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ABSTRACT

Ultra-stable laser light is essential for high-precision interferometric measurements, in particular for the next generation of gravitational wave
detectors, where high power lasers with unprecedented low power and frequency noise are demanded. Since the seed laser for high-power
laser systems has a large influence on the overall noise characteristics, the use of the lowest noise seed laser is beneficial. This study compares
a newly developed seed laser, based on a non-planar ring oscillator (NPRO) design, at a wavelength of 1064 nm with two commercial NPROs
and shows that the new laser exhibits ten times lower power and frequency noise. This noise advantage is retained even after subsequent

amplification to 40 W.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0298918

I. INTRODUCTION

Since their first development over 40 years ago,' non-planar
ring oscillators (NPRO) have proven to be a class of laser sources
with exceptional stability. They are suitable for high-precision mea-
surements and are, therefore, used in a variety of experiments, such
as in the field of quantum optics. Particularly, they are a key com-
ponent of the complex high-power laser systems in the current
generation of ground-based gravitational wave detectors.”

The monolithic design of NPRO lasers, in which the resonator
is formed by the laser-active solid-state material, ensures robustness
and stability. The pump light from a laser diode is coupled into the
crystal and the generated laser light is extracted through a dielectri-
cally coated surface, while the total internal reflection at the other
polished surfaces of the non-planar resonator allows for a simple
monolithic construction and minimizes losses. By using the Faraday
effect caused by an external magnetic field that penetrates the NPRO
in combination with the polarization-dependent dielectric coating of
the NPRO crystal, uni-directional single-frequency and single-mode
operation is achieved."®”

The emission wavelength of NPROs is primarily determined
by the choice of laser-active material in combination with a dielec-
tric optical coating. For example, neodymium (Nd)-doped yttrium
aluminum garnet crystals can emit at 1064 nm or 1319 nm, while
holmium and erbium doping allows operation at other wavelengths,
such as 1645 nm®’ or 2 ym.'” Over the years, numerous advances
have been made with regards to the available output power,'' tun-
ability,'” miniaturization,'’ and noise performance.'* Because of the
parallel development of external solid-state or fiber-based amplifier
stages, which can scale the laser power of an NPRO, the focus of the
NPRO development has shifted from maximizing the output power
to optimizing the noise behavior, tunability, and miniaturization of
NPROs as seed lasers for such amplifier systems. Moreover, recent
developments in laser systems have shown that the use of fiber-based
phase modulators can provide significant benefits in terms of mod-
ulation depth and speed.'”'® However, these modulators typically
only handle a few hundred milliwatts of input power, necessitating
the use of low-power seed lasers in such laser systems.

Multi-stage laser systems with high output power and partic-
ularly low power and frequency noise are relevant for the current

Rev. Sci. Instrum. 96, 113001 (2025); doi: 10.1063/5.0298918
© Author(s) 2025

96, 113001-1

¥0:82:L1 920z 1snbny G|


https://pubs.aip.org/aip/rsi
https://doi.org/10.1063/5.0298918
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0298918
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0298918&domain=pdf&date_stamp=2025-November-6
https://doi.org/10.1063/5.0298918
https://orcid.org/0000-0003-2357-2338
https://orcid.org/0000-0002-9556-142X
https://orcid.org/0000-0003-0524-2925
mailto:henning.vahlbruch@aei.mpg.de
mailto:fabian.meylahn@aei.mpg.de
https://doi.org/10.1063/5.0298918

Review of

Scientific Instruments

and next generations of ground-based gravitational wave detectors
and their associated fundamental research. The requirements for
laser stability are challenging in this area. Even though sophisti-
cated laser stabilization concepts are in use, a good un-stabilized
(free-running) noise performance of the lasers is crucial. Repeated
characterizations of laser sources have been conducted to identify
the best-suited devices and to further develop the laser systems of
these detectors.'” ” For the next generation of gravitational wave
detectors, such as the planned Einstein Telescope (ET) in Europe”
and the Cosmic Explorer (CE) in the USA,! the laser noise require-
ments are even more stringent than for current detectors,”” such that
novel lasers with lower noise would be beneficial.

