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Abstract: Several imaging techniques, such as ghost imaging, are based on the use of classical and
quantum correlated light states. This fact has encouraged the search for new strategies to produce
light states more correlated than the thermal states that are typically used. In this work, we produce
and characterize classical states of light with “more than thermal” statistics. Such states are obtained
by means of a sequence of two rotating ground-glass disks and by appropriately selecting the speckle
field produced at the output of each disk. The experimental results are in excellent agreement with the
developed theoretical model, suggesting the potential of this kind of light for imaging applications.

Keywords: superthermal light; photon-number statistics; mesoscopic intensity regime; photon-
number-resolving detectors

1. Introduction

The existence of intensity fluctuations in light sources is a useful resource for imaging
applications. Indeed, there are imaging techniques, such as ghost imaging, whose working
principle relies on the spatial correlations coming from the intensity fluctuations [1,2]. The
most common classical light source exhibiting such a feature is the pseudo-thermal light,
typically obtained by passing a laser beam through a rotating ground-glass disk [3], which
shows the so-called speckle field, consisting of many spatial modes [4]. Many realizations of
this type of light in different intensity domains [5–9] have been exploited to address imaging
protocols, reconstructing correlation images of different kinds of objects, including faint and
photolabile ones [10,11]. Indeed, the use of non-invasive methods for observing various
physical and biological activities employing structured patterns, such as speckle patterns,
represents a hot topic in the imaging context [12,13]. The quality of the reconstructed
images is usually quantified in terms of some figures of merit, such as the contrast and the
signal-to-noise ratio [10,14–16]. The values of these estimators can be increased by the use
of light sources characterized by intensity fluctuations higher than those of pseudo-thermal
light [17–21]. We call these sources “super-thermal” since their intensity fluctuates more
than that of thermal ones. There are different ways to produce super-thermal sources.
Some years ago, we demonstrated that the second-harmonics of a pseudo-thermal light
displays super-thermal statistics [22,23]. However, the generation of this kind of light is not
always very efficient since it is based on a nonlinear process in which energy- and phase-
matching conditions must be fulfilled [24]. In this work, we address a different strategy to
generate super-thermal light field based on linear processes in two diffusers instead of just
one [25–28]: the pseudo-thermal light produced by the first diffuser is properly selected by
a pin-hole and sent to the second diffuser. Such a scheme has already been investigated in
the past, even if a general characterization of the obtained field is still missing [29]. In our
work, we derive the statistical properties for the general case in which µ f spatial modes are

Appl. Sci. 2023, 13, 4490. https://doi.org/10.3390/app13074490 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app13074490
https://doi.org/10.3390/app13074490
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1972-3124
https://orcid.org/0000-0001-6083-0776
https://doi.org/10.3390/app13074490
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app13074490?type=check_update&version=1


Appl. Sci. 2023, 13, 4490 2 of 12

selected at the output of the first disk and µs modes at the exit of the second one. This choice
allows a better comparison of the super-thermal statistics with the pseudo-thermal one.

At variance with the large part of the experimental works on doubly-scattered light
present in the literature that has been realized at the single-photon level [26,30,31] with
single-photon detectors, in our investigation, we operate in the mesoscopic intensity regime
by employing photon-number-resolving (PNR) detectors. The choice of this regime allows
us to thoroughly study the statistical properties of light in terms of measurable quantities.
We can calculate the photon-number distribution for detected photons, which, in many
applications, is the most qualifying feature of the employed optical states [32–38]. As an
example, we can consider employing this kind of light in the field of quantum information
science: thermal or super-thermal states, superimposed to quantum states of light [39],
can be used to encode information, such as in the protocol we presented in Refs. [40,41].
The mesoscopic intensity regime is also potentially interesting for applications to imaging
thanks to the use of arrays of PNR detectors [42].

In the following, we derive the general expression of the photon-number statistics
corresponding to the generated super-thermal light that we will call the “speckled-speckle”
field hereafter. Then, we investigate some quantities based on the first two moments of the
distributions to put in evidence the potentialities of this light source, especially in view of
possible applications in the imaging context. In particular, we consider the second-order
Glauber autocorrelation function and the cross-correlation coefficient. We show that the
calculation of these two quantities is useful for the characterization of the speckled-speckle
field since it allows the determination of the involved spatial modes.

