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ABSTRACT

The Laser Interferometer Space Antenna (LISA) mission
will be the first space-based gravitational wave
observatory, employing a 2.5 million km interferometer
formed by three spacecraft and six lasers. Establishing
laser links over such wvast distances necessitates
amplitude modulation at 10 Hz during initial acquisition
and periodically throughout the mission. This paper
presents a high-power, fiber-coupled optical switch
designed to enable such modulation. The switch
incorporates a straight stable primary path for science
mode and a secondary path, with light deflected by a
mirror. For acquisition mode, the laser beam is switched
from one path to the other, using a custom-designed, bi-
stable, electromagnetic actuator-driven mirror. The
design targets an optical power of 5 W, with <1 dB
insertion loss, >20 dB polarization extinction ratio, £0.05
dB stability, and a lifetime exceeding 5x10° switching
cycles.
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1 INTRODUCTION

The upcoming LISA mission represents a significant
milestone in gravitational wave astronomy, marking the
deployment of the first space-based observatory of its
kind. The mission architecture comprises three
spacecraft, forming three interferometers with arm
lengths of 2.5 million kilometres. This configuration is
designed to detect gravitational waves with picometer-
level resolution.

A critical challenge in this mission is the establishment
and maintenance of laser links across such extensive
distances. The acquisition process relies on 10 Hz
amplitude modulation of the laser beam, required during
the initial constellation setup and periodically throughout
the mission's operational lifetime. Here we propose to
achieve this modulation by redirecting the laser beam
using a high-power, fiber-coupled optical switch
positioned at the laser output.

2  MAIN REQUIREMENTS

The main design requirements for the high-power optical
switch, as defined by the European Space Agency (ESA),
are summarized in Tab.l. Since the switch operates
exclusively during the constellation acquisition phase,

the system architecture was designed to include:

- A primary optical path used during nominal “science
mode,” offering high performance and stability.

- A secondary optical pathused during “acquisition
mode,” where performance requirements are
relaxed.

Key performance targets for the primary path include an
insertion loss of less than 1 dB and a polarization
extinction ratio exceeding 20 dB. The switch must
support continuous operation at 5 W optical power,
exhibit bi-stable behavior, and maintain high
repeatability over a lifetime exceeding 5 million
switching cycles.

Given the challenges posed by the space environment,
particularly the risk of Catastrophic Optical Damage due
to volatile contaminants in vacuum, the switch should be
hermetically sealed in an oxygen-containing atmosphere.
Additionally, thermal management must be optimized to
handle power-related losses.

Table 1 Requirements for high power optical switch

Parameter Value
Optical power SW
Insertion loss <1dB
Polarization extinction ratio >20dB
Switch type Bi-stable, hermetic
Switching time <10 ms
Number of cycles (lifetime) 5x%10°
Insertion loss repeatability <+0.05 dB

3  ARCHITECTURE SELECTION
3.1  Optical architecture trade-off

Multiple optical switching architectures were evaluated.
MEMS-based switches were excluded due to the high
optical power, which poses a risk of overheating. Fiber
movement between paths was also dismissed due to
concerns over robustness in space environments and the
stringent switching time requirement.



Finally, the selected architecture involves redirecting the
beam in free-space using a movable mirror. Three motion
types were considered (Fig. 1):

1. Mirror rotation
2. Mirror translation in the optical plane
3. Mirror translation perpendicular to the optical plane

Since the laser remains active during switching, the first
two options risk directing the beam onto unintended
surfaces, potentially causing thermal issues. Therefore,
the third option, mirror translation perpendicular to the
optical plane, was selected.

Figure 1 . Mirror motion options: (top to bottom)
rotation, in-plane translation, and perpendicular
translation. Orange areas indicate laser sweep zones
during switching.

3.2 Mirror actuation trade-off

The actuator selection was guided by the following
criteria, derived from the requirements:

- Bi-stability to maintain mirror position during power
loss or vibration

- Stroke of several hundred micrometres

- Minimal particle generation (ideally frictionless)

- Low-voltage operation to avoid corona discharge

- Minimal residual magnetic field

Four actuation technologies were considered:
electrostatic, piezoelectric, electromagnetic, and shape
memory alloy (SMA). Electrostatic actuators were
rejected due to low force density and high voltage
requirements (~1000 V). SMA actuators were excluded
due to slow response (~1 s) and temperature sensitivity.
Piezoelectric actuators, though promising in force
density, were ultimately dismissed due to brittleness and
lack of bi-stability.

An electromagnetic actuator was selected as the optimal
solution. It offers bi-stability, sufficient stroke, low
power consumption, and fast actuation (<10 ms), despite
the presence of magnetic materials.

