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tA study of the dimensions and performan
e of a single dete
tor of the futureneutron dete
tor array NEDA was performed by means of Monte Carlo sim-ulations, using GEANT4. Two di�erent liquid s
intillators were evaluated:the hydrogen based BC501A and the deuterated BC537. The e�
ien
y andthe probability that one neutron will trigger a signal in more than one dete
-tor were investigated as a fun
tion of the dete
tor size. The simulations were
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validated 
omparing the results to experimental measurements performedwith two existing neutron dete
tors, with di�erent geometries, based on theliquid s
intillator BC501.Keywords: Monte Carlo simulation; BC501; BC501A; BC537; liquids
intillator; neutron dete
tor; Geant4; NEDAPACS: 29.40.M
; 28.20.Cz; 07.05.Tp; 29.30.Hs1. Introdu
tionModern arrays of germanium dete
tors are an ideal tool to perform in-beam γ-ray spe
tros
opy investigations of exoti
 nu
lei, far from the line ofstability. In su
h studies the nu
lei of interest are produ
ed with very low
ross-se
tions and aggregates of germanium dete
tors must be 
omplementedwith an
illary devi
es, whi
h make a

urate identi�
ation of the rea
tionprodu
ts or rea
tion 
hannels possible. In parti
ular, when heavy-ion indu
edfusion-evaporation rea
tions are used to rea
h very neutron de�
ient nu
lei,many rea
tion 
hannels are open even at a moderate beam energy above theCoulomb barrier. The relative 
ross-se
tion is largest for nu
lei produ
edwith the emission of a few protons. Channels with low proton multipli
ity,
α-parti
le emission and, most important of all, emission of 2, 3, or moreneutrons, have very small 
ross-se
tions but lead to the most exoti
 neutronde�
ient nu
lei. Events of interest, for whi
h γ rays should be analysed, 
anthus be sele
ted by registering rare neutrons emitted from the 
ompoundnu
leus, with additional 
onditions on dete
ted protons and α parti
les.With the purpose of identifying neutron-evaporating rea
tion 
hannels,large arrays of liquid s
intillator dete
tors like the Neutron Wall [1, 2℄ andthe Neutron Shell [3℄ were 
onstru
ted in the past and su

essfully used inmany experiments, aiming at more and more neutron de�
ient nu
lei, espe-
ially along and 
lose to the N=Z line, up to the region of the doubly magi

100Sn. The existing neutron dete
tion devi
es are rather well suited for thedete
tion of single neutrons, a
hieving e�
ien
ies of 20�30% in symmetri
fusion-evaporation rea
tions (similar proje
tile and target masses). The de-te
tion and identi�
ation of two or more neutrons is more problemati
. Animportant limitation of 
losely-pa
ked dete
tor arrays, as the aforementionedones, is the large probability that neutrons s
atter between di�erent dete
torunits. This leads to an apparent in
rease of the number of dete
ted neutronsand invalidates the sele
tion of events with more than one emitted neutron.2



In order to a
hieve 
lean identi�
ation of events in whi
h two or more realneutrons were dete
ted, gates on time-of-�ight di�eren
e and distan
e be-tween a
tive dete
tors have to be set [4, 2℄. This method allows to a
hieve avery good reje
tion of s
attered neutrons, but it has a severe impa
t on thee�
ien
y.Gamma rays are dete
ted with similar intrinsi
 e�
ien
y as neutrons inthe liquid s
intillator dete
tors. They have to be distinguished from neu-trons, whi
h is done by exploiting di�eren
es between the pulse shapes ofthe signals due to neutrons and γ rays and by time-of-�ight measurements.A relatively good quality of the neutron-γ dis
rimination 
an be a
hieved:the residual probability to misinterpret a γ-ray as a neutron is at the level of0.5�0.1%. However, in experiments in whi
h the average γ-ray multipli
ityis relatively large and the neutron emission is very rare, even su
h a lowlevel of misinterpretation probability results in an una

eptably large num-ber of wrongly identi�ed events. This turns out to be 
riti
al if three or moreneutrons should be dete
ted and dis
riminated [2℄.Work on the design of a new neutron dete
tor array named NEDA (NEu-tron Dete
tor Array), has re
ently been initiated. This work should lead tothe 
onstru
tion of a more e�
ient neutron dete
tion system than for ex-ample the Neutron Wall, with spe
ial emphasis on its ability to e�
ientlyidentify rea
tions in whi
h several neutrons were emitted. In the presentpaper we report on a systemati
 Monte Carlo simulation study of a singledete
tor module of NEDA, with the aim to maximise the neutron dete
tione�
ien
y and to minimise neutron s
attering to neighbouring dete
tors. Thesimulations were performed using the Geant4 pa
kage [5, 6℄, whi
h providea full des
ription of the intera
tions of radiation with matter as well as toolsto implement 
omplex dete
tor geometries.The Neutron Wall [1, 2℄ and Neutron Shell [3℄ dete
tor arrays use liquids
intillators of the type BC501A [7, 8℄, whi
h has the approximate 
hemi
al
omposition C8H10. For NEDA, the use of BC501A or possibly a deuterateds
intillator, like BC537 (C6D6) [9℄, is 
onsidered. The deuterated s
intillatoris of interest be
ause it may produ
e signals whi
h are more 
orrelated withthe energy of the in
ident neutron, due to the anisotropi
 angular distributionof elasti
 s
attering of neutrons on deuterons [10, 11, 12, 13℄. Su
h a property
ould make possible to distinguish single neutrons s
attered between multipledete
tors from the dete
tion of multiple neutrons, by 
orrelating the time-of-�ight of the neutrons with the measurement of the energy deposited in thedete
tors. 3



