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1. INTRODUCTION

Analysis of possible spectroscopic applications of
light with nonclassical statistics (in a squeezed or
entangled state) is a promising, but not very well-devel-
oped direction of modern quantum optics. There are not
so many papers directly dealing with this problem [1–13].
Of those, only two works are experimental [6, 7]. The
first experimental paper demonstrates the improvement
of the threshold sensitivity in absorption spectroscopy
related to the squeezing effect. The second experiment
reveals the linear dependence of the two-photon
absorption probability on the intensity of pump light,
which was earlier predicted in several theoretical
papers [1, 4, 5]. We can easily understand why the num-
ber of papers devoted to this problem is small if we take
into consideration that any experiment with nonclassi-
cal light is rather difficult to implement and should be,
therefore, very well motivated. Spectroscopic applica-
tions is not an exception. Indeed, the advantages of
nonclassical light in spectroscopic problems are often
understood as the improvement of the signal-to-noise
ratio in measurements [6], while the advantages of non-
classical light for studying elementary objects are much
less obvious.

In this paper, we will consider two examples that
provide, in our opinion, a motivation for such experi-
ments. In the first part of this paper, we will consider
the well-known and thoroughly tested method of inten-
sity fluctuation spectroscopy (IFS) [14, 15]. This tech-
nique is, in fact, one of the modifications of high-reso-
lution spectroscopy, which allows the spectra of Ray-
leigh and Raman scattering of optical radiation to be
observed in those cases when frequency differences
and the spectral distributions themselves lie within the
radio-frequency range. We will demonstrate that the
use of nonclassical radiation permits the observation of

such spectra in the case of a small number of scatterers
or even a single scatterer.

Another example considered in this paper is related
to two-photon polarization-dependent excitation of an
atom colliding with another atom. In this analysis, we
will assume that the photons initiating this transition
are in a cooperative polarization-entangled state, i.e.,
they are being created through spontaneous parametric
scattering of the second type. We will show that this
process is characterized by a specific polarization
dependence of the two-photon absorption probability,
which cannot be interpreted in terms of classical con-
cepts and which allows the internal dynamics of a col-
lisional process to be controlled to a certain extent.

A fundamental common feature of the two exam-
ples considered in this paper is that the observed effects
are determined in both cases by nonclassical properties
of the second-order correlation function of light inten-
sity.

2. SPECTROSCOPY OF INTENSITY 
FLUCTUATIONS WITH THE USE

OF SQUEEZED LIGHT

The IFS method is based on the idea of using the
informative content of fluctuations of radiation param-
eters for analyzing the state of a medium under study.
Measurement of the second-order intensity correlation
function opens an additional and, to a certain extent,
independent channel of extracting the information con-
cerning the medium. The IFS method is, in fact, one of
the modifications of high-resolution spectroscopy
exploiting the fact that the interaction with a medium
gives rise to deviations of the statistics of interrogating
and scattered radiation from Gaussian and Poissonian
statistics. In this paper, we are interested in the case
when probe radiation initially possesses nonclassical
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statistical properties, residing in a squeezed state. In
such a situation, we can expect, as shown in [11], that
the sensitivity of the IFS method can be substantially
improved. However, because of specific properties of
squeezed radiation, the scheme of measurements
requires an additional discussion.

In this paper, we will restrict ourselves to the discus-
sion of how the contributions related to Raman or Ray-
leigh scattering can be detected and selected in such a
more sophisticated modification of the IFS method.
Raman and Rayleigh scattering can be observed in any
direction. Assuming that the signal is detected at an
arbitrary angle excluding the case of forward scatter-
ing, we ignore effects related to a parametric interac-
tion. We will show that some interesting generaliza-
tions can be expected for the IFS method based on the
principle of optical heterodyning with detection of radi-
ation scattered not to a vacuum, but to modes prelimi-
narily filled with squeezed radiation. These generaliza-
tions may be expected, first of all, for the case of a small
number of scatterers. In our analysis, we will use gen-
eral concepts of the nature of scattering particles with-
out discussing the details of the elementary scattering
event itself. We believe that the results of our analysis
may serve as a theoretical background for a new modi-
fication of the IFS method as an experimental technique
employing the quantum properties of interrogating
radiation.
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 is an observable quantity in the IFS method.
In the case of a stationary random process 
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function can be represented as the following expansion:
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The spectral density of a random process is determined
by the relevant Fourier expansion:

(2)

Here,  = 

 

ζ

 

JS

 

0

 

 is the mean photocurrent, 

 

ζ

 

 is the quan-
tum efficiency of the photodetector, 

 

J

 

 is the photon flu-
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 is the illuminated surface area of the pho-
tocathode. With a heterodyning detection scheme in
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tion of the reference wave and 
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 is determined by the
photon fluence in the reference wave. The first two
terms on the right-hand sides of Eqs. (1) and (2) corre-
spond to the uncorrelated and shot-noise components
of the correlation function and the photocurrent spec-
trum. The last term describes the so-called informative
contribution, which is determined by the spectral con-
tent of scattered radiation. The second equality in
Eq. (2) relates the informative part 
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relative deviation of the photocurrent spectrum from
the Poissonian level.

Figure 1 shows one of the modifications of the
detection channel that can be used to measure the pho-
tocurrent spectrum. When the photocurrent spectrum is
analyzed with the use of a narrow-band filter with a
bandwidth 
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, characterized by the spectral transfer
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) and the signal accumulation time 
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detected output signal 
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 is proportional to the spectral
density 

 

G

 

(

 

Ω

 

) of a random process at the filter fre-

quency :
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For a stationary process, the mean value of 
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 depends
neither on the choice of the initial moment of time nor
on the signal averaging time 
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The second equality in Eq. (2) defines the spectral

Mandel parameter 
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), which characterizes the devia-
tion of the fluctuation level from the shot-noise limit in
the considered spectral range. The spectral dependence
of the Mandel parameter is determined by the relevant
dependences of field correlation functions and is due to
quantum beats of the components of the scattered wave
with the reference wave. It follows directly from Eq. (3)
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where

(5)

Here, we took into consideration that the uncorrelated
contribution in the spectrum (2) is suppressed by the fil-
ter and never appears in the output signal.

The problem of estimating the variance of the quan-
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( ) and, correspondingly, the accuracy of
measurement of the informative part of the photocur-
rent spectrum contained by the spectral Mandel param-
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Fig. 1. Detection channel. The current from the output of
the photodetector passes through a resonant filter tuned to

the frequency , undergoing quadratic detection and aver-
aging with an integrator.
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eter is much more complicated. We will use the results
of the paper [11], which shows that, in the case when
nonclassical squeezed radiation is incident upon the
photodetector surface, the sought-for variance is also
determined by the spectral Mandel parameter at the fil-
ter frequency:

(6)

where

(7)

Relationship (6), which is valid in the limiting case of
γfT  ∞, can be employed to estimate the threshold
sensitivity in measurements of the Mandel parameter
by the method of optical heterodyning.

Let us represent the Mandel parameter as

(8)

where ξ0 is the constant value of this parameter corre-
sponding to radiation reaching a photodetector either in
the absence of a scattering medium or in the case when
measurements are performed for those spectral ranges
where no scattering occurs and δξ = δξ(Ω) is a small
correction determined by the interaction of interrogat-
ing radiation with the medium under study. Using
Eq. (8), we arrive at the following estimate for the lim-
iting value δξ that can still be detected in experiments:
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This estimate shows that the sensitivity of measure-
ments of the informative component of the photocur-
rent spectral density can be, in principle, improved rel-
ative to the IFS scheme based on scattering to vacuum
modes provided that radiation is scattered to the modes
filled with squeezed radiation with the unperturbed
Mandel parameter ξ0  –1 and the photodetector effi-
ciency ζ  1.

