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We report the generation of polarization-entangled photons by femtosecond-pulse-pumped spontaneous
parametric down-conversion in a cascade of two type-l crystals. Highly entangled pulsed states were obtained
by introducing a temporal delay between the two orthogonal polarization components of the pump field. They
exhibited high-visibility quantum interference and a large concurrence value, without the need of postselection
using narrow-bandwidth spectral filters. The results are well explained by the theory which incorporates the
space-time dependence of interfering two-photon amplitudes if dispersion and birefringence in the crystals are
appropriately taken into account. Such a pulsed entangled photon well localized in time domain is useful for
various quantum communication experiments, such as quantum cryptography and quantum teleportation.
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I. INTRODUCTION flux [13—15. Theoretical studies revealed that the down-
converted photons are entangled simultaneously in polariza-
Photon pairs generated in the process of spontaneol®n and space-time, or equivalently, wave number-frequency
parametric down-conversioisPDQ have been an effective because of the significant effects of dispersion and birefrin-
and convenient source of two-particle entangled states usétence in the crystdl13,16,17. As a result of this multiple
in tests on the foundations of quantum mechanics as well a@tanglement, it is possible to distinguish, with some degree
application to quantum information technologies such a®f certainty, which of the interfering pathways occurs by the
quantum cryptography and quantum teleportation. In suctneasurement that distinguishes the space-time component of
applications, a pulsed source of entangled photon pairs €' state, for example, the measurement of the arrival time of

particularly useful because the times of emission are knowf{'¢ Photons at the detector. This distinguishing space-time

to the users. For example, in the entangIement-base'&format'on is enough to seriously degrade the visibility of

quantum-key distribution protocéll—3), it is convenient to two-photon polarization interference. The presence of this

share entanaled photons between sender and receiver indistinguishing space-time information stems from the fact
9 P t$ht the down-converted photons are emitted spontaneously,

Thut the times of emission are known to be within the duration

timing clock pulses. Such a pulsed source allows the sendej e hymp pulse. The resultant two-photon state is well
and receiver to know the arrival times of the photons W'th'nlocalized in space-time, and provides undesirable timing ca-

the duration of the pump pulse and to time stamp each resapjlity. The situation is serious in the ultrashort-pulse-
ceived bit readily so that they can sift their raw data to gen umped SPDC, but is absent in the ordinary cw-pumped
erate a shared key from their public discussion. A pulse&sppc. Therefore, it is vital in the ultrashort-pulse-pumped
source is also crucial in a certain class of experiments thapDC to ensure that the space-time component of the state
require the use of several photon pairs at a time, such asontained no distinguishing “which-path” information for
quantum teleportatiof4—6|, entanglement distillation7],  the photons in order to observe the entanglement and quan-
and the generation of multiphoton entangled st§8s10.  tum interference in the polarization degree of freedom. Vari-
In these experiments, time-synchronized entangled photoous interferometric techniques have been proposed to elimi-
pairs must be available. It has also been pointed out thatate the entanglement in unnecessary degrees of freedom and
primitive elements of a quantum computer can be conio recover the quantum interferenicer—21].
structed from the combined use of several entangled photons In contrast, cw-pumped SPDC exhibits a polarization en-
and Bell-state measuremdrfl,12]. tanglement with high-visibility quantum interference capa-
A great deal of effort has been devoted towards developbility. In particular, Kwiat et al. realized maximally
ing a pulsed source of entangled photon pairs. Over the pagblarization-entangled photons using noncollinear SPDC
decade, femtosecond-pulse-pumped SPDC has been extamith type-1l phase matchinfg22]. More recently, they dem-
sively studied by several groups. It has been shown that thenstrated that noncollinear SPDC using two spatially sepa-
entangled states generated in type-lIl SPDC pumped by ulate type-I nonlinear crystals pumped by a cw laser exhibits
trashort pulses show disappointingly low visibility of the high-visibility quantum interferenc23]. The latter source is
guantum interference, and narrow-bandwidth filters are reparticularly convenient since the desired polarization-
quired to increase the visibility at the expense of the photorentangled states are produced directly out of the nonlinear
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FIG. 1. Experimental setup for generating and characterizing polarization entangled pulsed photons. The pump pulse polarized at 45 °
irradiates a cascade of two type-| crystals, whose optic axes are orthogonally oriented. Precom(@presézqulate and tiltable wave plate
introduces relative delays between the two-photon amplitudes created in the first and second crystal. CC is the coincidence circuit.

