PHYSICAL REVIEW A VOLUME 57, NUMBER 5 MAY 1998

Multiphoton absorption cross section and virtual-state spectroscopy
for the entangled n-photon state
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Using a microscopic theory, we determine the entangigzhoton state generated both by the nonlinear
process of spontaneousphoton parametric down-conversion and in a cascade-of crystals with two-
photon parametric down-conversions. Expressions for the entangfgobton absorption cross sections are
also obtained. The absorption cross sections exhibit a linear dependence on the photon flux density, and depend
on the entanglement times characterizing photons. The effect of relative path delay in the beams is discussed.
It forms the basis for extracting the quadrupole moments between states involved in the interaction from the
absorption cross section measured as a function of path delay. Effects competitive with entangled three-photon
absorption are discussd$1050-2947@8)06305-7

PACS numbe(s): 42.50.Dv, 42.50.Hz, 42.50.Ct

I. INTRODUCTION process of spontaneous parametric down-conversion leads to
two-photon absorption linearlyrather than quadratically

. oportional to the photon flux densit9,10], and indeed can
Over the years, a great deal of attention has been devot ) :
to the problem of multiphoton absorptiga]. Different se- %ad to a phenomenon called entangled two-photon transpar

. . ency[10]. Also interesting is two-photon absorption induced
lection rules for two-photon absorption and one-photon abby squeezed-state light, which can be generated by stimu-

sorption mean that the former can reveal information abou;iaq parametric down-conversion. In this case also, the ab-
transitions not accessible by one-photon processes. Simu“@brption depends linearly on the photon flux dengity].

neous multiple-photon absorption is a standard techniqugnis conclusion has been confirmed experimentlBj.
used in the field of atomic and molecular physics to deter- Another use of entangled two-photon light is in elucidat-
mine the properties of materials, such as their ionizationng distinctions between the predictions of classical and
characteristic§2]. Two- and three-photon microscopy has quantum physic§13—17. Coincidence-count measurements
been developed3], and is currently used in biophysics with entangled two-photon states have revealed violations of
where it allows enhanced resolution. Nonlinear pulsed spedell's inequalities[18], and have confirmed the validity of
troscopy, based on the interaction of a sequence of ultrashoguantum mechanics at the level of statistical ensemble mean
pulses with a material, developed quick#;5] and now pro- values. Moreover, theoretical investigations of similar ex-
vides a powerful tool for investigating the properties of ma-periments with entangled three-photon stdte3 reveal the
terials. possibility that discrepancies between classical and quantum
In general classical light, such as that from lasers andheories might be observable even with a single realization
thermal sources, has been used in these experiments. In th0,21]. Entangled two-photon states are also useful for non-
case, the rate afi-photon absorption is proportional to the classical imaging22] and cryptography23].
nth power of the photon flux density, so that high photon In this paper, we investigate the properties of the multi-
flux densities are required for carrying out real experimentsphoton absorption of entangleuphoton states generated
The photon statistics of an optical field influences absorptiorboth in the process of spontaneonsphoton parametric
in a remarkable way6]. As an example, for am-photon  down-conversion and in a cascade rof 1 crystals, each
process, the bunching of photons associated with thermadroducing two-photon spontaneous parametric down-
light results in an enhancement of the multiphoton absorpeonversions. These schemes lead to a different form of en-
tion rate by the facton! [7] in comparison with that of a tanglement in the generatedphoton states, which results in
laser source. different dependencies of the absorption cross sections on
Quite interesting results emerge when nonclassical lighthe parameters of the entangled light. We also consider the
[8] is used to excite multiphoton transitions, particularly for introduction of additional path delays among the entangled
fields comprising entangled photons. It has been shown theghoton beams, which can be useful for carrying out en-
retically that entangled two-photon light generated by thetangled multiphoton spectroscopy. Furthermore, a method
for extracting the quadrupole moments from the measured
absorption cross sections is proposed. Finally, we discuss

*On leave from the Joint Laboratory of Optics of Paladlkgi-  effects that are competitive with entanglegphoton absorp-
versity and the Academy of Sciences of the Czech Republic, 17ion; the range of photon flux densities for which nonclassi-
listopadu 50, 772 07 Olomouc, Czech Republic. cal absorption is dominant is determined.
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FIG. 1. Sketch of the system under investigation; nonlinear

crystal (NLC) with a y(™ nonlinearity generates entangled pho-
tons with frequencie., . .. ,», which are combined in the ab-
sorber A; 7 denotes a possible path delay of one of the photons
which we take to bev,; for simplicity.

Il. ABSORPTION OF LIGHT GENERATED IN n-PHOTON
PARAMETRIC DOWN-CONVERSION

A. Generation of entangledn-photon states

We assume that the entangle¢photon state is generated
via the nonlinear process dai-photon parametric down-

conversion24] (a sketch of the system under consideration

is presented in Fig.)1 This process can be described by the
following interaction Hamiltoniar§8]:

- 1
(=2 - x<”><wp;w1,...,wn>§pvf or
Ky Kn Y%

n
xexp(iAk-rexp —iAwt)[| élj+ Hc., (1)
j=1

whereélj is the creation operator of th¢h mode with fre-

quencyw; and wave vectok;, &, is the coherent amplitude
of the strong pump mode with frequenay, and wave vector
ko, x™ is the nth-order susceptibilityV is the volume of
the crystal, and H.c. means Hermitian conjugate. Frequenc
and wave-vector mismatches are defined as=w,
—3]_,0; and Ak=k,—X{_ k;, respectively. The interac-
tion Hamiltonian in Eq(1) contains an integration over the

entire volume of the crystal, and considers the propagation of'
the photons generated therein within the Born approxima

tion. This form of the Hamiltonian has been found to be

Yectors k? fulfill the phase matching conditionE]_; w;
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|,/,(n)(R,t)>:CE S t,exp(—i%)
kq Kn 2
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The symbolC denotes a normalization constamt,is the
interaction time,L, indicates the length of crystak; are
wave vectors of the corresponding modes in vacuum, and
sinc(x) =sin)/(X). The statgk,, ... k,) contains one pho-
ton in each modé,, ... k.

From the point of view of the statistical properties of the
photon field, the process ofphoton absorption is character-
ized by a matrix element of the product of positive-
frequency parts of the electric-field operaté§§)(tj), sand-
wiched between the entangled-photon state and the
vacuum state.

In our case, this element then has the form

n

—i_Zl KVR[Kq, - - Kn). )
“

<vadj[[1 E{(t)]¢™(0,0)

1

—rec
T

th—1,
To1

=Nex% —iz w?tj)
=1

{

n T
x[1 5((tj_t1)— T—Jl(tz_tl)>,
j=3 21

|

()

where N is a normalization constant, ret)(is the rectangu-
lar function[rect(t) =1 for 0<t<1, rectf)=0 otherwise,
and §(t) is the Dirac delta function. In deriving E¢B), we
assumed that the central frequenaié’sand the central wave
0
=wp andE?zlk?z kg , respectively. The entanglement times
Tj; introduced in Eq(3) are defined bylj; = x;— x; , where
=L,/v;, v; being the group velocity of thgth photon.

