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CHAPTER4

Correlations in the mesoscopic regime

In this chapter we introduce an experimental technique optimized to investigate the
intensity statistics of light transmitted through strongly scattering systems. We describe
the steps taken in designing and building up an optical setup to induce and measure
correlations caused by crossings of multiple scattering paths. These correlations are
revealed in the intensity statistics. Although we find that the sought for effect remains
difficult to observe with our current setup, we suggest improvements that may lead to
an enhancement of the correlations for an easier detection.

4.1 Introduction

In mesoscopic electronics the conductance G of a system is given by [60, 103]

G =
e2

h

∑

a,b

Tab, (4.1)

where Tab is the transmission coefficient from channel a to channel b, e is the electron
charge and h is Planck’s constant. An important role is played by the fluctuations of
G, mainly because of their universal character, after which they are named universal
conductance fluctuations [104] (UCF).

In mesoscopic optics the relevant parameter is g, already seen in chapter 1,
defined as g ≡ ∑ab Tab, known also as the dimensionless conductance. It is found
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Correlations in the mesoscopic regime

that

g =
N`

L
, (4.2)

where N is the number of channels, ` the mean free path and L the sample length.
The parameter g plays an important role in determining the magnitude of the

correlations that arise in transmission and reflection as multiple scattering paths
propagate through a random medium. In a transmission configuration the correla-
tions are defined as

Caba′b′ ≡ TabTa′b′ − T abT a′b′ . (4.3)

Feng et al. demonstrated [105] that

Caba′b′(∆x) = C1(∆x) + g−1C2(∆x) + g−2C3(∆x), (4.4)

where ∆x can be a generic variable that denotes for example frequency or time shift.
In electronics, only the total conductance can be measured, while in optics more
information can be obtained, for it is feasible to measure also Tab and Ta =

∑

b Tab
directly. Such a difference is crucial, because it means that in optics all of the
terms in eq. (4.4) can be addressed singularly. The three contributions have in
fact a precise physical meaning, as C1(∆x) is dominant when a = a′ and b = b′

and describes the fluctuation of the intensity in channel b induced by a field in
mode a that illuminates the system, thus fluctuations of Tab. The contribution of
C2(∆x) is dominant when either a = a′ or b = b′. In the case a = a′, the term
C2(∆x) accounts for the fluctuations of intensity over the entire spectrum of the
outgoing modes induced by a field in single mode a impinging on the system, that
is fluctuations of Ta. The last term C3(∆x) is the optical analogue of the UCF
in electronics, and describes fluctuations due to correlations of all incoming modes
with all outgoing ones, thus fluctuations of

∑

ab Tab. It can be shown [106] that C1,
C2, and C3 correspond to contributions to the correlations due respectively to zero,
one and two crossings between the scattering paths, and g−1 and g−2 provide us
with a measure of the probability for the aforementioned crossings to take place.

Measuring mesoscopic correlations has been the goal of a number of experiments
in the optical as well as the microwave regime. These correlations are determined
by the magnitude of the total conductance g. Furthermore, the role of g has been
central in investigating statistical signatures of localization with ultrasound and
microwaves [107, 108]. Experiments in the microwave regime are considerably easier
than those in the optical regime as the samples often consist of long closed tubes
filled with scatterers [109–112] and the conductance g of the system is then well
defined. The reason why a sample with a tube-like configuration allows for a clear
definition of g is illustrated in fig. (4.1) and can be seen by recalling the expression
for the number of modes N given by

N =
2πA

λ2
. (4.5)

As it is shown in eq. (4.5), N , the number of channels, is determined also by the
area A of the illumination spot. The surface A is always well defined at both ends
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4.2. Sample

of a tube of fixed aperture. The effects we are looking for scale like g−1, therefore,
to have sizeable effects, it is important to be able to make g relatively small. By
using closed tubes, g can be tuned by manipulating the size of the area A. On the
other hand, in the optical regime the most common sample is a slab. Having a slab
as sample complicates the estimate of g. The additional difficulty that arises in this
case consists in the fact that, because of diffusion broadening, the incoming laser
spot is not the same as the exit spot, given by the area of the illuminated spot at
the back of the sample. The exit area is always bigger than the size of the incident
spot. Diffusion broadening makes thus difficult the univocal definition of A and in
turn the one of g [81].

