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Interferometric Bell-state preparation using femtosecond-pulse-pumped spontaneous
parametric down-conversion

Yoon-Ho Kim,* Maria V. Chekhova,† Sergei P. Kulik,† Morton H. Rubin, and Yanhua Shih
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We present a theoretical and experimental study of preparing maximally entangled two-photon polarization
states, or Bell states, using femtosecond-pulse-pumped spontaneous parametric down-conversion~SPDC!.
First, we show how the inherent distinguishability in femtosecond-pulse-pumped type-II SPDC can be re-
moved by using an interferometric technique without spectral and amplitude postselection. We then analyze the
recently introduced Bell-state preparation scheme using type-I SPDC. Theoretically, both methods offer the
same results, however, type-I SPDC provides experimentally superior methods of preparing Bell states in
femtosecond-pulse-pumped SPDC. Such a pulsed source of highly entangled photon pairs is useful in quantum
communications, quantum cryptography, quantum teleportation, etc.
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I. INTRODUCTION

The nature of quantum entanglement attracted a great
of attention even in the early days of quantum mechanics,
it remained an unsolvable subject of philosophy until B
showed the possibility of practical experimental tests@1–4#.
Since then, many experimental tests on the foundation
quantum mechanics have been performed@5–8#. All these
tests confirmed quantum-mechanical predictions. More
cently, experimental and theoretical efforts are being shif
to ‘‘applications,’’ such as quantum communications, qua
tum cryptography@9#, and quantum teleportation@10#, taking
advantage of the peculiar physical properties of quantum
tanglement. It is clear that preparation of maximally e
tangled two-particle~two-photon! entangled states, or Be
states, is an important subject in modern experimental qu
tum optics.

By far the most efficient source of obtaining two-partic
entanglement is spontaneous parametric down conver
~SPDC!. SPDC is a nonlinear optical process in which
higher-energy pump photon is converted into two low
energy daughter photons, usually called the signal and
idler, inside a noncentrosymmetric crystal@11#. In type-I
SPDC, both daughter photons have the same polarizat
but in type-II SPDC, the signal and the idler photons ha
orthogonal polarizations. The signal and the idler are gen
ated into a nonfactorizable entangled state. The photon
is explicitly correlated in energy and momentum or equiv
lently in space and time. To prepare a maximally entang
two-photon polarization state, or a Bell state, one has
make appropriate local operations on the SPDC photon p

The polarization Bell states, for photons, can be written

uF6&5uX1 ,X2&6uY1 ,Y2&,

uC6&5uX1 ,Y2&6uY1 ,X2&, ~1!

*Email address: yokim@umbc.edu
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where the subscripts 1 and 2 refer to two different photo
photon 1 and photon 2, respectively, and they can be a
trarily far apart from each other.uX& and uY& form the or-
thogonal basis for the polarization states of a photon,
example, it can be horizontal (uH&) and vertical (uV&) polar-
ization state, as well asu45°& and u245°&, respectively.

The subject of this paper is a detailed theoretical and
perimental account of how one can prepare a polariza
Bell state using femtosecond-pulse-pumped SPDC. In Se
we discuss why one needs such a pulsed source of
states, what happens when femtosecond-pulsed laser is
to pump a type-II SPDC, and what has been done to reco
the visibility of quantum interference in femtosecond-pu
pumped type-II SPDC. In Sec. II, we present a detailed t
oretical description of how one can prepare a polarizat
Bell state using femtosecond-pulse-pumped type-II SP
without any postselection, followed by the experiment
Sec. III. We then turn our attention to type-I SPDC and
vestigate it in detail theoretically in Sec. IV and experime
tally in Sec. V.

The quantum nature of SPDC was first studied by K
shko in late 1960’s@12#. Zel’dovich and Klyshko predicted
the strong quantum correlation between the photon pair
SPDC @13#, which was first experimentally observed b
Burnham and Weinberg@14#. The nonclassical properties o
SPDC were first applied to develop an optical brightne
standard@15# and absolute measurement of detector quan
efficiency @16#.

Shih and Alley first used the quantum interference eff
in SPDC for the preparation of a Bell state@7#. Hong, Ou,
and Mandel later used it to demonstrate the ‘‘photon bun
ing’’ effect @17#. These experiments have used type-I no
collinear SPDC and a beamsplitter to superpose the sig
idler amplitudes. Experimentally, type-I noncollinear SPD
is not an attractive way of preparing a Bell state mostly d
to the difficulties involved in alignment of the system. Co
linear type-II SPDC developed by Shih and Sergienko
solved this issue@18#. There is, however, a common prob
lem; the entangled photon pairs have a 50% chance
leaving at the same output ports of the beam splitter. The
fore, the state prepared after the beam splitter may no

ni-
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considered as a Bell state without amplitude postselectio
pointed out by De Caro and Garuccio@19#. Only when one
considers the coincidence contributing terms by throw
away two out of four amplitudes~postselection of 50% of the
amplitudes! the state is then considered to be a Bell sta
Kwiat et al solved this problem by using noncollinear type
SPDC@20#. This noncollinear type-II SPDC method of pre
paring a Bell state has been widely used in the quan
optics community.

