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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
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Table 1.5: Physical properties of noble liquids (adapted from Ref. (98)).

LAr LKr LXe
Atomic Number Z 18 36 54
Atomic Weight A 39.95 83.8 131.3
Density (g/cc) 1.39 2.45 3.06
Melting Point Tm (K) 83.8 115.8 161.4
Boiling Point Tb (K) 87.3 119.8 165.1
Critical Temperature Tc (K) 150.7 209.5 289.7
Critical Pressure Pc (atm) 48.3 54.3 57.64
Critical Density (g/cc) 0.54 0.91 1.10
Volume Ratio (ρl/ρg) 784 641 519
Fano Factor 0.107 0.057 0.041
Drift Velocity (mm/µsec) @ 1(5) kV/cm 1.8(3.0) 2.4(4.0) 2.2(2.7)
Mobility (cm V−1s−1) 525 1800 2000
Radiation Length (cm) 14.3 4.76 2.77
(dE/dx) (MeV/cm) 2.11 3.45 3.89
Liquid Heat Capacity (cal/g-mole/K) 10.05 10.7 10.65
W-value (eV) (ionization) 23.3 18.6 15.6
W-value (eV) (scintillation) 19.5 15.5 14.7
Wavelength of Scintillation Light (nm) 130 150 175
Decay const.

fast (ns) 6.5 2 2
slow (ns) 1100 85 30

Refractive index @ 170 nm – 1.41 1.60
Dielectric constant 1.51 1.66 1.95



1 Phase



EXO   TPC  ;  1 phase
http://www-project.slac.stanford.edu/exo/   ; Double β Decay
liqXe-TPC, grid and segmented anode and PMT,  10ton (3m3)
WIPP : Waste Isolation Pilot Plant Carlsbad NM,  Excavated in underground
salt – lower U/Th activity. ~2,000 m.w.e. depth

2006

200kg (63l), enriched 136Xe (80%)  2006
    without Ba tagging for 2 years
1 ton with Ba tagging for 5 years
10 ton with Ba tagging for 10 years

• Extract the Barium ion from 
the event location 
(electrostatic probe)

• Deliver the Barium to a laser 
system for Ba136 
identification. 

136Xe →136Ba+++ e–+ e–
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Xe offers a new tool to reduce background:
136Xe       136Ba++  final state can be identified 

using optical spectroscopy (M.Moe PRC44 (1991) 931)

Ba+ system best studied
(Neuhauser, Hohenstatt,
Toshek, Dehmelt 1980)
Very specific signature

“shelving”
Single ions can be detected
from a photon rate of 107/s

Barium tagging would 
eliminate all radioactive 
backgrounds, leaving 
only 2νββ.
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It’s just crazy enough to work

Isotope   Det mass Enrich. Eff.     Measur.       Background        T1/20νββ     <mn>     (eV)
                   (kg)         (%)    (%)    time (yr)                                    (yr)      QRPA      NSM

136Xe*        1000          80      70      5            0 + 1.8 events       8.3*1026   0.051       0.14
136Xe**      10000         80      70     10           0 + 5.5 events      1.3*1028   0.013      0.037

Assuming that the Xe chamber + Ba tagging reduce to 0 all 
radioactive background...

* σ(E)/E = 2.8% R.Luescher et al. Phys. Lett. B434 (1998) 407
** σ(E)/E = 2.0% Modest improvement on the above.

The meV region is within reach.
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Xenon calorimetry

We measure the event 
energy by collecting the 
ionization on the anode and/
or observing the 
scintillation.

As the electric field is 
increased, the collected 
ionization increases and 
the scintillation decreases.
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Charles Prescott  - SLAC Neutrino Day  - April 18, 2003

WIPP : Waste Isolation Pilot Plant

Carlsbad NM

Excavated in underground 

salt – lower U/Th activity.

~2,000 m.w.e. depth

An experimental facility for EXO
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Strategy of the XMASS projectStrategy of the XMASS project

Dedicated detector for
Double beta decay search

~1 ton detector

(FV 100kg)

Dark matter search

~20 ton detector

(FV 10ton)

Solar neutrinos

Dark matter search

Prototype detector

(FV 3kg) R&D

~2.5m~1m

~30cm

NOW

Confirmation of feasibilities 

of the ~1 ton detector

Analysis techniques

Self shielding performance

Low background properties

Purification techniques 

http://www-sk.icrr.u-tokyo.ac.jp/xmass/;for Solar ν, 2β, DM

 ;  1 phase
2004

100kg
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Expected signal

Physics goals at XMASSPhysics goals at XMASS

! Xenon MASSive Detector for Solar Neutrinos (pp/7Be)

! Xenon Detector for Weakly Interacting  MASSive

Particles (Dark Matter Search)

! Xenon Neutrino MASS Detector (Double Beta Decay)

Direct search via nuclear 

elastic scattering

XMASS FV 0.5ton year

Eth=5keV, 3! discovery

Eth = 5keV  ~200 events/day/ton

Eth = 20keV  ~3 events/day/ton

Spin Independent
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Physics goals at XMASSPhysics goals at XMASS

! Xenon MASSive Detector for Solar Neutrinos (pp/7Be)

! Xenon Detector for Weakly Interacting  MASSive

Particles (Dark Matter Search)

! Xenon Neutrino MASS Detector (Double Beta Decay)

XMASS FV 50 ton year

(90%CL)

G. Gratta

@Neutrino2004 

http://www.sns.ias.edu/~jnb/
!!

"#$%

Measure pp ! via ! + e      ! + e

2!"" life time should be measured

Isotope separation would be needed
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! Xenon MASSive Detector for Solar Neutrinos (pp/7Be)

! Xenon Detector for Weakly Interacting  MASSive

Particles (Dark Matter Search)

! Xenon Neutrino MASS Detector (Double Beta Decay)

Physics goals at XMASSPhysics goals at XMASS
! Search for 0!"" (2!"") decay of 

136Xe (na 8.87%) 

! High purity and enriched Xe can 

be used.  

! Energy region is different from 

solar ! / DM.

! PMTs should not be placed near 

the detector. 

