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INTRODUCTION



LXETPC PROJECT

Detection of KeV-MeV “gammas” with 3D position 
reconstruction, and high resolution energy 
measurement

Since April 2007 as one of KEKDTP projects

Possible applications:

Gamma-ray astronomy

Dark matter search

Neutrinoless double beta decay search

Single Photon Emission Computed Tomography 
(SPECT)

Positron Emission Tomography (PET)

It was expected that the stronger recombination rate
along the dense track of low-energy Xe ions would re-
sult in a much smaller number of electron-ion pairs,
compared to that produced by electron-type recoils of
the same energy. It was not expected, however, that the
number of carriers would increase with decreasing en-
ergy. Also, it was not expected that the ionization yield
would be largely unaffected by the applied electric field.
Figure 6, also from Aprile et al. !2006", shows the field
dependence of both the ionization and the scintillation
yields of 56.5 keVr nuclear recoils, as well as for electron
recoils !122 keV gamma rays from 57Co" and alpha re-
coils !5.5 MeV from 241Am". The observed field depen-
dence may be explained by the different rate of recom-
bination, which depends on the electric field and also on
the ionization density along the particle’s track, with
stronger recombination at low fields and in denser
tracks. Simulations of low-energy nuclear recoils in LXe
show that most energy is lost to a large number of sec-
ondary branches, each having substantially lower energy
than the initial recoil. The recombination in the very
sparse ends of the many secondary branches is strongly
reduced at all fields. This situation is quite different
from that of an alpha particle. A rough measure of the
ionization density is the electronic stopping power,
shown in Fig. 7 !Aprile et al., 2006", for alphas, electrons,
and Xe nuclei, respectively. Also shown is a recent cal-
culation by Hitachi et al. !2005" of the total energy lost
to electronic excitation per path length for Xe nuclei,
which differs from the electronic stopping power in that
it includes energy lost via electronic stopping of second-
ary recoils. At very low energies, the ionization yield
appears to be high both for slow recoil Xe atoms and for
electrons. This seems to be confirmed by the observation
of very low-energy electron recoils with two-phase Xe
detectors such as XENON10 !Angle et al., 2008b".

2. Fano limit of energy resolution

In 1947, Fano !1947" demonstrated that the standard
deviation ! in the fluctuation of electron-ion pairs pro-
duced by an ionizing particle when all its energy is ab-
sorbed in a stopping material is not given by Poisson
statistics but by

!2 = #!N − Ni"2$ = F " Ni, !4"

where F is a constant less than 1, known as the Fano
factor, and depends on the stopping material. When F
=1, the distribution is Poisson-like. The calculation of
the Fano factor for LXe and other liquid rare gases was
carried out by Doke !1980", in the optical approxima-
tion. With the known Fano factor and W value, the ulti-
mate energy resolution of a LXe detector is given by

#E!keV" = 2.35%FW!eV"E!MeV" , !5"

where #E is the energy resolution, expressed as full
width at half maximum &!FWHM": keV', and E is the
energy of the ionizing radiation, in MeV. This energy
resolution is often called the Fano limit of the energy
resolution. Table III shows F and FW for electrons or
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FIG. 6. !Color online" Field dependence of scintillation and
ionization yield in LXe for 122 keV electron recoils !ERs",
56.5 keVr nuclear recoils !NRs" and 5.5 MeV alphas, relative
to the yield with no drift field !Aprile et al., 2006".
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FIG. 7. !Color online" Predicted electronic stopping power
dE /dx for different particles in LXe, based on various refer-
ences. The circles refer to the particle energies discussed by
Aprile et al., 2006.

TABLE III. Calculated Fano factor F and FW in gaseous state
and liquid states.

Material Ar Kr Xe

Gas
F 0.16a 0.17b 0.15c

FW !eV" 4.22 4.11 3.30
Liquid
F 0.116d 0.070d 0.059d

FW !eV" 2.74 1.29 0.92

aAlkhazov !1972".
bPolicarpo et al. !1974".
cde Lima et al. !1982".
dDoke et al. !1976".
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APPLICATION AND 
ENERGY RANGE

10KeV - 10 MeV: Gamma-ray astronomy

10KeV: Dark matter search

100KeV: Solar neutrino

1KeV - 300KeV: SPECT

511KeV: PET

2.48MeV: neutrinoless double beta decay

fraction to at least 80%. Neutrinoless double beta decay
of 136Xe will occur at an energy of 2479 keV, at a rate
which depends on the square of the neutrino mass scale.
Hence observations of this mode of decay could fix the
neutrino mass scale for the first time. The sensitivity of
such experiments is quoted as the reciprocal of the de-
cay rate or as the lifetime of the observed decay in years.
For the expected neutrino mass range of 0.01–0.1 eV,
the lifetime would be in the region of 1027–1028 yr,
which in the case of 136Xe requires 1–10 tons of that
isotope for observation of a few events in 1–2 yr.

