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To achieve sub-picometer sensitivities in the millihertz band, laser interferometric inertial sensors rely on
some form of reduction of the laser frequency noise, typically by locking the laser to a stable frequency refer-
ence, such as the narrow-linewidth resonance of an ultra-stable optical cavity or an atomic or molecular tran-
sition. In this paper we report on a compact laser frequency stabilization technique based on an unequal-arm
Mach-Zehnder interferometer that is sub-nanometer stable at 10µHz, sub-picometer at 0.5 mHz, and reaches
a noise floor of 7 fm/

√
Hz at 1 Hz. The interferometer is used in conjunction with a DC servo to stabilize the

frequency of a laser down to a fractional instability below 4× 10−13 at averaging times from 0.1 to 100 seconds.
The technique offers a wide operating range, does not rely on complex lock acquisition procedures, and can be
readily integrated as part of the optical bench in future gravity missions.

I. INTRODUCTION

Laser interferometers are a key resource in many areas of
science and technology, such as precision metrology, geodesy,
and gravitational-wave detection. By measuring tiny distance
variations with high precision, interferometers can be used to
test fundamental physics [1], and reveal the gravity field of
Earth [2, 3], or the passing of gravitational waves [4–6].

Laser interferometers aiming to measure displacements
with high precision suffer from laser frequency noise coupling
proportional to the optical pathlength mismatch ∆l between
the two interfering arms,

δl
∆l
=
δ f
f0

(1)

where f0 is the average frequency of the laser, δ f is the laser
frequency noise, and δl is the resulting optical pathlength
noise.

For example, the future space-based gravitational wave de-
tector LISA [7] aims to use laser interferometry to measure
picometer-level changes in distance between spacecraft over
a baseline of 2.5-million kilometers, which requires laser fre-
quency noise suppression by many orders of magnitude. Time
delay interferometry [8] is proposed to aid the task, setting a
target on the laser frequency pre-stabilization of [9]:

ν̃ = 300
Hz
√

Hz

(
1 m
∆L

)
u( f ) (2)

for frequencies between 20µHz and 1 Hz, where ∆L is the
absolute ranging accuracy [10, 11], currently estimated at 1 m,
and u( f ) is the noise shape function given by

u( f ) =

√
1 +

(
2 mHz

f

)4

(3)

which describes a mixture of white noise with flat power spec-
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trum, and random run noise with f −4 power spectrum.
The current baseline for LISA is using a cavity-stabilized

laser similar to the one onboard GRACE Follow-On [2, 12,
13] with a stability roughly an order of magnitude better than
Equation 2. Alternative schemes, such as arm-locking [14–
18] or stabilization to molecular iodine hyperfine transitions
near 532 nm [19, 20], have been proposed. One such scheme
involves pre-stabilizing the laser to an unequal-arm Mach-
Zehnder interferometer (MZI), similar to the scheme used in
the LISA technology package (LTP) interferometer [21, 22]
onboard LISA Pathfinder [7, 23–25].

Other prominent examples of laser interferometers at the
frontier of physics are the gravitational wave detectors Ad-
vanced LIGO [26] and Advanced Virgo [27], which are sensi-
tive to displacements in the 20 Hz to 5 kHz band, reaching a
noise floor of 2 · 10−20 m/

√
Hz at 100 Hz, ten orders of mag-

nitude below the level of ground motion at the site [28, 29].
To achieve this amazing stability, seismic noise is reduced by
a combination of passive and active stabilization stages [30].
The current schemes are limited by the readout noise of the
sensors and lead to excess controls noise below 30 Hz [31].
New seismic isolation schemes [32–34] based on laser inter-
ferometric readout (see, e.g., References [35–42]) promise to
break the seismic wall and lead to sensitivity improvements
of current and future detectors at the lower frequencies, with
substantial rewards in astrophysical applications [43].

If not addressed, laser frequency noise is one of the leading
sources of noise in laser interferometric inertial sensors, par-
ticularly below 1 Hz, even if the macroscopic interferometer
arm lengths are matched using best efforts, and even when us-
ing commercial narrow-linewidth lasers (e.g., 1 kHz linewidth
for 0.1 s averaging time). To achieve sub-picometer sensitivi-
ties in the millihertz band, some form of reduction of the laser
frequency noise is required. The usual schemes involve sta-
bilizing the laser to an ultra-stable optical cavity or an atomic
or molecular reference. Such schemes are also commercially
available, but they are bulky, costly, and rely on complex elec-
tronics.

