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Abstract: Design studies for the next generation of interferometric gravitational wave detectors
propose the use of low-noise single-frequency high power laser sources at 1064 nm. Fiber
amplifiers are a promising design option because of their high output power and excellent optical
beam properties. We performed filled-aperture coherent beam combining with independently
amplified beams from two low-noise high-power single-frequency fiber amplifiers to further
scale the available optical power. An optical power of approximately 400 W with a combining
efficiency of more than 93% was achieved. The combined beam contained 370 W of linearly
polarized TEMqo-mode and was characterized with respect to the application requirements of low
relative power noise, relative beam pointing noise, and frequency noise. The noise performance
of the combined beam is comparable to the single amplifier noise. This represents, to our
knowledge, the highest measured power in the TEMgg-mode of single frequency signals that
fulfills the low noise requirements of gravitational wave detectors.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The first direct observation of a gravitational wave by interferometric gravitational wave detectors
(GWD) [1] in 2015 demonstrated a new method for studying the universe. Several further
detections, partly confirmed by independent observations in the electromagnetic spectrum [2],
led to multiple studies of a new generation of GWDs with significantly increased sensitivity.
These design studies [3—5] propose GWD designs which will allow the detection of more distant
and fainter astrophysical events and enable improved multi-messenger astronomy [2]. One design
approach that drives the laser development at 1064 nm is the operation of the interferometer
at room temperature with up to 500 W laser power [4]. Other detector studies propose longer
wavelengths at e.g. 2 pm in combination with cryogenic cooled GWD test masses. As previously
demonstrated, the 1064 nm laser systems could potentially be used to generate 2 um light via
degenerated optical parametric down-conversion [6].

The current generation of GWDs relies on crystal based lasers and amplifiers with an optical
power of 100-200 W [7-9]. Fiber technology has been identified as an alternative to overcome
power scaling limitations, while providing excellent beam quality and noise properties with
low system complexity [10]. Fiber-based single-frequency amplifiers are primarily limited by
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excessive power noise induced by stimulated Brillouin scattering (SBS) [11] or in some cases by
transverse mode instabilities [12]. Laser output power scaling for the application of gravitational
wave detection was investigated by the use of custom-made specialty fiber designs such as
photonic-crystal-fibers [12—14], chirally-coupled-core fibers [15], and fibers with strongly doped
cores and low numerical apertures [16]. However, potential drawbacks of these fibers can be:
no availability because of patent protection, unknown reproducibility between fiber drawing
batches, unproven reliability, and designs that are complex, difficult, and costly to reproduce.
Furthermore, in some cases (e.g. PCF) a monolithic amplifier with integrated fiber components
has not been demonstrated at the required power level.

An alternative approach is the use of commercially established standard step-index-fibers
and coherently combine beams from several systems to reach the desired optical power while
preserving low noise properties [17,18]. In most cases in the Yb-band, these fibers are well-known
by the industry, are long-term tested, are available and show constant performance over multiple
fiber drawing batches. Coherent beam combining (CBC) using a filled-aperture approach is
primarily investigated for the use in GWDs, because of the required high TEMqp-mode content.
Thus, tiled aperture combining [19,20] with overlapping beams in the far field is not usable.
Published CBC systems with kHz linewidth demonstrated either very high output power levels
(above 1 kW) with unknown (not published) beam properties or low power systems (below 100
W) with extensive verification of preserved beam properties. The current power record is held
by Flores et al. [21] with more than 1 kW of output power by the use of three PCF-based and
free-space pumped amplifiers. They demonstrated that power scaling up to the kilowatt level
can be achieved via CBC. However, the noise properties and the TEMgo-mode content, which
are essential parameters for the application of gravitational wave detection, remain unknown.
Tiinnermann et al. [17] demonstrated that the filled-aperture CBC preserves the beam quality by
measuring the TEMp-mode content and that CBC with no significant noise increase compared to
the single amplifier performance is feasible. They combined two 10 W single-frequency beams
and evaluated both the frequency and the relative power noise. Wei et al. [18] used two 40 W
fiber amplifiers and extensively studied the noise properties; this includes relative power noise,
frequency noise and relative beam pointing of the combined beams.

Similar to the work of Tiinnermann et al. [17], we set up a Mach-Zehnder interferometer
using a single low-noise seed source and placed two high power amplifier chains within the two
arms of the CBC setup. The amplifier architecture and performance was previously reported
[22,23] and is capable of producing more than 200 W of output power. The two amplified beams
were coherently combined by controlling the phase of the interfering beams and the properties of
the combined beam were characterized with respect to the requirements of gravitational wave
detectors. This includes the evaluation of the TEMy-mode content, the relative power noise, the
relative pointing noise and the frequency noise.

