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Sommario

La luce diffusa rappresenta una significativa fonte di rumore nei rivelatori interferometrici di onde
gravitazionali, come LIGO, Virgo e il futuro Einstein Telescope. Ridurne la generazione e la ricombi-
nazione con il fascio principale e essenziale per migliorare la sensibilita del rivelatore. Cio richiede la
caratterizzazione delle proprieta di diffusione della luce di materiali, rivestimenti e componenti ottici
alla specifica lunghezza d’onda utilizzata.

Mentre LIGO e Virgo utilizzano laser a 1064 nm e 532 nm, l'interferometro a bassa frequenza di
Einstein Telescope operera probabilmente a 1550 nm. Presso il DFA e 'INFN di Padova e gia operativo
un apparato di misura della diffusione della luce alle lunghezze d’onda impiegate da LIGO e Virgo. Per
contribuire alla ricerca relativa ad Einstein Telescope, tale apparato deve essere esteso per consentire
misure alla nuova lunghezza d’onda.

In questa tesi si presenta la progettazione, la costruzione e la caratterizzazione di una nuova linea
laser a 1550 nm, nonché la sua integrazione nell’apparato esistente. Un sistema di lenti & sviluppato
per consentire la regolazione della dimensione del fascio incidente sul campione. La polarizzazione
della luce viene sfruttata per variare la potenza del fascio in modo preciso e automatizzato. La
modulazione del fascio combinata con ’amplificazione lock-in ¢ impiegata per ridurre il rumore di
fondo e migliorare la sensibilita. Infine, I’analisi di un campione di riferimento mostra il comportamento
atteso, dimostrando che 'apparato € ora in grado di caratterizzare materiali e rivestimenti di interesse
per Einstein Telescope.

Abstract

Stray light is a significant source of noise in laser interferometric gravitational-wave detectors such
as LIGO, Virgo, and the upcoming Einstein Telescope. Minimizing its generation and its recoupling
with the main beam is essential to improve detector sensitivity. This requires characterization of the
light scattering properties of materials, coatings, and optical components at the specific wavelength
in use.

While LIGO and Virgo employ lasers at 1064 nm and 532 nm, the low-frequency interferometer
of the Einstein Telescope is expected to operate at 1550nm. At the DFA and INFN of Padova,
an experimental facility is already operational for scattering measurements at the LIGO and Virgo
wavelengths. To support research relevant to the Einstein Telescope, this facility needs to be extended
to include the new wavelength.

This thesis presents the design, implementation, and characterization of a new 1550 nm laser line, as
well as its integration into the existing setup. A lens system is developed to enable tunable beam spot
sizes on the sample. A precise and automated power control system is implemented using polarization-
based techniques. Beam modulation combined with lock-in amplification is employed to suppress
background noise and enhance sensitivity. Finally, measurements on a reference sample confirm the
expected behavior, demonstrating that the facility is now capable of characterizing materials and
coatings relevant to the Einstein Telescope.
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Chapter 1

Introduction

On September 14, 2015, soon after Advanced LIGO began operations following a major upgrade, the
first direct observation of gravitational waves (GWs) was made |1, |2]. The signal, named GW150914,
originated from the coalescence of a binary black hole system. This groundbreaking detection, to-
gether with subsequent observations from the international network of GW detectors, confirmed a key
prediction of general relativity (GR) and demonstrated the feasibility of GW astronomy.

Despite this success, the sensitivity of current detectors remains insufficient to fully realize the
scientific potential of GW astronomy. To transition from the era of detection to one of high-precision
measurement, next-generation observatories are being planned. Within Europe, the Einstein Telescope
(ET) is a proposed third-generation ground-based GW observatory set to outperform current detectors
in all performance metrics. With an order of magnitude increase in both sensitivity and frequency
range compared to current detectors, ET will enable detailed studies of black holes and neutron stars,
uncover new astrophysical sources of GWs, provide insights into the early universe, look for dark
matter and dark energy, test GR and other theories in fundamental physics to unprecedented levels
13]-

To build a third-generation GW observatory, it is necessary to overcome the limitations of the
technologies used in current interferometers. Given that typical GW induced strains are on the order of
10722, numerous factors contribute to the overall noise profile of an interferometer, each impacting the
detector’s sensitivity differently across the frequency spectrum of the GWs being observed. Figure[l.1
shows an example of the spectral noise distribution in Advanced Virgo.

Noise contributions are categorized as either fundamental or technical. Fundamental contributions
include Newtonian, seismic, thermal, and quantum noise, while technical noise arises from instrumental
effects, such as stray light.

Newtonian noise stems from fluctuations in the local gravitational field caused by numerous sources,
such as human activity, atmospheric pressure changes, and seismic waves [5, 6]. Such fluctuations can
lead to mirror displacements that are difficult to shield against. These same sources may also induce
ground vibrations, in which case they are classified as seismic noise and can be mitigated by using
suspension systems [7].

Thermal noise originates from random displacements of the mirror surfaces caused by thermal
agitation of the coatings, substrates, and suspensions. It typically dominates between 50 Hz and
200 Hz, and poses a major challenge in room-temperature interferometers [8].

Quantum noise consists of two components: radiation pressure noise and shot noise. Radiation
pressure arises from quantum mechanical amplitude fluctuations of the light field and causes ran-
dom displacements of the mirrors. Shot noise, or quantum phase noise, stems from the statistical
fluctuations in photon arrival times at the photodetector and limits the precision of phase difference
measurements. Radiation pressure noise increases with the optical power incident on the mirror,
whereas shot noise decreases as optical power increases. One of the two effects can be reduced at the
expense of the other using quantum states of light known as squeezed light [9].

Stray light refers to unwanted light that deviates from the intended optical path and recombines
with the primary beam. Sources of stray light include scattering from particulates or rough surfaces,
clipping by finite apertures, or spurious reflections from imperfect anti-reflective coatings. To mitigate
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Figure 1.1: Spectral distribution of the main noise contributions in Advanced Virgo. Source: [4].

this effect, interferometers employ baffles—structures placed along the beam path or around optics—to
absorb stray light before it can re-enter the main beam [10, |[11].

To address these limitations, ET introduces several fundamental changes in design [12]. Unlike
LIGO and Virgo, which use L-shaped geometries, ET will consist of three nested detectors arranged
in an equilateral triangular configuration. Each side of the triangle will be 10 km long—significantly
longer than the 3km arms of Virgo and the 4km arms of LIGO. Each detector will house two dis-
tinct interferometers optimized for different frequency bands [13]. This configuration, known as the
“xylophone” design, is shown in Figure One interferometer (ET-LF) will be optimized for low fre-
quencies (3 Hz to 30 Hz), while the other (ET-HF') will target higher frequencies. ET-HF will use high
optical powers—on the order of megawatts—to suppress shot noise, while ET-LF will operate at cryo-
genic temperatures (10 K to 20 K) and low powers to minimize thermal noise and radiation pressure.
In both interferometers, appropriate squeezed light will be employed to reduce the complementary
quantum noise source.

ET-LF will use silicon as the substrate material for its main optics, replacing fused silica—which
has been extensively used in first and second generation detectors—due to its high mechanical losses
at cryogenic temperatures [15]. Silicon is available in high quality due to its widespread use in the
semiconductor industry and has excellent thermal and mechanical properties for cryogenic applications
[16]. However, silicon is opaque at the wavelengths of 532nm and 1064 nm used in current detectors.
Therefore, ET-LF will operate at a longer wavelength, most likely 1550 nm, where silicon is transparent
and exhibits low absorption (< 5ppmem™!) [17], minimal birefringence (An ~ 10~7) [18], negligible
nonlinear effects [19], and an almost zero coefficient of thermal expansion [20, 21]. Squeezed light
sources are also readily available at this wavelength [22].

Because optical properties are wavelength-dependent, the shift to 1550 nm requires characterization
of the light scattering properties of new materials used in coatings, baffles, and other components.
The DFA and INFN of Padova currently operate a scattering measurement facility that includes both
a scatterometer and an integrating sphere. These instruments are used to characterize materials and
coatings for use in LIGO, Virgo, and ET-HF at 532nm and 1064 nm, specifically to measure the
bidirectional scattering distribution function (BSDF) and the total integrated scattering (TIS), as
described in Section The setup allows control over laser power, polarization, and beam spot size
(as defined in Section on the sample to be characterized.

This thesis focuses on the integration of a new 1550 nm laser line into the existing setup. The
work is limited to the scatterometer, with the integrating sphere to be addressed in future work. The
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Figure 1.2: ET will consist of three detectors arranged in an equilateral triangle with 10km sides.
Each detector will contain two interferometers: one optimized for high frequencies (HF) and the other
for low frequencies (LF). Source: [14].

upgrade is an essential step toward enabling material characterizations at the wavelength required by
ET-LF.

Power control is achieved using a waveplate, which rotates the polarization of the incoming light,
combined with a polarizing beam splitter that deflects light selectively based on polarization. A quasi-
transparent window is also employed to monitor the circulating power by sampling the small reflected
portion of the beam. An additional waveplate can be used to modify the final polarization state, but
has not been implemented as part of this thesis work. The beam shape is adjusted using a specifically
designed movable lens system, while a mechanical chopper modulates it at a set frequency. This allows
a lock-in amplifier to reduce noise at other frequencies by demodulating the signal.

Chapter [2] establishes the theoretical background for this work, covering essential concepts related
to Gaussian beam optics and the scattering properties of materials. It further introduces the working
principle of the scatterometer, discusses the noise sources that affect its measurements, and outlines
the basics of lock-in amplification for noise reduction. Chapter [3| documents the detailed design and
implementation of all setup components, along with their expected performance. Chapter 4] presents
experimental measurements of beam parameters and background noise levels, and compares them with
these expectations. The chapter concludes with the analysis of a reference sample, demonstrating the
scatterometer’s performance in real measurement scenarios at 1550 nm.



Chapter 2

Theoretical Background

2.1 Gaussian beams

2.1.1 Overview

The propagation of electromagnetic waves in linear, homogeneous, isotropic, and source-free media
with refractive index n is governed by the wave equation for the electric field E:
1 O’E
VE= ———>. 2.1
(¢/n)? ot? (21)

The magnetic field B is then determined by the Maxwell-Faraday equation.

The electromagnetic field of a laser can be described under three simplifying approximations [23].
First, the wave is assumed to be monochromatic with angular frequency w. The electric field can then
be expressed in phasor notation as

E(r,t) = R [E(r)e*wt] . (2.2)

Second, the paraxial approximation is applied, meaning that the wave propagates at small angles
relative to the optical axis—say, the z-axis. Under these conditions, a well-defined wave vector k = %22
can be introduced. Denoting its magnitude by k = |k|, the wave equation reduces to the vector
Helmholtz equation:

(VZ+EHE = 0. (2.3)

The third approximation is the slowly varying envelope approximation (SVEA), for which
E(x,y, z) = u(z,y, z)e *%e, (2.4)

where & denotes the polarization of the field, and the envelope u varies slowly along z compared with
. 2

the carrier wave e~%*#. Substituting this expression into Equation and neglecting % yields the

paraxial Helmholtz equation:

?u  0%u L 0u
922 + a2 2%& =0. (2.5)
The solutions of Equation [2.5] when substituted into Equation describe Gaussian beams.
These solutions can be decomposed in several complete sets of orthogonal modes. Two of the most
common are the Hermite-Gaussian and Laguerre-Gaussian modes. It can be shown that certain
optical resonators can sustain either Hermite-Gaussian or Laguerre-Gaussian modes, depending on
their geometry. Lasers based on these resonators can thus emit Gaussian beams. In most cases, the
intended output is the fundamental, or TEMgg, mode, which is the lowest-order mode of both the
Hermite-Gaussian and Laguerre-Gaussian families. Its envelope is given by

e =l el (0 o)) &
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Figure 2.1: Instantaneous irradiance distribution of a Gaussian beam with a circular cross-section,
where A = wg = 318nm, n = 1, and zg = 1 pm. As time progresses, the wavefronts propagate to the
left or right at the speed of light in the medium. Source code available.

where ¢,(2), qy(2) are the complex beam parameters in the x and y directions, and ug is a positive
amplitude factor. This beam exhibits a Gaussian field amplitude distribution in the transverse plane
across the entire optical axis. The standard deviation in direction j € {x,y} is denoted w;(z) and
called the spot size. Each spot size has a minimum wg; called the waist size and located at the waist
position zpj. The same notation was used in Equation for the complex parameter at the waist
position qo; = ¢(20;). .

Defining the Rayleigh range as zr; = w, with A the vacuum wavelength, it can be shown that
q;(2) = (2 — 205) + izRj, that is the Gaussian beam is completely specified by either the complex
parameters or the waist sizes and positions. Substituting this expression in Equation leads to a
more intuitive formula for the envelope:

u(z,y, 2) = ug % exp [_ng(z) - wa(QZJ exp [—z]; <R:(22) + Rj(i))] expliC(2)]. (2.7)

Y
~~ longitudinal
amplitude term transverse phase factor phase factor

Here, R;(z) is the radius of curvature of the wavefront at position z, while {(2) is a phase term called
Gouy phase. In terms of the waist size and position:

wj(z) = woj\/l + <Z_ZOJ)2 (2.8)

] 29

1+

Ry() = (= = 1))

Z*Z[)]

arctan(zgpfox) + arctan(z ZOy)
() = -

The spot size follows a hyperbolic dependence on z, approaching linear growth in the far field. At
the waist and at infinity, the wavefront is planar, while at intermediate positions it is spherical. The
minimum radius of curvature occurs at z = zyp; & zRj, i.e. one Rayleigh range from the waist. The
Gouy phase introduces a phase shift of 7 radians as one moves from the far field on one side of the
waist to the far field on the other side.

The instantaneous irradiance distribution of the beam is proportional to the square of the real
electric field in Equation

I(z,y,2) = IOW exp(—;;(i) - U}?{;) cos? [—kz - g <R:(22) + Ri)) +C(2) - u(;jl.l)

(2.10)
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import numpy as np

import matplotlib.pyplot as plt

from matplotlib.patches import Arc

from scipy.optimize import root_scalar



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



wavelength = 1/np.pi

w0 = 1/np.pi

z_R = np.pi * w0**2 / wavelength



def spot_size(z):

    return w0 * np.sqrt(1 + (z / z_R)**2)



def radius_of_curvature(z):

    return z + z_R**2 / z



z_range = 2*z_R

r_range = 3*w0

k = 2 * np.pi / wavelength



z_values = np.linspace(-z_range, z_range, 1000)

r_values = np.linspace(-r_range, r_range, 1000)

Z, R = np.meshgrid(z_values, r_values)

W_Z = spot_size(Z)

R_Z = radius_of_curvature(Z)

I = w0**2/W_Z**2 * np.exp(-2 * (R**2) / (W_Z**2)) * np.cos(-k*Z + -k*R**2/R_Z + np.arctan(Z/z_R))**2



fig, ax = plt.subplots()



im = ax.pcolormesh(Z, R, I, cmap=plt.cm.hot_r)



z_plot = np.linspace(-z_range, z_range, 100)

ax.plot(z_plot, spot_size(z_plot), color='k', label='Spot size', linewidth=1, linestyle='--')

ax.plot(z_plot, -spot_size(z_plot), color='k', linewidth=1, linestyle='--')



def solve_roots(m_values):

    roots = []

    for m in m_values:

        f = lambda z: -k*z + np.arctan(z/z_R) - 2*m*np.pi

        # bracket: interval where arctan can reach 2m*pi

        z_min = (-np.pi/2 - 2*m*np.pi)/k

        z_max = (np.pi/2 - 2*m*np.pi)/k

        if z_min < z_max:  # only try if valid

            try:

                root = root_scalar(f, bracket=[z_min, z_max]).root

                roots.append(root)

            except ValueError:

                pass  # no root in this bracket

    return roots





for z in solve_roots(range(1, 7)):

    radius = radius_of_curvature(z)

    theta = np.abs(np.arctan(spot_size(z)/radius)) * 1.5 * 180/np.pi



    arc = Arc(((z-radius), 0), 2*radius, 2*radius, theta1=-theta, theta2=theta, color='k', linestyle='-', linewidth=0.5)

    ax.add_patch(arc)

    arc = Arc(((-z+radius), 0), -2*radius, -2*radius, theta1=-theta, theta2=theta, color='k', linestyle='-', linewidth=0.5)

    ax.add_patch(arc)



ax.plot([0,0], [-1.5*w0, 1.5*w0], color='k', linestyle='-', linewidth=0.5, label=r'\SI{0}{\degree} wavefront' )





cbar = plt.colorbar(im, ax=ax)

cbar.set_label('Normalized irradiance')



ax.set_xlabel(r'Longitudinal distance [\si{\micro\meter}]')

ax.set_ylabel(r'Radial distance [\si{\micro\meter}]')

plt.legend(loc='upper center')

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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Since typical detectors cannot resolve optical frequencies, the measured irradiance corresponds to the
time-averaged value:

272 212
i _ pWoatoy _ _ . 2.12
(@020 = Iy, () P\ w2 ()~ w2(2) (2:12)

The beam spot size has been defined as the standard deviation of the field amplitude distribution.
Therefore, the spot size w;(z) describes the distance at which the beam’s irradiance drops to 1/e?
of its maximum value in the transverse direction j. The beam irradiance profile can be elliptical if
Woy 7# Woy or if 20, # 2zoy. When the latter condition occurs, the beam is said to be astigmatic.
Figure illustrates the instantaneous irradiance distribution of an ideal Gaussian beam with equal
waist sizes and positions in the two transverse directions.

2.1.2 Propagation through arbitrary optical systems

In geometrical optics, ray tracing under the paraxial approximation can be performed using ray transfer
matrix analysis—also known as ABCD matrix analysis [24]. This formalism assigns a 2 x 2 matrix to
each optical element or segment of beam propagation. The matrix acts on a vector representing the
incident ray, yielding the vector corresponding to the outgoing ray.

In geometrical optics, the ray vector comprises two components: the transverse position relative to
the optical axis, and the angle the ray makes with that axis. By multiplying matrices corresponding to
successive optical elements, one can describe complex optical systems as a single ray transfer matrix.
For instance, the ray transfer matrix of a thick lens can be expressed as the product of three matrices:
refraction at the first curved surface, propagation through the lens medium, and refraction at the
second curved surface. Table summarizes the ray transfer matrices for common optical interfaces
and elements.

The same matrices can be used to compute the evolution of Gaussian beams through optical
systems. In this context, however, the transformation of the beam is not obtained through direct
matrix—vector multiplication. Instead, the evolution of a Gaussian beam through an optical system

characterized by the matrix (é D

) is governed by the transformation of the complex beam param-

eter:
Aqin + B

qun + D’
where ¢;, and goyt denote the complex beam parameters before and after the optical system, respec-
tively.

(2.13)

Gout =

Table 2.1: Ray transfer matrices for common optical interfaces and elements [24].

Element Matrix Remarks
. . 1 d d = propagation distance,
Propagation in a medium (0 1> constant refractive index.
Refraction at a flat 10 n1 = initial refractive index,
interface 0 % ny = final refractive index.
Reflection from a 10
flat mirror 0 1
. 1 0 n1 = initial refra(;tivg index,
gﬁgﬁ;&on at a curved <n1—n2 n1> ny = final refractive index,
naR na R = radius of curvature.
1 0
Thin lens ( 1 1) f = focal length.
i
n1 = external refractive index,
Thick lens 1 0 1t 1 0 no = lens refractive index,
na—ny N2 0 1 ni—ng ni t = center thickness,
ni1Ra ni na Ry n2

R1, Ry = radii of curvature.
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2.2 Scattering properties of materials

The propagation of electromagnetic waves through a medium is influenced by absorption, emission,

and scattering processes.

e Absorption reduces the radiant flux of the wave by converting it into other forms of energy, such as
heat.

e Emission increases the radiant flux via spontaneous or stimulated emission processes, which may
occur in luminescent materials.

e Scattering redistributes radiance in different directions through interactions with inhomogeneities,
either at material boundaries (surface scattering) or within the bulk medium (volume scattering).
This section provides an overview of these mechanisms.

2.2.1 Surface scattering

Surface scattering occurs when an incident wave interacts with the boundary between two media of
different refractive indices. Under idealized conditions, reflection and refraction are fully described by
Fresnel’s equations and Snell’s law, which depend on the angle of incidence and the light’s polarization.
Real surfaces, however, deviate from this ideal behavior due to microscopic roughness and the presence
of scattering centers beneath the surface [25] 26].

The angular redistribution of scattered radiation is characterized by the bidirectional scattering
distribution function (BSDF). In spherical coordinates, the incident and scattering directions are
specified by the zenith and azimuthal angles (6;, ;) and (0s, ps) as illustrated in Figure The
BSDF is then defined as
dL(6;, pi, 05, s)

BSDF (65, ¢, 05, ps) = dI(6;,¢;)

(2.14)

where I(6;,p;) is the irradiance incident upon the surface, and L(6;, p;, 05, ps) is the radiance scat-
tered in the direction (6s,¢s), that is the radiant flux leaving the surface per unit solid angle per
unit projected area in that direction. Physically realizable BSDFs satisfy the Helmholtz reciprocity
principle, meaning that they are invariant under exchange of incident and scattered directions—hence
the term “bidirectional”. The BSDF may depend on the wavelength and polarization state of the inci-
dent radiation. Furthermore, spatial inhomogeneities in the material may lead to position-dependent
scattering behavior. As such, the BSDF should be regarded as a sample-specific property rather than
an intrinsic material property.

The BSDF is typically decomposed into a reflected component, the bidirectional reflectance distri-
bution function (BRDF), and a transmitted component, the bidirectional transmittance distribution
function (BTDF). Figure illustrates example BRDFs.

In the experimental facility discussed in this thesis, the BSDF of a sample is measured by the
scatterometer, whose working principle is explained in Section [2.3.1] Scattering can also be quantified
by the total integrated scatter (TIS), defined as the fraction of incident optical power scattered into a

Surface i
Scattered normal Incident

beam beam

Figure 2.2: Illustration of the incident and scattered directions used in the BSDF definition. The
sample lies in the z-y plane and is represented by the gray patch.



8 CHAPTER 2. THEORETICAL BACKGROUND
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Figure 2.3: Example BRDFs: shown from left to right are a diffuse surface, a glossy surface, and a
surface characterized by a more general BRDF. The BRDF value is represented by the length of the
vector. Source: [27].

hemisphere. The TIS can be measured directly using an integrating sphere, or equivalently, obtained
by integrating the BSDF over a hemisphere. For reflection:

2 w/2
TIS(6;, i) :/ dgos/ d6sBSDF (6;, i, 05, ps) cos(bs) sin(6s). (2.15)
0 0

The sin(6s) term accounts for the differential area element on the unit sphere, while the cos(fs) factor
adjusts for projected area when computing irradiance contributions from different scattering angles.

2.2.2 Volume scattering

Volume scattering occurs when light interacts with inhomogeneities within the bulk of a medium. The
scattering behavior depends on the ratio of the inhomogeneity size d to the wavelength A [28].

When the inhomogeneity size d is much smaller than the wavelength A, scattering is well described
by Rayleigh theory. In this regime, the incident electric field drives the charges within it to oscillate
at the same frequency, so that the inhomogeneity acts like a radiating dipole. The radiation emitted
by this dipole is observed as scattered light. For a spherical inhomogeneity of radius r and refractive
index n, the scattered irradiance I at an observation point a distance R away is

878 /n?2 -1 2 5
IS = IIW <n2—|—1> (1 —+ cos 9) y (216)

where [ is the incident irradiance and @ is the scattering angle. This expression may be written in
terms of the polarizability volume of the inhomogeneity, «, using the Lorentz—Lorenz equation:

8rta?

Is=1; NR2

(1 + cos®). (2.17)
The polarization of the scattered light depends on the scattering angle and becomes complete at
0 = 90°. When the incident light is already polarized, Equation no longer applies, and more
general expressions must be used to describe the scattering.

Rayleigh scattering is primarily responsible for the scattering of light in the atmosphere. Its strong
wavelength dependence causes the irradiance of scattered blue light (450 nm to 495 nm) to be several
times greater than that of red light (625 nm to 740 nm). Together with human color perception, this
explains the color of the sky at different times of the day .

When the inhomogeneity size d is comparable to the wavelength A, Mie scattering theory must be
used. Although more general, Mie theory is mathematically more involved and reduces to Rayleigh
scattering for inhomogeneities much smaller than the wavelength, or to geometrical optics for inho-
mogeneities much larger. Mie theory is necessary to explain phenomena such as the white appearance
of clouds and the glare produced by dust, smoke, and atmospheric pollutants.

In the context of GW detectors, volume scattering occurs within the substrates of optical com-
ponents, primarily in thick transmissive optics. In this case, its effects can be quantified using the
BSDF by treating optical boundaries as effective scattering surfaces. In this thesis, volume scattering
is relevant because it contributes to noise in the scatterometer setup, which operates in air and is
therefore subject to Rayleigh scattering from air molecules, as described in Section [2.3.2]
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2.3 BSDF measurements

2.3.1 Scatterometer

The BSDF of a sample can be measured using a scatterometer. The scatterometer consists of a
sample holder, where the sample is positioned, and a rotatable detector that records scattered light.
A Gaussian beam illuminates the sample surface, and the detector measures the power scattered in a
specific direction.

Let d¥ denote an illuminated surface element, dP; the differential incident power on dX, dPs the
differential power scattered by dX, and df2 a differential solid angle. The irradiance on the surface
and the scattered radiance in direction df2 are given by

dP, d*P;

=15 LZchosHSdQ’

(2.18)

respectively. Assuming that the sample response is directly proportional to incident irradiance, that
is L = C1 for a constant C, the BSDF is given by

dL L
BSDF = = —. (2.19)

If the detector captures all radiance leaving the surface, the measured power is

P, = / / d’p, = / / BSDF cos 0, ;dQdX, (2.20)
> Qd by Qd

where ¥ is the surface region contributing to scattering, and {24 is the solid angle subtended by the
detector. Since the Gaussian beam has an exponentially decreasing irradiance profile, > can be taken
as a small area that contains most of the incident optical power. For sufficiently small 3, the BSDF
can be assumed uniform. Furthermore, if the detector is far from the sample, the scattering direction
(0s, ps) can be taken constant for all scattering points in 3. Under these conditions,

P, = BSDF cos 0,04 / I,dY = BSDF cos 0,Q4 P, (2.21)
>

thus the BSDF can be computed by the scatterometer as

Ps(eiy v, Os, (Ps)
PicosOQq

BSDF(QI, Vi, 95, QDS) = (222)
Equation assumes not only linearity but also the absence of noise-induced offsets. If noise
is present, at scattering directions that are perpendicular to the surface, the projected area is zero,

however the power recorded by the detector is not, causing a divergence in the BSDF computed via
Equation To mitigate this, the cosine-corrected BSDF is often used:

CBSDF(Qi, ®i, 05, 905) = BSDF(@i, ®i, (95, gos) COS(@S).