In a previous article [44], a compact quasi-monolithic MZI
with an intentional arm length difference of 7 cm and a DC
readout scheme was introduced as a simpler alternative to con-
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FIG. 1: Experimental setup. Light from laser A is injected into a vacuum chamber, where it is fed to the ultra-stable inter-
ferometer (blue box) via the quasi-monolithic fiber injector optical subassembly (FIOS). The interferometer, along with the
auxiliary optics and detectors for polarization cleaning, amplitude stabilization, and interferometric readout, is located inside a
high-performance triple-layered thermal enclosure (3-TSH) with an additional single-layer thermal shield (1-TSH) surrounding
just the Mach-Zehnder interferometer. The difference-current between the two readout diodes is converted into a voltage by a
homemade electronic circuit surrounded by yet another single-layer thermal enclosure (1-TSH). The signal is processed by a
digital servo and fed back to the slow and fast frequency actuators of the laser. Laser A is beat with two iodine-stabilized lasers
(lasers B and C) to help assess the achieved stability. The beat signals are mixed down to below 100 MHz with an ultra-stable
signal generator and read out via a phasemeter.

ventional laser locking schemes. In comparison to an optical
cavity or an atomic or molecular reference, the MZI tech-
nique offers a wide operating range and does not require a
complex lock acquisition procedure. Continuous frequency
tuning is possible by purely electronic means and does not re-
quire physically changing the resonance frequency of the fre-
quency reference. The MZI in [44] was shown to provide an
impressive long-term dimensional stability, beating the sub-
picometer mark at 5 mHz. For comparison, the LTP interfer-
ometer beats this mark at 10 mHz [45].

In this paper, we present the next generation of this device,
capable of reaching sub-picometer sensitivity at 0.5 mHz. The
combination of an ultra-stable quasi-monolithic fiber injector
and a high-performance heat shield system allows us to realize
a new benchmark of laser frequency stability with a compact
interferometer, yielding a sensitivity improvement of one to
nearly two orders of magnitude at low frequencies compared
to the previous realization.

Employed in conjunction with an inertial sensor of match-
ing stability, this method enables displacement sensing with a
sensitivity better than 1 pm/

√
Hz ·u( f ) down to 10µHz, which

makes it a promising candidate for both ground-based seismic
isolation systems or future gravity missions in space.

II. EXPERIMENTAL SETUP

The experimental setup is depicted in Figure 1. A Mach-
Zehnder interferometer with an arm length difference of ∆l ≈
7 cm is used as an ultra-stable length reference for laser fre-
quency stabilization of laser A, which is a 1064 nm non-planar
ring oscillator (NPRO) laser.

The design and construction of the MZI is described in [44],
and a summary is given here. The MZI consists of a base-
plate made of CLEARCERAM™ CCX-HS ultra-stable glass
ceramic to which fused silica components are attached via
UV adhesive bonding. The baseplate material is chosen for
its close to zero coefficient of thermal expansion around room
temperature, while fused silica is the material of choice for the
optical elements due to its excellent transmission properties.
The baseplate has dimensions of 13.5 × 13.5 × 3.6 cm3.

The interferometer design was aided by the C++ optical
modeling library IFOCAD [46]. In [44], an off-the-shelf com-
mercial fiber coupler was used to inject laser light into the
West port of the input beam splitter (BS1). In order to im-
prove on the previously reported stability, especially at very
long measurement times, a quasi-monolithic fiber injector op-
tical subassembly (FIOS) developed in-house was retrofitted
to the North port of BS1. The beam delivered by the FIOS is
split into the short and long arms at BS1. The beam traveling
along the long arm is reflected off mirrors M1 and M2 before
being interfered with the short arm beam at the recombination
beam splitter BS2. A third and fourth beam splitters (BS3 and
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BS4) are placed in the North and East output ports of the beam
combiner to allow performing diagnostic measurements, such
as optical zero measurements, whilst maintaining symmetry
between the photodetectors.

