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Abstract:

The continuous improvement of current gravitational wave detectors (GWDs) and the prepa-
rations for next generation GWDs place high demands on their stabilized laser sources. Some
of the laser souces need to operate at laser wavelengths between 1.5 um and 2.2 um to support
future detectors, based on cooled silicon test masses for thermal noise reduction.

We present a detailed characterizations of different commercial low power seed laser sources
and power amplifiers at the wavelength of 1550 nm with regard to performance parameters
needed in GWDs. A combination with the most complete set of actuators was arranged as a
master-oscillator power amplifier (MOPA) and integrated into a stabilization environment. We
demonstrate the operation of a pre-stabilized laser system (PSL) and characterize its performance.

We present the results of this characterization that make this PSL to a highly relevant prototype
for future GWDs as well as a low noise light source for other experiments in high precision
metrology.

https://dcc.ligo.org identifier LIGO-P2100012

1. Introduction

Since the first direct detection of gravitational waves (GWs) from the merge of two black holes in
2015 [1] several further astrophysical events were discovered by gravitational wave astronomy:
The merger of two neutron stars confirmed by multi messenger astronomy [2], a multitude of
further detections documented in two GW detection catalogs [3,4] and even more GW candidates
found in the last observation run of the ground-based gravitational wave detector (GWD) network.
This network is comprised by the two Advanced LIGO detectors [5] in the US, the Advanced
Virgo detector in Italy [6] and the GEO detector in Germany [7].

The sensitivity of currently operating GWDs is fundamentally limited by quantum noise as
well as coating thermal noise of the interferometer mirrors often called test masses. Future
GWDs need to reduce in particular these noise contributions to achieve their anticipated ten fold
sensitivity improvement. The quantum noise at higher Fourier frequencies can be reduced by
increasing the laser power circulating inside the GWD interferometers and can independently be
further improved by the injection of squeezed light into the interferometer’s output port [8,9].
The coating thermal noise is dependent on the coating properties and temperature. By reducing
the temperature of the test masses the coating thermal noise can generally be lowered, unless an
increase of the mechanical loss of the coatings at low temperature cancels the direct temperature
effect [10]. The first large scale GWD which uses cryogenic temperatures to lower the thermal
noise is the KAGRA detector [11], which uses sapphire test masses and a 1064 nm wavelength
laser.

Test masses made from silicon are more appropriate for future GWDs, as they are available in
high quality and larger sizes than sapphire. As silicon is not transparent at the currently used
wavelength of 1064 nm this test mass material needs a laser wavelength between 1.5 pm to 2.2 um
to be successfully implemented in future GWDs [12].

A European design study for a future GWD called the Einstein Telescope proposes three
interferometers for the low frequency detection band. These shall have silicon test masses and



1550 nm lasers, which can deliver 3 W of optical power behind the input mode cleaner cavity [13].
This requirement translates to an output power of the lasers of roughly 5 W. The LIGO Voyager
and Cosmic Explorer, future plans for GWDs in the US, shall use laser powers from 200 W up to
1 kW with a laser wavelength compatible with silicon optics [14, 15].

Ground-based GWDs generally place very high demands to the laser systems. The laser
sources have to be single frequency, single mode, linear polarisation and low noise. In particular
the frequency noise, power noise and beam pointing noise in the detection band between a few
hertz and typically a few kilohertz is most essential. The second important frequency band is
the one used for phase modulation of the interferometer’s length and alignment control systems.
This band spans from a few megahertz up to 200 MHz.

As no free-running laser meets the demanding GWD stability requirements multiple stages of
active feedback control and passive noise filtering are needed in the so called laser pre-stabilization
to prepare the lasers for injection into the GWD interferometers.

Frequency stabilization of low power lasers in the range of 1.5 um wavelength were reported
from various fields, like the stabilization for a frequency comb [16], stabilizaton to ultra stable
silicon cavities [17] or stabilization to a high Q fiber resonator [18]. Also a frequency and power
stabilized system with fiber optics and an output power of 10 mW was demonstrated [19]. None
of these experiments simultaneously achieves the GWD stability requirements for all relevant
laser parameters and only parts of technologies needed for a GWD PSL are demonstrated.

In this paper we report on a full GWD PSL at 1.5 um. We used a well tested laser characterization
tool, the so-called diagnostic breadboard (DBB), that was developed for 1064 nm [20] and adapted
for 1550 nm. With this DBB we characterized different seed lasers and power amplifiers and
finally the full PSL.

