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Extended phase-matching conditions for improved entanglement generation
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Extended phase-matching conditions for spontaneous parametric down-conversion are examined. By aug-
menting the conventional phase-matching conditions, they permit the creation of a class of frequency-
entangled states that generalizes the usual twin-beam biphoton state. An experimental characterization of these
states is possible through interferometric coincidence counting.
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[. INTRODUCTION obtain polarization entanglement starting from the states
found in Sec. Ill. In Sec. V two experimental setups that can

Entanglement is the cornerstone of quantum informatio?€ used to characterize the frequency entanglement are de-

technology. Its wide-ranging applications include tests of theScribed and analyzed. The Appendix closes the paper with

foundations of quantum mechanics, implementations o he detailed visibility derivation for the interference experi-

guantum algorithms, cryptographic communication proce-ments discussed in Sec. V.

dures, measurement-accuracy enhancement;, etc. Arguably, Il. BIPHOTON STATE VIA PARAMETRIC
the most_ important source of entan_glemenlt is spon_taneous DOWN-CONVERSION
parametric down-conversiofSPDQ in nonlinear optical
crystals. In the down-conversion process, a photon from an In this paper we employ continuous Fock space formal-
intense pump beam is absorbed in a nonlinear crystal an@M, in which the photon annihilation operataj(w) that
two different photongconventionally called signal and idler destroys a photon of frequenay in the jth mode obeys the
are created. Energy conservation dictates that the frequencié8mmutation relation
of the signal and idler photons sum to that of the pump [aj(w),al(w’)]=6(w—w’)5jk. 1)
photon. Frequency entanglement arises from quantum super-
position of the various ways in which this energy constraintTo first order in the nonlinear interaction coupling®, the
is fulfilled by signal and idler photons belonging to a certainstate of the system at the output of a compensated down-
frequency interval. This interval is governed by phase matcheonversion crystal is the biphoton stéfe14]
ing within the nonlinear crystal, a condition that is dependent do- [ do.
on the crystal's length and the refractive indices along its :f Sf _! yal T w:
principal optical axe$1]. |¥) om | 2 Alws,wi)ag(ws)a (w;)[0), (2)

In this paper we show how to qb_taln new kinds O_f fre- where ag(w) and a;(w) are the annihilation operators for
guency entanglement by generalizing the conventlonallgignal s and idler i modes, respectively, an{D) is the

used phase-matching condition. The resulting biphotoR ac,um state. In Eq(2) the biphoton spectral amplitude
states, which were previoudly obtained by Erdmairal.  a(,_ ;) determines the frequency spectrum of the bipho-
[14], can be characterized using two interferometric setupgon state: integrating its squared modulus over the frequency

based on the Hong-Ou-Mandel and on the Mach-Zehndest one of the two modes yields the fluorescence spectrum of
interferometers, as described below. As will be shown, thehe other. If we neglect inconsequential normalization con-

extended conditions can be fulfilled with available crystals.stants and assume collinear plane-wave propagation,
They allow the use of long nonlinear crystals that improveA(w,,w;) can be written agemploying the notation from
the generation efficiency. Furthermore, they allow the use oRef. [5])

short-duration pump pulses that increase the experimental Alws,0)=a(ws,0)P (s, ), (3)
signal-idler generation rate compared to that of continuous-

wave (cw) pumping. These two advantages are not readilywhere

available with the conventional phase-matching condition: Voo

on one hand the use of long type Il phase-matched crystals a(ws,0))=—————E(0st o)), (4)
. Ns(wg)Ni( ;)

narrows the spectrum over which the down-converted pho-

tons are entangled, and, on the other hand, the use of pulsed sif Ak(wg,w;)L/2]

pumping reduces the entanglement because the indistin- D (ws,0))= Ak(we 02 %)

guishability of the down-converted photons is adversely af- st

fected[2—4]. The quantitya(ws, ;) depends on the refractive indices,

The paper is organized as follows. In Sec. Il we introduceandn;, of the signal and idler modes in the nonlinear crystal,
our notation and give a brief derivation of the conventionaland on the pump fluorescence spectrthﬁg(w)lz, which is
phase-matching condition. In Sec. Il we derive the extendedentered at, and has a bandwidtf),. The refractive in-
phase-matching conditions and analyze their role in obtaindices, together with the termiwsw;, can in general be con-
ing frequency entanglement. Section IV shows how one casidered as constants over the effective spectrum, so that
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a(ws,w;) is approximated by a function of the sum of the (for which ys=1v,) the derivation of Eq(9) would require
signal and idler photon frequencies,+ w;. On the other one to include second-order terms in the expans®nbe-
hand, the quantityd, (ws,®;) is the phase-matching func- cause the first-order terms can¢g#]. In the following, for
tion, which depends on the nonlinear crystal lengtind on  the sake of simplicity, we limit our analysis to type Il crystals