3.3  Mirror guiding trade-off
The mirror guiding mechanism was evaluated based on:

- Linear motion capability over several hundred
micrometres

- Minimal particle generation

- High precision and repeatability

- Good thermal conductivity

Two categories of guiding technologies were assessed:

- Friction-based: plain bearings, lead screws, ball
screws

- Frictionless: flexible membrane stages, bistable
stages

Friction-based solutions were dismissed due to particle
generation and lubrication challenges in space. Flexible
membrane guidance was selected for its precision,
cleanliness, and thermal performance.



4 SWITCH FINAL DESIGN

The final design of the high-power optical switch is the
result of the comprehensive trade-off analysis presented
previously and addressing the stringent requirements of
space applications. The switch comprises four main
subassemblies (see Fig,2):

- Optical Plate with Collimators
The optical plate integrates three custom-designed
collimators. In the nominal “science mode,” the laser
beam is transmitted through a free-space section
between two fibers. This configuration ensures
maximum stability by involving only static
components. During “acquisition mode,” a mirror is
inserted into the beam path, redirecting the laser into
a secondary fiber.

- Electromagnetic Bi-Stable Actuator
The mirror is actuated by a custom electromagnetic,
bi-stable actuator. The actuator is precisely guided
using flexible membranes, ensuring high positional
repeatability, resistance to vibration, minimal
particle generation, and a lifetime exceeding 5
million cycles.

- End Stop Structure
The actuator stroke is limited by an end stop
designed in accordance with ECSS standards.
Positioned opposite the optical assembly, this
placement minimizes the risk of contaminating
optical surfaces.

- Hermetic Encapsulation
All components are enclosed within a Kovar
housing, hermetically sealed via laser welding. This
design supports operation in a controlled
atmosphere, mitigating the risk of optical
contamination in vacuum. The encapsulation is
designed but not implemented during this phase.

This proposed configuration has several advantages over
other approaches:

- Independent assembly and testing of the optical and
actuator subsystems.

- End stop placement minimizes optical contamination
risk.

- Proximity of the thermalized satellite interface to the
optics enhances heat dissipation and reduces thermal
misalignment.
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Figure 2 High-Power 1064 nm Fiber-Coupled Optical

Switch: (a) CAD model, (b) Cut view, (c) Actuator
prototype, (d) Optical path assembly.

4.1  Optical assembly

To meet the stringent alignment tolerances, several
custom alignment jigs and procedures were developed.
These jigs enable um -level precision through linear
adjustments.

Each collimator consists of a ferrule, lens, and housing.
The lens is glued into its support (Fig.5¢) and fixed to the
ferrule support. The ferrule is then aligned rotationally to
ensure the correct polarization orientation (Fig.3a) and
glued in place after the precise setting of the distance
between the ferrule and the lens (Fig.4b). Subsequently,
the lens is aligned and secured to the ferrule support
(Fig.3b left). The complete process and design were
developed to ensure thermal conductivity and minimize
outgassing, with the amount of adhesive used for fixation
being optimized.

Once individual collimators are assembled, they are
aligned as a pair using a dedicated jig (Fig.3b right,
Fig.4a).

a) b)

N e
Figure 3 a): Ferrule alignment jig. b): Lens alignment
Jig (left) and collimator alignment jig (right).
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Figure 4 a) Aligned, shimmed and fixed optical
assembly with two collimators. b) Ferrule glued into
ferrule support. ¢) Lens glued into lens support.

4.2 Actuator

The actuator is a moving-magnet voice coil design (see
Fig. 5). It consists of a shaft with permanent magnets and
two static coils. This bi-stable configuration provides a
holding force exceeding 5 N without power, ensuring
stability during vibration.

Flexible membranes at both ends guide the shaft linearly,
eliminating the need for lubrication and minimizing
particle generation.
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Figure 5 Moving magnet voice coil actuator

4.3 End stop

To prevent contact between the moving shaft and static
structures of the actuator, an end stop mechanism was
implemented. It ensures precise and repeatable mirror
positioning while protecting against mechanical shock.

The end stop comprises static stainless-steel stoppers and
a mobile titanium carrier. Surface treatments were
applied to enhance hardness in compliance with ECSS
standards.

Static end-stop
M2 nut

Middle spacer Mobile end-stop

Mobile end-stop
support

Figure 6 Endstop design overview

5 PERFORMED ANALYSIS

To validate the feasibility and performance of the
proposed optical switch architecture, a series of
analytical studies were conducted. These analyses
focused on the optical system, actuator dynamics,
thermal management and mechanical end stop behaviour.
Selected results are presented in the following
subsections.

