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Generation of photon pairs using polarization-dependent two-photon absorption
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We propose a method for generating photon pairs from coherent light, using polarization-dependent two-
photon absorption. We study the photon statistics of two orthogonally polarized modes by solving a master
equation, and show that when we prepare a coherent state in one polarization mode, photon pairs are created
in the other mode. The photon pairs have the same frequency as that of the incident light.
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I. INTRODUCTION

A photon pair shows a variety of nonclassical phenom
such as nonlocal quantum correlation@1#, two-photon inter-
ference@2#, and so on. There are interesting applications t
include quantum teleportation@3#, quantum cryptography
@4#, and quantum computing@5#. Usually photon pairs are
generated with two-photon cascade emission@6# or sponta-
neous parametric down-conversion@7,8#. In this paper we
propose a method to produce photon pairs, us
polarization-dependent two-photon absorption from cohe
light.

Two-photon absorption is one of the second-order non
ear optical effects and many investigations have been
formed @9,10#. Some researchers have shown that cohe
light is changed into sub-Poissonian light with nonclassi
characteristics after the interaction with the two-photon
sorbers@11–13#. The rate of two-photon transition is propo
tional to the second-order correlation function of the pho
field @14#. The shorter the time interval between two photo
incident on a two-photon absorber, the higher the probab
of the absorption. If the initial state of the field is a cohere
state whose photons are randomly distributed in time, p
of photons that arrive at the absorber accidentally withi
very short time period are likely to be absorbed. Hence
unabsorbed photons are apart from each other, and ex
antibunched photon statistics with low second-order coh
ence@15#.

The above investigations deal with the polarizatio
independent two-photon transition. But there exists tw
photon transition with a polarization selection rule that
lows only the transition by two photons whose polarizatio
are orthogonal to each other. When a polarization-depen
two-photon absorber interacts with a coherent light that
cludes quantum superposition of an absorbable and an u
sorbable two-photon states, the time-correlated photon p
in the unabsorbable state and isolated photons survive
the absorption. The polarization selective absorption acc
panies a change of the polarization state for the photon p
and therefore, photon pairs with polarization orthogonal
the original polarization are created. One can single out
photon pairs using a linear polarizer. We will give the deta
in Sec. II and analyze the time evolution of the field in tw
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orthogonal linear polarization modes, using a master eq
tion in Sec. III.

While photon pairs created by parametric dow
conversion have half the frequency of the pump laser,
frequency of photon pairs generated by our method is
same as that of the coherent light initially prepared. Hen
choosing appropriate two-photon transitions, one could p
duce photon pairs in blue or much higher frequency regi

II. POLARIZATION-DEPENDENT
TWO-PHOTON ABSORPTION

The two-photon transition between twoL50 states obeys
a polarization selection rule that only allows the absorpt
of oppositely circular-polarized photons@16,17#. The selec-
tion rule is originated from the conservation of angular m
mentum of the atom and the two photons, i.e., the phot
must have zero angular momentum if the initial state and
final state of the atom have zero angular momentum. If o
photon is right circularly polarized, the other must be le
circularly polarized.

In this section, we will give simple explanations how ph
ton pairs are generated by the polarization-dependent t
photon absorption. We introduce the two-photon stateuCa&
5u1,1&RL , whereur ,l &RL denotes the state withr right circu-
larly polarized photons andl left circularly polarized pho-
tons. We can representuCa& in the linear polarization basis a

uCa&5
u2,0&HV1u0,2&HV

A2
, ~1!

where uh,v&HV is the state withh photons in the horizonta
polarization mode andv photons in the vertical polarization
mode@18#.

