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ABSTRACT

We report a novel Optical Beam Steering Technique (OBST) for fiber to free-space to fiber coupling with extreme
stability of the coupling efficiency and high tolerance to temperature fluctuations. The compact optical system
is based near monolithic (ZERODUR) fiber couplers and relies on optical wedges and plates to perform the
fine-steering of the optical beam. In our approach, we use coarsely aligned fiber couplers and then perform the
fine alignment using the wedges and plates. This separation of fine and course tuning significantly reduces the
manufacturing and assembly requirements of the fiber couplers. At the same time, it results in a much-reduced
sensitivity to drifts increases the stability and reliability of the breadboard. OBST achieves a coupling efficiency
(CE) of 94% with long-term fluctuation of 0.1% RMS at stable temperatures and 1.4% under repeated vacuum
temperature cycling over a 30K range. Even under extreme mechanical stress (random vibrations of up to 8.3g)
the RMS vibration of the coupling efficiency were less than 0.3% RMS. The optical breadboard technology has
therefore achieved TRL5.

Keywords: Beam steering, Chemical species, Fiber couplers, Glasses, Optical alignment, Optical components,
Optics manufacturing, Temperature metrology, Transmitters, Zerodur

1. INTRODUCTION

With the arrival on satellites of LIDAR, optical communication, laser ranging, and quantum technologies, the
complexity of optical experiments in space has increased enormously. High-capacity communication links be-
tween ground stations and satellites are crucial for many applications, such as earth observation, due to the large
information capacity required.! In order to achieve the high sensitivities needed, optical fiber amplifiers can be
used where the light is coupled into single-mode fibers.? In addition, to avoid cloud coverage, the optical signal
from multiple optical ground stations needs to be simultaneously coupled to several optical fibers on the space
terminal. This increases the complexity of the system and the need for stable optical beam steering technology.
Quantum sensors and atom clocks, on the other hand, rely their operation on complex light-conditioning bread-
boards. A large number of proposed missions incorporates these devices, aiming to perform experiments in the
context of dark matter search and gravitational-wave astronomy,® gravity sensing and fundamental physics.*°

In many cases, the light-conditioning can be handled by in-fibre devices; however, often the requirements
exceed what can be achieved in single mode waveguides. For instance, if frequency shifting realized with acousto-
optic modulators or very high extinction ratios are needed, the light has to be coupled out of the fiber onto a free-
space breadboard and back into the fiber. The fiber’s single mode nature results in very stringent requirements
for the optical breadboard and its components. The PHARAO mission was forced to use active stabilization of
many optical components increasing the risk of failure.® For LISA-Pathfinder a breadboard optical bonding was
chosen, where alignment errors have to be corrected by re-machining the optical components.” Clearly, these
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solutions are very costly and/or complex to become common practice in space missions. On another approach
optical wedges were used to couple light into single-mode fibers.® This technology was applied in space atom
clock in 2018.° According to the authors, the results indicate that the optical system is suitably robust for the
space applications for which the rubidium atomic clock was built, but this high stability occurs only within a
limited temperature range.

In this paper, we report on the developments of a novel beam steering technique based on the use of optical
wedges and flats to perform the steering of the beam in a precise and robust fashion. Compared to our first
prototype,'? we achieved to reduce the optical breadboard’s volume by 54%. The performance of the breadboard
has been demonstrated in the presence of 30K temperature fluctuations under vacuum and up to 8g vibrations
in atmospheric pressure.

2. DESIGN FEATURES

One of the objectives of the proposed technique was to reduce the overall cost of optical breadboards by a)
optimizing the size of the coupler/collimator b) using a material that exhibits a lower coefficient of thermal
expansion (CTE) ¢) miniaturizing the optical components. The performance of a prototype breadboard was
demonstrated under a relevant to the applications identified environment. The material of the breadboard
components was selected to be the ZERODUR DKO class, with less than half the CTE of the DK1 class used
in our previous approach. In addition The volume of all the breadboard components was reduced by 54%
compared to the previous approach. We performed a finite element thermomechanical analysis to understand
the effect of temperature variation on the ZERODUR components in order to mimic the possible scenarios inside
a space vehicle. The analysis showed that ZERODUR components reveal minimal mechanical deformation for
the critical optomechanical interfaces such as lens-coupler and fiber-coupler interfaces. This deformation is in
the nanometers and micro degrees range.

