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The tilt-to-length coupling during the LISA Pathfinder mission has been numerically and analytically
modeled for particular time spans. In this work, we investigate the long-term stability of the coupling
coefficients of this noise. We show that they drifted slowly (by 1 μm=rad and 6 × 10−6 in 100 days) and
were strongly correlated to temperature changes within the satellite (8 μm=rad=K and 30 × 10−6=K).
Based on analytical tilt-to-length coupling models, we attribute the temperature-driven coupling changes to
rotations of the test masses and small distortions in the optical setup. Particularly, our findings lead to the
conclusion that LISA Pathfinder’s optical baseplate was bent during the cooldown experiment, which
started in late 2016 and lasted several months.

DOI: 10.1103/PhysRevD.110.063005

I. INTRODUCTION

In July 2017, the Laser Interferometer Space Antenna
(LISA) Pathfinder (LPF) mission ended [1–3]. During the
previous 19months, LPF had successfully demonstrated the
necessary dynamical stability of its hosted free-floating test
masses and relevant technologies for LISA, the first space-
based gravitational wave observatory [4–6]. LPF exceeded
its requirements by several orders of magnitude [2,3].
One of the main noise sources investigated during the

LPF mission was the optical crosstalk of angular and
translational spacecraft (SC) jitter into the interferometric
length signal. This noise is called tilt-to-length (TTL)
coupling and is also expected to be a major noise source
in LISA [7–12]. During the LPF mission, it was success-
fully reduced by realignment. The residual coupling was
then subtracted in postprocessing [13]. It was further shown
in [14] that the TTL coupling in LPF can be modeled
analytically. When applying this model to the LPF data, it
describes well how the level of TTL coupling changed in
response to test mass realignments. However, the initial
magnitude of the coupling depended on partly unknown
parameters defined by the setup and nominal test mass
alignment [15]. These parameters changed during the time
of the mission and, therefore, affected the TTL coupling on
a long-term scale.
In this paper, we investigate the computed coupling

coefficients’ stability for the LPF mission’s time. We show
that they were not entirely stable but drifted slowly and
showed a strong dependency on temperature changes
onboard. While the absolute coefficient changes were

smaller than predicted for LISA, we find significant relative
alterations. Moreover, we discuss the implications of our
analysis for the stability of the optical setup and what we
learn from it for the upcoming LISA mission.
We start in Sec. II with a short explanation of the TTL

coupling sources and mechanisms in LPF (Sec. II A). The
corresponding formulas modeling this TTL coupling are
then introduced in Sec. II B. We differentiate between a
model gained by a data fit algorithm and an analytically
derived one. Furthermore, we briefly explain the different
jitter measurement techniques and control schemes in LISA
Pathfinder (Sec. II C). In Sec. III, we present our data
analysis of the long-term behavior of the fitted coupling
coefficients. We show how these were correlated to changes
in the temperature inside the SC, the angular readout and
the spot positions on the detectors. Combining these
observations with our knowledge about the coupling
coefficients from the analytical TTL coupling model, we
discuss their implications for the optical setup stability in
Sec. IV. By this, we can show that the optical bench (OB)
was subject to distortion during a cooldown experiment in
the second half of the mission. Finally, our results are
summarized in Sec. V.

II. BASICS

A. Tilt-to-length coupling in LISA Pathfinder

The main scientific setup in LPF consisted of two test
masses (TMs) which were freely falling inside an electrode
housing (EH) each. Between the two EHs, an OB with the
optical setup was placed, see Fig. 1. The single-link meas-
urement in LISAwas simulated by this setup, with one of the
TMs replacing the TM in the far SC. The primary signal to be
measured was the change in distance between (or relative
acceleration of) the two TMs. This measurement was per-
formed interferometrically. Therefore, one laser beam (red in
Fig. 1) was reflected at both TMs and then interfered with a
second beam (blue in Fig. 1) that stayed on the optical bench
and remained unchanged under SC or TM movements.
The jitter of either the SC or the TMs changed the

direction and optical path length of the beam that was

§Contact author: karnesis@auth.gr∥Deceased 30 September 2012.
¶Contact author: david.robertson@glasgow.ac.uk
**Contact author: gudrun.wanner@aei.mpg.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

M. ARMANO et al. PHYS. REV. D 110, 063005 (2024)

063005-2

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.063005&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1103/PhysRevD.110.063005
https://doi.org/10.1103/PhysRevD.110.063005
https://doi.org/10.1103/PhysRevD.110.063005
https://doi.org/10.1103/PhysRevD.110.063005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


reflected by the TMs. For jitters in the degrees of freedom
orthogonal to the optical axis between the TMs (x-axis, see
Fig. 1), the interference signal changed, although the
distance between both TMs had not changed. We refer
to this crosstalk noise as TTL coupling. In LPF, it was
mostly driven by SC jitter and was the dominating noise
source between 20 and 200 mHz before its subtraction in
postprocessing [2,15].
The most significant TTL coupling contributors were the

translational SC jitter in y- and z-direction (“lateral” jitter)
and the angular SC jitter in yaw (φ) and pitch (η) [15]. The
corresponding coordinate system is shown in Fig. 1. Lateral
SC jitter caused a beam walk along the TM surfaces, which
changed—for a nominally tilted TM—the beam’s optical
path length [14,16]. The same happened, to a slightly
smaller degree, for angular SC jitter. In this case, the beam
accumulated an additional optical path length change due
to its changes in direction after the reflection at the TMs.
Also, the point of incidence at the detector significantly
shifted, altering the differential wave front of the interfering
beams and, therefore, the signal [14,16,17].
In the following section, we present how we modeled the

TTL coupling in LPF.

