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H2-He vibrational line-shape parameters: Measurement and semiclassical calculation
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High-resolution inverse Raman spectroscopy has been used to obtain the line shifting and line

broadening coefficients of H2 perturbed by He. Measurements have been made for the Q-branch transi-

tions {J=0 to 5) in a density range of 10 to 20 amagat and from 296 to 995 K. Up to 795 K we have
directly deduced from the experimental broadening coeKcients the inelastic rotational state-to-state and
vibrational dephasing rates. At higher temperatures, owing to the larger number of channels of relaxa-
tion which occur, the results have been analyzed using a scaling law. The line shift and broadening
coefficients exhibit a square root and a linear dependence on temperature, respectively, and a significant
J dependence. Semiclassical calculations based on an accurate ab initio potential lead to line-shape pa-
rameters consistent with experiment. They allow a clear understanding of their observed temperature
dependence.

PACS number(s): 33.70.Jg

I. INTRODUCTION

Hydrogen is a key molecule for spectroscopic studies
of collisional dynamics due to its simplicity allowing per-
tinent tests of ab initio calculations [1]. Its role in diag-
nostics of combustion processes has led to an extension of
measurements of vibrational line-shape parameters in the
high-temperature range [2]. Further experimental inves-
tigations for H2 diluted in argon have revealed the impor-
tant efFect of speed-dependent collisional inhomogeneity
on these line-shape parameters [3]. Asymmetric features
were observed in Raman Q-branch transitions as well as a
strong deviation from the usual linear mixing rule for the
linewidth. As a consequence, the determination of the
collisional broadening and shifting parameters from the
observed vibrational line profiles required a theoretical
model accounting for these speed-dependent collisions
[3,4]. Such models include dephasing collisions and col-
lisions changing the speed in the same or in diferent
events. The first observation [3] has prompted new mea-
surements [5] of the Q-branch line-shape parameters in a
large temperature range for H2 perturbed by Ne, Ar, and
Xe. These three molecular systems exhibit the expected
features (i.e., asymmetric profile and nonlinearity of the
line broadening versus concentration). These effects are
more pronounced the heavier the perturber. For the case
of He perturber, the presence of a residual Doppler eIIFect
in the considered range of density (between 10 and 20
ainagat), which corresponds to the "Dicke regime" [6],
needs a specific study to get a clear estimate of the inho-
mogeneous e6'ect.

'Present address: Department of Physics, University of Toron-
to, Toronto, Ontario, Canada.

The particular interest in the H2-He system, both for
cosmological reasons and for being the simplest proto-
type of the collisional model, enhances the need for an ex-
haustive, accurate study of its Raman Q-branch line
profile. Notice that in spite of these specific motivations,
only few data are available [7,8]. The aim of this paper is
to perform an exhaustive experimental study of the Q-line
profiles. In the second section, we report high-resolution
measurements of line broadening and shifting coefticients
versus concentration for the J=O to 5 Q-branch transi-
tions from 296 to 995 K. An accurate analysis of both vi-
brational and state-to-state rotational transfer rates is
given in Sec. III. Section IV is devoted to semiclassical
calculation results for the collisional linewidths and line
shifts versus temperature and to a comparison with the
experimental data. Section V contains a discussion and
concluding remarks.

II. KXPKRIMKNTAL RESULTS

A. Experimental device

Inverse Raman spectroscopy (IRS) was used to observe
the Q-branch transitions (J=O to 5) and'the spectra were
recorded with the Raman spectrometer of Dijon Univer-
sity. Since the experiment has been previously described
[5], we will emphasize only the differences pertinent to
the present study. The measurements were made at den-
sities lying between 10 and 20 amagat, at temperatures
from 296 to 995 K, and in a concentration range depend-
ing on the population of the probed rotational level. For
instance, at 296 K for the Q(1) line, we have been able to
record spectra in a highly diluted mixture (2% of Hz),
but for the Q(5) line, we have only been able to observe
the Raman signal at concentrations higher than 50% of
H2. The transducer used for the pressure measurements
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was in continuous contact with the gas sample but placed
externally to the heater. Thus, the pressure was mea-
sured for each spectrum with an accuracy of +0.3%.
Gas densities were calculated in amagat units using the
virial expression (limited to second order). For the H2-
He mixture, the second virial coefficient is given by

T cH %H H +2cH cH~XH He+CH
2 2

The second virial coefficients XH H and SH, H, have
2 2

been taken from experimental data [9,10] and the interac-
tion virial coefficient %H H, has been experimentally

2

determined [11]up to 323 K. At higher temperature we
have calculated this coefficient according to Ref. [12].
The magnitude of the largest virial correction to the den-
sity was found to be less than 1% whatever the mixture.
Temperatures were measured with thermocouples accu-
rate to +2.5 K from 295 to 600 K and to +0.75% of the
temperature (expressed in 'C) above 600 K. The tempera-
ture was monitored with two thermocouples which were
not in physical contact with the gas volume. Indeed, the
first one was near the heater and the other one was locat-
ed in a small hole made in the cell and centered on the
sample gas volume. With another configuration of the
vessel, we measured the real temperature by locating a
thermocouple exactly at the center of the gas volume in
order to avoid systematic temperature measurement er-
rors. The measurement discrepancies between this ther-
mocouple and the one placed outside the gas volume (in
the small hole) were found to be equal to 4 K at 450 and
600 K and equal to 5 K at 800 and 1000 K. The temper-
ature corrections due to these discrepancies were taken in
the following. As a consequence of the errors on pressure
and temperature, the density error was estimated to be
less than 1.5%%uo.