Let is consider for the sake of definiteness IFS appli-
cations for studying Raman scattering. The case of
Rayleigh scattering can be analyzed in a similar way.
Figure 2 shows the scheme of detection. Importantly,
squeezed radiation comes in the direction of detection
of scattered radiation. Detection is performed at an
arbitrary angle except for the regime of forward scatter-
ing. Since phase matching is not achieved for radiation
propagating in the lateral direction, the modes of
squeezed radiation do not interact with the classical
wave. This implies that the modes of squeezed radia-
tion may change only due to linear absorption and dis-
persion. The change in the spectral Mandel parameter
due to Raman scattering combined with the effect of
linear absorption is given by

(10)

where κ1 and κ2 are the linear absorption coefficients at
the Raman frequencies ω1 = ω + Ω and ω2 = ω – Ω and
Λ1 and Λ2 are the relevant contributions of spontaneous
Raman scattering at these frequencies.

The expressions derived for the informative part of
the spectral Mandel parameter (10) show that the most
physically interesting contributions related to light
scattering are partially masked by a trivial effect of lin-
ear absorption. It might seem that the contributions
related to linear absorption can be easily selected since
they are, in fact, independent of the beat frequency Ω .
However, this cannot be done because these contribu-
tions substantially lower the sensitivity of the sub-Pois-
sonian modification of the IFS method [see the esti-
mates given by Eqs. (6) and (9)]. In fact, it is easy to
understand that the measurement of the spectrum of
weak Raman scattering in the sub-Poissonian regime is
possible only if the last two terms on the right-hand side
of Eq. (10) are much larger than the first term.

To estimate these contributions, we should take into
consideration the spatial properties of scattered radia-
tion and the multimode character of the problem. Since
Stokes and anti-Stokes components provide equal con-
tributions in the equilibrium regime, Λ1 ~ Λ2 = Λ, we
arrive at the following estimate:

(11)

This estimate gives the number of photons scattered
into an elementary solid angle Δ�Coh per unit time per
unit spectral range. Here, Jp stands for the photon flu-
ence in the scattered wave, Δ�Coh is the collection angle
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Coherent light Scatterers
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Local
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Fig. 2. Measurement of Raman scattering spectra by the IFS
method. An additional squeezed light beam propagates in
the direction of observation. At the output of the scattering
medium, the scattered and squeezed light beams are mixed
with a reference wave on mirror M, whose transmission
coefficient is close to unity and the reflection coefficient is
low. Then, the signal undergoes spectral analysis, as shown
in Fig. 1.
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of scattered radiation, and the differential cross section
of Raman scattering dσR /d� corresponds to an arbi-
trary observation direction. Thus, for the number of
scatterers equal to N0 and characteristic relaxation time
τ1 determined for some resonant transition Ω0 in the
lower state set of sublevels, the right-hand side of
Eq. (11) can be estimated as

(12)

Here, we assumed for simplicity that scattering is iso-
tropic and the collection angle of scattered radiation
can be estimated as

(13)

where S0 is the cross-section area of the heterodyne
beam and � = k–1 determines the heterodyne wave-
length divided by 2π.

On the other hand, the first term on the right-hand
side of Eq. (10) can be estimated as

(14)

where σ0 is the absorption cross section. When scatter-
ing corresponding to the wings of optical transition
lines are studied, the cross section of Raman scattering
σR and the absorption cross section σ0 are approxi-
mately of the same order of magnitude. Thus, we see
that the increase in the Mandel parameter due to Raman
scattering plays a dominant role if Jp�

2τ1 � 1, i.e., if the
photon fluence in the scattered wave is sufficiently
high. The intensity of scattered wave can be, in fact,
increased up to the levels where saturation effects
become noticeable, Jp�

2γ–1 ~ 1, where γ–1 is the natural
lifetime of the upper level. Thus, provided that γτ1 � 1,
the contribution of Raman scattering to the increase in
the Mandel parameter, indeed, becomes predominant.
This inequality is usually satisfied if the lower sublev-
els belong to the ground state or these sublevels are
metastable.