The breadboard was inserted into a specially designed vacuum chamber. On the surface of the latter, the
temperature varied in the range [10,40]°C with a PID-controlled heating/cooling rate equal to 10°C/h. The
coupling efficiency (CE) of the breadboard was measured to reach 94.4%. In addition, the CE fluctuations under
stable temperature was measured to be 0.1% RMS, while under thermal cycling 1.36%. As for the mechanical
durability tests, vibration tests were performed according to rigorous standards (see Tablel) with the acceleration
reaching 3.5g in sweep mode, 8.3g in random accelerations and 89.4g for 1ms in shock testing.

3. THERMOMECHANICAL ANALYSIS

We performed an in depth analysis of the system’s behaviour in the presence of temperature variations. The
setup and workflow of the finite element simulation is presented below. We examine the steady-state thermal
analysis over a range of temperatures and discuss the effects of thermal deformation results on coupling efficiency.
The investigation included three different levels of the system, namely the a) Breadboard, b) the Mount-Wedge
holder - prism and, c¢) the Coupler lens system. For each system, the effect of the temperature differential was
investigated. We find that the displacement due to exposure to a temperature gradient and the resulting changes
in coupling efficiency is practically negligible.

All the calculations were performed in SolidWorks. In order to calculate the deformation two separate
simulations are carried out. Initially, a thermal analysis which calculates the thermal profile for the system
under investigation and, subsequenctly a structural analysis is performed using the aforementioned thermal
profile which calculates the deformation (among other quantities).

3.1 Breadboard Thermomechanical analysis

Boundary conditions for the Thermal simulation

In order to simulate the thermomechanical behaviour of the breadboard in space, the following setup was
used. The breadboard was enclosed inside a metallic enclosure and rested on 4 mounting feet. The feet were
made from an insulating material. Complete vacuum is assumed therefore there is no convective heat transfer.
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Table 1: Specification of OBST prototype

e Eatremely high coupling efficiency of 94.4%

o Fxceedingly small fluctuation of the coupling efficiency
under extreme (relevant) conditions

— Stable temperature: < 0.1%pzys @ 25.5°C over a period of 5 days

— Thermal Cycling: < 1.4%pgys during ~ 6 days of thermal cycling between 10 and
40°C@10.05K/h

— Vibration < 1.4%pgus @ 8.3g

e Vibration testing was successful and the breadboard complied

to requirements of the following standards:

— EN 60068-2-6:2008 (IEC 60068-2-6:2007)
— EN 60068-2-64:2008 (IEC 60068-2-64:2008)
— ISO 20780:2018

e The couplers have been miniaturized by a factor 2 in volume compared to our previous work.'"

Conductive heat transfer is allowed to occur in all body surfaces that are in contact with other bodies. These
surfaces are assumed bonded.

Radiative heat transfer was simulated with the use of the following thermal boundary conditions. For the
enclosure, the following Dirichlet boundary conditions were set: the Internal Bottom surface (where the feet are
attached) was set to 23°C and the Internal Top surface was set to 33°C. This achieved a temperature difference of
10K. By adjusting the Dirichlet BCs it was possible to test at different temperature differences. The temperature
differences that were investigated were 10K, 20K and 40K. For the remaining internal surfaces of the enclosure
box Von Neuman Boundary conditions were used.

Boundary conditions for the structural simulation

The mechanical boundary conditions were set such as to fix one point in space and allow the remaining
structure to deform freely without artificial constraints. Additionally, in the structural simulation the box and
the mounting tabs are excluded from the analysis (the elasticity modulus of the mounting tabs is so small that
essentially the BB and the mechanical box are uncoupled and their inclusion only increased simulation processing
time without improving the accuracy).

The thermal and structural analysis parameters previously described constitute a simple model that imitates
a test setup. The thermal profile is shown in Fig. 1 while an example of typical deformation can be seen in Fig.
2.