B. Line shift and linewidth measurements

The measurements have been realized in a large tem-
perature range and for highly diluted mixtures. As ob-
served in H2-X (X =Ne, Ar, and Xe) mixtures [5], a large
variation of the line shift with temperature is found for
H2-He, but no unusual features are observed for the line
shape: the profile is purely Lorentzian and the broaden-
ing coefficient is linear versus He concentration within
the experimental uncertainties. Note that the experi-
ments on the H2-He system have provided the opportuni-
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FIG. 1. The line-shift coefficients (symbols) of the Q-branch
transitions (J=O to 5) for the H&-He system versus the square
root of the temperature. These data are modeled by straight
lines.

ty to measure the line broadening and line-shifting
coefficients of pure H2 in the same conditions and to com-
pare them with previous measurements [2]. Some of the
values reported in Ref. [5] have been slightly modified
here because the new measurements are more accurate.

1. Collisionol line shift coegVci-ent

Since the line profiles are purely Lorentzian, the center
of gravity corresponds to the line peak frequency. More-
over, for the considered range of densities, we have sup-
posed a linear dependence of the frequency shift on the
density (oij =oiz+5Jp) and we have used the zero-
density line positions given by Rahn and Rosasco [2].
Line-shift coefficients of pure H2 are reported in Table I.
At room temperature, our data are in excellent agree-
ment with the previous ones. At high temperature, a
discrepancy appears which may result from the tempera-
ture measurement as discussed in Refs. [2] and [5]. The
usual mixing rule [5=c~5&+(1—c„)5„&)has been
applied to determine the H2-He collisional shift
coefficients (Table II). As it has already been observed in
Ref. [5] for the other Hz —rare-gas pairs, the temperature
dependence of the line-shift coefficients is well modeled
by a square-root temperature law [5„~&(T ) =8V T +C;
cf. Fig. 1 and Table III]. Since the 8 coefficients vary
with J, it is clear that the shift exhibits a significant rota-

TABLE I. Experimental collisional line-shift coefficients (expressed in 10 cm ' amagat ') for pure
H2. Numbers in parentheses indicate the estimated experimental uncertainty.

0
1

2
3
4
5

296 K
—2.27(5)
—3.20(5)
—1.97(5)
—1.95(10)
—1.57( 10)
—1.47(10)

298 K'
—2.14( 17)
—3.20(3)

295 K
—2.10(6)
—3.20(5)
—1.86(6)
—1.82(6)
—1.52(5)
—1.42(6)

596 K

2.80(7)
2.52(10)
3.48(15)
3.23(15)
3.98(15)
4.30( 15)

795 K

5.50( 10)
5.70( 10)
6.45{10)
6.20(15)
6.95(15)
7.00{15)

995 K

7.90{15)
8.30(15)
8.90( 15)
8.70( 10)
9.60(15)
9.75(15)

1000 Kb

8.45( 18)
9.16( 11)
9.73(18)
9.65(18)

10.34( 18)
10.46( 18 )

'Reference [13].
Reference [2].
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TABLE II. Experimental line-shift coefficients (in 10 cm ' amagat ') for the H2-He collisional
system. Numbers in parentheses indicate the estimated experimental uncertainty.

296 K

9.25(20)
9.66( 10)
9.76( 15)
9.91(15)

10.10(25 )

10.10(30)

RT'

11.00(40)

RT

9.4

596 K

14.07(25 )

15.73( 15 )

15.94(25 )

16.05(20)
16.62(35 )

16.80(35)

795 K

16.26( 30)
18.59(20)
18.91(25)
19.51(20)
20.01(20)
20.47(20)

995 K

18.12(40)
21.04( 15 )

21.39(20)
22.15(20)
22.97(20)
23.33(20)

'Room temperature, Ref. [7].
Room temperature, Ref. [8].

tional dependence. The physical mechanisms underlying
the J and T dependence of the line shifts will be analyzed
in Sec. IV.

2. Coliisional broadening coe+cient

The experiments have been carried out in the density
range from 10 to 20 amagat, thus well above the Dicke
minimum [equal to =2.7, 1.8 amagat at 295 K and for
the Q(1) transition when the perturbers are H2 and He,
respectively] [7,8]. For pure Hi and for the Hi-He mix-
ture, the residual Doppler effect must be accounted for in
this "Dicke regime. " The linewidth without Doppler
broadening is then given by

2172)vitr(T) =r"'(T)— (2)
Cp

where I
~ z~ is the half-width at half maximum of the ob-

served Lorentzian line shape, c is the speed of light, vz is
the Raman frequency, and 2) is the optical diffusion
coefficient. In this expression I" '(T) and I'(T) are ex-
pressed in cm 'amagat ', vii in cm ', and 2) in cm
amagat s '. The broadening coefficients y are defined as
y =I /p, where p is the density in amagat units.

The determination of the collisional line broadening
coefficients y,»&(T) from the observed Q-line profile is
closely tied to the variation of the experimental I J values
versus concentration [5]. As an example, Fig. 2 shows
such a variation for the Q(1) line at 296 K. No obvious
nonlinearity is observed within the experimental uncer-

tainties. This remains true whatever J and T.
In a erst step, the analysis of these data may be done,

as usual, by considering that the spectral lines are homo-
geneous so that y,»1(T)=y(T). The assumed linear
dependence of y„» versus He concentration and the pure
H2 data (Table IV) lead to the y(T) values for H2-He in
the limit of an infinitely dilute mixture (Table V). The
temperature dependence of these two sets of y„&& are well
modeled by a linear law [y, &&(0T)= A'T+C; cf. Table
III].

