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We report a Bell-state preparation experiment. High-purity Bell states are prepared by using femtosecond
pulse pumpedondegenerateollinear spontaneous parametric down-conversion. The use of a femtosecond
pump pulsedoes notresult in a reduction of quantum interference visibility in our scheme in which the
postselection of amplitudes and other traditional mechanisms, such as using thin nonlinear crystals or narrow-
band spectral filters are not used. Another distinct feature of this scheme is that the pump, the signal, and the
idler wavelengths are all distinguishable, which is very useful for quantum communications.
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The preparation and measurement of the Bell states amoherence length of the pump laser beam. This huge time
two important issues in modern quantum optics, especiallyncertainty makes it difficult for applications such as genera-
for quantum communications, quantum teleportation, etction of the multiphoton entangled state, quantum teleporta-
[1]. For photons, such states can be realized by using théon, etc., as interactions between entangled photon pairs
entang|ed photon pairs generated in spontaneous parametg@nerated from different SOUYCE‘_S are reqwred. This dlffICU|ty
down-conversiofSPDQ. By making appropriate local op- Was thought to be solved by using a femtosecond pulse laser
erations on the SPDC photon pairs, one can prepare all fo@s & Pump. Unfortunately, femtosecond pulse pumped type-||
Bell states. SPDC shows poor quantum interference visibility due to the

The polarization Bell states, for photons, can be written ay/€"Y different (compared to the cw casdehavior of the

two-photon effective wave functiof6]. One has to utilize
o\ + special experimental schemes to achieve complete overlap of
[D5)=1X1.Xz) 2] Y1, Y2), the two-photon amplitudes. Traditionally, the following
(1) methods have been used to restore the quantum interference
visibility in femtosecond pulse pumped type-ll SPDQ)
. . using a thin nonlinear crystak{(100 wm) [8] or (ii) using
where the subscripts 1 and 2 refer to two different phOtonSnarrow-band spectral filters in front of detect§6s7]. Both
photon 1 and photon 2, respectively, and they can be arbinethods, however, reduce the available flux of the entangled
trarily far apart from each othefX) and|Y) form the or-  photon pair significantly9] and cannot achieve complete
thogonal basis for the polarization states of a photon; fobverlap of the wave functions in princip[é].
example, it can be a horizontdlH)) and vertical {V)) po- The first attempt to achieve high-visibility quantum inter-
larization state, as well a#/5°) and |—45°), respectively. ference in femtosecond pulse pumped type-ll SPDC without
This means that the quantum interference should be indepensing narrow-band filters and a thin crystal was reported in
dent of the choice of the bases. Ref.[10]. The observed visibility, however, was rather low,

Such an experiment was first performed by Shih and Al-and keeping the phase coherence over a long term would be
ley, in which noncollinear type-I SPDC and a beam splittervery difficult since a Michelson interferometer is used. Also,
were used to prepare a Bell stf#, but it is very difficult to ~ Such a scheme cannot be used to prepare a Bell-state. Re-
align such a system. Collinear type-1l SPDC is thus devel£ently, we reported a high-visibility quantum interference
oped[3]. There is, however, a common problem: the en-experiment in which photon pairs are entangled both in po-

tangled photon pairs have a 50% chance of leaving at thigrization and space-time qsing femtosecond pulse pumped
pe-1 SPD{11]. However, it cannot be considered as a true

same output ports of the beam splitter. Therefore, the sta(j% ll-stat i . tselecting 50% of th "
prepared after the beam splitter may not be considered as £-state preparation since postselecting o Of the ampll-
tudes was still necessary.

