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ABSTRACT

POLARBEAR-2 (PB-2) is a cosmic microwave background (CMB) polarization experiment that will be located
in the Atacama highland in Chile at an altitude of 5200 m. Its science goals are to measure the CMB polarization
signals originating from both primordial gravitational waves and weak lensing. PB-2 is designed to measure the
tensor to scalar ratio, r, with precision σ(r) < 0.01, and the sum of neutrino masses, Σmν , with σ(Σmν) <
90 meV. To achieve these goals, PB-2 will employ 7588 transition-edge sensor bolometers at 95 GHz and 150 GHz,
which will be operated at the base temperature of 250 mK. Science observations will begin in 2017.

Keywords: Cosmic Microwave Background, IR filter, POLARBEAR-2, Polarization, Bolometer, Gravitational
Wave, millimeter wave

1. INTRODUCTION

PB-2 is a ground-based CMB polarization experiment with a large detector array that consists of 7588 dual-
band antenna-coupled Al-Mn transition edge sensor (TES) bolometers for simultaneous measurements at 95
and 150 GHz.1,2 The main goal of PB-2 is to detect degree scale odd-parity (B-mode) polarization patterns.3

The B-mode is created by primordial gravitational waves generated during the inflation.4,5 It is a smoking gun
signature of inflationary universe. PB-2 is designed to measure the inflation models corresponding to the tensor
to scalar ratio, r, with precision σ(r) < 0.01. PB-2 also plans to measure the sub-degree scale B-mode from
gravitational lensing, whose amplitude is sensitive to the sum of neutrino masses, Σmν , with σ(Σmν) < 90 meV.
The expected sensitivity is shown in Fig. 1. We plan to start the scientific observation from early 2017.

2. INSTRUMENT OVERVIEW

The drawing of the PB-2 receiver system is shown in Fig. 2. It consists of the box-type cryostat for the focal
plane, and the optics tube for lenses and filters.6,7 The PB-2 receiver will be housed in a new telescope with the
POLARBEAR-1 (PB-1) design.1 The detector and refractive optical system are cooled with a combination of
two pulse tube coolers and a sorption cooler.2,8, 9 The measured temperature and holding time of focal plane are
270 mK and 28 hours.10 The target noise equivalent temperature (NET) of each detector is 360 µK

√
s. Total

array NET of each frequency is 5.8 µK
√

s and the combined array NET is 4.1 µK
√

s. The specifications of PB-2
system are shown in Table. 1. We mount the polarization modulator and gain calibrator into the telescope. We
plan to use the sapphire half wave plate at the front of the vacuum window as the polarization modulator.11

This modulator allows to reduce the 1/f noise and mitigate the beam systematics. The operation frequency is
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Figure 1. Expected sensitivity of the PB-2 receiver for B-mode detection within 1 sigma errors for 3 years of observa-
tion. Pink and blue curves are the power spectra for primordial gravitational wave and gravitational lensing B-modes,
respectively.

Figure 2. Cross section of the PB-2 receiver system.

2 Hz. The signal frequency is 8 Hz due to 4f modulation with birefringent material. We also place the chopped
thermal source at the backside of secondary mirror as a gain calibrator. For the gain calibration we employ the
non-polarized thermal source at 1000 K. The chopped frequencies are between 5 and 80 Hz.

3. OPTICS

The PB-2 optics consists of combination of an off-axis Gregorian telescope and alumina re-imaging lenses.6,10

The primary and secondary mirrors meet the Mizuguchi-Dragon condition12,13 to cancel the aberration and
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Table 1. The summary of the PB-2 receiver specifications.

POLARBEAR-2

Frequencies 95GHz and 150 GHz

Number of pixels 1897 (7588 bolometers)

NET (bolometer) 360/360µK
√

s (95/150GHz)

NET (array) 5.8/5.8 µK
√

s (95/150GHz)

4.1µK
√

s (95 and 150GHz combination)

Focal plane 270mK

Temperature

Field of View 4.8 ◦

Beam Size 5.2 arcmin. @95 GHz, 3.5 arcmin. @150GHz

Sky Coverage 80%

cross-polarization. The size of the primary mirror is 3.5 m in diameter projected along boresight with 2.5 m
high-precision monolithic mirror and a 1 m guard ring. Its diameter corresponds to the angular resolution of
3.5 and 5.2 arcmin. at 150 and 95 GHz band, respectively. The secondary mirror is 1.5 m in diameter. The
simulated beams are shown in Fig. 3. The prime focus baffle is between the primary and secondary mirror to
reduce the unexpected stray light. The alumina re-imaging lenses are with 99.9 % purity from Nihon ceratech14

and are placed at 4 K stage in the PB-2 receiver cryostat. The diameters and thicknesses of alumina lenses
are 500 mm and 50 mm, respectively. The positions of the alumina lenses are measured precisely with a laser
tracker. We place a Lyot stop between the aperture and collimator lenses. The Lyot stop reduced the stray light
and defines the beam shapes. The edge of Lyot stop is 180 mm in diameter. We use new absorber compound
named “KEK Black” as the material of the Lyot stop.10

3.1 Vacuum window and infrared filters

The Zotefoam17 window is employed as the vacuum window. The refractive index of Zotefoam window is close
to unity, so that we can regard it as vacuum in the range of millimeter wavelengths. The diameter and thickness
of window are 800 mm and 200 mm, respectively. The measured deformation-depth of the vacuum window is
50 mm. To reduce IR emission from the window, a set of IR filters is placed at each thermal stage. The RT-MLI18

as a 300 K filter is placed at the backside of the Zotefoam window. The cutoff frequency and temperature of
RT-MLI is about 400 GHz and 168 K. We employ the alumina filter as the 50 K absorptive filter. We newly
developed a high-thermal-conductivity infrared (IR) filter using alumina.7 The diameter of alumina filter is 460
mm. We estimated the 3 dB cutoff frequency using a Fourier-transform spectrometer. The 3 dB cutoff frequency
is 650 GHz.19 The cut-off shape is steeper than that of conventional filters. The high thermal conductivity of an
alumina minimizes thermal gradients. The temperature rise of the alumina filter is only 3 % of the conventional
filter .6 We also employ the metal mesh filters at 4 K and 350 mK stages. The cutoff frequencies of filters are
listed in Table 2.