B. The TTL models

In the analysis presented in this work, we make use of
two TTL coupling models: the fit model that has been used
during the LPF mission for the subtraction of the TTL noise
in postprocessing [13] and a model derived analytically,
that provides the dependency of the coupling on the
alignment of the TMs [14]. Both models describe how
the SC jitter in the different degrees of freedom (d.o.f.)
coupled into the measurement of the relative TM accel-
erations along the optical axis Δgxacc.
For the fit of the TTL coupling contributions, the

coupling of the accelerations in the four orthogonal
d.o.f. (φ; η; y; z) is being considered. The corresponding
motion of the SC was approximated from the x1- and x12-
interferometer (Fig. 1) measurements as well as the electro-
statical readouts (see Sec. II C): −jSC ≈ j̄≡ ðj1 þ j2Þ=2,
j∈ fφ; η; y; zg. The ji, i ¼ 1; 2, refer to the measured
motion of the two TMs. More precisely, these variables
describe the motion of the TMs relative to the SC.
However, during the time spans used for the presented
analyses, the TMs were in free-fall with residual accel-
erations in the fm=s2 regime. Therefore, the observed
acceleration originates predominantly from SC motion.
In addition, the fit also takes into account the accelerations
due to lateral displacements of the TMs via stiffness and the
residual jitter of the SC along the sensitive x-axis (ö1),
which did not change the distance between the TMs but
coupled into the Δgxacc signal due to imperfections in the
setup symmetry. The resulting model is then

Δgfitxacc ¼ Cfit
φ ̈φ̄þ Cfit

η ̈η̄þ Cfit
y ̈ȳþ Cfit

z ̈z̄

þ Cfit
y;sȳþ Cfit

z;sz̄þ Cfit
o1 ö1: ð1Þ

The TTL coupling coefficients Cfit are derived by fitting the
shown model to mission data. The first four terms were
dominant in all time segments analyzed by us.
The analytically derived model only considers these

dominant terms, i.e.,

Δganaxacc ¼ Cana
φ ̈φ̄þ Cana

η ̈η̄þ Cana
y ̈ȳþ Cana

z ̈z̄: ð2Þ

The coupling coefficients Cana have been derived analyti-
cally [14]. For their computation, all geometric and non-
geometric (wave front and detector geometry related) TTL
coupling mechanisms adding up in the case of SC jitter in
LPF have been taken into account. This yielded

Cana
φ ¼ Cφ;0 þ 0.210þ0.017

−0.016
m
rad2

φ1 þ 0.182þ0.018
−0.020

m
rad2

φ2

ð3aÞ

Cana
η ¼ Cη;0 þ 0.209þ0.017

−0.015
m
rad2

η1 þ 0.178þ0.018
−0.019

m
rad2

η2

ð3bÞ

FIG. 1. Sketch of the interferometers onboard LPF used to
measure the relative positions of the SC and the TMs: The two
diodes shown at the bottom edge of the OB (light blue) formed
the x1-interferometer, which measured the change in alignment
of the first TM (TM1) and the SC. The drag-free control loop
utilized this measurement to preserve the alignment of the SC
relative to TM1 via the thrusters. The two other diodes belong to
the x12-interferometer, which yielded the relative displacement
of the TMs and, additionally, the second TM (TM2) alignment
with respect to the SC. This measurement was fed into the
suspension control loop, which made the TM2 follow the SC via
the electrodes inside the EH. This figure is a reprint from [15].
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Cana
y ¼ Cy;0 þ 1.000þ0

−0
1

rad
ð−φ1 þ φ2Þ ð3cÞ

Cana
z ¼ Cz;0 þ 1.000þ0

−0
1

rad
ðη1 − η2Þ; ð3dÞ

where the constant offsetsCj;0; j∈ fφ; η; y; zg, depended on
the setup and nominal TM alignment parameters, which are
partly unknown and could change during the mission. The
angular readouts φ1;φ2; η1; η2 denote the (re)alignments of
the two TMs. The TM alignment readouts available on LPF
are introduced in the following subsection.
It has been shown in [15] that both models successfully

describe the coupling of TTL noise into Δgacc. Thus, we
make use of both in the following analyses.

C. The jitter readout and control

For the description of the long-term stability of the TTL
coupling, we need to know how the jitter and the TM
alignments were measured on LPF. Also, the satellite’s
attitude control system, which was using these measure-
ments, is of particular interest. We make use of our
understanding of these systematics to explain the TTL
coupling changes in the main part of this paper.

1. Angular readout

In LPF, three different angular readouts were available:
(1) Differential wave front sensing (DWS) [18,19]:
The interfering measurement (beam reflected at the
TMs) and reference beam were detected by the
x1- and x12-interferometers. The relative angle be-
tween these beams was computed from the difference
of the phases measured by the four photodiode
quadrants. The DWS signal provided the most precise
angular readout among the three investigated ones. We
used these readouts for estimating the SC tilts in the
TTL coupling models [Eqs. (1) and (2)] and the TM
alignments in our analytical analysis [Eqs. (3)].

(2) The gravitational reference sensor (GRS) [20,21]:
The angular alignment of the TMs relative to their
housings was measured electrostatically. Electrodes,
which were installed at the inside of the EHs,
measured variations in the distance between the
housing wall and the test mass surfaces.

