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INTRODUCTION

To observe magnetooptical effects such as quantum
beats, the Hanle effect, level crossings, etc. one must
have an artificially prepared medium in which there is
an initial population difference or definite phase rela-
tionships between the Zeeman sublevels.' The relaxa-
tion of this initial nonequilibrium condition manifests it-
self in the observed resonances. A real medium that
has not been specially prepared is a thermal ensemble
of moving atoms. Such asystem is statistical in nature
and all its parameters fluctuate. In this paper we con-
sider the fluctuations of the elements Py, of the atomic
density matrix (1 and 1’ label the Zeeman sublevels
of the ground state). We may hope that an appropriate
measuring procedure will reveal resonances due to re-
laxation of the random population differences and Hert-
zian coherences between the Zeeman sublevels. Such
relaxation is directly related to the thermal-fluctuation
spectrum of the medium, and it is natural to expect it
to manifest itself in the noise spectrum of radiation that
has passed through the medium.

Aleksandrov and Mamyrin® have observed a resonance
associated with fluctuations of the total population of a
level. In a paper published in the present issue of the
Journal,® Aleksandrov and Zapasskii report observation
of magnetic resonances associated exclusively with pa-
rameters differing randomly from zero. Sodium vapor
was chosen as the test material in that study, the vapor
being traversed by plane polarized light from a dye las-
er at a frequency for which the vapor is transparent.
The measuring system recorded random rotations of the
polarization plane (random circular birefringence).

The effect was recorded so reliably that the authors
could speak of the birth of a new specific method for
magnetic resonance research.

Before undertaking their experiment, Aleksandrov
and Zapasski{ made a qualitative estimate of the mag-
nitude of the effect to be expected (see Ref. 3) and ob-
tained quite encouraging results. At the same time, it
is known from results of other studies*:® that only pre-
dictions based on quantum electrodynamics (QED) can
be regarded as entirely reliable in studies of radiation
noise. That is one of the reasons why we undertook the
calculations presented here. The agreement of our re-
sults with the qualitative estimates served as an ad-
ditional reason for undertaking the new experiment.?

Let us discuss a possible mechanism for the appear-
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ance of resonances in the noise spectrum of light that
has traversed the medium. An effect may be expected
from correlations between two events in which light is
scattered by the same atom.!’ In probing in the trans-
parent region, when an atom is excited virtually to the
upper level, its state after the first scattering event for
a specified polarization of the light is unambiguously
related to the initial state, so that the two scattering
events are correlated. This effect has an essentially
classical nature and is related to the excitation of a di-
pole at an optical frequency. The situation in an ab-
sorption band is more complicated. Here it is neces-
sary in principle to take into account the real excita-
tion of an atom to the upper level followed by spontan-
eous emission, and in this case the atom may partially
or completely “forget” its initial state (the loss of
memory will be complete, for example, if the upper
level has zero angular momentum).

Additional terms in the noise spectrum must depend
on the angle throughout which the spontaneous emission
is collected. We shall assume this angle to be small
(in Ref. 3, for example, it was of the order of 10~°~
107°) and shall neglect corrections necessitated by re-
emission (see the Appendix). The effect we are inter-
ested in thereby becomes the same, in principle, both
in the transparent region and in the absorption band.
Qualitatively, of course, the results will be different.
We note that in practice, the difference between the ab-
sorption and the transparent region is associated pri-
marily with the fact that an intense light source cannot
be used in the absorption band since nonlinear effects
that we do not take into account could substantially alter
the results.

THEORY

Here we present detailed calculations of the noise
spectrum of polarized radiation that has passed through
a gaseous medium; the calculations will be carried
through for two cases: 1) the medium is transparent
to the incident radiation (the spectrum of the radiation
is concentrated in the Lorentz wing of the absorption
band), and 2) the incident radiation falls in the absorp-
tion band (the spectrum of the incident radiation is
symmetric with respect to the absorption band). The
following assumption will be essential in both cases:
all the characteristic frequency intervals of the prob-
lem (relaxation constants, Zeeman splittings, the Dop-
pler width, the reciprocal of the characteristic time
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for an atom to pass through'the beam) are small as
compared with the large parameter—the frequency dif-
ference between the spectrum of the incident radiation
and the absorption band for case 1, and the spectral
width of the incident radiation for case 2. In carrying
through the calculations we shall use a two-level model
of the atom with arbitrary angular momenta j and j, for
the lower and upper states and shall ignore the fine and
hyperfine structures.

