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PET Imaging principle
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(1) Production of  fluorodeoxyglucose  (18F-FDG)

(2) Injection (a dose of 200- 400 
MBq) and accumulation in tumors 
or diagnosis of glucose metabolism

(3) Imaging the distribution of 
18F-FDG in the body by a PET 
scanner for 20 minutes

life-time of 109.8 minutes
with a positron emission

 who has been 
fasting for at 
least 6 hours

11C-methionine(MET) 
for brain tumor ( τ=20 
minutes )

PET検査Q&Aより,日本核医学会、日本アイソトープ協会



Major limitation of conventional PETs
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Large parallax due to the 
Depth of Interaction (DOI)  
resolution, i.e. the size of 

scintillation crystals 

➡ Lower resolution
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PMTs

Liq. Xe

Developments of PET

Crystal-PMT

Small crystal-PSPMT

DOI-PET 
jPET-D4

TXePET

sensitivity 
improvement

DOI 
improvement

PSPMT = Position Sensitive PMT

3D position 
resolution 
1mm3 

No parallax 
No boundaries 

Compton camera



Liquid Xenon



       Liquid Xenon is a Rich Detection Media 

   Scintillation signals  and  Ionization signals 
  fast timing/energy, ROI        3D positions, energy 
   Photomultipliers                   Time Projection Chamber (TPC) 
   (APD, MPPC)                       ( Ionization chambers )    
22,000 photons/511KeV        30,000 electron-ion pairs/511KeV   
                                       electron drift at 2.3mm/us with 2kV/cm 

At 511 keV, 22% photoelectric, 78% Compton in xenon 
~0.5 mm of absorption length for 511 keV photoelectron 

Characteristics of Liquid Xenon Deteoctor



Scintillator GSO 
Gd2SiO5

LSO 
Lu2SiO5(Ce) Liquid Xe

Density(g/cm3) 6.71 7.4 3.06

Rad. Len. (cm) 1.38 1.14 2.77
Scintillation light    
 : wave len. (nm) 430 420 175

: decay time(ns) 30-60 40 2, 30
 : relative yield   
         (%) 20 40-75 100
 : reflection  
        index 1.85 1.82 1.6
Melting point 

(℃) 1950 2050 -111.75
a crystal size 
(mm3) 2.45x5.1x30 4x4x20 monolithic

Drift vel.(mm/μs) - - 2.3 (E=2kV/cm)



Liquid Xenon 
Detector
MEG II



Installation completed! 

23 
photo taken with 360°camera 
(Ricoh theta S) “MEG II, liquid xenon detector with VUV-sensitive SiPM, Kei Ieki, XeSAT2017

900 ℓ (2.8tons)  LXe detector  for γ (52.8MeV) of µ+ ! e+�

第 2章 MEG II実験 16

2.4 MEG II実験
2.4.1 概要
MEG II実験はMEG実験のアップグレード計画であり、MEG実験の基本コンセプトを保ったまま実
験装置に改良を加えることで、探索感度をさらに一桁あげることを目指している [8]。すでに述べたよう
にMEG実験では偶発的背景事象が問題となるため、πE5ビームラインが供給できるビーム強度を最大
限活用できておらず、ミュー粒子の静止レートで 3 × 107µ+/sとしていた。MEG II実験ではこれより
２倍以上強い 7× 107µ+/sでの物理データ取得を目指す。
ビーム強度を上げることは偶発的背景事象が増えることを意味するので、検出器性能の向上が必要で
ある。そのため全ての検出器において分解能を２倍向上させることを目指して改良が進められてきた。
図 2.18にアップグレード計画の概略図を示す。陽電子スペクトロメーターでは新しい一体型のドリフト
チャンバーを作るとともに、タイミングカウンターも細分型のものを新造する。新しい陽電子スペクト
ロメーターでは分解能が向上することに加えて、検出効率が MEG 実験から倍増する予定である。ガン
マ線検出器にはMEG実験と同じキセノン検出器を使用するが、入射面の PMTをMulti-Pixel Photon

