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Rich detection media : Scintillation and Ionization

Scintillation                Ionization
energy                      position
photomultipliers            ionization chamber with low noise amp. 300e
GEM/photocathod          GEM in 2 phase Xe
Avalanche Photodiodes
    
22,000 VUV photons/511KeV with 3ns, 27ns and 45ns

30,000 electron-ion pairs/511KeV  
electron drift at 2.3mm/us with 2kV/cm

At 511 keV, 22% photoelectric, 78% Compton with xenon
half a mm for 511 keV photoelectron

Primary ionization signal is weak: of the order of 1, 10, 100 and 500 keV 
for coherent neutrino, dark matter, solar neutrino and PET respectively.

General Property of Liquid Xenon
http://www.pd.infn.it/~conti/LXe.html



σ2=2Dt=2DL/v
CD2=D/v
Example:
t=104μsec
D=50cm2/sec
CD=145μm/SQRT(cm)
σ=1mm
note : 170μm/SQRT(cm)

T.Doke, NIM 196 (1982), 87

diffusion :
widening pulse shape

spatial resolution
σx = √σx(0)2+CD

2/Neffz

Neff=no. of electrons
if Neff=1000 and z=24cm,  
CD

2/Neffz= (20μm)2

with pad-analog readout



NUCLEAR
INSTRUMENTS

& METHODS
North-Hol land

 

IN PHYSICS
RESEARCH

Section A

Nuclear Instruments and Methods m Physics Research A 333 (1993) 355-363

Measurement of attenuation length of dri fting electrons
in l iquid xenon

Masayuki Ichige a, Elena Apri le b , Tadayoshi Doke a, Katsuhito Hasuike a, Ken Itoh a,
Jun Kikuchi a and Kimiaki Masuda

Science and Engineering Research Laboratory, Waseda University, 17 Kikui -cho, Shinjuku-ku, Tokyo 162, Japan
"Physics Department, Columbia University, New York, NY 10027, USA
` Saitama Col lege of Health, 519 Kanuokubo, Urawa-shi , Saitama 338, Japan

Received 4 January 1993 and in revised form 10 March 1993

To real ize a long attenuation length of dri fting electrons in l iquid xenon, a puri f ication system which consists of Oxisorb,
molecular sieves and a Zr-V-Fe al loy getter has been constructed A dual type gridded ionization chamber is used for the
measurement of the attenuation length . An attenuation length longer than 2 m is achieved in the puri f ied l iquid xenon .

1 . Introduction

In 1991, a 3 ton l iquid argon time projection cham-
ber (TPC) was successful ly operated by the ICARUS
col laboration and beauti ful three-dimensional track
patterns were observed [1] . These results are very en-
couraging for researchers who are working on the
development of a l iquid xenon TPC for measurement
of double beta decay of 136Xe [2] , observation of cos-
mic gamma ray sources with precise directional resolu-
t ion [3] , and so on . To real ize such l iquid xenon TPCs,
i ) dri fting electrons in l iquid xenon are required to
have a long attenuation length and i i ) the anode is
required to be a two-dimensional posit ion sensit ive
detector . The former condit ion means that the l iquid
xenon to be used should have a high purity .

In the proposed appl ications to the double beta
decay experiment or the observation of cosmic l ine
gamma rays, the electron dri ft distance is on the order
of 30 em, which requires an attenuation length of the
dri fting electrons longer than one meter .

The Columbia group measured an average attenua-
tion length longer than 44 cm at an electric f ield of 0 .5
kV /cm for l iquid xenon puri f ied by a combination of
Oxisorb, molecular sieves and a Zr-V-Fe al loy getter
[4] . They obtained the attenuation length by the wave-
form analysis of ionization pulses produced by cosmic
rays in l iquid xenon, but the method was not so precise
due to the l imited statistics .

Recently, we have constructed a puri f ication system
for xenon gas, which is the same as that used by the
Columbia group, and a dual type gridded ionization
chamber which is suitable for measurement of an at-

2 . Apparatus
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tenuation length of electrons longer than 1 m . In this
paper, we present the apparatus used in the experi -
ment and the results .

