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ABSTRACT
We present the development of a novel heavy-ion particle-identification (PID) device based on an energy-loss measurement to be imple-
mented in the focal plane of the S800 spectrograph of the Facility for Rare Isotope Beams (FRIB). The new instrument consists of a
multi-segmented optical detector [energy-loss optical scintillation system (ELOSS)] that is filled with xenon at pressures ranging from 400
to 800 Torr. The gas volume is surrounded by arrays of photomultiplier tubes and placed along the direction of the beam for recording the
prompt scintillation light. The number of detected photons, which is proportional to the energy deposited by the beam particle along its track
in the detector volume, allows one to identify the corresponding atomic number (Z). The ELOSS technology is expected to provide high-
resolution ΔE measurements (≤0.6% σ) at a high counting rate (>50 kHz). In addition, it has the capability of providing timing information
with around 150 ps resolution (σ) compared to the lack of useable timing information of the conventional ionization chamber relying on
drifting charges. The development of fast, accurate ΔE measurement techniques for present and future nuclear science facilities will have
a high impact on the design and implementation of rare-isotope beam experiments at FRIB and their scientific outcome. As such, ELOSS
also represents a prototype for the development of PID detector systems of other planned and future spectrometers, such as the high rigidity
spectrometer at FRIB.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124846

I. INTRODUCTION

The S800 superconducting spectrograph at the Facility for Rare
Isotope Beams (FRIB)1 is used for experiments using radioactive
beams produced by projectile fragmentation. It is characterized by
a large total momentum acceptance (±3% in focus mode) and a
maximum magnetic rigidity of up to 4 Tm. The heavy-ion parti-
cle identification (PID) in the focal plane of the S800 spectrograph
is based on the TOF-Bρ-ΔE method in which the simultaneous
measurement of the energy loss (ΔE), the velocity via time of
flight (TOF), and magnetic rigidity (Bρ) are used to deduce the
atomic number (Z) and the mass-to-charge ratio (A/Q) of magnet-
ically separated projectile-like reaction residues.2,3 The additional
measurement of the total energy (E) allows A and Q to be deter-
mined independently, which enables charge-state identification. To

separate the reaction products entering the focal plane according to
their proton number Z, the energy-loss measurement requires good
energy resolution (<1% σ),4 a low material budget (25–30 mg/cm2),
a homogeneous coverage for a uniform detector response across
the full active area, a high counting rate capability (>20 kHz), and
radiation hardness.

The energy-loss measurement at the focal plane of the S800
spectrograph is presently performed using a conventional grid-less,
multi-segmented ionization chamber (IC).5 The detector is filled
with P10 gas at a typical pressure of 300 Torr, although the pressure
can be increased up to 600 Torr for light nuclei. The IC consists of
16 stacked-parallel plate ionization chambers that are placed along
the detector’s central axis and perpendicular to the beam direction.
Thin anode–cathode foils, separated by a 3 cm gas gap, bound the
extent of the individual IC section. Incident beam particles that pass
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through the thin gas gap between the electrode foils ionize the gas
molecules along their trajectories. The ionization electrons and the
positive ions drift away in opposite directions and are collected on
the IC electrode foils. The mean energy deposition measured in the
detector is then proportional to the square of the atomic number (Z)
of the impinging particle.

This grid-less “anode–cathode” configuration allows ionization
electrons and ions to be collected over a very short distance, result-
ing in an effective reduction of a pile-up. However, the signals have
position-dependent pulse shapes, making it difficult to determine
the ΔE-values uniformly between the short gas gaps. In addition, the
large surface area of the electrode foil leads to a high detector capac-
itance, resulting in considerable electronic noise that degrades the
signal-to-noise ratio and thus limits the energy resolution. To avoid
the position-dependent pulse shapes of the grid-less ICs, Frisch-grid
configurations can be used instead,6 but at the expense of count rate
capability due to the long charge collection time. Both the grid-less
IC and the Frisch-grid IC have typical energy resolutions limited
to around a few percent, which corresponds to a reduced resolv-
ing power, of about ΔZ/Z = 0.4–0.5 for nuclei up to Z = 50 (Sn).
Secondary effects, which include delta electrons (created by the
heavy ions that impact the entrance window), and attachment (dur-
ing the drift of the ionization electrons in the gas medium), sig-
nificantly deteriorate the charge resolving power at high Z. With
the present IC design and technology, from a practical standpoint,
reasonable energy resolutions (of around 1%) are achieved only for
nuclei with Z < 50.

