PHYSICAL REVIEW C 88, 014612 (2013)

Low-energy deuteron-induced reactions on **Nb
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The activation cross sections of (d, p), (d, 2n),(d, 2np + nd + 1), (d, 2na), and (d, pa) reactions on *>Nb were
measured in the energy range from 1 to 20 MeV using the stacked-foil technique. Then, within a simultaneous
analysis of elastic scattering and reaction data, the available elastic-scattering data analysis was carried out in
order to obtain the optical potential for reaction cross-section calculations. Particular attention was paid to the
description of the breakup mechanism and direct reaction stripping and pick-up, followed by pre-equilibrium and
compound-nucleus calculations. The measured cross sections as well as all available deuteron activation data of
SNb were compared with results of local model calculations carried out using the codes FRESCO and STAPRE-H
and both default and particular predictions of the code TALYS-1.4 and TENDL-2012-evaluated data.
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I. INTRODUCTION

The description of deuteron-nucleus interaction represents
an important test for both reaction mechanism models and
evaluation of nuclear data requested especially by research
programs such as ITER [1], IFMIF [2], and SPIRAL2-NFS [3].
The weak binding energy of the deuteron, B; = 2.224 MeV,
is responsible for the high complexity of the interaction
process that also involves a variety of reactions initiated by
the neutron and proton following the deuteron breakup (BU).
The difficulties in interpreting the deuteron-induced reaction
data in terms of the usual reaction mechanism models have
recently been reinvestigated [4—10], looking for a consistent
way to include the breakup contribution within the activation
cross-section calculations.

On the other hand, contributions of the (d, p) and (d, n)
stripping as well as the (d, t) pick-up direct reactions (DR)
have also been usually neglected or very poorly taken into
account, in spite of their importance at low incident energies.
Finally, the pre-equilibrium emission (PE) and evaporation
from fully equilibrated compound nucleus (CN) become
important when the incident energy is increased above the
Coulomb barrier. However, even the PE and CN analysis has
to take into account the decrease of the deuteron total reaction
cross section due to the above-mentioned BU, stripping,
and pick-up processes. The present work concerns a deeper
understanding of the deuteron breakup, stripping, and pick-
up reactions, and the better-known statistical emission, all
together and consistently, for deuteron interaction with the
93Nb target nucleus.

Since it is used as either pure metal or a component
of various alloys due to the advantageous physical and
chemical properties, the > Nb nucleus is quite important for
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nuclear technology. The monoisotopic nature makes easier the
measurements of both neutron and charged-particle induced
reactions on this target nucleus while the related nuclear model
analysis may avoid difficulties met for elements with more
stable isotopes. Unfortunately, the deuteron-induced activation
on >Nb led mainly to isomeric states, while the model analysis
of the isomeric cross sections for incident energies up to the
upper limit of the low-energy range (50 MeV) presumes the
account of the angular-momentum and parity conservation at
any stage of the concerned nuclear interactions. Moreover,
their accurate calculation needs a suitable description of two
basic nuclear quantities, namely the nuclear level-density spin
distribution and the radiative strength functions, both of them
the object of intricate investigations. Altogether, there are
only a few measurements performed for deuteron activation
of %3Nb [11,12] while their analysis is rather limited to global
predictions and use of approximations.

The experimental setup and the measured data are described
in Sec. II. Next, a consistent energy-dependent optical potential
for deuterons on **Nb is discussed in Sec. III. Deuteron
breakup effects on the **Nb activation data are established
in Sec. IV. The one-nucleon transfer DR analysis using the
computer code FRESCO [13] is described in Sec. V, followed
by a discussion in Sec. VI of the local input parameter
set involved in analysis of PE and CN processes using the
code STAPRE-H [14]. The measured and calculated deuteron
activation cross sections of >Nb are discussed in Sec. VII,
including default and particular calculations performed using
the code TALYS-1.4 [15] and evaluated data from the TENDL-
2012 library [16]. Partial and preliminary results were presented
elsewhere [8,9,17,18].

