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Entanglement-Induced Two-Photon Transparency
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The rate of absorption of entangled photon pairs is linear in the photon-flux density. We
demonstrate that the two-photon absorption cross section is a nonmonotonic function of the
entanglement time; it vanishes for certain energy-level configurations and values of the entanglement
time. This entanglement-induced two-photon transparency arises from the coherent summation of
transition-amplitude contributions over the finite entanglement time. As an example, the entangled
two-photon cross section for théS-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 first Simple probabilistic model-We first present a simple
described [1], multiphoton processes have received consigiobabilistic two-photon absorption model that considers
erable attention as fundamental components of the interathe photons as particles. The process is regarded as
tion of light with matter. With classical light, th€-photon  having two steps: the first photon initiates a transition
absorption and ionization rates vary with the photon-fluxto a virtual state and the second photon brings about a
density¢ as¢”. These rates also depend on the statistitransition to the final state. For randomly arriving photons,
cal properties of the light. For example, it has been showtthe probabilistic analysis yields a transition rate that
that the off-resonance rate using a thermal light source exdepends only on the material’s single-photon cross section
ceeds that using a coherent light source by a facta¥lof o and virtual-state lifetimer. The resulting random
[2,3]. Current interests in classical-light induced multi- two-photon absorption rate B, = §,¢> where the two-
photon processes include two-photon fluorescence [4] anghoton quadratic cross sectionds = o7 [17].
two-photon spectroscopy [5]. With the advent of nonclas- Next, consider correlated photon pairs arriving at the
sical light sources [6,7], new phenomena in multiphotonabsorbing medium with flux density/2 photon pairg
processes can be explored. A linear (rather than quadrati@dn? s). In this case, the absorption rate of the material de-
dependence of the two-photon absorption rate on photorpends on the probability(7, ) that the two photons emitted
flux density has been predicted for sufficiently weak entanwithin the timeT, arrive within= and the probability (A, )
gled [8,9] and quadrature squeezed light [10]; indeed, théhat the two photons emitted within the arda arrive
latter has been recently observed with atomic cesium in within o. Thus, the correlated two-photon absorption rate
squeezed vacuum [11]. is R, = o.¢ with cross sections, = o &(T,){(A.)/2.

A composite quantum system whose state cannot be fad-is rate must be supplemented by that representing the
tored into a product of single-particle states is said to beccidental arrival of pairs withir and o, resulting in the
entangled [7]; it has no classical analog. In this Letteroverall two-photon absorption rate
we present a qguantum-mechanical calculation of the two- 5
photon (linear) absorption rate with temporally entangled R=R.+ R =o0c) +5,¢% 1)
light. Our results reveal a new nonclassical phenomek is clear that correlated two-photon absorption dominates
non—nonmonotonic variations in the absorption rate asandom two-photon absorption only when the photon-flux
a function of the entanglement time. An important fea-density is sufficiently small. The critical photon-flux den-
ture of these variations is the occurrence of significantlysity at which the two processes are equapis= o./$5,.
reduced values of the absorption cross section thatemer§®r 7, < 7 and A, < o, £(T.) and {(A.) are unity,
for certain parameter values, which we tegntanglement- yielding o, = §,/207. In the experimentally relevant
induced two-photon transparencylLike electromagneti- case in whicll, >  andA, > o, the probability func-
cally induced transparency [12,13], which has applicationsions are¢(7.) = 7/T, and{(A,) = o /A,, yielding
in lasing without inversion [13] and isotope discrimination
[14], entanglement-induced transparency is a quantum in- Te = 8;/2A. T . (2)
terference effect. It is distinguished from the inhibition Quantum-mechanical cross sectienWe now obtain a
and enhancement of two-photon absorption using classicaroper qguantum-mechanical expression éQr which we
light [15] by its dependence on the degree of entanglemerthen compare to the results obtained above. Entangled
of the photon pair and its linear dependence on the photoright is assumed to be created by parametric downcon-
flux density. As an example, we calculate the effect in thesersion through a second-order nonlinear optical interac-
15-2S§ transition of atomic hydrogen [16]. tion [7,18]. This process produces an entangled photon
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pair (signal and idler) from a single pump photon suchconversion crystal of length and a pump beam with wave
that energy and momentum are conserved. We consideumberk,, Gaussian spectrum of widthw,, and cen-
collinear Type-Il down-conversion in which the signal andtral frequencyw,,, the down-converted photon pair forms
idler photons have wave vectors parallel to that of the pum time-entangled pure quantum state referred to as the twin
and have orthogonal polarizations [19]. Assuming adovynstate [19,20]

(w1 + Wy — wp)?
2
Aa)p

|twin) = Nl[ f dwidw, expg — }sinc{i(kl + ky — kp)}lwl,m}. 3

Here wi, ki(w) and ws, k2(w;) are the signal and idler correspondence with that used in the simple probabilistic
frequencies and wave numbers, respectively. Typicallyparticle analysis.

