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Interferometric Bell-state preparation using femtosecond-pulse-pumped spontaneous
parametric down-conversion
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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-cof8eEx@dn
First, we show how the inherent distinguishability in femtosecond-pulse-pumped type-Il 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-l 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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[. INTRODUCTION where the subscripts 1 and 2 refer to two different photons,
photon 1 and photon 2, respectively, and they can be arbi-
The nature of quantum entanglement attracted a great dethrily far apart from each othetX) and|Y) form the or-
of attention even in the early days of quantum mechanics, yghogonal basis for the polarization states of a photon, for
it remained an unsolvable subject of philosophy until Bellexample, it can be horizontalH)) and vertical {V)) polar-
showed the possibility of practical experimental tddis4]. ization state, as well g#5°) and|—45°), respectively.
Since then, many experimental tests on the foundations of The subject of this paper is a detailed theoretical and ex-
qguantum mechanics have been perform&e8|. All these perimental account of how one can prepare a polarization
tests confirmed quantum-mechanical predictions. More reBell state using femtosecond-pulse-pumped SPDC. In Sec. |,
cently, experimental and theoretical efforts are being shiftedve discuss why one needs such a pulsed source of Bell
to “applications,” such as quantum communications, quan-states, what happens when femtosecond-pulsed laser is used
tum cryptography9], and quantum teleportatigdQ], taking  to pump a type-ll SPDC, and what has been done to recover
advantage of the peculiar physical properties of quantum erthe visibility of quantum interference in femtosecond-pulse
tanglement. It is clear that preparation of maximally en-pumped type-Il SPDC. In Sec. Il, we present a detailed the-
tangled two-particleltwo-photon) entangled states, or Bell oretical description of how one can prepare a polarization
states, is an important subject in modern experimental quarBell state using femtosecond-pulse-pumped type-lIl SPDC
tum optics. without any postselection, followed by the experiment in
By far the most efficient source of obtaining two-particle Sec. Ill. We then turn our attention to type-I SPDC and in-
entanglement is spontaneous parametric down conversiorestigate it in detail theoretically in Sec. IV and experimen-
(SPDQ. SPDC is a nonlinear optical process in which atally in Sec. V.
higher-energy pump photon is converted into two lower- The quantum nature of SPDC was first studied by Kly-
energy daughter photons, usually called the signal and thshko in late 1960'§12]. Zel'dovich and Klyshko predicted
idler, inside a noncentrosymmetric crysfdll]. In type-l the strong quantum correlation between the photon pairs in
SPDC, both daughter photons have the same polarizatiorBPDC [13], which was first experimentally observed by
but in type-Il SPDC, the signal and the idler photons haveBurnham and WeinberfjLl4]. The nonclassical properties of
orthogonal polarizations. The signal and the idler are generSPDC were first applied to develop an optical brightness
ated into a nonfactorizable entangled state. The photon pastandard 15] and absolute measurement of detector quantum
is explicitly correlated in energy and momentum or equiva-efficiency[16].
lently in space and time. To prepare a maximally entangled Shih and Alley first used the quantum interference effect
two-photon polarization state, or a Bell state, one has tan SPDC for the preparation of a Bell stdté]. Hong, Ou,
make appropriate local operations on the SPDC photon pairand Mandel later used it to demonstrate the “photon bunch-
The polarization Bell states, for photons, can be written asng” effect [17]. These experiments have used type-l non-
collinear SPDC and a beamsplitter to superpose the signal-

D7) =[X1,X2) £ [Y1,Y2), idler amplitudes. Experimentally, type-l noncollinear SPDC
. is not an attractive way of preparing a Bell state mostly due
[W=)=X1,Y2) =[Y1,Xy), () to the difficulties involved in alignment of the system. Col-

linear type-ll SPDC developed by Shih and Sergienko re-
solved this issug18]. There is, however, a common prob-

*Email address: yokim@umbc.edu lem; the entangled photon pairs have a 50% chance of
"Permanent address: Department of Physics, Moscow State Unieaving at the same output ports of the beam splitter. There-
versity, Moscow, 119899, Russia. fore, the state prepared after the beam splitter may not be
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considered as a Bell state without amplitude postselection as  (q)
pointed out by De Caro and Garucdib9]. Only when one
considers the coincidence contributing terms by throwing )
away two out of four amplitude@ostselection of 50% of the \'/ '\ D,
amplitudes the state is then considered to be a Bell state. type-Il BBO Jﬂ
]

Kwiat et al solved this problem by using noncollinear type-I|

SPDC[20]. This noncollinear type-Il SPDC method of pre- =] L
paring a Bell state has been widely used in the quantum T T PBS
optics community. (b)

Recently, cw pumped type-I SPDC has also been used to
prepare Bell states. Kwiat al. used two thin nonlinear crys-
tals to prepare Bell states using noncollinear type-I SPDC - b,
[21] and Burlakovet al. used a beamsplitter to join collinear type-ll BBO i‘Az

Il
Tl
PB

type-1 SPDC from two thick crystals in a Mach-Zehnder in- 2 D
l P N _ N |

terferometer type setu2]. 1 N / > H’