crystal with unprecedented brightness and stability and witheomponent of the pump field in the second crystal. These
out the need for critical optical alignment. Their result at-two possible down-conversion processes equally likely occur
tracted great attention for the experimentalists. Recentlyand are coherent with one anottje#,25. The SPDC was
Kim et al. showed that polarization-entangled photons fromperformed under a degenerate and quasicollinear condition.
two spatially separated type-l nonlinear crystals pumped by'he signal and idler photons making an angle of 3 ° with
femtosecond laser pulses exhibit high-visibility interferencer€Spect to the pump laser beam and having the same wave-
[18]. In their experiment, collinear degenerate type-I SPDdength around 532 nm were observed through the identical
and a beam splitter were used to create a pmarizatiorfnterference filters, c_ent«_ared at 532_nm, placed in front of the
entangled state. The state prepared after the beam splitt@ftectors. The polarization correlations were measured using
was, however, not considered to be entangled without amp”polanzatmn analyzers, each consisting of a rotatable half-
tude postselection. Only when one considers those posts@"”“’e plate(HWP) and a quarter-wave plat@WP) (for 532

- - nm) followed by a polarizing beam splittefPBS. After
lected eventsghalf of the total eventsin which photons trav- ; . .-
eled to diﬁeﬁent output_ports otr?e can ogserve quantun?assmg through adjustable irises, the photons were collected

using 60-mm focal-length lenses, and directed onto the de-

interference. Later, this problem was solved by using collin-, 5" The detectors(PMT) were photomultipliers

ear nondegenerate type-1 SPDC and a dichroic beam Sp”tt?HAMAMATSU H7421-40 placed at~1.5m from the
[19]. It was shown that mostly maximally entangled stateSeyystal, with efficiencies of-40% at 532 nm and dark count

showing high-visibility (929 quantum interference were raies of the order of 80°¢. The photodetection area was
obtained without amplitude and spectral postselection jushhoyt 5 mm in diameter. The outputs of the detectors were
before detection. However, the available flux of the en-ecorded using a time interval analyzZfOKOGAWA TA-
tangled photon pairs was still very limiteg<100 s *). 520), and pulse pairs received within a time window of 7 ns
In this paper, we apply femtosecond-pulse pumping to th@vere counted as coincident.
second Kwiat scheme with type-l phase-matching arrange- To obtain a truly polarization-entangled state, care must
ment. We shall demonstrate that highly entangled polarizape taken to disentangle the polarization degree of freedom
tion states with sufficiently large flux are obtained when anfrom any other degrees of freedom, that is, to factorize the
appropriate temporal compensation is given in the pumpotal state into product of the polarization-entangled state and
pulses. The results will be shown to be consistent with thehose describing other degrees of freedom. This is equivalent
theory which incorporates the space-time dependence of ino saying that effective polarization entanglement requires
terfering two-photon amplitudes, if the effects of dispersionthe suppression of any distinguishing information in the
and birefringence in the two crystals are appropriately takemther degrees of freedom that can provide potential informa-
into account. tion about “which polarization” the emitted pair have. In our
case, since which crystal the origin of each pair is and their
Il EXPERIMENT polgrization are intrin_sically correlated, .di.stinguishing
“which-crystal” information must also be eliminated. Ac-
Our experimental setup is schematically shown in Fig. 1cordingly, to make emitted spatial modes for a given pair
Two adjacent, thin, type-lI crystalfbeta barium borate indistinguishable for the two crystals, we overlap the down-
(BBO)] whose optic axes are horizontalld) and vertically  conversion light cones spatially by using very thin crystals
(V) oriented, respectively, are pumped by 45 °-polarizedeach having~130 um-thickness. In addition, it is important
femtosecond pulses at 266 nm. The pump pulses were thid eliminate distinguishing space-time information inherent
harmonic of a mode-locked output of Ti/sapphire laser,in the two-photon states produced in the ultrashort-pulse-
whose approximate average power was 150 mW and repetpumped SPDC. Figure 2 schematically illustrates what may
tion rate was 82 MHz. Due to type-I couplingl-polarized  happen when a 45 °-polarized femtosecond pulse incidents
photon pairs at 532 nm are generated by Vhgolarization on two cascaded type-I BBO crystals, which is estimated
component of the pump field in the first crystals, androughly from the optical characteristics of the BBZB]. For
V-polarized photon pairs are generated byHkhpolarization  simplicity, we consider here the degenerate collinear SPDC.
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74fs 168 fs available, in principle, from the arrival time of the photons at
the detector.
To eliminate this distinguishing space-time information, a
polarization dependent optical delay line for the 266-nm
pump was inserted before the crystals, which is denoted as
the precompensator in Fig. 1. It consists of quartz plates,
whose optic axes are oriented either vertically or horizon-
|H) tally, and a Bereck-type tiltable polarization compensator.

