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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
T.. 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 metéiNa) and for K,CsSb, 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 rang@s .oEntangled-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.
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I. INTRODUCTION source comprising entangled-photon pairs.
In particular, we consider the generation of such pairs via
The development of the laser in the early 1960s led to th&pontaneous parametric down-conversion in a second-order

s ! 222
photon effectthat were first observed during that heady era!0Nd and august history in quantum optfcs?It leads to the

was the two-photon photoelectric efféctin the intervening producEiqn of"a segluenge of entangled photon pé&rs
called “signal” and “idler” photons with angular frequen-

years, two-photon photoemission, and two-photon photo iesw; andw,, respectively, each pair created by a single

emission spectroscopy, has been studied extensively and r%'um hoton(angular frequencys.), such that energy and
fined to the point that it has become a valuable tool forPuMmP P g d ¥p), 9y

L . . : momentum are conserved. The process can be either of type
obtammg |nform.at|on.about mteyface, surface, and IMage] “in which the generated signal and idler photons have the
potential states in various materi4fs. '

, . same polarization, or of type I, in which they are orthogo-

The first theoretical treatment of the two-photon photo-pay polarized. Moreover, the process can be collinear, in
electric effect was provided by Smith in 1982inder the  \hich the wave vectors of the signal and idler photons are
assumption that two-photon photoemission wasidaceef-  parallel to that of the pump, or it can be noncollinear. The
fect. Smith made use of the Sommerfeld model of a metalgoherence properties of such sources have been studied
and employed a second-order perturbation-theory calculatioaxtensively® and are now well understood. Partial entangle-
to calculate the photocurrent. However, it was subsequentlyhent has been determined to be a dual of partial cohefénce.
determined that two-photon photoemission waemimeef-  The focusing and imaging properties of entangled-photon
fect, and a suitable theory for this model was developed byairs have also been establisféd®
Bloch in 19647 Bloch's theory was based on the earlier first-  This particular source of nonclassical light is of interest
order treatment of the ordinatgne-photon photoeffect pro-  for two-photon photoemission by virtue of the fact that the
vided by Fan in 1948% Both two-photon models predict a photons are emitted in paifé2®the quantum state for each
quadratic dependence of the two-photon photocurrent on inphoton pair cannot be factored into a product of quantum
cident photon flux density, as was, in fact, observed in exstates for the constituent photohis’ Seminal early studies
periments carried out in 1964 by Teigt al*>**2in Na indicated that the two-photon absorption rate for entangled-
metal and by Sonnenbegg al2 in Cs;Sb semiconductor. photon pairs is linearly proportional to the photon flux den-

The emergence of optical coherence theory in the 1960sity of the illuminating field?®>*° This was a remarkable re-
provided an impetus for examining how the statistical prop-sult in nonlinear optics since the two-photon absorption rate
erties of light affected the magnitude of nonlinear interac-is almost always quadratic in the photon flux density. An-
tions such as two-photon photoemissidiit was established other appealing feature of using entangled photons is the fact
early on, for example, that using excitation with thermalthat the cross section for the rate of absorption of entangled
light, which has Bose-Einstein photon-counting statisticsphotons can be enhanced relative to that of classical light for
rather than the Poisson statistics of coherent light, results in @ertain parameter values of the source, at least in simple
factor of 2 enhancement of the photocurréht. atoms3!32

With the development of nonclassical sources of light in  Because of these unusual properties, several applications
the 1980gsee, e.g., the review paper in Ref)1i4 is fitting for such sources have been proposed, including entangled-
to revisit this issue. In this paper, we provide a theoreticabhoton virtual-state spectroscopy’? entangled-photon
treatment of two-photon photoemission induced by a lightmicroscopy’* and  entangled-photon  lithograpfy.
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Entangled-photon photoemission provides a natural choiceelated set of assumptiof$:?In this case the electron was
for examining the interaction of entangled-photon light with initially assumed to be in the conduction band for a metal
matter since the nonlinear and detection processes are coftvalence band for a semicondudt@nd the final state was
bined at a single locus and the behavior of the effect is weltaken to be the vacuum. This theory embodied a modification
characterized for classical light. Furthermore, the effect reof the ordinary single-photon photoeffect theory developed
sults in the generation of charged electrons that are readilgy Fan'®in which perturbation-theory calculations were car-
collected and measured by an electron multiplier, such adged to second order. For simplicity of calculation, the theory
that in a photomultiplier tube. dealt only with direct interband transitions and considered
In this paper we present a theory of entangled-photon volthe electrons to be nearly free and to have Bloch-like wave
ume photoemission for metals and semiconductors. Specifitinctions. Inasmuch as both Na metal andCKSb have
calculations are carried out for sodium mefgh) and for the  nearly spherical Fermi surfacé4!they more or less satisfy
bialkali semiconductor KCsSb® The latter material is of these assumptions. Moreover, it is known that indirect-band-
particular interest because of its wide use as a photocathodmp materials are generally not good photoemitters.
material in photomultiplier tubes; it is expected to provide a Using this approach, the classical two-photon photocur-
suitable choice for experimental studies of entangled-photorent i, is calculated by integrating over all possible initial
photoemission. momentum statek in the Brillouin zoné? that can result in
the escape of an electron from the surface of the matetfal:

