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A B S T R A C T

LIDAL (Light Ion Detector for ALTEA system) is a compact detector designed to upgrade ALTEA (Anomalous
Long Term Effects on Astronauts) silicon detector apparatus, in order to study in detail the low-Z part of ions
spectrum inside the International Space Station (ISS) and to enhance the Particle Identification (PID) capability
of the system.

The new detector is designed to trigger ALTEA and to perform Time-Of-Flight measurements. It is based
on plastic scintillators for fast timing applications read by Photo-Multiplier-Tubes (PMTs). A custom Front End
Electronics (FEE) has been designed to reach time resolutions less than 100 ps (𝜎) for protons.

A LIDAL prototype has been developed at the University of Rome Tor Vergata to test the timing performance
of the scintillators, the PMTs and of the custom FEE using the proton beam line at the TIFPA (Trento Institute for
Fundamentals Physics Applications) center in Trento, Italy. The results of these tests are reported and discussed.
They have also been used for a preliminary evaluation of the Particle Identification (PID) capability of the final
LIDAL-ALTEA detector system in response to the ions spectra expected on-board the ISS.

1. Introduction

Very fast plastic scintillator detectors represent nowadays a well es-
tablished technology to be used for Time-Of-Flight (TOF) measurements,
allowing to design compact devices suitable for space applications.

The LIDAL detector (Light Ion Detector for ALTEA) exploits this
technology for radiation monitoring in human space habitats. It extends
the sensitivity of the ALTEA apparatus (Anomalous Long Term Effects
on Astronauts) to the low-Z ions since it allows to lower the trigger
energy thresholds and to enhance the PID capability thanks to TOF
measurements. The detector is based on fast plastic scintillators read
by Photo-Multiplier-Tubes (PMTs); a custom fast Front-End-Electronics
(FEE) allows LIDAL to reach time resolutions (𝜎) below 100 ps for proton
energies expected onboard the International Space Station (ISS).

ALTEA apparatus has already been hosted onboard the International
Space Station (ISS) (2006–2012) in missions aiming at the study of
the ISS radiation environment [1–3]. The integration between the two
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detectors is shown in Fig. 1, where three ALTEA silicon telescopes
(hereafter SDUs, Silicon Detector Units) are placed between the two
LIDAL Detector Units (hereafter LDU). The possibility to have an
efficient PID by matching the velocity 𝛽 measured by LIDAL with the
deposited energy measured by ALTEA for each event, will allow for
the first time to measure in real time the ratio 𝑍2∕𝛽2, a fundamental
parameter related to the radiation risk for astronauts [4].

A first LIDAL prototype with two fast scintillator bars has been
designed and constructed at the University of Rome Tor Vergata (URTV),
featuring a custom fast FEE, based on the NINO chip (a fast discriminator
and shaper [5]). The FEE output is processed by a CAEN V1290 Time
to Digital Converter (TDC) module, including the CERN HpTDC chip,
used in high resolution mode (32bit/channel). This chip will be used
in the Data Acquisition (DAQ) electronics designed for the final LIDAL-
ALTEA apparatus. Tests of the prototype have been performed at the
Trento Institute for Fundamentals Physics Applications (TIFPA) proton
beam line in Trento (Italy) to demonstrate that a time resolution better
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Fig. 1. Sketch of the LIDAL-ALTEA system in the final configuration designed to
fly onboard the ISS (namely Flight Model or FM). The LIDAL detector will consist
of three modules: two LDUs, each made of eight scintillators, and one LCU
(LIDAL Collector Unit), for data acquisition. In between the two LDU modules
three ALTEA SDUs are placed . Each ALTEA SDU is a particle telescope with
six stripped silicon planes (380 μm thick, 8 × 16 cm2 active area) stacked in
a tower configuration, able to measure the energy loss and to reconstruct the
track of a particle passing through. The Energy loss measured by ALTEA SDUs
and the velocity measured by LIDAL will allow an efficient PID for a reliable
risk assessment in real time.

than 100 ps may be achieved by LIDAL for protons. The experimental
apparatus, the results and the future perspectives are discussed in the
following sections.

2. LIDAL prototype

The LIDAL prototype has been designed and constructed to test
the characteristics of the detector and the related electronics using a
particle beam, so its geometry is quite different from the final LIDAL-
ALTEA system. For this reason some mechanical solutions used for this
prototype will not be implemented in the final design of the apparatus
to fly onboard the ISS.