Measurements of sample and transport of light properties in the multiple scat-
tering regime rely on several techniques that can be divided into methods that
measure average properties, like for instance total reflection and transmission, co-
herent backscattering, and techniques apt to measure fluctuations and correlations
like speckle statistics [113] and frequency correlations [114]. Pioneering experiments
in the optical regime have been performed to unveil correlations induced by g via
intensity correlations and total transmission measurements [115–118].

The parameter g−1 can also be seen as the probability for two multiple scattering
paths to intersect once, [119], [106] and that implies that long paths enhance this
probability. Long paths are dominant in a transmission configuration.

Therefore we have decided to design a setup and perform experiments aimed
at estimating g in a transmission configuration. As explained in chapter 1 the
crossing of scattering paths inside the random system leads to deviations from
Rayleigh statistics in the intensity distribution displayed by the speckle pattern.
Our goal is to extract the magnitude of the C2 type of correlations in strongly
scattering samples by inducing and measuring deviations from Rayleigh statistics
in the speckle pattern, in a transmission configuration. These measurements would
be also of crucial importance to support or criticize claims of localization in the
optical regime, expected when g ≤ 1.

4.2 Sample

The samples that we used for our series of experiments are GaP nanowires. The
used nanowires were grown epitaxially. To tune the length and the diameter of
the nanowires a vapour-liquid-solid and lateral growth processes were used. The
nanowires were grown on a GaP substrate with orientation (100). The majority of
the wires forms angle of ∼ 35 deg with the substrate. This alignment is due to the
preferential growth of the nanowires in the direction set by the orientation of the
substrate. The fabrication technique is detailed in [120]. The sample we used has a
scattering strength k0` ' 1.6, the thickness of the nanowires layer is L = 1.6± 0.2
µm, and the mean free path is ` = 0.16 ± 0.02 µm at λ = 633 nm. Furthermore,
the diameter of the nanowires amounts to 118 ± 19 µm. The used nanowires are
among the strongest light scattering material [121].
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Correlations in the mesoscopic regime

Figure 4.1: Difference between the closed-tube (top) and the slab (bottom) sample con-
figurations for measurements performed in transmission. A lens focusses laser light on the
samples to induce g−1 effects. Random scatterers (black circles) are embedded in both
samples. The advantage offered by a closed-tube type of sample is that the number of
incoming modes, related to the illumination area A, is well defined as A stays constant.
For the case of the slab, diffusion broadening complicates the estimate of the number of
modes as the illuminated area at the back (A2) is bigger than the one at the front facet
(A1) of the sample.

4.3 Setup to measure spatial correlations

In this section we introduce the optical setup used to measure correlations in the
mesoscopic regime. The setup, shown in fig. (4.2), has been optimized to perform
many speckle averages by rotating and translating the sample to collect independent
speckle patterns. A He-Ne laser has been chosen as light source for this experiment,
as the small magnitude of the effect that we intend to measure requires having a
source that is reliable and stable to a very high degree for a long time (few hours). A
pinhole of size 100 µm is used in the confocal part of the setup to filter out unwanted
reflections between the sample and the substrate. The size of this aperture is more
than enough not to distort the image of the surface of the sample that we intend to
project on the pinhole, as the illuminated area at the back of the sample is of the
order of 10 µm.

4.3.1 Alignment procedure

The procedure used to perform the alignment of the setup is the following. First the
sample is mounted. Then the front of the sample is illuminated with the focused
He-Ne beam while the back of the sample is illuminated with white light. The
pinhole is temporarily taken off the setup. The surface of the sample as well as the
He-Ne spot coming in transmission through the sample are then imaged on the chip
of the camera via two lenses. Subsequently, the pinhole is placed at distance 2f from
the first lens and nudged with translation stages till the camera shows that the red
He-Ne spot and the image of the surface of the sample looks sharp and aligned on
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4.3. Setup to measure spatial correlations

Figure 4.2: Setup used to measure mesoscopic correlations. The correlations are induced
by focusing the beam on the sample so that the number of incoming channels can be tuned.
The sample is mounted on a translation and rotation stage to perform speckle averaging.
The rotation and translation of the sample occurs on the plane perpendicular to the
propagation direction of the beam. The polarizer selects the polarization perpendicular
to the incoming one, in order to make sure that only multiply scattered light enters the
detection part of the setup. The confocal system placed after the sample is arranged in a
2f-2f configuration so that, when illuminated with white light, an image of the surface of
the sample is formed on the pinhole plane. This strategy allows for filtering out spurious
interferences effects due to multiple reflections that occur between the sample and the
substrate.