II. SEMICLASSICAL THEORY OF TWO-PHOTON

2Ad d
VOLUME PHOTOEMISSION [ aj f f & Pdkdkdk,. (3
A. Two-photon absorption cross section f

The tWO_photon absorption Cross Sectmnfor an atomic Here A is the illuminated argéspot SiZQ andd is the eleq-
transition from an initial statéi) to a final statéf), viaa set tron escape depth so thad is the volume of the material
of intermediate statefj), was calculated many years ago involved in the photoemission process, dag|” is the tran-
using semiclassical theo?y*° Assuming that the incident sition probability. The rat&, of two-photon absorption from
source of light is coherent and monochromatiith angular  the initial statdi) to the final statef) (the transition rate for
frequencyw), and polarized along the direction, and that the transitioni—f), in our notation, is given by the deriva-
the A-p term dominates th&2 term in the interaction Hamil- tive of the transition probability:
tonian (A is the vector potential of the field angl is the

electron momentupf®** second-order perturbation theor d
elect o P Y A= 6,62 @
72r2c? [E—E —2ho Thus, the total two-photon photocurrent can be expressed as
_ 5.3
o G

ir=(8¢)? —gZAdZ JJJ& dkdk,dk )
T ip= e ,
2(f|puli)(ilpudi) |2 r 8w 4 rEEYER
X2 mE-§ hoiinm | D - . "
! P ] where an intensity-transmittance faciris incorporated to
Herer, is the classical electron radiuso=e?md?), e is  accommodate reflection at the surface of the material.

the electronic chargen is the mass of the electron, ands For sodium metal it is safe to assume that the sphere in
the speed of light. The quantit represents the Dirac delta Momentum space is uniformly filled to the Fermi energy.
function; E;, E;, andE; are the energies of the initial, in- This is a reasonably good assumption for second-order
termediate, and final states, respectiveiyis Planck’s con- perturbation-theory calculations, even when the temperature
stant divided by 2 «; is the intermediate-state linewidth; 1S greater than 0 K, although single-photon photoemission
andp, is the electron momentum operator. from the Fermi tail can come into play under these

Inasmuch as the semiclassical two-photon absorption rag@nditions® as discussed subsequently. It is also reasonable
R, is given by?° to assume that the Fermi surface is spherical foC#Sb

since the material is nearly an intrinsic semiconductor whose
R,= 6, ¢, 2 Fermi energy is near the center of the band Yaforeover,
photoeffects from multialkali materials are known to vary
the two-photon cross sectiof} is the proportionality con- |ittle with temperaturd?
stant between the transition r&e (sec *) and the square of  |ntegrating Eq.(5) over the initial k states, it can be
the photon flux densityp? (cm™4sec ?), and as such has ghown thatll12
(cg9 units of cnf sec.

_ , 2Ad_ , firgc?
B. Two-photon photocurrent I =(B¢)%e 8,3 2™ M Fw)?

2(F[puli )il Pxi)|?
Ej: M(E;—E—fiw) |

3/2

section was calculated, a semiclassical theory for the two-  *__—F +
Er Ef

photon photoeffect in solids was developed using a closely 3 2hw

(6)

At about the same time as the two-photon transition cross
P 4 Ee [ eW 2w
F

165317-2



QUANTUM THEORY OF ENTANGLED-PHOTON PHOTOEMISSION PHYSICAL REVIEW B9, 165317 (2004

The foregoing result is valid provided that the approximation L emﬁr302 5 eW 2%hwl]3?
that leads to Eq(174 of Ref. 9[which is reproduced as Eq.  1:=¢" 7 W[M]'B AdEgkg| 1+ [

(A16) in the Appendix, for convenieng¢és suitable, which is
the case for many metals including Na. The quany = neD?/A, (8)
represents the Fermi energy of the matetkalis the wave where 7, is an efficiency. The dependence of the photocur-
number of an electron at the Fermi surface, @Wl is the  rent on the strength of the excitation is governed ¢RA
work function of the material. For semiconductors, the en-=®2/AxP?/A, whereg, ®, andP represent the photon flux
ergy at the top of the valence bafg, . is used in the place density (photons/cfisec), photon flux(photons/sek; and

of the Fermi energ¥r andk; ok replacekg . Alternatively, optical power(W), respectively.

the photocurrent can be determined by numerically evaluat-
ing Eq. (16) of Ref. 9[reproduced for convenience as Eq.

(A15) in the Appendiy, which is suitable for both Na and the value[ M ]y,=8 for Na under the assumptions that the

K2CsSb. We choose this latter route. _ A-p term in the Hamiltonian dominates and that intermediate
Defining the transition matrix elemeftwvo-photon oscil-  states for the two-photon absorption process reside only in
lator strength as! the final band?

