
2026年4月8日

検出器応用グループ



ミュオンイメージング

• 隕石の元素組成は？

• 電池の内部構造は?

宇宙観測

• 重元素はどこからくるのか？

• 宇宙線の起源は？
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硬X線で“見る”　宇宙から生命現象まで

(a) (b) (c)
核医学

• 薬はどこに行ってる？薬物動態？

• がんの不均一性？

既存の検出器では

感度や位置分解能が不足。

→検出技術の向上が必須！
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Key technology:CdTe半導体検出器
CdTe double-sided strip detector (CdTe-DSD) 

‣ Fine Pitch < 250 µm + Large Area (32 x 32  mm2)  
‣ Pt/CdTe/Al structure — CdTe diode 
　→ 高いエネルギー分解能 

‣両面ストリップ型検出器 

　→ 2x128=256 channels (<< 128x128=16384) 
‣検出効率 <100 keV 

‣モジュール化され積層が可能に。

 

CdTe Double-sided Strip Detector @ ISAS

Al-strip (+)
(Schottky barrier)

32 mm250 micron
 pitch strips 
for both side 

Watanabe et al., 2011

Al-electrode side (+HV)
Pt-electrode side (GND)

2 x  128 = 256 channels
(<<128*128=16,384)

Applied bias: 250 V
ΔE: 1.7-1.9 keV at 60 keV (FWHM)
Low threshold: 5 keV
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Efficiency @100keV

Scintillator 
with 

ΔE/E=30%

Energy [keV]

CdTe Diode 
with 

ΔE/E=1–2%
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Takahashi 1998, 2001, Watanabe 2009, 2011



負ミュオン非破壊元素イメージング分析 
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負ミュオンで見る元素分析の世界
❖通常のX線分析

Negative muon 
(mµ = 207 x me)Case of O

Muonic X-ray 
Kµ:133 keV

O atoms

µ-

e-Fluorescent 
light 

Ke:0.525 keV

X線
蛍光X線

K殻
L殻
M殻

K殻
L殻
M殻

• 表面の分析 
• Naより原子番号の大きい
元素の分析 (> 1 keV)

❖ ミュオンX線分析

電子の約207倍の質量 
→特性X線エネルギーも207倍！

• 深い部分の分析 
• Naより軽い元素の分析 
• 入射エネルギー選択によって
停止深さを選べる
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Graphite target

neutron(n)

3 GeV proton

proton(p)
pion(π)  

neutrino(ν)

muon(μ)

Life time: 26 ns

Life time: 2.2 µs

D2

アイデア(Nuclear-Medizin 1969)から実証へ

2008＠J-PARC 大強度のミューオンビーム完成



負ミュオン非破壊分析の発展
2008＠J-PARC 大強度のミューオンビーム完成

ミュオンX線元素分析の実証実験（Teradα et αl. 2014, Ninomiya er al. 2015)       

世界初ミュオンX線イメージング(Katsuragawa et al. 2018）
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Germanium and silicon detectors have been commonly used for hard X-ray measurements in elemental analy-
ses because of their high-energy resolution. However, the low operating temperature of the formers due to their 
small bandgap and the low stopping power of the latter limit their applications. Cadmium telluride semiconduc-
tor detectors, where cadmium and tellurium both have large atomic numbers (48 and 52, respectively), provide 
high sensitivity for X-ray measurements due to their high photon detection  e!ciency8. An elemental imaging 
experiment based on muonic X-rays measurement using the pixelated CdTe detector has been discussed by Hiller 
et al.9. Besides, Takahashi et al.10,11 reported the stability performance of the Schottky CdTe diodes at an operating 
temperature of 5◦ . A large-area CdTe double-sided strip detector (CdTe-DSD) has been recently developed for 
two-dimensional (2D) imaging analysis for hard X-ray  measurements12,13. Due to its high spatial resolution, the 
CdTe-DSD is the best choice for imaging based on negative muonic X-rays. Katsuragawa et al. performed the 2D 
visualization of light elements, i.e., boron and nitrogen, in the standard samples by using muonic X-rays and the 
CdTe-DSD14. By adjusting the muon beam energy, muonic X-ray images with depth pro#ling for the standard 
samples have also been achieved in this study; however, the depth pro#ling cannot be accurately measured for 
a real sample due to its unknown elemental distribution. In addition, the momentum spread of the muon beam 
also a$ects the stopping depth of the muon. %erefore, a method to generate an advanced three-dimensional 
(3D) visualization based on the computed tomography (CT) with high-accuracy position estimation must still 
be developed. %e reconstruction of 3D volumetric phantom would hugely bene#t the elemental composition 
analysis. In the present study, we designed an experiment using our knowledge of the CT technology and an 
imaging system to accomplish such as 3D phantom reconstruction. %e imaging system, fabricated by Katsura-
gawa et al.14, consists of the 3 mm diameter tungsten-made pinhole collimator and the CdTe-DSD, which has a 
spatial resolution of 250 µ m and a 32 mm-wide solid CdTe crystal with a thickness of 750 µ m. %is is the #rst 
result with tomographic images based on 3D elemental analysis method using muon beam.

