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Influence of phase memory effects in collisions

on a resonance Raman spectrum

A.l. Parkhomenko, A.M. Shalagin

Abstract. The influence of phase memory effects on the
spectrum of resonance Raman scattering by three-level atoms
with the A configuration of levels experiencing collisions with
buffer gas atoms in a strong monochromatic radiation field is
studied theoretically. Systems with a small Doppler broad-
ening compared to the collision frequency (large buffer gas
pressures) are analysed in the general case of an arbitrary
change (from complete change to complete preservation) in
the phase memory at any of three transitions in the A system.
It is shown that in the absence of the collision relaxation of
the low-frequency coherence at the transitions between two
lower levels of the Asystem, the radiation scattering spectrum
has a spectrally narrow component at the Raman frequency,
which, despite the homogeneous broadening of the absorption
line, exhibits a strongly pronounced anisotropy. In the direc-
tion, close to the propagation direction of exciting radiation,
this line maximally narrows down. It is significant that upon
optical pumping to the level unaffected by a strong field the
resonance Raman spectrum noticeably differs from the
spectrum in the case of the probe field. A simple expression
is proposed for calculating the degree of the phase memory
preservation in collisions from the relative amplitude of the
Raman resonance.

Keywords: resonance Raman scattering, collisions, coherence,
populations of levels, spectrum, resonances, fluorescence.

1. Introduction

Resonance scattering (resonance fluorescence, resonance
Raman scattering) of strong monochromatic radiation by
atoms and molecules has been actively studied for many
years. Special attention in these studies is paid to a three-
level A-system consisting of two close lower levels and the
third remote level which is optically connected with two
lower levels (see, for example, [1 —5] and references therein).
The effect of coherent trapping of populations is well
pronounced in a three-level A system with long-lived lower
levels and in fluorescence spectra it is observed in the form
of a characteristic narrow dip (‘dark’ resonance) [4, 5].
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The fluorescence spectrum of the upper level in the A
system is commonly studied by using two light fields. The
frequency of one (strong) field is fixed and the frequency of
the other (probe) field acting on the adjacent transition is
scanned [4, 5]. In theoretical papers the fluorescence spec-
trum in such systems was studied under some or other
assumptions and approximations: calculations have been
performed either by neglecting the motion and collisions of
atoms or by using simplest relaxation models. At the same
time, a complete and correct account for relaxation proc-
esses in calculating spontaneous emission spectra is very
important. In this paper, we studied theoretically the
spontaneous emission spectrum of three-level atoms with
the A configuration experiencing collisions with buffer gas
atoms in the field of a strong electromagnetic wave. It was
assumed that only one external field affects the atom (probe
field is absent) and spontaneous emission is detected at the
transition adjacent with the transition perturbed by the
external field. Because an open A system is considered,
particles are not completely transferred to the lower level
not excited by the external field. The analysis was performed
for the general case of an arbitrary change (from complete
change to complete preservation) in the phase memory in
collisions at any three transitions in the A system.

2. Basic equations

Consider a gas of three-level absorbing particles in a
mixture with a buffer gas. We will neglect collisions
between absorbing particles by assuming that the concen-
tration of the buffer gas is greater than that of the
absorbing gas. Let three-level atoms with the A configura-
tion (Fig. 1) be excited by a monochromatic field

& = ReEexp(ikr — iwr)

with the frequency w close to the frequency w,,, of the
m — n transition between m and n levels (here, E and k are
the electric field strength and the radiation wave vector).
The spontaneous decay of the m level over the m — n and
m — [ channels is characterised by the constants A4,,, and
A, The escape of atoms from the region of interaction
with the light beam (due to their motion and chemical
reactions) and possible transitions of atoms from the m, n
and / levels due to the spontaneous decay to other levels will
be characterised by the relaxation constants y,,, 7, and ;.
The transitions of atoms to the »n and / levels (i.e. to the
interaction region with the light beam because of their
motion) are described by the pump rates ¢,(v) and ¢;(v),
where v is the particle velocity.
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Figure 1. Energy level diagram of and transitions between levels.

