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Intracollisional interference of R lines of HD in mixtures of deuterium hydride and helium gas

Magnus Gustafsson and Lothar Frommhold
Physics Department, University of Texas at Austin, Austin, Texas 78712-1081

~Received 30 November 2000; published 18 April 2001!

Line shapes of theR0(0) andR0(1) lines in the pure rotational band, and of theR1(0) andR1(1) lines in
the fundamental band of HD are computed from first principles for HD molecules that interact collisionally
with He atoms. Interference of the permanent dipole of the HD molecule and the interaction-induced dipole of
HD–He supermolecular complex shapes these profiles. We use the close-coupling scheme for the scattering
calculations which take into account the anisotropy of the HD–He interaction potential. Thus rotational level
mixing is accounted for in a non-perturbative manner. The treatment is fully quantum mechanical and takes
into account single binary collisions between HD and He. Spectral absorption profiles and line shape param-
eters of theR-lines are computed for comparison with existing measurements at 77 K. Agreement between
theory and measurements is observed in the low-helium-density limit of the measured absorption as expected.
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I. INTRODUCTION

Even infrared-inactive gases and mixtures of such ga
will absorb infrared radiation in certain broad spectral ban
if the gas densities are high enough@1#. The process is usu
ally referred to as interaction-induced absorption beca
pairs and possibly larger complexes of collisionally intera
ing atoms or molecules are responsible. Specifically,
change and dispersion forces and the permanent electric
tipoles of molecules induce a transient dipole moment
interacting atoms or molecules which give rise to the va
ous, generally well-known collision-induced absorpti
bands@2#. Interesting interference effects of permanent a
induced dipole components and their associated spectral
tures may be observed if a collisional complex includes
infrared active molecule and if the induced and perman
dipole moments are of comparable strengths, typically in
1023 D range.

McKellar @3# discovered such interferences in gaseo
deuterium hydride in the fundamental band of HD, and H
man et al. @4# gave the first theoretical analysis. Since th
new measurements in pure deuterium hydride and in m
tures with rare gases have been published, in both the
damental band of HD@5–8# and the rotational band in the fa
infrared @9–11#. Several reviews exist that focus on the co
lisional interferences of the HD-X system, withX being an-
other HD molecule or a rare-gas atom@12–16#. It is clear
that the line shapes of the HDR lines are affected not only
by single collisions, the so-called intracollisional interferen
effect. In general a whole series of subsequent collisi
needs to be taken into account, especially near z
frequency shifts~‘‘intercollisional interferences’’! @4,17,18#;
these higher-order effects are clearly discernible in the
perimental data. However, in the low helium density lim
the wings of the profiles of the allowedR lines are affected
only by single collisions. Our present interest is the li
shapes and line-shape parameters of fourRv f

( j i) lines, that is

rotovibrational lines of HD with the quantum numbersj i and
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es
s

e
-
-
ul-
n
-

d
a-

n
nt
e

s
-

-
n-

e
s

o-

x-

j i11 of initial and final rotational states, in the pure rot
tional and fundamental bands,v f50 and 1, respectively.

Ab initio calculations of the collision-induced absorptio
profiles of the supermolecular complex H2-He were previ-
ously communicated for the rotational and fundamen
bands of the H2 molecule@19#. For the present study, we us
that same close-coupling scheme so that rotational level m
ing is directly accounted for—nonperturbatively. The rot
tional mixing has the effect that all collision-induced dipo
components, not just the one with the same symmetry as
permanent dipole of HD, will affect intracollisional interfer
ences. With a nonperturbative treatment one has the ad
tage that the radiative cross sections are correctly determ
even if the rotational mixing is strong. Previous attemp
have employed perturbation treatments and in that sense
close-coupled treatment goes beyond previous work. Re
perturbation calculations, which include the lowest-order
tational level mixing@20#, somewhat surprisingly resulted i
‘‘ . . . some major unresolved problems of theory . . . ’’
when comparisons with the experimental facts were ma
We hope to possibly avoid such problems by the pres
close-coupled treatment of the HD-He scattering.

II. LINE-SHAPE CALCULATIONS

The Schro¨dinger equation with an anisotropic interactio
potential is integrated using a close-coupling scheme
combines the radiative coupling with the atom-diatom sc
tering as formulated in Ref.@19#. For the integrations we
used theCOUPLEcomputer program developed by Mies, Ju
enne, and Sando@21#.

