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Abstract

A study of the dimensions and performance of a single detector of the future
neutron detector array NEDA was performed by means of Monte Carlo sim-
ulations, using GEANT4. Two different liquid scintillators were evaluated:
the hydrogen based BC501A and the deuterated BC537. The efficiency and
the probability that one neutron will trigger a signal in more than one detec-
tor were investigated as a function of the detector size. The simulations were
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validated comparing the results to experimental measurements performed
with two existing neutron detectors, with different geometries, based on the
liquid scintillator BC501.

Keywords: Monte Carlo simulation; BC501; BC501A; BC537; liquid
scintillator; neutron detector; Geant4; NEDA
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1. Introduction

Modern arrays of germanium detectors are an ideal tool to perform in-
beam ~v-ray spectroscopy investigations of exotic nuclei, far from the line of
stability. In such studies the nuclei of interest are produced with very low
cross-sections and aggregates of germanium detectors must be complemented
with ancillary devices, which make accurate identification of the reaction
products or reaction channels possible. In particular, when heavy-ion induced
fusion-evaporation reactions are used to reach very neutron deficient nuclei,
many reaction channels are open even at a moderate beam energy above the
Coulomb barrier. The relative cross-section is largest for nuclei produced
with the emission of a few protons. Channels with low proton multiplicity,
a-particle emission and, most important of all, emission of 2, 3, or more
neutrons, have very small cross-sections but lead to the most exotic neutron
deficient nuclei. Events of interest, for which v rays should be analysed, can
thus be selected by registering rare neutrons emitted from the compound
nucleus, with additional conditions on detected protons and « particles.

With the purpose of identifying neutron-evaporating reaction channels,
large arrays of liquid scintillator detectors like the Neutron Wall [1, 2] and
the Neutron Shell [3] were constructed in the past and successfully used in
many experiments, aiming at more and more neutron deficient nuclei, espe-
cially along and close to the N=Z line, up to the region of the doubly magic
1008, The existing neutron detection devices are rather well suited for the
detection of single neutrons, achieving efficiencies of 20-30% in symmetric
fusion-evaporation reactions (similar projectile and target masses). The de-
tection and identification of two or more neutrons is more problematic. An
important limitation of closely-packed detector arrays, as the aforementioned
ones, is the large probability that neutrons scatter between different detector
units. This leads to an apparent increase of the number of detected neutrons
and invalidates the selection of events with more than one emitted neutron.



In order to achieve clean identification of events in which two or more real
neutrons were detected, gates on time-of-flight difference and distance be-
tween active detectors have to be set [4, 2|. This method allows to achieve a
very good rejection of scattered neutrons, but it has a severe impact on the
efficiency.

Gamma rays are detected with similar intrinsic efficiency as neutrons in
the liquid scintillator detectors. They have to be distinguished from neu-
trons, which is done by exploiting differences between the pulse shapes of
the signals due to neutrons and ~ rays and by time-of-flight measurements.
A relatively good quality of the neutron-~ discrimination can be achieved:
the residual probability to misinterpret a y-ray as a neutron is at the level of
0.5-0.1%. However, in experiments in which the average ~-ray multiplicity
is relatively large and the neutron emission is very rare, even such a low
level of misinterpretation probability results in an unacceptably large num-
ber of wrongly identified events. This turns out to be critical if three or more
neutrons should be detected and discriminated [2].

Work on the design of a new neutron detector array named NEDA (NEu-
tron Detector Array), has recently been initiated. This work should lead to
the construction of a more efficient neutron detection system than for ex-
ample the Neutron Wall, with special emphasis on its ability to efficiently
identify reactions in which several neutrons were emitted. In the present
paper we report on a systematic Monte Carlo simulation study of a single
detector module of NEDA, with the aim to maximise the neutron detection
efficiency and to minimise neutron scattering to neighbouring detectors. The
simulations were performed using the Geant4 package [5, 6|, which provide
a full description of the interactions of radiation with matter as well as tools
to implement complex detector geometries.

The Neutron Wall [1, 2| and Neutron Shell 3] detector arrays use liquid
scintillators of the type BC501A [7, 8|, which has the approximate chemical
composition CgHyg. For NEDA, the use of BC501A or possibly a deuterated
scintillator, like BC537 (CgDg) [9], is considered. The deuterated scintillator
is of interest because it may produce signals which are more correlated with
the energy of the incident neutron, due to the anisotropic angular distribution
of elastic scattering of neutrons on deuterons [10, 11, 12, 13]. Such a property
could make possible to distinguish single neutrons scattered between multiple
detectors from the detection of multiple neutrons, by correlating the time-of-
flight of the neutrons with the measurement of the energy deposited in the
detectors.



