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Abstract—In the context of the E-TEST Interreg project, Fraun-
hofer ILT develops high stability, narrow linewidth laser seed
sources and amplifiers at a wavelength of approx. 2 µm for po-
tential usage in a third-generation gravitational wave detector: the
Einstein telescope. While for such an application, there are highest
demands on laser parameters such as linewidth, spectral purity,
and polarization, especially stability properties such as the relative
intensity noise must be optimized. To achieve highest output power
stabilities, we develop a multi-stage low-noise holmium-doped fiber
amplifier at a wavelength of 2095 nm, which is core-pumped by
low-noise thulium-doped fiber lasers at a wavelength of approx.
1950 nm. In this article, we present the concept of the full laser
system, and the achieved results for the pre-amplifier section,
which perfectly fulfills the E-TEST pre-amplifier requirements.
Our pump source, a thulium-doped fiber amplifier, achieves ap-
prox. 2 W output power at a wavelength of 1950 nm with 5 MHz
linewidth and a polarization extinction ratio of 28 dB. With our
holmium-doped fiber amplifier, we demonstrate an output power
of approx. 400 mW at a wavelength of approx. 2095 nm with a
linewidth of 2 MHz and a polarization extinction ratio of 18 dB.
For both currently free-running systems we analyze the relative
intensity noise (RIN) and obtained for example RINs of approx.
10−6 Hz−0.5 at a frequency of 100 Hz, which shows the suitability
of the concept to achieve highest stabilities. To evaluate our system,
we perform a system performance analysis, where we present the
influence of signal and pump wavelength, and signal and pump
power on the achievable optical-optical efficiencies.

Index Terms—Holmium-doped fiber laser, thulium-doped
fiber laser, ultra-high stability, ultra-low-noise, single-frequency,
relative intensity noise, gravitational wave detector.

I. INTRODUCTION

GRAVITATIONAL wave detectors (GWD), such as Ad-
vanced LIGO, Advanced VIRGO and KAGRA, enable a

new method for the exploration of the universe. The constant
upgrades of the detectors and the resulting improvements of the
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measurement accuracy resulted in the very first direct detection
of a gravitational wave in 2015 [1]. Until 2021, there are more
than 90 candidates for detected events such as merging binary
black hole and neutron star systems. Not only since the very
first gravitational wave detection, next-generation gravitational
wave detectors are pushed forward to further improve the mea-
surement accuracies and achieve a higher detection rate.

In the context of the Interreg project E-TEST (Einstein Tele-
scope EMR Site & Technology) [2], [3], a consortium consisting
of several partners in Belgium, Germany and The Netherlands
was founded, to demonstrate the feasibility and implementation
of the Einstein Telescope in the Euregio Meuse-Rhine (EMR).
Besides e.g., an underground study, several technologies such as
a large, suspended silicon mirror at cryogenic temperatures or
the required optical technologies for a laser interferometer shall
be demonstrated and validated.

Since the to-be-used silicon mirrors are opaque at the typical
GWD wavelength of 1064 nm, a longer laser wavelength for
example in the range of 1500 nm to 2100 nm is required [4].
In comparison to a laser wavelength of 1550 nm, a wave-
length around 2000 nm can for example be beneficial due to
a lower optical absorption in amorphous silicon coatings [5],
and to finally achieve the required measurement resolution [4].
In the E-TEST project, the consortium decided to focus on a
wavelength of approx. 2090 nm and develop necessary optical
technologies such as optimized photodiodes and coatings for this
wavelength. Therefore, Fraunhofer ILT develops a laser system
at a wavelength of approx. 2090 nm.

