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Abstract. An extended analysis of the reaction mechanisms involved in the
deuterons interaction with nuclei, namely the breakup, stripping, pick-up, pre-
equilibrium (PE) emission, as well as the evaporation from fully equilibrated
compound nucleus (CN), is presented. The overall agreement of the measured
data and model—calculation results proves the correctness of nuclear mechanism
description used for the deuteron—nucleus interaction, while the discrepancies of
the newest evaluated data within the TENDL-2013 library stress out the strong
effects of the direct processes.

1 Introduction

The improvement of the nuclear databases for the assessment of the induced
radioactivity and the radiation damage to structural components of the interna-
tional large-scale facilities as ITER (International Thermonuclear Experimental
Reactor) [1], IFMIF (International Fusion Material Irradiation Facility) [2], and
SPIRAL-2 (Systéme de Production d’lons Radioactifs en Ligne - generation
2) [3], highly requests to update the theoretical frame of the deuteron activation
cross sections calculations by a unitary and consistent analysis of the reaction
mechanisms involved.

The description of deuteron-nucleus interaction represents an important test
for both the appropriateness of reaction mechanism models and the evaluation of
nuclear data requested especially by the above mentioned research programmes.
The weak binding energy of the deuteron, B=2.224 MeV, is responsible for the
high complexity of the interaction process that supplementary involves a vari-
ety of reactions initiated by the neutrons and protons following the deuteron
breakup. Next, usually neglected or very poorly taken into account, the (d, p)
and (d, n) stripping as well as the (d,t) and (d, «) pick-up reactions contribu-
tions have been shown to be important at low incident energies, requesting an
appropriate treatment within, e.g., the Coupled-Reaction Channels (CRC) for-
malism. Thus, the present work concerns a deeper understanding of deuteron
breakup, stripping and pick-up reactions, all together and consistently with the
better-known and described statistical emission [4-7].
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2 Deuteron Breakup

The physical picture of the deuteron breakup (BU) in the Coulomb and nuclear
fields of the target nucleus considers two distinct processes, namely the elastic
breakup (EB) in which the target nucleus remains in its ground state and none of
the deuteron constituents interacts with it, and the inelastic breakup or breakup
fusion (BF), where one of these deuteron constituents interacts with the target
nucleus while the remaining one is detected.

The former parametrization of the total nucleon—emission breakup cross sec-
tions was given by Kalbach [8] as a function of the deuteron incident energy E
and mass number A of the target nucleus:
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The corresponding total proton—emission breakup cross sections for deuteron
interactions with target nuclei from °Fe to 23! Pa are shown in Figure 1.
Additional features of the breakup cross—section parametrization in terms of
the deuteron total-reaction cross section o have been considered by Avrigeanu
et al. [4], namely the dependence on the target charge number Z, while distinct
forms are provided for the total BU nucleon emission as well as the EB and BF
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Figure 1. The energy dependence of the total proton—emission breakup cross sections
given by the parametrizations of Refs. [4] (solid curves), [8] (dashed curves), and [9]
(dash—dotted curves), for deuteron interactions with target nuclei from 56Fe to 231Pa.
The deuteron total reaction cross sections [11] are shown by dotted curves.
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leading to the total-breakup cross section:
OBU = OEB + 20%/}1 . 5

Equal BF cross sections for proton and neutron emission have been considered
in the above expressions.

The latest BU parametrization, given by Kalbach [9] within the FENDL-3
project [10], considers also equal cross sections for the BU proton and neutron
emission:
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As it can be seen in Figure 1, both Kalbach’s parametrizations [8, 9] predict
similar high values of total proton breakup cross sections at the lowest inci-
dent energies, even exceeding o, while the latter predicts also lower values
in comparison with the experimental systematics of the total proton—emission
breakup fraction 0%, /o r [12] (Figure 2). Regardless the differences between
Kalbach [8] and Avrigeanu et al. [4] predictions at low deuteron energies, it re-
sults close values of the total proton—emission breakup cross sections within the
energy range ~10-60 MeV. From Figures 1 and 2 it can be observed that both
parametrizations predict the increasing role of deuteron breakup with increas-
ing the mass/charge of target nuclei. The very scarce experimental deuteron BU
systematics [12] may lead to large uncertainties of the BU cross—section energy
dependence at deuteron energies over 60 MeV. Therefore, only the extension
of experimental data beyond this energy limit may improve the corresponding
parametrizations.

Concerning the energy dependence of the inelastic- and elastic-breakup com-
ponents, the interest of the deuteron activation cross sections for incident ener-
gies up to 60 MeV [1-3] has motivated an additional check [13] of the elastic-
breakup parametrization extension beyond the energies formerly considered for
the derivation of its actual form.
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Figure 2. Comparison of experimental [12] total proton—emission breakup fraction and
the corresponding parametrizations of Refs. [4] (solid curves), [8] (dashed curves), and
[9] (dash—dotted curves), for deuteron interactions with target nuclei from 27 Al to 232Th.