the phase mismatch for which the linear approximation is sufficient. The bipho-
ton twin-beam state|TB) is a maximally frequency-
Ak(ws,0i) =Ky(0s+ 0i) —Kg(ws) —Ki(w;), (6)  entangled state in the sense that a frequency measurement on

one photon exactly determines the outcome of a frequency
wherek, si(w)=wn, s i(w)/c denote the wave numbers of measurement on the other photon. In particular, the frequen-
the pump, signal, and idler photons, respectively. Notice thaties of the signal and idler are anticorrelated: their sum is

ko, ks, andk; are not all independent in the birefringent fixed and equal to the pump frequency. . N

crystals that are typically used for SPDC whekgw) Two experimental problems, connected with a finite pump
=ki(w) for type | phase matching, ankh(w)=ks(w) [or bandwidth(}, and a finite crystal length, arise when the
ko(®) =ki(w)] for type Il phase matching. conventional phase-matching condition is used to generate

For frequency entanglement generation, the SPDC crystgntanglement. If the pump spectrum is not perfectly mono-
is usually operated at frequency degeneracy, in which thghromatic €2,>0), a range of signal-idler sum frequencies
signal and idler spectra are centered around half the medfSt such that the maximal entanglement property is de-
frequency of the pump,, [2—4]. This is enforced by impos- graded and the_ spectra of the two down-convert_ed p_hotons
ing the conventional phase-matching condition that require&® N0 longer identical3]. The drawback of nonidentical

the crystal's refractive indices to satisfy signal and idler spectra turns out to be critical for many

experiments that employ a pulsed pump, because the differ-
Ne(@,/2) +Ni(w,/2) ence in the spectra introduces distinguishability that is detri-
Np(wp) = > : (7)  mental to quantum interferen¢@—4,6. On the other hand,
it is clear from Eq.(11) that the use of long crystals reduces
the available bandwidth over which frequency entanglement
occurs. In the limit of a long crystal no entanglement sur-
vives because signal and idler are both monochromatic pho-
tons of frequencywy/2. However, from the experimental
Ak(wg,0) = (0s— 0y/2) ys+ (0= 0,/2) i, (8)  pointof view, along crystal is preferable because it increases
down-conversion efficiency. Various experimental tech-
where y= ké,(wp) — k;(wpIZ) and fyizké(wp) — ki’(wp/z), niques aimed at preserving or recovering entanglement in the
With this result, the biphoton statel) of Eq. (2) can be pulsed-pump regime have been studiéfl In this paper, we
written as approach these problems by extending the conventional
phase-matching conditio¥) in such a way that the signal
and idler spectra remain indistinguishable for any pump

dos [ do; ~ -~ |
|wpm>zjﬁfga(ws+wi+wp) bandwidth.

Employing Eq.(7) and approximating the functiakk of Eq.
(6) with a first-order Taylor expansion ing and w; around
wp/2, we obtain

. ~ ~ I1l. EXTENDED PHASE-MATCHING CONDITIONS
XS|r[(73ws+ Yiwi)L/2]

(yswst yiw)/2

Under the conventional phase-matching condition for
frequency-degenerate SPDC, and in the linear dispersion re-
X | w2+ @g)g @2+ ;)i (99 gime of Eq.(8), we have shown that the phase-matching
p s/sl%p i/is X . i
function & is characterized by the two parametersand
wherews= ws— w,/2 andw; = w; — w,/2 represent the signal 7i- Better physical insight may be gained by treatingand
and idler detunings from degeneracy, dad=a'(w)|0). v as Cartesian coordinates and then converting to the polar-
If the crystal is pumped with monochromatic light, ~ coordinates representation=y cosé and y;=ysin¢. The
—0, thena(w)— 8(w—w,) and the stat¢¥ ) becomes parameterd controls the structure of the biphoton spectrum
by governing the orientation of the symmetry axig=

