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The LISA Pathfinder (LPF) mission successfully demonstrated the feasibility of the technology
needed for the future space borne gravitational wave observatory LISA. A key subsystem under study
was the laser interferometer, which measured the changes in relative distance in between two test

masses (TMs). It achieved a sensitivity of 32.0þ2.4
−1.7 fm=

ffiffiffiffiffiffi
Hz

p
, which was significantly better than the

prelaunch tests. This improved performance allowed direct observation of the influence of laser
frequency noise in the readout. The differences in optical path lengths between the measurement and
reference beams in the individual interferometers of our setup determined the level of this undesired
readout noise. Here, we discuss the dedicated experiments performed on LPF to measure these
differences with high precision. We reached differences in path length difference between ð368� 5Þ μm
and ð329.6� 0.9Þ μm which are significantly below the required level of 1 mm or 1000 μm. These
results are an important contribution to our understanding of the overall sensor performance. Moreover,
we observed varying levels of laser frequency noise over the course of the mission. We provide evidence
that these do not originate from the laser frequency stabilization scheme which worked as expected.
Therefore, this frequency stabilization would be applicable to other missions with similar laser
frequency stability requirements.

DOI: 10.1103/PhysRevD.109.042003

I. INTRODUCTION

The LPF mission successfully demonstrated the feasibil-
ity of the technology needed for the future space-borne
gravitational wave observatory Laser Interferometer Space
Antenna (LISA) [1–3]. It was an ESA-led satellite mission
launched on December 3, 2015, and shut down on July 18,
2017. More precisely, the main aim of the mission was to
experimentally show that two TMs in a satellite can be in
free-fall as needed for LISA. With LPF, we found that the
undesired residual differential acceleration between these
two TMs could be limited to ð1.74� 0.05Þ fm=s2

ffiffiffiffiffiffi
Hz

p
above 2 mHz [4,5].
To achieve the LPF free-fall performance, a high-precision

readout of the changes in the distance between two TMs was
needed. Therefore, a heterodyne laser interferometry setup
was used. It achieved a sensitivity of 32.0þ2.4

−1.7 fm=
ffiffiffiffiffiffi
Hz

p
above 200 mHz, which was mainly limited by phasemeter

readout noise and laser frequency noise [6,7]. Consequently,
the measurements and results presented here deepen the
understanding of laser frequency fluctuations and their
couplings to the relative displacement measurement, and
thus provide an important contribution to the modeling and
understanding of the sensor performance.
When an interferometer measures a change in distance,

this means that the optical path length difference (OPD)
between its measurement and the reference beam, Δs, is
changed. The corresponding measured phase, Δφ, is then
given by

Δφ ¼ 2π

λ
Δs ð1Þ

with λ being the wavelength of the laser light. Using λ ¼ c
f,

with c as the speed of light, we can write Eq. (1) as

Δφ ¼ 2π

c
Δsf: ð2Þ

Hence, laser frequency fluctuations δf̃ cause fluctuations in
the measured phase Δφ̃ [8,9]:

Δφ̃ ¼ 2π

c
Δsδf̃: ð3Þ

These fluctuations are, by principle, indistinguishable from
a true motion. Equation (3) is of key importance for this
paper. From this equation, we can see that the undesired
phase fluctuations are proportional to the OPD Δs and the
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laser frequency fluctuations δf̃. Accordingly, these two
quantities were minimized by design. In the following, we
will show experimental results relating to the OPDs Δs and
the laser frequency fluctuations δf̃ during the LPF mission.
Overall, this undesired phase noise was successfully

suppressed. We reached differences in optical path length
difference (DOPDs) between ð368� 5Þ μm and ð329.6�
0.8Þ μm which are significantly below the required level of
1 mm or 1000 μm. Similar to Δs in Eq. (3), these values
determine the coupling of laser frequency noise into the
readout of the distance changes in between the two TMs
on LPF. Moreover, we provide evidence that the laser
frequency stabilization worked as expected to suppress δf̃
and would, therefore, be applicable to other missions with
similar laser frequency stability requirements.
This paper is outlined as follows: first, we summarize

a few relevant facts about the laser interferometry setup
in Sec. II. Then, we rewrite Eq. (3) for the case of
the available telemetry from LPF and introduce the
DOPD in Sec. III. During LPF operations, we performed
dedicated experiments to measure the coupling factor
from laser frequency fluctuations into the TM position
readout, the DOPD. These experiments relied on mod-
ulations of the laser frequency. The details are explained
in Sec. IV, where we derive the results used in [6,7].
Moreover, since this factor depends on the absolute TM
positions, it provides a means to measure these. We
discuss the characterization of the laser frequency stabi-
lization in Sec. V. This also includes in-loop measure-
ments of the laser frequency noise. We summarize the
path length matching achieved and the advantages
and disadvantages of this laser frequency stabilization
scheme in Sec. VI.

II. THE LISA PATHFINDER OPTICAL
METROLOGY SYSTEM

The laser interferometric optical readout of the position
and orientation of both TMs was called the optical
metrology system (OMS). It was designed to operate at
a noise level of a few pm=

ffiffiffiffiffiffi
Hz

p
and nrad=

ffiffiffiffiffiffi
Hz

p
. The OMS

performed heterodyne interferometry at a frequency of
1 kHz in-flight [6,7,10–12].
In Fig. 1, we schematically illustrate the units involved in

the proper functioning of the OMS. The reference laser unit
contained a single Nd:YAG nonplanar ring oscillator with a
wavelength of 1064 nm. The nominal output power from
the laser crystal was approximately 35 mW. The light was
transmitted via optical fibers to the laser modulator unit,
where it was split into two beams, which were each
frequency shifted by an acousto-optic modulator. Each
of the two beams was guided through a fiber to the optical
bench (OB).
The ultrastable OB hosted four Mach-Zehnder-style

interferometers, as drawn in the upper panel of Fig. 2.

