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Abstract. The paper presents a classical and quantum description of the diffraction of two light beams
incident on an ultrasonic wave at a positive and negative Bragg angle. The quantum description of the
interaction with the ultrasonic wave was carried out for the two-photon NOON state. Study of diffraction of
entangled pair of photon was performed in Mach—Zehnder interferometer wherein an output beam splitter
is replaced by ultrasonic wave. It has been shown theoretically and experimentally that when a pair of
photons generated from a parametric down-conversion was incident on two input ports of Mach—Zehnder
interferometer with an acousto-optical beam splitter, then two-photon beats are observed at the output of
the interferometer. The phenomenon of two-photon beats with the double frequency of the ultrasonic wave
is the result of the Doppler effect on the ultrasonic wave. Time-correlated single-photon counting method
was used to register the phenomenon of two-photon beats. The method of calibrating the interferometer
with the use of an additional light source was presented in detail, which guarantees the observation of
interaction of two-photon NOON state with ultrasonic wave.

1 Introduction

The first investigation on the interaction of a non-
collinear correlated pair of photons generated from
a parametric down-conversion with ultrasound wave
was initiated by Zeillinger’s group in 1995 [1]. The
phenomenon of the interaction of collinear corre-
lated photon pairs by an ultrasound wave in the
Raman-Nath, Bragg and intermediate regions was
investigated recently in 2015 [2, 3]. The experi-
mental setup of the Zeillinger group resembles the
Hong-Ou-Mandel interferometer [4] wherein an opti-
cal beam splitter is replaced by ultrasonic wave. In this
case, the ultrasonic wave plays the role of an acousto-
optical beam splitter, which can be classified as the
so-called active beam splitters [5]. The authors of the
above work in the theoretical description neglected the
Doppler shift on the ultrasonic wave. So far, the exper-
imental and theoretical results of the Zeillinger groups
have not been verified by other researchers. In this situ-
ation, it is very important to determine when the influ-
ence of the Doppler shift should be taken into account
in the interactions of entangled pairs of photons with
the ultrasonic wave and when the Doppler effect can
be neglected. The influence of the Doppler effect on
interaction of two-photon NOON state with ultrasonic
wave can be shown in a Mach—Zehnder interferometer,
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in which the output beam splitter has been replaced by
an ultrasonic wave.

Thirty years ago, Ou, Zou, Wang and Mandel
[6] initiated fourth-order interference experiments in
Mach—Zehnder interferometer. The above work shows
theoretical and experimental confirmation that when
two photons produced in the process of parametric
down-conversion are incident simultaneously on the
interferometer inputs then the probability of record-
ing the photon coincidence between the outputs of
the interferometer is proportional to the expression
(1 + cos20), where 6 is a relative phase shift between
the interferometer arms. However, the number of single-
photon counts at the interferometer outputs does not
depend on the phase shift 6. So in this case we
have fourth-order interference with 100 percent visi-
bility, and we do not observe second-order interfer-
ence. When one of the interferometer inputs is cov-
ered up and single photons is incident on the other
input, it will occur second-order interference. Today
we can say that in the experiment Ou, Zou, Wang
and Mandel, the first beam splitter in the interfer-
ometer produced a two-photon NOON state, which at
the input of the second beam splitter has the form
(12)1]0)2 + exp(2i6)|0)1]2)2)/+v/2. So by replacing the
second beam splitter in the Mach—Zehnder interferom-
eter with an ultrasonic wave, we can investigate the
interaction of two-photon NOON state with ultrasonic
wave. When one of the interferometer inputs is cov-
ered up and single photons is incident on the other
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input, it will occur second-order interference. Then,
the recorded number of photons at the interferometer
outputs will be proportional to the expression in the
form1 + cos, where we have plus for one of the inter-
ferometer outputs and minus for the other output. In
this case, at the input to the second beam splitter of the
Mach—Zehnder interferometer, we have a single-photon
state in the form (]1)1]|0)2 + exp(if)|0)1]1)2)/v/2 for
which we observe second-order interference, i.e., clas-
sical interference effects.