Therefore, in cw pumped SPDC, there are readily avail- e-o delay 1 NPBS A,

able well-developed methods of preparing a Bell state. How-

ever, entangled photon pairs occur randomly within the co- FIG. 1. (@ Most simple two-photon correlation experiment. A

herence length of the pump-laser beam. This huge timé&mtosecond-pulse pumps a type-Il BBO crystal to create entangled

uncertainty makes it difficult to use in some applications,phou?” pairs via the SPDC process. Orthogonally polarized signal

such as the generation of multiphoton entangled states, quafifd idler photons are separated by a PBS and detected by two

tum teleportation, etc, as interactions between entangled ph etectorsD, andD,. (b) Collinear 'nterfer.ometer o observe quan-

. . . fum interference. The-o delay = can be introduced by a stack of

tqn_ pairs generated from different Sourcgs are required. Th'&uartz plates. NPBS is a 50/50 nonpolarizing beamspligrand

difficulty was thought to be solved by using a femtosecond-A2 are polarization analyzers.

pulse laser as a pump. Unfortunately, femtosecond-pulse-

pgmped type-1l SPDC shows poor quantum interference vis- | BELL-STATE PREPARATION USING TYPE-II

ibility c_iue to the very d|fferent(com_pared to the cw case SPDC: THEORY

behavior of the two-photon effective wave functipd3].

One has to utilize special experimental schemes to maximize Let us first briefly discuss the basic formalism of pulse-

the overlap of the two-photon amplitudes. Traditionally, thepumped type-Il SPDC as discussed by Keller and Rubin

following methods were used to restore the quantum intert23]. A femtosecond-pulse pumps a type-Il BBO crystal to

ference visibility in femtosecond-pulse-pumped type-ll create entangled photon pairs via the SPDC process. Or-

SPDC:(i) to use a thin nonlinear crystak(100 um) [24] thogonally_ p_olanzed S|gpal and idler photons are separated

or (ii) to use narrow-band spectral filters in front of detectorsby a polarizing beamsplittefPBS and detected by two de-

[25]. Both methods, however, reduce the available flux of thdectors, see Fig. @) N
entangled photon pair significantly and cannot achieve com- Let us start from the Hamiltonian of the SPZ3,3Q
plete overlap of the wave functions in principle. We will
discuss this in detail in Sec. II.

Branninget al. first reported an interferometric technique
to remove the intrinsic distinguishability in femtosecond-

pulse-pumped type-ll SPDC without using narrow-band ﬁI'WhereEp(z,t) is the electric field for the pump pulse, which
ters and a thin cryst@P6]. This r_nethod,_ however, ca_nnot be is considered to be classical, aﬁﬁ') (Eg—)) is the negative
used to prepare a Bell state siniwair biphoton amplitudes  frequency part of the quantized electric field for the
are involved in the quantum interference procg®d. This o polarized €-polarized photon inside they(® nonlinear

issue will be discussed in Sec. Il. More recently, Atetu crystal (BBO). The pump field can be written as
et al. claimed recovery of high-visibility quantum interfer-

ence in pulse-pumped type-ll SPDC from a thick crystal

without spectral.postselect'icEBS]. Unfortunat'ely, the theory Ep(z,t)zgpf dwpe—[wp—ﬂp]zlvﬁei[kpwp)z—wpt], (3)

as well as the interpretation of the experimental data pre-

sented in their work are shown to be in erf@8]. Then it is

fair to say that there have been no generally accepted methhere &, is the amplitude of the pump pulsé€), is the
ods of preparing a Bell state from femtosecond-pulsecentral frequency of the pump pulse;=4 In2fo;""™?
pumped SPDC without making any postselection, especiallyhere ¢t is the full width at half maximumFWHM)

the spectral postselection. In the following sections, we willbandwidth of the pump pulse, and thelirection is taken to
present experimental studies of preparing a Bell state usinge the pump pulse propagation direction. In the interaction
femtosecond-pulse-pumped SPDibth type Il and type)l  picture, the state of SPDC is calculated from first-order per-
together with the theoretical analysis. turbation theory30]

H= Eof dery@E,(z,t)ESVEL ), 2
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i oo
[¥)=—7] dtH|0),

L
=CJ dkodkedwpf dz e [op~ %Iy
o
X eA25(w,+ we—wp)a;agO), (4)

whereC is a constantL is the thickness of the crystaa,
(aZ,) is the creation operator ab-polarized €-polarized
photon in a given mode, and =k,—k,—k, is the phase
mismatch.

The state vectofy) obtained in Eq(4) is used to calcu-
late the probability of getting a coincidence co(iat].

R f dty f dt,[(0[ESVEL"|y)]% (5)
where the field at the detect@r; can be written as

’ 2 N
E(1+):f dwle*[w *Ql]zlrrleflw tgao(a)!)’ (6)
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FIG. 2. (a) Biphoton wave function with femtosecond-pulse
pump in the case of Fig.(d is shown in density plot. It differs
significantly from the case of cw pumped type-Il SPDC. It starts at
—DL and ends at 0 due to the fact that a BBO is a negative uniaxial
crystal so that the group velocity of tlegolarization is greater than
that of theo polarization. This figure shows how the two-photon
amplitude|Vy,H,) is distributed in time(b) Two biphoton ampli-
tudes (V,,H,) and|H,,V,)) are present in the case of the experi-
mental setup shown in Fig.(d). When 7 is increased, the two
biphoton wave-functions move toward each other. If the pump is
cw, the biphoton is essentially infinitely long in direction. If 7
=DL/2, in the case of cw-pumped type-ll SPDC, the overlap is
complete and 100% quantum interference can be observed. How-
ever, there is only limited amount of overlap due to the peculiar
shape of the biphoton amplitudes in pulse-pumped type-Il SPDC

wheret{=t,—19/c, |{ is the optical path length experienced and this results in the reduction of the visibility of quantum inter-
by theo-polarized photon from the output face of the crystalference. This is the inherent difference from cw pumped type-Ii

to D, anda,(w’) is the destruction operator ofpolarized

photon of frequencyw’. ), is the central frequency and

o2=41n2[o""™]2 where oT""™ is the FWHM band-

width of the spectral filter inserted in front of the detector

D,. E{") is defined similarly.
We now define the two-photon amplituder biphoton as

