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Abstract To perform a kinematically complete measurement of the dissociation reaction for neutron-rich

nuclei, a multi-neutron correlation spectrometer is proposed at Peking University. A Monte Carlo simulation

code based on GEANT4 is developed for a single scintillation bar which processes not only the energy deposition

but also the light propagation in the scintillator and the light collection and conversion to signal at the end

of the bar in a realistic way. The simulating method is described in detail in this paper, and the timing

and position resolutions and detector efficiency are studied based on the simulation and compared with the

experimental results. A new method of crosstalk rejection has been demonstrated to be important for the

design of the whole spectrometer.
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1 Introduction

In many cases a neutron rich unstable nucleus

can be described as a charged core plus a number

of valence neutrons[1]. In breakup or knockout ex-

periments which are often performed to study the

weakly binding unstable nuclei, a core fragment and

several neutrons fly out at forward angles in the final

state. To make an inclusive measurement, a highly ef-

ficient, position-sensitive neutron detector system is

needed, together with the telescopes used to detect

the charged fragments . If the produced neutrons are

more than one, e.g. two, the system is required to

have the ability to distinguish the real coincidence of

the multi-neutrons from the crosstalk which occurs

when a neutron gives several signals in the detec-

tion system[2, 3]. Existing neutron detector systems of

this type are mostly composed of several scintillator

walls[4—6]. The crosstalk from the detector modules in

different walls (different-wall crosstalk) can partially

be eliminated by the kinetic energy filter, the time of

flight (TOF) filter, etc[3, 4]. However, these methods

also cause a loss of 50% real two-neutron coincidence

events while rejecting the crosstalk[7].

Based on the principle described in Refs. [2, 3], a

Multi-Neutron Correlation Spectrometer (MNCS) at

Peking University is proposed for detection of neu-

trons at a few MeV to ∼100 MeV. MNCS is aimed at

tracking the neutron scattering history in the detector

system to provide more efficient crosstalk identifica-

tion filters. The criterion is to eliminate the crosstalk

as much as possible and in the meantime to keep the

coincidence detection efficiency as high as possible.

For this purpose a detailed simulation is important in

order to optimize the detection system design. This

article will focus on the study of the performance of
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one module which is the base for the whole system

design.

A module of MNCS is firstly designed to con-

sist of two closed packed plastic scintillation (BC408)

bars, each with dimensions of 200 cm × 6 cm × 3 cm

(length×height×thickness). The two ends of the

bar are coupled to XP2020 photo-multiplier tubes

(PMT), namely PMTL and PMTR. The signal from

a PMT is sent to TDC and QDC. According to the

difference between the tdcL (TDC value from PMTL)

and tdcR (TDC value from PMTR), the hitting posi-

tion is obtained. The difference between the average

of two TDCs of a bar and the starting timing sig-

nal taken from detectors around the target gives the

neutron TOF. The energies deposited by ions gener-

ated in the reaction induced by the incident neutrons

are recorded by QDC (qdcL and qdcR, respectively),

which are used to track the scattered neutrons. A

Monte Carlo simulation based on GEANT4 is devel-

oped in this work to follow processes such as neutron-

nucleus reaction, energy deposition, light generation

and propagation, light collection by PMT and signal

conversion.

In this article the simulation method is described

in Section 2. The results and discussion are presented

in Section 3, including the detection efficiency, time

and position resolution of a single scintillator bar,

and the possible performance of neutron tacking and

crosstalk rejection. A summary is given in Section 4.

2 Simulation method

2.1 Detector Definition

In this simulation, the coordinate is set up as fol-

lows: The origin point is at the geometrical center of

the scintillator bar; the x axis is along the bar from

right to left, the y axis points upwards and the z axis

is along the beam direction. In the concrete class of

G4VUserDetectorConstruction[8, 9], the geometry of

the scintillator bar is constructed as a box with di-

mensions of 200 cm × 6 cm × 3 cm. The bulk prop-

erties of BC408 are defined according to Table 1[10].

The bar is configured as a sensitive detector to watch

physical reactions, providing information such as en-

ergy deposition, particle production and light gener-

ation. In practice the surface of the scintillator bar

is well polished and wrapped with Tyvek paper[11].