Need another design 

of the detector!
(low priority, at moment…)

136Xe     136Ba + e- + e-

Q-Value: 2.48 MeV
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Self shieldingSelf shielding

PMTs

Liquid Xe Volume for shielding

Fiducial volume

! Quite effective for the events below ~500 keV (pp ! & DM)

! Not effective for double beta decay experiment

Reconstruct the vertex and energy based 

on PMTs information (light pattern)

30cm     105 reduction 

for < ~500keV
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Alpha Alpha vsvs Gamma separationGamma separation
Aug.04 run

Preliminary

Alpha-gamma separation by using FADC wave form 

would be possible (under further investigation)

Pulse width (ns)

C
h

a
rg

e

Alpha-like Gamma-like

FADC data
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MEG Detector

• 800~900 l  liquid xenon
• 846 PMTs immersed in the liquid
• No segmentation

 ;  1 phase
2006

http://meg.web.psi.ch/
search for muons decaying into positrons and gamma rays
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Signal and Background

• Signal

• Eγ = mµ/2 = 52.8MeV

• Ee = mµ/2 = 52.8MeV

•  θ = 180o

• Time coincidence

• Background
– Radiative µ decay

– Accidental overlap

µ

γ

e

µ

γ

e

ν

ν

µ
γ

e
?

ν

ν
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Depth Reconstruction

• Broadness of light distribution at the entrance side

waveform

shallow deep



after evacuating the chamber. However water
molecules attached to surfaces of all kind of
material in the chamber are difficult to be
removed efficiently because we can increase
temperature of the detector only up to 70!C due
to the PMT structure. For this reason, it is
inevitable for the detector to suffer from impurity
contamination until xenon is purified after xenon
liquefaction.

3.1.1. Purification system
For removing impurities such as water and

oxygen that can deteriorate the detector perfor-
mance, we developed a purification system using
combination of a circulation pump and a metal-
heated getter. Details of the system and its
performance is summarized in Refs. [10,11]. The
circulation speed of the system is about 5–6 cm3/
min which is not fast enough, but is possible to
extend the absorption length of scintillation light
to a sufficient level. Several purification tests were
repeated using full available volume of the large
prototype, resulting in achieving X100 cm absorp-
tion length at 95% confidence level which is
estimated by using alpha source events.

3.1.2. Detector performance
The detector performance was investigated by

using inverse Compton gamma beam provided at
TERAS in AIST, Tsukuba, Japan [12]. In this
facility a laser system is equipped to provide
gamma beam up to 40MeV. A set of collimators
are placed in front of the detector to define the
beam size and to reject low-energy gamma-ray
background. Energy resolution of the detector is
derived very preliminarily to have a first look of
the detector performance for higher energy gamma
rays. The resolution is estimated by measuring the
spread of the Compton edge. In Fig. 2 distribution
of the total number of photoelectrons observed by
all PMTs is shown for 40MeV Compton gamma
beam around the Compton edge after rejecting
shallow events where 1st interaction points are
located near the front face PMTs. The rejection
was performed by using a parameter describing the
2-dimensional width of scintillation light distribu-
tion observed by the front face PMTs. About 34%
events are rejected by this selection around the
Compton edge (4074MeV). The spectrum is
fitted with a Compton spectrum convoluted with
a detector response function as shown in Fig. 2.
Here the detector response function is supposed to
be an asymmetric Gaussian function. From this
fitting it is concluded, although very preliminarily,
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Fig. 1. Schematic view of the large prototype.
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Fig. 2. Distribution of the number of observed photoelectrons
for 40MeV Compton gamma rays around the edge.

S. Mihara / Nuclear Instruments and Methods in Physics Research A 518 (2004) 45–48 47

an active volume 
of about 70l 

surrounded by 
228 PMTs
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Figure 2.1: The LXeTPC mechanical design.

LXe-GRIT  ;  1 phase
Columbia university  -  XENON collaboration
baloon flights(1997-2000) of the Liquid Xenon Gamma-Ray Imaging Telescope 
γ energy range = 0.511 - 70MeV ( e+ - πo )
LXeTPC ( prototype of Compton telescope ) with 7cm long drift
 -direction of incident γ can be estimated by sequence of Compton scattering

2004

LXeTPC : 18.6x18.6x7cm3 ( 2.4 l)

30

Figure 2.3: Top view of the LXeTPC with the field-shaping rings. The
ceramic HV feedthrough is visible in the lower part of the picture.
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Figure 2.6: Schematic of the LXeTPC read-out structure with corresponding
light trigger and charge signals (from (98) and (74)).

detection efficiency for energy deposits of ∼ 100 keVis near 100%.
The display of a raw event is shown in Fig. 2.9. It consists of the FADC

pulse height signals of 62 x-wires, 62 y-wires and 2 anodes, out of 4, where a
signal has been detected, all of them plotted vs. drift time, which constitutes
the z-axis. The size of such an event is ∼30 kB. The more usual data-taking
mode transfers only wire waveforms which crossed preset thresholds together
with the four anode waveforms. For typical settings, the average event-size
is ∼5 kB.

2.1.6 Data acquisition

This section is adapted from Ref. (10).
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look_w4_a4_ev48998.ps plotted: Tue Feb  6 19:58:35 2001

Figure 2.9: Digitized waveforms on wires and active anodes as a function
of drift time in FADC samples, for an 88Y 1836 keV γ-ray event with 4
interactions. The upper panels show all wire waveforms, in scaled units
of ADC channels, each separated by an offset. Matched wire signals are
indicated by circles, and only their corresponding anodes are shown. The
wire-anode correspondence is indicated by the dark fields at the top left
corner of each anode display. The solid arrows mark three steps found by
the anode signal algorithm, and the dashed arrow marks an additional step,
included in the fit (smooth solid line) after signal recognition on the wires
(from Ref. (74)).
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Figure 5.7: “Snapshots” of three different events in the LXeTPC recorded
during the balloon flight in year 2000; for each of them the X-Z view and the
Y-Z view are shown. Left: a 2-site γ-ray interaction. Center: a relativistic
particle passing through the fiducial volume. Several δ-rays are visible in the
X-Z view. Right: a more complex interaction with several particles detected
in the fiducial volume. The vertex happens below the fiducial volume, i.e. at
Z< 0.

grounded to the aluminum container. A miniature fan circulates the gas
in the closed box, resulting in better heat transfer from the circuits on the
board to the outside walls of the container. Hermetic connectors bring all
the ports from the processor to the outside. A large aluminum heat sink on
the outside of the container serves to increase the convection cooling in the
thin atmosphere.

During the first flight of the new processor in 1999, the temperature in the
container stabilized at about 75◦ C. Although the processor was working well
under these conditions, it was desirable to lower the operating temperature.
For the October 2000 flight of LXeGRIT, the container was therefore filled
with one atmosphere of helium. Due to the higher speed of the He molecules,
the heat transport to the outside walls is more efficient. This resulted in a
reduction of the operating temperature by almost 10 degrees.

The data storage disks also have to be mounted in a hermetic container,
filled with air under normal atmospheric pressure. This is not only for ther-
mal considerations, but also because they require an air cushion to separate
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Figure A.4: The LXeGRIT gondola on the launch pad at the National Scien-
tific Balloon Facility (NSBF) in Ft. Sumner, NM, on May 7, 1999 at 7:26:54
local time (13:26:54 UT).