First, we consider a simple case where photon field
prepared in uC i&5u2,0&HV and interacts with the
polarization-dependent two-photon absorber. If the inter
tion time is long enough, the state of the light is project
into the state which is orthogonal to the stateuCa&, as illus-
trated in Fig. 1~a!. Then the conditioned state for no absor
tion is represented by

uC f&5~12uCa&^Cau!u2,0&HV5
u2,0&HV2u0,2&HV

2
, ~2!
©2003 The American Physical Society09-1
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where the decrease of the norm is the result of the abs
tion. Note that there is a probability that one finds the ve
cally polarized two-photon stateu0,2&HV that does not exis
before the interaction. A similar process for one photon
occurred when a horizontally polarized photon pas
through a linear polarizer aligned at 45°. The polarization
projected along the orientation of the polarizer, and the v
tical polarization component appears@19#.

In the case of incomplete absorption, as shown in F
1~b!, the conditioned state for no absorption is given by

uC f&5~12euCa&^Cau!u2,0&HV

5S 12
e

2D u2,0&HV2
e

2
u0,2&HV , ~3!

wheree (.0) represents absorption. Fore!1, the probabil-
ity for u2,0&HV is reduced bye and that foru0,2&HV is in-
creased bye2/4. This change in polarization creates the v
tically polarized two-photon state, which did not exi
initially.

Next, we consider the case where the initial state of li
is a horizontally polarized coherent state as shown in Fig
Because the rate of the two-photon absorption is proportio
to the second-order correlation function of the field, pa
within an extremely short interval are absorbed selectiv
from the randomly distributed photons. Therefore, only
time-correlated pairs are changed into the superposition
Eq. ~3! by the absorption. The pairs with horizontal polariz
tion are reduced, while vertically polarized photon pa
emerge with probabilitye2/4 for all pairs. All uncorrelated
and isolated photons remain horizontally polarized.

FIG. 1. Projection of the state by polarization-dependent tw
photon absorption. The unabsorbable stateuCu& is defined as
(u2,0&2u0,2&)/A2.

FIG. 2. Procedure of generating photon pairs with a two-pho
absorber.
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The horizontally polarized beam is evolved from the c
herent state into antibunched light due to the pairwise
sorption. On the other hand, the vertical polarization mod
a vacuum at first, and evolved into the bunching state by p
production of photons. As shown in Fig. 2, filtering out ho
zontally polarized photons with a polarizer, one can get p
ton pairs.

In the following section, we will analyze the photon st
tistics of the horizontal and vertical polarization mode f
quantitative evaluations.

III. MASTER EQUATION APPROACH

We examine the time evolution of the field under the
teraction with the polarization-dependent two-photon abso
ers by solving a master equation. Schauer@20# investigated
the steady state solutions of the master equation for the
teraction between the two-photon absorbers and the ph
field. On the other hand, we take a perturbative appro
under the condition of short interaction time.

We assume that the one-photon transitions to intermed
levels are off resonant enough to be negligible compa
with the two-photon transition. We introduce a two-phot
annihilation operatorO:

O5aRaL5
aH

2 1aV
2

2
, ~4!

whereaR, aL , aH , andaV are annihilation operators for th
right circularly, left circularly, horizontally, and vertically po
larized photons, respectively. The density matrix of the lig
field, r, satisfies the following master equation@12,20#:

dr

dt
52OrO†2O†Or2rO†O, ~5!

where the timet is normalized with respect to the two
photon transition ratek as t5kt. Equation~5! yields the
equation of motion for an operatorA as

d

dt
^A&52^O†AO&2^AO†O&2^O†OA&. ~6!

We will calculate the evolution of the light field when th
initial state of the light is an intense coherent stateua&H for
the horizontal polarization mode and the vacuum stateu0&V

for the vertical polarization mode, i.e.,ua,0&HV[exp(aaH
†

2a* aH)u0&. As mentioned before, we assume that the n
malized interaction timeT is much less than unity. This is
reasonable for general experimental realizations without s
cial equipments such as a high-Q cavity because of very
small two-photon transition rate.

A. Horizontal polarization mode

With Eq. ~6!, the rate of change for the number of hor
zontally polarized photons can be easily obtained as

d

dt
^aH

†aH&52^aH
†2aH

2 &2
1

2
^aH

†2aV
2 &2

1

2
^aH

2aV
†2&. ~7!