The form of the matrix element in Eq3) reveals an
important property of the entangledphoton state. The ma-
trix element

suitable in the context of coincidence-count measurements

[15], thereby justifying its use in our case.

Because the nonlinear process is very weak, the contribu-

tions of the vacuum state and the entangheghoton state
prevail in the wave function describing the photon field

<lr/,(n)(0,0)|L1j[l IAE](‘>(tj)} [lli[l E}+)(tj)}|¢(n)(0,0)>

within the crystal. That means that the use of perturbation

theory in second order is justifigébr details, see the Appen- describes the probability of detecting a photon of frequency
dix; see Ref.[15] for n=2), and results in the following ; at timet,, a photon of frequency, at timet,, etc. Using
form for the n-photon state M (R,t)): Eq. (3), at the output plane of the crystal, we have
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n whereas thes functions reflect the fact that all photons are

I1 E}”(tj)}w(“)(o,O)) created at the same point in the crystal. Thus, if we could
=1 know the times at which, e.g., the photonsaat and w,

(¢'M(0,0)

I E}‘)(to}

n appeared at the end of the crystal, we would then approxi-
_ E(H) 3] () 2 mately know the position in the crystal up to the wavelength
_|<Vad,l;[1 E) (t)[#7(0,0)] at which all of the photons were created, and this, in turn,
would determine the occurrence times of the remaining pho-
_ n , tons. However, from a quantum-mechanical point of view,
t—1 Ti1 : .
~rec< )H 5( (tj—t)— _(tz_tl))- (4)  the nonlinear crystal must be considered as a whole, so that
Ta1 /j=3 Tar we cannot consider at which position thghoton entity was
created, which leads to the indistinguishability inherent in
Thus the ordering of the photons is determined by the enthe n-photon state.
tanglement time values. The entanglement times, in turn, are The normalization constadt in Eq. (3) must be chosen
determined by the group velocities. The rect function in Eq.so that the field contains omephoton entity. In order to do
(3) is associated with coherently summated contributions tdhat it is necessary to develop a space-time formulation of
n-photon generation from all points within the crystal, the state which leads to the following matrix element:

<vadH Ej ()l ™(0,0)
1 [t—t,
_Nexp<—|2 )T—erecﬂ( TZl) .

Mol ol -5 ®

The coefficientsAx; andAy; for j=2, ... n introduced in n n

Eq. (5) describe spatial entanglement of photons in the en- (H @’ )Tz (H 276 )
tangledn-photon state. When deriving E¢(b), we assumed A2= =3 _ @
that the Diracé functions in Eq.(3) are smoothed, and we S n

replaced them by Gaussian functions with widths €c 7V H

0o, . ..,0,. The width g, is then proportional to the inverse N

of the spectral width of th¢th photon band.

The presence of only a singlephoton entity in the op- B
tical field can be formulated by the equality The symbolAe; (Aej=mAX;Ay;/2) denotes the entangle-
ment area of the photon at; with respect to the photon at

w1, Which occupies a volum¥.

The expression for the absorption cross section of light in
an entangledh-photon state is derived usingh order time-
dependent perturbation theofgee the Appendix We as-

. sume the conditionm,;<Tg<---<Tpq, I.€., V1>V> -
X<¢(")(R,t)|< Hl B (r ,tj)) >p,. This means that the photon at interacts with the
- target first, the photon ab, interacts second, etfsee Eq.
n (4)]. Should the inequalities among the group velocities dif-
H +>(r t)>|¢,n>(R t))=1. (6) fer from ;hose spepified above, thg ordering in which the
photons interact with the target will change; however, a
simple relabeling of the modes will result in the formulation

n
L)f dgrl- . f d3rn B. Entangled n-photon absorption

n

given here.
The symbole, is the permittivity of vacuum# is the re- The resulting expression for the absorption cross section
duced Planck constant, ands the speed of light in vacuum. o(T51,T31, .. .,Th1), USing the entangled-photon state,

Equation(6) provides the normalization constaif becomes
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(T, Tag, - .. Th) (he¢) represents the energy of the initiéihal) statd. Equa-
tion (8) results from the coherent summation of transition
n 0 n amplitudes over all possible absorption times, which is in-
n ) H oy | Ta| ‘/ﬁaj herent in the rect function of E¢3). The summation ove,

in Eqg. (8) reflects the usual quantum interference arising
from the indistinguishability of contributions from different
intermediate-state transitions.

Entangledn-photon absorption is linearly dependent on

N 1 1—expid) 2 the photon-flux density, which can be easily understood from
X J 12 It fin"” 'djliT ' ®  the form of the square of the normalization constafitin
A Eq. (7), which is linearly dependent on the factoh) which
where determines the photon-flux density for the *“reference”

beam. Then! enhancemert7] of the multiphoton absorption
of classical thermal light does not carry over to the absorp-
" 0 tion of entangled photons because the photon-ordering is
‘1’:; (g, —&j_, o) (g;,=8i,& =er). (9  gpecified.
We can see from Ed8) that the absorption cross section
. ) ) is a complicated function of parameters which characterize
Hered] ; denotes the matrix element of the dipole-momentihe entanglement of photons in the optical field and those
operator between the electron staiesndj, for the direc- connected with the structure of the target. In order to gain
tion given by the polarization of thggh photon, andie; is insight into the expression for the absorption cross section,
the energy of thgth electron eigenstatign particular,e; we explicitly write it for the case of three photons:

0 0 O
B o o 0\(1)1(1)2(1)3-'—21\/27763
0(T21,Te)=2md(e1— &~ w1~ Wy~ w3) 55—
f GOC A62A83

1-expfi[Tafer—gj,~ wg)_T21(8j1_8i_wg)]}‘ ?
‘ . (10

UPASPIERSEL

x| 2 d} d?, d
102 Tole—e),~ 09— Ta(e), — &~ w))

The above expression for the absorption cross section can li&. (4)]. The interference connected with the ordering of
further simplified assuming that the transition from the initial photon absorption is not essential for achieving
to a givenj level prevails in the interaction with the photon entanglement-induced transparency.
at wq, and similarly the contribution of the interaction with In the case of the entangled three-photon state, we have,
the photon a3 is mainly from the transition from a given in general, two entanglement times which can be adjusted to
level j to the final level. In this case the absorption crossattain entanglement-induced transparency. For comparison
sectiono (T, T3y) becomes with entanglement-induced two-photon transparency, it is
useful to consider the case, €.§3,<1/Awy,, WhereAwey
, is a characteristic detuning frequency. In this case photons at
[Toler—ej,~ 09— Tole) — 8~ w))]? w, andwg have nearly the same group velocities in the crys-
(1)  tal. The dependence of the absorption cross seet{dn,) is
clearly revealing the effect of the entanglement-inducedhen the same as for the entangled two-photon state. How-
transparency[10]; i.e., when T32(sf—sj2—w§)—T21(sjl ever, in ggneral, there ar.e'('jlfferent .selectlon rules for pos-
N . . .+ . sible transitions from an initial to a final state for two- and
—&;— w;) =l for integerl, the absorption cross section is
Zer0. three-photon processes.