Of course, even if the difference of mass between He
and H2 is small compared with that of Ne, Ar, or Xe and
Hz, which permits a higher efficiency of the speed-
changing collisional mechanism in the narrowing, the
question of a residual inhomogeneous contribution in
y(T) must be carefully analyzed for the Hz-He system.
In the RTBT model [4], this inhomogeneity is due to the
speed distribution of the shift and the narrowing is in-
duced by the speed changing and dephasing (SCD) col-
lisions. The analysis of the observed Q(J) linewidths [5]
for H2-X (X =Ne, Ar, and Xe) using the RTBT model
has led to the determination of a characteristic ratio of
collision frequencies x =vscD/v„, ( v„,=vscD+ vD ),
where vD is the frequency of dephasing collisions which
varies only weakly with the perturber mass (0.15, 0.12,
and 0.08, respectively, for Ne, Ar, and Xe at room tem-
perature). The homogeneous case corresponds to x =1
[4], so it is realistic to explore the possibility of an x value
for Hz-He lower than 1 and consistent with the observed
concentration dependence of y( T) (cf. Fig. 2).

TABLE III. Parameters B, C, A', and C' of the expressions 5( T)=B&T+C and y(T) = A 'T+ C', fitted through a least-squares
procedure to the experimental line shifts and linewidths. B is expressed in 10 cm ' amagat ' K ', A ' in 10
cm 'amagat 'K ', and C, C'in 10 'cm 'amagat

H2-H2

BH -He
2

CH2-H2

CH -He
2

2 2
t~H -He

2

H2 H2

CH -He
2

0.707(4)
0.63(2)

—14.44(4)
—1.52 (44)

9.08(30)
11.71(55 )

—1.38(17)
—1.63(34)

0.804(5)
0.80(2)

—17.04( 11 )

—4.05(39)
5.00(9)
7.16(21)

—0.61(5)
—0.39( 12)

0.762(4)

0.82(2)
—15.07(9)
—4.24(37)

5.48(17)
8.55(13)

—0.20(10)
—0.31(9)

0.741(8)
0.86(1)

—14.73( 19)
—4.87(25)

3.96(29)
8.13( 16)

0.98(17)
—0.23(11)

0.777(3)
0.90(1)

—14.96(8)
—5.33(10)

4.25(8)
8.16(26)
0.39(5)

—0.74(20)

0.780(9)
0.93(2)

—14.87(23)
—5.80(36)

4.38(9)
7.24(27)

—0.18(6)
—0.43(21)
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TABLE IV. Experimental broadening coefficients y(T) (expressed in 10 cm ' amagat ') for pure
H2. Numbers in parentheses indicate the estimated experimental uncertainty.

296 K

1.30(5)
0.87(5)
1.45(5)
2.20(10)
1.64(10)
1.10(10)

'Reference [13].
Reference [2].

298 K'

1.28(1)
0.87(1)

295 K

1.33(1)
0.87(2)
1.48( 1)
2.21( 1)
1.71(3)
1 ~ 17(3)

596 K

4.00(7)
2.21(10)
2.95(15)
3.15(15)
2.95( 15)
2.50(15)

795 K

6.10( 10)
3.40(10)
4.20(10)
4.20( 10)
3.80(15)
3.30(15)

995 K

7.50( 15)
4.35(15)
5.30(15)
5.00(10)
4.55(15)
4.15(15)

1000 K

7.60( 10)
4.28(9)
5.05(8)
4.90(8)
4.50(8)
4.04(8)

III. RATE LAW ANALYSIS

A. Determination of the vibrational dephasing
and rotational inelastic rates up to 795 K

Vibrational dephasing broadening cannot be neglected
because rotationally inelastic energy transfers are small

2.0
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FIG. 2. The experimental broadening coefficients y(T) (ex-
pressed in 10 3 cm ' amagat ') of the g(1) line are plotted
versus the helium mole fraction at 296 K.

In a second step, we have thus reanalyzed the y(T)
linewidths through the RTBT model with x & 1. The re-
sidual inhomogeneity would lead to y„»(T) values lower
than those obtained for x =1 (cf. Table V). A maximum
value of x (x,„=O.5) consistent within the experimental
uncertainties and assumed to be J independent has been
determined from the calculated nonlinearity of y versus
the concentration (Fig. 3). Notice that even forx,„=0.5, the calculated line profile does not exhibit any
significant asymmetry. The resulting inhomogeneous
contributions at room temperature are 0.21, 0.35, 0.42,
0.41, 0.45, and 0.47X10 cm 'amagat ' for J=O to 5,
respectively. This clearly means that a possible correc-
tion to y„» (cf. Table V), resulting from a residual inho-
mogeneity, must not be a priori discarded. This is partic-
ularly true for the higher J values, due to the decrease of
y versus J and the concomitant increase of the above in-
hornogeneous contributions. This behavior seems realis-
tic since the inhomogeneity tied to the speed distribution
of the line shift can be related to the J variation of the
shift itself (cf. Fig. 1).

owing to the large value of the rotational constant for H2,
and the absence of an elastic rotational contribution in
isotropic Raman scattering [14]. In order to determine
the respective contributions of those two kinds of col-
lisions (i.e., elastic vibrational and inelastic rotational) to
the line broadening coeKcients, we have supposed a J-
independent vibrational dephasing contribution (cf. Refs.
[2] and [16]). The broadening coefficients may then be
expressed as [15]

r.. (uJ U)=r. —g II'rj
J'A J

(3)

where y, is the vibrational dephasing broadening and
8'J.J represents the real part of the off-diagonal elements
of the rotational relaxation matrix W. The matrix ele-
ment —WJ.J describes the collisional energy transfer rate
from rotational level J to level J' and is assumed to be the
same in the v =0 and 1 vibrational levels.

