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Quantum theory of entangled-photon photoemission
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A quantum theory of two-photon volume photoemission from metals and semiconductors is developed when
the incident source of light comprises collinear down-converted entangled-photon pairs with entanglement time
Te . Despite the fact that the process involves the absorption of pairs of photons, the entangled-photon photo-
current varies linearly with the incident photon flux density. This is a consequence of the fact that the presence
of one photon of an entangled-photon pair signals the presence of the other; it is in sharp contrast with the
quadratic dependence of the classical two-photon photocurrent on incident photon flux density. Calculations
are carried out for sodium metal~Na! and for K2CsSb, a bialkali-antimonide semiconductor material often
used as a cathode in photomultiplier tubes. The photocurrent is found to vary inversely with entanglement time
although nonmonotonic behavior emerges over certain ranges ofTe . Entangled-photon photoemission may
well be useful for enhancing the range of two-photon photoemission spectroscopy and might find particular use
in the investigation of surface and image states of various materials.

DOI: 10.1103/PhysRevB.69.165317 PACS number~s!: 79.60.Bm, 42.65.Lm, 03.65.2w
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I. INTRODUCTION

The development of the laser in the early 1960s led to
blossoming of nonlinear optics.1 Among the plethora of two-
photon effects1 that were first observed during that heady e
was the two-photon photoelectric effect.2,3 In the intervening
years, two-photon photoemission, and two-photon pho
emission spectroscopy, has been studied extensively an
fined to the point that it has become a valuable tool
obtaining information about interface, surface, and ima
potential states in various materials.4–7

The first theoretical treatment of the two-photon pho
electric effect was provided by Smith in 1962,8 under the
assumption that two-photon photoemission was asurfaceef-
fect. Smith made use of the Sommerfeld model of a me
and employed a second-order perturbation-theory calcula
to calculate the photocurrent. However, it was subseque
determined that two-photon photoemission was avolumeef-
fect, and a suitable theory for this model was developed
Bloch in 1964.9 Bloch’s theory was based on the earlier firs
order treatment of the ordinary~one-photon! photoeffect pro-
vided by Fan in 1945.10 Both two-photon models predict
quadratic dependence of the two-photon photocurrent on
cident photon flux density, as was, in fact, observed in
periments carried out in 1964 by Teichet al.2,11,12 in Na
metal and by Sonnenberget al.3 in Cs3Sb semiconductor.

The emergence of optical coherence theory in the 19
provided an impetus for examining how the statistical pro
erties of light affected the magnitude of nonlinear intera
tions such as two-photon photoemission.13 It was established
early on, for example, that using excitation with therm
light, which has Bose-Einstein photon-counting statist
rather than the Poisson statistics of coherent light, results
factor of 2 enhancement of the photocurrent.13

With the development of nonclassical sources of light
the 1980s~see, e.g., the review paper in Ref. 14!, it is fitting
to revisit this issue. In this paper, we provide a theoreti
treatment of two-photon photoemission induced by a li
0163-1829/2004/69~16!/165317~11!/$22.50 69 1653
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source comprising entangled-photon pairs.
In particular, we consider the generation of such pairs

spontaneous parametric down-conversion in a second-o
nonlinear optical crystal. This nonlinear optical process ha
long and august history in quantum optics.15–22It leads to the
production of a sequence of entangled photon pairs~so-
called ‘‘signal’’ and ‘‘idler’’ photons with angular frequen
ciesv1 andv2 , respectively!, each pair created by a singl
pump photon~angular frequencyvp), such that energy and
momentum are conserved. The process can be either of
I, in which the generated signal and idler photons have
same polarization, or of type II, in which they are orthog
nally polarized. Moreover, the process can be collinear
which the wave vectors of the signal and idler photons
parallel to that of the pump, or it can be noncollinear. T
coherence properties of such sources have been stu
extensively23 and are now well understood. Partial entang
ment has been determined to be a dual of partial coheren24

The focusing and imaging properties of entangled-pho
pairs have also been established.25,26

This particular source of nonclassical light is of intere
for two-photon photoemission by virtue of the fact that t
photons are emitted in pairs;27,28 the quantum state for eac
photon pair cannot be factored into a product of quant
states for the constituent photons.15–17 Seminal early studies
indicated that the two-photon absorption rate for entangl
photon pairs is linearly proportional to the photon flux de
sity of the illuminating field.29,30 This was a remarkable re
sult in nonlinear optics since the two-photon absorption r
is almost always quadratic in the photon flux density. A
other appealing feature of using entangled photons is the
that the cross section for the rate of absorption of entang
photons can be enhanced relative to that of classical light
certain parameter values of the source, at least in sim
atoms.31,32

Because of these unusual properties, several applicat
for such sources have been proposed, including entang
photon virtual-state spectroscopy,33,32 entangled-photon
microscopy,34 and entangled-photon lithography.35
©2004 The American Physical Society17-1
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LISSANDRIN et al. PHYSICAL REVIEW B 69, 165317 ~2004!
Entangled-photon photoemission provides a natural ch
for examining the interaction of entangled-photon light w
matter since the nonlinear and detection processes are
bined at a single locus and the behavior of the effect is w
characterized for classical light. Furthermore, the effect
sults in the generation of charged electrons that are rea
collected and measured by an electron multiplier, such
that in a photomultiplier tube.