II. MEASUREMENTS

The irradiation was carried out using an external
deuteron beam of the NPI variable-energy cyclotron U-120M
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operating in the negative-ion mode of acceleration. From the
stripping-foil extractor the beam was delivered to the reaction
chamber through beam line consisting of one dipole and
two quadrupole magnets. The energy was determined with a
resulting accuracy of 1.0%, and the full width at half-maximum
(FWHM) spread of the incident beam up to 1.8% was
observed.

The activation cross sections were measured by use of a
stacked-foil technique. A collimated deuteron beam strikes the
stack of foils in a Faraday-cup-like reaction chamber, enabling
the cooling of stacked foils without a loss of accuracy in the
beam current and charge monitoring (10%).

The high-purity Nb foils (Goodfellow product, 99.9%
purity, 25 um declared thickness) and Al (50 pum declared
thickness) were weighed (within 2% of accuracy) to avoid
relatively large uncertainties in the foil thickness declared
by producer. The mean energy, energy thickness, and energy
spread in each foil were set out by SRIM 2003 code [19]. The
foils of examined element Nb were inserted in the chamber
by turn with Al foils that were used for additional monitoring
of the beam current and appropriate reduction of the deuteron
energy as well.

Three irradiation runs were carried out to check internal
consistency of the measurement. In addition, two measure-
ments were performed at the lower energy of 13.86 MeV to
obtain the **Nb(d, p)**Nb" reaction cross sections around the
excitation function maximum. The characteristics of single
runs are given in Table L.

The y rays from the irradiated foils were measured
repeatedly by a calibrated HPGe detector of 50% efficiency
and of FWHM 1.8 keV at 1.3 MeV. Experimental reaction
rates were calculated from the specific activities at the
end of the irradiation and corrected to the decay during
irradiation using total charge and foil characteristics as
well. The measurement with different cooling times lasted
up to 100 days after irradiation. The characteristics of the
isotopes observed from irradiated Nb foils [20] are given in
Table II.

The experimental cross-section data for the
SNb(d, 2n)*Mo™,  *Nb(d, x)**Nb",  P*Nb(d, pa)Y"™,
BNb(d, 2n)®Zr, and 2*Nb(d, p)**Nb™ reactions are
shown in Table IIl. They are in excellent agreement with
previous works [11,12]. The cross-section values for the
SNb(d, p)**Nb™ strongly depend on the intensity of the
single y 871.1-keV line (Table II).

TABLE I. Characteristics of single runs.

Run Initial Total Irradiation Mean
No energy charge time current
(MeV) ’1®) (s) (nA)
1 19.64 513.6 2610 0.197
2 19.60 245.8 1182 0.208
3 19.60 271.7 1238 0.219
4 13.86 160.6 602 0.267
5 13.86 162.6 604 0.269
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TABLE II. Half-lives, main y lines, and their intensities of the
isotopes observed from irradiated Nb foils [20].

Isotope Ty E,(keV) I, (%)
SMo™ 6.85h 684.7 99.7
1477.1 99.1
263.1 56.7
2Nb" 10.15d 934.5 99
912.7 1.78
0y 3.19h 202.5 97.5
479.2 90.7
87r 78.41h 908.9 100
%Nb" 6.263 min 871.1 0.50

III. ENERGY-DEPENDENT OPTICAL POTENTIAL

The deuteron total reaction cross sections are less accurately
described since, unlike the nucleon case, there are no global
optical model potentials (OMP) which describe sufficiently
well the scattering data over wide ranges of energy and target
nuclei. However, a prime interest for the OMP parameters is
motivated by their further use within analysis of all deuteron
interaction cross sections. Unfortunately, the few angular-
distribution measurements of elastic-scattered deuterons on
9Nb [21,22] do not allow an extended OMP analysis.