In this article, we characterize and compare NPRO lasers that
emit at 1064 nm wavelength, one of which was in-house developed
and has substantially lower noise properties than the others. We
evaluate the suitability of this newly developed NPRO for current
and future gravitational wave detectors operating at this wavelength.
Our comparative results are also relevant in other areas, such as
quantum optics,” the search new particles, dark matter or quantum
gravity signatures,””*’ and nm-inter-satellite metrology.”®

Il. SETUP

The experimental setup used to characterize the performance
of non-planar ring oscillators is shown in Fig. 1. The NPRO lasers
under test were a Mephisto laser from Coherent Corp. (500 mW out-
put power),”” a Lumentum JDP-126M-1064-500 laser from Lumen-
tum Holdings Inc. (500 mW output power),” and the new in-house
developed NPRO at the Albert Einstein Institute (AEI), Hannover,
Germany, which we call in this paper AEI NPRO (up to 400 mW
output power). We compared their performance in terms of laser
power noise and frequency noise.

To measure the laser power noise, the shutter in Fig. 1 was
closed and each laser was successively inserted into the “NPRO
under test” location of the setup. The laser output power was attenu-
ated, and the residual laser light was directly detected on an InGaAs
photodiode (PDpypesr) With a 2 mm sensor diameter. This photodi-
ode, capable of detecting up to 50 mW of incident laser power, was
read out via an active transimpedance amplifier.'” After a warm-up
time and thermalization of each laser, the amplitude spectral density
of the power measurement was captured, calibrated, and normalized
by the total incident power to determine the relative power noise of
the NPRO under test.

For the characterization of the laser frequency noise, a sec-
ond laser (an AEI NPRO) served as a reference. Its output field

NPRO
under test

Reference
laser

AEINPRO Faraday neoVAN  99/1 50/50 EOM
Isolator 4SHP
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was interfered on a beam splitter with the output field of the laser
under test. By adjusting the crystal temperature of the NPRO under
test, the emission laser frequency was matched to the reference laser
frequency with a difference of a few tens of MHz. The beat signal
detected by PDp/peat Was analyzed using a phase meter implemented
in a Moku:Lab measurement device by Liquid Instruments. The time
series of the phase meter output, which corresponds to the difference
of the laser’s frequencies, was recorded, and its amplitude spectral
density was calculated using the Welch method.

To demonstrate power scaling with the newly developed NPRO
and to analyze the noise of the amplified laser beam, the experimen-
tal setup was extended. The reference laser beam was directed into a
single-pass Nd:YVO, power amplifier'””’ from neoLASE GmbH, as
shown in the central part of Fig. 1. A Faraday isolator was inserted
to protect the AEI NPRO laser from back-reflected light, for exam-
ple, coming from the power amplifier. The neoVAN amplifier, which
hosts four amplification stages pumped at a wavelength of 878 nm by
fiber-coupled laser diodes, was used to amplify the AEI NPRO’s laser
beam. One of the laser diode power supplies included an integrated
current shunt, which served as a power actuator.”” The output power
of the amplifier was measured using a thermal power meter, except
for 1% of the laser light which was diverted to the stabilization and
characterization part of the experiment. To analyze the power noise,
a photodiode identical to PDp/peat Was used (PDoop).

The laser frequency noise of the amplified beam was measured
using a diagnostic triangular ring cavity, the length of which was sta-
bilized via the Pound-Drever-Hall technique.’” The control loop
feedback signal was applied to a piezoelectric element attached to
one of the cavity mirrors, allowing for precise control of the cav-
ity length using in-house developed analog electronics. The cavity
was shielded against acoustic disturbances with an aluminum enclo-
sure. The error and control signals of the feedback control loop were
captured and calibrated to compute the frequency noise, which rep-
resents the differential noise between the cavity length fluctuations
and the laser frequency noise.

