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Observation of a Nonclassical Berry’s Phase for the Photon
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Coincidence detection of photon pairs produced in parametric fluorescence, in conjunction with a
Michelson interferometer in which one member of each pair acquired a geometrical phase due to a cycle
in polarization states, has allowed the first observation of Berry’s phase at the single-photon level. We
have verified that each interfering photon was essentially in an n =1 Fock state, by means of a beam
splitter following the interferometer combined with a triple-coincidence technique. The results can be
interpreted in terms of a nonlocal collapse of the wave function.

PACS numbers: 42.50.Bs, 03.65.Bz, 42.65.Ky

Quantum interference possesses global geometrical
features, which spring from the metrical properties of
Hilbert space. One such feature is Berry’s phase,' which
can be acquired by a quantum system whenever it
evolves adiabatically and cyclically back to its initial
state. Simon? made a connection between Berry’s phase
and the geometry of fiber bundles. Aharonov and Anan-
dan? generalized this geometrical phase to nonadiabatic
evolutions. Berry’s phase has manifestations which
range from low-energy physics, e.g., in fiber optics,* to
high-energy physics, e.g., in chiral anomalies of gauge-
field theories.>

In its optical manifestations, Berry’s phase has ap-
peared so far only on the classical level, as a phase shift
of a classical electromagnetic wave.*%"' There has been
a controversy as to whether one should view optical
Berry’s phases as originating from the quantum or the
classical level.*!''~'* Here we point out that there can
exist nonclassical manifestations of this phase when the
state of the light is nonclassical. Using an entangled
state of light, we have observed on the quantum level one
form of Berry’s phase, Pancharatnam’s phase,® ' which
is generated after a cycle of polarization states. We be-
lieve that this experiment will settle the controversy.

In our experiment the incident light was prepared in
an entangled state consisting of a pair of photons whose
energies, although individually broad in spectrum, sum
up to a sharp quantity E because they were produced
from a single photon whose energy E was sharp. This
entangled state is given by

|\lf>in=de’A(E')|1>E’|1>E—E', Sy

where A(E') =A(E —E') is the complex probability am-
plitude for finding one photon with an energy E’, i.e., in
the n =1 Fock state |1)z, and one photon with an energy
E—E' ie., in the n=1 Fock state |1)g—g. According
to the standard Copenhagen interpretation, the meaning
of this entangled state is that when a measurement of the
energy of one photon results in a sharp value E’, there is
a sudden collapse of the wave function such that instant-

ly at a distance, the other photon, no matter how remote,
also possesses a sharp value of energy E —E'. Thus en-
ergy is conserved. Entangled states, i.e., coherent sums
of product states, such as the one given by Eq. (1), result
in Einstein-Podolsky-Rosen-like effects which are non-
classical and nonlocal. '

We prepared the entangled state of energy, Eq. (1), by
means of parametric fluorescence in the y® nonlinear
optical crystal potassium dihydrogen phosphate (KDP),
excited by a single-mode ultraviolet (uv) argon-ion laser
operating at A =351.1 nm.'® The uv laser beam was nor-
mally incident on the KDP input face. In this fluores-
cence process, a single uv photon with a sharp spectrum
is spontaneously converted inside the crystal into two
photons (*signal” and “idler”) with broad, conjugate
spectra centered at twice the uv wavelength, conserving
energy and momentum. We employed type-I phase
matching, so that both signal and idler beams were hor-
izontally polarized. Coincidences in the detection of con-
jugate photons were then observed. The KDP crystal
was 10 cm long and cut such that the ¢ axis was 50.3° to
its input face. We selected for study signal and idler
beams both centered at A =702.2 nm which emerged at
—1.5° and +1.5°, respectively, with respect to the uv
beam.

In Fig. 1, we show a schematic of the experiment. The
idler photon (upper beam) was transmitted through the
“remote” filter F1 to the detector D1, which was a
cooled RCA C31034A-02 photomultiplier. The signal
photon (lower beam) entered a Michelson interferome-
ter, inside one arm of which were sequentially placed two
zero-order quarter-wave plates Q1 and Q2. The fast
axis of the first wave plate Q1 was fixed at 45° to the
horizontal, while the fast axis of the second wave plate
Q2 was slowly rotated by a computer-controlled stepping
motor. After leaving the Michelson interferometer the
signal beam impinged on a second beam splitter B2,
where it was either transmitted to detector D2 through
filter F2, or reflected to detector D3 through filter F3.
Filters F2 and F3 were identical: They both had a
broad bandwidth of 10 nm centered at 702 nm. Detec-
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FIG. 1. Schematic of experiment to observe an optical
Berry’s phase on the quantum level. D1, D2, and D3 are pho-
tomultipliers, @1 and Q2 quarter-wave plates, and B1 and B2
beam splitters. Logical AND symbols denote coincidence detec-
tors.

