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Abstract

Accurate far-infrared (FIR) radiative data are required for thermal radiation
modelling, climate research, remote sensing, space instrumentation, and infrared opti-
cal metrology. In particular, directional-hemispherical reflectance in the wavelength
range from 25 pm to 100 um is needed when both specular and diffuse radiation con-
tributions must be considered. However, conventional integrating spheres cannot be
directly transferred to this spectral range, because established diffuse coatings exhibit
increased absorption and metallic surfaces tend to reflect predominantly specularly at
long wavelengths. This creates a metrological gap for traceable far-infrared reflectance

measurements with validated uncertainty budgets.

In this work, a novel integrating sphere system for directional-hemispherical
reflectance measurements in the far-infrared spectral range was developed, realized,
and experimentally validated. The system is based on a structured internal surface to-
pology designed to provide diffuse-like angular redistribution while maintaining high
reflectance. For this purpose, a Random Harmonic Function Surface topology (RHFS-
800) was developed and optimized, transferred to a spherical geometry, manufactured

by stereolithography-based additive manufacturing, and gold-coated.

The integrating sphere was coupled to a Bruker VERTEX 80v Fourier-trans-
form infrared (FTIR) spectrometer using a dedicated external optical relay system. The
complete setup, referred to as the Far-Infrared Integrating Sphere (FIR-IS), enables
controlled incident and detected radiation paths and supports directional-hemispherical
reflectance measurements using the substitution method. A radiometric correction
model was implemented to account for finite sphere-wall reflectance, port geometry,
and residual background signal. A spectral uncertainty budget was established in ac-
cordance with the Guide to the Expression of Uncertainty in Measurement (GUM), and

expanded uncertainties were reported with a coverage factor of k = 2.

The developed system was validated using samples with different radiative
properties, including low-reflectance, high-reflectance, and semi-transparent coatings.
The measured directional-hemispherical reflectance spectra were compared with inde-
pendent Physikalisch-Technische Bundesanstalt (PTB) reference data obtained from

spectral emittance and directional reflectance measurements. The results show good
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agreement within the expanded uncertainty and demonstrate that the FIR-IS can repro-
duce both the overall reflectance level and characteristic spectral features of the inves-
tigated samples.

This work establishes a design, fabrication, correction, and validation method-
ology for far-infrared integrating sphere radiometry. The FIR-IS provides a metrologi-
cal tool for material characterization and supports applications in thermal radiometry,
radiative transfer modelling, space instrumentation, and climate-related missions such
as the European Space Agency (ESA) Far-infrared Outgoing Radiation Understanding
and Monitoring (FORUM) mission.
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List of Abbreviations

Abbreviation

AS15

AS519

BRDF

CAD

CNC

DTGS

EMAF

ESA

FDTGS

FIR

FIR-IS

FORUM

FTIR

GUM

IR

ISO

LabVIEW

Meaning
Bruker external reflection unit / external reflection accessory

Bruker reflectance accessory for directional—directional spec-

tral reflectance measurements

Bidirectional Reflectance Distribution Function
Computer-Aided Design

Computer Numerical Control

Deuterated Triglycine Sulfate

Emissivity Measurements in Air Facility

European Space Agency

Far-infrared-optimized Deuterated Triglycine Sulfate
Far-Infrared

Far-Infrared Integrating Sphere

Far-infrared Outgoing Radiation Understanding and

Monitoring

Fourier Transform Infrared

Guide to the Expression of Uncertainty in Measurement
Infrared

International Organization for Standardization

Laboratory Virtual Instrument Engineering Workbench
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Abbreviation

LED

MCT

MIR

NIR

NSC

OAP

OPUS

PMMA

PT100

PTB

PTFE

RBS

RHFS

SLA

SLM

SLS

THz

UV-Vis-NIR

Meaning

Light-Emitting Diode
Mercury Cadmium Telluride
Mid-Infrared

Near-Infrared

Non-Sequential Component / Non-Sequential Mode

Off-axis parabolic mirror

Bruker OPUS spectroscopy software
Polymethyl methacrylate

Platinum resistance temperature sensor
Physikalisch-Technische Bundesanstalt
Polytetrafluoroethylene

Random Ball Surface(s)

Random Harmonic Function Surface(s)
Stereolithography

Selective Laser Melting

Selective Laser Sintering

Terahertz

Ultraviolet—Visible—Near-Infrared
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Chemical and material designations

Designation Meaning

Au Gold

BaSO4 Barium sulfate

CaF. Calcium fluoride

KBr Potassium bromide

NiCr Nickel-chromium adhesion layer
Y205 Yttrium oxide

EN AW-6061-T6  Aluminium alloy designation

List of Symbols

Symbol Meaning Unit

c speed of light in vacuum m-s’!

A wavelength m

Y wavenumber cm’!

S@) spectral intensity arbitrary units
I(x) interferogram arbitrary units
v frequency st

E photon energy J
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Symbol

Amax

&

as

P2

T2

e(d)

Ry_na

R (2)

Rs (1)

Rs+ (1)

Meaning

Planck constant

temperature

Wien’s displacement constant

wavelength of maximum blackbody emission
emissivity

spectral emissivity

absorptivity

spectral absorptivity

reflectivity

spectral reflectivity

transmissivity

spectral transmissivity

measured directional spectral emittance
reflectance

directional-hemispherical spectral reflectance

measured reflectance obtained from the sam-

ple/reference signal ratio

corrected directional-hemispherical reflectance

of the sample

corrected reflectance for positive perturbation

https://doi.org/10.7795/110.20260928

Unit



Symbol

Rs (1)

Ai (RS, A)

Rg(M)

Ru()

S, sample (/1)

S reference (A)

Meaning

corrected reflectance for negative perturbation

numerical variation associated with perturbation

of input quantity x;

sphere-wall reflectance assigned to the gold-

coated inner surface

underground signal / residual background signal
spectral detector signal for sample measurement

spectral detector signal for reference measure-

ment

polar angle

azimuthal angle

angle of incidence

azimuthal angle of incidence
reflection angle

azimuthal angle of reflection
spectral radiance

emitted spectral radiance of a surface
spectral radiance of a blackbody
incident spectral radiance
transmitted spectral radiance

reflected spectral radiance
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arbitrary units

arbitrary units

rad or °
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Symbol

cI)inc
cI)abs
®p
cbsample
Asphere
Aports
Asample

Agold

fs
fa

f total

M

TS D

10

Meaning

reflected radiant intensity

radiant flux

incident radiant flux

absorbed radiant flux

radiant flux reaching the detector

radiant flux interacting with the sample
internal surface area of integrating sphere
total open-port area

area of the sample

effective area of gold-coated inner sphere wall
sphere diameter

representative port diameter

sample port diameter

port fraction

fractional area of sample

fractional area of gold-coated sphere wall
total effective reflective fraction

sphere multiplier

transfer coefficient between sample and detector

ports
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Symbol
Tmin

rmax

N

x,y
herurs(x,y)
an

kn

Pn

Pn
dA

hi(6,¢)
&

r

To
r(6,¢)
h(6, ¢")

Meaning

minimum radius of random spherical scatterers

maximum radius of random spherical scatterers

number of harmonic components or spherical

scatterers

Cartesian coordinates on planar surface
generated planar RHFS surface height field
amplitude coefficient of harmonic component
spatial frequency of harmonic component
random phase in x-direction

random phase in y-direction

differential surface area element

surface height coordinate

local interpolation function for sphere segment
(1)

corrected azimuthal coordinate

sphere radius

reference sphere radius

radial coordinate of structured sphere surface

mapped surface relief in spherical coordinates

electromagnetic skin depth
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rad

rad

m or mm

m Oor mm

rad

m or mm
m or mm
m or mm

m Oor mm
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Symbol

Ag

12

Meaning

angular frequency

magnetic permeability
electrical conductivity
optical throughput / étendue
beam cross-sectional area
solid angle

focal length of mirror

auxiliary correction parameter

generic input quantity in uncertainty propagation

standard uncertainty of input quantity x;
combined standard uncertainty
expanded uncertainty

coverage factor

experimental standard deviation
number of repeated measurements

phase shift between spectral modulations
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Physical Constants

speed of light in vacuum
Planck constant

Boltzmann constant
Stefan—Boltzmann constant

Wien’s displacement constant

2.99792458 x 108
6.62607015 x 1073*
1.380649 x 10723
5.670374 x 107®

2.897771955 x 1073
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Introduction

The far-infrared (FIR) spectral region, typically defined as spanning wave-
lengths from 25 um to 1000 um, is of central relevance for the description of thermal
radiation processes in natural and engineered systems. A significant fraction of the ther-
mal radiation emitted by objects at terrestrial temperatures lies within this spectral
range when integrated over wavelength. In the FIR, the radiative response of matter is
governed primarily by lattice vibrations in solids and rotational transitions in gases. As
a result, accurate FIR measurements are required in a wide range of applications, in-
cluding climate science, atmospheric physics, astrophysics, space instrumentation, ma-

terials science, and thermal engineering [1, 2, 3, 4].

From a radiometric perspective, the FIR region represents the long-wavelength
part of the thermal emission spectrum, where photon energies are low and detector
sensitivities decrease significantly. Consequently, the accurate determination of radia-
tive quantities is inherently challenging. Weak signal levels, strong atmospheric ab-
sorption, particularly due to water vapour, and wavelength-scale surface effects intro-
duce specific metrological constraints that are not encountered in shorter spectral re-

gions [3].

In recent years, the demand for accurate FIR radiometric data has increased
substantially, particularly in the context of climate monitoring and Earth observation.
The infrared spectral region contributes significantly to the Earth’s outgoing longwave
radiation and is therefore essential for understanding radiative feedback mechanisms
in the climate system [4]. Recent laboratory studies of water-vapour continuum absorp-
tion further demonstrate that improved infrared spectroscopic data can affect calculated
outgoing longwave radiation and therefore remain relevant for climate-oriented radia-
tive transfer modelling [5]. This requirement is directly reflected in current and upcom-
ing space missions, such as the European Space Agency (ESA) FORUM mission,
which aims to measure the Earth’s outgoing radiation in the spectral range from 25 pm
to 100 um with high accuracy [6, 7, 8]. Achieving the objectives of such missions re-
quires traceable, stable, and well-characterized optical measurement systems operating
in the FIR.

Beyond space applications, reliable FIR radiometric data are required for the

establishment of calibration chains at national metrology institutes. In this context,
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experimentally determined quantities such as reflectance, transmittance, and emittance
serve as reference quantities for industrial and scientific applications. The absence of
suitable measurement tools for directional-hemispherical reflectance and transmittance
in the FIR therefore represents not only a scientific gap, but also a metrological limita-
tion affecting traceability and uncertainty evaluation in long-wavelength radiometry
[9, 10].

A central challenge in FIR radiometry is the accurate determination of radiative
quantities under defined angular conditions. For many technical materials, the reflected
or transmitted radiation contains both specular and diffuse contributions. A purely di-
rectional measurement records only radiation within a limited observation direction
and may therefore provide incomplete information when significant scattering is pre-
sent. In contrast, directional-hemispherical reflectance and transmittance describe the
total reflected or transmitted radiant flux collected over the corresponding hemisphere
for a specified direction of incidence. These quantities are particularly relevant for ra-
diative transfer modelling, material characterization, and calibration of optical systems
in which the total redistributed flux is required [1, 11, 12].

Integrating spheres are well-established instruments for determining direc-
tional-hemispherical reflectance and transmittance in the ultraviolet, visible, and near-
infrared spectral ranges [9, 10, 13, 14]. Their function is to collect radiation reflected
or transmitted by a sample over a hemisphere and redistribute it within the cavity by
multiple reflections. In this way, the detector signal becomes largely independent of the
detailed angular scattering distribution within the collected hemisphere. However, the
measured quantity remains defined by the illumination geometry; for example, a meas-
urement performed at an incidence angle of 8° represents the directional-hemispherical

reflectance for that specific incidence condition.

Although integrating spheres are mature and standardized in shorter spectral
ranges, their direct transfer to the FIR is not possible. Diffuse reflector materials com-
monly used in the ultraviolet, visible, and near-infrared ranges, such as polytetrafluo-
roethylene (PTFE)-based materials and barium sulfate coatings, are optimized for
shorter wavelengths and do not provide suitable diffuse-reflectance performance for
mid-infrared (MIR) and FIR integrating-sphere operation [14, 15]. In the MIR, gold-
based diffuse reflectance standards such as Infragold are commonly used [15]. How-

ever, at far-infrared wavelengths, the characteristic surface structure of such standards

19
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becomes small compared with the wavelength. As a result, the diffuse fraction of the
reflected radiation decreases and the reflection becomes increasingly directional. Con-
sequently, established diffuse reflectance standards do not provide the required combi-
nation of high reflectance and sufficiently diffuse angular redistribution for integrating-
sphere operation in the far-infrared spectral range [16, 17, 18, 19].

In addition to material-related limitations, the optical behaviour of surfaces in
the FIR differs fundamentally from that at shorter wavelengths. As the wavelength be-
comes comparable to characteristic surface features, scattering behaviour transitions
from micro-scale roughness scattering to geometrically governed reflection regimes.
Surfaces that are optically rough in the visible may behave as comparatively smooth in
the FIR, while specifically structured surfaces with wavelength-scale features can pro-
mote diffuse-like angular redistribution. Consequently, an integrating sphere for FIR
operation requires not only a highly reflective internal surface, but also a surface topol-

ogy specifically designed to redistribute radiation at long wavelengths [16, 17, 18, 19].

Without an integrating sphere optimized for the FIR, directional-hemispherical
measurements require angular-resolved setups, in which the reflected or transmitted
radiation must be sampled over many directions and subsequently integrated. Such ap-
proaches are technically demanding, time-consuming, and sensitive to alignment, de-
tector nonlinearity, angular sampling, and stability of the radiation source. The absence
of spatially integrating measurement concepts therefore directly limits achievable un-

certainty budgets in FIR radiometry [9, 10].

Despite previous work on infrared and far-infrared diffuse reflecting surfaces
[20], no integrating sphere concept specifically optimized for the spectral range from
25 um to 100 um has been experimentally validated with a quantified uncertainty
budget [10, 19]. Existing long-wavelength sphere concepts are either limited to the
mid-infrared spectral range or rely on metallic cavities without controlled diffuse-like
angular redistribution [9, 10, 13, 14].

The objective of this dissertation is the development, realization, and experi-
mental validation of an integrating sphere system designed for directional-hemispher-
ical reflectance measurements in the far-infrared spectral range. The work addresses
the coupled challenges of surface topology design, spherical geometry implementation,

additive manufacturing, metallic coating, optical coupling to a Fourier-transform
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infrared (FTIR) spectrometer, radiometric correction, and uncertainty evaluation. In
contrast to conventional developments, in which surface coating, mechanical realiza-
tion, and measurement configuration are often treated separately, the present work ap-

proaches the system as a coupled radiometric instrument.

To address the lack of suitable diffuse reflectors in the FIR, a structured internal
surface topology based on Random Harmonic Function Surfaces is developed. The
RHFS concept enables the generation of reproducible stochastic surface structures with
characteristic dimensions compatible with far-infrared wavelengths. The selected
RHFS-800 topology is transferred from a planar surface to a spherical geometry and
forms the functional internal surface of the integrating sphere. The sphere is fabricated
by stereolithography-based additive manufacturing and metallized with gold to provide

a high-reflectance, low-loss boundary for multiple internal reflections.

In addition to the sphere design, the work includes the optical measurement
setup required for coupling to a Bruker VERTEX 80v FTIR spectrometer. The integrat-
ing sphere is coupled to the spectrometer by means of a dedicated external optical relay
system. This configuration separates the incident and detected radiation paths, pre-
serves optical throughput, and allows operation with different detector configurations.
The setup, referred to as FIR-IS, is experimentally evaluated using the substitution
method.

The experimental validation presented in this dissertation focuses on direc-
tional-hemispherical reflectance measurements. Although the sphere design also sup-
ports transmittance configurations, the final validation results are based on reflectance
measurements. A radiometric correction model is implemented to account for finite
sphere-wall reflectance, geometrical port effects, and residual background signal. In
addition, a spectral uncertainty budget is established in accordance with the Guide to
the Expression of Uncertainty in Measurement (GUM). The measurement results are
compared with independent reference data obtained at the Physikalisch-Technische
Bundesanstalt (PTB), providing a metrological basis for evaluating the performance of

the developed system [21].

The integrating sphere developed within this work extends the available exper-
imental methods for far-infrared material characterization and long-wavelength radi-

ometry. It is relevant for thermal engineering, infrared material science, radiative

21
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transfer modelling, and space-related applications. In particular, traceable laboratory
measurements in the 25 pm to 100 um range are important for climate-oriented mis-
sions such as ESA FORUM, where reliable FIR radiative data are required for instru-

ment calibration, model validation, and interpretation of outgoing longwave radiation.

The dissertation is structured as follows. Chapter 1 introduces the theoretical
foundations of far-infrared radiation, radiative quantities, detector technologies, FTIR
spectroscopy, and integrating sphere theory. Chapter 2 presents the modelling, fabrica-
tion, and evaluation of diffuse-scattering surface topologies for the FIR, leading to the
selection of the RHFS-800 surface. Chapter 3 describes the transfer of this topology to
spherical geometry, the fabrication of the integrating sphere, and the gold-coating char-
acterization. Chapter 4 presents the external optical relay system used to couple the
FIR-IS to the FTIR spectrometer. Chapter 5 describes the measurement concept, radi-
ometric correction, uncertainty analysis, experimental validation, and comparison with
PTB reference data.

22
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Chapter 1. Theory

This chapter summarizes the theoretical concepts required for the physical and
metrological aspects of FIR radiometry in the context of directional-hemispherical re-

flectance and transmittance measurements.

The focus is placed on the physical aspects of electromagnetic radiation that are
directly relevant to long wavelengths, including thermal emission, interaction of FIR
radiation with matter, and scattering phenomena at wavelengths comparable to charac-
teristic surface-structure dimensions. Particular attention is given to directional-hemi-
spherical radiative quantities and to the physical interpretation of diffuse and direc-
tional reflection.

In addition, the chapter outlines the principles of FIR detection and highlights
the limitations imposed by low photon energies and weak thermal signals. The theoret-
ical concepts introduced here form the basis for the surface design presented in Chapter

2 and for the integrating sphere implementation developed in the subsequent chapters.

1.1 Electromagnetic Waves and the Far-Infrared Spectral Range

1.1.1 Electromagnetic radiation

Electromagnetic radiation consists of coupled oscillations of electric and mag-
netic fields that propagate through space at the speed of light in vacuum. It is fully

described by its wavelength 4 in vacuum, frequency v, and photon energy E.
The relationship between wavelength and frequency is given by
c=A (1.1)

where ¢ denotes the speed of light in vacuum. The photon energy is related to

the frequency by
E=hv (1.2)
where h is Planck’s constant [1].

The broad range of possible wavelengths and frequencies forms the electromag-
netic spectrum, within which different spectral regions exhibit distinct physical behav-

iour and technological relevance.
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In optical and infrared radiometry, wavelength is a fundamental parameter,
since it determines the interaction of radiation with matter [1, 2], influences the optical
properties of materials, and defines the applicability of optical components and detector
technologies. These interactions become particularly important in the infrared spectral
range, where thermal radiation dominates and radiative properties are strongly wave-

length dependent.

1.1.2 Spectral classification of electromagnetic radiation

For practical and historical reasons, the electromagnetic spectrum is divided
into several spectral regions based on wavelength or frequency. While the exact bound-
aries may vary slightly between disciplines, the classification commonly used in optics

and infrared spectroscopy is summarized in Table 1.1.

Spectral region Wavelength Typical applications
range
Gamma rays <0.01 nm Nuclear physics, medical imaging
X-rays 0.01-10 nm Medical diagnostics, crystallography
Ultraviolet (UV) 10 - 400 nm Sterilization, fluorescence
Visible 400 - 700 nm Vision, illumination
Near infrared 0.7-2.5 um Fiber optics, imaging
(NIR)
Mid infrared 2.5-25 um Molecular spectroscopy, thermal imaging
(MIR)
Far infrared Thermal radiation, astronomy, mate-
25 pm - 1000 pm . .
(FIR) rial analysis
Microwaves 1 mm - 30 cm Radar, communication
Radio waves >30cm Broadcasting, telecommunications

Table 1.1. Classification of electromagnetic radiation by spectral region, including correspond-

ing wavelength ranges and representative applications.

In the context of this dissertation, particular emphasis is placed on the spectral
range from 25 um to 1000 pm, which is of central relevance for thermal radiation

measurements and space-based climate observation.
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1.1.3 The far-infrared spectral range

Infrared radiation occupies the spectral region between visible light and micro-
waves, extending approximately from 0.7 um to 1000 pum in wavelength. The far-in-
frared range forms the long-wavelength part of the infrared spectrum and bridges the

gap between the mid-infrared and microwave regions.

This wavelength range is of particular importance because it encompasses the
dominant thermal emission of objects at cryogenic to ambient temperatures. According
to Wien’s displacement law, the wavelength at which a blackbody emits maximum ra-
diation is given by

b
Amax = T (13)

where T is the absolute temperature and b is Wien’s displacement constant [1].

Equation (1.3) shows that decreasing temperature shifts the peak of thermal

emission toward longer wavelengths.

For example, the thermal radiation peak of the Sun at approximately 5800 K
lies in the visible spectral range, while objects at room temperature (~300 K) emit pre-
dominantly in the infrared. At cryogenic temperatures, such as liquid nitrogen temper-
ature (77 K), the emission peak shifts into the far-infrared region. Consequently, radi-
ation in this spectral range is primarily associated with thermal emission from objects

with temperatures ranging from a few kelvin up to several hundred kelvin.

In this spectral range, radiative behaviour is dominated by thermal processes,
and radiative properties such as emissivity, reflectivity, and transmissivity exhibit
strong wavelength dependence. Interaction mechanisms between radiation and matter
include low-frequency vibrational modes in solids (phonons), rotational transitions in

gases, and collective lattice excitations [2, 3].

Due to the long wavelengths involved, the interaction of radiation with surface
topology differs significantly from that observed at shorter wavelengths. In the far-
infrared spectral range, many technical and structured surfaces exhibit a combination
of directional and diffuse reflection components. As a consequence, directional meas-

urements alone are often insufficient for complete radiative characterization, and
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directional-hemispherical quantities become particularly relevant for radiometric ap-

plications.

This has direct implications for optical measurements and motivates the use of
integrating spheres for the determination of directional-hemispherical reflectance and
transmittance, provided that their design, materials, and surface properties are adapted
to operation at long wavelengths.

1.2 Radiative Properties at Interfaces: Definitions and Character-
istics

When electromagnetic radiation encounters the interface between two media,
such as air and a solid surface, it undergoes reflection, absorption, and transmission.
The relative contribution of each process is governed by the radiative properties of the
surface, which depend on wavelength, angle of incidence, polarization, temperature,
and surface structure. These properties determine how energy is exchanged between

radiation and matter and are therefore central to thermal radiation theory, optical me-

trology, climate science, astrophysics, and materials characterization [1, 11, 22].

In the FIR spectral range, radiative interactions are dominated by thermal pro-
cesses, and radiative properties such as spectral emissivity, reflectivity, absorptivity,
and transmissivity exhibit strong wavelength and angular dependence. For many tech-
nical and structured surfaces, directional measurements alone may not provide suffi-
cient information for complete radiative characterization, particularly when diffuse and
directional reflection components coexist. This makes integrating spheres particularly
suitable for the determination of directional-hemispherical reflectance and transmit-
tance, provided that their design, materials, and surface properties are properly adapted

to this spectral range [9].

Throughout this work, the terminology follows ISO 80000-7 (Quantities and
units — Part 7: Light and radiation) [22]. According to this convention, quantities end-
ing in “-ivity” (e.g. emissivity, reflectivity, absorptivity, transmissivity) describe intrin-
sic material properties, whereas quantities ending in “-ance” (e.g. emittance, reflec-
tance, absorptance, transmittance) denote radiometric quantities defined for a specific
sample under specified spectral and geometrical measurement conditions. In accord-

ance with this distinction, “-ivity” is used in the theoretical description of material
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properties, while “-ance” is used when referring to experimentally determined quanti-
ties. Accordingly, the quantities measured with the integrating sphere in this work are
referred to as directional-hemispherical reflectance and transmittance, because they are

defined by the specific measurement geometry and sample configuration.

1.2.1 Emissivity

Emissivity describes the radiative emission of a real surface relative to that of
an ideal blackbody at the same temperature. The directional spectral emissivity is de-

fined as the ratio of the emitted spectral radiance of the surface to the spectral radiance
of a blackbody

L.(1,6,p,T)

0D =LA

(1.4)

where 6 denotes the polar angle measured from the surface normal, and ¢ is the
azimuthal angle in the surface plane. L, is the emitted spectral radiance of the surface

at temperature T and Lj,, is the spectral radiance of a blackbody at temperature T.
The spectral radiance of a blackbody is given by Planck’s law
2hc? . 1
A3 exp (%) -1

where h is Planck’s constant, c is the speed of light in vacuum, and kj is Boltz-

Lbb(A' T) = (15)

mann’s constant [1].

Equation (1.4) defines emissivity as a relative quantity with respect to an ideal
blackbody, while Equation (1.5) provides the spectral radiance of the blackbody used

as a reference.

Emissivity generally depends on wavelength, temperature, surface condition,
and observation direction. For an ideal blackbody, the directional spectral emissivity is
equal to unity at all wavelengths and in all directions. In practical applications, different
forms of emissivity are distinguished depending on the spectral and angular treatment.
These include spectral emissivity defined at a specific wavelength, total emissivity in-

tegrated over wavelength, directional emissivity specified for a particular observation
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direction, and hemispherical emissivity obtained by integration over all directions

within the upper hemisphere.

1.2.2 Absorptivity

Absorptivity describes the fraction of incident radiation absorbed by a material.
The directional spectral absorptivity is defined as the ratio of the absorbed radiant flux
to the incident radiant flux

(pabs (A' 6' P, T)
<pinc (l, 0) @, T)

a(1,0,9,T) = (1.6)
where @, is the absorbed radiant flux at temperature T and ®;,. is the incident
radiant flux at temperature T. The angle 8 denotes the angle of incidence measured

from the surface normal, and ¢ is the azimuthal angle in the surface plane.

Absorptivity depends on wavelength, angle of incidence, polarization, temper-

ature, and material properties. In general, it is both wavelength- and angle-dependent.

When radiation is incident on a material, part of it is absorbed, part is reflected,
and part may be transmitted through the material. The relative contribution of these
processes depends on the optical properties and thickness of the material. Radiative
interactions at material interfaces are governed by energy conservation. In general

form,
a:,1+p;t+rl=1 (17)
where p; is the spectral reflectivity and t; is the spectral transmissivity.

For many materials in the far-infrared spectral range, particularly metals, the
transmissivity is negligible due to strong absorption within the material. Such materials
are commonly referred to as optically opaque. For opaque materials, Equation (1.7)

reduces to
a, + Pr = 1 (18)

This relation shows that, for opaque materials, absorptivity and reflectivity are
directly linked.

A fundamental thermodynamic relation between emission and absorption is es-

tablished by Kirchhoff’s law. Under conditions of local thermodynamic equilibrium,
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the directional spectral emissivity of a surface is equal to its directional spectral ab-

sorptivity [1]
e, 0,0,T)=a(4,60,p,T) (1.9)

This relation forms the theoretical basis for indirect determination of emittance
from reflectance measurements. In particular, for opaque materials in the far-infrared

spectral range, absorptance can be derived from measurements of reflectance.

1.2.3 Transmissivity

Transmissivity characterizes the fraction of incident radiation that propagates
through a material under specified spectral and angular conditions. The directional
spectral transmissivity is defined as the ratio of transmitted radiance to incident radi-

ance at a given wavelength and incidence direction,

L:(1,0,9,T)

1(4,6,9,T) = Li(4,6,0,T)

(1.10)

where L; denotes the transmitted radiance at temperature T and L; the incident
radiance at temperature T. The angular coordinates 8 and ¢ describe the direction of
incidence in spherical coordinates, with 8 measured from the surface normal and ¢rep-

resenting the azimuthal angle within the surface plane.

For optically opaque materials, such as most metals in the far-infrared spectral
range, transmissivity is negligible. However, for semi-transparent materials - including
thin films, polymers, certain ceramics, and porous structures - transmission can con-
tribute significantly to the overall radiative behaviour [23]. As with other radiative
properties, transmissivity may be defined in spectral or total form. Corresponding ex-
perimentally determined quantities are described by transmittance, which may be spec-
ified under directional or directional-hemispherical measurement conditions depend-

ing on whether angular resolution or angular integration is considered.

In the context of integrating sphere measurements, the relevant experimentally
accessible quantity is the directional-hemispherical transmittance. This quantity repre-
sents the ratio of the transmitted radiant flux integrated over the transmission hemi-
sphere to the incident radiant flux for a specified direction of incidence. Such measure-

ments are particularly important in FIR radiometry when characterizing materials
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designed for thermal insulation, radiative filtering, or spectral-control applications,
where the total transmitted radiant flux rather than its angular distribution is of primary

interest.

