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A B S T R A C T

We report the studies and optimization of scintillation light measurements in an updated version of the XEMIS1
prototype for the development of the XEMIS2 camera. A novel monolithic liquid xenon Compton camera,
named XEMIS2 (XEnon Medical Imaging System), attempts to achieve low-activity small-animal imaging using
the 3-gamma imaging technique. This emerging detector relies on the time projection chamber technique: it
will be able to perform a simultaneous detection of the three 𝛾-rays emitted by a specific radionuclide, such
as scandium-44, and to produce a good quality image with a remarkable diminution of radiopharmaceutical
activity at the same time. Vacuum Ultraviolet (VUV) scintillation light and ionization charge carriers generated
from the recoiling particles within the detector are detected and used to reconstruct the interaction position
and deposited energy. A cost-effective self-triggering scintillation signal read-out and data acquisition (DAQ)
system has been developed to achieve a continuous data read-out with negligible electronics dead time. The
DAQ prototype has been installed and qualified in an updated version of the XEMIS1 detector. It reaches
the performance specifications in scintillation light measurements. Moreover, scintillation signals can also be
used for the virtual segmentation of the monolithic detection volume through the matching algorithm of the
scintillation and ionization signals based on the Light Collection Map (LCM). This spatial pre-localization of the
physical events, called the virtual fiducialization of the active volume, is used to lower the detector occupancy
rate when the administered activity is increased to lessen the examination time. The XEMIS1 experimental
LCMs indicate that each PMT owns an individual field of view so as to segment the active volume virtually.
The preparation work for the XEMIS2 camera operation has been completed in the updated XEMIS1 detector
while the XEMIS2 scintillation light measurement system is under commissioning in Nantes Centre Hospitalier
Universitaire.
. Introduction

Nuclear medical imaging involves the imaging of radiation emit-
ed by radiopharmaceuticals administered for diagnostic, therapeutic,
r research purposes. In the last decades, nuclear medical imaging
as brought remarkable enhancement in tumor diagnosis, therapeutic
onitoring, and pharmacological development. Three crucial indica-

ors to lead the later advance in nuclear medicine imaging are: the
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personalized medicine with more targeted and effective treatments, the
reduction of the examination time, and the diminution of the radiophar-
maceutical dose, especially for vulnerable patients (e.g., children and
pregnant women).

In oncology diagnosis, the 3-gamma imaging developed at the
SUBATECH laboratory is an emerging low-activity functional imaging
modality that maintains an acceptable image quality with a remarkable
diminution of radiotracer activity in comparison with the conventional
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medical imaging techniques [1]. This imaging modality encompasses
a kernel notion: the employment of a large Field Of View (FOV)
cylindrical Liquid Xenon (LXe) Compton camera to directly reconstruct
the three-dimensional (3D) distribution of the radiotracer, labeled
with a (𝛽+, 𝛾) radionuclide, for example, the scandium-44 (44Sc) at a
comparatively low count rate. The novel radiolabeled compounds using
DOTAT-peptides labeled with 44Sc are under research at SUBATECH
laboratory, ARRONAX GIP, CRCI2NA, and Nantes Centre Hospitalier
Universitaire (CHU) [2].

The labeled radionuclide (e.g., 44Sc) emits a positron and a third
photon almost at the same instant. The annihilation of the positron with
an electron produces two back-to-back 511 keV photons, which will be
simultaneously detected in the active region of a highly sensitive Comp-
ton camera, and then form a Line Of Response (LOR) as in the common
Positron Emission Tomography (PET) imaging system. The interaction
of the third photon, with an energy of 1.157 MeV, in the Compton
camera leads to the reconstruction of a Compton cone with aperture
angle 𝜃 and axis 𝛥 through the kinematics of the Compton scattering
process. The 3-gamma event can then be directly reconstructed by
intersecting the LOR and the Compton cone in the FOV of the camera.

Intending to exploit the experimental feasibility of the 3-gamma
imaging modality, the associated camera needs to fulfill some re-
quirements. The reconstruction of the Compton scattering sequence
necessitates a good energy resolution and a high spatial resolution of
the detector. The distinction between the Compton multi-scattering and
the photoelectric single-scattering requires a high detection sensitivity
and efficiency of the camera. Besides, the associated detector needs
to be capable of measuring the energy, position, and arrival time of
the 𝛾-rays with energy around 1 MeV, which can undergo a single or
multiple Compton scattering followed by a photoelectric interaction.
The LXe Time Projection Chamber (LXeTPC) technique is an appro-
priate prospect to fulfill the above requirements, which allows for the
construction of the specially developed large FOV Compton camera
without parallax effect for nuclear medical imaging applications.