Physical properties of liquid xenon and characteristics of the response of individual cells used as 

input parameters for the simulation are the following:  

!" The mean energy needed to create an electron/ion pair in LXe is taken to be Wi = 15.6 eV. 

10% of the produced ionization electrons are subjected to the recombination for a 2 kV/cm 

drift electric field. The LXe purity is assumed to be perfect and then electrons are drifting 

along the 9 cm depth cell without any captures.   

!" An uncertainty on the drift time measurement of  #t = 10 ns was considered and leads to a 

good spatial resolution of #z = 23 $m as the drift velocity is known to be 2.3 mm/$s for a    

2 kV/cm electric field   

!" The transverse diffusion of  the electrons moving toward the anode readout plane is taken to 

be 170 $m per root of centimeter of drift length[5].  

!" The cm6024%
2
 anode plane is segmented in 5.05.0 % mm

2 
pads multiplexed in  48+60 strips 

utilizing a “checkerboard” readout scheme[1].  

!" The intrinsic energy resolution has been chosen to be E(MeV)0.059  (FWHM)[6]. This 

can be seen as a conservative value but no additional deterioration due to the micro-mesh 

has been considered. For instance, the transparency of the micro-mesh to the electrons is 

supposed to be 100%. 

!" The electronic noise on each readout strip is assumed to be 300 e
-
 (RMS). Such a noise level 

can be reasonably reached with existing amplifiers. A zero suppression applied to the 

ionization signal on each readout channel leads to a 60 keV threshold on the energy 

deposited by electrons. 

!" the efficiency to detect VUV scintillation light with photo-detectors for electron of energy 

higher than ~50 keV is assumed to be 100 %.   

 The dependence of the energy resolution for 511 keV incident &-rays with respect to the 

electron energy is shown in (Fig. 2); typically an energy resolution of ~5% is achieved for 511 keV 

electrons. The reconstructed energy of 511 keV &-rays is then the sum of the single electron 

energies and shows a resolution of  13.8 % FWHM. The spatial resolution (Fig. 3) is dominated by 

the electronic noise at low energy for the x and y coordinates and by the electron range in liquid 

xenon at higher energy for the three coordinates. The accuracy on the localization of the first 

interaction vertex of 511 keV &-rays in LXe which is of interest for the PET is found to be very 

satisfactory: 250, 250 and 140 $m (FWHM) for x, y and z coordinates respectively.  

  

 

 

cells 1x1x9 cm
3
 

 

8 modules 24x30x90 cm3 

 
Fig. 1. GEANT3 simulation of a LXe PET camera with a NEMA NU 2-2001 phantom (right) and zoom on 

individual cells (left). The  
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F source is homogeneously distributed in a 3 mm diameter and 70 cm length cylinder 

positioned at (x=4.5 cm, y=0 cm) in the transverse field of view.   

 

LXe TPC PET  ;  1 phase

24x60x9

Subatech, Ecole des Mines de Nantes, IN2P3- CNRS and Université de 
Nantes, France 1 Service de médecine nucléaire, Hôpital de Nantes, France

         1x1x9 cm3 cell  ; a module of 24x60x9cm3  9cm drift
         24x60cm3 anode place segmented by 0.5x0.5mm2 pads

250, 250 and 140 µm (FWHM) for x, y and z coordinates 
for γ-conversion point

2005



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 
 

LXe 

 
 

 
BGO 

 
BGO

 
Fig. 5. Track rate for true, scattered and random events (left) and NEC (right) as a function of the activity 

concentration for the proposed LXe-TPC PET (top) and the standard BGO camera (bottom).  

 

 

4. CONCLUSIONS  

 

In conclusion, the proposed LXe-TPC PET shows good overall performances for whole-body 

imaging. Its performances were evaluated with a NEMA NU 2-2001 phantom and compared to 

those of a BGO PET camera. To fully benefit from the 3D localization of LXe-TPC, a large 

acceptance tomograph (60 cm in axial FOV and 60 cm in diameter) has been envisaged. The 

camera sensitivity is then increased without deterioration of the spatial resolution as it is parallax 

free. Moreover the expected energy resolution is good enough to limit the increase of the scattered 

fraction because of the larger phantom thickness seen by the !-rays. Although the detector dead 

time is larger for a LXe-TPC  than for a crystal PET camera, the large acceptance allows to reach 

the same NEC rate at a lower activity concentration. 
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cathode plates with a plane of collecting wires in the middle. The cells are 60 mm

long and 50 mm high (along the direction of incoming !-rays). For this geometry,

the probability for a 511 keV !-ray to interact with liquid xenon is about 73% and

the maximum electron collection time is 2.2 µs.

Figure 2. A schematic of the liquid xenon module for PET and its readout system.

The wires are 50 µm diameter spaced by 2.5 mm and connected in pairs, each

pair being read individually with a low-noise charge sensitive preamplifier. This

approach aims to keep the drift field reasonably uniform without doubling the

number of readout channels. To reduce the input capacitance, the preamplifiers

were installed directly on the airside of the chamber feedthroughs and operated at

the liquid xenon temperature. We used the low temperature version of TOTEM 2.2

hybrid preamplifiers [13]. The input noise measured at –100ºC was about 350

electrons, r.m.s.

The scintillation is detected with two PMTs partially immersed into the liquid,

viewing the cells from the top. The Hamamatsu R1668 1-1/8” photomultipliers with

quartz window were used.

The readout and data acquisition systems were described in detail in [14].

3.3 Use of scintillation

As a result of the interaction of a !-ray with liquid xenon a short scintillation pulse

is produced. For a deposited energy of 511 keV, about 22,000 VUV photons are

emitted. Liquid xenon scintillation is characterised with three time constants of 3 ns,

27 ns and 45 ns, the latter being associated with the recombination process and the

other two components with direct excitation. In the presence of electric field, the

recombination component is suppressed thus resulting in decrease of the light yield
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3004-516 Coimbra,Portugal

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

2002
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ionisation has occurred (ballistic deficit) illustrated in Fig3,b. Since the standard

solution for this problem (Frish grid) is difficult to implement due to limited space

and inevitable increase of dead space in the detector (and, consequently, its

efficiency), we used an alternative approach, which consists in the correction of the

measured pulse amplitude using the information obtained from the rise time. From

simulation, a correlation function between the pulse amplitude and (x, y)-position of

the interaction point was found and the correction was applied to every detected

signal [14]. The results are shown in Fig.4, in which one can see the amplitude

spectrum due to 511 keV !-rays as it is measured, the charge-time correlation plot

and the corrected spectra. The obtained resolution is about 17% (fwhm) if all the

events are taken into account and 15% in the case of rejecting the events with drift

time shorter than 0.64 µs.

