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Abstract. The most ambitious challenge in Experimental Cosmology today is the accurate
measurement of the polarized signal of the Cosmic Microwave Background (CMB). This
paper is focused on two of the critical instrumental challenges in the polarization measure-
ment which forthcoming experiments like LSPE/SWIPE and LiteBIRD will deal with: the
receivers and the polarization modulation system. SWIPE is one of the two instruments of
the Large Scale Polarization Explorer (LSPE) which aims to measure the CMB polariza-
tion at large angular scale with a goal of tensor to scalar ratio r = 0.01. The detection of
this tiny signal requires a very large array of polarization-sensitive detectors coupled to an
imaging optical system to obtain a wide field of view. The development and testing status
of a multi-mode pixel assembly is presented.

In the second part of the paper we present the status of the polarization modulator. This
system offers a solution to disentangle the polarized signal of interest from these unpolar-
ized foregrounds and a rapidly-rotating half-wave plate is the most promising scheme. The
LSPE/SWIPE polarization modulator unit operates at 1.6 K and is based on magnetic levi-
tation which can significantly reduce the friction. A large number of tests were performed
on a room temperature mockup and the optimized configuration is presented. A polarization
modulator similar to the LSPE/SWIPE one will be used in the LiteBIRD mission, the next
generation satellite mission planned to be operative in ~ 10 years, which will map CMB
polarization 20 times deeper than Planck, with a total error of ér < 0.001. The develop-
ment of the two polarization modulator units is more challenging than for SWIPE due to
the spacecraft requirements and the Technology Readiness Level (TRL) required.

1. Introduction

The search for the primordial B-modes in
the polarization of the Cosmic Microwave
Background (CMB) is the main challenge in
the experimental cosmology. After its discov-
ery [Penzias and Wilson 1965| the CMB repre-
sents an essential source of information about
all epochs of the universe. The cold dark mat-

ter model (ACDM) gives us the most accurate
description of the constituents and the evolu-
tion of the universe and can be extended by
adding cosmological inflation, a short period
of exponential expansion in the very early uni-
verse. Inflation’s basic predictions |Guth 1981
regarding the universe large-scale geometry
and structure have been borne out by cosmo-
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logical measurements to date. Inflation pre-
dicts also the existence of a background of
gravitational waves, or tensor mode perturba-
tions. The amplitude of tensors is convention-
ally parameterized by r, the tensor-to-scalar ra-
tio at a fiducial scale, and its imprint in the
CMB polarization is a direct measure of the
energy scale of inflation. Theoretical predic-
tions of the value of r cover a very wide range.
Conversely, a measurement of » can discrimi-
nate between models of inflation. The current
upper limit is » < 0.06 at 95% confidence
Planck Collaboration 2020L

The detection of this tiny signal requires
a very large array of polarization-sensitive
detectors coupled to an imaging optical
system to obtain a wide field of view, thus
maximizing the mapping speed. Current
and forthcoming experiments are designed
with this philosophy (thousands of detec-
tors and a modulation technique), but each
approach is quite different from the other
depending on the location and the strategy
Thornton et al. 2016, Grayson et al. 2016,
Polarbear Collaboration 2020,
Mennella et al. 2019] Battistelli et al. 2020,
Gualtieri et al. 2018, [Benson et al. 2014.

Another  promising  instrument  is
SWIPE |de Bernardis et al. 2012 one of
the two instruments of the Large-Scale

Polarization Explorer
Aiola et al. 2012, Lamagna et al. 2020,
LSPE Collaboration 2021/ which aims to
measure the polarization of the CMB at
large angular scale with a goal of r = 0.01.
SWIPE is the balloon-borne instrument
which will be launched from Longyearbyen
during the arctic night. After other ex-
periments launched during the summer
Masi et al. 2019, |Paiella et al. 2019, SWIPE
will be the first scientific long duration bal-
loon launched from the arctic pole during
the winter. SWIPE will focus the incoming
radiation on two large curved focal planes (at a
temperature of 0.3 K) hosting 326 multi-mode
pixels with Transition Edge Sensor (TES)
thermistors, divided in the 3 frequency bands:
145GHz (30% bandwidth), 210 GHz (20%
bandwidth) and 240 GHz (10% bandwidth). A
145 GHz sample was tested in a customized

(LSPE) experiment

0.3 K cryostat, using also a cryogenic neoprene
absorber, developed to reduce the background
on the detector at a level similar to the one
expected in flight, allowing to measure the
main beam of the pixel assembly (see §2)).

Unfortunately the CMB polarization sig-
nal is well below the level of unpolar-
ized foregrounds. This makes systematic er-
rors due to temperature-to-polarization leak-
age particularly detrimental. Polarization mod-
ulators offer a solution to separate the po-
larized signal of interest from these unpolar-
ized foregrounds. Many polarization modula-
tion schemes exist [Brown et al. 2009, and a
rapidly-rotating half-wave plate (HWP) is one
of the most promising. The SWIPE polariza-
tion modulator unit uses this technique and op-
erates at 1.6 K to reduce the background on
the detector produced by the HWP emission
Columbro et al. 2019! The technology adopted
is based on a superconducting magnetic bear-
ing (SMB) which can significantly reduce the
friction. We present the baseline design of the
modulator which was already tested on a room
temperature mockup (see §3).