2. Materials and Methods

When a coherent light beam, such as a laser beam, impinges on a diffuser, it produces
a speckle field composed of many spatial modes, the speckles, that are the result of the
constructive interference of the radiation coming from the small scattering centers within
the area of the diffuser illuminated by the laser beam [29]. The statistical distribution of the
speckle field is given by a thermal distribution pth(I) = (1/〈I〉) exp (−I/〈I〉), where 〈I〉 is
the mean intensity of the speckle field.

If we now select a portion of the speckle field with a pin-hole, so that only a single
speckle passes through, and rotate the diffuser, the statistical distribution of the light at the
exit of the pin-hole results thermal. Conversely, by selecting more than one speckle with
the pin-hole, the statistical distribution becomes multi-mode thermal. By assuming that all
the selected µ modes, i.e., the speckles, in the light are equally populated, the probability
density function corresponding to the collected light can be expressed as [43]

pµ(I) =
µµ Iµ−1

Γ(µ)〈I〉µ exp
[
−µ

I
〈I〉

]
, (1)

where µ is the effective number of speckles, 〈I〉 = µI0 is the mean intensity of the speckle
field, I0 being the mean intensity of each speckle, and Γ is the Γ-function. By applying to
Equation (1) the semiclassical theory of photodetection [43], the probability distribution of
detected photons, m, for a PNR detector

Pµ(m) =

(
m + µ− 1

µ− 1

)(
1 +
〈m〉

µ

)−µ(
1 +

µ

〈m〉

)−m
(2)

can be obtained, in which 〈m〉 is the total mean number of detected photons. If µ f speckles
of this first speckle field are now selected through a pin-hole and sent to a second diffuser,
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at whose output a second pin-hole selects µs speckles, the general expression of the density
function corresponding to the obtained speckled-speckle field is [29]

psth(I) =
2(µ f µs)

(µ f +µs)
2

〈I〉Γ(µs)Γ(µ f )

(
I
〈I〉

) (µ f +µ2−2)
2

K|µ f−µs |

(
2

√
µsµ f

I
〈I〉

)
, (3)

where K|µ f−µs | is the |µ f − µs|-order modified Bessel function of the second kind.
By again applying the semiclassical theory of photodetection to Equation (3), we

obtain the probability distribution of detected photons

Pµ f ,µs(m) =
1

Γ(µ f )Γ(µs)m!

(
µ f µs

〈m〉

) (µ f +µs−|µ f −µs |)
2

(4)

× Γ

(
(2m + µ f + µs − |µ f − µs|)

2

)
Γ

(
(2m + µ f + µs + |µ f − µs|)

2

)

× U

(
(2m + µ f + µs + |µ f − µs|)

2
, 1− |µ f − µs|,

µ f µs

〈m〉

)
,

where U(a, b, c) is the confluent hypergeometric function of the second kind.
We notice that the expression in Equation (4) is more general than that reported on

Ref. [26], where µs is considered equal to 1.
From Equation (4) we can obtain the first two moments of the distribution, from which

we can calculate relevant statistical quantities, such as the second-order autocorrelation
function. We obtain

〈m〉 = µs〈ms〉 (5)

σ2(m) =

(
1

µ f
+

1
µs

+
1

µ f µs

)
〈m〉2 + 〈m〉, (6)

〈ms〉 being the mean value associated with each speckle coming from the second diffuser.
It is worth noting that both in Equations (4) and (6), the expressions are symmetric with
respect to the number of modes, regardless of whether they come from either the first
diffuser or the second one. From Equations (5) and (6), it is possible to calculate the
second-order autocorrelation function for detected photons [44]

g2(m) =
〈m2〉
〈m〉2 =

σ2(m)

〈m〉2 +
〈m〉2
〈m〉2 =

(
1 +

1
µ f

)(
1 +

1
µs

)
+

1
〈m〉 , (7)

where we note that the last term on the right side comes from taking detection into account.
In fact, the second-order autocorrelation function of the incident photons, g2(n), would
only depend on the numbers of speckles µ f and µs and not on the mean value

g2(n) =

(
1 +

1
µ f

)(
1 +

1
µs

)
. (8)

