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Ground-based laser interferometric gravitational wave
detectors (GWDs) consist of multiple optical cavity sys-
tems whose lengths need to be interferometrically controlled.
An arm-length stabilization (ALS) system has played an
important role in bringing these interferometers into an
operational state and enhancing their duty cycle. The sen-
sitivity of these detectors can be improved if the thermal
noise of their test mass mirror coatings is reduced. Crys-
talline AlGaAs coatings are a promising candidate for this.
However, the current ALS system with a frequency-doubled
532 nm light is no longer an option with AlGaAs coatings
because the 532 nm light is absorbed by AlGaAs coatings due
to the narrow bandgap of GaAs. Therefore, alternative lock-
ing schemes must be developed. In this Letter, we describe
an experimental demonstration of a novel ALS scheme, to
the best of our knowledge, which is compatible with AlGaAs
coatings. This ALS scheme will enable the use of AlGaAs
coatings in current and future terrestrial gravitational wave
detectors. © 2024 Optica Publishing Group. All rights, including
for text and data mining (TDM), Artificial Intelligence (Al) training,
and similar technologies, are reserved.
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Ground-based gravitational wave detectors (GWDs) have
opened a new window on the Universe by enabling direct detec-
tion of gravitational waves (GWs) [1,2]. Those GWDs are based
on a Michelson interferometer with multiple optical cavities.
Five length degrees of freedom (DoFs) of these cavities need to
be controlled in order to operate the detectors [3]. Their sensing
signals are interdependent as the cavities are coupled with each
other. An arm-length stabilization (ALS) system is indispensable
to robustly bring such an interferometer to the operating state
[4—7]. Current terrestrial GWDs, Advanced LIGO, Advanced
Virgo, and KAGRA, employ 532nm wavelength green lasers
generated via second-harmonic generation (SHG) as an auxil-
iary laser for the ALS system, while the main laser wavelength
is 1064 nm [6-8]. This enables the arm cavity lengths to be
pre-stabilized independently from other DoFs, allowing those
other DoFs to be locked without interference from the arm
cavities.
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The sensitivity of the current GWD is partially limited by
the thermal noise arising from amorphous silica and titania-
doped tantala coatings [9,10]. In order to enhance the GW
detection rate, and hence their scientific impact, lower thermal
noise mirror coatings need to be installed [11]. Crystalline gal-
lium arsenide (GaAs) and aluminum-alloyed gallium arsenide
(Al,Ga,_,As) coatings (referred to as AlGaAs coatings) are a
promising coating candidate for future GWDs, resulting in a
factor of at least 5 improvement in coating thermal noise com-
pared to that of current Advanced LIGO [9,12]. This significant
reduction in coating thermal noise will ultimately enhance the
astrophysical reach for a binary neutron star merger, yielding up
to a factor of 40 increase in detection rates [12].

While crystalline AlGaAs coatings can largely reduce thermal
noise, they are opaque to the auxiliary 532 nm laser light due to
the narrow bandgap of GaAs [13]. Therefore, the current ALS
with a 532 nm green light is not compatible, and a new ALS
scheme is required in order to implement AlGaAs coated mir-
rors. To solve this problem, a novel ALS scheme was proposed in
[12]. The scheme uses an optical parametric oscillation (OPO)
to frequency-downconvert the laser to 2128 nm, eliminating the
need for a 532 nm green laser light.

In this Letter, we describe the experimental demonstration
of this ALS scheme. We developed a tabletop proof-of-
concept setup to demonstrate the frequency-downconverted
ALS and evaluated its performance. For cost-effectiveness,
the ALS scheme demonstrated in this Letter is using dichroic
amorphous coatings, custom ordered to match the anticipated
interferometer reflectivity requirements, but the scheme can
be used with crystalline dichroic AlGaAs coatings with the
same reflectivities, as well as any other low thermal noise
coating material that excludes visible wavelength due to their
bandgap structure, for instance, amorphous silicon coatings
[14].