The unprecedented discovery potential of a modern rare iso-
tope beam facility, such as FRIB, can only be realized by implement-
ing state-of-the-art experimental equipment capable of studying
these isotopes at high beam rates and optimal resolutions. This work
reports the progress on the design and construction of advanced,
innovative instrumentation for the highly accurate and efficient
identification of the atomic number (Z) of nuclei transmitted to the
focal plane of high-resolution magnetic spectrographs. The detec-
tor concept is based on event-by-event Energy-Loss measurement
in a multi-segmented Optical Scintillator System (ELOSS), which
records the scintillation light produced by a charged particle trav-
eling through a high-scintillation gas. We discuss the optimization
of the optical readout configuration based on Vacuum Ultra-Violet
(VUV)-sensitive PhotoMultiplier Tubes (PMTs), the expected per-
formance of the novel detector concept, and the overall impact on
radiation-detection physics and technology applied to the field of
experimental nuclear physics with heavy-ion beams. The fabrica-
tion and test of the ELOSS components, including interfaces and
data acquisition system (DAQ), will be completed by early 2023. The
detector will be installed into the S800 focal plane detector system
and commissioned by September 2023.

II. THE ENERGY-LOSS OPTICAL SCINTILLATOR
SYSTEM (ELOSS)

The basic scheme and concept of the ELOSS detector are
depicted in Fig. 1. ELOSS has a rectangular active area of
30 × 60 cm2, which matches the size of the other S800 focal plane
detectors (e.g., the tracking detectors7), and an effective thickness
of 19 cm. The ELOSS vessel is a large stainless-steel chamber filled
with pure xenon. The pressure of the gas can be adjusted from 400 to

FIG. 1. Schematic drawing of the ELOSS detector concept (a) and photographs
of the ELOSS optical readout assembly (with no PMTs) including mechanical
supports (b).

800 Torr, depending on the mass, charge, and energy of the reaction
products to be detected.

The detector’s effective volume is segmented into four sectors
along the beam direction, each of which is 47 mm wide. Arrays of
uniformly spaced PhotoMultipliers Tube (PMTs) are positioned at
the four sides of each sector and serve as an optical readout for
recording the prompt Xe scintillation light. Each sector comprises
a total of 30 PMTs [Fig. 1(a)] with a high sensitivity to the Xe
light emission (peaked at 178 nm).8 Metalized polypropylene foils
(0.75 μm thick) separate the sectors from each other. The foils have
a 150 nm thick Al layer evaporated on both surfaces, which reflects
and guides the Xe scintillation light toward the PMT arrays. The
estimated reflectivity of the Al-evaporated foils is >80%.9 The foils
can be optionally biased to create a suitable electric field in the Xe-
filled gap to stimulate light emission via the electroluminescence
process. The foils are held by Printed Circuit Board (PCB) frames,
which also host the electrical connection for delivering the bias
voltages.

The vessel is equipped with an entrance and an exit pressure
window made of poly(p-phenylene terephthalamide) (PPTA) foil,
reinforced by an overlay of Kevlar plain weave fabric (FG-KEV1738
38 in. KEVLAR®), and sealed with epoxy (Fiberglast system 2000

Rev. Sci. Instrum. 93, 123305 (2022); doi: 10.1063/5.0124846 93, 123305-2

Published under an exclusive license by AIP Publishing

 30 June 2023 17:33:11



Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

2-part laminating epoxy resin10). The foils are fastened to an alu-
minum frame with epoxy (Hexion EPON 82811). The pressure
window has a total thickness of around 14 mg/cm2 and is designed
to withstand a maximum differential pressure of up to 1.3 atm with
a marginal energy-loss and angular straggling on the impinging
charged particles. The Al frame also hosts the gas fittings for the
connection to the gas handling system (GHS), as well as the bypass
valve that opens to the focal plane chamber to vent and evacuate the
detector.

When a charged particle traverses the detector volume, it
undergoes collisions with Xe atoms to produce inelastic phenom-
ena, excitation of various kinds, and ionization. With no electric
field applied across the gas volume, the electron–ion pairs recom-
bine immediately. The Xe are left in an excited state either by the
recombination process or directly by the inelastic collision with
the impinging charged particle. They form exicted dimers that
return to the ground state through single or multiple transitions,
which result in a large photon-emission with a characteristic peak
at 178 nm.8 The metalized parallel foils that separate the vari-
ous detector compartments, driving the photon toward the optical
readout at the detector volume edges, reflect the scintillation light
created in each sector. This results in an enhanced photon-collection
efficiency.

