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ABSTRACT

An ambient-temperature continuously rotating half-wave plate (CRHWP) modulates the input polarization
signal thereby enabling removal of low-frequency (1/f) noise from polarized flux measurements. This 1/ f noise
ariscs from atmosnheric turbulence as well as from effects intrinsic to certain detectors. Here, we describe the
design and performance of th  half v ave plate rotato. and achromatic helf-wave plate for the the new imaging
polarimeter, TolTEC. These components are mounted in front of the cryostat window and operate at ambient
temperature. The half wave plate rotator (HWPR) spins the half-wave plate at 2 revolutions per sccond. The
rotation mechanisin consists of nine air bearings to provide low-friction motion and a framecless torque motor
to directly drive rotation. The orientation of the otor and half-wave plate are recorded using a high-precision
optical encoder. We review the experimental requirements and technical desizn of the rotator as well as the
associated electronics, pneumatics, and software,

Keywords: polarimetry, mm-wave, toltee

1. INTRODUCTION

TolTEC is a new imaging polarimeter mounted on the 50-meter Large Millimeter Telescope (LMT)' in Mexico. It
consists of ~ 7000 polarization-sensiti e kinetic inductance detectors (KIDs) desi_ned to observe at 1.1, 1.4, and
2.0 mm. Deseriptions on ‘he design and status of the instrument can be found detaile  in prior pablications.®
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More in-depth discussion of specifics systems can also be found for TolITEC’s eryogenies,* software,” and the
optics.”

In this paper, we focus on the continuously rotating half-wave piate (CiilWP). The purpose of the CRHWDP
is to mitigate the various sources of 1/f noise. This includes both uncorrelated 1/f noise from the detectors
and correlated 1/ f noise noise from the atmosphere. The half-wave plate rotator (HWPR) components of the
CRHWP wcere fabricated in Northwestern University in 2018, The half-wave plate itself is being fabricated at
Cardiff University. Compatibility testests were completed in the sun.mer of 2019 with the rest of the instrun.ent
at the University of Massachusetts at Amherst. Extensive additional testing was performed at Northwestern
in the fall of 2020. During the fall of 2021, the TolTEC instrument, along with the HWPIL components, were
delivered to the LMT to begin assembly and commissioning.

In Section 2, we discuss the design of the CRHWP and review its constituent components. In Section 3, we
present the results of in-lab testing. In Section 4 we present our commissioning plans for polarimet., ic capabilities

of TolTEC.

2. DESIGN OF HALF-WAVE PLATE ROTATOR AND ACHROMATIC HALF-WAVE
PLATE

The titaninm-nitide (TiN) kinetic inductance detectors (KIDs) used by TolTEC are susceptible to uncorrelated
low-frequency noise (1/f noise).” In addition, correlated 1/ f noise originating from the atmosphere is expected to
be several orders of magnitudes brighter than any desired astronomical signal. These effects can have the potential
to severelv degrade the observations. Continuous modulation of the signal using a continuously rotating half wave
plate (CRWHP) is a common method of mitigating 1/ f noise™? By spimming the CRHWP at an appropriately
high rate, the continuous modulation shifts the input signal to above the 1/f noise regime.

Figure 1. Left: Exploded view of the half-wave plate rotator (minor components excluded,. Right: Avsembled halt-wave
plate rotator in the receiver room of the Large Millimeter Telescope in Mexico.

In brief, the half-wave plate rotator nechanism is designad to rotate a half-wave plate at o rate of 2 he thus
pushing the polarized optical signal to 8 Hz in the detector time-streams. Mounted in front of the window into the
cryostat, it modulates the signal prior to it entering the eryostat. The rotation of the half-wave plate is achieved
using air bearings and driven by a frameless torque motor. The orientation of the HWP is recorded using an
optical encoder. This information is read and processed by a rack mounted computer via an 1/0 card. In the
follow sections, we detail the components of the HWPR. and their function. An exploded as well as assembled
photograph of the HWPR is shown in Figure 1. An overall schemat e -1esign ot the HWTR system is shown in
Figure 2 and basic specifications are shown in Table 1.
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Table 1. Half-Wave Plate Rotator Specifications