2.3.2 Noise in BSDF measurements

Noise in BSDF measurements arises from two main sources: stray light and electronic noise in the
photoelectronic readout. If noise power Ppise is recorded by the scatterometer during a measurement,
the measured cBSDF differs from the true cBSDF:

P, noise

PQq’

CBSDFmeasured(eia Pis Os, 908) = cBSDFyue (01, Pi, Os, ‘PS) + (2'23)

Within the scatterometer, stray light originates from unwanted surface scattering and clipping on
optical elements, ambient light leaking into the system, and volume scattering from the surrounding
environment.
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Clipping occurs when the light beam overfills the finite apertures of the optical elements. This
effect is quantified by the clipping factor, defined as the ratio of the power transmitted through an
aperture to the total beam power. In the experimental setup considered, clipping is neglected when
this factor falls below 1076,

The scatterometer operates in air, therefore Rayleigh scattering from air molecules occurs. Starting
from Equation [2.16] which describes the irradiance scattered by a single molecule, models can be
developed to quantify the expected noise in the scatterometer described in this section 30} |31]. If the
detector is positioned at a distance R from the sample, and has a field of view =, the scatterometer
measures the scattered light as

2\ 4 12(65) R?
BSDF(6,) = | =— 2 d 2.24
<BS ( ) ( A ) e /11(95) R? + 22 — 2Rz cos 9s : ( )

where the integration limits /1 (6s) = R% and l(6s) = Rsins(glisz7 correspond to the portion of
the beam within the detector’s field of view, py denotes the number density of air molecules, and «
is their volume polarizability.

Several strategies can mitigate stray light within the scatterometer, such as operating in vacuum,
employing anti-reflection coatings, using baffles to block off-axis scatter, blackening mechanical sur-
faces, using beam dumps to terminate unused beams, and enclosing the system in light-tight housing
to shield it from ambient light.

Electronic noise arises from both the photodetector and the subsequent measurement circuitry. At
low frequencies, noise sources can be roughly divided into flicker noise and white noise. Flicker noise,
also known as 1/f noise, has a power spectral density that decreases approximately inversely with
frequency and arises primarily from defects in the semiconductor materials. White noise, in contrast,
exhibits a flat power spectral density and contributes equally across all frequencies. It is mainly caused
by thermal agitation in resistive elements (Johnson—Nyquist noise) and by shot noise resulting from
the discrete nature of charge carriers.

2.3.3 Lock-in amplifier for noise reduction

The frequency dependence of noise sources can be exploited to reduce noise in BSDF measurements.
By modulating the laser beam, the spectral content of the input signal to the detector can be shifted
from DC to a frequency where the noise power spectral density is lower. Flicker noise decreases
with frequency, and stray light not originating from the input beam has little spectral content at the
modulation frequency. Measuring the detector output within a narrow bandwidth centered at the
modulation frequency effectively rejects many noise contributions. An instrument that implements
this detection scheme is the lock-in amplifier.

A lock-in amplifier consists of two mixers followed by two low-pass filters. Consider a sinusoidally
modulated signal of amplitude V4, angular frequency ws, and phase ¢s. The input voltage at the
lock-in amplifier is composed of the signal and the noise n(t):

Vin(t) = Vesin(wst + ps) + n(t). (2.25)

The input signal is first split and then fed into the two mixers as shown in Figure 2.4, The mixers
multiply the input signal by a reference sinusoidal wave. In the first mixer, the reference has amplitude
V:, angular frequency wg, and phase ¢, while in the second mixer the reference has an additional 90°
phase. Using trigonometric product identities, the multiplied signals are:

Vmul,l (t) = va(t)‘/r Sin(wst —+ (pr)
1 (2.26)
= §str [cos(ps — ¢r) — cos(2wst + @5 + ¢r)] + Vin(t) sin(wst + ¢1),

Vmul,2 (t) = ‘/'in (t)‘/} sin(wst + ©Or + 900)
1 ' i (2.27)
= §V5Vr [sin(2wst + s + ¢r) + sin(ps — ¢r)] + Vin(t) cos(wst + ¢r)
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Figure 2.4: Schematic of a lock-in amplifier. Source: [32].

The low-pass filters remove the AC components of the multiplied signals. If the noise n(t) has
negligible spectral content near the reference frequency, it is effectively suppressed. The resulting
filtered signals correspond to the in-phase (X) and quadrature (Y') components:

X = %VSV} cos(#), Y = %VSVr sin(), (2.28)

where 0 = s — ¢, is the phase difference between the signal and the reference. The lock-in amplifier
outputs both the amplitude R and the phase 6:

Y
R=+vVX?2+4+Y2, 0 = arctan < (2.29)
The signal amplitude can then be recovered as

(2.30)

which is independent of the phase difference between the reference and the signal.

Lock-in amplifiers can also handle square-wave modulated signals. In this case, the lock-in amplifier
detects the square-wave frequency wg and generates sinusoidal references at that frequency. The input
signal can be expressed as a Fourier series

Vvin:‘/s

SHIS

> 2k1+ o sin((2k + Dwot) +n(t). (2.31)
k=0

Only the fundamental harmonic is preserved by the lock-in amplifier, thus the signal amplitude is
recovered as

TR
L= . 2.32
V4 oV (2.32)




Chapter 3

Design and Implementation of the
Laser Line

This chapter presents the design and implementation of the new 1550 nm laser line developed as part of
this thesis. The laser line was integrated into the existing setup that already accommodated two laser
lines at 532nm and 1064 nm. As with the existing sources, the 1550 nm beam can be routed toward
different measurement instruments: a scatterometer for determining the BSDF, or an integrating
sphere for measuring the TIS. The optical layouts at the beginning and end of this work are shown in
Figure [3.1] and described in this chapter.

Throughout this thesis, the new line is employed exclusively with the scatterometer. Within this
setup, the main objectives of all laser lines are: (i) steering the beam towards the sample under
analysis, (ii) controlling the optical power at the sample, (iii) adjusting the beam spot size, and (iv)
setting the desired polarization state of the light. The scatterometer can then record the light scattered
by the sample. The 1550 nm laser line achieves these objectives by replicating the key techniques used
in the other lines, with necessary adaptations for its wavelength. An overview of these is provided
here, followed by detailed specifications in the subsequent sections.

Switching between wavelengths, or between the scatterometer and the integrating sphere, is ac-
complished using flip mirrors (FMs), which direct the beam from the chosen source to a common beam
path. A periscope raises the beam to the height required by the scatterometer.

Laser power is controlled using a half-wave plate (HWP) in combination with a polarizing beam
splitter (PBS). The HWP rotates the polarization of the incident linearly polarized beam, while the
PBS transmits or reflects light depending on its polarization state. By adjusting the HWP orientation,
the transmitted power can be continuously varied from nearly zero up to the laser’s maximum output
of approximately 500mW. A beam sampler (BS) positioned after the PBS reflects a small fraction
of the light to a monitoring photodiode (PD), which generates a voltage signal proportional to the
incident optical power. After calibration, the photodiode signal provides a direct measure of the
circulating laser power, enabling real-time monitoring during operation.

Beam spot size at the sample is adjusted using a telescope system composed of three lenses (L1,
L2, and L3). One of the lenses is mounted on a translation stage, allowing the spot size to be varied
from approximately 400 pm to 2000 pm without beam clipping at intermediate optics.

An additional HWP can be placed after the PBS to enable arbitrary control of the linear polar-
ization state of light incident on the sample. Furthermore, a polarizer can be mounted in front of
the scatterometer’s photodiode, allowing measurement of the BSDF under different combinations of
incident and scattered polarization states.

Noise reduction in the system relies on both passive and active methods. Passive measures include
a beam dump to terminate the laser beam, black absorptive panels to isolate optical areas, and iris
diaphragms to limit stray light. Active suppression is achieved through optical power modulation and
lock-in demodulation, which rejects most noise sources not originating from the beam. The existing
532nm and 1064 nm laser sources can be modulated by powering them with AC current. This is not
possible with the 1550 nm source; therefore a mechanical chopper periodically interrupts the beam to
generate square-wave modulation.

12
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(b) Optical layout at the end of this thesis work.

Figure 3.1: Optical layout of the bottom level of the facility. The integrating sphere is on the top
level, while the scatterometer spans both levels. Periscopes raise the beams to the required height.
The 532 nm beam is shown in green, with components prefixed by ‘a’. The 1064nm and 1550 nm are
instead in red and yellow, respectively, with components prefixed by ‘b’ and ‘c’. The grid spacing of
25 mm corresponds to the spacing between the holes in the optical table. Axes indicate distances (in
mm) from the bottom-left corner of the table. Abbreviations are: HWP = half-wave plate, PBS =
polarizing beam splitter, L = lens (L1-L3), M = mirror, FM = flip mirror, PD = photodiode, BS =
beam sampler. Layout created using the software Optocad [33].
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3.1 Input beam characterization

The laser source emits linearly polarized, single-frequency light at 1550 nm. Light is delivered to the
optical table through a fiber-optic cable and collimated using a beam collimator.

To design a telescope capable of producing spot sizes between 400 pm and 2000 pm at the sample,
located approximately at 3m from the collimator, the collimated beam must be first characterized.
This characterization is performed by measuring the spot size at multiple positions along the propaga-
tion axis using a beam profiler. The resulting data are then fitted using Gaussian beam propagation
theory to estimate the beam waist positions and sizes, as detailed in Section 2.1

The beam profiler captures the full Gaussian irradiance profile of the beam and determines the
beam diameter and centroid position along adjustable X and Y axes, which are aligned with the
horizontal direction perpendicular to the laser beam and the vertical direction on the optical table,
respectively.

Measured spot sizes along the propagation axis are plotted in Figure[3.2] The axial origin is defined
at a reference hole on the optical table at coordinates (950, 75) in the optical layouts of Figure
approximately corresponding to the collimator position. The distance of 16.51 mm between the beam
profiler casing and its photosensitive surface is accounted for in the analysis. Uncertainties in the axial
position and beam diameter are 1 mm and 5 pm, respectively.

The observed difference between the X- and Y-axis waist positions indicates that the beam is
astigmatic. This may also result from deviations from a pure TEMgy mode. However, for the purpose
of designing the telescope, precise waist parameters are not critical; approximate values are sufficient
to guide initial lens placement. Final alignment and optimization are performed experimentally after
assembly.

950
woz = 709(1) pm woy = 758(1) pm
900 20z = 27.2(4) cm 2oy = 22.4(5) cm y
i 4+ X data 4 Y data p
o 850 s
N [ 4
n P ”
i 800 - . - pe
z
= 50 - . ’ [eewes?’
700 tevwvt
8 - i ¢ X residuals | ¢ Y residuals
ff
b
=
Hﬂ i |
78— -
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Figure 3.2: Spot size measurements along the propagation axis of the beam emerging from the colli-
mator. The origin is set at a reference hole on the optical table at coordinates (950, 75) in the optical
layouts of Figure[3.1] approximately corresponding to the collimator position. Fitted waist parameters
indicate that the beam is elliptical and astigmatic. Source code available.
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import numpy as np

import matplotlib.pyplot as plt

from uncertainties import ufloat, correlated_values

from uncertainties import unumpy as unp

from scipy.odr import ODR, Model, RealData



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



wavelength = 1550e-9 # m



def waist_function(z, w0, z0):

    return w0 * (1 + (wavelength * (z - z0) / (np.pi * w0**2))**2)**0.5



def waist_function_derivative(z, w0, z0):

    return wavelength**2/(np.pi**2 * w0**3) * (z-z0) / (1 + (wavelength * (z - z0) / (np.pi * w0**2))**2)**0.5



def fit_waist(z_var, w_var, initial_guess):

    model = Model(lambda beta, z: waist_function(z, *beta))

    data = RealData(unp.nominal_values(z_var), unp.nominal_values(w_var), sx=unp.std_devs(z_var), sy=unp.std_devs(w_var))

    odr = ODR(data, model, beta0=initial_guess)

    output = odr.run()

    params = output.beta

    covariance = output.cov_beta

    return correlated_values(params, covariance)



def to_z_var(zs):

    return np.array([1e-2 * ufloat(z, 0.1) for z in zs])



def to_w_var(diameters):

    return np.array([0.5 * 1e-6 * ufloat(diameter, 5) for diameter in diameters])



read_z = [15, 20, 25, 30, 35, 40, 45, 55, 65, 75, 85, 95] #cm

read_x_diam = [1436, 1435, 1419, 1413, 1416, 1422, 1428, 1472, 1521, 1575, 1636, 1697]

read_y_diam = [1518, 1516, 1511, 1518, 1525, 1533, 1550, 1578, 1617, 1668, 1718, 1780]



z_var = to_z_var(read_z)

wx_var = to_w_var(read_x_diam)

wy_var = to_w_var(read_y_diam)



initial_guess = [750e-6, 0.23]





fig, axs = plt.subplots(2, 2, figsize=[4.5, 4])

xfit, yfit, xres, yres = axs.flatten()



xw0, xz0 = fit_waist(z_var, wx_var, initial_guess)

yw0, yz0 = fit_waist(z_var, wy_var, initial_guess)



um_unit = r'\si{\micro\meter}'

cm_unit = r'\si{\centi\meter}'



def plot_waist(z_var, w_var, w0, z0, ax, right_side=False):

    z = unp.nominal_values(z_var)

    z_sigma = unp.std_devs(z_var)

    w = unp.nominal_values(w_var)

    w_sigma = unp.std_devs(w_var)



    z_fit = np.linspace(0, np.max(z)*1.15, 1000)



    if right_side:

        ax.set_yticklabels([])

        ax.set_ylabel('')

        ax.errorbar(z*1e2, w*1e6, xerr=z_sigma*1e2, yerr=w_sigma*1e6, fmt='.', label='$Y$ data')

        label=f'$w_{{0y}} = {w0*1e6::.1uS}\\,{um_unit}$\n$z_{{0y}} = {z0*1e2::.1uS}\\,{cm_unit}$'

    else:

        ax.set_ylabel(f'Waist size [{um_unit}]')

        ax.errorbar(z*1e2, w*1e6, xerr=z_sigma*1e2, yerr=w_sigma*1e6, fmt='.', label='$X$ data')

        label=f'$w_{{0x}} = {w0*1e6::.1uS}\\,{um_unit}$\n$z_{{0x}} = {z0*1e2::.1uS}\\,{cm_unit}$'



    

    lims = ax.get_xlim() 

    ax.set_xlim(lims)

    ax.plot(z_fit*1e2, waist_function(z_fit, w0.n, z0.n)*1e6, label=label)

    ax.set_xticklabels([])

    ax.set_ylim(700, 950)

    ax.set_xticks([0, 20, 40, 60, 80])

    ax.legend(labelspacing=0.4, borderpad=0.2)

    ax.grid()



def plot_waist_residuals(z_var, w_var, w0, z0, ax, right_side=False):

    z = unp.nominal_values(z_var)

    z_sigma = unp.std_devs(z_var)

    w = unp.nominal_values(w_var)

    w_sigma = unp.std_devs(w_var)



    residuals = w - waist_function(z, w0.n, z0.n)

    zsigma_proj = np.abs(waist_function_derivative(z, w0.n, z0.n)) * z_sigma

    x_yerr = np.hypot(w_sigma, zsigma_proj)

    ax.axhline(0, color='black', linestyle='--')

    ax.set_xlabel(f'Axial position [{cm_unit}]')

    if right_side:

        ax.set_yticklabels([])

        ax.set_ylabel('')

        ax.errorbar(z*1e2, residuals*1e6, yerr=x_yerr *1e6, fmt='.', label='$Y$ residuals')

    else:

        ax.errorbar(z*1e2, residuals*1e6, yerr=x_yerr *1e6, fmt='.', label='$X$ residuals')

        ax.set_ylabel(f'Residuals [{um_unit}]')



    ax.set_ylim(-10, 10)

    ax.set_yticks([-8, -4, 0, 4, 8])

    ax.set_xticks([0, 20, 40, 60, 80])

    ax.legend(labelspacing=0, borderpad=0.2)

    ax.grid()



plot_waist(z_var, wx_var, xw0, xz0, xfit)

plot_waist(z_var, wy_var, yw0, yz0, yfit, right_side=True)



plot_waist_residuals(z_var, wx_var, xw0, xz0, xres)

plot_waist_residuals(z_var, wy_var, yw0, yz0, yres, right_side=True)



plt.tight_layout()

plt.subplots_adjust(hspace=0.00, wspace=0.0)

plt.show()



Double-click to download the source code for this figure (requires a compatible PDF viewer)
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3.2 Power control system

The power control system is placed immediately after the fiber-optic output. This prevents excessive
optical power from passing through the downstream lenses when unnecessary, and to avoid variations
in spot size on the PBS caused by the movable lens, which may affect its transmittance.

The first component of the system is a crystalline quartz zero-order HWP. A zero-order HWP
introduces an optical path length difference of (m+%))\ with m = 0 between two orthogonally polarized
components of wavelength A\. Compared to multi-order wave plates, zero-order HWPs exhibit lower
sensitivity to temperature and wavelength variations. For a linearly polarized input beam, rotation of
the HWP controls the output polarization: the angle between input and output polarizations equals
twice the angle between the incident polarization and the wave plate axis, as illustrated in Figure
The HWP is mounted in a motorized rotation stage which can rotate the HWP by steps of 25”.

Following the HWP, a PBS separates orthogonal polarization components, enabling modulation
of the transmitted optical power. The PBS transmits the p-polarized component while reflecting the
s-polarized component, with an extinction ratio of 3000 : 1. The reflected beam is directed into a
beam dump to prevent back-reflections and unwanted propagation.

According to Malus’s law, the transmitted power through the HWP-PBS system is given by

P=F [6082(91n + 2(0uwp — Oin)) + E] , (3.1)

where 6;, and Opwp denote the polarization angle of the incoming beam and the orientation of the
HWP axis, respectively, both referenced to the horizontal. The term ¢ accounts for the partial polar-
ization of the laser beam and the non-ideal extinction ratio of the PBS. Equation [3.1] could be used
to determine the power incident on the sample. However, the HWP motor may occasionally miss
steps, causing the actual power to deviate unpredictably. For this reason the optical power is actively
monitored using a beam sampler and a monitoring photodiode.

The PBS is made of UV-grade fused silica, whose wavelength-dependent refractive index is de-
scribed by the Sellmeier equation [34] for the range 0.21 pm < A < 3.71 pm:

0.696 166 3 \2 0.407 942 6 \2 0.897479 4 \2

n?—1= + + :
A2 —(0.0684043m)2 ' A2 — (0.1162414pm)% | A — (9.896 161 m)?

(3.2)

At A = 1550nm, the refractive index is approximately n ~ 1.45, which increases the optical path
length within the PBS cube and is accounted for in the telescope design.

The beam sampler used for optical power monitoring is placed immediately after the PBS. It
is designed to minimize wavefront distortion: the downstream surface is wedged to prevent internal
fringes, and coated to reduce ghost reflections. The beam sampler relies on Fresnel reflection from an
uncoated optical surface, reflecting between 1% and 10 % of the incident light depending on polariza-
tion. Because the polarization state influences the sampler reflectance, the HWP used for polarization
control—though not implemented within this thesis—mneeds to account for this dependence. Owing
to space constraints, the incidence angle is set to 28°, where the reflectance is 2.16 % for p-polarized
light and 4.53 % for s-polarized light.

The photodiode used for power monitoring has an active area of 5.0 mm in diameter, sufficiently
large to capture most of the beam irradiance. Its specified responsivity at 1550 nm is 0.85 A W1,
However, to account for all contributing effects, the relationship between the recorded photodiode
voltage and the actual power delivered to the sample is experimentally determined in Section

Output
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Input Wave Plate
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Figure 3.3: Operating principle of a half-wave plate (HWP). Source: [35].
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3.3 Telescope

Once the collimated beam is characterized and the optical path length through the PBS determined,
the telescope can be designed. The objective is to achieve spot sizes on the sample (located approxi-
mately 3m from the source) ranging from 400 pm to 2000 pm by varying the position of one lens by a
few centimeters. At the same time, clipping losses on all optics must remain below the target value of
10~%. All optical components have a clear aperture of 25.4 mm (1”) except for the beam dump, which
has an aperture of 11 mm.

A set of plano-convex, thick lenses with focal lengths of 50 mm, 100 mm, 200 mm, and 300 mm was
available for constructing the telescope. Their geometry is shown in Figure [3.4] with specifications
listed in Table The feasible lens combinations and placements are constrained by the limited
space on the optical table (Figure .

The design process employed the simulation software JamMt [36], which computes Gaussian beam
propagation under the paraxial approximation (as described in Section and outputs lens con-
figurations satisfying the required beam waist evolution. Additional considerations such as clipping
and mechanical housing constraints were evaluated manually after the simulations. The input beam
to the software was assumed to have a circular cross-section, with parameters taken as the average of
the measured values shown in Figure 3.2 wp = 734 um and 2y = 24.8 cm.

The selected lens configuration is reported in Table To minimize spherical aberrations, each
lens is oriented with its curved surface facing the side with lower beam convergence. Translating
Lens 2 by about 2 cm tunes the spot size on the sample across the target range, while keeping clipping
losses below 1076 for all elements, as shown in Figures and

Figure[3.5| shows the expected spot size on the sample and beam dump as a function of the absolute
position z,ps of Lens 2, measured with respect to the reference hole at the collimator. The micrometer
on the translation stage reports a relative position z,, related to z,ps by

Zabs = 28.2Cm — Zpq]. (3.3)

The minimum spot size on the sample (369 pm) occurs with Lens 2 placed at zaps = 27.2cm (20 =
10.0mm), while the maximum (1880 pm) occurs at z,ps = 25.2cm (2] = 30.0mm). Discrete points
appear in the plot because the software does not support exporting spot size as a function of lens
position. An analytical dependence could be derived by writing the ray transfer matrix of the system
with Lens 2 position as a parameter.

Figure shows the clipping factor on the beam sampler, Lens 3, and the beam dump as Lens 2
is translated. The spot size on all optics is less than that on Lens 3, therefore clipping on all other
1” optics is not reported. The beam sampler is an exception, as its tilt of 28° reduces its effective
aperture relative to the incoming beam.

The clipping factor is computed by integrating the Gaussian irradiance (Equation over the
aperture of the optical element, 3., yielding the transmitted power, P;;, and the corresponding clipping
ratio,

Py - Js I(z,y, z)dzdy
Piot Jge I(z,y, z)dady’

For a circular aperture of radius R oriented perpendicular to the propagation direction, and assuming
perfect alignment of the aperture with the optical axis, this expression reduces to

-2 a5

For the tilted beam sampler, the clipping factor can be approximated by using the same expression,
but with an effective aperture radius R’ = R cos 6, where 6 = 28° is the tilt angle of the surface. This
adjustment accounts for the geometric reduction in the projected area of the aperture as seen by the
incoming beam.

h=1- (3.4)
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Table 3.1: Specifications of the available plano-convex lenses. Quantities are defined in Figure
Simulation software JamMt supports specifying center thickness, focal length, and radii of curvature.

Focal Radius of  Center Edge Back focal
Manufacturer ~ Model length curvature thickness thickness length
(rm)  (mm)  (mm)  (mm)  (mm)
Thorlabs LA4148  50.2 23.0 5.8 2.1 46.2
Thorlabs LA4380 100.3 46.0 3.8 2.1 97.7
Thorlabs LA4102 200.7 92.0 2.9 2.0 198.7
Thorlabs LA4579 301.1 138.0 2.6 2.0 299.3
Table 3.2: Selected lens configuration. Positions —itee—
are given relative to the reference hole at the col- _j_'_te Dia: Diameter
. / f:  Focal Length
limator. - i f: Front Focal Length
Dig o H" _._;';-:-,. Ir:ih: Eagk Fucta(I;Leng:th
.. - H adius or Lurvature
Lens ID Focal length  Position ‘-‘ R te: Center Thickness
ens (mm) (cm) te: Edge Thickness
e ff— | ——fp—— H": Back Principal Plane
Lens 1 50 15 f—
Lens 2 200 25.2-27.2 Figure 3.4: Geometrical diagram of the available
Lens 3 300 50
plano-convex lenses. Source: [35].
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Figure 3.5: Simulated spot size on the sample
and terminating dump as a function of Lens 2
position. The sample is assumed at 2.985m
from the reference hole, while the beam dump
at 3.26 m. The minimum spot size at the sam-
ple is 369 um with Lens 2 at z,,s = 27.2cm,
while the maximum is 1880 pm at z,ps = 25.2 cm.
Source code available.

L2 position [cm]

Figure 3.6: Simulated clipping factors for the
beam sampler, Lens 3, and the terminating dump
as a function of Lens 2 position. Clipping for all
other elements is smaller than that on Lens 3.
The beam dump has a diameter of 11 mm, while
other optics have a diameter of 25.4mm (17).
Expected clipping on the beam dump falls be-
low 107! for z,ps between 25.5cm and 27.2 cm.
Source code available.
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import numpy as np

import matplotlib.pyplot as plt



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



pos = np.array([25.2, 25.4, 25.6, 25.8, 26, 26.2, 26.4, 26.6, 26.7, 26.8, 26.9, 27, 27.1, 27.2, 27.3, 27.4, 27.5]) # L2 position in cm



sample = np.array([1877.5, 1717.2, 1553.2, 1386.1, 1216.3, 1044.7, 873.1, 705, 624.5, 548.5, 479.8, 422.7, 383.6, 368.9, 382.4, 422.2, 482.7])



dumper = np.array([1663.1, 1488.1, 1309.9, 1129.6, 949.1, 772.3, 607.2, 473.5, 430.4, 411.6, 421.6, 459.3, 519.6, 596.4, 684.8, 781.4, 884])



plt.scatter(pos, sample, marker='.', label='Sample')

plt.scatter(pos, dumper, marker='.', label='Beam dump')

plt.xlabel('L2 position [\\si{\\centi\\meter}]')

plt.ylabel('Spot size [\\si{\\micro\\meter}]')

plt.xticks(np.arange(25.2, 27.6, 0.4))

plt.xlim(25.0, 27.6)

plt.grid()

plt.legend()

plt.tight_layout()

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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import numpy as np

import matplotlib.pyplot as plt



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}",

})



pos = np.array([25.2, 25.4, 25.6, 25.8, 26, 26.2, 26.4, 26.6, 26.7, 26.8, 26.9, 27, 27.1, 27.2, 27.3, 27.4, 27.5]) # L2 position in cm

sampler = np.array([3311.0, 3285.2, 3260.1, 3235.6, 3211.6, 3188.3, 3165.6, 3143.6, 3132.7, 3122.1, 3111.6, 3101.2, 3091.0, 3081.0, 3071.1, 3061.3, 3051.7])

l3 = np.array([3592.8, 3563.3, 3534.6, 3506, 3478.2, 3451.1, 3424.6, 3398.7, 3386, 3373.4, 3361, 3348.7, 3336.6, 3324.6, 3312.8, 3301.2, 3289.7])



dumper = np.array([1663.1, 1488.1, 1309.9, 1129.6, 949.1, 772.3, 607.2, 473.5, 430.4, 411.6, 421.6, 459.3, 519.6, 596.4, 684.8, 781.4, 884])



window_angle = 28 * np.pi / 180





plt.figure()

l3_clip = np.exp(-2 * 12700**2/l3**2)

window_clip = np.exp(-2 * (12700 * np.cos(window_angle))**2/sampler**2)

dumper_clip = np.exp(-2 * 5500**2/dumper**2)



plt.scatter(pos, l3_clip, marker='.', label='Lens~3')

plt.scatter(pos, dumper_clip, marker='.', label='Beam dump')

plt.scatter(pos, window_clip, marker='.', label='Beam sampler')

plt.legend(loc = "lower center")

plt.xlabel('L2 position [\\si{\\centi\\meter}]')

plt.ylabel('Clipping factor')

plt.yscale('log')

plt.xticks(np.arange(25.2, 27.6, 0.4))

plt.xlim(25.0, 27.6)

plt.ylim(1e-14, 2*1e-10)

plt.grid()

plt.tight_layout()

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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Figure 3.7: Final laser line constructed as part of this thesis. All components relevant to the 1550 nm
line are labeled.