The average energy of the neutrons in the laboratory system emitted in
a typical fusion-evaporation reaction at the proton-rich side of the nuclidic
chart is 2-3 MeV, with a tail extending up to about 10 MeV. An exam-
ple of simulated neutron energy distributions, calculated using the evapOR
code [14], can be found in Fig. 2 of Ref. [2]. In the present simulation
study, we analyse the response of the detectors to monochromatic neutrons
in the energy range 1-10 MeV. To validate the simulations (see Sec. 3) we
have performed measurements with 2°2Cf sources, which emit neutrons with
an energy distribution [15] that is very similar to the one expected in the
fusion-evaporation reactions of interest.

2. Geant4 and principles of neutron detection

The Geant4 package was the selected tool for the simulations of the NEDA
array, due to its flexibility and the possibilities to include a large number of
different materials and detector shapes. Moreover, the NEDA array will be
used together with y-ray detector arrays, like AGATA [16], EXOGAM [17],
GALILEO [18] and PARIS [19], and with charged particle detectors like
DIAMANT |[20], EUCLIDES |[21], and CUP [22]. Geant4 models of most of
these devices exist, and as consistent simulations of the complete detector
setups are often necessary, the use of Geant4 for the NEDA simulations was
imperative. The simulations which are presented here were performed in
the framework of the AGATA simulation code 23], which greatly facilities
combining all the above mentioned devices in one simulation.

Significant deficiencies of the neutron interaction model NeutronHP in-
cluded in Geant4 versions earlier than 4.9.2 are, however, known. The results
presented in this paper were obtained with Geant4 versions 4.9.2.p02 and
4.9.3 in which an attempt to correct the neutron interactions was made [24].
We decided anyway that the applicability of the model to our purpose should
be verified. Firstly, we have compared Geant4 generated angular distribu-
tions of neutrons elastically scattered on protons, deuterons and carbon nu-
clei to cross-sections of the ENDF VII data base [25], and the agreement was
found to be good. Secondly, we have also checked the processes activated
in Geant4 when neutrons interact in the scintillator liquid and analysed the
spectra of the energy deposited in the scintillator by neutrons. This analy-
sis is presented below. Note that earlier versions of the Geant4 NeutronHP
model were not correctly reproducing the angular distributions. The list of
possible processes and the energy spectra were also incorrect. Finally, two



existing neutron detectors were irradiated with radioactive sources, and their
measured performance was compared to the simulations, see Section 3.

Simulated histograms of the energy deposited by 10 MeV neutrons in a
cylindrical scintillator volume are shown in Fig. 1. The processes responsible
for the different structures in the histograms are indicated in the plots. In
a hydrogen-based scintillator, the most important interaction of neutrons
with an energy of a few MeV is elastic scattering on protons. This reaction
gives rise to an isotropic distribution of the recoiling protons |26, 27| in the
centre-of-mass system, see also Ref. [28]. This leads to a flat proton energy
distribution extending from zero to the energy of the incident neutron. A
neutron, however, in a large volume detector usually undergoes a series of
such interactions which sometimes leads to a deposit of the full energy of the
neutron in the detector. This is the reason for the peak at 10 MeV in the
spectra shown in Fig. 1.

At lower energies, the spectrum exhibits pronounced irregularities, which
are due to interactions with '2C. The sharp edge at 4.299 MeV is due to
the endothermic reaction >C(n,a)?Be (Q=-5.701 MeV). The two produced
charged particles deposit their entire kinetic energy close to the interaction
point. Another sharp edge is seen at 5.561 MeV in the spectra in Fig. 1.
It is due to the deposit in the detector of the full energy of neutrons that
have undergone inelastic scattering on 2C, populating the first excited state
at 4.439 MeV in 2C that decays by the emission of a 7-ray, which escapes
from the detector. The trapezoidal shape between 7.26 MeV and 7.86 MeV
indicates an incorrect functioning of Geant4. The events leading to this
shape originate from the reaction *C(n,a)?Be, which never should lead to an
energy deposit larger than 4.299 MeV. We have also noted that the reaction
12C(n,n’)3a is missing in the list of Geant4 processes. The cross section for
this reaction is, however, not significant for neutron energies up to 10 MeV.
The low-energy part of the spectrum, below 2.5 MeV, is dominated by elastic
scattering on 12C. Counts visible in Fig. 1a above the incident neutron energy
of 10 MeV are due to exothermic capture on protons.

