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Since it is liquid.  Any shape is ok

How to make a noble liquid detector
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1. Prepare a vacuum chamber

* (as long as your chamber withstand the pressure)

*
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How to make a noble liquid detector
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Impurities (water, O2…) can 
deteriorate the performance 
of your detector by trapping 
electrons, absorbing the 
scintillation light etc.
Purity of ppb level is needed.

2. Evacuate the chamber
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How to make a noble liquid detector
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For keeping the noble liquid, 
you need to cool it down.

Element Boiling 
point

He 4.2

Ne 27.1

Ar 87.3

Kr 119.9

Xe 165.0

3. Put noble liquid
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The particle loses energy with 
interacting with the liquid (EM/
hadronic shower).

Ar,Kr and Xe have high stopping 
power. They serve as absorber as 
well as active medium

How to make a noble liquid detector
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What happens when a particle enters the noble liquids ?

Element Density Radiation 
length (cm)

He 0.13 756
Ne 1.2 24
Ar 1.4 13.5
Kr 2.4 4.6
Xe 3.1 2.8

Particle

You can make totally active calorimeter !
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How to make a noble liquid detector
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Particle

This figure taken from “Particle Detection with Liquid Nobles”
by James Nikkel
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Electrons from ionization.
Scintillation photons are emitted 
from excited dimer
→Transparent for its scintillation 

photons

Cerenkov light is emitted if (β>1/n)

What happens when a particle enters the noble liquids ?
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How to make a noble liquid detector
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What happens when you apply an electric field ?

This figure taken from “Particle Detection with Liquid Nobles”
by James Nikkel
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What Happens When Charged Particles Lose Energy in LAr? 
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taken from
“Fundamental Properties of Noble Liquids” by Craig Thorn, CPAD, 2013
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Charge/light ratio changes
as a function of the E field.
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Scintillation signal from noble liquid
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[Kubota79] PRB20(79) – 64% and 71% recomb comp for Ar &Xe, resp 
[Kubota78] JPhysC11(78) 
[Kubota82] NIM192(82)101 

[Hitachi83] PRB27(83)5279: 23%/77% fast/slow intensity total for Ar; tau_slow *1600ns 
/// **45ns apparent time for XE 

Figure 8. Observable distribution (percent) of the luminous energy for fast electrons. R and Ex stand for
recombination and direct excitation channels, respectively. Estimates are from data in [83] and [97]. The
share between the direct excitation and the recombination channel is from [94].
*) Other values can be found in the literature (see also [98] for earlier measurements). On time constants,
7.0 ns has been reported for the fast component in LAr [76], whereas the slow component has been also
measured as 1600 ns [76], 1463 ns [54] and 1260 ns [99] (all at zero electric field); for LXe, singlet and
triplet decay times of 4.3 ns and 22.0 ns were reported in [76] along with an apparent scintillation decay
time of 45 ns also at zero field. Other singlet/triplet intensity ratios have been published: 0.31/0.69 [94] and
0.23/0.77 [76] in LAr, and 0.36/0.64 in LXe [94].

strong enhancement of the fast component with respect to the slow one has been observed with
5 MeV a-particles in liquid xenon [101, 97, 76] (see Figure 9).

The linear energy transfer for a-particles is higher by a factor of ⇠100 than for fast electrons.
Therefore, the density of the ionized and excited species along the particle track is also much higher
for a-particles, which leads to stronger and faster recombination. No long (⇠ µs) tail nor the
⇠40 ns recombination component have been observed in LXe with a-particles, which means that,
in this instance, the recombination time is shorter than the excimer decay time constants even in
liquid xenon, contrary to what happens for electrons [101]. Moreover, it is an experimental fact that
only a few percent of the charge initially created along a-particle tracks can be extracted even with
fields of ⇠10 kV/cm (for electrons, this would collect nearly 100% of the ionization). Therefore,
the two scintillation mechanisms (direct excitation and recombination) cannot be distinguished in
practice. This is represented in the diagram in Figure 9 by the joining of the two channels together.

Strong recombination does not explain per se why the relative contribution of the fast com-
ponent is enhanced for a-particles. To our knowledge, a comprehensive explanation for this ob-
servation is still missing, although a number of hypotheses have been suggested [76]. One of the
plausible mechanisms is quenching of singlet states in superelastic collisions with thermal elec-

– 18 –

The scintillation signal decay time depends on the singlet or triplet.
The singlet to triplet ratio depends on the linear energy transfer (LET).
→Particle ID with pulse shape
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Anti-correlation of scintillation and ionization

Ionization and scintillation signals 
are strongly anti-correlated
Energy resolution can be very 
much improved by using both the 
signals.

9

ing grid, are mounted in a structure made of Teflon for its
vuv reflectivity20 !Fig. 1". The drift gap, between cathode
and grid, is 1.9 cm, while the distance between grid and
anode is 3 mm. Separate high voltage is supplied to the cath-
ode and the grid, keeping a ratio between the field in the drift
gap and the field in the collection gap such as to maximize
electron transmission through the grid. The electrons col-
lected on the anode are detected by a charge-sensitive ampli-
fier !ClearPulse model 580". The charge signal is subse-
quently digitized with 10 bit resolution and a sampling time
of 200 ns !LeCroy model 2262". The scintillation signal from
each of the two PMTs is recorded with a digital oscilloscope
!LeCroy model LT374" with 1 ns sampling time. The time
difference between the scintillation and ionization signals is
the electron drift time which gives the event depth-of-
interaction information. The coincidence of the two PMT
signals is used as event trigger. Figure 2 shows the scintilla-
tion and ionization wave forms recorded at 1 kV/cm for a
662 keV !-ray event from 137Cs. The number of photoelec-
trons Npe detected by the PMTs is calculated based on the
gain calibration with a light emitting diode. The charge wave

form is well described by the Fermi-Dirac threshold function
in Eq. !1", as shown in Ref. 21. The pulse height A, drift time
td, rise time tr, and fall time tf are determined from fitting Eq.
!1" to the charge wave form. A known test pulse is used to
calibrate the charge readout system, and the number of col-
lected electrons Ne is calculated from the pulse height of the
charge wave form.

Q!t" = A
e−!t−td"/tr

1 + e−!t−td"/tf
. !1"

The Teflon structure holding the PMTs and the meshes is
mounted in a stainless steel vessel filled with liquid xenon at
about −95 °C during the experiment. A vacuum cryostat sur-
rounds the vessel for thermal insulation. The xenon gas fill-
ing and purification system, as well as the “cold finger” sys-
tem used for this setup, is described in a previous
publication.21 The setup was modified for these measure-
ments by adding a gas recirculation system17 in order to pu-
rify the xenon continuously until sufficient charge collection
is reached.

III. RESULTS AND DISCUSSION

A. Field dependence of scintillation and ionization

Figure 3 shows our measurement of the field dependence
up to 4 kV/cm of the light and charge yields for 662 keV !
rays from 137Cs. With increasing drift field, the charge yield
increases, while the light yield decreases. This behavior has
been known for a long time, and was originally reported in
Ref. 13.

A parametrization of the field dependence of the light
yield, S!E" /S0, was proposed by Doke et al.,22 introducing
the model of escaping electrons to explain the scintillation
light reduction at low linear energy transfer. In this param-
etrization, expressed by Eq. !2", the light yield S!E" at drift
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FIG. 1. The detector schematics !see text for details".
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FIG. 2. !Color online" Wave forms of scintillation signal !left,
sum of two PMTs" and ionization signal !right" of a 662 keV !-ray
event from 137Cs at 1 kV/cm drift field.
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FIG. 3. Light and charge yields as a function of drift field for
662 keV ! rays from 137Cs. The uncertainty for charge measure-
ment is due to the uncertainty in preamplifier calibration. The light
yield is relative to that at zero field, for which the systematic un-
certainty is negligible.

