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2 1 INTRODUCTION

1 Introduction

The climate change caused by global warming is affecting the environment. To be able to
monitor and document those changes the EnMAP satellite was devised. The EnMAP is
equipped with an hyperspectral imaging spectrometer which records the reflected sunlight
from the earth. The imaging spectrometer records a continuous spectrum for every pixel,
which allows to directly identify and quantify the recorded materials. This enables, for ex-
ample, to determine the type and condition of vegetation or identify substances in water.[7]

To be able to correctly associate the different reflectance spectra recorded to the corre-
sponding materials, the data measured by the spectrometer is the key. As every practical
spectrometer, the EnMAP spectrometer is affected by stray light. Stray light is caused,
for example, by imperfections in the surfaces of its mirrors or chromatic aberrations of the
used lenses and many more. This causes errors in the recorded data. However the stray
light caused by the instrument is unique to it and can therefore be further characterized.

In order to characterize and correct the stray light in an instrument, different
methods have been developed and reported [13] [20] [2]. One method is to light
the instrument with spatially small, spectrally narrow, near monochromatic and
high powered light. The goal is to illuminate only a small area of the detector
[13]. The detectors response to that light allows to characterize the stray light
originating from the instrument. This needs to be done for multiple wavelengths.

The goal of this thesis is to design, build and characterize such a light source. In
the first chapter of this thesis the fundamentals behind such a setup will be dis-
cussed, starting with basic properties of light and its generation; then explaining
the different causes of stray light in optical instruments and the methods to correct
it. From there the theoretical boundaries for the design of such a light source will be
elaborated. And finally presenting the measurement devices used for the characterization.

In the second chapter the light source setup and the methods used for its char-
acterization will be explained. Commencing by, introducing in the first part, the
light source setup and its technical realization. From thereon the experimental
procedure for the characterization measurements of the EQ-99XFC light, the inter-
ference filters, their angular tuning and finally their optical density will be presented.

The third chapter will discuss the results of the characterization measurements presented
above in the same order, starting with EQ-99XFC and from there going over to the filters.

Finally a conclusion from the measurements will be drawn and an outlook will be provided.
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2 Fundamentals

2.1 Light generation

A simplified explanation for the generation of light can be given by using the Bohr model
[16]. It depicts the structure of an atom by a positively charged nucleus which is sur-
rounded by electrons. The electrons surround the nucleus in concentric, circular orbits.
Each orbit represents an element specific energy level. In thermodynamic equilibrium,
lower energy levels contain more electrons than higher ones [8]. This is described in the
Boltzmann distribution, which is given by:

Nx = N0 · e
−

Ex

kB ∗ T (2.1)

Nx and N0 represent the number of electrons in energy level x and 0, E the energy of
state, kB the Boltzmann constant and T the temperature of the system [18].

2.1.1 Spontaneous emission

Light is generated as a follow-up after the system described above is disrupted by an
external addition of energy. The energy absorbed leads to an electron going to a higher
energy state E1. The excited electron may spontaneously decay back to a lower energy
state E0, the energy difference between them will be released in form of a photon. The
process is depicted in figure 2.1.

Ephoton = ∆E = E1 − E0 (2.2)

Figure 2.1: Process of spontaneous emission. Addition of energy to the system (a) which leads
to an electron changing to a state of higher energy (b). Relaxation of the excited electron leads
to photon emission (c) and for the electron to fall back into the lower Energy state(d). Taken
from [8].
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The resulting photon propagates like a wave. The
Wave-particle duality of light originates from this.

The photon energy can also be described by the following equation:

Ephoton = h · f (2.3)

Where h stands for the Planck constant and f for the frequency of the light. The frequency
is the product of the speed of light in a vacuum c0 and the wavelength λ. The wavelength
is therefore the result of the Energy difference ∆E from equation 2.2.

f =
c0
λ
⇔ λ =

c0 · h
E1 − E0

(2.4)

The description given doesn’t account for non radiative recombination which can also
occur.

2.1.2 Natural broadening

According to equation 2.4 each photon emitted should have a discrete wave-
length. Those wavelengths are called lines. However, in reality radiation, has a
specific width attributed to it. This width can be described by a gauss profile.

This is caused by the fact that an electron can only remain in its excited
state for the time τ . Therefore, due to Heisenberg’s uncertainty princi-
ple, the exact energy of the photon cannot be determined. From this re-
sults an energy uncertainty which leads to a spectral broadening of the light.

2.2 Light as a wave

Multiple observed light properties can be explained by considering that
light propagates as an electromagnetic wave [5]. Notable examples of these
are reflection, interference and diffraction of light. The properties of the
electromagnetic wave can be described by using the Maxwell equations.

The electrical and magnetic field of a light wave are orthogonal to each other
and transversal to its propagation direction. With the electrical field usu-
ally being stronger than the magnetic field, it is used to characterize the light
wave. The covered distance during one oscillation describes the wavelength λ.

2.2.1 Geometrical optics

To understand light propagation on a macroscopic scale it can be described as rays.
This level of abstraction allows to approximate the path the light is going to take under
certain circumstances. For this, a number of assumptions need to be made. First that
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in homogeneous materials light rays move straight. If the light ray hits the frontier
between two materials with different refraction indexes the ray is reflected according
to the laws of reflection and broken according to Snell’s law. Furthermore the light
path is reversible and finally that crossing light rays don’t interfere with each other[10] [9].

2.3 Stray light in array spectrometers

A typical array spectrometer is made of an input optic, an entrance slit, a dis-
persing element and a detector array. Light coupled into it passes the input optic
and goes through the entrance slit. From which it is pointed at the dispersing
element (usually a grating or a prism). The setup described above is depicted
in figure 2.2 The dispersing element causes the spatial image of the entrance slit
to fall on different locations on the detector array, depending on its wavelength.

Figure 2.2: Illustration of an array spectrometer composed of a fixed imaging grating and a
fixed multipixel array detector. Taken from [20].

In an ideal setup the light falling onto a specific detector element of the array is composed
only of the corresponding spectral components of the light source. A typical detector
array is depicted in figure 2.3. In practical setups however this is not the case. Surface
imperfections of the dispersing elements lead to scattering of the incident light. Multiple
reflections between the optical elements of the setup also cause scattering [20]. This misdi-
rected light falls onto other detector elements and falsifies the image of the input light onto
the detector. This is depicted in figure 2.3. This leads to lower contrast, reduced detail
and color inaccuracy of the measurements [2]. That misdirected light is called stray light.

In order to diminish the effects of stray light onto the measurements of a certain
instrument, the flaws in its image forming properties need to be determined. These
flaws are described by the instruments stray light point-spread function (PSF) [12]. The
PSF of a system can determined by theoretical analysis or via experimental procedures.
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Figure 2.3: Illustration of spatial and spectral stray light on a detector array.

In order to determine the PSF experimentally a spectrally narrow and highly localized
light source is needed. From the image of this light source produced by the imaging optics
of the instrument onto its detector the PSF can be derived [4]. Because only small amounts
of the incident light are misdirected, the light source used must be very powerful. This
however causes saturation of the detector, which prevents the measurements in that region.
Because the scattering effects are also wavelength dependent, in order to characterize them
completely, the whole spectral range of the detector needs to be measured. An example
for a PSF is depicted in figure 2.4. As stated above a high powered localized light source
with a wavelength of 679 nm was used, from which the corresponding PSF depicted in
figure 2.4 was derived.