The polarization modulator is also one of
the key components of the LiteBIRD mis-
sion, the next generation satellite mission
Hazumi et al. 2020, Lamagna et al. 2020/ ex-
pected to be operative in ~ 10 years, which
will map CMB polarization 20 times deeper
than Planck, with a total error of 6r < 0.001,
conservatively assuming equal contributions of
statistical error, systematic error, and margin.
The use of 3 continuously rotating HWPs (for
the low, middle and high frequency telescopes)
mitigates important systematic errors already
observed in Planck data. Their development is
more challenging than for SWIPE due to the
spacecraft requirements and the Technology
Readiness Level (TRL) required. The possibil-
ity to use a scaled design is discussed in

2. Multi-mode receivers

The SWIPE instrument uses multi-mode re-
ceivers, a choice which boosts the sensitivity of
the instrument, at the expense of angular reso-
lution (which is not required for a large-scale
polarization survey), simplifying the readout
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and data processing. In the focal plane, 20 mm
aperture horns are coupled to large detector
absorbers (10mm mm diameter, see Fig. E]),
with the TES sensor located on the side of the
spider-web absorber. The pixel assembly has
been checked at room temperature and tested
at the bolometer base temperature of 300 mK,
inside a custom cryogenic testbed, looking at
a Gunn oscillator (128 GHz) located in the far
field. We developed a custom cryogenic neo-
prene absorber, in addition to the stack of stan-
dard metal meshes low-pass filters. Such de-
velopment reduced the background on the de-
tector at a level similar to the one expected in
flight, allowing to measure the main beam of
the pixel assembly. The measured FWHM is
21°, slightly narrower than the one (24°) re-
quired for optimal coupling to the telescope
lens, due to vignetting produced by the filters
stack.

2.1. Horn and detector design

The key design guideline of SWIPE is
to focus on the efficient collection of mi-
crowave photons and on the polarization pu-
rity |[Legg et al. 2016L In order to optimize the
collecting efficiency, we rely on a multi-moded
coupling of the radiation to the detector. We
assume that each of the modes transports the
same fraction of the available radiative power
from free space to the absorbing element of
the detector, and that the contributions from
the modes add incoherently to determine the
total power collected by the system. Under
these assumptions, a multi-mode system at fre-
quency v has a theoretical throughput, AQ(v) =
N,,(v)A%, where A is the effective collection
area, Q is the effective solid angle of accep-
tance of the system, A is the free-space wave-
length of the photons and N,, the number of
modes collected. The signal-to-noise ratio of
an individual detector scales as

[ B»esp(VAQ)dy
O PNL

where B(v)AQ(v)dv is the power collected
from a source of brightness B within a band dv
centered at frequency v, e€gp is the frequency-
dependent bandpass efficiency, opyy is the

SNR =

o< (N2, (1)

veff (GHz) 145 210 240
HPBW 30% 20% 10%
NmOeg) 13 26 34
NmOjgw) 10 23 32
NmOhigh) 17 32 39
AQ (cm?sr) 056 053 053
Table 1. Basic parameters of the SWIPE pix-
els, including effective frequency, half-power
bandwidth (HPBW), number of modes se-
lected at the nominal frequency by the waveg-
uide selector in the horn-cavity assembly, vari-
ation in the mode coupling at both edges of the
band, and nominal system throughput.

signal variance, and the brackets in the last
term highlight a weighted average over the
instrument passband. Therefore, an instru-
ment with multi-moded coupling exhibits the
same sensitivity per detector as N, individual
single-moded sensors, sacrificing high resolu-
tion which is not required for B-mode polariza-
tion detection [Hiramatsu et al. 2018| The ob-
tained FWHM is 1.4°.

The mode selection in the SWIPE pixels is
performed by feeding radiation from a smooth
conical horn into a cylindrical waveguide act-
ing as a mode filter. A basic treatment of the
cylindrical waveguide modes allows to tune the
guide diameter in order to get the desired num-
ber of modes per channel. The SWIPE pixel as-
semblies employ 4.5 mm diameter, 10 mm long
waveguides connecting the output of the horns
to the tapered transition, which feeds a cylin-
drical cavity hosting the multi-mode absorber.
With the chosen waveguide, the SWIPE detec-
tors couple to different numbers of modes, as
listed in Tab. [Il The characteristics of the an-
tenna are shown in Fig.[I]

The cross-section of the multi-moded sim-
ulated beam pattern at 145 GHz (the frequency
used during tests) is shown in Fig. 2] The
FWHM is 24° and the working half aperture
defined by the stop located just before the
HWP is 30°.

The detector absorber Biasotti et al. 2014
is a large (10 mm diameter) Si3sN4 membrane
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110 mm

BP+FC SCH MSWG STT ABS+BS

Fig. 1. Schematic of the SWIPE pixel assem-
bly, highlighting the bandpass filter and fil-
ter cap (BP+FC), the smooth conical horn an-
tenna (SCH), the mode-selecting waveguide
(MSWG) and the smooth tapered transition
(STT) hosting the multi-mode spider-web ab-
sorber and its backshort (ABS+BS).
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Fig. 2. Beam cross section at 145 GHz.

with a mesh size of 250 um, suspended with
a thin legs structure (Fig. [3) and designed to
minimize its cross section for incident cos-
mic rays, which are potentially very danger-
ous for CMB measurements in the stratosphere
The transition-edge sensor
(TES) is a Ti/Au bilayer with 7, ~ 550 mK
(detail of Fig.[3), thermally coupled to a Bi/Au
microwave absorber.

