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The rate of absorption of entangled photon pairs is linear in the photon-flux density. W
demonstrate that the two-photon absorption cross section is a nonmonotonic function of
entanglement time; it vanishes for certain energy-level configurations and values of the entangle
time. This entanglement-induced two-photon transparency arises from the coherent summatio
transition-amplitude contributions over the finite entanglement time. As an example, the entan
two-photon cross section for the1S-2S electronic transition in atomic hydrogen is obtained.
[S0031-9007(97)02508-8]
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Since the 1930s, when two-photon absorption was fi
described [1], multiphoton processes have received cons
erable attention as fundamental components of the inter
tion of light with matter. With classical light, theN-photon
absorption and ionization rates vary with the photon-flu
densityf asfN . These rates also depend on the statis
cal properties of the light. For example, it has been show
that the off-resonance rate using a thermal light source
ceeds that using a coherent light source by a factor ofN!
[2,3]. Current interests in classical-light induced mult
photon processes include two-photon fluorescence [4] a
two-photon spectroscopy [5]. With the advent of noncla
sical light sources [6,7], new phenomena in multiphoto
processes can be explored. A linear (rather than quadra
dependence of the two-photon absorption rate on phot
flux density has been predicted for sufficiently weak enta
gled [8,9] and quadrature squeezed light [10]; indeed, t
latter has been recently observed with atomic cesium in
squeezed vacuum [11].

A composite quantum system whose state cannot be f
tored into a product of single-particle states is said to
entangled [7]; it has no classical analog. In this Lette
we present a quantum-mechanical calculation of the tw
photon (linear) absorption rate with temporally entangle
light. Our results reveal a new nonclassical phenom
non—nonmonotonic variations in the absorption rate
a function of the entanglement time. An important fea
ture of these variations is the occurrence of significan
reduced values of the absorption cross section that eme
for certain parameter values, which we termentanglement-
induced two-photon transparency. Like electromagneti-
cally induced transparency [12,13], which has applicatio
in lasing without inversion [13] and isotope discriminatio
[14], entanglement-induced transparency is a quantum
terference effect. It is distinguished from the inhibitio
and enhancement of two-photon absorption using class
light [15] by its dependence on the degree of entanglem
of the photon pair and its linear dependence on the phot
flux density. As an example, we calculate the effect in th
1S-2S transition of atomic hydrogen [16].
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Simple probabilistic model.—We first present a simple
probabilistic two-photon absorption model that conside
the photons as particles. The process is regarded
having two steps: the first photon initiates a transitio
to a virtual state and the second photon brings abou
transition to the final state. For randomly arriving photon
the probabilistic analysis yields a transition rateRr that
depends only on the material’s single-photon cross sect
s and virtual-state lifetimet. The resulting random
two-photon absorption rate isRr  drf2 where the two-
photon quadratic cross section isdr  s2t [17].

Next, consider correlated photon pairs arriving at th
absorbing medium with flux densityfy2 photon pairsy
scm2 sd. In this case, the absorption rate of the material d
pends on the probabilityjsTed that the two photons emitted
within the timeTe arrive withint and the probabilityz sAed
that the two photons emitted within the areaAe arrive
within s. Thus, the correlated two-photon absorption ra
is Re  sef with cross sectionse  sjsTedz sAedy2.
This rate must be supplemented by that representing
accidental arrival of pairs withint ands, resulting in the
overall two-photon absorption rate

R  Re 1 Rr  sef 1 drf2. (1)

It is clear that correlated two-photon absorption domina
random two-photon absorption only when the photon-fl
density is sufficiently small. The critical photon-flux den
sity at which the two processes are equal isfc  seydr.
For Te ø t and Ae ø s, jsTed and z sAed are unity,
yielding se  dry2st. In the experimentally relevant
case in whichTe ¿ t andAe ¿ s, the probability func-
tions arejsTed  tyTe andz sAed  syAe, yielding

se  dry2AeTe . (2)

