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The statistical properties of radiation passing through a nonequilibrium gaseous medium in the 
transparency band are considered. It is observed that the photocurrent noise spectrum is 
dispersive in the vicinity of the frequencies w, and 2w, (w, is the Zeeman-splitting frequency), 
and the shot noise is partially suppressed. The dependence of sub-Poisson-statistics effects on the 
geometry of the experiment is investigated and the possibility of recording these effects is 
discussed. 

1. INTRODUCTION 

The fluctuation properties of radiation are known to be 
greatly altered by interaction with nonlinear optical me- 
dia.'.' In particular, four-wave processes that affect the sta- 
tistical properties of radiation can be observed in gaseous 
media. The reported experimental and theoretical re- 

in this branch of spectroscopy fluctuations deals 
mainly with media in which the internal states of the parti- 
cles are in thermodynamic equilibrium. For magnetic fields 
with a Zeeman-splitting energy k, much lower than the 
temperature T, this corresponds, under ordinary laboratory 
conditions, to magnetic sublevels with equal atomic popula- 
tions. 

Yet in interactions between radiation and a gas medium 
with particles whose internal states are not in equilibrium, it 
is natural to expect the variation of the noise spectrum to be 
more substantial than under equilibrium conditions. A 
strongly nonuniform population of the Zeeman levels by 
atoms, which produces in a gas nonzero average polarization 
moments (PM)  of the density matrix of the atomic ground 
state, can be achieved, for example in atoms with long polar- 
ization-relaxation times, by optical pumping. It was pointed 
out earlier"' that intensity-fluctuation spectroscopy meth- 
ods can be used in this case to record average PM of high 
rank. It was shown that the photocurrent correlator is deter- 
mined not only by symmetric correlators (averaged anti- 
commutator) of the PM fluctuations of the Wigner density 
matrix, but also by antisymmetric (averaged anticommuta- 
tor) ones. The contribution of the antisymmetric correlator 
is most substantial in an interaction between radiation and a 
nonequilibrium gas in the transparency band. Since the non- 
commutativity of the density-matrix PM fluctuations is evi- 
dence that their evolution is basically quantum-mechanical, 
it is natural to expect that the transmitted radiation will ac- 
quire quantum-statistical properties, i.e., the photocurrent 
noise will become lower than the Poisson noise correspond- 
ing to the classical field in definite regions of the spectrum. 

tors of the current. The informative part of this 
anticommutator, which is due to fluctuations of the radi- 
ation parameters, is determined by the fourth-order correla- 
tion function of the electrom~gnetic field'.2.' ' . I2: 

x t i  T r  r 2 t 2  . ( 1) 

Here E :,* ' ( r, t, ) are the Heisenberg operators of the p,  th 
positive- and negative-frequency components of the electro- 
magnetic field at the space-time point r, t ,  , (E' * ' -e I " " ) ;  

Tand Tare  the time ordering and anti-ordering operators; e 
is the electron charge; w is the average frequency ofthe prob- 
ing radiation; is the quantum yield of the photodetector. 
Angle brackets denote averages over the nonequilibrium 
density operatorp, of the system. The integration is over the 
photocathode surface. 

It is convenient to express the positive- and negative- 
frequency component correlator in expression ( 1 ) in terms 
of a two-photon Green's function, 

for which there exists a standard diagram in the Keldysh 
technique13."; A (i) =A,.  , ( r ,  ti ) are the Heisenberg opera- 
tors of the vector-potential components. In the quasimon- 
ochromatic case the field correlator contained in ( 1 ) is ob- 
tained from the two-photon Green's function ( 2 )  by 
separating the corresponding frequency components and 
multiplying by (w/c14. 