It was found that energy depositions as low as 50 keV can be detected with

100% efficiency along almost the whole cell except in two small regions at the cell

top and bottom where the edge field effects result in losses of about 18% of the

counts [16]. Improvement of the field uniformity at the edges can significantly

reduce the losses.

3.5 Current improvements: the Mini-strip plate

An axial resolution of ~10 mm (y in Fig.2) can be obtained by weighting the

amplitudes of the PMT signals, which can be suitable, in some cases, for a PET

tomograph with 2D slice by slice reconstruction, but it is not enough for using

recently developed 3D reconstruction algorithms, which allow significant

improvement of the system sensitivity.

In view of significant improvement of the axial resolution, a 2D charge readout

was envisaged for replacing the wire plane and obtaining both the axial coordinate

and depth-of-interaction (y and z in Fig.2). Hence, we developed what we call

mini-strip plate, which besides providing good position resolution fulfils the

specific requirements imposed by high purity environment and introduces a minimal

dead space [19].

Figure 4. The mini-strip plate.

2 mm
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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

Compare to the crystal, 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.
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全身用液体XePETイメージ図

実機を想定したリング型の検出
器を仮定してシミュレーションを行
い、現段階のプロトタイプ実験で
得られている基本特性で、画像を
再構成した場合に液体XePETが
どの程度の性能を発揮するのか
を評価する。

•ポイントソースを使った分解能評
価。
•TOFを使った再構成画像と通常
の再構成を行った場合の比較評
価。

再構成画像による評価



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



装置感度

Sensitivity simulation
 

NEMA2001 rod phantom
System dead time:200ns
Coincidence window:4ns

Energy window:450-550keV



試作型液体キセノンPET検出器

試作型液体キセノンPET検出器

32PMT　　

　　R5900-06MOD×32

liquid Xe  12L

温度　　　　    -110℃

圧力　　　　    1～2atm

有感領域　12×6×6cm3

到達真空度　１０-6Torr



画像再構成

空間分解能：3.3mm(FWHM)

22Na点線源の再構成画像

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

再構成条件



2 Phase



LXeComp (TPC) β+γ  ;  2 phase
Subatech, Ecole des Mines de Nantes, IN2P3- CNRS and Université de Nantes,

Liquid Xenon (LXe) based detector coupled to large-area fast gas-avalanche 
imaging photomultipliers (GPM), the UV photons resulting from Xe scintillation 
are detected in the GPM (Gas Photon Multiplication) 
44Sc : a good β+γ yield (94.3%) with only one γ-ray of 1.157 MeV

3x3x12cm3 cell  in 24x12x12cm3  ; 12cm long liq.Xe for 1.156MeV gamma
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The overall reconstruction efficiency for the events is 1.3%
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The ionization signal (~60000 e-/MeV) is collected by a segmented anode of 3x3 cm2 in 
the (x,y) plane, after crossing a micromesh “Frish-Grid”. This micromesh is a copper grid 
of 3 μm thickness and 50 μm pitch placed 50 μm above the anode (0.5x0.5 mm2 pads ), 
readout with no-amplification,

gas-avalanche 
imaging photomultiplier 
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XENON  (TPC)   ;  2 phase  : DM
http://www.astro.columbia.edu/~lxe/XENON/
Gran Sasso underground lab, Italy
10kg (XENON-10) -> 1 ton   with visible energy threshold of 4keV
1 ton LXeTPC consists of 10 TPCs (100kg): 38cmΦ, 30cm hight cylinder
Under a high electric field, a nuclear recoil will yield a very small charge 
signal and a much larger light signal, compared to an electron recoil of 
the same energy. The distinct charge/light ratio is the basis for nuclear 
recoil discrimination in a LXe (2 phase) detector. 

2006
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Roadmap:
→R&D started 2001
→XENON-3 lab. prototype 2005
→XENON-10 first DM detector now
→XENON-100 design later in 2006
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GEM Implementation in the XENON Detector

Replace

Triple-GEM structure with CsI coating.
Mesh stearing electrode to tune field 
for optimum  charge transmission and 
photoelectron extraction from the CsI.

Double-sided PC board with X/Y 
strips for fine spatial resolution.

Low-noise electronics for 
optimum thresholds.



ZEPLIN  (TPC)   ;  2 phase  : DM

 -II   UKDMC collaboration with US and Italy, 30kg
 -III  UKDMC collaboration with US and Russia,  6kg
 -IV  UKDMC collaboration with UCLA  1 ton from ZEPLIN II
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LXe

GasXe

2001
http://hepwww.rl.ac.uk/ukdmc/ukdmc.html



July 
2001

 Neil 
Spooner

Boulby Collaboration Strategy

ZEPLIN-I
single phase

PSD
4 kg

ZEPLIN-II
ion-scint

two phase Xe
30 kg

ZEPLIN-III
Ion-scint

two phase Xe
high field

6 kg

 ZEPLIN 
array

under 
construction

running

demonstrate basic 
discrimination with PSD 
- set first limits 

basic ionisation-scintillation 
and high target mass
- improve by x10 - UCLA concept

ionisation-scintillation and high field
- ultimate discrimination, low threshold -

ZEPLIN-MAX
ion-scint

two phase Xe
1000  kg

new (5 years)

:   
Involved in programmes:

UCLA, CERN/Padova, Torino,
 ITEP, Coimbra, Columbia,

RAL, ICSTM, Sheffield

A multinational 
programme
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July 
2001

 Neil 
Spooner

ZEPLIN III 
ionisation-scintillation - low threshold

• 6 kg liquid Xe

• High field (20 kV) operation for better 
discrimination

31 two-inch 
photomultipliers

X
e

• Completion due end 2001

(UKDMC collaboration 
with US and Russia)

1kg test
 chamber
result



Zeplin III

3 Alexandre LindoteJornadas LIP 2005

Depth 1100 m (2.8 km w.e.)

- Xenon detector for WIMP search

- Nuclear recoils from elastic
  scattering (WIMP – nucleus)

- Operate underground, at Boulby



July 
2001

 Neil 
Spooner

PMT Removal for Scale-Up?

Liquid Xe

Xe Gas

He
Cooling

GEMs

CsI

PTFE
Reflector

CsI

Field
Shaping
Rings

nucl.rec.
elec.rec.

CsI photocathodes in LXe: E.Aprile, NIMA 338 (1994), 
328; NIMA 343 (1994), 121.

GEM phototubes in noble gases:http://
gdd.web.cern.ch/GDD/A.Buzulutskov, NIMA, 443 
(2000), 164. 

• Sheffield test cell

2006

Nuclear recoil signal events contain 
no (for low drift field) primary 
ionization between these two pulses. 

