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Abstract: The multi-layer computing model is developed to calculate wide-angle neutron spectra, in the range from
0° to 180° with a 5° step, produced by bombarding a thick beryllium target with deuterons. The double-differential
cross-sections (DDCSs) for the 9Be(d, xn) reaction are calculated using the TALYS-1.8 code. They are in agreement
with the experimental data, and are much better than the PHITS-JQMD/GEM results at 15° , 30° , 45° and 60° neut-
ron emission angles for deuteron energy of 10.0 MeV. In the TALYS-1.8 code, neutron contributions from direct re-
actions (break-up, stripping and knock-out reactions) are controlled by adjustable parameters, which describe the ba-
sic characteristics of typical direct reactions and control the relative intensity and the position of the ridgy hillock at
the tail of DDCSs. It is found that the typical calculated wide-angle neutron spectra for different neutron emission
angles and neutron angular distributions agree quite well with the experimental data for 13.5 MeV deuterons. The
multi-layer computing model can reproduce the experimental data reasonably well by optimizing the adjustable para-
meters in the TALYS-1.8 code. Given the good agreement with the experimental data, the multi-layer computing
model could provide better predictions of wide-angle neutron energy spectra, neutron angular distributions and neut-

ron yields for the 9Be(d, Xn) reaction neutron source.
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1 Introduction

In recent decades, a lot of attention has been focused
on various properties of high-current accelerator-based
neutron sources that are based on deuteron bombardment
of thick targets of light elements [1-12]. The 2H(d,n)’He,
3H(d,n)*He, 7Li(d,n)®Be and °Be(d, xn) reactions, as typic-
al direct reactions, are included. The characteristics of the
2H(d,n)*He and 3H(d,n)*He reactions in thick targets, in-
cluding the neutron energy spectra, neutron angular dis-
tributions and neutron yields, have been widely investig-
ated due to their importance for producing quasi-mono-

energetic neutrons with low energy deuterons [4, 5]. The
7Li(d,n)®Be and ?Be(d, xn) neutron sources produce con-
tinuous-spectrum neutron fields [8, 12], which are very
useful for applications such as in radiobiology [13], ra-
diotherapy [14, 15], radiography [16, 17] and materials
research [18]. To develop an accelerator-based neutron
source for these applications, detailed information on the
overall intensity and the emitted-neutron energy spec-
trum is necessary.

Deuterons are used to bombard a beryllium-metal tar-
get that is thick enough to stop the incident deuterons so
as to produce intense, continuous-spectrum neutron
fields. In the case of low energy deuterons, *Be(d,n)!?B is
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an exothermic reaction with O=+4.36 MeV, but the pro-
duced neutron spectrum has a characteristic of a continu-
ous-spectrum because of the four well-known excited
states of 198 [12, 19]. For higher incident energies, the re-
actions °Be(d,2n)’B with O=—4.1 MeV, °Be(d,np)’Be
with 0=-2.2 MeV, °Be(d,2np)®Be with 0=—3.8 MeV,
and so on, can also be used to produce neutrons, and they
markedly enhance the neutron yields and extend the neut-
ron energy spectrum in a °Be(d, xn) neutron source.

It is important to use a thick beryllium-metal targets
for an accelerator-based neutron source, because the
beryllium-metal target has various advantages over
gaseous or liquid targets, including chemical stability,
higher melting point (1280°C) and better thermal con-
ductivity, which allow to withstand high beam currents of
several mA. As a result, the accelerator-based *Be(d, xn)
reaction neutron source can provide high intensity and
continuous-spectrum neutron fields.

In this work, the multi-layer computing model has
been developed for calculating the neutron energy spec-
trum, neutron angular distributions and neutron yields of
the °Be(d, xn) reaction neutron source with a thick berylli-
um target. The emphasis of this work is to evaluate and
provide detailed information on the wide-angle neutron
spectra for different neutron emission angles.