We experimentally assessed the feasibility of 3D imaging via muon elemental analysis coupled with an imag-
ing CdTe-DSD detector. As the samples, we prepared four spherical plastic balls, which were rotated with a step 
size of 22.5◦ each time during muon irradiation. 16 independent projection images recorded by the CdTe-DSD 
were used with the maximum likelihood expectation maximization (MLEM)  algorithm15 to reconstruct a 3D 
phantom of the sample shape.

Results and discussion
Non‑destructive elemental analysis. Figure 1 illustrates the experimental setup. %e samples were four 
polypropylene (PP) balls, two larger ones with a diameter of 12.7 mm (Large-1 and Large-2) and two smaller 
ones with a diameter of 6.35 mm (Small-1 and Small-2). %ey were #xed at the aluminum columnar stand in air, 
at the center of the system, and irradiated with the negative muon beam. As Fig. 1, the CdTe-DSD was installed 
at the bottom of the system, and the distances from the pinhole collimator to the sample and from the pinhole 
collimator to the CdTe sensor were 109 and 74 mm, respectively. %e samples were rotated 22.5◦ around the 

Figure 1.  Geometry of the imaging experiment.

3Dサンプルと再構成画像（Chiu et al. 2022）
世界初ミュオンX線の3Dイメージング

はやぶさ隕石の非破壊分析 
（Ninomiya et al. 2023, Osawa et al. 2023）

2014年

 2018年

2022年

2023年

現在
リチウム電池の非破壊分析
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容量劣化の⼀部が⾦属リチウムとして析出することが
ある。

中古電池の⾦属リチウム析出の必要性
満充電 金属リチウム析出

I. Umegaki et al., Anal. Chem. (2020) 92,12,8194-8200. 

⾦属リチウムの存在が
中古電池回収の
コスト⾼の原因に。

電
気
容
量
(m
Ah
)

充電回数（回）

容量劣化

回収・リユースの促進が必要

⇨⾦属リチウム析出を
⾮破壊で検出し、分別する
ことが必要。



分子イメージング 
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薬は体のどこに行っているのか

薬がどこにいるのか、 
「見る」ことができない。

通常の薬

薬がどこにいるのか 
「見る」ことができる。

放射性同位元素をつけた薬

X線・ガンマ線 

をイメージング

日本の死因第1位「悪性新生物」の研究が大きく発展する！ 
がんの性質は患者ごとに極めて多様！薬の効果もそれぞれ違う。 

患者に合わせて診断・治療するには、「薬の動き」を見れる装置が必要！
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新しいがん治療法：アルファ線標的治療
X線・ガンマ線

診断薬

α線/β線放出核種

治療薬

治療効果や副作用の正確な予測
には“薬物動態の可視化”が必須！

アルファ線放出核種：アスタチン (211At)  
治療 (アルファ線)＋画像化 (硬 X 線) 
投与量が診断用放射性核種より少ない。 
X線放出率も診断用放射性核種より少ない。 

　→ 高感度が重要！

アルファ線は体外に出てこない。
体のどこにいるのかわからない！

従来の装置(SPECT) 
マルチピンホール  
＋ NaIシンチレータ

視野が狭く、薬物動態を
可視化するには不向き。

Featured nuclides: Astatine-211

...close to the energy of 201Tl,133Xe

Astatine-211 allow 
treatment with alpha-ray 

and
imaging with hard X-ray.

24

Commercial small-animal SPECT: multi-pinhole & NaI scintillator
Narrow FOV for a single image capture, Low energy resolution (low S/N)
→ Not suitable for visualization of pharmacokinetics of 211At.

