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Detection of Ultralow Light Power Back-Reflected or Back-Scattered by Optical
Components Using Balanced Low-Coherence Interferometry

Imran Khan, Michel Lequime®,” Myriam Zerrad, and Claude Amra
Aix Marseille Université, CNRS, Centrale Marseille, Institut Fresnel, Marseille, France

® (Received 7 May 2021; revised 27 August 2021; accepted 30 September 2021; published 28 October 2021)

We use balanced optical low-coherence interferometry to measure the ultralow light power back-
reflected and/or back-scattered by optical interfaces. Indeed, backscattered light from optical surfaces can
be a critical source of noise in interferometric gravitational-wave detectors, such as the Laser Interferom-
eter Gravitational-Wave Observatory (LIGO), Virgo, or the Laser Interferometer Space Antenna (LISA),
and therefore, it is required to characterize, with high sensitivity, the scattering properties of elementary
components involved in their optical design. The use of a broadband light source makes an easy identifi-
cation of the scattering interface possible, while the implementation of balanced interferometric detection
allows very low light levels to be detected, thanks to the simultaneous use of coherent gain and source
intensity noise suppression. Experimental results are reported, first on bare glass optical windows (N-BK7
and S-LAHG66) and then on a silver-coated mirror, that demonstrate the ability of this setup to quantify
specular- or diffuse-reflectance coefficients as low as 107!,

DOI: 10.1103/PhysRevApplied.16.044055

I. INTRODUCTION

Since the direct detection of gravitational waves (GWs)
in 2015 by the Laser Interferometer Gravitational-Wave
Observatory (LIGO) [1], several projects for the devel-
opment of dedicated GW antennas have been launched,
either for terrestrial implementation (Einstein Telescope,
ET) or for deployment in space (Laser Interferometer
Space Antenna, LISA). For all these interferometric instru-
ments, scattered light is a critical issue [2—10] because,
to a first approximation, it can induce phase-measurement
errors that are directly influenced by the relative ampli-
tude of these parasitic optical fields. By way of example,
this means that phase uncertainties in the order of a few
microradians can be induced by ultraweak retroreflected
or back-scattered waves, the relative power of which is
about 107!2. The availability of characterization equip-
ment capable of detecting such ultralow light power is
therefore a key point in any project for the development
of GW antennas [11-13].

For such a characterization setup, the use of interfero-
metric detection, either homodyne or heterodyne, is impor-
tant because the only part of parasitic light that needs to be
measured is that with a unitary overlapping integral with
the single-mode illumination field. Moreover, the coher-
ent gain provided by an interferometric detection scheme
is a key point in attaining the required sensitivity, since,
in such a scheme, measurement of the back-reflectance,
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p, is replaced by that of ,/p, the square root of this
back-reflectance. However, this interferometric detection
also has some drawbacks, similar to those occurring in
gravitational-wave detectors, i.e., sensitivity to parasitic
light, but it is also very difficult to identify the optical
element responsible for any signal recorded by the inter-
ferometric receiver. To overcome these two difficulties, it
is, in general, necessary to implement very efficient beam
dumps and to apply a periodic displacement to the sample
[14—16] to isolate its contribution within the coherent noise
floor.

To overcome these two practical constraints, a very
effective way is to implement low-coherence (or white-
light) interferometry, i.e., to replace the laser emitter used
in the interferometric setup by a broadband source. One of
the best-known examples of this approach is certainly the
fiber-optic gyroscope, in which the use of such a broad-
band source almost cancels out the Rayleigh-scattering
contribution generated throughout the length of the fiber
[17]. The spatial selectivity provided by this “incoherent”
scheme is also the starting point for the development of
a method for characterizing optical waveguides: optical
low-coherence reflectometry [18,19]. The same approach
is used in optical coherence tomography to provide in vivo
cross-section imaging capabilities with micrometer reso-
lution, in particular, for retinal structures [20]. Different
ways of implementing this general technique have been
introduced and compared, focusing on either the rang-
ing scheme (time domain, Fourier domain, swept source)
[21] or the interferometric receiver structure (unbalanced,
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balanced) [22]. The simultaneous choice of time domain
and unbalanced detection leads to very simple setups
(Michelson interferometer); their sensitivity is mainly lim-
ited by the relative intensity noise of the source, and in
practice it is difficult to exceed a dynamic range of 65 dB
[23].

Here, we show how the replacement of an unbalanced
interferometric detection by a balanced one allows this
dynamic range to be improved to 110 dB, by retaining
all the advantages of low-coherence reflectometry. The
paper is organized as follows: Sec. II provides a general
description of the experimental setup, while Sec. III A
provides a theoretical description of the signals recorded
in the retroreflection regime and describes their numer-
ical processing. Section III B presents the experimental
measurement of ultralow light power corresponding to
high-order multiple retroreflections in two different bare
glass windows (N-BK7 and S-LAH66). Section IV fol-
lows the same organization (Sec. IV A experimental setup,
Sec. IV B theoretical considerations, Sec. IV C experimen-
tal results) for back-scattering measurements made on a
silver-coated mirror. Section V concludes this presentation
and defines possible ways to improve the sensitivity of this
equipment.

II. EXPERIMENTAL SETUP

Figure 1 shows the optical layout of our experimental
setup. The light source is a fiber pigtailed superluminescent
diode (SLD) from Thorlabs (1050S-A60), with a power of
60 mW, a central wavelength about 1050 nm, and a spectral
width of 70 nm. The pigtail consists of a Corning HI 1060
single-mode fiber (mode-field diameter 2wy = 6.2 um),
the output of which is located in the focal plane of an off-
axis parabolic mirror reflective collimator (RC) with an
effective focal length, f/, of 7 mm (Thorlabs RCO2APC-
PO1). This optical assembly delivers a Gaussian collimated
light beam with a waist diameter, 2wy, of approximately
1.5 mm and a divergence, 6, of approximately 0.45 mrad.
After reflection from a silver mirror, M; (Ry;; = 0.972),

FIG. 1.