One of these four was the so-called X1 interferometer,
which measured the position and rotational orientation
of TM 1 with respect to the OB and so essentially to the
satellite. Additionally, the X12 interferometer measured
the changes in relative distance Δx in between the two
TMs as well as the differential orientation. The orienta-
tions were measured via a technique called differential
wavefront sensing (DWS) [13]. The other two interfer-
ometers are auxiliary and were used to ensure the
necessary precision of the OMS X1 and X12 readouts.
One of them was the reference interferometer XR, which
measured the common mode path length fluctuations
that occurred in the fibers before the light reached the
OB. In addition, there was the frequency interferometer
XF with an intentional OPD Δs of 38.2 cm, with an
uncertainty on the millimeter level, to increase the
coupling of the laser frequency fluctuations, it was
designed to measure [14]. It is shown in the lower
panel of Fig. 2. This interferometer was a key part of the
laser frequency stabilization scheme on LPF, which we
will describe in more detail in Sec. III and analyze its
in-flight performance in Sec. V.
Each interferometer measurement was simultaneously

recorded by two photodiodes at the two Mach-Zehnder
outputs in a redundant balanced detection scheme. To be
more specific, these photodiodes were quadrant photo-
diodes which was essential for the DWS measurements.
These beat note signals were then used by the phasemeter
(green box in Fig. 1) to extract, among other quantities, a
longitudinal phase for each of the four interferometers. We
call these phases x1, x12, xR and xF. In the next step, the
reference interferometer phase xR was subtracted from each
of the other three phases in the data management unit
(DMU). In addition, for the two measurements of changes
in the TMs positions, we applied a scaling factor from

Reference Laser
Unit

Nd:YAG 1064nm

Laser Modulator

2 AOMs

Optical Bench

4 Interferometers

Phasemeter

Processes 32 channels from
8 quadrant photodiodes

Data Management Unit

Computes test mass motion
and control loops

Electrostatic 
suspension

Power monitors
Laser Control Unit

Frequency &
Amplitude feedback

TM1

TM2

Telemetry

On-Board Computer

Drag-Free & Attitude
Control System

Thrusters

Free beam
Fiber beam
Analogue signal
Digital signal

FIG. 1. Overview of the main components of the LPF OMS.
This paper will look at the frequency stabilization of the reference
laser unit (on the left) and the interferometer path length
differences on the OB (in the center). The laser frequency
controller, which we will characterize in Sec. V is inside the
DMU. The actuators are inside the laser control unit. Reprint
from [7] for convenience.
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phase to distance. After the subtraction and scaling, we
obtained the following measurements [7]:

o1 ¼
1

2

λ

2π

1

cosðαÞ · ðx1 − xRÞ

o12 ¼ −
1

2

λ

2π

1

cosðαÞ · ðx12 − xRÞ

ΨR ¼ xR

ΨF ¼ xF − xR ð4Þ
Here, we have a factor 1

2
to account for the fact that the light

travels to the TM and back. λ denotes the laser wavelength
and accordingly, the factor λ

2π converts our phase measure-
ment in radians to a distance measurement in meters. The
division by cosðαÞ is the result of the laser beam hitting the
TMs under an angle of α ¼ 4.5°.
The DMU used the ΨR and ΨF measurements in a

control loop to minimize the OPD, see, e.g., [7], and in the
control loop for laser frequency stabilization. We will give
more details on the latter in Sec. III. In the case of the laser
frequency stabilization control loop, the calculated actua-
tion signal was then fed from the DMU to the laser control
unit. The onboard computer also processed data from the

DMU. The drag-free and attitude control system of the
satellite used the o12 and o1 measurements to determine
the necessary electrostatic force actuation on the TM and
μN cold gas thrust on the SC, respectively [4,15,16]. As an
alternative to the o12 and o1 measurements, the positions of
the two TMs could be measured electrostatically, too [17].
This was also how we measured the degrees of freedom
inaccessible to the interferometry. Moreover, the onboard
computer also provided the telemetry, part of which are the
four measurements of Eq. (4). We will use these for the
analysis of Secs. IV and V.

III. LASER FREQUENCY NOISE IN THE OMS

The laser was stabilized using a nested control loop to
minimize the amount of laser frequency noise. It is shown
schematically in Fig. 3. The processed frequency inter-
ferometer measurement ΨF was fed into the fast frequency
controller (CF) inside the DMU. It determined the neces-
sary voltage applied by a piezo-electric transducer (AF) on
the laser crystal. The fast frequency controller output was
further processed by a slow frequency controller (CS),
which determined the necessary voltage applied to the slow
frequency actuator (AS) which was a laser crystal heater.
For more details, we refer to [18]. We will discuss the
performance of this loop in-flight in Sec. V.
Let us now proceed to look at Eq. (3) in terms of the

available telemetry as defined by Eq. (4), as also developed
in [19]. We begin with writing Eq. (3) for each of the four
interferometers:

Δφ̃X1 ¼
2π

c
ΔsX1δf̃; ð5Þ

Δφ̃X12 ¼
2π

c
ΔsX12δf̃; ð6Þ

0.10 0.05 0.00 0.05 0.10

0.10

0.05

0.00

0.05

0.10

FIG. 2. Upper panel: The four interferometers on the OB.
Lower panel: The frequency interferometer XF measured the
laser frequency fluctuations. Note that the coordinate systems in
the upper and lower panels are rotated with respect to each other
by 90°. Reprint from [7] for convenience.

FIG. 3. The control loop used on LPF to stabilize the laser
frequency. The frequency interferometer XF measured the laser
frequency fluctuations. The processed measurement available on-
ground is denoted ΨF. The modulation input in front of the fast
frequency controller CF was used for the experiments discussed
in Secs. IVand V. The loop components are explained in the text.
Reprint from [19].
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Δφ̃XR ¼ 2π

c
ΔsXRδf̃; ð7Þ

Δφ̃XF ¼
2π

c
ΔsXFδf̃: ð8Þ

We can then divide each of these OPDs into a common
OPD occurring in the fibers before the light enters the OB
and a second part on the OB. Then, Eqs. (5)–(8) read:

Δφ̃X1 ¼
2π

c
ðΔsfiber þ ΔsX1 onOBÞδf̃ ð9Þ

Δφ̃X12 ¼
2π

c
ðΔsfiber þ ΔsX12 onOBÞδf̃ ð10Þ

Δφ̃XR ¼ 2π

c
ðΔsfiber þ ΔsXR on OBÞδf̃ ð11Þ

Δφ̃XF ¼
2π

c
ðΔsfiber þ ΔsXF on OBÞδf̃ ð12Þ

The available telemetry as given by Eq. (4) is subject to
more processing steps. If we take the subtraction of xR and
the scaling to a change in position into account, we obtain
for the contribution of laser frequency noise δf̃ to the phase
noise in the differential TM readout

õ12 ¼ −
λ

4π cosðαÞ
�
2π

c
ðΔsfiber þ ΔsX12 onOBÞ

−
2π

c
ðΔsfiber þ ΔsXR on OBÞ

�
δf̃; ð13Þ

which simplifies to

õ12 ¼ −
λ

4π cosðαÞ
2π

c
ðΔsX12 onOB − ΔsXR on OBÞδf̃; ð14Þ

because the common mode path length differences occur-
ring in the fibers, Δsfiber, drop out due to the subtraction
of the reference interferometer measurement. Similarly,
we find for the frequency interferometer telemetry

Ψ̃F ¼ 2π

c
ðΔsXF on OB − ΔsXR on OBÞδf̃: ð15Þ

However, on LPF we measured the laser frequency fluc-
tuations via the phase of the frequency interferometer.
There was no additional, independent sensor on the LPF
satellite. Accordingly, we have to solve Eq. (15) for δf̃ and
insert into Eq. (14). Let us note explicitly that this insertion
is based on two reasonable assumptions. First, that all the
noise measured in the frequency interferometer is due to
laser frequency noise, and second, that this measurement is
indeed the instantaneous contribution of laser frequency
noise to the o12 readout. We then obtain:

õ12 ¼ −
λ

4π cosðαÞ
ΔsX12 onOB − ΔsXR on OB

ΔsXF on OB − ΔsXR on OB
Ψ̃F: ð16Þ

This equation also holds if we calculate the square root
of the power spectral densities (PSDs) of the o12 and ΨF
measurements:

S1=2o12;freq
¼ −

λ

4π cosðαÞ
ΔsX12 onOB − ΔsXR on OB

ΔsXF on OB − ΔsXR on OB
S1=2ΨF

; ð17Þ

which is similar to Eq. (3) in [6]. Let us examine Eq. (16).
The denominator ΔsXF on OB − ΔsXR on OB is the DOPD
between the frequency and reference interferometer on the
OB. To understand this term, it is important to know that
the OPD between the measurement and the reference beam
was introduced by different lengths of the two fibers, which
brought the light to the OB. The XR interferometer was
then built in such a way that the path of the beams on the
OB differed to compensate for the OPD occurring in the
fibers. For the XF interferometer, the paths on the OB itself
were matched to within construction limits since the OPD
in the fibers amplified the frequency fluctuations which
it was designed to measure. Accordingly, ΔsXF on OB −
ΔsXR on OB was dominated by ΔsXR on OB which amounted
to 38.2 cm1 with an uncertainty on the millimeter level [14].
Different to the X1 and X12 interferometers, both beams
of the XF and XR interferometer were routed on the OB.
Since the OB with all its components is ultrastable, we can
assume that this value did not change between manufac-
turing and the mission, and we can use the construction
value. We then define

Δso12 ¼ ΔsX12 onOB − ΔsXR on OB; ð18Þ

which determines the nominator of Eq. (16). It is the DOPD
of the X12 and the reference interferometer. Analogously,
we define Δso1 as the DOPD of the X1 and the reference
interferometer. We can then write Eq. (16) as

õ12 ¼ −
λ

4π cosðαÞ
Δso12

ΔsXF on OB − ΔsXR on OB
Ψ̃F: ð19Þ

Δso12 depends not only on the construction tolerances
but also on the precise positions of the two TMs. These
absolute positions of the TMs with respect to the OB are a
result of the commanded offsets and the satellite’s core
assembling process because each piece of equipment was
aligned with respect to the previous. In practice, that meant
roughly aligning the OB to the side slabs, the side slabs to

1In Ref. [20], this value was denoted as 38.4 cm but the
38.2 cm are correct. In any case, the values are close enough so
that there is no effect on the results of this paper, that is, the
estimated DOPDs and measured frequency fluctuations agree to
within the estimated uncertainties.
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the vacuum tanks, and the actuation and sensing electrodes
around the TMs to the vacuum tanks before placing
the TMs.
Early in the LPF development, the laser frequency

requirement was set under the conservative assumption
of a DOPD of Δso12 ≤ 1 cm [21]. A preflight ground
measurement campaign placed an experimental upper limit
of 400 μm on the DOPD [20], though this was not fully
representative, with the TM replaced by mirrors at the
nominal calculated TM positions.
Let us proceed with explaining the dedicated experi-

ments performed in-flight with LPF to characterize the laser
frequency stabilization and to estimate Δso12.
The key idea of all these experiments was to modulate

the laser frequency. Therefore, we injected a sinusoidal test
signal with a given amplitude and frequency into the
modulation input in front of the fast frequency controller
CF (see Fig. 3). The experiments contained a different
number of these test signals, which had varying amplitudes,
frequencies, and durations. We designed and analyzed the
experiments using the LISA technology package data
analysis (LTPDA) [22].

IV. EXPERIMENTAL DOPD RESULTS

A. Description of experiments optimized
for DOPD estimation

We successfully performed two experiments optimized
to estimate the DOPD.

