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The activation cross sections for production of >' Cr, >3+3Mn, *Fe, and >>3¢-5738 Co radioisotopes in deuteron-
induced reactions on natural Fe were measured at deuteron energies up to 20 MeV. Then, within an extended
analysis of deuteron interactions with ™Fe, all processes from elastic scattering until the evaporation from fully
equilibrated compound system have been taken into account. Following the available elastic-scattering data
analysis that supports the deuteron optical potential for reaction cross sections calculations, increased attention is
paid especially to the breakup (BU) mechanism and direct reactions (DR). The deuteron activation cross-section
analysis is completed by consideration of the preequilibrium and compound-nucleus contributions, corrected
for decrease of the total reaction cross section due to the leakage of the initial deuteron flux towards BU and
DR processes. The overall agreement of the measured data and model calculations validates the description of
nuclear mechanisms taken into account, particularly the strong effects of direct interactions that have still not

been appropriately considered within previous deuteron activation evaluations.
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I. INTRODUCTION

The present work continues the series of recent deuteron-
induced reaction data analyses, looking for a consistent way
to include also the breakup contribution within the activation
cross-section calculations [1-6]. Such analyses should meet
the demands of several on-going strategic research programs at
international large-scale facilities [7-9] that involve deuteron
beams and are focused on both academic research and
applied physics related to neutron as well as deuteron-induced
reactions [10].

The description of deuteron-nucleus interaction represents
actually an important test of the reaction mechanism mod-
els. The deuteron weak binding energy of 2.224 MeV is
responsible for the high complexity of the interaction process
that supplementally involves a variety of reactions initiated
by the neutrons and protons following the deuteron breakup
(BU). This has been the main reason hampering so far a
comprehensive analysis involving large mass range of target
nuclei and incident-energy domain. On the other hand, the
open questions on this topic began with the key ingredient
for any calculation of deuteron activation cross sections; that
is, the deuteron optical model potential (OMP). The very few
measurements of deuteron elastic scattering angular distribu-
tions as well as of total reaction cross section corresponding to
a specific target nucleus made the assessment of a deuteron
OMP (difficult. Consequently, a simultaneous comparative
analysis of the experimental deuteron elastic-scattering and
total reaction cross sections, and the corresponding predictions
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of various deuteron global OMPs, is critical for an accurate
assessment of the most appropriate potential. Next, the (d, p)
and (d,n) stripping as well as the (d,7) and (d,«) pick-up direct
reaction (DR) contributions have been shown to be important
at low incident energies [11-16]. Consequently, an appropriate
treatment within the coupled-reaction channels (CRC) formal-
ism was required and used. Thus, the present work concerns
a deeper understanding of deuteron breakup, stripping, and
pick-up reactions, all together and consistently with the better
known statistical emission within the preequilibrium (PE) and
compound-nucleus (CN) processes.

The experimental setup and the measured data are described
in Sec. II. Next, a consistent energy-dependent optical potential
for deuterons on Fe isotopes is discussed in Sec. IITA.
Deuteron breakup effects on the corresponding activation data
of Fe isotopes are established in Sec. III B, while the DR
analysis using the computer code FRESCO [17] is described in
Sec. III C, and that of PE and CN contributions, using the code
TALYS-1.4 [18], is discussied in Sec. III D. The measured and
calculated deuteron activation cross sections of Fe isotopes
and natural element are discussed in Sec. IV, including
the evaluated data from the TENDL-2013 library [19], and
conclusions of this work are given in Sec. V. Partial and
preliminary results were presented elsewhere [20-22].

II. MEASUREMENTS

The irradiation was carried out using an external deuteron
beam of the NPI variable-energy cyclotron U-120M oper-
ating in the negative-ion mode of acceleration. From the
stripping-foil extractor the beam was delivered to the reaction
chamber through a beam line consisting of one dipole and
two quadrupole magnets. The energy was determined with
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TABLE I. Characteristics of single runs.

Run Initial Total Irradiation Mean
no. energy charge time current
(MeV) (nC) (s) (uA)
1 20.02 362.0 1820 0.199
2 20.05 405.0 1667 0.243

a resulting accuracy of 1%, and the FWHM spread of the
incident beam up to 1.8% was observed.

The activation cross sections were measured by the stacked-
foil technique. The collimated deuteron beam strikes the stack
of foils in a Faraday-cup-like reaction chamber, enabling us to
employ the cooling of stacked foils without the loss of accuracy
in the beam current and charge monitoring (~5%).

The high purity Fe foils (Goodfellow product, 99.9% purity,
25 um declared thickness) and Al (50 um declared thickness)
were weighed (within 2% of accuracy) to avoid relatively large
uncertainties in the foil thickness declared by the producer. The
mean energy, energy thickness, and energy spread in each foil
were set out by SRIM 2008 code [23]. The foils of the examined
element Fe were inserted in the chamber alternately with Al
foils that were used for additional monitoring of the beam cur-
rent and appropriate reduction of the deuteron energy as well.

Natural iron consists of four stable isotopes: **Fe (5.8%),
36Fe (91.72%), >"Fe (2.2%), and ®Fe (0.28%) which leads to
many channels opening. The irradiation was carried through
two runs to check the internal consistency of the measurement.
The characteristics of the single runs are given in Table I.

The gamma rays from the irradiated foils were measured
repeatedly by a calibrated high-purity germanium (HPGe)
detector of 50% efficiency and FWHM of 1.8 keV at 1.3 MeV.
Experimental reaction rates were calculated from the specific
activities at the end of the irradiation and corrected to the decay
during irradiation using total charge and foil characteristics as

TABLE II. Half-lives, main gamma lines, and their intensi-
ties [24] of the isotopes observed from irradiated Fe foils.