Near the transition temperature 7., TES de-
tectors exploit the sharp resistance variation
of a thermistor which enables to measure ex-
tremely small temperature variations occurring
in an absorber upon absorption of a photon.
The bolometer was designed to work in the
stratospheric background, so Py = Ppigs +
Popi < Py where Py, is the power used
to bias the bolometer, P, the optical power
which comes from the sky and Py, is the satu-

ke

Fig. 3. Detector absorber membrane (10 mm
diameter). The TES detector is located in the
bottom part of the external ring.

ration power (~ 25 pW in the case of samples
under testing).

Testing the detectors at the cryogenic base
temperature is very challenging because of
multiple difficulties: the detector should be
cooled down up to 300mK; the background
on the absorber should be reduced below the
detector saturation power by means of a filter
chain; the magnitude of standing waves intro-
duced by the filters should be minimized as
much as possible to neglect its impact in the
beam pattern.

We use a three-stage dry cryostat (Fig. [)
composed of a pulse tube mechanical cry-
ocoolefl] whose cold head cools down the
first two stages to about 40K and 4K and a
“He/’He fridge to cool down the last stage to
about 300 mK.

A 120 mm diameter, 6 mm thickness high-
density-polyethylene (HDPE) window is lo-
cated on the bottom of the external shell. A
thermal shader is mounted on internal side of
the window to reject the far infrared radia-
tion. We developed a new absorber made of
neoprene which was coupled with a set of fil-
ters (10 cm™! low-pass filter, 12 cm™! low-pass
and FluoroGold on the 4K stage and 15cm™!
low-pass filter on the 40 K stage) to reduce the
background on the detector. Without this kind

! Sumitomo Heavy Industries Ltd
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Fig. 4. Picture of the cryostat inner stages (up-
side down). The antenna is mounted on a cop-
per plate on the evaporator while on the second
stage is visible the SQUID series array box.

of absorber, the most common technique con-
sists in using a configuration with two reflec-
tive neutral density filters (NDF, transmission
~ 1% each) mounted at room and/or cryo-
genic temperature. Due to the high reflectivity
of NDFs which reflect back most of the radi-
ation, using 2 parallel NDFs produces stand-
ing waves which can impact significantly on
the beam pattern measurements. The simplest
way to solve this issue consists in tilting the
filters, one with respect to each other, with
a tilt across the filter surface larger than the
test wavelength. However, in our configura-
tion, tilting the filters increases the distance be-

tween the horn and the window, reducing the
free aperture of the system and the beam tails
are strongly affected by diffraction produced
by the rings of the tilted filters stack. This is the
main reason why we decided to develop this
innovative technique based on a neoprene ab-
sorber which allows to cooldown the detector
up to 300 mK with a P,,, < 15pW.

The beam  pattern  measurements
Columbro et al. 2020/ are performed by
means of a tunable D-band Gunn oscillator,
movable on graduated rails in an x-y plane
located in the far field of the pixel assembly
antenna under test (while the z axis is the
optical symmetry axis of the antenna). The
linear coordinates x,y were then converted
to angular coordinates. The Gunn oscillator
(~ 10mW in the range 115GHz-145GHz
feeds a rectangular antenna (25dB gairEE
through a variable attenuator, and is modulated
according to an input reference coming from a
function generator.

Fig. |5 shows the simulated and the mea-
sured 2D beam maps (AR7,(6y, 6,)) which are
the combination of the Gunn angular response
(ARg(6y, 6,)) and the antenna angular response
(ARAnt(em ey)):

AR7,(6y, ey) = ARg(0,, gy) * ARpni(05, Gy)- 2

When compared to the NDFs configura-
tion beams, the measured beams do not present
bumps or lacks of radiation and their shape
is close to the expected one but is not in full
agreement: by using Eq. [2| the measured an-
tenna FWHM is 21° for the p-polarization
beam, while the expected one is 24° (Fig. [5).
The width of the main peak is similar but
there are some features in the measured beam
which are not expected. This discrepancy could
be due to vignetting induced by the cryostat
window and filters stack (geometrically seen
as a +12° stop). The issue will be solved by
the measurements in the LHe SWIPE cryostat,
where the 500 mm diameter aperture allows for
pixel beam patterns without vignetting.

2 http://www.aerowave.net/Catalog/28.
pdf
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Fig.5. Measured beam (b) compared to the
simulated beam (b) combined with the Gunn
antenna response. Each beam is normalized to
its maximum.

3. LSPE/SWIPE polarization
modulator

The LSPE/SWIPE polarization modulator unit
is composed of a continuously rotating HWP
(500 mm), cooled down at ~1.6 K with a power
dissipation much smaller than the other heat
loads on the superfluid helium bath of the in-
strument. The main requirements of the modu-
lator are summarized in Tab.