Proc. of SPIE Vol. 11852 118526R-4
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Figure 1: Temperature profile. The top and bottom of the enclosure are set to 43°C and 23°C respectively. The
temperature difference between the top and bottom at the center of the BB is only 4.7K
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Figure 2: Thermal and structural analysis results for the optical breadboard. a)Resultant deformation with the
thermal analysis, b)Total resultant displacement (Exaggeration of the deformed state (150x) for visual purposes

a

3.2 Mount-Wedge holder-Prism system Thermomechanical Analysis

The aim of the simulation was to determine if the different thermal expansion of the UV fused silica wedge and
the Zerodur wedge holder would result in considerable strains on the wedge. Increased strain might affect the
optical properties of the wedge. All surfaces between different parts are assumed bonded where any faces are
touching. The fixing points used were the points of the wedge holder-mount interface. For the thermal load, a
constant temperature of 100°C, significantly higher compared to the expected specifications, was set throughout
the system. The temperature for zero deformation was set at 23°C. The simulation performed of the entire
system (wedge holder-wedge) revealed minimal strain (5.35e-5) as shown in Fig.3.

3.3 Coupler Lens system Thermomechanical Analysis

The aim of this analysis was to determine what is the maximum displacement observed on the lens when it is
fitted in the coupler. In the main breadboard analysis, the lens was not included. The tradeoff to include the
lens in the analysis was not favorable (significantly increased model complexity and processing time for a small
effect). As a compromise, it was considered a better solution to investigate the effect of the lens displacement in
the coupler in a submodel i.e. the Coupler - Lens system.

For the thermal load, a temperature of 23°C and 33°C was set on the bottom and top surface. The tem-
perature for zero deformation was set at 23°C. For this simulation, the fixing points used were the points of
the center of the lens, in order to be able to estimate the displacement of the lens. The layer of adhesives was
not included in the model. The reasoning behind this approach is that the glue is much thinner than 100um.
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Figure 3
Mechanical layout and structural analysis results for the wedge holder-wedge system. a)Wedge holder including
UV fused silica prism and ZERODUR mounting blocks for thermal/displacement /strain analysis, b)Resultant
strain of the mount-wedge holder-prism system

As a result any expansion in it’s thickness even for a temperature difference of more than 10K is bound to be
submicron. Additionally, a significant characteristic which can contribute to the deformation of the adhesive(i.e.
the non uniform thickness) cannot be accurately simulated. Fig. 4 presents the coupler’s structural analysis data
in terms of radial displacement wrt the symmetry axis of the lens, and it can be seen that the displacement is in
the order of 0.02 microns.
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Figure 4: Resultant Radial displacement component of the Coupler lens system

3.4 Conclusions of thermal simulation

The thermal simulation of the ZERODUR, components revealed minimal mechanical deformation for the critical
optomechanical interfaces. This deformation was in the nm and micro degree range for the temperature range
the thermal testing was performed. This analysis took into account only the displacement of the optical elements
(lenses, fiber ferrule) and not their differential expansion. The thermal simulation of the wedge holder with the
prism mounted as well as the simulation of the prism at 77K temperature difference only showed mechanical
compressive strains in the order of 0.003%. The coupler lens system simulation at temperature difference 10K
(top and bottom surface) also exhibited sub micron displacements. Overall, the simulation results suggested
that the thermomechanical deformation of the ZERODUR components is in the order of submicron.
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4. OPTOMECHANICAL DESIGN

OBST design inherits a large number of the critical features developed in the context of our previous work.'"
Nevertheless, significant improvement has been achieved such as a notable decrease in volume by 54% and
increased stability due to the different approach in the mounting of the optical fiber into the fiber coupler. All
the mechanical mounts for the optical components can be seen in Fig. 5.

One point of emphasis of the OBST design is the reduction in complexity of the fiber coupler as in Fig. 5a,
which results in simpler manufacturing, higher precision, larger stability, and easier assembly. It is a ZERODUR
block to which we drill three concentric holes with different diameters. This nearly monolithic design greatly
simplifies the manufacturing and assembly of the coupler on the breadboard, whilst improving its stability.

The most important factor for the stability of the OBST breadboard is the concentricity of the fiber and the
lens. A vertical displacement of the fiber by only a few micrometers will cause a total loss of coupling. One of the
essential aspects of OBST is to keep the construction of the coupler as simple as possible with as few adjustable
parts as possible. The ferrule of the optical fiber is inserted into a glass sleeve, which in turn is inserted into the
zerodur coupler. The tight tolerances of the components together with the cylindrical symmetry of the bonding
surfaces ensures maximum stability against thermal expansion or mechanical misalignments.