The spectrum of the energy deposit in the deuterated scintillator (Fig. 1b)
resembles the one obtained for the proton based material, with the additional
edge at 8.9 MeV which corresponds to the maximal single interaction energy
transfer to a deuteron. Also, the spectrum slopes up at low energies, which
reflects the anisotropy (forward and backward angles favoured) in scattering
of neutrons on deuterons. Note that in the deuterated scintillator the relative
number of events with full energy deposit is smaller than in the case of the



10" & elastic scattering 5.561 MeV a)
- / *On C 12C(n,n'y)120*
10* y escape
> SN S
(] C
= 3
810 i \ ) 81 Me
= . e
2 F max. elastic on **C m
0n10° :
c E .
3 F I
10 E . : n
©E in BC501A (CgHyo)
g ------- without interactions on C o
- ‘ Il ‘ Il Il Il ‘ Il Il Il ‘ Il I:
= 7.26 MeV  7.86 MeV b)
10* E--T o T
> o[ 4299 Mev
glo = C(n,a)’Be max. elastic on d
S C 8.90 MeV
~10°
o E
c r
=]
3 10
- in BC537 (C4Dy)
I - without interactions on C
L | | | | | !
0 2 4 6 8 10 12

Energy deposit [MeV]

Figure 1: Geant4 simulation of the energy deposited by 10 MeV neutrons in the two liquid
scintillators (a) BC501A (CgHjp) and (b) BC537 (CgHg). The detectors have a diameter
of 12.7 cm (5 inch) and a length of 20 cm. The detector walls were not included in the
simulations. The energy-deposit spectra for the hypothetical detector material consisting
only of protons and deuterons (without carbon) are drawn with dashed lines.

proton based scintillator. In about 9% of events neutrons in the deuterated
scintillator cause endothermic breakup of 2H (Q=-2.552 MeV), and in 55%
of these events energy is not properly conserved in Geant4d. The Q-values
calculated from kinetic energies of products of such reactions are distributed
between —5 MeV and more then 10 MeV. Events of this kind, with the
positive, erroneous Q-values, are responsible for counts visible above 10 MeV
in Fig. 1b.
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Figure 2: Geant4 simulation: scintillator light output for 10 MeV neutrons in the detector
of Fig. 1. An instrumental response function was not included in this calculation.

The neutron induced reaction products, or secondary particles produced
in subsequent interactions, deposit energy in the scintillator and this en-
ergy is converted in our simulations to scintillation photons (light) using
the parametrisation of reference [29]. Light may be produced by protons,
deuterons, o particles, “Be and 2C nuclei as well as by electrons and + rays.
The amount of light produced strongly depends on the type of particle mov-
ing in the scintillator. It is largest for electrons and v rays and it is reduced
for heavier particles. The unit 1 keVee (keV electron equivalent) is used for
the light output (yield). It is the amount of light produced when an electron
deposits an energy of 1 keV in the scintillator.

The light output for the scintillator cylinders used for Fig. 1 is shown
in Fig. 2. The drastic difference between the shapes of the histograms of
the produced light and of the deposited energy indicates the difficulties of
obtaining direct information on the energy of the neutrons. Unlike the spec-
tra of the deposited energy, the light histograms peak at zero energy. The
majority of the events with very low light output are due to interactions on
12C. Note that in a real measurement, the spectra are affected by the instru-
mental response function, which smears out the structures visible in Fig. 2,
see Sections 3 and 7.



Experimentally, detectors count (register) neutrons (or «y rays) if the am-
plitude of the signal from the detector photomultiplier exceeds a certain level.
The time of the detection is determined using for example a constant fraction
discriminator. A similar procedure was applied in the simulation taking into
account that each neutron usually interacts many times in the detector vol-
ume. In order to reproduce the experimental situation as close as possible,
we first time sort the interactions, then sum them up incrementally. The
“detection” time of the signal produced is defined as the time when the light
produced in the detector exceeds the assumed threshold. In the following
discussion, we use the term significant interaction, which refers to a series of
interactions leading to a signal above threshold. A threshold of 50 keVee is
assumed for most of the calculations presented in this work, except in section
3 in which a larger threshold was used for a part of the data.

The analysis outlined above leads to the conclusion that the elastic scat-
tering process on protons, deuterons and on 2C is well reproduced in Geant4.
Deficiencies of inelastic scattering on '2C and 2H were still identified. These
deficiencies do not affect the results of the present work, as they contribute
only to a small fraction of the neutron interaction cross section in the inter-
esting neutron energy range. In addition the amount of light produced in
reactions on 2C is much lower than in scattering on protons or deuterons.

3. Experimental validation of the simulation

In order to further validate the Geant4 simulations, experimental data
were collected with two existing neutron detectors and the results were com-
pared with the simulations. One of the detectors was a NORDBALL neutron
detector [30] which is made of a hexagonally shaped steel vessel, see Fig. 3,
containing 3.9 litre scintillation liquid of the type BC501 [7]. The other de-
tector had a cylindrical shape with a diameter of 153 mm, length of 135 mm
and contains 1.8 litres of the same scintillator.