(3) Differential power sensing (DPS) [18]:
The relative beam alignment was computed via the
power distribution over the four quadrants of the
photodiodes. An increasing power at one side of
the quadrant photodiode was interpreted as a beam
walk. By geometric dependencies, this beam walk can
be related to test mass tilt: As the TM tilts, the
reflected beam records this angle. For small angles,
the beam walk would equal the beam’s propagation
distance between the TM and the detector times the
angular change of the beam. Like the DWS, the DPS
used the readouts of the x1- and x12-interferometers.

2. Lateral readout

For the lateral jitter of the TMs only the GRS readout
was available. Like for the angular readout, the electrodes
inside the housings were used for this measurement. We
used these readouts for the approximation of the lateral SC
motion in Eqs. (1) and (2).

3. Control loops

The alignment of the optical system was controlled by
the drag-free attitude control system (DFACS). It locked the
alignment of the satellite to predefined set points of the
much quieter TMs and corrected differential movements of
the TMs. This control scheme utilized the lateral GRS
signals and either of the angular readouts. The DWS angles
were used for most measurement runs. The DFACS
preserved the overall alignment and stability of the setup
with two control loops, which are sketched in Fig. 1.
Nominally, the drag-free control loop made the SC follow
TM1 along x and the suspension loop controlled the TM
alignment with respect to the SC.

III. LONG-TERM STABILITY OF THE TTL
COUPLING COEFFICIENTS

For the investigation of the long-term stability of the
TTL coupling coefficients, we fitted the coupling coeffi-
cients for the time spans with ultrareduced low authority
(URLA) [22,23] and a setup alignment control utilizing the
DWS angles. The related time spans are summarized in
Table III. The fitted coupling coefficients for the lateral and
angular acceleration are plotted in Fig. 2. The remaining
three coefficients for stiffness (Cy, Cz) and SC-longitudinal
motion (Co1) contributed only secondarily and are pre-
sented for completeness in Appendix B.
In the following, we characterize the stability of the

coupling coefficients and their temperature dependency
(Sec. III A). Then, we discuss their relation to the readouts
of the angular TM alignments (Sec. III B) and the beams’
spot positions on the detector (Sec. III C). Our observations
are summarized and interpreted based on the analytical
TTL model in Sec. III D.

A. Characterization of the coefficient stability

In Fig. 2, we see significant variations of the coupling
coefficients (blue pluses, left y-axis) throughout the mission
time. First, the coefficients changed in response to the TM
realignments (red lines), which was expected and the aim of
the realignments. For further details, see [15]. In between
and after these realignments, the coefficients drifted. The
lateral coefficients, i.e., Cy and Cz, drifted by less than 6 ×
10−6 and the angular coefficients, i.e., Cφ and Cη, by less
than 1 μm=rad in 100 days. Furthermore, we see significant
changes (“jumps”) at the beginning and end of the cooldown
(blue areas). Both observations were stronger for the
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coefficients scaling the jitter in the x-z plane, i.e.,Cη andCz,
than for the two coefficients in the orthogonal x-z plane.
When comparing the coefficients with the mean temper-

ature measurements on the OB (black crosses, right y-axis),
we find that the coefficient changes are related to the
temperature changes onboard LPF. This relation is most
evident in the case of the jumps due to the beginning of the
cooldown of the SC. At the end of January 2016, the
temperature inside LPF was decreased by about 10°. After
the second DRS phase, which took place during the
cooldown, a further decrease followed. During this time,
the temperatures exceeded the measurement regime of the
temperature sensors used for Fig. 2. Extrapolations suggest
a decrease by not 2 °C but 10 °C [26]. The coupling
coefficients Cη and Cz significantly jumped when the
satellite was cooled down. The coefficient change is
approximately the same for both temperature decreases
indicating a linear relationship. After the cooldown, the
coupling in these d.o.f. was again at the same level as
before this experiment. Changes in the Cφ and the Cy

coefficient were less significant.
A similar response of the coupling coefficients to the

temperature changes can be observed between the third TM

realignment and the cooldown. In general, the temperature
was about 2 °C higher during the DRS phase compared to
the LTP operations. However, the temperature temporarily
dropped during the measurement runs assigned to the 9th,
10th, 18th and 19th data points (days 191, 192, 278 and 280
in Fig. 2). Simultaneously, the coupling coefficients dif-
fered from the mean level of the other coupling coefficients
during the respective operation phases. Also, after the DRS
phase but before the cooldown, when the temperature was
decreased to its original temperature level, the coefficients
jumped again. The sign of most coefficient changes was the
same as for the jumps due to the cooldown. The only
exception is the Cφ coefficient for the measurement run
starting at day 278, which we cannot explain.
Besides the coefficient jumps, we see a drift of the Cz

coefficient between the TM alignments and between the
alignments and the cooldown. During this time, the temper-
ature was stable except of short-term shifts and hence
cannot explain the coefficient drift. A possible explanation
could be a long-term mechanical stress relief concerning
the optical setup.
In general, stresses and relaxations can cause distortions

in optical systems. These can be long-term effects or the
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FIG. 2. Long-term behavior of the fitted TTL coupling coefficients (blue pluses) and the mean OB temperature for the same time spans
(black crosses, see Table III). There are no error bars visible for the coupling coefficients since their errors were small. The red lines mark
the times of TM realignment for TTL minimization. The orange areas identify the times of the disturbance reduction system (DRS) [24]
operations, while during all other times, the LISA technology package (LTP) [25] was used. The blue areas show the times of the
cooldown experiment. The second DRS phase took place during the cooldown. After this DRS operation, the temperature was further
decreased in LPF, reaching temperatures below the scale of the sensors. The actual temperatures reached approximately 2 °C.