In this paper we present a theory of entangled-photon
ume photoemission for metals and semiconductors. Spe
calculations are carried out for sodium metal~Na! and for the
bialkali semiconductor K2CsSb.36 The latter material is of
particular interest because of its wide use as a photocath
material in photomultiplier tubes; it is expected to provide
suitable choice for experimental studies of entangled-pho
photoemission.

II. SEMICLASSICAL THEORY OF TWO-PHOTON
VOLUME PHOTOEMISSION

A. Two-photon absorption cross section

The two-photon absorption cross sectiond r for an atomic
transition from an initial stateu i & to a final stateu f &, via a set
of intermediate statesu j &, was calculated many years ag
using semiclassical theory.37–39 Assuming that the inciden
source of light is coherent and monochromatic~with angular
frequencyv!, and polarized along thex direction, and that
theA"p term dominates theA2 term in the interaction Hamil-
tonian ~A is the vector potential of the field andp is the
electron momentum!,40,11 second-order perturbation theo
yields

d r52p3
\2r 0

2c2

~\v!2 dS Ef2Ei22\v

\ D
3FU(

j

2^ f u p̂xu j &^ j u p̂xu i &
m~Ej2Ei2\v2 i\k j /2!U

2G . ~1!

Here r 0 is the classical electron radius (r 05e2/mc2), e is
the electronic charge,m is the mass of the electron, andc is
the speed of light. The quantityd represents the Dirac delt
function; Ei , Ej , andEf are the energies of the initial, in
termediate, and final states, respectively;\ is Planck’s con-
stant divided by 2p; k j is the intermediate-state linewidth
and p̂x is the electron momentum operator.

Inasmuch as the semiclassical two-photon absorption
Rr is given by40

Rr5d rf
2, ~2!

the two-photon cross sectiond r is the proportionality con-
stant between the transition rateRr (sec21) and the square o
the photon flux densityf2 (cm24 sec22), and as such ha
~cgs! units of cm4 sec.

B. Two-photon photocurrent

At about the same time as the two-photon transition cr
section was calculated, a semiclassical theory for the t
photon photoeffect in solids was developed using a clos
16531
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related set of assumptions.9,11,12In this case the electron wa
initially assumed to be in the conduction band for a me
~valence band for a semiconductor! and the final state was
taken to be the vacuum. This theory embodied a modifica
of the ordinary single-photon photoeffect theory develop
by Fan,10 in which perturbation-theory calculations were ca
ried to second order. For simplicity of calculation, the theo
dealt only with direct interband transitions and conside
the electrons to be nearly free and to have Bloch-like wa
functions. Inasmuch as both Na metal and K2CsSb have
nearly spherical Fermi surfaces11,41 they more or less satisfy
these assumptions. Moreover, it is known that indirect-ba
gap materials are generally not good photoemitters.41

Using this approach, the classical two-photon photoc
rent i r is calculated by integrating over all possible initi
momentum statesk in the Brillouin zone42 that can result in
the escape of an electron from the surface of the materia9,10

i r5e
2Ad

8p3 (
f

d

dt E E E uai , f u2dkxdkydkz . ~3!

HereA is the illuminated area~spot size! andd is the elec-
tron escape depth so thatAd is the volume of the materia
involved in the photoemission process, anduai , f u2 is the tran-
sition probability. The rateRr of two-photon absorption from
the initial stateu i & to the final stateu f & ~the transition rate for
the transitioni→ f ), in our notation, is given by the deriva
tive of the transition probability:

d

dt
uai , f~ t !u25d rf

2. ~4!

Thus, the total two-photon photocurrent can be expresse

i r5~bf!2e
2Ad

8p3 (
f
E E E d r dkxdkydkz , ~5!

where an intensity-transmittance factorb is incorporated to
accommodate reflection at the surface of the material.

For sodium metal it is safe to assume that the spher
momentum space is uniformly filled to the Fermi energ
This is a reasonably good assumption for second-or
perturbation-theory calculations, even when the tempera
is greater than 0 K, although single-photon photoemiss
from the Fermi tail can come into play under the
conditions43 as discussed subsequently. It is also reasona
to assume that the Fermi surface is spherical for K2CsSb
since the material is nearly an intrinsic semiconductor wh
Fermi energy is near the center of the band gap.41 Moreover,
photoeffects from multialkali materials are known to va
little with temperature.44

Integrating Eq.~5! over the initial k states, it can be
shown that9,11,12

i r5~bf!2e
2Ad

8p3 2p3m
\r 0

2c2

~\v!2 FU(
j

2^ f u p̂xu j &^ j u p̂xu i &
m~Ej2Ei2\v! U

2G
3

4

3
p

EF

2\v
kFF11

eW

EF
2

2\v

EF
G3/2

. ~6!
7-2
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QUANTUM THEORY OF ENTANGLED-PHOTON PHOTOEMISSION PHYSICAL REVIEW B69, 165317 ~2004!
The foregoing result is valid provided that the approximat
that leads to Eq.~17a! of Ref. 9 @which is reproduced as Eq
~A16! in the Appendix, for convenience# is suitable, which is
the case for many metals including Na. The quantityEF

represents the Fermi energy of the material,kF is the wave
number of an electron at the Fermi surface, andeW is the
work function of the material. For semiconductors, the e
ergy at the top of the valence bandEi max is used in the place
of the Fermi energyEF andki max replaceskF . Alternatively,
the photocurrent can be determined by numerically eval
ing Eq. ~16! of Ref. 9 @reproduced for convenience as E
~A15! in the Appendix#, which is suitable for both Na and
K2CsSb. We choose this latter route.