1 23

1 23



Phase Project Physics Xe weight detector readout year location collaboration
10ton (3m3) for 10 years
1ton for 5 years
200kg Nov., 2006
20ton
1ton (800kg)
100kg (30 l) 2006
800 - 900 l Nov., 2006
70 l 2003

1 LXe-GRIT cosmic γ 2.4 l TPC
x, y anode wires
; PMT for lights

1997,
1999, 2000

NSBF (National
Science Baloon
Facility),NM, USA

Columbia university

1 LXe-PET PET 64.8 l TPC segmented pads proposal Nantes Cyclotron France

1 PETYA PET
drift

chamber

anode wires or
mini-strip ; PMT,
APD for lights

2002
(prototype) Univ. of Coimbra Portugal

77.8 l
12 l 2003

1

1

1

EXO

Kamioka Japan, Korea, Russia

Enriched Xenon Observator,
US(SLAC), Canada, Swiss,
Russia

XMASS
DM
solar ν
double beta

lights

double beta TPC
x, y anode wires
; APD for lights ,
laser - ID

WIPP, NM, USA

PMT

PMT

MEG  μ-> eγ

1

Japan, Italy, Switzerland,
Russia, USAPSI

TOF-PET PET lights PMT
Waseda univ.,
NIRS Japan

lights

Summary of 1 Phase LXe



Phase Project Physics Xe weight detector readout year location collaboration
PET 100 l simulation

micro-PET 13.8 l , 6.9 l simulation
 0.1 l 2005

2 GEM-based PET TPC GEM 2003 Budker
Institute Russia

2 US patent
5665971 PET TPC 1997 Columbia

university USA

1ton:100kgx10
100kg design
10kg 2006
3kg 2005
1ton (IV?)
30kg (II) 2006
6kg (III) 2006

LXeComp/44Sc

XENON
Gran Sasso
undergroun
d lab

Nantes
Cyclotron

US, Italy,Portugal

UK, US, Italy,
Russia, PortugalZEPLIN DM (WINP)

DM (WINP)

Boulby, UK

France, Israel, Japan2

2

2

PMT, GEM

PMT, GEMTPC

TPC

anode pads ;
GPM for
lights

TPC

Summary of 2 Phase LXe



Detector



GEM: Gas Electron Multipliers

 2 

provide fast coincidences between collinear 

gamma quanta, in PET [4]. It was suggested 

[5,7] that the multi-GEM multiplier would 

provide the detection of both the ionization and 

scintillation signals in two-phase avalanche 

detectors (Fig. 1). The latter would be achieved 

by depositing an UV-sensitive photocathode, 

namely CsI, on top of the first GEM.  This 

technique has been recently developed for 

GEM-based gas photomultipliers [8].  To 

provide high detection efficiency for 

scintillations and direct ionization, the multi-

GEM multiplier should be able to operate at 

high gains in dense noble gases, in saturated 

vapor and at cryogenic temperatures. This is a 

real challenge. 
 

 
Fig.1 Schematic view of a two-phase avalanche detector 

based on GEM multipliers. 

 

The remarkable property of GEM structures 

is that they can operate in all noble gases at 

reasonable gains [9,10], including at cryogenic 

temperatures [5,11-13] and even down to 2 K 

[13]. Later it was shown that other hole-type 

structures, such as Micro-Hole and Strip Plates 

[14] and Capillary Plates [15], can also operate 

in noble gases.  

It might be desirable to use all noble gases for 

different reasons in two-phase detectors.  

Indeed, the noble liquids proposed for 

applications in two-phase detectors and 

optimized for the detector mass and event rate 

are Ar and Ne for coherent neutrino scattering 

[1], Xe [2] and Ar [16] for dark matter 

searches, He and Ne for solar neutrino 

detection [3], Xe for PET [17], Ar and Kr for 

digital radiography [18].  

On the other hand, the operation of GEM 

structures in a two-phase mode was studied for 

Kr-based detectors only [11,12]: the stable 

operation of a two-phase Kr avalanche detector, 

at gains reaching several hundreds, was 

demonstrated for at least 3 hours. Recently, it 

has also been reported on the Micromegas 

operation in two-phase Xe [19], but for a short 

period: in half an hour the signal disappeared. 

Furthermore, unlike GEM, the Micromegas 

cannot operate in pure noble gases: therefore a 

CH4 additive was used there. Since methane 

dissolves in liquid Xe, this may in principle 

result in quenching the scintillations and an 

increase of the electric field needed for 

efficient electron emission. 

Consequently, the studies of the GEM 

performance in noble gases other than Kr, in a 

two-phase mode, are of primary importance. In 

this paper, the performance of GEM structures 

in two-phase Ar, Xe and Xe+CH4 was studied 

for the first time.  Emission, gain, energy, pulse 

shape and stability characteristics of two-phase 

avalanche detectors are presented under 

irradiation with X-rays, !-rays and "-particles.  

 

2. Experimental setup 

The results presented in the following 

sections are obtained in the experimental setup 

similar to that used for the two-phase Kr 

detector [11,12]. Three GEM foils, of an active 

area of 28!28 mm
2
 each, and a cathode mesh 

were mounted in a cryogenic vacuum-insulated 

chamber of a volume of 2.5 l (Fig.1). The 

distances between the first GEM and the 

cathode, and between the GEMs, were 6 and 2 

mm, respectively. The chamber was cooled by 

liquid nitrogen using a heat exchanger mounted 

on the top flange. In the two-phase mode the 

thickness of the liquid condensate at the 

Two-phase argon and xenon avalanche detectors based on Gas Electron Multipliers 
A. Bondar, A. Buzulutskov , A. Grebenuk,D. Pavlyuchenko, R. Snopkov, Y. Tikhonov 
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia.
www.arxiv.org physics/0510266

Foils : 28×28 mm2 each, and a 
cathode mesh were mounted in 
a cryogenic vacuum-insulated 
chamber of a volume of 2.5 l. 
The distances between the 
first GEM and the cathode, 
and between the GEMs, were 
6 and 2 mm, respectively.

2005
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The Gas Electron Multiplier GEM
A GEM (F. Sauli, 1997) is a thin metal-insulator-
metal structure, densely perforated with small 
holes. A voltage across the metal layers 
generates a sufficiently strong field within the 
holes to focus the electrons and multiply them. 

The GEM is technically realized at CERN through 
copper-coating on 50 µm thick kapton (polymer) 
foil, with chemically etched holes of conical profile. 
A standard GEM has a hexagonal pattern of 70 µm 
diameter holes in the metal, 55 µm in the foil, with 
a pitch of 140 µm.

~140 µm 

~70 
µm

Drift

Amplification

Transfer

A 2D readout of strip 
anodes on the transfer 
side of the GEM can 
provide ~ 1 mm spatial 
resolution.