Intending to demonstrate the feasibility of low-activity 3-gamma
imaging using the LXeTPC technique, we propose and implement an
emerging R&D project named XEMIS (XEnon Medical Imaging Sys-
tem), based on a LXe Compton camera technology. The 3-gamma
imaging combined with the LXeTPC technology is capable of recon-
structing, event-by-event, the position of the (𝛽+, 𝛾) emitter from
each LOR-cone intersection. Compared with the classical PET recon-
struction algorithms, the 3-gamma imaging reconstruction algorithm
using the cone-LOR intersection criterion constricts the location of the
annihilation point on the LOR [3]. The average 33-mm uncertainty
along the LOR obtained from a preliminary full GATE/Geant4 simula-
tion represents a significantly higher resolution than conventional PET
imaging [3].

The first small-scale prototype, named XEMIS1, has been carried
out and presented promising performances of LXeTPC with a sub-
millimeter spatial resolution and an energy resolution of 9% (FWHM)
for 511 keV photons under an electric field of 1 kV/cm [4,5]. The
second larger dimension prototype, named XEMIS2, is a cylindrical
monolithic LXe Compton camera oriented to the 3-gamma small-animal
imaging. The long-term objective of the XEMIS project attempts to
achieve whole-body imaging or hadrontherapy monitoring for the hu-
man body using a sizeable axial FOV LXe Compton camera called
XEMIS-HD, which is presently under design.

2. XEMIS2 camera

The XEMIS2 detector (enclosed in an elevated low-pressure cryo-
stat) is a monolithic 24 cm axial FOV LXe Compton camera carrying
around 200 kg LXe with an ultra-high purity level. The camera contains
two identical cylindrical LXeTPCs using a shared central cathode. The
detection volume of each single-phase LXeTPC is 12 cm of drift length,

7 cm and 19 cm of inner and outer radius respectively. The LXeTPC

2

Fig. 1. Longitudinal view of the mechanical design of the XEMIS2 camera.

has a homogeneous active zone with high position sensitivity, which
allows for the enhancement of the detection efficiency for the Compton
multi-scattering events. Besides, the large axial FOV detector geometry,
with a geometrical acceptance for small animals larger than 50% (up
to 75% at the center of the FOV), promotes the coincident three 𝛾-
ays detection. The longitudinal view of the mechanical design of the
EMIS2 camera is illustrated in Fig. 1.

Vacuum Ultraviolet (VUV) scintillation light and ionization charge
arriers generated from the recoiling particles are measured. The scin-
illation photons are collected by the VUV-sensitive photomultiplier
ube (PMT), while the charge carriers created from the ionizing ra-
iations are drifted by a uniform electric field of 2 kV/cm and then
ollected by two symmetrical pixelated anodes situated at both ends,
hielded by the Frisch grids. This drift field is produced by the high
oltage of the cathode, and the decreasing voltage of the internal and
xternal field rings setted up to the ground on the anode. Each anode
mploys nearly 10 000 pixels with dimensions of 3.1 × 3.1 mm2. The
nduced current signals are then read out and processed by the ultra-
ow noise electronics with the lowest self-triggering charge threshold
evel to extract the arrival time of the ionization signal on the anode,
ransverse (X, Y) coordinates, and deposited energy per interaction
oint (or interaction vertex) [6,7]. The longitudinal position along the
rift direction (Z coordinate) can be deduced from the electron drift
ime, that is the delay time between the scintillation signal and ioniza-
ion signal. The 𝛾-ray identification is possible by using the deposited
nergy and the spatial position per interaction vertex.

With the aim of securely managing almost 200 kg of LXe in a
ospital center and keeping the operating conditions inside the XEMIS2
etector cryostat (168 K at 1.2 bar of absolute pressure and ultra-low
mpurity level below 1 ppb O2 equivalent) during long periods of data
cquisition, a dedicated closed-loop cryogenic infrastructure, including
he high-pressure resistant Recovery Storage system of Xenon (noted
s ReStoX) and the xenon purification and recirculation subsystems
quipped with the rare-gas purifier getters, are united into the XEMIS2
amera. The complete facility of the XEMIS2 system is illustrated in
ig. 2.

