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Two-photon geometrical phase
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An advanced wave model is applied to a two-photon interference experiment to show that the observed
interference effect is due to the geometrical phase of a two-photon state produced in spontaneous parametric
down-conversion. The polarization state of the signal-idler pair is changed adiabatically so that the “loop” on
the Poincaresphere is opened in the signal channel and closed in the idler channel. Therefore, we observed an
essentially nonlocal geometrical phase, shared by the entangled photon pair, or a biphoton.
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The termgeometrical phaseor Berry phaserefers to the  This allows us to replace the ‘“conventional” propagating
phase gained by a particle during a cyclic adiabatical evoluidler [10] wave by an advanced wave, propagating from the
tion [1]. Numerically, this phase is equal to the solid angledetector towards the source backward in time. In the frame-
confined by the evolution trajectory on the Poincapiere, work of this model, one detector can be considered as a light
multiplied by the spin of the patrticle. source and the pump wave fronts in the crystal as geometri-

In optics, the geometrical phase is also known as the Parcal reflecting mirrord11]. A pure two-photon geometrical
charatnam phade]. The optical geometrical phase has beenphase will be observed if the cyclic polarization evolution
studied actively by several researchers; see, [8§.A typi- begins in the idler channel before the “turning pointthe
cal interferometer that can be used to observe the Pancharatysta) and is completed after it in the signal channel, with-
nam phase is described d]. It splits a light beam in two out altering dynamical phases.
parts: one undergoes cyclic polarization evolution and the The experimental setup is shown in Fig. 1. A cw ultravio-
other is used as a reference. As the beams are mixed by tiet pump with wavelength\ ;=351 nm from an argon-ion
output beam splitter, interference fringes arise that depend daser is converted by a 3-mm-longrbarium-borateBBO)
the geometrical phase as well as on the dynamical phase. crystal into the signal and idler radiation with the safde-

Feeding a similar interferometer with tteignal beam  generatgcentral wavelength =702 nm. The BBO is cut for
from a spontaneous parametric down-converting cnf&hl type-Il phase matching, which means that one component of
and using thedler beam to trigger a coincidence circuit, an the emitted radiation is polarized verticallglong they axis)
experimental study of the geometrical phase in a singleand the other one is polarized horizontaljong thex axis).
photon regime has been carried ¢6{. Alternatively, the A detailed analysis of the type-ll down-conversion can be
same type of interferometer can be fed with two-photon lightfound in[12]. The crystal orientation is chosen so that both
emitted in acollinear down-conversion proced¥]. Then  vertical and horizontal components can be emitted into both
againeither the signalor the idler undergoes the cyclic po- the signal and the idler modes. Therefore, the polarization
larization evolution, allowing the single-photon geometricalpart of the two-photon state is entangldd]:
phase to be measured.

In this paper we wish to report an experiment with a geo- |Woy=(|X)1]y)o+ |y>l|x>2)/\/§_ (D)
metrical phase shared by an entangled photon pair. We
“open” the “loop” on the Poincaresphere in the idler chan- Due to birefringency of the BBO, the ordinary

nel and “close” it in the signal channel. Then the cyclic (x-polarized wave is delayed with respect to the extraordi-

polarization evolution is experienced not by a single photomary (y-polarized wave. To compensate for this effect an-
but by thebiphoton To explain the above statement, let us

point out that the fully consistent description of two-photon
phenomena is given by a two-photon wave packathoton
rather than in terms of two single-photon wave pacKats
though in some cases these notations lead to the same result
[8].

Equivalent to the biphoton notation, but perhaps a more
pictorial description is given by thadvanced wavenodel 5
[9]. The advanced wave model takes advantage of reversibil-
ity of the Green's function describing propagation of light FIG. 1. Scheme of the experiment. The signs) @nd idler

wave from a space-time point,t) to a space-time point (1) from a down-converting crystal BBO pass through the compen-
(r_7,t’): sator and the quartz rods. The polarization of the signal and idler is
manipulated by two pairs of/4 wave plates, then projected onto
L o linear polarization states by two analyzers, and sent to detectors
G(r,t;r',t")==G*(r",t";r,t). D, andD, for coincidence detection.
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FIG. 3. Scheme equivalent to the one in Fig. 1 in advanced

e wave notation.

equal fractions of th&'- andy’-polarized(and hence of the
x- and y-polarized light pass the analyzer. This has to be
constantly maintained as the angk varies, which is
achieved by rotating the analyzer together with the quarter
wave plate and hence together with thé,f') basis.
Let us now describe our experiment in terms of the ad-
FIG. 2. Orientations of the quarter wave plates and the analyzeyanced wave moddFig. 3). The detectoD, is assigned to
in the signal channel. The’ andy’ are polarization directions of be a source. Its “radiation” is split by a polarizer to tké
thex andy components after they pass two quarter wave plates. Iand y; components. These components propagate through
the idler channel, the orientation of the first quarter wave plate ighe same path, but in Fig. 3 they are shown to go by different
90° off, which leads to swapping the axesandy’. paths for convenience. In the course of its propagation, the
o ) } ) X; component is transformed by the quarter wave plates first
pther birefringent crystal is used whose relative optlf:al delay |R) and then tdx) polarization statefl3]. When the state
is equal toone-halfof the BBO delay 12]. In our experiment |x) reaches the “turning point” marked by a vertical dashed
it is a 14-mm quartz crystal. After the compensator, there igine it suddenly(nonadiabatically turns to the|y) state,
a 4-cm crystal qgartz roq in each che}nnel. I_n the signal chanypicn propagates conventionaliforward in time through
nelythe rod's axis is horizontal and in the idler channel theye next two quarter wave plates. Its polarization state sub-
rod’s axis is vertical. The rods mtrodu_ce gpproxmately 360'sequently becomes ) and|ys).
pm delay between thec andy polarization components, — gjmiiarly to the upper path in Fig. 3, the polarization state

