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Three-photon frequency down-conversion as an event-ready source of entangled states
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An event-readyor deterministi¢ source of entangled states is of interest in the practical implementation of
schemes of quantum computation and cryptography as well as in the experiments aimed to elucidate the
foundations of quantum mechanics. | study the phase matching geometry and detection conditions for the
process of three-photon frequency down-conversion, which is a possible source of that kind. It is apparently
free of some limitations of the schemes based on two-photon frequency down-conversion. The goal of the
proposed setup is not the generation of an entangled state of three ptintanGHZ-state sengebut of an
entangled state of two photons with a “trigger” signal. As an example, | estimate the values of the trios’ flux
and trigger’s reliability for the particular case of crystal calcite illuminated by the fourth harmonic of a
Nd:YAG mode-locked laser.
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I. INTRODUCTION two-photon frequency down-conversid2PDC occur. The
Practical sources of entangled states of two photons probability of the generation of one pair on each passige

s ) . ; is small in practice, so that the total rate of event-ready bi-
biphotons” are of obvious interest for schemes of quantum

\ IS g photons(which is equal to the fourfold coincidence raie
computation and communications. Many theoretical studlegery low. on the order of a few hundred in several hours.

of these schemes naturally assume that the entangled stategan though these numbers can show some improvement by
can be produced at will—i.e., in@eterministiovay [1]. The  increasing the power of the incident UV radiation, a low rate
most widespread sources of biphotons are based on the twgs inescapable. For the probability of generating one pair, in
photon frequency down-conversion proce62PDQ of  each of the 2PDC processes, must be kept small in order to
near-UV laser radiation in a nonlinear crysfall. But the reduce, to negligible levels, the probability of the generation

state these sources produce is of the form of two pairs on each passage. Otherwise, the entanglement
2 would be spoiled. Therefore, one is faced with the problem
|0) + &) +0(£7), oy that the signalwhich comes from two 2PDC procesgésof

where the first term corresponds to the vacuum state of thi1€ same order as the noisehich comes, among other
field, |¢) is one of the Bell states, anégl <1. As one cannot SOUrCes, from two 2PDC processes)tobgeneral argument
ensure that an entangled state will be detedtsen if a  Nas been presentéd] claiming that Bell states with maxi-
perfect detector were availablevhen (1) is observed, this {UV%I ;Sgg%f&ig;::nl?ﬂagebggg?{]Ztgrdetzgaﬁ;tggfn c?r?st?gt: dn
kind of source has been namethdomsource of entangled that a setup based dhree 2PDC processes, where the bi-

states[1]. Besides being undesirable for the applications . . .
. . photon is heralded by four trigger photons, is able to prepare
mentioned above, states described by @gcannot produce a maximally entangled sta{®]. But, of course, the rate of

a.t\Jlliola;tio_n Olf lBeII’?] ilnequalities f_ree .Of one ?f sgviral pos- biphotons would be even lower than in two 2PDC.
S| he ogica oofp.oes(to I_menuon Just asew.s t Ieno: At this point, it is natural to explore the feasibility of
enhancementr fair sampling assumption[3], Scalera’s processes based on three-photon frequency down-conversion

counterexamplg4], and theno-trapping assumption[s)),  (3ppQ. This possibility has been generally discarded, be-

even if _perfect cpllectmg Op'E‘ICS and_d_ete_)c;tors were available.,, se the available third-order susceptibility is much smaller
In studies of this subject, “deterministic” sources are als

q° e d thev h b K %han the second-order one, and hence the generated fluores-
Eame e\_/elnt?rea é Islyourcels, an f[bey ave been known Qynce js extremely faint. However, as is shown later, the rate
e essential since Bell's early contributiof@. of event-ready biphotons is comparable with what can be

Among the efforts made to achieve a deterministic SOUrCQhained from two 2PDC processes, and there is no apparent
of biphotons should be noted the scheme proposed meitations on the purity of the entanglement.

Zukowskiet al. [7] and realized, among others, by Retral. The 3PDC process has been theoretically studied as a

[S]I. It 'ﬁ basﬁd on alldouble paslsage Ef an ultrashort I]f"sesrource of nonclassical field states both in parametric oscilla-
pulse through a nonlinear crystal, so tta processes of 4 cayities and in running wave configurations, but only in

