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Superbunching pseudothermal light has important applications in studying the second- and higher-order interference
of light in quantum optics. Unlike the photon statistics of thermal or pseudothermal light is well understood, the photon
statistics of superbunching pseudothermal light has not been studied yet. In this paper, we will employ single-photon
detectors to measure the photon statistics of superbunching pseudothermal light and calculate the degree of second-order
coherence. It is found that the larger the value of the degree of second-order coherence of superbunching pseudothermal
light is, the more the measured photon distribution deviates from the one of thermal or pseudothermal light in the tail part.
The results are helpful to understand the physics of two-photon superbunching with classical light. It is suggested that
superbunching pseudothermal light can be employed to generate non-Rayleigh temporal speckles.

Keywords: superbunching pseudothermal light, photon statistics, two-photon interference

PACS: 42.50.Ar, 42.25.Kb

1. Introduction

Thermal light plays an essential role in the development
of modern quantum optics.!! For instance, the first experimen-
tal observation of the second-order interference of light was
conducted with thermal light by Hanbury Brown and Twiss
in 1956,>3 which was later known as two-photon bunch-
ing of thermal light. However, implementing the second-
and higher-order interference of light with true thermal light
is extremely difficult,[*! due to the coherence time of true
thermal light is much shorter than the response time of the
fastest photo-detector available, let alone the low degener-
acy parameter of true thermal light requires long collecting
time in experiments.>! In order to solve this problem, Mar-
tienssen and Spiller invented pseudothermal light to simulate
the properties of true thermal light by inputing single-mode
continuous-wave laser light onto a rotating groundglass.!6!
Pseudothermal light simplifies the experimental requirements
a lot compared to the ones with true thermal light due
to the coherence time and degeneracy parameter of pseu-
dothermal light can be easily manipulated.®’ Since its in-
vention, pseudothermal light has been extensively applied in
the second- and higher-order interference experiments such as
ghost imaging,!”~'% two-photon interference,!'!"!?! intensity
interferometer,[!>!4 quantum erasers, '] etc.

Recently, we modified the well-known pseudothermal
light source into superbunching pseudothermal light sources

by adding more than one rotating groundglass!'®! or mod-
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ulating the intensity of laser light before the rotating
groundglass.[!”-'8 The degree of second-order coherence of
superbunching pseudothermal light can be much larger than
the one of thermal or pseudothermal light,['®!7] indicating
that the photon distributions of these two types of light are
different. The photon statistics of thermal or pseudothermal
light follows geometrical distribution,!'”! which is the fea-

(201 Rayleigh speckles

ture distribution of Rayleigh speckles.
are the result of the superposition of a large number of in-
dependent fields with random amplitudes and uniform ran-
dom phases between 0 and 27x. Non-Rayleigh speckles can
be generated when the phases of the superposed fields are

correlated!2!1-24]

or the number of superposed fields is not
large enough.!”! However, most experiments generate non-
Rayleigh speckles in the spatial domain.?!=2% There are only
a few pieces of research studying non-Rayleigh speckles in
the temporal domain. Straka et al. employed acousto-optical
modulator to generate arbitrary classical photon statistics, in
which the intensity across the whole light beam does not
change.?! In our early experiments, we find a way to gen-
erate non-Rayleigh speckles in temporal domain by superpos-
ing a large number of field and varying the intensity of the
input laser light in time.['®!”) The generated non-Rayleigh
temporal speckles are different from the one in Ref. [26]
since the intensities across the light beam are not constant.
The superbunching pseudothermal light can be employed to
study multi-photon interference!>’! and high-visibility tempo-
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ral ghost imaging.!?®! In our early research, we mainly focused
on studying the degree of second- and higher-order coherence
of superbunching pseudothermal light.[!6-18:21 The study on
the photon statistics of superbunching pseudothermal light is
missing, which contains more information about the proper-
ties of light than the second- and higher-order degree of co-
herence. In this paper, we will study the photon statistics of
superbunching pseudothermal light in detail, which is helpful
to understand the properties of this newly proposed light.

The remaining parts of this paper are organized as fol-
lows. Section 2 contains the theory of how to calculate the
degree of second-order coherence from photon statistics. The
experiments measuring the photon statistics of superbunching
pseudothermal light are in Section 3. The discussion and con-
clusions are in Sections 4 and 5, respectively.

