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The rate of absorption of enfangled photon pairs is
litear in the ]%hamnﬂux density. We demonsfrate
that the two-photon absorplion” cross section 1s a
nonmonotoni¢ function of the entanglement time; it
vanishes for certain energy-level configurations and
values of the entanglement time. This entanglement
mduced two-photon (rangparency ariges from the
coherent  summation  of tramsifion-amplitude
coninbutions over the finite entanglement time. As
an example. the entangled two-photon cross section
for the 1545 electronic transition in  avotmic
hydrogen is obtained.
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Since the 1930, when two-photon absorption was first destiibed [}, muitiphalon pro-
cesses have received considerable attention as fundamental components of tie ieleraction of
light with matéer. With classical light, the #-photon absorption and 1ongsalion cabes vary
with the photon-fiux density & a3 &Y. These vates also depend on the statistical properties
of the lighe. For example, it has been shown that che ofitresonance rate using & thermal hgib
source exeeeds that using a coberent light source by a factor of A 23], Current: inferests in
classical-light induced rulti-photon processes include two-photon fluorescenee [4] and dwo-
photon spectroscopy (5] With the advent of nonclassical Jight sources [6,7], new phenomena
in multi-photon processes can be explorad. A Hneer (ralher Lhan quadratic) dependence of
the Lwo-photon absorption raie on pheton-flux densily bas been predicted for sufficiently
weak entaogled {8,9] and guadrature squeszed [L0] lghl; jodeed, the Jatter has been recently
ohserved with atemic cosinm in a squeezed vacuwmn [11].

A composite guantiun systom whose state caunot be fcteoed inte a product of single-
particle states is said to be entangled [7]; it has no ¢lassical analog. In this Letter, we present
2 guantnnt-mechamical caleulation of the two-photon []im*:ar]l. absorption rate with tempo-
rally entangled light. Our resulis reveal a new oooclassical phenomench—nonmonotonic
variations in the absorption rate as o fnclion of the entanglement time, An important
fearuree of these wariations s the ocowrrence of signifcancly redueed valoes of the absorption
cross seetion that etnerge for certain parameter values, whicl we ceren entenplement newced
two-photor fransparency. Like elevtrormagnetically indnced transparency {12,13), which lhas
applications in lasing without inversion [13] and isotope discriminacion [14], entanglement
indieced transparency is a gquantum interfersoee elfact. [t is distinguished from the inhibition
anel enhategraent of two-photon absorption using clagsical lizht [18] by its dependence on
ihe degres of entangtement of the photen pair and its Hoear dependence on the photon-flux
density. As an examwple, we calevlate the effect o the 15-25 transition of atorobe hydrogen.

Simple prodebilistic model.—We firse present a simple probabilistic gwo-phalon absor)-
tion model chat considers the photons as partictes, The process Is regarded &% haviag Lwo

steps: the first photon initiates s toansition to a virtual state and the secend photon buings



about & transition to the final state, For randomly arriving photons, the probabilistie aesly-
sis yields 3 Eransisico rade [, that depands Gnly on the material’s single-photon oross seciion
& and virtual-state Hletime 7. The resulting random two-photon sbsorption rate is £, = &4
where the two-photon quadratic cooss section is & = o7 [16].

Mewt, consider comrelated photon patrs arriving at the absorbing medivm with Hux density
&% photon pairs,-"(cmi g). In this case, the absorpeion rate of the material depends on the
probability £(7,) that the two photons enticted within the time T, arrive wichin 7 and the
probability 1AL that the two photong croitded withio Lhe area 4. errive within ¢, Thoes, the
correlated too-photon absorpoion vate 13 M. = o, wilh ¢ section @, = e&(TL0 (A2
This rate must be swpplomented By that represenlieg the accidental arcival of paics within

1 and e, vesulting in the cveradl owe-photon absorption ralo
R=R,+ R, =04 +06.¢% {1

It is clear that eorrclated two-photon absovpstion dominates cancom two-phaton absorption
only whein the photon-flux density is sufficicotly small. The eritical photon-Hux density at
wlich the two processes are equal iz g, = o fd,. For T, &0 » and A, < o, £(T) and ¢{4,)
are unity, vielding o, = 4. /201, In the experimentally velevant case i which T, 2= 7 and

