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Triple mirror assembly in the GRACE Follow-On laser ranging interferometer
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The Gravity Recovery And Climate Experiment (GRACE) Follow-On mission was launched on May
22,2018, to continue monitoring changes in the gravity field of the Earth by measuring distance variations
between two spacecraft that fly 200 km apart in a low-Earth polar orbit. The laser ranging interferometer
(LRI), a technology demonstrator onboard GRACE Follow-On, is the first of its kind to perform inter-
spacecraft ranging measurements and has shown noise levels of 1 nm/+/Hz at 100 mHz and 200 pm/+/Hz
at 5Hz. Its development was shared between parties in Germany and the United States. A key optical
component for the LRI’s success is the triple mirror assembly (TMA), which acts as a corner-cube retrore-
flector and enables the laser link between the two spacecraft. This paper presents the TMA design and
characterization from the unit level to measurements in orbit. The in-orbit measurements furthermore
provide the far-field intensity distribution of the Gaussian beams exchanged between the spacecraft after
traveling 200 km. We address lessons learned that have influenced the design of the next generations of

the LRI.
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I. INTRODUCTION

The US-German Gravity Recovery And Climate Experi-
ment (GRACE, 2002-2017 [1,2]) and GRACE Follow-On
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(2018—now [3,4]) missions map Earth’s gravity field with
unprecedented accuracy and time resolution. Such obser-
vations have proven crucial for a better understanding
of the Earth’s dynamics by disciplines such as climate
research, hydrology, geology, and oceanography. Both
missions consist of two almost identical satellites in a
near-polar low-Earth orbit, separated by 220 4 50 km.
That distance varies slightly due to the differential grav-
itational pull at one instance of time. GRACE used a
microwave instrument (MWI) [5] to measure these dis-
tance changes between two spacecraft (SC) at the microm-
eter level by means of dual one-way ranging, which,
together with accelerometer data and GPS orbit determina-
tion, allowed the reconstruction of the gravity field of the
Earth on a monthly basis. Owing to the success of GRACE,
the need to keep monitoring the Earth’s gravity field
beyond the mission’s lifetime became clear. GRACE’s
decommissioning occurred in October 2017 after it had
more than tripled its design lifetime. GRACE Follow-On
[3,6] was launched on May 22, 2018, keeping the MWI
as the main ranging instrument. Additionally, the laser
ranging interferometer (LRI) [7,8], was added to the mis-
sion as a technology demonstrator, with the goals of

Published by the American Physical Society
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FIG. 1. Simplified LRI layout. Top: SC and LOS perfectly
aligned; TMAL is ideal, TMA2 has a coalignment error in yaw,
Yrmaz2- The nonideal TMA2 introduces a misalignment of the
transmitted beam with respect to the LOS or nominal direction
shown as a dotted vector, which reduces the power received
by the far SC. Bottom: Both SC are rotated with respect to the
LOS. The SC rotations are measured by the QPRs using DWS
and corrected by steering the local beam using the FSM. LRI,
laser ranging interferometer; SC, spacecraft; TMA, triple mirror
assembly; BS, beam splitter; COM, center of mass; LOS, line of
sight; QPR, quadrant photoreceiver; FSM, fast steering mirror;
DWS, differential wave-front sensing; 0, pitch; ¥, yaw; ¢, roll.

SC1 (. Reference)

measuring ranging variations between the SC with noise
levels below 80 nm/+/Hz and of paving the way for future
laser-interferometric Earth-science missions GRACE-C
and ESAs’ next generation gravity mission (NGGM)
[9,10] and gravitational wave observatories in space such
as the Laser Interferometer Space Antenna [11].

The LRI is the first interspacecraft laser interferome-
ter and has been measuring distance variations between
the SC at the level of 1 nm/+/Hz for Fourier frequencies
around 100 mHz and 200 pm/+/Hz at 5Hz since shortly
after launch. A simplified version of the LRI layout is
shown in Fig. 1. The racetrack configuration was primar-
ily chosen to circumvent the MWI and cold gas tanks
(not shown in Fig. 1) that blocked the line of sight (LOS)
between the SC centers of mass (COMs) and, secondly,
to minimize tilt-to-length (TTL) coupling from SC attitude
jitter. TTL coupling is discussed in detail in Ref. [12] and
hence not further explained in this paper.