In the final step, an analog feedback control loop was imple-
mented to stabilize the amplified laser power. In the control loop,
the laser power is sensed using an in-loop photodiode (PDy) and
actuation is applied onto the neoVAN’s power actuator.”” To ver-
ify the effectiveness of the stabilization, the photodiode (PD,) was
used as an independent out-of-loop detector to measure the power
noise of the stabilized high-power beam. In addition to the char-
acterization tools shown in Fig. 1, the power at different locations
of the experiment were measured using power meters, the spatial
beam quality was evaluated by mode-scan measurements using the

FIG. 1. Experimental setup consists of three parts. On the
left side, the NPRO lasers under test are located, along with
areference laser for individual NPRO power noise and laser
frequency noise measurements. In the middle of the setup,
the laser amplification stage is illustrated, where the ampli-
PDmc fied laser beam is generated. On the right side, the power
stabilization and diagnostics setup for the amplified laser
beam is shown.

Diagnostic
cavity

PDpPDH
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triangular cavity, and the polarization extinction ratio was deter-
mined by measurements after a waveplate and polarization beam
splitter combination.

I1l. RESULTS AND DISCUSSION

We first present the characterization of the different non-planar
ring oscillators in Sec. 11 A. We then discuss the results of power
amplification of the lowest noise NPRO, namely, the AEI NPRO,
and illustrate how laser noise propagates through a single-pass laser
amplifier system in Sec. 111 B. All noise measurements presented here
were obtained using out-of-loop sensors, which are not part of any
feedback control systems for the tested lasers.

A. Non-planar ring oscillator characterization

The relative power noise of the lasers was measured both with
and without the lasers’ internal noise reduction activated, as shown
in Figs. 2(a) and 2(b). The free-running noise of the NPRO laser
emission shows a characteristic relaxation oscillation in the range
of 400 kHz to 1 MHz, as visible in Fig. 2(a). The frequency of the
relaxation oscillation is influenced by the lasers’ output power levels,
resonator characteristics, and gain in the laser medium.’’

The measured relative power noise of the Mephisto laser is
higher than that of the Lumentum laser, while the AEI NPRO laser
exhibits the lowest noise.

The internal noise reduction is a feedback power stabilization
implemented in all three tested NPRO lasers, also called noise-eater.
It is realized with an internal control loop: a fraction of the laser
output power at 1064 nm wavelength is sensed by an internal sen-
sor, and a servo controller then applies feedback to the current sent
to the pump diodes at a wavelength of 808 nm, with the primary
focus of reducing power noise, particularly targeting the relaxation
oscillation. This control loop is effective due to the resonance peak
of the pump-to-output power transfer function (see Fig. 3), which

104
E — Mephisto — Lumentum— AEI NPRO
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FIG. 3. Pump-current-to-emission-power transfer function was measured for
the AEI NPRO laser, showing a resonant enhancement around the relaxation
oscillation and decay above it (red trace). In addition, the pump-power-to-emission-
frequency transfer function was measured using the beat note between two AEI
NPRO lasers and a phase meter (blue trace).

enables a high noise suppression factor at the relaxation oscillation
frequency.”

Figure 2(b) shows the relative power noise of the tested lasers
with the lasers internal noise reduction engaged. The noise reduc-
tion is evident across all lasers, with a significant decrease in noise
levels in the range from Fourier frequencies of 10 Hz up to 1 MHz.
However, the differences in noise levels remain similar, with the
Mephisto and Lumentum lasers exhibiting noise levels in the range
of 1x1077 HZ_I/Z, while the AEI NPRO laser achieves a rela-
tive power noise level below 1 x 10 Hz ™' from 100 Hz up to
100 kHz. Above 1 MHz, the feedback controllers introduce excess

ALY I LR LLL I LLY IR LR
E — Mephisto — Lumentum— AEI NPRO]

10”7

108 \V\L--LL .
N :

AV PD dark noise 1

Relative power noise (Hz'1/2)

10°°
10 100 1k 10k 100k 1M  10M

(b) Frequency (Hz)

FIG. 2. Comparison of the relative power noise of three NPRO-based laser sources. In panel (a), the measurements without laser internal noise reduction are shown,
whereas the results with the laser internal noise suppression engaged are presented in panel (b). To ensure the out-of-loop measurements were not limited by photon shot
noise or electronic dark noise, an in-house made high-power and low-noise photo detector was used.
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noise, limiting the noise suppression achieved by the internal noise
reduction.

