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Additive empirical parametrization and microscopic study of deuteron breakup
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Comparative assessment of the total breakup proton-emission cross sections measured for 56 MeV deuteron
interaction with target nuclei from 12C to 209Bi, with an empirical parametrization and recently calculated
microscopic neutron-removal cross sections was done at the same time with similar data measured at 15, 25.5,
70, and 80 MeV. Comparable mass dependencies of the elastic-breakup (EB) cross sections provided by the
empirical parametrization and the microscopic results have been also found at the deuteron energy of 56 MeV,
while the assessment of absolute-values variance up to a factor of two was not possible because of the lack of
EB measurements at energies higher than 25.5 MeV. While the similarities represent an additional validation of
the microscopic calculations, the cross-section difference should be considered within the objectives of further
measurements.
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I. INTRODUCTION

An update of the theoretical analysis of deuteron-nuclei
interaction within a unitary and consistent account of the
related reaction mechanisms is highly requested by ongoing
strategic research programs (ITER, IFMIF, SPIRAL2-NFS)
[1] and medical investigations using accelerated deuterons,
on the basis of improved nuclear databases [2]. The need
for this update comes essentially from specific noncompound
processes that should be considered in the case of the
incident deuterons, making them substantially different from
other incident particles. Thus, the deuteron breakup (BU)
is particularly quite important because of the large variety
of reactions initiated by the breakup nucleons along the
whole incident energy range [3–5]. Otherwise, the deuteron
interaction with low and medium mass target nuclei and
incident energies below and around the Coulomb barrier
proceeds largely through stripping and pick-up direct reaction
(DR) mechanisms, while pre-equilibrium emission (PE) and
evaporation from fully equilibrated compound nucleus (CN)
become important at higher energies [6]. On the other hand, the
scarce deuteron-breakup experimental data systematics [7–11]
related to the high complexity of the breakup mechanism has
constrained so far a comprehensive analysis of the deuteron
interactions within wide ranges of target nuclei and incident
energies.

Moreover, unlike the DR, PE, and CN theoretical models,
various current studies concern the theoretical description
of the breakup mechanism and its components, namely the
elastic breakup (EB), in which the target nucleus stays in its
ground state and both deuteron constituents fly apart, and the
inelastic breakup or breakup fusion (BF), where one of these
constituents interacts nonelastically with the target nucleus.
Microscopic EB calculations have been performed using
the continuum-discretized coupled-channels (CDCC) method
([12–15] and references therein), treating the deuteron scat-
tering on a target nucleus A by a three-body reaction model.
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The EB component is treated as an inelastic excitation of the
projectile, owing to the nuclear and Coulomb interactions with
the target, through the coupled channels approach. To deal
with a finite set of coupled equations, an essential feature
of the CDCC method is the introduction of a discretization
procedure, in which the continuum spectrum is represented
by a finite and discrete set of square-integrable functions.
However, because the deuteron elastic breakup component is
almost one order of magnitude weaker than the total EB+BF
process [10,11], a model of either the total breakup or the
inelastic breakup formalism is highly requested.

The recently deuteron-breakup detailed analyses of both EB
and BF components by the distorted wave Born approximation
(DWBA) method [16–18], with prior and post form ampli-
tudes, performed a successful description of proton spectra
and angular distributions for the (d,p) reaction on 27Al, 58Ni,
93Nb, and 118Sn at incident energies from 15 to 100 MeV.
The corresponding calculated EB and BF cross sections
would be, however, also quite useful for the comparison with
experimental data [7–10]. More recently, Neoh et al. [19]
applied the CDCC extension of the eikonal reaction theory
(ERT) [20,21], using also microscopic optical potentials, to
the analysis of the EB and neutron removal cross sections at
28 MeV/nucleon on various target nuclei from 12C to 209Bi,
of interest for further studies of unstable nuclei structure.

A comparative assessment of the measured data and the
results of microscopic description of the BU process as well
as current parametrization already involved within recent
systematic studies of deuteron-induced reactions [3–5], aimed
by this work, could be equally useful to basic objectives [19]
and improved nuclear data calculations within a considerable
range of target nuclei and incident energies up to 60 MeV. The
former parametrization [22] is addressed in Sec. II, including
a further normalization of the EB that was proved necessary at
energies beyond the restricted range of the available measured
data, as well as an additional constraint of the total BU cross
section for the target nuclei above A=200. The comparison
of the total BU proton-emission cross sections measured
by Matsuoka et al. [9], for 56 MeV deuteron interaction
with target nuclei from 12C to 209Bi, with the empirical
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parametrization and the microscopic neutron-removal cross
sections [19], done at the same time with similar data measured
at 15, 25.5, 70, and 80 MeV is discussed in Sec. III A, while a
similar analysis is given for the EB cross sections in Sec. III B,
followed by conclusions in Sec. IV.