Therefore, in the simulation code the surface (optical)

of the bar is set ‘polishedbackpainted’[12]. Because

GEANT4 does not implement the PMT device, two

glass cylinders with the same dimensions as XP2020

PMT are placed at both ends of the bar. The two

cylinders are set as sensitive detectors to record the

arrival time of the scintillation light (described in de-

tail in the following sections). The bar and the pho-

ton collectors (glass cylinders) are usually coupled by

silicon grease with a similar refraction index (1.5) to

glass. Hence, in the code the optical surface between

the bar and the photon collector is set as the type

‘polished’.

Table 1. Property parameters for the plastic

scintillator BC408.

density/(g/cm3) 1.032

ratio H:C atoms 1.104

refraction index 1.58

light output % anthracene 64

ratio slow component/fast component 0.27

decay time of slow component/ns 14.2

rise time of fast component/ns 0.9

decay time of fast component/ns 2.1

light attenuation length/cm ∼380

wavelength of maximum emission/nm 425

2.2 Physics and optical processes

The basic reaction processes involved in the de-

tector happen between the incident neutrons and the

C and H atoms compounding the scintillator ma-

terial. The neutrons are detected with the scintil-

lation light caused by the energy loss of produced

charged particles. This simulation utilizes the built-in

GEANT4 physics list QGSP BERT HP[9], which uses

the Bertini intranuclear cascade model[13] for parti-

cles below 10 GeV and a data-driven high precision

neutron package for neutrons below 20 MeV down

to thermal energies. QGSP BERT HP is the recom-

mended physics list for our energy range and has bet-

ter agreement with the experimental data in compari-

son with other physics lists, such as LHEP (low and

high energy physics)[9, 13], for low and medium energy

particles.

Light transmission in the scintillator is imple-

mented by creating an instance of the pure vir-

tual class G4VPhysicsConstructor, where all the

relevant processes are assigned to the predefined

particle G4OpticalPhoton in GEANT4. Then

the G4VPhysicsConstructor module is registered to

QGSP BERT HP. Thus, we include all the necessary

physical and optical processes in the simulation. The

relevant optical processes in the simulation are: scin-

tillation light generation, Cerenkov process, optical

absorption, optical Rayleigh and optical boundary

processes. The dominant photon-generating process

is the scintillation according to the BC408 specifica-
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tion. The absolute light output for electrons in BC408

is given in Table 1. According to the relative light re-

sponse curves[10] (Fig. 1) and the absolute light out-

put of electrons, the light output for other charged

particles (protons, deuterons, tritons, alphas and so

on) can be fitted by a polynomial function fL(Ek),

where Ek is the kinetic energy of the charged parti-

cle. Within each G4Step, assuming the kinetic energy

at the previous point is Epre and the total energy de-

posit Edep, the light output in the present step is:

Nstep = fL(Epre)−fL(Epre−Edep) . (1)

For other heavy charged particles other than those

mentioned above (12C for instance), the light response

is very weak and its contribution is ignored. In the

scintillation class, both the fast and slow light compo-

nents could be generated according to the ratio pro-

vided by the user. The photons are generated ac-

cording to an exponential timing distribution with

the given decay constant. The direction of the pho-

tons is created isotropically. The attenuation length

is used to randomly absorb the light. The reflection

and refraction at the boundary are treated according

to the surface definition.

Fig. 1. The relative light response for electrons,

protons, deuterons, tritons and alpha particles

with different kinetic energy (Ek) in BC408

scintillator.

2.3 Signal digitization

At the PMT photocathode, photoelectrons (PE)

are produced based on the quantum efficiency. To

save the computer CPU time, photon tracks are killed

in G4StackingAction class with a survival probabil-

ity of the quantum efficiency (20%). For each pri-

mary photoelectron, the multiplicity effect happens

in a period of the PMT transit time ttrans before be-

ing collected by the PMT anode. The average signal

arrival time at the anode is

tanode = tcathode + ttrans . (2)

The signal at the PMT anode corresponding to a

single photoelectron is simulated by a time response

function[14]

Vi(t) =
GCe

Cc

t2e−t2/τ 2∫
t2e−t2/τ 2dt

. (3)

where G is the gain factor of the PMT, Ce the con-

version factor for charge to voltage, Cc the coupling

capacity, and τ the rise time of the PMT. The final

output of a PMT is then the convolution of all the

photoelectron signals

VPMT(t) =
∑

i

Vi(t) . (4)

The time bin size of the signal is set to be 20 ps,

which is actually the timing resolution of the TDC.