A. 3 o, the probability functions are £{T,) = 7/7T, ancd J{A.} = of A, viekding
o, = 8, f2AT, | (2)

uantuwm-mechenical cross seelion.—We now obiain a propey guantem-mechanical ex-
pression for o, which we then compare to the results abtained above, Encangled light is
assned to be ercated by pavamctrie dewneonversion through o secend-order nondinear op-
tical interaction [7.17]. This process prodices an entangled photon pair [signal and idler)
Frar a single paarep pholon seek What enecgy and aeonenberm ace conserved. We congider
collinear Type-II dewnconversion in witkeh the signal and idler photons have wavewechocs
patallel to that of the pump and have orthegonal colarizations [18), Assuming a downcon-

version crystal of length {; and a pump beam with wavenumber %, Gaunssian specirum af
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width Sy, and ecnteal froquency wp; the downecnverted pheton pair foning & time-entangled

pure quancwn scate vaforeed to as che owrin state [15,15)

= )
ﬂ.a.-'g

i !
[twin) = ,!".'.Ejlffdw,dwg BRp [ ]Sinc [ﬁ{:’cl e kg — Fig) | |, iz (3}

Here woy, k(e b and sy, kplwe) are the sigeal and idlee feeguencics and wavemembers, resjec-
tively. Typically, Awy 0 wo and /7, €0 vy [18,19) so that the signal and idler wavepack-
ks can he identified by their centers ab wf, of and Lhe normalization factor s given by
N =T, .’fﬁﬁiﬂw,; units are chosen such that & = ¢ = 1. The eptanglement time T,
which is the temporal width of the fourth-order coberenes lunelion, 13 in this case equal to
the difference between the mean transit times of the two photons. Because the signal and
ifler photons are orthogonally polacized and travel at slightly diffcrent geoup velocities
and g, we have T, =T — T3 = I{Lfa; — Lfag) /2 where ay = ae. I writing £y, (3) we have
assutied that the signal and idler have been externally delayed by a comprnsating time equal
to 1 — T The use of the symbol T, will be sulsequenlly justificd iy its corresponcdence
with that vsed in the simple probatdlistic particle analysis.

W begin by considering the intevaction of ooe entangled photon pair with o medivm
imoan nitial state |Wh0 with eooroy wigenvalue g0 Thug, the inirial state of she system i
|er = |9fd @ |fwing. The exeitation of the mediom occers through the intermediste stabes
by with eowplex sigenvalues £; + ix:/2 (2. The phenotnenological incermediate state
lingwidlhs &; jo general depend an the phalon-flux density but can be considered congtanls
for sufficient]ly weak light [20), The fina) state of the Lght is the vacoum |0, 0, and that
of the material is |aby)} with elgenvalue ¢4, 30 thae Lhe fieal state of the system is |@p) =
I @ |0, 0, With this formulation, the absorpeion rate of the medivm can be calendated in
the interaction representation in & manmer analogous Lo that vsed for two-photon abserption
with clasaical light [20,21]). Using second-order time-dependent percurbation theorey, the

transition probabilicy amplituede 5y; is

AL i {ep —&p —
Sfi = ﬂr'lq ) 'y Elp[ -':'*‘UE



] = exp{—ifTudes — 2 — o) + (T — T/ 2ley — 55 = of — )] — Tors/2)
KZ{D} Tole; — £ —wil + [:;!'.:. —TefMep — & — wl — wll) — k2
cppt ez e+ ol - (T T/ o w) — wil] _Tm;f?}} (1)
) Telty — g7 + e = (To — T/ gy — o5 — 0l — o) — 70wyf2

where D"r'i'] {abp | el ey 3 bzl ehlvid are the transicion matrix eloments with mateiial electrie-
dipole moment components ey, o and L 1=1,% T = (1 + T /2 and A, is the quantiza-
tion areid. The sinc-function depenclence of the fntangled-two-pliotow waveinnetion aud the
encrgyv-love] configuration of the medivm combioe to produce the complex dependence af
Sy on the nonlincar-material-dependent termos T and To, which characterize the structure
of the cutangled owo-phoion wavelunctiasn,

We now gencralize the interaction between the entangled photon pabr and the medium to
wultiple paivs with an entanglement ares A. that arises rom non-zero tratsverse MONLENLUI
which is, bowever, sufficiently small so that 12q. (3) i s1ill a valid cdeseription. Geometrical
comstderations analogous to chose used o the sirmplificd probabilistic analysis yield the ab-
sovption cross section for entangled light (the relatively simall atomic siee Justifies o beoristic

consicteracion of spatial cffects):
= | Spel Az f A (3]

Equation {#), which is indepencent of Ay upon ingorpovation of Eq, {4), is our main resulb.