Since the second-order autocorrelation function is the quantity that is evaluated in
correlation-based imaging schemes, we investigate its dependence on the number of modes.
In Figure 1, we plot g2(m) as a function of the mean value for µ f = 1 and different choices
of µs (colored dots). In the same figure, we plot g2(m) in the case of single-mode thermal
light (dashed gray curve). We note that there are choices of µs larger than 1 for which
superthermal light is definitely more correlated than thermal light, thus proving that the
speckled-speckle field can be a useful resource in all the situations in which having high
fluctuations is important.
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Figure 1. Second-order autocorrelation function g2(m) as a function of the mean number of photons
for µ f = 1 and different values of µs. Different colors refer to different choices of µs. From top to
bottom: black to µs = 1, red to µs = 2, blue to µs = 5, and green to µs = 10. The dashed gray curve
corresponds to a single-mode thermal state of light.

We also note that even in the case µ f = µs = 2, super-thermal light is still more
correlated than a thermal light with µ = 1.

This fact can be emphasized by dividing the light beam at a balanced beam splitter
(BS) and then calculating the correlation between the two BS outputs. We define the
cross-correlation coefficient [45]

Γ =
〈(m1 − 〈m1〉)(m2 − 〈m2〉)〉√

σ2(m1)σ2(m2)
, (9)

where 〈m1,2〉 and σ2(m1,2) are the mean value and the variance in the j = 1, 2 BS
arm, respectively.

Assuming a balanced BS, for the super-thermal light described by the distribution of
detected photons in Equation (4), the correlation coefficient Γ reads

Γ =

(
1

µ f
+

1
µs

+
1

µ f µs

)
〈m〉

1 +

(
1

µ f
+

1
µs

+
1

µ f µs

)
〈m〉

. (10)

In Figure 2, we show Γ as a function of the mean value of detected photons for different
choices of µ f and µs. For a direct comparison, in the same figure, we plot the behavior
of Γ in the case of a single-mode thermal state. As already noticed for g2, superthermal
light is more correlated than thermal light if the numbers of modes are small. Indeed,
both µ f and µs should be larger than 1 (i.e., µ f = µs = 5) to give values of Γ lower than
those corresponding to a thermal field. Actually, in the case of µ f = µs, the boundary to a
single-mode thermal field is reached for µ f = µs = 1 +

√
2.
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Figure 2. Cross-correlation coefficient Γ as a function of the mean number of detected photons at
each of the outputs of the BS for different values of µ f and µs. From top to bottom, red curve: µ f = 1
and µs = 1; purple curve: µ f = 2 and µs = 2; magenta curve: µ f = 5 and µs = 5; dashed black curve:
µ = 1 for single-mode thermal state of light.

To summarize, both Equations (7) and (10) depend on the number of modes coming
from both disks. This means that the calculation of both g2 and Γ as a function of the mean
value of the light is useful to extract information about the values of µ f and µs by fitting
the relations g2(m) and Γ(m) with Equations (7) and (10), respectively.

In order to practically investigate such properties, we realized the experimental setup
shown in Figure 3.

Nd:YLF laser

HPD

HPD
ampli

Boxcar-gated
integrator PC

GD1

PH2
M

M

L1

PH1 MF
L L

MFPBSL2 GD2

(a)

(b)

(c)ND

HWP

Figure 3. (a) Sketch of the experimental setup. M: mirror; ND: neutral density filter; L1: 200-mm-
focal length lens; L2: 100-mm-focal length lens; GD1 and GD2: rotating ground-glass disks; PH1:
first pin-hole; PH2: 150-µm-diameter pin-hole; HWP: half-wave plate; PBS: polarizing cube beam
splitter; L: achromatic doublet; MF: multi-mode optical fiber; HPD: hybrid photodetector. (b) Typical
single-shot image of the speckle field in correspondence of the position of PH1. (c) Picture of the first
pin-hole PH1.

