NUCL SCI TECH (2022) 33:92
https://doi.org/10.1007/s41365-022-01075-1

q

Check for
updates

Production of high-energy neutron beam from deuteron breakup

Ren-Sheng Wang'?® - Li Ou® - Zhi-Gang Xiao*

Received: 27 March 2022 /Revised: 8 June 2022/ Accepted: 9 June 2022 /Published online: 19 July 2022
© The Author(s), under exclusive licence to China Science Publishing & Media Ltd. (Science Press), Shanghai Institute of Applied Physics, the

Chinese Academy of Sciences, Chinese Nuclear Society 2022

Abstract The deuteron breakup on heavy targets has been
investigated in the framework of an improved quantum
molecular dynamics model, focusing on the production of
neutrons near zero degrees. The experimental differential
cross sections of neutron production in the 102 MeV d+-C
reactions were reproduced by simulations. Based on the
consistency between the model prediction and experiment,
the feasibility of producing a neutron beam through the
breakup of deuteron on a carbon target was demonstrated.
Because of the nucleon Fermi motion inside the deuteron,
the energy spectrum of the inclusive neutron near 0° in the
laboratory exhibits considerable energy broadening in the
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main peak, whereas the long tail on the low-energy side is
suppressed. By coincidentally measuring the accompany-
ing deuteron breakup proton, the energy of the neutron can
be tagged with an intrinsic uncertainty of approximately
5% (lo). The tagging efficiency of the accompanying
proton on the forward-emitted neutron can reach 90%,
which ensures that the differential cross section in the
(d,np) channel remains two orders higher than that in (p,n)
after considering the measurement of accompanying pro-
tons. This enables the application of a well-defined energy
neutron beam in an event-by-event scheme.

Keywords Deuteron breakup - Monochromatic neutron -
High energy - Quantum molecular dynamics

1 Introduction

High-quality monochromatic neutron beams have
important applications in several fields. For instance, the
neutron radiation hardness evaluation of electronic ele-
ments in aviation devices requires a neutron beam with
well-defined energy [1, 2]. The assessment of the neutron
dose received by patients in heavy ion therapy or by
astronauts in aircraft relies on calibration using a well-
defined neutron beam [3]. In fundamental research, high-
energy neutron beams are essential for calibrating high-
energy neutron detectors and accumulating data on the
cross section of neutron-induced reactions [4]. Undoubt-
edly, high-quality and high-energy neutron beams have
become essential tools [5-9].

Because neutrons have no charge, high-energy neutron
beams can originate only from the nucleus in the beam or
target. Although a neutron beams below 20 MeV can be
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produced by a nuclear reaction with a fixed Q value at a
given angle, a monochromatic neutron beam above 20
MeV is usually produced in the laboratory with a proton-
induced reaction on the lithium target. By deflecting the
unreacted and secondary charged particles with a magnetic
dipole, a semi-monochromatic neutron beam can be
obtained at a forward angle [7, 10, 11]. Because the
nucleons are bounded in the target nuclei by nuclear forces,
neutrons possess a long low-energy tail that cannot be
eliminated [7, 12]. Therefore, reducing the low-energy tail
based on weakly bound nuclei such as deuteron becomes
the next target.

The properties and applications of deuteron nuclei have
been intensely researched since their discovery in 1932
[13]. A year later, a deuteron beam was produced for the
first time [14]. The first photodisintegration of deuterons
has been measured [15]. Using photographic photometry,
the spin of deuterons was determined to be J =1 [16]. A
deuteron was found to possess an electric quadrupole
moment [17], indicating the existence of an additional
D-wave component. Such D waves can be generated by the
tensor part of the one-pion exchange (OPE) potential [18],
leading to a stronger understanding of the nuclear force.
Since the 1950s, numerous experiments on ed scattering
have been performed to extract the form factors of deuteron
nuclei, including charge monopole, magnetic dipole, and
charge quadrupole form factors. For a review, refer to [19].

Using deuterons to generate high-quality neutron beams
seems to possible. It has been mentioned that deuteron-
induced reactions can be used to produce neutron beams,
and the neutron energy can be tagged in the specific
p(d,np)p channel [19]. Some early measurements on the
n — p angular and energy correlation in deuteron breakup
have been reported [20]. Recently, Jin and Qiu et al.
reported that deuteron-induced spallation reactions can be
used as a powerful method of generating neutron beams
[21, 22]. These results are observed because deuteron is a
loosely bound nucleus with binding energy Eg = 2.2 MeV
and is easily disassociated in the reaction with a target.