The average energy of the neutrons in the laboratory system emitted ina typi
al fusion-evaporation rea
tion at the proton-ri
h side of the nu
lidi

hart is 2-3 MeV, with a tail extending up to about 10 MeV. An exam-ple of simulated neutron energy distributions, 
al
ulated using the evapOR
ode [14℄, 
an be found in Fig. 2 of Ref. [2℄. In the present simulationstudy, we analyse the response of the dete
tors to mono
hromati
 neutronsin the energy range 1�10 MeV. To validate the simulations (see Se
. 3) wehave performed measurements with 252Cf sour
es, whi
h emit neutrons withan energy distribution [15℄ that is very similar to the one expe
ted in thefusion-evaporation rea
tions of interest.2. Geant4 and prin
iples of neutron dete
tionThe Geant4 pa
kage was the sele
ted tool for the simulations of the NEDAarray, due to its �exibility and the possibilities to in
lude a large number ofdi�erent materials and dete
tor shapes. Moreover, the NEDA array will beused together with γ-ray dete
tor arrays, like AGATA [16℄, EXOGAM [17℄,GALILEO [18℄ and PARIS [19℄, and with 
harged parti
le dete
tors likeDIAMANT [20℄, EUCLIDES [21℄, and CUP [22℄. Geant4 models of most ofthese devi
es exist, and as 
onsistent simulations of the 
omplete dete
torsetups are often ne
essary, the use of Geant4 for the NEDA simulations wasimperative. The simulations whi
h are presented here were performed inthe framework of the AGATA simulation 
ode [23℄, whi
h greatly fa
ilities
ombining all the above mentioned devi
es in one simulation.Signi�
ant de�
ien
ies of the neutron intera
tion model NeutronHP in-
luded in Geant4 versions earlier than 4.9.2 are, however, known. The resultspresented in this paper were obtained with Geant4 versions 4.9.2.p02 and4.9.3 in whi
h an attempt to 
orre
t the neutron intera
tions was made [24℄.We de
ided anyway that the appli
ability of the model to our purpose shouldbe veri�ed. Firstly, we have 
ompared Geant4 generated angular distribu-tions of neutrons elasti
ally s
attered on protons, deuterons and 
arbon nu-
lei to 
ross-se
tions of the ENDF VII data base [25℄, and the agreement wasfound to be good. Se
ondly, we have also 
he
ked the pro
esses a
tivatedin Geant4 when neutrons intera
t in the s
intillator liquid and analysed thespe
tra of the energy deposited in the s
intillator by neutrons. This analy-sis is presented below. Note that earlier versions of the Geant4 NeutronHPmodel were not 
orre
tly reprodu
ing the angular distributions. The list ofpossible pro
esses and the energy spe
tra were also in
orre
t. Finally, two4



existing neutron dete
tors were irradiated with radioa
tive sour
es, and theirmeasured performan
e was 
ompared to the simulations, see Se
tion 3.Simulated histograms of the energy deposited by 10 MeV neutrons in a
ylindri
al s
intillator volume are shown in Fig. 1. The pro
esses responsiblefor the di�erent stru
tures in the histograms are indi
ated in the plots. Ina hydrogen-based s
intillator, the most important intera
tion of neutronswith an energy of a few MeV is elasti
 s
attering on protons. This rea
tiongives rise to an isotropi
 distribution of the re
oiling protons [26, 27℄ in the
entre-of-mass system, see also Ref. [28℄. This leads to a �at proton energydistribution extending from zero to the energy of the in
ident neutron. Aneutron, however, in a large volume dete
tor usually undergoes a series ofsu
h intera
tions whi
h sometimes leads to a deposit of the full energy of theneutron in the dete
tor. This is the reason for the peak at 10 MeV in thespe
tra shown in Fig. 1.At lower energies, the spe
trum exhibits pronoun
ed irregularities, whi
hare due to intera
tions with 12C. The sharp edge at 4.299 MeV is due tothe endothermi
 rea
tion 12C(n,α)9Be (Q=-5.701 MeV). The two produ
ed
harged parti
les deposit their entire kineti
 energy 
lose to the intera
tionpoint. Another sharp edge is seen at 5.561 MeV in the spe
tra in Fig. 1.It is due to the deposit in the dete
tor of the full energy of neutrons thathave undergone inelasti
 s
attering on 12C, populating the �rst ex
ited stateat 4.439 MeV in 12C that de
ays by the emission of a γ-ray, whi
h es
apesfrom the dete
tor. The trapezoidal shape between 7.26 MeV and 7.86 MeVindi
ates an in
orre
t fun
tioning of Geant4. The events leading to thisshape originate from the rea
tion 12C(n,α)9Be, whi
h never should lead to anenergy deposit larger than 4.299 MeV. We have also noted that the rea
tion
12C(n,n')3α is missing in the list of Geant4 pro
esses. The 
ross se
tion forthis rea
tion is, however, not signi�
ant for neutron energies up to 10 MeV.The low-energy part of the spe
trum, below 2.5 MeV, is dominated by elasti
s
attering on 12C. Counts visible in Fig. 1a above the in
ident neutron energyof 10 MeV are due to exothermi
 