The two-photon Green's function ( 2 )  in the case of 
Gaussian radiation interacting with a nonequilibrium gas 
medium was calculated in Ref. 10 in the approximation ofan 
optically thin layer. In the case of a classical electromagnetic 
field, with account taken of the finite optical thickness of the 
medium, a similar calculation leads to the following dia- 
grammatic expression: 

- 
In this paper we determine the quantum properties of the +, r--- --- ---. 
noise spectrum of radiation that probes a nonequilibrium gas 
medium in the transparency band. I,T r -?-I + 

2' - ---. z .--- -- 
2. CORRELATOR OF PHOTOCURRENTS PROBING THE 

+ - ;g- e A 

TRANSPARENCYBAND - L+Lx:2 - :* 
In the quantum theory of photodetection, the photocur- +-- --- --- ---a - + + - - rent-noise spectrum is defined in terms of the Fourier trans- 

form of the average anticommutator of the quantum opera- ( 3 )  

1145 Sov. Phys. JETP 68 (6), June 1989 0038-5646/89/061145-05$04.00 @ 1989 American Institute of Physics 1145 



The straight and wavy lines on these diagrams represent ex- 
act atomic and photonic advanced ( A )  and retarded ( R )  
Green's functions. The dashed lines represent exact classical 
fields at points in the medium and on the photocathode sur- 
face. It is assumed in the derivation of (3)  that there are no 
collisions in the interior of the beam. The probing light is 
assumed to be weak and not to affect the state of the atom. 
Equation (2 )  for the two-photon Green's function was 
therefore obtained in the lowest order in the field amplitude. 
No account was taken of the spontaneous emission, which 
we assume to be small because of the small gathering angle of 
this radiation. The classical fields contained in (3 ) ,  obtained 
at various space-time points by the Huygens principle, are 
expressed in terms of an incident-wave field specified on 
some wave surface. By using Eq. (3) ,  we can relate the elec- 
tromagnetic-field correlator in ( 1 ) to the analogous correla- 
tor of the incident radiation. 

The analytical interpretation of (3 )  depends substan- 
tially on the space group of the average PM of the density 
matrix of the atoms of the medium. The main difficulty is 
that the polarization of probing radiation propagating in an 
optically dense layer can vary, and in the general case the 
retarded Green's function of a photon in a polarized gas can- 
not be expressed in simple functional manner in terms of the 
atomic density matrix.14 We confine ourselves hereafter to 
the case when the radiation polarization remains constant 
and the influence of the finite optical thickness reduces es- 
sentially to attenuation of the radiation intensity. This as- 
sumption undoubtedly limits the number of conceivable ex- 
perimental situations. We shall show below, however, that 
even this approximation can yield important physical results 
that are absent when an equilibrium gas is probed. This ap- 
proximation can be realized in experiment, for example, by 
placing the gas in a magnetic field H, perpendicular to the 
radiation propagation direction. All the PM of the atoms of 
the medium are then directed along H,,. Assuming also that 
the atom density matrix has no alignment, a situation attain- 
able by a special optical pumping method, the radiation po- 
larization remains unchanged (see Ref. 14). 

The resultant final expression for the photocurrent cor- 
relator coincides in fact with the analogous expression for 
incident radiation having Gaussian statistics, a case consid- 
ered earlier in Ref. 10. The informative correlator of the 
transmitted-radiation photocurrents has for incident radi- 
ation with Gaussian statistics the same form as for radiation 
with Poisson statistics because the gas cell influences the 
noise spectrum in the region of low frequencies R: 
R -w,  4 T, where r is the width of the Gaussian-distribu- 
tion spectrum and determines also the width of the Gaussian 
increment to the photocurrent noise spectrum. In the calcu- 
lation that follows we shall assume that both classical and 
Gaussian statistics are possible for the probing radiation. 

