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Collisional interference in the foreign-gas-perturbed far-infrared rotational spectrum of HD
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The rotational transitions R (1), R (2), and R (3) of HD have been studied in absorption with

0.06-cm ' resolution in mixtures of HD with He, Ne, Ar, Kr, Xe, H&, and N2 at 295 K and at
densities between 3 and 62 amagat. Collisional interference was observed and the interference pa-
rameter, proportional to the ratio of the average induced moment to the allowed moment, showed

a dependence on system size and ranged from +10&&10 ' amagat ' for light perturbers to
—24&(10 amagat ' for the heavier ones. These interference effects in the pure rotational band
are an order of magnitude smaller than those of the fundamental vibrational band and show a

strong J dependence not predicted within current theory. The sign of the isotropic overlap com-
ponent of the induced moment was determined experimentally in an unambiguous way and its
trend was found to be within theoretical expectation; specifically, the sign changes as the mass in-

creases. The line shapes were mostly symmetrical and Lorentzian; asyrnrnetry was observed main-

ly for the R (1) transition with the low-frequency side of the lines super-Lorentzian and the high-

frequency side sub-Lorentzian. Investigation of the effect of collision duration on the autocorrela-
tion function of the allowed moment showed it was not important to the integrated allowed ab-

sorption.

I. INTRODUCTION

In this paper, a study of the far-infrared rotational
spectrum of HD perturbed by a number of foreign gases
is reported. The motivation behind this series of experi-
ments is to provide a systematic approach to the study
of the collisional interference between allowed and
collision-induced transitions, an effect already clearly
identified in the HD infrared spectrum. ' The present
work is an attempt to settle the controversy regarding
the magnitude of the interference in the pure rotational
band. The first paper in this series, hereafter referred
to as I, reviewed the relevant existing theory on the
effect, presented new results for pure HD, and made
comparisons with other experiments. The present paper
is concerned with experiments in which the inert gases
He, Ne, Ar, Kr, and Xe and the diatomic molecules H2
and N2 are employed as perturbers. The mixtures with
atoms are particularly enlightening in that atoms lack
internal vibrational and rotational degrees of freedom
and the spectra are more amenable to analysis.

Details of the experiment are discussed in Sec. II. In
Sec. III the problems of the analysis are reviewed and
data are presented which characterize the behavior of
the interference effect, linewidth, and frequency shift for
the transitions R (I), R (2), and R(3). Calculation of
the interference parameter by available theory is given in
Sec. IV. Next follows a discussion of the sign and mag-
nitude of the interference parameter (Sec. V). It is
known that the time of duration of collision also
modifies the intensity and shape of allowed lines. The
role of this mechanism on the observed spectral lines is
assessed in Sec. VI.

II. EXPERIMENTAL DETAILS

The experimental techniques and procedure were
essentially as described in I. Some additional comment

is, however, required. The perturber gases were of the
following purity by volume: He, Ne, Ar, and N2
(99.999%), Kr and Xe (99.995%), and H2 (99.9995%).
The density of HD was held constant at about 10
amagat and the perturber density was varied over the
following ranges (in units of amagat): He (6—57), Ne
(3 —62), Ar (3—48), Kr (3—23), Xe (4 —34), Nz (3—58), and
H2 (3 —59). All experiments were performed at 295 K.
The densities of the mixtures were determined from
equations of state which included the second virial
coefficient of the mixture

B =y,B» +2y iy 2B,2+ y2B22
2 2

where y, and y2 represent the fractional concentrations
of the two species, B» and B22 are the second virial
coefficients of two species, and B,2 is the interaction viri-
al coefficient. The fractional concentrations were not
known in advance and an iterative procedure was used
to estimate them. Virial data were obtained from Dy-
mond and Smith, except for HD-Kr where B&2 was cal-
culated from the intermolecular potential.