•Limitation of dose because of therapeutic medicine.
•Lower intensity of X-rays than diagnostics RIs.
→ Detector’s sensitivity is very important!
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211Atの薬物動態を可視化

従来の小動物SPECTでは難しい 
薬物動態の可視化・定量化が可能

バックグラウンド

甲状腺・
唾液腺

心臓

腫瘍4T1-NIS

腫瘍4T1

•CdTe半導体検出器　　　　　　
民の技術で再設計
（CdTeの厚型化含む）

•タングステン製平行コリメータ　
金属３Dプリンタによる造形　 
(東レ・プレシジョンとの共同開発)

4T1-NIS

4T1

At-211 ~1MBq

担がんマウスに1MBqのNaAtを
投与して経時変化を撮像。
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������-225 (225Ac)�	�

225Ac

(10.0 d)

221Fr
(4.9 min)

217At
(32.3 ms)

α : 5830 keV

α : 6341 keV 
γ : 218 keV (11.44%) 

α : 7067 keV 

213Bi
(45.59 min)

99.988% 213Po
(4.2 µs)

α : 8376 keV 

γ : 440 keV 
(25.94%) 209Pb

(3.253 h)

β⁻ : 1427 keV
209Bi

(Stable)

β⁻ : 644 keV 

97.8%

γ : 99.8 keV (1.00%) 

209Tl
(2.162 min)

2.2%
α : 5875 keV 

β⁻ : 1827 keV
γ : 465.14 keV (95.4%)

大江さんより

注目のα線治療用核種225Ac

放出されるX線・ガンマ線の
輝線が多い 
→イメージングの期待が高い

末期がんの完全寛解が報告されている
唯一のアルファ線放出核種 225Ac

221Fr on the upper and lower parts of the strip using high-resolution
g-spectrometry (Ortec). The mean radiochemical purity (6SD) of the
radiolabeled peptide was 98.8% 6 0.8% at a specific activity of 0.17 6
0.05 MBq/nmol.

After synthesis, an aliquot of ascorbic acid was added to the
reaction mixture (to minimize radiolytic degradation of 225Ac-PSMA-
617) together with an aliquot of diethylenetriaminepentaacetic acid (to
scavenge free radiometals). The final pH of the formulation was 7.4.
Sterility was ensured via sterile filtration.

Imaging
68Ga-PSMA-11 PET/CT and 177Lu-PSMA-617 emission scans were

performed as described previously (1,6).
Posttherapy 225Ac-PSMA-617 scans were acquired using the 440-

keV g-coemission of 213Bi (26% emission probability), the 218-keV
g-coemission of 221Fr (12%), and the bremsstrahlung of 209Pb with a scan
speed of 10 cm/min on a 2.54-cm-crystal (1-in) g-camera (Hawkeye; GE
Healthcare) equipped with a high-energy collimator.

RESULTS

Clinical Course of Patient A

After exhausting conventional therapies (Table 1), imaging with
PSMA PET/CT was suggestive of diffuse red marrow infiltration
(Fig. 1A). This was considered a contraindication for 177Lu-PSMA-
617 therapy. Therefore, patient Awas treated with 3 cycles of 9–10
MBq (100 kBq per kilogram of body weight) of 225Ac-PSMA-617
at bimonthly intervals. Posttherapeutic emission scans validated
sufficient tumor targeting (Supplemental Fig. 1; supplemental ma-
terials are available at http://jnm.snmjournals.org). Two months
later, all previously PSMA-positive lesions had visually disappeared
on PSMA PET/CT (Fig. 1B) and, accordingly, the PSA level had
dropped from more than 3,000 ng/mL to 0.26 ng/mL. The patient
received an additional 6 MBq of 225Ac-PSMA-617 as consolidation
therapy, resulting in a further PSA decline to less than 0.1 ng/mL
along with a complete imaging response (Fig. 1C).
After each cycle, the blood cell count and alkaline phosphatase

level were checked every 2 wk. The platelet level never dropped
below 100/nL (grade 1 according to the Common Terminology

Criteria for Adverse Events, version 4.0),
the total white blood cell count never
dropped below 2.5/nL (grade 1), and the
hemoglobin level never dropped below 9.5
g/dL (grade 2) (Fig. 2A). Moderate but en-
during xerostomia was the only clinically
reported side effect. A concordant decline
in PSA level and alkaline phosphatase
level (Fig. 2B) further underlined the ex-
cellent treatment response.

Clinical Course of Patient B

Conventional treatments were also ex-
hausted for patient B, who had peritoneal
carcinomatosis and liver infiltration (Fig. 3A)
at the time that 177Lu-PSMA-617 (7.4 GBq
per cycle) was offered as salvage therapy. The
initial PSA level was 294 ng/mL. Despite
sufficient tumor targeting as demonstrated
by posttherapeutic emission scans (Supple-
mental Fig. 2), after cycle 2 the PSA level
increased to 419 ng/mL and most lesions
demonstrated tumor progression on PSMA
PET/CT (Fig. 3B). Therapy was changed to

