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The Hong-Ou-Mandel effect is considered a signature of the quantumness of light, as the dip in coincidence
probability using semiclassical theories has an upper bound of 50%. Here we show, theoretically and exper-
imentally, that, with proper phase control of the signals, classical pulses can mimic a Hong-Ou-Mandel-like
dip. We demonstrate a dip of (99.635 £ 0.002)% with classical microwave fields. Quantumness manifests in
wave-particle complementarity of the two-photon state. We construct quantum and classical interferometers for
the complementarity test and show that while the two-photon state shows wave-particle complementarity the

classical pulses do not.
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I. INTRODUCTION

The Hong-Ou-Mandel (HOM) two-photon coincidence-
visibility dip (TPCVD) [1,2], is a salient fourth-order inter-
ference effect [3], and one of the most important effects and
tools in quantum optics. Myriad applications include measur-
ing photon purity [4] and distinguishability [5], heralding in
optical quantum computing gates [6], conceptually underpin-
ning the complexity of the boson sampling problem [7], and
realizing a NOON state for quantum metrology [8].

TPCVD is manifested by injecting a single photon into
each input port of a balanced beam splitter and observing
anticorrelated output in the form of bunching. Mathematically,
the input is the pure product state |11) and the output is the
symmetric or antisymmetric superposition of |20) and |02),
resulting in a coincidence probability of zero.

Given some delay T between photon arrivals at the two
input ports, the coincidence probability C(r) drops as t
approaches zero. The TPCVD,
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is unity in the ideal case [9,10].

Despite the immense importance, applicability, and suc-
cess of HOM TPCVD, a widespread misconception is that
exceeding a 50% TPCVD falsifies classical electromagnetic
field theory. Example quotations include “fourth-order inter-
ference of classical fields cannot yield visibility larger than
50%” [11], “as long as the visibility of the coincidence dip is
greater than 50%, no semiclassical field theory can account for
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the observed interference” [9], “visibility, being greater than
50%, is clear evidence of non-classical interference” [12],
and “classical theory of the coherent superposition of electro-
magnetic waves, however, can only explain a HOM dip with
V < 0.5” [13]. This myth matters as the 50% dip threshold
is widely accepted as proving that two-photon interferometry
has entered the quantum domain.

The 50% TPCVD is believed to be the threshold between
classical and quantum behavior of light, because independent
classical pulses with uniformly randomized relative phase
yield V = 1/2 [13,14]. The argument against the classical de-
scription is that it fails to predict the observed 100% visibility
and, instead, puts an upper bound of 50% on it.

In this paper, we perform two precision experiments and
show that if the phase between the input signals is randomized
over a preselected set, 100% visibility can be achieved even
with classical pulses. Therefore, the aforementioned reason
for the failure of the classical description of light is invalid.
The real quantum signature lies in completing the interfer-
ometer as a two-photon analog of the experimental proof
of complementarity for a single photon [15]. Curiously, this
subtle yet important point has no experimental demonstration
in the literature.

II. THEORY

In the semiclassical theory of photodetection [16,17], the
coincidence probability at the two detectors is proportional
to the cross correlation of the integrated intensities at the
detectors. The normalized correlation function is
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where E, (t; 0, T, ¢), E_(t; w, T, ) are the output fields from
the transmitted and reflected ports of the 50:50 beam splitter
respectively, when the input pulses have carrier frequency w,
a time delay t between them, and relative phase ¢ which
fluctuates with probability P(¢).

If Tor — Ton is large compared to input-pulse width,
Egs. (1) and (2) yield

V= f de P(p)cos’ ¢, 3)

which depends on P(¢), and detailed calculations are in
Appendix A. Uniformly randomized ¢ € [0, 27) is equivalent
to no control over ¢ so V = 1/2, which is widely accepted as
the quantum-classical boundary, whereas we show that a 50%
dip is a consequence of ignorance or lack of phase control.
Choosing different probability distributions for ¢ yields
different TPCVDs. For example, V =0 if ¢ € {%, 37”} and

V=1/21if ¢ € {0, %, T, 3—”}, with uniform distribution over
these respective sets. Significantly, V =1, i.e., TPCVD is
100%, for uniformly randomized ¢ € {0, 7}.

If exceeding the 50% dip threshold does not signify quan-
tumness, where does quantumness appear? Contraria sunt
complementa, or “opposites are complementary,” as Niels
Bohr’s coat of arms says: a particle is opposite to a wave.
In the context of complementarity, particlelike behavior is
characterized by detection that reveals indivisibility of the
object. Wavelike behavior, on the other hand, is characterized
by interference fringes that signify the object is delocalized
and coherent across some region. For instance, single-photon
complementarity is demonstrated by a particlelike test that
shows that a photon passing through a beam splitter is indi-
visible. The wavelike property is demonstrated by allowing
this indivisible entity to take two different paths and observing
interference fringes as a function of path-length difference
through a difference measurement by the photodetectors at the
two output ports [15].

We extend the above argument to the TPCVD experiment.
In the quantum version of the experiment two indistinguish-
able photons enter a balanced beam splitter, one in each
port. The output is a superposition of a two-photon state in
each arm, with 100% TPCVD showing particlelike behavior.
Recombining the two arms using a second beam splitter yields
an interference between them, confirming that output of the
first beam splitter is in quantum superposition, a signature of
wavelike behavior. Thus the two-photon state shows wave-
particle complementarity.

