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Collinear two-photon state with spectral properties of type-l and polarization properties
of type-Il spontaneous parametric down-conversion: Preparation and testing
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Two beams of collinear type-I biphotons generated via spontaneous parametric down-con(&PEan
from coherent pump beams are transformed without a loss into a state of correlated photons with ortirogonal
the general case, elliptiogbolarizations. This alternative state manifests remarkable properties: while having
the spectrum of type-1 SPDC, it has polarization properties similar to type-Il SPDC. To test the state, we use
the anticorrelation effedt‘anticorrelation dip”).
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Spontaneous parametric down-convers{@®®?DQ [1] is  introduced by means of a birefringent matefi@]. The re-
at present the simplest way of generating entangled, or norsulting polarization interferometer is much more stable than
factorizable states of two photons. This effect can be brieflya spatial one used for observing anticorellation effect with
described as a spontaneous decay of pump photons into pafye-I SPDC.
of correlated photongcalled signal and idlerin a material Recently, it has been suggested to prepare type-Il collin-
with quadratic nonlinearity. Such pairs of correlated photongar biphoton radiation from type-I collinear SPOQO].
are called biphoton2]. Polarization of signal and idler pho- Preparation is essentially based on two-phot(_)n interference,
tons can be either the same or orthogonal; in the first cas@@mely, on the fact that two different nonlinear crystals
the process is called type-1 SPDC, in the second one, type-RUmpPed by the same laser beam emit photon pairs coher-
SPDC. Depending on the particular type of phase matchingenﬂy' One can observe interference between coincidences

; - - d by pairs born in different crystals. Consider now two
the signal and idler photons can also differ by frequency angause : i
wave-vector direction[1]. For example, in the case of crystals of equal length both generating type-1 SPDC from

frequency-degenerate collinear type-l phase matching, th {fie same pumjgor coherent pump beams with equal inten-

IE X eyitieS' if polarization of biphotongsignal and idler photons
belong to the same mode of radiation and can be considergh,"te firg crystal is orthogonal to the polarization of bi-

as indistinguishable. When used in this regime, SPDC proppotons from the second one, the state at the output can be
duces a two-photon Fock stag) [3], naturally, as a small  represented as a superpositjdd]

addition to the vacuum state. The state generated in

frequency-degenerate collinear type-lIl SPDC is a two-mode 1 .

state, since it involves two polarization modes; in the two- = E(|2,0>+e'5|012>), (1)
mode notation, it can be written &&,1).

One of the most elegant effects revealing the nonclassicalhere [n,m) is a two-photon §+m=2) two-mode state
properties of biphoton fields is the so-called anticorrelationwith n photons polarized horizontally and photons polar-
effect[4]. The effect is observed by sending signal and idlerized vertically [12,13. A similar two-crystal scheme has
photons to the input ports of a 50% beam splitter. After thebeen recently suggested for noncollinear nonmaximally
beam splitter, two detectors are registering radiation in thgpolarization-entangled states preparatiad], used for test-
two output modes, and their coincidences are analyzed. ThHeg Bell's inequalitieq 15, and applied for preparing collin-
dependence of the coincidence counting rate on the delagar two-color Bell stategl6]. The phase: can be varied in
between signal and idler photons before the beam splitter hadifferent ways(see the experiment belgwOne can show
a typical “dip” shape. When the path lengths of signal andthat Eq.(1) can be represented as a two-photon state
|dler photons before the beam sp_Iltte_r are pe_rfe_ctly equal, ¢=|1,1>Fazal|0-0>- )
which means that an observer registering a coincidence can-
not tell whether it was caused by two transmitted photons owhere a! is the operator of photon creation in the mode
two reflected photons, the rate of coincidence counting dropsorresponding to right elliptical polarization with the axes of
down to the level of accidental coincidences. The shape ahe ellipse oriented at-45° to the vertical axis. It can be
the anticorrelation dip is different for type-l and type-ll represented in the linear polarization basi;a%s 1/\/§(al
SPDC. It has been showd —6] that the dip shape reflects +iei€’2a;)_ Similarly, the operatoal=1/\/§(ax—iei“2a;)
the first-order correlation function for SPDC radiation, corresponds to orthogonally polarized light. The phaske-
which, in its turn, is the Fourier transform of the spectrum.termines the ellipticity of the polarization modes. In particu-
For frequency-degenerate type-l SPDC, the spectrum ikr, for e=0 we obtain the state of correlated right- and
broadel{ 7], which leads to a narrow anticorrelation dip. This left-polarized photons|1,1).., and for e=# the state is
fact was used in the works on measuring small group delaykl,1). 45-, a pair of correlated photons polarized linearly at
between signal and idler photo[8)]. Observation of the an- *=45° to vertical axis. In other words, the synthesized state is
ticorrelation effect for collinear type-Il SPDC has an impor- similar to the state generated via type-Il SPACL) and can
tant advantage: the delay between signal and idler photons # transformed into it by using an appropriate retardation
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FIG. 1. The experimental setup. Preparation part: SPDC is co-
herently excited in two spatial domains of the Lil©rystal. NPBS
is a nonpolarizing beam splitter, F a pump-cutting filter, PBS1 a
polarizing beam splitter, M a mirror scanned for varying phase
Registration part: an interference filter IF, a pinhole P, a polarizing 0
beam splitter PBS2, detectors D1, D2, the coincidence circuit. Four =3 0 3 6 9
KDP plates, oriented at45° to Y, serve for delay variation. phase €