Aty t_)=(0|ESVE) |y, 7

wheret , =(t+15)/2, andt_=t]—t5.

SPDC.
The exact form of thdI(t, ,t_) function is given by

TI(t, ,t.)

B ge*"s{tV[D“D]‘*}z"" for 0<t_<DL
0 otherwise,

For generality, we have included the spectral filtering inwhereg is a constant. Note that, different from the cw case
Eg. (6). The effect of spectral filtering on the two-photon wherell is a function oft_ only [30], IT is now a function

effective wave function

in femtosecond-pulse-pumpedof botht, andt_ .

type-ll SPDC is studied theoretically and experimentally by The shape of thél(t_. ,t_) function is shown in Fig. @).
Kim et al[32]. For the purpose of this paper, the bandwidthslt differs from the cw pumped type-Il SPDC significantly.

of the spectral filtersr; and o, are now taken to be infinite.

Let us also assume degenerate SPOG(),).

Similar to the cw case, the biphoton starts a0 and ends
at[t_|=DL [30], but unlike the cw case, there is a strong

Therefore the two-photon amplitude originated from eachdependence on the direction. This is the reason why quan-

pump pulse has the forfi23]

. o o0 L
Aty ,L)=e_'th+f dvpf dv,f dze [vp/opl
— 0 — o0 0
X e*i{va++[V7/2]D}Ze7i vthre*i[v,/Z]t,
=e 1 MbI(t, ), (8)

where D =3{1/u(Q) +Lue(Qe)} —Lup(Q,),  and

D=1Muy(Q,) — Lus(Qe). Ux(L),) is the group velocity of a
o-polarized photon of frequencQ), inside the BBO. Sub-
scripts o, e, and p refer to o-polarized photong-polarized
photon, and the pump, respectively, is the detuning from
the pump central frequencf, (v,=wp—Qp). v, and ve

are defined similarly anad_=v,— v,.

tum interference visibility is reduced in femtosecond-pulse-
pumped type-Il SPDC.

To prepare a polarization entangled state using type-II
collinear SPDC, one first has to replace the PBS in Fig). 1
with a nonpolarizing 50/50 beamsplittéNPBS), see Fig.
1(b), so that there are two biphoton amplitudes to contribute
to a coincidence counti) the signal is transmitted and the
idler is reflected at the NPBS £r or |V4,H,) amplituds,
or (ii) the signal is reflected and the idler is transmitted at the
NPBS (—t or |H,,V,) amplitude. Here we only consid-
ered the coincidence contributing amplitudes: amplitude
postselection. When these twte-r (|Vy,H,)) and r—t
(IH1,V,)) amplitudes are made indistinguishable, a Bell
state is preparetimodulo amplitude postselectipand it can
be confirmed experimentally by observing 100% quantum
interferencq 18]. To make the two amplitudes indistinguish-
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able, thee-o delay 7 should be correctly chosen. A typical [
method by which to find the correeto delay 7 is to observe T
the interference diggsometimes called the Hong-Ou-Mandel
dip) when thee-o delay 7 in Fig. 1(b) is varied. One then
fixes 7 where the complete destructiveshen analyzers are
set atA;=A,=45°) orconstructivelwhen analyzers are set
at A;=45° andA,= —45°) interference occurs.

What happens in the experimental setup shown in Fig.
1(b) can be understood easily in the biphoton picture shown

in Fig. 2(b). As discussed above, there are two biphoton T
amplitudes distributed int(. ,t_) space. The one on the left — -
represents|V,,H,) and the one on the right represents

|[H1,V5). When thee-o delay 7=0, there is no overlap, i.e, Tp

no quantum interference. Asincreases, the biphoton wave
functions move toward each other by In cw pumped
type-ll SPDC, whenr=DL/2, the overlap between two am-

plitudes is complete since the biphoton amplitude is essen- t

tially independent oft, , i.e., 100% quantum interference DL DL

can be observed. On the other hand, in femtosecond-pulse-

pumped type-ll SPDC, as shown in Figb® the amount of FIG. 3. Biphoton amplitudes for Brannired al.s scheme. Four

overlap is very small even at=DL/2. Due to the tilted amplitudes are involved in the quantum interference, two from the
shape of the biphoton amplitude, there can never be 100d4st pass of the pump puls@ipper diagramand two from the
overlap between the two amplitudes and this results in th§8cond pass of the pump pulsewer diagram. The delay between
reduction of the visibility of quantum interference. It is jm- 1€ amplitudes from the first pass and the second pas.is is the

portant to note that, by introducing, we are shifting the samee-o0 delay shown in Fig. (b). The direction of arrows repre-
biphoton amplitudes’ in the. directioryw only sent how the relevant amplitudes moves in thelirection whenr