The prototype has been developed using plastic scintillators EJ-230
(Eljen Technologies) for fast timing application [6] and HAMAMATSU
Photo Multiplier Tubes (PMTs) RS9880-U210. The PMTs have a Quan-
tum Efficiency (QE) of 40% in the wavelength spectrum emitted by
the scintillator (between 375 and 400 nm), a nominal rise time of
570 ps and compact dimensions [7]. The plastic scintillator EJ-230 is
characterized by a rise time of 500 ps and a light output of 9700 photons
for 1 MeV deposited electron energy [6]. These characteristics assure
the fast timing response required to perform the TOF measurements
together with a light output sufficient to provide a good trigger signal.
The final scintillator dimensions (90 × 25 × 8 mm3) have been chosen
to maximize the timing resolution, according to FLUKA simulation
results [8,9]. Both extremities of the scintillator bars are coupled to

Fig. 2. top: A LIDAL scintillation unit, consisting in a scintillator bar coupled
with two PMMA light guides and two PMTs, is shown. The traction springs of
the plastic holder assure a constant and homogeneous pressure for the optical
contacts between the different surfaces, obtained by a thin layer of optical
grease. bottom: Two LIDAL scintillation units are placed at a distance 𝑑 which
can be set at 60 or 65 cm inside the aluminum box. Hereafter the first scintillator
facing the beam is the front scintillator, the other is the rear scintillator.

PMMA light guides, specifically designed to maximize the light collected
to the PMTs. The optical contacts with light guides and PMTs are
realized using high quality optical grease (BC630). A scintillation unit,
formed by a scintillator bar, two PMMA light guides and two PMTs,
is assembled using a plastic holder shown at the top of Fig. 2 . Two
traction springs at both sides of the plastic holder assure a constant and
homogeneous pressure among the optical contact surfaces. To maximize
the light collected at the extremities, scintillator bars and light guides
are wrapped in mylar foil, while multiple layers of black tape assure that
the detector is light-tightened. Two scintillation units have been placed
inside an aluminum box at a distance that can be set at 60 or 65 cm (see
Fig. 2, bottom). The entrance window of the box is closed by a double
wrap of black tape to light-tight the system.

The PMT signal is discriminated and shaped by the NINO chip in
the FEE and then sent to the CAEN V1290 module. The module is
based on the CERN HpTDC chip, which is used in high resolution mode
(32bit/channel) to achieve the best timing resolution performance. A
second and independent data acquisition chain has been set up to eval-
uate the deposited energy in the scintillator bars: the split PMTs signals
are sent to a low-threshold discriminator (CAEN 417) followed by a
CAEN V792 QDC module. Ad-hoc electronic boards, which integrate
the HpTDC and NINO chips, are currently being designed for the final
LIDAL-ALTEA apparatus.

3. Test at TIFPA proton beam line

The detector prototype has been tested at the TIFPA proton beam line
(Trento, Italy) to study the timing performance of the system including
its custom FEE. Protons are delivered at the facility by a superconducting
cyclotron with an energy which can be set at values ranging from 90
to 228 MeV, with a rate up to 109 particles per second. The beam
spot presents a round shape at the isocenter, with a diameter of about
15 mm. Several proton beam energies have been used in the tests at
rates below 10 kHz. The low rate condition is achieved by putting in
dark current mode the proton source inside the cyclotron. The high
voltage of the source is set below the threshold used for the standard
operations, resulting in low proton fluxes accelerated by the cyclotron.
The monitoring devices along the beam line are not efficient at this
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Fig. 3. Example of Time-Of-Flight distributions (color on-line) obtained setting a distance of 65 and 60 cm between the two scintillators. Top-Left: TOF distribution
for 228 MeV protons obtained with scintillators placed at 65 cm. Top-Right: TOF distribution for 228 MeV protons obtained with scintillators placed at 60 cm.
Bottom-Left: TOF distribution for 159 MeV protons obtained with scintillators placed at 65 cm. Bottom-Right: TOF distribution for 100 MeV protons obtained with
scintillators placed at 60 cm. The Time-Of-Flight is calculated as the time difference between the left–right averaged times measured by rear and front scintillators.

low rates, resulting in larger beam energy and rate fluctuations [10].
As mentioned, the main goal of this measurement campaign is the
evaluation of the timing resolution for protons at different energies.
A study of the timing resolution of the system as a function of the
impinging point of the incident particles has been also performed.