The detectors were irradiated by v rays from the radioactive sources *7Cs,
22Na and 2°7Bi, as well as by v rays and neutrons from 2°2Cf sources. Geant4
models were created for the two detectors and the simulations were run for
both neutrons and v rays. The content of the 2°°Cf isotope in the neutron
sources was taken into account in the data evaluation and simulations. The
source used in the measurements with the NORDBALL detector was 35 years
old, and at the time of the measurement it was emitting 6.0-10® and 4.3 - 103
neutrons per second, in the fission of ?*°Cf and ?°2Cf, respectively (compare



Figure 3: Neutron detectors used in the test measurements: NORDBALL detector (left)
and the cylindrical detector (right).

Ref. [31]). The source used with the cylindrical detector was isotopically
more pure, with 110 and 3.9 - 103 neutrons per second respectively emitted
by the two isotopes. In the simulations it was assumed that the neutron
energy distributions of both Cf isotopes were identical, and were given by the
expression from Ref. [32]: N(E) = vVE exp(—FE/T), where T = 1.42 MeV.

The measurements with the NORDBALL detector were performed at
Uppsala University. The liquid was viewed through a glass window by a
14-stage, 5 inch diameter photomultiplier tube (PMT) of the type Philips
XP2041. The high voltage used was —1.75 kV. The anode signal of the neu-
tron detector was sent to an NDE-202 NIM electronic module [33]. This unit
has a built-in circuit for neutron-~ discrimination based on the zero cross-over
(ZCO) technique. It produces a TAC output signal corresponding to the time
difference between the leading edge of the input signal, which is obtained from
an internal constant fraction discriminator (CFD), and the ZCO time. The
neutron-y discrimination is done by setting a limit on the ZCO TAC am-
plitude. The NDE-202 unit also has a built-in charge-to-voltage-converter
(QVC), which produces a signal proportional to the collected PMT charge.
The ZCO TAC and the QVC signals were sent to a multichannel analyser sys-
tem containing a 8192 channel peak-sensing ADC. The number of detected
neutrons, which is needed for the determination of the neutron detection ef-
ficiency (see below), was obtained by integrating the number of counts in the
neutron peak in the ZCO spectrum shown in Fig. 4a.

The measurements with the cylindrical 1.8 litre detector took place at
the Heavy Ion Laboratory in Warsaw. The PMT was of type XP4512B and
the voltage used was —1.6 kV. The anode signal was digitised by a CAEN
DT5720 12 bit, 250 MS/s digitiser connected to a laptop computer via a



USB 2.0 cable. The readout of the data was triggered at time ¢y, when the
signal exceeded a threshold of an internal leading edge discriminator (LED) of
the digitiser. The number of collected sampling points for each waveform was
64, including 17 samples acquired before ¢5. The digitiser had to be protected
against too large input signals. A LeCroy 428F fan-in—fan-out unit, which
limits the amplitude to a maximum of —1.77 V, was therefore placed between
the detector and the digitiser. The dead-time of the digitiser was estimated
by using a signal from an ORTEC 448 Research Pulser that was fed into
one channel of the digitiser. Neutron-v discrimination was performed off-
line by using the charge comparison method [34, 35|, see Fig. 4b. The two
charge values needed for the discrimination, Qfqst and Qs0, Were obtained
by integrating signals in the time intervals (to, tne: +20 ns) and (¢4, +20 ns,
tmaz + 60 ns), respectively, where t,,,, is the time when the maximum of
the signal height was detected. Neutron energy spectra were produced by
integrating the area of the digitised waveforms.

The data collected with ~-ray sources enabled calibration of the output
signals in units of keVee. Background spectra were also measured and were
subtracted from the spectra acquired with the sources, taking into account
data taking times and the estimated dead times of the setups.

The resulting y-ray spectra obtained with the NORDBALL detector are
shown in Fig. 5a-c. The broad peaks seen in the spectra are Compton edges
of the respective v rays. Simulations indicate that the actual Compton edge
energy value corresponds to about 90% of the peak height to the right of the
maximum of the peak. Based on such v-ray calibration points, the threshold
(CFD or LED) values could be converted to keVee units, resulting in 115
keVee and 50 keVee for the Uppsala and Warsaw measurements, respectively.
With known calibration and threshold values, the simulated spectra can be
compared with the measured ones for both v rays and neutrons, see Fig. 5.
The light yield values (L) obtained in the simulation were randomised us-
ing a Gaussian distribution to account for the statistical effects of the light
production, attenuation, photon to electron conversion and electron ampli-
fication. The standard deviation (o) of this distribution was assumed to be
proportional to v/L and the proportionality factor was adjusted to reproduce
the width of the bump at Compton edge in the experimental 137Cs spectrum,
resulting in o = 1.9v/L. The same Gaussian smearing function was used for
the calculations presented in the following sections.