Recently, cw pumped type-I SPDC has also been use
prepare Bell states. Kwiatet al.used two thin nonlinear crys
tals to prepare Bell states using noncollinear type-I SP
@21# and Burlakovet al. used a beamsplitter to join collinea
type-I SPDC from two thick crystals in a Mach-Zehnder i
terferometer type setup@22#.

Therefore, in cw pumped SPDC, there are readily av
able well-developed methods of preparing a Bell state. Ho
ever, entangled photon pairs occur randomly within the
herence length of the pump-laser beam. This huge t
uncertainty makes it difficult to use in some application
such as the generation of multiphoton entangled states, q
tum teleportation, etc, as interactions between entangled
ton pairs generated from different sources are required. T
difficulty was thought to be solved by using a femtoseco
pulse laser as a pump. Unfortunately, femtosecond-pu
pumped type-II SPDC shows poor quantum interference
ibility due to the very different~compared to the cw case!
behavior of the two-photon effective wave function@23#.
One has to utilize special experimental schemes to maxim
the overlap of the two-photon amplitudes. Traditionally, t
following methods were used to restore the quantum in
ference visibility in femtosecond-pulse-pumped type
SPDC:~i! to use a thin nonlinear crystal (.100 mm) @24#
or ~ii ! to use narrow-band spectral filters in front of detect
@25#. Both methods, however, reduce the available flux of
entangled photon pair significantly and cannot achieve c
plete overlap of the wave functions in principle. We w
discuss this in detail in Sec. II.

Branninget al. first reported an interferometric techniqu
to remove the intrinsic distinguishability in femtosecon
pulse-pumped type-II SPDC without using narrow-band
ters and a thin crystal@26#. This method, however, cannot b
used to prepare a Bell state sincefour biphoton amplitudes
are involved in the quantum interference process@27#. This
issue will be discussed in Sec. II. More recently, Atatu¨re
et al. claimed recovery of high-visibility quantum interfe
ence in pulse-pumped type-II SPDC from a thick crys
without spectral postselection@28#. Unfortunately, the theory
as well as the interpretation of the experimental data p
sented in their work are shown to be in error@29#. Then it is
fair to say that there have been no generally accepted m
ods of preparing a Bell state from femtosecond-pul
pumped SPDC without making any postselection, especi
the spectral postselection. In the following sections, we w
present experimental studies of preparing a Bell state u
femtosecond-pulse-pumped SPDC~both type II and type I!
together with the theoretical analysis.
06230
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II. BELL-STATE PREPARATION USING TYPE-II
SPDC: THEORY

Let us first briefly discuss the basic formalism of puls
pumped type-II SPDC as discussed by Keller and Ru
@23#. A femtosecond-pulse pumps a type-II BBO crystal
create entangled photon pairs via the SPDC process.
thogonally polarized signal and idler photons are separa
by a polarizing beamsplitter~PBS! and detected by two de
tectors, see Fig. 1~a!.

Let us start from the Hamiltonian of the SPDC@23,30#

H5e0E d3rWx (2)Ep~z,t !Eo
(2)Ee

(2) , ~2!

whereEp(z,t) is the electric field for the pump pulse, whic
is considered to be classical, andEo

(2) (Ee
(2)) is the negative

frequency part of the quantized electric field for th
o-polarized (e-polarized! photon inside thex (2) nonlinear
crystal ~BBO!. The pump field can be written as

Ep~z,t !5EpE dvpe2@vp2Vp#2/sp
2
ei @kp~vp!z2vpt#, ~3!

where Ep is the amplitude of the pump pulse,Vp is the
central frequency of the pump pulse,sp

254 ln 2/@sp
FWHM#2

wheresp
FWHM is the full width at half maximum~FWHM!

bandwidth of the pump pulse, and thez direction is taken to
be the pump pulse propagation direction. In the interact
picture, the state of SPDC is calculated from first-order p
turbation theory@30#

FIG. 1. ~a! Most simple two-photon correlation experiment.
femtosecond-pulse pumps a type-II BBO crystal to create entan
photon pairs via the SPDC process. Orthogonally polarized sig
and idler photons are separated by a PBS and detected by
detectorsD1 andD2. ~b! Collinear interferometer to observe qua
tum interference. Thee-o delayt can be introduced by a stack o
quartz plates. NPBS is a 50/50 nonpolarizing beamsplitter.A1 and
A2 are polarization analyzers.
1-2



d
ta

d

or

in
n
e
by
th
.

c

se

.

g
-
e-

e-II

ute
e

the

de

ell

um
-

e

at
xial

n

ri-

is

is
ow-

liar
DC
r-
-II

INTERFEROMETRIC BELL-STATE PREPARATION . . . PHYSICAL REVIEW A63 062301
uc&52
i

\E2`

`

dt Hu0&,

5CE dkodkedvpE
o

L

dz e2@vp2Vp#2/sp
2

3eiDzd~vo1ve2vp!ao
†ae

†u0&, ~4!

whereC is a constant,L is the thickness of the crystal,ao
†

(ae
†) is the creation operator ofo-polarized (e-polarized!

photon in a given mode, andD5kp2ko2ke is the phase
mismatch.

The state vectoruc& obtained in Eq.~4! is used to calcu-
late the probability of getting a coincidence count@31#.