Figure 2.4: Image of a measured PSF, taken from [13].
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2.3.1 Boundary conditions for the characterized light source

In order to build a measurement setup capable of measuring the effects of stray light in
an instrument, certain conditions need to be met. These can be derived from section
2.3. The setup needs to be able to output light over the whole span of the instruments
spectral range. For the EnMAP instrument the spectral range covers the VNIR and parts
of the SWIR (420 nm to 2450 nm). The output light needs to be spectrally narrow, near
monochromatic in order to reference the effects to a specific wavelength. Furthermore the
output area of the light needs to be in the scale of the detector pixels, this is provided by
an optical fiber. Which also allows the setup to be connected to a collimating device. The
output optical power of the setup needs to be stable over the duration of the stray light
measurements. The optical power of the light source is dependent on the characterized
instrument and needs to be variable. On one hand it needs to be at 80% of the saturation
level of the lit detector pixels and on the other hand it needs to high enough to oversaturate
the pixels in the point of focus [13] . For the EnMAP instrument in high gain mode for
example an optical power of 200 µW is needed which corresponds to a radiance in an
order of magnitude around 600 mW/cm2/µm/sr for the VNIR part of its spectrum [7].
To meet these conditions the light generation in the setup is crucial. The different methods
possible will be discussed in section 3.1.1.

2.3.2 Optical fibers

To guide light in an efficient matter, optical fibers were used during
this thesis. This section discusses their basic properties. From those,
arise certain possibilities and limitations which will also be discussed.

A typical optical fiber consists of two coaxial layers, usually in cylindrical form. The
smaller cylinder is called the core whereas the surrounding part is called cladding. The
cladding usually has a smaller refractive index than the core. Therefore, due to Snell’s
Law, light that enters the core is reflected from the cladding and stays in the core. The
maximum angle for the total reflection also defines the angle for which incident light can
be coupled into the core of the fiber. This angle θ is described by the Numerical Aperture
NA of the fiber formulated in equation 2.5, ni denotes the index of refraction of the
outside material.

NA = ni · sin(θ) (2.5)

The light propagation in the fiber can be described with its properties. Due
to the electromagnetic wave properties of light, only certain modes, depend-
ing on the core size can propagate in the core. Those must satisfy the elec-
tric and magnetic field boundary conditions in the core-cladding interface.

Fibers are classified depending on the number of modes they can propagate: Single
Mode fibers(SMFs) and multimode fibers (MMFs). As the name implies SMF only
propagate a single mode whereas MMF can guide multiple modes. Furthermore,
the different fibers are separated into step-index and graded-index fibers. A step-
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index fiber has a constant refractive index in the core and cladding material which
leads to a drastic change at the core cladding boundary. A Graded-Index fiber
has a refractive index which decreases gradually with the distance to the core center.

Optical fibers are often comprised of silica because of its good optical transmission charac-
teristics.

2.3.3 Interference filters

An interference filter is an optical filter that reflects multiple different spectral bands and
only transmits a specific band around a certain wavelength. This is achieved by a number
of dielectric layers with alternating low and high refractive indices. Due to interference
between incident and reflected waves in between the thin films the filter becomes highly
wavelength selective [14]. The layers in such a filter are optimized for normal incidence.

If the incident light however isn’t normal to the filter its central wavelength shifts. This is
caused by a changing phase difference between the reflected and incident waves [15]. This
phase difference results in a shift of the central wavelength to lower wavelengths. The
relation between incident angle θ and resulting central wavelength λ is given by equation
2.6.

λ = λmax

√
1− sin2θ

n2
eff

(2.6)

λmax corresponds to the central wavelength at normal incidence θ = 0◦ and its index of
refraction neff according to [1].

2.4 Measurement equipment

During the course of this thesis different measurement devices were used. This section
will present them, first the used spectrometers and then the optical power meter. Two
different optical spectrum analyzers from Yokogawa, a MCS 100 spectrometer from Zeiss
and a the HR-1024i from the spectra vision company were used as spectrometers and
will be presented in this order. Afterwards the Newport Power meter will be described.

2.4.1 Optical Spectrum Analyser (OSA)

An optical spectrum analyzer is different from a typical spectrometer. In contrast to
grating spectrometers an OSA uses a Czerny-Turner monochromator [3]. In such a setup
the light source goes through an entrance slit and is then collimated. The collimated beam
is then reflected onto a optical grating. Due to diffraction on the grating the collimated
light is dispersed. A second mirror is used to focus the light coming from the grating
onto an exit slit (with the same size as the entrance slit) in front of the photo detector.
Because of the dispersion the different wavelengths are spread out over the exit slit and
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therefore only a specific part of the light spectra entering the instrument reaches the
photo detector. The spectral resolution of this signal is dependent on the size of the slits.

Figure 2.5: Image of an AQ6474, taken from the Yokogawa website.

An OSA therefore allows to measure the relative spectrum of a light source
with a spectral resolution reaching up to 50 pm. Which, for example, can
be used to accurately measure the slope of a transmission filters band edge.

The OSAs used in this thesis were the AQ6374 and the AQ6376 from Yokogawa, depicted
in figure 2.5. The main difference between both of them lies in their wavelength range.
The AQ6374 ranges from 350 nm to 1750 nm whereas the AQ6376 ranges from 1500 nm
to 3400 nm. Both have an FC optical fiber connector as input. Due to different detectors
in the devices their sensitivity is also diverging. The AQ6374 is able to detect signals up
to -80 dBm whereas the AQ6376 is limited to -65 dBm. Their resolutions also diverge
with AQ6374 being more precise with 0.05 nm in contrast to 0.1 nm. The specifications
of the instruments were taken from the manufacturer data sheet [19].

2.4.2 Zeiss MCS 100 Spectrometer

The Zeiss MCS 100 spectrometer has spectral range from 600 nm to 1100 nm. Light is
coupled into it via an optical fiber with SMA connector.

2.4.3 SVC HR-1024i

The SVC HR-1024i from the Spectra Vision company is a spectroradiometer, it is depicted
in figure 2.6. With three different detectors it provides a spectral range starting from 350
nm to 2500 nm. Therefore it’s ideal for the measurement of spectrally broad light sources
such as the ones used in this thesis. Light can be coupled into it by using different input
optics. An optical fiber, a lens or an integration sphere can be used. The SVC HR-1024i
internal calibration was used for the measurements.
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Figure 2.6: Image of the SVC HR-1024i with a lens optic input.

2.4.4 Newport Optical power meter

This section presents the Newport 1936-R optical power meter used during this thesis.

The 1936-R is designed to measure the optical power of monochromatic or near-
monochromatic light sources. For this purpose the power meter comes with an input
compatible with different photo detectors. The photo detectors convert the incoming
light into electrical signals. With the device internal calibration a power value is at-
tributed to the electrical signal. The 1936-R with two different detectors is depicted in
figure 2.7. During this thesis the 1936-R was used together with the 918D-SL-OD3R
detector, which has a spectral range from 400 nm to 1100 nm.

Figure 2.7: Image of the Newport 1936-R optical power meter with two different optical
detectors, taken from the Newport website.
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3 Experimental Procedure

This chapter will discuss the development and assembly of the light source setup and
afterwards the experimental procedure for its characterization.

3.1 Building the light source setup

This section will explain how the light source setup described in section 2.3.1 is designed
and which elements were selected to built it.

3.1.1 Light generation for the setup

To meet the conditions stated in section 2.3.1 three different approaches for light genera-
tion were considered. An LED based light source, a plasma light source and a laser based
light source. The strength and weaknesses of the different systems will be discussed below.

One possibility was to use an LED based light source. Multiple LEDs would be used with
each representing a specific band in the spectrum defined above. LEDs with optical pow-
ers of over 1000 mW can be purchased from specialized manufactures such as Thorlabs.
However for each band of the light source a new LED needs to be integrated into the
setup. With each individual LED requiring an adequate electrical driver. Furthermore
the optical power output LEDs is temperature dependent and their aging processes need
to be considered as well. With those factors being individual to each LED, this requires
a high amount of work for each one. Therefore LEDs seemed not appropriate for the setup.

Tunable laser light sources such as the Fianium Whitelase or an opitcal para-
metric oscillators provide the required high radiances over the defined spectrum
of 400 nm to 2500 nm. With a spectral power density of at least 2 mW/nm
in the VNIR. However these light sources are pulsed and not continuous. The
high peak optical power at the start of a pulse can damage the lit instrument.
With this risk in mind these light sources were discarded as base for the setup.