APRILE et al. PHYSICAL REVIEW B 76, 014115 !2007"

014115-2

Rs
2 = Rsi

2 + Rsg
2 + Rss

2 ! Rsi
2 + Rss

2 , "7#

Rq
2 ! Rqi

2 + Rqe
2 , "8#

where Rsi and Rqi are the energy resolution of scintillation
and ionization, respectively, contributed by liquid xenon it-
self. They include the liquid xenon intrinsic resolution and
the contribution from fluctuations of electron-ion recombina-
tion. Rsg is from the geometrical fluctuation of light collec-
tion. It is negligible in our result, since only events in the
center of the detector were selected for the analysis. Rss is
from the statistical fluctuation of the number of photoelec-
trons Npe in the PMTs. Rss can be calculated roughly as Rs

=$%1+ " !g

g
#2& /Npe, which includes the statistical fluctuations

of the number of photoelectrons and the PMTs gain variation
"!g /g'0.67, based on the single-photoelectron spectrum#.
Rqe is from the equivalent noise charge "ENC# of the charge
readout. ENC was measured to be between 600 and 800
electrons, depending on the drift field, from a test pulse dis-
tribution. Rqe=ENC/Ne, where Ne is the number of collected
charges from the 662 keV peak. We note that we have ne-
glected other contributions to the resolution of the charge
measurement, such as from shielding grid inefficiency or
pulse rise time variation, as they are subdominant compared
to the electronic noise contribution.

Table I lists the energy resolution of the 662 keV "-ray
peak inferred from ionization, scintillation, and charge-light
combined spectra at different drift fields. The quoted errors
are statistical only. The correlation angle and the correlation
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FIG. 5. "Color online# Energy
spectra of 137Cs 662 keV " rays at
1 kV/cm drift field in liquid xe-
non. The top two plots are from
scintillation and ionization, re-
spectively. The strong charge-light
anticorrelation is shown in the
bottom-right plot. The straight
line indicates the charge-light cor-
relation angle. A charge-light
combined spectrum "bottom-left#
shows a much improved energy
resolution of 1.7% "!#.

TABLE I. Measured energy resolutions "!# and correlation coefficients for 662 keV gamma rays at
different electric field values.

Field
"kV/cm#

Rs
"%#

Rq
"%#

Rc
"%#

#
"deg# $sq

0 7.9±0.3
1 10.3±0.4 4.8±0.1 1.7±0.1 24.8 −0.87
2 10.5±0.3 4.0±0.1 1.8±0.1 20.8 −0.80
3 10.0±0.3 3.6±0.1 1.9±0.1 19.7 −0.74
4 9.8±0.3 3.4±0.1 1.8±0.1 19.1 −0.74

APRILE et al. PHYSICAL REVIEW B 76, 014115 "2007#

014115-4

Phys. Rev. B 76, 014115 (2007), Aprile et al.

137Cs 662 keV γ

Only scintillation
σ=10.3%

Only ionization
σ=4.8%

Combination
σ=1.7%
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How to make a noble liquid detector
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3. Put signal readout,
?

Partiel

e-

e- e-

e-

photon

readout
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Element Electron yield
(e-/keV)

He 39
Ne 46
Ar 42
Kr 49
Xe 64

How to make a noble liquid detector

11

3. Put signal readout,

Particle

e-

e- e-

e-

anodes
cathodes

Anode/Cathode for reading charge

Cathodes and/or anodes can be 
segmented for measuring position.

Homogeneous calorimeter

Tower
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How to make a noble liquid detector
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3. Put signal readout,

Particle

e-

e-

e-

Anode/Cathode for reading charge

If the energy of radiation is very high,
You can put heavy absorber (Cu, W, 
Pb, U etc.)

Since the ionization signal is large, 
additional multiplication is not needed 
(not like gas chamber)
→ Signal amplitude is uniform in 
     space and stable in time

anodes
absorber

Sampling calorimeter
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How to make a noble liquid detector
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3. Put signal readout,
Photo-sensors for reading scintillation

Scintillation signal is faster than 
ionization.
More expensive than reading charge 
(in general)

Scintillation wavelengh is shorter than 
other scintillators
→ Special sensors or wavelength-
shifter are needed.

Photo-sensors

Scintillation calorimeter

Element Photon yield
(photon/keV)

Wavelength (nm)

He 22 80
Ne 32 78
Ar 40 128
Kr 25 148
Xe 42 178

photon
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Technologies to detect VUV photons

VUV sensitive SiPM (e.g. MEG + Hamamatsu)
Wavelength shifter (WLS, e.g. TPB) deposited on PMT, SiPM or APD
WLS coated plated in front of photo-sensors
GEM + photocathode coated with wavelength shifter
WLS coated on reflective detector wall
Light guide (Acrylic bar coated with WLS) coupled to SiPM
Large area picosecond photo-detector (LAPPD)
Quartz photon intensifying detector (QUPID), 35% QE for 170—450 nm

14
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How to make a noble liquid detector

15

3. Put signal readout,

Very precise position measurement

Detailed 3D reconstruction of events Photo-sensors

TPC

anode
cathode

E field

e-

e- e-

e-

This type of readout is interesting, but 
not used for calorimeter for high-rate 
experiments. (Drift time O(mm/μs) 
can be too long if distance is long.) There are many developments for neutrino detectors, 

astrophysics, 0ν double beta searches, medical application etc.

photon
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Features and advantages of noble liquids

Flexibility in the design of the detector and readout
Scalability with uniform response
Radiation hard

Important for the future high luminosity experiments
Scintillation and/or ionization signals available

Ionization suitable for very large scale detectors
Large and fast scintillation signal for timing measurement

Several types of detectors
Homogeneous
Sampling
Scintillation
TPC

Particle-ID with ionization/scintillation ratio and the pulse shape

16
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Noble liquids

Long radiation length
Low boiling temperature (< LN2)
Short scintillation wavelength (< 90 nm)

17

He/Ne Ar

Kr Xe

Low price
Low radioactivity

Short radiation length
High resolution
Modest price
High radioactivity

Very short radiation length
Very high resolution
Very expensive (~10 times higher 

than Kr)

→ Sampling calorimeter EM/Hadronic

→ Homogeneous calorimeter → Homogeneous/scintillation calorimeter
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Calorimeters

18

Experiment Type Material Signal Resolution (%)

D0 Sampling LAr Ionization 16/√E ⊕ 0.3 ⊕ 0.3/E

H1 Sampling LAr Ionization 12/√E ⊕ 1

ATLAS Sampling LAr Ionization 10/√E ⊕ 0.4 ⊕ 0.3/E

NA48/62 Homogeneous LKr Ionization 3.2/√E ⊕ 0.42 ⊕ 0.09/E

KEDR Homogeneous LKr Ionization 3 @ 1.8 GeV

CMD-3 Homogeneous LXe Ionization 1.78/√E ⊕ 1.86 
combined resolution with CsI

MEG Homogeneous LXe Scintillation 1.7 @ 50 MeV



ATLAS LAr Calorimeter

19
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ATLAS Calorimeter System 

22 October 2014 J. Rutherfoord 4 

LAr chosen for radiation 
hardnessATLAS calorimeters

2014 JINST 9 C09007

Figure 3. The Liquid Argon subsystems: the hadronic endcap, the electromagnetic endcaps and barrels with
their accordion geometry design, and the forward calorimeter with its rod matrix geometry [3].

matrix are smaller than in the rest of the LAr detector in order to endure the high particle fluxes
in the forward regions. The first module of the FCal, consisting of a copper matrix, is used for
electromagnetic measurements. The two latter modules, consisting of tungsten matrices, are used
for hadronic measurements.