2.1 . A dual type gridded ionization chamber

Fig . 1 shows a cross-sectional view of the dual type
gridded ionization chamber used for measuring the
attenuation length of dri fting electrons in l iquid xenon .
The chamber has a common cathode and two grid-col -
lector regions at di fferent distances from the cathode
[5] . Radioactive 207 Bi sources of 3 .7 kBq are electro-
chemical ly deposited on the center of both surfaces of
the common cathode plate (K) made of stainless steel .
The distance between the cathode and the grid (Gl ) in
the upper chamber is 47 mm and that between the
cathode and the grid (G2) in the lower chamber is 17
mm . The gaps between the col lectors (Cl or C2) and
the grids (G1 or G2) are 3 mm . Field shaping rings are
placed between the cathode and the grids at intervals
of 10 mm . Each ring is insulated by Macor spacers .
The voltages to the f ield shaping rings are given through
an internal resistance divider chain, consisting of resis-
tors of 1 Gf l and 1 .6 Gf2, not covered with any coating
to avoid contamination . The effective inner diameter is
15 mm . The effective volume of the upper chamber is
8 .3 cm 3 and that of the lower chamber, 3 .0 em3 . The
total volume of l iquid xenon put into the chamber
vessel is 0 .6 1 . Each grid consists of stainless steel wires
of 20 wm in diameter strung on a stainless steel frame

attenuation length > 2m !,  -11% at 24cm drift



光電子増倍管: 8x112x2=1792本 TPC : 電場 48kV/24cm 

TXePET :分割の無い液体キセノンTPC
 液体Xe：140ℓ,88cm内径,48cm FOV,9cm DOI (93%γ線検出)

ドリフト時間：104 μsec/±24cm
(ドリフト速度：2.3mm/μsec)
不感時間のない読み出し 

位置分解能(FWHM) = 2cm

同時計測時間 = 10 nsec

TPCへのタイムスタンプ

アノードパッド
光電子増倍管

光電子増倍管

アノードパッド

アノードパッド アノードパッド

2.9 x 105 mm2 2.9 x 105 mm2



液体キセノン用 1” 光電子増倍管　　

R5900-06AL12S-ASSY

2.8cm

Al-strip

・石英ウィンドウを用いることによりXe波長に対しても十
分な感度を得られる。

・液体キセノン温度（-110℃）、３ａｔｍでも動作可能であ
る。

・光電面にK-Cs-Sb＋Alストリップを用いることにより低
温中でも高い量子効率を得ている（＞20%）。

・高いゲイン（>106＠８００V）を持つ

・表面不純物の発生が少ない。

・メタルチャンネル型ダイノードを採用

LXeTOF PET,  F. Nishikido



1st generation R6041Q 2nd generation R9288TB 3rd generation R9869

228 in the LP (2003 CEX and 
TERAS)

127 in the LP (2004 CEX)

111 In the LP (2004 CEX) Not used yet in the LP

Rb-Sc-Sb

Mn layer to keep surface 
resistance at low temp.

K-Sc-Sb

Al strip to fit with the dynode 
pattern to keep surface 
resistance at low temp.

K-Sc-Sb

Al strip density is doubled.

4% loss of the effective area.

1st compact version

QE~4-6%

Under high rate background,

PMT output reduced by 10

-20% with a time constant of

order of 10min.

Higher QE ~12-14%

Good performance in high rate 
BG

Still slight reduction of output in 
very high BG

Higher QE~12-14%

Much better performance in very 
high BG

2” PMT Development Summary
MEG experiment



FADC
300MHz

8bit
128ch

128 PMTs
1/14 of ring

FPGA
300MHz

BS, Σpi>Emin

x, y, z
to

x 14 x 14
1792 PMTs

300MHz
BS, Σ
x, y, z

to

Coincidence

corrections:
random,
dead time, etc

SRAM

x, y, z (DOI)
to , EPMT

SRAM

128 x8 

Trigger threshold

trigger
-

Baseline
Subtraction 
(BS)

MEG experiment

xPMT = Σxipi/Σpi
yPMT = Σyipi/Σpi
zPMT =Z(D)

PMT  Readout

D=
npe =pi



3-2-3! "#$%&$'()*+,[12] 