the collinear and degenerate case. To my knowledge, there

are no published studies of the conditions for noncollinear

*Permanent address: CITEFA; J.B. de La Salle 4397, B1603ALQphase matching. In this paper, | calculate these conditions
Villa Martelli, Argentina. Electronic address: ahnilo@citefa.gov.ar and also study the feasibility of using 3PDC as a determin-
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istic or event-ready source of entangled states. It is important ng(t) = ny(t = 0)cost(st/2) + [1 +n(t=0)]
to note from the beginning that | am not seeking a three- .
photon entangled state in the sense of the Greenberger- X[1 +ny(t=0)]sink?(st'2), (4)
Horne-Zeilinger states, but for a state of the general form wheres is proportional tox(3)Ep. Therefore, even if all
’ n(t=0)=0, there is a remaining term si{st/2) = (st/2)?
0+ &(ta) @ [ i) +[ Lt @ ---) + 0(£7), 2 (tJhe same as in the 2PDC case
where|¢,,) is a Bell state of photons 1 and|2;) is any pure The “wave function”|¥) of the field at the exit surface of
state of photon 3, anfL t;) represents the states orthogonalthe crystal is calculated in the same way than for 2PDC. It
to |tg). In this way, one is sure that |f3) (the “trigger” or  results in being of the forr2]
“event-ready” signalis detected on photon 3, then a Bell -
state is available on photons 1 and 2. (W) =10) + X Fyp wddi@i agel0), (5
In the next section, | review the basics of the 3PDC pro- . o

cess. The only important difference from the 2PDC case is ivhere the sum 1S performed over the two pollarlzanorjs and
the phase-matching conditions. | describe a possible setup il the Possible wave vector values. The coefficiégl o in
Sec. Ill. The problem of collecting and focusing the fre- E- (5 includes the conditions of phase matching, and it is
quency down-converted radiation is the main technical obtn€ result of the integration over timérom the first-order
stacle that determines how close to an ideal source it is po&erturbation theory the frequency spectrunifor pulsed
sible to go. In the last section, | present a calculation of thdUmp beams13)), qu th.e volume of the crystal. The con-
performance that can be expected in practice, in the particiEeduences of the finite size of the crystal and the pump field
lar case of a calcite crystal illuminated by the fourth har-SPectrum on the phase-matching conditions have been dis-
monic of a Nd:YAG mode-locked laser. Due to the imper- cussed in detail in several artlcl(efs_r instance, Refd2,13)).
fections of the real components, the setup results in being, df What follows | assume, for simplicity, that the perfect
course, far from an ideal event-ready source. But there is ngonditions for phase-matching hold:
apparent fundamental restriction for an improvement. The k =k.+k +k

. K . p s i t
general conclusion of this study is that 3PDC-based setups
are promising as deterministic or event-ready sources of biThis is equivalent to assuming a pulse with a narrow spec-

wp = ws+ wj + wy. (6)

photons. trum (relative to the central optical frequengy crystal of
infinite length, and neglect diffraction effects.
Il. THREE-PHOTON DOWN-CONVERSION PROCESS It has been known for a while that a three'bOdy decay, as
is apparently described by E(d$), produces a poor level of
A. Basic approach entanglemenf6]. However, inside a birefringent crystal the

The physics of 3PDC closely follows that of 2PDC, so variation of the index of refraction with the direction of
that | review here only the main intermediate steps. | choos@ropagation imposes privileged directions of emission, given
the crystal symmetry in such a way that the 2PDC process igY the phase-matching conditions. When these conditions are
absent. This is not really necessary, but it will presumablytaken into accounky i is practically zero but for certain
make the detection of the faint 3PDC fluorescence easier ifoMbinations of they; andk; and hence a state of the re-
practice. In the interaction picture and the parametric apduired form, Eq(2), can be obtained. These privileged com-
proximation, the Hamiltonian for 3PDC is then of the form binations are found in the next section.

H=> hwj(akaajk +3)+ SOJ dvxy¥EESETET + He., B. Phase-matching conditions for 3PDC
Even for the collinear and degenerate proc@ss=k;
©) =k;, ws=wj=w=wy/3), there are, in principle, several pos-
where x® is the third-order susceptibility tenséit is con-  sible frequency down-conversion schemes or “cases™ an or-
sidered a scalar constant here for simplicifyhe threeE(”  dinary photon that decays into three ordinary photéos

operators represent the quantified frequency down-converted 0,0",0"), into one extraordinary and two ordinary photons
fields[j can bes (signa), i (idler), t (triggen]. The intense (0—0,0",€), etc. Each case has different phase-matching
pump field E, is assumed classical. This approximation isconditions. In general, not all cases have realizable phase-
known to lead to a divergence in the number of signal phosmatching conditions in a given material for a given wave-
tons, but it is acceptable for interaction times short enough olength. | restrict the study here to the cdse~0,0’,e) in a

for negligible pump depletioh10]. A full-quantum descrip- uniaxial crystal, for it will be useful for the example in Sec.
tion showing the deterministic generation of maximally en-1V. The phase-matching conditions for the other cases and
tangled states in oscillators coupled through the third-ordefor biaxial crystals are obtained according to the same ap-
susceptibility has been reported very recerthl]. It is  proach and lead, essentially, to the same results.

