusion constant varies as Dol p, where 
p is the density in amagat units, the width decreases with 
increasing density, an effect known as Dicke narrowing. 3 

While these simple ideas describe the spectral profile aris­
ing from the translational motion in the two limits of low 
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and high density, to describe the spectrum at all densities 
one must use the space and time Fourier transform of the 
self-part of the van Hove pair correlation function, 
GsCr,t),4,5 the probability density or distribution function 
for finding a molecule at position r, at time t, given that the 
same molecule was at the origin at t=O. The standard 
model found in the literature used to describe Gs(r,t) or 
rather the intermediate scattering function,6 XS<k,t) 
=Seik'rGs(r,t)d3r, is the so-called soft collision model of 
Galatry.7 The object of this paper is a close examination to 
look for departures from the soft collision model. We also 
address the question of whether the optical coherence dif­
fuses at the same rate as the mass or diagonal terms of the 
density matrix. 

The rest of this paper is organized as follows: In Sec. II 
we consider some underlying assumptions, particularly the 
manner in which the effect of collisions on the internal 
degrees of freedom is folded into the problem. In the third 
section we examine in detail, the soft collision model, the 
hard collision model,8 and calculations based on solutions 
to the Boltzmann equation for specific intermolecular 
forces. 9,lo In the experimental section, measurements of the 
Q branch in the Raman spectrum of D2 are presented. 
Following an analysis of the high density regime, the low 
density results are used to confirm the theoretical predic­
tions of departures from the soft collision model. This is 
followed by a detailed discussion of possible systematic 
errors. Finally there is a summarizing paragraph of the 
results and some comments on the implications of our find­
ings concerning the dynamics of fluids. 

II. UNDERLYING ASSUMPTIONS 

(i) We neglect collisionally induced spectral compo­
nents. At low densities, the shape of a line (for an allowed 
transition) reflects the influence of collisions on both the 
translational motion and the internal degrees of freedom. 
Collision induced changes in the transition moment are 
generally small and the contribution to the spectrum 
spread over a range of frequency, of the order of the inverse 
of the duration of a collision. This is much broader than 
the allowed part of a spectral line and thus the collision 
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induced spectrum forms a very low, constant background 
to the spectral lines and can safely be ignored or absorbed 
into the base line. 

(ii) We assume that the temperature is sufficiently 
high that the translational motion may be treated classi­
cally. This means that the de Broglie wavelength is small 
compared to the mean distance between molecules, a con­
dition well satisfied by D2 at room temperature. 

(iii) We assume that the effect of collisions on the 
evolution of the internal degrees of freedom is described by 
the usual list of binary collision and impact approxima­
tions." 

(iv) The most subtle assumption that we make is that 
there is no statistical correlation between the effect of col­
lisions on the translational and internal degrees of freedom. 
A single collision will perturb both degrees of freedom, a 
condition that is necessary but not sufficient to generate a 
statistical correlation. In our opinion, the question of sta­
tistical correlation is not directly related to the question of 
speed dependent optical cross sections. 12,13 If there is no 
statistical correlation, then the time correlation function 
for the spectrum can be written as the product of two time 
correlation functions, one for the translational motion and 
one for the internal degrees of freedom; this is the true 
measure that the two processes are statistically uncorre­
lated. 14 The time correlation function for the translational 
motion is just the intermediate scattering function men­
tioned in the Introduction. For the internal degrees of free­
dom the usual result from binary collision theory is a time 
correlation function of the form exp ( - rt). By itself this 
would lead to a Lorentzian with a half-width at half­
maximum (HWHM) equal to r, in rad/s. 

(v) Finally we assume that on times short compared to 
the time between collisions that the intermediate scattering 
function is the same as for free streaming molecules with a 
Boltzmann distribution of velocities. 15 This assumption 
will be used in the analyses of the experimental data. 

