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Polarization-sensitive coherent control of atomic collisions with nonclassical light

D. V. Kupriyanov,* I. M. Sokolov, and A. V. Slavgorodskii
Department of Theoretical Physics, State Technical University, 195251 St. Petersburg, Russia
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In this paper we consider the mechanism of coherent control of atomic collisions by two-photon excitation
of colliding atoms with nonclassical light characterized by polarization entanglement. Such modification of the
well-known optical-collision method is proposed as a possible spectroscopic application of nonclassical light
for study of collisional dynamics. We show that quantum correlations allow one to have a deeper control of the
internal dynamics of atomic collision than do the principles of classical statistics. Our qualitative discussion is
supported by numerical calculations made for1S→ 1P→ 1S optical transition of Mg perturbed by collisions
with rare-gas atom.
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I. INTRODUCTION

Implementation of nonclassical light to the atomic a
molecular spectroscopy is intriguing and is a challeng
idea that is still underestimated in practice. Any proposa
this area is quite difficult to realize and, therefore, has
have clear motivation. Up to now there is only one uniq
experiment showing the difference between predictions
classical and quantum electrodynamics in spectrosc
problems@1#. In this experiment the population of cesiu
atoms in the upper state after two-photon excitation w
squeezed light was measured as a function of the light in
sity. The experiment revealed the linear~nonquadratic! de-
pendence of the population in the limit of weak light inte
sity. Such a linear dependence just indicated the nonclas
behavior of the second-order correlation function of t
squeezed light, which was responsible for the process.

From the first sight, it may seem natural to assume tha
would be also interesting to follow the difference betwe
classical and quantum predictions in study of polarizat
dependence of two-photon absorption by atoms. A typ
example of light with nonclassical polarization properties
the radiation generated in the process of spontaneous p
metric down conversion~SPDC! of type II @2–5#. In such a
process the photon pairs are created in the state with
tangled polarization between two orthogonal ordinary a
extraordinary modes. However, if both the photons of su
light were absorbed by separated atom, the observation
ditions would be quite similar to the well-known scheme
correlation interferometer based on coincidence of pho
counts. Indeed, atom itself is a spherically symmetric sys
and to observe the nonclassical correlations one need
polarize it or put it in an external electric or magnetic fie
Then atomic absorber will work similarly to polarizatio
analyzer and the polarization dependence of two-pho
transition will give us the same effects as in observing
correlations of photocounts in the polarization-sensitive c
relation interferometer. The principal feature of such det
tion schemes is that after the measurement the hidden
unknown polarization of each of the entangled photons
duces to a certain type of polarization associated with
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type of polarizer or~in the case of atomic absorber! with the
direction of external field.

The situation changes dramatically if instead of one at
we consider the system of two atoms, i.e., either bound m
ecule or unbound quasimolecule created in collisional p
cess. For such a system there is an internal quantiza
~symmetry! axis defined in the body-fixed frame. For an e
periment carried on with a gas cell or in an atomic trap
orientation of the body-fixed frame stays unknown duri
the measurement and after absorption of both the entan
photons we will not know their polarization. For such type
polarization-sensitive two-photon excitation there is no an
ogy with the scheme based on coincidence of photocou
as one has in the case of separated atomic absorber. In
words, the observation of two-photon transition in the syst
of two interacted atoms can be an example of a new type
polarization analyzer, which is only sensitive to the mutu
internal polarization of the photon pairs. After the measu
ment of this type we get only the minimal and pure inform
tion about hidden polarization existing in nonclassical lig

