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Quantum interference with beamlike type-Il spontaneous parametric down-conversion

Yoon-Ho Kim*
Center for Engineering Science Advanced Research, Computer Science and Mathematics Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831, USA
(Received 1 February 2003; published 2 July 2003

We implement experimentally methods to generate photon-number—path and polarization entangled photon
pairs using “beamlike” type-ll spontaneous parametric down-conversion, in which the signal-idler photon
pairs are emitted as two separate circular beams with small emission angles rather than as two diverging cones.
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Since late 1980s, spontaneous parametric downerystal make an angle @f,=49.2° inside the crystdh]. At
conversionNSPDQ has served as a good source of correlatedhis angle, the signal photon and the idler photon both are
or entangled photon pairs for experimental studies of founcentered at 702.2 nm and the two emission cones or rings,
dations of quantum physics and, more recently, for experishown as two dashed rings in Figal, touch each other at
ments in quantum informatiofl—7]. In type-l SPDC, pho- the pump beam. The entangled photon pairs, therefore,
tons appear as a concentric ring centered at the pump beapropagate collinearly with the pump beam.
due to energy- and momentum-conservation conditions and In the case of beamlike type-Il SPD@{~48.3°), the
the pair photons are selected with a set of small apertureisining curves for both the e ray and the o ray are tangential
which are positioned at two conjugate regions on the concerfo the 702.2 nm line, as shown in Figtbl The signal and
tric ring [2,3,8). In type-ll SPDC, two such rings appear as the idler photons are, therefore, emitted as two separate
the photon pairs are orthogonally polarizéshe ring for  “beams,” shown as two signal and idler “blobs” in Fig(d),
each polarization Depending on whether the orthogonally rather than two cones. Note that the signal-idler emission
polarized photon pairs propagate collinearly or noncol-angles in beamlike type-lIl SPDC are fixdth this case
linearly, one or two apertures are used to select correlatett =3.5°) for a given pump and the SPDC wavelengths. This
photon pairs, respectivelyd—7]. In any case, only a small is different from usual noncollinear type-Il SPDC in which
fraction of emitted photons can actually be collected and, irthe signal-idler propagation angle may be easily adjusted by
general, bigger the collection aperture, lesser the measurdidting the crystal in the optic axis plane.
correlation. This is due to the fact that with bigger opening of ~ The outline of the experimental setup can be seen in Fig.
the collection apertures, there is greater probability of detect2. A 1-mm thick type-Il BBO crystalcut at§,=49.2°) was
ing uncorrelated photons. pumped with a 351.1-nrthorizontally polarizeg argon ion

Recently, beamlike type-ll SPDC was reported in litera-laser beam. The optic axis of the crystal lied in the horizontal
ture[9,10]. In beamlike type-1l SPDC, the signal-idler pho- plane so that both the signal and the idler photons propagated
ton pairs are emitted as two separate circular beams rathparallel to the surface of the optic table. The direction of the
than as two diverging cones. Each beam has a Gaussian-likgtic axis was set as shown in the inset of Fig. 2. The e ray
intensity distribution with a small divergence an8j. The (o ray) was therefore horizontalljvertically) polarized. A set
immediate advantage of beamlike type-Il SPDC over the

usual type-l and type-Il SPDC, in which small apertures are 75| (a) ==, 751 (b) A
required to define conjugate spatial modes, is that nearly al_. 5| « & % _ 5
emitted photons may be collected, in principlgthout com- § S §’ o
promising two well-defined spatial modesAs a result, 52'5 " ¢ o 2®
beamlike type-Il SPDC exhibits better pair detection effi- £ 0  s#elpumpt £ o
ciency than usual type-I and type-ll SPD]. Tos| ) 5 Bos
In this paper, we report a quantum interference experi-§ 11 ® £ ~
ment using beamlike type-Il SPDC. Specifically, we report> -5 ‘\ o-ray'o' > 35 ora
generation of the photon-number—path entangled state an .75/ =" 7.5 /
the polarization entangled state with beamlike type-Il SPDC -4 2 0 2 4 600 650 700 750 800

Horizontal Angle (deg) Wavelength (nm)

in one experimental setup. We also discuss a postselectior.
free Bell-state generation scheme using beamlike type-ll