In 1984, Leroy and Blomme [7] developed the diffrac-
tion theory of two coherent light beams incident on an
ultrasonic wave at a positive and negative Bragg angle.
As a result of the Doppler effect, the light diffracted on
the ultrasonic wave is beaten with the frequency of the
ultrasonic wave and the modulation of the light inten-
sity in £ 1-st diffraction order is proportional to the
expression in the form [1 & cos(Qt + 6)], where Q is the
angular frequency of ultrasonic wave. The above depen-
dence is obtained for Raman-Nath parameter v = 7/2,
for which the ultrasonic wave becomes a 50:50 beam
splitter.

The Leroy-Blomme theory was experimentally con-
firmed in 2019 and was completed with the initial
phase of the ultrasonic wave [8].]. The experimental
setup in which the Leroy-Blomme theory was con-
firmed resembles the Mach—Zehnder interferometer [8]
wherein an output beam splitter is replaced by ultra-
sonic wave. The above theory is necessary for the clas-
sical and quantum description of the operation of a
Mach—Zehnder interferometer with an acousto-optical
beam splitter.

It will be shown theoretically and experimentally that
when two photons produced in the process of para-
metric down-conversion are incident in the same time
on the input ports of the Mach—Zehnder interferome-
ter with the acousto-optical beam splitter, the coinci-
dence of photons between the outputs of the interfer-
ometer will change in time with the double frequency of
the ultrasonic wave. The observed phenomenon is two-
photon beats. It should be emphasized that the first
attempt to register the two-photon beats phenomenon
between two Michelson interferometers with acousto-
optical beam splitters was made in 2003 [9]. Unfor-
tunately, this effect was only recorded indirectly. Pre-
sented in this work two-photon beats measurements are
direct and allow to record the modulation over time
of the number of photon coincidence counts together
with the modulation phase and the factors affecting
it.

2 Mach-Zehnder interferometer
with acousto-optical beam splitter

2.1 Classical description

Figure 1 shows a scheme of a Mach—Zehnder inter-
ferometer with an acousto-optical beam splitter. The
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beam splitter (BS) at the input of the interferome-
ter is a type of lossless 50:50 one, and at the out-
put of the interferometer, the role of the beam split-
ter (AOBS) is performed by the ultrasonic wave. After
passing through the beam splitter (BS), the monochro-
matic light wave Eg is divided into two beams E; and
Eso, which are coherent with each other. The phase shifts
of the reflected and transmitted beams depend on the
construction of the beam splitter (BS). If the beam
splitter is constructed as a single dielectric layer, the
reflected and transmitted beams will differ in phase by
a factor of exp(in/2) = i. The reflected light beams E;
and Ey from the (M;) and (Msy) mirrors are incident
symmetrically on the ultrasonic wave at the positive
and negative Bragg angle p. There are only two orders
of diffraction in the Bragg regime: 0-th and + 1-st or
0—th and —1-st depending on whether the angle of inci-
dence is positive or negative [10].

The light beams E; and E,, passing through the
ultrasonic wave, are diffracted thus creating diffraction
orders. The direction of 0-th diffraction order originat-
ing from the E; beam coincides with the direction of
+ 1-st diffraction order originating from the Es beam,
and the direction of 0—th order originating from the
Es beam coincides with the direction of — 1-st origi-
nating from the E; beam. The light which is diffracted
to + 1-st diffraction order has an increased frequency
by an ultrasonic frequency due to the Doppler effect,
i.e., o + Q, whereas the light diffracted to — 1-st order
has decreased frequency by an ultrasonic frequency w-
Q. It should be stressed that in addition to the light
of changed frequency in these diffraction orders there
is light of unchanged frequency resulting from zeros
orders of E; and Es beams. The presence of light with
a changed and unchanged frequency in a given diffrac-
tion order leads to a modulation of the light intensity
in time due to the interference. This is the well-known
phenomenon of beats.