The Hamiltonian describing the interaction of a rotati
and vibrating HD molecule withN noninteracting He atoms
in the presence of a radiation fieldE is @18#

H5H rad1Hmol~r!2mA~r!•E~v!

1(
i 51

N H 2
\2

2m
¹Ri

2 1V~r,Ri !2mI~r,Ri !•E~v!J , ~1!
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MAGNUS GUSTAFSSON AND LOTHAR FROMMHOLD PHYSICAL REVIEW A63 052514
whereH rad is the Hamiltonian of the isolated radiation fiel
Hmol is the Hamiltonian with eigenvaluesEv j

mol @22# of the
isolated HD molecule, andV is the interaction potential o
one HD-He pair which has the reduced massm. Ri is the
vector pointing from the center of mass of the HD molec
to the i th He atom andr is the vector pointing from the H
atom to the D atom.mA is the permanent~allowed! electric
dipole moment of the diatom andmI is the dipole moment
induced by the interaction between a He atom and the
tom. Considering only the contribution from single bina
collisions (N51) yields the Hamiltonian,

H~r,R;v!5H rad1Hmol~r!2
\2

2m
¹R

21V~r,R!1Vrad~r,R;v!,

~2!

whereVrad is the coupling of the HD-He complex with th
radiation field. Quantization of the radiation field to a sta
un;v& with n photons of frequencyv yields

H radun;v&5n\vun;v&, ~3!

and assuming linearly polarized light along the angul
momentum quantization axisẑ,

Vrad~r,R;v!52A2p\vf

c
$mz

I ~r,R!1mz
A~r!%, ~4!

wheref is the radiation flux in the photon number per ar
and time.

The total state vector is given by

Ca~r,R;E! ^ un;v&5 (
a8n8

vv8 j 8~r !
1

R
Fa8a

n8n
~R;E,v!

3Yj 8 l 8
J8M8~ r̂,R̂! ^ un8;v&, ~5!

wherea5(v, j ,l ,J,M ). Yjl
JM is the vector coupling function

Yjl
JM~ r̂,R̂!5 (

mjml

C~ j ,l ,J;mj ,ml ,M !Yjmj
~ r̂!Ylml

~R̂!,

~6!

corresponding toJ5 j1 l: the total angular momentum is th
sum of rotational and translational angular momentu
Equations~2! and ~5! yield the coupled radial Schro¨dinger
equation@19#

H Ev9 j 9
mol

2
\2

2m

d2

dR2
1

\2l 9~ l 911!

2mR2
1n9\v2EJ

3Fa9a
n9n

~R;E,v!1 (
a8n8

$Va9a8~R!dn9n8

1Va9a8
rad

~R;v!dn961,n8%Fa8a
n8n

~R;E,v!

50, ~7!
05251
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with coupling matrix elementsVa9a8 and Va9a8
rad which will

be defined in Secs. II A and II B. In accordance with t

close-coupling scheme, Eq.~7! can be solved forFa9a
n9n . With

energy normalization of the wave functions, the asympto
boundary condition forR→` is

Fa8a
n8n

~R;E,v!; iA m

2p\2k
H e2 i (kR2 lp/2)da8adn8n

2A k

k8
ei (k8R2 l 8p/2)Sa8a

n8n
~E,v!J ~8!

for open channels and an exponentially decaying function
closed channels. The channel wave numberk is defined by

k25
2m

\2
~E2n\v2Ev j

mol!, ~9!

k825
2m

\2
~E2n8\v2Ev8 j 8

mol
!, ~10!

andSa8a
n8n is theS matrix, from which the desired quantitie

related to the transition probability between two chann
(a,n) and (a8,n8) are calculated. In principle the summa
tions overa8 andn8 in Eq. ~7! are infinite. However, as we
are presently only interested in one-photon absorption
can let then8 summation run only from 0 to 1. We have als
truncated the sum overa8 by excluding those~closed! chan-
nels which hardly affect the radiative transition probabiliti
at the kinetic energies under consideration.

