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Observation of Four-Photon Interference with a Beam Splitter
by Pulsed Parametric Down-Conversion
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When four photons arrive at a beam splitter, two from each side, a four-photon, six-path interference
effect occurs to yield a sixfold enhancement of the probability for all four photons to exit together
from the beam splitter. We produce the four-photon state by using the stimulated emission process in
a pulsed parametric down-conversion and measure the probability for all four photons to exit from one
side of the beam splitter. The observed enhancement factor is in good agreement with a multimode
treatment of pulsed down-conversion.

PACS numbers: 42.50.Dv, 03.65.Bz, 42.25.Hz

The generation of multiparticle entangled quantum It is well known by now that, when two identical pho-
states has attracted much attention in recent years for thens arrive at a 50:50 beam splitter, one from each side,
potential applications in communication, computation [1],a two-photon interference effect occurs such that the two
and more accurate atomic frequency standards [2]. Sugbhotons will exit together from the same side of the beam
quantum states with three or more particles can also displitter [9]. This type of two-photon interference effect
play dramatic locality violation as discovered by Green-played an important role in the studies of nonlocality [10]
berger, Horne, and Zeilinger (GHZ) [3]. Schemes haveand quantum interference [11,12]. When four photons en-
since been proposed to produce such states based on tiee a beam splitter, two from each side as shown in Fig. 1,
superposition of independent pairs of photons generategthat are the partition probabilities for the four photons
from parametric down-conversion [4,5]. Although four- between the two exit ports? One may be tempted to con-
photon coincidences were measured in experiments osider the four photons as two pairs of photons and pre-
gquantum state teleportation [6] and swapping [7], involv-dict the outcome by using the known two-photon effect.
ing two independent parametric down-converters, the unfthis is true when the four photons are made of two pairs
derlying principle is still two-photon interference. On the of photons independent and identifiable from each other.
other hand, all of the higher-order interference schemeklowever, when the four photons are identical and there-
so far (including the GHZ multiparticle interferometry) fore unidentifiable, a four-photon interference effect oc-
involve only the quantum interference between two al-curs and the outcome is quite different from that of the
ternative paths and usually result in sinusoidal modulatwo-photon situation.
tions in the coincidences. When more alternative paths It can be shown [13] that for an input state|2f2) at a
become involved, however, new and interesting phenom50:50 beam splitter, the output state becomes
ena arise. For example, Shor's factorization algorithm [8] 3 1
of quantum computation relies on a multiple path quan- V) = ‘/;“4’ 0) +10,.4) + 712,2). (1)
tum interference effect to achieve massive parallelism. AThe coefficient of,/3/8 can be easily obtained by using
similar effect also occurs in optical gratings. Furthermoretwo methods to calculate the four-photon probability
complete constructive or destructive quantum interferenceit4A*) and require them to be equal: The first method
(i.e., with 100% visibility) is important for such an algo- uses directly the components (e.gt,0)) in the output
rithm to yield the correct outcome with a high degree of
certainty although quantum processes usually are associ-
ated with randomness.

In this Letter, we report a four-photon multiple-path 12)

(six) interference effect that manifests in the partition ratio

for the four photons when they arrive at a 50:50 beam Ne
splitter, two from each side. The four-photon quantum BS

state is produced by using the stimulated emission process

in a pulsed parametric down-converter. We observe a 2)