The motivation of this paper is to study the breakup
process of deuteron in peripheral reactions, focusing on the
advantageous possibility of precisely determining the
energy of the neutron beam. Because monochromatic
deuteron beams can easily gain on modern accelerators, if
producing a neutron beam with deuteron is feasible, the
neutron is expected to maintain half of the momentum of
the incident deuteron and can be used as a (quasi)-
monochromatic neutron beam. The remainder of this paper
is organized as follows. Section 2 briefly presents an
improved quantum molecular dynamics (ImQMD) model.
Section 3 discusses the distribution properties of generated
neutron beams. Finally, Sect. 4 concludes the study.
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2 Model description

The ImQMD model was developed from the original
version of the quantum molecular dynamics (QMD) code
proposed by Aichelin et al.[23, 24]. A detailed description
of the ImMQMD model, including ImQMDOS5 version used
in this work, and its applications can be found in Refs.
[25, 27-32], where deuteron- and nucleon-induced reac-
tions are simulated. Within the ImQMDO05 model, the
system wave function of the N-body system s is assumed
to be a direct product of n coherent states, which is in the
Hartree approximation, as shown in Eq. (1a), where the r;
and p, are the centers of the wave packet of the i" nucleon
in the coordinate and momentum space, respectively.
According to the results of our previous studies, the tra-
ditional value of af = 2.0 fm? is appropriate for interme-
diate-energy nucleon-induced reactions. Through the
Wigner transformation of the wave function, the N-body
phase-space distribution function is given by Eq. (1b). The
density distribution of the system is expressed by Eq. (1c).

1 —r 2 .
(;Si(r) :Wexp [—%T;)+%rpl‘|v (la)
17! r—r?| [ @-p)
fu(r,p) —g(nh)3e><p [_2—03 exp _2—012,] :

1T
p(r) :/fN(r’p)dp = (27‘[0’2)3/2 ;exp - 20_% .
' (1c)

Nucleons in a system move under the mean field with
the nuclear potential energy density functional, which
reads:

2 1+l
oap> B P g o 2
Vie = 50—+ = + 22 (Vp)

* 2p 1 e 2p0

8sur,iso 2 p8/3 CspH—l , (2)
+==[V(py = pp)]” + 8pr =7 +=——0",
Po p P 08/3 2 p(;)

where p, p,, and pp are the nucleon, neutron, and proton
densities, respectively, & = (p, —p,)/(pn+ p,) is the
isospin asymmetry degree. The parameters in Eq. (2),
except C; and y, which describe the symmetry potential
energy, are fully determined by Skyrme interactions. The
Skyrme parameter set MSLO [33], one of Skyrme param-
eter sets that satisfy the current understanding of the phy-
sics of nuclear matter over a wide range of applications
[34], is used in the calculations. The parameters are listed
in Table 1.

While the initialization of the heavy target nuclei is
performed as in traditional QMD, the deuteron is initialized
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Table 1 Parameter set used in o B ] C .

the ImQMD calculations 1 Ssur Bsuriso 8 i ’ Po
(MeV) (MeV) (MeV fm?) (fm?) (MeV) (MeV) (fm™)
—254 185 5/3 21.0 -0.82 5.51 36.0 0.5 0.160

semi-classically in a simplified scheme, as in [25]. In the
present work, the nuclei is initialized as that in traditional
QMD as the follows: the positions of each nucleon in
nuclei are sampled according to the density distribution
with a “hard sphere” distribution, then the local density
can be obtained based on the density distribution given by
the expression lc, and the local Fermi momentum pg is
obtained by the Fermi gas model. Then, the momentum of
each nucleon is sampled using the Monte Carlo method
from zero to pr. The sampling process is repeated until
stable pre-prepared initial nuclei with ground state prop-
erties, including the binding energy and root-mean-square
radius, are obtained. Using this method, for deuteron with
good ground properties, the momentum of the nucleon in
deuteron sampled by the Monte Carlo method is from 8 to
125 MeV/c with an average momentum of 65 MeV/c. This
is consistent with the experimental value obtained from the
analysis of CLAS data of kg = 116 &= 7 MeV/c [26]. At the
end of the ImQMD calculations, clusters are recognized by
a minimum spanning tree (MST) algorithm [24, 35] widely
used in QMD calculations and transport models for rela-
tivistic nuclear collisions [36]. In this study, the nucleons
with relative momenta smaller than 250 MeV/c and relative
distances smaller than 3.0 fm coalesced into the same
cluster. The information of the cluster with excited energy
was input into the GEMINI statistical decay model [37, 38]
to perform statistical decay calculations.

