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A theory is developed to describe the spectral line shape due to interference between electric-dipole-
allowed and collision-induced transitions in pure rotational molecular spectra. Motivation was provided
by experimental data available for HD-inert gas systems. This theory is based on a master-equation ap-
proach to induced spectra employed by Alber and Cooper [Phys. Rev. A 33, 3084 (1986)]. The active
molecule is considered to be immersed in a bath of perturbers. An expression for the absorption
coefficient is obtained within the binary collision approximation that contains terms due to allowed, in-
duced, and interference contributions. Effects due to m mixing, J mixing, and successive collisions are
included. Low-order approximations of the theory eventually reduce to results of earlier efforts, namely,
the pioneering description of collisional interference by Herman, Tipping, and Poll [Phys. Rev A 20,
2006 (1979)] and refinements to it through consideration of rotational level mixing. The principal attri-
bute of this approach is the treatment of allowed and collision-induced transitions in a consistent

manner.

PACS number(s): 33.70.Jg, 33.10.Ev, 32.70.—n

I. INTRODUCTION

The theory of spectral line broadening is described in a
voluminous amount of literature, the greatest part of
which concerns electric-dipole-allowed transitions. The
line shape accompanying transitions proceeding via
collision-induced electric dipole moments has received
less, but appreciable, attention. Usually allowed lines
have an intensity that is sufficiently large to dominate
collision-induced effects, and the two types of contribu-
tions need not be considered for the same transitions. In
recent years, interest has been renewed in the infrared
spectrum of the hydrogen molecular isotope HD [1]. The
small permanent dipole moment of HD yields allowed
transitions comparable in magnitude to the collision-
induced transitions, and an observable interference effect
occurs between these contributions [2].

Considerable experimental data have been gathered on
the total intensity and spectral line shape for both the
pure rotational and rotation-vibrational spectra [3,4]. A
theory of the effect developed by Herman, Tipping, and
Poll [5,6] predlcts the correct order of magnitude of the
interference but is not reliable for a detailed description
of the behavior of the intensity with density or of the
spectral line shape [4,7,8]. The present study was under-
taken with the goal of providing a more general descrip-
tion of the phenomenon. The theory here described
treats both allowed and induced contributions in a con-
sistent manner and includes provisions for both m- and
J-mixing collisions. Calculations based on application of
the théory to HD-inert gas systems will be reported in a
separate paper.

The outline of this paper is as follows. In Sec. II the
density-matrix equations are written. An expression for
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the spectrum is obtained in Sec. III. This expression is
simplified within the impact approximation in Sec. IV
and its angular average is taken in Sec. V. The absorp-
tion coefficient is given in Sec. VI. The paper concludes
with a discussion in Sec. VII that centers on comparlson
with previous work. :

The system considered is a single neutral radiator con-
tained within a gas of N neutral foreign perturbers and
immersed in a radiation field consisting of modes de-
scribed by wave vector k and polarization vector A. The
radiator has a series of low-lying, closely spaced energy
levels (which eventually will be taken as vibration-
rotational levels); the perturbers on the other hand have
widely spaced levels (which will be taken as electronic
levels). Electric-dipole-allowed transitions are assumed
possible between levels in both the radiator and per-
turbers. For convenience, the ground state of the per-
turber is taken as a J=0 state. In addition, interactions
between radiator and perturber will induce cluster dipole
moments that may also act in radiative transitions occur-
ring at the same frequencies as the allowed transitions. It
is the interference between these induced and allowed
transitions that is our main interest. Absorption and
stimulated emission events are considered. The lifetimes
of excited states are long compared to both the duration
of a collision 7, and the time between collisions. There-
fore, spontaneous emission may be ignored. The spacing
of the radiator states, however, is not taken as large com-
pared to 7/, or to kT, where k is Boltzmann’s constant
and T is the temperature. As a result, the radiator-
perturber interaction may cause inelastic transitions
among the radiator states. '

The general approach is that of Alber and Cooper [9],
who studied the collisionally induced excitation and pho-
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toemission of a similar system within the binary collision
approximation. They derived an equation of motion for
the reduced density matrix of the radiator and obtained
an expression for the spectrum of the spontaneously emit-
ted photons, including components due to collisionally
induced radiation, which is valid in both the impact and
quasistatic limits. Their analysis, in fact, incorporates
the essential elements of the present problem, namely
transitions due to allowed and induced moments, the pos-
sibility of interference between them, and the effects of
single and successive collisions.

Here we construct the density matrix of the gas in
which the collisions take place, then describe the evolu-
tion of the density matrix in the presence of the incident
radiation and obtain the absorption and stimulated emis-
sion spectra. The equations are written in the Liouville
space form, which is convenient for line-shape problems
[10] and in which Liouville operators act in a manner
corresponding to normal operators in Hilbert space.