On the other hand, significant experimental developme
over the past decade have led to remarkable understandin
details of atomic collision dynamics. Studies of a broad sp
trum of processes, ranging from cold and ultracold collisio
@6–8#, photoassociation@9,10#, photodissociation@11,12#,
photochemical reactions@13,14#, optical and fractional colli-
sions@15,16#, and collisional redistribution of light@17# have
revealed novel and often surprising effects depending
variables associated with the collision alone and with pr
erties of the light used to initiate or probe the dynamics.
many cases, dynamical correlation of internal variables
the colliding particles have played a critical role in the ou
come; for light-induced processes, dependences on the c
sections due to classical characteristics of the light, viz.,
larization, frequency, and intensity, have been determined
method to obtain coherent control of the correlations in p
todissociation, by using elliptically polarized light, demo
strated selectivity in the branching ratios for the process@12#.
Further, general principles for coherent control of collisi
and reactive processes by using a single light source h
recently been developed in Ref.@18# by controlling the bi-
molecular scattering processes. This motivated our rec
proposal@19# on how the outcome of a collision may b
significantly and selectively controlled by utilization o
quantum-correlated light beams.
©2002 The American Physical Society12-1
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In the present paper we further develop the idea propo
in Ref. @19#. Our discussion aims at the following two prin
cipal goals. First, we examine the two-photon optical co
sion as an example of special detection scheme where
trivial polarization properties intrinsic to nonclassical lig
interfere with the dynamics of atomic collision. We sho
that it can define a new type of nonclassical polarization ra
that is different from usual polarization ratio normally us
to describe the polarization dependence of the light-assi
half- or fractional-collisional processes, see Refs.@15,20#.
Second, we comment on the possible use of nonclass
light in photochemistry as a tool to control the dynamics
light-assisted processes and consider the atomic collisio
a simple and suitable example for preliminary discussion

II. THE CROSS SECTION OF FRACTIONAL COLLISION
FOR TWO-PHOTON EXCITATION WITH

NONCLASSICAL LIGHT

A schematic diagram illustrating the principle of optic
control of atomic collision is shown in Fig. 1. For the sake
simplicity consider, at first, such a fractional optical collisio
in assumptions of Franck-Condon approximation. Then
basic characteristics of the process, namely, location of
transition pointsR1 and R2, deflection anglej12, and the
symmetry of participating transitions, are defined relativ
to internal molecular frame. In experiments carried out w
a gas cell or in an atomic trap, this internal frame has rand
and unknown orientation in space. If the optical transitio
are initiated by means of two classical light beams, the o
way to control the polarization dependence of the proces
to change the mutual polarizations of modesv1 and v2 in
respect to any chosen laboratory frame. The situation
change if we consider such a light-assisted collisional p
cess in a basic assumption that the photonsv1 andv2 were
created in the SPDC process of type II and conseque
characterized by nonclassical-type correlations between
pt
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polarizations. For the polarization properties of such lig
there is no preferable choice of coordinate frame that ma
it possible to realize polarization-sensitive control directly
the internal molecular frame.

In the most general situation, in a perturbation theory
proach any two-photon process can be described in term
the light correlation function of the second order, i.e.,
terms of time (T)- and anti-time (T̃)-ordered products of the
Heisenberg operators of positive- and negative-freque
components of electric field amplitudesEn

(6)(r t) considered
as functions of space (r ) and time (t) coordinates@21#. For a
weak two-mode parametric radiation with entangled
thogonally polarized components, such a correlation funct
can be expanded in the following sum:

FIG. 1. Schematic diagram illustrating the principle of optic
control of atomic collision.
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where each of the polarization vectorsei , ei8 ~with i 51,2) is
one of the basic orthogonal output polarizations of the o
cal parametric oscillator~OPO!. The sum over 1,2,18,28 is
restricted by the rulee1Þe2 and e18Þe28 , so there are only
four terms in the expansion~1!. We will assume the steady
state and homogeneous conditions of photoexcitation
consider the correlation function only as a function ofr
5r1 ,r18,r2 ,r28 , which is a spatial coordinate of the locatio
of colliding system. The scale of the location area is assum
to be less than the radiation wavelength.

Strictly speaking, the above expansion of the full corre
i-

d

d

-

tion function relates to the limit of weak subthreshold OP
source, generating the photon pairs, see discussion in
next section. This is the most interesting and important c
for our analysis. But in a more general situation, to introdu
the expansion~1!, we need to cancel out the noncorrelat
contribution when both the photons appear in the same
larization mode. However, even in a general situation,
methodological clarity, it can be useful to discuss the cor
lation function in the form~1! since it lets us compare th
difference between quantum entanglement and classical
derstanding of mutually orthogonal but random polariz
tions.
2-2
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Let us introduce the Fourier expansion of the time-dependent correlation function~1!,

D̃12;1828~v1 ,v2 ;v18 ,v28!5E E E E dt1dt2dt18dt28 exp~ iv1t11 iv2t22 iv18t182 iv28t28!D12;1828~ t1 ,t2 ;t18 ,t28! . ~2!