The coupling between pump power fluctuations and laser fre-
quency noise in NPRO lasers is a well-known process that sig-
nificantly impacts the overall frequency noise performance. This
coupling arises from fluctuations in the pump power, which heat
the laser medium, causing changes in the refractive index and ther-
mal expansion. As a result, the optical path length of the NPRO
is altered, leading to a change in the resonance frequency and,
consequently, the emitted laser frequency.””” To quantify the cou-
pling between pump power fluctuations and laser frequency noise,
measurements were conducted on the AEI NPRO laser. The anal-
ysis involved examining the beat note between two lasers and the
modulation input-to-output power transfer function, as shown in
Fig. 3. At frequencies above 200 Hz, the transfer function from
relative power changes to the emission frequency exhibits a 1/f-
shape, which is attributed to the local heating of the laser medium
by the pump beam. At lower frequencies, the transfer function flat-
tens because the thermal diffusion becomes more significant than
the thermal low-pass associated to the materials heat capacity. Power
fluctuations of the pump diodes can limit the frequency noise per-
formance of the NPRO lasers by the coupling described here. For the
AEINPRO laser, this noise was projected using the transfer function
from output power to laser frequency (in Fig. 3) and the power noise
measurement to estimate the frequency noise, as shown by the gray
curve in Fig. 4.

Figure 4 shows the frequency noise measurements of the lasers
obtained via beat frequency measurements between two indepen-
dent lasers. For the AEI NPRO laser, the measurements were
performed using two identical lasers, assuming uncorrelated laser
frequency noise between the lasers. This assumption implies that the
measured noise is a factor of \/2 higher than the actual frequency
noise of an individual laser. For the Mephisto and Lumentum lasers,
one of the AEI NPRO lasers were used as a reference. As this refer-
ence has a significant lower frequency noise than the other NPROs

1055 T LA | o o
E — Mephisto vs. AEI NPRO
104 = Lumentum vs. AEINPRO ]
- E AEI NPRO vs. AEI NPRO E
E 103 n AEI NPRO vs. AEI NPRO, LP ]
N F'
z d
o 10° E
Rz} E
o F
c 1L
> 10
e E
0L
@ 10
o . af
£ 107 3
10—2' T BTN BT R
1 10 100 1k 10k

Frequency (Hz)

FIG. 4. Frequency noise of the NPRO lasers derived from beat note measure-
ments, with all measurements taken with the internal noise reduction of the lasers
engaged. Notably, the AEI NPRO laser achieved an even lower frequency noise
level when operated at 250 mW output power (LP).
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under test, the influence on the measured frequency noise of the
Mephisto and Lumentum was less than 0.5%, for a noise level differ-
ence of one magnitude. All measurements were conducted with the
internal noise reduction of the lasers engaged. The AEINPRO laser’s
frequency noise level is approximately one magnitude lower than
that of the Mephisto or Lumentum lasers, as shown in Fig. 4. This
result is consistent with the well-documented coupling between laser
power noise and frequency noise in NPRO lasers, as reported in Refs.
33-36. Since the exact layout and design of the internal optical and
electronic components of the commercial products are not known,
a direct comparison of the noise contributions, for example, from
pump laser diode or temperature controllers, is not possible. How-
ever, with the AEI NPRO, the low noise level was achieved through
the careful design of a low-noise current driver, good temperature
stabilization, an internal noise suppression system with active con-
trol below 10 Hz, and the optimization of the spatial overlap between
the pump and signal fields.

The frequency and power noise levels measured for the
Mephisto and Lumentum lasers are consistent with results in the
respective data sheets,””* and a comprehensive characterization of
the 2 W Mephisto version as provided in Ref. 17.