The binary collision-induced absorption coefficient of
gas mixture of the species with densitiesr1 andr2, respec-
tively, at the temperatureT, is calculated from theS matrix.
Let the subscriptsi andf designate the initial and final chan
nels, respectively, i.e., channels with one or no photons.
temperatures up to a few hundred kelvin only the vibratio
ground state is populated. Thusv i50 and v f50 for the
rototranslational band andv f51 for the fundamental band
and the absorption coefficient

a~v,T!5r1 r2

12e2\v/kBT

fh (
f i

e2Ev i j i

mol/kBT

Zroto

3E
0

`

dEi
kine

2Ei
kin/kBT

Ztrans
uSf i~Ei

kin ,v!u2, ~11!

where f 5( j f ,l f ,Jf), i 5( j i ,l i ,Ji). There is no summation
over the quantum numbersM in Eq. ~11! because the cou
pling matrix elements presented in Secs. II A and II B a
both proportional todMM8 . Accordingly, the coupled equa
tions ~7! will be independent of the quantum numbersM.
Ztrans and Zroto are the translational and rotational partitio
functions, respectively,
4-2
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INTRACOLLISIONAL INTERFERENCE OFR LINES OF . . . PHYSICAL REVIEW A 63 052514
Ztrans5S 2pmkBT

h2 D 3/2

, ~12!

Zroto5(
j

~2 j 11!e2Ev i j
mol/kBT, ~13!

and the initial kinetic energy is

Ei
kin5E2\v2Ev i j i

mol . ~14!

In order to make the calculations of the absorption co
ficient ~11! less time consuming, two decouplings of th
equations~7! are applied according to Ref.@19#. First, the
parity, given by (21) j 1 l is conserved within the initial and
final channels, respectively, while it must change in the
diative transitions. Thus a calculation with evenj i1 l i and
odd j f1 l f is decoupled from one with oddj i1 l i and even
j f1 l f . Second, the selection rule for the total angular m
mentum yields the three final total angular momenta

Jf5Ji ; Ji61, ~15!

whose channels can also be decoupled due to the cons
tion of total angular momentum among the final channel

We have tried to keep the overall numerical accuracy
the calculation of the spectra at the 1% level or better.
that end we had to answer questions, such as how m
closed channels~channels with negative asymptotic kinet
energy! must be included in the integration; how many pa
tial waves to include; and the choice of the grid for the in
gration over kinetic energy in Eq.~11!. We found that inclu-
sion of closed channels with asymptotic kinetic energies
low as 2500 cm21, or 210kBT, is sufficient. Second, we
found it necessary to include total angular-momentum qu
tum numbers up toJ522. Finally, the kinetic energy grid is
chosen roughly in the following manner: up to 2kBT our step
size is 0.1kBT and from 2kBT to the upper limit, which is
10kBT, the step size is 0.5kBT. Various trial calculations a
the frequencies of interest here seem to confirm a nume
accuracy of the computed line shapes of typically better t
1%.

A. Interaction potential

For an atom-diatom system it is appropriate to expand
interaction potential in Legendre polynomials, according

V~r,R!5(
g

Vg~R,r !Pg~ r̂•R̂!, ~16!

where the subscriptsg are non-negative integers. Definin
coefficientsf g by

E Yjl
JM* ~ r̂,R̂!Pg~ r̂•R̂!Yj 8 l 8

J8M8~ r̂,R̂!dr̂dR̂

5 f g~ j ,l , j 8,l 8;J!dJJ8dMM8 ~17!

yields @23#
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f g~ j ,l , j 8,l 8;J!5~21! j 1 j 82J@~2 j 11!~2l 11!~2 j 811!

3~2l 811!#1/2H j l J

l 8 j 8 gJ S l l 8 g

0 0 0D
3S j j 8 g

0 0 0D , ~18!

where$•••% are 6-j symbols@24#. Second, defining the ra
dial matrix elements as

Vg
v j v8 j 8~R!5E

0

`

vv j* ~r !Vg~r ,R!vv8 j 8~r !r 2 dr ~19!

allows us to write the interaction potential matrix element

Vaa8~R!5(
g

Vg
v j v8 j 8~R! f g~ j ,l , j 8,l 8;J!dJJ8dMM8 .

~20!

The kinetic energy of the collisions of interest here is sm
enough to prevent nonradiative transitions between differ
vibrational states and thej dependence of the rotovibrationa
is assumed to be small. The matrix element~20! can thus be
approximated by

Vaa8~R!5(
g

Vg
v~R! f g~ j ,l , j 8,l 8;J!dJJ8dMM8dvv8 ,

~21!

where for the functionsVg
v we have adopted theab initio

potential surface@25# as given in Ref.@26#. We have in-
cluded potential components withg50 up to 5 in our line-
shape calculations.

