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Intensive fast neutron sources using deuteron accelerators have been proposed for various
applications. Toward evaluation of deuteron nuclear data, we have developed a code system dedicated
for deuteron-induced reactions, named DEURACS. In this paper, we present the results of theoretical
analysis for (d,xn) reactions with DEURACS and discuss how important it is to consider the breakup
processes for accurate prediction of deuteron-induced reaction cross sections. Moreover, we have recently
developed deuteron nuclear database JENDL/DEU-2020 by employing DEURACS. The validation
results of JENDL/DEU-2020 are also presented.

1. Introduction

Since deuteron is a weakly bound system whose binding energy is 2.225 MeV, it easily breaks up
and emits a neutron through interaction with a target nucleus. Utilizing this property, intensive fast
neutron sources using deuteron accelerators have been proposed for not only science and engineering
fields [1, 2] but also medical applications [3]. In the above-mentioned accelerator-based neutron sources,
(d,xn) reactions on Li, Be, or C are employed to generate neutron beams. Thus, for design studies of such
neutron sources, accurate and comprehensive nuclear data of deuteron-induced reactions especially on Li,
Be, and C isotopes are indispensable.

Under these circumstances, we have developed a code system dedicated for deuteron-induced
reactions toward deuteron nuclear data evaluation. The code system was named DEURACS, and it was
so far successfully applied to analyses of production of nucleons [4, 5], composite particles up to A =4
[6, 7], and residual nuclei [8]. From these results, it is expected that DEURACS describes the mechanism
of deuteron-induced reaction well and is suitable for completing deuteron nuclear data through
interpolation and extrapolation of available experimental values. Thus, we have recently developed a
deuteron nuclear database up to 200 MeV for ®7Li, °Be, and *? 3C by employing DEURACS. The new
database was named JENDL/DEU-2020 [9] as one of the series of JENDL special-purpose files.

In this paper, we first present the brief overview of DEURACS and the results of analysis for the
Li(d,xn) reactions as an example of the theoretical analysis with DEURACS. Through the analysis, we
discuss how important it is to consider the breakup processes of incident deuteron. Next, the outline of
JENDL/DEU-2020 is given and then the validation results of JENDL/DEU-2020 through comparison
with experimental data are presented.

2. Theoretical analysis of deuteron-induced reactions
2.1. Overview of DEURACS
DEURACS consists of several calculation codes based on theoretical models to describe each



reaction process characteristic of deuteron-induced reactions. In the following, we briefly outline the
theoretical models and methods in DEURACS to calculate the double differential cross section (DDX)
of (d,xn) reaction that is a fundamental quantity in terms of neutron production. More details about the
models and methods in DEURACS are described for (d,xn) reaction in Ref. [9] and for other reactions in
Refs. [6-8].

In DEURACS, the DDXs of (d,xn) reactions are expressed by incoherent summation of the following

components:
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where d?ogg/(dEAQ), d?ongg/(dEAQ), and d?opg.cn/(dEAQ) correspond to the DDXs for elastic
breakup, nonelastic breakup, and pre-equilibrium and compound nucleus processes, respectively.

First, the elastic breakup component is directly calculated by the continuum-discretized coupled-
channels (CDCC) method [10]. Next, the nonelastic breakup component is calculated by the Glauber
model with the noneikonal approach described in Ref. [11]. In this approach, the eikonal S matrices used
in the Glauber model are replaced by the quantum S matrices given by the optical model calculations.
However, the Glauber model cannot properly calculate the (d,n) transfer reactions to the specific bound
states in the residual nucleus, which is a part of nonelastic breakup. To deal with this problem, we
separately calculate the transfer reaction by a conventional zero-range distorted wave Born approximation
(DWBA) using the DWUCK4 code [12].

In addition to the breakup processes, the pre-equilibrium and the compound nucleus processes are
calculated using the two-component exciton model and the Hauser-Feshbach model implemented in the
CCONE code [13]. In deuteron-induced reactions, three types of composite nuclei can be formed by the
absorption of either neutron or proton in the incident deuteron or the incident deuteron itself. In
DEURACS, a calculation taking these effects into account is performed by combining the Glauber model
and the models in CCONE. Moreover, DEURACS was recently modified to take into account the
contribution of sequential particle decay from discrete levels in residual light nuclei [e.g., °Be(Ex = 2.43
MeV)] and unstable ones (e.g., °He) [9].

2.2. Theoretical analysis of (d,xn) reactions

To understand the relations among the reaction processes, we first perform a component-by-
component analysis of DDXs of (d,xn) reactions. The results for the Li(d,xn) reactions at 40 MeV are
presented in Figure 1. The DDXs of the 7Li(d,xn) reactions calculated with DEURACS are decomposed
into three components as expressed in the right-hand side of Equation (1). To make the analysis clearer,
the target in the calculation is assumed to be 100% ’Li. In the figure, each component and the sum of the
three components are shown and compared with the experimental data [14]. Note that the experimental
data are those for natural lithium (92.5% ’Li and 7.5% ©Li). As presented in the figure, the sums of the
three components well reproduce both the shape and magnitude of the experimental data regardless of
the emission angles.

The sharp peak observed around 50 MeV at 0° is attributed to the (d,n) transfer reaction, which is a
part of nonelastic breakup. The experimental small peak seen around 40 MeV at 0° is a contribution from
the 5Li(d,n)"Be transfer reaction, which is not considered in the calculation presented in Figure 1. As for
the broad peaks seen around half the deuteron incident energy at forward angles, they are formed by the
breakup processes, namely, elastic and nonelastic breakup. The nonelastic breakup component is



dominant at 0° but it has a stronger angle dependence than the elastic breakup component, and
consequently the former is smaller than the latter at 30°. This result demonstrates that it is necessary to
consider the two breakup components for the accurate prediction of the DDXs of the (d,xn) reaction at
various angles.