Swecial cases,—A deepor understancdiog of the physical natore of these results oan e
obtained by considering » simplified case in which the pump is monochromatic, 5¢ that
Aws, = 0 and che phase matching comdition wp = of +0? obtains. Under these conditions,

wo kdentify the energy misinateh :li.ﬂ =gy — & - aned Egs. (4} and (8] reduce to

¥4 a0 el = exp(—iT AP — Tuk;/3)
Fe = Wb dE y — Bp == wdy — {D
¢ T T ) E}Z = ﬂ[”—mj,fz
l—exp—xTﬂn — T fe
ﬂg}ﬂ} [ - F i .1'.IIII ]} [G]
O —ing 2

Azicle fram the inverse dependence on Ty, the structure of By (6] pormits constructive sl

destrecrive inteclecence that can produce nommonatanis behavior of o, as a function of 15,
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Further simplification obtaing for the special case of a medivm in which a single intermediate
state § = 5 [with Tyx, == 0) dominales Lhe swwemation so that we bave a three-level system,

and the entangled photons are degenerate with of = o = wy /2 7 =, — 5, whereupon

ol = :rr[DE] + DE"}FEMEE (g —&: — sm
= J=i 4‘46 E [S]]-:.

2 7

with ,Q.,Ef} e g, — & —wp/2). Tull entanglesent induced two-photon transparences is then
sgen o ocour &t the veros of the sin® fanction: T, = 2me /ALY where m = 1,2,3,.
For comparison with Fg. {6), the guadvatic two-photon absorption cross section for

classical light iz [21]

& = %w?ugé[fj —5 —

R

2
. +— 1 . (8)
N N

There are two significant differences beoween the entangled {linear) and the classical
{oquadratic) Lwo-phoren absovption cross scetions. Fivst, the entangled two-photon eross
gockion comtaing a factor 1724, T, which is just whae i5 obtained for ¢, fron the proba-
Lilislic pacticle analysis. Seecnd, s To-dependent hannonic torm appears bhat aleclwiocs
e naterial parameters witle the entangled-photon parameter in & manner thal, does nol in
peneral pemnit factotization. In che special case w) = wl = ¢; — & and Ty 42 1, however,
&, & mwaximized and Ee. (6] can be faetored, piving &, o< 7, §9)-

Ovigin af the inderference—In general, photon absorption resulls from the cohercut
stioamation of transition-amplitude contribetions aver all possible absarplion timez. The es-
sential dilferonce between the classical and entangled two-photon absorption £rass sections
arises Decause in the lattor case the contribations are limited to photon paics acciviag within
Te [eompare the summands in Egs. [6) and (8)]. Although prodused by entanglernent in
our study, we nole that this cype of guantem interterence can ccour in other sibualions
in¥olving sharp time windows. o all forins of two-photon absorption the contributions fur-
ther depend on the order of the absorption, resulting in two terms within the summations

in both Eqs. (6} and (&). These effects are in addilion to the venal quantam interferance

thae originates from the indistingnishability among ampliludes avising from different in-,
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termediate state transitions. (In electromagnetically induced transparency che interlerence.
iz among the probability smplitudes of two or moee trangitions fnduced by two or more
sources [12-14), whereas in entanglenent indueed traospavency the interference is among
tranzition-amplitude contributions over the finite entanglement time window for o single
tranzition induced by a single scucce.)

Our vesults are readily pencvalized co entangled M-photon absorption, which iz expected
10 produce similar phebonena inchiding entanglentent induced M-photoo transparency. For-
thermore, ik stiould also be possible to vary the absorprion at particalar signal aoel iller Fre-
quencies by manipulatiog the shape of the entangled-two-photon wavelunction, for examyple
I using mualtiple-crystal geomelries.