An even larger amount of light may be produced when a
suitable electric field is applied between the metalized, parallel-
plate electrodes that confine the Xe gas volume of each sector.
Under this condition, the ionization electrons released along the
trajectory of the heavy-ion do not recombine, but they are instead
following the electric field lines similar to a conventional grid-
less ionization chamber.12,13 The voltage difference between the
electrodes can be tuned to allow the primary electrons to excite
other Xe atoms without producing a further avalanche. This cor-
responds to operating the parallel-plate compartments at electric
field strengths near the upper end of the ionization region, enabling
extremely good energy–light correlation and thus excellent energy
resolution.14

Unlike the conventional ionization chambers based on ion-
ization charge readout, the ELOSS detector measures the energy
deposited in the gas by recording the primary and stimulated scin-
tillation light. The amount of energy loss in the gas by the impinging
charged particle is proportional to the total number of photons
recorded by the optical readout. The proportionality constant takes
into account the photon detection efficiency of the photo-sensors,
the solid angle subtended by the optical readout, the photon collec-
tion efficiency, and the primary (or stimulated) scintillation yield
of the Xe gas. The photon detection efficiency of each PMT will
be measured by comparing its responsivity with respect to the one
of a calibrated photodiode—namely, a photodiode whose spectral
responsivity is calibrated at a photo-current level of pico-Ampere.
The solid angle seen by the optical readout and the photon col-
lection efficiency can be both accurately estimated using GEANT4
Monte Carlo simulations. The modeling of the detector will take
into account all of the relevant parameters, including the reflec-
tion/absorption efficiency of the reflecting Al foils, the geometry
of the ELOSS detector (i.e., the thickness of the sector), the num-
ber of PMTs, and the size of the sensitive photocathode area of the
PMT. The scintillation yield of the Xe gas for heavy ions presents the
largest uncertainty, as the scintillation yield depends on the Linear

Energy Transfer (LET), and very little data are available in the litera-
ture for heavy ions with energy ranging from 50–150MeV/u. For the
above reason, the ELOSS commissioning at the S800 spectrometer
focal plane will include an energy calibration measurement. Dur-
ing this, the energy deposited in the Xe effective volume will be
accurately correlated with the light recorded by the ELOSS optical
readout, and the corresponding energy resolution will be extracted.
This will be achieved by computing the energy of the beam parti-
cles impinging on the ELOSS from themeasurement of the magnetic
rigidity on an event-by-event basis and by measuring the residual
kinetic energy after ELOSS using the CsI(Na) hodoscope. The energy
loss by the beam particles in the passive elements of ELOSS (pressure
windows, electrode foils, etc.) will be also estimated and taken into
consideration, by comparing the residual total kinetic energy mea-
sured by the CsI(Na) hodoscope with and without the Xe gas filling
ELOSS.

A. The optical readout and interfaces
The full optical readout consists of 120 Hamamatsu 1-in. 10-

stage PMTs, model R8520-406,15 rated for operation at temperatures
ranging from −110 to +50 ○C, and pressures up to 5 atm. The
selected number of PMTs and their arrangement in the arrays
allow for a high light collection efficiency combined with a low-
cost readout solution, the latter consisting of the minimal number
of PMTs and associated electronics [high-voltage (HV) and DAQ
channels].

The Hamamatsu R8520-406 PMT is equipped with a UV glass
entrance window and a Bialkali-LT photocathode, which is charac-
terized by a spectral response in the range of 160–650 nm and a
quantum efficiency of around 35% at 178 nm.16 The typical pulse
rise time is about 1.8 ns for a single photoelectron. Each PMT is
instrumented with a positive high-voltage (HV) divider circuit that
is mounted on a custom-built Printed Circuit Board (PCB). The PCB
also serves as amechanical support for the PMTs. The PMTs are held
in position by the pin-socket connections on the bottom side and
fastened with machined Al bars that rest on the edge of the PMT
glass window, acting as a clamp on the top side.

The HV biases and signals that are routed out via Kapton-
insulated, miniature coaxial cables were terminated with the LEMO
connector (model L00) on the voltage-divider PCB side and with
the sub-D 25 pin connectors (Allectra model 218-D25-SS-1KV) on
the flange side. The mechanical supports for the voltage-divider of
the PMTs, the support of the frames of the reflective foils, and the
sub-D HV/signals feedthrough are all fastened to the ELOSS ves-
sel lid, allowing easy and fast service access to the detector. All the
non-metallic mechanical components installed in the inner detector
volume are made out of low-outgassing PEEK material,17 in order
to reduce the amount of impurities in the Xe and preserve a high
scintillation yield.

The PMTs are biased with a positive HV voltage configura-
tion (typically 800 V), where the photocathode is at the ground.
This technical solution also allows one to achieve the highest single
photoelectron resolution, and it reduces any potential interference
with the electric field in the gas gap when the electrode foils are also
biased.

The design of the voltage-divider circuitry is based on the rec-
ommendations provided on the Hamamatsu R8520-406 datasheet.15
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FIG. 2. Schematic drawing of the ELOSS detector interfaces.

The total resistance of the full voltage-divider chain is chosen to be
5 MΩ, with the aim of maximizing rate, preserving good linearity,
and avoiding excessive current running through the circuitry, which
may cause undesired heat and thermal side-effects on the passive
elements. The base is back-terminated with a 2 kΩ resistor, which
increases the charge collection at the output and minimizes signal
distortion.