The combination of the quartz plates of various thicknesses

provides a relative delay 9| <350 fs between thél- and
266 NM =emsremnns 532 NM  ee— V-polarization components of the 266-nm pump field, while
. . the sign is given by the orientation of its optic axis. This
FIG. 2. Schematic representation of the temporal developm('enael‘,j‘y line can compensate for relative delay between the
of the down-converted photons and the pump. See text for details. . . - ’ .
State associated wifliH) created in the first crystal relative

to the state associated wifWV) created in the second crys-

In the first crystalH-polarized down-converted photon wave tal to overlap them temporally. The Bereck-type polarization
packets are advanced &at74 fs relative to thev-polarized compensator is used to adjust the subwavelength delay. As a
pump pulse due to group velocity dispersion, while theresult, a two-photon Bell statéfb*>=(|HH>+|VV))/\/§
H-polarized pump pulse is delayed a1 fs relative to the can be directly created.
V-polarized pump pulse due to birefringence in the BBO. In  Two kinds of experiments were carried out to confirm
the second crystal/-polarized down-converted photon wave whether the target stafé *) was successfully prepared. The
packets are advanced at74 fs relative to theH-polarized ~ first experiment was a quantum state tomograj#ig}. The
pump pulse due to group-velocity dispersion, while thepolarization density matrices were estimated from 16 kinds
H-polarized down-converted photon wave packets are adef joint projection measurements performed on an ensemble
vanced at~242 fs relative to theH-polarized pump pulse of identically prepared photon pairs. These joint measure-
due to an advance given in the first crystat {35 fs) and ments consist of four kinds of projection measurements onto
dispersion in the second crystat-(07 fs). Consequently, {|H),|V),|D),|L)} on each member of a photon pair, where
after the crystals, space-time components of the two-photofD)= (|H)+|V))/y2 and|L)=(|H)+i|V))/\2. We used a
state associated with the polarization stdtésl) and|VV)  maximum likelihood calculatiofi28] to estimate the density
are expected to be temporally displaced-b$68 fs, where matrix. We also calculated the concurrence of the state,
[H) (JV)) means a single photon linearly polarized along awhich is known to give a good measure for the entanglement
horizontal (vertical axis and the firstsecond letter corre- of a two-qubit systenj29]. The second experiment was a
sponds to the signdidler). Note that the distance between conventional two-photon polarization interference experi-
the two BBO crystals is not an important factor in this con-ment. In this experiment, QWPs in mode 1 and mode 2 were
sideration. Since down-converted photon wave packets argetto 0 °, i.e., their optic axes were vertically oriented, while
expected to have widths comparable to that of pump fielddHWP in mode 1 was set t&x 22.5 ° and HWP in mode 2 was
(~150 fs), it is suggested that the space-time component®tated. In our setup, this corresponds to the projection mea-
associated withfHH) and [VV) do not overlap in space- surements onto{|L) or |[R)}®|6), where |[R)=(|H)
time. As a result, “which-polarization” information may be —i|V))/2 and| )= cos 2|H)+i sin 26|V). The visibility of

e
0.13 mm 0.13 mm

(@) T=0fs  C=0.404 (b) T=135fs C=0.956 (c) T=231fs (C=0.651

0.5
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0.3

FIG. 3. Estimated polarization density matrices €ar no relative delay(b) relative delay of 135 fs, antt) relative delay of 231 fs
between theH- and V-polarization components of the pump field. Only the real parts of the matrices are shown. The contribution of the

imaginary parts are negligible. The dark-colored bars show diagonal elements, while the light-colored bars show off-diagonal elements.
Estimated values of concurrence are showiCas
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FIG. 4. Polarization correlation experiment. Coincidence counts in 10 s is plotted against the orientation angle of the half-wave plate in
mode 2, while the half-wave plate in mode 1 was fixedtt5.5 °, for the states shown {@)—(c) of Fig. 3. Estimated visibilities are also
shown in the figure.

an observed interference pattern gives another conveniepbnents of the pump field. The evaluated concurrébead
measure for the entanglement. visibility v of the polarization interference are plotted in Fig.
(At first, we used the interference filters having a full 5 as a function of relative delay. This figure clearly indi-
width at half maximum(FWHM) bandwidth of 8 nmin front  cates that there is a strong correlation between the concur-
of the detectors. Figure 3 illustrates the estimated polarizarence and the visibility. This is quite natural beca@e v
tion density matrices prepared whe no relative delay(b)  should hold for the states(v) given by the above form. In
relative delay of 135 fs, an() relative delay of 231 fs were - hjs experiment, the maximum values of the concurrence and
introduced between thig- andV-polarization components of iginjlity were 0.95 and 0.92 0.02, respectively. The broken

a 266-nm pump field. In these experiments, maximum coinje iy Fig. 5 is a Gaussian curve fitted to the measured data,
cidence counts and typical accidental coincidence count nd the EWHM width is 237 fs

were ~450 counts/s and<10 counts/s, respectively. As Next, to investigate the effects of interference filters used
shown by thes_e examples, we could successfully prepare tr|]r(? front of the detectors, we replaced them with those having
states approximately described y(v)=(1—v)/2(|HH) .

