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The accurate determination of the response function of organic scintillation neutron detectors complements their
experimental characterization. Monte Carlo simulations with GEANT4 can reduce the effort and cost implied,
especially for complex detection systems for which the characterization is more challenging. Previous studies

GEANT4 have reported on the inaccuracy of GEANT4 in the calculation of the neutron response of organic scintillation
BC501A . s . . .
NE213 detectors above 6 MeV, due to an incomplete description of the neutron-induced alpha production reactions on

EJ301 carbon. We have improved GEANT4 in this direction by incorporating models and data from NRESP, an excellent
Monte Carlo simulation tool developed at the Physikalisch-Technische Bundesanstalt (PTB), Germany, for the
specific purpose of calculating the neutron response function of organic scintillation detectors. The results have
been verified against simulations with NRESP and validated against Time-Of-Flight measurements with an NE213
detector at PTB. This work has potential applications beyond organic scintillation detectors, to other types of
detectors where reactions induced by fast neutrons on carbon require an accurate description.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction response functions of BC501A and NE213 detectors to monoenergetic
neutrons with an uncertainty lower than 2% [3], and can be considered
a state-of-the-art code in its application field. However, it cannot be
used to simulate complex experiments and detection systems where a
detailed geometric modeling and the transport of particles other than
neutrons are required.

The GEANT4 simulation toolkit [4] is a more versatile and flexible

tool widely used by the Nuclear and High Energy Physics scientific

Organic scintillation detectors are a standard choice in fast neutron
detection and spectrometry for their high intrinsic detection efficiency
over a wide energy range, fast response and, in some cases, good
n—y discrimination capabilities [1]. The accurate determination of
their neutron response — as an essential part of their experimental
characterization - is difficult and expensive, since it demands well
calibrated sources of monoenergetic neutrons available only in a few

metrology facilities and nuclear physics laboratories. A number of Monte
Carlo simulation tools currently available have reached a high level of
versatility and reliability that can be exploited to minimize the effort
and cost implied, especially for complex detection systems for which
the experimental characterization is more challenging.

NRESP is a Monte Carlo simulation code developed at the
Physikalisch-Technische Bundesanstalt (PTB), Germany, to study the
response of organic scintillation detectors to fast neutrons between 0.02
and 20 MeV [2]. It has been successful in describing the experimental
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communities. Several authors have reported on its excellent accuracy
in the calculation of the neutron response function of organic scintil-
lation detectors below E, = 6 MeV, where neutron scattering is the
dominant reaction mechanism [5-7]. At higher energies, however, a
significant underestimation of the experimental response function in
the low pulse height range has been observed. Such discrepancies are
a consequence of the incompleteness of the neutron interaction models
and the evaluated nuclear data in GEANT4. Indeed, a close look into the
implementation of the high precision model G4ParticleHP reveals that
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the important 12C(n,n’3«) reactions are not described properly when
considered as multistep breakup reactions involving an intermediate
nucleus in an excited state. Moreover, it lacks angular distribution data
for the 12C(n,a)°Be reaction occurring above 6.18 MeV, which makes
a significant contribution to the low pulse height range of the neutron
response function.

This work aims at providing GEANT4 with the necessary models and
data for a complete description of neutron-induced alpha production
reactions on carbon as they are considered in NRESP. The results have
been verified against simulations with NRESP and validated against
Time-Of-Flight (TOF) measurements with an NE213 scintillation detec-
tor in quasi-monoenergetic neutron reference fields at PTB. The effects
of using different standard evaluated nuclear data libraries have also
been investigated.

2. Complete description of the 12C(n,n’3a) and 2C(n,a)°Be reac-
tions in GEANT4

G4ParticleHP' can be considered the best model in GEANT4 for
the simulation of neutron interactions up to 20 MeV, as it employs
evaluated nuclear data. Some reactions, however, are only partially
described or not described at all by this model, either because of
incomplete or missing information in the data libraries, or an incomplete
implementation of the model itself. The latter is the case of breakup
reactions proceeding in multiple steps, e.g., 12C(n,n’3a).

