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Abstract—

Measurements of the polarization of the cosmic microwave
background (CMB) radiation are expected to significantly increase
our understanding of the early universe. We present a design for a
CMB polarimeter in which a cryogenically cooled half wave plate
rotates by means of a high-temperature superconducting (HTS)
bearing. The design is optimized for implementation in MAX-
IPOL, a balloon-borne CMB polarimeter. A prototype bearing,
consisting of commercially available ring-shaped permanent mag-
net and an array of YBCO bulk HTS material, has been con-
structed. We report on measurements of the coefficient of fric-
tion as a function of temperature between 15 and 80 K, of rotation
frequency between 0.3 and 3.5 Hz, of levitation distance between
6 and 10 mm, and of ambient pressure between 1 and 1077 torr.
The low rotational drag of the HTS bearing allows rotations for
long periods of time with minimal input power and negligible wear
and tear thus making this technology suitable for a future satellite
mission.

I. INTRODUCTION

UPERCONDUCTING bearings are often considered one

of the major uses of bulk high-temperature superconductor
(HTS), and considerable development effort of such bearings
has occurred since the discovery of HTS [1]. HTS bearings are
characterized by very low drag torque. This, together with stiff-
ness and damping against perturbations from equilibrium have
led to investigations of their use in flywheel energy systems [2],
[31, [41, [5], [6], a lunar telescope [7], sensitive gravimeters [8],
and as a sensitive detector of gas pressure [9]. Here we present
a design for a cosmic microwave background (CMB) radiation
polarimeter that is based on levitating a rotating half wave plate
by means of an HTS bearing.

There is intense scientific and popular interest in uncovering
the physical conditions in the universe at epochs as close as pos-
sible to the big bang. Tremendous progress in this endeavor has
been achieved already through detailed measurements of the
cosmic microwave background radiation [10]. The CMB per-
meates the entire universe and has a black body spectrum with
an equivalent temperature of 2.73 K [11]. Information about
the spatial anisotropy in the intensity of the CMB, as measured
by a number of recent experiments [12], [13], [14], [15], has
revealed that the universe is topologically flat [16], [17], [18],
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[19] and has lent strong support to the idea that the universe
has undergone a period of exponential growth, an ’inflation’, at
about 10734 seconds after the bang [20]. By combining the data
from CMB and other astrophysical measurements we can now
determine that only 5% of the matter and energy density in the
universe is made of ordinary electrons, quarks, neutrinos and
photons, and that the rest is split into ~ 2/3 *vacuum energy’
and ~ 1/3 a new form of ’dark matter’. Aside from their ex-
istence, very little is known about either the vacuum energy or
the dark matter. CMB measurements have also helped to con-
strain the age of the universe to within about 10% accuracy and
to construct a reliable scenario for its evolution.

The polarization of the CMB radiation field encodes new and
valuable information about the early universe and an intense
research effort has begun to discover and characterize the po-
larization signal. Detection of the polarization signal will en-
hance our confidence in the prevailing cosmological model and
will provide more information about the properties of the con-
stituents of the universe [21]. More importantly, the polariza-
tion signal seems to be the only direct probe of the inflationary
epoch close to the big bang [22]. A detection of such a sig-
nal will provide strong supporting evidence for the concept of
inflation and will illuminate the physical processes involved.

The polarization anisotropy of the CMB is expected to have
two components, the ’scalar’ and ’tensor’ components [22].
The scalar component should have a magnitude of about few
pK, about a factor of 10 smaller than the 50 xK RMS temper-
ature anisotropy. The tensor component, which has its origin
in the inflationary epoch, is smaller by at least a factor of 100
compared to the temperature anisotropy. CMB receivers are
just now reaching the sensitivity required to detect the scalar
component. A high signal-to-noise ratio detection of the CMB
polarization will require a combination of high sensitivity and
strong rejection of systematic errors. An experimental approach
that satisfies both of these requirements is to use bolometric de-
tectors at the focal plane of an optical system that modulates
the incoming polarization signal. Bolometers are the most sen-
sitive detectors at the frequency range where the CMB is most
intense [23]. Temporal modulation of the incoming signal and
subsequent lock-in is a standard and powerful technique to sep-
arate small signals from noise. It is also an effective technique
to reject systematic errors that appear at a frequency different
from the signal modulation frequency.