TABLE 1
Overview of Pretreatments

Patient A Patient B

Leuprorelin Radical prostatectomy

Zoledronate Radiotherapy of lymph
node metastasis

Docetaxel (50 cycles) Leuprorelin

Carmustine/epirubicin in
hyperthermia

Leuprorelin plus
bicalutamide, 150 mg/d

Abiraterone Docetaxel (11 cycles)

Enzalutamide Cabazitaxel (10 cycles)
223Ra (6 cycles) Abiraterone

Abiraterone reexposition Enzalutamide (not tolerated)

Estramustine

FIGURE 1. 68Ga-PSMA-11 PET/CT scans of patient A. Pretherapeutic
tumor spread (A), restaging 2 mo after third cycle of 225Ac-PSMA-617
(B), and restaging 2 mo after one additional consolidation therapy (C).

FIGURE 2. Laboratory test follow-up of patient A. Arrows indicate administration of treatment
cycles. (A) Blood cell count demonstrates moderate hematologic toxicity. (B) Decline of tumor
markers to none measurable or reference range correlates with imaging response. AP 5 alkaline
phosphatase; Hb 5 hemoglobin; PLT 5 platelets; WBC 5 white blood cells.

1942 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 57 • No. 12 • December 2016

PET/CT-scans (Kratochwil  et al. 2016)

225Acの特徴 
• 治療（アルファ線）+ 画像化（X線・ガンマ線） 
• 半減期:10日（移動距離の長い海外で注目度高い） 

225Ac γ������
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大江さんより

Ac治療の前後に撮像されたPETイメージ
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イメージングの課題 
- ガンマ線はそもそもイメージングが難しい 
- X線放出率は211Atの1/7！ 
- 娘核種213Biが薬から外れて正常臓器に蓄積？



宇宙観測
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超高分解能で挑む硬X線天文学の世界
SuperHERO: 

　　　Next Generation Hard X-Ray Focusing Telescope

✦ 硬X線観測（20—70 keV） 
✦ <10 arcsecond　　　　　　　　　　　　　　　　　　　

(NuSTAR(2012)の角度分解能1分角) 
✦ 高エネルギー天体からの非熱的放射を伴う物理過程 

- パルサーを動力源とするシンクロトロン星雲 
- 超新星残骸の衝撃波による粒子加速 
- 活動銀河核の超大質量BHによるジェット放射

PI: Nick Thomas　
(NASA/MSFC) 
共同研究
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東京大学（高橋、馬場）、F-REI（武田）、京都（桂川）



高角度分解能のための検出器開発
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250 µmピッチ

CdTe-DSD

硬X線イメージ

高角度分解能の実現には高位置分解能の検出器が必須 
　　→日本チームで！ 

• 性能評価 
• 応答関数の作成

制作中のデモ機

2026.2@MSFC 
• 検出器の立ち上げ 
• キャルデータ測定

• デモ機制作 
• DEデザイン

MSFC: NiCo mirror 
Japan: 1mm CdTe-DSD



GRAMS Gamma-Ray and AntiMatter Survey
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1. 液体検出器の特徴

高密度・大容量充填が可能

2. 素粒子物理実験における実績

ニュートリノ・地下暗黒物質探索実験

MeV gamma ray antideuteron
γ

Compton telescope 3D tracker

E-
fie

ld

Si π− π+

π+

π−

p
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anode XY-
readout

cathode

TOF scintillator

140 cm

25 cm

X-raye-

LAr TPC

X-ray

X-ray

e-

e- e-

e-
e-

π−

日米国際協力による宇宙・素粒子融合実験：
宇宙を構成する「もの」の起源と正体に迫る

• 大型の液体アルゴン放射線検出器を飛翔体
に搭載


• 長時間気球フライト

　→ 将来の人工衛星サーベイミッションへ



光検出器による異分野融合研究

核医学

　
加速器実験

　
宇宙観測

➤ SuperHERO 
➤ GRAMS

➤ 非破壊元素分析イ
メージング

Si/CdTe検出器 
検出器の応答

解析法

3D撮像

検出器
近距離撮
像手法

コリメータ
次世代検出器

次世代検出器

➤ α線治療薬の　
イメージング 

➤ ３D生体内撮像



新しい基盤技術開発
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• 性能評価試験の実施 
• 読み出しパラメータの最
適化 

• 解析アルゴリズムの開発 
• CdTeや大面積への拡張 
• FPGAの最適化

大面積CMOSピクセル検出器

宇宙：CdTeへの拡張、大型化 → 次世代観測検出器 
µX  ：マルチピンホール＋CdTe → <1mm分解能 
　　　 平行コリメータ＋ピクセル → 微小析出の定量 
核医：coded mask+ピクセル → Acイメージング