3.4 Measurement system

The laser beam is directed toward the scatterometer through a sequence of dielectric mirrors (cM1,
cM2, cM3, and cFM4 in Figure, and a periscope. The periscope consists of two vertically aligned
mirrors that raise the beam by about 20cm, matching the height required by the scatterometer.
Figure shows the completed bottom floor of the facility that has been built as part of this thesis.

Because it is shared by all laser lines, the periscope uses metallic mirrors, which provide a broader
spectral range than dielectric mirrors, although with slightly lower reflectance. Both metallic and
dielectric mirrors are specified to have reflectance exceeding 99 %, thus six mirrors in the beam path
result in a total relative power loss of at most 5.9 %.

All mirrors are mounted in kinematic mounts equipped with fine adjustment screws, enabling
precise beam steering and alignment. These adjustments are used to minimize clipping and ensure
that the beam is centered on the desired surface element of the sample. The sample itself is mounted
on a holder that provides both vertical and horizontal positioning. At present, the scatterometer
measures scattered power only in the horizontal plane containing the incident beam. For accurate
measurement, the illuminated surface element must be centered on the photodetector rotation axis.

To enable measurements at small scattering angles, light is not collected directly by the photode-
tector. Instead, a prism mirror located 25.4cm from the rotation axis reflects the scattered light
upward to the photodetector, which is mounted above the prism mirror and rotates with it, as illus-
trated in Figure|3.8] Because the prism is only 3 mm wide, the setup permits measurements at angles
as small as 0.7°. Placing the detector directly in the scattering plane would otherwise block these
measurements due to the housing size.

The photodetector has an extremely high sensitivity and a low damage threshold (10 mW), which
limits the maximum input power. To prevent saturation or damage, neutral density filters can be
placed before the detector; their optical densities are experimentally measured in Section An iris
diaphragm is also present to reduce the field-of-view of the detector and reduce measured stray light.

To enhance sensitivity, lock-in detection is employed. The incident beam is modulated at 23 Hz
using a mechanical chopper, producing a square-wave signal. The lock-in amplifier receives both the
photodetector output and the reference waveform, rejecting noise components not synchronized with
the modulation frequency. It is configured with a time constant of 300 ms (corresponding to a cutoff
frequency of 0.5Hz) and a roll-off of 12dBoct™!. Although a narrow band-pass filter centered at
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Figure 3.8: Scatterometer setup. The image shows the sample holder and the rotating arm with the
prism mirror and photodetector used for measuring scattered light.

1550 nm could further reduce background noise, it was not available during the present work.

The scatterometer is operated using custom software that controls motorized positioning, regu-
lates incident power, and manages data acquisition. During a measurement, the software moves the
photodetector arm across the scattering plane to sample the angular distribution of scattered light.
The software also rotates the HWP to regulate the incident power, preventing saturation of either
the photodetector or the lock-in amplifier, whose maximum input voltage is 1 V. Conversion of the
recorded voltages into BSDF values requires calibration, as detailed in Section [£.2]



Chapter 4

Laser Line Characterization

Following its construction and alignment, the laser line is experimentally characterized, and the results
are compared with the design expectations.

This chapter presents the characterization of the beam in the scatterometer area as Lens 2 position
is varied, and the effective power delivered to the sample as a function of the HWP angle. The power-
monitor photodiode is calibrated to determine the conversion factor between the recorded voltage and
the actual optical power at the sample. Additionally, the contributions of electronic noise and stray-
light background to the measurement system are quantified. Finally, the characterization is completed
by measuring the BRDF of a reference sample with a known scattering profile.

4.1 Output beam characterization

The beam in the scatterometer area was characterized using the beam profiler. Beam spot sizes along
the X and Y axes were measured at multiple axial positions for different positions of Lens 2. The
measurements are fitted using Gaussian beam propagation theory, yielding estimates of the beam waist
sizes and positions, as well as the spot sizes at the sample and beam dump. In addition, the Y -centroid
of the beam was recorded to monitor beam alignment. The measured spot sizes are summarized in
Table and illustrated in Figure The origin of the z-axis is set at coordinates (700, 75) in the
optical layouts of Figure 3.1} corresponding approximately to the location of an iris diaphragm.

The sample is located at approximately 30 cm from the reference, and the beam dump at 57.5 cm.
As expected from the optical design, the spot sizes at the sample range from approximately 390 pm to
1970 pm. The beam is elliptical and astigmatic, consistent with the input beam characteristics after
the collimator, as discussed in Section At the beam dump, the spot sizes reach up to 1900 pm,
which corresponds to roughly one-third of the dump aperture radius of 5500 pm.

The measured Y-centroids are shown in Figure These measured values were relative to an
arbitrary zero set by the beam profiler’s support height. For clarity, the plotted values are shifted such
that the Y-centroid of the beam of largest spot size at the dump (Lens 2 at 30 mm) is zero. On the
beam dump, the centroid varies by approximately 800 pm across the full range of Lens 2 positions. To
minimize clipping across this range, the beam dump is aligned with the beam of largest spot size. The
resulting clipping factors are estimated by numerical integration of Equation to account for this
offset. Despite the offset, all clipping factors remain below 10~2. This analysis considers only vertical
tilt, since the vertical reference is reproducible when the beam profiler is moved along the z-axis due
to its fixed support height. Horizontal tilt was not measured, as it requires a different procedure to
ensure reproducible horizontal referencing when repositioning the profiler.

20
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Table 4.1: Fitted beam waist parameters along the X and Y axes for different Lens 2 positions,
with corresponding spot sizes at the sample and beam dump. Axial positions are given relative to a
reference hole in the optical table, corresponding to the iris diaphragm at coordinates (700, 75) in the

optical layouts of Figure

Waist parameters Sample Beam dump
L2 pos. WOz 201 Woy 20y X size Y size X size Y size
(mm)  (pm)  (cm) (nm) (cm) (mm)  (um)  (um)  (pm)
10.0 377(2)  34.2(2) 371.2(2) 41.3(2) 381(2) 401(2) 485(2)  429(1)
12.5 401(2) 54.9(2) 418.7(2) 63.5(2) 505(2) 576(2)  402(2)  425(2)
15.0 445(2) 79.0(2) 476.8(3) 90.1(2) 703(2) 784(1) 505(2) 584(2)
20.0 542(4) 138.1(5) 616.7(4) 159.9(6) 1123(1) 1208(1) 912(2) 1025(2)
25.0 674(5) 221(1) 735.5(6) 243(1) 1551(1) 1608(1) 1372(2) 1446(2)
30.0 824(8) 327(2)  985(11)  374(3) 1958(1) 1984(1) 1810(2) 1866(2)
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Figure 4.1: Spot sizes at the sample and beam
dump for different Lens 2 positions. The sample
is located at 30cm from the reference, and the
beam dump at 57.5cm. Source code available.

4.2 Power characterization
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Figure 4.2: Y-centroids as a function of Lens 2
position. The centroid is defined to be zero
at the beam dump when Lens 2 is at 30 mm.
For each Lens 2 position the tilt is reported.
Source code available.

Accurate characterization of the optical power delivered to the sample requires calibration of the pho-
todetector used for power monitoring. This calibration establishes the mapping between the detector’s
voltage output and the actual optical power incident on the sample.

Optical powers are measured using a power sensor, which the manufacturer specifies to have an
uncertainty of +5 %. This uncertainty is significantly larger than the observed statistical fluctuations
in repeated measurements and is therefore treated as a correlated systematic error. Consequently, fits
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from uncertainties import ufloat

import uncertainties.unumpy as unp

import uncertainties as unc

import numpy as np

import matplotlib.pyplot as plt

from scipy.odr import ODR, Model, RealData



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



wavelength = 1550e-9 # m



def waist_function(z, w0, z0):

    return w0 * (1 + (wavelength * (z - z0) / (np.pi * w0**2))**2)**0.5



def position_function(w, w0, z0):

    return z0 + np.pi * w0**2 / wavelength * ((w / w0)**2 - 1)**0.5



def to_z_var(zs: np.ndarray)->np.ndarray: 

    return np.array([1e-2 * ufloat(z, 0.1) for z in zs])



def to_w_var(diameters: np.ndarray)->np.ndarray:

    return np.array([0.5 * 1e-6 * ufloat(diameter, 5) for diameter in diameters])



def fit_waist(z_var, w_var, initial_guess):

    model = Model(lambda beta, z: waist_function(z, *beta))

    data = RealData(unp.nominal_values(z_var), unp.nominal_values(w_var), sx=unp.std_devs(z_var), sy=unp.std_devs(w_var))

    odr = ODR(data, model, beta0=initial_guess)

    output = odr.run()

    params = output.beta

    covariance = output.cov_beta

    return unc.correlated_values(params, covariance)



read_z = [7.5, 12.5, 40, 45, 50]

z_var = to_z_var(read_z)



read_sample_z = 30

sample_z_var = to_z_var([read_sample_z])[0]



read_dumper_z = 57.5

dumper_z_var = to_z_var([read_dumper_z])[0]





l2_pos = np.array([10., 12.5, 15, 20., 25., 30.]) # mm



wxs = np.array([

    to_w_var([1031, 947, 762, 807, 870]),

    to_w_var([1418, 1314, 886, 837, 810]),

    to_w_var([1818, 1725, 1242, 1170, 1095]),

    to_w_var([2624, 2516, 2097, 2003, 1939]),

    to_w_var([3388, 3345, 2983, 2900, 2834]),

    to_w_var([4175, 4097, 3807, 3734, 3722]),

])



wys = np.array([

    to_w_var([1158, 1071, 752, 744, 770, ]),

    to_w_var([1548, 1481, 1006, 948, 889, ]),

    to_w_var([1952, 1874, 1409, 1339, 1260, ]),

    to_w_var([2713, 2683, 2282, 2217, 2142, ]),

    to_w_var([3498, 3418, 3080, 3047, 2987, ]),

    to_w_var([4163, 4123, 3882, 3837, 3795, ]),

])



y_centroids = np.array([

    [439., 435., 296., 283., 289., ],

    [349., 338., 191., 174., 175., ],

    [275., 260., 111., 93., 83., ],

    [65., 58., -111., -133., -130., ],

    [-113., -142., -324., -339., -346., ],

    [-287., -309., -502., -527., -545., ],

])



w0xs = np.array([])

w0ys = np.array([])

z0xs = np.array([])

z0ys = np.array([])

for i in range(len(l2_pos)):

    wx, z0x = fit_waist(z_var, wxs[i], [1000e-6, 0.5])

    wy, z0y = fit_waist(z_var, wys[i], [1000e-6, 0.5])

    

    w0xs = np.append(w0xs, wx)

    w0ys = np.append(w0ys, wy)

    z0xs = np.append(z0xs, z0x)

    z0ys = np.append(z0ys, z0y)



sample_x_var = waist_function(sample_z_var, w0xs, z0xs) * 1e6

sample_y_var = waist_function(sample_z_var, w0ys, z0ys) * 1e6

sample_x, sample_x_std = unp.nominal_values(sample_x_var), unp.std_devs(sample_x_var)

sample_y, sample_y_std = unp.nominal_values(sample_y_var), unp.std_devs(sample_y_var)



dumper_x_var = waist_function(dumper_z_var, w0xs, z0xs) * 1e6

dumper_y_var = waist_function(dumper_z_var, w0ys, z0ys) * 1e6

dumper_x, dumper_x_std = unp.nominal_values(dumper_x_var), unp.std_devs(dumper_x_var)

dumper_y, dumper_y_std = unp.nominal_values(dumper_y_var), unp.std_devs(dumper_y_var)



plt.errorbar(l2_pos, sample_x, sample_x_std, label='Sample $X$', fmt='.')

plt.errorbar(l2_pos, sample_y, sample_y_std, label='Sample $Y$', fmt='.')



plt.errorbar(l2_pos, dumper_x, dumper_x_std, label='Beam dump $X$', fmt='.')

plt.errorbar(l2_pos, dumper_y, dumper_y_std, label='Beam dump $Y$', fmt='.')



plt.xlabel(r'L2 position [\si{\milli\meter}]')

plt.ylabel(r'Spot size [\si{\micro\meter}]')

plt.ylim([300, 2100])

plt.yticks(np.arange(300, 2200, 200))

plt.legend()

plt.grid()

plt.tight_layout()

plt.show()



Double-click to download the source code for this figure (requires a compatible PDF viewer)
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from uncertainties import ufloat

import uncertainties.unumpy as unp

import uncertainties as unc

import numpy as np

import matplotlib.pyplot as plt

from scipy.odr import ODR, Model, RealData



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



wavelength = 1550e-9 # m





def waist_function(z, w0, z0):

    return w0 * (1 + (wavelength * (z - z0) / (np.pi * w0**2))**2)**0.5



def to_z_var(zs: np.ndarray)->np.ndarray: 

    return np.array([1e-2 * ufloat(z, 0.1) for z in zs])



def to_w_var(diameters: np.ndarray)->np.ndarray:

    return np.array([0.5 * 1e-6 * ufloat(diameter, 5) for diameter in diameters])



def fit_waist(z_var, w_var, initial_guess):

    model = Model(lambda beta, z: waist_function(z, *beta))

    data = RealData(unp.nominal_values(z_var), unp.nominal_values(w_var), sx=unp.std_devs(z_var), sy=unp.std_devs(w_var))

    odr = ODR(data, model, beta0=initial_guess)

    output = odr.run()

    params = output.beta

    covariance = output.cov_beta

    return unc.correlated_values(params, covariance)



read_z = [7.5, 12.5, 40, 45, 50]

z_var = to_z_var(read_z)



read_sample_z = 30

sample_z_var = to_z_var([read_sample_z])[0]



read_dumper_z = 57.5

dumper_z_var = to_z_var([read_dumper_z])[0]





l2_pos = np.array([10., 12.5, 15, 20., 25., 30.]) # mm



wxs = np.array([

    to_w_var([1031, 947, 762, 807, 870]),

    to_w_var([1418, 1314, 886, 837, 810]),

    to_w_var([1818, 1725, 1242, 1170, 1095]),

    to_w_var([2624, 2516, 2097, 2003, 1939]),

    to_w_var([3388, 3345, 2983, 2900, 2834]),

    to_w_var([4175, 4097, 3807, 3734, 3722]),

])



wys = np.array([

    to_w_var([1158, 1071, 752, 744, 770, ]),

    to_w_var([1548, 1481, 1006, 948, 889, ]),

    to_w_var([1952, 1874, 1409, 1339, 1260, ]),

    to_w_var([2713, 2683, 2282, 2217, 2142, ]),

    to_w_var([3498, 3418, 3080, 3047, 2987, ]),

    to_w_var([4163, 4123, 3882, 3837, 3795, ]),

])



y_centroids = np.array([

    [439., 435., 296., 283., 289., ],

    [349., 338., 191., 174., 175., ],

    [275., 260., 111., 93., 83., ],

    [65., 58., -111., -133., -130., ],

    [-113., -142., -324., -339., -346., ],

    [-287., -309., -502., -527., -545., ],

])



w0xs = np.array([])

w0ys = np.array([])

z0xs = np.array([])

z0ys = np.array([])

for i in range(len(l2_pos)):

    wx, z0x = fit_waist(z_var, wxs[i], [1000e-6, 0.5])

    wy, z0y = fit_waist(z_var, wys[i], [1000e-6, 0.5])

    

    w0xs = np.append(w0xs, wx)

    w0ys = np.append(w0ys, wy)

    z0xs = np.append(z0xs, z0x)

    z0ys = np.append(z0ys, z0y)



sample_x_var = waist_function(sample_z_var, w0xs, z0xs) * 1e6

sample_y_var = waist_function(sample_z_var, w0ys, z0ys) * 1e6

sample_x, sample_x_std = unp.nominal_values(sample_x_var), unp.std_devs(sample_x_var)

sample_y, sample_y_std = unp.nominal_values(sample_y_var), unp.std_devs(sample_y_var)



dumper_x_var = waist_function(dumper_z_var, w0xs, z0xs) * 1e6

dumper_y_var = waist_function(dumper_z_var, w0ys, z0ys) * 1e6

dumper_x, dumper_x_std = unp.nominal_values(dumper_x_var), unp.std_devs(dumper_x_var)

dumper_y, dumper_y_std = unp.nominal_values(dumper_y_var), unp.std_devs(dumper_y_var)





plt.xlabel(r'Axial position [\si{\centi\meter}]')

plt.ylabel(r'$Y$-centroid [\si{\micro\meter}]')



largest_spot_coeffs = np.polyfit(unp.nominal_values(z_var), y_centroids[5], 1)

zero_offset = np.polyval(largest_spot_coeffs, dumper_z_var.n)

for i in range(len(l2_pos)):

    # fit line

    coeffs = np.polyfit(unp.nominal_values(z_var), y_centroids[i]-zero_offset, 1)

    fit = 0.01*np.arange(0, 65, 60)

    fit_line = np.polyval(coeffs, fit)

    plt.plot(fit*100, fit_line)

    tilt = np.arctan(coeffs[0]*1e-6) *1000



    plt.errorbar(unp.nominal_values(z_var)*100, y_centroids[i]-zero_offset, yerr=5, fmt='.',label=fr'\SI{{{l2_pos[i]}}}{{\milli\meter}} : \SI{{{tilt:.2f}}}{{\milli\radian}}', color=f'C{i}')



plt.axvline(sample_z_var.n*100, color='k', linestyle='--')

plt.axvline(dumper_z_var.n*100, color='k', linestyle='--')

plt.text(sample_z_var.n*100 - 12, 1050, 'Sample', color='black', va='center')

plt.text(dumper_z_var.n*100 - 11, 1050, 'Dump', color='black', va='center')

plt.xticks(np.arange(0, 61, 10))

plt.xlim(0, 60)

plt.yticks(np.arange(0, 1501, 200))

plt.ylim(-500, 1100)

plt.grid()

plt.legend(labelspacing=0.2, borderpad=0.1)

plt.tight_layout()

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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are performed without assigning individual point-by-point uncertainties, and the posterior uncertainty
is estimated from the fitted data. The specified systematic uncertainty must be considered when
reporting absolute power values, although it does not affect relative comparisons within the same
measurement session.

Before performing the detector calibration, consistency checks were performed by verifying the
expected dependence of the transmitted power on the HWP angle and by quantifying optical losses in
the beam path. Figure [4.3|shows the optical power measured at the sample as a function of the HWP
angle reported by the motor. The data are in excellent agreement with the theoretical dependence
predicted by Malus’s law (Equation . The HWP motor resolution is 25” thus the uncertainty in
the angle is neglected. However, across different measurement sessions the motor may occasionally
miss steps, which prevents accurate reproducibility of the absolute angular position. For this reason,
continuous power monitoring with the photodetector is required.

For selected HWP angles, the optical power was measured at three different positions in the beam
path corresponding to the power incident on the beam sampler (Pgg), on the photodetector (Ppp),
and on the sample (Ps). The fractional loss in the optical path is then computed as

P, + Ppp

e (4.1)

Moss = 1-

Figure shows that the total optical losses amount to approximately 5.4 % of the circulating power,
which is slightly below the upper bound of 5.9 % estimated in Section based on the reflectance of
the mirrors in the beam path.

The calibration curve relating the photodetector voltage to the optical power incident on the sam-
ple is shown in Figure A linear fit to the data yields a conversion factor of 46.84(7) mW V1,
whose uncertainty does not include the 5% systematic uncertainty of the power sensor. The coeffi-
cient of determination R? exceeds 0.9999, confirming the linearity of the detector response across the
calibration range.
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Figure 4.3: Optical power measured at the sam-
ple as a function of HWP rotation angle re-
ported by the motor. The fitted curve follows
the dependence predicted by Malus’s law (Equa-
tion . The uncertainty of Py does not include
the 5% systematic uncertainty of the power sen-
sor. Source code available.

Figure 4.4: Fractional optical power losses in the
beam path between the beam sampler and the
sample. The measured loss fraction is below the
upper bound of 5.9% estimated in Section
based on the reflectance of the mirrors in the
beam path. Source code available.



"""

    Author: Fabio Cimino

    License: CC0 1.0

"""



import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from uncertainties import ufloat, correlated_values



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



hwp_angle = np.array([35., 37., 38., 39., 40., 41., 42., 43., 45., 47.5, 50., 55., 60., 65., 70., 75., 80., 82.5, 85., 87.5, 90.])

power_on_sample = np.array([14.75, 5.32, 2.5, 0.77, 0.211, 0.84, 2.64, 5.56, 15.04, 32.21, 56.05, 119.9, 198., 279.8, 356.3, 420., 461.3, 471.8, 475.5, 472.2, 461.4])



def r2(y_true, y_pred):

    ss_res = np.sum((y_true - y_pred) ** 2)

    ss_tot = np.sum((y_true - np.mean(y_true)) ** 2)

    return 1 - ss_res / ss_tot



fig, axs = plt.subplots(2, 1, figsize=fig_size)

ax, ax2 = axs.flatten()

ax.set_ylabel("Power on sample" + f' ($\\si{{\\milli\\watt}}$)')



def model(angle, p0, theta0, pol_res):

    return p0 * (np.cos((2*angle - theta0) * np.pi / 180)**2 + pol_res)



params, covs = curve_fit(model, hwp_angle, power_on_sample, p0=[100, 160, 0], bounds=([0,0, 0], [np.inf, 180, np.inf]))

p0_var, theta0_var, pol_res_var = correlated_values(params, covs)

label='$P_\\text{{s}} = P_0 \\left[ \\cos^2\\!(2\\theta_\\text{{HWP}} - \\theta_\\text{{in}}) + \\varepsilon \\right]$ \n' + \

    f'$P_0 = \\SI{{{p0_var:.1uS}}}{{\\milli\\watt}}$ \n' + \

    f'$\\theta_\\text{{in}} = \\SI{{{theta0_var:.1uS}}}{{\\degree}}$ \n' + \

    f'$\\varepsilon = \\SI{{{pol_res_var:.1uS}}}{{}}$'





pred = model(hwp_angle, *params)

residuals = power_on_sample - pred



post_error = np.sqrt(np.sum(residuals**2) / (len(residuals) - 3))



ax.errorbar(hwp_angle, power_on_sample, post_error, fmt='.')

fit = np.linspace(np.min(hwp_angle), np.max(hwp_angle), 100)

ax.plot(fit, model(fit, *params), label=label)

ax.legend(labelspacing=0.2, borderpad=0.2)

ax.grid()

ax.set_xticks(np.arange((np.min(hwp_angle)//5)*5, np.max(hwp_angle) + 5, 5))

ax.set_yticks(np.arange((np.min(power_on_sample)//50)*50, np.max(power_on_sample) + 50, 50), minor=True)

ax.set_yticks(np.arange((np.min(power_on_sample)//100)*100, np.max(power_on_sample) + 100, 100))





ax2.errorbar(hwp_angle, residuals, post_error, fmt='.', label=f'$\\sigma_\\text{{post}}=\\SI{{{post_error:.1f}}}{{\\milli\\watt}}$')

ax2.set_xlabel('HWP angle' + f' ($\\si{{\\degree}}$)')

ax2.set_ylabel(f'Residuals ($\\si{{\\milli\\watt}}$)')

ax2.axhline(0, color='black', linestyle='--')

ax2.legend(labelspacing=0.2, borderpad=0.2)

ax2.set_xticks(np.arange((np.min(hwp_angle)//5)*5, np.max(hwp_angle) + 5, 5))

ax2.grid()



plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)


"""

    Author: Fabio Cimino

    License: CC0 1.0

"""



import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from uncertainties import ufloat



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



power_on_window = np.array([0.17, 0.91, 2.9, 6.09, 16.39, 34.92, 60.67, 129.6, 214.3, 303.2, 386.1, 455.1, 499.5, 510.8, 514.5, 511.1, 499.2])

power_on_pd = np.array([0.00647, 0.02185, 0.0664, 0.1389, 0.3747, 0.802, 1.396, 2.989, 4.933, 6.80, 8.65, 10.20, 11.20, 11.46, 11.54, 11.46, 11.19])

power_on_sample = np.array([0.211, 0.84, 2.64, 5.56, 15.04, 32.21, 56.05, 119.9, 198., 279.8, 356.3, 420., 461.3, 471.8, 475.5, 472.2, 461.4])



def r2(y_true, y_pred):

    ss_res = np.sum((y_true - y_pred) ** 2)

    ss_tot = np.sum((y_true - np.mean(y_true)) ** 2)

    return 1 - ss_res / ss_tot



fig, axs = plt.subplots(2, 1)

ax, ax2 = axs.flatten()

ax.set_ylabel(r'Lost power (\si{{\milli\watt}})')



y = power_on_window - power_on_sample - power_on_pd

params, covs = curve_fit(lambda x, m: m*x, power_on_window, y)

m_var = ufloat(params[0], np.sqrt(covs[0][0]))

label=fr'$P_\text{{lost}} = {m_var.n:.3f} \frac{{\si{{\milli\watt}}}}{{\si{{\milli\watt}}}} P_\text{{BS}}$'



pred = m_var.n * power_on_window

residuals = y - pred

dof = 1

post_error = np.sqrt(np.sum(residuals**2) / (len(residuals) - dof))

ax.errorbar(power_on_window, y, post_error, fmt='.')

fit = np.linspace(np.min(power_on_window), np.max(power_on_window), 100)

ax.plot(fit, m_var.n * fit, label=label)

ax.legend(labelspacing=0.2, borderpad=0.2)

ax.set_xticklabels([])

ax.grid()



ax2.errorbar(power_on_window, residuals, post_error, fmt='.', label=f'$R^2= {r2(y, pred):.4f}$ \n $\\sigma_\\text{{post}}=\\SI{{{post_error:.1f}}}{{\\milli\\watt}}$')

ax2.set_xlabel(r'Power on beam sampler (\si{\milli\watt})')

ax2.set_ylabel(r'Residuals (\si{\milli\watt})')

ax2.set_ylim(-0.59, 0.59)

ax2.axhline(0, color='black', linestyle='--')

ax2.legend(labelspacing=0.2, borderpad=0.2)

ax2.grid()

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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Figure 4.5: Calibration curve relating the photodetector voltage to the optical power incident on the
sample. The linear fit provides the calibration factor. Source code available.

4.3 Background noise

Background noise was characterized by operating the scatterometer as in a regular BSDF measurement,
but with no sample in place. Measurements were acquired over the full scattering angle range of 0° to
180°, where 65 = 0° corresponds to the prism mirror blocking the beam before it reaches the sample,
and fs = 180° corresponds to the prism facing both the sample and the incident beam in the same
direction.

At each detector position, the acquisition software recorded the voltage of the power-monitor
photodiode along with five repeated measurements of the lock-in amplifier output voltage. The input
power was automatically adjusted to avoid saturation of either the photodiode (10 mW threshold) or
the lock-in amplifier (1 V maximum input). The monitor voltage is converted into optical power using
the calibration relation determined in Section [£.2]

In contrast, the scatterometer detector was not fully calibrated due to time constraints. Its output
was instead converted to optical power using the nominal transimpedance gain of 2 x 101V A~1 and
the specified responsivity of 1.04 AW~! at 1550nm. An additional correction factor arises from the
lock-in amplifier when using an external square-wave reference. This was estimated as 0.441V V! for
the other laser lines in the facility, and is assumed equal for the 1550 nm line. Therefore, the reported
background noise values should be regarded as approximate, order-of-magnitude estimates. The 97 %
reflectance of the collection prism mirror was also included in the effective detected power.

The active area of the photodetector is 1 mm in diameter and positioned at a distance of 25.4 cm
from the beam, corresponding to a solid angle of 1.2 x 1079 sr.