apture on protons.The spe
trum of the energy deposit in the deuterated s
intillator (Fig. 1b)resembles the one obtained for the proton based material, with the additionaledge at 8.9 MeV whi
h 
orresponds to the maximal single intera
tion energytransfer to a deuteron. Also, the spe
trum slopes up at low energies, whi
hre�e
ts the anisotropy (forward and ba
kward angles favoured) in s
atteringof neutrons on deuterons. Note that in the deuterated s
intillator the relativenumber of events with full energy deposit is smaller than in the 
ase of the5
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Figure 1: Geant4 simulation of the energy deposited by 10 MeV neutrons in the two liquids
intillators (a) BC501A (C8H10) and (b) BC537 (C6H6). The dete
tors have a diameterof 12.7 
m (5 in
h) and a length of 20 
m. The dete
tor walls were not in
luded in thesimulations. The energy-deposit spe
tra for the hypotheti
al dete
tor material 
onsistingonly of protons and deuterons (without 
arbon) are drawn with dashed lines.proton based s
intillator. In about 9% of events neutrons in the deuterateds
intillator 
ause endothermi
 breakup of 2H (Q=-2.552 MeV), and in 55%of these events energy is not properly 
onserved in Geant4. The Q-values
al
ulated from kineti
 energies of produ
ts of su
h rea
tions are distributedbetween −5 MeV and more then 10 MeV. Events of this kind, with thepositive, erroneous Q-values, are responsible for 
ounts visible above 10 MeVin Fig. 1b. 6
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Figure 2: Geant4 simulation: s
intillator light output for 10 MeV neutrons in the dete
torof Fig. 1. An instrumental response fun
tion was not in
luded in this 
al
ulation.The neutron indu
ed rea
tion produ
ts, or se
ondary parti
les produ
edin subsequent intera
tions, deposit energy in the s
intillator and this en-ergy is 
onverted in our simulations to s
intillation photons (light) usingthe parametrisation of referen
e [29℄. Light may be produ
ed by protons,deuterons, α parti
les, 9Be and 12C nu
lei as well as by ele
trons and γ rays.The amount of light produ
ed strongly depends on the type of parti
le mov-ing in the s
intillator. It is largest for ele
trons and γ rays and it is redu
edfor heavier parti
les. The unit 1 keVee (keV ele
tron equivalent) is used forthe light output (yield). It is the amount of light produ
ed when an ele
trondeposits an energy of 1 keV in the s
intillator.The light output for the s
intillator 
ylinders used for Fig. 1 is shownin Fig. 2. The drasti
 di�eren
e between the shapes of the histograms ofthe produ
ed light and of the deposited energy indi
ates the di�
ulties ofobtaining dire
t information on the energy of the neutrons. Unlike the spe
-tra of the deposited energy, the light histograms peak at zero energy. Themajority of the events with very low light output are due to intera
tions on
12C. Note that in a real measurement, the spe
tra are a�e
ted by the instru-mental response fun
tion, whi
h smears out the stru
tures visible in Fig. 2,see Se
tions 3 and 7. 7



Experimentally, dete
tors 
ount (register) neutrons (or γ rays) if the am-plitude of the signal from the dete
tor photomultiplier ex
eeds a 
ertain level.The time of the dete
tion is determined using for example a 
onstant fra
tiondis
riminator. A similar pro
edure was applied in the simulation taking intoa

ount that ea
h neutron usually intera
ts many times in the dete
tor vol-ume. In order to reprodu
e the experimental situation as 
lose as possible,we �rst time sort the intera
tions, then sum them up in
rementally. The�dete
tion� time of the signal produ
ed is de�ned as the time when the lightprodu
ed in the dete
tor ex
eeds the assumed threshold. In the followingdis
ussion, we use the term signi�
ant intera
tion, whi
h refers to a series ofintera
tions leading to a signal above threshold. A threshold of 50 keVee isassumed for most of the 
al
ulations presented in this work, ex
ept in se
tion3 in whi
h a larger threshold was used for a part of the data.The analysis outlined above leads to the 
on
lusion that the elasti
 s
at-tering pro
ess on protons, deuterons and on 12C is well reprodu
ed in Geant4.De�
ien
ies of inelasti
 s
attering on 12C and 2H were still identi�ed. Thesede�
ien
ies do not a�e
t the results of the present work, as they 
ontributeonly to a small fra
tion of the neutron intera
tion 
ross se
tion in the inter-esting neutron energy range. In addition the amount of light produ
ed inrea
tions on 12C is mu
h lower than in s
attering on protons or deuterons.3. Experimental validation of the simulationIn order to further validate the Geant4 simulations, experimental datawere 
olle
ted with two existing neutron dete
tors and the results were 
om-pared with the simulations. One of the dete
tors was a NORDBALL neutrondete
tor [30℄ whi
h is made of a hexagonally shaped steel vessel, see Fig. 3,
ontaining 3.9 litre s
intillation liquid of the type BC501 [7℄. The other de-te
tor had a 
ylindri
al shape with a diameter of 153 mm, length of 135 mmand 
ontains 1.8 litres of the same s
intillator.The dete
tors were irradiated by γ rays from the radioa
tive sour
es 137Cs,
22Na and 207Bi, as well as by γ rays and neutrons from 252Cf sour
es. Geant4models were 
reated for the two dete
tors and the simulations were run forboth neutrons and γ rays. The 
ontent of the 250Cf isotope in the neutronsour
es was taken into a

ount in the data evaluation and simulations. Thesour
e used in the measurements with the NORDBALL dete
tor was 35 yearsold, and at the time of the measurement it was emitting 6.0 ·103 and 4.3 ·103neutrons per se
ond, in the �ssion of 250Cf and 252Cf, respe
tively (
ompare8