We should emphasize two important circumstances.
First, even in the case when Jp�

2τ1 ~ γτ1 � 1, the change
in the Mandel parameter with N0 ~ 1 may be small in
practice due to the smallness of the ratio σR/S0. In other
words, if the number of scattering species is small, the
mean number of photons scattered at a shifted fre-
quency (per unit time per unit spectral range) into a
small collection solid angle is small as compared with
unity: Λ(Ω) � 1. Second, only small values of Mandel
parameter may be of interest for the above-described
modification of optical mixing spectroscopy based on
the scattering of radiation into modes filled with
squeezed light. Indeed, if the mean number of scattered
photons is higher than or on the order of unity, Λ(Ω) ≥ 1,
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then this approach provides no improvement in sensi-
tivity relative to the heterodyne detection of light scat-
tered into vacuum modes. Thus, the method proposed
in this paper is essentially oriented at systems with a
low number of scatterers. Such systems are of consid-
erable practical interest, for example, for biophysical
applications, where a single scatterer may have a
unique nature.

3. TWO-PHOTON POLARIZATION-DEPENDENT 
TRANSITIONS WITH THE USE

OF NONCLASSICAL LIGHT

Another example demonstrating possible spectro-
scopic applications of nonclassical light is related to
polarization-dependent two-photon absorption. At first
glance, we should expect that it would be of interest to
observe such a process for free atoms by irradiating
atoms with pairs of polarization-entangled photons in a
scheme that would be similar to the experimental
scheme of [7] and that would generalize this scheme.
However, atoms possess a high internal symmetry, and
any effects related to nonclassical correlation in the
polarization dependence of a two-photon process could
be observed only for preliminarily polarized atoms or
for atoms placed in an external field. In both cases, an
atom as an absorber is similar in many of its properties
to a two-photon polarization-sensitive correlation inter-
ferometer. Nonclassical polarization-dependent inter-
ferometric measurements are widely used, for example,
in applications related to the problems of quantum
information [16]. Therefore, a conceptually similar
experiment with an atomic absorber would not be very
interesting.

The situation radically changes if we deal with a
two-photon excitation of a molecular or quasi-molecu-
lar system where an atom involved in optical transitions
interacts with another atom, e.g., in the collision pro-
cess. The symmetry of optical transitions is defined in
the internal molecular system of coordinates related to
the interatomic axis. In the case of experiments per-
formed with a gas cell or an atomic trap, the orientation
of the internal system of coordinates is random for each
pair of colliding atoms and is unknown in experiments.
If a quasi-molecule is excited by light from two inde-
pendent classical sources, then the only way to study
the polarization dependence of the process is to change
the relative polarization of these sources defined with
respect to the external laboratory system of coordi-
nates. If the excitation photons form a polarization-
entangled pair, then the polarization dependence
should be observed, although no information on the
polarization direction of each of the photons can be
obtained (in contrast to interferometric measurements).

A typical scheme of a two-photon optical control of
an atomic collision is shown in Fig. 3. We assume that
pairs of photons with frequencies ω1 and ω2 are created
in the process of spontaneous parametric scattering of
the second type and are, consequently, characterized by
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a nonclassical type of correlation of their polarizations
(see [17]). The joint wave function of such photons can
be represented as

(15)

The concept of polarization defined for each of the pho-
tons does not exist in principle for a state described by
such a wave function. However, the relative polariza-
tions of these photons are strictly correlated. In the par-
ticular case of ϕ = π, if some of the polarization states
is implemented in experiments for one of the photons,
the polarization state of the second photon also
becomes definite and orthogonal to the polarization of
the first photon.

Let us consider, as an example, an optical collision
often discussed in the literature that implements transi-
tions on the wings of the 1S  1P  1S two-photon
transition of one of the atoms. The second atom is
assumed to remain in the ground state, in fact, playing
the role of an external potential, perturbing energy lev-
els of the first atom. Transitions of this type correspond,
for example, to the case of collisions of a second-group
atom with an inert atom. For simplicity, we ignore for a
while the rotation of the quasi-molecule and assume
that head-on collisions provide a dominant contribution
to the transition probability. As shown in [13], in the
Franck–Condon approximation, the cross section of
optical collision determining the probability of excita-
tion of an active atom to an upper state is characterized
by the following dependence on the phase ϕ for both

Ψ| 〉12
1

2
------- ex| 〉1 ey| 〉2 e

iϕ ey| 〉1 ex| 〉2+[ ].=

possible excitation channels, 1Σ  1Σ  1Σ and
1Σ  1Π  1Σ:

(16)

Here, w1 and w2 are atomic excitation probabilities at
Franck–Condon transition points.