The third possibility was the Xenon based plasma lamp EQ-99XFC from Energetiq.
The lamp offers stable, high optical power over the required spectrum. In contrast
to the other approaches the EQ-99XFC emits a continuous spectrum. Therefore it
needs to be filtered in order to be used in the light source setup. This offers a high
amount of flexibility since, in order to get a the necessary band, only a corresponding
filter needs to be selected. The output is an optical fiber. Dependent on the core
diameter of the output fiber the radiance required is provided. According to Energetiq
the highest radiance is achieved using a 200 µm fiber due to the fact that the light
emitting part of the plasma has a similar size. Furthermore with a life time exceeding
10000 h it’s suited for long automated measurements. The required informations were
taken from the manufactures data sheet [6]. The EQ-99XFC is depicted in figure 4.1
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Figure 3.1: EQ-99XFC plasma light source with pumping laser, taken from the Energetiq
website.

From the three possibilities presented above the plasma lamp meets the necessary re-
quirements the best. Therefore it will serve as light generation device for the light source
setup.

3.1.2 Schematic setup

The base of the light source setup is the EQ-99XFC, as discussed above. For it, a
theoretical setup was devised, which is depicted in figure 3.2. The setup transforms the
broad emission spectrum of the EQ-99XFC at the input to the required narrow bands, ref-
erenced in section 2.3.1, at the output. The ideas behind the setup will be discussed below.

The EQ-99XFC emits a broad spectrum ranging from the deep UV with 120 nm up
to 2700 nm. It therefore needs to be filtered in order to get spectrally narrow bands
at the output of the setup. The quality of the used filters determines the quality of
the final output. In order to be filtered the emitted light of the EQ-99XFC needs to
be guided through the filters. This is achieved by collimating the light coming out
of its output fiber. The collimated beam then passes the filters. The different filters
need to be interchangeable automatically, without manual changes. After passing
them, the beam is then coupled back into an optical fiber with the same core size
as the EQ-99XFC in order to preserve its radiance. To get a power monitoring that
is mechanically independent from the filtering part of the setup a second free ray
part is integrated into the setup. The light is once again collimated after which the
beam is split. One part is guided upon a photon detecting device for control measure-
ment purposes whereas the other part passes a shutter which can set the output of
the setup on and off. Afterwards it is coupled into an output fiber with a rectangular core.
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Figure 3.2: Sketch of the light source setup.

The choice of the specific parts for the described setup will be discussed in the next section.

3.1.3 Technical realization

This section discusses the technical realization of the setup described previously. Starting
with the used filters and their integration into the setup, going over to the collimation of
the light emitted by the EQ-99XFC, which leads to methods to align the light in the setup.

The backbone for the light source setup are the used filters and the EQ-99XFC. Since
the properties of the EQ-99XFC were already discussed in section 3.1.1, the filters
used in the setup need to be chosen. The setup needs to emit light in a band with
an FWHM of around 10 nm. Therefore filters with high out of band suppression and
small transmission band were needed. The out of band parts of the filter should be
suppressed in an order of magnitude that the lit instrument cannot detect them. This
parameter being individual to each instrument, the EnMAP instrument was used as
a reference once again. For it a difference of nine orders of magnitude is considered
sufficient. Filters who fulfill these requirements are dichroic bandpass filters, which can
be bought from multiple manufacturers such as Newport, Iridian or Thorlabs. From
those three companies, Thorlabs provided a wide range of different central wavelengths
for the filters as well as the least expensive prices compared to the competitors. For that
reason the filters were bought there. The FBH filters of Thorlabs provide an FWHM
of 10 nm and an optical density of six. This corresponds to a suppression of the out of
band light of six orders of magnitude. In order to achieve nine orders of magnitude a
stack of multiple filter of the same type was considered. The filters are available in two
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different sizes, namely with a diameter of half an inch or an inch. For this setup only
filters with a diameter of an inch were used, since this size offered the biggest variety.

For the filters to be changeable a 3D printed filter wheel with electric motors was con-
structed. The wheel is depicted in figure 3.3. The wheel allows to install lens tubes with
mounted filters into it. Each of the wheels can hold up to 16 lens tubes with a maximum
length of one inch. A one inch lens tube can hold up to four filters. The position of the
wheel is set via the serial communication port of an Arduino which controls the motors.
To distinguish the different positions on a wheel, an optical coupler is used on each one and
connected to the Arduino. Every position on the wheel has a small sprocket that shadows
the optical coupler, this allows the controlling software to incrementally count while
the wheel is rotating. And therefore to control the relative position of the filter wheel.

Figure 3.3: 3D printed filter wheel with Arduino controller.
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To be able to adapt to different optical instruments, with according detector sensitivities
a second wheel was added. In which neutral density filters can be integrated in
order to adapt the optical power output of the source to the corresponding instrument.

As stated above the EQ-99XFC generated light needs to be collimated to be guided
through the setup described above. The collimation needs to be wavelength independent
in order to align the whole spectrum of the EQ-99XFC. The wavelength independence
is provided by the use of metallic mirrors. Manufactures provide different metals. The
best suited according to its reflectance was a silver mirror with protected coating,
provided by Thorlabs. Its reflectance is depicted in figure 3.4 below. The manufacturer
offers a multitude of different parameters for their silver mirrors. The mirrors are
classified by their size (in terms of base diameter) and focal length. The different mirrors
can be bought in a mounting device with a FC fiber connector, where the fiber core
is centrally aligned onto the mirror at a distance of its respective focal length. From
this derives the question which of the variety of possible mirrors is best suited for the setup.

Figure 3.4: Reflectance of protected silver off-axis parabolic mirrors over a spectrum from 0.4
µm to 20 µm taken from the Thorlabs website [17].

The focal length of the mirror influences the diameter of the colli-
mated beam, depending on the numerical aperture of the fiber shining
onto it. This relationship can be expressed by the following equation:

Bdiameter = 2 ·NA · fOAP (3.1)

Where Bdiameter represents the beam diameter of the collimated beam, NA the Numerical
Aperture of the connected optical fiber and fOAP the reflected focal length of the
used mirror. The core of an optical fiber cannot be considered as a point light source
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therefore in addition the divergence of the beam needs to be considered and calcu-
lated. The relation between the core size and the divergence angle is depicted in figure 3.5.

Figure 3.5: Sketch of the beam divergence, where d stands for the fiber core diameter, φ for
the divergence angle, fOAP for the reflected focal length of the used mirror and a for the optical
path length.

The divergence angle φ is dependent of the core diameter of the
used fiber d and the reflected focal length of the mirror fOAP :

φ = arctan(
d

2 · fOAP

) (3.2)

The divergence angle offers insight on the growth of the diameter of the collimated beam.
This influence is shown in equation 3.3 with the addition of the added width of Bdivergence.

Bdivergence = tan(φ) · a
Bdiameter(a) = 2 ·NA · fOAP + 2 ·Bdivergence

(3.3)

As can be seen the beam width increases with the length of the optical path-
way. That is the reason why a short optical pathway for the filtering is necessary.
Furthermore the reflected focal length has an impact upon the beam diameter
as well as the divergence angle. A small focal length mirror produces a smaller
beam diameter, which however has a high divergence angle therefore limiting the
optical pathway of the setup. The boundary conditions to determine the right
mirror was derived from that. Since the beam has to pass filters with a di-
ameter of one inch the beam diameter Bdiameter can’t be greater than 25.4 mm.

A mirror that creates a beam with a diameter below 25.4 mm and allows for an optical
path long enough to mount the filter wheels was the half inch off-axis parabolic mirror
from Thorlabs. Its reflected focal length of 15 mm creates, in combination with the NA
= 0.22 from the light source fiber, a beam diameter of 6.6 mm. After an optical path
of 30 cm the beam has a diameter of 10.9 mm according to equation 3.3, which is still
below the diameter of the filters. Furthermore the beam diameter needs to be below the
diameter of the used mirror which is 12.7 mm. The reason being that in order to conserve
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the radiance a fiber with a core diameter of 200 µm was used. In order to get the best
coupling efficiency a mirror with the same specs as the one used to collimate the beam is
required. This results in the beam being focused on a spot the size of the output fiber.