To fulfill the requirements, we decided to develop a seed laser
based on a Ho:YAG crystals to define the spectral properties,
and a multi-stage holmium-doped fiber amplifier for the ampli-
fication. The full E-TEST system will be presented in detail in
Section II, in this article we will focus on the pre-amplifier
section. While for usage in a gravitational wave detector there
are highest requirements on typical laser parameters such as
linewidth, spectral purity, and polarization, especially the sta-
bility properties such as the relative intensity noise (RIN) must
be considered and optimized. To achieve the highly ambitious
power stability properties, we decided to not only setup as stable
as possible holmium-doped fiber amplifiers, but also as stable
as possible pump lasers, namely thulium-doped fiber laser at

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-0415-0212
https://orcid.org/0000-0002-4342-5901
https://orcid.org/0009-0003-3545-6294
https://orcid.org/0009-0006-0195-0886
mailto:patrick.baer@ilt.fraunhofer.de


1500809 IEEE PHOTONICS JOURNAL, VOL. 16, NO. 1, FEBRUARY 2024

wavelengths of approx. 1950 nm, which are used for core-
pumping of the holmium-doped fiber amplifiers. The long-term
goal, defined in agreement with the ETpathfinder research fa-
cility, is to develop a 2090 nm laser system with approx. 1 kHz
linewidth, linear polarization, a relative intensity noise <10−6

Hz−0.5 at 100 Hz, and a frequency noise <100 Hz/Hz0.5 at 100
Hz at an output power of more than 10 W.

The state of the art in the development of single-frequency
high stability lasers for GWD is highly dependent on the required
wavelengths. At 1064 nm, fully functional and stabilized laser
systems with >150 W output power have been successfully
demonstrated for terrestrial GWD [6]. Several approaches for
further power scaling are being evaluated [7], [8]. For the third
generation of GWD, several other approaches are currently
being pursued. For the space-based gravitational wave detector
LISA, compact systems with an output power of approx. 2 W
at a wavelength of 1064 nm are under development [9], [10].
For wavelengths at approx. 1550 nm and 1990 nm, systems
are developed based on erbium-doped fibers [11] and thulium-
doped fibers [12], respectively. To achieve wavelengths >2 μm,
holmium-doped fibers can be a satisfactory solution. Using these
holmium-doped fibers in fiber amplifier systems, average powers
in the range of <10 W have been demonstrated [13], [14],
[15]. However, to the best of our knowledge, for low-linewidth
system based on holmium-doped fibers there are currently no
publications on the relative intensity noise available, which is
one of the most important requirements for a gravitational wave
detector’s laser.

In this article, we will present the results of the E-TEST
pre-amplifier, which in its currently free-running configuration
perfectly fulfills the E-TEST pre-amplifier requirements. In
addition, this is to the best of our knowledge the first publication
which analysis the frequency dependent relative intensity noise
of a holmium-doped fiber amplifier. In the following section,
we will first present our E-TEST laser concept, which is the
long-term goal of the E-TEST project, consisting of the seed
laser, the dual-stage holmium-doped fiber amplifier, and the
corresponding pump lasers, based on thulium-doped fibers. In
Sections III and IV, we will focus on the first amplifier stage,
the holmium-doped fiber amplifier Ho1, and its pump laser, the
first thulium-doped fiber amplifier Tm1. To start with, we will
present the results of the thulium-doped fiber amplifier Tm1:
the achieved output power, spectral properties, polarization,
and especially the measured relative intensity noise properties.
Afterwards, the holmium-doped fiber pre-amplifier concept and
the corresponding results are presented with a focus on the
achieved relative intensity noise for the currently free running,
not actively stabilized system. For both presented systems, we
achieve highest stabilities, especially at frequencies >100 Hz.
In the end, we will give an outlook on our next steps, which are
mainly focused on the further setup of the other laser stages and
the active stabilization of the output signals. Overall, the pre-
sented system fulfills the E-TEST pre-amplifier requirements,
and both presented thulium-doped and holmium-doped fiber
amplifiers achieve highest power stabilities in their free-running
configuration, which shows the suitability of the concept to
achieve highest stabilities. In Section V we will present our

Fig. 1. Concept of the E-TEST laser system. In this article, the results of the
pre-amplifier section will be presented, namely the thulium-doped pump laser
Tm1 and the holmium-doped amplifier Ho1.

detailed system performance analysis, where we performed a
detailed system performance analysis. We showed the influence
of four input parameters, namely the pump and signal power, and
the pump and signal wavelength to show potential approaches
for future holmium-doped fiber amplifier systems.

