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We study the effects of absorption (amplification) and four-wave mixing on the total fluorescence 
intensity of atoms excited by a monochromatic wave of arbitrary intensity in a constant 
magnetic field. We study scattering by optically thick and optically thin atomic beams, and by an 
optically thin beam in a high-Q cavity. These investigations are carried out for the 
J= O+J= 1 transition with the pump wave propagating perpendicular to the magnetic field 
(Voigt geometry). Differences in the description of the Hanle effect in the Voigt and Faraday (pump 
wave propagation parallel to the magnetic field parallel) geometries are studied. The 
characteristics of the Hanle effect for the transition J = 1 -+ J = 0  are also discussed. O 1995 
American Institute of Physics. 

1. INTRODUCTION 

The depolarization of radiation scattered by atoms in a 
magnetic field was discovered by Hanle 70 years ago,''2 and 
it is the subject of many theoretical and experimental inves- 
tigations (see Ref. 3). This phenomenon makes it possible to 
measure efficiently the constants of spectral lines in it 
is used to study the properties of the interaction of radiation 
with matter?> and it is closely related to the transfer of po- 
larized radiation6 and other questions in optics and spectros- 
COPY. 

Most theoretical investigations of the Hanle effect have 
been performed for low (nonsaturating) intensities of the ra- 
diation exciting the atoms. In Refs. 7  and 8 we presented a 
description unconstrained by this approximation, i.e., one 
that is valid for arbitrary radiation intensities. The investiga- 
tion was performed for the Voigt geometry, in which the 
magnetic field is perpendicular to the propagation direction 
of the exciting radiation and its linear polarization vector 
(see Fig. 1). It was assumed that the pump wave is mono- 
chromatic and is scattered by an atomic beam, so that tran- 
sitions occur between the ground state with J=O and the 
excited states with J= 1. In this geometry, the Hanle signal is 
determined by radiation that is linearly polarized in the x 
direction and scattered in the y or z direction. In Ref. 7, 
spectra of the Hanle signal for a pump wave scattered by an 
optically thin atomic beam were investigated. In this case the 
signal is determined by the fluorescence of the atoms, and it 
was shown, just as in the case of Mollow's resonance fluo- 
rescence spectrum? that the spectrum of the Hanle signal 
contains both an elastic (coherent) component and an ineias- 
tic (shifted) component. In strong (saturating) fields, the in- 
elastic component, whose spectrum contains up to seven 
components, is dominant. In Ref. 8, the effect of induced 
processes on the spectrum of the Hanle signal for pump- 
wave scattering by optically thick and optically thin atomic 
beams passing through a high-Q cavity was investigated. It 
was shown that the interference terms arising in the descrip- 
tion of the Hanle effect can be regarded as a type of four- 
wave interaction. 

In many experimental investigations of the Hanle effect, 
it is not the spectrum of the scattered radiation that is stud- 
ied, but rather the total intensity of the spectrum, i.e., the 
integral over the spectrum. The present paper is a continua- 
tion of the investigations initiated in Ref. 8, and is devoted to 
a study of the effects of stimulated processes on the total 
intensity of the Hanle signal. 

Just as in Ref. 8, two model experimental situations (see 
Fig. 1) are studied: scattering of the pump wave by an opti- 
cally thin beam in a cavity (not shown in Fig. I), and by an 
optically thick atomic beam. In addition, we discuss the 
properties of the forward-scattered radiation and the differ- 
ences in the description of the Hanle effect between the Voigt 
geometry studied in Refs. 7  and 8 and the Faraday geometry 
(in which the pump wave propagates parallel to the magnetic 
field). The J= O+ J= 1 atomic transition is the simplest 
atomic system in which the Hanle effect is observed, and it 
corresponds to a V-type interaction between the polarized 
radiation and the atoms. It is also of interest to study the 
properties of the Hanle effect for the J= 1 -+ J = 0 transition, 
which corresponds to a A-type interaction. In the last sec- 
tion, we consider how results obtained in Refs. 7  and 8 
change when our description is applied to this transition. The 
experimental and theoretical results presented in Ref. 5 are 
also discussed. 