The rotator is based on a superconduct-
ing magnetic bearing (SMB)
Hill et al. 2018}, [Sakurai et al. 2018l a solution
which uses a high-temperature superconduct-
ing (HTS) magnetic bearing to hold a rotat-
ing HWP. Typically this support consists of
a ring-shaped permanent magnet (PM) mag-
netized in the axial direction and an ar-
ray of HTS tiles. In the SWIPE polarime-

Parameter Requirement
HWP diameter 500 mm
Mechanical frequency 0.5Hz
Encoding accuracy 0.1
Power budget < 35mW
Base temperature 1.6 K
Total mass <25kg

Table 2. Requirements of SWIPE polarization
modulator.

ter we plan to use a SMB to rotate a
large (500 mm) cryogenic (1.6 K) metal-mesh
HWP. The modulator is conceptually similar
to the EBEX one
Johnson et al. 2017, but more challenging and
ambitious because the size of the HWP
(500 mm diameter) will make the SWIPE mod-
ulator the largest ever tested. At variance with
the most common design of a superconducting
magnetic bearing we choose a
different SMB configuration (Fig.[6): the mag-
net ring and the superconductor are not stacked
up but the internal rotating ring is the magnetic
one and the external is the superconductor one,
in order to obtain a side face to face interaction
and avoid any possible horizontal displacement
The selected superconductor (YBCO) is
the type-II superconductor with the highest
pinning force and critical current density (~
10° Amm~2). Higher critical current means
lower hysteresis losses Due to the
high cost of large volume superconductors we
decided to use a segmented ring of 18 YBCO
tiles. The rotor (Fig. [f) is composed of 3
stacked rings, starting from the bottom:

— Groove ring: used to clamp the plate at
room temperature or before the reheating.

— Magnetic ring: composed of 2 Neodymium
magnetic rings and 3 thin iron rings to pro-
duce a more uniform magnetic field.

— Aluminum ring with three different func-
tions: hold the HWP in the center, measure
the angular position of the rotor with the
encoder and hold the small magnets used
as the motor.

Three clamp and release systems evenly
spaced on the external diameter are cou-
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I

Fig. 6. (Top) PMU during the installation in the
cryo facility. (Bottom) PMU section: the inner
ring is the rotor while the outer is the stator;
on the top of the rotor there is the coils ring
(yellow).

pled with the groove ring and keep in
position the rotor when the temperature
is greater than the superconductor crit-
ical temperature. The clamp/release sys-
tem|Columbro et al. 2018 has: large rotor mass
compliance (~ 10kg); zero power dissipation
while holding the rotor, zero power dissipation
when the rotor is released; fast (~ 40 ms), bal-
anced release and clamp actions, low power
dissipation (~ 30J) on the cold stage during
each operation; low cost; and high reliability
over hundreds operation cycles. We expect to
clamp and release the rotor only once at the
beginning of the flight, nevertheless the system
was designed to be able to clamp and release
the rotor as many times as necessary.

The PMU is also equipped with a cus-
tom capacitive sensors to measure the tem-
perature and levitation height of the rotor

de Bernardis et al. 2020l The temperature sen-

sor is a thermistor, physically mounted on the
rotating device and biased with an AC current,
which is transferred from the steady electron-
ics to the rotating device via capacitive cou-
pling. The levitation height sensor is a network
of capacitors, similar to the one used for the
capacitive coupling of the thermistor. The sys-
tem reaches an accuracy better than 3% for the
measurement of the thermistor resistance, and
an accuracy of ~ 10 um for the measurement of
its levitation height. Any tilt of the rotor might
introduce systematic effects in high preci-
sion applications|D’ Alessandro et al. 2019/and
could be dynamically sampled by replicating
the readout chain and the assembly of static
poles in three replicas separated by 120° in az-
imuth.

3.1. Motor design

The rotation is induced by an electromagnetic
motor based on the interaction between 8 small
magnets placed on the rotor coupled with 64
driving coils mounted on the stator. By mod-
ulating the current in each coil we are able to
simultaneously push/pull the nearest magnet.

The choice of the magnets material is crit-
ical because of a possible modification of the
demagnetization characteristics at cryogenic
temperatures. The NdFeB undergoes a spin re-
orientation as the temperature falls. Most re-
ports |Garcia et al. 2000 find a spin reorien-
tation at 135K due to an unusual combina-
tion of anisotropy constants and other fac-
tors. This demagnetization causes also a de-
crease of the magnetic field of about 20%.
A possible solution to avoid both problems is
to use Samarium Cobalt magnets (SmCos or
Sm,Coy7) which are used without any issue be-
low 2 K [Trout and Graham 1976l

In the rotor of SWIPE we use 8 SmCo mag-
nets evenly spaced at 45°, with 8 mm diameter
and 2 mm thickness. The residual flux density
is B,,,. = 1.1 T giving a magnetic dipole mo-
ment m ~ 0.9 Am?.