Nominal Rotation Rate 2 rotations per sccond
Total Weight ~ 72.6 kg (160 1bs)
Weight of Rotating Components ~ 21.6 kg (47.6 lbs)
HWP Clear Aperture 310 mm
HALF-WAVE PLATE ROTATOR (HWPR)
ooy | | o
TEMPERATLIEE TEMPERATURE
PROBE
l [—=FT—  ENCODER BRAKE AR BEARINGS
NN COMPRESSED AIR CONNECTION
HWPR ELECTRONICS BOX
—— ELECTRICAL SIGNAL
AC 1o
CONYERTER
o COMPRESSED AIR CABINET
HWPR COMPUTER mﬁl
T DT E
FREDUCTION MOFOR CONTROL DOMMANDS. | m:‘ﬂmuToml ER | S T—
(GALIL)
Tnsamu' % il mm:saL::r.n
VALVE
READQUT GARD R BOARD
3V PO PRESSURE AIR MANIFOLD
AC to DC
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24V
MR PAESSURE 3 GNAL
FRoM
COMPRESSCR

Figure 2. Overall Schematic Diagram of the HWPR System.

2.1 Hardware
2.1.1 Air Bearings

The rotating components of the HWPR are levitated by a total of nine air bearings: three radial air bearings
and six axial air bearings from New Way Air Bearings. These operate by foreing air through a porous graphite
medinm. Operating at 200 psi, these air bearings provide low-friction and contactless rotation. Without any
mechanical contact, this minimizes any vibrations between the HWP and Jhe receiver  Furchermore. the lack of
contact increases the longevity of the air bearings and reduces any needed maintenance or replacement.

2.1.2 Readout Electronics

A Renishaw high precision encoder ring is mounted on the rotor to measure the orientation of the rotor and
HWP. The encoder ring consists of 65,536 lines distributed along the 417 mm diameter. Used in conjunction
with a Renishaw VIONIC 4x interpolation optical read head, this system is capable of a resolution of =~ 4.94
arcscconds. A commercial off-the-shelf Sensoray 5826 PCI Express 1/0O card is used to read the encoder signal at
a sample rate of 1 kHz. This information is then timestamped with a pulse-per-second signal shared between all
TolTEC components before being sent to the data processing computer. The Sensoray S826 was chosen due to
its GHz-precision oscillator. This permits a highly precise timestamping and thus orientation tracking of the
HWP. This will be erucial in the removal of the spurious polarization signal associated with the half-wave plate
synchronous signal (see Section 2.1.5).
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2.1.3 Torque Motor and Motor Controller

The rotation of the rotator is powered by a frameless torque motor from Allied Motion (MFF0510015-A00). A
torgue motor was chooen as it does not require timing belts or gears to spin the rotator. By avoiding mechanical
contact via components like timing belts and gears, vibrations and other unwanted motions are prevanted from
being coupled to the sys'em. Power to -he rotator is supplica from a dedicat..d 483VDC power supply via a Galil
DMC-30012 motor controller.

2.1.4 Compressed Air Supply

Air is supplied via a two-stage air compressor. In order to achieve the required pressure of 100 psi while at the
observatory’s elevation of 15,200 ft., the compressor is required to be capable of reaching 200 psi. From the
compressor, the air travels through a series of air tilters and oil separators in order to minimize moisture and
contaminants that may have entered the air supply. In particular, oil originating from the compressor motor may
mmadvertently enter the supply. This can be particularly detrimental to the air bearings which can be damaged by
the presence of oil.

in addition to operating the air bearings, compressed air is also used for the anti-condensation system. In
order to prevent dust or other external contaminates from affecting the optical encoding, nozzles are installed
along the edge of the optical encoder surface continuously blowing the surface with air. This ensures that any
external particulates are quackly dislodged and prevents the condensation of water on the surface of the encoder.