Counter (MPPC)に置き換え、より高精細な情報を得ることで、分解能の向上を図る。また、偶発的背
景事象におけるガンマ線の主要な原因に RMD崩壊起源のガンマ線があるが、これを同定するための検出
器を新たに導入する。
2015年 12月の時点で、各検出器の研究開発が概ね終了し、建設が進められている。
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図 2.18 MEG 実験アップデートの変更点。1.ミュー粒子停止頻度を２倍にする。2.ビーム静止標的
を薄くする。3.ドリフトチャンバーを一新し、分解能を向上させる。4.一体型のドリフトチャンバー
により、タイミングカウンターの直前まで飛跡を取得する。5.陽電子タイミングカウンターを細分化
する。6. 液体キセノンがある領域の横幅を広げ、エネルギーの漏れを減らす。7. ガンマ線入射面の
PMTをMPPCに置き換え、高精細読み出しを実現する。

Shinji Owaga, Master thesis, Jan. 2016

2”φPMT x 668

12x12mm2MPPC (SiPM) x 4092

BR < 4 x 10-14(90%C.L.) ?

1m

multi-pixel photon counter

photo-multiplier tube



TPC
Time Projection Chamber (TPC) 
for the central tracking detector 
of charged particles at the high 

energy experiments



International Large Detector!
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Return Yoke 

Coil 

Forward components 
(QD0 magnet, calorimeters) 

HCal 

ECal 

TPC 

VTX 
SIT 
FTD 

ETD 

SET 

Letter of Intent in 2009. 
Invited by IDAG to work towards a DBD for 2012. 

Detector optimized for particle flow, with 
highly granular calorimeters and superb 
tracking and vertex finding capabilities. 

TPC

so-called T2K gas (Ar-CF4(3%)-isobutane(2%) ,σ < 100um,σz=0.4-1mm 
2.5m drift in 3.5T solenoid field and the electric field of 400V/cm   so 100kV/2.5m 

at the International Linear Collider, ILC
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New Generation 
PET: TXePET
based on the liquid 

Xe TPC
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PET based on TPC in liquid xenon



PMT(1”⬜): 8x112x2=1,792本 TPC : E=48kV/24cm 

TXePET ( 2m FOV for the full-body )
 Liq.Xe：140L, 88cm-dia,48cm FOV, 9cm DOI (93% γeff.)

drift time：104 μsec/±24cm 
  (velocity：2.3mm/μsec) 
pipeline readout, i.e. no deadtime 

spatial res.(FWHM) = 2cm 
coincidence time = 10 nsec 
time stamp for TPC

PMT or MPPC
Anode pads
2.9 x 105 mm2 2.9 x 105 mm2

Anode pads

Anode pads Anode pads

or MPPC(12x12mm2):~7,100

Resolutions(σ)  : 1mm of the 3D positions, 5% of the energy

PMT or MPPC



Prototype 
of TXePET 

at KEK



ASIC Frontend Electronics(16ch/chip)

Optimized setup, 22 October, 2015

TPCFE09 (ASIC 16ch)
±1.25V PS

Buffer amplifiers
±2.5V PS

4x4 anode pads
+300V anode HV 
grid (GND, mesh 
1mm gap) 
Test pulse

TPC (5cm drift)

Twist pair cables

LXeTPC 
prototype -2

with the pre-cooling sytem



3γ PET  
as an innovative 
imaging modality



3 γ Imaging unique to a Liquid Xe PET
for better sensitivity and lower injected activity

44
21Sc !44

20 C⇤
a + e+ + ⌫e !44

20 Ca + � + e+ + ⌫e
β+ 94.3% 
Emax=1.474MeV 
τ=4h

~100% emission of a 1.157MeV γ 
,which has 79% probability of 
Compton scattering in Liquid Xe

L. Gallego Manzano et al., NIM A787(2015) 89-93

the development of a new detector device based on a liquid xenon
Compton telescope.

Liquid xenon has proven to be a perfect candidate as a γ-ray
detector in the energy range from several tens of keV to tens of MeV
due to its ideal properties. For this reason, its use as radiation
detection medium has increased in the recent years in numerous
applications in particle physics, astrophysics and medical imaging [2].