When we admit more intermediate levels, the absorptiorh For comgarls(;)n with thgdcase of nor_1cIaSS|caI l'ght th]?t V\tlﬁ
cross sectionr(T,q,T3p) will rarely dip to zero. However, ave considered, we provide companion expressions tor the

fnultiphoton absorption cross section appropriate for
monochromatic classical light beams, as well as for absorp-
tion induced by a sequence of ultrashort classical light

SinZ[ng(Sf_sz_ wg)—TZl(Sjl—gi—wg)]
0(T21,Ta)~

dence ofo(T,q,T3,) on the entanglement tim8s; andT,,.
This is illustrated for the 4—4f transition in atomic hydro-

gen in Fig. 2. pulses.

The origin of the entanglement-induced transparency lies Considerm monochromatic waves in a multimode coher-
in the destructive interference among the probability ampli-ent statg&; , . . . &) with frequencies»?, . . . ,wp and am-
tudes ofn-photon absorption realized in different time se- plitudesé&,, ... .&,. The matrix element describing the in-

guencegsee Eqs(3) and(4), and the discussion following teraction with the material is then of the form
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(&, ... ,}fn|]_1;[l ECIEL, . &
=H & o(ti—tNexp —iwft)). (15)

The timet denotes the time when thigh pulse hits the
target. In th|s case, assuming that the photoaa%texcnes an
electron from the levele;  to the level g; for k

=1,...0 (g5,= 1), we obtain the following ex-
pression for the absorptiof,s:

Si,Sjn:

n
Apusd ], - ) =Tpusd 1], - ’tg)jﬂl T;, (@18
whereT;=[&;|?€oc/ (25 w) represents the number of pho-

FIG. 2. Entangled three-photon absorption cross sectiortons per unit area in thgh pulse. The absorption cross sec-

o (T,q,T3y) for the transition 5—4f in atomic hydrogen; the state
4f is assumed to be Lorentzian broadened with the lifetime® &0
hod=4 eV, hod=hwi=4.37 eV, 0;=10 fs, and Ag;=Ag
=10 m?; log denotes a decadic logarithm.

n
(&1, ... 1;[ ENt)E, ... &)
n
H gexp —iwt)). (12
The absorption rata,,,,, can be written as
n
Qmono— Umonojljl Ij , (13

Wherelj=|51|260c/2hw? is the photon flux density of the

tion for pulsed lighto s reads

g

O —
) hnn

- 0
Opuisd 1, - -

dl

jq

2 dy
c-eln-1

n

><k]:[1 exdi(ej,—&j,_ —w)ti]

2

17

It is clear, therefore, that the-photon absorption charac-

teristics amono and apusdty, - - . i) are proportional to the
product ofn beam intensities, whereas thegphoton absorp-
tion of entangled light is linearly proportional to the inten-

jth beam. The absorption cross section for the monochrosity. The summation over all possible permutations of fre-

matic waveso o0 iS readily computed to be

n
W2n+1<II w?) N
j=1
O mono— ﬁ”egc” 5(8f_8i_]_21 wjo)
|2 2 dyeedi
P .dn-a
n—1 1 2
[ [l ————— (14
k=1
B 0
2 @

The symbolX, denotes the sum of terms arising by permu-

tation over all frequenciea‘f, o ,wﬂ and upper indices of
dipole moments.

Interaction of the target with a sequencerofiltrashort
pulses with integrated amplitudés, . . . £, and optical fre-

; 0
quenciesny, . .

€1, ... .6 is descnbed by the matrix element

quencies in the expression for the absorption of
monochromatic light in Eq(14) reflects the fact that the

order of interaction of the photons from the various beams
with the target is arbitrary. This is not the case with en-
tangled light, for which the order of arrivals of the photons at
different frequencies is determined by their group velocities
in the nonlinear crystal. The absorption cross section for

pulsed |Ight0'pu|se depends on the differences in the arrival
times of the pulsey—t?, ... t2—19, just as the absorption
cross sectiornr for entangled Ilght depends on the entangle-
ment timesT,q, ..., Th.

C. Effect of path delay

The absorption cross sectior{T,,T3,), which is a com-
plex function of the entanglement times, bears information
about the target parametgenergies, dipole moments, etc.
This poses question about the possibility of extracting this
information from the measurement of absorption cross sec-
tion. Introduction of an additional delay into the path of one
of the photons modifies the absorption cross section in such
a way that the target parameters become more conveniently

L)) comprising a muIt|mode coherent state gccessible from the measured absorption cross section as a

function of path delay.
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Introduction of a delayT into the path of the photon ab; (the fastest oneresults in an absorption cross section
(T, T3, T) of the form

0 wIwITo1\ 2705
0(T51,T3, T)=278(e —&— 0= 0l w))
21, 132 fEj 17 Wy w3) ﬁsfoc AP

B(T211T32!T)1 (18)
where

B(T21,T3,T)

. . 2
ex p['(Ssz_wg)T}_eXp{l[(szjl_wg)T32+(8fj2_wg)(T_TZI)]}‘
‘ for T>Ts+ Ty, (19

Ld? d?,
. il iqi 0 0
J1.2 (8j2j1_w3)T32_(8fj2_wl)T21

!
M
2,

5

. 0 . 0 T32
exp{l(s”z—wl)T}—exq’—I(Sjli—wz)mT]
:deJJJJI d2d1d2
2 J2i1

0 0 i Yy
f1.J2 (gj,j,~ w3) Tao= (&1, ~ 1) T2y Zr

T 2
exp{i[(ejzjl—w?)(T—T21)+(sf,-z—wg)Tsﬂ}—exp{ _i(sjli_wg)i-r]

Tat+T
X 24 for Taot+To>T>T,y,
(ei; —0NTy—(e1j,— 0T
ioi, @) Tor— (&4, —w3) T3 20
. 0 T — . 0 T32 T
expli(efj,~w) Th—exp —i(ej; wz)—-l-32+-|-21
2 dflzlzlllll e oD T (g0 — T
(81211 w3) T3 (Ssz )T
. LE? , T3
equ(ssz—wg)T—T]—exp{—|(sjli—wg)ﬁT
12 21 32t o
+de dJ j dJ i 0 0
2 E (gj,i,~ 0D Ta—(&1),~ @3) T3
Ts,
exp{ (s, w%)T ] expli[ (2, 0 Tap+ (8), i~ 0)(T—Ton ]}
+df o2 dl = - . 2 for Tp>T>0.
22 (e1j,~ w3)Tar— (&) i~ @) T (21)