The acquisition software recorded both the high and low voltages of the power-monitor photodiode
as the beam was modulated by the chopper. Occasional artifacts appeared in these readings due to
the relatively long chopping times. To mitigate this, the chopper blade will be replaced with one
containing fewer slots, thereby increasing the modulation period. For the present analysis, these
artifacts—manifesting as spurious decreases in the high voltage and increases in the low voltage—
were suppressed by retaining only the maximum high voltage and minimum low voltage from each
measurement set.

The background noise level can be further reduced by optimizing the beam dump height as de-
scribed in Section and by adjusting the aperture of the iris placed between the periscope and the
sample. With these optimizations, the noise floor is sufficiently low for the experimental requirements.



"""

    Author: Fabio Cimino

    License: CC0 1.0

"""



import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

from uncertainties import ufloat



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



fig_size = [3.3,3.3]



power_on_sample = np.array([0.211, 0.84, 2.64, 5.56, 15.04, 32.21, 56.05, 119.9, 198., 279.8, 356.3, 420., 461.3])



voltage = 1e-3 * np.array([11.3, 24.5, 62.1, 122.1, 319.0, 692.0, 1188.0, 2550.0, 4180.0, 5910.0, 7640.0, 8990.0, 9860.0])



def r2(y_true, y_pred):

    ss_res = np.sum((y_true - y_pred) ** 2)

    ss_tot = np.sum((y_true - np.mean(y_true)) ** 2)

    return 1 - ss_res / ss_tot





fig, axs = plt.subplots(2, 1, figsize=fig_size)

ax, ax2 = axs.flatten()

ax.set_ylabel(r'Power on sample (\si{{\milli\watt}})')



params, covs = curve_fit(lambda x, m: m*x, voltage, power_on_sample)

m_var = ufloat(params[0], np.sqrt(covs[0][0]))

label=fr'$P_\text{{s}} = {m_var:.1uS} \frac{{\si{{\milli\watt}}}}{{\si{{\volt}}}} V$'



pred = m_var.n * voltage

residuals = power_on_sample - pred

dof = 1

post_error = np.sqrt(np.sum(residuals**2) / (len(residuals) - dof))

ax.errorbar(voltage, power_on_sample, post_error, fmt='.')

fit = np.linspace(np.min(voltage), np.max(voltage), 100)

ax.plot(fit, m_var.n * fit, label=label)

ax.legend(labelspacing=0.2, borderpad=0.2)

ax.set_xticklabels([])

ax.grid()



ax2.errorbar(voltage, residuals, post_error, fmt='.', label=f'$R^2= {r2(power_on_sample, pred):.5f}$ \n $\\sigma_\\text{{post}}=\\SI{{{post_error:.1f}}}{{\\milli\\watt}}$')

ax2.set_xlabel(r'Voltage (\si{{\volt}})')

ax2.set_ylabel(r'Residuals (\si{{\milli\watt}})')

ax2.axhline(0, color='black', linestyle='--')

ax2.legend(labelspacing=0.2, borderpad=0.2)

ax2.grid()

plt.show()

Double-click to download the source code for this figure (requires a compatible PDF viewer)
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Figure shows the equivalent cBSDF of the electronic noise, the measured background noise for
three Lens 2 positions, and a theoretical expectation curve.

Electronic noise was measured by blocking the beam before it entered the periscope, thereby
preventing stray light from originating in the sample area. The equivalent cBSDF of this noise depends
on the input power, as given by Equation 2:23] Because the input power was essentially identical at
a given detection angle for all three background curves, only one electronic noise curve is plotted.
The electronic noise cBSDF remains below 1078 sr~!, indicating a very low contribution to the overall
measurements.

The theoretical noise model of Equation [2.24] originally developed for the other laser lines in the
facility [30, [31], is also included. The model was adapted to the new wavelength and assumes a fixed
beam under the geometrical optics approximation. In practice, however, the plot shows that the noise
BSDF depends on the position of Lens 2. As discussed in Section translating Lens 2 modifies the
beam spot size at a given axial position, and introduces vertical and horizontal shifts and tilts. These
effects are not captured by the simple model, and a more advanced treatment would be required to
fully explain the observed dependence.

The theoretical curve indicates that background noise could be reduced by an order of magni-
tude, perhaps by minimizing stray light further. Nevertheless, the measured background noise cBSDF
remains below 107 %sr~! at most scattering angles, which is sufficiently low to enable accurate mea-
surement of the scattering properties of most materials.
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Figure 4.6: Measured background noise and electronic noise, compared with the theoretical model
curve. The scattering angle s = 0° corresponds to the prism mirror blocking the beam before it reaches
the sample, while 5 = 180° is the opposite orientation. The three background curves correspond to
different Lens 2 positions. Only one electronic noise curve is shown, since the input power for the
three background curves is practically identical at a given scattering angle. The theoretical curve
is based on a Rayleigh scattering model developed for the other laser lines in the facility [30, |31].
Source code available.





background/background.py

"""

    Author: Fabio Cimino

    License: CC0 1.0

"""



from uncertainties import ufloat

from uncertainties import unumpy as unp

import numpy as np

import matplotlib.pyplot as plt

from scipy.integrate import quad



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



pd_sc_responsivity = 1.04 # A/W responsivity at 1550nm from manual (Newport Model 2153)

pd_sc_transimp_gain = 2e10 # V/A

scatterometer_pd_gain = pd_sc_transimp_gain * pd_sc_responsivity # V/W



prism_reflectance = 0.97



detector_area = np.pi * (0.001/2)**2

arm_length = 0.245

solid_angle = detector_area / arm_length**2 # sr



lockin_conversion_factor = 0.441 # V/V TODO: measure this value



power_voltage_factor = ufloat(46.84, 0.07) * 1e-3  # W/V



def read_data(filename):

    data = np.loadtxt(filename, skiprows=6, delimiter='\t')

    

    # data contains:

    # 0: unknown

    # 1: unknown

    # 2: photodiode position angle in deg,

    # 3: sample AOI in deg,



    # 4 + 3n : scatterometer voltage

    # 4 + 3n + 1: unk

    # 4 + 3n + 2: unk



    # -2: monitor min voltage

    # -1: monitor max voltage



    for aoi in data[:, 3]:

        if aoi != 0:

            raise ValueError(f"AOI is {aoi}")



    scatterometer_voltages = np.mean(data[:, 4:-2:3], axis=1) / lockin_conversion_factor

    scatterometer_voltage_stds = np.std(data[:, 4:-2:3], axis=1) / lockin_conversion_factor



    for v in scatterometer_voltages:

        if v*lockin_conversion_factor > 1.0:

            raise ValueError("Lockin saturated")



    scattered_powers = np.array([ufloat(v, s) for v, s in zip(scatterometer_voltages, scatterometer_voltage_stds)]) / (scatterometer_pd_gain*prism_reflectance)



    monitor_voltages = np.repeat(np.max(data[:, -1] - data[:, -2]), len(data[:,1]))

    sample_powers = power_voltage_factor * monitor_voltages



    return data[:, 2], sample_powers, scattered_powers



def plot(filename, **kwargs):

    theta, p_in, p_s = read_data(filename)



    cbdrf = p_s / (p_in * solid_angle)



    plt.errorbar(theta, unp.nominal_values(cbdrf), unp.std_devs(cbdrf), **kwargs)



def plot_electronic_noise(noise_file, bkg_file, **kwargs):

    theta_bkg, p_in, _ = read_data(bkg_file)

    theta_noise, _, p_s = read_data(noise_file)



    # find common theta values

    common_theta, idx1, idx2 = np.intersect1d(theta_bkg, theta_noise, return_indices=True)

    p_in_common = p_in[idx1]

    p_s_common = p_s[idx2]



    cbdrf = p_s_common / (p_in_common * solid_angle)



    plt.errorbar(common_theta, unp.nominal_values(cbdrf), unp.std_devs(cbdrf), **kwargs)





electronic_noise = r'electronic-noise.dat'

bkg20 = r'bkg_L2-20mm.dat'

bkg15 = r'bkg_L2-15mm.dat'

bkg10 = r'bkg_L2-10mm.dat'



plt.figure(figsize=(6, 4.5))

plot_electronic_noise(electronic_noise, bkg20, label='Electronic noise', color='k')

plot(bkg20, label=r'L2 at \SI{20}{\milli\meter}')

plot(bkg15, label=r'L2 at \SI{15}{\milli\meter}')

plot(bkg10, label=r'L2 at \SI{10}{\milli\meter}')





r0 = 0.254

n = 1.0003

rho_n = 101325./(1.380649e-23*(273.15 + 22))

alpha = 3*(n**2-1)/(4*np.pi*rho_n*(n**2+2))

gamma = (17.06/2) * np.pi/180

wavelength = 1550e-9



def l1(theta):

     return r0 * np.sin(gamma)/ np.sin(theta + gamma)



def l2(theta):

    return r0 * np.sin(gamma)/ np.sin(theta - gamma)



def noise_brdf(theta_degrees):

    theta = theta_degrees * np.pi / 180

    integrand = lambda z: 1/(r0**2 + z**2 - 2*r0*z*np.cos(theta))

    result, _ = quad(integrand, -l1(theta), l2(theta))

    return r0**2 * result * rho_n * (2*np.pi/wavelength)**4 * alpha**2





theta_values = np.linspace(start=0, stop=180, num=1000)

_cbsdf = np.array([noise_brdf(th) for th in theta_values])

plt.plot(theta_values, _cbsdf, label='Theoretical model')





plt.ylabel(r"$\mathrm{cBSDF}$ [\si{\per\steradian}]")

plt.xlabel(r"Scattering angle  [\si{\degree}]")

plt.xlim(0, 180)



plt.legend()

plt.yscale("log")

plt.minorticks_on()

plt.grid(True,which="both")

plt.tight_layout()

plt.show()






background/bkg_L2-10mm.dat

Fri May 23 13:09:11 2025

Integral time: 3.000 s

Time between repeated measures: 0.300 s

Time between multiple scans: 0 s

Scan Type: Only Theta

Lock-In Time constant: 0.3

-0.865	-0.017	5.0000	0.0000	0.3000510036945343	2	1	0.2969380021095276	1	1	0.2963890135288239	1	1	0.2978529930114746	1	1	0.3008440136909485	1	1	0.009	5.179

-1.210	-0.032	7.0000	0.0000	0.04399900138378143	1	0.05	0.04405049979686737	1	0.05	0.04400470107793808	1	0.05	0.04382539913058281	1	0.05	0.04374340176582336	1	0.05	0.016	9.686

-1.553	-0.053	9.0000	0.0000	0.02743159979581833	1	0.05	0.02749069966375828	1	0.05	0.0275459997355938	1	0.05	0.02732669934630394	1	0.05	0.02731139957904816	1	0.05	0.021	9.683

-1.895	-0.079	11.0000	0.0000	0.02329269982874393	1	0.05	0.02301990054547787	1	0.05	0.02302750013768673	1	0.05	0.0231114998459816	1	0.05	0.0231114998459816	1	0.05	0.023	9.687

-2.234	-0.110	13.0000	0.0000	0.0112848998978734	2	0.02	0.01115330029278994	1	0.02	0.01120380032807589	1	0.02	0.01148329954594374	1	0.02	0.01154330000281334	1	0.02	0.023	9.680

-2.570	-0.146	15.0000	0.0000	0.007630850188434124	2	0.01	0.007460149936378002	1	0.01	0.007443460170179605	1	0.01	0.007515459787100554	1	0.01	0.007493529934436083	1	0.01	0.052	9.689

-2.903	-0.187	17.0000	0.0000	0.005835560150444508	1	0.01	0.005827929824590683	1	0.01	0.00574020016938448	1	0.01	0.005652930121868849	1	0.01	0.005629570223391056	1	0.01	0.331	9.439

-3.233	-0.232	19.0000	0.0000	0.005726839881390333	1	0.01	0.005606200080364943	1	0.01	0.00561860017478466	1	0.01	0.005755930207669735	1	0.01	0.005874659866094589	1	0.01	0.620	9.177

-3.558	-0.281	21.0000	0.0000	0.005325349979102612	1	0.01	0.005294349975883961	1	0.01	0.005182300228625536	1	0.01	0.005166079849004745	1	0.01	0.005147960036993027	1	0.01	0.521	9.244

-3.880	-0.334	23.0000	0.0000	0.004893810022622347	2	0.005	0.005042579956352711	2	0.01	0.005157980136573315	1	0.01	0.005203280132263899	1	0.01	0.005160360131412745	1	0.01	1.699	8.158

-4.196	-0.392	25.0000	0.0000	0.005025890190154314	1	0.01	0.00502303009852767	1	0.01	0.005042110104113817	1	0.01	0.004890710115432739	2	0.005	0.004772929940372705	1	0.005	3.052	6.652

-4.508	-0.453	27.0000	0.0000	0.004812989849597216	1	0.005	0.004662539809942245	1	0.005	0.004699020180851221	1	0.005	0.004748609848320484	1	0.005	0.004678760189563036	1	0.005	3.225	6.665

-4.814	-0.517	29.0000	0.0000	0.005102660041302443	2	0.01	0.005060229916125536	3	0.01	0.005029229912906885	1	0.01	0.004893810022622347	2	0.005	0.004855189938098192	1	0.005	4.407	5.325

-5.114	-0.584	31.0000	0.0000	0.004978450015187263	1	0.005	0.004922179970890284	1	0.005	0.004805359989404678	1	0.005	0.00491693988442421	1	0.005	0.005003959871828556	2	0.01	2.876	6.986

-5.408	-0.655	33.0000	0.0000	0.004772929940372705	2	0.005	0.004745509941130877	1	0.005	0.00478747021406889	1	0.005	0.004837539978325367	1	0.005	0.004730020184069872	1	0.005	1.650	8.174

-5.695	-0.727	35.0000	0.0000	0.004422689788043499	1	0.005	0.004438669886440039	1	0.005	0.004502329975366592	1	0.005	0.004578860010951757	1	0.005	0.004498030059039593	1	0.005	1.175	8.538

-5.976	-0.802	37.0000	0.0000	0.004530699923634529	1	0.005	0.004477289970964193	1	0.005	0.004390980117022991	1	0.005	0.004553589969873428	1	0.005	0.004658009856939316	1	0.005	0.348	9.326

-6.249	-0.878	39.0000	0.0000	0.004379540216177702	1	0.005	0.004299189895391464	1	0.005	0.004326850175857544	1	0.005	0.00431468989700079	1	0.005	0.004442240111529827	1	0.005	0.150	9.595

-6.514	-0.956	41.0000	0.0000	0.004370720125734806	1	0.005	0.004367620218545198	1	0.005	0.004167589824646711	1	0.005	0.004006890114396811	1	0.005	0.004122999962419271	1	0.005	0.034	9.714

-6.772	-1.035	43.0000	0.0000	0.003927260171622038	1	0.005	0.003975899890065193	1	0.005	0.00394346984103322	1	0.005	0.003947529941797256	1	0.005	0.003953009843826294	1	0.005	0.025	9.710

-7.021	-1.115	45.0000	0.0000	0.004032399971038103	1	0.005	0.003981379792094231	1	0.005	0.003834259929135442	1	0.005	0.003776089986786246	1	0.005	0.003798739984631538	1	0.005	0.017	9.702

-7.262	-1.195	47.0000	0.0000	0.003797780023887753	1	0.005	0.003915579989552498	1	0.005	0.003890050109475851	1	0.005	0.003780379891395569	1	0.005	0.0036897799000144	1	0.005	0.012	9.695

-7.494	-1.274	49.0000	0.0000	0.003512399969622493	1	0.005	0.003528130007907748	1	0.005	0.003520030062645674	1	0.005	0.003551020054146647	1	0.005	0.003542910097166896	1	0.005	0.010	9.693

-7.716	-1.354	51.0000	0.0000	0.00349427992478013	1	0.005	0.003525990061461926	1	0.005	0.003590600099414587	1	0.005	0.00366785004734993	1	0.005	0.003741279942914844	1	0.005	0.008	9.695

-7.930	-1.432	53.0000	0.0000	0.003579390002414584	1	0.005	0.003450169926509261	1	0.005	0.003351459978148341	1	0.005	0.003340499941259623	1	0.005	0.003285899991169572	1	0.005	0.008	9.696

-8.134	-1.509	55.0000	0.0000	0.003291140077635646	1	0.005	0.003372449893504381	1	0.005	0.003402489935979247	1	0.005	0.003352179890498519	1	0.005	0.003452080069109797	1	0.005	0.007	9.695

-8.327	-1.585	57.0000	0.0000	0.003626360092312098	1	0.005	0.003692399943247437	1	0.005	0.003599419957026839	1	0.005	0.003505239961668849	1	0.005	0.003472100012004375	1	0.005	0.007	9.695

-8.511	-1.658	59.0000	0.0000	0.003871219931170344	1	0.005	0.003943710122257471	1	0.005	0.00389840011484921	1	0.005	0.003893150016665459	1	0.005	0.003816379932686687	1	0.005	0.007	9.693

-8.684	-1.729	61.0000	0.0000	0.004050049930810928	1	0.005	0.003991160076111555	1	0.005	0.003981620073318481	1	0.005	0.003936079796403646	1	0.005	0.004015239886939526	1	0.005	0.006	9.696

-8.847	-1.798	63.0000	0.0000	0.004144699778407812	1	0.005	0.004120859783142805	1	0.005	0.004158529918640852	1	0.005	0.004229099955409765	1	0.005	0.004231720231473446	1	0.005	0.006	9.693

-8.999	-1.863	65.0000	0.0000	0.004674459807574749	1	0.005	0.004632500000298023	1	0.005	0.004535229876637459	1	0.005	0.004514010157436132	1	0.005	0.004700690042227507	1	0.005	0.006	9.693

-9.140	-1.924	67.0000	0.0000	0.004752430133521557	1	0.005	0.004720719996839762	1	0.005	0.004821570124477148	1	0.005	0.005092650186270475	2	0.01	0.005054030101746321	1	0.01	0.006	9.696

-9.270	-1.982	69.0000	0.0000	0.005083110183477402	1	0.01	0.005111250095069408	1	0.01	0.005002529826015234	1	0.01	0.005109339952468872	3	0.01	0.005113149993121624	1	0.01	0.006	9.693

-9.388	-2.035	71.0000	0.0000	0.005034000147134066	1	0.01	0.004960330203175545	2	0.005	0.004921699874103069	1	0.005	0.004955559968948364	1	0.005	0.004999910015612841	1	0.005	0.007	9.692

-9.495	-2.085	73.0000	0.0000	0.004887850023806095	1	0.005	0.004971770104020834	1	0.005	0.005056890193372965	2	0.01	0.004918839782476425	2	0.005	0.004997760057449341	1	0.005	0.006	9.692

-9.591	-2.129	75.0000	0.0000	0.005278619937598705	2	0.01	0.00526096997782588	1	0.01	0.005344899836927652	1	0.01	0.005371599923819304	1	0.01	0.005360160022974014	1	0.01	0.006	9.694

-9.675	-2.168	77.0000	0.0000	0.005606680177152157	1	0.01	0.005668189842253923	1	0.01	0.005620509851723909	1	0.01	0.005485559813678265	1	0.01	0.005371599923819304	1	0.01	0.006	9.696

-9.747	-2.202	79.0000	0.0000	0.004981790203601122	2	0.005	0.00486782006919384	1	0.005	0.004845169838517904	1	0.005	0.004890710115432739	1	0.005	0.004978919867426157	1	0.005	0.006	9.696

-9.807	-2.231	81.0000	0.0000	0.005115540232509375	2	0.01	0.005172280129045248	1	0.01	0.005153689999133348	1	0.01	0.005288629792630672	1	0.01	0.005262880120426416	1	0.01	0.006	9.695

-9.855	-2.254	83.0000	0.0000	0.005772619973868132	1	0.01	0.005765940062701702	1	0.01	0.005781679879873991	1	0.01	0.005811720155179501	1	0.01	0.005795990116894245	1	0.01	0.006	9.694

-9.891	-2.272	85.0000	0.0000	0.005919959861785173	1	0.01	0.005924730096012354	1	0.01	0.006057289894670248	1	0.01	0.006144079845398664	1	0.01	0.006135489791631699	1	0.01	0.006	9.694

-9.916	-2.284	87.0000	0.0000	0.005753550212830305	1	0.01	0.005629570223391056	1	0.01	0.005647209938615561	1	0.01	0.005614790134131908	1	0.01	0.005590950138866901	1	0.01	0.006	9.690

-9.928	-2.290	89.0000	0.0000	0.005883249919861555	1	0.01	0.005825549829751253	1	0.01	0.005912330001592636	1	0.01	0.005918529815971851	1	0.01	0.005850819870829582	1	0.01	0.006	9.695

-9.928	-2.290	91.0000	0.0000	0.005970510188490152	1	0.01	0.005901370197534561	1	0.01	0.005866560153663158	1	0.01	0.006026300135999918	1	0.01	0.005999589804559946	1	0.01	0.006	9.693

-9.916	-2.284	93.0000	0.0000	0.005864169914275408	1	0.01	0.005816970020532608	1	0.01	0.005773569922894239	1	0.01	0.005746869836002588	1	0.01	0.005759269930422306	1	0.01	0.006	9.694

-9.891	-2.272	95.0000	0.0000	0.005567099899053574	1	0.01	0.005514650139957666	1	0.01	0.005576159805059433	1	0.01	0.005536589771509171	1	0.01	0.005637200083583593	1	0.01	0.006	9.696

-9.855	-2.254	97.0000	0.0000	0.005344899836927652	1	0.01	0.005277660209685564	1	0.01	0.005385910160839558	1	0.01	0.005482229869812727	1	0.01	0.005537060089409351	1	0.01	0.006	9.694

-9.807	-2.231	99.0000	0.0000	0.005090740043669939	1	0.01	0.005038289818912745	1	0.01	0.004881170112639666	2	0.005	0.004921699874103069	1	0.005	0.00496891001239419	1	0.005	0.006	9.695

-9.747	-2.202	101.0000	0.0000	0.005093129817396402	2	0.01	0.005066900048404932	1	0.01	0.00513557018712163	1	0.01	0.005025419872254133	1	0.01	0.004996090196073055	2	0.005	0.007	9.694

-9.675	-2.168	103.0000	0.0000	0.005201369989663363	2	0.01	0.005322009790688753	1	0.01	0.005335839930921793	1	0.01	0.00516893994063139	1	0.01	0.005063559859991074	1	0.01	0.007	9.693

-9.591	-2.129	105.0000	0.0000	0.005006339866667986	5	0.01	0.005067859776318073	1	0.01	0.005184200126677752	1	0.01	0.005222349893301725	1	0.01	0.005143669899553061	1	0.01	0.007	9.695

-9.495	-2.085	107.0000	0.0000	0.005141760222613811	1	0.01	0.005198989994823933	1	0.01	0.005125550087541342	1	0.01	0.005165129899978638	1	0.01	0.005207090172916651	1	0.01	0.008	9.694

-9.388	-2.035	109.0000	0.0000	0.005154639948159456	1	0.01	0.005194220226258039	1	0.01	0.005229500122368336	1	0.01	0.005274329800158739	1	0.01	0.005351100116968155	1	0.01	0.009	9.689

-9.270	-1.982	111.0000	0.0000	0.005322960205376148	1	0.01	0.005471259821206331	1	0.01	0.005538970232009888	1	0.01	0.005527529865503311	1	0.01	0.005368260201066732	1	0.01	0.011	9.691

-9.140	-1.924	113.0000	0.0000	0.00575975002720952	1	0.01	0.005700139794498682	1	0.01	0.005628619808703661	1	0.01	0.005601909942924976	1	0.01	0.005664859898388386	1	0.01	0.010	9.695

-8.999	-1.863	115.0000	0.0000	0.005805519875138998	1	0.01	0.005694420076906681	1	0.01	0.005720170214772224	1	0.01	0.005716349929571152	1	0.01	0.005635289940983057	1	0.01	0.016	9.690

-8.847	-1.798	117.0000	0.0000	0.005980039946734905	1	0.01	0.006006270181387663	1	0.01	0.006079229991883039	1	0.01	0.006034399848431349	1	0.01	0.005942369811236858	1	0.01	0.013	9.689

-8.684	-1.729	119.0000	0.0000	0.006031069904565811	1	0.01	0.006078749895095825	1	0.01	0.006072069983929396	1	0.01	0.006089239846915007	1	0.01	0.006157900206744671	1	0.01	0.017	9.686

-8.511	-1.658	121.0000	0.0000	0.006175550166517496	1	0.01	0.006347210146486759	1	0.01	0.006378199905157089	1	0.01	0.006484540179371834	1	0.01	0.006551300175487995	1	0.01	0.020	9.686

-8.327	-1.585	123.0000	0.0000	0.006383929867297411	1	0.01	0.006378199905157089	1	0.01	0.006297139916568995	1	0.01	0.006305720191448927	1	0.01	0.006406810134649277	1	0.01	0.023	9.685

-8.134	-1.509	125.0000	0.0000	0.006747279781848192	1	0.01	0.006725340150296688	1	0.01	0.006751569919288158	1	0.01	0.006826910190284252	1	0.01	0.006907490082085133	1	0.01	0.033	9.695

-7.930	-1.432	127.0000	0.0000	0.006730109918862581	1	0.01	0.006843119859695435	1	0.01	0.006946119945496321	1	0.01	0.006924179848283529	1	0.01	0.006946119945496321	1	0.01	0.032	9.688

-7.716	-1.354	129.0000	0.0000	0.007219819817692041	1	0.01	0.007140669971704483	1	0.01	0.007154489867389202	1	0.01	0.007214580196887255	1	0.01	0.007275610230863094	1	0.01	0.115	9.633

-7.494	-1.274	131.0000	0.0000	0.007575059775263071	1	0.01	0.007461579982191324	1	0.01	0.007379080168902874	1	0.01	0.007368119899183512	1	0.01	0.007357149850577116	1	0.01	0.234	9.517

-7.262	-1.195	133.0000	0.0000	0.00790076982229948	1	0.01	0.007845460437238216	1	0.01	0.007713819853961468	1	0.01	0.007711439859122038	1	0.01	0.007817800156772137	1	0.01	1.083	8.749

-7.021	-1.115	135.0000	0.0000	0.008290830068290234	1	0.01	0.008442940190434456	1	0.01	0.008439119905233383	1	0.01	0.00840430986136198	1	0.01	0.008301319554448128	1	0.01	0.959	8.918

-6.772	-1.035	137.0000	0.0000	0.008739530108869076	1	0.01	0.008798180148005486	1	0.01	0.008755270391702652	1	0.01	0.008698049932718277	1	0.01	0.008706149645149708	1	0.01	1.255	8.574

-6.514	-0.956	139.0000	0.0000	0.009108129888772964	1	0.01	0.00913625955581665	1	0.01	0.009125290438532829	1	0.01	0.009158669970929623	1	0.01	0.009270730428397655	1	0.01	3.050	6.701

-6.249	-0.878	141.0000	0.0000	0.01016530022025108	2	0.02	0.0101672001183033	1	0.02	0.01014719996601343	1	0.02	0.01018050033599138	1	0.02	0.0101500004529953	1	0.02	3.146	6.482

-5.976	-0.802	143.0000	0.0000	0.0109721003100276	1	0.02	0.0110427001491189	1	0.02	0.01100260019302368	1	0.02	0.01098260004073381	1	0.02	0.01096730027347803	1	0.02	4.035	5.912

-5.695	-0.727	145.0000	0.0000	0.01152519974857569	1	0.02	0.01149369962513447	1	0.02	0.01165209989994764	1	0.02	0.01180559955537319	1	0.02	0.01177319977432489	1	0.02	3.904	5.693