worth stressing that, in the same way as in 2PDC, the 3PDC The exact phase-matching conditions can be obtained
fluorescence arises even in the absence of injected field. Fabnly numerically[14]. However, approximate solutions valid
lowing the usual approadi2] it is easy to se¢in the limit ~ for paraxial beams, small deviations from the collinear case
n;<1) that the number of photons in tiifer example signal ~ and narrow spectra, lead to a physical picture easy to visu-
field (for one of thek mode$ evolves as alize, and they suffice for the purposes here. | follow the
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* Optical Axis Koz= Ko + v5/Ugy = K§/(2Ko), (119
// while, for the extraordinary ray, there is an extra term com-
J/ ka ing from the variation of the index of refraction with the
/ 1N direction of propagation:
, Yon propag
> , ke;= K+ vdus — 12/(2K¢) — Nis - €, (11b)
B iy Y where N=(1/no) dng/ dyoa is the relative variation of the
(extraordinary index of refraction with the angle between
y the optical axis and the pump. In Eq41a and(11b), u; is

the group velocity: 1¢;=d(Q;n;/c)/d);. As it is a first-
order expansion, botN andu; are calculated at the frequen-
cies();. After replacement of Eqg118 and(11b) into Egs.

FIG. 1. Scheme of the wave vectors. The pukgps in the z
direction. The optical axis of theuniaxia) crystal is in thexz plane
and forms an angle/pa With the z axis. This angle is such that Lo -
collinear phase matching for 3PDC holds. The ved&pindicates g)?dﬁir:)% traelggg into account Eqg7), the phase-matching
the direction of emission of the frequency down-converted photon
(j=s,i,1). Its projection on the axis iskj,, and its component in the 0=vD +Nks- e+ K§/K - K - 1/Ko, (12)
Xy plane isk;. It is assumed thaikj/k]—| <1—i.e., that the frequency
down-converted photons are emitted at small angles from the pumwhere D=1/u,-1/u, and 1K= %(1/K0+ 1/K,). After
direction. eliminating (for example), x; using the third equation of Egs.

(10), Eq. (12) reads
approach and notation of Rubin’s study of the 2PDC process 1.0 1 2
[ng Assume that the crystal has beenycut so that, forpa pump (165 +5V)*= (3V)* = vDK = mig = R, (13)
beam perpendicular to the crystal's face, collinear phasghere,=K/K,~1 andv=NKe,+ 7, Equation(13) in the
matching holds: variable vectork, represents a circléin the x plane of

radiusR centered on %v. All the s photons(simultaneously

Qe+ Qo+ Qo =), (Ke+Ko+Ko) -€,=Kp- €. (7)) emitted with thet photon observed at,) are emitted on one

of such circles. By using again the third of Eq&0), it is
There are, in addition, other combinations of frequencies angimmediate to see that the phase matched values, fie also
wave numbers in the neighborhood of these values that argn a circle of radius, but centered OéV—Kt- Therefore, the
also phase matched. To see this, let us start by writing thgimultaneously emittetiphoton lies on such circle. Note that

expressions for the collinear wave numbers: the value of the radius of the circles dependsignbut not
the position of their center.
Ke=Ne(Qe, hoa) 2/, Ko =no(2)Q/C, (8) In summary, let us suppose that we observe a “trig¢@r”

_ ) o photon at a certain angle given y. Then, thes photon and
where Jio is the angle between the optical axishich is  the i photon (which are emitted simultaneously with the
assumed in thez plang and thez direction(see Fig. 1. The  photon lie on two circles of the same radius. The value of
variables for the collinear phase matched condition are indithe radius depends of the frequency of observation. But re-
cated with capital letter&(2,K} and the ones for a noncol- gargless of the value of the radius, due to the condition given
linear phase-matched condition with small letteosk}. The by the third equation of Eq$10), the positions of the and
differences between the noncollinear and collinear phasq—photons are opposite through the symmetry péintsee
matched frequencies are nameg=w;-Q;(|yj[<Q). | Fig. 2. Note that this figure is similar to the one obtained for

choose “signal” to be the extraordinary beam, “idler” to be2ppc, but as if the pump beam were a},“t_
one of the ordinary beams, and “trigger” to be the remaining

ordinary beam. | also choose thK{=K;=K,, Q;=0,=Q,
(i.e., degenerate phase matchinginally, «; denotes the
component of the wave vectors in tkg plane, so that A. Sketch of the setup

IIl. PROPOSED EVENT-READY SOURCE

The freedom to choose combinations for the phase
matchedk; andv; is again quite large. A simple possibility is
. L . to choosex; along they axis. Then the figure is symmetric
Takmg into account these definitions, the phase-matching,;i, respect to they axis and also with respect to a “sym-
conditions, Eqs(6), are now metry line” now passing at ;‘Kt and parallel to the axis
(see Fig. 3 If ani photon(o polarized is emitted on the left

Ko—Ksz=Kiz =k =0, ws+v+1=0, K+ wi+a=0. (right) of that symmetry line, then amphoton(e polarized
(10 is emitted on the rightleft). Now, the idea of the source is
heuristically at hand. A mirror with a straight edge is placed
The values of thé;, can be put in terms df; by taking into  just on that symmetry line, to split the left and right halves of
account the frequency change and the transverse displacire emitted fieldsee Fig. 4. Then each of the half-fields is
ment in an expansion at first order for ordinary rays, focused on a single-mode optical fib@r directly into the
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FIG. 2. Positions of phase matching in tkeplane. The pump
beam is at the origin and propagates out of the page. If a trigger
photon is detected at;, then thex vector of the simultaneously
generated signgk) photon lies somewhere on a circle centered on
—%v and thex-vector of the idler(i) photon lies on a conjugate
circle of the same radius, centered%at—xt. The line joining thes
andi photons of the same pair passes through a p@imlaced at
%:q, which is called the center of symmetry of the conjugated
circles.

