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COMPASS COMPASS 国際共同実験
COmmon Muon and Proton Apparatus 
for Structure and Spectroscopy  
• 核子構造とハドロンスペクトロスコピーの実験 
• 12 カ国 200 人以上のスタッフと学生からなる研究グループ 
• CERN の SPS から供給されるビームと固定標的を用いる 
• 2002 年からデータ収集開始 
• 日本グループは偏極標的と物理解析で貢献してきた
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COMPASS COMPASS 国際共同実験

4

LHC
SPS

COMPASS

1 周 7 km 
最大 450 GeV/c 
COMPASS, SHINE(NA61), 
NA62, AWAKE  
LHC の前段加速器 
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COMPASS COMPASS の典型的なセットアップ
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µ’

160 ~ 190 GeV/c 
~108 particle/s 
縦偏極 μ、ハドロン

偏極標的

スペクトロメーターマグネット１

スペクトロメーターマグネット２

RICH ECAL
HCAL

μ Wall

ECAL
HCAL

μ Wall

• 350 以上の 
トラッキング面 
• 180 mrad 以内をカバー 

• ECAL & HCAL 
• RICH 
•μ wall

ビーム

ビーム: スペクトロメータ: 
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COMPASS COMPASS のデータ収集
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COMPASS

年 プログラム ビーム (GeV/c) ターゲット
02 - 04 SIDIS μ±，160 6LiD， 縦・横偏極

06 SIDIS μ+，160 6LiD， 縦偏極
07 SIDIS μ+，160 NH3， 縦・横偏極

08 - 09 ハドロンスペクトロスコピー
10 SIDIS μ+，160 NH3， 横偏極
11 SIDIS μ+，200 NH3， 縦偏極
12 DVCS 試験ラン μ±，160 Liquid H2

14 DY 試験ラン π-，190 NH3

15 DY π-，190 NH3， 横偏極
16 - 17 GPD μ±，160 Liquid H2

18 DY π-，190 NH3， 横偏極
19-20 CERN Long Shutdown 2

21 SIDIS μ+，160 6LiD， 横偏極 ← d-quark Transversity
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COMPASS偏極
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• 偏極度： 
• 熱平衡状態 (TE) では， 
• COMPASS PT の典型的な環境 0.1K, 2.5T では 
陽子：～ 1%，電子：～ 100% 

• 動的核偏極 (DNP) 法で電子の高偏極を陽子に移す

P ⌘
N+ � N�

N+ + N�

PTE = tanh

✓
µB

kBT

◆

P =
7 − 3
7 + 3

=
4
10
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COMPASS動的核偏極
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D
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C
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ネ
ル
ギ
ー

•陽子 •自由電子
陽子・電子の対は磁場中で 4 つの 
エネルギー準位をとる

DNP 法による陽子の負偏極の模式図
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COMPASS動的核偏極
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D

B
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ル
ギ
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•陽子 •自由電子
陽子・電子の対は磁場中で 4 つの 
エネルギー準位をとる 

陽子負偏極を得るには 
1. 準位差 A-D のエネルギーを持つマイクロ波を 
照射し，D→A の遷移を起こす 

2. A→C→D の順に緩和 
3. A→C は 1 s オーダー， 
C→D は1 ms オーダーで緩和するため， 
状態 C がたまる

DNP 法による陽子の負偏極の模式図

1 ms オーダー

1 s オーダー

マイクロ波
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COMPASS COMPASS 偏極標的
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ビーム

1m
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COMPASS COMPASS 偏極標的
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キーワード 
極低温 
• 到達温度 50 mK 
• 冷却能力 350 mK@300mK

ビーム

1m
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COMPASS

1m

COMPASS 偏極標的
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キーワード 
極低温 
• 到達温度 50 mK 
• 冷却能力 350 mK@300mK 
高磁場 
• ソレノイド：縦方向 2.5 T 
• ダイポール：横方向 0.6 T 
• アクセプタンス 180 mrad ビーム
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COMPASS