To compare the AEI NPRO to the specifications of the other
NPROs, we used a length-scanned triangular cavity'” and mea-
sured the higher-order spatial mode content of the beam emitted
by the AEI NPRO laser to be less than 1.3%, corresponding to a
M? < 1.03, as the higher-order modes were predominantly third
and fourth order modes.”” The AEI NPRO laser frequency tuning
via thermal actuation on the NPRO was measured using a WS7-60
wavemeter from HighFinesse GmbH. The measured frequency tun-
ing, which had a bandwidth of 0.8 Hz, exhibited a tuning coefficient
of —2.84 GHz K™' and a mode-hop-free operation range of ~3 K, as
shown in Fig. 5.

The linewidth of the AEI NPRO laser was directly measured
by analyzing the beat note between two identical AEI NPRO lasers

281.65 T T T T —
- 106442 E

Temperature tuning: £

~ -2.84 GHz/°C 1 1064.43 S
T 281.645 [* 50
= . 1 1064.44 2
e ° ?
T osieaf L3 . 1 1064.45 ;
L ¢ . 1 1064.46 2
= ° <
2 281.635 s« 106447 §
3 . . 3
o 1 106448 &

° c

281.63 ' ' . . 1064.49 —

24 26 28 30 32 34
NPRO temperature (°C)

FIG. 5. Absolute laser frequency, captured with a wavemeter instrument, and the
laser frequency thermal tuning range of the AEI NPRO is illustrated. The char-
acteristic mode hops, where another free spectral range of the NPRO gains the
highest cross section with the optical gain, can be observed every 3 K.
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FIG. 6. Beat measurements of two AEI NPRO lasers with enabled internal noise
reduction are shown, obtained using two different measurement configurations.
The free-running beat note was measured with a resolution bandwidth of 62 Hz
and no averages, while the beat note with a 20 Hz-PLL was measured with a
resolution bandwidth of 18 Hz and 100 averages.

using a spectrum analyzer, as shown in Fig. 6. This measurement was
conducted with a resolution bandwidth of 62 Hz and no averages.
For a measurement with averages, an offset phase lock loop (PLL)
was implemented to compensate for slow frequency drifts. The con-
trol loop bandwidth was chosen to be ~20 Hz, which is well below the
expected laser linewidth, and thus does not influence the measure-
ment result. The resolution bandwidth was 18 Hz and the number
of averages was 100.

The measurements indicate a linewidth of significantly less
than 1 kHz, with the Gaussian profile having a greater influence
on the full width half maximum (FWHM) linewidth than the
Lorentzian. The Gaussian profile is related to the 1/f-shape of the
laser frequency noise,”® shown in Fig. 4, which is caused by the
pump-power-to-laser frequency noise coupling. Assuming uncorre-
lated noise between the two lasers, the actual linewidth of a single
laser would be v/2 times smaller, resulting in a full width half maxi-
mum of 240 Hz. It should be noted that one of the AEI NPRO lasers
was operated for more than 2000 h without showing any degradation
in power or noise performance.

B. Characterization together with a solid-state
amplifier

Several applications in the field of quantum optics and high pre-
cision metrology require laser powers in the higher watt range. To
address these high-power requirements, we used the lowest-noise
NPRO laser, namely, the AEI NPRO, as a seed laser for a four-stage
solid-state Nd:YVO4 amplifier from neoLASE GmbH.

For this experiment, as shown in Fig. 1, the AEI NPRO laser
is free-space coupled to the amplifier through a Faraday isolator,
protecting the seed laser from back reflections. Operating the AEI
NPRO laser at an output power of 400 mW, we measured an ampli-
fied power of 40.4 W with an amplification factor of ~100. The
polarization extinction ratio post-amplification was measured to be
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FIG. 7. Frequency noise measurements conducted using the diagnostic ring cav-
ity. The frequency noise of the amplified laser beams is compared to the frequency
noise of the seed laser used for this measurement and a typical noise projection
of a Mephisto NPRO'” for reference. The noise measurements of the high-power
beams are dark-noise-corrected, which affects the data above 1 kHz. All measure-
ments shown were performed with engaged internal noise reduction of the AEI
NPRO.