1.2.4 Reflectivity

Reflectivity describes the fraction of incident radiation redirected by a surface
under specified spectral and angular conditions. In general, reflectivity may also de-
pend on temperature. For clarity, this dependence is omitted in the following expres-
sions. In its directional spectral form, reflectivity depends on both the direction of in-
cidence and the direction of reflection and may be represented as

Ly (4, 6y, ¢r)
0;,;,0,, = 1.11
pl( L gpl T gp?") Ll(/l, 9“ (pl) ( )

where L; and L, denote the incident and reflected spectral radiances, respec-
tively. The angles 6;, ¢; define the direction of incidence, while 8, ¢, specify the di-
rection of reflection, all expressed in spherical coordinates with respect to the surface

normal.

Reflectivity depends strongly on material composition, surface roughness, and
surface topology, and it may exhibit pronounced wavelength and angular dependence.
Accordingly, several forms are distinguished, including spectral reflectivity defined at
a given wavelength, total reflectivity integrated over wavelength, directional reflectiv-
ity specified for defined angular conditions, and hemispherical reflectivity obtained by
integration over the reflected hemisphere. Figure 1.1 schematically illustrates different
reflection mechanisms occurring at material surfaces, including specular, anisotropic
diffuse, diffuse, Lambertian, and mixed reflection. The distribution of reflected radia-
tion depends on the surface roughness, material properties, and the ratio between char-

acteristic surface features and the wavelength of the incident radiation.
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Fig. 1.1. Schematic representation of different reflection mechanisms, including specular, ani-
sotropic diffuse, diffuse, Lambertian, and mixed reflection. This illustrates the transition from purely
directional reflection to hemispherically distributed reflection, which forms the basis for the definition
of directional-hemispherical reflectance. Here, F denotes the incident radiant flux, and the reflected ar-
rows indicate the angular distribution of the reflected radiation. The dashed lines indicate the surface

normal.

In radiometric measurements using integrating spheres, the experimentally ac-
cessible quantity is the directional-hemispherical reflectance, defined as the ratio of
reflected radiant flux integrated over the reflection hemisphere to the incident flux for
a specified direction of incidence. For thermal radiation problems and far-infrared ra-
diometry, this quantity is often of primary relevance, since many practical applications
require knowledge of the total reflected radiant flux rather than its detailed angular
distribution [10].

The angular redistribution of radiation is strongly influenced by surface rough-
ness. According to the Rayleigh criterion, a surface may be considered optically smooth

if its characteristic roughness h satisfies

h<— 1.12
< 8cos 6; (1.12)

where A is the wavelength and 6; is the angle of incidence [1, 16]. At far-infra-
red wavelengths, surfaces that appear optically rough in the visible spectral range may
behave as optically smooth surfaces, resulting in predominantly specular reflection.
Conversely, structured surfaces with characteristic dimensions comparable to the wave-
length can enhance diffuse scattering. This wavelength-dependent behaviour highlights
the need for specifically engineered surface topologies in FIR optical design.

Figure 1.2 illustrates the transition from specular to diffuse reflection as a func-

tion of surface roughness. For optically smooth surfaces, reflection is predominantly
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specular, with the angle of reflection equal to the angle of incidence. In contrast, rough

surfaces lead to diffuse scattering, where radiation is redistributed over a wide range of

angles.
Specular reflection Diffuse reflection
F
i " F ;
: i - i
6! 6r 5 o

Smooth surface

Rough surface

Fig. 1.2. Schematic representation of radiation reflection from surfaces with different roughness
characteristics: specular reflection from an optically smooth surface (left) and diffuse reflection from a
rough surface (right). The angles of incidence 8; and reflection 6, are defined with respect to the surface
normal. The distribution of reflected radiation depends on the surface roughness relative to the wave-

length.

Most real surfaces exhibit a combination of specular and diffuse reflection. This
behaviour is quantitatively described by the bidirectional reflectance distribution func-
tion (BRDF), which relates the reflected radiance in a given direction to the incident
irradiance as a function of both incoming and outgoing angles [11]. In the ideal case of
a perfectly diffuse, or Lambertian, surface, the reflected radiance is direction-independ-
ent [1].

Lambert’s cosine law does not describe an angular dependence of radiance it-
self, but the angular dependence of the reflected radiant intensity, which results from
the projected surface area. Thus, the reflected radiant intensity decreases with increas-

ing reflection angle according to
1.(6,) = I,.(0)cos 6, (1.13)

where I,.(6,) is the reflected radiant intensity at the reflection angle 6,., and
1(0) is the reflected radiant intensity in the surface-normal direction. Although the
radiant intensity decreases with angle, the radiance of an ideal Lambertian surface re-
mains constant with direction. This is why such a surface appears equally bright when
observed from different directions.
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For an ideal Lambertian reflector, the BRDF is constant and is given by

BRDF = i (1.14)
T
Equation (1.14) follows from the definition of the BRDF together with the as-
sumption of direction-independent reflected radiance. It indicates that, for an ideal
Lambertian surface, the reflected radiance is constant over the hemisphere, while the
angular dependence of the emitted or reflected intensity is governed by the cosine pro-

jection factor.

Under these idealized conditions, directional and hemispherical reflectance be-
come identical, which greatly simplifies radiative transfer calculations. In practical FIR
systems, however, deviations from ideal Lambertian behaviour must be considered.
The design of integrating spheres for the far-infrared therefore requires careful control
of surface topology in order to approximate diffuse scattering conditions and ensure

reliable measurement of directional-hemispherical reflectance.

1.2.5 Conservation of energy in radiative interactions

Radiative interactions at material interfaces are governed by the principle of
energy conservation. For any surface exposed to incident radiation, the incoming radi-
ant energy must be redistributed through reflection, absorption, and transmission, as
expressed by Eq. (1.7). The specific form of this relation depends on whether the quan-
tities are defined spectrally, directionally, or hemispherically; however, the conserva-

tion principle remains universally valid.

In the far-infrared spectral range, many materials of practical relevance, partic-
ularly metals and coated metallic structures, can be treated as optically opaque. Under
these conditions, transmissivity is negligible and the energy balance simplifies to Eq.
(1.8). In terms of intrinsic material properties, this relation links absorptivity and re-
flectivity. In terms of experimentally determined radiometric quantities, the corre-
sponding relation links absorptance and reflectance under the specified measurement

geometry.

A further fundamental relation is provided by Kirchhoff’s law. Under conditions

of local thermodynamic equilibrium, directional spectral emissivity is equal to
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directional spectral absorptivity, as given by Eq. (1.9). For opaque materials, this rela-

tion establishes a direct link between emissivity and reflectivity:
Slzl—pl (115)

where &, denotes the directional spectral emissivity and p; denotes the corre-
sponding spectral reflectivity, understood as the hemispherically integrated reflected

fraction for the specified direction of incidence at wavelength A.

For experimentally determined quantities, the analogous relation can be applied
under the same opaque-material assumption and defined measurement geometry. In
this work, the relevant measured quantity is the directional-hemispherical reflectance,
because the integrating sphere collects the reflected radiant flux over the hemisphere
for a defined direction of incidence. Accordingly, for opaque samples, emittance-re-
lated quantities can be related to the measured directional-hemispherical reflectance

under the corresponding geometrical conditions.

This distinction is important for the terminology used throughout this work.
Reflectivity, transmissivity, absorptivity, and emissivity refer to intrinsic material prop-
erties, whereas reflectance, transmittance, absorptance, and emittance refer to radio-
metric quantities defined by a specific sample and measurement geometry. Conse-
quently, the quantities measured with the integrating sphere are referred to as direc-

tional-hemispherical reflectance and transmittance.

The combined application of energy conservation and Kirchhoff’s law therefore
provides the radiometric basis for interpreting integrating-sphere measurements of
opaque samples in the far-infrared spectral range. This interdependence underpins the
measurement strategy adopted in the present work and is relevant for FIR applications
in infrared thermography, FTIR spectroscopy, remote sensing, and thermal modelling
of spacecraft systems [1, 10, 24].

1.3 Methods of Measuring Radiation in the FIR Range

Radiometric measurements in the FIR spectral range are subject to several in-
trinsic limitations, including low photon energies, strong thermal background radiation,
atmospheric absorption - particularly due to water vapour - and reduced detector sen-
sitivity at long wavelengths [1, 25, 26]. These factors impose strict requirements on

environmental control, optical throughput, and detection principles. In contrast to
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shorter wavelengths, where photon-based detectors dominate, FIR measurements rely
primarily on thermal detection mechanisms, which respond to absorbed radiant energy

rather than to individual photons.

In the present work, spectral measurements in the range from 25 pum to 100 um
were carried out using an FTIR spectrometer (Bruker VERTEX 80v), operated under
dry-air purging conditions in order to suppress atmospheric absorption while ensuring
compatibility with the externally coupled integrating sphere system. The primary radi-
ometric quantities investigated are directional-hemispherical reflectance and transmit-
tance. These quantities are obtained by combining interferometric spectral analysis
with hemispherical collection of reflected or transmitted radiation inside the integrating

sphere, thereby forming a unified radiometric measurement system [9, 27, 28].

1.3.1 Detector technologies used in this work

In this dissertation, far-infrared radiation was detected using thermal detectors
operated in two distinct optical configurations within the measurement system. A cry-
ogenic bolometer was connected in the standard internal detector position of the spec-
trometer, representing the conventional FTIR detection scheme. Bolometers operate by
converting absorbed radiation into heat, leading to a temperature-dependent resistance
change in the sensing element. When operated at cryogenic temperatures, thermal noise
is significantly reduced, providing high sensitivity at long wavelengths [25, 26]. In this
configuration, the radiation returning from the integrating sphere is guided back

through the interferometer optics and detected by the internal bolometric system.

In addition to the bolometric configuration, a far-infrared-optimized deuterated
triglycine sulfate (FDTGS) detector was positioned directly at the integrating sphere
detector port. DTGS detectors operate at room temperature and provide a broadband
spectral response without the need for cryogenic cooling [3]. By locating the detector
in close proximity to the sphere, hemispherically collected radiation can be detected

without additional propagation through the interferometer return optics.

The two detector arrangements therefore represent different radiometric cou-
pling strategies within the same optical measurement system and are treated as part of

the overall optical configuration rather than as separate experimental methodologies.
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1.3.2 Fourier Transform Infrared spectroscopy in the FIR

FIR measurements in this work were performed using FTIR spectroscopy. The
Bruker VERTEX 80v spectrometer enables measurements in the spectral region from
25 um to 100 pm and was operated under dry-air purging conditions in order to mini-
mize atmospheric absorption effects, which become increasingly significant at long

wavelengths.

FTIR spectroscopy is based on interferometric measurement of broadband ra-
diation using a Michelson interferometer (Fig. 1.3). The incident radiation is divided
into two beams by a beamsplitter, reflected from a fixed and a moving mirror, and
subsequently recombined. The resulting interference signal, recorded as a function of
optical path difference, forms an interferogram containing spectral information over
the complete investigated wavelength range. The variation of the optical path differ-
ence introduced by the movable mirror leads to constructive and destructive interfer-

ence of the recombined beams, which is detected as an interferogram.

Movable mirror

| F
IR source
"’J// Sl F_ WFixed mirror
s | Beamsplitter
| F
Samplel:
|
| o
Interferogram Spectrum

Fig. 1.3. Schematic representation of a FTIR spectrometer. The incident radiation is divided by
a beamsplitter into two paths, reflected by a fixed and a movable mirror, and subsequently recombined
to produce an interference signal (interferogram). The detected interferogram is Fourier-transformed to

obtain the spectral distribution of the radiation.
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The spectral intensity S(V) is obtained by Fourier transformation of the inter-

ferogram I (x)
S(@) = f I(x) e~ 2mV% dx (1.16)

where x is the optical path difference and ¥ is the wavenumber [27, 28].

The interferometric approach allows simultaneous acquisition of all spectral
components (Fellgett advantage), precise wavelength calibration determined by the ref-
erence laser (Connes advantage), and high optical throughput due to the absence of

entrance slits (Jacquinot advantage) [27, 28].

In the context of this dissertation, the FTIR spectrometer provides spectral dis-
crimination, while angular integration of reflected or transmitted radiation is performed
by the integrating sphere. The interferometer therefore defines the spectral resolution
and wavelength accuracy of the measurement, whereas the sphere determines the radi-
ometric geometry. The combination of the interferometer and integrating sphere ena-
bles broadband characterization of directional-hemispherical reflectance and transmit-

tance in the far-infrared range.

1.3.3 Integrating sphere-based FTIR measurements

For the characterization of scattering and thermally emitting materials in the
far-infrared range, the FTIR spectrometer was externally coupled to the developed in-
tegrating sphere. A schematic representation of the optical coupling between the FTIR
spectrometer and the integrating sphere is shown in Fig. 1.4, while the detailed optical
implementation is discussed in Chapter 4. In this configuration, the sample is illumi-
nated under a defined direction of incidence, while the integrating sphere collects radi-
ation reflected or transmitted by the sample over the reflection or transmission hemi-
sphere. The measurable quantities therefore correspond to directional-hemispherical

reflectance and transmittance.

Inside the integrating sphere, radiation undergoes multiple reflections at the
structured inner surface. The design and radiometric properties of the integrating sphere
are described in detail in Chapter 3. Provided that the sphere geometry, port configura-
tion, and surface scattering properties are properly designed, this multiple-reflection
process results in angular redistribution of the radiation and enables hemispherical
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integration of the reflected or transmitted flux. The detected signal is thus proportional
to the total radiant flux leaving the sample into the respective hemisphere, rather than

to a specific scattering direction.

FTIR spectrometer

Integrating sphere /

o  Detected
/ o radiation

:

Fig. 1.4. Schematic representation of the integrating sphere-based FTIR measurement configu-

ration. The radiation emerging from the spectrometer is externally coupled to the integrating sphere,
where the sample is illuminated under defined incidence conditions. The reflected or transmitted radia-
tion is collected over the corresponding hemisphere within the sphere and directed toward the detector,
enabling spectral determination of directional-hemispherical reflectance and transmittance in the far-

infrared range.

Measurements were performed by sequentially recording interferograms corre-
sponding to defined radiometric states of the system, including reference measurements
using a reference surface and measurements with the sample in place. Spectral direc-
tional-hemispherical reflectance and transmittance were obtained from ratios of the
detected signals under identical optical alignment and detector configuration. This pro-
cedure eliminates instrumental transfer functions and isolates the sample-dependent ra-
diometric response. The measurement procedure and data evaluation are presented in
detail in Chapter 5.

The integration of interferometric spectral analysis with hemispherical flux col-
lection constitutes the experimental basis of the measurement methodology developed
in this dissertation and described in detail in the subsequent chapters. The integrating

sphere does not merely serve as an accessory component, but defines the angular
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measurement geometry required for determination of directional-hemispherical quan-

tities in the 25 pm to 100 um spectral range.

1.4 Integrating Sphere Theory

Integrating spheres are fundamental optical instruments used in radiometry and
optical metrology for measurement of directional-hemispherical reflectance and trans-
mittance of materials. Their primary function is the spatial averaging of radiation scat-
tered by a sample, enabling measurements that are largely independent of the angular
distribution of reflected or transmitted radiation. This makes integrating spheres essen-
tial for the characterization of optically rough, diffusely scattering, and semi-transpar-

ent materials.

Integrating spheres are widely used in UV-Vis-NIR spectroscopy, radiometric
calibration, remote sensing, and detector characterization [29]. However, their applica-
tion in the FIR region remains limited due to material, thermal, and geometrical con-
straints. Understanding the theoretical foundations of integrating spheres is therefore

essential for adapting this concept to FIR measurements.

1.4.1 Physical principle of integrating sphere operation

An integrating sphere is a hollow spherical cavity with an inner surface de-
signed to provide diffuse reflection characteristics (Fig. 1.5). Radiation entering the
sphere undergoes multiple reflections at the inner surface, leading to angular redistri-
bution and a nearly uniform radiance distribution inside the cavity. A detector posi-
tioned at one of the ports measures this spatially averaged radiance. Figure 1.5 illus-
trates the redistribution of radiation inside the integrating sphere. Radiation entering
through the input port undergoes multiple reflections within the cavity, resulting in

hemispherical integration of the reflected radiation.

The fundamental advantage of an integrating sphere is the ability to collect both
specular and diffuse radiation components and integrate them over a hemisphere, ena-
bling measurements that are largely independent of the angular distribution of the scat-
tered radiation [13, 14]. The operation of the sphere is based on the idealized assump-
tion of Lambertian reflection of the internal surface, where the radiance is independent

of observation direction.
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Fig. 1.5. Schematic representation of radiation redistribution in an integrating sphere. The inci-
dent radiation enters through the input port and undergoes an initial reflection at the sphere wall or sam-
ple surface. Subsequent multiple reflections redistribute the radiation within the sphere cavity, and a

fraction of this radiation is collected through the detector port aperture and directed to the detector.

1.4.2 Geometrical and optical parameters

The radiometric performance of an integrating sphere is determined by the in-
terplay between its geometry and the optical properties of the internal surface. These
parameters do not act independently; rather, they collectively define the degree of ra-

diance uniformity, optical throughput, and radiometric sensitivity.

The sphere diameter D defines the internal cavity volume and thus influences
both spatial averaging and signal level. Larger spheres improve radiance uniformity
due to increased path length and a greater number of reflections before detection. How-
ever, this also reduces the irradiance reaching the detector, since radiant flux is distrib-
uted over a larger internal surface area. The internal surface area of a sphere is given
by

2

D
Asphere = 4T (E) (1.17)

where Agppere 18 the internal surface area of the sphere, D is the sphere diame-

ter, and 7 is the constant pi.

The reflectivity p of the internal surface is of central importance. High reflec-

tivity, typically exceeding 0.95 in conventional integrating spheres, ensures that
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radiation undergoes multiple reflections before absorption. Each reflection contributes
to spatial redistribution of energy, promoting radiance homogenization within the cav-
ity. A decrease in reflectivity reduces the number of effective reflections and directly

impacts the radiometric gain of the sphere.

Another important parameter is the port configuration. Openings are required
for illumination, sample placement, and detector coupling, yet each port introduces
losses and disturbs the ideal spherical symmetry. The cumulative effect of these open-
ings is quantified by the port fraction

f=-—t— (1.18)
Asphere
where A,y is the total area of all ports and Agypere is the internal surface area
of the sphere. Increasing port fraction leads to reduced uniformity and decreased inter-
nal radiance amplification. Consequently, sphere design involves a compromise be-

tween functional accessibility and radiometric performance.

Additional geometric elements, such as baftles and knife-edge ports, are intro-
duced to suppress direct illumination of the detector and minimize stray radiation.
While these elements improve measurement fidelity, they also modify internal radiative

transfer and must therefore be considered within the overall optical model [13, 14].

1.4.3 Sphere multiplier and radiative transfer

A defining feature of integrating spheres is the radiometric amplification result-
ing from multiple internal reflections. After each reflection, a fraction p of the radiation
remains within the cavity, while a fraction is absorbed or lost through ports. The cumu-

lative effect of this recursive process is described by the sphere multiplier M,

- 1
S 1-p(A-1)

where p represents the effective reflectivity of the internal surface and f is the

(1.19)

port fraction.

The sphere multiplier quantifies the enhancement of irradiance within the cavity

relative to the initial incident flux and is therefore fundamental to interpreting detector
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signals in reflectance and transmittance measurements [13]. The radiant flux reaching

the detector can be expressed as
$p=M- q)sample ) TSD (120)

where @, is the radiant flux at the detector, @,y is the radiant flux interact-

ing with the sample, and T, represents the transfer coefficient between the sample and

detector ports.

In practical systems, internal radiative transfer deviates from the idealized Lam-
bertian assumption due to finite reflectivity, non-uniform surface properties, and geo-
metric perturbations introduced by ports and baftles. For this reason, Monte Carlo ray-
tracing simulations are often employed to model realistic sphere behaviour and to quan-

tify deviations from ideal radiance uniformity.

1.4.4 Applications in optical metrology

Integrating spheres are widely established in optical metrology as tools for de-
termination of directional-hemispherical reflectance and transmittance, detector cali-
bration, radiometric standard realization, and material characterization [30, 31]. Their
primary advantage lies in reducing angular dependence and enabling reproducible

measurements independent of detailed scattering distributions.

In conventional UV-Vis-NIR applications, integrating spheres are routinely
coupled to spectrophotometers and FTIR systems, providing reliable angle-integrated
radiometric data. The success of these implementations relies on the availability of
highly diffuse coatings and the validity of geometric optics assumptions. However,
these conditions are no longer fully satisfied in the far-infrared spectral range, which

leads to significant limitations of conventional integrating sphere concepts.

1.4.5 Limitations of conventional integrating spheres in the FIR

Despite their widespread use at shorter wavelengths, conventional integrating
sphere concepts encounter significant limitations in the far-infrared region. These lim-

itations arise from both material and physical constraints.

A primary challenge is the lack of suitable diffusely reflecting materials. Coat-
ings commonly employed in UV—Vis—NIR spheres, such as PTFE-based materials or
BaSO., exhibit strong absorption and reduced reflectivity beyond the mid-infrared
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range. In contrast, metallic surfaces such as gold or aluminium provide high reflectivity
at long wavelengths but exhibit predominantly specular behaviour, violating the Lam-
bertian assumption underlying classical integrating sphere theory [2].

Thermal self-emission represents an additional complication. At these wave-
lengths, thermal radiation emitted by the sphere walls can become comparable to the
reflected signal. This introduces systematic offsets and necessitates careful background

correction or temperature stabilization [1].

Furthermore, detector sensitivity decreases at longer wavelengths, and multiple
internal reflections increase the effective optical path length, which may reduce the
signal-to-noise ratio. Diffraction and wave-optical effects also become significant
when wavelengths approach port dimensions or characteristic surface structures, lead-

ing to deviations from purely geometric optics behaviour [32].

These limitations necessitate the development of modified integrating sphere

concepts specifically adapted to this spectral range.

1.4.6 Need for new integrating sphere concepts for FIR

The combined influence of material absorption, specular metallic reflection,
thermal self-emission, detector limitations, and wave-optical effects explains why in-
tegrating sphere designs developed for shorter wavelengths cannot be directly trans-

ferred to the far-infrared region.

Reliable FIR measurements require surface topologies capable of approximat-
ing Lambertian behaviour at long wavelengths, while maintaining high reflectivity and
low absorptivity. At the same time, geometrical parameters must be optimized to limit
port losses, reduce thermal background contributions, and ensure compatibility with

sensitive FIR detection systems.

These constraints motivate the development of new integrating sphere concepts
specifically optimized for the 25 pm to 100 um spectral range. The research presented
in this dissertation addresses these challenges through the design of structured surfaces,
tailored geometries, and dedicated optical coupling strategies for FIR radiometry. The

development of such solutions is addressed in the following chapter.
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Chapter 2. Development of Diffuse-Scattering Sur-

faces for the Far-Infrared Range

This chapter addresses the absence of suitable diffuse-scattering reflectors for
wavelengths above approximately 25 pm, as identified in Chapter 1, and presents the
development of a structured surface capable of producing broadband angular redistri-

bution of radiation in the far-infrared spectral range.

Two surface concepts are investigated: structures composed of randomly dis-
tributed spherical elements and surfaces generated from randomized harmonic function
(RHFS). The chapter describes their mathematical modelling, optical analysis using
ray-tracing techniques, fabrication of physical samples, and experimental characteriza-

tion in the terahertz range.

The comparative analysis of experimental and simulated results leads to the
identification of an RHFS-type topology as a reproducible and optically suitable sur-
face concept for use as the internal reflective surface of a far-infrared integrating

sphere.

2.1 Physical Principles of Diffuse Reflection in the Far-Infrared

The far-infrared spectral region, typically spanning wavelengths from approxi-
mately 25 pm to 1000 pm, plays a crucial role in thermal radiation studies, astronomi-
cal instrumentation, remote sensing, and spectroscopic characterization of materials.
Optical components operating in this range must provide controlled propagation and
redistribution of radiation, particularly in measurement systems requiring angular av-

eraging, such as Fourier-transform spectrometers and integrating spheres.

A central challenge in FIR optical engineering is the development of surfaces
capable of producing stable broadband angular redistribution of reflected radiation. Un-
like the visible and near-infrared ranges, where established coatings exhibit scattering
behaviour approaching Lambertian characteristics, the FIR region is characterized by
fundamentally different scattering mechanisms governed by long wavelengths, in-
creased material absorption, and reduced scattering efficiency of conventional rough

surfaces.
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Diffuse reflection occurs when incident radiation is scattered over a wide angu-
lar range rather than reflected in a single specular direction. In the FIR regime, this
process is governed primarily by surface geometry, while material properties play a
secondary but still significant role. Effective scattering is achieved when characteristic
surface features are comparable to, or larger than, the wavelength of the incident radi-
ation [16, 17, 33].

Several physical limitations hinder the realization of diffuse FIR reflectors.
First, FIR wavelengths extend from tens to hundreds of micrometres; therefore, surface
structures capable of efficient scattering must be of comparable dimensions. Second,
many polymers and dielectric coatings exhibit strong photon absorption in the FIR,
significantly reducing reflectivity [2]. Third, surfaces that appear optically rough in the
visible often become effectively smooth in the FIR, resulting in dominant specular re-
flection rather than diffuse scattering [16, 17, 18].

Consequently, conventional diffuse coatings such as PTFE-based materials,
white paints, or oxide layers lose their Lambertian character in the far-infrared and
instead behave either as absorbers or partially specular reflectors. This effect becomes
particularly critical for wavelengths above approximately 25 um, where material ab-
sorption and insufficient structural roughness significantly limit the efficiency of dif-

fuse scattering.

The radiative behaviour of rough surfaces and the transition between specular
and diffuse reflection are commonly described using statistical scattering theory and
the bidirectional reflectance distribution function (BRDF) formalism [11, 19, 34, 35,
36]. In the FIR, these mechanisms are strongly influenced by the relationship between
wavelength and surface topology, as well as by the electromagnetic properties of the

reflecting material [1].

To approximate Lambertian behaviour in the FIR spectral region, a reflecting

surface must satisfy several conditions:

= provide diffuse scattering over a broad range of incident and reflection
angles;

= suppress specular reflection components;

» maintain high reflectivity across the target FIR wavelength range;
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= possess structural features with characteristic dimensions comparable to
the operating wavelength.

These requirements can be addressed through the engineering of micro- and
millimetre-scale surface topologies specifically designed for long-wavelength radia-
tion. Structured metallic or coated surfaces, porous geometries, and randomized relief
patterns can promote multiple internal reflections and thereby enhance angular redis-

tribution of radiation, resulting in diffuse-like scattering behaviour.

Randomization of the surface topology plays a critical role in suppressing co-
herent reflection effects. Periodic structures tend to produce diffraction phenomena and
directional scattering lobes, whereas stochastic geometries enable broadband angular

redistribution of radiation and reduce the contribution of specular reflection [16, 33].

Recent advances in additive manufacturing and micro-structuring technologies
enable the fabrication of tailored surface geometries with controlled roughness and re-
producible topology at sub-millimetre scales. These developments create new opportu-
nities for designing diffuse-scattering surfaces specifically optimized for the far-infra-
red spectral range.

Within this framework, the present work focuses on the development of engi-
neered surface topologies intended for use as internal diffuse-scattering reflectors in
far-infrared integrating spheres. Two conceptually different approaches are investi-
gated: surfaces composed of randomly distributed spherical scatterers and surfaces gen-
erated from randomized harmonic functions (RHFS). These concepts are analysed us-
ing numerical modelling, ray-tracing simulations, fabrication of physical samples, and

experimental validation in the terahertz spectral range.

2.2 Surface Concepts for FIR Diffuse Reflection

The realization of diffuse reflection in the far-infrared requires surface topolo-
gies specifically engineered for long-wavelength radiation. Conventional rough sur-
faces designed for visible or near-infrared applications are insufficient in the FIR,
where scattering efficiency depends strongly on the relation between wavelength and
characteristic feature size. As a result, dedicated geometrical concepts must be devel-
oped to promote broadband angular redistribution of radiation while maintaining high
reflectivity.
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To enable directional-hemispherical reflectance and transmittance measure-
ments in the far-infrared, a surface intended for use as an internal diffuser must redis-
tribute incident radiation over a wide angular range while maintaining high overall re-
flectivity [33, 34]. As established in Section 2.1, diffuse scattering in the FIR is gov-
erned primarily by surface topology at the wavelength scale, whereas material absorp-

tion and coating losses impose additional constraints.

Based on these considerations, this work investigates two engineered surface
topology concepts designed for long-wavelength diffuse reflection behaviour: Random
Ball Surfaces (Section 2.2.1) and Random Harmonic Function Surfaces (Section 2.2.2).
Both concepts are generated parametrically, enabling systematic variation of feature
size and roughness, followed by optical evaluation using ray-tracing techniques and

experimental validation.

2.2.1 Random Ball Surfaces (RBS)

The first concept is based on randomly distributed spherical scatterers placed
on a planar substrate. The underlying idea is that convex micro-geometries with char-
acteristic sizes comparable to FIR wavelengths can act as efficient scattering elements.
Random placement is used deliberately to suppress periodicity-related diffraction arte-

facts and to promote broadband angular redistribution of reflected radiation [33].

In this work, spherical elements are treated as primary geometrical scatterers,
while the gaps between neighbouring spheres form small cavities that can increase the
number of internal reflections before radiation exits the surface. Such multi-bounce
behaviour is expected to broaden the angular distribution of the reflected signal and

reduce the dominance of a single specular direction.