5.1  Optical Specifications and Performance

A comprehensive set of optical simulations was
performed using Zemax to optimize the design and
identify critical alignment tolerances. The simulations
evaluated the impact of various misalignments,
including:

- Collimator decentering and tilt

- Variations in collimator spacing

- Ferrule-to-lens distance changes

- Ferrule-to-lens decentering and tilt

- Mirror positioning and angular deviations

The results indicated that radial alignment between the
lens and ferrule (Fig. 7a), as well as mirror tilt in all
directions (Fig. 7b), are particularly sensitive and must be
precisely controlled as for the collimator tilt and
decentering (Fig. 7c). Mechanical tolerances alone are
insufficient to meet these specifications. The main results
of the simulations are shown in Tab.2.

Table 2 Summary of the expected dynamic performance
of the switch for one activation. main of the optical
Zemax simulation. The misalignment dimension is
shown with their respective tolerances to meet the

specifications of the switch.

Properties Value
Polarization alignment +6°
Collimator decentring + 50 um

Collimator tilt + 0.06°
Distance between collimators No relevant
influence
Ferrule to lens distance +70 um
Lens perpendicular translation +2 pum
Ferrule tilt No relevant
influence
Mirror translation + 50 um
Mirror tilt in optical plane +0.03°
Mirror tilt perpendicular to +0.04°
mirror surface
Mirror tilt out of optical plane +0.06°
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Figure 7 Schematics (left) and results (right) of the
optical Zemax simulation.

5.2 Actuator performance

The actuator’s performance was evaluated through a
combination of static finite element analysis and dynamic
lumped-parameter modelling. The models incorporated
electromagnetic, mechanical, and electrical parameters to
simulate switching behaviour under various conditions,
including nominal operation, vibration, and shock.

Key equations governing the actuator dynamics included:
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Where:

- x(t): Shaft position, in (mm)

- Myep: Moving mass, in (grams)

- A3(x),Ayz(x),Az3(x): Actuator permeances, in
(nH)

- 05(x,t): Magnet potential, in (A)

- N_: Coil number of turn

- I;(t): Current travelling through the actuated coil, in
(mA)

- L,(t): Current travelling through the passive coil, in

(mA)
- kg Flexible structure stiffness, in (L)
f mm

- Qgy(t): External acceleration (e.g. shock)

- Ly (x),Lyy(x), Li2(x): Coil self-inductances and
mutual inductances, in (mH)

- U;(t): Voltage applied on coil 1, in (V)

- R_: Coil resistance, in (L)

) (%) : Shaft velocity after shock, in (%)

- Xmin» Xmax: Shaft extreme positions, in (mm)
- e: Coefficient of restitution

Using these models, various scenarios, including nominal
voltage activation, vibration stimulation, and shock
stimulation, were simulated to estimate the expected
switch outputs. The interaction between the moving shaft
and the end stop was modelled using a coefficient of
restitution to account for impact dynamics, enabling an
assessment of potential rebound behaviour. A summary
of the actuator’s key properties under nominal voltage
pulse stimulation is presented in Tab.3, while its dynamic
response is illustrated in Fig.8. The actuator is expected
to generate a holding force close to 6 N, which is
sufficient to maintain the shaft position during vibration
(2.2 N required). Additionally, an activation time of
approximately 2.2 ms is predicted, well within the 10 ms
requirement.

Table 3 Summary of the main properties expected
during the switch activation.

Properties Value
Holding force 59N
Driving voltage 28V
Peak current 188 mA
Switching time 2.2 ms
Speed at contact 1074 mm/s
. Shaft position ; System sﬁmulati'orl
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Figure 8 Switch activation expected dynamic behaviour
in time.



5.3  End stop dimensioning

The dimensioning of the end stop was primarily guided
by two criteria: compliance with the hardness
requirements  outlined in  ECSS-E-ST-33-01C-
Rev.2 Mechanisms and ensuring that deformation-
induced stress remains below the material’s yield
strength, even under worst-case conditions.

Three scenarios were analysed:

- (a) Nominal switching,

- (b.1) Shaft pressed against the end stop during a
shock event,

- (b.2) Shaft switching in the opposite direction due to
shock (where the actuator’s holding force is
sufficient for vibration but not for shock).

Using the previously developed actuator models, the
contact velocity for each scenario was calculated, and the
resulting loads on the end stop were estimated.
Subsequently, static finite element simulations were
conducted to evaluate the stress distribution in the mobile
carrier and both static stoppers. A summary of the results
is provided in Tab.4 to 6, with visual representations
shown in Fig.9 and 10.

From these analyses, scenario (a) yields a margin on
safety (MoS) of ~0.5 for both moving and static
components, even when accounting for material fatigue.
In the worst-case scenario (b.2), the safety margin
decreases to 0.2 when considering the nominal yield
strength of the material (excluding fatigue effects).
However, since this scenario is expected to occur only a
few times during the switch’s lifetime, primarily during
ground testing and launch, it has been deemed
acceptable.

