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Abstract
The Simons Observatory (SO) experiment is a cosmic microwave background 
(CMB) experiment located in the Atacama Desert, Chile. The SO’s small aperture 
telescopes (SATs) consist of three telescopes designed for precise CMB polarimetry 
at large angular scales. Each SAT uses a cryogenic rotating half-wave plate (HWP) 
as a polarization modulator to mitigate atmospheric 1/f noise and other systematics. 
To realize efficient polarization modulation over the observation bands, we fabri-
cated an achromatic HWP (AHWP) consisting of three sapphire plates with anti-
reflection coatings. The AHWP is designed to have broadband modulation efficiency 
and transmittance. This paper reports on the design and the preliminary characteri-
zation of the AHWPs for SATs.

Keywords Cosmic microwave background · Half-wave plate · Modulation · 
Polarization

1 Introduction

The cosmic microwave background (CMB) polarization has rich information of the 
early universe. One of the largest noise sources for the ground-based CMB exper-
iments is the unpolarized low-frequency noise, also known as 1/f noise, which is 
caused by atmospheric fluctuations. To improve polarization sensitivity, it is effec-
tive to modulate the polarized signals to frequencies above the knee frequency 
( ∼ 1 Hz) of the 1/f noise. Several CMB experiments, especially the ground-based 
ones, have used polarization modulators in the past [1–12]. The Simons Observatory 
(SO) [13] will also introduce the polarization modulators to its telescopes called 
small aperture telescopes (SATs) [14]. The SATs consist of three telescopes, two 
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of which are dedicated to the 90/150 GHz bands (mid-frequency bands denoted as 
MF) and the remaining one to the 220/280 GHz bands (ultra high-frequency bands 
denoted UHF). The SATs use a continuously rotating half-wave plate (HWP) as a 
polarization modulator, which comprises the HWP optic and the cryogenic rotation 
mechanism. This paper describes the optical properties of HWP, while the cryogenic 
rotation mechanism is described elsewhere [15].

The modulated signal dm(t) is expressed in the HWP angular rotation speed �HWP

:

where t is time; T, � and �� are the transmittance, polarization modulation efficiency 
and optical axis phase of the HWP; I(t), Q(t) and U(t) are the Stokes parameters of 
the incident light and N(t) is the noise on the detector, respectively.

Various designs of HWPs have been developed for CMB polarimetry [16–19]. 
The SATs use a three-layer achromatic HWP (AHWP), so-called Pancharatnam 
AHWP [20], to achieve broadband modulation efficiency. The surface of the AHWP 
is anti-reflection (AR) coated to improve the transmission. We report on the fabrica-
tion and preliminary evaluation of AHWPs for three SATs: Two MF SATs named 
SAT MF-1 and SAT MF-2, and SAT UHF.

2  Fabrication

We follow the same AHWP fabrication process as POLARBEAR-2b [21, 22]. The 
AHWP consists of three sapphire plates and two AR-coated alumina plates. Its opti-
cal diameter is 490  mm, the largest in CMB experiments to our knowledge. The 
sapphire plates are manufactured at Guizhou Haotian Optoelectronics Technology 
Co., Ltd. [23]. Sapphires for SAT UHF are ground to be thin and flat at KYOCERA 
[24]. The thickness of each sapphire plate is 3.75 ± 0.01 mm for MF-1 and MF-2; 
and 1.60 ± 0.01  mm for UHF. Three sapphire plates are stacked in the configura-
tion described in Fig.  1a. The orientation of the center sapphire is shifted by �2 
(54 deg for MF-1 and MF-2; 57 deg for UHF) to optimize the broadband modulation 

(1)dm(t) = T ⋅ I(t) + �T ⋅ Re[(Q(t) + iU(t))] exp[−4i(�HWPt + ��)] + N(t);

Fig. 1  a The sapphire HWP stack model. The green/red lines show the ordinary/extra-ordinary axis of 
different indices ( no = 3.05 ± 0.03/ne = 3.38 ± 0.03 ) [10]. They are stacked into one AHWP with AR-
coated alumina plates. b The AHWP view. The photo shows the AR-coated surface and the aluminum 
holder. c The configuration of the optical measurement. This setup is described in Ref. [26] in detail
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efficiency for each SAT. The sapphire stack is placed between the AR-processed alu-
minas, and all the layers are glued at the center with Epo-Tek 301-2 [25]. The AHWP 
edge is held in place with an aluminum holder as shown in Fig. 1b. The MF-1 and 
UHF AHWPs use the two-layer AR coating described in Sakaguri et al. [26]. The 
MF-2 AHWP uses the metamaterial AR described in Golec et al. [27].