Since the FIR wavelength range of interest for the subsequent integrating sphere
design is 25 pm to 100 um, the characteristic dimensions of the surface features were
selected to be comparable to, or larger than, the wavelength. As a practical design as-
sumption, sphere radii in the range of 0.1 mm to 0.8 mm were considered suitable for
producing significant geometric scattering in the far-infrared. These values were used
as starting parameters for numerical exploration rather than as experimentally verified

optima.

47

https://doi.org/10.7795/110.20260928



To minimize absorption and ensure high reflectivity at long wavelengths, the
concept assumes the use of a reflective metallic surface. In the present work, the fabri-
cated RBS samples are made of aluminium, which exhibits high reflectivity in the far-
infrared spectral range. The role of the material is primarily to provide high reflectivity,
whereas the scattering behaviour is governed predominantly by the surface topology.
Metallic materials such as aluminium exhibit favourable radiometric properties in the

FIR and ensure stable reflectivity characteristics [2].

Random Ball Surfaces were generated using Wolfram Mathematica by con-

structing a parametric 3D geometry consisting of:

= aplanar base surface;

= aset of spheres with randomly assigned radii within a defined interval;

= random 2D positions for sphere centres within a defined surface area;

= optional overlap constraints or packing rules, depending on the desired sur-
face coverage.

The following Mathematica routine illustrates the basic procedure used to gen-
erate the RBS geometry. The parameters 1y,;, and 73,44 define the minimum and maxi-
mum radii of the spherical scatterers, while nspecifies the number of spheres placed on
the substrate. The command RandomReal[ {0, 25}, {N, 2}] generates random two-di-
mensional coordinates for the sphere centres within a square surface area of 25 mm x
25 mm. Thus, each realization consists of nspheres with randomly assigned radii be-
tween 0.1 mm and 0.8 mm and randomly distributed centre positions on the planar base

surface.

An example of the generation procedure is given below:
rmin = 0.1; rmax = 0.8; N = 200;

centers = RandomReal[{@, 25}, {N, 2}];

radii = RandomReal[{rmin, rmax}, N];
balls = Table[

Sphere[{centers[[i, 1]], centers[[i, 2]], radii[[i]]}, radii[[i]]], {i, 1,
N}1;

The generated spheres are then combined into a surface model, which can be

exported as a three-dimensional mesh for optical simulation and fabrication. By
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changing the number of spheres N, the surface coverage and density of scattering ele-
ments can be varied systematically (Fig. 2.1).

Fig. 2.1. Examples of RBS geometries generated with different numbers (N) of randomly dis-
tributed spherical scatterers on a 25 mm X 25 mm planar substrate. Increasing the number of spheres
increases the surface coverage and density of scattering elements, while the individual sphere radii are
randomly selected between 0.1 mm and 0.8 mm.

This numerical approach enabled the creation of a large number of statistically
different RBS realizations, which were subsequently evaluated using ray-tracing tech-
niques (Section 2.3) and, later, assessed experimentally for manufacturability and re-

producibility (Section 2.6).

2.2.2 Random Harmonic Function Surfaces (RHFS)

The second concept employs surfaces generated from randomized harmonic
components. Harmonic-based surface descriptions provide smooth and continuous re-
lief structures and enable explicit parametric control of surface topology. By introduc-
ing random amplitudes, phases, and spatial frequencies, the resulting surfaces acquire
controlled stochastic roughness across multiple spatial scales.

A general representation used in this work is a random superposition of sinus-

oidal components:

N

hanrs(6Y) = ) ansin *(px + g) sin(kny +6)  (2.1)

n=1

where a, are amplitudes controlling roughness magnitude, k,, are spatial fre-
quencies controlling feature periods, and ¢,,, ¢,, are random phases. The use of the
fourth power of the sine function ensures smooth peak-like features and suppresses
sharp discontinuities in the surface profile.

The central motivation for introducing Random Harmonic Function Surfaces

(RHFS) lies in the explicit parametric control of surface statistics. Unlike purely

49

https://doi.org/10.7795/110.20260928



stochastic roughness models, the RHFS approach allows the geometrical characteris-
tics of the surface to be defined through a limited set of mathematically well-defined
parameters. This parametric structure enables systematic tuning of the characteristic
feature size by adjusting spatial frequency (interval) parameters, while the distribution
of surface slopes and the sharpness of the relief can be modified through the choice of
a shaping kernel. Once these parameters are specified, the resulting surface topology
becomes fully deterministic, ensuring reproducible surface generation and compatibil-

ity with subsequent fabrication steps.

Such controllability is of particular importance for integrating sphere develop-
ment in the far-infrared. The internal diffuser must not only approximate quasi-Lam-
bertian scattering behaviour at long wavelengths, but also remain manufacturable as a
segmented structure suitable for coating. A purely random or empirically roughened
surface would not guarantee reproducibility across multiple sphere segments, whereas

the RHFS concept ensures that identical parameter sets yield identical geometries.

In the present work, RHFS surfaces were generated by combining two comple-
mentary components. The first component consists of a randomized sinusoidal base
field, introducing controlled stochastic roughness through randomly distributed phase
arguments. The second component is a deterministic shaping kernel based on a
sin *(x)sin #(y)function, consistent with the functional form used in Equation (2.1),
which governs the geometry of local protrusions and defines the characteristic relief
profile. These two components are mathematically combined using a discrete convolu-
tion operation, resulting in a randomized yet fully parameter-controlled surface topol-
ogy. This construction provides a tunable and reproducible relief structure suitable for
FIR scattering applications. The two input components of the generation process are
illustrated in Fig. 2.2: the randomized base field in Fig. 2.2(a) and the deterministic
shaping kernel in Fig. 2.2(b). Their discrete convolution produces the resulting RHFS
surface topologies shown in Fig. 2.3, where the intervals parameter controls the spatial
density of the randomized base field and therefore the characteristic feature density of

the generated surface.

The following Mathematica routine illustrates the generation of the RHFS to-
pology. The array data2D represents the randomized base field. Its discretization is
controlled by the parameter intervals, which defines the sampling step n/intervals. In-

creasing this parameter increases the density of spatial variations in the base field and
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therefore produces a finer surface topology. The array kernel2D represents the deter-
ministic shaping kernel, defined by a sin*(x)sin*(y) function. In this work, the kernel
size was kept constant (intervalskernel = 100), while the intervals parameter was var-
ied. The final surface was obtained by discrete convolution of the randomized base
field with the shaping kernel using ListConvolve.

An example of the generation procedure is given below:
intervals = 800;

data2D = Table[Sin[RandomReal[]*X] Sin[RandomReal[]*Y], {X, 6Pi, 7Pi, Pi/in-
tervals}, {Y, 6Pi, 7Pi, Pi/intervals}];

intervalskernel = 100;

kernel2D = Table[@.5*Sin[X]"4*Sin[Y]*4, {X, ©, Pi, Pi/intervalskernel}, {Y,
@, Pi, Pi/intervalskernel}];

surface = ListConvolve[kernel2D, data2D];

(b)

Fig. 2.2. Components used for RHFS generation: (a) randomized base field (data2D), whose
spatial density is controlled by the parameter intervals, and (b) deterministic shaping kernel (kernel2D)
based on a sin *(x)sin #(y)function.

(b)

Fig. 2.3. Random harmonic function surfaces obtained by discrete convolution of the random-
ized base field shown in Fig. 2.2(a) with the deterministic shaping kernel shown in Fig. 2.2(b): (a) inter-
vals = 400, RHFS-400 and (b) intervals = 800, RHFS-800. Increasing the intervals parameter increases
the spatial density of the randomized base field, resulting in a finer and more densely structured surface
topology.
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By varying the intervals parameter, e.g., 200, 400, and 800, RHFS surfaces with
increasing spatial feature density and a reduced characteristic period were generated.

These RHFS designs were then exported for ray-tracing analysis and fabrication.

Both RBS and RHFS provide parametric, reproducible surface descriptions
suitable for numerical study. In the next section, their optical performance is evaluated
using non-sequential ray tracing in Zemax, where the angular distribution of reflected

radiation is used as the primary metric for diffuser suitability.

2.3 Ray Tracing in Diffuse Surface Analysis Using Zemax

The evaluation of diffuse reflection behaviour in the far-infrared cannot rely
solely on analytical models. Due to the complex interaction between long-wavelength
radiation and structured surfaces, numerical optical simulation becomes a critical stage
in the design process. Ray tracing provides a physically consistent framework for pre-
dicting the angular distribution of reflected radiation and for assessing the suitability

of candidate surface geometries for integrating sphere applications.

Ray tracing is a computational method that models the propagation of electro-
magnetic radiation through optical systems using geometrical optics approximations.
It enables simulation of reflection, scattering, absorption, and transmission processes
for complex three-dimensional geometries. This method is particularly effective for
FIR structures where the dominant effects arise from macroscopic geometry and mul-

tiple reflections rather than interference phenomena [37, 38].

In this dissertation, ray tracing simulations were performed using Zemax Op-
ticStudio, a widely used software platform for optical system modelling. The Non-Se-
quential Mode (NSC) was employed, as it allows the simulation of radiation interaction
with arbitrarily complex surfaces and accounts for multiple scattering events. The NSC
environment enables the import and generation of complex three-dimensional geome-
tries, assignment of wavelength-dependent optical properties, and simulation of scat-
tering processes without predefined ray paths. Custom radiation sources can be defined
with specified angular and spectral characteristics, and the resulting angular distribu-
tion of reflected radiation can be analysed using virtual hemispherical detectors (Fig-
ures 2.4 and 2.5) [38].
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The primary objective of the simulations was to evaluate the angular distribu-
tion of radiation reflected from candidate surface topologies developed in Section 2.2
and to assess their suitability for diffuse-like angular redistribution in the FIR. Special
attention was given to the degree of angular redistribution and to deviations from ideal

cosine-law scattering.

The modelling workflow followed a structured sequence. Surface geometries
were first generated parametrically in Mathematica, enabling controlled variation of
spatial frequencies and relief parameters. The resulting three-dimensional models were
exported and imported into the non-sequential environment of Zemax OpticStudio.
Within this framework, reflective material properties representative of metallic FIR
surfaces were assigned. The surfaces were subsequently illuminated under defined in-
cidence conditions, and the angular distribution of the reflected radiation was recorded
using a hemispherical detector. This procedure enabled direct comparison of different

surface concepts under identical radiometric conditions.

The simulations were performed using a simplified geometrical optics ap-
proach. The wavelength dependence was not explicitly included in the ray tracing pro-
cedure; instead, effective material properties were assigned to represent FIR reflectiv-
ity. The simulations were intended for comparative qualitative evaluation of candidate

surface topologies rather than for quantitative prediction of BRDF characteristics.

A total of 200000 rays were used for each simulation. The surfaces were illu-
minated by an elliptical source with a diameter of 2 mm positioned at an incidence
angle of 13° relative to the surface normal (Fig. 2.4). The angular distribution of re-
flected radiation was recorded using a hemispherical detector positioned around the
sample. This configuration enabled qualitative evaluation of diffuse versus specular

reflection behaviour and allowed comparison between different surface designs.

A hemispherical detector was used to capture the spatial distribution of reflected
radiation. Such detectors are commonly used in radiometry and optical simulations for
the analysis of bidirectional reflectance distribution functions and diffuse scattering
processes [11, 19]. A broad and spatially distributed radiation pattern indicates diffuse-
like scattering behaviour, whereas localized intensity maxima correspond to specular

reflection components.
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(b)

Fig. 2.4. Ray-tracing geometry of structured surface samples: (a) RHFS-400, (b) RHFS-800,
and (c) RBS. The samples are illuminated at an incidence angle of 13° and positioned at the center of a
hemispherical detector.

The simulation results were analysed in terms of:

» angular irradiance distribution,
» symmetry of reflection,
= presence of specular peaks,

100.0 100.0 100.0

-100.0

-100.0 10 -100.0
(a) o 0 wo.(b) 1000 0 w0.(C) w00 0 200,

Fig. 2.5. Angular distribution of reflected radiation on the hemispherical detector for structured
surface samples: (a) RHFS-400, (b) RHFS-800, and (c) RBS. The RHFS-400 surface exhibits a broad
but weak and partially asymmetric distribution with a pronounced specular component. The RHFS-800
surface shows broader and more symmetric angular distribution. The RBS surface demonstrates a broad,

highly uniform, and symmetric distribution

The simulation results (Fig. 2.5) reveal distinct differences in the angular scat-
tering behaviour of the investigated surface concepts. The RHFS-400 surface (Fig.
2.5a) exhibits a broad angular distribution; however, the scattered intensity remains
relatively low and a pronounced specular component is still present, indicating incom-
plete suppression of directional reflection. In addition, the angular distribution is not
fully symmetric, reflecting the limited effectiveness of the surface topology at this spa-

tial scale.

In contrast, the RHFS-800 surface (Fig. 2.5b), characterized by a more densely

structured topology, exhibits a broader angular distribution of reflected radiation
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compared to RHFS-400. The increased structural density leads to a wider spatial redis-
tribution of the reflected radiation across the detector surface. The resulting radiation
pattern appears visually broader and more evenly distributed, indicating improved ap-

proximation of diffuse-like scattering behaviour.

The RBS surface (Fig. 2.5¢) exhibits a broad angular distribution of reflected
radiation with no dominant specular peak, indicating pronounced angular redistribu-
tion. Compared to the RHFS-400 and RHFS-800 geometries, the reflected radiation
appears visually more evenly distributed over the detector surface. These qualitative
simulation results suggest that RBS geometries are capable of producing broad diffuse-
like scattering behaviour.

2.4 Sample Manufacturing

The numerical modelling and ray-tracing analysis described in the previous sec-
tions identified several candidate surface geometries capable of producing diffuse scat-
tering in the far-infrared spectral range. The next stage of the study involved the phys-
ical realization of these surfaces and evaluation of their manufacturability, reproduci-
bility, and structural stability.

Fabrication of structured FIR surfaces presents specific challenges due to the
required feature size (tens to hundreds of micrometres), the need for high reflectivity,
and compatibility with metallic coatings. Conventional optical coatings used in the vis-
ible and near-infrared are not suitable in this wavelength range due to increased absorp-
tion and material dispersion. Therefore, the manufacturing strategy was focused on cre-
ating macro-structured surfaces followed by metallic coating optimized for high FIR
reflectivity [2, 39].

Three main fabrication approaches were investigated:

* Jaser micro-texturing,
* CNC milling,
* additive manufacturing (3D printing) followed by metallization.

These methods allow the fabrication of structured surfaces with feature sizes
comparable to FIR wavelengths and are commonly used in infrared optical engineering

and microstructured material design [40].
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2.4.1 Manufacture of random ball surfaces (RBS)

Random Ball Surfaces were realized using laser micro-texturing techniques.
Laser surface structuring enables the formation of micro-scale protrusions and cavities
with controlled geometry and spatial distribution and is widely applied in surface en-

gineering for optical and thermal applications due to its precision [41].

The surface geometry used for fabrication was derived from the parametric RBS
model described in Section 2.2.1. A representative computer-aided design (CAD)

model of the surface is shown in Fig. 2.6.

Fig. 2.6. CAD representation of the RBS.

The fabricated samples were produced from aluminium substrates with dimen-
sions of approximately 25 % 25 mm. More than 30 specimens were manufactured based
on a single CAD model in order to evaluate production repeatability and structural con-
sistency. Examples of fabricated samples are shown in Fig. 2.7, where noticeable vari-

ations in surface appearance can already be observed.

Fig. 2.7. Fabricated aluminium RBS samples (25 mm x 25 mm): RBS-1, RBS-2, and RBS-3.
Although all samples were manufactured from the same CAD model, noticeable differences in surface

topology are visible, illustrating the limited reproducibility of the laser micro-texturing process.
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Microscopic inspection of the surfaces was carried out using a laser confocal
microscope (Olympus LEXT OLS5000), which provides high-resolution topography
and enables measurement of surface roughness and feature geometry (Fig. 2.8). Con-
focal laser microscopy is a standard tool for non-contact surface metrology and is par-
ticularly suitable for microstructured materials [42].

The measurements revealed deviations between the modelled geometry and the
fabricated structures. As shown in Fig. 2.8, the actual surface morphology differs from
the idealized spherical topology, with irregular feature shapes and partially merged
structures. Furthermore, significant variations were observed between samples pro-
duced from the same design (Fig. 2.9), indicating limited reproducibility of the RBS

approach using laser micro-texturing.

Fig. 2.8. Confocal laser microscopy topographical height map of the random ball surface
(RBS-1). The colour scale represents the measured surface height variation in micrometres, illustrating
deviations from the idealized spherical geometry and the presence of irregular surface features.

These structural deviations directly affect the scattering behaviour and reduce
the suitability of this method for producing a uniform inner surface of an integrating
sphere.

(b)

Fig. 2.9. Confocal laser microscopy of fabricated random ball surfaces: (a) RBS-1 and

(b) RBS-2, demonstrating structural variability between samples produced from the same design.
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In addition to local geometric inaccuracies, the observed sample-to-sample var-
iability demonstrates limited reproducibility of the RBS fabrication process. Even
when using identical design parameters, the resulting surface topologies differ signifi-

cantly, making it difficult to ensure consistent radiometric performance.

This lack of reproducibility presents a critical limitation for practical implemen-
tation. The fabrication of an integrating sphere requires multiple segments with identi-
cal optical properties. However, the observed variability indicates that producing geo-
metrically and optically equivalent segments using this approach is not feasible.

Consequently, each fabricated surface would require individual characteriza-
tion, significantly increasing measurement complexity and uncertainty. These limita-
tions ultimately restrict the applicability of the RBS concept for the realization of reli-

able and reproducible integrating sphere systems in the far-infrared.

2.4.2 Manufacture of random harmonic function surfaces (RHFS)

Surfaces based on harmonic functions were fabricated using additive manufac-
turing followed by metallic coating. This approach allows precise control of the geom-
etry and provides higher reproducibility compared to laser micro-texturing used for

RBS samples.

The structures were printed using a Formlabs Form 2 stereolithography (SLA)
3D printer with Tough 1500 V1 material. Additive manufacturing enables the fabrica-
tion of complex geometries and is increasingly used in optical component prototyping
and terahertz engineering [40]. Representative computer-aided design (CAD) models

of RHFS geometries are shown in Fig. 2.10.

(2) (b)

Fig. 2.10. CAD models of random harmonic function surfaces: (a) RHFS-400 and
(b) RHFS-800.
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After printing, the samples were coated with a thin gold layer using magnetron
sputtering under vacuum conditions. Gold was selected due to its high reflectivity in
the far-infrared spectral range, chemical stability, and resistance to oxidation, which

ensures long-term stability of the optical properties [2, 39].

The thickness of the metallic coating was determined based on the electromag-
netic skin effect. For conductive materials, the penetration depth of electromagnetic

radiation is given by:

2
6= |— 2.2
oo (2.2)
where § is the skin depth, wis the angular frequency, u is the magnetic perme-

ability, and o is the electrical conductivity.

For far-infrared frequencies, the skin depth of gold is on the order of tens to
hundreds of nanometres. Therefore, a coating thickness of approximately 200 nm is
sufficient to ensure that the incident radiation is reflected predominantly by the metallic

coating and does not significantly penetrate into the polymer substrate.

The resulting specimens had dimensions of approximately 36 x 36 mm with
heights between 5 and 9 mm depending on the structural period. Fabricated RHFS sam-
ples are shown in Fig. 2.11, demonstrating high geometric consistency with CAD mod-
els. The fabrication process exhibited high reproducibility, and multiple identical sam-

ples were produced successfully.

(b)

Fig. 2.11. Fabricated random harmonic function surfaces (a) RHFS-200, (b) RHFS-400, and
(c) RHFS-800 produced by additive manufacturing and coated with gold.

To evaluate alternative fabrication techniques, a selected harmonic structure

was also produced from aluminium using CNC milling (Fig. 2.12). Due to the limited
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resolution of the machining process, only geometries with sufficiently large feature
sizes could be realized. In particular, the RHFS-400 structure was successfully manu-
factured, whereas finer structures such as RHFS-800 could not be reliably reproduced.

The aluminium sample was subsequently polished and prepared for optical testing.

Fig. 2.12. CNC-milled aluminium sample of the RHFS-400.

2.5 Surface Analysis and THz Measurements

After fabrication, the developed surface structures were experimentally inves-
tigated to evaluate their scattering behaviour in the far-infrared spectral range. The pri-
mary objective of the measurements was to determine the angular distribution of re-
flected radiation and to assess the degree of diffuse versus specular reflection for the
candidate surfaces.

Experimental validation is essential because numerical modelling alone cannot
fully account for real surface imperfections, manufacturing tolerances, and material
properties. For validation, a terahertz (THz) measurement system was employed. The
use of this setup is motivated by its capability to operate in the far-infrared spectral
range and to provide a sufficiently large illumination spot, ensuring interaction with a
representative area of the structured surfaces. This capability is critical for reliable char-
acterization, since the feature sizes of the investigated surfaces are comparable to the
wavelength.

All samples were measured using a far-infrared molecular gas laser operating
at discrete frequencies of 1.4 THz and 2.55 THz, corresponding to wavelengths of ap-
proximately 214 um and 117 um. These frequencies were selected as they represent
the most stable operating points of the measurement system [43]. The radiation source
consisted of an optically pumped CO: laser, a frequency-stabilizing etalon, and a THz
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resonator filled with molecular gas, providing monochromatic and stable radiation suit-

able for metrological measurements in this range.

The beam was expanded to achieve a sufficiently large illumination area, ensur-
ing interaction with a representative region of the structured surface. Large beam di-
ameters are required in FIR measurements because surface features are comparable to
the wavelength, and small spot sizes may lead to measurement artefacts. The measure-
ment spot diameter was approximately 12 mm for 4 =214 pm and approximately 8 mm
for A=117 pm.

The measurement configuration is shown in Fig. 2.13. The setup was designed
to determine the angular distribution of reflected radiation. A fixed THz radiation
source was used, while the sample was mounted on a motorized rotation stage. The
detector was positioned at a fixed angle of 25° relative to the incident beam. During
measurements, the sample was rotated from —40° to +40° with a step size of 1°, ena-

bling the recording of angular scattering profiles.

A photograph of the experimental setup is presented in Fig. 2.14. The reflected
radiation was detected using a Golay cell detector with an aperture of 11 mm positioned
at a distance of approximately 300 mm from the sample. Golay detectors are gas-filled
thermal detectors widely used in the far-infrared and THz spectral regions due to their
broadband sensitivity and room-temperature operation [43]. The detector signal was

recorded as a function of the sample rotation angle.

Fig. 2.13. Schematic of the angular-resolved THz reflection measurement setup. The sample is

rotated over an angular range of -40° to +40°.
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Fig. 2.14. Photograph of the experimental THz measurement setup used for surface sample

characterization, including the THz radiation source, the sample stage, and the Golay cell detector.

The investigated samples included Random Ball Surfaces (RBS-1 and RBS-2),
fabricated via laser micro-texturing, and Random Harmonic Function Surfaces (RHFS-
200, RHFS-400, and RHFS-800), manufactured using additive techniques with subse-
quent gold coating. In addition, an RHFS-400 sample fabricated by CNC milling was

investigated for comparison.

For reference measurements, a plane gold mirror and an Infragold-coated sam-
ple were characterized. A polished gold mirror represents an ideal specular reflector in
the FIR region, whereas Infragold is a diffuse coating commonly used in integrating
spheres for the mid-infrared (MIR) spectral range. In the present work, it serves as a
reference to assess the transition from MIR-optimized diffuse behaviour to the FIR
regime, where its scattering efficiency is expected to decrease due to surface-scale lim-
itations [14, 16, 17]. Comparison with reference samples allowed identification of the

transition from specular to diffuse reflection behaviour in the fabricated structures.

The experimental analysis focused on the angular width of the reflected radia-
tion distribution, the presence of specular components, and the agreement between sim-
ulation and measurement results. These parameters provide a direct assessment of the
suitability of the investigated surfaces for integrating sphere applications, where broad

and stable diffuse-like angular redistribution is required.

62
https://doi.org/10.7795/110.20260928



2.6 Measurement Results

The angular scattering behaviour of the fabricated surface structures was eval-
uated based on the detector signal recorded as a function of the sample rotation angle
for two wavelengths: A =214 pm (1.4 THz) and A = 117 um (2.55 THz).

In all presented graphs, the horizontal axis represents the observation angle rel-
ative to the surface normal (in degrees), while the vertical axis shows the detector signal
in arbitrary units (a.u.), proportional to the radiant power registered by the detector. The

angular scanning range was from -40° to +40°.

For comparison with ideal diffuse behaviour, a scaled Lambertian cosine distri-
bution is included in the figures. All measurements were performed under identical
optical alignment and detector conditions, allowing direct comparison between differ-

ent surface geometries.

2.6.1 Reference measurements: Gold mirror and Infragold

Reference measurements were performed using a gold mirror (Y203 overcoat)
and an Infragold-coated sample in order to establish baseline scattering behaviour in

the far-infrared range.
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Fig. 2.15. Angular distribution of reflected radiation for a gold mirror (Y2Os overcoat) and an
Infragold-coated surface at 1.4 THz (1= 214 um). Both samples exhibit strongly peaked distributions,

indicating predominantly specular reflection behaviour in the far-infrared range.
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The gold mirror represents an ideal specular reflector. As shown in Fig. 2.15,
the measured angular distribution exhibits a narrow peak concentrated around the spec-
ular reflection direction, confirming the correct alignment of the measurement system
and providing a reference for purely specular behaviour. The measurement geometry
was defined such that the detector was positioned at 25° relative to the incident beam,
corresponding to the specular reflection direction of the gold mirror. This alignment
was used as the reference condition for all subsequent angular measurements, with the

scanning range defined relative to this position.

The Infragold sample, which is commonly used as a diffuse reflector in the near-
and mid-infrared spectral ranges, exhibits a behaviour that is effectively specular in the
FIR [44]. As observed in Fig. 2.15, the angular distribution is strongly peaked and
closely resembles that of the gold mirror, indicating that diffuse scattering is negligible
at this wavelength. This confirms that Infragold does not provide Lambertian-like re-
flection in the far-infrared and behaves predominantly as a specular reflector under

these conditions.

2.6.2 RBS: reproducibility limitations

Random Ball Surfaces (RBS) were among the first investigated geometries.
These structures were expected to produce multi-directional scattering due to randomly
distributed spherical elements with characteristic dimensions comparable to FIR wave-

lengths.

The experimental results for RBS-1 and RBS-2 are presented in Figs. 2.16 and
2.17. In both cases, the measured angular distributions are relatively broad, indicating
the presence of diffuse scattering components. However, the distributions deviate sig-
nificantly from the ideal Lambertian cosine behaviour. In particular, pronounced local
maxima are observed, indicating residual specular contributions and non-uniform an-

gular redistribution of the reflected radiation.

Furthermore, the overall signal level remains relatively low and unevenly dis-
tributed across the angular range, suggesting limited scattering efficiency. The angular
profiles exhibit irregular structure, which is not consistent with smooth diffuse-like an-

gular redistribution.
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Fig. 2.16. Angular distribution of reflected radiation from the random ball surface RBS-1 at (a)
1.4 THz (214 pm) and (b) 2.55 THz (117 pm). The measured data (red) are compared with a scaled
Lambertian cosine distribution (blue).
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Fig. 2.17. Angular distribution of reflected radiation from the random ball surface RBS-2 at (a)
1.4 THz (214 pm) and (b) 2.55 THz (117 pm). The measured data (brown) are compared with a scaled

Lambertian cosine distribution (blue).

A key observation is the significant variation between samples fabricated from
the same design. As seen in Figs. 2.16 and 2.17, RBS-1 and RBS-2 exhibit noticeably
different angular distributions, despite being based on the same nominal geometry. This
confirms the limited reproducibility already identified from the structural analysis (Sec-
tion 2.4.1).

As a consequence, the optical behaviour of RBS structures cannot be reliably
predicted or reproduced. Although these surfaces exhibit partial diffuse scattering, the
combination of non-Lambertian angular distributions, residual specular components,
and poor reproducibility makes them unsuitable for implementation as the internal sur-

face of an integrating sphere, where uniformity and repeatability are essential.
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2.6.3 RHFS-200: predominantly specular behaviour

The surface RHFS-200 represents the smoothest harmonic structure with the
largest spatial period. Figure 2.18 presents the angular dependence of the detector sig-
nal for the RHFS-200 surface measured at 4 =214 um.

-40 -30 -20 -10 0 10 20 30 40
e S an e e anmat an et s ——— L
{|—— Random harmonic function surface (RHFS-200)
]|/—— Scaled Lambert's cosine law L
50 50
] At1.4THz |
5 | (214 ym)
© 40 40
©
C
2 1 r
o 30 30
o ] L — [
° [ T L
£ 0l T~
o ] L
104 [ 10
0] AN o
-40 -30 -20 -10 0 10 20 30 40
Angle / ©

Fig. 2.18. Angular distribution of reflected radiation from the random harmonic function sur-
face RHFS-200 at 1.4 THz (214 um). The measured data (green) are compared with a scaled Lambertian

cosine distribution (blue).

The measured signal exhibits a narrow peak centred near the specular reflection
direction, with a rapid decrease in intensity outside this region. The angular distribution
is significantly narrower than the corresponding Lambertian cosine profile, indicating

predominantly specular reflection.

This behaviour can be explained by the relation between the characteristic sur-
face feature size and the incident wavelength. For RHFS-200, the surface structure is
insufficiently developed to induce effective angular redistribution of radiation. As a
result, the surface behaves optically smooth in the far-infrared, and scattering remains
largely directional [33].