We first tested an external cavity diode laser from RIO [21] and compare our measurements with
already published results on this seed laser [22,23]. Fiber lasers from NKT Photonics [24] with
different amplifiers and a seed source from NP Photonics [25] were characterized subsequently.
In addition we tested two low power amplifiers, an optical booster amplifier from Thorlabs [26]
and a fiber amplifier built in a collaboration with the Laser Zentrum Hannover e.V. [27]. Their
free-running laser noise and their actuators for potential use in stabilization control loops are
discussed in section 3.

In section 2.2 and 4 we report on an active feedback stabilized system to evolve the laser source
to a PSL.

With this work we present, to our knowledge, the first stabilized laser system at 1550 nm
wavelength with a simultaneous frequency and power stabilizations adequate for use in future
GWDs.

2. Experimental setup

For the laser characterization a DBB for 1550 nm based on the original 1064 nm version [20]
was built. We used 1550 nm optics and germanium quadrant photodiodes and increased the
transimpedance gains of the photodiodes. The increased the transimpedance gains are to allow
measurements at input power of 5 mW to 35 mW as compared to the standard DBB with maximal
150 mW input power. A schematic layout of the DBB can be seen in right part of Fig. 1.

With this DBB we analyzed free space laser beams in their noise and spatial mode properties.
A beam is coupled via two adjustable mode-matching lenses and two piezo alignment mirrors to
a triangular Fabry-Pérot resonator. A low noise InGaAs photodiode in front of the resonator is
used to perform power noise measurements at Fourier frequencies between 1 Hz and 100 MHz.
A photo current of up to 18 mA can be detected. An analysis of the power transmitted by the
resonator while scanning its length gives the mode decomposition of the mode-matched incoming
beam.



The frequency noise of the laser beam can be measured by stabilizing the resonator length with
the dither modulation techniques on resonance for the laser frequency. The dither modulation
is imprinted at 1 MHz on the resonator’s piezoelectric element. The error signal for the length
control loop is generated by demodulation of the light power measured in reflection of the
resonator. The error signal and the control signal of the length feedback stabilization is captured
to calculate the frequency noise between Fourier frequencies of 1 Hz to 500 kHz.

An equivalent technique in combination with the quadrant photodiodes can be used for
differential wavefront sensing based alignment control loops to stabilize the beam pointing [28,29].
This also enables the measurement of beam pointing noise.

In addition to the noise measurements the calibrated sensors of the DBB are used for transfer
function measurements of the laser modulation inputs.

All characterization of the different laser systems are performed in the same setup. For
all measurements the beam path and the environmental conditions, like air flow, devices in
operation in the lab or room light conditions are kept constant to achieve comparable results. The
measurements were performed repeatedly over more than one day to confirm a stable performance
of the tested lasers. Modulation inputs of the lasers are terminated or disabled during the noise
measurements.
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Fig. 1. The simplified stabilization setup shows the seed laser with 1550 nm wavelength,
which was coupled via a fiber Faraday isolator to the fiber phase modulator and was
amplified by the semiconductor booster amplifier. A Faraday isolator was placed in the
115 mW free space beam. This was to prevent reflections back to the amplifier. Parts
of the beam were sent to power sensors and the frequency reference cavity. The main
fraction of the beam was analysed with the diagnostic breadboard.

2.1. Characterized laser systems

An overview of the characterised seed lasers and laser amplifier are given in Tab. 1.

We have chosen different commercial seed lasers, which are based on different technologies
and have promising data sheet specifications for the use in the field of ground-based gravitational
wave detection. Single mode, single frequency operation with high stability in power and
frequency within the gravitational wave detection band as well as in the MHz range is important.
In addition an option for frequency control is needed to further stabilize the laser frequency.



Table 1. Tested laser sources and amplifier

Product name“ Vendor Technology Output
power
Seed laser sources
Orion laser source, RIO [21] external cavity diode 10 mW

RIO3135-3-34-5

Koheras Adjustik E15,
K822-125-102 version 1 | NKT Photonics [24] erbium fiber lasers 40 mW
K822-125-102 version 2

NPP Seed laser of a high
power laser module

laser (ECDL)

NP Photonics [25] erbium fiber lasers 28 mW?