The experimental effort using LXe to search for the
0!"" decay of 136Xe was pioneered more than 20 years
ago by Barabanov et al. !1986". A small detector filled
with 136Xe enriched LXe was used by Bernabei et al.
!2002". The EXO experiment plans to reach the multiton
level in two stages, the first of which is EXO-200, a
0.2 ton prototype. Although the search is for a signal at
a single specific energy, it is necessary to have excellent
energy resolution to separate this signal from the tail of
the 2!"" decay spectrum, for which the 0!"" line is at
the end point. As discussed in Sec. III.E, the simulta-
neous detection of ionization and scintillation promises
the best energy resolution for LXe detector, hence the
EXO-200 experiment is baselined on a liquid xenon
time projection chamber !LXeTPC" with detection of
both charge and light signals. To minimize instrumental
background, the cryostat is made from a double wall of
selected low activity copper, inside a 25-cm-thick lead
enclosure for gamma shielding, and located in the under-
ground site of the Waste Isolation Pilot Plant !WIPP", at
a depth of 2000 mwe to minimize muon-induced back-

ground. All components used in the EXO-200 have been
qualified for low radioactivity with a variety of tech-
niques !Leonard et al., 2008". The cold vessel of the cry-
ostat is cooled with heat exchangers fed by three indus-
trial refrigerators, together capable of 4.5 kW at 170 K.
The system offers double redundancy without the use of
liquid nitrogen, discouraged at the underground site for
safety reasons. Xe is recirculated and purified in the gas
phase by hot metal getters, with a custom-built pump, a
Xe heater and condenser, cooled by a fourth refrigerator
that is also used by a radon trap. A control system main-
tains the pressure difference across the thin TPC vessel
to less than 0.3 bar. The TPC vessel !see Fig. 75" is
shaped to minimize dead volumes and hence to make
efficient use of the enriched Xe which will be ultimately
used, after testing with natural Xe. The drift region, de-
signed to support up to 75 kV with a central cathode
plane, is defined by field shaping rings. About 150 kg of
Xe are in a fiducial region, where the field is sufficiently
uniform and the background sufficiently low for the rare
event search. Each end of the cylindrical vessel flares
out radially to make space for two wire grids for XY
position reconstruction !see Fig. 76". An array of about
250 large area avalanche photodiodes #LAAPDs !Neil-
son et al., 2009"$, mounted on a platter behind the grids,
is used to read out the Xe light. Based on Monte Carlo
simulations, the overall light detection efficiency is be-
tween 15% and 20%, depending on event position in the
volume. The readout electronics, for the charge induc-
tion and collection wires and for the light sensors, is
located outside the lead shielding. The EXO-200 TPC is
in the final stages of assembly in a clean room at Stan-
ford, while the support and cryogenic systems are being
commissioned underground. It is expected that an engi-
neering run, with natural Xe, has started in 2009 to be
followed by a science run with enriched 136Xe. For an
estimated energy resolution of %1.6% !1#" at the
2.5 MeV end-point energy and with the estimated over-
all background, the sensitivity of this prototype to the
0!"" lifetime is projected as 6.4$1025 yr !90% confi-

FIG. 74. !Color online" Photo of the full scale MEG LXe scin-
tillation calorimeter.

FIG. 75. !Color online" Schematic of the EXO-200 TPC
!Gratta, 2009". The length of the TPC as well as the diameter
of the TPC planes are 40 cm.
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Giboni et al. !2007", this double point resolution depends
not only on position resolution but also on statistics of
events from the sources, as well as on the background
from unrelated events. In an image, these factors deter-
mine the contrast besides the background from wrong
Compton sequencing. There is a very strong background
from genuine positron annihilation events with at least
one gamma-ray Compton scattering even before leaving
the patient. Most of these scatters are very forward, with
a small angle to the original direction, and with only a
small change in gamma-ray energy.