We represent the photocurrent correlator in the form 

The first and second terms in the right-hand side of (4)  cor- 
respond to contributions of the symmetric and antisymme- 
tric correlators of the PM density-matrix fluctuations: 

The Heisenberg operator of the fluctuation of the xq-mo- 
ment of the atom Wigner density matrix is defined as 

P 

-p;q (PRt) , 

wherep?(P-Rt) are the PM density matrices of the atoms; j 
is the total electron angular momentum and n is its projec- 
tion; P is the momentum and R the coordinate of the atom; 
a,+ ( t )  and a ... ( t )  are the Heisenberg creation and annihil- 
ation operators of the atoms whose time evolution is deter- 
mined by the Hamiltonian of the atomic subsystem. We use 
thenotation" rI ,,,,, = [ ( 2 X +  1) (2Y+ 1 )  . . . I "~ .  

As shown in Ref. 10, in the case of probing in the ab- 
sorption band the main contribution to the sum (4)  is made 
by the first term. The qualitative form of the photocurrent 
noise spectrum is in this case the same as when an equilibri- 
um medium is probed. In the optical transparency region, 
the main contribution to the sum (4)  is made by the second 
term. The photocurrent correlator then takes the form: 

d3P,  d3P2 j j d m ,  dm ,  -- -- 
j J ( f n h ) '  ( 2 n l ) '  -- 2 n  2 n  {s;, ( o i p i Z ;  X I ~ , )  

  ere I KIQ1(mi, Ril ) is the spectral density of the polar- 
ization tensor of the radiation at the entrance to the cell, and 
is defined in a coordinate frame with z axis along the propa- 
gation direction, 

I~~~~ (mi ,  RiL) = - c ~2:' (E* (RiL)ln 
3 

where (E(R, ) 1, are the cyclic components of the complex 
field amplitude at the point whose coordinate in the plane 
perpendicular to the z axis is R,. In the case of Gaussian 
radiation the function ~ ~ ' ~ ' ( w , ,  R, ) is defined as the prod- 
uct of the polarization density matrix and the spectral inten- 
sity of the radiation. 

The antisymmetric density correlator in a coordinate 
frame with z' axis along the magnetic field, in the stationary 
spatially homogeneous state, takes the form 
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where f o ( P ,  ) is the Maxwell function, no is the density of the 
atoms, and m is the atom mass. Expression ( 9 )  corresponds 
to the limit of a strong magnetic field when 0 ~ 7 %  1, where 7 
is the average flight time. The antisymmetric density corre- 
lator in ( 7 )  is defined in a coordinate frame with z axis along 
the propagation direction, and is connected with the correla- 
tor ( 9 )  by the transformation 

where D :,, (a ,  p, y )  is the Wigner D function.15 The Euler 
angles a, 8, and y characterize the coordinate-frame rota- 
tion (x ,y , z )  -+ (x ' ,y l , z ' ) .  

The matrices SKQo0(wP,; xq )  and AKQo0(wP,; xq )  de- 
scribing the interaction of an atom with a light beam are 
particular cases of the general expressions (Al-A3) of Ref. 
10, and take the form 

i i x  
x"{ 11,, 1  1  i f  }, 

PKQOO (UP*; ~ q )  =ioN (a, P I )  6K,x6Q,-P (-I)j+j'+x-q 

i i x  x"{ n,, l i j f l  } 

Here k = w/c ,  d j j ,  is the reduced dipole-moment matrix ele- 
ment, j' is the total angular momentum of the excited state, 
P, is the component of the atom momentum along the wave 
vector k, y,, is the reciprocal lifetime of the excited state, and 
wj,, is the frequency of the atomic transition. 

The optical thickness l ( w )  is defined as 

where L is the cell length. 
If the deviation of the probing radiation from the reso- 

nance transition is substantially larger than either the homo- 
geneous or the inhomogeneous line broadening, the contri- 
bution of the symmetric density correlator discarded in ( 7 )  
is of order 

We emphasize once more that the symmetric density corre- 
lator can be neglected in principle only for a nonequilibrium 
medium. In an equilibrium gas, the antisymmetric density 
correlator, and accordingly the right-hand side of ( 7 ) ,  is 
zero. I '  

3. ANALYSIS OF POSSIBLE EXPERIMENTS 

Consider the experiment schematically illustrated in 
Fig. 1. The probing radiation passes through the polarizer P 
and through a gas cell with the active-atoms vapor and is 
incident on a photodetector. The magnetic field Ho is per- 
pendicular to the propagation direction. In the atomic sys- 
tem we assume all the PM, but not the density matrix, to be 
aligned (see Sec. 2) .  