To determine each of the two contributions to the
broadening, Smyth et al. [16] have used a fitting law (ex-
ponential gap law) to model the inelastic rotational rates—WJ J and to extract the y„value from experimental
data through Eq. (3). To avoid the use of such a phenom-
enological model on which y, is dependent, we have
determined the inelastic rotational and vibrational de-
phasing rates directly from the broadening coefticients at
296, 596, and 795 K without making any assumption
about the rate law. We have used only Eq. (3) and the de-
tailed balance condition

TABLE V. Experimental broadening coefficients y(T) (ex-
pressed in 10 cm ' amagat ') for the H2-He system. Num-
bers in parentheses indicate the estimated experimental uncer-
tainty.

296 K

1.95(20)
1.76( 10)
2.25( 15)
2.20( 15)
1.75(25)
1.65(30)

596 K

5.05(25)
3.75(15)
4.70(25)
4.48(20)
3.85(35)
3.90(35)

795 K

7.64(30)
5.26(20)
6.42(25)
6.15(20)
5.75(20)
5.46(20)

995 K

10.31(40)
6.85(20)
8.26(20)
7.93(20)
7.41(20)
6.68(20)

nJ WJ J n Jr WJJ&

where nJ and n J. are the relative populations of molecules
in the J and J' rotational levels, respectively. In this tem-
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FIG. 3. The calculated broadening coefficients at 296 K ob-
tained with the RTBT model for xH, =0.5 and xH =1 are plot-

ted versus the helium mole fraction. The error bars correspond
to the experimental uncertainties evaluated at this temperature.
The straight line is a linear interpolation.

y..ii(l, u) =y. —W3]

y„ii(2, u ) =y„—(n]]/nz) Wz]]
—W4z,

y„i](3, u )=y „—( n ] /n 3 ) W3] W53

y„]](4,u ) =y„(n~/n4—) W4~,

y„]](5,u )=y„—(n3/n5) W53 ~

(5)

The five unknown parameters (y„, Wz]], W3] W4$ W53),

TABLE VI. Rotational transfer ( —8'& z) and vibrational de-

phasing (y„) rates for the H&-He system, expressed in 10
cm ' amagat '. Numbers in italics are the rates obtained with
the ECS-P model; the others are directly deduced from the
broadening coefficients (see the text).

20

—8'31

—8'42

—W53

296 K

0.403(41)
0.333
0.071(8)
0.05
0.0026(23 )

0.008
not
signi6cant
1.68(3)

596 K

1.97(29)
2.02
0.60(16)
0.59
0.188(79)
0.223
0.081(35)
0.093
3.24(23)

795 K

3.88(40)
3.69
1.47(28)
1.28
0.775( 15)
0.592
0.365(80)
0.288
3.87(35)

995 K

5.67

2.21

1.145

0.628
4.95

perature range (from 296 to 795 K), we have supposed
that the energy-transfer collisions are only significant for
the transitions 0—+2, 1~3, 2~4, and 3—+5. Indeed, the
rotational energy defects for the 0~4 and 4~6 transi-
tions are about 1200 and 1320 cm ', respectively, which
is more than twice the translational energy at 800 K
(kT=555 cm '). Thus, W4o and W64 can be reasonably
neglected. At each of the three temperatures investigated
(296, 596, and 795 K), a system of six equations is ob-
tained:

FIG. 4. Comparison at several temperatures l ~, 296 K; f,
596 K; A, 795 K) of the experimental broadening coefficients
(symbols) (Table V) and the broadening coefficients calculated
with the rotational transfer and vibrational dephasing rates.
The dotted and solid lines show the results, respectively, with
and without an inhomogeneous contribution to the broadening.

determined with a least-squares method from our experi-
mental broadening values, are reported in Table VI. As
it is obviously expected, the —WJ z parameters strongly
decrease with the rotational defect b EJ z

= ~EJ Ez ~

and-
increase with temperature. Broadening coefficients calcu-
lated with these parameters are in good agreement with
the experimental values as shown in Fig. 4. A residual in-
homogeneous contribution has also been supposed to
determine the five parameters (cf. Sec. IIB2). In this
case, the agreement of the calculated broadening with ex-
periment is slightly better (cf. Fig. 4).

At 995 K, the rates 8'4p and 8'64 become significant
(kT=693 cm ') and since the number of unknown pa-
rameters becomes larger than the number of equations,
the resolution of the system is no longer possible. Thus,
we have followed the procedure proposed by Smyth
et al. [16]. The rotational parts of the broadening
coefficients have been modeled with a dynamical relaxa-
tion law to get the best agreement with experiment.