The LRI operates in an active transponder scheme where
the reference SC transmits a frequency-stabilized 1064-nm
laser beam to the transponder SC. The laser on the lat-
ter is phase-locked to the incoming beam with a 10-MHz
frequency offset and sent back to the reference SC where
heterodyne interference takes place between the local and
the incoming beam to generate a beatnote signal in the
megahertz range. The phasemeter extracts the phase of
this signal, which is proportional to distance variations

between the SC. The narrow Gaussian beam divergence
angle of about 135 prad makes alignment conditions criti-
cal for the interferometer to work since (i) the transmitted
(TX) beams have to be aligned to the LOS within the
LRI field of view of approximately 100 prad to deliver
enough light to the far SC and (ii) the received (RX)
and local beam wave fronts have to be within a simi-
lar alignment accuracy on the optical benches to enable
interference. The LRI field of view is much narrower
than the SC attitude control capabilities, which are about
4300 prad for pitch and yaw, respectively [8]. For this rea-
son, the LRI includes two quadrant photoreceivers (QPRs)
[13] that measure the relative angles between the wave
fronts of the local and the RX beams through differential
wave-front sensing (DWS) [14]. By driving a fast steering
mirror (FSM) [15] in a feedback control loop, these sig-
nals are kept at zero [16]. With this FSM, the LRI field of
regard is approximately #3.5mrad, limited by the aper-
ture of the baffles. The TX beam propagates through a
large retroreflector, the triple mirror assembly (TMA), that
ideally maintains the alignment between the RX and TX
beams and thus keeps the interferometer geometry in place
regardless of the local SC orientation, as is shown in Fig. 1.
Details of the LRI are given in Refs. [7,8], while in this
paper, we describe the flight model (FM) assembly pro-
cess, qualification, and their final characterization in orbit.
The requirements, as briefly introduced above, are dis-
cussed in more detail in Refs. [7,17,18]. The TMAs were
developed as part of the German contribution to the LRI
[18]. The detailed design, analysis, manufacturing, quali-
fication, and ground tests of the TMA development, engi-
neering, and flight models were performed by SpaceTech
GmbH in collaboration with Hensoldt Optronics GmbH
and with contributions from the German Aerospace Cen-
ters’ Institute of Space Systems and the Max-Planck Insti-
tute for Gravitational Physics (Albert-Einstein Institute).
This paper is organized as follows: Sec. II describes
the TMA design together with details about its assembly.
Section III summarizes the on-ground coalignment mea-
surements at different stages of the mission preparation.
In-orbit measurements are described in Sec. IV, which
includes the characterization of the transmitted beams after
traveling 200 km. A summary of the findings and their
impact on future LRI instruments is presented in Sec. V.

II. PROPERTIES AND ASSEMBLY

Retroreflectors hold properties that are invariant under
rotation around their vertex point [16,19], which make
them ideal for the LRI where significant SC attitude jit-
ter is present. These properties are (i) the propagation path
length through the TMA is twice the distance between the
beam starting point and a plane orthogonal to the beam
direction that intersects the retroreflector vertex, (ii) the
direction of the reflected beam is always antiparallel to the
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incident beam, and (iii) the lateral beam offset from the axis
parallel to the incident beam passing through the vertex
is the same for the incident and the reflected beams. Such
properties make the TMA a critical component for the LRI,
both in functionality and performance. This important role
comes with demanding requirements, especially in terms
of the so-called coalignment, defined as the angle between
the incoming and outgoing beams, which ideally is 180°
[20,21]. In practice, the TMA mirrors are not perfectly
aligned due to the manufacturing precision and, therefore,
introduce a mispointing of the beams traveling between the
two spacecraft, reducing the amount of exchanged pho-
tons. The pointing requirements regarding the received
optical power as well as so-called TTL coupling were stud-
ied intensively during the LRI development [20,22] and a
beam-pointing offset of 50 urad was set as a requirement.
The TMA consists of a mechanical frame that provides
a stable basis for the mirrors’ assemblies. It was developed
and assembled by SpaceTech GmbH and Hensoldt Optron-
ics GmbH; the Australian National University developed
an alternative TMA, and were involved in testing and
concept development for link acquisition. The basic com-
ponent of the frame is a 430-mm-long, 39-mm-diameter
hollow tube with 2 mm thickness made of carbon fiber
reinforced plastic (CFRP) that was chosen due to its low
coefficient of thermal expansion (CTE) and good stiffness-
to-mass ratio. Three mirrors are attached at the ends (one
at the input and two at the output) that form a virtual cor-
ner cube (or retroreflector) with its virtual vertex at the
SC COM—see Figs. 1 and 2. The mirrors’ assemblies
are made of Zerodur and are responsible for the precision
alignment. The hybrid design using CFRP and Zerodur
was considered the best compromise between structural
strength, thermal stability, and highly stable and accurate
alignment in the available space in the SC. The TMA is
connected to the accelerometer support plate using a tita-
nium bracket glued to a CFRP bracket, which is, in turn,
connected to the tube by means of adapter rings also made
of CFRP—see Fig. 2. The mirror assemblies consist of the
eight parts shown in Fig. 3: end-fittings 1 and 2, spacer