2. Theory

The degree of second-order coherence, g (0), can be
employed to distinguish different types of light.['”) For co-
herent light, g(z)(O) equals 1, which indicates that the de-
tections of two photons are independent. For thermal light,
g% (0) equals 2, which means that the detections of two pho-
tons are correlated. g(*)(0) cannot be less than 1 in classical
theory. Light with g(2(0) being less than 1 is non-classical
light. For instance, g(®(0) equals 0 for single-photon state,
which is absolutely impossible in classical theory.!'”] This is
the reason why knowing the value of the degree of second-
order coherence of light is enough in most cases. However,
things become different in some cases. For instance, the
degree of second-order coherence of entangled photon pair
light can be much larger than 2,3%3!1 which belongs to non-
classical light based on Glauber—Sudarshan criterion.3>-34]
On the other hand, g()(0) can also be much larger than 2 for
classical light.!!7-] It is not able to distinguish these two types
of light if only the value of the degree of second-order coher-
ence is given. More information, such as photon statistics, is
needed to distinguish different types of light once the values
of g (0) are at the same level.

Photon distribution, also known as photon number distri-
bution, contains more information than the degree of second-
order coherence of light, which can be employed to calculated
¢ (0) of light . Photon distribution is usually measured with
single-photon detectors. The degree of second-order coher-
ence of light can be calculated via photon distribution!!"!

§2(0) = ——2, (1)

in which n is the number of photons and ( ) represents the en-

semble average. In experiments, the photon number n can be

replaced by the measured number of photons,

t+T
M(t,T) = /, dr'a’ (ha(r"), )
where M(t,T) is the number of the measured photons between
time ¢ and t + 7, T is the width of the collecting time win-
dow, af(¢") and d(t') are the photon creation and annihilation
operators, respectively. Substituting Eq. (2) into Eq. (1), the
calculated degree of second-order coherence of light can be

expressed via the measured photon counts!”]

; 3)
in which the value of g((;z) (0) will coincide with the one of
g? (0) when T is much shorter than the coherence time and
the collecting area of the detector is much smaller than the
transverse coherence area of the measured light.[>3 Other-
wise, the calculated géZ) (0) may be different from g()(0),
since different modes of the light has to be taken into account.
For instance, g£2> (0) approximately equals 1 when T is much
larger than the coherence time of light, no matter what type
of light was measured. In fact, this is the reason why it is
difficult to do the second- and higher-order interference exper-
iments with true thermal light, since the coherence time of true
thermal light is usually much shorter than the response time of

the fastest detector available. ]

3. Experiments

The experimental setup to measure photon distribution
of superbunching pseudothermal light is shown in Fig. 1,
which is similar as the one in our earlier research.!!”! The
experimental scheme can be divided into three parts. Fig-
ure 1(a) provides an intensity modulated laser light beam by
employing an electro-optical modulator (EOM) in combina-
tion with two orthogonally polarized polarizers (P; and P,), a
high-voltage amplifier (HV), and a signal generator (SG). The
employed laser is a single-mode continuous-wave laser with
central wavelength at 780 nm and a frequency bandwidth of
200 kHz. Figure 1(b) is a typical scheme for a pseudother-
mal light source consisting of a focus lens (L) and a rotat-
ing groundglass (RG).[®! The lens is employed to control the
spot size of laser light on RG, so that the transverse coher-
ence area of the scattered light can be varied.®) Figure 1(c) is
a Hanbury Brown-Twiss (HBT) interferometer consisting of a
1 : 1 fiber beam splitter (FBS), two single-photon detectors (D
and D»), and a two-photon coincidence counting system (CC).
Photon distribution of superbunching pseudothermal light is
measured when one single-photon detector is on. The reason

why a HBT interferometer is employed is that we can measure
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¢ (0) directly and compare it with the calculated value via
the measured photon distribution.

Fig. 1. Experimental setup to measure photon statistics of superbunching
pseudothermal light. Laser: single-mode continuous-wave laser. VA: vari-
able attenuator. P: polarizer. EOM: electro-optical modulator. HV: high-
voltage amplifier. SG: signal generator. L: lens. RG: rotating groundglass.
FBS: 1:1 single-mode fiber beam splitter. D and D5: single-photon detec-
tors. CC: two-photon coincidence count detection system. Please see text for
detail descriptions.