The lens is mounted into a counterbore. The concentricity of the counterbore is ensured by using a lathe
that drills consecutively the hole for the placement of the lens and for the fiber. The size of the counterbore is
chosen small enough so that the lens is sufficiently constrained in position for the OBST wedge and plate system
to compensate any misalignment in angle. It is chosen large enough to accommodate the tolerances in the sizes
of the hole and lens, leaving sufficient space so that the lens does not touch the sides of the counterbore. The
lens is bonded to the 2mm thick rim of the counterbore (rather than its sides), thus ensuring that the differential
thermal expansion does not put undue pressure on the lens.

Figure 5: ZERODUR components a) fiber coupler, b) wedge holder, ¢) supporting cube

The optical fiber is terminated on one side by an AR-coated FC-APC fiber connector, and on the other end
by an AR coated APC ceramic ferrule of 1.8 mm diameter. The ferrule is inserted into a glass sleeve as seen
in Fig. 6 (note that the tolerances are only +5 pm for the ferrule and +0.010 mm for the sleeve, thus ensuring
near-perfect fit). The sleeve is then inserted into the ZERODUR coupler block hole.

After validating the compliance of the received optomechanical components with the specifications, the fiber
to fiber alignment was performed in the following steps. First the collimator was assembled by bonding the
lens into the block, inserting the fiber-ferrule and collimating the beam. The collimation is monitored and
recorded using a novel and precise technique!! that was developed in our group in the context of OBST. Our
method quickly and accurately measures the diameters of Gaussian, Airy or Bessel beams ranging from sub-
millimeter to many centimeters without specialized equipment. The ferrule was then fixed in place by UV-curing
the adhesive. Second, the collimated fiber couplers were bonded onto the breadboard after a rough alignment.
Then, the corrective optics (optical wedge pair and plate) are put in place and aligned using standard laboratory
translation stages and mirror mounts. The CE was continuously monitored using a photodiode. Finally, after
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Figure 6: Ferrule inside the glass sleeve.

the maximum CE was achieved, all the components were fixed in place by UV-curing a thin layer of glue that
was applied on the components before the start of the process. The integrated OBST breadboard can be seen
in Fig. 7.

Figure 7: The integrated OBST breadboard. The red line represents the optical path.

5. TEST RESULTS

The performance of the breadboard was evaluated in the presence of temperature fluctuation under vacuum
and under vibration in atmospheric pressure. For the thermal tests, in order to avoid thermal effects of the
responsivity of the photodiode we measured both the input and output light on the breadboard inside the vacuum
chamber using the same photodiode. That was achieved by putting the breadboard in a metallic structure with
a mounted servo motor - photodiode system that moved repeatedly between the measurement point of the input
and output light. All of these components were placed inside a vacuum chamber (P = 1073 Torr). The fiber, the
thermocouples, the vacuum sensor, the servo power/signal and the photodiode readings were connected using
vacuum feedthrough connectors (Fig.8a).

The breadboard was thermally tested under stable (25.5°C) and ramping temperature (range on the walls
of the vacuum chamber: [10,40]°C, rate: 10°C/h). For this purpose, the system was cooled using a commercial
freezer and heated with heating tapes along with a PID controller for linear temperature ramping (see Fig.8b).
The chamber was placed inside a thermally insulating foam box with small air gaps and a fan system to improve
the temperature homogeneity. Experimentally, the system was tested on stable temperature for 5 days achieving
94.4% CE with 0.1% RMS fluctuations (see Fig.9) and on ramping temperature for 6 days achieving 94.1% CE
with 1.36% RMS fluctuations (see Fig.10). The correlation between CE and temperature on the breadboard
surface can be seen in Fig.11. A strong positive correlation is observed with a slope of 0.33% /K.

Proc. of SPIE Vol. 11852 118526R-8
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Figure 8: a) Final assembly of the vacuum system with the breadboard - I/O light measurement system and
the vacuum feedthrough connectors, b) thermal enclosure
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Figure 9: Thermal testing results for stable temperature: The system was initially cooled until the temperature
on the walls of the vacuum reached a temperature of 11°C ) and then left to stabilize at room temperature for

about 160 hours (considered stable for the last 120 hours). The max and min CE values is shown with black
dashed while the red dashed line represents the mean CE value.

The performance of the prototype has been thoroughly tested in the presence of vibrations and complied with
the requirements of a number of standards. The vibration testing was performed using RMS electrodynamic

vibration test system: Shaker SW 6505 with a peak force of 11772N, max. acceleration 981 m/s2 ;max. speed
1.20m/s and max displacement 13mm.