CFRP bracke} _ Accelerometer plate

FIG. 2. Photograph of a triple mirror assembly flight model
showing the carbon fiber reinforced plastic (CFRP) tube and
mounting bracket, as well as the Zerodur glass attachments that
hold the three mirrors (M 1-M3).

Spacer
ring 1

End-fitting 1 End—fitting 2

Mirror M3

Glue
(M2/M3)

M2 mount
Mirror M3

Spacer ring 1

Spacer ring 2

FIG. 3. Top, smaller images: Zerodur optical parts before their
assembly and coating. Bottom: Optical parts of the triple mirror
assembly attached to the carbon fiber reinforced plastic tube. See
text for details on the assembly procedure.

rings 1 and 2, the three actual mirrors (M1, M2, and M3),
and the M2 mount. The mirrors were coated with silver-
based broadband highly reflective coating optimized for
1064 nm, which exhibited minimal changes of the light
polarization within the TMA field of view.

The assembly procedure of the optical parts began by
gluing the Zerodur end-fittings 1 and 2 onto the tube ends.
The next step of the assembly consisted of shimming and
polishing spacer ring 1 to further improve the position
and angle of the end-fitting beyond gluing accuracy. Sub-
sequently, mirror M1 was wringed onto spacer ring 1.
Wringing is a technique used to create bonds between two
flat polished pieces of glass when they are brought together
due to van der Waals forces and allows manipulation of
the interface in rotation to achieve the required alignment.
Once the alignment is optimized the two pieces are pressed
together. The structural strength of the optical contacts was
enhanced by including glue pockets in the bonds. In this
configuration, the wringed bond provided both precision
alignment and stability, while the glue pockets enhanced
the mechanical integrity required for the launch loads.

The assembly process continued by wringing the
M1/spacer ring 1 onto end-fitting 1 and finally gluing
after position adjustment. After this step the TMA tube
with end-fitting 1 and M1/spacer ring underwent bake-out.
Next, mirrors M2 and M3 were wringed together and onto
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the M2 mount. Spacer ring 2 was then polished to compen-
sate for the errors between end-fitting 2 and the M2/M3
assembly. It was wringed onto end-fitting 2, before the
M2 mount, including the M2/M3 mirrors, was wringed to
the spacer on end-fitting 2. At this point, the TMA was
assembled, but fine adjustment of the coalignment was
still possible by rotation of the M2/M3 assembly around
end-fitting 2. Once this was accomplished, the glue pock-
ets were filled and the whole TMA baked out. The whole
assembly was carried out in a vertical orientation in order
to minimize gravity effects, i.e., the CFRP tube was ori-
ented upright such that bending of the tube by the weight
of the optical parts was minimized.