TILT-TO-LENGTH COUPLING IN LISA PATHFINDER: LONG- … PHYS. REV. D 110, 063005 (2024)

063005-5



result of environmental changes, e.g., alterations in the
particle density, electrostatical charging, temperature. We
assume such relaxations caused the coefficient changes
shown in Fig. 2 and investigate their origins further in the
following sections.

B. Discussion of the angular readouts

To understand and interpret the long-term changes of the
TTL coupling coefficients, we show the mean angular read-
outs at the investigated times (Table III) in Fig. 3. In general,
we find deviations between the three angular readouts. In all
of thesemeasurement runs, theDWSangleswere used for the
system alignment control, i.e., the SC and TM behavior was
locked to these set points. Correspondingly, the DWS angles
only changed at the times of the TM alignment for TTL
minimization (red lines) and remained constant afterward. In
contrast, the GRS and theDPS angles drifted in the long-term
and jumped due to the cooldown of the satellite. These effects
were more significant for the pitch angles (η1, η2) than for the
yaw angles (φ1;φ2). TheGRS andDPS η2 signals showed the
largest changes.The first plottedDWSdata points show larger
angles in yaw than in pitch. This is because the TMs were
rotated by larger angles during the first realignment [15].Note
that the GRS angles were closer to zero which aligns to the
observation that the TTL coupling was reduced due to this
realignment step.
Next, we discuss which optical effects would change the

three different angular readouts besides actual TM
rotations.
Since the DWS angle is a measure of the relative angle

between the measurement beam and the reference beam, it
would also track if one of the beam directions were
changed due to distortions in the optical setup, e.g., the
fiber injector optical subassemblies (FIOSs) or the OB plate
(further discussed in Sec. IV). In the analyzed time spans,
the DWS readout was always used for the actuation control
loops and kept stable. Hence, any differential beam tilt
induced by distortions would not be visible in the plotted
mean DWS readouts but yield a counter rotation of the TMs
to preserve the DWS angles. However, these TM rotations
would be visible in the GRS and DPS readouts.
The GRS angles changed due to rotations of the TM

relative to their housings. Therefore, the GRS is initially
unaffected by beam tilts. However, due to mechanical stress
or stress relief, also the housings could slightly rotate,
biasing the measurement. Thus, the changes of the GRS
readouts in Fig. 3 could originate either from TM rotations
commanded by the DFACS to counteract a changing DWS
angle or from housing rotations.
The measured DPS angles changed if either of the beams

walked over the detector. If not due toTMrotations, this beam
walk also would have been induced by distortions of the
optical setup. Tilts of the measurement beam would accu-
mulate a translational offset of the beam’s incident point at the
detector. For small tilt angles, this offset would scale linearly
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FIG. 3. Mean angular readouts during the noise runs, which
were considered for the computation of the TTL coupling
coefficients in Fig. 2. The red pluses show the DWS readout
which has been used to control the alignment of the setup. The
GRS (yellow) and DPS (green) readouts are less stable. The last
GRS angle deviates for unknown reasons.
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with the magnitude of the tilt and the distance between the
source of the rotation (e.g., the FIOS) and the detector or a
counterrotating component (e.g., a TM). We will investigate
the beam spot positions separately in Sec. III C.
In general, we cannot know which scenario yielded the

angle changes just by looking at the readouts in Fig. 3. For
example, a simultaneous change of the GRS and the DPS
angle, like in the case of η2, could have been caused by a
rotation of the TM2 housing in the opposite direction and
an additional change of the height of the beams preserving
the differential orientation of both interfering beams. An
equal up or down tilt of the beams could potentially lead to
the latter. On the other hand, we would see the same
behavior if the differential angle between both interfering
beams changed and the control mechanism applied a
rotation of TM2 for compensation. This shows that their
comparison alone cannot provide a profound explanation of
the underlying dynamics. We will refine our analysis by
investigating the beam spot positions next.

C. Changes of the normalized spot positions
at the detectors

Here, we discuss the spot positions of the various beams.
These spot positions do not only help us to understand the
DPS angle better but also yield an additional measure for
the interpretation of the stability of the optical setup. In
general, the shift of a beam’s point of incidence on the
photodiode surface (beam walk) changes the power dis-
tribution and, thus, the DPS angle. The magnitude of this
beam walk is linearly dependent on the distance between
the detector and the origin of the beam tilt. In the following,
we use this dependency to analyze the origin of the beam
tilt. We know that a beam tilt at the FIOSs would have been
visible in all four interferometers. Any (additional) beam
tilt along the beam paths and after the first beam splitter
would only have been visible in some of the interferom-
eters. For example, tilts of the TMs would only yield a
beam walk of the measurement beam in the x1- and x12-
interferometers. The computation of the DPS signal did not
account for beam tilts other than from TM rotations. Thus,
it would falsely indicated a TM tilt, when in fact deforma-
tions caused a beam walk.
For each of the interferometers on LPF, the readouts of

two photodiodes (A- and B-diodes) are available. In Fig. 4,
we compare the spot positions at the A-diodes of the
reference (xR) and the x12-interferometer. These two
interferometers were chosen here since the beams inter-
fering in the xR-interferometer are independent of TM
rotations, while one of the beams was reflected at both TMs
in the case of the x12-interferometer. Thus, a comparison of
these two signals allows a differentiation between TM tilts
and beam tilt at the FIOS output. The hot redundant
B-diodes yield a very similar result, which is for com-
pleteness shown in Appendix C.