3  Optical Test at Room Temperature

The transmission and the modulation efficiency of the AHWPs are optically meas-
ured at room temperature. The optical axis phase �� in Eq. (1) depends on the micro-
wave frequency � for the Pancharatnam AHWP. We also measured this frequency-
dependent phase ��.

3.1  Setup

The AHWP response to linear polarization is evaluated using the setup shown in 
Fig. 1c. The vector network analyzer (VNA) measures the intensity and phase of the 
input/output signal. The angle of two wire grids is fixed vertically; one wire grid hor-
izontally polarizes the incident electric field on the AHWP Ei = (Eh

i
≠ 0, Ev

i
= 0) , 

and the other extracts Eh
t
 from the transmitted electric field of Et = (Eh

t
, Ev

t
) . The 

AHWP is held on the rotating sample holder and is measured every 5 deg of the 
rotation angle to estimate the modulation efficiency and the phase shift. The planes 
of wire grids and the absorber are not aligned parallel with the AHWP to prevent 
incident and reflected light from making standing waves.

3.2  Results

Figure  2 shows the result for MF-1 AHWP. The measured modulation efficiency � 
and the phase shift �� are shown in Fig. 2a. The AHWP has nearly 100% modula-
tion efficiency over the observation bands with its optical axis well characterized. The 
measured and simulated room temperature transmission from Eh

i
 to Eh

t
 are compared 

in Fig. 2b and show good agreement. The simulations employ the method described in 
Ref. [28] and adopt the loss tangent values in the literature [10, 26, 29–33]. The trans-
mittance is higher at lower temperatures because the absorption is lower. Expected 
transmission at 100 K is calculated using the AHWP loss tangent at 100 K with other 
parameters the same as 300  K. The cryogenic MF-1 AHWP has a transmission of 
> 90 % over the observation bands. The fine fringes in the transmission spectra arise 
from the internal reflections in the birefringent sapphires and the small AR imperfec-
tion. The band-averaged modulation efficiency � , transmittance T and reflectance R for 
all AHWPs are shown in Table 1. The leftover of 1 − T − R stands for the absorption. 
As shown in Table  1, high band-averaged modulation efficiency and transmittance, 
and low reflectance are achieved. The operation temperature will be lower than 100 K, 
and the transmittance will slightly increase compared to these numbers.
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4  Instrumental Polarization

4.1  Setup

We conducted an instrumental polarization (IP) measurement, a spurious polariza-
tion generated in a telescope [34, 35]. Here, we focus on IP moduled with frequency 
of four times HWP speed, which cause leakage into the polarized signal of interest. 
The left panel of Fig. 3 shows overall setup of the IP measurement conducted in the 
final integration test of the first SAT, SAT-MF1 [36]. We put a room temperature 
blackbody right on top of the window of SAT. Each detector sees the blackbody 
with an incidence angle that is proportional to its displacement from the center of 
the focalplane. The optical configuration inside of SAT-MF1 is the same as the on-
site configuration except for neutral density (ND) filter (Eccosorb MF-112 [37]) in 

Fig. 2  The measured MF-1 AHWP spectra. The gray bands show the observation frequencies. a Purple 
dots show the modulation efficiency � , and brown dots show the phase shift �� of the optical axis. b 
Data points are the measured Eh

i
 to Eh

t
 transmission, and dotted lines show the simulated Eh

i
 to Eh

t
 or Ev

t
 

transmission, and solid lines show the simulated 300 K or 100 K total transmission. These transmission 
spectra change with AHWP rotation

Table 1  The modulation efficiency � , transmittance T and reflectance R of the SAT AHWPs

� is the optically measured value, while T and R are the simulated values. The leftover of 1 − T − R 
stands for the absorption. T at 100 K is higher than at 300 K since the absorption decreases