Actually, previous OMP analyses on ®Li [23,24], 27 Al
[4,5], 3+°0-38natEe [25], 59Co, and **Nb [8,18] showed that no
global OMP describes sufficiently well the elastic-scattering
data for deuterons in the energy range up to 20 MeV. Therefore,
we have fitted the available experimental elastic-scattering
angular distributions for *>Nb (Fig. 1) by adjusting several
parameters (Table IV) of the Daehnick er al. [26] OMP. A
good description of the data has been obtained as it results
from comparison with the calculated values using the presently
adjusted OMP parameters and previous potentials [26-28]
within the widely used TALYS code [15]. Also shown in
Fig. 1(b) are the total reaction cross sections oy for deuterons
incident on Nb calculated by using the same potentials. A
similar comparison with the results obtained by using another
previous potential [29] and the TALYS default option based on
the Watanabe folding approach [30] was formerly given [25].
Unfortunately, there are no available measured total reaction
cross sections. One may note the differences up to 20% be-
tween the various predictions while the OMP parameters of the
present work, obtained by fit of the elastic-scattering angular
distributions shown in Fig. 1(a), led to intermediary values.

IV. DEUTERON BREAKUP EFFECTS ON
ACTIVATION CROSS SECTIONS

A. BU components

The physical picture of the deuteron breakup, in the
Coulomb and nuclear fields of the target nucleus, considers two
distinct chains. These are the elastic-breakup (EB), in which
the target nucleus remains in its ground state and none of the
deuteron nucleons interacts with it, and the inelastic-breakup
or breakup fusion (BF), where one of the deuteron nucleons
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TABLE III. Measured reaction cross sections (mb) for deuterons incident on the **Nb nucleus. 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 (10%), 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) %Nb(d, 2n)**Mo™ 3Nb(d, x)**Nb" 3Nb(d, pa)OY™ 93Nb(d, 2na)¥Zr 3Nb(d, p)**Nb™
19.35 (60) 101.7 (106) 30.1 (32) 0.257 (28) 1.474 (159) 35.2(155)
18.89 (60) 108.2 (114) 26.9 (28) 0.235 (26) 0.956 (110)

18.79 (63) 108.1 (113) 17.7 (19) 0.158 (19) 0.451 (58) 51.9 (74)
17.87 (64) 124.1 (130) 21.5(23) 0.214 (25) 42.2 (116)
17.72 (63) 113.8 (119) 13.9(15) 0.120 (18) 0.086 (9)

17.38 (64) 120.4 (127) 15.0 (16) 0.124 (15) 56.6 (86)
16.53 (64) 115.5 (121) 9.37 (99) 0.079 (36)

16.25 (65) 126.2 (134) 10.2 (11) 0.057 (18) 61.8 (110)
15.77 (63) 118.1 (126) 9.20 (96) 0.056 (17) 63.7 (70)
15.38 (66) 108.8 (113) 7.24 (76) 0.041 (21)

14.53 (67) 111.2 (117) 6.73 (71) 74.4 (82)
14.05 (68) 93.2 (97) 5.91 (63)

14.03 (69) 103.0 (109) 6.63 (70) 78.2 (88)
13.52 (59) 85.6 (215)
12.89 (61) 104 (18)
12.73 (71) 73.8 (77) 4.89 (51)

12.64 (71) 80.4 (84) 5.47 (57) 90.2 (111)
12.18 (61) 108 (13)
12.09 (71) 75.7 (81) 5.01(53)

11.51 (62) 101 (12)
11.31(72) 54.3 (57) 3.35(41)

10.52 (75) 53.2 (56) 3.91 (41) 108 (12)
10.01 (66) 116 (13)
9.92 (75) 44.4 (47) 3.40 (46)

9.77 (76) 31.0(33) 2.63 (28)

9.10 (69) 127 (8)
8.37 (68) 136 (14)
8.05 (79) 9.6 (10) 1.00 (11)

8.04 (83) 19.5 (21) 1.80 (20) 128 (14)
7.37 (83) 11.9 (12) 1.30 (14)

7.24 (78) 128 (8)
6.48 (75) 111 (13)
6.06 (88) 0.264 (28) 0.157 (25)

4.94 (92) 58.5 (36)
4.13 (91) 25.3(28)
3.43(111) 0.0049 (5) 0.131 (24)

1.28 (161) 0.64 (13)

interacts with the target nucleus while the remaining one is
detected.

