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Background: The high complexity of the deuteron-nucleus interaction from the deuteron weak binding energy
of 2.224 MeV is also related to a variety of reactions induced by the deuteron-breakup (BU) nucleons. Thus,
specific noncompound processes as BU and direct reactions (DR) make the deuteron-induced reactions so
different from reactions with other incident particles. The scarce consideration of only pre-equilibrium emission
(PE) and compound-nucleus (CN) mechanisms led to significant discrepancies with experimental results so that
recommended reaction cross sections of high-priority elements as, e.g., Ni have mainly been obtained by fit of
the data.

Purpose: The unitary and consistent BU and DR account in deuteron-induced reactions on natural nickel may
take advantage of an extended database for this element, including new accurate measurements of particular
reaction cross sections.

Method: The activation cross sections of *+®1:60Cy, 937Nj, and 3>-6-37-38:38m.60Cq pyclei for deuterons incident
on natural Ni at energies up to 20 MeV, were measured by the stacked-foil technique and high-resolution gamma
spectrometry using U-120M cyclotron of CANAM, NPI CAS. Then, within an extended analysis of deuteron
interactions with Ni isotopes up to 60 MeV, all processes from elastic scattering until the evaporation from fully
equilibrated compound system have been taken into account while an increased attention is paid especially to the
BU and DR mechanisms.

Results: The deuteron activation cross-section analysis, completed by consideration of the PE and CN
contributions corrected for decrease of the total-reaction cross section from the leakage of the initial deuteron
flux towards BU and DR processes, is proved satisfactory for the first time to all available data.

Conclusions: The overall agreement of the measured data and model calculations validates the description of
nuclear mechanisms taken into account for deuteron-induced reactions on Ni, particularly the BU and DR that

should be considered explicitly.
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I. INTRODUCTION

The extended database for deuteron-induced reactions on
natural nickel at low energies offered a good opportunity to
continue the series of recent analyses [1-5] looking for the
consistent inclusion of the deuteron breakup (BU) contribution
within activation cross-section calculations. While the descrip-
tion of deuteron-nucleus interaction represents an important
test for the reaction mechanism models, because of the weak
deuteron binding energy of 2.224 MeV and the variety of
reactions initiated by the BU nucleons, the eventual key role
of BU and direct processes for deuterons on Ni may fill in
the recent similar discussion including the Fe and Cu stable
isotopes [6,7].

On the other hand, the above-mentioned significant
database exists because nickel is an important structural,
alloying, and surface coating material used in nuclear tech-
nology while isotopes of Ni are also used for the production
of diagnostic and therapeutic radioisotopes. However, there
are yet contradicting experimental data for several reactions
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whereas the related model calculations were recently proved to
need improvements to enhance the quantitative prediction of
data [8,9]. It is why the presently recommended cross sections
of deuteron-induced reactions on natural nickel have mainly
been obtained by fit of the measured data [8—10]. Therefore,
complementary cross-section measurements as well as further
model calculations are necessary to meet the demands of
several ongoing strategic research programs at international
large-scale facilities [11-13] and databases [14].
Consequently, the present work aims both to strengthen
the database of deuteron-induced reactions on natural nickel,
up to 20 MeV, and a deeper understanding of deuteron
breakup and very poorly taken into account (d, p) and (d,n)
stripping as well as the (d,#) and (d,«) pick-up direct reactions
(DRs), all together and consistently with the well-established
statistical emission. The experimental setup and the measured
data are described in Sec. II. Next, a consistent energy-
dependent optical potential for deuteron on Ni isotopes is
first discussed in Sec. III A. Deuteron breakup effects on
the corresponding activation cross sections of Ni isotopes
are the subject of Sec. III B, while the DR analysis using
the computer code FRESCO [15] is described in Sec. IIIC
as well as the pre-equilibrium (PE) and emission from fully
equilibrated compound nucleus (CN) contributions, using the
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code TALYS-1.8 [16], in Sec. III D. The measured and calculated
deuteron activation cross sections of Ni stable isotopes and
natural Ni are compared in Sec. IV, including the evaluated
data from the TENDL-2015 library [17], and conclusions of this
work are given in Sec. V.

II. MEASUREMENTS

The irradiation was carried out on CANAM infrastructure
of NPI CAS using an external deuteron beam of the variable-
energy cyclotron U-120M operating in the negative-ion mode.
The beam was extracted using a stripping-foil extractor and
was delivered to the reaction chamber through a beam line
consisting of one dipole and two quadrupole magnets. The
mean beam energy was determined with an accuracy of 1%,
with full width at half maximum (FWHM) of 1.8%.

The activation cross sections were measured by the stacked-
foil technique. The collimated deuteron beam impinged the
stack of foils placed in a cooled reaction chamber, that served
also as a Faraday cup. Accuracy of the current and charge
measurement was 5%.

The high-purity Ni 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 simulated by the SRIM 2008
package [18]. The Ni foils were interleaved with Al foils that
were used for additional monitoring of the beam current and
deuteron energy loss as well.

Natural nickel consists of five stable isotopes: >*Ni
(68.08%), °Ni (26.22%), *'Ni(1.14%), °*Ni (3.64%), and **Ni
(0.93%) which leads to many open reaction channels. The
irradiation was carried up in three runs to check an 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 two calibrated high-purity germanium (HPGe)
detectors of 50% efficiency and FWHM of 1.8 keV at
1.3 MeV, one of them (with Be window) was calibrated to
low energy by gamma rays (53.161 keV) and x rays (30.973
keV, 30.625 keV, and 34.987 keV) from the 133Ba standard.
Experimental reaction rates were calculated from the specific
activities at the end of the irradiation and corrected to the
decay during irradiation using the charge measurement and
foil characteristics as well. The measurement with different
cooling times lasted up to 100 days after irradiation. The decay
data of the isotopes observed from irradiated Ni foils [19] are
given in Table II. A background contribution was extracted

TABLE I. Characteristics of single runs.

Run Initial Total Irradiation Mean
no. energy charge time current
(MeV) (1®) (s) (uA)
1 19.93 65.65 432 0.152
19.93 69.72 433 0.161
3 19.48 154.55 482 0.321
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TABLE II. Half-lives, main gamma lines, and their intensi-
ties [19] of the isotopes observed from irradiated Ni foils.

