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We report on the first subpicometer interferometer flown in space. It was part of ESA’s Laser
Interferometer Space Antenna (LISA) Pathfinder mission and performed the fundamental measurement of
the positional and angular motion of two free-falling test masses. The interferometer worked immediately,
stably, and reliably from switch on until the end of the mission with exceptionally low residual noise of

32.0:2;? fm/+/Hz, significantly better than required. We present an upper limit for the sensor performance
at millihertz frequencies and a model for the measured sensitivity above 200 mHz.

DOI: 10.1103/PhysRevLett.126.131103

Introduction.—ESA’s LISA Pathfinder (LPF) mission
(launched December 3, 2015, ended June 30, 2017) was
designed to prove that the technology needed for a space-
based gravitational wave detector like LISA [1] is feasible,
in particular that test masses (TMs) could be placed in free
fall with sufficiently low residual acceleration noise [2,3].
LPF’s target was to achieve a differential acceleration noise
between its two TMs within a factor of 10 of the LISA
requirement. Critical to LPF’s performance was the optical
metrology system (OMS), which measured the TM-to-TM
displacement interferometrically with a requirement of

st <o B i ()L )

over a frequency range of 1-30 mHz. This is a relaxation of
the accuracy that will be required for the LISA TM
interferometer by approximately 1 order of magnitude.

The OMS is directly comparable to the local interfer-
ometry required for LISA where a similar low-noise,
multidegree-of-freedom readout is key to reaching the
desired sensitivity. It can also be considered as a significant
step in the development of optical interferometers in space,
which could improve the accelerometer sensitivity in future
geodesy missions, for example, [4,5].

We report in this Letter that the OMS operated stably and
reliably over the whole mission at a noise level significantly
better than its design goal, showing that such a system can
be constructed, aligned, integrated, and operated in space, a
key milestone toward the construction of the more com-
plicated LISA optical system. The performance of the LPF
OMS allowed detailed modeling of the noise behavior of
the first interferometric TM-to-TM displacement measure-
ment system in free fall.

LISA Pathfinder: Optical metrology in space.—The LPF
mission consisted of a single spacecraft on a Lissajous orbit
around the Earth-Sun Lagrangian point L1. It contained
two free-falling TMs, each inside an electrode housing
located in a small vacuum chamber. The position and
orientation of both TMs along several degrees of freedom
(x, ¢, n, see Fig. 2) was continuously monitored by the
OMS, the high precision interferometric readout system. In
science operations, the spacecraft operated in a “drag-free”
state where one TM was allowed to freely follow its inertial
path and the spacecraft and second TM were forced to

follow the inertial TM. The spacecraft used the signals from
the OMS to sense its own movement relative to the inertial
mass and used these signals as one set of inputs to the drag-
free and attitude control system. This system controlled
15 degrees of freedom of the relative position and attitude
of the spacecraft and TMs through firing micro-Newton
thrusters attached to the spacecraft and acting on the TMs
through electrostatic forces.

The optical metrology system: The OMS consisted of
the optical bench interferometer (OBI), reference laser unit,
laser modulation unit, laser control unit, phasemeter, and
data management unit [6-8]. A schematic is shown in
Fig. 1. The OBI consisted of a 20 x 21.2 x 4.5 cm optical
bench made of Zerodur onto which the optical components
were hydroxide-catalysis bonded [9]. The OBI was located
between the two vacuum chambers housing the TMs, and it
was rigidly connected to the spacecraft. The laser light in
the OBI originated in the reference laser unit, a Nd:YAG
nonplanar ring oscillator that provided about 35 mW of
single-mode light at 4 = 1064 nm. This light was fiber
coupled into the laser modulator unit, where the beam was
split by a 50/50 beam splitter and each beam was then
frequency shifted by an acousto-optic modulator (AOM)
by about 80 MHz, such that a relative frequency shift of
Jf1—f2=frne = 1 kHz was generated to enable hetero-
dyne interferometry.