B. Radiative coupling

The standard expansion for the collision-induced dip
@27,28#

mn
I ~r,R!5

4p

A3
(
lL

AlL
I ~r ,R!YlL

1n ~ r̂,R̂!, ~22!

can also be used for the permanent dipole of the molec
@12#. Its only nonvanishing component is the one withlL
510 and

mz
A~r!5

4p

A3
AA~r !Y10

10~ r̂!5AA~r !cos~u!, ~23!

and thus

Vaa8
rad

~R;v!52A2p\vf

c (
lL

$BI ;lL
v j v8 j 8~R!

1BA
v j v8 j 8dl1dL0%dlL~ j ,l ,J, j 8,l 8,J8!dMM8

~24!

with the B functions defined by
4-3
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MAGNUS GUSTAFSSON AND LOTHAR FROMMHOLD PHYSICAL REVIEW A63 052514
Bv j v8 j 8~R!5E
0

`

vv j* ~r !A~r ,R!vv8 j 8~r !r 2 dr ~25!

and thed coefficients arising from the angular integratio
@19# by

dlL~ j ,l ,J, j 8,l 8,J8!5
~21! j 1 l 1J

A3
S l l 8 L

0 0 0D S j j 8 l

0 0 0D
3H j 8 l 8 J8

j l J

l L 1
J @~2 j 11!~2l 11!

3~2 j 811!~2l 811!~2J11!~2J811!

3~2l11!~2L11!#1/2. ~26!

For both the permanent and the interaction-induced dip
moment matrix elements we have usedab initio data. For the

permanent dipoleBA
v j v8 j 8 of the HD molecule we used th

computed values of Ref.@29#. The interaction-induced dipole

function BI ;lL
v j v8 j 8(R) is taken from Ref.@30#, where it is ap-

proximated to bej independent and we have included ni
components (lL).

III. RESULTS AND ANALYSIS

In previous experimental analyses a multiparameter F
profile was used to represent the measured line shape
Secs. III A and III B we compare the presently calculat
profiles with these measurements in two different wa
First, the Fano profile given in Refs.@31,11# can be extrapo-
lated towards low He densities by simply putting in a sm
value for the helium density~e.g., 1 amagat! into the Fano
formula. The computed points are then compared to
curve. Second, the formula for the Fano profile of R
@31,11# can be Taylor expanded towards low He densiti
The presently computed points are then fitted to this form
and the fit parameters are compared with the ones obta
from measurement.

A. Line profiles

By means of Eq.~2! in Ref. @31# and the line-shape pa
rameters, also obtained in Ref.@31#, comparison between
computed and experimental line profiles is done. It is sho
for theR1(0) andR1(1) lines in Figs. 1 and 2, respectively
In each figure the dots represent the present theory and
experimental profiles@31# are shown as curves for three di
ferent He densities: 1, 29.4, and 205 amagats. For the
latter densities measurement of the profile was indeed d
while for 1 amagat of He the curve is an extrapolation of
measurement. The wings of the Fano profile may be dire
compared with the present line-shape calculations and we
that the calculated values agree well with the experime
curves for the lowest He density. Note that we have
calculated values for smaller detunings than roug
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0.5 cm21 because the numerical integration of the coup
equations~7! becomes unstable as one approaches the r
nances.

B. Line-shape parameters

We expand the Fano profile given in Refs.@31,11# into a
Taylor series in terms of the helium density. Keeping on
the terms which are linear in the helium densityr1, we ob-
tain the formula

a~n!

r1r2
5

c0n

2p H B0

~n2n0~0!!2
1

4D9I

n2n0~0!J 1a1bn.

~27!

Here we have also assumed that the linewidth is zero at
helium density. This must be the case for our model wh

FIG. 1. The absorption coefficienta, normalized by the He and
HD gas densities,r1 and r2, respectively, as a function of fre
quency at theR1(0) line, and at the temperature of 77 K. Do
represent present calculations. Also shown is the Fano profile,
termined experimentally in Ref.@31#, for three different helium
densities; solid line: 1 amagat; short dashes: 29.4 amagats;
dashes: 205 amagats.

FIG. 2. Same as in Fig. 1 but for theR1(1) line.
4-4
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TABLE I. Comparison of calculated and measured Fano parameters. The semiclassical calculati
made using the theory of Ref.@18#. Square brackets indicate powers of ten.