2.1.5 Half-Wave Plates

Two achromatic HWPs will be used as polarizers for TolTEC; one optimized for the bands centered on 1.1 mm
and 1.4 mm, and another optimized for the bands centered on 1.4 mm and 2 mm. As opposed to monochromatic
wave plates, achromatic HWPs enable operation over a range of wavelengths.'® Wihile in tacory, one HWP can
be used to span all three bands. an import.unt consideration is the minimization of an artifact known as the 202
half-wave plate synchronous signal (HWDPSS).
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Figure 3. Specifications of the high-frequency half-wave plate being fabricated. Desigr ed tor the 1.1 mm and 1.4 mm bands

of TolTEC.

The 282 HW 2SS results from the differing emissivities and reiicetivites of the HWIP’s two orthogonal axes.
These properties cause the power incident on the detector to vary at a frequency twice that of the CRHWP’s
rotation frequency. Should this effect be sufficiently large, it can cause power variations, and therefore KID
resonant frequency variations, that are large enough to cause a significant reduction in the signal-to-noise ratio.
This is because as the resonant frequency moves away from the probe tone frequency the signal decreases while

Proc. of SPIE Vol. 12190 1219010-4

Downloaded From: https://www spiedigitallibrary.org/conference-proceedings-of-spie on 16 Feb 2023
Terms of Use: https:/fwww.spiedigitallibrary org/terms-of-use

chrome-extension://gphandlahdpffmccakmbngmbijnjiiahp/https://www.spiedigitallibrary.org/proceedings/Download?urlld=10.1117%2F 12.2627725 5/9



2/16/23, 4:17 PM 1219010.pdf

the noise in the detector readout system does not. To ensure that HWP designs result in minimal power variation,
extensive modeling and simulation of potential HWP designs was carried out prior to manufacture. Evaluations of
multiple variations for a single three-band HWP result in high performance compromises between the bands (i.c.
redueing the HWPSS for one band inevitably incercases it for at “ecast one other band). We found two two-band
HWPs to be a suitable solution to this problem. Each HWP is designed to minimize impact of the 20 HWPSS
in both its respective bands, while still preserving the benefit and flexibility of multi-band observations. The
specifications for the high-frequency HWP are shown in Figure 3.

2.1.6 Mechanical Sarety

Due to the large rotation mass and the exposed rotating components, a series of mechanicnl safety features are
put into place. A mechanical brake is installed with a replaccanle brake pad designed to be engaged whenever
the rotator is powered off and stowed. The brake also engages if a loss of power and/or a loss of pressure (via a
pressure switch) is detected. The pressure switch is set at 75 psi and engages automatically. A loss of power will
si.nilarly automatically engage the mechanical brake. In addition, an emergency stor button is located near the
rotator itself. Pushing the button cuts power to various components and engages the brake, thereby causing the
motion to immediately stop.

2.2 Software
CONTROL SOFTWARE
MCTOR COMMANDS - MOTOR CONTROLLER
| MOTOR CONTROL L & i RNALE
+=HL|TJD’\’-'N
| WATCHDOG ‘
READOUT SOFTWARE v 1 _Hzoema | — ‘
LOCAL STORAGE
&| PULSE PER SECOND ‘
* DwTa
READOUT 10 Hz ~ATA
READOUT CARD |« TEMPERATURE SENSOR
BUFFER
& D&TA
wl HUMIDITY SENSOR l
UDF PACKETS I
< PACKET CREATION
I 10 Hz MaTa
PRESSURE TRANSDUCER ‘

Figure 4. Software diagram

Control and readout of the HWPR is done using software running on a dedi sated rack-mount computer. 1 he
layout ror the software is shown in Figure 4. Rotation of the HWPR is monitored and controlled via a command
line interface accessed locally (for maintenance or debugging purposes) or remotely by the main TolTEC computer.
The HWP positional data from the optical encoder is separately readout by the S826 1/0 card and the Galil
motor controller. The positional data sent to the Galil motor controller is used to monitor the rotation and is
regularly logged for debugging purposes. Positional data readout by the S826 1/0 card is packaged into UDP
packets to be sent to the main TolTEC data storage. In addition, a pulse per second (PPS) signal is also readout
by the S826 1/0 card. This signal is shared by all ToITEC hardware is designed to enable the merging and
correlation of all data time streams including the detector signal tinestreams. This signal is also packaged into
UDP packets and collected.

