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Fourth-order interference effects at large distances
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We present an experimental demonstration of a fourth-order interference effect first suggested by
Franson [Phys. Rev. Lett. 62, 2205 (1989)], where pair photons are directed to two separated Mach-
Zehnder interferometers. Apparent nonlocal control of the output ports in which coincident photons
are detected can be demonstrated. We show that this effect is present when one of the photons has

passed through 170 m of multimode optical fiber.

interception-proof communication system.

Such a system could form the basis of an

PACS number(s): 42.50.Wm, 03.65.Bz, 42.25.Hz, 42.50.Dv

I. INTRODUCTION

Fourth-order interference occurring when pairs of pho-
tons are brought together in coincidence has been the
subject of much study over the past few years [1-6]. The
first experimental demonstration was obtained by super-
posing pair photons on a two-element detector [1]. The
coincidence rate between elements oscillated with ele-
ment separation. Although the detected effect was weak
as a result of the finite detector size compared to the os-
cillation period, it is clearly nonclassical. It is also nonlo-
cal in the sense that detection of a photon at one position
strongly affects the possible positions of detection of its
partner. Later work enhanced the visibility of the effect
by recombining the photon pairs at a beam splitter [2-5]
(allowing widely separated detectors to be used with im-
proved optical efficiency). Nonlocal effects and violations
of Bell’s [7] inequality based on relative phase rather than
polarization have recently been demonstrated in this type
of apparatus [6].

The energy and momentum conservation inherent in
the creation of two down-converted photons from one
pump photon lead to a phase coherence of the combined
pair-photon state, which extends beyond the coherence
length of the individual pair beams. This coherence (or
quantum-mechanical entanglement) is manifested when
pair photons from parametric down conversion are input
into two separate Mach-Zehnder interferometers [8]. Os-
cillations are seen in the coincidence rate as each inter-
ferometer path-length difference is scanned. Second-
order interference effects (visible in the singles rates) are
not seen when individual interferometer path-length
differences are greater than the coherence length of indi-
vidual pair-photon beams, but the coincidence oscilla-
tions remain as long as the separate path-length
differences are equal to within the coherence length.
With short-coincidence gate time, such an apparatus
could exhibit oscillations with 100% visibility, thus al-
lowing tests of local realistic theories to be performed.
The maximum fringe visibility in most of these experi-
ments has been limited to less than 50% [9,10], which has
led to some discussion about whether the effects could be
modeled by a classical source. Large oscillations in the
coincidence rate (> 60% visibility) which were unequivo-
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cally nonclassical have been seen when the photons are
input into the same Mach-Zehnder interferometer [11,12]
and, more recently, using fast detectors and short-
coincidence techniques [13].

As the pair photons are created simultaneously in the
nondegenerate parametric down-conversion process [14],
discriminant detection of pairs in high levels of back-
ground light can be achieved using narrow-coincidence
gates. This led to the suggestion of a communication sys-
tem for use in high backgrounds using photon-pair detec-
tion to code the signal [15]. Original realizations in-
volved sending both photons of the pair down the com-
munication channel, leading to a quadratic reduction of
the signal-to-noise ratio with loss in the channel. We re-
cently suggested [16] that an improved version of this ap-
paratus would involve detection of one photon of the pair
in the transmitter and sending a time stamp in the form
of a standardized pulse using a conventional channel.
The other photon traversing the high-background chan-
nel could be detected on using the time stamps to open
the short-coincidence gate. The information was coded
in the time delay between the time stamps and coincident
photodetections in the receiver.

We show here that a more secure form of coding would
be to use the nonlocal correlations occurring when identi-
cal Mach-Zehnder interferometers are placed in the
transmitter and receiver. To this end we have construct-
ed a down-conversion apparatus with pair photons
directed to identical Mach-Zehnder interferometers and
introduce into the signal arm, before the interferometer, a
multimode fiber-optic cable of 170 m length. The
relevant theory is described in Sec. II followed in Sec. III
by a detailed description of this experiment.