The two-photon oscillator strength for ,KsSb,
[M]K2C53b1 can be estimated by making use of the experi-

mentally measured two-photon photocurrents for the two

C. Two-photon oscillator strength
The two-photon oscillator strength was estimated to have

201Dyl IP |i>|2 materials. Solving Eq(8) for [M] yields
— X X
- ; m(Ej—Ei—ﬁw)| @) - 3 (hw)d
[MI=1: 7 envir2c?
x . 9
yields the final expression for the two-photon volume photo- $?B>AdE-k[1+ eWEg — 2hw/EL]¥?
current induced by coherent light*? Forming a ratio of the values gM] for the two materials

thus provides

[MIicssn_ ik, csspl (@) Tk cssp [ $2B2AdEcke(1+ eWEE — 2% w/Ep) 32y,
[M]Na ir|Na [(hw)s]Na [¢2,82AdEi madi mad 1+ €W E; nax— 2% 0/ E; max)SIZ]KZCsSb,
under the assumption that the approximation inherent in(&6) is suitable. Equatioi10a is readily rewritten in terms of

the ratio of the double-quantum photoelectric yiéfds for the two materials, sincA =i, /Px=i, /$A. The responsivityA has
units of A/W and is itself proportional t¢p. Equation(109 thus becomes

(103

[Mlk,css0 Axycssb [ BPdEpke(1+ eWEg — 2Aw/Eg)*?|\a
[M]Na Ana [Bzd Ei maki mad 1+ eWE; max— 2h w/E; max)SIZ]KZCsSb.

The two-photon oscillator strength for,&sSb,[M ]y cssp, may therefore be estimated by making use of the two-photon
oscillator strength for Na determined previouSiylong with the known parameters of the two materials and their measured
double-quantum vyields.

However, we choose to avoid the approximation inherent in(&f6), which is almost certainly valid for Na but may not
be for K,CsSb, by instead numerically integrating E415) overk, whereupon Eq(10b) is replaced by

(10b)

[Mlk,cosp Ayceso [B2ASE [KIZH (2m/A)26 — K]dK]xa

= . (100
[M]Na Ana [;;det;m[k/\/k% (2m/f1) 20 —K] dK]y,cssp
|
D. Single-photon photoemission from the Fermi tail pressed, lest it mask the two-photon photocurrent. The wave-

The small magnitude of the two-photon photocurrent'e”gth of the incident light must therefore be chosen such
makes it important to carry out experimental measurementdat its photon energy is smaller than the work function of
in such a way that single-photon photoemission is supthe material (to avoid single-photon photoemissjorbut
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greater than half the work function of the matefi@ ensure A. Spontaneous optical parametric down-conversion

that two photons impart sufficient energy for electron es- The center angular frequencies of the signal and idler

cape: wave packets are denoted] and w5, respectively. The
Y gntangled—photon pairs are characterized by an er)tanglement
< hw<eW. (1  time T, and an entanglement ared,, representing the
2 widths of the fourth-order temporal and spatial coherence

aWnctions, respectivel§® The entanglement time is a measure

Even under these conditions, however, a single photon ¢ of the mean time delay between the arrival of a photon and
give rise to photoemission via thermally excited electrons in y P

. S - : its entangled twin. It is governed principally by the length of
the tail of the Fermi distribution. The probability of this Pro- the nonlinear crystal in which the pairs are generated inas-

han half th K f / £ th Sl and bq*ﬁtuch as photons of different wavelengths, directions of
greater than half the work function of the material and byyaye| and/or polarizations experience different mean delays
reducing the temperature of the material to reduce the Fermjg they pass through the nonlinear crystal, by virtue of dis-

tail. >3 persion in the medium and/or material thickness. A small

entanglement time signifies that the photons arrive closely in

I1l. QUANTUM THEORY OF ENTANGLED-PHOTON time, a condition that is usually desirable. This is most
PHOTOEMISSION readily achieved by using a thin nonlinear crystal.

L ... Calculations will be explicitly carried out for collinear
When coherent light is used as the source of excitation, ifptical parametric down-conversion in a nonlinear optical

photon absorption and photoemission rates are proportionglith wave numbek,, .

to the square of the photon flux density. Although the mag-
nitude of the rate depends on the statistical properties of the B. Entangled-photon absorption cross section

light, as pointed out in Sec. I, the proportionality of the rate  \y consider the entangled-photon cross seaigrior a

to ¢? remains_ intact for all sources of_classical light. This is tyansition from an initial statdl) to a final statdf), via a set

not necessarily true for nonclassical light. of intermediate statel§). This cross section was calculated
We proceed to derive an expression for the two-photorhy Fejet al®! in the context of a fully quantum mechanical

photocurrenti, when the source of excitation comprises treatment for transitions between discrete atomic levels, in

entangled-photon pairs. In this case the entangled-photogecond-order perturbation theory. Converting &eal’s re-

photoemission rate turns out to be proportional#taather  sult from natural to cgs units and considering the special case

than to 2,293 of a monochromatic pump yields

2.2
rgc Ei—E—-Tow
_ 20 f i p
7= gAT, 2™ 0,0 ( i )
— o Te(Ej =B~ ho/h~Texjl2 1— e iTe(Ej~E—hod)/i—Texji2 ) |2
X 1Dy 21 Y|Py 1l - (P 1) Py ol - ,
; < |px,2|J><J|px,l||> m(EJ_EI_hwg_IhKI/Z) < |pX,l|J><]|pX,2|I> m(EJ_E|_hwg_|hKJ/2)

