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Abstract. Space-based gravitational wave detectors, such as the Laser Interferom-

eter Space Antenna (LISA), use picometer-precision laser interferometry to detect

gravitational waves at frequencies from 1Hz down to below 0.1mHz. Laser interfer-

ometers used for on-ground prototyping and testing of such instruments are typically

constructed by permanently bonding or gluing optics onto an ultra-stable bench made

of low-expansion glass ceramic. This design minimizes temperature coupling to length

and tilt, which dominates the noise at low frequencies due to finite temperature stabil-

ity achievable in laboratories and vacuum environments. Here, we present the study

of an alternative opto-mechanical concept where optical components are placed with

adjustable and freely positionable mounts on an ultra-stable bench, while maintaining

picometer length stability. With this concept, a given interferometer configuration can

be realised very quickly due to a simplified and speed-up assembly process, reducing

the realisation time from weeks or months to a matter of hours. We built a corre-

sponding test facility and verified the length stability of our concept by measuring the

length change in an optical cavity that was probed with two different locking schemes,

heterodyne laser frequency stabilisation and Pound-Drever-Hall locking. We studied

the limitations of both locking schemes and verified that the cavity length noise is

below 1 pm/
√
Hz for frequencies down to 3mHz. We thereby demonstrate that our

concept can simplify the testing of interferometer configurations and opto-mechanical

components and is suitable to realise flexible optical ground support equipment for

space missions that use laser interferometry, such as future space-based gravitational

wave detectors and satellite geodesy missions.

Keywords: laser interferometry, gravitational wave detection, ultra-stable interferome-

ters
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1. Introduction

The Laser Interferometer Space Antenna (LISA) is a future space-based gravitational

wave observatory that will measure gravitational waves (GWs) frequencies from 1Hz

down to below 0.1mHz [10], complementary to terrestrial GW detectors at audio-

band frequencies and pulsar-timings at very low frequencies [1, 2, 3]. LISA consists

of three spacecrafts, each containing two test masses, forming an equilateral triangle

with a distance of 2.5million kilometers between them. When a gravitational wave

passes through the detector, the relative distance between the spacecraft in which

the test masses are located changes and is measured by LISA using heterodyne laser

interferometry. The required displacement sensitivity within the LISA optical system,

denoted by u(f), in the sub-Hz regime is specified as

u(f) = 1
pm√
Hz

×

√√√√1 +

(
2mHz

f

)4 (
10−4Hz < f < 1Hz

)
. (1)

To achieve such low-frequency displacement sensing noise, the optical bench of

LISA is going to be constructed by bonding optics onto a low-expansion glass ceramic

with a small coefficient of thermal expansion (CTE) [6]. Similar approaches have been

used to built optical ground support equipment (OGSE) for the mission [8, 30, 36].

The bonding process to realise such interferometers requires precise pre-alignment,

extensive planning and preparation, which have motivated the study of alternative

approaches to realise such interferometers for ground testing, where, for example, the

robustness against mechanical vibrations of a bonded interferometer is not needed. This

is further motivated by the need for testing of laser interferometers for other space-based

gravitational wave detectors [14, 24], for satellite geodesy missions [23, 35], and for other

uses of ultra-stable laser interferometers in areas such as dark matter searches [29, 34]

and ultra-stable spectroscopy [9, 25].

We present and demonstrate a concept to realise adjustable laser interferometers

satisfying the same low-frequency length stability required for LISA, where opto-

mechanical components are mounted onto a low-expansion glass ceramic plate with

threaded screws and clamps, similar to a typical optical table. The so-realised concept

is a further development of a previously demonstrated scheme by Kulkarni et al. [22]

where adjustable mirrors were placed on fixed points of a low-expansion baseplate. Our

concept enables the fast realisation of arbitrary interferometer configurations (within the

size of the given optical bench), and it allows us to reuse the setup and components for

various optical experiments and thus reduce costs, for example, for OGSE. We refer to

the so-prepared opto-mechanics and the corresponding testing infrastructure as toolset

for adjustable picometer-stable interferometers (TAPSI).