Figure 1 shows the schematic of the setup. We use a 40cm
long Fabry—Perot (FP) cavity to represent the main arm cavity.
This FP cavity is composed of a pair of mirrors with amorphous
coatings, and both the input and output mirrors have the same
reflectivities. These mirrors are designed to have reflectivities
of 98.6% and about 96% at 1064nm and 2128 nm, respec-
tively, to imitate the input test mass (ITM) of Advanced LIGO
[6].
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Fig.1. Schematic of the ALS demonstration setup. Solid lines are
optical paths, and dashed lines are electronic connections. Two free-
running NPRO lasers are used as the main and auxiliary lasers. The
main and the auxiliary beams are combined or separated by using a
harmonic beam separator. Reflected beams from the main cavity are
picked off by Faraday isolators (FIs). This setup is installed on an
optical table with pneumatic vibration isolators to mitigate seismic
vibration coupling.
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Both the main and auxiliary 1064 nm laser sources are NPRO
lasers made by Coherent. The beat note is detected by an RF pho-
todiode (RFPD) to measure the frequency difference between
the main and the auxiliary lasers. The delay line frequency dis-
criminator (DFD) is used in our setup in the same manner as
the previous work [5]. The noise of the delay line is estimated
at about 1 Hz/vHz within our frequency region, i.e., between
0.1 Hz and a few kHz. The DFD signal is sent to the auxiliary
laser piezo transducer (PZT) so that the frequency offset between
two lasers is stabilized. This configuration enables us to keep
the main laser off-resonant in the main dichroic cavity and then
bring it to a resonant point by changing the frequency offset.

The OPO cavity is locked to the auxiliary laser by the
Pound-Drever-Hall (PDH) method to generate the downcon-
verted 2128 nm light [15,16]. The OPO cavity is composed of
a FP cavity and a periodically poled potassium titanyl phos-
phate (PPKTP) crystal. The PDH locking of the OPO cavity is
achieved by actuating the cavity length using a PZT attached on
the output mirror.

The beam profile of the downconverted 2128 nm auxiliary
light was measured by the BP209-IR2, a scanning-slit beam pro-
filer by Thorlabs. During this measurement, the 1064 nm pump
light was properly filtered out by using a harmonic beam sepa-
rator (HBS) and a silicon window. Figure 2 shows the measured
beam profile, which maintains the Gaussian beam shape of the
1064 nm pump light. Also, the beam’s M? factor is estimated to
be about 1.1, which is adequate to be used as an auxiliary beam
source in a GWD.

The conversion efficiency of our OPO is about 10%. This
low conversion efficiency results from the under-coupled OPO
cavity and could be improved by adjusting the cavity parameters
as shown in the previous work [16]. It is, however, not limiting
the demonstration of the ALS scheme.

The downconverted auxiliary beam is phase-modulated by an
electro-optic modulator (EOM) for PDH locking to the main
cavity. In our setup, the auxiliary laser is injected from the out-
put side of the main cavity in the same manner as the previous
works [4,5]. The input beam powers are 6.5 mW and 2.5 mW
for the 1064 nm and 2128 nm beams, respectively. At the input
or output port of the cavity, the main and the auxiliary beams
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Table 1. Main Dichroic Cavity Parameters

Parameter Value
Cavity length 40cm
Free spectral range 375 MHz
Finesse for 1064 nm ~250
FWHM linewidth for 1064 nm 2.2nm
Finesse for 2128 nm ~30

98.6% at 1064 nm
~96% at 2128 nm

Designed mirror reflectivity

are combined or separated by using an HBS. The auxiliary PDH
control signal is fed back to the cavity length through a PZT
on the output mirror. PDH locking for the main laser is also
enabled by actuating the PZT. The transmitted main and auxil-
iary laser powers are monitored by a silicon PD and an extended
InGaAs PD, respectively. The main cavity has finesses of ~250
for the 1064 nm main laser and ~30 for the 2128 nm laser. The
parameters of the main cavity are listed in Table 1.

Figure 3 shows the time series data of demonstrating our
ALS system. We monitored the main and auxiliary PDH control
signals and transmitted beam powers by a Tektronix MDO34
four-channel oscilloscope. The cavity length was initially stabi-
lized by the auxiliary laser PDH signal. On the other hand, the
main laser was kept off resonance because the two NPRO lasers
had a frequency offset controlled by the DFD. By adjusting the
frequency offset, the main laser was brought to the resonant con-
dition. Once it reached resonance, the frequency offset tuning
was stopped and the main PDH control was turned on and its
servo gain was increased. At the same time, the auxiliary PDH
control gain was reduced to hand over the cavity length control
to the main laser. After fine-tuning the main PDH gain, the aux-
iliary PDH control was disabled and the cavity was controlled
by the main laser PDH. At this stage, the auxiliary PDH control
signal was constant since its control was disabled. As shown
in Fig. 3, this process was successfully achieved without los-
ing the cavity lock, i.e., the lock acquisition was achieved with
the 2128 nm downconverted auxiliary laser. We repeated this
process several times on different days, and succeeded in hand-
ing over every time, suggesting there was no intrinsic reliability
issue in the proposed ALS scheme.