Optical layout of the experimental setup.

this main beam is split using a 50:50 cube beam split-
ter (BS)) into the reference (77 = 0.445) and signal (R} =
0.459) arms of a Michelson-type interferometer. The sig-
nal arm consists of the sample mounted on a Thorlabs
PRMTZ8 motorized rotation stage. The beam reflected by
(or scattered from) the sample crosses the BS; beam split-
ter (77 = 0.445), and is directed towards a second beam
splitter (BS,, 7, = 0.448, R, = 0.456) by a piezoactuated
mirror, M3 (Ry3 = 0.972). The reference arm consists of
a Thorlabs HRR201-P0O1 hollow retroreflector (M,, Ry;» =
0.918) mounted on a Newport XMS100-S motorized lin-
ear translation stage. The use of a corner cube in the
reference arm allows the reflected beam to be decoupled
from the incident path and a right-angle prism (RAP, Rp =
0.994) is used to direct this decoupled beam towards the
50:50 cube beam splitter, BS,, that recombines both signal
and reference arms. The two beams provided by this last
beam splitter are directed towards the two indium gallium
arsenide (InGaAs) photodiodes (detector diameter 2a = 1
mm, responsivity S = 0.82 A/W at 1064 nm) of a Nir-
vana 2017 balanced optical receiver [24] from Newport.
As a result of the propagation of the light beam over a dis-
tance about 115 cm from the reflective collimator RC, its
modal diameter, 2wy, at the detector is approximately 1.8
mm, i.e., greater than the useful area of the photodiodes.
The consequences of this point will be analyzed in Sec. III
A [see Eq. (16)]. The piezoactuated mirror, M3, is only
used to fine-tune the alignment between reference and sig-
nal arms by maximizing the amplitude of the interference
signal and remains static during measurements. The volt-
age, V, corresponding to the linear output channel of the
Nirvana receiver and resulting from amplification of the
difference between the photocurrents of the two photodi-
odes is digitized by a National Instruments (NI) acquisition
module, USB-6212 (16 bits, 100 kS/s). Moreover, a linear
polarizer, LPy (vertical polarization axis), is inserted just
after the RC; this decreases the effective light power in the
setup by a factor slightly greater than 2 (7ypy = 0.413),
but the implementation of two additional linear polarizers,
LP; and LP, (Trp; = Trpr = 0.826, vertical polarization
axis in nominal configuration), inserted just before the two
photodiodes of the Nirvana receiver, allows the balance
between the two photodetectors to be finely tuned.

II1. LIGHT POWER BACK-REFLECTED BY BARE
GLASS WINDOWS

As highlighted in Sec. I, the final objective of this exper-
imental system is to accurately measure the amount of light
coherently back-scattered by optical components. How-
ever, to reach such a goal, it is important to first qualify
the method on simpler cases for which a theoretical pre-
diction of the expected result can be easily obtained. This
procedure is very effective in determining the metrological
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performances of a new piece of equipment and to iden-
tify its possible limitations. This path is similar to that
followed during the development of SALSA (for spectral
and angular light-scattering characterization apparatus), a
spectrophotometric instrument able to perform ultrawide-
range measurements of the spectral transmittance of thin-
film filters (optical density up to 12) over the visible and
infrared spectrum [25,26]; this is also used today to make
wavelength- and angle-resolved scattering measurements
of complex filters [27].

A. Theoretical considerations

Let us assume that the sample is a bare glass window
at normal incidence. The amplitudes of the electric fields
associated with the reference and signal arms on each pho-
todiode, labels j = 1,2, respectively, are defined in the
harmonic regime by [28]

ikL,
gref,j (f) = tref,/‘ gz(f) e ref,

1

Esigy () = tiggr(NES) &b, .
where &;(f) is the amplitude of the incoming light beam at
frequency f', Ler (Lsig) is the physical length of the ref-
erence (signal) arm, k is the wave vector (k = 27f/c),
tretj = /Tret; €T (tsg; = /Tsig; €*5ie7) is the com-
plex transmission coefficient of the reference (signal) arm,
and r(f") is the coefficient of reflection from this bare glass
window, as illustrated by Fig. 2 and defined by

o0

r(f) — Zrm e2ik(m71)n(f)d, (2)

m=1

where n (d) is the refractive index (thickness) of the
window, and r,, is given by [23]

1—n

. T m=1, 3)
e Ym 22,

l t

1 T T

2 t’> ,

3 | |

4 ‘

5

FIG. 2. Multiple reflections within a bare glass window.

The transmittance and phase quantities in Eq. (1) are
given, for photodiode j = 1, by
Trer1 = TrroRan1 T1Ry2Rp ToRy4 Tip1,
Drer1 = k(ngs — 1)(e1 + e2) + k(np — Dep + 11 + pur2
+ pP + ‘[29
Tsig1 = TrpoRy 1 R1T1 Ry 3R R4 Tip1,
Dgig1 = k(ngs — 1)(2e; +e2) + p1 + 11 + pu3 + p2,
4)
and, for photodiode j = 2, by

Tret2 = TrroRai T1 Ry RpRy Tipo,

@perp = k(ngs — 1)(e1 + €2) + k(np — Dep + 7
+ pm2 + pr + p2,

Tsig2 = TrpoRan RiT1Ry3 T2 Tps,

Dgigo = k(ngs — 1)(2e; +e2) + p1 + 71 + pu3 + 12,
Q)

ngs (np) is the refractive index of the beam splitters (right-
angle prism); ¢; (e,) is the physical thickness of the beam
splitter j; j = 1,2 (right-angle prism); and p. (z.) is the
phase change induced by the reflection from (transmission
through) each component.

The electromagnetic field, & (f), at the center of each
photodiode, j, is given by

E(f) = Exigj (1) + Ewty (), ©)

which leads to the following expression for the electric
currents provided by each photodetector:

a 0
g=2n/ezwﬁmﬁﬁl/ S (NP
k 0 27 0 ’

2
:JTWd

T I ()2
Yi[1-e qznA SOIE NI, (7)

where c is the speed of light.

If we assume that the light-power spectral density of the
main beam is characterized by a Gaussian profile centered
atf = fo (half-width &), i.e.,

2
Twy ¢ ) Lo 1t P
_— gl- = Pi = — Jo7e , 8
3 I =P = e ®)

we obtain the following expression for the photodiode
currents:

Py (a2 /il e Crr 2
I = [1 _ P2 d)] / S(F) 10~/ 1
TV 3 , Se

X |trefJ e/Khret + Lsig elkL51g,,.(f)| daf. ©)
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In the integral of Eq. (9), the modulus squared can be
transformed as follows:

|- .. |2 = Tref,j + |r(f)|2Tsig,j

+ 2\/ Tref,j TsigJ Re [r(f)ei(kAL+A(bj)] ) (10)

where AL and A®; are defined by

AL = Lsig — Liet,

(11)
AD; = Dy,

- q>ref,/' 5

i.e., using beam splitters and a right-angle prism with
the same glass (fused silica, ngs = np) and size (e; =
e, = ep),

AD| = p| + 02 — T + Pu3 — P2 — PP,
ADy = py — p2 + T2 + pu3 — Pm2 — Pp,
=A®, —2(p2 — 1),
=Ad, — 7.