II. THE E-TEST-LASER CONCEPT

Fig. 1 shows the full laser concept we are developing in the
context of the E-TEST project. It consists of a seeder, two
holmium-doped fiber amplifier stages, and the corresponding
pump sources. In the following, all stages will be presented.

The seed laser will be based on a Ho:YAG crystal to generate a
wavelength of approx. 2090 nm. While we start with the develop-
ment of a ring oscillator, the goal is to develop an NPRO-Seeder
(Non-Planar Ring Oscillator) to achieve the low linewidth of
approx. 1 kHz and fulfill the stability criteria in relative intensity
noise and frequency noise. The seeder’s pump laser will either
be a Tm:YLF crystal based laser or a thulium-doped fiber laser.

To suppress nonlinear effects such as stimulated Brillouin
scattering, to meet the required relative intensity noise param-
eters, and to reduce amplified spontaneous emission, the fiber
amplifier itself is a two-stage holmium-doped fiber amplifier.
The first stage (Ho1) is designed to amplify low power seed
lasers with powers such as 1 mW to approx. 400 mW. In the
second stage (Ho2), the power will be further amplified to
approx. 10 W. It should be noted that both fiber amplifier stages
and the corresponding pump sources are fully monolithic for an
increased long-term stability and a more compact setup.

To achieve the highly ambitious power stability properties,
we do not only setup as stable as possible holmium-doped fiber
amplifiers, but also put a lot of effort into setting up as stable
as possible pump lasers. The holmium-doped fiber amplifiers
at 2090 nm are pumped by thulium-doped fiber lasers at a
wavelength of approx. 1950 nm with low RIN. This way, we aim
to achieve low pump laser noise which shall result in an overall
lower noise in the holmium-doped fiber amplifier. In addition,
the quantum defect in the holmium-doped fiber amplifiers shall
be minimized, which can result in a high efficiency and an
overall higher stability. The thulium-doped fiber lasers are either
an amplifier (Tm1) and a resonator (Tm2). An advantage of
our multi-stage laser design is that it reduces the dependence
on the output power of the seed laser. Depending on the used
seed source, only one or both fiber amplifier stages can be
used. Therefore, the concept is highly adaptable, and our fiber
amplifier system can be used to amplify alternative seed laser
concepts, such as low linewidth fiber lasers or VECSEL.
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Fig. 2. Concept of the E-TEST thulium-doped pump laser Tm1 for amplifi-
cation at a wavelength of approx. 1950 nm.

Another important aspect of our concept is that we have
multiple active actuators that can potentially be used to control
the output characteristics of the entire system. This includes
for example the current and temperature of the used pump
diodes. By actively regulating these parameters and imple-
menting advanced stabilization mechanisms, for example the
relative intensity noise could be improved. For monitoring of
each of the single stages output characteristics, we implemented
photodiodes in each single laser stage shown in Fig. 1, which can
be an important tool for the active stabilization. We plan to use
a similar method as we already used for studies of the European
Space Agency ESA for future space-based gravitational-wave
detectors, e.g., for LISA [16].

In the following, we will present the results of our currently
non-stabilized, free running holmium-doped fiber amplifier
Ho1, which is the pre-amplifier of the full E-Test laser system,
and the corresponding pump laser the thulium-doped pump laser
Tm1. The results presented are an important milestone towards
the full laser concept shown in Fig. 1 and provide a suitable
platform for later active power stabilization.