To identify and reject this background as far as pos-
sible, energy resolution is by far the most important fac-
tor. Giboni et al. !2007" proposed the LXe TPC as
Compton PET !see Figs. 79 and 80" which relies on the
improved energy resolution that results from the sum of
the anticorrelated ionization and scintillation signals
demonstrated by Aprile et al. !2007a". The estimated
FWHM energy resolution of 4% must be compared with
15% and 25% for present GSO and BGO crystal scin-
tillators.

Efficient light detection with PMTs immersed in the
LXe helps not only the energy resolution but also pro-
vides good coincidence timing. Giboni et al. !2005" mea-
sured a timing resolution of about 270 ps for 511 keV
gamma rays in LXe. This might not yet be sufficient for
a pure TOF-PET but is sufficient for TOF-assisted PET.
Compton kinematics not only determines the sequence
of interaction points but also constrains the direction of
the incoming photon to the surface of a cone. The open-
ing angle of the cone is the Compton scattering angle in
the first interaction point. If the incoming directions are
thus determined for both annihilation gamma rays, even
if one of the gamma rays scatters within the body, one
can still determine the original line on which the annihi-
lation gamma rays were emitted. The number of events
with one of the gamma rays scattering once in the body
amounts to about twice the number of nonscattered
events. Therefore, with Compton reconstruction, the
number of acceptable events is nearly a factor of 3 larger
than the number of good events in a standard PET de-
tector !Giboni et al., 2007". This increased detection ef-
ficiency results in a reduction in the radiation dose for
the patient.

The approach used by the Nantes-Subatech group
uses a microstructure pattern readout for the charge and
a gaseous photomultiplier !GPM" !Breskin et al., 2009"
for the light signal. The aim is to achieve an energy res-
olution similar to that of Aprile et al. !2005" and a !x
#!y#!z"0.1 mm position resolution, in order to re-
construct the incident angle of the 511 keV gamma rays
with an angular resolution less than 2° !1!". Moreover,
another medical imaging technique has been proposed
by the same group !Grignon et al., 2007", aimed at re-
ducing the examination time and the radiation dose for
the patient. This technique is based on precise location
in organs of a three-photon emitter !44Sc". The method
would provide high-resolution imaging by combining the
information from a PET with the direction cone defined
by a third gamma ray. The first LXe Compton telescope
prototype has been built and is under testing. It features

FIG. 81. !Color online" Schematic of the Nantes LXe Comp-
ton PET prototype !Grignon et al., 2007".

FIG. 79. !Color online" Schematic of the Columbia LXe
Compton PET unit cell !Giboni et al., 2007".

FIG. 80. !Color online" Schematic of the Columbia full scale
LXe Compton PET !Giboni et al., 2007".
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LIQUID XENON AS 
DETECTOR MEDIUM

3 g/cm3, 165.05 K (1 atm)

R.L.=2.77cm, RM = 5.6cm

Scintillation

170-180 nm wave length

Wph = 17.9 eV for  and 21.6 eV for 

Ionization

W = 15.6 eV

Drift velocity saturates around 2x105 cm/sec
As shown in Fig. 3, the collected charge in pure LXe

for alpha particles is only 1–10 % of the total charge
estimated from the W value, over the applied electric
field of 1 to 10 kV/cm, reflecting the strong electron-ion
recombination rate. However, doping liquid xenon with
1–50 ppm of TEA recovers part of the charge lost in the
recombination process, and the collected charge in-
creases to almost 40% of the total, at the maximum ap-
plied field. On the basis of these data, the quantum effi-
ciency of photoionization of TEA in LXe is estimated to
be 80%.

The photoionization effect was used to improve the
energy resolution of a LXe ionization chamber irradi-
ated with gamma rays !Ichinose et al., 1992", as shown in
Fig. 17. The separation of the internal conversion elec-
tron peak !976 keV" and the gamma-ray peak
!1047 keV" can be seen to be much better in the TEA
doped LXe when compared to pure LXe. An electric
field higher than 10 kV/cm is necessary to realize the
separation of the two peaks in pure LXe.

In TEA-doped LXe, photon-mediated electron multi-
plication also occurs at the electric field where propor-
tional scintillation takes place !Sano et al., 1989". The
maximum gain of photomediated multiplication is about
200, which is almost equal to that of electron multiplica-
tion but with poorer energy resolution.