II. DENSITY-MATRIX EQUATIONS

The density operator p of the full system obeys the
equation of motion:

G
—p=]1, s 1
aP P - W
where the Liouville operator L is defined as
L6=1(m0] | ®

I

and O is an arbitrary operator in Hilbert space (specified
by the careted symbol). The Hamiltonian H results from
several contributions:

N N ‘
H=Hy+ 3 H;+ 3 P(x;—x)
=1 j=1

+Hp+Hypp+ S Hip+Hy . 3)
J

Hy and H; are, respectively, the Hamiltonians for the
internal degrees of freedom of the radiator and the jth
perturber; %describes the interaction between them. Hjy
is the Hamiltonian of a single-mode radiation field,

HFzﬁwkkaIILakk > ' ’ @

where w, is the frequency of the incident radiation with
wave vector k and polarization A; a,& and ay, are, respec-
tively, photon creation and destruction operators. Hpyp
and Hip give the interaction between the radiation field
and, respectively, the radiator and the jth perturber:

HRF+H£F=—("R +[L])'E ) 7 k (5)

where pg and p; are the dipole moments of the radiator
and jth perturber, E is the incident field, and Hy is the
Hamiltonian associated with the kinetic energies of the
radiator and the perturbers. As a simplification, the
center-of-mass motion of the radiator is neglected (heavy
radiator limit) and x; can thus be set at zero. For con-
venience we will adopt a classical path approach, al-
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though the change to the quantum-mechanical treatment
of the relative motion is straightforward.

Alber and Cooper [9] solve Eq. (1) with Eq. (3). They
describe in detail how the collisional interaction in associ-
ation with the allowed dipole transitions results in the
binary collision approximation in the induction of pair
dipole moments that also participate in the radiative
transitions. Rather than follow that procedure, we adopt
here an alternative but equivalent route that leads to the
desired final result more directly. To this end, we write

" an effective Hamiltonian as

- N [ N

H=Hy+ S ijz__,_ S POR,)

=1 |2m j=1
N N

+Hp+ 3 PAR;))—pg-E— 3 p(R;)E
j=1 j=t

N N
=Hy+ 3, pea(Rj)_IJuR'E“" S u(R)E. (6
j=1 j=1

Here p; is the momentum of the jth perturber and
R;=x;—xp is intermolecular distance between the radia-
tor and jth perturber. ?e is the effective interaction po-
tential between the radiator and a perturber and acts only
on the states of the radiator, which are actually accessible
in the interaction, that is, to which real transitions may
occur. - High-energy radiator states and the perturber
states have been adiabatically eliminated as described, for
example, by Callaway and Bauer [11]. V% is that part of
the interaction which is spherically symmetric with
respect of radiator orientation and which consequently
does not couple different radiator states but does deter-
mine the classical trajectories. V7 is the anisotropic part
of the effective interaction and can couple different radia-
tor states. In the same manner, g, (R;) is the effective di-
pole moment arising through the radiator-perturber in-
teraction and couples unperturbed states of the radiator.
That Eq. (6) is indeed a valid and appropriate Hamiltoni-
an is demonstrated by the fact that both Egs. (3) and (6)
lead to Eq. (51) below, from which further analysis
proceeds. An outline of the treatment starting from first
principles with the use of Eq. (3) is given in the Appen-
dix.
The Liouville operator associated with H, is

L=Ly+ SVAt;)+Leg+ 3 Loglt;)) . )
j J

To solve Eq. (1) with Eq. (7), we first transform Eq. (1) to
the interaction picture

N
% Ie)= p Vel(t; )+ LEg(0)+ zLefF(t;j) pe) ,
J J
(8)
with
plty=e (1), )

Vel p=e Ve
— —LRtVe"(t;j)e +Lpt ’
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—L,t
Lip(t)=e “Lgge °,

. —L N +L
Lt j)=e °tLeF(t;])e of (12)

(11

The time dependence of ¥/ and L arises not only from
the exponential operators which transform them to the
interaction picture but also, if we adopt a classical path
approach, from their dependence on the radiator-
perturber distance R, which, in turn, is a function of time
as the collision proceeds.

The treatment of the interaction of the field with the
molecule requires some elaboration. The field E is given
by ]
172

2rhio . .
Sk Ae*g, +H.c. , ' (13)

|2

q

E=i

where V, is the quantization volume. A photon-number

state corresponds to an electromagnetlc wave with the
definite amplitude,

12

8mhiw 1 )
B (n>>1) (14)

Vg

Ey=

where # is the number of photons. Also [12], the flux of
photons is given by

(n|flux|n)=—"c, (15)
¥,

where c is the speed of light. Thus, the operator L be-
comes, from Eq (12),

Ls=e "D, (1; e
—Dbl(¢;)atse m""‘,...]e+LRt
= [ﬁ;r(t sJ)ae —m""t——ﬁen(t ;j)a,:fke +iw""t, .1,
(16)
where in the dipole approximation,
B,(t;5)=— [ZZC;“ ]l/zx-uemj(t» (17)
q
and
Dlt; y=e"x D, (25 0e R (18)

There are similar expressions for Dg(t;5)

Let us now consider solving Eq. (8), to which end we
use the projection operator technique of Zwanzig [13].
The operator P is defined generally in tetradic notation
[10], under the assumption of uncorrelated perturbers at
some time in the remote past, which we take here as =0,
as

P=T] p; ‘ (19)
i=1
with
(p;)
pi)=lg, >>p;’ Tr;(+ ). (20)
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lg) is the ground state of the perturber, |g,g)) is a
tetradic vector, for which the general form is
la,b ) =la ){b|, and p(p;) is the noninteracting density

‘operator (at t=0) for the center-of-mass motion of the jth

perturber, normalized so that
Jd’pplp)=1. 1)

Tr; is the trace over the translational degrees of freedom
of the jth perturber and, in principle, also a trace over
the internal states of the perturber. However, after ob-
taining effective interactions and dipole moments, only
the perturber ground state occurs and, for convenience,
in what follows, we omit the internal |g,g >> projector
from our equations. The operator Q is also defined as

0=1-p. (22)

In the classical path approximation, p; becomes

w(v;(0))
where w is the Maxwell dlstnbutlon of velocities v Vis
the volume, and
Tr;( -+ )= [dv;(0) [dR;(0) - +)
® © @ dQ
= [ “dvjdm} [ " db 2mb JZ vty | Fay
(24)

Here b is the impact parameter, t; is the time of closest
approach, and the integral over () represents an angular
average [14]. The time convention whereby p(p ) is the
density matrix at =0 differs from that of Refs. [9] and
[10] where t = — o is used. We shall eventually take the
long-time limit and =0 can be considered to be in the
distant past.