In order to optimize the uniformity of the optical readout
response and achieve the best energy resolution, only carefully
selected PMTs with an anode sensitivity ranging from 100 to
800 A/lm have been employed in the setup (typical sensitivity of
the R8520-406 may vary from 10 to 1000 A/lm18). In addition,
the PMT’s anode sensitivities are further corrected by adjusting
the potential ratio of two consecutive center-stage dynodes on the
voltage-diver PCB of each device and finally by fine-tuning the sup-
ply voltages. The PMT’s calibration procedure and the correction of
the anode sensitivities are reported elsewhere.19

A decoupler box, placed outside the S800 focal plane cham-
ber, is used to deliver the bias voltage to the PMTs and the capacity
pickup of the PMT’s signals. This minimizes the number of cables
and feedthroughs (Fig. 2) from the focal plane chamber to the

ELOSS detector, which is a very similar technical solution devel-
oped for the PandaX project.20 The decoupler box circuitry includes
a low-pass filter installed on each HV channel, which filters out the
high-frequency noise generated by the HV power supply, and an
AC capacitor (10 nF). The voltages for the PMTs and the electrode
foils are supplied by an ISEG HV system using a Mpod EC main
frame and three EHS 305 modules (48 HV channels up to 3 kV and
1 mA). The electrical connection between the ISEG HV modules
and the decoupler box is performed via 48 channel multi-wire cables
equipped with REDEL connectors on both ends.

B. The gas handling system
The ELOSS Gas Handling System (GHS) is designed to fill,

regulate, and empty the detector volume. The main components of
the GHS include a gas-bottle rack with a pressure regulator for the
injection of the Xe gas into the system, a purification system for
the online removal of impurities, a control system for the regulation
of the gas flow, and a Xe gas recovery/storage system. A schematic
drawing of the gas handling system is shown in Fig. 3.

The Xe recovery system consists of a single-ended sampling
cylinder (FAV, model FSCS3225012N10) rated at 10 000 PSI, which
serves as a reservoir. The sampling cylinder is equipped with a
pressure regulator and is connected to the rest of the GHS via a
pneumatic control valve. The sampling cylinder is cooled by immer-
sion in a Dewar filled with liquid nitrogen (LN2) at a temperature
of around 78 K. The Xe gas condensates at 133 K so that the Xe
liquefies in the reservoir and is slowly removed from the ELOSS ves-
sel and the GHS tubes. This technical solution allows one to achieve
a recovery yield of around 99% of the Xe in a short time (estimated to
be <60min). Once the recovery is complete, the reservoir is removed
from the Dewar and returns to ambient temperature. At that point,
the Xe in the reservoir returns to the gas phase and can be reinjected
into the ELOSS detector through the supply line. The primary pur-
pose of the recovery system is to recuperate the expensive Xe gas to
be reused in successive ELOSS operations.

Electronegative impurities, such as water or oxygen, absorb
scintillation light and reduce the number of ionization electrons
through capture (attachment). Impurities are constantly outgassing
into the Xe from all components of the detector and the gas

FIG. 3. Schematic drawing of the gas
handling system for the operation of the
ELOSS detector. The schematic diagram
of the purification/recirculation system is
shown in Fig. 4.
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handling system. The purity of the Xe in the detectormainly depends
on two variables: the outgassing rate of impurities (O2, N2, CO2, CO,
H2O, etc.) from the surfaces of the detector components in contact
with the Xe, and the efficiency of the purification system, which is
related to its recirculation rate and the efficiency of the gas purifier.
If the recirculation rate is sufficiently high and materials used for the
various mechanical support of the detector components have low
outgassing, the amount of impurities is sufficiently reduced to attain
a high scintillation yield.

The ELOSS GHS includes a continuous recirculation loop
(Fig. 4) through a GateKeeper gas purifier (model GPU 15). Aminia-
ture dry floating scroll vacuum pump (Scroll Labs, model SVF-521)
drives the gas recirculation at a flow rate in the range of 30–50
SCCM, which is regulated by means of a fine adjustment valve. The
rate is measured in real time using a digital flowmeter (Alicat, model
MW-5SLPM-D). Reduction of the impurities to a sub-ppb level is
achieved after a few hours of closed-loop recirculation. The contin-
uous flow of gas across the effective volume of the detector will also
ensure good radiation hardness through the replenishment of the
detector medium.

A dedicated system architecture based on programmable logic
controllers (PLCs) is used for guiding all of the system states between
the various GHS operational cycles, including the automatic control
of pneumatic valves, computer-controlled safety procedures for the
detector evacuation, the recirculation for gas purification, and the
gas recovery system. Pumps, mass flow controllers, and diagnostic
sensors (pressures, temperatures, etc.) are regulated by this system
as well.