III. ON-GROUND MEASUREMENTS
A. Unit level

The TMAS’ coalignment at the unit level (after environ-
mental tests: vibration and thermal cycling) was charac-
terized regarding the effect of gravity and its temperature
dependency. The measurement setup is shown in Fig. 4
and consisted of a reference flat and an autocollimator
(500 mm focal length and 50 mm width, with an accuracy
of +£2prad). The reference flat was a block of Zero-
dur class zero (630 mm in length, 50 mm, and 100 mm in
depth) with two surfaces coated in silver that exhibited
parallelism of 1 urad, and was mounted on a 4-degrees-of-
freedom Invar athermal mount. The autocollimator mea-
sured both the angles (pitch # and yaw ) of a beam
passing through the TMA that reflected off the back surface
of the reference flat (measurement beam) and the angles
of a beam reflected directly off the front surface of the
reference flat (reference beam). The measurements were
multiplexed by a motorized shutter that blocked alterna-
tively one half of the autocollimator beam at a frequency
of 0.1 Hz. The difference between the two measurements
provided the actual TMA coalignment as follows:

OtvA = O — Or, (1)
Yrma = ¥M — YR, 2)

V=4 0’12"MA + W%MAa 3)

where the subscripts M and R stand for measurement and
reference beams, respectively. Equation (3) provides the
coalignment error in terms of a half-cone angle.

The coalignment error y after assembly of the flight
model versions was around 10 prad. It was subsequently
measured in horizontal and vertical orientations, i.e., under
1g and Og conditions, in vacuum, and at different temper-
atures. For measuring the influence of gravity, the auto-
collimator, reference flat, and the TMA were mounted on
a rotating table to mimic Og conditions. Both TMA flight
models behaved very similarly and in good agreement with

CFRP breadboard
Thermal enclosure
T=-5..45°C _ 0
T=20°C Thermal enclosure
7 g Ll
<
o0 / 5|8
g = |
=] [PRNS)
3 2 |5
5 \ &5
2 e | & .
A X'i © Motorized shutter (0.1 Hz)
v | a
Jz o .. S
fl g 2
=] g
N  :
/ \Autocollimator

Optical window

Thermal vacuum chamber
T=-5°C
P=10"%mbar

FIG. 4. Coalignment measurement laboratory setup. The auto-
collimator measured the angle of a beam going through the
triple mirror assembly and reflected off the back surface of the
reference flat (dark green) and a beam reflected directly from
the reference flat (light green, dashed). The beams were multi-
plexed every 10 s using a motorized shutter. CFRP, carbon fiber
reinforced plastic.

simulations. The results for both of them were

AO = Oy — 015 = +50 £ 2 prad, 4)
AY = Yo, — Y1g = +5 £ 2 urad. (5)

All the following measurements are corrected by these val-
ues in order to always compare the coalignment in its Og
state.

For the environmental tests, the TMA and the reference
flat were placed inside a thermal vacuum chamber (TVC)
in two independent housings with heaters. The reference
flat was kept at 20 °C, while the TMA temperature was
changed from 5 to 35 °C. The setup was highly insensitive
to common tilts coming from, e.g., the autocollimator, the
TVC, the optical window, or the reference flat, since they
canceled out when taking the difference between the ref-
erence and measurement beams. The results are shown in
Fig. 5. The colored traces are coalignment values at dif-
ferent temperatures in vacuum. The black dots represent
the measurements where the temperature of the TMA had
homogenized and reached a steady-state condition. The
dashed circle indicates the 50-purad requirement. The bot-
tom panels show the pitch and yaw angles as a function
of temperature. The dashed square indicates the coalign-
ment requirement within the LRI temperature range. Both
TMAs met the requirements for almost the entire expected
temperature range. However, the coalignment exhibited

044076-4



TRIPLE MIRROR ASSEMBLY IN THE GRACE-FO LRI

PHYS. REV. APPLIED 24, 044076 (2025)

60 TMA1 T (°C) 60 TMA2 T (°C)
40 s e 40 40 ST 8. |y
/ ' 7Y .
= 20 / \\ 30 20
] 0 | ) |
=

e 4
/ - \
/ / \ 30
| I
\ ) 20
N\ /
N ~ — -

20
= -2 / = -2
/
S 40 N _ 10 —40 10
R _
—60 0 ~60 0

-80 -80

-80-60-40-20 0 20 40 60 80

¥ (prad) ¢ (rad)

60

40

20

0
-20
—40
—60
-80
—100

0. % (urad)

=5 0 5 10 15 20 25 30 35 40 45
T (°C)

=5 0 5 10 15 20 25 30 35 40 45
T (°C)

