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Different variants are described of experiments in which one or two photodetectors are used to 
record the intensity fluctuation spectra of secondary emission by gas in the strong external elec- 
tromagnetic field of a standing wave. It is shown that, at saturation, the signals recorded in these 
experiments are very different because of the contributions made by different correlation pro- 
cesses. 

PACS numbers: 5 1.50. + v 

INTRODUCTION 

We shall consider the statistical properties of the radi- 
ation emitted by a gas by examining the average 

G(T) =<E+ (r,t,) E+ (r2t2) E (r2t,) E (r,t,) ), ~=t,-t,>O 

when the gas is placed in the field of a strong monochromatic 
standing wave. The quantity G (7) is the signal received when 
the experiment is performed within the framework of inten- 
sity fluctuation spectroscopy (IFS). This signal may be qual- 
itatively different from the signal received in traditional 
spectroscopy if the radiation noise is described by non-Gaus- 
sian statistics. The non-Gaussian effects originate in correla- 
tion processes that are different in different physical situa- 
tions. When the external field consists of only one traveling 
wave, there is only one correlation process1 of the form 
2kf+k, + k, in which two quanta of the original wave are 
transformed into two quanta of secondary emission. This 
process proceeds only in the direction of irradiation, and 
correlation occurs between the Fourier components of the 
secondary emission that are located symmetrically relative 
to the frequency of the original field (20f = w1 + 0,). In a 
standing wave (two traveling waves with wave vectors kf and 
k j  = - kf), there are, in addition to this process, two further 
possibilities: kf + k j t k ,  + k; (k; = - k,), k p k ,  and k; 
+k; (the corresponding phase-locking conditions are kf 
+ k j = k , + k ;  andkf-k;=k,-k;). 

In IFS, one can plan to observe the emission in such a 
way as to isolate particular correlation processes. We shall 
examine three variants of such experiments. In one of them 
(experiment I), we shall suppose that measurements are per- 
formed with a single photodetector facing the external beam 
along its path. The non-Gaussian component of the signal 
G,(r) is then exclusively due to the process 2kpk, + k,. In 
the second variant (experiment 11), measurements are per- 
formed with two photodetectors facing one another along 
the incident beam in which the non-Gaussian component of 
the signal GI, (7) is due to two correlation processes that are 
new in comparison with the case of a traveling wave. Finally, 
when the line of observation does not coincide with the line 
of illumination in the case of two photodetectors facing one 
another, the only important process is kf + k j t k ,  + k; (ex- 
periment 111). The figure illustrates all three variants of the 
experiment. 

A situation analogous to our problem was discussed in 
Ref. 2, in which G (T) was calculated within the framework of 
perturbation theory. We shall, in addition, consider satura- 
tion effects as well. Moreover, our calculations will refer to a 
somewhat different physical situation, namely, we shall exa- 
.mine the interaction between the standing wave and excited 
atoms (for example, in a gas discharge), whereas the authors 
of Ref. 2 investigated scattering by ground-state atoms. We 
shall also take into account the thermal motion of these 
atoms. 

81. BEATS BETWEEN SECONDARY EMISSION AND THE 
ORIGINAL FIELD 

y e  shall write the Hekenberg positive-f~quency oper- 
ator E (r,t ) in the form E (r,t ) = Eo(r,t ) + E '(r,t ), where 
Eo(r,t ) = Ef exp( - ioft + ikfr) + E; exp( - i q t  + ik;r)is 
the external field (c-number) in the form of two monochro- 
matic plane waves traveling in opposite directions (k; 
= - kf): 

8' (r, t) = i(W2V)'ak erp(-iort+ilu). (1) 
k 

The sum is evaluated over the wave eigenvectors in the auxil- 
iary volume V, a,, a: are the photon annihilation and cre- 
ation operators, and w, = I kl . 

If we confine our attention to components of G (r), that 
are due to beats with the participation of the external field 
E,, we obtain 

G (T) =Eo* (r,, tI) E: (r2, t2) (Ef (r2, t2) Ef (r,, ti) ) 
+E,'(r,, t,) E, (r,, t,) (Ef + (r,, t2)Er(ri, t,) )+c.c. 

