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The advent of multi-PW laser facilities world-wide opens new opportunities for nuclear physics. With this perspec-
tive, we developed a neutron counter taking into account the specifics of a high intensity laser environment. Using
GEANT4simulations and prototype testings, we report on the design of a modular neutron-counter based on boron-10
enriched scintillators and high-density polyethylene moderator. This detector has been calibrated using a plutonium-
beryllium neutron source and commissioned during an actual neutrons producing laser experiment at the LULI2000
facility (France). An overall efficiency of 4.37(59)% has been demonstrated during calibration with a recovery time of
a few hundreds microseconds after laser-plasma interaction.

I. INTRODUCTION

The objective of the work presented in this paper is the de-
sign and characterisation of a neutron detector to be used in
experiments that exploit laser-driven particles or radiation to
induce nuclear reactions. There are many advantages to laser-
accelerated neutrons as they can be used to provide comple-
mentary data to measurements taken at traditional sources.
Specifically, laser-driven sources provide high flux (> 10'°
neutrons/shot!) in a short (picosecond”-nanosecond?) burst.
We note that, with new laser facilities coming online over
the next several years such as Apollon*, the Extreme Light
Infrastructure (ELI) facilities ELI-Beamlines’, and ELI Nu-
clear Physics (ELI-NP)%3, laser-driven neutron beams could
open entirely new perspectives in nuclear physics, with possi-
ble flux reaching 10%* neutrons/cm?/s per shot, see Ref.?.

In general, there are two basic approaches to detect neu-
trons: proton-recoil based detectors that are sensitive to fast
neutrons and capture-reaction based detectors sensitive to
neutrons with an energy close to room temperature. In laser-
driven experiments aimed at detecting neutron beams, typi-
cally the first type of neutron diagnostics tools has been used,
e.g. utilising proton recoils in plastic scintillators"'? or bub-
ble dosimeters>>!!. This type of system is typically char-
acterised by low efficiency, but is satisfactory for the indi-
vidual reconstruction of neutron events and their respective
energies. The other capture-reaction-based type of detector
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is based on a statistical counting where the neutrons emit-
ted from the source are slowed down to thermal equilibrium
with the ambient room environment, typically 0.025 eV in en-
ergy, in a high-density proton-rich material. Then, following
the slowing down, the entire ensemble of neutrons is counted
using a sensitive material with a large neutron-capture cross-
section and a positive reaction Q-value. The positive reaction
(Q-value guarantees that all the neutrons captured will release
the same amount of energy in the detector. Thus, the neutrons
can be easily identified statistically from their energy deposi-
tion. One example of recent developments in this direction for
laser-driven neutron diagnostics is Reference!?, where a series
of tubes filled with BF; gas was used as a sensitive volume,
embedded in paraffin for moderation.

While the thermal neutron-capture method does not provide
spectral information of the individual events, they are exten-
sively used in the low-energy nuclear physics community for
high-precision cross-section measurements of rare neutron-
emitting reactions in astrophysics, medicine, and industrial
applications. To reach a very high efficiency, the general ap-
proach for this type of design is to cover as much as possible
surface area surrounding the reaction target with moderating
material so that the neutrons, when emitted, will slow down
independently of their emission direction. The sensitive parts
of the detector should be placed as close as possible to a 47
sr geometry in the moderating matrix. In this kind of detector,
it is important to optimise the distances between the detec-
tors and the target, as well as the thickness of the moderating
material the neutrons will experience. It is this optimisation
that will be detailed in this paper. The paper is organized as
follows. In Section II, we present the conceptual design of
the detector, using GEANT4 simulations to define its overall



geometry, as well as the temporal evolution of the detected
signal. Section II also reports on early testing at a laser facil-
ity of a prototype, in order to assess experimentally how such
system can behave in the environment of an intense laser in-
teracting with solid targets. In Section III, we report on the
final design and calibration of the detector, which was opti-
mized from that of the prototype. In Section IV, we report on
preliminary results of the first full-scale use of the detector, as
conducted at the LULI2000 laser facility. Section V summa-
rizes the study.

Il. CONCEPTUAL DESIGN

The starting point for our laser-driven neutron-counter de-
sign followed the same line of reasoning as outlined in the
discussion about neutron counters used in low-energy nuclear
physics experiments. However, there is an additional con-
straints in laser-driven experiments, especially in light of the
upcoming multi-PW era of laser-driven nuclear physics at Ex-
treme Light Infrastructure — Nuclear Physics (ELI-NP) and
Apollon laser facilities, namely the rather harsh environment,
i.e. the high electromagnetic pulse (EMP) and the emission of
other high energy radiation. For this reason, a part of the con-
ceptual design was to search for a different solution compared
to the regularly used, high-efficiency neutron counters, which
consist of tubes filled with 3He gas or BF3 gas, and coupled
with delicate pre-amplifier electronics that are very prone to
picking up noise and would have a high chance not to survive
the EMP. Therefore, we chose the plastic scintillator of type
EJ-254 with a 1% loading of boron for detector material. In
this case, the neutron sensitivity originates from the break-up
of boron following thermal neutron capture via the reaction