III. EXPERIMENTAL RESULTS OF THE THULIUM-DOPED FIBER

AMPLIFIER TM1

In the following, we present our results on the monolithic
thulium-doped fiber amplifier (Tm1) as shown in Fig. 1, which is
the pump laser for the holmium-doped fiber amplifier Ho1. The
concept of the laser is shown in Fig. 2. As the seed source we use
a fiber-coupled single-mode diode laser module at a wavelength
of 1950 nm with a linewidth of approx. 5 MHz. It is amplified in
a polarization maintaining thulium-doped fiber (iXblue, IXF-
2CF-Tm-PM-10-130), which is contra-directionally pumped
using fiber-coupled multi-mode diode laser modules with a
wavelength of approx. 790 nm. For monitoring, we use several
tap combiners and photodiodes which are not shown here. To
protect the fiber amplifier from backscattered light and to filter
unwanted amplified spontaneous emission from the amplifier,
we use a fiber coupled isolator with a built-in bandpass filter at
the end of the amplifier stage.

In Fig. 3 the output power with respect to the pump power is
shown. Above the laser threshold, we measure an amplification
with a slope efficiency of approx. 40% with respect to the pump
power of the diode laser modules. By amplifying the approx.
10 mW output power of the seed diode, approx. we achieve
approx. 2 W output power after the fiber coupled isolator. In
Fig. 4, the measurement of the polarisation is shown, where
we use a half-wave plate and a thin film polarizer. At full
output power, we measured linearly polarized radiation with a

Fig. 3. Output power with respect to the pump power of the thulium-doped
fiber amplifier Tm1.

Fig. 4. Normalized power with respect to the half-wave plate angle of the
thulium-doped fiber amplifier Tm1.

polarization extinction ratio of approx. 28.6 dB at the output of
the fiber amplifier Tm1.

In Fig. 5 the normalized power with respect to the wavelength
is shown for different power levels. The centre wavelength is at
approx. 1953 nm. The measured linewidth of signal is wider
than the specified 5 MHz, since our optical spectrum analyzer’s
resolution with 100 pm is too low. At a level of approx. -50 dB
radiation can be measured from approx. 1945 nm to 1957 nm. We
assume that this is no amplified spontaneous emission, but the
amplified signal of the used seed lasers side modes. Based on the
manufactureres data, the side-mode suppression ratio is approx.
45 dB, which is in good accordance to our measurements. In
addition, the qualitative behaviour does not change with respect
to the power level.
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Fig. 5. Normalized power with respect to the wavelength of the thulium-doped
fiber amplifier Tm1.

Fig. 6. Relative intensity noise of the thulium-doped amplifier Tm1 at full
power operation and the GSE used for the measurement with respect to the
frequency.

To analyze the temporal behaviour of the thulium-doped
fiber amplifier’s output power, we analyze the RIN using an
in-house developed RIN-measurement setup. By doing this, we
can identify the influence of noise sources at specific frequencies
on the temporal stability of the laser’s output power. With our
current setup, we analyze frequencies from approx. 10−3 Hz to
104 Hz. The RIN of the currently free-running thulium-doped
amplifier Tm1 and RIN GSE (Ground Support Equipment) noise
limit with respect to the frequency are shown in Fig. 6. At
frequencies <1 Hz, we measure RINs of approx. 3·10−1 Hz−0.5

to 10−3 Hz−0.5. This behaviour is expected, since our setup
is currently not thermally stabilized and thermal effects play
a crucial role in this frequency range. In the frequency range
from 1 Hz to 500 Hz, we measure an approximately linear
dependency of the RIN with respect to the frequency in this

Fig. 7. Concept of the E-TEST holmium-doped fiber amplifier Ho1.

double logarithmic representation. Exemplary at 100 Hz, we
achieve a RIN of approx. 10−6 Hz−0.5. For frequencies >500
Hz, we are currently limited by the RIN GSE noise at a RIN
level of approx. 10−6 Hz−0.5 to 10−7 Hz−0.5. Especially at high
frequencies, we achieve satisfying results for the RIN. We expect
that the RIN at lower frequencies of our currently free-running
system can be improved by applying a thermal stabilization, to
suppress thermal effects due to the lab environment.

