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Abstract

Polarization modulator units (PMUs) represent a critical and powerful component
in CMB polarization experiments to suppress the 1/f noise component and mitigate
systematic uncertainties induced by detector gain drifts and beam asymmetries.
The LiteBIRD mission (expected launch in the late 2020 s) will be equipped with 3
PMUs, one for each of the 3 telescopes, and aims at detecting the primordial gravita-
tional waves with a sensitivity of 6r < 0.001. Each PMU is based on a continuously
rotating transmissive half-wave plate held by a superconducting magnetic bearing
in the 5 K environment. To achieve and monitor the rotation a number of subsys-
tems is needed: clamp and release system and motor coils for the rotation; optical
encoder, capacitive, Hall and temperature sensors to monitor its dynamic stability. In
this contribution, we present a preliminary thermal design of the harness configura-
tion for the PMUs of the mid- and high- frequency telescopes. The design is based
on both the stringent system constraint for the total thermal budget available for the
PMUs (<4 mW at 5 K) and on the requirements for different subsystem: coils cur-
rents (up to 10 mA), optical fibers for encoder readout, 25 MHz bias signal for tem-
perature and levitation monitors.
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1 Introduction

The Lite (Light) satellite for the studies of B-mode polarization and Inflation from
cosmic background Radiation Detection (LiteBIRD) mission [1-3] is the next gener-
ation space mission (expected launch in the late 2020 s) aiming to detect primordial
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gravitational waves at a level or < 0.001 which would provide a unique probe of fun-
damental physics and of the origin of the Universe [4]. A critical and powerful com-
ponent in CMB polarization experiments is the polarization modulator unit (PMU).
The polarization modulation methodology based on half-wave plate (HWP) can be
divided in two families: step- and-integrate HWPs (SPIDER [5], QUBIC [6-8]) and
continuously-rotating HWPs (ABS [9], EBEX [10], ACT-pol [11], POLARBEAR-2
[12], LSPE/SWIPE [13-15]).

The LiteBIRD mission will be equipped with 3 PMUs [16, 17], one for each
of the 3 telescopes (low-, mid- and high- frequency telescopes, LFT, MFT, HFT,
respectively), used to suppress the 1/f noise component and mitigate systematic
uncertainties induced by detector gain drifts and beam asymmetries. The mid- and
high-frequency telescopes are developed by the European consortium: they are han-
dled together because the cryogenic system and the thermal bus are shared. Both
MFT and HFT PMUs are based on a continuously rotating transmissive HWP,
levitating by means of a superconducting magnetic bearing (SMB) in the 5K envi-
ronment [18, 19]. To achieve and monitor the rotation a number of subsystems are
needed: launch locks to hold the PMU rotor during the launch; a clamp and release
mechanism to keep in position the rotor and cool it down up to 5K; 64 motor coils
to perform the rotation of the HWP; an optical encoder to read the position and the
velocity during the rotation; capacitive, Hall and temperature sensors to monitor its
dynamic stability.

As a result, a non-standard harness to connect the room-temperature control elec-
tronics to the cryogenic devices is needed. A careful harness optimization is manda-
tory for a space mission, both to minimize the conducted and dissipated power loads
on the cryogenic stage while properly serving each subsystem.

We present a preliminary design of the harness configuration for the PMUs of
the mid- and high- frequency telescopes: in Sect. 2.1 we describe the requirements
and the choice made for motor wires, the ones with high current; in Sect. 2.2 we
describe the position readout system; in Sect. 2.3 we describe the sensors used to
monitor the dynamics and the temperature of the rotor.

2 Harness

The MFT and HFT HWPs (and also LFT-HWP) are the first optical elements of the
two telescopes, operating at a nominal temperature of 5 K. A cryogenic mechanism
takes care of the clamp, release, levitation and rotation with extremely low fric-
tion of the HWP. The polarization modulator unit controller (PMUC) electronics is
located on the service module of the satellite, at a nominal temperature of 290 K. It
is composed of different boards which share the same master clock of the other sys-
tems of the spacecraft. The PMUC exchanges data with the spacecraft bus system
related to the dynamics and temperature of the rotor. Its block diagram is reported in
Fig. 1.