Some of the fundamental physical properties of liquid xenon are
summarized in Table 1. Its high density and atomic number give it a
high stopping power for ionizing particles. The probability for a
1.157 MeV γ-ray of having at least one Compton scatter is around
79% for a 12 cm long detector. Additionally, the liquid xenon has
the important feature, shared with the other liquid noble gases,
of producing both charge carriers and scintillation photons in
response to particle interaction. In particular, liquid xenon has the
smallest W-values and thus, the highest ionization and scintillation
yields. For a 2 kV/cm electric field we estimate an ionization yield of
!54 400 electrons/MeV and a scintillation yield of !16 000 UV
photons/MeV. In addition to the large yield, the liquid xenon has the
fastest decay time of the scintillation light (2.2 ns, 27 ns) among
other noble liquids [2], which benefits a good time resolution. Also,
the use of liquid xenon allows monolithic and homogeneous
detectors favoring a high detection efficiency.

2. XEMIS1: The first prototype

A first prototype of a liquid xenon Compton telescope named
XEMIS1 (XEnon Medical Imaging System) has been successfully
developed at Subatech in order to prove the feasibility of the
3γ imaging technique and the use of liquid xenon as γ detector.

Note that some updates are presented compared to the prototype
described in [4].

The XEMIS1 prototype consists of a Time Projection Chamber (TPC)
of 2.8 cm"2.8 cm "12 cm active volume full of liquid xenon. The
VUV scintillation photons (178 nm) generated from the γ-ray interac-
tion are detected by a Hamamatsu R7600-06 MOD ASSY photomul-
tiplier tube (PMT) specially designed to work at liquid xenon
temperature. The PMT is located at the top of the TPC and it is used
as a trigger for the ionization signal acquisition. The charge carriers
produced in the ionization are collected by a 64 pixels segmented
anode of 2.8 " 2.8 cm2. To drift the electrons towards the anode a
homogeneous electric field up to 2 kV/cm is provided by 24 copper
field rings located around the TPC. A 670 lpi (line per inch) 5 μm thick
micro-mesh placed at around 200 μm above the anode is used as a
Frisch grid to collect the charge. To ensure a 100% electron transpar-
ency of the mesh the electric field applied in the space between the
mesh and the anode should be at least 50 times higher than the
electric field applied in the drift zone. The anode is connected to an
ultra-low noise front-end electronics consisting of two standard IDeF-
X HD-LXe 32 channels chips [5] that generates 64 independent analog
signals. The electronics are placed inside the liquid xenon allowing a
reduction of the electronic noise down to !100 electrons. The
ensemble is built inside a cylindrical cryostat which is located in a
vacuum chamber to ensure a good thermal insulation.

A challenge of using liquid xenon as detection medium is the
need to liquefy the xenon and maintain it at a constant temperature
of around 165 K at a pressure of 1.2 bar. To liquefy the xenonwe use a
Pulse Tube Refrigerator (PTR) Iwatani PC150 optimized for xenon
cryogenics and placed at a distance of 2 m from the cryostat to
reduce the noise induced by the mechanical vibrations of the PTR.
Also a very high purity level of xenon is needed in order to avoid
electron capture by electronegative impurities (O2, H2O, N2, etc)
released from outgassing. The xenon is continuously purified by a
recirculation system, which consists of an oil-free membrane pump
and two SAES PS4-MT3-R/N rare-gas purifier getters connected in
parallel. The getters purify the xenon in gaseous state, for this reason
a stainless steel coaxial heat exchanger is used to evaporate the
xenon before it enters the purification system and then liquefy it
after purification [6]. The exchanger is 22.5 cm high and it is placed
50 cm above the cryostat. A scheme of the recirculation system is
presented in Fig. 2 . In case of emergency a 4 m3 rescue tank is
connected to the cryostat to collect the xenon.

This advanced cryogenics system has contributed to a high liquid
xenon purity with a very good stability, allowing an attenuation
length for charge carriers larger than 1 m.

Fig. 1. Principle of the 3γ imaging technique with a Compton telescope. The difference between the position of the source and a reconstructed intersection point (green
point) is represented as Δ L. This difference can be also expressed in terms of the angle α. (For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this paper.)

Table 1
Physical properties of liquid xenon as radiation
detector for charge carriers [3].

Properties Value

Density (g/cm3) !3
Atomic number 54
Boiling point 165.05 K, 1 atm
Radiation length (cm) 2.6
Wi-value (eV) 15.6 @ E

!
¼1

Wsc-value (eV) 21.6 @ E
!