1.3 The Liquid Argon Calorimeter readout and calibration

When charged particles in the calorimeter shower cross the liquid argon gaps, they ionize the argon
along their tracks. The applied high-voltage separates the electrons and the ions; they drift to the
electrodes. During their drift, the electrons induce an electrical signal that is read out.

The resulting ionization current signal has a triangular shape, as shown in figure 4, and a drift
time of 450-600 ns in the barrel. Since this drift time spans 18-24 LHC bunch crossings, the signal
must be shaped and contracted in order to mitigate the effects of overlapping interactions. The
1524 front-end boards (FEBs), located concentrically around the LAr calorimeter, shape the signal
in such a way that the area of the positive and negative lobes of the pulse are summed to zero.
The shaping is performed in three different gains in order to meet the large dynamic energy range
expected for physics signals. The readout chain is schematically represented in figure 4.

After the signal is shaped, it is transmitted through two paths, an analog path which leads to
the Level 1 (LVL1) calorimeter trigger system and a digitizing chain. In the analog path a sum is
performed over approximately 60 readout cells creating energy collections called trigger towers.
The summed analog pulses are then analyzed by the hardware based LVL1 electronics which takes
2.5 µs to decide whether to retain or discard a particular event.

In the digitizing path, shaped analog signals are stored in a switched capacitor array (SCA) and
digitized with 12-bit analog-to-digital converters (ADC). For each triggered event, 5 ADC samples
are sent out. The signal amplitude is reconstructed online (in digital signal processors) using an
optimal filtering technique [4].

– 3 –
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Figure 3. The Liquid Argon subsystems: the hadronic endcap, the electromagnetic endcaps and barrels with
their accordion geometry design, and the forward calorimeter with its rod matrix geometry [3].

matrix are smaller than in the rest of the LAr detector in order to endure the high particle fluxes
in the forward regions. The first module of the FCal, consisting of a copper matrix, is used for
electromagnetic measurements. The two latter modules, consisting of tungsten matrices, are used
for hadronic measurements.

1.3 The Liquid Argon Calorimeter readout and calibration

When charged particles in the calorimeter shower cross the liquid argon gaps, they ionize the argon
along their tracks. The applied high-voltage separates the electrons and the ions; they drift to the
electrodes. During their drift, the electrons induce an electrical signal that is read out.

The resulting ionization current signal has a triangular shape, as shown in figure 4, and a drift
time of 450-600 ns in the barrel. Since this drift time spans 18-24 LHC bunch crossings, the signal
must be shaped and contracted in order to mitigate the effects of overlapping interactions. The
1524 front-end boards (FEBs), located concentrically around the LAr calorimeter, shape the signal
in such a way that the area of the positive and negative lobes of the pulse are summed to zero.
The shaping is performed in three different gains in order to meet the large dynamic energy range
expected for physics signals. The readout chain is schematically represented in figure 4.

After the signal is shaped, it is transmitted through two paths, an analog path which leads to
the Level 1 (LVL1) calorimeter trigger system and a digitizing chain. In the analog path a sum is
performed over approximately 60 readout cells creating energy collections called trigger towers.
The summed analog pulses are then analyzed by the hardware based LVL1 electronics which takes
2.5 µs to decide whether to retain or discard a particular event.

In the digitizing path, shaped analog signals are stored in a switched capacitor array (SCA) and
digitized with 12-bit analog-to-digital converters (ADC). For each triggered event, 5 ADC samples
are sent out. The signal amplitude is reconstructed online (in digital signal processors) using an
optimal filtering technique [4].

– 3 –
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ATLAS LAr
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ATLAS LAr Calorimeters
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•Shower development and creation of 
ionization is instantaneous"

•Drift across the 2mm LAr gap takes ~450ns "

•To speed the response integrate ‘effectively’ 
the charge to about 10% of the drift time"

•by shaping the preamplifier output signal"

•bipolar shaping to reduce sensitivity to pileup

“Accordion”  structure
Good hermeticity, azimuthal 
uniformity
Drift in the 2mm LAr gap (drift time 
450 — 600 nsec)
For the first response, the charge in 
~10% of the drift time is read and 
the pulse is shaped.

ATLAS Technical Design Report
Liquid Argon Calorimeter 15 December 1996

12 1   Calorimeter overview

magnetic calorimeter front face. This leaves rather limited longitudinal space for integrating
about 9.5 active interaction lengths, calling for a high density calorimeter. A dense calorimeter
also avoids the spilling out of energy from the forward calorimeter into its neighbours. A lower
density would significantly increase the pile-up seen in the end-cap calorimeter, especially in
the back wheel which is otherwise rather protected. In the proposed design, the forward calo-
rimeter consists of three sections. The first section is made out of copper, while the other two are
of tungsten. In each of them the calorimeter consists of a metal matrix with regularly spaced
longitudinal channels filled with concentric rods and tubes (see the inset in Figure 1-9). The

rods are at positive high voltage while the matrix is grounded. The liquid argon gap in between
is the sensitive medium. This geometry allows for an excellent control of the gaps which are as
small as 250 µm in the first section. With such small gaps, the limiting luminosity due to the ion
build-up effect (which goes like 1/g2 at constant field) is safely high and the density is maxi-
mized.

While the construction of the copper section does not present special difficulties, building a
tungsten calorimeter is rather new and challenging. After successful assembly of an engineering
prototype [1-9], we have chosen a technique based on the assembly of small sintered tungsten
alloy pieces. The overall density (including the liquid argon) of a section built in this way, with
375 µm gaps, is 14.5 g/cm3.

Numbers summarizing the forward calorimeter properties are given in Table 1-4.

Another difficult point was to find a means of supporting the forward calorimeter in the endcap
cryostat so that the sensitive area could be extended down to an angle as small as possible. This
is achieved by having an external structural tube which carries the weight of the forward calo-
rimeter, and withstands the force of pressure on the cryostat end-walls (see Figure 1-3), while

Figure 1-9 Sketch of matrix and rods in the forward calorimeter.Copper or Tungsten rods with gaps 
maintained with PEEK fibers

High density (14.5 g/cm3) with this 
structure

Limiting luminosity due to the space-
charge efffect is safely high with small 
LAr gap ( 0.25, 0.375, 0.5 mm)

Barrel Forward
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ATLAS LAr calorimeter upgrades

Phase-1
Finer granularity readout at the trigger level (super cell)

Online reconstruction to discriminate between electrons and jets for 
rejecting dominant backgrounds such as QCD jets.

Phase-2
Replace the electronics to cope with higher radiation levels
Options for modifying the forward calorimeter.
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Run 2 LS 2 Run 3 LS 3 Run 4 LS 4 Run 5 LS 5

20
15

20
30

20
20

20
25

20
35

HL LHC

Phase-1
upgrade

(full design luminosity)

Phase-2
upgrade
(HL LHC)
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ATLAS LAr for HL LHC
The performance will NOT be degraded with the integrated luminosity.
But, it could be impaired at the highest instantaneous luminosity.

R&D and upgrade options for avoiding the degradation.

23

Space charge Heat Voltage drop

Large HV protection 
resistance can produce 
voltage due to high current

(worst case) LAr can 
boil due to the increase 
energy deposit.