One of these was the DOPD offset experiment. It
included two laser frequency modulations at the nominal
TM position, from which we estimated the DOPD. Then,
one of the TMs was shifted to an offset position, and we
repeated the laser frequency modulations to estimate the
DOPD. Figure 4 illustrates the concept of this experiment.
It was successfully executed from 2016-06-14 at 21:30
until 2016-06-15 at 06:42:00 UTC. The change in DOPD
should agree to the commanded offset, both in amplitude
and direction.
Second, the DOPD amplitude experiment aimed to

ensure that our measured DOPD is independent of the
laser frequency modulation amplitude. We determined the
DOPD using three different modulation amplitudes in
this experiment. The experiment contained a total of four
modulation segments. The second and the fourth modula-
tion segments shared the same modulation amplitude but
were performed at a different frequency (1.123 Hz vs.
2.879 Hz). These different frequencies allowed us to
double-check that the estimated DOPD was independent
of the modulation frequency, at least within this range. We
executed the experiment on LPF from 2017-01-22 12:05
UTC to 2017-01-22 14:59 UTC, more than seven months
after the DOPD offset experiment.
Moreover, we can also use data from the experiments

optimized for the control loop characterization to estimate
the DOPD. In total, we executed five of these experiments
during the mission operations. Each of these five experi-
ments contained several laser frequency modulations,

2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000

Origin: 2016-06-14 21:20 - Time  [s]

-2

0

2

4

6

8

10

12
D

is
ta

n
c

e
 [

m
]

� 10
-6

f_
m

o
d

 @
 1

.1
2

3
 H

z

f_
m

o
d

 @
 2

.8
7

9
 H

z

f_
m

o
d

 @
 1

.1
2

3
 H

z

f_
m

o
d

 @
 2

.8
7

9
 H

z

o12

3820 3840 3860 3880 3900
-10

-8

-6

-4

-2
� 10

-12

o12 detrended

FIG. 4. The concept of the DOPD offset experiment. At the nominal TM positions, the laser frequency was modulated two times, once
at 1.123 Hz and once at 2.879 Hz. These modulations are discernible in the differential test mass readout o12 as shown, for example, in
the inset figure. Then, a TMwas moved to an offset position, which is visible by the change in the measured o12 value. Next, we repeated
the laser frequency modulations. Reprint from [19].
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as will be described in more detail in Sec. V. However, for
a valid comparison, we can only consider those experi-
ments here that took place under the same conditions on
the satellite as the dedicated DOPD experiments: the two
TMs must have been free-falling, and the satellite control
must have been configured for science measurements,
cf. [4]. This criterion implies we can use the data from
three of the five experiments optimized for the frequency
loop characterization.

B. Analysis

To determine the DOPD, we solve Eq. (19) for Δso12.
This means essentially comparing the amplitude of the
injected sine wave in the XF interferometer, as measured by
ΨF, to the resulting amplitude of the sine wave in o12 or o1.
There are several approaches to comparing the signal

amplitudes; see, for example, Sec. 5.2 in [19]. Here, we use
the “DFT method” and the “TFE method.” Most of the
results shown here were obtained using the DFT method,
which works like this: We divided the absolute values of the
discrete Fourier transform of the two channels multiplied
with a Blackman-Harris window at the modulation frequen-
cies by one another. We then obtained an estimate of the
error from the discrete Fourier transform of the respective
channel at frequencies around the modulation frequency
and then propagated the two estimated uncertainties
through the division. We call this the DFT method, even
though it comprises not only the calculation of the discrete
Fourier transform. The TFE method computed a transfer
function estimate as the ratio of the cross-power spectral
density between the input and output to the power spectral
density of the input [23,24]. We then took the absolute
value of this transfer function at the modulation frequency
to obtain a DOPD estimate. This procedure estimated the
uncertainty from the coherence between the two signals.
This method was applied to the DOPD offset experiment.
When we apply the DFT method to each laser frequency

modulation segment, we obtain four DOPDs estimates in
case of the DOPD offset experiment. Similarly, we estimate
four DOPDs for the DOPD amplitude experiment. To find
out how the DOPD changed over time, we calculated the
weighted mean over all the modulations of one experiment
and then collected the results in chronological order.
The DFT method was used to estimate both Δso12 and

Δso1. However, due to the increased noise in o1 compared
to o12, see Fig. 4 in [7], there was often no signal from the
frequency modulations in o1 and so we could determine
Δso1 only for two experiments. We checked that the impact
of the satellite control was negligible for both o12 and o1 to
within the errors. In the case of o12, the reason is that the
unity gain frequency of the respective satellite control loop
is around 1 mHz [4] and thus below even our lowest laser
frequency modulation frequency of 11 mHz. Nonetheless,
we checked this via a dedicated simulation. Also, for o1,
there was a difference in frequency between the bandwidth

of the respective control loop and the laser modulation
frequencies. In this case, the bandwidth of the control loop
was around 250 mHz and the laser was frequency modu-
lated at 1.123 Hz and 2.879 Hz in the experiments during
which we could determine Δso1. Again, we performed a
dedicated simulation, but any possible correction was
deemed negligible given that it is on the order of magnitude
of the uncertainty.

C. Results

We summarize the results from the DOPD offset experi-
ment in Fig. 5. For each of the four modulations, we applied
both the DFT method (blue dots) and the TFE method
(black dots). We note that the results from the two methods
agree with each other at roughly the 3σ level. The large
uncertainties reported by the DFT method at the offset
position are due to the increase in the noise floor of o12 at
the offset position.
When designing the experiment, we expected the first

two DOPD estimates to be identical on the μm level. We
anticipated the same agreement for the third and fourth
estimates but commonly offset as commanded. However,
the true DOPD at both the starting and the offset position is
unknown; only the commanded offset Δx is well known.
We can write this in a simple model as

DOPDoffset ¼ Δxþ DOPDnominal: ð20Þ

Then, we obtain a value for DOPDnominal from a weighted
linear least-squares fit to the four DOPD estimates obtained
via the TFE method. The result is shown in Fig. 5 in green.
The standard deviation of this fit result is estimated to be
below 1 μm and is therefore indiscernible in Fig. 5.