Given these five assumptions it then follows that 
within a multiplicative factor, the experimentally observed 
spectrum is given by I(k,w)exp=SXs(k,t)[exp( - rt)] 
exp( -iwt)dt, where k is the difference in wave vector be­
tween the incident and scattered (stimulating) radiation. 
Consequently, if I(k,w)exp is measured and r has been 
determined by an independent experiment, then an exper­
imental curve for the translational correlation function, 
Xs(k,t)exp, can be extracted from the data by inversion. 
This may be compared to Xs(k,t)sc calculated from the soft 
collision model. More precisely, we will examine, at a num­
ber of different densities, the residue or difference between 
the two, defined as R(k,t)exp=Xs(k,t)exp-Xs(k,t)sc' The 
thrust of the paper is to show that R (k,t) exp is in qualita­
tive agreement with calculations of R(k,t)v based on solu­
tions of the Boltzmann equation9

,10 for three realistic po­
tentials, v:=rigid sphere, v:=Lennard-Jones, and 
v=:exponential-six potential. We include a discussion of 
the hard collision model of Nelkin and Ghatak8 since the 
calculations of Gibbs and Ferzigerl6 imply that Xs(k,T)v> 
falls between Xs(k,t)sc and X(k,t)hc' i.e., that O<R(k, t)v 

<R(k,thc' 

III. INTERMEDIATE SCATTERING FUNCTIONS 

The intermediate scattering function or spatial Fourier 
transform of the self-part of the van Hove pair correlation 
function can be expanded as a power series in k-r, 

Xs(k,t) = J eik-rGsC r,t) d 3r 

=l:( _l)n[k2n] <?n)/(2n+ I)! 

=l:( _l)nenG2n , 

where the isotropy of space has been used to eliminate the 
odd spatial moments and to establish the relationship, 
(x2n )/(2n)!= (?n)/(2n+ 1)!, between the even moments 
of x (the component of r along k) and the even moments 
of r. The G's are functions of time and as defined are pro­
portional to even powers of the molecular displacement. 
For example, G2(t) is ~ the mean square displacement, 
(?(t) ). 

It is common in theoretical work to assume that 
Gs(r,t) is a Gaussian function of r. 15

,17 This is equivalent to 
stating that G2n equals (G2 ) n I nL The power series expan­
sion of Xs(k,t) then reduces to the expansion of an expo­
nential. Resumming the series gives for the intermediate 
scattering function Xs(k,t) =exp( -eG2), a function of 
time and Gaussian in k.15 

We are now in a position to place the soft collision 
model in context. While this model has as its starting point 
the assumption that each collision only slightly perturbs 
the velocity,16 the resulting expression for Xs(k,t)sc is the 
same as for the Gaussian approximation. What is perhaps 
more important, the model yields an explicit expression for 
G2 (t), viz. G2( 7) =2(Dlvo)2[r-1 +exp( -7)]. Here (vo)2 
is given by 2kBT 1m and 7 is real time divided by the mean 
time between velocity changing collisions, itself given by, 
70=2DI(vo)2. In the short time limit G2 or (116) <?) ap­
proaches the free streaming limit of (votI2)2. In the long 
time limit G2 goes to the well known random walk value, 
Dt. The origin of this form of G2 can be traced at least as 
far back as Doob. 18 Here we spot a slight conceptual in­
consistency in the soft collision model; 70 is related to the 
diffusion constant, as given by the equation above, but the 
diffusion constant in a dilute gas is usually considered to 
measure the hard core of molecular interactions, not dis­
tant, soft, collisions that only slightly change the velocity. 
It would be more informative to describe the "soft collision 
model" as one based on the Gaussian approximation and a 
form of G2 that has the correct short and long time behav­
ior. We will return to a discussion of the form of G2 in Sec. 
VII and to a discussion of the Gaussian approximation in 
the concluding section of the paper. We now consider de­
partures from the soft collision model. 