In case of a critical situation (e.g., the loss of cold resources resulting
rom power supply failure or the detector damage due to the sudden
ise of the detector pressure), the total LXe stored in the XEMIS2 detec-
or cryostat can be automatically transferred to the ReStoX tank within
0 min at a mass flow rate of about 1 ton/h using a gravity-assisted
ethod without human intervention [8,9].

. Scintillation light measurement

The difficulty in measuring the scintillation light in XEMIS2 is the
easurement of the few scintillation VUV photons generated in the LX-

TPCs. As a result of applying a high-intensity electric field of 2 kV/cm,
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Fig. 2. Overview of the XEMIS2 facility in Nantes Centre Hospitalier Universitaire
CHU).

o reduce the electron–ion recombination process and to promote the
onization charge collection for 𝛾-rays with energy greater than 100
eV, the scintillation light yield lessens to less than 50% compared to
he zero electric field situation [10] (about 46 300 photons/MeV for

MeV relativistic electron) because the electron–ion recombination
rocess is suppressed by the high-intensity electric field. As the XEMIS2
amera is a monolithic LXe-based detector, the VUV scintillation light
t 178 nm wavelength is emitted isotropically in 4𝜋 solid angle cover-
ge and then propagates in LXe. Through light reflection or diffusion,
ome detector components, such as the field rings situated around the
ctive volume, may block the scintillation light propagation to the
MTs. Even though the XEMIS2 camera does not attempt to operate as
LXe-based scintillation electromagnetic calorimeter, the scintillation

ight collection has been optimized without influencing the ionization
harge collection to extract the time information of the 3-gamma event.
o achieve a small-animal 3-gamma imaging with 20 kBq activity in
0 min, the active zone is peripherally equipped with 64 VUV-sensitive
MTs immersed in the LXe to detect the emitted VUV photons.

The primary use of the scintillation light in XEMIS2 is to provide the
-ray interaction time for drift distance calculation. When an electric
ield of 2 kV/cm is applied in the LXeTPC, the scintillation light is
mitted from the decay of a singlet excited state (3%), the decay of a
riplet excited state (60%), and the electron–ion recombination process
37%), with decay times of 2.2 ns [11], 27 ns [11], and 45 ns [12]
espectively, thus the scintillation light produced by LXe is appro-
riate for timing applications. Besides, the intrinsic contribution of
cintillation light production in LXe for time measurement is associated
ith the scintillation mechanism in LXe. The intrinsic time resolution

mproves with the number of detected photoelectrons (p.e.s). For one
hotoelectron (p.e.) detection, the intrinsic time resolution of LXe is
bout 36 ns. In contrast, the intrinsic time resolution is around 360 ps
hen 10 000 p.e.s are detected. For a few p.e.s collection, namely an
verage of 2 p.e.s per PMT in XEMIS2 for one disintegration of 44Sc,
ith two emitted 𝛾-rays of 511 keV and a third 𝛾-ray of 1157 keV,

according to the simulations, the intrinsic time resolution of LXe is
expected to be the dominant contribution to the time resolution of the
scintillation light measurement of each PMT.

Moreover, the scintillation signals can be used for the virtual seg-
mentation of the active zone through the matching algorithm of the
scintillation and ionization signals based on the light collection map.
When enlarging the administered activity to shorten the examination
time, with complete coverage of 368 PMTs, the spatial pre-localization
of the physical events is used for lowering the LXeTPC occupancy rate
as a result of the non-negligible drift time of the ionization charge up
to 52 μs.

A modified geometric configuration operating under an electric field
of 2 kV/cm, according to the XEMIS2 design, was used in the XEMIS1
3

detector to validate the geometry of the field rings configuration and
the PMT light collection in XEMIS2. The updated version of the XEMIS1
detector has an active volume of 2.5 cm × 2.5 cm × 6.51 cm.