The abbreviatior ,;=¢,— &5 was used in the above expressions.
In order to simplify the above formulas fer(T,;,T5,,T) and to gain insight into their nature, we rewrite E¢K8)—(21)
under the assumptiofz,<1/Aw.,, Whereupon

wlw2w3T31\/

3.3
13€3c°AcoAcs

o(Ta, T)=278(e(— &;— 0] — w3~ ®3) B(Tgl,n (22)

and
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FIG. 3. Entangled three-photon absorption cross section 10 ™ 3
o(T4,,T) for the transiton —4f in atomic hydrogen;iw} & ]
—fiwd=hwd=4.25 eV, T5=0 fs; values of the other parameters £ o |
are the same as those indicated in Fig. 2; log denotes a decadic L 10 3
logarithm. 5 1
10 E
1-exdi(e;—e;—wd)T] ]
1 .32 ] 1
B(Ty,T)=|2 dfjq} 5 1
J (er—ej—wy)Ta 10 ™™
50

1-exili(e; — &~ 03 (T-Tep]|

-5 ad)

(Sj_si_wg)Tﬂ

(b)

FIG. 4. Entangled three-photon absorption cross seactin)

for the transition $—4f in atomic hydrogen(a); entangled three-

for 0<T<Ts, (23) photon absorptioh Cross sectim(l_'l') (s_olid curve \_Nithc_Jut symbo)s
and the contributions from the fir¢solid curve with trianglesand
the second(solid curve with asteriskspaths (b); hwﬁl’zz ev,
hwd=hwd=5.37 eV,T;=70 fs, andT 5,=0 fs; values of the other
— 1.3, ; .. _ .0 2 3 3 ) 32 ,
- ‘ 2 dqujizexq'(sf €j 1) T] parameters are the same as those indicated in Fig. 2.
1—exp{—i(sf—sj—w8)T3]]‘ 2 paths for the electron transition is closely related to the pos-
X 0T ‘ sibility of simultaneous arrival of all three photons.
(er=8j=w1)Ta The effect of pairwise interference produces strong oscil-
lations in the regionT<T3;, as demonstrated in Fig(a.
for T>Tg. (24)  Figure 4b) shows the absorption cross secti@(iT) in the

cases of excitation through one path, through the other path,
Quadrupole momenty (the notation is similar to that for and through both paths. In general, the stronger path deter-

dipole momentsappear as a consequence of the nearly si-
multaneous arrivals of photons at frequencies and ws.

The nearly simultaneous arrival of two entangled photons

means that the interaction of this entity with an electron is 0™
characterized only by quadrupole moments, i.e., there is no &
competitive channel based on the interaction via dipole mo- =
ments. This feature creates a basis for the measurement of ~
guadrupole moments associated with transitions between b
levels for which dipole moments are nonzero.

As indicated by the above expression for the absorption
cross sectionr (T3, T), there are two different regions of
interest. In particular, foll <T3, three photons can arrive at
the same time, which is impossible in the region in which the
time delay of the photon ab; exceeds the entanglement
time T3 (T>Tsy). The differences in behavior are high-  F|G. 5. Entangled three-photon absorption cross seetidiy,)
lighted in Fig. 3 for atomic hydrogen. The behavior of for the transition 3—4f in atomic hydrogen for delays path delays
0 (T3, T) for T<Tj3; is more oscillatory as a consequence of T=30 fs (solid curvé and T=31 fs (dashed curve #w=% w5
the pairwise “interference'[seeB(T3;,T) in Eq. (23) for =hwd=4.25 eV, andl;,=0 fs; values of the other parameters are
the two possible paths of excitatibiThe existence of two the same as those indicated in Fig. 2.

L1l

10

L1l

10 ~31

10_321|1I||1|\||
50
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FIG. 6. Entangled three-photon absorption cross seatifn)
for the transition $—4f in atomic hydrogen for a fixed value of FIG. 7. Sketch of a cascade ofn—1 crystals,
the entanglement tim&;,=70 fs;Aw{=10 eV, iw)=hw3=138 NLC,,...,NLG, ,, with x@ nonlinearities. Photons at

eV, T3;=50 fs, andT3,=0 fs; values of the other parameters are o, , . .. w, participate in the multiphoton absorption, whereas pho-
the same as those indicated in Fig. 2. tons atwy,, . . . ,w,_1, Provide pumpingR; denotes the position
vector of the output plane of thjeh crystal, and;; denotes the time

mines the general level of the cross sectifT), whereas  delay of the photon ab; . 1,,.

the weaker path is responsible for the oscillations{iT). If
the values of the contributions from both paths are nearly the
same, the effect of pairwise interference is strongest and
leads to fast oscillationgsee Fig. 4b)]. ) ) )
In the region withT<T,;, there are characteristic “val- W€ now proceed to investigate the absorption of en-
leys” which correspond to fixed values of the quantity tangledn-photon state light generated in a cascade ofl
T=T4 [see Eq(23) for B(T,,,T)]. This effect can be used Crystals, each giving rise to a two-photon spontaneous para-
for a determination of entanglement time if we vary the timemetric down-conversion process. This scheme leads to a dif-
delay and measure the absorption of a sample. ferent kind of entanglement in an op_ucal field, resnltmg in
The absorption cross sectian(Ts;) for T<Ts, shows a different dependenues of the abeorptlon cross sectlon on the
strong dependence on the time defayThis is illustrated by entanglement times involved. This scheme also provides in-
the substantial difference between the two curves for atomit€resting results for entangled three-photon spectroscopy.
hydrogen, shown in Fig. 5, which differ only by a time delay
of 1 fs. The strong oscillations i(T3;) are caused by pair-
wise interferencdsee Eq.(23) for B(Ts;,T)]. This clearly We assume that the-photon state is generated in a cas-
demonstrates a strong sensitivity of the absorption crosgsade ofn—1 crystals with two-photon parametric down-
section measurement on path delay. conversion processes, in which a down-converted beam from
Furthermore, the introduction of a nonzero path delay carthe (j —1)st crystal serves as a pump beam for jttrecrys-
lead to a resonant enhancement of the absorgsee the tal, for j=2,...n—1. The first crystal in the cascade is
expression foB(Ts;,T) in Eq. (23)]. This is demonstrated Pumped by a strong field in a coherent state. The scheme is
in Fig. 6 for atomic hydrogen, where the absorption crosglepicted in Fig. 7.
section o(T) is seen to be several orders of magnitude Interaction HamiltoniansH{Y, ... A"~ describing
greater in the regioif < T3, [the transition is nearly at reso- nonlinear three-mode interactions in the corresponding crys-
nance,w‘f: ;‘,—8(82,)—815)] than it is in the regiolr>Tg;. tals have the form

IIl. ABSORPTION OF LIGHT GENERATED
IN A CASCADE OF CRYSTALS

A. Generation of entangledn-photon states

|:|i(nlt)(t) = 2 Z Xg_Z)(wlp , wlwap)

1 SN
—f d3r exp(i Ak, -r)exp—iAwit) €8] af +H.c.,
ko Vilv, 1 F2p

(2 . 1
_ ~2 Xj (wjp,wj-wjﬂp)v— 2,...n—2,

Kj+1p j

3 ; i VA Afat .
ijd rexp(iAk;-r)exp |Ath)akjpakjakj+lp+H.c., ]