Copper

Polymer foil
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Fig.11 Electron emission characteristic in the two-phase 

Xe avalanche detector at 165 K and 0.98 atm. Average 

anode pulse-height from the triple-GEM induced by 

pulsed X-rays is shown as a function of the electric field in 

liquid Xe. The triple-GEM gain is 80. 

300 350 400 450 500 550
10

0

10
1

10
2

10
3

10
4

Xe+2%CH4

159K, 0.70atm

Xe+2%CH4

172K, 1.50atm

solid: liquid condensate

          at the bottom

open: no condensate 

          at the bottom

Xe 163K

0.88atm
Xe 165K

0.99atm

Two-phase Xe

3GEM

Pulsed X-rays

 

 

G
ai

n

! V
GEM

 ( V )
 

Fig.12 Gain-voltage characteristics of the triple-GEM, 

measured using pulsed X-rays, in two-phase Xe and two-

phase Xe+CH4, when there is a liquid condensate at the 

chamber bottom, and in gaseous Xe+CH4, when there is 

no condensate at the bottom. The appropriate 

temperatures, pressures and CH4 concentrations are 

indicated. In the two-phase mode, the electric field in 

liquid Xe is 4.0 kV/cm. The maximum gains are limited 

by discharges. 

 

Along with the component depending on the 

electric field and induced by electron emission 

from the liquid, there is a component which is 

independent of the electric field. It is 

presumably induced by X-rays passed through 

the liquid and absorbed in the vapor phase. In 

contrast to Ar, this component is observed in 

two-phase Xe because the electron drift path in 

liquid Xe was much smaller than that in Ar, 

resulting in a reduction of the electron emission 

component. The electron drift path in liquid Xe 

is estimated to be 0.6 mm, taking into account 

the relative contributions of the components in 

Fig. 11 and X-ray absorption coefficients in 

liquid and gaseous Xe.  

Fig.12 shows gain-voltage characteristics of 

the triple-GEM in two-phase Xe at a vapor 

pressure of 0.88 and 0.99 atm, measured using 

pulsed X-rays. In Fig. 4 the gain characteristic 

is compared to those in two-phase Ar and Kr. 

One can see that the maximum gain in two-

phase Xe is about 200, which is somewhat 

lower than that in Kr and substantially lower 

than that in Ar. 

 

 
Fig.13 Anode signals from the triple-GEM induced by 

pulsed X-rays in two-phase Xe at 165 K and 1.0 atm, at a 

gain of 80. A pulse-height spectrum, on the left, and 

trigger signal from an X-ray tube, on the top, are also 

shown. 

 

A detector response to pulsed X-rays is 

illustrated in Fig. 13: anode signals and a pulse-

height spectrum from the triple-GEM are 

shown. The amplitude of the signal is lower (by 

a factor of 30 if normalized to the gain) and the 

amplitude resolution is worse (65%, FWHM) 

compared to the two-phase Ar detector (Fig. 8), 

Preliminary results 
were obtained in 
the two-phase Xe 
avalanche detector: 
the maximum gain 
of the triple-GEM 
in two-phase Xe 
and Xe+2%CH4 was 
about 200.



High pressure operation of the triple-GEMdetector in pure Ne, Ar and Xe
A. Bondar, A. Buzulutskov ∗, L. Shekhtman 
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
http://xxx.sf.nchc.gov.tw/abs/physics/0103082
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Fig.1 A schematic view of  the triple-GEM detector operated at  high pressures.

Fig.2 Detector gain as a function of the voltage drop across the last  GEM, in

Ar at  different pressures.

 GEM foils (50 µm thick kapton,
80 µm diameter and 140 µm 
pitch holes, 28×28 mm2 active 
area) and a printed curcuit board 
(PCB), mounted in cascade with 
1.6 mm gaps

the density of noble gases near 
the boiling point, at normal 
pressure, is higher compared to 
that at room temperature.
Xe : higher density by 1.6 times
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Fig.3 Detector gain as function of the voltage drop across  the last  GEM, in Xe

at different pressures.

Fig.4 Detector gain as a function of the voltage drop across the last  GEM, in

Ne at different pressures.
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MHSP : Micro-Hole & Strip Plate electron multiplier 
hole multiplication followed by anode-strip multiplication
    GEM-like                         MSGC-like
good optical screening of avalanche photons 
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28 x 28 mm2, 50 µm thick Kapton with a 
5 µm copper clad coating on both sides. 

bi-conical holes of about 40/70 µm in 
diameter, arranged in an asymmetric 
hexagonal lattice of 140- and 200-µm 
pitch in the direction parallel and 
perpendicular to the strips pattern in the 
bottom side, with the holes centered 
within the cathode strips, ~100 µm wide, 
while the anodes, ~35 µm wide, run 
between them, in a 200 µm pitch
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Figure 1. Schematic design of quad-HIDAC tomograph detector configuration. The 16 modules
are clearly visible.

our department purchased the camera include the development of PET radioligands for the
analysis of various neurotransmitter receptors and transporters in healthy and diseased animals,
the monitoring of transgenic expression in genetically modified mice and the visualization of
tumours and their monitoring in response to therapy. Since the 16-module quad-HIDAC
camera was delivered in December 2000, studies of more than 500 rats and mice have
been performed with compounds of the isotopes: F, C, Cu, I and Tc. Images of excellent
quality acquired using compounds of F and Cu have appeared in Reader and Zweit (2001),
Novak-Hofer et al (2003) and Phelps (2003). A biological validation study employing 18F-
fallypride, and demonstrating the capability of the camera to perform dynamic acquisitions for
kinetic modelling (Honer et al 2004), has appeared. Preliminary evaluations of the camera’s
performance have been presented at conferences (Missimer et al 2001, Jeavons and Missimer
2002); a thorough presentation is the purpose of this paper.

In order to explicitly preserve counts in the analysis of unscattered, scattered and random
coincidences and absorption, we analysed sets of 3D projection planes acquired using a line
source and mouse phantom without correcting for radial and axial variations. A reconstruction
algorithm was employed only to determine the homogeneity of resolution in the field-of-view
and the resolution of a point source. The results and discussion of the analyses follow a
description of the camera and the methods used in the measurements.

2. Materials and methods

2.1. Design and construction of quad-HIDAC

Based on a technology employed commercially for many years in autoradiography, the quad-
HIDAC scanner is unique among PET cameras. The acronym HIDAC signifies high-density
avalanche chamber; wire chambers embedded in layers of lead detect the coincident photons.
The construction of the modules permits large surfaces and, consequently, large solid angle
detection, and sufficient sensitivity. The modules are thin enough to allow stacking, facilitating
determination of the depth-of-interaction. The dimensions of small holes bored in the lead
converter layers, instead of the size of crystals, determine the resolution.