Starting from the Boltzmann equation it is possible to 
evaluate numerically the even moments of the molecular 
displacement. Desai9,19 and Desai and Nelkin lO have cal­
culated these up to the eighth moment for a rigid sphere, a 
Lennard-Jones and an exponential-six potential. In a pri­
vate communication, Desai claims that his numerical val­
ues of G2 were very close to G2 for the soft collision model, 

J. Chem. Phys., Vol. 97, No.8, 15 October 1992  Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  129.173.74.41 On: Wed, 15

Jun 2016 16:57:09



Forsman et al.: Raman measurements of D2 5357 

provided TO was defined as above and D was calculated 
directly from the intermolecular potential.20 Thus devia­
tions from the soft collision model are found in the higher 
spatial moments. In Refs. 9 and 10 there are plots of 
[G2nl/[ G2n]sc, (n = 1, 2, and 3) from which the non­
Gaussian corrections to the fourth, sixth, and eighth mo­
ment may be calculated, i.e., from the plots we can deter­
mine the first three terms of the spatial moment expansion 
of the residue, R(k,t)", for three intermolecular poten­
tials.21 

The hard collision model of Nelkin and Ghatak8 as­
sumes that the molecular velocity is completely thermali­
zed in a single collision. For the hard collision model 
Xs(k,t) may be calculated from the analytic expression for 
S(k,cuhc. By numerically transforming S(k,cuhc' we can 
generate Xs(k,thc and from this the residue for the hard 
collision model, R(k,thc=Xs(k,thc-Xs(k,t}sc. This is the 
complete residue, not a truncated moment expansion. 

In summary, there exist in the literature, theoretical 
graphs from which the first three terms of R (k,t) u for a 
Lennard-Jones, exponential-six and a rigid sphere potential 
may be calculated and it is possible to calculate the full 
R(k,thc for the hard collision model. The only parameter 
that we need to specify to carry out the calculations of 
R(k,t)v or to determine R(k,thc, is the diffusion constant, 
D. 

To extract the experimental residue from the spectral 
profiles, we need the measured spectrum, I(k,cu)exp, the 
diffusion constant, D, and the broadening parameter, r. In 
Sec. IV we will show how it is possible to determine these 
two crucial parameters from the spectral data at high den­
sity without biasing the extraction of the residue from the 
spectral data at lower densities. In the discussion we will 
establish that this method of analysis is essential to obtain 
a physically consistent picture. 

IV. EXPERIMENTAL METHOD AND OBSERVATIONS 

The high resolution Raman gain spectrometer1
,2 used a 

tunable dye laser as the Raman probe and an argon ion 
laser as the Raman pump. Raman gain spectroscopy was 
used since it measures the imaginary part of the third order 
susceptibility directly without interference from the disper­
sion.22 Relative frequencies were measured with a scanning 
Fabry-Perot interferometer which yielded a precision (re­
producibility) of 1-2 MHz. The instrumentallinewidth is 
~ 1.5 MHz (Ref. 23) and is < 1 % of the narrowest line 
width measured. It is limited by the pump and probe lasers 
both of which are frequency stabilized. At any given den­
sity the shape of the line was measured at least twice, using 
a scan of 30 G Hz (1.0 cm - 1) centered on the line. The 
deuterium gas (Matheson C. P. grade, 99.5% pure) was 
contained in a cell ~ 20 cm long and temperature con­
trolled at 30.2 0c. A capacitance pressure transducer 
(MKS Baratron, model 390 HA), a calibrated thermocou­
ple, and PVT data24 were used to determine the density. 
An accuracy of 0.16% was achieved above -0.6 amagat.25 

Below 0.6 amagat the accuracy decreased to - 1 % at the 
lowest density, due to temperature induced drifts in the 
zero of the pressure transducer. At densities > 2 amagat, 

1.2r------------------------------------. 

O.S 

::i 
<C 
~0.4 
c: 
Ol 

ii5 

0.0 F======------~ 

-12 -8 -4 0 4 
Raman shift (GHz) 

x5 

8 12 

FIG. 1. The Q(2) line of D2 at 30.2·C and from top to bottom, 23.92, 
1.525,0.979, and 0.102 amagat units of density. The base lines for the two 
lowest densities have been offset. 

the signal to noise for the Q(2) line exceeded 1700 with (i) 
a one second integration time; (ii) 200 mW in the probe 
beam; (iii) 540 mW peak-to-peak modulation for the 
pump; and (iv) in a single pass configuration. Within the 
accuracy of our measurement, the spectrometer performs 
at or very close to both the theoretical signal and shot noise 
limit. 

