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Abstract: We experimentally demonstrated a three-photon interference on a beam splitter
between a weak coherent state and a two-photon state produced by a spontaneous parametric
down conversion. It indicates that a combined three-photon probability amplitude, which is formed
by the two-photon state and one-photon from the coherent state, can be used to interfere with
another three-photon probability amplitude from the coherent state. The observed three-photon
coincidence rate showed that the interference depended on not only the relative phase between
the two interference field but also the amplitude of the weak coherent state. This may introduce
another free parameter for preparing quantum state, such as high NOON state, with quantum
interference.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (270.0270) Quantum optics; (270.4180) Multiphoton processes; (190.4410) Nonlinear optics, parametric

processes.
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1.

Introduction

Photon interference between a two-photon state (or squeezed state) from spontaneous parametric
down conversion (SPDC) and a weak coherent state is of fundamental interest in quantum
optics [1-5]. Because of its involvement of the special sources and potential applications in
quantum information, a case of interference between two-photon state has been attracting

mi
m

uch attention [6-9]. The two-photon interference was initially investigated as an alternative
ethod to produce photon anti-bunching [7, 10]. Later, it has been used as the core of many

quantum information protocols [11,12]. The principle of two-photon interference has been widely
understood as a superposition of two probability amplitudes from the weak coherent state and the
two-photon state respectively [13]. Up to now, the phenomenon was demonstrated experimentally
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with an optical parametric amplifier (OPA) or beam splitter and the light sources can be employed
either a pulse laser or a continuous wave laser [6-9]. As one of most important applications, a
complex wave function, which provides complete knowledge of a state, for two-photon state has
also been measured [14—-16]. To meet practical applications in quantum information technology,
the interest for photon interference is recently extending to the investigation of frequency
conversion of single photon and multi-photon interference [17—19]. The frequency conversion of
single photon provides an unique avenue for the link between quantum memory and quantum
communications [20, 21]. Extending the study of multi-photon interference is critical for our
understanding and fundamental tests of quantum mechanics as well as for developments of
technique in quantum information applications [22-27].

The above-mentioned concept of two-photon interference is modified from Dirac’s famous
statement of photon interference: each photon interferes only with itself; different photons never
interfere with each other. When the probability of more than two-photon state is investigated,
the situation becomes complex since we have to consider the contribution from combinations
between the weak coherent state and the two-photon state [28,29]. Hence, the multi-photon
interference results become surprisingly richer than two-photon state interference and a number of
features of multi-photon interference are remaining mysterious. Thus, multi-photon interference
plays an essential role in the understanding of particle interference. On the other hand, the multi-
photon interference also has great relevance to practical applications in quantum information
processing, quantum metrology, and quantum state engineering. For example, interference with
two photons and single-photon by an asymmetric Mach-Zehner interferometer was proposed for
phase measurement below the Heisenberg limit [30,31]. Relying on multi-photon interference
and post-selection technique, lots of methods on generation of high NOON state, which lies
at the core of super-resolving phase measurements, have been proposed and experimentally
demonstrated [22, 32]. Thus the practical applications also require to further investigate the
principle of muliti-photon interference.

In this paper, we report a three-photon interference between a two-photon state and a weak
coherent state on a beam splitter. It indicates that the two-photon state and one-photon from
the coherent state can be used to combine a three-photon probability amplitude. Three-photon
interference occurs between the combined three-photon probability amplitude and that from the
coherent state. The measured three-photon coincidence rate depends on not only the relative
phase between the two interference field but also the amplitude of the weak coherent state.

2. Model

To understand the interference principle, let us consider a scheme, in which a weak coherent
state is interfered with a squeezed state from SPDC on a beam-splitter. Three photon coincidence
is measured at one of outputs of beam splitter. We assume that each light beam is in a single
mode and neglect the contribution from more than three photons, the two state can be expanded
in photon number (Fock) state and represented by

Is) = |0) — —=|2), for squeezed state (D
V2
@)~ 10) +all) + op2) + 2 13)
a) = |0) +a|l) + —|2) + —|3), for weak coherent state 2)
i e

respectively. We assume that s is a real small positive number, so the norm of state (1) is close to
one. The coherent state has a complex amplitude ||e’ and its norm is also close to one when
|| < 1. We only corcent concern on the case of three-photon probability, so the output state of
beamsplitter can be described as [13]

(@ = 3s)a
W(lO,S) + |3,0>)+ 2

(@% +5)