(12)

The last identity is obtained using the general phase-
closure relation of a symmetric beam splitter [28]. We also
note that the use of a right-angle prism in the reference arm
(instead of a standard reflective mirror) allows the spectral
dependence of the phase difference to be canceled. If, in
addition, we neglect the spectral dependence of responsiv-
ity, S, and transmittance, Trr; and T ;, over the source
bandwidth, Eq. (9) becomes

I = lae; + (=1Y ey, (13)

where
IdC,] = Na ref,]S(fO)PO + naTsngS(fo)
00
<,
0
Py
]ac,/‘ = Znams%)mlle

y { / DY ei(kAHMmdf}’ (15)
0

3f f
W ) 2, (14)

and
e = 1 — @D, (16)

Assuming that the coherence length, /. = ¢/méf, of the
SLD is much smaller than twice the optical thickness, nd,
of the glass window, Egs. (14) and (15) can be rewritten as

[23,29]

2R
Idc,/ = 1a5(f0)Po ( ref; l—l-—RTSig’j> >
R = ,
n+1

00
_ 2
lacj = 27]a\/m S(fo)Po Zrm\/l?me (K Amdf/c)

m=1

(17)

X COS(kOAm + qjm): (18)

where k; is the wave vector at the central frequency fy, and
Ay, Ky, and W, are defined by

= AL+ 2(m — Dd ng(fy), (19)

A, =AL+2(m—1)d |:n(fo) —l—fo

|
Ky = —,
V1+ D2

2 a 82

2nL(m—1)d(2—n "

t =2 7|

af I,

) (20)

1
W =3 arctan(D,,) + D, (T K,y A8 /). (21)

The voltage, V, provided by the Nirvana receiver on its lin-
ear output channel corresponds to the amplification of the
difference between the two photocurrents, /; and I, after
fine-tuning the balance between their dc components. This
balance is achieved via a small rotation (8 ~ 10°) of the
linear polarizer LP, (T py — Typ cos’ B). Consequently,
using Eq. (13),

V=G —cos’ B 1) = G(loes +¢08* B Lcn), (22)

i.e., using Eq. (18),

V=2n, (\/ Tref,l Tsig,l + COSZ .B\/ Tref,Z Tsig,2 )

o0
2
GS(fo)Po Y _ run/ Kme™ "Kn2m¥197 cos(hky Ay + W),
m=1

(23)

where G is the transimpedance gain of the Nirvana receiver
in balanced mode (10° V/A).

As indicated before, the hollow retroreflector used in
the reference arm of the interferometer is mounted on
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an XMS100-S translation stage. This equipment is driven
by an ironless linear motor, which enables ultraprecise
translation motion with exceptional speed stability (better
than 0.05%) and speeds of up to 300 mm/s. The differ-
ence in length between the two arms of the interferometer,
therefore, becomes a linear function of time, i.e.,

Lyer — Lsig =2z—z1) = 2U(f — 1), (24)

where v is the translation speed of the stage and #; is the
time for which the lengths of the two arms are equal. This
means that all optical path differences (OPDs), A,,, can be
written as

Am = 2v(t - [m)a

— Dnyd
where ¢, = t] + u
v

VA)

and that the time dependence of the voltage is character-
ized by the presence of a carrier frequency, f., defined
by

_2v

fo=3 (26)

Figure 3 shows this time dependence around ¢, (a) and over
a longer duration (b), corresponding to the time, 5, needed
to record the first five echoes.

The sample is assumed to be a 1-mm-thick N-BK7 win-
dow. The displacement speed of the stage here is equal to
0.5 mm/s, while the coherence length of the source corre-
sponds to that of the SLD used in the experimental setup
(AA =70 nm), i.e.,

2/In2 A2
€ VYN _g35um (27

[ = — =
wof T AM

Only the first three echoes are clearly visible in Fig. 3(b);
this is due to the very rapid decrease in the amplitude, 4,,,

-10 . .
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08
t-t, (s)

(b) 10 R R, R3 Ry ‘ Rs
)
N
=10 L L
0 2 4 6 8 10 12
t-t, (s)
FIG. 3. Theoretical time dependence of the voltage provided

by the output channel of the Nirvana receiver.

TABLE 1. Multiple reflection coefficients and related echo
amplitudes for the N-BK7 window.

m 1 2 3 4 5

R, 0041 0.038 63x1075 1.0x1077 1.7 x 10710

|l 0202 0.194 79x1073 32x10* 13 x 107

of these echoes with their order number, m (4, ~ |1y, =
/R,), as summarized in Table I in the case of a N-BK7
window.

Therefore, it is important to identify a method for
improving the signal-to-noise ratio of the voltage record-
ings and, then, to make the detection of not only high-order
echoes (m > 4), but also scattered light, possible. This
is achieved through narrow-frequency filtering around the
carrier frequency generated by the translation of the hol-
low retroreflector at constant speed. Indeed, as expected,
the power spectrum of the time-dependent voltage exhibits
two sharp peaks that correspond to the Fourier transform
of the cosine term (see Fig. 4), and the broadening of these
peaks induced by the small coherence length of the source
is moderate enough to implement a tight filtering charac-
terized by a full bandwidth of approximately 100 Hz. The
3-dB bandwidth of the Nirvana receiver is 125 kHz, so this
frequency filtering provides an improvement in the signal-
to-noise ratio as the square root of the bandwidth ratio,
i.e., 35.

B. Experimental results

We record the light back-reflected by two different
uncoated optical windows, i.e., I-mm-thick N-BK7 [30]
and 2-mm-thick S-LAH66 [31], using the experimental

(a) x20’ (b) x10’
7 7 Filter
6

I €

3 3

S 4 o}

by &

£3 :

[= W [~ W
2,
1,
0 L h
-10 0 10 090 095  1.00

f(kHz)

f(kHz)

FIG. 4. Frequency filtering. (a) Power spectrum of voltage
V(). (b) Enlarged view of this power spectrum around the carrier
frequency. £ (red curve), and profile of the filter (green curve).
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TABLE II. Influence of the driving current on the characteris-
tics of the superluminescent diode.

I (mA) Py (mW) Ao (nm) A\ (nm)
160 2.0 1074.2 28.1
180 4.9 1070.9 31.2
1000 57.8 1044.0 83.6

setup described in Sec. II and data processing explained
at the end of Sec. III A.

Before going on to present and discuss the experimen-
tal results we obtain, it is important to indicate that the
light power detected by each photodiode of the Nirvana
receiver must remain below 0.5 mW, which is the photode-
tector saturation limit (saturation constraint). The presence
of a dc term in Eq. (13) may require an adjustment to the
source light power, at least in the reference arm, to satisfy
this requirement. Moreover, we have to limit the maximum
value of the Nirvana’s output voltage to £10 V, which
corresponds to the digitization range of the NI acquisition
module (digitizing-range constraint). A possible solution
to these two problems would be to insert an optical density
in the main arm, but, because of the large OPD scan during
a back-reflection measurement, we prefer to avoid the pos-
sible generation of spurious echoes induced by additional
optical interfaces in the setup. The conclusion would not be
the same for a back-scattering measurement (see Sec. IV).