IV. EXPERIMENTAL RESULTS OF THE HOLMIUM-DOPED FIBER

AMPLIFIER HO1

In this section, we present our results of the monolithic
holmium-doped fiber amplifier (Ho1) as shown in Fig. 1. Fig. 7
shows the laser concept. Since the Ho:YAG seeder is still in
development, we use a fiber coupled single-mode diode laser
module with an output power of approx. 2 mW at a wavelength
of approx. 2095 nm with a linewidth of approx. 2 MHz as a
seed source. At low linewidth, stimulated Brillouin scattering
(SBS) can be a power limiting nonlinear effect, which must
be carefully considered in the fiber amplifier design. Currently,
the seed laser’s linewidth is still higher than the targeted 1 kHz
linewidth. This can potentially result in a higher SBS threshold,
since the SBS threshold is dependent on the linewidth. However,
since the used laser linewidth is already well below the typical
SBS bandwidth, we do not expect a significantly higher influence
of SBS at lower linewidth. Therefore, our currently used seed
laser can be used to demonstrate all the relevant fiber amplifier
parameters.

The seed laser’s radiation is amplified in a polarization main-
taining holmium-doped fiber (iXblue, IXF-HDF-PM-8-125),
which is contra-directionally pumped by the 1950 nm radiation
emitted by the Tm1 pump laser presented in Section III by
using a wavelength division multiplexer (WDM). As for the
thulium-doped fiber amplifier Tm1, here we also use several
tap combiners for monitoring of the signal, and a fiber coupled
isolator with a built-in bandpass filter to protect the fiber am-
plifier from backscattered light and to filter unwanted amplified
spontaneous emission.

In Fig. 8 the output power at 2095 nm with respect to the
pump power at 1950 nm is shown. We achieve an output power
of approx. 400 mW after the isolator, which has a transmission
of approx. 68%. The achieved output power is perfectly fulfilling
the E-TEST project goals and can be used as the input power
for the Ho2 stage. However, based on our holmium-doped fiber
simulation, we expected a higher slope efficiency. Therefore,
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Fig. 8. Output power with respect to the pump power and simulation with
adapter PIQ concentration of the holmium-doped fiber amplifier Ho1.

Fig. 9. Normalized power with respect to the half-wave plate angle of the
holmium-doped fiber amplifier Ho1.

we performed additional tests to get information on the fiber’s
parameters, especially the pair-induced-quenching (PIQ). Using
the cut-back method, we measured the small-signal absorption
and the non-saturable absorption of the used fiber, and calculated
the number of holmium ions 2k similar to other publications
[17], [18]. Following this, we calculated that the number of
holmium ions 2k within a cluster is approx. 6.9% for our used
fiber, which results in a good agreement between the experimen-
tal results and our simulation as shown in Fig. 8.

In Fig. 9 the results of the polarisation measurement is shown.
For this measurement, we use a half-wave plate and a thin film
polarizer, resulting at full power operation in linear polarized
radiation with a polarization extinction ratio of approx. 18. In
Fig. 10 the normalized power with respect to the wavelength is

Fig. 10. Normalized power with respect to the wavelength of the holmium-
doped fiber amplifier Ho1.

Fig. 11. Beam radius with respect to the lateral position in the beams optical
axis of the holmium-doped fiber amplifier Ho1.

shown for different power levels. The centre wavelength is at ap-
prox. 2095 nm, which corresponds to the seed laser wavelength.
Similar to the 1950 nm laser, the measured signal linewidth is
wider than the specified 2 MHz, because the resolution of our
optical spectrum analyzer is too low. Besides the main peak
at a wavelength of approx. 2095 nm, additional peaks with a
periodicity of approx. 1 nm can be observed at power levels
smaller than 45 dB. Since the periodity does not change for
higher power levels, we expect that this is no ASE of the fiber
amplifier, but the side modes of the seed diode. In addition, the
manufactureres data sheets show a side-mode suppression ratio
of 45 dB, which is in high agreement to our results.