The base class G4ParticleHPInelasticBaseFS and its derived classes
in G4ParticleHP are devoted to describing reactions that involve more
than one particle and a residual nucleus in the final state. These classes
use, when available, evaluated energy-angle distributions to sample
the final state of the reaction products, otherwise, the n-body phase
space distribution. Reactions involving only one particle and a residual
nucleus in the final state are described in G4ParticleHPInelasticCompFS
and its derived classes instead. The description is however incomplete
when it comes to breakup reactions proceeding in multiple steps, as they
are not considered to their whole extent but only to the first step, leaving
an intermediate nucleus in an excited state that is forced to decay to the
ground state without any particle emission.

G4ParticleHPInelasticCompFS has been modified to incorporate
the 12C(n,n'3a¢) multistep breakup model from NRESP7.1 [2]. Two
different mechanisms are considered in the model:

(D n+'2C - a+°Be* | °Be* — n’ +°Be | 8Be — 2a
(ID n+'2C > n' +12C* | 12C* > a + 8Be | 8Be — 2a.

Both end up with the 2a decay of ®Be from its ground state but differ
in the initial and intermediate steps. Each mechanism comprises one or
more reaction channels associated with excited well-defined states or
pseudo-states of the intermediate nucleus (Table 1). The model samples
the direction of the outgoing neutron from an isotropic distribution in
the center-of-mass system and the alpha particles are emitted conserving
energy and momentum. Relativistic kinematics is applied at each step.

Even using the same physics models, one can expect different
results when simulating the neutron response of organic scintillation
detectors with GEANT4 and NRESP due to differences in the nuclear
data. G4ParticleHP relies on the evaluated neutron data library G4NDL
distributed with GEANT4. Version 4.5 of G4NDL, which was used in
this work, is based on ENDF/B-VII.1 [13]. NRESP7.1, on the other
hand, takes nuclear data for hydrogen from ENDF/B-IV [14], and for
carbon and aluminum from ENDF/B-VI [8,9]. Itscross section data on
neutron-induced reactions on carbon were initially taken from ENDF/B-
VI and have been partially replaced over time by data from dedicated
experiments performed at PTB, readjusting the balance with other
reactions to keep the total cross section — which is a well known quantity
- unchanged.

1 G4ParticleHP was released with GEANT4.10.2 as an extension of the old G4NeutronHP
model to handle other incident particles than neutrons.
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Fig. 1. Geometrical aspects of the simulations. They reproduce the relevant features of
the Time-Of-Flight measurements presented in Section 4.

Differences in the cross section data affect the contribution of the
corresponding reactions to the neutron response function. The effect
for angular distributions is somewhat more complex, because they
determine the energy distributions of the reaction products and, as it will
be shown in the next section, the light produced by charged particles in
an organic scintillator depends on the particle type and kinetic energy.
Hence, uncertainties in the angular distributions propagate to the light
yield affecting the shape of the response function.

G4NDL-4.5 has angular distribution data for some of the 12C(n,n’3a)
reactions. These are ignored by the multistep breakup model.
The 12C(n,a)°Be reaction, on the other hand, has a strong anisotropy
in the center-of-mass system that is considered by NRESP but ne-
glected in G4NDL-4.5. This reaction contributes to the same pulse
height range of the neutron response function as the 12G(n,n’3a)
reactions. For this reason, in addition to the multistep breakup
model for the 12C(n,n’3a) reactions, the angular distribution data for
the 12C(n,a)?Be reaction in NRESP7.1 were also incorporated (hard
coded) into G4ParticleHPInelasticCompFS. The result of all modifica-
tions made to G4ParticleHPInelasticCompFS is a complete description in
GEANT4 of neutron-induced alpha production reactions on carbon.

3. Verification against NRESP
3.1. Simulations

Simulations with the standard (official distribution) and modified
(resulting from this work) versions of GEANT4 (release 10.02.p02) were
performed to calculate the neutron response function of an NE2132
detector. Equivalent simulations were also performed with NRESP7.1
to verify the results.

The detector simulated was a simplified model of the one used in the
Time-Of-Flight measurements that will be presented in the next section.
It consisted of a 4” x 1”” NE213 cylindrical volume coupled to a Lucite
light pipe, both enclosed by an aluminum housing as shown in Fig. 1.
To meet the limitations of NRESP in material chemical compositions,
the small amounts of oxygen and other chemical elements present in
NE213 (<1%) were neglected, and the oxygen in Lucite (CsHgO,) was
replaced with carbon with the corresponding density readjustment. Both
materials were thus considered pure hydrocarbons with H:C atom ratios
1.213 and 1.1, and densities 0.8752 and 1.18 g/cm?, respectively.