From the laser modulator unit, the light was then
delivered via optical fibers to the OBI. On the optical
bench, the beam paths were split into four different

™1

Laser Modulator |- Optical Bench
2 AOMs --» 4 Interferometers

Laser Control Unit

Unit

Reference Laser
Nd:YAG 1064nm

Telemetry

Power monitors

Frequency &

Amplitude feedback
Phasemeter

Processes 32 channels from
8 quadrant photodiodes

——> | Free beam

------- > | Fiber beam
v ——> | Analog signal
Data Management Unit |  -==--% » ' Digital signal

Computes test mass motion
and control loops

FIG. 1. A schematic overview of the OMS showing the
linkages between the subsystems. The electrode housing around
TMI is not shown.
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FIG. 2. The layout of the OBI showing the four interferometers
(X12, X1, Ref., and Freq.) and their associated A and B photo-
diodes. They provide redundancy, allow subtraction of common
noise, and improve the signal-to-noise ratio. The reference beam
is blue, the measurement beam is red, and combined beams are
purple. Two power monitor photodiodes (PM, PR) were used for
sensing and stabilizing the laser beam power. Also shown are the
TMs and their associated coordinate frames.

interferometers and finally detected by eight quadrant
photo diodes. About 2 mW was reflected off TM1 and
1 mW off TM2. The signals were processed by two hot-
redundant phasemeter units, which performed single-bin
discrete Fourier transforms [7] and passed data at 100 Hz to
the data management unit. This computed linear and
angular signal combinations, downsampled to 10 Hz,
and sent these signals to the onboard computer for use
in the spacecraft and TM control and as science output data
for downlink [10].

The optical bench interferometer: The OBI comprised
four interferometers, which were needed in order to achieve
the high precision readout: the so-called reference, fre-
quency, X1, and X12 interferometers, see Fig. 2.

In the reference interferometer, both beams were routed
entirely within the optical bench. The beams’ optical path
lengths were equal by design so that the reference inter-
ferometer sensed common mode noise sources that all
interferometers were subject to, such as differential phase
changes originating from the optical fibers or modulators.
The reference interferometer signal (xz) was therefore
subtracted from the all other interferometer readout signals
to obtain clean measurements.

In the frequency interferometer, both beams were again
routed entirely within the optical bench, however, the
optical path lengths were intentionally unequal by
~38 cm, which enhanced the coupling of laser frequency
noise. The phase readout signal of this interferometer had
the reference signal subtracted and was then used in a
digital control loop to stabilize the laser frequency
(see [11]).

In the X1 interferometer, the measurement beam
(indicated in red in Fig. 2) reflected from TM1 before
recombining with its reference beam (blue beam in Fig. 2)
to give x;. We then formed 0, = x; — xp, the displacement
between the free-falling TM1 and the optical bench and,
similarly, the angular signals 77; and ¢;. This interferometer
readout was dominated by spacecraft motion, since the
optical bench was rigidly connected to the spacecraft.

In the X12 interferometer, the measurement beam
reflected from both TMs before being recombined with
its reference beam. We formed o0;, = x;, — xp to get a
signal that sensed differential displacement between both
TMs and was therefore the main scientific readout signal in
LPFE. Similarly, we form the differential in- and out-of-
plane angular readouts ¢, and 77;,. By combining readouts,
1 longitudinal and 2 angular degrees of freedom were
measured optically for each TM. The power of each beam
was sensed by a dedicated power monitor photodiode.
Their signals were used in an analog control loop for fast
laser amplitude stabilization.

Results.—We present the amplitude spectral density
(ASD) of the differential TM-to-TM displacement meas-
urement in Fig. 3 and give an overview of its long-term
mission behavior in Fig. 4.

Figure 3 shows representative behavior under nominal
conditions over the frequency range of 1 mHz-5 Hz. It
highlights the modeled noise sources compared to the
readout requirement. The total noise ASD was computed
assuming all noises are uncorrelated.

We find that, at different frequencies, different noise
sources dominate. Below 20 mHz we are seeing genuine
differential displacement noise between the TMs, largely
driven by Brownian force noise on the TMs, as was shown
in [2,3].

With regards to intrinsic low-frequency noise of the
OMS, there are three main thermally driven optical path
length changes on the optical bench: the windows between
the bench and the TMs [14], the expansion of the Zerodur
baseplate, and the transmission through the beam splitters.
We estimate an upper limit of thermally driven noise by
taking the modeled thermal coupling, using an observed
thermal measurement at 1.17 mHz and a conservative
projection to higher frequencies [15], and assuming no
common mode rejection. Other thermoelastic induced
noise was estimated to be below this level [16].

Between 20 and 200 mHz, the measured noise is incre-
ased due to tilt-to-length (TTL) coupling, i.e., the cross-
coupling of lateral and angular jitter of the spacecraft and the
TMs to the differential displacement readout signal 0, [2,17].

Only above 200 mHz OMS noise dominates the
observed displacement noise. The most significant OMS
noise sources are phasemeter readout noise, laser frequency
noise, shot noise, and relative intensity noise (RIN). For
nominal operating conditions, the first two were the main
contributors, while shot noise and RIN were not limiting.
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FIG. 3.