Figure 2 shows the measured the second-order tempo-
ral coherence functions of pseudothermal and superbunching
pseudothermal light by applying white noise generated by SG
to modulate the intensity of the incident laser light before RG.
g? (t1 —tp) is the normalized second-order temporal coher-
ence function via a HBT interferometer. f; — t, is the time
difference between two single-photon detection events within
a two-photon coincidence count. gﬁg)(O) is the measured de-
gree of second-order coherence via a HBT interferometer. Vj,
is the peak-to-peak voltage of the generated white noise. As
the value of V},, increases from 0 V to 10V, gﬁ? (0) increases
from 1.8940.03 to 3.12+0.37, which means that two-photon
superbunching is observed in these three different conditions
shown in Figs. 2(b)-2(d).
gg)(O) can be increased above 2 is also well interpreted in a

The reason why the measured

recent theoretical work by Li et al., in which they proved that
rotating groundglass can increase the degree of second-order
coherence of the input light by a factor of 2.13¢) The second-
order temporal coherence function of pseudothermal light is
measured in Fig. 2(a), which is observed when V},;, equals 0 V.
The reason why g,(f) (0) equals 1.89 instead of 2 mainly due to
some un-scattered laser photons also contribute to the detected
two-photon coincidence counts. When V), is larger than 0,
the measured second-order temporal coherence function is a
product of two correlation functions with different correlation
time. One correlation time is determined by the modulation
frequency of EOM. The other correlation time is determined
by the rotating groundglass. These two correlation times are
calculated to be 1.28 us and 4.63 us based on the results in
Fig. 2(d).l!7]

Then we measured the photon distribution of pseudother-
mal light and superbunching pseudothermal in different condi-
tions, which is measured by employing different driving volt-
age signals generated from the signal generator in the scheme
shown in Fig. 1. Vj,, equaling O V is obtained by turning off

the signal generator and high voltage amplifier. In this condi-
tion, the light source in Fig. 1 is equivalent to a typical pseu-
dothermal light source.!®! The superbunching pseudothermal
light source is obtained when V,,, is larger than a certain value,
which is determined by gg ) (0) of the scattering light equaling
2. The diameter of the single-mode fiber is 5 pwm, which is
much less than the coherence length of superbunching pseu-
dothermal light in the detection plane. The time window for
the photon distribution in Fig. 3 is 5 us, which is at the same
level of the coherence time of superbunching pseudothermal
light. 100k time windows are collected in each measurement,
which is obtained by running the experiments five times in the
same condition and collecting 20k time windows in each run.
The error bars of P(n), (n), and gﬁz) (0) are the standard de-
viations calculated via these five groups of data, respectively,
where P(n) is the probability of detecting n photons within
one collecting time window, (n) is the average number of the
detected photons in the time window, and g&z) (0) is the calcu-
lated degree of second-order coherence with the help of P(n)
and Eq. (3),
Yo P(n) xnx (n—1)
(ErmoP(n) xnl>
The lines in Figs. 3(a)-3(d) are geometric photon distribution
()"

with the same average photon numbers as the ones in these

g2 (0) = )

P(n) = 5)

sub-figures, respectively.!'”] The reason why geometric pho-
ton distribution is employed to compare with the measured re-
sults is that it describes the photon distribution of Rayleigh
speckles.!?’! As the value of ggz) (0) increases, the measured
photon distribution of superbunching pseudothermal light is
more distributed in the larger number of detected photons
part. For instance, the average number of photons both equals
0.10 in Figs. 3(b) and 3(c). The calculated degree of second-
order coherence, ggz) (0), in Fig. 3(c) is larger than the one
in Fig. 3(b). The probabilities of detecting 5 and 6 photons
in Fig. 3(c) are larger than the ones in Fig. 3(b). The reason is
easy to follow. Larger probabilities to detecting a large number
of photons means larger photon number fluctuations, which of
course will give a larger value of gﬁz) (0).371

Figures 4 and 5 show similar measured photon distri-
butions of pseudothermal and superbunching pseudothermal
light as the ones in Fig. 3 except the average number of de-
tected photons are different. The means of all the symbols in
Figs. 4 and 5 are the same as the ones in Fig. 3. The lines are
also theoretical results of geometric photon distribution with
the same average number in each case. Please notice that the
asymmetry of the error bars of P(n) is due to the employed

exponential scale in Y axis in Figs. 3-5. It is concluded that
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non-Rayleigh photon statistics is observed with superbunch-
ing pseudothermal light, which may be treated as another in-
dication of two-photon superbunching besides the degree of

second-order coherence exceeding 2.