¼ 0 kV=cm

L. Gallego Manzano et al. / Nuclear Instruments and Methods in Physics Research A 787 (2015) 89–9390

σα= 1.25o   is  expected 
by C.Grignon et al., NIM A571 

(2007)142-145

cos ✓ = 1�mec
2 E1

E0(E0 � E1)

LOR and 3rd γ(Compton telescope) measurements at the same time

LOR = Line of Respnse



Prototype 
of 3γ PET 
( XEMIS )
at Subatech



Lucía Gallego  LLR, January 30 2017

XEMIS @ Subatech
- Jean-Pierre Cussonneau 
- Eric Morteau 
- Dominique Thers
Post-doc: 
- Nicolas Beaupere 
- Lucía Gallego
PhD students: 
- Debora Giovagnoli  
- Loïck Virone 
- Yajing Xing 
- Yuwëi Zhu 

Collaborations
CHU / INSERM 
- Thomas Carlier

KEK Japon 
- R&D photodetectors
Air Liquide Advanced Technologies 
- R&D liquid xenon cryogenics
Pôle Micrhau 
- R&D electronics
ARRONAX 
- Radioisotope production

Mechanical Service: 
- Patrick Le Ray  
- Jean-Sébastien Stutzmann
Electronic Service

XENON Group @ Subatech
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IRCCyN  
- Imaging
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Lucía Gallego  LLR, January 30 2017

XEMIS: XEnon Medical Imaging System

XEMIS1
R&D

30 kg
12 cm drift TPC

200 kg
2 x 12 cm drift TPC

LXe clinical camera 

- Neurology: ∼250 kg 
- Paediatrics: ∼700-800 kg 
- Whole body: few tons

From 2020

XEMIS3
Whole body imaging

XEMIS2
Small animal imaging

3γ imaging + Liquid xenon Compton camera  

Low activity Medical Imaging (∼20 kBq)

6

 So the injected activity is about  1/1000 ,  the imaging time can be <1 sec !

for 20 min.



Lucía Gallego  LLR, January 30 2017

 3γ Imaging with XEMIS

LOR

3γ
θ

Δ

LXe

XEMIS2: A monolithic LXe cylindrical camera for small animal 
3γ Compton imaging

(x2,y2,z2)
(E1,x1,y1,z1)

12

6.4. étude de faisabilité de l’imagerie à trois photons dans le cas du petit animal 135

6.4.2 Le télescope Compton au xénon liquide pour détecter le troisième
gamma

Description de la géométrie du télescope Compton

La caméra micro-TEP entourant le rat, on va placer le télescope Compton au xénon liquide
à quelques centimètres de la tête de l’animal pour détecter le troisième gamma (figure 6.4).
Dans le cadre d’une simulation réaliste de l’imagerie à trois photons, on a considéré un téles-
cope Compton suffisamment grand (d’approximativement 25 cm de côté), pour pouvoir ainsi
augmenter la probabilité de détecter le troisième gamma.

FIG. 6.4 – Représentation du télescope Compton au xénon liquide associé à une micro-TEP au
LSO

Cette dimension du télescope au xénon liquide est justifiée par le fait que les microgrilles
utilisées avec le micromégas ne sont pas produites à des dimensions de plus de 30 cm de côté.
La surface arrière du télescope étant tapissée de photomultiplicateurs, on doit considérer comme
dimension latérale du télescope un multiple de la taille du PM. La taille des PM actuellement
disponibles pour le xénon liquide est de un pouce de côté, soit 2.54 cm, mais l’encombrement
réel est plus proche de 2.8 cm. Pour couvrir une surface de 25.2⇥ 25.2 cm2, il faut donc uti-
liser 9⇥ 9 photomultiplicateurs. La profondeur du télescope fixée à 12 cm représente un bon
compromis entre sensibilité (6.2 cm de libre parcours moyen pour le gamma de 1.157 MeV) et
temps mort (54 µs de temps de dérive maximum pour un champ électrique de 2 kV.cm�1).