2  Multi-layer computing model

Inthe’Be(d, xn) reaction neutron source, deuterons
bombard a beryllium-metal target that is thick enough to
completely stop the incident deuterons so as to produce
intense and continuous-spectra neutron fields. The neut-
ron energy spectrum from this source in different emis-
sion directions can be represented as

2 2

¥y ok E)—jﬂIN Yo 0k E)
deEn ) ns dl) — Edl 0 ddQ‘dEn ) ns d
|
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where I denotes the intensity of incident deuterons and
E,4 is the incident energy. E, is the deuteron energy in
the target, N, the atomic density of beryllium-metal tar-
get, E, th(z neutron energy, and 6 the neutron emission
10 SE is the DDCS of the ?Be(d,xn) reaction.
S(E)=-7—
ons in berylhufin-metal, which is computed by the SRIM-
2010 code [20]. All physical quantities are given in the
lab system.

There are no experimental data for the stopping
power of deuterons in beryllium-metal, but the stopping

power data for protons in beryllium-metal, calculated by
the SRIM-2010 code, are 11.65% lower than the experi-

X 'dEd’ (1)

angle.

denotes the stopping power of deuter-

mental results [21, 22]. From the considerations of uncer-
tainty of SRIM-2010 [20], we estimate that the uncer-
tainty of SRIM-2010 calculations of the stopping power
of deuterons in beryllium-metal target is about 11.65%.
The uncertainty data from SRIM-2010 is not used for
compensating the calculations in this work.

According to the multi-layer computing model, the
thick beryllium-metal target should be divided into thin-
ner layers when calculating the neutron energy spectrum.
Consequently, in every layer, the neutron energy spec-
trum is obtained by

2' 2
n,
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where E;; denotes the deuteron energy in the i —th layer,
i is the index of the layer, and AE,; the energy loss of
deuterons in the i-th layer. The neutron energy spectrum
for a thick target is derived as
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In the case of Eyo = E4 and AE;0 =0, E;;, AE,; can be
computed by
Egi=Eqi1—AEg;, 4)

AEgi 1 =S(Egi-1)-Axi-1, %)

where Ax;_; denotes the thickness of the (i — 1) — th layer.

For the neutron-emission direction € , the differential
neutron yield can be obtained by integrating Eq. (3), and
is given as

ay, Eundy?2
0, Ea) = fE 0. E Ea) dE,, (6)

where E..x denotes the maximum neutron energy, and
Emin 1 the minimum neutron energy. The distribution of
differential neutron yield for different neutron emission
angles is called neutron angular distribution.

Deuterons with energies of several MeV that bom-
bard a thick beryllium target are particularly favored for
an intense neutron source. However, experimental meas-
urements of the cross-section of the ?Be(d, xn) reaction is
an arduous work, in particular for DDCSs. The TALYS
code was developed by combining several nuclear reac-
tion models, ranging from the direct reaction process,
compound nucleus process to complex-particle pre-equi-
librium process and multiple particle emission process,
which can be used to calculate DDCSs. The Be(d, xn) re-
action can be calculated with the TALYS-1.8 code [23] to
include typical direct reaction processes, such as pro-
jectile break-up, stripping and knock-out.

The break-up, stripping and knock-out contributions
can be adjusted with the Cbreak, Cstrip and Cknock
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keywords in the TALYS-1.8 code [23]. DDCSs of the
Be(d, xn) reaction for different emission angles were cal-
culated by the TALYS-1.8 code. We have compared all
published experimental DDCSs with our calculated res-
ults for the °Be(d,xn) reaction at energies of 8.8 MeV
(neutron emission angle 6 =3.5°), 10.0 MeV (6 =15°, 30°,
45°, 60°) and 18.1 MeV (6 =3.5°), and found that the cal-
culated results are in agreement with the experimental
DDCSs. Fig. 1 shows a typical result for DDCSs, corres-
ponding to 10.0 MeV incident deuterons and neutron
emission angles ranging from 0° to 180° with a 5° step.
The parameters, such as Cbreak, Cstrip, Cknock, avad-
just, rvadjust, gnadjust, gpadjust, avdadjust, awdadjust,
etc., were adjusted so as to optimize the calculation res-
ults.

