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Background: Specific noncompound processes such as breakup (BU) and distinct direct reactions (DR) make
deuteron-induced reactions different from reactions with other incident particles. Significant discrepancies
with measured cross sections were caused by taking into account only the pre-equilibrium emission (PE) and
compound-nucleus (CN) mechanisms while microscopic calculation of inclusive BU and DR cross sections
is still investigated numerically. Thus, reaction cross sections recommended most recently for high-priority
elements are still based on data fit.

Purpose: Accurate new measurements of low-energy deuteron-induced reaction cross sections for natural Cr
target can enhance the related database and the opportunity for a unitary and consistent account of the involved
reaction mechanisms.

Methods: The activation cross sections of >13%3*Mn, >'Cr, and *®V nuclei for deuterons incident on natural Cr
at energies up to 20 MeV were measured by the stacked-foil technique and high resolution y spectrometry using
the U-120M cyclotron of the Center of Accelerators and Nuclear Analytical Methods (CANAM) of the Nuclear
Physics Institute of the Czech Academy of Sciences (NPI CAS). They, as well as formerly available data for
deuteron interactions with Cr isotopes up to 60 MeV, are the object of an extended analysis of all processes from
elastic scattering until the evaporation from a fully equilibrated compound system, but with particular attention
given to the BU and DR mechanisms.

Results: The new measured activation excitation functions proved essential for the enrichment of the deuteron
database, while the theoretical analysis of all available data strengthens for the first time their consistent account,
provided that a suitable BU and DR assessment is completed by the assumption of PE and CN contributions
corrected for decrease of the total-reaction cross section due to the leakage of the initial deuteron flux towards
BU and DR processes.

Conclusions: The suitable description of nuclear mechanisms involved within deuteron-induced reactions on
chromium, taking into account especially the BU and DR direct processes, is validated by an overall agreement
of the calculated and measured cross sections, including particularly the new experimental data at low energies.
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I. INTRODUCTION

Specific noncompound processes such as breakup (BU)
and distinct direct reactions (DR) make deuteron-induced re-
actions different from reactions with other incident particles.
Deuteron interaction with low and medium mass target nuclei
and incident energies below and around the Coulomb barrier
proceeds largely through stripping and pickup DR mecha-
nisms, while pre-equilibrium emission (PE) and evaporation
from a fully equilibrated compound nucleus (CN) become
important at higher energies (see, e.g., [1] and refereces
therein). Moreover, the deuteron BU is quite important along
the whole energy range. Thus, significant discrepancies with
measured cross sections are due to the account of only PE and
CN mechanisms while microscopic calculation of inclusive
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BU and DR cross sections is still investigated numerically
(see, e.g., [2] and references therein). On the other hand, the
sparse deuteron-breakup experimental data systematics [3—7]
related to the high complexity of the breakup mechanism has
constrained so far a comprehensive analysis of the deuteron
interactions within wide ranges of target nuclei and incident
energies. Thus, reaction cross sections recommended most
recently for high-priority elements are still based on data
fit, e.g., by various-order Pade approximations [8], with low
predictive power and no use of nuclear modeling advances.
Consequently, complementary measurements and model
calculations are necessary in order to meet the demands of
several ongoing strategic research programs of international
large-scale facilities [9—11] and databases [12]. The present
work aims both to enhance the database of deuteron-induced
reactions on natural chromium, up to 20 MeV, and continue
a series of recent analyses [13—18] looking for the consistent
inclusion of the deuteron BU contribution within the activa-
tion cross-section account. The experimental setup as well the

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.98.034606&domain=pdf&date_stamp=2018-09-13
https://doi.org/10.1103/PhysRevC.98.034606

E. SIMECKOVA et al.

PHYSICAL REVIEW C 98, 034606 (2018)

new measured data are described in Sec. II. The assessment
of the models involved within the present work considers first
an energy-dependent optical potential for deuterons on Cr
isotopes in Sec. IIT A. The deuteron BU account is reviewed
with reference to the corresponding activation cross sections
of Cr isotopes in Sec. III B, while DR analysis using the com-
puter code FRESCO [19] is described in Sec. III C. The main
points of the PE and CN contributions obtained using the
code TALYS-1.9 [20] are given in Sec. III D. The comparison
of the measured and calculated deuteron activation cross
sections of stable Cr isotopes and natural Cr is discussed
in Sec. IV, including the TENDL-2017 evaluated data [21],
while conclusions of this work are given in Sec. V.

II. MEASUREMENTS

The irradiation was carried out on infrastructure of the
Center of Accelerators and Nuclear Analytical Methods
(CANAM) [22] of the Nuclear Physics Institute of the Czech
Academy of Sciences (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 beamline 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, where the measured foils are inter-
leaved by monitoring/degrading foils. The Cr foils (Goodfel-
low product, 99.99% purity, 25 um declared thickness) were
delivered on a permanent polyester support. Since we do not
have information on the properties (thickness and composi-
tion) of the support, we cannot reliably calculate beam energy
losses after the Cr. Therefore we decided to use only one Cr
foil per stack (Fig. 1) and the Al foils (Goodfellow product,
99.99% purity, 50 um declared thickness) were used to de-
grade the beam energy and for additional monitoring as well.