In the initial section of this paper, we describe the opto-mechanical design of our

toolset, followed by the optical test facility to shield the interferometer from external

noise, especially from temperature fluctuations and mechanical vibrations. To verify

the initial stability of our toolset, we set up an optical cavity and measured relative
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length changes using two different locking schemes, the Heterodyne laser frequency

Stabilization (HS) and the Pound-Drever-Hall (PDH) locking. Subsequently, the results

and current limitations are discussed, and possible noise sources are addressed. Finally,

we provide an outlook for future improvements.

2. Opto-Mechanical Concept of TAPSI

The toolset for adjustable picometer-stable interferometers (TAPSI) combines a glass

ceramic optical bench with thermally compensated mirror mounts which are mounted

on the bench using low thermal expansion opto-mechanics. The mirror mounts used

are ZeroDrift mirror mounts from Newport with a substantially lower tilt to length

coupling (TTLC) compared to standard (stainless steel) mirror mounts [27]. The opto-

mechanics are made of Invar while the optical bench is made out of Zerodur . Both

materials chosen have a low CTE, which is essential to reduce the critical temperature

to length (and tilt) coupling at low frequencies.

The posts supporting the mirror mounts are fixed onto the bench with clamps and

secured with screws and locknuts. An additional compensation plate is located between

the mount and the post, so that the mounting concept is designed in such a way that

the center of the mirror is above the post (see figure 1). This configuration allows for

the expansion and contraction of the mirror mount and the Invar compensation plate

to cancel each other out. The CTE of the thermally compensated mirror mounts was

unknown but expected to be small due to the quoted low levels of beam tilts during

thermal cycling. Consequently we decided to use Invar for the compensation plate, as

it has one of the smallest CTEs. A future study could investigate the exact CTE of the

ZeroDrift mirror mounts to further optimise the length and material of the compensation

plate.

(a) Setup of the prototype cavity (b) Side view of the mounting concept

Figure 1: CAD model of the toolset for adjustable picometer-stable interferometers

(TAPSI) assembly concept and the corresponding setup of the prototype cavity for

measuring and verifying the length stability in section 4.
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3. Test Facility

The test facility hosts the optical toolset and consists of a vacuum chamber and multiple

thermal shields. The outer thermal shield consists of a Styrodur insulation that houses

the vacuum chamber. The double-layer inner thermal shield is made of aluminium

and is additionally covered with a multi-layer insulation foil. PEEK spacers isolate

the chamber, the thermal shield, and the central aluminium breadboard from direct

thermal conduction while carrying the corresponding part of the setup. The optical

bench, made of Zerodur, rests on the aluminium breadboard by its own weight. A

vertical cross-sectional view of the setup is shown in figure 2.

The test facility is located below a laminar flow box inside a temperature and

humidity controlled laboratory. For the experiments discussed in this paper, we used a

scroll pump that provides an equilibrium vacuum of 10−3mbar. The vacuum chamber

has an additional flange at the bottom, dedicated to directly host a turbo pump. This

provision can be used in future experiments to achieve higher vacuum levels, if needed.

Styrodur

Aluminium vacuum chamber

Aluminium thermal-shield

+ multilayer insulation foil

PEEK

spacer

Zerodur disc

Toolset for adjustable pico-

meter stable interferometers

Aluminium breadboard

Figure 2: Vertical cross-sectional view of the optical test facility with the toolset

for adjustable picometer-stable interferometers (TAPSI) inside. A pressure level of

10−3mbar inside the vacuum chamber, multiple thermal isolation layers, and PEEK

spacers significantly reduce temperature coupling, which is crucial at low frequencies.

