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The Raman scattering cross section for a molecule perturbed by collisions is determined within the
framework of the impact theory of relaxation. It is shown that lines forbidden by the selection rules for a
single molecule may appear in this case. Relaxation impact parameters, which describe the interference
phenomena in molecular transitions (channels) due to their impact mixing, are responsible for the effect. In
the case of nonresonant scattering, mixing of two-photon transitions of the Raman-scattering type between
various vibrational sublevels of the electron ground state are of most importance. The mixing of channels
corresponding to transitions to the intermediate states is appreciable only under resonance scattering
conditions. The dependence of the forbidden line intensities of the fundamental frequencies in the SF;
Raman spectrum on the gas density, which was previously observed experimentally, and the weak pressure
dependence of the relative scattering cross sections corresponding to the Raman frequencies, can be

explained by the theory.

PACS numbers: 32.20.Dr

It was shown earlier(!) that the action of noise exci-
tation (such as appears, in particular, in the collisions
of particles in a gas) on a quantum system leads to a
decrease in its symmetry in the general case. This de-
crease is a consequence of the mixing of different
transitions of the quantum system, due to their interac-
tion with the surroundings. This effect should obviously
violate the usual selection rules in many optical phe-
nomena. Thus, the existence of quadratic polarization
in centrally symmetric systems interacting with the
surrounding medium was predicted in''], It is also
natural to expect violation of the selection rules under
the considered conditions in the case of Raman scatter-
ing (RS). Interest in the latter has been significantly
increased by the recent experimental observation and
study of collision-induced lines in the gas SFd2! for-
bidden to Raman scattering. The present work is de-
voted to the consideration of the phenomenon under dis-
cussion within the framework of the impact theory of
relaxation,

The impact theory in its non-adiabatic variant, which
was used early in the analysis of multiplet spectra,[®*®
leads to the appearance of phase memory—the nonsecu-
lar terms of the relaxation matrix, which are due to the
impact mixing of the various transitions (channels). It
must be expected that these terms should lead to a sig-
nificant redistribution of the line intensities in the
Raman scattering spectrum and, in particular, to the
appearance of forbidden bands, similar to what happens
in the case of single-photon spectral®>®! (see alsol®).
Thus, the present work should be regarded as the first
in vibrational spectroscopy, where the impact theory
and the phenomenon of interference of transitions is
employed for the investigation of the resolution of lines
in Raman scattering.

We consider the main features of the effect under
discussion. The Hamiltonian of the entire system (mole-
cule perturbed by collisions and the quantum electro-
magnetic field) H can be written in the form

A=HAF+W+V, 4))
where Hy = Ho+u is the molecular Hamiltonian, H, is
the harmonic part of Hpyp, u the anharmonic correction,

F is the Hamiltonian operator of the electric dipole in~
teraction of the molecule with the quantum electromag-
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netic field:!”] V is the operator of perturbation of the
molecule by the shock, which, we assume, does not af-
fect the quantum electromagnetic field,” i.e.,

Vs, ms=V mnbry )

where the indices m and n denote the molecular terms,
v and u denote the states of the electromagnetic field,
and 51/# is the Kronecker symbol.

For the states of the entire system, we introduce the
notation: | i0)—the initial state in the Raman scattering
process, when the molecule is on the vibrational sub-
level i of the electronic ground state in the presence of
N photons, which represent the incident wave;
|j = ki+kz) is the final state, when the molecule returns
to the vibrational sublevel j of the electronic ground
state, absorbing a photon from the incident wave with
wave vector k), frequency w,, polarization e, and
emitting a photon with the corresponding parameters
ks, w2, €.

The probability of the transition |i0) — |j - ki -kz)
per unit time is determined by the quantity d
| ajk, -k, i0|%/dt, where |aj_ .k, jol® is the probab-
ability amplitude of the transition, the bar denotes aver-
aging over all realizations of random perturbation of V.
The quantity |aj-k, .k, i0|? is none other than the
diagonal element pj.k, .k, j-k, -k, Of the density matrix,
defined under the initial condition

Do, s (8=0) =8, 808 B (3)

Consequently, the probability of scattering of the mole-
cule in a definite direction with given polarization,
averaged over all the initial states of the molecule |i),
can be represented in the form

d
dw = 2 2 0w’ g P ki @)
PR i i

where p'? denotes the equilibrium density matrix of the
moleculé.

In the impact approximation, which is valid at
moderate gas density, we can write the following equa-
tion for the density matrix of the entire system:

brvvt B U F W, 0w == Y Prrapers (5)
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The latter is obtained by analogy with the equation in-
troduced by Burshtein(® only for the density matrix of
the molecule (without a quantum electro-magnetic field).
This analogy is a consequence of the assumption (2).
The relaxation parameters Pmn, m'n’ that enter in (5)
do not depend on the time and are determined by the
scattering matrix according to the formulas of ref. 5.