II. DEUTERON BREAKUP PARAMETRIZATION

An empirical parametrization [22] of both the total breakup
(EB+BF) and EB data has involved the assumption that the
inelastic-breakup cross section for neutron emission σn

BF is
the same as that for the proton emission σ

p
BF (e.g., Ref. [11]),

so that the total breakup cross sections σBU is given by the
sum σEB + 2σ

n/p
BF . The parametrization has concerned the total

BU nucleon-emission and EB fractions, i.e. f
n/p
BU = σ

n/p
BU /σR

and fEB = σEB/σR , respectively, where σR is the deuteron
total-reaction cross section. Thus, the dependence of these
fractions on the deuteron incident energy E and the target-
nucleus atomic Z and mass A numbers was obtained [22]
through analysis of the experimental systematics of deuteron-
induced reactions on target nuclei from 27Al to 232Th and
incident energies up to 80 MeV for the former [7–10],

f
n/p
BU = 0.087 − 0.0066Z + 0.00163ZA1/3

+ 0.0017A1/3E − 0.000002ZE2, (1)

but within a more restricted energy range up to 30 MeV [10,11]
for the later:

fEB = 0.031 − 0.0028Z + 0.00051ZA1/3

+ 0.0005A1/3E − 0.000001ZE2. (2)

The comparison of the experimental data and parametrization
results shown in Fig. 1 for deuterons incident on nuclei from

FIG. 1. Comparison of experimental [7–10] total breakup proton-
emission (solid symbols) and elastic-breakup (open circles) fractions,
and the corresponding parametrizations [22] (solid and dash-dotted
curves, respectively) as well as the normalized EB fractions (dotted)
for deuterons incident on nuclei from 27Al (a) to 232Th (i) at energies
up to 80 MeV.

27Al to 232Th, at energies up to 80 MeV, has proven a suitable
agreement.

A. Deuteron EB normalization

On the other hand, it was found an apparent decrease of
the fraction fEB at energies beyond the range E < 30 MeV of
the EB data [10,11], unlike the trend of both the fraction f

p
BU

fraction (Fig. 1) and the total-reaction cross section. Conse-
quently, the correctness of this EB extended parametrization
was checked through the comparison of its predictions and
results of the CDCC method for the 63Cu and 93Nb target
nuclei [23]. Thus, while a good agreement was obtained
between the EB data [10] and both the CDCC results and the
empirical parametrization [22] at the energies of the available
data, at higher energies the energy dependence of σR and the
f

p
BU parametrization is common only to the CDCC results

[23]. Therefore, the necessary caution in extrapolating the
fEB empirical parametrization beyond the energies of the
corresponding data have had to be considered at the same time
with the challenging CDCC calculations for each target and
energy of interest. Under these conditions it was opportune
to adopt a normalized EB fraction for the energies beyond
the maximum of the former parametrization [22] by taking
into account the energy dependence of the f

p
BU fraction [24].

Hence, we have chosen to keep unchanged the ratio of the EB
and BU fractions at the incident energies above the energy
Emax corresponding to the maximum of the fEB fraction [22],
by means of the relation:

f norm
EB (E) = f

n/p
BU (E)

fEB(Emax)

f
n/p
BU (Emax)

, E > Emax. (3)

Thus, the normalized EB fraction follows the behavior of
the total BU nucleon-emission fraction shown in Fig. 1, in
agreement with the CDCC calculation results [23]. Despite the
fact that the EB component is less than 10% of the total BU
cross section, this fEB normalization is of particular interest at
deuteron energies above ∼50 MeV and especially for heavier
target nuclei, for the inelastic breakup fraction,

f
n/p
BF = f

n/p
BU − f norm

EB , (4)

as well as the total breakup fraction,

fBU = 2f
n/p
BU − f norm

EB , (5)

under the above-mentioned assumption of equal neutron- and
proton-emission BU cross sections [22].