Isotope Ti) E, (keV) I, (%)
SCr 27.703 d 320.082 10
32Mn™ 21.1m 1434.068 98.3
377.748 1.7
2Mn 5.591d 1434.068 100
935.538 94.5
744.233 90.0
*Mn 312.3d 834.848 99.98
3Mn 2.579h 846.771 98.9
1810.772 27.2
PFe 44.503 d 1099.251 56.5
1291.595 43.2
3Co 17.53 h 931.3 75
477.2 20.2
%Co 77.27d 846.771 100
1771.35 15.69
Co 271.79d 122.061 85.60
136.775 10.68
3Co 70.86 d 810.775 99
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well. The measurement with different cooling times lasted up
to 100 days after irradiation. The decay data of the isotopes
observed from irradiated Fe foils [24] are given in Table II.

The experimental cross sections of the Fe(d,x)'Cr,
Fe(d,x)**Mn, Fe(d,x)*Mn, Fe(d,x)’°Co, Fe(d,x)*'Co,
and Fe(d,x)’®Co reactions are shown in Table III. Since
the residual nucleus *Fe is populated only through the
BFe(d, p) reaction, the corresponding cross section has been
determined using the natural Fe abundance rate. Similar
conditions concerned the *Fe(d,n)>>Co, *Fe(d,x)’*Mn,
and >*Fe(d,«)>Mn™ reactions at energies up to 20 MeV
(Table III), i.e., below the thresholds of reactions on the *°Fe
isotope that populate the same residual nuclei. Our measured
cross sections, which will be discussed in Sec. IV, are in good
agreement with available data within previous works [25-38].
Several comments should concern the following particular
reactions.

In contrast to the well explored reaction Fe(d,x)*°Co, the
excitation function of the Fe(d,x)°°Mn reaction is less well
known. The reason is that the strong gamma-lines at 846.8 and
1810.77 keV decaying from the nucleus *°Mn interfere with
lines from °Co decay (see Table II). The dependence of the
measured activity on the measurement time was fitted by a sum
of two exponential functions corresponding to *°Co and **Mn
decays using the MINUIT code [39], and the specific activities
of the 3*Co and *Mn nuclei were finally obtained.

While the 3>Mn production cross sections are in fact the
22Mn"*$ ones, only 1.7% correspond to the isomeric state,
being actually within experimental errors. The isomeric state
decays mainly through the 1434.07 keV line (see Table II)
which interferes with the >>Mn ground state decay. Using a
minimization procedure [39], the 2Mn™ cross sections were
determined at last.

The **Co (Tj, = 70.86 d) nucleus has a long-living
metastable isomer 3Co™ (T}, = 9.04 h) decaying through
the 24.9 keV (I = 0.0389%) gamma ray, immeasurable by
a HPGe detector. Moreover, the 8Co™ isomer feeds the
3BCof ground state by 100%. Consequently, the activity
measurements were performed after the full decay of the
metastable state.

Finally, the Fe(d ,x)’'Crreaction cross sections are affected
by the decay of >'Mn nucleus (7j, = 46.2 m) which is
produced through the Fe(d,x)’'Mn reaction. Unfortunately,
it has not been possible to determine the latter part within the
present experiment. The >'Mn activity cannot be estimated
because the corresponding gamma lines are weak (e.g., the
intensity of the strongest gamma line of 749.07 keV from the
>Mn decay is 0.26%) while an attempt to separate it from the
time dependence of the activity of gammalines following ' Cr
decay fails due to relatively large statistical errors.

III. NUCLEAR MODEL ANALYSIS

A. Optical potential assessment

The prime interest for a suitable deuteron OMP is motivated
by its further use in the calculations of all deuteron interaction
cross sections. Unfortunately, the few measurements
of angular distributions of elastic scattered deuterons on
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TABLE III. Measured reaction cross sections (mb) for deuterons incident on the "*>*%Fe. The energy errors take into account the energy
thickness of each foil and the initial-energy spread error. Cross-section errors are composed of statistical errors in activity determination and
systematical errors of charge measurement uncertainty (~5%), foil thickness uncertainty (2%), and uncertainty of HPGe detector efficiency
determination (2%). The uncertainties are given in parentheses, in units of the last digit.