X(HH|+|VV)Y(VV]) +0|®*)(®*|. These states should ex- a FWHM bandwidth of 40 nm. Figure 6 shows and v

hibit interference in coincidence rates for the two detectorsinev""’lIuated by the same procedure, except that the back-
proportion toP(6) = (1+v sin4d). Figure 4 shows the co grounds have been subtracted for both the concurrence and
=11+ ) -

incidence rates as a function of the HWP angle in mode éhsvv?bl“tyhﬂat? Ic? th|zctasoe§'lz'heng1%x38u:n valugﬁn\c,ivh”
and the evaluated visibilities associated with the states iff "o ¢ Sidnty reduced o ©.9- a =+, [ESPECUVELY, c

Figs 3a-30). Note hal, no ackground was subracted ni XU, comiierce count were cteaced b s fct
these results, so that the evaluated visibilities give the lower. ~ ~: Y,

limits of v. The experiments were repeated for various val-more than six times, which is probably due to ambient light.

: : o The broken line in Fig. 6 is a Gaussian curve fitted to the
ues of delayT introduced in theH- andV-polarization com- measured data, and the FWHM width=<205 fs. The width

1 1 of the fitted curve was slightly reduced in comparison to that
Bell inequality & & B AT=237fs
0.8 |isviolated ¢ 8 - 08 1 !
1T (0 ) Bell inequality - £
S ¢ ‘e—b Q 0g |isviolated = 8 & AT=2051s 5@
=06 o . 196 & : . A a %
2 ’ \ 5 ] L] 3]
Soa | oF N {042 Zosf , '\ 06 &
= —
o o LR 8 % , p Q—&\_D §
02 g0 3\.\_ 02 S 04 | 8 a 0.4 g
J , ’ \ N o
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FIG. 5. Evaluated concurrendg and visibility v when 8-nm

Relative delay T (fs)
interference filters were used. These values are plotted against the

relative delay introduced between two orthogonal components of FIG. 6. Evaluated concurrené® and visibility v when 40-nm
the pump field. The broken line is Gaussian fit to the data withinterference filters were used. The broken line is Gaussian fit to the
237-fs widths(FWHM). data with 205-fs width§FWHM).
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1 el | ignore the transverse components of the photon wave
o » AT=2161s vector. Let o,[ws,w;] be the frequency and
So0s | , ' Ky (@p)[Ks(@g),ki(;)] the wave number for the punipig-
ﬁ ,o 'Y nal, idlen. The perfect phase-matching condition is given by
o6 | . \.‘ OQs=0;=Q0p/2 for the frequency andK,({1s)+Ky(€2)
<3 ’ . =K¢(Q,) for the wave number, wheri;({)) denotes the
504 | ’ L wave number for a photon having a frequeri¢yand polar-
o ,’ ° ization along the ordinar{j= o) or extraordinaryj=e) optic
% v ‘. axis. To simplify the notation, we introduce detuning for the
8 02 |- ‘// N signal, the idler, and the pump from the perfect phase-
® ¢ matching condition byvs=ws—Q,/2, v;=w;—Q,/2, and
0 —_— vp=w,—(1,, respectively. To first order in the interaction,
200 -100 0 100 200 the general expression of the two-photon state after the crys-
Relative delay T (fs) tal is [14]
FIG. 7. Autocorrelation of the pump field evaluated by measur- _ 1
ing the degree of polarization after the precompensator. They are V)= ZJ f dvedv¥ (s, v)a'(v9)b"(11)[0), (1)

plotted against the relative delay introduced between two orthogo-

nal components of the pump field. The broken line is Gaussian fit tavherea’(vs) andb'(»;) are the photon creation operators

the data with 216-fs width&WHM). for the o-polarized signal and idler modes characterized by

detuning frequenciesg and v;, respectively, which are de-

for the 8-nm filters, which was due to the spectral filteringfined after the crystal. The functiow (vg,v;) is the two-

effects, as shown later. photon amplitude in the frequency domain, and is given by
We also measured the autocorrelation of the pump field by14]

measuring the degree of polarization, or equivalently, the

magnitude of the Stokes paramelgr= \/s>+ s+ s3 of the W (vs, ) =(0la(vs)b(v))|[¥)=Ca(vs+ i) O(vs,v)).