In the classical version, inputs are classical pulses with
¢ € {0, w} with equal probability, resulting in 100% TPCVD
showing a particlelike behavior. However, unlike the quantum
case, both pulses exit the beam splitter either from one port
or the other without superposition of paths, thus retaining its
particlelike behavior. The lack of superposition is confirmed
when no interference is observed on recombining the two
paths using a second beam splitter. Therefore, the classical
pulse does not show wave-particle complementarity. Thus,
quantumness arises through two-photon complementarity, not
a TPCVD of more than 50%. We provide a mathematical
description of this phenomenon in Appendix B.
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FIG. 1. Schematic for the HOM experiment using classical mi-
crowave pulses. Detailed description of the setup is in the main text.

III. CLASSICAL EXPERIMENT

The key to demonstrating 100% TPCVD with classi-
cal pulses is controlling ¢, which is achieved in an optics
experiment using electro-optic modulators (EOMs) [18-20].
However, the TPCVD accuracy depends on the input pulses
being identical. Pulse distortion caused by EOMs can increase
distinguishability, thereby reducing the TPCVD. Moreover,
maintaining identical polarizations, perfect alignment of the
beams, as well as active phase control in such an experiment
that requires many iterations, is cumbersome. This challenge
motivated our use of a carefully designed electrical version
of the beam splitter experiment shown in Fig. 1. As electrical
signals with accurate phase control are directly generated, an
extra apparatus for phase control is not needed. This innova-
tion also eliminates polarization and alignment issues leading
to a clean, precise experiment beyond the capability of optical
systems, which enabled tremendous accuracy and precision in
demonstrating 100% TPCVD with classical fields.

An arbitrary wave-form generator (AWG) (Keysight
Technologies-33622A) with dual channels is programed using
LABVIEW to generate two sine signals with Gaussian am-
plitude modulation with 100-mV peak-to-peak and 1-KHz
carrier frequency. The programmability of AWG facilitates
the control of the relative phase ¢ and the time delay t
between the two pulses. The input pulses are injected into a
180° power splitter PS1.

The two power splitters PS1 and PS2 are broadband power
splitters (ET Industries model J-076-180) with operating fre-
quency from 770 MHz to 6 GHz. Both power splitters are
characterized, and from S-parameter analysis [21], the oper-
ational frequency is chosen to be 1162 MHz, for which the
power splitting ratios are closest to the ideal expectation of
50:50 (49.3:50.7 for PS1 and 50.3:49.7 for PS2) and phase
error is around 2-3°.

An oscilloscope (Agilent Technologies DSO60 14A) is
used as detector with frequency detection up to 100 MHz.
As the desired operation frequency for the power splitters
is 1162 MHz, signals from AWG are up-converted at the
transmitter end and down-converted at the receiver end which
requires mixers and a local oscillator. The local oscillator
(SG) (Keysight Analog Signal generator N5173B), is tuned
at 1161.999 MHz and connected to a one-input-four-output
power divider (Mini-Circuits part number ZA4PD-2). Mixers
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FIG. 2. The plot shows the normalized cross correlation as a
function of time delay t when the phase ¢ between the two input
pulses to the beam splitter is averaged over the set {0, 7} with choice
of 0 and 7 being equally likely. The dots represent the experimental
result, the green dashed line is the theoretical expectation, and the or-
ange solid line is the result of fitting the theoretical expression for the
cross correlation to the experimental result, with amplitude mismatch
between the input pulses as the fitting parameter. The fitted curve
overlaps almost completely with the theoretically expected curve.
We obtain a TPCVD of 99.635% with the error bars representing
95% confidence interval of the mean value at each time delay.

M1, M2, M3, and M4 (Mini-Circuits: FM-2000, level 7
mixer), which operate in the range of 100-2000 MHz, are
driven by four output ports of the power divider. The power
level from SG is set to +14 dBm to take care of power
loss in the cable and power divider. The output shown on
the oscilloscope screen is saved as a MATLAB® data file for
postprocessing. Detailed calculations of the signal processing
are shown in Appendixes C and D.

Using LABVIEW we vary T between —7 and 7 ms in steps
of 1 ms to calculate the cross correlation of the output signals
for different time delays. The output signals recorded at the
two channels of oscilloscope are postprocessed to calculate
the cross correlation using Eq. (2) and produce the plots of the
cross correlation as a function t. The number of samples of
pairs of input signal produced for good statistics is explained
in Appendix E.

For ¢ € {0, 7} with equal probability, a TPCVD of
(99.635 £ 0.002)% is achieved, as shown in Fig. 2. For ¢ €
{0, /2,37 /2, w}, the TPCVD is (48.03 &+ 0.035)% shown
in Fig. 3. We show the 50% TPCVD for ¢ € [0,27) in
Appendix F.

IV. QUANTUM EXPERIMENT

In the quantum version (see Fig. 4 for setup), we employ a
type-II heralded photon source [22] in collinear configuration.
A diode laser (Toptica-iwave) at 405 nm with 50-mW power
pumps a5 mm x 5 mm x 10 mm type-II BBO crystal. A pair
of lenses of focal lengths 22.5 and 25 cm focus the pump
beam at the crystal and collimate the down-converted pho-
tons, respectively. Pairs of orthogonally polarized frequency
degenerate photons with central wavelength of 810 nm are
split in two directions by a polarizing beam splitter (PBS). A
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FIG. 3. The plot shows the normalized cross correlation as a
function of time delay t when the phase ¢ between the two input
pulses is averaged over the set {0, 7 /2, m, 37 /2} with all four
values of phase difference being equally likely. The dots represent
the experimental result, the green dashed line is the theoretical
expectation, and the orange solid line is the result of fitting the
theoretical expression for the cross correlation to the experimental
result, with amplitude mismatch between the input pulses as the
fitting parameter. We obtain a TPCVD of 48.03% with the error bars
representing 95% confidence interval of the mean value at each time
delay.

half-wave plate in one of the arms of the PBS makes the two
photons have identical polarization. An arrangement of long
pass filters transmits wavelengths above 405 nm. A band-pass
filter with a 3.1 nm bandwidth centered at 810 nm restricts
the bandwidth of the transmitted photons also blocking any
residual pump. Two fiber couplers collect photons from the
same pair and inject them in a 2 x 2 polarization-maintaining
fused fiber beam splitter (FBS).