-5.408	-0.655	147.0000	0.0000	0.01196390017867088	1	0.02	0.01189049985259771	1	0.02	0.01181039959192276	1	0.02	0.01176459994167089	1	0.02	0.01184849999845028	1	0.02	3.405	6.412

-5.114	-0.584	149.0000	0.0000	0.01245700009167194	1	0.02	0.01246079988777637	1	0.02	0.01244840025901794	1	0.02	0.01259709987789392	1	0.02	0.01545529998838902	1	0.02	1.919	7.976

-4.814	-0.517	151.0000	0.0000	0.01376730017364025	1	0.02	0.0137168001383543	1	0.02	0.01374439988285303	1	0.02	0.01365100033581257	1	0.02	0.01373390015214682	1	0.02	1.451	8.411

-4.508	-0.453	153.0000	0.0000	0.01544100046157837	1	0.02	0.01559930015355349	1	0.02	0.01553160045295954	1	0.02	0.01528559997677803	1	0.02	0.01521879993379116	1	0.02	0.392	9.473

-4.196	-0.392	155.0000	0.0000	0.01524840015918016	1	0.02	0.01540760044008493	1	0.02	0.01545440033078194	1	0.02	0.0153590003028512	1	0.02	0.01543429959565401	1	0.02	0.386	9.500

-3.880	-0.334	157.0000	0.0000	0.0161276999861002	1	0.02	0.01603329926729202	1	0.02	0.01622119918465614	1	0.02	0.01629170030355453	1	0.02	0.01611820049583912	1	0.02	0.071	9.734

-3.558	-0.281	159.0000	0.0000	0.0188934002071619	1	0.02	0.01896009966731071	1	0.02	0.01906879991292953	1	0.02	0.0192147009074688	1	0.02	0.01913749985396862	1	0.02	0.098	9.721

-3.233	-0.232	161.0000	0.0000	0.01936260052025318	1	0.02	0.01951799914240837	1	0.02	0.01951419934630394	1	0.02	0.01939119957387447	1	0.02	0.01930529996752739	1	0.02	0.019	9.694

-2.903	-0.187	163.0000	0.0000	0.02097900025546551	2	0.05	0.02128610014915466	1	0.05	0.02111830003559589	1	0.05	0.02077109925448895	1	0.05	0.02082460001111031	1	0.05	0.026	9.707

-2.570	-0.146	165.0000	0.0000	0.02252209931612015	1	0.05	0.02257739938795567	1	0.05	0.0225811991840601	1	0.05	0.02264799922704697	1	0.05	0.02262889966368675	1	0.05	0.010	9.693

-2.234	-0.110	167.0000	0.0000	0.0256482008844614	1	0.05	0.0254174005240202	1	0.05	0.02537170052528381	1	0.05	0.02569589950144291	1	0.05	0.02562339976429939	1	0.05	0.009	9.695

-1.895	-0.079	169.0000	0.0000	0.04843350127339363	1	0.05	0.04873489961028099	1	0.05	0.04912399873137474	1	0.05	0.04877879843115807	1	0.05	0.04850219935178757	1	0.05	0.010	9.695

-1.553	-0.053	171.0000	0.0000	0.08896300196647644	2	0.1	0.08908890187740326	1	0.1	0.08854719996452332	1	0.1	0.08797120302915573	1	0.1	0.08852049708366394	1	0.1	0.007	9.697

-1.210	-0.032	173.0000	0.0000	0.2021799981594086	5	0.5	0.2032790035009384	1	0.5	0.2216809988021851	1	0.5	0.2202460020780563	1	0.5	0.2096569985151291	1	0.5	0.007	9.691

-0.865	-0.017	175.0000	0.0000	0.1082839965820312	2	0.2	0.1080629974603653	1	0.2	0.1087189987301826	1	0.2	0.1086890026926994	1	0.2	0.1091310009360313	1	0.2	0.006	9.699
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-0.865	-0.017	5.0000	0.0000	0.3208029866218567	2	1	0.3202530145645142	1	1	0.3184829950332642	1	1	0.3161030113697052	1	1	0.3131119906902313	1	1	0.620	1.880

-1.210	-0.032	7.0000	0.0000	0.05789969861507416	2	0.1	0.05774329975247383	1	0.1	0.05775089934468269	1	0.1	0.05764409899711609	1	0.1	0.05753729864954948	1	0.1	2.863	6.819

-1.553	-0.053	9.0000	0.0000	0.03338069841265678	2	0.05	0.03311179950833321	1	0.05	0.03321100026369095	1	0.05	0.03330250084400177	1	0.05	0.03323199972510338	1	0.05	2.037	7.447

-1.895	-0.079	11.0000	0.0000	0.02529730089008808	1	0.05	0.02510079927742481	1	0.05	0.02517900057137012	1	0.05	0.02520379982888699	1	0.05	0.02521909959614277	1	0.05	1.586	7.972

-2.234	-0.110	13.0000	0.0000	0.01385500002652407	2	0.02	0.01377779990434647	1	0.02	0.01374160032719374	1	0.02	0.013663399964571	1	0.02	0.0135393999516964	1	0.02	0.276	9.338

-2.570	-0.146	15.0000	0.0000	0.009327470324933529	2	0.01	0.009361330419778824	1	0.01	0.009492930024862289	1	0.01	0.009663639590144157	1	0.01	0.009640280157327652	1	0.01	0.086	9.541

-2.903	-0.187	17.0000	0.0000	0.008278430439531803	1	0.01	0.008192120119929314	1	0.01	0.008018550463020802	1	0.01	0.008005199953913689	1	0.01	0.007950839586555958	1	0.01	0.059	9.553

-3.233	-0.232	19.0000	0.0000	0.00734617980197072	1	0.01	0.007450609933584929	1	0.01	0.00768426014110446	1	0.01	0.007724789902567863	1	0.01	0.007576500065624714	1	0.01	0.017	9.518

-3.558	-0.281	21.0000	0.0000	0.007112530060112476	1	0.01	0.007092509884387255	1	0.01	0.007136850152164698	1	0.01	0.007162599824368954	1	0.01	0.007188349962234497	1	0.01	0.015	9.517

-3.880	-0.334	23.0000	0.0000	0.006929430179297924	1	0.01	0.007024790160357952	1	0.01	0.007132560014724731	1	0.01	0.007093459833413363	1	0.01	0.006858380045741796	1	0.01	0.011	9.510

-4.196	-0.392	25.0000	0.0000	0.006701979786157608	1	0.01	0.006550820078700781	1	0.01	0.006523159798234701	1	0.01	0.006579909939318895	1	0.01	0.006660489831119776	1	0.01	0.008	9.511

-4.508	-0.453	27.0000	0.0000	0.006746800150722265	1	0.01	0.006756810005754232	1	0.01	0.006828810088336468	1	0.01	0.006744409911334515	1	0.01	0.006663830019533634	1	0.01	0.007	9.516

-4.814	-0.517	29.0000	0.0000	0.006633790209889412	1	0.01	0.006781610194593668	1	0.01	0.006773979868739843	1	0.01	0.006839309819042683	1	0.01	0.006774459965527058	1	0.01	0.007	9.518

-5.114	-0.584	31.0000	0.0000	0.006729629822075367	1	0.01	0.006636649835854769	1	0.01	0.006547959987074137	1	0.01	0.006502659991383553	1	0.01	0.006530310027301311	1	0.01	0.006	9.517

-5.408	-0.655	33.0000	0.0000	0.006426840089261532	1	0.01	0.006230860017240047	1	0.01	0.006092580035328865	1	0.01	0.006063969805836678	1	0.01	0.006013419944792986	1	0.01	0.006	9.511

-5.695	-0.727	35.0000	0.0000	0.006080179940909147	1	0.01	0.006153610069304705	1	0.01	0.006278540007770061	1	0.01	0.006349590141326189	1	0.01	0.006241830065846443	1	0.01	0.006	9.514

-5.976	-0.802	37.0000	0.0000	0.005901840049773455	1	0.01	0.006071600131690502	1	0.01	0.006136919837445021	1	0.01	0.006175550166517496	1	0.01	0.006156949792057276	1	0.01	0.006	9.514

-6.249	-0.878	39.0000	0.0000	0.005767850205302238	1	0.01	0.005918529815971851	1	0.01	0.005951430182904005	1	0.01	0.005986240226775408	1	0.01	0.005845579784363508	1	0.01	0.006	9.513

-6.514	-0.956	41.0000	0.0000	0.005501300096511841	1	0.01	0.005617170128971338	1	0.01	0.005789310205727816	1	0.01	0.005690599791705608	1	0.01	0.005679639987647533	1	0.01	0.006	9.508

-6.772	-1.035	43.0000	0.0000	0.005665330216288567	1	0.01	0.005652930121868849	1	0.01	0.005501300096511841	1	0.01	0.005515129771083593	1	0.01	0.005545650143176317	1	0.01	0.006	9.507

-7.021	-1.115	45.0000	0.0000	0.005471259821206331	1	0.01	0.005365880206227303	1	0.01	0.005344420205801725	1	0.01	0.005394970066845417	1	0.01	0.005435020197182894	1	0.01	0.006	9.505

-7.262	-1.195	47.0000	0.0000	0.005355389788746834	1	0.01	0.005341560114175081	1	0.01	0.00533345015719533	1	0.01	0.005332979839295149	1	0.01	0.005233789794147015	1	0.01	0.006	9.507

-7.494	-1.274	49.0000	0.0000	0.005376370158046484	1	0.01	0.005325349979102612	1	0.01	0.005336309783160686	1	0.01	0.005381609778851271	1	0.01	0.005299120210111141	1	0.01	0.006	9.510

-7.716	-1.354	51.0000	0.0000	0.005293880123645067	1	0.01	0.005300549790263176	1	0.01	0.005365400109440088	1	0.01	0.005448369774967432	1	0.01	0.005451229866594076	1	0.01	0.006	9.509

-7.930	-1.432	53.0000	0.0000	0.0051575000397861	1	0.01	0.005322009790688753	1	0.01	0.005408789962530136	1	0.01	0.005325819831341505	1	0.01	0.005281960126012564	1	0.01	0.006	9.511

-8.134	-1.509	55.0000	0.0000	0.005009680055081844	1	0.01	0.005001570098102093	1	0.01	0.00509169977158308	1	0.01	0.005117920227348804	1	0.01	0.005145099945366383	1	0.01	0.006	9.505

-8.327	-1.585	57.0000	0.0000	0.005144149996340275	1	0.01	0.004856380168348551	2	0.005	0.004934339784085751	1	0.005	0.005048300139605999	2	0.01	0.00517133018001914	1	0.01	0.006	9.514

-8.511	-1.658	59.0000	0.0000	0.005437879823148251	1	0.01	0.005438359919935465	1	0.01	0.005320580210536718	1	0.01	0.005414989776909351	1	0.01	0.005631950218230486	1	0.01	0.006	9.507

-8.684	-1.729	61.0000	0.0000	0.005573300179094076	1	0.01	0.005743059795349836	1	0.01	0.005684880074113607	1	0.01	0.005557090044021606	1	0.01	0.005587609950453043	1	0.01	0.006	9.508

-8.847	-1.798	63.0000	0.0000	0.005817919969558716	1	0.01	0.005910899955779314	1	0.01	0.00607255008071661	1	0.01	0.00601152004674077	1	0.01	0.005934270098805428	1	0.01	0.006	9.503

-8.999	-1.863	65.0000	0.0000	0.005990540143102407	1	0.01	0.006169829983264208	1	0.01	0.00619556987658143	1	0.01	0.006099729798734188	1	0.01	0.006135019939392805	1	0.01	0.006	9.506

-9.140	-1.924	67.0000	0.0000	0.006520779803395271	1	0.01	0.006638559978455305	1	0.01	0.006587539799511433	1	0.01	0.006502179894596338	1	0.01	0.006358650047332048	1	0.01	0.006	9.504

-9.270	-1.982	69.0000	0.0000	0.006331469863653183	1	0.01	0.006321460008621216	1	0.01	0.006337199825793505	1	0.01	0.006410149857401848	1	0.01	0.00631716987118125	1	0.01	0.006	9.506

-9.388	-2.035	71.0000	0.0000	0.006478819996118546	1	0.01	0.0065689398907125	1	0.01	0.006616619881242514	1	0.01	0.006490739993751049	1	0.01	0.006314780097454786	1	0.01	0.006	9.503

-9.495	-2.085	73.0000	0.0000	0.006101639941334724	1	0.01	0.006083520129323006	1	0.01	0.005986719857901335	1	0.01	0.005864169914275408	1	0.01	0.005864169914275408	1	0.01	0.006	9.506

-9.591	-2.129	75.0000	0.0000	0.006118330173194408	1	0.01	0.006008650176227093	1	0.01	0.006006270181387663	1	0.01	0.005935220047831535	1	0.01	0.005914240144193172	1	0.01	0.007	9.497

-9.675	-2.168	77.0000	0.0000	0.006273780018091202	1	0.01	0.006315260194242001	1	0.01	0.006248979829251766	1	0.01	0.006234200205653906	1	0.01	0.006305720191448927	1	0.01	0.006	9.508

-9.747	-2.202	79.0000	0.0000	0.005728269927203655	1	0.01	0.005806480068713427	1	0.01	0.005727319978177547	1	0.01	0.005621939897537231	1	0.01	0.005659610033035278	1	0.01	0.007	9.508

-9.807	-2.231	81.0000	0.0000	0.006051570177078247	1	0.01	0.005996259860694408	1	0.01	0.005871329922229052	1	0.01	0.005874190013855696	1	0.01	0.005899940151721239	1	0.01	0.006	9.503

-9.855	-2.254	83.0000	0.0000	0.006562740076333284	1	0.01	0.006511239800602198	1	0.01	0.006547959987074137	1	0.01	0.006729159969836473	1	0.01	0.006595159880816936	1	0.01	0.006	9.498

-9.891	-2.272	85.0000	0.0000	0.00627472996711731	1	0.01	0.006453540176153183	1	0.01	0.00663236016407609	1	0.01	0.006594209931790829	1	0.01	0.006528879981487989	1	0.01	0.006	9.504

-9.916	-2.284	87.0000	0.0000	0.006499319802969694	1	0.01	0.006539850030094385	1	0.01	0.006509810220450163	1	0.01	0.006567030213773251	1	0.01	0.006571799982339144	1	0.01	0.007	9.500

-9.928	-2.290	89.0000	0.0000	0.006791139952838421	1	0.01	0.006899860221892595	1	0.01	0.006772070191800594	1	0.01	0.006659539882093668	1	0.01	0.006662880070507526	1	0.01	0.008	9.489

-9.928	-2.290	91.0000	0.0000	0.00688651017844677	1	0.01	0.006819279864430428	1	0.01	0.006862190086394548	1	0.01	0.00695755984634161	1	0.01	0.006822139956057072	1	0.01	0.008	9.495

-9.916	-2.284	93.0000	0.0000	0.006835970096290112	1	0.01	0.006772549822926521	1	0.01	0.006748230196535587	1	0.01	0.006770160049200058	1	0.01	0.006893190089613199	1	0.01	0.010	9.497

-9.891	-2.272	95.0000	0.0000	0.006650479976087809	1	0.01	0.006577040068805218	1	0.01	0.006462130229920149	1	0.01	0.006454970221966505	1	0.01	0.006594690028578043	1	0.01	0.010	9.496

-9.855	-2.254	97.0000	0.0000	0.006201299838721752	1	0.01	0.006312880199402571	1	0.01	0.006392510142177343	1	0.01	0.006402519997209311	1	0.01	0.006532220169901848	1	0.01	0.011	9.498

-9.807	-2.231	99.0000	0.0000	0.006286169867962599	1	0.01	0.006260420195758343	1	0.01	0.006195100024342537	1	0.01	0.00622085016220808	1	0.01	0.00636438000947237	1	0.01	0.016	9.496

-9.747	-2.202	101.0000	0.0000	0.006032499950379133	1	0.01	0.006138829980045557	1	0.01	0.006026300135999918	1	0.01	0.005945240147411823	1	0.01	0.005999589804559946	1	0.01	0.013	9.494

-9.675	-2.168	103.0000	0.0000	0.005866080056875944	1	0.01	0.00576451001688838	1	0.01	0.005829359870404005	1	0.01	0.005961920134723186	1	0.01	0.006024870090186596	1	0.01	0.020	9.494

-9.591	-2.129	105.0000	0.0000	0.005958590190857649	1	0.01	0.005882769823074341	1	0.01	0.005963359959423542	1	0.01	0.005983860231935978	1	0.01	0.005913290195167065	1	0.01	0.024	9.487

-9.495	-2.085	107.0000	0.0000	0.006107840221375227	1	0.01	0.006136919837445021	1	0.01	0.006111170165240765	1	0.01	0.006174589972943068	1	0.01	0.006103550083935261	1	0.01	0.027	9.484

-9.388	-2.035	109.0000	0.0000	0.006213219836354256	1	0.01	0.006349119823426008	1	0.01	0.006454499904066324	1	0.01	0.006404909770935774	1	0.01	0.006393940187990665	1	0.01	0.040	9.491

-9.270	-1.982	111.0000	0.0000	0.00636008009314537	1	0.01	0.006448300089687109	1	0.01	0.00651028985157609	1	0.01	0.00641635013744235	1	0.01	0.006515529938042164	1	0.01	0.043	9.496

-9.140	-1.924	113.0000	0.0000	0.006894140038639307	1	0.01	0.006916549988090992	1	0.01	0.006803070195019245	1	0.01	0.006583239883184433	1	0.01	0.006516959983855486	1	0.01	0.117	9.392

-8.999	-1.863	115.0000	0.0000	0.006732970010489225	1	0.01	0.006714850198477507	1	0.01	0.006892229896038771	1	0.01	0.007041010074317455	1	0.01	0.006965190172195435	1	0.01	0.557	8.934

-8.847	-1.798	117.0000	0.0000	0.007184539921581745	1	0.01	0.007104429882019758	1	0.01	0.007050069980323315	1	0.01	0.007011440116912127	1	0.01	0.006986650172621012	1	0.01	1.142	8.344

-8.684	-1.729	119.0000	0.0000	0.007083449978381395	1	0.01	0.007118249777704477	1	0.01	0.007061509881168604	1	0.01	0.006977589800953865	1	0.01	0.007133509963750839	1	0.01	1.638	7.867

-8.511	-1.658	121.0000	0.0000	0.007516889832913876	1	0.01	0.007660420145839453	1	0.01	0.007590319961309433	1	0.01	0.007606059778481722	1	0.01	0.007521179970353842	1	0.01	2.428	7.126

-8.327	-1.585	123.0000	0.0000	0.007589850109070539	1	0.01	0.007367639802396297	1	0.01	0.007289920002222061	1	0.01	0.007451090030372143	1	0.01	0.007478740066289902	1	0.01	3.326	6.341

-8.134	-1.509	125.0000	0.0000	0.007726219948381186	1	0.01	0.007767229806631804	1	0.01	0.00782496016472578	1	0.01	0.007743389811366796	1	0.01	0.007836880162358284	1	0.01	2.440	7.254

-7.930	-1.432	127.0000	0.0000	0.008157310076057911	1	0.01	0.008237419649958611	1	0.01	0.008132039569318295	1	0.01	0.008131089620292187	1	0.01	0.008114400319755077	1	0.01	4.163	5.576

-7.716	-1.354	129.0000	0.0000	0.00856166984885931	1	0.01	0.008599819615483284	1	0.01	0.008689460344612598	1	0.01	0.008602679707109928	1	0.01	0.008398120291531086	1	0.01	3.807	5.854

-7.494	-1.274	131.0000	0.0000	0.008649409748613834	1	0.01	0.008755270391702652	1	0.01	0.008729039691388607	1	0.01	0.008605539798736572	1	0.01	0.008534969761967659	1	0.01	3.404	6.171

-7.262	-1.195	133.0000	0.0000	0.009375150315463543	1	0.01	0.009422839619219303	1	0.01	0.009378019720315933	1	0.01	0.009171550162136555	1	0.01	0.008990350179374218	1	0.01	2.669	6.870

-7.021	-1.115	135.0000	0.0000	0.009648379869759083	1	0.01	0.009761390276253223	1	0.01	0.009768069721758366	1	0.01	0.00970465037971735	1	0.01	0.009482920169830322	1	0.01	0.885	8.613

-6.772	-1.035	137.0000	0.0000	0.009933530353009701	1	0.01	0.0105571998283267	2	0.02	0.01054670009762049	1	0.02	0.0101995998993516	1	0.02	0.01006229966878891	1	0.02	1.199	8.422

-6.514	-0.956	139.0000	0.0000	0.01083379983901978	1	0.02	0.01088050007820129	1	0.02	0.01085759978741407	1	0.02	0.01074319984763861	1	0.02	0.01060589961707592	1	0.02	0.199	9.394

-6.249	-0.878	141.0000	0.0000	0.01129730045795441	1	0.02	0.01118670031428337	1	0.02	0.01115520019084215	1	0.02	0.0113020995631814	1	0.02	0.01157189998775721	1	0.02	0.387	9.184

-5.976	-0.802	143.0000	0.0000	0.01256849989295006	1	0.02	0.01252179965376854	1	0.02	0.01234630029648542	1	0.02	0.01239310018718243	1	0.02	0.01224050018936396	1	0.02	0.053	9.534

-5.695	-0.727	145.0000	0.0000	0.01261529978364706	1	0.02	0.01270969957113266	1	0.02	0.01277829986065626	1	0.02	0.01276689954102039	1	0.02	0.01288130041211843	1	0.02	0.019	9.498

-5.408	-0.655	147.0000	0.0000	0.01412300020456314	1	0.02	0.01429750025272369	1	0.02	0.01434899959713221	1	0.02	0.01424320042133331	1	0.02	0.01431570015847683	1	0.02	0.014	9.497

-5.114	-0.584	149.0000	0.0000	0.01484300009906292	1	0.02	0.01470759976655245	1	0.02	0.01473050005733967	1	0.02	0.01468950044363737	1	0.02	0.01473999954760075	1	0.02	0.012	9.498

-4.814	-0.517	151.0000	0.0000	0.01643759943544865	1	0.02	0.01645289920270443	1	0.02	0.01643569953739643	1	0.02	0.01642050035297871	1	0.02	0.01641950011253357	1	0.02	0.009	9.496

-4.508	-0.453	153.0000	0.0000	0.01786720007658005	1	0.02	0.0177461002022028	1	0.02	0.01768700033426285	1	0.02	0.01756300032138824	1	0.02	0.01770509965717793	1	0.02	0.008	9.497

-4.196	-0.392	155.0000	0.0000	0.01939209923148155	1	0.02	0.01936540007591248	1	0.02	0.01932729966938496	1	0.02	0.01934540085494518	1	0.02	0.01929680071771145	1	0.02	0.007	9.498

-3.880	-0.334	157.0000	0.0000	0.01940640062093735	1	0.02	0.01946940086781979	1	0.02	0.01956669986248016	1	0.02	0.01955430023372173	1	0.02	0.01942929998040199	1	0.02	0.006	9.503

-3.558	-0.281	159.0000	0.0000	0.01963149942457676	1	0.02	0.01971160061657429	1	0.02	0.01978120021522045	1	0.02	0.01983460038900375	1	0.02	0.01968009956181049	1	0.02	0.006	9.493

-3.233	-0.232	161.0000	0.0000	0.02190979942679405	2	0.05	0.02207770012319088	1	0.05	0.0219442006200552	1	0.05	0.02182970009744167	1	0.05	0.02185829915106297	1	0.05	0.006	9.495

-2.903	-0.187	163.0000	0.0000	0.02584470063447952	1	0.05	0.02576459944248199	1	0.05	0.02573030069470406	1	0.05	0.02574549987912178	1	0.05	0.02577600069344044	1	0.05	0.006	9.493

-2.570	-0.146	165.0000	0.0000	0.0290146991610527	1	0.05	0.02891740016639233	1	0.05	0.02895939908921719	1	0.05	0.02893080003559589	1	0.05	0.02883539907634258	1	0.05	0.006	9.488

-2.234	-0.110	167.0000	0.0000	0.05730079859495163	2	0.1	0.05677440017461777	1	0.1	0.05683540180325508	1	0.1	0.05738089978694916	1	0.1	0.05738469958305359	1	0.1	0.006	9.494

-1.895	-0.079	169.0000	0.0000	0.05189159885048866	1	0.1	0.05186869949102402	1	0.1	0.05164739862084389	1	0.1	0.05165509879589081	1	0.1	0.05225779861211777	1	0.1	0.007	9.495

-1.553	-0.053	171.0000	0.0000	0.08069659769535065	1	0.1	0.08063939958810806	1	0.1	0.08062410354614258	1	0.1	0.08070039749145508	1	0.1	0.08076909929513931	1	0.1	0.006	9.499

-1.210	-0.032	173.0000	0.0000	0.1719290018081665	2	0.2	0.1724250018596649	1	0.2	0.1725469976663589	1	0.2	0.1723490059375763	1	0.2	0.172883003950119	1	0.2	0.006	9.498

-0.865	-0.017	175.0000	0.0000	0.483797013759613	2	0.5	0.4827589988708496	1	0.5	0.4853839874267578	1	0.5	0.4878860116004944	1	0.5	0.489656001329422	1	0.5	0.006	9.494
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-0.865	-0.017	5.0000	0.0000	0.1925289928913116	1	0.2	0.1924449950456619	1	0.2	0.1919790059328079	1	0.2	0.1919029951095581	1	0.2	0.1923229992389679	1	0.2	0.007	9.246

-1.210	-0.032	7.0000	0.0000	0.01403340045362711	2	0.02	0.0140362000092864	1	0.02	0.01396850030869246	1	0.02	0.01393229980021715	1	0.02	0.01394560001790524	1	0.02	0.006	9.244

-1.553	-0.053	9.0000	0.0000	0.009327470324933529	2	0.01	0.009149130433797836	1	0.01	0.009116229601204395	1	0.01	0.00910670030862093	1	0.01	0.009028020314872265	1	0.01	0.006	9.246

-1.895	-0.079	11.0000	0.0000	0.006928469985723495	1	0.01	0.00676921010017395	1	0.01	0.006694819778203964	1	0.01	0.006800679955631495	1	0.01	0.006833579856902361	1	0.01	0.006	9.243

-2.234	-0.110	13.0000	0.0000	0.003302109893411398	2	0.005	0.003414880018681288	1	0.005	0.003391040023416281	1	0.005	0.003284709993749857	1	0.005	0.00324441003613174	1	0.005	0.007	9.238

-2.570	-0.146	15.0000	0.0000	0.002442850032821298	1	0.005	0.002361309947445989	1	0.005	0.002187269972637296	1	0.005	0.002099290024489164	1	0.005	0.002133149886503816	1	0.005	0.006	9.242

-2.903	-0.187	17.0000	0.0000	0.001902949996292591	2	0.002	0.001980680041015148	1	0.002	0.001949560013599694	1	0.002	0.001799229998141527	1	0.002	0.001669529941864312	1	0.002	0.006	9.243

-3.233	-0.232	19.0000	0.0000	0.001888039987534285	1	0.002	0.001793149975128472	1	0.002	0.001836549956351519	1	0.002	0.001784930005669594	1	0.002	0.001753930002450943	1	0.002	0.006	9.246

-3.558	-0.281	21.0000	0.0000	0.00194002001080662	1	0.002	0.001854780013673007	1	0.002	0.001805910025723279	1	0.002	0.001757510006427765	1	0.002	0.001810800051316619	1	0.002	0.006	9.242