We will describe spontaneous emission at the m —/
transition according to [1] by introducing the classic field
E,. In this case, the calculation of the spontaneous emission
spectrum is formally similar to the calculation of the
spectrum in the case of the classical probe field E,, if in
the latter calculation only emission is selected and E, is
treated as the spectral density of zero oscillations of
vacuum. Thus, to describe spontaneous emission at the
m — [ transition, we use the kinetic equations for the
elements of the density matrix [1]:

(% + Fm) pm(v) = S(pm(v)) + 2Re[iGpnm(v)]’

(% + yn)pnw) = S(p4(0)) + Ay (0) + 4,(v)
~ 2Re(iGp,,, (v)].

(%w)m(v) = S(p(0)) + Apip,(0) + a1(0)

+ 2Re[iG;pml(v)]v

d I,+ @
m T Vn | - -
|:dl+ 2 +1(QO kv):| an(v)
= S(pnm(v)) - IG*[pn(v) - pm(v)}’
d Fm + Vi :
[& + 5 1(Qo, — kﬂv)} Pmi()
= S(pm[(v)) + iGpn[(v) - iGﬂpm(v)’
d y,+v .
[a + Tl —i(e — qv)] Pu(0)
= S(pnl(v)) + iG*pml(v) - iG;Lpnm(v)’
where
Ly, =A4,,+Au+ Yms QO = 0 — Wyps
‘QOp = W, — wml; & = Q()p - QOa q= kp - k» (2)
d,, E d, . E d ©
G=m=. o _fmmzp & _ Y .
ot T wta Y

p;(v) is the velocity distribution of particles at the i level
(i= m, n, 1), S(p(v)) and S(p;(v)) are collision integrals;
d,, and d,; are matrix elements of dipole moments at the
m—n and m — [ transitions; w,,; is the m — [ transition
frequency; w, is the frequency at which the spectral density
of spontaneous emission is calculated; and k, is the wave
vector of spontaneous emission.

We assume below that quantities ¢;(v) in (1) are time
independent and their dependence on v is Maxwellian:

qi(v) = QW (v), (\/EUT)3

_ (2kgT\'* ;
Ur = 7 , L=n,1,

W (v)

(©)

where Q; is the total (integrated over v) pump rate to the i
level; W(v) is the Maxwell velocity distribution; kg is the
Boltzmann constant; M is the absorbing particle mass; 7T is
the medium temperature; and vy is the most probable
velocity of absorbing particles.

For collision integrals (1), we will use the model of
strong collisions [1], taking into account the collision
transitions between n and / levels:

S(Pm(©)) = =Vinpy (0) + Vinp,, W(0),

S(pu(0)) = = (v + vu)pu() + (Vupsy + viup)) W(0),
S(pi()) = =i+ vi)pi(0) + (Vipy + Vup,) W(0),
S(pu(v)) = =vpu(v) + vp, W(v), )
S(Pun(0)) = =V1Py (V) + V1, W(0),

S(pml(v)) = _Vme/(v) + ‘72pml W(U),

p; = Jp,—(v)dv, i=m,n, I, nl, nm, mi,

where v,,, v, and v; are the frequencies of elastic collisions
of absorbing particles in the states m, n, [ with buffer
particles; v,; and v, are frequencies of collision transitions
n—1 and /— n in the Maxwell velocity distribution of
particles; v, v;, v, and ¥, ¥, ¥, are ‘nondiagonal’ frequencies
of the escape and arrival of particles, respectively, these
frequencies being complex quantities in the general case.
The condition

F=7 =9=0 (5)

corresponds to the case, when collisions cause complete
relaxation of coherences p,,(v), p,,,(V), p,,(v) (the absence
of phase memory in collisions at all transitions). In the
absence of the collision relaxation of coherence p,,(v) (at
the /—n transition the phase memory in collisions is
preserved), collision transitions between n and / levels are
absent (v,; = v;, = 0) and the ‘escape’ (v) and ‘arrival’ (¥)
frequencies are real and equal to each other [1]:

V=V=V, =V =V, (6)
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where v, means the average transport frequency of elastic
collisions between active particles and buffer particles [6].
The quantity v, is related to the diffusion coefficient D of
particles interacting with radiation by the expression D =
UQT/(2vtr) [7]. In the absence of the collision relaxation of
coherences p,,,(v) or p,,(v), relations ¥, =v; =v,, = v, and
V5 = vy, = v,, = v; are fulfilled, respectively.
We will seek for the solution of Eqn (1) in the form

pi(v) = Ri(v) +ri(v), i=m,n,l nl, nm, ml. 7

The matrix elements R;(v) correspond to the solution of the
problem on the interaction with only one strong field E.
Small additions r;(v) are caused by the presence of a weak
field E,.