D. Scintillation process

The emission of luminescence, also called scintillation,
from liquid rare gases is attributed to the decay of ex-
cited dimers !excimers, in short" to the ground state. The

luminescence emission bands for Ar, Kr, Ne, and He in
liquid, solid, and gas phases are shown in Fig. 18 !Jortner
et al., 1965; Schwenter, Kock, and Jortner, 1985". We
note that the emission bands in the three phases of Xe,
Ar, and Kr are almost identical. In contrast, the emission
band for liquid Ne differs dramatically from that of solid
Ne. For LXe, the wavelength of the scintillation photons
is centered at 177.6 nm.

1. Origin of scintillation

Both direct excitation of atoms and electron-ion re-
combination lead to the formation of excited dimers,
Xe2

*. Thus, the origin of the vacuum ultraviolet !vuv"
scintillation light in LXe is attributed to two separate
processes involving excited atoms !Xe*" and ions !Xe+",
both produced by ionizing radiation !Kubota, Hishida,
and Ruan, 1978"

Xe* + Xe + Xe → Xe2
* + Xe,

!12"
Xe2

* → 2Xe + h! ,

Xe+ + Xe → Xe2
+,

Xe2
+ + e− → Xe** + Xe,

Xe** → Xe* + heat, !13"

Xe* + Xe + Xe → Xe2
* + Xe,

Xe2
* → 2Xe + h! .

2. Scintillation pulse shape

The scintillation light from pure LXe has two decay
components due to deexcitation of singlet and triplet
states of the excited dimer Xe2

*. Figure 19 !Hitachi et al.,
1983" shows the decay curves of the scintillation light for
electrons, alpha particles, and fission fragments in LXe,
without an electric field. The decay shapes for

FIG. 17. Comparison between the energy spectra of 207Bi in-
ternal conversion electrons and gamma rays measured from
ionization: !top" in pure liquid xenon and !bottom" in TEA-
doped liquid xenon !Hitachi et al., 1997".

FIG. 18. Emission bands in liquid rare gases, together with
solid- and gas-phase spectra !Jortner et al., 1965; Schwenter,
Kock, and Jortner, 1985".
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gamma rays in LAr, LKr, and LXe !Alkhazov, 1972;
Policarpo et al., 1974; Doke et al., 1976; de Lima et al.,
1982".

The Fano limit of the resolution of LXe, which is com-
parable to that measured with a Ge or Si detector
!Doke, 1969; Owen, Fraser, and MacCarthy, 2002", has
however not yet been achieved. In fact, the best energy
resolution measured with a LXe ionization chamber is
even worse than the Poisson limit, with the value of
30 keV for 207Bi 554 keV gamma rays, measured at the
highest field of 17 kV/cm !Takahashi et al., 1975; Doke,
1980". Recently, a similar value was measured !Aprile et
al., 2006" at a field of 1 kV/cm, using the summed sig-
nals of ionization and scintillation measured simulta-
neously.

3. Experimental energy resolution

Large fluctuations in the number of such ! rays are
considered to be the main contribution to the spread in
energy resolution, as proposed by Egorov et al. !1982".
Thomas, Imel, and Biller !1988" attempted to explain
the experimental energy resolution measured from the
ionization signal with a recombination model between
electrons and ions produced along !-ray tracks. Aprile,
Mukherjee, and Suzuki !1991a" also attempted to ex-
plain their experimentally obtained energy resolution on
the basis of the recombination model !see Fig. 4", while
Obodovsky, Ospanov, and Pokachalov, presented the
concept of dual W value in LXe, one for high-energy
electrons and one for x rays or electrons with lower en-
ergy !Obodovsky, Ospanov, and Pokachalov, 2003". The
conclusion that recombination is the primary reason for
the poor energy resolution measured with pure LXe
contradicts, however, the measured improvement of the
energy resolution in LXe doped with photoionizing mol-
ecules, as discussed by Shibamura et al. !1995". The en-
ergy resolution of compressed Xe gas measured by Bo-
lotnikov and Ramsey !1997" also does not support the
recombination model since the resolution improves at
lower gas density without an increase in collected
charge. Figure 8 shows the density dependence of the
energy resolution !% FWHM" measured for 662 keV "
rays. The resolution improves when reducing the density
from 1.4 to 0.5 g/cm3, where it is close to the Fano limit.