One of the couplers is mounted on a motorized stage to
vary the delay between the two photons. We measure the
coincidence count as a function of relative beam displacement
between the signal and idler photons. A 10-um step size for
the stage provides necessary precision to resolve the HOM-dip
width. The data acquisition time is 5 s at each position and
we measure at 160 positions. We repeat the measurement 100
times for better averaging and to estimate an error bar (see
Appendix G for details).

<
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FIG. 4. Schematic for the HOM experiment using IR photons.
Detailed description of the setup is in the main text.
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FIG. 5. Mean coincidence counts measured as a function of time
delay between the two input photons are represented by dots. The
green dashed line is the theoretical expectation (see Appendix I). The
orange solid line is the result of fitting the theoretical result to the data
(see Appendix J) resulting in a TPCVD of 96.06%. The fitted line
overlaps almost completely with the green dashed line (theoretical
expectation). The R-squared value of the fit is 0.9998. The error bars
represent 95% confidence intervals for the mean coincidence count
at each time delay.

Figure 5 shows two-photon coincidence counts as a func-
tion of time delay t between the two input photons. We obtain
a TPCVD of (96.06 & 0.16)%. Details concerning choice of
parameters for both experimental setups are in Appendixes H,
I,and J.

V. COMPLEMENTARITY

Classical pulses indeed demonstrate a high degree of an-
ticorrelation indicated by a “HOM-like” dip, by applying
appropriate relative-phase control between the two inputs. As
the question of classical-vs-quantum nature is established by
trying to realize particle-wave complementarity, we recom-
bine outputs from the power splitter on a second power splitter
PS2 to make a Mach-Zehnder interferometer (MZI) to observe
interference. Whether particlelike or wavelike behavior can
be observed in the classical case depends crucially on the
relative-phase choice for the inputs. Figures 6 and 7 show the

Master PC (LabVIEW Interface)

FIG. 6. The schematic for the complementarity experiment using
classical pulses. Detailed description of the setup is in the main text.
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FIG. 7. Schematic for the complementarity experiment using IR
photons. Detailed description of the setup is in the main text.

schematics for the classical pulse and photonic versions of this
experiment.

Instead of checking for complementarity through the pres-
ence or absence of interference, we compare the classical
and quantum cases using relevant ratios which only involve
measurement at the central maximum of the interference
pattern. This is a much simpler test for complementarity as
it avoids phase stabilization of the interferometer in the IR
domain and changing path lengths in the classical domain
which can be nontrivial.

We compare the case with both arms of the MZI unblocked
(case A) with that in which one of the arms of the MZI is
blocked (case B). In case A, the second power splitter or
beam splitter recombines the arms to form the original inputs
resulting in the probability of coincidence being 1 in both the
classical and the quantum versions. But in case B, the results
of the classical and quantum versions differ.

With classical pulses, the output of PS1 is in either one of
the arms of the MZI, and the blocker blocks half of the signals
to PS2. The unblocked arm simply splits into two resulting in
a cross correlation of 50% compared to that in case A.

In the quantum version, the blocker collapses the super-
position state to either |2, 0) or |0, 2) with equal probability,
which blocks half of the states, say |0, 2), from reaching the
second beam splitter. After going through the beam splitter,
|2, 0) transforms to

1 1 1
— L, 1)+ =-12,0)+ = 10,2 4
ﬁ" )+2|, )+2I ) “

yielding a coincidence probability of half. The drop in coinci-
dence probability combined with the fact that half of the su-
perposition states were blocked results in a 25% coincidence
rate compared to that in case A.

In experiment, we complete the MZI after PS1 with another
power splitter PS2. The time delay between the two input
pulses to PS1 is fixed at T = 0. The two outputs of PS1 are
fed to PS2 (case A). The cross correlation of outputs of PS2 is
calculated.

Next we block one arm of the MZI (case B). The con-
nection between the X port of PS1 and 180° port of PS2 is
removed and both ends are terminated with 50-2 terminators.
The ratio between the cross correlation values in cases A and

12,0) —
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B is computed and found to be 0.4919 + 0.0242. The sources
of error are discussed in Appendix H.

To demonstrate complementarity in the quantum case, we
make the two input photons indistinguishable i.e., T = 0 so
that the output of the first beam splitter is the superposition
of |2,0) and |0, 2). The two outputs of the FBS are incident
on a 50:50 beam splitter BS through two collimators. One of
the collimators is placed on a motorized translational stage
to vary the path difference (Al) between the two arms of the
MZI. The output ports of BS are coupled to single-mode fibers
that are connected to two single-photon counting modules (z-
SPAD from Pico Quant) for coincidence measurement using
a universal quantum device time-tagging unit.

We measure coincidence counts as a function of A/ and
observe interference. However, to compare with the classical
version, we fix Al = 0, i.e., at the interference maximum. We
then compare the coincidence count in case A with that in B.

To determine the position of the translational stage such
that Al =0, we make the time delay between the input
photons large so that there is no two-photon state in the MZI
arms. Then we use the interference pattern between the two
arms of MZI to set the stage position for which Al = 0. We
then make the time delay between input photons zero again.
The result of our experiment is a ratio of 0.25 % 0.009.