-3.880	-0.334	23.0000	0.0000	0.001624829950742424	1	0.002	0.001701959990896285	1	0.002	0.001824149978347123	1	0.002	0.001728779985569417	1	0.002	0.001681220019236207	1	0.002	0.006	9.249

-4.196	-0.392	25.0000	0.0000	0.001679669949226081	1	0.002	0.001558789983391762	1	0.002	0.001526599982753396	1	0.002	0.001602420001290739	1	0.002	0.001543289981782436	1	0.002	0.006	9.239

-4.508	-0.453	27.0000	0.0000	0.001433499972335994	1	0.002	0.001507889945060015	1	0.002	0.001659519970417023	1	0.002	0.001816520001739264	1	0.002	0.001799589954316616	1	0.002	0.006	9.246

-4.814	-0.517	29.0000	0.0000	0.001370680052787066	1	0.002	0.001461270032450557	1	0.002	0.001526009989902377	1	0.002	0.001517780008725822	1	0.002	0.001548059983178973	1	0.002	0.006	9.235

-5.114	-0.584	31.0000	0.0000	0.001419430016539991	1	0.002	0.001502880011685193	1	0.002	0.001477960031479597	1	0.002	0.001333839958533645	1	0.002	0.001365670002996922	1	0.002	0.006	9.240

-5.408	-0.655	33.0000	0.0000	0.001507050008513033	1	0.002	0.001658090041019022	1	0.002	0.001764539978466928	1	0.002	0.001701600034721196	1	0.002	0.001594670000486076	1	0.002	0.007	9.240

-5.695	-0.727	35.0000	0.0000	0.001444590045139194	1	0.002	0.001382949994876981	1	0.002	0.00149727996904403	1	0.002	0.001647360040806234	1	0.002	0.001692899968475103	1	0.002	0.007	9.241

-5.976	-0.802	37.0000	0.0000	0.001784930005669594	1	0.002	0.001591330044902861	1	0.002	0.001551990048028529	1	0.002	0.001611600047908723	1	0.002	0.00164211995434016	1	0.002	0.006	9.239

-6.249	-0.878	39.0000	0.0000	0.001395349972881377	1	0.002	0.001406199997290969	1	0.002	0.001334439963102341	1	0.002	0.001450779964216053	1	0.002	0.001477129990234971	1	0.002	0.007	9.238

-6.514	-0.956	41.0000	0.0000	0.001469979993999004	1	0.002	0.001509319990873337	1	0.002	0.001554499962367117	1	0.002	0.001515869982540607	1	0.002	0.00144827994517982	1	0.002	0.007	9.241

-6.772	-1.035	43.0000	0.0000	0.001374610001221299	1	0.002	0.001426470000296831	1	0.002	0.001444590045139194	1	0.002	0.001455310033634305	1	0.002	0.001432660035789013	1	0.002	0.007	9.236

-7.021	-1.115	45.0000	0.0000	0.001447570044547319	1	0.002	0.001414539990946651	1	0.002	0.001454959972761571	1	0.002	0.001403579954057932	1	0.002	0.001392730046063662	1	0.002	0.007	9.238

-7.262	-1.195	47.0000	0.0000	0.00129401998128742	1	0.002	0.001376759959384799	1	0.002	0.001445060013793409	1	0.002	0.001420979970134795	1	0.002	0.001472719945013523	1	0.002	0.009	9.234

-7.494	-1.274	49.0000	0.0000	0.001222379971295595	1	0.002	0.00146116001997143	1	0.002	0.001526599982753396	1	0.002	0.001381639973260462	1	0.002	0.00132108002435416	1	0.002	0.009	9.232

-7.716	-1.354	51.0000	0.0000	0.001342070056125522	1	0.002	0.001360659953206778	1	0.002	0.001400239998474717	1	0.002	0.001408820040524006	1	0.002	0.001347310026176274	1	0.002	0.009	9.235

-7.930	-1.432	53.0000	0.0000	0.001193289994262159	1	0.002	0.001209149952046573	1	0.002	0.001188879949040711	1	0.002	0.001221309998072684	1	0.002	0.001262080040760338	1	0.002	0.011	9.239

-8.134	-1.509	55.0000	0.0000	0.001196149969473481	3	0.002	0.001126770046539605	1	0.002	0.001038920017890632	1	0.002	0.001066809985786676	1	0.002	0.001197819947265089	1	0.002	0.019	9.229

-8.327	-1.585	57.0000	0.0000	0.001197349978610873	1	0.002	0.001217970042489469	1	0.002	0.001142870052717626	1	0.002	0.001096260035410523	1	0.002	0.001154550001956522	1	0.002	0.023	9.227

-8.511	-1.658	59.0000	0.0000	0.001089939964003861	1	0.002	0.001105910050682724	1	0.002	0.001189119997434318	1	0.002	0.001227269996888936	1	0.002	0.001218450022861362	1	0.002	0.025	9.230

-8.684	-1.729	61.0000	0.0000	0.001185780041851103	1	0.002	0.001236569951288402	1	0.002	0.001326450030319393	1	0.002	0.001334910048171878	1	0.002	0.001236679963767529	1	0.002	0.031	9.223

-8.847	-1.798	63.0000	0.0000	0.001242410042323172	1	0.002	0.001070150057785213	1	0.002	0.001083860057406127	1	0.002	0.001234179944731295	1	0.002	0.001351960003376007	1	0.002	0.037	9.250

-8.999	-1.863	65.0000	0.0000	0.001202950021252036	1	0.002	0.001111630001105368	1	0.002	0.001206999993883073	1	0.002	0.00121904001571238	1	0.002	0.001345169963315129	1	0.002	0.082	9.220

-9.140	-1.924	67.0000	0.0000	0.00101937004365027	1	0.002	0.001191030023619533	1	0.002	0.001232150010764599	1	0.002	0.001056200009770691	1	0.002	0.001186619978398085	1	0.002	0.256	8.990

-9.270	-1.982	69.0000	0.0000	0.00120545004028827	1	0.002	0.00118817004840821	1	0.002	0.001115689985454082	1	0.002	0.001215699943713844	1	0.002	0.001252179965376854	1	0.002	0.718	8.581

-9.388	-2.035	71.0000	0.0000	0.00111306004691869	3	0.002	0.001077180029824376	1	0.002	0.001063350006006658	1	0.002	0.001186740002594888	1	0.002	0.001248719985596836	1	0.002	2.508	6.970

-9.495	-2.085	73.0000	0.0000	0.0009354989742860198	2	0.001	0.001008159946650267	2	0.002	0.0009006300242617726	2	0.001	0.0008594429818913341	1	0.001	0.0008709470275789499	1	0.001	3.095	6.191

-9.591	-2.129	75.0000	0.0000	0.0008944310247898102	3	0.001	0.001088629942387342	2	0.002	0.001074559986591339	1	0.002	0.001076709944754839	1	0.002	0.001196629949845374	1	0.002	3.552	5.867

-9.675	-2.168	77.0000	0.0000	0.0008970539784058928	5	0.002	0.0008642110042273998	2	0.001	0.0008870399906300008	1	0.001	0.0009620229830034077	1	0.001	0.0009822919964790344	3	0.001	0.944	8.434

-9.747	-2.202	79.0000	0.0000	0.001000170013867319	2	0.002	0.000948968983720988	2	0.001	0.0009611289715394378	1	0.001	0.0009591620182618499	1	0.001	0.000909809023141861	1	0.001	0.207	9.136

-9.807	-2.231	81.0000	0.0000	0.001069550053216517	2	0.002	0.00105024001095444	1	0.002	0.001010900014080107	1	0.002	0.001085530035197735	1	0.002	0.001180300023406744	1	0.002	0.032	9.295

-9.855	-2.254	83.0000	0.0000	0.001086240052245557	1	0.002	0.001148230046965182	1	0.002	0.001122839981690049	1	0.002	0.001080399961210787	1	0.002	0.001131659955717623	1	0.002	0.114	9.223

-9.891	-2.272	85.0000	0.0000	0.001193289994262159	1	0.002	0.001180059975013137	1	0.002	0.001324540004134178	1	0.002	0.001372460043057799	1	0.002	0.001306060003116727	1	0.002	0.016	9.265

-9.916	-2.284	87.0000	0.0000	0.001300579984672368	1	0.002	0.001210820046253502	1	0.002	0.001228819950483739	1	0.002	0.001130230026319623	1	0.002	0.001081709982827306	1	0.002	0.029	9.295

-9.928	-2.290	89.0000	0.0000	0.001444229972548783	1	0.002	0.001449709990993142	1	0.002	0.001400599954649806	1	0.002	0.001438630046322942	1	0.002	0.001415019971318543	1	0.002	0.010	9.263

-9.928	-2.290	91.0000	0.0000	0.001571419998072088	1	0.002	0.001467949943616986	1	0.002	0.001516110030934215	1	0.002	0.001542099984362721	1	0.002	0.001536019961349666	1	0.002	0.010	9.267

-9.916	-2.284	93.0000	0.0000	0.001360900001600385	1	0.002	0.001520400051958859	1	0.002	0.001505139982327819	1	0.002	0.001439820043742657	1	0.002	0.001409300020895898	1	0.002	0.011	9.268

-9.891	-2.272	95.0000	0.0000	0.0015024000313133	1	0.002	0.001493580057285726	1	0.002	0.001462350017391145	1	0.002	0.00150002003647387	1	0.002	0.001593600027263165	1	0.002	0.007	9.264

-9.855	-2.254	97.0000	0.0000	0.001596700050868094	1	0.002	0.001621610019356012	1	0.002	0.001624710042960942	1	0.002	0.001481659943237901	1	0.002	0.001363169983960688	1	0.002	0.007	9.265

-9.807	-2.231	99.0000	0.0000	0.001487020053900778	1	0.002	0.001502759987488389	1	0.002	0.001537929987534881	1	0.002	0.001472239964641631	1	0.002	0.001430999953299761	1	0.002	0.006	9.266

-9.747	-2.202	101.0000	0.0000	0.001339440001174808	1	0.002	0.001304280012845993	1	0.002	0.001289970008656383	1	0.002	0.001362449955195189	1	0.002	0.001452689990401268	1	0.002	0.006	9.269

-9.675	-2.168	103.0000	0.0000	0.001391179976053536	1	0.002	0.001525530009530485	1	0.002	0.001537090050987899	1	0.002	0.001435169950127602	1	0.002	0.001541740028187633	1	0.002	0.007	9.264

-9.591	-2.129	105.0000	0.0000	0.001552350004203618	1	0.002	0.001513010007329285	1	0.002	0.001449589966796339	1	0.002	0.001365670002996922	1	0.002	0.001369719975627959	1	0.002	0.006	9.261

-9.495	-2.085	107.0000	0.0000	0.001483810017816722	1	0.002	0.001389630022458732	1	0.002	0.00141906994394958	1	0.002	0.00152434001211077	1	0.002	0.001567609957419336	1	0.002	0.006	9.267

-9.388	-2.035	109.0000	0.0000	0.00137877999804914	1	0.002	0.001331340055912733	1	0.002	0.001298199989832938	1	0.002	0.001268279971554875	1	0.002	0.001380329951643944	1	0.002	0.006	9.263

-9.270	-1.982	111.0000	0.0000	0.00131870002951473	1	0.002	0.001328830025158823	1	0.002	0.001392369973473251	1	0.002	0.001445539994165301	1	0.002	0.001481060055084527	1	0.002	0.006	9.264

-9.140	-1.924	113.0000	0.0000	0.001546269981190562	1	0.002	0.001564149977639318	1	0.002	0.001615650020539761	1	0.002	0.001698739943094552	1	0.002	0.001619350048713386	1	0.002	0.006	9.266

-8.999	-1.863	115.0000	0.0000	0.001614940003491938	1	0.002	0.001525170053355396	1	0.002	0.001486900029703975	1	0.002	0.001597049995325506	1	0.002	0.001775869983248413	1	0.002	0.006	9.264

-8.847	-1.798	117.0000	0.0000	0.001337060006335378	1	0.002	0.001497750054113567	1	0.002	0.001671200036071241	1	0.002	0.001716980012133718	1	0.002	0.001632940024137497	1	0.002	0.006	9.262

-8.684	-1.729	119.0000	0.0000	0.001508599962107837	1	0.002	0.001319180009886622	1	0.002	0.001417879946529865	1	0.002	0.001396310050040483	1	0.002	0.001323350006714463	1	0.002	0.006	9.258

-8.511	-1.658	121.0000	0.0000	0.001730330055579543	1	0.002	0.001830699970014393	1	0.002	0.001944430056028068	1	0.002	0.001816040021367371	1	0.002	0.001669300021603703	1	0.002	0.006	9.260

-8.327	-1.585	123.0000	0.0000	0.001706250011920929	1	0.002	0.001580370008014143	1	0.002	0.001447799964807928	1	0.002	0.001525889965705574	1	0.002	0.00164307001978159	1	0.002	0.006	9.261

-8.134	-1.509	125.0000	0.0000	0.001754889963194728	1	0.002	0.001746780006214976	1	0.002	0.001675729989074171	1	0.002	0.00172198994550854	1	0.002	0.001852400018833578	1	0.002	0.006	9.255

-7.930	-1.432	127.0000	0.0000	0.001687529962509871	1	0.002	0.001768719987012446	1	0.002	0.001681340043433011	1	0.002	0.00165248999837786	1	0.002	0.001771579962223768	1	0.002	0.006	9.259

-7.716	-1.354	129.0000	0.0000	0.001872899942100048	1	0.002	0.002012270037084818	2	0.005	0.001785289961844683	2	0.002	0.001754409982822835	1	0.002	0.001864199992269278	1	0.002	0.006	9.259

-7.494	-1.274	131.0000	0.0000	0.002065669978037477	2	0.005	0.002002489985898137	1	0.005	0.001925599994137883	2	0.002	0.001814609975554049	1	0.002	0.001887209946289659	1	0.002	0.006	9.263

-7.262	-1.195	133.0000	0.0000	0.002013219986110926	2	0.005	0.002018470084294677	1	0.005	0.002023949986323714	1	0.005	0.002070199931040406	1	0.005	0.002019899897277355	1	0.005	0.006	9.265

-7.021	-1.115	135.0000	0.0000	0.002229710109531879	1	0.005	0.002153889974579215	1	0.005	0.002129090018570423	1	0.005	0.002105490071699023	1	0.005	0.002167720114812255	1	0.005	0.007	9.257

-6.772	-1.035	137.0000	0.0000	0.002208010060712695	1	0.005	0.002233040053397417	1	0.005	0.002276439918205142	1	0.005	0.002165809972211719	1	0.005	0.002273340011015534	1	0.005	0.006	9.256

-6.514	-0.956	139.0000	0.0000	0.002647649962455034	1	0.005	0.002466219943016768	1	0.005	0.00236203009262681	1	0.005	0.002414959948509932	1	0.005	0.00243259989656508	1	0.005	0.006	9.259

-6.249	-0.878	141.0000	0.0000	0.002921120030805469	1	0.005	0.002927799941971898	1	0.005	0.002888459945097566	1	0.005	0.002892269985750318	1	0.005	0.002885360037907958	1	0.005	0.006	9.261

-5.976	-0.802	143.0000	0.0000	0.002956639975309372	1	0.005	0.002932329894974828	1	0.005	0.002876769984140992	1	0.005	0.002902759937569499	1	0.005	0.00301385996863246	1	0.005	0.007	9.261

-5.695	-0.727	145.0000	0.0000	0.002920879982411861	1	0.005	0.002932090079411864	1	0.005	0.003043429926037788	1	0.005	0.002981439931318164	1	0.005	0.002940909937024117	1	0.005	0.006	9.262

-5.408	-0.655	147.0000	0.0000	0.003251570044085383	1	0.005	0.003313560038805008	1	0.005	0.003262059995904565	1	0.005	0.003294239984825253	1	0.005	0.003203650005161762	1	0.005	0.006	9.264

-5.114	-0.584	149.0000	0.0000	0.003612770000472665	1	0.005	0.003466140013188124	1	0.005	0.003311649896204472	1	0.005	0.003386270022019744	1	0.005	0.003503580112010241	1	0.005	0.007	9.263

-4.814	-0.517	151.0000	0.0000	0.003797069890424609	1	0.005	0.003757969941943884	1	0.005	0.003643289906904101	1	0.005	0.003615390043705702	1	0.005	0.003558889962732792	1	0.005	0.007	9.262

-4.508	-0.453	153.0000	0.0000	0.004841600079089403	1	0.005	0.004852800164371729	1	0.005	0.004784380085766315	1	0.005	0.004644189961254597	1	0.005	0.004691630136221647	1	0.005	0.008	9.261

-4.196	-0.392	155.0000	0.0000	0.004409340210258961	1	0.005	0.004257710184901953	1	0.005	0.004212410189211369	1	0.005	0.004257469903677702	1	0.005	0.004273919854313135	1	0.005	0.008	9.260

-3.880	-0.334	157.0000	0.0000	0.004789620172232389	1	0.005	0.004776029847562313	1	0.005	0.004871159791946411	1	0.005	0.004957939963787794	1	0.005	0.004104409832507372	1	0.005	0.009	9.257

-3.558	-0.281	159.0000	0.0000	0.004834199789911509	1	0.005	0.00481584994122386	1	0.005	0.00474121980369091	1	0.005	0.004706410225480795	1	0.005	0.004779370035976171	1	0.005	0.009	9.260

-3.233	-0.232	161.0000	0.0000	0.006269480101764202	2	0.01	0.00608876021578908	1	0.01	0.006012950092554092	1	0.01	0.006014380138367414	1	0.01	0.006085900124162436	1	0.01	0.010	9.259

-2.903	-0.187	163.0000	0.0000	0.006683379877358675	1	0.01	0.006632830016314983	1	0.01	0.006699590012431145	1	0.01	0.006766350008547306	1	0.01	0.006722960155457258	1	0.01	0.014	9.251

-2.570	-0.146	165.0000	0.0000	0.008136330172419548	1	0.01	0.008275570347905159	1	0.01	0.008136330172419548	1	0.01	0.008113919757306576	1	0.01	0.00818926002830267	1	0.01	0.020	9.243

-2.234	-0.110	167.0000	0.0000	0.01077280007302761	2	0.02	0.01065829955041409	1	0.02	0.01079660002142191	1	0.02	0.01091680023819208	1	0.02	0.01097110006958246	1	0.02	0.027	9.242

-1.895	-0.079	169.0000	0.0000	0.01327710039913654	1	0.02	0.01341629959642887	1	0.02	0.01355839986354113	1	0.02	0.01357659976929426	1	0.02	0.01355179958045483	1	0.02	0.027	9.243

-1.553	-0.053	171.0000	0.0000	0.04315970093011856	2	0.05	0.0431349016726017	1	0.05	0.04312349855899811	1	0.05	0.04329130053520203	1	0.05	0.04330470040440559	1	0.05	0.027	9.250

-1.210	-0.032	173.0000	0.0000	0.01702889986336231	2	0.02	0.01688209921121597	1	0.02	0.01698219962418079	1	0.02	0.01706710085272789	1	0.02	0.01706610061228275	1	0.02	0.056	9.250

-0.865	-0.017	175.0000	0.0000	0.1087419986724854	4	0.2	0.1083839982748032	1	0.2	0.1085740029811859	1	0.2	0.1091770008206367	1	0.2	0.1098710000514984	1	0.2	0.880	8.445








background/electronic-noise.dat

Thu May 15 12:46:23 2025

Integral time: 3.000 s

Time between repeated measures: 0.300 s

Time between multiple scans: 0 s

Scan Type: Only Theta

Lock-In Time constant: 0.3

-0.865	-0.017	5.0000	0.0000	0.0001182709966087714	1	0.0002	0.0001811620022635907	1	0.0002	0.0001166470028692856	1	0.0002	0.0001750670053297654	1	0.0002	0.0002464670105837286	2	0.0005	0.007	8.417

-1.724	-0.066	10.0000	0.0000	0.000122741999803111	2	0.0002	7.898030162323266e-05	2	1e-04	5.905729994992726e-05	3	1e-04	0.0002565399918239564	3	0.0005	0.0002501629933249205	1	0.0005	0.007	8.414

-2.570	-0.146	15.0000	0.0000	6.535700231324881e-05	5	0.0002	0.0001812289992813021	3	0.0002	7.282620208570734e-05	4	1e-04	0.0002177370042772964	3	0.0005	0.000123396996059455	2	0.0002	0.007	8.413

-3.396	-0.256	20.0000	0.0000	0.0001356610009679571	5	0.0002	4.541339876595885e-05	2	5e-05	0.0001882990036392584	3	0.0002	0.0001113420003093779	1	0.0002	0.0001884039957076311	1	0.0002	0.012	8.445

-4.196	-0.392	25.0000	0.0000	0.0001359070010948926	3	0.0002	0.0001647559984121472	5	0.0002	0.0001389020035276189	1	0.0002	0.0001594960049260408	3	0.0002	0.0001547199935885146	1	0.0002	0.017	8.449

-4.965	-0.550	30.0000	0.0000	0.0001238149998243898	3	0.0002	5.460929969558492e-05	5	5e-05	0.0003095880092587322	4	0.0005	0.0002107629989041016	1	0.0005	0.0002109420020133257	1	0.0005	0.029	8.463

-5.695	-0.727	35.0000	0.0000	0.0001185240034828894	2	0.0002	0.0001056870023603551	1	0.0002	0.0001338510046480224	3	0.0002	0.0001791200047591701	5	0.0002	1.092169986804947e-05	5	1e-05	0.007	8.291

-6.382	-0.917	40.0000	0.0000	5.460929969558492e-05	5	5e-05	9.503259934717789e-05	2	1e-04	8.810729923425242e-05	1	1e-04	0.0002285850059706718	5	0.0005	6.438839773181826e-05	4	1e-04	0.007	8.291

-7.021	-1.115	45.0000	0.0000	5.149859862285666e-05	5	1e-04	0.0001998999941861257	2	0.0002	0.0003664210089482367	2	0.0005	0.0003116749867331237	1	0.0005	0.0002700710028875619	1	0.0005	0.007	8.291

-7.606	-1.314	50.0000	0.0000	0.0002559440035838634	1	0.0005	0.0002381810045335442	1	0.0005	5.673270061379299e-05	2	1e-04	0.0004033170116599649	3	0.0005	0.0003257410135120153	1	0.0005	0.007	8.291

-8.134	-1.509	55.0000	0.0000	0.0001037679976434447	5	1e-04	0.0002044749999186024	3	0.0005	0.000122897996334359	2	0.0002	5.800299913971685e-05	2	1e-04	5.251940092421137e-05	1	1e-04	0.007	8.291

-8.599	-1.694	60.0000	0.0000	0.0001092189995688386	5	1e-04	0.0002195840061176568	5	0.0005	0.0002459899988025427	1	0.0005	0.0001252749934792519	3	0.0002	0.0001368380035273731	1	0.0002	0.085	8.396

-8.999	-1.863	65.0000	0.0000	0.0001545410050312057	1	0.0002	0.0001896850008051842	1	0.0002	0.0001773989934008569	1	0.0002	0.0001527599961264059	1	0.0002	7.947949779918417e-05	2	1e-04	0.052	8.422

-9.330	-2.009	70.0000	0.0000	5.274659997667186e-05	3	1e-04	9.499539737589657e-05	1	1e-04	0.0002795479958876967	3	0.0005	0.0003468710056040436	1	0.0005	8.79694998729974e-05	4	1e-04	0.009	8.459

-9.591	-2.129	75.0000	0.0000	0.0001092189995688386	5	1e-04	0.0002264390059281141	3	0.0005	6.930199742782861e-05	3	1e-04	2.184339973609895e-05	5	2e-05	4.862459900323302e-05	2	5e-05	0.007	8.444

-9.778	-2.217	80.0000	0.0000	0.0001628860045457259	5	0.0002	0.0001931570004671812	1	0.0002	0.0001380010071443394	1	0.0002	7.552700117230415e-05	4	1e-04	7.61342016630806e-05	1	1e-04	0.007	8.451

-9.891	-2.272	85.0000	0.0000	0.0001347299985354766	2	0.0002	0.0001218769975821488	1	0.0002	0.0001357800065306947	1	0.0002	3.169869887642562e-05	2	5e-05	0.0002066199958790094	4	0.0005	0.007	8.445

-9.929	-2.290	90.0000	0.0000	0.0002184369950555265	5	0.0002	0.0001467179972678423	1	0.0002	2.407670035609044e-05	3	5e-05	0.0001347369980067015	3	0.0002	0.0001552489993628114	1	0.0002	0.007	8.444

-9.891	-2.272	95.0000	0.0000	7.606719736941159e-05	5	1e-04	0.0001601590047357604	2	0.0002	9.953280095942318e-05	2	1e-04	0.0002240850008092821	3	0.0005	0.0001258109987247735	2	0.0002	0.007	8.446

-9.778	-2.217	100.0000	0.0000	8.397219789912924e-05	2	1e-04	8.726539817871526e-05	1	1e-04	7.344080222537741e-05	1	1e-04	0.0001974930055439472	2	0.0002	9.583729843143374e-05	2	1e-04	0.007	8.440

-9.591	-2.129	105.0000	0.0000	6.692529859719798e-05	1	1e-04	8.141669968608767e-05	1	1e-04	6.575560109922662e-05	1	1e-04	0.0001562169927638024	4	0.0002	5.460929969558492e-05	5	5e-05	0.006	8.450

-9.330	-2.009	110.0000	0.0000	0.0001879049959825352	3	0.0002	7.107530109351501e-05	2	1e-04	5.460929969558492e-05	5	5e-05	0.0001713200035737827	3	0.0002	9.150100231636316e-05	2	1e-04	0.006	8.437

-8.999	-1.863	115.0000	0.0000	0.0001017079994198866	2	0.0002	0.0001521939993835986	1	0.0002	0.0001130780001403764	1	0.0002	5.430750024970621e-05	4	1e-04	0.0001451900025131181	2	0.0002	0.006	8.444

-8.599	-1.694	120.0000	0.0000	0.0001431410055374727	1	0.0002	6.411640060832724e-05	2	1e-04	9.775580110726878e-05	1	1e-04	5.330540079739876e-05	1	1e-04	7.318380085052922e-05	1	1e-04	0.007	8.438

-8.134	-1.509	125.0000	0.0000	6.527500227093697e-05	1	1e-04	0.000243843998759985	3	0.0005	0.000263127003563568	1	0.0005	0.0002927499881479889	1	0.0005	0.0002304030058439821	1	0.0005	0.007	8.439

-7.606	-1.314	130.0000	0.0000	0.0001244849991053343	5	0.0005	0.000315846991725266	1	0.0005	0.000281841988908127	1	0.0005	0.000231476005865261	1	0.0005	0.0001556140050524846	2	0.0002	0.007	8.436

-7.021	-1.115	135.0000	0.0000	0.0001192400013678707	1	0.0002	0.000180193004780449	1	0.0002	0.0002451259933877736	2	0.0005	0.0002767760015558451	1	0.0005	0.0002406550047453493	1	0.0005	0.006	8.439

-6.382	-0.917	140.0000	0.0000	0.0001092189995688386	5	1e-04	5.040339965489693e-05	3	1e-04	0.0001888880069600418	2	0.0002	0.0002959989942610264	2	0.0005	0.0002204490010626614	1	0.0005	0.007	8.416

-5.695	-0.727	145.0000	0.0000	0.0001007550017675385	2	0.0002	4.743249883176759e-05	2	5e-05	0.0002036700025200844	4	0.0005	0.0001664540031924844	2	0.0002	0.000130646993056871	3	0.0002	0.009	8.437

-4.965	-0.550	150.0000	0.0000	0.0001556880015414208	1	0.0002	0.0001541240053484216	1	0.0002	0.0001461439969716594	1	0.0002	0.0001247009931830689	1	0.0002	0.0001505770051153377	1	0.0002	0.008	8.461

-4.196	-0.392	155.0000	0.0000	8.542880095774308e-05	5	0.0002	5.460929969558492e-05	5	5e-05	0.0001143150002462789	5	0.0002	9.341959957964718e-05	2	1e-04	0.0003547389933373779	3	0.0005	0.020	8.451

-3.396	-0.256	160.0000	0.0000	5.801420047646388e-05	2	1e-04	9.277879871660843e-05	1	1e-04	0.0001230250054504722	2	0.0002	0.0001270259963348508	1	0.0002	0.0001376279979012907	1	0.0002	0.028	8.445

-2.570	-0.146	165.0000	0.0000	9.813209908315912e-05	2	1e-04	0.0003002900048159063	3	0.0005	0.0003841239959001541	1	0.0005	0.0003190950083080679	1	0.0005	0.0001858110044850037	2	0.0002	0.055	8.499

-1.724	-0.066	170.0000	0.0000	0.0001387530064675957	1	0.0002	7.2520699177403e-05	2	1e-04	0.0002152329980162904	5	0.0005	9.937259892467409e-05	3	1e-04	9.661960211815313e-05	5	1e-04	0.099	8.508

-0.865	-0.017	175.0000	0.0000	0.000116900002467446	2	0.0002	0.0001543840044178069	1	0.0002	0.0001154549972852692	1	0.0002	3.404570088605396e-05	2	5e-05	7.723690214334056e-05	4	1e-04	0.306	8.289






Double-click to download the source code for this figure (requires a compatible PDF viewer)
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4.4 Reference sample analysis

To validate the measurement setup, a Spectralon reference sample was characterized. Spectralon is a
nearly ideal Lambertian reflector with an albedo of 0.99. A Lambertian surface is a diffuse reflector
whose radiance is isotropic, meaning that incident light is scattered equally in all directions.