B. Deuteron BU additional constraint

The so scarce total BU proton-emission systematics for
heaviest nuclei (A > 200) at incident energies around the
Coulomb barrier, of great interest for deuteron interaction with
actinide nuclei [25–27], includes only one single datum for
232Th at E=15 MeV [10]. It is properly described by the
present parametrization as well as that at 70 MeV reported by
Wu et al. [8] (Fig. 1). However, following the EB fraction
normalization, i.e., Eqs. (3) and (5), the total BU fraction
corresponding to this target nucleus exceeds unity (e.g.,
fBU=1.0215 at E=32 MeV).

024607-2



ADDITIVE EMPIRICAL PARAMETRIZATION AND . . . PHYSICAL REVIEW C 95, 024607 (2017)

FIG. 2. Comparison of the mass dependence of the measured [7–10] total BU proton-emission cross sections (a)–(d) and fractions (e)–(h)
with the predictions of the microscopic theory for neutron removal cross sections [19] (asterisks) and of the empirical parametrization (crosses),
connected by dashed lines for eye guiding, for target nuclei from 12C up to 209Bi, at the incident energies of 15, 25.5, 56, 70, and 80 MeV.

This unphysical overrun of the total-reaction cross sections
should be first considered with respect to the systematics
accuracy. Because the corresponding data errors amount to
10%–15% [22], we have adopted an additional constraint for
A > 200, namely that the fBU fraction should not exceed
0.9. This figure is only presently a simple hard limit which
was also included in the latest version of the computer
code TALYS-1.8 [28] as well as the above-mentioned EB
normalization. Nevertheless, it should be confirmed by further
data measurements and also theoretical modeling progress.

III. MICROSCOPIC AND PARAMETRIZATION
COMPARISON

A. The total BU proton emission

The comparison of the total BU proton-emission cross
sections σ

p
BU measured by Matsuoka et al. [9], for 56 MeV

deuteron interaction with target nuclei from 12C to 209Bi,
with the above-described parametrization and the microscopic
neutron-removal cross sections [19] is shown in Figs. 2(a)–2(d)
at the same time with similar data measured at 15 [10], 25.5
[7,10], and 70 and 80 MeV [8]. Because the absolute cross
sections may depend on the model ingredients of reaction
mechanisms involved within the experimental data analysis,
e.g., optical and PE model parameters, a similar comparative
analysis concerns at the same time in Figs. 2(e)–2(h) the
corresponding total BU proton-emission fractions f

p
BU. On

the other hand, the f
p
BU values may illustrate the importance

of the breakup process among the other reaction mechanisms
related to the deuteron interaction. Moreover, the same scale is
used for the σ

p
BU as well as f

p
BU values at all incident energies

of the available experimental data, to make possible also an
assessment of their energy dependence.

There are several features which are pointed out by
this comparative analysis. First, the increase of σ

p
BU with

the mass of the target nucleus is well described by the
empirical parametrization for all deuteron energies from 15
to 80 MeV. There is a similar trend of the microscopic
results for medium-mass nuclei with 40 < A < 120, while
it is apparent an overestimation of the measured data for light
nuclei (A < 40) as well as an underestimation for heavier ones
(A > 120).

Second, the f
p
BU values show that the importance of the BU

mechanism is increasing with the target-nucleus mass, from
27Al up to 232Th, at the lower incident energies of 15 and
25.5 MeV. This increase is less significant at the energy of
56 MeV, and even reversed at 70–80 MeV. Actually it seems
that the fraction f

p
BU has reached its maximum at 56 MeV,

for the target nuclei with A > 120, while for 40 < A < 120
this maximum moves at energies over 56 MeV but lower than
70–80 MeV. Moreover, the f

p
BU values are still increasing with

the incident energy even at 80 MeV for the deuteron interaction
with light target nuclei (A < 40). These energy dependencies
of the measured f

p
BU, which are obvious also in Fig. 1 for the

target nuclei from 27Al up to 232Th, are satisfactorily described
by the empirical parametrization. The microscopic results at
the energy of 56 MeV [19] show a steep decrease for target
nuclei from A=12 up to A ∼ 120, apart from the data, while for
A > 120 their underestimated values describe, however, the
target-nucleus mass dependence. Thus, one may note that the
microscopic theory provides at the incident energy of 56 MeV
a mass dependence which becomes real at the higher energies
of 70–80 MeV.