To be able to adjust the fiber end to the focus plane of the off-axis parabolic mirror the
optical fiber was mounted into a translation mount (Thorlabs CXYZ05). The translation
mount allows the fiber ends position to be adjusted in X, Y and Z axis. Furthermore
to be able to react to slight beam deviations caused small errors in the beam alignment
the off-axis parabolic mirror was mounted into a translation stage which permits to
adjust the angle at which the beam falls onto the mirror. The translation mounts
combined provide five degrees of freedom for the adjustment of the mirrors focal plane.

As connecting fiber between both parts of the setup an op-
tical fiber with FC connector with a 200 µm core diameter
and broad transmission spectra was used (Thorlabs FG200LEA).

For the second monitoring part of the setup the beam collimation needs to be reevaluated.
Since the output fiber has a rectangular core using a 1:1 image of the round core onto it
will lead to losses due to the different geometrics of the cores. Using mirrors with different
focal lengths in order produce a smaller image was considered. The smaller image would
reduce the losses due to the geometrical mismatch, however the smaller focal length leads
to increased angles of incidence of parts of the image. This also causes losses due. Due to
the losses of the geometric mismatch being around 15% which was below the losses caused
by the angular mismatch the same mirrors as for the filter part of the setup were used.

As stated in section 3.1.2 the beam needs to be split in order to be monitored. To
keep losses to a minimum, a splitter with a splitting ratio of 5 to 95 was needed.
Furthermore the splitter needed to have a linear transmittance over the spectrum
of the light source. These requirements were met by an optical quartz made of
Infrasil provided by Thorlabs. Its transmission spectrum is depicted in figure 3.6.
The infrasil window reflects 6% over the spectrum from 350 nm to 2500 nm, which
meets the necessary requirements. The window was mounted in an angular rota-
tion device in order to guide the reflected part of the beam into the monitoring device.

As a monitoring device the Newport power meter described
in section 2.4.4 was used with the 918D-SL-OD3R detector.

To be able to turn the setup output on and off without shutting down the
plasma lamp a shutter was needed. The shutter used needed to be control-
lable via an external trigger signal. This was achieved with the Thorlabs SH1
shutter. The SH1 possesses a one inch aperture and can be controlled via a
5 V TTL signal when connected to the Thorlabs KSC101 solenoid controller.

All components mentioned above were aligned using the Thorlabs 30 mm cage system.
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Figure 3.6: Transmission of a 1 mm thick window of Infrasil at normal incidence. Taken from
the Thorlabs website.

The light source setup was build using the components selected above. The characteri-
zation results for the selected filters and the light source will be discussed individually
in section 4. Optical power measurements of the output before the monitoring setup
were conducted with the Newport power meter to characterize the coupling efficiencies.
The measured setup is depicted in figure 3.7. The resulting power was 30% of the
power measured after passing the filters. Therefore the attenuation can be attributed
to losses caused by the fiber coupling. Reasons for the losses may be poor imaging of
the used off-axis parabolic mirror [11]. Furthermore the degrees of freedom provided by
the different mounts may be insufficient to correctly adjust the focal plane to the fiber end.

Due to the poor efficiency the optical power transmitted in the SWIR is
insufficient if two fiber couplings attenuations are combined. In order to
avoid this the monitoring part of the setup was integrated into the fil-
tering part in order to avoid the attenuation of a second fiber coupling.

3.2 EQ-99XFC characterization

The used light source needed to be characterized power and spectrally
wise. This was achieved by the use of two different measurement setups.
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Figure 3.7: Filtering part of the light source setup connected to the Newport power meter.

3.2.1 Measurement of the Spectral power density

To determine its spectral power density the EQ-99XFC’s FC fiber output was collimated
by an off-axis parabolic mirror with an FC fiber connector (Thorlabs RC04FC-P01).
For safety reasons the UV light with wavelengths below 320 nm emitted by the
EQ99XFC was filtered with a UV Filter (Newport CGA-320). Afterwards the free
ray beam was guided through three dichroic bandpass filters with an FWHM of
40 (Thorlabs FB600-40), to narrow the spectrum. As described in section 3.3 the
beam diameter of the free ray increases with distance from the collimator. Due to
the limited size of the photo detector, a lens was used to focus the light onto it. The
laboratory lights were turned off during measurements. The setup is depicted in figure 3.8.

3.2.2 Spectrum measurement

In order to measure the relative spectrum of the EQ99XFC the HR-1024i Spectrometer,
described in section 2.6 was used. As with the spectral power density measurement the
light source needed to be collimated. The same setup as described in section 3.2.1 was
used for that purpose. The collimator needs to be achromatic for the measured spectra to
be accurate. The mirrors reflectance is depicted in figure 3.4 in section 2.3.1. To optimally
fill the Field of View of the HR-1024i an optical fiber, provided by the manufacturer, was
used.The fiber is depicted in figure 3.9. The collimated beam was targeted at the open
fiber end, whereas the other end was connected to the HR-1024i input. To avoid over
saturation of the spectrometers detector due to the high radiance of the EQ-99XFC the
beam wasn’t directly pointed at the fiber end. The laboratory lights were turned off
during the measurement.
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Figure 3.8: Measurement Setup for EQ99XFC power characterization. (1)EQ99XFC
light source, (2)RC04FC-P01, (3)CGA-320 UV Filter, (4)FB600-40 Filters, (5)Focusing Lens,
(6)Photo detector.

3.3 Filter characterization

Different properties of the dichroic filters needed to be determined. For this pur-
pose, a specific measurement setup was used. This section presents and explains it.

The different filters needed to be tested in regards of the following aspects:

• The conformity with the manufactures data sheets

• The dynamic range between their transmission band and their block band

• The edge steepness of the transmission band

To measure these characteristics the filters were the EQ-99XFC was collimated with
the same setup as described in section 3.2.1. The same mirror as used in the col-
limator was used to couple the light into the fiber connected to the measurement
device. The light was guided onto the off-axis parabolic mirror with an dichroic mirror.

A spectrometer with a wide dynamic range and broad wavelength range was needed
in order to determine the quality of the out of band suppression of the filters. These
conditions were met by an OSA (Yokogawa AQ6374). It provides a dynamic range from
+20 dBm to -80 dBm over a wavelength range of 1400 nm from 350 nm to 1750 nm.
The whole spectrum of the EQ-99XFC is not covered, however the filters character-
ized with it are transmissive beyond 1400 nm. Furthermore wavelength resolutions up
to 0.5 nm are possible, which is required for the measurement of the filter passband slopes.
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Figure 3.9: Optical Fiber provided by Spectra Vision Company.

The AQ6374 has an FC fiber input, therefore the filtered collimated beam needed
to be coupled into an optical fiber. Hence the fiber used to couple light into
the OSA, needs a broad transmission spectrum. This was achieved by us-
ing low OH silica multimode fibers. Due to the OSA resolution depending on
the core size of the used input fiber two different fibers were used during the
measurements. One with a core diameter of 200 µm and one with 100 µm.

To measure the highest possible dynamic range between the passband and the
out of band suppression the power coupling needed to be maximized. This was
achieved of the EQ-99XFC output fiber onto the OSA input fiber. Since the
EQ-99XFC output fiber has a 200 µm core diameter the fiber with a core diam-
eter of 200 µm was used as input fiber. This allowed to couple in more light
into the OSA however limiting its spectral resolution to 1 nm. This is caused
by the input optic of the OSA being overfilled according to the manufacturer.

For a detailed measurement of the filters edges a resolution below 1 nm was
needed to spectrally resolve the whole edge. This was achieved by using a
fiber with 100 µm core diameter, at the cost of absolute power loss compared
to the 200 µm core fiber. The smaller fiber allows resolutions up to 0.1 nm.

The measurement setup with the 100 µm core fiber is depicted in figure 3.10.