Two plans for the upgrade of FCal being explored
Replace with a new forward calorimeter with smaller 
LAr gaps ~120 μm (c.f. 250 μm currently)

cooling loops to prevent boiling
Put additional miniFCal (pCVD diamond)

Slowly drifting positive 
ions can distort the 
electric field



CMD-3 LXe Calorimeter
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CMD-3 LXe calorimeter

Combined calorimeter, LXe + CsI
400 l LXe : 5.4 χ0

LXe+CsI : 13.5 χ0

Successful operation since 2009
another 5 — 10 years operation 
expected.

Upgrade study of the readout 
electronics aiming at 1 ns time 
resolution is ongoing.

25

Barrel calorimeter of the CMD-3 detector 
Abstract 

 

Since 2010 the CMD-3 detector has been collecting data at the  e+e− collider VEPP-2000 at Budker Institute of Nuclear Physics. CMD-3 is a general purpose detector designed  to study e+e− annihilation into 
hadrons in the wide energy range, Ec.m.s = 0.3 ÷ 2 GeV . The barrel electromagnetic calorimeter of the detector consists of two subsystems: closest to the beam pipe is the  Liquid Xenon calorimeter (LXe) 
and the outer one is based on CsI scintillation crystals (CsI). The LXe calorimeter contains 400 liters of  LXe, covers a solid angle  0.8 × 4π and has a thickness equal to 5.4X0. The electrode structure of the 
calorimeter provides a possibility to measure deposited energy, reconstruct tracks of charged particles and analyze the deposited energy distribution. The CsI calorimeter consists of 8 octants, located around 
the LXe calorimeter, and contains 1152 counters. Each counter is based on CsI(Tl) or CsI(Na) crystals of 6×6×15 cm3 size that corresponds to 8.1X0 in the direction transverse to the beam. The total thickness 
of the barrel calorimeter is equal to 13.5X0.The measured spatial resolution for cosmic tracks is about 1.5 mm. The measured energy resolution for 1GeV electrons is about 4%. Obtained resolutions are close 
to designed values. The design of the calorimeter and its current performance are presented. 

VEPP-2000 collider:  
1 - Vacuum chamber,  
2 - Drift chamber 
3 - BGO  Electromagnetic calorimeter 
4 - Z chamber,  
5 - CMD3 SC solenoid  ( 13 kGs ),  
6 - LXe  Electromagnetic calorimeter, 
7 - CsI  Electromagnetic calorimeter,  
8 - Yoke, 9– VEPP-2000 solenoid 

LXe calorimeter:  

Main calorimeter parameters: 
• LXe volume:    400 liters  (1200  kg) 
• Solid angle:    ~ 0.8 × 4π 
• Thickness :     15 cm  : 5.4 X0  
• Attenuation length of electrons  ~ 15 -20 mm. 
• The value of electric field  in the gap:   E ~ 1.2 kV/cm 
• Full drift time of ionization electrons in the gap:  4.5 µs 
• Num. of electronics channels:  2112 + 264 

Calorimeter consists of 8 octants. Each octant is 
constructed of 9 modules (“lines”). Each module contains 
16 counters (channels). Counters are made of CsI(Tl) or 
CsI(Na)  crystals of 6 x 6 x 15 cm3 size, 8.1X0  

Calorimeter operation parameters: 
• Start-up time (Xenon filling)    ~ 30 hours 
• Draining time                           ~ 20 hours 
• Liquid nitrogen consumption   ~ 150 liters/day 
• LXe temperature                      ~ 175K  
• LXe pressure                            ~ 1.5 bar  

CsI calorimeter:  

CMD-3 detector : 

Anodes (joined in “towers”):  264 channels -  8  along  Z,  33   in  R-φ  plane. 
Conductive surfaces of anode electrodes are  divided into rectangular pads forming 
“towers” oriented to the interaction point.  Average  tower size 8 × 10 × 15 cm3.   
Provides energy deposition measurement 

The calorimeter consists of a set of ionization chambers with 7 cylindrical cathodes and  8 anodes divided  by a  10.2 mm gap.  
Cylinder radii are in a range ~ 370 – 510 мм. Cylinder height ~1 м. The electrodes are  made of 0.5–0:8 mm G-10 foiled with copper. 

One signal strip consists of four joined  2 mm width strips  : such semi-transparent electrode  structure provides charge induction on 
both sides of cathode electrode. That allows one to determine both coordinates of photon conversion point using the information from 
one gap only. 

Cryogenic system: 
1. Cryostat with liquid He for SC solenoid 
2. Xenon liquefier (cooled with liquid nitrogen)  
3. Oxisorb (not installed) 
4.  SC solenoid 
5. Calorimeter chamber 
6. Valve 
7. Xenon storage vessel 

9Anode channels  (energy measurement) :         Sensitivity                  ~  14 000 el/MeV  

                                                                              Noise                         ~ 3000 e  (0.22 МэВ) 

9Cathode channels (coordinate measurement) :  Average amplitude   ~  36 000 e 

                                                                              Noise                         ~  2000 e   

CsI Octant 

Single counter 

“The Image and 
Reality” 

Elementary 
ionization 
chamber 

Cathodes (strips) :  2112 channels  ~ 150 on each 
side of the cylinder. Strip width ~ 10-15 mm and 
depends upon cylinder radius.                                                          
Provides coordinate and dE/dX measurement.  

Calorimeter structure: 

 The main purpose of LXe calorimeter: 
• Measurement  of photon energy and conversion point  coordinates  with high  
  precision (~ 1.6 mm  for Eγ = 100 MeV) 
• Reconstruction  of charged particle  tracks and dE/dX measurements 
• Online luminosity monitor 
• Generation of the fast signals for the neutral trigger of  
  the CMD-3  detector 

Anode pad 

Cathode strips 

Anode pad 

10.2 mm 

• The CsI calorimeter complements the LXe calorimeter and 
  increases thickness of full  barrel calorimeter up to 13.5X0 
• Generation of the fast signals for the neutral trigger of the 
  CMD-3 detector 

 The main purpose of CsI calorimeter: 

Calorimeter structure: 

Main calorimeter parameters: 
• Solid angle:     ~ 0.7 × 4π 
• Thickness:       15 cm  : 8.1X0  
• Light output nonuniformitu:  < 10 % 
• Num. of electronics channels (counters):  1152 
• Total mass of the crystals: 2.8 tons 

Characteristic CsI(Tl) CsI(Na) 

Density, g/cm3  4.51 

Radiation length X0 , cm 1.86 

Nuc. Interaction length, cm  39.3 

Moliere radius, cm 3.57 

(dE/dX)min ,  MeV/cm 5.6 

Wavelength of max. emission, nm 560 420 

Decay time 1000 600 

Light yield, phot./MeV 45000 30000 

Hygroscopicity  weak 

Main parameters of scintillators Parameters LXe LKr LAr 

Z 54 36 18 

A 131 84 40 

Density, g/cm3 2.96 2.39 1.4 

Radiation length X0 , cm 2.8 4.60 13.5 

Nuc. Interaction length, cm 55 60 84 

Moliere radius, cm 5.7 6.7 10 

(dE/dX)min ,  MeV/cm 4.5 3.45 2.31 

W, eV/pare 15.6 18.5 24.4 

Operating temperature, K 170 120 87 

~ Price, $/liter STP (27.05.2009) 30         3 1.8 

Liquid Xenon main parameters in comparison 
with some other noble gases  

H
V 

H
V 

HV +1.1 kV 
Common 

wire 

Charge sensitive preamplifier 

Charge sensitive amplifier 
Shaper, τs = 4.5 µs 

Trigger cell combiner, τs = 0.16 µs 
 

Amplifier 
Shaper, τs = 0.4 µs 

 ADC 

ADC 

LXe “SA32” module 

Cathode strips 

Anode pad 

Anode pad 
CMD-3 DAQ 

“KLUKWA”  A32 module 

Amplitude  
Discriminator  

&  
Adder 

“ADAM” module 

fast 
link 

Cluster  
Finder 

“CF” module 

Trigger 
signal 

Trigger cell combiner, τs = 0.18 µs 
 

Amplifier 
Shaper, τs = 1 µs 

 ADC 

CsI “SA32” module 

Amplitude  
Discriminator  

&  
Adder 

“ADAM” module 

fast 
link 

BIAS  
+60 V Charge sensitive  

preamplifier 

PIN PD 
CsI  

LXe 

CsI Calorimeter electronics: LXe Calorimeter electronics: 