A comment should concern the inclusion of the (d,p)
stripping direct reaction by the microscopic total BU proton-
emission cross sections, unlike the experimental data [7–10]
which were obtained through a distinct analysis of the BU,
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FIG. 3. Total-reaction (thick solid curves), direct interactions (DI,
thin-solid curve), BU (dashed curves), stripping (d,p) (dash-dot-
dotted curves) and (d,n) (dash-dotted curves), and pick-up (d,t)
(dotted curves) and (d,α) (short-dotted curves) reaction cross sections
for deuterons on 27Al, 54Fe, 58Ni, 64Ni, 93Nb, and 238U [3–5,24] (see
text).

DR, PE, and CN reaction mechanisms. However, the results
of systematic analysis of the four different mechanisms for
the deuteron interactions with 27Al, 54,56−58Fe, 58,60−62,64Ni,
63,65Cu, 93Nb, and 238U [3–5,24] (e.g., Fig. 3) point out
the decreasing importance of the stripping reaction with the
deuteron energy increase. Thus, the corrections for (d,p) DR
contribution should be less than 1% at the energy of 56 MeV,
with no real effect on the comparison shown in Fig. 2.

B. The elastic breakup

A comparison of the mass dependence of the EB cross
sections and corresponding fractions fEB provided by the
above-described parametrization and the microscopic results
[19] is shown in Figs. 4(a) and 4(b) for the deuteron energy of
56 MeV. Comparable trends for these results are obvious, the
theoretical values being larger up to a factor of two. Moreover,
similarly larger fractions fEB for light (A < 50) and heavier
(A > 160) target nuclei have been obtained. Unfortunately, the
lack of EB measurements at energies higher than 25.5 MeV
does make difficult the assessment of the apparent discrepancy
among the microscopic and parametrization predictions for

FIG. 4. Comparison of the mass dependence of the EB cross
sections (a) and fractions (b) predicted by the microscopic theory
[19] (asterisks) and empirical parametrization (crosses), connected
by dashed lines for eye guiding, for deuterons incident on target
nuclei from 12C up to 232Th, at energy of 56 MeV, as well as of (c) the
excitation functions of the EB cross sections measured for deuterons
on 62Ni [10], and the microscopic [19] and phenomenological
predictions for 58,62Ni target nuclei (see text).

EB cross sections corresponding to energy of 56 MeV. On
the other hand, the parametrized predictions have already
been involved within systematic analysis of all available data
for deuteron interaction with various nuclei [3–5,24], with
general good agreement between the measured and calculated
data. Thus, the just above-mentioned similarities represent an
additional validation of the microscopic calculations, while
the absolute-value variance should be considered within the
objectives of further measurements.

Furthermore, the comparison in Fig. 4(c) of the microscopic
[19] and empirical EB excitation functions corresponding
to the deuteron interaction with 58Ni nucleus proves the
maximum pointed out within the discussion of the total BU
proton-emission component. However, the comparison of the
EB measurements of Kleinfeller et al. [10] for 62Ni at the
incident energies of only 15 and 25.5 MeV, and the related
empirical excitation function which describes these two data
points, do not allow a certain assertion concerning neither
the deuteron energy corresponding to this maximum, nor the
accuracy of the theoretical or empirical predictions.
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IV. CONCLUSIONS

Comparative assessment of the measured data and the
results of microscopic description [19] of the deuteron BU
process as well as current parametrization [22,24] already
involved within recent systematic studies of deuteron-induced
reactions [3–5] was carried on. A normalization of the EB
parametrization [22] was proved necessary at energies beyond
the restricted range of the available measured data. On the
other hand, an additional constraint has to concern the total
BU cross section for the target nuclei above A=200, at 0.9 of
the total-reaction cross section.

The comparison of the total BU proton-emission cross
sections σ

p
BU measured by Matsuoka et al. [9], for 56 MeV

deuteron interaction with target nuclei from 12C to 209Bi, with
the empirical parametrization and the microscopic neutron-
removal cross sections [19] was done at the same time with
similar data measured at 15 [10], 25.5 [7,10], and 70 and
80 MeV [8]. Actually, the total BU proton-emission cross
sections measured by Matsuoka et al. [9] at 56 MeV have
been essential for the evidence of the maximum of the
deuteron breakup mechanism around this incident energy
and medium-mass target nuclei. Moreover, the opportunity of
the comparison of microscopic and parametrization results at
this incident energy was most useful for further development

of both methods of deuteron-breakup mechanism study. At
the same time, the corrections for (d,p) stripping-reaction
contribution to the neutron-removal cross sections have been
shown to be less than 1% at energy of 56 MeV, with no real
effect on the above-mentioned comparison.