3 Results and discussion

We first calculated the phase space distribution of free
neutrons in d4-C reactions at 102 MeV, where experi-
mental data are available[39]. We chose stable carbon
instead of a heavy metal as the target to suppress the
contributions of neutrons from the target. Figure 1 presents
the doubly differential cross section of d’¢/dQdE, as a
function of the kinetic energy E, and polar angle 6 in the
laboratory for the neutrons produced in the reactions. The
differential cross section is calculated as follows:

dzd bmax max
= 2 E Q,b)db = 2nb;Abf (E, Q, b;
diE= [ ZHEQD)b= Y b (E.Q.b)

(3)

where bpin = 0.5 fm, bya = 8 fm, and Ab = 0.5 fm are
taken in our calculation. The probability distribution is

150
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Fig. 1 (Color online) The doubly differential cross section of
d?6/dQdE, as a function of the kinetic energy and emitted angle
with beam direction

written as f(E,Q,b;) = y(E,Q,b;)/N, where y is the yield
of the neutron in each cell, and N is the number of simu-
lated events under certain reaction conditions. The scat-
tering plot shows that two components stand out in the
statistics. One was distributed nearly homogeneously over
a wide angular range with E, <20 MeV, originating from
the target region, and the other was situated in the pro-
jectile region, approximately maintaining the beam energy
per nucleon at a very forward angle with 0, < 10°. Except
for these two components, the neutrons originating from
the target fragmentation are distributed widely in the plot.
The intensity in the target rapidity region is not high
because i) we chose a light target containing fewer neu-
trons and ii) the binding energy of deuteron is much less
than the separation energy of neutrons in the carbon
nucleus.

The energy spectra at a certain angle in the laboratory
can be obtained from Fig. 1 by slicing a 2-dimensional
histogram. Figure 2 presents the neutron energy spectra
with a logarithmic scale on the ordinate at various angles,
in comparison with the experimental data [39]. Our cal-
culation reproduces the main peak in the vicinity of the
beam energy per nucleon well, particularly at small angles
with 0, <5°. The height of the main peak decreases
rapidly with 6, in accordance with the data, indicating
that the neutrons peak at a forward angle. On the other
hand, because of the clustering inefficiency of the transport
model, that is, the model counts fewer (more) clusters
(nucleons) than the experiment, the yield of neutrons at
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Fig. 2 (Color online) Comparison of neutron spectra at various
angles between experimental results [39] and ImQMD calculations

very low energies originating mainly from the target
fragmentation is overestimated by approximately 30%. In
addition, a very small peak near 100 MeV, which is the
direct knockout neutron from the target, was not repro-
duced in our calculation. If only the main peak of the
spectrum is checked at 0° and 5°, a full width at half
maximum (FWHM) of approximately 20 MeV can be
derived, indicating that the direct breakup of deuteron can
be used as a neutron beam source with an energy broad-
ening of 20 MeV.

From the comparison between the ImQMD and the
experiment, the ImQMD can be used to describe the cross
section and dynamic process of the breakup of the deu-
teron. This conclusion has also been reached in earlier
publications [40-42], where deuteron break have been
suggested as an effective way to produce neutron beams.
These results further demonstrated the applicability of the
ImQMD model in our study.

Figure 3a shows the neutron energy spectra in the
angular range 0,<?2° produced in d+C reactions with
incident deuteron energies of 102, 200, and 400 MeV,
respectively. The results of the ImQMD simulation with
the GEMINI afterburner are represented by histograms in
the upper panel. The standard deviation oz, of the neutron
beam normalized to the average neutron energy <E, > is
plotted in panel (b). At Epeam = 200 MeV, op, reflecting
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Fig. 3 (Color online) The energy spectra (a) of the neutron in d+C
with a deuteron beam energy at Eq = 102, 200, and 400 MeV within
O <2°. The relative standard deviation o, /E, as a function of
neutron energy is plotted in panel (b)

the monochromaticity of the second neutron beam is
approximately 33 MeV, which is larger than the neutron
spectra produced in p+Li reactions[7, 12]. The long tail on
the low-energy side is significantly suppressed in d+C
compared to that in the p+Li channel of neutron
production.

Although the binding energy of deuteron is only 2.2
MeV, the proton and neutron in deuteron have Fermi
motion with an average momentum of 75 MeV/c, which
broadens the neutron energy in the main peak. In the
breakup or stripping reaction of deuterons, the total energy
of the projectile remains approximately constant, and an
anti-correlation is then expected between the energy of the
proton and neutron from deuteron breakup. Figure 4 a
presents the scattering plot of the proton energy vs. neutron
energy in the d+C reactions at various beam energies
ranging from 60 to 400 MeV. A sharp band is observed at
each energy point, confirming the anti-correlation between
proton and neutron energies. The total energy of the proton
and neutron E, + E;, is displayed in panel (b), where the
neutrons are counted within Oy, <2°. The total energy is
constant with an intrinsic FWHM of approximately 5 MeV,
despite the appearance of a tiny tail at the low-energy side.
This feature has been observed in d+'2C at 270 MeV,
where correlated protons and neutrons were measured at 0°
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Fig. 4 (Color online) The correlation of high-energy neutrons and
protons in the forward angle (a), the total energy distribution of the
neutron and accompanying proton (b)