Aw, < w, and 1/T, < w, [19,20] so that the signal We begin by considering the interaction of one en-
and idler wave packets can be identified by their centersangled photon pair with a medium in an initial std#e)

at w?, wgﬂd the normalization factor is given by with energy eigenvalue;. Thus, the initial state of the
N? = T,\/2/73/I*Aw,; units are chosen such that system is|¥;) = |¢;) ® [twin). The excitation of the
h=c=1. The entanglement timg,, which is the medium occurs through the intermediate stdis with
temporal width of the fourth-order coherence function, iscomplex eigenvalues; + i«;/2 [3]. The phenomeno-

in this case equal to the difference between the mealogical intermediate state linewidths in general depend
transit times of the two photons. Because the signabn the photon-flux density but can be considered constants
and idler photons are orthogonally polarized andfor sufficiently weak light [21]. The final state of the
travel at slightly different group velocities:; and light is the vacuun0, 0), and that of the material is/ )

u, we have T,=T, —T,=1(1/u; — 1/uy)/2, with eigenvalues;, so that the final state of the system is
where u; < up, and T\ = 1/2u; and T, = [/2u; are |W¥y) = |f) ® 0,0). With this formulation, the absorp-
the mean transit times. In writing Eqg. (3) we have tion rate of the medium can be calculated in the interaction
assumed that the signal and idler have been externallgicture in a manner analogous to that used for two-photon
delayed by a compensating time equallto— 7,. The  absorption with classical light[21,22]. Using second-order
use of the symbar’, will be subsequently justified by its time-dependent perturbation theory, the transition proba-

| bility amplitude Sy; is
mNL [y o [{ (Sf_si_‘”p)z}
Spi = expg —
LTV Aw?

y Z{Déf) 1 — exp{—i[T.(¢; — sio— o) + (Ty — T./2) (g5 — 8,~0— w?o— o] — Tex;/2}
; T(ej — & —w)) + (To — T, /2)(ef — & — w] — w3) — iTek;/2
4 Y 1 — exp(—i[T.(¢; — st+ o) — (Ty — T./2) (g7 — sio— w?o— 0] — T.x;/2}
T(ej —er + wy) — (To — T./2)(ef — & — w] — w3) — iTek;/2

L@

WhereD,i'lf) = (Yrldrlip;) (y;ld;|y;) are the transition maJ Equation (5), which is independent 4f upon incorpora-

trix elements with material electric-dipole moment com-tion of Eq. (4), is our main result.
ponentsdy, d; andk,l = 1,2; Ty = (T; + T»)/2; and4, Special cases—A deeper understanding of the physical
is the quantization area. The sinc-function dependence ofature of these results can be obtained by considering a
the entangled-two-photon wave function and the energysimplified case in which the pump is monochromatic, so
level configuration of the medium combine to producethat Aw, — 0 and the phase matching conditiay, =
the complex dependence §f; on the nonlinear-material- Y + 3 obtains. Under these conditions, we identify the
dependent termg, and Ty, which charactenzg the struc- energy mismatch&;{-’) =g — & — w} and Egs. (4) and
ture of the entangled two-photon wave function. (5) reduce to
We now generalize the interaction between the en-

tangled photon pair and the medium to multiple pairs with &, = _T w?wgg(gf — & — w(l) — wg)
an entanglement ared, that arises from nonzero trans- 4A.T. '
verse momentum which is, however, sufficiently small . A ‘
so that Eq. (3) is still a valid description. Geometrical % Z[Déjl) 1 — exd (f)TeA1 Tex;/2]
considerations analogous to those used in the simplified AY = ik;/2

() 1 — exp—iT.AY - TeKj/2]]

J

probabilistic analysis yield the absorption cross section for
entangled light (the relatively small atomic size justifies a + Dy 5
heuristic consideration of spatial effects): Ay — ikj/2

o = IS5PAL /A, . (5) (6)