Comparable mass dependencies of the EB cross sections
provided by the empirical parametrization and the microscopic
results [19] have been found at the deuteron energy of
56 MeV, while the assessment of a variance of the absolute
values up to a factor of two was not possible because
of the lack of EB measurements at energies higher than
25.5 MeV. However, because the parametrized predictions
have already been involved within successful analysis of all
available data for deuteron interaction with various nuclei
[3–5,24], these similarities represent an additional validation
of the microscopic calculations, while the cross-section dif-
ference should be considered within the objectives of further
measurements.
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(PN-16420102).

[1] [www.iter.org/proj]; [www.ifmif.org/b/]; [www.ganil-
spiral2.eu].

[2] Fusion Evaluated Nuclear Data Library (FENDL) 3.0;
[http://www-nds.iaea.org/fendl3/].

[3] P. Bem, E. Simeckova, M. Honusek, U. Fischer, S. P. Simakov,
R. A. Forrest, M. Avrigeanu, A. C. Obreja, F. L. Roman, and
V. Avrigeanu, Phys. Rev. C 79, 044610 (2009); E. Šimečková
et al., ibid. 84, 014605 (2011).

[4] M. Avrigeanu, V. Avrigeanu, P. Bem, U. Fischer, M. Honusek,
A. J. Koning, J. Mrazek, E. Simeckova, M. Stefanik, and
L. Zavorka, Phys. Rev. C 88, 014612 (2013); M. Avrigeanu,
V. Avrigeanu, P. Bem, U. Fischer, M. Honusek, A.J. Koning,
J. Mrazek, E. Simeckova, M. Stefanik, and L. Zavorka, ibid.
89, 044613 (2014); M. Avrigeanu, V. Avrigeanu, P. Bem, U.
Fischer, M. Honusek, A. J. Koning, J. Mrazek, E. Simeckova,
M. Stefanik, and L. Zavorka, ibid. 94, 014606 (2016).

[5] M. Avrigeanu and V. Avrigeanu, Nucl. Data Sheets 118, 301
(2014).

[6] M. Avrigeanu and V. Avrigeanu, Phys. Rev. C 92, 021601(R)
(2015).

[7] J. Pampus, J. Bisplinghoff, J. Ernst, T. Mayer-Kuckuk, J. Rama
Rao, G. Baur, F. Rosel, and D. Trautmann, Nucl. Phys. A 311,
141 (1978).

[8] J. R. Wu, C. C. Chang, and H. D. Holmgren, Phys. Rev. C 19,
370 (1979).

[9] N. Matsuoka, M. Kondo, A. Shimizu, T. Saito, S. Nagamachi,
H. Sakaguchi, A. Goto, and F. Ohtani, Nucl. Phys. A 345, 1
(1980).

[10] J. Kleinfeller, J. Bisplinghoff, J. Ernst, T. Mayer-Kuckuk, G.
Baur, B. Hoffmann, R. Shyam, F. Rosel, and D. Trautmann,
Nucl. Phys. A 370, 205 (1981).

[11] M. G. Mustafa, T. Tamura, and T. Udagawa, Phys. Rev. C 35,
2077 (1987).

[12] M. Kamimura, M. Yahiro, Y. Iseri, Y. Sakuragi, H. Kameyama,
and M. Kawai, Prog. Theor. Phys. Suppl. 89, 1 (1986).

[13] N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitscher,
and M. Yahiro, Phys. Rep. 154, 125 (1987).

[14] A. Deltuva, A. M. Moro, E. Cravo, F. M. Nunes, and A. C.
Fonseca, Phys. Rev. C 76, 064602 (2007).