n+1°B — a(1.47 MeV) 4+ "Li(0.84 MeV), (1)

releasing a total of Q = 2.31 MeV of charged-particle kinetic
energy and 0.48 MeV of y energy in the scintillator material,
producing scintillation photons. The emitted photons from the
scintillator will allow us to use a photomultiplier tube (PMT)
for signal readout instead of delicate pre-amplifiers, since the
former have shown to perform well in high-power laser elec-
tromagnetic environments>!3. The scintillation properties of
EJ-254 plastic scintillator, especially the light yield for both
fast and thermal neutrons, have already been investigated by
several teams'*!13. We will not go here in the details of the
scintillation properties of the detector, these being integrated
in the final efficiency evaluation that will be detailed below.
The scintillator-based detector will be encased in a modera-
tor, in our case high-density polyethylene (HDPE), to slow
down the produced MeV-range neutrons.

Another vital advantage of moderating the neutrons is that
it should allow to cleanly count them without being hampered
by the noise generated by the laser-matter interaction. Indeed,
a typical moderation time in this type of HDPE is a few hun-
dreds of microseconds. Thus, the neutrons will still arrive at
the scintillator material well after the electromagnetic pulse,
and the gammas generated by the prompt laser interaction
with the primary target, have passed.

A. GEANT4 simulations
1. Defining the detector geometry

The neutron detection method via moderation and neutron
capture requires a large amount of material for moderation
and detection. The experimental conditions at typical high
power laser facilities make it such that space in the experi-
mental chamber is limited since there is a significant amount
of large optics and diagnostic equipment. An illustration of
the commissioning experiment’s spatial constraints, and of the
final design of the present detector, is shown in Fig. 1. As can
be seen, the detector cannot occupy the full space around the
target since angular portions have to be carved out to leave
room for laser beams and ancillary experimental detectors.

However for the sake of simplicity, we started the design
of the detector by considering a simplified model having the
form of a full cylinder. The value for the inner diameter is set
to 40 cm to leave enough room for the target manipulator and
other equipment near the target chamber centre. The height
of the cylinder is limited to 60 cm due to a laser beam pass-
ing above the detector (see Fig. 1). Note that for simplicity,
the full height is here occupied by the scintillator. All other
dimensions were then left open for optimisation. A typical
example of such geometry, where the outer radius is 65 cm,
and having ten detector elements (containing the plastic scin-
tillators+PMTs), is shown in Fig. 2. In this case, the solid
angle subtended by the detector is 10 sr.

To determine the optimum detector geometry in its yet-
unfixed dimensions, we used GEANT4'©, a widely used
Monte Carlo simulation toolkit developed by CERN to track
particles through matter within high energy, nuclear and ac-
celerator physics. The moderator material was chosen to be
HDPE since it is well established as a neutron moderator and
does not have significant out-gassing as to affect the vacuum
properties of the interaction chamber'”. The number of detec-
tors (evenly distributed in the cylindrical volume, see Fig. 2),
detector length, and outer radius of the moderator were all
varied in the simulation. The results are presented in Fig. 4.

The simulations were performed based on the code devel-
oped for the BRIKEN project'®2°, using the GEANT4 li-
braries version 10.5. The NeutronHP physics list was em-
ployed to get an accurate cross-section for the scattering of
close-to-thermal neutrons, including molecular effects at a
given temperature. The initial estimations were performed
using 1 000 000 generated neutron events with monoener-
getic distributions in steps of 100 keV ranging from 1 MeV
up to 1.5 MeV over a wide range of geometric parameters.
The chosen range for the neutron energies is inferred from the
expected neutron spectrum shown in Fig. 3. This spectrum
corresponds to the reaction 3'V(p,n)>'Cr. 3!V, which is is
the main (p,n) reaction induced in natural V. The reaction is
here triggered by a laser-induced proton beam, which is gen-
erated from a solid target by the Target Normal Sheath Accel-
eration (TNSA) mechanism?!-??, characterized by a maximum
(cutoff) energy of 16.8 MeV. Indeed, natural V is composed
of 99.75% of 'V and 0.25% of *°V, and that reaction is the
dominating reaction, due to its higher cross-section, for pro-
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FIG. 1. Illustrations of the experimental design of the commissioning
experiment utilising the neutron counter detailed in this paper, which
is the segmented large array shown in dark green. The incoming laser
beams are: the ps-duration, intense laser (shown in light green, trans-
ported and focused by large mirrors (not shown) inside the chamber)
and the target-heating laser (in dark red). Additional major materials
in the chamber are x-ray protection (pink) and proton spectrometry
diagnostics.

tons having energies above 1.5 MeV, as commonly produced
by high-intensity lasers”. This particular reaction was chosen
for the experiment with the aim of studying electron screen-
ing effects in plasmas?3, i.e. where one would study the yield
of the (p,n) reaction in either a cold V target, or a heated one
(by an auxiliary laser beam) to the plasma state’*. In the case
of the (p,n) reaction in V, the outgoing neutron spectrum will
have a maximum between 1 and 1.5 MeV, as shown in Fig. 3.