Figure 2 shows the calculated DDCSs in this work
and the experimental data [24], our previous calculated
results [12], and PHITS-JQMD/GEM results [25] at 15°,
30°, 45° and 60° emission angles for deuterons of 10.0
MeV. The calculated results in this work agree quite well
with the experimental data and with the other calculated
results. One can also see that the calculated results in this
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Fig. 1. Calculated DDCSs for the °Be(d,xn) reaction using
the TALYS-1.8 code for incident deuterons with an energy
of 10.0 MeV.

work are closer to the experimental data than our previ-
ous calculated results [12], especially for low energy
neutrons. This shows that the calculated results using the
new set of parameters reasonably represent DDCSs of the
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(color online) The comparison of the calculated DDCSs and the experimental data for deuterons at 10.0 MeV and emission

angles of =15°, 30°, 45° and 60°. The scattered symbols denote the experimental data [24]. The red solid curves denote the calcu-
lated DDCSs by the TALYS-1.8 code in this work, the blue dashed curves denote the previously calculated DDCSs by TALYS-1.4
code, and the green dot-dashed curves denote the calculated DDCSs by PHITS-JQMD/GEM.
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9Be(d, xn) reaction.

According to the comparison between the calculated
DDCSs of the ?Be(d,xn) reaction and the experimental
data for 10.0 MeV deuterons in Fig. 2, one can see a well
pronounced bell-like shape at the tail end [3], which
comes from neutrons from direct reactions, including
break-up, stripping and knock-out reactions. The neut-
rons from direct reactions enhance the neutron yields at
forward angles in the Be(d, xn) neutron source. Neutrons
from direct reactions are still visible at larger angles, but
the relative intensity and the position of the maxima de-
crease with the angle.

The developed multi-layer mode can be used to calcu-
late the wide-angle neutron energy, neutron angular dis-
tributions and neutron yields of the °Be(d,xn) reaction
with a thick beryllium target by using DDCSs of the
Be(d,xn) reaction calculated by the TALYS-1.8 code and
the stopping power calculated by SRIM-2010.

3 Results and discussions

In this work, we developed the multi-layer comput-
ing model, according to Egs. (2)-(5), to study the wide-
angle characteristics of the °Be(d,xn) reaction neutron
source with a thick beryllium target at different neutron
emission angles. The stopping power is calculated by the
SRIM-2010 code and DDCSs are computed by the TA-
LYS-1.8 code, which are invoked in the multi-layer com-
puting model.

As an example, we calculated the wide-angle neutron
spectra for the °Be(d,xn) reaction with 13.5 MeV deuter-
ons and compared them with the experimental data. From
the experimental data for 13.54 MeV deuterons, the range
of deuterons in beryllium-metal is about 0.784 mm, and
therefore, the thickness of the beryllium-metal target is
0.784 mm in this work.

Figure 3 shows the calculated wide-angle neutron
spectra for angles in the range from 0° to 180° with a 5°
step. The calculated results are compared with the experi-
mental data [26] in Fig. 4. It is noted that the calculated
results agree quite well with the experimental data.

In Fig. 4, it is obvious that the experimental data are
still higher than the calculated results for neutron ener-
gies lower than 2.0 MeV. In particular, a small peak is
observed in the experimental spectra near the neutron en-
ergy of 0.8 MeV at every emission angle. This small peak
arises from the typical inelastic scattering reaction, *Be(d,
d’)’Bex [12]. It is noted that *Bex is in an excited state
with the energy of 2.43 MeV, and it decays into Be by
emitting a neutron with the energy of 0.8 MeV, namely,
°Be(d, d")’Bex — ®Be +n. Importantly, one can also see a
ridgy hillock at the tail end, particularly for small for-
ward angles, which has the characteristics of DDCSs of
the °Be(d,xn) reaction. These neutrons are produced in
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Fig. 3.
reaction neutron source for incident deuterons with energy
of 13.5 MeV for a thick beryllium target.