The exact activities of the 2°“Bi and ??Na sources were not known, and
thus the simulated spectra in plots a) and c¢) of Fig. 5 are normalised to

10
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Figure 4: Zero-cross-over time (ZCO) histogram (a) and two dimensional charge compar-
ison plot (b) used for the neutron-vy discrimination in the Uppsala and Warsaw measure-
ments, respectively. See text for the definition of Qfqs: and Qsiow-

the maximum of the experimental distributions. On the other hand, the
137Cs and %2Cf histograms show absolute numbers of counts obtained in the
experiment and in the simulation for the same numbers of emitted v rays
and neutrons, taking into account the activities of the sources.

The shape of the simulated y-ray spectra agrees well with the measure-
ments. The most notable difference is in the energy range 100-400 keVee
in the ¥"Cs histogram for which a larger number of counts were measured
than what was obtained in the simulations. This effect could be attributed
to v rays scattered from the surrounding material into the detector, an effect
that was not included in the simulations. We note however, that it is not
clear why a similar discrepancy is not seen in ??Na and 2°"Bi ~-ray spec-
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Figure 5: Experimental (solid) and simulated (dotted line) ~-ray spectra for the NORD-

BALL detector (a-c) and a neutron spectrum for the cylindrical detector (d).

The sim-

ulated ~-ray spectra shown in plots (a) and (¢) are normalised to the maximum of the
experimental distributions, while the 37Cs y-ray and ?*2Cf neutron histograms show true
measured and simulated numbers of counts, corresponding to the source activity. The
207Bi and ?2Na sources were placed at a distance of 20 cm from the front of the detector,
while for 37Cs and 2°2Cf this distance was 50 and 5 c¢cm, respectively.
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Efficiency (%)
absolute intrinsic
Detector and exp. sim. exp. sim.
radioactive source

NORDBALL:
137Cs  rays, 50 cm | 0.30(1) | 0.285(1) | 0.50(2) | 0.476(7)
252Cf neutrons, 51 cm | 0.174(9) | 0.241(2) | 0.30(2) | 0.419(4)

Cylindrical:
252Cf neutrons, 5 cm | 6.1(3) | 6.64(2) | 0.283(14) | 0.306(1)

Table 1: Comparison of the measured and simulated efficiency of the two neutron detectors.
The intrinsic efficiency values were calculated as a ratio of the absolute numbers and the
fraction of the solid angle covered by the front faces of the detectors. Distances between
the sources and the front faces of the detectors are given in the first column. See the text
for the discussion of the presented uncertainties.

tra in Fig. 5. Nevertheless, the absolute 37Cs 7-ray efficiency is rather well
reproduced and is presented in Table 1.

In the low light part of the neutron spectrum the simulations give more
counts than the measurement. One possible reason for this difference is that
the neutron-y discrimination works less well for signals with a small light
yield, which leads to a loss of neutrons in the measurements [35]. Another
explanation may be a problem of the threshold determination, for example
due to a possible non-linearity of the energy calibration at low light yields.
Note that the lowest -ray calibration point was at 341 keV (Compton edge of
the 511 keV ~-ray). The threshold value was obtained by an extrapolation of
the energy calibration to lower energies. The threshold position significantly
influences the neutron detection efficiency as the neutron light distributions
strongly peak at zero. It is also seen in Fig. 5 that all the simulated spectra
are shifted to slightly higher energies compared to the measured spectra. This
effect could be corrected for by changing the linear calibration coefficient by
about 4%. The total neutron detection efficiency of the two detectors was
calculated and compared with the simulations, see Table 1.

The experimental uncertainties given in Table 1 include statistical errors,
errors of the data taking time determination (including dead time effects) and

13



uncertainty of the source activities at the time of the measurement (which is
the dominating uncertainty of the three mentioned here). The uncertainty of
the neutron-v discrimination for the 22Cf sources is not taken into account.
In case of the discrimination using the analogue ZCO value (the NORDBALL
detector) this uncertainty is difficult to estimate, and likely leads to loosing a
significant fraction of neutrons. This may explain the observed difference be-
tween the efficiency values obtained in the measurement and simulation for
the 2°2Cf neutrons in the NORDBALL detector. The agreement obtained
for neutrons detected in the cylindrical detector is better. We anyway also
in this case expect significant uncertainty of the neutron-y discrimination,
leading to an about 15% error bar on the number of the detected neutrons.
Note that the imperfect neutron-v discrimination may also lead to erroneous
increase of the measured neutron detection efficiency, if some ~ rays are mis-
interpreted as neutrons. We conclude that a satisfactory agreement between
the measurement and simulation was obtained.

4. Optimum depth of the detector

In the attempt to find an optimum size of the NEDA detector modules,
a systematic study was performed to determine the depth of the scintillator
detector that is needed in order to register a significant interaction.