The efficiencies shown in Fig. 4 correspond to the ratio E/N,
where E is equal to the sum of the events corresponding to
the total energy deposition of the nuclear break-up reaction of
boron in the scintillating material by the « particle and "Li
ion, and N is equal to the total amount of neutrons sent, in the
simulation, to the detector. We selected those events, since,
when we analyze the signal from the detector and plot the re-
trieved spectrum, we can identify (as will be detailed below) a
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FIG. 2. Top-view of the GEANT4 model of the neutron counting sys-
tem. This example contains 10 scintillators (in red) and a moderator
volume (in grey) with an inner diameter of 40 cm and an outer diam-
eter of 65 cm. Its height is 60 cm. Vertically, the neutron source is
not at the center; it is positioned at 40 cm from the bottom and 20 cm
from the top.
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FIG. 3. Expected neutron spectrum produced by the 'V (p,n)>!Cr
reaction. The reaction is induced in natural V, which has 99.75%
fraction of 31V, with the remaining 0.25% being °V, by a laser-
induced proton beam, generated from a solid target and by the TNSA
mechanism>2122, That proton beam is modeled based on an experi-
mentally measured beam. It is broadband, with a maximum (cutoff)
energy of 16.8 MeV. The cross-section for the reaction was obtained
from the TALYS database?>-26.

peak in the spectrum around 100 keV ., which can only be as-
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FIG. 4. Simulated neutron detection efficiency (in %, see text for definition) of an idealised full array (as shown in Fig. 2) for several neutron
energies (we use here monochromatic neutrons as input) and (a) as a function of the number of scintillators distributed in the moderator, (b)
the external diameter of the moderator cylinder, and (c) the diameter of the circle on which the scintillators are placed. The basic parameters
for those calculations are a height of 60 cm, an internal diameter of 40 cm, an external diameter of 65 cm, a scintillator circle diameter of 50

cm and ten scintillators.

sociated with that break-up. Hence, since we will later isolate
the signal as the one participating to this peak, we will count
for the efficiency only those events corresponding to the to-
tal energy deposition of the nuclear break-up. The variation
of the efficiency as a function of the number of detector units
within the whole detector is shown in Fig. 4.a.

Fig. 4.a shows that, as we would expect, the overall effi-
ciency increases linearly with the number of detectors until
15 or so. Afterwards, the gain in efficiency as we increase the
number of detector becomes less important. Thus, we have
decided on using 15 detectors in the whole detector. Fig. 4.b
shows the amount of HDPE needed to thermalize as many as

possible neutrons of interest: we observe that the efficiency
plateaus if the HDPE cylinder is thicker than 25 cm thickness,
this being due to the useful neutrons being already thermalized
in the HDPE, there is no need to have a thicker thermalizing
medium.

Fig. 4.c displays the efficiency estimation as a function of
the position of the individual detector units (comprising the
scintillators+PMTs) within the HDPE matrix. From it, we can
infer that the efficiency reaches a peak around when the detec-
tors are positioned around 48 cm in radius.

In summary, in this ideal case with no noise and a 100%
efficiency for the PMTs, these simulations give us a neutron-
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FIG. 5. Sketch of the chosen setup with 15 modular pieces.

counting efficiency of a few percents. Due to the positive Q-
value of the detection reaction, there is no low-energy thresh-
old, and our detector covers the full energy range of the neu-
trons produced. Based on Fig. 4, a solution consisting of 15
detector elements was chosen. In the final design, the detector
has a "cheese wedge" feature such that sections can be taken
out to accommodate laser and detector paths and make the
whole detector modular. It has an inner diameter of 40 cm,
an outer diameter of 65 cm, a height of 60 cm and the scin-
tillators are placed on a circle with a 48 cm diameter. Fig. 5
shows a sketch of this final setup. This setup was used both
for the calibration as well as for the LULI2000 experiments,
both of which will be detailed below. In this case, the solid
angle subtended by the detector is 6.17 sr.

2. Time evolution study

With our design fixed, it is also interesting to study the time
evolution of the energy deposition. This is especially impor-
tant since EMP and other radiation should significantly impact
our signal in the first pts after the laser shot. To do so, we built
in our simulation a more accurate representation of the final
design as shown in Fig. 6.