Quantum-mechanical cross section.—We now obtain a
proper quantum-mechanical expression forse, which we
then compare to the results obtained above. Entang
light is assumed to be created by parametric downco
version through a second-order nonlinear optical intera
tion [7,18]. This process produces an entangled pho
© 1997 The American Physical Society 1679
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pair (signal and idler) from a single pump photon su
that energy and momentum are conserved. We cons
collinear Type-II down-conversion in which the signal an
idler photons have wave vectors parallel to that of the pu
and have orthogonal polarizations [19]. Assuming a dow
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conversion crystal of lengthl, and a pump beam with wav
numberkp , Gaussian spectrum of widthDvp , and cen-
tral frequencyvp, the down-converted photon pair form
a time-entangled pure quantum state referred to as the
state [19,20]
j twinl  Nl
Z Z

dv1 dv2 exp

∑
2

sv1 1 v2 2 vpd2

Dv2
p

∏
sinc

∑
l

2p
sk1 1 k2 2 kpd

∏
jv1, v2l . (3)
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Here v1, k1sv1d and v2, k2sv2d are the signal and idle
frequencies and wave numbers, respectively. Typica
Dvp ø vp and 1yTe ø vp [19,20] so that the signa
and idler wave packets can be identified by their cen
at v

0
1 , v

0
2 and the normalization factor is given b

N2  Te

p
2yp3yl2Dvp; units are chosen such tha

h̄  c  1. The entanglement timeTe, which is the
temporal width of the fourth-order coherence function,
in this case equal to the difference between the m
transit times of the two photons. Because the sig
and idler photons are orthogonally polarized a
travel at slightly different group velocitiesu1 and
u2, we have Te  T1 2 T2  ls1yu1 2 1yu2dy2,
where u1 , u2, and T1  ly2u1 and T2  ly2u2 are
the mean transit times. In writing Eq. (3) we hav
assumed that the signal and idler have been extern
delayed by a compensating time equal toT1 2 T2. The
use of the symbolTe will be subsequently justified by its
y,
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correspondence with that used in the simple probabi
particle analysis.

We begin by considering the interaction of one
tangled photon pair with a medium in an initial statejcil
with energy eigenvalué i . Thus, the initial state of th
system isjCil  jcil ≠ j twinl. The excitation of the
medium occurs through the intermediate statesjcjl with
complex eigenvalueśj 1 ikjy2 [3]. The phenomeno
logical intermediate state linewidthskj in general depen
on the photon-flux density but can be considered cons
for sufficiently weak light [21]. The final state of th
light is the vacuumj0, 0l, and that of the material isjcf l
with eigenvalué f , so that the final state of the system
jCf l  jcfl ≠ j0, 0l. With this formulation, the absorp
tion rate of the medium can be calculated in the interac
picture in a manner analogous to that used for two-ph
absorption with classical light [21,22]. Using second-or
time-dependent perturbation theory, the transition pr
bility amplitudeSfi is
Sfi 
pNl
2Aq

q
v

0
1v

0
2 exp

∑
2

s´f 2 ´i 2 vpd2

Dv2
p

∏

3
X

j

Ω
D

s jd
21

1 2 exph2ifTes´j 2 ´i 2 v
0
1d 1 sT0 2 Tey2d s´f 2 ´i 2 v

0
1 2 v

0
2 dg 2 Tekjy2j

Tes´j 2 ´i 2 v
0
1d 1 sT0 2 Tey2d s´f 2 ´i 2 v

0
1 2 v

0
2 d 2 iTekjy2

1 D
sjd
12

1 2 exph2ifTes´j 2 ´f 1 v
0
1 d 2 sT0 2 Tey2d s´f 2 ´i 2 v

0
1 2 v

0
2dg 2 Tekjy2j

Tes´j 2 ´f 1 v
0
1 d 2 sT0 2 Tey2d s´f 2 ´i 2 v

0
1 2 v

0
2 d 2 iTekjy2

æ
, (4)
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whereD
s jd
kl  kcf jdkjcjl kcjjdljcil are the transition ma-

trix elements with material electric-dipole moment com
ponentsdk , dl andk, l  1, 2; T0  sT1 1 T2dy2; andAq

is the quantization area. The sinc-function dependenc
the entangled-two-photon wave function and the ener
level configuration of the medium combine to produ
the complex dependence ofSfi on the nonlinear-material-
dependent termsTe andT0, which characterize the struc
ture of the entangled two-photon wave function.