Pre-amplifier

Booster optical amplifier semiconductor

(BOA), BOA1004P Thorlabs [26] waveguide amplifier | 2> ™"

Laser Zentrum

. : b
Hannover e.V, [27] erbium fiber amplifier | 50 mW

Fiber pre-amplifier

Power amplifier

NKT Boostik 2W,
K532-015-100

NKT Boostik 10W<,
K532-015-120

NKT Photonics [24] erbium fiber amplifier | 2 W

NKT Photonics [24] erbium fiber amplifier | 10 W

erbium fiber amplifier
RIO [21] with integrated ECDL | 2W
seed laser

RIO Grande laser,
RIO1175-9-34-5

@ The bold marked names are used in the text as a designation for the laser and amplifiers, ® Measured output power,
¢ Power for —3 dB saturation output power, ¢ Two amplifier of this kind were characterized

To achieve a single frequency operation the seed lasers implement a Bragg reflector for
distributed feedback [22,24].

To pre-amplify the seed power two different types of amplifiers were investigated. A BOA
based on a fiber coupled InP/InGaAsP quantum well layer structure in a waveguide structure
with a measured output power of 117 mW was tested [26]. The characterized fiber pre-amplifier
is core pumped at 976 nm wavelength with a Bragg grating stabilized laser diode and was built in
cooperation with the Laser Zentrum Hannover e.V. [27]. For both amplifiers an in-house built,
low noise current source was used with a fast modulation input (based on [30, 31]).

The Boostik power amplifier were tested with different seed lasers to test their influence on the
actuation and noise characteristics.

The tested Grande amplifier has an integrated seed source, which is similar to the Orion laser.

2.2. Pre-stabilized laser system

The performance of a pre-stabilized laser system (PSL) is demonstrated with the ECDL and
optical booster amplifier and an output power of 115 mW. The combination of the Orion laser
and the BOA offer actuators for frequency and power stabilization with a decent range and



bandwidth. A simplified setup is given in Fig. 1.

The laser frequency was stabilized to an ultra low expansion glass ceramic spacer based,
triangular reference cavity with a finesse of roughly 59000 and a free spectral range of 702 MHz.
Two plane mirrors are optically contacted to the spacer while the curved mirror was glued to it.
The cavity is placed with viton vibration isolation pads in a vacuum tank at a pressure of 1 mbar to
reduce acoustical noise coupling. The laser frequency was stabilized with the Pound-Drever—Hall
(PDH) sensing scheme to the cavity [32].

A fiber phase modulator was integrated to add phase modulation side-bands at 44 MHz for the
PDH sensing and as a fast actuator in the frequency stablization feedback control loop.

For the power stabilization in- and out-of-loop photodiodes with transimpedance amplifier
were used. The photodiodes were Perkin Elmerts C30642. Both readout electronics are based on
photodiode sensors used in the Advanced LIGO PSLs [33]. The in-loop detector has an improved
bias circuit and an updated low noise operational amplifiers [34].

3. Laser characterization

First the different free-running laser systems and MOPA combinations were characterized with
the DBB. The transversal mode purity and the pointing noise of all tested lasers were measured.
All show a low higher order mode content, as all lasers have polarisation maintaining, single
mode fiber output ports.

The frequency noise measurements in Fig. 2 show that only the seed lasers contribute in
the measurement band to the total frequency noise of the modular systems. Small deviations
at 100 Hz to 300 Hz are due to slightly different unity gain frequencies for the DBB resonator
stabilization loop.

All shown noise measurements are captured as a set of fast Fourier transformed measurements,
which were averaged over multiple samples and normalized by the resolution bandwidth to get an
amplitude spectral density. Multiple measurements with different spans were performed and
stitched together to get the resolution for the logarithmic Fourier frequency scales.
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Fig. 2. The free-running frequency noise of the different seed lasers and MOPA
combinations. The frequency noise of the MOPA systems is dominated by their seed
laser noise.



The samples with different spans are plotted with a small overlap to compensate for calibration
uncertainties and different sensor whitening of different frequency spans.