In order to monitor the temperature fluctuations inside the vacuum chamber, a

temperature sensor was developed. The sensor is based on the Wheatstone bridge

principle and utilises a negative temperature coefficient (NTC) resistor. The design

is based on previous works on temperature sensors for LISA [31, 32, 11]. The sensor

was located in close proximity to the toolset and the cavity under test in section 4.

Representative temperature measurements are plotted in figure 3 and the corresponding

spectra in figure 4, together with the temperature of the air flow onto the chamber

measured with an additional sensor. Inside the chamber, where the interferometer
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toolset is placed, a temperature stability of 10µK/
√
Hz down to 10mHz was achieved.

The theoretical achievable sensitivity is limited by the Johnsen-Nyquist noise of the

Wheatstone bridge resistors (50 kΩ, 85 kΩ) and the NTC sensor (85 kΩ) [17, 28]. The

time series plot shows no direct temperature coupling between the outside and inside

of the chamber, confirming the high degree of thermal isolation of our test facility. The

photo-detectors (PDs) inside the chamber were identified as the source of the observed

linear increase in temperature. The issue is addressed and discussed in more detail in

section 5.
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Figure 3: Time series of two parallel measurements of temperature inside and outside

of the vacuum chamber. The measurement inside the chamber is also shown after

subtracting the dominating linear trend caused by the heating of the PDs.
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Figure 4: ASD plot (calculated with LPSD [38] after removing the linear trend from the

measured time series) of the temperature outside and inside the vacuum chamber. The

measurements inside the chamber were done before (air) and after reaching vacuum

pressure. Additional temperature measurements were taken in conjunction with the

stability measurements (figure 7) outlined in section 5. The theoretical sensitivity is

given by the Johnsen-Nyquist noise of the Wheatstone bridge resistors.

4. Laser Frequency Locking

To verify the length stability of our mounting concept, we locked one of our NPRO-

lasers (1064 nm) to a prototype cavity with a finesse of 627 and a length of 10 cm which

was set up using the TAPSI concept (see figure 1), while the second laser was locked to

a reference cavity which was constructed from an ULE! glass, a finesse of 10 060 and

a length of 21 cm. Previous measurements of the reference cavity have demonstrated a

stability of 7.5 fm/
√
Hz (20Hz

√
Hz) down to 3mHz [37]. The relative length fluctuation

between the two cavities is measured by observing the change in beat-frequency of the

two locked lasers. This relative length fluctuation ∂L is assumed to be dominated by

the length stability of the prototype cavity and is calculated using the following relation

∂L =
∂ν

ν
· L (2)

where L = 10 cm is the length of the prototype cavity, ν = 282THz is the laser frequency,

and ∂ν is fluctuation of the beat-frequency.

We measured the length stability of the prototype cavity using two different locking-

schemes, Heterodyne laser frequency Stabilization (HS) [12] and the well-known Pound-

Drever-Hall (PDH) locking [5]. Both techniques are quite similar and lock the laser’s

frequency to the resonance of the cavity by utilising the interaction phase shift of the

cavity’s reflected light. The key difference between HS and PDH locking is the method

to obtain the to-be-stabilised carrier field. While PDH locking utilises sidebands which
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generate an amplitude modulation from a phase modulation with the cavity interaction,

HS is making use of the already existing beat-note in a heterodyne interferometer.

Subsequent demodulation is performed with the sideband modulation frequency in PDH

locking and with the heterodyne beat-note in HS.

4.1. Monochromatic Beam Reflection and Cavity Interaction Phase

The electric field of an incident beam can be written as

Einc = E0e
−iωt, (3)

and the reflected beam as

Erefl = E1e
−iωt, (4)

where ω is the (angular) frequency and E0, E1 are the complex amplitudes, describing

the relative phase between the two beams. The ratio of these two beams defines the

reflection coefficient

F (ν) = Erefl/Einc =
r1 − r2e

i2π ν
FSR

1− r1r2e
i2π ν

FSR
, (5)

where r is the amplitude reflection coefficient of each cavity mirror and ν = ω/2π is the

frequency of the laser light. The free spectral range (FSR) = c/2L with L as the optical

length of the cavity and c as the speed of light.