Isotope T, E,(keV) I,(%)
%Cu 12.7h 1345.84 0.473
5Cu 3.333h 282.96 12.2
656.01 10.77
1185.23 3.75
OCu 23.7 min 1791.6 45.4
826.06 21.7
%Ni 2.5172h 1481.84 24
1115.55 15.43
STNi 35.6h 1377.63 81.7
127.16 16.7
0co 5.2714 year 1332.5 99.99
1173.24 99.97
8Co 70.86 day 810.78 99
BCo™ 9.04 h 24.89 0.0389
SCo 271.79 day 122.06 85.6
136.47 10.68
%Co 77.27 day 846.77 100
1771.35 15.69
3Co 17.53 h 931.3 75
4772 20.2

from the lines 1115.55 keV, 1377.63 keV, 1332.5 keV, and
1273.24 keV.

The experimental cross sections of the Ni(d ,x)%Cu,
Ni(d,x)®'Cu, Ni(d,x)®Cu, Ni(d,x)®Ni, Ni(d,x)*'Ni,
Ni(d,x)*°Co, Ni(d,x)**Co, Ni(d,x)*Co™, Ni(d,x)’"Co,
Ni(d ,x)SGCo, and Ni(d ,x)SSCo reactions are shown in
Table III. However, the isotope ®Ni is populated only via
%4Ni(d, p) reaction, so the corresponding cross section is
directly related to the natural Ni by an abundance factor.
Similar situation is for the *Ni(d,x)*'Ni, 3¥Ni(d,x)**Co, and
38Ni(d,x)> Co reactions at energies below 20 MeV. The same
residual nuclei are also populated through reactions on ®Ni
above the incident energy of 20 MeV. The measured cross
sections are in good agreement with recent data [8—10,20-26]
and will be discussed in Sec. IV.

The cross section for production of ' Co up to 20 MeV was
not determined in present work. The reason is that all three
gamma lines in ®' Co decay (71, = 1.650 h), i.e., 67.412 keV
(85%),908.631 keV (3.6%), and 841.21 keV (0.79%), are also
present in ¢!Cu decay (T} »2 = 3.333 h) to the same daughter
nucleus ®'Ni. The time dependence of activity and the relative
intensities of these lines are consistent with °'Cu decay. The
upper limit for the Ni(d,x)®'Co reaction is in the order of
present experimental errors and thus the contribution of ¢!Co
decay to the observed activity is not significant below 20 MeV
(see Fig. 13).

The 3Co nucleus (Tlg/2 = 70.86 d) has a long-living

metastable isomer 3Co” (T}, = 9.04 h) decaying through
the 24.9 keV (I = 0.0389%) gamma ray to the ground state.
This isomer feeds the *3Cof ground state by 100% of intensity.
Thus the cumulative cross section (isomeric and ground state)
was measured after a period of time of ~10 77",.
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TABLE III. Measured reaction cross sections (mb) for deuterons incident on natural nickel. 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) Ni(d,x)®*Cu  Ni(d,x)®"Cu  Ni(d,x)®Cu Ni(d,x)*Ni Ni(d,x)*’Ni Ni(d,x)®°Co Ni(d,x)**Co Ni(d,x)®Co” Nid,x)*’Co Ni(d,x)*Co Ni(d,x)’Co
19.59 (34) 6.47 (94) 16.67 (100) 45.60 (263) 0.789 (56) 6.57 (46) 10.25(100) 265.3 (153) 193.1 (291) 101.8 (60) 9.56 (55) 19.37 (112)
19.25(34)  6.35(63) 17.86(106) 53.62(618) 0.907 (57) 5.71(36)  9.58 (69) 276.0(162) 183.2(234) 87.12(547) 10.42(60) 19.35(117)
1839 (37) 7.74 (90) 16.20(129) 48.48 (286) 0.888 (60) 4.75 (31) 8.60 (54) 264.1(152) 214.7 (243) 65.87 (384) 10.90 (63) 16.74 (99)
18.24 (33) 8.09(71) 1891 (111) 54.89 (633) 0.975(61) 4.44 (28) 9.09 (58) 272.0(163) 186.2 (223) 62.46(365) 11.45(66) 16.59 (98)
17.14 (35)  8.64(83) 19.61 (115) 4250 (246) 1.03(7)  3.70(23)  6.38(69) 261.5(151) 212.7(356) 42.33(250) 13.74(85) 13.92(81)
15.85(39) 9.86(70) 23.24(141) 38.61(233) 1.28 (9) 2.95 (18) 5.00 (47) 246.8 (143) 207.4 (235) 32.80(191) 16.15(93) 11.13 (64)
15.83 (36) 9.27 (75) 22.85(135) 49.36 (351) 1.18(8) 2.87 (18) 496 (37) 255.8(151) 197.0 (231) 32.74(191) 16.51 (96) 11.09 (65)
14.67 (39) 10.14 (76) 25.76 (152) 40.35(256) 1.37(8)  2.34(15) 3.06(91) 246.7(146) 188.0 (215) 26.59 (155) 209 (12)  8.69 (52)
14.51 (36) 9.59 (95) 25.33(153) 27.65(179) 1.33(8) 2.35(14) 3.45(74) 237.9(137) 188.1(378) 23.72(165) 21.6(13) 8.12 (47)
13.11 (45) 9.42(78) 29.90 (176) 17.35(102) 1.53(9) 1.51 (10) 0.62 (33) 205.1(118) 149.9 (210) 1592 (94) 27.6(16) 4.27 (25)
11.90 (49) 8.64 (67) 32.77(197) 7.34(47) 1.66(10) 0.699 (45) 169.1 (979) 133.6 (156) 8.73 (51) 32.3(19) 1.53 (9)

11.73 (47) 9.28 (73) 36.70 (215) 11.50(76) 1.78 (11) 0.796 (51) 181.4 (106) 144.0 (173) 9.16 (55) 34.6 (20) 1.56 (9)

11.52.(49) 7.58(71) 36.25(217) 6.31(50) 1.81(11) 0.658 (39) 164.6 (95) 148.6 (280) 6.77 (41) 36.2(21) 0.953 (56)
10.27 (48) 8.08(59) 44.91(263) 1.78(16) 2.11(12) 0.249 (16) 127.3(75) 102.1 (130) 3.01(21) 38.6(22) 0.211 (13)
10.15 (51)  7.66 (76) 43.84 (296) 0.90 (6) 2.00 (14) 0.214 (15) 112.4 (65) 89.4 (138) 2.51 (18) 38.4(22) 0.155 (10)
9.81 (51) 6.90 (80) 48.10(289) 0.34(2) 2.07 (13)  0.120 (8) 94.2 (54) 79.0 (160) 1.43(13) 37.3(22) 0.056 (5)
7.84(63)  3.98(47) 57.58(367) 0.09(1) 247 (15) 30.0(17)  16.1 (47) 024 (4)  28.4(16)  0.008 (1)
5.35(83) 46.26 (279) 2.02 (12) 6.14 (36) 2.25(32) 10.24 (59)

1.5 (15) 0.89 (5) 0.057 (4) 1.33(9) 0.12 (1)

The cross section of Ni(d ,x)SgCom reaction was determined
by the analysis of the dependence of 819.8 keV gamma-line
activity on the measurement time. The specific activities A
(metastable) and Ag, (ground state) at the end of irradiation
were determined using the MINUIT code [34] for minimization
of the Bateman equation:

_ kg AO (e*}tmt _ e*kgt) + A(g)ef)»gt’

A
8 )‘-g_}‘-m m

ey
where A, is the specific activity of the sample at the cooling
time ¢, while A, and A,, are the decay constants for ground
state and metastable isomer, respectively. The results were
consistent (within 10%) with a direct measurement of 24.9
keV gamma line with a correction for intensity attenuation in
the measured foil.