Charge sensitive preamplifier and 
PIN PD Hamamatsu S2744-8 

Tracks reconstruction in LXe calorimeter : 

Coordinate resolution for each LXe layer was 
calculated for cosmic muons. 

Cosmic muon in the  
CMD3 detector  

The reconstructed muon  
track in LXe calorimeter 

9 Average light output of counters:  
                     5000 CsI(Tl) ph.e/MeV 
                     2800 CsI(Na) ph.e/MeV 

9Noise:       d 0.5 MeV 

Induced charges  q1, q2 ,q3. 

q2 

q1 

q3 

cluster 

Charged track 

The coordinate system 
calibration is realized 
with cosmic muon tracks. 

The  light  is read out by Hamamatsu S2744-8 PIN 
photodiode. Contact area size: 10 × 20 mm2. The crystal 
is covered with porous mylar film 200 µm width, that’s 
provide high efficiency of light collection. 
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Measured invariant mass of π0 meson. Φ → π+π-π0 analysis. Barrrel calorimeter energy resolution for e+e- . Barrel calorimeter energy resolution for e+e- at     
1 GeV beam  energy. Simulation result: ~ 3.8 %. 

proton 

pBar 
«star» 

Secondary 
particles 

• Designed luminosity (at 2 GeV):   
        L | 1×1032 cm-2· s-1 
• C.M. Energy :   0.4 – 2 GeV 
•Time between collisions: 82 ns 
• Two detectors:  
       CMD3 (Cryogenic Magnetic Detector) 
       SND   (Spherical Neutral Detector) 
• Integrated luminosity (01.02.13): ~ 2 × 40 pb-1 

PP event display 

6 π charged event display 

Cosmic 

e� e� 

π� π � P P 

µ�µ� 

Total barrel energy VS average momentum. Collinear events in DC are selected 

The block diagram of the barrel calorimeter electronics 

The barrel calorimeter performance 

2014 JINST 9 C09019

Figure 1. CMD-3 detector: 1-Vacuum chamber, 2-VEPP-2000 Focusing Solenoids, 3-BGO Calorime-
ter, 4-Drift Chamber, 5-CsI Calorimeter, 6-TOF system, 7-LXe Calorimeter, 8-Z-Chamber, 9-SC Solenoid,
10-Muon system.

Figure 2. Anode pads of the LXe calorimeter.

Due to the applied electric field the electrons move towards the anode while the ions are almost
unmovable because their mobility is by 3 orders of magnitude lower. So the charge collection
rate (anode current) is proportional to the quantity of moving electrons, i.e. to the length of the
moving track. While moving, the track is continuously shortening (as it is shown in figure 3), thus
producing a pulse of decreasing current. Therefore, the typical signal of a tower is a current pulse
with sharp rise and approximately linear fall; the total duration of the pulse is equal to the charge
collection time. However, the amplitude and shape of tower signal in a particular event depends
on the energy deposition and ionization clusters pattern in the volume of the tower. So, the total
uncertainty of signal arrival time determination is caused not only by the amplitudes spread and
noise of the electronics, but also includes the contribution introduced by the difference of input
signals’ shapes.

– 2 –

LXe

CsI

VEPP-2000 e+e- collider in Novosibirsk
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CMD-3 LXe cont.

7 layers of anode/cathode
Maximum drift time : 4.5 μsec
Anode segments forms a tower for 

calorimetry
Average “tower” size : 

8.5×10×15 cm3

Cathode strips to measure position
“Semi-Transparent”  orthogonal 

electrodes structure for 
determining two coordinates.

Position resolution 1.6 mm @ 
100 MeV
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Figure 1. CMD-3 detector: 1-Vacuum chamber, 2-VEPP-2000 Focusing Solenoids, 3-BGO Calorime-
ter, 4-Drift Chamber, 5-CsI Calorimeter, 6-TOF system, 7-LXe Calorimeter, 8-Z-Chamber, 9-SC Solenoid,
10-Muon system.

Figure 2. Anode pads of the LXe calorimeter.

Due to the applied electric field the electrons move towards the anode while the ions are almost
unmovable because their mobility is by 3 orders of magnitude lower. So the charge collection
rate (anode current) is proportional to the quantity of moving electrons, i.e. to the length of the
moving track. While moving, the track is continuously shortening (as it is shown in figure 3), thus
producing a pulse of decreasing current. Therefore, the typical signal of a tower is a current pulse
with sharp rise and approximately linear fall; the total duration of the pulse is equal to the charge
collection time. However, the amplitude and shape of tower signal in a particular event depends
on the energy deposition and ionization clusters pattern in the volume of the tower. So, the total
uncertainty of signal arrival time determination is caused not only by the amplitudes spread and
noise of the electronics, but also includes the contribution introduced by the difference of input
signals’ shapes.

– 2 –
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Table 1. Liquid xenon parameters in comparison with other noble gases [11].

Parameters LXe LKr LAr
Z 54 36 18
A 131.29 83.8 39.95
Density, g/cm3 2.95 2.42 1.40
Radiation length X0, cm 2.87 4.7 14.0
Nuc. interaction length, cm 58.29 61.8 85.77
Moliere radius, cm 5.22 5.86 9.04
(dE/dX)min , MeV/cm 3.71 3.28 2.11
W, eV/pair [12] 15.6 20.5 23.6
Boiling point (1 atm), K 165.1 119.9 87.3
Melting point (1 atm), K 161.4 115.8 83.79

Figure 3. LXe calorimeter electrodes structure: (a) YZ-section of LXe calorimeter; (b) The fragment of the
elementary ionization chamber: two gaps in single tower; (c) The fragment of the cathode cylinder. Strips
on both sides are shown.

wire thereby forming “towers”, oriented to the interaction point (see figure 1). The azimuthal and
polar angular sizes of all towers (apart from endcap) are the same and equal to ⇠ 11�. The number
of towers along Z and in the r�j plane are 8 and 33, respectively. The average tower size (j,z,r)
is about 8.5⇥10⇥15 cm3 .

Cathodes (strips): 2112 channels that provide coordinate and dE/dX measurement. The
number of strips on each side of cylinder⇠ 150, the strip width is in range 10�15mm and increases
with cylinder radius. The strips on the opposite sides of the cylinder are mutually perpendicular,
moreover, one signal strip consists of four joined 2 mm width strips (see figure 3(c)). Such semi-
transparent orthogonal electrodes structure is designed to provide the charge induction on both
sides of cathode cylinder — that allows one to determine both coordinates of photon conversion
point using the information from one gap only.

