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Abstract: In the context of space-based optics, contamina-

tion due to particle deposition on the optics is inevitable

and constitutes a critical issue. This gets more challenging

for the sensitive heterodynemeasurements of the Laser In-

terferometer Space Antenna (LISA), the space-based grav-

itational wave observatory to be launched in 2034. There-

fore, table-top experiments need to be developed for a bet-

ter understanding of how micrometer to millimeter sized

dust particles, present on optical surfaces, affect LISAmea-

surements. In this work, we present an experimental set-

up for the simultaneous measurement of the coherent

backscattering and the monitoring of particles deposition

on the optics to be tested. The results of the first measure-

ments are presented and discussed in this article.

Keywords: Straylight, backscattering, heterodyne, space,
interferometer

1 LISA and the back-scattered light
issue

The Laser Interferometer Space Antenna (LISA) is a L-class

ESAmission, starting the phase A. It will be a space-based

gravitational wave (GW) observatory composed of a con-

stellation of three spacecrafts (S/C) in equilateral configu-

ration, orbiting at 1A.U. around the Sun [1, 2]. Each space-

craft will host and constantly follow two free-falling test

masses (TMs) only subjected to the gravitational force. The
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presence of seismic noise prevents the observation of GW

sources below 1Hz on Earth [3]. This issue can be over-

come by going to space. LISA sensitivity curve will cover

the frequency range from 0.1mHz to 1Hz, that is a window

of observation complementary to those of ground based

GW interferometers. Therefore, LISAwill be able to observe

other important sources, such as GWs from cosmological

stochastic background, and sources detectable from Earth

years or months before they enter in the frequency range

of the ground based GW detectors [1, 2]. Moreover, thanks

to its orbital configuration, LISA will be able to detect GW

sources coming from all directions in the sky.

The LISAmission has twomain conceptual basic functions

and technological challenges [1, 2]:

– drag-free system: µ-thrusters to adjust the S/C posi-

tion to keep the test masses (TMs) in free-falling con-

dition;

– interferometricmeasurement tomonitor arm-length

changeswithin anoise of∼ 10pm/
√
Hz in the range

0.1 mHz-1 Hz.

The former has been successfully tested by the technol-

ogydemonstrator of LISA, the LISAPathfinder (LPF),while

the interferometric measurement requirements of LISA [2]

could not be tested with the single satellite of LPF. In LISA,

S/Cswill be identical andeachonewill host two laser links,

two optical benches and two telescopes. Each telescope

will transmit the beam towards the distant S/C and will

receive back the signal from the distant S/C. The transmit-

ted power will be Tx ∼ 2W while the received power will

be Rx ∼ 700pW only. Therefore, if the transmitted power

is partially backscattered (due to optics imperfections:

roughness, dusts, etc.) into the optical bench and reaches

the detection photodiodes, this may seriously affect the

sensitive heterodyne measurements of LISA. The inter-

ferometric measurement to monitor arm-length changes

should have a noise lower than 10pm/
√
Hz [2], which im-

plies a noise allocation of less than 1 µcycle/
√
Hz. This is-

sue sets an important requirement: even stray beams with

a relative power as low as a few 10

−12

can significantly de-

grade the noise in the arm-length measurement. This crit-

ical issue should be investigated in detail at the present

time as well as in the next years. Therefore, table-top ex-
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periments like the one presented in this paper, need to be

developed for a better understanding of how micrometer

to millimeter sized dust particles, on optical surfaces, af-

fect LISA measurements.

2 Experimental set-up
We have designed and realised an experiment for the re-

mote constant monitoring of dust deposition on a mir-

ror surface via a reflex camera and developed an image

processing method to analyse the pictures. The set-up,

as shown in figure 1, consists of a 12.5mm diameter mir-

ror under test (MUT) placed on a micrometric translation

stage for the fine adjustment of the focus and shined from

the side by a led light and a focusing lens. We use a re-

motely controlled reflex camera with a macro objective ¹

constantly looking at the MUT and taking pictures. This

set-up is integrated with a homodyne Michelson interfer-

ometer designed to measure the coherent backscattering

(CBS) from an optical surface with small roughness or con-

tamination.Once integrated, the twoexperiments allowus

to correlate the CBS signal with the physical properties of

the dust particles identified on the MUT.