Defining the transition matrix element~two-photon oscil-
lator strength! as11

M[U(
j

2^ f u p̂xu j &^ j u p̂xu i &
m~Ej2Ei2\v! U

2

~7!

yields the final expression for the two-photon volume pho
current induced by coherent light:11,12
n
n

up

16531
-

t-

-

i r5f2
p

3

em\r 0
2c2

~\v!3 @M #b2AdEFkFF11
eW

EF
2

2\v

EF
G3/2

5h reF2/A, ~8!

whereh r is an efficiency. The dependence of the photoc
rent on the strength of the excitation is governed byf2A
5F2/A}P2/A, wheref, F, andP represent the photon flux
density (photons/cm2 sec), photon flux~photons/sec!, and
optical power~W!, respectively.

C. Two-photon oscillator strength

The two-photon oscillator strength was estimated to h
the value@M #Na58 for Na under the assumptions that th
A"p term in the Hamiltonian dominates and that intermedi
states for the two-photon absorption process reside onl
the final band.11

The two-photon oscillator strength for K2CsSb,
@M #K2CsSb, can be estimated by making use of the expe
mentally measured two-photon photocurrents for the t
materials. Solving Eq.~8! for @M # yields

@M #5 i r

3

p

~\v!3

em\r 0
2c2

3
1

f2b2AdEFkF@11 eW/EF 2 2\v/EF#3/2. ~9!

Forming a ratio of the values of@M # for the two materials
thus provides
ton
ured

t

@M #K2CsSb

@M #Na
5

i r uK2CsSb

i r uNa

@~\v!3#K2CsSb

@~\v!3#Na

@f2b2AdEFkF~11 eW/EF 2 2\v/EF!3/2#Na

@f2b2AdEi maxki max~11 eW/Ei max2 2\v/Ei max!
3/2#K2CsSb

, ~10a!

under the assumption that the approximation inherent in Eq.~A16! is suitable. Equation~10a! is readily rewritten in terms of
the ratio of the double-quantum photoelectric yields12 L for the two materials, sinceL5 i r /P} i r /fA. The responsivityL has
units of A/W and is itself proportional tof. Equation~10a! thus becomes

@M #K2CsSb

@M #Na
5

LK2CsSb

LNa

@b2dEFkF~11 eW/EF 2 2\v/EF!3/2#Na

@b2dEi maxki max~11 eW/Ei max2 2\v/Ei max!
3/2#K2CsSb

. ~10b!

The two-photon oscillator strength for K2CsSb, @M #K2CsSb, may therefore be estimated by making use of the two-pho
oscillator strength for Na determined previously,11 along with the known parameters of the two materials and their meas
double-quantum yields.

However, we choose to avoid the approximation inherent in Eq.~A16!, which is almost certainly valid for Na but may no
be for K2CsSb, by instead numerically integrating Eq.~A15! over k, whereupon Eq.~10b! is replaced by

@M #K2CsSb

@M #Na
5

LK2CsSb

LNa

@b2d*kmin

kF @k/Ak21 ~2m/\!2v2k#dk#Na

@b2d*kmin

kF @k/Ak21 ~2m/\!2v2k# dk#K2CsSb

. ~10c!
ve-
ch
of
D. Single-photon photoemission from the Fermi tail

The small magnitude of the two-photon photocurre
makes it important to carry out experimental measureme
in such a way that single-photon photoemission is s
t
ts
-

pressed, lest it mask the two-photon photocurrent. The wa
length of the incident light must therefore be chosen su
that its photon energy is smaller than the work function
the material ~to avoid single-photon photoemission! but
7-3
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LISSANDRIN et al. PHYSICAL REVIEW B 69, 165317 ~2004!
greater than half the work function of the material~to ensure
that two photons impart sufficient energy for electron
cape!:

eW

2
,\v,eW. ~11!

Even under these conditions, however, a single photon
give rise to photoemission via thermally excited electrons
the tail of the Fermi distribution. The probability of this pro
cess can be reduced by choosing the photon energy to be
greater than half the work function of the material and
reducing the temperature of the material to reduce the Fe
tail.2,43

III. QUANTUM THEORY OF ENTANGLED-PHOTON
PHOTOEMISSION

When coherent light is used as the source of excitation
is clear from the results provided in Sec. II that the tw
photon absorption and photoemission rates are proporti
to the square of the photon flux density. Although the m
nitude of the rate depends on the statistical properties of
light, as pointed out in Sec. I, the proportionality of the ra
to f2 remains intact for all sources of classical light. This
not necessarily true for nonclassical light.