The experimental cross sections for population of the long-
lived ¥’Co nucleus (T} ,2=271.74 d) are based, following its
decay, on the measurements of 122.06 KeV and 136.47 KeV
y-ray transitions of >TFe [68]. However, because the activation
cross sections of ’Co have been measured after more than 2
weeks from irradiation of the nickel target, they include also
the contribution of >’Ni (T1/2=35.6 h) decay to S Co.

III. NUCLEAR MODEL ANALYSIS

A. Optical potential assessment

The simultaneous analysis of the deuteron elastic scattering
and induced activation appears essential for a consistent input
of nuclear model calculations [1-5] because the optical model
potential (OMP) parameters which are obtained by the former
data fit are then used within the calculation of all deuteron

reaction cross sections. Because the Daehnick et al. [35] OMP
was established on the basis of also the angular distributions
of elastic scattered deuteron on 3006264 Nj isotopes, it was
a first option of the present analysis, too. The comparison
of the experimental elastic-scattering angular distributions for
38,60-62.64N [20,36-42], at incident energies from ~5 MeV
towards 56 MeV, and the calculated values obtained by using
this OMP and the computer code SCAT2 [46] is shown in the
upper part of Fig. 1.

In the bottom part of the same figure the scarce systematics
of measured total-reaction cross sections oy for the deuteron
incident on %6%%Nj isotopes [20,42—45] is compared with
the calculated values corresponding to this OMP parameter, as
well as the evaluated data within the TENDL-2015 library [17].
An overestimation of the only og data around the incident
energy of 40 MeV for *®Ni target nucleus should be considered
at the same time with the good agreement of the measured and
calculated angular distributions at similar energies.

On the whole, the very good description of the measured
elastic-scattering angular distributions and the suitable account
of the available oy data supported well the OMP of Daehnick
et al. for the further use in the calculation of deuteron
interaction with Ni isotopes.

B. Deuteron breakup
1. Phenomenological approach

Because details concerning the physical picture of the
deuteron breakup in the Coulomb and nuclear fields of the
target nucleus were given more recently [5], only particular
points are mentioned in the following. Two distinct processes
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FIG. 1. (Top) Comparison of measured [20,36—42] and calculated elastic-scattering angular distributions of deuterons on

58.60—62,64Ni at

energies from 5 to ~60 MeV, using the global OMP of Daehnick et al. [35]; (bottom) comparison of measured [20,42-45], evaluated [17], and
calculated total-reaction cross sections using the same OMP of deuterons on 3%%***Ni from 5 to ~60 MeV.

are considered in this respect, 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 nonelastically with the target
nucleus. The empirical parametrization [1,3,47] of both the
elastic breakup (EB) and the total proton BU including also
the inelastic breakup or breakup fusion (BF) has also been
involved in the present work.

A comparison of predictions of this parametrization as
well as of that of Kalbach [48] and the experimental [49-52]
total (EB+BF) proton-emission breakup fractions oy, /o for
target nuclei from Al to Th is shown in Fig. 4 of Ref. [5].
Regardless the Kalbach high values at the lowest incident

energies, the predictions of both parametrization within the
energy range ~10-60 MeV are close to each other, in a rea-
sonable agreement with the experimental data. This is shown
there to be also the case of the **%2Ni target nuclei, in support
of the confidence in BU cross-section calculations within the
present work. Nevertheless, the somewhat scarce experimental
systematics of the deuteron BU data [49—-53] may lead to large
uncertainties of the BU cross-section energy dependence at
deuteron energies over 60 MeV. These uncertainties can be
decreased only by means of new experimental breakup data.
The similar agreement between Kalbach [48] and
Avrigeanu et al. [1,3,47] parametrizations, except the deuteron
incident energies lower than ~10 MeV, is found for the total
proton-emission BU cross sections for deuteron interactions
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FIG. 2. The energy dependence of the deuteron total-reaction
cross sections [35] (dotted curves), total proton-emission breakup
cross sections given by parametrizations of Refs. [48] (dash-dot-
dotted curves) and [1] (solid curves), and EB (dash-dotted curves) and
BF (dashed curves) breakup components [ 1], for deuteron interactions
with 386 Ni.

with 38-:60-62.64Ni " and shown in Fig. 2 for **®Ni isotopes.
Thus, the corresponding comparison of the deuteron total-
reaction cross section and total BU proton-emission excitation
functions underlines the importance of the breakup mechanism
for deuteron interacting with Ni isotopes. Moreover, the
excitation functions of the BF and the EB components, which
are also shown in Fig. 2 as given specifically by Avrigeanu
et al. parametrization, have a particular meaning for the BU
contribution to various activation cross sections.

2. Inelastic breakup enhancement

The above-mentioned BF dominance over the much weaker
EB component emphasizes the latter of the two opposite
effects of the deuteron breakup on the deuteron activation
cross sections. Thus, while first the total-reaction cross section,
that is shared among different outgoing channels, is reduced
by the value of the total neutron and proton breakup cross
section opy [1,3,47], the BF component may bring significant
contributions to various reaction channels [2-5,54-56]. So, the
absorbed proton or neutron following the deuteron breakup,
contributes to the enhancement of the corresponding (d,xn) or
(d,xp) activation cross sections, respectively. On the other
hand it should be underlined that the reactions induced
by BF nucleons are related to the deuteron BU process
because they are just subsequent to this one, while they
proceed through different compound nuclei than the incident
deuteron do.