3.4 Filter angular tuning

To achieve a high optical density the same type of filter was used multiple times
in a stack. Due to limitations in the production process the central wavelength
of the filters deviates on an order of +/−2 nm around the specified wavelength.
To optimize the transmission bands of the individual filters relative to each other,
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Figure 3.10: Measurement setup of the Filter Characterization: (1)EQ99XFC plugged into
collimator, (2)Characterized Filter, (3)Dichroic mirror, (4)Fiber coupling.

their angular dependency was exploited, as described in section 2.3.3. The goal
of the measurement was to find an angle for each filter in a manner that their
central wavelengths only differ around 0.5 nm from each other in the final stack.

The measurement setup is depicted in figure 3.11. The single filters very mounted onto
a precision angular rotation stage which allowed angle changes with 0.1◦ precision. They
were illuminated by the collimated beam of the EQ-99XFC, which was realized with the
identical setup as in section 3.2.1. The beam then passed the mounted filter and was
attenuated afterwards by a neutral density filter. After which it was coupled into the
spectrometer with a wavelength range from 600 nm to 1100 nm (Zeiss MCS 100), via a
multi mode fiber with 200 µm core diameter. Measurements were taken in a 1◦ interval
starting at 0◦ and going up to 10◦.

3.5 Optical density characterization

To validate the enhanced optical density of a filter stack the dynamic range provided
by the AQ6374 and EQ99XFC was to small with at best six orders of magnitude.
With a maximum power ratio measured of -20 dBm for the EQ-99XFC and the noise
floor of the AQ6374 being at -80 dBm, which only allows six orders of magnitude.
To further investigate it, measurements with two lasers diodes were made to test
the optical density at specific wavelengths. Both with comparable power outputs
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Figure 3.11: Measurement setup of the Angular Filter Tuning: (1)EQ99XFC light source,
(2)RC04FC-P01, (3)CGA-320 UV Filter, (4)Filter, (5)Angular Rotation Stage, (6)Neutral Den-
sity Filter, (7)THORLABS OAP mirror, (8)Multi mode fiber.

at around 100 mW, with their central wavelengths being at 650 nm and at 950 nm.

The measurement setup for the 660 nm laser is depicted in figure 3.12. This
Laser diode was delivered with a focusing optic, which was used to target the
laser at the Newport photo detector 2.4.4. In between a lens tube was placed ca-
pable of holding up to four filters. The light path was encapsulated to keep the
amount of stray light to a minimum. The laboratory lights were also turned off
during measurements. The laser diode was powered by a tunable power supply
with current control. The operating current was set at a level that the power me-
ter displayed a power of 100 mW when illuminated with the respective laser beams.

Figure 3.12: Measurement setup for optical density characterization: (1) Laser diode with
focusing optic, (2)Mounted filter, (3)Photo detector
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4 Results and Discussion

4.1 EQ-99XFC

The Manufacturer of the EQ99XFC provides a data sheet [6] with its spec-
tral power from 180 nm to 900 nm. For the designated purpose of the light
source however the spectral power not only in the VNIR but also in the SWIR
are needed. In order to characterize the EQ-99XFC, the measurements de-
scribed in section 3.2 were conducted. Their results will be discussed below.

4.1.1 Spectral power

The spectral power of the EQ-99XFC at 600 nm was measured with the setup
described in section 3.2.1.The power meter calibration was set to 600 nm.

The Newport power meter returns an optical power value in Watt. In order to calculate
the spectral power from it, the filter attenuation of the measurement setup needs to be
taken into consideration. The light coming out of the fiber is attenuated by the UV filter
and the interference filters. Since the measured power value is attributed to a specific
wavelength the attenuation of the filters can be taken from their respective data sheets.

The UV Filter transmits 98% at 600 nm, the FB600-40 up to 77%. The measured power
then needs to be divided by the spectral width of the signal to calculate the spectral
power of the EQ-99XFC at 600 nm. The FWHM of three FB600-40 filters is depicted in
figure 4.1 and lies at 25 nm. The unattenuated power emitted by the EQ-99XFC at 600
nm can be calculated by the following equation :

Pdetector = PEQ−99XFC · TUV · TFB600−40

PEQ−99XFC =
Pdetector

TUV · TFB600−40

(4.1)

Pdetector represents the power displayed by the Newport power meter, PEQ−99XFC

the power emitted by the EQ-99XFC before passing the filters, TUV and
TFB600−40 the transmission factors of the aforementioned filters at 600 nm.

With TUV = 0.98 and TFB6000−40 = 0.77 and the Newport Power meter displaying
Pdetector = 1.112 mW this results in the following power at 600 nm of PEQ−99XFC = 1.47
mW . With the FWHM the spectral power can be calculated. Pspec = 58.8 µW/nm, this
corresponds with the value extracted from the manufacturers data sheet [6].

4.1.2 Scaled spectrum

With the measurement setup described in section 3.2.2 the relative spectra of the
EQ-99XFC was measured. The spectrum was weighted by the spectral power density
at 600 nm calculated above in Eq. 4.1. The resulting spectra is shown in figure 4.2.
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Figure 4.1: Spectrum of the three FB600-40 measured from 570 nm to 630 nm.

The spectrum from 400 nm to 980 nm corresponds to the data sheet given by
the manufacturer [6]. The discontinuity at 1900 nm is caused by a switch in
detectors in the the SVC. The strengths of the EQ-99XFC in terms of spectral
power density lie in the UV region. Which translates to the VNIR, where it ex-
ceeds 10 µW/nm. Whereas in the SWIR region it falls from 6 µW/nm at 1400
nm to 2 µW/nm at 2100 nm. The offset due to the detector switch needs to be
considered as well, which suggests that the actual power maybe lower in that region.

To provide a better context for the measured spectra, a comparison with a practical
example seems appropriate. One application for the final setup will be the stray
light calibration of the EnMap Instrument. For this purpose, a certain amount of
power for the different detector elements is needed. These are depicted in figure 4.3.

These power levels need to be met by the final setup in order to provide the required
calibration. It can be concluded that the EQ-99XFC on its own provides enough power.
However, this doesn’t account for losses caused by the light source setup which need to
be kept at a minimum, especially for the SWIR region where a loss of 10% at 2100 nm is
enough that the needed spectral power is not reached.

4.1.3 High frequency modulation

During the power measurement with the Newport power meter a sinusoidal mod-
ulation was found with a frequency of 44 kHz, this is depicted in figure 4.4. This
is caused by the electronic drivers of the pumping laser of the EQ-99XFC. For the
purpose of this setup the modulation influence is limited. Since the estimated in-
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Figure 4.2: Spectrum of the EQ-99XFC measured by the SVC 1024i and weighted by the
Newport power meter measurement.

tegration time of the measurements taken with this device will be in time scales
of multiple milliseconds and therefore the modulation influence will be averaged out.
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Figure 4.3: Estimated spectral Power needed for the Stray light calibration of the EnMAP
VNIR and SWIR detectors set to high gain.

Figure 4.4: Power of the EQ-99XFC measured with the Newport Power meter, over the course
of 100 ns.
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4.2 Filters

To obtain a spectrally narrow output light, the EQ-99XFC needs to be filtered. In order to
do so interference filters as described in section 2.3.3 were purchased. The individual filters
were selected from the same batch by the manufacturer in order to ensure identical coat-
ing structures and overlapping central wavelengths of their respective transmission band.

To be used in the light source setup the filters were characterized using the measurement
setup described in section 3.3. The focus layed on out of band suppression, transmission
band overlap and their edge steepness. In the curse of this thesis 9 different filters were
measured. Six with transmission bands in the VNIR. These were the following sorted by
their central wavelength and their FWHM:

• 450 nm, 10 nm FWHM (FBH450-10)

• 532 nm, 10 nm FWHM (FLH532-10)

• 660 nm, 10 nm FWHM (FBH660-10)

• 780 nm, 10 nm FWHM (FBH780-10)

• 850 nm, 10 nm FWHM (FBH850-10)

• 950 nm, 10 nm FWHM (FB950-10)

To maintain oversight the results won’t be discussed for each filter indi-
vidually. A summary will be provided and all plots for the different fil-
ters can be found in the appendix, including the measurements of the
individual filters of the different types and the results of the stacking.