-./0()*+,123456789:; 14<=>((1<=>( 32?@+A);BC

D2EF"#$%&$'()*+,;G1EHI"#$%&$'()*+,J6 1 K3<

=>(6L:MH 9 N3<=>(COPQRSQTMH(U 3-14)IOPQRVW6 9(<=

>()X7(YZ9:)3 63NJ[HI\3"#$%&$'3<=>(6]^_` 595mmSa

bcdefg>heiHI]^_`j3OPQR#k$A6lm3&>nopq;rie

opstu;vw2EHxFyz4Mm{J|}~EF&>nChe6�2�iIOPQ

R3P��6 15[ns];��~EeiHIBGO3��6���x�����P�x�i�DF

P��6a���4���� 10�20[ns];��~EHIOPQRVW6�93��12P�

�3�3�='S��hFL:MH<=>(123n#�$<��x\3�='�;��

ME�OPQRCheiHIOPQR 6 2¡¢opt>£3C¤6U 3-153¥¦;§¨

9:3©ªS«¦\CJFBGO ¬­3®¯°;¥H±Z3²³S´deiHIµ#¶·A

'¸#';Kie6 5¹F·)''¸#';Kie6 6¹3©ªS«deiHI3¡¢op

t>£J6º»�¼e3½4¾LJOPQRS«deiH(U 3-16)IB�F¿EÀE3o

pt>£;ÁMHF§¨9:3½4^Â3ÃÄSU 3-17;ÅMI 

!"#$%&'()*)++(

,-./01'(2)3++(

4(

5(

6(

7(

8(

)(

9(2(

*(

43(

44(

45(

47(

46(

 

 

U 3-14 ]^_`COPQR<=>(3ÁÆ 

14 groups in total

1 coincidence group (15ns) :
    1 group and 9 groups 
        (1)           (4-12)

63 coincidence circuits
     9 groups x 7 (angles)

Coincidence processor (SET-2400W)
PET測定と画像再構成、鈴木敦郎 (東北大）

(32 uits =  8 Φ x 4 z )

total PMTs =32 x 14 x 4= 1792



ASIC
CMOS

Front Endanode 
pads 16 pads

Σpi

16 LVDS

FADC
300MHz

8bit

x 18,125 x 2

300MHz
I/O >1024
BS, Σpi>Emin

x, z
t

FPGA

SRAM

x, z (DOI)
t , ETPC

3x3mm2/pad

1.2x1.2cm2/ASIC

300MHz
BS, Σ
x, z
t

1 x 105 pads
2.9 x 105 mm2

x 432 x2

pulse height(pi) 
is proportional 
to pulse width
(wi) of LVDS. xTPC = Σxiwi/Σwi

zTPC = Σziwi/Σwi

yTPC = v(t-to):FOV

TPC  Readout
x 2 x 18,125 x 2



藤田陽一

CMOS Front End





Position Reconstruction
• Localized Weight Method

• Projection to x and y 
directions.

• Peak point and 
distribution spread

•Position reconstruction 
using the selected PMT

MEG Experiment,  A. Maki,  6th September,2006



Position Reconstruction
Resolution (σ, FWHM=2.35σ)

D

γ

FWHM =  ~ 4.7mm FWHM(D) =  ~ 2cm

MEG Experiment,  A. Maki,  6th September,2006

D=



画像再構成

空間分解能：3.3mm
(FWHM)

22Na点線源の再構成画像

再構成条件 : ML-EM法

反復回数100回

-5<Y<5の範囲を用いる　　　→２Dモードを仮定

液体キセノンPET開発, 錦戸文彦, KEKワークショップ, 2006年4月11日



is achieved and the average value of energy resolutions in
5! 5! 5mm3 volumes over the effective region is 20.5%.

3.3 Position resolution
The position resolution of the detectors was estimated by

the following method. The PMTs are divided into two
groups by the Y–Z plane at X ¼ 0, and an interaction

position is decided by calculating the center of gravity of
PMT output signals in each group (ZL, ZR). The difference
between ZL and ZR is written as !Z ¼ ZL # ZR. Assuming
ZL and ZR are independent, the width of the !Z spectrum is
written as

!!Z
2 ¼ !ZL

2 # !ZR
2;

where !ZL and !ZR are the position resolutions of ZL and ZR,
respectively. Figure 9 shows the spectrum of !Z for the
events in the central volume (#2:5 < X < 2:5mm,
#2:5 < Y < 2:5mm, and #2:5 < Z < 2:5mm in Fig. 6)
and !!Z was 2.9mm (FWHM). Assuming that !ZL and !ZR
were the same, a position resolution of 2.1mm (FWHM) is
obtained by dividing by

ffiffiffi
2

p
. Similarly, the position

resolution along the X and Y axes for detector 1 were 3.3
and 3.5mm (FWHM), respectively.

3.4 Timing resolution
Figure 10 shows the timing resolution spectrum between

detector 1 and detector 2 for annihilation gamma rays. The
timing resolution of 552 ps was obtained. This value is
affected by path differences of the light between different
interaction positions and each PMT. However, when only
the events in the central volume (#2:5 < X < 2:5mm,
#2:5 < Y < 2:5mm, and #2:5 < Z < 2:5mm in Fig. 6) are
selected, a timing resolution of 260 ps was obtained

Fig. 6. Position distributions of interaction points for annihilation gamma rays in X–Y , X–Z, and Y–Z planes inside effective area.
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Fig. 7. Typical energy spectrum of detector 1 for 22Na source.
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Fig. 8. Energy spectrum in central volume (#2:5 < X < 2:5mm,
#2:5 < Y < 2:5mm, and #2:5 < Z < 2:5mm in Fig. 6).