Based on this result, additional measurements at shorter wavelengths were not
performed, as the surface does not exhibit sufficient diffuse scattering under the inves-
tigated conditions. Consequently, RHFS-200 does not provide sufficient diffuse
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scattering in the FIR range and is not suitable for use as an internal diffuse-scattering

reflector in integrating sphere applications.

2.6.4 RHFS-400: transitional scattering regime

The angular reflection distributions measured for the RHFS-400 surface are

presented in Fig. 2.19 for wavelengths of 214 pm and 117 um.
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Fig. 2.19. Angular distribution of reflected radiation from the RHFS-400 surface at (a) 1.4 THz
(214 pm) and (b) 2.55 THz (117 pm). Measurements for additively manufactured gold-coated and CNC-

milled samples are compared with ray-tracing simulation and a scaled Lambertian cosine distribution.
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At A =214 pum, the measured distribution is significantly broader than that ob-
served for RHFS-200, indicating the onset of diffuse scattering. However, the angular
profile still deviates from the ideal Lambertian cosine distribution and exhibits pro-
nounced local maxima. These peaks indicate the presence of residual specular compo-
nents, which can be attributed to quasi-faceted regions of the harmonic surface struc-

ture.

Measurements performed on an additively manufactured, gold-coated sample
and on a CNC-milled aluminium sample show good agreement (Fig. 2.19, red and blue
curves). This demonstrates that the scattering behaviour is primarily governed by the
surface geometry, while the fabrication method has a secondary influence, provided
that the geometric structure is preserved. The experimental results are in good qualita-
tive agreement with the numerical ray-tracing simulations (Fig. 2.19, green curve). The
simulated distribution reproduces the overall angular width and the presence of local

intensity variations observed in the measurements.

For the shorter wavelength A = 117 um, only one representative measurement
1s shown, as the results obtained for different fabrication methods exhibited similar
behaviour and did not introduce additional features in the angular distribution. At this
wavelength, the angular distribution becomes more structured and exhibits stronger di-
rectional features. This behaviour indicates that, despite the increased relative rough-
ness at shorter wavelengths, the scattering remains non-uniform and continues to be

influenced by local surface geometry.

Overall, the RHFS-400 surface demonstrates a transitional scattering regime,
characterized by a combination of diffuse and directional reflection components. While
the angular distribution is significantly broader than that of RHFS-200, it does not yet

achieve Lambertian behaviour.

2.6.5 RHFS-800: broadband diffuse scattering

The angular reflection distributions measured for the RHFS-800 surface are
presented in Fig. 2.20 for both investigated wavelengths. The detector signal is plotted
as a function of the observation angle, and a scaled Lambertian cosine distribution is

included as a reference.
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At 1 =214 um, the measured distribution is significantly broader than that of
the RHFS-400 surface and does not exhibit a dominant specular peak. The overall
shape of the curve approaches the behaviour expected for diffuse scattering, although

local intensity variations are still present.

At A =117 um, the angular distribution remains wide and more uniformly dis-
tributed over the measurement range compared to RHFS-400. While deviations from
the ideal Lambertian profile persist, the reflected radiation is redistributed over a broad

angular range without pronounced directional peaks.

-40 -30 -20 -10 0 10 20 30 40
40 T T T T T ‘ N 40
—— Random harmonic function surface (RHFS-800) F
a5 _J— Scaled Lambert's cosine law LiAt 1.4THz |

(214 pm)”;'

30

- T

il JA T

) AR i T LR
VA2 A B v
\/

Detector Signal / a.u.

-40 -30 -20 -10 0 10 20 30 40
(a) Angle / °
-40 -30 -20 -10 0 10 20 30 40
40 L ! ! } t } 40
—— Random harmonic function surface (RHFS-800) ‘
—— Computer simulation At 2.55 THz
357 Scaled Lambertian cosine law (1 17 pm) 3
30 A | 30
A ,\ ]
[ 25

11

(S
JU A
§ VI R\ )

-40 -30 -20 -10 0 10 20 3

(b) Angle / °

e et vIN
) I/VMI VR VAN

Detector Signal / a.u.

U \I V

|

0

Fig. 2.20. Angular distribution of reflected radiation from the RHFS-800 surface at (a) 1.4 THz
(214 pm) and (b) 2.55 THz (117 pm), compared with ray-tracing simulation and a scaled Lambertian

cosine distribution.
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The same surface was analysed using numerical ray-tracing simulations that
reproduce the measurement geometry. The simulated angular distribution shows good
qualitative agreement with the experimental data, capturing both the overall angular
width and the characteristic intensity variations. This confirms that the observed scat-

tering behaviour is primarily governed by the designed surface topology.

Small discrepancies between measurement and simulation can be attributed to
practical factors such as slight sample misalignment, finite sample size leading to edge

reflections, local surface imperfections, and variations in the illumination conditions.

Overall, the RHFS-800 surface demonstrates stable broadband scattering with
significantly improved angular redistribution compared to RHFS-200 and RHFS-400.
Although the distribution is not perfectly Lambertian, it provides sufficiently broad and

stable diffuse-like scattering behaviour for integrating-sphere radiometric applications.

Based on the combined results of modelling, fabrication, and experimental val-
idation, the RHFS-800 topology was therefore selected for implementation as the in-
ternal surface topology of the far-infrared integrating sphere. This choice is supported
by its reproducible fabrication, stable scattering behaviour, agreement with numerical

simulations, and suitability for angular redistribution at long wavelengths.
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Chapter 3. Design and Fabrication of the Far-Infra-
red Integrating Sphere

This chapter presents the transition from the surface concepts developed in
Chapter 2 to a physically realizable integrating sphere designed for directional-hemi-

spherical measurements at long wavelengths.

The RHFS-based surface topology is transferred from a planar geometry to a
spherical configuration while aiming to preserve the angular redistribution characteris-
tics of the original surface. Based on the results of the previous chapter, the RHFS-800

structure is selected as the internal surface topology of the integrating sphere.

The integrating sphere was developed for the measurement of directional-hem-
ispherical reflectance and transmittance, as introduced in Chapter 1. In this measure-
ment configuration, radiation is incident on the sample from a defined direction, while
the reflected or transmitted flux is collected over the hemisphere. This requirement im-
poses strict constraints on the angular redistribution behaviour and geometrical design

of the sphere.

Key design parameters, including sphere diameter, wall thickness, and port con-
figuration, are defined with respect to both radiometric requirements and manufactur-
ing constraints. Particular attention is given to preserving the angular redistribution
characteristics of the RHFS topology after transformation into the curved sphere ge-

ometry.

The implementation of the design is carried out using a segmented CAD ap-
proach suitable for additive manufacturing. Among the evaluated fabrication methods,
stereolithography is selected due to its ability to reproduce the required surface topol-
ogy with sufficient geometrical fidelity.

The chapter further addresses post-processing procedures, including surface
finishing, gold coating of the internal structure, and assembly of the segmented sphere.
The final result is a fabricated integrating sphere suitable for directional-hemispherical

radiometric measurements in the wavelength range from 25 um to 100 pm.
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3.1 Concept and Design Requirements

The integrating sphere developed in this work is designed for directional-hem-
ispherical reflectance and transmittance measurements in the wavelength range from
25 pm to 100 pm. Its development is motivated by increasing radiometric demands in
long-wavelength applications, including future space missions (e.g., ESA FORUM),
where accurate knowledge of radiative properties including both diffuse and specular
contributions is required for instrument calibration and radiative transfer modelling [1,
4,6,7,8].

The measurement objective is to provide stable and reproducible directional—
hemispherical radiative quantities with an overall uncertainty on the order of 10% (k =
2), suitable for method development, validation, and comparison with metrological
reference facilities. Such performance is required to support traceable long-wavelength
radiometry and to bridge the gap between laboratory measurements and space-borne

radiative observations [4].

A key functional requirement is that the sphere provides hemispherical collec-
tion and angular redistribution of reflected and transmitted radiation. In this way, the
measured signal becomes less sensitive to the detailed angular scattering distribution
of the sample. This condition is particularly important at long wavelengths, where
many materials exhibit pronounced diffuse scattering components and where purely
directional measurements may lead to incomplete radiative characterization
[11, 33, 34].

In contrast to integrating spheres used in the visible and near-infrared spectral
ranges, operation at long wavelengths imposes additional constraints related to wave-
length-scale surface structures, increased absorption in conventional coatings, and the
suppression of specular contributions. Consequently, the geometry must ensure effi-
cient angular redistribution of radiation while avoiding direct optical paths between

illumination, sample, and detector.

To fulfil these requirements, the sphere geometry must promote multiple inter-
nal reflections within the cavity, ensuring that the detected signal is dominated by mul-

tiply redistributed radiation rather than by direct or specular components.
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The overall dimensions of the sphere are defined as a compromise between ra-
diometric performance and manufacturability. A sphere with an internal diameter of
150 mm (r, = 75 mm) was selected to provide a sufficient optical path length for mul-

tiple reflections while maintaining a compact and manufacturable design.

The sphere includes multiple ports enabling flexible measurement configura-
tions. In the substitution method, two ports remain open during measurement, whereas
in the comparison method with a rotating sample stage three ports are open. All remain-
ing ports are closed using coated plugs in order to preserve the integrating performance

of the cavity and minimize radiative losses.

All main ports have a diameter of 30 mm. For the selected sphere size, this
configuration ensures that the effective port fraction remains within a suitable range,
allowing sufficient radiance build-up and efficient angular redistribution within the
cavity. Maintaining a low port fraction is essential, since increasing open areas reduces

the internal radiance level and degrades the integrating performance.

The entire inner surface of the sphere is structured using the RHFS-800 topol-
ogy developed in Chapter 2. This surface provides broad diffuse-like scattering behav-
iour and enables efficient angular redistribution of radiation through multiple reflec-
tions. It serves as an alternative to conventional diffuse coatings, which exhibit limited
performance at long wavelengths, and represents a key element of the present sphere
concept. The use of a parametrically defined and reproducible surface further enables

consistent fabrication by additive manufacturing.

3.2 Transfer of the RHFS-800 Surface into Spherical Geometry

This section describes the mathematical and algorithmic procedure used to
transfer the RHFS-800 surface topology, developed in Chapter 2 on a planar domain,
to a spherical geometry. The objective of this transformation is to preserve the statistical
roughness, spatial correlation, and characteristic surface topology associated with dif-
fuse-like scattering behaviour of the surface while adapting it to the internal geometry
of the integrating sphere.

The RHFS-800 surface was originally generated as a two-dimensional stochas-
tic height field based on randomized harmonic-function-based topology. A representa-

tive planar realization of this surface is shown again in Fig. 3.1(a). For application as
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the internal structure of the integrating sphere, the planar surface must be mapped onto
a spherical coordinate system without introducing significant distortions that would

substantially alter its scattering behaviour at long wavelengths.

A direct geometric projection of a planar surface onto a sphere leads to strong
deformation of microstructural features, particularly near the poles. This effect arises
from the non-uniform metric of spherical coordinates, where the surface element is

given by:
dA = r?sin 6.dO d¢ (3.1)

where 7 is the sphere radius, and 6 and ¢ are the polar and azimuthal angles,
respectively. As the polar angle 8 decreases, the effective azimuthal spacing contracts,
leading to artificial compression of surface features and modification of local slopes
and normals. Such distortions would influence the scattering behaviour and should

therefore be minimized.

The objective of the transformation is therefore not purely geometric, but also
the preservation of the characteristic optical functionality of the original surface topol-
ogy. In particular, the statistical distribution of surface heights and spatial frequencies
responsible for diffuse-like scattering behaviour should be preserved as closely as pos-
sible.

The initial RHFS-800 surface is represented numerically as a two-dimensional
height field:

z =h(x,y) (3.2)
where h(x, y) represents the surface height defined over the planar domain.

To transfer this surface to a hemispherical geometry, the planar coordinates are
re-parameterized using spherical angular variables. The polar angle 8is defined over
the interval [0’ ], while the azimuthal angle ¢spans a hemispherical domain. The dis-
cretization is derived from the resolution of the original planar data, preserving corre-
spondence between planar and spherical sampling points. A representative surface seg-
ment used for this mapping is shown in Fig. 3.1(b). The characteristic size of these
segments corresponds to the dimensions of the planar samples used in Chapter 2
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(approximately 36 X 36 mm?), ensuring consistency between numerical modelling

and experimental surface realizations.

A direct global interpolation of the high-resolution surface over the hemisphere
proved to be numerically unstable and computationally inefficient. Therefore, a piece-
wise algorithm was implemented. The surface data were divided into contiguous angu-
lar segments along the azimuthal direction. For each segment, a local interpolation
function h; (6, ¢)was constructed, and the resulting functions were combined into a
piecewise-defined representation ensuring continuity and numerical stability. The seg-

mentation scheme of the hemisphere is illustrated in Fig. 3.1(c).

A critical aspect of the transformation is the preservation of the surface rough-
ness distribution across the spherical geometry. Without correction, the convergence of
meridians near the poles leads to artificial densification of microstructures and altered
scattering behaviour. To compensate for this geometric effect, a coordinate transfor-

mation was introduced:

¢’ = ¢sin 6 (3.3)

where ¢’ is the corrected azimuthal coordinate. This transformation compen-
sates for the sin 8 dependence of the surface element (Eq. 3.1) and minimizes artificial
compression of surface features. As a result, microstructural features retain their spatial

distribution and are not artificially compressed near the poles.

After applying this correction, the hemispherical surface is constructed as a ra-

dial displacement from a reference sphere of radius 7y:

r(6,¢) =1, —h(6,9") (3.4

where 1y is the radius of the reference sphere (75 mm), and h(6, ¢")represents
the surface relief. In this formulation, the RHFS-800 structure becomes an intrinsic part

of the spherical geometry.

The resulting structured hemisphere is shown in Fig. 3.1(d). This approach pre-
serves local slopes, spatial correlations, and microfacet orientations, which are essential

for maintaining diffuse scattering behaviour at long wavelengths.
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(©) (d)

Fig. 3.1. Transfer of the RHFS-800 surface topology to a hemispherical geometry: (a) planar
RHFS-800 surface (shown for reference); (b) extracted surface segment used for mapping; (c) segmen-

tation of the hemisphere into manufacturable patches; (d) resulting structured hemispherical surface.

After obtaining the RHFS-800 surface in spherical form, the transformation de-
fined by Egs. (3.3) and (3.4) was applied to a sphere with a reference radius of 75 mm.
To verify the correctness of the mapping and to evaluate potential distortions, a repre-

sentative spherical test segment was generated in the pole region.

This test geometry is shown in Fig. 3.2. The result demonstrates that the micro-
structural distribution remains visually consistent even in the polar regions of the
sphere, where geometric distortions are typically most pronounced due to the conver-
gence of meridians. This indicates that the characteristic surface topology is retained

after transformation.

The developed transformation method establishes a direct link between the nu-
merical modelling of diffuse FIR surfaces (Chapter 2) and the physical realization of
the integrating sphere. By preserving the statistical surface characteristics and mini-

mizing geometrical distortions during the transformation, the method supports the
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transfer of the diffuse-like scattering behaviour predicted for the planar RHFS-800 to-
pology to the final spherical structure.

Fig. 3.2. Test spherical segment with RHFS-800 surface mapped onto a curved geometry in the
pole region. The preserved microstructural distribution indicates that no significant geometric distortion
is introduced by the transformation.

3.3 Sphere Geometry Design

The geometry of the integrating sphere developed in this work is defined based
on the requirements of directional-hemispherical reflectance and transmittance meas-
urements in the wavelength range from 25 um to 100 pm, as well as on established

radiometric principles of integrating sphere design [13, 14, 34].

The sphere combines a spherical cavity with a structured internal surface
(RHFS-800) and a metallic reflective coating, forming a unified optical system for
hemispherical collection and angular redistribution of radiation at long wavelengths.
The geometrical configuration is therefore directly linked to the measurement method-
ology and cannot be considered independently of the radiometric principles governing

the measurement process.

Unlike conventional integrating spheres operating in the visible or near-infrared
spectral ranges, where diffuse coatings determine the optical behaviour, the present de-
sign relies on the combined effect of geometry, the RHFS-800 surface, and the effective
reflectivity of the cavity walls. The RHFS-800 surface promotes angular redistribution
of radiation, while the gold coating provides high effective reflectivity of the cavity
walls, enabling multiple internal reflections within the sphere.
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3.3.1 Measurement-driven geometrical concept

The geometry of the integrating sphere was derived directly from the measure-
ment configurations it is intended to support. In this work, two principal radiometric
methodologies were considered: the substitution method and the comparison method,
both widely used in integrating-sphere reflectance measurements [14, 45, 46, 47]. The
substitution and comparison measurement principles are illustrated in Fig. 3.3. In ad-
dition, angular configurations enabling separation of diffuse and specular reflection

components were incorporated into the design.

In the substitution method (Fig. 3.3(a)), directional-hemispherical quantities
are determined sequentially by measuring a reference and a sample under identical op-
tical conditions. In this configuration, only two ports are open simultaneously: the illu-
mination port (Port 2) and the detector port (Port 1), while the reference or sample is
positioned at the lateral measurement port (Port 4). The incident radiation enters the
sphere at an angle of 8° relative to the surface normal of the sample, as indicated in

Fig. 3.3(a). This arrangement minimizes port losses and ensures stable integrating per-

formance.
R soL Top detector
Top detector ¥ port 1
port 1
Port5 Porté
\.‘1 | :': \ ) 7
ports [/t <=3 1
Reference/ [jo=—() "
Sample oy L
\“.‘:..“‘ //
Port 3 Sample
(a) (b) Port 3

Fig. 3.3. Measurement principles used for the integrating sphere design: (a) substitution method
and (b) comparison method, illustrating sequential and alternating illumination of reference and sample.
In the comparison configuration, the same fixed IR source is used before and after rotation of the sphere
assembly. The detector port (Port 1), located on the upper side of the sphere, is indicated schematically.

In the comparison method (Fig. 3.3(b)), the reference and sample are mounted
simultaneously, while both the radiation source and the detector remain fixed. The in-
tegrating sphere is mounted on a rotating stage, allowing alternating illumination of the

reference (Port 4) and the sample (Port 3) without mechanical replacement. In both

78
https://doi.org/10.7795/110.20260928



positions, the incident radiation is directed at 8° relative to the corresponding surface
normal. In this configuration, three ports are open: the detector port (Port 1) and two

illumination ports corresponding to the reference and sample positions (Ports 2 and 5).

This measurement approach is particularly advantageous for operation under
vacuum conditions, where manual exchange of samples is impractical. The alternating
measurement sequence enables continuous monitoring of signal drift and improves
measurement stability. As a result, the method provides enhanced repeatability and re-
duced sensitivity to temporal variations such as temperature fluctuations and source
instability.

Port 5 Port 6
R Light trap

. Top detector Port 5 Port 6 Top detector
port 1 8° __.2° port 1

Reference / Sample
Port 3

(2) (b)

Fig. 3.4 Additional measurement configurations supported by the integrating sphere: (a) 8°/8°
reflection geometry for specular-excluded measurements. Radiation is incident on the reference or sam-
ple at Port 3 through Port 5, while Port 6 is equipped with a light trap to suppress the specular reflection
component. The remaining radiation is redistributed inside the sphere and detected at the top detector
port (Port 1). (b) Directional-hemispherical transmittance measurement using the substitution method.
In the reference state, radiation enters the sphere through the open Port 2; in the sample state, the sample
is mounted at Port 2 and only the transmitted radiation enters the sphere and is detected at Port 1.

The sphere additionally supports an 8°/8° reflection geometry for separating
specular and diffuse reflection contributions (Fig. 3.4(a)). In this notation, the first an-
gle denotes the angle of incidence and the second angle denotes the observation angle,
both defined with respect to the sample normal. Radiation is incident on the reference
or sample at Port 3 through Port 5 at an angle of 8°. Port 6 is positioned symmetrically
with respect to the sample normal and corresponds to the specular reflection direction.

When Port 6 is equipped with a light trap and the detector remains located at the top
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detector port (Port 1), the specular component is suppressed before it can contribute to
the detected signal. The remaining radiation is redistributed inside the sphere and de-
tected at Port 1. This configuration therefore enables specular-excluded directional—

hemispherical reflectance measurements.

The standard directional-hemispherical reflectance configurations described
above correspond to specular-included measurement conditions, since the specular
component remains inside the sphere and contributes to the detected signal. In contrast,
the 8°/8° geometry with a light trap at Port 6 provides access to the specular-excluded
reflectance component. These measurement principles follow established approaches

used in the radiometric characterization of optical materials [11, 14].

In addition to reflectance measurements, the integrating sphere also supports
directional-hemispherical transmittance measurements using the substitution method
(Fig. 3.4(b)). In this configuration, the incident radiation is directed towards Port 2. In
the reference measurement, Port 2 remains open, so that the radiation enters the sphere
without passing through a sample. The admitted radiant flux is redistributed by multiple
reflections within the cavity and detected at the top detector port (Port 1). In the sample
measurement, the investigated sample is mounted at Port 2 under the same optical
alignment conditions. Only the radiation transmitted through the sample enters the in-
tegrating sphere, where it is collected within the cavity and detected at Port 1. The
directional-hemispherical transmittance is obtained from the ratio of the detected sig-
nal with the sample in place to the signal recorded for the open-port reference meas-
urement. This configuration therefore determines the fraction of incident radiant flux
transmitted through the sample and collected over the corresponding hemisphere.

Based on the analysis of these measurement configurations, the geometrical de-
sign of the integrating sphere was defined to accommodate the required measurement
modes within a single system. The resulting configuration includes five functional ports
(Ports 2—6) and one detector port (Port 1). This geometry enables implementation of
the substitution and comparison methods, supports specular-included and specular-ex-
cluded reflectance measurements, and allows directional-hemispherical transmittance
measurements, while maintaining reproducible measurement geometry and minimiz-

ing alignment-related systematic effects.
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3.3.2 Sphere size and port configuration

The internal diameter of the integrating sphere was selected as 150 mm
(ro=75 mm) based on a trade-off between radiometric performance and practical im-

plementation.

A sufficiently large sphere is required to promote multiple internal reflections
and effective angular redistribution of radiation. However, increasing the sphere size
reduces the irradiance at the detector and complicates the mechanical realization and
integration into the measurement setup. The selected diameter therefore represents a
compromise that ensures adequate spatial averaging while maintaining sufficient signal

level and mechanical feasibility.

The port configuration of the sphere was derived directly from the measurement
concepts described in Section 3.3.1. In order to support substitution and comparison
methods, as well as 8°/8° measurement geometries, one detector port (Port 1), five lat-
eral functional ports (Ports 2—6), and one auxiliary bottom port (Port 7) were imple-
mented. The top port (Port 1) is used for the detector, while the lateral ports enable
illumination, sample and reference positioning, and optional specular-included or spec-

ular-excluded configurations.

The auxiliary bottom port (Port 7), located at the lower part of the sphere, was
not used in the measurements presented in this work. It was nevertheless included in
the design to provide greater flexibility for future measurement configurations. In par-
ticular, this port becomes relevant if the detector is positioned laterally rather than at
the top of the sphere, enabling alternative optical geometries and extended measure-

ment configurations.

All ports have a diameter of 30 mm. This value was selected as a compromise
between sufficient optical access and minimal disturbance of the integrating perfor-
mance. Larger ports would increase radiative losses, while smaller ports would restrict

beam propagation and alignment flexibility.

To evaluate the influence of the port configuration on the integrating perfor-
mance, the port fraction f was considered (see Chapter 1). For the given geometry, the
port fraction remains in the range of approximately 0.02—0.03 for typical measurement

configurations and does not exceed 0.05 even in extended configurations [13, 14]. This
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ensures that multiple internal reflections dominate over radiative losses through the
ports, allowing the sphere to operate effectively as a directional-hemispherical inte-

grating system.

For the selected sphere diameter of 150 mm and a port diameter of 30 mm, the
calculated port fraction remains within the recommended range for integrating-sphere
operation even for measurement configurations involving multiple open ports [2, 3,
34]. As a result, the radiometric amplification of the sphere, described by the sphere
multiplier (Chapter 1), remains sufficiently high to ensure efficient radiance build-up
and stable integrating performance. In combination with the RHFS-800 surface and the
gold coating, this enables effective angular redistribution of radiation at long wave-

lengths.

3.3.3 Integration of geometry and surface topology

In the present design, the integrating performance does not rely on a conven-
tional diffuse coating. Instead, it results from the combined effect of three elements:
the spherical cavity geometry, the RHFS-800 surface, and a high-reflectivity metallic

coating.

The spherical geometry defines the radiative enclosure and governs the multi-
ple-reflection process described by the sphere multiplier (see Chapter 1). The RHFS-
800 surface introduces controlled structural features with characteristic dimensions
matched to the wavelength range considered in this work, thereby promoting angular
redistribution of radiation even after metallization. The gold coating provides high re-
flectivity and low absorption losses, ensuring that the multiple-reflection process re-
mains effective. The approximation of diffuse-like scattering behaviour at long wave-

lengths is therefore achieved through the combined effect of these three elements.

This interdependence has direct implications for both design and operation. The
port configuration becomes a primary radiometric parameter, since each open port in-
troduces a perturbation of the internal radiance distribution within the sphere. Conse-
quently, the measurement methodology - limiting the number of simultaneously open
ports and closing unused ports with coated plugs - becomes an integral part of the sys-

tem design.
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Furthermore, the effective reflectivity and scattering behaviour of the internal
surface are important for maintaining the applicability of integrating-sphere theory at
long wavelengths. The RHFS-800 surface was selected to provide diffuse-like scatter-
ing after metallic coating, thereby supporting high effective cavity reflectivity and
maintaining a sufficiently large sphere multiplier.

The present design intentionally omits internal baffles and knife-edge port ge-
ometries, which are commonly used in conventional integrating spheres to suppress
direct-view contributions and reduce port-edge effects. This decision was guided by
considerations of manufacturability, continuous RHFS-800 surface coverage, and com-
patibility with external optical components. The introduction of internal structures
would interrupt the RHFS-800 surface and complicate both fabrication and coating

Processes.

The radiometric consequences of these simplifications are addressed experi-
mentally. Potential systematic effects associated with port geometry and the absence of
baffles are evaluated through comparison with a metrological reference setup in the
validation measurements presented in Chapter 5. Since practical port geometry can in-
troduce measurable bias in directional-hemispherical reflectance measurements, the
chosen configuration is documented explicitly to support traceable uncertainty analysis

and future design optimization [48].

3.4 Fabrication and Additive Manufacturing of the Integrating
Sphere

The realization of the integrating sphere developed in this work requires a fab-
rication approach in which geometrical design, surface topology, and coating are
treated as a coupled system. In contrast to conventional integrating spheres, where dif-
fuse behaviour is achieved by applying a coating to a geometrically simple substrate,
the present concept integrates the scattering functionality directly into the structural
geometry of the sphere.

As a consequence, the manufacturing process is not limited to reproducing the
nominal shape of the cavity, but must ensure accurate transfer of the RHFS-800 topol-
ogy to the internal surface while maintaining mechanical stability and compatibility

with subsequent metallization and assembly. This requirement introduces additional
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constraints compared to standard optical fabrication, particularly with respect to sur-

face fidelity and process-induced distortions.

The fabrication was therefore implemented as a multi-stage engineering process
including CAD modelling, additive manufacturing, post-processing, vacuum metalli-
zation, and final assembly. Each step was defined by the necessity to preserve the func-
tional internal surface, which determines the radiometric performance of the system.

The adopted workflow follows established approaches used in the fabrication
of precision optical components and integrating spheres, where geometry, surface to-
pology, and coating are considered as a unified functional system rather than independ-
ent elements [13, 14, 47].

3.4.1 Manufacturing requirements derived from FIR radiometry and
RHFS-800 geometry

From a radiometric perspective, the fabrication process must satisfy several in-
teracting requirements related to surface topology, material compatibility, and geomet-

rical stability.

First, the RHFS-800 topology must be reproduced with high fidelity over the
entire internal surface. The microstructured height field, with a characteristic amplitude
on the order of 50 pm, must not be altered by smoothing, local collapses, or printing
artefacts, as such deviations would directly affect the angular scattering distribution

and thus the integrating performance of the sphere [33, 34].

Second, no mechanical finishing of the internal surface is permissible. Any pol-
ishing, sanding, blasting, or chemical smoothing would irreversibly modify the de-
signed surface topology. Therefore, all post-processing operations must be restricted to

external surfaces.

Third, the substrate material must be compatible with vacuum metallization
processes. This includes tolerance to thermal loads during deposition and sufficient ad-

hesion of the metallic coating required for infrared reflectivity [49, 50].

Finally, the geometry must allow precise assembly and reproducible positioning

of ports. The integrating sphere is not merely a mechanical structure but a radiometric
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system, whose performance depends on a stable internal radiance distribution and min-

imal disturbance by seams and interfaces [51, 52].

These requirements strongly constrain the set of feasible fabrication technolo-

gies. Several manufacturing routes were evaluated.