Eventually we will require the density matrix (and
similar operators) averaged (traced) over perturber coor-
dinates. The most convenient way to perform this aver-
age is to form Pp’ and then perform the trace at the end
of the calculations [noting that Tr(Pp)=Tr(p)].

With the application of Egs. (19) and (22) to Eq. (8), the
latter may be written as two separate equations,

SPP= [Lhe +P S I+ LteiD] o0

+P 3 [V H+LE(;)10p1 ), (25)
j

2 0plt)= Lhetos [VelesD+ L1311 QP

+Q 3 [Vt )+ Lp(e; )IPplte) .- (26)
. .

L%rQ and QL 5P both vanish since L}y is independent
of perturber variables and QP =PQ=0.
Equation (26) is solved by the Green-function method
and the solution substituted into Eq. (25) to yield
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;’tppf(t) [ I 4p [2 [Ve(t; )+ LL(t5 )] ] ]prm

+P2[V"I t;)+LE(E;1)] fdtG tt)Qz [Vol(z ,])+L (t,])]Pp( ),

where

Glt,t')y=Texp [ [Lin(z ",J)+Q (Ve j)+LE (z",;)] dt"”
t' - .

T is the time-ordering operator. Also QI (0) has been tak-
en as zero, equivalent to the assumptlon of no correla-
tions in the system at t=0.

Iil. THE SPECTRUM

A. General considerations

Following the procedure developed by Mollow [15], we
assume that the photon is absorbed from the field mode
specified by k and A and the rate of absorption from this
mode is given by [15,16]

n— 1)

Trp H Trj 9 Pp (t)»

1|Trg [[ Tr;p'(2)

WkAA(l’)=5a';<

S ——

The mode (k,A) is assumed to originally have had n pho-
tons. Trp is the trace over all radiator variables. The

29)

WAl(wkl)= lim «n —l,n -1
{—» 0 j=1

and

WAz(ka)— hm «n —1,n—1|Try H Tr; 2 LI (t;))

j=1 i=1

The terms preceded on the left by ¥/ in Eq. (27) do
not contribute to W ,(w). The mathematical reason is
that any tetradic operator when traced over all its vari-
ables vanishes, ie., Trp Tr; ver .- )=o. Physically, the
vanishing of these terms occurs because the observable in
the problem is associated with the square of the dipole
moment operator and V% on the left describes an interac-
tion occurring after the dipole operator has acted twice
within the collision.
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27

(28)

collision average implied in the trace in Eq. (29) will be
reduced to a binary collision average and the trace over

- perturber variables will yield in the classical path approx-

imation an angle average and the average over v, b, and
ty, respectively, the relative velocity, impact parameter
and time of closest approach [14] [see Eq. (24)].

The interest is in the long-time limit of W4 and we
shall use the property that

lim f(t)=1in:(t)sF(s) , (30)
t— §—

“where F(s) is the Laplace transform of f(¢). The time

derivative in Eq. (29) is given by Eq. (27). We determine
W in the lowest nonvanishing (second) order of the
molecule-field coupling.

It is convenient to express W3 (¢) as

Jim WA =W 4 (0p)+ W 4olon) 31
where WAl(ka) and W 4y(wy,) explicitly contain L§
and L) respectively. They are given from Egs. (27) and

(29) as

(32)

P+ ['6Hs10 S Ve )+ L ;J')]Pp[(t')dt']».
j=1

(33)

The total cross section for absorption is
UA(“)kA)z[WAI(“’kA)"_WAz(wkk)]/(n/Vq)c (34)

We shall consider W 4, and W, in turn.

B. W‘“(wkl)

From the expression for L&y analogous tc Eq. (16), Eq.
(32) becomes
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WAl(mkA)=tlim

vn «n,n —1

j=1

+vn <<n —1,n

j=1

where

F"(z)=1/r7<<n —1,n

N ,
11 TrjeLRHw“thI(t)» .
j=t
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N .
Try T1 Tr e o053 ) ]=t1im2Re[TrRFA<t> 1, (35)
(36)

The portion of the equation of motion (27) which is first order in Ej, either explicitly by the presence of L or LJ; or

implicitly through appropriate elements of p’(¢) is as follows:

)
ot

—Ppl(t)=NPVt)Pp!(t)+NPV(t) fo’dt'U,_{(t,t')V:’(t')PpI(t')+L§F(t)PpI(t)

+ NPLL(t)Pp(t)+ NPL(2) fo‘dt'U,{(:,z')V:f(t')pr(t')+NPV:I(t) fo‘dt'Ug(t,z.')LgF(z')pr(t')
+NPV(t) fo‘dt' ftfdtlU;'(t,tl)L{{F(tl)Ug(tl,t')V:I(t')PpI(t’)

+NPVeL(t) fo’dt' ftfdterI(t,tl)L;’F(tl)Uf(tl,t’)V,f’I(t')PpI(t') .