In addition to the demonstration of lock acquisition, we eval-
uated the performance of the ALS system. Here the goal was set
for the displacement of the cavity in root mean square (RMS)
to be below the full width half-maximum (FWHM) linewidth,
in the same manner as the previous work [4,5]. The FWHM
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Fig. 2. Beam profile of the auxiliary laser. The red circle and
blue star are the beam radii of the horizontal and vertical directions,
respectively. The red solid and blue dashed lines are the fitted curves.
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Fig. 3. Time series of handing over the cavity length control
from the auxiliary PDH to the main PDH. The top figure shows
the PDH control signals of the main (solid red line) and auxiliary
(dashed green line) lasers which are used to suppress disturbances.
These signals were calibrated by multiplying the PZT controller gain
(30 V/V) and the PZT efficiency (1.7 x 10~ um/V) to the measured
voltage. Where the control signals are constant, the corresponding
loop gain is zero. The bottom figure is the normalized transmitted
powers of the main (solid red line) and auxiliary (dashed green line)
lasers.

linewidth can be given by the following:

A
Lrwnv = ﬁ[m]’ (1)

where A is the laser wavelength and % is the cavity finesse.
From Eq. (1), the FWHM cavity linewidth for the main 1064 nm
light becomes the following:

Lrwpm, ain = 1.2nm X (Ai;) . (2)

Here we normalized the cavity finesse by that of the arm cav-
ity used in the Advanced LIGO detector. For the case of the
Advanced LIGO arm cavity, the FWHM linewidth is 1.2 nm.
For our tabletop setup, the FWHM linewidth is about 2.2 nm.
In order to evaluate the displacement noise of the ALS sys-
tem, we used the main PDH signal as an out-of-loop sensor
as shown in Fig. 1. Figure 4 shows the measured displacement
noise spectrum and its RMS. The right axis of this figure is the
frequency noise, 0v, which can be derived by the following:
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Fig. 4. Residual cavity displacement noise spectrum (blue solid
line), RMS (red dashed line), and dark noise of the auxiliary RFPD
(green dash-dotted line). The black solid and gray dash-dotted lines
are the FWHM cavity linewidth of our setup and the Advanced
LIGO arm cavity, respectively. The relationship between the dis-
placement noise (left axis) and the frequency noise (right axis)
can be given by Eq. (3). The features around 2 kHz are due to the
mechanical resonances of the cavity mirror mount.

where v is the laser frequency, 0L is the cavity displacement
noise, and L is the cavity length. The measured displacement
RMS was about 0.7nm at 0.1 Hz. Therefore, the cavity dis-
placement noise is successfully suppressed below its FWHM
linewidth by the downconverted ALS system, as well as
below that of the Advanced LIGO’s arm cavity. Note that
the requirement in terms of laser frequency will become more
stringent for longer arm cavities—we will discuss this scaling
below.

The performance above ~1 Hz is limited by an auxiliary PDH
related noise, especially a dark noise introduced by a commer-
cially available broadband RFPD used for the 2128 nm PDH
lock. This noise was measured by monitoring the output from
the auxiliary RFPD without injecting the light. Below ~1 Hz, air
turbulence inside the cavity is considered as one of the limiting
noise sources. One possible coupling mechanism of air turbu-
lence is fluctuations of the refractive index of air which has the
wavelength dependence [17]. Also, air turbulence can couple to
the displacement noise through the beam jitter. More detailed
investigation on the impact of air turbulence can be found in
Appendix C of Ref. [18].

The results above show that the main laser can be kept off
resonance with a cavity displacement noise less than its FWHM
linewidth. The main laser is no longer accidentally resonated
in the cavity, which would hinder the robust lock acquisition
in GWDs. By tuning the frequency offset between two lasers,
the main laser can be brought to the resonance, handing over
the PDH control, and demonstrating the feasibility of an ALS
system based on downconverted 2128 nm light.