Actually, our parametrization [4] for the elastic-breakup was obtained from
the analysis of the experimental systematics which covers an incident energy
range from 15 to only 30 MeV. However, as it is shown in Figure 3(a,b) for
(a) 3Cu and (b) ?3Nb target nuclei, the elastic-breakup cross sections, ogzg,
(dashed curves), given by the empirical parametrization [4] decrease with the
incident energy beyond the energy range within which it was established, while
the total proton breakup cross sections, o, (dotted curves) have an opposite
trend. Therefore, in the absence of available experimental deuteron elastic-
breakup data at incident energies above 30 MeV, the correctness of an even-
tual extrapolation should be checked by comparison of the related predictions
with results of a theoretical model as, e.g., the Continuum-Discretized Coupled-
Channels (CDCC) method [14-16].

The elastic-breakup component is treated within the CDCC formalism as an
inelastic excitation of the projectile due to the nuclear and Coulomb interactions
with the target nucleus by means of a three-body model, comprising the two-
body projectile and the inert target. Consideration of this inelastic excitation is
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Figure 3. (a,b) Energy dependence of the empirical [4] (dashed curves) and CDCC [13]
(solid curves) elastic breakup cross sections for deuteron scattering on °3Cu and **Nb
target nuclei. The solid circles are the values from Kleinfeller systematics [12]. By dotted
curves are drawn the total proton breakup cross sections; (c-e) Comparison of measured
and calculated (CDCC) angular distributions of deuteron elastic scattering on %*Cu at
E4=12, 14.5, and 34.4 MeV, and (f-i) **Nb at E4=11.8, 15, 34.4, and 52 MeV [18] (see
text ).

performed by coupling the projectile unbound excited states in the solution of the
scattering problem through the coupled channels approach. Since the deuteron
has no bound excited states, any excitation in the p-n coordinates will break
up it into a proton and a neutron. In order to deal with a finite set of coupled
equations, an essential feature of the CDCC method is the introduction of a dis-
cretization procedure, in which the continuum spectrum is represented by a finite
and discrete set of square-integrable functions. The most widely used method
of continuum discretization is the so-called binning method [14—16], in which
the continuum spectrum is truncated at a maximum excitation energy (E,...)
and divided into a set of energy (or relative momentum) intervals. Each inter-
val, or bin, is represented by a single square-integrable function, calculated by
averaging the scattering states for the p-n relative motion within the bin width.
The energy dependence of the elastic-breakup cross sections provided by
the excitation of the continuum spectrum (e.g., the population of the virtual ex-
cited states) in the case of the deuteron interaction with °3Cu and ?>Nb target
nuclei, is compared with the prediction of empirical parametrization [4] in Fig-
ure 3(a,b). The calculations were performed with the coupled-channels code
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FRESCO [17]. The elastic-breakup cross sections corresponding to the Kle-
infeller et al. systematics [12] are also shown. The agreement of the CDCC
elastic-breakup cross sections [13] and the latter systematics can be considered
as a validation of the present advanced model approach. Moreover, the compari-
son shown in Figure 3(a,b) points out that the CDCC calculations lead to elastic-
breakup cross sections which follow the total-breakup cross section behavior,
and makes clear that the empirical parametrization extrapolation for the elastic-
breakup cross sections beyond the energies considered in this respect should be
done with caution [13].

The check of the reliability of the CDCC parameters is given by the compari-
son between the experimental and the CDCC deuteron elastic-scattering angular
distributions [13]. The good agreement of the experimental elastic-scattering
angular distributions for deuteron interaction with %3Cu and ?3Nb target nu-
clei [18] with the CDCC calculations shown in Figure 3(c-i) supports the con-
sistent CDCC parametrization.

Overall, there are actually two opposite effects of the deuteron breakup on
the deuteron activation cross sections that should be considered. Firstly, the
total-reaction cross section, that is shared among different outgoing channels, is
reduced by the value of the total breakup cross section o gy. On the other hand,
the BF component, where one of the deuteron constituents interacts with the tar-
get nucleus, leading to a secondary composite nucleus, brings contributions to
different reaction channels [4-7]. Thus, the absorbed proton or neutron follow-
ing the deuteron breakup contributes to the enhancement of the corresponding
(d, zn) or (d, xp) reaction cross sections, respectively.

In order to calculate the BF enhancement of, e.g., the (d, 2n) reaction cross
sections, the BF proton-emission cross section o%, . should be multiplied by
the ratios a(p’w)/a%, corresponding to the above—mentioned enhancing reaction,
convoluted with the Gaussian line shape distribution of the breakup proton en-
ergy I, for a given deuteron incident energy F. Finally, the integration over the
breakup proton energy provides the BF enhancement cross section [5-7]:

" O(pa)(Ep) 1 (Ep—Ep(E))?
Phr )= () [ 4B, 2T e [ - ] )

where O’% is the proton total reaction cross section, z stands for various, e.g., 7,
n, d, or o outgoing channels, while Eg and w are the centroid and standard de-
viation, respectively, of the above—mentioned breakup proton—energy Gaussian
distribution given by Kalbach [8] related parameters. Interpolated values of the
experimental nucleon—induced reaction cross sections from EXFOR library [18]
have been involved within the BF enhancement estimation, e.g., Refs. [5-7], in
order to reduce as much as possible the supplementary uncertainties brought by
additional theoretical calculations.