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/charge measurement
was within 5%. Each run lasted 5-20 min with mean current

Al foils  Cr foil+ Al foils

N

deuteron
beam

FIG. 1. The schematic picture of the foil stacks used in the
experiment. The Cr foil was obtained on a plastic support.

TABLE I. Half-lives, main y lines, and their intensities [24] of
the isotopes observed from irradiated Cr foils.

Isotope Ty E, (keV) I, (%)
*Mn 312.3d 834.25 99.98
2Mn 5.591d 1434.07 100
935.54 94.5
744.23 90.0
2Mn™ 21.1 min 1434.07 98.3
S'Mn 46.2 min 749.07 0.26
Sicr 27.7025d 320.08 10
By 15.9735d 983.52 99.98
1312.96 97.5

0.15-0.49 pA. The initial energies were 20 and 12.5 MeV.
The mean energy, the energy thickness, and the energy spread
in each foil were simulated by the SRIM 2008 package [23].

Natural chrome consists of four stable isotopes, ¢y
(4.345%), **Cr (83.789%), *Cr(9.501%), and **Cr (2.365%)
which leads to many open reaction channels.

The y rays from the irradiated foils were measured repeat-
edly by two calibrated high-purity germanium (HPGe) detec-
tors 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 for the
decay during the irradiation using the charge measurement
and Cr 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 Cr
foils [24] are given in Table I.

The experimental cross sections of the Cr(d, x)**Mn,
Cr(d, x)**Mn¥, Cr(d, x)>*Mn™, Cr(d, x)>'Mn, Cr(d, x)°'Cr,
and Cr(d, x)*®V reactions are given in Table II. 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 measured cross
sections are in a good agreement with recent data and will be
discussed in Sec. I'V.

The *Mn (T}, = 5.591 d) production cross sections are
actually the >*Mn# ones; only 1.7% (this effect is hidden
within experimental uncertainties) is fed from the isometric
state (77, = 21.1 min). Both ground and isomeric states de-
cay mainly through 1434.07 keV y line. Using a minimization
procedure [25], the >'Mn™ cross section was determined from
the time dependence of the 1434.07 keV y-line activity.

The y lines from the decay of 3'Mn (T} 2 = 46.2 min) are
very weak (0.26% is the strongest one), so we can determine
cross section only in few cases at the maximum. The cross
section for Cr(d, xn)’'Cr is in fact a cumulative one as >'Mn
decays to >!Cr.

III. NUCLEAR MODEL ANALYSIS

A. Optical potential assessment

The optical model potential (OMP) parameters, which
are obtained by fit of the deuteron elastic-scattering angular
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TABLE II. Measured reaction cross sections (mb) for deuterons incident on natural chromium. The uncertainties are given in parentheses,

in units of the last digit.

Energy Reaction

(MeV) Cr(d, xn)**Mn Cr(d, xn)**Mn? Cr(d, xn)**Mn™ Cr(d, xn)’'Mn Cr(d, x)’'Cr Cr(d, x)®V
19.45 (27) 17.59 (111) 143.17 (831) 80.8 (82) 41.93 (459) 0.661 (40)
18.46 (29) 23.22 (144) 161.03 (972) 112.45 (1301) 28.54 (303) 0.817 (61)
17.45 (29) 25.83 (149) 154.59 (889) 118.9 (74) 18.65 (194) 1.048 (62)
15.83 (31) 29.06 (240) 146.88 (859) 114.9 (105) 14.78 (156) 1.297 (76)
13.56 (35) 29.18 (193) 119.35 (691) 92.65 (1036) 16.22 (172) 2.087 (124)
11.26 (40) 30.36 (180) 60.86 (351) 49.05 (341) 19.31 (205) 2.521 (149)
10.00 (43) 33.49 (196) 45.25 (264) 32.32 (304) 21.21 (221) 2.617 (153)
8.54 (49) 36.61 (234) 9.30 (54) 4.50 (63) 5.13 (61) 25.75 (268) 2.282 (132)
8.29 (50) 31.8 (190) 2.95(17) 1.31 (15) 5.50 (114) 26.00 (271) 1.850 (111)
5.08 (69) 25.86 (151) 6.71 (87) 31.30 (329) 1.005 (60)
4.30 (77) 33.22 (193) 5.99 (83) 27.76 (289) 0.774 (45)
3.91(82) 31.09 (182) 4.33 (59) 20.92 (218) 0.445 (26)

distributions, are then used within the calculation of all
deuteron reaction cross sections. Thus, the simultaneous anal-
ysis of elastic-scattering and activation data appears essential
for nuclear model calculations using a consistent input param-
eter set [14—18].