per 15 sec

coincidences

FIG. 2. Top: different collinear biphoton states shown on the

. int h b a7, Si ¥ cal Poincaresphere. The initial state$2,0) and |0,2), are polarized,
starting point have been reported[itv]. Since linear optica respectively, along X and Y; the produced stdtg), is shown as a

elements used for preparing the st&2 do not change its i of dots placed oppositely on the same meridian, but with the

spectral properties, the synthesized stajeshould have the |5itude depending oR. For e= 7, the state i41,1). 4. Bottom:

spectrum corresponding to type-lI frequency-degeneratgependence of the coincidence counting rateson/2 plate after

phase matching, the interferometer is put at 22.5°, so that éf 7,3, . . . the state
after the plate i$1,1).

plate. Similar transformations using the stétel). 45- as a

i 2
= SIF(L (0= wg)%25) , (3)  kinds of interference filters, both centered at wavelength 650
(L(@0—w)?/2s)? nm: with bandwidth 10 nm and with bandwidth 40 nm. In
the last case, the filter does not restrict the SPDC spectrum
wherew, is the central frequency of SPDC spectrum in the(which has width 18 nmand serves only for noise suppres-
degenerate case, equal to half of the pump frequengcyL sion.
is the crystal thickness, argds inverse to the second deriva-  Figure 2 demonstrates possible collinear two-photon
tive of the crystal dispersion dependendqw), s  states generated via SPDC. Polarization is shown on the
= (d’k/dw?) ~1. Having the spectral properties of “type-I" Poincaresphere where the equator represents states with lin-
SPDC radiation, the synthesized sté@gshould at the same ear polarization, the poles correspond to right and left circu-
time have polarization properties similar to type-Il SPDClar polarization, and the opposite points depict orthogonally
radiation. For instance, it should manifest hidden polarizapolarized light. The state$2,0) and |0,2) generated via
tion [18]. The anticorrelation effect for this state can be ob-type-I SPDC are shown as “double dots” polarized alofg
served by introducing polarization delay between signal anénd Y, respectively. The state generated via type-Il SPDC
idler photons. In the particular case=m, this is done by (not shown in the figunewould correspond to a pair of op-
inserting birefringent material with the optic axis oriented atposite dots, placed & and Y positions. The stat¢l,1),,
45° to the vertical axis. which we generate experimentally, is a pair of opposite dots
In our experimentFig. 1), collinear frequency-degenerate corresponding to the same longitude, but varying latitude. At
type-1 SPDC is obtained in a 15-mm lithium iodate crystale=, the state is a pair of photons polarized linearly at
from a cw He-Cd laser with a wavelength of 325 nm. The*45°. Testing of this state is shown on the bottom of Fig. 2:
crystal is placed into a Mach-Zehnder interferometer, so thatoincidence counting rate is plotted versus the plageir-
two SPDC beams are coherently generated in separate dmr M position. The half-wave plate after the interferometer
mains. A half-wave plate is inserted into one of the beams(Fig. 1) is oriented at 22.5°. The filter bandwidth is 40 nm.
rotating the polarization by 90°, and the two SPDC beamsAt certain positions of the mirror, correspondingde , a
are joined using a polarizing beam splitter PBS1. The state ahaximum of the coincidence counting rate is observed,
the output is given by Eql) and can be also written in the which indicates that the stat&,1) is created after the plate.
form (2). The phase can be varied by scanning mirror M of (Before the plate, the state|ik,1) . ,5-.) Note that in an ideal
the Mach-Zehnder interferometer. At 7, the statg2) isa  case, the transformation is complgi®] and the visibility of
type-ll biphoton in the basis rotated by 45°. A half-wave the pattern equals 100%. The dependence in Fig. 2 has 85%
plate oriented at 22.5° to the vertical axis converts it into thevisibility, which can be explained by nonequal losses in the
state|1,1) in the XY basis. Preparation of this state is testedarms of the interferometer and slight misalignment.
by means of a polarizing beam splitter PBS2, a pair of ava- To measure the anticorrelation dip, we fix the phase
lanche diodes, and a coincidence circuit with resolution 1.5= 7, which gives us the statel,1). 4s-, and put the half-
ns. For spatial and spectral selection, a pinhole P and awave plate after the interferometer in the 0° positiag]. A
interference filter IF are inserted into the beam. We use twwariable delayr between the correlated photons is introduced
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FIG. 3. The anticorrelation “dip” observed with a 40-nm filter. delay T (Lm)
. _ _ Re(7)
by means of two pairs of KDP crystals with thickness 1.17 120!
mm. The optic axes for one pair are orientedrat5°, for the
other pair at—45° (Fig. 1). To vary the delay, one pair of 100,
crystals is tilted in the opposite direction around the optic 80
axes. For untilted plates, the total delay is zero due to the 604
orthogonal orientation of optic axes for the two pairs of 40]