As was noted in the Introduction, our calculations
must be consistently based on quantum electrodynamics
(QED). The QED calculation is presented in the Appen-
dix. One of its consequences turns out to be that a
simple semiclassical model, which we shall now de-
scribe, is adequate. We express the single-atom stat-
istical tensor P, in the form

00 (R, 1) =<p." (R, 1) > +8p*(R, 1), (1

i.e., as the sum of the average and the random part.
For a gas in equilibrium

o> = ﬁ Buabdas,
where 7 is the equilibrium atomic density. We shall
use the polarization-moment representation® from the
very beginning. The quantity 6pJ is the fluctuation of
the number of atoms in the ground state. The fluctua-
tions bpf,' a1 and Opﬁ, +1,42 We shall call the random orien-
tation and the random alignment. Our problem will
be, in particular, to determine what types of fluctua-
tions contribute to the noise spectrum in various situa-
tions.

Let light with polarization e, (the unit polarization
vector of the light) be incident on the medium. The
fluctuations 8p of the medium lead, generally speaking,
to fluctuations of the total power and polarization of the
transmitted light. If a polarization e, (the recorded unit
polarization vector) is singled out, the instantaneous
power of the recorded light will acquire a noise compon-
ent:

I(x, t)=<I(x)>+8I(x,1). (2)

The spectrum of the photocurrent is proportional to the
Fourier transform of the quantity

G(-r)ﬂjd’xd‘x’ A (x, ) (X', t+1)d = (_[ d*x <1(x)>)z
+ _[ dxdx’ <81 (x,t)81(x’, t+1)>. (3)

Here the integration is taken over the photocathode sur-
face.

The relation between the fluctuations 67 and 6p can be
obtained by solving the classical problem of the pas-
sage of a plane wave through a thin layer of a medium
having a spatially nonuniform dielectric tensor of the
form

ea=e6,+08eq.

Here ¢ ©’ is the average complex dielectric constant and
0¢, is the instantaneous random anisotropy of the med-
ium, which is linearly related to the fluctuations 6p

(see the Appendix for more details).

As a result, we obtain the following relation:
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fd’x 8I(x,t)= —2Re 2‘ (de®)yn(der”) m

- L(R,) @

Xe"e, (—1)(T-g")uu _‘.dJRép:(R' 1) Idk m ’
—

Here T, is an irreducible tensor operator,' V is the
volume of the cell containing the gas under study, %, is
the resonant frequency of the atomic transition, vy is
the homogeneous width of the luminescence line at the
transition, I, is the average spectral power of the ra-
diation, which is related to the complete integral

2D = j'dkl.,

d is the operator for the dipole moment of the atom, and
the subscript m labels the Zeeman sublevels of the up-
per level.

In deriving (4) we took into account only single scat-
tering from inhomogeneities but did not make use of the
approximation of an optically thin layer for the passage
of the field through the medium; the quantity I, in the
integrand is therefore taken at the point R;, which is the
projection in the direction of the beam of the point R
in the medium onto the photodetector. In addition, in
deriving (4) we neglected the static dichroism and bire-
fringence, as is quite permissible in the case of a gas.

By substituting (4) into (3), we express the noise
spectrum of the radiation that has traversed the med-
ium in terms of the thermal-fluctuation spectrum of the
medium, which is precisely the Fourier spectrum of
the correlator (0p;'R,#)6p(R’,¢+ 7)). To calculate this
we must make certain assumptions concerning the dy-
namics of the fluctuations in the medium. This is fair-
ly simple for an experimental situation such as was
used in Ref. 2, which Kozlov® has discussed theoretical-
ly and in which only the fluctuations in the total popula-
tion of the level were important. In our case this ex-
pression arises automatically in the consistent QED
calculation presented in the Appendix:

Opg* (R, £) Opae (R+r, t47)> =(—1)% 6By’

(2x+1)n rr
e (g~ el ). )

Here 0,=UI|7|, U is the most probable thermal velocity
of the atoms, & is the Zeeman splitting of the level,
and the ¥, are relaxation constants that arise as a re-
sult of collisions with buffer-gas atoms (and as a result
of spontaneous decay if the lower level is not the ground
state).