4. Discussion

In order to compare the results in Figs. 2-5, we sum-
marized the measured and calculated degree of second-order
coherence in Table 1. The measured degree of second-order
coherence in column 2 is obtained in the HBT interferome-
ter, which is shown in Fig. 2 and can be treated as the stan-
dard value. The calculated degree of second-order coherence
in columns 3-5 is obtained from the measured photon distri-
bution. The measured and calculated degree of second-order
coherence are consistent within the experimental uncertainty.

Table 1. The measured and calculated degree of second-order coherence
in different conditions. gg) (0)(HBT) is the measured degree of second-
order coherence via the HBT interferometer. gﬁz) (0)-0.1, g£2) (0)-0.25, and
gﬁz) (0)-0.5 is the calculated degree of second-order coherence via photon
number distribution when the average number of photons in a detection time
window equals 0.1, 0.25, and 0.5, respectively.

g2 (OHBT) ¢7(0)-0.1 (0025 ¢ (0)-0.5

Vop=0V 1.89+0.03 1.86+0.06 1.84+0.05 1.84+0.02
Vop =5V 2.38+0.15 2.34+0.01 2.43+0.04 241+0.02
Vop=75V  280%£0.26 2.66+0.01 2.71£0.03 2.714+0.02
Vop =10V 3.12+0.37 2.95+0.05 2.96+0.03 2.92+0.02

oV, —ov Ao vass v

3} ¢ (0) =1.89(0.03) 31g?(0) =2.38(0.15)

2 2

g (t,—ty)
=

T T
> E
—

T T

0 9% 0 20
O V=5V vy

= 3f 3r A

% I I

= 7 [

Sbo 1 L 1 L 3 : P Lo

22(0) = 2.80(0.26) ¢()(0) =3.12(0.37)
ol om ¢S ol o ol
—20 0 20 =20 0 20
t,—t, (ms) t;—ty (ms)

Fig. 2. Second-order temporal coherence functions of pseudothermal (a) and
superbunching pseudothermal (b)—(d) light. The EOM is driven by the ampli-
fied white noise signal generated by SG. The empty squares are experimental
results and the red curves are theoretical fittings of the data. V}, is the peak-
to-peak voltage of the generated white noise. gs,% ) (0) is the measured degree
of second-order coherence. Panels (a)—(d) show the normalized second-order
coherence functions when the peak-to-peak voltage of the generated white
noise equals 0, 5 V, 7.5V, and 10 V, respectively.

The reasons why most of the calculated degree of second-

order coherence via photon distribution, g((;z) (0), is less than

the measured one via the HBT interferometer, g,(,%) (0), are as
follows. As mentioned before, the response time of the detec-

tion system should be much less than the coherence time of

the light in order to measure the value of the degree of second-

1351 Otherwise, photons in different

order coherence of light.
modes may have to be taken into account, which will cause
the measured photon distribution to be different from the real
one. In our experiments, the coherence time of superbunching
pseudothermal light is measured to be 1.28 pus and 4.63 us. We
will take the shorter one for discussion. The response time of
the employed single-photon detector (SPCM-AQRH-14-FC,
Excelitas Technologies) is 0.35 ns, which is much shorter than
1.28 ps, even if the 35 ns dead time between two single photon
detections events was taken into account. The time resolution
of the employed two-photon coincidence count detection sys-
tem (DPC230, Becker & Hickl) is 165 ps. Hence the response
time of the whole system in the HBT interferometer is much
less than the coherence time of the measured superbunching
pseudothermal light. The measured value of degree of second-
order coherence, gg ) (0), can be approximately treated as the
value of the degree of second-order coherence. On the other
hand, the time window in the measurement of photon distri-
bution is chosen to be 5 s, which is limited by our hardware
and longer than the coherence time of superbunching pseu-
dothermal light. Hence the calculated degree of second-order
coherence, géz) (0), may be less than the value due to the long
collection time has to be taken into account.3%! However, the
average number of photons per measurement time window is
less than 1. Photons from different modes contributing to the
same detection time window may have less of an affect on the
measurement results. This conclusion is supported by the con-
sistency between the value of g,(? (0) and géz) (0) showing in
Table 1.