the center of the pinhole. The perfect alignment is achieved when in addition also
the sides of the pinhole are sharply imaged on the camera. Following this procedure
the additional lens is removed and the camera moved closer to the pinhole till the
chip is fully filled by the image. To double check the alignment, an objective can be
placed behind the pinhole in order to collect a magnified image of the He-Ne spot
and the sample surface, making sure that they are well centered within the pinhole.
Furthermore, the sample is translated and rotated multiple times to check that the
alignment stays stable. In the next subsection we show how the thin glass substrate
on which the sample is mounted can influence the measurements.

4.3.2 Effect of sample substrate

In order to illustrate the influence of the sample substrate on the measurements we
compare the configuration where the pinhole is mounted to the situation where the
pinhole is taken off the setup. The effect of the pinhole is to produce a complex
image which is composed of two parts: the speckle pattern that we are interested
in, that is generated by the sample, and a different one, produced by the substrate,
that is caused by the multiple reflections that occur between the sample and the
substrate. This effect is illustrated in fig. (4.3). On inserting the pinhole, the
disturbance due to the substrate disappears, and only the speckle produced by the
sample remains.
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Correlations in the mesoscopic regime

Figure 4.3: (left) Speckle pattern observed when there is no filtering pinhole. (right)
Speckle pattern generated when the 100 µm pinhole is in place. The pinhole prevents the
formation of an additional speckle pattern, due to the sample substrate, superimposed
onto the speckle pattern produced by the sample.

4.3.3 Estimation of the beam spot size

In our experiments, aimed at highlighting interference effects among scattering
paths propagating through a random medium, it is important to have an estimate
of the size of the beam spot that impinges on the sample. As it is evident from
eqs. (4.5) and (4.2) the number of incoming channels is proportional to the area
occupied by the incoming beam on the sample. That means that the smaller the
focus the bigger are the g−1 effects that we are able to induce.

The relay lens in fig. (4.2) has an effective numerical aperture NA = 0.25, while
the objective used to produce fig. (4.4) has NA = 0.55. The relay lens sets the
resolution of the imaging system to ∼ 3 µm. To measure the size of the beam
spot we collected the image formed on the plane of the pinhole shown in fig. (4.4).
Subsequently, given the circular symmetry, we performed radial averaging on the
image and a gaussian fit to estimate the size of the beam spot to be 14 µm.

Using the estimated beam spot size and formulas (4.2) and (4.5) we can calculate
g to be of the order of 200. Observing correlations induced by such a relatively big
g with our setup will turn out to be very challenging.

4.3.4 Estimation of the position of the beam spot

In order to estimate the position of the focus we calculated the speckle autocorrela-
tion functions using the data collected at different sample-lens distances. Per each
distance we extracted the autocorrelation function from the 400 speckle patterns
collected at each position. The 2D autocorrelation is calculated according to

CA(∆x) =
(

I (x)− I
) (

I (x+∆x)− I
)

(4.6)

where the ensemble average, indicated as usual with an overline, is calculated over
each dataset. With I we indicate the single intensity speckle pattern and with x
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4.3. Setup to measure spatial correlations

100 µm

Figure 4.4: (left) Image of the 100 µm pinhole taken in order to check the alignment of
the setup. The bright spot in the center is the image of the focused He-Ne spot collected
at the back of the sample. This image shows that the pinhole does not distort the speckle
pattern produced by the sample. (right) The radial average of the central part of the
image on the left is shown. The diameter of the focused spot on the back of the sample
can be estimated to be on the order of 14 µm. In order to collect the image we illuminate
the pinhole with white light, as it is clear from the illuminated spot and that gives an
intensity background higher than zero.

the 2D position vector.
The autocorrelation function is calculated by using the following formula

CA (i, j) =

P−1
∑

m=0

Q−1
∑

n=0

I(m,n) • I(m+ i, n+ j), (4.7)

implemented in Matlab, where P ×Q represents the dimensions of the intensity
matrix. Furthermore 0 ≤ i, j ≥M +N − 1.

The width of the autocorrelation function is related to the beam spot size; the
smaller the incoming spot the bigger the width of the autocorrelation. In other
words as we approach the position that corresponds to the smallest incoming beam
spot the average speckle size increases. This property allows for an easy visual
method to find the speckle patterns generated by the smallest incoming spot.