It is important to emphasize that (5) is valid for both
strong and weak interaction of the molecule with the
medium.?

We shall solve (5) by the method of successive ap-
proximations in the interaction energy of the molecule
with the electromagnetic field under the initial condi-
tion (3). As a result, in the case of nonresonant Raman
scattering, we obtain for the steady state by transform-
ing in (4) from the probability dw to the scattering
cross section do and from summation over |k:| to inte-
gration over w;the following expression:

do=

g

2 V 1
dmzdo(mz)——jdmzm—%u—)idozlf pi‘.”Zlm(Zp] o),

(6)

where v denotes any vibrational sublevel in the elec-
tronic ground state, pj-k, .k,, v0 satisfies the equation

y— N
Oi-kikavo = Bjo~" [ih”'&v.QnL“" Yo,0.4;” —ih~! }_‘ (U Do~k ka0

,
— Dimkrkacollore) L P,v,u'c"pu’—u-k:‘x-"»]~

v'v'

(7)

v = 1(w v — w1t wz)+ Pjy, jv; wjy are the frequencies
o% the correspondmg trans1t10ns L® is the volume of
the cube of quantization of the electromagnetlc field,
do; is the element of solid angle for the directions ka,
A]fV and A]"1 are the components of the magnetic matrix

elements for the transitions v — j and i — j, respec-

tively,
4=y

n

D;.) (ezD )
+ o,

(e:D;x) (€,'Dny) Y

«© — 0 ®

(82)

" __ (e:Dj,) (e,'D,;) (e,'D;,) (e.D..;)
A= B[S e e

+ w, 3
n

(8b)

— )

D is the dipole moment operator of the molecule. It is
seen directly from (6) and (7) that thanks to the pres-
ence of nonsecular terms Pmp m'n’(mn # m'n’), which
are due to collisions, lines appear that are absent in the
radiation of an isolated molecule. The intensity of the
latter depend on the pressure, since the parameters
Pmn, m'm’ are proportional to the gas density,'*’ and
the quantities a]T“,Pjv’ v'v” describe the impact mixing

of two-photon transitions of the Raman scattering type
between different vibrational sublevels of the electronic
ground state. It can be shown that the mixing of chan-
nels corresponding to transitions to the intermediate
state, in the case of nonresonant Raman scattering, is
described by terms of the form Py, m'n’(iAw)™*, which
are very small, since Aw for them is of the order of the
frequency of the allowed electron transition from the
ground state. Therefore, we shall neglect the latter
terms (they are important only in the case of resonant
and preresonant Raman scattering).

In the general case, the solution of the system (7) is
very cumbersome, in view of the large number of vibra-
tional sublevels. However, if the frequency of the for-
bidden (or weakly allowed) line w, — w0 of interest to
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us (the index 0 denotes the vibration-free state) is sig-
nificantly different from all the other vibrational fre-
quencies of the molecule, the use of the secular approx-
imation(® is possible, according to which, in first order
in (7), there can remain only terms with py'-k, .k, v"0,
for which wjy’ = wyy” (such terms obviously appear in
the case of a harmonic molecule). Then, by the method
of successive approximation in the parameters

Py lifop—0w) 17 (057 0w),

ujy’(Rwjy’) ", one can find the solution of (7( in the next
approximation and so on. But even the system of secu-
lar approximation contains in the general case a large
number of equations. However, the system can be sim-
plified, since: 1) the parameters Pyy’ y” y" contained
in it, which are the generalization of the corresponding
transition probabilities wy"y = va,v”,v”, decrease
significantly with increase in the energy difference be-
tween the lower (or upper) states of the considered
pairs of levels with the same transition frequencies;!®!
2) if the perturbing particles are in the state of thermo-
dynamic equilibrium, then®

.
Pryryrrgrr = Pyirgrer

o (€Xp 0y /KT),

which leads to a strong decrease in the coupling of the
considered pairs of levels at not too high temperatures
with increase in the given energy difference. Conse-
quently, we can take the solution

sec . _ s
Pj-kiks,00 = d,n_ilh"’L 2n V(o.u)z AJQN

9)
as the secular approximation in the given case.

