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Orthogonality of biphoton polarization states
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Orthogonality of two-photon polarization states belonging to a single frequency and spatial mode is dem-
onstrated experimentally, in a generalization of the well-known anticorrelation “dip” experiment.
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Orthogonality, one of the basic mathematical conceptsand m photons polarized vertically9]. In [10], it is shown
plays an important role in physics, especially quantum physthat the statg1l) allows an explicit representation on the
ics and, in particular, quantum optics. A well-known examplePoincaré sphere. It can be written in the form of two arbi-
including both classical and quantum cases is orthogonalityrarily polarized correlated single-photon states,
of two polarization modes of electromagnetic radiation. + o
Physically, orthogonality of two arbitrary polarization states |y = a'(6,¢)a'(6',4")|vag _ (2)
means that if light is prepared in a certgin the general la'(6, p)a’(6',¢")|vad)|
case, elliptig polarization state it will not pass through a
filter selecting the orthogonal stat@ filter selecting an ar-
bitrary polarization state can be made of a rotatable quarte
wave plate and a rotatable linear polarization filtg) Or-
thogonality of polarization states has an explicit a'(,¢) = cog0I2)a/, + €*sin(6/2)al, (3)
representation on the Poincaré sphere where each polariza-
tion state is depicted by a point. The state orthogonal to &hereal,, are photon creation operators in the horizontal
given one is shown by a point p|aced on the opposite side o'c]lnd vertical linear polarization modes, and similarly for
the same diameter. This concept of orthogonality relates t@'(¢', ¢'). Axial angles, 6" and azimuthal angleg, ¢’ [11]
both classical polarization states of light and single-photor@re in one-to-one correspondence with the four parameters
quantum states of polarized lighe]. Mathematically, or- ~describing the statél), which are, for instanced; =|c,|,d;
thogonality of two quantum states means that the inner prod=|cs, ¢ =arg’c;) —argc,) , pz=argcy) —argc,). Representa-
uct of their state vectors is equal to zero. tion (2) means that a biphoton of arbitrary polarization can

However, in addition to single-photon states there arde shown as a pair of points on the Poincaré sphere. It turns
other types of nonclassical light. In quantum optics, one ofut that the Stokes vector of a biphoton is simply a normal-
the central roles is played by two-photon states, which arézed sum of the Stokes vectors of photons formingliti-
most easily generated via spontaneous parametric dowiphoton halvesj, and the polarization degré®of the pair(in
conversionSPDQ [3]. In a two-photon state, radiation con- its classical definition, see Réll]) is given by the angle at
sists of photon pairs, often called biphotons, that are correwhich the pair can be seen from the sphere center.
lated in frequency, wave vector, moment of birth, and A question arises: what does orthogonality of two bipho-
polarization. Focusing on the case of collinear frequencyton polarization states mean? As usually in quantum mechan-
degenerate SPDC, here we will discuss the so-called singlées, it means that the product of their state vectors is equal to
mode biphotons. Although even in the frequency-degenerateero. For instance, orthogonality of two biphotorfg,,
collinear case SPDC has a finite frequency and angular spee=a’b’|vag/[a’blvag| and yq=c'd'lvag/|c'd"|vad),
trum, under certain experimental conditions such biphotonsvith the operators of photon creation in arbitrary polarization
can be treated as relating to a single frequency and angularodes denoted now kg',b",c',d", means that
mode.

One can show that the polarization state of a single-mode (vadeda'b'jvag = 0. (4)
biphoton[4] can be described as a qutrit, a three-state quan- What does orthogonality of two biphotons mean from the
tum system. Using qutrits instead of qubits for the transmisviewpoint of physics? This question was answered 1]
sion of quantum information has been previously discussed/here an operational criterion of orthogonality for arbitrarily
[5], in particular, in connection with ternary cryptography polarized biphotons was formulated. Namely, orthogonality
protocols[6—8]. The general case of a qutrit represented by &f two biphotons can be tested using a simple setup consist-
biphoton in an arbitrary pure polarization state is given bying of a nonpolarizing beamsplitter, two detectors installed in
the state vector its two output ports, with an arbitrary polarization filter in-