tors D2 and D3 were essentially identical to D1. Coin-
cidences between D1 and D2 and between D1 and D3
were detected by feeding their outputs into constant-
fraction discriminators and coincidence detectors after
appropriate delay lines. We used EGG C102B coin-
cidence detectors with coincidence window resolutions of
1.0 and 2.5 ns, respectively. Also, triple coincidences be-
tween D1, D2, and D3 were detected by feeding the out-
puts of the two coincidence counters into a third coin-
cidence detector (a Tektronix 11302 oscilloscope used in
a counter mode). The various count rates were stored on
a computer every second.

Our particular arrangement of quarter-wave plates in
the Michelson interferometer has been shown previously
to generate Pancharatnam’s phase on the classical lev-
el.7® Upon appropriate detection after the interferome-
ter, we observed at the quantum level the interference
fringes resulting from this phase. To calculate the phase,
we use the generalized Poincaré sphere®'? shown in Fig.
2, where polarization states are referred to space-fixed
axes, and not to the direction of light propagation, as in
the ordinary Poincaré sphere. (We do so in order to
avoid extraneous discontinuities upon reflection from
mirrors.) The first quarter-wave plate Q1 converts hor-
izontal linear polarization, represented by point 4 on the
equator of the sphere, into circular polarization, repre-
sented by B at the North Pole. This transformation of
polarizations is represented by a geodesic arc AB. Then
Q2 converts the circular polarization back to linear po-
larization (C on the equator), but with an axis rotated

[Wou=_f dE' AED |V 1)g - 11 +explipE —ENT/2'72,

FIG. 2. Generalized Poincaré sphere, where S|, S», and S3
are Stokes parameters. Circuit ABCDA represents a round
trip through wave plates @1 and Q2, where 6 is the angle be-
tween their fast axes. Berry’s phase, here Pancharatnam’s
phase, is 26 for this circuit.

from the horizontal by 6, the angle between the fast axes
of @2 and Q1, in real space. On the sphere, the azimu-
thal angle from A4 to Cis 26. After reflection from the
mirror, the linear polarization is unchanged with respect
to space-fixed axes, and is again represented on the gen-
eralized Poincaré sphere by the same point C. After
reentering Q2, this is converted to circular polarization
represented by D (the south pole), completing geodesic
arc BCD. Then Q1 reconverts the circular polarization
back to horizontal linear polarization, generating geo-
desic arc DA. Thus a cycle in polarization states is
completed, represented by the circuit ABCDA. Pan-
charatnam’s phase is minus one-half the solid angle sub-
tended by the circuit with respect to the center of the
sphere.®"' For this circuit, the phase is equal to 26.

We took data both outside and inside the white-light
fringe region where the usual interference in singles
detection occurs. We report here only on data taken out-
side this region, where the optical-path-length difference
was at a fixed value much greater than the coherence
length of the signal photons determined by the filters F2
and F3. Hence the fringe visibility seen by detectors D2
and D3 in singles detection was essentially zero.

Here we present a simplified quantum analysis of this
experiment. Elsewhere we will present a more com-
prehensive analysis based on Glauber’s correlation func-
tions. The state of the light after the Michelson inter-
ferometer is given by

(2

where ¢(E —E') =2xAL/Ag —p'+ @perry is the phase shift arising from the optical-path-length difference AL of the
Michelson for the photon with energy E — E’, plus the Berry’s phase contribution for this photon. The coincidence rate
N12 (IV13) between detectors D1 and D2 (D1 and D3) is proportional to the probability of finding at the same time ¢
one photon at detector D1 placed at r; and one photon at detector D2 (D3) placed at r, (r;). When a narrow-band

589



VOLUME 66, NUMBER 5

PHYSICAL REVIEW LETTERS

4 FEBRUARY 1991

filter F'1 centered at energy E' is placed in front of the
detector D1, N, becomes proportional to

(3)

where the prime denotes the output state after a von
Neumann projection onto the eigenstate associated with
the sharp energy E' upon measurement. Therefore, the
phase ¢ is determined at the sharp energy E —E'. In
practice, the energy width depends on the bandwidth of
the filter F1 in front of D1, so that the visibility of the
fringes seen in coincidences should depend on the width
of this remote filter. This fringe visibility will be high,
provided that the optical-path-length difference of the
Michelson interferometer does not exceed the coherence
length of the collapsed signal-photon wave packet, deter-
mined by F1. If a sufficiently broadband remote filter
F1 is used instead, such that the optical-path-length
difference is much greater than the coherence length of
the collapsed wave packet, then the coincidence fringes
should disappear.