A pencil beam of monochromatic neutrons was shot into a scintillator
cylinder with a 50 cm diameter and variable length. No detector walls were
included in this simulation and the neutron detection efficiency was analysed
as a function of the length of the cylinder. The efficiency to detect a neu-
tron, was defined as €, = Nyetected/ Nemitted, Where Nepitrea a0d Nyegecteq are
the number of neutrons which were emitted and which created a significant
interaction, respectively. The diameter was deliberately chosen to be rather
large (50 cm), so that the detection probability depended only on the cylinder
length and was not influenced by a limitation of the diameter. The results
of this study are presented in Figure 6.

The neutron detection probability as a function of the cylinder length
reaches a constant value of about 80 to 95%, at a cylinder length of 20 to
about 40 cm depending on the neutron energy and the type of the scintilla-
tor. A further increase of the detector length does not lead to a significant
increase of the detection probability. Reaching an efficiency of 100% is not
possible, because in some events neutrons lose energy in reactions which do
not produce enough light to exceed the threshold.

14
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Figure 6: Neutron detection efficiency (en) as a function of the cylinder length for the
two scintillators BC501A (black lines) and BC537 (grey lines) and for 1, 2, 4 and 8 MeV
neutrons.

We also analysed the depth distributions of the significant interactions.
The results shown in Fig. 7 corroborate the above observations based on
Fig. 6. The majority of the interactions take place within the first layers of
the scintillator (depending on the neutron energy), but the tails of the depth
distributions are large, thus the thickness of the scintillator necessary to
detect almost all neutrons is also large (compare Fig. 6). The lowering of the
mean significant interaction depth at 4 MeV (see insert of Fig. 7) is attributed
to the fact that elastic scattering on carbon becomes significant only at this
energy (carbon nuclei moving in the scintillator are able to produce enough
light). Thus, the total interaction cross section increases at about 4 MeV. In
turn, at 5.561 MeV the ?C(n,a)?Be reaction channel opens, but the products
of this reaction need another 2-3 MeV of kinetic energy to be detected, and
therefore the significant interaction depths become smaller only at about
8 MeV.

We conclude that for most of the neutrons emitted in fusion-evaporation
reactions, the maximum of the detection efficiency will be reached at a de-
tector length of 20 to 30 cm. Increasing the detector length by another 10 or
20 cm would lead to slightly larger efficiency for the fastest neutrons. Two

15



30000+ 14F
- _ 120
25000 £ 10F
[ ) o L
= EE = 8F
£ 20000F IN 6k ——BC501A
< SN a —e—BC537
2 150001 1 2 3 4 5 6 7 8
3 - Energy [MeV]
O 10000}
"l . BCS37 0 e 1 MeV
5000 g MeV
O: | |
0 10 20 30 40 50 60

Figure 7: Distributions of the depth of the significant interaction (Z) for two neutron
energies and two scintillators, BC501A and BC537. The type of the scintillator is marked
with black and grey lines for BC501A and BC537, respectively. The line pattern marks
the neutron energy as shown in the legend. A total of 10° neutrons were simulated in each
case. The insert shows the dependence of the mean significant interaction depth (Z) on
the neutron energy. Lines connecting the points in the insert are drawn only to guide an
eye.

additional factors should, however, also be taken into account in determin-
ing the optimum length of the detector. The first one is the influence of
the detector length on the probability that one neutron generates a signal in
more than one detector. This is discussed further in section 5. The second
factor is the relation of the detector size to the quality of the neutron-v dis-
crimination. This effect was not studied in the present work, but the results
presented in Ref. [36] indicate that the discrimination deteriorates for larger
detectors.

5. Transverse size (diameter) of the detector

Neutrons undergo significant interactions mainly along the axis of their
incoming direction. Distributions of the significant interaction with respect to
this axis are shown in Fig. 8. After the first interaction, a scattered neutron
may however produce another significant interaction, which is located far
away from the initial axis, usually in another detector module. In order
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to study the distribution of such second significant interactions a setup was
evaluated consisting of two coaxial detectors, an inner and an outer detector
as shown in Fig. 9. Such a setup is a good representation of a detector module
surrounded by a number of other modules, with unimportant geometrical
details omitted.

ol 1 MeV
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~ 10°
2
5 .02
10 T LIV
87|  BCsoIA iy,
10{ BC537 TS
1 ; Il Il Il Il ‘ Il Il ‘ Il Il ‘ Il Il Il
0 50 100 150 200 250
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Figure 8: Distribution of the distance (R) between the position of the first significant
interaction and the axis of the incoming neutrons. The results of the simulations for
two neutron energies (1 and 8 MeV) are shown with black and grey lines for the two
scintillators, BC501A and BC537, respectively. A pencil beam of 10° neutrons were shot
into the centre of the cylindrical detector in each of the presented cases.