2. DESCRIPTION OF THE HANLE EFFECT 

The results of Refs. 7 ,  8 and 10, which were obtained on 
the basis of the Scully-Lamb atom-photon density matrix 
formalism" in the rotating-wave and dipole- interaction ap- 
proximations, are used to describe the Hanle effect. 

The correlation functions that arise in the description of 
+ the scattered are nu= ( a ,  a,) = ( a z a , ~ )  and 

+ + (a,,a,)=(a,,a,P) ( a f a r ) .  Here P is the photon density 
operator and a: and a ,  are creation and annihilation opera- 
tors for photons with wave vector k, and frequency w .  The 
index a indicates an interaction with the corresponding a 
transition of the atomic subsystem. For circularly polarized 
photons a plus sign in the index indicates left-hand polariza- 
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FIG. 1. Possible experimental layout for observing the Hanle effect. 'Ihe 
vector H specifies the direction of the magnetic field, A ,  and A, are atomic 
beams, and D, and 4 are scattered-radiation detectors.- 

tion and a minus sign in the index indicates right- hand po- 
larization. The quantity nu determines the occupation num- 
bers of photons with the wave vector k,. The existence of 
the correlation functions (a:,a,) is associated with the co- 
herence that the pump wave introduces into the given sys- 
tem, and makes it possible to describe the interference effects 
that are important, particularly in the Hanle effect. 

The equations of motion for the photon occupation num- 
bers and for the quantum correlation functions of photons 
with different polarization take the f ~ r m ~ ' ~  

where 

0 a!. + a!.* P - 
D = (  P f p+ a:+aF* o I 
Here * A,,# =A,,I + A u l u ,  a:= a,- 0 / 2 Q ,  
a,=A,,-B,,, and P,=A,,I-B,,l,  and Q is the cavity 
quality factor for a given mode. In the case of radiative scat- 
tering in free space, the coefficient a' is replaced by a. 

The coefficients A and B are defined in Refs. 7 and 8, 
and are functions of the frequency differences A, = 00- wL , 
and v =  0-  O L ,  where wo is the transition frequency and 
6.1, is the frequency of the monochromatic laser wave. They 
also depend on the spontaneous relaxation rate y, the 

strength of the magnetic field, and the intensity of the pump 
wave. The influence of these factors is governed by the Lar- 
mor frequency R and the Rabi frequencies V , ,  respectively. 
Here V,= -pUoE,J2h, where pd is the dipole matrix el- 
ement for the IO)+la) transition (the vector 10) describes 
the lower state of the atom, while la) describes the upper 
state, which is I +) for m ~ =  + 1 or I - )  for m ~ =  - 1); the 
sum of E +  and E -  gives the intensity of the electric field of 
the pump wave. In the calculations we assume that 
I V +  I = I V -  I = V .  The quantities A,,, describe the spontane- 
ous sources, whose properties were investigated in Ref. 9. 
The coefficients a and P characterize stimulated processes- 
radiative absorption and four-wave mixing-whose proper- 
ties were investigated in Ref. 8. 

The equations (1) make it possible to describe the Hanle 
effect, i.e., the effect of a magnetic field on the polarization 
characteristics of fluorescence in the system shown in Fig. 1. 
The Hanle signal is determined by the occupation numbers 
of photons with linear x-polarization, and the fluorescence 
spectrum is accordingly determined by Ax. Using the rela- 
tion between the Cartesian and circular unit vectors and the 
corresponding photon creation and annihilation operators, we 
obtain the following relations for the photon occupation 
numbers: 

The x-polarized photons are observed along the y axis and 
the y-polarized photons are observed along the z axis (see 
Fig. 1). In the latter case, to avoid the Doppler effect, the 
atomic beam must be directed along the x axis. 