(25

Fit?€”<t)=k2 > >

d®rexp(iAk,_1-rexp—iAw,_qt)a, _al a +H.c.
n—1p n—-1 n
n—1p kn—l kn

n—-1

X(Z) (w “w ® )LJ
n—-1\%n-1p »%n-1- nVn,1 v

Here éla (éka) is the creatior(annihilation) operator of thexth mode with frequencw, and wave vector in vacuutkt, for
a=1,...0n,2p,...,n—1p (see the scheme in Fig);%, is a coherent amplitude of the strong pump mode with frequency
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w1, and wave vector in vacuuld .. The symbolx(z) refers to the second-order susceptibility of fiie crystal, andv; is the
p P i i
volume of thejth crystal. Frequency- and wave-vector mismatches are definAdgs v, — wj—wj11, (j=1,... n—2),
Awp_1=wp_1p— wp_1~ o andAkakjp—kJ—Fjﬂp (J=1,...n—-2),Ak,_1=Kn_1p—kn_1— K, respectively. The sym-
bolsk; andk;, denote wave vectors of the corresponding modes irjnttlnerystal;Fjp stands for a wave vector of théh mode
in the (j —1)st crystal.
As in Sec. Il, we used second-order perturbation theory for the description of the three-mode interactions in all crystals,
which leads to the following expression for the entangiephoton state
-1
{“ p( . (Aksz,-z)
IT exp —i —222
=1 2

WOR - Ret) =G X E 3 Ht.exp(—lA“;t Jsind 2
Ky, o k). (26)

n 1p
Aky),L: n
xsinc{(ég I exp(—ik!-R)explio;ty)
j=1

n-2

Hl explio; 4 1ptjT)

j=

Heret;, is the interaction time in th¢th crystal,R; is the position vector of the output plane of tjté crystal(see Fig. 7,
R,=R;_1), andt;y is the time needed for a photon zaplp to arrive from the output plane of theh crystal to the output
plane of the [+ 1)st crystal(see Fig. 7. The statdk,, ... k,) contains one photon in each of the modtgs . .. k,. The
symbolC,; denotes a normalization constant.

The matrix element of the product nfpositive-frequency parts of the electric-field operaE)f% (rj.t;) between the state
|¢(”)) and the vacuum stativac) describingn-photon absorption can be recast into the foIIowmg faumder the same

conditions as in the case discussed in Sec. Il
n—-2 ~ -~ ~ ~
1 < Tj_ﬁjﬂp) 1 ( Tn-1— Tn)
H rec rec .
=1 Tj 7 T ¥ip Th-1n Th-1n

(vad Il &yt (Re, - Ry ,to>>=Ncexp( -2 w?%—)

(27)
|
The symbol/\/ denotes a normalization constant. The times= LJZ/v,, Kn=Ln_1,/vn, —L]Z/vjp, and  «j;
Ti, . Th and,Blp, o B 1p are defined as L 12/1)]p The symboISUJ, v]p, andu]p denote group
_ velocmes of modes in the corresponding crystdle nota-
T1=T1, tion is the same as for wave vectprs
The role of times in Eq(27) for the matrix element can
71—241 tr, j=2,...n-1, be understood as follows. The difference of times
—'7,_1 at which the photons ab, and w,_; appear at the
-~ __ _ 2 28 output plane of thén—1)st crystal lies within the entangle-
=Tn t|T1 ( )

ment time T, ,_, characterizing the process of two en-

4T tangled photons generation in the-{1)st crystal. If we
JJDBH'lP JDJ+1PTJ

Bip= . j=2,...n-2, know the timesr, and 7,,_,, we can deduce up to the wave-
TjiT1p length the position in then—1)st crystal, where two pho-
- Tno1n-1p7n+ Tno1p nTn-1 tons were created. This determines the tiae ,,,, at which
Bn-1p= Too1n : the pumping photon ab, 1, appeared at the output plane of
the (n—2)nd crystal. This time, together with the time_,
In the above expression, the times, . . . ,7, are introduced at which the photon ab,,_, appeared at the output plane of
in accordance with the relations the (n—2)nd crystal, fixes the point in then(-2)nd crystal,
in which the photons at, , and w,_;, were generated.
N . o “ -
i[kj-(rj—Rp) —wj(tj—to) ]=—lwj7, j=1,...n The difference of time@,_,, and 7,_, lies within the en-

(29 tanglement timeT, ,7=i, appropriate for the down-
conversion process in th@{ 2)nd crystal. The meaning of

In the derivation of Eq(27), we assumed that the central - ; L
the remaining times is similar.

frequenme&u andw and central wave vectors®, k°

~o JP(; The case in which alh photons can arrive precisely at the
and Kijp fulfil the phase mat((:)hlng coondmonso ®j  same time at a target is of importance for entangigzhoton
J+lp =0 (j= .N=2), wy_1,—wn_1—0,=0 and  apsorption. This can be achieved, e.g., by assuming, among
k?p k) —k?,1,=0 (j =1,...n-2), ko 1,—k)_;—K)  group velocities, the relations; >v 5, v;p>v;>0vj+1p (i
=0, respecnvely =2,...nh=2) andvn 1p>>Un-1>0Vp, and by introducing

The entanglement time‘lé:a1 «, Were introduced above ac- the t|me delay2|: %t into the path of the photon at; for

cording to the definitionTal = Ko, ™ Ka, in which «; ji=1 n—2. In this case, the photon at; first mteracts
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with the target, the photon ait, interacts second, and so on. Tn-1n-1ptnt Tn-1p ntn—1
The matrix element from Eq27) then reads Bn-1p= T, .
n n
n
(vad [T E{"(t))]y™) The normalization constan¥;, in Eq. (30) must be chosen
=1

so that the optical field contains omephoton entity. A
space-time formulation of the description of the entangled
n-photon state similar to the case discussed in Sec. Il gives

n n—-2
1 t— B
=NceXp(—iE wjotj){ﬂ rec{ ) ﬁlﬂp)
=1 =L T TiFip

the result
1 tn_l—tn) n
X rec . 30
Th-1n ( Th-1n 30 (]1:[1 )(H TJ+1DJ) Thn-1
i i i Ng= = (32
The timet; characterizes the photon af in the area of the ¢
target. The timesBy,, . ..,B,-1p are defined in a similar egye" ! Hl Ag;
j=

way as are the timegy,, . . . Bn_1, in EQ. (28), i.e.,

T o Bisiot Tio i of: The symbolA; stands for the entanglement area of the pho-
Bip= pfi+ip jpi+ip] j=2,...n-2, (3)) ton atw; with respect to the photon at,, which occupies a
T T1p volume V.