The neutron response function was calculated for energies between
6.18 MeV (threshold of the 12C(n,a)°Be reaction) and 20 MeV (upper
applicability limit of the G4ParticleHP model for neutrons). A total of

2 NE213 is the equivalent from Nuclear Enterprise to BC501A and EJ301 produced by
Saint-Gobain Crystals and ELJEN Technology, respectively.
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Table 1
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Neutron-induced reactions on carbon between 0 and 20 MeV in NRESP7.1 [2]. The lowest excited states of'>C denoted by L1, L2 and L3 are well-defined states. The rest (L6 to L10) are

pseudo-states that represent groups of well-defined states at higher excitation energies.

Reaction 0; MeV) Threshold (MeV) Cross section Angular distribution
2¢(n,n)'2C 0 0 ENDF/B-VI [8,9] ENDF/B-VI [8]
12C(n,n’)12C*(L1) —4.439 4.81 ENDF/B-VI [8,9] ENDF/B-VI [8,9]
2C(n,a)’Be -5.71 6.19 PTB [10,11] PTB [10,11]
2C(n,a)°Be* — n + Be — 2a -8.13 8.81 PTB Isotropic”
12¢(n,n’)12C*(L2) —a + Be — 2a —-7.653 8.29 PTB Isotropic”
2C(n,n")12C*(L3) —»a + %Be — 2« -9.63 10.43 PTB Isotropic”
2G(n,n")2C*(L4) »a + *Be — 2a -10.8 11.70 PTB Isotropic
12G(n,n’)'2C*(L5) —a + %Be — 2a -11.8 12.78 PTB Isotropic”
2¢(n,n’)'2C*(L6) —a + *Be — 2a -12.7 13.76 PTB Isotropic”
2C(n,n")12C*(L7) —»a + %Be — 2« -14 15.17 PTB Isotropic
2C(n,n’)'2C*(L8) —a + ®Be — 2a -15 16.25 PTB Isotropic”
2¢(n,n’)2C*(L9) —a + ®Be — 2a -16 17.33 PTB Isotropic”
12C(n,n")"2C*(L10) —a + ®Be — 2a -17 18.42 PTB Isotropic”
2C(n,p)'?B -12.59 13.7 ENDF/B-VI [8,9] Isotropic
2C(n,d)"'B -13.731 14.9 ENDF/B-VI [8,9] Isotropic

“ Q-value for the energy state of the residual nucleus (intermediate nucleus for multistep breakup reactions) [12].

** Referred to the center-of-mass system.

107 neutrons were generated for each energy from a point source 12 m
away from the center of the scintillation volume of the detector (Fig. 1).
The generation was isotropic and only within the solid angle subtended
by the detector to reduce the computation time.

GEANT4 allows for a more detailed particle transportation than
NRESP. In this sense, it can be considered more realistic but also more
time-consuming. Neutrons in GEANT4 were transported in vacuum from
the source to the detector housing, and tracked until they were captured
or escaped the detector. All secondary particles giving rise to fluorescent
light in the scintillator [15] were also tracked, and the light yield was
calculated at the end of each step. NRESP, on the other hand, stops the
transportation of neutrons when the kinetic energy is below 10 keV.
It does not transport secondary particles, but assumes instead that all
their energy is deposited at the generation point, where part of it is
then converted into fluorescent light. The only exceptions regarding the
energy deposition are protons and gamma rays. The energy deposited
by recoil protons generated in the scintillator is corrected to account
for the wall effects when the range is longer than the distance to the
scintillator surface. In the case of gamma rays, the energy deposition
is considered only for those produced in the 12C(n,n'y)!2C reaction.
This is done in a very schematic way when the light yield resulting
from other reactions initiated by the same incident neutron exceeds a
certain threshold. When it does not, the detection event is discarded,
as it is assumed that it would also be discarded with the application
of n—y discrimination techniques in the experimental determination of
the response function. In the present work, the contribution of gamma
rays to the detector response was neglected in the simulations with both
GEANT4 and NRESP, because it is not relevant for the verification of
the modified version of the former against the latter, nor it is for the
validation against TOF measurements presented in the next section.