FIG. 3. Influence of the finite size of the detector for the trigger
photon(thet detectoy. The area of the detector in thex plane is
the rectangle on the left. The dotted vertical line %uqis the
position of the splitting mirror. If the photon is detected at the
point nﬁ%n‘ty (the point of thet detector closest to the originthe
correspondings and i photons are emitted on conjugated circles
whose center of symmetry 8~ (%Axty to the left of the splitting
mirror’s line). As is seen in the figure, some paflige s, i) may fall

detectory at A and B. Any remaining information on the > - _ :
on the same side of the splitting mirror’s line and therefore they

original direction of propagation of the photons is lost into d imul q ona ahdB Fi ™
the fibers(or in the detectors’ surfacgsso that at the fibers’ S2nnot produce simultaneous detectiona andB (see Fig. 4. The
outputs there is no way to know if the detected photon is game happer.‘s WitR". InSt.ead’ the conjugated circles with center
(say) i photon(o polarized coming from the circles centered of symmetry inQ", Q" (which correspond t photons detected at
on the lower sideof Fig. 3 or ans photon (e polarized the top and bottom points of thedetecto) are not laterally dis-

ing f the circl tered th ide. R ﬁlaced from the splitting mirror’s line and hence suffer no losses.
coming from the circies centered on the Upper SIde. ReCalt,. et effect of the size of thedetector is represented by the

that no spectral filtering is performed, so that the value of they,,qowed stripdof “infinite” length in the x direction of width
r"?‘d'us of the CIrC.IeS 1S unde_term'ned' In th'slway’ '_n p”n'%AKty. Fluorescence falling inside this area cannot produce coinci-
ciple, all thes andi photons simultaneously emitted with the gences aa andB and must be considered lost. Note that the size of
t photon are detected AtandB. Therefore, when &photon  the detector in the direction reduces the utilizable fluorescence,
is detected, one ideally has, with certainty, a biphoton availtyt not the size in the direction, so that the best geometry for the
able atA andB. A more formal deduction of this result is as detector has the shape of a thin slit parallel to xhexis.

follows:

The phase-matching conditions determine that the
o-polarized photon detected &t is created at the same time
as the other two photons, and e polarized. The frequency X o Crystal
shifts »; and positiongin « space of these two photons are y<:§ o Coysta
not determined. It is only known that if am(e) photon is
observed at, then there is am(0) photon observed atwx
- K. As far asXES) =~ constwhich is a good approximation as

)
far ask holds to the paraxial approximatiprihe state of the
signal and idler photons is described then by

Aspherical
Lenses

JdK(|O,K>|e,—K—Kt>+|e,K>|O,—K—Kt>). (14)

The mirror splits this state into vectors™ (i.e., havingx,
+3x,<0) and photonst” (k,+3x,>0), so that it is written

now as FIG. 4. Sketch of the proposed setupt Ahoton with ‘0" po-
- (* —Kil2 larization is selected with a polarizéP) after passing through a
la) = (1/x’2)f dKXf dry(|0, Ky, Kyl € — Ko = Ky = K thin slit (its larger side is parallel to the axis). The right and left

half-fields of Fig. 3 are separated with a dihedral mirror. Appropri-
ate optics focus the photons on small-area detectors or single-mode
optical fibers atA and B, where the information about their direc-
The experimental setup is built in such a way that any othetion of propagation and frequency is lost.

+ |ev Kx-Ky>a|0a_ Ky, — Ky~ Ki)p) - (15
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information on the direction of propagation is lost. The cor-
responding state is then represented by the reduced density
matrix

| o)

X (e[ r)al Kol K;/>a| K;»b
_1 FIG. 5. Sketch of a possible setup with an ellipsoidal cavity, to
=35(]0)al®p + |€)4l0)p)({O|(€E|p + (€l(0]p), (16
2(| )2l * [€)0)) (0laely + (ela(0lo),  (16) improve the trigger’s reliability. The crystal is placed in the ellip-
which is the density matrix that corresponds to the Bell stat&0id's focusF on the left. Part of the radiation leaves the cavity
(1/\2) (|x,y)+|y,x)), and it is the result that was looked for, through a narrow slitits larger dimension is 'perpendlgular' to the
The other states of the Bell's basis can be obtained by299 and goes into the detector(the selecting polarizer is not
multiplying different regions in thec integral with different nO(::;:,gt\z%thT hzrple""nn(ﬁcmgﬁ;s&em agﬂ‘f;gﬁé“g\/;%g ;22;(;';?’
phase factors. Physically, this is achieved by the insertion o perp b g

e ; ) of the ellipsoid’'s focud=’ on the right. The uppefleft, in Fig. 4
\[/va\]/e plates and/or birefringent crystals into the optical pathsomd lower(right, in Fig. 4 half radiation fields are focused info
16]. !