Rc}E dt1E dt2u^0uE2
(1)E1

(1)uc&u2, ~5!

where the field at the detectorD1 can be written as

E1
(1)5E dv8e2@v82V1#2/s1

2
e2 iv8t1

o
ao~v8!, ~6!

wheret1
o5t12 l 1

o/c, l 1
o is the optical path length experience

by theo-polarized photon from the output face of the crys
to D1 andao(v8) is the destruction operator ofo-polarized
photon of frequencyv8. V1 is the central frequency an
s1

254 ln 2/@s1
FWHM#2, where s1

FWHM is the FWHM band-
width of the spectral filter inserted in front of the detect
D1 . E2

(1) is defined similarly.
We now define the two-photon amplitude~or biphoton! as

A~ t1 ,t2!5^0uE2
(1)E1

(1)uc&, ~7!

wheret1[(t1
o1t2

e)/2, andt2[t1
o2t2

e .
For generality, we have included the spectral filtering

Eq. ~6!. The effect of spectral filtering on the two-photo
effective wave function in femtosecond-pulse-pump
type-II SPDC is studied theoretically and experimentally
Kim et al @32#. For the purpose of this paper, the bandwid
of the spectral filterss1 ands2 are now taken to be infinite
Let us also assume degenerate SPDC (V15V2).

Therefore the two-photon amplitude originated from ea
pump pulse has the form@23#

A~ t1 ,t2!5e2 iVpt1E
2`

`

dnpE
2`

`

dn2E
0

L

dze2@np /sp#2

3e2 i $npD11@n2/2#D%ze2 inpt1e2 i @n2/2#t2,

[e2 iVpt1P~ t1 ,t2!, ~8!

where D1[ 1
2 $1/uo(Vo)11/ue(Ve)%21/up(Vp), and

D[1/uo(Vo)21/ue(Ve). uo(Vo) is the group velocity of a
o-polarized photon of frequencyVo inside the BBO. Sub-
scripts o, e, and p refer to o-polarized photon,e-polarized
photon, and the pump, respectively.np is the detuning from
the pump central frequencyVp (np5vp2Vp). no and ne
are defined similarly andn2[no2ne .
06230
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The exact form of theP(t1 ,t2) function is given by

P~ t1 ,t2!

5H g e2sp
2$t12@D1 /D#t2%2/4 for 0,t2,DL

0 otherwise,

whereg is a constant. Note that, different from the cw ca
whereP is a function oft2 only @30#, P is now a function
of both t1 and t2 .

The shape of theP(t1 ,t2) function is shown in Fig. 2~a!.
It differs from the cw pumped type-II SPDC significantly
Similar to the cw case, the biphoton starts att250 and ends
at ut2u5DL @30#, but unlike the cw case, there is a stron
dependence on thet1 direction. This is the reason why quan
tum interference visibility is reduced in femtosecond-puls
pumped type-II SPDC.

To prepare a polarization entangled state using typ
collinear SPDC, one first has to replace the PBS in Fig. 1~a!
with a nonpolarizing 50/50 beamsplitter~NPBS!, see Fig.
1~b!, so that there are two biphoton amplitudes to contrib
to a coincidence count:~i! the signal is transmitted and th
idler is reflected at the NPBS (t2r or uV1 ,H2& amplitude!,
or ~ii ! the signal is reflected and the idler is transmitted at
NPBS (r 2t or uH1 ,V2& amplitude!. Here we only consid-
ered the coincidence contributing amplitudes: amplitu
postselection. When these twot2r (uV1 ,H2&) and r 2t
(uH1 ,V2&) amplitudes are made indistinguishable, a B
state is prepared~modulo amplitude postselection! and it can
be confirmed experimentally by observing 100% quant
interference@18#. To make the two amplitudes indistinguish

FIG. 2. ~a! Biphoton wave function with femtosecond-puls
pump in the case of Fig. 1~a! is shown in density plot. It differs
significantly from the case of cw pumped type-II SPDC. It starts
2DL and ends at 0 due to the fact that a BBO is a negative unia
crystal so that the group velocity of thee polarization is greater than
that of theo polarization. This figure shows how the two-photo
amplitudeuV1 ,H2& is distributed in time.~b! Two biphoton ampli-
tudes (uV1 ,H2& anduH1 ,V2&) are present in the case of the expe
mental setup shown in Fig. 1~b!. When t is increased, the two
biphoton wave-functions move toward each other. If the pump
cw, the biphoton is essentially infinitely long int1 direction. If t
5DL/2, in the case of cw-pumped type-II SPDC, the overlap
complete and 100% quantum interference can be observed. H
ever, there is only limited amount of overlap due to the pecu
shape of the biphoton amplitudes in pulse-pumped type-II SP
and this results in the reduction of the visibility of quantum inte
ference. This is the inherent difference from cw pumped type
SPDC.
1-3
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KIM, CHEKHOVA, KULIK, RUBIN, AND SHIH PHYSICAL REVIEW A 63 062301
able, thee-o delay t should be correctly chosen. A typica
method by which to find the correcte-o delayt is to observe
the interference dip~sometimes called the Hong-Ou-Mand
dip! when thee-o delay t in Fig. 1~b! is varied. One then
fixes t where the complete destructive~when analyzers are
set atA15A2545°) orconstructive~when analyzers are se
at A1545° andA25245°) interference occurs.