Far off resonance, the reflection amplitude is approximately equal to one while the

phase remains constant (F (ν) ≈ 1). In close proximity to the resonance, well within

the line width (∆ν << δν = ν − νres), the reflection coefficient is

F (δν) ≈ r1 − r2
1− r1r2

− 2πi
r2(1− r21)

(1− r1r2)2
δν

FSR
. (6)

For high-finesse cavities the imaginary part of the above equation can be rewritten as

I{F (δν)} ≈ −G δν

∆ν
(7)

with G summarizing the constants as an optical gain. The resulting equation (7) is

linear with respect to a frequency change close to resonance. A slight deviation from

the resonance of the reflected beam leads to a phase shift caused by the cavity which is

proportional to the change in the length of the cavity itself.

To obtain the phase (∝ length) variation information, the incident beam and the

reflected beam from the cavity are measured with a PD and subsequently demodulated.

This involves mixing and low-pass filtering of the two signals. The resulting so-called

error-signal is used to eventually lock the laser’s frequency to the resonance of the cavity.

Thus, a change of the laser frequency is directly related to a change in the length of the

cavity.

At this point, it is imperative to reiterate the distinction between the two locking

techniques. While HS demodulates the cavity’s reflected beam using the already existing

heterodyne beat-note, PDH locking is using the previously generated sidebands. Each

locking technique has its own set of advantages and disadvantages, which are discussed

in more detail in the following subsections.
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4.2. Heterodyne Laser Frequency Stabilization

The initial attempt to probe the length stability of the prototype cavity was

performed with Heterodyne laser frequency Stabilization (HS) which was described and

demonstrated before by Eichholz et. al [12]. The advantage over PDH locking is the

simplicity of the locking scheme. HS utilises the existing beat-note in a heterodyne

interferometer, such as LISA, and does not require phase modulators and therefore

avoids their noise contribution.

The Heterodyne laser frequency Stabilization scheme is shown in figure 5. The

interference signal (beat-note) was measured by PD1 and also forwarded through a

polarization-maintaining, single-mode fiber into the vacuum chamber and onto the

cavities. The cavity reflections were detected by PD2 and PD3, respectively, using

fiber-circulators. The measured signals, consisting of the initial beat and the reflected

beats from the cavities, were demodulated by analogue mixing and low-pass filtering.

With additional phase shifters in front of each mixer, the phase difference was adjusted.

The resulting error-signal was forwarded to a PI-controller to lock both lasers to their

respective cavities.

The measurement of the PD1 beat-note converted to an amplitude spectral density

(ASD) plot is showing the length stability of the prototype cavity realised with our

concept TAPSI (see figure 7). After the first commissioning, we made a number of

improvements, including thermal isolation of the optical fibers and electronics of the

control loop.

Ultimately, we encountered an implementation limitation that is likely caused by a

delay, which we refer to as delay-beat. The problem occurs when there is a discrepancy

in the path length between the two signals, beginning from the point of interference and

ending at the stage of demodulation. This includes the laser’s free space propagation,

the optical fiber and the electrical cable length. For example: a linear scan of the laser

frequency leads to a linear change in the heterodyne frequency (beat-note). Due to the

differing path lengths, the two signals will arrive at the mixer at different times, with

different frequencies, resulting in a phase shift between them. This linear phase shift

over time leads to an additional beat, the delay-beat.

Since we used a purely analogue demodulation, a compensation of the delay

with an additional electrical cable length was only possible up to a certain degree.

Furthermore, long-term frequency drifts will inevitably give rise to issues unless they

are actively regulated. This problem has already been described and overcome in [12, 7]

by introducing a frequency-dependent phase offset in the digital domain. However, the

current experimental approach of long-term stability and the noise floor are constrained

by the analogue HS. The planned transition to digital demodulation will be implemented

in future experiments.