_ serted at the input of each detector, and a coincidence circuit.
) =120+ 1, b +¢40,2), @A biphoton is registered if there is a coincidence of photo-
wherec; are complex amplitudes satisfying the normalizationcounts from the two detectors. Let a biphotgn,) be at the
condition, |c4/?+|c,]2+|c5?=1, and |n,m) denotes a two- input and the filters in the output ports of the beamsplitter
photon(n+m=2) state withn photons polarized horizontally select polarization states corresponding to photon creation

Here,a'(, ¢) anda’(#’,¢') are operators of photon cre-
ra}tion in arbitrary polarization modes given by the coordi-
natesé, ¢, 6, ¢’ on the Poincaré sphere:
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FIG. 1. Different cases of orthogonal biphotortg) three or-
thogonal nonpolarized biphotonBV), |[RL), and |DD); (b) two ) . o
orthogonal biphotons formed by linearly polarized photons. The . F!G: 2. The experimental setup. SPDC is excited in two type-|
input biphoton has polarization degree0.5 and the polarizers are LilO5 crystals with the optic axes in orthogonal planes; the first
at 45° and 60° to the horizontal axi&) The “nonplane” version: ~ c'Ystal generate2,0) and the second onf9, 2. Quartz plates QP

the input state also h@=0.5 but is formed by elliptically polarized enabl(_e variation_of the pha_se between the two states.from7ﬂ to
photons. UVM is a UV mirror, P a pinhole, IF an interference filter, BS a

nonpolarizing beamsplitter, QWP1,2 are quarter-wave plates, P1,2

operatorscT,dT. Then orthogonality 0f|l/fab> and |l/fcd> is rotatable polarizers, and D1,2 detectors.

equivalent to the absence of coincideng&8] in such a

setup. Note that orthogonality of any two polarization state$S¢@NNing the parameters of the input and registered states
amonga'lvad, bf|vag, cilvad, df|vad is not required. around the minimum of coincidence counting rate. We chose

Such an experiment is the most general case of the welfh€ input biphoton state to be a pair of photons polarized
known anticorrelation experimeriL4]. Earlier, a particular linéarly at the opposite angles to the horizontal direction, the
case of this polarization version of anticorrelation experi-Polarization degree being=0.5. On the Poincaré sphere,
ment has been performed for type-Il SPDE5]. The ab- this is shown as two points on the equator placed symmetri-
sence of coincidences in the anticorrelation experiniggy ~ Cally at the angles £74.5° with respect to thé"axis, which
can be interpreted as orthogonality of the stafe/) corresponds to photons polarized linearly at the angles
_tot St Lt . 37.25° to the horizontal axis. For the reasons that we will
=a/ay/vag and|DD)=ayz!,gJvac, a pair of photons po-

larived linearly at anales +45° to the vertical axis. Similarl explain later, it is convenient to make one of the polarization
y gles = ' Yrfilters in the registration part select the state polarized lin-