pump just after the precompensatand before the crystals (2)

wheres;, s,, ands;y are three independent Stokes param-

eters. Simple analysis shows tHat is proportional to the In this expressiong(v,) is the spectral envelope function of

) : o the time-dependent classical pump field at the input surface
temporal overlap of thél- andV-polarization components of of the crystals® (v, 1) is the longitudinal phase-matching

the pump field between which relative del@ywas intro- - . ; .
duced by the precompensator, and directly gives the autocownCt'on [14], and C is a constant. As_sumlng a Gaussllan
shape for the temporal envelope function of the pump field,

relation of the pump field. Figure 7 shows the measuskd o

as a function ofT. We found that|s| can be fitted with a a(vp) is given by
Gaussian curve having a FWHM width216 fs. Assuming

the transform limited Gaussian-shape pulse, the FWHM tem-

poral width of the pump field is estimated to bel53 fs, where ap=aEWHM/2\/ﬁ=4\/ﬁ/{,WHM is the FWHM

and that of the pump intensity to be108 fs. We see that the . . LT
width of the autocorrelation of the pump field is comparableb"’mdW'd.th Of. the pump f'e!d' I;dlrect|on IS taker_l to be th?
ump direction, the longitudinal phase-matching function

to that of the measured concurrence and visibility data show O

in Figs. 5 and 6. This result suggests that the width of the? (Vs:¥i) IS given by

measured concurrence and visibility data are determined 1 rLi A(vy,v)

chiefly by the temporal width of the pump field. O(vs,vj)= EJ dZeiA(VS,Vi)z:Sim{LL
~L2

a(vp) =€~ Col70)”, )

2

IIl. THEORETICAL ANALYSIS (4
Experimental results are analyzed based on the theoyherelL is the crystal length, sifiz]=sinx/x andA(vs, vi)
given by Griceet al.[14], Keller et al.[16], and Kimet al. = Ks(vs+Qp/2) +ki(vi+ Qp/2)—ky(vp+€)p) is the phase

[17]. In the following analysis, we will focus our attention on Mismatch that is approximately given by6,17

the Gaussian curve fitted with the measured concurrence and

visibility data shqwn in Figs. 5 and 6, which will be .denoted A(ve,v) =D (vet 1))+ ED”(vs— )2 (5)
by V(T). In particular, we will analyze how the widths of 4

these curves are determined and depend on the experimental ]

parameters. To make the following discussion self-containedn this expressionD, and D" are crystal parameter2

it may be helpful to begin by showing the minimum of the =1/uo(Qp/2)—1/ug({}) is the group velocity mismatch
previous theories before discussing our problem. Let us convhere uy(Q,/2)[ue({2y)] is the group velocity of the
sider the degenerate, quasicollinear SPDC singletype-l ~ 0-polarized down-converted photofithe e-polarized pump
crystal pumped by a field with the central frequerizy and ~ Photor inside the crystal an®"=d?K,/dQ?q_q 1, is the
the FWHM temporal width7,""™. For simplicity, we  group-velocity dispersion for the down-converted photons.
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Since we are interested in the temporal characteristics of
the down-converted photons, we next consider the two-
photon state after the crystal in the time domain. Formally, it

. t
can be written as '

|W)= f f dtdt ¥ (ts,t)a’(te)b'(;)|0), (6)

wherea'(ts) andb'(t;) are Fourier transforms @f' (v¢) and
b'(v;). For example, FIG. 8. lllustration of two-photon amplitudes in the time and
frequency domains generated by the femtosecond-pulse pump. For
1 . 3 simplicity, the case wherés=L;=L is depicted. They are con-
a'(ty)= Ef dvee (s 22T (1) (7)  nected by a Fourier transform relation.

wherelL is the optical path length from the output face of 1 - + +

the crystal to the observation point. Physicatlyandt; are v)= ﬁ dt, dt{nn(te t)ap(t +t)by(t,
interpreted as the time of arrival of the idler and signal at the

points that ard_s andL; away from the output face of the —t_)+e Pty to)al(t, +to)bl(t, —t_)}0)

crystal[30], andW (t,,t;) gives information about the space-

time motion of the two-photon wave packets. The two- _i -

photon amplitude in the time domain is simply given by the N 2 Aty dt{n(te t)[H b+t )H