Because the Daehnick et al. [35] OMP was established
by analysis of the angular distributions of elastic-scattered
deuterons on >>33Cr isotopes too, covering almost the whole
deuteron incident energies of interest for the present analysis,
it was also used in the present analysis. A comparison of
the experimental elastic-scattering angular distributions for
S0.52-54Cr [26-34], at deuteron energies from ~5 MeV to-
wards 34 MeV, and the calculated values obtained by using
this OMP and the computer code SCAT2 [37] is shown in
Fig. 2. A similar comparison for the sole measured total-
reaction cross sections o of deuterons on >>*Cr isotopes
[36] is also shown.

On the whole, the good description of the measured elastic-
scattering angular distributions and the suitable account of the
available o data supported well the OMP of Daehnick et al.
[35] for further use in the calculation of the activation cross
sections for deuteron interaction with Cr isotopes.

B. Deuteron breakup

Because the physical picture of deuteron breakup in the
Coulomb and nuclear fields of the target nucleus was recently
emphasized [1,13—18,38,39], only particular points are men-
tioned here. They concern the two distinct BU processes, i.e.,
the elastic breakup (EB) in which the target nucleus remains in
its ground state and none of the deuteron constituents interact
with it, and the inelastic breakup or breakup fusion (BF),
where one of these deuteron constituents interacts nonelas-
tically with this nucleus. Empirical parametrizations [1,13]
of both the total (EB+BF) breakup-nucleon emission f, ;{," =
ogéf /og and EB frp = ogp/og fractions provide finally the
BU cross sections under the assumption of equal neutron- and
proton-emission breakup cross sections. The BF fraction is
given by the difference f)’ = fal? — frz as well. While the

experimental systematics of the total breakup profon-emission
fraction covers a large range of target nuclei from 2’Al to
232Th and incident deuteron energies from 15 to 80 MeV, that
of the elastic breakup fraction covers an energy range up to
30 MeV. Because of that, the correctness of the extrapolation
of the corresponding parametrization has been checked by
comparison [40] with results of the microscopic continuum
discretized coupled channel (CDCC) method [41-44]. Thus,
a normalization factor has been introduced for the extrapola-
tion of fgp at energies beyond the available data, in agree-
ment with the behavior of f4,, and the CDCC calculation
results [1].

Microscopic predictions of BU, BF, and EB cross sections
for deuteron interaction with 3>Cr target nuclei were provided
only by Mustafa et al. [7] in the frame of the distorted-wave
Born approximation (DWBA) formalism with prior form in-
teraction [45]. Equal neutron- and proton-emission BU cross
sections have been assumed too. The corresponding total BU,
total BU nucleon emission, inelastic-breakup nucleon emis-
sion, and EB cross sections (Table I of Ref. [7]) are compared
in Fig. 3 with the predictions of empirical parametrization
[1,13]. The deuteron OMPs used by Mustafa et al., i.e., that of
Lohr and Haeberli [31] for E; < 13 MeV and Perey and Perey
[46] for E; > 13 MeV, provide total-reaction cross sections
rather similar to the present work while the BU cross-section
differences are obvious and demand additional comments.

The o}y? values obtained by Mustafa er al. decrease with
the incident-energy increase above E; ~ 15 MeV. This trend
is determined by agép which is not compensated by the weak
ogp. The latter increases slowly with energy up to ~25
MeV, but then decreases too. However, the measured BU
proton-emission cross sections agU at 15 [6], 25.5 [3,6], and
56 MeV [5] and the parametrization predictions pointed out
the increase of o}, with the target-nucleus mass, from >’ Al
up to 23?Th, as well as with increasing incident energy (e.g.,
Fig. 2 of Ref. [1]). These features have been evidenced also
by recent microscopic breakup estimations within a CDCC
extension of the eikonal reaction theory [47] for 56 MeV
deuteron interaction with target nuclei from '>C to 2% Bi.
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energies from ~5 to ~34 MeV, using the global OMP of Daehnick er al. [35], and (bottom) measured [34,36] and similarly calculated
total-reaction cross sections for deuterons on 2°*3*Cr from 3 to 60 MeV.

On the other hand, recent comparison of BU microscopic
calculations [2,48] on the basis of the DWBA method with
prior [45] and post form interaction [49] have pointed out
missing terms of the BU differential cross sections within the
Tamura-Udagawa [45] theoretical frame, which leads to an
underestimation of the BU cross sections.

Nevertheless, the earlier [7] as well as actual results shown
in Fig. 3 point out the dominance of the BF component. This
fact is quite important for the latter of the two opposite BU
effects on the deuteron activation of the Cr isotopes too. Thus,
while oy that is shared among different outgoing channels
is reduced with the BU fraction oy /og (bottom of Fig. 4),
the BF component brings significant contributions to various

(d, x) reaction channels [14-18,38,39] through BU-nucleon
interactions with the same target nucleus. The related formal-
ism involved in the present work is described in Sec. III B 2 of
Ref. [18], while the BF enhancements for deuteron interaction
with 30-52:53.54nat through the (p, x) and (n, x) reactions,
are discussed in Sec. IV (Figs. 9-13).