[15] K. Ogata and K. Yoshida, Phys. Rev. C 94, 051603(R) (2016).
[16] B. V. Carlson, R. Capote, and M. Sin, arXiv:1508.01466.
[17] G. Potel, F. M. Nunes, and I. J. Thompson, Phys. Rev. C 92,

034611 (2015).
[18] J. Lei and A. M. Moro, Phys. Rev. C 92, 044616 (2015).
[19] Yuen Sim Neoh, K. Yoshida, K. Minomo, and K. Ogata,

Phys. Rev. C 94, 044619 (2016).
[20] M. Ichimura, N. Austern, and C. M. Vincent, Phys. Rev. C 32,

431 (1985).
[21] M. Yahiro, K. Ogata, and K. Minomo, Prog. Theor. Phys. 126,

167 (2011).
[22] M. Avrigeanu, W. von Oertzen, R. A. Forrest, A. C. Obreja,

F. L. Roman, and V. Avrigeanu, Fusion Eng. Design 84, 418
(2009).

[23] M. Avrigeanu and A. M. Moro, Phys. Rev. C 82, 037601 (2010).
[24] M. Avrigeanu, V. Avrigeanu, and C. Costache, in Proceedings

of the International Conference on Nuclear Data for Science
and Technology, Sept. 11–16, 2016, Bruges, Belgium (in press);
[http://www.nd2016.eu/].

[25] M. Avrigeanu, V. Avrigeanu, and A. J. Koning, Phys. Rev. C 85,
034603 (2012).

[26] J. N. Wilson, F. Gunsing, L. A. Bernstein, A. Burger, A. Gorgen,
M. Guttormsen, A. C. Larsen, P. Mansouri, T. Renstrom, S. J.

024607-5

http://www.iter.org/proj
http://www.ifmif.org/b/
http://www.ganil-spiral2.eu
http://www-nds.iaea.org/fendl3/
https://doi.org/10.1103/PhysRevC.79.044610
https://doi.org/10.1103/PhysRevC.79.044610
https://doi.org/10.1103/PhysRevC.79.044610
https://doi.org/10.1103/PhysRevC.79.044610
https://doi.org/10.1103/PhysRevC.84.014605
https://doi.org/10.1103/PhysRevC.84.014605
https://doi.org/10.1103/PhysRevC.84.014605
https://doi.org/10.1103/PhysRevC.84.014605
https://doi.org/10.1103/PhysRevC.88.014612
https://doi.org/10.1103/PhysRevC.88.014612
https://doi.org/10.1103/PhysRevC.88.014612
https://doi.org/10.1103/PhysRevC.88.014612
https://doi.org/10.1103/PhysRevC.89.044613
https://doi.org/10.1103/PhysRevC.89.044613
https://doi.org/10.1103/PhysRevC.89.044613
https://doi.org/10.1103/PhysRevC.89.044613
https://doi.org/10.1103/PhysRevC.94.014606
https://doi.org/10.1103/PhysRevC.94.014606
https://doi.org/10.1103/PhysRevC.94.014606
https://doi.org/10.1103/PhysRevC.94.014606
https://doi.org/10.1016/j.nds.2014.04.064
https://doi.org/10.1016/j.nds.2014.04.064
https://doi.org/10.1016/j.nds.2014.04.064
https://doi.org/10.1016/j.nds.2014.04.064
https://doi.org/10.1103/PhysRevC.92.021601
https://doi.org/10.1103/PhysRevC.92.021601
https://doi.org/10.1103/PhysRevC.92.021601
https://doi.org/10.1103/PhysRevC.92.021601
https://doi.org/10.1016/0375-9474(78)90506-7
https://doi.org/10.1016/0375-9474(78)90506-7
https://doi.org/10.1016/0375-9474(78)90506-7
https://doi.org/10.1016/0375-9474(78)90506-7
https://doi.org/10.1103/PhysRevC.19.370
https://doi.org/10.1103/PhysRevC.19.370
https://doi.org/10.1103/PhysRevC.19.370
https://doi.org/10.1103/PhysRevC.19.370
https://doi.org/10.1016/0375-9474(80)90409-1
https://doi.org/10.1016/0375-9474(80)90409-1
https://doi.org/10.1016/0375-9474(80)90409-1
https://doi.org/10.1016/0375-9474(80)90409-1
https://doi.org/10.1016/0375-9474(81)90073-7
https://doi.org/10.1016/0375-9474(81)90073-7
https://doi.org/10.1016/0375-9474(81)90073-7
https://doi.org/10.1016/0375-9474(81)90073-7
https://doi.org/10.1103/PhysRevC.35.2077
https://doi.org/10.1103/PhysRevC.35.2077
https://doi.org/10.1103/PhysRevC.35.2077
https://doi.org/10.1103/PhysRevC.35.2077
https://doi.org/10.1143/PTPS.89.1
https://doi.org/10.1143/PTPS.89.1
https://doi.org/10.1143/PTPS.89.1
https://doi.org/10.1143/PTPS.89.1
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1016/0370-1573(87)90094-9
https://doi.org/10.1103/PhysRevC.76.064602
https://doi.org/10.1103/PhysRevC.76.064602
https://doi.org/10.1103/PhysRevC.76.064602
https://doi.org/10.1103/PhysRevC.76.064602
https://doi.org/10.1103/PhysRevC.94.051603
https://doi.org/10.1103/PhysRevC.94.051603
https://doi.org/10.1103/PhysRevC.94.051603
https://doi.org/10.1103/PhysRevC.94.051603
http://arxiv.org/abs/arXiv:1508.01466
https://doi.org/10.1103/PhysRevC.92.034611
https://doi.org/10.1103/PhysRevC.92.034611
https://doi.org/10.1103/PhysRevC.92.034611
https://doi.org/10.1103/PhysRevC.92.034611
https://doi.org/10.1103/PhysRevC.92.044616
https://doi.org/10.1103/PhysRevC.92.044616
https://doi.org/10.1103/PhysRevC.92.044616
https://doi.org/10.1103/PhysRevC.92.044616
https://doi.org/10.1103/PhysRevC.94.044619
https://doi.org/10.1103/PhysRevC.94.044619
https://doi.org/10.1103/PhysRevC.94.044619
https://doi.org/10.1103/PhysRevC.94.044619
https://doi.org/10.1103/PhysRevC.32.431
https://doi.org/10.1103/PhysRevC.32.431
https://doi.org/10.1103/PhysRevC.32.431
https://doi.org/10.1103/PhysRevC.32.431
https://doi.org/10.1143/PTP.126.167
https://doi.org/10.1143/PTP.126.167
https://doi.org/10.1143/PTP.126.167
https://doi.org/10.1143/PTP.126.167
https://doi.org/10.1016/j.fusengdes.2008.11.100
https://doi.org/10.1016/j.fusengdes.2008.11.100
https://doi.org/10.1016/j.fusengdes.2008.11.100
https://doi.org/10.1016/j.fusengdes.2008.11.100
https://doi.org/10.1103/PhysRevC.82.037601
https://doi.org/10.1103/PhysRevC.82.037601
https://doi.org/10.1103/PhysRevC.82.037601
https://doi.org/10.1103/PhysRevC.82.037601
http://www.nd2016.eu/
https://doi.org/10.1103/PhysRevC.85.034603
https://doi.org/10.1103/PhysRevC.85.034603
https://doi.org/10.1103/PhysRevC.85.034603
https://doi.org/10.1103/PhysRevC.85.034603