Then, as follows from general analysis presented in Ref.@22#, the differential cross section of the fractional optical collisio
accompanying by two-photon excitation, can be given by the following expansion:

dsmm8
dVk

5 (
1,2,18,28

E E E E dv1

2p

dv2

2p

dv18

2p

dv28

2p
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HereCk0m0

(1) andCkm
(2) are the so-called incoming and outg

ing wave functions of the scattering problem. The form
describes the state of collisional pair before photoexcitat
when the active atom is in internal quantum statem0 and the
initial recoil momentum of atoms is\k0. The latter describes
the state of the pair after photoexcitation when the ac
atom comes to internal statem and the atoms have the ou
going recoil momentum\k. The transition amplitude
couples these states via the operator of transition dipole
mentd. The evolution of the system in an intermediate st
is described by retarded and advanced Green opera
G(1)

„e… andG(2)
„e…, which are given by

G(6)
„e…5

1

e2H6 i0
, ~4!

whereH is the Hamiltonian of the diatomic system and t
arguments of the Green operators in Eq.~3! are the virtual
energies of the intermediate state, whereem0

(k0)5em0

1\2k0
2/2m andm is the reduced mass of atoms. The pol

ization state of the active atom before collision is describ
by its polarization density matrixrm0m

08

In this paper we restrict our discussion to the polarizat
dependence of the total cross section only when the in
atomic state is unpolarized. For this particular case, after
averaging of above expansion over all the output directi
of k the total cross sections0 can be written in terms of the
irreducible tensor product of the light-irreducible comp
nents

s05 (
1,2,18,28

(
XJ

~2 !X1JFXJ~e1 ,e18
* !FX2J~e2 ,e28

* !

3Q121828
(X) , ~5!

where the tensor functions
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n,n8

C1n8 1n
XJ

~e8* !n8 en

5 (
n,n8

~2 !11n8 C1n8 1n
XJ e2n8

8 * en , ~6!

considered as a function ofe,e85 eithere1 ,e18 or e2 ,e28 , are
the irreducible polarization components of the OPO lig
Here by C. . . . . .

. . . we denote the Clebsch-Gordan coefficien
in the notation of Ref.@23#. Each partial contribution of the
X-rank components in the irreducible product in Eq.~5! is
weighted with the collisional factorQ121828

(X) given by

Q121828
(X)

5E E E E dv1

2p

dv2

2p

dv18

2p

dv28

2p

3D̃121828~v1 ,v2 ;v18 ,v28!Q̃(X)~v1 ,v2 ;v18 ,v28!,

~7!

where the functionsQ̃(X)(v1 ,v2 ;v18 ,v28) can be expressed
in terms of the matrix elements of transition dipole mome
defined in the basis set of radial wave functions of scatter
problem. In these matrix elements the energies of the in
mediate and upper states depend on the mode freq
cies. The spectral behavior of collisional facto

Q̃(X)(v1 ,v2 ;v18 ,v28) in quantum and semiclassical form
were discussed in Ref.@22#, and we only mention here tha
they are internal characteristics of collision and their defi
tion and evaluation do not depend on whether the incid
light has classical or nonclassical statistics. Thus these
tors can be calculated for any atomic pair similar to how
was described in Ref.@22#. The statistics of light present
only in the integrated collisional factor~7! due to the overlap
with the light correlation function.
2-3
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III. THE CORRELATION FUNCTION OF LIGHT WITH
ENTANGLED POLARIZATION

As a practical example of the OPO generating the n
classical light with entangled polarization, we consider
SPDC process of type II. We will assume the general n
degenerate conditions when two entangled photons can
pear in either ordinaryex or extraordinaryey linearly polar-
ized mode~orthogonal toz direction of the light propagation!
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and in different spectral modes eitherv1 or v2. In the ideal
lossless conditions the SPDC process can be described b
unitary input-output transformation of the field operators@2#.
This lets us make a straightforward analysis of any corre
tion function of output light. The important consequence
this analysis is that any correlation function of arbitrary ord
obeys the rules of quasi-Gaussian statistics.