Fourier transform of the two-photon amplitude in the fre- '

guency domain and bj30] —t_ )i+ e PPty 1)Vt +t )Vt —t o)),
(10)

W (ts,t) =(0la(ts)b(t)[ V)
e 10t where the firs{second term represents the two-photon state
= J jdvsdvie_i(VStSJ”’iti)\I’(VS,yi)_ generated in the firstsecond crystal, and¢ is the phase
2m difference between the states generated in the two crystals. In
(8)  Eq.(10) we incorporated a new dichotomic variable in the
creation operators and the two-photon amplitudes that speci-
We can further change the variables accordingvio=v;  fies the polarization H or V) of the photon, and wrote
tri=vy, v_o=ve—y, ty=(ts+1)/2, andt_=(ts—1)/2,  |H,t.+t_)¢=a,(t, +t_)|0), etc., which denotes a single-
and obtain the equivalent Fourier transform relation photon state for the signébr idler) mode characterized by a
Cing, definite polarization and timAe. From the previpus discussion,
Pt )= ¢’ f f dy dy_e =t vy y ), two two-photon amplitudesyyy(ty ,t-) and gy(t, ,t-)
27 are expected to be temporally displaced-in thet, direc-
9 tion due to dispersion and birefringence in the crystals. How-
ever, the precompensator for the pump before the crystals
where (v, 'V‘):\P((V++V‘)/2j(v+_V‘)lz) and ihtoduces temporal displacement in the direction for
p(t, ) =W(t. +t_t,—t). Physicallyt_ andt, mean  these amplitudes by T,. Therefore, we postulate that these
half the difference in the arrival time, and the mean arrivalyyq amplitudes can be written using a single common am-
time of the idler and signal photons, at the points thatlare . - _5 n — 0t +
andL; away from the output face of the crystal, respectiveIy.\i;)\llgz(rjee.l.j‘j_l’.ﬁ.:;'f(Itn+ t:];s) caﬁ\(/e\,/(':ﬁ o t1v—\;<t):|czh Oﬁ)(r:*stal—éti’s)’n ow

TAhe absc;lgte squgre of the two-photon a_mpl'tUdeentangled both in polarization and in space-time, in other
l(t ,t_)|* is proportional to the probability of arrival of \yords, it is doubly entangled. The space-time components
the idler and signal at the given points for the given meanl:yHH(t+ t.) and ja(t, ,t_) provide the distinguishing in-

\a/\\;rlvalll tlmet+handthalflthfhdlﬁe{encet|n thel.fr(;'val.tm:'ﬁ : i formation for the interfering path of the two-photon ampli-
€ show schematcally the relevant ampiitudes in the img, o5 55 degrade polarization entanglement. The full den-

domain and the frequency doma'” in Fig. 8. . fity matrix associated with the state given in EtQ) can be
Now, let us proceed to provide a phenomenological modeWritten as

that is consistent with our experiment using two crystals. We

assume that down-conversion processes are equally likely to RN R AL RARIRAR SYC A SN A

occur in two crystals whose optic axes are orthogonally ori-

ented and they are coherent with one another. We represent

the overall two-photon state after the crystals as a superpavherei,j,k,|=H or V. Since our chief concern is the polar-
sition of the states arising from the SPDC in each crystalzation state of the photon pair, we will calculate the effec-
with appropriate phase. Then the two-photon state after théve density matrix of the two-photon state after the two crys-
crystals in the time domain can be written as tals that are defined in the polarization space alone. It can be
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FIG. 9. Calculatedunnormalizedl two-photon amplitudesa) in the frequency domain an@) in the time domain. Only the real part of

the amplitude is shown for the time domain. The contribution of the imaginary part is relatively lower.

calculated by partially tracing the density matrix in Efl)
over the time variable, and is given by

Pijklzf jdtldtzpijkl(t11t21t11t2)- (12

Explicit calculation gives the effective density matrices of

the form

v<T>=f fdudt_&HH(u,t_>«2rcv<t+,t_>

=f J'dt+dt,1l(t++T,t,)fp*(t+,t,). (15)

It should be noted thai(T) is, in general, a complex num-
ber. However, in the present experiment, we always make
v(T)e ' a real numbelv(T)| by using the Bereck-type

1 .

p= §(|HH><HH|+|VV><VV|+U(T)e IHH)(VV] polarization compensator. Then, the density matrix given in
Eqg. (13) is formally the same as what we observed in the
experiment, and Eq.15) indicates that their concurrence is
determined by the convolution of the two-photon amplitudes
“in the time domain.