The general expressions for the number nil of photons 
that are linearly polarized in the plane containing the y axis 
and the vector e, and the number n,  of photons whose linear 
polarization vector is orthogonal to this plane, take the form 

Here the vector e determines the direction of photon scatter- 
ing, 0 is the angle between e and the y axis, and cp is the 
angle between the projection of e on the xz plane and the x 
axis. 

For optically thin media, in which stimulated processes 
can be neglected, it follows from Eq. (1) that nu a A,,, 
( a z a , t )  a A,,t. Substituting these relations into Eqs. (2) 
and (3), we obtain 

These spectra were investigated in detail in Ref. 7. 
The total intensity of the Hanle signal is given by 

S,tmNx= n,  d v .  I (8) 
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Using the properties of the &,,I, 

I A,,~ d v  a p,,r, 

we obtain 

Here p,,~ are the components of the atomic density m a t r i ~ . ~  
For u=ul they determine the populations of the excited 
states, and for u f u' they determine the coherence be- 
tween them. The components po, determine the coherence 
between the excited and ground states. We find the compo- 
nents of the atomic density matrix from the steady-state so- 
lution of Eq. (4) in Ref. 8. The relations (10) and (11) are 
investigated by Avan and Cohen- Tannoudji in Ref. 12. 

It should be noted that since the lower level in our 
atomic subsystem corresponds to the ground state, two com- 
ponents can be identified in the fluorescence spectra: an elas- 
tic, or unshifted, component &:,, proportional to S(v), and 
an inelastic component .A:,, which describes scattering 
with a change in photon frequency. The expressions for 
MJ and A,' take the form7 

where N is the number of scattering atoms, S(v) is the Dirac 
delta function, and the g, are coupling constants. -30 -1 5 0 15 my 

30 

FIG. 2. Sx as a function of R (magnitude of the magnetic field) for a high-Q 
3. EFFECT OF STIMULATED PROCESSES ON THE TOTAL cavity (solid curve, q=0.05) and a low-Q cavity (dashed curve, 9% 1) for 
INTENSITY OF THE HANLE SIGNAL various parameter values: a) Vl y= 10, A, =O; b) Vl y= 10, A, 1 y= 10; c) - .  

Vl y= 3 ; ~ ~  1 y = 10. The peak values of < are normalized to unity. 
3.1. Effect of the cavity 

We consider the experimental situation depicted in Fig. 
1. We assume that the scattering system is located in a 
high-Q Fabry-Perot cavity oriented along the y or z axis. 
The scattered radiation is selected by the spectral modes of 
the cavity and then measured with an external detector. We 
assume that the width of the intracavity modes is large 
enough compared to the total width of the fluorescence spec- 
tra that it does not affect the form of the modes. When the 
atoms are irradiated by a laser, the number of photons rises 
to some steady-state value. This state is described by the 
steady-state solution of Eq. (1): 

Substituting this solution into Eq. (2) and (3), we obtain 
expressions for the numbers of photons nx and n , .  The ef- 
fect of a cavity on the spectra of these quantities is investi- 
gated in Ref. 8. The total intensity of the Hanle signal is 
determined by (8). Note that the spontaneous sources in Eq. 
(2) contain two components, elastic and inelastic. We there- 
fore represent N ,  in the form 

N,=N';I+N?' ,  (15) 

where the first term is calculated with the spontaneous 
sources .4, and the second is calculated with .A::, . 

Since A:,, a S(v), N';I can be determined quite simply 
after the corresponding integration has been performed. For 
the present paper, the N?' were calculated numerically with 
a personal computer. 

Figure 2 displays S, as a function of the saturating mag- 
netic field in a high- Q cavity, as given by Eqs. (2), (8), and 
(14) (solid curve), and in a low-Q cavity (dashed curve, 
q S  1) as given by Eq. (lo), which corresponds to scattering 
of radiation in free space. Both results were obtained with 
saturating pump-wave intensities ( V S  y). Here q = olQko, 
where ko is the unperturbed radiative absorption rate at line 
center (E,= R = AL=O). In experimental investigations of 
the total intensity S, of the Hanle signal, one typically stud- 
ies the dependence of the line profile on the magnitude of the 
magnetic field. For convenience in comparing the profiles in 
Fig. 2, we therefore normalize the peak line values to unity. 