The Q( 0), Q(1), and Q( 3) lines were measured at 
many densities from 0.2 to 24 amagat. The strongest line 
Q(2) was measured from 0.1 to 24 amagat. For integration 
times of 4 s, the signal to noise ratio for the lowest densities 
was - 200. While not central to this paper, we also mea­
sured the broadening of the Q(4), Q(5), and Q(6) lines 
from 3.4 to 28 amagat. 26 

Figure 1 shows the Q(2) line at several densities. For 
the purpose of illustration, the discrete data points have 
been joined by straight line segments and the centers of the 
lines for different densities have been aligned. That there is 
a minimum in the width as a function of density, is evident 
from an examination of the curves. This is true for all the 
lines examined. Figure 2 shows the HWHM (measured in 
GHz) as a function of density, for the four strongest lines. 
The error bars, vertical or horizontal, are much less than 
the size of symbols for the points, even less than the width 
of the solid lines. The insert shows the low density data on 
an expanded scale; it is in this region that the calculations 
predict a departure from the soft collision model. The rea­
son for recording the high density data was to determine D 
and r. 

If we accept the basic assumptions outlined above then 
theory predicts a Doppler broadened line at low density, a 
transition region from a Doppler broadened line to a Dicke 
narrowed line, with finite departures from the soft collision 
model, and a high density regime where the soft collision 
model is applicable. The latter is equivalent to stating that 
the line will be Lorentzian with a HWHM (in radls) given 
by acu = k D + r. The transition region occurs around the 
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FIG. 2. Linewidths as function of density for the Q(O)-Q(3) line in D2• 

density for which kA= 1, where A is the mean free path. 
For the Q branch of O2 and forward scattering, the 
corresponding density is -0.4 amagat. The question is 
"Do the observations support all the predictions?" We 
begin by analyzing the high density regime. 

V. DETAILED ANALYSES (HIGH DENSITY) 

For the Q branch lines in O2, high density means den­
sities (much) greater than 0.4 amagat. To first order, the 
line shape in this region, should be Lorentzian with a 
HWHM given by kDoIp+Bp. Here we have inserted the 
inverse density dependence of the diffusion constant, D, 
and the linear dependence on density of the collision 
broadening, r. Such an expression fits the measured widths 
very well for all densities down to -1 amagat. Essentially, 
the solid lines in Fig. 2 are the best fit curves of this form, 
where only the data above 1.4 amagat were used to deter­
mine Do and B. If one includes densities below 1 amagat 
the quality of fit deteriorates and the value of Do extracted 
from the fit decreases rapidly. In addition there are observ­
able departures of the calculated Lorentzian line shape 
from the experimental line shape. To illustrate the contri­
bution of the translational motion to the Q( 1) linewidth, 
we have plotted in Fig. 3 the measured HWHM minus the 
calculated value of Bp, where B is a best fit value, and 
compared the points to the best fit value k2DoI p. The fit is 
excellent above 1.4 amagat. The departure of the points 
from the solid line below - 1 amagat is consistent with the 
arguments and estimates given above. At 24 amagat the 
translational width is 2.5 MHz which is small compared to 
the collisional width of - 1000 MHz. Near 1 amagat the 
collisional width has fallen from 1000 to - 50 MHz while 
the diffusional width has risen from 2.5 to 50 MHz. (The 
minimum in the curves shown in Fig. 2 occurs when the 
two contributions are equal.) The point of Fig. 3 is that we 
can detect a contribution of the translational motion to the 
width of a line over a wide range of density, which is 
essential if one wants a precise value of Do (and B). For 
maximum precision, the density range must start just 

0.3,--------------------, 

N :r: 
~0.2 
::E :r: 
~ :r: 
o 
~ 
c. 
~0.1 
o 
is 

0.0 L_-----===:::::::z::::==========:J 
o 4 8 12 16 20 24 

Density (amagat) 

FIG. 3. Contribution of the translational motion to the width of the Q( 1) 
line. 

above the transition density. It is the results of the analyses 
at high densities that permit us to look for departures from 
the soft collision model at the low densities corresponding 
to the insert in Fig. 2. 