FIG. 5. Results of the DOPD offset experiment. The DOPD
estimates from the TFE method are ð355� 1Þ μm, ð360� 3Þ μm,
ð330� 1Þ μm and ð346� 4Þ μm (for modulations 1–4, respec-
tively). The results from the two methods agree with each other at
roughly the 3σ level. We find the same level of agreement between
the “TFE results” and the model (shown in green). Therefore, we
can associate the change in DOPD to the commanded offset, both
in direction and amplitude, at this level. Based on [19].
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When we fit the model of Eq. (20) to the TFE results, we
find a match at the 3σ level, so we can associate the change
in measured DOPD to the commanded offset at this level.
The fit is not closer to the data because the model assumes
one single nominal position for the first two modulations
and another common offset position for the third and fourth
modulation. When TM 2 was moved to a 9.576 μm offset
position toward the center of the satellite, the path of
the measurement beam was shortened (see Fig. 2). The
electrostatic measurement system, as an independent sen-
sor, confirmed this offset.
When we compared the measurements from the optical

and electrostatic sensors, using the definition of the o12
signal in Eq. (4), we could conclude that the measured
phase of the X12 interferometer, x12, corresponds to the
TM positions as x12 ¼ xTM1 − xTM2. While this is an
interesting conclusion, it is insignificant for the sensor’s
noise performance.
Unfortunately, the evidence of how the DOPD changed

with a TM offset is not as compelling as we aimed for.
However, due to the long duration of the experiment and
the limited mission lifetime, it was impossible to execute
the experiment again, perhaps with an even larger modu-
lation amplitudes at the offset position.
Let us proceed to the results of the DOPD amplitude

experiment, as shown in Fig. 6. As expected, we find the
DOPD to be independent of the laser frequency modulation
amplitude and frequency.
To analyze the evolution of Δso12 and Δso1 over the

course of the mission, we combined the results from the
two previously discussed experiments which were opti-
mized for DOPD estimation with DOPDs estimated from
the laser frequency modulations optimized for the control
loop characterization. However, when using the modula-
tions that were designed to characterize the frequency
stabilization loop, it was not possible to estimate the
DOPD Δso1.

We calculated the weighted mean of the results from the
modulations at different frequencies and with different
amplitudes to obtain a single value per experiment. There
were, however, two exceptions. From the DOPD offset
experiment, we included only the first two modulations at
the nominal position. That was because during the other
modulations, TM 2 was deliberately at an offset position, so
the DOPD was intentionally changed at these times. Then,
to estimate Δso1 from the DOPD amplitude experiment, we
could only use data from modulations 1, 2, and 4 here
because the amplitude in the third modulation was too
small to produce a signal in o1.
We collected the results in Table I. The result for Δso12

from 01-06-2016 was already used in [6,7] and the result
for Δso12 of the DOPD amplitude experiment in [7].
Throughout this document and in this Table, we correctly
propagated the 1 mm uncertainty on the intentional OPD
in the XF interferometer. This leads to a slight increase
in the estimated uncertainty of Δso12 on 13-06-2016 and
22-01-2017 from 0.8 μm (see Ref. [19]) to 1 and 0.9 μm,
respectively. We find that all values are below the exper-
imentally determined upper limit of 400 μm [20]. When
we compare the Δso12 measurements on 01-06-2016 and
13-06-2016, we find an agreement on the 3σ level. This is
largely due to the relatively large uncertainty of Δso12 on
01-06-2016, which stems from a much shorter measure-
ment duration than the other experiments. A 17 μm change
in DOPD would be unexpected and would correspond to a
TM offset of approximately 8.5 μm. Such a change is not
observed when the true test mass position during this time
span is estimated [19].
Moreover, we identify a change in DOPD between the

measurements on June 13th and 14th, 2016, and those in
January 2017 of approximately 20 μm. To understand this
change, note that the DOPD in the X1 and X12 interfer-
ometers depended not only on the integration but also on
the absolute positions of one or both TMs, respectively.
Indeed, the observed change in DOPD could be attributed
to an accidentally commanded offset on TM 1 of 11.7 μm
toward the center of the satellite. The data which supports
this statement is shown in Fig. 7. In this figure, the
electrostatic measurement of the position of TM 1 is called
GRS x1. During the period shown in this figure, the satellite

FIG. 6. The DOPD estimate Δso12 for different amplitudes of
the laser frequency modulation and two modulation frequencies.
Note that we performed this experiment several months after the
offset experiment. The evolution of the DOPD is discussed in the
text. Based on [19].

TABLE I. The estimated DOPD from all laser frequency
modulation experiments with free-falling test masses. We note
comparable changes in Δso12 and Δso1 in the course of the
mission due to a commanded offset on TM 1.

Date Experiment Δso12 (μm) Δso1 (μm)

01-06-2016 Loop characterization 368� 5 � � �
13-06-2016 Loop characterization 351� 1 � � �
14-06-2016 DOPD offset 352� 1 148� 4
22-01-2017 DOPD amplitudes 329.6� 0.9 130� 1
22-01-2017 Loop characterization 330.7� 0.9 � � �
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is in three different control modes called NOM 1, NOM 2,
and Sci 1.1. These intermediate control modes are used to
transition from a satellite station-keeping period back to the
nominal science configuration. At the time, the offset was
commanded, it looked for the electrostatic measurement
system as if TM 1 had changed its position. This is seen by
the sharp increase of the black trace at the transition from
NOM 1 to NOM 2. The control system forced this TM back
into its nominal position around 0. In this satellite control
mode, the OMS was not used to control the satellite. It was
therefore acting as an out-of-loop sensor and noted the
corresponding change in o12 since one of the two TMs was
moved. This is seen by the increase of the blue trace during
the time spent in NOM 2. After the satellite did the next
step toward its nominal science configuration, the transition
to Sci 1.1, the X12 interferometer measurement was reset as
part of the routine satellite operations. This reset corre-
sponds to the edge in the blue trace shortly before 412.1.
This, however, implied that we measure the same o12 value
as before, but the absolute distance between the two TMs
was changed. This change in position led to approximately
twice the change in optical path length because the
measurement beam travels to each TM and is reflected
on the surface, see Fig. 2. This is consistent with the
observed change in amplitude and direction in DOPD at
the 2σ level. In addition, the motion of TM 1 explains
comparable changes in Δso12 and Δso1. Even though this
TM motion is the main reason for the measured changes in
DOPD, one can also argue that hardware drifts may be
present but on a much smaller level.