C. Direct reactions

The assessment of transfer reaction cross sections in ad-
dition to that of BU mechanism is mandatory for the correct
estimation of the final PE+CN contribution to population of
various residual nuclei, in spite of poor attention given so
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FIG. 3. Comparison of the total-reaction cross sections (solid
curves) as well as cross sections of total BU (dashed curves), total BU
nucleon emission (dash-dotted curves), inelastic-breakup nucleon
emission (dash-dot-dotted curves), and EB (dotted curves) provided
by (a) microscopic predictions of Mustafa et al. [7] and (b) currently
used parametrization [1,13].

far in deuteron activation analyses. The direct reactions of
stripping, (d, p) and (d, n), and pickup, (d,t) and (d, @)
[39], are quite important for the first-chance particle emission.
However, the estimation of DR cross sections is conditioned
by the available experimental spectroscopic factors, outgoing
particle angular distributions, or at least the differential cross-
section maximum values.

The calculation of DR cross sections has been performed
using the DWBA formalism within the FRESCO code [19].
The post/prior form distorted-wave transition amplitudes for
the stripping and pickup reactions, respectively, and the finite-
range interaction have been considered. The n-p effective in-
teraction in deuterons [41] as well as d-n effective interaction
in tritons [56] were assumed to have Gaussian shapes with, at
the same time, a Woods-Saxon shape [57] of the d-d effective
interaction within the « particle. The transferred nucleon and

deuteron bound states were generated in a Woods-Saxon real
potential [14—18,39] while the transfer of the deuteron cluster
has been taken into account for the (d, o) pickup cross section
calculation. The populated discrete levels and the correspond-
ing spectroscopic factors which have been available within the
ENSDF library [58] were used as starting input for the DWBA
calculations.

Briefly stated, a suitable description of the measured an-
gular distributions of proton, triton, and «-particle emis-
sion through the (d, p), (d,t), and (d, «) reactions on *’Cr
(Fig. 5), Cr (Fig. 6), >*Cr (Fig. 7), and >*Cr (Fig. 8) supports
the calculated DR excitation functions shown in the upper part
of Fig. 4.

A further comment concerns, however, the very scarce data
of (d, n) stripping reactions on °*>3334Cr, leading to under-
estimated (d, n) excitation functions, due to the spectroscopic
factors for transitions to only a few low-lying levels as well as
the missing experimental angular distributions. Actually, the
analysis of the *°Cr(d, n)>'Mn reaction excitation function
used the spectroscopic factors reported by Nilsson et al. [59],
while the spectroscopic factors of Okorokov et al. [60] were
used to obtain the (d, n) stripping excitation functions for
3253.54Cr target nuclei shown in the upper part of Fig. 4.
Similarly, the spectroscopic factors and the values of the
angular-distribution maximum of (d, p) stripping transitions
to excited states of *Cr residual nucleus reported by Bochin
et al. [61] have been involved in the calculation of the corre-
sponding excitation function. Therefore, only the estimation
of a lower limit of the DR contribution given by the sum
O,n) + 0@, p) + 0@,1) + 0(d,a), also shown in the upper part
of Fig. 4, becomes possible.

Nevertheless, it results that the DR contribution has a
significant maximum around E; ~ 7 MeV mainly due to
the (d, p) and (d, n) stripping processes. A slow decrease

PE+CN PE+CN PE+CN
0.6f: LT T T - 1
. v Sees = TSl =V s e
x R R TS LT == E T T, orzE T
\b == ADI=BU+DR _.~: =" bt |\DI=BU+DR ..~ = -.T. .’\’D|=BU+D’R,«:, a2 el
o- [\ T ._.—’:’a’ Sime-" :r’ \.-.—’:, ’BU
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N L d 4 '
s s
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0.0

10 20 30 40 50 10 20 30 40 50

10 20 30 40 50 70 20 30 40 50

Eq (MeV)

FIG. 4. (Top) Total-reaction (thick solid curves), DR (thin solid curves), stripping (d, n) (dash-dot-dotted curves) and (d, p) (dash-dotted
curves), and pickup (d, t) (short-dotted curves) and (d, o) (dotted curves) reaction cross sections of deuterons on **323*Cr. (Bottom) The
fractions of oy corresponding to the contributions of BU (dashed curves), DR (solid curves), DI (dash-dotted curves), and PE+CN (dash-dot-

dotted curves) mechanisms involved in d 4+ >*Cr interactions (see text).
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FIG. 5. Comparison of measured (solid circles) [50] and calcu-
lated (solid curves) proton angular distributions of *°Cr(d, p)*'Cr
stripping transitions to states with excitation energies in MeV, at an
incident energy of 12 MeV.

with deuteron energy follows while ok reaches its maximum
value and remains almost constant for E; > 20 MeV. This
trend explains the decreasing importance of direct reactions
with the deuteron energy increase while that of the breakup
mechanism becomes larger for all stable chromium isotopes,
as shown in Fig. 4. The major role of the stripping (d, n)
and (d, p) reactions to the activation cross sections of >*Mn,
51Mn, and ! Cr residual nuclei, for deuteron interaction with
the natural Cr target, is particularly apparent in Figs. 9 and 11,
respectively (Sec. IV).