(37

The double integral terms arise from the expansion of GX(,¢') to first order in Lz and L

Gl =GLne)+ [ anGlnn)

Jj=1

with

N
GLnt)=Texp | [ '@ 3 Veley;jdty (39)
j=1

In writing Eq. (37), we have made the binary collision ap-
proximation (BCA) as detailed in Appendix A of Ref. [9].
UX(z,1') is the one perturber collisional propagator,

f'dth;’I(tl)] .
.

The symbols ¥%(¢) and L(¢) [as well as D,I(¢) in Eq.
{43) below] indicate no dependence on j and are the one
(i.e., representative) perturber operators. The thermo-
dynamic limit has been taken by replacing 1—p; by unity

(9]

UXt,t")=Texp (40)

1. Simplification

In this section, the procedures of Smith, Vidal, and

—(%FA(t)=(LR iy FAD+N(VH0))  F A1)

+N [ VOO, = (2 =NVt =) e

+al [ {DHOIUHO, —(t =tV —(t =1))) e

¢ (LR+ika)(t—t')<

+nN | e
0

N
Lig(t)+Q 3, Li(2;))

GL(t,,t"), (38)

Cooper [17] and Trippenbach et al. [16] are followed to
obtain a formal expression for the spectral intensity.
First, the function 2°(¢), defined as

sO()= <<n,n @1)

Lpt N
I | | TrijI(t)» ,
i=t

is the element of the density matrix of the molecular sys-
tem unperturbed by the external field, in the Schrodinger
picture. Then by Eq. (30),

lim 29(z)=1lims=%(s)=2%

t— o s—0

(42)

where =2 is the Boltzmann distribution function for the
molecular states.

Now returning to Eq. (36), differentiating F4(¢) with
respect to time, and using Egs. (37) and (42), we get the
equation of motion,

Er o) O 411 )dt + D SOU8)+n ( DI0) ), 2OA0)

Lp(t—t')

SO()dr

vel(s — Ukt —1',00040)),,20 ¢ )dt’
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+nN fo‘e‘LR+i“kA?““*’< Vet —t,)UX(t —t,,0)D1(0)
t Y
><foIUEI(O,—(t—t'))Ve"I(—(tl—t’))>aveLR(t1 D50 drdr,
+nN fote(LR+m"")(t_tl)<V:I(t—tl)UeI(t—tl,O)ﬁeI(O)
t gt
x [ U0, — (1, — "WV — (1, —z’)))aveLR"l 5O drar, . 43)
Here '
1
(- >av=fdv(O)w(v(onde(m;{ SRR (44)
which is a result of Egs. (23) and (24). The time origin has been translated with the help of the identity
(Of(t+1))- - Of(t +1,)) y=e R 0OX(£)) - - OL(2,)) e T, (45)
where O is an operator in the interaction picture [17]. Then, taking the long-time limit through Eq. (30), we obtain
© i T -1
lim F4(2)= lim [—(LR +iwg)+N [ (VEOVUKO0, — 7)) ge TR T g L +imu)]
{—> 00 8§ >
X |nDpSP—nN(Ly +iog) [ o”e‘LR AT G 7, 00D H0)UXO, — 00) ), d 55
+nN [ Owe(LR Tl ) U, 00D [UXO, — w0 )—1]),,dr 32 | | . (46)

The symbol 7 represents ¢ —¢'.

In arriving at this simplified result, the methods described in Smith, Vidal, and Cooper [17] have been used. These
involve applying the following relationships:

dUl(s,t")
————=—Ukt,t"\ WH(¢') @7
dt
and
) O‘Ug( LEWVH()dt' =UXt,0)—1 , (48)

after taking the Laplace transform.
C. WAz(mk;,)
We now return to W (@) in Egs. (31) and (33), which may be rewritten in 2 manner similar to W 4;(wy;) to give in
the BCA S

®
J N . .
WAZ(ka)z hm 2Re ll/n N<<n —l,fl lTI'R H Trjﬁe”(t) elkalPPI(t)_*_elwkz,lfotUeI(t’t:)V:I(tI)PPI(tr)dtl ]»
t— j=1
+nN Trg [ O‘( DI Uk, t)DX 1)) e R O 5Oy gy

+nN Trg fo’ ftf<ﬁff(z)ef‘°kl‘vg(t,zl)[ﬁI{m)+ﬁe’(t1)]

XUKt;,t"e W 1pal(p)) o IR SO ()dy dr (49)
Then, after application of the same simplifying relationships used in the previous section, W ,, becomes
W p(w1)= lim 2 Re | —N Trg ) 0"" (BIO)WUKO, —7)), 'R *"“’k*”"”dr(g +iwg )sF4(s)
+nN Trg [ (DI ULr,0DXOIUHO, — 0)) e ™" ar
+nN Trg f0°° { 56”(7')Ue’(7',0)ﬁ% [UX0,~ w0)—1]),,e*5"drsE | . (50)
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D. Full spectrum
Now after the combining of Egs. (31), (35), (46), and (50) and dropping of the subscript kA on o, the full absorption

spectrum W4(w) is as follows:

TI'_R l

n[L(w)] ' Dp=?