Figure 3: Neutron dete
tors used in the test measurements: NORDBALL dete
tor (left)and the 
ylindri
al dete
tor (right).Ref. [31℄). The sour
e used with the 
ylindri
al dete
tor was isotopi
allymore pure, with 110 and 3.9 · 103 neutrons per se
ond respe
tively emittedby the two isotopes. In the simulations it was assumed that the neutronenergy distributions of both Cf isotopes were identi
al, and were given by theexpression from Ref. [32℄: N(E) =
√
E exp(−E/T ), where T = 1.42 MeV.The measurements with the NORDBALL dete
tor were performed atUppsala University. The liquid was viewed through a glass window by a14-stage, 5 in
h diameter photomultiplier tube (PMT) of the type PhilipsXP2041. The high voltage used was −1.75 kV. The anode signal of the neu-tron dete
tor was sent to an NDE-202 NIM ele
troni
 module [33℄. This unithas a built-in 
ir
uit for neutron-γ dis
rimination based on the zero 
ross-over(ZCO) te
hnique. It produ
es a TAC output signal 
orresponding to the timedi�eren
e between the leading edge of the input signal, whi
h is obtained froman internal 
onstant fra
tion dis
riminator (CFD), and the ZCO time. Theneutron-γ dis
rimination is done by setting a limit on the ZCO TAC am-plitude. The NDE-202 unit also has a built-in 
harge-to-voltage-
onverter(QVC), whi
h produ
es a signal proportional to the 
olle
ted PMT 
harge.The ZCO TAC and the QVC signals were sent to a multi
hannel analyser sys-tem 
ontaining a 8192 
hannel peak-sensing ADC. The number of dete
tedneutrons, whi
h is needed for the determination of the neutron dete
tion ef-�
ien
y (see below), was obtained by integrating the number of 
ounts in theneutron peak in the ZCO spe
trum shown in Fig. 4a.The measurements with the 
ylindri
al 1.8 litre dete
tor took pla
e atthe Heavy Ion Laboratory in Warsaw. The PMT was of type XP4512B andthe voltage used was −1.6 kV. The anode signal was digitised by a CAENDT5720 12 bit, 250 MS/s digitiser 
onne
ted to a laptop 
omputer via a9



USB 2.0 
able. The readout of the data was triggered at time t0, when thesignal ex
eeded a threshold of an internal leading edge dis
riminator (LED) ofthe digitiser. The number of 
olle
ted sampling points for ea
h waveform was64, in
luding 17 samples a
quired before t0. The digitiser had to be prote
tedagainst too large input signals. A LeCroy 428F fan-in�fan-out unit, whi
hlimits the amplitude to a maximum of −1.77 V, was therefore pla
ed betweenthe dete
tor and the digitiser. The dead-time of the digitiser was estimatedby using a signal from an ORTEC 448 Resear
h Pulser that was fed intoone 
hannel of the digitiser. Neutron-γ dis
rimination was performed o�-line by using the 
harge 
omparison method [34, 35℄, see Fig. 4b. The two
harge values needed for the dis
rimination, Qfast and Qslow, were obtainedby integrating signals in the time intervals (t0, tmax+20 ns) and (tmax+20 ns,
tmax + 60 ns), respe
tively, where tmax is the time when the maximum ofthe signal height was dete
ted. Neutron energy spe
tra were produ
ed byintegrating the area of the digitised waveforms.The data 
olle
ted with γ-ray sour
es enabled 
alibration of the outputsignals in units of keVee. Ba
kground spe
tra were also measured and weresubtra
ted from the spe
tra a
quired with the sour
es, taking into a

ountdata taking times and the estimated dead times of the setups.The resulting γ-ray spe
tra obtained with the NORDBALL dete
tor areshown in Fig. 5a-
. The broad peaks seen in the spe
tra are Compton edgesof the respe
tive γ rays. Simulations indi
ate that the a
tual Compton edgeenergy value 
orresponds to about 90% of the peak height to the right of themaximum of the peak. Based on su
h γ-ray 
alibration points, the threshold(CFD or LED) values 
ould be 
onverted to keVee units, resulting in 115keVee and 50 keVee for the Uppsala and Warsaw measurements, respe
tively.With known 
alibration and threshold values, the simulated spe
tra 
an be
ompared with the measured ones for both γ rays and neutrons, see Fig. 5.The light yield values (L) obtained in the simulation were randomised us-ing a Gaussian distribution to a

ount for the statisti
al e�e
ts of the lightprodu
tion, attenuation, photon to ele
tron 
onversion and ele
tron ampli-�
ation. The standard deviation (σ) of this distribution was assumed to beproportional to √

L and the proportionality fa
tor was adjusted to reprodu
ethe width of the bump at Compton edge in the experimental 137Cs spe
trum,resulting in σ = 1.9
√
L. The same Gaussian smearing fun
tion was used forthe 
al
ulations presented in the following se
tions.The exa
t a
tivities of the 207Bi and 22Na sour
es were not known, andthus the simulated spe
tra in plots a) and 
) of Fig. 5 are normalised to10