C. The data acquisition system (DAQ)
PMT signals, extracted from the AC decoupling capacitor in

the decoupler box, are processed by a fast, high-resolution time and
amplitude digitizer (Mesytec, model MDPP-32-QDC22). The 32-
channel MDPP-32-QDC comprises an adjustable low-noise ampli-
fier, a zero-crossing detector, a fast charge-integrating Analog-to-
Digital Converter (ADC) with two different integration times for
pulse-shape discrimination, and a Time-to-Digital Converter (TDC)
for timing measurements. To achieve a high dynamic range and

FIG. 4. Details of the purification/recirculation system to reduce impurities in
the Xe.

allow for the use of various types of pre-amplifiers, the MDPP-32 is
equipped with a sophisticated low-noise input stage, and the ampli-
fication gain can be set from 1 to 250 in steps of 1%. The system is
thus very flexible and suitable for analyzing the ELOSS data.

A typical physics event recorded by the ELOSS detector con-
sists of time-correlated signals from all 120 PMTs, which correspond
from a few tens to a few thousand photoelectrons. The PMT signal
pulse-height depends on several factors: the position of the imping-
ing isotope on the detector area, particle trajectory, atomic number
of the incident beam particle, pressure of the filling gas, and sensi-
tivity of the PMTs. To avoid saturation, the bias voltage and thus
the gains of the PMTs are adjusted accordingly. Simultaneous mea-
surements of the time and amplitude are recorded for each PMT.
As the decay time constants of the Xe–Xe dimer, singlet and triplet
states, are reported to be ∼5 and ∼30 ns, respectively,8 the typical
MDPP-32-QDC integration time is set to 200 ns. When the ELOSS
is operated in stimulated electroluminescence mode, the integration
time is set to 3 μs to allow all the light created during the electron’s
drift time to be collected.

The energy-loss is computed as the average of the integrated
light charge measured from all the PMTs and corrected for the
position of the particle. The position and trajectory of the particles
are computed using the S800 tracking system measurements which
are positioned upstream of the ELOSS detector. Instead, the timing
information from ELOSS is computed by averaging the time mea-
surements obtained from the PMTs of the first sector only (the first
to be crossed by the impinging beam particle). An additional cor-
rection of the timing data may be needed to take into account the
position of the impinging particle. A moderate (a few mm) localiza-
tion capability can also be obtained by processing the center of the
gravity of the light distribution sensed by the PMT arrays in each
sector.

The ELOSS DAQ is integrated within the existing FRIB S800
spectrographDAQ framework, which allows one to synchronize and
merge the data streams coming from the various detector systems
of the S800 focal plane into a single data stream for event-by-event
corrected analysis.

III. DESIGN STUDIES
A. Selection of the photosensor technology

Themarket nowadays offers a broad assortment of diverse pho-
todetector technologies for large area coverings with extremely high
performance, including high detection efficiency, a wide selection
of spectral responses, excellent time resolution, a choice of vari-
ous sizes, and high-rate capability. Several commercially available
options with sensitivity in the deep ultraviolet (DUV) region include
a high-granularity array of SiPMs,23,24 large-area avalanche photo-
multiplier,25,26 standard vacuum PMTs, Multi-Channel Plate
PMTs (MCP-PMTs),27 and position-sensitive gas photomultiplier
equipped with a CsI PC,28 but for which more development effort
is generally required.

Three examples out of the many detector configurations that
have been investigated are schematically illustrated in Fig. 5. These
include arrays of Hamamatsu R8520-406 PMTs comprising a total of
120 units (a), arrays of Hamamatsu R12699-406 PMTs29 comprising
a total of 30 units (b), and an array of large-area MCP-PMT with a
total of 6 units (c).
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FIG. 5. Examples of different configu-
rations studied for the design of the
ELOSS optical readout: (a) chess-board-
like arrays of R8520-406 PMTs displayed
in four sectors; (b) arrays of R12699-406
PMTs in a single sector; and (c) uniformly
spaced, large-area MCP-PMTs.

The arrangement of the sensors in each configuration was
chosen to obtain the highest light collection efficiency for that con-
figuration. The system with the R8520-406 PMTs, described in
detail above (Sec. II A), was modeled by arranging the devices
in a chess-board-like pattern within four equally spaced sectors
[Fig. 5(a)].

The R12699-406 PMT has a square 2 in. multi-anode photo-
sensitive area, together with a higher photocathode coverage of 75%
as opposed to ∼58% for R8520-406. The spectral response and pho-
ton detection efficiency (PDE) of the R12699-406 and R8520-406 are
similar. Because of their large area, the R12699 PMTs readout was
modeled by displaying the PMTs in a single sector [Fig. 5(b)]. This
configuration resulted in a large straggling of the energy deposited
by the impinging particle, due to the short track in the Xe vol-
ume, which leads to poor energy resolution. To reduce the energy
straggling, other arrangements have been investigated based on the
same number of devices (same cost). However, all of them lead to
a substantial loss of light collection efficiency and poor response
uniformity. Geometries with a thick effective volume and a large
number of R12699 PMTs to recover part of the light collection
efficiency would be unaffordable.