2. Coherent beam combining setup and phase controller characteristics

Figure 1 shows the CBC system setup, comprised of a common seed laser, two pre-amplifiers,
and two main-amplifier modules in a Mach-Zehnder arrangement. A non-planar ring oscillator
(NPRO) with 2 W of output power, 1 kHz linewidth (measured over 100 ms), and low noise
properties was split into two beam paths. The two beams from the NPRO were each independently
amplified in two amplifier chains and are recombined at a 50/50 beam combining element. Both
amplifier output beams were independently mode-matched to an optical ring resonator located
within a beam diagnostic tool (diagnostic breadboard - DBB [24]). Thus, a sufficient spatial
overlap of both beams in the near- and far field and therefore efficient beam combining was
ensured. The DBB was further used to characterize the combined beam (see Chapter 3.). The
stabilization of the relative phase between both interferometer arms was achieved using a standard
heterodyne technique. One interferometer arm was equipped with an electro-optical-modulator to
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generate 12 MHz phase modulated side-bands. These sidebands were used as the phase references
in a heterodyne readout scheme to measure the relative phase between the two interfering light
fields on the combining element. Therefore, a fraction of the interferometer output beam was
detected with a photodiode. The signal of this photodiode was demodulated at 12 MHz to produce
an error signal for the feedback control used to adjust the phase of the interfering beams for
constructive interference. The relative phase was stabilized using two actuators. The open loop
transfer function of the control loop is shown in Fig. 2. As a low frequency phase actuator, a fiber
stretcher (OPTIPHASE, PZ2-PM?2) with approximately 40 m of fiber and a maximum optical
path displacement of up to 2240 pm was placed in the low power path of one interferometer
arm. This stretcher enables long-term stable locking performance and was used to stabilize phase
variations up to approximately 25 Hz (see actuator signals in Fig. 8). The first resonance of
the fiber stretcher is located at 18 kHz and must be suppressed because even though the fiber
stretcher is only used for stabilizing low frequency phase variations, the large phase shift of
more than 30 radV~! could still lead to excessive current noise coupling into the phase control
loop at high frequencies. This coupling was suppressed by using two low pass filters (cut-off

Piezo
NPRO ' 50/50 EOM mounted I

S _ p— PRE- L| MAIN- mirror A\
e AMPLIFIER AMPLIFIER |

Beam

‘\ sampler "
Fiber - 50150
Stretcher| PRE- L| MAIN- 2
N “@ AMPLIFIER AMPLIFIER 7
. Mode-cleaner
Lockin: 50/50 i
photodiode @ g cavity
N
N 0 0
N U Y
DIAGNOSTIC BREADBOARD

Fig. 1. CBC setup consisting of a common seed laser, two pre-amplifiers, and two main-
amplifiers. Both amplified beams are superimposed at a 50/50 combining element and are
aligned and mode-matched to the DBB’s ring-cavity (mode-cleaner cavity). The relative
phase is stabilized using a fiber stretcher and a piezo mounted mirror.
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Fig. 2. Open loop transfer function with the unity gain frequency located at 10 kHz. Please
note that the variation below 50 Hz is caused by limited averaging time.
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frequencies located approximately at 25 Hz and 3 kHz) and a notch filter located at the resonance.
Additionally, a mirror which was mounted on a piezoelectric transducer (PZT) (PI, P-010.05H)
was used to stabilize variations up to 10 kHz (see actuator signals in Fig. 8) with a maximum
actuator travel range of 10 um. If a higher unity gain frequencies beyond 10 kHz should become
necessary in future CBC experiments, using an EOM for high frequency phase shifting and
concurrently generating the 12 MHz side-bands as done by Wei et al. [18] could be a viable
option.

3. Optical performance

In this section, the optical properties of the combined beam in comparison with the beam of
the single amplifiers is evaluated. The characterization was performed with respect to the
application of gravitational wave detection. Therefore, the following was measured: combined
power, combining efficiency, higher-order-mode (HOM) content and noise performance including
relative power noise, frequency noise, and relative beam pointing noise. The DBB was used to
evaluate the noise properties and the HOM content of the combined beam by the use of a free-space
ring resonator. Furthermore, the differential phase noise between the CBC interferometer arms
was evaluated by in-loop measurements of the phase control loop. The optical characteristics
of the amplifiers were investigated and published in [23]. The amplifiers 2 and 4 from [23]
were used for the CBC experiments. In accordance to the previously published paper the single
amplifier noise performance is identically labeled within the following figures.

3.1.  Combining efficiency and combined power
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Fig. 3. Combined optical power, the loss at the dark port and the resulting combining
efficiency over the total input power present at the combining element. Inset: Combined
optical power over more than 2 h of operation.