~ ~ — wgtand of the phase-matching functioh, (wg,®;). The
|wp/2+ w)d0pl2—w)i, parametery controls the width ofb, and hence determines
(100  the bandwidth of the biphoton state. As will be shown, it is
the parameted that effectively controls the “quality” of the
where frequency entanglement of the down-converted photons, thus
determining their frequency correlations.
_ Am To enforce the indistinguishability of the down-converted
" Lys— il (1D signal and idler spectra, it is necessary to symmetrize the
biphoton spectral amplitudé(ws,w;) with respect towg
and a normalization constant has been omitted. In this limitand w; [3]. Given thata(ws, ;) of Eq. (4) can be approxi-
the fluorescence spectra of the two photons are identical andated by a function ofvs+ w;, Eq. (3) suggests that we
have a bandwidtlf);. In the case of type | phase matching need only to symmetrize the phase-matching function

do sin27w/Q)L
|TB>EJ_“’ sinzmo/Q )L
2m 27wl

Q
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P, (wg,w;) to guarantee tha(ws,w;) is symmetric inwg 8
and w; . The simplest and best known way to achieve such © .
symmetry is to require type | phase-matched crystals forg“ 3‘“8 B
which kg(w)=Kk;(w). Interestingly, a whole new class of & x
. . . . N L. o~ L
states is obtained by adopting a different strategy: the sym-&° .
metrization of®, can also be achieved by requiring= i gg
—v; (i.e., 6=—m/4). This regime can be enforced if the ~ _ T ol
crystal, in addition to satisfying the conventional phase- 2) SR L
matching conditior(7), also satisfies the group velocity con- l-0.05 o 005 ~0.02 0 0.02
dition [2,5,14 (0g—w,/2)/w, (0,-©,/2) /v,
) ki(wp/2)+k{ (wp/2)
ki(wp)= —— 5 . (12) = &
3 o 3 o
Equationg7) and(12) force the system to be phase matched§ §
over the entire fluorescence spectrum, not just at degenerac & | =10
Together they constitute the extended phase-matching cond @l & g
tions that will be used in the rest of this pagéB]. Under  ~ < [ TS
these constraints, the stat¥) now becomes I
b) i | L | L | L d) L | L 1 L I L
- - -0.02 O 0.02 -0.02 O 0.02
Vop= [ g | S (st i+ ap (0,-0,/2)/, (0,052,

FIG. 1. Plots of the biphoton spectral amplitudd v, ;)| for
different values of the crystal lengthand pump bandwidtfl, . In
each plot the white line is the symmetry axis®f (ws, ;) and the
black line is the symmetry axis of(ws+ w;), which is chosen
(13 according to Eq(27). (a) Conventional phase-matching condition
(7): the two symmetry axes are in general neither orthogonal nor
coincident.(The parameters for this plot am= 7/20, L=1 cm,

si m(ws— wj)/ QL - ~
X r[ﬂ-(_,ws ~w,) f pr/2+ws>s|wp/2+wi>i.
m(wg— wi)/ Qs

The biphoton spectral amplitude of this state is of the form

Alwg, ;) =S( @t 0)D(we— o)), (14) Q,=4x108s %) (b) Extended phase-matching conditio(i)

and (12): the two symmetry axes are orthogonab=(— /4, L

whereS=« is a function of the frequency sumg+ w;, and =1 ¢m, Q,=4x10%s™%) (c) |TB)-like state (10): signal and
D=d, is a function of the frequency differences— w; . idler photon frequencies are strongly anticorrelated. &) state

The symmetry properties of the extended-phase-matcheia reached by using either _the cor_wgntional phase-mgtching condi-
A(ws, ;) are such that, independent of the pump bandwidtHon O the extended ones in the limit of small bandwidith. (L
Q,, the symmetry axis of the pump spectral functiofw, =0.1.cm,Q,=1.6x10"*s™ 1) (d) |DB)-like state(15): signal and

. . - . . idler frequencies are strongly positive correlated. Th8) state
+ o) (with 6= 77/.4) 1S OrthOgonal to the s_ymmetry axis of canonly be obtained under the extended phase-matching conditions
the phase-matching functioh, (ws— w;) (with 6= — 7/4).