We proceed to derive an expression for the two-pho
photocurrenti e when the source of excitation compris
entangled-photon pairs. In this case the entangled-ph
photoemission rate turns out to be proportional tof rather
than tof2.29–31
e
it

t.

d

m
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A. Spontaneous optical parametric down-conversion

The center angular frequencies of the signal and id
wave packets are denotedv1

0 and v2
0 , respectively. The

entangled-photon pairs are characterized by an entangle
time Te and an entanglement areaAe , representing the
widths of the fourth-order temporal and spatial coheren
functions, respectively.23 The entanglement time is a measu
of the mean time delay between the arrival of a photon a
its entangled twin. It is governed principally by the length
the nonlinear crystal in which the pairs are generated in
much as photons of different wavelengths, directions
travel, and/or polarizations experience different mean del
as they pass through the nonlinear crystal, by virtue of d
persion in the medium and/or material thickness. A sm
entanglement time signifies that the photons arrive closel
time, a condition that is usually desirable. This is mo
readily achieved by using a thin nonlinear crystal.

Calculations will be explicitly carried out for collinea
optical parametric down-conversion in a nonlinear opti
crystal of lengthl , pumped by a monochromatic laser bea
with wave numberkp .

B. Entangled-photon absorption cross section

We consider the entangled-photon cross sectionse for a
transition from an initial stateu i & to a final stateu f &, via a set
of intermediate statesu j &. This cross section was calculate
by Fei et al.31 in the context of a fully quantum mechanic
treatment for transitions between discrete atomic levels
second-order perturbation theory. Converting Feiet al.’s re-
sult from natural to cgs units and considering the special c
of a monochromatic pump yields
se5
p

4AeTe
~2p!2

r 0
2c2

v1
0v2

0 dS Ef2Ei2\vp

\ D
3U(

j
H ^ f u p̂x,2u j &^ j u p̂x,1u i &

12e2 iTe~Ej 2Ei2\v1
0
!/\2Tek j /2

m~Ej2Ei2\v1
02 i\k j /2!

1^ f u p̂x,1u j &^ j u p̂x,2u i &
12e2 iTe~Ej 2Ei2\v2

0
!/\2Tek j /2

m~Ej2Ei2\v2
02 i\k j /2!

J U2

,

~12!
si-
ho-

-
the

cci-
d
er
where thek j are phenomenological intermediate-state lin
widths, which in general depend on the photon flux dens
but can be considered constant for sufficiently weak ligh31

The terms within the absolute square in Eq.~12! can in-
terfere and, in general, lead to nonmonotonic behavior ofse
with Te , including the possibility of entanglement-induce
two-photon transparency for certain values ofTe . Both the
origin of this interference and its behavior for the 1S-2S
two-photon transition in atomic hydrogen have been exa
ined in detail by Feiet al.31

The entangled-photon absorption rate~photons/sec! for an
electron transition is given by

Re5
d

dt
uai , f~ t !u25sef, ~13!
-
y

-

which indicates that the entangled-photon cross sectionse
has~cgs! units of cm2. The linear dependence ofRe on the
photon flux densityf accords with early predictions29,30 and
with recent quantum mechanical calculations.31 As indicated
above, this behavior is in sharp contrast with that for clas
cal light, which exhibits a quadratic dependence on the p
ton flux density, in accordance with Eq.~2!. Moreover, the
harmonic terms in Eq.~12! clearly intertwine the entangle
ment characteristics of the source with the parameters of
medium in a generally nonfactorizable fashion.

C. Critical photon-flux density

The entangled-photon absorption rateRe5sef must be
supplemented by the absorption rate representing the a
dental arrival of pairsRr5d rf

2 from the source of entangle
light. The two photons that induce absorption in the form
7-4
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QUANTUM THEORY OF ENTANGLED-PHOTON PHOTOEMISSION PHYSICAL REVIEW B69, 165317 ~2004!
case are colloquially referred to as ‘‘twins,’’ whereas those
the latter case are referred to as ‘‘cousins.’’ The overall tw
photon absorption rate is then

R5Re1Rr5sef1d rf
2, ~14!

whered r is given by Eq.~1! andse is given by Eq.~12!. For
a single atom, therefore, two-photon absorption is domina
by entangled-photon pairs~twins! only for a sufficiently
small photon-flux density. The critical photon-flux dens
fc at which the two processes are equal is given by

fc5se /d r . ~15!

We will see subsequently that the overall entangl
photon photocurrent elicited from a bulk sample depends
the incident photon fluxF rather than on the photon-flu
density f, whereas the two-photon photocurrent expres
depends onf. Entangled-photon photoemission can the
fore be enhanced relative to two-photon photoemission
reducingf, which may be operationally achieved by def
cusing the beam of light incident on the material.

A simple probabilistic model that considers the twin ph
tons as particles has been set forth previously.31 Although, by
construction, this model cannot exhibit the interference
herent in Eq.~12!, it nevertheless provides some indicatio
of the expected magnitudes of the cross sectionsd r andse .
Within the confines of this model, the entangled two-pho
cross section can be written as

se5
d r

2AeTe
. ~16!

Combining Eqs.~15! and ~16! yields a simple result for the
critical photon-flux density,

fc5
1

2AeTe
; ~16a!

however, this phenomenological result must be viewed w
caution. For the source of entangled photons at hand,
entanglement time and entanglement area are estimated
Te510 fsec andAe5100mm2, respectively, so thatfc
51/2AeTe5531019 photons/cm2 sec.