In order to chose the best design to mini-
mize friction produced by the small drive mag-
nets, we simulate the eddy currents produced
by their AC magnetic field variation using
the COMSOL Multiphysics software. The ex-
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pected magnitude of power loss induced by
eddy current loss is 2.6 mW, compatible with
what we measured |Columbro et al. 20211
These magnets are coupled with the mag-
netic field produced by the solenoids. The axial
magnetic field produced by an ideal solenoid
is B = Niu, where u is the magnetic perme-
ability, N is the number of turns and i is the
current. Given an arbitrary value of the mag-
netic field, if we want to use the smallest pos-
sible current, we can both increase the number
of turns (or modify the geometry of the coil)
or increase the magnetic permeability. In case
of air core coil, the magnetic permeability is
u = po while with a ferromagnetic core, the
permeability increases by a factor y,. Because
of the modulated current and the proximity of
moving magnets, the ferromagnets should be
magnetized and demagnetized. At low temper-
ature the hysteresis loop is enlarged and so the
ferromagnet could dissipate too much power
or remain magnetized. For this reason we de-
cided to use air coils with optimized geometry
to increase the force and low resistance to min-
imize the Joule losses. The coils geometry cho-
sen corresponds to 8 mm length and 7.8 mm di-
ameter with 240 turns of 0.2 mm diameter cop-
per wire (residual resistivity ratio equal to 30).

3.2. Drive system

We developed a custom electronics (top panel
of Fig. [7) to control the spin of the rotor.
All electrical components are qualified for the
stratospheric pressure (~ mbar) and certified
up to -55°. The electronic box will be heat
sinked to a heater at a temperature > —40° to
remain warmer than the external environment
(~ =70°). The central idea of the drive sys-
tem is a PI (Proportional-Integrated) feedback
control composed of two optical encoders, an
electronic platform, a voltage generator and the
coils. A schematic diagram is shown in Fig. [§]
The PI feedback controls both the frequency of
pulses (allowing to spin up the rotor) and the
magnitude of the current 8 times per round, to
stabilize the rotation when the right frequency
is reached. We decide to not use the classical
PID controller with the derivative term because
we do not expect fast variations of the rota-

0.5 | —_Coil #0

0.0
-0.5
0.5 | — Coil #1
0.0
-05
0.5 | — Coil #2
0.0
-05
05 [— coil#3
0.0
-05
0.5[— Coil #4]
0.0
-05
0.5 — coil #5]
0.0
-0.5
0.5 — coil #6]
0.0
-0.5
0.5{[— Coil #7]
0.0
-05

0 1 2 3 4 5 6 7 8

Fig.7. (Top) Electronics control box, com-
posed mainly of 4 different boards: the mi-
crocontroller, the voltage generator, the clamp
and latch controller and the encoder readout.
(Bottom) Smooth current pulses generated to
supply the driver coils and push/pull on the ro-
tor magnets.

tional speed due to the high inertia of the sys-
tem.

The electronic platform chosen is Arduino.
The initial parameter given by the user at the
beginning is the target frequency of the rotor
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LS — |V0|(age generalorl > | Coils | >
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Optical encoders | gmm—

Fig. 8. The PI feedback control: the user choses
the target frequency, Arduino gives a signal to a
current generator to control the amplitude and
the frequency of the current in the coils. Two
optical encoders monitor the position and the
speed of the plate.

which should be changed during the operation.
Knowing the position of the 8 magnets (one ev-
ery 8 slits), the relative phase of current in each
series of coils is determined (bottom panel of
Fig. [7). The maximum value of the current is
reached when the magnets are in the middle of
two coils. There is another small phase depen-
dent on the frequency, added to optimize the
system.

In the first version of the electronics we
made a voltage generator with output voltage
of 6.35 Vpp allowing a maximum average cur-
rent of ~ 55mA (~ 1 A at 1.6 K). On the other
hand, we measured a back electromotive force
produced by the small magnets of 4 VppHz ™!,
so the effective current flowing in the coils is:
- 0.25
i[A] = RO (Vep[V] - 4f[Hz])

For this reason we decided to switch to cur-
rent generators, with the same voltage ampli-
tude and high impedance (~ kQ).

3)

3.3. Coil design optimization

By assuming the same radius R = 296 mm for

all drag forces, we can find a coarse estimate

for the required force for a spin rate of 1 Hz:

P = P P
drag =5 2 fR.

where the assumed total power dissipated by

the rotor is 15 mW.

The strongest force is required when a
magnet is in the middle between two coils
which is also the point where the force profile
is minimum. In this configuration we can as-
sume the magnet as a magnetic dipole m = mZ

~5%x 107N =8mN (4)

where the magnetic dipole moment is related
to the volume V and the residual flux density
B, of the magnet by

B,V
m= . 5)
Ho

With this assumption, the force produced by
one coil acting on the magnet is:

F =V(m-B)=mVB,. 6)

The radial component is the one which in-
duces the rotation of the bearing rotor. Fig. [0]
shows the force magnitude as a function of
the magnet position between two nearest coils.
The mean force per unit current given on a sin-
gle magnet is 35 mN A~! which corresponds to
a total force (8 magnets) of 280mN A~! and
requires an average current ~30 mA (thanks to

Eq.[).

N/
L\

0 5 10 15 20 25 30
r [mm]

Force [mN/A]
"
L4

Fig.9. Force magnitude as a function of the
magnet position between two nearest coils.

The coils were divided in 8 series with
total resistance as homogeneous as possible
(~27.6 Q). After the assembly on the support
ring the final resistance of each series becomes
28.6+0.1 Q. The increased resistance is due to
connections between coils and the connector
on the stage. In addition we add a series of
8 coils used to start the rotation if the motor
magnets are located exactly between two mo-
tor coils (Fig. [I0).