B0 (cm21 am21) D9I (am21) a (cm21 am22) b (am22) n0(0) (cm21)

R0(0) present work 0.00363 0.00109 0.527@27# 0.338@28# 89.23
measurement@11# 0.00293~12! 0.0015~3!

semiclassical@33# 0.0062 0.00060
R0(1) present work 0.00471 0.000837 0.484@26# 20.187E@29# 177.84

measurement@11# 0.00391~11! 0.0013~3!

semiclassical@33# 0.0039 20.000027
R1(0) present work 0.00515 20.00492 0.258@24# 20.663@28# 3717.44

measurement@31# 0.0056~2! 20.0059(1)
semi-classical@34# 0.0064 20.00266
quantum@20# 20.0011

R1(1) present work 0.00631 20.00393 0.162@24# 20.409@28# 3798.39
measurement@31# 0.0062~3! 20.0055(1)
semiclassical@34# 0.0040 0.00079
quantum@20# 20.0003
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does not have any other broadening mechanism than bi
collisions of HD and He. Note that Eq.~27! is only used to fit
the presently computed points and the singularity at z
detuning does not matter; it could easily be suppresse
desired. For fits of measured absorption profiles one sho
use a formula with a finite linewidth at zero helium dens
to account for various broadening mechanisms, e.g., Dop
broadening, natural linewidth, and instrumental broaden
Equation~27! represents the sum of a Lorentzian and a d
persion line shape and the termsa1bn are just a base-line
correction to model the collision-induced background a
sorption. The calculated absorption profiles have been fi
to the model, Eq.~27!, by adjusting the fit parameter
B0 ,D9I ,n0(0),a, and b by means of a nonlinear fit algo
rithm. The resulting values are presented in Table I for co
parison with measurements and the semiclassical theoryB0
is the broadening parameter, calledg in Ref. @31#, andD9I is
the asymmetry parameter for the profile.c0, called ã(0) in
Ref. @31#, is directly related to the permanent dipole mat
element for anR transition, namely@9#,

c05
4p2

3\c

e2Ev i j i

mol/kBT2e2Ev f j f

mol /kBT

Zroto
~ j i11!uBA

v i j iv f j f u2,

~28!

where the factorj i11 should be replaced byj i in case of a
P transition andZroto is defined in Sec. II. The theoretical an
experimental values ofc0 are given in Table II. The theoret
ical values ofc0 were used in our Eq.~27! to obtain the fit
05251
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parameters given in Table I. Note that the theoretical val
of c0 are consistently higher than the measured values:
magnitudes of the calculated electric dipole matrix eleme
of HD are greater than the measured ones. This fact affe
the values of the fit parametersB0 andD9I of Table I, since
in Eq. ~27! the weights of the Lorentzian and the dispersi
profiles are given by the productsc0B0 and c0D9I , respec-
tively. An alternative approach would be to compare t
computed and measured values of these products instea

IV. CONCLUSION

The infrared-absorptionR lines in the fundamental and
translational bands of HD are computed, taking into acco
single binary collisions between HD and He at the tempe
ture of 77 K. This is done by means of close-coupling c
culations that allow for inclusion of the anisotropic intera
tion potential so that rotational level mixing is accounted f
The signatures arising from the interference between the
manent dipole moment of HD and the collision-induced
pole moment are investigated for fourR lines. Since only
single binary collisions are here considered the model is
pected to describe the absorption process well only for
case of low helium density. Accordingly, a comparison w
measurements has been done for low He densities e
through an extrapolation of the experimentally determin
Fano profile, or through a comparison of fit parameters o
low He density version of the Fano profile. Agreement b
tween theory and measurements is observed, which seem
ts

TABLE II. Comparison of calculated and measured values ofc0 given in cm21 am21. The measured

values are taken from Refs.@11# and @5# for the R0 lines and theR1 lines, respectively. Square bracke
indicate powers of ten.

R0(0) R0(1) R1(0) R1(1)

Calculation@29# 0.406@25# 0.182@25# 0.213@27# 0.924@28#

Measurement 0.294@25# 0.151@25# 0.189(9)@27# 0.80(11)@28#
4-5
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suggest that perturbative treatments of the rotational le
mixing used elsewhere are not sufficient.

The exceptionally small permanent dipole moment of
HD molecule makes the HD-He pair a quite special syst
for studying interference between permanent and collisi
—

.

dy

c-
,

05251
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induced dipole moments in the spectrum. However, in m
common cases when the permanent dipole completely do
nates, the approach outlined in Sec. II can be applied
pointed out in Ref.@32#, for accurate calculations of the b
nary contribution to collisional line broadening.
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