A pencil beam of monochromatic neutrons was directed to the centre of
the inner detector. The probability to register a significant interaction in the
outer detector was evaluated for events in which the central detector fired,
with the inner cylinder diameter varied within the range from 5 to 30 cm.
The outer diameter of the setup was 1 m and detectors with two different
lengths were used: 20 and 40 cm. The results are shown in Fig. 10. The
plotted values are defined as Py, 2, = No/N;j, where N; and N, are the
number of neutrons which gave significant interactions in the inner cylinder
and in both cylinders, respectively.

Figure 10 indicates that Pj, s, is reduced rather slowly with the inner
detector diameter. For any practical detector diameters the P, _,, values
will be large and if Py, o, values below 1% are required (compare Ref. [2])
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Figure 9: Setup used in the evaluation of the probability that one neutron generates a

signal in more than one detector module.
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Figure 10: The probability to have an interaction in two detector modules (Pi,—2,) as
a function of the cylinder diameter. Four sets of lines, corresponding to neutron energies
1, 2, 4 and 8 MeV, are shown for each of the two scintillators, BC501A and BC537 in
black and grey, respectively. Cylinders with two lengths, 20 and 40 cm, were used and the

respective lines are marked with text labels and arrows.

additional cleaning conditions of the interactions in two detectors cannot be

avoided.

The Py,_o, values are significantly larger for longer detectors, for all

energies and for both scintillators.
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Py, 9, values than BC537 for the smallest diameters, but this relation inverts
with the increase of the diameter, depending also on the energy of neutrons.

6. Times

A larger detector may in principle have worse time resolution. This may
also impose an important limitation on the detector size, as the time-of-
flight parameter is used to distinguish neutrons and ~ rays detected in the
scintillator as well as for the 1n/2n discrimination. Two different components
contribute to the time resolution of a neutron detector:

e intrinsic time resolution, related to the time required to produce and
collect the light signal in the scintillator, and to the electronic jitter;

e varying time-of-flight due to a distribution of significant interaction
depths in a thick detector

The intrinsic time resolution cannot be evaluated in our simulations, as
light production processes and light transportation are not included in the
model. It was, however, experimentally shown in Ref. [37] that the intrinsic
resolution of BC501A detectors does not significantly vary with the cylindri-
cal detector length. A value of about 1.5 ns was obtained.

The time-of-flight resolution of a cylindrical detector (the same one as
described in Section 4) was evaluated as a function of the cylinder length.
The widths of the time-of-flight distributions are presented in Fig. 11. Here,
the intrinsic time resolution of the detector was not taken into account, and
the presented values reflect only the variations of the interaction depths.

The width of the time-of-flight distributions as a function of detector
length initially rises rather steeply, while for longer cylinders (above 30 c¢m)
it saturates at a certain value. Thus, our simulations do not indicate any
limit on the detector length imposed by the time-of-flight resolution. Larger
neutron energies lead to smaller time-of-flight variations, which is due to
the fact that for a faster particle, variations in the significant interaction
depth are less important in terms of time-of-flight. Filling the detector with
the BCH37 scintillator liquid, results in a significantly worse time-of-flight
resolution than in the case of BC501A.

Timing effects are important for the Py, .», probability. Neutrons in-
teracting in the scintillator usually undergo a series of elastic interactions
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Figure 11: Width (one standard deviation) of the time-of-flight distributions as a function
of the cylinder length for BC501A (black lines) and BC537 (grey lines), and for 1, 2, 4
and 8 MeV neutrons.

with the nuclei of the medium and then thermalize or escape from the de-
tector. Thus, light is mostly produced within a few nanoseconds after the
neutron enters the detector. Scattering of thermilized neutrons in the scin-
tillator may, however, continue for much longer times (up to milliseconds).
If a thermilized neutron is captured by a proton, this leads to a very late
light flash, due to the registration of the ~-ray emitted in this process. Such
effects are more significant for the BC501A scintillator than for BC537, be-
cause the cross section for the p(n,y)d interaction is much larger than for
d(n,y)t. This is illustrated in Fig. 12, which shows times of the interaction
in the outer detector of the setup shown in Fig. 9. Indeed, for BC501A, a
significant interaction in the outer detector either happens within the first
100 ns, or much later, with an almost flat distribution up to hundreds of us.
The corresponding spectrum for the BC537 scintillator shows no such late
light-flash effect.

The late light flash is often produced far from the initial neutron inter-
action point, i.e. usually in another detector module. Thus, the BC501A
scintillator seemingly shows much larger P, s, values than BC537, if light
collection is not limited in time. This is illustrated in Fig. 13 in which Py, .o,
values of the two scintillators are compared for calculations with and without
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Figure 12: Times of the significant interaction in the outer detector of the two scintillators
shown in Fig. 9. A source of 2 MeV neutrons was placed 51 cm in front of the detectors and
the time measurement starts when a neutron is emitted from the source. The detectors
were 20 cm long and the diameter of the inner detector was 12.7 cm.

a 100 ns time limit for the significant interaction. This indicates the impor-
tance of properly setting time limits on the collection of neutron signals, both
in experiments and in simulations. For the efficiency and P,,_., evaluations
presented in this paper, a time limit of 100 ns from the emission of neutrons
or ~ rays to the first significant interaction was used. Light produced in each
detector volume was integrated during 300 ns after the significant interaction.