The amplitudes of the diffracted light 1 9, 1,—1,%20
and @91 are required to calculate the light intensity
modulation in the diffraction orders, where the first
index indicates from which beam the given diffraction
order comes from and the second index numbers the
diffraction order. These amplitudes are obtained from
solutions of Raman—Nath equations [11] modified by
Mertens [12] who introduced the initial phase ¢ of the
plane ultrasonic sinusoidal wave. As shown in [8], these
amplitudes can be written in the following form:

@10 = cos(v/2) (1a)
2.0 = cos(v/2) (1b)
p1,-1 = —sin(v/2)e” (1c)
@1 = sin(v/2)e” " (1d)

The amplitudes depend on the so-called
Raman—Nath parameter, which is expressed by
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Fig. 1 Scheme of Mach—Zehnder interferometer with the acousto-optical beam splitter. Eg, E1 and E2 are monochromatic
light beams of angular frequency , p is Bragg angle, (BS) is lossless 50:50 beam splitter, AOBS is acousto-optical beam
splitter, (M1) and (Mz) are mirrors of 100% reflectivity, Q-is the angular frequency of the ultrasonic wave, ¢1,0, 91,1, 92,0,
¢2,1 are light amplitudes in the diffraction orders, and @ is the phase shift between light beams

the formula:

2w L
= 2
v A (2)

where p; is the amplitude of changes in the refractive
index caused by the ultrasonic wave, A is the light wave-
length, L is the width of the ultrasonic wave.

Using formulas (1a-1d), one may calculate the com-
plex amplitude of light of + 1-st diffraction order as
the sum of complex amplitudes coming from E; and Eo
beams as follows:

Ay = Age™"[icos(v/2) + sin(v/2)ewe*i5emt]
(3a)

A_y = Age™[cos(v/2)e — isin(v/2)ee ]
(3b)

The angular frequency of incident light beams was
denoted as w, while 6 as phase shift between light
beams, and it was taken into account the fact that
the beams E; and E, are shifted in phase by a factor
exp(in/2) =i that is caused by the beam splitter. More
precisely, the reflected beam E; in the beam splitter is
shifted in phase by 1 /2 in relation to the E5 beam.

Assuming that the intensity of the incident light
beams is equal and normalizing them to 0.5 which
means that AgAg = 0.5, we can calculate, according
to the formulas (3a, b), the intensity of light in 4 1-st
diffraction order as follows:

1
I+1 = A+1Aj_1 = 5[1 + SiIl’USiIl(Qt + 0 — (5)]
(4a)
1
I 1=A A", = 5[1 —sinwvsin(Qt 4 0 — 9)]
(4b)
where * means the complex conjugate.

From the above formulas, one can see that the inten-
sity of light in 4+ 1-st diffraction order is modulated

in time with the angular frequency 2 of the ultrasonic
wave and the phase of modulation depends on the phase
shift of the incident light waves € and the initial phase
of ultrasonic wave §. In addition, the phase of modu-
lation of light intensity in + 1-st diffraction order is
always exactly 180 degrees shifted in relation to the
phase of modulation of light intensity in the — 1-st
diffraction orders. According to the last formulas, the
depth of modulation of light intensity in the diffrac-
tion orders reaches its first maximum (100 percent) for
Raman—Nath parameter equal to v = 7/2. The value
of light intensity at the maximum modulation is twice
as high as the intensity of light in each beam separately
and is equal to their sum of intensities. The above con-
clusions resulting from formulas (4a) and (4b) were con-
firmed experimentally in 2019 [8].

For the value of the Raman—Nath parameter v = /2
light amplitude in the diffraction orders according to
the formulas (1a—1d), they will take the following form:

1
PL0= 75 (5a)
©2,0 = \% (5b)
P11 = —%e” (5¢)
P21 = R (5d)

N

Based on the above formulas, it can be concluded
that the acousto-optical beam splitter for the value of
the Raman—Nath parameter v = 7t/2 acts as 50:50 one.