D. Additional observations

Experimental observations revealed a spurious coupling
from a laser frequency modulation to the DWS measure-
ments. For example, a laser frequency modulation of
ð32.4� 0.1Þ mrad resulted in a DWS measurement of
ð16� 8Þ μradel against a noise floor of approximately
1.3 μradel Hz−1=2. We use the unit radel which refers to

DWS optical phase measurements before they were cali-
brated to TM angles. For the calibration value, we refer
to [7]. This observation was not expected. From calcu-
lation, simulation, and especially its spurious nature, we
can exclude it is due to a OPD between the left and the right
or the upper and the lower part of the photodiode. We
reproduced and investigated a similar spurious signal in a
laboratory setup. However, a definite answer could not be
found [19]. On the other hand, we have found no reason to
believe this could be an indication of a mechanism that
impacts the longitudinal measurements, and therefore, this
observation did not lead to a systematic error to the DOPD
numbers reported.
When studying the two DOPD experiments further,

we could observe changes in DOPD during most of the
individual laser frequency modulations of the DOPD
experiments. The amplitude of these fluctuations differed
but was mostly on the order of a few tens of μm. Their
origin is not fully understood, but mechanical path length
changes or real TM motion with such amplitudes are
deemed highly unlikely.
First, mechanical path length changes are very improb-

able because the OB was fixed to the side slabs, which
in turn were fixed to the vacuum chambers, see, e.g.,
Fig. 1 in [25]. The OB itself was also highly stable since it
was made from Expansion Class 0 Zerodur and all
components were bonded onto it [20]. Moreover, the
TM positions were measured via electrostatic sensing and
controlled via a drag-free attitude control system [4,15].
Therefore, also a change in TM positions would have
been noticed.
It is worth mentioning that these short-term fluctua-

tions in DOPD could not be seen during the strongest
laser frequency modulation period. An effect, which was
perhaps similar, was noticed while the laser was fre-
quency modulated and the test masses were grabbed on
April 06, 2017.

V. CHARACTERIZING THE LASER FREQUENCY
STABILIZATION CONTROL LOOP ON LPF

A. Description of experiments optimized
for loop characterization

We injected sinusoidal test signals into the closed-loop
system to characterize the laser frequency control loop in-
flight. This allowed us to estimate the transfer function of
both controllers individually, as well as the response of the
actuators and the combined loop response. This experiment
was repeated five times throughout the mission. In each
experiment, we aimed to inject 6–8 test signals at frequen-
cies from 0.011 to 1.123 Hz with an amplitude of 6.2 MHz.
The experiments were executed as planned except for
experiment 2, where only a single laser frequency modu-
lation at 0.011 Hz could be applied. We recorded 20 cycles
of each modulation.

FIG. 7. The o12 measurement of the OMS and the electrostatic
measurement of the TM 1 position at the time of a mode
transition in January 2017. Due to a wrong offset, TM1 moved
by 11.7 μm, which is the main reason for the observed change in
DOPD in Table I. Please refer to the main text for details. Based
on [19].
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B. The measured open-loop transfer function

At first, the experimental data were corrected for small
timing errors caused by the different data processing routes
on board LPF. Let us summarize the detailed description
from [19,26] here: The OMS data on LPF were either part
of the science or the housekeeping data, and the respective
data processing routes implied a different downsampling
and priority. Comparing data from these two routes is a
challenge specific to the analysis of the OMS loop
characterization experiments. While the housekeeping data
was directly downsampled in the DMU (see Fig. 1) from
100 Hz to 1 Hz, the science data was downsampled from
100 Hz to 10 Hz. Due to the different clocks on the satellite,
specifically the DMU clock and the onboard computer
clock, the time between two 10 Hz data samples can be
offset by 10 ms. Moreover, perhaps due to the different
priorities, there can be a small, time-dependent offset
between the two data routes. Our approach uses that we
obtain ΨF at 10Hz, timestamped according to the DMU
time, and the fast frequency controller error signal fferr (see
Fig. 3) at 1 Hz, timestamped according to the OBC time.
Since the fferr corresponds to the ΨF with the inverted sign,
we can downsample the 10 HzΨF data to 1 Hz using a time
offset. The best offset for each experiment was the one that
maximized the correlation between data from the two
routes and resulted in a flat phase of the respective transfer
function up to the Nyquist frequency. We thus obtained one
offset for each experiment, which varied between 0.6
and 1.7 s.
We calculated the transfer function from the timing-

corrected data for each modulation using a Hanning
window. The transfer function estimation provides an error
based on the coherence of the signals as outlined in [24].
We show the measured open-loop transfer functions of the
experiments in Fig. 8. The unity gain frequency is read off
to be 0.8 Hz and the phase margin 77°. Considering the

read-off accuracy, these results agree well with the results
from the so-called flight model ground test campaign [27].
The gain margin was estimated from the loop model to be
approximately 19 dB. As expected, the performance of the
control loop was stable over the mission and operated as
expected from the ground tests. During the LPF mission,
we observed reoccurring periods of increased laser fre-
quency noise, after which the noise level decreased again.
In other words, we experienced a bi-modal behavior with
an upper and a lower regime [6,7,19]. The difference was
approximately a factor of 1.6–2, but most of the time, the
laser frequency fluctuations were in the lower regime, from
23–38 kHz=

ffiffiffiffiffiffi
Hz

p
in the frequency range from 0.2–0.5 Hz.

The transition from one level to the other was a quick
change within less than one minute, and no drift was
observed. Most of the periods when the laser was more
noisy lasted between 0 and 10 hrs. A similar behavior
was already observed in test campaigns before launch.
Since the laser frequency stabilization worked as expected,
we conclude that the two regimes of laser frequency
noise are unlikely to originate from the laser frequency
control loop.
To find the origin of the bimodal behavior, we inves-

tigated several hypotheses [19]. One of these was aliasing
in the downsampling from 100 to 10 Hz in the DMU.
However, when we compared the rare measurements
recorded at a sampling frequency of 100 Hz to the
10 Hz data, we found the measurements to agree well.
In addition, the 100 Hz data was flat above 20 Hz in all
measurements, which makes aliasing even more unlikely.
In addition to the aliasing hypothesis, we also assumed
that the level of laser frequency noise could originate in
the laser itself. Therefore, we searched for correlations
between the level of laser frequency noise and the laser
temperature, pump current, and output power. We could
observe the difference between the two levels decreasing
with increasing laser temperature, but the two levels were
present at all temperatures. The output power and the
pump current seemed to have no effect. Moreover, we
checked whether the satellite temperature, as measured on
the OB, could impact the bimodal behavior. This check
allowed us to exclude a linear dependency. We also
checked whether, for certain TM angles, a fraction of
the light on the OB is back-scattered into the laser and thus
increases the laser frequency noise level. Therefore, we
used data from an experiment during which one TM has
been systematically tilted as well as standard LPF science
measurements to check for a large range of angles.
However, it is not possible to identify an orientation of
either TM with increased laser frequency noise. This
concludes our list of possible checks with the available
data from LPF. Another possible reason for the bi-modal
behavior that we cannot exclude with the data available
from LPF are different modes in the pump diode. For this
investigation, a flight-spare laser would need to be