To date the reasons for the discrepancy between the
experimental and theoretical energy resolution of LXe
and other liquid rare gases remain unclear, pointing to
the need for more data to reach a complete understand-
ing of the ionization process in liquid rare gases.

4. Drift velocity of electrons and ions

LXe has a distinct band structure which consists of a
conduction band and a valence band. Electrons are ex-
cited to the conduction band from the valence band by
high-energy radiation and become free electrons. As a
result, holes are formed in the top of the valence band.
The motion of these carriers under an external electric
field has been studied as a function of field strength,
concentration of impurities in the liquid, and liquid tem-

perature !Pack, Voshhall, and Phelps, 1962; Miller,
Howe, and Spear, 1968; Yoshino, Spwada, and Schmidt,
1976; Gushchin, Kinglov, and Obodovski, 1982". Figure 9
!Pack, Voshhall, and Phelps, 1962; Miller, Howe, and
Spear, 1968; Yoshino, Spwada, and Schmidt, 1976" shows
the dependence of the electron drift velocity on the ap-
plied electric field in liquid and gaseous argon and xe-
non.

FIG. 8. Density dependence of the energy resolution !%
FWHM" measured for 662 keV " rays !Bolotnikov and Ram-
sey, 1997".

FIG. 9. Electron drift velocity in gaseous and liquid xenon and
argon, as a function of reduced electric field !Pack, Voshhall,
and Phelps, 1962; Miller, Howe, and Spear, 1968; Yoshino,
Spwada, and Schmidt, 1976".
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NIR SCINTILLATION 
OBSERVATION TEST

Proposed by Prof. Nakamura of YNU

Planning a test in Dec. 2010

Photo device selection 赤外線検出素子を購入するための比較メモ２ 2010.10.29　片田夕貴

種類 素材 型番 メーカー 受光面[mm] 受光面積[mm2] 感度波長[nm] ゲイン[M] 受光感度[A/W] 暗電流[nA] 端子間容量[pF] Rise Time[ns] 価格 備考

APD InGaAs G8931-04 浜松ホトニクス Φ0.04 1.26E-03 950̃1700 10 0.9@1550nm typ.40, max.65 typ.0.35, max.0.45 8.75E-02 20,000 納期2週間

APD InGaAs G8931-20 浜松ホトニクス Φ0.2 3.14E-02 950̃1700 10 0.9@1550nm typ.150, max.200 typ.1.5, max.2 3.85E-01 50,000 納期2週間

APD InGaAs KPDEA005-56F 京セミ Φ0.055 2.37E-03 - 10 0.95@1310nm typ.10, max.50 typ.0.68, max.0.8 1.17E-01 ？ 価格伺い中

APD InGaAs KPDEA007-56F 京セミ Φ0.075 4.42E-03 - 10 0.90@1310nm typ.15, max.65 typ.0.9, max.1.1 1.75E-01 ？ 価格伺い中

APD InGaAs 59688-L エドモンド Φ0.08 5.02E-03 1000̃1650 25 1@1550nm typ.3, max.12 0.8@1550nm 3.50E-01 103,900

APD InGaAs 59689-L エドモンド Φ0.2 3.14E-02 1000̃1650 25 1@1550nm typ.10, max.40 2@1550nm 7.00E-01 109,100

APD InGaAs NR6800EZ ルネサス Φ0.08 5.02E-03 950̃1650 50 0.94@1310nm typ.5, max30 typ.0.50, max.0.75 24,000 納期2.5ヶ月

種類 素材 型番 メーカー 受光面[mm] 受光面積[mm2] 感度波長[nm] ゲイン[M] 受光感度[A/W] 暗電流[nA] 端子間容量[pF] Rise Time[ns] 価格 備考

APD Si S8890-02 浜松ホトニクス Φ0.2 3.14E-02 400̃1100 100 70@940nm typ.0.2, max.2 0.2 6,000

APD Si S6045-01 浜松ホトニクス Φ0.2 3.14E-02 400̃1000 100 50@800nm typ.0.05, max.0.5 2 4,800 最小購入数2個
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WHAT IS IMPORTANT 
IN A PET SYSTEM?

Quality of Image !

What limits the image quality?