D. Simple particlelike model

For a nondepleted pump, the entangled-photon photo
rent is given by

i e5b2eNsefAd5b2eNseFd5heeF, ~17!

whereb is the intensity transmittance through the surface
the material,e is the electronic charge,N is the atomic den-
sity ~or in semiconductors the number of primitive cells p
unit volume! of the medium (cm23), se is the atomic
entangled-photon cross section (cm2), f is the photon flux
density (photons/cm2 sec),A is the area illuminated (cm2),
F is the photon flux~photons/sec!, and d is the depth of
photoemission~cm!. Using this phenomenological mode
16531
n
-

d

-
n

y
-
y

-

-

n

h
he
be

r-

f

r

the entangled-photon photoemission efficiency of the ma
rial he ~electrons/photon! is therefore given by

he5b2Nsed. ~18!

As promised earlier, the entangled-photon photocurreni e
in Eq. ~17! is linearly dependent on the photon fluxF. In the
context of the simple particlelike model, this dependen
arises because the arrival of one photon of an entangled
indicates with certainty that its twin is close behind~for co-
herent photons, the arrival of one photon indicates noth
about the arrival of another, which yields theF2 depen-
dence!. Nevertheless, the dependence of the entang
photon photocurrenti e on the intensity transmittanceb in
Eq. ~17! remains quadratic since the loss of either of t
twins results in the loss of the pair. By virtue of its propo
tionality to F ~photons/sec!, i e is independent of the area o
illumination, provided that the beam is within the entang
ment area, an important feature that is in sharp contrast w
two-photon photoemission.

E. Entangled-photon photocurrent

We now calculate the entangled-photon photocurrent
proceeding along the same lines used in Sec. II, assum
volume photoemission, direct interband transitions, Blo
like wave functions for the initial and final states, and sphe
cal Fermi surfaces.

The entangled-photon photocurrenti e is calculated by in-
tegrating over all possible initial momentum statesk in the
Brillouin zone,42 as in Eq.~3!, so that

i e5fb2e
2Ad

8p3 (
f
E E E se dkxdkydkz , ~19!

which is analogous to Eq.~5! for two-photon photoemission
The dependencies in Eq.~19! are identical to those in the
simple particle model, as provided in Eq.~17!.

In metals and semiconductors, the discrete energy st
are spaced sufficiently closely that they form bands. Us
the usual parabolic energy-momentum relation

Ej5Ec1
\2k2

2m
~20!

yields a density of intermediate states~per unit energy per
unit volume! given by45

r~Ej !5
~2m!3/2

2p2\3 ~Ej2Ec!
1/2. ~21!

Assuming that the only intermediate states that contribute
the transition themselves lie in the final-states band, as
cussed subsequently,Ej andEc represent the energies of th
intermediate states and the minimum energy for the fin
states band, respectively, andm is the electron mass. Th
probability of finding an available state between energyEj
andEj1dEj is therefore given by
7-5
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p~Ej !dEj5Ad
~2m!3/2

2p2\3 ~Ej2Ec!
1/2dEj Y

AdE
Ej min5Ec

Ej max
r~Ej !dEj

5
1

Nj

~2m!3/2

2p2\3 ~Ej2Ec!
1/2dEj , ~22!

where the total number of intermediate states per unit v
ume is
uo
ry

rm
le

b

t i

16531
l-

Nj5E
Ej min5Ec

Ej max
r~Ej !dEj . ~23!

Following earlier treatments,11,12 it is assumed that the
intermediate states that contribute significantly to the pho
current lie in the final-states band for both Na and K2CsSb.
The summation over the intermediate statesj in Eq. ~12!
is therefore replaced by an integral over a continuum of
termediate states within the energy range@Ej min ,Ej max#.
Finally, then, combining Eqs.~12!, ~19!, and~22! yields
i e5fb2e
2Ad

8p3 ~2p!2
r 0

2c2

v1
0v2

0

p

4AeTe
(

f
E E E dS Ef2Ei2\vp

\ DU E
Ej min

Ej maxH ^ f u p̂x,2u j &^ j u p̂x,1u i &

3
12e2 iTe~Ej 2Ei2\v1

0
!/\2Tek j /2

m~Ej2Ei2\v1
02 i\k j /2!

1^ f u p̂x,1u j &^ j u p̂x,2u i &
12e2 iTe~Ej 2Ei2\v2

0
!/\2Tek j /2

m~Ej2Ei2\v2
02 i\k j /2!

J p~Ej !dEjU2
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Intermediate states are assumed to comprise a contin
band and transitions involving them need not conserve c
tal momentum.

As shown in the Appendix, Eq.~24! simplifies to @see
Eqs.~A14!, ~A6!, and~A13!#

i e5fb2Ad
em4r 0

2c2

4p3\5

vp
2

4v1
0v2

0 m
1

AeTe

3E
kmin

kF F~k,Te!

Ak21 ~2m/\! vp2k
k dk, ~25!

with

F~k,Te!5U E
Ej min

Ej maxH 12e2 i ~Te /\!(Ej 2 \2k2/2m2\v1
0)2Tek j /2

Ej2 \2k2/2m2\v1
02 i\k j /2

1
12e2 i ~Te /\!(Ej 2\2k2/2m2\v2

0)2Tek j /2

Ej2 \2k2/2m2\v2
02 i\k j /2

J
3AEj2Ec dEjU2

, ~26!

wherek5A2mEi /\2 and

m5FU4^ f u p̂xu j &^ j u p̂xu i &
m\vp

U2G
av
Y Nj

2. ~27!