As discussed in I, water lines in the data were usually
eliminated in the process of taking the ratio of back-
ground and absorption spectra to obtain the absorption
coefficient. For some cases, however, notably the R ( I )

line of HD-He and HD-Ar, water contamination in the
sample itself was responsible for absorption features
which were not removed by this process. Unlike the
pure HD experiments where the sample bottle could be
immersed in liquid nitrogen to trap water impurities,
here the possibility of a reverse Aow of the gas from the
cell to the bottle did not permit such a procedure. As a
result, lines due to absorption by water were more of a
problem and sometimes had to be corrected numerically.
In these situations, a Lorentzian was fitted to the water
line. Initial parameters were estimated and varied
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manually for an optimum visual fit. This was followed
by application of the simplex method which minimized
the rms error between the fitted and experimental spec-
tra. With these estimated parameters, the water lines
were then subtracted numerically from the whole spec-
tral region of interest.

FREQUENCY (cm I)

FIG. 1. Ratio of absorbance to frequency for the R (1) line
of HD-He at 25.5 amagat. Absorbance is log~p[Ip(cc))/I(ci))].
Points are experimental. Solid line is the fitted profile [Eq. (9)
of I]. Resolution: 0.06 cm C]
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Here p (R) is the component of the induced moment
which has the appropriate symmetry to permit interfer-
ence with transitions involving the allowed moment p
g (R) is the pair distribution function, 6 is a phase fac-
tor, and R is the intermolecular distance. The rotational

The spectral data were analyzed according to the pro-
cedure described in Sec. IV of I. The broad collision- in-
duced background was removed. The line-shape func-
tion fitted to the data was the sum of a Lorentzian and a
dispersion curve [Eq. (9) in I]. Careful observation of
the profile revealed some asymmetry of the R (1) line for
He, Kr, and Ar mixtures. Nevertheless, the fitting algo-
rithms returned large positive values of q, the asymmetry
parameter, which correspond to a Lorentzian profile.
Examples of the experimental results and fitted profiles
are shown in Figs. 1 —4.

The integrated absorption coefficients were then deter-
mined analytically [Eq. (11) in I] and plotted versus den-
sity (Figs. 5 and 6). These can be expressed in powers of
the density through Eq. (12) in I:

J [a(ro) jp, Nore]dru=co+c, p+c2p

The density p, is that of the absorber and p is that of
the perturber; a(ro) is the absorption coefficient at fre-
quency co, Xp is Loschmidt's number. The coefficients
cp, c, , and c2 were determined. In the theory of col-
lisional interference, ' a, the interference parameter, is
given as
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FIG. 2. Ratio of absorbance to frequency for the R (2) line
of HD-Ne at 56.2 amagat. Points are experimental. Solid line
is the fitted profile [Eq. (9) of I]. Resolution: 0.06 cm
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FIG. 3. Ratio of absorbance to frequency for the R (2) line
of HD-Ar at 69.5 amagat. Points are experimental. Solid line
is the fitted profile [Eq. (9) of I]. Resolution: 0.06 cm
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quantum numbers J and J' are those of the initial and
final states of the transition. The interference parameter
is thus proportional to the ratio of the average induced
moment to the allowed moment. The meaning of a is
more fully explained in I. The values of a found are
given in Table I.

The broadening coefficient Bp and frequency shift
coefficient So were obtained through Eqs. (16) and (17) in
I and are listed in Tables II and III, respectively:

y=Bpe+
p

cop =SpP+ cop

The full width at half height of the line is y, peak fre-
quency is cop, zero-density frequency is mp, and K& is a
constant.

I»
O

O
E
O

IE
O

I

3

3
c5

l5—

l3

I I I I I

IO 20 30 40 50 60

~ ~ p ~
'~ ~ ~ ~ ~ yQ ~

1% ~ I I

I75 I74 I75 176 I77 I78 I 79 I80 I81 I82 I83

FREQUENCY (cm I)

FIG. 4. Ratio of absorbance to frequency for the R (1) line
of HD-Xe at 7.0 amagat. Points are experimental. Solid line is
the fitted profile [Eq. (9) of I]. Resolution: 0.06 cm
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FIG. 6. Integrated absorption coefficient of R (1) for HD-
Kr as a function of density. Points are experimental. Solid
line is the fitted curve [Eq. (12) of I, method (c)].