[44]. According to the experiment, the FWHM of the E,, +
E, spectrum at 0° was approximately 2.5 MeV. Moreover,
the intrinsic broadening of the total energy showed an
insignificant dependence on the beam energy, implying that
it originated from the Fermi motion of the nucleons rather
than from the kinetic effect, suggesting that if one can
measure the accompanying proton at a forward angle, the
energy of the neutron can be tagged with greatly improved
accuracy compared with the raw main peak in Fig. 3.

A further question remains that whether one can main-
tain high efficiency of delivering a neutron beam with well
determined energy using the proton tag. Figure 5a and b
presents the efficiency of the proton tag Ry, and the
monochromaticity of the neutron beam using the coinci-
dent proton in a different angular cut as a tag, respectively.
Here, Ry, is derived from the ratio of the number of
coincidences between p and n to the total number of neu-
trons. When a neutron is found in 0., <2°, one searches for
a coincident proton with an angular cut in the laboratory, as
indicated in the figure:
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Fig. 5 (Color online) The efficiency of proton tag and the
monochromaticity of the total energy of the neutron and proton.
The neutrons in 6, are counted, while the coincident protons are
searched in different angular cuts of 0, in the laboratory

P
Rtag = —;Xp
n

(4)
The efficiency increases rapidly at a low beam energy and
gradually saturates at 90% when the beam energy is above
200 MeV/u. A comparison of the results at different 0, cuts
implies that the coincident proton is still at forward angles
in accordance with experimental observations [20]. The
monochromaticity in panel (b) is defined as the standard
deviation o, of the total energy E\ + E, normalized to the
0k, / <E,>. Clearly, the
monochromaticity increases with beam energy and is better
than 3% for producing neutron beams above 200 MeV.
Finally, Fig. 6 compares the cross section of the neutron
production in two different channels, the deuteron-induced
production d+'2C in this work, and the conventional
channel of p+7Li [12, 45-47]. The angular emittance of the
neutron beam was 6, <2° with respect to the primary
deuteron beam in the laboratory system. It is shown that the
cross section of neutron production in d+'>C is higher by a
factor of 100, which is slightly dependent on the energy.
This result has important implications, that is, to obtain the
same neutron beam, the primary beam intensity of deu-
terons with (d,np) channels can be lower than that of

mean neutron energy
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Fig. 6 (Color online) The cross section of the neutron production
with two channels d +'?> C and p + Li

protons with (p,n) channels by two orders of magnitude. As
an advantage, the background was significantly reduced.
The data point of E;, = 51 MeV is at the top of the simu-
lation[39], indicating that our calculation is reliable. This
suggests that the breakup of deuterons provides a novel
method for generating high-energy neutron beams with
well-defined energy and efficiency. It is worth mentioning
that the cross section of the secondary neutron from deu-
teron breakup increases with the atomic number of the
target [44] but is likely to produce more neutrons origi-
nating from the target, which degrades the
monochromaticity.

A thick target of the order of a few millimeters to
centimeters has been proposed to achieve a high-intensity
neutron beam based on a primary beam with reasonable
luminosity. However, the method described in this work
requires measuring the energy of the accompanying pro-
tons in an event-by-event scheme. To measure the energy
of protons event-by-event, using a thin target is an opti-
mized option that requires only a general data acquisition
system and position-sensitive detector. With a thin target,
for example, several tens to hundreds of microns, the effect
of the target on the primary or secondary particles can be
omitted, particularly for high-energy beams. Using the
same setup as in (p,n) or (d,n)[39], a position-sensitive
detector can be added to measure the energy of the
accompanying proton.

@ Springer

4 Summary

To summarize, we calculated the neutron spectra pro-
duced in the d4-C reactions at various incident energies and
compared them with the experimental data, if available.
We show that the neutron originating from the breakup of
deuteron keeps the kinetic memory of the projectile with
some broadening of the energy arising from the Fermi
motion of the nucleon in the projectile. The accompanying
proton from the deuteron breakup exhibits a sharp anti-
correlation with the neutron, and the total energy of the
neutron and the proton remains constant with less than 5
MeV intrinsic energy variation. Thus, with an efficiency of
approximately 90%, the energy of the neutron can be
tagged by the accompanying proton on an event-by-event
basis with enhanced precision. The cross section of pro-
ducing the neutron beam is much higher in the (d,np)
channel than in the (p,n) channel.
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