Under stationary and spatially uniform conditions,
system of equations (1) after substitution of (7) into it in
the first approximation with respect to G, is split to two
subsystems:

(T'y +vp)Ryu(v) = v, R, W(v) + 2Re[iGR,,,(v)],
(’yl’l + vn + V’I[)Rn(v) = An‘lan‘l(v) + Q}’l W(v)
+ (v, R, + v, R)) W(v) — 2Re[iGR,,,,(v)],
®)

(V[ + v+ vln)Rl(v) = Am/Rm (U) + Q;W(U)

+ (ViR + vy R,) W(0),

I ) ;
|: m;‘ Tn +v + 1(90 — kv):| an(v)

= Vi Ry W(v) - iG*[Rn(v) - Rm(v)]

and

[+ :
l:mT// + v, —1(Q, — kﬂ”)] P (V)

= ‘72";71/ W(U) + iGV,,/(U) - iGuRm(v)a
)

Tn + Vi
2

v —i(sg - qvﬂ ()

= ‘N}rnl W(U) + iG*rml(U) - iG,uan(v)'

The quantities R,,, R,, R;, Ry, Iy Ty 10 (8) and (9) are
the integrals with respect to velocities from quantities
Rm(v)v Rn(v)a Rl(v)v an(v)v l’m/(l)), rnl(v)a respectively.
According to general rules [1], the probability of
spontaneous emission w at the frequency w, per one
absorbing atom is determined by the expression

2 .
w=5 Re(iG,irm), (10)

where N = R, + R, + R,, is the concentration of absorbing
particles. Thus, according to the posed problem we should
find the quantity r,; from the system of equations (8), (9).

3. Weakly rate-selective interaction of atoms
with radiation

The solution of system of equations (8), (9) in the general
case of arbitrary relation between the homogeneous and
Doppler widths of the absorption line leads to a
cumbersome expression for the probability of spontaneous
emission, which can be analysed only with the help of
numerical methods. To simplify the problem, we will
consider a weakly selective interaction of atoms with
radiation with respect to rates, when the distribution of
atoms in states m, n, [ hardly differs from the Maxwellian
distribution. This case corresponds to small Doppler widths
kvy, k,vp compared to the transport collision frequency:

ko, k,op < vy (11

Condition (11) allows one to apply a very simple and
efficient method for solving Eqns (8), (9) with respect to
integral quantities R,,, R,, R;,, R,,, I, Ty relative to
velocities, the so-called method of preliminary averaging
with respect to velocities. This computation method based
on averaging with respect to velocities in the kinetic
equations for the matrix density is described in detail in
paper [8]. By applying this procedure to Eqns (8) and (9)
similarly to that in paper [8], we obtain

I',R, = 2Re(iGan)a

(yn + vnl) Rn = Aman + Qn =+ vlan - 2Re(iGan)a

(yl + Vln)Rl = A/anm + Ql + VR,

(12)
(I +iQ))R,,, = —iG*(R, — R,,),

(Fu - iQ,u)rml =iGr, — iGpRma

(I'y —ie)ry =1G 1y — 1G Ry
Here, we introduced the following notations:

T+,
2

kvg)* (T +7 N\
+Re[( ")2T) ( ’11;_}’1+V1+1Q0) :|’

I —+ Re(VI — 171)

71-‘)11_"7/
T

k 2 r ) —1
+Re[( HUT) ( m;yl+V271Q0p) :|’

+ Re(vy — 1)

(13)