Figure 1: Simplified scheme of the experimental set-up. A reflex
camera with a macro objective constantly looks at the mirror under
test (MUT) placed on a micrometric translation stage and shined
from the side by a led and a focusing lens. The mirror is also sensed
by a Michelson interferometer with IR laser. In this part of the set-
up there is the piezo modulation of the optical path. The connection
with the PC allows to remotely control the camera and to record
the inteferometric signal. A dust spray system allows artificial
deposition of particles on the mirror.

1 https://www.nikon.co.uk/en_GB/product/nikkor-lenses/auto-

focus-lenses/fx/single-focal-length/af-s-micro-nikkor-60mm-f-2-

8g-ed

3 Measurements
Wehave realised a table-top experiment, as depicted in fig-

ure 1,with the aimof understanding the effects of backscat-

tering in the interferometric measurements of LISA. This

set-up works in conditions similar to those of LISA mea-

surements, although much simplified. This will help us to

model out from the measurements and the analysis meth-

ods. Our table-top experiment is composed of two main

parts: the partially fibered Michelson interferometer, and

the dust deposition monitoring set-up. The first part is

used to measure the coherent backscattering signal and

operateswith an infrared laser diode source of wavelength

1.542µm. One arm of the Michelson is totally fibered and

the other arm has only the last end of its optical path in

the air, in order to place the optics to be tested on the opti-

cal bench. The optical path in the air of the Michelson in-

terferometer is constituted of a collimator, a highly reflect-

ingmirror installed onapiezoelectric actuator tomodulate

the optical path of the beam at a frequency of 2kHz (inside

the red box represented in figure 1), the mirror under test

(MUT) and a beam dump. The optical bench which hosts

all these optics is installed inside a clean tent under a lam-

inar flux to keep the critical optics clean. Themirror under

test constitutes the link between the Michelson set-up and

the dust monitoring set-up. In order to realise the dust de-

position without contaminating the other optics, this part

of the set-up needs to be placed in a less clean area. There-

fore,wehave installed a second smaller optical benchnext

to the Michelson’s one, but outside the clean tent, for in-

tegrating the two parts of the experimental set-up (as in

the scheme of figure 1). The artificial dust deposition is re-

alised with a spray system composed of a motor, a small

reservoir, where we put monodispersed silica spheres di-

luted in ultraclean propanol, and a sharp head (see figure

2). This system allows us to realise sprays of controlled du-

ration and concentration of known size silica spheres. For

the measurements, we use silica spheres having diameter

d = (16.04 ± 0.35) µm. For the realisation of the parallel

measurements of coherent backscatteringanddust deposi-

tionmonitoring, we register the interferometric signal and

simultaneously take a picture of the mirror before and af-

ter each dust-spray of particles on themirror. A calibration

picture to recover the center of the laser beam is obtained

using a visible red laser sent towards the mirror under test

along the optical path in the air of the Michelson set-up.

https://www.nikon.co.uk/en_GB/product/nikkor-lenses/auto-focus-lenses/fx/single-focal-length/af-s-micro-nikkor-60mm-f-2-8g-ed
https://www.nikon.co.uk/en_GB/product/nikkor-lenses/auto-focus-lenses/fx/single-focal-length/af-s-micro-nikkor-60mm-f-2-8g-ed
https://www.nikon.co.uk/en_GB/product/nikkor-lenses/auto-focus-lenses/fx/single-focal-length/af-s-micro-nikkor-60mm-f-2-8g-ed
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Figure 2: Detailed representation of the artificial dust deposition
system or dust spray system. The small reservoir contains monodis-
persed silica spheres (detailed view on the top right) diluted in
ultra clean propanol. A motor for air pressure (bottom right) allows
to spray the solution of propanol and silica spheres on the mir-
ror with controlled duration. We used silica spheres of diameter
d = (16.04 ± 0.35) µm.