160 mA - Experimental data
——160 mA - Gaussian fit

180 mA - Experimental data
——180 mA - Gaussian fit

%1076 SLD 1050S-A60

SLD power spectral density (W/Hz)
w

2+
1+
0 L L L
2.70 2.75 2.80 2.85 2.90
Frequency f (Hz) w1014
FIG. 5. SLD power spectral density for both driving currents

(cyan curve, experimental data at 160 mA; blue curve, Gaussian
fit at 160 mA; green curve, experimental data at 180 mA; red
curve, Gaussian fit at 180 mA).

(a) 10 N-BK7 - 1 mm - 5 echoes (b) N-BK7 - 1 mm - echoes 4 and 5

0.04
s s S o002
T T
® O w 0.00
© T
o o
-0.04
~10 ‘ ‘ ‘ ‘
5 10 15 12 14 16 18
t(s) t(s)
©), (d)
. ¢ °© ° 002 ° °
. s
© @ 0.01 l
] i
1] 1]
T 0 T 0.00
el el
o o
o -5/ $-0.01
= =
= L&-0.02
-10
5 10 15 12 14 16 18
t(s) t(s)

FIG. 6. Experimental measurement of the time dependence of
voltage, V, recorded during translation of the hollow retroreflec-
tor at constant speed, v, of 0.5 mm/s for the 1-mm-thick N-BK7
window.

Accordingly, for the measurement of back-reflected
light, the source power is adjusted by decreasing the driv-
ing current of the superluminescent diode (180 mA for the
N-BK7 window, 160 mA for the S-LAH66 window, to be
compared to a nominal full-power value of 1000 mA). This
power adjustment has a consequence on the central wave-
length, A, and spectral bandwidth, AA, of the source, as
summarized in Table II. The narrowing of the SLD spectral
bandwidth allows frequency filtering in the Fourier space
to be improved (full bandwidth reduced to approximately
50 Hz). Moreover, Fig. 5 shows, for both driving currents,
a comparison between the experimentally recorded power
spectral density (PSD) and a Gaussian fit. The agreement
is very satisfactory.

1st echo 2nd echo
= 5 2 5
© ©
S 3
1] 5 (1]
T o . T i
N-BK7 - 1 mm b °
I o
L2 25
e I i
9.10 9.15 10.65 10.70
z (mm) z (mm)
3rd echo 4th echo 5th echo
< = S os
Z 02 g 10 £
P £ £
3 & i
S oo T o 8 00
[ el el
T_0, o ‘ <
= U -10 [
i = ‘ £-05
w w
12.20 12.25 13.75 13.80 15.30 15.35
z (mm) z (mm) z (mm)

FIG. 7. Enlarged views of the five detected echoes for the
1-mm-thick N-BK7 window.
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(a)m S-LAH66 - 2 mm - 5 echoes (b) SLAH66 - 2 mm - echoes 4 and 5
0.10

= 5 = oos
O (1]
g, E “
© o
2 2 _0.05
LR 5
-0.10
;10 " L " .
10 20 30 24 26 28 30 32 34
t(s) t(s)
(©), ‘ (d)
L ] L Z L J L J

Filtered data (V)
o

Itered data (V)
o
o
[ = ]
+

|

F

-0.05

|
=
o

10 20 30 24 26 28 30 32 34
t(s) t(s)
FIG. 8. Time dependence of voltage, V, for the 2-mm-thick S-
LAHG66 window.

The measurement results corresponding to the detection
of'the five echoes are shown in Figs. 6 and 7 for the N-BK7
window and in Figs. 8 and 9 for the S-LAH66 window.

For each type of window, the first figure shows the
time dependence of the voltage, V, recorded during trans-
lation of the hollow retroreflector at a constant speed, v,
of 0.5 mm/s (OPD scan), while the second figure presents
enlarged views of the five detected echoes. In the first
figures, graph (a) [(c)] corresponds to raw (filtered) data
recorded during the whole scan, while graph (b) [(d)] cor-
responds to an enlarged view of those recorded during the
last part of the OPD scan (approximately from 2 s before
t4 up to 2 s after #5). One can clearly see in these last two
graphs the great improvement in the signal-to-noise ratio
induced by frequency filtering.

1st echo 2nd echo
S S
=) < 5l
© 5 ©
- -
(T 1]
So — )
S-LAH66 - 2 mm T 3z
< I
25 2
i i
8.84 8.86 8.88 890  12.48 12.512.5212.54
z(mm) z (mm)
3rd echo 4th echo 5th echo
— 40 —
< 05 > >
2 £ S
© = 20 =
= © ©
3 © &
S 00 T o0 S o
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FIG. 9. Enlarged views of the five detected echoes for the 2-
mm-thick S-LAH66 window.
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FIG. 10. Signal envelope extraction and modeling. (a) First

echo recorded on a 1-mm-thick N-BK7 window (violet curve);
data envelope obtained using a Hilbert transform (black curve).
(b) Comparison between the normalized data envelope (black
curve), a Gaussian fit (red curve), and the result of a Fourier
transform of the SLD PSD Gaussian fit (blue circles).

To estimate the metrological quality of these measure-
ments, we have to make a precise comparison between
the experimentally recorded amplitude and position of
these five echoes and those resulting from the theoretical
approach presented in Sec. III A. To this end, we start
by calculating the signal envelope of recorded voltage, V,
using a Hilbert transform [32,33]. Figure 10(a) shows an
example of the results obtained for the first echo recorded
on the N-BK7 window (black curve).

To confirm the validity of the modeling of spectral and
spatial signals using Gaussian distributions (already high-
lighted in Fig. 5), Fig. 10(b) shows a comparison between
the calculated data envelope (black curve), a Gaussian fit
(red curve) that is defined by

Ei(z) = 4, e—[(z—zl)/Wl]Z’ (28)

and the Fourier transform of the Gaussian fit of the PSD
source (blue circles). Again, the agreement is very satisfac-
tory. By applying such an approach (envelope extraction
followed by Gaussian fitting) to all echoes recorded on a
glass window, we can determine the absolute amplitude,
A, of each echo; its spatial width, W,,; and the position,
zm, of the translation stage that corresponds to the center of
the Gaussian fit.

TABLE III. Accuracy of the measurement of distance 6z,
between two consecutive echoes. The group index, ng(fp), cal-
culated from manufacturer’s data is used to estimate the physical
thickness of the window.