M. AVRIGEANU AND V. AVRIGEANU PHYSICAL REVIEW C 95, 024607 (2017)

Rose, A. Semchenkov, S. Siem, N. U. H. Syed, H. K. Toft,
M. Wiedeking, and T. Wiborg-Hagen, Phys. Rev. C 85, 034607
(2012).

[27] Q. Ducasse, B. Jurado, M. Aiche, P. Marini, L. Mathieu, A.
Gorgen, M. Guttormsen, A.C. Larsen, T. Tornyi, J. N. Wilson, G.
Barreau, G. Boutoux, S. Czajkowski, F. Giacoppo, F. Gunsing,

T. W. Hagen, M. Lebois, J. Lei, V. Meot, B. Morillon, A. M.
Moro, T. Renstrom, O. Roig, S. J. Rose, O. Serot, S. Siem, I.
Tsekhanovich, G. M. Tveten, and M. Wiedeking, Phys. Rev. C
94, 024614 (2016).

[28] A. J. Koning, S. Hilaire, and S. Goriely, computer code V. TALYS-
1.8, 2016; [http://www.talys.eu].

024607-6

https://doi.org/10.1103/PhysRevC.85.034607
https://doi.org/10.1103/PhysRevC.85.034607
https://doi.org/10.1103/PhysRevC.85.034607
https://doi.org/10.1103/PhysRevC.85.034607
https://doi.org/10.1103/PhysRevC.94.024614
https://doi.org/10.1103/PhysRevC.94.024614
https://doi.org/10.1103/PhysRevC.94.024614
https://doi.org/10.1103/PhysRevC.94.024614
http://www.talys.eu