To give an approximation of the resulting linewidth of the tested lasers the S-separation line is
also included to Fig. 2. The Fourier frequency of the crossing between this line and the noise
spectral density give the approximated linewidth of the corresponding laser [35]. The lowest
frequency noise is measured for the Adjustik lasers, followed by the Orion laser source. Both
have a frequency noise comparable to the noise of the seed laser used in current GWD PSLs [20].
The noise of the 1064 nm seed lasers used in current GWDs, which are non-planar ring oscillator
lasers can be approximated as 10 kHz Hz /2. 1Hz/ f-

The relative power noise (RPN) of the seed lasers are shown in Fig. 3 as an amplitude spectral
density. The RPN of the Orion have a different spectral shape compared to fiber lasers. The
noise of the Orion laser follows roughly a f~'/? slope down to the detection shot noise of
1 x 1078 Hz~'/2. This low noise was achieved by replacing the supplied external 5V switching
power supply by a linearly stabilized supply with lower noise coupling to the laser. The RPN of
the fiber lasers are to our understanding limited by the RPN of the used pump diodes, excess
noise due to the re-absorption by the erbium ions and the relaxation oscillation [36,37] within the
laser resonator at 500 kHz for the Adjustik laser and at 1 MHz for the NPP seed laser. The peak
at 10 MHz in the measurements is due to a timing signal for our data acquisition system. The
measurement of the Orion laser is influenced by dark noise above 30 MHz due to low available
laser power.
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Fig. 3. The free-running RPN of the seed lasers, plotted as amplitude spectral density,
follow two characteristic shapes. The Orion laser has a very low free-running noise,
the fiber lasers have a higher noise floor and a characteristic relaxation oscillation peak.

The response and power cross-coupling of the frequency actuation inputs of the seed lasers are
compared in Fig. 4 and Fig. 5. The frequency of the fiber laser was tuned with a piezo electric
element [38], which has characteristic resonances above 40 kHz and shows only a significant
coupling from the frequency modulation to the output power of the laser at Fourier frequencies
around 70 kHz. The resonances limit the usable bandwidth of this actuator in feedback controls
for a frequency stabilization.
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Fig. 4. The frequency actuation transfer functions of the fiber based and Orion laser
show a similar magnitude at low frequencies. Resonances in the fiber laser’s transfer
function reduce the usable actuation bandwidth significantly compared to the Orion
laser.
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Fig. 5. The cross-couplings from frequency actuation to the output power of the Orion
laser and fiber laser. As the pump current for the Orion laser also defines the output
power, a direct coupling is observed. Meanwhile the output power of the fiber laser
shows a strong coupling only around 70 kHz.

The frequency of the Orion laser is controlled by the pump current for the semiconductor,



which introduces a carrier density dependend index of refraction change. Hence, no mechanic
resonances are present in the transfer function but a direct coupling to the optical gain and by that
to the output power can be observed. The transfer function decays with multiple poles, which
can be easily compensated in a feedback control. This makes the delay equivalent phase loss in
the transfer function to the ultimate limit of the control bandwidth for a stabilization.

A slow, high range tuning of the frequency is possible for both lasers by a temperature control
of the laser resonator.

The RPN of the pre-amplifiers was tested with the Orion laser as seed laser, as it has the lowest
RPN. For the fiber pre-amplifier as well as for the BOA from Thorlabs, we used exactly the same
low noise current driver with a relative current noise of 3 x 10~ Hz~'/? above 100 Hz (see Fig.
6).

The higher RPN of the fiber pre-amplifier in comparison to the BOA is maybe caused by
reabsorption of the seed in the quasi three laser level system of erbium or amplified spontaneous
emission [39, p. 68f, 543ff]. In addition we measured the RPN of the pump diodes for the fiber
pre-amplifier to be at the same level as its output power noise. Performed tests with stabilized
pump power show no improved the output RPN by more than a factor of two at frequencies below
10kHz.

Fig. 6 shows the difference between BOA and fiber pre-amplifier systems. The active fiber
based system has a noise floor close to 1 x 10~¢ Hz™!/? for low frequencies. At a corner frequency
of about 10 kHz the RPN decrease, which is due to the reduced response of the fiber amplifier to
power noise of its pump source (see Fig 7).

In comparison, the noise of the BOA decreases roughly with a f~!/2 slope. Measurements at
the maximal output power of 117 mW and at 40 mW, which is the pre-amplifier’s output power
used to seed the subsequent power amplifier, were taken with the BOA.
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Fig. 6. The free-running RPN at the output of the pre-amplifiers is shown. For all
measurements the Orion laser is used as the seed source (grey curve).

The relative current noise of the current supply for these two amplifiers was added to Fig. 6
as the black curve. The current noise is clearly below the power noise of both amplifiers and
thereby does not limit their noise performance, assuming a linear coupling mechanism.