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) of the breakup, strip-
ping, and pickup processes, given by a reduction factor:

0By +0W.n) +0w.p) +0w@n+0dey . ObnI

1 1

g OR

ey

The energy dependence of weighted reaction mechanism
components, o;/og, for 50,52,53,54 ¢ target nuclei, is also
shown in Fig. 4. One may note first the high values op;/og
at lowest incident energies due to the above-mentioned max-
imum of the stripping excitation functions around E; ~
7 MeV. The decrease of the DR component and thus of its
ratio leads to a steep increase with the deuteron energy of
the PE+CN weight, in spite of the BU increase. The corre-
sponding maximum, at energies of 15-20 MeV, is followed
by a decrease due to the continuous increase of BU with the
incident energy. Thus, both DI and PE+CN cross sections
shown in Fig. 4 have values approximately half of o at
energies around 60 MeV.

=

60 120 180 O

do/dQ (mb/sr)

0.001

30 60 90 0 30 60 90
9, , (deg) (b)

030760 90 O

FIG. 6. As in Fig. 5 but for (a) *Cr(d, p)**Cr stripping [51] and
(b) 22Cr(d, )V pickup [52] transitions, at incident energies of 7.5
and 17 MeV, respectively.

D. Statistical PE+CN processes in deuteron-induced reactions

The PE and CN statistical processes become important at
the incident energies above the Coulomb barrier (Fig. 4). The
corresponding reaction cross sections have been calculated in
the frame of the PE exciton and Hauser-Feshbach formalisms
using the latest TALYS-1.9 code version [20], corrected in order

034606-6



CONSISTENT ACCOUNT OF DEUTERON-INDUCED ...

PHYSICAL REVIEW C 98, 034606 (2018)

10
*Cr(d,t)*Cr 0.1 237
= 1 143
7 0.1 0.01 M
S 041 "
E
0.1 = 3.46
o o1  [EsTT8MeV
% 0.01 277 0.1
3 0.01
0.001
0 60 120
0.1 4.09
0.1 9, m (deg)
0.01
0.01
0 60 120 0 60 120 180
9., (deg)

FIG. 7. Asin Fig. 5 but for >*Cr(d, t)**Cr pickup [29] transitions
at an incident energy of 11.8 MeV.

to take into account the above-mentioned breakup, stripping,
and pick-up components.

The following input options of the TALYS-1.9 have been
used: (a) the OMPs of Koning-Delaroche [62], Becchetti-
Greenlees [63], and Avrigeanu et al. [64], for nucleons, tri-
tons, and « particles, respectively; (b) the back-shifted Fermi
gas (BSFG) formula for the nuclear level density; (c) no
TALYS breakup contribution, since the above-mentioned BF
enhancements are still under implementation in;, and (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 excitation functions of particular residual nuclei of
deuteron interaction with " Cr, measured in the present work
(Sec. II), are compared in Figs. 9-13 with the data formerly
available [34,65-74]. The isotope and mechanism detailed
contributions are particularly illustrated too. The correspond-
ing TENDL-2017 predictions [21] are also shown while a
global comparison of the measured data and calculated results
for "Cr is shown in Fig. 14. Additional comments concern
several reaction types and residual nuclei as follows.

A. (d, xn) reactions and **>>*Mn residual nuclei population
1. The " Cr(d, xn)**Mn reaction

The present discussion concerns first the heavier residual
nuclei which are populated by deuteron interactions with
fewer Cr isotopes and emission of fewer nucleons. Thus, a
more focused analysis of distinct reaction mechanisms be-
comes possible in the case of the >*Mn nucleus. Unfortunately
there are no data corresponding to the residual nucleus >*Mn
by activation of 3*3*Cr isotopes, which would represent a
stronger check of the nuclear model approach. Therefore the
ultimate model validation is provided by the comparison of
the data and calculated results for the natural target, which
demands well increased accuracy of both the measurements
and model analysis.

First, one should note the major role of the stripping
contribution to the >Cr(d, n)**Mn excitation function shown
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FIG. 8. As in Fig. 5 but for (a) >*Cr(d, p)*Cr stripping [53] and
(b) 54Clr(d , 1)53Cr pickup [54,55] transitions, at incident energies of
10 MeV and, respectively, 11.8 and 12 MeV.

in Fig. 9. It exceeds by far the PE+CN components, increasing
also the >*Mn residual-nucleus population for "'Cr activation
shown in the same figure. Moreover, there are thus grounds
for the significant underestimation above ~20 MeV of the
measured data by the TENDL-2017 evaluation.