The BRDF of a Lambertian reflector is constant and can be directly related to the surface albedo
p- The reflected fraction of incident light can be expressed as the integral of the BRDF over the
reflection hemisphere €2:

p= / BRDF cos 6,d2 = BRDF/ cos 05dS2 = BRDF - 7 sr, (4.2)
Q Q

where cos s accounts for the projected area of the surface element when computing irradiance con-
tributions from different scattering angles. From this, the expected BRDF of the reference sample

o 0.99
T = 0.315sr L.
T ST

The BRDF of the Spectralon surface was measured using the scatterometer over the angular ranges
—90° to —1° and 1° to 90°. Lens 2 was at 10 mm, corresponding to a spot size of about 400 pm on
the sample. The measured data are presented in Figure [4.7]

Artifacts observed in the background measurements were again present in these measurements.
However, in this case the incident power varied significantly with scattering angle. To mitigate these
artifacts, the recorded signal from the power-monitor photodiode was taken as the sum of the high-
and low-voltage readings. Notably, the decrease in high-voltage signal closely matched the increase
in the low-voltage signal. Since the low-voltage readings are on the order of millivolts, the resulting
systematic error is small compared to the uncertainties introduced by the uncalibrated photodetector
and the approximate lock-in amplifier conversion factor.

Because the scattered signal from the Spectralon sample was stronger than in the background
measurements, neutral density filters NENIR10A-C and NENTR20A-C were used in front of the pho-
todetector to prevent saturation. Their measured optical densities, along with those of additional
filters available for more reflective samples, are listed in Table

At scattering angles near £90°, the computed BRDF diverges because the measured scattered
power does not approach zero due to background noise. Additionally, at angles below —75°, the sample
holder introduces a shadow that reduces the measured scattered power, resulting in artificially low
BRDF values. Therefore, these angular ranges were excluded from the analysis. Over the remaining
angular range of —75° to 85°, the mean BRDF is computed as

BRDF = 0.27(1)sr L.

This measured value is in reasonable agreement with the expected 0.315sr™!, corresponding to a
deviation of approximately 14 %. Given the missing photodetector calibration and the approximate
lock-in conversion factor, this level of agreement is considered satisfactory for validating the measure-
ment setup and confirming the reliability of the scatterometer for subsequent sample measurements.

Table 4.2: Measured optical densities of the filters available to measure intense scattered light mea-
surements. The nominal damage threshold at 1550 nm is also reported where available.

Optical Density =~ Damage Threshold

Manufacturer  Model at 1550 nm at 1550 nm (Wem™1)

Thorlabs NENIR10A-C 0.906 72.8
Thorlabs NENIR20A-C 1.893 -
Thorlabs NENIR40A-C 3.822 58.3

Thorlabs NENIR60A 5.713 15
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Figure 4.7: Measured BRDF of the Spectralon reference sample. The measured BRDF is in reason-
able agreement with the expected value, taking into account the uncalibrated photodetector and the
approximate lock-in amplifier conversion factor. Source code available.





reference/reference.py

"""

    Author: Fabio Cimino

    License: CC0 1.0

"""



from uncertainties import ufloat

from uncertainties import unumpy as unp

import numpy as np

import matplotlib.pyplot as plt



plt.rcParams.update({

    "text.usetex": True,

    "text.latex.preamble": r"\usepackage{siunitx}"

})



wavelength = 1550e-9



NENIR10A = 10**0.906

NENIR20A = 10**1.893



pd_sc_responsivity = 1.04 # A/W responsivity at 1550nm from manual (Newport Model 2153)

pd_sc_transimp_gain = 2e10 # V/A

scatterometer_pd_gain = pd_sc_transimp_gain * pd_sc_responsivity # V/W



prism_reflectance = 0.97



detector_area = np.pi * (0.001/2)**2

arm_length = 0.245

solid_angle = detector_area / arm_length**2 # sr



lockin_conversion_factor = 0.441 # V/V TODO: measure this value



power_voltage_factor = ufloat(46.84, 0.07) * 1e-3  # W/V



def read_data(filename):

    data = np.loadtxt(filename, skiprows=6, delimiter='\t')

    

    # data contains:

    # 0: unknown

    # 1: unknown

    # 2: photodiode position angle in deg,

    # 3: sample AOI in deg,



    # 4 + 3n : scatterometer voltage

    # 4 + 3n + 1: unk

    # 4 + 3n + 2: unk



    # -2: monitor min voltage

    # -1: monitor max voltage



    for aoi in data[:, 3]:

        if aoi != 0:

            raise ValueError(f"AOI is {aoi}")



    scatterometer_voltage = np.mean(data[:, 4:-2:3], axis=1) / lockin_conversion_factor

    scatterometer_voltage_stds = np.std(data[:, 4:-2:3], axis=1) / lockin_conversion_factor



    for v in scatterometer_voltage:

        if v*lockin_conversion_factor > 1.0:

            raise ValueError("Lockin saturated")



    scattered_powers = np.array([ufloat(v, s) for v, s in zip(scatterometer_voltage, scatterometer_voltage_stds)]) * NENIR10A*NENIR20A / (scatterometer_pd_gain*prism_reflectance)



    monitor_voltages = data[:, -1] + data[:, -2]

    sample_powers = power_voltage_factor * monitor_voltages



    return data[:, 2], sample_powers, scattered_powers



def plot_brdf(filenames, **kwargs):

    theta = np.array([])

    p_in = np.array([])

    p_s = np.array([])



    for filename in filenames:

        this_theta, this_p_in, this_p_s = read_data(filename)

        theta = np.append(theta, this_theta)

        p_in = np.append(p_in, this_p_in)

        p_s = np.append(p_s, this_p_s)



    brdf = p_s / (p_in * solid_angle * np.cos(theta*np.pi/180))



    print(unp.std_devs(brdf)/unp.nominal_values(brdf))



    plt.errorbar(theta, unp.nominal_values(brdf), unp.std_devs(brdf), **kwargs)



    brdf = brdf[(theta > -75) & (theta < 85)]

    mean_brdf = ufloat(np.mean(unp.nominal_values(brdf)), np.std(unp.nominal_values(brdf), ddof=1)/np.sqrt(len(brdf)))

    plt.axhline(mean_brdf.n, color='C1', linestyle='--', label=f'Mean: \\SI{{{mean_brdf.n:.2f} \\pm {mean_brdf.s:.2f}}}{{\\per\\steradian}}')



    expected = 0.99/np.pi

    print(f"Measured mean BRDF: {mean_brdf:.3f} 1/sr")

    print(f"Percent difference from expected: {(mean_brdf - expected)/expected*100:.1f}%")





ws_neg = r'reference_neg92-neg1deg_L2-10mm.dat'

ws_pos_1 = r'reference_1-55deg_L2-10mm.dat'

ws_pos_2 = r'reference_52-92deg_L2-10mm.dat'





plt.figure(figsize=(6, 4.5))

plot_brdf(np.array([ws_neg, ws_pos_1, ws_pos_2]), label=r'Measured', color='C0')



plt.ylabel(r"$\mathrm{BRDF}$ [\si{\per\steradian}]")

plt.xlabel(r"Scattering angle  [\si{\degree}]")

plt.xlim(-90, 90)

plt.ylim(10e-2, 6e-1)



plt.axhline(0.99/np.pi, label='Expected: \SI{0.315}{\per\steradian}', color='C2')



plt.legend()

plt.yscale("log")

plt.minorticks_on()

plt.grid(True,which="both")

plt.tight_layout()

plt.show()






reference/reference_1-55deg_L2-10mm.dat

Mon Jun 09 16:04:53 2025

Integral time: 3.000 s

Time between repeated measures: 0.300 s

Time between multiple scans: 0 s

Scan Type: Only Theta

Lock-In Time constant: 0.3

-0.173	-0.001	1.0000	0.0000	0.4267599880695343	2	1	0.4268819987773895	1	1	0.4262099862098694	1	1	0.426393985748291	1	1	0.4269430041313171	1	1	0.007	0.115

-0.347	-0.003	2.0000	0.0000	0.3000510036945343	1	1	0.2990739941596985	1	1	0.2989520132541656	1	1	0.2992570102214813	1	1	0.2992570102214813	1	1	0.006	0.118

-0.520	-0.006	3.0000	0.0000	0.3062149882316589	1	1	0.3062149882316589	1	1	0.3063369989395142	1	1	0.3059709966182709	1	1	0.3057880103588104	1	1	0.005	0.118

-0.693	-0.011	4.0000	0.0000	0.2481089979410172	1	1	0.2474990040063858	1	1	0.2475599944591522	1	1	0.2478650063276291	1	1	0.2476209998130798	1	1	0.005	0.118

-0.865	-0.017	5.0000	0.0000	0.2876609861850739	1	1	0.2877219915390015	1	1	0.2876000106334686	1	1	0.2874769866466522	1	1	0.2878440022468567	1	1	0.005	0.118

-1.038	-0.024	6.0000	0.0000	0.3583999872207642	1	1	0.3594990074634552	1	1	0.3604759871959686	1	1	0.3608419895172119	1	1	0.3609640002250671	1	1	0.006	0.118

-1.210	-0.032	7.0000	0.0000	0.223144993185997	1	1	0.2225349992513657	1	1	0.222351998090744	1	1	0.222108006477356	1	1	0.2218639999628067	1	1	0.005	0.118

-1.382	-0.042	8.0000	0.0000	0.3627339899539948	1	1	0.3623679876327515	1	1	0.3620010018348694	1	1	0.3624899983406067	1	1	0.3627949953079224	1	1	0.005	0.118

-1.553	-0.053	9.0000	0.0000	0.234254002571106	1	1	0.2340099960565567	1	1	0.2337660044431686	1	1	0.2335209995508194	1	1	0.2336439937353134	1	1	0.005	0.118

-1.724	-0.066	10.0000	0.0000	0.2473150044679642	1	1	0.2470099925994873	1	1	0.2465829998254776	1	1	0.2469490021467209	1	1	0.2474990040063858	1	1	0.005	0.118

-1.895	-0.079	11.0000	0.0000	0.2525039911270142	1	1	0.2532980144023895	1	1	0.2539080083370209	1	1	0.2541519999504089	1	1	0.2539080083370209	1	1	0.005	0.118

-2.064	-0.094	12.0000	0.0000	0.2951680123806	1	1	0.2955949902534485	1	1	0.2958390116691589	1	1	0.2958999872207642	1	1	0.2963890135288239	1	1	0.005	0.118

-2.234	-0.110	13.0000	0.0000	0.2644059956073761	1	1	0.2637349963188171	1	1	0.2637349963188171	1	1	0.2642230093479156	1	1	0.264162003993988	1	1	0.005	0.118

-2.402	-0.128	14.0000	0.0000	0.2467049956321716	1	1	0.2472539991140366	1	1	0.2473759949207306	1	1	0.2468879967927933	1	1	0.2468270063400269	1	1	0.005	0.118

-2.570	-0.146	15.0000	0.0000	0.31598100066185	2	1	0.3161030113697052	1	1	0.3152480125427246	1	1	0.3148820102214813	1	1	0.3152480125427246	1	1	0.006	0.202

-2.737	-0.166	16.0000	0.0000	0.3657859861850739	1	1	0.3643819987773895	1	1	0.3646259903907776	1	1	0.3651140034198761	1	1	0.3638319969177246	1	1	0.005	0.118

-2.903	-0.187	17.0000	0.0000	0.2750869989395142	1	1	0.2747209966182709	1	1	0.2750869989395142	1	1	0.2755759954452515	1	1	0.2753309905529022	1	1	0.005	0.118

-3.068	-0.209	18.0000	0.0000	0.2031259983778	1	1	0.2020879983901978	1	1	0.2022099941968918	1	1	0.2029429972171783	1	1	0.2031870037317276	1	1	0.005	0.118

-3.233	-0.232	19.0000	0.0000	0.2551900148391724	1	1	0.2553730010986328	1	1	0.2550680041313171	1	1	0.2552509903907776	1	1	0.2552509903907776	1	1	0.005	0.118

-3.396	-0.256	20.0000	0.0000	0.2194219976663589	1	1	0.218872994184494	1	1	0.2190559953451157	1	1	0.2188120037317276	1	1	0.2185679972171783	1	1	0.005	0.117

-3.558	-0.281	21.0000	0.0000	0.2913840115070343	1	1	0.2918109893798828	1	1	0.2915669977664948	1	1	0.2915669977664948	1	1	0.2915669977664948	1	1	0.005	0.117

-3.720	-0.307	22.0000	0.0000	0.2154549956321716	1	1	0.2156379967927933	1	1	0.2158209979534149	1	1	0.2147230058908463	1	1	0.2141119986772537	1	1	0.005	0.117

-3.880	-0.334	23.0000	0.0000	0.3012099862098694	1	1	0.3019430041313171	1	1	0.3017599880695343	1	1	0.3015770018100739	1	1	0.3015770018100739	1	1	0.005	0.118

-4.039	-0.363	24.0000	0.0000	0.2268690019845963	1	1	0.227295994758606	1	1	0.2273570001125336	1	1	0.2262579947710037	1	1	0.2257699966430664	1	1	0.005	0.118

-4.196	-0.392	25.0000	0.0000	0.2350469976663589	1	1	0.2346809953451157	1	1	0.2346809953451157	1	1	0.2343759983778	1	1	0.2343759983778	1	1	0.005	0.117

-4.353	-0.422	26.0000	0.0000	0.2709980010986328	1	1	0.2709369957447052	1	1	0.2697159945964813	1	1	0.2694109976291656	1	1	0.2694720029830933	1	1	0.005	0.117

-4.508	-0.453	27.0000	0.0000	0.2160650044679642	1	1	0.2153329998254776	1	1	0.2149060070514679	1	1	0.21527199447155	1	1	0.2152110040187836	1	1	0.005	0.117

-4.661	-0.484	28.0000	0.0000	0.2859520018100739	2	1	0.2860130071640015	1	1	0.286745011806488	1	1	0.2863180041313171	1	1	0.284974992275238	1	1	0.005	0.201

-4.814	-0.517	29.0000	0.0000	0.3650529980659485	1	1	0.3652969896793365	1	1	0.3652969896793365	1	1	0.3649919927120209	1	1	0.3653579950332642	1	1	0.005	0.201

-4.965	-0.550	30.0000	0.0000	0.4392110109329224	1	1	0.44098100066185	1	1	0.4407980144023895	1	1	0.4406760036945343	1	1	0.4412859976291656	1	1	0.005	0.201

-5.114	-0.584	31.0000	0.0000	0.4908469915390015	1	1	0.4904800057411194	1	1	0.490541011095047	1	1	0.4913960099220276	1	1	0.4920060038566589	1	1	0.005	0.200

-5.262	-0.619	32.0000	0.0000	0.3165299892425537	1	1	0.3150039911270142	1	1	0.3151260018348694	1	1	0.3157980144023895	1	1	0.3153710067272186	1	1	0.005	0.201

-5.408	-0.655	33.0000	0.0000	0.2874769866466522	1	1	0.2871110141277313	1	1	0.287416011095047	1	1	0.2862569987773895	1	1	0.2857069969177246	1	1	0.005	0.116

-5.552	-0.691	34.0000	0.0000	0.3308730125427246	2	1	0.330812007188797	1	1	0.3305679857730865	1	1	0.3306289911270142	1	1	0.3307510018348694	1	1	0.005	0.200

-5.695	-0.727	35.0000	0.0000	0.3071309924125671	1	1	0.3065809905529022	1	1	0.3065809905529022	1	1	0.3069480061531067	1	1	0.3070090115070343	1	1	0.005	0.117

-5.836	-0.764	36.0000	0.0000	0.3026140034198761	2	1	0.3032250106334686	1	1	0.3029800057411194	1	1	0.3026750087738037	1	1	0.3020650148391724	1	1	0.005	0.200

-5.976	-0.802	37.0000	0.0000	0.3406389951705933	1	1	0.3397850096225739	1	1	0.339601993560791	1	1	0.339601993560791	1	1	0.3396629989147186	1	1	0.005	0.116

-6.113	-0.840	38.0000	0.0000	0.2905899882316589	2	1	0.2910790145397186	1	1	0.2917500138282776	1	1	0.2920550107955933	1	1	0.2915059924125671	1	1	0.005	0.200

-6.249	-0.878	39.0000	0.0000	0.4009419977664948	1	1	0.4016740024089813	1	1	0.4015519917011261	1	1	0.4013690054416656	1	1	0.4004540145397186	1	1	0.005	0.200

-6.382	-0.917	40.0000	0.0000	0.2448740005493164	1	1	0.2438970059156418	1	1	0.2433480024337769	1	1	0.2440200001001358	1	1	0.2427989989519119	1	1	0.005	0.199

-6.514	-0.956	41.0000	0.0000	0.2901020050048828	1	1	0.2912009954452515	1	1	0.2915669977664948	1	1	0.2912620007991791	1	1	0.2917500138282776	1	1	0.006	0.200

-6.644	-0.996	42.0000	0.0000	0.3792130053043365	1	1	0.3796409964561462	1	1	0.3800680041313171	1	1	0.3802509903907776	1	1	0.3802509903907776	1	1	0.005	0.200

-6.772	-1.035	43.0000	0.0000	0.223022997379303	1	1	0.222473993897438	1	1	0.222108006477356	1	1	0.2220470011234283	1	1	0.2217420041561127	1	1	0.006	0.200

-6.897	-1.075	44.0000	0.0000	0.3306289911270142	1	1	0.330935001373291	1	1	0.3310570120811462	1	1	0.3313620090484619	1	1	0.3311789929866791	1	1	0.006	0.200

-7.021	-1.115	45.0000	0.0000	0.2574479877948761	1	1	0.2563500106334686	1	1	0.2563500106334686	1	1	0.2568989992141724	1	1	0.2568989992141724	1	1	0.006	0.200

-7.142	-1.155	46.0000	0.0000	0.2289440035820007	1	1	0.2280279994010925	1	1	0.2274789959192276	1	1	0.2276010066270828	1	1	0.2278449982404709	1	1	0.009	0.197

-7.262	-1.195	47.0000	0.0000	0.3243429958820343	1	1	0.3242209851741791	1	1	0.3236100077629089	1	1	0.3224509954452515	1	1	0.3217180073261261	1	1	0.010	0.194

-7.379	-1.235	48.0000	0.0000	0.4328629970550537	1	1	0.433228999376297	1	1	0.4329850077629089	1	1	0.4328629970550537	1	1	0.4335959851741791	1	1	0.019	0.183

-7.494	-1.274	49.0000	0.0000	0.3297750055789948	1	1	0.328370988368988	1	1	0.3284929990768433	1	1	0.3287369906902313	1	1	0.3285540044307709	1	1	0.028	0.180

-7.606	-1.314	50.0000	0.0000	0.331849992275238	1	1	0.3325819969177246	1	1	0.3327049911022186	1	1	0.3317280113697052	1	1	0.3313010036945343	1	1	0.046	0.162

-7.716	-1.354	51.0000	0.0000	0.3275170028209686	1	1	0.3272109925746918	1	1	0.3288590013980865	1	1	0.3303239941596985	1	1	0.3297140002250671	1	1	0.058	0.148

-7.824	-1.393	52.0000	0.0000	0.4449479877948761	1	1	0.4474509954452515	1	1	0.447268009185791	1	1	0.4468399882316589	1	1	0.4458029866218567	1	1	0.086	0.122

-7.930	-1.432	53.0000	0.0000	0.2368779927492142	1	1	0.2365729957818985	1	1	0.2363899946212769	1	1	0.2360849976539612	1	1	0.2359630018472672	1	1	0.087	0.119

-8.033	-1.471	54.0000	0.0000	0.2593399882316589	1	1	0.2592180073261261	1	1	0.2590349912643433	1	1	0.2586080133914948	1	1	0.2584860026836395	1	1	0.085	0.116

-8.134	-1.509	55.0000	0.0000	0.2109380066394806	1	1	0.2100230008363724	1	1	0.2097789943218231	1	1	0.2100230008363724	1	1	0.2099619954824448	1	1	0.082	0.131








reference/reference_52-92deg_L2-10mm.dat

Mon Jun 09 15:39:42 2025

Integral time: 3.000 s

Time between repeated measures: 0.300 s

Time between multiple scans: 0 s

Scan Type: Only Theta

Lock-In Time constant: 0.3

-7.824	-1.393	52.0000	0.0000	0.4259659945964813	2	1	0.4249899983406067	1	1	0.4241349995136261	1	1	0.423891007900238	1	1	0.4240129888057709	1	1	0.005	0.200

-7.930	-1.432	53.0000	0.0000	0.2352910041809082	1	1	0.2345589995384216	1	1	0.234497994184494	1	1	0.2340710014104843	1	1	0.2339490056037903	1	1	0.005	0.200

-8.033	-1.471	54.0000	0.0000	0.2456669956445694	1	1	0.2455449998378754	1	1	0.2457900047302246	1	1	0.2457900047302246	1	1	0.2454839944839478	1	1	0.005	0.200

-8.134	-1.509	55.0000	0.0000	0.2016000002622604	1	1	0.2003789991140366	1	1	0.2006849944591522	1	1	0.2009900063276291	1	1	0.2012339979410172	1	1	0.005	0.200

-8.232	-1.547	56.0000	0.0000	0.2405409961938858	1	1	0.2404790073633194	1	1	0.2409680038690567	1	1	0.241577997803688	1	1	0.2420659959316254	1	1	0.005	0.200

-8.327	-1.585	57.0000	0.0000	0.2361460030078888	1	1	0.2360849976539612	1	1	0.2363899946212769	1	1	0.2365120053291321	1	1	0.2363290041685104	1	1	0.005	0.200

-8.420	-1.622	58.0000	0.0000	0.2501240074634552	1	1	0.2501850128173828	1	1	0.2505509853363037	1	1	0.2499399930238724	1	1	0.2498179972171783	1	1	0.005	0.200

-8.511	-1.658	59.0000	0.0000	0.2055670022964478	1	1	0.2056279927492142	1	1	0.2060559988021851	1	1	0.2063000053167343	1	1	0.2069099992513657	1	1	0.005	0.200

-8.599	-1.694	60.0000	0.0000	0.2561050057411194	2	1	0.2565329968929291	1	1	0.2567769885063171	1	1	0.2548849880695343	1	1	0.2542130053043365	1	1	0.005	0.314

-8.684	-1.729	61.0000	0.0000	0.3322159945964813	1	1	0.3323990106582642	1	1	0.3319720029830933	1	1	0.330812007188797	1	1	0.3309960067272186	1	1	0.005	0.314

-8.767	-1.764	62.0000	0.0000	0.3687149882316589	1	1	0.3687149882316589	1	1	0.369143009185791	1	1	0.3686540126800537	1	1	0.367372989654541	1	1	0.005	0.313

-8.847	-1.798	63.0000	0.0000	0.3583999872207642	1	1	0.3583390116691589	1	1	0.3582170009613037	1	1	0.3582170009613037	1	1	0.3583999872207642	1	1	0.005	0.314

-8.924	-1.831	64.0000	0.0000	0.4929220080375671	2	1	0.4926779866218567	1	1	0.4928610026836395	1	1	0.4933489859104156	1	1	0.4936540126800537	1	1	0.005	0.772

-8.999	-1.863	65.0000	0.0000	0.3223899900913239	1	1	0.3227559924125671	1	1	0.32293900847435	1	1	0.323853999376297	1	1	0.3244650065898895	1	1	0.005	0.314

-9.071	-1.894	66.0000	0.0000	0.4120500087738037	1	1	0.412539005279541	1	1	0.4130269885063171	1	1	0.4138810038566589	1	1	0.4140639901161194	1	1	0.005	0.314

-9.140	-1.924	67.0000	0.0000	0.2335209995508194	1	1	0.2328500002622604	1	1	0.2323620021343231	1	1	0.2321179956197739	1	1	0.2326669991016388	1	1	0.005	0.313

-9.206	-1.954	68.0000	0.0000	0.4193739891052246	1	1	0.4201680123806	1	1	0.4201680123806	1	1	0.4191910028457642	1	1	0.419497013092041	1	1	0.005	0.314

-9.270	-1.982	69.0000	0.0000	0.2697769999504089	1	1	0.269349992275238	1	1	0.269349992275238	1	1	0.2700819969177246	1	1	0.2700819969177246	1	1	0.005	0.314

-9.330	-2.009	70.0000	0.0000	0.2902849912643433	2	1	0.2907119989395142	1	1	0.2898580133914948	1	1	0.2926650047302246	1	1	0.2946799993515015	1	1	0.006	0.771

-9.388	-2.035	71.0000	0.0000	0.4755269885063171	1	1	0.4757100045681	1	1	0.4754660129547119	1	1	0.4749769866466522	1	1	0.4744890034198761	1	1	0.006	0.771

-9.443	-2.061	72.0000	0.0000	0.2128919959068298	1	1	0.2113659977912903	1	1	0.2107550054788589	1	1	0.2100840061903	1	1	0.2098399996757507	1	1	0.006	0.771

-9.495	-2.085	73.0000	0.0000	0.2089239954948425	1	1	0.2086800038814545	1	1	0.2088019996881485	1	1	0.2089239954948425	1	1	0.2086800038814545	1	1	0.006	0.313

-9.545	-2.107	74.0000	0.0000	0.2424329966306686	1	1	0.2426770031452179	1	1	0.242127001285553	1	1	0.2416390031576157	1	1	0.2425550073385239	1	1	0.006	0.313