Glass (6zp) (um) ng(fo) d (mm)
N-BK7 1543.6 £ 0.2 1.5168 1.018
S-LAH66 3657.0 £ 0.2 1.7763 2.059
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TABLE IV. Comparison between experimental and theoretical values of K,,, and R,, for the first five echoes recorded on the N-BK7

window.

m A (V) Wy (1em) K™ Ktheor R Rtheor

1 8.7401 10.072 1.0000 1.0000 341072 411072
2 8.6640 10.075 0.9997 1.0000 33x 1072 3.7x 1072
3 0.3670 10.142 0.9932 0.9999 6.0 x 107 62x107°
4 0.0156 10.122 0.9951 0.9998 1.1 x 1077 1.0 x 1077
5 0.0007 11.817 0.8523 0.9997 23 x 10710 1.7 x 10710

Let us consider first the positions, z,,, of the five echoes.
In accordance with Egs. (19) and (24), we have

1
8z = E(Am_;’_l —Ay) =ng(fo)d form=1to4.

Consequently, for each window, we have access to four
independent determinations of the quantity 7, (fy) d, from
which we may derive an estimate of the accuracy of
the measurement of the relative position of the first five
echoes; this is summarized in Table III.

Consider now the amplitude, A4,,, of the same five
echoes. By combining (23) and (28), we may write
A VrulVE  Wu  Ki

41 nIWK W K,

Moreover, the definition of K, [see Eq. (20)] means that
K, = 1. Consequently, we have

Ry 1 [4,]
R Knl4i]’
where K, can be estimated in two different ways: the first,
theoretical, is based on Eq. (20), and the second, experi-
mental, from the determination of the width, ,,, of the
Gaussian envelope fit, namely,
w
Kn=—.
W

29

(30)

€2))

Finally, the variation of the ratio R,,/R; with the echo
order, m, is theoretically given by [see Eq. (3)]

R
= (1—Ry)*R",

R, (32)

which depends only on R;. Accordingly, an independent
estimate of R; can be obtained by fitting the logarith-
mic variation of this ratio with the echo order; from this,
the value of all reflection coefficients may be derived.
Tables IV and V summarize the results obtained for 1-mm-
thick N-BK7 and 2-mm-thick S-LAH66, respectively.

Note that the dispersion effects, directly connected with
the increase in width, W,,, with the echo order, m, are
too small in the case of N-BK7 to be accurately detected.
Conversely, the agreement between experimental results
and theoretical predictions on the related K, parameter is
very satisfactory in the case of S-LAH66. This is due to
a big increase in the amplitude of these dispersion effects:
indeed, the second-order dispersion coefficient is 7 times
larger, while the window is 2 times thicker.

With regard to the measurement of multiple reflection
coefficients, the overall accuracy attained on both windows
is approximately the same, in the range of 20%, as illus-
trated by Fig. 11(color codes are the same as those used
in Figs. 7 and 9). This accuracy is in accordance with
that demonstrated by state-of-the-art scatterometers [34—
36]. Indeed, for such ultralow values, it is not possible to
compare the reported performance with that of standard
spectrophotometers working in reflection mode. Finally,
the noise-floor value given in Fig. 11 (6 x 10~ dashed
line) corresponds to the lowest value of the coefficient of
reflection that can be measured with such SLD driving cur-
rents (less than 180 mA). It is determined as follows: the
standard deviation, oy, of the linear output voltage is cal-
culated on data recorded far from any echo [indicated by a
green bar in graph (d) of Figs. 6 and 8]. The noise floor is
simply the value of the coefficient of reflection that would
correspond to 3 times this standard deviation, oy.

TABLE V. Comparison between experimental and theoretical values of K, and R, for the first five echoes recorded on the S-LAH66

window.

m Ay (V) W,y (um) Ky K theor Ry Rtheor

1 9.3447 10.560 1.0000 1.0000 9.5 x 1072 7.5 x 1072
2 8.3449 10.635 0.9930 0.9963 7.6 x 1072 6.4 x 1072
3 0.5937 10.737 0.9835 0.9853 3.9 x 1073 3.6 x 1074
4 0.0406 11.011 0.9590 0.9678 1.9 x 107° 2.0 x 107°
5 0.0026 11.006 0.9595 0.9448 7.7 x 1079 1.1 x 108
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£ —N-BK7 theor
—9 || S-LAH66 theor’
O N-BK7 expt.
10_10 g []S-LAH66 expt.
- -Noise floor

Echo order m

FIG. 11. Synthetic comparison between experimental results
and theoretical data for both glass windows (for N-BK7: the-
oretical data, black line; experimental data, colored disks; for
S-LAHG66, theoretical data, gray line; experimental data, colored
squares; noise floor, dashed line).

IV. LIGHT POWER BACK-SCATTERED FROM A
SILVER-COATED MIRROR

A. Experimental setup

The experimental results obtained on bare glass win-
dows demonstrate that the setup we develop allows back-
reflected coefficients as low as 6 x 107! (=102 dB) to be
measured.

To extend this method to record the angular distribu-
tion of light scattered by optical components, with a level
between —95 and —125 dB, we need to implement the
broadband source at its nominal driving current (1000 mA)
and to eliminate any unnecessary loss of power in the
setup. It is for this reason that we prefer to replace the opti-
cal density in the reference arm by a tunable splitting ratio
between signal and reference beams, as shown in Fig. 12.

This is achieved by replacing the first nonpolarizing
beam splitter, BS, used in the initial setup (see Fig. 1) by
a polarizing one (PBS, Tpgs = 0.967 and Rpps = 0.985)
and by adding an achromatic quarter-wave plate (QWP,
Towp = 0.990) in the signal arm. If the passing direc-
tion of the linear polarizer, LPy, is oriented at 45° to the
vertical, 50% of the main beam is directed towards the
sample and 50% towards the hollow retroreflector, as pre-
viously. Moreover, this splitting ratio can be continuously
adjusted between 0% and 100% by simply rotating the
linear polarizer, LPy.

The light beam reflected by the polarizing beam splitter
is S-polarized. The slow and fast axes of the quarter-wave
plate are oriented at 45° of the vertical, and the beam trans-
mitted by this birefringent plate is thus circularly polarized,
e.g., right handed. The light beam reflected by the sample is
again circularly polarized, but this time is left handed, and

FIG. 12. Tunable-splitting-ratio scheme.

the reverse crossing of the quarter-wave plate transforms
this polarization into a linear one, P-polarized, which is
very efficiently transmitted by the polarizing beam splitter.
Accordingly, Eq. (1) here becomes

. TSR kL
Eretj (f) = sina het Ei(f) et

ERR (1) = cosa 1I5R ro(NE(f) e*Lsie,

sig,/ sig,/

(33)

where « is the angle between the polarization axis of LPg
and the vertical axis, and rg is the reflection coefficient of
the front face of the sample. Superscript RR is used to
indicate that we consider here the retroreflection on the
front face of the sample, while superscript TSR under-
lines that we are implementing the tunable-splitting-ratio
scheme described by Fig. 12. In this modified arrange-
ment, the transmission coefficient of the reference arm, i.e.,
fioty» 1s identical to fef; [see Eqs. (4) and (5)], except that
T, is replaced by Tpps. In the case of 158, we similarly
have to replace 7} (R;) with Tpgs (Rpgs), but also take into
account the back-and-forth crossing of the quarter-wave
plate (multiplication by Tgyp)-