What happens in the experimental setup shown in F
1~b! can be understood easily in the biphoton picture sho
in Fig. 2~b!. As discussed above, there are two bipho
amplitudes distributed in (t1 ,t2) space. The one on the le
representsuV1 ,H2& and the one on the right represen
uH1 ,V2&. When thee-o delayt50, there is no overlap, i.e
no quantum interference. Ast increases, the biphoton wav
functions move toward each other byt. In cw pumped
type-II SPDC, whent5DL/2, the overlap between two am
plitudes is complete since the biphoton amplitude is ess
tially independent oft1 , i.e., 100% quantum interferenc
can be observed. On the other hand, in femtosecond-pu
pumped type-II SPDC, as shown in Fig. 2~b!, the amount of
overlap is very small even att5DL/2. Due to the tilted
shape of the biphoton amplitude, there can never be 10
overlap between the two amplitudes and this results in
reduction of the visibility of quantum interference. It is im
portant to note that, by introducingt, we are shifting the
biphoton amplitudes in thet2 direction only.

There are several ways to increase the overlap betw
the two biphoton amplitudes:~i! One can use a thin BBO
crystal. In this case the relative area of overlap between
two biphoton amplitudes is increased~since uDLu is de-
creased! by sacrificing the amount of photon flux.~ii ! One
can use very narrow-band spectral filters in front of the
tectors. In this case, the biphoton amplitudes get broade
strongly in thet2 direction, which results in increased ove
lap between the two amplitudes@32#. ~The effect of spectra
filtering in t1 direction is much smaller than that int2 di-
rection.! Again, the available photon flux is reduced.

Branning et al. recently introduced an interferometr
technique to overcome this problem by placing a type
BBO crystal in a Michelson interferometer@26#. Such a
method can in principle give a 100% quantum interferen
It, however, cannot be used to prepare a polarization B
state since there arefour biphoton amplitudes, rather tha
two, involved in the interfering process@27#. In addition, the
first-order interference~observed in single counting rate!
cannot be avoided in Branninget al.’s scheme@33#. Let us
discuss this a little further. By placing a thick~5-mm! type-II
BBO crystal into a Michelson interferometer, Branninget al.
achieve a double-pass down-conversion scheme@34#. In this
case, there arefour biphoton amplitudes involved in the pro
cess: two from the first pass of the pump pulse and the o
two from the second pass of the pump pulse since each
of the pump pulse results in two biphoton amplitudes
shown in Fig. 2~b!. Then the nonzero contribution of th
biphoton amplitudes in Branninget al.’s scheme can be de
picted as in Fig. 3.Tp is the delay introduced between th
first pass and the second pass of the pump pulse, i.e.
delay between the two biphoton amplitudes from the fi
06230
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pass of the pump pulse and the two biphoton amplitu
from the second pass of the pump pulse. This delayTp is
only introduced in thet1 direction@35,36#. Thee-o delayt
is introduced in thet2 direction by introducing a stack o
quartz plates as before, see Figs. 1~b! and 2~b!. Whent50
andTp50, 100% quantum interference should be observ
if polarization information is erased by setting both analyz
at 45°. However, Bell states of the type shown in Eq.~1!
have not been prepared in this method.

Let us now consider the experimental setup shown in F
4 @37#. A type-II BBO crystal is placed in each arm of th
Mach-Zehnder interferometer~MZI !. The pump pulse is po-
larized at 45° by using al/2 plate. PBS is the polarizing
beamsplitter. The optic axis of the first BBO is oriented ve
tically (l) and the other horizontally ((). The pump pulse is
blocked by the mirrorsM3 and M4. There are only two bi-
photon amplitudes in this process, one from each crystal,
to the fact that a polarizing beamsplitter is used to split
signal and the idler of the entangled photon pairs. Theref
the quantum state, when the MZI is properly aligned, can
written as

uc&5uH1 ,V2&1eiwuV1 ,H2&, ~9!

whereH andV represent horizontal and vertical polarizatio
respectively. Therefore, by varying the relative phase de
w, one can prepare the Bell statesuC6&. The other two Bell
statesuF6& can be easily achieved by inserting al/2 plate in
one output port of the MZI. Note thatw5VpTp , whereTp is
the time delay between the two amplitudes in Eq.~9!, so that
by varyingTp , modulation in the coincidence counting ra

FIG. 3. Biphoton amplitudes for Branninget al.’s scheme. Four
amplitudes are involved in the quantum interference, two from
first pass of the pump pulse~upper diagram! and two from the
second pass of the pump pulse~lower diagram!. The delay between
the amplitudes from the first pass and the second pass isTp . t is the
samee-o delay shown in Fig. 1~b!. The direction of arrows repre
sent how the relevant amplitudes moves in thet2 direction whent
is increased.
1-4
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is observed at the pump central frequency. Therefore, in
scheme, a true Bell state can be prepared without any p
selection methods. As we shall show later in this section,
thickness of the nonlinear crystals and the spectral filter
of the entangled photon flux do not affect the visibility
principle, even with a femtosecond-pulse pump.

In this configuration,e-polarized photons are always d
tected byD2 ando-polarized photons are always detected
D1. This is of great importance when the femtosecond la
is used as a pump. The biphoton amplitude for each coi
dence detection event is shown in Fig. 5. Note that only t
biphoton amplitudes are involved in the quantum interf
ence. If the MZI is balanced, 100% quantum interference
be observed. This scheme provides a good method of pre
ing Bell states. If a cw pump is used instead@38#, it is not
absolutely necessary to have the optic axes of the crys

FIG. 4. Bell-state preparation scheme using two type-II BBO
a Mach-Zehnder interferometer.Tp is the delay between the bipho
ton amplitudes from two different crystals. The relative phase
between the two amplitudes delay,w5VpTp . Note that the optic
axes of the BBO crystals are oriented orthogonally, one vertic
(l) and the other horizontally ((). See text for detail.