2
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Along with the inverse dependence @p, the structure ability amplitudes of two or more transitions induced by
of Eg. (6) permits constructive and destructive interfer-two or more sources [12—14], whereas in entanglement-
ence that can produce nonmonotonic behaviowpfas induced transparency the interference is among transition-
a function of T,. Further simplification obtains for the amplitude contributions over the finite entanglement time
special case of a medium in which a single intermediatevindow for a single transition induced by a single source.)
statej = s (with 7.k, = 0) dominates the summation so  Our results are readily generalized to entanghéd
that we have a three-level system, and the entangled phphoton absorption, which is expected to produce similar
tons are degenerate with! = w) = w,/2 # g, — g;, phenomena, including entanglement-induc&dphoton
whereupon transparency. Furthermore, it should also be possible
(s) ©p 2 to vary the absorption at particular signal and idler
7Dy + DinJw,8(er — & — @) frequencies by manipulating the shape of the entangled-

Oelj=s = 4AeTe[A§f)]2 two-photon wave function, for example, by using
AL multiple-crystal geometries.
X sinz[ ”2 e} (7) Example: atomic hydrogen-To explicitly demonstrate

the nonmonotonicity, we consider entangled two-photon
absorption in the exactly calculable case of atomic hy-
induced two-photon transparency is then seen to occffo9en. In particular, we evaluate the effect for the elec-
C (s) tronic 1S-2S transition which has been the focus of several
at the zeros of the sirfunction: 7, = 2mar/A}’, where . . .
m=1213 recent experiments, mcludmg nonentan.gled twq-photon
o 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 have
T o 0o o o had its polarization rotated to be parallel to that of the
o, = X 0 ®,8(ef — & — 0] — W, other beam. For simplicity, we consider a monochromatic
) ) 2 source withw, = &y — ¢; and intermediate states with
Z|: Do 4+ Di } (8) «; =0 (sincex; <« Aﬁj) andT.x; < 1). We take the
J A(lj) — ik;j/2 A(zj) — ikj/2 28 state to be Lorentzian broadened with a natural lifetime
o _ 1/k; = 122 ms [5] and uset, = 10~° cn?. Numerical
There are two significant differences between the encg|culations of the entangled two-photon absorption rate
tangled (linear) and the classical (quadratic) two-photoryre carried out using 50 principal quantum numbers (the
absorption cross sections. First, the entangled two-photogise of additional intermediate states is insignificant on the
cross section contains a factor bf2A.T,, which is just outcome).
what is obtained for¢. from the probabilistic particle The results are shown in Figs. 1 and 2, for degen-

analysis. Second, B -dependent harmonic term appearserate and nondegenerate entangled photon pairs, respec-
that intertwines the parameters of the medium with the_tively [23]. These curves reveal large variations in

entangled-photon parameter in a manner that does not e linear two-photon cross section over a range of
general permit factorization. In the special cas¢ =
wg = g; — g andT.k; < 1, howevero, is maximized 10-11
and Eg. (6) can be factored, giving, « T, [9].

Origin of the interference—In general, photon absorp-
tion results from the coherent summation of transition- 1012
amplitude contributions over all possible absorption times.
The essential difference between the classical and en-
tangled two-photon absorption cross sections arises be-
cause in the latter case the contributions are limited to
photon pairs arriving withirf, [compare the summands
in Egs. (6) and (8)]. Although produced by entangle- 10-14
ment in our study, we note that this type of quantum in-
terference can occur in other situations involving sharp
time windows. In all forms of two-photon absorption 10-13 0
the contributions further depend on the order of the ab-
sorption, resulting in two terms within the summations in
both Egs. (6) and (8). These effects are in addition td”!G. 1. Degenerate «f = w) = w,/2) entangled two-
the usual quantum interference that originates from th@hoton linear absorption cross sections for 1§62 transition

S . . . 2 . in atomic hydrogen using Eq. (6) (solid curve), the single
indistinguishability among amplitudes arising from differ- j.ormediate state approximation of Eq. (7) (dashed curve), and

ent intermediate state transitions. (In electromagneticallyhe result from the probabilistic particle analysis Eq. (2) with
induced transparency the interference is among the prols. given by Eq. (8) (dotted curve).

with Agf) = (e, — & — w,/2). Full entanglement-

For comparison with Eg. (6), the quadratic two-photon
absorption cross section for classical light is [22]

X

10-13
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10-10 T T T | monotonic entangled two-photon absorption can be at-
tained is limited by the low efficiency of spontaneous
down-conversion in nonlinear crystals-10~7). This
makes the production of large entangled-photon fluxes
challenging and necessitates the use of state-of-the-art

10-11

& 1012

E light sources and detectors, but it can be achieved.
o We are grateful to A. Shimony and A.V. Sergienko for
© 1013 helpful suggestions. This work was supported in part
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