II. THEORY

A schematic apparatus is shown in Fig. 1. A pump
beam with angular frequency w, illuminates a parametric
down-conversion crystal, and pair-photon beams are
selected from the down-conversion cone using apertures
placed to satisfy phase-matching conditions inside the
crystal. The angular frequencies w,,w; of the signal and
idler beams are set by the relative aperture positions and
constrained to satisfy energy conservation at the crystal.
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FIG. 1. Schematic of a two-photon interferometer. A short-
wavelength laser illuminates a nonlinear crystal cut for nonde-
generate parametric down conversion. Energy- and phase-
matched photon pairs are selected by signal and idler apertures
AS and AI and the pass through identical out-of-balance
Mach-Zehnder interferometers to photon-counting detectors.
Variable phase shifts ¢; and ¢; are introduced in the long arms
of the interferometers.

Signal and idler arms of the apparatus contain identical
Mach-Zehnder interferometers with  path-length
difference AT and phase plates introducing small phase
shifts ¢.,¢;,. In a simplistic analysis we assume ideal
detectors, a coincidence gate width A¢ much narrower
than AT, and 50-50 beam splitters. The two-photon state
is then represented at the detectors by the entangled state

_ 1 i(¢;+6,) AT(w;+0,)
lIlsi_ ‘/E(“long)i'l]ong)se e

+“short)illshort>s) s (D
where [1),; denotes a one-photon state in a signal-idler

arm of the apparatus, the subscripts long and short
denote propagation via the long and short paths through

the interferometer, and the phase shifts incorporate any:

phase changes occurring on reflection. Being a superpo-
sition of a long,long two-photon state with a short-short
two-photon state, this wave function directly expresses
the uncertainty in time of the emission of the photon
pair. Coherence between the two possible emission times
is ensured when the pump laser has a constant frequency
w (i.e., a long coherence length as compared to AT) and
when energy conservation is strictly applied in the rela-
tionship w; + o, = w,.

The probability P; of seeing a photon in the signal arm
coincident with an idler arm photodetection is then given
by

Psi=ns17i<w|a Tazasall\l’> ’ (2)

where 7; and 7; are detector efficiencies and @, and @; are
annihilation operators for photons in the signal and idler
beams, respectively. Consequently,

P;=Linm;[1+cos(¢p; +¢; +woAT)] . (3)

The striking fact about this result is that the probability
of coincident detection of two apparently separate pho-
tons can be modulated with 100% certainty using either
of the widely separated phase plates. These apparent
nonlocal effects can be used to demonstrate violations of
local realistic theories or Bell inequalities [7]. This
simplified theory assumes ideal detection and narrow-
coincidence gates 6t <<AT, ideal 50-50 beam splitters,
and ignores the finite bandwidth of pump and down-
converted photons. In a real experiment we measure a
coincidence rate which is proportional to the integral of
the pair-photon detection probability over a finite gate
width At,

C(AT)=77s77if +At/2

dr(¥| AT A Nt +1)
—At/2

XA, (t+1)A,(D|¥) , @

where the broadband photon-annihilation operator 4 f()
at time ¢ (proportional to the electric-field operator) is
given by an integration over single-mode annihilation
operators

A10= [do, (@)™, (5)

and similarly with subscript s replaced by i. The operator
a, at the detectors can be expressed in terms of the opera-
tors at the crystal @, by projecting back through the in-
terferometer,

(o ATy)

2, (o;,)=a, (0, (T +Re ), (6)

where R and T are intensity reflection and transmission
coefficients at the beam splitters (all beam splitters will be
assumed identical in this analysis). Again, the idler beam
case is obtained by replacing subscripts s and cs by ci.
The phase change ¢, would not normally be consistent
with changing wavelength; thus it has been subsumed
into AT.