1m

COMPASS 偏極標的
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キーワード 
極低温 
• 到達温度 50 mK 
• 冷却能力 350 mK@300mK 
高磁場 
• ソレノイド：縦方向 2.5 T 
• ダイポール：横方向 0.6 T 
• アクセプタンス 180 mrad 
動的核偏極 
• 標的物質：NH3, 6LiD 
• 標的セル：2, 3 セル 
• マイクロ波 : 70 GHz 
• NMR システム : 10 ch 

ビーム
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COMPASS COMPASS PT: 標的物質、標的セル
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偏極目的核 密度 (g/cm3) Dilution 
factor

NH3 H 0.85 3 / 17

6LiD D 0.82 4 / 8

5.1 Paramagnetic Centers

Fig. 5.2 – Color decay of irradiated ammonia. Already 2 weeks after the irradiation, a slight fading of the purple color
is visible.

were performed using the same parameters, but with di�erent Dewar vessels4, which had
an influence on the quality-factor of the measurement and thus, the resonance signals
are not comparable to each other. To solve this issue, the resonance signal of DPPH is
used, which was also measured in the lab course, in order to calibrate the magnetic field.
Because DPPH is stable at room temperature, the intensity of the absorption signal should
always be the same and does not change between the measurements, if the measuring
parameters stay the same. In order to eliminate the influence of the Dewar vessels,
correction factors were calculated for each ammonia measurement by normalizing the
DPPH signals. In Fig. 5.3, the changes in the concentration of the paramagnetic centers
are shown, as well as the ratio between the area of the Ḣ and ṄH2 resonance.

Figure 5.3a shows the area of the integrated absorption signal of the ṄH2 resonance
against the time after the irradiation. The area is proportional to the concentration of the
respective paramagnetic centers, as explained before in section 2.3.2. Already a few weeks
after the irradiation, the area under the ṄH2 resonance decreases significantly, but stabilizes
in the later measurements. This behavior corresponds to the previous mentioned color
decay of ammonia and thus, the F-centers (section 3.3.2). The resonance of this F-center
electrons should be at the position of an almost ’free’ electron, but the signal of the ṄH2
radicals is at this very same position and covers the F-centers. An extraction of the F-center
resonance is di�cult to realize, because the crystalline structure, in combination with the
g-factor anisotropy, is creating di�erent signal shapes, depending on the orientation of
the crystal in the magnetic field. This parameter cannot be adjusted in the measurement.
In the thesis of J. Harmsen [15], such an extraction succeeded, but with irradiated
deuterated butanol, which has an amorphous structure and all molecule orientations are
equally distributed. So, the shape of the resonance signal is independent of the position
of the sample in the magnetic field. However, the loss in Fig. 5.3a could be caused by
the F-center decay, whereas the concentration of the ṄH2 radicals is more or less stable.
At least the material of 1995 has shown, that the ṄH2 is stable over a long time.

The situation for the atomic hydrogen in ammonia is quite di�erent, see Fig. 5.3b. Here,
the concentration shows a clear tendency to fall. The position of the Ḣ resonances is
dominated by the hyperfine interaction between electron and proton of the hydrogen atom
and for this reason, the resonances appear aside from the position of a ’free’ electron.

4The Dewar vessels are used to keep the samples at a temperature of 77 K, using liquid nitrogen.

57

固体 NH3
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COMPASS COMPASS PT: 標的物質、標的セル
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The situation for the atomic hydrogen in ammonia is quite di�erent, see Fig. 5.3b. Here,
the concentration shows a clear tendency to fall. The position of the Ḣ resonances is
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A. BERLIN, Ph.D. thesis, Ruhr-Universität Bochum, 2015
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30 cm 60 cm
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セルの材質

～ 2014, 2021 : ポリアミド

     2015, 2018 : PCTFE

C C
F

F Cl

F

n

2018

10-3~10-4 free radical / nucleus

60 cm
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COMPASS COMPASS PT: 冷却システム
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Rotary pump

Roots pump

Needle valve

Heat exchanger

Siemens
S7 300 PLC

LN2 buffer dewar
(200 L)