One can see from Fig. 2 that the strongest effect of a 
high value of Q on the line profile is observed at V-AL, 
and that the effect is modest at small (ALGV) or large 
(AL+V) mismatches. Our analysis shows that in weak fields 
(VG y), the cavity Q has only a minor effect on the line 
profile and total intensity of the Hanle signal. 

14 JETP 81 ( I ) ,  July 1995 F. A. Lomaya and A. A. Panteleev 14 



3.2. Propagation effects 

We now consider the scattering of the pump wave by an 
optically thick atomic beam (no cavity). The propagation of 
the scattered radiation is described by the system of equa- 
tions (1). In the form given here, this system affords us no 
opportunity for a convenient analytic solution. We therefore 
write the system in a more symmetric form, for which we 
introduce the matrix 

Equation (2) then takes the form 

where 

Here we allow for the characteristics of four-wave inter- 
action associated with the phase-matching condition 

which in the present geometry takes the form 

In this equation, 1 is y or z, depending on the direction of 
photon propagation. One can see from this expression that 
the mismatch A k = k+ - k - strongly affects the propagation 
of the scattered photons. Transforming from total to partial 
derivatives by means of the substitution 
dldt+aldt+c(dldl), we find the steady-state solution of 
Eq. (17): 

where L is the transverse size of the atomic beam and 
K=K/C. The first term in this expression describes the ho- 
mogeneous solution, for which the vacuum states 
2(0)=1/2 can be taken as the initial condition. The propa- 
gation of the scattered radiation itself is described by the 
second term, which determines the quantity of interest, N,. 
The details of the calculation of (20) can be found in Ref. 8. 
We find N, by means of the computational method described 
above [see Eq. (15)l. 

Figure 3 displays the line profile S, as a function of 
magnetic field strength (in the form of the parameter i l l y )  
for various pump-wave intensities and offsets of the pump 
wave from resonance for an optically thick (solid line, aoL 
= 100) and optically thin (dashed line, a o L 9 1 )  atomic 
beams with exact phase matching ( A k =  0). Here a. is the 
unsaturated absorption coefficient of the radiation at line 
center ( E , =  il = A, = 0). For an optically thin atomic beam, 
the line profile S,  can be determined with the formula given 
by Avan and Cohen-Tannoudji [see Eq. (lo)]. 

FIG. 3. S, as a function of fl (magnitude of the magnetic field) for scatter- 
ing of the pump wave by optically thick (solid curve, a&= 100) and opti- 
cally thin (dashed curve, a&< 1) atomic beams with various parameters: a) 
V/y=O.l, A,=O; b) Vly= 10, AL=O; c) Vly= 10, A,/?= 10. The peak 
values of S, are normalized to unity. 

One can see from Fig. 3 that propagation effects (stimu- 
lated processes) substantially change the line profile of the 
total Hanle signal. It is pointed out in Refs. 7 and 8 that in 
strong fields the inelastic component dominates the spectrum 
of the Hanle signal. Our analysis for an optically thick 
atomic beam shows that the total Hanle signal is then also 
determined by inelastic scattering, i.e., by N?'. In weak 
fields, the elastic component is the dominant one. For the 
total Hanle signal, however, the ratio of the elastic and in- 
elastic scattering contributions (correspondingly, the ratio be- 
tween N:' and N?') in an optically thick medium depends 
strongly on the length of the medium. If the elastic compo- 
nent dominates for short lengths, then as the optical depth 
increases, N: becomes of the order of N:', which is dem- 
onstrated in Fig. 4, and as the optical depth of the medium 
increases further, the inelastic scattering component N?' be- 
comes the dominant one. This effect can be tested experi- 
mentally relatively simply, and it makes it possible to inves- 
tigate the effect of stimulated processes on the properties of 
the Hanle signal. 