With the PMT signal, we extract the timing (TDC)

value by the constant-fraction discrimination method,

whereas the charge output (QDC) is obtained by the

time integral of the signal. The parameters for PMT

used in the present simulation are listed in Table 2.

Table 2. Parameters of PMT used in the simulation.

quantum efficiency 20%

rise time/ns 1.6

gain 3.7×107

transit time/ns 28.0

TDC time resolution/ps 20

coupling capacitor/pC 200

conversion factor of charge to voltage 1

3 Results and discussion

3.1 The performance of a single scintillation

bar

Firstly, we study how the hit position affects the

time resolution. As indicated above, the dimensions

of the scintillator are 200 cm × 6 cm × 3 cm which is

exposed to the incident neutron at 80 MeV. When

neutrons hit the center point of the scintillator, the

distribution of tL versus qL is shown in Fig. 2(a),

where tL and qL are the TDC and QDC values re-

spectively, for a left PMTL. Even though the constant

fraction discrimination method is used, the time res-

olution still varies with the light output amplitude
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(QDC), which reflects the statistical property of the

scintillation photons. The time resolution for signals

above 1 MeV electron equivalent (1 MeVee) threshold

is σL = (86±2) ps as shown in Fig. 2(b). Similarly we

get the time resolution of PMTR σR = (84±2) ps. In

order to compare with the experimental results, the

weighted average time tav is expressed as

tav =
tLσ2

R + tRσ2
L

σ2
R +σ2

L

(5)

and the corresponding time resolution is σav = (80±

2) ps. When taking an average propagation velocity

v of about 17.0 cm/ns[11] this timing resolution cor-

responds to a position (x = v(tL−tR)/2) resolution of

about 1 cm. Of course the simulation just gives the

lower limit of the resolution coming purely from the

statistical fluctuation. If the radiation background

and the electronics noise are taken into account, the

timing as well as the position resolution are normally

a few times worse than the above lower limit values,

depending on the real experimental situation.

Fig. 2. (a) The correlation between TDC and QDC of a left PMT. (b) The timing spectrum given by a left

PMT. (c) The time resolution of a scintillation bar as a function of hit position starting from the center

point (x=0) to the left end of the scintillator, where the error bar comes from Gaussian fitting.

When we move the neutron hit position from the

center point to the left end of the bar, the time res-

olution varies as shown in Fig. 2(c). This variation

agrees with the experimental data[10, 15] within the

error bar.

MNCS is proposed to cover an angle range of

±5◦ in the y direction and ±10◦ in the x direc-

tion at a distance of ∼5 m downstream of the tar-

get. Scintillation bars with dimensions of 200 cm ×
6 cm × 3 cm placed horizontally or with dimensions

of 100 cm × 6 cm × 3 cm placed vertically can either

form such a detector matrix. According to our simu-

lation, the difference of time resolution and detec-

tion efficiency between the two kinds of scintillator

bars is very small (below 3%). Therefore the first op-

tion with a longer bar and two times fewer PMTs is

adopted. In order to increase the detection efficiency

we might double the thickness of the scintillator bar.

However, the time resolution gets much worse and the

precision to determine the flight distance for neutron

TOF is doubled too. Therefore a compromise to im-

prove the efficiency while keeping the same resolution

performance is to stack two bars of 200 cm × 6 cm ×
3 cm together to make one module of 6 cm in

thickness.

The detection efficiency and time resolution of a

single scintillation bar are investigated against differ-

ent neutron energies. To test the validation of the

simulation relative to the existing experimental re-

sults, the incident neutron energies at En = 7.1 MeV

and En = 12.7 MeV are firstly selected. The efficiency

values (ε) of a scintillation bar at these neutron en-

ergies for a threshold at 0.25 MeVee are 12.5% and

10.5%, respectively. These values for a stacked mod-

ule of 6 cm in thickness are 19.9% and 23.4%, respec-

tively, which agree with the experimental results of

22.7% and 27.4%[17] within the error bar. The detec-

tion efficiency at 3 MeV neutrons (21.6% for a thresh-

old at 0.25 MeVee) also agrees with the experimen-

tal result[11]. We can then extend the calculation to

higher neutron energies. As shown in Fig. 3, the time

resolution improves while the detection efficiency de-

creases with increasing neutron energies. It is clear

that the higher the neutron energy is, the more layers

of scintillator are needed to reach the similar detec-

tion efficiency. Fig. 3 also shows the influence of the

detection threshold. The time resolution is almost

independent of the threshold while the detection ef-

ficiency decreases greatly on increasing the threshold

especially at low neutron energies. For our applica-
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Fig. 3. (a) The average timing resolution and (b) The detection efficiency ε of a single scintillation bar, as a

function of incident neutron energy and detection threshold (inner box).

tion at relatively higher energies of 50 — 100 MeV,

the threshold could be set at higher values to suppress

possible noise without diminishing the detection effi-

ciency.