Fig. 9. Spectrum of !Z for events in central volume (#2:5 < X <
2:5mm, #2:5 < Y < 2:5mm, and #2:5 < Z < 2:5mm in Fig. 6).
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twelve. As a result, the gain of the new PMT is increased to
greater than 106. A comparison of the properties of the new
and old PMTs is shown in Table II.

2.3 Experimental setup
The experimental setup is shown in Fig. 4. In the

experiment, the two liquid Xe detectors were placed facing
each other, and a 22Na point source was placed in the center
between the detectors. The distance between the two
detectors was 70 cm. A block diagram of the experiment is
shown in Fig. 5. When two 511 keV photons from 22Na were
detected in both detectors, output signals from the 32 PMTs
were recorded with charge-sensitive analog-to-digital con-
verters (QADCs), and the TOF information was recorded
with time-to-digital converters (TDCs). In the previous
experiments, taking the sum signals as TDC stop signals
provided a better time resolution than recording the PMT
output signals individually with TDCs. So the sum signals of
32 PMT outputs from each detector were used as TDC stop
signals in the experiment.

3. Results

3.1 Analytical method
Before calculating the interaction position, the nonuni-

formities of PMT characteristics were corrected as detailed
below. The number of photoelectrons in each PMT produced
by scintillation light from alpha particles in liquid Xe was
calculated by Monte Carlo simulation. The product of the
quantum efficiency and the gain of each PMT was corrected
so that the experiment data corresponded to the simulation
data. The simulation data was obtained by the following
methods. Because the range of alpha particles is very short
in liquid xenon, the alpha source can be considered as a
point source of light and only the process of the scintillation
light was simulated. Scintillation lights generated isotropi-
cally from the position of the alpha source (X ¼ 0, Y ¼ 0,
Z ¼ "30) and the number of photons arriving at photo-
cathodes of the PMTs were calculated by GEANT4
simulation. Total reflection at quartz windows and Rayleigh
scattering in liquid xenon were considered as physical
processes. We assumed that the refraction indexes of liquid
xenon and quartz were 1.62 and 1.48, respectively.10) The
scattering length of 45 cm for liquid xenon was applied.
Finally, the number of photoelectrons generated from the
photocathodes was calculated using the typical value of the
quantum efficiency of PMTs.

The positions at which gamma rays interact are deter-
mined by calculating the center-of-gravity of light outputs
from individual PMTs after the calibration with the alpha
source. The positions of X, Y , and Z are defined by the
following equations:

N ¼
X32

j¼1

Nj;

X ¼
1

N

X32

j¼1

Xj # Nj;

Y ¼
1

N

X32

j¼1

Yj # Nj;

Z ¼
1

N

X32

j¼1

Zj # Nj;

where N is the total number of photoelectrons, Nj is the
number of photoelectrons in each PMT, and Xj, Yj, and Zj

are the positions of the PMTs. The position distributions of
the interaction points with 511 keV gamma rays on the X–Y ,
X–Z, and Y–Z planes inside the liquid Xe detectors are
illustrated in Fig. 6.

3.2 Energy resolution
The energy spectrum is determined by summing the

signals from all 32 PMT outputs in each detector. Figure 7
shows a typical energy spectrum of detector 1 for the 22Na
source after correction for nonuniformities of individual
PMTs. From the figure, the resolution (FWHM) of 35.5% is
obtained. The PMT outputs depend on the solid angles of
individual PMTs seen from the interaction points. The
energy spectrum in the central volume ("2:5 < X < 2:5
mm, "2:5 < Y < 2:5mm, and "2:5 < Z < 2:5mm in
Fig. 6) is shown in Fig. 8. An energy resolution of 15.9%

Table II. Properties of PMTs.

R5900-06AL12S-ASSY R5900-06MOD

Ratio of quantum
efficiencies
in liquid Xe

4.98
(25%a))

1
(5%a))

Gain (HV ¼ 800V) 106 105

Number of dynodes 12 stages 10 stages

Material of photocathode K–Cs–Sb Rb–Cs–Sb

Size of photocathode 18$ 18mm2

Material of window Quartz

a)The average value of the quantum efficiencies of the old-type PMT at
room temperature was measured to be about 5%, by the Hamamatsu
Photonics and that of the new-type PMT was assumed to be 5$
4:98 ¼ 25%.

