RAPID COMMUNICATIONS

PHYSICAL REVIEW A VOLUME 60, NUMBER 2 AUGUST 1999

Ultrabright source of polarization-entangled photons
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Using the process of spontaneous parametric down-conversion in a two-crystal geometry, we have generated
a source of polarization-entangled photon pairs that is more than ten times brighter, per unit of pump power,
than previous sources, with another factor of 30 to 75 expected to be readily achievable. We have measured a
high level of entanglement between photons emitted over a relatively large collection angle, and over a 10-nm
bandwidth. As a demonstration of the source capabilities, we obtained a 2i2ation of Bell’s inequalities
in less than three minutes, and observed near-perfect photon correlations when the collection efficiency was
reduced. In addition, both the degree of entanglement and the state purity should be readily tunable.
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Entangled states of multiparticle systems are arguably th&ations. The first was an atomic cascade—a two-photon de-
quintessential feature of quantum mechanids In addition  cay process from one state of zero angular momentum to
to their central role in discussions of nonlocal quantum cor-another. The resulting photods display nonclassical corre-
relations[2], they form the basis of quantum information, |ations(they were used in the first tests of Bell's inequalities
and enable such phenomena as quantum cryptogreglhy [9,10]), but the correlations decrease if the photons are not
dense coding4], teleportatior{5], and quantum computation emitted back-to-back, as is allowed by recoil of the parent
[6]. At present, the most accessible and controllable sourcgtom.
of entanglement arises from the process of spontaneous para- This problem was circumvented with parametric down-
metric down-conversion in a nonlinear optical crystal. Hereconversion, since the emission directions of the photons are
we describe a proposal for, and experimental realization ofwell-correlated. In several earlier experiments down-
an ultrabright source of polarization-entangled photon pairsgonversion photon pairs dfefinitepolarization were incident
usingtwo such nonlinear crystals. Because nearly every paibn a beam splitter, and nonclassical correlations observed for
of photons produced is polarization entangled, the total fluhosepostselectedvents in which photons traveled to dif-
of emitted polarization-entangled pairs should be hundredgerent output port§11]. However, the photons were actually
of times greater than is achievable with the best previougreated in polarizatioproductstates.
source, for comparable pump powers. The improved tech- A source of truly polarization-entangled photons was re-
nique has the added advantage that the degree of entanglized using down-conversion with type-1l phase matching,
ment and the purity of the state may be readily tunable, herein which the photons are produced witttefinite) orthogonal
tofore impossible. polarizations[12]. For two particular emission directions,

It is now well known that the photons produced via the however, the correlated photons are produced in the state
down-conversion process share nonclassical correlafidns Hv+VH; additional birefringent elements in one or both
In particular, when a pump photon splits into two daughterheams allow the formation of all four Bell states. This source
photons, conservation of energy and momentum lead to emas been employed to demonstrate quantum dense coding
tanglements in these two continuous degrees of fred@m [13], teleportatior{14], a postselection-free test of Bell's in-
Yet conceptually, the simplest examples of entangled statesquality for energy and time variablg$5], a test of Bell's
of two photons are thpolarizationentangled “Bell states”  inequality(for polarization variablesfree of the usual rapid-

switching loophold 16], and most recently, the generation of
[H1,V2) |V, Ha),  [Hi,Ho)=[V1, Vo), (1) entangled states dahree photons[17]. Coincidence count
rates of up to~2000 s (for a 3-mm-thick BBO crystal and
whereH andV denote horizontal and vertical polarization, a 150-mW pumphave been observed with this source, while
respectively, and for convenience we omit the normalizatiormaintaining an acceptable level of entanglement.
factor (1/2). For instanceHV—VH is the direct analog of Nevertheless, the source brightness is still very limited
the spin singlet considered by B¢R]. To date there have because the photons are polarization entangled only along
been only two methods for producing such polarization-two special directions. Using &wo-crystal geometry, we
entangled photon pairs, and each has fairly substantial limihave constructed a source in whiah pairs of a given color
are entangled, and we expect that this should extend to most,
if not all, of the spectral down-conversion output, i.e., to
*Present address: Ginzton Laboratory, Stanford University, Stanecones corresponding to different coldr8]. Consider two