TABLE I. Experimental interference parameter a (10
amagat ').

Perturber

He
Ne
Ar
Kr
Xe

R (1)

+ 5.7(9)
+ 2.1(4)
+ 1.8(3)
—17.4(24)
—23.9(19)

R (2)

+ 3.9(8)
+ 6.9(4)
+ 6.1(2)
—4.3(36)

—10.0(23)

R (3)

+ 10.0(19)
+ 5.3(12)
+ 9.4(11)
—6.7(59)
—8.2(44)

The errors shown in the tables represent the statistical
uncertainty (lo) in the displayed quantity as deduced
from the weighted fitting procedure. Both positive and
negative values of the parameter a appear, correspond-
ing to constructive and destructive interference. The
broadening coeScients generally decrease with increas-
ing J. The shifts of frequency with increasing density
are blue for R (1) and R (2), with the exceptions of R (2)
of Kr and Xe. The fact that essentially symmetric
profiles were fitted to the experimental results, even
though some slight asymmetry is visually evident, has a
minimal effect on the integrated absorption and
linewidths but does have implications for the deduced
line shifts. A frequency shift other than that predicted
by pressure broadening theory is introduced when, in or-
der to accommodate asymmetry, a dispersion curve is
part of the fitted profile [Eq. (9) in I].

The remarks on the quality of the data given in Sec.
IV of I apply here as well. Experimental conditions
varied somewhat for each mixture studied. As a result,
the quality on the spectra is thought to decrease in the
following order: Ne, Kr, Xe, He, H2, Ar, and Nz.
Again, as for pure HD the order of quality among the
lines is R (2), R (1), and R (3). This assessment should
be kept in mind through the remaining discussion where
all mixtures are treated essentially on an equal basis.

Density (omogats)
FIG. 5. Integrated absorption coefficient of R(2) for HD-

Ne as a function of density. Points are experimental. Solid
line is the fitted curve [Eq. (12) of I, method (c)].

HD
H2
N2

—1.1(2)
—2.4(5)

—10.8(12)

+ 1.3(1)
—0.9(3)
+ 6.1(7)

+ 2.1(6)
+ 4.3(18)
+ 4.6(21)
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Perturber R (1) R (2) R (3)

TABLE II. Broadening coefficient Bo (10 cm ' amagat '). TABLE III. Frequency shift coefficient So (10
cm ' amagat ').

He
Ne
Ar
Kr
Xe

HD
Hq

N2

2.13(6)
1.68(3)
2.96(4)
2.16(14)
3.89(15)

2.53(1)
2.66(5)
2.41(13)

1.35(4)
1.50(2)
2. 19(2)
2.11(21)
2.29(16)

2.20(1)
2.10(3)
2.62(6)

1.17(9)
0.68(6)
1.35(5)
0.46(22)
0.82(18)

1.81(3)
1.66(13)
1.33(13)

Perturber

He
Ne
Ar
Kr
Xe

HD
H2
N2

+ 2.4(2)
+ 4.4(1)
+ 8.3(3)
+ 4.6(4)
+ 3.8{6)

+ 0.6(1)
+ 0.1(2)
+ 7.0(4)

R (2)

+ 2.8(1)
+ 2.4(1)
+ 1.3{1)
—0.5(7)
—3.6(5)

+ 0.6(1)
+ 0.2(1)
+ 1.5(2)

+ 1.8(3)
+ 0.3(2)
—1.1(2)
—1.3(9)
—3.8(6)

—0.4(1)
—0.6(5)
+ 0.4(4)