Note that the plotted spot positions stem from dedicated
measurements [27] only possible if one of the beams was
switched off. Therefore, the measurements times corre-
sponding to the data points in Fig. 4 are not identical to the
URLA time spans listed in Table III. However, we can
compare the trends of the spot positions with the angular
readouts or coupling coefficients.
For better comparison, we did not plot the absolute

measurement of the spot positions in Fig. 4 but their
difference from the first measurement. Additionally, we
divided the measurements by the optical path length of the
respective beam in between its origin (FIOS) and the
detector. This allows us to compare the readouts from
the two interferometers independently of the propagation
distance of the beams. So, the beam walk originating from
the FIOS would be of the same magnitude in both plots,

FIG. 4. Relative spot position changes at the A-diodes of the xR-
(top) and the x12-interferometer (bottom). The horizontal beam
walk is denoted with a y, and the vertical beam walk with a z. The
indicesm and r indicate the measurement (beam that is reflected at
the TMs) and the reference beam. The spot position changes are
divided by the path lengths of the beams from the FIOSs to
the respective detector. All beams’ spot positions are affected by
the cooldown. Before the first TM realignment (i.e., during the
commissioning phase), the measurement beam’s spot position
largely changed in the x12-interferometer. The large beam walk of
the measurement beams before the second phase of the cooldown
is related to the change of the control mechanisms utilizing not the
DWS but the GRS angular readouts at these times.
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while the beam walk of any other origin would be different
for both interferometers.
In general, we see that the spot positions in both

interferometers are affected by the cooldown. This effect
is stronger in the vertical direction than in the horizontal.
Comparing the changes of the scaled vertical beam walk of
the measurement beam (red crosses), we find that it is
slightly larger in the x12-interferometer (about 50 × 10−6)
than in the xR-interferometer (less than 40 × 10−6). From
the relationships that we explained in the previous para-
graphs, we interpret the common beam walk as a distortion
of the optical components in the early beam path, e.g., a
beam tilt at their origin (Sec. IVA). The large magnitude of
the changes makes a beam tilt very likely as the beam offset
would increase along the beam path. Furthermore, the
measurement beam must have undergone an additional
change, e.g., due to TM rotations, yielding the difference
between both interferometer measurements.
In comparison, the vertical beam walk of the reference

beam (blue crosses) is affected less by the temperature
changes. This can be seen in the xR- and the x12-
interferometer, indicating a partially common reason for
the spot position changes. Therefore, we expect a tilt of the
reference beam in its early beam path. Presumably, this tilt
was smaller than for the measurement beam.
The horizontal beam walk of both the measurement and

the reference beam is small in both interferometers. We
conclude that the cooldown affected the optical setup
marginally in the horizontal plane.

D. Interpretation of the long-term data analyses

So far, we have described the long-term behavior of the
fitted TTL coupling coefficients, the angular readouts for
the same time spans, and the change of the normalized spot
positions separately. The angle and spot position measure-
ments yield no definite interpretation of the source of their
changes. We present here that the TTL coupling analysis
can provide an additional measure for the setup stability.
Figure 2 shows that the Cη and the Cz coefficients

changed most significantly due to the cooldown. It was
discussed in [14] that the pitch coefficient Cη is sensitive to
changes in the beams’ angular alignment at their source and
the point of reflection at the TMs. Both effects couple very
little with the TM tilts and would mostly couple into the
offset Cη;0 in Eq. (3b). However, the Cz coefficient almost
only depends on the relative angular alignment of the
TMs [14]. Hence its change in response to the cooldown
must originate from real TM rotations. Using Eq. (3b), we
can interpret the jumps of the coefficient due to a temper-
ature change of 10 K (Fig. 2) by a differential rotation angle
of the TMs by 30 μrad.
Principally, we have to discuss the changes in the Cy

coefficient analogously. However, its changes are compa-
ratively small such that the observed change might be
dominated by uncertainties of the fit [15] or correlations

to the Cy;s coefficient, see Appendix B. However, we can
still conclude that the beams were significantly more stable
in yaw than in pitch. This conclusion is consistent with the
overall smaller changes of the GRS and DPS yaw angles
(Fig. 3) and the normalized horizontal spot position
changes (Fig. 4).
Since the DWS angles did not change due to the

cooldown, the pitch rotations of the TMs must have been
accompanied by an opposite beam rotation from another
source, see Sec. IV. If any strain or warp of the setup would
have led to a differential angle between the two interfering
beams, the TMs would have been rotated to preserve the
predefined DWS angles. Both sources of beam rotations
would have changed the DWS and the DPS readout.
However, the GRS angles would only show the applied
rotations of the TMs with respect to their housings. For this
reason, we use the GRS angles to further analyze the
coefficient changes, despite the fact that we cannot exclude
an additional deformation of the EHs.
We insert the changes of the GRS angles due to the first

(23 January 2017) and second (29 April 2017) temperature
decrease during the cooldown experiment and the final heat
up into the analytical equations for the Cz [Eq. (3d)] and the
Cy [Eq. (3c)] coefficient. These analytically computed
coefficient changes are added to the fit result for the
previous time span. The resulting analytical coefficients
are compared to the fitted ones in Table I.
For the Cz coefficient, the GRS angles can explain

almost the full changes. The residual differences of both
sets of coefficients can partially originate from uncertain-
ties of the fit. It has been shown in [15] that the fitted Cz
coefficients within a noise run during the cooldown have an
error (root-mean-square) of 0.55 × 10−6. Further deviations
might originate from an additional rotation of one or both
EHs, which couple into the GRS readouts.
In the case of the Cy coefficients, the analytical pre-

diction using the GRS angles does not match well. Even
though the absolute deviations are only about 50% larger
than in the case of the Cz, the mismatch is significantly
more apparent due to the smaller coefficient values. Also,
uncertainties of the fit result and, during the second phase

TABLE I. Comparison of the fitted and analytically predicted
lateral coupling coefficients before, during and after the cool-
down. In the case of the fitted cooldown coefficients, we show the
mean coefficient of the computations within these cooldown
phases. The analytical coefficients are computed via Eqs. (3c) and
(3d) using the previous fit result as constant offset and inserting
the mean angular GRS readouts.