FIG. 1. 
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We shall now express G (7) in terms of averages of the 
form (ak,ak2 ), (a<ak2 ) and their complex conjugates by 
substituting (1) into the last expression. The dependence of 
these averages on r need not be considered because this de- 
pendence determines the development (shift and broaden- 
ing) of each mode separately, and will be of no interest in 
problems not involving a resonator as V+m. The entire 
characteristic behavior of G (T) will then be due to the expo- 
nential factors in the expansion given by (1). 

A closed set of equations can be written down for aver- 
ages of the form (a,, ak2 ), ( a 2  a,, ) that satisfy the phase- 
matching conditions. The medium is then assumed to fill 
uniformly the entire volume Vof the auxiliary resonator and 
to consist of two-level atoms for which the widths of the 
working levels are mainly due to decays to extraneous levels. 
This set of equations can be obtained, for example, from the 
equation for the density matrix of a low-intensity secondary 
emission of the medium in the field of a strong standing 
wave, which can be derived by analogy with the case of the 
traveling wave (1). 

We shall henceforth confine our attention to the case of 
an optically thin layer of the medium to be examined, which, 
in general, is in conflict with the previous assumption that 
the medium fills uniformly the entire volume. This contra- 
diction may be obviated in a standard manner by introduc- 
ing sufficiently rapid attenuation of the field within the vol- 
ume V, which ensures weak enough secondary field, so that 
all processes induced by it can be neglected. When this is so, 
we can write down simple differential equations of the form 

for the averages 
&=-Cxi+ pi. 

and other quantities of similar type. The appearance of the 
attenuation constant C in this theory has no effect on the 
final results because, in the final analysis, this constant can 
be incorporated in the normalization. Its physical signifi- 
cance is clear: C - I  is the lifetime of a photon within the 
volume of the radiating medium, i.e., it is of the order of the 
characteristic linear size L of the medium. Explicit expres- 
sions for pi(@) are given in the Appendix for the case where 
only the upper level of the two levels interacting with the 
external field is excited. 

We shall now write down the expression for the re- 
ceived signal in the three typical experiments shown in the 
figure. By definition, 

G ( a )  = LJ G ( r )  eU' dx. 
2n 

Using the phase-matching conditions for experiment I, 
we obtain 

where q is a proportionality coefficient, the explicit form of 
which is unimportant for the ensuing discussion. 

By analogy, for experiment 11, we have 

G I I ( ~ )  = E , E , , Q [ P ~ ( O ~ - - O )  - P C ( a t - ~ )  ]+ (c.c., a + - a ) .  

(3) 
We assume that the amplitudes E, and E; are real. 

In experiment 111, we assume mixing of the fields E, 
and E; on the photocathodes, which gives a signal of the 
form 

The angle 8 between the line of observation and the line 
of illumination in experiment I11 must not, on the one hand, 
be too small, since it would then lie within the angular range 
of experiment 11; on the other hand, it must not be too large, 
since the spatial dependence would then provide a substan- 
tial contribution to the signal, and the final result will van- 
ish. The optimum angle 8 for observations in experiment I11 
must satisfy the condition 

where yab is the lateral relaxation constant of the atomic 
system, w is the optical frequency, and I is the separation 
between the photodetectors. This condition is readily satis- 
fied in the optical range. Moreover, in order to observe the 
difference between the radiation statistics recorded in exper- 
iment I11 and the Gaussian statistics, a further condition 
must be satisfied by the angle, namely, sin B < yab/ku. Un- 
less this condition is satisfied, lateral thermal motion relative 
to the line of excitation will ensure that the non-Gaussian 
noise component will vanish. However, this condition is very 
much less stringent than that given above. 