Expression (5) is valid for a classical gas in the weak-
isotropic-collision approximation. In deriving it, the
diameter of the beam was assumed to be small com-
pared with the mean free path, and this means, in par-
ticular, that it must be small compared with the diam-
eter of the cell. In experiments with alkali metal vap-
ors (Refs. 1 and 3, for example) even a small admixture
of a buffer gas resulted in the mean free path becoming
small compared with the diameter of the beam. In this
case we shall assume that the correlator (6pdp) satisfies
the diffusion equation (7>0)

9 o* v
(,— + 1 +iQq — 2——) <Bp* (R, t)8pg (R+r,t+7)> =0, (6)
dt a* or*

in which allowance is made for the possibility of relaxa-
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tion. This equation is valid for times that are long
compared with the mean time 7, between collisions.
Formula (5) is valid when 7« 7,, and it should be used
as the initial condition in solving Eq. (6). If the mean
free path is short compared with the beam diameter,
the solution of Eq. (6) is represented by the same func-
tion (5), but with 0,=al71'/2/2. It is also applicable
only if the diameter of the beam is small compared with
that of the cell.

The rest of the calculation was carried through using
only standard assumptions. As a result, we obtain

60 _ gy g —2
1, ! no*+28
RS Qg exp(—l1l
XZ{ i } 2 (o, €,) cos Qqt exp (—Yxltl). ()]
x=0 g=—x

Here

I,= jdzx A (x)>

is the total average light power at the photodetector with
allowance for absorption in the medium. We assumed
a Gaussian intensity distribution in the beam cross sec-
tion and defined the effective area S of the cross sec-
tion by the relation I,=S{(0)), where {I(0)) is the inten-
sity at the center of the beam. The parameter § dif-
fers, depending on whether the frequency of the incid-
ent light lies in the transparent region or in the ab-
sorption band. For the transparent region £ = A®N™/2,
i.e., it is the product of the total average phase ad-
vance in the medium by the relative fluctuation of the
number of particles in the beam [A® =k, (n,~ 1)L, N
=nSL, n, is the refractive index, and L is the thick-
ness of the layer]. For the absorption band,
=BLN™/? i.e., it is the product of the total absorption
in the medium by the relative particle-number fluctua-
tion

1

ﬂ_.Z:rtA(o j ak B
where B, is the spectral absorption coefficient per unit
length and Aw is the spectral width of the radiation.

The dependence on the polarizations of the incident and
recorded radiations, as well as the dependence on the
direction of the magnetic field, is included in the quan-
tity

N
. *q " g . V% o’
2% (e, €)= ' €€, E Ciuweo™e, +es'e, E Cy wete, | . (8)
[ '

The ambiguous sign is to be taken as negative for prob-
ing in the transparent region and positive for probing
in the absorption band. The components of e, and e,
should be given in a coordinate system with the Z axis
parallel to the magnetic field; the C;,,, are Clebsch-
Gordon coefficients, and {. . . } is the 6j symbol.

Some useful characteristics of the noise spectrum fol-
low from the identities

A (eoy ey) =71 (eoy er) ‘=qu(er eo) =27 (eo'y er') . (9)

DISCUSSION

In the general case, when the polarizations and the
magnetic-field direction are arbitrary, the noise spec-
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trum has three components: a zero-frequency com-
ponent, and components at frequencies 2 and 2§2. The
level-population fluctuations (*=0) have an effect only
when probing in the absorption band (Z°°=0 in the trans-
parent region) and contribute to the line at zero fre-
quency. The random orientation (%=1) contributes at
frequencies 0 and £, and the random alignment (»x =2)
contributes at frequencies 0, £, and 22. The frequen-
cy dependence of the contributions is given by the for-
mula

qxq(m)=j cos gt exp (—y.ltl+iot)dr. (10)

no2+2S

The line shape depends on the intensity distribution in
the beam cross section; formula (10) is for a Gaussian
distribution. If the mean free path is long as compared
with the beam diameter, we have o, =U 7|, and (10) be-
comes the convolution of a Lorentz contour of width y
and an exponential with the argument (2S/7)'/2/U. For
the diffusion variant the line shape is even more com-
plicated.

Let us consider a few specific situations in which the
shape of the spectrum turns out to be relatively simple.
We shall assume the static magnetic field to be either
longitudinal or transverse. The incident radiation will
be always assumed to be linearly polarized. In the case
of a transverse magnetic field, the polarization vector
makes the angle ¢, with the magnetic field vector.
Either linear or circular polarization may be record-
ed. When linear polarization is recorded in the case of
a transverse magnetic field, the recorded polarization
vector makes the angle ¢, with the magnetic field vec-
tor. In the case of a longitudinal magnetic field the
angles ¢, and ¢, are reckoned from an arbitrary direc-
tion. In the transparent region these two variants have
obvious meanings: recording linear polarization corre-
sponds to recording random rotations of the polariza-
tion plane (random circular birefringence), while re-
cording circular polarization corresponds to random el-
lipticity (random linear birefringence). In the absorp-
tion band the situation is more complicated. In this
case one cannot associate a definite type of random
dichroism with the recording of linear or circular po-
larizations since here the dichroism is inseparable from
the fluctuations of the total absorption of the medium for
polarized light (see below).