It is of interest to observe that the complex exponential te
in Eq. ~26!, which are characteristic of the photon entang
ment, depend on the entanglement timeTe . Thus, the
entangled-photon photocurrent can exhibit nonmonotonic
havior asTe is altered.

The magnitude of the entangled-photon photocurren
Eq. ~25! is clearly proportional tofA5F}P, wheref, F,
us
s-

s
-

e-

n

and P again represent the photon-flux dens
(photons/cm2 sec), photon flux (photons/cm2), and optical
powerP, respectively. As indicated previously, in contradi
tinction to the classical two-photon photocurrent, t
entangled-photon photocurrent depends on the total powe
the incident beam so that the degree of focusing of this be
is immaterial. Simple defocusing of the incident light the
serves to decrease the contribution of cousins to the ph
current but does not inhibit that of twins, provided, howev
that the defocusing does not concomitantly change the
tanglement areaAe .

IV. RESULTS

A. Entangled-photon photocurrent

Using Eqs. ~25!–~27!, we proceed to calculate th
entangled-photon photocurrenti e as a function of the en-
tanglement timeTe , for Na metal and K2CsSb. We effect
this calculation in the context of the simplified energy-ba
diagrams illustrated in Fig. 1. Results for the sodium a
bialkali-semiconductor photocurrents are presented in Fig
and 3, respectively, for several values of the nondegene
ratio: v1

0/vp51/2, 1/3, and 1/8 (v1
01v2

05vp). The
entangled-photon photocurrents are also compared with
two-photon photocurrentsi r , labeled ‘‘classical’’ in these
figures. The calculations for the latter are based on the
proach used by Bloch9 and Teich.11 However, to make as
close a connection as possible between the entangled-ph
@Eqs. ~25!–~27!# and two-photon results, we determine th
latter by numerically evaluating Eq.~A15! rather than by
making use of Eq.~A16!.

For all calculations, the pump wavelength is taken to
lp5406 nm (\vp53.054 eV) and the down-converte
photon-flux density is set atf5531019 photons/cm2 sec.
The minimum initial state energyEi min that is able to con-
ribute to the photoemission process is determined by req
ing thatEi min1\v11\v2 be sufficient to overcome the wor
7-6
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function of the material. The escape depthd of the material,
defined in the context of the usual three-step mo
for photoemission,46,47 turns out to be approximatel
d5400 Å.48 The calculations take the area of the illuminat
spot to beA51026 cm2, corresponding to a spot size o
100 mm.

We now present the parameters that differ for sodium
bialkali semiconductor. The parameters used for Na m

FIG. 1. ~a! Two-photon absorption in sodium metal, with wor
function eW (eV) and Fermi energyEF (eV). The energy of the
photon pair isEp5\vp . ~b! Two-photon absorption in the bialka
semiconductor K2CsSb, with electron affinityEa (eV), band-gap
energyEg (eV), and electron-hole pair-production thresholdETH .

FIG. 2. Entangled-photon photocurrent calculated for a
metal photocathode as a function of the entanglement timeTe ,
using nondegenerate photon pairs with nondegeneracy r
v1

0/vp512v2
0/vp51/2, 1/3, and 1/8. Parameter values for the c

culations aret j510 fsec andf5531019 photons/cm2 sec. The
semiclassical two-photon photocurrent is shown for comparison
16531
l

d
al

are~see Ref. 11, pp. 106–107! transmittanceb50.05, work
function eW52.28 eV, body-centered-cubic atom
density42 N52.6531022 cm23, Fermi energyEF53.12 eV,
Fermi wave numberkF50.93108 cm21, intermediate-state
lifetime t j510 fsec (k j51014), minimum intermediate-state
energyEj min55.18 eV, and maximum intermediate-state e
ergy Ej max'8 eV. The parameters used for K2CsSb

are41,46,48,49transmittanceb50.7 ~obtained from the com-
plex refractive index!, work functioneW52.1 eV, primitive
cell density N53.1331021 cm23 for this body-centered-
cubic structure,48 electron affinityEA51.1 eV, band-gap en
ergy Eg51.0 eV, intermediate-state lifetime50 t j5270 fsec
(k j53.731012), minimum intermediate-state energyEj min
52.5 eV, and maximum intermediate-state energyEj max
54.5 eV.

The transition matrix element~transition ‘‘oscillator
strength’’! for sodium metal is estimated to be11 @M #Na58,
from which we obtain the average matrix elementm58/Nj

2

'1.7310244 by use of Eq.~A13!. The transition matrix el-
ement @M #K2CsSb for K2CsSb is estimated via Eq.~10c!.
Since the optical properties of bialkali antimonides, such
K2CsSb, are similar to those of alkali antimonides such
K3Sb and Cs3Sb, the two-photon photocurrent yields cite
by Teich12 provide

LNa

LK2CsSb
'1025. ~28!

Using Eq.~10c! leads to@M #K2CsSb54448, which gives rise

to an average matrix elementm54448/Nj
2'2.7310241.