Frequency band MF-1 MF-2 UHF

90 GHz 150 GHz 90 GHz 150 GHz 220 GHz 330 GHz

� (%) 99.5 ± 0.03 98.8 ± 0.02 97.3 ± 0.01 99.0 ± 0.01 99.8 ± 0.02 99.7 ± 0.03
T at 300 K 0.89 ± 0.04 0.84 ± 0.02 0.91 ± 0.03 0.84 ± 0.06 0.73 ± 0.02 0.72 ± 0.02
T at 100 K 0.91 ± 0.02 0.92 ± 0.02 0.97 ± 0.01 0.91 ± 0.02 0.88 ± 0.01 0.87 ± 0.01
R 0.07 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.09 ± 0.02 0.03 ± 0.01 0.02 ± 0.01
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front of the detector modules, which attenuates in band emission from 300 K black 
body and prevents detectors from saturating. The radiation from the blackbody goes 
through the vacuum window, metal-mesh infrared (IR) filter, 40 K alumina IR filter, 
AHWP, 4 K alumina IR filter, optics tube, which mechanically supports three silicon 
lenses and a low-pass edge filter, another low-pass edge filter in front of detectors, 
and ND filter, and is detected by transition edge detectores (TESes) on focalplane 
[38]. The IP is observed by each TES as the Q and U of Eq. (1) and is recovered 
with a standard demodulation process [9, 35].

4.2  Results

The observed small IP can be expressed as a sum of uniform polarization and radial 
polarization pattern across the focalplane. The uniform polarization component is not 
expected to be due to the AHWP because IP from AHWP has a radial property [34].1 
The right panel of Fig. 3 shows the radial component for 150 GHz as a function of inci-
dence angle. Measured data were relatively calibrated among detectors by comparing 
measured saturation power of TESes with warm ( ∼ 300 K) load and cold ( ∼ 77 K) load 
on top of the window. The measured radial IP dependence shows reasonable agreement 
with expected quadratic dependence (shown in a black line) due to the main cause of 
IP, the differential transmission between s-wave and p-wave [34] at optical components 
such as AHWP, 40 K alumina filter and window. It means that AHWP is well fabri-
cated and does not have any obvious defects. Difference among data points, orange/
green points and red/purple points, could be explained by the calibration error due to 
that cold load being located 450 mm above the window whereas warm load was just on 

Fig. 3  (Left) The configuration of the IP measurement. (Right) Each data point corresponds to amplitude 
of the radial component of IP. Color of focalplane corresponds to the color of each data point. Solid 
black line shows normalized quadratic behavior

1 While an imperfection of AHWP can make a non-radial IP, such as AR-coating non-uniformity, this 
type of IP should be observed with orthogonal polarization angles by orthogonal pair detectors. This is 
contrary our observation.
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top of the window. We emphasize that this measurement was conducted about 1 year 
before the deployment of the telescope and improved our confidence on the AHWP. 
More precise IP characterization will be executed on-sky.

5  Summary

We evaluated the performance of the AHWPs from the warm and cold tests. In the 
optical measurements at room temperature, we characterized the transmittance, modu-
lation efficiency and phase shift of the optical axis of the three AHWPs for SAT MF-1, 
MF-2 (90/150 GHz) and UHF (220/280 GHz). All the AHWPs achieved modulation 
efficiency of > 97 %. The MF-1 and MF-2 AHWPs will have transmittance > 91 % at 
< 100 K. The UHF AHWP will have transmittance > 87 % at < 100 K. We also meas-
ured instrumental polarization in an integration test and confirmed the expected radial 
dependence, demonstrating that AHWP does not have any obvious defect.

Acknowledgements This work was supported in part by the Simons Foundation (Award #457687, B.K.). 
This work was also supported by JSR Fellowship, the University of Tokyo; and by FoPM and IGPEES, 
WINGS Program, the University of Tokyo. This work was also supported by JSPS Core-to-Core program 
Grant No. JPJSCCA20200003 and JSPS KAKENHI Grant Nos. JP23KJ0501, JP23H01202, 18H05539, 
19H00674 and 23H00105 and International Research Center Formation Program to Accelerate Okayama 
University Reform (RECTOR).