more than fivefold (theoretically, sixfold) increase in the

quadruple coincidence at one exit port of the beam splitter

when interference occurs. Such an increase can only BaG. 1. Schematic illustration of the four-photon interference
explained by the four-photon interference. and partition at a beam splitter.
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state in Eq. (1); the second method relates the beam
splitter’s output operator A_ with its input operators a
and b by A = (a + ib)/+/2 to carry out the evaluation.
The result in Eq. (1) is completely different from the
predictions if one were to treat the four incoming photons
as classical particles where a simple Bernoulli probability
distribution applies. The classical probability for |4,0)
would simply be (1/2)* = 1/16, as compared to 3/8 in
Eq. (1). The classical probability for |3,1) or |1,3) is
a nonzero value of 1/4. But the |3,1) and |1,3) states
are absent in the output state in Eq. (1). The classica
probability for a |2,2) state is 3/8. But Eq. (1) predicts
it to be 1/4. Although the disappearance of the |3, 1) and
|1,3) termsin Eq. (1) can be explained by the two-photon
interference [known as“2 X 2,” see below in Eq. (2)], the
sixfold increase in the probabilities for |4, 0) and |0, 4) can
be explained only by the quantum interference of the four
input photons. If it were due to two-photon interference
(2 X 2), the effect on the probability distribution would
come from the cases where the two pairs are independent
of each other. In this case, the two independent pairs of
twin photons will interfere individually and produce the
state [9]

) = [g) X ), =

with |¢) = 7

(12,0) +10,2)).

)
This will give rise to a probability of 1/4 for |4,0), a
fourfold rather than sixfold increase when compared to
the classical prediction. On the other hand, a classica
wave theory predicts only an enhancement of 4.375-fold
for a four-beam joint intensity measurement and it cannot
explain the missing |3, 1) term in Eq. (1).

In order to understand the sixfold increase in quadruple
coincidence in terms of the four-photon interference, we
consider the events in which each of the four detectors
detects a photon and results in a quadruple coincidence
event (Fig. 1). We natice that there are six possible ways
(41/212! = 6), with an equal amplitude y, to arrange
the four identical photons exit from the beam splitter
among the four detectors. The division by the factor
of 2!2! comes from the fact that each input beam of
the beam splitter contains two identical photons. The
six probability amplitudes interfere constructively in the
four-photon detection probability, resulting in an overall
probability of (6x)> = 362 for the quadruple detection.
But, without interference, the six probabilities (y2) simply
add to give a 6y overal quadruple probability in a
classical case. Thus we will have a sixfold increase
due to quantum interference as compared to a classica
prediction. As seen from the argument above, a multiple-
path (six) four-photon interference is responsible for the
sixfold increase. Similarly, for the overall probability of
the output state |2, 2), there are also six possibilities. But
because of the 77-phase shift for reflected photons, two of
the six probability amplitudes interfere with the other four
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destructively, resulting in a probability of (2y)> = 4x?2,
or a reduction in the partition probability by a factor
(4x*/6x*) = 2/3.

It is well known that a two-photon state can be gen-
erated via spontaneous parametric down-conversion. To
produce a four-photon state, however, we must consider
the stimulated emission process. The extra two photons
are induced by the origina two spontaneously emitted
photons. This involves a higher-order process. To see
this more clearly, we consider the Hamiltonian for the
parametric down-conversion process:

H = kafal + He 3)
The state of the down-converted fields becomes
W) = exp(—iFH t/h) |vac)
~[1 — iHt/h + (—iHt/h)*/2]|lvac)y, (4)

where we have dropped the higher-order terms in this
approximation. We can rewrite the quantum state as

W) = (1 — n?/2)lvac) — inlls, 1;) — 7%12,,2),
(5)

where n = «t/h is a dimensionless coupling constant.
The state is normalized up to the order of . Obvioudly,
the second term in Eq. (5) gives a two-photon state while
the last term corresponds to a four-photon state with two
in each of the signal and idler modes, respectively. Using
a quadruple coincidence detection scheme (Fig. 1), the
first two terms in Eq. (5) do not contribute and we thus
detect only the required |2, 2) state.