IV. CALCULATION OF INTERFERENCE
PARAMETERS

The necessary information exists in the literature for
the calculation of the interference parameter a for He,
Ar, Kr, and Xe mixtures following the method of I, Sec.
IV. For H2-He and H2-Ar, Meyer and Frommhold'
have performed ab initio calculations of the overlap di-
pole moments and give their results in the form of Eq.
(19) in I. The parameters they obtain are accurate to
about 5% (Table IV). For H2-Kr and H2-Xe, sem-

iempirical moment strengths determined by Poll and
Hunt" were available. Their parameters have about
10%%uo accuracy (Table IV). For the intermolecular poten-
tials, both an ab initio form' (HD-He) and a
Buckingham-Corner semiempirical expression' (HD-Ar,
HD-Kr, HD-Xe) were employed. ' The H2-X dipole mo-

ment functions were made applicable to the HD-X case
by shifting the origin from the molecular midpoint to
the HD center of mass with the use of Eq. (5) in I. As
well, the H2-X potentials appearing in the literature' '
were transformed to the HD-X system by Eq. (22) in I.
The interference parameters were obtained through Eqs.
(18)—(23) in I. For the cases of mixtures, both
[A&(100)]0 and [3&(100)]2 contribute to the induced
moment matrix elements. Unfortunately for the Kr and
Xe mixtures only the isotropic overlap moment com-
ponent Ao(001) was known and thus only [A&(100)]0

could be calculated. Rotational level mixing correc-
tions' to the interference parameter designated by Aa
were estimated for HD-Ar and HD-He.

The results of these calculations are presented in Table
V. The positive sign of a for He and Ar mixtures was
deduced as explained in Sec. VA. The question marks
indicate that the sign of a could not be calculated for the
other mixtures. The correction Aa is always added to a
so as to increase its magnitude.

V. DISCUSSION

A. Comparison with the theory of interference

Since the interference effects could be calculated for
only five systems, namely HD-He, HD-HD (H2), HD-
Ar, HD-Kr, and HD-Xe and since, moreover, for the
last two systems, only isotropic overlap contributions are
taken into account, a full comparison of experiment and
theory is not possible. Nevertheless, a general compar-
ison and trend identification will be attempted here.

The experimental values of a (Table I) for pure HD
and the inert gas mixtures are plotted along with the
theoretical calculations (Table V) in Fig. 7 as a function
of the perturber polarizability. This polarizability was
chosen as the most appropriate variable since the over-
lap induced moment is expected to be roughly propor-

TABLE IV. Overlap-induced moment parameters.

Perturber (DA )

g (0)

(10 D)
bi

(A )

b2
(A ) (A)

He
Ar
Kr
Xe

—2.383
—8.205

6.358
8.488

16
17

A 0(001)
—3.161
—3.569
—2.754
—2.583

—0.161
—0.336

3.015
3.174
3.301
3.520

He
HD
Ar

—0.911
1.659

—3.814

3~(201)
—3.200
—3.180
—2.977

—0.039

0.114

3.015
3.019
3.174
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FIG. 7. The experimental and calculated interference pa-
rameter a for pure HD and HD-inert gas mixtures as a func-
tion of perturber polarizability. Experimental: R (1) ( );
R (2) ( ———); R (3) ( ——.—~ ). Calculated:

tional to it.
The first striking trend is the tendency for a to de-

crease, roughly inversely proportional to the polarizabili-
ty; moreover, the sign changes at some point. These re-
sults can be understood as follows.

1. Sign of the induced moment

The sign of the interference depends on the relative
orientation of the allowed transition moment and the
A &(100) component of the induced moment. Both mo-
ments lie along the internuclear axis of the HD mole-
cule. The allowed moment has always a direction
H+D, and therefore the sign of interference will de-
pend on which direction the overlap component points.
According to the coordinate system and notation estab-
lished in Figs. 1 and 2 of I, a positive overlap component
Ao(001), which points from the perturber to the HD
molecule (for example He+HD ), will give a shifted mo-
ment component A, (100) which points from hydrogen
to deuterium. This results in positive interference. For
the anisotropic overlap 3 &(201), the opposite is true;
when it is negative, rather than positive, the resulting in-
terference is positive. The sign of overlap components
which were obtained by inversion of CIA (collision-
induced absorption) spectra" (HD-Xe and HD-Kr) can-
not be specified since the square of the dipole moment is
responsible for the spectrum. On the other hand,
ab initio calculations supply the direction of the induced
moment. According to Ref. 10, for both HD-He and

F xe +HD
NEGATIVE MOMENT

+TotaI

FIG. 8. Pictorial representation of the overlap-induced mo-
ment generation for two extreme systems: HD-He and HD-
Xe.