In Fig. 11 the beam radius with respect to the position is
shown. We obtain a beam quality factor M2 of 1.082, which
corresponds to a single-mode beam quality. All of these here
parameters are perfectly in-line with the project goals for the
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Fig. 12. Relative intensity noise of the holmium-doped fiber amplifier Ho1 at
full power operation and the GSE used for the measurement with respect to the
frequency.

Ho1 amplifier development and are an important step towards
the demonstration of the parameters of the Ho2 amplifier stage.

To analyze the temporal behaviour of the holmium-doped
fiber amplifier’s output power, we analyze the relative intensity
noise (RIN), as described in Section III. The RIN of the currently
free-running, non-stabilized holmium-doped amplifier Ho1 and
the RIN GSE noise limit with respect to the frequency are
shown in Fig. 12. Overall, we measure similar results to the
thulium-doped fiber amplifier Tm1, shown in Fig. 6. At fre-
quencies <1 Hz, we measure RINs of approx. 3·10−1 Hz−0.5 to
2·10−4 Hz−0.5. Here we expect such a high RIN in comparison to
the other frequencies, since our setup is currently not thermally
stabilized and thermal effects play a crucial role in this frequency
range. However, we measured a slightly better RIN at frequen-
cies from 10−3 Hz to 1 Hz for the Ho1 amplifier stage than for the
Tm1 amplifier stage. In the frequency range from 1 Hz to 1 kHz,
we measure an approximately linear dependency of the RIN with
respect to the frequency in the presented double logarithmic
representation. At frequencies >1 kHz, we are currently limited
by the RIN GSE noise. Here, we achieve RINs of approx.
10−6 Hz−0.5 to 10−7 Hz−0.5. Again, especially at frequencies
>100 Hz, we achieve the most satisfying results. We expect
that we can further improve the RIN at lower frequencies by
applying a thermal stabilization, to reduce the influence of the lab
environment onto the fiber amplifiers, and by applying an active
power stabilization. Overall, the results show the suitability of
the concept to achieve highest stabilities, currently especially at
the high frequencies >100 Hz.

V. SYSTEM PERFORMANCE ANALYSIS

As described in Section II, holmium-doped fiber amplifiers
at 2090 nm can have a very low quantum defect when being
pumped at 1950 nm. With our current system without usage
of the final isolator, we achieve an optical-optical efficiency

Fig. 13. Optical-optical efficiency with respect to the fiber length for an
injected seed power of 2.15 mW, 10 mW and 100 mW.

of approx. 34% as presented in Section IV. Even though the
achieved relative intensity noise properties were the main goal of
our fiber amplifier development, a higher overall optical-optical
efficiency can be beneficial for further laser development. To
analyze this, in the following section we will present a detailed
theoretical analysis based on our numerical holmium-doped
fiber amplifier simulation describing the influence of four E-
TEST laser systems input parameters which are seed power, seed
wavelength, pump power and pump wavelength on the overall
optical-optical efficiency. We will present that our current system
with its current design restrictions is very close to the theoret-
ically possible efficiency value of 34.15%, being predicted by
our holmium-doped fiber amplifier simulation.

In our analysis we study the influence of the parameters named
above on the optical-optical efficiency, which we define as

ηOpt =
POut,Signal − PIn,Signal

PPump
(1)

with the input and the output power of the signal, PIn,Signal and
POut,Signal, and the pump power PPump. In the whole analysis we
will use the parameters of the holmium-doped fiber used to setup
our holmium-doped fiber amplifier described in Section IV.
By varying one of the fiber amplifier input parameters in the
simulation, such as the pump wavelength, the optimal fiber
length might change, which furthermore might influence the
achievable optical-optical efficiency. Therefore, when varying
a parameter, we will also identify the optimal fiber length,
which we define as the length with the maximum optical-optical
efficiency. While we only consider the optical-optical efficiency
in our following analysis, we expect the slope efficiency to be
higher than the optical-optical efficiency since the laser threshold
is not considered in it. For high pump power, we expect the
difference to be negligible.