Before proceeding to the low density data we examine 
the validity of the two assumptions made in the last para­
graph, namely that D varies as Dol p and r as Bp. The 
Enskog theory of dense gases predicts that D should be 
given to the lowest order of correction as, Dol p - 51TL~ I 
12, where Lis Lodschmidt's number and a the hard sphere 
diameter.2o Using a=2.95X 10-8 cm (Ref. 20) we calcu­
late the additional width due to the constant correction to 
D, as -0.05 MHz. This is very much smaller than our 
instrumental width, which itself is just at our level of de­
tection. Thus dense gas corrections to the diffusion con­
stant may be neglected. For the broadening, Royer27 has 
predicted a density dependence of, r=Bp+B'p3. The high 
density correction arises because the duration of a collision 
is no longer negligibly small compared to the time between 
collisions. With a fixed Do, B, and B' we were able to fit the 
measured half-widths (above 1.4 amagat) to within ±2 
MHz. (In Fig. 3 the data points are actually the experi­
mental half-widths minus Bp+B'/]. Table I lists the val­
ues of Do, B, and B' and the values of Do and B if B' is set 
equal to zero in the fitting routine, for Q(O), Q( 1), Q(2), 

and Q( 3 ). Also included are some preliminary broadening 
coefficients for the weak lines Q( 4 ), Q( 5), and Q( 6) and 
the very approximate values of Do determined from these 
lines. 

There are three pieces of evidence that support the 
inclusion of a cubic term in the effect of collisions on the 
internal degrees of freedom. Including a cubic term in the 
fit (i) marginally improved the quality of the fit of the 
width vs density; (ii) decreased the variation of the fitted 
value of Do from one Q branch line to the next (one expects 
a negligible dependence of D on rotational quantum num­
ber); and (iii) decreased the sensitivity, of the value of Do 
deduced, to both the lower and the upper end of the range 
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TABLE I. Experimental broadening coefficients and Do for the Q branch 
lines of D2 at 30.2 ·C, with and without allowance for nonlinear broad-
ening. Note the units for B and B'. The quoted errors do not include the 
possible systematic errors associated with the calibration of the density 
and frequency scales. 

Line B (MHz/amagat) B' (kHz/amagat3) Do (cm2 amagat/s) 

Q(O) 90.43(11 ) 0.0 0.816(86) 
89.38( 10) 2.30(22) 0.954(35) 

Q(1) 40.30(02) 0.0 1.000(12) 
40.44(04) -0.30(7) 0.985(09) 

Q(2) 62.71(03) 0.0 0.943(30) 
62.60( 11) 0.22(18) 0.955(32) 

Q(3) 64.40(04) 0.0 0.927(31) 
64.14( 10) 0.54(18) 0.958(28) 

Q(4) 64.4(2) 0.0 0.99(30) 
Q(5) 51.6(1 ) 0.0 0.99( 10) 
Q(6) 38.4( 1) 0.0 0.82(18) 

of densities included in the fit. Including a B' term changed 
the fitted values of B by -1 % for the broadest line, Q(O), 
and -0.2% for the others. 

From the least-squares fit, the uncertainty in Do deter­
mined for each line varied from 0.009 to 0.035 
cm2 amagat/s. Within experimental error, our values of Do 
agree with the value of 0.979( 17) cm2 amagat/s derived 
from a critical compilation,28 and reports of binary diffu­
sion of D2 into H2 (Refs. 29, 30, 31) and para-H2 into 
n-H2•32 They also agree with the values determined by 
Smyth et al. 33 This suggests that the "optical" or coherence 
diffusion constant34 is not distinct from the mass diffusion 
constant. In other words, the coherence involved in the 
scattering is fixed to the molecule so that the population 
(mass) transport of the molecule also accounts for the 
translational part of the optical coherence. The mean value 
of Do determined from our measurements is 0.963(14) 
cm2 amagat/s. 