Funding Open Access funding provided by The University of Tokyo.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. P.C. Farese, G. Dall’Oglio, J.O. Gundersen, B.G. Keating, S. Klawikowski, L. Knox, A. Levy, P.M. 
Lubin, C.W. O’Dell, A. Peel, L. Piccirillo, J. Ruhl, P.T. Timbie, COMPASS: An upper limit on cos-
mic microwave background polarization at an angular scale of 20′ . Astrophys. J. 610(2), 625–634 
(2004). https:// doi. org/ 10. 1086/ 421837

 2. M.-T. Chen, C.-T. Li, Y.-J. Hwang, H. Jiang, P. Altamirano, C.-H. Chang, S.-H. Chang, S.-W. Chang, 
T.-D. Chiueh, T.-H. Chu, C.-C. Han, Y.-D. Huang, M. Kesteven, D. Kubo, P. Martin-Cocher, P. 
Oshiro, P. Raffin, T. Wei, H. Wang, W. Wilson, P.T.P. Ho, C.-W. Huang, P. Koch, Y.-W. Liao, K.-Y. 
Lin, G.-C. Liu, S.M. Molnar, H. Nishioka, K. Umetsu, F.-C. Wang, J.-H.P. Wu, AMiBA: broadband 
heterodyne cosmic microwave background interferometry. Astrophys. J. 694(2), 1664–1669 (2009). 
https:// doi. org/ 10. 1088/ 0004- 637x/ 694/2/ 1664

 3. S. Moyerman, E. Bierman, P.A.R. Ade, R. Aiken, D. Barkats, C. Bischoff, J.J. Bock, H.C. Chiang, 
C.D. Dowell, L. Duband, E.F. Hivon, W.L. Holzapfel, V.V. Hristov, W.C. Jones, J. Kaufman, B.G. 
Keating, J.M. Kovac, C.L. Kuo, E.M. Leitch, P.V. Mason, T. Matsumura, H.T. Nguyen, N. Ponthieu, 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1086/421837
https://doi.org/10.1088/0004-637x/694/2/1664


179

1 3

Journal of Low Temperature Physics (2024) 214:173–181 

C. Pryke, S. Richter, G. Rocha, C. Sheehy, Y.D. Takahashi, J.E. Tolan, E. Wollack, K.W. Yoon, Sci-
entific verification of faraday rotation modulators: detection of diffuse polarized galactic emission. 
Astrophys. J. 765(1), 64 (2013). https:// doi. org/ 10. 1088/ 0004- 637x/ 765/1/ 64

 4. C.W. O’Dell, B.G. Keating, A. Oliveira-Costa, M. Tegmark, P.T. Timbie, CMB polarization at large 
angular scales: data analysis of the POLAR experiment. Phys. Rev. D (2003). https:// doi. org/ 10. 
1103/ physr evd. 68. 042002

 5. E.M. Leitch, J.M. Kovac, N.W. Halverson, J.E. Carlstrom, C. Pryke, M.W.E. Smith, Degree angular 
scale interferometer 3 year cosmic microwave background polarization results. Astrophys. J. 624(1), 
10–20 (2005). https:// doi. org/ 10. 1086/ 428825

 6. T. Matsumura, A cosmic microwave background radiation polarimeter using superconducting mag-
netic bearings. PhD thesis, University of Minnesota (2006)

 7. B.R. Johnson, J. Collins et  al., MAXIPOL: cosmic microwave background polarimetry using a 
rotating half-wave plate. Astrophys. J. 665(1), 42 (2007). https:// doi. org/ 10. 1086/ 518105

 8. J. Klein, The EBEX collaboration: a cryogenic half-wave plate polarimeter using a superconducting 
magnetic bearing 8150, 815004 (2011). https:// doi. org/ 10. 1117/ 12. 893669

 9. A. Kusaka, T. Essinger-Hileman, J.W. Appel, P. Gallardo, K.D. Irwin, N. Jarosik, M.R. Nolta, L.A. 
Page, L.P. Parker, S. Raghunathan, J.L. Sievers, S.M. Simon, S.T. Staggs, K. Visnjic, Modulation 
of cosmic microwave background polarization with a warm rapidly rotating half-wave plate on the 
Atacama B-mode search instrument. Rev. Sci. Instrum. (2014). https:// doi. org/ 10. 1063/1. 48620 58

 10. C.A. Hill, S. Beckman, Y. Chinone, N. Goeckner-Wald, M. Hazumi, B. Keating, A. Kusaka, A.T. 
Lee, F. Matsuda, R. Plambeck, A. Suzuki, S. Takakura, Design and development of an ambient-
temperature continuously-rotating achromatic half-wave plate for CMB polarization modulation on 
the POLARBEAR-2 experiment (2016). https:// doi. org/ 10. 1117/ 12. 22322 80