2 -1
+Re[(qgr) (Vn;//+v_igo> }

Ql = QO —+ Im(Vl — 171), Q# = QO;! — Im(V2 — 62),

e=0,-0, Q=Q)+Im(y—7v—v,+7,).
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The quantities I', I', and I'; in (13) depend on the degree of
preservation of the phase memory in collisions at tran-
sitions m —n, m — [ and [ — n, respectively. In the absence
of the phase memory at all transitions [see expression (5)]
due to condition (11) the relation I',I,,I'} > kvr is
fulfilled. In the case of complete preservation of the
phase memory at the /— n transition [see expression (6)]
and in the absence of the phase memory at transitions
m—n and m — [, relations I') < kvy and I',I', > kvr are
fulfilled. Quantities I', I',, I'; also depend on frequency
detunings of exciting and scattering radiation. However, in
describing the spontaneous emission spectrum in cases
under study, we can neglect this dependence. Indeed, in the
absence of the phase memory at all transitions, the second
terms in right-hand sides of expressions for I', I', and I’
become main and, hence, in these expressions the last terms
containing the dependence on €, €, and ¢ can be
neglected. When the phase memory is preserved at all
transitions, last terms in expressions for I', I'y, I'; will be
the main ones. However, their dependence on €, €, and
& becomes significant only in the long wing of the spectral
line, which we do not consider in this paper.

The standard solution of Eqns (13) leads to the expres-
sion for the spontaneous emission probability w:

2|G, |7 I, —ie)R, +iGR
w= ‘ l‘ Re ( 1. 1'?) m?”l nm 5, (14)
N (I —ie)(I', —iQ,) + |G|
where
Ry = N iGR,, =2 g
1+%(Aml+ym +'Vn) Vn 2r
2|GJ? 1 )
 — | | Re i ; Nn :Qn+(Qn~+ Ql)vln//l; (15)
Fm Fﬁlgl T

";)m =Vt V/an/VI; A:)n =Yy Vu+ V/nyn/yﬁ

The physical sense of quantities » and N, in (15) becomes
clear from relations following from (12):

%
1 +x

Aml + ?m i

1
R, = R,, Rn:Nn<1+~7—v> . (16)
DU St

The quantity x, as one can see from the first relation in (16)
characterises the degree of equalising populations of levels
m and n, and therefore it can be interpreted as a saturation
parameter for the m — n transition. The quantity N, in
accordance with the second relation in (16) is the
population of the n level in the absence of radiation (at
» =0). In a particular case

Ym =V =Vn =7 (17)
Expression (15) for the quantity N, takes the form
Qn"/ -1
N,=N v, |+ v+ v, . 18
. <Qn o, 0+ Y + Vi) (183)

When the pump rates to the n and / levels (Q, = Q,) are
equal and the collision exchange between these levels is
weak (v,;, v, <7) half the absorbing particles is at the n
level in the absence of radiation, N, = N/2 as should be
expected.

Note in conclusion to this section that expression (14)
for the spontaneous emission probability is a particular case
of the expression for the absorption probability P, of a
probe field at the adjacent transition m — [. The expression
for P, follows from Eqns (1) if they contain terms
corresponding to the probe field absorption [one should
add the terms —2Re[iG, p,,(v)], =G, p,/(v) and iG ,p,(v) to
the right-hand sides of the first, fourth and fifth expressions
in (1)]. Under stationary and spatially uniform conditions
for the absorption probabilities of the probe field we obtain
the expression:

2 . .
P/.t _ Z‘Gu| Re (Fl - I‘T:)(Rl - R,M) - IGanm , (19)
N (Fl _18)(FM_IQ;L)+|G|
where
n + "m 1 + v in
&:Q_%_<L+_11)M 20)
i i %oV

is the population of the / level. Thus, spontaneous emission
probability w is described by expression (19) with the
quantity R, being excluded. Expression (19) for the
absorption probability of the probe field is a natural
generalisation of the corresponding expression for particles
at rest {see, for example, expression (8.77) in [1]} and
coincides with it at vy =0. The motion of atoms is
manifested only in the change of relaxation constants
I'y, I'y, T’ due to additions reflecting the diffusion law of the
particle transfer.

Let us emphasise the following important circumstance.
In this paper we will consider the spontaneous emission
spectrum under conditions of significant (but not complete)
optical transfer of particles to the lower level not excited by
the external field (at R, > R,, R,,). Under these conditions,
the spontaneous emission spectrum strongly differs from the
probe field spectrum. Indeed, under conditions of strong
optical pumping of particles to the / level in expression (19),
we should put R, =~ N and quantities R,, and R,,, can be
neglected (the probe field spectrum under these conditions is
considered in [9]). Under the same conditions the term in
expression (14), which is proportional to the external-
radiation-induced coherence R,, of states m and n, is
significant and cannot be neglected. This causes consid-
erable difference of the spontaneous emission spectrum from
the probe field spectrum.