The PMUs and the PMUC:s are connected by a number of cables and optical fibers,
which we will call simply the harness. The harness provides all the necessary elec-
trical/optical connections between the room temperature PMUC and the sensors and
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Fig. 1 Polarization modulator control electronics: each warm block represents a different board, while
each cold block represents a different subsystem. The connections represent the harness (a 30 K stage is
not represented and is used only for the harness thermalization)

actuators located in the cryogenic environment. All the electrical cables and optical fib-
ers of the harness need to be optimized to minimize the heat load on the cryogenic
section of the instrument. Between the 300 K and the 5K stages an intermediate ther-
malization stage is available at 30 K: 4 m and 2.5 m are the 300 K-30 K and 30 K-5 K
routing lengths, respectively. The total heat load on each stage is composed of the con-
ductive heat load and the Joule losses produced by the bias currents:

T, T,
= —k(T)dT + — —dT
Q -/Tl L ( ) _/Tl 4 lavg dT (1)

where Q is the heat flow, k(7) is the thermal conductivity of the material, A and L
are the cross-sectional area and the length of the wire and T and T, the temperatures
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Table1 PMU harness configuration: type, number and load for each type of PMU-subsystem for the
total of the two telescopes

Type Wire Redundancy Load 5 K Load 30 K
# # (uW] [mW]

Motor coils CuBe 32 32 370 1.75
Clamp and Latch CuBe 8
Launch locks CuBe
Optical fibers Plastic 8 8 35 ~ 0.20
Capacitive sensors Coax 10 10 25 1.5
Hall sensors Manganin 8 8 60 2.1
Temperature sensors Manganin 16 16
Spare Manganin 8 8
Total - 94 94 490 5.55

at both ends of the conductor, while p(T) is its electrical resistivity and i,,, the aver-
age flowing current. The cross-sectional area and the length of the wire can greatly
affect the heat loss: too short of a wire will cause heating, too long of a wire will
increase its resistance which may impact the circuit operation and increase the
power dissipated in the wire itself. The minimization of the heat load is achieved
providing proper heat sinking at the intermediate temperature stage, and selecting a
conductor material with good electrical resistivity and limited thermal conductivity.

The total harness power loads expected on the 5 K stage and on the 30 K stage
are 490 W and 5.3 mW, respectively. This configuration gives a remaining cooling
power available on the 5 K stage of ~3.5 mW, which is compatible with contin-
gency with the expected dissipated power from PMU operations [16]. Table 1 sum-
marizes the configuration and the power load for each harness subsystem which will
be described in the following subsections.

2.1 Motor

The motor harness is the most critical one since the motor coils are operated with an
average current of few Ma [16]. The wire resistance should be minimized to reduce
both the Joule heating and the voltage needed to produce the current. The motor har-
ness controls:

e § sets of coils, requiring 8 different current phases to operate. The current in each
of these wires runs for 25% (12.5% positive and 12.5% negative) of the time,
and ranges from 300 mA at startup to less than 5-7 mA during operations. The
resistance of the coils is very low at cryogenic temperature, so the resistance of
the wires must be minimized to maximize the energy efficiency of the system.
Each telescope has 8 (phases) times 2 (go and return) times 2 (redundancy) = 32
wires, i.e., 64 wires for the two telescopes.

e the Clamp/Release and latch wires [21], which require a large current (~ 0.7A)
for a short time (0.1s) when actuated, and zero current for the rest of the time.

@ Springer



Journal of Low Temperature Physics (2023) 211:407-414 411

10% 1

Mang. - MFT  —— CuBe - MFT
—— CuBe - HFT

Load [uW]
=
<

02
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Diameter [mm]

Fig.2 Power load produced on the 5 K stages of MFT and HFT for manganin wires (dotted lines) and
Beryllium—Copper wires (continuous lines). Black lines represent the total contribution in the two con-
figurations

Each telescope has 4 (go and return) times 2 (redundancy) = 8 wires, i.e., 16
wires for the two telescopes.

e the launch locks' wires, which require large current (~ 1.0A) for a short time
when actuated, and zero current for the rest of the time. Each telescope has 2 (go
and return) times 2 (redundancy) = 4 wires, i.e., 8 wires for the two telescopes.

We have selected Beryllium—Copper (CuBe) conductors for these wires, featur-
ing low heat conductivity with reasonably high electrical conductivity. The best
trade-off between heat dissipated in the wire and heat conduction towards the cold-
est stage consists in using the commercial AWG28 (0.321 mm diameter) wires.” Fig-
ure 2 shows a comparison of the total expected heat load versus conductor diameter
produced by different materials (CuBe and manganin) for the two HFT and MFT
telescopes (different average current). The estimated total load produced by CuBe
wires for MFT and HFT on the 5 K stage is 370 pW and 1.75 mW on the 30 K stage.