The ps-pulses (at 1047 nm) of a Nd:YLF laser regeneratively amplified at 500 Hz
and frequency doubled at 523 nm were focused on a rotating ground-glass disk (GD1),
having scattering centers of the order of 4 µm. A portion, roughly corresponding to a single
speckle, of the generated speckle field was then selected by a pin-hole (PH1) placed in
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far field and focused on a second ground-glass disk (GD2), characterized by scattering
centers with the same size as those of GD1. Both disks were rotated in such a way that for
the duration (∼5 ps) of a single pulse, they could be considered still, while they occupied
different positions when different pulses were emitted. A portion of the generated speckled-
speckle field (roughly corresponding to a single speckle) was then selected by a second
pin-hole (PH2), whose diameter was equal to 150 µm. The light exiting the pin-hole was
then divided at a polarizing cube BS placed behind a half-wave plate in order to finely
control the balancing between the two arms. The two outputs were then focused by two
achromatic doublets (L) into multi-mode fibers (MF) with a core diameter of 600 µm that
delivered the light to two commercial PNR detectors operated at room temperature. More
specifically, we used a pair of hybrid photodetectors (HPDs, mod. R10467U-40, Hamamatsu
Photonics), whose output was amplified, synchronously integrated, and digitized. We
performed measurements at different mean numbers of photons, attenuating the light by
means of a variable neutral density filter (ND) placed in front of the first disk. We saved
100,000 acquisitions for each attenuation choice.

3. Results

By applying the self-consistent method already presented elsewhere [46–48], it is
possible to extract the shot-by-shot number of detected photons from the output voltages
of the detection chain. For the employed HPDs, the method consists of modeling the
detection process in two steps: photodetection by the photocathode and amplification.
The first process is given by a Bernoullian convolution, whereas the second one can be
well approximated by the multiplication by a constant gain factor, whose value can be
obtained by measuring the light at different values of the overall detection efficiency of the
apparatus. This allows us to calculate all the relevant statistical quantities that characterize
an optical state of light, such as those mentioned in the previous section. In particular,
we have already noticed that the statistical distribution depends on the number of modes
coming from the two diffusers and is symmetric with respect to µ f and µs. We decided
to extract the number of modes coming from the second disk by the calculation of the
statistical quantities mentioned in the previous section and to determine the number of
modes coming from the first disk by the direct measurement of the size of the speckles and
of the size of the first pin-hole. To this aim, we first placed a coupled-charged device (CCD)
camera (mod. DCU223M, Thorlabs, 1024 × 768 pixels, 4.65-µm pixel size) exactly in the
position of the first pin-hole (PH1) and recorded some single-shot images (see Figure 3b
for a typical single-shot image). From the analysis of the autocorrelation function of the
images, we extracted the typical speckle size. Indeed, we estimated an area within 2σ equal
to Asp = 0.84± 0.07 mm2. Second, we removed the CCD, placed the first pin-hole, and
realized an imaging system to determine its aperture (see Figure 3c) by means of the same
CCD camera. In this case, we obtained that the diameter of the first pin-hole was equal to
dPH1 = 0.47± 0.04 mm and the corresponding area to APH1 = 0.18± 0.05 mm2. At first
glance, the number of modes passing through this first pin-hole could be evaluated as the
ratio of the area of the pin-hole to the area of the speckles. However, this definition of
modes is only valid when a large number of speckles passes through the pin-hole. The
opposite limit is the case, in which the pin-hole is much smaller than the typical speckle size.
In this case, the value of µ f can be considered equal to 1 [29]. The intermediate situation
is very complex to deal with since the speckles are not rigid spheres but coherence areas
propagating through a hole. Thus, assuming that the pin-hole is uniform and circular, and
that the optical intensity pattern on the scattering spot is Gaussian-shaped, the following
closed formula can be used to extract the effective number of modes passing through
the pin-hole [29]

µ f =

(
APH1

Asp

){
1− exp

[
−2

APH1

Asp

][
I0

(
2APH1

Asp

)
+ I1

(
2APH1

Asp

)]}−1
, (11)



Appl. Sci. 2023, 13, 4490 7 of 12

where Asp and APH1 are the areas of speckles and pin-hole, respectively, while I0 and I1
are the zero- and first-order modified Bessel functions of the first kind. Applied to the
measured values of speckles and pin-hole, Equation (11) returns a value µ f = 1.22± 0.07.

Thanks to the independent determination of µ f , by the calculation of the quantities in
Equations (4), (7), and (10), it is possible to extract and compare the values of µs. First of
all, we consider the reconstruction of the detected-photon distribution for two different
mean values.