This confirms that in the quantum case, we observe com-
plementarity between 100% TPCVD (particle nature) and in-
terference (wave nature) with the same setting of the sources.
The classical signal was not in a superposition state thereby
not exhibiting wave nature.

VI. CONCLUSION

Our theory and experiment elucidate the quantumness of
one of the most famous, ubiquitous, and useful quantum optics
experiments. In summary, we have shown that the semiclas-
sical theory of photodetection can be applied to calculate
the coincidence probability in an HOM experiment, provided
the ensemble of inputs is chosen appropriately. The 50%
threshold for the dip in coincidence probability is not the
boundary between classical and quantum behaviors of light,
but rather a result of the lack of control over the phases of
the input pulses. Although classical pulses can be made to
switch between exhibiting particlelike and wavelike behaviors
by controlling the phase, both cannot manifest with the same
choice of phase. A two-photon state on the other hand shows
wave-particle complementarity, by being indivisible in an an-
ticorrelation experiment vs taking a superposition of two paths
when interference is measured in an MZI, without any change
in the source setting. This wave-particle complementarity is
the boundary between the classical and the quantum.
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APPENDIX A: TPCVD FROM SEMICLASSICAL THEORY
OF PHOTODETECTION

In classical electromagnetism, light is represented by clas-
sical fields. Consider two pulses of linearly polarized light,
traveling in perpendicular directions, i.e.,

E(r, t;k1,®,0,0) = Etky -1 — o) e®7790 (AD)
Ex(r, t;ky, 0,7, 9) = E(ky -1 — ot — wr) 7T,
(A2)

where E; is the electric field of the ith pulse. In general,
the field is vectorial, but if both signals have the same
polarization, the vector notation can be dropped. &£ is the
amplitude modulation of the signals (such as Gaussian), k;
is the propagation vector, w is the angular frequency, ¢ is
the relative phase between the two signals, and v is the
time delay between the two pulses. The perpendicularity of
the traveling directions of the two pulses necessarily and
sufficiently implies that k - k, = 0. Furthermore, if the setup
is such that the path lengths of both beams are equal, then we
ignore the r dependence as well.

In simplified notation, if the two perpendicular pulses serve
as inputs to a balanced beam splitter, the outputs are

L
V2

We now introduce fluctuation in the signals by making the
phase ¢ a random variable with a fixed probability distribution
P(¢) such that

Eitiw,7,0) = [Ei(t;0,0,0) £ E>(t; 0, T, 0)]. (A3)

fd(p P(p) cosp =0, (A4)

which yields

|Ex* = 1 (IE1|* + |E2) (AS)

thereby revealing that second-order interference between the
pulses is not observable.

Time T over which each signal is measured is much
larger than input-pulse width. Using Egs. (A1)—(A3), with the
simplified notation, we obtain

T 1 T
[ dt|Es(t; 0, T, ) = 5/ dt[E3(t ) + E2(t — 15 )
0 0

+2E(t; w)E(t — T; w)cos ¢].
(A6)

If T is large compared to the input-pulse width, the first two
terms are equal. The third term, which captures the temporal
overlap of the two pulses, is a function of time delay and
phase. From the definition of cross correlation [Eq. (2) in main
text] and (A6), we obtain
Tt w
C(r)y=1- ﬁ/w P(p) cos’p, (A7)

where

T
I(t;w) = / dt E(t;w) E(t — 15 w), (A8)
0
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which yields a TPCVD

V= f do P(p)cos’ ¢, (A9)

which depends on P(¢).

APPENDIX B: CLASSICAL DESCRIPTION FAILS
COMPLEMENTARITY

In this Appendix we analyze the mathematical details
of how the test for complementarity is used to distinguish
between the classical and quantum cases. A second beam
splitter can be added to the setup to make a Mach-Zehnder
interferometer with a phase shifter (creating a phase shift of
0) in one of the arms.

In the two-photon case, the input state to the second beam
splitter is

L
V2

The output of the second beam splitter is then

(12,0) — €10, 2)).

1 — ei@ 1 + ei@
Wi (12,00 +10.2) + —
and therefore, an interference pattern is observed as the phase
shifter is rotated. For the trivial case of & = 0 (no phase shift),
the output is |1, 1) as expected.

On the other hand, in the case with classical pulses, the
phase shifter doesn’t give rise to such an interference at the
output, as the output of the first beam splitter always travels
entirely through one of the arms of the MZI. The outputs fields
of the second beam splitter are

1
ni_ﬁ

where 6 is the phase introduced in one arm. Note that when
¢ € {0, r} one of E; is always zero and consequently, the
terms involving 6 always vanish, making |7+ |*> independent
of the phase that is introduced by the phase shifter. In terms
of coincidence probability, the phase shifter affects the the
coincidence rate in the quantum case but leaves it untouched
in the classical case.

Alternatively, if one of the arms is blocked, the coincidence
count drops. Say |0, 2) is blocked, then a projection operator
on the state yields

2,0)—10,2 1
1® ) 0) (nl (%) = 5(12:0) = 10.0).

11, 1)

[E. +%E_], (B1)

(B2)
Further, applying the second beam splitter B on this state
makes the output

Bizqz, 0) — |0,0)) = qu, 0) 4 10,2) + /21, 1))

V2 2V2
— L [0, 0).

J2
This means that the coincidence probability drops from 1
down to 1/4. This drop in probability is a combined effect

(B3)

of the loss of half of the biphotons due to blocking and the
absence of interference between the two arms.