plates. For additional delay variation, quartz plates are used.
After the delay, the biphoton beam is directed to polarizing

beam splitter PBS2, whose output modes corresponi to 00 10 %0 30
andY polarizations. Hence, PBS2 acts for the input state as a
50% nonpolarizing beam splitter, and the coincidence count-
ing rate should show the anticorrelation dip. This is shown in £, 4 The first-order correlation function absolute valae
Fig. 3, where the coincidence counting rate is plotted agains{,q the “dip” shape(b) for the case of the 40-nm filter.

the delayr. It should be mentioned that complete transfor-

mation of type-I biphotons into type-Il biphotons occurs only

for a perfectly adjusted interferometer, with the phasex-

actly equal torr. In this ideal case, the counting rates of the

delay T (um)

detectors do not depend en(there is no first-order interfer- |é1)(1:)|

ence. The drift of the phase and other instabilities lead to a

modulation in both single-counting rates and the coincidence 10 4 (a) |

counting rate. For a better analysis of the dip shape, we mea- 08 | .

sure its right-hand part with a more careful adjustment of the -

phase at each point. To compare the dip shape with the cor- 06 - k

relation functiong®(7) of type-I SPDC, we also measure .

g®(7) as follows. One arm of the interferometer is closed, 04 -

so that the state after PBS1 is of the fof&0), i.e., it is 02

horizontally polarized. The KDP and quartz crystals split this 1 «

beam and introduce the delaybetween the field compo- 00 - =

nents polarized at-45°. Finally, PBS2 projects both field 40 30 20 40 0 10 20 30 40

components ontXY directions. The intensities measured by delay T (um)

the detectorsD;, show antiphased modulatiorl,; ,~1 R¢(®

+V(7)cos(wy7), with the visibility equal to the modulo of -

the first-order correlation function/=|g)(7)|. The inter- 80

ference visibility as a function of the delayis plotted in

Fig. 4(a) and the corresponding dip shape in Fi¢h)4 Note 60

that both curves in Figs.(d) and 4b) are obtained in the

same experimental run and therefore correspond to the same 404

orientation of the nonlinear crystal. This is very important

since the spectrum of type-1 SPDC, and hence the dip shape, 204

strongly depend on the crystal orientation. The fitting curve

in Fig. 4(a) is calculated by taking the Fourier transform of o

the type-I SPDC spectrurt8). 30 20 40 0 10 20 30 40
Theoretical consideration gives a simple expression for delay T (um)

the dip shape: for an arbitrary shape of the SPDC spectrum
S(Q), O=w— w,, the coincidence counting rate depends on  FIG. 5. The first-order correlation functidi) and the anticor-
T as relation “dip” (b) for the case of the 10-nm filter.
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1 for the case of 10-nm filter inserted into the SPDC beam. The
Re~1-gW27),9M(7)= EJ S(Q)cosQr7dQ), (4) fitti\r/g Gaussian curves differ in width by 1.46, which is close
to V2.
i.e., the dip width is exactly twice smaller thgh"(7) width. To conclude, in our experiment we prepared and tested a
This expression agrees with the results[¢£6,9; for in- special two-photon state whose spectral properties are the
stance, in the type-Il cag®], bothg)(7) and the dip have Sa&me as for type-I SPDC, but polan;atlon properties re-
a triangular shape, but the base of the difDis, with D se_mble those of type-li SPD_C. The ant_|c0r_rela_t|0n effect for
denoting the inverse group velocity difference between Sig:[hls state can be ob.served with a polarlz_anon interferometer,
nal and idler photons, while the base gif)(r) is twice as o> for type-ll, and gives a very narrow dip, as for type-I. For
large. In accordance with relaticd), the dip shape in Fig, the 15-mm LilG; crystal and broad-band filter, the dip width