FIG. 5. Coalignment for triple mirror assembly 1 (TMAI)
(left) and TMA?2 (right) in unit-level tests. TMA1 was tested
from —5 to 45°C to examine nonlinear behavior beyond the
laser ranging interferometer temperature range. Top figures:
Polar coordinates. Colors indicate the temperature from cold
(blue) to warm (yellow). The dashed circle indicates the 50-
prad half-cone angle requirement. Bottom figures: Pitch and yaw
coalignment errors as a function of temperature. The dashed
square represents the requirement in the LRI temperature range.
Black dots correspond to values where the TMA temperature had
reached a steady-state condition.

a nonlinear behavior around 30°C that caused sudden
changes of tens of microradians. In order to better observe
this behavior, the testing temperature range for TMA1 was
extended to —5 to 45 °C. A sudden change of —90 prad in
pitch was observed at 45 °C, which vanished while return-
ing to room temperature. The coalignment in yaw was
much less sensitive to temperature but still exhibited a
nonlinear behavior above 30 °C. At the low-temperature
end, there was no sign of nonlinearity. The reason behind
the sudden changes at high temperatures was attributed
to the thermal expansion of the glue in the pockets used
to strengthen the optical bonds between mirrors. Never-
theless, in the LRI temperature range, 10 to 30°C, the
coalignment behaved linearly and, thus, was modeled as

6(T) = ag(T — Tp) + by, (6)
V(T) = ay (T —Ty) + by, (7)

where Ty = 20 °C. The fitted temperature coefficients were
+2.4 urad/K for pitch and yaw on TMA1 as well as for
pitch on TMA2, and 42.9 urad/K for yaw on TMA2—see
Table 1.

The coalignment values between the TVC campaign
and the Og tests shifted by 34 purad and 51 prad in pitch
and yaw in TMAL and 19prad and 3 prad in TMA2
compared to the previous measurements in vacuum. The
half-cone angles y in April 2015 were 26 prad and 43 prad

TABLE 1. Unit-level TMA coalignment values b at 20°C
and temperature coefficients ¢ measured in the thermal vacuum
chamber.

ag (prad/K) by (urad)  ay (prad/K) by (urad)
TMAI1 +2.4 -5 +2.4 -30
TMA2 +2.4 +21 +2.9 +14

in TMA1 and TMAZ2, respectively. The coalignment shifts
were attributed to moisture accumulation on the CFRP
tube and/or the mirrors’ glue pockets over the time elapsed
since the last measurements, 6 months for TMA1 and 2
months for TMA2—see the Supplemental Material [23].

B. Spacecraft level

Coalignment measurements were taken recurrently at
the SC level to ensure that the TMAs remained func-
tional and within the requirements. First, the TMAs were
installed on a large breadboard to simulate the SC platform
and allow for the installation of all the LRI subsystems
together for the first time. The coalignment measure-
ments in such configuration showed changes of 8 prad and
14 prad in pitch and yaw in TMAI, and of 11 urad and
28 prad in TMA2 compared with previous measurements.

After that breadboard test, the LRI subsystems were
delivered and assembled onto the SC at the Airbus facil-
ities and, shortly after, coalignment measurements took
place for the first time at the SC level. TMAT1 had changed
by —8urad and —25 prad in pitch and yaw, respectively.
TMAZ2 had changed by —12 prad in yaw only. The half-
cone angles, after integration on the SC, were 21 prad and
61 prad for TMA1 and TMAZ2, respectively.