– 3 –
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Figure 9. (a) Estimated j angular resolution for LXe for towers and strips clusters (comparison with drift
chamber for e+e� events). Beam energy = 900 MeV; (b) p0 mass spectrum from decay f ! p+p�p0.

7 Conclusion

The operating of the LXe calorimeter during experimental runs showed that its parameters are close
to the design values. The procedure of the LXe dE/dX analysis is in progress now. At present
time the VEPP-2000 collider upgrade is in progress. That will provide the ultimate luminosity
of 1032cm�2s�1. As a part of the upgrade, the digitization electronics for strip channels of the
calorimeter being replaced in order to increase its reliability and reduce the dead time at high
luminosity.
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MEG calorimeter

The largest (900 litters) LXe detector

846 VUV sensitive PMTs directly detect scintillation photons (Q.E × C.E. 
~ 16% for 178 nm photons)

Excellent energy, position and time resolutions

Pileup-identification capable with using waveform and charge 
distribution 28

2” PMT (Hamamatsu R9869)
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Calorimeter performance limitations

29

Energy resolution [%] 2.4 / 1.7

Position resolution [mm] 5

Time resolution [ps] 67

Efficiency 64.7
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deep events 
(d > 2cm)shallow events

Energy loss before LXe

Energy leaks from LXe

Energy spectrum for 55 MeV γ

Resolution of shallow events (~40%) is worse 
because of large position dependence of 
photon-collection efficiency. 

Lower energy tail due to energy loss of γ rays 
before entering LXe, and energy leaks from the 
inner or lateral faces. 
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Calorimeter upgrade concept

30

Present Upgraded

computer graphics

12×12 mm2 SiPM
~ 4000 ch

2 inch PMT
216 ch



Ryu Sawada                  CPAD workshop, Oct, 5–7, 2015 - University of Texas at Arlington

Event display

16 times higher 2D “imaging” capability of events
More uniform energy respose
Better position resolution with using the shower-shape information
Pileup identification
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Performance
• Improvements 

• Better imaging power 

• Energy resolution 
<1% (2-3%) 

• Position resolution 
~2mm (5-6mm) 

• Detection efficiency  
9% improvement 

• Simulation study by S. 
Ogawa (27aSN-10)
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MEG II calorimeter expected resolutions
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MC position resolution
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VUV-sensitive SiPM

Sensitive to LXe scintillation light, λ~178 nm

No protection layer, thinner insensitive layer

Optimized optical property of the surface

Large sensitive area, 12×12 mm2

50 μm pixel pitch : 55.7k pixels in each package

Metal quench resister suitable for the low temperature use

Four segments in each package

Possible to read each segment separately or to connect them 
outside of the package

Thin quartz window for protection

Open space between the window and SiPMs to allow LXe 
enter the space

33

We developed VUV-sensitive MPPC with Hamamatsu

Ceramic Quartz window (~0.5 mm)

SiPM12 mm

15 mm

0.5, 1 or 1.5 mm gap

2.5 mm

2” LXe PMT

VUV MPPC 
(12×12 mm2)

Normal MPPC (3×3 mm2)

model : S10943-4186(X)
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4-segment series connection

in LXe 
2.5 V overvoltage 
4 segments connected in series 
12×12 mm2 sensitive area 
with ×60 amplifier

VUV-sensitive SiPM Performance
Good gain uniformity

Single photo-electron peak is visible.
VUV sensitivity confirmed
Dark noise is suppressed in LXe temperature
Crosstalk/afterpulse suppression technologies
Long waveform due to large sensor-capacitance can be 
an issue for high-rate measurement (time resolution, 
pileups).

Solved by connecting 4 segments in series (instead of 
parallel) for smaller combined capacitance.

34

Gain 8 × 10

PDE @ 178nm 17—27%

Dark rate ~ 500 Hz

Crosstalk 15%

Afterpulse 10%

Signal decay time 38 ns

in LXe (~160 K) 
with 6.5 V overvoltage 
when connected 4 segments in series 
12×12 mm2 sensitive area

5

0 p.e.

1 p.e.

2 p.e.
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VUV SiPM other applications
SiPM has many advantages over PMT

Good single p.e. resolution
Small sensor thickness

Flexibility of the detector design
Simple sensor structure
Lower bias voltage
Insensitive to E and B field

Many other experiments are testing this 
model.

nEXO (LXe)
XENON (LXe)
mu2e (BaF2, 200nm)
ANKOK (LAr, 128nm, PDE~7%)

35

VUV SiPM
• Silicon photomultiplier (SiPM)  

• already used in many other experiments 

• commercial ones were not sensitive to VUV light. 

• HPK and MEG developed VUV sensitive MPPC 
(S10943-4186(X)) 

• Large area MPPC (12x12mm
2
) is realized with four series 

connection on PCB. 

• 4092 MPPCs will be used in the front face of the MEG II 
LXe detector (K. Ieki, 27aSN-9) 

• Other experiments are also testing this model 

• EXO, XENON, mu2e (BaF2, 200nm), … 

• Application also for LAr scintillation light(128nm) 
detection (ANKOK).  
arXiv:1505.00091v1[physics.ins-det]. 

• Promising device for many applications
8
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• 4092 MPPCs will be used in the front face of the MEG II 
LXe detector (K. Ieki, 27aSN-9) 
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• EXO, XENON, mu2e (BaF2, 200nm), … 

• Application also for LAr scintillation light(128nm) 
detection (ANKOK).  
arXiv:1505.00091v1[physics.ins-det]. 

• Promising device for many applications
8

arXiv:1505.00091v1 [physics.ins-det]

VCI2013, K.Sato
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What would limit resolutions in MEG II
 We can observe the projected shower shape

The conversion point is reconstructed from the projected image.
Energy (photon-collection efficiency) is corrected by the single reconstructed 

position
We can not observe 3D shape of the shower.

Resolutions would be limited by the shower-shape fluctuation

36

Energy deposit in MEG LXe (MC)
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FOXFIRE
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Feasibility Of liquid Xenon detector with 
Frontend for Ionization Real-time Extraction

The FOXFIRE liquid xenon R&D project 
A. M. Baldini (1), C. Cerri (1), S. Dussoni (1), M. Grassi (1), A. Papa (2), F. Tenchini (1), G. Signorelli (1) 

(1)  INFN Sezione di Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy 

(2)  Paul Scherrer Institut (PSI) CH-5232 Villigen, Switzerland 

Liquid xenon (LXe), presents a unique set of  
characteristics (high density and stopping power, 
high light yield, relatively high boiling temperature) 
which makes it an ideal choice as detector active 
material [1]. 

SUMMARY: The FOXFIRE project (Feasibility Of  liquid Xenon detector with Frontend for Ionization Real-time Extraction) aims at studying and 
developing techniques for the detection of  rare processes in elementary particle physics by means of  condensed noble gases detectors. 
Particles in noble liquids release energy in both scintillation light and electron-ion pair formation. The combined usage of  this information is 
being exploited by many research groups. We are studying the extension of  these techniques towards high-rate, high-energy (tens of  MeV) 
environments with particular emphasis on real-time event reconstruction.  