FIG. 5. This figure illustrates the two interfering biphoton am
plitudes in the experimental setup shown in Fig. 4.Tp is the time
delay between the two biphoton amplitudes. If the MZI is balanc
i.e., Tp50, complete overlap can be achieved.
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orthogonally oriented. Suppose that the optic axis of
crystal in Fig. 5~b! is now oriented vertically (l), then the
corresponding biphoton amplitude will appear flipped ab
t250, thus appearing from 0 toDL. Clearly, there cannot be
any overlap between two amplitudes even with the balan
MZI ( Tp50), just as the case considered in Figs. 1~b! and
2~b!. However, in the cw pump case, the biphoton amp
tudes are independent oft1 . Therefore, by making appropri
ate compensation in thet2 direction, the two amplitudes ca
be overlapped, i.e., by setting thee-o delayt5DL/2. Note
that if the coherence length of the cw pump laser is not lo
enough, then perfect overlap cannot be obtained for the s
reason as in the femtosecond-pulse-pumped case.

So far, we have pictorially shown that a true Bell state c
be obtained in femtosecond-pulse-pumped type-II SPDC
using an interferometric technique. The picture we have p
sented is based on the biphoton amplitude calculated ea
in this section. The space-time and polarization interfere
effects are calculated as follows. We use the right-hand
ordinate system assuming the direction of propagation as
z axis. Then the sum of biphoton amplitudes in the expe
mental scheme, Fig. 4, is,

A~ t1 ,Tp ,t2!5~ ê1•êH!~ ê2•êV!e2 iVpt1P~ t1 ,t2!

1~ ê1•êV!~ ê2•êH!

3e2 iVp~ t11Tp!P~ t11Tp ,t2!, ~10!

whereê represents the unit vector in a certain direction,
example,ê1 represents the direction of the analyzerA1. The
coincidence counting rate is then calculated as

Rc5E dt1dt2uA~ t1 ,Tp ,t2!u2

5E dt1dt2usinu1cosu2P~ t1 ,t2!

1cosu1sinu2e2 iVpTpP~ t11Tp ,t2!u2

}sin2u1cos2u21cos2u1sin2u2

12V~Tp!cos~VpTp!sinu1cosu2cosu1sinu2 ,

~11!

where

V~Tp![
E dt1dt2P~ t1 ,t2!P~ t11Tp ,t2!

E dt1dt2P2~ t1 ,t2!

5e2[spTp] 2/8.

~12!

Therefore, the space-time interference atu15u2545°
will show
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Rc511V~Tp!cos~VpTp!, ~13!

and the polarization interference will show

Rc5sin2~u11u2! for VpTp50. ~14!

It is important to note that the envelope of the space-ti
interference, when no spectral filters are used,V(Tp) func-
tion, is exactly equal to that of the self-convolution of th
pump pulse. No crystal parameters affect the envelope of
space-time interference pattern. As we shall show in Sec.
this is a special feature of type-II SPDC. If any spect
filtering is used, naturally, the envelope will be broadene

III. BELL-STATE PREPARATION USING TYPE-II SPDC:
EXPERIMENT

As mentioned before, the goal of this section is to expe
mentally demonstrate that high-visibility quantum interfe
ence, which can be used to prepare a two-photon polariza
Bell state, can be observed in the experimental sche
shown in Fig. 4 and the envelope of these interfere
fringes is exactly the same as the pump pulse envelope.

Let us first discuss the experimental setup, see Fig. 4
briefly discussed in Sec. II, a type-II BBO crystal is placed
each arm of the MZI and the optic axes of the crystals
oriented orthogonally, one vertically (l) and the other hori-
zontally ((). The thickness of the crystals is 3.4 mm eac
The crystals are pumped by frequency-doubled~by using a
700-mm type-I BBO! radiation of a Ti:Sa laser oscillating a
90 MHz. The pump has the central wavelength of 400 n
The average power of the laser beam in each arm of the
is approximately 10 mW. The residual pump-laser beam
blocked by two mirrorsM3 and M4 and the relative phas
w5VpTp between the two amplitudes can be varied by
justing one of the mirrorsM2. Collinear degenerate dow
conversion is selected by a set of pinholes.

We first measure the envelope of the pump pulse itsel
blocking the SPDC photons while detecting a small fract
of the pump light that passed through the mirrorsM3 and
M4. This is done by simply using another set of interferen
filters that transmit 400 nm radiation. Figure 6 shows
measured envelope of the pump pulse interference pat
The measured FWHM is 170 fs and this will be compar
with the envelope of the two-photon quantum interferen
patterns.

The space-time quantum interference is observed au1
5u2545° by varyingTp . Two sets of experimental data a
collected by using two different sets of interference filte
FWHM bandwidths of 10 nm and 40 nm with 800-nm ce
tral wavelength, to demonstrate the effect of spectral filter
on the biphoton wave-function. A 3-nsec coincidence w
dow is used and single counting rates of the detectors
recorded as well.