FIG. 8. The open-loop transfer function estimates from the five
characterization experiments performed during the mission (de-
noted as EXP1-EXP5 in the legend) compared to the control-loop
model from the ground test (denoted as “ground” in the legend).
We mark the results of the in-flight experiments with a cross and
the ground test results with a dot at each modulation frequency,
respectively. Note that the modulation frequencies were different
between ground and in-flight measurements. Reprint from [19].
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integrated into an experimental setup again. In summary,
despite several investigations, the cause of the bi-modal
behavior could not be identified.

C. Measurements of stabilized and free-running
laser frequency noise

The performance of the laser frequency stabilization
from 1 mHz to 5 Hz is shown in Fig. 9. We compare the
measurements from ground testing to the four free-running
measurements taken in-flight and two selected measure-
ments of the stabilized laser frequency noise.
Note that the measurements of the stabilized laser

frequency noise are in-loop measurements. Unfortunately,
no out-of-loop sensor for the laser frequency fluctuations
on LPF existed. Let us look at the potential implications:
First, with this laser frequency stabilization setup, the
control loop cannot distinguish between changes in the
intentional OPD of the XF interferometer and laser fre-
quency fluctuations. In other words, under the assumption
of a perfect locking onto the reference, the frequency
stability of the reference itself becomes limiting. However,
we expect not to observe this with LPF. Indeed, the XF
interferometer consists of bonded components onto an
ultrastable OB, so even the upper limit of the thermally
driven optical path length changes on the OB is below
20 pm in the frequency range of interest [6], so many orders
of magnitude below the uncertainty of the intentional OPD

in the XF interferometer. Second, due to the lack of an out-
of-loop sensor, we cannot rule out that, at low frequencies,
sensing noise could lead to additional laser frequency
fluctuations. However, our investigations of the o12 sensing
noise revealed a phasemeter noise in o12 of 28.7 fm=

ffiffiffiffiffiffi
Hz

p
[6] which, following Eq. (4) and dividing by

ffiffiffi
2

p
under the

assumption of uncorrelated noise in the X12 and XR
interferometer, corresponds to ≈0.2 μrad in a single inter-
ferometer. Our evidence suggests that the phasemeter noise
on LPF was white [7], so we can use this number at all
frequencies. We insert this into Eq. (3) to find that we
should be able to measure laser frequency fluctuations
down to ≈30 Hz with this setup. This implies that the
sensing noise is likely to affect only the lowest data points
around 1 mHz but is not limiting for most of the frequency
range shown in Fig. 9. Note that the OPD in the frequency
interferometer could also be increased to overcome such a
limitation if it were necessary.
The measured residual laser frequency fluctuations when

the laser was stabilized could also be further reduced by
increasing the gain of the laser frequency control loop by a
factor 4.3 [19]. With such an increase, the loop is still
expected to be stable, but the margin would be reduced to a
gain margin of 2.02 in magnitude and a phase margin
of 45.7°.
The selected measurements are representative of the in-

flight behavior for the high-frequency range, as can be seen
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FIG. 9. Amplitude spectral density of the laser frequency fluctuations in-flight with and without active stabilization compared to the
requirement (grey dashed trace) and the last ground measurements before launch, denoted OSTT. For spectral estimation, we used a
modified version of Welch’s periodogram [28] with a Blackman-Harris window for the lines; the squares are estimated as in the
supplemental material of [5], implemented in LTPDA [22]. The ground measurements’ data quality was improved as outlined in [27].
Based on [19].
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by comparison to [7]. When the mission was designed, the
laser frequency fluctuations were required to be below
112 kHz=

ffiffiffiffiffiffi
Hz

p
at 10 mHz with a relaxation toward the

lower frequencies of the LPF measurement band from
1 to 30 mHz [27]. This requirement resulted from the aim
of limiting the contribution of laser frequency noise to
the total noise in o12 to below 2 pm at 10 mHz under the
rather pessimistic assumption of a DOPD of up to 1 cm
[19,21,27]. Our in-loop measurements fulfill this require-
ment with ample margin. Indeed, at 10 mHz, we are more
than a factor 100 below this level. We can also observe
that the in-flight measurements approximately agree with
each other, even though some were taken with more than
six months between them. The agreement between the
data taken on-ground and in-flight, except for the fre-
quency range from 1 to 4 mHz, shows that the ground tests
represent the in-flight behavior.

D. From LPF to LISA

The impact of laser frequency noise in the technology
demonstrator mission LPF cannot be directly transferred to
the future gravitational wave observatory LISA. In LPF,
this noise source contributed to the sensing noise of a key
subsystem, the interferometric TM readout.
In LISA, on the other hand, the interferometric setup on

different satellites results in differences between two inter-
ferometer arms of around 30 000 km [29], which will make
laser frequency noise the dominant noise source by several
orders of magnitude. Therefore, laser frequency noise must
be suppressed in postprocessing to enable gravitational wave
astrophysics. The baseline algorithm to do this is called time
delay interferometry (TDI) [30,31]. However, due to, for
example, variations in the distance between the two satellites
and imperfect knowledge of these, we expect residual laser
frequency noise after the application of TDI. This residual
noise must be small enough to allow for the required
measurement accuracy of the displacement between two
TMs on different satellites [32]

S1=2;reqdisp ðfÞ ¼ 13.5
pmffiffiffiffiffiffi
Hz

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
2 mHz

f

�
4

s
; ð21Þ

for frequencies f in the LISA measurement bandwidth from
0.1 mHz–1 Hz. Therefore, the frequency fluctuations of the
lasers for LISA need to be remain below

S1=2;reqδfLISA ¼ 30
Hzffiffiffiffiffiffi
Hz

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

�
2 mHz

f

�
4

s
; ð22Þ

which amounts to ≈30 Hz at 10 mHz [29,31,33].
Stabilizing the lasers to this level will be difficult using

only the frequency stabilization approach as on LPF. In
Fig. 9, we found the in-loop laser frequency fluctuations
on LPF to be around 600–900 kHz at 10 mHz. So, we must

measure significantly smaller laser frequency fluctu-
ations on LISA than on LPF. However, we expect larger
phasemeter noise on LISA than on LPF. To be more
precise, we expect ≈6 μrad=

ffiffiffiffiffiffi
Hz

p
for LISA (see Ref. [34]).