WhiCh exceedg the signal and idler coherence length deterﬁ the lower path undergoes a series of transformations
mined by the interference filterlaced in front of the de-

tectorsD, andD,) to be 160um. This once again empha- ly1) =LY = |y)—[x)—|RY—|x5).
sizes that we deal with two-photon effects and no single-
photon effects are relevant. If 6,=60,=0 is maintained in the experiment, the direc-

The polarization state of the signal and idler is manipu-tionsxi andyé are the same and so a(‘?andyi (see Fig. 2
lated by two zeroth-order quarter wave plates and a polarizaand the caption Then the polarization state evolution in
tion analyzer likewise in both channels. The orientations Ofboth upper and lower arms of the interferometer in F|g 3is
those elements in the signal channel are shown in Fig. 2. lgyclic and the phase measured by this interferometer is equal
the idler channel the orientations of all elements are tth the difference of the tWO-phOtOﬂ geometrica] phases_ The
same, except for the first quarter wave plate, which is 90° ofsybtle point is that we have a nonadiabatic jump in the
with respect to Fig. 2. The angleis a “free” parameter in  course of the evolution. This is the jump from a linear po-
each channel. It determines the geometrical phaggined |arization state to the orthogonal state. We will assume now
in each channel. and prove latein the Appendix that the resulting phase

The first quarter wave plate in the signal channel transdoes not affect the observable interference pattern and thus
forms the linear polarization along the axis to left-hand  may be ignored.
circular polarization and the linear polarization along the The evolution of the phase state in the upper and lower
axis to right-hand circular polarizatidmice versa in the idler  paths in Fig. 3 is represented in the left and right parts of Fig.
channel. The second quarter wave plate transforms the cir4, respectively. The Poincaspheres are drawn according to
cular polarization back to a linear one along thieandy’  the tradition[14]. It is easy to see that the geometrical phase
axes(see Fig. 2 The polarization statefx’) and|y’) are  gained in the upper path is determined by the artgte be
orthogonal because they are obtained from the orthogonal
polarization state$x) and|y) by a unitary transformation.

The fact that quarter wave plates transform circular polar-
ization to linear has been used for making circular polariza-
tion analyzers. In those devices a linear analyzer makekikewise the phase in the lower papb=—26 and we may
45° with the quarter wave plate axis. Thus if, for example,expect interference fringes of the shape dos#=sir?(26)
the right-hand polarization is transformed by the quartethe minus sign is due to reflectionto appear in coinci-
wave plate to a linear polarization that passes the analyzedences.
then the left-hand polarization is completely blocked. Thisis To experimentally test the above prediction, we turned the
not what happens in our setup. As shown in Fig. 2, the anarotatable quarter wave plates in the signal and idler channels
lyzer is set at 45° with respect to th&’(y’) basis, so that of our setup starting from the direction with the same step

qSl:%[ﬂ'—i- 20— (m—260)]=26.
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FIG. 4. Evolution of the polarization state in the upgleft) and ] ‘ ' ‘ ‘ ‘ ‘ ] . w s
lower (right) paths in Fig. 3 mapped onto the Poincaphere. On . 0 20 40 60 80 100 120 140 160 180 200
the left sphere, we start from’ on the equator and move tovia O (degrees)

the north pole R). The covered solid angle is+26. Then we
jump toy and return to<’ via the south polel(). The covered solid

angle is— (7 —286). Similarly, on the right sphere, we start from . .
y' on the equator and move via the south poleyghen jump to Moreover, a straightforward analysis shows that the same

x, and return toy’ via the north pole. type of interference fringe is observed if the second quarter
wave plates are removed altogether from both channels.