B. Relaxation model

The scaling dynamical relaxation models have proved
to describe accurately the rotational transfer rates
[17—19]. These scaling laws express all the energy-
transfer rates in terms of basis rate constants, i.e., a sub-
set of the W-relaxation matrix (typically a column or a
row). Accordingly, the energy-corrected sudden law
(ECS), based on the infinite order sudden approximation
and accounting for the rotational energy spacing and
finite duration of collisions, allows the determination of
all the elements of the relaxation matrix through the
basis rate constants 8 pI ~ The ECS scaling law transition
from an initial rotational level J to a final level J' is given
by [»]
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Wz z =(2J'+ 1)exp[(Ez —Ez & )/kT]Qz&

J J' I.
X ~ 0 0 0 (2L+1)QL Wot (T)

L
(6)

where J) is the greater of J and J', I. varies between
~

J' —J
~

and J'+J, the term in large parentheses is a 3-J
symbol, and QJ & and QL are adiabatic factors character-
ized by a scaling length l, . To model the basis rate con-
stants for the H2-He system, the power law (denoted
ESC-P) has given the best agreement [19]. The WoL term
is the modeled by

5
05
bO

I 4.5:
I

4
CO

3.5:
bQ

8 3
c|5
O

CO~ 2.5:
t
t/I
05

C4

a
1.5:

JD 1
8

200 400 600 800 1 000

Ao(T/To)—Wol (T)=
[L(L+1)] (7)

The five parameters determined from the broadening
coefficients (cf. Table IV) for the four considered temper-
atures are Ao = 197X 10 cm ' amagat ', N = 1.32
+0. 13, I, =0.55+0.05 A, a=3.48+0.35, and y„(995
K) =4.95 X 10 cm ' amagat ' (with a weighted stan-
dard deviation cr =1.08). For 296, 596, and 795 K, the
y„values of Table VI have been substracted from the ex-
perimental broadening to get the rotational contribution.
Notice that the ECS-P law requires that the variations of
one parameter at each iteration be restricted for stability
[18]. Because of the large correlation of the parameter
A0 with the others, this parameter has been bounded.
The agreement of the resulting fit for the inelastic rota-
tional broadening coefficient versus J is shown in Fig. 5.
Note that the corresponding fit for the broadening
coefficient accounting for a residual inhomogeneous con-
tribution (cf. Sec. II B2) leads to a slight improvement.

The rotational energy transfer rates deduced from the
procedures described above, as well as the corresponding
vibrational dephasing coefficients y„have been gathered
in Table VI. The values calculated from the ECS-P mod-
el with an allowance for a possible residual inhomogenei-
ty have not been given since the difference between the
two sets of data is inside the uncertainties for the rota-
tional rates. They are significant for the dephasing
coefficient y„(cf. Fig. 6). A direct measurement by laser

temperature (K)

FIG. 6. The vibrational dephasing broadening, determined
with (symbols 0 ) and without (symbols 0) inhomogeneous con-
tribution, are reported versus the temperature. These two sets
of data are well modeled by straight lines.

induced fluorescence of the —W3] rate is consistent with
the present result [ —W3, =0.09(4), cf. Ref. [20]]. Fur-
thermore it would be interesting to compare the present

y, value for H2-He to that for the other rare-gas per-
turbers. This would require an exhaustive study of the
broadening parameters similar to the present one. In
Ref. [5], only the Q(1) line has been investigated.

This analysis clearly shows that the H2-He rotational
broadening coefficients (and the corresponding transfer
rates) have been accurately determined in spite of a possi-
ble inhomogeneous residual broadening. In contrast, the
accuracy of the vibrational broadening coefficient is tied
to the magnitude of this inhomogeneity. In the present
analysis the inhomogeneous contribution has been max-
imized (through the parameter x,„=0.5 in the RTBT
model; cf. Sec. II B 2) leading to a decrease of the y, mag-
nitude by a factor of about 20%%uo but keeping a linear
dependence with temperature (Fig. 6). The accurate mea-
surement of this possible inhom. ogeneous contribution to
the broadening could be achieved by using time-resolved
nonlinear techniques [21].
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FIG. 5. Comparison at several temperatures (~, 296 K; 4,
596 K; A, 795 K; ~, 995 K) of the experimental broadening
coefficients (symbols) and the broadening coefBcients predicted
by the ECS-P law (solid lines).

IV. SEMICLASSICAL CALCULATIONS
OF LINE BROADENING

AND LINE SHIFTING COEFFICIENTS

Theoretical line-shape parameters for the Q-branch
spectra of the H2-He system at high temperature were
calculated using a semiclassical formalism [22] and an ab
initio intermolecular potential [23]. The calculations are
entirely numeric because the intermolecular potential is
not in analytic form. The discussion deals first with the
potential and a comparison to other potential surfaces be-
fore describing the details of the calculation. A compar-
ison of the theoretical and experimental results concludes
this section.

A. Potential-energy surfaces

The Hz-He pair is one of the simplest molecular sys-
tems, and the calculation of line-shape parameters can be
achieved with available highly accurate intermolecular
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potential surfaces. The energy surface in this case is only
slightly anisotropic over most of the intermolecular in-
teraction range, and it is necessary to consider elastic and
inelastic collisions of H2 with He. Consequently the po-
tentia1 surfaces must be determined not only for the equi-
librium H-H separation, but also for other separations
which would permit the consideration of excited vibra-
tional states of Hz. It will be shown later that the anisot-
ropy of the potentia~ and the dependence of the potential
on the vibrational coordinate of the hydrogen molecule
contribute significantly to the line-shape parameters.
Thus, a suitable potential is described in terms of the col-
lision distance, R, the vibrational coordinate, r, and an
angle. A representation convenient for use in the calcula-
tion is a series of Legendre polynomials

E(R, r, 8)= g V2k(R, r)P2k(8),
k=0

(8)

1500—

where 0 is the angle of the molecular axis relative to the
colliding pair. Three accurate potentials were found for
H2-He and are considered in the following paragraphs.