The precise positioning and orientation of components on
the baseplate are optimized via simulations to reduce the im-
pact of spurious beams caused by residual reflections at the
secondary surfaces, which have been identified as a critical
source of noise in high-precision interferometers [47]. The
input beam splitter and the beam combiner are wedged in or-
der to separate the secondary reflections from the main optical
path.

The FIOS (Figure 2a) is made of six parts combining a fiber
end and a lens into a quasi-monolithic, non-adjustable pack-
age, thus significantly reducing the effects of both mechanical
and thermal creep in comparison to conventional fiber injec-
tors. The FIOS was first pre-assembled and then installed on
the MZI with all other components already fixed to the base-
plate. The alignment of the FIOS was done with the help of
a homemade positioning device and continuous contrast mon-
itoring by applying a deep frequency modulation [48, 49] to
the laser. The final contrast achieved was 94%, and no dis-
cernible contrast degradation was observed following a two-
year operational period encompassing several vacuum cycles,
highlighting the satisfactory long-term stability of the UV ad-
hesive bonding.

The detection is performed by two identical 50 mm2 circu-
lar active area silicon PIN photodiodes located at the comple-
mentary output ports of BS2. A focusing lens is placed in
front of each photodiode to help minimize transverse beam
jitter, and we incorporate thin-film polarizers with high ex-
tinction ratios mounted directly in front of the photodiodes
to mitigate the impact of parasitic interferences arising from
residual beams with orthogonal polarizations.

The photodiodes are operated in reverse bias voltage and
connected in a balanced differential trans-impedance ampli-
fier (TIA) performing a direct current subtraction. The basic
schematic of the sensor is depicted in Figure 3. The power
at each photodiode depends on the laser frequency f and is
given by

P1( f ) = p1

[
1 + c1 · cos

(
2π f∆l

c
+ φ0

)]
P2( f ) = p2

[
1 − c2 · cos

(
2π f∆l

c
+ φ0

)]
(4)

where p1,2 are the optical powers at each photodetector in mid-
fringe, c1,2 are the interferometric contrasts at each photode-
tector, ∆l is the interferometer’s optical path length difference,
c is the speed of light, and φ0 is an arbitrary constant. After
the TIA, the resulting signal is given by

v( f ) = G
[
P1( f ) − P2( f )

]
= G

[
p1 − p2 + (c1 p1 + c2 p2) · cos

(
2π f∆l

c
+ φ0

)]
(5)

where G [V/W] is the trans-impedance gain. In order to attain
balanced operation (i.e., p1 = p2), we leverage the reflectivity
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FIG. 2: The fiber injector optical subassembly (a) consists of
a polarization-maintaining 1064 nm single-mode optical fiber
(1) equipped with a bare ferrule (2) held in place by a tightly
fitted hole in the fused silica fiber mount (3). An off-the-
shelf anti-reflectively coated aspherical lens of D-ZLAF52LA
glass, modified for a tapered outer surface (6), is UV-glued
into a matching hole in the fused silica lens holder (5). Fi-
nally, the fiber mount and the lens holder are joined together
at the desired distance, position, and orientation using a longi-
tudinal girder of fused silica (4) and two thermally compensat-
ing layers of UV adhesive. The next-generation unequal-arm
Mach-Zehnder interferometer (b) consists of an ultra-stable
glass ceramic baseplate to which the fused silica components
and the fiber injector optical subassembly are bonded via UV
adhesive. A set of three aluminum heat shields isolate the in-
terferometer from external temperature fluctuations. The alu-
minum plate surfaces are polished to lower their emissivity
and slow down radiative heat transfer inside the enclosure.
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−

+

TIA v

R
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FIG. 3: Schematic of the balanced differential trans-
impedance amplifier (TIA).
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dependence of BS4 on the macroscopic beam incidence angle,
achieving nearly equal power levels on both photodiodes, such
that

v( f ) = Gp1(c1 + c2) · cos
(

2π f∆l
c
+ φ0

)
(6)

Equation 6 has periodic zero crossings that we use for laser
locking. The slope of the error signal at the operating point is
proportional to the available optical power, the interferometric
contrasts, the trans-impedance gain, and the interferometer’s
arm length difference.