L in the limit of very long crystals. (=5 cm, Q,=4x10%s %)
In contrast, the symmetry axis df!_(ws,wi) fo.r.a conven- g all the plotsw,=2x 105 s™! and y=8x10"° ps/um.
tionally phase-matched staf® ) is not specified and can
take on any value ob (see Fig. L
In the limit of a monochromatic pumg),—0, we again  State. A detailed comparison between the stafé®) and
obtain the twin-beam statflB) from |¥,,,), suggesting |DB) can be found in Ref5]. In this paper we will focus on
that the additional phase-matching constraint B) does the properties of the class of stateB.p, of Eq. (13) to
not play a role in cw-pumped SPDC. However, even forwhich both|TB) and|DB) belong.
pulsed pump, we may still obtain a maximally frequency- The states|V,,,) comprise a family of frequency-
entangled state frorﬁyepm) in the limit of infinite crystal — entangled states each of which can be uniquely identified by
length L—o [5,14]. In this case, one obtains the the value of the two bandwidth parametéds of Eq. (11)
“difference-beam” state in which the signal and idler fre- and{},. The parametef); derives from the phase-matching
guencies are equal, i.e., function ® and is determined by the crystal properties
alone. It sets the bandwidth of the frequency-difference part
dw ~ - - of the biphoton state. On the other hand, the paranteter
|DB>EJ e 220+ wp)|wp/2+ w)5wy/2+ w);, comes solely from the pump spectral functianand deter-
(15) mines the bandwidth of the frequency-sum part of the bipho-
ton state. The ideal cases [fB) and |DB) are the maxi-
where the spectral function of the state is now determinednally entangled extrema of this family of states. For finite
entirely by the pump spectral characteristics. As shown picand nonzero(),, the state|¥,, retains frequency en-
torially in Fig. 2, the properties of thi$DB) state are tanglement even though it is no longer maximally entangled.
complementary, via Fourier duality, to those of tHEB) Hence, a measurement of the frequency of one photon par-
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b If contributions of order greater than or equal to three are
non-negligible, then there is no way to impose the form of
Eqg. (14) to the spectral functio\(ws,w;). It is still pos-
sible, however, to force the maximum of the phase-matching
\VAVAVAVAN A function ® | (wg,w;) to lie in the regionws=w;, as in the
. case of theDB) state. This is obtained by requiring that the
nth order terms obey

&”kp 19"k, "k;
FIG. 2. Pictorial representation of the time domain description ﬁ(wp)=§ ﬁ(wplz)"' ﬁ(wplz) : (17)

of parametric down-conversion. In the crystal, the signal and idler

photons are created simultaneously within a coherence time of the

pump. Left box: In theTB) state generation, a cw pun{pepre-  In the rest of the paper we will focus on cases in which the

sented by the sine wave in the figuie used and itgideally infi- first-order approximation holds.

nite) coherence time is much longer than the average time that the

generated photons need to traverse the crystdl/€). The two

photons in thg TB) state argime correlatedand, by Fourier dual- IV. POLARIZATION ENTANGLEMENT

ity, frequency anticorrelatedRight box: In the|DB) state genera- Because the two photons byepn'> are indistinguishable

tion, a narrow pump pulse and a loftigleally infinite) nonlinear . . .
crystal are required. In this case, the different dispersion that the'en frequency, it would be very useful to entangle them in

two photons see while crossing the long nonlinear crystal after theiPOIa_mzatlor_]' A number of configurations can be utilized to
generation tends to separate them. At the output of the crystal theﬁ1Ch|eve this goal. For example, (_Jne can_adop_t a method
separation depends on the position at which they were created. Ti2logous to the one presented in Réf|, in which the
extended phase-matching conditions, however, guarantee that ti&tPUts from two coherently-pumped optical parametric am-
mean “position” of the two photons coincides with that of the Plifiers are entangled with a polarizing beam splitter. Here,
pump pulse. Hence, the two photons in t@B) state aretime  We discuss a different scheme, based on the one presented in
anticorrelatedand frequency correlated Ref. [9], that employs a single crystal. It generates the de-
sired polarization-entangled state only 50% of the time, but a

tiallv determines the frequency of the other NeverthelessSimple post-selection measurement allows one to discard the
y q y : ases in which the polarization-entangled biphoton state is

the spectra of the two photons are the same and the st t present
maintains optimal visibility in quantum interference experi- In a type Il phase-matched crystal the down-converted

ments for all values of the pump bandwidth, . This aspect 2 )
will be thoroughly analyzed in Sec. V, where some inten‘ero—photons have_orthogonal polarizations, Sjay_)r the signal
nd« for the idler. If these photons are fed into one port of

rsncerittr)lé:dmeasurements to characterize these states are %50-50 beam splitter, then each of the two photomsich