Let us introduce and discuss the dimensionless correla
function of the second order, normalized according to
classical limit,
ion:
D121828~ t1 ,t2 ;t18 ,t28!5@TrD~`!#21 D121828~ t1 ,t2 ;t18 ,t28!, ~8!

where the classical limitD(`) is defined as the correlation function taken at coincidence momentst185t1 and t285t2 while
approaching the limitst5t12t2→6`. Then for this correlation function there is the following Gaussian-type factorizat

Dxyxy~ t1 ,t2 ;t18 ,t28!5gxx~ t182t1! gyy~ t282t2!1bxy~ t22t1! bxy* ~ t282t18!,

Dyxyx~ t1 ,t2 ;t18 ,t28!5gyy~ t182t1! gxx~ t282t2!1byx~ t22t1! byx* ~ t282t18!,

Dxyyx~ t1 ,t2 ;t18 ,t28!5bxy~ t22t1! byx* ~ t282t18!,

Dyxxy~ t1 ,t2 ;t18 ,t28!5byx~ t22t1! bxy* ~ t282t18!. ~9!
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Here each factor can be expressed by the correlation f
tions of annihilationaia(t) and creationaia

† (t) Heisenberg
operators in thei th spectral andath polarization modes a
follows:

gxx~t!}^a1x
† ~ t1t!a1x~ t !&5^a2x

† ~ t1t!a2x~ t !&,

gyy~t!}^a1y
† ~ t1t!a1y~ t !&5^a2y

† ~ t1t!a2y~ t !&,

bxy~t!}^a2y~ t1t!a1x~ t !&,

byx~t!}^a2x~ t1t!a1y~ t !&. ~10!

In pure SPDC process both the polarizations have equal
put fluxes andgxx(t)5gyy(t)5g(t). This means that there
is only one functiong(t) characterizing the normal-type co
relations in each polarization and spectral mode. But in
most general situation the anomalous correlation functi
bxy(t) andbyx(t) are distinguished~basically by their com-
plex arguments!, since the different spectral modes appe
here in different polarizations. Let us note here that asym
try between spectral modesv1 and v2, existing in expan-
sions~9!, ~10! and following from the spectral selection b
absorber, is not an internal property of the light source a
just indicates that in quasiresonant conditions the photon
the modev1 should be absorbed at the first step and
photon of the modev2 at the second step of excitation.

Based on the classical description of the polarizati
entangled light source, only the first term in the first and
the second lines of Eqs.~9! would be acceptable. But it is th
principal feature for such a light source and crucial for o
c-

t-

e
s

r
e-

d
of
e

-

r

following discussion that in the limit of weak subthresho
parametric generation justthe classical terms become neg
gible compared to the nonclassical ones. This property is a
direct consequence of the inequalityubxy(t)u,ubyx(t)u
@g(t), showing that anomalous correlations are mu
greater than normal correlations in a weak parametric li
source generating a rarefied flux of the entangled pho
pairs. Below we consider such conditions for SPDC proc
and cancel out the classical-type correlations in Eqs.~10!.
Also, we simplify our discussion, by assumption that t
typical correlation or coherence time in the nonclassical li
is much longer than the time scale associated with ato
collision. This lets us remove the spectral-dependent co
sional factorQ̃(X)(v1 ,v2 ;v18 ,v28) out of the spectral overlap
integral~7! and take its arguments at the pointsv15v18 and
v25v28 coincided with carrier mode frequencies of noncla
sical light. In other words, we will treat such a collision
absorber as an example of spectral-selected but broad
photodetector near vicinities of these carrier frequencies

According to this assumption the integral~7! is converted
to a normal Fourier expansion defining the light correlati
function in time representation at coincidence moments
turn, this means that to complete the averaging procedure
only need to define the anomalous correlation functio
bxy(t) and byx(t) at the zero momentt→0. In the most
general situation we can require

ubxy~0!u5ubyx~0!u5b,

bxy~0! byx* ~0!5b2 e2 iw, ~11!
2-4



-
ri

a
we
th

u

o

n
o
w

tu

h
et

in
-

la

na
to

atio
ion

can
fac-

he
llel

ned

ta-

sical
lity
po-
ed
ive
m
had
nd
e-

ions
o-

n-
nal
o-

s-

las-
ary
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where the phase mismatchingw is determined by the prop
erties of the light source. Its physical meaning will be cla
fied in the next section. The remaining parameterb deter-
mines the probability of two-photon excitation and in
matter of fact it is not necessary to know its magnitude if
are more interested in the polarization dependence of
process.

IV. THE NONCLASSICAL POLARIZATION RATIO

Let us substitute the correlation function in form~9! into
expressions for the cross section of fractional collision~7!,
~5! and neglect the classical terms. Then, taking into acco
all the above assumptions, the final result can be written
an average over the following cooperative wave function
the photons’ pair:

uC&125
1

A2
@ uex&1 uey&21eiwuey&1 uex&2]. ~12!