. is increased.
There are several ways to increase the overlap between

the two biphoton amplitudesi) One can use a thin BBO 554 of the pump pulse and the two biphoton amplitudes
crystal. In this case the relative area of overlap between thﬁ'om the second pass of the pump pulse. This ddlgyis

two biphoton amplitudes is increasedince [DL| is de- only introduced in the , direction[35,36). Thee-o delay =
creasedl by sacrificing the amount Of. photpn flui) One is introduced in the_ direction by introducing a stack of
can use very narrow-band spectral filters in front of the de- artz plates as before, see Figéh)land Zb). When 7=0
tectors. I_n this case, the biphpton amplit_ud_es get broaden dT,=0, 100% quant’um interference should be observed
strongly in thet_ direction, which results in increased over- i¢ v ation information is erased by setting both analyzers

"."‘p b etvx{een th? tW9 amplitudész]. (The effect of spect.ral at 45°. However, Bell states of the type shown in Eb.
filtering in t, direction is much smaller than that tn di- have not been prepared in this method.

rection) Again, the available_ photon fiux is r_educed. _ Let us now consider the experimental setup shown in Fig.
Branning et al. recently introduced an interferometric , [37]. A type-Il BBO crystal is placed in each arm of the
technique to overcome this problem by placing a type-lly;ach zehnder interferometéMzl). The pump pulse is po-
BBO crystal'm a Mlchelgon mterf;eromet({%].. Such a larized at 45° by using a/2 plate. PBS is the polarizing
method can in principle give a 100% quantum 'n_terf_erencel?eamsplitter. The optic axis of the first BBO is oriented ver-
It, however, cannot be used to prepare a polarization Be ically (1) and the other horizontally®). The pump pulse is
state since there ar®ur biphoton amplitudes, rather than blocked by the mirrorsM; and M . There are only two bi-
t.WO' invoIV(_ad in the interfering prqce£$7]. In addit.ion, the photon amplitudes in this3 procesg, one from each crystal, due
flrst-ortdEr '“tefgergr?“(gbser."ed Ilr] smale (;([)é"%tml_g tra)es to the fact that a polarizing beamsplitter is used to split the
cannot be avoided in Branningt al.s schem - Setus signal and the idler of the entangled photon pairs. Therefore,

discuss this a little further. By placing a thi¢k-mm) type-I ; :
BBO crystal into a Michelson interferometer, Brannigigal. wﬁtt(l%agéum state, when the MZl is properly aligned, can be

achieve a double-pass down-conversion schgg¥g In this

case, there arur biphoton amplitudes involved in the pro- |y)=|H1, Vo) +€?|Vy Hyp), 9
cess: two from the first pass of the pump pulse and the other

two from the second pass of the pump pulse since each pasgereH andV represent horizontal and vertical polarization
of the pump pulse results in two biphoton amplitudes agespectively. Therefore, by varying the relative phase delay
shown in Fig. 2b). Then the nonzero contribution of the ¢, one can prepare the Bell statéis™). The other two Bell
biphoton amplitudes in Branninet al’s scheme can be de- state§® ™) can be easily achieved by inserting £ plate in
picted as in Fig. 3T, is the delay introduced between the one output port of the MZI. Note that=Q T, whereT,, is

first pass and the second pass of the pump pulse, i.e., thke time delay between the two amplitudes in E9), so that
delay between the two biphoton amplitudes from the firstoy varyingT,, modulation in the coincidence counting rate
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. orthogonally oriented. Suppose that the optic axis of the

- 2 crystal in Fig. 8b) is now oriented vertically {), then the
~— a2 corresponding biphoton amplitude will appear flipped about
_'“'_ (66> t_=0, thus appearing from 0 ©L. Clearly, there cannot be

any overlap between two amplitudes even with the balanced
MZI (T,=0), just as the case considered in Fig&)land
- PBS | 2(b). However, in the cw pump case, the biphoton ampli-
tudes are independent bf . Therefore, by making appropri-
! 1 F1 ate compensation in thte direction, the two amplitudes can
g 12 be overlapped, i.e., by setting tieeo delay 7=DL/2. Note
)y Scan Tp that if the coherence length of the cw pump laser is not long
enough, then perfect overlap cannot be obtained for the same
FIG. 4. Bell-state preparation scheme using two type-ll BBO inreason as in the femtosecond-pulse-pumped case.
a Mach-Zehnder interferometéF, is the delay between the bipho- So far, we have pictorially shown that a true Bell state can
ton amplitudes from two different crystals. The relative phase isbe obtained in femtosecond-pulse-pumped type-Il SPDC by
between the two amplitudes delay=(,T,. Note that the optic using an interferometric technique. The picture we have pre-
axes of the BBO crystals are oriented orthogonally, one verticallysented is based on the biphoton amplitude calculated earlier
(1) and the other horizontally®). See text for detail. in this section. The space-time and polarization interference
effects are calculated as follows. We use the right-hand co-
is observed at the pump central frequency. Therefore, in thigrdinate system assuming the direction of propagation as the

scheme, a true Bell state can be prepared without any post-axis. Then the sum of biphoton amplitudes in the experi-
selection methods. As we shall show later in this section, thenental scheme, Fig. 4, is,

thickness of the nonlinear crystals and the spectral filtering
of the entangled photon flux do not affect the visibility in