Energy Reaction

(MeV) HFe(d,n)*Co  >*Fe(d,0)”Mn >*Fe(d,0)”Mn” 3Fe(d,p)*Fe Fe(d,x)’'Cr Fe(d,x)**Mn Fe(d,x)**Mn Fe(d,x)**Co Fe(d,x)*’Co Fe(d,x)**Co
4.11 (82) 48.5 (46) 0.57 (15) 1.95 (14) 100 (13) 3.15(20) 037@4) 0.17(3) 78.6 (5) 2.45 (15)
5.29 (70) 132 (9) 3.71 (28) 8.76 (57) 273 (23) 13.3(8) 0.87(6) 0.22(3) 232 (14) 6.06 (37)
6.71 (59) 158 (12) 8.10 (59) 17.4 (49) 322 (32) 23.0 (17) 0.99 (15) 0.24 4) 297 (19) 7.08 (44)
7.62(55)  153(11)  15.0(10)  26.0(16)  332(27) 339200  1.16(8) 0.94(9)  288(I18) 6.77 (41)
8.72 (49) 143 (9) 19.3 (14) 31.8 (20) 320 (35) 43.5(35) 1.00 (12) 11.3(10) 271(22) 6.37 (40)
9.49 (47) 130 (10) 25.1 (17) 35.4 (23) 296 (26) 52.8 (33) 0.92(7) 523(36) 225(14) 6.07(36)
10.45 (44) 112 (9) 27.9 (20) 38.3 (63) 274 (22) 0.18(5) 61.6(48) 0.97 (12) 103 (7) 202 (15) 5.67 (41)
11.14 (42) 100 (7) 313(21) 357(23)  254(22) 054(7) 67.1(40) 098 (8)  161(10) 164 (10) 5.55(33)
11.99 39) 922 (57) 32.4(25) 36.0 (77) 239 (31) 0.97(52) 69.4(42) 1.15(21) 198 (13) 155(10) 5.47(32)
12.62 (38) 83.0(57) 31.1(21) 27.9 (28) 226 (21)  1.70 (13) 65.4(39) 1.27 (10) 234 (14) 130(8) 5.22 (31)
13.40 (36)  76.7 (47) 31.2(28) 30.3 (86) 199 (20) 234 (19) 61.8(48) 2.17(28) 251(17) 127(8)  5.16(35)
13.99 (36) 71.5 (47) 27.7 (21) 27.1 (20) 184 (30) 2.94(32) 56.6 (35) 329(23) 267(17) 106 (7) 478 (29)
1471 34) 66.7(41) 25727  28.7(24) 171(58)  3.77(31) 54.1(37)  4.18(61) 286(21) 105(9) 4.87 (31)
14.72 (34)  62.8 (37) 22.9 (14) 170 (13)  3.88(26) 52.4 (31) 396 (51) 292(17) 100(6)  4.64(28)
15.27 (33) 66.5 (41) 22.4 (16) 162 (20)  4.41(33) 51.0(31) 5.69 (43) 285(17) 92.9(55) 4.62(28)
15.95(33) 60.3 (41) 22.1 (16) 158 (38) 4.90 (36) 48.8(30) 6.85(51) 308 (22) 91.1(58) 4.62(30)
16.47 (31)  59.7 (42) 145 (17) 593 (40) 46.4 (28) 8.15(63) 289 (18) 82.7(50) 4.44(27)
17.11 31) 559(33) 143 (14)  6.55(45) 43.1(25) 9.09 (54) 318(19) 89.4(52) 4.22(25)
17.13 (31) 51.7 (30) 146 (13)  6.12(38) 42.2(25) 9.74 (79) 321 (18) 78.9(46) 4.05(24)
18.23 (29) 131(22)  7.12(51) 41.1(25) 11.8(13) 320 (21) 74.9(53) 3.89 (26)
18.69 (29) 122 (20) 7.48(48) 39.2(24) 15.8(11) 313(19) 68.4(41) 3.69(22)
19.29 (28) 121(19) 756 (50) 37.7(27) 155(12) 302 (20) 65.6 (49) 3.36 (23)
19.35 (28) 110(11) 7.74(@47) 37.1(22) 15.6(11) 305 (17) 65.4(38) 3.35(20)
19.74 (28) 123 (16)  8.82(58) 37.9(23) 20.6(15) 277 (A7) 62.6 (41) 3.37(21)

54.56.58Fe [40], but none on >’ Fe, do not allow an extended OMP
analysis.

The choice of the optical potential for the deuteron-induced
activation of ™'Fe calculations has been based on the
simultaneous analysis of the deuteron elastic scattering and
deuteron total-reaction cross section. Consequently, these
experimental data have been compared with the corresponding
predictions given by various global OMPs [41-45]. Thus,
the predictions of Perey and Perey [41], Lohr-Haeberly [42],
Daehnick et al. [43], Bojowald et al. [44], and Haixia-Cai [45]
global optical potentials for elastic-scattering angular
distributions of deuterons on *36-3Fe are shown in Figs. 1
and 2. The best description of the elastic scattering angular
distributions, along the large incident energy interval 5-60
MeYV, is given by the Daehnick et al. [43] optical potential.
Concerning the description by the same global optical
potentials [41-45] of the deuteron total-reaction cross
sections, measured at only one energy for each of the
343638 Fe isotopes, the results shown in Fig. 2 cannot change
the assessment of the Daehnick er al. [43] potential for ™'Fe
deuteron-activation cross-section calculation.

B. Deuteron breakup effects on activation cross sections

The physical picture of the deuteron breakup 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 sections was given by Kalbach [46] as a function
of the deuteron incident energy E and mass number A of the
target nucleus:

(A3 40.8)?

—_—, K4, =21,
rop (55

oy = Kap Kan = 18.

ey

The corresponding total proton-emission breakup cross
sections for deuteron interactions with 3*35’Fe are shown
in Fig. 3.