PDH locking does not encounter the problem of the delay-beat because the

demodulation frequency, given by the electro-optic modulators (EOMs), is constant.
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Vacuum
chamber Thermal shield Beat-note

Prototype-Cavity

Reference-Cavity

PD3

PD2

Amp
HF-AmpMixer LPF

Zerodur plate

Delay
cable

Fiber
circulator

Fiber
splitter

PD1
Phasemeter

PI

PI

Fiber Laser beam Electrical cable

NPRO
Laser

PZT
Temp

Figure 5: The Heterodyne laser frequency Stabilization scheme uses the beat-note from

a heterodyne interferometer. The reflected beat-note (as detected by PD2 and PD3)

is then demodulated with the initial beat-note (detected by PD1) to extract the cavity

interaction phase and create an error-signal. That signal is used to lock each laser to

its respective cavity. The measured beat-note by PD1 provides the information about

the change in relative length of the cavities.

4.3. Pound-Drever-Hall Locking

As the actual length stability of our prototype cavity, and hence the concept, was not

fully probed using the analogue HS technique, we switched to the well-known PDH

locking for that purpose. The final experimental setup is shown in figure 6a). The

optical setup required for PDH, including the prototype cavity, were assembled with

TAPSI (see figure 6b). We were able to complete the initial placement and rough

alignment of the optics in less than an hour, demonstrating the desired speed for setting

up such interferometers.

From the initial commissioning phase, improvements were made to the

configuration, such as the transition from fiber circulators to free space, to mitigate

the anticipated stray light from the etalon effect of fiber-to-fiber connections.

We also placed the fiber-coupled EOMs within the vacuum chamber to minimize

the residual amplitude modulation (RAM) [19, 20, 15]. A further challenge associated

with EOMs is the misalignment of the input polarization, which results in an oscillatory

rotation of the output polarization. This is subsequently converted to an amplitude

modulation, for instance, by a polarization beam splitter. The EOMs we were using

are based on an annealed proton-exchanged (APE) waveguide technology whereby only

the transverse electrical (TE) mode is guided [26]. Any misalignment of the input

polarization results in a static increase in insertion loss. Consequently, our phase

modulators served the function of polarization filters as is done in standard practice of

RAM suppression. The signal for the laser light modulation as well as the demodulation,

error-signal and PI-controller were done by the multi-instrument mode of one Moku:Pro.
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Reference
Cavity

Moku:Pro
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Cavity

φ

φ

Phase
Modulator
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4
PBS

PBS

Zerodur disc

PI

PI

PZT
Temp

Fiber Laser beam Electrical cable

Vacuum
chamber Thermal shield
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Laser
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(a) PDH locking scheme (b) PDH locking setup with TAPSI

Figure 6: (a) PDH locking scheme with fiber-coupled EOMs and free space setup inside

the vacuum chamber. The beat-note provides the information about the change in

relative length of the cavities and was measured with the phasemeter of the Moku:Pro.

(b) Initial placement and alignment of the optics for the PDH locking was completed

in less than an hour using the toolset for adjustable picometer-stable interferometers

(TAPSI).

5. Results

The length stability of the adjustable picometer-stable interferometer concept was

determined by measuring the length change of a prototype cavity, in comparison to

an ultra-stable reference cavity. We have used two different locking schemes, the

Heterodyne laser frequency Stabilization (section 4.2) and Pound-Drever-Hall locking

(section 4.3). The results are shown in figure 7. Although both results of the locking

schemes were improved by thermal isolation, the HS was ultimately limited by analogue

demodulation. The PDH locking scheme, which was setup with the TAPSI concept in

free space, is below the LISA requirements for most frequencies and only slightly above

at 0.8 to 3mHz, demonstrating the achievable length stability of our concept.