The 16-module variant of the 3D quad-HIDAC camera (Jeavons et al 1999) consists of
four detector banks of four planar, high density avalanche chambers each. The banks are
arranged to provide an active imaging volume of 170 mm × 170 mm × 280 mm, which
implies that the inner modules provide a solid angle coverage of 75% for a point source at the
centre. Figure 1 shows a scheme of the scanner.

!"#$%&'()*+,-../0
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Table 1. Selected system parameters of 16-module quad-HIDAC small animal PET tomograph.
The reconstructed image size is specified in terms of diameter and length of the field-of-view.

Detector
Hole diameter 0.4 mm
Separation between hole centres 0.5 mm
Cathode track separation 1 mm
Anode wire separation 1.5 mm
Lead thickness/module 12 × 50 µm
Coincidence window 40 ns

Dimensions
Detector length 280 mm
Inner detector separation 170 mm

Data sets
List mode file size ∼100 MB/107 counts
Typical binning percentage 90%
Reconstructed image size: 60 mm × 100 mm at 0.3 mm 52 MB
Sampling distance 0.1 mm–1 mm variable

Each detector module consists of a multiwire proportional chamber composed of two
parallel converter planes enclosing an anode plane. Laminated plates of interleaved lead and
insulating sheets, mechanically drilled with a dense matrix of small holes, serve as converters.
The laminated plates are 2.5 mm thick and contain 12 layers of lead 50 µm and insulation
is 140 µm thick. The holes are 0.4 mm in diameter and 0.5 mm from centre to centre. The
cathodes consist of printed tracks bonded to the converter. The tracks of the two converters
in each module are perpendicular, providing x- and y-coordinates. The modules are supplied
with argon gas, which is bubbled through a liquid quencher of di-isopropyl ether in order
to prevent spark breakdown from the converters to the anode plane; the ether concentration
is about 10%. The detection efficiency of the modules diminishes with decreasing photon
energy, and photons with less than 200 keV are not detected, but the modules allow no energy
discrimination. The size of a module increases with its distance from the centre of the aperture
in order to improve the total solid angle acceptance. The modules are clocked independently
with an event deadtime of 160 ns for singles. The laminar construction of the modules implies
a depth-of-interaction resolution of 2.5 mm. The distance between holes in the converter
plates, 0.5 mm, implies a submillimetre intrinsic spatial resolution. In order to assure uniform
response of the camera, the detector banks rotate continuously 180◦ back and forth in a 12 s
cycle. Table 1 presents selected system parameters of the tomograph.

2.2. Data acquisition and reconstruction

The size of the modules and the numbers of holes imply that the number of lines of response is
of the order of billions. Thus, list mode is the most efficient means of acquiring and storing the
data. The mode of reconstruction and definition of time frames, rebinning parameters and bin
size are determined by the reconstruction algorithm, which is independent of the acquisition
software. The acquisition graphical interface includes display of coincident and random count
rates for the camera, single count rates for each detector bank and coincident rates and binning
percentages for each module. This last quantity is the percentage of coincident events recorded
in the list mode after multiple coincidence events (more than two anode triggers), and events
corrupted by electronic noise have been rejected. The random count rates are computed
from the single count rates. The acquisition interface also includes two orthogonal midplane

HIDAC  High Density Avalanche Chamber
Oxford Positron System, UK

electron is amplified by avalanching, which occurs in the presence
of a high electric field. The basic camera design, described by
Jeavons et al. (7), will be briefly outlined.

Each detector module consists of 3 layers: a converter, a
MWPC, and then a further converter (Fig. 1A). Each converter,
which converts incoming photons into electrons, contains inter-
leaved lead and insulating sheets, mechanically drilled with a
dense matrix of small holes (Fig. 1B). An incoming photon inter-
acts with the lead and causes ionization. An electron that escapes
into one of the holes in the converter ionizes the gas, which creates
free, thermal electrons. Those electrons are focused to the center of
the hole and accelerated toward the MWPC due to a strong electric
field applied by a resistor chain to the lead layers. Further ava-
lanching occurs on arrival at the anode wires of the MWPC, where
electrons are captured (Fig. 1A). The 2-dimensional (2D) position
is located by copper cathode tracks that lie across the surface of
each of the 2 converter sections (one converter with tracks in the
x-direction and one with tracks in the y-direction).

The avalanching in the holes together with the focusing effect of
the electric field allows a precise 2D localization of the incident
photon. A comparison of the cathode track pulse heights (produced
from each of the 2 converter sections) allows the original photon
interaction point to be localized to 1 of the 2 converters. Eight
separate chambers, which are stacked together, provide an excel-
lent depth of interaction information, which maintains the spatial
resolution across the field of view (FOV) of the scanner. In fact,
very high spatial resolution is the prominent characteristic of the
HIgh Density Avalanche Chamber (HIDAC).

Each of the converters has a fine matrix of 0.4-mm diameter
holes that have been drilled at a pitch of 0.5 mm. The modules are
supplied with argon gas, which is bubbled through a liquid
quencher and enriched with diisopropyl ether (an organic hydro-
carbon with a high molecular weight: 102) to prevent sparking
between the converters and the anode wire plane. Eight modules
are stacked together to form one detector bank. The transverse
length of a module is increased in accordance with its distance
from the center of the FOV, to minimize losses in system sensi-
tivity for particular photon emission trajectories. Four of these
detector banks (i.e., 32 modules in total) are attached to a ring
gantry that rotates around the FOV. This design results in approx-
imately 15 million single gas detectors being used to cover an
active imaging volume of 165 mm in diameter and 280 mm in
axial length. All modules are clocked independently with an event
dead time of 160 ns.

Data readout is performed at 320 MB/s with a 128-bit bus. The
readout interfaces to a dual-processor Pentium personal computer
(2 ! 1.6 GHz Intel Xeon), which also controls the high voltage for

the detector modules. The data acquisition of the detected coinci-
dences is performed “on-the-fly” (event-by- event list-mode data),
which offers flexible postprocessing of the data and efficient disk
space usage for high spatial sampling. The 4 detector banks rotate
back and forth, taking 6 s to cover 180°. The angular position is
stored in the list-mode file with a precision of 0.07°. The quad-
HIDAC has no electronic energy discrimination of the incoming
photons, although the photon detection efficiency falls off with
decreasing photon energy (8)—thus, offering higher detection
probability to the 511-keV annihilation photons compared with
lower energy scattered photons. This lack of energy discrimination
is only a minor problem in small animals such as mice or rats,
where little scatter arises from inside the animal. For larger spe-
cies, such as primates, scatter from inside as well as from outside
the FOV will certainly degrade the image quality. A direct mea-
surement of random coincidences is not implemented in the cam-
era design. However, the random coincidence rates are estimated
from single count rates and stored in the list-mode data stream. The
measurement of transmission scan data for attenuation correction
is not implemented.