4. Analysis of the resonance
light scattering spectrum

Let us analyse expression (14) for the spontaneous emission
probability. The denominator in (14) is quadratic with
respect to the frequency detuning €, i.e. the spontaneous
emission spectrum has two resonances (two spectral
components). This circumstance reflects the effect of field
splitting of the m level into two quasi-energy levels. The
position of the resonances can be easily determined by
expanding the denominator in (14) to the product of two
linear factors. In the case of noticeable splitting of levels
(Qr > |, — Ty|) the result is known (see, for example,
[1—3]): the maxima of the spectral components are located

in the vicinity of Q, = Qﬂi, where

—_

QF = 12, Q1)

=;@+ Qr), Q = (4G +Q7)
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According to (21) the distance between the maxima of the
spectral components is equal to the generalised Rabi
frequency Qg.

The nondiagonal element R,,, in (14) characterises the
coherence of the states m and n, which is induced by a strong
external field. In expression (14) the term proportional to
R, describes the change in the line shape of scattered
radiation and rather than its integrated intensity because

oo 2 Rm
J wdQ, = 2n|G,|” —-. (22)

o N
Thus, the integrated intensity of scattered radiation is
affected by a strong field only via the population of the m
level.

It is convenient to represent expression (14) for the
spontaneous emission probability in the form

R
2
w:2|G#\ Wmb,
(23)
. I (Ir—iQ
Bw:Re{|:Fl—IS+%:|

x [(I) —ie)(I', —iQ,) + |G|2]_l}.

The factor B, in (23) describes the shape of the
spontaneous emission spectrum. Figures 2—4 show the
spectra of resonance radiation scattering calculated by (23)
at different intensities (it is proportional to |G|2), the
frequency detunings Q of pump radiation and angles 0
between the wave vectors k, and k. The spectra were
calculated for the most interesting cases of complete
preservation of the phase memory in collisions at the
! —n transition (v =v, v;, = v,; = 0, in this case I'| < kvy)
and in the absence of the phase memory at the m —n and
m — [ transitions (V| = v, = 0, in this case I', I', > kvy). The
relaxation constants y,,, y, u y; were assumed equal [see
expression (17)], which always holds true when atoms
escape from the region of their interaction with a light beam
due to their motion (levels m, n and / do not decay into
other levels). To normalise the spectra in all figures, we used
the quantity wy, which implies the spontaneous emission
probability at the line centre at the m — [ transition in the
absence of pumping and under the conditions that the
population R,, of the m level from which emission occurs
remains the same as that in the presence of pumping:

_2(G,[* Ry

I N 24

Wo
n

One can see from Figs 2—4 that the spontaneous
emission spectrum exhibits two spectral components: a
broad one in the vicinity of the frequency of the m —/
transition (near €, ~ 0) and a narrow one in the vicinity of
the Raman frequency (near Q, ~ €2). The broad component
is isotropic with respect to the mutual orientation of wave
vectors of strong and scattered radiation. The narrow
component, despite the homogeneous broadening [Doppler
broadening is small compared to the collision frequency, see
expression (11)], exhibits a strongly pronounced anisotropy.
This line in the scattering spectra narrows down maximally
in the direction close to the propagation direction of exciting

w/wy

0 1 1 1 1
-30 -20 -10 0 10 Q,/(kvy)

50.0 50.2 50.4
Q/t/(kUT)

Q,u/(kUT)

Figure 2. Spectra of resonance radiation scattering by three-level A
atoms in the case of complete preservation of the phase memory in
collisions at the / — n transition (v = v, v;, = v,; = 0, I'} < kvy) and in the
absence of the phase memory at the m—n and m — [ transitions
(1 =9,=0, I, I',>kop) for v,/(kvy)=10, A,,/(kvy)=1072
A = Apns V/Amn = 1074’ 0, =0 (k - k,u)/k = 1074’ |G|/(kUT) =3
(2|G\2 =90I',I',), 0 =0 (solid curves) and m (dashed curves) Q = 0 (a),
Q/(kvy) =15 (b) and 50 (c). The inset shows at an enlarged scale the
resonance in the vicinity of Q, =~ Q.

radiation (0 =0). The spectrum of scattered radiation
depends on the exciting radiation intensity (cf. Figs 2a,
3a and 4a).