With LPF, we reached a phasemeter noise in o12 of
28.7 fm=

ffiffiffiffiffiffi
Hz

p
[6] which corresponds to ≈0.2 μrad in a

single interferometer, so approximately a factor 30 less.
The phasemeters on LISA and LPF differ in many ways,
for example, in the readout frequencies, the number of
channels, and thephase extractionalgorithmsused.Adetailed
comparison is beyond the scope of this paper. Consequently,
if we wanted to stabilize the laser on LISA with the same
approach as on LPF, this would require a huge amplification
via the intentional OPD in a frequency interferometer on
LISA. Following Eq. (3), this OPD would need to be

Δs ¼ c
2π

Δφ̃
δf̃

≈ 10 m: ð23Þ

This is significantly larger than on LPF and impractical to
accommodate on an OB with roughly 50 cm diameter.
Moving the OPD into the fibers which lead to the OB,
however, also implies that this OPD needs to be compensated
in the other interferometers on the OB and thus does not solve
the issue but moves it to the other interferometers.
In the past, the technique presented here was suggested

as a candidate for prestabilization, to be combined with
locking to the LISA arms [1]. However, a cavity as a
frequency reference does fulfill the LISA requirements as
demonstrated in laboratory tests and, therefore was con-
sidered mature technology at the time of the mission
proposal [2]. In the meantime, the laser frequency stabi-
lization to a cavity was successfully used on the
laser ranging instrument on the GRACE Follow-On mis-
sion [35]. In summary, the laser frequency stabilization on
LISAwill not be implemented like on LPF, but a cavity like
on the GRACE Follow-On mission will be used. To be
more precise, this will only apply to one of the six lasers on
LISA, the primary laser. The other five lasers will be
transponder-locked to the primary laser; see Sec. VI in [36].

VI. CONCLUSIONS

LISA Pathfinder (LPF) was a satellite mission to
demonstrate the technology for the future space-borne
gravitational wave observatory LISA. A high-precision
interferometric readout system was a key part of this
payload. It performed significantly better in flight than in
the preceding ground tests [7]. This turned laser frequency
noise into one of the limiting noise sources [6,7]. Under
nominal conditions, this noise contribution amounted to
ð22� 1Þ fm=

ffiffiffiffiffiffi
Hz

p
[6]. During periods of increased laser

frequency, we measured ≈38 fm=
ffiffiffiffiffiffi
Hz

p
, see Fig. 14 in [7].

This paper reported on how this noise source was suppressed
during the LPF mission.
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On LPF, the laser was frequency stabilized by the
following scheme: the laser frequency fluctuations were
measured by a dedicated interferometer with an intentional
OPD and suppressed via a control loop. This approach was
tested before on the ground [27,37], as well as a similar
approach using balanced homodyne DC readout [38,39].
Compared to laser frequency stabilization using a cavity,
this approach can help to save space on a satellite and
works for a large range of laser frequencies, which can be
useful during signal acquisition, see Ref. [40]. This comes
at the cost of increased complexity by another interferom-
eter on the OB and does not allow for independent testing
of the laser and the OB unit. We found that this laser
frequency stabilization scheme worked reliably during the
LPF mission and kept the laser frequency fluctuations
below the required level throughout the entire mission. The
performance of the control loop agreed with expectations
from ground tests. This allows us to conclude that the
bimodal behavior of the laser frequency fluctuations
throughout the mission is unlikely to originate from the
laser frequency control loop. Therefore, this approach
would be applicable to other experiments and space
missions which require laser frequency fluctuations to be
limited to a few 100 Hz level at mHz frequencies.
Moreover, the performance could be further improved by
an increase in the fast actuator gain. Another option would
be to increase the deliberate OPD in the frequency
interferometer if the sensing noise limit was reached.
The coupling of the laser frequency fluctuations into the

phase measurement on LPF was proportional to the DOPD.
Consequently, this number was minimized during the design
and construction of LPF. In-flight, the DOPD was measured
several times during the mission and was found to vary
between ð368� 5Þ μm and ð329.6� 0.9Þ μm. In an early
stage of the mission development, a worst-case DOPD of up
to 1 cm was assumed [21]. Later, the DOPD requirement
was set to 1 mm [20]. All measured values are significantly
below this number. On-ground, an experimental upper limit
of 400 μmwas deduced [20], which is consistent with the in-
flight measurements. However, the actual position of the
TMs influences this number. During ground testing, the TMs
had to be replaced with mirrors that were put at the expected
location of the TMs. Any difference between their expected
and actual locations would lead to a difference in DOPD.
Nonetheless, the small DOPD in o1 and o12 measured in-
flight confirmed the excellent construction and assembly of
the OB and its integration into the satellite, as well as the
stability of the system through launch and transfer. In
addition, we saw that the DOPD estimate can be a useful
tool to monitor the changes in the absolute TM positions.
Even though we could not resolve all the questions that arose
during the detailed analysis of the dedicated experiments, we
have found no reason to believe that those observations
could indicate a mechanism that adds a systematic error to
the DOPD numbers reported.
The combination of the laser frequency stabilization and

the path length matching achieved thus made the high
precision measurements of the LPF interferometric readout

system possible. Indeed, this system achieved a total
sensing noise of only 32.0þ2.4

−1.7 fm=
ffiffiffiffiffiffi
Hz

p
above 200 mHz

[6,7]. The analysis presented in this article shows that we
achieved a detailed understanding of the laser frequency
noise and its impact on the LPF interferometry. This is not
only making the best use of unique data but also increases
the confidence in our noise model, as shown in [6,7].
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