Below we present the nonvanishing coefficients Z*@ for
all the experimental variants listed above. We note that
the identities (9) permit us to extend the results to sev-
eral additional situations that arise when the polariza-
tions of the incident and recorded light are interchanged.
It follows from this that the result is independent of
whether we are dealing with right- or left-hand polar-
ized light.

In the transparent region with a transverse magnetic
field and recording linearly polarized light (the case
corresponding to the experiment of Ref. 3) we have

Z1=!/, sin® 2(po—q,).

For the same situation but recording ‘circularly polar-
ized light,
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Z"='/l sin® Z(Po. Z"='/& cos® 2(p.,, Z”='/u sin* 2@.,.

For the transparent region with a longitudinal field and
recording linearly polarized light,

Z"°='[, sin’® 2(@.—@,).

For the same situation but recording circularly polar-
ized light,

Zu=1/,

For the same four cases but in the absorption band, we
have: for a transverse field and linear polarization
(@o=0,=9),

Z°=‘(y, Z*='/s(1+3 cos 2¢)*,

Z¥=sin* 2¢, Z"=sin‘g;

for a transverse field and c¢ircular polarization,
Z"='l,, Z"='[,, Z*='/y(1—3 cos® @.)?
Z9='/,8in* 2q,, Z»='|.sin’q,;
for a longitudinal field and linear polarization,

Z"=']; cos* (‘po_(pr)y

2=/, cos* (@.—9r), Z*=coS’ (—@;);

and for a longitudinal field and circular polarization,
Z00 =, /’,
Z20=I/l’ Z!2=l/“

Thus, in the transparent region, both in a longitudinal
magnetic field and in a transverse one, the random
rotations of the polarization plane are due to orienta-
tion fluctuations, while the random ellipticity is due
to alignment fluctuations. Population fluctuations do not
manifest themselves in the transparent region since
they do not alter the initial polarization of the light. In
the absorption band, the noise spectrum arises both
from population fluctuations (»=1,2). The first are
the least interesting since they have already been in-
vestigated®®; moreover, they always contribute at zero
frequency, and this is the more difficult region to ob-
serve. When linear polarizarion is recorded, the noise
spectrum contains contributions not only from the pop-
ulation fluctuations, but also from alignment fluctua-
tions, and when circular polarization is recorded, it
contains contributions from orientation fluctuations,
too.

In the absorption band one can observe fluctuations in
the total absorption of the medium. This corresponds
to an experimental setup in which the light incident on
the medium is polarized but the total intensity of the
transmitted light is recorded. It can be shown that the
spectrum is then still described by Eq. (7), but with
Z*(e,, €,) in place of Z*(ey,e,}, i.e., an experiment for
recording fluctuations of the total absorption turns out
to be equivalent to an experiment in which the polariza-~
tions e, and e, are identical. This is not accidental.

It is not difficult to see that when e,=e, the part of the
power fluctuations associated with changes in the polar-
ization corresponds to double (and multiple) scattering
by the inhomogeneities of the medium and therefore
vanishes in our approximations. This is most clearly
evident when e ,=e, and both represent linear polariza-
tion. It is evident from simple trigonometric consid-
erations that in this case the intensity fluctuations &/
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are proportional to (§¢)?, where 8¢ is the instantaneous
value of the rotation angle of the polarization plane and
is linearly related to the instantaneous inhomogeneity
8p of the medium. Thus, to {(5I)%) the polarization fluc-
tuations contribute a term of the order of {(6p)*), and
this corresponds to taking double scattering into ac-
count. [We recall that in the calculation we retained
only terms of the order of (6p)3].

It can also be shown that an experiment in which the
incident light is unpolarized but light with a definite
polarization e, is recorded corresponds to Eq. (7) with
the substitution

Zw(euv e’)‘—bzw(e’, er) ,

i.e., the feature of interchanging the polarization con-
ditions of the incident and recorded radiations turns out
to be valid even in this case.