When filtering events to get only energy deposition corre-
sponding to the Q-value peak, we have been able to get the
time evolution of neutron detection as shown in Fig. 7. We
note that the signal peaks after around 1 us, which is related
to the time it takes for neutrons to be moderated in the HDPE.
The temporal evolution of the energy deposition can be fit-
ted with a sum of two exponentials, as shown. The first one
has a half-life value around 10 us and the second one around
100 us. This knowledge will allow us to extrapolate the num-
ber of neutrons arriving onto the detector, based on the frac-
tion that can be detected after the black-out period, of tens of
Us (see below), after the laser shot.
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FIG. 6. Representation of the GEANT4model used for the time evo-
lution study.

@ 10°
S F 5, 5,
- r 2~-9.50x10°t 24-1.19x10°t
P r 9.48 x 10°e +2.07 x 10%
2 L
>
8 1025
10 = 1000},
E 800)
i 600
e 5 5000 10000 3
L L b L o X0
0 50 100 150 200 250 300

Time (ns)

FIG. 7. Evolution of the neutron detection for the neutron spectrum
displayed in Fig. 3, over the first 300 us. Inset: Zoom-in over the
first 10 us, showing that the signal peaks around 1.2 us. The axes
of the inset represent the same values, in the same units, as the main
graph.

B. Prototype testing

A prototype detector unit was built to test the design, es-
pecially in a laser environment, and debug the system. One
detector was constructed, as shown in Fig. 8. It consisted of
a 50 mm long plastic scintillator with a 30 mm diameter. The
scintillator was connected to two PMTs (model PMS XP2972
from Philips), one on each end, where one of the PMTs was
loaded with a spring to keep a firm connection between the
scintillating material and the readout. The setup was enclosed
in a vacuum-tight and light-tight aluminium housing, forming
an air-lock around the detector components.

The prototype detector was evaluated using a stan-
dard 37Cs y-ray source, as well as plutonium-beryllium
(PuBe) neutron source with a well-characterised energy
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FIG. 8. Drawing of the prototype detector with a 50 mm long cylin-
drical plastic scintillator (shown in turquoise) between two photo-
multiplier tubes. One of the photomultiplier tubes is connected with
a spring to the outside wall to keep a solid connection.

distribution?’. These evaluations consisted in determining the
Y-ray response, neutron response, and digital electronic read-
out for feasibility to use within actual experimental condi-
tions. One of the critical aspects of these measurements was to
evaluate a two-PMTs readout concept, namely in coincidence
counting mode. The PMTs were biased with a high voltage
of 1.2 kV and read out using CAEN VX1730B digitiser units
with a sampling frequency of 500 MS/s and a resolution of
14 bits, operated with Digital Pulse Processing - Pulse Shape
Discrimination (DPP-PSD) firmware version 4.17.

The y-ray response was evaluated using a 313 kBq '37Cs
source placed directly at the detector wall that provided y
rays with an energy of 661.66 keV, giving a Compton edge
in the energy distribution measured in the detector system at
477.34 keV. The 37Cs y-ray source was placed next to the
scintillator in the middle of the assembly.

For the energy calibration, the '37Cs Compton edge loca-
tion was taken to be at 80% height on the high-energy side
of the 7y-ray distribution, in line with the findings reported
for low-Z scintillators measured in coincidence with a high-
purity germanium detector?®. A typical, calibrated, y-ray en-
ergy spectrum is shown in Fig. 9.a.

As shown in Fig. 9, the two PMTs gave a very similar indi-
vidual response. Furthermore, we also show the energy spec-
trum where we require a signal from both PMTs to be coin-
cident within a time window of 5 ns, and each event’s energy
is taken as the sum of the light measured by both PMTs. This
spectrum, also shown in Fig. 9, is entirely consistent with the
energy spectrum of the individual PMTs, with a slightly lower
low-energy noise, and almost no positive events are lost in the
coincidence counting mode of operation.

To evaluate the neutron response of the prototype scintil-
lator, we used a PuBe neutron source with a moderator. The
full characteristics of this source have already been reported in
Soderstrom et al.?”. This source produced 2.22 x 10° neutrons
per second with a mean energy of 3.25 MeV and a maximum
energy around 12 MeV. The PuBe neutron source was placed
at a distance of 30 cm from the detector unit and the emit-
ted neutrons were moderated using 10 cm of HDPE placed in
between. Also, we placed 5 cm of lead in front of the detec-
tor to reduce the influence of 4.4 MeV 7 ray of '*C that is
occasionally produced in the PuBe reaction. Performing the
same exercise as with the 137Cs data, we constructed the en-
ergy spectrum for the individual PMTs with the coincidence
requirement. We show these results in Fig. 9.b. The most no-
table features in this spectrum are that the background noise
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FIG. 9. Histogram of the light collected by the prototype detector
consisting of two PMTs, as collected with a '37Cs y-ray source (top)
and a PuBe neutron source (bottom). The blue and red histograms
correspond to the individual PMTs, while the black histogram corre-
sponds to events coincident in both PMTs. The recorded light in both
cases has been calibrated in keV electron equivalent energy using the
location of the '37Cs Compton edge.

is heavily reduced with the coincidence requirement and that
the neutron-capture peak becomes significantly more promi-
nent. In total, we obtain the mean value of the neutron-capture
peak at an energy of 83.81(11) keV,. with an energy reso-
lution of the detector unit of 28.55 keV.. full width at half
maximum (FWHM). This value is significantly lower than
the reaction Q-value and reflects the loss of energy from the
initial products (o particle and 7Li) to the emitted photons. It
is, however, well above the detector noise and provides a very
clean neutron signal.