Subtractive machining (CNC milling) is a robust and well-established method
for manufacturing smooth metallic cavities and is commonly employed in infrared op-
tics and precision metrology hardware. However, for the RHFS-800 topology, the char-
acteristic feature scale and strongly curved internal geometry render tool access and
toolpath control impractical. Preserving high spatial frequencies on an internal curved
surface would require extremely fine tool diameters and complex multi-axis machining
strategies, leading to unacceptable tolerances and surface degradation. In practice, only
lower-frequency surface variants such as RHFS-200 or RHFS-400 could be considered
potentially manufacturable using CNC methods. The RHFS-800 topology exceeded the
achievable manufacturing fidelity for this approach. Therefore, CNC machining was

not suitable for fabrication of the RHFS-800 sphere geometry in the present work.

SLS (Selective Laser Sintering) printing was previously investigated for ran-
dom-ball surfaces in collaboration with external partners (Fraunhofer Institute for Pro-
duction Systems and Design Technology, Berlin/Brandenburg). Although SLS enables
fabrication of complex geometries, it requires external infrastructure and involves com-
paratively long production times. These constraints limit rapid iterative design optimi-
zation and therefore made SLS less suitable for the development workflow adopted in

the present work.

Metal additive manufacturing using Selective Laser Melting (SLM) was
also evaluated. Test components were produced on a DMG MORI Lasertec 30 system
(see Fig. 3.5). While SLM is technically capable of generating complex metallic geom-
etries, practical limitations became apparent. Production scheduling constraints and
limited industrial availability resulted in extremely long lead times; fabrication of even
small test elements required nearly one year. Furthermore, realization of a full spherical
structure incorporating the RHFS-800 topology would have required multiple strongly
curved segments with high geometric precision and controlled surface quality. Within
the project timeframe, this approach proved impractical for iterative development and

reproducible fabrication.
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Fig. 3.5. Metallic samples fabricated by selective laser melting (SLM) with RHFS-800 topol-
ogy, mounted on circular substrates.

In contrast, stereolithography (SLA) offers high geometric resolution and
good surface fidelity for polymer components, while enabling rapid prototyping and
iterative design refinement [53]. SLA is widely used for functional prototypes and pre-
cision geometries where micro-scale surface texture must be preserved [40, 54]. In the
present work, the suitability of this approach was already demonstrated in the fabrica-
tion of planar RHFS samples (Chapter 2), where the required surface topology was
reproduced with sufficient accuracy and successfully metallized using a reflective me-
tallic coating.

For these reasons, SLA polymer printing was selected as the method that best
combined sufficient geometric resolution, local availability, and flexibility for iterative
optimization. It was therefore adopted for both prototyping and final fabrication of the

sphere segments prior to metallization.

To enable fabrication, post-processing, and subsequent metallization of the in-
ternal structured surface, the sphere was designed as a set of separate segments. The
final geometry has an internal diameter of 150 mm (1, = 75 mm) and a wall thickness
of approximately 5 mm. This represents a compromise between structural stiffness,
print stability, and manageable mass. Since the RHFS-800 topology introduces local
variations of the internal surface, the wall thickness varies slightly but remains within

the same order of magnitude.

In addition to the sphere structure, dedicated aluminium sample holders were

developed to enable stable positioning of samples during reflectance measurements.

86
https://doi.org/10.7795/110.20260928



These holders were manufactured from aluminium and mounted externally at the cor-
responding ports, as shown in Fig. 3.6. The design ensures reproducible positioning of
the sample relative to the sphere geometry and allows secure mechanical fixation with-
out affecting the internal structured surface. It should be noted that the present holder
design is suitable for reflectance measurements only and is not compatible with trans-

mittance configurations.

The final configuration consists of six spherical segments, removable port
plugs, and integrated alignment features (“puzzle-type” interlocks) to ensure reproduc-
ible positioning during assembly while preserving the integrity of the internal struc-
tured surface. The spherical segments and removable plugs were fabricated by SLA
printing, while the external mounting elements and sample holders were manufactured
separately from aluminium. Such a segmented construction is consistent with estab-
lished design principles for precision optical cavities, where accessibility of functional

surfaces and assembly reproducibility are critical parameters [14, 45, 47].

Detector port
(Port 1)

Alignment
interlocks

Removable port
plugs

Mounting
elements and
sample holders

Fig. 3.6. CAD model of the integrating sphere assembly showing the SLA-printed spherical
segments, removable port plugs, aluminium mounting elements and sample holders, integrated align-

ment interlocks.

3.4.2 Additive manufacturing process

All structural components were fabricated using SLA with a Formlabs Form 2

printer and Tough 1500 photopolymer resin. This material was selected due to its high
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dimensional accuracy, fine layer resolution, reproducibility of structured surface topol-

ogies, and compatibility with subsequent vacuum metallization processes [40, 54].

As a first step, a segmented prototype of the integrating sphere was manufac-
tured in order to establish a reliable process chain. The objective of this prototype was
to investigate practical aspects of fabrication, including part orientation, support strat-
egy, cleaning procedures, handling, and dimensional stability across multiple segments.
The assembled prototype is shown in Fig. 3.7.

Metallic clamping
rings

Fig. 3.7. Photograph of the segmented prototype of the integrating sphere assembled from

printed SLA segments, illustrating the modular structure and port configuration.

The prototype segments were manufactured with tongue-and-groove style
alignment (“puzzle-type” interlocks), ensuring reproducible positioning during assem-
bly. The alignment is defined by the geometry of the segment interfaces and integrated
port features. Importantly, the prototype was assembled without adhesive; mechanical
integrity was achieved by combining the alignment geometry with metallic clamping
rings at the top and bottom. This approach enabled repeated assembly and disassembly,
allowed inspection and reworking of individual segments, and reduced the risk of dam-

age to the functional surface during iterative handling [52, 55].

The prototype served to evaluate mechanical assembly feasibility, dimensional
tolerances, stability of the segmentation approach, and compatibility with sample hold-
ers and accessory components. The results confirmed that the segmented design pro-
vides reliable alignment and sufficient structural integrity. Based on these findings, the

fabrication process was transferred to the final sphere configuration. The use of
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prototype-based validation is consistent with established engineering practice in preci-

sion optical instrumentation and additive manufacturing workflows [40, 56, 57].

Considering the specific characteristics of SLA fabrication, the sphere was di-
vided into six segments in a defined manner. This segmentation reflects not only printer
volume constraints but also process-related aspects such as deformation behaviour,

support placement, and handling during post-processing.

Several process-related aspects were identified as critical for successful fabri-
cation. Surface fidelity depends strongly on part size, as larger SLA components exhibit
an increased risk of warping, local distortions, and surface defects due to peel forces
and resin flow dynamics during printing [40, 58]. The support strategy was particularly
critical, since the internal RHFS surface had to remain completely free of support struc-
tures. Therefore, each segment was oriented with the structured inner surface facing
downward towards the resin bath, while the outer surface faced upward towards the
build platform. In this configuration, all supports were attached exclusively to the ex-

ternal surfaces, preventing any modification of the functional internal surface topology.

Segmentation also simplifies handling and cleaning during post-processing,
since each segment can be processed individually with reduced mechanical stress,
thereby minimizing the risk of damage to the functional internal surface. In addition,
the presence of openings in the segment geometry improves printing reliability. Such
openings facilitate resin drainage and reduce suction eftects during the peeling process,
which can otherwise lead to deformation or print failure. The final segment dimensions
were approximately 120 mm x 140 mm, and each segment contained one or two open-

ings. The segment geometry is illustrated in Fig. 3.8.

The internal RHFS surface was intentionally left completely untreated in order
to preserve the printed topology as the functional scattering surface. All finishing op-
erations were restricted to external surfaces only. These measures are essential for pre-
serving the geometric fidelity of the RHFS-800 topology, since any unintended surface
modification would directly affect the angular scattering behaviour and, consequently,
the radiometric performance of the integrating sphere [40, 58, 59, 60].

After printing, standard SLA post-processing was performed, including clean-
ing and curing according to the established workshop procedure. The internal RHFS-
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800 surface was left untreated in order to preserve the functional topology. The seg-

ments were then prepared for subsequent vacuum metallization.

Fig. 3.8. Photographs of an SLA-printed integrating sphere segment: (a) inner side with RHFS-
800 surface and integrated port opening; (b) outer side with removable port plug.

3.4.3 Metallization and gold coating

To achieve high reflectivity in the far-infrared spectral range, the polymer sub-
strate was metallized by vacuum deposition. The metallization was performed by
CREAVAC GmbH, a company specializing in vacuum coating technologies for optical
and technical applications [61].

In infrared optics and metrology, gold coatings are widely used due to their high
reflectivity from the mid-infrared to the far-infrared spectral range [2, 39, 62]. For pol-
ymer substrates, the application of an adhesion layer is typically required to ensure

mechanical stability of the metallic film [2, 49].

The implemented coating stack consisted of a NiCr adhesion layer with a thick-
ness of approximately 40—50 nm, followed by a gold coating with a nominal thickness
of approximately 220-250 nm.

Due to the complex geometry of the components and the limited thermal re-
sistance of the polymer substrate, the coating process could not be performed as a stand-
ard continuous deposition run. Instead, the process was carried out in multiple stages
in order to limit the thermal load on the substrate to approximately 60 °C. Such process

partitioning is consistent with established practice in vacuum coating of thermally
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sensitive materials, where temperature control is required to prevent deformation, re-

sidual stress, or degradation of the substrate [49].

Process validation was performed in several stages. Initially, a representative
printed component corresponding to the curved test segment described in Section 3.2
(Fig. 3.2) was coated in order to verify the feasibility of uniform metallization for this
geometry. The central circular feature visible in Fig. 3.9 corresponds to a closed 30 mm
port with a removable plug and illustrates the internal appearance of a closed port. Due
to its pronounced curvature and structured internal surface, this segment represented a
suitable test geometry for evaluating coating homogeneity both inside the cavity region

and near the segment edges. The result of this coating step is shown in Fig. 3.9.

Removable port
plug

Fig. 3.9. Photograph of the curved RHFS-800 test segment after gold coating, used for initial
validation of the metallization process. The circular feature in the central region indicates the internal

appearance of a closed 30 mm port with a removable plug.

Following this feasibility step, additional test components were provided to the
coating facility to assess adhesion and coating quality under the given process condi-
tions. After successful qualification, the coating process was scaled to the full set of
sphere segments. The final coating was performed using a larger deposition system
capable of processing multiple components simultaneously, ensuring consistent metal-

lization of all segments. The resulting coated components are shown in Fig. 3.10.

For independent characterization of the coating thickness and optical properties,
a planar reference sample with a diameter of 50 mm was fabricated and coated within
the same deposition batch as the sphere components. It was produced using the same
additive manufacturing and metallization route as the sphere components. The visible
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fine surface texture originates from the unpolished printed substrate. The sample was
used as a representative coated surface for evaluating the deposited gold layer, verify-
ing the coating process, and enabling reproducible positioning in the PTB reference
measurement setup. The coated planar sample is shown in Fig. 3.11.

(b)

Fig. 3.10. Photographs of the fabricated integrating sphere segments with gold-coated internal
surfaces and corresponding port plugs, showing (a) inner and (b) outer sides prior to final assembly.

Fig. 3.11. Photograph of the gold-coated planar reference sample with a diameter of 50 mm
used for independent optical characterization and verification of the coating process. The visible fine

surface texture originates from the unpolished additively manufactured substrate.
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3.4.4 Gold coating physics and optical behaviour

The radiometric performance of the integrating sphere is strongly influenced by
the effective reflectance of the metallic coating applied to the RHFS-800 surface. While
the structured surface governs the angular redistribution of radiation, absorption losses
within the metallic layer determine the efficiency of the multiple-reflection process in-

side the cavity.

As discussed in Chapter 2, the interaction of infrared radiation with the metallic
coating is governed by the skin-effect regime. For the wavelength range considered in
this work, the electromagnetic penetration depth remains significantly smaller than the
thickness of the deposited gold layer. Consequently, the optical response is determined

predominantly by the metallic coating rather than by the underlying polymer substrate.

This condition is essential for the present integrating-sphere concept, since it
ensures that the cavity reflectance is governed primarily by the optical properties of
gold, while the RHFS-800 surface provides diffuse-like angular redistribution of radi-
ation. The resulting combination of high reflectivity and diffuse-like scattering forms

the physical basis of the integrating performance at long wavelengths [1, 21, 63].

The optical suitability of the deposited coating was verified using the gold-
coated planar reference sample shown in Fig. 3.11. The sample was not intended to
reproduce the RHFS-800 surface topology. Instead, it was used to characterize the di-
rectional spectral emittance, and thus the absorption losses, of the gold coating depos-
ited on the sphere components. A planar reference geometry was used because the
EMAF measurement configuration requires reproducible positioning of the sample sur-
face within a defined measurement area and observation geometry. The structured
RHFS-800 sphere wall could not be measured directly in this setup. Therefore, the pla-
nar reference sample was used to characterize the coating itself, while the diffuse-like
angular redistribution provided by the RHFS-800 topology was evaluated separately in
Chapter 2.

The directional spectral emittance of the coating was investigated at PTB using
the Emissivity Measurements in Air Facility (EMAF), which is designed for traceable
spectral emittance measurements in the infrared and far-infrared spectral range [21,
64]. The planar reference sample positioned in the EMAF facility is shown in Fig. 3.12.

Measurements were performed at a sample temperature of 80 °C and observation
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angles of 20°, 30°, 50°, 60°, and 70°. For highly reflecting samples such as gold-coated
mirrors, the 10° EMAF configuration is affected by direct back-reflection into the op-
tical path and is therefore not used for the evaluation. Consequently, the 20° dataset
represents the smallest reliable observation angle available for the present gold-coated
reference sample and was selected for deriving the coating reflectance. The investi-

gated spectral range extended from 100 cm™ to 600 cm™, corresponding to wave-

|yl EB
SRk | .
| sensor .r'—.‘h
} B N
.

lengths from 100 pm to 16.7 um.

Gold-coated | ‘
reference sample

Fig. 3.12. Photograph of the gold-coated planar reference sample positioned in the EMAF fa-
cility for spectral emittance measurements. The gold-coated reference sample, sample holder, tempera-
ture sensor, and EMAF sample chamber are indicated.

The resulting directional spectral emittance spectra are shown in Fig. 3.13. For
all investigated observation angles, the emittance remains low over the spectral range
considered, indicating high optical quality of the deposited gold coating. A moderate
angular dependence is observed, but the overall emittance level remains sufficiently

low to support efficient multiple reflections inside the integrating-sphere cavity.

For the opaque gold-coated sample, the corresponding spectral reflectance can
be derived from the measured spectral emittance using the relation introduced in Chap-
ter 1. For the dataset measured at an observation angle of 20°, the resulting reflectance
values are approximately 0.98—-0.99 over the investigated far-infrared spectral range.
These values are consistent with literature data for vacuum-deposited gold coatings [2,
62, 39].
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Fig. 3.13. Directional spectral emittance of the gold-coated planar reference sample measured
in the EMAF facility at T = 80°C for observation angles of 20°, 30°, 50°, 60°, and 70°.

The low measured emittance and the corresponding high reflectance indicate
that the deposited coating provides sufficiently low absorptance to support efficient
multiple reflections inside the integrating-sphere cavity. In combination with the spher-
ical cavity geometry and the RHFS-800 surface topology, the high-reflectivity gold
coating therefore forms the low-loss reflective boundary required for stable integrating

performance and efficient angular redistribution within the cavity.

3.4.5 Outgassing and material suitability

To evaluate the possibility of future operation of the integrating sphere under
vacuum or reduced-pressure conditions, additional material qualification tests were
performed. For this purpose, a gold-coated RHFS-400 test sample fabricated from the
same photopolymer material was investigated using mass spectrometry in order to as-
sess outgassing behaviour. The measurement sample positioned in the vacuum chamber

is shown in Fig. 3.14.

The corresponding mass spectrometry results are presented in Fig. 3.15. The
detected species included H20, Nz, Oz, CO., short-chain hydrocarbons, acrylates, and
styrene. All detected components were present at non-critical concentrations. In addi-

tion, one printed and metallized component was stored under vacuum over an extended
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period in order to evaluate possible structural or chemical degradation effects. No
measurable degradation or instability was observed during these tests.

ass spectrometer

Fig. 3.14. Photograph of the gold-coated RHFS-400 test sample positioned in the vacuum
chamber for mass-spectrometry-based outgassing analysis.
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Fig. 3.15. Mass spectrometry results of the outgassing analysis of the gold-coated RHFS-400

sample. Detected species include 1 - H20, 2 - Nz, 3 - Oz, 4 - CO2, 5 - short-chain hydrocarbons, 6 -
acrylates, and 7 - styrene.

Although the final measurement configurations presented in this work were im-
plemented in dry air at room temperature, the performed outgassing studies indicate
the general suitability of the selected material and metallization process for optical in-
strumentation under reduced-pressure conditions. Such qualification procedures are

consistent with established practice for vacuum-compatible polymer materials and op-
tical coating systems [65, 66].
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3.4.6 Final assembly, development outcome and relevance to FIR in-

tegrating-sphere realization

After metallization, mechanical post-processing was restricted to external and
interface surfaces in order to prepare the coated segments for final assembly. The gold-
coated internal RHFS-800 surface was not mechanically processed. Rounded external
surfaces were polished to improve handling and assembly, while flat interface surfaces
at the ports and sample-holder positions were milled to provide geometrically flat ref-
erence planes aligned normal to the radial direction of the sphere. This ensured repro-
ducible mounting of port components and sample holders without modifying the func-
tional internal surface. The polishing holder used for controlled post-processing is

shown in Fig. 3.16.

Fig. 3.16. Photograph of an integrating sphere segment mounted in a dedicated fixture for con-

trolled and repeatable polishing of the external surfaces after metallization.

To avoid introducing geometric bias, dedicated fixtures were manufactured to
hold the segments at defined orientations, enabling controlled and repeatable post-pro-
cessing. This step is important in precision opto-mechanics, as external dimensional
stability and reproducible positioning directly influence assembly accuracy and exper-
imental reproducibility [52]. Threaded interfaces and mounting elements were locally
reinforced to ensure mechanical reliability while maintaining the structural integrity of

the polymer material.

Following this post-processing step, the final sphere was assembled using the

integrated tongue-and-groove alignment geometry of the individual segments. This
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“puzzle-type” configuration ensured reproducible positioning and minimized seam dis-
continuities between neighbouring parts. Once the segments had been mechanically
aligned, epoxy adhesive (3M Epoxy Adhesive 2216 Grey) was applied to the segment

interfaces to permanently stabilize the structure.

The adhesive was selected based on its mechanical stability, compatibility with
the assembly requirements, and suitability for aerospace applications. To reduce
trapped air introduced during mixing, the two-component adhesive was degassed under
vacuum for approximately 10 min prior to application. Following bubble release, the

adhesive was applied to the prepared interfaces during final assembly.

Importantly, the port plugs were not bonded permanently. Instead, the sphere
was designed as a modular system in which the plugs are mounted using dedicated
holders and mechanical fixtures. This modularity is essential for radiometric operation,
since different measurement configurations require varying port states and repeated
exchange of reference and sample holders. In addition, unused ports must be closed
using coated plugs in order to minimize radiative losses and preserve the integrating

performance of the cavity [14, 51, 67].

Once bonded, the sphere was left to cure under controlled conditions until full
mechanical stability was achieved. After assembly and integration of the external com-
ponents, the completed integrating sphere system, hereafter referred to as FIR-IS (Far-
Infrared Integrating Sphere), was realized. The resulting FIR-IS constitutes a complete
integrating sphere system in which the RHFS-800 surface is implemented throughout
the internal cavity and the continuous metallic coating provides the high-reflectivity

boundary condition required for operation at long wavelengths.

The final configuration of the sphere with open measurement ports is shown in
Fig. 3.17, while the configuration equipped with external aluminium sample holders
for reflectance measurements is presented in Fig. 3.18. These external holders represent
the implemented reflectance sample-mounting configuration. They allow flat samples
with diameters from 30 mm to 100 mm and thicknesses up to 25 mm to be mounted
reproducibly at the measurement ports. The essential geometrical requirement is that
the sample fully covers the 30 mm measurement port and can be fixed with sufficient
mechanical stability. Larger samples or samples with different shapes can be accom-

modated by adapting the holder geometry, since the sample size is not intrinsically
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limited by the integrating sphere itself. Thin films or flexible samples require suitable

support frames or auxiliary fixation to ensure complete port coverage and reproducible

positioning.
Detector port
Mountings
elements
Sample
Input port

Sample holder

RHFS-800 surface
Fig. 3.17. Photograph of the final FIR-IS system with open measurement ports.
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Fig. 3.18. Photograph of the final FIR-IS system equipped with external aluminium mounting

elements and sample holders for reflectance measurements.
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The completed FIR-IS represents the outcome of an extended engineering de-
velopment process involving iterative prototyping, fabrication optimization, metalliza-
tion validation, and assembly refinement. A major challenge throughout this process
was the stabilization of printing parameters, segmentation strategy, and handling pro-

cedures required to preserve the functional internal scattering surface.

The fabrication chain established in this work shows that a structured scattering
surface for long-wavelength applications can be reproducibly realized over a full inte-
grating-sphere cavity using SLA fabrication. Furthermore, the functional surface can
remain completely unprocessed after printing, thereby preserving the designed scatter-
ing behaviour. The work also shows that vacuum metallization using an adhesion layer
and a sufficiently thick gold coating can be reproducibly applied to polymer-based

structured components under controlled thermal conditions.

Unlike conventional integrating spheres manufactured from smooth substrates
with diffuse coatings, the present design incorporates the scattering functionality di-
rectly into the structural geometry itself. As a consequence, the optical behaviour of the
FIR-IS is primarily defined by the interaction between geometry, the RHFS-800 sur-
face, and metallic reflectivity. This fabrication strategy addresses an important practical
gap in long-wavelength integrating-sphere technology by enabling cavity-scale reali-
zation of structured geometries that cannot be achieved using conventional machining

or coating-on-smooth-substrate approaches.

100
https://doi.org/10.7795/110.20260928



Chapter 4. Development of the Optical Measure-

ment Setup

This chapter describes the development of the optical system that enables the
FIR-IS to operate in combination with a FTIR spectrometer for directional-hemispher-

ical reflectance and transmittance measurements.

Because the FIR-IS cannot be positioned directly inside the spectrometer sam-
ple compartment, a dedicated external optical coupling system was developed. The sys-
tem guides radiation from the spectrometer to the sphere and subsequently returns the
hemispherically collected radiation back to the detector path while preserving optical
throughput [14, 27, 37].

The resulting configuration forms a unified radiometric instrument consisting
of the spectrometer, the integrating sphere, and an external optical relay system ena-

bling bidirectional beam propagation between both subsystems.

Particular attention was devoted to preservation of optical throughput, since the
available radiometric power at long wavelengths is limited and the external optical re-
lay system introduces additional geometrical constraints. Therefore, the design of the
optical setup was based on throughput conservation, aperture matching, and compati-

bility between the spectrometer optics and the integrating-sphere geometry.

The chapter first describes the throughput constraints governing the optical de-
sign and the corresponding optimization of mirror diameters, focal lengths, and aper-
ture geometry. Subsequently, the implementation of the external optical relay system,
including beam extraction and reinjection using the Bruker A515 unit, is presented.
Finally, the environmental enclosure and thermal stabilization of the measurement sys-

tem are described.

4.1 Throughput Preservation and Aperture Matching

The external optical relay system enables transfer of radiation between the FTIR
spectrometer and the integrating sphere. However, geometrical beam transport alone is
insufficient to ensure efficient radiometric operation of the complete setup. In Fourier-

transform infrared spectroscopy, the achievable detector signal is fundamentally
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limited by the optical throughput (étendue) of the optical system [68]. Consequently,
the external optical assembly must preserve the intrinsic throughput of the spectrometer
while simultaneously adapting the beam geometry to the integrating-sphere ports and
the external optical relay geometry [27, 28, 37, 62, 67].

The optical throughput (étendue) of a radiation beam is defined as
G = Apeamf) 4.1)

where Ap.qm denotes the beam cross-sectional area and (1 the solid angle sub-
tended by the radiation cone. In passive optical Isystems without absorption or beam
clipping, étendue remains conserved along the optical path [37, 69, 70]. Any restriction
of beam diameter or angular acceptance therefore leads to irreversible reduction of op-

tical throughput and consequently to decreased detector signal.

The FTIR spectrometer allows selection of different aperture diameters at the
sample position. In principle, the aperture can be varied over a broad range depending
on the required signal level and spectral resolution. However, in the present setup the
maximum admissible aperture is additionally constrained by the geometry of the exter-

nal optical relay system and the integrating sphere.

As described in Chapter 3 (Section 3.3), the integrating sphere employs ports
with diameters of 30 mm determined by the geometrical design of the sphere and its
radiometric operating conditions. These ports determine the maximum admissible
beam diameter and angular acceptance for radiation entering and leaving the sphere
[10, 13, 14]. If the propagated beam exceeds these geometrical limits, partial clipping
occurs either at the sphere ports or at intermediate optical elements of the relay system,

leading directly to throughput reduction and signal losses.

Consequently, the spectrometer aperture, mirror diameters, and focal lengths of
the external optical system had to be selected jointly such that the propagated beam
remained compatible with the complete optical geometry of the setup. The beam
emerging from the spectrometer must first be accepted by the initial off-axis parabolic
mirror without truncation, subsequently transported through the complete mirror relay
system without clipping at intermediate mirrors, and finally focused through the inte-

grating-sphere entrance port while preserving the required illumination geometry at the
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internal sample position. Simultaneously, the detected radiation path must remain com-

patible with the detector-side relay optics and the return path toward the spectrometer.

The optical geometry is additionally constrained by the finite divergence of the
beam exiting the external beam extraction interface. Because the beam possesses a de-
fined focal region, its diameter changes continuously along the optical path. The di-
mensions and focal lengths of all mirrors therefore directly influence both the propa-
gated beam diameter and the corresponding angular acceptance throughout the relay
system. In addition, the geometry of the integrating sphere imposes further restrictions
on the admissible beam envelope because radiation must pass through the 30 mm
sphere ports without partial beam clipping while simultaneously maintaining the re-

quired focal geometry at the sample position and detector-side port.

Because the optical system consists of multiple coupled optical stages with dif-
ferent focal lengths, beam diameters, and geometrical constraints, analytical estimation
alone was insufficient for reliable optimization of the complete relay geometry. There-
fore, numerical propagation of étendue through the complete optical system was im-
plemented in Mathematica. The calculation included the internal spectrometer optics,
the external beam extraction and return interface, the complete external mirror relay
system, and the integrating-sphere ports. At each optical stage, beam diameter and an-

gular acceptance were recalculated under the condition of étendue conservation.

The numerical propagation was performed sequentially along the complete op-
tical path beginning at the Globar source and the spectrometer aperture. The calculation
subsequently included the internal spectrometer optics, propagation through the exter-
nal beam extraction interface, transfer through all mirrors of the external optical relay
system, passage through the integrating-sphere ports, and focusing at the sample posi-
tion. The detected radiation path was analysed analogously in the reverse direction to-

ward the detector path of the spectrometer.

For every optical stage, the beam diameter and the associated solid angle were
recalculated while enforcing conservation of étendue. This procedure allowed determi-
nation of the admissible beam envelope throughout the complete optical system and
verification that no geometrical clipping occurred either at intermediate mirrors or at

the sphere ports. The calculations additionally enabled optimization of mirror
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diameters and focal lengths while preserving compatibility between the spectrometer

optics and the integrating-sphere geometry.

The numerical analysis demonstrated that the maximum spectrometer aperture
compatible with the complete optical system is 3 mm. Larger apertures lead to partial
beam clipping within the external relay system and at the integrating-sphere entrance
port, resulting in reduced throughput and decreased detector signal levels. Smaller ap-
ertures remain fully compatible with the optical geometry but reduce the available ra-

diometric power.

The calculations further demonstrated that focal lengths of 120 mm and 220 mm
provide efficient beam transfer between the spectrometer and the integrating sphere
while maintaining compatibility with the geometrical constraints imposed by the 30
mm sphere ports. Correspondingly, mirror diameters of 30 mm were found to represent
the minimum dimensions compatible with loss-free beam transport throughout the
complete optical relay system. Oversized mirrors would not increase throughput be-
cause the system remains fundamentally limited by the spectrometer aperture, whereas
undersized mirrors would introduce clipping losses and reduce the transported optical

power.

Maintaining étendue conservation is particularly important at long wavelengths,
where the available radiometric power is limited and detector noise becomes signifi-
cant. The developed optical system therefore preserves optical throughput while main-
taining compatibility with the integrating-sphere geometry and minimizing radiometric
losses. This enables external operation of the integrating sphere while maintaining sta-
ble radiometric conditions and reproducible measurement geometry comparable to

conventional internal FTIR configurations [27, 67, 71, 72].

4.2 Optical Path Design

Based on the throughput constraints and geometrical requirements described in
Section 4.1, an external optical relay system was developed for coupling the FTIR
spectrometer to the integrating sphere.

The optical coupling is based on the Bruker A515 external reflection unit, which

enables the interferometer beam to exit the spectrometer housing, propagate through
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an external optical system, and subsequently re-enter the instrument after interaction
with the integrating sphere [27, 71, 72].

Because the A515 unit alone does not provide sufficient geometrical flexibility
for direct coupling to the integrating sphere, an additional optical relay system was
implemented. This relay consists of flat and off-axis parabolic mirrors that transfer,
shape, collimate, and refocus the radiation beam between the spectrometer and the in-
tegrating sphere while preserving the optical characteristics of the interferometer beam.
Off-axis parabolic mirrors were selected because they enable broadband aberration-
free collimation and focusing without introducing chromatic dispersion, which is par-

ticularly important for broadband infrared radiation [37, 69, 70].