L . T . and f’, respectively, where detectors or fiber focusing optics are
It is immediate thgt thg main I|m|tat|on to this scheme placed. The pump bearmot drawn propagates in the page and
comes from the practical difficulty of focusing the broad andparajiel to the ellipsoid's axignot drawn, it joinsF and F’) at

divergent half-fields. If the collection efficiency is poor, there gne-third of the distance between the axis and the slit for the trigger.
will be many failed triggers—i.e., an “event-ready” signal

not foI_Iovyed by an entangled pair. However, if the PUMD A sketch of a possible setup using an ellipsoidal cavity is
beam is tightly focuseq on the crysﬁa} SO tha_t the fluorgsgencghown in Fig. 5. The crystal is placed in one of the focuses of
;emerlgllest fr<|3|rrt1ha p?mttt“k; rscgijr%e’nlt I\? [?]o;ilble, Ii?l plm_]r(;:p:je’the ellipsoid. Two plane-parallel mirrors make two images of
oopt(i:c(:)alefci:b:r € emitied radiation eve 0 & SINGIe-MOCC e other focus. The radiation emitted in the upper and the

Let us suppose that the collecting optics in Fig. 4 is madPlower half of the ellipsoid is concentrated in each of these

. i : . image points, where detectors or additional optics to focus
up of a pair of(commercially availableaspherical lenses

) . into optical fibers are placed. In order to get rid of the scat-
with anf number of 0.6. Assuming that the fluorescence ha : .
a dipolelike intensity distribution with the shape of a €os ered pumping UV radiation, the output face of the crystal

. hould be high reflectiofHR) coated and the ellipsoid’s
lobe, these lenses collect roughly 55% of the total em'tte(iurface antire%lectio(lAR) rqcoa'zed for the UV, and cogted in
radiation. If this radiation is to be efficiently inserted into @ 4he ooposite way for the fluorescence s eétral bandwidth
single-mode optical fibeftypically N.A.=0.1, core radius bp y b '

R - An interesting variation of the setup is to choose the ex-
2.3 um), the constant |rrad|anc¢ theorem |nd|§:ates tha}t th?raordinary photon as the trigger. If, once agaihis chosen
p“”?ped area must have a radius of Ou35. This value IS along they axis, then the correlated and i photons are
attainable with a UV laseffor example, the fourth harmonic itted th ite sid f circl tered %a’k—
of Nd: YAG, A=266 nm with a good TEM, beam quality. "o , O 1€ OPPOSIE SIIES o7 Creies CENBred sk

Note that, despite the fact that 2PDC and 3PDC are simil-ike in 2PDC with phase-matching type I. As the entangled

lar processes, the setups and problems to solve are very dﬁ)hotons are both ordinary rays, there is no need for compen-

ferent. In 2PDC, the pump beam is usually not focused intoSatlon of the dispersion and walk-off between signal and

the crystal. Rather, the focusing optics is placed right befor QIer, which means a non-negligible experimental simplifica-

the crystal and in such a way that the radiation is focuse ollo?ih Odn tk;erigtr;iernh&ndr, ?snthe)r/“hﬁvle ri]entsﬁlmelazg }[livelil_
into the detectors or fibefd 7], which are far from the crys- elined polarization, there IS no entangieme polarization.

tal to allow measuring the angles with precision. BesidesA polarization entangled state may be constructed by insert-

spectral filters select the entangled pair taking advantage Jpg a half-wave plate on the uppesr lowen half-fields.

the angle-frequency correlations. In the proposed 3PDC

setup instead, the pump is tightly focused into the crystal, B. Some practical limitations

and the collecting optics afeecessarilyclose to the source.

There is no spectral or angular filtering of the entangled pho- One of the limitations of the proposed setup comes from

tons, because one wants to collect all the photons emittethe finite area of the detector for the trigger phottime t

simultaneously with the trigger. The trigger is not filtered detectoy. Assuming that it cannot act as a detector for she

either, to destroy the frequency-angle correlation for the pairandi photons too, its area must be subtracted from the col-

Only its polarization(o, in this casgis selected. lecting area. On the other hand, a small area implies a low
Using aspherical lenses is the simplest choice, but any ongte of triggered biphotons. The largest rate is obtained when

of the devices used to collect incoherent radiation from smalthe area of the detector is equal to one-half of the total

sources is an alternative: condenser mirrgfsnumber  collecting area. It is not possible to calculate the numbers for

~0.33, which means a theoretical collecting efficiency ofsuch a large area within the paraxial approximation. Besides,