We now generalize the interaction between the e
tangled photon pair and the medium to multiple pairs w
an entanglement areaAe that arises from nonzero trans
verse momentum which is, however, sufficiently sm
so that Eq. (3) is still a valid description. Geometric
considerations analogous to those used in the simpli
probabilistic analysis yield the absorption cross section
entangled light (the relatively small atomic size justifies
heuristic consideration of spatial effects):

se  jSfij
2A2

qyAe . (5)
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Equation (5), which is independent ofAq upon incorpora-
tion of Eq. (4), is our main result.

Special cases.—A deeper understanding of the physica
nature of these results can be obtained by considering
simplified case in which the pump is monochromatic, s
that Dvp ! 0 and the phase matching conditionvp 
v

0
1 1 v

0
2 obtains. Under these conditions, we identify th

energy mismatchDsjd
k  ´j 2 ´i 2 v

0
k and Eqs. (4) and

(5) reduce to

se 
p

4AeTe
v0

1v0
2ds´f 2 ´i 2 v0

1 2 v0
2 d

3

É X
j

(
D

s jd
21

1 2 expf2iTeD
s jd
1 2 Tekjy2g

D
s jd
1 2 ikjy2

1 D
s jd
12

1 2 expf2iTeD
s jd
2 2 Tekjy2g

D
s jd
2 2 ikjy2

) É2
.

(6)
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Along with the inverse dependence onTe, the structure
of Eq. (6) permits constructive and destructive interfe
ence that can produce nonmonotonic behavior ofse as
a function of Te. Further simplification obtains for the
special case of a medium in which a single intermedia
statej  s (with Teks ø 0) dominates the summation so
that we have a three-level system, and the entangled p
tons are degenerate withv0

1  v
0
2  vpy2 fi ´s 2 ´i ,

whereupon

sejjs 
pfDssd

21 1 D
ssd
12 g2v2

pds´f 2 ´i 2 vpd

4AeTefDssd
p g2

3 sin2

∑
D

ssd
p Te

2

∏
(7)

with D
ssd
p  s´s 2 ´i 2 vpy2d. Full entanglement-

induced two-photon transparency is then seen to oc
at the zeros of the sin2 function: Te  2mpyD

ssd
p , where

m  1, 2, 3, . . . .
For comparison with Eq. (6), the quadratic two-photo

absorption cross section for classical light is [22]

dr 
p

2
v0

1v0
2ds´f 2 ´i 2 v0

1 2 v0
2d

3

É X
j

"
D

sjd
21

D
sjd
1 2 ikjy2

1
D

s jd
12

D
s jd
2 2 ikjy2

# É2
. (8)

There are two significant differences between the e
tangled (linear) and the classical (quadratic) two-phot
absorption cross sections. First, the entangled two-pho
cross section contains a factor of1y2AeTe, which is just
what is obtained forfc from the probabilistic particle
analysis. Second, aTe-dependent harmonic term appea
that intertwines the parameters of the medium with t
entangled-photon parameter in a manner that does no
general permit factorization. In the special casev

0
1 

v
0
2  ´j 2 ´i andTekj ø 1, however,se is maximized

and Eq. (6) can be factored, givingse ~ Te [9].
Origin of the interference.—In general, photon absorp-

tion results from the coherent summation of transitio
amplitude contributions over all possible absorption time
The essential difference between the classical and
tangled two-photon absorption cross sections arises
cause in the latter case the contributions are limited
photon pairs arriving withinTe [compare the summands
in Eqs. (6) and (8)]. Although produced by entangl
ment in our study, we note that this type of quantum i
terference can occur in other situations involving sha
time windows. In all forms of two-photon absorption
the contributions further depend on the order of the a
sorption, resulting in two terms within the summations
both Eqs. (6) and (8). These effects are in addition
the usual quantum interference that originates from t
indistinguishability among amplitudes arising from differ
ent intermediate state transitions. (In electromagnetica
induced transparency the interference is among the pr
-
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ability amplitudes of two or more transitions induced b
two or more sources [12–14], whereas in entanglemen
induced transparency the interference is among transitio
amplitude contributions over the finite entanglement tim
window for a single transition induced by a single source

Our results are readily generalized to entangledN-
photon absorption, which is expected to produce simil
phenomena, including entanglement-inducedN-photon
transparency. Furthermore, it should also be possib
to vary the absorption at particular signal and idle
frequencies by manipulating the shape of the entangle
two-photon wave function, for example, by using
multiple-crystal geometries.