Additional features of the breakup cross-section
parametrization in terms of the deuteron total-reaction cross
section or have been considered by Avrigeanu et al. [1],
namely the dependence on the target charge number Z, while
distinct forms are provided for the total BU nucleon emission
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FIG. 1. (Color online) Comparison of measured [40] and calcu-
lated elastic-scattering angular distributions of deuterons on **Fe (left
side) and 3°Fe (right side), from 5 to ~60 MeV, using the global OMPs
of Refs. [41-45].
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FIG. 2. (Color online) (Left) As for Fig. 1 but for the target nu-
cleus 38Fe [40]. (Right) Comparison of measured [40] and calculated

total reaction cross sections of deuterons incident on 3*°¢8Fe from
5 to ~60 MeV, using the global OMPs of Refs. [41-45].
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as well as the EB and BF components (Fig. 3):

ol = [0.087 — 0.0066Z + 0.00163ZA'/
+0.0017A'E — 0.000002ZE*Jog,  (2)

opp = [0.031 —0.0028Z + 0.00051ZA'/3

+0.0005A'3E — 0.000001Z E?)o, 3)

op = ohl —ows, )

leading to the total-breakup cross section
oy = Ogp + 201%"- &)

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

The latest BU parametrization, given by Kalbach [47]
within the FENDL-3 project [10], considers also equal cross
sections for the BU proton and neutron emission:

op/”(E) =5.4(Dg)exp| — )| 1 +ex B
BU . 0 P 170 p 14 P
(6)

where
5A5

Dy=12——
0 1+ exp (%)

+1.2.

As can be seen in the upper part of Fig. 3, both of Kalbach’s
parametrizations [46,47] predict similar higher values of total
proton breakup cross sections at the lowest incident energies,
even exceeding og, while the latter predicts also lower values
in comparison with the experimental systematics of the total
proton-emission breakup fraction o l’; y/or [48-51] for E from
~10 to 60 MeV (Fig. 4). Regardless the differences between
the Kalbach [46] and Avrigeanu et al. [1] predictions at low
deuteron energies, they result in a similar trend of the two
approaches for the total proton-emission breakup excitation

=y

- - - - Kalbach (2003)}:
0.01g] Avrigeanu+
-------Kalbach (2010)

o (b)

1 ! f

10 20 30 40 50

1 ! ! ! !

10 20 30 40 5

10 20 30 40 50
E (MeV)
FIG. 3. (Color online) The energy dependence of the deuteron
total reaction cross sections [43] (dotted curves) and the total
proton-emission breakup cross sections given by parametrizations of
Refs. [1] (solid curves), [46] (dashed curves), and [47] (dash-dotted
curves), for deuteron interactions with *%3"Fe (upper row). The
energy dependence of the total BU (dotted curves), BU nucleon
emission (solid curves), BF (dashed curves), and EB (dash-dotted
curves) cross sections [1] for the deuteron interactions with the same
Fe isotopes (lower row).
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tions of Refs. [1] (solid curves), [46] (dashed curves), and [47]
(dash-dotted curves), for deuteron interactions with 27Al, >%62Ni,
07r,23Nb, 11°Sn, 131 Ta, 2°8Pb, and 2*>Th.

functions within the energy range ~10-60 MeV. The very
scarce experimental deuteron BU systematics [48-52] may
lead to large uncertainties of the BU cross-section energy
dependence at deuteron energies over 60 MeV. Thus, only the
extension of experimental data beyond this energy limit may
improve the corresponding parametrizations. They would be
of interest for basic research while the needs of the actual
strategic research programs [7-9] did not go over this limit.

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
opy. On the other hand, the BF component, where one of the
deuteron constituents interacts with the target nucleus, leading
to a secondary composite nucleus, brings contributions to
different reaction channels [1,2,4-6,11,12,14,16,21,22]. Thus,
the absorbed proton or neutron following the deuteron breakup
contributes to the enhancement of the corresponding (d,xn) or
(d,xp) reaction cross sections, respectively.

In order to calculate the BF enhancement of, e.g., the
(d,xn) reaction cross sections, the BF proton-emission cross
section o, should be multiplied by the ratios o, .)/0k,
corresponding to the above-mentioned enhancing reaction,
convoluted with the Gaussian line shape distribution of the
BF proton energy E, for a given deuteron incident energy E.
Finally, the integration over the BF proton energy provides the
BF enhancement cross section [4-6,21,22]:

%0 Ep)
—L

opr(E) = agF(E)/dE,, .
R

1 [E, - Eg(E)]2
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where o} is the proton total reaction cross section, x stands
for various outgoing channels, e.g., v, n, d, or «, while Eg
and w are the centroid and standard deviation, respectively, of
the above-mentioned BU proton-energy Gaussian distribution
given by Kalbach [46] related parameters. Interpolated values
of the experimental nucleon-induced reaction cross sections
from EXFOR library [53] have been involved within the BU
enhancement estimation, e.g., Refs. [5,14], 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 "Fe, through the
(p,v), (p,n), (p,2n), (p,3n), (p,2p), (p,®), (p,an), (n,y),
(n,d), and (n,o) reactions populating various residual nuclei,
are shown in Figs. 8-18.

C. Transfer reactions

Apart from the breakup contributions to deuteron inter-
actions, increased attention has to be paid to the direct
reactions, so far very poorly considered within deuteron
activation analysis. Since the interactions of deuterons on
low and medium mass target nuclei at energies around the
Coulomb barrier proceed largely through the DR mechanism,
their contribution is important for the first-chance emitted
particle cross section. On the other hand, similarly to the
breakup mechanism, the transfer reactions that enhance some
residual excitation functions decrease the deuteron flux going
towards statistical processes. The assessment of the total
transfer reaction cross section is mandatory in this case, but
it is conditioned by the available experimental spectroscopic
factors or at least outgoing particle angular distributions.