The dependence of σ0 on the phase ϕ indicates that
quantum correlations between polarization modes of an
optical parametric oscillator may influence the internal
dynamics of an optically controlled collision process. If
the phase ϕ approaches π, the transition probability
considerably lowers. Such a dependence becomes clear
if we consider the wave function (15), describing a
polarization-entangled state of a system of two pho-
tons. As mentioned above, if ϕ = π, the first photon is
characterized by some unknown direction of polariza-
tion, while the polarization of the second photon is
always orthogonal to the polarization of the first pho-
ton. Absorption of the first photon in this case leads to
a reduction of the quantum state of the entire system,
fixing polarization directions of both the first and the
second photons in the internal system of coordinates.
Since these directions are mutually orthogonal, the sec-
ond photon cannot be absorbed through two-photon
transitions of the above-specified type, and such excita-
tion channels are closed. It is clear that such an effect is
impossible from the viewpoint of classical electrody-
namics, since it would be impossible to prepare a light
polarized along an arbitrary and unknown direction in
space (or orthogonal to this arbitrary direction).

Let us consider now the results of consistent numer-
ical simulations of the polarization dependence for a
two-photon transition based on the general theory from
[18] including effects related to the rotation of a quasi-
molecule. These simulations will allow us to refine and
test the above-presented qualitative estimate, as well as
to compare polarization dependences corresponding to
excitation with classical and quantum light. Let us
explain, first of all, why such a comparison is possible
in principle.

The cooperative wave function |Ψ〉12 defined by
Eq. (15) can be represented in the form of another
expansion in the system of coordinates where the ξ- and
η-axes are oriented at the angle of π/4 with respect to
the x- and y-axes. It is easy to verify that, with ϕ = 0, we
have

(17)

This can be considered under certain conditions (if we
neglect, in fact, the interference effect) as a mutual par-
allel polarization of the first and second quanta. It
would be reasonable to place the excitation of colliding
atoms by such a pair of photons in correspondence with
the excitation of classical light beams with parallel
polarizations. In the opposite case of ϕ = π, the wave

σ0 w
1( )

w
2( )

1 ϕcos+( ).∝
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1

2
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Fig. 3. Diagram illustrating the principle of optical control
of an atomic collision. Optical Franck–Condon transitions
are initiated at the points R1 and R2 separated along the col-
lisional trajectory by the deviation angle of the internuclear
axis η12.
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function |Ψ〉12 remains invariant with respect to rota-
tional transformations,

(18)

Thus, excitation by such a pair of photons can be placed
in correspondence with excitation with orthogonal-
polarized classical light beams.

Representing the cooperative wave function |Ψ〉12 in
the form of Eqs. (17) and (18), we can define the “non-
classical” polarization ratio PEPR of the following form:

(19)

The latter equality shows that a “classical” contribu-
tion, PL, and the contribution due to two-photon inter-
ference, ΔPint , can be separated in the considered polar-
ization ratio. The classical contribution is defined by
the first equality in Eq. (19), where the numerator and
the denominator involve cross sections corresponding
to excitation with mutually parallel-polarized or
orthogonal-polarized light beams. It is of interest to
numerically compare the spectral dependences for the

Ψ| 〉12
1

2
------- eξ| 〉1 eη| 〉2 eη| 〉1 eξ| 〉2–[ ].=

PEPR

σ0 ϕ 0= σ0 ϕ π=–

σ0 ϕ 0= σ0 ϕ π=+
---------------------------------------- PL ΔPint.+= =

polarization ratios PEPR and PL for some realistic colli-
sional system.