Figure 4: Zero-
ross-over time (ZCO) histogram (a) and two dimensional 
harge 
ompar-ison plot (b) used for the neutron-γ dis
rimination in the Uppsala and Warsaw measure-ments, respe
tively. See text for the de�nition of Qfast and Qslow.the maximum of the experimental distributions. On the other hand, the
137Cs and 252Cf histograms show absolute numbers of 
ounts obtained in theexperiment and in the simulation for the same numbers of emitted γ raysand neutrons, taking into a

ount the a
tivities of the sour
es.The shape of the simulated γ-ray spe
tra agrees well with the measure-ments. The most notable di�eren
e is in the energy range 100-400 keVeein the 137Cs histogram for whi
h a larger number of 
ounts were measuredthan what was obtained in the simulations. This e�e
t 
ould be attributedto γ rays s
attered from the surrounding material into the dete
tor, an e�e
tthat was not in
luded in the simulations. We note however, that it is not
lear why a similar dis
repan
y is not seen in 22Na and 207Bi γ-ray spe
-11



0 500 1000 1500

)3
ch

an
n

el
  (

x1
0 a)

Bi207

 raysγ
2

4

6

8

0 500 1000 1500

b)
Cs137

 raysγ
10

20

30

Light [keVee]
0 500 1000 1500

C
o

u
n

ts
  p

er c)
Na22

 raysγ20

40

Light [keVee]
0 500 1000 1500

d)
Cf252

neutrons
2

4

6

Figure 5: Experimental (solid) and simulated (dotted line) γ-ray spe
tra for the NORD-BALL dete
tor (a-
) and a neutron spe
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E�
ien
y (%)absolute intrinsi
Dete
tor and exp. sim. exp. sim.radioa
tive sour
eNORDBALL:
137Cs γ rays, 50 
m 0.30(1) 0.285(1) 0.50(2) 0.476(7)
252Cf neutrons, 51 
m 0.174(9) 0.241(2) 0.30(2) 0.419(4)Cylindri
al:
252Cf neutrons, 5 
m 6.1(3) 6.64(2) 0.283(14) 0.306(1)Table 1: Comparison of the measured and simulated e�
ien
y of the two neutron dete
tors.The intrinsi
 e�
ien
y values were 
al
ulated as a ratio of the absolute numbers and thefra
tion of the solid angle 
overed by the front fa
es of the dete
tors. Distan
es betweenthe sour
es and the front fa
es of the dete
tors are given in the �rst 
olumn. See the textfor the dis
ussion of the presented un
ertainties.tra in Fig. 5. Nevertheless, the absolute 137Cs γ-ray e�
ien
y is rather wellreprodu
ed and is presented in Table 1.In the low light part of the neutron spe
trum the simulations give more
ounts than the measurement. One possible reason for this di�eren
e is thatthe neutron-γ dis
rimination works less well for signals with a small lightyield, whi
h leads to a loss of neutrons in the measurements [35℄. Anotherexplanation may be a problem of the threshold determination, for exampledue to a possible non-linearity of the energy 
alibration at low light yields.Note that the lowest γ-ray 
alibration point was at 341 keV (Compton edge ofthe 511 keV γ-ray). The threshold value was obtained by an extrapolation ofthe energy 
alibration to lower energies. The threshold position signi�
antlyin�uen
es the neutron dete
tion e�
ien
y as the neutron light distributionsstrongly peak at zero. It is also seen in Fig. 5 that all the simulated spe
traare shifted to slightly higher energies 
ompared to the measured spe
tra. Thise�e
t 
ould be 
orre
ted for by 
hanging the linear 
alibration 
oe�
ient byabout 4%. The total neutron dete
tion e�
ien
y of the two dete
tors was
al
ulated and 
ompared with the simulations, see Table 1.The experimental un
ertainties given in Table 1 in
lude statisti
al errors,errors of the data taking time determination (in
luding dead time e�e
ts) and13



un
ertainty of the sour
e a
tivities at the time of the measurement (whi
h isthe dominating un
ertainty of the three mentioned here). The un
ertainty ofthe neutron-γ dis
rimination for the 252Cf sour
es is not taken into a