2.2 Quantum description

Figure 1, which shows the scheme of the Mach—Zehnder
interferometer with an acousto-optical beam splitter,
shows photon annihilation operators at the input and
output of the interferometer. They will be used for the
quantum description of the interferometer. For a loss-
less 50:50 beam splitter (BS), assuming the reflected
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beam suffers a 7/2 phase shift, the output and input
modes [13] are related according to

L= = (i + i) (6a)

Q>

-5

as = ﬁ(&i +ids) (6b)

where a; and a5 are the photon annihilation operators
at the input of the beam splitter (BS), while a; and as
on its output.

The relations between the operators at the output
and input of the acousto-optical beam splitter are much
more complex than the relations (6a, b) for the beam
splitter (BS) because it should be taken into the account
the Doppler effect changing the frequency of photons
which are diffracted to £+ 1-st diffraction order. As
long as we only have photons of the same frequency in
the interferometer, we may ignore the time dependence
of the operators & and &, where af denotes photon
creation operator. The operator product a'a does not
depend on time, and hence, the time-dependent factor
is omitted in cases where all photons have the same
frequency. In the considered case, when the ultrasonic
wave changes the frequency of the photons diffracted
to + 1-st diffraction order, it cannot ignore the terms
dependent on the frequency of the ultrasonic wave (2.
Taking into account that the angular frequency of the
photons diffracted to + 1-st order is equal w + € and w-
Q) for these diffracted to — 1-st order and having also the
amplitudes of light which passed through the acousto-
optical beam splitter (AOBS) that are expressed by the
formulas(1la,b,c,d) it can be obtained by the following
relations between the output and input modes at the
beam splitter.

az = cos(v/2)a; + sin(v/2)e e ay  (Ta)
a4 = cos(v/2)e?ay — sin(v/2)e®e *Ma;  (7b)

where the angle 6 represents a relative phase shift
between the two paths in the interferometer.

When single photon is incident on one of the beam
splitter inputs (BS) and there is vacuum only on the
other input, then for the single-photon input state
|1);|0), the probabilities of photon detection in + 1-st
diffraction order are as follows:

%[1 + sinvsin(Q + 6 — 9)]
(8a)

S<O‘i<1|&:§d3|1>i|0>s

%[1 —sinvsin(Qt + 6 — J)]
(8b)

$(0]i(1]abaql1),[0)s

The formulas for the probabilities of detecting a pho-
ton in + 1-st diffraction order are the same as the for-
mulas for the light intensity in £ 1-st diffraction order
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(4a, b) obtained for the classical description of the inter-
ferometer. Therefore, the conclusions resulting from for-
mulas (8a, b) are the same as in the case of the classic
description of the interferometer (4a, b).

When single photons are injected simultaneously into
the two input ports of the 50:50 beam splitter (BS),
then the incident state is |1);|1)s and the probability
of detecting photons in + 1-st and — 1-st diffraction
orders is determined by the following formula:

s(1s(tabas|1),1)s = 1 = (1[s(1]akaal1),]1)s (9)

The last formula shows that the probability of detect-
ing a photon in 4 1-st diffraction order does not depend
on time or phase shifts 6 and J.

While the probability of detecting coincidences of
photons between + 1-st and — 1-st diffraction orders is
described by the formula (10). This formula describes
the interaction of two-photon NOON state with ultra-
sonic wave.

i1k asataaln),1)s = %sin%[l — cos 2( + 60— 6)]
(10)

It follows that the number of coincidence counts
changes in time with twice the frequency of the ultra-
sonic wave as well as the dependence on phases # and
& changes twice as fast as for the single-photon input
state |1),]0),.

Moreover, the modulation depth is 100 percent
regardless of the Raman—Nath parameter, whereas the
modulation amplitude depends on the Raman-Nath
parameter and reaches its first maximum for the
Raman—Nath parameter v = 7t/2. For this parameter
v = 1/2 acousto-optical beam splitter acts like a 50:50
beam splitter as it was shown by the formulas (5a, b,

c, d).