Fig. 13 shows the optical-optical efficiency with respect to
the fiber length for a signal input power of 2.15 mW, 10 mW
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Fig. 14. Optical-optical efficiency with respect to the fiber length for an
injected pump power of 1.75 W, 5.0 W and 10.0 W.

and for 100 mW at a signal wavelength of 2095.18 nm. For all
three seed powers, the achievable optical-optical efficiency is
highly dependent on the fiber length. For a signal input power
of 2.15 mW and with a pump power of approx. 1.75 W at a
wavelength of 1952 nm, our analysis shows that a maximum
optical-optical efficiency of 34.15% is achievable, which is
very close to our achieved optical-optical efficiency of 34%.
For higher signal input powers, overall higher optical-optical
efficiencies are achievable, such as approx. 45% for a signal
input power of 10.0 mW and more than 60% for a signal input
power of 100 mW. Overall, the seed power has a high influence
on the achievable optical-optical efficiency.

In Fig. 14 the optical-optical efficiency with respect to the
fiber length for an injected pump power of 1.75 W, 5.0 W
and 10.0 W is shown. The pump wavelength is 1952.33 nm,
while the seed signal has a wavelength of 2095.18 nm and
a power level of 2.151 mW. As already shown for the signal
power, the optical-optical efficiency increases for higher pump
power levels. While for a pump power of 1.75 W an efficiency
of approx. 34% is achievable, for 5 W and 10 W of pump
power optical-optical efficiencies of approx. 51% and 57% are
achievable, respectively. To absorb the higher amounts of pump
power, longer fiber lengths are required.

In addition, we analyze the influence of the signal wavelength
on the achievable optical-optical efficiency and the optimal fiber
length. As described before, in context of the E-TEST project
the consortium focused on a wavelength of approx. 2095 nm.
However, changing the laser wavelength might be interesting for
other applications. Fig. 15 shows the optimal fiber length and
the corresponding optical-optical efficiency with respect to the
signal wavelength. For a pump power of 1.75 W at a wavelength
of 1952 nm and a signal power of 2.15 mW, the maximum
optical-optical efficiency can be achieved at a wavelength of
2045 nm and reads 51.9%, which is approx. 17 percentage points
higher in comparison to the achieved results of the E-TEST

Fig. 15. Optical-optical efficiency and fiber length with respect to the signal
wavelength.

Fig. 16. Optimal fiber length with respect to the pump wavelength.

holmium-doped fiber amplifier. For higher signal wavelengths,
even above the E-TEST laser wavelength, our simulation shows
a lower efficiency.

To finalize our analysis, we analyze the performance of the
holmium-doped fiber amplifier with respect to the pump wave-
length. Due to the wavelength dependent cross-sections, we
expect a high influence on the optimal fiber length. Therefore,
we calculate, as already done before, the optimal fiber length for
each pump wavelength, while keeping the other input parame-
ters, the pump power of 1.75 W, the signal power of 2.15 mW
and the signal wavelength of 2095.18 nm constant.

Fig. 16 shows the optimal fiber length with respect to the
pump wavelength. From 1860 nm to 1940 nm, the optimal fiber
length is approximately the same. For shorter and longer pump
wavelengths, the optimal fiber length becomes longer in both
cases.
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Fig. 17. Optical-optical efficiency and relative amplified spontaneous emis-
sion (ASE) in forward direction with respect to the pump wavelength.

In Fig. 17 the optical-optical efficiency and the relative am-
plified spontaneous emission (ASE) in forward direction with
respect to the pump wavelength is shown. The relative ASE
used in our analysis is defined using

hASE =
PASE

POut,Signal
(2)

and describes the power of the ASE in forward direction PASE

with respect to the signal output power. Our simulation shows
that for pump wavelengths ranging from 1840 nm to 1910 nm
the highest optical-optical efficiencies of approx. 45% can be
achieved. For shorter wavelengths, the optical-optical efficiency
decreases. A local minimum is observable at a pump wavelength
of approx. 1950 nm and a local maximum can be observed at
1970 nm. The optical-optical efficiency decreases for higher
wavelengths. For the relative ASE, the global maximum can
be observed at a wavelength of 1870 nm. Therefore, especially
pump wavelengths which result in high optical-optical efficien-
cies, result in the highest amounts of relative ASE. For shorter
and longer pump wavelengths, the relative ASE decreases. For
example, at a pump wavelength of 1970 nm, where in our
exemplary case an optical-optical efficiency of 37% is achieved,
the relative ASE amounts to 1%, which could be a good trade-off
between optical-optical efficiency and ASE power for future
laser systems.