Coefficient (10−6) Cfit
y Cana

y Cfit
z Cana

z

Before cooldown 1.5 � � � 15.8 � � �
First phase of cooldown 2.9 4.2 44.8 46.3
Second phase of cooldown 7.9 −0.3 79.3 84.5
After cooldown 2.1 10.3 17.4 15.1
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of the cooldown, correlations with the stiffness coefficient
Cy;s (see Appendix B) could lead to the deviation of the
fitted Cy. Furthermore, we expect that the EHs rotated in
yaw by a few microradians due to the temperature changes
and thereby changed the GRS yaw angles.

IV. DISCUSSION OF THE OPTICAL SETUP
STABILITY

We have argued in the previous section that the TMs
rotated in pitch due to the cooldown of the SC. At the same
time, the DWS angular readouts did not change (Fig. 3).
Since a differential rotation of the TMs would normally
also affect the DWS measurements, the differential beam
alignment must have been changed by another mechanism
having the inverse effect. We hypothesize that this inverse
effect was a temperature-dependent rotation of the rays on
the optical bench relating to stresses or relaxations in the
setup. This rotation would have been counteracted by a tilt
of the TMs which then yielded the changes in the GRS
readout and the TTL coupling coefficients.
In the following, we will investigate two types of optical

distortions, which both could have originated from temper-
ature changes and were already investigated prior to the
LPF mission: A beam tilt at the FIOSs and a bending of the
OB baseplate [27,28].

A. Beam tilt at the FIOSs

A potential temperature-related beam tilt at the FIOSs
has been studied in preparation for the LPF mission. It was
found that the beam could tilt by up to 3 μrad=K in pitch
[28]. While this distortion was negligible most of the
mission time, it might have become relevant for the large
temperature decrease at the end of January 2017. For the
temperature decrease of 10 K, we would find a beam down
tilt of up to 30 μrad.
A beam tilt at its source, the FIOS, would have changed

its spot positions in all interferometers. This temperature-
induced effect would be expected to affect the FIOSs of
both beams similarly since they are of equivalent design
and have been placed close to each other on the OB. In
Fig. 4, we plotted beam spot positions normalized by the
propagation distances from the FIOS to the detector. If the
spot position changes were only due to tilting of the FIOS,
in a small-angle approximation, these readouts would
correspond to the tilt angle.
Let us now compare the out-of-plane (pitch) tilts in Fig. 4

with the spot position changes of the measurement beam in
the reference interferometer (upper plot in Fig. 4). The
magnitude of the angular tilt (30 μrad for temperature
changes of 10 K) is slightly smaller than the normalized
spot position changes (approximately 40 μrad assuming that
the FIOSwould be the only source of this tilt).Moreover, we
find a down tilt of the reference beam of roughly half the
magnitude as in the case of the measurement beam.

We cross-checked our derivations with simulations using
the optical simulator IfoCAD [18,29,30] and the LPF in-
flight model [31]. In these simulations, we find a normalized
spot position change of almost 3 × 10−5 in negative direc-
tion for the measurement beam assuming a down tilt of
30 μrad (in PDRA, i.e., the A-diode of the reference
interferometer). For the reference beam, the position change
is of approximately half this magnitude for a down tilt of
15 μrad. These computations only slightly underestimate
the measured normalized spot position changes shown in
Fig. 4 (about 4 × 10−5 and 2 × 10−5 in the upper plot).
However, these beam tilts would only partially be

measurable by the DWS of the x12-interferometer tracking
the change of the differential angular beam alignment. To
counteract the differential beam alignment of approxi-
mately 15 μrad, a TM1 rotation would have been applied
by half this angle, i.e., η1 ≈ 7.5 μrad. (For geometrical
reasons, the reflected beam rotates by twice the TM angle.)
The TM2 alignment would remain unchanged. This TM
realignment is significantly smaller than the differential
angle of 30 μrad needed to explain the change of the Cz
coefficient (compare Sec. III D).
In conclusion, a beam tilt at the FIOSs due to the

cooldown was likely but cannot explain the change of the
TTL coupling coefficient Cz alone. A second type of
distortion must have led to the large coefficient variation.

B. Bending of the optical bench

A second distortion measured prior to the LPF launch was
a distortion of the OB baseplate, as shown in Fig. 5. Due to
the stresses (or the relaxations) of its mounting, the baseplate
could bend. A distortion of up to 1.7 μm (d in Fig. 5) has
been measured in the laboratory [27] and is plausible for
extreme temperature changes during the cooldown.
For such a deformation, we compute a beam tilt at the

FIOS between 25 and 34 μrad, depending on how the FIOS
responded to the baseplate curving. We assumed a perfect
cylindrical curving of the OB in our computation. Since the
mirrors and beam splitters were also tilted due to the
distorted OB, the beam’s pitch angle changed with each
reflection. This was the case for both the measurement and
the reference beam. However, their alignment before
interference depended on the individual number and
position of the reflecting components along their path.