A Moku:Lab by Liquid Instruments [50] is used as a digital
controller to provide feedback based on the generated error
signal to both the slow thermal actuator and the fast piezo-
electric transducer actuator of the NPRO laser. Additionally,
a pre-amplifier (SR560 by Stanford Research Systems) and
a post-amplifier equipped with a low-pass filter are used to
mitigate analog-to-digital converter noise originating from the
digital servo and to enhance the low-frequency gain, respec-
tively.

When the laser is locked to the MZI, the optical pathlength
stability of the interferometer is transferred to the frequency
stability of the laser, obeying Equation 1. To isolate the MZI
from external perturbations affecting its pathlength noise δl,
it is placed inside a vacuum chamber at a moderate pres-
sure of 10−6 mbar and surrounded by a set of three aluminum
heat shields (Figure 2b), similar to the systems designed for
high-performance metrology with ultra-stable optical refer-
ence cavities [51, 52].

Each shield consists of six 10 mm aluminum plates fastened
together via M4 screws, and is supported by three 10 mm
PEEK spheres that rest on 5 mm-deep conical cutouts made
to each of the baseplates, with the exception of the outermost
shield, that rests on three PEEK semi-spheres placed on the
surface of the vacuum chamber. The plates are polished to
yield a low emissivity, thereby slowing radiative heat transfer
inside the enclosure. The resulting system has an extremely
slow response to temperature changes, with a thermal time
constant of about one week that is largely dominated by a
surface-to-surface radiative exchange.

Laser A is split two ways. One part of the light feeds the
vacuum chamber, where it is further split such that a small
fraction is captured by a photoreceiver for amplitude stabi-
lization of the laser and the rest is injected into the MZI. The
other part is split two ways and interfered with two reference
lasers to enable measurements of the achieved stability. The
reference systems, lasers B and C, are two iodine-stabilized
NPRO lasers (Prometheus by Coherent), locked to the molec-
ular iodine hyperfine transitions R(56)32-0 ‘a1’ and ‘a2’. The
two reference lasers are also interfered, generating a third
beatnote signal that allows us to perform a complete char-
acterization of the three systems’ stability. The three beat-
notes are captured by high-speed InGaAs photoreceivers. The
two beatnotes with laser A, which are in the 0.5-2 GHz band,
are mixed down to less than 100 MHz using an ultra-stable
GHz signal generator (SMB100A by Rohde & Schwarz). Fi-
nally, the three beatnotes are tracked simultaneously by a
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FIG. 4: Frequency spectral densities (a) and modified Allan
deviations (b) of a 2-hour measurement of the three beat-
notes (A: MZI-stabilized laser; B, C: iodine-stabilized lasers).
Also shown are the frequency noise spectral densities of
30 Hz/

√
Hz · u( f ), 300 Hz/

√
Hz · u( f ), and 8 kHz/

√
Hz · u( f ).

Moku:Pro phasemeter [50]. The noise contributions of the
R&S SMB100A and the phasemeter instrument are measured
to be well below 1 Hz/

√
Hz throughout the whole band.

III. RESULTS

The frequency spectral densities [53] and modified Allan
deviations [54] of the three beatnotes are shown in Figure 4a
and 4b respectively for a typical 2-hour measurement at a rate
of 150 samples per second. Also shown in Figure 4a is the
frequency noise spectral density of 30 Hz/

√
Hz, 300 Hz/

√
Hz,

and 8 kHz/
√

Hz, scaled by Equation 3, respectively represent-
ing the stability of a space-qualified cavity-stabilized laser
system, the LISA laser frequency pre-stabilization target, and
the picometer-equivalent frequency instability of an interfer-
ometer with 7 cm arm length difference (see Equation 1).

Inspection of any of these two plots, containing largely
the same information, reveals that the MZI-stabilized sys-
tem (laser A) offers a stability comparable to the two iodine-
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stabilized systems (lasers B, C). This complicates the assess-
ment of the achieved stability since the frequency noise of the
reference lasers cannot be neglected in comparison to the fre-
quency noise of the unit under test.

A bump in the noise of the B-C and the C-A beatnotes is
evident in both the amplitude spectral density estimates and
the modified Allan deviations. The bump can be seen at fre-
quencies between 100 mHz and 0.2 Hz, or at averaging times
between 2 and 50 seconds. From this analysis, it is not clear
which of lasers A or C is responsible for the noise degradation.