Image reconstruction can be performed with a standard filtered
backprojection (FBP) algorithm as well as with a list-mode expec-
tation maximization (EM) algorithm, such as the one-pass list-
mode EM (OPL-EM) method (9). The quadHIDAC scanner typ-
ically acquires 100–200 million high-precision list-mode events.
OPL-EM provides a practical way of reconstructing these coinci-
dence events into a very large image array covering a large FOV.
The OPL-EM algorithm, which is based on the standard projection
data–based maximum-likelihood expectation maximization (ML-
EM) algorithm (10), progresses through subsets of the list-mode
data, carrying out an image update for each subset. Importantly,
the technique includes a model of the point response function of
the measurement process, which compensates for resolution-im-
pairing effects such as positron range and finite detector resolution.
The reconstruction FOV was restricted to a central subvolume to
speed-up reconstruction and to minimize the resulting matrix size.
There are 2 key parameters: the number of subsets (which defines
the number of coincidence lines used for each image update) and
the full width at half maximum (FWHM) of the resolution-mod-
eling kernel.

The air-cooled gantry has a size of 960 mm (width), 710 mm
(length), and 990 mm (height) with the gantry port of 165-mm
diameter. Part of the electronics is housed in a trolley underneath
the gantry within a volume of 1,020 ! 730 ! 930 mm. The trolley
is mounted on 4 wheels to allow easy movement. For standard
operation, the quadHIDAC needs no special equipment apart from
continuous support of argon gas and diisopropyl ether. A standard

FIGURE 1. (A) Construction of a detector
module in 3 layers: 2 converters connected
by a MWPC. An incoming photon is con-
verted into an electron that is amplified and
accelerated toward the anode wires. (B)
Each converter contains interleaved lead
and insulation sheets, mechanically drilled
with a dense matrix of small holes. A pho-
ton interacts with the lead, resulting in an
electron that avalanches in a strong elec-
trical field and accelerates toward the
MWPC.
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32-Module : 8 layers/QUAD
16-Module : 4 layers/QUAD
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• Not optimized for high efficiency.
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measured. The absolute sensitivities of both scanners are
comparable. The scatter-corrected sensitivity for a 7.8-cm
line source (the axial FOV length of the microPET R4) is
13.7 cps/kBq for the quadHIDAC compared with 12.2 cps/
kBq for the microPET R4 using a 350- to 650-keV energy
window. The maximum NEC rate (mouse phantom) of the
microPET R4 is 168 kcps@824 kBq/mL, whereas the
quadHIDAC has a maximum at 67 kcps@209 kBq/mL (Fig.
5). For the rat phantom, the maximum values are 52
kcps@96 kBq/mL (quadHIDAC; Fig. 5) and 89 kcps@298
kBq/mL (microPET R4).

DISCUSSION

The aim of this work was to evaluate the performance
parameters of the 32-module quadHIDAC PET scanner, an
improved version of a previously assessed 16-module
quadHIDAC (7). In doubling the number of detector mod-
ules from 16 to 32, a higher absolute sensitivity of 15.2

cps/kBq for a point source is obtained, compared with 8.9
cps/kBq (point source) for the 16-module quadHIDAC (7).
The sensitivity enhancement is related to 2 opposite effects.
First, the sensitivity is a function of the squares of detection
efficiency, which has an inverse exponential dependence on
lead thickness, which is directly related to the number of
modules. Second, the outer modules do not cover the same
acceptance angle in the axial direction and, therefore, the
sensitivity, which is linear to the acceptance angle, is re-
duced. For longer objects, the absolute sensitivity is degrad-
ing slowly down to a value of 9.6 cps/kBq for a 25-cm-long
object. This is a major advantage of the camera design over
crystal-based cameras, since larger animals can be scanned
at once without moving the bed. The significant improve-
ment in sensitivity compared with the 16-module version
will of course be of benefit in the investigation of metabolic
processes in small animals.

Dead time has not been incorporated in the present work.
An approach based on the estimation from single events, as
described (16), was found to underestimate the real contri-
bution, especially at higher count rates. A proper dead-time
estimation method must be developed in further investiga-
tions.

The calculation of true and scattered coincidences pre-
sented in this article depends primarily on the choice of the
background distribution model. Several different empiric
approaches for the background distribution within the ob-
ject—for example, a flat function, a gaussian function, a

TABLE 2
Count Rate Measurements of Line Source and Mouse Phantom Experiment Normalized

to Computed Coincidence Decay Rate

Parameter Total Trues Scatter Scatter fraction (%) Attenuation fraction (%)

Line source 0.0238 0.0149 0.0076 32 —
Mouse scatter phantom 0.0203 0.0115 0.0075 37 22

FIGURE 6. (A and B) Images (OPL-EM) of 22-g mouse, ac-
quired in 15 min, 1 h after injection of 18F-FDG show maximum
intensity projection (A) and a single central slice (B). (C) Maxi-
mum intensity projection of 27-g mouse, 1 h after injection of 18F
fluoride.

TABLE 3
Comparison of quadHIDAC and microPET R4

Parameter quadHIDAC microPET R4

Volumetric spatial
resolution (!L)

Center of FOV 1.2 5.1
Sensitivity (cps/kBq)

Line source 13.7* 12.2†

Point source 15.2 24.5†

Maximum NEC rate
Mouse phantom 67 kcps@209

kBq/mL
168 kcps@824

kBq/mL†

Rat phantom 52 kcps@96
kBq/mL

89 kcps@298
kBq/mL†

*Calculated for 7.8-cm line source.
†Energy threshold, 350–650 keV.
Data for comparison are from (6).
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MEG-TPC



2”PMT : 4x54=216 TPC : 48kV

LXe-PET : no segmentation with PMT, TPC
333 l, 80cmΦ , 12cm depth,  24cm axial length

52.2μsec/24cm
(2.3mm/μsec)

continuous readout 
with time stamp by PMT

Spatial resolution = 2 mm
Time resolution = 1 nsec

timing for the TPC

low noise 
< 300e

(1)



2”PMT : 4x54=216 TPC : 48kV

LXe-PET : no segmentation with PMT, TPC
333 l, 80cmΦ , 12cm depth,  24cm axial length

52.2μsec/24cm
(2.3mm/μsec)

continuous readout 
with time stamp by PMT

Spatial resolution = 2 mm
Time resolution = 1 nsec

timing for the TPC

(2)

detection in 2 phase
GEM, MHSP
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