The effect of a phase mismatch on N, is demonstrated in 
Fig. 5. As pointed out in Ref. 8, the formal calculation of 
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FIG. 4. N: (a), N?' (b), and N, (c) as functions of forVly=O.l, 
AL=O, aOL= 100, and A k=O. 

these plots for fixed Ak # 0 is an ill-posed problem, since 
the difference in the phase velocity of the waves leads to 
unphysical results in the limit a + O .  In the present work, the 
mismatch Ak is modeled by the expression 

This expression is not, in general, a solution of the dispersion 
relation for scattered waves (Eq. (45) in Ref. 8). A calcula- 
tion of N, using (21) is primarily illustrative. The constant 
,y in Eq. (21) was chosen by requiring that n, be greatest 
maximum at the peaks of its spectral distribution, and that 
the function in the denominator of this expression also opti- 
mize Ak for various values of the magnetic field. One can 
see from Fig. 5 that the mismatch strongly influences not 
only the absolute value of N , ,  but also its line profile. We 
call attention especially to the large change in the width of 
the dip in the line profile in the presence of a phase mis- 
match, while according to Fig. 3 for Ak=O this width 
changes little as the optical depth of the medium increases. 
An experimental test of this effect could make it possible to 
clarify the role of four-wave mixing in the generation of the 
Hanle signal in optically thick media. 

4. COMPARISON OF RESULTS FOR VOlGT AND FARADAY 
GEOMETRIES 

The investigation presented above, and the results ob- 
tained in Refs. 7 and 8, refer to the properties of the scattered 
radiation, first, for the Voigt geometry (see Fig. 1) and sec- 
ond, perpendicular to the propagation direction of the pump 
wave. The polarization structure of the radiation scattered at 
an angle to the pump direction (neglecting thermal motion of 
the atoms) is governed by Eqs. (4) and (5). In Ref. 10 the 
scattered radiation was described in the Faraday geometry, 
i.e., with the magnetic field parallel to pump wave propaga- 
tion. The equations for the scattered radiation are formally 
identical to the equations for the Voigt geometry. To obtain 
the polarization structure of the scattered radiation in the 
Faraday geometry, we interchange the x and z axes in Fig. 1: 
the magnetic field will then be directed along the z axis. 
Then Eqs. (4) and (5) will be the desired equations in this 
geometry as well. The distribution of the scattered radiation 
will therefore be identical in the two cases, to within a rota- 
tion of 90" about the y axis (this is associated with the rota- 
tion of the quantization axis). 

The agreement obtained between the results (to within 
the indicated rotation) is not complete. The main difference 
arises in forward scattering, and is due to the differing inter- 
actions of the pump wave with the medium in these geom- 
etries. The Hamiltonians describing the interactions are for- 
mally identical, but the expansion of the initial wave into a 
components has a different physical import. In the Faraday 
geometry these are left- and right-hand circularly polarized 
waves, while in the Voigt geometry they are linearly polar- 
ized waves. Their effect on the atoms is the same, however: 
they excite a transitions of the atoms in like manner. Only 
the spatial orientations of the dipoles are different. The 
agreement between the scattering results is therefore under- 
standable. 

We now consider forward scattering. In Ref. 10 it is 
shown that in the Faraday geometry, correlation functions 

FIG. 5. N, as a function of 0. for Vl  y=O.l, A,,=O, and cvOL= 100. Curve + + 
I was constructed in the oresence of a ohase mismatch A k  given bv Eo. (acrka,,ri) and ( a u k a d k )  arise, which to four- ., . . 
(2 I), and curve 2 was constructed for A k =  0. wave mixing in the forward direction: 
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Four-wave mixing can be implemented for photons with ei- 
ther the same or different polarizations, and the process is 
nondegenerate: 2oL= o+ 6, where o and 6 are the fre- 
quencies of photons with wave vectors k, and c,, respec- 
tively. The dynamics of the scattered radiation is described 
by the system of equations (18) in Ref. 10. These equations 
also describe forward scattering in the Voigt geometry, but 
the sense of the operators a, (a:) is different. Whereas in 
the Faraday geometry they describe annihilation (creation) of 
circularly polarized photons-left- or right-hand 
polarization-in the Voigt geometry they describe only linear 
polarization identical with the polarization of the pump 
wave, and they differ only in their interactions with the 
atomic transitions. In the latter case, no scattered radiation 
polarized orthogonally with respect to the polarization of the 
pump wave appears in the forward direction [see Eq. (6)], 
while in the Faraday geometry it does arise and is described 
by Eq. (2). We call it the Hanle signal sCha N, in the forward 
direction. Then the total signal is 