-

n
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The interaction time is so small that the horizontally pol
ized beam still remains to be very intense and the vert
polarization is nearly in the vacuum mode after the inter
tion. Then, the first term of the right-hand side of Eq.~7! is
dominant:

d

dt
^aH

†aH&.2^aH
†2aH

2 &. ~8!

The reduction rate of the photon number is proportiona
the second-order correlation function of the field.

From Eq.~8!, the mean photon number after the intera
tion can be approximated as

^aH
†aH&.uau22uau4T. ~9!

Similarly, other resulting expectation values are calculated

^aH&.a2
uau2aT

2
,

^aH
2 &.a22uau2a2T2

a2T

2
, ~10!

^aH
†2aH

2 &.uau422uau6T2uau4T.

We introduce a Hermitian operatorXH(f)5aHe2 if

1aH
†eif, and calculate its dispersion̂@DXH(f)#2& from

Eqs.~9! and ~10!:

^@DXH~f!#2&.12uau2T cos2~arga2f!, ~11!

which shows that the dispersions of the quadrature am
tudes XH(arga) and XH(arga1p/2) satisfy
^@DXH(arga)#2&,1,^@DXH(arga1p/2)#2&. We see that
the mode of the horizontal polarization is evolved into t
squeezed state, where the dispersion forf5arga is smaller
than unity. As in Fig. 3~a!, the fluctuation in the direction o
the excitation of the coherent state decreases and the ph
statistics become sub-Poissonian.

FIG. 3. Time evolution in the phase space~a! for the horizontal
polarization mode and~b! for the vertical polarization mode. Th
dotted lines represent initial states and the solid lines represen
state after the interaction with the absorber.
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B. Vertical polarization mode

We will calculate the photon number in the vertical pola
ization mode,̂ aV

†aV&, and the second-order correlation fun
tion ^aV

†2aV
2 &. They are approximated as

^aV
†aV&5^aV

†2aV
2 &5

~ uau2T!2

4
, ~12!

which shows that the number of the vertically polarized ph
tons, as well as the second-order correlation function, gro
in proportional to the second-order correlation function
the horizontal polarization mode. The normalized seco
order correlation function is obtained as

g(2)~0!5
^aV

†2aV
2 &

^aV
†aV&2

5
4

~ uau2T!2
@1. ~13!

Owing to the pair creation of photons, the strongly bunch
photons appear in the vertical polarization mode.

Similar calculations lead to ^aV&50 and ^aV
2 &

52a2T/2. The evolution of̂ aV
2 & is sensitive to the phase o

the coherence of the horizontal polarization mode. The d
persion ^@DXV(f)#2& of an Hermitian operatorXV(f)
5aVe2 if1aV

†eif is approximated as

^@DXV~f!#2&512uau2T cos 2~arga2f!, ~14!

which is same as Eq.~11!. The state of the vertically polar
ized photons is determined by that of the horizontally pol
ized photons and the directions of squeezing are same.
ure 3~b! illustrates the evolution from the vacuum state to t
squeezed vacuum in the phase space. Unlike the cohe
squeezed state in Fig. 3~a!, the squeezed vacuum exhibi
super-Poissonian statistics@21#.

IV. CONCLUSION AND DISCUSSION

We have proposed the unique method of generating p
ton pairs with the polarization-dependent two-photon abso
tion. The results of the perturbative calculations with t
master equation show that the vertically polarized phot
and its second-order correlation function are increased
gether with the second-order correlation function of the ho
zontally polarization mode. Moreover, the phase space
resentation shows that the coherent state in the horizo
polarization mode is changed into antibunching state, and
vacuum state in the vertical polarization mode is develop
into a squeezed vacuum whose photon statistics is bunc
The photon bunching is caused by the pair creation.

The generation of photon pairs at frequencyv0 by para-
metric down-conversion requires a pump beam at freque
2v0, so it is difficult to obtain photon pairs in the blue o
shorter wavelength region. On the other hand, all photon
our method have the same frequencyv0. By using appropri-
ate two-photon absorbers, we could produce photon pair
blue or higher frequency range.