 11. B.R. Johnson, F. Columbro, D. Araujo et al., A large-diameter hollow-shaft cryogenic motor based 
on a superconducting magnetic bearing for millimeter-wave polarimetry. Rev. Sci. Instrum. 88(10), 
105102 (2017). https:// doi. org/ 10. 1063/1. 49908 84

 12. K. Coughlin, Metamaterial optics for precision cosmic microwave background observation. PhD 
thesis, Michigan U. (2018)

 13. P. Ade, J. Aguirre et al., The Simons Observatory: science goals and forecasts. J. Cosmol. Astropart. 
Phys. 2019(02), 056–056 (2019). https:// doi. org/ 10. 1088/ 1475- 7516/ 2019/ 02/ 056

 14. K. Kiuchi, S. Adachi, A.M. Ali, K. Arnold, P. Ashton, J.E. Austermann, A. Bazako, J.A. Beall, Y. 
Chinone, G. Coppi, K.D. Crowley, K.T. Crowley, S. Dicker, B. Dober, S.M. Duff, G. Fabbian, N. 
Galitzki, J.E. Golec, J.E. Gudmundsson, K. Harrington, M. Hasegawa, M. Hattori, C.A. Hill, S.-
P.P. Ho, J. Hubmayr, B.R. Johnson, D. Kaneko, N. Katayama, B. Keating, A. Kusaka, J. Lashner, 
A.T. Lee, F. Matsuda, H. McCarrick, M. Murata, F. Nati, Y. Nishinomiya, L. Page, M.S. Rao, C.L. 
Reichardt, K. Sakaguri, Y. Sakurai, J. Sibert, J. Spisak, O. Tajima, G.P. Teply, T. Terasaki, T. Tsan, 
S. Walker, E.J. Wollack, Z. Xu, K. Yamada, M. Zannoni, N. Zhu, The Simons observatory small 
aperture telescope overview, in Ground-based and Airborne Telescopes VIII, ed. by H.K. Marshall, 
J. Spyromilio, T. Usuda (SPIE, 2020). https:// doi. org/ 10. 1117/ 12. 25620 16

 15. K. Yamada, B. Bixler, Y. Sakurai, P.C. Ashton, J. Sugiyama, K. Arnold, J. Begin, L. Corbett, S. 
Day-Weiss, N. Galitzki, C.A. Hill, B.R. Johnson, B. Jost, A. Kusaka, B.J. Koopman, J. Lashner, 
A.T. Lee, A. Mangu, H. Nishino, L.A. Page, M.J. Randall, D. Sasaki, X. Song, J. Spisak, T. Tsan, 
Y. Wang, P.A. Williams, The Simons observatory: cryogenic half wave plate rotation mechanism for 
the small aperture telescopes (2023). https:// arxiv. org/ abs/ 2309. 14803

 16. K. Komatsu, T. Matsumura, H. Imada, H. Ishino, N. Katayama, Y. Sakurai, Demonstration of the 
broadband half-wave plate using the nine-layer sapphire for the cosmic microwave background 
polarization experiment. J. Astron. Telesc. Instrum. Syst. 5(4), 044008 (2019). https:// doi. org/ 10. 
1117/1. JATIS.5. 4. 044008

 17. G. Pisano, B. Maffei, M.W. Ng, V. Haynes, M. Brown, F. Noviello, P. Bernardis, S. Masi, F. Piacen-
tini, L. Pagano, M. Salatino, B. Ellison, M. Henry, P. Maagt, B. Shortt, Development of large radii 
half-wave plates for cmb satellite missions, in Millimeter, Submillimeter, and Far-Infrared Detectors 
and Instrumentation for Astronomy VII, ed. by W.S. Holland, J. Zmuidzinas (SPIE, 2014). https:// 
doi. org/ 10. 1117/ 12. 20563 80

 18. P. Giampaolo, W.N. Ming, H. Victor, M. Bruno, A broadband metal-mesh half-wave plate for milli-
metre wave linear polarisation rotation. Prog. Electromagn. Res. M 25, 101–114 (2012). https:// doi. 
org/ 10. 2528/ PIERM 12051 410

 19. S.A. Bryan, P.A.R. Ade, M. Amiri, S. Benton, R. Bihary, J.J. Bock, J.R. Bond, J.A. Bonetti, H.C. 
Chiang, C.R. Contaldi, B.P. Crill, D. O’Dea, O. Dore, M. Farhang, J.P. Filippini, L. Fissel, N. 