3.1. Time resolution

To measure the time resolution of the system, the DAQ is set in the
auto-trigger configuration: an AND condition between front and rear
scintillators is used to detect a crossing particle event. Passive delays
due to coaxial cables have been equalized and the bias voltages have
been carefully set for each PMT to match the gain values. Data have
been acquired at five beam energies for the 65 cm baseline configuration
(100, 131, 159, 193 and 228 MeV) and at three energies for the
60 cm baseline configuration (100, 159 and 228 MeV) while the beam
impinged in the center of the scintillator bars. The Time-Of-Flight has
been evaluated according to the following formula

𝑇𝑂𝐹 = ⟨𝑡𝑟⟩ − ⟨𝑡𝑓 ⟩ (1)

where ⟨𝑡𝑟⟩ and ⟨𝑡𝑓 ⟩ are the average values of the times registered by the
left (𝑡𝐿𝑖 ) and the right (𝑡𝑅𝑖 ) PMTs for rear (r) and front (f) scintillators,
respectively:

⟨𝑡𝑖⟩ =
𝑡𝐿𝑖 + 𝑡𝑅𝑖

2
𝑖 = 𝑟, 𝑓 (2)

It is possible to demonstrate that the TOF value defined according to
the previous equation is independent from the speed of light inside the
scintillator and from the scintillator length. An example of typical TOF
measurements is given in Fig. 3.

Table 1
Summary of time resolution evaluated as the standard deviation of the time dis-
tribution in ps for the two baselines of 65 and 60 cm length.

100 MeV 131 MeV 159 MeV 193 MeV 228 MeV

65 cm 𝜎 = 73 ps 𝜎 = 70 ps 𝜎 = 73 ps 𝜎 = 72 ps 𝜎 = 75 ps
60 cm 𝜎 = 81 ps – 𝜎 = 70 ps – 𝜎 = 82 ps

The non-gaussian tails of the distributions in Fig. 3 are due to
multiple light reflections inside the scintillator bar and in the light
guides: the longest light path due to multiple reflections, results in a
late-coming signal which falls far from the mean value. The tails are
higher for lower kinetic energies because the spread on the beam spot
size due to the straggling through the crossed materials is larger. This
spread effect can result in particles hitting far from the central point of
the scintillator, which can produce multiple reflections of scintillation
light.

The time resolution has been evaluated as the standard deviation 𝜎
of the Gaussian function used to fit the time distributions. No cuts on
the deposited energy in the scintillator bars (QDC values) have been
used in this part of the analysis (conservative approach). The results are
summarized in Table 1 below.

The time resolution of the system has been also evaluated varying
the impinging point of the beam on the detector, to study how the light
reflections inside the scintillator bars affect the time duration of the
signal. For the 65 cm long baseline configuration, three impinging points
for 228 MeV proton beam energy have been used at 10, 20 and 30 mm
from the center of the scintillator. Table 2 summarizes the obtained
results.

The worst time resolution is expected in the proximity of the
scintillator edges, due to the multiple reflections of the scintillation light
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Table 2
Summary of time resolutions evaluated as the standard deviation of the time dis-
tribution in ps for different impinging point of the beam (228 MeV). The detector
baseline is 65 cm long.

Position 0 (center) +10 mm +20 mm +30 mm

𝜎 75 ps 75 ps 79 ps 80 ps

Fig. 4. The measured kinetic energy distribution for 159 MeV protons. The
nominal energy of incoming protons is degraded by the first LIDAL scintillator
itself plus a small scintillator placed upward, used to monitor the rate stability
of the beam. The degraded energy has been evaluated to be 153 MeV (see text).

inside the bars that broaden the PMT signals. The results reported in
Table 2 show this behavior. The small difference (5 ps) between the
resolution values at the center and at 30 mm far from the center, shows
how the small dimensions of the LIDAL scintillator bars helps in keeping
this phenomenon under control. The obtained values fulfill the timing
resolution constraint requested for LIDAL to remain lower than 100 ps.

3.2. Kinetic energy measurement and tracking capability

The kinetic energy and the beam profile have been reconstructed in
the configuration with 60 cm long baseline to evaluate other detector
performance. Three runs with beam impinging on the center of the
scintillators (nominal energies 100, 159 and 228 MeV) have been
acquired. Fig. 4 shows the measured kinetic energy (𝑇 ) of the incoming
protons ( for the 159 MeV beam), evaluated according to the formula
(3)

𝑇 =
√

√

√

√

𝑚2𝑐4

1 − 𝛥2
𝑐2(𝑇𝑂𝐹 )2

− 𝑚𝑐2 (3)

where𝑚 is the proton mass, 𝑐 the speed of light, 𝛥 is the distance between
scintillators.