For such a polarization-entangled wave function there is
particular concept of polarization in respect to each phot
but there is a strong mutual correlation between unkno
polarizations of the photons.

As follows from Eq.~12! the phasew defines the type of
entanglement, since it parameterizes the possible quan
superposed states in the cooperative subspace. But one
also see that the different choices ofw can be associated wit
different types of mutual polarization. To show this l
us introduce an alternative basis$ej ,eh% rotated to
$ex ,ey%-directions atp/4 angle, as shown in Fig. 2. Then,
respect to new basis, the choicew50 transforms the coop
erative wave function to the following form:

uC&125
1

A2
@ uej&1uej&22ueh&1ueh&2], ~13!

which can be associated with parallel type of mutual po
izations. For alternative choicew5p,

uC&125
1

A2
@ uej&1ueh&22ueh&1uej&2]; ~14!

the wave function preserves its form defined in the origi
basis. The latter choice ofw creates a state that is invariant

FIG. 2. Definition of basis$ej,eh%; see the text.
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any rotational transformations in (x,y) plane, so it can be
associated with orthogonal type of mutual polarizations.

We can define the nonclassical polarization ratioPEPR as
follows:

PEPR5
s0uw502s0uw5p

s0uw501s0uw5p
5PL1DPint , ~15!

where the second equality shows that this polarization r
can be divided into the sum of usual classical polarizat
PL , defined below by Eq.~16!, and interference contribution
DPint .

Both the classical and nonclassical polarization ratios
be expressed in terms of spectral-dependent collisional
tors Q̃(X)5Q̃(X)(v1 ,v2 ;v1 ,v2). To simplify our notations
we omit below the mode frequencies in their arguments. T
classical polarization, showing imbalance between para
type (e1ie2) and perpendicular type (e1'e2) of two-photon
excitation, where each of the polarization vectors are defi
in respect to any laboratory frame, is given by

PL5
s0u i2s0u'
s0u i1s0u'

5
3

2

Q̃(2)

Q̃(0)1
1

2
Q̃(2)

. ~16!

In turn, the nonclassical polarization ratio is given by

PEPR5
3

2

Q̃(2)2Q̃(1)

Q̃(0)2Q̃(2)
5PL

12
Q̃(1)

Q̃(2)

12PL
. ~17!

As follows from these expressions, only the ratio of orien
tion to alignment collisional factorsQ̃(1)/Q̃(2) is an indepen-
dent parameter emphasizing the difference between clas
and nonclassical definitions of polarization. The first equa
in Eq. ~17! shows the interference nature of nonclassical
larization. Both the collisional factors, normally consider
as responsible for alignment or orientation transfer, g
equal contribution to the numerator of this equation. If, fro
the point of view of classical statistics, such an absorber
equal sensitivity to transfer the orientation and alignment a
Q̃(2)5Q̃(1), there would be no nonclassical polarization d
pendence. For those detunings whereQ̃(1)/Q̃(2)→PL there is
coincidence between classical and nonclassical definit
PEPR→PL ~excepting the possible uncertainty point of tw
photon resonancePL→1, see below!.

Let us point out that there would be no difference if i
stead of the orthogonal type of entanglement in the origi
basis Eq.~12! we considered the parallel type. Then in r
tated basis with the same choices ofw we would create only
the complementary Bell’s wave functions given by expre
sions similar to Eqs.~13! and~14! but with plus sign in them.
As can be shown by a straightforward analysis, the nonc
sical polarization ratio defined in the basis of complement
Bell’s states can be calculated similarly toPEPR. Denoting
this ‘‘new’’ nonclassical polarization ratio asPEPR8 one
obtains
2-5
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PEPR8 5
3

2

Q̃(2)1Q̃(1)

Q̃(0)12Q̃(2)
5PL

11
Q̃(1)

Q̃(2)

11PL
. ~18!

We see thatPEPR8 is not an independent parameter, since
can be expressed viaPEPR and PL . Moreover, the second
equalities in Eqs.~17! and~18! show us that there is a certa
symmetry in definitions ofPEPR and PEPR8 in respect toPL

and there is triple coincidencePEPR8 →PEPR→PL at those

points ~detunings! whereQ̃(1)/Q̃(2)→PLÞ61.