C. Dusseldorf test

To test the response of the detector to prompt y-rays gener-
ated during the laser-matter interaction and the impact of the
EMP and radiation noise, the prototype scintillator-PMT as-
sembly was installed at an experimental campaign where thin
titanium foils were shot at the ARCTURUS laser (30 fs, 102



W/cm?) of the Heinrich Heine Universitit of Diisseldorf. The
assembly was put horizontally 30 cm away from the target
chamber centre and 15 cm below the equatorial plane.
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FIG. 10. Readout signal detected on a prototype scintillator-PMT
assembly during a test campaign conducted at the ARCTURUS laser.
We can see here the evolution of the two PMTs output voltage over
5 ms during six shots, which are each vertically shifted with respect
to the others, for clarity.

Fig. 10 shows the voltage signal output by the PMTs as a
function of time. We see in the first (top) trace, as well as
in the last (bottom) trace, an isolated peak. These are seen
both in PMT1 and PMT?2, and are correlated in time between
the two PMTs. They thus clearly correspond to a real energy
deposition from a gamma-ray reflecting from the environment
of the target area and entering late into the detector. We also
observe, as shown in Fig. 10, that during the first few s, there
is fast, large-amplitude oscillations due to the prompt EMP,
Y-rays and x-rays. After this period, over a few hundreds of
Us the base-line of the signal returns to zero, thus a detector
counting moderated neutrons should function correctly at this
time.

We should note that the laser pulse duration on this facility
was only 30 fs. Hence, these measurements are not neces-

sarily representative of the conditions taking place at facili-
ties which have pulses of picosecond duration, which cause a
larger EMP and gamma production. However, as the long-
term aim of this instrument is for use at the Apollon and
ELI-NP facilities, which have a pulse length of a few tens of
fs, we expect these measurements at ARCTURUS to be more
representative of the detector response in these conditions. It
is, though, rather difficult to draw more precise conclusions
from only these data since the EMP and gamma generation is
very dependant on the facility parameters>%-3°.

In any case, apart from the first tens of s, which are heav-
ily perturbed, the base-line evolves much more slowly, which
should not preclude the observation of the much shorter neu-
tron deposition peaks, which are on the order of 10 ns dura-
tion.

lll.  FINAL DESIGN

A view of the final detector unit is shown in Fig. 11. For
the final system, the detectors consisted of plastic scintillators
of type EJ-254 with 1% boron loading. Each element con-
sisted of two 200 mm long EJ-254 rods with a diameter of
25.4 mm and diamond milled and polished edges. The plas-
tic detectors were coupled into pairs, yielding a total length
of 40 cm, as illustrated in Fig. 11. The ensemble is wrapped
in TYVEK high-reflectivity paper®'. Note that compared to
the conceptual design discussed in Section II, the total height
of the detector is kept at 60 cm, 40 cm of which is occupied
by the scintillator, the rest being occupied by the PMTs and
connecting electronics.

Optical interface PMT 2

Scintillator rod 2

Scintillator rod 1

FIG. 11. Schematic drawing of a single active detector unit, con-
sisting of two separate plastic scintillators and PMTs connected with
an optical interface. Every single unit was encased in a thin HDPE
shell to provide the necessary stability and a path for the signal and
high-voltage cables to pass to the connectors.

EJ-560 optical interface discs were used to couple the scin-
tillators to each other and to the PMTs of model 9112B from
ET Entreprise. There is one PMT on each side of the assem-
bly, with an active diameter of 22 mm, a 25% quantum effi-
ciency at peak wavelength, an electron gain of 10°, a typical
rise time of 1.8 ns and a transit time of 20 ns. The voltage to
the PMTs was provided using C673A voltage dividers.

As shown in Fig. 12, the detector components were placed
into individually manufactured HDPE shells providing the
bulk of the moderator volume, as well as being vacuum-tight,
thus serving as an air-lock for the PMTs. This modular design
allows for the necessary flexibility to assemble the detector
array in various configurations adapted to each experiment’s
particular requirements.
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FIG. 12. Close up view of one of the final detector modules, showing
the top part of the module with the end of the scintillator rod, the
PMT and the voltage divider, and the arrangement for the vacuum
sealing of the unit with the four LEMO feed-throughs connecting the
signal and high-voltage cables to the top and bottom PMT.