The production and tracking of secondary particles in GEANT4 are
determined by the physics models. The production is also affected
by the production cuts, which are thresholds in stopping range. A
few standard physics lists are distributed with GEANT4 for different
applications, featuring different combinations of these. We have used
Shielding in this work [16], which features the Standard Electromagnetic
and G4ParticleHP models. The rest of the standard physics lists featuring
the same hadronic models were verified to produce equivalent results
with the same production cuts.

The production cut for protons and heavier ions in Shielding is set
to 0 mm by default. This is essential for the simulation of organic
scintillation detectors, because it ensures that recoil ions are always
produced regardless of the amount of energy transferred by the neutron.
The production of delta electrons, on the contrary, must be suppressed,
because their contribution to the light yield of protons and heavier ions
is already included in the light output functions of the latter. The default
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Fig. 2. Light output functions for secondary charged particles produced in the interaction
of neutrons with a 4” x 1” NE213 scintillation detector.

production cut of 0.7 mm was enough to suppress the delta electron
production.

Fig. 2 shows the light yield of different charged particles for a
detector of the same type and dimensions than the one considered in
this work. These functions were selected from the wide set available in
the data files of NRESP7.1.

The light output function for electrons is described by L, = E —
0.005 MeV above 50 keV [17]. The offset approximates the non-
linear dependence at lower energies, which is an effect of quenching
processes [15]. For protons and heavier ions, the light output functions
are:

L,(E,) = —1.41945 + 0.6719E, E, > 8 MeV

Ly(Eg) = 2L,(05E,)

L(E)= 0.0211E! 8712 E, < 6.76 MeV
@l ) —0.65665 + 0.20864E,  E, > 6.76 MeV

Ly (Eg,) = 0.01Eg,
Lyc(Egc)= 0.007Eg ¢

Only for protons with E, < 8 MeV, the light yield is calculated by
linear interpolation of a set of discrete experimental values [3].

3.2. Results and discussion

Fig. 3 shows the neutron response functions R(L) calculated with
NRESP and the standard and modified versions of GEANT4. They —
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Fig. 3. Neutron response functions calculated with NRESP and the standard (std) and modified (mod) versions of GEANT4. The amount of scintillation light L produced by secondary

charged particles is given in electron equivalent units.

and any other presented hereafter — are the pulse height distribution of
detected neutrons in electron equivalent units (i.e., the kinetic energy
of an electron producing the same amount of light) normalized to the
total intrinsic detection efficiency. In other words, the content of each
bin is the result of scaling the distribution by the inverse of the number
of neutrons incident on the detector and the bin width. The figure also
shows embedded zooms into the low pulse height range for a better
visualization of the contributions of the 12C(n,a)°Be and 12C(n,n’'3a)
reactions.

All simulations are in excellent agreement in the mid and high pulse
height ranges, where proton recoil events dominate. It is in the low
range where discrepancies due to the different description of neutron-
induced reactions on carbon are observed, illustrating the importance
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of a complete and accurate description of these reactions in the study of
the neutron response of organic scintillation detectors.

The correct incorporation of angular distributions for the 12C(n,a)°Be
reaction into GEANT4 can be verified by comparing the response
functions calculated with the modified version of GEANT4 and NRESP
for neutron energies below the threshold of the 12C(n,n’3a) reactions
(8.81 MeV). The agreement is excellent for 8 MeV, and also for 10
MeV where the 12C(n,n’3a) reactions make a negligible contribution.
At higher energies, the combined effect with the incorporation of
the multistep breakup model for the 12G(n,n’3«) reactions is observed
instead. NRESP and the modified version of GEANT4 continue to be in
an excellent agreement that slightly worsens with the increase of the
neutron energy due to differences in the cross section data.
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Fig. 4. Partial contributions to the neutron response function of the neutron-induced
alpha production reactions on carbon, calculated with the modified version of GEANT4
for 14 MeV neutrons. The amount of scintillation light L produced by secondary charged
particles is given in electron equivalent units.