B. Theoretical considerations

Actually, the presentation we make for a retroreflected
beam, RR, is still valid for a back-scattered beam, BB:
indeed, this back-scattered beam is located in the plane
of incidence, and for low-roughness samples, this implies
that an S-polarized beam produces S-polarized scattered
light, and the same for P polarization [28]. Consequently,
we have

cos tTSR
sig,j

gsl?gsj (f) =

Ei (f) e4inngef /c eikLsig

S

4
X Z[(C/_,SS + C]'_,Pp),il\e,j (_Di)]a (34)
j=0

where p is the number of layers involved in the coating
of the substrate’s front face; C; g5 and C; pp are scattering
coefficients that depend only on the angle of incidence and
the structure of the stack (refractive indices and thicknesses
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of the layers); v; is the tangential component of the incident
wave vector [v; = (sin6)/A, where 6 is the tilt angle of the
sample about the vertical with respect to _the direction of
the illuminating beam (see Fig. 12)], and 4. (vy, v,) is the
Fourier transform of the effective two-dimensional surface
profile of interface j, defined as the product of 4; (x,y),
the surface profile of this interface, and s.(x, ), the field
distribution corresponding to this illuminating beam, i.e.,

he,j (x’y) — h] (x,y) eilcxsin9 e*{[(XC089)2+y2]/W§}’ (35)

where 2w is the modal diameter of the illuminating Gaus-
sian beam on the sample 2w, = 1.57 mm).

The Fourier transform of s, is a Gaussian centered on v;,
the spatial frequency width, §v, of which is very small, as
given by

Sv =

~4.1x107* um™, (36)
TWy

Therefore, using the properties of the Fourier transform,

we have

hej () = [hye5,1(0) =~ hy (D) @ 85 — b)) = hy (V — y).
(37)

This allows the angle resolved back-scattering (ARBS) to
be calculated, i.e.,

2

cosf | & ~ -
Bi(0) = 1 D _L(Css+ Glpp)ly (=201, (38)
j=0

where S is the effective area of the sample, defined by the
illumination condition, and given by

JTW2

= S 39
2cosb (39)

Suppose that the sample coating consists of only two lay-
ers [37], namely, a thick (200 nm) silver layer deposited
by sputtering on the surface of a silica substrate and
overcoated by a protective layer of silica (113 nm). We
also assume that the roughness replication mechanism
between interfaces is perfect, which allows Eq. (38) to be
transformed into

2
2
cos 6 _
B(0) = el Z(Cj,ss +Clpp)| v(=2v),  (40)
j=0
where y is the roughness spectrum of the substrate
- 1 o2
y(v) = Elh(V)l : (41)

Figure 13 (red curve) shows the result of a numerical com-
putation of the angular dependence of light back-scattered

by a protected silver mirror when illuminated by a cir-
cularly polarized beam, as described in Fig. 12. The
roughness spectrum of the sample is replaced here by its
polar mean, y (v), which is assumed to be described by a
standard Gaussian/exponential law [28,38], i.e.,

J7(1)) — n((sng)2 e—(n’LgU)Z

+ 27 (8. L) 1 + QL)% (42)

where 8, =4 nm, L, =0.1 um, § =4 nm, and L, =
2 pum.

The blue and green curves correspond to a thought
experiment where the QWP is not present and the polar-
ization state of the incoming light beam is linear and either
aligned with or perpendicular to the passing direction of
the polarizing beam splitter. Neglecting spectral disper-
sion effects, in particular, for the Fourier transform of
the surface topography, and using the same approach as
that detailed in Sec. III A, we can summarize the angular
dependence of the intensity of the voltage, V, provided by

Protected silver mirror - A = 1050 nm

—ss
PP
10721
107
T
3
B 107
14
<
105"
107
0 20 40 60 80
Tilt angle (deg)
FIG. 13. Simulation of the angular dependence of the light

back-scattered by a protected silver mirror (rms roughness ~ 4
nm) for three states of polarization.
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the Nirvana receiver as follows:

V©, 8) = 2, (| TERTISR + cos® B,/ TISRTISE)
X GS(fy) P sin 2a [ /Rg ¢~/ Gy s’

+ JARBS(9) dsz] e T B Cos(koA + ),
(43)

where, as previously, 8 is the amplitude of the small rota-
tion applied to the orientation of the linear polarizer, LP,
(polarization axis approximately horizontal), and d<2 is the
solid angle corresponding to the divergence, 46, of the
Gaussian illuminating beam, i.e.,

2
dQ2 = 7(86) = Lz (44)

Tw?
The recording of V(#,0) thus gives access to the angu-
lar dependence of the back-reflectance, p, i.e., the ratio
between the light power back-reflected and/or back-
scattered by the protected silver mirror and the illumination
power. As highlighted by the results of theoretical model-
ing shown in Fig. 14 and using the same roughness data as

8 Protected silver mirror - A = 1050 nm
10 w ;

—— Retroreflection

— Back-scattering

-12 ‘
10° 100

10

1 0

10
Tilt angle (deg)

10

FIG. 14. Simulation of the angular dependence of the back-
reflectance, p, of a protected silver mirror (magenta curve, retro-
reflection; red curve, back-scattering).

FIG. 15.
silver mirror at different tilt angles: (a) raw data, (b) filtered data.

that in Fig. 13, there is a continuous transition between two
regimes: the first at very low mirror tilt angles (6 < 0.04°,
retroreflection regime) and the second at greater angles
(6 > 0.04°, back-scattering regime).

C. Experimental results

Figure 15(a) shows the time variation of the V. signal
experimentally recorded with the setup described in Sec. 11
and modified in accordance with Fig. 12, for different
tilt angles of the protected silver mirror, while Fig. 15(b)
presents the same data after frequency filtering (see Sec. 11
A). We note on these last curves a slight lateral displace-
ment of the echo when the tilt angle increases; this is
simply due to the presence of a residual offset between the
rotation axis and the front face of the mirror.