Overall, higher seed and pump power are beneficial for higher
optical-optical efficiencies, while there is also a high influence
on pump and signal wavelength. The highest optical-optical
efficiencies with respect to the pump wavelength can be achieved
for pump wavelengths around 1870 nm, however, the amplified
spontaneous emission also has its maximum at these pump
wavelengths. Dependent on the application of the laser system
it must be evaluated whether a higher optical-optical efficiency
is beneficial even though there is potentially a higher amount of
amplified spontaneous emission.

VI. CONCLUSION

In this article, we presented the results of the E-TEST pre-
amplifier, which in its currently free-running configuration per-
fectly fulfills the E-TEST pre-amplifier requirements. In addi-
tion, this is to the best of our knowledge the first publication
which analyzes the frequency dependent relative intensity noise
of a holmium-doped fiber amplifier. The laser system is devel-
oped for future usage in a third-generation gravitational wave
detector, the Einstein telescope. While for such an application,
there are highest demands on laser parameters such as linewidth,
spectral purity, and polarization, especially stability properties
such as the relative intensity noise must be optimized.

We presented the first holmium-doped fiber amplifier (Ho1)
and its pump laser the thulium-doped pump laser (Tm1), which
represent the first amplifier stage and its pump laser of the
E-TEST laser concept. By not only developing an as stable as
possible holmium-doped fiber amplifier, but also an as stable
as possible thulium-doped fiber amplifier, which is used as the
pump laser, we aim to fulfill the highly ambitious power stability
properties. For Tm1, we achieve approx. 2 W output power at a
wavelength of app. 1950 nm with 5 MHz linewidth, and linearly
polarized output power with no signs of ASE. The relative
intensity noise measurements show satisfying results, especially
at high frequencies >100 Hz. For Ho1, we demonstrated an
output power of approx. 400 mW at a wavelength of approx.
2095 nm with 2 MHz linewidth, a polarization extinction ratio of
18 dB and no amplifier-related ASE. We performed and analyzed
the relative intensity noise of the fiber amplifier and achieve
satisfying results especially at high frequencies, showing the
suitability of the approach to achieve highest stabilities. For
both currently free-running system, we achieved RINs of approx.
10−6 Hz−0.5 at a frequency of 100 Hz. The results presented are
perfectly fitting to the E-TEST project goals of the first amplifier
stage and are an important milestone towards the full laser
concept, and our thulium- and holmium-doped fiber amplifier
provide a suitable platform for later active power stabilization.
To further analyze the optical-optical efficiency of our system,
we performed a detailed system performance analysis. Here,
we showed the influence of four input parameters, namely the
pump and signal power, and the pump and signal wavelength.
Overall, higher seed and pump power are beneficial for higher
optical-optical efficiencies, while there is also a high influence
on pump and signal wavelength. The highest optical-optical
efficiencies with respect to the pump wavelength can be achieved
for pump wavelengths around 1870 nm, however, the amplified
spontaneous emission also has its maximum at these pump wave-
lengths. Based on our analysis, especially a pump wavelength
at 1970 nm could be a good trade-off between optical-optical
efficiency and the amount of ASE power.

Our next steps are the setup of the further stages Tm2 and
Ho2 for higher power amplification of the achieved 400 mW
to >10 W. In addition, we plan to further test the here pre-
sented amplifier system with a seed laser with smaller linewidth.
Furthermore, we are preparing thermal stabilization and active
power stabilization tests to further improve the relative intensity
noise, especially at the low frequencies.
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