(12

where thex; are phenomenological intermediate-state line-which indicates that the entangled-photon cross sectipn
widths, which in general depend on the photon flux densityhas(cgs units of cnf. The linear dependence &, on the
but can be considered constant for sufficiently weak Iight. photon flux densityp accords with early prediction$* and
The terms within the absolute square in Ef@) can in-  Wwith recent quantum mechanical calculatidhss indicated
terfere and, in general, lead to nonmonotonic behaviar of abO\_/e, this behaviqr .is in sharp contrast with that for classi-
with T,, including the possibility of entanglement-induced ¢al light, which exhibits a quadratic dependence on the pho-
two-photon transparency for certain valuesTqf. Both the N flux density, in accordance with E®). Moreover, the
origin of this interference and its behavior for th&2s  harmonic terms in Eq(12) clearly intertwine the entangle-

two-photon transition in atomic hydrogen have been examment characteristics of the source with the parameters of the
ined in detail by Fekt al3. medium in a generally nonfactorizable fashion.

The entangled-photon absorption rgtbotons/secfor an

AL C. Critical photon-flux density
electron transition is given by

The entangled-photon absorption r&®g=o.¢p must be
d supplemented by the absorption rate representing the acci-
Re=—|a; {(1)|2= 7o, (13) Qental arrival of pairfk, = 6, ¢'2 from the source o_f entangled
dt light. The two photons that induce absorption in the former
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case are colloquially referred to as “twins,” whereas those inthe entangled-photon photoemission efficiency of the mate-
the latter case are referred to as “cousins.” The overall two-ial 7, (electrons/photonis therefore given by
photon absorption rate is then

2
7= B°Nod. (18
R=Re+R = 0cdp+ 6,42, (14) e~ FNae

wheres, is given by Eq(1) anda, is given by Eq(12). For ~_ As promised earlier, the entangled-photon photocurirgnt

a single atom, therefore, two-photon absorption is dominate#! EQ. (17) is linearly dependent on the photon fidx In the

by entangled-photon pairéwins) only for a sufficiently —context of the S|mple_part|clel|ke model, this dependence_
small photon-flux density. The critical photon-flux density arises because the arrival of one photon of an entangled pair

. at which the two processes are equal is given by indicates with certainty that its twin is close behiffdr co-
herent photons, the arrival of one photon indicates nothing
b.=0.16, . (15)  about the arrival of another, which yields tide? depen-

dence. Nevertheless, the dependence of the entangled-
We will see subsequently that the overall entangledphoton photocurreni, on the intensity transmittancg in

photon photocurrent elicited from a bulk sample depends ofEq. (17) remains quadratic since the loss of either of the
the incident photon flux® rather than on the photon-flux twins results in the loss of the pair. By virtue of its propor-
density ¢, whereas the two-photon photocurrent expresshyionality to ® (photons/sex i, is independent of the area of
depends onp. Entangled-photon photoemission can there-illumination, provided that the beam is within the entangle-
fore be enhanced relative to two-photon photoemission bynent area, an important feature that is in sharp contrast with
reducing ¢, which may be operationally achieved by defo- two-photon photoemission.
cusing the beam of light incident on the material.

A simple probabilistic model that considers the twin pho- E. Entangled-photon photocurrent
eeion. s o) canmir Sxbigt e menes in. We now calculate the entanglecphoton photocurent by
herent in Eq’ (12), it nevertheless provides some indication proceeding along the same Im_es used in Seg._ Il, assuming

£ th t d ’ ud f th " d volume photoemission, direct interband transitions, Bloch-
of the expected magnitudes of the Cross sec Brand o like wave functions for the initial and final states, and spheri-
Within the confines of this model, the entangled two-photon

. b it cal Fermi surfaces.
cross section can be written as The entangled-photon photocurreptis calculated by in-

tegrating over all possible initial momentum stakes the

6r . . 42 :
= Brillouin zone;“ as in Eq.(3), so that
T AT (16) q.(3)
Combining Egs(15) and (16) yields a simple result for the C a2 2Ad J J J
critical photon-flux density, le=dp g Ef: oe dkdiydiy, (19
1 which is analogous to Ed5) for two-photon photoemission.
¢C_2AeTe' (163 The dependencies in E@19) are identical to those in the

simple particle model, as provided in Ed.7).
however, this phenomenological result must be viewed with |n metals and semiconductors, the discrete energy states
caution. For the source of entangled photons at hand, there spaced sufficiently closely that they form bands. Using
entanglement time and entanglement area are estimated to #& usual parabolic energy-momentum relation
T.=10fsec andA,=100um?, respectively, so thaip,
=1/2A,T=5x 10" photons/crAsec. 72K2