The expected resistance in the cryogenic

environment is % = 1.0Q. The circuit can
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Fig. 10. Motor coils installed on a G10 ring.
The additional starting coils are located on the
opposite side of the encoder (the hole in the
G10 ring).

be sketched as an RL series and the current in
each coils is:
j= ™
R+ jwL

where V;, is the input voltage, R ~ 9.5+1.0Q
the resistance of the wires between room and
cryogenic temperature and the resistance of
one coil series (1, see §3.6) and L = 1.9 mH
the inductance of the series. Because the con-
dition R > wL is verified we expect a con-
stant value of current for applied input voltage
at different frequencies during the acceleration
phase.

3.4. Encoder readout system

The readout position system for the PMU is
based on an optical encoder, based on light
shining onto a photodiode through slits in the
rotor. There are two different encoders: an
absolute one with a single slit and a rela-
tive one composed of 64 evenly spaced slits
(3 mm diameter). To avoid possible dissipation
of LED or photodiode at cryogenic tempera-
ture, we use two pairs of optical fibers. Each
pair consists in a fiber connected to a transmit-
ter (HFBR-1412TMZEI) at room temperature,
reaching the top surface of the encoder chopper
ring, and a return fiber starting from the bottom
surface of the optical chopper and reaching the

3 https://it.rs-online.com/web/p/
trasmettitori-a-fibre-ottiche/8019229/

detector (BPX61 photodiodeﬁ) at room temper-
ature.

The transmitted signal is modulated at a
frequency of 31kHz produced by a quartz
crystal oscillator circuit. The signal detected by
the photodiodes is pre-amplified and then de-
modulated and amplified again by an AD630
lock-in, allowing to separate a small narrow-
band signal from large amounts of uncorre-
lated noise produced by the significant light
loss due to an air-gap of about ~10 mm be-
tween the back-to-back optical fibers. The
fibers are mounted in a PEEK holder to elimi-
nate eddy currents due to the proximity to mov-
ing magnets. The signals produce high/low
pulses which are transmitted to a single-board
microcontroller. When the level of signal is
above a threshold, a timestamp is settled with a
us resolution, giving an angular resolution bet-
ter than 0.01°. The conductive heat load pro-
duced by the 4 optical fibers is < 50 uW.

Due to the high inertia of the system, all
measurements of the position are correlated.
We introduce a Kalman filter which uses the
dynamic model and the physical properties of
the system, and multiple sequential measure-
ments to make an estimate of the varying quan-
tities that is better than the estimate obtained
by using only one measurement alone. The in-
put parameter of the filter are the error on the
readout data retrieved with the previous esti-
mation and the uncertainty on the acceleration
of the system estimated using the rotor inertia
and the variation of the coils torque. The re-
sults of the Kalman filter application are shown
in Fig.[TT)and are compared with the accuracy
corresponding to the electronic readout reso-
lution (1 us). The current configuration is not
limited by the electronic readout resolution but
only by the stability of the rotation. This sta-
bility is limited by the current generator reso-
lution which uses a 12-bit DAC. An improve-
ment (from 12-bit to 16-bit) of the resolution
is already planned but is not required for the
SWIPE/LSPE modulator which has a require-
ment of 0, /wgwp = 5 x 107 at 0.5 Hz.

4 https://it.rs-online.com/web/p/
fotodiodi/6547785/
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Fig. 11. The raw accuracy of the encoder data

(blue dots), the accuracy resulting from the use

of a Kalman filter (red squares) and the ac-

curacy corresponding to the electronic readout
resolution (1 us).

3.5. Eddy current loss

Every inhomogeneity of the magnetic field in-
duces loops of electrical current in the conduc-
tive materials. They can be generated by a time
varying magnetic field AB and dissipated as
Joule heat. The power loss due to eddy currents
per unit volume is:

P « o(AB)*d* f? ®)

where o and d are the conductivity and the
thickness of the material. Eq. [§] represents a
rough estimate of the power loss without con-
sidering the skin effect and derived using other
approximations. Nevertheless the strong de-
pendence on frequency, on the magnetic field
inhomogeneities and on conductivity is clear.
The main contribution comes from the HTS
tiles holder because its distance from the mag-
net is a few millimeters, so the best solu-
tion could be the use of a dielectric mate-
rial, like fiberglass, vespel or PEEK (o ~
0S m™!). On the other hand, thermalizing HTS
tiles surrounded by these materials with a very
low thermal conductivity coefficient could be-
come a problem. At room temperature the best
candidates are copper and aluminum (p¢, =
17.2Qnm and p4; = 26.5 Qnm), but at 4 K the
best compromise is an aluminum support as the

. .. 300K .
resistance ratio is £ /(J( 7 K)) ~ 2 -3 for aluminum
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Fig. 12. Magnetic field as a function of height
(z = O mm is the center of the middle iron ring)
for various distances from the main magnet.

300K )
92(4 K)) ~ 10 - 50 for coppe Despite the

heat transfer of copper is twice as much as alu-
minum, the second has a lower electrical con-
ductivity. The second important parameter is
the magnetic field inhomogeneity. A more ho-
mogeneous main magnet (% < 5%) helps to
reduce drastically this contribution.