Tsz@

principle, even with a femtosecond-pulse pump. Aty T to)=(er-en)(ey-ey)e MhII(t, ,to)
In this configurationg-polarized photons are always de- A A A
tected byD, ando-polarized photons are always detected by t(er-ey)(e;-ey)
D,. This is of great importance when the femtosecond laser XefiQp(t++Tp)H(t++Tp t), (10

is used as a pump. The biphoton amplitude for each coinci-

dence detection event is shown in Fig. 5. Note that only two

biphoton amplitudes are involved in the quantum interfer-wheree represents the unit vector in a certain direction, for
ence. If the MZl is balanced, 100% quantum interference Callyample él represents the direction of the analyZar The

be observed. This scheme provides a good method of prepatyincidence counting rate is then calculated as
ing Bell states. If a cw pump is used inste@8], it is not

absolutely necessary to have the optic axes of the crystals
Re= [ atdt A, T, Ll

= f dt,dt_|sinficosf,I1(t, ,t )

+cosfysing,e eIl (t, + T, t-)[?

4 «sin?#,cos 6, + cos 6,Sirt 6,
DL
+2V(T,)codQ,T,)sinh;cos6,c0s6;Sin 0,
11
(b) (11)
Fiz [Vi,H) Iy
—— | | where
| i
PBS i |
% lI I é !
E T Fl i ! f dt,dt_TI(t, ,t)II(t, +T,,to)
® A { ITP : . V(Tp)= — o lopTal%8.
|:| ; /SCI:jl Tp 'XDL DiL . f dt+dt7H2(t+ ,t,)
(12)

FIG. 5. This figure illustrates the two interfering biphoton am-
plitudes in the experimental setup shown in FigT4.is the time
delay between the two biphoton amplitudes. If the MZl is balanced, Therefore, the space-time interference ét= 0,=45°
i.e., T,=0, complete overlap can be achieved. will show
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R.=1+V(Tp)cogQ,Tp), (13
and the polarization interference will show ! ! !
. OO oo - O\ i
R.=SiM?(0,+6,) for Q,T,=0. (14) o LN
;lu 30000 : . 121.55 12D1.75 121.95
. . p ; elay (um)

It is important to note that the envelope of the space-time 2 : / 5 ‘
interference, when no spectral filters are usé(r,) func- & %07 = /% e )
tion, is exactly equal to that of the self-convolution of the 8 26000 ;:l W3 g;g —_— |
pump pulse. No crystal parameters affect the envelope of theg, }t'ﬁf et ; t ” ‘H
space-time interference pattern. As we shall show in Sec. IV§ 24000f- '3':{5" " R ' §
this is a special feature of type-ll SPDC. If any spectral 22000 k- LTIV ‘ |
filtering is used, naturally, the envelope will be broadened. ~ *°® el

20000 _ _ ! H { . 4
Ill. BELL-STATE PREPARATION USING TYPE-II SPDC: 100 260 360 4c|)o 5c|)o 600 760 800
EXPERIMENT Delay T , (fsec)

As mentioned before, the goal of this section is to experi- FIG. 6. Observed pump pulse interference by blocking the
mentally demonstrate that high-visibility quantum interfer- SPDC photons. The solid line is a Gaussian fit to the envelope. The
ence, which can be used to prepare a two-photon polarizatiodfWHM of the pump pulse envelope measured from the Gaussian fit
Bell state, can be observed in the experimental schemis 170 fs. Each column of data represents the modulation of about
shown in Fig. 4 and the envelope of these interference@ne wavelength and the modulation period is 400 nm as shown in
fringes is exactly the same as the pump pulse envelope. the inset. The inset has the same vertical scale as the main figure

Let us first discuss the experimental setup, see Fig. 4. A8nd the delay is displayed jam (rather than in fsto clearly show
briefly discussed in Sec. Il, a type-1l BBO crystal is placed inthe modulation period. The inset shows the detailed modulation
each arm of the MZI and the optic axes of the crystals ar@roundT,~ 406 fs.
oriented orthogonally, one verticallyf Y and the other hori-
zontally (©). The thickness of the crystals is 3.4 mm each.BBO is 3 nm. However, when 40-nm filters are used, see
The crystals are pumped by frequency-doublleg using a  Fig. 7(b), the FWHM of the envelopél 70 f9 is equal to the
700-um type-I BBO radiation of a Ti:Sa laser oscillating at FWHM of the pump pulse interference patterns, see Fig. 6.
90 MHz. The pump has the central wavelength of 400 nm:The effects of the spectral filters are not present and E.
The average power of the laser beam in each arm of the MZk confirmed experimentally. The average visibility is 76%,
is approximately 10 mW. The residual pump-laser beam i§yhich is higher than in any femtosecond-pulse-pumped
blocked by two mirrorsM; and M, and the relative phase ne.|| SPDC experiments with a thick crystal and no spec-
¢=0Q,T, between the two amplitudes can be varied by ady) fiters. No interference is observed in the single detector
justing one of the mirrordvl,. Collinear degenerate down counting rates.

conversion is selected by a set of pinholes. The visibility loss is mostly due to the imperfect align-

We first measure the envelope of the pump pulse itself b¥n .
- . X . ent of the system. Due to the anisotropy of the BBO crys-
blocking the SPDC photons while detecting a small fractlontal, the e ray walks off from the beam path of the ray.