Ei=E.+ Sm (20)

i
D. Simple particlelike model

yields a density of intermediate statgser unit energy per
For a nondepleted pump, the entangled-photon photocuf;y; volume given by

rent is given by

3/2
io=pB%eNo.pAd= B%eNo . Pd= 7.ed, 17 p(Ej)= %(Ej = (21)
T

whereg is the intensity transmittance through the surface of

the materiale is the electronic chargéy is the atomic den- Assuming that the only intermediate states that contribute to
sity (or in semiconductors the number of primitive cells perthe transition themselves lie in the final-states band, as dis-
unit volume of the medium (cm?), o, is the atomic cussed subsequently; andE, represent the energies of the
entangled-photon cross section @m¢ is the photon flux intermediate states and the minimum energy for the final-
density (photons/cAsec), A is the area illuminated (cf, states band, respectively, and is the electron mass. The
® is the photon flux(photons/se; and d is the depth of probability of finding an available state between enelgy
photoemission(cm). Using this phenomenological model, andE;+dE; is therefore given by
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( )3/2 Ej max
p(E))dE;= Ad—z—g(E E.)VAE; / N,-:f - _p(E)dE;. (23
j min™ Ec
Adf " p(E)dE Following earlier treatments;*? it is assumed that the
Ej min=Ec intermediate states that contribute significantly to the photo-
1 (2m)3? current lie in the final-states band for both Na angCKSDb.
=N W(Ej—Ec)l’szj, (220  The summation over the intermediate stajem Eq. (12)
i

is therefore replaced by an integral over a continuum of in-
where the total number of intermediate states per unit voltermediate states within the energy rang® yin,Ej max-
ume is Finally, then, combining Eqg12), (19), and(22) yields

=¢ﬁzez:g(27r) ;10)24” JH ( B ﬁwp)

1— @ I Te(Ej~Ei—ho))/h~Tex/2 — o iTe(Ej—Ei—fwg)/h—Tex;l2

% TIPS TIVITPT
m(Ej_Ei_ﬁwg—iﬁKj/Z) <f|px,l|]><1|px,2||> m(Ej_Ei_ﬁwg—iﬁKj/Z)

J ,max{<f|r)x,2|j><i|r)x,1|i>

j min
2
dkdk,dk, (24)

]p(Ej)dEj

Intermediate states are assumed to comprise a continuoasd P again represent the photon-flux density
band and transitions involving them need not conserve crysphotons/crisec), photon flux (photons/éyn and optical

tal momentum. powerP, respectively. As indicated previously, in contradis-

As shown in the Appendix, Eq24) simplifies to[see tinction to the classical two-photon photocurrent, the
Eqgs.(A14), (A6), and(A13)] entangled-photon photocurrent depends on the total power of
the incident beam so that the degree of focusing of this beam

errf‘récz w2 1 is immaterial. Simple defocusing of the incident light then
io=¢B°Ad F serves to decrease the contribution of cousins to the photo-

35 0 oM
amh 4“’1’”2 AeTe current but does not inhibit that of twins, provided, however,

e F(k,T,) that the defocusing does not concomitantly change the en-

k dk (25)  tanglement ared..
m.n\/k2+(2m/ﬁ)wp k
IV. RESULTS
with
A. Entangled-photon photocurrent
Ejmax| 1—e ' (Te/M(Ej~ hAC2m i)~ Tex;/2 Using Egs. (25—(27), we proceed to calculate the
F(kTe) = f E — 72K2/2mM — ol — i rci/2 entangled-photon photocurreint as a function of the en-
i min J @1 K tanglement timeT,, for Na metal and KCsSh. We effect
1_ei (Te/1)(Ej— h222m—h0d) ~Tok; 2 this calculation in the context of the simplified energy-band
diagrams illustrated in Fig. 1. Results for the sodium and
Ei— #2k?/2m —ﬁwg—iﬁlez } bialkali-semiconductor photocurrents are presented in Figs. 2

2 and 3, respectively, for several values of the nondegeneracy
ratio: o3/w,=1/2, 1/3, and 1/8 §J+w3=w,). The
' (26) entangled-photon photocurrents are also compared with the
two-photon photocurrents,, labeled “classical” in these
wherek=\2mE; /%2 and figures. The calculations for the latter are based on the ap-
proach used by Blochand Teicht! However, to make as
C[[ACERL B2 N2 ) close a connection as possible between the entangled-photon
- mhiw, N ir (27) [Egs. (25—(27)] and two-photon results, we determine the
latter by numerically evaluating EqA15) rather than by
It is of interest to observe that the complex exponential termsnaking use of Eq(A16).
in Eq. (26), which are characteristic of the photon entangle- For all calculations, the pump wavelength is taken to be
ment, depend on the entanglement tiflg. Thus, the \,=406 nm @ w,=3.054 eV) and the down-converted
entangled-photon photocurrent can exhibit nonmonotonic bqahoton flux density is set a#h=5x 10'° photons/crisec.
havior asT, is altered. The minimum initial state energ¥; i, that is able to con-
The magnitude of the entangled-photon photocurrent imibute to the photoemission process is determined by requir-
Eq. (25 is clearly proportional tapA=>d =P, where¢, ®,  ing thatE; i, +hw,+Aw, be sufficient to overcome the work