ASD of the differential TM displacement noise 0y, on June 1, 2016, showing the performance of the OMS compared to its

noise requirement and to the individual modeled OMS noise contributions. Above 200 mHz, the sum of the modeled OMS noise
contributions is 29.7 fm/+/Hz, agreeing well with the observed level of 32.1 fm/+/Hz. Frequencies below 200 mHz are dominated by
other noise sources such as Brownian force noise and tilt-to-length coupling. We show an upper limit of the OMS sensing noise arising
from temperature induced path length changes in transmissive optical components. This graph was generated using the LPSD algorithm
[12] with 66.1% overlapping BH92 windows [13], targeting 1000 Fourier frequencies with 100 averages.

The noise performance over the course of the mission is
depicted in Fig. 4. Each blue data point corresponds to
12 min of data sampled with 10 Hz, averaged over the
nearly flat noise power spectral density frequency band
between 1.2 and 2.8 Hz. We have shown here only time
segments where the spacecraft was in nominal operating
mode without known interfering actions, such as the
deliberate cooldown near the end of the mission. We see
a bimodal noise distribution, which directly originates from
two states of laser frequency noise. It can also be seen that
June 1, 2016, used for Fig. 3, was representative (during a
time with lower frequency noise).

This shows that, compared to the required 9 pm/+/Hz,
the OMS operated stably and reliably with much
lower noise levels at all given times between 27.8 and

———— Noise Measurement
=1 8/C Cooling

Commissioning
Experiment etc.

> Station Keeping
7 DRS Operations

T = T
Wi 1 L
TH T
'lie 3.“{
i LSRR
i \' i Il 1
300 400 500
Time from launch (D)

45 T T
01.06.2016

(fm i)

1/2

012
w
S

S.

200 600

FIG. 4. OMS performance over mission duration. Shown are
short-time ASD estimates of the differential displacement readout
01, in the various mission phases, averaged between 1.2 and
2.8 Hz. The data from Fig. 3 is marked by the date 01.06.2016. S/
C, spacecraft; DRS, disturbance reduction system.

45.1 fm/v/Hz and a median of 32.0774 fm/v/Hz. This
marks the first ever long-term interferometric mea-
surement with unprecedented sensitivity and frequency
range in space.

Discussion.—We discuss the performance of the
system and model the contributing noise sources during
a representative period of 103 min starting at 18:46 UTC
on June 1, 2016, see Fig. 3. During this time, the space-
craft was operating in a minimum noise configuration,
with optimal configuration and no deliberate disturbances
applied.

We performed a large number of OMS experiments to
characterize different possible noise sources. A broader
overview under varying operating conditions will be
discussed in detail in a separate paper [10].

A comparison of the performance with the requirement
is not directly possible, since OMS noise is not limiting
in the 1-30 mHz frequency band. At 20 mHz and below,
the overall noise is dominated by Brownian force noise.
A very conservative comparison of the total noise at this
frequency with the requirement shows that the OMS
performed at very least a factor of 20 and up to a factor
of 280 better than required.

Laser frequency noise: Laser frequency fluctuations
couple directly into the phase measurement as described
by [18,19]

(2)

AL
Op = 2x—Ov.
c
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In this equation, d¢ are phase fluctuations measured in rad
and AL is the path length mismatch between the reference
and the measurement beam, ¢ denotes the speed of light,
and ov represents the laser frequency fluctuations measured
in hertz.

The frequency interferometer was particularly sensitive
to frequency noise due to its intentionally large path length
mismatch ALy — AL = 382 mm and was therefore used
to estimate its contribution to S, . By using Eq. (2)
expressed as an ASD and accounting for the fact that
the telemetry data from the X12 and frequency interfer-
ometer had the reference interferometer signal subtracted,
we find the corresponding displacement noise

12 AALp—ALg 42 12
opp.freq — E ALF _ ALR S‘PF _'Hr)]2 : S‘I’F .

(3)

For the data in Fig. 3, the maximum frequency noise S\ll,/f
was (270 & 13) urad/+/Hz at 0.38 Hz. The coupling
coefficient H, , was estimated by a dedicated experiment
on the same day, giving H, , = (82 £ 1) pm/rad, corre-
sponding to a path length difference of AL, — ALy~
368 pm, such that the resulting phase noise S 172 had a

015,freq
maximum of (22 4 1) fm/v/Hz.

We also experienced periods of slightly increased laser
frequency noise, during which it dominated the o4,
measurement at frequencies between approximately 0.2
and 1 Hz, causing the higher noise levels (bimodal
distribution) visible in Fig. 4.