Project time profile 
 
2011  Founding granted. Started R&D, material 
procurement. Laboratory set-up. 

2012  R&D on photo detectors, front-end 
electronics and read-out electronics. Definition of  
detector geometry.  
 
2013 Construction of  full-scale prototype (10 litre 
LXe). Implementation of  online reconstruction 
algorithms. 
 
2014 Prototype ready for test-beam with photons in 
multi MeV range. 

Photodetectors 
 
Various photo-detector candidates are presently 
under test for the final prototype. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Online Event reconstruction 
 
Both light and charge information will be sampled 
by custom VME 100 MHz waveform digitizers 
evolved from those used in the MEG experiment 
trigger system (type 3 boards) [5]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Provide complete trigger and read-out capabilities. 
Customizable design of  input stage and firmware: 
•  Adapt front-end stage to read charge signal 
•  Flexible memory depth from 1 to 50 µs together 

with the downscale of  the 100 MHz sampling in 
a 1-to-10 ratio can accommodate both light and 
charge information  

•  The presence of  the FPGA on the board allows 
for online complex selection algorithms and 
event reconstruction (energy, time, position) 

References: 
 
[1] E. Aprile and T. Doke, Rev. Mod. Phys. 82 (2010) 2053 
[2] S. Mihara, J. Phys: Conf. Ser., 308 (2011) 012009 
[3] G. Carugno, et al., Nucl. Instr. Meth. A 376 (1996) 149 
[4] E. Aprile,  et al., Nucl. Instr. Meth. A 412 (1998) 425 
[5] L. Galli, IEEE Nucl. Sci. Symp. NSS2009 (2009) 205 

Contacts: Giovanni.Signorelli@pi.infn.it 
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E E 

Mesh cathode X–sense Y–anode Grids 

~ 1 X0 

Deep event: known to have good 
energy/time/position resolution  

Shallow event: need a better 
knowledge of  conversion point to 
improve position/time/energy 
information 

Large LXe homogeneous scintillation detectors, 
such as the one of  the MEG experiment, can detect 
photons of  several tens of  MeV with superior 
energy, position and timing resolution [2]. 

When the photon conversion is very close to the 
entrance face the resolutions are degraded because 
of  spatial non-uniformities. Usage of  smaller photo-
sensors partially improves the performance (see 
figure). 

Collection of  ionization electrons was used in the 
past in large volumes for energy or position 
reconstruction [3,4]. Such large drift volume 
detectors are too slow for high rate applications 
required in high energy physics  experiments. 

LXe radiation length X0 is short enough that ~65% 
of  50 MeV photons convert in the first 3 cm. 

Instrumenting the first X0 with a segmented TPC 
allows for: 

•  Relatively fast collection of  charge (< 5 µs) 

•  3D reconstruction of  photon conversion  

•  Precise knowledge of  photon conversion position 

•  Better timing of  the photon 

•  Less position-dependent energy estimate 

An online association and processing of  light and 
charge signals is necessary to reject pile-up in high 
rate environments. 

Energy release in Xe 
 
“High” energy photons interact in LXe producing 
– prompt scintillation light  
    - VUV (178 nm peak) 
    -measured with light detectors 
– ionization 
    -drift under applied electric field 
    -sub millimeter 3D position resolution 

Liquid Xenon Properties 
 
Atomic Number Z  54 
Mean Atomic Weight  131.3 
Density  3 g/cm3 
Boiling point  165 K 
Ionization potential  12.13 eV 
Light yield  40 000 phe/MeV 
Radiation length X0  2.87 cm 
Electron drift velocity  3-105 cm/s (2 kV/cm) 
 

Photodetectors for “Energy” 
reconstruction 

Photodetectors for “Position” 
reconstruction and “Trigger” 

Prototype detector 
 

A UHV cold chamber containing 2 litre liquid Xe 
prototype detector is being instrumented: 
•  Gas Xe is purified with circulation through a 

molecular sieve + heated getter 
•  XY charge readout from 32 + 32 sense wires 
•  Light read-out and trigger provided by 4 

Hamamatsu R8520–406  
•  Adapted bleeder circuit from MEG R9869 12 

stage PMTs: single PMT prototype successfully 
tested  

 

•  Designed the 2x2 PMT support and the wire 
support (made in CIRLEX™) 

50 MeV photons in liquid xenon 
simulated with GEANT 3.21 

Front-end electronics 
 

To minimize noise the front-end pre-amplifiers can 
be placed directly in the liquid at 165K. 

Preliminary tests on a custom made trans-
impedance discrete components amplifier showed a 
good behavior at liquid xenon temperature. 

Futher optimization of  single channel heat load 
(presently 50 mW per channel) 

 

 

 

 

 

 

Example of  LXe 
scintillation waveform 
read by “MEG-type3” 
board 

Custom input stage FADCs 

32 channels 
differential 
input 

Xilinx Virtex II 
PRO FPGA 

Multi-board 
sync & clock 

Hamamatsu R9869 2” 
presently used in the MEG 
experiment (real scale)  

Hamamatsu R8520-406 
1” square PMT 

Hamamatsu large VUV 
sensitive APD’s 1cm x 
1cm (S8664-1010VUV) 

Possible usage of  SiPM 
for detecting LXe VUV 
scintillation light with 
higher granularity.
(AdvanSiD 1mm x 1mm, 
400 pixel, 50µm) 

95 mm    

Energy resolution in the MEG photon 
detector for deep (conversion > 2 cm) 
and shallow (conversion < 2 cm) 
events. The right-tail sigma is 1.6% in 
the former case, 2.5% in the latter (at 
52.8 MeV) 

10 mm  10 mm  

E E 

2+2 mm  

Photon entrance 
direction 

Position resolution depends both on 
photo-detector size and on conversion 
depth 

FDFP             FRONTIER DETECTORS FOR FRONTIER PHYSICS, La Biodola, Isola d’Elba, Italy, May 20–26 2012 

Base Prototype 

2x2 PMTs holder 

Grid & wires 
(not shown) 

Active 
Volume 

Response to 
Test Pulse 

Photodetectors for “position”
reconstruction and “Trigger”

readout electronics capable of online multi-hit processing, result-
ing in a higher precision 3D event reconstruction. The aim of the
FOXFIRE project is to study a hybrid TPC-scintillation detector
based on these principles.

2. Detector development

The final detector is conceived as a small volume of few liters of
Liquid Xenon; in order to study the response of the device to
impinging particles two opposite faces will be instrumented with
1 in. square PMTs, sensitive to VUV photons, while part of the
inner region (fiducial volume) will be equipped with charge-
readout device, acting as a Liquid Xenon TPC for 3D event
reconstruction. The preferred solution will have two staggered
planes with XY segmentation to perform a 2D reconstruction of
event topology, the third coordinate being estimated using the
drift time information.

A smaller prototype (∼0:5 ℓ of LXe) is currently used for
preliminary studies on event reconstruction and readout architec-
ture: it consists of a sensitive plane instrumented with a 2!2
array of 1 in. square PMTs, facing a small drift volume defined
within a couple of grid planes (cathode and drift planes) with a
variable gap in 4 mm steps using Delrin spacers. At the opposite
end of this gap a small multiplication region is defined between
the drift grid and an anode plane by a 1 mm Teflon spacer. This
structure is replicated in a symmetrical chamber viewed by a
round 2 in. PMT (see Fig. 1). Studies with this configuration can be
performed either with gas or Liquid Xenon, taking advantage of
both cosmic rays and internal and external calibration sources (e.g.

α's and x-rays from 241Am, with the possibility to look for
coincidences in two distinct volumes).

This configuration allows to quickly open the vessel and modify
the field setup for different tests and to operate the detector at
temperatures ranging from environment (Gas phase) to LXe
temperature, by using a liquid-free cryocooler with 40 W heat
capacity, which is sufficient for our purposes. In order to reach the
purity level needed to observe the drift charge on the small scales
of our device (a few cm of drift path), a purification of Xe by means
of gas phase circulation through a molecular sieve and a heated
getter is implemented.