For the first commissioning of the detector array, 15 detec-
tor modules were manufactured to be placed in the interaction
chamber as shown in Fig. 5. A list of the individual detector
properties is shown in Table I.

For the work presented in this paper, CAEN digitisers of
type V1730 have been used, with a sampling frequency of
500 MS/s and a digital resolution of 14 bits.

A. Neutron source measurements

The detector array was assembled and calibrated at the
ELI-NP facility. The calibration setup was exactly the same as
shown in Fig. 5. The sources were placed at a 40cm heigth in
the center of the detector. The data signals were fed to a digital
electronics system based on three CAEN V1730SB digitisers,
consisting of 16 channels, each with a 14-bits resolution and
a 500 MS/s sampling frequency. The boards were read out
using a daisy chain of short optical fibre cables with the first
and the last board connected via long optical fibres to a PCI
express board installed in the data acquisition computer. The
high-voltage to the PMTs was provided by two 24 channels
CAEN A7030SN boards in a CAEN SY5527LC power supply
system using cables with safe high voltage (SHV) to LEMO
connectors, where the latter were connected to the PMTs.

The detector units’ energy calibration was carried out using

TABLE 1. The first 15 detector modules manufactured for the final
neutron detector array, the angle defined in Fig. 6, and the high-
voltage used for the individual PMTs. 0 is defined as the angle from
the laser direction. Note that during this experiment, the PMT DOSD
showed a considerable leakage current and the entire module could
not be operated during commissioning. In addition, we also list the
location of the energy E of the neutron capture peak for each detec-
tor unit in keV electron equivalent and the width of the peak in % for
the full-width at half-maximum. The efficiency of each unit is given
with a PuBe neutron source as a reference.

ID 6 PMT HV E AE €
©) (V) (keVe)  (keVee) (%)
poi 525 U 1200095 637)  30.201)  0.030(17)
D 1200

D02 82 g iggg 104.8(11) 432(33)  0.299(43)
D03 99.5 g ggg 114.9(11)  45.9(29)  0.320(40)
D04 1145 g ggg 109.7(11)  42.924)  0.363(42)
D05 129.5 g 388 119.9(20)  64.0(54)  0.402(57)
D06 144.5 g 388 105.0(11)  43.7(25)  0.420(48)
D07  159.5 g }ggg 104.7(15)  46.8(36) 0.359(51)
D08 202.5 g _1200 ] i ]

D09 2175 g 388 110.0(12)  46.1(30)  0.338(43)
DI0 2325 g ggg 121.4(17)  66.6(63) 0.325(53)
DIl 2625 g 388 99.9(12)  50.3(36)  0.366(47)
DI2 2775 g }ggg 100.3(12)  49.3(34)  0.354(46)
DI3 2925 g }388 99.7(10)  48.3(21) 0.365(35)
D14 3075 g 388 108.1(8)  35.8(19) 0.390(44)
DIS 3225 g 388 99.3(50)  41(13)  0.039(22)

the same '37Cs y-ray source with an activity of 313 kBq at the
time of measurement. Similarly, as for the prototype tests, the
Compton edge location was taken to be at 80% height on the
high-energy side of the y-ray distribution. The data was col-
lected using the CoMPASS data acquisition (DAQ) software
and the DPP-PSD firmware installed on the digitiser cards,
operated in internal-trigger mode. The Compton spectrum for
the individual PMTs , as shown in Fig. 14, appears to exhibit
a double edge structure. This peculiar structure might orig-
inate from the two-components construction, which is illus-
trated in Fig. 11, i.e. that comprises an imperfect intermediate
optical interface. Indeed, such imperfections could reflect or
absorb the light of each event asymmetrically, letting appear
two Compton edges.

To calibrate in energy each of the two PMTs, we used the
Compton edge located at high energy (477.34 keV) as a ref-
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FIG. 13. Schematic illustration of typical hardware infrastructure
for the operation of the detector array discussed in this work. For
the LULI2000 commissioning, the digitisers were of type CAEN
V1730SB, read out via the A3818 optical bridge, and the high-
voltage system consisted of A7030SN cards in an SY5527LC main-
frame.
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FIG. 14. Histogram of the light collected by the two individual PMTs
of detector unit 7 (red up, blue down) using a '37Cs y-ray source,
with an approximate energy calibration. The black histogram shows
the sum of the two PMT signals re-calibrated to the Compton edge
energy at 80% height of the Compton distribution, highlighted as a
dashed black line.

erence point since it corresponds to the maximum energy that
can be deposited in the scintillator by a 661.66 keV gamma
(released by a '37Cs) and scattered in the scintillator. After
this preliminary calibration, the two signals were summed to-
gether for each coincident event and re-calibrated against that
same 477.34 keV Compton edge. The obtained, final, energy
spectrum clearly shows the typical structure of a Compton dis-
tribution with a well defined Compton edge.