The best technique currently available for modulating the po-
larization of the incident radiation is by turning a half wave
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plate (HWP). When a HWP is placed in the path of the inci-
dent light and turned at a rotation frequency f, the polarization
vector of the output radiation rotates at a frequency of 4f. The
radiation is then passed through a ’polarization analyzer’, for
example a fixed polarizing grid, and is then detected. The sig-
nal recorded by the detector is modulated at a frequency of 4 f
and standard lock-in techniques can be used to extract its mag-
nitude. Although a rotating HWP has been used with many ex-
periments, over a broad range of wavelengths [24], [25], [26],
the challenge in adapting the technique to CMB polarimetry is
coupling the rotation mechanism to bolometric detectors which
have high sensitivity to microphonic noise. Standard mechani-
cal rotation mechanisms, such as gears and bearings, have stick-
slip friction which induce vibrations. The vibrations deposit
mechanical energy in the detectors and cause wires to vibrate
thereby inducing excess noise.

We have developed a magnetic bearing for use with polariza-
tion experiments that is based on magnetic levitation of a HWP
above a high temperature superconductive (HTS) material. The
apparatus is designed to fit in a balloon borne bolometric exper-
iment MAXIPOL that will attempt to detect the scalar compo-
nent of the CMB polarization [28]. The mechanism can be eas-
ily adapted to any polarization experiment and particularly for
a future NASA satellite mission dedicated for detailed mapping
of the tensor component of the CMB polarization. We describe
the hardware in Section II, report on initial tests in Section III
and summarize in Section I'V.

II. DESCRIPTION OF HARDWARE
A. Overview and Requirements

MAXIPOL consists of an array of 16 bolometric photome-
ters coupled to a 3 mirror off-axis Gregorian telescope, see Fig-
ure 1. The experiment is optimized for stratospheric balloon
borne (~ 38 Km) observations of the CMB. The high altitude
significantly reduces photon noise and noise due to atmospheric
fluctuations. The bolometers are maintained at a temperature of
0.1 K by means of an adiabatic demagnetization refrigerator
[27]. The optical system consists of a 1.3 meter primary mirror
and two additional mirrors that are maintained at liquid helium
temperature.

Adapting a magnetic bearing system for a cryogenic balloon
borne experiment poses a number of requirements on the par-
ticular implementation.

o The HWP must be cooled to liquid He temperatures to re-

duce the optical load on the detectors.

« The HWP must be located at the aperture stop of the op-
tical system to eliminate a potential source of systematic
error.

o Characteristic rotation frequencies are ~ 5 Hz, limited by
the ~ 10 msec response time of the bolometric detectors.

o It should be possible to accelerate the rotor periodically
with minimal friction or electro-magnetic interference.

o The bearing system needs to be locked during periods of
very strong accelerations, for example during launch or
flight termination, and then released to begin operations.
The latching mechanism needs to be remote-controlled.

o The bearing system stiffness must be sufficiently high to
operate through a range of tilt angles. Damping should be
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Fig. 1. Overall view of the maxipol instrument.

high to dampen oscillations that may occur during typical
observing conditions.

« All bearing properties must be stable over long periods of
time.

B. The HWP and Magnetic Bearing Mechanism

The HWP and its rotation mechanism are located at the aper-
ture stop of the optical system, which is between the tertiary
mirror and the focal surface of the system, see Figure 2. A po-
larizing wire grid mounted at the entrance to the photometers
transmits only one component of the incident polarization vec-
tor.

The HWP consists of a 3.2 mm thick z-cut sapphire disk with
a radius of 2.54 cm which is mounted inside a permanent ring-
shaped magnet. The magnet and the HWP are the rotor of a
magnetic bearing that is levitated above a ring of YBCO HTS
material. The sintered NdFeB magnet has an inside radius of
2.54 cm, an outside radius of 3.56 cm, thickness of 1.2 cm, and
mass of 0.2 Kg. It is polarized in the axial direction and has a
remnance of ~ 11 x 10® Gauss and an energy product of 30 x
108 Gauss-Oersted. The moments of inertia of the HWP and
magnet are 83 and 1910 gr-cm?, respectively. A HWP holder,
made of Delrin and with a gear at its outer circumference, holds
the magnet/HWP combination together and is part of the rotor,
see Figure 3.