An additional small copper chamber containing a few cm3 of Xe
(liquid or gas) is available in order to make precise measurements
of relevant parameters for small-sized optical transducers like
SiPMs and APDs in order to provide all informations needed for
the best choice of active elements.

3. Signal generation and readout

The signal readout proceeds through two parallel chains, one
dedicated to the scintillation light extraction and the other for
charge readout.

The scintillation signals are to be detected with fast transducers
in order to preserve the useful time information especially in a
crowded environment such as in Ref. [5] where the time resolu-
tion is of paramount importance. Various photo-detector candi-
dates are presently being evaluated for our final prototype. In
particular we are considering MEG-like 2 in. round Hamamatsu
R9869 VUV sensitive photo-multiplier tubes (PMTs), 1 in. square
Hamamatsu R8520-406 PMTs, large area (1 cm!1 cm) VUV-
sensitive avalanche photo-diodes (APDs) from Hamamatsu
(S8664-1010VUV), and small area (1 mm!1 mm to
4 mm!4 mm) silicon photo-multipliers (SiPM) from AdvanSiD.
For the SIPMs and APDs the usage of a dedicated electronics for
signal conditioning is envisaged, and several configurations of
low-consumption, fast and low jitter preamplifier are being
studied.

The detection of scintillation light can be exploited to obtain
both a fast signal for preliminary reconstruction (trigger) and a
more refined offline event reconstruction, for both energy

Table 1
Main characteristics of Liquid Xenon as a detector
material.

Atomic number, Z 54
Density 3 g/cm3

Boiling point 165 K
Light yield 40 000 phe/MeV
Radiation length, X0 2.87 cm
Electron drift velocity 3!105 cm/s (2 kV/cm)

Fig. 1. Left: Sketch of a hybrid scintillation-TPC prototype; right: a picture of the assembled device.

S. Dussoni et al. / Nuclear Instruments and Methods in Physics Research A 732 (2013) 225–228226

Prototype

This project aim also neutrino-less double beta searches

This project aims at developing techniques, where the ionization and scintillation 
signals are both used, towards high-rate, high-energy (tens of MeV) environment.

For using the detector in high-rate environment, the TPC is put at the first 3 cm ~ χ0, where 
~65% of gammas convert.

Fast collection of charge 
(<5 μs)

Precise 3D reconstruction 
of photon conversion point

Better timing of the photon

Less position-dependent 
energy estimate
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Totally active calorimeter
By reading both the ionization and 
scintillation signals, excellent 
resolutions were expected,

energy : 1%/√E 
direction : 1mrad
vertex origin : 1mm

Consists of many drift cells (30×30×56 
mm → drift distance < 15mm)

(x, y) position reconstruction with the 
charge-division (y) and drift time (x).

The slow drift velocity (3 mm/μs in pure 
xenon) can be improved to 20mm/μs by 
adding 3% methane.
A tower consists of 14 cells and a 
photo-sensor is equipped.
The final detector would have 60 tons of 
xenon or 110 tons of krypton.
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Fig. 2.1. a) A perspective view of the calorimeter cell. Its length along the wire direction is 56 mm and its 
transverse size is 30 mm. b) A top view of the tower with 14 drift cells, wires, readout posts, Frisch grids and 
photosensor (hatched). 

L IOUIO XENON ELECTROM"'GNETIC C"'LORIMETER ( L ...... PROJECT ) 

Fig. 2.2. A perspective view of the prototype calorimeter with its towers, readout columns, Frisch grids and 
the collection wire planes. The cooling tube structure was for cryopumping TMAE but is now suppressed. 

11 

In 90’s, there was an idea of LXe or LKr calorimeter for Higgs searches.

A photo-sensor equipped at the end of each tower.

J.Seruinot, T.Ypsilantis et al.
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Totally active calorimeter
By reading both the ionization and 
scintillation signals, excellent 
resolutions were expected,

energy : 1%/√E 
direction : 1mr
vertex origin : 1mm

Consists of many drift cells (30×30×56 
mm → drift distance < 15mm)

Position reconstruction with the 
charge-division and drift time.

The slow drift velocity (3 mm/μs in pure 
xenon) can be improved to 20mm/μs by 
adding 3% methane.
A tower consists of 14 cells and a 
photo-sensor is equipped.
The final detector would have 60 tons of 
xenon or 110 tons of krypton.
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Fig. 2.2. A perspective view of the prototype calorimeter with its towers, readout columns, Frisch grids and 
the collection wire planes. The cooling tube structure was for cryopumping TMAE but is now suppressed. 

11 

In 90’s, there was a study for developing LXe or LKr calorimeter for Higgs searches.

A photo-sensor equipped at the end of each tower.

J.Seruinot, T.Ypsilantis et al.

Segmented noble liquid detector with charge/light 
signals (with short drift distance) can be the future 
calorimeter technology for high-rate experiments, for 
example for μ→eγ searches,

Advanced technologies available today

There are many studies for noble liquid TPC (neutrino, 
dark matter, 0γ ββ, medical applications…)

VUV sensitive photon sensors.
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Conclusions

LAr continue to play a major roll for the hadron collider experiments 
because of the radiation tolerance.

LKr and LXe detectors are used kaon, muon and middle-size collider 
experiments because of their high resolutions.

Technologies for the future calorimeters

Newly developed VUV-sensitive SiPM will be used in MEG II and 
many other experiments.

Simultaneous usage of scintillation and ionization signals 
(segmented TPC) is an interesting technology for future calorimeters.

40
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Noble liquids

41

Element Density Boiling 
point

Electron 
yield

(e-/keV)

Photon 
yield

(photon/
keV)

Scintillation 
wavelength 

(nm)

Radiation 
length (cm) Radioactive

Price
2004

US$/m3

He 0.13 4.2 39 22 80 756 0 22—45

Ne 1.2 27.1 46 32 78 24 0 60—120

Ar 1.4 87.3 42 40 128 13.5 1 Bq/kg 2.7—8.5

Kr 2.4 119.9 49 25 148 4.6 1 MBq/kg 400—
500

Xe 3.1 165.0 64 42 178 2.8 < 10μq/kg 4000—
5000

numbers mostly taken from “Particle Detection with Liquid 
Nobles“ by James Nikkel
prices from Shuen-Chen Hwang, Robert D. Lein, Daniel A. 
Morgan (2005). "Noble Gases". Kirk Othmer Encyclopedia of 
Chemical Technology. Wiley. pp. 343–383.
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SiPM connections
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Parallel connection Series connection
bias ~65 V bias ~260 V

signal outsignal out

• Equivalent to a single large SiPM 
• Common bias voltage (~65 V) 
• Large capacitance →Long waveform

• High bias voltage (~260 V) 
• Different electric potential → possibility of discharge 
• Same over-voltage automatically 
• Small capacitance →Short waveform

全部並列

4分割
2分割

Series (λ~30ns)

Parallel (λ~200ns)

Mixed (λ~50ns)

SeriesParallel Mixed

SiPM 
segment

☹
☹

Prototype for the spacer 
bw/ MPPC and PCB

12

• Any space between MPPC 
and Cryostat wall cause 
detection inefficiency 

• Need to fill the gap with 
light material

MPPC Support structure
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“Hybrid” connection
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bias ~65 V
signal out

c

c

c

2R
R

R

R
2R

R

Fast pulse (signal)
Constant voltage (ground, bias)

• Same potential on the surface of SiPMs 
• Small capacitance →Short waveform 
• Common bias voltage (~65 V)

C ~10nF 
R ~10kΩ

Parallel connection Series connection

“Hybrid” connection

SiPM 
segment