We estimate the possibility of experimental implemen
tion when we use a cw laser. Using the two-photon abso
tion coefficientb, k introduced in Sec. III is expressed a

he
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k5b\v0c/(n2AL), where n, A, and L are the refraction
index, the laser beam cross section, and the interac
length, respectively. For the 6S-8S two-photon transitions
cesium at 822 nm, the two-photon absorption coefficien
b;1.8310211 m/W for atomic vapor at room temperature
When settingL;131022 m and the laser intensityI;1
31010 W/m2, and assumingn;1, one obtains Npair
5cb2I 2L/(4n);2.43104 photon pairs per second. Al
thoughNpair seems to be a moderate value, the experim
under this condition may be hard to carry out. It is difficult
separate photon pairs from intense laser beam with ortho
nal polarization. For the laser beam cross sectionA
;10210 m2, the ratio betweenNpair and the photon numbe
of the laser beam per secondNlaser5AI/(\v0) is given as
R[Npair/Nlaser;5.6310215, but the extinction ratio of com-
mercially available linear polarizers is 1026 at best. The ratio
R can be improved by increasing the atomic density or c
fining the vapor in a cavity.

It is known that the two-photon transition for theG1 biex-
citon in CuCl has the same selection rule@22#. It has the
advantage of large two-photon absorption coefficientb
;1023 m/W. Other parameters aren;3 and \v0
53.2 eV. If we chooseI;104 W/m2 and set the other pa
, a

ys

.
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rameters the same as in the case of Cs, we getNpair;2.5
3107/s andR;1.231025, which is large enough to dis
criminate. While we have assumed the use of cw lasers
estimation, the use of a pulsed laser would certainly ease
experimental conditions.

In this paper we have dealt with the degenerate tw
photon transition, but it is easy to extend our method to
nondegenerate transition. In the degenerate two-photon
cess, two photons appear simultaneously in pair in the s
mode, while in the nondegenerate process the pair of pho
will emerge simultaneously but in different frequenc
modes. In the nondegenerate case, it is possible to adjus
detuningD from the intermediate level and we can eas
attain large two-photon absorption coefficientb, which is
inversely proportional toD2. This strategy might enable u
to demonstrate the experiments using atomic vapor.

ACKNOWLEDGMENTS

This research was supported by the Ministry of Edu
tion, Culture, Sports, Science and Technology in Japan un
a Grant-in-Aid for Scientific Research No. 11216203 and
21st Century COE Program No. 14213201.
-

@1# A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett.49, 1804
~1982!.

@2# L. Mandel, Rev. Mod. Phys.71, S274~1999!.
@3# C.H. Bennett, G. Brassard, C. Crpeau, R. Jozsa, A. Peres

W.K. Wootters, Phys. Rev. Lett.70, 1895~1993!.
@4# A.K. Ekert, J.G. Rarity, P.R. Tapster, and G.M. Palma, Ph

Rev. Lett.69, 1293~1992!.
@5# D. Bouwmeester, A. Ekert, and A. Zeilinger,The Physics of

Quantum Information~Springer, Berlin, 2000!.
@6# J.F. Clauser, Phys. Rev. D9, 853 ~1973!.
@7# D.C. Burnham and D.L. Weinberg, Phys. Rev. Lett.25, 84

~1970!.
@8# S. Friberg, C.K. Hong, and L. Mandel, Phys. Rev. Lett.54,

2011 ~1985!.
@9# N.P. Georgiades, E.S. Polzik, and H.J. Kimble, Phys. Rev

55, R1605~1997!.
@10# H. Ezaki, E. Hanamura, and Y. Yamamoto, Phys. Rev. Lett.83,
nd

.

A

3558 ~1999!.
@11# R. Loudon, Opt. Commun.49, 67 ~1984!.
@12# N. Tornau and A. Bach, Opt. Commun.11, 47 ~1974!.
@13# R. Loudon,The Quantum Theory of Light~Oxford University

Press, Oxford, 1983!.
@14# L. Gilles and P.L. Knight, Phys. Rev. A48, 1582~1993!.
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