84%), parabolic mirrors(f number=0.12, efficiency 99% it is at first sight doubtful that a setup with such a large area

ellipsoidal cavities(=100% efficiency, or hologramgq18].  for t can provide pure entangled states foandi. In any
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case, it is a subject that deserves a study with an approach Calcite is a centrosymmetrical negative uniaxial crystal of
not relying on the paraxial approximation. the trigonalD4y system[19]. It has been used in optics for
Meanwhile, one can proceed within the paraxial approxi-more than one century. Optical technicians know well how to
mation if the aim of reaching the maximum possible rate ofprepare calcite samples. It has been tested resistant to fo-
triggered biphotons is given up. Assume then thatttlde-  cused high-power pulsed lasers. It is less transparent to UV
tector has a small area, which is represented with a rectangtadiation and has a larger walk-off angle than some new
in the x plane(Fig. 3). The fluorescence’s symmetry point crystals as, for examplep-BBO (do not confuse it with
(which is P if the t photon is detected at the center of the B-BBO). | have preferred calcite for this example because it
detector’s arear;) shifts toP~, P* if the t photon is detected is well known and, most important, because it is one of the
at the horizontal extreme points in the detector’s areanaterials used by Maker, Terhune, and Savage in their pio-
KtArqy and toQ™, Q" if the t photon is detected at the neering studies of “one-step” third-harmonic generaf2i.
vertical extreme points in the detector’s ara Ak, (recall  That experimental study provides valuable information, from
that in Fig. 3 thex axis is in the vertical directionNote now  which | have taken advantage of here. To begin, in Rzf]
that, among the pairs simultaneously emitted withttpho- it is reported that the highest intensity of third-harmonic gen-
ton detected aik;+ Ay, some of them, likés, i), fall on the  eration in calcitgthus, presumably, the highest value for the
sameside of the splitting mirrofwhich is physically cen- x'® tensoj is obtained for the case
tered onP, not on P~, and is parallel to the axis), and
hence, they cannot produce a coincidence count bet#een
and B (see Fig. 4. This deteriorates the trigger’s reliability — 1 extraordinary(3w).
(that is, there is a trigger signal not followed by a detectabl
biphoton). Therefore, it is convenient to makex;,, as small
as possible. On the other hand, the effect of the finite siz
Axe, Of the detector on the directionis merely to displace
the center of symmetry fror® to Q* andQ, but always on

2 ordinary(w) + 1 extraordinary(w)

el’hat is why | choose the inverse procéss- 0,0’ ,e) for the
gescription in Sec. lll and in this example. The phase-
matching angle for this process is found easily fromrihe)
curves for the material and the equation

the symmetry line. As the fluorescence’'s symmetry line is 2n,(w) + Ng(w, 1) = 3ne(3w, ), (17)
not laterally shifted from the actual mirror’s position, there ) ) 2 i
are no “lost” pairs in this case. where ny(w, ) ={cogy/ng(w) +sirfy/ ng(w)} 2 and ny(w)

Summarizing, the best choice for the geometry of the andne(w) are crystal constants given by Sellmeier’s formu-
detector is a thin slit in the directiop and with a length to  1as. For calcite the formulas af@ must be expressed in
the limit of the paraxial approximation in the directian pum:

Now, let us look for a criterion for the best value of the _2_ 2_ _ 2
modulus ofk;. From Eq.(13) the radius of the circles de- o = 2.69705 +0.01920661" - 0.01820 - 0.0151624\",
creases ifi; increases. Then, a larger value igfmakes the (18)
radiation easier to collect. But this criterion has some limits.

One is given by the paraxial approximation on the value of N =2.18438 +0.008230@(? - 0.01018 - 0.0024411\>.

K;/K. The other one is that, for large, the center of sym- (19)
metry of the rings displaces rightwar€a Fig. 3), eventually

into the region where the fluorescence intensity decays. A§hen  ne(798 nm=1.554,n,(798 nm=1.648 77,  and

the bandwidth of the useful fluorescence is, at last, fatallye(266 nm=1.749 69. The phase-matching angieurns out
limited by the optics, the detectors’ spectral response, etc., ® be 46.95°. Note that this holds if the three frequency
reasonable criterion seems to be to adjust the valug eb ~ down-converted beams are collinear and have the same
that the collectable fluorescence fits to the bandwidth that ig/avelength. One has the freedom to select them in a differ-

actually utilizable. ent way, perhaps more convenient than the one | analyze
| take into account these criteria in the example in thehere.
next section. Other parameters of interest are thg=n;2m/\:K,
=12.9816 1fum ,K,=12.2357 1fum, and K
=12.5977 1fum; then,n=K/K,=0.9703. The group veloci-
IV. NUMERICAL EXAMPLE: CALCITE CRYSTAL ties are calculated from

PUMPED BY THE FOURTH HARMONIC OF Nd:YAG u = (c/nj){l + ()\/nj)dnj/d)\} (20)

and [from Eq. (19)] dny/d\|7¢g pr=—0.031631 14m and

In choosing a material for 3PDC it seems convenient todNe/d\|79g nr=~0.013 286 14m, so that u,/c=0.597 23
look for a centrosymmetrical crystal, so that the second- orandue/c=0.639 11, and thereforeD=0.1097. Finally,
der susceptibility tensog'® vanishes and, in consequence, N= (1/n) antd _
also the 2PDC fluorescence, which may mask the radiation (L/ne) 9 onhy=756 nm.y=s 95
of interest. Another limitation comes from the necessity of a = (1/ng) 919y coSyYins + sirPyinZ~1/2
broad transmission randat least fromw to 3w). Of course, — —0.060346 (21)
good bulk transparency, polishable surfaces, and resistance
to focused laser beams must be also considered. and all the necessary data are available now.