The partition of the BF cross section among various
residual nuclei is triggered by the energy spectra of the BF
nucleons and the excitation functions of the CN reactions
induced by these nucleons on the target nuclei [2-5,54].
Thus, to calculate the BF enhancement of, e.g., the (d,xn)
reaction cross sections, the BF proton-emission cross sec-
tion opy should be (i) multiplied by the ratios o, /oL,
corresponding to the above-mentioned enhancing reaction,
(i) convoluted with the Gaussian line shape distribution
of the BF proton energy E, for a given deuteron incident
energy E, and followed by (iii) an integration over the
BF proton energy. Consequently, the BF enhancement cross

PHYSICAL REVIEW C 94, 014606 (2016)

section has the form [5,55,56]:
o(p,0)(Ep)
P

opi (E) = ofn(E) / dE,
OR

_ EY%E))?
1 [——(E” E,(E) } )

X —IGX 5
Qn)zw 2w

where o, is the proton total-reaction cross section, x stands
for various, e.g., y, n, d, or o outgoing channels, while Eg
and w are the centroid and standard deviation, respectively, of
the above-mentioned BU proton-energy Gaussian distribution
given by Kalbach [48] related parameters. Interpolation of
experimental nucleon-induced reaction cross sections from
the EXFOR library [57] was involved within this estimation
of the BU enhancement [2-5,54-56] to reduce as much as
possible the supplementary uncertainties brought by additional
theoretical calculations. These neutron and proton EXFOR
data are replaced by the TENDL-2015 evaluated excitation
functions within a BU enhancement inclusion in TALYS-1.8
which is currently under development.

Last but not least, with reference to the integration over the
BF proton energy, one may note that the excitation energies
of the CNs which are formed by the incident deuteron and the
BF nucleons, respectively, are quite different.

The BF enhancements from the BU protons and neutrons
emitted during the deuteron interaction with "*'Ni through the
(p,y), (p,n), (p,&), (p,2n), (p,2p), (p,an), (p,2a), (p,3n),
(p.2pn), (n,y), (n,d), (n,a), (n,ap), (n,2a), (n,2n), (n,2np)
reactions populating various residual nuclei, are discussed in
Sec. IV (Figs. 7-22).

C. Direct reactions

The interactions of deuterons with medium-mass target
nuclei at energies around the Coulomb barrier proceed largely
through the DR mechanism [7] which is therefore quite impor-
tant for the cross sections related to the first-chance emitted
particle (d, p), (d,n), (d,t), and (d,«) residual channels. Thus,
the assessment of the total transfer reaction cross section is
mandatory, in spite of very poor attention or even not accounted
so far in deuteron activation analysis. Unfortunately, it is con-
ditioned by the available experimental spectroscopic factors or
at least outgoing particle angular distributions. Nevertheless,
similarly to the breakup mechanism, we have to take into
account also the decrease the deuteron flux going towards
statistical processes, corresponding to the transfer reactions
that enhance the first-chance emission particle reactions.

The appropriate calculation of the DR stripping and pick-up
mechanism contributions was performed using the distorted-
wave Born approximation (DWBA) method within the highly
developed coupled-reaction channels (CRC) formalism and
the advanced code FRESCO [15]. The post- or prior form
distorted-wave transition amplitudes for (d,n/p) stripping
and, respectively, (d,t/a) pick-up reactions, and the finite-
range interaction have been considered. The n-p effective
interaction in deuteron [58] as well as d-n effective interaction
in triton [59] were assumed to have a Gaussian shape, at
the same time with a Woods-Saxon shape [60] of the d-d
effective interaction in the « particle. The transferred nucleon

014606-5



M. AVRIGEANU et al.

T T

10F,

Eg=10MeVv] 1

1t 4
0.1
0.1 58
9s. r—
10§ 4 10]
1 4505] 1

N 0.1

01 o911
. 59 Q
Ni(d,n)""Cu
0.1
. 3.759

VAN %, 3.040

Ottt i Fet e N
0O 45 90 135 180 O 45 90 135 180 O 45 90 135 180
10 E4=24 MeV

1 E
. 1.113 3

0.768 7

FIG. 3. Comparison of calculated (solid curves) and measured
proton [71], neutron [72], triton [73], and a-particle [74] angular
distributions, for (d,p) and (d,n) stripping, and (d,z) and (d,o)
pick-up transitions to states with excitation energies in MeV, and
deuterons on Ni at energies between 7 and 24 MeV, and (bottom)
measured [72] and calculated excitation functions from 3 to 8 MeV of
differential cross sections of **Ni(d,n)*Cu transitions to the ground
(g.s.) and first excited states, at 6, ,, =23°.

and deuteron bound states were generated in a Woods-Saxon
real potential [1,3-5,55,56] while the transfer of the deuteron
cluster was taken into account for the (d,«) pick-up cross-
section calculation. The populated discrete levels and the
corresponding spectroscopic factors which have been available
within the ENSDF library [61] were used for the (d,n)
and (d,p) stripping [62-66], and (d,t) and (d,«) pick-up
processes [62—-65,67-70].
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The suitable description of the experimental proton [71],
neutron [72], triton [73], and «-particle [74] angular distribu-
tions, for (d, p) and (d,n) stripping, and (d, ) and (d, ) pick-up
transitions, respectively, to states of the corresponding residual
nuclei, was standing for the validation of the spectroscopic
information used and the finally calculated total stripping
and pick-up reaction cross sections. An illustration for the
complete analysis of the DR contributions for deuteron
interaction with *®Ni is shown in Fig. 3. Additionally, a
comparison of the measured [72] and calculated excitation
functions from 3 to 8 MeV of differential cross sections
of 3Ni(d,n)*°Cu stripping transitions to the ground (g.s.)
and first excited states, at 6., =23°, is also shown there.
Finally on this point, the calculated excitation functions for
stripping and pick-up processes induced by deuterons on the
38Ni target is shown within the systematics of Ni isotopes in
Fig. 6.