V. EXAMPLE OF 1S\ 1P\ 1S FRACTIONAL COLLISION

Optical excitation of two-photon transition1S→ 1P
→ 1S of active atom perturbed in collision with foreign rar
gas atom in1S ground state is a traditional example, whic
is convenient for theoretical discussion and available for
perimental realization. The polarization dependence of
process can be clearly understood in quasistatic condition
Franck-Condon-type approximation. As was recently sho
in Ref. @19#, the semiclassical quasistatic model of Lew
et al. @24#, describing the single-photon optical collision, c
be generalized in the case of two-photon transitions pres
ing all the effects of nonclassical statistics. Omitting the d
tails, the key result of Ref.@19# is that for recoil collisions,
while neglecting the rotational depolarization, the transit
probability has a simple dependence onw. Regardless of
whether the excitation were via1S→ 1S→ 1S or via 1S
→ 1P→ 1S molecular channels the nonclassical behavior
the total cross section would be given by

s0}w(1)w(2)~11cosw!. ~19!

Herew(1) andw(2) are the quasistatic transition probabilitie
at the Condon points associated with absorption of the
and the second photon, respectively. The disappearanc
the cross section atw→p just indicates the effect of polar
ization entanglement. Indeed, if the excitation of the coll
ing pair were by twin photons with cooperative wave fun
tion in form ~14!, the two-photon transition would b
forbidden because the unknown polarization of the sec
photon would be always orthogonal to the unknown dir
tion of transition dipole moment.

As we see from expression~19! in quasistatic conditions
and in the limit of recoil collisions the nonclassical polariz
tion ratio approaches unityPEPR→1. At the same conditions
the classical polarization ratios, depending on the transi
type, approach different limits:PL→1/2 for1S→ 1S→ 1S
excitation channel orPL→7/9 for1S→ 1P→ 1S excitation
channel. The difference between these three numbers
particularly inequality PEPR.PL indicate that the
polarization-sensitive quantum-type correlations manif
themselves more stronger than it would be allowed base
the principle of classical statistics. However, in a more g
eral situation for the collisional trajectory of arbitrary typ
the last inequality can be violated andPEPR can be as greate
as well as less thanPL . This can be understood if we turn t
the results of numerical calculations.
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Shown in Fig. 3 are both the experimental polarizati
spectra from Refs.@15,16# and calculated results for the op
tical excitation of magnesium atom by classical light in co
lision with neon atom at room temperature. The calculat
procedure was described in detail in Ref.@22# and we just
mention here that it is based on semiclassical~but not qua-
sistatic! approach in evaluation of the collisional factorsQ(X)

with ab initio interaction potentials from Ref.@25#. There is a
rather good agreement between experimental and theore
spectral dependences of polarization ratioPL5PL(D1 ,D2)
as a function of both detuningsD1 andD2 that reveals cor-
rect estimation of the role of rotational depolarization and
interference existing between different excitation chann
In Fig. 4 we reproduce the calculated spectra of the class
polarization ratioPL taken from the previous graph and pl
the calculated nonclassical polarization spectrumPEPR
5PEPR(D1 ,D2).

As follows from these spectral dependences, at the vic
ties of two-photon atomic resonancesD11D2→0 the classi-
cal polarization ratio becomes greater than the nonclass
one. Indeed, in two-photon resonance the classical value
proaches unity, i.e., its maximal value associated with tw
photon resonance absorption on separated active atom.
the optical transition initiated by nonclassical light stay se
sitive to the presence of foreign atom even in the conditio
D11D2→0. This comes from the fact that two-photon exc

FIG. 3. Polarization spectra of Mg-Ne fractional collisio
1S→1P→1S interpolated to zero pressure limit of rare ga
experiment~dots! and theory~dashed curve!.
2-6
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tation of free active atom at1S→ 1P→ 1S transition initiated
by the photon pair described by cooperative wave function
form ~12! is forbidden and only the presence of foreign p
ticle breaks the symmetry restriction and opens the excita
channel. This circumstance can be checked if we look at
spectral dependence of total cross section. There is no si
larity in the spectral dependence of the fractional collis
cross section near the points of two-photon resonanceD1
1D2→0 in the case of nonclassical excitation. As a con
quence in the spectral domains near two-photon resona
the nonclassical polarizationPEPR stays less than its class
cal analogPL . Moreover, since highly excited magnesiu
atom in its upper 5s 1S state is characterized by longer actin
interaction potential than in intermediate 3p 1P state, the di-
rect two-photon Franck-Condon-type transition~without
population of the intermediate state! can be spread on som
spectral domain withD11D2.0.