FIG. 5. Beam tilt due to a bending optical bench. In this figure,
the angle α is the pitch angle of the beam at its origin in a global
coordinate system for an OB bulge of height d.
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We simulated the expected beam tilts at the diodes of the
x12-interferometer with IfoCAD for three different scenar-
ios. First, we assumed only a beam tilt at the FIOS as
discussed in Sec. IVA. Second and third, we chose a
cylindrical bending of the optical bench along the y- and
then the x-axis (cf. coordinate system in Fig. 1). A bending
along the y-axis could be explained by thermal stress on the
OB mounting, which was supporting the sides of the OB
not occupied by the EHs (compare Fig. 1). For comparison,
we also investigate the bending along the orthogonal
x-axis. We computed the differential angle of the meas-
urement and reference beam at the x1- and x12-interfer-
ometers. From these numbers, we derived the TM
realignment angles required to counteract these differential
angles. The results are summarized in Table II.
It becomes evident that none of these scenarios perfectly

matches the differential TM tilt required to explain the TTL
coupling coefficient change or the measured GRS angles
(also shown in Table II). However, we see that OB
deformations would have caused TM realignments in the
same order of magnitude as the angles required to explain
the TTL coupling coefficient changes. Therefore, they
could explain the significant tilts of the TMs during the
cooldown. If considering a simultaneous deformation of
the OB and beam tilt at the FIOSs, an OB bending about the
y-axis yields angles closer to the GRS readout than in the
case of a bending about the x-axis. As described above, we
consider this scenario to be more feasible.
Mind that these computations all assume a perfectly

cylindrical bending of the bench, i.e., no unsymmetrical
curving, which likely had not occurred like this. Also, the
FIOSs’ tilt was computed from the beams’ spot positions in

Sec. IVA under the assumption that the spot position
changes only occurred from the FIOSs’ tilt. This approach
cannot be used for the computation of the FIOSs’ angles if
we consider the OB bending as well since that also changes
the spot positions.
In summary, a beam tilt at the FIOSs together with an

unsymmetrical distortion of the OB baseplate could explain
the observed TTL coupling changes. The bending of the
OB, despite being very small, has a considerable effect on
the differential beam angles at the detectors and, therefore,
could have caused significant TM realignments.

V. SUMMARY

We have shown in this paper that the TTL coupling
coefficients were not entirely stable during the LPFmission.
Besides the planned coupling minimization due to TM
realignment, the coupling coefficients drifted (by less than
1 μm=rad or 6 × 10−6 within 100 days) and showed a strong
temperature dependency. Particularly the out-of-plane coef-
ficients Cη and Cz changed significantly in response to
temperature variations (8 μm=rad=K and 30 × 10−6=K).
Based on the analytical TTL coupling model presented

in [14], we concluded that the observed coefficient changes
during the SC cooldown, which started in late 2016, were
caused by pitch rotations of the TMs. No such rotation was
visible in the long-term DWS readouts, which remained
constant. However, we have shown in this paper that
(temperature-driven) beam tilts at the FIOS and the bending
of the OB baseplate could have caused significant differ-
ential beam angles at the detectors. These beam misalign-
ments would have been corrected during the mission by the
feedback loops. The counteracting rotations of the TMs
were partially visible in the GRS angular readouts. We used
the information of the coupling coefficient changes to
deduce information about the stability of the OB. By these
means, we have shown that the magnitude of the observed
coupling coefficients could be explained by OB deforma-
tions. An additional contribution due to a beam tilt at their
origin (FIOS) is likely.
The presented investigation of the stability of the optical

system was only possible with an analytical TTL coupling
model. Therefore, this model presents a useful additional
tool for this type of investigation. It is unclear whether a
comparable analysis can be repeated for LISA even if we
had an analytical model. The here presented modeling
mostly relied on the equations for lateral jitter coupling.
This coupling is expected to be much smaller in LISA. It
mostly cancels in LISA’s measurement from a local to a
distant TM and is demagnified by imaging optics [7]. For
angular coupling coefficients, such investigations are more
complicated since they depend on a variety of mechanisms
[14]. In the analytical model derivations two Gaussian
beams were assumed [14], while there will be inevitable
beam clipping in LISA. Other characteristic differences

TABLE II. Changes of the pitch angles of both TMs (η1, η2,
Δη ¼ η1 − η2) due to the cooldown. The central columns labeled
“LPF data analysis” show the differential tilt required to explain
the TTL coupling coefficient Cz change and the approximate
GRS angle readout taken from Fig. 3. The first number
corresponds to the changes at the beginning of the cooldown,
the number in the brackets are the additional changes due to the
second cooldown phase with colder temperatures. Note that we
can only derive the differential angle change from the change of
Cz, but not the actual angles. The IfoCAD simulation results
show the TM realignments necessary to compensate for the
computed differential angles at the x1- and x12-interferometer.
We consider three different scenarios: (a) beam tilt at the FIOSs
(ηm ¼ −30 μrad, ηr ¼ −15 μrad), see Sec. IVA; (b) OB bending
about the y-axis; (c) OB bending about the x-axis. Bold entries:
Angles computed via the other numbers in the same column.