https://doi.org/10.1088/0004-637x/765/1/64
https://doi.org/10.1103/physrevd.68.042002
https://doi.org/10.1103/physrevd.68.042002
https://doi.org/10.1086/428825
https://doi.org/10.1086/518105
https://doi.org/10.1117/12.893669
https://doi.org/10.1063/1.4862058
https://doi.org/10.1117/12.2232280
https://doi.org/10.1063/1.4990884
https://doi.org/10.1088/1475-7516/2019/02/056
https://doi.org/10.1117/12.2562016
https://arxiv.org/abs/2309.14803
https://doi.org/10.1117/1.JATIS.5.4.044008
https://doi.org/10.1117/1.JATIS.5.4.044008
https://doi.org/10.1117/12.2056380
https://doi.org/10.1117/12.2056380
https://doi.org/10.2528/PIERM12051410
https://doi.org/10.2528/PIERM12051410


180 Journal of Low Temperature Physics (2024) 214:173–181

1 3

Gandilo, S. Golwala, J.E. Gudmundsson, M. Hasselfield, M. Halpern, K.R. Helson, G. Hilton, W. 
Holmes, V.V. Hristov, K.D. Irwin, W.C. Jones, C.L. Kuo, C.J. MacTavish, P. Mason, T. Morford, 
T.E. Montroy, C.B. Netterfield, A.S. Rahlin, C.D. Reintsema, D. Riley, J.E. Ruhl, M.C. Runyan, 
M.A. Schenker, J. Shariff, J.D. Soler, A. Transrud, R. Tucker, C. Tucker, A. Turner, Modeling and 
characterization of the spider half-wave plate, in Millimeter, Submillimeter, and Far-Infrared Detec-
tors and Instrumentation for Astronomy V. ed. by W.S. Holland, J. Zmuidzinas (SPIE, 2010). https:// 
doi. org/ 10. 1117/ 12. 857837

 20. S. Pancharatnam, Achromatic combinations of birefringent plates. Proc. Indian Acad. 41, 137–144 
(1955). https:// doi. org/ 10. 1007/ BF030 47098

 21. L. Howe, C. Tsai, L. Lowry, K. Arnold, G. Coppi, J. Groh, X. Guo, B. Keating, A. Lee, A.J. May, L. 
Piccirillo, N. Stebor, G. Teply, Design and characterization of the POLARBEAR-2b and POLAR-
BEAR-2c cosmic microwave background cryogenic receivers (2018)

 22. C.A. Hill, A. Kusaka, P. Ashton, P. Barton, T. Adkins, K. Arnold, B. Bixler, S. Ganjam, A.T. Lee, 
F. Matsuda, T. Matsumura, Y. Sakurai, R. Tat, Y. Zhou, A cryogenic continuously rotating half-
wave plate mechanism for the POLARBEAR-2b cosmic microwave background receiver. Rev. Sci. 
Instrum. (2020). https:// doi. org/ 10. 1063/5. 00290 06

 23. Guizhou Haotian Optoelectronics Technology Co., Ltd. http:// www. ghtot. com/
 24. KYOCERA. https:// www. kyoce ra. co. jp/
 25. Epo-Tek. https:// www. epotek. com/
 26. K. Sakaguri, M. Hasegawa, Y. Sakurai, J. Sugiyama, N. Farias, C. Hill, K. Konishi, A. Kusaka, A.T. 

Lee, T. Matsumura, J. Yumoto, Anti-reflection coating with mullite and Duroid for large-diameter 
cryogenic sapphire half-wave plates and alumina infrared filters. In-prep (2023)

 27. J.E. Golec, S. Sutariya, R. Jackson, J. Zimmerman, S.R. Dicker, J. Iuliano, J. McMahon, G. Puglisi, 
C. Tucker, E.J. Wollack, Simons observatory: broadband metamaterial antireflection cuttings for 
large-aperture alumina optics. Appl. Opt. 61(30), 8904 (2022). https:// doi. org/ 10. 1364/ ao. 472459

 28. T. Essinger-Hileman, Transfer matrix for treating stratified media including birefringent crystals. 
Appl. Opt. 52(2), 212 (2013). https:// doi. org/ 10. 1364/ ao. 52. 000212