Figure 7 shows the data for these two measurements
Fig. 7~a!, the FWHM of the interference envelope is 310
This shows that 10-nm filter has some effect on the shap
the biphoton wave function. This is not so surprising sin
the FWHM bandwidth of the SPDC spectrum for 3.4-m
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BBO is 3 nm. However, when 40-nm filters are used, s
Fig. 7~b!, the FWHM of the envelope~170 fs! is equal to the
FWHM of the pump pulse interference patterns, see Fig
The effects of the spectral filters are not present and Eq.~13!
is confirmed experimentally. The average visibility is 76%
which is higher than in any femtosecond-pulse-pump
type-II SPDC experiments with a thick crystal and no sp
tral filters. No interference is observed in the single detec
counting rates.

The visibility loss is mostly due to the imperfect align
ment of the system. Due to the anisotropy of the BBO cr
tal, the e ray walks off from the beam path of theo ray.
Although bothe rays from the two different crystals are co
lected at the same detector, the walk off is in different dire
tions: one walks off horizontally, the other walks off vert
cally. When thick crystals are used, 3.4 mm in our case, s
an effect is not negligible@39#. Since we are not interested i
making any filtering, spectral or spatial, spatial filtering u
ing a single mode fiber is not desirable. Instead of us
spatial filtering, such a walk off can be removed in anoth
way: the two crystals are oriented in the same direction
then insert al/2 plate after one of the crystals@38#.

The interferometry using the MZI, however, has one d
advantage, keeping the phase coherence between the
arms of the interferometer over a long time can be difficu
Although we have shown here that the visibility can be i
proved and in principle reach 100%, if the phase cohere
is not kept for a long time, such a method is not useful a
source of Bell states for other experiments. We now turn
attention to type-I SPDC and investigate whether it offer
good solution to this problem. As we shall show, type

FIG. 6. Observed pump pulse interference by blocking
SPDC photons. The solid line is a Gaussian fit to the envelope.
FWHM of the pump pulse envelope measured from the Gaussia
is 170 fs. Each column of data represents the modulation of ab
one wavelength and the modulation period is 400 nm as show
the inset. The inset has the same vertical scale as the main fi
and the delay is displayed inmm ~rather than in fs! to clearly show
the modulation period. The inset shows the detailed modula
aroundTp' 406 fs.
1-6
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SPDC offers a better way of preparing Bell states
femtosecond-pulse-pumped SPDC.

IV. BELL-STATE PREPARATION USING TYPE-I SPDC:
THEORY

In this section, we discuss how one can prepare a po
ization Bell state in an interferometric way usingdegenerate
type-I SPDC pumped by a femtosecond-pulse pump.

In general, the difference between type-II SPDC a
type-I SPDC stems from calculating the phase misma
term D in Eq. ~4!. In type-II SPDC, due to the fact that th
signal and the idler photons have orthogonal polarizati
only the first-order Taylor expansion ofD is necessary, even
in degenerate case. In degenerate type-I SPDC, however
has to go to the second-order expansion since the first-o
terms cancel if the frequencies are degenerate. There
nondegenerate type-I SPDC formalism is basically the sa
as that of degenerate type-II SPDC and we will not discus
here again. On the other hand, as we shall show, degen

FIG. 7. Quantum interference observed with the experime
setup shown in Fig. 4.~a! 10-nm filters are used. Accumulation tim
is 60 s. The measured width of the envelope is approximately
fs. The visibility is ' 75%. ~b! 40 nm filters are used. Accumula
tion time is 80 s. The measured FWHM of the envelope
'170 fs, which is equal to the FWHM envelope of the pump pu
itself. The visibility is ' 76%. Each column of data represent t
modulation of about one wavelength with a modulation period
400 nm as predicted in Eq.~13!. The insets have the same vertic
scales as the main figures and they show the detailed modula
around~a! Tp'332 fs and~b! Tp'356 fs.
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type-I SPDC differs quite a lot from type-II SPDC or non
degenerate type-I SPDC.

Let us first consider the experimental situation shown
Fig. 8. Type-I SPDC occurs in the crystal and the pho
pairs are detected by two detectorsD1 andD2. The state of
type-I SPDC is the same as Eq.~4! except that both photon
are nowo polarized. For type-I degenerate SPDC, the ph
mismatch termD becomes

D52S npD11
1

4
n2

2 D9D , ~15!

where n25n i2ns and subscriptsp, i, and s refer to the
pump, idler, and the signal, respectively.D151/uo(Vp/2)
21/up(Vp) where uo (up) are the group velocities of the
o-polarized photon~the pump photon! inside the crystal and
D95d2Ko /dV2uV5Vp/2 , where the wave vectorKo

5Vno(V)/c. no(V) is the index of refraction of the crysta
for a given frequencyV. Note thatD1 is defined differently
from the type-II SPDC case.

Therefore, the biphoton amplitudeA(t1 ,t2) for type-I
SPDC now becomes@23#

A~ t1 ,t2!5e2 iVpt1E
2`

`

dnpE
2`

`

dn2E
0

L

dze2@np /sp#2

3e2 i @npD11n2
2 D9/4#ze2 inpt1e2 i @n2/2t2,

[e2 iVpt1P~ t1 ,t2!, ~16!

where

P~ t1 ,t2!5E
0

L

dz
1

Az
e2sp

2
@ t11D1z#2/4eit 2

2 /@4D9z#. ~17!