The BF enhancements brought by BU protons and neutrons emitted during
the deuteron interaction with 27Al, 53Cu, %°Cu, *3Nb, and 23'Pa through the
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Figure 4. Comparison of measured deuteron activation cross sections [18], complete anal-
ysis results (thick solid curves) [5, 6] taking into account the BF enhancement (dashed
curves) and PE+CN contributions (thin solid curves), and the TENDL-2013 [24] evalua-
tions (dotted curves) (see text ).

(n,p), (n,a), (p,n), and (p,2n) reactions populating various residual nuclei,
are shown in Figure 4.

3 Transfer Reactions

Apart from the breakup contributions to deuteron interaction, an increased at-
tention has to be devoted to the direct reactions (DR), very poorly accounted
so far in deuteron activation analysis. The calculations of the DR mechanisms
contributions, like stripping and pick—up, that are important at the low energy
side of the (d, p), (d,n), (d,t), and (d, ) excitation functions [4—7], have been
performed in the frame of the CRC formalism by using the code FRESCO [17].

The n—p effective interaction in the deuteron [19] as well as the d—n effective
interaction in the triton [20] are assumed to have a Gaussian shape, while the
Woods—Saxon shape [21] has been considered for the d—d effective interaction
in the alpha particle. The transferred nucleon and deuteron bound states were
generated in a Woods—Saxon real potential [4—7]. Concerning the (d, «) pick-
up cross section calculation, the transfer of the deuteron cluster has been taken
into account. The populated discrete levels and the corresponding spectroscopic
factors for each DR type considered have been obtained from the ENSDF library
[22] and Refs. therein. The importance of the stripping and pick—up reactions
for the deuteron interaction process is evidenced in Figure 5.
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Figure 5. Comparison of measured deuteron activation cross sections ( [18] and refer-
ences therein), complete analysis results (thick solid curves) taking into account the BF
enhancement (dashed curves), DR (dash—dotted and dash—dot—dotted curves) and PE+CN
contributions (thin solid curves), and the TENDL-2013 [24] evaluations (dotted curves)
(see text).

A particular note should concern the pick—up essential contribution to the
total (d, t) activation cross section at the energies between its threshold and those
for the (d,dn) and (d, p2n) reactions that lead to the same residual nucleus.
Thus, the pick—up component of the (d, ¢) excitation function is critical for the
data description at deuteron incident energies lower than 10 MeV, where PE and
CN contributions are almost negligible, see the bottom part of Figure 5.

4 Statistical Particle Emission

Following the decay path, the PE and CN reaction cross sections have been cal-
culated by means of the code STAPRE-H [23], taking into account the deuteron
total reaction cross section that remains available, through the correction for the
incident flux leakage towards direct interactions (DI), i.e., the breakup, stripping
and pick—up, as given by a reduction factor:

OBU + 0(dn) + (dp) T 0(dt) T T(da) _ 1- 72— ®)
OR - R

1 —
The energy dependence of this reduction factor (thick solid line), as well as
of its components corresponding to deuteron interaction with the ®6Fe isotope is

shown in Figure 6, pointing out the high contribution of the direct processes.
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Figure 6. Total-reaction (thin solid curves), BU (dashed curves), stripping (d, n) (dash—
dotted curves) and (d, p) (dash—dot—dotted curves), and pick—up (d,t) (dotted curves)
and (d, @) (short dash—dotted curves) reaction cross sections for deuterons on 56Fe, and

the corresponding reduction factors of the deuteron flux going towards statistical pro-
cesses (thick solid curves).

The local consistent parameters involved in the statistical calculations have
been obtained or checked through the analysis of various independent exper-
imental data, in advance to their use to obtain the deuteron—activation cross
sections [5,7]. Finally, the comparison between the experimental [18], calcu-
lated [5-7], and evaluated [24] deuteron activation cross sections are presented
in Figures 4, 5. For each calculated activation cross section the reaction mech-
anisms contributions are shown. The mark BU, rather than BF, for the sum of
various contributions to an activation cross section in Figures 4, 5 underlines the
consideration of both breakup effects, i.e., the overall decrease of o, as well
as the BF enhancement. On the other hand, the apparent discrepancies between
the experimental data and the corresponding evaluation stress out the effects of
disregarding the direct processes within TENDL-2013 [24].

5 Conclusions

The overall agreement between the measured data and model calculations sup-
ports the description of nuclear mechanisms taken into account for the deuteron-
nucleus interaction. However, while the associated theoretical frames are al-
ready settled for DR, PE and CN mechanisms, an increased attention should be
given to microscopical description of the BF component. The improvement of
deuteron breakup description requires complementary experimental studies in-
volving deuterons, protons and neutron induced reactions too.
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