The particularly strong (d,p) stripping processes, being
also of critical importance for the nuclear structure studies,
have the advantage of a reliable systematics of the experi-
mental spectroscopic factors extracted from the analysis of
experimental proton angular distributions which did contribute
to the validation of the nuclear shell model. Consequently, it
was possible the calculation of almost total (d, p) stripping
cross-section contributions to the deuteron activation for
38.60-62.64Nj jsotopes, involving, e.g., population of 65 levels

2.122+2.123

1 e

N\, 5187 3
%
S 0.1k o’
E 1 1 1 6)1 1 1 1 1 1 1
E 0 45 90 135 180 0 45 90 135 180 O 45 90 135
% 1 E4=12.3 MeV]
3

03076090 120150 030 60 90 120150 0 30 60 90 120
S¢.m. (deg)

FIG. 4. Comparison of measured [40,75] and present calculation
(solid curves) of proton angular distributions of ONi(d, p)®*'Ni and
(”Ni(d , p)°2Ni transitions to the shown states of the residual nuclei,
at incident energies of 7.5 MeV and 12.3 MeV, respectively.
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FIG. 5. As Fig. 4 but for ®Ni(d,p)*Ni and *Ni(d, p)®*Ni
stripping reactions at the incident energy of 7.5 MeV [76].

in ¥Ni [62], 91 levels in ®'Ni [63], 31 levels in **Ni [64], 52
levels in ®Ni [65], and 45 levels in ®Ni [66] corresponding
residual nuclei. A comparative analysis of the experimen-
tal [40,71,75,76] and calculated angular distributions of the
stripped protons from the (d, p) transfer reactions on 0 ~%64Ni
isotopes is shown in Figs. 4 and 5. The appropriate description
of the measured data gives the confidence in the correctness
of the theoretical stripping excitation functions shown in the
lower part of Fig. 6.

PHYSICAL REVIEW C 94, 014606 (2016)

On the contrary, the experimental neutron, triton, and
a-particle angular distributions as well as spectroscopic factors
for stripping (d,n) and pick-up (d,t) and (d,«) reactions
on Ni isotopes are scarce. Therefore, the corresponding
cross sections, e.g., of the INi(d,n)®*Cu, °'Ni(d,)*°Co,
64Ni(d ,a)62C0 reactions, cannot be accurately estimated or
at best could be underestimated. The calculated excitation
functions for the stripping and pick-up reactions induced by
deuterons on 3:60=62.64Nj isotopes are conclusively shown in
the bottom of Fig. 6.

Following the discussion of the BU and DR processes, i.e.,
the direct interactions (DI) of deuterons with Ni isotopes, it
is worthwhile to have an overview of the deuteron flux which
remains available for PE and fully equilibrated CN decay. It can
be given by areduction factor of the total-reaction cross section
because of the cross sections of the various DI components:

_ 98U+ 0Wdm T 96.p T e T Odey _ | _ 9D
OR OR

1

3

Its energy dependence is shown for 3%:%0=6264Nj isotopes
in Fig. 6 at the same time with that of the BU, stripping, and
pick-up reactions. Thus, one may note first a steep increase
with energy of this reduction factor since the major BU but
also and especially the DR components increase with energy.
Most significant in this respect is the maximum of the (d, p)
and (d,n) stripping excitation functions around 6-8 MeV,
which provides the fastest slope of this factor. A less steep
increase with the energy corresponds to the reduction factor
for the °'Ni target nucleus, because the lack of information
concerning the (d,n) and (d,«) reactions is followed by an
obvious underestimation of the DI cross section. Then, the
reduction factor reaches its own maximum and continues with
a slow decrease because of a slower increase with energy of
the BU+DR excitation functions than o, for all Ni isotopes.
Thus, the remaining deuteron total-reaction cross section for
the PE4+CN statistical processes is slightly increasing above
the deuteron energies of 15-20 MeV but close to only half of
the OMP values.

The significant effects of the stripping (d, p), (d,n), and
pick-up (d,t) reactions for the deuteron interaction with Ni

(d.a)

10 20 30 40 50 10 20 30 40 50

10 20 30 40 50
E (MeV)

10 20 30 40 50 10 20 30 40 50

FIG. 6. (Bottom) Total-reaction (solid curves), BU (dashed curves), stripping (d,n) (dash-dot-dotted curves) and (d, p) (dash-dotted
curves), and pick-up (d,t) (dotted curves) and (d,«) (short-dotted curves) reaction cross sections for deuterons on >%°~62*Ni, and (top) the
corresponding reduction factors of the deuteron flux going towards statistical processes (solid curves).
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isotopes have been summed up in Figs. 7, 8, and 11. Less
important, the pick-up (d,«) mechanism contribution is shown
in Figs. 14, 15, 16, and 18.

D. Statistical emission

The PE and CN statistical processes become important with
the increase of the incident energy above the Coulomb barrier
(e.g., Ref. [7]). The corresponding reaction cross sections have
been calculated using the TALYS-1.8 code [16] and the reduction
factor of Eq. (3) to take into account the above-mentioned
breakup, stripping, and pick-up results.

The following input options of the TALYS-1.8 code have
been used: (a) the OMPs of Koning-Delaroche [77], Daehnick
etal. [35], Becchetti-Greenlees [78], and Avrigeanu et al. [79],
for neutrons, protons, deuterons, tritons, and « particles, re-
spectively; (b) the back-shifted Fermi gas (BSFG) formula for
the nuclear level density; (c) no TALYS breakup contribution,
because the above-mentioned BF enhancements are still under
implementation in TALYS; (d) the PE transition rates calculated
by means of the corresponding OMP parameters, using the
value 3 for the “preeqmode” keyword of TALYS.

IV. RESULTS AND DISCUSSION

The detailed contributions of various Ni isotopes to the
excitation function for the activation of a certain residual
nucleus by deuteron interaction with "*'Ni are compared in
Figs. 7-22 with the measured cross sections of Sec. II and
formerly available [8-10,20-33] as well as with the TENDL-
2015 predictions [17]. While some PE+CN contributions are
not shown for all Ni stable isotopes in Figs. 7-22, they were
all considered within the cross-section calculation for natural
Ni. A global comparison of the data and calculated results
for "Ni is shown in Fig. 23. The proper description of the
reaction mechanisms that have been considered in the present
work is proved by the overall agreement of experimental
and calculated excitation function. Additionally, particular
comments should concern several reaction categories as
follows. We shall refer first to the heavier residual nuclei
because fewer stable isotopes of Ni have been involved for
their population, while more isotopes, processes, and emitted
particles are involved in the case of the lighter products.

A. The (d, p) reaction

The analysis of the population of ®Ni residual nucleus
through the deuteron interaction with "*'Ni target involves
actually only the deuteron interaction with the neutron-richest
%Ni stable isotope. Moreover, a suitable account of the
%4Ni(d, p)®Ni reaction represents in particular a distinct test
of the reaction model approach from the dominant contribution
of the stripping DR mechanism whose consideration is critical
for the suitable account of the measured cross sections. On
the other hand, the corresponding activation data, which were
measured in the present work for the natural nickel, have
been most useful to cross out an apparent discontinuity at
an incident energy of 7-8 MeV within the only excitation
function measured previously for ®Ni isotope (Fig. 7).