3 Experimental setup and its calibration

Figure 2 shows a scheme of the experimental setup
developed for investigation of interaction of two-photon
NOON state with ultrasonic wave together with a
scheme of a system for calibrating the measuring sys-
tem. The experimental setup consists of two lasers:
one (405 nm) is used to generate photon pairs and
the other (810 nm) to calibrate the measuring system.
The wavelength of the light generated by the infrared
laser (810 nm) is exactly equal to the wavelength of the
photons produced by the photon pair source. Hence,
when the acousto-optical light beam splitter is cali-
brated with an infrared laser (810 nm), it will also be
calibrated for photon pairs.

A diode laser was used as a light source, generating
a monochrome light wave with a wavelength of 810 nm
and a power of 55 mW. The laser power was sufficient
to be able to observe the laser beam with a night vision
device, which greatly facilitates the adjustment of the
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Fig. 2 Scheme of the experimental setup. Major compo-
nents include red and violet laser (810 nm and 405 nm),
down-conversion crystal (BBO), Glan-Taylor polarizers
(G1, G2), lens (L), fiber optic beam splitter (BS), col-
limators (Co-Cs), right-angle prisms (P;-P4), optical fil-
ters set (F) (long-pass and band-pass filter), water tank
with an ultrasonic transducer (T), single-photon count-
ing modules (SPCMs), coincidence unit, dual-channel pho-
ton counter (SR 400), time-correlated single-photon count-
ing board (TCSPC) with computer (PC), avalanche photo
diode with an amplifier (APD), digital storage oscilloscope
(DSO)

measuring system. A beam of light from the laser was
directed through an optical fiber and collimators (Cyp)
and (Cp) to a fiber optic beam splitter (BS), which
divided the beam into two beams of the same inten-
sity. The collimator (Cy) was placed on the translat-
ing stage ensuring precise movement perpendicularly
to its optical axis, giving the possibility to choose light
from the infrared laser or photons from the source of
photon pairs. The output optical fibers from the beam
splitter (BS) were ended with collimators of light (Cs)
and (C4) that allowed for obtaining parallel light beams
with a diameter of 3 mm. The fiber optic beam split-
ter was made of single-mode polarization maintaining
fibers, which ensured a homogeneous distribution of the
intensity of light coming from the collimators and con-
stant direction of light polarization. So formed beams
were directed by a prisms (P1) and (P2) and they were
incident exactly at Bragg angle on a progressive ultra-
sonic wave propagating in a water tank. The ultrasonic
wave was generated using circular LiNbOj3 transducer
(T) with the fundamental frequency of 10.79 MHz,
22.4 mm in diameter, with coaxial electrodes excited at
a frequency of 32.370 MHz, which corresponds to the
third harmonic. Standing waves in the water tank were
avoided by a careful selection of a suitable absorbing
material.

Light diffracted by the ultrasonic wave was directed
by means of prisms (P3) and (P4) toward collimators,
which in turn directed it to single-mode optical fibers
using collimators (Cs) and (Cg). Light from optical
fibers was measured using an avalanche photo diode
(APD) with an amplifier and recorded using a digital
storage oscilloscope (DSO).

The oscilloscope and the amplifier supplying the
ultrasonic transducer (T) were controlled from the
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same generator, which ensured a constant phase shift
between electrical signal supplying ultrasonic trans-
ducer and electrical pulses, which synchronize the oscil-
loscope time base. By controlling the depth of light
intensity modulation on the oscilloscope, we can pre-
cisely set the Bragg angles and the Raman-Nath
parameter.