3.2 Anti-reflection coating

The broadband anti-reflection (AR) coating can increase the efficiency of the high-reflection optical elements,
such as silicon lenslets, alumina lenses and alumina filters. The typical refractive indices of these elements are
∼ 3 corresponding to 25 % reflection at the surface.

We employ the combination of two-layer AR coating methods, with Skybond + mullite19 on the flat surfaces
and with epoxy layers7,20 on the curved surfaces as shown in Fig. 4. The Skybond is polyimide foam made
by IST corporation.21 The thermal sprayed mullite22,23 is made by Tocalo corporation.24 The epoxy coating
method is with stycast 1090 and 2850FT made by Emerson & Cuming corporation.25 Grooves are made on
epoxy surfaces by laser cutting to reduce the thermal stress.7,26
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Figure 3. Beam simulation of PB-2 optical system. I (left), Q (middle) and U (right) maps are shown for 150 GHz (top)
and 95 GHz (bottom). This simulation includes the reflective alumina lenses and the Gregorian mirror system. We use
the QUAST simulation,15 which is add-on software of GRASP.16

Figure 4. Left: An alumina lens with Skybond+mullite AR coating. Right: An alumina lens with epoxy coating. We
apply the Skybond+mullite AR coating on flat surfaces, and the epoxy coating on curved surfaces.
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Table 2. IR filter specifications. All the temperatures and transmittances are measured values. The 3 dB cutoff of RT-MLI
and alumina filter are quoted from elsewhere.18,19 The 3 dB cutoff of metal mesh filters are measured by Cardiff group.

Filter (stage) Temperature 3 dB Cutoff Transmittance (95 GHz) Transmittance (150 GHz)

RT-MLI (300 K) 168 K 2000 GHz 99 % 99 %

Alumina filter (50 K) 55 K 650 GHz 96 % 96 %

Metal mesh filter (4 K) 5.8 K 360 GHz 96 % 94 %

Metal mesh filter (4 K) 5.8 K 261 GHz 98 % 94 %

Metal mesh filter (350 mK) 0.5 K 171 GHz 94 % 92 %

Figure 5. Drawing of focal plane. The focal plane consists of 7 wafer modules. Each wafer module has 271 pixels. Each
pixel is with a silicon lenslet.

4. FOCAL PLANE AND DETECTOR

The focal plane with 365 mm in diameter is placed at the 250 mK stage as shown in Fig. 5. Seven hexagonal wafer
modules are placed on the focal plane, which consists of detector wafers and LC boards.27,28 On each detector
wafer, there are 271 pixles with silicon lenslets.29 The diameter of lenslet is 6.07 mm, whose size is optimized
to maximize the array NET. We place the dual-polarization sinuous antennas for broadband detection.30 The
beam map and polarization are shown in Fig. 7. The estimated beam ellipticity at 150 GHz and 95 GHz are
less than 1 %. The microstrip filter separates the signal between 150 and 95 GHz, then Al-Mn TES bolometers
detect the signals as shown in Fig. 6. The measured band width of the microstrip filter is shown in Fig. 7. The
total number of TES bolometers is 7588.

5. READOUT

The TES bolometers are operated with electro-thermal feedback that keeps the sum of optical and electrical
power to be constant.27,28 The resistance of TES bolometer is changed by the incident optical power, which is
measured by the superconducting quantum interference devices (SQUIDs). The SQUID amplifier is operated at
4 K, coupled trough a superconducting input coil. The readout channels are defined by LC filter with an inductor
and a capacitor chip with each bolometer. Then, these are 60 µH inductors and capacitors made by NIST. The
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Figure 6. Dual-band antenna-coupled Al-Mn TES bolometer. The sinuous antenna is sensitive to 95 and 150 GHz band.
The microstrip filter separates the signal between 150 and 95 GHz. The separated signals are detected at TES bolometers.

Figure 7. Left and middle: The measured beam maps of each detector. Right: the measured bandwidth of microstrip
filter.
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Figure 8. The circuit of readout system. TES bolometes and LC chips are placed on 250 mK stage. We read each of the
LC resonance peak with SQUID amplifier with superconducting coil. All the read out system is operated with ICE board
at room temperature.

target of multiplexing factor is 40. The readout frequencies are between 1 and 3 MHz. The requirement of
electrical cross talk is less than 1 %. The layout and spacing of LC chips are optimized with minimal cross talk.
All the readout system is controlled by the ICE board31 at room temperature as shown in Fig. 8. The overall
expected readout noise is designed to be less than 7 pA

√
Hz.

6. SUMMARY

PB-2 is an receiver system for performing high-sensitivity observations by placing 7,588 detectors on the focal
plane of 365 mm in diameter. We have developed and characterized the PB-2 receiver system for performance
precision measurements of the B-mode. The PB-2 receiver system will be deployed in Chile in 2017.
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