Finally, in Figs. 4 and 5 we present the behavior of t
photocurrent for different values of the intermediate-st
lifetime t j , assuming energy-degenerate incident phot
~v10/vp51

2!. The curves reveal that the entangled-phot
photocurrent is essentially independent of the intermedi
state lifetimet j over a broad range.

a

os
-

FIG. 3. Entangled-photon photocurrent calculated for a K2CsSb
bialkali photocathode as a function of the entanglement timeTe ,
using nondegenerate pairs with nondegeneracy ratiosv1

0/vp51
2v2

0/vp51/2, 1/3, and 1/8. Parameter values for the calculatio
aret j5270 fsec andf5531019 photons/cm2 sec. The semiclassi
cal two-photon photocurrent is shown for comparison. The expec
photocurrent is approximately five orders of magnitude greater t
that for Na metal.
7-7
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B. Entangled-photon quantum efficiency and cross section

Using the parameter values and entangled-photon ph
current provided above, the entangled-photon quantum
ciency and cross section for Na metal are calculated via E
~17! and ~18! to be he(Na)51.6310215 and se(Na)56.0
310230 cm2, respectively, forTe510 fsec. For K2CsSb,
these values arehe(K2CsSb)51.631029 and se(K2CsSb)
52.6310225 cm2, respectively, also forTe510 fsec. These
cross sections are substantially smaller than those calcu
for the 1S-2S transition in atomic hydrogen for a
entangled-photon source with similar characteristics;31 the
disparity is likely a result of the fact that the latter interacti
is resonant.

V. CONCLUSION

We have carried out calculations in second-order per
bation theory to estimate the photocurrent expected from
metal and K2CsSb semiconductor when entangled-pho
pairs of entanglement timeTe elicit volume photoemission
The photocurrent varies inversely with entanglement ti
though subtle nonmonotonic behavior~resulting from inter-
ference! emerges over certain ranges ofTe . For sufficiently
small values ofTe , the magnitude of the entangled phot
current exceeds that of the semiclassical two-photon ph
current. The results depend only weakly on the energy n
degeneracy of the entangled-photon pair and on
intermediate-state lifetime of the transition.

FIG. 4. Degenerate (v1
0/vp5v2

0/vp51/2) entangled-photon
photocurrent calculated for a sodium metal photocathode as a f
tion of the entanglement timeTe assumingf5531019 and using
different intermediate-state linewidthsk j . The results scarcely de
pend on the lifetimest j51/k j .
o-
fi-
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ted
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e
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The entangled-photon photocurrent for K2CsSb, which is
calculated to be about five orders of magnitude greater t
that for Na metal, should be readily observable inasmuch
the observation of far smaller two-photon photocurrents
commonplace. By virtue of their greater two-photon yie
even larger entangled-photon photocurrents would likely
obtained if organic photoemitters such as anthracene,
racene, or perylene were used.12
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APPENDIX

This appendix details the transformation of Eq.~24! into
Eqs.~25!–~27!.

Assuming that the transition matrix element varies slow
with j , v1 , andv2 , which is tantamount to considering a
‘‘average’’ matrix element throughout the band, and with t
help of Eq.~22!, the entangled-photon current in Eq.~24! can
be written as

FIG. 5. Degenerate (v1
0/vp5v2

0/vp51/2) entangled-photon
photocurrent calculated for a bialkali photocathode as a function
the entanglement timeTe assumingf5531019 and using different
intermediate-state linewidthsk j . The results are only weakly de
pendent on the lifetimest j51/k j .

c-
i e5fb2e
2Ad

8p3 ~2p!2
r 0

2c2

v1
0v2

0

p

4AeTe
FU^ f u p̂xu j &^ j u p̂xu i &

m U2G
av

1

Nj
2

~2m!3

4p4\6 (
f
E E E dS Ef2Ei2\vp

\ D
3U E

Ej min

Ej maxH 12e2 i ~Te /\!(Ej 2\2k2/2m2\v1
0)2Tek j /2

Ej2 \2k2/2m2\v1
02 i\k j /2

1
12e2 i ~Te /\!(Ej 2\2k2/2m2\v2

0)2Tek j /2
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02 i\k j /2
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dkxdkydkz.

~A1!
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We proceed to take a number of steps to simplify
triple integral in Eq.~A1! to a single integral, which we
ultimately evaluate numerically.

To begin, as illustrated in Fig. 6, a change of coordinat9

from kx ,ky ,kz to u,v,w is effected,

dkxdkydkz→dudvdw, ~A2!

such that (u, v) is a plane of constant energy difference a
w is normal to that plane. This is consistent with the cons
vation of the crystal momentum. To carry out the integrat
overdw, it is convenient to make use of a Maclaurin expa
sion of «5Ef2Ei2\vp ,9,10 so that

«5«01
]«

]w U
w50

w, ~A3!

where«050 and

«5
\2

2m
@~k1g!22k2#2\vp5

\2

2m
~2kg1g2!2\vp .

~A4!

Thus (]«/]w) uw505(]«/]k) uk5c5(\2/m) g, where g is
the gain in momentum associated with the absorption of
two photons andc is a constant.