Bell state without amplitude postselectipa]. Only when In this Rapid Communication, we report a Bell-state
one considers the coincidence contributing terms by throwbreparation experiment in WhiCh, we effectively eliminate
ing away two out of four amplitudegostselection of 50% any postselectionin femtosecond pulse pumped SPDC.
of the amplitudek is the state then said to be a Bell state. oiher features in our scheme includ@! collinear SPDC
This problem is later solve_d by using noncollinear type-Il 1 akes the alignment much easiéi) Alice and Bob share
SPDC or using two noncollinear type-l SPDE. photons of different frequencies entangled in both space-time
In the cw pumped SPDC, entangled photon pairs occupnd polarization(iii) phase coherence is automatically kept
randomly since the process is “spontaneous,” so the whereand the visibility as high as 92% is observé) thick crys-
abouts of the photon pair is completely uncertain within thetals can be used to increase the intenéitithout losing the
visibility), and(v) the spectral bandwidth is reduced signifi-
cantly (compared to type-l degenerate SPOy the use of

|\Pi>:|X11Y2>i|Yl1X2>1
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(a) Py wheret;,=t;—t, andt, =(t;+1,)/2. t;=T;—1,/c, where
gnmm T, is the time at which detectdrfires andl; is the optical
s path length from the surface of the crystal to the deteictor
/) 7300m @ ~ At ,tlg) is the amplitude of the biphoton as explicitly cal-
4 o M'@ culated in Ref[6].
£ 885nm For the scheme shown in Figd, A(t, ,t;,) is the sum
8 of the two amplitudes originated from the crystal in each arm
v of the MZI:
4/
msoe At ) = Ag(te )+ Ap(ts o), (4)
A(pﬁA(p,:Anp,, [
(b) Fﬂi where thg subscripta andb refer to the _crystal from' which
==u the amplitudes are created. The delayntroduced in one
40075 730nm Ea arm modifies the amplitudd,(t, ,t15)— Ay(t. +T,t15) and
>& e N 352 determines the additional phase shift for the biphoton ampli-
== =t tudesA =0, T=K,Ax, whereK,=2m/A,, Qy(A,) the
oA 4| W } 20 central frequencywavelength of the pump, and\ x the spa-
i} }_%_H% 1 {1):@) lm_l@F tial delay. Due to the energy conservation and negligibly

type-Tgv mirrok Dichroid small dispersion of the air, the phase shift depends only on
Pro-Compantaion 55 = MW the pump wavelengthh =K Ax+KiAx=K,Ax=Ag,,
FIG. 1. (a) Principle schematic of the experiment. The pump although the delay is introduced to the SPDC. f[dlﬂi!14].'lf
pulse is polarized at 45°. Nondegenerate collinear type-I SPDCEhe crystals are the same and the pump fields in different
occurs at the nonlinear crystal placed in each arm of the Nz, arms of the MZI are identical,

Schematic of the experimental setup. Note that three different | A(ts to) | = Ap(ts ,t)]. (5)

phases can be observed. Interference fillgrandF, are used to

cut the pump noise. The coincidence counting rate is then calculated to be
The basic idea of the experiment is illustrated in Fig)1 Rc.=1+Vcog,T), (6)

A 45° polarized femtosecond laser pulsentral wavelength
Ap=400 nm and pulse duratioor=80 fsec) enters the
Mach-Zehnder interferometéZ1), which contains a type-|
nonlinear crystal in each arm. One crystal has its optic axi
oriented vertically {) and another horizontally®). The
polarizing beam splittefPBS splits the 45° polarized pump fer
pulse into the vertical and horizontal polarized pulses propag;
gating along different arms of the MZI. Then nondegeneratq)
collinear type-1 SPDC occurs, with equal probability, at each
crystal (signal wavelength=730 nm and idler wavelength
=885 nn) and they are mixed at the dichroic beam splitter, R.=1+VcodAe,—Api—Agy), (7
which directs 730 nm photons to detecidr and 885 nm to ) _
detectorD,. In the simplified single-mode approximation, WhereAey, Agi, andAgs refer to the relative phases in-
the quantum state generated from the vertically orientedroduced into the pump, the idler, and the signal, respec-
crystal (1) is |¢/)1=|H7a)|Hgge) and that from the horizon- tively. o o
tally oriented one ©) is |#),=|V7s0)|Vags. H andV rep- As we have shown so far, one can_ellmlnate the possibil-
resent the horizontal and vertical polarization state of dty Of the entangled photon pairs leaving at the same output
single photon, respectively. Subscripts 730 and 885 refer tBOTtS of the beam splitter by employing nondegenerate two-
the wavelengths 730 and 885 nm, respectively. When th@hoton entanglement. In this scheme, high-visibility quan-
MZI is balanced, the quantum state after the MZ{visthout tum interference can be achieved independent of the crystal