ount.In 
ase of the dis
rimination using the analogue ZCO value (the NORDBALLdete
tor) this un
ertainty is di�
ult to estimate, and likely leads to loosing asigni�
ant fra
tion of neutrons. This may explain the observed di�eren
e be-tween the e�
ien
y values obtained in the measurement and simulation forthe 252Cf neutrons in the NORDBALL dete
tor. The agreement obtainedfor neutrons dete
ted in the 
ylindri
al dete
tor is better. We anyway alsoin this 
ase expe
t signi�
ant un
ertainty of the neutron-γ dis
rimination,leading to an about 15% error bar on the number of the dete
ted neutrons.Note that the imperfe
t neutron-γ dis
rimination may also lead to erroneousin
rease of the measured neutron dete
tion e�
ien
y, if some γ rays are mis-interpreted as neutrons. We 
on
lude that a satisfa
tory agreement betweenthe measurement and simulation was obtained.4. Optimum depth of the dete
torIn the attempt to �nd an optimum size of the NEDA dete
tor modules,a systemati
 study was performed to determine the depth of the s
intillatordete
tor that is needed in order to register a signi�
ant intera
tion.A pen
il beam of mono
hromati
 neutrons was shot into a s
intillator
ylinder with a 50 
m diameter and variable length. No dete
tor walls werein
luded in this simulation and the neutron dete
tion e�
ien
y was analysedas a fun
tion of the length of the 
ylinder. The e�
ien
y to dete
t a neu-tron, was de�ned as ǫn = Ndetected/Nemitted, where Nemitted and Ndetected arethe number of neutrons whi
h were emitted and whi
h 
reated a signi�
antintera
tion, respe
tively. The diameter was deliberately 
hosen to be ratherlarge (50 
m), so that the dete
tion probability depended only on the 
ylinderlength and was not in�uen
ed by a limitation of the diameter. The resultsof this study are presented in Figure 6.The neutron dete
tion probability as a fun
tion of the 
ylinder lengthrea
hes a 
onstant value of about 80 to 95%, at a 
ylinder length of 20 toabout 40 
m depending on the neutron energy and the type of the s
intilla-tor. A further in
rease of the dete
tor length does not lead to a signi�
antin
rease of the dete
tion probability. Rea
hing an e�
ien
y of 100% is notpossible, be
ause in some events neutrons lose energy in rea
tions whi
h donot produ
e enough light to ex
eed the threshold.14
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Figure 6: Neutron dete
tion e�
ien
y (ǫn) as a fun
tion of the 
ylinder length for thetwo s
intillators BC501A (bla
k lines) and BC537 (grey lines) and for 1, 2, 4 and 8 MeVneutrons.We also analysed the depth distributions of the signi�
ant intera
tions.The results shown in Fig. 7 
orroborate the above observations based onFig. 6. The majority of the intera
tions take pla
e within the �rst layers ofthe s
intillator (depending on the neutron energy), but the tails of the depthdistributions are large, thus the thi
kness of the s
intillator ne
essary todete
t almost all neutrons is also large (
ompare Fig. 6). The lowering of themean signi�
ant intera
tion depth at 4 MeV (see insert of Fig. 7) is attributedto the fa
t that elasti
 s
attering on 
arbon be
omes signi�
ant only at thisenergy (
arbon nu
lei moving in the s
intillator are able to produ
e enoughlight). Thus, the total intera
tion 
ross se
tion in
reases at about 4 MeV. Inturn, at 5.561 MeV the 12C(n,α)9Be rea
tion 
hannel opens, but the produ
tsof this rea
tion need another 2�3 MeV of kineti
 energy to be dete
ted, andtherefore the signi�
ant intera
tion depths be
ome smaller only at about8 MeV.We 
on
lude that for most of the neutrons emitted in fusion-evaporationrea
tions, the maximum of the dete
tion e�
ien
y will be rea
hed at a de-te
tor length of 20 to 30 
m. In
reasing the dete
tor length by another 10 or20 
m would lead to slightly larger e�
ien
y for the fastest neutrons. Two15
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Figure 7: Distributions of the depth of the signi�
ant intera
tion (Z) for two neutronenergies and two s
intillators, BC501A and BC537. The type of the s
intillator is markedwith bla
k and grey lines for BC501A and BC537, respe
tively. The line pattern marksthe neutron energy as shown in the legend. A total of 106 neutrons were simulated in ea
h
ase. The insert shows the dependen
e of the mean signi�
ant intera
tion depth (Z) onthe neutron energy. Lines 
onne
ting the points in the insert are drawn only to guide aneye.additional fa
tors should, however, also be taken into a

ount in determin-ing the optimum length of the dete
tor. The �rst one is the in�uen
e ofthe dete
tor length on the probability that one neutron generates a signal inmore than one dete
tor. This is dis
ussed further in se
tion 5. The se
ondfa
tor is the relation of the dete
tor size to the quality of the neutron-γ dis-
rimination. This e�e
t was not studied in the present work, but the resultspresented in Ref. [36℄ indi
ate that the dis
rimination deteriorates for largerdete
tors.5. Transverse size (diameter) of the dete
torNeutrons undergo signi�
ant intera
tions mainly along the axis of theirin
oming dire
tion. Distributions of the signi�
ant intera
tion with respe
t tothis axis are shown in Fig. 8. After the �rst intera
tion, a s
attered neutronmay however produ
e another signi�
ant intera
tion, whi
h is lo
ated faraway from the initial axis, usually in another dete
tor module. In order16



to study the distribution of su
h se
ond signi�
ant intera
tions a setup wasevaluated 
onsisting of two 
oaxial dete
tors, an inner and an outer dete
toras shown in Fig. 9. Su
h a setup is a good representation of a dete
tor modulesurrounded by a number of other modules, with unimportant geometri
aldetails omitted.
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Figure 8: Distribution of the distan
e (R) between the position of the �rst signi�
antintera
tion and the axis of the in
oming neutrons. The results of the simulations fortwo neutron energies (1 and 8 MeV) are shown with bla
k and grey lines for the twos
intillators, BC501A and BC537, respe
tively. A pen
il beam of 106 neutrons were shotinto the 
entre of the 
ylindri
al dete
tor in ea
h of the presented 
ases.A pen
il beam of mono
hromati
 neutrons was dire
ted to the 
entre ofthe inner dete
tor. The probability to register a signi�
ant intera
tion in theouter dete
tor was evaluated for events in whi
h the 
entral dete
tor �red,with the inner 
ylinder diameter varied within the range from 5 to 30 
m.The outer diameter of the setup was 1 m and dete
tors with two di�erentlengths were used: 20 and 40 
m. The results are shown in Fig. 10. Theplotted values are de�ned as P1n→2n = N2/N1, where N1 and N2 are thenumber of neutrons whi
h gave signi�
ant intera
tions in the inner 
ylinderand in both 
ylinders, respe
tively.Figure 10 indi
ates that P1n→2n is redu
ed rather slowly with the innerdete
tor diameter. For any pra
ti
al dete
tor diameters the P1n→2n valueswill be large and if P1n→2n values below 1% are required (
ompare Ref. [2℄)17