The magnet is held at an appropriate distance d above a ring
of HTS material which consists of 12 pieces of melt-textured
YBCO [29]. The distance d is a free parameter and is typically
between 4 to 10 mm. Two clamps, each resembles a plier, hold
the rotor in place during the cool-down of the system. A cryo-
genic stepping motor that drives a shaft and a pair of cams is
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Fig. 2. The HWP and the magnetic bearing are located at the aperture stop of
the optical system, between the tertiary mirror and the focal surface. A wire-
grid polarizer, mounted at the entrance aperture of the photometer array, is used
to select only one component of the incident polarization.

used to open and close the clamps. The HTS material and the
clamps are mounted on a G-10 board.

Rotation of the rotor is achieved by means of a half gear that
is driven by a second stepping motor that is mounted outside of
the cryostat. During cool-down the half gear and the gear at the
outer circumference of the rotor are engaged. Once the system
has cooled to 4 K, the clamps are opened and the half gear is
turned with a pre-programmed acceleration.

If the need arises to re-rotate the rotor, the half-gear can be
stepped slowly until it engages with the rotor, and the process
repeats.

The axial spring constant at 77K was measured to be 256
and 136 N/m for levitation distances of 8.6 and 10.7 mm, re-
spectively. The corresponding resonant frequencies are about
5.5 and 4 Hz, respectively.

We tested all the mechanical components of the HT'S bearing
at liquid nitrogen, liquid helium and intermediate temperatures.
We carried out spin-down measurements between ~ 3.5 and
~ 0.3 Hz to determine the coefficient of friction of the bearing
at various temperatures, levitation heights, ambient pressures,
and as a function of the magnetic field structure of the magnet.
Measurements between 4.2 and 77 K were conducted in a lig-
uid He cryostat (LHC) in which the stator was mounted on a
0.9 cm thick copper cold-plate. The temperature of the HTS
was controlled with heating resistors and measured with a cal-
ibrated resistance and diode thermometers. The rotation rate
was measured with an LED and a photodiode.

III. TESTS, RESULTS AND INTERPRETATION

Another set of spin-down measurements at 77 K were con-
ducted in a liquid nitrogen cryostat (LNC) with the apparatus
described by Hull et al. [30]. This apparatus was designed to
minimize energy losses due to eddy currents. The measure-
ments with the LNC are summarized in Table 1. In all measure-
ments the rotor consisted of the magnet without the HWP.

shaft

NdFeB
magnet

Fig. 3. The magnetic bearing apparatus during testing in a liquid helium cryo-
stat. The implementation in the MAXIPOL cryostat will be almost identical.
The rotor drive and rotor clamp gears will be driven with remote-controlled
stepping motors.

We quantify the results of the spin-down measurements in
terms of the coefficient of friction (COF) [30] given by

COF = —Ca, ey

where C' = 2.7 x 1073 sec? is a rotor specific constant, and o
is the angular acceleration.

The angular acceleration « can be a function of the frequency
of rotation f and temperature 7" and we parameterize it as ([32])

af

a(T) = QWE =ao

(T) + 2may (T) f. 2)
The coefficient ag has been interpreted as the contribution of
hysteresis to the angular acceleration and a; quantifies the con-
tributions from eddy currents and ambient pressure [30]. If a;
is non-zero then f should be an exponential function of time.

A. COF Vs. Distance at 77K: Hysteresis Losses

A comparison of lines 1,4,5 in Table I gives a comparison of
the COF as a function of distance from the HTS with low ambi-
ent pressures, and negligible contribution from eddy currents.