If the probing radiation is linearly polarized at an angle 
a with the magnetic field, substitution of (9)-(12) in ( 7 )  
yields for the photocurrent correlator 

where J is the average photon-flux density in the incident 
radiation andp is the degree of linear polarization. The radi- 
ation-frequency detuning Aw = w - wj,, is assumed to ex- 
ceed greatly the line and the radiation-spectrum widths. The 
dependences of the cross sections u l ( w ,  P, ) and u" ( w ,  P, ) 
on the atom momentum can then be neglected. 

The functions a, ( r )  determine the time dependence of 
the photocurrent correlator and take the form 

The dimensionless function F ( R ,  ) characterizes the spa- 
tial distribution of the intensity in the beam cross section. 
Without calculating the integral ( 15) in detail, we note that 
in the Fourier representation the functions a, ( r )  corre- 
spond to dispersive profiles a, ( 0 )  whose centers are the 
resonance frequencies R,  = qw, ( q  = 1,2). 

A qualitative form of the photocurrent fluctuation 
spectrum (16i,, 1') with allowance for shot noise is shown in 

FIG. 1 .  Experimental setup for the observation of a radiation-fluctuation 
spectrum; K-gas cell, P-polarizer, D-photodetector, H,,-external 
magnetic field. 
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4. DISCUSSION AND ESTIMATES 

FIG. 2. Qualitative form of the photocurrent fluctuation spectrum in the 
case of p r o b i ~ g  in the transparency band; w,, is the Zeeman-splitting fre- 
quency and ei is the shot-noise level. 

Fig. 2. The width of the profiles corresponding to the infor- 
mative part of the photocurrent correlator is determined by 
the parameter T; where r, is the correlation time charac- 
terizing the damping of the function a, ( r ) .  In order of mag- 
nitude, T, is equal to the average collision time ? - a h ,  
where a is the beam diameter and E is the average thermal 
velocity. 

The appearance, in the photocurrent-noise spectrum, of 
regions in which the fluctuations become smaller than the 
Poisson level is evidence that the probing radiation has ac- 
quired quantum-statistical properties. In our problem the 
fluctuation spectrum depends strongly on the polarization 
properties of the radiation. If the polarization and magnetic- 
field directions coincide (p = 1, a = 0 )  the right-hand side 
of ( 14) vanishes. This is physically natural, for in a coordi- 
nate frame with z' axis along Ho the light interacts only with 
PM fluctuations having x = q' = 0. The spectrum of PM 
fluctuations with q' = 0 is centered at the zero frequency, in 
the vicinity of which the contribution of the antisymmetric 
density correlator is zero. 

For the photocurrent correlator we have in the case of 
circularly polarized radiation 

The Stokes parameter f, is indicative of the degree of circu- 
lar polarization. l 6  For circularly polarized radiation, quan- 
tum properties appear in the photocurrent noise spectrum 
even in the case of atoms with total angular momentum 
j = 1/2, in view of the orientation fluctuations. In this case 
alkali atoms constitute a suitable working medium for ex- 
periments, owing to their high saturated vapor density at 
room temperature. 

The photocurrent correlator for radiation of arbitrary 
polarization is obtained by adding to (14) a contribution 
proportional to f : in ( 16). Note that in these experimental 
situations the sign of the informative photocurrent correla- 
tor, together with the locations of the regions with less or 
more shot noise in Fig. 2, is determined by the sign of the 
projection of odd-rank PM on the magnetic field direction. 