Second, the population of >*Mn residual nucleus through
the (d, 2n) reaction is increased by the BF contribution by
breakup protons through the (p, n) reaction. It exceeds the
PE+CN components at deuteron energies above 20 MeV,
leading within this energy range to a much slower decrease
of this excitation function, which has a steep increase above
the threshold.

On the whole, the comparison of the present results with
the TENDL evaluation points out the importance of the
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FIG. 9. Comparison of previous [65] and present (solid cir-
cles) measurements, TENDL-2017 [21] evaluation (dotted curves),
and present calculation (solid curves) of "Cr(d,xn)**Mn,
3Cr(d, n)**Mn, and *Cr(d, 2n)**Mn reaction cross sections, along
with BF enhancement (dashed curves), stripping (d,n) reac-
tion (dash-dotted curve), and PE+CN components (dash-dot-dotted
curves) corrected for DI deuteron flux leakage. Contributions of >*Cr
(short-dashed curve) and 3*Cr (short-dotted curve) isotopes to "Cr
activation are also shown.

new measured cross sections around the maximum of the
"Cr(d, xn)**Mn activation as well as the role of breakup and
stripping mechanisms to obtain a suitable description of these
data. The good agreement of experimental and calculated
excitation functions shown in Fig. 9 supports the correctness
of the corresponding reaction models.

2. The ™ Cr(d, xn)*Mn reaction

A complex analysis considers the ground state (g.s.), iso-
meric state, and total populations of *>Mn residual nucleus,
as well as of the isomeric cross section ratio ™ /o8, as a
result of deuteron interaction with "™ Cr (Fig. 10). Actually,
the 2* (71,2 = 21 min) isomeric state of >*Mn has only a
weak 1.75% decay branch to the 6 (Tijp =5.6d) gs., the
rest of its decay going towards the >2Cr residual nucleus, thus
showing the obvious usefulness of the newly measured data
for the population of >Mn¢ and >*Mn" states.

The BU, PE, and CN reaction mechanisms are involved
in the population of these states by deuterons incident on
32533.54Cr isotopes. The statistical PE+CN emission gives the
largest contribution to (d, 2n), (d,3n), and (d,4n) yields
only between the reaction thresholds and the excitation func-
tion maximum. Next, the cross sections decrease slower at
higher incident energies due to the larger contributions by the
breakup protons through (p, n), (p, 2n), and (p, 3n) reactions
(Fig. 10). The present and previous [65-70] measurements of
the isomeric, g.s., and total cross sections for the population of
52Mn by deuteron interaction with "Cr are compared with the
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FIG. 10. As in Fig. 9 but for the population of (a)~(d) **Mn", (f)—(i) **Mn¢, and (j)—(m) **Mn**" by the corresponding (d, xn) reactions
on "32:5334Cr [65-70], as well as (e) the isomeric cross section ratio o™ /o¢ of these reactions on "Cr.
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FIG. 11. As in Fig. 9 but for the population of (a)-(¢) >'Mn and (f)-(j) 3'Cr by the corresponding (d, xn) and (d, pxn) reactions,
respectively, on "3%3334Cr [65,70-73], including (a) the contributions of *°Cr (short-dashed curve) and >*Cr (short-dotted curve) isotopes
to ™Cr activation for the former residual nucleus >'Mn, and [(f) and (g)] >'Cr cumulative population (additional crosses) due to the decay of
3Mn residual nucleus, in comparison with the measured data for deuterons on "*-*Cr [65,71-73] (see text).

sum of calculated results for 2->*34Cr isotopes in Figs. 10(a),
10(f), and 10(j), and finally their agreement validates the
account of the BF+PE+CN contributing mechanisms.

A particular analysis of the measured isomeric cross sec-
tion ratio by West et al. [67] and Cogneau et al. [70] is
shown in Fig. 10(e). In order to describe the experimental
isomeric-ratio excitation function we found it necessary to use
a normalization factor of 0.75 for the spin cutoff parameter
of the residual nucleus **Mn. This adjustment of the width
of the angular momentum distribution of the level density
within the code TALYS is actually close to the ratio of the
effective moment of inertia of the nucleus to the rigid-body
value for A ~ 50 [75]. Thus, it seems to be an alternate
choice to the option of an energy-dependent moment of inertia
[76-79].

3. The " Cr(d, xn)*'Mn reaction

A very interesting case is that of the activation cross
sections of the >'Mn residual nucleus following deuteron
interactions with "™ Cr. Because of the energy thresholds
of the corresponding (d, 3n), (d, 4n), and (d, 5n) reactions
on 23334Cr isotopes, visible also in Figs. 11(c)-11(e), the
0Cr(d, n)>'Mn reaction is the only one contributing to the
"Cr(d, xn)*'Mn excitation function for incident energies
<19 MeV. This fact is most important, particularly due to the
absence of any strong contributions coming from the ~84%
most abundant 3>Cr isotope.