In the classical case the drop in probability of coincidence
is different. If the arm with field E_ is blocked,

= g ol lEp (B4)
Ny = \/5 + ntl” = 2 I
On the other hand, if E is blocked,
—:l:lE:>| |2—1|E |2 (B5)
n+ = N ntl” = S 1B
In either case, the un-normalized cross-correlation function is
. r’+0
oy =100 (B6)
4
where
o0
O(t) = / dt EEEX — 1) (B7)
—0Q

and I = O(0). Specifically, C(0) = % compared to I> when
none of the arms are blocked. However, in either case |7.|> =
|n—|* and hence perfectly correlated, which implies that clas-
sical theory predicts that there will never be a click in only one
detector. Therefore the classical description predicts that the
coincidence probability drops down by a factor of 2 which is
different from the prediction of the quantum theory according
to which this factor is 4. This result is equivalent to the
complementarity test, and separates the classical theory from
the quantum one.

APPENDIX C: SIGNAL PROCESSING IN THE
CLASSICAL EXPERIMENT

In the experiment, sinusoidal voltages play the role of
the EM radiation. Time delay between input signals 7 and
relative phase ¢ are variable parameters. For each value of
7 an ensemble of output signals is generated with values of ¢
chosen from a chosen probability distribution. The ensemble
is used to calculate cross correlation.

Mathematical expressions of the signals generated using an
arbitrary waveform generator (AWG) are

2

1¢
E(t,w, t,0) =A EXP<_§;) sin (wt), (ChH

1(t—1)?
E)t;w, 1,9) = Ay Exp —5 =

) sin (wtf + @), (C2)

where A} = A, = 0.05V are the peaks of the Gaussian en-
velopes of the two signals. Both signals have Gaussian en-
velopes with o = 0.001 s, and the sinusoidal wave has a
frequency f = 1 KHz (w = 2n f).

The frequency range in which the power splitter has a
splitting ratio of 50:50 is well beyond the maximum frequency
that the AWG can produce. So, the effective input is generated
by up-converting the frequency of the input signal by using a
frequency mixer. The frequency of the local oscillator (LO)
signal used for the mixing is f;, = 1161.999 MHz. A four-
port power divider is used to branch the LO signal into
four channels, two of which are used to up-convert the input
signals, and the other two are used to down-convert the output
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of the power splitter. After the power splitter splits the inputs,
the outputs need to be down-converted for measurement.

The measurement device used is an oscilloscope, two of
whose channels are used to measure the two outputs of the
power splitter. As the oscilloscope has an upper limit to the
frequencies that it can measure, the high-frequency output of
the power splitter is down-converted using the LO. The result
of down-conversion is a mixture of low and high frequencies.
The oscilloscope acts as a low-pass filter and measures only
the low-frequency components, making the effective output

A% E(t;w,1,90) £ Er(t; 0, T,0)
2 V2 '

Although the output depends on Aj, the cross-correlation
function does not depend on it because of normalization.

Ei(tio,T,9) = (C3)

APPENDIX D: DATA ACQUISITION AND
POSTPROCESSING IN THE CLASSICAL EXPERIMENT

The digital oscilloscope samples the voltage signal at
a sampling rate of two gigasamples per second and con-
sequently the recorded signal is a time series of voltages
Ei”)(r, @) and E™(z, ¢). Each time series contains a thou-
sand points which implies that the time interval between

successive points is A7 = = s and the total acquisition

1000 2x10°
timeis T = %107 S

To calculate C(7) we take the ensemble average over the
fluctuating ¢. We focus our attention to fluctuation that is
ergodic, described by a time-independent probability distribu-
tion P(¢). The fluctuation can then be simulated by a discrete
random process in which a pair of signals is generated with
phase difference ¢, chosen from the said distribution.

APPENDIX E: MINIMUM N FOR GOOD STATISTICS

The relative phase (¢) of the input signals is averaged over
so that there is no second-order interference as we are inter-
ested in studying only the fourth-order interference between
the inputs. Consequently, the average integrated intensities of
the output in both arms of the beam splitter (the normalization
factor for the cross correlation) are independent of 7. There-
fore, to ensure absence of the second-order interference, we
determine the minimum number of samples (of ¢) required to
estimate the constant average-integrated-intensity within 5%
error with a confidence level of 95% using the two-tailed test
[23].

Let

T
(@, 1) = / do P(¢) / dt Est:o. 7, 9)?  (ED)
0

be the true average-integrated intensity of the output signals
and

N T
* 1 . 2
wWw, )= N iE:] /o dt |[EL(t; w, T, ;)| (E2)

be the average calculated from the sample outputs, where N is
the number of samples recorded. Let

= \/NIJL*((U, 7)) — w(w, T)

o(w, T) ’ (E3)

A A N R
T (1073s)
FIG. 8. Plot of minimum number of samples (of @) Ny, Vs

the time delay 7 between the input signals, for the experiment
demonstrating 100% TPCVD.

where o (w, 7) is the true standard deviation of the integrated
intensities for each 7. From the central limit theorem we
know that for large enough N, the distribution of ¢ will be
closely approximated by the normal distribution. As the 95%
confidence interval for a normal distribution is (—1.96, 1.96),
the 95% confidence interval (C.1.) for u*(w, 7) is

B 1.960 (w, T) 1.960 (w, 1:)>

N (o, T) + N

Cl = (,u(a), T)
(E4)

If we want the error in the estimation of u to be 5% with
95% confidence, the width of the C.I. must be 10% of u; i.e.,

2 x % — 0.1u(w, 7). (ES)

Equation (ES5) is then solved to get the minimum number of
samples N required,

1.960 (w, r))2 (E6)

0.05u(w, 7)
In the 100% TPCVD case, the phase between the input sig-

nals is chosen uniformly from the set {0, 7}, so the probability
distribution of ¢ is

P() = 5 [8(¢) +8(p — )] (E7)

Figure 8 shows Ny, as a function of . The 50% TPCVD
experiment is done in two versions. First the phase is chosen
uniformly from the continuous interval [0, 277) for which

N(w, 1) = <

1
P@)= 7. (E8)

In the other version, the phase is chosen uniformly from the
set {0, %, T, 37”} with probability distribution

2 2
(E9)

1 b4 3
P(p) =7 [a<¢>+a(¢— )+ —n>+6<¢ - —)}

In either case, the means and standard deviations for all values
of 7 are identical and hence Np;, is given by the graph
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FIG. 9. Plot of minimum number of samples (of ¢) Npin VS
the time delay 7 between the input signals, for the experiment
demonstrating 50% TPCVD.

in Fig. 9. The number of samples to be generated in the
experiment is guided by the graphs in Figs. 8 and 9.