In addition to the correlation spectroscopy signal G (a) ,  
we also recall the traditional optical spectrum 

92. WEAK NONLINEARITY 

The quantities p i ,  given in the Appendix, can be ana- 
lyzed relatively easily within the framework of perturbation 
theory or in a strong field, provided we can neglect the spa- 
tial modulation of the population of the medium in the 
standing-wave field. Let us consider, to begin with, the low- 
est nonlinear order of perturbation theory. The signal gener- 
ated in traditional spectroscopy is given by (5) and is deter- 
mined by the quantity 

2rd + 27, 
x [4rd2+ (.-a,)' 4'fab2+ (0+0f-200)' . 

(6) 
Because of the presence of the correlation process of the 
form 2kf-k, + k,, the signal G, (a) differs in shape from (6) 
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by a correction that is given by 
-- 2Rz 7aba G" (')-zz0 w (0) - 

Et2 77.b 7.az+oot 

(11) 

The signals recorded in experiments I1 and I11 are deter- 
mined by (3) and (4): 

The first of these is connected with the process kf - k+k; 
- k, and the second with kf + k h k ,  + k; . 

The notation used in the above formulas is as follows: 
W (a)-Doppler profile of width ku, normalized to unity and 
centered on zero frequency, a,-frequency of the atomic 
transition, w,-frequency of the strong field, wof = w, - wf, 
y-longitudinal relaxation constant, I,-light intensity due 
to the medium in the absence of the external field, and 
R = jdEf-Rabi frequency. The expressions given by (6)-(9) 
were obtained in the zero-order approximation in the pa- 
rameterw,,/ku, taking into account the noncoherent excita- 
tion of only the upper level (only the higher-order transitions 
were considered). 

The field spectrum I (w), observed in the direction de- 
fined by the external field, has the three different compo- 
nents given by (6). The unity in the expression in braces cor- 
responds to the original Doppler profile of the spontaneous 
emission of the medium. The characteristic structure pro- 
duced by two distinct mechanisms is superimposed on this 
background. One of them involves "hole-burning" by the 
external field in the upper-level population, which leads to 
the appearance of valleys on the Doppler profile at frequen- 
cies of and 20, - wf with widths 2ya,. The other mecha- 
nism is connected with the fact that some of the atoms that 
interact actively with the external field have compensated 
Doppler shifts, so that these atoms radiate as if they were at 
rest, producing a structure of width y. 

We shall now confine our attention to the case y(yab, 
for which the signal in experiment I is given by 

There is very little difference between this expression and 
I (a): all that happens is that the entire spectrum is shifted 
from the optical frequency to the zero frequency, and there is 
an increase in the contrast of the narrow valley of width y, as 
a consequence of the process 2k,-+k1 + k,. 

The signal in experiment 11 has the following form: 

Here, the narrow structure appears in its pure form, but this 
does not as yet indicate the advantages of observing it in 
experiment I1 as compared with experiment I. The point is 
that the signals given by (10) and (1 1) are actually observed 
against the photodetection shot-noise background, and this 
noise limits the precision of measurement because it deter- 
mines the signal-to-noise ratio in practise. 

We note that the contribution of the process kf - k; 
-+k, - k; to GI, (w) is exactly equal to the contribution of the 
process kf + k+kl + k; . This is the reason why the signal 
in experiment I11 is simply one-half of the signal in experi- 
ment 11: 

The phase-matching conditions 2kf = k, + k,, kf + k; 
= k, + k;, kf + k; = k; + k,, that arise in the standing- 

wave field, and operate in the problem that we are consider- 
ing, characterize the possible scattering processes in the non- 
linear medium. It must not be thought, however, that these 
processes are wholly related to the spatial inhomogeneity 
that may be induced in the medium by the standing wave. 
The argument against this is that scattering of the form 2kf 
-+k, + k, occurs even in the case of the spatially homogen- 
eous problem with a traveling wave. In this case, the entire 
scattering process is determined exclusively by fluctuations 
in the number density of the atoms. The results given by 
(10)-(12) must also be ascribed to fluctuations in the number 
of particles since, when y(yab, the effect associated with the 
standing-wave inhomogeneity must be of the order of R ,/ 
d , ,  whilst the structure obtained above is always of the or- 
der of R ,/yy,,. 