To verify that the double structure did indeed originate from

a position dependence in the interaction, we tested the re-
sponse of the two PMTs (of detector unit #4) to the location
of the energy deposition along the unit. This was done using
the very same '3’Cs gamma source, which was this time po-
sitioned behind a lead collimator having a 1 cm hole, so that
the angular emission of the gammas could be narrowed down.
Five different positions have been investigated, as shown in
the sketch of Fig. 15. For clarity, only the results for position
2, 3 and 4 will be shown.

1 2 3 4 5

+—>

10 cm

FIG. 15. Drawing of the setup of the measurement conducted to test
the dependence (in the detector unit) of the light collected by the
PMTs positioned at each end, with respect to the localisation of the
energy deposition in the scintillator unit. The '37Cs gamma source
is shown in blue. It is located behind a collimator composed of a
lead brick (shown in grey), having a central hole with a diameter 1
cm. The source is here shown in position 1. In green is a detector
unit, where is represented in red the position of the two segments
composing the scintillator. At each end of those segments, the grey
dotted rectangles represents the localisation of the PMTs and elec-
tronic parts. The location of the PMTs and connecting electronics is
represented by the dotted rectangle at the end of the scintillator. The
numbers represent the 5 positions where the source has been placed
successively for the measurement.
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FIG. 16. Histogram of the light collected by the detector unit when
summing the energy measured by both PMTs for 3 different positions
of the directive gamma source described in Fig.15, and recalibrating
the photon energy against the know Compton edge (477.34 keV). As
one could expect, those spectra are identical.

Fig. 16 shows the response of each individual PMTs when
moving the localised source along the detector, when Fig. 17
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FIG. 17. Histogram of the light collected by the two PMTs (as la-
beled in Fig.15) of the detector unit #4, and for 3 different positions
of the collimated gamma source (see Fig.15). We see that the amount
of light collected by each PMT depends strongly on the position of
the source.

shows the energy deposition when summing the energy ob-
tained by both PMTs. Fig. 17 shows that the global response
of the unit does not depend on the position of the interaction,
which is reassuring for our energy calibration. However, when
we look at the light received by each PMT in Fig. 16, there is
a strong dependence of the signal seen by the two PMTs of
the detector on the position of the source: when the source is
located in front of one segment of the scintillator, the PMT at-
tached to that segment sees a strong (energetically speaking)
signal whereas the PMTs attached to the other segment sees
a weak signal. Moreover, the spectra recorded for position
3 (both for PMT1 and 2) have two contributions. One could
even guess that the source was not exactly centered and a bit
on the PMT2 side. All those hints seem to confirm that the
amount of light detected by each PMT is asymmetric and de-
pends on which segment of the overall scintillating assembly
the energy deposition takes place in.

For the calibration using the neutron-emitting PuBe source,
we used a 1 Hz pulser as the external trigger to mimic the
external trigger used in laser experiments and the digitisers’
entire recorded signals were read out as complete waveforms
for a defined time (1 ms) and analysed off-line on a shot-by-
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shot basis.

We used the DPP-PSD firmware with waveform writing
output mode to accommodate this. In this configuration,
the digitiser cards were operated by the Waveform Record-
ing Firmware, and the internal memory buffer was modified
to contain at least 5 x 10° sampling points, corresponding
to 1 ms of waveform length. The readout was done using
a dedicated DAQ with a custom data collection and analy-
sis software, where the control of the digitisers was imple-
mented via the CAEN digiTES framework. The record length
for each waveform following a trigger was set to 992 ns. In
Fig. 18, a histogram showing the typical variation of the wave-
forms selected on detector energy deposition corresponding to
neutron-capture energies is shown, together with one typical
waveform showing the level of noise in the detector. From

Amplitude (mV)

L 1 L L
150 200
Time (ns)

R
100

FIG. 18. Typical detector pulse shape shapes following the capture
of thermal neutrons collected from detector 7. The colour histogram
accumulates ~ 150000 wave-forms and the black connected line one
single typical wave-form. Black circles show the individual sampling
points.

this, we can see that a typical integration time of around 30 ns
should be enough to cover a good neutron-capture event com-
pletely. A neutron signal is, furthermore, seen to have an am-
plitude of approximately 50 mV.

A typical neutron energy spectrum retrieved following this
procedure is shown in Fig. 19.For this calibration, 736 sets of
traces were registered. The integral of the fitted Gaussian was
then divided by the total duration of the recorded set which
is 0.736 s and the neutron production of the source which is
2.22 x 10° neutrons per second, to finally get an efficiency for
each unit. Of course, this efficiency depends on the neutron
energy spectrum. Depending on the experiment and the actual
neutrons the detector will be exposed to, simulations will be
needed to correct this efficiency and adapt it to the energy
spectrum of the neutrons which are measured.