SPDC. FIG. 1. (a) Two dashed lines show the emission pattern for the

. . . . type-ll collinear SPDC. For beamlike type-Il SPDC, signal and
Let us first briefly discuss how beamlike type-ll_ SPDC idler photons are emitted as two separate circular beams showns as
can be generated. For@BaB,0, (BBO) crystal, collinear 4 piobs which are shown at the center of the collinear type-Ii
degenerate type-ll phase matching occurs when the pumMgppc emission cones. The optic axis is assumed to lie in the ver-
beam (assumed to be 351.1 nnand the optic axis of the (jcal plane and the vertical and the horizontal angles are the photon
emission angles projected onyaand x axes, respectivelyb) Cal-
culated tuning curve for beamlike type-Il SPDC at 702 n# (
*Electronic address: yokim@umbc.edu ~48.3°).
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FIG. 2. Outline(top view) of the experimental setup. The optic 900 600 300 0 300 600 900
axis of the BBO crystal and the pump polarization lie in the hori- T + DL/2 (fsec)

zontal plane.
FIG. 3. Experimental data with HWP angle set at 4&%).With
of irises placed at+3.5°, about 80 cm from the crystal, 3-nm filters(5 se¢ and(b) with 20-nm filters(4 seg.
helps tuning of the crystal angle for beamlike type-1l SPDC
generation. 190 cm. The coincidence window used in this experiment
For initial alignment of the crystal angle, we placed awas approximately 7.3 nsec.
multimode fiber-coupled single-photon counting detector Let us first discuss the two-photon anti-correlation dip
preceeded with a 3-nm bandpass spectral filter immediatelgxperiment with beamlike type-Il SPDC. For this measure-
after the iris in each beam path. The distance from the crystahent, the HWP was set at 45° so that both the signal and the
to the multimode fiber coupler was about 90 cm. Also, aidler photons have the same polarization and the polarization
horizontally(vertically) oriented polarizer was inserted in the analyzers A1 and A2 were removed from the setup. Since
path of e ray(o ray). The BBO crystal was then sligntly tilted both photons have the same polarization, the two-photon dip
in the horizontal direction while observing the single as welleffect, similar to that of type-1 SPDC, is expecte]. There
as the coincidence counts of the detectors. Only a slight deare, however, some subtle differences because beamlike
tuning of the crystal angle was necessary to observe beantype-1l SPDC should show all the characteristics of the usual
like type-1l SPDC. type-Il SPDC as far as interference effects are concerned.
Similar to the results reported in R¢R], the ratio of the  Therefore, the dip should be triangular in the absence of any
coincidence-count rate to the single-count rate was approxispectral filtering and it should occur at= —DL/2 [4]. Here,
mately 11.5%-12% when the irises were about-¥-mm  D=1/u;— 1/lug, whereug (u;) is the group velocity of the
in diameter. When the pump beam was slightly focused witrsignal (idler) photon in the crystal and is the thickness of
a 1-m focal lenglocated aboul m from the detectojsthe  the crystal. In other words, complete anticorrelation dip or
ratio rose up to~15% for similar size irise$11]. Experi-  two-photon bunching occurs when the effective time delay
mentally, this ratio is mostly limited by the detector effi- through the upper arm of the interferometeiDik/2 shorter
ciency (EG&G SPCM, typically 70% at this wavelength than that of the lower arm.
the fiber coupler efficiencyabout 65%, measured with a  The experimental data for the anticorrelation dip experi-
He-Ne laser, the filter transmissionapproximately 55% ment are shown in Fig. 3. Figuré& shows the experimen-
peak transmissignand other small optical losses. The filter tal data when the spectral filters F1 and F2 had 3-nm full
transmission, therefore, is the biggest factor for thewidth at half maximum(FWHM) bandwidth. The Gaussian-
coincidence/signal ratio and it may be improved by usinglike shape of the two-photon dip is due to spectral filtering of
better designed filters and by using a thicker BBO crystalSPDC by the 3-nm filters. The familiar triangular two-photon
which reduces the spectral bandwidth of SPDC. Note that, itlip for type-Il SPDC is evident in Fig.(B) when 20-nm
the mode-matching technique described in R&8] is used FWHM spectral filters were used instead. The triangular
with the beamlike type-ll SPDC, a much improved shape of two-photon dip indicates that the spectrum of
coincidence/single ratidin turn, better pair detection effi- type-ll SPDC is not affected by spectral filters and apertures
ciency) may be possibl¢14]. used in the experimerjé]. The two data sets have compa-
The interferometer for beamlike type-1l SPDC consists ofrable coincidence-count rates due to different sizes of detec-
a half-wave plate and a 50/50 beamsplitter as shown in Figor irises[3 mm in diameter for Fig. @ and 2 mm for Fig.
2. The horizontally polarized signal beam passed through &(b)], different measurement tim¢S sec for Fig. 8) and 4
half-wave plate(HWP) and the signal beam and the idler sec for Fig. 8b)], and slightly lower peak transmission of the
beam were overlapped at the beamsplitter. Deldetween  20-nm filters than that of 3-nm filters.
the two arms was adjusted with a computer controlled trom- The quantum state of the output of the beamsplitter, at the
bone prism. At each output ports of the beamsplitter, a podip, can be written afy)=(|2,0)+]0,2))/\/2, which is the
larization analyzefAl or A2), a spectral filte(F1 or F9, an  well-known photon-number—path entangled state. So far,
iris, and a fiber-coupled single-photon detector were placedsuch a postselection-free photon-number—path entangled
The distance from the crystal to the detector iris was aboustate was reported using type-l SPDC only, in which the
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In Fig. 5, we show a scheme to generate postselection-
free polarization entangled states using beamlike type-II
SPDCJ17]. The first and the second crystals generate beam-
like type-ll SPDC photon pairs in the polarization state
|H)1|V), and|H),|V),, respectively. After the photons pass
through suitable compensators similar to the one used in Ref.
_ ) ~ [18], the two amplitudes may become distinguishable only
spectral bandwidth is very broad. The reduced bandwidthhy their polarization properties. All four two-photon polar-
and improved pair detection efficiency of beamlike type-llization Bell-states, therefore, may be prepared in this way.
SPDC maybe useful for certain quantum applications of therhis setup, therefore, may be useful for loophole-free Bell-
photon-number—path entangled states. inequality tests if combined with other collection efficiency