Fig. 4 helps to understand the structures observed in the low
pulse height range of the neutron response functions. It shows the
partial contributions of the 12C(n,a)°Be and 2C(n,n’3a) reactions to
the neutron response function calculated with the modified version of
GEANT4 for 14 MeV neutrons. The 12C(n,x)°Be reaction produces a
regular structure with high and low endpoints corresponding to the
forward and backward emission of the alpha particle respectively, with
respect to the direction of the incident neutron. The contributions of
the 12C(n,n’3a) reactions are somewhat more complex because of the
different mechanisms, multiple steps and number of excited states of
the intermediate nucleus involved. The net effect of these reactions on
the neutron response function is determined by the cross section and
angular distribution data.

3.3. Nuclear data library effects on the neutron response function

The International Atomic Energy Agency (IAEA) Nuclear Data Ser-
vice distributes different versions of standard nuclear data libraries
for GEANT4 [18] produced by E. Mendoza et al. [19,20] at Cen-
tro de Investigaciones Energéticas, Medioambientales y Tecnoldgicas
(CIEMAT), Spain. We have chosen ENDF/B-VII.1 [13], JEFF-3.2 [21],
JENDL-4.0 [22] and CENDL-3.1 [23,24] in addition to G4NDL-4.5, for
investigating the effects of using different nuclear data libraries in the
study of the neutron response of organic scintillation detectors. JEFF-3.2
takes the data on neutron-induced reactions on carbon from ENDF/B-
VII.1, which was used to produce G4NDL-4.5. We have verified that
GEANT4 produces the same results with these three libraries. Thus,
the results presented here for G4NDL-4.5 are representative of ENDF/B-
VIL.1 and JEFF-3.2.

The neutron response functions calculated with the modified version
of GEANT4 using G4NDL-4.5, JENDL-4.0 and CENDL-3.1 are compared
in Fig. 5. Only the low pulse height range is shown, since the agreement
is excellent in the mid and high ranges where proton recoil events
dominate. The response functions calculated using G4NDL-4.5 and
JENDL-4.0 show discrepancies that result from the differences in the
cross section data on the 12C(n,a)?Be and 2C(n,n’3«) reactions (Fig. 6),
and also from the different number of excited states of 12C considered
in each library. Data on the 12C(n,n’3a) reactions in G4NDL-4.5 and
JENDL-4.0 are only available for the multistep breakup model, with
more than twice the number of excited states of 12C in JENDL-4.0°.

CENDL-3.1, on the other hand, has data on the second and third

3 Carbon data in ENDF/B-VIL1, JEFF-3.2 and JENDL-4.0 are actually given for natural
carbon. We use throughout the text the most abundant isotope '2C instead, to unify the
nomenclature with CENDL-3.1, which does contain data for this specific isotope.
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excited states of 12C for the multistep breakup model, and energy-angle
distributions to describe the rest of the 12C(n,n’3«) reactions [12]. Thus,
discrepancies with the response functions calculated using CENDL-3.1
result also from the use of a different model.

Fig. 5 also shows the neutron response functions calculated with
the standard version of GEANT4 using CENDL-3.1. These already show
structures that result from sampling the final state of the 12C(n,n’3a)
reactions from energy-angle distributions. However, they do not re-
semble the neutron response functions calculated with the modified
version of GEANT4 using the other libraries. The reason lies in the lack
of correlation between reaction products of the 12C(n,n’3a) reactions in
CENDL-3.1. As a result, the energy is not conserved in an event-by-event
basis but only statistically, broadening out narrow structures.

Table 2 presents the deviations relative to NRESP, of the intrinsic
neutron detection efficiencies calculated with GEANT4. They were
calculated for different detection thresholds with the standard and
modified versions of GEANT4 using different nuclear data libraries. The
decreasing trend in the magnitude of the deviations with the increase
of the threshold in most cases confirms that the discrepancies between
the response functions are mainly in the low pulse height range. On the
contrary, there is an increasing trend with the increase of the neutron
energy as those discrepancies are enhanced, becoming as large as 23%
with the standard version of GEANT4 using JENDL-4.0.

The largest in magnitude of the deviations calculated with the
standard version of GEANT4 using CENDL-3.1 is much lower (<5%)
as expected. It is surprising though that these are systematically higher
when the modified version of GEANT4 is used instead. In any case, this is
not an indication of a good agreement with NRESP, but a compensation
effect of opposite deviations in contiguous pulse height ranges that
partially cancel out when integrating the response function to calculate
the detection efficiency.