Table 4 Maximal axial deformation and maximal
stresses at the end-stop — scenario a) nominal switching

Properties Value
Contact force -
Speed at impact 1.07 m/s
Max z deformation 11 pm
Max stress in stainless steel (fixed parts) | 50 MPa
Max stress in titanium (mobile parts) 250 MPa
MosS fixed parts 1.00

Fatigue stress @ 10 cycles = 100 MPa
g y

MoS mobile parts 116
(Fatigue stress @ 107 cycles = 540 MPa) )

Table 5 Maximal axial deformation and maximal
stresses at the end-stop — scenario b.1) shaft pushed
against the end stop during shock

Properties Value
Contact force 47N
Speed at impact -
Max z deformation 1 um
Max stress in stainless steel (fixed parts) | 10 MPa
Max stress in titanium (mobile parts) 30 MPa
MoS fixed parts
(Allowable stress = r1)86.4 MPa) 17.64
MoS mobile parts 24.33

(Allowable stress = 760 MPa)

Table 6 Maximal axial deformation and maximal
stresses at the end-stop — scenario b.2) shaft switching
on the opposite direction due to shock

Properties Value
Contact force -
Speed at impact 2.5m/s
Max z deformation 27 um
Max stress in stainless steel (fixed parts) | 125 MPa
Max stress in titanium (mobile parts) 600 MPa
MoS fixed parts 0.49
(Allowable stress = 186.4 MPa) )
MoS mobile parts 0.26
(Allowable stress = 760 MPa) )
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Figure 9 Stresses in scenario b.2) in moving carrier
(stress concentration at the bottom of the shaft is
omitted)
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Figure 10 Stresses in scenario b.2) in stopper (stress
concentration on the radius of the central hole omitted)




6 PRELIMINARY RESULTS AND LESSON
LEARNS

6.1 High-power fibre-coupled optical switch
prototype

Following the completion of the design phase, a
prototype of the high-power fiber-coupled optical switch
is planned to be assembled. Up to now, three collimators
were successfully assembled and aligned on the optical
plate (see Fig.2 ¢)). An insertion loss of 0.765 dB and a
polarization extinction ratio (PER) of 24 dB, both passing
the requirements, were measured on the primary path.

The electromagnetic actuator was also assembled and
characterized (see Fig.2d). A summary of the measured
actuator properties is provided in Table 7. Notably, the
actuator has undergone over 200,000 switching cycles
without any measurable degradation in performance.

Table 7 Summary of the main properties measured on
the assembled actuator.

Properties Value

Holding force 52N

Driving voltage 20V
Peak current ~125 mA
Stroke 0.62 mm

6.2 Lesson learns

During the assembly and testing of the first prototype,
several key insights were gained:

Custom-made collimators

Initially, the use of off-the-shelf collimators was
considered, assuming that tight manufacturing tolerances
in the surrounding structure would be sufficient to meet
optical performance requirements. However, early
testing revealed that commercial collimators were
incompatible with the stringent specifications.
Consequently, a complete redesign of the optical
assembly was undertaken. This included the
development of dedicated alignment jigs and procedures
capable of achieving um-level precision.

Actuator consumption

The actuator model predicted a required activation
voltage of 28 V and a peak current of 188 mA. However,
experimental measurements showed a lower driving
voltage of 20 V and a peak current of 125 mA, resulting
in a limited temperature increase of approximately 2.5°C.
The discrepancy is not yet fully understood, but
preliminary analysis suggests that inaccuracies in the
conversion of magnetic permeance values from the finite
element model may be responsible. Deeper investigation

will be required to confirm this first understanding.
7 OUTLOOK

Having successfully completed the design, the
simulation, the assembly of the primary optical path and
the electromagnetic actuator. The alignment of the
secondary path as well as the positioning of the mirror
will be performed. Even if the system is compatible with
hermeticity, for the time being, the housing will not be
sealed by laser welding during this project, to be able to
access the optical assembly and the actuator if needed
during environmental testing. A first characterization of
the obtained optical switch will then be performed. We
will use a high-power laser (5 W) to verify that the
thermal management is satisfied, and that the alignment
is not impacted under the thermal load generated by
optical power losses in static operation. Furthermore, we
will test the switch performances including a
measurement of the driving voltage, the current
consumption the insertion losses, the switching time, the
repeatability of the actuation and the stability of the
alignment  while switching.  Additionally, an
environmental test campaign including operational and
non-operational thermal cycling, vibration, shock and
lifetime (with and without switching) will be made.
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