Figure 16 shows the angular dependence of the back-
reflectance, p, derived from these interferometric mea-
surements. First, note that the overall shape and range of
variation of this experimental curve is comparable with
that shown in Fig. 14. The relative accuracy of these back-
reflectance measurements is the same as that demonstrated
in Sec. III B, i.e., about 20%, while the accuracy of the
definition of the tilt angle, 6, is determined by the perfor-
mance of the motorized rotation stage, i.e., a bidirectional
repeatability of +0.1° and a minimum incremental motion

(a) Protected silver mirror (0°/110 mA)  Protected silver mirror (0.4°/1000 mA)
10
20

Raw data (V)
o
Raw data (mV)
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N
o
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(b) Protected silver mirror (0°/110 mA
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Back-scattered signal, V,., measured from a protected
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0 Protected silver mirror - A = 1050 nm
100

Tilt angle (deg)

FIG. 16. Experimental measurement of the angular depen-
dence of the back-reflectance, p, of a protected silver mirror
(log-log units).

of 0.04°. These values are greater than the angular width
of the speckle oscillations that modulate the amplitude of
the back-scattering signal (typically 0.025°). This prevents
any fine recording of these speckle oscillations using such
a rotation stage and leads to undersampling of the angu-
lar variation of the back-reflectance, p. The presence of
such a speckle effect is typical of any scatterometer that
uses a laser beam as its illuminating source and is due to
the very rapid variations of the roughness spectrum, y (v),
with the spatial frequency, v, even when averaged over
the illuminated area and the source bandwidth. In Sec. IV
B, as highlighted, our theoretical modeling uses a polar
mean, y (v), that explains the lack of this speckle pattern
in Figs. 13 and 14.

V. CONCLUSION

We present the measurement results of ultralow light
power back-reflected or back-scattered by optical inter-
faces using balanced low-coherence interferometry. This
method ensures easy identification of the scattering inter-
face and allows the accurate measurement of back-
reflectance as low as a few 107!, The implementation of
this scheme for the measurement of light back-scattered by
a tilted silver mirror is also demonstrated.

In the next few months, we intend to implement the
following upgrades to this setup:

(a) the use of a linearly polarized version of the superlu-
minescent diode (increasing the incident power by a factor
of 2);

(b) an increase in the translation speed of the hollow
retroreflector (10 mm/s instead of 0.5 mm/s), to shift the
carrier frequency up to 20 kHz, which allows the Nir-
vana receiver to be operated in autobalanced mode (instead
of simply balanced) and improves the rejection of source
noise. However, this increase in translation speed needs the
implementation of an alternative acquisition module, still
with a 16-bit dynamic range, but with a higher sampling
rate (2 MS/s);

(c) replacement of the Thorlabs PRMTZ8 motorized
rotation stage by a Newport RGV100BL-S model with
improved performance (bidirectional repeatability, £0.15
mdeg; minimum incremental motion, 0.10 mdeg). This
will allow the speckle pattern modulating the back-
reflectance signal to be accurately recorded and eliminated
by averaging.

With all these upgrades, the sensitivity of the setup should
be improved down to 10~'3, which makes it possible to
independently record the light scattered by the two faces of
a glass window. This opens the door to the characterization
of the scattering properties of various optical components,
such as windows, coated or uncoated; all-dielectric and
metallic mirrors; beam dumps; and optical assemblies.

ACKNOWLEDGMENTS

This work is part of the StrayLight Working Group for
the Laser Instrument Group of the LISA Consortium. The
authors would like to thank the AMIdex Talents Manage-
ment Program, Aix Marseille University, and the French
National Space Center (CNES) for their financial support.

[1] B. P. Abbott, et al., Observation of Gravitational Waves
from a Binary Black Hole Merger, Phys. Rev. Lett. 116,
061102 (2016).

[2] J.-Y. Vinet, V. Brisson, and S. Braccini, Scattered light
noise in gravitational wave interferometric detectors:
Coherent effects, Phys. Rev. D 54, 1276 (1996).

[3] J.-Y. Vinet, V. Brisson, S. Braccini, I. Ferrante, L. Pinard, F.
Bondu, and E. Tournié, Scattered light noise in gravitational
wave interferometric detectors: A statistical approach,
Phys. Rev. D 56, 6085 (1997).

[4] R. Takahashi, K. Arai, S. Kawamura, and M. R. Smith,
Direct measurement of the scattered light effect on the
sensitivity in TAMA300, Phys. Rev. D 70, 062003 (2004).

[5] F. Acernese, et al., Noise studies during the first Virgo
science run data, Class. Quantum Grav. 25, 184003
(2008).

044055-12


https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevD.54.1276
https://doi.org/10.1103/PhysRevD.56.6085
https://doi.org/10.1103/PhysRevD.70.062003
https://doi.org/10.1088/0264-9381/25/18/184003

DETECTION OF ULTRALOW...

PHYS. REV. APPLIED 16, 044055 (2021)

[6] T. Accadia, et al., Noise from scattered light in Virgo’s sec-
ond science run data, Class. Quantum Grav. 27, 194011
(2010).

[71 A. Spector and G. Mueller, Back-reflection from a
Cassegrain telescope for space-based interferometric
gravitational-wave detectors, Class. Quantum Grav. 29,
205005 (2012).

[8] D. J. Ottaway, P. Fritschel, and S. J. Waldman, Impact
of upconverted scattered light on advanced interferometric
gravitational wave detectors, Opt. Express 20, 8329 (2012).

[9] B. Canuel, E. Genin, G. Vajente, and J. Marque, Displace-
ment noise from back scattering and specular reflection of
input optics in advanced gravitational wave detectors, Opt.
Express 21, 10546 (2013).

[10] S. Zeidler, T. Akutsu, Y. Torii, E. Hirose, Y. Aso, and R.
Flaminio, Calculation method for light scattering caused by
multilayer coated mirrors in gravitational wave detectors,
Opt. Express 25, 4741 (2017).

[11] F. Magafia-Sandoval, R. X. Adhikari, V. Frolov, J. Harms,
J. Lee, S. Sankar, P. R. Saulson, and J. R. Smith, Large-
angle scattered light measurements for quantum-noise filter
cavity design studies, J. Opt. Soc. Am. A 29, 1722 (2012).

[12] C. Padilla, P. Fritschel, F. Magafia-Sandoval, E. Muniz, J.
R. Smith, and L. Zhang, Low scatter and ultra-low reflectiv-
ity measured in a fused silica window, Appl. Opt. 53, 1315
(2014).

[13] S. Zeidler, T. Akutsu, Y. Torii, and Y. Aso, Measuring
scattering light distributions on high-absorptive surfaces
for stray-light reduction in gravitational-wave detectors,
Opt. Express 27, 16890 (2019).

[14] V. Khodnevych, S. Di Pace, J.-Y. Vinet, N. Dinu-Jaeger,
and M. Lintz, in International Conference on Space
Optics—ICSO 2018, edited by Z. Sodnik, N. Karafolas and
B. Cugny (Proc. SPIE, Bellingham, WA, USA, 2018), vol.
11180, p. 111807T.

[15] V. Khodnevych, Ph.D. thesis, Universit¢ Cote d’Azur,
2020.