The extended phase-matching condiiof® and (12 gt (e Bl T ROSACEa B SIS, S it
hgve beenlobtamed frpm the flr.st-o-rder Taylor-serlgs exparng, o given by
sion given in Eq(8). This approximation for the functio
of Eq. (5)_ is valid if the _sec_ond—order correction to Lt do.  de
Ak(ws,w;) introduces a contributiod, such thatd,L/2 is s i
mu(chssmglller thanr/2. In vector notatTon, this secgnd—order W our = Ef 27 j ﬁA(wS’w‘)[Cg(wS)bL(wi)
term is given by%(@—@o)-H(éoy(cf)—cf)O) where @
= (ws,w;), wo=(wp/2,0,/2), andH(wo) is the Hessian ma-

+bl(wg)c! (w)+b] (@bl (w)

trix of the function Ak(w) evaluated atw,. The second- +cl(ws)c! ())]]0), (18)
order contribution can be shown to be smaller thamglz,
where u is the maximum-magnitude eigenvalueléfwo).  whereb andc are the output modes of the beam splitter. At

Hence, to ensure the validity of the first-order expansion irthe two output ports of the beam splitter, detectors with mea-

Eq. (8) over the entire pump spectrufd,, we must require  surement intervals longer than the largest signal-idler time

thatL<87-r/(|,u|Q,2)). An example of a nonlinear crystal that separation are used to measure the desired coincidences even

satisfies this requirements for extended phase matching h#sough the two photons will not in general arrive exactly at

been given in Ref[5]. the same timd5]. This post-selection scheme discards the
When the second-order contribution cannot be neglectediases in which both photons of a pair exit from the same

we can still obtain a biphoton spectral function of the formbeam-splitter output port, i.e., the last two terms of Bd®).

(14). This can be achieved by augmenting EG8.and(12)  The post-selected, filtered output is the Bell state

with the requirement that

1
=" > > .
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PBS
e o S P J dty J dip(Win | ES (1) EL (t2)
T T

HOM XES (1) EC (1) Win), (20

where |} is the state of the field at the interferometer
BS | T 1 input, T is the measurement interval of the detectors, and
e Ej(t) refers to the negative and positive components of the
electric field at thejth detector. WhenW;,) is a biphoton
2(/ state such as E@2), the expressioli20) in the limit of long
detection windowl — o becomes

HWP

d d
s P“j ziﬂ_lj Ziﬂz [(0lai(wi)az(wy)|¥in)|%  (2D)

wherea,; anda, are the photon annihilation operators at the

; two detectors. In terms of the annihilation operators of the
signal and idler, these are given by
BS T 1
MZ , lor
y ai(w)=[ag(w)e'" " +a;(w)]/2,
_ (22)
Y| aa(w)=[ay(w)—ai(w)e 7]/2
FIG. 3. Schematic representation of proposed experiments. TH®r the HOM interferometer setup and by
upper setup implements a Hong-Ou-Mandel interferomete(timat o .
der the extended phase-matching conditioisssensitive to fre- aj(w)=[as(w)(e“+1)+a(w)(e'"=1)]/2,
gquency anticorrelation of the down-converted photons. The lower 23

setup is a Mach-Zehnder interferometer that is sensitive to positive ~ @z(w)=[as(®)(1—e ') +a;(w)(1+e '*")]/2
frequency correlation. In both experiments the coincidences at de- .

tectors 1 and 2 are measured for different values of the relativéor the MZ interferometer setup.

delay = between the two interferometer arms. The pump source If the biphoton spectral amplitud&(ws, w;) is symmetric
produces a coherent pulse of mean frequengyand bandwidtt),  in its arguments, as in the case[®fc,n), Eq.(21) becomes
that can be varied to create different types of entanglement. The q do

configurations shown refer to type Il phase-matched parametric 3 2 2

down-convertefPDC) crystals for which a polarizing beam splitter Pi(T)ocf EJ E|A(w1’w2)| {1xcog (w1 wy) 7]},

(PBS separates the signal and idler photons and the half wave plate (24
(HWP) guarantees that the polarizations in the two output beams
are the same. where the minus signs apply to the HOM interferometer, and

the plus signs apply to the MZ interferometer. Using Eq.