One of the most accurate ab initio potentials available
[23] is represented as a set of coefficients, namely Vo, V2,
and V4, tabulated as functions of r and R. It is a compo-
sition of two slightly difFerent potentials [24] as their cal-
culations, based on the CI-type method (where CI
denotes configuration interaction), were performed for ei-
ther the SCF and intrasystem correlations or the intersys-
tem correlation. The final potential is a grid for five in-
tramolecular distances from 0.9 to 2.0 a.u. For the pur-
pose of computing the line-shape parameters, the poten-
tial was interpolated with a cubic spline in R and a quad-
ratic function in r in order to have the isotropic potential
in the J=O, v =0 state (r =1.449 a.u.), the difference be-
tween the isotropic potential of the J=O, u = 1 (r = 1.545

a.u. ) and v =0 states, and the corresponding quantities
for the P2 part of the anisotropic potential (Fig. 7). We
have ignored the I'4 term in the anisotropic part since it
is much smaller. We attempted to fit a TT3(6,8) surface
(see Ref. [25]) to the tabulated potential, but were unable
to match the given dependence on the vibrational coordi-
nate.

A new accurate ab initio potential surface expressed in
terms of Legendre polynomials has been reported by Fu-
Ming Tao [26] for intramolecular distances of 1.28, 1.449,
and 1.618 a.u. This author claims that while the attrac-
tive region of the potential is adequately described by the
first two terms (Vo and V2) of the potential, the next
term, V4, may be needed to model accurately the highly
repulsive region. The isotropic part of this potential is
practically identical to the corresponding part of the
Schaefer and Kohler potential [23]. Since it was more
convenient to use the denser grid of the latter potential in
our calculations, we have not pursued Tao's potential fur-
ther.

A third ab initio potential has also recently appeared
[27]. It has not been exploited since the results are not in
a convenient form. However, the authors propose a func-
tional form that may be faster to evaluate once it is
decomposed into a series form as shown above. These
authors note that the vibrational dependence or the
derivative of the potential with respect to r changes sign
twice. We have noted that the outer sign change
(R —=6.5 a.u. ) agrees well with the position of the sign
change in the Schaefer and Meyer potential. Although
the value of R at which the inner sign change occurs
changes from approximately 2.0 for the Muchnick and
Russek potential to 1.5 for the Schaefer and Meyer one,
this is expected to be unimportant because this region of
the potential is not probed by collisions. Even a head-on
collision at an energy of 10 K in H2-He reaches only
R =3 a.u.

l

1 000 -'i

500-

o isotropic
2 anisotropic

3

R (A)

B. Model and calculation

Line-shape parameters were calculated from the poten-
tial by using a standard semiclassical model [22]. The
line shift and linewidth parameters for an optical transi-
tion i ~f are given by [18,22,28]

—S,.(b, )

bf, (cm ') = (ue 'f' '
sinrif;(b, v ) ),

V
O

a
C
O

~ 'Pt

cj

100

0

3

R (A)

isotropic
anisotropic

FICi. 7. Isotropic and anisotropic (P2) parts of the potential:
(a) in the J=O, v=0 state; (b) the difFerence between the poten-
tial in the J=Q, v=Oand J=O, v=1 states.

nb —S2,.(b, v)
yf, (cm ')= (v[1—e ' ' '

cosrif;(b, v)]),

where nb is the number density of the perturbers and the
symbol ( . ) means a Boltzmann average over the im-
pact parameter b and the initial relative velocity U. The
expression for S2 f;(b, u ) is directly related to the real
part of the differential cross section in the perturbation
approach. That of ref;(b, v ) is related to the first order
and to the imaginary part of the second-order differential
collision cross sections [cf. Eqs. (8) and (10) of Ref. [22]].
A parabolic trajectory based on the forces at the point of
closest impact approximates the path of the colliding
pair. In principle the model has two parts: the vibration-
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al dephasing associated with the isotropic potential and
the effect of the anisotropic potential leading to inelastic
rotational transitions. The time integrals representing
the effect of collisions were evaluated numerically. Test
calculations with a I.ennard-Jones parametrization of the
potential which allowed analytic integration over time
showed that the numeric approach was sufficiently accu-
rate. The error bounds in the integrations were set at
0.1%.

The fact that inelastic collisions change the kinetic en-

ergy of the colliding pair leads to difficulties in describing
the trajectory, especially for hydrogen since its rotational
constant and the energy changes associated with rota-
tional transitions are large. Consequently, an effective ve-
locity U,z equal to the arithmetic mean of the relative ve-
locities before and after the collision was employed
[u,s=(U;+Uf)/2]. Effective velocities were computed
for elastic and inelastic collisions according to the alge-
braic change h v in rotational state involved. The relative
velocity satisfies the principle of conservation of energy,

TABLE VIII. Theoretical line broadening coefficients for
H2-He (expressed in 10 ' cm 'amagat ') at several tempera-
tures.

296 K 596 K 795 K 995 K

1.3
0.8
1.2
1.1
0.9
0.9

4.4
2.1

2.8
2.6
2.2
2.0

6.8
3.3
4.1

3.7
3.2
2.8

9.4
4.7
5.5
4.9
4.2
3.6

2 mU; =
2 mUf +A V .

This assumption [29] may appear crude at room tempera-
ture, but improves at higher temperatures: fewer mole-
cules experience a large velocity change since their kinet-
ic energy is much larger. This same calculation also al-
lowed us to exclude inelastic collisions and especially up-
ward ones that are forbidden due to the lack of sufficient
kinetic energy. %'e also excluded collisions for which the
effective velocity was small enough to permit metastable
states ("orbiting"). This approximation introduces little
error for the system since the potential well is small com-
pared to the typical kinetic energies involved.