Figure 3 shows the optical power of the combined beam, the power loss at the dark port and
the combining efficiency at several power levels. The maximum combining efficiency is achieved
with equal power at the input ports of the recombining beam splitter element and therefore the
output power was set for one of the amplifiers and the other was adapted accordingly. The
efficiency was measured to be around 93.8% at the combined output power of 398 W. The
combining efficiency is affected by beam misalignment, mismode-matching, residual unequal
laser power at the combining element, and HOMs with different phase relations. Stable operation
was achieved at all power levels such that a detailed characterization of the combined beam was



Research Article Vol. 29, No. 7/29 March 2021/ Optics Express 10144 |

Optics EXPRESS , NN

possible. At approximately 400 W optical power 2 h of stable operation was demonstrated. The
power variation during this period was less than 2% (RMS).

3.2. Beam quality

Gravitational wave detectors rely on the interference of the fundamental transverse mode that is
injected into their interferometers. Other modes are removed by the use of mode-cleaner cavities.
Thus, the laser system must provide a beam that consists primarily of the TEMgp-mode. The
HOM-content of the amplifiers and of the combined beam was analyzed at several combined
power levels and the TEMp-mode content was calculated based on the mode-scan performed by
the DBB. The HOM-content values are shown in Fig. 4. It can be seen, that the HOM-content
increased with the individual amplifier output power and with the power in the combined beam.
The reasons for increased HOM-content of the single amplifier is most probably related to
saturation effects and thermal load caused by pumping the gain fiber. Although the HOM-content
of the combined beam shows slightly degraded beam quality at some power levels, the beam
quality at the highest combined power deviates less than 1% in HOM-content from that of
the single amplifiers. The reasons for slightly increased HOM-content of the combined beam
compared to the single amplifiers could be related to residual mismode-matching to the DBB’s
ring cavity, a deformed beam which can be the result of alignment error of the two beams,
or thermal lensing within optical components such as the beam splitting element (Newport
10Q20HBS.33P) [25] placed in the beam path. It should be noted that the measured HOM-content
of 6.9% is, to our knowledge, the lowest of single-frequency signals with a linewidth of 1 kHz
at the power level of approx. 400 W. At this output power, the combined beam consisted of
approximately 370 W in a linear polarized TEMp-mode.

10 L I I T T T T T

9 m— Amplifier 2
- 8h —m— Amplifier 4 4
> | |-m—cBC
: 7+ T { -
c sl ¥ ]
- / ]
CEJ af e S
o 3r _M —
T , ﬁl/ 1 . | L]

N
1L T _ _ ]
0 " | | " | | 1
0 50 100 150 200 250 300 350 400

Combined Power / W

T T T T T T T T T T T T T T T T T 1
0 25 50 75 100 125 150 175 200
Amplifier Output Power / W

Fig. 4. HOM-content of the single amplifiers and the combined beam at several output
powers of the single amplifiers and the combined beam.

3.3. Relative power noise

The relative power noise of the individual amplifiers and the combined beam was measured in
the frequency band from 1 Hz to 100 kHz and is shown in Fig. 5. In general, pump power noise
dominates the amplifier output power noise up to several kilohertz, while the seed laser power
noise dominates at higher frequencies [26]. Despite this behavior and the strong attenuation
of pump power noise at high frequencies, the pump noise can still affect the output power
noise at high frequencies. Figure 5 shows slightly different power spectral densities for the
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power noise of the two amplifiers, which are likely caused by different pump power noise
performance. Furthermore, Fig. 5 shows the relative power noise of the combined laser beam,
which is comparable to the power noise of the single amplifiers. It should be noted that the used
optical components and the measurement setup was slightly different for each amplifier. The
different component resonances and external perturbations can not be excluded as the reason
for performance variations. Furthermore, in Fig. 5, amplifier 4 showed an irregularly occurring
feature in the measurement at around 1kHz, which was likely of external origin. Although the
relative power noise spectra showed some irregularities, the noise was dominated by the noise of
the individual amplifiers. Overall, the noise performance of the amplifiers and the combined
beam is comparable to currently used free-running laser systems [7,8].
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Fig. 5. Relative power noise of the combined beam in comparison with the single amplifier
performance. Relative power noise variations are caused by the amplifier pumps.

It should be noted, that the application of gravitational wave detection requires much lower
power noise which could be achieved by power stabilization systems that feed back to the seed
power or the pump power of the amplifiers [7]. In the case that a CBC laser setup is used, the
slow power drifts must be compensated by adjusting the output power of each amplifier to avoid
contrast reduction of the CBC interferometer.