The COF decreases as the distance between the rotor and sta-
tor increases. This decrease is correlated well with a decrease in
the inhomogeneity of the axial component of the magnetic field
as the distance from the magnet increases. We measured the
strength of the magnetic field as a function of distance from the
surface of the magnet. Measurements were taken at the inner,
middle and outer radii of the magnet and every 10 degrees in az-
imuth. Since in these measurements the major contribution to
the coefficient of friction is expected to be hysteresis loss in the
HTS, we follow Hull et al [31] and quantify the inhomogeneity
of the field by forming the quantity

Ei Wi [6B2 (07 Tis d)]
Zi Wi ’

where 7 runs over the inner, middle and outer radii and

AB3*(d) = 3)

5Bz (0; Ti) = Bz,max(e, T, d) - Bz,min(oa Tis d)‘ . (4)
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measurement distance Pressure COF ag a
(£0.2 mm) (torr) (rad/sec?) (1/sec)
1 8.6 8x10°7 [ 3.7x10°% [ 1.4x 1073 0
2 8.6 3x 1071 14%x1073 [ 1.2x10° ¢
3 8.6 3x 1073 1.4x10°% | 22x10¢
4 9.5 7x1077 | 1.8 x107% | 6.6 x 10~* 0
5 10.7 8x10 7 [13x10%|49x10* 0
6 10.7 3x 107 49x10~% | 7.9 x 1074
7 10.7 8 x 10~ % 49x10% ] 89x10°1
8 10.7 3x 1073 49x107% ] 1.1x10°3
| 9 | 105 [8x1077[65x1077 [24x10" ] 0 |
TABLE 1

SUMMARY OF MEASUREMENTS WITH THE LNC. IN MEASUREMENT 9 THE MAGNETIC FIELD OF THE MAGNET HAS BEEN ALTERED TO REDUCE

INHOMOGENEITY BY SHIMMING WITH HIGH PERMEABILITY SHIMS (SEE TEXT).
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Fig. 4. The inhomogeneity of the magnetic field of the magnet as a function
of distance from its surface for the bare magnet (stars) and for a configuration
where the magnet is shimmed with high permeability steel (square). The in-
homogeneity is quantified using Equations 3 and 4. The insert zooms on the
difference of 1.65 x 10% gauss® between the shimmed and non-shimmed con-
figurations. The straight line is an approximate fit to the non-shimmed data and
was used to find interpolated values.

The variables w; are weights that are proportional to the ratios
of elements of area as a function of radius. Figure 4 shows the
quantity AB? as a function of d. The reduction in magnetic
field inhomogeneity with distance is evident.

By interpolating the data of AB® Vs. height (Figure 4) we
plot the COF as a function of AB3. The number of data points
is small, nevertheless the data is suggestive of the linear rela-
tionship predicted by theory [31].

In order to reduce hysteresis losses and decrease the coef-
ficient of friction we added shims in various locations on the
surface of the magnet that pointed toward the HTS [31]. The
shims were made of 25 - 150 pm thick high permeability steel
leaf. Measurements of the magnetic field at a distance of 7 mm
away from the magnet gave less magnetic field inhomogeneity,
as shown in Figure 4. The COF was measured for a differ-
ent shimming configuration (for which measurements of AB?3
are not available) and gave the lowest COF measured with the
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Fig. 5. The COF as a function of magnetic field inhomogeneity (Equation 3).
The data suggests a linear relation as predicted by theory.

LNC, see measurement 9.

B. COF Vs. Pressure

Figure 6 shows the magnitude of the coefficient a; as a func-
tion of ambient pressure. The measurement is a compilation of
data from two levitation distances. The data show a decrease
of a; with ambient pressure and are in broad agreement with
those of Weinberger et al [33], which suggest that a; becomes
negligible at pressures below ~ 5 x 10~° torr.

C. COF Vs. Temperature

We used the LHC to measure the COF at levitation distances
of 6 and 7.2 mm for various temperatures between 15 and 80
K and for frequencies between ~ 0.3 and 3.5 Hz. The magnet
was released to levitate when the helium cold plate was at ~
50 K and we have no information about the temperature of the
magnet subsequently.

Measurements of the COF as a function of rotation frequency
are shown in Figures 7 and 8. At low temperatures (~ 15 K)
the data were consistent with a constant deceleration for most
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Fig. 6. The coefficient of friction as a function of ambient pressure for two
levitation distances. All data was measured at a temperature of 77 K.
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Fig. 7. The coefficient of friction as a function of frequency for temperatures
of 16 K (stars), 60K (open triangles), 70 K (squares), 79 K (circles), 84 K (filled
triangles) for a levitation distance of 6.0 mm. For clarity of presentation, the
COF for temperatures of 70 K, 79 K, and 84 K, have been offset vertically up
by 0.4, 0.8, and 1.2 ordinate units, respectively.

rotation frequencies with perhaps a slight increase in COF at
frequencies below 1 Hz. At high temperatures, above about
60 K, the data show an increasing COF with frequency. The
data at a levitation distance of 6 mm and 60 K show a transition
between a constant COF above 1 Hz to a decreasing COF below
1 Hz.