The wave function of the light produced at the crystal
is more accurately represented by a superposition of vac-
uum and a small amount of two-photon light [10],

Y(1)=(1—E}a®)!"*|vac) |vac)

+E0afdcof(w) %

Wo
7+w>m —(z)>ci , (1)

in the case where spontaneous parametric fluorescence
dominates any stimulated pair production. We include
here a down-conversion quantum efficiency factor a? and
pump mean field E, with |E,|? measured in pump pho-
tons per second falling on the crystal. The spectra of the
two photons, f(®), is limited primarily by apertures [5]
or external filters. w is defined by energy conservation
when o, =wy/2+w, 0; =w,/2—w. The down-converted
light need not be centered on w,/2. For the purposes of
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this analysis, we will assume a Gaussian form for the
filter function,

(0, — o)

202

f(w)=a exp , (8)

with 1/e!/? width o, and signal and idler center frequen-
cies defined by w,p—wy/2+ 0., ®;y=0y,/2—w,. The nor-
malization constant a is set by 21rfdcolf((o)|2= 1.

Equations (4)—(8) can be combined and simplified using
the orthogonality relations typified by

slolagw)a (oo™,
=8(0’ —0)8(0" —0"")8,,855 , (9

with y,y’,B8,8" given by cs or ci. The resulting coin-

cidence rate has the form
J
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R*+T*+R2T*F(At,AT,,AT;)

C(An=ny,m,E}

— 0 AT, —AT; )
4

+2R *T?%exp

Xcos(w,0AT, +w;oAT;) | , (10)

when detectors are placed as shown (Fig. 2). We have as-
sumed that At AT, ; >>0 !, thus allowing the time-
integration limits to be approximated by *+c where ap-
propriate. The third term contains the oscillating in-
terference component and is only visible when the inter-
ferometers are matched to within the coherence lengths
of the down-converted photons (AT, —AT; <o~ !). The
second term reflects the coincidence rate from
i 1short >i | 1l()ng >s and ‘ 1long >i l 1short >s photon pairs. The
function

F(At,ATs,ATi)=27razf+AA;/22dT{exp[—02(T+ATS 2]+exp[ —oXr+AT; ]}
— At

=2, At>>AT; >0},

=0, AT, ;>>At>>07 !,

disappears when the coincidence circuitry can resolve
long-short events.

The coherence of the pump beam can be included sim-
ply by integrating the coincidence rate over the pump
power spectrum I'(w,;). When we assume a Gaussian
form for the laser spectrum (this is a typical envelope
function for a multimode gas laser) gate resolving time
At >>AT,; and 50-50 beam splitters (R =T =0.5),

C(AN)=1n,n,E3a®{1+iexp[ —oH AT, —AT;)*]
Xexp(—o?AT?)
Xcos(@poA T, +w;00AT; )}
(12)

where laser center frequency is wy, with 1/e spectral
width o’ and signal and idler center frequencies defined
by w,00/i00=@00/2tw.. AT=(AT;+AT;)/2 is the mean
path-length difference, and interference effects disappear
as this path-length difference exceeds the coherence time
of the pump beam, ~o ~!. Because of the poor time
resolution of typical coincidence gates, we expect Eq. (12)
to describe most realizable experiments. The visibility of
the oscillation is limited to less than 50%. In principle,
such a result could be obtained by assuming a classical
phase correlation between the pair-photon beams. How-
ever, related experiments over shorter separations have
shown that the 50% visibility criterion can be exceeded
[6,11,13], confirming the need for a fully quantum-
mechanical theory as given above.