of the pump light that passed through the mirréds and Ithough bothe rays from the two different crystals are col-

M,. This is done by simply using another set of interferenc A .
filtgrs that transmii/ 400pr¥m rac?iation. Figure 6 shows theected at the same detector, the walk off is in different direc-

measured envelope of the pump pulse interference patterdons: one walks off horizontally, the other walks off verti-
The measured FWHM is 170 fs and this will be comparedC@lly: When thick crystals are used, 3.4 mm in our case, such
with the envelope of the two-photon quantum interferencén effect is not negligiblg39]. Since we are not interested in
patterns. making any filtering, spectral or spatial, spatial filtering us-
The space-time quantum interference is observed,at ing a single mode fiber is not desirable. Instead of using
= 0,=45° by varyingT,. Two sets of experimental data are spatial filtering, such a walk off can be removed in another
collected by using two different sets of interference filters,way: the two crystals are oriented in the same direction and
FWHM bandwidths of 10 nm and 40 nm with 800-nm cen- then insert a\/2 plate after one of the crystd88].
tral wavelength, to demonstrate the effect of spectral filtering The interferometry using the MZI, however, has one dis-
on the biphoton wave-function. A 3-nsec coincidence win-advantage, keeping the phase coherence between the two
dow is used and single counting rates of the detectors ar@ms of the interferometer over a long time can be difficult.
recorded as well. Although we have shown here that the visibility can be im-
Figure 7 shows the data for these two measurements. lproved and in principle reach 100%, if the phase coherence
Fig. 7(a), the FWHM of the interference envelope is 310 fs.is not kept for a long time, such a method is not useful as a
This shows that 10-nm filter has some effect on the shape afource of Bell states for other experiments. We now turn our
the biphoton wave function. This is not so surprising sinceattention to type-l SPDC and investigate whether it offers a
the FWHM bandwidth of the SPDC spectrum for 3.4-mmgood solution to this problem. As we shall show, type-l
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800t~ T g9 s 99.7 99.9
: P Delay uf) 31
—_— i

65| i

4508 N
P ; : FIG. 8. Most simple two-photon correlation experiment using
£ """ %8y j ] type-l SPDC. See text for detail.
?é’ 11)0 32)0 550 780 type-1 SPDC differs quite a lot from type-Il SPDC or non-
g degenerate type-1 SPDC.
e (b Let us first consider the experimental situation shown in
‘S ! Fig. 8. Type-l SPDC occurs in the crystal and the photon
e pairs are detected by two detect@s andD,. The state of
PO s 3 A e 1050 10‘6.9‘ type-1 SPDC is_the same as Hg) except that both photons
ot ;; ’i’ . Delay i are nowo polarized. For type-l degenerate SPDC, the phase
50 s 4. 31 =
1t .:. . m mismatch termA becomes
] :.l' ] L
Toop e ] A=—(va++ZV2_D”), (15
100 300 500 700
Delay T p (fsec)

where v_=v;— v and subscript®, i, and s refer to the
FIG. 7. Quantum interference observed with the experimentabump, idler, and the signal, respective®+=1/uo(9p/2)
setup shown in Fig. 4a) 10-nm filters are used. Accumulation time —1/u,(€2,) whereu, (u,) are the group velocities of the

is 60 s. The measured width of the envelope is approximately 31%—polarized photorithe pump photoninside the crystal and
fs. The visibility is~ 75%. (b) 40 nm filters are used. Accumula- Drr:deo/d92|Q_Q ., where the wave vectorK,

tion time is 80 s. The measured FWHM of the envelope is ) . .
~170 fs, which is equal to the FWHM envelope of the pump pulse_QnO(Q)/C' No(£2) is the index of refraction of the crystal

itself. The visibility is ~ 76%. Each column of data represent the [OF @ given frequency). Note thatD , is defined differently
modulation of about one wavelength with a modulation period of/fom the type-Il SPDC case.

400 nm as predicted in EGL3). The insets have the same vertical 1 herefore, the biphoton amplitud(t, ,t-) for type-I
scales as the main figures and they show the detailed modulations®DC now becomei®3]

around(a) T,~332 fs and(b) T,~356 fs.

) [ L
. . —aiQ vy lo,]?
SPDC offers a better way of preparing Bell states in Alt:.t-)=e™' pt*j_xd”pf_md”ffo dze L7p/7!
femtosecond-pulse-pumped SPDC.
w @~ ilvpDy +v2 D Mlzg—ivt, =ilv_i2;

— A—iQt
IV. BELL-STATE PREPARATION USING TYPE-I SPDC: =e "WeleII(t, ), (16)
THEORY

where
In this section, we discuss how one can prepare a polar-

ization Bell state in an interferometric way usidggenerate
type-1 SPDC pumped by a femtosecond-pulse pump.