The appropriate calculations of the DR stripping and
pick-up mechanism contributions, that are important at the
low energy side of the (d, p), (d,n), (d,t), and (d,«) excitation
functions [1,2,4,6,11,14,16,21,22,54], have been performed in
the frame of the CRC formalism by using the code FRESCO [17].
The post/prior form distorted-wave transition amplitudes, for
(d,n/p) and respectively (d,t/a) reactions, and the finite-
range interaction have been considered. The n-p effective
interaction in the deuteron [55] as well as the d-n effective
interaction in the triton [56] are assumed to have a Gaussian
shape, while the Woods-Saxon shape [57] 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 [1,4,6,21]. Concerning the
(d,o) 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, e.g., [58-60] for (d,n) and
(d, p) stripping processes, and [58,61-64] for (d,t) and (d,o)
pick-up processes, have been obtained from the ENSDF
library; see [65] and references therein.

Actually, the one-nucleon transfer reactions, e.g., (d,n) and
(d, p) stripping processes, have been of critical importance for
the nuclear structure studies. Thus, the spectroscopic factors
extracted from the analysis of experimental angular distri-
butions of the corresponding emitted particles did contribute
to the validation of the nuclear shell model. Consequently,
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FIG. 5. (Color online) Comparison of measured [66] and cal-
culated (solid curves) proton angular distributions from the
34Fe(d, p)*°Fe stripping reaction at E = 14 MeV.

the systematics of the achieved experimental spectroscopic
factors makes possible the calculation of almost total (d,n) and
(d, p) cross-section contributions to the deuteron activation.
Unfortunately this is not the case of the pick-up (d,t) and
(d,a) studies, for which the experimental triton and a-particle
angular distributions as well as spectroscopic factors are
extremely scarce, so that the corresponding cross sections for
each of the Fe isotopes cannot be estimated or at best could be
underestimated.

An entire analysis of the DR contributions is shown in
Figs. 5 and 6 for deuteron interactions with Fe. Thus,
we have considered the population of 44 levels of the > Fe
nucleus [58,66] within a similar analysis of the >*Fe(d, p)>>Fe
stripping cross section. The appropriate description of the
corresponding proton angular distributions, e.g., Fig. 5,
validates the correctness of the theoretical stripping excitation
function shown in Fig. 6(a). Moreover, the suitable description
of angular-distribution maximum values of neutron [67] and
a particles [68] has also supported the calculations of the

& YFe(dx)Fe
—— This work
=y I e N SR TENDL-2013 '
S s4 55
= e(d,p)” Fe |
o 4 (d,p) 1 01 (d,p2n)
(d,t) ) l
S o4 ] .
O'10 10 20 30 40 50 600'015 10 15
E (MeV)

FIG. 6. (Color online) (a) Calculated cross sections of the
*4Fe(d, p)*°Fe stripping reaction, and (b) comparison of the mea-
sured [69], presently calculated (solid curves), and TENDL-2013 [19]
(dotted curves) cross sections of the **Fe(d, x)>*Fe reaction. The (d, 1),
(d,dn), and (d, p2n) reaction thresholds are also shown (arrows).
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FIG. 7. (Color online) 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,?) (dotted curves) and (d, o)
(short dash-dotted curves) reaction cross sections for deuterons on
3456,57.58Fe, and the corresponding reduction factors of the deuteron
flux going towards statistical processes (thick solid curves).

total DR cross section that are shown in Fig. 7(a) for the >*Fe
isotope.

A particular note should concern the (d,¢) pick-up contri-
bution to the total (d,t) activation cross section. In spite of
being usually neglected in deuteron activation cross-sections
calculations, the (d,t) pick-up process is responsible for the
lowest-energy side of the excitation function, namely at the
energies between its threshold and those of the (d,dn) and
(d, p2n) reactions that contribute to the population of the
same residual nucleus. These threshold energies are shown in
Fig. 6(b) for a better understanding of the pick-up reactions’
important role within deuteron interactions at low incident
energies. At the same time, the suitable description of the
measured (d,t) excitation function [69] validates the present
pick-up (d,t) cross-sections calculation.

Finally, we have taken into account the deuteron total
reaction cross section that remains available for the PE + CN
mechanisms, following the correction for the incident flux
leakage through direct interactions (DI), i.e., the breakup,
stripping, and pick-up, as given by a reduction factor:

_ 0By + 0. +0w.p) + 0ws) + 0 _ 1— o )
OR OR .

1

The energy dependence of this reduction factor, as well as of
its components corresponding to deuteron interactions with
the 3436:57:38 e isotopes, is shown in Fig. 7.

The significant effect of the stripping (d,p), (d,n),
and pick-up (d,«), (d,t) reactions for the deuteron in-
teraction with Fe isotopes is proved in Figs. 8(b),
9(b), 11(b), 12(b), 14(b), 15(b), 16(c), 17(a), and 17(c).
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FIG. 8. (Color online) Comparison of previous [25,26] and
present (solid circles) measurements, TENDL-2013 [19] predictions
(dotted curves), and present calculation (solid curves) of cross
sections for (a) "*Fe(d,x)*Fe and (b) *Fe(d, p)*’Fe reactions, along
with inelastic breakup enhancement (dashed curves), stripping (d, p)
reaction (dash-dotted curve), and PE + CN components (dash-dot-
dotted curves) corrected for initial deuteron flux leakage through DI
(see text).

D. Statistical emission

The PE and CN processes become important with the
increase of the incident energy above the Coulomb barrier.
We have calculated the corresponding reaction cross sections
by means of the TALYS-1.4 code [18], taking into account also
the above-discussed breakup, stripping, and pick-up results
through the reduction factor of Eq. (8).