PHYSICAL REVIEW C 94, 014606 (2016)
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FIG. 7. Comparison of previous [21] and present (solid cir-
cles) measurements, TENDL-2015 [17] evaluation (dotted curves),
and present calculation (solid curves) of %Ni(d,p)*Ni and
"INi(d,x)®Ni reaction cross sections, along with BF enhance-
ment (dashed curve), stripping (d, p) reaction (dash-dotted curve),
and PE4CN components (dash-dot-dotted curve) corrected for DI
deuteron flux leakage.

The comparative analysis of the contributions of all reaction
mechanisms involved in the *Ni(d, p)65 Ni reaction (Fig. 7)
shows that the PE+CN contribution to the population of $Ni
residual nucleus is more than of order magnitude lower than
the stripping one, while the inelastic breakup enhancement
brought by breakup neutrons through the *Ni(n,y)®Ni
reaction is practically negligible in this case. The effect of
neglecting the key role of the direct stripping process is
illustrated by the strong underestimation of both experimental
%Ni(d, p)®Ni [21] and "“Ni(d, p)®Ni reaction excitation
functions by TENDL-2015 evaluation. Actually, this proof is just
in line with the previous discussion of the experimental (d, p)
excitation functions for **Fe [5] and **Nb [4] target nuclei,
which cannot be described as long as the strong stripping
contribution is neglected.

B. (d,xn) reactions and **%-%Cu residual nuclei population

The (d,n) stripping process is less spectacular than the
(d, p) one, as it can be seen also from the bottom of Fig. 6. How-
ever, its role is particularly obvious within the analysis of the
experimental cross sections of both 60Ni(d ,n)61Cu [20,25,26]
and "' Ni(d,x)%'Cu [8,10,22-24] reactions (Fig. 8). These data
would be underestimated if the stripping DR contribution, even
larger than the whole TENDL-2015 evaluation above 20 MeV, is
not properly taken into account.

Actually the model calculations including contributions
from BU, stripping, and PE4-CN mechanisms describe the
experimental 60Ni(d , n)61 Cu excitation function [20,26] except
its maximum measured earlier [25], for deuteron energies of
5.5-12 MeV, at variance with the data for the Ni element
reported previously [8,10,22-24] (Fig. 8) and confirmed by
the present work. Weighty contributions to the population
of ®'Cu residual nucleus comes also from the (d,2n) and
(d,3n) reactions on 61,623 isotopes, respectively, where the
BF processes through 61Ni( p,n) and 62Ni( D,2n) reactions go
over the statistical PE4CN mechanisms at deuteron energies
higher than ~25 MeV. The decrease of the (d,xn) excitation
function becomes thus much slower within this energy range,
comparing to its steep increase above the threshold. In fact, it
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FIG. 8. Comparison of previous [8,10,20,22-26] and present
(solid circles) measurements, TENDL-2015 [17] evaluation

(dotted curves), and present calculation (solid curves) of
"Ni(d,xn)*' Cu, ©Ni(d,n)*'Cu, *'Ni(d,2n)'Cu, **Ni(d,3n)"'Cu,
and %Ni(d,57)%'Cu reaction cross sections, along with BF
enhancement (dashed curves), stripping (d,n) reaction (dash-dotted
curve), and PE4-CN components (dash-dot-dotted curves) corrected
for DI deuteron flux leakage.

is worth noticing the significant BF contribution to the second
and third sequential particle emission in the deuteron-induced
reaction, while the DR stripping and pick-up contributions
play the same role for the first-chance emitted particles.

The same decrease of the PE+CN importance versus that of
the BF mechanism at deuteron energies higher than ~25 MeV
occurs also for the population of **Cu residual nucleus through
the (d,2n) reaction on %Ni (Fig. 9). The decrease of the
calculated excitation function, which is slower than, e.g., in
the case of the TENDL-2015 evaluation, follows just the BF
enhancement from the BU protons and the corresponding
4Ni(p,n)**Cu reaction. Additionally, it could be pointed out
the similar cases of the residual nuclei ®Ni (Fig. 7) and %Cu
(Fig. 9), populated in deuteron interactions with the natural Ni
through the activation of only one isotope of this element,
except the major role of the DR, for the former, and BF
processes for the latter.

The similar (d,2n) reaction on the **Ni isotope is dominant
for the population of ®Cu (Fig. 10). The larger part of
this contribution comes again from the BU protons through

PHYSICAL REVIEW C 94, 014606 (2016)
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FIG.9. As Fig. 7 but for "“Ni(d,xn)**Cu [10,22] and
%4Ni(d,2n)*Cu [8,21] reactions, and no stripping component.

the 60Ni( p,n)(’OCu reaction, leading to a slower decrease of
the corresponding excitation functions. On the other hand,
the cross sections measured in the present work for the
"INi(d,x)®°Cu reaction do confirm at once the previous
data [23,24] as well as the presently calculated values, while
the earlier measurement [27] for the ®Ni(d, x)®Cu reaction is
at variance with the present calculations as well as the TENDL-
2015 evaluation. A comment may concern the contributions
from the ®1:%2¢*Ni isotopes through emission of 3-6 neutrons,
respectively, which are much lower.

C. The (d,t) reaction and 5% Ni residual nuclei population

The (d,t) pick-up contribution to a total (d,x) activation
cross section, which is usually neglected in deuteron activation
calculations, is also noteworthy. It is responsible for the
low-energy side of the excitation function, namely at the
energies below the (d,dn) and (d, p2n) reaction thresholds
which end by population of the same residual nucleus. This
is the case of the "“Ni(d,x)’’Ni and **Ni(d,x)*’Ni reaction