A comparison between the response functions and deviations calcu-
lated with the different versions of GEANT4 reveals a similar effect for
G4NDL-4.5 and JENDL-4.0 at 8 and 10 MeV, where the discrepancies
between the response functions are dominated by the 2C(n,a)°Be reac-
tion. At higher neutron energies (14-19 MeV), the deviations are signif-
icantly reduced in magnitude with the modified version of GEANT4 as
the 12C(n,n’3«¢) reactions become more relevant.

In average, the best agreement with NRESP is obtained with the
modified version of GEANT4 using G4NDL-4.5.

4. Validation against Time-Of-Flight measurements
4.1. Description of the experiment

Time-Of-Flight (TOF) measurements were performed at the PTB Ion
Accelerator Facility (PIAF) to validate the modified version of GEANT4
and draw conclusions on its performance with different standard eval-
uated nuclear data libraries. An NE213 detector like the one described
in the previous section (Fig. 1) was used to provide the start signal for
the determination of the TOF. It was placed 12 m from the target at
0°with respect to the direction of the beam. This is a well characterized
detector that has been used for many years as a reference instrument for
the measurement of the neutron fluence at the PTB TOF spectrometer.

The neutron fields were produced by inducing the D(d,n)>He reac-
tion in a 3 cm thick gas target at a pressure of 1.8 bar. The reaction pro-
duced quasi-monoenergetic neutrons based upon the incident deuteron
energy, and a continuum of unwanted low-energy neutrons from the
D(d,np)D and D(d,np)np reactions. In addition to these, a continuum of
neutrons was also produced from the reactions of incident deuterons in
the backing of the target (the typical energy loss in the target is <100
keV).

The deuteron beams were delivered by the variable energy
isochronous cyclotron CV28 [25] at a repetition frequency reduced to
about 1 MHz with the internal beam pulse selector. Most unwanted
pulses were suppressed with an efficiency of 98%. The contribution
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Fig. 5. Low pulse height range of the neutron response functions of a 4” x 1” NE213 detector calculated with the standard (std) and modified (mod) versions of GEANT4 using different
evaluated nuclear data libraries. The amount of scintillation light L produced by secondary charged particles is given in electron equivalent units.

of the rest was corrected in the TOF versus pulse height matrices
using an iterative subtraction procedure. The stop signal for the TOF
measurements was derived from the deuteron beam pulses using an
inductive pick-up close to the gas target.

A multiparameter data acquisition system based on NIM and VME
modules was used to process the signals from the detector and the
cyclotron, and derive with these the TOF spectra. The pulse height
spectra were obtained by setting adequate windows on the TOF spectra
around the peak of quasi-monoenergetic neutrons from the D(d, n)’He
reaction, and removing the contributions unwanted events. To deter-
mine the contribution of neutrons from the deuteron reactions in the
backing of the target, measurements without gas in the target (gas-out)
were also performed. The difference with measurements with gas in the
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target (gas-in) still contained a contribution of gamma rays that was
removed by pulse shape analysis. Corrections for satellites pulses, events
randomly distributed over the time scale and dead time losses were also
performed.

More information about standard TOF measurements at PTB can be
found in [26-28]. See also [25] for a detailed description of the facility.

4.2. Results and discussion

Fig. 7 shows the measured neutron response functions compared
with the response functions calculated with the modified version of
GEANT4 using G4NDL-4.5 and CENDL-3.1. The resolution of the de-
tection system was taken into account in the latter by folding with a
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Table 2
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Relative deviations Aggants = (Egeants —Enresp)/Enresp With respect to NRESP, of the intrinsic neutron detection efficiency calculated with the standard (std) and modified (mod) versions
of GEANT4. The relative statistical uncertainties are <0.03%. The thresholds are indicated in electron equivalent units.