whereV=1 in this experimenf15,16. Note that the angles
of the analyzer#\; andA, are assumed to be 45°. From Eq.
6), we expect that the coincidence counting rate will be
odulated in the pump central wavelength wfieis varied.
There are also two more ways to vary the phases of inter-
ence by introducing relative delayssing a piece of bire-
ngent material, such as a quartz platgter the output
eam splitter, i.e., in the signalA@ps) and/or in the idler
(A¢;) channels. Therefore we obtain

throwing away any amplitudgs thickness and the spectral filter bandwidths, even with a fem-
tosecond pulse pump.
|®)=|V7301| Vagg) 2+ eiA“’|H730>1|H885>2, 2 In practice, however, one would not like to use a MZI in

the experimental setup due to stability related issues. There-
whereA ¢ is the relative phase between the two amplitudedore, we use a collinear scheme where two type-I BBO crys-
and can easily be varied by scanning one of the mirror of théals are placed collinearly in the pump beam path; see Fig.

MZI. 1(b). Two type-lI BBO crystals with a thickness of 3.4 mm
The coincidence counting rateR{) is calculated as each(the first one is oriented horizontally and the second one
[12,13 is oriented vertically are then pumped by a 45° polarized

pump pulse. As described before, the quantum state resulting
from the first BBO is|V730)|Vggs and that from the second
_ 2 730/ Vs
Re jfdt+dt12|,4(t+,t12)| ’ ©) BBO is |H7sp|Hgge. Since both crystals are pumped
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FIG. 2. Experimental datda) Space-time interference by vary- 0.4
ing the pump phasd ¢, when ;= 6,=45°. The transition from 0 2773
®* to ® " is clearly demonstratedo) The polarization interference 1
0

atd*. A, is fixed atg,;=45° andA, is rotated, i.e. g, is varied.

L . 0 1 2 3
The solid lines are the theoretical curves.

Total Phase (%)

equally, the two amplitudes are equally probable. Due to the FIG. 3. Experimental datda) Space-time interference by vary-
dispersion, howeved,v730)|V885) from the first BBO () ing A ¢ (730-nm modulatioh (b) Space-time interference by vary-
and|H730)|Hggs from the second BBOJ() are distinguish-  ing A¢; (885-nm modulation (c) Two phaseg730 nm and 885
able in time. To mak¢V730>|V885> and | H730>|H885> indis- nm) are varied at the same time. The solid line is the theory curve
tinguishable in time, one needs to compensate the delay eRased on 400-nm modulation and agrees well with the data. This
perienced by the SPDC photon pairs at each crystal. Thi€onfirmsAes+Aei=A¢,. Note thatd, = 6,=45° for all cases.

compensation can be madg by using a properly_orienteg]e signal(730 nm to D, and to transmit the idlef885 nm
quartz rod. If the compensation is made properly, either beg, D,. Two quartz plates are inserted in each beam path to