= = (@) V,,=0V = (b) V,,=5V
-1 e pp —1 PP
10 ™ (my=o.10(1)] 10 (n) =0.10(1)
1073 ¢?=186(6)| 1073 ¢? =2.34(1)
i/ 10-° 10-°
1077 1077
9 L
O T 2 3256 Y 012345 6
iy (c) Vyp=75V S (d) V=10V
10 ™S (n)=0.10(1) 10 (n)=0.11(1)
1073 e =2.66(2)| 1073 ¢ =2.95(5)
E in-5 s
£ 10 10
e
1077 1077
107° 1079

01 2 3 4 5 6 012 34567
n n

Fig. 3. Measured photon distribution of pseudothermal (a) and superbunch-
ing pseudothermal (b)—(d) light. Panel (a) corresponds to the photon distri-
bution of pseudothermal light when V},, equals 0. Panels (b)—(d) correspond
to the photon distribution of superbunching pseudothermal light when Vj,
equals 5V, 7.5V, and 10 V, respectively. (n) is the average number of pho-
tons in a detection time window. The number in the parenthesis after (n) and

g&z) (0) represents experimental uncertainty in the last digit, respectively.

The reason why superbunching pseudothermal light gen-

erates non-Rayleigh temporal speckles is the superposed larger
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number of field are correlated, which is similar as the way of
generating non-Rayleigh spatial speckles.>!->* There is no
correlation between the intensities at every instant between
any two scatters on the rotating groundglass. However, the
intensity of laser light on the rotating groundglass is always
changing in time. The superposed scattered light from differ-
ent scatters changes at the same pace in time, which makes the
generated speckles are non-Rayleigh in the temporal domain.
The generated speckles are Rayleigh speckles in the spatial
domain, even though the intensities of the scattered light at ev-
ery point changes in time. Hence superbunching pseudother-
mal light can be employed to generate non-Rayleigh temporal
speckles. Besides, the higher peak-to-peak voltage of the gen-
erated white noise is, the more remarkable of the two-photon
superbunching effect will be, as indicated by the results from

the ones in Figs. 3-5.

107 [ Tpeg ) )=vascty | 107 R, Y e Coas(t)
10— ¢ =1845) |3 rm g =2.34(4)
H i ;-
107 H 1077
1005 05516 s 10
107 <C)<J§p:o7.§56<vl> w0
103 g?=271(3)| 1073 [ £ = 2.96(3)
E 10-5 107°
Y 10-7 1077
100k 107?

0 2 4 6 8 10
n n

Fig. 4. Photon distribution of pseudothermal (a) and superbunching pseu-
dothermal (b)—(d) light when the average number of photons equals about
0.25. The meanings of the symbols are the same as the ones in Fig. 2.

B (d) V=0V = ®) V,,=5V
107! (n) =0.51(2) 107! <nr;p:0.53(3)
10-3 g7 =184(2) | |43 2@ =2.41(2)
§ 1079 1073
1077 1077
-9 -9
10 1 8 0754 8 12
B (©) Vop=75V R () V,,=10 V
1
10 - (my—o0.53(1) | 107" (n) = 0.56(2)
10-3 P =2.71(2) 10-3 g? =2.92(2)
= 107° 1077
T 1077 1077
,9 -9
10 4 8 12 077548 12 16
n n

Fig. 5. Photon distribution of pseudothermal (a) and superbunching pseu-
dothermal (b)—(d) light when the average number of photons equals about
0.50. The meanings of the symbols are the same as the ones in Fig. 2.

5. Conclusion

We have measured the photon distribution of superbunch-
ing pseudothermal light and found that the measured photon
distribution is different from the one of pseudothermal light.

Compared to the geometrical distribution with the same mean

photon numbers, the photon number distribution is more dis-
tributed in the tail part. The larger the value of the degree
of second-order coherence of superbunching pseudothermal
light is, the higher the probability of detecting more photons
in one measurement time window will be. We also calculated
the degree of second-order coherence of pseudothermal and
superbunching pseudothermal light via the measured photon
distributions. It is found that the calculated values are consis-
tent with the direct measured value of degree of second-order
coherence via a HBT interferometer. The results are helpful
to understand the physics of two-photon bunching and super-
bunching. It is also suggested that superbunching pseudother-
mal light may be another method to generate non-Rayleigh
temporal speckles.
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