E, (MeV) Threshold (MeV) Engasp (%0) A s () AT 4 ()
G4NDL-4.5 JENDL-4.0 CENDL-3.1 GANDL-4.5 JENDL-4.0  CENDL-3.1
0.12 10.65 1.49 0.50 1.89 1.55 0.58 2.10
8 0.16 10.38 1.39 0.43 1.79 1.45 0.52 2.03
0.2 10.10 1.26 0.37 1.71 1.31 0.47 1.93
0.12 9.48 0.98 0.83 1.16 1.09 1.33 1.67
10 0.16 9.13 0.81 0.45 0.91 1.07 1.11 1.47
0.2 8.82 0.28 -0.37 0.33 1.02 0.83 1.30
0.12 8.94 -3.58 -4.30 1.20 2.65 3.02 3.87
12 0.16 8.49 -1.58 -2.49 2.09 2.24 2.00 4.21
0.2 8.11 -0.10 -1.16 2.55 2.09 1.48 4.68
0.12 8.38 -10.32 -9.38 -0.71 3.03 4.39 3.34
14 0.16 8.14 -9.40 -8.57 -1.74 2.80 3.40 2.35
0.2 7.89 -8.28 -7.57 -2.43 2.60 2.61 1.87
0.12 8.19 -18.20 -15.73 0.87 1.19 9.14 4.00
16 0.16 7.95 -17.61 -15.25 0.38 1.10 9.14 3.76
0.2 7.72 -16.97 -14.71 —0.67 0.70 8.81 3.16
0.12 7.92 -20.43 -22.64 4.54 4.23 5.21 6.89
19 0.16 7.78 -20.76 -23.04 3.84 3.82 4.78 6.16
0.2 7.65 -20.97 -23.34 2.75 3.38 4.32 5.30
= 045 - ; an electron equivalent energy of 0.16 MeV. What stands out in the table
3 Cn,a)’Be at first glance is the significant reduction in magnitude of the deviations
= = == '2C(n,0)°Be* | *Be*—>n+°Be | *Be—>2a . e .. .
o 2 N2 | 120% onn |8 calculated with GEANT4 when the modified version is used. This hap-
= "?C(n,n")"2C* | >C*—>0+°Be |*Be—>2a 3 . )
i pens for all three libraries and at all neutron energies except the lowest,
where there is no difference whatsoever for the reasons aforementioned.
030} It also stands out from the table that, at 12.11 MeV, both the modified
version of GEANT4 and NRESP produce deviations significantly larger in
3 magnitude than at other energies. Possible explanations may be found
in the experiment (e.g., a contribution of gamma rays that the pulse
r shape discrimination failed to remove), but in general, the quality of the
nuclear data and light functions, and the approximations in the models,
0151 are the major responsibles for the differences that persist between the
simulated and experimental response functions (see the zooms in Fig. 7).
Contrary to the conclusions drawn in Section 3.3, relative to the
| experiment, the modified version of GEANT4 produces deviations lower
in magnitude than the standard version when used with CENDL-3.1.
0 Lt They are even lower than the ones obtained with the modified version
6 8 10 12 14 16 18 20 of GEANT4 using G4NDL-4.5, but this is again a compensation effect and
E_(MeV)

Fig. 6. Cross sections of neutron-induced alpha production reactions on carbon in
G4NDL-4.5 (continuous line) and JENDL-4.0 (dotted line). G4NDL-4.5 is representative
of ENDF/B-VIL1 and JEFF-3.2.

Gaussian distribution of full width at half maximum (4L) given by the
resolution function:

AL B v
f— + — 4+ —
L [14

Parameters a 7.569 - 1073, p 9.409 - 1073 MeV and y
2.5 1075 MeV? were determined from calibration measurements with
standard gamma sources by the procedure described in [29].

The agreement between simulations and experiment is excellent in
the mid and high pulse height ranges. In the low range, conclusions
can only be drawn at 10.11, 12.11 and 13.90 MeV, where, unlike at
8.11 MeV, the contribution of the 12C(n,a)°Be and 2C(n,n’3«) reactions
extend above the experimental detection threshold. The simulations
describe well the contributions of these reactions in gross terms, but it
is with G4NDL-4.5 that the structures — now smoothed by the resolution
of the detector system — are best reproduced.

Table 3 presents the deviations relative to the experiment, of the
intrinsic neutron detection efficiencies calculated with NRESP and the
standard and modified versions of GEANT4. The efficiencies were
calculated with an experimental detection threshold corresponding to
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not an indication of a better agreement with the experiment. The effect
can be observed best in the zooms into the low pulse height range in
Fig. 7 at 12.11 and 13.90 MeV. Between the experimental threshold up
to approximately 0.4 MeV, the modified version of GEANT4 used with
CENDL-3.1 underestimates the experimental response. An overestima-
tion of about the same magnitude is observed instead at higher energies,
which reduces as the contribution of the 2C(n,a)°Be and 12C(n,n’3a)
reactions decreases.