Finally, we have modeled six units of MCP-PMT detectors,
each of 300 × 300 mm2 area coverage, uniformly positioned along

the four sides of the Xe effective volume [Fig. 5(c)]. Commercially
available, large-area MCP-PMT can be coupled to a CsI-based PC,
reaching quantum efficiency of around 25% for 178 nm wavelength
and an open area ratio of around 80% so that the effective photon
detection efficiency is around 18%. These devices are extremely fast
(<20 ps, σ) and can provide localization capability if equipped with a
suitable segmented anode plane and a dedicatedmulti-input DAQ.30
However, because of the large area, the MCP-PMTs will be com-
pletely flooded by the large amount of scintillation light that reaches
their PCs, with an overwhelming increase in the output current. This
will eventually result in a loss of linearity and other saturation effects
with a corresponding limitation of the overall ELOSS counting rate
capability.

The evaluation performance of the different systems was com-
puted through a series of systematic Monte Carlo simulations based
on Geant4.31,32 The modeling of the detector and the irradiation
conditions allows for the design of the mechanical components, its
operational conditions (gas pressure, beam particle, and energy), the
track of the beam particle through the detector’s effective volume,
the physics process of the scintillationmechanism, and the efficiency
of the photosensors under consideration.

Figure 6(b) illustrates an example of the PID obtained from the
Monte Carlo computation of the R8520-406 readout configuration

FIG. 6. Example of PID capability [num-
ber of detector photons as a function
of the TOF (b)] computed by Monte
Carlo (GEANT4) simulations assuming
the ELOSS detector is equipped with the
R8520-406 PMT’s based optical readout
as schematically illustrated in (a).
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[schematically illustrated in (a)]. The simulation follows the track of
five different types of fully stripped isotopes, 1500 primary particles
per type, with an energy of 100 MeV/u. The different isotopes, from
108Cd48+ to 108Te52+, have the same mass number (A) but with a
progressive increase in atomic number (Z). The Xe in the ELOSS
was set at a pressure of 1 atm. In these conditions, the light collection
efficiency was 16.3%, and the system achieved an energy resolution
of 1.2% σ, which corresponds to a ΔZ/Z resolution of 0.62. Once
position corrections have been introduced, and assuming a Xe pres-
sure of 1.3 atm, energy resolutions below 0.6% σ can be achieved,
which correspond toΔZ/Z resolutions below 0.4. The TOFmeasure-
ment was computed by the arrival time of the scintillation photons
on the R8520-406 PMT arrays which were convoluted with an 80 ps
time spread due to the DAQ time resolution.

The configuration based on the R8520-406 PMTs was even-
tually selected as a readout for the ELOSS detector as a good
compromise between performance parameters (energy resolution,
counting rate, and timing) and cost, which takes into account the
number of individual detectors, the related number of DAQ chan-
nels, and other interfaces/equipment (e.g., cables and HV power
supplies).

B. Optimization of the array’s thickness
The ELOSS detector can operate in two different modes:

primary scintillation and electroluminescence modes. The two
approaches have different requirements. The light yield in the pri-
mary scintillation mode is the highest when no electric field is
present across the effective volume. The gas volume can be either
fully open [Fig. 7(a)], so that each PMT in the readout has a large
solid angle of view, or segmented by reflectors [Fig. 7(b)] that drive
the scintillation light created in the small gas gap toward the optical
readout.

In contrast, the electroluminescence mode requires an electric
field capable of drifting the ionization electrons across the gas gap
and producing secondary Xe excitations. The electric field strength
should be above the Xe excitation threshold but lower than the gas
ionization threshold to avoid degradation of the energy resolution
due to the avalanche process. To produce the electric field across
the Xe volume, suitable electrodes must be introduced into the
volume. A short distance between the electrode foils keeps the volt-
age difference small, so the probability of sporadic discharge and
secondary undesired effects is small. However, a larger gas gap
allows the collection of a large amount of light. The electrode foils
can function as reflectors as well. The presence of electrode/reflector
foils has the advantage that it allows both modes of operation,
but the distance between the electrode/reflector foils needs to be
optimized.

FIG. 8. Expected ELOSS energy resolution (%, σ) as a function of the distance
between PMT arrays (sector length) and computed from the two geometries—with
(red graph) and without (blue graph) reflective foils. The energy lost by the beam
particle (108Sn+50) in the ELOSS volume (black graph) is also shown.

A dedicated Monte Carlo simulation study was carried out to
investigate the effects of the reflectors’ presence on the light collec-
tion efficiency, assuming a primary scintillation mode of operation.
The simulation also serves to compute the optimal thickness of the
whole ELOSS scintillating volume as well as the distance between
two bordering reflectors.