ford, CA 94305. adjacent, relatively thin, nonlinear crystals, operated with
"Present address: Physics Department, MIT, Cambridgetype-I phase matchindrig. 1(a)]. The identically cut crystals
MA 02139. are oriented with their optic axes aligned in perpendicular
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FIG. 1. (8) Method to produce polarization-entangled photons % 10000 & \ / \ 7200 E
from two identical down-conversion crystals, oriented at 90° with g 4000 '( f \ \ 3 5400 5
respect to each other; i.e., the optic axis of the fisstondl lies in '§ 6000 & / / \ ¢ 3600 B
the vertical(horizonta) plane.(b) Experimental setup to pump and & 4000 £ \ \ / \ 1 180° b
characterize the source. 2000 / \/ s
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0 5° 10° 15° 20° 25° 30°
planes; i.e., the firs{secondl crystal's optic axis and the (b) QWP tilt angle

pump beam define the verticghorizonta) plane. With a
vertically polarized pump beam, due to the type-l coupling, FIG. 2. (a) Measurements of the polarization entanglement. The
down-conversion will only occur in crystal 1, where the Polarization analysis of photon 2 was varied, while that of photon 1
pump is extraordinary polarized—the resulting down-Was at—45°. The rate at detector @quares, right axjsis essen-
conversion light cones will be horizontally polarized. Simi- tilly constant; i.e., the photons are individually nearly unpolarized,
larly, with a horizontally polarized pump, down-conversion while the comude_nce rateclrc]es, left axi$ Fﬂsplays _the expec_ted'
will only occur in the second crystal, producing Otherwiseqygqtym-mechanlcal correlatlo.ns..The solid curve is E.l best fit, with
identical cones of vertically polarized photon pairs. A 45¢- Visibility V=99.6-0.3%. (b) Coincidences as the relative phage
polarized pump photon will be equally likely to down- was varied by tilting the Waveo plate Just_ before t_he crystal; both
convert in either crystalneglecting losses from passing pﬂomns x’;r? analyzgd at 4h5' 'kThe SO"S curve is the calculated
through the first and these two possible down-conversion™y oo ST 1oF OUr "mm-thick zero-order quartz quarter-wave
. .~ plate, adjusted for the residual phase shift from the BBO crystals
processes areoherentwith one another, as long as the emit- themselves.
ted spatial modes for a given pair of photons are indistin-
guishable for the two crystalsl9]. Consequently, the pho- photon detectors—silicon avalanche photodiodE&&G
tons will automatically be created in the stédél +e'?V V. No. SPCM’g, with efficiencies of~65% and dark count
¢ is determined by the details of the phase matching and theates of order 100 &. The outputs of the detectors were
crystal thickness, but can be adjusted by tilting the BBOrecorded directly(“singles”) and in coincidence, using a
crystals themselvesgbut this changes the cones’ opening time-to-amplitude converter and single-channel analyzer. A
angles, by imposing a birefringent phase shift on one of thetime window of 7 ns was found sufficient to capture the true
output beams, or by controlling the relative phase betweeroincidences. Typical “accidental” coincidence rates were
the horizontal and vertical components of fmemplight. negligible (<1 s™%).