The resulting configuration forms a bidirectional optical relay system connect-
ing the spectrometer and the integrating sphere. A schematic representation of the com-

plete setup is shown in Fig. 4.1.

FTIR spectrometer
Optical relay s

__system

Fig. 4.1. Engineering implementation of the complete external FTIR—integrating-sphere sys-
tem, including the FTIR spectrometer, the external optical relay system, and the FIR-IS. The red and
green beam paths indicate the incident radiation path from the spectrometer to the sphere and the detected

radiation path returning from the sphere to the detector system, respectively.

4.2.1 Optical function of the A515 unit

The external optical coupling is based on the Bruker A515 reflection unit, which
serves as an interface between the FTIR spectrometer and the external optical relay
system. The unit contains an internal reflective arrangement enabling the interferome-

ter beam to exit the spectrometer housing, propagate through the external optical relay
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system, and subsequently re-enter the instrument after interaction with the integrating

sphere.

External beam-transfer units of this type are commonly employed in FTIR spec-
troscopy for coupling interferometers to custom experimental systems while preserving
spectral integrity and optical alignment [27, 28, 37, 71, 72]. A photograph of the Bruker
AS515 unit is shown in Fig. 4.2.

Mirror A4 Mirror A3

Mirror A6 /4
\
Mirror Al

Mirror A
2 Mirror A2

Fig. 4.2. Photograph of the Bruker A515 external reflection unit used for extraction and re-
injection of the interferometer beam between the FTIR spectrometer and the external optical relay sys-
tem. The internal folding mirrors A1-A6 are indicated; mirrors A3 and A4 were primarily used for an-

gular adjustment of the separated beam paths.

In its standard configuration, the A515 unit produces a single converging beam
shared by both the incident and detected radiation paths. However, operation with the
integrating sphere requires spatial separation between the incident radiation path di-

rected toward the sphere and the detected radiation path returning from the sphere.

To achieve this separation, controlled angular adjustment of the internal folding
mirrors inside the A515 unit was performed. The main adjustment was carried out using
the central folding mirrors A3 and A4 indicated in Fig. 4.2, while the remaining mirrors
were used for fine optimization of the beam position and angular alignment. This align-
ment adjustment laterally separated the incident and detected beams by 30 mm while

maintaining optical conjugation with the interferometer focus.
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This alignment adjustment produces two distinct but optically matched radia-
tion paths:

» the incident radiation path directed toward the integrating sphere (red),
= the detected radiation path returning from the integrating sphere toward

the detector system (green).

The resulting internal beam routing inside the FTIR spectrometer is illustrated
schematically in Fig. 4.3.

. -

Interferometer

Electronics

Bolometer D:
R
(/

Fig. 4.3. Schematic representation of the internal radiation paths inside the FTIR spectrometer
after alignment adjustment of the A515 unit. The incident and detected radiation paths are spatially sep-

arated while remaining optically conjugated with the interferometer.

4.2.2 Incident radiation path

The radiation path between the FTIR spectrometer and the integrating sphere is
realized by an external mirror-based relay system. The optical assembly consists of one
flat mirror (Mirror 1-1) and two off-axis parabolic (OAP) mirrors, denoted as Mirror
1-2 and Mirror 1-3.

The incident radiation originates from the Globar source of the spectrometer
and is guided through the A515 unit into the external optical system. The beam exiting

the A515 unit possesses a defined focal point and therefore forms a converging beam.
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The first optical element of the incident radiation path is the flat mirror Mir-
ror 1-1 with dimensions of 50 mm X 24.5 mm x 10 mm, positioned at an angle of 45°.
This mirror is located directly before the focal region of the A515 output and redirects
the radiation toward the first off-axis parabolic mirror while preserving the focusing

geometry.

Mirror 1-2 has a diameter of 30 mm, an off-axis angle of 90°, and a focal length
of frocar = 120 mm. The focal region of the A515 output was matched to the focal
point of Mirror 1-2. As a result, the diverging beam originating from the A515 focus is

transformed by Mirror 1-2 into a collimated beam.

The collimated radiation is subsequently transferred to Mirror 1-3, which has a
diameter of 30 mm, an off-axis angle of 98°, and a focal length of frycq; = 220mm.
Mirror 1-3 refocuses the radiation through the 30 mm entrance port of the integrating
sphere toward the internal sample region located on the opposite inner wall of the

sphere.

The optical geometry was adjusted such that the incident radiation reaches the
sample under an angle of 8° relative to the surface normal, corresponding to the direc-
tional-hemispherical measurement configuration implemented in the present work. A

schematic representation of the incident radiation path is shown in Fig. 4.4.

FIR-IS

Mirror 1-3

Input port
N)
2> Mirror 1-1

Mirror 1-2
Incident radiation path

Fig. 4.4. Optical configuration of the incident radiation path between the AS15 unit and the
integrating sphere. Mirror 1-1 redirects the beam toward the off-axis parabolic mirrors Mirror 1-2 and
Mirror 1-3, which collimate and refocus the radiation into the sphere. The beam is focused onto the
sample position inside the sphere at an incidence angle of 8° relative to the sample normal.
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The focal plane of Mirror 1-3 was positioned at the internal sample location
inside the integrating sphere, ensuring reproducible illumination geometry within the
sphere cavity. The resulting measurement spot at the sample position had an estimated

diameter of 12 mm.

4.2.3 Detected radiation path

After interaction with the sample, the radiation undergoes multiple diffuse re-
flections inside the integrating sphere and subsequently exits through the detector port

located at the upper part of the sphere.

The first optical element of the detected radiation path is the off-axis parabolic
mirror Mirror 2-5 positioned directly above the detector port. The mirror possesses a
diameter of 30 mm, an off-axis angle of 90°, and a focal length of ff,cq; =220 mm. Its
focal plane was positioned on the inner surface of the integrating sphere opposite the
detector port, enabling efficient collection of the hemispherically integrated radiation

emerging from the sphere aperture.

Mirror 2-5 transforms the diverging radiation emerging from the detector port
into a collimated beam. The collimated beam is subsequently redirected by the circular

flat mirror Mirror 2-4, which deflects the radiation downward by 90°.

After vertical propagation, the beam is redirected again by the second circular

flat mirror Mirror 2-3 toward the lower part of the optical relay system.

The subsequent focusing stage is realized using the off-axis parabolic mirror
Mirror 2-2, which has a diameter of 30 mm and a focal length of frycq = 120 mm.

This mirror focuses the detected radiation toward the entrance region of the A515 unit.

Immediately before re-entering the A515 module, the beam is redirected by the
final flat mirror Mirror 2-1 with dimensions of 50 mm % 24.5 mm % 10 mm. The radi-
ation then propagates through the A515 unit back into the FTIR spectrometer and sub-
sequently toward the detector system. A schematic representation of the detected radi-

ation path is shown in Fig. 4.5.
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Fig. 4.5. Optical configuration of the external mirror relay system showing the incident radia-

tion path entering the integrating sphere (red) and the detected radiation path leaving the sphere through
the detector port (green). Mirrors 2-5, 2-4, 2-3, 2-2, and 2-1 guide and refocus the detected radiation
within the relay system.

4.2.4 Optical relay implementation

The external optical relay system was designed such that comparable beam-
transformation conditions are obtained for both the incident and detected radiation
paths. For this purpose, the optical system employs partially symmetric off-axis para-
bolic mirror pairs. Mirrors 1-2 and 2-2 both use focal lengths of 120 mm, whereas
Mirrors 1-3 and 2-5 use focal lengths of 220 mm. This configuration ensures consistent
collimation and refocusing behaviour in both propagation directions and simplifies op-
tical alignment of the overall system. The overall geometry of the optical relay system
is illustrated in Fig. 4.5.

All mirrors used in the setup, including both flat and oft-axis parabolic mirrors,
were manufactured from aluminium alloy EN AW-6061-T6 and coated with protected
gold. This material combination is widely used in infrared optical engineering because
of its favourable balance of machinability, thermal stability, and high infrared reflec-
tance [62].
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The reflective gold coating was protected by a dielectric Y, 05 layer in order to
reduce oxidation, mechanical degradation, and environmental contamination while pre-

serving high optical performance over the infrared spectral range.

According to the manufacturer specifications, the mirrors provide a surface
form accuracy better than 1 um and a surface roughness below 10 nm. Low surface
roughness is essential for minimizing diffuse scattering losses and preserving specular
reflectance within the optical relay system. Increasing surface roughness leads to en-

hanced scattering and reduced optical throughput according to classical scattering the-
ory [18].

All circular mirrors of the optical relay system were mounted in custom-de-
signed aluminium holders manufactured in-house. The mounts incorporated precision
cylindrical seating, H7 tolerance fits, angular adjustment capability, and rigid fixation
after alignment in order to ensure stable and reproducible positioning of the optical
components. The flat mirrors located at the spectrometer interface were mounted using

commercial kinematic holders compatible with standard optical-bench components.

The upper mirrors positioned above the integrating sphere were installed on
five-axis alignment stages with a translational travel range of 3 mm and an angular
adjustment range of +8°. These stages enabled fine angular correction, compensation
of assembly tolerances, and precise alignment of the incident and detected radiation
paths [37, 73].

The resulting optical relay system provides a stable bidirectional optical con-
nection between the FTIR spectrometer and the FIR-IS while preserving the optical
characteristics of the interferometer beam and maintaining reproducible alignment con-

ditions during operation.

4.2.5 Alignment methodology

Alignment of the external optical relay system was performed sequentially us-
ing forward and reverse beam tracing in order to obtain reproducible overlap of the
incident and detected radiation paths. Since the far-infrared beam itself cannot be di-
rectly visualized with sufficient spatial accuracy during mechanical adjustment, auxil-
iary near-infrared and visible alignment sources were used. The alignment principle is
illustrated in Fig. 4.6.
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Fig. 4.6. Alignment principle of the external optical relay system. The incident path was aligned
using a near-infrared spectrometer configuration with a CaF. beamsplitter, while the detected path was
verified in reverse direction using auxiliary LED sources. LED 1 and LED 2 denote the spectrometer-
side and integrating-sphere-side auxiliary sources, respectively. The red path indicates the incident beam
entering the FIR-IS, the green path indicates the detected beam leaving the sphere, and the blue paths
indicate auxiliary alignment beams. The abbreviations M1-* and M2-* denote mirror elements of the

incident and detected radiation paths, respectively.

For the incident radiation path, the spectrometer was operated in a near-infrared
alignment configuration using the internal tungsten-halogen source and a CaF-
beamsplitter under reduced ambient-light conditions. This configuration provided an
observable alignment beam during mechanical adjustment. The mirrors of the incident
path were then adjusted iteratively until the beam propagated through the external relay
system and was focused reproducibly at the sample position inside the integrating

sphere.

The detected path was verified in reverse direction using two auxiliary LED
sources. In the first step, LED 1 was positioned on the spectrometer side. With the A515
unit temporarily removed, the beam from LED 1 was adjusted to coincide with the

near-infrared alignment beam at the focus in the spectrometer sample compartment, as
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indicated schematically in Fig. 4.6. The A515 unit was then reinstalled, so that LED 1
defined the detector-side alignment path through the spectrometer interface toward
Mirror 2-1.

In the second step, LED 2 was positioned on the integrating-sphere side at the
focal region of the detector-side collection optics. The detector-side mirror sequence
was then adjusted in reverse direction until the beam from LED 2 was spatially matched
with the beam from LED 1 at Mirror 2-1. This procedure verified that radiation col-
lected from the sphere detector port was correctly transferred through the external relay

system and imaged back into the detector path of the spectrometer.

The resulting alignment strategy provided stable optical coupling between the
FTIR spectrometer, the external mirror relay system, and the FIR-IS, while preserving
the optical configuration required for radiometric measurements. Forward and reverse
alignment procedures of this type are commonly used in infrared optical instrumenta-
tion when direct visualization of the measurement beam or direct access to detector-

side focal regions is limited [3, 27, 67].

4.3 Environmental Enclosure

A dedicated enclosure was constructed around the external optical relay system
and the integrating sphere assembly. The enclosure was continuously purged with dry
air during operation in order to reduce atmospheric absorption caused primarily by wa-
ter vapour and carbon dioxide along the external optical path. This is particularly im-
portant in infrared spectroscopy, where atmospheric gases can introduce pronounced

absorption features into the measured spectra [27, 28, 62].

The enclosure consisted of transparent PMMA panels mounted on a metallic
frame. The panels were attached using magnetic fixtures and equipped with handles,
allowing convenient access to the integrating sphere system for sample exchange,
alignment, and maintenance while maintaining a stable measurement environment dur-
ing operation. In addition to enabling dry-air purging, the enclosure protected the opti-
cal relay system from external mechanical disturbances and helped preserve alignment

stability throughout the measurements.

During operation, the temperature inside the enclosure was monitored using a

PT100 sensor positioned near the integrating sphere. A second PT100 sensor was
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installed inside the spectrometer housing. The FTIR spectrometer itself was operated
under stabilized thermal conditions using an external thermostat. Temperature was
monitored continuously during the measurements in order to verify stable operating

conditions and support reproducible optical alignment throughout the experiments.

A schematic representation of the enclosure together with the incident and de-
tected radiation paths is shown in Fig. 4.7. A photograph of the realized enclosure and

the complete experimental setup is presented in Fig. 4.8.

FIR-IS enclosure

Incident g
path

Fig. 4.7. Schematic representation of the FIR-IS enclosure surrounding the external optical re-
lay system and the integrating sphere assembly. The incident (red) and detected (green) radiation paths

are indicated.

; * :

|Alignment stages|_

Rotation stagel.

- | Dry-air suply

Fig. 4.8. Photograph of the realized FIR-IS enclosure containing the integrating sphere assem-
bly and the external optical relay system. The enclosure is purged with dry air during operation in order

to reduce atmospheric absorption along the optical path.
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The resulting setup forms a fully integrated external optical measurement plat-
form consisting of the FTIR spectrometer, the A515 beam extraction module, the mir-
ror-based optical relay system, the integrating sphere assembly, and the environmental
enclosure with dry-air purging. The developed system preserves the optical throughput
and alignment stability of the spectrometer while enabling quantitative directional—

hemispherical reflectance and transmittance measurements using the FIR-IS.

The realized setup therefore constitutes the experimental basis for the measure-

ment procedures and validation experiments described in the subsequent chapter.
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Chapter 5. Measurements, Radiometric Correction

and Validation

This chapter presents the experimental investigation and validation of the FIR-
IS together with the associated optical measurement setup developed in the previous
chapters. While Chapters 2—4 focused on the development of the RHFS-based surface
topology, the mechanical realization of the sphere, and the optical coupling to the FTIR
spectrometer, the present chapter evaluates the performance of the complete system

under practical operating conditions.

The FIR-IS was designed to enable directional-hemispherical reflectance and
transmittance measurements in the infrared spectral range. Within the scope of this
work, measurements in the MIR range were carried out from 5 pum to 16.7 um using
an MCT detector, while measurements in the FIR range covered wavelengths from 16.7

pm to 100 um and were performed using thermal detectors.

In these measurements, radiation is incident on the sample from a defined di-
rection, while the reflected or transmitted radiant flux is collected over the correspond-
ing hemisphere by the integrating sphere. The resulting quantities therefore correspond
to directional-hemispherical reflectance or transmittance, depending on the measure-
ment configuration. These quantities are widely used for the characterization of radia-
tive properties of materials and optical components, particularly in the presence of sig-
nificant scattering effects [9, 10, 11, 34]. Although the FIR-IS is designed to support
both quantities, the experimental validation presented in this work focuses primarily
on reflectance. The transmittance capability remains part of the general measurement
concept and can be implemented using the same sphere and optical coupling configu-

ration.

The measurements were carried out using the FIR-IS coupled to an FTIR spec-
trometer via the external optical relay system described in Chapter 4. The spectrometer
provides broadband radiation from an internal Globar source, while the FIR-IS defines
the angular collection geometry after interaction of the radiation with the sample. De-
pending on the spectral range, different detector technologies were employed. The sys-

tem was operated under ambient-pressure conditions. To reduce atmospheric
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absorption, particularly in spectral regions affected by water vapour and carbon diox-

ide, selected sections of the optical path were purged with dry air 3, 27, 28].

To verify the functionality and alignment of the optical system, initial measure-
ments were performed in the MIR spectral range using a liquid-nitrogen-cooled MCT
detector. This spectral range was selected because of the higher detector sensitivity and
improved signal-to-noise ratio compared with the FIR configuration, enabling reliable
verification of the optical beam path, the coupling between the spectrometer and the
FIR-IS, and the implemented measurement procedure. After successful verification in
the MIR range, the measurements were extended to the FIR spectral range from 16.7
um to 100 um, where thermal detectors were employed [3, 25, 32, 33].

Two measurement approaches were implemented. The first approach is based
on the substitution method, in which reference and sample measurements are per-
formed sequentially under identical optical conditions. The second approach employs
a comparison method using a rotating sphere configuration, allowing reference and
sample positions to be alternated while maintaining fixed external optical alignment.
Both methods are established in integrating-sphere radiometry and provide comple-
mentary strategies for evaluating measurement stability and reproducibility [9, 10, 14,
45, 46]. In the present work, however, all final reflectance results are based on the sub-
stitution method, as it provided the highest measurement stability under the imple-

mented experimental conditions.

In addition to the experimental measurements, this chapter presents the radio-
metric correction procedure required for integrating-sphere measurements. The correc-
tion accounts for the finite reflectance of the gold-coated sphere wall, the geometrical
port configuration, and the residual background signal of the optical system. Such cor-
rection procedures are required because the detector signal represents a coupled re-
sponse of the sample, the sphere wall, the port geometry, and multiple internal reflec-
tions rather than the sample reflectance alone [1, 10, 13, 74]. The corrected directional—
hemispherical reflectance is subsequently used as the final measurand for validation
and uncertainty evaluation. A spectral uncertainty budget is established in accordance
with the Guide to the Expression of Uncertainty in Measurement (GUM), including
contributions from measurement repeatability, background correction, sphere-wall re-

flectance, and geometrical parameters [75].
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Finally, the corrected measurement results are compared with reference data
obtained using the PTB emissivity reference setup (EMAF), providing an independent
metrological basis for assessing the performance of the FIR-IS [21, 64, 76].

5.1 Measurement Concept

The measurements performed in this work aim at determining the directional—
hemispherical reflectance of material samples in the infrared spectral range. The FIR-
IS also provides the optical configuration required for directional-hemispherical trans-
mittance measurements; however, the experimental validation presented in this chapter

focuses on reflectance.

In this measurement geometry, radiation is incident on the sample from a de-
fined direction, while the reflected or transmitted radiant flux is collected over the cor-
responding hemisphere. Such angle-integrated quantities are widely used for the char-
acterization of radiative properties of materials and optical components, particularly

when significant scattering effects are present [1, 11, 12, 34, 77].

The measurement concept is based on the FIR-IS, which redistributes radiation
by multiple reflections at its structured inner surface. After interaction with the sample,
the radiation entering the sphere is repeatedly reflected within the cavity, so that the
detector signal becomes proportional to the total radiant flux collected by the sphere
rather than to radiation scattered into a specific direction. This principle forms the basis

of integrating-sphere radiometry [10, 13].

A schematic representation of the optical configuration is shown in Fig. 5.1.
The figure illustrates the incident radiation path and the detected radiation path between
the FTIR spectrometer, the FIR-IS, and the detector configurations used in this work.
Broadband radiation generated by the internal Globar source propagates through the
interferometer and is guided to the external optical relay system via the A515 unit, as
described in Chapter 4.

While Fig. 5.1 provides a top-view representation of the incident and detected
radiation paths, Fig. 5.2 presents a complementary side view of the measurement setup.
This perspective highlights the internal geometry of the FIR-IS, including the positions
of the input, sample, and detector ports, as well as the vertical arrangement of the opti-

cal components guiding the detected radiation.
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Interferometer Interferometer
Electronics Electronics
[
Bolometer Bolometer
- _.
r Globar source Globar source
FTIR FTIR

spectrometer spectrometer

M2-2 M12 l M1-2

Detected path Incident path Incident path
| m1-3
M2-3
¥ Input port sample Input port
(a) port  FIR-IS (b) port  FIR-IS

Fig. 5.1. Top-view schematic of the FIR-IS optical setup showing the beam paths between the
FTIR spectrometer, the integrating sphere FIR-IS, and the detector positions: (a) external detector cou-
pling, in which either the MCT detector or the bolometer is used as an alternative detector configuration;
(b) direct detector coupling with the FDTGS detector mounted at the integrating sphere. The incident
beam is shown in red, and the detected beam in green or blue.

_Justage tables

(b) ==

Fig. 5.2. Side-view schematic of the FIR-IS optical setup illustrating the beam paths and de-
tector positions: (a) external detector coupling towards either the MCT detector or the bolometer as al-
ternative detector configurations; (b) direct detector coupling with the FDTGS detector mounted at the
integrating sphere. The incident beam is shown in red, and the detected beam in green.

Different detector configurations are employed depending on the spectral range.
In the MIR range from 5.0 um to 16.7 pm, measurements are performed using a liquid-
nitrogen-cooled MCT detector. In this configuration, the radiation collected by the FIR-
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IS is guided back through the detected radiation path of the external optical relay sys-
tem, as indicated in Fig. 5.1(a) by the green path.

For measurements in the FIR range from 16.7 um to 100 um, thermal detectors
are required. The optical setup therefore includes two possible FIR detector configura-
tions: an external bolometer connected via the detected radiation path of the relay op-
tics, and a FDTGS detector mounted directly at the integrating sphere. In the bolometer
configuration, the detected radiation leaves the FIR-IS through the detector port and is
guided back to the spectrometer-side detector path via the external optical relay system,
as indicated in Fig. 5.1(a) by the blue path. In the FDTGS configuration, the detector
is positioned directly at the detector port of the sphere, eliminating the need for the
external detected radiation path and thereby reducing optical losses, alignment uncer-

tainties, and stray-radiation contributions.

Although the external bolometer is included in the optical design, no stable and
reproducible measurement signal could be obtained with this detector under the present
configuration. This behaviour is attributed to the insufficient signal level reaching the
bolometer under the implemented optical and geometrical conditions, in combination

with its sensitivity and noise characteristics.

Consequently, all FIR measurements presented in this work were performed
using the FDTGS detector mounted directly at the integrating sphere. This configura-
tion provides an improved signal-to-noise ratio due to the reduced optical path and

minimized losses.

Nevertheless, the integration of the bolometer remains an important element of
the measurement concept. With further optimization of the optical coupling, alignment,
and overall signal throughput, measurements using the bolometer are expected to be-
come feasible in future work, particularly for extended FIR applications.

More generally, the FIR-IS design allows flexible detector integration. Depend-
ing on the measurement requirements, detectors can be placed either externally in com-
bination with relay optics or directly at the sphere ports. Furthermore, different ports
can be used for illumination and detection, enabling various measurement geometries.
This flexibility represents an important feature of the developed system and extends its
applicability across different spectral ranges and detector technologies.

120
https://doi.org/10.7795/110.20260928



Two measurement approaches were implemented. The primary method used in
this work is the substitution method, in which the reference surface and the investigated
sample are measured sequentially under identical optical conditions. As shown in Fig.
5.3, the FIR-IS is equipped with two illumination ports (Port 2 and Port 5) and two
sample/reference ports (Port 3 and Port 4). In the substitution method, measurements
are performed using Port 2 for illumination and Port 4 as the reference/sample port.
After recording the detector signal for the reference, the sample is placed in the same
position without modifying the optical alignment. The measured reflectance is then
obtained from the ratio of the measured signals. This method represents the standard
approach in integrating-sphere radiometry and provides robust and reproducible results
[10, 14].

As a complementary approach, a comparison method based on rotation of the
integrating sphere was implemented. In this configuration, the entire sphere is rotated
relative to the incident beam, allowing reference and sample positions to be alternated
between Port 4 and Port 3 while switching the illumination path between Port 2 and
Port 5 (Fig. 5.3), without modifying the external optical alignment. Such schemes re-
duce alignment-related uncertainties and enable the investigation of measurement sta-
bility and drift effects over time. Particularly, alternating measurements under un-
changed optical conditions can be used to identify systematic variations in detector
response or source intensity [9, 10]. The integrating sphere was mounted on a motor-
ized rotation stage, enabling sample exchange and reconfiguration of the measurement

geometry without disassembly of the optical relay system.

The rotating configuration is also compatible with possible future operation un-
der vacuum or reduced-pressure conditions, where manual sample replacement would
be impractical and time-consuming. While the present measurements were performed
under dry-air conditions, this approach remains relevant for future extensions of the
setup. In this work, however, the final results are based exclusively on the substitution
method.
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Rotating table T

Input port 2 [ M2-3

M1-3

M1-2

Incident path Detected path

Fig. 5.3. Optical configuration of the FIR-IS with two illumination ports and two sample/refer-
ence ports. In the substitution method, Port 2 is used for illumination and Port 4 serves as the refer-
ence/sample port. In the rotating comparison configuration, the sphere is rotated relative to the incident
beam, allowing alternating measurements between Port 4 and Port 3 while switching the illumination

path between Port 2 and Port 5 without modifying the external optical alignment.

A critical aspect of the measurement concept is the separation of the incident
and detected radiation paths in order to suppress parasitic reflections originating from
the external optical system. The corresponding optical configuration is shown in Fig.
5.4. In this setup, the incident radiation path is guided into the FIR-IS, while the de-
tected radiation path is collected separately after redistribution within the sphere. To
support this separation, a beam separator coated with Acktar Velvet Black is introduced
at the intersection of the incident and detected radiation paths. Due to its extremely low
reflectance over a broad spectral range, this coating absorbs unwanted radiation and
minimizes stray-radiation contributions [78, 79]. The implementation of this element
improves measurement stability by reducing parasitic signals originating from the mir-

ror relay system.

Further reduction of stray radiation is achieved by iris apertures placed in front
of the first mirrors of the optical relay system (Fig. 5.4). These apertures constrain the
beam geometry and limit the propagation of off-axis radiation, thereby improving the
reproducibility of the optical coupling between the FTIR spectrometer and the FIR-IS.

In addition to sample and reference measurements, dedicated background meas-

urements are performed. In this configuration (Fig. 5.4), the incident radiation is
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directed into a light trap, while the sample port remains open. The detector then records
the residual signal of the system, originating from stray radiation, multiple reflections,
and detector offsets. This signal represents an apparent reflectance of the setup and is
referred to as the underground signal R,,. It is taken into account in the data evaluation
[80].

Light trap

Input port 2
= M2-3

M1-3

Iris aperture Iris aperture

Fig. 5.4. Optical configuration of the FIR-IS illustrating the separation of the incident and de-
tected radiation paths. The incident radiation path is guided into the sphere via the mirror relay system,
while the detected radiation path is collected after redistribution within the sphere. A beam separator
coated with Acktar Velvet Black is positioned at the intersection of both paths to suppress parasitic re-
flections. Iris apertures are used to limit off-axis radiation. For background measurements, the incident

radiation is directed into a light trap, allowing determination of the underground signal R,,.

5.2 Radiometric Correction of Integrating Sphere Measurements

5.2.1 Necessity of integrating sphere correction

In first approximation, the directional-hemispherical reflectance R;_j  can be
expressed as the ratio of detector signals obtained for the sample S, and a reference

surface S,ofrence Under identical experimental conditions,

S sample

Rg_pa = 5 (5.1)

reference

However, when an integrating sphere is used, this ratio does not directly repre-
sent the reflectance of the sample under the defined measurement geometry. The meas-

ured detector signal is influenced not only by the optical properties of the sample but
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also by the radiometric behaviour of the integrating sphere itself. In particular, it de-
pends on the reflectance of the sphere wall, the relative areas of the open ports, and the

redistribution of radiation within the cavity due to multiple reflections.

As a result, the measured signal represents a coupled response of the sample
and the measurement system. These effects are well established in integrating-sphere
radiometry [1, 10, 74, 81, 82] and lead to systematic deviations if not corrected. There-
fore, a radiometric correction model is required in order to determine the corrected

directional-hemispherical reflectance of the sample.

In the present work, an analytical correction model for integrating-sphere meas-
urements was applied. The model accounts for the influence of the sphere-wall reflec-
tance, the geometrical parameters of the sphere, and the residual background signal of

the real measurement system, as described in the literature [80].

5.2.2 Geometrical parameters of the integrating sphere

The correction model requires the definition of geometrical parameters describ-
ing the relative distribution of reflective and non-reflective areas within the integrating
sphere. These parameters are expressed in terms of fractional surface areas with respect

to the total internal surface area of the sphere.
For a sphere with radius r, the internal surface area is given by
Asphere = 4112, (5.2)
The fractional area of the sample is defined as

Asample

fs = , (5.3)

Asphere
where Aggmpie denotes the area of the sample located at the sample port.
The fractional area of the sphere wall is defined as

Agold

fo = , (5.4)

A sphere

where Agq14 represents the effective area of the gold-coated inner surface of the

sphere.
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The integrating sphere used in this work has an inner diameter of 150 mm and
port diameters of 30 mm. During the measurements, only three ports were open: the
illumination port, the detector port, and the sample port. All remaining ports were
closed using gold-coated inserts designed to reproduce the optical properties of the in-

ner sphere surface.
Under these conditions, the fractional surface areas can be approximated as
fs = 0.01, f;, = 0.97, (5.5)
leading to a total effective reflective fraction of

frotar = fg + fs = 0.98. (5.6)

These parameters determine the redistribution of radiation within the sphere and

therefore constitute essential input quantities for the correction model.