The initial PDH configuration, in which the PDs were placed outside the chamber

(see the light blue trace in figure 7), revealed the presence of a typical stray light

shoulder in the spectrum [13, 33]. The necessity for additional fiber components in

this configuration gave rise to an increased number of fiber-to-fiber connections, leading

to the formation of etalons and possibly causing parasitic beams. Furthermore, the

initial configuration has incorporated fiber circulators, which have been demonstrated

to induce RAM [16]. The best results of the PDH locking were achieved by using free

space optics as much as possible (see figure 6a).

Although the PDH locking achieves the desired performance, a linear drift in

frequency is observed and can be attributed to the linear temperature increase resulting

from the PDs situated in vacuum. The variation in length per degree of temperature
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Figure 7: The length stability of the prototype cavity was measured with the Heterodyne

laser frequency Stabilization (HS) and the Pound-Drever-Hall (PDH) locking techniques.

Additional measurements performed with PDH locking are plotted in conjunction with

temperature measurements from figure 4, highlighting the presence of non-stationary

noise. In addition, the free-running laser noise of a 10 cm cavity and the theoretical

length deviation of the Zerodur bench in the corresponding environment is presented.
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Figure 8: The upper subplot shows the time series of parallel measurements of the beat-

frequency and the temperature, along with their respective subtraction of the linear

drift. In the lower subplot the quadratic drift was removed, while an additional low-

pass filter with a cut-off frequency of 7Hz was applied to highlight the presence of

non-stationary noise such as parasitic beams.

change can be determined from figure 8 as
dL

dT
=

df

fLaser
LCavity ·

1

dT
≈ 4× 10−8m/K (8)
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where df is the linear rise of the beat-frequency, f the laser frequency, LCavity the length

of the prototype cavity and dT the linear rise of the temperature. The multiplication

of this drift and the temperature inside the chamber (figure 4) provides insight into the

linear frequency-temperature dependence. The resulting plot (see figure 7) demonstrates

that the stability is not limited by this linear temperature coupling, as the projected

noise lies below the length stability measurements for all frequencies. Furthermore, we

confirmed that there is no discernible correlation or coherence between fluctuations in

temperature and length.

The lower subplot of figure 8 shows the beat-frequency time series, after the removal

of the quadratic drift and the application of a low-pass filter with a cut-off frequency

of 7Hz. The plot reveals the presence of non-stationary noise. The additional length

measurements in figure 7 and the additional temperature measurements from figure 4

which were carried out in parallel, highlighting these assumptions. This phenomenon,

which may be attributed to factors such as parasitic beams, could potentially explain

the observed limitation in our measurement.

The geometrical tilt to length coupling of our prototype cavity (0.1m), calculated

from the ZeroDrift mirror mounts and our temperature measurement inside the chamber

is below 8× 10−13m/K and can be excluded as a limitation. The theoretical minimum

length noise of our length stability experiment is defined by the expansion of the optical

bench within the length of the prototype cavity. The CTE of the Zerodur material,

when multiplied with the temperature noise inside the test facility, yields the minimum

length noise and is also plotted in figure 7.

6. Conclusion and Outlook

We have developed a toolset for adjustable picometer-stable interferometers (TAPSI)

and shown a length stability which satisfies a 1 pm/
√
Hz LISA requirement for OGSE.

The length measurements were performed with Heterodyne laser frequency Stabilization

and PDH locking in an optical test facility with a temperature stability of 10 µK down to

10mHz. The current noise limitations of the analogue HS is expected to be addressed

in future work by moving from analogue to digital demodulation. The PDH locking

scheme was completely setup with TAPSI and the initial alignment was achieved in

less than an hour. Subsequent measurements have shown performance satisfying LISA

requirements and demonstrating the stability of our toolset. Temperature couplings

have not been identified as the predominant limitation; instead, we suspect that other

noise sources associated with readout and probably stray light are the main factors

limiting performance. The latter limitation could potentially be reduced with a higher

finesse in the prototype cavity.