Positron travels certain distance

511 KeV gamma rays are not co-linear

Necessary to reduce a “gray” background caused by

Random coincidence background

Gamma-ray scattering

Tracer Nucleus 

Gamma 2 (511 keV) 
Gamma 1 (511 keV) 

Acolinearity 
Positron Path 

Proton 

Giboni KEK Seminar 



POSITRON 
ANNIHILATION

Positron emission in unstable 
tracer nucleus

The positron travels and 
annihilates with an electron

The motion of the electron 
introduces an perpendicular 
momentum

Isotope Emax[MeV] Path[mm]

C
N
O
F

0.959 5.0

1.197 5.4

1.738 8.2

0.633 2.4



NON-CO-LINEAR 
GAMMA RAYS

Suppose acolinearity has a normal 
distribution FWHM of 0.5 degree

This, along with positron path in the 
body, provides uncertainty of 4-5 
mm at the detector

Further improvement of the PET 
performance can be realized by other 
improvement than position 
reconstruction

0.5 degree

LXe



BACKGROUND 
REJECTION

Reduce a “gray” background !

Background sources

Accidental pileup

Gamma-ray scattering

! particles and fission fragments have two components.
The shorter decay shape is produced by the de-
excitation of singlet states and the longer one from the
deexcitation of triplet states. Specifically, the short and
long decay times are 4.2 and 22 ns for alpha particles.
For fission fragments, the values are 4.1 and 21 ns, re-
spectively. These decay times make LXe the fastest of all
liquid rare gas scintillators. While the singlet and triplet
lifetimes depend only weakly on the density of excited
species, the intensity ratio of singlet to triplet states is
larger at higher deposited energy density.

For relativistic electrons, the scintillation has only one
decay component, with a decay time of 45 ns !Kubota et
al., 1979; Hitachi et al., 1983". Since this component dis-
appears with an applied electric field, it is likely due to
the slow recombination between electrons and ions pro-
duced by relativistic electrons. Figure 20 !Kubota,
Hishida, and Ruan, 1978" shows the decay curves of LXe
scintillation light, with an electric field of 4 kV/cm, with
two distinct decay components. From this figure, it is
estimated that the short decay time for relativistic elec-
trons is 2.2±0.3 ns and the long decay time is 27±1 ns.

The difference in the scintillation pulse decay shape for
different types of particle in liquid rare gases can be
used to effectively discriminate these particles. Pulse
shape discrimination !PSD" is, however, difficult for LXe
given the small time separation of the two decay com-
ponents. On the other hand, for LAr, the large time
separation of the singlet and triplet components with
values of 5.0 and 1590 ns, respectively, makes PSD very
effective !Hitachi et al., 1983; Lippincott et al., 2008".

3. Scintillation yield

If E is the energy deposited by the ionizing radiation,
the maximum scintillation yield is given as E /Wph,
where Wph is the average energy required for the pro-
duction of a single photon. Assuming the absence of
photon reduction !or quenching" processes, Wph can be
expressed as !Doke et al., 2002"

Wph = W/!1 + Nex/Ni" , !14"

where W is the average energy required to produce an
electron-ion pair. Nex and Ni are the numbers of excitons
and electron-ion pairs, respectively, produced by the ion-
izing radiation.

The scintillation yield depends on the linear energy
transfer !LET", that is, the density of electron-ion pairs
produced along the track of a particle, because the re-
combination probability between electrons and ions in-
creases with the density of electron-ion pairs. Figure 21
!Doke et al., 1988, 2002" shows such an LET dependence
of the scintillation yield in LAr. As seen from the figure,
the scintillation yield stays at a maximum value over an

FIG. 19. Decay curves of scintillation from liquid xenon ex-
cited by electrons, ! particles, and fission fragments, without
an applied electric field !Kubota, Hishida, and Ruan, 1978; Hi-
tachi et al., 1983".