4 Image processing and analysis
Dust particles are analysed via image processing tech-

niques implemented in MATLAB. The pictures of the mir-

ror under test, with dusts deposited on its surface, resem-

ble a dark sky full of stars, or other bright sources. There-

fore, for the imageprocessing,wehave optimised an image

reconstruction method originally developed for astronom-

ical images [4]. The analysis on the parallel measurements

of coherent backscattering and dust deposition monitor-

ing can be done on a restricted surface of the mirror: the

one sensed by the IR laser beam spot on the MUT. Images

taken by the camera are of size 6000x4000 pixels, cov-

ering the whole mirror under test and a wide dark area

around. For the purpose of our study, we restrict the anal-

ysis to the area sensed by the laser which is the only part

influencing the coherent backscattering signal detected by

the Michelson interferometer. In the present case, the IR

beam has a spotsize radius on theMUT of 1.7 mm. In figure

3we report an example of image reconstruction of the area

delimited by a circle of radius 1.7 mm.

4.1 Image processing

Our imagingmethodology is described in the following. In

the first instance, a sparse and positive image composed

of compact structures is estimated from the original im-

age using convex optimisation theory and sparse represen-

tations framework [4]. The approach involves two hyper-

parameters representing the tradeoff between sparsity of

the reconstructed and its goodness-of-fit to the original im-

age. The reconstructed image is then analysed via MAT-

LAB built-in functions where segmentation is performed,

followed by the classification of the detected spots (size,

position, flux, peak intensity). Following the image recon-

struction, a Gaussian fit is performed on each of the iden-

tified bright sources to extract information on their ma-

jor and minor axis, spot area, flux and peak intensity. Fig-

ure 3 shows an example of one original image (on the

left), the reconstructed image consisting of the estimated

sources (at the center) and the image consisting of Gaus-

sians, where the Gaussian fit has been applied on the

detected sources (on the right). The smallest spot-source

identified with the image processing has a diameter of 5

µm,while the camera sensor pixel-size is 3.9 µm. Identified

spot-sizes range from 5 µm to 390 µm. In our pictures the

pixel-size, and thus the pixels separation, corresponds to 5

µm. This value is slightly better than the 7-8 µm that can be

expected from the MTF (modulation transfer function) of

the macro objective lens presented in the manufacturer’s

documentation.

4.2 Analysis

Tables 1 and 2 summarise the values retrieved from the

image processing and the analysis of the interferometric

signal to reconstruct the coherent backscattering relative

amplitude, for the two data sets collected. Ntot is the total
number of sources detected with the image processing re-

stricted to the circular area covered by the laser spot. How-

Table 1: Table reporting the data set taken on the 20/9/2018. Ntot
is the total number of sources retrieved with the image processing
code, Ne is the sub-set of Ntot having eccentricity 0 ≤ e ≤ 0.29, and
Nd is the sub-set of Ne having diameter 10µm ≤ d ≤ 22µm. CBS
is the measured value of relative backscattering amplitude (see
equation 1).

RUN Ntot Ne Nd CBS (×10−6)
0 253 96 19 2.335 ± 0.817

1 281 88 16 1.719 ± 0.747

2 1591 458 68 1.311 ± 0.684

3 1054 336 57 2.713 ± 0.936

4 1798 414 62 1.48 ± 1.03

5 2061 436 69 2.375 ± 0.984

6 925 305 48 2.919 ± 0.802

7 1162 286 53 1.676 ± 0.801

8 700 193 37 3.266 ± 0.784

9 486 153 28 1.003 ± 0.497

10 1083 258 46 1.753 ± 0.932

11 573 179 27 3.03 ± 1.05

12 734 215 38 2.129 ± 0.914
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Figure 3: Example of the reconstruction with the image processing technique restricted on the area seen by the laser. The original image is
on the left, the reconstructed one in the center and the one where Gaussian fit has been applied on the detected sources on the right. The
units of the x-y axis are in pixels. The colour bar corresponds to the pixels values as exported from the image file as a matrix and expressed
in arbitrary units.