APPENDIX F: CROSS-CORRELATION GRAPH FOR 50%
WITH CONTINUOUS VARIATION OF PHASE

The main text presents the cross-correlation graph for the
case in which the relative phase between the input signals
is varied over the discrete set {0, 7 /2,37 /2, w}. The same
50% dip in visibility is also seen when the phase is varied
continuously over the interval [0, 277) as shown in Fig. 10.

1.01 0——0——0——0——.;\ =@
\ /
\ /
0.9 1 \ /
\ /
\ |
\ /
0.8 - \ J
® \ [
O
0.7 L I §
\ ]
\ )
| | .
0.6 1 A " Fit
\ ===+ Theory
‘EI ;
0.5 \! ¥ Experiment
-6 -4 -2 0 2 4 6
T(1073s)

FIG. 10. The normalized cross correlation of the output pulses,
as a function of the time delay t between the input signals when
the phase between them is uniformly random over the continuous
interval [0, 27r). The experimental result is represented by the dots.
The green dashed “Theory” curve is the result of the theoretical
calculation and shows a 50% dip. The attenuation of the signals
causes an amplitude mismatch which results in a dip slightly less
than 50%. Taking the amplitude mismatch as a fit parameter, the
cross correlation is fitted to the experimental data to get the orange
solid “Fit” curve.

APPENDIX G: CONFIDENCE INTERVALS FOR PHOTON
COUNTS USING BOOTSTRAP

The result of the experiment is a graph of coincidence
counts vs actuator position (which is proportional to the time
delay between the input photons). One hundred iterations
of the experiment were done, which resulted in a sample
of 100 values of the coincidence counts for each actuator
position. Consider the sample of coincidence counts X =
{c1,ca, ..., cr00} at a particular actuator position, say /. The
estimate of the counts is then the mean over X which is
the sample mean, i.e., ¢. The confidence interval for ¢ was
then found by employing a statistical bootstrap. The method
involves creating a large number of sets by resampling with
replacement from the original set. The size of the resampled
set is the same as that of the original. Let one such resampled
set be X* and its mean ¢*. We define a quantity

d=c*—c. (G1)
Repeating the above step a large number of times, in our
case 10000, we get a sample for §. To find a 95 percentile
confidence interval, we pick the 2.5th and the 97.5th per-
centile of this sample, 8 025 and &p.97s. The confidence interval
for ¢ is then simply [80.025 + C, 80.975 + ¢]. We then repeat
the bootstrap method for all values of the actuator positions.
These confidence intervals were plotted as the error bars for
the mean value at each actuator position.

APPENDIX H: SOURCES OF ERROR
1. Classical experiment

The dominant source of error was the amplitude mismatch
of the outputs, which is a result of the each signal undergoing
unequal attenuation as they pass through different paths of the
circuit. The remaining sources of error have negligible contri-
bution, however, for completeness, they must be discussed.

Every instrument used in the circuit has an uncertainty in
the measurement of the respective quantity. From the data
sheets of each instrument provided by the manufacturer the in-
strumental errors in frequency, time delay, voltage, frequency
of the local oscillator, and amplitude of the local oscillator
were used to find the maximum error due to instrumentation.
The error in the beam-splitting ratio of the power splitters was
found from their characterization. The relative error is plotted
in Fig. 11.

Other sources of errors include finite sampling rates of the
AWG and the oscilloscope. However, the rates are sufficiently
high for near perfect sampling of the signals.

2. Quantum experiment

Using the quantum description, the coincidence probability
at the output of a (lossless) beam splitter is given by the well-
known result by Hong-Ou-Mandel,

C@t)=IT|*+IRI*
—2|T?|R|? f dt Re{g(t + 87)g"(r — 1)},

(HL)
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FIG. 11. The relative error in the cross correlation of the output

signals due to various instrumental errors, as a function of the time
delay t between the input signals.

where g(t) is the Fourier transform of f(w); f(w) is the
normalized joint spectral amplitude (JSA) of the two input
photons, w being the difference in the frequency components
of the two photons [w = (w; — w;)/2]. The time delay be-
tween the two input photons to the beam splitter is 7. If the
two photons are completely indistinguishable, then a balanced
beam splitter causes the coincidence probability to drop to
zero, i.e., C(0) = 0.C(5t) = 1/2 for 6t > 1., where t. is the
coherence time of the single photons.

In practice, however, different components may introduce
some distinguishability in different degrees of freedom (fre-
quency, polarization, spatial mode, etc.) of the two input
photons. Let n be the probability that the input photons retain
indistinguishability and ¢ the probability both photons fall on
the same port of the beam splitter. Then

C@t)=(1— o[m“ +IR|* - 2|T|2|R|277/dr
x Re{g(t +87)g"(t — 8r>}} +2¢|T*|R)>, (H2)

which is the expression used to fit the coincidence probability
curve to the experimental data.