5.2.3 Measured quantities

The radiometric correction is based on experimentally determined spectral

quantities derived from FTIR measurements.

The measured reflectance R,, (1) is obtained from the ratio of the spectra cal-
culated from the Fourier-transformed interferograms of the sample and the reference

measurement. After processing in the OPUS software, this quantity is given by

Rm (ﬂ) _ Ssample(l)

—_—, 5.7
S reference (A) ( )

where S¢;mpje a0d S reference denote the spectral detector signals corresponding to

the sample and reference measurements, respectively [27].

The sphere-wall reflectance R, (1) represents the effective reflectance assigned
to the gold-coated inner surface of the integrating sphere in the correction model. Since
direct measurement of the structured RHFS-800 sphere wall was not feasible with the
available EMAF measurement geometry, R, (1) was derived from spectral emittance
measurements of the planar gold-coated reference sample described in Chapter 3. This
sample was coated together with the sphere components and was used to characterize
the absorption losses of the deposited gold coating. Based on the opacity of the gold
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coating and the relation introduced in Chapter 1, the spectral reflectance assigned to

the sphere wall is given by
Ry() =Rgan@) =1-e(®) (58

where e(A1) denotes the measured directional spectral emittance of the gold-
coated reference sample. In the present work, the emittance dataset measured at an
observation angle of 20° was used for this evaluation. The 20° dataset was selected
because it represents the smallest available observation angle in the EMAF measure-
ments and is therefore closest to near-normal coating behaviour among the measured

configurations [21].

In addition to R, and R, the correction requires the underground signal Ry, (4).
This quantity is obtained using the light-trap configuration described in Section 5.1, in
which the incident radiation is directed into a radiation trap instead of illuminating the

sample position. The detector then records the residual signal of the optical system.

This signal represents the background contribution of the measurement system
and includes residual stray radiation, imperfect absorption, and deviations from ideal
sphere behaviour. Its inclusion in the correction model is essential for accurate data

evaluation [80].

5.2.4 Correction equations

The measured reflectance R,, (1) does not directly represent the directional—
hemispherical reflectance of the sample under the defined measurement geometry. It is
influenced by multiple reflections between the sample and the sphere wall, as well as
by the finite reflectance of the gold-coated sphere wall and by the port geometry of the
system.

To account for these effects, a radiometric correction based on an analytical
integrating-sphere model was applied [80]. The model explicitly describes the radiative

coupling between the sample and the sphere.

A key quantity in this model is the correction parameter x(4), which accounts
for the contribution of the residual background signal and the real-system radiometric

response of the sphere wall. It is determined from the underground signal according to
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Jfytfi  1-fRy
fg 1_(fg +fs)Rg.

X =Ry (5.9)
In this expression, Ry, is the underground signal, Ry is the reflectance assigned
to the gold-coated sphere wall, f; is the fractional area of the gold-coated sphere wall,

and f; is the fractional area of the sample.

The corrected directional-hemispherical reflectance R (1) is obtained by solv-
ing the analytical expression of the integrating-sphere model, which can be written in
the form

A++VB
Ry=—r—,

(5.10)

where A, B, and C denote algebraic terms of the analytical solution.

The term A is given by

A= _ngg + xngg - xstg + ftotalngg - xftotalngé + xftotalsté
~ frotatfsRG R, (5.11)

with fiora = fg + fs.
The term under the square root is given by
B = R2 [(4(x ~Df(fRy — 1)
’ (xfg (ftotale - 1) + ftotal(l - ngg)Rm))
+ (@ = Dfy(froraiRy —

2
+ fs(x - xftotale + ftotaleRm)) ]

(5.12)

and accounts for the nonlinear dependence introduced by multiple reflections
inside the sphere.

The normalization factor is given by

C =2f(x = D(ftotaRg — 1). (5.13)
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The resulting formulation accounts for the combined influence of sphere geom-
etry, finite sphere-wall reflectance, and residual background signal, enabling the cor-

rected sample reflectance to be determined from the measured spectra.

The behaviour of the model can be interpreted by considering limiting cases.
For an ideal integrating sphere with perfectly reflecting walls ( R, -1 ) and negligible
background signal (R,, = 0, x — 0), the correction term associated with residual back-
ground contributions vanishes. In this limit, the measured and corrected reflectance

approach each other.

In real systems, however, deviations from this ideal behaviour are unavoidable.
Finite sphere-wall reflectance and non-zero background signals introduce a coupling
between the sample and the sphere, which is explicitly captured by the analytical for-
mulation. This demonstrates the necessity of the correction for accurate radiometric

measurements.

5.2.5 Implementation of the correction in LabVIEW

The radiometric correction was implemented in a dedicated data-processing
routine developed in LabVIEW. A screenshot of the graphical user interface is shown
in Fig. 5.5.

The program evaluates the corrected reflectance spectrum based on measured
input data and predefined geometrical parameters. The primary input is the measured

reflectance R, (1), defined by Eq. (5.7), representing the uncorrected spectrum.

In addition, the sphere-wall reflectance R;(4) is required. This can be provided
either as a constant value or as a wavelength-dependent spectrum. In the present work,
the latter approach was used, based on spectral emittance measurements of the gold-

coated planar reference sample described in Chapter 3.

Similarly, the underground signal R, (1) can be introduced either as a scalar
value or as a measured spectrum. In this work, it was determined experimentally for

each measurement using the light-trap configuration described in Section 5.1.

To ensure consistent evaluation, an interpolation routine is implemented. Since
the spectra Ry, (4), Ry(4), and R, (1) may originate from different measurements and

therefore may not share identical wavelength grids, the program resamples R, and
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R, onto the wavelength grid of R,,,. This ensures pointwise consistency and avoids nu-

merical artefacts.

The geometrical parameters f; and f; are specified as scalar values determined

from the sphere configuration and remain constant during evaluation.

The correction is performed pointwise for each wavelength. First, the correction
parameter x(4) is calculated using Eq. (5.9). Subsequently, the corrected reflectance
R (A) is obtained using Eq. (5.10).
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Fig. 5.5. Graphical user interface of the LabVIEW program developed for the radiometric cor-
rection of integrating sphere measurements. The program processes the measured reflectance spectrum
R, (1), defined as the ratio of sample and reference signals, together with the sphere-wall reflectance
R4(2) and the underground signal R, (4). The latter quantities can be provided either as scalar values or
as wavelength-dependent spectra. The geometrical parameters f; and f; are specified based on the sphere
configuration. Optional interpolation functions allow the spectral data to be mapped onto a common
wavelength grid prior to evaluation. The displayed plot compares the measured reflectance (red curve)

with the corrected reflectance (white curve) obtained after applying the radiometric correction model.

The graphical output allows direct comparison between the measured and cor-
rected spectra, enabling visualization of the correction effect. This implementation pro-
vides a flexible and reproducible framework for processing integrating-sphere meas-

urements, supporting both simplified and fully spectral input data.
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5.2.6 Processing sequence

The overall data-processing procedure follows a well-defined sequence to en-

sure consistent and reproducible evaluation.

First, interferograms of the sample and reference are recorded under identical
experimental conditions using the FTIR spectrometer. These interferograms are trans-
formed into the spectral domain via Fourier transformation in the OPUS software.
Based on the resulting spectra, the measured reflectance R,, (1) is calculated according
to Eq. (5.7).

In the next step, the measured spectrum is processed using the LabVIEW rou-
tine described in Section 5.2.5. The radiometric correction model is applied, taking into
account the sphere-wall reflectance, geometrical parameters, and the underground sig-

nal.

As a result, the corrected directional-hemispherical reflectance spectrum
R, (A) is obtained. This spectrum represents the final measurement result of the inte-

grating sphere system and forms the basis for validation and uncertainty evaluation.

5.3 Uncertainty Analysis

5.3.1 General approach

The corrected directional-hemispherical reflectance R;(4), obtained from the
radiometric correction model described in Section 5.2.4, represents the final measurand
of the integrating sphere measurement. As shown in Section 5.2, the determination of
R (1) is based on an analytical model that accounts for the radiative coupling between
the sample and the integrating sphere, including the influence of the sphere-wall reflec-

tance, the geometrical configuration, and the residual background signal.

As a consequence, the corrected reflectance Ry (1) depends on several measured
and derived input quantities, namely the measured reflectance R,, (1), the underground
signal R,, (1), the sphere-wall reflectance R (1), and the geometrical parameters f; and
fg» as introduced in Sections 5.2.2 and 5.2.3. The final measurement result is therefore
associated with uncertainties originating both from the experimental determination of

these quantities and from the parameters of the integrating sphere model itself.
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In accordance with the GUM [75], the measurand is expressed as a function of

its input quantities,

RS(/‘{) = Rs(Rm(A)'Ru(A):Rg(A)' ﬁs: fg:l): (5.14)

where the functional relationship is defined by the analytical correction model
given in Section 5.2.4. This model includes nonlinear terms, products of input quanti-

ties, and the auxiliary parameter x(4), which itself depends on R, (1), Ry4(4), f;, and
fg-

All input quantities entering the correction model are wavelength-dependent,
with the exception of the geometrical parameters f; and f,;, which are treated as con-
stants for a given measurement configuration. Consequently, the uncertainty evaluation
is performed spectrally, i.e. pointwise as a function of wavelength. This approach ena-
bles the determination of a wavelength-dependent uncertainty associated with the cor-
rected reflectance spectrum and is consistent with the spectral nature of the FTIR meas-

urements.

Throughout the uncertainty propagation, all input uncertainties are expressed as
standard uncertainties, corresponding to a coverage factor k = 1. This applies to the
Type A contributions derived from repeated measurements as well as to the Type B
contributions associated with the sphere-wall reflectance and geometrical parameters.
The expanded uncertainty of the final corrected reflectance is calculated only after

propagation of the combined standard uncertainty, using a coverage factor k = 2.

Due to the nonlinear structure of the correction model, analytical propagation
of uncertainties based on sensitivity coefficients is not applied. In particular, the pres-
ence of the auxiliary parameter x(4) introduces coupling between several input quan-
tities, which makes the derivation of analytical sensitivity coefficients cumbersome and
potentially unstable. Furthermore, the square-root term in the analytical solution for

R (1) (see Section 5.2.4) represents an additional source of nonlinearity.

For this reason, a numerical uncertainty propagation approach is employed in
the present work. In this approach, the influence of each input quantity on the corrected
reflectance is evaluated by perturbation, while consistently accounting for the nonlinear

structure of the model. This method avoids the need for explicit analytical derivatives
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and ensures that interactions between the input quantities are taken into account. The

details of the numerical propagation procedure are described in Section 5.3.3.

5.3.2 Input quantities and classification

The uncertainty analysis is based on the input quantities entering the radio-
metric correction model introduced in Section 5.2. These quantities can be divided into
two groups: experimentally determined spectral quantities and geometrical parameters

of the integrating sphere.

The spectral input quantities are the measured reflectance R, (1), the under-

ground signal Ry, (1), and the sphere-wall reflectance Ry (4).

The quantities R,,(1) and R, (1) are obtained from repeated FTIR measure-
ments and are therefore associated with Type A uncertainties derived from measure-
ment repeatability. The sphere-wall reflectance R, (4) is derived from spectral emit-
tance measurements of the gold-coated planar reference sample described in Chapter
3. Based on the opacity of the gold coating and the relation introduced in Chapter 1,
the reflectance is obtained as given in Eq. (5.8). The corresponding uncertainty is there-
fore derived from the uncertainty of the spectral emittance measurement and is classi-
fied as a Type B contribution. In accordance with common practice in spectral radiom-

etry, both R;(4) and its uncertainty are treated as wavelength-dependent quantities.

The geometrical parameters f; and f,; describe the fractional surface areas of
the sample port and the gold-coated inner sphere wall, respectively. These parameters
are determined from mechanical measurements and geometrical considerations and are
treated as constant over the entire spectral range. Their uncertainties arise from meas-
urement tolerances and simplifications of the sphere geometry and are therefore clas-

sified as Type B uncertainties.

An overview of the input quantities and their classification is given in Table 5.1.
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Spectral /

Quantity Symbol Type Method of determination
constant
Measured repeatability of FTIR measure-
R, A spectral
reflectance ments

. repeatability (light trap meas-
Underground signal R, A spectral

urement)
Sphere wall derived from spectral emit-
R, B spectral
reflectance tance measurements
Sample fraction fs B constant geometrical measurement
Sphere wall fraction fq B constant geometrical estimation

Table 5.1. Input quantities and their classification

5.3.2.1 Uncertainty of the measured reflectance R,,,(1)

The measured reflectance R,, (1) constitutes a primary input quantity of the ra-
diometric correction model and is defined as the ratio of the sample and reference spec-
tra, as described in Section 5.2.3. The associated uncertainty is evaluated as a Type A
uncertainty based on the repeatability of the FTIR measurements, in accordance with
the GUM [75].

Since R,, (1) is obtained from repeated observations under unchanged experi-
mental conditions, the statistical analysis of these measurements provides a direct esti-

mate of the standard uncertainty without requiring additional model assumptions.

For the repeatability evaluation, the same measurement configuration and the
same reflecting surface were used for all repetitions. The gold-coated inner sphere sur-
face was selected because of its high reflectance and stable optical behaviour, providing
reproducible measurement conditions. Consequently, variations in R,,(A1) are at-
tributed primarily to statistical fluctuations of the measurement system, including

source stability, detector noise, and interferometric repeatability.

For the MIR spectral range from 5.0 pm to 16.7 pm, measurements were per-
formed using the FTIR configuration described in Section 5.1, comprising a liquid-
nitrogen-cooled MCT detector, a Globar radiation source, and a KBr broadband
beamsplitter. The aperture was set to 3 mm and the scanner velocity to 20 kHz. A series

of repeated measurements (n = 20 )was carried out under identical conditions.
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From these measurements, the standard deviation s(R,,, A1) was determined for

each wavelength, and the standard uncertainty was calculated as

U(Rp, A) = %.

The resulting uncertainty is wavelength-dependent and reflects the statistical

(5.15)

variation of the measured signal. Since the same measurement configuration was used
throughout, this variation directly represents the repeatability of the measurement sys-

tem under the selected conditions.

The evaluated data show that the absolute uncertainty of R,,(4) in the MIR
spectral range is on the order of 107, indicating a low level of statistical variation.
This is consistent with the high sensitivity of the MCT detector and the favourable
signal-to-noise ratio in this spectral region. Figure 5.6 illustrates the repeatability of the
measured signal used to estimate the Type A uncertainty contribution assigned to
R,, (1) in the MIR range.
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Fig. 5.6. Repeatability of the measured signal in the MIR spectral range, obtained from
20 repeated FTIR measurements using the gold-coated inner sphere surface. The spread of the curves
reflects the statistical variation used for the determination of the standard uncertainty contribution as-
signed to R,,(4).
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For the FIR spectral range from 16.7 um to 100 um, the same evaluation pro-
cedure was applied using the FIR configuration described in Section 5.1, employing a
FDTGS detector mounted directly at the integrating sphere and a Mylar multilayer
beamsplitter. The aperture was set to 3 mm and the scanner velocity to 2.5 kHz. Again,
a series of repeated measurements (n = 20 ) was performed under unchanged condi-

tions, and the standard uncertainty was determined according to Eq. (5.15).

In this spectral range, the reflectance values are on the order of 10™*, while the
absolute uncertainty remains on the order of 107°. Due to the increased noise of the
thermal detector, the relative uncertainty is therefore higher than in the MIR range.
Figure 5.7 shows the repeatability of the measured signal used to estimate the Type A

uncertainty contribution assigned to R, (1) in the FIR range.
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Fig. 5.7. Repeatability of the measured signal in the FIR spectral range, obtained from 20 re-
peated FTIR measurements using a FDTGS detector mounted directly at the integrating sphere. The
increased spread reflects the lower signal-to-noise ratio in the FIR configuration and is used to estimate

the standard uncertainty contribution assigned to R, (1).

Overall, the uncertainty of R,,(4) is governed by the repeatability of the FTIR
measurements and reflects the detector performance, source stability, and signal-to-

noise ratio in the respective spectral range.
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5.83.2.2 Uncertainty of the underground signal R,,(1)

The underground signal R, (1) is an experimentally determined input quantity
of the radiometric correction model. It represents the residual response of the measure-
ment system in a configuration in which the incident radiation does not interact with
the sample. In the implemented setup, the incident radiation is redirected into a light
trap, as described in Section 5.1, so that the detector records the residual signal of the
optical system rather than radiation reflected by the sample. The detector records the
remaining system signal, which originates from detector noise, stray radiation, imper-

fect beam suppression, and residual reflections within the optical system.

It is essential to distinguish between the underground signal R, (1) itself and its
associated uncertainty. The non-zero value of R, (1) is not treated as an uncertainty
contribution, but as a measured input quantity of the correction model. Its standard
uncertainty is evaluated separately from repeated measurements. According to the
GUM [75], this corresponds to a Type A evaluation based on the statistical analysis of

repeated observations under unchanged measurement conditions.

For the repeatability evaluation, the underground signal was measured repeat-
edly using the same optical configuration as in the corresponding reflectance measure-
ments. Since the optical alignment and measurement geometry were kept unchanged,
the observed variation of R, (1) can be attributed to statistical fluctuations of the meas-

urement system.

For each wavelength, the mean underground signal was determined from the
repeated measurements, and the experimental standard deviation s(R,, 1) was calcu-
lated. As the mean value is used in the correction model, the corresponding standard

uncertainty is calculated analogously to Eq. (5.15).

For the MIR spectral range 5.0 pm — 16.7 pm, the underground measurements
were performed using the same configuration as for the reflectance measurements,
comprising a Globar source, a KBr broadband beamsplitter, and a liquid-nitrogen-
cooled MCT detector. The aperture was set to 3 mm and the scanner velocity to 20 kHz.
A series of repeated measurements was recorded under unchanged conditions. Figure

5.8 shows the repeatability of R, (4) in the MIR spectral range.
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Fig. 5.8. Repeatability of the underground signal R, (1) in the MIR spectral range, obtained
from repeated measurements using the light-trap configuration. The spread of the curves reflects the

statistical variation used for the Type A evaluation of u(R,, 1).
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Fig. 5.9. Repeatability of the underground signal R,, (1) in the FIR spectral range, obtained from
repeated measurements using the light-trap configuration and a FDTGS detector mounted directly at the
integrating sphere. The increased spread reflects the reduced signal-to-noise ratio in the FIR configura-

tion.
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For the FIR spectral range 16.7 pm — 100 um, the same procedure was applied
using the FIR configuration, consisting of a Mylar multilayer beamsplitter and a
FDTGS detector mounted directly at the integrating sphere. The aperture was set to 3
mm and the scanner velocity to 2.5 kHz. The repeated measurements exhibit a larger
statistical spread than in the MIR range, which is consistent with the reduced signal-to-
noise ratio of the thermal detector at longer wavelengths. Figure 5.9 illustrates the re-

peatability of R, (1) in the FIR spectral range.

The resulting R, (1) and u(R,, 1) are treated as spectral quantities over the full
investigated range from 5.0 pm to 100 pm. Figure 5.10 shows the combined under-
ground signal together with its standard uncertainty, which serves as input for the sub-

sequent uncertainty propagation through the correction model.
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Fig. 5.10. Mean spectral underground signal R, (1) over the full investigated range from 5.0
pm to 100 pm, shown together with its standard uncertainty u(R,, A). The mean signal is used as an

input quantity in the correction model, while the uncertainty is propagated pointwise.

Although the underground signal is small compared to the measured reflec-
tance, it is explicitly included in the analysis, as it enters the auxiliary correction pa-
rameter x(4). Consequently, both the mean value R, (4) and its associated uncertainty

u(R,, 1) are propagated pointwise in the final uncertainty budget.
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5.3.2.3 Geometrical parameters f; and f,

The geometrical parameters f; and f,; describe the fractional surface areas of
the sample port and the gold-coated inner sphere wall, respectively, and constitute input
quantities of the radiometric correction model. These parameters determine the redis-
tribution of radiation inside the integrating sphere and therefore influence the corrected

reflectance.

The fractional surface areas are defined with respect to the total internal surface
area of the sphere. Their analytical expressions were introduced in Section 5.2 and are
therefore not repeated here. In the present section, the focus is placed on the determi-

nation of the corresponding input values and their associated uncertainties.

During the measurements, three ports were open, namely the input port, the
detector port, and the sample port. All remaining ports were closed using gold-coated
inserts designed to reproduce the optical properties of the inner sphere surface. Under
these conditions, the geometrical parameters f; and f,; are determined by the relative

dimensions of the sphere and the open ports.

In order to obtain realistic input values, a representative port diameter was de-
termined experimentally. The input port was measured at several positions and orien-
tations, and additional check measurements were performed on other ports to verify
comparable dimensions. A total of twenty measurements yielded a mean representative

port diameter
d, = 29.905 mm,
with an experimental standard deviation

u(d,) = 0.423 mm.

The observed spread reflects both measurement uncertainty and actual geomet-
rical deviations of the port geometry. Therefore, the experimental standard deviation
was conservatively used as the standard uncertainty of the representative port diameter,
rather than as the uncertainty of the mean. The same value was used for the sample port

diameter dg, assuming comparable manufacturing tolerances.

The inner diameter of the integrating sphere could not be determined directly

due to the structured surface and the gold coating. The nominal value
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D = 150 mm

was therefore used together with an estimated deviation of £1 mm. Assuming a

rectangular probability distribution, the corresponding standard uncertainty is

u(D) = % = 0.577 mm. (5.16)

The contribution of the gold coating thickness (approximately 200 nm) is neg-
ligible compared to the sphere diameter and was therefore not considered.

The standard uncertainties of f; and f; were determined using the law of prop-

agation of uncertainty. For the sample fraction, this yields

w6 = (L) +(Luw). 617

and for the sphere wall fraction

2 2
u?(fy) = (%u(d,,)) + <%u(D)> . (5.18)

The required sensitivity coefficients follow directly from the analytical expres-
sions introduced in Section 5.2 and are therefore not repeated here.

Using the measured and estimated values

dp =d, = 29.905 mm,u(dp) = 0.423mm,D = 150 mm, u(D) = 0.577 mm,
the resulting fractional areas are approximately
fs = 0.01, f; = 0.97,
with corresponding standard uncertainties
u(fy) =3-107%u(fy) ~ 1-1073.

These uncertainties are small compared to the nominal values of the geometrical
parameters, which is consistent with the relatively large sphere diameter compared to
the port diameters. The dominant contribution to the uncertainty originates from the
variability of the port diameters, while the uncertainty of the sphere diameter has a
smaller influence.
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The geometrical parameters f; and f,, together with their associated uncertain-

ties, are treated as Type B input quantities in the uncertainty budget and are assumed to

be constant over the entire investigated spectral range.

5.3.2.4 Sphere-wall reflectance R;(A)

The sphere-wall reflectance Ry () is a key input quantity of the radiometric
correction model, as it governs the radiative coupling between the sample and the gold-

coated inner surface of the integrating sphere.

In the present work, R;(4) was not measured directly within the integrating
sphere setup. Direct spectral emittance measurement of the structured RHFS-800
sphere wall was not feasible with the available EMAF measurement geometry. There-
fore, Ry(4) was derived from spectral emittance measurements of the planar gold-
coated reference sample described in Chapter 3. This sample was coated together with
the sphere components and was used to characterize the absorption losses of the depos-
ited gold coating.

Based on the opacity of the gold coating and the relation introduced in Chapter
1, the reflectance assigned to the gold-coated sphere wall is obtained as given in Eq.
(5.8), where e(Ad)denotes the measured directional spectral emittance of the gold-
coated reference sample. In Chapter 3, the emittance of this sample was measured at
several observation angles. For the radiometric correction model, the dataset measured
at an observation angle of 20° was used. This dataset was selected because it represents
the smallest reliable observation angle available for the highly reflecting gold-coated
reference sample; measurements at 10° are avoided for mirror-like samples in the

EMAF configuration due to direct back-reflection into the optical path.

The emittance data and their associated uncertainties were obtained from meas-
urements carried out at PTB using EMAF. The uncertainty evaluation follows the meth-
odology established for high-accuracy spectral emittance measurements, as described
in the literature [21]. Within this framework, both e(A1) and its uncertainty are treated
as wavelength-dependent quantities, enabling pointwise evaluation over the full spec-

tral range.

The standard uncertainty of the sphere-wall reflectance is directly obtained from

the emittance uncertainty as
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u(Ry, 1) = u(e, A). (5.19)

The provided uncertainty data correspond to a coverage factor of k = land are
therefore used directly as standard uncertainties, consistent with the uncertainty treat-
ment adopted in Section 5.3.1. The expanded uncertainty is applied only to the final

corrected reflectance after uncertainty propagation.

Both R, (1) and u(Rg, 1) are treated as spectral quantities over the investigated
wavelength range from 5.0 pm to 100 um. This spectral treatment is essential, as the
reflectance assigned to the gold-coated sphere wall exhibits wavelength dependence,
particularly in the far-infrared region. Figure 5.11 shows the spectral reflectance Ry (4),
derived from the 20° spectral emittance, together with its associated standard uncer-

tainty. The shaded region represents the wavelength-dependent standard uncertainty.

Wavelength / ym

100.0 28.6 16.7 11.8 9.1 7.4 6.3 54 50
1.10 1.10
o)
(] i L
[
& 1.05 1.05
3] ] L
Q
(=4
o
8 1.00 1.00
E L
< g L
% 1 MM/M
E 1 V‘WWWWM
o 0.95 1 { 0.95
.? J L
= L
c
o ] L
é 0.90 ] I 0.90
o
0.85 —— — ——— — — — — — 0.85
100 350 600 850 1100 1350 1600 1850 2000

Wavenumber / cm™

Fig. 5.11. Directional-hemispherical reflectance R,(1) assigned to the gold-coated sphere wall
in the radiometric correction model, derived from the directional spectral emittance of a planar gold-
coated reference sample representative of the sphere-wall coating. The emittance was measured with the
PTB reference setup EMAF at T = 80 °C and an observation angle of 20°. The 20° dataset was used
because it represents the smallest reliable observation angle for the highly reflecting gold-coated sample.

The shaded region represents the standard uncertainty u(Rg, /1) (k=1).
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The quantities R, (1) and u(Rg, 1) are treated as Type B input quantities, as they
are derived from independent measurements and not from repeated observations within

the present experiment.

The influence of R;(4) on the uncertainty budget is particularly significant. Due
to its nonlinear role in the correction model, the uncertainty associated with the sphere-
wall reflectance constitutes the dominant contribution to the combined uncertainty of

the corrected reflectance over most of the investigated spectral range.

This behaviour reflects the fact that the radiative exchange within the integrat-
ing sphere is strongly governed by the wall reflectance. Consequently, uncertainties in
R4 (A), even if moderate, propagate efficiently through the correction model and ulti-

mately limit the achievable measurement accuracy.

5.3.3 Uncertainty propagation method

The corrected directional-hemispherical reflectance R;(A1), as introduced in
Section 5.2.4, is obtained from an analytical radiometric correction model involving
multiple coupled input quantities and nonlinear terms. Consequently, the propagation
of uncertainties from the input quantities to the corrected reflectance requires a con-

sistent and physically meaningful approach.

Within the framework of the GUM, uncertainty propagation is commonly per-
formed using sensitivity coefficients, defined as partial derivatives of the measurand
with respect to the input quantities [75]. In this approach, the combined standard un-
certainty is obtained as a weighted combination of the individual contributions, provid-

ing a direct interpretation of their influence on the measurement result.

However, the correction model applied in the present work exhibits a strongly
nonlinear structure. The analytical expression for R;(4) contains higher-order terms,
products of input quantities, and a square-root term arising from the solution of the
integrating-sphere model. In addition, the auxiliary parameter x(4), introduced to ac-
count for the real-system radiometric response of the integrating sphere, depends ex-
plicitly on several input quantities, namely R, (1), Ry4(4), fs, and f,. This results in an
implicit coupling between the input quantities and introduces additional nonlinear de-

pendencies within the model.
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Under these conditions, the determination of analytical sensitivity coefficients
is not practical. Even if formally derived, their evaluation would be cumbersome and
potentially numerically unstable, particularly in spectral regions where the model ex-
hibits increased sensitivity. Moreover, the validity of the linear approximation under-
lying the classical GUM approach is limited in the presence of pronounced nonlinear-
ities.

For models of this type, GUM Supplement 1 recommends the use of numerical
methods, such as Monte Carlo techniques or the propagation of distributions. In the
present work, a numerical perturbation approach is employed to analyse the influence
of the individual input quantities on the corrected reflectance. This method can be in-
terpreted as a finite-difference approximation of the sensitivity coefficients and is well

suited for the analysis of complex nonlinear models.

In the numerical implementation, each input quantity

X; € {Rm, Ry, Ry, fs fg}

is varied individually by its associated standard uncertainty u(x;), while all
other quantities are kept at their nominal values. The corrected reflectance is then re-

calculated for positive and negative perturbations,
Rg+(A) = Rs(x; +u(x:)), Rs,— (1) = Rs(x; — u(xy)). (5.20)

The resulting variation of the corrected reflectance provides a direct estimate of
the sensitivity of the model to the corresponding input quantity. For input quantities
exhibiting an approximately symmetric response, the associated variation is evaluated

as

Ros) —Rs-) |

Ai(Rg, A) =1 2

(5.21)

This quantity represents a numerical measure of the local sensitivity and is used
to analyse the relative importance of the different input quantities across the spectral

range.