The next step consisted of shipping the SC to IABG
in Ottobrunn, Germany, for environmental tests (thermal
vacuum cycling, sine vibration, acoustic tests, electro-
magnetic compatibility tests, etc.). SC-1 went to thermal
vacuum cycling first and, subsequently, its coalignment
was measured. The results showed almost no difference
from the previous ones at Airbus. From February 2017 to
August 2017, SC-1 went through acoustic and sine vibra-
tion testing while SC-2 went through thermal vacuum,
acoustic, and sine vibration testing without the possibility
of coalignment measurements in between. The next mea-
surement was again on SC-1 in August 2017, and it exhib-
ited a large coalignment error in pitch, 8 = —126 prad,
that resembled the large jump observed at 45°C in the
unit-level tests. Such coalignment was close to the max-
imum allowed for the LRI to work in nominal conditions,
150 prad, and above the maximum value in worst-case
scenario conditions, 105 prad. Moreover, it raised con-
cerns about the mechanical integrity of the TMA, which
could not be assessed directly since it was now inaccessi-
ble inside the SC. The presumed reason behind this large
misalignment was the same one stated during unit-level
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tests: the expanding glue in the pockets slightly loosened
the optical bonds in the mirror assemblies and thus dom-
inated the TMA coalignment. In this case, instead of the
glue’s thermal expansion, the cause was moisture accu-
mulation over time. The idea was supported by visual
inspection on the spare flight and engineering models that
were found to exhibit loss of optical contact in several
bonds. TMAZ2’s half-cone angle after SC environmental
tests increased from 61 to 83 prad. TMA1 was measured
again under different orientations (by rotating the whole
SC) in order to assess whether the 1g to Og correction
was still valid. The results for the corrections were iden-
tical to the ones measured at the unit level. By the end of
2017, 5 months before launch, the coalignment values y
were 132 urad for TMA1 and 94 purad for TMA2. While
TMA1 had gone through a large “sudden” coalignment
shift, TMA2 had slowly accumulated coalignment errors
over time.

In view of these developments, it is important to note
that the TMA glue pockets have been designed to sur-
vive the launch loads on their own for the very reason
that was now observed: A potential loss of optical bond
during launch, e.g., due to shock loads, required that the
glue contact would ensure the structural integrity of the
TMA. This turned out to be a good engineering decision,
although the effect of moisture intake and glue expansion
over the years-long assembly, integration, and test process
had not been foreseen at that time. However, as now the
“potential case” became the nominal launch case, a series
of additional rigorous tests were performed on the TMA
qualification model, flight spare, development model, and
test samples, including qualification-level vibration tests
and destructive pull tests. Furthermore, in vacuum tests
on the qualification model and flight spare, it was verified
that within about 8 weeks in vacuum, the coalignment was
restored to the original levels, supporting the hypothesis
of moisture-related glue expansion. In parallel, measures
to fly the LRI with a DWS offset to compensate for larger
coalignment errors were investigated with a positive out-
come. With these results verifying the safety and in-orbit
performance, the TMAs were cleared for launch.

Next, the SC were shipped to the launch site at the Van-
denberg Air Force Base (VAFB) in California. Coalign-
ment was measured again, and small discrepancies were
observed from the previous results in Germany. Three
months before launch, the SC were moved to the space-
port operations Harris near the Space Launch Complex 6 at
the VAFB. The last measurements took place on March 14,
2018, and were consistent with the previous ones: 120 prad
and 81 prad for TMA1 and TMA2, respectively. Finally,
the coalignment temperature coefficients were also esti-
mated at the VAFB site. This was done by measuring the
coalignment while switching on SC subsystems, which
caused a TMA temperature increase of 5 K. For TMAI,
the pitch and yaw coefficients were —3.5purad/K and

4.9 purad/K, i.e., significantly larger than the ones at the
unit level and with a reversed sign in pitch—see Table 1.
The negative pitch coefficient resembled the one at the unit
level when returning to room temperature after the excur-
sion to 45 °C—see Fig. 5 (bottom left). This again supports
the root cause analysis that the TMA was in a similar state
as in earlier high-temperature measurements, although this
time driven by moisture accumulation in the glue pock-
ets instead of thermal expansion. It reaffirmed that, after
launch, the coalignment would slowly recover.

Fortunately, the LRI performance in orbit and dedicated
coalignment measurements described below confirmed
this.

IV. IN-ORBIT MEASUREMENTS

After a successful initial laser-link acquisition scan
[24-26], the LRI entered science mode on June 14, 2018,
on the first attempt, meaning that the interferometric link
was established, and ranging data were collected. The
recorded carrier-to-noise density ratio C/Ny was approx-
imately 88dB — Hz in both SC [8], which was close
to the expected maximum and indicates good alignment
of the optical bench, but also a low TMA coalignment
error, which was further confirmed by the measurements
described in Refs. [26-28] and the following.

