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POPO開発計画
• 海外では「高速位相変調」という技法を用いて、10-6 (ppm)台の偏光度
検出精度を達成する装置が実用化されている (PlanetPol, HIPPI, 
POLISHなど) 

• HIPPI 等をモデルとして、高速位相変調型の装置 POPO (POlarimeter 
for Precision Observations) を開発する 
• 目標精密度は、直線偏光度で ppm台、円偏光度で~10 ppm 
• 高速「位相変調＆光検出」→ 秒以下の時間分解能も達成可 

• HIPPIで使われる光電子増倍菅 (PMT)は空間分解能を持たないという欠
点あり 

• 近年、CMOSカメラ等の高速カメラの進化は著しい 
➡ POPOでは、光検出器をPMTから高速カメラに置き換え、撮像機能
を持たせることを目指す

POPOは (高い検出精度 or 高い時間分解能) and 撮像機能 
を持つ特徴的な装置になる



A high-sensitivity polarimeter 3065

Figure 1. Schematic diagram of HIPPI optical system (not to scale).

Evans et al. (2013) that indicate the presence of strong Rayleigh
scattering at blue wavelengths from the exoplanet HD 189733b
making these wavelengths the most suitable for detecting exoplanet
polarization.

2 INSTRUMENT D ESCRIPTION

2.1 Overview

A schematic diagram of the HIPPI optical system is given in Fig. 1.
The FLC modulator is the first element in the optical system. This
is an important design feature since any optics placed ahead of the
modulator could potentially induce spurious polarization effects,
for example, polarization due to inclined mirrors or residual stress
birefringence in refracting elements. Following the FLC is an aper-
ture of 1 mm diameter corresponding to 6.7 arcsec at the AAT f/8
focus. This is followed by a six-position filter wheel.

The filters used with HIPPI have been Sloan Digital Sky Survey
(SDSS; Fukugita et al. 1996) g′ and r′ filters (from Omega Opti-
cal, giving wavelength ranges of ∼400–550 nm and ∼550–700 nm,
respectively). There is also a short pass filter which passes wave-
lengths shorter than 500 nm (referred to as 500SP). The instrument
has little throughput below about 350 nm due to absorption in the
calcite prism so the range of this filter is from ∼350 to 500 nm. The
filter wheel also includes a clear position and a blank setting that
can be used for taking dark measurements.

The polarization analyser is a calcite Wollaston prism that pro-
vides a 20◦ beam separation. This is placed between two lenses to
collimate the light through the prism. A Fabry lens in each beam
images the telescope pupil on to the two detectors. The whole op-
tical system from the collimating lens to the detectors is rotatable

about the optical axis using a Thorlabs NR360S NanoRotator stage.
Rotating this system through 90◦ relative to the modulator has the
effect of reversing the sign of the modulation seen by the detectors
and provides a ‘second-stage chopping’ which helps to improve
accuracy by eliminating some systematic effects (Kemp & Barbour
1981). A similar system was used in PlanetPol (Hough et al. 2006).
All the optics are antireflection coated for the wavelength range
350–700 nm.

The instrument components are mounted on a standard 300 mm
square aluminium optical breadboard that is attached by 90◦ brack-
ets to a mounting plate that bolts to the back of the telescope. Many
of the structural components, optical mounts and electronics enclo-
sures have been constructed by 3D printing in ABS plastic. The
instrument is therefore compact and lightweight (10 kg).

2.2 Ferro-electric liquid crystal modulators

Two different FLC modulators have been used with HIPPI. The first
is an LV1300-AR-OEM device from Micron Technology.1 It is de-
signed for the 400–700 nm range and is 12.7 mm in diameter housed
in a 25 mm diameter cell. The second is an MS Series polarization
rotator from Boulder Non-linear Systems (BNS) designed for the
wavelength range 425–675 nm and is 22 mm in diameter with a
15 mm useful aperture. Both devices are designed to be half-wave
retarders at a wavelength near 500 nm, and depart from half-wave
away from this wavelength as discussed further in Section 3.6.

The two modulators are very similar in their operation and pro-
vide good polarization modulation with a ±5 V drive waveform.
However, we have found the BNS modulator to produce much lower
levels of instrumental polarization, and it is therefore currently the
preferred option.

Electrically the modulators are equivalent to capacitors of
∼200 nF and therefore require a drive circuit capable of driving
at high speed into a capacitive load. The devices can also be dam-
aged by sustained DC voltages. We have designed and built a drive
circuit consisting of a two-pole Butterworth high pass filter followed
by an amplifier using an NPN/PNP transistor pair output stage. The
filter ensures no DC or low-frequency components reach the device.
The drive amplifier has the high slew rate, and high drive current
needed to drive a square wave into the capacitive load.