‘ TR
»< Ni(d,xn)”"Cu
Ty 100
10
~~~~~~~ TENDL-2015 |
1 = Takacs+(1997) 1 10: [
< ?ﬁh'a”fom) . BF+PE+CN .
¢ [This worl . > Radicella+ (1958)
3 o1 ‘ BF+PE+CN ' o Budzanowski+ (1963)
E o 10 20 30 40 50 10 20 30 40 50
5 : .
10+
100
/ ——BF+PE+CN
Lt ! L ! L
=203 "40 50 ! 40 50
E (MeV)
FIG. 10. As Fig. 9 but for ™Ni(d,xn)*Cu [10,23],

ONi(d,2n)®Cu
reactions.

[20,27], S'Ni(d,3n)®Cu, and ®’Ni(d,4n)*Cu
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FIG. 11. Comparison of previous [8-10,22,28-30] and present
(solid circles) measurements, TENDL-2015 [17] evaluation (short-
dotted curves), and present calculation (solid curves) of cross sections
for "' Ni(d,x)>'Ni, 3Ni(d,x)¥'Ni, *°Ni(d,x)*’Ni, and *'Ni(d,x)*'Ni
reactions, BF enhancement (dashed and dotted curves), pick-up (d,7)
reaction (dash-dotted curve), and PE4CN components (dash-dot-
dotted curves) corrected for DI deuteron flux leakage.

excitation functions (Fig. 11), the presently measured cross
sections for the former reaction characterizing more accurately
the energy region just above the (d,¢) reaction threshold. On the
other hand, the activation of °’Ni residual nucleus is strongly
enhanced by the BU neutrons as well as protons which interact
with the ®Ni target nucleus through Ni(n,2n)°’Ni and
3Ni(p,d)>"Ni reactions, respectively. The suitable description
of the data for both of these excitation functions validates
the theoretical approach of the deuteron interaction process.
Moreover, the underestimation of their low-energy part by the
latest evaluation TENDL-2015 could be just the effect of a less
suitable account of the (d,t) pick-up process.

The lower cross sections for the population of the °Ni
residual nucleus in deuteron interaction with %" Ni targets
have been described only by means of the statistical PE4+CN
processes (Fig. 12), next to the correction for the initial
deuteron flux leakage through direct interactions. Because no
other BU or DR effects are present in this case, the better
agreement of the present calculated results and the measured
data, with reference to the TENDL-2015 evaluation, stands for
an additional check for the accuracy of this correction.

D. The (d,2p) and (d,ax) reactions

The (d,2p) reaction is most important one for the popula-
tion of the heavier *>%%6!Co isotopes in the deuteron-induced
reactions on natural nickel (Figs. 13-16). First, it is obvious
the usefulness of the new measured data for the production of
36-58.60C0 residual nuclei and particularly the >*Co™ isomer.

Second, it should be pointed out here that a significant
contribution of the inelastic breakup is added, through (n, p)
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FIG. 12. As Fig. 7 but for "'Ni(d,x)*Ni [8-10] and
3Ni(d,x)’°Ni [28] reactions, and no DI component.

reaction, to the PE4CN components of the (d,2p) reaction
corrected for the incident deuteron flux leakage due DI
Thus, the BF and PE4CN cross sections are almost equal
or close at 60 MeV in the cases of the residual nuclei ®'Co
(Fig. 13) and *®Co (Figs. 15 and 16), respectively. Particularly,
the BF starts to be larger even from ~30 MeV for *°Co
(Fig. 14). The increase of the corresponding cross sections
and their agreement with the experimental data, including the
measurements within this work, stand for a sound proof of the
present careful consideration of the BU and DR mechanisms.
One may note in this respect the larger calculated results, with
reference to the TENDL-2015 evaluation, in good agreement with
the recent data [10] of the reaction "*Ni(d,x)®'Co (Fig. 13).
A worthwhile note concerning Ref. [10] may concern the
only problem of the measured cross sections for the reaction
"Ni(d, x)*°Co, being evident also in Fig. 14, which was
clarified recently [8].

The BF contribution has also become equal, at higher
incident energies, to the PE4+CN components for population
of the lighter *>-°3Co residual nuclei. A particular point of

+
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FIG. 13. As Fig. 9 but for "Ni(d,x)*' Co [10], ®'Ni (d,2p)®' Co,
O2Ni(d,x)°' Co, and *Ni(d,x)®' Co reactions.
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3Co™ reactions.

the excitation functions measured for the "*Ni(d,x)**>"Co
reactions, above mentioned in Sec. II, has concerned the
cumulative populations of ®5’Co residual nuclei. Therefore,
the measured data had to be compared to the sum of the
cross sections for " Ni(d,x)>’ Co and " Ni(d, x)*'Ni reactions
(denoted by the superscript + in Fig. 17).

Similarly, the reported experimental activation cross sec-
tions of long-lived (o residual nucleus (T1y2 = 77.24 days),
based on the measurements of 846.77 KeV, 1037.84 KeV,
and 1238.29 KeV y-ray transitions of Fe [67], include
the contribution of **Ni (7} 2 = 6.075 days) decay, too. The
measured data had to be compared to the sum of the cross
sections for " Ni(d,x)**Co and "“Ni(d,x)’°Ni reactions for
incident energies above 20 MeV (Fig. 18).

Therefore, the experimental data for the populations of
36:57Co residual nuclei have been compared in Figs. 18 and 17,
respectively, with the cumulative calculated and evaluated
excitation functions for "“Ni(d,x)**>’Co™ reactions which
include the contributions of "*Ni(d,x)*®>'Ni reactions which
were already shown in Figs. 12 and 11. Also shown in
Figs. 18 and 17, respectively, are the results for the stand-alone
reactions **Ni(d,x)**>Co and ®Ni(d,x)’*>’Co, on the main
38.60Nj isotopes, with the twofold aim to illustrate the reaction
mechanisms contributing to their own populations of >*3’Co
residual nuclei, and the effect of their cumulative population.
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including the decay of 'Ni, ¥Ni(d,x)*"Co [28,32], *°Ni(d,x)*'Co,
and ®'Ni(d,x)*"Co reactions.
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FIG. 18. As Fig. 14 but for (left) "“Ni(d,x)*Co* [8-
10,22,23,31] including the decay of **Ni, **Ni(d,x)**Co [28,30,32],
and %°Ni (d,x)**Co reactions, and (right) "*'Ni(d,x)*Co [8-10,22—
241, 3¥Ni(d,x)>Co [28-30,32,33], and **Ni(d,x)> Co reactions.
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Concerning the (d,x) pick-up processes, it was already
obvious from the comparison of the excitation functions
shown for all Ni stable isotopes in the lower part of Fig. 6
that they have the most reduced DI contributions. This
feature follows the weak values for the measured a-particle
angular distributions, while similar data are even missing for
the °1%*Ni isotopes. Moreover, these DR contribution are
exceeded at incident energies higher than 40-45 MeV by
the inelastic breakup contributions through (p,x) and (n,x)
reactions (Figs. 14 and 15), while the statistical PE4+CN