Unlike the pulse pumped type-II SPDC, theP(t1 ,t2) func-
tion is symmetric int2 . To simplify the calculation, no
spectral filters are assumed.

Having calculated the effective biphoton wave function
type-I SPDC, let us now consider the experimental sche
shown in Fig. 9 and calculate the coincidence counting r
in detail. Two interfering amplitudes are created from t
two crystals similar to Fig. 5 except that the biphoton amp

al

0

e

f

ns

FIG. 8. Most simple two-photon correlation experiment usi
type-I SPDC. See text for detail.
1-7
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tudes now look different in type-I SPDC. In the single-mo
approximation, the quantum state prepared in the experim
tal setup of Fig. 9 is given by

uc&5uV1 ,V2&1eiwuH1 ,H2&, ~18!

wherew is the relative phase between two amplitudes. If
phasew is correctly chosen, the Bell statesuF6& can be
prepared.~Note also that by inserting al/2 plate in one
output port of the NPBS, the other two Bell statesuC6& can
also be prepared.! As we shall show below, there is no nee
for any spectral postselection in this case, however, am
tude postselection is assumed because there are possib
that the signal and the idler exit at the same output port of
beamsplitter. This event, however, is not detected since
only consider the coincidence contributing events. Such
plitude postselection is not desirable in principle. Lucki
there is a way to get around this problem, which we sh
briefly discuss in Sec. V.

Let us now calculate the coincidence counting rates
the experimental setup shown in Fig. 9 using the bipho
amplitude calculated in Eq.~16!. By using the right-hand
coordinate system as in the type-II SPDC case, the coi
dence counting rate is given by

Rc}E dt1dt2u2sinu1sinu2P~ t1 ,t2!1cosu1cosu2

3e2 iVpTpP~ t11Tp ,t2!u2

5sin2u1sin2u21cos2u1cos2u2

22G~Tp!cos~VpTp!sinu1sinu2cosu1cosu2 , ~19!

whereG(t)5g(t)/g(0) with

g~ t !5*dt1dt2P~ t1 ,t2!P* ~ t11t,t2!.

The G(t) function gives the envelope of the quantum inte
ference pattern as a function oft.

Therefore, the space-time interference atu15u2545°
will show

Rc512G~Tp!cos~VpTp!, ~20!

FIG. 9. Experimental scheme for two type-I crystals. Now
type-I BBO crystal is placed in each arm of the MZI and the op
axes are orthogonally oriented. The output beamsplitter~NPBS! of
the MZI is now 50/50 nonpolarizing beamsplitter.
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and the polarization interference will show

Rc5cos2~u11u2! for VpTp50. ~21!

The envelope function of type-I SPDC,G(Tp), differs a
lot from that of the type-II SPDC,V(Tp). g(Tp) is calcu-
lated to be

g~Tp!5E
2`

`

dt1E
2`

`

dt2P~ t1 ,t2!P* ~ t11Tp ,t2!

5E
0

1

du1E
0

1

du2E
2`

`

dt1E
2`

`

dt2

3e2sp
2[ t11D1Lu1

2] 2/4eit 2
2 /@4D9Lu1

2
#

3e2sp
2
@ t11Tp1D1Lu2

2
#2/4e2 i t 2

2 /@4D9Lu2
2
#

5CE
0

1

du1E
0

1

du2

u1u2

Auu1
22u2

2u
e2sp

2$D1L@u1
2
2u2

2
#2Tp%2/8,

~22!

whereC is a constant and the change of variable,zi5ui
2L

( i 51,2), has been made.
It is interesting to find that the envelope functionG(Tp)

does notexplicitly contain the second-order expansion of t
phase mismatch termD9 at all. This result is quite surprising
since the presence ofD9 is the principal difference betwee
type-II SPDC and the degenerate type-I SPDC.~This is due
to the fact thatD50 for degenerate type-I SPDC.! Note also
that the envelope of the space-time interference is not sim
that of the convolution of the pump pulse as in type-II SPD
shown in Eq.~13!; it is a complicated function ofD1L and
sp . Figure 10 showsG(Tp) when realistic experimental pa
rameters are substituted in Eq.~22!.

FIG. 10. Calculated envelope of the interference patternG(Tp)
from Eq. ~22! for the experimental parameters in our experime
Note that there are long tails of the interference envelope.
1-8
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V. ‘‘BELL-STATE PREPARATION USING TYPE-I
SPDC EXPERIMENT’’

In the experiment, we use two pieces of type-I BBO cry
tal cut for collinear degenerate SPDC. The thickness of
crystals is 3.4 mm each. The pump pulse central wavelen
is 400 nm and the average power of the pump beam in e
arm of the MZI is approximately 10 mW as in the type-
experiment. The repetition rate of the pump pulse is appro
mately 82 MHz.

We first measured the pump pulse envelope. The B
crystals are not removed from the MZI for the pump pu
envelope measurement. This data is shown in Fig. 11. Ga
ian fitting of the data gives the FWHM equal to 200 fs. Th
is to be compared with the envelope of the quantum inter
ence pattern measured in coincidence counting rate betw
the two detectorsD1 andD2.