Wide-angle neutron energy spectra of the “Be(d,xn)

direct-like reactions, including break-up, stripping and
knock-out reactions. Neutrons from direct reactions en-
hance the neutron yields at forward angles in the
Be(d,xn) neutron source. As the angle increases, this hil-
lock is gradually blurred. Neutrons from direct reaction
mechanisms are still visible at larger angles, but the relat-
ive intensity and the position of the maxima decrease
with the angle.

According to Eq. (6), neutron yields for angles ran-
ging from 0° to 180° with a 5° step are calculated and
shown in Fig. 5 for the Be(d, xn) neutron source with a
thick beryllium-metal target at deuteron incident energy
of 13.5 MeV . The experimental data is also shown for
comparison. Obviously, the calculated results agree with
the experimental data very well, which indicates that the
multi-layer computing model can calculate and evaluate
the °Be(d, xn) reaction reasonably well. Notably, the neut-
ron yield at very forward angles is higher for the
9Be(d, xn) neutron source, which is due to the contribu-
tions of direct reactions (break-up, stripping and knock-
out reactions).

4 Conclusion

In this work, the multi-layer computing model has
been developed to calculate and evaluate the wide-angle
neutron energy spectra, neutron angular distributions and
neutron yields for the °Be(d,xn) reaction neutron source
with a thick beryllium target. For typical experimental
data for deuterons with energy of 13.54 MeV, the calcu-
lated results are compared with the experimental data,
and are in very good agreement.

Be(d,xn) reaction is a typical direct reaction process
for which one can see a ridgy hillock at the tail end in
DDCSs or neutron spectra distributions, in particular for
small forward angles. Neutron contributions from direct
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(color online) The comparison of the calculated neutron spectra and the experimental data at different neutron emission angles.

The circle symbols denote the experimental data (13.54 MeV deuterons), taken from Ref. [26]. The thickness of the beryllium target
is 2.0 mm. The red solid curves denote the calculated results at neutron emission angles ranging from 0° to 180°.

q — This work |
® H.J. Brede et al. 1989
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Fig. 5. Angular distribution of neutrons from the °Be(d,xn)
neutron source with a thick beryllium target. The solid
curve denotes the calculated results in this work, and the
circle symbols are the experimental data [26] for deuteron
energy of 13.54 MeV and recoil proton energy threshold of
E,;,=2 MeV.

reactions, including break-up, stripping and knock-out re-
actions, enhance the neutron yields at small forward
angles for the °Be(d,xn) neutron source. Neutron contri-
butions from direct reaction mechanisms are still visible
at higher angles, but the relative intensity and the posi-

tion of the maxima decrease with the angle.

The calculated DDCSs of the °Be(d, xn) reaction ob-
tained with the TALYS-1.8 code have a number of uncer-
tainties, which rely on the relevant adjustable parameters.
Consequently, the deviation of the calculated neutron
spectra mainly stem from the uncertainties of DDCSs.
The calculated DDCSs in this work are in good agree-
ment with the experimental data, owing to the increased
effect of direct reaction processes. The multi-layer com-
puting model works very well for calculating the wide-
angle neutron energy spectra, neutron angular distribu-
tions and neutron yields for the °Be(d,xn) reaction neut-
ron source with a thick beryllium target. Given the good
agreement with the existing data, the multi-layer comput-
ing model should provide better predictions of wide-angle
neutron energy spectra, neutron angular distributions and
neutron yields for the °Be(d,xn) reaction neutron source
for deuteron energy regions where data is not available.
The multi-layer computing model can be used to evalu-
ate the wide-angle characteristics of the Be(d,xn) reac-
tion with a thick beryllium target in the accelerator-based
neutron sources and for other applications.

We are grateful to Dr. Koning for guiding the TALYS
in adjusting the main parameters for direct reactions.
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