We now find the scattering cross section doy in the

vicinity of the frequency wj — wyQ:
do, = dw. do (w.)
under the condition that (a) all the frequencies
| wyy’| (v # v') greatly exceed the values of the relaxa-
tion parameters and | uyy’|; (b) the scattered light is
recorded in a frequency interval 25w such that
RePu w0 <80 < | @o |

(Re Pyp, yo represents the relaxation halfwidth of the
state | v)). It is not difficult to see, keeping (6)—(8) in
mind, that, in each case in which collisions are absent
and we can neglect the anharmonicity, the expression
for the quantity doy determined above goes over into the
Kramers-Heisenberg formula.l”

In addition, we define the relative scattering cross
section n = (doy/dog’), where

do,=0,0: 17 c*dos| A, |? (Aw=A" ., fOor 0.=
represents the scattering cross section in the vicinity
of some definite allowed frequency w: = w, - wg’g (in
the following, we denote by the index s the vibrational
sublevels to which the transition from the state | 0) is
allowed in Raman scattering), We assume that the dis-
tance between the neighboring |« ) and |s) levels of
interest to us | wgy| <« wgQ + wyo (this is achieved, in
particular, in the SF¢ molecule (see the figure)). Then,
solving (7) by the method of successive approximations
w1th account of (9), we obtam at low temperatures (p'y

~ 1) for the quantity p:

n=|A..n|—ﬂne[(Aw+z2

< (Am, i Z Ao’ (Pooso T ih~'us) )]

Wsx
s

©—0y)

Ay (Puowo T ih~'uy,) )

@ gx

(10)
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N Fu ] 1900 Vibrational levels of the electronic ground
state of the SF¢ molecule: solid lines—sub-
a, sog  levels corresponding to transitions from the
V1 aygeeg el 10} state that are allowed in Raman scattering;
2v 6g | dashed lines—levels corresponding to the
% %W TT TR T 6 fundamental vibrational frequencies to which
— 1 transitions from the 10) level are forbidden in
z 1400 Raman scattering; dot-dash—sublevels cor-
U —— responding to combination frequencies. The
fou 1 corresponding symmetry is shown around each
+ 200 level.
Ly

The arguments 1), 2) and the conditions a), b) were used
in the derivation of (10).

Let us now consider the experiment of ref. 2 from
the point of view of the developed theory.” For a change
in the SF¢ gas pressure from 0 to 30 atm, an increase
is observed in the relative scattering cross section of
the forbidden fundamental v; and ys bands that is ap-
proximately linear with the density (see the drawing).
The increase runs from 10°to 4 x 10 and 2 x 1075,
respectively. Furthermore, Raman bands have been
recorded for which the value of the relative scattering
cross section is almost unchanged with pressure (for
them, n ~ 107° = 102),

Since the value of ug, differs from zero, only if the
states |s) and | k) have the same symmetries,!'!] the
sublevels corresponding to the combination frequencies
2v5 and 2v¢ should be coupled by the anharmonic inter-
action with practically all the states corresponding to
the allowed transitions in the Raman scattering. Conse-
quently, a perceptible increase with pressure of the
relative scattering cross section of the given frequen-
cies can be observed, as follows from (10), only in the
case in which the values of the relaxation terms Py0 s0
are not less than the values of the parameters u,g. At
the same time, the sublevels, which correspond to the
forbidden vibrations (ve, ¥4 and ys) are not connected
with the anharmonic interaction with any of the levels on
which the transition from the state | 0) is allowed in
Raman scattering. Thus, for otherwise equal conditions,
a preferential growth with pressure should be observed
in the relative scattering cross section of the lines of
the fundamental frequencies that are forbidden by sym-
metry, in comparison with the scattering cross section
of the lines corresponding to the combination frequen-
cies, which takes place in the experiment.'?!

Further, both terms that are linear in the gas density
(proportional to Pko,so) and terms that are quadratic in
the density (proportional to P,0,s0Ps0,x0 are present
in (10). Inasmuch as the quantity 7 in ref. 2 was changed
by a small factor, the dependence of n on the pressure,
which is determined by (10), can generally appear close
to linear in the case considered, as was observed in
ref. 2.

Using the experimental results given in Fig. 2 of
ref. 2, we estimate the values of the relaxation parame-
ters that define the dependence of n on the density, for
a gas pressure of say 15 atm. Since the distance be-
tween the corresponding sublevels | ) and |s) is
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-1 . .
;Illf)lo cm™, we obtain the estimate |va’,v"v”’| ~ 1-2

It should be noted that if the interaction of the mole-
cule with the surrounding medium is weak (i.e., the de-
scription of the relaxation process is possible within the
framework of perturbation theory, *®!), then the form
of Egs. (5) that we have used is practically unchanged
for any relaxation mechanism. Consequently, the re-
sults obtained in the present work are valid also for the
case of a molecule in a condensed medium (that is, if it
interacts weakly with the surroundings). Therefore, the
mechanism that we have considered can also serve, at
least qualitatively, for the interpretation of the forbid-
den lines in Raman scattering, which have been observed
in CO; gas at high pressure,!'? and also in certain
liquids .[%13)

In conclusion, we note that violation of the selection
rules in the course of different processes can turn out
to be a very sensitive indicator of the presence of per-
turbing fields in many cases. Therefore, both the ex-
perimental and the theoretical study of the given circle
of phenomena should yield valuable information relative
to the character of interatomic and intermolecular
interactions.