B. Entangled n-photon absorption

The matrix element given in Eq30) appropriate for a cascade nf-1 crystals determines the absorption cross section
0c(T11p:T2p1p» - - -+ Tn-1n-1p+ Tn n—1p) Of the entangledh-photon state

Rl

(T 1va§T3 1pr -+ Thot nflp!Tn nlp):2775( ef— 2 )
SOC (H Ae])

x| 2 n ”.d.l_l_eXF[i(Tn—l n—lpajn71+Tn n—lpajn)]

fin— Jq! . .
By e din_1 n-1 1 Tho1 nflpa1n71+Tn n—1p&j,

n-2 1—eXF[i(T||paj +T]_I_ip|p'yj)] ?
<T1 : — . (33)
=1 Tipaj,+ TiFip 1pY,

The quantitieSr)z,-I and Y, are defined by the relations

aj =€) 8~ w1, Q=& "€  ~oj, | 2,...nh—1,
(34
n
@ =ef—gj  Twn, Y TETE] s;rl wg, J=1,...n-2.

The notation is the same as in Sec. Il.

Again, entangledh-photon absorption is linearly proportional to the photon flux density, as can be deduced from the
occurrence of the factar/V in Eq. (32) for the square of the normalization constafﬁt. The factorc/V determines the photon
flux density of the “reference” beam. The absorption cross sectipprovided in Eq(33) depends both on the entanglement
times characterizing the optical field and on parameters of the target.

A cascade comprising two crystals provides a simplified expression for the absorption cross @grtion



3982 PEhNA, SALEH, AND TEICH 57

0
wlwzw?,TZp 1T32
13€5C%Ae1Acz

0y
w3)

0c(Tzp 1, T2 25, T3 2):2775(8f_8i_w(1)_wg

1—exp[i[—T2 zp(sjl—si—wg)+T3 2(8f_8j2_wg)]}

2 dflz 1211 Jll

0 0
i)z —Taop(ej,—8i—w1) + T3 (g1~ &), ~ w3)

. 2
l-exg —iTgp 1(811—8i—wg)]‘

X (35

. 0 '
T2pl(8jl_8i_w1) ‘

In analogy with Eq.(8) for the absorption cross section of the state generated-plgoton parametric down-conversion,
entanglement-induced transparency occurs. Figure 8 demonstrates this in the three-photon case for the tsandition 1
atomic hydrogen. The three entanglement times present if3Bgfor oo(T35 1, T2 25, T3 2) contrast with the expression for
o(T51,T3y) given in Eqg. (10), for which only two entanglement times suffice. The absorption cross section
0c(T251,T2 25, T3 2) in the cascade scheme is thus a more complicated function of the entanglement times. However, this
complex dependence may be convenient for extracting information about target parameters.

C. Effect of path delay

A delay introduced into the path of one photon represents a parameter which can be readily varied in an experiment, and
which is useful for extracting information about energies, dipole moments, and quadrupole moments. Introducinglra delay
into the path of the photon at,, under the assumption that the second crystal in the cascade is thin $¢ $hat1/A w., and
T, 3<1/Awg,, results in an absorption cross sectiog(T3; 1,T) of the form

0, 0 OT—
0. @10203T551T3 2

0(T5 1, T)=2mw8(ei—&,— 0'— 03— w B(T55.,7T), 36)
c( 2p1 ) (f i 1 2 3 ﬁ3€8C3Ae1Ae2 c( 2p1 ) (
where
1—exdi(es—e 1—exdi(e;—&i—0)(T—T5 2
B(T“' ’T) E dl 3,2 F[( f i _2 32 1 F[( ] I l)( 2p l)]‘ for 0<T<T= '
cl!i2p1 fj ji 0 O\ 2p1
(8f_8j_w1)T2p1 (ej—ei—w) T3, ‘ -
3
1-exf —i(e1—ej— ) T71]|”
=1 diad%exdi(e;—e;— 0TI P for T>Tzp ;. (39)
i (Sf_sj_wl)TZpl ‘

The absorption cross sectian,(Tz; 1, T) in Eq. (36) is
identical to that ofo(T3;,T) in Eq. (22) for three-photon
down-conversion, except that the entanglement fligge, in
Eq. (36) plays the role of the entanglement tirfig; in Eq.
(22).

rameters can be easily varied in an experimental setting.
Measured absorption cross sections as a function of entangle-
ment times and path delays then form a basis for determina-
tion of parameter values characterizing the material system
(for details about entangled two-photon spectroscopy, see

Although it is more complex, the cascade scheme can bRef. [25]).
more flexible. In one example, useful for spectroscopy, a The average of the quantity;,0(T3,,T) over the en-
compensation crystal of length, is inserted into the photon tanglement timé5,, which can be experimentally measured

paths wy,
The expression for the absorption cross sectigfilz; 1,T)
is the same as that in E¢36); however, the path deldy in
Egs.(37) and(38) must be replaced by + T3, 1.

IV. ENTANGLED THREE-PHOTON SPECTROSCOPY

The absorption cross sections for the entangled three-

and w; between the down-conversion crystals. by using, e.g., a wedge-shaped nonlinear crystal, provides

the following result:

(T310(T31,T) >T31

112

photon state given in Eq22), and for the cascade cross

section given in Eq(36), depend naturally on parameters of

the material systentenergies, dipole moments, and quadru-
pole moments as well as on parameters characterizing the
optical field (entanglement times, time de)ayrhe latter pa-

+|(A=B)2, Bjexpli(e;—¢&;— 0Tl +c.c.
j

(39
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where V. EFFECTS COMPETITIVE WITH ENTANGLED

THREE-PHOTON ABSORPTION
3,241
q“—zd” If the photon-flux density of entanglagtphoton entities
. sj—si—w‘l” is large, there are competitive processes of nonentangled
three-photon absorptioach photon from a separate entity
dfl_ q_s'i,z and of doubly entangled three-photon absorpiimvo pho-
sz#o, tons from one entity, the third one from another entity
g g T (40) These processes are dependent on the third and second pow-
ers of the photon-flux density, respectively. A linear depen-
A=E A dence of entangled-photon absorption on the photon-flux
N density thus enables us to distinguish the contributions of
these processes. The photon-flux densify dependence of

the absorptiora thus takes the form

i

B=2 B.

J a(l)= 6,1+ 8,12+ 6513, (42)
The §ymboll€ denote.s.a constant. Th's quantity reveals th%hereﬁl is the entangled three-photon absorption cross sec-
p035|b|ll'ty of determining the coefﬁmenBj' from the de- tion, &, is the doubly entangled three-photon absorption
composition of(T10(Ts1,T))r,, @s a function of the path . o section, and, is the nonentangled three-photon ab-
delayT into harmonics. In particular, the spectral componentsorption cross section.
at the frequency(—e;— ] provides the value of the ex-  These cross sections can be determined quantum me-
pression A—B)B;. The value ofA—B can be determined chanically. But it is sufficient to restrict ourselves to a simple
from the value of one spectral component at a given freprobabilistic model in order to determine at which photon-
quencyej —&;,. Once we know values of the parametersflux densities the processes proportional to the second and