A specific feature of the present correction model is the presence of the auxiliary
parameter x(A), which depends on several input quantities. Therefore, any perturbation

of Ry, (1), Ry(4), fs, or fyrequires a consistent recalculation of x(A) prior to evaluating
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the corrected reflectance. This step is essential to preserve the internal consistency of

the model and to correctly represent the physical coupling between the quantities.

In addition to the nonlinear coupling, physical constraints must be taken into
account. In particular, the reflectance of the sphere wall is physically limited to values
not exceeding unity. Due to the uncertainty associated with R;(4), the perturbed value
Ry(1) + u(Rg, /1) may formally exceed this limit. In the numerical implementation,
this is addressed by restricting the perturbed values to the physically admissible range.
As a consequence, the model response may become asymmetric with respect to positive
and negative perturbations. In such cases, the associated variation is evaluated conser-

vatively as the maximum deviation from the nominal value.

The numerical perturbation analysis provides a consistent characterization of
the sensitivity of R;(4) to each input quantity over the entire spectral range. In partic-
ular, it enables the identification of dominant uncertainty contributions and their spec-

tral behaviour while fully accounting for the nonlinear structure of the model.

The analysis shows that the contribution associated with the sphere-wall reflec-
tance R, (1) clearly dominates the uncertainty budget. For the investigated Nextel sam-
ple, measured with the FIR-IS at room temperature and an incidence angle of 8°, the
mean relative contribution of R;(4) in the MIR spectral range is approximately 0.85
and exceeds 0.95 in certain spectral regions. In contrast, the contributions associated
with R,,(1) and R, (1) are several orders of magnitude smaller and can be considered
negligible, while the geometrical parameters f; and f,; contribute at the level of approx-

imately 1 % or less.

A similar behaviour is observed in the FIR spectral range, where the contribu-
tion of R;(4) remains dominant, with a mean value close to unity (approximately 0.99),

while all other contributions are significantly smaller.

These results demonstrate that the uncertainty of the corrected reflectance is
primarily governed by the uncertainty of the sphere-wall reflectance over the entire
investigated spectral range.

For the determination of the combined standard uncertainty, a simplified ap-
proach is adopted based on the root sum of squares of the individual standard uncer-

tainties,
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uc.(Rs, A) = \/u(Rm, D2+ u(Ry, )% + u(Ry, )% + u(fs)? + u(fy)? (5.22)

This formulation represents a conservative estimate of the combined uncer-
tainty used for the final uncertainty band. While the individual perturbation analysis is
used to identify the relative importance of the input quantities, the final uncertainty
estimate is based on this simplified root-sum-of-squares approach, which provides a
robust and stable uncertainty interval consistent with the observed behaviour of the

system.

The expanded uncertainty is obtained by applying a coverage factor k = 2, cor-
responding to a confidence level of approximately 95 %,

URs,A) =k -u.(Rs, A), k = 2. (5.23)
The final measurement result is therefore expressed as
Ry(A) £ U(Rg, ). (5.24)

Figure 5.12 shows the corrected reflectance of the Nextel sample together with
the expanded uncertainty over the full spectral range. The uncertainty is represented as
a shaded region around the corrected reflectance curve.
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Fig. 5.12. Corrected directional-hemispherical reflectance R (1) of the Nextel 811-21 sample
measured with the FIR-IS at room temperature (T = 25 °C) and an incidence angle of 8°. The shaded
region represents the expanded uncertainty U (R, 1), obtained from the combined standard uncertainty

using a coverage factor of k = 2, corresponding to a confidence level of approximately 95 %.
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The analysis of the uncertainty budget shows that the dominant contribution to
the combined uncertainty originates from the sphere-wall reflectance R, (1), while all
remaining contributions are significantly smaller over most of the investigated spectral
range. This result demonstrates that the achievable measurement accuracy is primarily
limited by the uncertainty associated with the emittance-derived reflectance of the

gold-coated reference sample used to estimate the sphere-wall reflectance.

5.4 Results and validation

The validation of the integrating sphere measurement system was carried out
by comparative measurements using well-characterized samples with different reflec-
tance levels. Particular emphasis was placed on the far-infrared spectral range, where
the determination of directional-hemispherical reflectance is of high relevance for ra-

diative heat transfer applications, as discussed in the introduction.

In order to ensure reliable interpretation of the FIR results, initial measurements
were performed in the MIR spectral range. Owing to the higher sensitivity of the MCT
detector and the improved signal-to-noise ratio, the MIR measurements provide a suit-
able basis for assessing the performance of the optical system, including alignment,

stability, and overall functionality of the integrating sphere.

The reflectance measurements were performed using an FTIR spectrometer in
combination with the FIR-IS, as described in Section 5.1. The measurement procedure
is based on the substitution method and includes correction for residual background
contributions, finite sphere-wall reflectance, and geometrical effects associated with

the integrating sphere configuration.

In the substitution measurements, the reference signal S,.f.;enceWas obtained us-
ing a gold-coated reference plug mounted at the measurement port. This reference ele-
ment was fabricated together with the sphere components and provides the same gold-
coated RHFS-800-based surface as the corresponding internal sphere wall. It is im-
portant to distinguish this reference plug from the sphere-wall reflectance R, used in
the radiometric correction model: the reference plug serves as the reference surface for
the experimental ratio Ry, = Seampre/S references Whereas Ry represents the effective re-
flectance assigned to the gold-coated inner sphere wall. A photograph of the reference

plug used for the reflectance measurements is shown in Fig. 5.13.
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Fig. 5.13. Gold-coated reference plug used as the reference surface in the substitution measure-

ments of the FIR-IS. The plug was mounted at the measurement port during acquisition of the reference

51gnal N reference*

Different detector and beamsplitter configurations were employed depending
on the spectral range. In the MIR range from 5.0 pm to 16.7 um, a liquid-nitrogen-
cooled MCT detector was used in combination with a KBr beamsplitter. This configu-
ration provides high sensitivity and a favourable signal-to-noise ratio and is therefore

well suited for system validation.

In the FIR spectral range from 16.7 um to 100 pum, measurements were per-
formed using a pyroelectric FDTGS detector in combination with a multilayer Mylar
beamsplitter. In contrast to the MIR configuration, the detector is mounted directly at
the integrating sphere. The underlying measurement principle, however, remains un-
changed: the reflectance is determined using the substitution method by sequentially

measuring the reference and the sample under identical conditions.

The use of different detector configurations is dictated primarily by the spectral
characteristics of the source, beamsplitter, and detector. In the FIR range, both the
source intensity and detector responsivity are lower than in the MIR range. Conse-
quently, direct detector coupling at the integrating sphere is required to obtain a meas-
urable signal. As a result, FIR measurements are associated with lower signal levels

and increased noise, which is reflected in a higher measurement uncertainty.

For validation of the measurement system, samples with different optical prop-
erties were investigated. Nextel 811-21 was used as a low-reflectance, highly absorbing
coating with spectrally smooth behaviour. A laser-structured aluminium sample coated

with gold was used as a high-reflectance sample, where the gold coating provides high
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reflectance while the surface structure introduces angular redistribution. In addition, an
Aeroglaze Z306 coating with a thickness of 99 um was investigated as a technically
relevant material for thermal control applications. Together, these samples enable as-
sessment of the FIR-IS over a broad range of reflectance levels and scattering behav-

iours.

The measured reflectance values were compared with independent reference
data obtained from spectral emittance measurements performed at PTB. For opaque
samples, the corresponding reference reflectance was derived from the measured emit-
tance using the relation introduced in Chapter 1. The PTB measurements were carried
out using dedicated high-accuracy setups for spectral emittance determination, includ-
ing both vacuum and ambient configurations, as described in the literature [21, 64, 76].
These measurements provide an independent metrological basis for validation of the
FIR-IS results.

5.4.1 Nextel 811-21

The investigated sample consists of a Nextel 811-21 coating applied to a metal-
lic substrate. Nextel 811-21 is a well-established high-emittance coating widely used
in radiometric applications, ranging from blackbody cavities to optically absorbing sur-
faces in instrumentation, where suppression of unwanted reflections is required [83,
84]. The coating is characterized by a low-reflectance surface with high absorption of
scattered radiation, as well as favourable mechanical properties, including resistance to

scratching and abrasion and good antistatic behaviour.

The coating material was originally provided by 3M and is currently available
from Mankiewicz Gebr. & Co., from whom it was obtained for the present work. The
sample was prepared according to the manufacturer’s specifications, including spray
deposition of a primer layer followed by spray application of the Nextel 811-21 coating.
In this study, the coating serves as a representative low-reflectance sample for validat-
ing the integrating sphere measurement system and the applied radiometric correction

procedure.

The measurements were carried out using the MIR and FIR configurations de-
scribed in Section 5.1. The directional-hemispherical reflectance was corrected using
the method described in Section 5.2, including correction for residual background con-

tributions, finite sphere-wall reflectance, and geometrical effects of the integrating
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sphere configuration. The associated uncertainty was evaluated according to the proce-

dure described in Section 5.3.

The resulting directional-hemispherical reflectance of the Nextel coating over
the spectral range from 5.0 um to 100 um is shown in Fig. 5.14 together with the cor-
responding expanded uncertainty (k = 2). The FIR-IS measurements were performed
at room temperature (T ~ 25 °C) with an incidence angle of 8°. The measured reflec-
tance is compared with reference data derived from spectral emittance measurements
performed at PTB using EMAF at a sample temperature of 80 °C and an observation
angle of 10°. All FIR-IS reflectance results presented in the following sections corre-

spond to the radiometrically corrected directional-hemispherical reflectance R;(4).
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Fig. 5.14. Directional-hemispherical reflectance R,(4) of the Nextel 811-21 coating over the
extended spectral range, combining MIR and FIR measurements. The transition between the MIR con-
figuration with the KBr beamsplitter and the FIR configuration with the Mylar beamsplitter occurs at
600 cm™, corresponding to 16.7 um. The FIR-IS data were measured at T = 25 °C and an incidence
angle of 8° and are shown in red. The blue curve represents the reference reflectance derived from PTB
EMAF directional spectral emittance measurements performed at T = 80 °C and an observation angle

of 10°. The shaded regions indicate the expanded uncertainty (k = 2).

In the MIR spectral range, corresponding approximately to wavenumbers from

2000 cm™ to 600 cm™', the reflectance remains at a low level and exhibits only minor
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spectral variation. The measured curve is smooth and does not show pronounced spec-
tral features, which is consistent with the expected behaviour of highly absorbing coat-
ings. The agreement with the reference data is very good over the entire MIR range,
with deviations remaining well within the expanded uncertainty. The relatively small
uncertainty observed in this region reflects the favourable measurement conditions, in
particular the high sensitivity of the MCT detector and the sufficiently high signal lev-
els.

Towards lower wavenumbers, in the FIR spectral range below approximately
600 cm™, an increase in reflectance is observed. This behaviour is consistent with the
known radiometric behaviour of such coatings, for which the measured emittance de-
creases with increasing wavelength, resulting in a corresponding increase in reflectance
for optically opaque samples. In particular, the reflectance remains at a low level up to
wavelengths of about 33 pm and tends to increase towards longer wavelengths, alt-

hough local spectral variations are observed in the FIR range.
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Fig. 5.15. Enlarged FIR view of the Nextel 811-21 results shown in Fig. 5.14. The FIR-IS data
were measured at T = 25 °C and an incidence angle of 8° and are shown in red. The blue curve represents
the reference reflectance derived from PTB EMAF directional spectral emittance measurements per-
formed at T = 80 °C and an observation angle of 10°. The shaded regions indicate the expanded uncer-
tainty (k = 2).
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The transition between the MIR and FIR ranges is continuous, and no disconti-
nuities are observed, indicating consistent performance of the measurement system and
the applied correction model over the entire spectral range. The expanded uncertainty
is relatively large in spectral regions where the measured reflectance of the Nextel coat-
ing is low. In these regions, small absolute variations of the measured signal lead to
large relative uncertainty values, so that the uncertainty band appears broad compared

with the measured reflectance.

Despite the increased uncertainty, the measured reflectance follows the refer-
ence data over the investigated spectral range. The largest deviations between measured
and reference values occur in the low-wavenumber region, where the uncertainty is
highest. However, these deviations remain within the expanded uncertainty and there-

fore do not indicate a systematic discrepancy.

Overall, the results demonstrate consistent agreement with the reference data
within the expanded uncertainty (k = 2). In particular, the smooth transition at 600
cm! between the MIR dataset recorded with the KBr beamsplitter and the FIR dataset
recorded with the Mylar beamsplitter confirms the internal consistency of the measure-
ment approach. The results validate the applicability of the FIR-IS, together with the
applied radiometric correction and uncertainty evaluation, for directional-hemispheri-

cal reflectance measurements of low-reflectance coatings over a wide spectral range.

5.4.2 Laser-structured gold-coated sample

The investigated sample consists of a laser-structured metallic substrate subse-
quently coated with gold (Fig. 5.16). In contrast to the highly absorbing coatings dis-
cussed previously, this sample represents a high-reflectance surface with a complex
microstructured geometry. The laser structuring modifies the optical response by intro-
ducing multiple scattering, enhanced absorption within the structured relief, and geo-
metrical effects that deviate from the behaviour of an optically smooth metallic surface
(85, 86, 87].
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Microscope image of sample

(a) o S

Fig. 5.16. Laser-structured metallic sample: (a) optical microscope image of the structured sub-
strate prior to gold coating; (b) laser-structured surface after deposition of the gold coating. The periodic
microstructured geometry modifies the optical response compared with a smooth metallic surface by
introducing additional scattering and absorption within the surface relief.

The directional-hemispherical reflectance of the laser-structured gold-coated
sample over the spectral range from 5.0 um to 100 um is shown in Fig. 5.17 together
with the corresponding expanded uncertainty (k = 2). The FIR-IS measurements were
performed at room temperature (T = 25 °C) and an incidence angle of 8°. The meas-
ured reflectance is compared with reference data derived from spectral emittance meas-

urements performed at PTB using EMAF at T = 80 °C and an observation angle of 10°.

In the MIR spectral range, the reflectance of the laser-structured gold-coated
sample is significantly higher than that of the black coatings. Compared to an optically
smooth gold surface, however, the reflectance is reduced and exhibits pronounced spec-
tral structures. Several local minima and maxima are observed in the measured spec-
trum, indicating a wavelength-dependent optical response of the structured surface.
These features are attributed to the combined influence of the laser-induced surface
geometry, multiple reflections within the structured surface, and wavelength-dependent

redistribution of specular and scattered radiation [88].

The measured reflectance is generally consistent with the PTB reference data
within the expanded uncertainty. Compared with the Nextel coating, however, more
pronounced local deviations are observed. These deviations are not uniformly distrib-
uted over the spectral range but correlate with the characteristic spectral structures of

the sample. This behaviour indicates that the comparison is particularly sensitive to the
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measurement geometry, sample temperature, angular collection conditions, and the re-

distribution of specular and diffuse components by the microstructured surface.
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Fig. 5.17. Directional-hemispherical reflectance R, (1) of the laser-structured gold-coated sam-
ple over the spectral range from 5 um to 100 um. The FIR-IS data were measured at T = 25 °C and an
incidence angle of 8° and are shown in red. The blue curve represents the reference reflectance derived
from PTB EMAF directional spectral emittance measurements performed at T = 80 °C and an observa-
tion angle of 10°. The shaded regions indicate the expanded uncertainty of the measurements (k = 2).
The reduced reflectance compared with an optically smooth gold surface and the pronounced spectral

structures reflect the influence of the laser-induced surface geometry.

In the FIR spectral range below 600 cm™, the reflectance remains relatively
high and shows pronounced spectral modulation. The FIR-IS data reproduce the gen-
eral spectral behaviour of the reference data, although local deviations between the
measured and reference curves become more visible in this region. These deviations
are attributed to the complex optical response of the laser-induced surface structure and
to the different measurement conditions, including sample temperature and angular col-

lection geometry.

The measured reflectance spectrum shows a continuous transition between the
MIR and FIR ranges, with no discontinuity at the detector and beamsplitter changeover

around 600 cm™. This confirms the internal consistency of the measurement procedure
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and demonstrates that the applied correction model is applicable also to high-reflec-

tance samples with complex surface structures.

Overall, the results show that the FIR-IS is capable of reproducing the general
spectral behaviour of the laser-structured gold-coated surface, including its character-
istic spectral features. At the same time, the comparison demonstrates that structured
high-reflectance samples represent one of the most demanding cases for integrating-
sphere radiometry. Because only a small fraction of the incident radiation is absorbed,
the measurement becomes highly sensitive to angular redistribution, sphere-wall re-
flectance, port losses, and correction parameters. The local deviations observed in parts
of the FIR range therefore reflect the increased sensitivity of this sample class to the
measurement configuration rather than a systematic inconsistency of the FIR-IS meas-

urement.

5.4.3 Aeroglaze Z306 coating (99 pm)

Aeroglaze Z306 is an absorptive polyurethane coating widely used in acrospace
applications due to its high thermal emittance, mechanical stability, and suitability for
vacuum environments [89]. It is typically applied as a spray coating on metallic sub-
strates and is designed to provide low reflectance and high absorption over a broad

spectral range [90].

For the Aeroglaze Z306 sample investigated in this work, the coating thickness
of approximately 99 um is comparable to the characteristic wavelengths in the far-
infrared spectral range. Therefore, the measured radiative behaviour is not expected to
be governed solely by reflection at the coating surface. Instead, radiation can partially
penetrate into the coating layer, interact with the underlying reflective substrate, and
undergo multiple reflections at the coating interfaces. This can give rise to interference-
related spectral features whose spacing on the wavenumber scale is determined by the
optical thickness of the layer, i.e. by the product of physical coating thickness and re-
fractive index. The observed spectral structure of Aeroglaze Z306 is therefore inter-
preted as a layer-related effect of the finite coating thickness rather than as a purely

surface-scattering effect.

The radiative properties of Aeroglaze Z306 coatings, including their spectral
emittance and the influence of thickness-dependent interference effects, have been ex-

tensively investigated at PTB. A detailed characterization is provided in the literature,
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in particular in [91], where the complex behaviour of this material in the FIR spectral

range is discussed.

In the present work, the directional-hemispherical reflectance Ry(A) of an Aer-
oglaze Z306 coating with a thickness of 99 um was measured with the FIR-IS at room
temperature (T =~ 25 °C) and an incidence angle of 8°. The results are compared with
two independent PTB reference datasets obtained using different measurement ap-
proaches. The first dataset is derived from spectral emittance measurements performed
with EMAF, while the second dataset corresponds to directional—directional spectral
reflectance measured using a Bruker A519 reflectance accessory for the VERTEX 80v

spectrometer. These two comparisons are shown separately in Figs. 5.18 and 5.19, re-
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Fig. 5.18. Directional-hemispherical reflectance R4(4) of the Aeroglaze Z306 coating with a
thickness of 99 um. The FIR-IS data were measured at T = 25 °C and an incidence angle of 8° and are
shown in red. The blue curve represents the reference reflectance derived from PTB EMAF directional
spectral emittance measurements performed at T = 150 °C and an observation angle of 10°. The shaded
regions indicate the expanded uncertainty of the measurements (k = 2). A phase shift Apgef /Emit. is

observed between the spectral modulations.

Figure 5.18 compares the FIR-IS results with the reference data derived from
EMAF spectral emittance measurements. In this comparison, the overall magnitude of
the reflectance shows good agreement. However, a clear phase shift between the
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spectral modulations is observed. This behaviour is characteristic of semi-transparent
coatings and is related to the fact that emittance-derived quantities and directly meas-
ured reflectance are governed by different optical paths within the coating layer when

partial transparency and interference effects are present.

In addition to the EMAF-based comparison, the same Aeroglaze Z306 sample
was characterized at PTB using a Bruker A519 reflectance accessory for the VERTEX
80v spectrometer [92]. This accessory enables directional—directional spectral reflec-
tance measurements in a 12°/12° geometry. In contrast to the FIR-IS, the A519 config-
uration records radiation reflected into a defined observation direction and does not
collect the diffuse hemispherical contribution. The comparison between the FIR-IS data

and the A519 directional reflectance data is shown in Fig. 5.19.
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Fig. 5.19. Directional-hemispherical reflectance R;(4) of the Aeroglaze Z306 coating with a
thickness of 99 um. The FIR-IS data were measured at T = 25 °C and an incidence angle of 8° and are
shown in red. The green curve represents directional—directional spectral reflectance data obtained at
PTB using a Bruker A519 reflectance accessory at T =~ 25 °C and a 12°/12° geometry. The shaded re-
gions indicate the expanded uncertainty of the measurements (k = 2). Good agreement is observed in
the spectral position of the interference features, while systematic differences in magnitude arise from

the different measurement geometries.

When comparing the FIR-IS results with the A519 data shown in Fig. 5.19,

good agreement is observed in the spectral positions of the modulation features. In
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particular, the phase of the oscillations coincides over the investigated spectral range,
indicating that the interference pattern is reproduced correctly. However, systematic
differences in magnitude are observed. These differences are attributed to the different
measurement geometries: the A519 accessory measures directional—directional spectral
reflectance in a 12°/12° configuration and therefore records mainly the radiation re-
flected into the specular direction. In contrast, the FIR-IS determines directional-hem-
ispherical reflectance and collects radiation reflected into the entire hemisphere, in-
cluding both specular and diffusely scattered contributions. The observed difference in
magnitude is therefore consistent with the different angular collection conditions of the

two measurement approaches.

The present results therefore provide a consistent experimental confirmation of
the underlying physical behaviour of the Aeroglaze Z306 coating. The spectral posi-
tions of the modulation features are governed primarily by optical interference within
the coating layer, while the measured magnitude depends strongly on the angular meas-

urement geometry and on whether diffuse contributions are included.

This observation also highlights the limitations of a direct conversion between
emittance and reflectance for semi-transparent materials in the FIR spectral range.
While such a relation can be applied to opaque surfaces, it cannot be transferred directly

to coatings exhibiting partial transparency and interference effects.

Overall, the results show that the FIR-IS is capable of capturing the character-
istic spectral structure of the Aeroglaze Z306 coating and of reproducing the expected
magnitude of the directional-hemispherical reflectance within the expanded uncer-
tainty. At the same time, the comparison demonstrates that semi-transparent coatings
require careful interpretation, because specular-directional reflectance data, emittance-
derived quantities, and directional-hemispherical reflectance are not directly inter-

changeable.
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Conclusion

This dissertation presents the development, realization, and experimental vali-
dation of a novel integrating sphere system for directional-hemispherical reflectance
measurements in the far-infrared spectral range from 25 um to 100 pm. The work ad-
dressed a significant metrological gap in long-wavelength radiometry, where conven-
tional integrating spheres are limited by the lack of suitable diffuse reflector materials,
increased absorption of conventional coatings, and the predominance of specular re-

flection from metallic surfaces.

The central objective was to develop an integrating sphere concept capable of
providing efficient angular redistribution of radiation at long wavelengths while main-
taining high reflectance and compatibility with Fourier-transform infrared spectros-
copy. To achieve this goal, the work treated surface topology, sphere geometry, fabri-
cation technology, optical coupling, radiometric correction, and uncertainty evaluation

as a coupled system-level problem rather than as independent design tasks.

A major outcome of the work was the development and selection of the RHFS-
800 surface topology as the internal scattering surface of the integrating sphere. Start-
ing from numerical surface generation and ray-tracing analysis, different structured
surface concepts were evaluated with respect to their ability to redistribute reflected
radiation over a broad angular range. The RHFS-800 topology was identified as the
most suitable candidate because it provides broad diffuse-like scattering behaviour, is
mathematically reproducible, and can be transferred to additive manufacturing. This

surface concept forms the functional basis of the far-infrared integrating sphere.

The RHFS-800 topology was subsequently transferred from a planar geometry
to a spherical configuration. A dedicated transformation procedure was developed in
order to preserve the characteristic surface statistics and avoid distortions caused by the
convergence of spherical coordinates. This enabled the realization of a structured inter-
nal sphere surface while maintaining the angular redistribution properties established

in the planar surface studies.

The integrating sphere was realized as a segmented additive-manufactured sys-
tem with an internal diameter of 150 mm and multiple functional ports for different

measurement configurations. Stereolithography was selected as the fabrication method
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because it provided sufficient geometrical fidelity, reproducibility, and flexibility for
iterative development. The polymer sphere segments were metallized with a NiCr ad-
hesion layer and a gold coating to provide the high reflectance required for efficient
multiple reflections in the far-infrared. Measurements of a planar gold-coated reference
sample confirmed the low spectral emittance and corresponding high reflectance of the
deposited gold coating. Together with the spherical cavity geometry and the RHFS-800
topology, the gold coating provides the low-loss reflective boundary required for stable

integrating performance.

A dedicated external optical relay system was developed to couple the integrat-
ing sphere to a Bruker VERTEX 80v FTIR spectrometer. The optical system enables
controlled transport of the incident radiation path from the spectrometer to the sphere
and of the detected radiation path from the sphere back toward the detector configura-
tion. Special attention was given to optical throughput, beam separation, alignment re-
producibility, stray-radiation suppression, and compatibility with different detector ar-
rangements. The resulting setup forms a complete measurement system, referred to as
FIR-IS, consisting of the FTIR spectrometer, external optical relay system, structured

integrating sphere, and detector configuration.

The measurement concept was experimentally implemented using the substitu-
tion method. Although the sphere design supports both directional-hemispherical re-
flectance and transmittance configurations, the experimental validation presented in
this work focused on reflectance. Initial measurements in the MIR range were used to
verify the optical alignment and measurement procedure under favourable signal con-
ditions. The measurements were then extended to the FIR range using a FDTGS detec-
tor mounted directly at the integrating sphere, which reduced optical losses and im-

proved the signal-to-noise ratio compared with the external bolometer path.

A radiometric correction model was implemented to account for real-system
effects in integrating-sphere measurements, including finite sphere-wall reflectance,
port geometry, and residual background signal. The correction model was implemented
in a LabVIEW-based data-processing routine and applied pointwise over the spectral
range. The sphere-wall reflectance used in the model was derived from spectral emit-
tance measurements of a planar gold-coated reference sample coated together with the
sphere components. This approach provided the best available traceable estimate of the

reflectance assigned to the gold-coated sphere wall.
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A spectral uncertainty budget was established in accordance with the GUM. The
uncertainty analysis included contributions from the measured reflectance, under-
ground signal, sphere-wall reflectance, and geometrical parameters of the sphere. The
input uncertainties were treated as standard uncertainties and propagated through the
correction model, while the final expanded uncertainty was reported using a coverage
factor of k = 2. The analysis showed that the dominant contribution to the combined
uncertainty originates from the sphere-wall reflectance, whereas contributions from
measurement repeatability and geometrical parameters are comparatively small over

most of the investigated spectral range.

The FIR-IS was validated using samples with different radiative properties, in-
cluding the low-reflectance Nextel 811-21 coating, a laser-structured gold-coated sam-
ple, and a semi-transparent Aeroglaze Z306 coating. For the Nextel coating, the meas-
ured directional-hemispherical reflectance showed good agreement with PTB EMAF
reference data over the investigated spectral range. The smooth transition between MIR
and FIR measurements confirmed the internal consistency of the measurement ap-
proach. For the laser-structured gold-coated sample, the system reproduced the charac-
teristic spectral features of the structured surface and demonstrated applicability to
high-reflectance samples with complex surface morphology. For Aeroglaze Z306, the
comparison with different PTB reference datasets showed that semi-transparent coat-
ings require careful interpretation, since specular-directional reflectance data, emit-
tance-derived quantities, and directional-hemispherical reflectance are not directly in-

terchangeable.

Overall, the results demonstrate that the developed FIR-IS can be used for di-
rectional-hemispherical reflectance measurements in the far-infrared spectral range us-
ing an integrating sphere specifically designed for long-wavelength operation. The
work presents a design—fabrication—-measurement—correction—validation chain for FIR
integrating-sphere radiometry. It shows that a structured gold-coated internal surface
provides the angular redistribution and low-loss reflective boundary required for inte-
grating-sphere operation beyond the spectral range accessible with conventional dif-

fuse coatings.

The developed system supports far-infrared material characterization and met-
rological validation of directional-hemispherical radiative quantities. It is relevant for

thermal engineering, infrared material science, radiative transfer modelling, and space-
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related radiometry. In particular, the availability of traceable laboratory measurement
methods in the 25 pum to 100 um range is important for applications connected with
Earth observation and climate missions such as ESA FORUM [6, 7, 8], where reliable
far-infrared radiative data are required for instrument calibration, model validation, and

interpretation of outgoing longwave radiation.

Future work should focus on further reducing the uncertainty contribution as-
sociated with the sphere-wall reflectance, improving the characterization of the struc-
tured gold-coated internal surface, and optimizing detector coupling for external bolo-
metric detection. Additional work is also required to experimentally validate the trans-
mittance configuration and to extend the range of investigated materials. Nevertheless,
the present work demonstrates the feasibility of a far-infrared integrating sphere based
on a structured surface topology and provides a metrologically traceable foundation for

future developments in FIR directional-hemispherical radiometry.
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