7. Comparison of the two scintillators

As mentioned before, the elsewhere reported advantage of the deuter-
ated scintillator (BC537) is its ability to give a better detector response, i.e.
signals which are more proportional to the energy of the incoming neutron,
than scintillators based on 'H (like BC501A). Figure 14 shows simulated
light spectra produced by a pencil beam of 2 MeV neutrons interacting in
two cylindrical detectors filled with BC501A and BC537, of two different
sizes: a small detector with a 5 cm diameter, a 5 cm length and a volume of
0.1 litre and a large one with a diameter of 12.7 cm, a length of 20 cm and
a volume of 2.5 litre. The large detector has a size that likely will be similar
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Figure 13: Influence of the 100 ns detection time limit on the Pj,_,2, probability.

to the size of the NEDA detector module. It can be seen in Fig. 14a that
the small BC537 detector indeed gives a pronounced bump corresponding to
the incident neutron energy. This bump is not seen in the histogram of the
small BC501A detector. However, in the big detector (Fig. 14b), events in
which most of the neutron energy is transferred to the scintillator medium in
one interaction are relatively rare, and no advantage related to the angular
distributions of a single neutron scattering can be observed. Instead, events
with multiple neutron interactions dominate, leading to very similar shapes
of the spectra for both scintillators. The main difference is that less light is
produced in BC537 than in BC501A.

It has already been shown (Fig. 6), that the BC537 scintillator has a
lower efficiency than BC501A. The difference between the two scintillators is
additionally illustrated in Fig. 15 in which the detection probability for the
cylindrical detector is plotted as a function of neutron energy. Note that at
low neutron energies, below 1 MeV, the efficiency difference between the two
scintillators is very significant.

It should be pointed out that the observed difference between the two
scintillators comes mainly from the higher cross section for the neutron in-
teraction with protons than with deuterons. In addition, there is relatively
more carbon in BC537 (CgDg) than in BC501A (CgHyp) and interactions
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Figure 14: Light produced by a pencil beam of 2 MeV neutrons in two cylindrical BC501A
and BC537 detectors of different size: a) a small and b) a large detector. The dimensions
of the detectors are shown in the legends.
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Figure 15: Neutron detection efficiency as a function of neutron energy for the two scin-
tillators BC501A and BC537. The detector had a diameter of 50 cm and was 60 cm
long.

on carbon give very little light. Also, less light is produced per MeV by
deuterons than by protons. Thus, the results of the simulations are easily
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explained by the physical properties of the scintillation material. A smaller
amount of light also results in broader time of flight distributions. As far as
the Pi,_.2, probability is concerned, both detectors exhibit similar behaviour,
except for the situations when the efficiency of BC537 is too low to register
two significant interactions. We conclude that based on the simulations we
see no advantage of using the deuterated scintillator instead of the standard
one. This conclusion should, however, be verified by experimental tests of
the two scintillators. Such tests have already been initiated by the NEDA
collaboration and the results will be presented in forthcoming publications.

8. Summary and Conclusions

The evaluation of the reliability of the Geant4 neutron interaction model
lead to the conclusion that this code can be used for NEDA type simulations,
although deficiencies of inelastic processes on 2C and ?H can still be identi-
fied. The credibility of the Geant4 neutron interaction model was concluded
after comparing the results of simulations with real detector measurements.

Based on the calculations presented in this work, we conclude that a
20 cm deep detector is sufficient for detection of neutrons typically emitted
in fusion-evaporation reactions, i.e. for neutrons with energies up to 10 MeV,
with the maximum of the energy distribution between 2-3 MeV. A longer
detector would give only a marginal increase of the efficiency, with a larger
probability for a single neutron to generate signals in more than one detector
and a possibly worse neutron-y discrimination capability.

A significant fraction of detected neutrons will create a second signal in
detectors situated far away from the initial interaction point. Thus, there is
little profit in using detectors of the small transverse dimension (diameter).
Note that the NEDA array will likely be situated about 1 m from the neutron
emission point (a target) and will cover 1-27 solid angle. A small transverse
dimension would then lead to a huge number of the detector modules, which
should be avoided, if it is not especially justified. Therefore, we conclude
that the diameter of the detector should be as large as practically possible,
and this means using detectors of about 5 inch diameter, which is the size of
the largest photomultiplier tubes commonly available. An array covering 27
of the solid angle, situated 1 m away from the target will consist of about
400 such detectors.

Our simulations indicate no advantage of using a deuterated scintillator
instead of the standard 'H-based one.
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