fore or after the down-conversion nonlinear crystals, one wilkary”the relative phase of the signal or the idler indepen-
observe high-visibility quantum interference without any dently. The detector package consists of a single-photon
spectral postselection. counting module, an interference filter that is used to cut the
In the collinear scheme, having a perfect temporal compump noisg17], and a polarization analyzer.
pensation is difficult when the signal wavelength differs very To demonstrate the effectiveness of this scheme, we first
much from the idler wavelength. This is because the signalstudy the space-time interference as a functiom\gf, by
idler photon pairs created from the first BBOJ experience setting #,= 6,=45°, whered; and 6, are the angles of the
different dispersion when they pass through the second BB@nalyzersA; andA, (measured from the vertical directipn
(1)- (The MZI scheme does not have this disadvanjalge. According to Eq(7), one should observe a pump wavelength
this experiment, for the wavelengths we are interested in, thenodulation in the coincidence counting rate. Note that;
temporal separation is rather small and does not affect thend A¢; are fixed. The observed modulation period is 400
interference visibility. To prevent further dispersion effects,nm, see Fig. @), which agrees with the theory.
the compensation is made before the BBO crystals. The To prepare theb™ (® ) state, identified by constructive
compensator consists of a quartz rod and two quartz platgslestructive interference, one just needs to 2ep,— A e
whose optic axes are oriented vertically, see Ref], and it —A¢;=0,27,4m7, ... A¢pp,—Aps—Agj=m,37,5m, ...),
imposes roughly a 1.5-psec required delay betweerHthe which can be done by tilting the quartz plates so that the
andV-polarized 400-nm pump pulse, which is mainly deter-space-time interference fringe is at the maximymini-
mined by the thickness of the BBO crystals. By tilting the mum). Note that¥* and¥ ~ Bell states can also be easily
two quartz plates in opposite directions, the phase d&lay  prepared by introducing ®/2 plate in one output port of the
can be varied to prepare a Bell state. After the two BBOdichroic beam splitter.
crystals, the remaining UV radiation is blocked by a UV ~ We have also experimentally demonstrated the polariza-
reflecting mirror and the collinear SPDC is selected by aion interference foxd* and® ~. For ®*, the coincidence
diaphragm. Then a dichroic beam splitter is used to reflectounting rate is calculated to be

060301-3



RAPID COMMUNICATIONS

YOON-HO KIM, SERGEI P. KULIK, AND YANHUA SHIH PHYSICAL REVIEW A 63 060301R)

Re%[{ 65,60, D)% co( 6,7 6,). (8) Finally, we tested the conditiol¢,=Aps+Ag; by
varying the signal phas& ¢ and the idler phasa ¢; at the

This means that one should observe high-visibility modula-same time. The quartz plates in both the signal and the idler
tion in polarization correlation measurement farbitrary ~ paths are tilted at the same time with equal angles. To see
valuesof #; and é,. To confirm this experimentally, we first whether the data agree with the theory, total phases accumu-
set §;=45° and variedd,. High-visibility polarization cor- lated in both beam path are calculated from the tilt angle, i.e.,
relation is observed, see Fig(2. We then repeated this A¢s+Ag;. As evidenced from Fig.(8), the data agree well
measurement for many other valueségfand observed that With Eq. (7).
the visibility remained the same. This confirms E8). In In summary, we have demonstrated a scheme to prepare
other words, we have successfully prepared polarization Befu!Sed entangled photon pairs from which all four Bell states
states from femtosecond pulse-pumped SPDC without anfa" easily be obtained. Amplitude and spect_ral postselection
plitude and spectral postselection. are not necessary. Note also th_at nonmaxw_nall_y entz_mgled

Unlike the usual degenerate two-photon sources, thiﬁiates can be prepared by. c.hg.nglng the relative intensities of
source has one distinctive feature: one can vary three differ- e pump beams. The_V|S|b|I|ty and the photon flux are
ent phases independently, which is very useful for quantungreatIy enhqnced by this method, aIFhough a femtosecond
communications. To demonstrate this interesting feature, WBUISe laser is used as a pu_mp._The signal, the |_dIer, _and the
observe the space-time interference by varying the relativ ump p_hases can be var_led _mdependently with difierent
phases of the signalAlp,) and the idler A¢;) indepen- modulatlpn frequency, which is very useful for quantum
dently. In these measuremenés,and 6, are set at 45°. The communications.
effect of A ¢, is already demonstrated in Figi@2 When the We would like to thank M.H. Rubin for helpful discus-
signal phase\ ¢ is varied, see Fig. @), the signal wave- sions. This research was supported, in part, by the Office of
length(730 nm modulation is observed in coincidence rate, Naval Research, ARDA, and the National Security Agency.
while varying the idler phasd ¢;, see Fig. &), the idler ~S.P.K. also thanks the Russian Fund for Fundamental Re-
wavelength(885nm modulation is observed. Figuresa? search, Grant No. 99-02-16419, for partially supporting his
3(a), and 3b) clearly demonstrate Eq7). visit to UMBC.
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