The drive waveforms are generated in software. A simple square
wave between +5 and −5 V has been used for all the observations
described in this paper. Our system allows selection of modulation
frequencies between 200 Hz and 2 kHz. We have found 500 Hz to be
a good choice for actual observing, providing a close to square wave
modulation, while being fast enough to be insensitive to intensity
fluctuations due to seeing or tracking errors.

FLCs are temperature sensitive devices. The switching is faster
at higher temperatures and the switching angle is also temperature
dependent. To ensure consistent and stable operation, we mount
the FLC in a temperature controlled lens tube and operate it at a
constant temperature of 25◦C, maintained to about ±0.1◦C.

2.3 Detectors

The detectors used in HIPPI are compact photomultiplier tube
(PMT) modules. The modules contain a metal packaged PMT com-
bined with an integrated high tension (HT) supply. PMTs have
substantial advantages of large detector area and low dark noise

1 This company no longer supplies such devices.
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先行装置: HIPPI
液晶位相変調器 (LCM) 
• 直線偏光2成分に位相差を与える 
• 「位相差なし」「半波長の位相差」（偏光方位回転）を 
で数100Hzで切り替え

光電子増倍菅(PMT)  
※ 位相変調以上の光検出速
度が必要なので、通常の
CCDは不適

(Bailey+ 2015)
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光強度時系列の「段差」から
偏光度を求める 
（測定は1光路で完結）



開発の進捗
• 2019年頃から構想・準備 
• 2021年度: (第1段階) 円偏光観測機能なし、撮像機能なしの装置とし
て開発・ファーストライト 

• 2022年度: (第2段階) 部分的な撮像装置化、円偏光観測機能の追加 

• 2023年度~現在 
• 完全な撮像装置化 
• 光学系の改良 
• 円偏光観測の性能評価



変更前

ウォラストンプリズム (WP)

キューブ型偏光分離素子

EMCCD iXon

CMOS Zyla

CMOS Zyla

PMT

変更後

完全撮像装置化 & 光学系改良
• CMOSカメラ"Zyla" に加え、EMCCDカメラ "iXon" を設置。 

• 2系統の光学系の両方で、撮像観測ができるようになった。 
• この際、偏光分離素子をウォラストンプリズム(WP)からキューブ型
素子に交換した。 
• WPでは2光線の分離角度が小さく、2台のカメラが収まらない 
• WPの分離角度に波長依存性があり、像が波長分散してしまう

波長分散が解消

　波長分散 



Stokes q (直線偏光) Stokes v  (円偏光)

試験観測1: 無偏光星
• 天体: β UMa (R=2.3 mag) 
• 観測設定: 200 fpsで2.5分間連続

~2.5分

Zyla:   (-1.779 ± 0.023)×10-3 
iXon:  (-1.578 ± 0.021)×10-3

Zyla:   (-0.218 ± 0.025)×10-3 
iXon:  (-0.171 ± 0.023)×10-3

平均値 ± 標準誤差

• 2台のカメラで整合的な測定値が得られた（ただし、有意な系統誤差あり）  
• 円偏光観測でも直線偏光と同等 (~20 ppm) の標準誤差が得られた



試験観測2: 円偏光星
• 天体: Grw +70 8247 (R=13.5 mag) 

• 強く円偏光していて、なおかつ、円偏光度が長期間にわたり安定し
ていることが知られる白色矮星 

• 円偏光度 |v| = 3%強 (West 1989) 
• 観測設定: 2 fpsで2.5分間連続、(iXon) 電子増倍x100

Zyla

iXon

Zyla:  (3.7 ± 0.2)% 
iXon:  (3.5 ± 0.1)%

文献値とおおよそ整合的な値が得られた

~2.5分



進捗まとめと今後
• 円偏光観測機能の追加と撮像装置化が完了した。 
• 円偏光観測でも直線偏光と同等の標準誤差が得られることを確認した。 
• 既知の円偏光星に対して、文献値と整合的な測定値が得られることを確
認した。 

• 観測の利便性を高めるため、さらに軽微な改良を行う。 
• Stokes u 観測の効率化: 現状では装置全体を光軸周りに45度回転
させる必要がある。光学系最前面に半波長板を挿入/退避する機構
を導入する。 

• 多色装置化: 現状ではRバンドのみ。B, V, I バンドフィルターを加
える。 

• 今年中に試験観測を行い、今年度中に科学観測を開始したい。 
• 内部での運用の後、できるだけ早く、共同利用や大学間連携への提供を
開始したい。 