W) = 2.1y +11,2)). 3)
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The normalization of coefficients are not considered, since only three-photon probability is
measured in our experiment. As can be seen, if we set a? = —s, the coefficient in front of
|2, 1) + |1,2) is zero and a three-photon NOON state will be obtained. The complete cancellation
of the coefficient of |2, 1) and |1, 2) terms or the enhancement of the coefficient of |0, 3) and |3, 0)
can be understood three-photon interference between |0, 3) and |2, 1) input terms [30,32]. This
was understood that a two-photon from squeezed vacuum state combines with a single-photon
from the coherent light to form a three-photon probability amplitude. This probability amplitude
can be used to interfere with another three-photon probability amplitude from the coherent light.
Here, we extend this concept to three-photon interference between a weak coherent state and
two-photon state. The three-photon coincidence (R3g or Ry3), which corresponds the coefficient
of term |0, 3) + |3,0) in Eq. (3), of one output of beamsplitter is given by,

R « || — 6s|a|* cos 20 + 9s2||?, 4)

in which 26 is the relative phase between two interference fields. Equation (4) is a cubic polynomial
for parameter of |a|? when a fixed squeezed state (|s|=constant) is employed. When 26 = (2n+1)x
(n=0,1,2,...), the cubic’s inflection point is the only critical point. So, this predicts that the
measured three-photon coincidence will monotonically increase with a increasing of intensity of
coherent state. On the other hand, the polynomial has two critical points for 260 = 2nx. Thus, the
three-photon coincidence will have a local maximum and a local minimum with the incresment of
intensity of coherent state. To give an explanation of this, let’s introduce a combined three-photon
probability amplitude formed by a two-photon state from squeezed state and a one-photon state
from cohernet state. This combined three-photon probability amplitude is relative to both the
probability amplitude of the one-photon state and the relative phase between two probability
amplitudes of two-photon state and one-photon state, so the measured three-photon probability
depends on not only the relative phase between two interference fields but also the amplitude
of interference field. Especially, this interference indicates oscillation with the amplitude of
interference field when multi-photon interference is considered [33].

To further understand the obtained three-photon probability, we normalized the measured
three-photon probability to that of the input coherent state (when the squeezed parameter s = 0 is
taken).

(1-38)?% 20 =2nn

(1+38)?% 20=Q2n+ ), )

Ri3p=1-6B8cos26 +98% = {
where 8 = s/|a|* gives the relative strength of two fields. Equation (4) presents the typical
relative phase dependent feature for interference effect. Obviously, the normalized three-photon
probability is always larger than unit indicating the constructive interference for 26 = (2n + 1)x.
On the other hand, the three-photon probability becomes complex for 260 = 2nx. When |a|? is
very small (Ja|? < 1.5s), the normalized three-photon probability is larger than unit irrespective
of the relative phase. Only when |«|? is enough large, the normalized three-photon probability
becomes less than one and a completely destructive interference occurs at |a|> = 3s.

3. Experimental setup

For the interference experiment, a layout of the setup is shown in Fig. 1. It is similar to our
previous experiment for controlling quantum interference in phase space with amplitude [33].
A cw mode-locked Ti: Sapphire laser, operating at 798 nm with a pulse duration of 2 ps and a
pulse repetition rate of 82 MHz, was employed as primary source. Most of the laser power was
sent to a single-pass-through second harmonic generator (SHG) to produce an efficient 399 nm
light as a pumping field for generation of the two-photon state with a parametric down converter
(PDC). In our SHG system, a 15-mm-long type-I LBO crystal was used as a nonlinear material.
In particular, an average power of about 100 mW for ultraviolet light was generated when the
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Fig. 1. Experimental setup for three-photon interference in phase space. SHG: second
harmonic generation, HPF: high-pass filter, HWP: half-wave plate, PBS: polarizing beam
splitter, LPF: low pass filter, PDC: parametric down converter, SMF: single-mode fiber