Table 2: Table reporting the data set taken on the 4/10/2018. Ntot
is the total number of sources retrieved with the image processing
code, Ne is the sub-set of Ntot having eccentricity 0 ≤ e ≤ 0.29, and
Nd is the sub-set of Ne having diameter 10µm ≤ d ≤ 22µm. CBS
is the measured value of relative backscattering amplitude (see
equation 1).

RUN Ntot Ne Nd CBS (×10−6)
0 424 99 12 1.63 ± 1.10

1 402 105 17 1.900 ± 0.953

2 305 74 11 1.74 ± 1.07

3 304 59 8 1.620 ± 0.790

4 162 37 7 1.71 ± 1.02

5 352 84 19 1.620 ± 0.771

6 256 46 6 1.820 ± 0.607

7 288 59 12 1.750 ± 0.703

8 205 38 6 1.830 ± 0.763

9 277 77 8 1.700 ± 0.617

10 382 78 11 1.860 ± 0.634

ever, the particles we want to retrieve with the image pro-

cessing are the monodispersed silica spheres having a di-

ameter d = (16.04 ± 0.35) µm. Therefore, we want to re-

strict the selection of the retrieved particles on the basis

of the information on the diameter dimension and on the

fact that they are not perfectly spherical. As a first step,

we considered the error on the diameter by selecting par-

ticles with eccentricity comprised between zero and 0.29

which corresponds to an ellipse havingmajor axis (16.04+

0.35) µm = 16.39 µm and minor axis (16.04 − 0.35) µm =

15.69 µm. This selection led us to a sub-set ofNtot, the num-

ber of particles Ne having eccentricity 0 ≤ e ≤ 0.29. For

a more stringent choice of the artificially deposited parti-

cles to retrieve, in addition to the selection on the eccen-

tricity, we choose the sub-set of Ne particles having diam-

eter values close to 16 µm with an error corresponding to

Figure 4: Plot of the coherent backscattering relative amplitude and
of the number of spherical particles Nd retrieved from the pictures
as a function of the dust spray runs for the data set taken on the
20/9/2018.

Figure 5: Plot of the coherent backscattering relative amplitude and
of the number of spherical particles Nd retrieved from the pictures
as a function of the dust spray runs for the data set taken on the
4/10/2018.

about one pixel. This choice results in a number of parti-

cles Nd, which is a sub-set of Ne having diameters 10 µm ≤

d ≤ 22 µmm. We then plot the number of the retrieved par-

ticles Nd and the coherent backscattering amplitude mea-

sured, as a function of the run of dust-sprays for each data

set collected (figures 4 and 5). The backscattering relative



16 | S. Di Pace et al.

amplitude is calculated with the following formula:

√︀
bS =

1

IL/2

√︃(︂
R
1

2J
1
(2πδ)

)︂
2

+

(︂
R
2

2J
2
(2πδ)

)︂
2

(1)

where R
1,2

are the first and second harmonic of the beam

pathmodulationwith the piezomirror at 2kHz, J
1,2

are the

Bessel’s functions of the first kind (first and second order

respectively), IL/2 is the calibration coefficient measured

when the mirror under test is replaced by a metal mirror

at normal incidence, and δ is the modulation depth of the

piezo mirror (PM). The formula of equation 1 has been cal-

culated from the output signal of the interferometer. Af-

ter a full round trip along the two arms of the Michelson

interferometer, the signal gains a phase ∆ϕS which cor-

responds to the optical path difference of the two arms,

where one is fully fibered and the other partially fibered.