Praxair
SG6173

LN2 tower

3He/4He 希釈冷凍によりビームライン上に
位置する mixing chamber 内で 
• 300 mK, 冷却能力 400 mW 
• 100 mK，冷却能力 10 mW 
• 60 mK，冷却能力 1 mW 
を実現する

ビーム

4 K

1.5 K

最低温度

50 mK

3He/4He ガス：

1500 L / 8500 L

@標準状態
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COMPASS COMPASS PT: マグネット
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ビーム

• 2.5 T ソレノイド磁石で標的を 
縦方向に偏極させる
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COMPASS COMPASS PT: マグネット
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ビーム ソレノイド磁場

ダ
イ
ポ
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ル
磁
場

ソレノイド磁場

ダ
イ
ポ
ー
ル
磁
場

合成磁場

• 2.5 T ソレノイド磁石で標的を 
縦方向に偏極させる


• 横偏極標的が必要なときは、


のように、0.6 T ダイポール磁石も使い、
縦偏極を横に回転させ、ダイポール磁石で
偏極を保持する。
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COMPASS COMPASS PT: マイクロ波

20

マイクロ波発振器

70 GHz
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COMPASS

COMPASS

Liverpool
Q-meter

Yale card

PTS250

NI PXI crate

DAQ by LabView
& Data storage

upstream cell downstream cell

scope
DC monitor

DC subtruction

PXI-8840
Quad-Core

PXI-6224
ADC, 32ch

PXI-6254
ADC, 32ch

ADC/DAC
12 bit

10 way splitter
gain selectiontrigger

NMR coil

frequency control

Ethanet cable

PXI-6533
DIO, 32ch,

two modules

COMPASS PT: 偏極度測定システム
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高周波

信号

…

信号増幅，DC 成分除去等

I/O, ADC
制御，データ保存

発振器

Fri Jan 26 21:13:08 2018
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NMR コイル 10 コ
5 cm

1 cm

NMR コイル
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COMPASS COMPASS PT: 偏極度測定
NMR 信号面積 S と偏極度 P の比例関係を利用する


TE キャリブレーション

• 信号面積と偏極度の比例定数を決定する


• TE 時の面積 STE と標的物質を抜いたときの面積 STE, empty を測定する

- DNP 不可能な目的核（標的物質以外の物質，不対電子がないため）による寄与を取り除く

22

P =
S

STE − Sempty
PTE PTE = tanh ( μB

kBT )

P = CS =
PTE,1K

STE,1K − STE,empty,1K
S

P =
S

STE − Sempty
PTE
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COMPASS COMPASS PT: 測定結果

• 比例定数の決定 : STE = C-1 / T をデータにフィットする

26

Transverse mode / All = 135 days / 186 days

2018 年 DY ランでの偏極度の平均値
config Mean Mean
Up: + 
Down: - 76.29 -68.27
Up: - 
Down: + -68.47 73.57

2018 年 DY ランでの緩和時間
config Upstream cell (h) Downstream cell (h)
Up: + 
Down: - 1400 1000
Up: - 
Down: + 1000 1200
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COMPASS COMPASS PT: 測定結果
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偏極度
標的 偏極度 所要時間 (日)
NH3 80 1

NH3 90 1～2
6LiD 30～40 1
6LiD 50 >7
6LiD 56 >10

緩和時間
標的 偏極 磁場 (T) ビーム 緩和時間 (h)

SMC, 
NH3

横 0.5 μ 500

NH3 縦 1.0 μ 9000

NH3 横 0.6 μ 9000

NH3 横 0.6 π 1000

6LiD 縦 2.5 μ >15000

6LiD 横 0.5 μ 2000

comparatively high values of the microwave
power, whereas a period of about 1 week is needed
for obtaining the full polarization. During this
second stage it is preferable to reduce the micro-
wave power in order optimize the working
temperature of the refrigerator. The final deuteron
polarizations (averaged over all NMR coils) were
measured to be þ54:2% and "47:1%: They were
obtained under a modulation of the microwave
frequency with a frequency of 500 Hz and a peak
to peak amplitude of about 20 MHz: This
technique is already known from the SMC
experiment as being helpful in order to maximize
the achievable polarization [5,26,27].