5. Conclusions

The capacity of GEANT4 to study the neutron response of organic
scintillation detectors in the energy range from 0 to 20 MeV has been
substantially improved by providing it with a complete description
of neutron-induced alpha production reactions on carbon. We have
modified the high precision model G4ParticleHP to incorporate, from
NRESP7.1, the multistep breakup model for the 2C(n,n’3«a) reactions
and missing angular distribution data for the 12C(n,a)°Be. The results
have been verified against simulations with NRESP and validated
against Time-Of-Flight measurements performed at PTB.

The largest deviations of the intrinsic neutron detection efficiency
relative to NRESP were reduced from 20% to 5% in magnitude. With
respect to the experiment, the reduction was from 12% to 6%. Further
improvements can be achieved with better cross section and angular
distribution data, as well as more accurate light output functions for the
detector in question.
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Fig. 7. Neutron response functions of a 4” x 1” NE213 detector from Time-Of-Flight measurements and calculations with the standard (dotted line) and modified (continuous line)
versions of GEANT4. The amount of scintillation light L produced by secondary charged particles is given in electron equivalent units.

Table 3

Relative deviations 4 = (¢ — €yp)/€ex, With respect to the Time-Of-Flight measurements performed at PTB (exp), of the intrinsic
neutron detection efficiency calculated with NRESP and the standard (std) and modified (mod) versions of GEANT4. Efficiencies
from Monte Carlo simulations were calculated with a relative statistical uncertainty <0.01%. The uncertainty in the experimental
efficiencies are standard measurement uncertainties for a coverage factor k = 1. All efficiencies were calculated with a threshold

corresponding to an electron equivalent energy of 160 keV.

E, (MeV) Eexp (%) Axrese (%) A e () A e ()

G4NDL-4.5 JENDL-4.0 CENDL-3.1 GA4NDL-4.5 JENDL-4.0 CENDL-3.1
8.11(11) 10.6(3) -1.6(5) -1.6(5) -2.0(6) -0.9(3) —1.6(5) -2.1(7) —-0.9(3)
10.11(8) 9.3(2) -1.2(2) -2.1(49) -1.9(4) -1.9(4) -1.1(2) —0.58(11) —0.79(15)
12.11(8) 9.4(2) —7.5(14) -11(2) -12(2) -7.3(14) -6.2(12) -7.1(13) —4.9(9)
13.90(7) 8.4(2) -2.5(4) -12(2) -12(2) -5.1(9) -1.4(2) —0.6(1) -1.0(2)

The effect on the neutron response function of using different
evaluated nuclear data libraries (G4NDL-4.5, ENDF/B-VII.1, JEFF-3.2,
JENDL-4.0 and CENDL-3.1) was also investigated. The relative devi-
ations of the intrinsic neutron detection efficiency from the experi-
ment did not allow to conclude which library the modified version of
GEANT4 (resulting from this work) performs best with. Whereas the
experimental response function was better reproduced with libraries
where the 12C(n,n'3a) reactions are considered to undergo a multi-
step breakup (G4NDL-4.5, ENDF/B-VIIL.1, JEFF-3.2, JENDL-4.0), the
deviations lowest in magnitude were obtained with CENDL-3.1, which
contains energy—angle distributions for most of them instead.

G4ParticleHP could already sample the final state of breakup re-
actions from energy-angle distributions. In consequence, the standard
version of GEANT4 (official release) produced better results with
CENDL-3.1 than with any other library. Even in this case, the results
were further improved with the modified version of GEANT4, with
the description of the rest of the 12C(n,n’3a) reactions considered to
undergo a multistep breakup that were omitted before.
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This work has potential applications beyond organic scintillation
detectors, to other types of detectors where reactions induced by fast
neutrons on carbon require an accurate description, e.g., diamond de-
tectors [30] and Tissue-Equivalent Proportional Counters (TEPC) [31].
All modifications to the G4ParticleHP model will be included in the
forthcoming releases of GEANT4.
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