After precise determination of the Bragg angles and
the Raman—Nath parameter v = /2, the laser power
(810 nm) was reduced below the threshold value. Then,
the spectrum of laser light became very wide. After
passing through the filters set (F), the light had a wave-
length of 810 nm and a spectral width of 10 nm, i.e., the
same wavelength and spectral width as photon pairs.
The light coherence path for this spectral width is only
65 wm. By examining the depth of light intensity mod-
ulation depending on the optical paths difference of the
light beams reaching the ultrasonic wave, we can control
the optical paths difference. For zero difference in opti-
cal paths, we get the maximum depth of light intensity
modulation. For this, (C4) collimator was used, which
was placed on a translation stage with piezo-elements
providing rough and precise movement along its opti-
cal axis. This solution allowed for precise adjustment
of optical paths of light beams reaching the ultrasonic
wave and changing the phase shift # between them.

Figure 3 shows the modulation of the intensity of
light in 4 1-st diffraction order registered on the (DSO)
oscilloscope for the Raman—Nath parameter equal v =
w/2 and light with a spectral width of 10 nm. The
modulation depth for this parameter assumes the max-
imum value, and it is 100 percent according to formula
(4a). The modulation of the light intensity in + 1-st
diffraction order shown in Fig. 3 was normalized to the
intensity of light passing through the water tank in the
absence of ultrasonic wave. On the other hand, the sig-
nal value measured with the oscilloscope when the laser
was turned off was assumed to be zero.

The normalization procedure allowed to compare the
measured modulation of light intensity with the theo-
retical curve obtained basing on the formula (4a) whose
phase was numerically matched to the phase of the
experimental curve. It can be noticed in Fig. 3 that
the measured modulation depth of light intensity (often
called visibility in quantum optics) reaches 93 percent,
which is very close to the theoretical value of 100 per-
cent for monochromatic light beams.

So good agreement of light intensity modulation
of spectral width of 10 nm and theoretical curve for
monochromatic light will ensure that optical paths are
equal, so that it allows to go to the next stage of the
calibration of the interferometer.

It can easily be seen that the Mach—Zehnder inter-
ferometer with the acousto-optical beam splitter after
turning off of the ultrasonic wave and turning on
the source of photons pairs becomes Hong-Ou-Mandel
interferometer, whose operation is shown below.

Light from an InGaN laser diode (405 nm) is sent
through a (BBO) crystal producing photon pairs via
type-1 parametric down-conversion [13]. The (BBO)
crystal was positioned exactly in the laser beam waist
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Fig. 3 Temporal modulation of light intensity in + 1-st
diffraction order for Raman—Nath parameter. v = w/2.
According to the formula (4a), theoretical prediction is
drawn by solid line and experimental data as hollow sym-
bols. The light intensity with the absence of an ultrasonic
wave is denoted by filled symbols. Time axis covers two
ultrasonic wave periods

associated with the lens (L). The crystal was oriented
for non-collinear down-conversion of the pairs with
equal wavelengths (810 nm). The crystal was placed
between two crossed polarizers (G1) and (Gsg). The first
polarizer (G1) ensures that pump photons are linearly
polarized and retain an appropriate polarization direc-
tion with respect to the optical axis of the (BBO) crys-
tal. The second polarizer (Gs) eliminates the pump
beam, which has polarization orthogonal to that of
down-converted photons. The photon pairs after pass-
ing through the beam splitter and the set of two fil-
ters (F) were directed by single-mode optical fibers to
single-photon counting modules (SPCMs).

For better separation from the pump laser photons, a
supplementary long-pass filter (RG780) is introduced,
which passes wavelengths longer than 780 nm, while
the aim of the band-pass filter is to pass further
only the photons of 810 nm wavelength with 10 nm
bandwidth (FWHM). In Fig. 2, the set of these two
filters is marked with the letter (F). Electrical signals
from the (SPCMs), after passing through a coincidence
unit with coincidence window of 22 ns, were registered
by a dual-channel photon counter (SR 400). Further
adjustment of the measuring system comes down to
finding the Hong-Ou-Mandel dip. For this, a (Cs)
collimator was used, which was placed on a translation
stage providing precise movement along its optical
axis. Figure 4 shows the Hong-Ou-Mandel effect when
changing the optical path difference by moving the
(C2) collimator along the optical path. The number
of coincidence counts does not go exactly to zero as
shown in the theoretical curve in Fig. 4. In practice,
it is close to zero, but not exactly zero. The number of
coincidence counts will drop to zero when the identical
input photons overlap perfectly in time.