APPENDIX I: THEORETICAL ESTIMATE FOR HOM
PROFILE FOR THE QUANTUM EXPERIMENT

We have plotted coincidence counts vs time delay, tak-
ing into account various instrumental errors [Eq. (H2)]. The
dominant contributions to these errors are from the nonideal
extinction ratio of the polarizing beam splitter (PBS), imper-
fect rotation of the half wave plates, and the effect of the
interference filter. An ideal PBS transmits only horizontally
(|H)) polarized light and reflects vertically (|V)) polarized
light. But in practice this may not happen owing to the imper-
fect extinction ratios. Similarly, errors in the half wave-plate
rotation may introduce distinguishability in polarization. The

transmittance of the band-pass filter affects the JSA of the
input photons.

The values of these error parameters were obtained from
the data sheets of the respective instruments. The PBS has
extinction ratios 1000:1 in the transmission arm and 52:1
in the reflection arm. So, Ty /Ty = 1000 and Ry /Ry = 52,
where Ty, Ry represents transmission and reflection proba-
bilities of |H) polarized light through the PBS. 7;, and Ry are
the transmission and reflection probabilities of |V') polarized
light. The probability of both |H) and |V) photons being in
any one of the output arms of the PBS [¢ in Eq. (H2)] is

¢ = TyTy + RyRy = 0.0201. )

The transmission and reflection coefficients of the fiber beam
splitter (FBS) are |T'|* = 0.52, |R|* = 0.48. The half wave-
plate (HWP) rotation should be such that the angle (6) of the
HWP axis with respect to the horizontal axis is 45°, in order
to make both the photons possess the same polarization. But
the HWP rotation has an error of +1°, leading to

n = sin’ 20 = 0.9988. 12)

The transmission-vs-frequency data F'(w) for the filter are
provided by the manufacturer. With the filter, the joint-spectral
amplitude of the two input photons becomes

f(w) = F(w)p(w), a3)

where ¢(w) is the joint-spectral amplitude of the photons
without the filter. We have assumed ¢(w) to be a Gaussian
distribution with standard deviation o.

In order to compare with the experimental data, we have
multiplied a scaling factor (K) to the coincidence probability
C(87) [coincidence counts = K x C(67)]. We put values to
all relevant parameters, i.e., , ¢, T, R, and fit the function
K x C(8t) with the experimental data, while taking only K, o
as fit parameters. We get a fit (shown as “Theory” in Fig. 5 in
the main text) with R-squared 0.9998 for 0 = 0.59 nm, K =
2301, resulting in an expected TPCVD of 97.56%.

APPENDIX J: FINDING A FIT TO THE
EXPERIMENTAL RESULT

Although the major systematic errors have been taken into
account above, there are additional errors that are untraceable,
like dispersion and rotation of polarization as the photon
passes through different fibers and components, spatial mode
mismatch in the two fiber inputs of the FBS, etc. Conse-
quently, the experimental result has a slight deviation from
the theoretical estimate. To get a better fit to the data, we use
the expression K x C(81) [see Eq. (H2)] to find a fit with n,
¢, K, o as fit parameters.

The “Fit” line in Fig. 5 is a result of such a fit. The best
fit, with R-squared 0.9998 was achieved for o = 0.581 nm,
K =2303, ¢ =0.038, n = 0.9995, resulting in a TPCVD of
96.06%.

013839-9



SIMANRAJ SADANA et al.

PHYSICAL REVIEW A 100, 013839 (2019)

[1] C. K. Hong, Z. Y. Ou, and L. Mandel, Measurement of Subpi-
cosecond Time Intervals between Two Photons by Interference,
Phys. Rev. Lett. 59, 2044 (1987).

[2] H. Fearn and R. Loudon, Quantum theory of the lossless beam
splitter, Opt. Commun. 64, 485 (1987).

[3] P. Hariharan and B. Sanders, I Quantum Phenomena in
Optical Interferometry, edited by E. Wolf, Progress in Op-
tics No. 36 (Elsevier, Amsterdam, The Netherlands, 1996),
pp- 49-128.

[4] K. N. Cassemiro, K. Laiho, and C. Silberhorn, Accessing the
purity of a single photon by the width of the hong—ou—mandel
interference, New J. Phys. 12, 113052 (2010).

[5] Z. Y. Ou, Multi-photon interference and temporal distinguisha-
bility of photons, Int. J. Mod. Phys. B 21, 5033 (2007).

[6] E. Knill, R. Laflamme, and G. J. Milburn, A scheme for efficient
quantum computation with linear optics, Nature (London) 409,
46 (2001).

[7] S. Aaronson and A. Arkhipov, The computational complexity
of linear optics, in Proceedings of the Forty-third Annual ACM
Symposium on Theory of Computing, STOC’11 (ACM, New
York, 2011), pp. 333-342.

[8] J. P. Dowling, Quantum optical metrology—the lowdown on
high-n00n states, Contemp. Phys. 49, 125 (2008).

[9] P. G. Kwiat, A. M. Steinberg, and R. Y. Chiao, Observa-
tion of a “quantum eraser”: A revival of coherence in a
two-photon interference experiment, Phys. Rev. A 45, 7729
(1992).

[10] I. Dhand, A. Khalid, H. Lu, and B. C. Sanders, Accurate and
precise characterization of linear optical interferometers, J. Opt.
18, 035204 (2016).

[11] Z. Y. Ou, Investigation of Nonclassical and Nonlocal Ef-
fects in Fourth-Order Interference, Ph.D. thesis, University of
Rochester, 1990.

[12] J. G. Rarity, P. R. Tapster, and R. Loudon, Non-classical in-
terference between independent sources, J. Opt. B: Quantum
Semiclass. Opt. 7, S171 (2005).