2.2 Optical Fibers

The position readout is obtained by means of two circles of slits on the periphery of
the rotor. The passage of a slit at a reference angle position is sensed by the passage
of a pulse of near IR radiation (normally blocked by the rotor disk) through the slit.
Near IR radiation is carried and collected by two optical fibers (smaller heat load
respect to wires and cryogenic sensors) for each slit circle, transferring radiation
from and to the room temperature transmitters and receivers [16]. This configuration

! https://www.ebad.com/tini-pin-puller/

2 According to Preece equation [20] (only radiative heat transfer considered), the DC fusing current of
the AWG28 CuBe wires is ~1A which is comparable to the current spikes needed for the clamps, latches
and launch locks systems. On the other hand, the expected melting time is >200s which is orders of mag-
nitude larger then the operating time required for these systems («1s).

@ Springer


https://www.ebad.com/tini-pin-puller/

412 Journal of Low Temperature Physics (2023) 211:407-414

damps their dissipated power at room temperature, saving cooling power at 5K.
Each PMU uses 4 optical fibers, plus 4 spares for the relative and absolute encoder
readout. We have selected 50/125 multimode glass optical fibers, already used in
cryogenic environments [22] and with estimated power load less than 354W for both
PMUs on the 5 K stage and of the order of 2004'W on the 30 K stage.

2.3 Sensors

Each PMU has a set of sensors to monitor the status and performance during the
rotation:

e 3 capacitive sensors [23] monitor the temperature and levitation height of the
rotor [24] and 1 capacitive sensor mounted on the stator used as a reference. In
case of nominal performance the capacitive sensors will be used occasionally
to check the status of the rotation in order to avoid rotor discharge during con-
tinuous operation. Each sensor requires an input signal and produces an output
signal (at ~ 25 MHz for capacitive coupling), both traveling through their coax-
ial cable., for a total of 6 coaxials for each PMU. We have selected semi-rigid
cables® with low thermal conductivity Brass center and CuNi outer conductors
and a total attenuation of <10 dB. Each telescope has 1 input signal cable (4
capacitive sensors connected in parallel) times 2 (redundancy) and 4 output sig-
nal cables time 2 (redundancy), i.e., 20 coax cables for the two telescopes.

e 1 Hall sensor” for each PMU help in reading the position and monitor the wob-
bling, if accurately calibrated. Due to the high dissipation (~10 mA required on a
resistance of 1.8Q implies 180 mW of Joule heating on the coldest stage which is
not negligible compared with the total power budget), Hall sensors will be used
only during the rotor release and occasionally to check the status. They can be
also used as a redundancy for position and wobbling readout systems. Here we
take into account only the heat load produced by the wires when the system is
turned off. Each telescope has 1 Hall sensor times 4 wires (negative/positive sup-
ply current and differential signal) times 2 (redundancy) = 8 wires, i.e., 16 wires
for the two telescopes. The material chosen is manganin to reduce as much as
possible the conductive heat.

e 2 diode temperature sensors for each PMU will be used to monitor continuously
the stator and the clamp temperatures. 2 temperature sensors times 4 wires times
2 (redundancy) = 16 wires, i.e., 32 wires for the two telescopes. Since the oper-
ating current is negligible (<10 uA), the material chosen is manganin, to reduce
as much as possible the conductive heat.

e 4 spare wires per each telescope will be installed in case something goes wrong
during the integration of the system and an additional sensor or component is
needed. 4 wires times 2 (redundancy) = 8 wires, i. e., 16 spare wires for the two
telescopes.

3 model GVLZ036 from http://www.gvl-cryoengineering.de/docs/coaxal0.pdf
4 https://www.cryomagnetics.com
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The total power load produced by the sensors on the 5 K stage is 85uW: 25 yW
from the coaxial cables and 604W from AWG32 manganin wires (0.202 mm diame-
ter). On the 30 K stage the power load is 3.4 mW: 1.5 mW and 2.1 mW from coaxial
cables and manganin wires, respectively.

3 Conclusions

We presented the baseline thermal design of LiteBIRD PMUs harness for the mid
and high frequency telescopes. Both PMUs have a polarization modulator control
electronics located at a nominal temperature of 290 K and connected by the harness
to the polarization modulator units located at 5 K. The harness is composed of CuBe
for the motor wires, where the “high" current is flowing, optical fibers for position
readout, CuBe coaxial cables for the capacitive sensors, and manganin wires for the
other housekeeping sensors. With optimized selection of materials and cross sec-
tions, this configuration produces a total power load on the 5 K stage of 490 uyW
which is consistent with the stringent requirements of the LiteBIRD mission, giving
a remaining cooling power available on the 5 K stage of ~3.5 mW, which is compat-
ible with contingency with the expected dissipated power from PMU operations.
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