W4 w)= lim 2 Re
s—0

—aN[L(o)] ULy +io)

foooe(LR +iw)r—sr( UeI(T,O)ﬁeI(O)UeI(O,’ — 0 )>avd’7' ]EB

+nN[Lw)]™ fo“e‘LR“‘"”"W V() UKr,01Dx [UXO, — 0)—1]),,d7 |=? | D

—nl | [ 7 (BINOIVHO,~ 1) e * T dr |(Lg +i0) L10)] Dy 3
V[ B0, 1) | g ) L0 Ly

X [ [ T Gl 00D X0V UN0, — ) i |22
—nN2 [fow<ﬁélT(0)Ue[(O’_T)>ave(LR+ia))r—srdT (Lg +io)Li@)]"!

X [ [ T e, 00K, 00DR [UXO, = )= 1] | 22
+nN [ fo‘”<ﬁe’*(¢>Ue’(T,0)ﬁ§(o>Ug(o,-°o)>aveiwf-sr] B
+nN[f0°°<ﬁe’T(T)Ue’(¢,0)ﬁR[Ue’(o,—oo)—1]>ave"wf-”]zB] , 51)

where
(Lp +iw)T—sT

Llo)=—(Lg+io)+N [fO”(VgI(O)Ug(o, — 7)) o0

Each term in (51) describes a contribution to the spec-
trum of a particular physical origin. The first term de-
scribes the purely allowed spectrum. The second is an in-
terference term between allowed and collision-induced
transitions. The third arises from purely allowed transi-
tions and is designated as a correlated term, the nature of
which will be discussed below. The fourth term is again
an interference between allowed and collision-induced
contributions. The fifth term describes purely collision-
induced transitions, occurring in successive collisions.
The sixth term is an interference term, involving succes-
sive collisions and a correlated-type term. The seventh
term comes from collision-induced transitions occurring
in a single collision and is the main contribution to the.
purely collision-induced spectrum. The eighth, (and last),
term is an interference effect occurring in a single col-
lision and is a correlated term.

Note that [.L(®)] ! appears in the first six terms. It is
the usual line-shape operator [17] and will be shown to be
responsible for narrow spectral features. Thus these
terms will all have spectral features of similar widths and
shifts to that of the first or allowed term. They may not
be identical to those of the allowed term because of the
presence of the evolution operator U in the integrands of
terms two to six. The last two terms in Eq. (51) depend

a7 |(Le+io) . (52)

solely on propagation during a collision and therefore
their widths will depend on the duration of a collision.
Hence these terms give broad spectral features.

The correlated terms were so named by Burnett and
Cooper [18], in analogy to similar terms appearing in sta-
tistical mechanics. They depend explicitly on the Qp
component of the density matrix. A simple argument can
be given to assess their importance. The correlated terms
contain the factor VUL, The integrals are of the form

VAUID R (UI~1)dr, where the integrands are nonzero

essentially only for the duration of the collision 7,. From
Eq. (52) [or Eq. (55) below], it is seen that VU is of the
order of a collisional width ¥, to be defined explicitly in
Sec. V, and thus the correlated term is of the order of
Dpyr,. In contrast, the purely allowed term contains
only 5R. For a typical allowed line, ¥ is of the order of
0.01 or 10° Hz. The duration of collision is about 10~ 12
s. (These values are consistent with those found for the
HD pure rotational lines [4]). The correlated terms are
then less than the terms involving just D r by a factor of
10°. Therefore, in comparison, the correlated terms in
Eq. (51) may be neglected, as we shall do. This argument
applies to intensities near the line center. In the spectral
wings, the contribution of the correlated terms may be
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very significant; in the consideration of the redistribution
of radiation in the line wings these terms must be re-
tained [18].

IV. IMPACT APPROXIMATION

Expression (51) for the spectrum is valid in general.
We are interested in the effects of interference on the
sharp spectral features close to line center controlled by
L(w), since these may be separated readily from the
broad background [1-8]. It is thus appropriate to work
within the impact approximation. This approximation is
valid when AT, <<1, where A is the detuning and

A=w—w, T T (53)

for gz —eg, gr and ey being the initial and final states of
the radiator transition under consideration. (For the HD
pure rotational spectrum, A7, is about 10> and the ap-
proximation is quite suitable.)

W4 w)=2 Re lim [Trg({n [L()] ' D ZP+nN [L(0)] Uk w,0)D S0UX0,—)), 38D
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For isolated lines, it is easy to show that Try in Eq.
(51) reduces to {(gg,gx| for the first three terms and to
{(eg,eg| for the next three terms. Both |gy ) and |eg )
may be degenerate (see Sec. V). Terms involving other
matrix elements are of the order of Y /0, and are conse-
quently small. The last two terms of Eq. (51) will be ig-
nored since they contribute only to the broad feature, As
a result, all the (Lg +iw) in Eq. (51) may be replaced by
iA. Within the impact approximation, the formulas of
Eq. (51) may be further simplified. For example, the
line-shape term is

Llw)=—iA+ lin%iANfom( Ve o) uko,—m),,
xeiAT_STdT . (54)

After .infegration by parts and the setting of

e’®"~e'""*~1, where 7, is the only interval in which

VAUlyH is essentially nonzero, Eq. (54) becomes
L(w)=—iA—N{VI0)UX0,—=)),, . (55)

The expression for the absorption spectrum (51) is then

*
R

+nN{D(0)UX0,— ) Yl L(@)] 7D =2

+aN A DIO)UX0, ~ @), [L(0)] K UL 0,0)D L0)UX0, — @)}, ZP)] . (56)

V. ANGULAR AVERAGE

These expressions within the impact approximation are
now isotropically averaged over all orientations of the ra-
diator and of the intermolecular axis. The assumption is
made that the incident field is weak. Consequently, there
is no relationship between the polarization vector of the
incident field and the orientation of the perturber. The
distribution of perturbers about the radiator is assumed
to have spherical symmetry and therefore it is convenient
to write the tetradic states involved in an irreducible
tetradic basis with respect to the rotation group. This is
defined by [9]

K@Y =3 [Tymy,Jymy N(—1)1 ™

ml,m2

172
X _QJ(2K+1) .

m; —m,

(57)

The collisional angle average is then easily obtained
through the properties of the irreducible tensor under ro-
tation [19,20].