[13] Y.-S. Kim, O. Slattery, P. S. Kuo, and X. Tang, Conditions for
two-photon interference with coherent pulses, Phys. Rev. A 87,
063843 (2013).

[14] H. J. Carmichael (private communication).

[15] P. Grangier, G. Roger, and A. Aspect, Experimental evidence
for a photon anticorrelation effect on a beam splitter: A new
light on single-photon interferences, Europhys. Lett. 1, 173
(1986).

[16] L. Mandel, E. C. G. Sudarshan, and E. Wolf, Theory of photo-
electric detection of light fluctuations, Proc. Phys. Soc. 84, 435
(1964).

[17] L. Mandel, Fluctuations of photon beams and their correlations,
Proc. Phys. Soc. 72, 1037 (1958).

[18] O. Gobert, P. Paul, J. Hergott, O. Tcherbakoff, F. Lepetit,
P. D. ’Oliveira, F. Viala, and M. Comte, Carrier-envelope phase
control using linear electro-optic effect, Opt. Express 19, 5410
(2011).

[19] C. Feng, J.-F. Hergott, P.-M. Paul, X. Chen, O. Tcherbakoff,
M. Comte, O. Gobert, M. Reduzzi, F. Calegari, C. Manzoni, M.
Nisoli, and G. Sansone, Complete analog control of the carrier-
envelope-phase of a high-power laser amplifier, Opt. Express
21, 25248 (2013).

[20] J.-F. Hergott, O. Tcherbakoff, P.-M. Paul, P. Demengeot, M.
Perdrix, F. Lepetit, D. Garzella, D. Guillaumet, M. Comte, P. D.
Oliveira et al., Carrier-envelope phase stabilization of a 20 w,
grating based, chirped-pulse amplified laser, using electro-optic
effect in a linbo 3 crystal, Opt. Express 19, 19935 (2011).

[21] D. M. Pozar, Microwave Engineering (John Wiley & Sons,
Hoboken, New Jersey, 2009).

[22] M. H. Rubin, D. N. Klyshko, Y. H. Shih, and A. V. Sergienko,
Theory of two-photon entanglement in type-ii optical paramet-
ric down-conversion, Phys. Rev. A 50, 5122 (1994).

[23] F. M. Dekking, C. Kraaikamp, H. P. Lopuhai, and L. E.
Meester, A Modern Introduction to Probability and Statistics:
Understanding why and how (Springer Science & Business
Media, London, 2005).

013839-10


https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1016/0030-4018(87)90275-6
https://doi.org/10.1016/0030-4018(87)90275-6
https://doi.org/10.1016/0030-4018(87)90275-6
https://doi.org/10.1016/0030-4018(87)90275-6
https://doi.org/10.1088/1367-2630/12/11/113052
https://doi.org/10.1088/1367-2630/12/11/113052
https://doi.org/10.1088/1367-2630/12/11/113052
https://doi.org/10.1088/1367-2630/12/11/113052
https://doi.org/10.1142/S0217979207038186
https://doi.org/10.1142/S0217979207038186
https://doi.org/10.1142/S0217979207038186
https://doi.org/10.1142/S0217979207038186
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1038/35051009
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1080/00107510802091298
https://doi.org/10.1103/PhysRevA.45.7729
https://doi.org/10.1103/PhysRevA.45.7729
https://doi.org/10.1103/PhysRevA.45.7729
https://doi.org/10.1103/PhysRevA.45.7729
https://doi.org/10.1088/2040-8978/18/3/035204
https://doi.org/10.1088/2040-8978/18/3/035204
https://doi.org/10.1088/2040-8978/18/3/035204
https://doi.org/10.1088/2040-8978/18/3/035204
https://doi.org/10.1088/1464-4266/7/7/007
https://doi.org/10.1088/1464-4266/7/7/007
https://doi.org/10.1088/1464-4266/7/7/007
https://doi.org/10.1088/1464-4266/7/7/007
https://doi.org/10.1103/PhysRevA.87.063843
https://doi.org/10.1103/PhysRevA.87.063843
https://doi.org/10.1103/PhysRevA.87.063843
https://doi.org/10.1103/PhysRevA.87.063843
https://doi.org/10.1209/0295-5075/1/4/004
https://doi.org/10.1209/0295-5075/1/4/004
https://doi.org/10.1209/0295-5075/1/4/004
https://doi.org/10.1209/0295-5075/1/4/004
https://doi.org/10.1088/0370-1328/84/3/313
https://doi.org/10.1088/0370-1328/84/3/313
https://doi.org/10.1088/0370-1328/84/3/313
https://doi.org/10.1088/0370-1328/84/3/313
https://doi.org/10.1088/0370-1328/72/6/312
https://doi.org/10.1088/0370-1328/72/6/312
https://doi.org/10.1088/0370-1328/72/6/312
https://doi.org/10.1088/0370-1328/72/6/312
https://doi.org/10.1364/OE.19.005410
https://doi.org/10.1364/OE.19.005410
https://doi.org/10.1364/OE.19.005410
https://doi.org/10.1364/OE.19.005410
https://doi.org/10.1364/OE.21.025248
https://doi.org/10.1364/OE.21.025248
https://doi.org/10.1364/OE.21.025248
https://doi.org/10.1364/OE.21.025248
https://doi.org/10.1364/OE.19.019935
https://doi.org/10.1364/OE.19.019935
https://doi.org/10.1364/OE.19.019935
https://doi.org/10.1364/OE.19.019935
https://doi.org/10.1103/PhysRevA.50.5122
https://doi.org/10.1103/PhysRevA.50.5122
https://doi.org/10.1103/PhysRevA.50.5122
https://doi.org/10.1103/PhysRevA.50.5122