 29. V.B. Braginsky, V.S. Ilchenko, K.S. Bagdassarov, Experimental observation of fundamental micro-
wave absorption in high-quality dielectric crystals. Phys. Lett. A 120(6), 300–305 (1987). https:// 
doi. org/ 10. 1016/ 0375- 9601(87) 90676-1

 30. J.W. Lamb, Miscellaneous data on materials for millimetre and submillimetre optics. Int. J. Infrared 
Millim. Waves 17(9), 1997–2034 (1996). https:// doi. org/ 10. 1007/ BF020 69487

 31. Y. Inoue, T. Matsumura, M. Hazumi, A.T. Lee, T. Okamura, A. Suzuki, T. Tomaru, H. Yamaguchi, 
Cryogenic infrared filter made of alumina for use at millimeter wavelength. Appl. Opt. 53(1572–
9559), 1727–1733 (2014). https:// doi. org/ 10. 1364/ AO. 53. 001727

 32. K. Sakaguri, M. Hasegawa, Y. Sakurai, C. Hill, A. Kusaka, Broadband multi-layer anti-reflection 
coatings with mullite and Duroid for half-wave plates and alumina filters for CMB polarimetry. J. 
Low Temp. Phys. 209(5–6), 1264–1271 (2022). https:// doi. org/ 10. 1007/ s10909- 022- 02847-0

 33. V.V. Parshin, R. Heidinger, B.A. Andreev, A.V. Gusev, V.B. Shmagin, Silicon as an advanced win-
dow material for high power gyrotrons. Int. J. Infrared Millim. Waves 16(1572–9559), 863–877 
(1995). https:// doi. org/ 10. 1007/ BF020 66662

 34. T. Essinger-Hileman, A. Kusaka, J. Appel, S. Choi, K. Crowley, S. Ho, N. Jarosik, L. Page, L. 
Parker, S. Raghunathan et al., Systematic effects from an ambient-temperature, continuously rotat-
ing half-wave plate. Rev. Sci. Instrum. 87(9) (2016)

 35. S. Takakura, M. Aguilar, Y. Akiba, K. Arnold, C. Baccigalupi, D. Barron, S. Beckman, D. Boettger, 
J. Borrill, S. Chapman, Y. Chinone, A. Cukierman, A. Ducout, T. Elleflot, J. Errard, G. Fabbian, T. 
Fujino, N. Galitzki, N. Goeckner-Wald, N.W. Halverson, M. Hasegawa, K. Hattori, M. Hazumi, C. 
Hill, L. Howe, Y. Inoue, A.H. Jaffe, O. Jeong, D. Kaneko, N. Katayama, B. Keating, R. Keskitalo, T. 
Kisner, N. Krachmalnicoff, A. Kusaka, A.T. Lee, D. Leon, L. Lowry, F. Matsuda, T. Matsumura, M. 
Navaroli, H. Nishino, H. Paar, J. Peloton, D. Poletti, G. Puglisi, C.L. Reichardt, C. Ross, P. Siritana-
sak, A. Suzuki, O. Tajima, S. Takatori, G. Teply, Performance of a continuously rotating half-wave 
plate on the polarbear telescope. J. Cosmol. Astropart. Phys. 2017(05), 008 (2017). https:// doi. org/ 
10. 1088/ 1475- 7516/ 2017/ 05/ 008

 36. N. Galitzki, The Simons observatory: Integration and testing of the first small aperture telescope, 
sat-mf1. In-prep (2023)

 37. Eccosorb. https:// www. laird. com/ produ cts/ absor bers/ struc tural- absor bers/ machi ned- absor ber/ eccos 
orb- mf

https://doi.org/10.1117/12.857837
https://doi.org/10.1117/12.857837
https://doi.org/10.1007/BF03047098
https://doi.org/10.1063/5.0029006
http://www.ghtot.com/
https://www.kyocera.co.jp/
https://www.epotek.com/
https://doi.org/10.1364/ao.472459
https://doi.org/10.1364/ao.52.000212
https://doi.org/10.1016/0375-9601(87)90676-1
https://doi.org/10.1016/0375-9601(87)90676-1
https://doi.org/10.1007/BF02069487
https://doi.org/10.1364/AO.53.001727
https://doi.org/10.1007/s10909-022-02847-0
https://doi.org/10.1007/BF02066662
https://doi.org/10.1088/1475-7516/2017/05/008
https://doi.org/10.1088/1475-7516/2017/05/008
https://www.laird.com/products/absorbers/structural-absorbers/machined-absorber/eccosorb-mf
https://www.laird.com/products/absorbers/structural-absorbers/machined-absorber/eccosorb-mf