BErarnple: ahomic ydragen.—To explicithy demonstrate the nonmonotenicity, we consider
entangled two-photon absocplion in che exactly caleelable case of atomic bydeogen. In
particular, we evaluate the effect foe the electronic L5-%5 transition which bas been the
forus of several cecenl, experiments, feclnding nonentanplod two-photon absorption [3). The
selection roles of chis transicion Forbid the absorption of twa erthoponatly polarieed photons
so thal goe of the photon beans is assumed to have had ies polarization rotated o be
pa:a]]éi ta Lhat of the ather beam. For sitaplicity, we consider & monochzomalic souree with
rp = gp ~ £ and intermeciate states with #; = 0 (since k; < f_".f] andl Fawy & 1), We
Larke the 25 state to ke Loeentzian broadenced with a aatoval lifstime Lfsy = 122 ms [3] and
uge A, = 107% cim?. Numerical caleolations of the entoagled two-photon absorption rate are
carried oud wsing 30 peincipal quantum numbers (the use of additional intermediate states
15 insgnificant, on Lhe outemng).

The resulls are shown in Figs. 1 and 2, for degenerate and nondegenerale entarngled
-photon pairs, respectively i22). These cuvves roveal large varkations in the lingar two-photon
eross section over a range of entanglemenl, Limes typically cncountered in experitnents [18].
The dominanes of a single frequeney in the degeregrate curve of Fig. 1 is indicative of ibe
contributions principatly arising from the lowest intermediate stale (2£7). The cross seckion

in this case fsalid covve, Fig. 1} is well-approximated by Bg- {7) (dashed curve, Fig. 1), The
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additional structure evident io Lhe nondegenerate cases [Fig. 2) avizes from the superposition
of two different principal barmenic cotnponents, each of which is proportional to a different
frapgition makiix element.

The minima in the cross sections lie one- to three-orders of magnitiwde below the maxina
for both degensrate and noodegensrale absorption, demonstrating eotanglement induced
trangparency in a tealistic physical system. Tndeed, the modulation depth is nearly indepen-
dent of T, since typieally Toap < 1075 This indicates thao the linear two-photon absorption
rate can he iehibited or enhanced by appropotabe acljustment of the entanglémsnt time cver
a wicle ranze af valoes. This adjustment can be eonveniently achioved through the use of a
wirclge-shapod cevstal v the insertion of speetral fillers in the signal and idler beams. Howe-
vy, lav sufliciently lavge vatues of Tuws, the factor eop{—Tasyf2) — 0 in Eg. {0), wherengon
the intecferance is washed out and the guantui-reshanical vesult coincides with the stmple
probahitistic particte formula: Eq. (23 with 8. given by Eq. (8).

To abserve these eatures Io experiments, o safficicntly stnall sampls o spob size oy
well be necessary to avoid a potential reduction of the modulation depti cesulting from the
cange of optical path differences for diflerent, atoms in a threc-dimensional sample. Prelim-
inacy studies involving spatiotempory] effects in eotangled ewo-photon absorption ndicate
that the pencral features of onr results persist over a wide range of nooideal conditions,
The caleiations presented bere show thal oatmonotente absorption sheuld occur in atomic
hydvasen for ¢ < . ~ 10% photovs/(cm? s}, Heesee, the ease with which nonmonotonic
entaoglerd evo-photon absorption can be attaingd is limited by the low efficiency of swonta-
nenug downeonversion i nonlinear erystals [~ 1077} This makes the production of large
entangled-photon fluxes challenging and necessitates the use of state-of-the-avt light sources
and cleteclos, but it can be achigved.

We are grateful to A, Shimony and A, V. Sergienko [or helpiul suggestions.
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FIGURES
FICQ. 1. Dugenerate {w! = wl = wy/2) entangled two-photon linear absorstion cress scctions
for the 1.5-25 transition in aboens hyedrogon osing Eg. (8 (selid), the single internediate state
approximation of Bo. [7) {dashed), and the result from the probabilistic particle analysis Eq. (2}

with & ziven by Eq. (8} {slotted).

FIG. 2. Nondesenerate entansled two-photon lineay abaoeption cross seotens for the 15-25
transition n atomic bydromon wsing BEq. (8): of = wn, /3, of = 23 {dashed); of = wpf5,

wl = Teers S [m0lid].
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