fundamental input power was about 700 mW. A smaller remainder portion of the laser power
as the weak coherent state was combined with pump light and injected into the PDC. Before
they combined, the intensity of the weak coherent state was adjusted by a half-wave plate and a
polarizer, then its polarization was changed by another half-wave plate. To ensure the coherent
light had reached th PDC simultaneously with the pump pulses, a pair of movable prisms were
employed for temporally delaying it. The relative phase between the coherent light and the pump
light was also finely adjusted and stabilized by a mirror, which was mounted on a piezoelectric
translator (PZT). Both the pump light and the coherent light have the same polarization, so that
the coherent light experiences no parametric interaction. After the pump was eliminated by a low
pass filter, the polarization of orthogonally polarized weak coherent state and two-photon state
was rotated by a half-wave plate(HWP). To maximally utilize the two-photon state, the rotation
angle of HWF was setted for reflect most of two-photon state and small part of coherent state
on the coming polarizing beam splitter (PBS), which worked as a beam splitter (95:5). Then
the output was further separated by a 2:1 beam splitter. One of the outputs was coupled into a
single 50:50 single-mode fiber beam splitter (Thorlabs FC830-50B-FC) and the other port was
coupled into a single-mode fiber. Finally, all of the collected photons were sent to three single
photon counting modules (SPCM, Perkin Elmer, SPCM-AQRH14) and the three-photon number
probability of the interfered beam was investigated with a three-fold coincidence counter, which
consisted of a electronical coincidence circuit and a photon counter.

We note that the mixing of two beams in interference was not done in the traditional method
with a beam splitter. We injected the coherent beam and pump beam with the same polarization
and mixed the coherent state and the produced orthogonal two-photon state by the PBS. This
method has several advantages. First, interference requires the temporal and spatial mode matching
between the weak coherent state and the two-photon state. This can be checked by operating the
system as an optical parametric amplifier when the coherent beams was injected as an ordinary
ray in crystal. Second, it also can avoids mechanics phase fluctuations since two beams pass
through the same optical components.

The PDC for producing the two-photon state consisted of a 3-mm-long type I beta barium
borate (BBO) crystal. The two-photon state with a squeezing parameter of s = 0.13 at pump power
of 40 mW was estimated by the measured parametric gain when the PDC was operating as an
optical parametric amplifier, that is, the coherent beam was injected into the PDC as an ordinary
ray [34]. In the above pump condition, the two-photon coincidence count rate for the two-photon
state was 3.5 kcps, while average counting rates of two SPCMs were 18.5 keps and 18.8 keps,
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Fig. 2. Three-photon interference for delay =0 versus relative phase between pump and
injected coherent light. The solid curve is 1-Vcos 6, where V=0.53 is the expected visibility.
The plotted data give mean and standard error for five independence measurements. The red
line gives a non-interference standard measuring at delay of 7=5 ps.

including the dark count rate, respectively. The following intensity of injection coherent state was
referenced to the two-photon coincidence count rate by recording the two-photon coincidence of
injection coherent state without pump field. The intensity of the coherent state was varied by
changing attenuation, which consisted of a half-wave plate (HWP) and a PBS, in the coherent
light beams.

4. Experimental result and discussion

Figure 2 shows the observed three-photon coincidence rate as a function of relative phase between
the two-photon state and the weak coherent state when the measured two-photon probability
of coherent state is about twice that of the two-photon state. The measured coincidence rate is
normalized to that of when the temporal overlap between two fields is mismatched, meaning
that three-photon interference does not occur. In experimant, it was realized by two steps. In the
first step, the normalization standard was obtained by recording the three-fold coincidence when
temporal overlap between two-photon state and coherent state was mismatched. In the second
step, The three-photon interference was investigated by measuring the three-fold coincidence
when temporal overlap between two-photon state and coherent state was matched and the relative
phase between the two-photon state and coherent state was scanned. The plotted data give
an average value of five measurements and each measurement corresponds accumulation of
three-fold coincidence during 60 second. The solid curve in Fig. 2 is plotted using 1 — V cos 26,
where V = 0.53 is the expected visibility. The sinusoidal behavior in good agreement with
the measured data reveals three-photon interference as predicted by Eq. (4). Once again, what
happens is that the two-photon combines with a single-photon in the coherent state to form a
three-photon probability amplitude. This combined probability amplitude interferes with another
three-photon probability amplitude from the coherent state. The imperfect visibility might have
originated from the significant spectrum difference, in where the spectrum of two-photon state is
much wider than that of coherent state. In our experiment, a ps pulse laser train usally produces
two-photon state with a spectrum bandwidth of several-hundred GHz. On the other hand, the ps
pulse has a spectrum bandwidth of several GHz. Another main cause of degradation of visibility
are the contribution of higher than three photon state. This indicates that the present experiment
with squeezing parameter of s=0.13 is not low enough to reduce higher photon contribution. We
estimated this contribution from the couting rates for three-fold coincidence to be about 10 %. It
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Fig. 3. Three-photon rate for delay 7=0 versus intensity of the coherent state. (a) The relative
phase is fixed at destructive interference. (b) The relative phase is fixed at constructive
interference. The solid curves show the cubic equations of A(y3 + 6y2 +9y + B). The plotted
data give mean and standard error for five independence measurements.

is possible to improve the visibility by reducing the pump power. Unfortunately, the obtained
three-fold coincidence will be dramatically decreased [35]. Other possible causes are including
spatial mis-alignement and temporal mismatching between two-photon state and coherent state.
A narrower frequency filter always be helpful for observation of a higher visibility interference,
but it also reduce the measured coincidence rate.