The other three Bell states can be similarly obtained by ap§14), one can show that the two interferometers are sensitive

propriate addition of a polarization rotator and/ormarad to different parts of the biphoton spectrum,
phase shifter acting on one of the polarizations in one of the

dw
beam splitter output arms. P_(T)“f E|D(w)|2[1—005(w7')], (25
V. EXPERIMENTAL ENTANGLEMENT P+(7-)o<f d—w|S(a))|2[1+COin)], (26)
CHARACTERIZATION 2m

In this section we show how the frequency entanglemente., the HOM measures the difference-frequency part of the
of the family of state§¥,,,) can be characterized experi- biphoton spectrum of the stat# .y, and the MZ measures
mentally. The setups we describe are sketched in Fig. 3 aritie sum-frequency part.
are based on the Hong-Ou-Mand&lOM) interferometer Consider first the HOM interferometer. EquatidB5)
[10] and on the Mach-ZehndéZ) interferometef11]. The  yields the usual triangular Mandel dip for type Il phase-
photodetectors 1 and 2 at the output of the interferometersiatching(shown in Fig. 4 centered at=0 with a(base-to-
measure the photo-coincidence ré&ér) over a long-time base width of 47/, which is determined by the crystal
(i.e., longer than the time duration of the biphotoletection  length L. Note that the pump bandwidtf}, does not play
window. The rateP is monitored for different values of the any role in determining the functio®_(7), which is a
time delay 7 between the two arms of the interferometersunique characteristic of the stat#.,,) because of the ex-
that can be varied by moving the 50-50 output beam splittetended phase-matching conditions. It is well knoj@s-4]
From the Mandel formula for photodetectiph], we find that, under the conventional phase-matching condition
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FIG. 4. Example of quantum signatu_re; of the gxperimental re- FIG. 5. (a) Plot of the Mandel-dip visibilitV o of Eq. (A4),
sults for W) input state(a) Mandel dip in the coincidence rate  which measures the dip depth in the HOM interferometer as a func-
P_(7) at the output of a HOM interferometer. The characteristiction of the pump bandwidtH),. Here y=8x 107° ps/um, L
triangular shape of width- 1/Q); comes from the sir/x form of the =0.1 cm. (b) Plot of the MZ-peak visibilityVy; of Eq. (A8),
biphoton spectrum in Eq13). (b) Fringes and fringe envelope in  which measures the amplitude of the modulation of the fringes of
the coincidence rat®, (7) at the output of the MZ interferometer. Fig. 4 as a function of the crystal length As discussed in the
The Gaussian envelope of widthl/(),, derives from the Gaussian Appendix, the MZ visibility is always greater than 33fdotted
spectral profilg27) of the pump beam. The parameters in the plots|ine). Here y=8x 105 ps/um, Q,=4x 10® s™%. For both plots
areyL=8x10? ps, wp,=2x10"s"!, andQ,=4x10"s . different curves refer to different phase-matching conditions: ex-

only, the visibility of the Mandel dip decreases when thetended phase-matching conditiah= — m/4 (upper dashed lin
conventional phase-matching conditidower solid lines for, from

pump bandwidth is increased. The Mandel dip can be mtert-OIO to bottom, 6= — m/5, 6= — /6, 6=0, 6—m/5). In both the

preted as th(_e result of destructive quantur_n ihterference b‘?—TOM and MZ cases, under the conventional phase-matching con-
gNeen the dlffefrent patfr_s .th?jt Ieaﬁ to comcpencl:eshat th'aition the visibility decreases for increasing pump bandwj@th4]
etectord12]. If we are limited to the conventional phase- or crystal length. In contrast, there is no loss of visibility when the

matching condition in type Il phase-matched crystals, thetended phase-matching conditiorts<(— /4) are employed.
two down-converted photons are distinguishabfier ()

>0) because their spectra are differ¢8t In contrast, the o )

extended phase-matching conditions ensure that the twi€ coincidence function becomes

spectra are equaindependent of) ), thus maintaining in-

distinguishability of the two photons for all values@f;, . In -

this case, the visibility is not lost when the pump bandwidth P.(7m)xl+exp(—Qpr/4)cogwyT). (28)

Q, is increased14]. This is evident from Fig. 5, where the

visibilities of experiments employing different phase-

matching conditions are compared. A detailed analysis of th&imilar fringes in coincidence counts have been experimen-

visibility is presented in the Appendix. tally observed under the conventional phase-matching condi-
Consider now the MZ interferometer. Equati(26) gives  tion in Ref.[11]. Analogous to the case of the HOM inter-

a peak centered at=0 with a width that is proportional to ferometer, if one drops the extended phase-matching