Figure 1b) shows the experimental setup used to produce Figure Za) shows data demonstrating the extremely high
and characterize the correlated photons. H&mm-diam degree of polarization entanglement achievable with our
pump beam at 351.1 nm was produced by afi Jaser, and  source. The state was sethidd —VV; the polarization ana-
directed to the two crystals after passing through: a dispenyzer in path 1 was set te-45°, and the other was varied by
sion prism to remove unwanted background laser fluoresrotating the HWP in path 2. As expected, the coincidence
cence; a polarizing beam splitté?BS) to give a pure polar- rate displayed sinusoidal fringes with nearly perfect visibility
ization state; a rotatable half-wave pla#WP) to adjust the (V=99.6+0.3% with “accidental” coincidences subtracted;
angle of the linear polarization; and a second, tiltable waved8.8+0.2% with them includex while the singles rate was
plate for adjustingp. The nonlinear crystals themselves weremuch flatter {/<3.4%)[20]. We believe this to be the high-
BBO (8.0x<8.0x0.59mm), optic axis cut a¥,,=33.9°.  est purity entangled state ever reported. The collection irises
For this cut the degenerate-frequency photons at 702 nm afer these data were both only 1.76 mm in diameter—the
emitted into a cone of half-opening angle 3.0°. For most ofresulting collection efficiencythe probability of collecting
the data presented here, interference filt#ffs) centered at one photonconditioned on collecting the otheris then
702 nm[full width at half maximum(FWHM) ~5 nm| were ~ ~10%.

used to reduce background and select only thesarly To experimentally verify that we could seétby changing
degenerate photons; the maximum transmission of these fithe ellipticity of the pump light, the quarter-wave pladzero
ters was~65%. order, at 351 nrbefore the crystals was tilted about its optic

The polarization correlations were measured using adjustaxis (oriented vertically, thereby varying the relative phase
able polarization analyzers, each consisting of a PBS prebetween horizontal and vertical polarization components
ceded by an adjustable HWor 702 nm. After passing [21]. Figure Zb) shows the coincidence rate with both ana-
through adjustable irises, the light was collected using 35lyzers at 45°. Fop=0, 7 the statesHH = V'V are produced.
mm-focal-length doublet lenses, and directed onto singledust as with the previous type-Il sourcg?], the other two
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FIG. 3. For the statélH—VV, plots of the fringe visibility(tri- FIG. 4. A calculation of the relative phage as a function of the
angles, left axisand normalized coincidence courtircles, right ~ wavelength, of one of the down-conversion photons. An overall
axis) versus collection aperture size. (& circular irises were used, Phase offset has been suppressed for clarity.
showing a dropoff in visibility with increasing iris size; ifio) ef-
fective verticalslits (with fixed horizontal width 3.5 miproduced ~ degenerate frequencies. However, due to dispersion in the
a much slower reduction in visibility. nonlinear crystals, the relative phagewill in general de-
pend on the particular wavelength pairs being considered
N . . . [23]. Figure 4 shows the results of a numerical calculation of
E::fl_\?\;{:\t?;l\;t_evi: gzyoaetﬁéegfr;id tz'rzgghgﬁ;;ﬁg'\r}g a ¢ (modulo 3605, as a function of the Wavelength of one of
polarization the down-conversion photc_ms, for our particular crystals. For

To chara.cterize the source robustness and brightness 2l d_etected down-conve_rsu_)n photons to be described by es-

9 ‘V¥%nt|ally the same polarization-entangled state, the band-

Qgﬁgﬁrsdetr?frgf'g ggﬂe?sma f];g?r?tt'ﬁg g;girszg I(s)f g]eeﬁ?l'width of acceptance needs to be restricted, the crystal thick-
P ’ y - OP nesses reduced, or a special birefringent compensation

ing these apertures increases the aforementioned collectign :
efficiency. In the first set of datEFig. 3a)], circular irises Ylement included. We see that an acceptable range of phase

o <260 . . o
were used; the visibility decreased somewhat as the iris siz\é&1r|at|on ($=26°, the value for which fringe visibilith

increased, while the coincidence rdtormalized by the in- —0s¢=0.9) is maintained for a bandwidth of 30 nm, as-

put pump power increased. In the second set of measure-SUming no other visibility-degrading effects come into play.