The four-photon term in Eq. (5) can be viewed as a
result of the stimulated emission (amplification) induced
by the two-photon term. In fact, parametric down-
conversion produces thermal fields for each of the down-
converted beams [14]. Therefore, the four-photon term
is related to the photon bunching effect or the Hanbury
Brown-Twiss effect [15]. Indeed, a ssmple calculation
shows that the normalized intensity correlation function
g = ¢¥ =2 for the state in Eq. (5) [16], which is
exactly what we expect for a single mode thermal field.
However, the process of parametric down-conversion has
a very wide spectrum. When we apply a multimode
treatment for down-conversion, we find that g (r) =
1 + |y(7)|*> which depends on the time delay 7 between
the detections of two photons in one beam. +vy(7) is
the normalized second-order correlation function and
has the properties that |y(7)] = 1 and y(«) = 0. This
comes from stimulated emission and gives rise to photon
bunching. The width of y(7) is of the order of the
reciprocal bandwidth for the field. Thus in order to
observe the four-photon contribution in Eg. (5), one must
use detectors which have a response time faster than
the fluctuations of the fields. Unfortunately, with the
wide bandwidth of down-conversion, no optical detector
resolves it. As an dternative solution, one can use
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ultrafast pulses to pump the down-converters [17,18]
and use a narrow filter to create a transform-limited
down-conversion pulses [19]. Such a strategy has also
been applied in recent experiments on teleportation and
quantum state swapping [6,7].

When pumped by pulses, the down-converted fields are
generated in the form of wave packets. For short wave
packets, slow optical detection results in an integration
over the period of the entire pulse. We developed a multi-
mode theory for pulsed parametric down-conversion [20]
that gives rise to the two-photon coincidence probability
for a single down-conversion beam as

P,=A+E. (6)

Here, A is the accidental coincidence and Z is the in-
excess coincidence resulting from the photon bunching
effect [ = A because |y(7)| = 1].

Now we consider the case when both beams of down-
conversion are superposed at a beam splitter as in Fig. 2.
We examine the probabilities for all four photons to exit
together from one side of the beam splitter. When the
two wave packets do not overlap at the beam splitter,
or the delay between the arrival times of the two down-
converted wave packets is much larger than their pulse
widths, no interference effect occurs. We find that the
four-photon coincidence for this case is given by

Py(») = a(A + E), (7)

where « is the four-photon collection efficiency. This
corresponds to the classical case as discussed earlier and
is similar to the one-beam case in Eq. (6). Conversely,
when the two wave packets overlap at the beam splitter
or, equivaently, the delay is O, we have, for the four-
photon coincidence [20],

P4(0) = 4a(A + 2F). (8
Here the factor 4 comes directly from the 2 X 2 case
while the factor 2 in front of E is a result of four-

photon interference. Thus the overall enhancement factor
becomes

P4(0) £

=4{1+ =6. 9
P4() ( ﬂ+f)<6 ®
The last inequality comes from the fact that Z = A. In
the ideal case when £ = A, the ratio is exactly 6, cor-
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FIG. 2. Experimenta setup. L1 and L2 are two lens systems
that couple the signal and idler beams into the fiber system with
high efficiencies.

responding to the sixfold increase in the probability for
[4,0) from the classical prediction to the quantum pre-
diction asin Eq. (1). Therefore the multimode prediction
covers the single mode case. Notice that, when £ = 0,
we have the ratio equal to 4. This is the 2 X 2 case,
where only two-photon interference contributes. In fact,
when £ = 0, there is no stimulated emission and the only
chance to create four photons is via an accidental produc-
tion of two pairs of spontaneously emitted photons during
a single pump pulse. On the other hand, it appears from
Eqg. (8) that the contribution from stimulated emission (£
term) givesrise to an eightfold rather than sixfold increase
as mentioned earlier. In fact, the stimulated emission
photons cannot be separated from the spontaneous emis-
sion of the accidental pairs. Therefore, the simple picture
of four-photon interference applies generally to any four
single mode photons irrespective of whether they are inde-
pendent or correlated, as long as they are identical. Thus
the sixfold increase is the overall contribution from both
spontaneous and stimulated photons.