In nominal operations, the DWS signal in the pitch and
yaw angles is zeroed by the steering mirror control loop to
ensure the alignment between the incoming and outgoing
beams on both spacecraft. By commanding nonzero set-
points to the DWS, the pointing of the locally transmitted
beam is altered. As discussed already in Sec. I, this mis-
pointing reduced the received beam power on the distant
spacecraft. Commanding the DWS setpoints in a pattern
allows mapping of the far-field intensity of the transmitted
laser beam alongside some more beam parameters [28].

Let Prx; be the received light power at the distant
spacecraft SC-i. It is measured through the interferomet-
ric beatnote amplitude, which is calculated from the digital
phase-lock loop (DPLL) running in the phasemeter as

Apn = V1?2 4+ Q?/k ~ Tk, ®)

where Z and Q are the in-phase and quadrature compo-
nents of the beatnote, respectively. The latter is kept at
zero by the DPLL. k accounts for gains in the measure-
ment chain. The beatnote amplitude Agy corresponds to
the coherent sum of the four quadrants of both QPRs, i.e.,

-A}23N = 4R2nhetn£splasern}rgsPRX x (I/k)2: )

where Pgrx is the received power at the distant spacecraft,
ngét) is the reflectivity (transmissivity) of the beam split-
ter, and npe the heterodyne efficiency—see, e.g., Ref. [22].

Notice that all the terms in Eq. (9) are constant over short
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time scales (a few hundred seconds) in nominal operations,
but the received power Prx; varies on introducing DWS
offsets in SC-j. For an elliptical Gaussian beam and non-
ideal TMA in SC-j, the normalized received power in SC-i
can be expressed as

2
(0 —6%) cos 9 +(yr; —?) sin ®;
Pg)(é(,ilel — AZZ eXp { _ [ J J 6? J J J
2
—(6;—6)) sin ¥ +(y; ) cos
o op :
J

(10)

where 6; and 1/; are the beam-pointing offsets introduced
on SCj. Qjo and 1//;) are the offsets at which the received
power in SC-i is the highest and they approximately corre-
spond to the TMA coalignment error in SC-j with the sign
inverted. ©¥; is the rotation of the principal beam axis leav-
ing SC-j, i.e., the ellipse semi-axes with respect to the LRI
optical frame. ©*" are the divergence angles of the beam
leaving SC-j within that rotated frame.

The measured data are, on the one hand, the squared
amplitude of the beatnote on SC-i, A2, and, on the other
hand, the beam-pointing offsets introduced on SC-j. The
free parameters in the model {A;, HJ-O, /Q, ®]"-‘, ®}’, U;} are
estimated by minimizing the sum of squared residuals x?
defined as

X2 — Z(Pgl)céiel _ ‘Aiz)2’

6 ¥

(11)

with (i=2,j = 1) and (i = 1, j = 2) for characterizing
the transmitted beams of SC-1 and SC-2, respectively.
The first in-orbit coalignment measurement took place
on June 18, 2018, during the LRI commissioning phase.
The DWS offset pattern applied in SC-1 is shown in Fig. 6
(left panel). It consisted of a 168-point spiral pattern and
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FIG. 6. Left: Differential wave-front sensing (DWS) offset pat-
tern applied on spacecraft 1 (SC-1). Top right: DWS offset
pattern as a function of time. Bottom right: Squared and normal-
ized beatnote amplitude in SC-2, A2, for the DWS scan in July
2018.
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FIG. 7. Power A? received on SC-i as a function of the mis-
alignment of the SC-j beam: measured data (dots) and fit (bell
shape) for the characterization of both beams in July 2018. The
written numbers denote the differential wave-front sensing off-
set angles (Q].O, 1/09) on SC-j at the maximum received power on
SC-i. These offsets are needed to compensate the triple mirror
assembly coalignment error. Left: SC-1 scanning (i = 2, j = 1).
Right: SC-2 scanning (i = 1, j = 2).

took 85 min for each SC to execute. The top right panel
shows the time evolution of the DWS offsets, and the bot-
tom right one shows the corresponding beatnote amplitude
A3 recorded on SC-2 throughout the scan.