I thank V. A. Smirnov for useful remarks.

APPENDIX

We consider the case in which the sublevel | ) of
interest to us is closest only to a single state | s ) so
that only the corresponding transitions | 0) — | ) and
|0) — | s) will mix most effectively. This situation is
realized, for example, for states corresponding to the
oscillations v4 and v, in the SFg molecule (see the
figure). Then, at low temperatures (p'%) ~ 1), we have
from (6)—(8)

Gl Asol? + @l Aol ® — (A" Awofox T Auo’ Asofrs)

@oo@x0 — fonfus

)

(A1)

where fyy’ = Py0,v'0 +ii"uyy’. It follows directly from
(A.1) that the spectral dependence do(wz) is entirely
analogous to the spectrum of absorption of an equili-
brium three-level system with nearby excited states,
which was considered in detail in{®, if we make the
substitution

3
do(w.) = (Dx(:)z' do. Re
ah*ct

auo—’i(ﬁ):u—'(!)) +'Y:u, a«o"i((ﬁzl—(ﬂ) Y24,

Aw"dzx, Axo_’dsn f.x*ﬁzn, fn."ﬁa.. (A-Z)

All the undefined notation in (A.2) is the same as inl®,
Thus, the conclusions of!®! (see also!®®!) apply to the
case investigated here, i.e., the effect of the parameters
fsx and fgg on the frequency dependence of the scatter-
ing cross section do(wz) leads in the general case both
to a change in the contours of the individual transitions
|0) —|«x)and |0) — |s) and also to their mixing and
to a significant redistribution of the intensities.

If the sublevels | k) and | s) are well separated,
then we obtain the special case of Eq. (10) by trans-
forming to the quantity n in Eq. (A.2). Here summation
over s is of course absent. In the case in which the
operator V has only the nondiagonal matrix elements
different from zero, we have P, 50 = —Pgg,40,'" and
consequently,

3 2
[OJ1O0F) . A ofx
——do. Ao +i—22 |

hic @ax

(A.3)

do, =
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and the quantity A,Q + iAgofys(wgy) ' represents the
amplitude of scattering in the vicinity of the frequency
w2 =w1 — Wk

DIn other words, we neglect the effect exerted on the radiation field of
the considered molecule by the radiation of exciting particles. For
our purposes, this assumption is unimportant, since we are interested
first of all in the appearance of scattered radiation at the forbidden
frequency; furthermore, because of the incoherence of the spontan-
eous Raman scattering, there is practically no interference of the
radiations of different molecules.

OWe have used in the present work a representation in which Im) and
In) are the eigenstates of the Hamiltonian Hy.

In the case of weak interaction with the medium, this relation can be
proved with complete rigor. [1'°] In the case of a strong interaction,
this relation, at least for the transition probabilities, can be intro-
duced phenomenologically, in accord with Boltzmann statistics. [¥]

91n the second factor in the curly brackets on the right side of (10) we
have omitted, for the reasons indicated above, the double sum

' "
i E P o 5" (00— @xo) =4,

vHO  jEsx

where the frequencies wjy satisfy the condition wjy=*ws0. At not
too low temperatures, possibly, the contribution of the latter can-
not be neglected in view of the structure of the terms
Pjv,k0 (#«, v#0) contained in it, a structure that is different from
P50,k0 (or PxQ, s0)- However, even when this sum is taken into con-
sideration, the conclusions that follow undergo no change.

9The distance between neighboring vibrational sublevels in the electron-
ic ground state of the SF, molecule amounts to ~10-100 cm™! (see the
figure). This does not exceed in order of magnitude the reciprocal of
the duration of the individual collision 7¢ ! (in the cases of interest to
us, 7¢ is estimated at (10712—107!3) sec [>!°]). Consequently, the
conditions of nonadiabatic mixing of states and the appearance of
nonsecular elements of the relaxation matrix are realized. However,
the latter, by virtue of the different exclusions, can sometimes vanish
(for example, in the case of a vector character of the interaction be-
tween particles [*° ]). This fact lies outside the phenomenological
framework. Nevertheless, we note that the analytic estimates of the
values of the nonsecular terms entail considerable difficulties [° ] and
have been carried out at the present time only in the simplest cases.
[*%] This state of affairs is also aggravated by the lack of necessary
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information on the character of the intermolecular interactions in sul-
fur hexafluoride in view of the relative complexity of the SF¢ mole-
cule (for this, see [*°]).
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