B;, the energiedie;, and the dipole moment.\t}j , we can third powers of the pho'ton—flux density begin to dom_inate.
recover values of the quadrupole momeqfg between the We assume that a single photon has the absorption cross
initial state and an arbitrary intermediate statén general, ~Sectionos and that there is a typical relaxation timen the
we can determine the entire quadrupole tensor, if we chang@aterial. We further assume tha T, and o <A., where
polarizations of the modes with frequencies and ws. e is a typical entanglement time of the photons, #qds a
The state generated by the cascade scheme using tf¥Pical entanglement area. Strictly speaking, the assumption
down-conversion crystals and one compensation crystal i§<Te IS not compatible with the quantum model developed
appropriate for determining the values of the quadrupole moabove in which relaxation in the material is not included. But

mentsq?zz between an arbitrary intermediate statand the in spitg of this, the probabilistic model is useful fo_r providin_g
final stat]e. In this case an estimate of the values of photon-flux densities at which

entangled three-photon absorption prevails.
(T3 10(T5 1. )15, Simple probabilistic considerations lead to an entangled
P three-photon absorption cross secti®nof the form

=ICC{(A—B)2+E BY+ D, AjA exdi(sj —&)T] o372
] J1.2 5= s.
TeAS

(43

[(A B); Ajexd —i(ej—e; wl)THC'C'} ' The absorption cross sectiofy, for the doubly entangled
(41)  three-photon absorption becomes

The symbolsA;, B, A, andB were defined in Eq40), and 90372

K. is a constant. It is useful to note that the energies and O~ TA (44)

dipole moments of a material can be obtained from entangled e

two-photon spectrosc_op@for de_tal_ls, see Re[.25]_). whereas the nonentangled three-photon absorption is charac-
The use of pulsed light for similar considerations as abov erized by

is subject to limitations because of the difficulty associate

with extracting the contribution of the process described in Sam 275372 (45)

Eq. (15) from the entire absorption. In general, there are also 3 st

contributions from other multiphoton processes for suchIf we compare the contributions from these various pro-
classical light, such as those in which more than one annihi- P P

lated photon arises from one of the pulses while photongesses’ we copclude tha}t the process of entangled Fhree—
from one or more of the other pulsi do not contribute to photon absorption prevails at lower photon-flux densities

the absorption. In the case of two-photon absorption and or(_)beymg the inequality
thogonal dipole moments for the transitions j andj—f,

orthogonally polarized pulsed beams provide a possible so- | <lip~ =
lution. M 9AT,

(46)
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APPENDIX A: DERIVATION OF ENTANGLED STATE
AND MULTIPHOTON ABSORPTION CROSS

<
(TR
SN,

SR SAISLA
NS '%;W‘:‘“ SECTION
| Sy
§ | "::““Jt\‘l\!gf'é}‘a‘:‘:{“\:“““‘:f We consider a down-conversion cry_stal wigHV nqnlin—
g ,\,f’,‘;;;,;//,/,:o,o“““\\\\\\ earity, pumpgd py a strong coherent field of amplituge
QQ\) 5 ‘\“‘::&W“ Modes constituting the down-converted beams are taken to
\ ‘\\“‘W}‘“ O'['/%%,;z,;;% - be in vacuum states at the onset of the nonlinear interaction
&0 , ‘\\%W" ’ (at the input plane of the crysjakthus the initial state of the
Ny WW«" field is the multimode vacuum state| Yo =|vag).
" '[‘}\:\\\\\\’Qfl;"“‘& Second-order time-dependent perturbation theory in the in-
@ “\C;)/z/ll" teraction picture provides an expression for the gtéfg.y

of the down-converted beams at the output plane of the crys-

tal:
&>

it ~
|'r/’outpu9 == %fo dt’ Hint(t,)| ‘/’input)- (A1)

% SO QT\:?K

FIG. 8. Entangled three-photon absorption cross section
(T2 2p,T3p 1) for the transition 5—4f in atomic hydrogen for  The quantityt, represents the interaction tintgiven by the

the state generated by a cascade of two nonlinear crydtal®;  |ength of the crystal and the interaction Hamiltoniaf(t)
=8.9210 E\g, ﬁw2=ﬁw3=l.91 eV-, T32=50 fs, and AeleeZ is defined in Eq(l)
=10"""m? log denotes a decadic logarithm. Equation(Al), together with free-field evolution from the
output plane of the crystal, leads to the expression for the
entangledh-photon state provided in E§R). The derivation
VI. CONCLUSION of Eq. (2) has also assumed that the susceptibijif] is
We have studied the properties of entangkeghoton frequency independent, that the phase-matching condition
states generated both by the procesa-ghoton parametric fpr the transverse components of the wave V(ictors is ful-
. . . filled, and that the crystal extends frams — L, to z=0[15].
down-conversion and in a cascadenef 1 crystals with two- _ N A+ ")
photon parametric down-conversion processes. In particular, 'The matrix elemer'1¢vad'Hj11Ej (ti)w (0,0)). appro-
we have found that absorption of light in such nonclassicaPrlate for the state given in Eq2), reads
states is proportional to the first power of the photon-flux
density. We have determined the absorption cross section for n
light in entangledn-photon_ states. It depends on entanglg-gvadl‘[ E}*>(tj)|¢//(”)(0,0))
ment times of the photon field, and on parameters describin j=1
the material. Entanglement-induced transparency can arise.
Introduction of an additional delay into the path of one
photon reveals the possibility of resonance enhancement of Aot | [Aoet
absorption. The absorption cross section as a function of en- :ClkE - kZ tleXF{ - T) S'“C{T)
tanglement time and path delay decomposes naturally into ! "
two regions according to the possibility of the simultaneous (AKk),L,\ . [(Ak),L,
arrival of all three photons. ><exp( L T)““{ T)
Dependence of the entangled three-photon absorption
cross section on entanglement times and path delay enables n
us to determine values of material parameters. In particular, Xex;{ -i> wjtj), (A2)
it has been shown that values of quadrupole moments be- =1
tween states can be extracted from the measured absorption
cross sections. A probabilistic model has been used in which . .
the effect of nonclassical entangled three-photon absorptiowhere EJ(+)(tj)%Ekjakjexp(_iwjtj)v and C, denotes a nor-

dominates over other field-matter processes at lower intensimalization constant.
ties, enabling us to obtain an estimate for the threshold value We account for first-order dispersion iy, (w;) [i.e.,

i 0 0
of the photon-flux density. Kiz(wj) =kj;+1j(0wj—wj), and 1i;j:dkj2/dwj|wj:w?,
where kJQ is the central wave vectomjQ is the central fre-
quency, andv; is the group velocity of thgth modg and
ACKNOWLEDGMENTS phase-matching conditions for the central wave vectors
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ported in part by the Boston University Photonics Center. [dw;---fdw, in Eq. (A2) then provides
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n
(vadIT E/t)]¢™(0,0)) where E{)(t) denote operators appropriate for the photons
=1 centered aroune; .
The probabilityp;._; that an electron in the target makes a
n transition from the initial statdi) to the final state|f)
p( ) j dv, f dupt, throughn-photon absorption is provided byth-order time-
dependent perturbation theory

n n
t 't 1 [~ th t2
.le Vit . le Vit Pr—i= _nf dtnf dtn—l"'f dt;
xexp| —i— sinc| — ht) - e -
— o X (f[d(ty)---d(ty)]i)
Xexp( —i> I;JU _Z)sinc< > VZJU _Z) 2
= e X(G|ET (1) Bt di)| . (AB)
n
i=1 where| ;) (] ¢¢)) denotes the initialfinal) state of the op-

tical field.