Fig. 4(b) shows two dynamic NMR signals of
coil No. 8 with polarizations of about þ50% and
"50%: In contrast to the TE signals, the dynamic
signals exhibit a slight but easily detectable
asymmetry around their respective centers, which
themselves are shifted towards lower ðPo0Þ or
towards higher ðP > 0Þ frequencies. The magnitude
of both, the asymmetry and the frequency shift

depend on the sign as well as on the degree of the
polarization. Qualitatively this effect can be
explained by different local fields at the sites of
the deuterons, which are produced by the polar-
ization of the neighboring 6Li nuclei [28,29].

During the polarization build-up a shift of the
optimum microwave frequencies towards the
center of the electron Larmor resonance was
observed. In the case of unmodulated microwaves
the optimum values started from about 70.210 and
70:270 GHz for positive and negative polariza-
tions, respectively. The final frequencies were set
around 70.238 and 70:245 GHz for jPj > 40%: This
behavior is qualitatively in agreement with the
predictions following from the low-temperature
treatment of the spin temperature theory for
hyperfine broadened electron spin systems [30].
In the case of enabled frequency modulation the
polarization-dependent shift was observed to be
slightly less pronounced than without modulation.
Compared to the target materials used in the SMC
experiment [5], the polarization build-up of lithium
deuteride is considerably slower. This observation
is attributed to the relatively long relaxation time
T1 of the paramagnetic F-center. Due to the
technique of spin reversal by field rotation the long
build-up time of 6LiD is not a serious drawback
regarding the accuracy of the COMPASS experi-
ment, which relies on frequent changes of the
relative orientation of the polarizations in the two
target cells with respect to the muon beam. Most
of the interruptions of the data points in Fig. 5
correspond to these field rotation cycles, which are
performed in the frozen spin mode. Compared to
butanol and ammonia the much larger nuclear
relaxation time of lithium deuteride at low
magnetic fields—being about 2000 h at 0:5 T and
at 90 mK—prevents the material from any polar-
ization loss during the procedure of polarization
reversal.

The individual polarizations as measured with
each of the 10 NMR coils are shown in Table 3.
They are differing by amounts larger than the
measurement errors. Thus, we consider that they
reflect the physical polarizations as present at the
different positions within the target cells. One
explanation for these differences considered so far
could be ruled out by a comparison with the
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Fig. 5. Example of the deuteron polarization build-up. The
upstream (downstream) cell is polarized positively (negatively).
The interruptions of the data points correspond to a magnetic
field rotation or to a technical interruption of the NMR data
taking. The start time of the microwave frequency modulation
is indicated by ‘FM-ON’ and that of the microwave power
optimization by ‘PW Optim’.

J. Ball et al. / Nuclear Instruments and Methods in Physics Research A 498 (2003) 101–111108

NIMA498(2003)101

6LiD, 2001 年
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COMPASS COMPASS PT: 2021 年 SIDIS ラン

28

2021 年：偏極 μ ビームと横偏極 6LiD の深非弾性散乱測定 
　　　　  準備中・・・

6LiD 偏極テスト

 ＠ドイツ・ボーフム大学

3 セルセットアップの準備

MW キャビティの最適化
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COMPASSまとめ
• COMPASS は CERN SPS のビームと偏極標的を用いた核子構造、  
ハドロンスペクトロスコピーの研究を行っている。


• COMPASS 偏極標的システム

極低温： 
• 3He/4He 希釈冷凍 
• 到達温度 50 mK 
• 冷却能力 350 mK@300mK 
高磁場 
• ソレノイド：縦方向 2.5 T 
• ダイポール：横方向 0.6 T 
• アクセプタンス 180 mrad 
• 合成磁場で偏極を縦←→横に回転させられる 
動的核偏極 
• 標的物質：NH3、6LiD 
• 標的セル：2, 3 セル 
• マイクロ波 : 70 GHz、２系統同時稼働でセルごとに偏極の向きを変えられる 
• NMR システム : 10 ch 

• 2021 年 偏極μビームと横偏極 6LiD 標的の SIDIS 測定に向けた準備中
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