However, further improvements of the test facility are planned for future iterations,

including additional thermal shielding and improvements of the temperature sensor

to allow monitoring of temperature changes in the lower µK-regime. In addition,

the temperature coupling of the opto-mechanical concept is also to be reduced by
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replacing the toolset’s compensating plate with a CTE-compliant material to match

the expansion of the ZeroDrift mirror mounts. An additional improvement, which has

already been demonstrated in other PDH locking experiments [21], can be achieved

through monitoring RAM noise, which can be subtracted in post-processing.

In this paper, we demonstrated that glass-ceramic low-expansion optical benches

in corresponding environments can be used to realise adjustable picometer-stable

interferometers with flexible component placement. Although this concept can be

employed to develop OGSE for LISA, it can also be used for future low-frequency space-

based gravitational wave detectors such as Beyond-LISA, Taiji and DECIGO [4, 14, 18].
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List of Abbreviations

TAPSI toolset for adjustable picometer-stable interferometers

LISA Laser Interferometer Space Antenna

GW gravitational wave

OGSE optical ground support equipment

HS Heterodyne laser frequency Stabilization

PDH Pound-Drever-Hall

CTE coefficient of thermal expansion

TTLC tilt to length coupling

ASD amplitude spectral density

FSR free spectral range

EOM electro-optic modulator

RAM residual amplitude modulation

PD photo-detector

ASD amplitude spectral density

APE annealed proton-exchanged

TE transverse electrical

PEEK Polyether ether ketone

NTC negative temperature coefficient

LPSD linear power spectral density
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M L Gorodetsky, S Gossan, S Goßler, C Gräf, P B Graff, A Grant, S Gras, C Gray, R J S

Greenhalgh, A M Gretarsson, H Grote, S Grunewald, C J Guido, X Guo, K Gushwa, E K

Gustafson, R Gustafson, J Hacker, E D Hall, G Hammond, M Hanke, J Hanks, C Hanna,

M D Hannam, J Hanson, T Hardwick, G M Harry, I W Harry, M Hart, M T Hartman, C-

J Haster, K Haughian, S Hee, M Heintze, G Heinzel, M Hendry, I S Heng, A W Heptonstall,

M Heurs, M Hewitson, S Hild, D Hoak, K A Hodge, S E Hollitt, K Holt, P Hopkins, D J Hosken,

J Hough, E Houston, E J Howell, Y M Hu, E Huerta, B Hughey, S Husa, S H Huttner, M Huynh,

T Huynh-Dinh, A Idrisy, N Indik, D R Ingram, R Inta, G Islas, J C Isler, T Isogai, B R Iyer,

K Izumi, M Jacobson, H Jang, S Jawahar, Y Ji, F Jiménez-Forteza, W W Johnson, D I Jones,
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and M Zwetz. Design and construction of an optical test bed for lisa imaging systems and tilt-

to-length coupling. Classical and Quantum Gravity, 33(24):245015, November 2016.

[9] C. Corsi, I. Liontos, S. Cavalieri, M. Bellini, G. Venturi, and R. Eramo. An ultrastable michelson

interferometer for high-resolution spectroscopy in the xuv. Optics Express, 23(4):4106, February

2015.

[10] Karsten Danzmann and Albrecht Ruediger. Lisa technology concept, status, prospects. Classical

and Quantum Gravity, 20(10):S1–S9, April 2003.

[11] Marina Dehne. Construction and noise behaviour of ultra-stable optical systems for space

interferometers. 2012.

[12] Johannes Eichholz, David B. Tanner, and Guido Mueller. Heterodyne laser frequency stabilization

for long baseline optical interferometry in space-based gravitational wave detectors. Phys. Rev.

D, 92:022004, Jul 2015.

[13] Roland Fleddermann, Christian Diekmann, Frank Steier, Michael Tröbs, Gerhard Heinzel, and
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