We note that only the isotropic part of the intermolec-
ular potential is used to compute the trajectory. The
first-order term in the theory, connected to elastic col-
lisions, is computed from the vibrational dependence of
the isotropic part of the potential. The anisotropic part
is used in the calculation of the real part of the second-
order term related to inelastic collisions. Finally, the
imaginary part is found from the anisotropic potential
and its dependence on the vibrational coordinate. Al-
though it might be argued that the vibrational dephasing
contribution associated with inelastic collisions [cf. Eq.
(9)] should be calculated at the effective velocity U,s. [cf.
Eq. (10)] for the inelastic collision, only a perturbative
style of calculation allows such an approach. Trial calcu-
lations at 300 K, where the second-order terms are small
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TABLE VII. Theoretical line-shift coefficients for H2-He (ex-
pressed in 10 cm ' amagat ') at several temperatures.

T=995K
16

596 K 795 K296 K 995 K 15

12.4
13.7
14.3
14.8
15.0
15.0

14.9
16.7
17.6
18.3
18.7
18.8

7.4
7.9
8.1

8.2
8.3
8.2

17.0
19.3
20.3
21.3
21.9
22.2

FIG. 8. Comparison between calculated (0) and experimen-
tal (~ ) line-shift coefBcients for H2-He: (a) at 296 K; (b) at 995
K [the theoretical pure vibrational dephasing contribution (4)
is also shown].

enough to allow a series expansion without an Anderson-
style cutoff [30], showed that the width of the Q(0) line
changes by 2% as a result of computing the vibrational
part at the correct effective velocities. The linewidths of
the remaining lines and all the shifts changed by less than
0.2%.

The imaginary terms from the first and second order



J. %'. FORSMAN et a1. 52

TABLE IX. Pure dephasing contributions (expressed in 10
cm 'amagat ') calculated from Eq. (9) by only taking into ac-
count the isotropic potential.

296 K 596 K 995 K

&d.ph

Vdeph

8.0
0.8

14.6

1.6 2.1

21.7
2.7

lead to the line shift. The real terms act to reduce the
magnitude of the shift cross section and to increase the
width.

C. Results
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FIG. 9. Comparison between calculated and experimental
line broadening coeKcients for H2-He. The symbols are the
same as in Fig. 8.

Linewidths and line shifts were calculated at several
temperatures for the six lowest rotational states and tabu-
lated in Tables VII and VIII. Calculated shifts are in

very good agreement with experimental values (cf. Table
II and Fig. 8). The difference in the line shifts is about
15% at 300 K and decreases to 5% at 995 K. We note
that the theoretical results are based directly on the po-
tential and that there are no adjustable parameters. The
computed line broadening coefficients show a consistent
description of the observed J and T dependence (cf. Table
V), in spite of underestimating it by as much as 50% (cf.
Table V and Fig. 9).

Additional calculations involving only the isotropic po-
tential were performed in order to analyze the
significance of the contributions of the different terms of
the potential to the line shift and linewidth (Table IX).
We found that the pure vibrational dephasing almost ac-
counts for the observed line shift (cf. Table VII), but ac-
counts for only half of the linewidth attributed to elastic
dephasing in the analysis of the experimental data (cf.
Table VI). The inelastic or second-order term introduces
a J dependence in the results and helps to increase the
calculated widths, but not enough to agree well with the
experimental measurements. The imaginary second-
order term has no significant efFect for large J, due to the
large rotational energy defect involved in the collisionally
induced transitions. Only the Q(0) and Q(1) shifts show
a weak decrease resulting from the contribution of the in-
elastic upward transitions 0~2 and 1 —+3, respectively.
Notice that the screening effect, through the S2 f (b, v)'
term in Eq. (9), is effective, particularly for the first line,
which corresponds to the larger Sz f;(b, v ) efficient con-
tribution. This effect is of course more pronounced at
higher temperature and reproduces well the observed J
dependence (cf. Fig. 8).

The high probability of the inelastic 0~2 collisions,
which nearly doubles the width at 300 K, explains the
larger width of the Q(0) line (cf. Table VIII and Fig. 9).
The larger energy defect associated with the 1~3 transi-
tion increases the theoretical linewidth of the Q(1) line
by only 12% at 300 K (but 100% at 1000 K) over the vi-
brational dephasing. The higher Q(J) lines are broader
than the Q(1) line since downward transitions are per-
mitted, even if limited by detailed balance. The
discrepancy in magnitude seems to result from an un-
derestimation of the dephasing contribution. We have
also noted that the theoretical inelastic terms fail to agree
with the requirements of detailed balance. Such a prob-
lem is not surprising and is in part linked to the question
of describing a classical trajectory involving an inelastic
collision. Although the total transition rates to and from
a state must be equal, it is assumed that these are dom-
inated by transitions in which J changes only by +2. An
examination of the theoretical results shows that the up-
ward rate is significantly larger than the corresponding
downward rate for the same pair of states. The
discrepancy decreases as the temperature increases or as
the rotational energy gap decreases. Thus, aside from the
previous discrepancy in the vibrational contribution, the
Q(0) and Q(1) widths are likely to be overestimated be-
cause downward transitions are nonexistent. The other
linewidths are probably underestimated since the dom-
inant inelastic term is downward.