Thus it results that the stripping (d, n) reaction is crit-
ical for the suitable account of both ’°Cr(d,n)’'Mn and
"Cr(d, xn)*'Mn excitation functions shown in Figs. 11(a)
and 11(b), providing a distinct test of the nuclear model ap-
proach. The first measured cross sections for the latter reaction
in the present work, in addition to only a couple of data sets
already available for the former one [70,71], becomes of great
interest in this respect.

Moreover, it is obvious a the suitable description of the
measured excitation functions in Figs. 11(a) and 11(b) corre-
sponds to the DR stripping account. The major importance of
this reaction mechanism is proved also by the substantial un-
derestimation of the same cross sections by the corresponding
TENDL evaluation, which is known to be less accurate with
respect to the deuteron DR account.

A further distinct point of >'Mn residual-nucleus popula-
tion concerns the important BF enhancement following the
BU-proton interactions with 3%3233:34Cr target nuclei through
(p, xn) reactions, as shown in Figs. 11(b)-11(e). One may
note its larger contribution versus PE+CN processes at ener-
gies above 40-50 MeV, for the target nuclei >3Cr.

B. The "Cr(d, pxn)*'Cr reaction

In this case a cumulative process should be considered
in a way similar to the measured activation cross sections
for the residual nucleus >'Cr in deuteron-induced reactions
on "™PFe [17] and ™Ni [18]. The EC decay of long-lived
radionuclide °'Cr (T, = 27.7 d) [80], populated through the
reactions >*>23334Cr(d, pxn)’'Cr, is added to populations by
EC decay of relatively short-lived >'Mn (T; 2 = 46.2 min)
[80] (see Fig. 18 of Ref. [17]) activated through the above-
discussed reactions >*32333*Cr(d, xn)*'Mn. However, an es-
sential difference concerns now the simpler reaction channels
involved in population of the residual nuclei >'Cr and 3'Mn,
which makes the related model analysis more interesting and
makes more useful the corresponding new measured data in
the present work.

Thus, the contributions of the (d, pxn) as well as (d, xn)
reactions have been taken into account within the analysis
of "™Cr(d, x)*!Cr reaction data shown in Fig. 11(f). More-
over, likewise the residual-nucleus >'Mn activation at incident
energies below ~18 MeV and °'Cr activation at the same
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FIG. 12. As Fig. 11 but for the population of (a-¢) **V by the corresponding (d, x) reactions on "-323334Cr [65,71,72,74], including (a)
the contributions of °Cr (short-dashed curve) and 32Cr (short-dotted curve) isotopes to "*Cr activation.

energies follows only the deuteron interactions with the stable
0Cr isotope, e.g., Figs. 11(h)-11(j). A stripping reaction, the
(d, p) one, provides also the most important contribution to
this activation, with the additional feature of the cumulative
population of the 3'Cr residual nucleus in Fig. 11(g) due to
the summed °Cr(d, p)°'Cr and °Cr(d, n)°'Mn excitation
functions.

Moreover, the agreement of the present calculations and
measured data further supports the present approach of
BU+DR+PE+CN mechanisms, pointing out the important
role of the stripping DR. It is the gradual decreasing slope
of the cumulative *°Cr(d, x)*'Cr excitation function up to
~20 MeV which then is responsible for the first maximum
of the same excitation function for the " Cr target. The new
measured cross sections just within this critical energy range
play thus a key role for the model analysis validation. On
the other hand, the recurring TENDL-2017 underestimation
proves the above-mentioned drawback of the deuteron DR
account.

One may also note that significant BF enhancements are
brought by BU nucleons to >>°*3*Cr(d, x)°'Cr reactions at
higher energies, as shown in Figs. 11(h)-11(i), while the
contribution of BU neutrons through the (n, y) reaction on
the target nucleus is too weak to occur in Fig. 11(g). However,

further measurements at higher energies [11] would be most
useful in this respect.

C. The (d, ax) reactions
1. The (d, axn) reactions

The (d, axn) reaction thresholds for stable Cr isotopes
(Fig. 12) result in the population of the **V nucleus by
deuterons on "Cr up to ~20 MeV only through the (d, )
reaction on *°Cr. The new data measured in this work on
"!Cr cover nearly the whole energy range, in agreement with
previous data sets for "3°Cr [65,71,72,74] in distinct energy
ranges shown in Figs. 12(a) and 12(b).