Thus, the interferometric signal at the detection photodi-

ode is:

I = IL
2

√︀
bS cos ∆ϕS (2)

where bS is the backscattering relative amplitude that we

want to measure. In order to extract the signal amplitude,

we introduce a piezo actuator on one mirror in free space

(the so called piezo-mirror (PM)) for the modulation of the

optical beam path. This modulation on the PM has ampli-

tude δ and frequency ω. The interferometric signal thus

becomes:

I = IL
2

√︀
bS cos (ϕ + δ sin (ωt)), (3)

where ϕ is an arbitrary phase offset. According to

the expansion in series of Bessel functions [7], the

cos (ϕ + δ sin (ωt)) can be rewritten as follows:

J
0
(δ) cosϕ + 2ΣnJ2n(δ) cos (2nωt) cosϕ (4)

− 2ΣnJ2n−1(δ) cos ((2n − 1)ωt) sinϕ.

The fringe signal (equation 3) is demodulated at the fre-

quency ω/2π (we thus record the amplitude R
1
(t) of the

modulated signal) and at the frequency 2·ω/2π (we record
the amplitude R

2
(t)). Since our set-up is not temperature-

stabilised, the phase offset ϕ drifts slowly, and so both

R
1
(t) = IL

√︀
bSJ1(2πδ) cos (ϕ(t)), (5)

R
2
(t) = IL

√︀
bSJ2(2πδ) sin (ϕ(t)),

where J
1,2

are the Bessel’s functions of the first kind. Since

cos

2 ϕ(t) + sin

2 ϕ(t) = 1, the expression of equation 1

allows to eliminate this fluctuation and to retrieve the

backscattering amplitude

√
bs.

5 Comparison with theory
The conditions of our measurements of coherent backscat-

tering from silica spheres deposited on a plane mirror can

be described within Mie theory. We first recall that our

conditions satisfy Mie’s hypothesis for the diffraction of

a plane monochromatic wave by a homogeneous sphere

of any diameter and any composition situated in a homo-

geneous medium [5]. Another important assumption to

consider is that the beam transverse extent (beam radius)

should be infinite with respect to the sphere radius, or

at least 10 times bigger [6]. Our set-up satisfies this con-

dition since the beam radius is 1.7mm, while the sphere
radius is 8 µm. The present model also applies to diffrac-

tion by any number of spheres, provided that they are all

of the same diameter and composition and also that they

are randomly distributed and separated from each other

by distances that are large compared to the wavelength.

The total scattered power is then equal to the power scat-

tered by one spheremultiplied by their total number [6]. In

our case, 50 µm is the average distance between identical

sphere particles, evaluated after image processing, while

we recall that the wavelength is 1.542 µm. Therefore, we

can affirm that our experiment satisfies the conditions pre-

viously enunciated according to Mie theory. The summa-

tion for estimating the scattering field is infinite, but it has

been empirically demonstrated [6] that a very good approx-

imation consists in stopping the summation at a value Nc
which is the closest integer to: Nc = x + 4x1/3 + 2, where x
is the size parameter defined as:

x = κa = 2πn
λ a (6)

in which n is refractive index of the medium, λ the wave-
length, and a = d/2 the sphere radius. Moreover, if we

are in the regime κr ≫ N2

c (with r the distance of the scat-
tered field from the scattering sphere) the components of

the scattered field can be written in the simple form [6]:

Es,θ = E0
eiκr
−iκr cosϕ · S

2
(cos θ), (7)

Es,ϕ = −E
0

eiκr
−iκr sinϕ · S

1
(cos θ), (8)

where S
1,2

are the Mie scattering functions, θ, ϕ are the

scattering angle and the azimuthal angle of the scattering

plane with respect to the incident direction. In our case

Nc = 47, r = 25cm, so that the conditions mentioned

above are satisfied (1.02 · 10

6 ≫ 2209) and the scattered

intensity can be written as follows:

Is(θ) = |Es,θ|2 + |Es,ϕ|2 (9)
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Figure 6: Comparison of the relative backscattering amplitude mea-
sured and estimated from Mie theory as a function of the number
of spherical silica particles Nd retrieved from image processing for
each dust-spray run for the data set of the 20/9/2018.