3.4. Relative beam pointing noise

Beam pointing (cf. [24] for the used definition of relative pointing noise) stability is crucial for
the application of gravitational wave detection. Although the mode-cleaner cavity (cf. Section
3.2) will reduce the beam jitter on its transmitted beam, it will introduce a coupling of amplifier
output beam jitter to power noise which must be actively stabilized. Residual beam pointing
behind the mode-cleaner cavity can still affect the interferometer’s sensitivity [27]. Thus, beam
pointing noise of the high power laser before mode filtering must be sufficiently low (a noise
comparison before and behind the mode-cleaner cavity and requirements can be found in e.g.
[28]). The relative beam pointing noise of the combined beam was measured and is compared in
Fig. 6 with the noise performance of amplifiers 2 and 4. Figure 6 shows that the noise level of
the combined beam slightly increased in comparison with the single amplifier beam pointing.
Several reasons, which include environmental variations such as mechanical motion and acoustic
noise, could have affected the beam pointing noise. Furthermore, residual misalignment between
the two beams at the beam splitting element and thus not perfectly collinear beams could have
caused the observed variations of the beam pointing noise. The origin of the increased pointing
could not be conclusively identified. Overall, the pointing noise of the combined high power
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beam is in line with current pointing noise requirements of GWDs and is comparable to currently
used laser systems [7,8].
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Fig. 6. Relative pointing noise spectrum of the amplifiers in comparison with the combined
beam pointing noise.

3.5. Frequency and differential phase noise

The frequency noise of the combined beam was evaluated and compared to the measurements
of the individual amplifiers to investigate potential additional noise contributions by CBC. As
mentioned above, a seed signal with a linewidth of 1 kHz, integrated over 100 ms, was injected
into both amplifier chains. In addition to phase noise caused by the amplifiers [29], environmental
noise such as acoustic noise or thermal variations cause phase noise and, therefore, frequency
noise. The measurement of the frequency noise of the combined beam, shown in Fig. 7, did not
show additional noise features compared to the individual amplifiers within the frequency range
of 1 Hz—100 kHz. It should be noted that the peak at approximately 8 kHz was caused by the

10°

— 1/f typical NPRO frequency noise
—— Amp. 2: 200 W

—— Amp. 4: 200 W

—— CBC: 398 W

10* I

108

-
o
N

10"

10°

Frequency Noise / Hz Hz'"?

1 10 100 1000 10000 100000
Frequency / Hz

107

Fig. 7. Frequency noise measurements of the amplifiers and the combined beam show
comparable noise performance. Note that the feature at around 8 kHz was caused by the
measurement setup.
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locking electronics of the DBB. The measurements shown in Fig. 7 indicate, that the frequency
noise is dominated by the individual frequency noise of the amplifiers and seed source and not
by the CBC. As the application requires lower frequency noise an active stabilization must be
applied [28], which would be neither limited by the amplifier chain nor the CBC interferometer.
Therefore, it would be probably possible to use the seed source and its actuators to actively
stabilize the frequency. This particular approach has been used to reach frequency stability levels
required by GWDs [28].

Furthermore, the two actuator signals and the in-loop error signal were monitored to evaluate
the CBC interferometer and the phase control loop. The free-running differential phase noise
was calculated using these monitored signals and is shown in Fig. 8. It can be seen that the fiber
stretcher is primarily stabilizing low frequency phase variation up to approximately 25 Hz, while
the piezo mounted mirror stabilizes variations up to unity gain. As the interferometer arms were
not balanced, the NPRO frequency noise couples to differential phase noise. The arm length
imbalance is mainly created by the 40 m of optical fiber located within the stretcher and not by
amplifier fiber length variations, which were below 0.1 m. The magnitude of this coupling was
calculated considering an imbalance of 40 m and by projecting the seed laser’s frequency noise
to the interferometer’s differential phase noise. It can be seen, that the frequency noise of the
seed laser did not significantly contribute to the overall free running differential phase noise.
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Fig. 8. Differential phase noise of the two amplifiers as free running and stabilized noise.
The projected seed frequency noise is plotted as reference.

4. Conclusion

Power scaling of lasers with kilohertz linewidth at a wavelength of 1064 nm up to the 400 W level
was demonstrated by filled-aperture coherent beam combination of two fiber amplifier chains.
The combined beam was analyzed according to the application requirements of gravitational
wave detection. This includes the measurement of the TEMo-mode content, relative power
noise, relative pointing noise, and frequency noise. Furthermore, the phase control loop was
characterized and the differential phase noise between the two interferometer arms was evaluated.
It was shown that the low noise performance of the single amplifier beams was mainly preserved.
An optical power of 370 W in a linear polarized TEMgp-mode with low noise properties for the
use in GWDs was demonstrated. This marks, to our knowledge, the highest reported optical
power in the TEMp-mode with these low noise beam properties.
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