181

1 3

Journal of Low Temperature Physics (2024) 214:173–181 

 38. H. McCarrick, E. Healy, Z. Ahmed, K. Arnold, Z. Atkins, J.E. Austermann, T. Bhandarkar, J.A. 
Beall, S.M. Bruno, S.K. Choi, J. Connors, N.F. Cothard, K.D. Crowley, S. Dicker, B. Dober, C.J. 
Duell, S.M. Duff, D. Dutcher, J.C. Frisch, N. Galitzki, M.B. Gralla, J.E. Gudmundsson, S.W. Hen-
derson, G.C. Hilton, S.-P.P. Ho, Z.B. Huber, J. Hubmayr, J. Iuliano, B.R. Johnson, A.M. Kofman, A. 
Kusaka, J. Lashner, A.T. Lee, Y. Li, M.J. Link, T.J. Lucas, M. Lungu, J.A.B. Mates, J.J. McMahon, 
M.D. Niemack, J. Orlowski-Scherer, J. Seibert, M. Silva-Feaver, S.M. Simon, S. Staggs, A. Suzuki, 
T. Terasaki, R. Thornton, J.N. Ullom, E.M. Vavagiakis, L.R. Vale, J.V. Lanen, M.R. Vissers, Y. 
Wang, E.J. Wollack, Z. Xu, E. Young, C. Yu, K. Zheng, N. Zhu, The Simons observatory micro-
wave squid multiplexing detector module design. Astrophys. J. 922(1), 38 (2021). https:// doi. org/ 10. 
3847/ 1538- 4357/ ac2232

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps 
and institutional affiliations.

Authors and Affiliations

Junna Sugiyama1 · Tomoki Terasaki1 · Kana Sakaguri1 · Bryce Bixler2 · 
Yuki Sakurai3,4 · Kam Arnold2 · Kevin T. Crowley2 · Rahul Datta5 · 
Nicholas Galitzki6,7 · Masaya Hasegawa8 · Bradley R. Johnson9 · Brian Keating2 · 
Akito Kusaka1,4,10 · Adrian Lee10,11 · Tomotake Matsumura4 · Jeffrey Mcmahon5 · 
Maximiliano Silva‑Feaver2 · Yuhan Wang12 · Kyohei Yamada1

 * Junna Sugiyama 
 junna.sugiyama@phys.s.u-tokyo.ac.jp

 * Tomoki Terasaki 
 tomoki.terasaki@phys.s.u-tokyo.ac.jp

1 Department of Physics, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-0033, 
Japan

2 Department of Physics, University of California, La Jolla, San Diego, CA 92093, USA
3 Graduate School of Natural Science and Technology, Okayama University, 3-1-1, 

Tsusima-Naka, Kita-ku, Okayama 700-8530, Japan
4 Kavli IPMU, The University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa, Chiba 277-8583, Japan
5 Department of Astronomy and Astrophysics, University of Chicago, 5640 South Ellis Avenue, 

Chicago, IL 60637, USA
6 Department of Physics, University of Texas at Austin, Austin, TX 78712, USA
7 Weinberg Institute for Theoretical Physics, Texas Center for Cosmology and Astroparticle 

Physics, Austin, TX 78712, USA
8 High Energy Accelerator Research Organization, 1-1, Ooho, Tsukuba, Ibaraki 305-0801, Japan
9 Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA
10 Physics Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
11 Department of Physics, University of California, Berkeley, CA 94720, USA
12 Joseph Henry Laboratories of Physics, Princeton University, Princeton, NJ 08544, USA

https://doi.org/10.3847/1538-4357/ac2232
https://doi.org/10.3847/1538-4357/ac2232

	The Simons Observatory: Development and Optical Evaluation of Achromatic Half-Wave Plates
	Abstract
	1 Introduction
	2 Fabrication
	3 Optical Test at Room Temperature
	3.1 Setup
	3.2 Results

	4 Instrumental Polarization
	4.1 Setup
	4.2 Results

	5 Summary
	Acknowledgements 
	References