The main magnet was designed to maxi-
mize the magnetic field in proximity of the su-
perconductors and minimize inhomogeneities.
It is made of 2 neodymium rings sandwiched
between three iron rings. Each neodymium
ring is splitted in 32 segments and the junctions
are out of phase to reduce the inhomogeneities.

The magnetic field is monitored by means
of a Hall sensmﬁ] also suitable for cryogenic ap-
plication. The power dissipation in the sensor
is 180 uW with a bias current of 10 mA over a
1.8 Q resistance. Measurements (Fig. [I2) are
performed at different heights and distances
from the steady magnet. Both peaks coincide
with the upper and lower iron rings while the
center (~ O mT) coincides with the middle.

For the measurement of dissipation power,
the main magnet is installed on the room tem-
perature rotor and spins while the Hall sen-
sor monitors the magnetic field for different

and

5 https://trc.nist.gov/cryogenics/
materials/materialproperties.htm

¢ https://www.cryomagnetics.com/
products/hall-effect-sensors/
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Fig. 13. Magnetic field average (top) for differ-

ent quotes at few mm from the magnet and the
relative inhomogeneities (bottom).

heights at a fixed distance of a few mm. After a
removal of sine component induced by a slight
misalignment of the rotation axis (~ 0.5°),
Fig. [[3] shows the magnetic field average for
each quote and the relative inhomogeneity. At
the peak of the magnetic field, the relative in-
homogeneity corresponds to < 3%.

We removed all conductive materials
around the YBCO holder, in this way the only
contributions to friction comes from the eddy
currents on the YBCO holder produced by the
main magnet. The friction produced by the
main magnet at 1 Hz is 6.2 mW.

Other sources of eddy currents are the
small magnets used in the motor. A dipole of
moment m, oriented vertically, which is mov-

ing at height zy above a conductive plate pro-
duces a power loss Reitz 1970:

2
_ 3p0m4 | — 1 ©)
32nz, 1+ G)Z
where v is the magnet velocity and w =
related to the conductivity of the plate and
to its thickness 6. The estimated friction in-
duced by the motor magnets is 0.8 mW (see

Columbro et al. 2021 for further details about
the test).

2

3.6. Harness

An important factor to achieve low base tem-
perature is making sure that the power load on
the colder stage is minimized. All the electrical
wires required to drive the rotation and read its
status also conduct heat from the warmer stage
to the colder one.

The formula for heat flow is:

1>

A
0= ThDadr (10)

T,
where Q is the heat flow, k(T) is the ther-
mal conductivity of the material, A and L are
the cross-sectional area and the length of the
wire and T and T, the temperatures gradient
across the wire. 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 function and increase
the power dissipated in the wire itself.

The choice of the wire material depends on
the thermal conductivity and in particular on its
dependence on temperature [Powell et al. 1966,
Tuttle et al. 2010l While the best choice for the
thermal conductivity point of view is the man-
ganin wire, the resistance is very high and can
considerably increase the Joule loss:

P; = Ri? (11)

where R is the resistance and i the current.

In practice, for our polarization modula-
tor unit we have a bundle of 16 cables for the
motor: § carrying the driver coils currents (8
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Fig. 14. Heat load produced on the 1.6 K stage
for different wire materials and different cur-
rent values (20mA in blue, 40mA in red
and 60 mA in black). In the most likely case
(40 mA), the manganin (dotted lines) produces
~ 10mW heat load while the behaviour of
phosphor bronze (dashed lines) and Beryllium-
Copper (dash-dotted lines) is very similar for
lower wire diameters.

phases) and 8 for the return currents. We re-
duce electromagnetic interference by twisting
the drive and return wires separately for each
phase. The total heat load on the cold stage is
the sum of the conduction loads and the power
dissipation loads for all these wires. Fig. [14]
shows the power load on the coldest stage
(1.6 K) for different materials and currents as a
function of the wire diameter. The Beryllium-
Copper wire minimizes the heat load and the
diameter chosen is 0.25 mm with 0.05 mm of
Heavy Polyimide (HML) insulatiorﬂ

The resulting heat load is 5-7mW on the
180K stage, 5-8 mW on the 65K stage and ~
3mW on the 1.6K stage. The total resistance
for a single wire is 4.7 Q (3 m length).

3.7. Expected performance

The performance measured for the
LSPE/SWIPE modulator at 300K and the
performance we expect at 1.6 K (given the
room temperature measurements), are sum-

7 https://www.calfinewire.com/index.
html

300K | 1.6K

8 magnets 0.8 2.2

Main magnet 1.3 3.5

Hiysteresis - 10

Joule 645 6.1

Harness - 3.2
Bearing 41.5 -

Total 690 25

Table 3. Heat load in mW measured at 300 K
and expected at 1.6 K for a rotation frequency
of 0.5Hz.

marized in Tab. [3] for a rotation frequency of
0.5 Hz. Material properties, such as electrical
conductivity, thermal conductivity and YBCO
critical current, were assumed to be the same
as 4 K|Habisreuther et al. 2000.