Based on the above theory, we have made several numeri-
cal calculations to elucidate the physics behind the measured
V(T) curves. We calculated two-photon amplitudes in the
frequency and time domains using the experimental param-

and notatiorp;j, = (ji |p|kl) (i,j.k,/=H orV). In Eq.(13), eterS:F\lleﬁ'\T—WO fs/mm, D"~855 f$/mm, L=0.13 mm,
v(T) is the convolution of the two-photon amplitudes in the@nd 7, =153 fs[26]. Figure 9 showsa) the (unnormal-

time domain ized two-photon amplitudey(v., ,v_) and (b) #(t, ,t_).

+u*(T)e'?|VV)(HH]), (13

where we used the normalization condition of the two
photon amplitude,

| [ atae iy -1 14
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that in the frequency domain by the Fourier-transform rela-
tions, the associated two-photon amplitude in the time do-
main is written as

. e*iths )
We(ts,t)=—— ffdvsdvie"“s‘s”iti)qu(Vs,yi)

_ 1
- (2m)?

0 - 1 1 1 1 1 1 1 (17)

-200 -150 -50 50 150 200
Relative delay T (fsec)

f f dedTi\i,(TSvTi)qA)(ts_ 75,4 —79),

where ®(tq,t;) =F4(ty)Fi(t;) is a normalized two-variable
function that incorporates the temporal response of the fil-

FIG. 10. Calculated magnitude of the convolutier{T)|. The ters, andﬁs(ts) and Iii(ti) are the Fourier transform of
broken line shows the autocorrelation of the pump field. F«(vs) andF;(v;), for example,

We can see that the bandwidth é#€v, ,v_) is much wider . 1 _
in the v_ direction than in thev, direction, while the tem- Fo(ty)= Nz f el st WE (1), (18)
poral width of J(t, ,t_) is much wider in thet. direction m

than.in thet_ direction. This is que to the Fourier-transform Equation(17) indicates that the two-photon amplitude after
relations betweegy(v, ,v_) andy(t, ,t_). We can also see the filters is given by the convolution of the two-photon am-

thatF\}vhHeMtemporm width off(t, ,t_) in thet, direction is plitude before the filterd’(t,t;) and the apparatus function
~7, . Using these results, the magnitude of the convofoy the filters d(t,,t;). Because of this relation, the input

lution |v(T)| is calculated and plotted in Fig. 10 togetherfunction\if(t t.) is smoothed by the filter functio (t ;)
with the fitted curve of autocorrelation of the pump field . s s St
to yield broadened output functioW (tg,t;). It may be

shown in Fig. 7. We can see that(T)| nearly agrees with - )
the autocorrelation curve of the pump field. This indicatesVOth pointing out that Eq(17) is formally analogous to the

hat th I sh - . . VG connection of phase-space probability distribution with the
.t at_t e temp_ora shape Mt*. 't*_) Is approximately Gauss- Wigner functions describing system and measuring apparatus
ian in thet , direction and their widths are nearly equal to the(quantum ruler or filter[31,32). In this case, the concurrence

temporal width of the pump field. This is consistent with the d visibilit determined by th uti fth tout
fact that, although there is a small difference in the width, thean Visibtity are cetetmined by the convolution oT the otpu

measured/(T) curves nearly agree with the autocorrelation 'Unction ‘.ﬂF(tf’t—):q_,F((ts+ti)/_2'(t§_ti)/2) In contrast to
curve of the pump field as in Figs. 5-7. Eqg. (15), in which the input functionj(t. ,t_) appears. Ac-
Now, let us examine in more detail the origin of the dif- cordingly, their widths depend on the temporal response of
ferent widths of the measured(T) curves in Figs. 5 and 6 the filters, and equivalently, depend on the band_W|dth of the
in which the different bandwidth spectral filters were used/ilters. In general, the smaller the filter bandwidth is, the
We will show that this was due to spectral filtering effects.larger the width of the/(T) curve is, and vice versa.
So far, the two-photon amplitudes after the crystal and before Now, let us discuss quantitatively the difference in the
the spectral filter have been discussed. They are intrinsiwidth of the measured(T) curves associated with the 8-nm
ones in the sense that they are determined only by the pur@’d 40-nm filters. If we assume the frequency response func-
field and the crystal parameters and irrelevant to the spectriPns Fs(vs) and Fi(»;) to be well approximated by the
filters. In contrast, what we actually observed in the experiGaussian function with FWHM widtha\», the temporal
ment was the two-photon state after the spectral filterswidths of the associated response functiba&.) andF;(t;)
Hence, it is required to relate the state after the filters to thés in proportion toA» 1. In our caseAtg,w~ 104 fs for the
state before the filters to find the spectral filtering effects8-nm filter andAt g, ,~20.8 fs for the 40-nm filter. In con-
This can be done straightforwardly. Suppose that the lineatrast, from the experimental results shown in Figs. 5 and 6,
spectral filters used for the signal and idler have complexhose consistent with the present theory are roughly esti-
frequency responses expressedfvs) andF;(v;), respec- mated to beAty,,,~86.0 fs andAt,,,,~17.2 fs. Here, we
tively. These functions are assumed to be normalized sucfised the fact that the widthr of the convolution of two
that Gaussian functions each having width and o, is given by
1/o?=1l0%+1l03. Therefore, even if there remain small
gquantitative discrepancies, it seems reasonable to conclude
that there is considerable validity in the above simplified
theory.
holds. Then the two-photon amplitude after the filters are Let us switch our attention to the spectral characteristics.
simply given byW¢(vg,v;) =V (vs,v;)Fs(vs)Fi(v;). Since  For the two-photon state given in E@L), the joint spectral
the two-photon amplitude in the time domain is related tointensity is given byl (vs,v;)<| W (vs,v;)|?. Then the spec-