Calibration of the Mach—Zehnder interferometer with
an acousto-optical light beam splitter is ended with
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Fig. 4 Hong-Ou-Mandel effect [4]. The theoretical curve is
drawn with a solid line and the experimental data as hollow
symbols. The visibility of the Hong—Ou-Mandel dip is 89%

setting the (Cz) collimator in a position for which there
is a minimum coincidence of photon pairs.

As shown in the theoretical part, at the output of the
Mach—Zehnder interferometer with an acousto-optical
beam splitter, the number of photons varies in time
with the frequency of the ultrasonic wave (8a, b) or the
number of photon coincidence between interferometer
outputs will change in time with the double frequency
of the ultrasonic wave (10).

Changes in the number of photons or the number of
their coincidences were recorded using time-correlated
single-photon counting (TCSPC) method. This method
is mainly used for fluorescence decay measurements
with picoseconds time resolution [14], but also it per-
fectly suits for recording periodic time changes in the
number of photons. Pico Quant PC-board model Time
Harp 100 for time-correlated single-photon counting
was used for the measurements. The PC-board and the
amplifier supplying the ultrasonic transducer (T) were
controlled from the same generator, which ensured a
constant phase shift between electrical signal supplying
ultrasonic transducer and electrical pulses which syn-
chronize the TCSPC electronics.

4 Experimental results

At first, the results of the time modulation of the
number of single-photon counts at the output of the
interferometer will be presented when single photons
incident to one of the beam splitter inputs (BS). For
the single-photon input state |1),|0),, the probabilities
of photon detection in + 1-st diffraction order (i.e., at
the output of the interferometer) are expressed by the
formula (8a). The number of registered single photons
in + 1-st diffraction order as a function of time is
shown in Fig. 5. Single-photon counts were measured
using the TCSPC method with 640 ps time resolution.
PC-board for time-correlated single-photon counting
was synchronized with every second pulse from the
generator driving the ultrasonic transducer. The
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Fig. 5 Modulation in time of number of counts in + 1-st
diffraction order for Raman—Nath parameter v = 7/2. Time
axis covers two periods of ultrasonic wave. According to the
formula (8a), theoretical prediction is drawn by solid line
and experimental data as hollow symbols. The number of
counts with the absence of an ultrasonic wave is denoted by
filled symbols

control of every second pulse caused that the time axis
on the diagram included two periods of ultrasonic wave
(= 62 ns).

As was pointed out earlier when single photons inci-
dent on one of the beam splitter inputs (BS), then the
formulas for probabilities of detecting a photon in + 1-
st diffraction order (8a, b) are the same as the formulas
for the light intensity in + 1-st diffraction order (4a,
b) obtained for the classical description of the inter-
ferometer, whereas the modulation frequencies in the
both cases (classical and quantum) are equal to the fre-
quency of the ultrasonic wave. Comparing the results
of modulation in time of the light intensity at the out-
put of the interferometer when it is illuminated by a
light wave beam (Fig. 3) with the results when there
are single photons at the input (Fig. 5), it can be seen
that the modulation depths are almost identical. The
modulation depth for single photons is about 90 per-
cent and for the light wave beam about 93 percent,
while the theoretical modulation depth is 100 percent
for the Raman-Nath parameter v = /2 for which both
measurements were taken. It can be easily seen that the
results for single photons show greater fluctuations than
the results for the light wave beam. This is mainly due
to the low number of single-photon counts. According
to the Poisson statistics, the uncertainty o in the num-
ber of photons counts is given by ¢ = v/N, where N
is the number of photon counts. For longer measure-
ment times, a greater number of single-photon counts
will be obtained, but at the same time it will increase
the influence of # and § phase fluctuations which next
will reduce the modulation depth, while the phase fluc-
tuations in the electronics were much smaller than the
fluctuations of phases # and ¢ and had practically no
effect on the fluctuation of the modulation phase.