3.1. Scintillation signal read-out and data acquisition system

A cost-effective high-rate self-triggering scintillation signal read-out
and data acquisition (DAQ) system has been developed, as well as the
ionization signal high capability DAQ system, to archive a continuous
data read-out with negligible electronics dead time [13]. These two
independent DAQ systems are synchronized. The light measurement
system is dedicated to extracting the 𝛾-ray interaction time and the
approximate number of detected p.e.s from the scintillation signals,
which contains three functional units: the Hamamatsu R7600-06MOD-
ASSY PMT dedicated for VUV scintillation light detection in LXe [13],
the self-developed scintillation signal front-end read-out electronics
noted as XSRETOT (XEMIS Scintillation Read-out for Extraction of
Time Over Threshold), and the XEMIS Data Concentrator (XDC). The
XSRETOT Printed Circuit Board (PCB) contains 16-channel electronic
circuits to carry out the signal self-triggering function with a single p.e.
sensibility threshold. Each circuit is equipped with a sixth-order low-
pass RLC Pulse-Shaping Amplifier (PSA) to integrate shape and amplify
the analog pulses delivered by the PMT and a Leading Edge Timing
Discrimination (LETD) module. Each PMT channel is self-triggered
through the LETD module with a given threshold voltage applied to the
shaped pulse. The scintillation signal DAQ system is triggered when the
amplitude of the analog pulses, delivered by the PSA, is greater than
the applied threshold so the analog shaped pulse can be converted into
the Time Over Threshold (TOT) signal by the discriminator. Finally, the
corresponding digital data of the affected PMT address, leading edge
and trailing edge of the over-threshold shaped pulse from each channel
are read out by the Field-Programmable Gate Array (FPGA) of the XDC
via the high-speed LVDS (Low Voltage Differential Signaling) cable to
accomplish the preliminary online data processing.

For the scintillation signal timing measurement, an optimized LETD
method [14] with time walk correction is used to extract the 𝛾-ray
nteraction time during offline data processing. Besides, since the pre-
ise deposited energy is not extracted from the scintillation signals, the
pproximate number of p.e.s collected by the PMT is given by the TOT
echnique, which also satisfies the low-cost requirement.

During the offline data processing, the over-threshold shaped scin-
illation signals from all the PMT channels are sorted by corrected times
n chronological order. The signals from the same 𝛾-ray interaction are
ggregated in the same cluster with a time window of clusterization of
bout 100 ns. In the case that a 𝛾-ray undergoes a single or multiple
ompton scattering followed by a photoelectric interaction, an overall
-ray interaction time can be measured for these interaction vertexes.
or 3-gamma emission, even if two 𝛾-rays from the same disintegration

interact with LXe outside the FOV of the PMTs, their interaction time
can be directly given by the interaction time of the remaining 𝛾-ray
detected by any PMTs located in any of the TPCs.

The scintillation and the ionization signal clusters are matched
during the offline data processing. In the matching algorithm, the
time of the scintillation cluster is referred as the reference time. The
scintillation and ionization clusters belong to the same event of a 𝛾-
ay interaction if the time difference between these two clusters is less
han the maximum drift time, i.e., the time required for the charge
arriers to travel the greatest distance from the cathode to the anode in
he LXeTPC. The maximum drift time for the updated XEMIS1 detector
orresponds to 28 μs. In the case of the XEMIS2 camera, the maximum

drift time for a drift length of 12 cm is about 52 μs.



Y. Zhu et al. Nuclear Inst. and Methods in Physics Research, A 1047 (2023) 167794

c
a
X

3

m
p
u
a
e
i
l
f
c
a
s
t
(
F
n
e

3

D
u
H
o
L
R
l
2
T
8
s
b
c
i
t
m

a
q
T
t
o
t
X
p
a
t
t
c
5
×

F
e
t
B
a

4

c
e

Fig. 3. Time Over Threshold (TOT) conversion curves for PMT channel-1 and PMT
hannel-2 obtained from calibration corresponding to the threshold level of 88 fC
pplied in the scintillation signal measurement system of the updated version of the
EMIS1 detector.

.2. Calibration of scintillation signal front-end read-out electronics

The 2-channel prototype electronics of XSRETOT PCB was imple-
ented outside the updated XEMIS1 detector operating at room tem-
erature. The charge can be directly injected into the XSRETOT PCB
sing a capacitor recharged by a set of square pulses, which serves as
charge injector. The overall performance of the XSRETOT prototype

lectronics has been characterized and calibrated through the charge
njector. The performance results indicate that the PSA has a good
inearity response and low electronic noise, presenting quite uniform
eatures for each XSRETOT channel. In the context of a few p.e.s
ollected by one PMT channel, the time resolution of the signal read-out
nd DAQ system is predominated by the intrinsic time resolution of LXe
cintillation light emission compared to the time jitter of the corrected
imes using the leading edge correction method for the XSRETOT card
less than 5 ns). A sampling frequency of 100 MHz is adequate for the
PGA in the XDC. Moreover, in the context of few p.e.s collection, the
umber of collected p.e.s is easily measurable through the TOT method
mployed in XSRETOT, as presented in Fig. 3.