The outline of the experimental setup is shown in
Fig. 2. A Ti:sapphire mode-locked laser [ Spectra Physics
3600D] produces 860 nm, transform-limited 150 fs pulses
at a repetition rate of 80 MHz. The laser pulses are
frequency doubled with a 1-mm-long KNbO; nonlinear
crystal, and the resulting 430 nm pulse train is used to
pump an identical nonlinear crystal (NLC) serving as a
parametric down-converter. We tune the temperature of
the down-converter such that the signal and idler beams
at 860 nm are emitted at approximately 4° apart. After
going through a 0.9 nm bandwidth interference filter (IF),
the signal and idler beams are carefully aligned into the
input ports of a 50:50 2 X 2 optical fiber coupler (FC-0,
a fiber beam splitter). The polarization of one arm is
adjusted by using a quarter-wave and a half-wave plate to
obtain a maximum interference in the output ports of the
2 X 2 coupler. Therelative time delay between the signal
and idler photon wave packets is scanned by a computer-
controlled translation stage.

First, the two output ports from the fiber coupler
FC-0 are fed into two avalanche photodiode single
photon detectors [EG& G SPCM-132] and the two-photon
coincidence counts are measured as a function of the
relativetime delay. A coincidence dip of 90% modulation
is observed [9]. Second, one of the two output ports of
FC-0 is further split into four with fiber couplers FC-1, 2,
and 3 as shown in Fig. 2. The four outputs are fed into
four single photon detectors for quadruple coincidence
measurement. Here, the quadruple coincidence events are
the results of two possibilities. First, accidentally, two
sets of signal-idler photon pairs are emitted from NLC
during one pump pulse and, with a properly combined
binary branching at all four fiber couplers, the four
detected photons produce a quadruple coincidence count.
This corresponds to an “accidental” coincidence event
between the randomly produced photon pairs. As the
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FIG. 3. Quadruple coincidence event versus relative time
delay between the signal and idler photon wave packets. The
counting time for each data point is one hour. The solid line
is the result from a least-squares fitting procedure. The error
bars indicate one standard deviation. The width of the curve
is approximately the inverse of the 0.9 nm bandwidth of the
filter IF.

second possibility, a pair of signal and idler photons is
first generated in NLC and then amplified to produce
a second identical pair. This creates an “in-excess’
coincidence event. The relative ratio of the possibilities
for the two events manifestsin the form of theratio £/ A
as given in Eq. (7) and can be measured in an ancillary
two-photon correlation experiment on one beam. For this
purpose, we block off either the idler or the signal beam,
and measure the coincidence rate between two detectors
A and B. The resulting coincidence rate follows a simple
relation Rap = (1 + E/A) X R4Rp/R;, where Ryg,
R4, Rp, and R; are the counting rates for coincidence
between A and B, for detectors A and B, and the 80 MHz
laser repetition rate, respectively. Ratiosof £/ A = 0.7
and 0.6 are measured for the signal and idler beams,
respectively. The different values of Z /A for the signal
and idler beams are caused by slight misalignment at the
fiber couplers and the imperfection of spectral filtering
resulting in a dlight difference in the collection of spectral
components.

With all beams exposed, the quadruple coincidences are
then measured as a function of the relative time delay be-
tween the signal and idler beam paths using the configu-
ration shown in Fig. 2. Theresult isshown in Fig. 3. A
least-squares fitting procedure is employed and gives ara-
tio of R4(0)/R4() = 5.09 = 0.37. Thisislower than the
prediction of R4(0)/R4() = 5.58 according to Eq. (9)
when we use an average value of £/ A = 0.65. How-
ever, a more complete analysis [20] that takes into ac-
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count the less than perfect alignment (results in an ob-
served 90% visibility for the two-photon coincidence dip)
yields a prediction of R4(0)/R4() = 5.06, in good agree-
ment with the experiment.

In conclusion, we analyzed the interesting situation of
the partition at a beam splitter for four photons generated
by a parametric down-converter using pulsed pumping.
We point out the different partition ratios for identifiable
[(2 X 2)-photon] and unidentifiable (four-photon) pairs of
photons. The latter is a result of stimulated emission in
parametric down-conversion. We demonstrated for the
first time such a multiparticle, multiple path, interference
effect using a pulse-pumped parametric down-conversion.

The experiment was conducted at the NEC Research
Institute. Z.Y.O. acknowledges the support of the Office
of Nava Research.
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