FIG. 20. Decay curves of scintillation from liquid xenon with
and without an electric field of 4 kV/cm, !a" over a long time
scale and !b" a short time scale. Note the change in time scale
at 160 ns in !a" !Kubota, Hishida, and Ruan, 1978".
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LIQUID XENON TPC
DEVELOPMENT



19 MEMBERS FROM
5 INSTITUTES

Half of the members are from universities

KEK for liquefaction & purification, PMT, TPC, and DAQ

T.Tauchi, A.Maki, T.Haruyama, S.Tanaka, S.Mihara, T.Saeki, K.Kasami, S.Suzuki

National Institute of Radiation Science for PET

M. Kumada, T. Tomitani, C. Toramatsu 

Saga Univ. for TPC, Simulation, FE ASIC development

A. Sugiyama, T. Higashi

Univ. of Tokyo for TPC, PMT, Simulation

T. Mori, Y. Fujii, T. Chiba

Yokohama National Univ. for PMT, xenon property

S. Nakamura, Y. Takagi,  Y. Endo

11%
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APPLICATION TO PET

Hybrid detector composed of

scintillation light readout by PMT

trigger, initial information for 
position reconst., pile-up 
rejection

ionization signal PAD readout

precise measurement of position 
and energy

Volume

88cm diam, 48cm FOV, 9cm DOI 
(93%  det. eff.), 140 liters LXe

88cm

48cm

PMT

PMT

Anode pads
2.9 x 105 mm2

2.9 x 105 mm2

Anode pads

Anode pads Anode pads



SIGNAL READOUT

 Scintillation light

1 inch PMT developed for LXe use

8 x 112 x 2 = 1792 PMTs

10 nsec coincidence time

time stamp for TPC
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anode pad readout

48 kV/24cm

drift time 104 µsec (+/- 24cm)
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R&D HISTORY

Cryogenics

liquid xenon handling

Photomultipliers

Ionization signal readout

Electronics



CRYOGENICS

Most of basic techniques have been developed for the MEG liquid 
xenon detector

Evacuation

Liquid filling and recovery

Cooling

Currently we are using small PTR produced by Iwatani Ltd.

24 W cooling power at LXe temperature

Purification



COOLING
SUFFICIENT FOR PET APPLICATION

MEG 1st spin-off
Technology transferred to a manufacturer, Iwatani Co. 
Ltd
Performance

> 189 W @165K
6.7 kW compressor
4 Hz operation

Further R&D to improve the cooling power

0

50

100

150

200

50.00 80.00 110.00 140.00 170.00

Cooling power (PC150)

C
oo
lin
g 
po
w
er
 (
W
)

Cold end temperature (K)

Qiwa(W)
Qpsi(W)

MEG PTR



Regenerator configuration:
l A150: #200 mesh (700 sheets) (phosphor bronze)
l B150: #150 mesh (350) + #200 mesh (350)
l C  90: #200 mesh (350)

REGENERATOR FURTHER 
R&D BY TH



PHOTOMULTIPLIER 
R&D

Developed for MEG in collaboration with HPK
Photocathode

Bialkali :K-Cs-Sb, Rb-Cs-Sb
Rb-Cs-Sb has less steep increase of sheet resistance at 
low temperature
K-Cs-Sb has better sensitivity than Rb-Cs-Sb

Multialkali :+Na
Sheet resistance of Multialkali dose not change so 
much.
 Difficult to make the photocathod, noisy

Dynode Structure
Compact
Possible to be used in magnetic field up to 100G

Metal channel  ß Uniformity is not excellent

Ichige et al. NIM A327(1993)144



PMT DEVELOPMENT 
SUMMARY
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) Used in the final detector

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
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GASEOUS PHASE 
PURIFICATION

Developed for the MEG LXe detector
Xenon extracted from the chamber is 
purified by passing through the getter.
Purified xenon is returned to the chamber 
and liquefied again.
Circulation speed 5-6cc/minute

Same technology is applicable for LXeTPC

Cosmic-ray events α events

MEG prototype R&D



LIQUID-PHASE 
PURIFICATION

For faster purification, MEG liquid-
phase purification technology is 
applicable

centrifugal pump/piston-type pump
70-200 liters/h liquid circulation

Impurity is removed by a purifier 
cartridge

In ~10 hours, λabs ~ 5m

MEG Data for 

Water Removal

MEG centrifugal pump



LXETPC TEST FACILITY
Gas 

handling 
0.75m3 
Tank

PTR 
(24W@165K)

Test 
chamber

700W 
compressor

LXe Cryogenic system at KEK ,  operational since May 2008



Xe cylinder

SAES 
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Monotor
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Heat
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 June 2008

Purification

recovery 

bottle

(3.75L)

750L
Xe buffer 
tank

Xe chamber

gas flow rate （２０L/min)

relief valve
（0.2MPa)

GXe
99.999%

Circulation by an oil-free diaphram pump (Enomoto co.)