The Boostik 10 W amplifier from NKT consists out of a pre-amplifier and a power amplifier.
The pre-amplifier was tested with unpumped power amplifier. Its noise shows several sharp
peaks, that might be caused by internal electronics. The noise level could as well be increased
due to the transmission through the unpumped active fiber, where reabsorption could happen.

The shot noise limits for the amplifier measurements shown in Fig. 6 were between
4x10°Hz "% and 6 x 10°Hz""/? and in the case of the Orion seed laser (grey curve)
at 1 x 1078 Hz~'/2, as only a lower optical power was available on the power sensor in the DBB.

In Fig. 7 the transfer functions from pump current to output power are given. The transfer
functions are calibrated as relative power modulation per input voltage. This transfer function
typically form a low-pass, where the corner frequency f,rr defines how fast the population of the
upper laser level can adapt the change in pump power [40]. The corner frequency of the fiber
pre-amplifier is determined by a fit to f.rr =6.7 kHz. In contrast the BOA’s transfer function is
limited by the speed of its current driver. The typical lifetimes of these types of amplifiers are in
the range of nano seconds corresponding to a corner frequency above 100 MHz [41, p. 469].
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Fig. 7. The pump current of the BOA and fiber pre-amplifier’s pump diodes is modulated
to measure the transfer function to the pre-amplifier’s output power.

The response of the fiber pre-amplifier to seed power modulation (see Fig. 8) is suppressed
at low frequencies with the amplifier gain, due to the seed power saturation of the amplifiers.
Above the corner frequency f.r the seed power modulation is amplified by the full power gain
of the amplifiers [40]. The seed power modulation send to the BOA is suppressed in the whole
bandwidth of the seed power modulator, due to the high corner frequency corresponding to this
amplifier.
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Fig. 8. The seed power is modulated to measure the transfer function to the output
power of the pre-amplifiers. The seed power modulation (blue curve) is transferred to
the output of the pre-amplifiers (green and red curves).
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Fig. 9. The free-running RPN spectral densities at the output of the power amplifiers.
At low frequencies the power noise of the amplifiers is dominated by their pump power
noise.

The RPN of the all-fiber power amplifiers is plotted in Fig. 9. The typical flat noise for
frequencies up to 10 kHz, which was discussed for the pre-amplifiers, is again clearly visible.
Above 10 kHz the power noise differs with the used seed laser source.



We measured slightly different RPN levels for the two nominal similar 10 W power level
amplifiers, which might be caused by different noise levels of internal current drivers for the
pump diodes.

The narrow peaks in the RPN measurements of the amplifier can be caused by internal
electronics in the amplifier modules, like temperature controllers or digital controls.

The transfer functions in Fig. 10 show how the output power of the power amplifiers can be
controlled by controlling their seed laser power. The Grande MOPA laser does not allow to
change the power of its integrated seed separately from its frequency. We show the response of
its analog power control for comparison. This input allows to change the pump current with a
bandwidth of less than 10 Hz.

The other power amplifiers provide only a slow digital control of their output power. Fast output
power control is only possible via control of the seed or pre-amplifier power. Due to the seed
power saturation of the power amplifiers, they show a reduced response to power modulations of
the seed below the corner frequency fe s of the coupling transfer function. This makes it difficult
to use only the pre-amplifier seed beam to stabilize the output power of such an amplifier.

The relaxation oscillation frequency of the fiber seed laser is at or above the corner frequency of
this transfer function such that its size in a relative power noise spectral density is not attenuated
as can be seen in the power amplifier’s output noise in Fig. 9.

The frequency modulation transfer functions from the pre-amplifier to the power amplifiers
are up to small delay driven phase losses given by the seed transfer function Fig. 4. The delay is
caused by the propagation time throught the optical fibers of the amplifiers.
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Fig. 10. The transfer functions from seed power modulations to power modulations of
the power amplifier output power have the same shapes as the measurements with the
fiber pre-amplifiers in Fig. 7.

4. Stabilization

To demonstrate the capabilities of the actuators and sensors for a stabilized laser system, the
Orion laser with the BOA was stabilized. This combination was chosen due to its low noise and
the available actuation capabilities. We did not include any power amplifier in our stabilization
setup as they are not expected to influence the frequency noise and as the currently available



models do not provide appropriated power actuators.

