PHYSICAL REVIEW A, VOLUME 62, 011802R)

RAPID COMMUNICATIONS

High-intensity pulsed source of space-time and polarization double-entangled photon pairs
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Two spatially separated type-l nonlinear crystals are pumped by femtosecond laser pulses to create en-
tangled photon pairs in the process of spontaneous parametric down-conversion. The two-photon entangled
state exhibits high-visibility quantum interference for both polarization and space-time variables without the
need of stringent spectral postselection by using narrow-band filters. The visibility is insensitive to the thick-
ness of the crystals, unlike in the case of pulse pumped type-ll parametric down-conversion; therefore the
intensity can be easily increased by using thick nonlinear crystals. This method will be indispensable in
experiments that require a pulsed source of entangled photon pairs, such as generation of multiphoton en-

tangled states, quantum teleportation, and quantum communications.

PACS numbds): 42.50.Dv, 03.65.Bz, 42.65.Ky

Femtosecond pulse pumped spontaneous parametripiency doubled radiation of a mode-locked Ti:sapphire laser
down-conversiofSPDQ is very useful for the realization of is used to pump two type-l BBO crystals. The pump has a
certain types of experiments in quantum optics, such as gempulse width of~80 fsec and a central wavelength of 400 nm.
eration of multiphoton entangled states, quantum teleportaFhe repetition rate of the pump pulse is 82 MHz. The pump
tion, quantum communications, efd]. Since the 1990s is polarized at 45°. A BBO crystal is placed in each arm of a
type-1l SPDC has been used extensively as a source of twdalanced Mach-Zehnder interferomet#tZ1). The thickness
photon entangled states for space-time, polarization, an@f both BBO crystals is 3.4 mm. The pump beam is then
space-time- polarization double entanglemdi®]. However, blocked by mirrorsM; and M, while transmitting 800-nm
type-Il SPDC has its limitation for femtosecond applications.collinear degenerate SPDC. The optic axes of the two BBO
The degree of entanglement of the two-photon state genegrystals are orthogonal to each other: the optic axis of the
ated in type-ll SPDC pumped by femtosecond pulse8BO (BBO,;) in the arm that contain¥!; is oriented in the
strongly depends on the thickness of the nonlinear crystdiorizontal (©) plane and the other BBO (BBis oriented
[3-5]. To obtain high-visibility quantum interference in vertically ([). Due to type-l phase matching in the BBO'’s,
pulse pumped type-l1l SPDC, one canly do the following:  the pair of SPDC photons created from BB@re vertically
(i) use a thin BBO crystal£100 um) or (ii) accomplish (V) polarized and the SPDC from BBQs polarized hori-
spectral postselection by using narrow-band filteés7]. zontally (H). At each output port of the nonpolarizing beam
Both methods severely limit the available entangled photorsplitter (NPBS), a detector package consisting of a Glan-

flux reaching the detectors.

Thompson analyzerA;, A,), an interference filter K,

In this paper, we experimentally demonstrate two meth+,), and a single-photon detect@dG&G SPCM-AQ-142
ods for generating pulsed source of space-time and polar- are placed. Interference filters are mainly used for alignment
ization double-entangled photon paitthat exhibit high- purposes and to suppress background noise from the pump.

visibility quantum interference. The visibility is shown to be

The simplified version of the quantum statfier NPBS

insensitive to the thickness of the crystals and the bandwidthan be written agwe only consider coincidence contributing
of the filters. Therefore, high-intensity pulsed entangled photerms

ton pairs can be easily generated by simply using thicker
nonlinear crystals, which has a great advantage over pulse
pumped type-ll SPDC.

It has recently been shown by Kwiat al. and by Burla-
kov et al. that SPDC created from two spatially separate
type-l nonlinear crystals pumped by cw laser beams exhibit
high-visibility quantum interferencg8,9]. In both cases,
temporal compensation was not an important issue. We shall
demonstrate in this paper that pulse pumped type-I SPDC in
the two-crystal scheme requires great attention to the over-
lapping of the two-photon amplitudes temporally, unlike cw
pumped two-crystal cases.