In Fig. 3, we show data which confirm these predic-
tions. In the lower trace (squares) we display the coin-
cidence count rate between detectors D1 and D3, as a
function of the angle 6 between the fast axes of wave
plates Q1 and Q2, when the remote filter F1 was nar-
row, i.e., with a bandwidth of 0.86 nm. The calculated
coherence length of the collapsed signal-photon wave
packet (570 um) was greater than the optical-path-
length difference at which the Michelson interferometer
was set (220 pum). The visibility of the coincidence
fringes was quite high, viz., 60% * 5%.'” This is in con-
trast to the low visibility, viz., less than 2%, of the singles

[wou (r1,12,0) |2 =1(r1, 12,2 |y 2o 1 +coso ,

fringes detected by D3 alone (not shown). For compar-
ison, in the upper trace (triangles) we display the coin-
cidence count rate versus 6 when a broad remote filter
F1, i.e., one with a bandwidth of 10 nm, was substituted
for the narrow one. The coherence length of the col-
lapsed signal-photon wave packet was thus only 50 ym.
The coincidence fringes in this case have indeed disap-
peared, as predicted.

In light of the observed violations of Bell’s inequali-
ties,'® it is incorrect to interpret these results in terms of
an ensemble of conjugate signal and idler photons which
possess definite, but unknown, conjugate energies before
filtering and detection. Any observable, e.g., energy or
momentum, should not be viewed as a local, realistic
property carried by the photon before it is actually mea-
sured.

The function of the second beam splitter B2 was to
verify that the signal beam was composed of photons in
an n=1 Fock state. In such a state, the photon, due to
its indivisibility, will be either transmitted or reflected at
the beam splitter, but not both. Thus coincidences be-
tween D2 and D3 should never occur, except for rare ac-
cidental occurrences of two pairs of conjugate photons
within the coincidence window. However, if the signal
beam were a classical wave, then one would expect an
equal division of the wave amplitude at the 50% beam
splitter, and hence frequent occurrences of coincidences.
An inequality, which was strongly violated in our experi-
ment, places a lower bound on this coincidence rate for
classical light (see below). This verifies the essentially
n=1 Fock state nature of the light, and confirms the
previous result of Hong and Mandel. '°
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FIG. 3. Interference fringes (lower trace, squares) for an unbalanced Michelson interferometer with a slowly varying Berry’s
phase, observed in coincidences between D3 and D1 with a narrcw remote filier F1. With a broad F1, these fringes disappear
(upper trace, triangles). They also disappear when detected by D3 alone. Vertical arrows indicate where the anticorrelation param-

eter a was measured (see text).
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The vertical arrows in Fig. 3 indicate the points at
which triple coincidences were measured. Let us define
the anticorrelation parameter?°

a=N 33N /N 2N3, 4)

where V|3 is the rate of triple coincidences between
detectors D1, D2, and D3, N, is the rate of double
coincidences between D1 and D2, N3 is the rate of dou-
ble coincidences between D1 and D3, and NV, is the rate
of singles detections by D1 alone. The inequality a = 1
has been shown to hold for any classical wave theory.?°
The equality a =1 holds for coherent states |a), indepen-
dent of their amplitude a. Since in our experiment the
amplitude fluctuations in the double-coincidence pulses
led to a triple-coincidence detection efficiency 1 less than
unity, we should reduce the expected value of a accord-
ingly. The modified classical inequality is a=17n. We
calibrated our triple-coincidence counting system by re-
placing the two-photon light source by an attenuated
light bulb, and measured 1 =0.70%£0.07. During the
data run of Fig. 3 (lower trace), we measured values of a
shown at the vertical arrows. The average value of a is
0.08 % 0.04, which violates by more than 13 standard de-
viations the predictions based on any classical wave
theory. It is therefore incorrect to interpret these results
in terms of a stochastic ensemble of classical waves, in a
semiclassical theory of photoelectric detection.?' Classi-
cal waves with conjugate, but random, frequencies could
conceivably yield the observed interference pattern, but
they would also yield many more triple coincidences than
were observed.

We have observed Berry’s phase for photons in essen-
tially n=1 Fock states, in a way which excludes with
very high probability any possible classical explanation.
These results can be explained in terms of the nonlocal
collapse of the wave function. We conclude that this and
other optical phases originate fundamentally at the
quantum level, but under special circumstances, can sur-
vive the correspondence-principle limit onto the classical
level.*
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