Fig. 4. Experimental setup for measurement with two liquid Xe detectors
for 22Na point source.

Fig. 5. Block diagram of experiment.
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liquid xenon TOF-PET and tested its performance. We
obtained energy resolutions of 29.9 and 32.4% and position
resolutions of 4.8 and 9.4mm for the individual detectors,
and a timing resolution was 650 ps between the two
detectors for 511 keV gamma rays from positron annihila-
tion. These properties are not sufficient for TOF-PET.
However, in the publication we concluded that if the number
of photoelectrons at the first dynode of the PMTs could be
increased, the performance of the liquid Xe detector would
be improved and a sufficient resolution for TOF-PET could
be expected.

Recently, a new PMT having a higher quantum efficiency
and gain than the PMT used in the previous experiments has
been developed by the Hamamatsu Photonics (see §2.2).
Two liquid xenon PET detectors were reconstructed with
these new PMTs and their performance was tested.

2. Liquid Xe Scintillation PET Detector

2.1 Liquid Xe chamber and purification system
Figure 1 shows a cross-sectional view of the liquid Xe

PET detector. Except for the PMTs, the components of the
chambers were not changed.8) Also, the arrangement of
PMTs and the size of the effective region were the same as
before. The arrangement of the PMTs is shown in Fig. 2.
The detailed differences between the new and old PMT are
described in the next section.

Xenon gas was purified with a Ba-Ti getter before the
experiment. The chambers and purification line were
evacuated and baked at 80 and 150!C, respectively, for
more than three weeks. The ultimate vacuum at room
temperature was 10"6 Torr. Xenon gas purified by the above
method was passed thorough a SAES getter and then
liquefied into the inner vessel. The xenon in the inner vessel
was kept at liquid xenon temperature (from "103!C up to
"93!C) and below 2.5 atm by passing liquid nitrogen
through a copper cooling pipe during the experiment.

2.2 Photomultiplier
The PMTs used in the previous experiment (R5900-

06MOD) have low quantum efficiency (about 5%) and a
low gain (about 105). These defects result in poor energy
and position resolutions. Recently, a new PMT (R5900-
06AL12S-ASSY) having the same dimension (28# 28
mm2) and the same useful area (18# 18mm2) as the old
PMT used in the previous experiment has been developed by
the Hamamatsu Photonics. The main improvements of the
new PMT are the change of photocathode material from
Rb–Cs–Sb to K–Cs–Sb and the attachment of Al-strips
(Fig. 3) to the photocathode instead of a thin Mn layer.
During photoelectron emission, the Al-strips help to supply
electrons to the photocathode at low temperature. Then, K–
Cs–Sb, having higher quantum efficiency for photoemission,
can be used as a photocathode material. For comparison of
the quantum efficiencies of the new and old PMTs, we
carried out an experiment in liquid Xe. The ratio of both
quantum efficiencies was 4.98 at the applied voltage of
850V. The average value of the quantum efficiencies of the
old-type PMTs at room temperature was estimated to be 5%
form measurements by the Hamamatsu Photonics and that of
the new-type PMTs was assumed to be 25%. In addition, the
number of dynode stages of a PMT is increased from ten to

Fig. 1. Cross-sectional view of the prototype liquid Xe PET detector.

Fig. 2. Arrangement of 32 PMTs.

Fig. 3. Photograph of R5900-06AL12S-ASSY.
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jPET-D4

平成17年度 次世代PET装置開発研究報告書、
(7) jPET-D4システム性能評価 、吉田英治,  
放医研

同時計数：10nsec



NECR

NEC simulation
System dead time:200ns

Coincidence window:4ns
Energy window:450-550keV

T：真の同時計数イベント
S：散乱同時計数イベント
R：偶発同時計数イベント



Counting Rates
jPET-D4   
    solid angle = 0.713
    segmentation   24 (ring) x 5 (axis) = 120
    maximum NECR  = 150kcps / 10kBq/ml
    single count      = 15Mcps  / 10kBq/ml
    total count       =  2Mcps  / 10kBq/ml
       true+scatter  =  1Mcps  / 10kBq/ml
       random         =  1Mcps  / 10kBq/ml

Nishikido  LXeTOF PET 
    solid angle = 0.287
    segmentation of "PMT"   103 (ring) x ( 8 (axis) +2 (DOI) ) = 1030
    maximum NECR  = 150kcps / 20kBq/ml    ,   100kcps / 10kBq/ml

TXePET  
    solid angle = 0.514
    segmentation of "PMT"   112 (ring) x 16 (axis) = 1792