in [16], orthogonality of the statgsiV) and|DD) to the state  early at the angle 45° to the horizontal axis. The other filter,
of right- and left polarized photon$RL), has been demon- a5 gne can easily find, should then select linear polarization
strated. In both cases, orthogonal biphotons had zero polagt the angle 60° to the horizontal axis. This configuration,
ization degree, which means that they were pairs of orthogohich is used in one of our experiments, is shown in Fig.
nally polarized photons. Another example of a basis formeql(b)_ Finally, Fig. Xc) gives an example of two orthogonal
t_)y three mutually orthogonal biphotons with zero polariza-piphotons with polarization degreR=0.5 in a “nonplane”
tion degree was demonstrated[itv]. configuration. This time, the points denoting the biphoton
~ Several examples of orthogonal biphotons of other polar«ap are placed on the “Greenwich meridian,” if we follow
ization degrees are shown in Fig. 1. Figu@lshows three the globe terminology. Again, one of the polarizers selects
mutually orthogonal stategHV),|DD),|RL) of biphotons the state polarized linearly at 45°. However, the position of
with zero polarization degree studied h5,16. All three  the other polarizer is changed: now, it should select linear
states are hiphotons consisting of two orthogonal photons; giolarization at the angle —60° to the horizontal axis. Under
the same time, no photon forming a biphoton is orthogonal teach Poincaré sphere in Fig.1, the corresponding polarization
any photon of the other two biphotons. Three biphotonsstates are shown schematically. In all these examples, there is
shown in Fig. 1a) form an orthogonal basis. no orthogonality between separate photons, or “halves of bi-
Whenever a biphoton is fixe@wo points are fixed on the photons.”
Poincaré sphejge there are infinitely many biphotons or-  The experimental setup is shown in Fig. 2. Collinear
thogonal to it. Replacing the Poincaré sphere by the globdrequency-degenerate SPDC is generated in two similar
one can pick two spots denoting a biphoton to be, for in-type-I lithium iodate crystals of length 1 cm, cw radiation of
stance, MoscowRussia and Turin(ltaly). Then, one should argon laser at wavelength 351 nm used as the pump. The
make a choice for the third point. Let it be BaltimaiD, optic axis of the first crystal is in the vertical plane while the
USA). Then the fourth point is found from E@4), and it  optic axis of the other crystal is in the horizontal plane. The
turns out to be near New Zealand and the Bounty isles. Sawo-photon state generated after the crystals is of the form
the biphoton “Moscow-Turin” is orthogonal to the biphoton (1), with ¢,=0, the amplitudesl; and d; can be varied by
“Baltimore-Bounty!” rotating theA/2 plate in the pump beam, and the phase
The idea of our experiment was to prepare some arbitrarA ¢p= ¢3— ¢, can be varied by tilting the two quartz plates
input biphoton state, to make the registration part select th@P, whose optic axes are oriented in the vertical plane. The
state orthogonal to it, and to demonstrate orthogonality byoump after the crystals is cut off by a UV mirror UVM.
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1 angle of the polarizer P1 orientation with the half-wave plate fixed
81 ] at y=30° and the phas&¢=1.
a 64 . phy procedure developed [A9]; this ratio turned out to be
o 3.4+0.8. The 45° orientation of P1 is convenient since in this
4 . case, rotation of the half-wave plate in the pump beam does
not lead to the variation of D1 single counting r&e
21 1 In the next run, the orientations of P1, P2 were fixed as in
Fig. 2: {;=45° and{,=-60°. In this case, the minimum was
0— 30 4 s 0 100 achieved for y=60° [Fig. 3b)], corresponding tod{/d3
Orientation of the HWP (deg) =1/3.

Finally, orthogonality of two biphoton states was checked
%y fixing all parametersx,{; »,A¢) in the configuration
'shown in Fig. 1b) and then scanning them around their op-
timal values. The plot in Fig. 4 shows the dependence of the

Spatial and frequency filtering of the SPDC radiation is per_C(_)incidence countin_g rate on the orientation of polarizer P1,
formed by a pinholé® and an interference filter IF with 702 With the other polarizer fixed at 60° and the half-wave plate
nm central wavelength and 3 nm bandwidth. The right-hand’ the pump beam fixed a¢=30°. Similar dependencies
side of the setup shows the registration pdne Brown- Were obtained for scanning andA¢.
Twiss interferometer It includes a nonpolarizing beamsplit-  TWO important notes should be made about the measure-
ter BS and two detector@hotomultiplier tubegD1, D2 in-  Ment procedure. First, when the angleis scanned with
serted in its output ports. At the input of each detector, therdX€d positions of the two polarizei$ig. 3a)], a consider-
is a polarization filter consisting of a rotatable quarter-wave2b!/e modulation in the singles counting ratg of detector
plate QWP1,2[18] and a rotatable polarizer P1,2. Coinci- D2 1S observedFig. 5). This is quite natural since in the
dences between the photocounts of the detectors are regfQurse ofy variation the state of biphoton light changes from
tered using a coincidence circuit with a resolutidi being vertically polarlz_ed thro_ugh Complete_ly nonp_olarlzed
=55 ns. state(at y=22.5° to being horizontally polarized. With the
The measurements were performed for two configurationgolarizer P1 oriented at +60°, the intensity of transmitted
shown in Figs. tb) and ic). The plates QP were tilted so light should vary _three times, as |t.|ndeed does: in Fig. 5.
that the phasé ¢ was equal tor. Then the angley of the However, the minimum of the qommdencg cqur_1tmg rete
/2 plate was scanned from 0° to 90°. As a result, the twdl0€S not correspond to the point wheg is minimal; ac-
points corresponding to the produced biphoton state travelegPrding to the calculation, it occurs g=30°. The second
on the Poincaré sphere: first, from thé\*’ point (y=0°) to rer_nafk is that in aI.I kinds of_ antlcorrglgtlon experlments, the
the “HH” point (y=45°) symmetrically along the opposite coincidence counting rate in the minimum is given by the