where S: comes from the change in polarization properties 
of the pump wave as it passes through the medium. This 
change arises for two reasons: the well-known rotation of the 
polarization plane resulting from the differing dispersion of 
left- and right-hand polarized waves, and the differing ab- 
sorption of these waves. Since sf ;ml ,= I E +  - E-I2, it fol- 
lows from Maxwell's equations for the slowly varying am- 
plitudes that 

where 9, m i(,uo+p+o-po-p-o). In the optically thin 
case, E+-E- cc .Px. Then 

Comparing this with Eq. (16) for &:, we note that the 
basic dependences (on the magnetic field strength, the pump 
power, and the pump offset from resonance) are the same. 
The quantity was investigated in Ref. 7. We point out 
that exactly at resonance (AL=O), the left- and right-hand 
sf; polarized waves are absorbed identically, and 

where cp is the angle by which the plane of polarization is 
rotated. This has been investigated in the strong-field case." 

We also note that the scattering of an intense ( V 2  y) 
pump in an optically thick medium is likely to produce a 
spectral-angular instability of the pump wave. This instabil- 
ity is accompanied by the generation of conical radiation 
(reviewed in Ref. 13), and is described by Eqs. (18) in Ref. 
10. 

Finally, we mention that for the (axisymmetric) Faraday 
geometry, the polarization vector of the pump wave can be 

arbitrarily oriented in the xy plane with axes fixed . More- 
over, the foregoing description holds for an arbitrarily polar- 
ized pump, i.e., it may be that I E + /  = I E -  I .  In contrast, the 
Voigt geometry does not possess this symmetry, and the cor- 
responding results hold only for the situation displayed in 
Fig. 1. If, however, the pump wave is polarized at some 
angle to the y axis, then our description will no longer be 
correct, since the field will then have a nonvanishing z com- 
ponent that will induce .rr transitions. The description of the 
structure of the scattered radiation will also change: in addi- 
tion to the operators a,, we also have operators a,, along 
with the corresponding correlation functions (a  :a ,), 
(a,'.,), a d  (a:a,). 

5. CHARACTERISTICS OF THE HANLE EFFECT FOR THE 
J=1+ J = O  TRANSITION 

The approach developed in Refs. 7,8, and 10 to describe 
the resonance scattering of a monochromatic wave is a gen- 
eral approach when viewed in terms of the structure of the 
scattered radiation. Actual results depend on the form of the 
A and B coefficients, which are determined by the properties 
of the medium. In both the present work and in Refs. 7, 8, 
and 10, an interaction with the J = O + J =  1 transition was 
investigated, involving a V-type interaction between the ra- 
diation and atoms. 

To extend these results to resonant scattering of a wave 
involving transitions with arbitrary angular momentum in the 
upper and lower states, it is of interest to investigate the 
A-type configuration pertinent to the J= 1 +J= 0 transition. 
Our analysis of the scattering of a monochromatic wave in 
this transition (the computational details will be published in 
a forthcoming paper) shows that the characteristics of the 
scattered radiation are substantially different from the results 
obtained for the J= O-t  J= 1 transition. This has primarily to 
do with spontaneous sources for the correlation functions 
(a:a,t), which describe interference processes: 