In general, the difference between type-ll SPDC and
type-l SPDC stems from calculating the phase mismatch
term A in Eq. (4). In type-ll SPDC, due to the fact that the
signal and the idler photons have orthogonal polarizationnlike the pulse pumped type-Il SPDC, thKt, ,t_) func-
only the first-order Taylor expansion df is necessary, even tion is symmetric int_. To simplify the calculation, no
in degenerate case. In degenerate type- SPDC, however, ospectral filters are assumed.
has to go to the second-order expansion since the first-order Having calculated the effective biphoton wave function of
terms cancel if the frequencies are degenerate. Thereforgpe-l SPDC, let us now consider the experimental scheme
nondegenerate type-l SPDC formalism is basically the samshown in Fig. 9 and calculate the coincidence counting rate
as that of degenerate type-Il SPDC and we will not discuss itn detail. Two interfering amplitudes are created from the
here again. On the other hand, as we shall show, degeneratgo crystals similar to Fig. 5 except that the biphoton ampli-

Lol 2 2/4,it? /[4D"
M(t, ,t_)= Odzﬁe Tplts +D . Z174gIt2/14D72] - (17)
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12
\ Scan T
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FIG. 9. Experimental scheme for two type-l crystals. Now, a
type-1 BBO crystal is placed in each arm of the MZI and the optic _, : . . . . . .
axes are orthogonally oriented. The output beamspliN&BS of -800  -600  -400  -200 0 200 400 600 800
the MZI is now 50/50 nonpolarizing beamsplitter. T, (fsec)

tudes now look different in type-1 SPDC. In the single-mode ~ FIG. 10. Calculated envelope of the interference pat@({i,)
approximation, the quantum state prepared in the experimerflr-om Eq. (22) for the experimental parameters in our experiment.

tal setup of Fig. 9 is given by Note that there are long tails of the interference envelope.
l)=|V1,Va)+€¥|Hy Hy), (18)  and the polarization interference will show

whereo is the relative phase between two amplitudes. If the

phaseg is correctly chosen, the Bell stat¢$ =) can be Re=co$(6,+6,) for Q,T,=0. (21)

prepared.(Note also that by inserting a/2 plate in one

output port of the NPBS, the other two Bell stajs™) can The envelope function of type-l SPDG(T,), differs a

also be prepareplAs we shall show below, there is no need |ot from that of the type-II SPDCY(T,). g(T,) is calcu-
for any spectral postselection in this case, however, amplitated to be

tude postselection is assumed because there are possibilities

that the signal and the idler exit at the same output port of the . .

beamsplitter. This event, however, is not detected since WQJ(Tp):f dt+f dt_TT(t, t)IT*(t, +Tp,to)

only consider the coincidence contributing events. Such am- — —

plitude postselection is not desirable in principle. Luckily, N N . .

there is a way to get around this problem, which we shall :j dulf duzf th' dt_

briefly discuss in Sec. V. 0 0 —o —

Let us now calculate the coincidence counting rates for
the experimental setup shown in Fig. 9 using the biphoton
amplitude calculated in Eq.16). By using the right-hand
coordinate system as in the type-ll SPDC case, the coinci-
dence counting rate is given by

e~ af)[t+ +D, Lu?] 2/4ei12_/[4D”Lu§]

e af)[t+ +Tp+D Lu§]2/4e— it2/[4D"Lu3]

1 1 u,u 2 2 2 2
:Cf dulf dUz—l 2 _e_(rP{DJrL[ul_uZ]_TP} /8,
0 0

Vug—ug|

R J dt,dt_|—sin#;sin,I1(t, ,t_)+cosh,cosh,

i (22
X e Tl (t, + Tyt )[?
=sir6,sirf6,+ cos 6,cos b, whereC is a constant and the change of variatdes u?L
, , (i=1,2), has been made.
—2G(Tp)cogQTy)sin6;in6,c086,c086,,  (19) It is interesting to find that the envelope functiG(T,)

_ , does noexplicitly contain the second-order expansion of the
whereG(t) =g(t)/g(0) with phase mismatch terd” at all. This result is quite surprising
ty=[dt,dt_TT(t, t )II*(t, +t.t ). since the presence @” is the principal differencg petween
g(=Jdt. (b, IRt ) type-1l SPDC and the degenerate type-I SPDThis is due

The G(t) function gives the envelope of the quantum inter-to the fact thaD =0 for degenerate type-1 SPDNote also

ference pattern as a function bf that the envelope of the space-time interference is not simply
Therefore, the space-time interference @t= 9,=45°  that of the convolution of the pump pulse as in type-Il SPDC
will show shown in Eq.(13); it is a complicated function ob . L and
o,. Figure 10 show$(T,) when realistic experimental pa-
R.=1—-G(Tp)cogQ,T,), (20 rameters are substituted in EG2).
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FIG. 11. Pump pulse interference. The measured FWHM enve- FIG. 12. Space-time interference observed in coincidence be-
lope is approximately 200 fs. Solid line is the Gaussian fit to thetween the two detector®; and D, for the analyzer setting,
envelope. Each column of data represents the modulation of several 6,=45°. 10-nm filters are used for this measurement. Note that
wavelengths with modulation period of 400 nm as shown in thethe FWHM is much bigger than the pump pulse interference shown
inset. The inset has the same vertical scale as the main figure andifit Fig. 11. 400-nm modulation is observed as predicted in(Zg).
shows the detailed modulation aroulg~696 fs. The inset has the same vertical scale as the main figure and it shows

the detailed modulation arouri,~826 fs.