Figure 8 illustrates the expected energy resolution (%, σ)
measured by the optical readout as a function of the distance
between PMT arrays (sector length) and computed from the two
geometries—with (red graph) and without (blue graph) reflective
foils. The ELOSS was modeled as a volume filled with Xe at 1 atm
of different sizes, where the Xe primary scintillation yield was set to
13 ph/keV. The reflective/electrode surfaces were modeled as thin
(0.5 mg/cm2) polypropylene foils with a 150 nm layer of Al evap-
orated on both sides. The reflectivity of the Al layer was conser-
vatively set to a value of 80%.33 Figure 8 also shows the energy
lost by the beam particle (108Sn+50) in the ELOSS volume (black
graph), assuming the impinging isotopes have an initial energy of
80 MeV/u.

As shown by Fig. 8, longer tracks provide a better energy resolu-
tion, thanks to a larger amount of energy deposited by the impinging
particle in the Xe volume. The effective improvement of energy res-
olution for thicker sections was more pronounced in the case of the
open volume configuration. The presence of the reflectors allows a

FIG. 7. Schematic drawing of the two
possible ELOSS geometries: open vol-
ume (a) and segmented volume with
reflector (b).
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FIG. 9. Xenon electron-impact cross sections.

better collection of the scintillation photons and leads to a several
times lower energy resolution, with small effects from the length of
the gas gap.

However, a longer distance between the electrode/reflective
foils will require a much larger bias voltage when the ELOSS is oper-
ated in electroluminescence mode. High electric fields are needed
to overcome the secondary scintillation threshold [for Xe is roughly
0.8 (kV/cm)/bar13]. Too high of a bias voltage applied to the frag-
ile foils may result in an unstable operational condition, causing
sporadic, harmful discharges and a high probability of damaging
various detector components. To preserve the possibility to operate
the ELOSS detector in electroluminescence mode when high yield is
required, the gas gap between the electrode/reflective foils has been

chosen to be 47 mm, as a compromise between a reasonable low
voltage operation and an acceptable energy resolution.

C. Selection of Xe as filling media
Pure noble gases are efficient scintillating media. While argon

(Ar), neon (Ne), and krypton (Kr) could, in principle, be good
media for ELOSS operation, they are inferior to Xe because the
luminescence spectrum of Xe peaks at a much higher wavelength
(178 nm) as compared to the other noble gases (e.g., the excimer
spectra of Ar and Kr peak at 120 and 148 nm, respectively).8,34
As a result, the Xe emission is more easily detected with com-
mercially available photon-sensor devices at a reasonable detection
efficiency. Xe also has a high primary scintillation yield (13.8 pho-
ton/keV) among the noble gases and is rather dense (5.761 kg/m3 at
standard operating temperature and pressure). In addition, the Xe
scintillation process is quite fast—the decay time of the fast compo-
nent is around 5 ns while the slow component has a decay time of
around 30 ns.8

High scintillation light yield in ionization mode can be stim-
ulated (electroluminescence) by electric field strengths below the
threshold of the gas avalanche.35 The reason for the presence of a
window in the electric field strength, for which the drifting elec-
trons only excite the Xe atoms without producing an avalanche
process, is illustrated in Fig. 9. It depicts the excitation and ionization
cross sections vs electron energy for the Xe gas. The Vacuum Ultra-
Violet (VUV) emitting electron-impact excitation processes in Xe
have a threshold E∗ of around 8.5 eV, which is lower than the ion-
ization threshold EI of 10.5 eV. If the electrons are accelerated to
energies slightly above EI (corresponding to the end of the ioniza-
tion region), the excitation probability will be much higher than the
ionization probability, leading to a large production of scintillation
photons along their tracks without triggering a significant charge
multiplication.

High scintillation yields at a relevant (detectable) wavelength
range can also be obtained fromnoble gases with small admixtures of
certain impurities that shift the wavelength to a more suitable range.

FIG. 10. (a) Photograph of the ELOSS
prototype used to test the electrolumi-
nescence mode of operation is schemati-
cally illustrated in (b). (c) An oscilloscope
snapshot with the comparison between
charge and light signals recorded by
the detector when irradiated by 5.5 MeV
alpha-particles.

Rev. Sci. Instrum. 93, 123305 (2022); doi: 10.1063/5.0124846 93, 123305-8

Published under an exclusive license by AIP Publishing

 30 June 2023 17:33:11



Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

In fact, in the presence of a tiny amount of certain impurities, the
excimer emission will be suppressed, whereas the emission of the
impurities’ molecules will dominate. The primary noble-gas compo-
nent (i.e., Xe or Ar) acts as a detector medium while the impurities
act as wavelength-shifters. Examples of such impurities to be added
to noble gases are TEA, TMEA, N2, CF4, CO2, CH4, etc.