The tests were performed in three axes, including a potential mounting scheme see Fig. 12. The specifications
for each axis were the following:

e Low-level survey (about 0.1 g, swept up to 2000 Hz) which constitutes a reference test allowing unexpected
frequency shifts or amplification changes to be detected. The sweep was performed in 4 octaves/min.
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Figure 10: Thermal testing results for temperature cycling. Two axes are displayed, one for temperature and
one for CE.
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Figure 11: Coupling efficiency as a function of the mean temperature of the breadboard for the same 140 hour
run presented in fig. 10.

e Intermediate level sweep (-3dB referenced to 3.5 ¢, swept in range 5 Hz— 100 Hz— 5 Hz); The sweep was
performed in 4 octaves/min.

e Sweep in range 5— 100— 5 Hz at 3.5g. The sweep was performed in 4 octaves/min.

e Max 8.3g RMS at a random spectrum between 20 — 2000 Hz.
During the testing the operational performance of the breadboard was validated by measuring the power at

the output fiber. Standard deviation at the order of one percent has been observed in the output power during
the testing. After every test the CE was measured and no loss of power was observed within our measurement
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Figure 12: a) Mounting scheme of OBST designed mount plus adapter to the vibration table, b) bare mounting
on the table using supports.

relative error which was at the order of 2%. At the end of the test no visual damage, cracks, opening or loose
parts were observed. The mounting technique of the breadboard has also been tested against a sinusoidal sweep
of 3.5 g between 5 and 100 Hz and exhibited 0.15% RMS fluctuation in the output power. This shows the extreme
stability of the breadboard, which not only survived an even harsher environment relative to standards for fiber
optic components in space systems, but also exhibited the same behaviour over the duration of the tests. This
can be seen in Fig. 13, where in the upper panel we plot the acceleration of the specimen while in the lower
the CE. No significant change in the stability of the CE was observed in the presence of vibration. OBST has
proven to not suffer any measurable plastic deformation as a result of the vibration testing (change in CFE < 2%
limited by measurement precision). The CE of OBST has also been tested with random accelerations at 8.2 g
between 20 Hz and 2 kHz with the RMS of fluctuations in CE being 0.28%. The mounting scheme was also
tested during a sinusoidal 3.5 g sweep test in a frequency range from 5 Hz to 100 Hz and found to comply to the
relative standards.
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Figure 13: Qualification level sweep: 0dB, 3.5 g, 5— 100 — 5 Hz. CE remains stabilized at 94.8%. CE
RM S = 0.15%. The upper panel shows the acceleration [g], the lower one the coupling efficiency [%].
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6. SUMMARY AND OUTLOOK

The main objective of this work was to build upon the basic principles and the knowledge gained during our
previous work'® and optimize the design in order to meet the highly demanding needs of complex space missions.
We have successfully demonstrated reduced system complexity, which led to reduced component manufacturing
specification demands and offered alignment flexibility, stability and accuracy. In addition, the design was
miniaturized by a factor of two relative to our previous work in volume increasing the compactness of our
approach. Coupling efficiency at the order of 94% with 0.1% RMS variation under stable temperature and 1.36%
during thermal cycling have been demonstrated. The vibration test campaign revealed that the breadboard
complied to a number of standards (see Table 1) with the acceleration reaching 3.5 g in sweep mode, 8.3 g in
random accelerations and 89.4 g for 1 ms in shock testing.

The proposed technology has potential applications in the context of earth observation. The long-term
future in gravity sensing can benefit by the developments in atom interferometry, which could be considered in
the context of the Copernicus Program.'? Just like in most potential cold atom missions, this results in rather
extreme requirements in laser light conditioning that can be met with the use of OBST. In addition, any future
mission using cold atoms in space, such as atom-interferometers, atom-quantum gravity missions etc could benefit
from the proposed work. This include missions aiming to perform experiments in the context of dark matter
search and gravitational-wave astronomy (AEDGE?), gravity sensing and fundamental physics (STE-QUEST,”
MAQRO?). Furthermore any mission, which requires complex manipulation of light using active optics, such as
quantum cryptography, can profit from OBST. Finally the proposed technology can find application in optical
communication concepts where coupling incoming light into single mode fibers is essential.

Our future goal is to build upon the knowledge gained through OBST and proceed to the construction of a
full light-conditioning module, including active optical elements (acousto-optical modulators, shutters), that has
potential application in future cold-atom experiments in space.
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