VI. DETAILED ANALYSES (LOW DENSITY) 

Having determined the broadening coefficients and the 
diffusion constant from the high density data, the next step 
was to extract the experimental translational correlation 
function from the spectra at low densities. This was accom­
plished by taking the fast Fourier transform (FFT) of the 
spectra35 and dividing by exp[ - (Bp+B'p3}t], where in 
actual practice, at low densities, the cubic term was totally 
negligible. Next we computed the correlation function of 
the soft-collision model using our mean experimental value 
of Do. Finally we calculated the residue, R(k,t}exP' or the 
experimental translational correlation function minus 
Xs(k,7}sc' for the soft collision model. Figures 4(a), 4(b), 
and 4(c} show this residue, as a function of 7, for the Q(2} 
line at 0.196, 0.394, and 0.599 amagat, respectively. We see 
that the residue vanishes at very short and very long times, 
as predicted9,10,19 (however, see below). At the lowest den­
sity and intermediate times, 7=5, the magnitUde of the 
residue is of the order of a few percent.36 The residue is 
zero, within the noise limit set by our transforms, at 0.6 
amagat and higher densities. The same results were found 
for the other lines but with a slightly higher level of noise. 
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FIG. 4. Experimental residues for the Q(2) line and those calculated 
from the hard collision model (HC), rigid sphere interaction (RS), and 
the Lennard-Jones potential (U). The plot for the exponential-six poten­
tial is almost the same as for the Lennard-Jones. Multiple traces at a given 
density correspond to separate measurements of the line shape. 

For a single trace of the Q(O} line, a small residue, just 
above the noise limit, was observed at 0.6 amagat. 

We cannot make a direct comparison of our experi­
mental results with the moment expansion, as such a series 
converges rather slowly. However, Desai19 has shown how 
to reorder the series in a manner that converges rapidly. 
Using this form and his graphs21 we have determined the 
residue for a rigid sphere potential (RS) in Fig. 4 and a 
Lennard-lones potential (U) in Fig. 4. The residue for an 
exponential-six potential is very close to that for a 
Lennard-Jones potential and is not shown separately in the 
figures. Also shown in the figures is the residue for the hard 
collision model of Nelkin and Ghatak.8 We remind the 
reader that zero residue corresponds to the translational 
motion being described by the soft collision model. We see 
that the hard collision model of Nelkin and Ghatak con­
siderably overestimates the non-Gaussian corrections. The 
residues are best described by solutions of the Boltzmann 
equation.37 While the experimental values of the residue lie 
closest to the values calculated for hard spheres, we cannot 
claim unequivocally that a hard sphere potential is best for 
a description of departures of the translational motion 
from that given by the soft collision model; the calculations 
were done at 95 Knot 303 K.38 Low temperatures empha­
size the difference between a rigid sphere and potentials 
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with an attractive part. To bring out the difference it would 
be better to repeat the experiments at liquid nitrogen tem­
peratures. Nevertheless, we can conclude that both the 
magnitude and the time scale of the observed residue agree 
with the calculations of Desai9,19 and Desai and Nelkin. \0 

What remains is to examine the influence of systematic 
errors on our experimental results and on the calculated 
residues. 

VII. POSSIBLE SYSTEMATIC ERRORS 

We find the lines are very slightly asymmetric. This 
may be due to "other" or induced focusing, 1,2 an intrinsic 
asymmetry12 or to line mixing effects. 39 The asymmetry is 
neglected in the FFT since we retained only the real part. 
However the amount of asymmetry and thus the size of 
both the real and imaginary part of the FFT depends upon 
the choice of line center. Refitting the lines, but including 
a dispersion curve to account for an asymmetry, changed 
the position of the line centers at the three lowest densities 
by < 2 MHz. Adjustments of the line center by 2 MHz 
modified the residue extracted from the data by < 0.1 % or 
much less than the RMS noise in the experimental resi­
dues. 

The residue was quite sensitive to the value of B at 
densities above 0.5 amagat. A change in B by 0.5% gener­
ates a significant residue. This is hardly surprising since 
one is wrongly describing the broadening which is becom­
ing the dominant contribution to the linewidth at these 
densities. The error carries through to a compensating but 
incorrect description of the translational motion. Our anal­
ysis rests heavily on the premise that the high density limit 
is correctly described by the usual simple picture of Dicke 
narrowing and collision broadening, in which case the res­
idue vanishes at high densities. Our results are consistent 
with such behavior since our best fit values of B and Do 
yield zero residue within the noise. At low densities (below 
0.5 amagat) the residue was insensitive to small changes in 
B. This is the very reason for having chosen D2 as the test 
gas. There is little broadening at densities for which one 
anticipates departures from the soft collision model. 