sides of the equator, then again to thév* point (y=90°) level of accidental coincidence counting rate, which corre-

but this time, along the opposite sides of the “GreenwichSpondS to the normalized second-order Glauber’s correlation

meridian.” This way, both cases shown in Figgb)land 1c) function g?=1. To demonstrate this, instead of the coinci-
were realized. In the first run, the polarizer P1,2 orientation%?gie counting rate, in all plots we presgfft [20] instead
were fixed as in Fig. (b): {;=45° and{,=60°. In the depen- s o .
dence of coinciden%:é 305%1ting rate;grzljFig. 3a)], the m?ni- To find the dependence of thg coincidence counting rate
mum was aty=30°, which corresponded td2/d2=3. For ¢ O" all parameters, one can write

this point, the raticd?/d3 was measured using the tomogra- R. ~ [(vadcda'blvac|?. (5)

FIG. 3. Normalized second-order correlation function versus th
angle y for A¢=m and the polarizers P1,2 fixed at 45° and 60°
respectively(a) and at 45° and —-60°, respectively).
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w00 ' ' ' ' ] R. ~ [c0s¢10084,8in(2x) = singsin ,co82x) , ()
3000, " . ] and the single-photon counting rate in detector 2,
- . LI R, ~ coSL,Sinf(2y) + Sinf{,coS(2y). (7)
i a -
%\ . - - Equations(6) and (7) were used to plot the theoretical
g 2000- - - . dependencies shown in Figs. 3 and 4.
S 1500- ©0090600 5000 Since in the cases of both “planar” and “nonplanar” ge-
o] - m-00000450, ] ometry, the experimentally measured coincidence counting
o 1000, et i rates in the minima exceed the theoretically predicted ones, it
is important to find the measured value of the squared scalar
500- g product of the prepared state and the measured state. This
1 can be done by using as references the maxima of dependen-
0 T

T 5 . 0 0 cies shown in Figs. (@) and 3b). Calculation shows that for

th f Fig. @), the value of Zin th i-
Orientation of the HWP (deg) e case of Fig. @), the value off(yzy| 9" in the maxi

mum is equal to 0.39+0.04, and in the case of Fidp)3to
FIG. 5. Single-photon counting rates at detectors (Bifcles 0.74+0.1. Hence, the observed values of squared scalar

and D2(squareypversus the anglg for A¢=m and the polarizers products in the minima are equal, respectively, to
P1.2 fixed at 45° and 60°, respectively. The total decrease in th8-05+0.015 and 0.09+0.02.

counting rates is caused by a gradual decrease in the pump power. 10 conclude, we have experimentally demonstrated or-
thogonality of two biphotons having polarization degree be-

tween 0 and 1. Our experiment is a generalization of the
“anti-correlation dip” experiment to the case of arbitrarily
polarized photon pairs. The observed effect can find applica-
tions in ternary quantum cryptography protocf?4].

The operatorsa’,b',c,d are substituted in Eq5) in the
form (3), with the angles¢ taking the values Os, O, O,
respectively. The axial angles far,b can be expressed as
functions of y via the relations given ifil2] and the formu- This work was supported in part by the Russian Founda-
lasd; =sin(2y), dz=cog2y). The axial angles foc,d can be  tion for Basic Research Grant Nos. 02-02-16664, 03-02-
calculated as functions af; ,, the angles of P1,P2 orienta- 16444, INTAS Grant No. 01-2122, and the Russian program
tions. Then we obtain the coincidence counting rate, of scientific school suppoxiNo. 166.2003.02
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