When two single photons are injected simultaneously
into the two inputs of the interferometer, then the
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coincidence of photons between the outputs of the
interferometer, i.e., between + 1-st and — 1-st diffrac-
tion order, can be registered. The number of photon
coincidences, shown in Fig. 6a, at the output of the
interferometer changes periodically in time with a
frequency twice the frequency of the ultrasonic wave
and the modulation depth close to 100 percent. The
obtained coincidence result is in agreement with the
formula (10), describing the interaction of two-photon
NOON state with ultrasonic wave, as a result of
which we are observing the phenomenon of two-photon
beats. Figure 6b shows the number of single-photon
counts in + 1-st diffraction order, i.e., at the output
of the interferometer. According to formula (9), the
number of single-photon count at the output of the
interferometer should not depend on time. The slight
modulation with the frequency of the ultrasonic wave
of the number of single-photon counts in Fig. 6b is due
to the small difference in the number of photons at the
inputs of the interferometer.

5 Conclusions

The aim of this work was to investigate interaction
of two-photon NOON state with ultrasonic wave. The
twin single-photon states at the input of a 50:50 beam
splitter of Mach—Zehnder interferometer are sufficient
to generate the two-photon NOON state inside inter-
ferometer.

By replacing the output beam splitter of the
Mach-Zehnder interferometer with an acousto-
optical beam splitter, it was possible to investi-
gate the interaction of single photon in the form
(|1)1]0)2 + exp(i0)]0)1|1)2)/v/2 and two-photon NOON
state (]2)1])02 4 exp(2i6)[0)1|2)2)/v/2 with ultrasonic
wave.

For the first case (8a, b), the photon beats with ultra-
sonic frequency are observed at the outputs of acousto-
optical beam splitter. The modulation depth is a func-
tion of the Raman—Nath parameter and varies from 0
to 100 percent for a parameter change from v = 0 to
v = 7/2, while modulation phase depends on 6 and 4.

In the second case (10), two-photon beats between
the outputs of the acousto-optical beam splitter are
observed with twice the frequency of the ultrasonic
wave. Also, the modulation phase depends on the dou-
ble value of 6 and §. The modulation depth is 100 per-
cent and does not depend on the Raman—Nath param-
eter as it was in the previous case.

The theoretical predictions were confirmed experi-
mentally and the time-correlated single-photon count-
ing method appeared to be an excellent method of
studying changes in time the number of photon counts
or coincidences.

When in the Mach—Zehnder interferometer the out-
put beam splitter is replaced with an acousto-optical
light splitter, the interferometer becomes a heterodyne
Mach—Zehnder interferometer, despite the fact that
the frequencies of the photons in the arms of the
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Fig. 6 a Two-photon beats. Theoretical prediction according to the formula (10) is drawn by solid line and experimental
data as hollow symbols. b Modulation in time of number of counts in 4 1-st diffraction order. The experimental results are
denoted as hollow symbols and the continuous line is the curve modulated with the frequency of the ultrasonic wave best
suited to the experimental results. The time axis covers two ultrasonic wave periods and the presented results, both a and

b are obtained for Raman—Nath parameter equal to v = 7/2

interferometer are the same. This greatly simplifies
the construction of the heterodyne Mach—Zehnder
interferometer [15].

It is worth emphasizing, what was mentioned earlier,
that the Mach—Zehnder interferometer with an acousto-
optical beam splitter becomes the Hong—Ou—Mandel
interferometer after switching off the ultrasonic wave.
This allows to quickly check if interferometer is cor-
rectly adjust on Hong—Ou—Mandel dip.

The dependence of the modulation phase of the
number of photons or coincidences either on the
phase shift # between the arms of the interferometer
or the initial phase § of the ultrasonic wave will
create very wide range possibilities of interferometric
measurements [16, 17].
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