Let us determine the order of magnitude of the observed 
quantum features in the photocurrent noise spectrum. We 
consider for simplicity atoms with j = j' = 1/2. The ampli- 
tude of the resonance at the frequency R ,  = wo relative to 
the shot-noise background is characterized by the dimen- 
sionless parameter 

Assuming [= f, = 1, 3-'12 (the maximum value), 
and I(w) = 1 we obtain 

where J , ,  is the photon flux density in the transmitted radi- 
ation, and 7 is the average photon-flux density in the cell. 
The quantity $ has the physical meaning of the average 
phase change of the wave function of an atom crossing the 
probing beam, and A =%" (w) describes the shift of the 
atomic energy level by the nonresonant field. Recognizing 
that we have neglected in the calculation the reaction of the 
radiation on the state of the medium, we must regard the 
parameter $, which is the upper bound of 7, as a small num- 
ber. 

Note that in the case $2 1 (recognizing that 
a' (a ) a "  ( w )  in the transparency band) the mean values of 
the PM of the density matrix of the atoms of the medium can 
remain unchanged when acted upon by the probing radi- 
ation. Indeed, the effects of optical pumping by a probing 
beam are characterized by a parameter w = %'(w)r, which 
can be small under these conditions. The same parameter 
corresponds to the relative contribution of the symmetric 
photocurrent correlator (see Eq. ( 4 )  ), which we have ne- 
glected in the calculation. Increasing $ up to 2 1 and main- 
taining w <  1, we can in principle increase the depth of the 
dip in the photocurrent noise spectrum. The growth of the 
dip depth is restricted mainly by the following effects: In the 
diagrammatic expansion (3) ,  the free-atom Green's func- 
tions in the ground state are replaced by Green's functions of 
atoms "dressed" by the external probing radiation. The 
phase of the Green's function corresponding to the return 
line (proportional to the occupation numbers of the atomic 
states), and the phase of the retarded Green's function that 
joins these space-time points, acquire different increments, 
since the atoms interact with radiation localized in space. 
Finally, at high radiation intensities such that $ 2  1, the 
growth of the informative photocurrent correlators satu- 
rates due to the appearance of additional oscillating factors 
that decrease the integrals over the vertices of the diagrams 
in (3) .  

We estimate now the real values of the physical param- 
eters at which 7 - $- 1. We take Na vapor to be the working 
substance. We choose the detuning Aw of the probing-radi- 
ation frequency from the resonant atomic frequency of the 
D l  line to be of the order of the absorption Doppler width 
r,. In this case ul (w)  - 10-14 cm2 and a " ( w )  -3.10p'2 
cm2. The optical thickness of a cell of length L - 1 cm 
reaches I- 1 at an atom density no- 1014 cm-'. The correla- 
tion time for probing by a beam of diameter a - 0.1 cm is of 
the order of r, - s. The mean free path of the atoms is 
A,- 1 cmBa.  The photon current density in the beam is 
J- ( a "  (w)r ,  ) - ' -3 .1016cmp2.sp1,  which corresponds to 
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a radiation intensity I- 10 mW cmP2. The estimated pa- 
rameters of the atom concentration and of the radiation in- 
tensity are perfectly attainable in experiment. 

We conclude by citing one more interpretation of our 
results, pointed out by I. V. Sokolov. Distinguished among 
the terms of the diagrammatic expansion ( 3 )  of the two- 
photon Green's function are some having as factors single- 
photon Green's functions connected with the fluctuation 
correlators of the quadrature components of the transmitted 
radiation. The sub-Poisson statistics of the photocurrent 
noise, observed in the present study, are a consequence of the 
transition of the electromagnetic field emerging from the gas 
cell into a squeezed state. The probing radiation then acts 
simultaneously as a pump wave in the four-wave process 
that ensures an inhomogeneous evolution of the quadrature 
components, and as a heterodyne wave. 
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