À chaque cellule correspond une anode de 2.8⇥2.8 cm2 chargée de mesurer le signal d’io-
nisation produit dans le xénon liquide lors de l’interaction d’un gamma. Cette anode est seg-
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Evolution of XEMIS2 ( small animal imaging)

Doctor thesis of C.Grignon, Nantes university, 2007, and 
C.Grignon et al., NIM A571 (2007)142-145

L. Gallego Manzano et al., NIM A787(2015) 89-93

with  KEK 
collaboration

Prototype of the full-body PET and also in-beam imaging

Subatech group

3γ sensitivity > 7 % 
Expected resolution along the LOR < 1cm



Establishment of XEMIS2 in CHU-Nantes

New center of imagery CIMA

~ 100 m2 for Subatech 
          60 m2 technical plate 
          40 m2 offices, center of analysis

comissioning at Subatech : 2017  
installation at Nantes Hospital : 2018  

ReStoX Caméra
ReStox XEMSI2 

Patent in progress

D.Thers for ”2015 TYL-FJPPL WORSHOP" IN OKINAWA, JAPAN

( Nantes university hospital )

(Center for Applied Multimodal Imaging) 

ReStoX XEMIS2



In-beam Imaging 
(Ion beam range 

monitoring  
at hadron therapy)

realtime or 4D imaging?



Figure 4. Simulated patients—
tanks of water or gelatin—are 
irradiated with proton beams for 
proof-of-principle gamma imaging. In 
each case, the dose distribution in 
the upper panel is calculated, and 
the gamma distribution in the lower 
panel is measured. (a) A 150-MeV 
clinical proton pencil beam impinges 
on a water tank, and the prompt-
gamma (PG) emission is imaged 
with an experimental Compton 
camera specially designed for the 
purpose. (b) Positron-annihilation 
gamma emission from a tank of 
tissue-like gelatin is imaged with a 
commercial diagnostic positron 
emission tomography instrument 
shortly after irradiation with a 177-
MeV proton beam. The strong signal 
near the entrance region in the PET 
image is a result of carbon-11 
activation in the carbon-rich walls of 
the tank. (Panel b courtesy of Julia 
Bauer, Heidelberg Ion-Beam 
Therapy Center.)

prompt gamma’s energy (2–15 MeV)

an experimental Compton camera PET

11C

The liquid xenon TPC can work both 
for the Compton camera and PET !

A beam structure can be optimized for this detector ?

in-beam imaging Physics Today 68, 6, 24 (2015)



Figure 5. Patient outcomes can be greatly improved by in vivo imaging that reduces beam-range 
uncertainty by just a few millimeters. In this breast cancer patient, the intended treatment volume is 
indicated by the purple line, and the direction of the treatment beam is shown by the blue arrow. (a) To 
account for the beam-range uncertainty, the treatment volume must be expanded to the region enclosed in 
yellow. As a result, significant dose (shown here as a percentage of the prescribed dose) is delivered to 
the heart (red line) and the left anterior descending coronary artery (LAD; white line). (b) With range-
verified proton radiotherapy, no expansion to the treatment volume would be needed. Dose delivered to 
the heart and the LAD is greatly reduced, as is the patient’s risk of radiation-induced heart disease.

Physics Today 68, 6, 24 (2015)

Left Anterior Descending 
coronary artery  
左前下行冠動脈

Proton radiotherapy for the breast cancer very close to the heart and LAD

For this particular patient, the mean heart dose could be reduced from 3.0 Gy to 0.6 Gy, the 
LAD dose from 4.0 Gy to 0.6 Gy, and the lung dose from a mean value of 10.0 Gy to 6.5 Gy.

with in vivo imaging



1. The liquid Xe TPC can be an ideal  PET with a good DOI resolution, i.e. 
the 3 dimensional resolution of a few mm. Fine imaging is expected with 
smaller radiation dose.  It is also a good Compton camera especially for 
prompt gammas, i.e. for the in vivo imaging. 

2. A prototype, XEMIS2, was constructed for a small animal PET, which 
will demonstrate the basic characteristics of the 3 γ imaging. 

    
3. For the real-time tracking, the imaging speed depends on algorithm of 

the deconvolution and the computer power with GPU（Graphics 
Processing Unit).  The successive approximation method such as the 
ML-EM  must be improved for the fast imaging of  10 frames/sec (*) .

Summary

(*) 2 frames/sec with an average delay time of 2.1 sec has been demostrated for a 
point source in the OpenPET based on jPET-D4 by T.Yamaya et al.  
ref: Yamaya T., Tashima H. (2017) OpenPET Enabling PET Imaging During 
Radiotherapy. In: Inoue T., Yang D., Huang G. (eds) Personalized Pathway-Activated 
Systems Imaging in Oncology. Springer, Singapore