Figure 9: Setup used in the evaluation of the probability that one neutron generates asignal in more than one dete
tor module.
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Figure 10: The probability to have an intera
tion in two dete
tor modules (P1n→2n) asa fun
tion of the 
ylinder diameter. Four sets of lines, 
orresponding to neutron energies1, 2, 4 and 8 MeV, are shown for ea
h of the two s
intillators, BC501A and BC537 inbla
k and grey, respe
tively. Cylinders with two lengths, 20 and 40 
m, were used and therespe
tive lines are marked with text labels and arrows.additional 
leaning 
onditions of the intera
tions in two dete
tors 
annot beavoided.The P1n→2n values are signi�
antly larger for longer dete
tors, for allenergies and for both s
intillators. The BC501A s
intillator gives larger18



P1n→2n values than BC537 for the smallest diameters, but this relation invertswith the in
rease of the diameter, depending also on the energy of neutrons.6. TimesA larger dete
tor may in prin
iple have worse time resolution. This mayalso impose an important limitation on the dete
tor size, as the time-of-�ight parameter is used to distinguish neutrons and γ rays dete
ted in thes
intillator as well as for the 1n/2n dis
rimination. Two di�erent 
omponents
ontribute to the time resolution of a neutron dete
tor:
• intrinsi
 time resolution, related to the time required to produ
e and
olle
t the light signal in the s
intillator, and to the ele
troni
 jitter;
• varying time-of-�ight due to a distribution of signi�
ant intera
tiondepths in a thi
k dete
torThe intrinsi
 time resolution 
annot be evaluated in our simulations, aslight produ
tion pro
esses and light transportation are not in
luded in themodel. It was, however, experimentally shown in Ref. [37℄ that the intrinsi
resolution of BC501A dete
tors does not signi�
antly vary with the 
ylindri-
al dete
tor length. A value of about 1.5 ns was obtained.The time-of-�ight resolution of a 
ylindri
al dete
tor (the same one asdes
ribed in Se
tion 4) was evaluated as a fun
tion of the 
ylinder length.The widths of the time-of-�ight distributions are presented in Fig. 11. Here,the intrinsi
 time resolution of the dete
tor was not taken into a

ount, andthe presented values re�e
t only the variations of the intera
tion depths.The width of the time-of-�ight distributions as a fun
tion of dete
torlength initially rises rather steeply, while for longer 
ylinders (above 30 
m)it saturates at a 
ertain value. Thus, our simulations do not indi
ate anylimit on the dete
tor length imposed by the time-of-�ight resolution. Largerneutron energies lead to smaller time-of-�ight variations, whi
h is due tothe fa
t that for a faster parti
le, variations in the signi�
ant intera
tiondepth are less important in terms of time-of-�ight. Filling the dete
tor withthe BC537 s
intillator liquid, results in a signi�
antly worse time-of-�ightresolution than in the 
ase of BC501A.Timing e�e
ts are important for the P1n→2n probability. Neutrons in-tera
ting in the s
intillator usually undergo a series of elasti
 intera
tions19
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Figure 11: Width (one standard deviation) of the time-of-�ight distributions as a fun
tionof the 
ylinder length for BC501A (bla
k lines) and BC537 (grey lines), and for 1, 2, 4and 8 MeV neutrons.with the nu
lei of the medium and then thermalize or es
ape from the de-te
tor. Thus, light is mostly produ
ed within a few nanose
onds after theneutron enters the dete
tor. S
attering of thermilized neutrons in the s
in-tillator may, however, 
ontinue for mu
h longer times (up to millise
onds).If a thermilized neutron is 
aptured by a proton, this leads to a very latelight �ash, due to the registration of the γ-ray emitted in this pro
ess. Su
he�e
ts are more signi�
ant for the BC501A s
intillator than for BC537, be-
ause the 
ross se
tion for the p(n,γ)d intera
tion is mu
h larger than ford(n,γ)t. This is illustrated in Fig. 12, whi
h shows times of the intera
tionin the outer dete
tor of the setup shown in Fig. 9. Indeed, for BC501A, asigni�
ant intera
tion in the outer dete
tor either happens within the �rst100 ns, or mu
h later, with an almost �at distribution up to hundreds of µs.The 
orresponding spe
trum for the BC537 s
intillator shows no su
h latelight-�ash e�e
t.The late light �ash is often produ
ed far from the initial neutron inter-a
tion point, i.e. usually in another dete
tor module. Thus, the BC501As
intillator seemingly shows mu
h larger P1n→2n values than BC537, if light
olle
tion is not limited in time. This is illustrated in Fig. 13 in whi
h P1n→2nvalues of the two s
intillators are 
ompared for 
al
ulations with and without20