where poo is the population of the upper state (with J=O). 
These expressions differ from the expressions (9) for the 
J = 0 -t J = 1 transition. The condition (27) shows that there 
are no interference effects (for example, level crossing with 
R = 0) in the total intensity of the scattered radiation for an 
optically thick medium with a J = 1 t J  = 0 working transi- 
tion, since quantum mechanics tells us that processes with 
the same final states interfere with one another. For example, 
in a J = 0--t J = 1 transition, the scattered a waves transfer an 
atom into a single lower state with m,=O, whereas for a 
J = 1 -+ J = 0 transition, they transfer an atom into different 
states with m,= + 1. In an optically thick medium, the spec- 
tra of the scattered radiation are altered by stimulated pro- 
cesses. It should therefore be expected that the total (inte- 
grated) contribution of interference terms to the Hanle signal 
for the J= 1 + J = O  transition will be nonvanishing. 
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The Hanle effect for the J = 1 -+ J = 0 transition can be 
investigated experimentally in the case of laser light scatter- 
ing by the excited states of inert-gas atoms. The scattering of 
laser radiation by the excited states of neon was recently 
studied experimentally in Ref. 5 for this transition in the 
Faraday geometry. The investigation was performed for ex- 
act resonance between the incident wave and the transition 
frequency and for relatively low (nonsaturating) values of 
the intensity, and it focused mainly on the orthogonally po- 
larized radiation scattered in the direction of propagation of 
the pump wave. A halo, reminiscent of the well-known coni- 
cal radiation, was detected around the main beam in the 
transverse distribution of the scattered radiation.I3 The 
strength of the magnetic field was such that the Zeeman 
splitting was greater than the linewidth. 

It follows from the investigation in Sec. 4 of the present 
paper that the experimentally recorded signal will be deter- 
mined by the expression (23). In an optically thin medium, 
which corresponds to the conditions of the experiment being 
discussed, the signal will be determined by sf; . The contri- 
bution of sch will be small in this case, since it is determined 
by the fluorescence within a small solid angle. This is sup- 
ported by the fact that in the present case, no displaced Zee- 
man components were observed experimentally in the total 
signal. The signal sf; due to exact resonance between the 
pump wave and the transition frequency will be determined 
by (26). To explain the experimental results, Junger et ~ 1 . ~  
employ a similar expression that takes account of thermal 
motion of the atoms and the transverse Gaussian intensity 
distribution of the pump wave. The theoretical calculations 
agree well with the experimental data. We assume that this is 
a faithful model that can be used to interpret the experimen- 
tal results. 

In comparing the ring-shaped structure obtained in their 
experiments with the conical radiation,I3 however, Junger 
et al. point out that conical radiation was usually generated 
in very strong fields, while their experiment involved weak 
fields. They conclude that the difference between these phe- 
nomena is basically due to the different degree of nonlinear- 
ity in the corresponding processes. We believe that this is not 
entirely correct, since these phenomena correspond to differ- 
ent physical processes: the formation of the ring-shaped 
structure of the scattered radiation in Ref. 5 is associated 
with the rotation of the polarization plane of the pump wave 
(taking into consideration its nonuniformity over the cross 

section of the beam), and is described by the quantity S; in 
Eq. (23), while the conical radiation is determined by the 
parametric amplification and four-wave mixing of fluores- 
cence photons'4 and is described by the quantity sch in Eq. 
(23). Noted that Cherenkov radiation can influence the initial 
development of spectral-angular instability of the laser wave 
in a resonant medium,I5 but the developed stage of this in- 
stability, which, in general, determines the conical radiation, 
is mainly due to parametric and four-wave processes. We 
also point out that according to the theory of resonant four- 
wave m i ~ i n ~ , ' ~ . ' ~  instability of nonsaturating fields can also 
be observed. 

In summary, the decisive role of sf; in the formation of 
the signal investigated in Ref. 5 is associated with the small 
optical depth of the medium ( a o L 9  1). As aoL increases, 
the contribution of sflh increases, and sf; can even vanish, 
which is equivalent to rotation of the polarization plane by 
2 rm, where m is an integer. 
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