LXeTPC : Liquefaction / purification

102mmφx 490mm

liqud height
18.36cm
(1.5L)

PTC 
(24W@165K)



PROTOTYPE 
DETECTOR

Study of basic properties of 
electron drift in LXe and 
gain experiences

Establish our skill to realize 
1-5cm drift of electrons 
induced by 511keV

Electronics development in a 
realistic condition

Pad readout

-HV

0V

+300V

PMT 1

PMT 2

Am alpha



PROTOTYPE 
DETECTOR STUDIES

1st test using a simpler setup

1cm drift length

4 ch pad readout

2nd test (in progress)

5cm drift length

16 ch pad readout

setup for 2nd test



1ST TEST
1CM DRIFT LENGTH

1cm 

100MΩ

Cathode
Pad

TPC

- H.V. GND

1.5 ×1.5 cm2

PMT

JFET
100MΩ

  to Pre-amp IN

to Pre-amp
feedback

α source of 
241Am （200Bq)

Pre-amp :AMP-TEK　
A250 ( 1V/pC)

1pF

1KΩ

50Ω
GND

Test pulse

2pF



DRIFT V IN GAS 
XENON
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DRIFT V IN GAS 
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LIQUID PURIFICATION 
MONITORING

fitted by p(d,t) = p0 e-d/λ

λ=λ0 et/τ ,where  
λ0 = initial attenuation length and  
τ= time constant of purification

p1= d/λ0 =1.75
p2=τ=2.9x105sec
τ= 3.4 days

d = 5 cm
λ0 = 2.9 cm

λ =160cm in 14days

が見られた。これは、PMTのゲインの違いに起
因するものと思われる。 d

λ0
, τ の値は両 PMTと

もに近い値が得られた。
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Figure 6: ADC mean の時間推移と fitting

4 まとめ
ADC値を計ることで純度のモニタリングができ
たと思われる。

5
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ALPHA SIGNALS
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ALPHA EVENTS
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2ND TEST
5CM DRIFT LENGTH
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2ND TEST
5CM DRIFT LENGTH
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DATA EXAMPLE

Cosmic-ray data 
during 
purification on 
the central 4 pads

0-1300 hours

No alpha data 
seen ???



NEXT PROTOTYPE
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ELECTRONICS



ELECTRONICS SYSTEM

( 1mm x 1mm )

Scintillation light

Photomultipliers

FADC

300 MHz

Charge

Anode pads

Time Stamp

(to)

FPGA

ASIC-FEXE08

FPGAFADC
or TOT etc
10-30MHz

under development 

Fast 
memory

(SRAM)

Precise time

Precise 
position & 
Energy

Imaging

supported by ASIC education & fabrication program, KEK

Rough position

Pipeline readout ( digital processing )
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WHY ASIC?

Implementation of high density front-end electronics

Charge transfer distance from the PAD to the electronics 
should be shortened to minimize ENC

Digital electronics implementation can help to reduce 
impurity contamination caused by cable in (or near) the 
liquid



FRONT-END ASIC R&D

PARAMETER SPECIFICATION Achieved

chip size 3mm x 3mm

channel number 8

power supplies ±2.5V

dissipation power <10mW/ch

gain 8.2V/pC 6.0±0.5V/pC

Input charge ±25fC -60~100fC

peaking time 0.5, 1us, variable
(>1us)

prod. process 0.5um CMOS

ENC 2,000e (Cd=1pF) 400e (Cd=1pF)

3m
m

3mm

Pre-amp. to PZC to shaper -  output all analog channels

Inputs (8ch)

T. Higashi, JPS fall meeting, Kohnann univ., 9 Oct. 2009 



TEST RESULTS : 
LINEARITY

Linearity less than 0.8％.
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Since σ of V (out) is about 1mV ;   
σ=1mV/(6.4mV*Qin) σ= 0.16/Qin[fC]
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T. Higashi, JPS fall meeting, Kohnann univ., 9 Oct. 2009 
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SUMMARY

Thanks for kind support of KEKDTP

LXeTPC PET development is in progress at KEK

Developed technologies for the MEG LXe detector are applicable w/o 
major difficulty

Prototype study is in progress

Our goal is to realize 24cm electron drift induced by 511 keV gamma 
rays and to measure gamma-ray energy with good precision

Readout electronics development is indispensable for realization of 
the LXe PET system