Note that only when the exciting radiation intensity is
not high and the spectral components are not overlapped (at
large frequency detunings of exciting radiation, |Q| > I'), we
can speak of some lines in the fluorescence and Raman
spectra (correspondingly near Q, ~0 and Q, = Q). At a
high radiation intensity, especially under the resonance
conditions (for |Q| < I'), two-photon and step processes
are not independent, and we deal with resonance Raman
scattering. This is especially obvious in the case of an exact
resonance (2 = 0) and a high intensity (2|G| > I'y, I'y) of
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w/wo

60 -

50

30 [

49.999 50.000 50.001 50.002
Q/ (kvr)

O I 1 4 1 1 1
-20 0 20 40 Q,/(kvr)

Figure 3. Spectra of resonance radiation scattering by three-level A
atoms for |G|/(kvr) = 0.2 (2|G]* = 04T,I,), 2 =0 (a), Q/(kvr) = 15
(b) and 50 (c); other parameters and notations are the same as in Fig. 2.

w/wo
1.0

0.8

0.6

09 10 11| b
Q;L/(kUT)

~30 -20 -10 0 10 Q,/(kur)

w/wy

24 |

20

16 Y i
9.97 10.00 10.03

Q,/ (kvr)

1.2

0.8

04

0 1 1 1 1 1
30 —20 —10 0 10  Q,/(kvp)

Figure 4. Spectra of resonance radiation scattering by three-level A
atoms for |G|/(kvy)=0.317 (2|G]* = r,r,), 2=0(@),Q/(kvy) =1 (b)
and 50 (c); other parameters and notations are the same as in Fig.2.

exciting field, when the scattered radiation spectrum is given
by the expression [in this case, it follows from expression

(23)]

1 1 1
B, =—-Re - + - s
w2 Ty —i(Q,+1G|) Ty —i(Q, —1G|)
(25)
r,+r,
W=

One can see from (25) that in the case of the exact
resonance and a high intensity of the exciting field the
scattered radiation spectrum is symmetric with respect to
Q, =0 and both spectral components are indiscernible in
the amplitude and width (they are equal).

Consider in detail different regions of the scattered
radiation spectrum. Let the frequency detuning and the
intensity of exciting radiation be small

Q| <I.T,, 2/G|<T,, (26)

and the relaxation constants of coherences at the m — [ and
[ — n transitions differ significantly
ry<r, 27)

(collisions rather well preserve the phase memory at the
[ — n transition). Under these conditions we obtain from (23)

1 (|G|2 Fm) : -1
i g )i -1
r,—iQ, \rp 2r,) ° "

|G|2 (28)
Ig=1I1+—.
eff 1 r,u

B, = Re{

According to (28) the scattered radiation spectrum exhibits
two spectral components of the Lorenz shape: at the
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frequency of the m — [ transition (2, = 0, the first term in
braces) and at the Raman frequency (2, = ©, the second
term). The half-widths I', and Iy of the corresponding
components strongly differ (I', > I'r). The broad compo-
nent (with the half-width I',,) is isotropic with respect to the
mutual orientation of the wave vectors k and k, of exciting
and scattered radiation, while the narrow components (with
the half-width I'.s) is strongly anisotropic (Figs 2a and 3a).
The anisotropy is most strongly pronounced at a low
intensity of exciting radiation (\G|2 < I',I'y), when the half-
width Iy of the narrow component is equal to I'y:

/n—zi_yl+q20.

Feg=Ty = (29)
The expression for I’y in (29) is valid under condition (6)
and when the inequality 7y, + 7, <2v, is known to be
fulfilled. If 7, + 7, < 2¢>D, the half-width of the narrow
anisotropic component in the scattered radiation spectrum
proves to be proportional to the diffusion coefficient:

T~ ¢°D. (30)
This circumstance can be used to measure the diffusion
coefficient of absorbing particles in the atmosphere of the
buffer gas employing spectroscopic data.