1/Q, and is determined by the pump spectrum. This peak igonditions in favor of the conventional phase-matching con-

modulated by fringes of frequenay, and is totally indepen- dition (7), the visibility of the MZ peak decreases wheris

dent of the crystal properties. An example is given in Fig. 4increased. This effect is derived in the Appendix and illus-

For Gaussian pump spectrum trated in Fig. 5. Similar to the HOM dip, it is possible to
) S interpret the loss of visibility in terms of loss of indistin-
|a(w)|*=exd — (0—wp) Q] (27)  guishability of the two down-converted photons.
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As shown in Sec. Ill, each element of the family of statesciplinary University Research InitiativdlURI) program ad-
can be uniquely determined once the phase-matching bandiinistered by the Army Research Office under Grant No.
width Q¢ of Eq. (11) and the pump bandwidtf} , are speci- DAAD 19-00-1-0177 and by the National Reconnaissance
fied. It follows from the above analysis that the HOM inter- Office.
ferometer cannot distinguish amon® e, states with a
fixed Q¢ but different(},. It can only be used to discrimi- APPENDIX: VISIBILITY OF HOM AND MZ
nate among states with differef¥; . However, the MZ in- INTERFEROMETERS
terferometer cannot distinguish among states with a fiXgd
but different(); . It can only discriminate among states with
different pump bandwidth$),. In order to obtain a com-

plete characterization of the family of statp¥.,.,, one W€r€ discussed in Sec. V.

needs to perform both HOM and MZ interferometric experi- e have already analyzed extended-phase-matched crys-
ments. However, if one limits the analysis to the extremal@s. In the case of conventionally phase-maiched crystals,
cases of the stateddB) and |DB), either one of the two wh_en_a Eq.(12) does not hold, the expressions for the photo-
experiments is sufficient to distinguish between the twoCeincidence rateB..(r) of Egs.(25 and(26) are no longer
states because they are generated with different pump bant@lid- However, starting from Eq21), one can obtain the
widths and different crystal lengths. rate for the Hong-Ou-Mandel interferometer as

Before concluding, some final remarks are in order. The aoo  d
unique characteristics of thd' ) States originate from the ﬂj dog, ~ =~ 2 ~ -~
symmetry properties im?JosgtrJIT> by the extended phasel?(T)OCJ 27 ) 27w |01+ w2t wp) | (yswat viw)
matching conditions. These conditions allow the quantum ~ -~~~
correlations of the state to be more resilient. However, even — pL(ysw1t yiwp)€ (1 @272, (A1)
for the conventionally phase-matched sdal’q,m> analogous
properties could be obtained, if one were able to devise a
propriate interferometric setups that somehow compensa
for the difference between the signal and idler spe(rg.,

In this appendix we derive the expressions for the visibil-
ity functions Vyon and Vy,z of the two experiments that

where¢, (x) =2 sinkL/2)/x. For a Gaussian pump spectrum
ér(w)|2 of the form(27), Eq. (A1) reduces to

o — T ]
by stretching the bandwidth of one of thgnn this respect i e
we can say that the fundamental difference between theﬁ O L T E
|Wepm and|W ) states is in the fact that the former re- & ~ I
quires simpler and more easily realizable setups for demon& _ I
strating nonclassical features of the quantum states. £ f 1 ]
g T ]
VI. CONCLUSIONS N . S

We have discussed spontaneous parametric down a)
conversion in the regimes of continuous-wave pumping and
pulsed pumping. By adding to the conventional crystal ®pT————T1— 17 Sl
phase-matching conditiofV) the constraint(12), it is pos- A 1
sible to enforce certain symmetry properties on the biphotong
spectral functiorA(ws,w;) [14]. This allows one to create a 1 | i ]
down-converted pair of photons with identical specta that, X = [\ T ]
under accessible experimental conditions, constitutes a maxi_i o : I ]
mally entangled biphoton whose component photons have S [ T ]
coincident frequencies. We have proposed and analyzed tw _ i ] _
experimental arrangements, based on the HOM and MZ in- ©° ‘_'1' 5 i : S =
terferometers, for characterizing the states that exit an ex 7 ) d  (p)
tended phase-matched crystal. In particular, we have shown
that extended-phase-mactched states retain maximal visibil- FIG. 6. Plots of the expected coincidence rates for different
ity on both the interferometers for all the pump spectra. As inphase-matching conditions. The two left plots refer to the HOM
the case of the conventional phase matching, it is also pognterferometer setup; the two right plots refer to the MZ interferom-
sible to create polarization entanglement by exploiting theeter setup. The parameters in the plots @ren/5 for the two top
frequency entanglement: we have described a post-selectiwots and ¢=-=/6 for the two bottom plots; y=8
entangling procedure. x10°° ps/um; a)p=2><1015 st Q,=4X 108s % L=2cm.