In spite of the interest for studying the H2-He system
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FIG. 10. Comparison between calculated (U) and experimen-
tal [(~ ) Ref. [16];(0) Ref. [32]] line-shift coefficients for Dz-He
at 296 K.

in both astronomy and chemical physics, very few ab ini-
tio calculations have been performed. Previous results of
Hahne and Chackerian [31] using a close-coupling ap-
proach but a less accurate potential surface showed good
agreement for the shift, but a poorer one for the broaden-

ing of the quadrupolar Qi(1) line. Direct comparison
with the above results presents no real interest in the
frame of this work since the potential surfaces used are
different. So, in order to quantify the quality of the semi-
classical results, calculations of the line shift and
linewidth coefficients in D2-He were compared with a ful-
ly quantum calculation [1] of linewidth and line-shift
coefficients of the Q branch in Dz-He and experimental
measurements in the D2-He system [16,32]. Any
differences between the two types of calculations are thus
the result of the calculation, since the same ab initio po-
tential was used. As in the H2-He case, our semiclassical
calculation underestimates the experimental results (Fig.
10), which were in good agreement with the quantum cal-
culation. The pure vibrational contribution is again very
predominant, particularly at high J. Comparison be-
tween quantum calculations [1) and semiclassical ones for
the line broadening (Fig. 11) also shows a good consisten-
cy, although, as mentioned above for Hz-He, the pure de-
phasing contribution is underestimated. The agreement
is better in that case since this last contribution is then
weaker.

It appears that the semiclassical model is able to pre-
dict the J dependence (the inelastic part) of the widths
and shifts even though there may be an error, especially
for the width, in the elastic contribution from vibrational
dephasing. Further semiclassical calculations for this
contribution accounting for exact trajectories have been
performed. The results are slightly improved but only by
a few percent. So, any further rigorous test of the poten-
tial surface, particularly in the excited v =1 site, requires
a fully quantum approach.

experiment
Ref. [16)~ RB model

D. Temperature analysis

Apart from the above discussion concerning the J
dependence of the line shifting and line broadening
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FIG. 11. Comparison between calculated (0) and experimen-
tal [(~ ) Ref. [16); (0) Ref. [32]] line broadening coefficients for
D&-He at 296 K.

FIG. 12. Calculated shift cross sections oz(v) ( ) and
least-squares fit (+ ) by the law: crq(U )=5.81
A —8.45(A 10 m s ')/U. The Boltzmann distribution is
given at 296 and 995 K.
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5.0 V. CONCLUSION
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coefBcients, the main result of these calculations is the re-
markable consistency with the observed behavior:
5( T ) =B&T +C and y ( T)= A 'T+ C' (cf. Table III).
So, interest lies in an analysis of the physical mechanisms
underlying such simple laws.

For the line shift, since the pure vibrational mechanism
is largely dominant, this analysis may be focused on it
only. Figure 12 exhibits the expected behavior for the
shift cross section os(u) in H2-He, since it is well de-
scribed by mrs(v)=b+clu (cf. Ref. [5]). In fact, such a
simple U dependence is only valid for U 2 3 X 10 m s
but the lowest values weakly contribute to the Boltzmann
average of uos(u), even at room temperature. At high
temperature, this model for a s(v ) becomes very accurate.

The inelastic rotational contribution being significant
for Q(0) and Q(2) linewidths, the total broadening cross
section err(v ) has been reported in Fig. 13 for the Q(0)
line as an example. The U dependence of this cross sec-
tion is well approximated by ar(u)=a'v+c'/v, particu-
larly at high temperature, leading to the observed tem-
perature variation.

Let us mention that similar behavior for these shift and
width cross sections has been obtained previously from
close-coupling calculation for Dz-He (cf. Ref. [1]).

FIG. 13. Calculated broadening cross sections o~(v) ( )

and least-squares 6t (+) by the law: cr~(v)=0. 53 (A 10
m ' s) v —3.59(A 10 m s ')/v. The Boltzmann distribution is
given at 296 K and 995 K.

We have reported the line broadening and shifting
coefficients of the Q branch in the H2-He system as a
function of temperature and rotational state. The inelas-
tic rates have been modeled with relaxation models. The
ECS-P model and a simpler one, appropriate to H2, and
based on considerations of detailed balance give good
agreement with experiment. The contributions of vibra-
tional dephasing and rotationally inelastic collisions have
been deduced by using these models.

In a previous paper [5] devoted to other rare-gas per-
turbers, a significant inhomogeneous contribution to the
line broadening due to the speed dependence of the line
shift was demonstrated. No such evidence appears for
H2-He, within experimental accuracy, but a possible in-
homogeneous contribution remains plausible and has
been carefully discussed.

Semiclassical calculations of the line shifts and
linewidths based on the model of Ref. [22] and using an
ab initio potential [23] have been performed from room
temperature up to 995 K. The agreement is very good
for the shifts, particularly at high temperature, allowing
us to reproduce quantitatively the observed J and T
dependences. For the widths, this agreement is less satis-
factory, even if the J and T dependences are still account-
ed for. This discrepancy is attributed to an underestima-
tion of the vibrational dephasing contribution. The pos-
sible residual inhomogeneous contribution to the ob-
served widths has been estimated to be less than 20%%uo,

which is insufhcient to explain such a discrepancy. Fur-
thermore, the physical origin of the simple law observed
for the temperature dependence of the shifts and the
widths (i.e., linear versus T' and T, respectively) is well
understood.

Of course, the present calculations are unable to test
accurately the potential surfaces due to the approxima-
tions inherent to the semiclassical model used [22]. So,
interest would lie in pure quantum calculations as previ-
ously done for D2-He in Ref. [1].
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