Example: atomic hydrogen.—To explicitly demonstrate
the nonmonotonicity, we consider entangled two-photo
absorption in the exactly calculable case of atomic h
drogen. In particular, we evaluate the effect for the ele
tronic1S-2S transition which has been the focus of severa
recent experiments, including nonentangled two-photo
absorption [5]. The selection rules of this transition for
bid the absorption of two orthogonally polarized pho
tons so that one of the photon beams is assumed to h
had its polarization rotated to be parallel to that of th
other beam. For simplicity, we consider a monochromat
source withvp  ´f 2 ´i and intermediate states with
kj  0 (sincekj ø D

sjd
k and Tekj ø 1). We take the

2S state to be Lorentzian broadened with a natural lifetim
1ykf  122 ms [5] and useAe  1026 cm2. Numerical
calculations of the entangled two-photon absorption ra
are carried out using 50 principal quantum numbers (th
use of additional intermediate states is insignificant on th
outcome).

The results are shown in Figs. 1 and 2, for dege
erate and nondegenerate entangled photon pairs, resp
tively [23]. These curves reveal large variations in
the linear two-photon cross section over a range

FIG. 1. Degenerate (v
0
1  v

0
2  vpy2) entangled two-

photon linear absorption cross sections for the1S-2S transition
in atomic hydrogen using Eq. (6) (solid curve), the singl
intermediate state approximation of Eq. (7) (dashed curve), a
the result from the probabilistic particle analysis Eq. (2) with
dr given by Eq. (8) (dotted curve).
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FIG. 2. Nondegenerate entangled two-photon linear abso
tion cross sections for the1S-2S transition in atomic hydro-
gen using Eq. (6):v0

1  vpy3, v
0
2  2vpy3 (dashed curve);

v
0
1  vpy8, v

0
2  7vpy8 (solid curve).

entanglement times typically encountered in experime
[19]. The dominance of a single frequency in the degen
ate curve of Fig. 1 is indicative of the contributions princ
pally arising from the lowest intermediate state (2P). The
cross section in this case (solid curve, Fig. 1) is well a
proximated by Eq. (7) (dashed curve, Fig. 1). The ad
tional structure evident in the nondegenerate cases (Fig
arises from the superposition of two different princip
harmonic components, each of which is proportional to
different transition matrix element.

The minima in the cross sections lie 1 to 3 orders
magnitude below the maxima for both degenerate a
nondegenerate absorption, demonstrating entanglem
induced transparency in a realistic physical system.
deed, the modulation depth is nearly independent ofTe

since typicallyTekj , 1025. This indicates that the lin-
ear two-photon absorption rate can be inhibited or e
hanced by appropriate adjustment of the entanglem
time over a wide range of values. This adjustment can
conveniently achieved through the use of a wedge-sha
crystal or the insertion of spectral filters in the signal a
idler beams. However, for sufficiently large values
Tekj , the factor exps2Tekjy2d ! 0 in Eq. (6), where-
upon the interference is washed out and the quantu
mechanical result coincides with the simple probabilis
particle formula: Eq. (2) withdr given by Eq. (8).

To observe these features in experiments, a sufficie
small sample or spot size may well be necessary to av
a potential reduction of the modulation depth resulti
from the range of optical path differences for differe
atoms in a three-dimensional sample. Preliminary stud
involving spatiotemporal effects in entangled two-phot
absorption indicate that the general features of our res
persist over a wide range of nonideal conditions. T
calculations presented here show that nonmonotonic
sorption should occur in atomic hydrogen forf , fc ,
1024 photonsyscm2 sd. Hence, the ease with which non
1682
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monotonic entangled two-photon absorption can be at
tained is limited by the low efficiency of spontaneous
down-conversion in nonlinear crystalss,1027d. This
makes the production of large entangled-photon fluxes
challenging and necessitates the use of state-of-the-a
light sources and detectors, but it can be achieved.
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