X \/Ej_Ec dEJ
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Na - 10°——
eVy i o [o,=1/2
% /1/3 KZCSSb
NEXT HIGHER BAND VACUUM § .
[e Xy 107}
I o
eW =2.28 &2 in
Cs
>\ T @~ E,=312 238 CLASSICAL
&5 F E, 3 104
i CONDUCTION BAND a
Z 4
w S
2
(a) = .
w 10 0 * 1 2
10 10 10
" K,CsSb ENTANGLEMENT TIME T, (fsec)
e -~
E - -_-3-3 --------- FIG. 3. Entangled-photon photocurrent calculated for,€$Sb
H = bialkali photocathode as a function of the entanglement flipge
using nondegenerate pairs with nondegeneracy rauﬁi&)f 1
4 CONDUCTIONBAND  VACUUM — w3lw,=1/2, 1/3, and 1/8. Parameter values for the calculations
ha)p E,=1.1 are ;=270 fsec andp=5x 10'° photons/crisec. The semiclassi-
> ] AP £ =10 cal two-photon photocurrent is shown for comparison. The expected
2 g photocurrent is approximately five orders of magnitude greater than
LU
= VALENCE BAND that for Na metal.

(b) are (see Ref. 11, pp. 106—1p#ransmittance8=0.05, work
function eW=2.28 eV, body-centered-cubic atomic
FIG. 1. (a) Two-photon absorption in sodium metal, with work density?? N=2.65x 10?> cm™ 3, Fermi energyEg=3.12 eV,
function eW (eV) and Fermi energ¥e (eV). The energy of the  Fermj wave numbek-=0.9x 10® cm™ !, intermediate-state
photon pair isE, =% . (b) Two-photon absorption in the bialkali  |ifetime 7= 10 fsec Qq — 1014)’ minimum intermediate-state

semiconductor KCsSb, with eIectron_affinit;Ea_(eV), band-gap energyEJ- -=5.18 eV, and maximum intermediate-state en-
energyE, (eV), and electron-hole pair-production threshélg, . ergy E, ~8eV. The parameters used for,BsSh

function of the material. The escape deptof the material, ~are'****%*transmittances=0.7 (obtained from the com-
defined in the context of the usual three-step modeplex refractive index work functioneW=2.1 eV, primitive
for photoemissiod®*’” turns out to be approximately cell density N=3.13<10°*cm™ for this body-centered-
d=400 A “8 The calculations take the area of the illuminatedcubic structuré? electron affinityEo=1.1 eV, band-gap en-
spot to beA=10"° c?, corresponding to a spot size of ergy E;=1.0 eV, intermediate-state lifetimfer; =270 fsec
100 pm. (kj=3.7x10"), minimum intermediate-state energy
We now present the parameters that differ for sodium and=2.5 eV, and maximum intermediate-state eneyyax
bialkali semiconductor. The parameters used for Na metat4.5 eV.
The transition matrix elemenftransition “oscillator

£ 10" i strength”) for sodium metal is estimated to Bd M]y,=8,
u Na from which we obtain the average matrix element 8/Nj2
5 o ket/a, =12 ~1.7x10"* by use of Eq(A13). The transition matrix el-
s 10 /8 1 ement[M]y,cssp for K,CsSb is estimated via Eq100).
%ﬁg Since the optical properties of bialkali antimonides, such as
%% 107} M3 CLASSICAL | K,CsSb, are similar to those of alkali antimonides such as
55 K;Sb and CgSb, the two-photon photocurrent yields cited
£s by Teich'® provide
g 107 A
2 T Na 1075 (28)
% 10.3 . K,CsSh
10° 10’ 10° Using Eq.(10¢) leads tO[M]chSSbZ 4448, which gives rise

ENTANGLEMENT TIME 75, {isec) to an average matrix elemept=4448N?~2.7x 10 *.

FIG. 2. Entangled-photon photocurrent calculated for a Na Finally, in Figs. 4 and 5 we present the behavior of the
metal photocathode as a function of the entanglement fine photocurrent for different values of the intermediate-state
using nondegenerate photon pairs with nondegeneracy ratidfetime Tj, assuming energy-degenerate incident photons
0 wp,=1— w0y w,=1/2, 1/3, and 1/8. Parameter values for the cal-(w10/wp=3). The curves reveal that the entangled-photon
culations arer;=10 fsec and¢=5x10" photons/crisec. The photocurrent is essentially independent of the intermediate-
semiclassical two-photon photocurrent is shown for comparison. state lifetimer; over a broad range.
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Na K,CsSb

0 r,=10"%,107"

(electrons/sec)

-3
10

ENTANGLE D-PHOTON PHOTOCURRENT
(electrons/sec)
ENTANGLED-PHOTON PHOTOCURRENT

10

(4] 2

1 1
10 10 10 10
ENTANGLEMENT TIME T, (fsec) ENTANGLEMENT TIME T, (fsec)

FIG. 4. Degenerate a(g’/wp:wg/wp:l/z) entangled-photon FIG. 5. Degenerate a(olwp—wzla)p 1/2) entangled-photon
photocurrent calculated for a sodium metal photocathode as a fung@hotocurrent calculated for a bialkali photocathode as a function of
tion of the entanglement tim&, assuming$=5x10'° and using  the entanglement tim&, assumingp=5x 10'° and using different
different intermediate-state linewidthg . The results scarcely de- intermediate-state linewidthe; . The results are only weakly de-
pend on the lifetimes;=1/k; . pendent on the lifetimes; = 1/x; .