III. EXPERIMENT

A diagram of the apparatus is shown in Fig. 2. A lithi-
um iodate crystal pumped by a helium-cadmium laser

(11)

[
operating at 441.6-nm wavelength was used as a source of

photon pairs. The crystal axis was tilted to produce
883.2-nm wavelength pair beams separated by an angle of
about 30°. Small (~3 mm diameter at 600 mm from the
crystal) apertures were used to select the beams. The
pump beam was unfocused (~2 mm diameter), and hence
these apertures were multimode. Initially, photon-
counting detectors covered by interference filters were
placed behind the apertures, and the coincidence rate be-
tween the detectors was maximized by moving the aper-
tures to the optimum phase-matching angles. At normal
incidence the filter center wavelengths were 890 and 900

OPTICAL FIBER

Fs DS
BS

RP

RP
COINCIDENCE
COUNTER

FIG. 2. Experimental setup. A helium-cadmium laser il-
luminates a crystal of lithium iodate. Down-converted beams
are selected by apertures AS and Al in combination with filters
FS and FI placed in front of the signal and idler detectors DS
and DI. The signal beam is launched into a multimode optical
fiber using a microscope lens (L1) and collimated by a second
term (L2) at the output. The Mach-Zehnder interferometers are
constructed from single beam splitters (BS) and retroreflecting
prisms (RP), one of which can be moved on a stepper-motor-
driven micropositioner.
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nm. Thus they were tilted to shift the center wavelengths
closer to 883.2 nm, and in a final optimization of the
coincidence rate, this tilt was further adjusted. A Mach-
Zehnder interferometer was then placed in the idler arm
of the apparatus between the aperture and detector. In
the signal arm a microscope objective [ X 10, 0.25 numeri-
cal aperture (NA)] was placed behind the aperture to
launch light into a multimode fiber (0.23 NA) of length
170 m. Light from the fiber end is collimated by another
microscope lens and launched into a second Mach-
Zehnder interferometer. Photon-counting detectors are
placed to detect the light output from each interferome-
ter. A simplified form of the Mach-Zehnder interferome-
ter is used involving a single beam splitter and
retroreflecting prisms (see Fig. 2). One retroreflecting
prism is mounted on a stepper-motor-driven translational
stage with 0.1-um resolution to allow adjustment of the
path difference. When detectors are placed as shown, all
paths through the interferometer involve one reflection
and one transmission at the beam splitter. In this case
the ideal (50%) visibility predicted by Eq. (12) holds for
arbitrary beam splitters with mean coincidence rate re-
duced by a factor 16(R2T?) (=~0.92 here as R =0.4,
T=0.6). The interferometers were both calibrated to
zero-path-length differences by finding white-light (10-
nm-bandwidth filtered tungsten bulb) fringes and then
carefully adjusted to identical 2-mm-path-length
differences. At this point no white-light fringes could be
seen. The down-converted photons have similar band-
widths, and scanning the interferometer around the 2-
mm-path-length-difference position did not produce any
oscillations in the photoelectron-count rate. With 10-
nm-bandwidth filters in front of the detectors, the signal
channel singles rate was around 30 kilocounts per second,
including a dark count of some 10 kilocounts/s. The
idler channel count rate was about 70 kilocounts/s, again
with significant background contribution. The coin-
cidence rate was measured by delaying the idler channel
counts in a pulse generator using a 10-ns-gate-time mul-
tichannel coincidence counter. The background coin-
cidence rate due to random overlap of pulses in the gate
time was thus about 20 counts/s, while the coincidence
peak after background subtraction showed some 600
coincidences/s (on average). The average coincidence
rate predicted by Eq. (12) and the above is

C(At)—offzn:n,E (13)
and we expect singles rates in the detectors to be given by
0.57;, ;E}a? with any propagation losses lumped into the
effective quantum efficiencies 7, ;. Our results thus sug-
gest that effective detector efficiencies were 7, ~0.02 and
7,=0.06. Fiber losses were about a factor of 3.

The path-length difference in one of the Mach-Zehnder
interferometers was changed in 0.2-um steps using the
computer-controlled translation stage and 5-s measure-
ments of the coincident rate were made over a 100-um
range of travel around the equal 2-mm-path-length-
difference position.