Consider the experimental setup shown in Fig. 1. A fre-
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FIG. 1. Experimental setup. A type-l BBO crystal is placed in
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coincidence circuit.
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BBO Quartz Delay Line
§25°°°’ FIG. 3. Experimental setup. Quartz delay line introduces rela-
g tive delays between the biphoton amplitudes created in the first and
E 14000 second BBO.
o
2 e the SPDC two-photon interference.
This unusual effect can only be observed in the case of

3 208.5 208.7 208.9 209.1 . . .
o 200 f,oj;‘)(?slf,’mmm“"wo(’ 2003 Delay {um) pulse pump with a thick crystall {,,<L, wherel ., is the

coherence length of the pump pulse ands the crystal
FIG. 2. Experimental dataa) An interference pattern is ob- thicknes$. Here we provide a simple physical description
served in coincidences by scanniMy. Each column of the data and a detailed theoretical treatment will be discussed else-
looks like (b). Note that the modulation period is 400 nm. 10-secwhere. Due to the group velocity difference between the
accumulation time and 10-nm filters are used. With 40-nm filters,pymp pulse and the SPDC, the SPDC photon pairs travel
the visibility is slightly reduced but the width and the shape of thegaster in the BBO. Since the SPDC process can take place at
interference fringe remain the sante) and (d) with BBO and the any location with equal probability throughout the BBO, the

uv reflecting mirrors removed from the interferometer. The ﬁrSt'temporaI distribution of the biphoton amplitudes is calcu-
order pump pulse interference is observed in the single countingated to be

rates. A 0.5-sec accumulation time is used.

1 1
whereg is the relative phase between the two terms. This is Up(£2p) B Uo(Qp/2)
a polarization entangled Bell-type state, provided that the
two terms|V,V,) and|H;,H,) are made indistinguishable. whereu,(€),) andu,({,/2) are the group velocities of the
If the MZI is balanced, the two terms overlap in time andpump and the SPDC, respectively, afl, is the central
become indistinguishable temporally. Equati@h) shows frequency of the pump pulse spectriit®]. (See Fig. 5 for a
that quantum interference will occur between the biphotorgualitative physical explanationOne can then overlap the
amplitudes emitted from two spatially separate crystals, antlvo biphoton amplitude$V,,V,) (created from BB@) and
¢ can be interpreted as the relative phase between them. Itfsi,,H,) (created from BB@) by moving the mirrorM, to
very important to note that if the two terms in EG) are  the balanced position. The width of the envelope of the in-
distinguishable in time, it isota Bell state, although it looks terference fringe should be equal to the width of the convo-
like one. It can be easily demonstrated by moving the mirrodution of the two amplitudes of the biphoton distribution. The
M, to an unbalanced position. observed data agree well with E@®).

Observation of high-visibility quantum interference is a We have so far demonstrated an alternative method of
test of the degree of quantum entanglement. To demonstratgeenerating pulsed entangled photon pairs and the importance
the space-time quantum interference of the entangled state af temporally overlappindVy,V,) and|H,,H,) biphoton
Eq. (1), we set the angles of the analyzérsandA, at 45°  wave packets. This method, however, requires a highly
and scarM, by an encoder driver. In this measurement, thestable MZI. One then wonders whether two crystals can be
pump beam average power in each arm of the MZ&<i50  placed collinearly without the need of the MZI in the femto-
mW. As expected, high-visibility quantum interference is ob-second pulse case. We have also performed this experiment.
served in coincidences, see Figga2and 2b), while the  See Fig. 3. Two orthogonally oriented type-I BBO crystals
interferometer is balanced. A4, moves away from the bal- are placed collinearly and pumped by 45° polarized femto-
anced position, the interference visibility is reduced andsecond pulses. The SPDC is separated from the pump by
reaches zero when the two wave packets in(Epgare com-  using two specially coated mirrors that reflect the 400-nm
pletely distinguishable. Note in Fig(ld that the modulation pump beam while transmitting the 800-nm SPDC. The col-
period of the interference fringe is 400 nm, which is thelinear degenerate SPDC then passes through the quartz delay
pump central wavelength, although the SPDC wavelength ine consisting of a set of quartz rods and two thin quartz
800 nm. This is a well-known two-photon effd@,8,9]. In plates(600 uwm each. The optic axes of the quartz are ori-
Figs. 2c) and 2d), pump pulse interference is demonstratedented vertically so tha¥ polarized photons are delayed rela-
in comparison with the SPDC interference. This is done bytive to H polarized photons. Therefore it basically delays the
simply removing the BBO crystals and the uv reflecting mir-SPDC created from the first BBO relative to the SPDC from
rors from the MZI. Note that the observed envelope of first-the second BBO, and the delay is proportional to the number
order pump pulse interference is narrower than the width obf quartz rods used in the delay line. The use of two thin
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FIG. 4. Visibility versus the relative delay betweRn ,V,) and 200
|H1,H,) in the case of 10-nm filters. Note that maximum visibility : ‘ : :
is observed when the delay is 1.5 psec. The solid line is the Gauss- 0 i ; : ; ; ; ; i i
ian fitting and is solely used to estimate the width of the envelope. ‘ 5 ' 5 ‘ : : ‘ ‘
With the 40-nm filter, the maximum visibility is slightly reduced to
65%. 400

quartz plates is to introduce subwavelength delay by tilting
them in the opposite directions. The quantum stafier 200 [