where C, is a normalization constant and;=w;—wj. For the entangled-photon stat¢see Eq.(3)], under the
Straightforward integration, together with the relation condition T,;<Ts<---<T,; discussed in Sec. I B, the

4y sinc(wt;) ~2m5(w) for t,—ce (for details, see Ref15]), photon field described by{*)(t) interacts first, and that
finally provides the expression given in E®). 1

Now we derive the expression for the entangteghoton ~ described -pyIAE(;)(t) interacts second, etc. Equati¢A6)
absorption cross section. Interaction of the field with a targethen simplifies to
is assumed to be described in the interaction representation

by an interaction Hamiltonian of the form 1 (= th ty
proi=| ot dty e [y

B =d(OE(t)+H.c., (A4) ) )
X (f[d(ty):--d(ty)]i)
2
(A7)

whered(t) is the dipole-moment operator of an electron in R .
the target. The positive-frequency part of the electric-field X (vadE{" (tp): - E{7 (1) ¢ (0,0))
operatorE()(t) is given by

n The expression for the absorption cross section
E(H)(t)= ECH(t), A5 0(T51,T31, .. .,Th1) given in Eq. (8) is obtained in a
® 121 i (A5 straightforward manner from Eg&3), (7), and(A7).

[1] S. H. Lin, Y. Fujimura, H. J. Neusser, and E. W. Schlag, W. Majewski, and M. Gldz, Opt. Commun12, 304 (1974.
Multiphoton Spectroscopy of Moleculécademic, Orlando, [8] J. P€ina, Quantum Statistics of Linear and Nonlinear Optical

FL, 1989; V. S. Letokhov and V. P. Chebotayev, Nonlinear PhenomendKluwer, Dordrecht, 19911

Laser Spectroscopyedited by D. L. MacAdam, Springer Se- [9] J. Javanainen and P. L. Gould, Phys. RevA1A5088(1990.

ries in Optical Sciences Vol. 4Springer, Berlin, 197y [10] H. B. Fei, B. M. Jost, S. Popescu, B. E. A. Saleh, and M. C.
[2] H. B. Bebb and A. Gold, Phys. Re¥43 1(1966); S. N. Dixit Teich, Phys. Rev. Letf78 1679(1997.

and P. Lambropoulos, Phys. Rev. Let6, 111(1978. [11] J. Gea-Banacloche, Phys. Rev. Lé2, 1603(1989.

[3] J. Mertz, C. Xu, and W. W. Webb, Opt. LeR0, 2532(1995. [12] N. Ph. Georgiades, E. S. Polzik, K. Edamatsu, and H. J.
[4] S. Mukamel, Principles of Nonlinear Optical Spectroscopy Kimble, Phys. Rev. Lett75, 3426(1995.

(Oxford University Press, New York, 1985 [13] J. P€na, Z. Hradil, and B. Jum, Quantum Optics and Fun-
[5] V. Blanchet, C. Nicole, M. Bouchene, and B. Girad, Phys. damentals of Physic&luwer, Dordrecht, 1994

Rev. Lett.78, 2716(1997; R. R. Jonesibid. 75, 1491(1995. [14] D. N. Klyshko, Photons and Nonlinear Optic&ordon and

[6] V. V. Dodonov and S. S. Mizrahi, Phys. Lett. 223 404 Breach, New York, 1988
(1996. [15] L. Mandel and E. WolfOptical Coherence and Quantum Op-
[7] M. C. Teich and G. J. Wolga, Phys. Rev. Lelt6, 625(1966; tics (Cambridge University Press, Cambridge, 1995
B. R. Mollow, Phys. Rev175 1555(1968; S. Carusotto, G. [16] T. S. Larchuk, M. C. Teich, and B. E. A. Saleh, Phys. Rev. A
Fornaca, and E. Polaccitid. 165 1391(1968; G. S. Agar- 52, 4145(1995; A. Joobeur, B. E. A. Saleh, T. S. Larchuk,

wal, Phys. Rev. Al, 1445(1970; J. Krasirski, S. Chudzyski, and M. C. Teichjbid. 53, 4360(1996.



3986 PEhNA, SALEH, AND TEICH 57

[17] R. Ghosh, C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. A Zeilinger, Am. J. Phys58, 1131(1990.
34, 3962(1986; P. G. Kwiat, K. Mattle, H. Weinfurter, and A. [21] A. Zeilinger, M. A. Horne, H. Weinfurter, and M. Zukowski,

Zeilinger, Phys. Rev. Letf75, 4337(1995; P. W. Milloni, H. Phys. Rev. Lett78, 3031(1997.

Fearn, and A. Zeilinger, Phys. Rev. 8, 4556(1996. [22] T. B. Pittman, Y. H. Shih, D. V. Strekalov, and A. V. Ser-
[18] M. D. Reid and D. F. Walls, Phys. Rev. 24, 1260(1986); P. gienko, Phys. Rev. 52, R3429(1995; T. B. Pittman, D. V.

R. Tapster, J. G. Rarity, and P. C. M. Owens, Phys. Rev. Lett. Strekalov, D. N. Klyshko, M. H. Rubin, A. V. Sergienko, and

73, 1923(1994: T. B. Pittman, Y. H. Shih, A. V. Sergienko, Y. H. Shih, ibid. 53, 2804 (1996; D. V. Strekalov, A. V.

and M. H. Rubin, Phys. Rev. Al, 3495(1995. Sergienko, D. N. Klyshko, and Y. H. Shih, Phys. Rev. L&4.

[19] D. M. Greenberger, M. A. Horne, and A. Zeilinger, Phys. To- 3600(1995.
day 46 (8), 22 (1993; S. P. Tewari and P. Hariharan, J. Mod. [23] J. D. Franson, Phys. Rev. #4, 4552(1991); J. G. Rarity and
Opt. 44, 54 (1997); D. A. Rice, C. F. Osborne, and P. Lloyd, P. R. Tapsteribid. 45, 2052(1992.
Phys. Lett. A186, 21 (1994; M. D. Reid and W. J. Munro, [24] J. Péna, Jr., B. E. A. Saleh, and M. C. Teich, Rroceedings
Phys. Rev. Lett69, 997(1992; D. N. Klyshko, Phys. Lett. A of the 5th International Conference on Squeezed States and
172 399(1993; J. A. Bergou and M. Hillery, Phys. Rev. A Uncertainty RelationgBalatonfired, Hungary, in press
55, 4585(1997: C. C. Gerry,ibid. 53, 4591(1996. [25] B. E. A. Saleh, B. M. Jost, H. B. Fei, and M. C. Teich, Phys.
[20] D. M. Greenberger, M. A. Horne, A. Shimony, and A. Rev. Lett.(to be published