‘ Hag'iwara+I (2005) —a—
EB

“Li(d.xn)
Eq =40 MeV

DDX [mb/MeV/sr]

0 16 2ID 3I0; 4‘0 5.0 0 1I0 26 ‘ 3.0 40 5ID 60
Neutron Energy [MeV]
Figure 1. Calculated and experimental DDXs for the Li(d,xn) reactions at 40 MeV.
The number at the top of each plot denotes the emission angle.
The target in the calculation is “Li but that in the experiment is natural lithium.

On the other hand, almost all of low-energy components below 10 MeV are due to the pre-
equilibrium and compound nucleus processes. Especially at 90°, the breakup components become very
small and almost all spectra are explained by the contributions from the pre-equilibrium and compound
nucleus processes. This indicates that the calculation method taking into account the formation of three
types of composite nuclei and the particle decay from discrete levels works well.

3. Development of deuteron nuclear database
3.1. Outline of JENDL/DEU-2020

Based on the evaluation results employing DEURACS, we have developed JENDL/DEU-2020, the
deuteron nuclear database for &7Li, °Be, and *213C at incident energies up to 200 MeV [9]. JENDL/DEU-
2020 is compiled according to the ENDF-6 format. In addition to the original ENDF-6 formatted files,
we have developed application libraries based on JENDL/DEU-2020 for use in the Monte Carlo transport
calculation codes such as MCNP [15] and PHITS [16]. An ACE format file is available in MCNP but the
present version of PHITS (version 3.20) cannot treat the ACE file for deuteron. To deal with this problem,
we have developed ACE formatted files for MCNP and “Frag-Data” formatted ones for PHITS,
respectively. Frag-Data is the format uniquely defined in the PHITS code. The details about the two
application libraries are described in Ref. [9].

3.2. Validation results of JENDL/DEU-2020
As an example of the validation results of JENDL/DEU-2020, those for the DDXs of the (d,xn)



reactions on natural lithium are illustrated in Figure 2. In the figure, the calculated and experimental
DDXs at 0° are compared for the incident energies up to 200 MeV. Experimental data are taken from
Refs. [14, 17-19]. As for JENDL/DEU-2020, we obtained the DDXs from the MCNP calculation for a
thin lithium target using the ACE file of JENDL/DEU-2020. This is because the effect of deuteron energy
loss in the target is seen in the experimental data. The thickness of the target is set to be the same as that
used in each experiment. For comparison, we also present the calculation results with the models
implemented in the PHITS code. In the PHITS calculation, the approach combining the Intra-Nuclear
Cascade of Liége (INCL) [20] and DWBA proposed by Hashimoto et al. [21] is adopted. The values
stored in the deuteron sub-library of TENDL-2017 [22] are also plotted.
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Figure 2. Calculated and experimental DDXs at 0° for the "Li(d,xn) reactions.

Incident energies are 25, 40, 102, and 200 MeV.

As shown in the figure, the calculation results based on JENDL/DEU-2020 reproduce experimental
data better than the results with the models in PHITS and the values of TENDL-2017 in a wide range of
incident energies. As for the calculation with the models in PHITS, the magnitudes and positions of the
broad peaks around half the deuteron incident energies are different from the experimental ones especially
in the low incident energies. On the other hand, TENDL-2017 underestimates the experimental values
considerably at all incident energies. This indicates that the empirical model by Kalbach [23] adopted in
TENDL to evaluate the breakup components does not work well for light target such as lithium.

To evaluate the results in Figure 2 more quantitatively, we calculate a relative deviation from
experimental value by the following equation:
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where 7" is experimental DDX at i-th neutron energy point, of®“ is calculated DDX at the energy
point corresponding to o ", and AE; is energy bin of ", Figure 3 illustrates the deviations
obtained from the three calculations presented in Figure 2.

Since TENDL-2017 significantly underestimates the experimental DDXs, the deviations are almost

100% in each incident energy. As for the models in PHITS, the deviations become smaller as the incident




energy increases. This is because the picture of the INC model becomes more appropriate as the incident
energy increases. The deviations obtained from JENDL/DEU-2020 are less than 15% for all incident
energies. In addition to that, we have confirmed that the prediction accuracy of JENDL/DEU-2020 for
beryllium and carbon targets is as good as that for lithium target [9]. From these results, it is expected
that neutron production data of JENDL/DEU-2020 are reliable and it makes a large contribution to design
studies of neutron sources with deuteron accelerator.
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Figure 3. Relative deviations from experimental values defined by Equation (2)
in terms of DDXs at 0° for the ™tLi(d,xn) reactions.

4. Summary

We have presented the results of theoretical analysis for the Li(d,xn) reactions with DEURACS,
which is the code system dedicated for deuteron-induced reaction we have developed. From the analysis,
it has been shown that consideration of the breakup processes is essentially important for accurate
prediction of deuteron-induced reaction cross sections. Based on the evaluation results employing
DEURACS, we have developed JENDL/DEU-2020, the deuteron nuclear database for 87Li, °Be, and
1213C at incident energies up to 200 MeV. From the comparison with experimental data, it has been
demonstrated that the calculation results based on JENDL/DEU-2020 reproduces the measured neutron
production data well at incident energies from a few tens of MeV to 200 MeV. JENDL/DEU-2020 is
expected to make a large contribution to diverse design studies of deuteron accelerator neutron sources.
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