The entangled-photon photocurrent fos&Sb, which is
calculated to be about five orders of magnitude greater than
Using the parameter values and entangled-photon phot@hat for Na metal, should be readily observable inasmuch as
current provided above, the entangled-photon quantum effihe observation of far smaller two-photon photocurrents is
ciency and cross section for Na metal are calculated via Eqgommonplace. By virtue of their greater two-photon yield,
(17) and (18) to be 7,(Na)=1.6x10 " and 0(Na)=6.0  even larger entangled-photon photocurrents would likely be
X 10 % cn?, respectively, forT,=10fsec. For KCsSb, obtained if organic photoemitters such as anthracene, tet-
these values are(K,CsSh)= 1.6>< 107° and 0o(K,CsSb)  racene, or perylene were us€d
=2.6x10 25 cn?, respectively, also fol,= 10 fsec. These
cross sections are substantially smaller than those calculated ACKNOWLEDGMENTS
for the 1S-2S transition in atomic hydrogen for an
entangled-photon source with similar characteristicthe
disparity is likely a result of the fact that the latter interaction
is resonant.

B. Entangled-photon quantum efficiency and cross section

Itis a pleasure to thank Professor Carlo G. Someda of the
Universitadegli Studi di Padova, Italy, for valuable com-
ments. A preliminary version of this work was presented to
the Dipartimento di Elettronica e Informatica, Universita
degli Studi di Padovaltaly) for the Laurea(Dottore in
V. CONCLUSION Ingegneria of F.L. in 1999. This work was supported by the
U.S. National Science Foundation, the David & Lucile Pack-

We have carried out calculations in second-order pertur- rd Foundation, and the Center for Subsurface Imaging Sys-
bation theory to estimate the photocurrent expected from N tms(CenSSI$, an NSF Engineering Research Center.

metal and KCsSb semiconductor when entangled-photon
pairs of entanglement timé&, elicit volume photoemission.
The photocurrent varies inversely with entanglement time
though subtle nonmonotonic behavigesulting from inter- This appendix details the transformation of E&4) into
ference emerges over certain rangesTf. For sufficiently  Egs.(25—(27).

small values ofT., the magnitude of the entangled photo- Assuming that the transition matrix element varies slowly
current exceeds that of the semiclassical two-photon photowith j, w;, andw,, which is tantamount to considering an
current. The results depend only weakly on the energy non-average” matrix element throughout the band, and with the
degeneracy of the entangled-photon pair and on théelp of Eq.(22), the entangled-photon current in Eg4) can
intermediate-state lifetime of the transition. be written as

APPENDIX

o 2Ad2 ,T5¢%
=B e8773( ) wgwg 4A T,

<f|ﬁxljz§1|@xli>2} |3|-241T222fj'f ( ~Ei- hwp)

. 0 . 0
“ Jmax{1_e—|(Te/h)(Ej—h2k2/2m—hw1)—TeKj/2 1_e—|(Te/ﬁ)(Ej—h2k2/2m—ﬁw2)—TeKj/2

+
E;— h°k%12m — ] —ifik;/2 E;— h2k%2m —fwy—ifik;/2

2
dk,dk,dk,.

}\/EJ—ECdEJ—

J min

(A1)
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kz Vs
A
uv plane )
/
0 \
u
kx
(@)
ky uv plane
FIG. 6. Change of coordinate system ik space from
(kx,ky ,Kz) to (u,v,w) and intersection of the-v plane with the
Fermi surface of the material, whekg corresponds to the Fermi
energyEg . \

We proceed to take a number of steps to simplify the
triple integral in Eq.(Al) to a single integral, which we
ultimately evaluate numerically.

To begin, as illustrated in Fig. 6, a change of coordirtates ~ FIG. 7. Change of coordinatés) from du dv to u du dé and
from k, .k ,k, to u,v,w is effected, (b) thence tok dk.

dk,dk,dk,—~dudvdw, (A2)

max| 1— @1 (Te/M)(Ej— A3CI2m—hiw)) ~ Texjf2
i [ F(k,T _
such that ¢, v) is a plane of constant energy difference and F(Kk,Te)= f E,— #2K%2m el i, 12

w is normal to that plane. This is consistent with the conser-

Ej min

vation of the crystal momentum. To carry out the integration 1—g ] (Te/#)(Ej—h2k212m—hwg) — Texj/2
overdw, it is convenient to make use of a Maclaurin expan- 5 o
sion of e=E;—E;—fiw,,”'° so that Ej— 2°k2m —hwy—ihk;/2
2
de
=gyt W w, (A3) X VE;j—E. dE; (A6)
w=0