General PET ( Shimizu SET 3000GCT )
   solid angle = 0.352
    segmentation of "PMT"   88 (ring) x 10 (axis) = 880
   maximum NECR  = 60kcps / 9.8kBq/ml



Assume single count is one of jPET-D4;

single count/total PMTs =15MHz/total PMTs
                             =15MHz/1792 PMTs
                             = 8370Hz/PMT

1/8370= 119μsec/PMT
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usually rejected as the two (or more) interaction points can not be distinguished and,

therefore, such events result in a biased measured position. On the contrary, the

liquid xenon drift chamber, which has effectively a voxel (3D-pixel) structure,

allows these points to be identified and their position and energy deposition in each

of them measured. Therefore, the reconstruction of the event topology is possible so

that the first interaction in the detector can be found and its position used in the

image reconstruction. It was shown that a significant fraction of the Compton events

in the detector can be recovered and used for the image reconstruction [22]. The

total deposited energy can also be measured thus allowing the rejection of scatter in

the object (human body).

Table 1. Comparison of the liquid xenon detector with scintillation crystal systems

PETYA

BGO block

detector

[20]

LSO block

detector (CTI)

[21]

Time resolution 1.3 ns 2 ns 1.5 ns

Position resolution 0.8!0.8 mm
2
(*) 5!5 mm

2
2!2 mm

2

Interaction depth resolution 2 to 5 mm None 7.5 mm

Energy resolution 15% to 17% 20% 14% to 20% (**)

Efficiency 60% 80% not quoted

Dead time 50 µs"cm
2

25 µs"cm
2 not quoted

# $x!$y; $x - from the drift time measurement; $y – obtained with the center of gravity method with the

mini-strip plate (extrapolated from the measurements with %-source and convoluted with the

photoelectron range)

** for a single crystal

4 Liquid xenon gamma camera

In the experiments with %-particles it was shown that the mini-strips plate allows

reliable detection of the events with the number of electrons extracted from the

track as low as 7,000 that corresponds to the &-ray energy of about 120 keV. Thus, a

gamma camera with ionisation readout for medical diagnostic, which typically uses

&-rays of 140 keV, seemed to be feasible. A small prototype of such device,

schematically shown in Fig.5, has been produced and is currently under tests. It uses

the mini-strip plate with an active area of 50x50 mm
2
, made of D263-glass 0.55 mm

thick, with the strip sets identical to those descried in the previous section. 22 strips

are read out each side of the plate with two integrated multichannel circuits that

include charge sensitive preamplifiers, discriminators and sample and hold circuits

[23]. The input noise of ~100 electrons, r.m.s., was measured at the liquid xenon

temperature and zero capacitance. With the inputs connected to the strips, the noise

Where, the true T and scattered S event rates was derived from the injected activity 

concentration C, the phantom volume V and the probability of reconstructing the line of response   

pT,S for the true and scattered events respectively: 

       
2

, )1(VCST, Occp ST !"""#

The number of hits per cell in the time window defined by the detector dead time $#%&'()*s 

follows a binomial law and then the mean occupancy probability of one cell Occ is given by: 

  
$""

!!#
VC

p)1(1Occ

Where p the probability to fire one cell per event is coming from the simulation. 

The mean random event rate (R) can be approximated by: 

       AtOccpVCR "+"!"""#
2

sin ))1((

Where A is the azimuth acceptance of the PET depending on the phantom size, +t = 10 ns is the 

time coincidence window and psin is the probability to have only one , candidate per simulated event 

in the whole camera and in the energy window defined as ( 303511 "-  keV)' 

The NEC rate and its components are plotted separately against the activity concentration in 

(Fig. 5). The main performances are summarized in (table 1) and they are compared to the one of a 

standard BGO PET running in 3D acquisition mode. The BGO PET camera has been simulated 

with the same program and its main characteristics are a global size of  15 cm for the axial field of 

view and 80 cm for the diameter, the depth of the crystals is 30 mm and its transverse dimensions 

are  mm48"
2
. The results of the simulation with a NEMA NU 2-2001 phantom are shown in      

(Fig. 5). The detector dead time resulting from the decay time of the BGO scintillation light has 

been set to 2.6 *s. No data acquisition dead time has been considered for both LXe and BGO 

cameras.   

 As it can be seen from (table 1) the proposed LXe PET camera can reach the NEC rate of    

30 kHz that is a common value for standard whole-body BGO camera at 7.5 times lower activity 

concentration, with ~6 times higher sensitivity and a better spatial resolution.  