Figure 12: Times of the signi�
ant intera
tion in the outer dete
tor of the two s
intillatorsshown in Fig. 9. A sour
e of 2 MeV neutrons was pla
ed 51 
m in front of the dete
tors andthe time measurement starts when a neutron is emitted from the sour
e. The dete
torswere 20 
m long and the diameter of the inner dete
tor was 12.7 
m.a 100 ns time limit for the signi�
ant intera
tion. This indi
ates the impor-tan
e of properly setting time limits on the 
olle
tion of neutron signals, bothin experiments and in simulations. For the e�
ien
y and P1n→2n evaluationspresented in this paper, a time limit of 100 ns from the emission of neutronsor γ rays to the �rst signi�
ant intera
tion was used. Light produ
ed in ea
hdete
tor volume was integrated during 300 ns after the signi�
ant intera
tion.7. Comparison of the two s
intillatorsAs mentioned before, the elsewhere reported advantage of the deuter-ated s
intillator (BC537) is its ability to give a better dete
tor response, i.e.signals whi
h are more proportional to the energy of the in
oming neutron,than s
intillators based on 1H (like BC501A). Figure 14 shows simulatedlight spe
tra produ
ed by a pen
il beam of 2 MeV neutrons intera
ting intwo 
ylindri
al dete
tors �lled with BC501A and BC537, of two di�erentsizes: a small dete
tor with a 5 
m diameter, a 5 
m length and a volume of0.1 litre and a large one with a diameter of 12.7 
m, a length of 20 
m anda volume of 2.5 litre. The large dete
tor has a size that likely will be similar21
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Figure 13: In�uen
e of the 100 ns dete
tion time limit on the P1n→2n probability.to the size of the NEDA dete
tor module. It 
an be seen in Fig. 14a thatthe small BC537 dete
tor indeed gives a pronoun
ed bump 
orresponding tothe in
ident neutron energy. This bump is not seen in the histogram of thesmall BC501A dete
tor. However, in the big dete
tor (Fig. 14b), events inwhi
h most of the neutron energy is transferred to the s
intillator medium inone intera
tion are relatively rare, and no advantage related to the angulardistributions of a single neutron s
attering 
an be observed. Instead, eventswith multiple neutron intera
tions dominate, leading to very similar shapesof the spe
tra for both s
intillators. The main di�eren
e is that less light isprodu
ed in BC537 than in BC501A.It has already been shown (Fig. 6), that the BC537 s
intillator has alower e�
ien
y than BC501A. The di�eren
e between the two s
intillators isadditionally illustrated in Fig. 15 in whi
h the dete
tion probability for the
ylindri
al dete
tor is plotted as a fun
tion of neutron energy. Note that atlow neutron energies, below 1 MeV, the e�
ien
y di�eren
e between the twos
intillators is very signi�
ant.It should be pointed out that the observed di�eren
e between the twos
intillators 
omes mainly from the higher 
ross se
tion for the neutron in-tera
tion with protons than with deuterons. In addition, there is relativelymore 
arbon in BC537 (C6D6) than in BC501A (C8H10) and intera
tions22
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Figure 14: Light produ
ed by a pen
il beam of 2 MeV neutrons in two 
ylindri
al BC501Aand BC537 dete
tors of di�erent size: a) a small and b) a large dete
tor. The dimensionsof the dete
tors are shown in the legends.
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Figure 15: Neutron dete
tion e�
ien
y as a fun
tion of neutron energy for the two s
in-tillators BC501A and BC537. The dete
tor had a diameter of 50 
m and was 60 
mlong.on 
arbon give very little light. Also, less light is produ
ed per MeV bydeuterons than by protons. Thus, the results of the simulations are easily23



explained by the physi
al properties of the s
intillation material. A smalleramount of light also results in broader time of �ight distributions. As far asthe P1n→2n probability is 
on
erned, both dete
tors exhibit similar behaviour,ex
ept for the situations when the e�
ien
y of BC537 is too low to registertwo signi�
ant intera
tions. We 
on
lude that based on the simulations wesee no advantage of using the deuterated s
intillator instead of the standardone. This 
on
lusion should, however, be veri�ed by experimental tests ofthe two s
intillators. Su
h tests have already been initiated by the NEDA
ollaboration and the results will be presented in forth
oming publi
ations.8. Summary and Con
lusionsThe evaluation of the reliability of the Geant4 neutron intera
tion modellead to the 
on
lusion that this 
ode 
an be used for NEDA type simulations,although de�
ien
ies of inelasti
 pro
esses on 12C and 2H 
an still be identi-�ed. The 
redibility of the Geant4 neutron intera
tion model was 
on
ludedafter 
omparing the results of simulations with real dete
tor measurements.Based on the 
al
ulations presented in this work, we 
on
lude that a20 
m deep dete
tor is su�
ient for dete
tion of neutrons typi
ally emittedin fusion-evaporation rea
tions, i.e. for neutrons with energies up to 10 MeV,with the maximum of the energy distribution between 2�3 MeV. A longerdete
tor would give only a marginal in
rease of the e�
ien
y, with a largerprobability for a single neutron to generate signals in more than one dete
torand a possibly worse neutron-γ dis
rimination 
apability.A signi�
ant fra
tion of dete
ted neutrons will 
reate a se
ond signal indete
tors situated far away from the initial intera
tion point. Thus, there islittle pro�t in using dete
tors of the small transverse dimension (diameter).Note that the NEDA array will likely be situated about 1 m from the neutronemission point (a target) and will 
over 1�2π solid angle. A small transversedimension would then lead to a huge number of the dete
tor modules, whi
hshould be avoided, if it is not espe
ially justi�ed. Therefore, we 
on
ludethat the diameter of the dete
tor should be as large as pra
ti
ally possible,and this means using dete
tors of about 5 in
h diameter, whi
h is the size ofthe largest photomultiplier tubes 
ommonly available. An array 
overing 2πof the solid angle, situated 1 m away from the target will 
onsist of about400 su
h dete
tors.Our simulations indi
ate no advantage of using a deuterated s
intillatorinstead of the standard 1H-based one.24
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