-9.591	-2.129	75.0000	0.0000	0.2538470029830933	2	1	0.2541519999504089	1	1	0.2532980144023895	1	1	0.252810001373291	1	1	0.252687007188797	1	1	0.021	0.757

-9.634	-2.149	76.0000	0.0000	0.3524799942970276	1	1	0.351624995470047	1	1	0.3507100045681	1	1	0.3490009903907776	1	1	0.3474139869213104	1	1	0.016	0.305

-9.675	-2.168	77.0000	0.0000	0.3719500005245209	2	1	0.3723770081996918	1	1	0.3732320070266724	1	1	0.3729270100593567	1	1	0.3731099963188171	1	1	0.134	0.640

-9.712	-2.186	78.0000	0.0000	0.2360240072011948	1	1	0.2355969995260239	1	1	0.235168993473053	1	1	0.2354139983654022	1	1	0.2356580048799515	1	1	0.260	0.526

-9.747	-2.202	79.0000	0.0000	0.2025160044431686	1	1	0.2011729925870895	1	1	0.202454999089241	1	1	0.2042859941720963	1	1	0.2042250037193298	1	1	0.222	0.567

-9.778	-2.217	80.0000	0.0000	0.2536030113697052	1	1	0.2539080083370209	1	1	0.2539080083370209	1	1	0.2534199953079224	1	1	0.2532370090484619	1	1	0.347	0.434

-9.807	-2.231	81.0000	0.0000	0.2395640015602112	1	1	0.2390760034322739	1	1	0.2387090027332306	1	1	0.238647997379303	1	1	0.238769993185997	1	1	0.319	0.455

-9.833	-2.243	82.0000	0.0000	0.2481700032949448	1	1	0.2482919991016388	1	1	0.2493910044431686	1	1	0.2504290044307709	1	1	0.2503069937229156	1	1	0.319	0.452

-9.855	-2.254	83.0000	0.0000	0.3349019885063171	1	1	0.3355729877948761	1	1	0.3363670110702515	1	1	0.3369770050048828	1	1	0.3368549942970276	1	1	0.181	0.599

-9.875	-2.264	84.0000	0.0000	0.2120369970798492	2	1	0.2124029994010925	1	1	0.2116100043058395	1	1	0.2112440019845963	1	1	0.2113050073385239	1	1	0.197	1.239

-9.891	-2.272	85.0000	0.0000	0.2999899983406067	1	1	0.30035600066185	1	1	0.3007220029830933	1	1	0.300599992275238	1	1	0.3002339899539948	1	1	0.208	1.211

-9.905	-2.279	86.0000	0.0000	0.2099619954824448	1	1	0.2087409943342209	1	1	0.2088630050420761	1	1	0.209413006901741	1	1	0.209413006901741	1	1	0.037	1.390

-9.916	-2.284	87.0000	0.0000	0.3052999973297119	2	1	0.3043229877948761	1	1	0.3029800057411194	1	1	0.3046280145645142	1	1	0.3060320019721985	1	1	0.015	4.918

-9.923	-2.287	88.0000	0.0000	0.2766740024089813	1	1	0.276978999376297	1	1	0.2775900065898895	1	1	0.2785049974918365	1	1	0.2796039879322052	1	1	0.011	4.907

-9.928	-2.290	89.0000	0.0000	0.3198870122432709	1	1	0.3198870122432709	1	1	0.319703996181488	1	1	0.3194600045681	1	1	0.3195819854736328	1	1	0.007	4.907

-9.929	-2.290	90.0000	0.0000	0.05172370001673698	2	0.1	0.0515902005136013	1	0.1	0.05144910141825676	1	0.1	0.05163599923253059	1	0.1	0.05176949873566628	1	0.1	0.007	9.830

-9.928	-2.290	91.0000	0.0000	0.0103064002469182	2	0.02	0.01024250034242868	1	0.02	0.01013089995831251	1	0.02	0.01010899990797043	1	0.02	0.01016050018370152	1	0.02	0.007	9.827

-9.923	-2.287	92.0000	0.0000	0.01014329958707094	1	0.02	0.01014429982751608	1	0.02	0.01003750041127205	1	0.02	0.01011190004646778	1	0.02	0.01024250034242868	1	0.02	0.007	9.828








reference/reference_neg92-neg1deg_L2-10mm.dat

Mon Jun 09 15:49:32 2025

Integral time: 3.000 s

Time between repeated measures: 0.300 s

Time between multiple scans: 0 s

Scan Type: Only Theta

Lock-In Time constant: 0.3

9.923	-2.287	-92.0000	0.0000	0.006727249827235937	2	0.01	0.00667050015181303	1	0.01	0.006798769813030958	1	0.01	0.006818799767643213	1	0.01	0.006835009902715683	1	0.01	2.398	7.525

9.928	-2.290	-91.0000	0.0000	0.009495319798588753	1	0.01	0.009362759999930859	1	0.01	0.009475770406424999	1	0.01	0.009480060078203678	1	0.01	0.009383739903569221	1	0.01	3.651	6.450

9.929	-2.290	-90.0000	0.0000	0.02311719954013824	3	0.05	0.02312860079109669	1	0.05	0.0230771005153656	1	0.05	0.0229589007794857	1	0.05	0.02287109941244125	1	0.05	4.137	5.737

9.928	-2.290	-89.0000	0.0000	0.4452840089797974	4	0.5	0.4449479877948761	1	0.5	0.4461379945278168	1	0.5	0.4467790126800537	1	0.5	0.4468710124492645	1	0.5	1.828	7.997

9.923	-2.287	-88.0000	0.0000	0.286745011806488	1	1	0.2863790094852448	1	1	0.2866840064525604	1	1	0.2858909964561462	1	1	0.2854630053043365	1	1	0.090	2.460

9.916	-2.284	-87.0000	0.0000	0.2846699953079224	1	1	0.2838149964809418	1	1	0.283937007188797	1	1	0.2838760018348694	1	1	0.2839980125427246	1	1	0.025	2.555

9.905	-2.279	-86.0000	0.0000	0.4309709966182709	1	1	0.4324969947338104	1	1	0.4324969947338104	1	1	0.4326800107955933	1	1	0.4337179958820343	1	1	0.022	2.556

9.891	-2.272	-85.0000	0.0000	0.3195210099220276	1	1	0.3181779980659485	1	1	0.3178730010986328	1	1	0.3182390034198761	1	1	0.3190940022468567	1	1	0.016	2.547

9.875	-2.264	-84.0000	0.0000	0.2568989992141724	1	1	0.257203996181488	1	1	0.2571429908275604	1	1	0.2565329968929291	1	1	0.2553119957447052	1	1	0.009	2.542

9.855	-2.254	-83.0000	0.0000	0.01172550022602081	2	0.02	0.01169590000063181	1	0.02	0.01182559970766306	1	0.02	0.01198109984397888	1	0.02	0.01211170013993979	1	0.02	0.007	9.839

9.833	-2.243	-82.0000	0.0000	0.002190370112657547	2	0.005	0.002158900024369359	1	0.005	0.002250209916383028	1	0.005	0.00231481995433569	1	0.005	0.00235034991055727	1	0.005	0.007	9.838

9.807	-2.231	-81.0000	0.0000	0.001420269953086972	2	0.002	0.001275900052860379	1	0.002	0.001270779990591109	1	0.002	0.001349220052361488	1	0.002	0.001314769964665174	1	0.002	0.006	9.837

9.778	-2.217	-80.0000	0.0000	0.0009506379719823599	2	0.001	0.0009773450437933207	1	0.001	0.0009596389718353748	3	0.001	0.0008766690152697265	1	0.001	0.000872257980518043	1	0.001	0.007	9.840

9.747	-2.202	-79.0000	0.0000	0.001428970019333065	2	0.002	0.001525409985333681	1	0.002	0.001427419949322939	1	0.002	0.001346479984931648	1	0.002	0.001362330047413707	1	0.002	0.006	9.836

9.712	-2.186	-78.0000	0.0000	0.004525689873844385	2	0.005	0.004481109790503979	1	0.005	0.004526169970631599	1	0.005	0.004630830138921738	1	0.005	0.004626540001481771	1	0.005	0.007	9.836

9.675	-2.168	-77.0000	0.0000	0.03588509932160378	4	0.05	0.03576679900288582	1	0.05	0.03575919941067696	1	0.05	0.03582220152020454	1	0.05	0.03568480163812637	1	0.05	0.006	9.834

9.634	-2.149	-76.0000	0.0000	0.3266009986400604	1	1	0.3239150047302246	1	1	0.3211689889431	1	1	0.3197650015354156	1	1	0.318789005279541	1	1	0.005	1.430

9.591	-2.129	-75.0000	0.0000	0.345766007900238	1	1	0.3457050025463104	1	1	0.3462539911270142	1	1	0.3461320102214813	1	1	0.345766007900238	1	1	0.005	0.779

9.545	-2.107	-74.0000	0.0000	0.2924819886684418	1	1	0.2918109893798828	1	1	0.2913840115070343	1	1	0.2904070019721985	1	1	0.2901020050048828	1	1	0.005	0.780

9.495	-2.085	-73.0000	0.0000	0.4364030063152313	1	1	0.4382950067520142	1	1	0.4392110109329224	1	1	0.4392110109329224	1	1	0.4385400116443634	1	1	0.005	0.779

9.443	-2.061	-72.0000	0.0000	0.4591690003871918	1	1	0.4585590064525604	1	1	0.4586809873580933	1	1	0.4579490125179291	1	1	0.4595359861850739	1	1	0.005	0.777

9.388	-2.035	-71.0000	0.0000	0.2275400012731552	1	1	0.2270520031452179	1	1	0.2267470061779022	1	1	0.2269909977912903	1	1	0.2268690019845963	1	1	0.005	0.317

9.330	-2.009	-70.0000	0.0000	0.3532119989395142	1	1	0.353518009185791	1	1	0.3538840115070343	1	1	0.3543719947338104	1	1	0.3533340096473694	1	1	0.005	0.317

9.270	-1.982	-69.0000	0.0000	0.4968279898166656	2	1	0.4970110058784485	1	1	0.4966450035572052	1	1	0.495728999376297	1	1	0.4959129989147186	1	1	0.005	0.779

9.206	-1.954	-68.0000	0.0000	0.4039939939975739	1	1	0.4016129970550537	1	1	0.4010030031204224	1	1	0.4011859893798828	1	1	0.4017960131168365	1	1	0.005	0.778

9.140	-1.924	-67.0000	0.0000	0.26043900847435	1	1	0.2593399882316589	1	1	0.2586080133914948	1	1	0.2581810057163239	1	1	0.257997989654541	1	1	0.005	0.318

9.071	-1.894	-66.0000	0.0000	0.454041987657547	1	1	0.4555679857730865	1	1	0.4558730125427246	1	1	0.4563010036945343	1	1	0.4564230144023895	1	1	0.005	0.317

8.999	-1.863	-65.0000	0.0000	0.3911759853363037	1	1	0.3900170028209686	1	1	0.3903830051422119	1	1	0.391541987657547	1	1	0.3922750055789948	1	1	0.005	0.317

8.924	-1.831	-64.0000	0.0000	0.2688010036945343	1	1	0.2683730125427246	1	1	0.2680070102214813	1	1	0.2675800025463104	1	1	0.2678849995136261	1	1	0.004	0.317

8.847	-1.798	-63.0000	0.0000	0.3883689939975739	2	1	0.3881860077381134	1	1	0.388247013092041	1	1	0.3880630135536194	1	1	0.3880020081996918	1	1	0.006	0.779

8.767	-1.764	-62.0000	0.0000	0.364870011806488	1	1	0.3651140034198761	1	1	0.3652360141277313	1	1	0.3649309873580933	1	1	0.3649919927120209	1	1	0.005	0.202

8.684	-1.729	-61.0000	0.0000	0.303164005279541	2	1	0.3025529980659485	1	1	0.303041011095047	1	1	0.3034079968929291	1	1	0.3033469915390015	1	1	0.006	0.317

8.599	-1.694	-60.0000	0.0000	0.3612689971923828	1	1	0.3615739941596985	1	1	0.3612689971923828	1	1	0.3612689971923828	1	1	0.3615739941596985	1	1	0.005	0.317

8.511	-1.658	-59.0000	0.0000	0.3224509954452515	1	1	0.3219619989395142	1	1	0.3232440054416656	1	1	0.3240379989147186	1	1	0.323853999376297	1	1	0.005	0.317

8.420	-1.622	-58.0000	0.0000	0.4602069854736328	1	1	0.4614889919757843	1	1	0.4620989859104156	1	1	0.4617939889431	1	1	0.4609389901161194	1	1	0.005	0.316

8.327	-1.585	-57.0000	0.0000	0.4935320019721985	1	1	0.4945699870586395	1	1	0.4938369989395142	1	1	0.4939590096473694	1	1	0.4949359893798828	1	1	0.006	0.316

8.232	-1.547	-56.0000	0.0000	0.3820819854736328	1	1	0.3813500106334686	1	1	0.3808000087738037	1	1	0.3800680041313171	1	1	0.3800069987773895	1	1	0.005	0.202

8.134	-1.509	-55.0000	0.0000	0.2220470011234283	1	1	0.2212529927492142	1	1	0.2207040041685104	1	1	0.2205210030078888	1	1	0.2207040041685104	1	1	0.005	0.202

8.033	-1.471	-54.0000	0.0000	0.2186899930238724	1	1	0.2184460014104843	1	1	0.217957004904747	1	1	0.2178349941968918	1	1	0.217957004904747	1	1	0.007	0.201

7.930	-1.432	-53.0000	0.0000	0.4113790094852448	1	1	0.4109520018100739	1	1	0.40973100066185	1	1	0.4104630053043365	1	1	0.410645991563797	1	1	0.006	0.202

7.824	-1.393	-52.0000	0.0000	0.2993179857730865	1	1	0.2985860109329224	1	1	0.2984640002250671	1	1	0.2985860109329224	1	1	0.2985250055789948	1	1	0.011	0.196

7.716	-1.354	-51.0000	0.0000	0.3852559924125671	1	1	0.3861100077629089	1	1	0.3857440054416656	1	1	0.3861710131168365	1	1	0.385683000087738	1	1	0.007	0.200

7.606	-1.314	-50.0000	0.0000	0.3041400015354156	2	1	0.304872989654541	1	1	0.3049339950084686	1	1	0.3046889901161194	1	1	0.3050560057163239	1	1	0.072	0.253

7.494	-1.274	-49.0000	0.0000	0.4986590147018433	1	1	0.499330997467041	1	1	0.4998190104961395	1	1	0.4992690086364746	1	1	0.499330997467041	1	1	0.074	0.246

7.379	-1.235	-48.0000	0.0000	0.459291011095047	1	1	0.4572159945964813	1	1	0.4573380053043365	1	1	0.4581930041313171	1	1	0.4580709934234619	1	1	0.080	0.127

7.262	-1.195	-47.0000	0.0000	0.2728900015354156	1	1	0.2730120122432709	1	1	0.2729510068893433	1	1	0.2725239992141724	1	1	0.2719750106334686	1	1	0.088	0.120

7.142	-1.155	-46.0000	0.0000	0.2830829918384552	1	1	0.2830829918384552	1	1	0.2833270132541656	1	1	0.283266007900238	1	1	0.2829000055789948	1	1	0.083	0.123

7.021	-1.115	-45.0000	0.0000	0.4215719997882843	1	1	0.4218159914016724	1	1	0.4224259853363037	1	1	0.4231590032577515	1	1	0.4233419895172119	1	1	0.076	0.131

6.897	-1.075	-44.0000	0.0000	0.4100970029830933	1	1	0.4122329950332642	1	1	0.4133929908275604	1	1	0.4136370122432709	1	1	0.4133929908275604	1	1	0.044	0.167

6.772	-1.035	-43.0000	0.0000	0.2653219997882843	1	1	0.2642230093479156	1	1	0.2634299993515015	1	1	0.263247013092041	1	1	0.2635520100593567	1	1	0.042	0.165

6.644	-0.996	-42.0000	0.0000	0.2639789879322052	1	1	0.2635520100593567	1	1	0.2630630135536194	1	1	0.2628189921379089	1	1	0.2633079886436462	1	1	0.014	0.194

6.514	-0.956	-41.0000	0.0000	0.3192769885063171	1	1	0.3187269866466522	1	1	0.3184219896793365	1	1	0.3188500106334686	1	1	0.3185440003871918	1	1	0.025	0.182

6.382	-0.917	-40.0000	0.0000	0.245850995182991	1	1	0.245606005191803	1	1	0.2454230040311813	1	1	0.2454230040311813	1	1	0.2459120005369186	1	1	0.016	0.190

6.249	-0.878	-39.0000	0.0000	0.3187269866466522	1	1	0.3189719915390015	1	1	0.3186050057411194	1	1	0.3179340064525604	1	1	0.31598100066185	1	1	0.011	0.198

6.113	-0.840	-38.0000	0.0000	0.3761009871959686	1	1	0.3766500055789948	1	1	0.3774429857730865	1	1	0.3781149983406067	1	1	0.3775039911270142	1	1	0.006	0.202

5.976	-0.802	-37.0000	0.0000	0.3768939971923828	1	1	0.3770770132541656	1	1	0.3772599995136261	1	1	0.3775039911270142	1	1	0.3768939971923828	1	1	0.006	0.201

5.836	-0.764	-36.0000	0.0000	0.3196429908275604	1	1	0.3189719915390015	1	1	0.3189719915390015	1	1	0.3193379938602448	1	1	0.3192769885063171	1	1	0.006	0.202

5.695	-0.727	-35.0000	0.0000	0.3547379970550537	1	1	0.3543719947338104	1	1	0.3538840115070343	1	1	0.3540669977664948	1	1	0.3546159863471985	1	1	0.005	0.201

5.552	-0.691	-34.0000	0.0000	0.380495011806488	1	1	0.3809219896793365	1	1	0.3806779980659485	1	1	0.3802509903907776	1	1	0.3799459934234619	1	1	0.005	0.201

5.408	-0.655	-33.0000	0.0000	0.3878189921379089	1	1	0.3877579867839813	1	1	0.3880630135536194	1	1	0.3876970112323761	1	1	0.3878799974918365	1	1	0.005	0.201

5.262	-0.619	-32.0000	0.0000	0.4417740106582642	1	1	0.442995011806488	1	1	0.4434219896793365	1	1	0.4437269866466522	1	1	0.4442160129547119	1	1	0.005	0.202

5.114	-0.584	-31.0000	0.0000	0.3345969915390015	1	1	0.3334369957447052	1	1	0.3322159945964813	1	1	0.3313620090484619	1	1	0.330812007188797	1	1	0.005	0.201

4.965	-0.550	-30.0000	0.0000	0.3751850128173828	1	1	0.375245988368988	1	1	0.3746969997882843	1	1	0.3751850128173828	1	1	0.3751240074634552	1	1	0.005	0.201

4.814	-0.517	-29.0000	0.0000	0.4122329950332642	1	1	0.4127219915390015	1	1	0.412539005279541	1	1	0.4128440022468567	1	1	0.4129660129547119	1	1	0.005	0.201

4.661	-0.484	-28.0000	0.0000	0.4335959851741791	1	1	0.4335959851741791	1	1	0.433351993560791	1	1	0.4332900047302246	1	1	0.4335350096225739	1	1	0.005	0.201

4.508	-0.453	-27.0000	0.0000	0.3979510068893433	1	1	0.3977069854736328	1	1	0.3972190022468567	1	1	0.3966690003871918	1	1	0.3968519866466522	1	1	0.005	0.202

4.353	-0.422	-26.0000	0.0000	0.3746359944343567	1	1	0.374208003282547	1	1	0.3737199902534485	1	1	0.3739640116691589	1	1	0.373537003993988	1	1	0.005	0.117

4.196	-0.392	-25.0000	0.0000	0.2750259935855865	1	1	0.2744770050048828	1	1	0.2740499973297119	1	1	0.2733170092105865	1	1	0.273622989654541	1	1	0.005	0.118

4.039	-0.363	-24.0000	0.0000	0.2385870069265366	1	1	0.238769993185997	1	1	0.2384649962186813	1	1	0.2385260015726089	1	1	0.2390760034322739	1	1	0.005	0.118

3.880	-0.334	-23.0000	0.0000	0.3681049942970276	1	1	0.3668229877948761	1	1	0.3675560057163239	1	1	0.3693259954452515	1	1	0.3704240024089813	1	1	0.005	0.117

3.720	-0.307	-22.0000	0.0000	0.2620869874954224	1	1	0.2611100077629089	1	1	0.2620869874954224	1	1	0.2622089982032776	1	1	0.2627579867839813	1	1	0.005	0.059

3.558	-0.281	-21.0000	0.0000	0.2239390015602112	1	1	0.2239390015602112	1	1	0.2242439985275269	1	1	0.2243659943342209	1	1	0.2246100008487701	1	1	0.005	0.059

3.396	-0.256	-20.0000	0.0000	0.3060930073261261	2	1	0.3061540126800537	1	1	0.3060320019721985	1	1	0.3056659996509552	1	1	0.3050560057163239	1	1	0.005	0.202

3.233	-0.232	-19.0000	0.0000	0.3129290044307709	1	1	0.3120749890804291	1	1	0.3108539879322052	1	1	0.3103049993515015	1	1	0.3113420009613037	1	1	0.006	0.117

3.068	-0.209	-18.0000	0.0000	0.2904680073261261	1	1	0.291018009185791	1	1	0.2912620007991791	1	1	0.2915059924125671	1	1	0.2914449870586395	1	1	0.005	0.117

2.903	-0.187	-17.0000	0.0000	0.3333759903907776	1	1	0.3338640034198761	1	1	0.3335590064525604	1	1	0.3334980010986328	1	1	0.3336809873580933	1	1	0.005	0.117

2.737	-0.166	-16.0000	0.0000	0.270020991563797	1	1	0.2688010036945343	1	1	0.2686789929866791	1	1	0.2694720029830933	1	1	0.2705709934234619	1	1	0.006	0.117

2.570	-0.146	-15.0000	0.0000	0.2409680038690567	1	1	0.2406020015478134	1	1	0.2403569966554642	1	1	0.2404790073633194	1	1	0.2404180020093918	1	1	0.005	0.117

2.402	-0.128	-14.0000	0.0000	0.3071309924125671	2	1	0.3068870007991791	1	1	0.3065809905529022	1	1	0.3054220080375671	1	1	0.3053610026836395	1	1	0.005	0.201

2.234	-0.110	-13.0000	0.0000	0.2865619957447052	1	1	0.2855240106582642	1	1	0.285645991563797	1	1	0.285768985748291	1	1	0.2854019999504089	1	1	0.005	0.117

2.064	-0.094	-12.0000	0.0000	0.3137840032577515	1	1	0.3139669895172119	1	1	0.3142110109329224	1	1	0.3138450086116791	1	1	0.3136009871959686	1	1	0.005	0.117

1.895	-0.079	-11.0000	0.0000	0.40973100066185	1	1	0.4113180041313171	1	1	0.4110130071640015	1	1	0.4113180041313171	1	1	0.411745011806488	1	1	0.005	0.117

1.724	-0.066	-10.0000	0.0000	0.2484750002622604	1	1	0.2481089979410172	1	1	0.2478040009737015	1	1	0.2474370002746582	1	1	0.2472539991140366	1	1	0.005	0.117

1.553	-0.053	-9.0000	0.0000	0.2257699966430664	1	1	0.225831001996994	1	1	0.2257699966430664	1	1	0.2251600027084351	1	1	0.2251600027084351	1	1	0.005	0.117

1.382	-0.042	-8.0000	0.0000	0.2462780028581619	1	1	0.2463389933109283	1	1	0.2466440051794052	1	1	0.2468270063400269	1	1	0.2473150044679642	1	1	0.005	0.117

1.210	-0.032	-7.0000	0.0000	0.2650780081748962	1	1	0.2646499872207642	1	1	0.2639789879322052	1	1	0.2637960016727448	1	1	0.2645280063152313	1	1	0.005	0.117

1.038	-0.024	-6.0000	0.0000	0.3732320070266724	1	1	0.3728660047054291	1	1	0.3738420009613037	1	1	0.3745140135288239	1	1	0.3748190104961395	1	1	0.006	0.117

0.865	-0.017	-5.0000	0.0000	0.4817520081996918	1	1	0.4832780063152313	1	1	0.4835219979286194	1	1	0.482912003993988	1	1	0.4810810089111328	1	1	0.005	0.117

0.693	-0.011	-4.0000	0.0000	0.2418220043182373	1	1	0.2405409961938858	1	1	0.2400519996881485	1	1	0.2401739954948425	1	1	0.2404790073633194	1	1	0.006	0.117

0.520	-0.006	-3.0000	0.0000	0.2590959966182709	1	1	0.2581810057163239	1	1	0.2586689889431	1	1	0.2591570019721985	1	1	0.259768009185791	1	1	0.005	0.117

0.347	-0.003	-2.0000	0.0000	0.2452400028705597	1	1	0.2454839944839478	1	1	0.2452400028705597	1	1	0.2449959963560104	1	1	0.2435919940471649	1	1	0.005	0.117

0.173	-0.001	-1.0000	0.0000	0.2827169895172119	1	1	0.2831439971923828	1	1	0.2832050025463104	1	1	0.2830829918384552	1	1	0.2831439971923828	1	1	0.005	0.117






Double-click to download the source code for this figure (requires a compatible PDF viewer)


Chapter 5

Conclusions

This work establishes a fully operational laser line at 1550 nm for the experimental characterization
of optical materials and coatings relevant to the low-frequency detector of the upcoming Einstein
Telescope. The system integrates seamlessly into the existing infrastructure, which hosts other laser
lines used for testing materials in current gravitational-wave detectors.

The facility characterizes scattering properties using a scatterometer, which measures the bidi-
rectional scattering distribution function (BSDF), and an integrating sphere, which measures total
integrated scatter (TIS). This thesis focuses on the development and implementation of the new laser
line for scatterometer measurements.

The laser line enables precise beam steering toward the sample, with accurate control of both power
and spot size. Beam characterization and telescope design confirm that spot sizes on the sample range
from approximately 400 pm to 2000 um, in agreement with expectations. The telescope, built from
plano-convex lenses, allows fine adjustment of the spot size while maintaining negligible clipping on
optical elements.

Power regulation and monitoring are achieved using a half-wave plate and a polarizing beam
splitter, enabling continuous control from near zero up to approximately 500 mW. Calibration of
the monitoring photodiode provides a reliable conversion between measured voltage and the power
delivered to the sample. Total optical losses along the beam path remain below 5.5 %, consistent with
design expectations.

Noise characterization confirm that background contributions from electronic noise and stray light
are sufficiently low for accurate BSDF measurements. Beam modulation and lock-in demodulation,
combined with careful alignment and the use of absorptive panels and beam dumps, effectively sup-
presses both electronic and optical noise.

Validation using a Spectralon reference sample demonstrates that the scatterometer produces
BRDF measurements in good agreement with theoretical expectations. The measured mean BRDF
of 0.27(1) st~! closely approaches the expected value of 0.315sr~!, given the approximate calibration
of the photodetector and lock-in amplifier. Completion of the calibration will further enhance mea-
surement accuracy. These results confirm that the system is capable of producing accurate BSDF
measurements for characterizing candidate materials and coatings for the Einstein Telescope.

Future work will focus on integrating the laser line with the existing TIS measurement system.
This will require routing the beam to the TIS setup, along with minor adjustments and verification
tests. Once completed, the facility will provide both BSDF and TIS measurements at 1550 nm,
enabling comprehensive characterization of scattering properties for next-generation gravitational-
wave detectors.
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