In concluding, we note that the results of the experi-
ment reported in Ref. 3 can be regarded from the fol-
lowing point of view. The content of the fluctuation-
dissipation theorem” amounts to the statement that the
dynamics of the relaxation of a system from an ar-
tificially produced initial state is identical with the dy-
namics of fluctuations in that system. Thus, the work
of Aleksandrov with Zapasskif3 can be regarded as ex-
perimental confirmation of this theorem.

The authors thank E. B, Aleksandrov and V. F. Zap-
asskii for valuable cooperation in the course of the
work and for making their experimental results avail~
able to us.

APPENDIX

In quantum theory, the informative part of the photo-
current spectrum is given by the formula®

(A.1)

The following is a convenient classification of all the
possible beats given by this formula in the approxima-
tion of an optically thin layer®: beats of the incident ra-
diation with the spontaneous and induced emission of
the medium, beats of the induced emission with the in-
duced emission, beats of the spontaneous emission with
the induced emission, and beats of the spontaneous
emission with the spontaneous emission, In this ter-
minology the principal beats turn out to be those of the
induced emission with the induced emission, for those
are the ones that produce the structure in the noise
spectrum discussed in the main text. The other beats
are either small as compared with these or are unin-
formative. Thus, the beats of the incident radiation
with the induced emission produce a structure in the
noise spectrum only in higher orders in the intensity of
the incident radiation, and in accordance with the con-
ditions of the problem we treat that intensity as a small
parameter. The beats of the incident radiation with the
spontaneous emission® yield a structure whose charac-
teristic width is determined by the lifetime of the ex-
cited state of the atom. In our problem we treat the
absorbing state of the atom as the ground state, i.e.,
its lifetime is long as compared with that of the ex-
cited state. Under such conditions the beats of the in-

G(1)= jdzx ax’(Et(x,t)Et (x’, t+1) E(x’, t+1)E(x,t)>, v>0.
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cident radiation with the spontaneous emission produce
an essentially uninteresting background for the main
spectrum, whose width is determined by the lifetime of
the lower level.

The beats of the induced emission with the spontan-
eous emission (or of the spontaneous emission with it-
self) are small, as compared with the principal beats,
of the order of the solid angle (or its square) through-
out which the spontaneous emission is collected (the ac-
ceptance solid angle of the photodetector); moreover, a
direct calculation shows that the spectral composition
of these beats is roughly the same as that of the prin-
cipal beats (except for differences in the relative inten-
sities of the lines). We shall assume the acceptance
solid angle of the photodetector to be small and shall
therefore reject all beats involving spontaneous emis-
sion.

For the calculation we shall use the graphical tech-
nique of Ref. 10. We shall require the spectral width
Aw of the incident radiation to be large as compared
with all the characteristic spectral widths of the prob-
lem (Zeeman splitting of the levels, relaxation con-
stants, the reciprocal of the characteristic time for an
atom to pass through the beam), except, possibly, the
Doppler width U and the frequency difference 4. Then,
neglecting collisions, the informative part of the noise
spectrum corresponds to the following diagrams:

G(t)—Go(T)

JL—

(A.2)

Here G, is the value of G in the absence of the medium;
it specifies the noise spectrum of the incident radia-
tion. The full lines in (A.2) represent atomic propaga-
tors, and the wavy lines, photon propagators. The
short arrows directed into and out from the graphs cor-
respond to the analytic signal of the incident light and its
complex conjugate. The open circles represent argu-
ments of the integrand in (A. 1), i.e., points on the
photocathode; it is understood that they are to be in-
tegrated over. In the final analysis, the diagrams must
be averaged over the statistics of the incident light.

We are required to establish a correspondence be-
tween the semiclassical treatment given in the main
text and the expressions presented here. To do this
we rewrite the expression corresponding to the diag-
rams (A.2) in the form

8<I(t,p)>
6p(1,2)

6<I(t+r,p)>
sp(1,2")
(A.3)

G(1) = Go(t)= jd1d2d1'd2' 0(1,2:17,2)

Here

2’

!
Sl 9l
arn 2;1,2) = , p

one line being regular and the other irregular

Ut p) = § + 2Re ?Qf
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(A.4)

is the average intensity of the transmitted light regard-
ed as a functional of the irregular line, and
p(1,2) =" (1)¥(2)?,
1={Ry, t;, i}, 2={Ry, 1, po}.

The variation with respect to p must be carried
through with allowance for all possible states—not only
the symmetric ones. The following expression can be
obtained for the variation &6{):

L(R.)