The narrow anisotropic component is manifested in the
scattered radiation spectrum as a dip or a peak against the
background of a broad band depending on the exciting
radiation intensity. There is a dip (‘dark’ resonance) against
the background of the broad band, if |G|* > T,,I u/2
(Fig. 2a) or a peak, if |G| <TI,rI,/2 (Fig. 3a) At the
given intensity of exciting radiation so that |G|* = il /2,
the narrow component in the scattered radiation spectrum is
absent (Fig. 4a). Note that in the open A system the ‘dark’
resonance in the scattered radiation spectrum (Fig. 2a)
appears under the action of only one external field.

Consider now the case of ultimately large frequency
detuning of exciting radiation,

Q| > T, (3D
at its moderately high intensity, so that
eI, < |G* < |2/ (32)

In this case, expression (23) for the scattered radiation
spectrum can be transformed to the form:

e (Bl )]

(19 ) m){(rl )

l<ls GI’T,
(Q —Q— 0 s Y1 = Qz .

The first term in (33) describes the shape of the fluorescence
line, which is in the vicinity of Q, = Q" ~ —\G|2/Q and has
the half-width I',. The second term descrlbes the Raman
lme shape, Wthh is in the vicinity of &, —Q+ ~Q+
|G|*/Q and has the half-width I'; + y,. The ﬂuorescence line
is isotropic with respect to the mutual orientation of the
wave vectors k u k, of exciting and scattered radiation,

(33)

while the Raman line is anisotropic. The anisotropy is most
strongly manifested when the phase memory at the n—/
transition is preserved (see insets in Figs 2c and 3c). In this
case, the quantity I'; is determined by expression (29) and,
hence, the half-width I'; 4+ y; of the Raman line depends on
the diffusion coefficient D of particles interacting with
radiation. If the condition

(34)

is fulfilled, the half-width of the Raman line is proportional
to the diffusion coefficient:

A " 2
Vs Vb V1 < q D

Iri+vy, ~ qu. (35)

One can see from (33) that the ratio of the amplitude of
Raman resonance to the amplitude of the fluorescence
resonance is

r,r r,\1"
AR:(VrJF%Tu){(FlJFV])(I*ﬁ)} .

In the absence of the phase memory at all transitions (in
this case, I't = I', = I' > y,1,,), the relative amplitude of
the Raman resonance is small (4g < 1). The preservation
of the phase memory at the n — [ transition (in this case,
I'y=I>»Ty,l,) leads to a drastic increase in the
amplitude of the Raman resonance and it can be many
times higher than the amplitude of the fluorescence
resonance (Agr > 1). If condition (34) is fulfilled, the
relative amplitude achieves its maximum value:

(36)

r, F/t I

2¢°D T

R = ~30D (37
Thus, when the phase memory is preserved at the n—/
transition and condition (34) is fulfilled, the relative
amplitude of the Raman resonance is inversely proportional
to the diffusion coefficient D of particles interacting with
radiation, i.e. it increases with increasing the buffer gas
pressure.

When the phase memory is preserved partially (not
completely) at the n—/ transition, the degree of its
preservation is conveniently characterised by the parameter
Re¥/Rev (0 < Rev/Rev < 1). This parameter can be found
using the relative amplitude A (36) of the Raman reso-
nance. Indeed, at a partial preservation of the phase
memory at the n —/ transition, the second term in (13)
for I'y becomes the main one, so that

I, = Re(v - 7). (38)

Under the condition y; < I'; we obtain from expressions
(36) and (38) a formula relating the relative amplitude Ay
of the Raman resonance with the degree of phase memory
preservation in collisions:

Rev r, T,

Rev ry .~ r,bDIy
Rev  2A4gRev I

vidg T’

(39)

The second approximate equality in (39) (with the diffusion
coefficient D in the right-hand side) is in fact precise at a
high enough degree of the phase memory preservation at
the n — [ transition (for 1 — Re¥/Rev < 1) because in this
case we can assume [see expression (6)]

Rev = v, = v7/(2D).
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It follows from (33) that the ratio of the radiation energy
in the Raman resonance to the energy on the fluorescence
resonance (energies are integrals with respect to the fre-

quency)

G L\
E -2 .
R (92 +2r 2r

In this expression the factor I',,/(2') is caused by the
exciting-radiation-induced coherence R,, of the states m
and n. It characterises the relaxation probability of the
coherence R, in the radiation channel. If the collisions do
not preserve the phase memory at the m — n transition, this
factor is small [I",,/(2I') < 1] and the energy of the Raman
line is much 10wer that that of the fluorescence line Ex < 1.
If the phase memory at the m — n transition is preserved,
the factor I,,/(2) is close to unity and almost all the
energy will be confined in the Raman line (ER > 1)).