HD-Ar the Ao(001) overlap component is positive and
therefore the collisional allowed-induced interference
should be positive. No information is given, however, in
Ref. 10 about the sign of the anisotropic overlap com-
ponent of Hz-Hz where the perturber and the active mol-
ecule are the same species.

The simplified pictorial simulation in Fig. 8 gives a
qualitative explanation of why the indu"ed moment can
change direction from system to system. The overlap or
exchange induced moment originates at short inter-
molecular distances as a result of the exclusion principle.
During the collision, the electronic cloud of the outer or-
bital of each molecule is pushed outwards when the two
electronic clouds are brought into contact. This interac-
tion induces a net moment on each molecule. If the two,
molecules diff'er, a pair moment appear which is the
algebraic sum of the two moments. Therefore, the short
ranges forces generally give a moment with the more po-
larizable molecule (or atom) negative since it suff'ers the
most distortion. Then one expects that molecules much
lighter than HD will give positive collisional interfer-
ence, whereas, those much heavier than hydrogen mole-
cules (higher polarizability) will give negative interfer-
ence. Indeed, in general, this is the trend in the data
and can easily be seen in Table I.

Since it is expected that the R (3) line will be less sen-
sitive to eAects due to the anisotropic part of the poten-
tial, ''" the sign of the theoretical a, where it cannot be

TABLE V. Calculated interference parameter (10 ' amagat ').

Perturber R (0) R (1) R (2) R (3)

He
Ar
Kr
Xe

+ 7.3
+ 8.9
?11.6
?13.4

0.2
1.0

0.2
1.1

0.1

0.6
0.2
1.3

HD
H2

?2.3
?2.2

0.8
0.8

0.9
0.9

0.3
0.3

0.9
0.9
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calculated, is chosen such that it follows the pattern of
the measured sign for R (3). The individual points that
appear in Fig. 7 represent the calculated a.

An important result of this work, therefore, is the ex-
perimental determination of the sign of the overlap,
induced-moment component for various mixtures of
HD. This information clearly cannot be deduced from
ordinary collision-induced spectroscopy.

2. Magnitude of a

Now that the overall trends are established, a direct
comparison of theory and experiment for individual lines
can follow. First, there is good agreement for the case
of pure HD, particularly for the R (2) and R (3) lines.
For the other systems there is less overall agreement but
still it is better for the R (2) and R (3) lines. It is ap-
parent in Fig. 7 that the interference effects in R (1) are
stronger than for the other lines. This effect implies that
there is an additional subtractive contribution to the
R (1) interference term. Possible reasons for this can be
the following.

(i) An additional term 2(p (R))/p (r) is added due
to anisotropic interactions that mix the rotational states.
However, in the only treatment of this effect to date, '

the magnitude of the additional interference b,a (Table
V) does not explain such a discrepancy for the R (1)
data.

(ii) The induced moment has a J dependence. Howev-
er, according to Ref. 3, the matrix elements
(J'

~ p (r, R)
~

J ) are found to have a negligible J depen-
dence. Moreover, in the ab initio calculations of Meyer
and Frommhold, ' it is shown that the induced moment
increases as r increases; r is the internuclear distance in
HD. Therefore larger interference effects are expected
in higher J lines. On the other hand, the collisional
cross section of the R (1) transition is larger than the
R (2) and R (3) and this might have an effect on the
average induced moment.

(iii) The allowed moment changes magnitude. In the
ab initio estimations of this moment such behavior is not
predicted. However, there is always the possibility that
the mixing of the states will modify the matrix elements
of the allowed moment (although this effect will be of
second order ).