In Figure 4, we show the experimental data in semilogarithmic scale together with
the theoretical fitting functions according to Equation (4), in which the value of µ f is fixed,
while that of µs is left as a fitting parameter. The values of µs obtained at the two different
mean numbers of photons (see panels (a,b)) are very similar to each other, thus proving
that the number of modes is independent of the mean value of light. The good quality
of the fitting procedure is proved by the high values of the fidelity, which is defined as
f = ∑m

m=0
√

P(m)Ptheo(m), where P(m) and Ptheo(m) are the experimental and theoretical
distributions, respectively, and the sum is extended up to the maximum detected-photon
number, m, above which the two distributions become negligible.

0 1 2 3 4 5 6 710-4
0.001

0.010

0.100

1

m

P(
m
)

<m> = 0.38

(b)

0 1 2 3 4 5 6 7
0.001

0.010

0.100

1

m

P(
m
)

(a)
<m> = 0.63

Figure 4. Detected-photon number distributions reconstructed at one BS output for two mean values
of the speckled-speckle field. Black dots and error bars: experimental data; gray curves: theoretical
fitting functions according to Equation (4), in which µ f = 1.22, while µs is the only fitting parameter.
The obtained values are: µs = 1.74 ± 0.02 in panel (a) and µs = 1.76 ± 0.02 in panel (b). The
corresponding values of fidelity are: f = 0.9999 and f = 0.9999, respectively.

To further investigate the independence of the number of modes from the mean value,
we can also calculate the second-order autocorrelation function for detected photons.

In Figure 5, we show the behavior of g2 as a function of the mean value for the two
BS outputs. By fitting the data measured in the two BS arms according to the theoretical
model in Equation (7), it is possible to extract the values of µs. Note that such values are
constant in the investigated intensity range, as it is well evident from Figure 6, where the
calculated values of µs as obtained by inverting Equation (7) applied to experimental data,
are compared to the fitting values of Figure 5.

The small difference between the values of µs extracted from the two fits (see caption
of Figure 5) may be ascribed to a non-perfect balancing of the two BS arms, which slightly
differ from each other at low mean values. In particular, we note that the value extracted
from panel (a) is similar (within 1σ) to the values extracted from the photon-number distri-
butions. The slight discrepancy is due to the fact that µs, as calculated from g2, is obtained
by together considering the measurements performed at different mean values, while that
obtained from each photon-number distribution is referred to a specific mean value.
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Figure 5. Second-order autocorrelation function g2(m) as a function of the mean number of detected
photons reconstructed at the two BS outputs. Black dots and error bars: experimental data; gray curves:
theoretical fitting functions according to Equation (7), in which µ f = 1.22, while µs is the only fitting
parameter. The obtained values are: µs = 1.72± 0.05 in panel (a) and µs = 1.48± 0.05 in panel (b).

(a)

(b)
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1
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Figure 6. Values of µs obtained by inverting Equation (7) applied to the experimental data as a
function of the mean number of detected photons reconstructed at the two BS outputs. Black dots and
error bars: experimental data; gray lines: values of µs obtained from the fitting procedure applied to
the data in Figure 5, namely, µs = 1.72 in panel (a) and µs = 1.48 in panel (b).
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As a final comparison, we consider the case of the cross-correlation coefficient calculated
between the two BS outputs. The experimental data are shown in Figure 7a together with the
theoretical expectation according to Equation (10). Additionally, in this case, we kept the value
of µ f fixed and extracted that of µs from the fitting procedure. The good superposition of data
on the theoretical curve proves again the correctness of the theoretical model. As expected, in
this case, the value of the fitting parameter is µs = 1.69± 0.06, which represents an average
between the values of µs obtained from g2 for the two BS outputs. For a direct comparison, in
the same plot, we also show the expected behavior in the case of a single-mode thermal state
divided at a balanced BS. It is well evident that the use of super-thermal statistics instead of
thermal guarantees larger photon-number correlations.

(a) (b)

0.2 0.4 0.6 0.8 1.0 1.2
0.2

0.4

0.6

0.8

1.0

1.2

〈m1〉

〈m
2〉

0.2 0.4 0.6 0.8 1.00.0

0.2

0.4

0.6

0.8

1.0

〈m〉

Γ

Figure 7. (a) Cross-correlation coefficient Γ as a function of the mean number of detected photons
obtained as the average betwen the two BS outputs. Black dots and error bars: experimental data;
red curve: theoretical model in the case of a single-mode thermal state; gray curve: theoretical fitting
function according to Equation (10), in which µ f = 1.22, while µs is the only fitting parameter. The
obtained value is: µs = 1.69± 0.06. (b) Black dots and error bars: mean number of photons detected
at one BS output as a function of the mean number of photons detected at the other output. Gray line:
diagonal y = x.