A. Crystal

033820-6



THREE-PHOTON FREQUENCY DOWN-CONVERSION AS. PHYSICAL REVIEW A 71, 033820(2005

B. Estimation of the emission rate estimating (from the results in[20]) that Xg|cite”3

| estimate the photon flux in 3PDC based on the observe&< 10°% (m/V)? the expected 3PDC rate is
photon flux in a 2PDC process. In an optimized 2PDC setup ~ 2 2
[21] a rate of 16 s™* single counts is obtained on detectors Niapog = 4 X 107 USCH(Lpued ), (24
with a measured efficiency of 0.286, which collect a 0.16°where the pulse energy is expressed in joules and the pulse
angle on a bandwidth of 4.3 nm. The 351-nm pumping lasefength and pumped radius are expressed in meters.
delivers 300 mW of cw power, and it is focused to a spot There is an important difference with the 2PDC setup. In
with a radius of 82um into a-BBO crystal 2 mm long. This  2PDC, one would try to maximize E4) in order to get as
means that, for an electric field into the cryst&yppg  many pairs per unit time as possible. If there were more than
~3.5%x 10 V/m; the total emitted 2PDC flux is about 3 one pair inside the time observation window, one would re-
X 10'? 571 (AN/4.3 nm), whereA\ is the fluorescence band- duce their number simply by adding spatial or spectral filter-
width. ing. In 3PDC instead, one wants to colledt the pairs(i.e.,

In order to scale these numbers to the 3PDC case, thier all propagation angles and frequengiesnitted simulta-
correction factors are the different field intensities neously with the trigger photon. This forces that at most one
(E(3PDO/E(ZPDQ)2, then the different efficiencies of the trio must beproducedat all frequencies and anglémstead
3PDC and 2PDC processeéS)E(ngQ/X(z))z and finally the ~ of observedat a given angle and frequenapnside the time

different crystal length$Lcysia/ 2mm). In consequence, observation window(typically 3 ns, much longer than a
mode-locking pulse Otherwise, the correlation would be

spoiled. In order to reduce the probability of producing two
~ 4 2 (37,202 ) o I
Npoo = Nizppo(Ezroo/Ezppo) (X /X' ) (Lerystal2 MM). trios per pulse, down to a negligible level, the probability of
(22) producing one trio in a single pulse must be 10% or less.
This means thal3ppg <0.1C. This imposes an upper limit

In order to calculate the electric field for a cw pumping t0 the acceptable pump power. In the previous section, the
source(which corresponds to the 2PDC reference patiee ~ Value ofr=0.35um has been obtained to allow focusing the
energy inside the pumped volume is simply obtained by mulfluorescence into a single mode fiber. Assuming pulses with
tiplying the nominal power of the lasé¢in W) with the time @ duration of 10 pgusual for Nd:YAG mode-locked lasers
elapsed by the radiation to travel through the crysigley  ON€ finally gets

For a pulsed pumping sour¢the 3PDC example the elec-
tric field is calculated using an “effective” value for the en-
ergy, which is obtained by multiplying the total pulse energy (25)
U with the ratio between the crystal lengtk-um) and the
pulse length(L, se~mm). The fluorescence is emitted only
during the timerg,s;s SO that the reference ratg,ppg must

U < 30 pJ or average power 3 mW (for C=1C% s%),

which is an accessible value for a standard diode-pumped
mode-locked Nd:YAG laser, even for its fourth harmonic

b itinlied with h ‘ b and with the requirement of a TE}Mlbeam. The 10-ns sepa-
e multiplied with7gysi t0 get the correct reference nUMber. a0y petween successive pulses is usual in solid-state

Finally, to get the number of trios emitted per second, the,,qe |ocking lasers and allows a clear separation of the time
number of crystal-crossing times during one pulse psanation windows

(Tpuise/ Terysta) @Nd the r?umber of pulses per secd@ must Summarizing, with the described pump power and focus-
be taken into account: ing, an average rate of 187! trios is predicted. Not all of
them, however, can be used. A glimpse of what can be ex-

Nizpoo = Nppo Terystal X P /X P E2ppo)? pected is obtained by assumifags in[21]) a collecting area
9 of 0.16° for thet detector. This means about 250 $rigger
X{U(Lcrysta’ll‘w's&] (Lcrysfa')(T sd Tervsta) C counts. Assuming a 55% of collection efficienéfor the