The following options of the TALYS-1.4 input have
been used: (a) the optical model potentials of Koning-
Delaroche [70], Daehnick er al. [43], Avrigeanu et al. [71],
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. 100}
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©
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s TENDL-2013
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E (MeV)

FIG. 9. (Color online) Comparison of previous [25-28] and
present (solid circles) measurements, TENDL-2013 [19] predictions
(dotted curves), and present calculations (solid curves) of cross
sections for (a) the "Fe(d,xn)*Co, (b) *"Fe(d,n)*®Co, and (c)
38Fe(d,2n)**Co reactions, along with inelastic breakup enhancement
(dashed curves), stripping (d,n) reaction (dash-dotted curve), and
PE + CN components (dash-dot-dotted curves) corrected for initial
deuteron flux leakage through DI (see text).
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FIG. 10. (Color online) (a),(b) Calculated cross sections of Fe
isotopes for stripping reactions (d,n) and (d,p), respectively, (c)
experimental isomeric cross-section ratios of the "*Fe(d,xn)*#Co™$
reaction [29] as well as the linear interpolation (dashed curve) and
constant extrapolation for E > 20 MeV (dotted line), and (d) the
derived stripping component of the "*Fe(d,xn)**Co™ reaction cross
sections (dashed curve).

and Becchetti-Greenlees [72] for neutrons, protons, deuterons,
alpha-particles and tritons, respectively; (b) the back-shifted
Fermi gas (BSFG) formula for the nuclear level density; (c)
no TALYS breakup contribution, since the above-mentioned
breakup components were considered for both the total-
reaction cross-section reduction factor and the BF enhance-
ments account; (d) the preequilibrium transition rates calcu-
lated by means of the corresponding OMP parameters, using
the value 3 for the preeqmode TALYS keyword.
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FIG. 11. (Color online) Same as Fig. 9 but for (a)
"Fe(d,xn)¥Co™ [28], (b) >’Fe(d,n)’*Co™, and (c) *Fe(d,2n)¥Co™
reactions.
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FIG. 12. (Color online) Same as Fig. 9 but for (a)
natEe(d,xn)’Co [25-27,30-32], (b) °Fe(d.n)*’Co [33], (c)
STFe(d,2n)>"Co, and (d) *®Fe(d,3n)>’ Co reactions.

IV. RESULTS AND DISCUSSION

The detailed contributions of various isotopes to a certain
activation excitation function of the deuteron interactions with
"Fe are compared in Figs. 8-18 with the measured cross
sections given in Sec. II and formerly available [25-38] as

100k
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FIG. 13. (Color online) Comparison of previous [25-28,32-35]
and present (solid circles) measurements, TENDL-2013 [19] pre-
dictions (dotted curves), and present calculations (solid curves)
of cross sections for (a) "Fe(d,xn)**Co, (b) °Fe(d,2n)’°Co, (c)
STFe(d,3n)*°Co, and (d) **Fe(d,4n)>*Co reactions, along with inelas-
tic breakup enhancement (dashed curves), and PE + CN components
(dash-dot-dotted curves) corrected for initial deuteron flux leakage
through DI (see text).
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FIG. 14. (Color online) Same as Fig. 9 but for (a) the
"Fe(d,xn)> Co reaction [25-27,31,36], with the arrows correspond-
ing to the (d,xn) reaction thresholds, where x = 3,4, and 5, and for (b)
34Fe(d,n)>Co [33,37,38], (c) *Fe(d,3n)Co, (d) *’Fe(d,4n)>Co,
and (e) *8Fe(d,5n)>>Co reactions.

well as with the TENDL-2013 predictions [19], while a global
comparison of the data and calculated results for "™Fe is
shown in Fig. 19. The overall agreement of experimental
and calculated activation excitation functions supports the
correctness of the reaction mechanism descriptions that have
been considered for the deuteron-nucleus interactions, while
particular comments concern several categories.

A. The (d,n) and (d, p) reactions

The description of measured excitation functions corre-
sponding to deuteron interaction with a mono-isotopic Fe
target and one-nucleon emission, namely *3°Fe(d,n)>>%’Co
and 33 Fe(d,p)>’Fe reactions, represents in particular a distinct
test of the nuclear model approach. Of major importance in this
respect is the (d, p) reaction on *3Fe nucleus [Fig. 8(b)], due
to the large contribution of the stripping reaction mechanism
whose consideration is critical for the suitable account of the
measured cross sections. A different case is that of the (d,n)
reaction on >*°Fe target nuclei, Figs. 12(b) and 14(b), respec-
tively, due to the quite larger neutron statistical (PE + CN)
emission that goes mainly to population of this reaction

044613-8



LOW ENERGY DEUTERON-INDUCED REACTIONS ON Fe ...

: . : , 10
t 56
"Fe(d,x)”’Mn
o f TS 10L
—— This work 1t
~~~~~~~~ TENDL-2013
1 1
4 Khandaker+(2013) 0.1t § — BF+PE+CN
® This work o TENDL-2013
— : (a) : (b)
£ 0'10 10 20 30 40 50 0'0110 20 30 40 50
o 57¢ " \56p 7+ ' . ' N '
100t Fe(d,X) Mn (C), . Fe(d,X) Mn @

—— DR+PE+CN
~~~~~~~ TENDL-2013

100¢

10¢

4/ ——BF+PE+CN
[/ R TENDL-2013

01 1, G L 1

20 30 40 50

E (MeV)

FIG. 15. (Color online) Comparison of previous [26] and present
(solid circles) measurements, TENDL-2013 [19] predictions (dotted
curves), and present calculations (solid curves) of cross sections for
(a) "Fe(d,x)>*Mn, (b) *°Fe(d,2p)**Mn, (c) >’Fe(d,x)**Mn, and (d)
38PFe(d,x)’*Mn reactions, along with inelastic breakup enhancement
(dashed curves), pick-up (d,«) reaction (dash-dotted curve), and
PE + CN components (dash-dot-dotted curves), corrected for initial
deuteron flux leakage through DI (see text).

channel until the (d,2n) reactions becomes dominant at higher
energies. Then again the stripping reaction plays the key role.