10° at a time. At the same time the analyzers were rotategd¥ch experiments were actually performed in connection
with the same step and in the same direction as the plateg’,'th Bell's theorem testing, using circular poIanzayon, en-
but starting from they direction (see Fig. 2 Thus four op- t@ngled stategl7]. Now we see that the two-photon interfer-
tical elements were rotated simultaneously. ence effects exploited in those experiments for violation of
The experimental result shown in Fig. 5 agrees with ouBell's inequalities can be understood as a manifestation of
prediction, clearly demonstrating the effect of the two- e two-photon geometrical phase. The connection of such a
photon geometrical phase. The solid line is aZsfitting phase with the Bell's inequalities is that the same issue of
curve and the circles are the data points. Squares are al§@niocality is approached frc:rm two d||ffer_ent|”d|rec|t|ons. h
data points obtained in the case when the quarter wave plates HOWEVET, it is not easy to find a “classical” analog to the
and analyzers in the signal and idler channels were rotated fPerimentg17] like we did for our experiment using the
opposite directions, 6,= — 6,= 6. In this case the coinci- advanced wave modéFig 3. One needs an optical device
dence counting rate is on the level of noise and no fringeéhat splits a linear polarization in circular polarizations and
were observable. We will discuss this result later. As Wai;nds the right-hand polarization to one channel and the left-

expected, the single counting rates of the detectors remainatpnd polarization to the other. Of course, the simplest real-
constant(Fig. 6). ization of such a device is a usual linear polarizer with a

The resuliR,sind(26) can also be obtained without using quarter wave plate in each of its outpufc ch'c_mnels, but then we
the advanced wave model, by standart quantum—mechanicg?t paqk fo our present setup shown in Fig. 1. .
calculations. We performed such calculations in the Appen- It is Important to emphaS|_ze that we megsured a pure bi-
dix. Its result indicates that the interference effect can also thoton geometrlcal_ phase with no cpntrlbutlon of dynamical
observed wherd,; # 6,, that is, the geometrical phase arisesphase' The dynamical phase of a single particle may be de-
even if the contour on the Poincasphere is not closed. This fined as[15,19
generalization agrees with the definition of relative phase 1 [t
between two arbitrary stateég) and|y’) [15,16): ¢d:ﬁft E(t)dt. 2

=ar ™. ) ) )

p=arg{yly’)) For a spontaneous parametric down-conversion photon pair

400 - the individual photon energies are uncertain, but the total
energy is exactly equal thw, [5]. Therefore, we can write

Eqg. (2) in the form
w
p
= —dlI,
d fpath u

whereu is the group velocity. Notice that the path length
does not change during the experiment, nor does the group
velocity for a circularly polarized wave as it passes through a
rotated quarter wave plate. Therefore, the relative dynamical

00 20 40 60 80 100 120 140 160 180 200 phase remains constant and does not add to the observed
interference effect.

To conclude, we have observed a two-photon geometrical

FIG. 5. Coincidence counting rate vs the angleCircles are ~ phase that is due to an adiabatic change of the polarization
data points for 6,=6,=6, squares are data points for State of an entangled two-photon system, a biphoton. The
0,=— 6,=0, and the solid line is a sine square fit. advanced wave interpretation of this effect is analogous to

FIG. 6. Single counting rates vs the angle
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the “classical” optical geometrical phase; however, our ef- |V =Ty (/) T1(01)To( — wlA)TH(6,)| W), (A3)

fect is observable in the fourth-order correlation of the fields

(in coincidence counjs Therefore, we have studied one where the subscripts 1 and 2 refer to the signal and idler
more aspect of the “two-photon optics,” which belongs with channels, respectively.

the two-photon geometrical opti€$1] and two-photon wave Substituting Eqs(A2) and(1) into Eq.(A3) and perform-
optics [19] effects. The fundamental object in this optics is ing a straightforward but lengthy calculation, we arrive at the
the biphoton that is considered an essentially nonlocal physfinal state

cal entity, not less “realistic” and not more mysterious than

a photon in the traditional optics. |W)=ie! 1t b2t T2 x )] ys) +ie (1t 62+”/2)|Y1>|Xé>(A4)
This work was supported by Office of Naval Research
Grant No. NO0014-91-J-1430. where
APPENDIX X! cog 6, + m/4) | —sin( 0, + m/4)
Xl = . ) yj_ = ’
Let us introduce the- andy-polarized states in the form SIn( 0+ ml4) COY 0y + mld)
1 0 , —sin(0,+ m/4) cog 6,+ 7/4)
|x)= ol’ lyy= 1l (A1) Ix2)= cos O+ w4y |1 2| sin(0,+ wl4)

(A5)

Then the matrix of the polarization transformation due to a i i i
quarter wave plate set at anglds given by are Ilpear/ly p/olarlzed states. It is clear from HA5) that
X1Ly1, X51y5, and the analyzers can always be set at 45°

T(6)=R Y(6)DR(), (A2)  with respect to theX’,y’) basis. The analyzers make the
) ) _ terms of Eq.(A4) indistinguishable and enable interference.
whereR(#) is a rotation matrix The coincidence counting rate is proportional to
R(6)= cos® sind ch|ei(61+ 0o+ ml2) 4 g=i(01+ 92*”’2)|Zocsin2( 0.+ 6,),
—sind cos (AB)
andD is a quarter period delay which agrees with the results in Fig. 5 fah,=6, and
_ 6,=— 0,. While in the former case the geometrical phases
! 0 ¢, and ¢, are opposite and the interference fringes have
D= o 1l doubled frequency, in the latter case they are equal and no

fringes observed. The resulf6) also shows that the non-
The initial state|¥,) [see Eq.(1)] will be transformed adiabatic jump that has been discussed earlier does not yield

into the state an observable phase contribution.
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