Since the integral under the line determines the zero 
time value of the correlation function, the choice of base 
line strongly influences the very short time behavior of the 
experimental translational correlation function. (To a 
much lesser extent, it also affects the size of the function at 
all times since we normalize every correlation function to 
unity at r=O.) Below 1.5 amagat the spectrum falls off 
more rapidly than a Lorentzian so it is easy to observe far 
enough into the wings to determine the base line accu­
rately. Occasionally we corrected the base line by an 
amount of the order of the noise on the spectrum to make 
the residue go to zero smoothly at short times. At the 
lowest density, where the residue is the largest, provided 
we stayed within the limits set by the noise, varying the 
background did not influence the calculated residue except 
at very short times (r < 1) where theory and the models 
are all unambiguous; the residue should go to zero. 
Around 0.6 amagat base line adjustments do influence the 

residue. This probably explains the variations we have ob­
served from one run to another. 

The largest influence on the residue (but still small) 
came from the diffusion constant used to calculate the soft 
collision model. At densities of 0.4 amagat and higher, 
adjustments, within our estimated error on the mean value 
of Do (±0.014 cm2 amagat/s), resulted in changes to the 
residue of the same order as the noise shown in the figure. 
Note however, there is a trap here for the experimentalist. 
It is possible at each density to choose a diffusion constant 
that generates zero residue, i.e., to artificially drive the 
experimental data into agreement with the soft collision 
model. The D so derived will be lower than the mass dif­
fusion constant. If one examines only a limited range of 
densities one might conclude that the soft collision model 
correctly describes the spectra but the optical coherence 
diffuses more slowly than the diagonal elements in the den­
sity matrix. However, if a large range of densities is ex­
plored, the density dependence of the diffusion constant 
will not match the known density dependence, D=Do!p. 
Our approach has been to make measurements over a large 
range of density and to seek a unified and consistent inter­
pretation of the results over the entire range. 

The uncertainty in the measurement of the density af­
fects the values of D=Do!p and r=Bp+B'p3 used to ex­
tract the residue from the spectral profile. Within the esti­
mated uncertainties any error in the density has a 
negligible effect on the R (k,t) exp at densities at or below 0.4 
amagat, and a small influence around 0.6 amagat. 

Finally we considered two other possible sources of 
systematic error. (i) Calculation40 showed that the 1.5 
MHz finite resolution of the spectrometer could be ignored 
even for the narrowest line (r = 90 MHz, HWHM) and 
(ii) linewidth corrections that one introduces, if one sim­
ply applies the work of Dattagupta and Turski,41 is smaller 
than the already negligible finite resolution of the spec­
trometer. 

We are not aware of any other possible sources of sys­
tematic errors. Thus overall, provided we accept the lim­
iting spectral behavior at high densities, it is not possible to 
dismiss the residue as arising from biases in the experi­
ment. 

There are biases in the residues computed from the 
literature?1 Desai has not given the actual G2, for any of 
the potentials. Thus in constructing R(k,t)v we have used 
the soft collision form of G2• This introduces a systematic 
error into the calculated residues which, at least in the case 
of a rigid sphere, we can show to be small. The relation 
between G2 and the velocity-velocity correlation function 
is given by (v(t) 'v(O» =3d2G2/d? The soft collision 
model form of G2 is equivalent to an exponentially decay­
ing velocity-velocity correlation function. This is not exact 
however and for rigid spheres we can quantify the devia­
tions from an exponential. Desai and Ross43 have given in 
their Fig. 3 departures of the velocity-velocity correlation 
function from an exponential. We have found empirically 
that the function, 0.1 ~ exp[ - r] fits their curve, of depar­
ture from an exponential decay, remarkably well. On inte­
grating the total velocity-velocity correlation function we 
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find a new Gz for rigid spheres that is given by G2( r)rs 
=2[D/( 1.02)vof ([r-l +exp( -r)]+O.I[( ~+4r+6) 
exp( -r) + {2r-6)]}, where the new ro is given by ro 
=2D/( 1.02)v5. By direct comparison at equal times and at 
a density of 0.2 amagat we find that the maximum differ­
ence between G2 for the soft collision model and for the 
rigid sphere amounts to only 0.6% for r about 2.5. Of 
course the difference vanishes at very short and very long 
times. When this new G2 is combined with the plots of 
Desaiz1 to generate what is presumably the exact residue 
for a rigid sphere, we find a value of R(k,t)RS 10% higher 
at the peak and even closer to the experimental curves. We 
conclude from this, as implied throughout the paper, that 
the experiment is more a check on the Gaussian approxi­
mation, than on the form of Gz. 