30 dB, and the higher-order mode content was less than 2.7%. The
frequency noise of the amplified beam was analyzed using a tri-
angular cavity and is presented in Fig. 7. Consistent with previous
investigations of single-pass solid-state amplifiers, no significant dif-
ference was observed between the frequency noise of the amplified
laser beam and the seed laser. This is because pump power-induced
optical path length fluctuations affect the laser phase only during
a single pass, whereas in the NPRO resonator, the phase fluctua-
tions accumulate over many round trips. As a result, the effect in
the amplifier is much smaller than in the NPRO.

It is worth noting that an early version of the AEI NPRO laser
was used for this test, which did not achieve the full noise perfor-
mance demonstrated in Figs. 2(b) and 4. The measured frequency
noise closely approaches the (known) stability limits of the triangu-
lar mode cleaner, particularly with acoustic coupling peaks between
100 Hz and 1 kHz affecting the diagnostic cavity length.”” Reducing
the AEI NPRO output power down to 250 mW (low-power mode,
LP) only slightly reduced the power of the neoVAN-4S-HP ampli-
fier to 38.2 W without changing the higher-order mode content.
It, however, reduced the frequency noise of the seed laser (as pre-
sented in Fig. 4), which also improved the laser frequency noise of
the amplified beam, as shown in Fig. 7.

Figure 8 shows a comparison of the relative power noise of
the AEI NRPO, of the amplified beam with and without analog
feed-back power stabilization via the pump light of the neoVAN
amplifier. The uncontrolled neoVAN increases the power noise
below 100 kHz, whereas the AEI NPRO dominates the free run-
ning noise of the amplified beam above this frequency. As illustrated
in Fig. 1, a feedback control loop was implemented to stabilize the
amplified laser power. The signal of the photodiode (PDjy) was pro-
cessed in an analog servo and its output signal actuated the laser
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FIG. 8. Relative power noise of the amplified beam is shown, along with the
demonstration of the noise reduction achieved by implementing a power stabiliza-
tion loop on the amplifier's pump current. For reference, the relative power noise
of the used early version of the AEI NPRO laser is also plotted. All measurements
shown were performed with engaged internal noise reduction of the AEI NPRO.

power via the pump current of one neoVAN pump laser diode. Ver-
ified with an independent out-of-loop detector (PD,}), this simple
feedback control loop could effectively reduce the relative power
noise of the 40 W beam to a level of 1 x 10~ Hz " below 40 kHz,
as shown in Fig. 8. The noise increase between 50 and 500 kHz can
be mitigated by a more sophisticated control loop design.

IV. CONCLUSION

The development of novel non-planar ring oscillator (NPRO)
lasers operating at a wavelength of 1064 nm has led to signifi-
cant enhancement in noise performance compared to previously
available models. Our characterizations showed an improvement by
more than a factor of 10 in both power noise and frequency noise
for the NPRO laser developed in-house within the frequency band
of 1 Hz to 10 MHz, compared, for example, to currently employed
NPROs in gravitational wave detectors.!” The measurements on
the AEI NPRO laser presented here revealed a partial correlation
between improvements in power noise and frequency noise, as indi-
cated by the coupling transfer functions from laser power to laser
frequency.'””" The low-noise performance was achieved by careful
design of a low-noise current source, good temperature stabiliza-
tions, an internal noise reduction scheme with active control down
below 10 Hz, and optimization of the spatial overlap between pump
and signal field.

We also investigated the compatibility of the AEI NPRO
laser with a solid-state amplifier. In combination with a neoVAN
4S-HP amplifier, we demonstrated excellent performance and
achieved output powers of up to 40 W without any impairment
of the seed laser frequency noise or beam quality. The measured
increase in power noise of the amplified beam was mitigated through
a feedback control loop that fed back to the pump current in the
solid-state amplifier, highlighting the scalability option of our new
NPRO without excess noise for high-power applications.
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In conclusion, the improved NPRO laser performance reported
here can have significant impacts on ground- and space-based
gravitational wave detectors,” "’ as well as on geodesy missions
such as GRACE-missions.”® Furthermore, the fields of squeezed
light generation,” ™ quantum state engineering,"""" particle and
molecule trapping and cooling, "’ atomic clock comparison,”’ and
experiments for searching for new particles, dark matter or quan-
tum gravity signatures”**’ might strongly benefit from lower noise
NPROs.
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