An analysis requesting additional assumptions concerns the
total and isomeric state activations of the 3*Co residual nucleus
shown in Figs. 9(b) and 11(b), respectively. Since any specific
experimental information needed for the estimation of the
stripping (d,n) contribution to the >’Fe(d,n)’®Co interaction
process—e.g., neutron angular distributions or spectroscopic
factors corresponding to populations of various excited levels
of 38Co through the stripping mechanism—is not available, an
estimation of this contribution has been necessary. Thus, we
have considered the same stripping contribution for ®7Fe, as
shown in Fig. 10(a). Actually, one may see in Fig. 10(a) that the
(d,n) stripping cross sections increase with the isotopic mass
while their excitation-function maximum moves toward higher
energies. Therefore, taking into account equal (d,n) stripping
contributions for *%>’Fe isotopes, we may have at least the
lowest limit estimation of the >’Fe(d,n) stripping excitation
function shown in both Figs. 9(b) and 10(d). Moreover, we de-
duced the stripping contribution to the >*Co™ activation shown
in Fig. 10(d) by using the experimental ratio 0™ /(6™ + o¢) of
the isomeric state population to the sum of isomeric and ground
states population through the "Fe(d, xn)*®Co reaction [29], as
well as a linear interpolation of the measured ratios and the
assumption of a constant ratio value of 0.541 above the incident
energy of 20 MeV [Fig. 10(c)]. Finally, the results of these
approximations describe satisfactorily the 3¥Co™ activation
excitation function shown in Fig. 11(a). However, increased
values would be necessary in the case of >Co activation for the
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FIG. 16. (Color online) Same as  Fig. 15 but for
(a) "Fe(d,x)**Mn [25-27,31,32], (b) >*Fe(d,2p)**Mn, (c)
Fe(d,x)**Mn [28], (d) *’Fe(d,x)**Mn, and (e) **Fe(d,x)**Mn
reactions.

agreement with the experimental excitation function shown in
Fig. 9(a). Nevertheless, such an eventual increase could be
well motivated since we considered only the lowest limit of
the stripping contribution for the 3’Fe target nucleus.

One may note that the nuclear model analysis of the
>*Fe(d,n)> Co reaction [Fig. 14(b)] has pointed out that the ap-
parent discrepancies between TENDL-2013 [19] and the
experimental data could be due to the DI weak treatment.
The complete analysis of this activation excitation function
illustrates indeed the complexity of the deuteron interactions
involving breakup, stripping, and PE and CN reaction mecha-
nisms. As a result of the energy thresholds for the rest of the
Fe isotopes [shown in Fig. 14(a) for the (d,3n), (d,4n), and
(d,5n) reactions], this reaction is the only one contributing to
the "*Fe(d,xn)>>Co excitation function for incident energies
<18.3 MeV. Consequently, the effects of breakup and stripping
mechanisms are better emphasized in the absence of strong
contributions coming from the 91.8% most abundant °Fe
isotope.

B. The (d,2n) and (d,3n) reactions

These reactions become consecutively the dominant chan-
nels above the deuteron energies of ~20 MeV. The statistical
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FIG. 17. (Color online) Same as Fig. 15 but for (a)
MFe(d,0)?Mn™ [37], (b) "TFe(d,x)*Mn [27,31], (c)
MFe(d,a)”Mn [33], (d) *°Fe(d,x)**Mn, (e) 'Fe(d,x)**Mn,
and (f) ¥Fe(d,x)**Mn reactions.

(PE +CN) emission gives the largest contribution to these
yields only at the beginning of the corresponding excitation
functions, during their increase with the incident energy. Next,
the decrease of these functions becomes slower due to larger
contributions brought by the inelastic breakup through the
(p,n) and (p,2n) processes (Figs. 9, 11, 12, 13, and 14).
The correctness of this sum is proved by the experimental
cross sections for the (d,2n) reaction on the °Fe nucleus
[Fig. 13(b)], which is the only one of this kind measured on a
mono-isotopic Fe target.

C. The (d,ox) reactions

The comparison of the calculated and measured cross
sections for *Fe(d,)>*Mn [Fig. 16(c)], **Fe(d,«)*>Mn” and
Fe(d,o)’*Mn [Figs. 17(a) and 17(c)] reactions on monoiso-
topic Fe targets shows that the (d,«) pick-up component is
less important than the stripping one for the (d, p) reaction.
The agreement found for the first two of the above-mentioned
reactions, strengthened by that for the >*Mn and 3>Mn activa-
tion induced on "Fe (Figs. 16 and 17), support consistently
the present model calculations. At the same time, the dominant
pick-up component for the > Fe(d,«)>®Mn reaction [Fig. 15(d)]
is supported by the agreement shown in Fig. 15(a) for the *Mn
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FIG. 18. (Color online) (a) Schematic decay of >'Mn and >'Cr
nuclei [65,73-75]; comparison of previous [26,31] and present
(solid circles) measurements, present calculations (solid curves),
and TENDL-2013 [19] predictions (dotted curves) of cross sec-
tions, for (b) "Fe(d,x)’'Cr, (c) **Fe(d,x)’'Cr, (d) *°Fe(d,x)'Cr,
(e) "Fe(d,x)’'Cr, and (e) >®Fe(d,x)’'Cr reactions, along with
BF enhancement reactions >*Fe(n,a)’'Cr (dashed curve) and
34Fe(p,a)*'Mn (dash-dotted curve) and PE and CN components for
SICr (thick dash-dot-dotted curves) and 3'Mn (thin dash-dot-dotted
curves) residual nuclei (see text).

activation induced on ""Fe at the energies below the thresholds
for the (d,2p) and (d,n2 p) dominant components.