The measurements were performed by advancing the lens, mounted on the trans-
lation stage, towards the sample. Thus, if we start from an out of focus position we
expect to observe an increase of the beam spot size up to the focus position, followed
by a decrease of the spot size. In fig. (4.5) we show a set of three representative
autocorrelation functions along with the estimated position of the position of the
focus. The wider the autocorrelation function the bigger the corresponding spot.
It is instructive, using formula (4.2), to plot g as function of the incoming beam
radius. The parabolic behaviour of g, shown in fig. (4.6), highlights the necessity of
having a relatively small incoming beam to be able to readily observe g−1 effects.
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Figure 4.5: (left) Average autocorrelation functions for three representative distances lens-
sample. Per each speckle pattern the radial averaged autocorrelation function has been
calculated. The average has been computed by averaging the autocorrelation functions
of the 400 images acquired at each sample-lens distance. The autocorrelation functions
have been normalized by dividing them by their value at ∆x = 0 displacement. (right)
Average width of the autocorrelation functions versus the position of the translation stage
on which is mounted the focusing lens. The black line is a gaussian fit to the data and
evidences the focus around position 7.95 mm.

4.4 Data analysis

In this section we show different types of data analysis applied to the the acquired
speckle patterns at different sample-lens distances, in search of mesoscopic correla-
tions.

4.4.1 Data treatment

In this section we describe the properties of the collected speckle patterns and detail
the normalization procedure. Our dataset consists of six sets of speckle patterns
collected in correspondence of six different spot sizes. Each set comprises 400 speckle
patterns. Prior to using the data for the different analyses presented in the following
sections each speckle pattern has been divided by the average image, obtained by
using all speckle patterns collected at a specific position.

4.4.2 Correlation between consecutive speckle patterns

In this section we estimate the correlation coefficients between subsequent acquisi-
tion steps and verify that the patterns acquired in this fashion show no correlation
with one another.
Checking the absence of correlations between patterns acquired over consecutive
steps allows for excluding residual correlations that are not due to g−1 effects.
Since our measurements are performed over a series of sample rotation and trans-
lation steps, if a degree of correlation manifest itself it means that the translation
and/or rotation steps are too closely spaced and there is some overlap between the
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Figure 4.6: Calculation of the magnitude of g as function of the incoming beam radius.
The calculation assumes a sample thickness L = 10 µm and a mean free path ` = 2 µm

sampling areas. More specifically, the speckle patterns are collected according to
the following protocol.

1. The sample is rotated.

2. A series of twenty sample translations is performed.

3. At the end of the translation session the sample is translated back to the
origin of the translation session.

4. The sample is rotated and a new translation session takes place.

5. The sample is rotated twenty times and each rotation is followed by twenty
translation steps.

In order to investigate the presence of residual correlations among the acquired
speckle patterns we calculate the correlation coefficient between

1. The first translation step and all the following ones that belong to the same
translation session

2. Consecutive rotation steps

The correlation coefficient relative to consecutive rotation steps is investigated be-
cause, since at the end of each translation session the sample is moved back to its
original position , if the rotation angle is not big enough spurious correlations could
arise.

The cross correlation coefficient CX , used to estimate correlations between im-
ages is given by

CX =

∑

i,j

[

I (i, j)− I
] [

I1 (i, j)− I1
]

√

√

√

√

√





∑

i,j

(

I (i, j)− I
)2









∑

i,j

(

I1 (i, j)− I1
)2





, (4.8)
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Figure 4.7: (left) Correlation coefficients between subsequent images acquired at the be-
ginning of each translation session, i.e. each image corresponds to a different rotation angle
for the sample. (right) Correlation coefficient between the first image of the translation
session and all the following images belonging to the same translation session. In both
cases the obtained correlation coefficients are well below one indicating lack of correlation
among the images.

where I(i, j) and I1(i, j) represent the intensity matrices related to two different
images, i and j are the pixel coordinates and I and I1denote the average intensities.
The values acquired by the correlation coefficient span between −1, meaning per-
fect anti-correlation, and 1, meaning that two images are perfectly correlated.The
correlation coefficient can also acquire the value 0, meaning no correlation between
two images. In fig. (4.7) we present typical correlation coefficients for our datasets.
It is clear looking at fig. (4.7) that no measurable correlation trend arises from the
data, as the correlation coefficient fluctuates between −0.4 and 0.6.