As an example, we have chosen a Mg–Ne pair.
Experimental data on two-photon excitation with clas-
sical light through the 3s2 1S0  3p1P1  5s1S0 tran-
sition are available for this pair. Figure 4 presents the
experimental data and the results of our calculations for
optical collisions of magnesium and neon plotted as
functions of the relevant frequency detunings Δ1 and Δ2
at the first and second steps of photoexcitation along
with the corresponding collision energies for E =
300 K. The results of calculations (shown by the dotted
curve) demonstrate a quite satisfactory agreement with
the experimental data. Note that the method of calcula-
tions, which was described in detail in our paper [18],
does not involve any fitting parameters, and the dis-
crepancy between the results of calculations and exper-
imental data is mainly due to the inaccurate knowledge
of interaction potentials. Figure 5 reproduces the
results of calculations for the “classical” polarization
ratio PL and displays the spectral dependence for the
“nonclassical” ratio PEPR.

Comparison of these curves shows that the consid-
ered polarization ratios generally differ from each other

Fig. 4. Polarization spectra of a two-photon Mg–Ne optical
collision (1S  1P  1S). Experimental dots show the
interpolation to zero neon pressure p. The dotted curve rep-
resents the results of calculations.

Fig. 5. Calculated polarization spectra of a Mg–Ne optical
collision (1S  1P  1S): (dotted curve) “classical”
polarization dependence for PL and (solid curve) “nonclas-
sical” polarization dependence for PEPR.
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quite substantially. However, within certain spectral
ranges, the influence of two-photon interference is sup-
pressed and the “classical” dependence is close to the
“nonclassical” one. Another important conclusion that
can be made from the analysis of these dependences is
that, within certain spectral ranges, the “nonclassical”
polarization approaches its limiting value, PEPR  1.
The limiting value is achieved in those cases when an
optically controlled collision occurs under conditions
close to the conditions corresponding to the recoil
approximation. This implies the suppression of internal
depolarization processes related to the rotation of a
molecule in the process of collision.

4. CONCLUSION
In this paper, we have provided a theoretical gener-

alization of the IFS technique to the case when probe
radiation possesses nonclassical statistical properties. It
was shown that, regardless of the specific physical
nature of scatterers, detection of light scattered into
modes filled with squeezed radiation may offer consid-
erable advantages. The method of optical heterodyning
employed under these conditions to analyze the spec-
tral content of scattered radiation is characterized by a
higher resolution than the resolution attainable by het-
erodyning the light scattered into vacuum modes.

Advantages of the considered technique over the
detection of light scattered into vacuum modes become
especially substantial when one deals with a small
number of scatterers or even a single scatterer. This pro-
vides a unique opportunity of spectroscopic selection
of a small number of microscopic objects (atoms, mol-
ecules, etc.) whose Raman or Rayleigh spectra are
characterized by subtle differences (such as isotopic
shifts, as well as additional shifts and broadening of
lines). It would be difficult to resolve such differences
with the use of other high- and ultrahigh-resolution
spectroscopic techniques. Note also that the observa-
tion diagram shown in Fig. 2 is, in our opinion, simple
in practical implementation and can be realized and
experimentally tested with currently available sources
of squeezed radiation. Thus, this results may provide
some theoretical background for a new direction in the
development of the IFS technique, mainly as an exper-
imental method essentially using quantum properties of
interrogating radiation.

Another example considered in this paper is related
to the possibility of two-photon coherent optical con-
trol of the internal dynamics of a collisional process
with the use of nonclassical polarization-entangled
light. Such a control permits one to close certain photo-
excitation channels, leaving the other channels open
even after a full averaging over the directions of motion
of colliding atoms. Photoexcitation channels are
defined under these conditions with respect to the inter-
nal molecular system of coordinates, which remains
completely unknown in the process of experiments.
Thus, we predict a rather nontrivial possibility to con-
trol elementary photochemical processes involving

small numbers of particles using the principles of quan-
tum statistics. We have also performed a comparative
analysis of classical and nonclassical polarization
dependences of the process and determined the “non-
classical” polarization ratio. The main result of this
analysis is that the highest control efficiency can be
achieved for the case of head-on collisions, when
effects of quantum correlation are less sensitive to
unwanted rotational depolarization.
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