D. The "Fe(d,x)*'Cr reaction

A more complex case is that of the activation cross
sections of ' Cr residual nucleus. The reported experimental
activation cross sections are based on the measurements of
320 KeV y-ray transition of 'V [65,73-75], following the
EC decay of the long-lived *'Cr radionuclide (7, = 27.7
d) [65,73,74]. However, since the >'Cr nucleus is populated
also by the EC decay of relatively short-lived >'Mn (T}, =
46.2 min) [65,73,75], as schematically presented in Fig. 18(a),
the activation cross sections of >'Cr that have been measured
on the basis of this transition correspond to the reactions
54.56,5738 Fe(d, x )1 Cr + 3*3057.58Fe(d, x)*'Mn. Therefore, in
Fig. 18 are presented the main contributions to the activation
of 3'Cr residual nucleus following the deuteron interactions
with the 3+357:38Fe isotopes, including the EC decay of
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FIG. 19. (Color online) Comparison of previous [25-38] and
present measurements (solid circles), present calculations (solid
curves), and TENDL-2013 [19] predictions (dotted curves) of cross
sections for deuteron interactions with "Fe (see text).

the 3'Mn residual nucleus. A further distinct point of this
reaction data analysis concerns the BF enhancement. It is
present only in the case of the 3Fe isotope, following the BU
neutron and proton interactions with the target nucleus through
the reactions >*Fe(n,«)’' Cr and >*Fe(p,a)>' Mn, respectively
(Fig. 18). The corresponding cross sections have been added
to the PE and CN contributions, corrected for the leakage of
the initial deuteron flux toward direct processes, that are only
present for the rest of 3%37-3Fe isotopes.

E. Broad overview

Overall, the comparison of the calculated and evaluated
TENDL-2013 [19] excitation functions shown in Fig. 19 has
pointed out that the results of the present work are in better
agreement with experimental data. Actually, the discrepancies
between the experimental data and the corresponding TENDL-
2013 predictions may underline the effects following the
lack of BU enhancement contribution and the inappropriate
treatment of the stripping and pick-up processes. Therefore,
the use of coupled channels formalism for DR cross-section
calculations could only make possible the description of
excitation functions corresponding to one-particle emission
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that includes stripping, (d, p), (d,n), and pick-up, (d,?), (d,o),
processes in addition to PE + CN mechanisms.

On the other hand, consideration of the deuteron breakup
plays a key role for the reaction channels with a second and
third emitted particle, in addition to the first one which could
also be a BU nucleon. Thus, in order to obtain a complete
description of either (d,xp) or (d,xn) reaction cross sections,
it should be also taken into account that the neutrons/protons
following the breakup proton/neutron emissions are absorbed
in further interactions with the target nucleus. Finally, the
deuteron activation cross sections represent the cumulative
cross sections of either the (d, px) and (n,x) or the (d,nx) and
(p,x) reactions with the same target nucleus.

V. CONCLUSIONS

The activation cross sections for production of Sicy,
32:5456Mn, Fe, and 3°3%57-33Co radioisotopes in deuteron-
induced reactions on natural Fe were measured at deuteron
energies up to 20 MeV. They are in good agreement with the
previously reported experiments [25-38].

A major goal of the present work has been to evaluate
the setting of an unitary analysis of the nuclear reaction
mechanisms of the deuteron interactions with nuclei, namely
the breakup, stripping, pick-up, preequilibrium, and statistical
processes. It is required by the complexity of the deuteron
interaction with nuclei, for which so far various weak approx-
imations have been widely used.

A detailed theoretical treatment of each reaction mechanism
contribution has thus been proved to be necessary to obtain
a reliable understanding of the interaction process as well
as to obtain accurate values of the calculated deuteron
activation cross sections. Moreover, the comparisons of the
experimental deuteron activation cross sections with both
our model calculations and the corresponding TENDL-2013
evaluations support the detailed theoretical treatment of the
deuteron interaction process. Firstly, the overall agreement
between the measured data and model calculations validates
the present theoretical approach of the deuteron interactions as
well as each reaction mechanism that has been considered in
this respect. On the other hand, the discrepancies between the
measured data and corresponding TENDL-2013 evaluations
have been explained as the result of overlooking the inelastic
breakup enhancement, as well as of the inappropriate treatment
of stripping and pick-up processes.

However, while the associated theoretical models for
stripping, pick-up, PE, and CN are already settled, an increased
attention should be paid to the breakup mechanism concerning
its theoretical description including the inelastic component.
Moreover, the improvement of the deuteron breakup descrip-
tion requires also complementary experimental studies of,
e.g., (d,px) and (n,x) or of (d,nx) and (p,x) reaction cross
sections for the same target nucleus, within corresponding
incident-energy ranges [5]. Furthermore, the associated inclu-
sive neutron and proton spectra measurements are required as
well, since their analysis could make possible the distinction
among various mechanism contributions. Thus, the only way
to check and improve the breakup empirical parametrizations
is to increase the related experimental databases.
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