f stlFs(Vs)lzzfdVi|Fi(Vi)|2:1 (16)

033816-8



GENERATION OF POLARIZATION-ENTANGLED PHOTON . .. PHYSICAL REVIEW /A6, 033816 (2002

While our simplified model seems satisfactory in essence,
there still remains a problem which needs to be solved.
Within our model, the autocorrelation curve of the pump
field should have the smallest width, whereas this is not the
case. Although we have not arrived at a conclusion yet, there
might be things neglected in this consideration that should
actually have been taken into consideration. For example, we
neglected the effect higher than the second-order optical non-
linearity in the crystal. There actually might occur higher-
order effects. In particular, it is likely that self-phase modu-
lation (SPM) due to third-order optical nonlinearity occurs
when the crystals are pumped by ultrashort optical pulses
having large peak intensities. When the SPM is taken into

FIG. 11. Calculated spectrum for the down-converted photon?cc_oum' the two-photon s_tate after the crystal is chirped, and
just after the crystal. Slight asymmetry in the spectrum with respect€ir coherence length might be shortened, and the resultant
to the phase-matching wavelength532 nm is due to the com-  Width of the measured/(T) curves might be reduced. To
bined effect of the group-velocity mismatch and the group-velocityobtain a more satisfactory explanation, the effect of SPM in
dispersion in the nonlinear crystal. the crystals might be incorporated into the theory.

Individual photon spectra (arb. unit)

S

60 480 500 520 540 560 580 600
Wavelength (nm)

tra l4(vs) andl;(v;) of the signal and the idler can be ob-
tained by tracind (vs,v;) over the unobserved variable, for V. CONCLUSION
example,
In conclusion, we have generated pulsed polarization-
entangled photon pairs by femtosecond-pulse-pumped SPDC
Is( VS)OCJ dwil (vs,vi). (19 in a cascade of two type-I crystals. It was found that highly
) o entangled photon pairs were successfully obtained by giving
F|gure 11 ShOWS the Calculated |nd|V|dUal SpeCtI’a f0r th%n appropriate temporai deiay between the Orthogonai poiar-
down-converted photons just after the crystal. This figurgzation components for the pump, without the need of spec-
indicates that the FWHM bandwidth of the down-convertedira| postselection using narrow-bandwidth filters. Theoretical
photons is~40 nm. Thus, in our experiment using the 8-nm gnalysis showed that entanglement depends on the convolu-
filtel’S in front Of the detectOI‘S, What we haVe Observed i&ion Of the Space_time Components Of the interfering two-
only a fraction of the photons having the wavelength 532photon amplitudes. The experimental results obtained were
*4 nm that can reach the detectors. On the contrary, we cafell explained if the dispersion and birefringence effects in
safely say that almost all the photons produced in the SPDéhe two crystals are taken into account. Our analysis also
have been observed in our experiment using the 40-nrfevealed the effect of the spectral filtering on the magnitude
filters. In other WOde, the coincidence count rateof the entang|ement when the interfering two-photon amp"-

(%2700 COUntS/S) obtained in the experiment USing thQudeS have a different Space-time dependence_
40-nm filters had already reached the upper limit in our con-

figuration. However, since no optimization was made for the
transversal spatial mode of the down-converted photons in
this experiment, we believe that further improvement in the
coincidence count rate may be possible by optimizing the This work was supported by CREST of J&Japan Sci-
experimental configuratiof33,34. ence and Technology Corporatjon
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