Figure 9 shows the COF as a function of temperature at a
frequency of 1 Hz. A decrease in the COF by about a factor
of ~ 3 is evident for both levitation heights. Hull et al [31] ar-
gue that the COF should be inversly proportional to the critical
current J, in the HTS. Using data from Zeisberger et al! [32]
which give information about the critical current as a function
of temperature we plot the COF as a function of 1/J, in Fig-
ure 10. Since we don’t have data about the critical current as a
function of temperature for our HTS samples, it is premature to
conclude that there is a disagreement between the data and the

1The data of Zeisberger et al [32] is for 0, 1, and 2 Tesla and shows a weak
dependence on magnetic field strength. In our case the magnetic field is ~ 0.1
T and we use the 0 T data.

3.0 ———————————————————
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COF (units of 10®)
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Fig. 8. The coefficient of friction as a function of frequency for temperatures
of 15 K (stars), 50 K (triangles), 62 K (squares) and 79 K (circles), for a levita-
tion distance of 7.2 mm. For clarity of presentation, the COF for temperatures
of 62 and 79 K have been offset vertically up by 0.3 and 0.8 ordinate units,
respectively.
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Fig. 9. The coefficient of friction at 1 Hz as a function of temperature for a

levitation distance of 6 mm (squares) and 7.2 mm (triangles). In one measure-
ment, shown with a horizontal error bar, the temperature varied between 29 and
35K.

model.

IV. DISCUSSION AND SUMMARY

We have presented a working prototype for an HTS bearing
for use with polarimeters that employ a HWP. The complete ab-
sence of stick-slip friction makes the magnetic bearing suitable
for detector systems that are sensitive to microphonic excita-
tion.

Our measurements indicate that with a readily available
shimmed magnet and HTS, at the range of gas pressures ex-
pected in a liquid He cryostat and with no particular efforts to
reduce eddy current losses we can expect a COF of ~ 3 x 10~
(factor 2 less than the measured COF at 15 K due to shim-
ming), which would give rise to an angular deceleration of
about 1.7 x 10~* Hz/sec. If the rotor is set in motion and then
slows down over a frequency range of 20 Hz, suitable for CMB
observations between 21 and 1 Hz given the time constant of
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Fig. 10. The coefficient of friction at 1 Hz as a function of 1 / Je, where J; is
the critical current in the HTS.

current bolometeric detectors, the bearing would need to be re-
set in motion once in 33 hours. Since re-setting the bearing in
motion should take only few minutes, the duty cycle of such
a magnetic bearing system is close to 100%. The present de-
sign could be implemented in ground based or short duration
balloon polarimeters.

A COF of ~ 3 x 1078 is still two orders of magnitude larger
than the smallest COF reported for the 300-400 gr mass cate-
gory [1], indicating that a more careful design of the bearing
and the cryostat in which it operates can provide uninterrupted
rotation for more than 4 months. Even just a factor of 10 im-
provement in the COF would give a continuous rotation for a
month, more than adequate for a long duration balloon mission.

With a slowly decelerating rotor the frequency where the po-
larization signal appears will also decrease. This could provide
a powerful check on systematic errors, but could also compli-
cate the analysis of the data. Rather than let the bearing slow
down over a long period of time, it could be driven continuously
with an induction or standard brushless motor [34]. If neces-
sary a feed-back loop can be implemented to maintain constant
speed. Because of the small COF, minimal power is required
to drive such a motor and this approach appears most attractive
for a future satellite polarimetry mission.

Despite of the success of our prototype more testing needs
to be done before to characterize the bearing performance. In
particular it is essential to measure bearing oscillations, partic-
ularly at low temperatures where hysteretic damping is lower
compared to 77K, and the stability of the bearing parameters,
e.g. stiffness, and levitation distance, should be tested over a
long period of time.
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