To evaluate the performance of each single laser, indepen-
dently from the rest, we carry out a three-cornered-hat anal-
ysis [55] using the modified Allan deviation (MDEV) and
the Hadamard deviation (HDEV) as the statistic functions of
choice [54].

The MDEV is chosen for its ability to distinguish between
white and flicker phase noise at short averaging times (i.e.,
at short τ = mτ0, where τ is the averaging time, τ0 is the
gate time or sampling time, and m is the averaging factor), or
equivalently at high frequencies. The MDEV is also widely
used in the time and frequency standards community, such
that our stability results may be easily compared to other ref-
erences.

The HDEV is chosen for its ability to handle divergent
noise sources at long averaging times. The MDEV is not a
good statistic for processes having power spectral densities
with f −4 dependency (e.g., as Equation 3), as the obtained
variance at long τ may depend on the measurement time. On
the other hand, the HDEV examines the second difference of
the fractional frequencies, which makes it robust against f −4

noise, allowing a direct comparison of the achieved long-term
stability with noise allocations following Equation 3.

Frequency data were taken over 12 h by the same phaseme-
ter with a gate time of 6.7 ms. The data set was cut into 10
sections of 1.2 h, a linear drift was removed for compensat-
ing the temperature drift in each section, and the individual
Allan deviations were calculated. The arithmetic mean and
standard deviation of the resulting modified Allan deviation
are shown in Figure 5, which also shows the MDEV of the
MZI stability reported in [44], obtained via a domain conver-
sion from the power spectral density using the MDEV trans-
fer function [56], and the MDEV of virtual beatnotes having
white frequency noise spectral densities at the 30 Hz/

√
Hz,

300 Hz/
√

Hz, and 8 kHz/
√

Hz levels.
Finally, given that we are only interested in the Hadamard

deviation at long averaging times, the data is downsampled
by a factor of 100 in order to decrease the otherwise long
computation time of the HDEV. To downsample the data,
an averaging operation is performed, which limits the results
to τ > 100 · τ0. The results are shown in Figure 6, to-
gether with the HDEV corresponding to virtual beatnotes with
30 Hz/

√
Hz · u( f ), 300 Hz/

√
Hz · u( f ), and 8 kHz/

√
Hz · u( f )

frequency spectral densities, obtained by numerically comput-
ing the HDEV on data generated by a simple noise model that
conforms to Equation 3.

The three-cornered-hat analysis reveals the individual per-
formance of each laser. The noise bump of laser C is success-
fully isolated at τ between 1 and 10 s. At τ > 10 s, laser B
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FIG. 5: Modified Allan deviation of the three stabilized lasers
derived from a three-cornered hat analysis. The data show the
average instability of 10 data sets with a duration of 1.2 hours
each. Error bars represent the standard deviation of the data
averaged for each point. Also shown are the modified Allan
deviations of virtual beatnotes with white frequency noise at
30 Hz/

√
Hz, 300 Hz/

√
Hz, and 8 kHz/

√
Hz.

is roughly a factor 2 to 3 more stable than laser A. At lower
averaging times, their stability is very similar, except at very
short averaging times (τ ∼ 10 ms), where the MZI suffers
from short-lived instabilities originating from the coupling of
vibrations of the vacuum pumps.

As per the obtained MDEV, the MZI’s fractional frequency
instability is below 10−12 at averaging times greater than 0.1 s
and in excess of a few hundred seconds. A maximal stability
of 2 × 10−13 is achieved between 1 and 10 s that is dominated
by flicker frequency noise (i.e., 1/ f noise). In this range, the
MZI is compatible with the LISA frequency pre-stabilization
target (Equation 2). On the other hand, the HDEV analysis re-
veals that the MZI does not meet the LISA target at averaging
times between 10 and a few hundred seconds (e.g., it is a fac-
tor of 2 less stable at 50 seconds). At 1000 seconds, the MZI
stability is close to the target, hinting that at even longer mea-
surement times, the system may be compliant with this noise
allocation, which can only be revealed by performing longer
measurements.