[16] A.Earle, H. Ward, A. Taylor, D. Robertson, and M. Perreur-
Lloyd, in LISA Symposium XIII (2020).

[17] H. Lefevre, The Fiber-Optic Gyroscope (Artech House,
London, UK, 1993).

[18] R. Takada, A. Himeno, and K. Yukimatsu, Phase-noise and
shot-noise limited operations of low coherence optical time
domain reflectometry, Appl. Phys. Lett. 59, 2483 (1991).

[19] K. Kasaya, K. Yoshikuni, and H. Ishii, Measurements of
a semiconductor waveguide using low-coherence interfero-
metric reflectometer, IEEE Photonics Technol. Lett. 8, 251
(1996).

[20] D. Huang, E. A. Swanson, C. P. Lin, J. S. Schuman, W.
G. Stinson, W. Chang, M. R. Hee, T. Flotte, K. Gregory,
C. A. Puliafito, and J. G. Fujimoto, Optical coherence
tomography, Science 254, 1178 (1991).

[21] B. Liu and M. E. Brezinski, Theoretical and practical
considerations on detection performance of time domain,
Fourier domain, and swept source optical coherence tomog-
raphy, J. Biomed. Opt. 12, 044007 (2007).

[22] A. Gh. Podoleanu, Unbalanced versus balanced operation
in an optical coherence tomography system, Appl. Opt. 39,
173 (2000).

[23] M. Lequime and J. Lumeau, Accurate determination
of the optical performances of antireflective coatings
by low coherence reflectometry, Appl. Opt. 46, 5635
(2007).

[24] P. C. D. Hobbs, Ultrasensitive laser measurements without
tears, Appl. Opt. 36, 903 (1997).

[25] M. Lequime, S. Liukaityte, M. Zerrad, and C. Amra, Ultra-
wide-range measurements of thin-film filter optical density
over the visible and near-infrared spectrum, Opt. Express
23,26863 (2015).

[26] M. Lequime, M. Zerrad, and C. Amra, Breakthrough spec-
trophotometric instrument for the ultra-fine characterization
of the spectral transmittance of thin-film optical filters, Opt.
Express 26, 34236 (2018).

[27] M. Fouchier, M. Zerrad, M. Lequime, and C. Amra, Wide-
range wavelength and angle resolved light scattering mea-
surement apparatus, Opt. Lett. 45, 2506 (2020).

[28] C. Amra, M. Lequime, and M. Zerrad, Electromagnetic
Optics of Thin-Film Coatings—Light Scattering, Giant
Field Enhancement, and Planar Microcavities (Cambridge
University Press, Cambridge, UK, 2021).

[29] M. Lequime and C. Amra, De [’Optique Electromagné-
tique a ’'Interférométrie—Concepts et Illustrations (EdP
Sciences, Paris, France, 2013), Chapter 19.

[30] https://shop.schott.com/advanced_optics/en/Optical-Glass/
SCHOTT-N-BK7/c/optical-glass/glass-SCHOTT%20N-BK
7%C2%AE.

[31] https://www.oharacorp.com/pdf/datasheets/S-LAH66-2020
-06.pdf.

[32] T. Pikalek, T. Fort, and Z. Buchta, Detection tech-
niques in low-coherence interferometry and their impact
on overall measurement accuracy, Appl. Opt. 53, 8463
(2014).

[33] L. Xin, Z. Yang, J. Dou, Z. Liu, Z. Gao, and X. Zhang,
Hilbert transform-based envelope substitution method for
non-uniform sampling signal correction in white-light
interferometry, OSA Contin. 3, 824 (2020).

[34] J. C. Stover, Optical Scattering: Measurement and Anal-
ysis (SPIE Press Book, Bellingham, WA, USA, 2012),
3rd ed.

[35] A. von Finck, et al., International round-robin experiment
for angle-resolved light scattering measurement, Appl. Opt.
58, 6638 (2019).

[36] J. Degallaix, C. Michel, B. Sassolas, A. Allocca, G.
Cagnoli, L. Balzarini, V. Dolique, R. Flaminio, D. Forest,
M. Granata, B. Lagrange, N. Straniero, J. Teillon, and L.
Pinard, Large and extremely low loss: The unique chal-
lenges of gravitational wave mirrors, J. Opt. Soc. Am. A
36, C85 (2019).

[37] P. J. Jobst, O. Stenzel, M. Schurmann, N. Modsching, S.
Yulin, S. Wilbrandt, D. Gabler, N. Kaiser, and A. Tun-
nermann, Optical properties of unprotected and protected
sputtered silver films: Surface morphology vs. UV/VIS
reflectance, Adv. Opt. Technol. 3, 91 (2014).

[38] J. M. Elson, J. P. Rahn, and J. M. Bennett, Relationship of
the total integrated scattering from multilayer-coated optics
to angle of incidence, polarization, correlation length, and
roughness cross-correlation properties, Appl. Opt. 22, 3207
(1983).

044055-13


https://doi.org/10.1088/0264-9381/27/19/194011
https://doi.org/10.1088/0264-9381/29/20/205005
https://doi.org/10.1364/OE.20.008329
https://doi.org/10.1364/OE.21.010546
https://doi.org/10.1364/OE.25.004741
https://doi.org/10.1364/JOSAA.29.001722
https://doi.org/10.1364/AO.53.001315
https://doi.org/10.1364/OE.27.016890
https://doi.org/10.1063/1.105981
https://doi.org/10.1109/68.484257
https://doi.org/10.1126/science.1957169
https://doi.org/10.1117/1.2753410
https://doi.org/10.1364/AO.39.000173
https://doi.org/10.1364/AO.46.005635
https://doi.org/10.1364/AO.36.000903
https://doi.org/10.1364/OE.23.026863
https://doi.org/10.1364/OE.26.034236
https://doi.org/10.1364/OL.392000
https://shop.schott.com/advanced_optics/en/Optical-Glass/SCHOTT-N-BK7/c/optical-glass/glass-SCHOTT{%}20N-BK7{%}C2{%}AE
https://www.oharacorp.com/pdf/datasheets/S-LAH66-2020-06.pdf
https://doi.org/10.1364/AO.53.008463
https://doi.org/10.1364/OSAC.390435
https://doi.org/10.1364/AO.58.006638
https://doi.org/10.1364/JOSAA.36.000C85
https://doi.org/10.1515/aot-2013-0052
https://doi.org/10.1364/AO.22.003207

	I. INTRODUCTION
	II. EXPERIMENTAL SETUP
	III. LIGHT POWER BACK-REFLECTED BY BARE GLASS WINDOWS
	A. Theoretical considerations
	B. Experimental results

	IV. LIGHT POWER BACK-SCATTERED FROM A SILVER-COATED MIRROR
	A. Experimental setup
	B. Theoretical considerations
	C. Experimental results

	V. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