By taking a spherical collision environment, we ignore
velocity-changing collisions, which are described by a
perturber distribution of cylindrical symmetry due to the
radiator moving through the perturber ensemble. We
thereby do not consider the intercollisional interference
effect elucidated by Lewis and Van Kranendonk [21,22].
This effect manifests itself as a narrow “dip” in the ab-
sorption spectrum and results from anticorrelated in-
terference between the dipole moments induced in succes-
sive velocity-changing collisions, arising from the tenden-
cy of the radiator to hit the perturber “head-on.”

After the angular averaging of Egs. (55) and (56), the
absorption cross section, defined by Eq. (34), becomes

47w
3#c

o 4(w)= Re[(A+iy) lix{x4], (58)

where
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R vem | 41,
=(T lIBz I, )* +n, qu (=0 ™ m, KT g d o o[ [R100)]F U0, — )| m,, Tymy, B
m,mg,m‘z
(59)
AN AT e S
2 elTRIE T +1 e
+ Tt
"p Ji'zqc -m, 4, mg
)mg)
R 1
X (T m,Tymg | UL(0,0)[e(0)], U0, — 00)|Jymy, Jym; Ny @D (60)
T 1 J, J,
_ me—{-me e g e g Ha "a
y=mn, |1— qzc (—1) —m! g m, [_me % m, (T,m|S1T,m, ) (T;mg|S|T,mg)* |, (61)
me',mg'
me,mg a

where n,=N/V is the number density of perturbers.
The states J, and J, are, respectively, the excited and ini-
tial states of the transmon considered. The states J; and
J, represent arbitrary states, respectively, before and
after the dipole-inducing collision. The element
(g |, ? is the reduced matrix element of iy after ap-
plication of the Wigner-Eckart theorem. ( . .. ) indicates
the 3-j symbol [20]. The subscript g, denotes a spherical
component of the effective dipole moment. The average
is now, after the angular average, a collisional average
over velocity, impact parameter and time of closest ap-
proach [14]:

(oo )= fowdv 4ﬂv2w(v)fowdb 2mb f_mwv deg -
(62)

Equation (61) is the usual expression for the line-shape
function [19,23]. In order to obtain Eq. (61), the average
over the time of closest approach has been taken, so that

a1 =1° 3 @ e (¢
[ 1 fo dv 4mv w(v)fo db 27b (63)
The S matrix is defined as
8=0/c,— ) (64)

The real and imaginary parts of ¥ give, respectively, the
width and shift of the spectral line. By restricting the J
elements of ¥ to J, and J, in Sec. IV, we have assumed
that the lines are isolated. The tetradic matrix L(w) [Eq.
(52)], which should in principle be inverted, is now diago-
nal and 1/.L(w), is simply the inverse of the diagonal ele-
ments.

VI. ABSORPTION COEFFICIENT

There is, or course, the possibility of stimulated emis-
sion, as well as of absorption. In principle, the analysis of
Secs. III-V can be repeated for the stimulated emission
process. However, because of the inclusion of J-changing
collisions and classical trajectories in the present treat-
ment, the relationship between the cross sections for the
two radiative processes described by detailed balance can-
not be strictly obtained. When inelastic collisions occur,
there is not a unique trajectory. For the absorption spec-
trum, in general, the change in trajectory due to inelastic
effects will be small in the region where the interactions
are important and we expect the classical trajectory to be
a reasonable approximation. Quantum calculations are
straightforward but obviously more tedious. For a cri-
tique of the problems of incorporating detailed balance in
classical calculations of induced line shapes, the reader is
referred to the work of Frommhold and his collaborators
[24]. We shall take the detailed balance result to pertain,
and write the cross section for stimulated emission as

oplo)=0 4(w)e /KT (65)
The absorption coefficient a(w) is
alw)=nglo 4(w)—0og(w)], (66)

where the number density of radiators is now taken as

nR -
Finally,
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_4ro — —%w/kT =1, - 21 B
alw)= e ng(l—e Re | (A+iy)"Hil{T, AR, ?Jg_*_IEJng
. ~ ® J,—m Je 1 Jg I I
+in, (T, ||z |, ) ,2 (—1)¢ ™ —m, g, m, KJome, Jymg| US(0,0)[f2(0)],,
"9 .
my,me,m; '
1
X UeI(O, — )iJimi,.Iimi »'avmzﬁ.]i
J J, t J,
. e—-me N % I
+lnP 2 (—=1) —m, q, mg «Jama"’amal[/J'e(o)]qcUe(Or__°°)lJeme’ngg»av
Ja'qc
me,mg,maa .
_ 1 s
XLl lVe) 557 2,
. 2 J,—m J‘~’ 1 Jg I I
+in; Jz (—1)e ™ —m, g, m ((Jama,Jama|[,ile(O)];‘cUe(O,—oo)IJeme,ngg»av
a9 - R .
me,mg,ma
I —m, J, 1 J, i ;
X qu (-1 —m, q. m, KT mg, dgmg |U(0,0)[2:(0)],
me,mgmi
1
X UX0,— WIm; Jim; ))avmz_z,i . (67)