The frequency stabilization is realized by acting on the ECDL’s pump current and on the
fiber phase actuator, which results in the open loop transfer function in Fig. 11. The open loop
transfer function was calculated from a disturbance reduction transfer function measurement,
which describes how an external noise source appears in the closed loop.
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Fig. 11. The open loop transfer function of the frequency stabilization to the resonance
frequency of the reference cavity is shown. A unity gain bandwidth of 1.3 MHz was
achieved by utilizing a cross-over between seed laser and fiber phase modulator at
100kHz.

Below 100kHz the pump current of the seed laser was used to control the laser frequency
to be on resonance to the reference cavity. At frequencies above 100kHz the fiber phase
modulator was the dominating actuator for the stabilization. With this combination we achieved
a control bandwidth of 1.3 MHz. An applied voltage to the phase actuator leads to a frequency
actuation of 0.5Hz V™! - f/1 Hz. In comparison the frequency actuation of the laser has a gain
of 100 MHz V! (see Fig. 4). The measured open-loop gain shown in Fig. 11 is limited at low
frequencies by the dynamic range of the network analyser. A nested loop stabilization including
an additional boost stage would allow for even higher loop gains below 1 kHz.

The bandwidth of this stabilization is limited by the required low-pass in the demodulation
electronics of the PDH sensing and the electronic delays.

The control signal and the error signal is captured to compute the amplitude spectral density
of the frequency noise. The calibration of the control signals was derived by the actuator transfer
functions measured with the DBB as frequency sensor. The error signal calibration was derived
from the plant transfer function of the frequency stabilization, calculated from the measured
noise suppression transfer function and the transfer function of the feedback controller.
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Fig. 12. The calibrated control signal noise (blue) and the calibrated error signal noise
(red) are plotted for the frequency stabilization.

For the stabilized frequency noise measurements (Fig. 12) the power stabilization was in
operation (see below). No cross-couplings from the operating power stabilization to frequency
noise were found.

The control signal sent to the laser frequency actuator and for the phase actuator with the
closed frequency control loop is consistent with the free-running frequency noise measured
with the DBB. Only peaks at 1.95 Hz and harmonics were present due to ground loop coupling
to the modulator input of the Orion laser. This is an increase in noise in comparison to the
free-running laser frequency noise. In addition a servo bump at 2 MHz is visible. The ground
loop coupling is totally suppressed by the high loop gain and is not visible in the error signal
noise. At frequencies above 100 kHz, where the phase actuator is used for frequency control, an
electronic cross-coupling of the control signal to the error signal is visible (see similarity of light
blue and red curve in Fig. 12 ). This is due to a common printed circuit board for error signal
demodulation and fiber phase modulator control.

The B-separation line [35] is added in Fig. 12 to derive an estimation of the linewidth of the
stabilized laser. From this measurement no statement on the linewidth can be made, as this
in-loop measurement doesn’t cross the 5-separation line.

The frequency noise of the stabilized system was also measured with the DBB and is given in
Fig. 12. This measurement was in the whole frequency band most likely limited by the length
noise of the low finesse, piezo driven aluminium spacer cavity that serves as frequency reference
for the DBB measurements.

The power stabilization of the laser system used the pump current of the BOA as an actuator.
As an in-loop sensor a low noise photodiode was implemented.

The open loop transfer function is designed for a low noise performance in the full gravitational
wave frequency band (see Fig. 13). A control bandwidth of 70 kHz with good phase and gain
margin for best noise performance and high robustness was chosen. The bandwidth was limited



by the used analog controller and the chosen photodiode electronics. The residual in-loop error
noise was below 10 kHz, more than one order of magnitude below the detection shot noise.
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Fig. 13. The open loop transfer function of the power stabilization is designed to operate
with a bandwidth of 70 kHz for best noise performance and high robustness.

The power noise measurement photodiode inside the DBB was used as an out-of-loop sensor
with 16.3 mW detected power. The noise spectra are taken in different operation states of the
laser systems, see Fig. 14. At low frequencies the power noise measurements with enabled
power stabilization were influenced by non-stationary contributions from scattered light and
air turbulences. These noise sources couple as sensor noise into the in-loop and out-of-loop
sensors. The difference between the measurements with running power stabilisation below
100 Hz is caused by the non-stationary noise contributions, which show up by strong differences
of the single traces in the averaged measurements. There was no systematic difference observed,
between the noise at these low frequencies with and without enabled frequency stabilization,
while operating the power stabilization.