LPF data analysis IfoCAD simulation

ΔCz GRS FIOS y-axis x-axis

η1 (μrad) � � � 0 ðþ15Þ þ7.5 þ14 −18
η2 (μrad) � � � −30 (−25) 0 −12 −32
Δη (μrad) þ30 (þ30) þ30 (þ40) þ7.5 þ36 þ16
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between the two missions are the LISA telescopes and
imaging optics.
Also the observed long-term coefficient drifts will be

different in LISA. Even if the angular coefficient drifts
stayed below 1 μm=rad in 100 days in LPF, we still expect
a change of 0.15 mm=rad in one day in LISA [8].
Mind that the strong deviations of the coefficients (and

hence the distortion of the system) mostly originated from
an intentionally big decrease of the temperature within the
SC. Hence, the described deformation of the optical system
is not expected in LISA. Furthermore, the FIOS design has
been updated (all fused silica constructions, which have a
lower coefficient of thermal expansion), reducing beam tilts
from this origin.
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APPENDIX A: TIME SPANS
FOR LONG-TERM ANALYSIS

The TTL coefficients are sensitive to changes in the setup
and the environment. Therefore, we only investigate here the
coefficients evaluated for noise runs with very low actuation
(URLA segments). Among these, we considered only time

TABLE III. URLA time spans used in this work for the fit of
the TTL coupling coefficients (long-term analysis) and the
corresponding LPF run index. The actuation on TM2 was
reduced in the URLA configurations compared to the nominal
settings. Times are given in UTC.

No.
Run
index

Start time
(dd:mm:yyyy
hh:mm:ss)

End time
(dd:mm:yyyy
hh:mm:ss)

1 6 21.03.2016 02:00 26.03.2016 08:00
2 9 04.04.2016 00:00 14.04.2016 08:00
3 12 26.04.2016 08:00 28.04.2016 08:00
4 13 01.05.2016 08:05 02.05.2016 23:55
5 16 13.05.2016 08:30 14.05.2016 08:00
6 17 16.05.2016 00:00 19.05.2016 05:00
7 31 06.06.2016 11:05 09.06.2016 08:00
8 39 19.06.2016 13:00 24.06.2016 08:00
9 40 10.07.2016 08:40 11.07.2016 09:55
10 41 11.07.2016 11:40 12.07.2016 09:55
11 42 17.07.2016 22:00 20.07.2016 06:00
12 43 24.07.2016 13:00 30.07.2016 00:00
13 44 31.07.2016 11:40 02.08.2016 06:00
14 45 07.08.2016 10:20 08.08.2016 04:20
15 53 19.09.2016 02:32 21.09.2016 13:00
16 53 21.09.2016 13:45 22.09.2016 06:00
17 54 28.09.2016 13:35 01.10.2016 08:00
18 56 05.10.2016 17:25 07.10.2016 00:49
19 56 07.10.2016 02:15 08.10.2016 07:50
20 58 07.11.2016 21:30 12.11.2016 08:00
21 59 16.11.2016 11:05 26.11.2016 08:00
22 61 26.12.2016 08:00 13.01.2017 19:58
23 63 27.01.2017 18:45 28.01.2017 08:00
24 64 02.02.2017 07:55 02.02.2017 20:20
25 66 13.02.2017 14:30 03.02.2017 21∶50:19
26 67 09.03.2017 19:20 14.03.2017 09:40
27 68 14.03.2017 09:00 17.03.2017 00:30
28 71 03.05.2017 23:30 09.05.2017 14:00
29 72 10.05.2017 11∶11:20 12.05.2017 12∶02:07
30 74 18.05.2017 18∶24:46 23.05.2017 02:00
31 75 28.05.2017 13:41 05.06.2017 15∶04:40
32 76 08.06.2017 12∶00:45 17.06.2017 02:56
33 80 15.07.2017 00:50 17.07.2017 13:45
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segments longer than 40000 s to keep the numerical
variations of the coefficients low. Three additional time
segments have been discarded due to large bias voltages or
TM charge concerns. The alignment stability in the remain-
ing time spans has been controlled utilizing the DWS
readout, except for two cases during the second phase of
the cooldown, where the GRS readout has been used. This
change in the control mechanism yielded a realignment of
the TMs and hence the coupling coefficients. Therefore, we
also discarded these two segments from our analysis. All
other time spans are summarized in Table III.

APPENDIX B: LONG-TERM STABILITY OF THE
STIFFNESS TERMS AND THE o1-RESIDUAL

In Fig. 2, we have only shown the TTL coupling
coefficients for the lateral and angular accelerations, which
are the dominant TTL noise contributors. For complete-
ness, we show in Fig. 6 the other three coefficients that have
simultaneously been fitted: the cross-coupling of lateral
TM displacements via stiffnesses and the residual SC jitter
along the x-axis.
All three coefficients show no significant drift or

response to the cooldown. The stiffness terms are partially
highly uncertain. Particularly, the larger outliers during the
second phase of the cooldown could indicate a change of
the fit results for the lateral coupling coefficients due to
correlations. However, the relative changes of the larger
lateral coupling coefficients would be small.

APPENDIX C: STABILITY OF THE SPOT
POSITIONS AT THE B-DIODES

For completeness, we show in Fig. 7 the weighted spot
positions measured during the LPF mission for B-diodes of
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FIG. 6. Long-term behavior of the fitted TTL coefficients for
the stiffness and the o1-contributions. These coefficients com-
plete the set shown in Fig. 2.
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FIG. 7. Relative spot position changes at the B-diodes of the
xR- (top) and the x12-interferometer (bottom). The horizontal
beam walk is denoted with y, and the vertical beam walk with z.
The spot position changes are divided by the path lengths of the
beams from the FIOSs to the respective detector.
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the xR- and the x12-interferometer. The result is very
similar to the spot positions measured for the corresponding
A-diodes (Fig. 4). Thus, the small difference in beam path

does not significantly affect the beams’ points of detection,
and both readouts could equivalently be used for the
analysis.
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