.3. Calibration of PMT gain

The full XEMIS2 scintillation and ionization signals read-out and
AQ system prototypes were validated in the updated XEMIS1 detector
nder the XEMIS2 expected operation condition. Two 1-inch square
amamatsu R7600-06MOD-ASSY PMTs are located at the periphery
f the updated XEMIS1 LXeTPC side by side, fully immersed in the
Xe. The gain of each PMT has been calibrated employing the XS-
ETOT prototype electronics. The PMTs are lighted by a very low

ight intensity HLMP-CB Light Emitting Diode (LED) connected with a
00 μm thick optical fiber that extends to the inside of the LXeTPC [15].
he waveform generator (Agilent 33250A) was connected with the
-channel 12-bit Analog-to-Digital Converter (ADC) with a 250 MHz
ampling frequency for triggering purposes. The gain of each PMT can
e measured and monitored during the operation through this PMT
alibration setup. The calibration results indicated that the PMT gain
ncreases exponentially with the supply voltage of the PMT, up to
he normal operating limit of the PMT (900 V). The PMT gain daily

easurements for PMT channel-1 during two months of operation of

4

Fig. 4. PMT gain daily measurements for PMT channel-1 during two months of
operation of the XEMIS1 experiment.

the XEMIS1 experiment are presented in Fig. 4. The gain of PMT is
nearly stable during the detector operation at steady conditions (1.2 bar
and 168 K). High voltages will be adjusted to reach the same gain for
all PMTs in XEMIS2.

3.4. Virtual segmentation of XEMIS1 detector with light collection map

To enhance the administered activity to 200 kBq, it is possible to
delimit a virtual volume by determining the detection zone of each PMT
in the LXeTPC, which can be used in the spatial pre-localization of the
physical events to decrease the occupancy rate of the LXeTPC. Specif-
ically, the Light Collection Map (LCM) presents the average number
of p.e.s collected by each PMT in relation to the source position. The
LCMs were obtained to carry out the virtual fiducialization of the active
volume of the LXeTPC.

In our experiment, a (𝛽+, 𝛾) radionuclide sodium-22 (22Na) with an
ctivity of 3.3 kBq, which emits a positron and a 1.274 MeV 𝛾-ray in
uasi-coincidence, is used to characterize the updated XEMIS1 detector.
he experimental LCMs of XEMIS1 active volume were established from
he experimental data by selecting specifically the photoelectric events
f 511 keV 𝛾-ray that deposit all the energy inside the active volume of
he LXeTPC after one interaction despite the small size of the updated
EMIS1 detector. The experimental LCMs of the average number of
.e.s collected by both PMT channels in the updated XEMIS1 detector
re shown in Figs. 5 and 6. In each figure, the small images from the
op left to the bottom right represent in sequence the LCM slices on
he 𝑧-axis from the anode to the cathode. Each pixel in the small image
orresponds to the average number of detected p.e.s emitted from the
11 keV photoelectric events whose interaction positions are in a 2 × 2
2 mm3 cube.
The experimental LCMs indicate that each PMT owns an individual

OV. In addition, when the interaction positions of the photoelectric
ffect (i.e., the scintillation light emission positions) are opposite to
he PMT entrance window, the maximum number of p.e.s are detected.
esides, almost no dead zone for light collection is found in the XEMIS1
ctive region.

. Conclusion

The preparation work for the XEMIS2 camera operation has been
arried out in an updated version of the XEMIS1 detector. The cost-
ffective self-triggering scintillation signal read-out and DAQ system
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Fig. 5. Experimental light collection map of the average number of photoelectrons collected by PMT channel-1 for 511 keV deposited energy in the updated version of the XEMIS1
detector.
Fig. 6. Experimental light collection map of the average number of photoelectrons collected by PMT channel-2 for 511 keV deposited energy in the updated version of the XEMIS1
detector.
has been developed for the XEMIS2 camera to extract the 𝛾-ray in-
teraction time and the approximate number of detected p.e.s from
the scintillation signals. This DAQ prototype has been installed and
qualified in XEMIS1: its results indicate good performance in scintilla-
tion light measurement. Moreover, the experimental LCMs of XEMIS1
LXeTPC have been built: they can be used for the optimization of
5

the matching algorithm of scintillation and ionization signals, and the
virtual segmentation of the active zone. This spatial pre-localization
of the physical events is used for lowering the detector occupancy
rate under the circumstance of increasing the administered activity
to lessen the examination time. The XEMIS2 camera was moved and
installed in the ‘‘Centre d’Imagerie Multi-modalités et Applications’’
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(CIMA) at Nantes CHU. The commissioning of the XEMIS2 scintillation
light measurement system is undergoing in CIMA.
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