Using the properties of thed function then yields

E
2`

1`

dS Ef2Ei2\vp

\ DF~k,Te! dw

5E
2`

1`

dS w
1

\

]«

]w U
w50

DF~k,Te! dw

5
m

\

1

g E2`

1`

d~w!F~k,Te! dw

5
m

\

1

g
F~kucircle,Te!, ~A5!

whereF is explicitly written as

FIG. 6. Change of coordinate system ink space from
(kx ,ky ,kz) to (u,v,w) and intersection of theu-v plane with the
Fermi surface of the material, wherekF corresponds to the Ferm
energyEF .
16531
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F~k,Te!5U E
Ej min

Ej maxH 12e2 i ~Te /\!(Ej 2 \2k2/2m2\v1
0)2Tek j /2

Ej2 \2k2/2m2\v1
02 i\k j /2

1
12e2 i ~Te /\!(Ej 2\2k2/2m2\v2

0)2Tek j /2

Ej2 \2k2/2m2\v2
02 i\k j /2

J
3AEj2Ec dEjU2

~A6!

with k5A2mEi /\2.
The surface under consideration is determined by the

tersection of theuv plane and the surface of constant ener
specified by the conditionk5kmax; the former is a circle if
the latter is a sphere. This is a good approximation for
dium, wherek5kmax5kF represents the Fermi surface, and
suffices for K2CsSb as well. The triple integral is then re
duced to a double integral over the circle on theuv plane:

(
f
E E E dS Ef2Ei2\vp

\ DF~Ei ,Te! dkxdkydkz

5
m

\ (
f

1

gf
E E
circle

F~kucircle,Te! dudv. ~A7!

Transforming to polar coordinates withdudv5ududu, as
illustrated in Fig. 7~a!, we integrate overdu on the circle,
yielding 2p. With a further change of variable fromu to k
via u5Ak22kg

2, so thatdu5dk k/Ak22kg
2, as evidenced in

Fig. 7~b!, we arrive at a single integral overdk and Eq.~A7!
simplifies to

FIG. 7. Change of coordinates~a! from du dv to u du du and
~b! thence tok dk.
7-9
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m

\ (
f

1

gf
2pE F~k,Te! udu

5
m

\ (
f

1

gf
2pE

kmin

kF
F~k,Te! kdk, ~A8!

wherekF5A2mEF /\2 is associated with the Fermi energ
The lower limit of the integral,kmin , is determined by im-
posing the condition that the gain in electron energy is
equate to overcome the work function of the materialW,

k>AkF
21kW

2 2
2m

\2 \vp5kFA11
W

EF
2

\vp

EF
5kmin ,

~A9!

with kW5A2mW/\2.
The contraction from the double integral in Eq.~A7! to

the single integral in Eq.~A8! thus results from the following
sequence of transformations:

(
f

1

gf
E E
circle

F~kucircle,Te! dudv

→E E
circle

F~kucircle,Te!

g
dudv

52pE
kmin

kF F~k,Te!

Ak21 ~2m/\2! \vp2k
kdk,

~A10!

whereg is determined by the condition

k1g5Ak21
2m

\2 \vp, ~A11!

which simply states that\vp is the energy gained by th
absorption of the two photons.

Comparing Eq.~A10! for entangled-photon photoemis
sion with Eq. ~A15! for two-photon photoemission revea
that the distinction lies in the presence of the quan
F(k,Te) in the former. This integral, set forth in Eq.~A6!,
contains the interference terms that are characteristic of
tangled photons, as well as the density of states include
the present treatment.

Combining the foregoing results, the entangled-pho
photocurrent in Eq.~A1! simplifies to

i e5fb2e
2Ad

8p3 ~2p!2
r 0

2c2

v1
0v2

0

p

4AeTe
FU^ f u p̂xu j &^ j u p̂xu i &

m U2G
av

3
1

Nj
2

~2m!3

4p4\6

m

\
2pE

kmin

kF F~k,Te!

Ak21 ~2m/\2! \vp2k
kdk

~A12!
16531
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n-
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n

whereF(k,Te) is defined in Eq.~A6!. Reordering the terms
and making use of Eqs.~23! and ~27!, viz.,

m5FU4^ f u p̂xu j &^ j u p̂xu i &
m\vp

U2G
av
Y Nj

2 ,

Nj5E
Ej min5Ec

Ej max
r~Ej ! dEj , ~A13!

finally leads to

i e5fb2Ad
em4r 0

2c2

4p3\5

vp
2

4v1
0v2

0 m
1

AeTe

3E
kmin

kF F~k,Te!

Ak21 ~2m/\2! \vp2k
kdk, ~A14!

which is identical to Eq.~25! as promised. The average m
trix element m in Eq. ~A13! is appropriate for transitions
through a band of intermediate states to a band of final sta
whereNj is the number density of intermediate states. T
matrix elementM in Eq. ~7!, in contrast, is appropriate for
small number of discrete intermediate states.

Since the double integral in Eq.~A14! does not have a
closed-form solution, it is evaluated numerically via dire
calculation using MATLAB.

Inasmuch as Eq.~16! of Ref. 9 for two-photon photoemis
sion, which is analogous to Eq.~A10! for entangled-photon
photoemission, is called upon throughout, it is reproduc
here for convenience:

(
f

1

gf
E E
circle

dudv→E E
circle

dudv
g

52pE
kmin

kF kdk

Ak21 ~2m/\2!2\v2k
.

~A15!

In this case, the single integral indk simplifies to a closed
form expression under the approximation\2k2/2m.2\v,
which yields Eq.~17a! of Ref. 9, which is again reproduce
for convenience:

E E
circle

dudv
g

5
4

3
p

EF

2\v
kFF11

eW

EF
2

2\v

EF
G3/2

.

~A16!
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