The generation of the polarization-entangled state may benhancing techniqudd1,13.
accomplished by simply setting the HWP angle at 0°, i.e., it Note that, unlike the schemes using two orthogonally ori-
does not do anything to the polarization state of the signaénted type-I crystalf5,6,15, nonmaximally entangled states
photon. In this case, the situation is very similar to that of thecannot be directly generated using beamlike type-1l SPDC.
first Bell-inequality experiment using type-1 SPOE,3]. To  In the two-crystal scheme shown in Fig(bh the pump
observe the usual coincidence dip pattg#h the polariza- beam has to be horizontally polarized and amplitudes
tion analyzers Al and A2 were both set at 45° and the delayH),|V), and|H),|V), are generated in each crystal due to
between the two interferometer arms was scanned. This prehe different optical axes orientations, both of which lie in
cedure was repeated with two different sets of spectral filterghe horizontal plane. Therefore, the weighting factors for
(with 3 nm and with 20 nm To observe the coincidence each amplitudes cannot be easily varied by simply changing
peak, the orthogonal analyzer angles A1(A2)5°(—45°)  the polarization orientation of the pump beam. Partial reflec-
were used. tion mirrors inserted in the beam paths, however, may allow

The experimental data for this measurement can be seéndirect generation of nonmaximally entangled states.
in Figs. 4a and (b). The data clearly confirm the For ultrafast pumping, beamlike type-ll SPDC suffers the
polarization-entangled statd )= (|H)1|V),—|V)1|H),)/  same visibility loss as with usual ultrafast type-Il SPDC
J2 at 7= —DL/2. The demonstration of polarization corre- schemes. In ultrafast type-Il SPDC, the signal and the idler
lation measurement (Ax—45° and A2 rotated at 7= photons have different spectra and the pump pulse acts as a
—DL/2 can be seen in Fig.(d). Note that if 7# —DL/2, clock which, in principle, could be used to tell where the
partially entangled partially mixed state may be generated. photon pair was created inside the crygEH]. These extra

Beamlike type-1l SPDC may also be used to prepare thelistinguishing information are the source of poor visibility in
two-photon state somewhat similar to that of collinearthe usual type-l1l SPDC with ultrafast punjpQ]. Since the
type-lIl SPDC. An example can be seen in Figg)5Here, a  distinguishing information still exists in the two-photon state
polarizing beamsplitter is used instead of a beamsplitter. Thef beamlike type-Il SPDC, the same poor visibility is ex-
resulting state after polorizing beam splitter, therefore, igpected as well. It may, however, be possible to use the en-

FIG. 4. Experimental data with HWP angle set at 0&). With
3-nm filters(5 seg, (b) with 20-nm filters(4 seg. Solid circles are
for A1(A2)=45°(45°) and empty circles are for A1(A2M45°
(—45°). (c) Polarization correlation measurement with 3-nm filters
(5 seq.
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tanglement concentratiofor extraction scheme demon- ing cones. We also discussed methods to prepare
strated in Ref[7] with the two-crystal scheme shown in Fig. postselection-free Bell-states using beamlike type-Il SPDC.
5(b). If the two modes in the two crystal scheme shown inSince beamlike type-1l SPDC exhibits better collection and

i - . pair detection efficiencies due to its emission property, the
e angled st Qanraed U beamike hpe I SPBC s
. ’ . ) . .. “well-suited for loophole-free Bell-inequality experimetiis
tion may be effectively “decoupled” from the polarization ¢ompined with other detection efficiency enhancing tech-
information of the photon pair. In this case, regardless of the]iques and for many quantum information experiments in-
pump bandwidth, a high-quality postselection-free Bell-statesolving entangled photon pairs.

may be generated using beamlike type-Il SPDC.
ybe g using e byp This research was supported in part by the U.S. Depart-

In summary, we have reported a quantum interference X ent of Energy, Office of Basic Energy Sciences, NSA, and
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