To observe the quantum interference, we first block all
residual pump radiation using additional absorption filte
Analyzer angles are set atu15u2545°. The interference
filters used in this measurement have 10 nm bandwidth.
expected, high-visibility quantum interference is observ
see Fig. 12. The FWHM of the interference envelope
much bigger than that of the pump pulse itself, see Fig.
Unfortunately, due to rather large fluctuations in the da
long tails of the interference envelope predicted by Eq.~22!,
see Fig. 10, are washed out.

With 40-nm filters, the shape of the envelope remain
almost the same, while the width of the envelope and
visibility is slightly reduced. The reduction of the visibilit
with 40-nm filters is mainly due to the difficulty in alignin
both crystals with broadband filters.

There are two problems with this method:~i! amplitude
postselection is assumed, and~ii ! the MZI cannot be made
very stable for a long term. In a recently published pa

FIG. 11. Pump pulse interference. The measured FWHM en
lope is approximately 200 fs. Solid line is the Gaussian fit to
envelope. Each column of data represents the modulation of se
wavelengths with modulation period of 400 nm as shown in
inset. The inset has the same vertical scale as the main figure a
shows the detailed modulation aroundTp'696 fs.
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@40#, the second problem was solved by using the ‘‘colline
interferometer’’ method in which two type-I crystals a
placed collinearly with the optic axes orthogonally oriente
The first problem, amplitude postselection, was also remo
by employingnondegeneratetype-I SPDC in the collinear
scheme@41#. Also with collinear method, aligning the crys
tals is much easier and the visibility as high as 92% w
easily obtained with 40-nm filters@40#. Although the collin-
ear method and the MZI method look different, the theor
ical description we have presented in the previous sect
applies with no modifications. The theory described in S
IV explains all the experimental results of Ref.@40# in detail
and the experimental results shown in Ref.@41# can be ex-
plained by using the theory described in Sec. II by excha
ing the polarization label with the frequency label.

VI. CONCLUSION

We have shown that high-visibility quantum interferen
can be observed without using narrow-band filters for b
type-II and type-I SPDC pumped by femtosecond la
pulses. In these methods, a Mach-Zehnder interferomete
used to coherently add two biphoton amplitudes from t
different nonlinear crystals pumped by coherent laser pul
Using this method, maximally entangled two-photon pol
ization states, or Bell states, can be successfully prepare

It is important to note that biphoton or two-photon amp
tudes generated from coherent pump laserremain coherent
even though they may originate from different spatial@35# or
temporal@32,36,42# domains. As long as the distinguishin
information present in the interfering amplitudes are eras
high-visibility quantum interference should be observed.

There is, however, one problem with the method usin
Mach-Zehnder interferometer: keeping the phase cohere

e-
e
ral
e
d it

FIG. 12. Space-time interference observed in coincidence
tween the two detectorsD1 and D2 for the analyzer settingu1

5u2545°. 10-nm filters are used for this measurement. Note
the FWHM is much bigger than the pump pulse interference sho
in Fig. 11. 400-nm modulation is observed as predicted in Eq.~20!.
The inset has the same vertical scale as the main figure and it s
the detailed modulation aroundTp'826 fs.
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is difficult. This is a rather serious problem especially wh
one is interested in using such a method to prepare a
state and use it as a source. The collinear two-photon in
ferometer solves this problem. In this method, two typ
crystals are placed collinearly in the pump beam p
@40,41#. Although different geometry is used, the theory p
sented in Secs. II and IV applies equally for both the Ma
Zehnder interferometer and the collinear case.

For the two-crystal scheme using pulse pumped typ
SPDC, the envelope of the space-time interference patte
determined only by the bandwidth of the pump pulsesp , as
shown in Secs. II and III. Crystal parameters do not aff
the envelope of the interference pattern at all. On the o
hand, for the two-crystal scheme using pulse pumped ty
SPDC, the envelope of the interference pattern strongly
pends on the crystal parameters, especially onD1

51/uo(Vp/2)21/up(Vp) and the crystal thicknessL as well
as the pump bandwidthsp , as shown in Secs. IV and V. It i
also interesting to note that the envelope of the interfere
pattern does not have explicit dependence onD9.

It is important to note the following. To observe th
space-time interference, one can introduce the delay in
ways: ~i! in t2 or ~ii ! in t1 . In the single-crystal SPDC
scheme, quantum interference is observed by introducing
delayt in t2 . But in the two-crystal SPDC scheme, one c
in
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-

A

A
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introduce either int2 or in t1 . In this paper, we have dem
onstrated high-visibility quantum interference
femtosecond-pulse-pumped SPDC by introducing a delayTp
in t1 .

In conclusion, we have demonstrated Bell-state prepa
tion schemes using femtosecond pulse-pumped SPDC
type-II SPDC, the envelope of the interference pattern is
actly equal to the envelope of the pump pulse convoluti
On the other hand, the envelope of interference pattern f
type-I SPDC is much broader than that of the pump interf
ence. This may be useful if one needs to use femtoseco
pulse-pumped SPDC, yet requires that two-photon am
tudes are distributed in time more than the pump pulse its
Type-I SPDC has an advantage over type-II SPDC; two cr
tals can be easily used collinearly. As demonstrated in R
@40,41#, such a method will serve as a good source of
tangled photon pairs for experiments, which require accu
timing to overlap biphotons from different domains.
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