The coincidence rates for the extended phase-matching @ase (

—a/4) were plotted in Fig. 4. The degradation of the HOM dip is
ACKNOWLEDGMENTS evident from the left plots. The presence of the functignin Eq.

(AB) is responsible for the fringe modulation in the plots on the

The Authors thank I. A. Walmsley for making them aware right, as compared with thel,,,) case shown in Fig. 4 for which
of Ref.[14]. This work was supported by the DoD Multidis- F,=0 prevails.
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Jr 1-|7/7, limit is to employ the extended phase-matching conditions
1—75 erf(T) for [r[<ry, (6= —/4). This implies that an extended-phase-matched
P_(7)x crystal will always show perfect visibility for any value of
1 for |7/>7 the pump bandwidti),. The visibility is defined as the
0 depth of the dip of Eq(A2), i.e.,
where erfé<)=(2/\/F)f’5dye‘y2 is the error function and ﬁgerf(llg)
_ _P_(®)-P_(0) 2
£=4/(QyyL|coso+sind)|), Viom= P (2P (0) _ m . (A4)
. (A3) 2— —¢erf(1/¢)
7=7yL|cosf—sing|/2. 2

For {—«, P_(7) reduces to the familiar triangular-shaped It is plotted as a function of},, for different values off in
Mandel dip plotted in Fig. 4. This limit can be achieved for Fig. 5.

vanishing pump bandwidtf) ,—0, i.e., when 4TB) state is The case of the Mach-Zehnder interferometer is analo-
fed into the interferometer. Another way to obtain the samegous, but now Eq(21) becomes

do, (do, - - ) ~ ~ [~ wp\T| [~ w7
P+(T)Mfﬁfﬁla(wl+w2+wp)| bL(yswat yiw)siN | w1+ o7 58N | wot+ o= 5
~ ~ ~ a)p T ~ (x)p T 2
— ¢L(ysw1+ yiw;)CO w1+ 5| 5(C08 | wot 7] 5 (A5)
Considering again a Gaussian pump spectrum,(Kf) reduces to
P (1) 14+cogw,7)Fyi(7)+ Fo(7), (AB)
where
1 2 1 Q.7 1 Q.7
— T o (Qyri2) — et i p
Fi(7) Z(e o4 & erf 2 + erf 4§+ 5 ) ]
- 1 N Q,7\?[ cosf+sing)? 2 meB(r] . 1—|7|/7, A7
2(7)—5 (7/7g)EX 2 cosf—singd wéB (1l 7y)er 4—‘5 , (A7)

with A(x)=1—1|x| and B(x)=1 for |x|<1, and A(x)=B(x)=0 elsewhere. The functiotF; gives an envelope for an
oscillation at the pump frequenay,,, while 7, is a contribution that disappears both for {ie@8) state and for extended-
phase-matched crystals, i.e., in the limitéof 0. Notice that in this case E¢A6) reduces to Eq28). In Fig. 6 some example
plots of coincidence graphs are given for different values of the phase-matching pardnfetear measure of fringe visibility
for the MZ interferometer, we use the quantity

P (0)—P (7w, B 1+[F(ml wp) — Fo(ml wp) ]
P (0)+P (mwy) 3—[Fi(mlwp)—Fy(mlwp)]’

VMZE (A8)
which is plotted as a function of the crystal lendtHor different values off in Fig. 5. In Eq.(A8) the fringe maximum is
estimated byP , (0), and theringe minimum is estimated by , (7/ wp); these quantities are easily measured experimentally.
Note that for all interesting cases(7/ w,)=F,(7/ wp), so that Eq(A8) implies V\,=33%. This lower bound is reached

in the limit of very long crystald — oo if §# — 7r/4 as shown in Fig. 5. Analogous to the Hong-Ou-Mandel interferometer, the
Mach-Zehnder visibility is always maximum for extended phase-matched crystals ¢r/4).
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