In the first part the transmission band and its overlap of the different filters will be dis-
cussed. Then in the second part the edge steepness measurements will be discussed. And
in the final third part the effects of filter stacking on the optical density shall be discussed.

4.2.1 Transmission band and central wavelength

According to their respective data sheets all filters purchased are expected to block
the VNIR to at least three orders of magnitude, depending on filter quality. As an
example, the transmission band of the FBH450-10 depicted in figure 6.1 shall be discussed.

To characterize the magnitude of the out of band suppression a measurement of
the unfiltered signal of the EQ-99XFC was done. The relative spectra of the EQ-
99XFC in the region from 400 nm to 750 nm is in agreement with the spectra
measured in section 4.1.2. The power of the unfiltered EQ-99XFC at 600 nm lies
at -20 dBm which corresponds to 10 µW . The difference in power has multiple
reasons. For one the power measured in the OSA is resolution dependent. In or-
der to obtain a higher resolution, the entrance slit is narrowed which leads to less
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Figure 4.5: Spectrum of the FBH450-10 filter and the EQ-99XFC over the full range of the
AQ6374 OSA.

light reaching the detector. Furthermore, the fiber used to couple the light into the
OSA has a numerical aperture of 0.22. The input optic in the OSA, has accord-
ing to the manufacturer, a smaller aperture. This mismatch also causes power losses.

The differences of the relative spectra in the region from 750 nm to 1750 nm compared
to section 4.1.2,can be attributed to the dielectric mirror used during the measurement.
This mirrors reflectance in this wavelength region matches the differences compared to
the measured spectra with the SVC 1024i. However the drop at 1400 nm cannot be
attributed to known characteristics of the EQ-99XFC, the mirror or the documented
behavior of the AQ6374. The dip was present in all measurements conducted for the
VNIR filters. A possible reason is an undocumented measurement artifact of the AQ6374.

A single FBH450-10 filter performs accordingly to its data sheet. The filter transmission
band has a width of 10 nm at its FWHM. At -80 dBm its width is 40 nm broad. The light of
the EQ-99XFC is suppressed to the AQ6374 noise level until 1200 nm, were the filters start
to be fully transparent for the incoming light. The stop in light suppression around 1200
nm is observed for each of the VNIR filters. The high transmission in this region needs
to kept in mind. The EnMAP instrument at which the light source will be pointed isn’t
sensible in that spectral area according to figure 4.3. Another possibility may be adding
a cut-off filter for wavelengths over 1000 nm, such as the FES1000 provided by Thorlabs.

From 350 nm to around 1100nm nm an out of band suppression of at least six
orders of magnitude is observed for the FBH450-10. The goal for the out of band
suppression was set at nine orders of magnitude. From this measurement this can-
not be verified. The setup is limited by the noise floor of the AQ6374 at -80 dBm
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and the maximum power of the EQ-99XFC coupled into it, at around -20 dBm.
Therefore the dynamic between signal and noise is limited to six orders of magnitude.

Analog to the FBH450-10 the other VNIR filter plots were analyzed. The individual
orders of magnitude for the out-of band suppression given for the different filters refers
to the interval from 350 nm to 1100 nm. The only other filter to achieve an out of
band suppression of at least six orders of magnitude is the FBH660-10. The FLH532-10,
FBH780-10 and FBH850-10 block five orders of magnitude. The FB950 however only
suppresses three orders of magnitude. The results are summarized in table 1 below.

Filter Out of Band suppression
FBH450-10 6
FLH532-10 5
FBH660-10 6
FBH780-10 5
FBH850-10 5
FB950-10 3

Table 1: VNIR Filters and their respective out of band suppression in orders of magnitude. in
the interval from 350 nm to 1100 nm

SWIR filters For the SWIR Filters only samples were ordered. Two samples were
characterized, both with similar central wavelengths of their transmission band at 2100
nm. However, their transmission band width were different. The AQ6374 spectral range
only goes to 1700 nm, therefore another OSA with detectors in SWIR region was needed.
The AQ6374 in the measurement setup in section 3.3 was replaced with the Yokogawa
AQ6376. The AQ6376 has detectors sensible for wavelengths from 1500 nm to 3400 nm.
The spectra of the two filters are depicted in figure 4.6. The filters suppress the out of
band signal over 4 orders of magnitude in the measured spectrum from 1500 nm to 2500
nm compared to the EQ-99XFC signal.

Transmission band overlap The difference between the individual filters of the
same type lies in the central wavelength of their transmission bands. By the manu-
facturer the standard deviation is given by +/− 2 nm. Even though the filters were
taken from the same batch their central wavelengths differ in the interval cited before.

In case of the FBH450-10 the individual central wavelengths only dif-
fer by a maximum of 0.5 nm. This is depicted in figure 6.2.

However, the other filters differ much more in this regard. The largest deviation is
observed for the FBH850-10 were the difference reaches 4 nm between single filters. This
is depicted in figure 4.8. The other filters range somewhere in between those two cases.
The deviation of the other filters is documented in table 2. The missing overlap of the
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Figure 4.6: Spectrum of the SWIR filters and the EQ-99XFC from 1500 nm to 2500 nm.

Figure 4.7: Passbands of the four FBH450-10 filters from 435 nm to 465 nm.

individual transmission bands affects the transmission band of the filters in a stack.
This leads to the next section, the discussion of the edge steepness of the stacked filters.

4.2.2 Edge steepness of the transmission band

As discussed in section 4.2.1, the transmission band width of the filters broadens
beyond 10 nm for lower energies. To reduce this and improve their out of band
suppression the same filter is stacked four times. This influence was measured; the
setup was described in section 3.3. The results will now be presented and discussed.
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Figure 4.8: Passbands of the four FBH850-10 filters from 830 nm to 880 nm.

Filter Max central wavelength deviation [nm]
FBH450-10 0.5
FLH532-10 2
FBH660-10 1
FBH780-10 3
FBH850-10 4
FB950-10 1

Table 2: Central wavelengths deviation between the individual VNIR Filters.

In order to correctly determine the effects of the stacking, the slopes of the transmission
band were measured. To characterize them appropriately the measurement resolution
was set to 0.5 nm. This was achieved by using an optical Fiber with a core diameter
of 100 µm instead of 200 µm. The smaller fiber core as well as the higher resolution
reduces affect the power measured by the OSA. The missing power reduces the achievable
dynamic between the transmission band and the noise floor. Therefore, an direct
improvement of the out of band suppression cannot be determined by this measurement.

As in the previous section, distinct filters will be discussed to main-
tain an oversight. Since the FBH450-10 filters provided the best CWL
overlap of the measured group, with only a deviation of 0.5 nm, they
provide the best analytical ground for the effects of filter stacking.

The figure 6.3 depicts the results of multiple filter stacking. Figure 6.3 is logarithmic.
As stated above the maximum measured power declined from -20 dBm to -37 dBm.

The width of the respective transmission bands for one, two and three
FBH450-10 filters increases with the number of filters used. However,
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adding a fourth doesn’t improve the edge steepness of the slopes any further.

Figure 4.9: Edge Steepness of FBH450-10 filters measured from 420 nm to 480 nm, compared
between one and a stack of two, three and four filters on a logarithmic scale.

The biggest impact can be observed from joining two filters. The
width of the transmission band decreases from 30 nm at -80 dBm to 18
nm. Adding a third filter the width is reduced to 15 nm. Adding a
fourth filter has no measurable impact on the transmission band width.

From the measurements in section 4.2.1 a theoretical curve was calculated in order to
estimate the effect of multiple filters in stack. From the measurements of the individual
FBH450-10 filters a transfer function could be calculated for each filter. From those trans-
fer functions the curve depicted in figure 2.3.3 was generated. Since the measurements
in section 4.2.1 were conducted with a resolution of 1 nm, the maximum power is higher
and therefore the spectral width of the filter stacks are different from those in figure 6.3.
The calculated curve is compared to the measured behavior of two filters. As can be seen
the curves differ greatly in terms of transmission band width at lower power levels. The
ideal filter stack has a width of 20 nm compared to 30 nm of the measured one at -80 dBm.