_VII, DISCUSSION
A. Inelastic collisions, J and m mixing

The expression (67) is rather general, including possible
effects due to J and m mixing. The first term describes
purely allowed transitions between states J, and J,. The
second and third terms involve interference between al-
lowed and induced transitions. In the second term, the
radiator starts in an arbitrary state J; at t =— o« and the
system propagates to t=0, while the radiator possibly un-

dergoes J or m mixing. At =0, there is a dipole interac-
J

(Jome,Jgmg| U0, 0)[f1c(0)], UXO, — )| J;m;, Jym; )
—i(

tion, in general, between two intermediate Jm states of
the radiator. The system then propagates to the end of
the collision, with the radiator again possibly experienc-
ing J and m mixing. At ¢t =+ o (end of the collision),
there remains a coherence between J,m, and J,m,. The
radiator dipole interacts with the light field at some later
time to leave the radiator in the J, state. This history of
the system is perhaps more clearly seen if the tetradic ele-
ment appearing in the second term is written, after a
translation of the time origin from O to #, and with the
specific inclusion of the complete sets of intermediate
states, as

@, —®y,)
= 3 e * 32to((Jeme,ngg]UeI(w,t0)|J3m3,J1m1))(J3m3l[ﬁe(to)]qc|.]2m2)

135505
my,my,m;y

x((szz,JlmllUg(to,_w )}Jimi,Jimi )) .

(68)

Similarly, in the third term, the radiator dipole initially creates an eg coherence and the system propagates to =0,
with the radiator possibly suffering J and m mixing. At t=0, the effective dipole operator acts, leaving the radiator in
the arbitrary state J,,. The tetradic element in this term may be written as

«Jama"]ama[[pg(o)];c Uér(oy — ® )lJeme,ngg »

=2e
Jl

- gy

+:(meg —~0,

)to(Jlmll[ﬁe(tO)]qclJama >*«J1m1"]¢zma| Uel(tO_ @ )lJeme’ngg » . (69
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In Egs. (68) and (69), the time ¢, represents the time be-
tween the radiative event and the time of closest ap-
proach. This time is of the order of the duration of a col-
lision for intracollisional absorption to occur. Thus, if
the difference between the frequency w,, and w;; or @y, is
great compared to 7, !, the exponential oscillates rapidly
and the contribution to the absorption coefficient of the
transition J, to J; or J; to J, is not large. J mixing,
however, becomes important if (@, —wy)T, <1 or if

(@gg —®14)7. =1, as can be the case for the rotational
spectrum of HD at 295 K.

The fourth term in Eq. (67) describes induced transi-
tions occurring in successive collisions. The effective or
induced dipole operator acts once in each collision. This
term is not zero since in each collision the dipole moment
induced has a component in the direction of the allowed
dipole and hence successive collisions are correlated.
Thus the line shape is controlled by the time between col-
lisions, rather than the duration of a collision. As a re-
sult, the spectral feature is modulated by .L(w) and is of
similar width to the allowed line. Herman and co-
workers [6,22,25] have emphasized the importance of this
term in accounting for the total intensity of the narrow
spectral features in the infrared spectrum of HD.

B. Elastic collisions; m mixing only

If we take UZX(z,#') to be diagonal in J, then only elastic
collisions can occur and the following simplifications in
the formalism result. From Egs. (59) and (60),

X{=(uk+n,ur) (70)
and

1 B
27, +1 zfgfg ’ (71)

X§=(ug tnypr)
where

nr={T Iz IV (72)
and ’
J, 1 J

4
—m, 4. my

b= 3 (—l)Je—'me [
9
me,mg ‘
Xf_w dt, e_megt°(Jeme|f7§(oo,to)
><[I«"e(l‘o)]qcﬁe”(<><J,t0)[ngg)(z ,
(73)

with ﬁeI being the Hilbert space evolution operator.
Taking up to be real, writing u; as

#I=[#I|ei8=IN1|(A'+iA”) ’ (74)
and y as

y=vy'+iy", (75)
we get from Egs. (58) and (66),

— —fiw ' ’ 12__ A
al@0)=4T2p (1—e=M/T) | [ DN g g+ (A= A 3]

('}”)2+(A""’}/”)2

— " 1 1 14
—2AYT) (N | A AR ) | 5B (76)

- (’}/')2+(A""}/")2

This equation is the sum of a Lorentzian and a disper-
sion profile and as such is of the same form as that ob-
tained by Herman, Tipping, and Poll [6] in their pioneer-
ing theory of the interference effect. They assumed that
the evolution operator U(t,¢') is diagonal in both J and
m and therefore only elastic non-m-changing collisions
are included in their treatment. Their expression for the
absorption coefficient can then be written in terms of the
mean induced dipole moment. In our Eq. (76), m-
changing collisions are permitted and the phase factor in
Eq. (74) associated with the induced dipole moment in-
cludes the effects of propagation. Moreover, we see no
simple relationship between the mean induced dipole mo-
ment and Eq. (74). The phase factor A’+iA” in Eq. (74)
is not identical to that of Herman, Tippings and Poll [6],
although in both treatments A’ and A’ are constrained to
remain between +1 and —1.