3.2 The identification of crosstalk neutrons

The neutron signals produced in a plastic scintilla-

tor come mostly from (n, p) scattering. The scattered

neutrons might cause another signal in different neu-

tron detector modules, which is the so-called cross-

talk[2, 3] (CT), and results in a fake signal of another

neutron. In order to correctly determine the multi-

neutron correlation, rejection of the CT is essential.

CT rejection has been performed based on the TOF

technique, but it might achieve only about 50% of the

rejection rate[7]. Based on the principle proposed in

Refs. [2, 3], the precise measurement of the deposited

charge of the recoiled protons in addition to the TOF

could provide much better criteria for the rejection of

CT. It should be kept in mind that the CT rejection

is often related to the reduction of the detection effi-

ciency for real neutron coincidence events. Normally

some compromise has to be made when setting the

criteria and applying the cuts.

In principle the light produced (Y ) is proportional

to the energy loss ∆Epe of the recoiled proton:

Y = k∆Epe , (6)

where k is a proportional constant. In a long scintil-

lation bar the light attenuation obeys an exponential

law. Therefore, values of QDCL and QDCR can be

written as

qL = kLY e−x/λ, qR = kRY e−(l−x)/λ , (7)

where λ is the effective attenuation length of the scin-

tillator, l the length of the scintillator bar, x the hit-

ting position and kL or kR the factor of light conver-

sion of the readout system at the left or right end of

the scintillation bar. Based on Eq. (6) and Eq. (7),

∆Epe can be deduced as

∆Epe = K
√

qLqR , (8)

where

K =
1

k
√

kLkRe−l/λ
, (9)

which is independent of x. In an experiment K is

acquired via calibration measurement for a certain

neutron energy. Consequently the energy loss ∆Epe

at other neutron energies can be obtained according

to the calibration and the response curve (Fig. 1). If

the recoiled proton is absorbed in a scintillator bar,

i.e. ∆Epe = Epe, the scattering angle of the primary

neutron can then be deduced according to momen-

tum and energy reservation[2, 3]. Fig. 4(a) shows the

angular difference (∆θ) between the deduced neutron

scattering angle (θd) and the real one (θr) given by

the G4TrackAction class in the simulation. If we put

a cut of (−5◦,5◦) on ∆θ, ∼50% crosstalk neutrons can

be eliminated. Another half of the events have very

different deduced angles compared with the real ones,

due basically to the incomplete energy absorption for

a recoiled proton in a scintillation bar. Assuming that

some veto detectors are installed in front of each neu-

tron detector wall, which might provide the energy

of the protons escaping from the upstream wall, the

incomplete proton energy could be recovered and the
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Fig. 4. (a) The difference between the real angle of the scattered neutrons and that calculated according to

the light output and n+p scattering kinematics. (b) The angular difference after proton-residual energy

correction.

results are shown in Fig. 4(b). In this case a good

veto system is also important.

The study of CT rejection here is just preliminary

to simply show the working principle. A more realis-

tic simulation should include an analysis of all possi-

ble reaction processes in addition to (n, p), treatment

of the real time and position resolutions of the scintil-

lation bar, practical configuration of the whole MNCS

system, and so on. These studies are underway and

will be reported later on.

4 Summary

Using the GEANT4 toolkit, the simulation of neu-

tron detection with a long plastic scintillation bar

(BC408) has been performed in detail. With this

code, not only the energy deposition but also the light

propagation in the scintillator and the light collec-

tion and conversion to signal at the end of the bar

are processed in a realistic way. One detector module

is designed as a close pack of two parallel scintilla-

tion bars with dimensions of 200 cm × 6 cm × 3 cm

each. The time and position resolutions and detec-

tion efficiency of a single scintillation bar for neutron

energies below 100 MeV are given. The results are

in good agreement with the experimental data. Such

results provide a base for optimization of the module

design. Furthermore, the principle of a new crosstalk

rejection method is demonstrated and the prelimi-

nary results show its applicability. Further study of

the whole MNCS system design is underway.
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