(iv) There is a systematic error. The R (1) line of the
mixtures has a large broadening coefficient compared to
R (2) and R (3) and, as a consequence, in the analysis
procedure the base-line determination becomes much
more difficult. This argument, however, contradicts the
fact that a larger line asymmetry was observed for the
R (1) transition, which implies that the observed larger
interference effect must be real.

Comparison of Eqs. (8) and (18) of I shows that the
phase shift 5' can also be estimated simply by dividing
the experimental a by the theoretical a and by assuming
that 6' is the only factor that contributes to the
discrepancy of the two. For R (2) the values range from
0.75 to 0.53, but for R (1) they exceed unity which is not
realistic. This is an additional indication that there ex-
ist more effects than the 6 coefficient introduces.

In Table V the interference contributions Aa generat-
ed from the mixing of the rotational states are compared
to the theoretical value of a. This mechanism always in-
creases the absolute value of the interference. The con-
tribution has a small effect and it is difficult to detect
whether any change results in the agreement between
theory and experiment by addition of b,a to

~

a
~

.
Finally, an interesting result is that the HD-H2 system

revealed stronger interference effects than the pure HD
for R (1) and R (3).

3. Comparison with fundamental band

The interference parameters a found in this work for
the rotational band are about an order of magnitude less
than those reported ' for the fundamental vibration-
rotation band. This is to be expected as the matrix ele-
ments of the allowed moment p are about an order of
magnitude greater for 0-0 transitions than for 1-0 transi-
tions' and a is inversely proportional to these elements.
Moreover, for pure HD only the anisotropic component
of the overlap moment contributes to the interference,
while both the isotropic and anisotropic components
participate in the interference effect for the fundamental
band and the interference parameter depends directly on
these components.

The elements of p for the rotational band are nega-
tive (H+D ), while they are positive (H D+) for the
fundamental band. ' For the pair HD-He the com-
ponent of the overlap induced moment along the inter-
nuclear axis of HD is positive (H+D ). Thus for the
fundamental band, a is calculated to be negative.
Indeed, McKellar and Rich' observe a to be negative
for HD-He, HD-Ne, and HD-Ar. Poll et al. find a to
be positive for HD-Kr. Thus there is a change of sign
for the heavier perturbers. Therefore the same trends on
a are found for the rotational and fundamental bands
with the difference in sign due to the opposite signs of
the allowed moment elements.

B. Further observations

1. Line asymmetry

The line asymmetry observed is definitely not as large
as observed in the vibration-rotation region. In all the
present cases, any asymmetry appeared on the R (1) line
only. With the light perturbers, especially He (Fig. 1),
the low-frequency side of the line was higher in intensity
(super-Lorentzian). For the heavy perturbers, Kr and
Xe (Fig. 4), there is a dip in intensity on the high-
frequency side (sub-Lorentzian) suggestive of the pres-
ence of a dispersion component. It seems to disappear
at the highest densities studied for Xe.

Large line asymmetry was observed with smaller mass
perturbers, even though there exists a substantial nega-
tive frequency shift for the heavier perturbers. Her-
man' explains this observation to be a result of the fact
that the predominantly red-shifting collisions are
matched by the less numerous blue-shifting collisions,
when weighted by the induced dipole magnitude.
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2. Shift of the collision in-duced spectrum

A large blue shift, over 10 cm ', of the peak of the
collision-induced So(0) line was observed (see Fig. 9).
This shift was previously observed in the CIA spectrum
of H2 and was attributed to the quantum character of
the line. ' However, HD additionally possesses the al-
lowed rotational spectrum, which has a negligible rela-
tive shift, and this phenomenon is more effectively
demonstrated here.