! . . . Scaling our earlier 5-nm bandwidth result, we thus expect a
;nﬁeer:tzg:éﬁ.ir?(sb)in?j Yﬁétf:rltiilgl ?;ir\évé?]t;:ﬁsom?evgazr?ggeﬁatotal output over the entire cones making up this bandwidth
’ P 3f ~60,000 s mW 2. This is~300 times brighter than the

varied using the iris size; this effectively collects a larger olarization-entanaled photon-pair production rates obtain-
portion of the same cone. The visibility then stayed essen? 9 P pair p

tially constant at~95%, but the coincidence rate still in- able with the previous down-conversion scheffie] (and

; e . 750 times brighter if scaled by the crystal thickness
gﬁgsevt/jé '%gggr\gzx'ggT ffg ném'fggngi:ur;o'sl:gggg er Another remarkable feature of this source is that it may be
P Psed to produce ‘“non-maximally-entangled” states, i.e.,
milliwatt of pump power. For 150-mW pump power, this states of the fornHH + €VV, | €| # 1, simply by rotating the

implies a coincidence rate of 21,000'§22], a x10 increase ' ' Py by g

over the previous type-ll sourdavhich used a BBO crystal \F/)g:]tqi([:)af)()lirtl;ﬁ%og:cfﬁrs?afe usmr%\?eoIgglésdsk?;ng?oe%éhjsefu|
2.5 times longef12]). Note that this iris size still only ac- €~ '

cesses—8% of the down-conversion cone. Given the sym—m reducing the required detector efficiencies in loophole-free

metry of the arrangement, we expect strong entanglemertl?.StS of Bell's inequalitie§24]. They are also central to cer-

. . ' S Otaln gedanken experiments demonstrating the nonlocality of
over the entire cone, implying a total polarization-entangle uantum mechanicaithout the need for inequalitief2s]
pair production rate (over the 5-nm bandwidjhof about q 9 ’

10.000 ST mW-L where we have divided out the filter trans- and enlarge the accessible Hilbert space of quantum states.
mi'ssions and de;tector efficiencies To our knowledge, this source is the first one to enable

As a final demonstration of the source, a measurement d:%reparatlon of such states, ay rate of productiori 26},

Bell's inequality was performed with the 5-nm interference Moreover, we can also create arbitrapartially) mixed

filters replaced by 10-nm-wide filtegentered at 702 nm states of the type

the UV pump power increased to 60 mW, and the irises were o g|H, | H,)(Hap,Hy| +Sin? 0]V; Vo) (Vy, V4.

set at 3.%12.7mm. The coincidence rates were recorded

for 16 combinations of analyzer settingg;&0,90°—45°,  We need only impose on the pump beam a polarization-

45°; 9,= —22.5°,67.5°,22.5°,112.5°Following [10], these  dependent time delay that is greater than the pump coherence

may be combined to yield a value for the paramefer time (for mixed states or comparable to it(for partially

=2.70070.0029, where according to any local realistic mixed states[27].

theory|S|=<2 (and the maximum according to quantum me-  Finally, as indicated earlier, the down-conversion photon

chanics is 22). Due to the very high coincidence count ratespairs are automatically entangled in energy and momentum

obtained for this measurement, over 10 008, she neces- as well. Hence, for our two-crystal scheme, the photons are

sary statistics for this 242-violation were obtained in only actually simultaneously entangled in all degrees of freedom.

160 s. We call such a state “hyperentanglefi28], and it has been
We have thus far only considered photons belonging to ahown that such states may benefit certain experiments in

single cone of colors, though the arguments should apply tquantum informatiof15,29. A more complete discussion of

every such cone, even for down-converted photons with nonthe production and characterization of these general quantum
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states(nonmaximally entangled, mixed and partially mixed, utes. Such brightness is completely necessary for some ap-
and hyperentangl@dwill be presented elsewhef&0]. plications (like quantum cryptography to a satelliteand

very simple two-crystal geometry, we have demonstrated uires two pairs of entangled photons, and hence scales as

tunable source of polarization-entangled photon pairs. Be- € squareof the source intensily Due fo its simplicity and
P 9 P pairs. robustness, this source should benefit many ongoing pursuits

cause the entanglement exists over the entire cones of eM|ising correlated photons pairs, and may even permit the in-
ted light, this source is much brighter than previous onesgjusion of tests of nonlocality in standard undergraduate

allowing a tremendous Bell inequality violation in only min- physics laboratories.
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