The received power on SC-2 as a function of the DWS
offsets in SC-1 and the corresponding fit are shown in
Fig. 7 (left), which shows the intensity distribution of
the Gaussian beam leaving SC-1 after traveling 215 km.
This measurement revealed a TMA1 coalignment error
of —47.4+16.8 urad and —1.3 £ 13.6 purad for pitch and
yaw, respectively. Similarly, the right panel of Fig. 7
reveals a TMA?2 coalignment error of —4.4 + 9.8 prad and
52.4+16.6 urad in pitch and yaw, respectively. The time
evolution of these coalignment errors is shown in Fig. 8
over the green background color for the in-orbit period.
Table S1 in the Supplemental Material [23] shows all the fit
parameters. It is observed that the coalignment error almost
vanishes after some time in orbit and stays close to zero.

The Gaussian beam parameters, which have been coes-
timated alongside the TMA coalignment errors, exhibited
divergence angles between 124 and 146 urad in both axes
on both SC. The time evolution of the divergence angles,
shown in Table S2 and Fig. S1 in the Supplemental Mate-
rial [23], shows that the spatial properties of the Gaussian
beams exchanged are fairly stable.

The temperature susceptibility of the coalignment
was also roughly estimated from the in-orbit measure-
ments. The results for TMA1 are —0.3 0.5 urad/K and
—2.0£2.7 prad/K for pitch and yaw, respectively. The val-
ues for TMA2 are 1.1 0.1 prad/K and —2.3 0.6 prad/K
for pitch and yaw, respectively. These results are signifi-
cantly smaller than the ones measured just before launch
and thus confirm that they were mostly driven by the glue
due to moisture accumulation. More information can be
found in Ref. [28].
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V. SUMMARY

This paper discussed the design, construction, and test-
ing of large cornercube-like retroreflectors for the inter-
spacecraft laser ranging interferometer, called the triple
mirror assemblies. The major challenge was the narrow
requirement on the mirror coalignment. Figure 8§ summa-
rizes the coalignment error measurements of the two TMA
flight models from their assemblies in 2014 to the latest
in-orbit measurements in late 2022.

The initial coalignment errors were at the 10-prad
level but slowly changed over time and reached values
of 120 and 80 prad for TMA1 and TMA2 shortly before
launch, far beyond the requirement. The reason behind
this coalignment degradation over time was the expan-
sion of the glue pockets in the Zerodur mirrors’ assemblies
due to moisture accumulation. However, the LRI was able
to acquire the laser link at the first try, and subsequent
in-orbit measurements showed the TMAs’ coalignment
slowly recovered while the accumulated moisture out-
gassed until a near-perfect alignment was exhibited after
one year in space, as predicted from on-ground coalign-
ment characterization.

The in-orbit coalignment measurements also provided
the far-field intensity distribution of the Gaussian beams
exchanged between the SC after traveling approximatly
200 km and allowed us to estimate the beams’ divergence
angles. The results showed slightly elliptical beams with
a few percent larger divergence angles than the ones mea-
sured during on-ground testing. The exact values for all
ground and in-flight coalignment measurements are given
in Table S1 in the Supplemental Material [23], while
Table S2 provides the estimated Gaussian beam parameters
for the in-orbit measurements.

The next generation of gravity field missions will fully
rely on laser interferometry for the intersatellite ranging,
given its superb sensitivity and rather small size, weight,
and power requirements. More specifically, the upcoming
GRACE-C and NGGM missions will fly the laser interfer-
ometer with the GRACE Follow-On racetrack design as
the main instrument, with increased redundancy to meet
the reliability requirements. As for the TMA, the issues
addressed in detail in this paper have been solved by an
updated design of the glue-strengthened optical bonds,
which does not lead to the observed decontacting under
moisture and temperature while maintaining the alignment
accuracy, stability, and (relatively) easy assembly of the
units. More specifically, different glue pocket geometries
and different adhesives have been investigated and thor-
oughly tested over temperature, humidity, and long-term
behavior. In this investigation, the shortcomings of the
original design could be reproduced on representative sam-
ple pieces, and working solutions have been identified.
Ultimately, a different adhesive, which is cured at a higher
temperature and has lower coefficient of moisture expan-
sion and CTE, together expanding the usable temperature
range, is now applied and will be flown after successful
qualification.
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