3. Impact approximation

For the broadening and shift coem. cients, it can be
verified that the general tendency of the results follows
the trends of the impact approximation. The widths and
the shifts are proportional to the real and imaginary
parts of the collision cross section, respectively. Al-

though the computation of this cross section is beyond
the scope of this work, from study of calculations of
similar systems, the trends can be established; for the
pure rotational band, the cross section usually decreases
as the quantum number J or the perturber size increases
and the negative (blue) shift increases with J or the per-
turber mass. ' '

VI. TIME OF DURATION

The quantitative agreement of the theoretical and ex-
perimental intensity is not fully satisfactory, especially
for R (1). This indicates that additional mechanisms

affect the absorption lines at medium densities. Such a
mechanism, other than the collisional interference,
which is capable of modifying the intensity of the spec-
tral lines, involves the effect of duration of the collisions.
In this section, the magnitude of this contribution to the
modification of the rotational lines mill be estimated.

When the autocorrelation function of the allowed di-
pole moment was evaluated in I, the assumption was
made that the time of the duration of the collison was
negligible compared to the time between collisions. This
corresponds to the so-called impact approximation.

In general, the correlation function will be proportion-
al to

((JJ'
~

(U '(r))
~

JJ')) =exp[ nh(t)]—, (2)

where n is the number density.
In the impact approximation, the behavior of h (t) has

the familiar linear form

h (t) =n '(y+i 5)t /2

with y/2 and 5/2 as the pressure-broadened half width
at half maximum (HWHM) and line shift, respectively.
However, if the time of collision duration ~ is taken into
account, the asymptotic behavior of h (t), for t »r, is of
the form

exp(ico', r)((JJ'
~

(U '(t))
~

JJ')),
where U is the evolution operator in the Liouville rep-
resentation. ' Under some assumptions, the matrix ele-
ments that appear in (1) can be put in the form

h(t »r)=n '[(y+i5)(t/2)+a'+ib'] . (4)
O. 50 If h (t) is approximated by this asymptotic expression,

the Fourier transform of the autocorrelation function
gives a modification of the line shape [Eq. (2) of I],

0.25

LU

Ct
0.20

O
CO

P(co)=
~

(J
~ p "(r)

~

J')
[
'(J+1)P(J)

X [exp( —a')(y/2~)/[(y/2) +(co—coo) ]

+exp( —a')(b'/rr)(co —coo)/[(y /2)

where again coo=coo+5/2 (shifted line position). Since
a' is a small quantity, by expanding the term exp( —a')
to the first order, (5) becomes

O. I 5 P(co)=
i (J i p

"(r)
i
J')

i (J+1)P(J)
X j(I —a')(y/2~)/[(y/2)'+(co —coo)']

+.(I —a')(b'/~)(co coo)l[(y/2)—

0. IO
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I
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I

520 540
+(co —coo) ]] . (6)

FREQUENCY (crn I)

FIG. 9. The R (2) region for HD-Xe at 34 amagat. The
sharp R (2) line is at about 265 cm ', while the peak of the
broad S„(0)line is displaced to higher frequencies.

This spectral profile would be valid for a range of den-
sities such that ymcv. ~1, i.e., lower than 100 amagat.
Clearly this line shape is asymmetric due to the presence
of the dispersion term. Moreover, the intensity is
modified by a factor O'. A positive a' corresponds to a
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22.5

20.0—
TABLE VI. Time of duration of collision parameter d (10

amagat ').
l7. 5

I 5.0
I 2.5
IO.O

CO

5.0

Perturber

Ar
Kr
Xe

R (1)
—2.15
—2.28
—1.49

R (2)

—0.70
—1.21
—1.69

R (3)

—0.87
—1.53
—1.73

2.5
0.0 I I I I
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TIIVlE (pseud )

FIG. 10. Calculated synthesized function h (t) for the R (2)
line of HD-Kr.

reduction in the total intensity. Thus, if the asymptotic
behavior of the real part of h (t) for t ~&r is known, then
by extrapolation to t =0, the asymmetry factor a'/n and
the effect on the intensity can be estimated.

It is interesting to note that this line shape is similar
to the Fano type predicted by the interference theory,
i.e., a superposition of a Lorentzian and a dispersion
contour, Eq. (6) of I. Thus the time of duration contri-
bution produces changes in intensity and line profile
similar to the interference effect. The parameter —a'
plays the same role in this formalism as does +ap in the
theory of collisional interference.