4.4.3 Intensity probability distribution

In order to detect deviations from Rayleigh statistics we resort to the model intro-
duced by Nieuwenhuizen and van Rossum [41]. Their model is given by

P

(

I

I

)

= exp

(

−I
I

)

{

1 +
1

3g

[

(

I

I

)2

− 4

(

I

I

)

+ 2

]}

, (4.9)

where with I we denote the intensity. The influence of g−1 effects is explicit in eq.
(4.9). An exponential distribution is recovered, as expected, when g −→ ∞.

In fig. (4.8) the calculated intensity probability distribution is shown for different
g values and compared to the Rayleigh distribution. This probability distribution
introduced by Nieuwenhuizen and van Rossum highlights the central role played
by the high intensity values. The deviations induced by non-Rayleigh statistics at
low intensities are almost indistinguishable from a simple exponential distribution,
especially for high g values. The fact that departure from Rayleigh statistics is
mostly present in the tail of the distribution poses strict constraints on experiments
aimed at measuring these deviations. The experimental difficulties stem from the
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I

I

Figure 4.8: Calculation that shows a comparison between Rayleigh statistics and non
Rayleigh statistics with g = 100 and g = 20. PR and PNR denote Rayleigh distribu-
tion and non Rayleigh distribution respectively. PNR is calculated using the model of
Nieuwenhuizen and van Rossum.

high intensity values being also the ones that occur the least often, therefore very
long and intensive measurement sessions are required to reduce the statistical error
and acquire reliable datasets.

A different way to look at deviations from gaussian statistics is given by the
second moment of the intensity probability distribution. Using eq. (4.9) it is possible
to calculate the second moment of the distribution, given by

I2

I
2 = 2 +

4

3g
. (4.10)

From eq. (4.10) it becomes clear that the presence of interference effects due to
correlations reflects on the second moment of the probability distribution becoming
greater than two. In case of absence of correlations, perfect gaussian statistics is
recovered, and the second moment equals two. Therefore an alternative approach to
assess experimentally deviations from gaussian statistics consists in measuring the
values of the second moments of the distribution. Moreover, extracting the second
moment from the data is easier and more straightforward than building up the entire
probability distribution. However, the analysis of the full probability distribution
provides us with a major degree of control over the experiment. For example, by
investigating the distribution we could decide whether the high intensity values
or the low ones deviate from a perfect Rayleigh statistics. The measurements of
the intensity probability distributions and second moments are presented in the
following sections.

4.4.4 Measurement of the second moment of the intensity

probability distribution

In this section we report on measurements of the intensity probability distribution
and the second moment of the speckle patterns acquired in our experiments. The
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I2

I
2 distance sample lens

1.7813± 0.26 7.85 mm
1.7643± 0.24 7.89 mm
1.7973± 0.28 7.95 mm
1.8134± 0.28 7.97 mm
1.8056± 0.26 7.985 mm
1.8188± 0.28 8.00 mm

Table 4.2: Calculation of the ratio I2

I
2 relative to the intensity probability distribution at

different distances sample-lens. The displayed error is the standard deviation calculated
over 400 realizations at each position.

entire dataset of 400 images per fixed distance lens-sample is used.
The second moment is defined as

r ≡ I2

I
2 . (4.11)

The formula used to infer the second moment from the experiment is given by

I2

I
2 = N1N2Ns

∑

i,j,s

[Is (i, j)]
2





∑

i,j,s

Is (i, j)





2 , (4.12)

where Is denotes the s-th speckle pattern, i and j run over the pixels coordinates of
the 2D images, with i = 1..N1; j = 1..N2; s = 1..Ns. The product N1N2 indicates
the number of used pixels per image and Ns the total number of employed images.
The results from the analysis of the second moments are shown in table (4.2).

In all analysed cases the value of the second moment is, within experimental
accuracy, compatible with two, but systematically lower, perhaps for a degradation
of the speckle contrast. That signifies that, at present, the effect of the mesoscopic
correlations remains out of reach. This is probably due to the fact that our incoming
beam spot is still not small enough to induce g−1 effects.