2J,+1 E"g]g )

C. Rotational level mixing

There have been attempts to include inelastic collisions
in the analysis by rotational level mixing effects through
the anisotropic part of the intermolecular potential
[26,27]. In their approach to the problem, Tabisz and
Nelson [26] assume there is no propagation and that U is
diagonal. The leading anisotropic term in the interaction
between a HD molecule and an inert gas atom is of the
form P,(cos 8). Only contributions from the anisotropic
overlap that are part of the pair-induced dipole moment
are found to contribute to the rotational level mixing, and
the effect of this mixing on the magnitude of the calculat-
ed interference is small [4,26,27].

The present formalism includes propagation. If AE is
the energy difference between the states coupled by V2
and the evolution operator is expanded in time, under the
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assumption that AET, >>1 (which in general is not true),

then o e

Ult,00=1+ fotdtleiAEz/hV:(t/)

V4(0)
(AE /%)

The leading term in the expansion of U beyond the diag-
onal term is of the same form as the first-order time-
independent perturbation theory result used by Tabisz
and Nelson [26] to describe rotational level mixing.
Therefore, the present analysis contains earlier attempts
at including inelastic collisions. It goes further, however.
Because the full propagator U/ is used and inelastic tran-
sitions may occur at times during the collision other than
when the dipole operator acts, several components of the
induced dipole moment may participate in the optical
transition. In particular, the strong isotropic overlap in-
duced dipole component, which alone cannot connect the
initial and final states involved in the AJ=1 transitions
[R (J) lines], may play a role and the magnitude of the in-
terference effect calculated by the present theory may
differ markedly from earlier efforts.

(77)

VIII. SUMMARY

A theory has been described which gives an expression
for the spectral line shape due to the interference between
allowed and collision-induced transitions in pure molecu-
lar spectra. It includes effects due to J and m mixing, as

)
ot
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well as a contribution from successive collisions. The

-.—-only fundamental approximation is the binary collision

approximation. The formalism remains the same without
the classical trajectory approximation. Calculations are
now underway in which the theory is applied to HD-He
and HD-Ar systems. The results and their physical im-

-plications will be reported in a future paper.
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APPENDIX

To approach the problem from first principles, the full
Hamiltonian given by Eq. (3) is used in the equation of
motion (1). The operators Lgg and Lpg, associated with
Hyy and Hpy, are expressed in a manner analogous to
Eq. (16). Equation (1) is transformed to the interaction
picture and the projection operators Egs. (19)-(22) are
applied to give an equation of motion for Pp(t) of the
same form as Eq. (27). The spectrum is found by the
methods of Sec. III, starting from Eq. (29). The required
portion of the equation of motion for Pp(t), which is in
first order in Ej is

< Ppl(t)=NPV2) fo‘U’(t,z')Vf(t')Pp’(r')dt'+PL§F(t)pr(t)

+NPLL:(2) fo’Uf(t,t')V’(t')pr(t')dt'+NPVf(t) fo‘Uf(t,t')L{,F(t')pr(t')dt'

+NPVI(t)fotdt’f:dt1UI(t,tl)[Lﬂp(t1)+L§F(t1)]Uf(tl,t’)VI(t')PpI(t’) : Al

The binary collision approximation has been made in writing Eq. (A1). V7 is the full interaction potential between
the radiator and a single perturber. U(¢,¢') is the single-particle collisional propagator. The term PL f)FPp[ vanishes as
Pp!is diagonal in perturber states and L I is off-diagonal in those states.

The derivation of the effective interaction ¥, and the effective dipole ﬁe proceeds in the same way as in Alber and
Cooper [9]. Basically, it is a procedure that [by formally integrating by parts the equation for U(z,#')] eliminates the
fast time variations due to the virtual transitions in the perturber. The contribution of these rapidly varying terms to
the spectrum is smaller than the retained terms by a factor A /( E, _ng) where e, and g, are the ground and excited
states of the perturber and E is their energy.

In this manner we have shown that one obtains from Eq. (A1) the same spectrum as in Eq. (51) with ﬁe and V,
defined in terms of the perturber dipole ﬁp and f7by the following expressions:

<g1|ﬁp|61 )(aReIWIBRgJ <aRg1|mBRel ><e1|ﬁp|g1>

«akgp‘}’Ral'ﬁ tBRgleROﬁ»:E (A2)
¢ o Eg —I—Egl—EaR —E, E,, +Eg1——EBR —E,
and
(arg1,Br811V.YrE1,881 M
_ 1 (aRglli}Ia;zelMa’k?l_'?h_’gg;_)__s _ E <5Rg1[i>|a§;€1>(0{}ael|mﬁRg1> (A3)
ifi | E, +E, —E , —E, Prér 4 Es +E, —E , —E, @RVR
ap,ey R 1 53 1 ape, R 1 op 1
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The difference here from the treatment of Alber and
Cooper [9] is that we allow Ve to couple a whole mani-
fold of radiator states instead of just the degenerate ones.
Also it is interesting to note that only the second term
of Eq. (A2) is obtained if the RWA is made on the
perturber-light field interactions. This would be an in-
correct procedure for this case, which is far from reso-
nance with the perturber states. ,

It is seen in Eq. (A2) that D, results from an allowed
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transition occurring in the perturber during an interac-
tion between the perturber and the radiator. Thus b,
may be considered as involving the dipole moment in-
duced in the pair. In subsequent computations with the
formalism developed in this paper, D, and f)e will be
identified with empirical, semiempirical, or calculated ex-
pressions, which apply in the adiabatic or quasistatic lim-
it.
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