Usually the function h (t) can be obtained through two
separate approaches. For times smaller than the dura-
tion of collision ~, the quasistatic approximation gives
accurate results. For times much larger than ~ the im-
pact limit is adequate. Those two limiting approaches
can be then unified (synthesized) to obtain a convenient
representation of the h (t) function accurate in the inter-
mediate regime between the quasistatic and the impact
one.

In the quasistatic approximation, and for the pure ro-
tational lines, the treatment of Boulet et al. gives h (t)
as

h (t)=4vr f 1 —exp —g QI(R, t) R~
0

X exp[ —Vo (R ) ]dR

with

QI(R, t) = [1/(2l + 1)][VI(R)t/(2')] C(t) .

The parameter I denotes the order of the Legendre poly-
nomial in the expansion of the anisotropic interaction
potential V&(R); R is the intermolecular distance. C(t),
is, in general, a complex function of time and depends
on l and the rotational transition frequencies.

For the present problem, collision of HD with a per-
turber atom, only the first two terms of the potential ex-
pansion are kept: the V&(R) component that arises from
the displacement of charge and mass centers (P& aniso-
tropy [Eq. (22) of I] and the Vz(R) component that
arises from the quadrupole-induced dipole interaction
(Pz anisotropy).

Finally, the real part of the impact approximation of
h (t), as can be seen from Eq. (3), is simply a straight line
with slope equal to the pressure broadened HWHM y/2
of the particular rotational line considered.

The problem now is to obtain a representation of the
h (t) function in the intermediate regime. From the
treatment of Boulet et aI., an approximate form can be
obtained by a simple translation of the impact straight
line in such a way that the impact Reh (t) becomes
tangential to the quasistatic Reh (r) function. This pro-
cedure is illustrated in Fig. 10. The synthesized function
will consist partially of the quasistatic part and partially
of the translated impact line.

The example of Fig. 10 was carried out for all HD-
atom systems. Although the Vz(R) component of the
anisotropy is stronger than V, (R), its effect on Reh(t)
was found negligible and ignored in the final calcula-
tions. For the impact approximation of Reh (t), the as-
sumption was made that the observed lines broaden ac-
cording to the impact theory, and the broadening
coefficients of Table II were used. By extrapolation of
the translated h(t) to t =0, a'/n was obtained. For a
direct comparison with the parameter a of the interfer-
ence theory, it is convenient to introduce the parameter
d

d= —a'Xo/n . (9)

VII. SUMMARY

Collisional interference was observed and the interfer-
ence parameter, proportional to the ratio of the average
induced moment to the allowed moment, showed a
dependence on system size and ranged from + 10)& 10
amagat ' for light perturbers to —24 & 10 for the
heavier ones. These interference effects in the pure rota-
tional band are an order of magnitude smaller than those
of the fundamental vibrational band and show a strong J

The inclusion of No results in units of amagat ' for d
and the negative sign corrects for the sign difference be-
tween the two formalisms mentioned above. The results
are displayed in Table VI.

It appears that the effects of the time of duration on
the permanent dipole moment correlation function are
not important compared to the interference effects; d is
one to two orders of magnitude smaller than a to which
it should be added in order to describe the total charge
in intensity. An interesting point is that, for the case of
light perturbers, the above graphical approximation was
found inadequate for synthesizing the function; at no
time was the translated impact line tangent to the quasi-
static h (t), except possibly at the origin.
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dependence not predicted within current theory. The
sign of the isotropic overlap component of the induced
moment was determined experimentally in an unambigu-
ous way and its trend was found to be within theoretical
expectation; specifically the sign changes as the mass in-
creases. The line shapes were mostly symmetrical and
Lorentzian; asymmetry was observed mainly for the
R (1) transition with the low-frequency side of the lines
super-Lorentzian and the high frequency side sub-
Lorentzian. Investigation of the effect of collision dura-

tion on the autocorrelation function of the allowed mo-
ment showed it was not important to the integrated al-
lowed absorption.
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