(40)

5. Conclusions

We have studied theoretically the influence of phase
memory effects in collisions on the spectrum of the
resonance Raman scattering of radiation by three-level
atoms with the A configuration experiencing collisions with
the buffer gas atoms in a strong field of monochromatic
radiation. The spectrum of resonance radiation scattering
has been studied at the transition adjacent with the
transition perturbed by the external field. The case of the
homogeneous broadening of the absorption line has been
analysed for large enough buffer gas pressures when the
collision frequency is large compared to the Doppler width
of the absorption line (v, > kvy).

The scattered radiation spectrum has two spectral
components. When the intensity of exciting radiation is
not high and these components are not overlapped (at a
large frequency detuning of exciting radiation, |Q| > I'), we
deal with separate fluorescence and Raman lines near
Q,~0 and Q, =~ Q, respectively). Under resonance con-
ditions (for |Q| < I') two-photon and step processes are not
independent and we should speak of resonance Raman
scattering.

It has been shown that the most interesting features
appear in the scattered radiation spectrum in the absence of
the collision relaxation of the low-frequency coherence at
the transition between two lower levels of the A system. It
has turned out that in this case the spectral component in
the vicinity of the Raman frequency drastically narrows
down and, despite the homogeneous broadening of the
absorption line, has a strongly pronounced anisotropy with
respect to the mutual orientation of the wave vectors of
exciting and scattered radiation (maximum narrowing
occurs in the direction close to the propagation direction
of exciting radiation). In addition, the width and amplitude
of the narrow anisotropic component depend on the
diffusion coefficient D = v3/(2v,) of particles absorbing
radiation. Thus, the diffusion coefficient of absorbing
particles in the buffer gas atmosphere can be measured
using spectroscopic data. A simple formula has been
obtained, which can be used to find the parameter
Re7V/Rev — the degree of phase memory preservation in
collisions at the n — / transition — by the relative amplitude
of the Raman scattering resonance.

Under the conditions of significant optical transfer of
particles to the lower level unaffected by the external field

(R;> R,, R,), the spectrum of the resonance Raman
scattering differs considerably from the probe field spectrum
(the probe field spectrum under these conditions is described
in paper [9]). The spectra coincide only at a small frequency
detumng (|Q/<T, I')) and a high enough intensity
(G >T I /2) of exciting radiation, when a dip observed
against the broad-band background (Fig. 2a). At a small
intensity (\G\z <T,I',/2) and exact resonance for exciting
radiation (2 =0), the Raman spectrum exhibits a peak
(Fig. 3a), while the probe field spectrum would exhibit a dip
[9]. In the case of a large frequency detuning of exciting
radiation (|| > I'), the amplitude of the narrow Raman
resonance is many times higher than the amplitude of the
fluorescence resonance (Fig. 3c), whereas in the probe field
spectrum the amplitude of the narrow resonance in the
absorption line wing does not exceed the resonance ampli-
tude near the centre of this line.

The peculiarities of the scattered radiation spectrum
mentioned in this paper are most strongly pronounced in the
case of a high enough degree of phase memory preservation
in collisions at the n — / transition (for 1 — Rev/Rev < 1).
For alkali metal atoms (they are well simulated by the A
scheme of levels) in the atmosphere of inert buffer gases, the
cross section of collision transitions between n, [ compo-
nents of the superfine structure of the ground state is 6—10
orders of magnitude smaller than the gas-kinetic cross
sections [10]. Thus, these objects should exhibit a high
degree of phase memory preservation in collisions so that
1 —ReV/Rev < 1076, Therefore, alkali metal atoms in the
atmosphere of inert gases are suitable enough to find and
study all the peculiarities of the scattered radiation spectrum
considered in this paper.
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