In the first configuration the friction pro-
duced by the motor magnets is 9.2 mW. Most
of this power comes from eddy currents pro-
duced on the aluminum ring which holds the
coils in place. By replacing this ring with a G10
once the residual contribution is 0.8 mW. By
assuming a RRR = 2.8 of aluminum (6082-T6)
the expected contribution at cryogenic temper-
ature is 2.2 mW.

As for the friction produced by the main
magnet inhomogeneities, we measure 1.3 mW,
meaning an expected value of 3.5 mW which
should be reduced even more by the presence
of the superconductor which will shield part of
the magnetic field.

The hysteresis contribution will be tested
only in the cryogenic environment. Since the
mass of the rotor is 9.5kg and the ver-
tical spring constant of the system is 2-
3x10°Nm™', we expect a fall of the ro-
tor after the release < 0.5 mm. Starting from
Davis et al. 1988| and from the magnetic field
profile we can estimate the hysteresis contribu-
tion which will be 5-10 mW.

Assuming the worst case the total fric-
tion during rotation at 0.5Hz is 15mW.
Considering the efficiency of the motor, we
need i = 45mA which produce a Joule heat-
ing of 6.1 mW. The total expected power load
on the 1.6 K stage is ~ 25 mW which is an ac-
ceptable contribution if compared to the total
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Parameter Requirement
MFT HFT
Spin rate 39rpm 61 rpm
HWP diameter 320mm | 220 mm
HWP temperature <20K
Load on the 5 K stage <4mW
Angular accuracy <l <5
Total mass <20kg

Table 4. MHFT-PMU main requirements.

~ 180 mW present on the superfluid helium
bath of LSPE/SWIPE and does not consider-
ably impact the duration of the flight (~ 15 d).

The middle and the high frequency
telescope of LiteBIRD will use the same
technology and a scaled design of the
modulator described before as the baseline
Columbro et al. 2021l On the other hand there
are a lot of more stringent requirements in
terms of mass, dimension, stiffness, power dis-
sipation, and TRL, for the levitation, driving
and gripping mechanisms as well as position
encoder. The most important for both PMUs
are summarized in Tab. [4]

The most stringent one is the power load
on the 5 K stage. In order to meet this require-
ment and the other ones, a further optimization
of the LSPE/SWIPE design has already been
studied but not yet tested experimentally. The
concept of the motor is also very similar to the
SWIPE one. We plan to use 8 SmCo magnets
coupled with 2 rings of 32 coils each, on the
top and on the bottom of the rotor to obtain a
larger and more uniform force. The coils are
connected in series (4 series of 16 coils each).
A reduction of the inhomogeneities of the main
magnet magnetic field from ~ 3% to ~ 1% will
reduce the eddy currents up to a factor 9. This
improvement is complicated but seems feasible
because of the smaller dimension of the perma-
nent magnets with respect to the SWIPE one. A
further solution for HFT (due to the small ra-
dius of HFT magnet ~ 220 mm) consists in the
use of a single magnet with only one magneti-
zation which will guarantee more uniformity.

The main contribution of motor eddy cur-
rents comes from the YBCO holder. Making
the holder of electrical insulator like G10 will
cancel eddy currents but will thermally insu-
late the superconductor ring. This solution be-
comes critical in terms of the superconductor
cooling. The possibility of using an electrical
insulator for the upper part of the holder and
a thermal conductor (aluminum) for the lower
part is under study.

We also expect hysteresis losses to be very
small. This is due both to the effective absence
of gravity which keeps in position the rotor af-
ter the release and to the low inhomogeneities
of the magnetic field which minimizes hystere-
sis in the superconductor. We estimate a con-
tribution < 0.5 mW which will be neglected in
our estimation but have to be measured during
tests.

The decrease of the total friction will re-
duce the required current by a factor ~ 10 and
the increasing of the RRR from 30 to 100 will
make Joule losses negligible.

A first analysis gives a total heat
load compatible with the requirement
(< 4mW). Further details are reported in
Columbro et al. 2021!

4. Conclusions

The performance of key subsystems like the
receivers and the polarization modulator will
give to the future experiments the capabil-
ity to detect the polarization of the CMB at
large angular scale, in particular to constrain
the B-modes produced by tensor perturbations.
The multi-mode receivers and the polariza-
tion modulator unit of LSPE/SWIPE were pre-
sented. The multi-mode pixel assembly was
cryogenically tested at 300mK. The back-
ground on the detector was reduced at a level
similar to the in-flight one thanks to a custom
cold neoprene absorber. The tests demonstrate
that the assembly does not introduce any sharp
feature or bump in the beam and its FWHM is
a little bit narrower (~ 10%) than the simulated
one but wider than the single-mode one.

The design of the SWIPE polarization
modulator was described from different as-
pects: general design, motor and driver design,
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accuracy, losses and harness. Each subsystem
was already tested by means of a room temper-
ature mockup, highlighting that the most criti-
cal aspect is related to the inhomogeneities of
the main magnet magnetic field. The expected
heat load during operation is < 25mW, less
than 15% of the total heat load on the super-
fluid He reservoir.

We also discussed further improvement of
this system which will be implemented for
the polarization modulator units of the middle
and high frequency telescopes of the LiteBIRD
mission, the next generation spacecraft devoted
to CMB measurements.
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