 

 
Fig. 4. Distribution of the closest distance of approach of the reconstructed line of response to the positron 

emission point. A 3 mm cut off on this distance has been chosen to discriminate between true and  scattered 

events. The scatter fraction is then estimated to be 54.5 % from which the contribution of misidentified first 

interaction vertex is about 16.5 %.  

 

 
PET camera 

 
Activity (kBq/ml) Sensitivity – Net Trues 

(cps/Bq/ml) 

Spatial cut  

(spatial resolution  

FWHM) (mm) 

Energy resolution 

(FWHM) 

BGO 3 30 10 (~7) 26.7 

LXe 0.4 190 3 (~1.7) 13.8 
Table 1: Performances of  the proposed LXe-TPC PET compared to a standard BGO PET camera. 

 LXe-TPC PET   1x1x9 cm3 cell  ; a module of 24x60x9cm3  9cm drift
                   24x60cm2 anode place segmented by 0.5x0.5mm2 pads

PETYA : segmented drift chamber with PMT 1x5x6cm3 cell  ( LXe 6cm long )

60cmΦ, 60cm
80cmΦ, 15cm 8,4,30mm3

 at  NECR = 30kHz



Slice
pitch

energy
res.

Solid
angle

designer name size inner
diameter

field of
view

tange
n-

tially

radially
DOI axial (z) z 511

keV
NECR

at
radiation
dose (20Φ
x70(20)L

scatter
fraction

point
source

PET/CT x, z, y in mm cm cm mm mm mm mm % cps/kBq % kcps kBq/ml %
GE ADVANCE BGO 4, 8.1, 30 67.2 15.2 7 30 7.3, 8.4 33 0 37.6 10 44.8 0.221 This resulted in deadtime values of 625 and 332 ns at the Block and Coincidence levels, respectively
GE Discovery ST Elite BGO 6, 6, 30 55 15.2 4.25 30 4.8 3.27 8.5 0.85 80 12 36 0.266 13-15億円
Siemens ECAT EXACT HR+ BGO 4.39, 4.05, 30 65.3 15.5 4.3 30 4.1 8.98 0.898 27.3(79.2) 6.3(12.5) 37 0.231
Siemens  biograph 16 HI-REZ LSO 4, 4, 20 58.5 16.2 3.5 20 3.12 2 10 4.92 0.492 84.77 28.73 34.1 0.267
Philips Gemini GXL (-TF) GSO(+Zr) 4, 6, 20 (30) 56 18 4.9-5.5 20 5.0-6.1 4 8.5 8 0.8 70 11 35 0.306 12億円
Shimazu SET-3000GCT GSO  2.45, 5.1, 30 66.4 25 2.45 30 5.1 2.6 19 1.9 60 9.8 50 0.352 ６億2000万円ー
Toshiba Aquiduo PCA-7000B LSO 4, 4, 20 58.5 16.2 3.5 20 3.12 2 10 4.92 0.492 84.77 28.73 34.1 0.267 17憶2200万円～

PET
Hamamatsu SHR-92000 BGO 2.9, 6.3, 20 60 68.5 9.72 0.972 113.6 10.5 31.4 0.752
Nantes univ. LXeTPC PET Liq.Xe 10, 10, 90 (93%) 60 60 0.25 0.14 0.25 13.8 70 1.5 54.5 0.707 TPC. 9cm drift, 0.5x0.5mm3 anode pads
Coimbra univ. PETYA Liq.Xe 10, 50, 60 (73%) 0.8 2.0-5.0 0.8 15-17 ionization chamber with 2.5mm spacing wires, deadtime=50um cm2

NIRS LXeTOF PET Liq.Xe segmentation? 80 24 3.7 3.7 16 35 3.5 150 10 0.287 Prototype : pos. 3.5mm,  tof 312ps,  energy 20.5%, TOF for improving image quality by 3 times
KEK-NIRS TXePET Liq.Xe no segmentation 88 48 1.64 1.64 1.2 16 70 7 300 10 0.479 Sensitivity and NECR are scaled ones  of Nishikido's LXeTOF PET.