=

E2
0

(κr)2
[︁
|S

2
(cos θ)|2(cosϕ)2 + |S

1
(cos θ)|2(sinϕ)2

]︁
.

Furthermore, since we are considering the backscattered

intensity, ϕ = π/4 and θ = π, so equation 9 becomes:

Is(θ = π) =
E2
0

2(κr)2
[︁
|S

1
|2 + |S

2
|2
]︁
. (10)

For comparison with the measured data, we multiply the

intensity of equation 10 by the solid angle Ω seen by the

detector, and by the number of spherical particles. In our

experimental set-up, the backscattered intensity enters in

the interferometer through the fiber collimator, which thus

gives us the value of the solid angle seen by the detector

Ω = A/r2 = π(BD/2)2/r2,
where BD is the beam diameter defined as BD = 2fN .A.,
with f the focal length of the collimator lens, N .A. the
numerical aperture of the fiber. Therefore, the relative

backscattering amplitude estimated from Mie theory can

be written as:√︁
bS,Mie =

√︂
1

2(κr)2
[︀
|S

1
|2 + |S

2
|2
]︀
· Ω · Npart (11)

where Npart is the number of spherical particles retrieved

from the imageprocessing analysis. Following the assump-

tions stated at the beginning of this section, Mie theory

allows us to model the backscattering effect of identical

spherical particles. In order to compare theory and mea-

surements, we have focused the analysis on the spheri-

cal particles artificially deposited on the mirror under test.

The figures 6 and 7 showcase the backscattering relative

amplitude measured with the formula of equation 1 as

a function of the number of retrieved spherical particles

(Nd), for each data set, also compared with the values ex-

pected according to Mie theory (equation 11).

Figure 7: Comparison of the relative backscattering amplitude mea-
sured and estimated from Mie theory as a function of the number
of spherical silica particles Nd retrieved from image processing for
each dust-spray run for the data set of the 4/10/2018.

6 Conclusions
The parallel measurements of the interferometric signal

and of the pictures of the mirror under test, allowed us

to compare the coherent backscattering signal with the

apparition of the particles on the mirror. The image pro-

cessing analysis in MATLAB has been developed and tai-

lored for the mirror images. Further improvements to the

MATLAB code have been successfully realised. The com-

putational time has been reduced by fine-tuning the two

main parameters in the algorithm of image reconstruction

by making a trade-off between a good quality of the re-

constructed image and the computational time. For speed-

ing up the process of dust deposition on the mirror sur-

face, we have introduced in the experimental set-up an ar-

tificial dust deposition system.We deposit monodispersed

silica spheres of diameter ≃ 16 µm diluted in ultraclean

propanolwith a controlled spray system, and at each spray

(or run) we register the interferometric signal and in the

meantime, we register a picture of the mirror both before

and after each spray. We then apply the image processing

analysis on the consecutive images to detect the apparition

of particles. The results of the first simultaneous measure-

ments of the CBS signal and image processing on the pic-

tures of the mirror under test are presented in this article.

From the comparison of the experimental data with Mie

theory,we can see that thebasckscattering signal expected

from theory for the particles having diameter (16 ± 6) µm

is lower than the measured one. This can be attributed to

the fact that on themirror under test foreign, uncontrolled

dust particles contribute to the CBS signal and prevent

from observing the expected dependence of the backscat-

tering amplitude with the number of particles. Efforts to

improve the cleanliness and to reduce the quantity of unin-

tendeddust contamination should improve the agreement.
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This should be feasible since the excess of CBS is known

and is of the same order of magnitude of the expected

signal. The presented results show that our table-top ex-

periment is an important test bench for the study of the

backscattered light issue for LISA interferometricmeasure-

ments, nevertheless, more data sets need to be collected

and analysed. We foresee to upgrade the present experi-

mental set-up and realise measurements while scanning

all the mirror surface, measurements with spontaneous

dust deposition on the mirror under test, and measure-

ments in conditions closer to those of LISA: heterodyne

instead of homodyne, IR laser of wavelength 1.064 µm in-

stead of 1.542 µm.
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