Finally, we discuss the noise scaling of this ALS system as
we move from the 40cm test cavity to km-scale GWD arm
cavities. While the displacement requirement does not change,
the requirement in terms of frequency stability scales inversely
with the arm length. For Advanced LIGO’s 4km arm length,
this requires a 10* times more stringent frequency stability.

As shown in Fig. 4, the measured noise above 1 Hz with our
setup is about 7 x 10° Hz/ VHz in terms of frequency noise, and
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it is limited by the auxiliary PDH related noise, specifically the
dark noise in the RFPD. Since the cavity PDH response is also
proportional to the arm cavity length, the contribution of the
auxiliary PDH noise will be reduced by the same factor of 10*,
to about 0.7 Hz/ \/E, and this contribution to the RMS noise
will remain within the cavity linewidth. The RFPD dark noise
can be further improved by switching to a custom resonant diode.

As for the scaling of air turbulence and vibrations, we first
note that the cavity itself will be under ultra-high vacuum (about
107 Torr), and all mirror vibrations are common to the two
optical fields, so we can ignore noise from the cavity. On the
other hand, air turbulence and table vibrations on the in-air path
of the ALS system (i.e., beat note sensing) do matter, but they
will couple via the Doppler effect, i.e.,

= (4)
14 C

where 0x is the effective mirror motion (either true motion or
apparent motion due to air turbulence) and c is the speed of
light. In order to keep this noise level below 1Hz/VHz, the
effective mirror motion needs to be below about 1 (um/s)/VHz,
corresponding to 0.17 um/VHz x 1Hz/f. This is the same
requirement as for the current Advanced LIGO ALS system.

The frequency discriminator noise also does not scale with
the cavity length and will be limited by the noise in the delay
line (about 1 Hz/ \/E). This noise, however, can be improved
by employing a phase-locked loop (PLL) [19]. The auxiliary
laser is tightly locked to the stabilized main laser by the PLL,
resulting in the laser frequency discriminator noise well below
the required level [6,7].

The last nontrivial noise source that does not scale with the
arm cavity length is the intrinsic frequency noise of the OPO.
OPOs operated below threshold are routinely used for squeezed
light generation in GWD and have demonstrated a RMS phase
noise of about 1 mrad [20]. For a flat frequency noise spectrum
and a lower cutoff frequency of 1Hz, this corresponds to a
frequency noise of 1 mHz/VHz, which is low enough for the
ALS system. The OPO frequency noise can be directly measured
by using a Mach—Zehnder interferometer as shown in Ref. [21],
which set a bound on the frequency noise in SHG resonators.

As a future work, we are planning to replace one of the amor-
phous coated mirrors in the main dichroic cavity with an Al1GaAs
mirror which mimics the end test mass (ETM) of Advanced
LIGO. Such AlGaAs mirrors require optimized layers not only
to have high reflectivities at 1064 nm and 2128 nm but also to
reduce thermo-optic noise [22]. Combining with a phase camera,
our setup will serve as a test bed to characterize such dichroic
AlGaAs mirrors under high beam intensity [23].

It should be mentioned that one of the advantages of using the
2128 nm light is the ability to separate the two auxiliary beams
of the two perpendicular arm cavities. The Advanced LIGO ALS
system separates the green optical axis from the infrared optical
axis by wedges on the beam splitter, input test masses, and
compensation plates [3,6]. This is enabled by the difference in
indices of refraction of fused silica for the 532 nm and 1064 nm
light [24]. Since the 2128 nm light has similar difference in the
refractive index compared to the 1064 nm light, wedges of the
same size can be used for separating the 2128 nm light from two
arm cavities. Thus, our proposed ALS system will be able to
utilize the existing beam separation scheme.
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As a summary, we have demonstrated a novel ALS system
with frequency-downconverted light. While crystalline AlGaAs
coatings can reduce the coating thermal noise by a factor of at
least 5 compared to that of the current Advanced LIGO, they are
not compatible with the existing green ALS system. The ALS
scheme presented in this Letter will allow the use of crystalline
AlGaAs coatings. Consequently, the detection rate of binary
neutron star mergers can be enhanced by a factor of about 40,
leading to dramatically improved scientific impact.
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