The difference between theoretical and measured curve can be traced to reflec-
tions between the filters. Since both sides of the filter reflect light. The re-
flected light by the second filter is reflected back onto it by the first filter, which
leads to more light being transmitted.To reach the same out of band suppres-
sion as the theoretical combination of two filters, four filters need to be stacked.

The influence of stacking multiple filters on the FWHM of the transmission spectrum
is much smaller, the transmission band narrows around 0.5 nm from one filter com-
pared to four, this is depicted in figure 4.1. This narrowing can also be attributed
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Figure 4.10: Comparison between calculated edge steepness of two FBH450-10 filters and the
measured curve.

to the 0.5 nm mismatch between the filter central wavelengths, described in 4.2.1.

Figure 4.11: Edge Steepness of FBH450-10 filters measured from 435 nm to 465 nm, compared
between one and a stack of two, three and four filters on a linear scale.

The missing overlap between the central wavelengths is affecting the edges of
the transmission band. The individual FBH850-10 filters showed the high-
est deviance between their central wavelengths, and the results of their stack
will be discussed. The measurement results are depicted in figure 4.12.

As depicted in figure 4.12 the edge steepness isn’t symmetrical. The left and right
edges slopes differ depending on the number of filters stacked. The symmetry is
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Figure 4.12: Edge Steepness of FBH850-10 filters measured from 830 nm to 870 nm, compared
between one and a stack of two, three and four filters on a logarithmic scale.

intact if only one filter is used. Adding a second however cuts the spectral width by
4 nm due to the missing overlap of their transmission bands. The left edge slope is
similar to the slope of a single filter until 843 nm where it increases compared to one filter.

The addition of a third filter improves the slope of both edges. The slopes
are still non linear. The addition of a forth filter doesn’t affect both edges
in a symmetrical matter. The right edge is identical to the edge measured
with three filters. The left slope is slightly improved compared to three filters.

In order to get symmetrical slopes for the filter transmission band
edges the central wavelengths of the filters used in the stack
need to be aligned. This will be the topic of the next section.

4.2.3 Filter tuning

As described in section 4.2.1 the central wavelengths of the individual fil-
ters of the same type differ up to 4 nm from each other. The effects of
this deviation were discussed in section 4.2.2. To reduce this difference, the
angular dependency of the filters, described in section 2.3.3, was exploited.

The filters chosen to be analyzed were the FBH850-10 filters since they showed the
highest deviation between them, with a difference of up to 4 nm. Since the in-
terference filters shift to lower wavelengths with a changing angle of incidence and
therefore to lower wavelengths the filter with the highest wavelength was chosen to
be analyzed. The filter in question was filter I with a central wavelength of 852 nm.
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Goal of the measurements was to find an angle at which the central wavelength of filter
I only differs by 0.5 nm with the filter with the smallest measured central wavelength.
In this interval the effect of stacking multiple filters is linearly enough, as discussed
in section 6.3 . This was filter II. where it was determined to be at 848 nm. In
order to achieve this the incident angle of the collimated beam was changed to the
optical axis in steps of 0.5◦ . The measured transmission bands are depicted in figure 4.13.

Figure 4.13: FBH850-10 filter number I. under different angles of incidence. From 830 nm to
880 nm. Power normalized without units.

The figure depicts the normalized spectrums measured by the Zeiss spectrometer 2.4.2 for
the FBH850-10 filter at different angles of incidence. The spectrum was recorded from 830
nm to 880 nm. As predicted the central wavelength of the FBH850-10 shifts with increas-
ing angles. The effect is minimal below 5◦ . From 0◦ to 5◦ the central wavelength only dif-
fers about 1 nm from 852 nm to 851 nm. However starting from 5◦ the angular dependency
becomes stronger. From 5◦ to 9◦ the central wavelength changes from 851 nm to 848 nm.

The central wavelength of filter I. reaches 848 nm at 9◦ . Therefore the set goal of
optimizing filter I. towards filter II. was reached in the set interval of 0.5 nm. From this
can be concluded that the transmission band of filter I. and II. overlap with a deviation
of their centers with less than 0.5 nm if the collimated beam hits filter II. at an angle of
incidence of 0◦ and filter I. at an angle of 9◦ . The relation between wavelength and angle
of incidence can be described by the following equation [1]:

λ = λmax

√
1− sin2θ

n2
eff

(4.2)

Where λ describes the wavelength of the filter depending on the angle
of incidence θ, the wavelength λmax at θ = 0◦ and its index of refrac-
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tion neff . According to [1] neff can be approximated with neff = 2.

With equation 4.2 and the data obtained by the measurement the remaining filters can
be adapted to each other in an analogous manner. As with filter I. the difference between
their central wavelengths and that of filter II. needs to be corrected. Filter IV. deviates
by 3 nm with a central wavelength of 851 nm and filter III. deviates by 1 nm at 849 nm.

From the data gained, filter III. needs to be tilted by 5◦ and filter IV. by 7◦ . With this
a custom lens tube was produced using a 3D printer. In it, each filter has its individual
position with the needed angle of incidence towards the collimated beam. With this
the transmission bands of the different filters align and meet the condition, formulated
above, of a deviation below 0.5 nm from the central wavelength for the FBH850-10.

In order to replicate the results for the other filters the same measurements
were made with the four FBH780-10 filters. As with the FBH850-10, the fil-
ter with the highest wavelength was chosen and tilted until the shortest central
wavelength measured in section 4.2.1 was achieved. The filter used was fil-
ter IV. with a central wavelength of 780 nm. The wavelength to be achieved
was 778 nm, taken from filter I. The results are depicted in figure 4.14.

Figure 4.14: FBH780-10 filter number IV. under different angles of incidence. From 760 nm
to 800 nm. Power normalized without units.

As with the FBH850-10 filters between an angle of incidence between 0◦ and 5◦

the change in the central wavelength is small, it lies around 1 nm. For an-
gles above 5◦ , same as for the FBH850-10, the center wavelength shifts become
bigger. From 1 nm at 5◦ to 3 nm at 9◦ . From equation 4.2 an angle of 8◦

is needed to shift the filter by 2 nm which is confirmed by the measurements.
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Remark Refraction of the collimated beam passing through the filters caused by
the tilting needs to be considered. The wavelength independancy of this setup cannot
be maintained if each filter stack requires a dratic optimization of the fiber coupling.

To examine this an image of the fiber core output of the measurement setup was
created. This was achieved by using a lens to create an enlarged image of the
core. This image was projected onto the Newport optical power meter. The re-
sulting power was measured with the equivalent wavelength setting and an average
was calculated. The results are presented in table 3. A decrease in a size of 1
µW can be observed from 0◦ to 10◦ , however a significant drop cannot be observed.

Angle of incidence [◦] 0 5 10
Average Power [µW ] 50.9 50.4 50

Table 3: Average power of the fiber core at different angles of incidence.

The decrease in optical power indicates that the trajectory of the beam is al-
tered. However the effect of this altering can be neglected for the final setup.

From the measurements discussed above, it can be concluded that it is possible to
align filters with missing transmission band overlap. However even though the relation
proposed by [1] offers a good approximation the filters still need to be measured to
offer certainty in order to reach the goal of a center wavelength deviance below 0.5 nm.
In the perspective of new filters being added to the light source setup a guideline on
the filter tuning is proposed. After the central wavelength of the filters is determined
an approximation of the tilting angle can be done with equation 4.2. Measurements
starting from the calculated angle can be done in order to determine the correct angle.