The distribution has been fitted with a Gaussian function: in this
specific case the mean kinetic energy results equal to 151 ± 7 MeV. This
value must be compared with the degraded energy due to the interaction
of the beam with the interposed material. During these runs, a small
plastic scintillator (5 mm thick) placed before LIDAL detector was used
to monitor the rate stability of the beam. This material budget should be
added to the thickness of the LIDAL front scintillator. Using calculations
made with 𝐿𝐼𝑆𝐸++ software [11], the degraded kinetic energy of the
particles is 153 MeV.

The convolution between the detector resolution and the beam en-
ergy spread provides the width of the distribution and can be considered
the upper limit of the detector energy resolution, conservatively taken
equal to the measures uncertainty.

The isocenter of the beam spot corresponds to the detector center
for both scintillators. The nominal dimension of the beam at the

Table 3
Summary of the kinetic energy and beam spot dimension measurements.

Measurement I II III

𝑇𝑛𝑜𝑚𝑖𝑛𝑎𝑙 [MeV] 100 159 228
𝑇𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 [MeV] 85 153 226
𝑇𝑚𝑒𝑎𝑠 [MeV] 84 ± 3 151 ± 7 225 ± 10
beam spot dimension front [mm] 21 17 14
beam spot dimension rear [mm] 30 18 15

isocenter is 12 mm (standard deviation) for the considered energy range.
The dimension of the beam has been reconstructed by measuring the
impinging point of the particles in each scintillator from the left–right
arrival time difference recorded by the system. Fig. 5 shows the beam
profile along the x axis (see Fig. 2) for 228 MeV protons.

Table 3 summarizes the results.
As can be seen from the results shown in Fig. 5 and in Table 3,

the dimension of the spot appears to be larger on the rear of the
scintillator, because of the protons interaction with the front scintillator.
The larger spot in the rear scintillator due to the degrading effect of the
first scintillator on the beam, is clearly visible also by correlating the
charge-to-digital (QDC) values measured for each event. Considering
an exponential attenuation for the light inside the scintillators, we can
define the following variables:

𝐸𝑓𝑟𝑜𝑛𝑡 =
√

𝑄𝐹
𝐿𝑄

𝐹
𝑅 𝐸𝑟𝑒𝑎𝑟 =

√

𝑄𝑅
𝐿𝑄

𝑅
𝑅 (4)

where 𝑄𝐹
𝐿 , 𝑄𝐹

𝑅 and 𝑄𝑅
𝐿 , 𝑄𝑅

𝑅 are the QDC channels acquired from
the Left (L)/Right (R) PMTs of the front (F) and rear(R) scintillators,
respectively. The correlation plot in Fig. 6 confirms that the energy
released in the second scintillator is higher than the energy released
in the first one. The QDC DAQ chain is completely independent from
the TDC DAQ chain: it has been set up only to evaluate the quantity
of light collected to the PMTs in order to design comparator circuits to
drive the ALTEA trigger by LIDAL detector.

4. TOF contribution to the active detectors PID capability in space:
a preliminary study

Particle identification plays a fundamental role in radiation risk
assessment in space, because different health risks are related to dif-
ferent ions and their ionizing powers. Active detectors are largely used
in human space habitat (e.g. DOSTEL [12], ALTEINO [13], Liulin-
5 [14], RAD [15]) to measure the radiation field characterized by large
dynamics in terms of time and kinetic energy. The PID with this kind of
detectors is often done statistically, based on fits of the deposited energy
spectrum acquired.

A preliminary study has been carried out to evaluate the contribution
to the PID given by the TOF measurements performed by LIDAL to
the ALTEA detector. In particular, the results obtained at the proton
beam line for the LIDAL prototype have been projected to the case
of the radiation field expected onboard the ISS. In this evaluation we
considered one ALTEA SDU placed in between two LIDAL scintillator
bars spaced by 60 cm and assumed a time resolution of 85 ps.

Kinetic energies and relative abundances of ions ranging from 𝑍 = 1
to 𝑍 = 26 inside the ISS have been generated according to the simulated
spectra obtained using CREME96, which have already been used to
characterize the spectrum detected by ALTEA [12,16] during the flight
onboard the ISS. The signal in ALTEA SDU has been evaluated as follows:
the deposited energy in 2 mm of silicon (equal to the total thickness
of the six silicon planes inside the SDU) has been evaluated for each
incoming ion, according to the Bethe–Bloch formula, with the density
correction calculated according to [17]. The calculated deposited energy
value has been smeared according to a Gaussian function, whose width,
due to the straggling effect, was calculated according to [18]. The non-
normal tracks have been also considered in this study, in terms of
different thickness of silicon crossed by the particles as a function of the
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Fig. 5. Particle hit coordinate position along x axes measured by front and rear scintillators (see Fig. 2) . The black vertical lines indicate the physical dimension of
the two scintillator bars.