Then, the sequential nucleon emission and particularly
the 2Cr(d, «2n) reaction provide the major contribution to
YV population by deuterons on "'Cr, which was measured
previously up to 50 MeV [65]. A suitable agreement of all
experimental cross sections for deuteron-induced reactions on
Cr isotopes by the present analysis and TENDL-2017 is found
as well. A cause of the similar calculated results could be
the weak component of the DR pickup (d, o) mechanism,
pointed out in Sec. IIIC to be due to scarce specific spec-
troscopic information on, e.g., experimental angular distri-
butions, spectroscopic factors for residual levels populated
by the pickup process, and transferred orbital momentum.

- TENDL-2017
—BF+PE+CN

1L

= Hermanne+ (2011
0.1
0.01
)
£ 0 20 30 40
© (h) 52 46 (i) 53 46
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FIG. 13. As Fig. 11 but for the population of (a-e) *’Sc and (f-j) “*Sc by the corresponding (d, x) reactions on "*323334Cr [65], including
(a,f) the contributions of >2Cr (short-dashed curves), **Cr (short-dotted curves), and *Cr (short dash-dotted curves) isotopes to "™ Cr activation.
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FIG. 14. Comparison of previous [65-74] (open circles) and present measurements (solid circles), TENDL-2017 [21] predictions (dotted
curves), and present calculations (solid curves) of cross sections for deuteron interactions with " Cr (see text).

Therefore, the description of the experimental "*Cr(d, x)*¥V
and Cr(d, x)*®V excitation functions supports consistently
the present model calculations with the assumption of a weak
(d, o) pickup component, while the above-discussed weight
of the BF component has also decreased significantly.

2. The (d, axnyp) reactions

Population of “¢#’Sc residual nuclei follows mainly the
PE+CN statistical mechanisms (Fig. 13), the BF enhance-
ment brought by breakup nucleons being mostly weak. The
only different case is that of the 50Cr(d, x)46Sc reaction in
Fig. 13(g), at incident energies above ~50 MeV, with an
odd-odd residual nucleus in the BU-neutron induced reaction
(n, pa). However, the trend of the only available experimental
data for reaction "'Cr(d, x)*Sc in Fig. 13(f) is given by the
corresponding reaction on >>Cr. These data are well described
by the present approach while the TENDL-2017 evaluation
largely underestimates them.

On the other hand, the only available experimental data
for reaction " Cr(d, x)*’Sc [Fig. 13(a)] are not reproduced at
incident energies lower than ~38 MeV by either the present
analysis or TENDL-2017. Actually, it seems that some agree-
ment is provided by the two model approaches at the energies
where the *’Sc population is determined by the most abundant
isotope 32Cr, while the problems correspond to the incident
energies where the main role is played by the (d, 2«) and
(d, n2a) reaction channels, for 3>*Cr target nuclei. However,
the same channels are well described in the case of *°Sc
population. Therefore, additional measurements of the former
residual nucleus and deuteron energies of 30—40 MeV seems
to be of interest as long as Sc isotopes are important for the
development of therapeutic radio-pharmaceuticals [81].

V. CONCLUSIONS

The activation cross sections for production of 3!-323*Mn,
SICr, and ¥V radioisotopes in deuteron-induced reactions on

natural Cr, highly requested by large-scale research projects
[9-11], were measured at deuteron energies up to 20 MeV.
They are in good agreement with the previously reported
experiments [65—74], and all of them have been the object of
an extended analysis from elastic scattering to the evaporation
from a fully equilibrated compound system. Particular atten-
tion has been given at the same time to breakup and direct
reactions mechanisms.

A detailed theoretical treatment of each reaction mecha-
nism contribution has made possible a reliable understanding
of the interaction process as well as accurate values of the
calculated deuteron activation cross sections. Furthermore,
the comparison of the experimental deuteron activation cross
sections with both our model calculations and the corre-
sponding TENDL-2017 evaluation supports the detailed the-
oretical treatment of deuteron interaction process, while the
discrepancies between the measured data and corresponding
TENDL-2017 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.

This comparison particularly points out the importance of
the newly measured cross sections around the maximum of
the " Cr(d, xn)**Mn excitation function as well as the role
of breakup and stripping mechanisms to provide a suitable
description of these data. The first measured cross sections
for the "*Cr(d, xn)’'Mn reaction in the present work, in
addition to only a couple of data sets already available for
0Cr(d, n)*'Mn [70,71], play also a similar role. The case is
similar for the newly measured data around the first maximum
of the cumulative "*Cr(d, x)°' Cr excitation function, which is
related to the one for *°Cr.

However, while the associated theoretical models for strip-
ping, pickup, PE, and CN are already settled, increased at-
tention should be paid to the theoretical description of the
breakup mechanism, including its inelastic component. The
recently increased interest in the theoretical analysis of
the breakup components [2,44,47,48] may lead eventually to
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the refinement of the deuteron breakup empirical parametriza-
tion and increased accuracy of the deuteron activation cross
section calculations, well beyond reaction cross sections rec-
ommended most recently for high-priority elements still using
data fit by various-order Pade approximations [8].

On the other hand, 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.
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