Between 1kHz and 30 kHz the uncorrelated sum of the in-loop detector shot noise and the
out-of-loop detector shot noise was the limit of the stabilization. At 100 kHz the servo bump of
the stabilization is present and at 300 kHz a noise bump of the current driver of the amplifier is
visible. At higher frequencies the measurement was limited by the shot noise of the out-of-loop
detector and peaks of the timing signal for the data acquisition and at the modulation frequency.
The noise floor above 1 kHz was confirmed with measurements using an independent photodiode
outside of the DBB as an other out-of-loop detector.

With an enabled frequency stabilization the free-running RPN increases between 1 kHz and
200kHz (see Fig. 14). This is due to the residual amplitude modulation (RAM) of the fiber
phase modulator. The conversion from phase actuation to laser frequency A f;, = A¢ - f leads to
an increased phase actuation A¢ necessary for lower Fourier frequencies f. This resulted in the
higher RAM in the range of the cross-over frequency. At these frequencies higher modulation
amplitudes are expected for both actuators which implies an increase RAM injection into the
power stabilization loop.

To lower the RAM a bias voltage of —5.5V was applied to the fiber phase modulator. In our



experiment a fiber polarisation splitter is placed behind the modulator to locate the conversion of
the polarisation modulation to the RAM to one place in the setup and avoid a similar coupling
at polarizing components in the following beam path. The RAM of the seed beam was further
lowered in the amplifier by 20 dB at low frequencies according to the amplifier transfer function
(see Fig. 8).
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Fig. 14. The RPN as an amplitude spectral density was measured for several com-
binations of on/off states of the frequency and power stabilization control loops. A
cross-coupling between frequency stabilization to power noise is visible.

When the power stabilization was enabled in addition to the frequency stabilization the excess
power noise between 2kHz and 20kHz due to RAM could be suppressed. The servo bump
around 100 kHz was, however, increased.

With such a high loop gain the out-of-loop performance in the gravitational wave frequency
range is only limited by the in-loop sensor noise which can be improved by better shielding and
by detecting more power.

5. Conclusion

Currently designed future ground-based GWDs operating at a wavelength of 1550 nm demand
single mode, single frequency laser systems [42] with extremely low noise performance. In
this paper we presented detailed measurements of the free-running noise and actuator transfer
functions of a variety of seed lasers, pre-amplifier and power amplifier as optional subcomponents
for such laser systems.

Our measurements give an independent characterization and an extension to vendor data sheets
to support the trade-off between different lasers for future GWDs or other applications with low
noise requirements.

The frequency noise of the tested amplifier systems are determined by the seed laser’s frequency
noise. Also the frequency modulation transfer function from the seed to the amplifier output
depends primarily on the seed laser’s frequency actuators, up to a delay due to additional
propagation time through the amplifiers.

The power noise of all analysed MOPA combinations at frequencies below 10 kHz is dominated



by the high power stages, while at higher frequencies the power noise of one of the seed lasers
starts to dominate (see Fig. 9).

In section 4 the performance of a stabilized laser system is discussed. We demonstrated the
high bandwidth and high noise suppression of a frequency stabilization with respect to a high
finesse optical reference cavity. Simultaneously we operate a power stabilization and show a
high loop gain in the detection band of ground-based GWDs. The performance was limited by
non-stationary below 100 Hz, which hast to be further lowered.

The final laser system can benefit from an optical mode cleaning resonator by stray light
shielding and passive noise filtering above its pole frequency. This also would help to reduce the
non-stationary RPN observed below 100 Hz. In addition the spatial mode filtering and pointing
suppression of an optical mode cleaning resonator may get more relevant for higher output powers
of a final laser system.

Due to the unavailability of an appropriate power actuator for the commercial high power
amplifiers the light power in our stabilization experiment was limited to the output power of the
pre-amplifiers to 115 mW. To use the high power stages in future PSL systems either appropriate
power modulation inputs need to be added to the high power amplifiers, which was demonstrated
in [43] for solid state amplifiers, or external modulators must be implemented.

To integrate the laser system to the stabilizations of a GWD, the use of nested control loops and
multi-sensor feedback control can be applied. This combines the fast local feedback stabilizations
of the PSL with the high precision sensors for power and laser frequency in the main vacuum
system of a GWD [33].

To reach higher power levels at 1550 nm wavelength, as demanded for some future GWDs,
additional fiber amplifiers can be used, as demonstrated in [44].
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