As can be seen from the graphs shown in Fig. 4, in
far-off resonant domains, acceptable for quasistatic
proach, the nonclassical polarization ratio rises and for so
detunings becomes greater than the classical one. There
tendency to approach unity for those detunings where r
tional depolarization becomes negligible. That in our e
ample, takes place for far negative detuningsD2,0 and for
positive detuningD1.0, see Fig. 4~a!. For such detunings
the excitation is mainly via separated Condon point1S
→ 1S→ 1S and in recoil limit one hasPL→1/2, PEPR→1.
An important feature of the dependences plotted in Fig. 4~a!

FIG. 4. Calculated polarization spectra of Mg-Ne fractional c
lision 1S→ 1P→1S: the classical~dashed curve! and nonclassica
~solid curve! polarization ratios.
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is that classical curve lies over the nonclassical one i
rather broad spectral domain. This is just manifestation of
dominant contribution of direct two-photon Franck-Cond
transition in the classical type of photoexcitation, for whi
the magnitude ofPL should approach unity. With referenc
to Fig. 3, one can see that this circumstance agrees
experimental data. As is mentioned above, the direct tw
photon excitation does not contribute to nonclassical type
photoexcitation. The nonclassical curve in Fig. 4~a! can be
qualitatively understood as a result of two successive
spatially resolved single-photon Franck-Condon transitio
via1S→ 1S→ 1S excitation channel. The deviation ofPEPR
from unity is mainly caused by small but not negligible e
fect of rotational depolarization. The depolarization effe
becomes negligible and legitimizes the recoil limit approa
only for the red wing of this curve.

For negative detuningD1,0 in the red wing ofD2 spec-
trum the excitation is mainly via1S→ 1P→ 1S. The rota-
tional depolarization becomes more important here and
sentially reduces both the classical and nonclass
polarization ratios. In addition, the oscillated behavior of t
polarization spectra indicates the presence of interference
tween different excitation channels in some spectral
mains. In the blue wing of the classical polarization spe
trum, shown in Fig. 4~b!, there is a predominance of th
direct two-photon Franck-Condon-type photoexcitation.
the blue wing of the nonclassical spectrum there is a com
nation of two pairs of successive single-photon Fran
Condon transitions that is accompanied by the interfere
and rotational depolarization effects. The behavior of b
the classical and nonclassical dependences for negative
tuningD2 is more complicated to approximate it by the co
ditions of quasistatic approach because of the quite ab
shape of the potential curves in this excitation domain.

VI. CONCLUSION

In this paper we have considered the mechanism
polarization-sensitive coherent control of collisional dyna
ics via two-photon excitation with nonclassical light chara
terized by polarization entanglement. We introduced an
portant type of polarization ratio showing the difference
excitation probability as a function of the type of entang
ment. Our numerical estimations of the polarization spec
were made for semiclassical conditions of atomic collisio
which are typical if the measurements were carried on w
the gas cell at room temperature. Nevertheless, we can p
out here that all the general expressions stay valid for
experiment with cold atoms in an atomic trap, where co
plete quantum descriptions of atomic collision is required

The basic result of our discussion is that nonclassical li
lets, in principle, more access to polarization-sensitive c
trol of the elementary photochemical process, since the qu
tum correlations manifest themselves more strongly th
classical ones do. The conditions of successive quasis
transitions and particularly of recoil collisions, when rot
tional depolarization becomes negligible, seem to be the
for the polarization-sensitive control of the internal col
sional dynamics. In an ideal situation of recoil collision a

-

2-7
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Franck-Condon-type photoexcitation it may be possible
close one channel of fractional collision and to open anot
if they have different transition symmetry. In turn it mak
possible to manipulate the dynamics of collisional proc
directly in the body-fixed coordinate frame, which has ra
dom and originally unknown orientation in space. Howev
the depolarization mechanism coming from rotation of q
simolecule during the course of collision partially reduc
the effect of strong quantum correlations.

The important peculiarity of the proposed mechanism
two-photon absorption of polarization-entangled light is th
the process is only sensitive to the type of entanglement
does not reduce the quantum uncertainty of photons’ po
ization. The polarization direction of each of the photo
an

.

,

od

ys

,
an

B

.

06341
o
er

s
-
,
-
s

f
t
nd
r-
s

stays unknown after the measurement. This emphasizes
difference of the proposed type of polarization-sensit
measurement from the detection of nonclassical light
polarization-sensitive correlation interferometer, based
coincidence scheme.
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