8 (2, p)d= e _ LR
(&) Fotvk—ktiy

(2 ), faxavar

XY, (de) s (dey)um(er'e,) Spuru (R 2, V) e,
where v and M are the velocity and mass of an atom
and 6p,+ (R, ¢,v)=M*f d®r e*#V* 5p(1,2) [in which 1
={R,,t,u}, 2 ={R,, ¢, 1'}, and the integration is taken
over r=R, - R, and R= (R, +R,)/2] is the variation of
the density matrix with respect to the Zeeman sublevels
for atoms with the specified momentum p=»Mv and
coordinate R at the time £. All the other notation is the
same as in Eq. (4). The fact that the intensity is taken
at the photocathode itself and not at an arbitrary cross
section of the beam results from allowing for absorp-
tion by the medium (see below). Expression (A.4) cor-
responds to classical forward scattering by a thin layer
of a medium having a tensor dielectric constant deter-
mined by the subdiagram

<=

This can be shown in essentially the same way as Zubar-
ev’ showed it for an isotropic medium. Expression
(A.5) reduces to Eq. (4) if one can neglect k+v as com-
pared with the frequency difference or the spectral width
of the incident radiation, as we did in the main text.

(A.5)

It is now obvious that for complete correspondence
between the quantum and semiclassical calculations it is
sufficient to introduce the formula

< Bpua (R, 2, V) 8ppr (R7, 27, ¥) )=M"[ drd’r’ e +v'1Q(4,2;17,2").
(A.6)

The digits 1 and 2 have the same meaning here as in
(A.4), and 1’ and 2’ represent analogous sets of primed
variables. We can go over to the main text according
to the formula

<8p (R, t)6p(R',t’))=jd‘vd’v’(ﬁp(R,t,v)&p(R', v
Up to now we have completely neglected collisions in

all the calculations. In this case, when k/MU«< 1 (the
condition for classical motion of the atoms) we have

<6p,‘(it,t,v>6pq'*'(R’, £,) )= (—1) Bua 8- (27) 6 (V—V')

—v(t'—t))———— Gxt1)n D@ (v)exp(—iQq(t'—t)),

X8 (R'—
( (2j+1)*

) (A.7)
vl
D(’)(v)=mexp(—-07), apw=;(—1)«6p;(T_..~)u-u 11,

(Ref. 1), which simply corresponds to the transport of
an atom with velocity v from one point to another in the
time ¢ —¢’.

In the approximation of weak isotropic collisions, it
is sufficient to multiply (A.7) by exp(-y, l¢=¢'l). By
convolution of the resulting expression with respect to
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the initial and final velocities, we reach formula (5) of
the main text for the “straight-through” case with o,
=Ul7l. Inthe “diffusion” case we shall assume that
the atom “forgets” its initial momentum after N col-
lisions and that the time N7,, where 7, is the charac-
teristic time between collisions, is small as compared
with the characteristic dwell time of the atom in the
beam. Then the Brownian motion of the atom must ob-
viously be independent of the initial and final momenta.
The desired correlator is obtained by multiplying (5)
with 0, =a I71'/2/2 by D®Xv)D®)(v’).

The rest of the calculations are fairly simple. The
summations over indices are performed according to
formulas given in Ref. 11. R is not difficult to see that
in all cases the momentum and spatial integrations in
(A.3) can be separated. This is obvious for the diffus-
ion form of the correlator, but it is also true of the
“straight-through” form (A.7), since for a plane wave
the longitudinal component of the velocity of the atom,
which is responsible for the Doppler shift, is indepen-
dent of the transverse velocity components, which are
associated with the spatial correlations. It is also easy
to see that the spatial integration, which determines the
shape of the spectrum lines, is always the same, and
that it is independent of the spectral composition of the
incident radiation, but depends only on the intensity dis-
tribution in the cross section of the beam and on the ra-
tio of the diameter of the beam to the mean free path
{formula 9).

As we have already noted, the calculations can actual-
ly be carried through with allowance for real absorption
in the medium. Formally, this can be done by replacing
formula (A, 4) for I(¢, p) by the series

am=14 + ZR; (Ej + Ey’?j+)

It is essential that in this case the corresponding diag-
ram series for G(7) can be written in the form (A. 3).
Expression (A.5) has actually been calculated, starting
from expression (A, 8), for a plane wave. We neglected

(A.8)
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the static birefringence and dichroism in that calcula-
tion. This is quite permissible for a gas.

UThe situation considered here differs in principle from the
case of the noise spectrum of spontaneous emission,“ where
two different photons are necessarily emitted by different
atoms.
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