Where£0=0 and W|th k: /2mE|/h2

X 2 The surface under consideration is determined by the in-

e=—[(k+g)%— kZ]_ﬁwp:_(zngr g% —tiw,,. tersection of theiv plane and the surface of constant energy
2m 2m (Ad) specified by the conditioh=k,,; the former is a circle if

the latter is a sphere. This is a good approximation for so-

Thus (@e/dw) |y—o=(delK) |—.=(%%/m) g, whereg is diur_n, wherek=K,.x=Ke represents t_he F_ermi sur_face, and it
the gain in momentum associated with the absorption of théuffices for K,CsSb as well. The triple integral is then re-

two photons and is a constant. duced to a double integral over the circle on theplane:
Using the properties of thé function then yields
—Ei—hw
+e [E—Ei—# PIF(E;
[ 5<f%_wp)F(k,Te) dw S[]]e ( )F(E. To) didkydk,

tef 1de Y if f F (K| girgtes Te) dudy (A7)
=f S|l w—— F(k,To) dw h < o circle» " e :

_w how| )

w=0 circle
m1l (+= . . .

= gaf o(W)F(k,Te) dw Transforming to polar coordinates withudv =ududd, as

illustrated in Fig. Ta), we integrate ovedd on the circle,

m 1 yielding 2. With a further change of variable from to k
%3 F(Klcirctes Te), (A5)  viau=k?—kZ, so thadu=dk K \k?—Kj, as evidenced in
Fig. 7(b), we arrive at a single integral ovdk and Eq.(A7)
whereF is explicitly written as simplifies to
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m 1 whereF(k,T,) is defined in Eq(A6). Reordering the terms
52 Ezﬂf F(k,Te) udu and making use of Eq$23) and(27), viz.,
_Ms 1, JkFF(kT)kdk (A8)
IR T R _[4<f|ﬁxlj><j|ﬁxli>2 /Nz
B mhw I
wherekg= \2mE: /%2 is associated with the Fermi energy. P av
The lower limit of the integralK,, is determined by im-
posing the condition that the gain in electron energy is ad-
equate to overcome the work function of the matevial Ej max
f e N]-=f ™ (E)) dE;, (AL3)
E] min=Ec
k= \/k2+k2 A =k 1 o
= VEFT w3zt @p™ Er Ep mn finally leads to
(A9)
with ky=\2mW/#?2. 2 5
The contraction from the double integral in E&\7) to _ ) enf'rge Wy 1
the single integral in EqA8) thus results from the following le=¢B°Ad 47305 4wowo'“A T
sequence of transformations: 172 Tee
kF F(lee)
1 X i = kdk, (Al4)
kmin -
Ef af f F(klcircleaTe) dudv K™+ (Zm/ﬁ )ﬁwp K
circle . L . .
which is identical to Eq(25) as promised. The average ma-
F (K] gircle: Te) duds trix elementu in Eq. (A13) is appropriate for transitions
- u through a band of intermediate states to a band of final states,
circle whereN; is the number density of intermediate states. The
matrix elemenM in Eq. (7), in contrast, is appropriate for a
5 ke F(k,Te) Kdk small number of discrete intermediate states.
=2 :

Since the double integral in EgA14) does not have a
closed-form solution, it is evaluated numerically via direct
(A10)  calculation using MATLAB.
Inasmuch as Eq16) of Ref. 9 for two-photon photoemis-
sion, which is analogous to E¢A10) for entangled-photon
photoemission, is called upon throughout, it is reproduced

2m here for convenience:
k+g=\/k>+ ?ﬁwp, (A11)

which simply states that |, is the energy gained by the 1 J’ f dudv
— dudv—>ff

kmin K2+ (2MV72) hrwp— K

whereg is determined by the condition

absorption of the two photons.
Comparing Eq.(A10) for entangled-photon photoemis-

sion with Eq.(A15) for two-photon photoemission reveals circle circle

that the distinction lies in the presence of the quantity ke kdk

F(k,T¢) in the former. This integral, set forth in E¢A6), =27 )
contains the interference terms that are characteristic of en- kminVKZ+ (2M/1%) 20 — K
tangled photons, as well as the density of states included in (A15)

the present treatment.

Combining the foregoing results, the entangled-photon
photocurrent in Eq(A1) simplifies to In this case, the single integral ohk simplifies to a closed
form expression under the approximatiéfk?/2m> 2% w,
which yields Eq.(1739 of Ref. 9, which is again reproduced

2Ad roc’  w [ p |J'><J'|I<A3x|i>\2} for convenience:
Ze 2 2 .
—OBeg s 2 o AT, m .,
1 (2m)®m fkp F(k,Te) i ff dudv 4 Er ‘ 1+eW 2hw]3?
i (14—
NJ2 47418 4 kmin\/k2+ (2m/h2) hwp—k o 2hw Er Er
(A12) (A16)
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