Shot noise: In the given context, we understand shot
noise as statistical fluctuations of the incident photons on a
photo diode and the resulting photo current, which then
cause a phase noise. This noise occurs on every photodiode
segment and therefore enters both in the longitudinal and
angular readout signals. The phase noise in the longitudinal
readout of interferometer K € {X12,X1,R, F} converted
to an equivalent differential TM displacement noise is

estimated by
A e
S thot = , 4
K shot 27Cx 25k %ADC ( )
TIA

where C denotes the measured contrast and e is the elemen-
tary charge. In-flight measurements provide us with a

corresponding product term Xg =1ex(Pg,,+Pk.,) 5:1';,

which represents the normalized photo current in the
interferometer, with &g being the effective photodiode
responsivity and Pk, . denoting the power of the meas-
urement and reference beam. We computed the shot noise
trace in Fig. 3 by an uncorrelated sum of the contributing
noises from the X12 and R interferometers using Cg and X
telemetry, as well as the full range of the analog to digital
convertor (ADC) Uapc = 5 V and the effective transimpe-
dance Rppp = 6640 Q. The resulting noise level of

2.3 fm/+/Hz can likewise be found if typical values are
used instead of telemetry data: Xy~ 1.2, Cg > 95.%,
Pr~12mW, and 0.7 < gx <1 A/W.

Phasemeter noise: The phasemeter was the system that
processed the photocurrent from the photodiode segments
and produced an estimate of the phase of the 1 kHz
heterodyne signal. Each channel of the system consisted
of a transimpedance amplifier, a low-pass filter, an ADC
operating at 50 kHz to digitize the signal, and a digital
processing system that performed the demodulation to
measure the phase.

The dominant noise sources are the equivalent input
current noise and the quantization noise of the ADCs.
Using LISO [20], the circuit was modeled to give an
equivalent input current noise of S}e/l i =17 pA/v/Hz. The
remaining input current noise is attributed to the ADC and

. 1/2
was estimated from ground measurements as S Ii e =

102 pA/+vHz. From this the total input current noise
S}, 18 calculated and the equivalent displacement noise

derived using

1/2
S;(/Zh _ A S’101 (5)
,phasemeter Uapc *
ECK 22K Rria

The total phasemeter noise contribution in the 0, readout
is computed by an uncorrelated sum of the contributing
noises from the X12 and R interferometer. This gives an
expected phasemeter noise level of 28.7 fm/+/Hz, which
is the most significant contribution to the OMS noise
budget at frequencies > 200 mHz in the lower frequency
noise state.

Laser RIN: RIN describes intensity fluctuations of a
laser beam normalized by its mean. RIN results in instru-
ment noise via three different mechanisms: a time varying
direct force on the TMs (i.e., radiation pressure noise),
coupling to phase noise at the heterodyne frequency (1}
coupling), and coupling to phase noise at twice the
heterodyne frequency (2f}.; coupling).

The radiation pressure noise is suppressed well below the
total noise by a power control loop and the 1} coupling
by the use of balanced detection (i.e., by subtracting the
data retrieved from the A and B diodes).

The 2} coupling is common mode in the X12 and R
interferometers. This time there is no cancellation due to
balanced detection. However, in normal operations, the
control of the separation of the two TMs ensures that the
path length difference d,, , between those interferometers is
kept close to zero (e.g., d,, ~0.3 nm in Fig. 3), which
suppresses the effect described by

1/2 A . 477:
SO{%RIN :E\/Ersm —d,, ). (6)

where r is the RIN level of the laser at 2 f},.

131103-5
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Investigations of RIN coupling have been performed
over a variety of operating conditions throughout the
mission. From these, the estimated RIN in the frequency
band above 0.8 Hz is approximately white and varies
with time within the range from r=1.8x 107 to
5.0 x 107°/+/Hz, probably due to variations in laser
operating conditions. In total, well controlled RIN noise
proved to be an insignificant OMS noise, contributing no
more than 2.4 fm/+/Hz during normal operation.

Conclusion.—The LPF OMS was the first heterodyne
interferometer in space that measured the changes in
separation and angle between two freely falling TMs
housed within a drag-free spacecraft.

In flight the OMS performed stably and consistently
much better than its requirement. At frequencies above
200 mHz where the LPF performance was dominated by
the OMS, a median noise level of 32.0777 fm/v/Hz was
observed.

The unprecedented performance allowed dedicated
experiments to investigate the noise behavior in great
detail, allowing the development and validation of a system
noise model that approximates well the measured o,
displacement noise above 200 mHz.

It demonstrates that a heterodyne interferometer imple-
mented on a rigid, catalysis bonded platform using the
demonstrated noise suppression techniques can sense
multiple degrees of freedom at the level required for the
LISA local interferometry.
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