Housckeeping data related to the operation of the HWPR is also collected here. This includes temperature
and humidity data of both the clectroni-s and the HWPR and the pressure of the overall system. in addition
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to general monitoring, this data is used to operate a software fail-safe. Should the temperature reach a certain
threshold or the system experiences a sudden pressure dre p, the control software will automatically stop the
rotation. This system 1s in addition to the mechanical fail-safes described in Section 2.1.0.

3. IN-LAB PERFORMANCE

Evaluation of the performance #nd capabilities of the HWPR proceeded in the laboratory between Novemboer
2029 and December 2020, In order to test the reliability, robustness, and the stability of the HWPR, the rotator
was rotated at its nominal rotation rate of 2 Hz contimiously for a period of three weecks. Figure 5 shows the
power spectral density of the HWPR for cach day or the three week period (excluding the first and last days).
The performance is comparable to what has been achieved by other instruments (c.g, POLARBEAR-2") and is
expecied to be a stable and effeciive method of long-term votation.

2020-11-14 to 2020-12-02

- MNominal Rotation Rate

10°
10

10%

Power

10°

10-3¢

10754

107 10!
Frequency (Hz)

igure 5. Power Spectral Density of rotation of the HWPR. The dashed vertical line corresponds to the wminal 2 rotationc
per second rate. Excludes the first and last day due to acceleravion and deceleration.

While able to precisely time and read the encoder signal of the rotator, a limitation of the $826 1/O card is the
rclatively small buffer on the card. It posseszes a 16 value buffer. Once exceeded, the buffer is then continuously
overwritten iz a first-in, first-out manner. At the nomi.:al readout speed of 1 kHa, this buffer will thus need to be
readout and saved every 16 milliseconds. Due to the use of a standard Linux distribution (i.e., Ubuntu 20.04.4
LTS) and not a real-time operating system (RTOS), it is possible that the instructions to readout the buffer may
not be executed ia a timely manner. As a result, data points stored in the bufer of the 5826 card may nct be
saved in time and thus “dropped”.

Over the course of the long duration test, we ch wacterised the frequency ind length of vhe gaps that these
dropped counts produce. In total, ~ 1.76 billion data points on the rotational position of the rotator were saved.
We find that, in that time period, 514 gaps were found. These gaps ranged from 2 ms long, corresponding to
skipping one count, to 12 ms long, corresponding to skipping 11 counts. In total, 1611 counts were “dropped”
due to not being readout in a timely manner. The distribution of these gaps are shown in Figure 6. While these
gaps/ “dropped” counts could be potentially mitigated with a RTOS, the versatility and relative simplicity of
using a standard Linux distribution provides substantial maintenance benefits.

4. CONCLUSION AND FUTURE WORK

The purpose of the CRHWP for TolTEC is to mitigate the effects of uncorrelated 1/ f noise from the TiN KIDs
and correlated 1/ f noise from the atmosphere. The HWPR is designed to rotate an achromatic HWP stably and
continuously at 2 revolutions per minute. Tnis is done throuzh the nse of components such as air bearings and a
f:ameless torque motor that permit smooth rotation -vhile imiting, potentially detrimental mechanical contact.
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Figure 6. Histogram of gaps in the data collection. Over the course the continuous three week operatlon of the hatt wave
plate rotator, out of 1. billion data points collected, 514 gaps were detected. While these could be potentially mitigated
with a real-time operating system, the versatility and relative simplicity of u:ing a standard Linux distribution provide
substantial maintena..ce benefits.

In-lab performance and characterization of the HWPR has shown good stability and celiabilty. 't he manztacture
of the first of the two required achromatic HWPs is in progress. The high-frequency (1.1 mm and 1.4 mm) HWP
is eapected to be dehvered in late summer 2022, Commissioning of the TolTEC camera at the LMT is currently
underway. Polarimetric commissioning is expected to begin in Fall 2022 vith the installation of the CRHWP
system.
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