The operational principle of ELOSS in electroluminescence
mode was investigated with a small-area ELOSS prototype
[Fig. 10(a)]. Figure 10(c) illustrates an oscilloscope snapshot of
electroluminescence and charge signals obtained from a small-area
ELOSS prototype operated in Ar/Xe at 760 Torr. The detector com-
prises two parallel-plate chambers with a common anode foil at
ground potential, from which the charge signals are extracted and
processed by a charge-sensitive preamplifier [Fig. 10(b)]. The two
external electrodes were biased with voltages of around 1500 V.
The optical readout consisted of arrays of Hamamatsu R8520-406,
arranged along the four sides of the detector’s effective volume. The
detector was irradiated with a collimated 5.5 MeV alpha-particle
source (241Am).

While the electroluminescence mode of operation allows one
to achieve higher scintillation yield, the light is produced on a
much longer time scale (μs as opposed to a few hundred ns). The
operation of ELOSS in this mode needs to be driven by compro-
mising the counting rate, ΔZ/Z resolution, and pressure and type of
scintillating gas mixture. Operation of the ELOSS detector in elec-
troluminescence mode with different gas mixtures and the related
performance evaluation in terms of ΔZ/Z resolution will be reported
elsewhere.36

IV. CONCLUSIONS
The design and construction of the novel ELOSS detector,

which is intended for Z-identification based on energy-loss mea-
surement at the focal plane of the S800 spectrograph, have been
described. ELOSS is a cutting-edge experimental device based on
an innovative, fast optical readout scheme which offers several
noteworthy technical advantages compared to conventional charge
readout systems:

● An improved energy-loss resolution, expected to be about
0.6% σ instead of >1% σ. Unlike conventional ICs, which
are characterized by large electrode foils with significant
induced capacitive noise, the optical readout of ELOSS is
completely decoupled from the drift region. The small detec-
tor capacitance of the PMT-based readout, together with
the low limit of the PMT threshold (down to single-photon
detection efficiency), allows ELOSS to reach larger signal-to-
noise ratios and consequently a better resolving power. The
detector can be optionally operated in electroluminescence
mode, which provides a high stimulated scintillation yield
and, thus potentially, a higher energy resolution which is
mostly determined by the statistical fluctuation of the energy
loss in the detector medium. The large dynamic range of
the detector, which is achieved by adjusting the pressure of
the filling gas, leads to a better intrinsic energy resolution of
ELOSS and extends to the Z-identification to elements with
atomic number Z > 50.

● An improved rate capability (>50 kHz compared to 5 kHz at
present): the ELOSS concept, based on recording the prompt

electroluminescence emission, is a much faster detector as
compared to the conventional IC. In the case of Xe gas, more
than 90% of the scintillation photons are emitted within
100 ns, which provides an extremely sharp signal rise time.
For the stimulated scintillation mode of operation, the pho-
ton emission is mainly dictated by the time needed by the
ionization electrons to reach the electrode foil (a few μs). To
avoid signal saturation and loss of linearity, the gain of the
PMTs and the light yield (by changing gas pressure) pro-
duced in the ELOSS volume can be adjusted accordingly.
The upper limit of the counting rate is then solely imposed
by the performance of the DAQ electronics, which will be
able to record beam rates up to around 50 kHz in trigger
mode.

● Timing capability: the timing performance of ELOSS is
affected by several parameters, including the PMT tran-
sit time spread (TTS), the number of detected photoelec-
trons, and the scintillation decay time. However, all these
factors are negligible compared to the channel-to-channel
time response of theMesytecMDPP-32-QDC, being around
80 ps, which dominates the time resolution of the full detec-
tor system. The time response of the PMTs also depends on
the position of the beam particle, so the overall timing fluctu-
ations over the full effective area are estimated to be <150 ps
FWHM, compared to no useable timing information pro-
vided by a conventional IC. This performance is comparable
to what can be achieved with a thin plastic scintillator.

● Localization capability: preliminary Monte Carlo simula-
tions indicate that, by computing the center of gravity of
the light distributions recorded in the various PMT arrays,
a moderate localization capability of a few mm can be
achieved. This may be very helpful for experiments in which
more than one particle per event is to be detected in the focal
plane, and the drift chambers alone are not sufficient to dis-
entangle the horizontal and vertical coordinates of the two
tracks.

The advance in the focal plane detector performance largely
benefits the scientific programs at the S800 spectrograph, which cap-
italize on the high luminosity of ∼100 MeV/u rare isotope beams
with thick targets. The increased ΔE resolution and the order-of-
magnitude increase in the maximum S800 focal plane rate provided
by the ELOSS detector open up an entirely new region of the nuclear
chart for nuclear structure and nuclear astrophysical studies, which
is enabled also by the availability of heavier beams expected from
FRIB. ELOSS also serves as a prototype for the development of PID
technologies of other planned and future spectrometers, such as the
high rigidity spectrometer.4
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