In all three experiments, the characteristic structure ap- 
pears even in the lowest nonlinear orders of perturbation 
theory. All three experiments produce signals that are simi- 
lar, both qualitatively and quantitatively, and they have no 
relative advantages. This result is different from that report- 
ed in Ref. 2, where signals in experiments I1 and I11 were of 
lower order in the Rabi frequency than the signal in experi- 
ment I (preferential observation of anomalous correlators). 
The reason for the difference is related to the fact that we 
have taken the scattering medium in the form of a set of 
atoms excited noncoherently to the upper working level, 
whereas the authors of Ref. 2 considered scattering by atoms 
in the ground state. 

53. SIGNALS IN SATURATING FIELDS 

Part of the saturation effects is produced in the medium 
even in relatively weak fields, for which yya,(R ,(d,. In 
this intensity range, the theoretical description of the pheno- 
menon is still relatively simple. Using the expressions for Pi, 
given in the Appendix in zero order in the parameters R /yo, 
and (yyab)1 '2/~,  we obtain, for example, the spectrum of the 
field in the form 
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Instead of the two valleys of width 2yab, at frequencies wf 
and 20, - wf in the weak field (6),  a valley of width 2 r  ap- 
pears in the strong field due to the coalescence of the two 
weak-field valleys. A strong narrow peak of width - y and 
relative height r /yab = R /(yyab)"2> 1 appears at the bot- 
tom of the valley. 

When experiment I is performed in weak fields, the 
presence of the correlation process 2 k p k 1  + k, leads to an 
increase in the contrast of the narrow structure of width y, as 
compared with the traditional experiment in which the spec- 
trum I ( w )  is recorded. At saturation, on the other hand, the 
correlation process has the opposite effect in that it compen- 
sates the narrow structure, which is then absent from GI (a). 
This compensation of strong and narrow peaks is also found 
to occur in experiment 11: here, the correlation processes kf 
- kj-tk, - k; and kf + k;-+k, + k; act in opposite direc- 
tions (again, in contrast to the case of a weak field where they 
enhance one another) in such a way that the structures pro- 
duced by them compensate one another. However, the com- 
pensation is now incomplete because the structure with rela- 
tive height -r /yab disappears, but that with relative height - I remains: 

The only significant correlation process in experiment I11 is 
kf + k+k, + k; , so that the compensation of the strong 
narrow peak does not occur: 

Thus, in saturated fields, the signals produced in the 
above experiments are very different: GI (w) does not contain 
the narrow structure, GI, (a) contains a weak structure, and 
I (w) and GI,, (o) contain a strong narrow structure." 

In principle, experiment I can be planned in a somewhat 
different way. If we suppose that the photocathode is not a 
point-detector, as we have indeed assumed, but, on the con- 
trary, is relatively large, then, as is well known,3 the Gaus- 
sian component is averaged out in space and vanishes. As a 
result, GI(@)- -&(w -of),  SO that it turns out that the 
narrow structure is not canceled out in this signal, as was the 
case in our main discussion. 

where 

The quantity 2 is obtained from A by introducing the substi- 
tution yi-yi + iw and the quantity 3 ' is obtained by sub- 
stituting yi+yi + wV. To take the Doppler shift into ac- 
count, we must replace oIJ ,  of' with olJ - x, wf; - x, and 
average over x with the Maxwellian weight W(x) .  We have 
used the following notation: g = - i(k /2 v)'12de - 'kr--con- 
stant of interaction between the plane wave and the atom, 
d--dipole moment, Na = ra/y-stationary population of 
the upper level in the absence of the external field, and 

"Strictly speaking, we have not described the frequency region o - R  2/ 

&, at saturation. This requires numerical analysis, but estimates indi- 
cate that the appearance of any narrow structure is not expected in this 
case. 

APPENDIX 

The explicit expressions for the inhomogeneous term Bi 
in the set of equations for averages of the form ( a a + )  are as 
follows: 
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Traslated by S. Chomet 
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