As already remarked, the small discrepancy between the two values of µs extracted
from the autocorrelation function may be ascribed to the small imbalance between the two
BS arms, which is more pronounced at small mean values, as it can be noticed in Figure 7b,
where the mean numbers of photons detected at one BS output are shown as a function of
those at the other output together with the diagonal y = x.

4. Discussion

The results presented in the previous section confirm that the developed model is in
excellent agreement with the data. In particular, we can see that the different quantities
used to estimate the number of modes collected at the output of the second disk are
essentially equivalent. This is quite expected since all of them are based on the moments of
the distribution in Equation (4), even if the distribution of the number of photons contains
all the moments of the statistics, whereas the autocorrelation function g2 and the cross-
correlation Γ depend only on the first two moments. This difference may explain the
small discrepancies between the obtained results. We verified that the number of modes is
independent of the mean value of light, both considering the photon number distribution
and the autocorrelation function. In fact, the experimental values of µs extracted from the
fitting procedures in both cases coincide within 1σ. As to the difference between the values
obtained at the two BS outputs, we argue that it is due to a slight imbalance between the
light in the two arms. This is also demonstrated by the calculation of Γ, from which a value
of µs was obtained that is an average between the values extracted from the calculation of
g2. As already specified in the Introduction, the preliminary characterization we carried on
is important in itself for all those applications in the field of quantum information, in which
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investigating the statistics of light is sufficient. For instance, this kind of light can find
applications in novel communication protocols, such as those presented in Refs. [40,41]. The
original scheme is based on the experimental quantification of nonclassicality of mesoscopic
twin-beam states to transmit binary signals encoded in two single-mode pseudo-thermal
states with different mean values. Interesting variations of this protocol could involve
either the use of super-thermal states with different mean values or the alternate use
of pseudo-thermal and super-thermal states with the same mean value. Moreover, this
specific type of light can also be used in the context of imaging, where some other works
exploiting super-thermal light have been recently published [31,49]. At variance with these
investigations, we note that we performed our experiment in the pulsed regime with PNR
detectors able to operate in the mesoscopic intensity domain. Finally, we observe that for
imaging applications, it might be important to treat even more populated states of light
and use macroscopic detectors, such as CCD cameras. To this end, more intense light states
and less opaque diffusers may be desirable. Work is in progress in this direction. As an
alternative to the macroscopic regime, imaging protocols involving super-thermal states
can be implemented in the mesoscopic one thanks to the use of arrays of PNR detectors,
such as complementary metal-oxide-semiconductor (CMOS) cameras having each pixel
endowed with PNR capability [42].

5. Conclusions

In this paper, we have investigated, both theoretically and experimentally, the sta-
tistical properties of a classical light state that exhibits more fluctuations than a thermal
state. We generated this light in the mesoscopic intensity regime by sending the laser
pulses at 523 nm to a sequence of two rotating ground-glass disks and detecting the light
exiting the second disk by means of PNR detectors. We characterized such optical states
by reconstructing their photon-number statistics and calculating both the second-order
autocorrelation function and the cross-correlation coefficient between the outputs of a BS in
terms of measurable quantities, i.e., detected photons. All the statistical quantities depend
on the numbers of modes µ f and µs selected at the exit of the first and the second disk,
respectively, and result as symmetric in the exchange of the modes. The possibility to
express the statistics in an analytic form allowed us to easily compare super-thermal and
pseudo-thermal lights and to better investigate the conditions under which the fluctuations
exhibited by the former are higher than those shown by the latter. The good quality of the
results and their agreement with the theoretical model suggest the potential usefulness of
this kind of light for applications, such as imaging, in which the existence of correlations
represents the main requirement.
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Abbreviations
The following abbreviations are used in this manuscript:

PNR photon-number-resolving
HPD hybrid photodetector
BS beam splitter
CCD coupled-charged device
CMOS complementary metal-oxide-semiconductor
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