2eqn? T Lrysiar | \ 2 mm)/ " PUSE TEVSIEEE setup with the aspherical lengeg5% for the detectors, and

(23) 95% for the coupling to the fibers, the probability that a
biphoton is detected after the triggéhat is, the trigger’s

wheree;=8.85x 1012 As/V m, n is the crystal's index of reliability, p) is

refraction, andr is the radius of the pumped volume. The - 2

effective length of the crystal is limited to the Rayleigh’s p=0.55x (0.75x 0.957~ 0.28. (26)
length, 7r?/\. The bandwidthA\ in the expression of (The collecting efficiency factor appears only once, because
Nippg Is limited by several factors. Considering the fre- the signal and idler photons are emitted on circles of the
quency shift for the maximum angle that can be collectedsame radius. If one of them is collected, the other one is also
with an aspherical lens with ari number of 0.6, A\ collected, with certainty. Therefore, the expected rate of
~160 nm, which is also nearly coincident with the effi- triggered biphotons is about 70'sThis is poor if compared
ciency bandwidth of silicon and the cutoff frequency of thewith the value of 18 s™* of 2PDC[21], but it is favorable if
assumed optical fiber. After simplifying several factors in Eq.compared with the 0.35 $of a recent two 2PDC realization
(23), taking into account that forg-BBO x?=1.6 [22], and by sure itis much higher than what can be expected
X 10*?m/V, using the data for 2PDC obtained above, andfrom the schemes of three 2PDC.
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However, with only 70 " effective counts, the typical free of fundamental limitations. Note that the total state gen-
dark count rate of the standard detect@isout 250 s%) pro-  erated by the proposed setup is of the form

duces a severe deterioration of the trigger’s reliability. The _
influence of noise can be reduced by using selectedl 10)+ Elplt) @ | ¢12) + (1 = p)It)
more expensivedetectors with lower dark count rates or by ® [failedy +| L t) ® ---}+0(&), (27)

using faster electronics and lower dispersion lines aIIowinqN

; : . herelfailed) is a short way of indicating all the possibilities
narrower time observation windows, closer to the pulse duWhere the signal or the idléor both photons emitted simul-

ration. But probably the best available solution is simply to . .
increase the number of trigger counts by enlarging the Colganeously withit) have not been detected. The purity of the

lecting angle of thet detector. Following the criteria dis- state obtained aﬁer th? ob;eryaﬂonk)fhenpe .de.pe”ds on
cussed in Sec. Il B, a slit detector 6.5 mm height and O.ILhe valug of the t“ggefs rellab|l!tYp), which is “m'ted. only
mm wide placed at 33 mitthe focal distance of the assumed y the mstyumental imperfections, and th? efficiency of
aspherical lensof the crystal collects more than 10 times 3PtDtC§’ Wh'?zh an be r'}af_igl as small as required to make the
more radiation than the circular detector of 0.16° assumed i#isl herm ml q-]ﬁ 7 36;% 9! he. ichi diti for th
this example until now. With this slit-shapédetector, about have also found thé phase-matching conditions for the
10° s trios and a trigger’s reliability of 25% are expected, calcite crystal and estimated the rate of triggered biphotons.

using noisy nonselected detectors and time observation Wirﬁocusmg the fou.rth harmonic of (ew mW average .po.waer
dows of 3 ns duration with a separation of 10 ns. mode-locked Nd: YAG laser near to the diffraction limit, col-

lecting the fluorescence with commercially available con-
denser optics and detecting with standard silicon avalanche
photodiodes, the rate of triggered biphotons is estimated near
1000 s?, with a trigger’s reliability of 25%i.e., there are
| have presented a study of the feasibility of using 3PDCabout 4000 S trigger signals These numbers can be
as a deterministic or event-ready source of entangled state®ubled using more sophisticated collecting optics, as the
of photons. For a uniaxial crystal, the paraxial approach teellipsoidal cavity sketched in Fig. 5.
the degenerate and collinea+ 0,0’ ,e case indicates that a In conclusion, this study indicates that the 3PDC process
structure of rings similar to the one observed in 2PDC isappears promising enough so as to proceed with an experi-
present, but with its center of symmetry displaced from themental attempt to measure the three-photon frequency down-
position of the pump beam, depending on the position theonversion fluorescence. On the theoretical side, the search
trigger photon observed. Also, depending if the trigger phofor more convenient crystals and phase-matching conditions
ton is an ordinary one or the extraordinary one, the structurés probably the most necessary contribution. A study of the
of the rings is like that of 2PDC with phase-matching type Il influence of the finite bandwidth of the trigger detector and a
or |, respectively. calculation of the phase-matching conditions free of the limi-
The proposed setup is based on the detection of a triggdations of the paraxial approximation are also convenient.
photon and the collection of the largest part of the simulta-
neously emitted fluorescence, separating its left and right ACKNOWLEDGMENTS
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