a-particle emission is the dominant one for all Ni isotopes.
This dominance is present also within the energy range of
the (d,o) pick-up maximum, except the particular case of the
©2Ni(d, x)*°Co reaction (Fig. 14).

Nevertheless, the satisfactory description of all experimen-
tal "“'Ni(d,x)>3037:58:60.61Cq excitation functions supports
consistently the present analysis of the nuclear reaction mech-
anisms considered for description of the complex deuteron
interactions.

E. The (d,2pa) and (d,2ax) reactions

The population of 51,52,5456 M, and 'Cr residual nuclei,
in deuteron interaction with the "*Ni target, takes place
through sizable proton and «-particle emission. The (d,2«)
reaction leads to the first maximum of the excitation functions
of the reactions ®*Ni(d,x)**Mn, ®Ni(d,x)**Mn (Fig. 20),
and *Ni(d,x)**Mn (Fig. 21), while a second maximum
is associated with sequential emission of nucleons and o
particles at energies higher than 50 MeV. The main reaction
mechanisms responsible for population of these residual
nuclei are the statistical PE4CN. However, the inelastic
breakup enhancement contribution remains present through
the reactions (p, por) (Figs. 19 and 20), and (n,2«) and (p,2a)
(Fig. 22). Overall, the presently calculated excitation functions
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FIG. 19. As Fig. 9 but for "“Ni(d,x)**Mn [8,10],

BNi(d, 4 p)**Mn, ©Ni(d,x)**Mn, and ' Ni(d,x)*Mn reactions.
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FIG.20. As Fig. 9 but for "“Ni(d,x)>*Mn [8-10],
BNi(d,x)**Mn [28], ®Ni(d,x)**Mn, and 'Ni(d,x)**Mn reactions.

for " Ni(d,x)*>>*3Mn, 3Ni(d,x)**Mn, and **Ni(d,x)**Mn
reactions show a well-improved description of the measured
data [8-10,28] in comparison with the TENDL-2015 evalua-
tion.

In a similar way to the experimental "“Ni(d,x)**>'Co
excitation functions, a cumulative process should be con-
sidered also in the case of the activation cross sections for
the residual nucleus *'Cr. The experimental cross sections
are based on the measurements of the 320-KeV y-ray
transition of >V [80], following the decay of long-lived >!Cr
radionuclide (77, = 27.7 days). However, because the Sler
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FIG.21. As Fig. 12 but for "“Ni(d,x)**Mn [8-10],

BNi(d,x)*Mn [28], ©Ni(d,x)**Mn, and *'Ni(d,x)**Mn reactions.

PHYSICAL REVIEW C 94, 014606 (2016)

10l 3 @4 10
ty g 51~ +
"Ni(d,x)"'Cr"
/At s i |
’—BF+PE+CN[ Cr+ Mn]‘
= Takacs+ (2007) . ]
v Amijed+ (2013)
0.1 4 Hermanne+(2013) | O1F : i
S [ TenpL2015 [P'er®mn] | [ ¢ (b) -
30 40 50 60 30 40 50
10}
s t /T e
\E/ T
e |/ T e 0.1
01F
0.8 ‘ = ‘ ‘ ‘
g INT s1~+ o
1 Ni(d)x) " Cr - 1
e TENDL-2015 [*'Cr+*"wn] | -
0.1k e 1 0_1& ./ 3
,‘. " '/. 1
R ]- ~~~~~ -PE+CN [*'cr+*'mn]| -
o X
0ot
(e) PR
0.01L< o w 2 ‘ =
45 50 55 60 51 54 57
E (MeV)

FIG. 22. As Fig. 9 but for (a) "'Ni(d,x)’'Cr, (b) %*Ni(d,x)*'Cr,
(e) ®Ni(d,x)*'Cr, and (f) ®'Ni(d, x)*' Cr reactions including the decay
of 'Mn, as well as for (c) 3*Ni(d,x)*'Cr and (d) *®Ni(d,x)’'Mn
stand-alone reactions.

nucleus is populated also by the decay of relatively short-
lived >'Mn (T1j» = 46.2 min), the measured cross sections of
SIcrt involve the contributions of both ™ Ni(d,x)SICr and
"4INi(d,x)°'Mn reactions. Actually, the same situation was
present for deuteron-induced reactions on Fe isotopes (see
Fig. 18 of Ref. [5]). Therefore, the calculated and evaluated
population of 'Cr residual nucleus following the deuteron
interactions with the %%®INi isotopes shown in Fig. 22
include the decay of the °!Mn residual nucleus. At the same
time, for the target nucleus 38Ni, there are shown alone
the calculated and evaluated cross sections for each of the
two reactions. The good agreement of the calculated and
measured cross sections, versus the large underestimation of
the TENDL-2015 evaluation, support once more the present
analysis approach.

V. CONCLUSIONS

The activation cross
55,56,57,58,58m,60C, - ST65Nj,

sections for production of
and %%61-6*Cu radioisotopes in
deuteron-induced reactions on natural Ni were measured at
deuteron energies up to 20 MeV. The "Ni(d,x)*Ni and
"Ni(d,x )" Co reaction cross sections have been measured
for the first time, the former being quite useful to validation
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FIG. 23. Comparison of previous [8-10,22—-24,31] (open circles) and present (solid circles) measurements, TENDL-2015 [17] evaluation
(dotted curves), and present calculation (solid curves) of cross sections for deuteron interactions with "*Ni (see text).

of the direct reaction modeling and its role within the
description of the deuteron-induced reactions. The other mea-
surements support additionally the more recent previous data
[8-10,20-24,26,28,29,31,33], enriching the experimental sys-
tematics highly requested by the large-scale research projects
[11-13].

The activation data of deuteron-induced reactions on the
"'Ni target, at incident energies until 60 MeV, are summarized
in Fig. 23 and compared with TENDL-2015 evaluation and
the model calculations carried out within the present work.
All more recent data, including the present measurements,
have been properly described through a unitary and consistent
analysis of all reaction mechanisms, e.g., elastic scattering,
breakup, stripping, pick-up, pre-equilibrium, and compound
nucleus, involved in the complex deuteron interaction process.
A detailed theoretical treatment of each reaction mechanism
was thus proved to be necessary to obtain a reliable under-
standing of the interaction process as well as accurate values
of calculated deuteron activation cross sections. Moreover,
this detailed approach was supported by comparison of the
experimental data with the present model calculations as
well as the corresponding TENDL-2015 evaluation. Thus, the
discrepancies between the measured and evaluated data have
been explained as the result of overlooking the inelastic

breakup enhancement and appropriate 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 theoretical description
of the breakup mechanism, including its inelastic component.
The recently increased interest on the theoretical analysis
of breakup components [§1-83] may lead eventually to the
refinement of the deuteron breakup empirical parametrization
and increased accuracy of the deuteron activation cross-section
calculations. Nevertheless, the improvement of the deuteron
breakup description requires, beyond the increase of its own
data basis, also complementary measurements of (d, px) and
(n,x), as well as (d,nx) and (p,x) reaction cross sections for
the same target nucleus, within corresponding incident-energy
ranges [54].
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