NPBS is the same as in Ed.). As mentioned above, the two ®

terms|Vy,V,) and|Hy,Hp) should be made indistinguish- R S S SN S S
able to observe high-visibility quantum interference. In our -160 -120 -80 -40 0 40 80 120 160 200
setup, this temporal compensation is done by using the Angle (deg)

quartz delay line—it delaygv,,V,) relative to|H,,H,) to
overlap the two terms in time.
We first observed the space-time interference in the fo

lOW"zig WZBSI'O BOtCT EOlanzatlog ?nal_yz_e#sl andcfé are Org ._interference point(c) Polarization interference for the sttt ™) at
ented at and the quartz delay Is increased by Intro UCiNghe space-time constructive interference point. The well-knawn

a set of quartz rods. At each “big” dgla(yor compengatioh phase shift is demonstrated. The data accumulation time is 30 sec.
introduced by the quartz rods, we tilt the two thin quartz

plates to introduce subwavelength phase detaylhe vis-
ibility of the space-time quantum interference is measureqij
and 'pIotted in Fig. 4 Note that Interfere'nce' visibility is time interference is observed by varyigg The polarization
maximum when the introduced compensatior~i$.5 psec. Bell states
This can be explained in a simple physical picture shown in
Fig. 5. At the second BBO, the SPDC from the first BBO
(IV,V)) travels faster while SPDC process occurs in the sec-
ond BBO by the vertical component of the pump beam that
creates amplitudeH,H). After the two BBO crystals, there-
fore, |V,V) and|H,H) are separated by 1.5 psec, which is
determined by the thickness of the BBO crystal. The quart£an then be prepared. Note that) and|Y) form the or-
delay line overlaps these two terms so that they are indistinthogonal basis of aarbitrary right-hand coordinate system
guishable in time. vvhere_ the SPDC propagation direction is taken to bell.rzthe
Since the phase termin Eq. (1) can be easily varied, the direction. Experimentally|® *) and|®~) can be identified

polarization Bell statefl1] can also be easily prepared. The by constructive and destructive quantum interference, re-
spectively. The above polarization Bell states should exhibit

polarization interference in coincidence counting rates be-
l tween the two detectors while the single counting rates re-
|v.v) main constant, i.e.,

FIG. 6. (a) Space-time interference is observed by varying the
I_|ohase¢,o. Note that the modulation period is 400 nth) Polariza-
tion interference for the statgb ~) at the space-time destructive

elay is set to 1.5 psec and a subwavelength phase gédky
ntroduced by the two thin quartz plates. In Figa6 space-

D7) =[X1,X2)+[Y1,Y2) for ¢=0,

|®7)=|X1,X2)—[Y1,Yp) for o=

Re[( 65, 61| *)|?coS'( 6, F ). 3

~1.49 psec Note thatd,; and 6, arearbitrary angles. The data presented

FIG. 5. Temporal distribution of the biphoton. The widBoo N Fig.'6(b) are for|® ") and in Fig. &c) are.for'|(IJ+>. For
fseg of the biphoton distribution is represented by the shaded rectboth Figs. 6b) and Gc), the angle ofA, (6,) is fixed at 45°

angles. Note that the distance between the two BBO crystaistis andA; is rotated. To make sure the state is really a polariza-
an important factor in the experiment. tion Bell state, we have repeated the measurement for many
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different angles ofA;. The observed visibility has remained type-Il SPDC, high-visibility quantum interference is ob-

the same, which means that the state we observed is truly
polarization Bell state.

The other two polarization Bell statef¥ ) and|W¥ 7))
can also be prepared by inserting\& plate in one of the

served without stringent spectral postselection, and the vis-
ibility is insensitive to the crystal thickness and the filter
bandwidth. Note also that nonmaximally entangled states can
easily be generated by simply rotating % plate placed in

two output ports of the NPBS. Note that the observed visthe pump beam. We believe that these alternative methods

ibility in this experiment is much higher than any pulse will be indispensable in experiments that require a pulsed
pumped type-ll SPDC experiments using such a thick crystad,rce of entangled-photon pairs.

even with reasonably narrow-band filters. The collinear
method requires much less work and has proved to be ver
stable. However, it might be difficult to apply in nondegen-
erate SPDC applications, since complicated compensati
has to be introducefl2].

(o]

Note added in proofAfter this paper was accepted for
Bublication, we achieved-90% visibility with 40-nm filters

irq the collinear setup shown in Fig. 3.
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