IV. LULI2000 EXPERIMENT

The commissioning experiment of the detector system was
carried out at the LULI200 facility. The detector arrangement,
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FIG. 19. Measured histogram (blue crosses) of the light collected by
the detector 11 using a PuBe neutron source, external trigger and off-
line pulse-shape analysis. The histogram only contains those events
where both PMTs generated a realistic neutron signal. The red line
corresponds to a Gaussian plus exponential fit to the data. From the
fitted area, we can extract a neutron detection efficiency of 0.366%
for this particular detector, with the neutron-capture energy peak lo-
cated at 99.9 keV, with an FWHM resolution of 50.3 keV.

as shown in Fig. 1, was placed in the MILKA chamber where
a 40 J laser, 1 ps beam was focused on the proton generat-
ing target. The protons were produced by the Target Normal
Sheath Acceleration (TNSA) mechanism, which has been in-
vestigated in detail and is well documented®!-*?2. The con-
tinuous energy spectrum of the proton is characterized on ev-
ery shot using a magnetic spectrometer. This first target was a
23 um plastic foil for the acceleration of protons and a 1 um
foil of natural vanadium to 99.75% of the 3!V isotope was the
secondary target, which was positionned 500 um after the
primary target.

The typical electronics setup shown in Fig. 13 was prepared
for this measurement. To trigger the system, the laser trigger
signal was used, split between three digitiser modules using
a Stanford Research Systems DG535 gate generator, and de-
layed such that it would provide approximately 100 ms worth
of sampling points before the laser interaction with the tar-
get. A typically recorded waveform from one of the detectors,
detector unit #12, is shown in Fig. 20 for the two PMTs sep-
arately. A few distinct features can easily be noticed in this
figure. Immediately after the laser shot, there is a strong EMP
signal; the detector is unresponsive for a brief period of time
and we begin to count when the peak density, i.e. the number
of detected event as a function of time, reaches a maximum
which is here 140 us after the EMP.

For the analysis of the time series waveforms, namely
counting the individual neutron signals, a software leading-
edge discriminator was implemented with a threshold of ~
4.75 mV for the upper PMT, and ~ 3.75 mV for the lower
PMT, well below the expected neutron signal. While these
values are for the particular traces shown in Fig. 20, they will
change from detector unit to detector unit. We optimized the
thresholds such that we can observe a clear peak in the spec-
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FIG. 20. Example of two waveforms from detector unit #12 follow-
ing a laser shot on a proton and unheated vanadium target. The upper
PMT is shown as a red waveform, and the lower PMT is shown as
a blue waveform. Note that the red waveform is affected by a small
amplitude modulation that originates from a defect in the acquisi-
tion card. The time of the EMP associated with the laser shot has
been highlighted. The region where a clean neutron counting can be
performed is highlighted as well.

trum around 100 keV as shown in Fig. 21, while maximizing
the number of detected neutron events.

To identify each individual peak, for each time-step, we first
define a baseline as the mean of the signal during the preced-
ing 80 ns (i.e. twice the average duration of an individual
peak), then we check if the signal exceeds the baseline by at
least the threshold. If this is the case, we identify the max-
imum height of the signal, subtracting the baseline, over the
following 40 ns. Then we define the individual peak by the
temporal window around that maximum for which the signal
height is at least equal to 10% of the maximum height. We can
now integrate in time that individual peak to get an amount of
light collected, using the adequate coefficient defined during
the energy calibration process.When operating in coincidence
mode, a window of 10 ns between the upper and lower PMT
was used and any signal that did not have an equivalent signal
by its paired PMT within this window is rejected. In the re-
sulting spectrum shown in Fig.21, a peak approximately cor-
responding to the light output expected from neutron capture
events in the scintillator can be seen from the shot with the
neutron-producing target, while the shot without the neutron-
producing target does not exhibit a similar peak.

V. SUMMARY AND CONCLUSIONS

We have presented the process of designing and construct-
ing a neutron counter for use in high-power laser environ-
ments. The procedure reported here includes detailed simula-
tions of detector properties, prototype testing, software devel-
opment and hardware for readout, and finally, a commission-
ing test of the final detector units under realistic conditions. To
conclude, neutron events can be selected and separated from
the very noisy environment induced by the laser-matter inter-
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FIG. 21. Histogram of the light collected by the detector unit #15 for
two different shots. One shot was conducted using solely a proton-
generating plastic target exposed to the ps-duration intense laser (full
line). The second shot was conducted using the same target, followed
by a V solid converter (dashed line). The light output shown here is
accounted from the sum of the two PMTs, re-calibrated against the
Compton edge of a '37Cs source. The light peak corresponding to
neutron capture in boron, which is expected to be around 100 keV, is
clearly present in the neutron-producing shot using the V converter.

action. By taking advantage of the delay due to moderation,
the electronics had time to recover from the noisy laser-solid
interaction and therefore, the detectors were able to collect the
neutron signal. Furthermore, we note that this type of detector
can also be used in Time-Of-Flight configuration without the
HDPE?.
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