A section of the collected data is shown in Fig. 3.
Clearly, the oscillation has a period close to 883 nm, but
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FIG. 3. Coincidence rate measured as a function of path-
length difference 6x =cAT over a 10-um range close to the
equivalent 2-mm-path-length-difference point.

the visibility is somewhat below the expected value of 0.5.
The full result is shown in Fig. 4 along with a computer
fit to the data using an equation of the form given in Eq.
(12). The floating parameters were determined to be the
following: mean coincidence rate=576 counts/s, visibili-
ty =0.083, periodicity =0.896 um, and Gaussian envelope
width 2¢ /0 =50.8 um (0 =1.18 X 10"3 rad/s). The filters
used had a full width at half maximum bandwidth of 10
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FIG. 4. (a) Coincidence rate measured as a function of path-
length difference 6x =cAT over a 100-um range around the
equivalent 2-mm-path-length-difference point. (b) Theoretical
fit to the data using an equation of the form shown in Eq. (12).
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nm, which corresponds to a bandwidth of o =1.42X 10"}
rad/s, agreeing reasonably with the fit. The slightly high
measured wavelength reflects the slight imbalance in filter
center frequencies. The visibility is underestimated be-
cause of the fitting procedure, which tries to fit a single
sine wave to the data having phase fluctuations caused by
drive nonlinearity at the submicrometer level. Fitting a
short section of data as in Fig. 3 leads to a visibility of
11.3%. This is still well below 50%, which could be in-
terpreted in terms of a short-coherence-length pump
beam [cf. Eq. (12)], but we presume it is more associated
with spatial averaging in the interferometers and mode
scrambling in the fiber. Individually measured inter-
ferometers showed interference fringes with about 75%
visibility when illuminated with both white light and
helium-neon laser light.

IV. DISCUSSION

We expect that the low visibility will be improved by
use of better optics in the interferometers, but with the
present detector resolutions, it is still limited to 50%.
One can think of classical sources that could mimic this
behavior [9] with similar visibilities. Taken in isolation,
this experiment does not prove absolutely that the entan-
gled state exists over the 170-m detector separation. Re-
cent work [21], however, has shown that given the highly
time correlated nature of the photon pairs determined in
independent experiments [22], a classical description of
the experiment is inadequate.

To achieve higher visibilities the second term in Eq.
(10) must be reduced to zero. For this, the combined
coincidence gate At and detector jitter must be shorter
than the time difference AT. This is technically feasible
using detectors with < 100-ps jitter [17], time-to-height
converters, a single-mode pump laser, and path-length
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differences of a few centimeters. Recently, such an exper-
iment has been successfully performed using a coin-
cidence time resolution of 500 ps [13] (at small separa-
tions between signal and idler beams). If correlations
close to 100% are achieved, then applications in quantum
cryptography systems [18] will be possible.

The delay between emission and arrival at the signal-
beam interferometer is about 1 us. Rapid adjustment of
the phase plate in this arm (on time scales shorter than
1 us) would allow delayed-choice tests of local realistic
theories [19]. It is also of academic interest to verify
whether nonclassical correlations are retained over large
distances and whether these effects can be used to test the
assumption of linearity in quantum mechanics.

In conclusion, we have demonstrated pair-photon in-
terference in interferometers separated by 170 m of opti-
cal fiber. Such effects could form the basis of a secure
communication system [20] given the requirement that
interferometer path-length differences have to be
matched to within a few micrometers (the coherence-
length set by the single-photon bandwidth), while actual
path-length differences can be up to a few centimeters.
An eavesdropper intercepting the system at the dashed
line shown in Fig. 2 would see Poisson random-pulse
trains in both signal and idler paths and in the coin-
cidences between them. The remote interferometer can
be thought of as a key which has to be set to the correct
value (path-length difference) before information (modu-
lation of the coincidence rate) can be received.
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