To further understand the combined three-photon probability amplitude and the three-photon
interference, the three-photon coincidence is measured when the intensity of the coherent state
is varied at a fixed pump power. The intensity of the coherent state is scaled by comparing
the two-photon coincidence counting rate of coherent state with that of produced two-photon
state by pump fields. Figure 3(a) and (b) give the recorded three-photon coincidence rate when
the relative phase is fixed at destructive interference and constructive interference, respectively.
With an increment of the intensity of the coherent state, the three-fold coincidence rate for the
destructive interference phase indicates an oscillation characteristics while it is monotonically
increasing for the constructive interference phase. It can be understood as follow: For a given
pump power, the generated two-photon state has a fixed two-photon probability amplitude. At a
small coherent injection, whole one-photon probability amplitude of coherent input were used
up to form the combined three-photon probability amplitude since the two-photon probability
amplitude from the two-photon state is sufficient. Hence, the combined three-photon probability
amplitude is determined by the intensity of the coherent state. In this regime, the one-photon
probability amplitude is larger than the three-photon probability amplitude of coherent state
so the interference can not indicate the elimination of the three-photon probability even at the
destructive phase. At further increasing the intensity of the coherent state, however, there is a
maximum value for the combined three-photon probability amplitude since it is limited by the
probability amplitude of the two-photon state rather than the one-photon probability amplitude
of coherent state. When the two three-photon probability amplitudes become comparable, the
destructive interference begins to indicate the elimination of the three-photon probability and
a complete elimination finally occurs. Then the measured three-photon probability increases
with the increment of the intensity of the coherent state since the three-photon probalibilty of
the coherent state becomes significantly larger than that of the combined probability. On the
other hand, the constructive interference results for three-photon interference give monotonically
increasing since the three-photon probability amplitude from both the combination between
one-photon and two-photon and the coherent state are increasing with the increment of intensity
of coherent state. The measured data are fitting with cubic equation of A(y* + 6y + 9y + B) (the



Research Article Vol. 26, No. 16 | 6 Aug 2018 | OPTICS EXPRESS 20449 I

Optics EXPRESS Y X

40t
35}
30}
25}
20}
15} .
1.0

£ s s °

>
=
a
@
Q
o
2
a
c
o]
2
o
<
Q.
o)
9]
2
<
£
o
9]
N
©
£
£
o
=z

0.5 1.0 1.5 2.0 2.5 3.0
Intensity of injection coherent state (A.U.)

Fig. 4. Normalized three-photon probability versus intensity of the coherent state. The red
curve and black squares show the constructive interference. The blue curve and red circles
give the destructive interference. The plotted data give mean and standard error for five
independence measurements.

form of Eq. (4)), where a(y = ax) uses to scale the measured data, A and B come from a fit to
the data. A well agreement is achieved when a = 1.5 for both the constructive and destructive
interference.

It is more clear by normalizing the measured three-photon probability to that of the corre-
sponding coherent state. Figure 4 gives the normalized three-photon probability as a function of
intensity of the input coherent state. For constructive interference, the normalized three-photon
probability is always more than unit. It, however, becomes less than unit from a special value,
which usually relatives to the pump power, for destructive interference. The normalized three-
photon probability with a value more than unit at small injected coherent state indicates that
the combined three-photon probability amplitude from the two-photon state and one photon of
coherent state is larger than that of corresponding coherent state. When the two three-photon
probability amplitudes are comparable, three-photon interference can be clearly observed. At a
larger injected coherent state, the three-photon probabilities for both constrictive interference and
destructive interference are approaching to that of the coherent state.

5. Conclusion

In conclusion, we experimentally observed a three-photon interference between a two-photon state
and a coherent state on a beam splitter. It was found that the destructive interference is oscillated
with the intensity of interference coherent state. This is the first experiment on observation of
photon interference with the combined photon-probability amplitude. This idea can be used to
interpret multi-photon interference, which is crucial for generation of high NOON state. This
experiment can also be applied to quantum metrology and quantum spectroscopy in future.
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