Brain PET
CERN brain HPD-PET LSO 3.2, 3.2, 200(z) 35 10 1.9 1.9 4.5 7.5 4 0.4 130 30.4* 0.275
NIRS jPET-D4 GSO 2.9, 2.9, 7.5x4 25.6 26 2.5 7.5 2.5 16 7.1 0.71 154 11 39.7 0.713 Sensitivity is scaled by 1/10 of point source.
CPS HRRT LSO-LYSO 2.1, 2.1, 7.6x2 31.2 25 2.4-2.9 2.4-2.9 3.0-4.0 17 4.5 0.45 140 13 40 0.625
Univ.
Pennsylvania

G-PET Anger-logic
GSO

4, 4, 10 30 25.6 4 10 5 18 4.79 0.479 60 7.4 39 0.649

Hamamatsu SHR-1200(2400) BGO 2.8(1.4), 6.55, 30 33 16.3 2.9 30 2.9 0.443
Hamamatsu SHR-12000 BGO 2.8, 6.55, 30 50.8 16.3 2.9 30 2.9 0.306

Small Animal
PET

 (2.5Φ
x7L

cm2),MBq/
UVP
BioImaging

microPET II LSO 0.975,0.975,12.5 16 4.9 1.17 1.47 1.42 22.6 2.26 235 2.35 0.293

SCETI, Univ. of
Ferrara

YAP-PET YAP 2, 2, 30 4 4 1.8 1.8 1.8 14.5 18 1.8 90 16.6MBq 0.707

Oxford Positron
System

Quad HIDAC HIDAC 17 28 1 1 1 18 1.8 100 0.2 30-40 0.855

raytest ClearPET LYSO-LuYAP 2, 2, 10x2 22.5 11 1.25-2 1.25-2.4 1.25-2 30 38 3.8 0.439
LIP RPC-PET RPC 6 10 0.5 21 2.1 318 2.63 0.857
Philips MOSAIC GSO 12.8 11.9 5.7 0.57 0.681 18cm bore
GE eXplore Vista GSO/LYSO 1.55, 1.55, 6.7 4.7 1.56 1.45 1.74 41.4 4.14 0.574 8cm bore,  185kcps at 15uCi/cc, mouse phantom
Siemens FOCUS 220 LSO 1.5, 1.5, 10 19 7.6 18 40 4 0.371 22cm bore  CTI-Concorde Microsystems's microPET FOCUS, http://www.crump.ucla.edu/user-files/resprojects/microPET/
Advanced MI LabPET7.2 LYSO/HPD 1, 1, 10 11 7.2 0.548 15.6cm bore, highly integrated, fully digital, parallel data acquisition (DAQ) channels and distributed, FPGA-based, real time processing to acquire PET images.  LYSO/LGSO 2x2x10x2
Gamma Medica X-PET BGO 10 11.6 2 2 2 83 8.3 0.757 16.5cm bore
Joseph Fourier univ. Liq.Xe 2, 2, 50(z) 8 5 1 1 8 0.53 PMT R8520-06-C12,  2cm x 2cm x 5cm 

Joseph Fourier univ. Liq.Xe 50(z) DOI 30 20 18 1.8 0.555 PMT R5900-0-C12,  1.6mm from acolinearity with σ=0.5degree

0.5

2.1

2.1-2.5

1.3-2.5
1.1

20Φ x20L cm2

NEMA NU2-
2001

fiducial volumeProduct Cryscal/Radiation material NECR by  NEMA NU 2-2001sensitivityposition resolution



(1) TPCの大きさ（ fiducial volume )

9cm x 24 cm x ±24cm = 5.2 x 2 ℓ ( PETの14分の1 , トリガーセクター）
 - Central membraneを挟んで両側にそれぞれ24cmのドリフト空間があるもの
 - PMT (R5900) は24cm x 24cm x 2の上に有り、64x2 本あります。
 - anodeの全体の大きさは、9cm x 24cm x 2で、3mm x 3mmのpadでできています。

(2) 液体キセノンの量
 5.2x2ℓ( fiducial volume)+ 純化•液化に必要な量

(3) 純化•液化装置一式  

(4) pad readout system
  約2,400x2個のpad  ( 150x2 CMOS-FE16chチップ )

TXe  プロトタイプ



TPC容器＋電極など　-  ?  700万円
Endplate with anode pads
TPC HV (48kV)  ?

Anode pad  readout electronics ?   2400x2 pads,  1000円/ch, 240万円
 - 150x2 CMOS-FE16chチップ, FADC (300MHz,8bit)x150, FPGA(300MHz)

PMT 64x2本+2本予備　= (64x2+2)x17.8= 1175万円
PMT readout electronics  64x2 PMTs,  22400円／ch, 144万円
    -  FADC(300MHz,8bit)x64x2,  FPGA(300MHz)
PMT power supply (106gain/800V) ?  
    -  海津製作所製KH6506A divider-16ch, 235000円/台, 141万円
    -  HV power supply, KH6600 3kV, 370000円/台, 74万円
液体キセノン -  5.2x30x2=156万円x2＋more = 300万円？
純化•液化装置一式 ?  300万円

概算