4.4.5 Measurement of the intensity probability distribution

The intensity probability distributions derived from the data are presented in figs. (4.9-
4.11). In order to better investigate the behaviour of the probability distributions
we show, along with the intensity probability distribution data, also the ratio of
the measured distributions to a Rayleigh distribution. Our analysis shows that the
generated g−1 effects are below our detection sensitivity. This is compatible with
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4.4. Data analysis

Figure 4.9: (left) Intensity probability distributions extracted from two datasets corre-
sponding to two different incoming beam spots. (right) Along with the intensity probability
distributions also the ratio of the experimental distributions to the Rayleigh distributions
is shown. The relative error bars are calculated by using formula (4.14) for the relative er-
ror. For comparison we also show deviation expected for g = 20, dashed line, and g = 100,
solid black line. The horizontal line intersecting the probability axis at 1 marks the case
of perfect Rayleigh statistics.

an estimated g ≈ 200. The most probable reason for the lack of observable effects is
caused by the size of our incoming spot size, which is too big to be able to observe
deviations from Rayleigh statistics. This analysis shows that the measured prob-
ability distributions do not exhibit a clear deviation from a Rayleigh distribution,
and that confirms the results from the second moment analysis. In all the analysed
cases there is no clear sign of deviations due to g−1 effects.
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Figure 4.10: (left) Intensity probability distributions extracted from two datasets corre-
sponding to positions 7.97 mm and 7.95 mm. The remaining details of the figure are
explained in fig. (4.9).
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4.4. Data analysis

Figure 4.11: (left) Intensity probability distributions extracted from two datasets corre-
sponding to positions 7.85 mm and 7.89 mm. The remaining details of the figure are
explained in fig. (4.9).
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4.5 Conclusions

In this chapter we have shown how to design and build a setup to induce and detect
g−1 correlations in strongly scattering samples. Such a setup would be of great aid
to fully establish strong localization features of solid samples.

We have used a confocal technique to eliminate spurious reflections between the
sample and the sample substrate, fully characterized our setup and showed that we
were able to acquire speckle patterns corresponding to independent realization of
the disorder.

However, at present, the correlations that we are able to induce are below the
detection sensitivity of our setup and no clear trend or transition is individuated
in our analysed data as we scan our focussing system, advancing it gradually from
out-of-focus to in-focus configurations. This result can be due to the fact that our
incoming beam spot is not small enough, therefore the number of excited modes
becomes bigger than expected, and so does g, that than increases out of our setup’s
sensitivity range.

To overcome this experimental obstacle the setup could be improved by replacing
our lens with a powerful objective to decrease the number of excited modes and
thus decreasing g. An objective with an NA of 0.90 could be the key to observe
a sizeable effect. Replacing the objective in the current setup would increase the
magnitude of the g−1 effects. The realization of such a setup is not free of major
technical difficulties, such as the high stability required over the extremely long
time needed to acquire enough measurements to have statistically significant data
at high intensities. An additional challenge consists in avoiding the sample to
wobble over the thousands of speckle measurements needed to reduce the statistical
error. Wobbling of the sample can cause a variation of the distance objective-
sample, producing a change of the the size of beam spot on the sample and in
turn introducing supplementary uncertainty in the determination of g. Although
requiring extensive testing and calibration measurements, we estimate that the use
of such an improved setup will produce a g of the order of 20.

It would also be interesting to experimentally study the influence of absorption
and gain on the transmitted intensity distribution. Numerical simulations that take
into account both effects have been performed on quasi 1D systems [43].

4.6 Appendix

4.6.1 Error on the probability distribution

To evaluate the error on the intensity probability distribution retrieved experimen-
tally, we proceed as follows. The intensity data extracted from the speckle patterns
are sorted in intensity bins to build up the probability distributions. The normalized
discrete probability Pi is given by

Pi =
Ni

Ntot
, (4.13)
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where Ni indicates the number of collected intensity events in the i-th bin. With
Ntot we indicate the total number of intensity events. We argue that in this case the
relevant quantity that determines Ntot is the total number of independent speckle
spots collected in each experimental run at a given distance sample-lens. Assuming
Poisson statistics for the distribution of the number of intensity events in each bin
we have that the error on the counts δNi is given by δNi =

√
Ni. Then the relative

error δPi

Pi
is

δPi

Pi
=

1√
PiNtot

. (4.14)

The number of independent speckles spots can be calculated once the average width
of the speckle autocorrelation function per each dataset has been calculated. By
dividing the size of the single speckle image to the extracted average speckle size
Ntot can be obtained. Using eq. (4.14) we calculated the error bars presented in
figs. (4.9-4.11).
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