V. “BELL-STATE PREPARATION USING TYPE-I . .
SPDC EXPERIMENT” [40], the second problem was solved by using the “collinear

interferometer” method in which two type-1 crystals are

In the experiment, we use two pieces of type-1 BBO crys-placed collinearly with the optic axes orthogonally oriented.
tal cut for collinear degenerate SPDC. The thickness of thd he first problem, amplitude postselection, was also removed
crystals is 3.4 mm each. The pump pulse central wavelengthy employingnondegenerateype-l SPDC in the collinear
is 400 nm and the average power of the pump beam in eackchemg41]. Also with collinear method, aligning the crys-
arm of the MZI is approximately 10 mW as in the type-Il tals is much easier and the visibility as high as 92% was
experiment. The repetition rate of the pump pulse is approxi€asily obtained with 40-nm filtergl0]. Although the collin-
mately 82 MHz. ear method and the MZI method look different, the theoret-

We first measured the pump pulse envelope. The gBdcal Qescr_iption we ha}ve.presented in the previ_ous ;ections
crystals are not removed from the MZI for the pump pu|Seappl|es \_Nlth no mod|f|cqt|ons. The theory descr!bed |n.Sec.
envelope measurement. This data is shown in Fig. 11. Gaust/ explains all.the experimental result's of REt0] in detail
ian fitting of the data gives the FWHM equal to 200 fs. This@nd the experimental results shown in Refl] can be ex-
is to be compared with the envelope of the quantum interferPlained by using the theory described in Sec. Il by exchang-
ence pattern measured in coincidence counting rate betwedpd the polarization label with the frequency label.
the two detector®, andD,.

To observe the quantum interference, we first block all the
residual pump radiation using additional absorption filters.
Analyzer angles are set a; = 6,=45°. The interference We have shown that high-visibility quantum interference
filters used in this measurement have 10 nm bandwidth. Asan be observed without using narrow-band filters for both
expected, high-visibility quantum interference is observedtype-Il and type-l SPDC pumped by femtosecond laser
see Fig. 12. The FWHM of the interference envelope ispulses. In these methods, a Mach-Zehnder interferometer is
much bigger than that of the pump pulse itself, see Fig. 11used to coherently add two biphoton amplitudes from two
Unfortunately, due to rather large fluctuations in the datagdifferent nonlinear crystals pumped by coherent laser pulses.
long tails of the interference envelope predicted by 26), Using this method, maximally entangled two-photon polar-
see Fig. 10, are washed out. ization states, or Bell states, can be successfully prepared.

With 40-nm filters, the shape of the envelope remained It is important to note that biphoton or two-photon ampli-
almost the same, while the width of the envelope and théudes generated from coherent pump lagenain coherent
visibility is slightly reduced. The reduction of the visibility even though they may originate from different spdt&d] or
with 40-nm filters is mainly due to the difficulty in aligning temporal[32,36,42 domains. As long as the distinguishing
both crystals with broadband filters. information present in the interfering amplitudes are erased,

There are two problems with this metha@l amplitude  high-visibility quantum interference should be observed.
postselection is assumed, afid the MZI cannot be made There is, however, one problem with the method using a
very stable for a long term. In a recently published papeMach-Zehnder interferometer: keeping the phase coherence

VI. CONCLUSION
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is difficult. This is a rather serious problem especially whenintroduce either irt_ or int, . In this paper, we have dem-
one is interested in using such a method to prepare a Befinstrated  high-visibility = quantum interference in
state and use it as a source. The collinear two-photon intefemtosecond-pulse-pumped SPDC by introducing a déjay
ferometer solves this problem. In this method, two type-lint. .
crystals are placed collinearly in the pump beam path In conclusion, we have demonstrated Bell-state prepara-
[40,41. Although different geometry is used, the theory pre-tion schemes using femtosecond pulse-pumped SPDC. In
sented in Secs. Il and IV applies equally for both the Mach-type-1l SPDC, the envelope of the interference pattern is ex-
Zehnder interferometer and the collinear case. actly equal to the envelope of the pump pulse convolution.

For the two-crystal scheme using pulse pumped type-1On the other hand, the envelope of interference pattern from
SPDC, the envelope of the space-time interference pattern tgpe-I SPDC is much broader than that of the pump interfer-
determined only by the bandwidth of the pump pulsg as  ence. This may be useful if one needs to use femtosecond-
shown in Secs. Il and Ill. Crystal parameters do not affecipulse-pumped SPDC, yet requires that two-photon ampli-
the envelope of the interference pattern at all. On the othetudes are distributed in time more than the pump pulse itself.
hand, for the two-crystal scheme using pulse pumped type-Type-I SPDC has an advantage over type-Il SPDC; two crys-
SPDC, the envelope of the interference pattern strongly detals can be easily used collinearly. As demonstrated in Refs.
pends on the crystal parameters, especially Dn [40,41], such a method will serve as a good source of en-
=1uy(Q,/2) = Llup(L2p) and the crystal thicknedsas well  tangled photon pairs for experiments, which require accurate
as the pump bandwidti, , as shown in Secs. IV and V. Itis timing to overlap biphotons from different domains.
also interesting to note that the envelope of the interference
pattern does not have explicit dependenceDdn

It is important to note the following. To observe the
space-time interference, one can introduce the delay in two We would like to thank V. Berardi and L.-A. Wu for their
ways: (i) in t_ or (i) in t, . In the single-crystal SPDC help during the last part of the experiment. This research was
scheme, quantum interference is observed by introducing theupported, in part, by the Office of Naval Research, ARDA
delayrint_. Butin the two-crystal SPDC scheme, one canand the National Security Agency.
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