4.2.4 Optical density

As described in section 4.2 the filters need to suppress up to nine orders of magnitude
outside their transmission band. To characterize the filter behavior in that regard the
measurements conducted prior proved that most filters were capable of at least suppress-
ing six orders of magnitude. The measurements however were limited by the power of the
EQ-99XFC. In order to further investigate the out of band suppression of the filters, they
were illuminated with the laser diodes with powers over 100 mW. The measurement setup
used is explained in section 3.5. The results of the measurements shall be discussed below.

First the different filters were illuminated with the 660 nm laser diode. The noise
level was recorded before each measurements to be able to subtract it. With
the 660 nm laser all VNIR filters except the FBH660-10 were measured. Since
the FBH660-10 transmission lies at 660 nm the out of band suppression cannot
be measured with this laser diode. The noise floor of the Newport power me-
ter was determined at 100 pW. With the power of the laser being at 100 mW
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this gives a difference of 10 orders of magnitude between signal and noise floor.

From each VNIR filter type first one filter and afterwards four stacked filters were
illuminated at an angle of incidence of 0◦ by the laser diode. The results from section
4.2.1 were confirmed that a single filter can block up to six orders of magnitude. The
results of the stack of four filters of the same type was different depending on the filters.

If four filters of the type FBH450-10 and FLH532-10 are stacked and illuminated
the power meter doesn’t show any signal. Therefore these filters block at least 10
orders of magnitude which meets the set goal of 9 orders of magnitude for these two
filter types at 660 nm. After four of the FBH780-10, FBH850-10 and FB950-10 were
illuminated the power meter measured power values around 5 nW. From this can
be concluded that those three filters block up to 9 orders of magnitude at 660 nm.

From these measurements can be concluded that each of the VNIR filters, except the
FBH660-10, meets the goal of an out of band suppression of 9 orders of magnitude at
a wavelength of 660 nm. To further investigate the measurement was conducted with
an LED laser with a wavelength of 960 nm. This allows the measure the FBH660-10 filters.

As with the 660 nm laser the filter stack of FBH450-10 and FLH532-10 didn’t show
any signal on the power meter and neither did the filter stack made of four FBH660-10.
For the four FBH780-10 filters a power around 5 nW was measured again. The
FBH850-10 however transmitted up to 100 nW and didn’t show any difference between
a single filter and a stack of four. The reason for this can be seen in figure 4.15.
The spectrum of the LED laser was measured using a similar OSA as the one used in
section 3.3. The emission spectrum of the laser broadens heavenly below a certain level
of power. The spectrum becomes so broad that it still emits at 850 nm were the fil-
ter transmission band lies, which explains the high transmission of the four stacked filters.

The FB950-10 filters weren’t measured due to their transmission spectrum lying in the
emission spectra of the laser.
In conclusion to this measurement the improved optical density of a stack of VNIR filters
was verified for specific wavelengths. The goal of blocking up to 9 orders of magnitude
which each filter was met for the two separate wavelengths. However a conclusion for
their whole spectra cannot be conclusively drawn. As depicted in figure 6.1 from section
4.2.1 the out of band suppression of the filters isn’t linear. In order to characterize the out
of band suppression of a filter stack for the whole VNIR spectrum more measurements
may be necessary.
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Figure 4.15: Spectrum of the 960 nm LED laser measured from 600 nm to 1700 nm.
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5 Conclusion and Outlook

The goal of this thesis was to build a light source setup capable of performing the
necessary measurements to support the stray light calibration of array spectrome-
ters. To do so, the necessary requirements for such a light source were formulated.
From thereon, different possible light sources were considered. For the most fitting,
the EQ-99XFC, a specific setup was designed to meet the formulated requirements.

In order to confirm the assumptions of the theorized setup the setup was built and its
crucial parts were characterized. First the EQ-99XFC was characterized in terms of power
and emission spectra. These measurements confirmed its adequacy for the setup. For the
setup to emit spectrally small near monochromatic light, nine different interference filters
types were characterized in terms of their transmission band and out of band suppression.
The filters were measured individually as well as in a stack of multiple filters. The mea-
surement results for the individual filters were according to their theoretical specifications.
However, a mismatch between the central wavelength of the different filters of a certain
type was found. This lowered the out of band suppression of multiple filters in stack;
this was addressed and a method to correct it was presented. The improved out of band
suppression of multiple filters was investigated at specific wavelengths using laser diodes.

In conclusion an auto automatable light source was built which emits six dif-
ferent characterized spectras. The spectras have an FWHM of 10 nm and are
centered around the respective wavelengths of the used VNIR filters: 450 nm,
532 nm, 660nm, 780nm, 850nm, 950nm. They provide an out of band suppres-
sion of at least six orders of magnitude for the spectrum from 350 nm to 1100
nm and are estimated to be over nine at wavelengths of 660 nm and 960 nm.

In order to further improve the setup, different points can be addressed. For one
the fiber coupling efficiency of the off-axis parabolic mirrors in the setup needs to
evaluated and characterized. At the current state, the low efficiency limits the use
of the light source in the SWIR region of the spectrum. Further on more filters can
be implemented into the setup, using the methods described in this thesis, in order
to allow more output options, notably in the SWIR region of the spectrum were only
samples were tested. To confirm the out of band suppression of the filters for more wave-
lengths, measurements with a tunable laser source may provide the required validation.
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6 Appendix

6.1 FBH450-10

Figure 6.1: Spectrum of the FBH450-10 filter and the EQ-99XFC from 350 nm to 1750 nm.

Figure 6.2: Passbands of the four FBH450-10 filters from 435 nm to 465 nm.
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Figure 6.3: Edge Steepness of FBH450-10 filters measured from 420 nm to 480 nm, compared
between one and a stack of two, three and four filters on a logarithmic scale.

Figure 6.4: Edge Steepness of FBH450-10 filters measured from 435 nm to 465 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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6.2 FLH532-10

Figure 6.5: Spectrum of the FLH532-10 filter from 350 nm to 1750 nm.

Figure 6.6: Passbands of the fourFLH532-10 filters from 512 nm to 552 nm nm.
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Figure 6.7: Edge Steepness of FLH532-10 filters measured from 512 nm to 552 nm, compared
between one and a stack of two, three and four filters on a logarithmic scale.

Figure 6.8: Edge Steepness of FLH532-10 filters measured from 512 nm to 552 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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6.3 FBH660-10

Figure 6.9: Spectrum of the FBH660-10 filter from 350 nm to 1750 nm.

Figure 6.10: Passbands of the fourFBH660-10 filters from 640 nm to 680 nm.
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Figure 6.11: Edge Steepness of FBH660-10 filters measured from 640 nm to 680 nm, compared
between one and a stack of two, three and four filters on a logarithmic scale.

Figure 6.12: Edge Steepness of FBH660-10 filters measured from 640 nm to 680 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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6.4 FBH780-10

Figure 6.13: Spectrum of the FBH780-10 filter from 350 nm to 1750 nm.

Figure 6.14: Passbands of the fourFBH780-10 filters from 760 nm to 800 nm.
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Figure 6.15: Edge Steepness of FBH780-10 filters measured from 760 nm to 800 nm , compared
between one and a stack of two, three and four filters on a logarithmic scale.

Figure 6.16: Edge Steepness of FBH780-10 filters measured from 760 nm to 800 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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6.5 FBH850-10

Figure 6.17: Spectrum of the FBH850-10 filter from 350 nm to 1750 nm.

Figure 6.18: Passbands of the fourFBH850-10 filters from 830 nm to 870 nm.
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Figure 6.19: Edge Steepness of FBH850-10 filters measured from 830 nm to 870 nm , compared
between one and a stack of two, three and four filters on a logarithmic scale.

Figure 6.20: Edge Steepness of FBH850-10 filters measured from 830 nm to 870 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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6.6 FB950-10

Figure 6.21: Spectrum of the FB950-10 filter from 350 nm to 1750 nm.

Figure 6.22: Passbands of the fourFB950-10 filters from 930 nm to 970 nm.
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Figure 6.23: Edge Steepness of FB950-10 filters measured from 930 nm to 970 nm, compared
between one and a stack of two, three and four filters on a linear scale.
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