. . is 30 fs; using a 1-mm crystal would give a dip with width 8
4(b) corresponds well to the twice squeezed and invegtédd ¢ “ponce. the synthesized state can be used for precise mea-

shape. Note that relatio) is valid only for the case of the g, rement of group delays between orthogonally polarized
unfiltered SPDC. If Gaussian filters are used in both signahnotons. Moreover, the set of states available with our prepa-
and idler channels, the result is different. Since the dip shapgstion technique includes elliptically polarized signal-idler
is a fourth-order function of the field, while the first-order pajrs; this suggests a possibility for accurate measurement of
correlation function is quadratic in the field, spectral filteringgroup delays between elliptically polarized photons. Note
has a different effect on their shape. Calculation shows thahat the experiment is carried out in collinear geometry,

for a Gaussian filter with width given by parameter the  \hich is convenient for quantum communication.
dip shape should take the form

We would like to thank G.O. Rytikov for considerable
help in the experiment. This work was supported in part by
the Russian Foundation for Basic Research, Grant Nos. 99-
which is 2 narrower than the corresponding correlation02-16419 and 00-15-96541. We also acknowledge support of
functiong™)(7). This fact is demonstrated experimentally in the Russian Federation Integration Program “Basic Optics
Figs. 5a) and 3b), whereR; andgV) are plotted versus  and Spectroscopy.”

1
Re~1— ZI e (W%49% 050 7dQ, (5)

[1] D.N. Klyshko, Photons and Nonlinear Optic§Gordon & Klyshko, and S.P. Kulik, Phys. Rev. 80, R4209(1999.

Breach, New York, 1988 [11] Actually, the state also includes the vacuum contribution, but it
[2] D.N. Klyshko, Zh. Kksp. Teor. FizZ83, 1313(1982 [Sov. Phys. has no effect in our experiment. )

JETP56, 755(1982]. [12] A.V. Burlakov and D.N. Klyshko, Pisma Zh.k&p. Teor. Fiz.
[3] See, for instance, M.O. Scully and M.S. Zubaiuantum 69, 795(1999 [JETP Lett.69, 839(1999].

Optics (Cambridge University Press, Cambridge, 1997 [13] D.N. Klyshko, Zh. Ksp. Teor. Fiz111, 1955(1997 [JETP84,
[4] C.K. Hong, Z.Y. Ou, and L. Mandel, Phys. Rev. L8, 2044 1065(1996)].

(1987. [14] P.G. Kwiat, E. Waks, A.G. White, I. Appelbaum, and P. Eber-
[5] J.G. Rarity and P.R. Tapster, JOSA6B1221(1989. hard, Phys. Rev. 80, R773(1999.
[6] A.V. Belinsky and D.N. Klyshko, Laser Phyd, 663 (1994. [15] G. Brida, M. Genovese, C. Novero, and E. Predazzi, Phys.
[7] A.V. Burlakov, M.V. Chekhova, D.N. Klyshko, S.P. Kulik, Lett. A 286, 12 (2000.

A.N. Penin, Y.H. Shih, and D.V. Strekalov, Phys. Rev58, [16] Y.H. Kim, S.P. Kulik, and Y.H. Shih, Phys. Rev. &3,

3214(1997. 060301R) (2001).
[8] A.M. Steinberg, P.G. Kwiat, and R.Y. Chiao, Phys. Rev. Lett.[17] T. Tsegaye, J. &terholm, M. Atatue, A. Trifonov, G. Bjak,

68, 2421(1992. A.V. Sergienko, B.E.A. Saleh, and M.C. Teich, Phys. Rev.
[9] Y.H. Shih and A.V. Sergienko, Phys. Lett. 286, 29 (1994); Lett. 85, 5013(2000.

ibid. 191, 201 (1994). [18] D.N. Klyshko, Phys. Lett. AL63 349 (1992.

[10] A.V. Burlakov, M.V. Chekhova, O.A. Karabutova, D.N. [19] The same effect is achieved by removing the plate.

041803-4