Using Equation 1 we can infer the achieved MZI pathlength
stability as probed by laser B, shown in Figure 7, and com-
pare it against the previous results [44]. Thanks to the three-
cornered-hat analysis we have confidence in the estimated
stability at the lower frequencies, e.g., at frequencies below
100 mHz, where it was shown that laser B is, on average, 2.4
times more stable than laser A. At higher frequencies (e.g.,
around 1 Hz), the stabilities of the three lasers are similar, so
the performance of laser A may be estimated as 1

2 of the sta-
bility of the A-B or C-A beatnotes, which yields a noise floor
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FIG. 6: Hadamard deviation of the three stabilized lasers de-
rived from a three-cornered hat analysis. The data show the
average instability of 10 data sets with a duration of 1.2 hours
each. Error bars represent the standard deviation of the data
averaged for each point. Also shown are the Hadamard de-
viations corresponding to virtual beatnotes having frequency
spectral densities of 30 Hz/

√
Hz ·u( f ), 300 Hz/

√
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√

Hz · u( f ).

of 7 fm/
√

Hz at 1 Hz. These results showcase a clear perfor-
mance improvement of the setup below 100 mHz.

IV. CONCLUSION

An ultra-stable Mach-Zehnder interferometer with unequal
arm lengths capable of reaching 1 pm/

√
Hz ·u( f ) from 10µHz

to 10 Hz was presented. The new system is one to two or-
ders of magnitude more stable in the lower frequencies than
the previous realization. This stability was achieved by ap-
plying a combination of two passive techniques for reduc-
ing noise sources of thermal origin. First, a quasi-monolithic
fiber injector made of fused silica components provides an
ultra-stable input beam that is much more robust to temper-
ature changes than what is possible with conventional fiber
injectors. Second, a high-performance enclosure provides
an ultra-quiet thermal environment, reducing the coupling of
temperature-driven effects to path length noise in the inter-
ferometer, such as thermoelastic deformation of the baseplate
and components, and refractive index fluctuations.

A combination of frequency and time domain analysis tech-
niques was used to assess the stability of the MZI-stabilized
laser along with two iodine-stabilized reference lasers. The
individual stability of each system was disentangled from
a simultaneous three-signal measurement using the three-
cornered-hat method. Due to the nature of the involved noise
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FIG. 7: Spectral density of optical path length noise in the
MZI from a 12-hour measurement, as probed by laser B. The
noise floor is limited at the lower frequencies by temperature
fluctuations coupling as interferometer path length changes.
At frequencies higher than 1 mHz, a 1/ f power spectrum is
observed, which is suspected to be due to the effect of ther-
mal drifts in the sensitive trans-impedance amplifier used to
convert the differential interferometric current into a voltage
for laser locking. Also shown are the previously realized sta-
bility, and the 1 pm/

√
Hz · u( f ) displacement noise allocation

commonly used for the local interferometry in LISA.

sources, which are white frequency noise at high frequency
(i.e., at a short averaging time, τ), and random run noise at
low frequency (i.e., at long τ), two different variance functions
were used, with one providing greater confidence at short τ
(the modified Allan deviation), and one greater confidence at
long τ (the Hadamard deviation).

The three-cornered-hat analyses revealed that the stability
of the MZI system is comparable to the two reference systems,
which are based on stabilization to molecular iodine hyperfine
transitions near 532 nm. To the best of the authors’ knowl-
edge, the achieved stability constitutes a record for compact
laser interferometers [57].

The frequency of our MZI-stabilized laser is within the tar-
get of 300 Hz/

√
Hz · u( f ) for all frequencies above 40 mHz.

At frequencies between 10µHz and 40 mHz, it is a factor of 1
to 5 less stable. The stability could be improved by increasing
the interferometer’s arm length difference (e.g., from 7 cm to
40 cm, as in the LTP interferometer), and addressing the as-
sociated complexities of the longer optical path length. How-
ever, a more exciting prospect is combining the techniques of
Mach-Zehnder stabilization and arm-locking [9], which could
lead to a frequency stability orders of magnitude better than
300 Hz/

√
Hz · u( f ), potentially allowing the requirements on

time delay interferometry to be relaxed. Since the reference
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interferometer can be integrated as part of the optical bench
that is already a central feature in this type of mission, this

technique eliminates the need for a separate laser stabilization
subsystem, which makes this an interesting scheme for future
gravity missions [58, 59].
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