VIII. SUMMARY AND COMMENTS 

In summary, for D2 at room temperature. 
( 1) With five basic assumptions, we have shown that it 

is possible to give a complete description of an isolated line 
from the free streaming to the collision broadened, com­
pletely Dicke narrowed regime. 

(2) We have measured departures from the soft colli­
sion model in the transition region from free streaming to 
Dicke narrowing and shown for low density gases that the 
translational motion is described by solutions of the Bolt­
zmann equation. Because the corrections are small, one 
can also turn this around. In situations requiring the mod­
eling of a complete and complicated spectrum such as for 
the upper atmosphere, the soft collision model provides a 
reliable line shape for computing the contribution of a sin­
gle line to the complete spectrum. Of course line interfer­
ence effects or motional narrowing42 may invalidate a sim­
ple line additive model for certain regions of complex 
spectra. 

(3) We have shown for room temperature D2, that the 
optical coherence diffuses at the same rate as the popula­
tion (mass). 

( 4) W e have determined very precise broadening co­
efficients. The latter can be used in critical tests of collision 
broadening theory. 

To the best of our knowledge this is the first time that 
spectroscopy has been used, in depth, to explore the self­
part of the van Hove pair correlation function in a low 
density regime where a binary collision solution to the 
Boltzmann equation is valid. However before one can use 
this type of spectroscopy to measure the isotropic part of 
intermolecular potentials, we feel that the important ques­
tion of the correlation of the effects of collisions on the 
translational and internal degrees of freedom must be ad­
dressed. The question of nonlinear broadening at high den­
sities should also be explored. 

This work has implications for the theory of fluids. 
G2 (t) for the hard and soft collision model are identical. It 
is also of the same form for a combination of the hard and 
soft collision model. 16 We have noted above that there is 
only a small difference between G2 for a rigid sphere and 
the soft collision model. Thus there is a dynamical scaling 
law operating in low density gases. The mean square dis-

placement of a molecule in a fluid, for any intermolecular 
interaction, is given say within a percent by, (1/ 
6)(?{ r» =G2{ r) =2{D/vo)2[r-l +exp{ -r)], where r 
is tiro, ro is given by ro=2D/v5, and D is to be calculated 
from the intermolecular potential using the standard ap­
proach.2o This scaling law is not surprising given the rela­
tionship between G2 and the velocity-velocity correlation 
function; it is well known that random collisions produce 
exponential decays.43,44 

This dynamical scaling takes on greater importance if 
the self-part of the van Hove correlation function, Gs{r,t), 
is Gaussian in r. At low densities, where correlations cre­
ated by molecular collisions may be ignored, the Boltz­
mann distribution of velocities guarantees a Gaussian dis­
tributionY At high densities, if there are a very large 
number of molecules in the volume being probed by the 
experiment, i.e., a volume of linear dimension (much) less 
than 1/k, in the Raman experiments of this paper, and the 
correlation length, - JDt, is smaller than this size, then, 
neglecting slow hydrodynamic modes, the volume sampled 
may be subdivided into smaller volumes that are statisti­
cally independent. In this case the central limit theorem 14 
again allows us to conclude that the van Hove function 
Gs(r,t) is again Gaussian. Being correct in the limit oflow 
and high densities, then a reasonable first order theory is to 
assume that Gs{r,t) is Gaussian at all densities. This is the 
reason the soft collision model works so well. The depar­
tures from the soft collision model reported here may be 
interpreted as departures from dynamical scaling in the 
sense of Yip.45 
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