Fig. 6. Correlation between the QDC signals from the front and rear scintillators.

track angle, which can range between 0 (normal trajectory) to 0.186
rad. For each ion the trajectory angle has been generated according to a
uniform distribution (isotropic source around the ISS) between the two
limit values. The obtained result, considering also the acceptance energy
windows of ALTEA SDU [1], is shown in Fig. 7.

As benchmark to compare the TOF contribution given by LIDAL
to the PID capability of the system, three peaks are considered in
particular: Boron, Carbon and Nitrogen. As shown in Fig. 7 the large
overlapping of the peaks and their shape, which depends on several
parameters (for example the amount of materials surrounding the
detector as cables, rack and electronics passed by ions), gives large
uncertainties in fit results.

To evaluate the TOF contribution given by LIDAL to the PID capabil-
ity of ALTEA, TOF values of the considered events have been evaluated
as follows. Starting from the ion kinetic energy value, the TOF value
has been calculated considering a distance between the scintillators
of 60 cm. The obtained value has been then smeared according to a
Gaussian function with a 𝜎 equal to the timing resolutions of 85 ps
(value that include also the uncertainty for non-normal tracks). The
result, merged with the energy deposited in ALTEA SDU, is shown in
the two dimensional plot in Fig. 8

The projection on the y axis of the bi-dimensional plot corresponds
to the histogram shown in Fig. 7, where neighboring ion peaks are
largely overlapping. The information given by the velocity measured by
LIDAL, resulting in the second dimension (x-axis) of the plot in Fig. 8,
allows to disentangle the overlaying contributions. At a fixed value of 𝛾𝛽
measured by LIDAL, it correspond a slice on x axis of the bi-dimensional
plot, where the neighboring peaks are much better separated.

An evaluation of the mean PID discrimination capability overall the
whole 𝛾𝛽 range, can be done considering the events falling in between
the two dotted lines in the bi-dimensional plot, that represents Bethe–
Bloch formulas for carbon ions set at 𝑍 = 12±0.5. For 𝑛 = 92650 detected
carbon events, 1104 are miss-recognized as nitrogen, 1572 as boron and
the corresponding estimated discrimination efficiency is equal to 𝜂 =
0.969 ± 0.001. The error has been evaluated as the standard deviation of
the binomial distribution for the efficiency, equal to 𝜎 =

√

(𝜂(1 − 𝜂)∕𝑛).
This preliminary study suggests that the LIDAL-ALTEA system will

provide enhanced PID capability with respect to the ALTEA detector
alone. Moreover, considering the small number of mis-recognized events
for neighboring Boron, Carbon and Nitrogen ions, a real time PID seems
feasible with a small uncertainty never reached before, opening the way
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Fig. 7. Deposited energy spectrum in one ALTEA SDU placed between two
LIDAL scintillators in about 20 days of data taking. The box presents an enlarged
region of interest including Boron, Carbon and Nitrogen overlapping peaks.

to a more detailed and reliable real time risk assessment for astronauts
for next space missions.

5. Conclusions and future perspectives

Tests at TIFPA proton beam line have shown that time resolution
values well below the design goal of 100 ps have been achieved for the
first LIDAL prototype. The chosen scintillators, the PMTs and the elec-
tronics have been tested showing performance better than the expected
ones, confirming their useful implementation in the final LIDAL-ALTEA
apparatus. For the LIDAL-ALTEA Flight Model, scintillators dimensions
can be further reduced, in particular the thickness (from 8 mm to 4 mm),
still assuring enough light output to trigger the system. This solution will
contribute to enhance timing performance of the system, lowering the
light path due to multiple internal light reflections. The technological
solutions tested in this measurement campaign have shown that TOF
measurements with a good time resolution are feasible also with a
detector of compact dimensions.

The LIDAL-ALTEA system, which will be ready in august 2018,
is manifested to be sent onboard the ISS in 2019. It will allow to

characterize in detail and in real time the radiation environment inside
a human space habitat, being sensitive to the whole ion spectra (Z=1-
26) and featuring enhanced PID capability. The ability of measuring
parameters such as 𝑍2∕𝛽2 individually for each particle using the
independent information coming from the ToF measurements, provides
an unprecedented tool for risk assessment for astronauts.
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