An empirical parametrization of the total proton-emission
breakup fraction f];%) = opy/or and the elastic breakup
fraction fgg = ogp/or were obtained [4] through analysis
of the experimental systematics [31,32] of proton-emission
spectra and angular distributions of deuteron-induced reactions
on target nuclei from Al to Pb, at incident energies from 15
to 80 MeV. The dependence of these fractions on the deuteron
incident energy E and the charge Z and atomic number A of
the target nucleus is [4,10]

/1) — 0.087 — 0.0066Z + 0.00163Z A/
+0.0017A'*E — 0.000002Z E*, (1)

fes = 0.031 — 0.0028Z + 0.00051ZA'/3
+0.0005A'3 E — 0.000001 Z E2. )

Consequently, the inelastic-breakup fraction is

(n/p) __

BF - é’[lj/p) - fEB7 (3)

and the corresponding inelastic-breakup cross sections, under
the assumption that the BF cross section for neutron emission

op is equal to that for the proton emission oy,

o = 13 @
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FIG. 1. (Color online) Comparison of (a) measured [21] deuteron
elastic-scattering angular distributions for the ®*Nb target nucleus and
calculated values using the OMP parameters given in Table IV (solid
curves), previous optical potentials [26] (dashed curves), [27] (dash-
dotted curves), and [28] (dotted curves), and (b) the corresponding
total reaction cross sections.

A comparison of the above quantities could be made only to
the total proton- and neutron-emission breakup cross-section
parametrization of Kalbach [33],

(A3 +0.8)°

1+ exp—ng) '

n/p

UBU = Kdﬂ/[, Kd,p = 21, Kd,,, = 18, (5)

TABLE IV. The parameters of the deuteron optical potential
[23] for the **Nb target nucleus. A superscript asterisk follows the
unchanged OMP parameters of Daehnick et al. [26].

Potential depths Geometry parameters

(MeV) (fm)
V; = 88.5+0.88Z /A3 —0.26E rg = 1.223—0.00155E, E < 34.4
= 1.17%, E >344
ag = 0.671 +0.0025E, E <47.5
=0.709 + 0.0017E, E > 47.5*

Wy = —1+0.114E
Wp =15.7—0.118E,
Vi =17.33 — 0.029E

rv = 1.28, ay = 0.742
rp = 1.28, ap = 0.682 + 0.003E
réy = 1.07, at, = 0.66
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FIG. 2. (Color online) The energy dependence of (a) the deuteron
total reaction cross section (dashed curves) and total breakup cross
sections given by parametrizations of Avrigeanu et al. [4] (solid
curve) and Kalbach [33] (dotted curve) for deuteron interactions
with the *’Nb target nucleus, (b) the BF (dashed curve) and EB
(dash-dotted curve) breakup components [4], and (c) the comparison
of the empirical [4] (dash-dotted curve) and CDCC [17] (solid curve)
EB cross sections and values of Kleinfeller ez al. [31] systematics
(solid circles).

which is shown in Fig. 2(a) for the target nucleus °*Nb.
Regardless of the differences between them below the deuteron
incident energy of 7 MeV, the two parametrizations are in good
agreement.

Concerning the energy dependence of the EB and BF
components [Fig. 2(b)], the interest on deuteron activation
cross sections for incident energies up to 50 MeV motivated an
additional check [17] for extension of the EB parametrization
beyond the energies formerly considered for the derivation
of its actual form. Actually, the parametrization for the
elastic—breakup was obtained through analysis of the empir-
ical systematics that covers an incident energy range from
15 to only 30 MeV [4]. However, as shown in Fig. 2(c)
for the >Nb target nucleus, the corresponding EB cross-
section decrease with the incident-energy increase beyond
the energy range within which it was established, while the
total-breakup cross section has an opposite trend. Therefore, in
the absence of available experimental deuteron elastic-breakup
data at incident energies above 30 MeV, the correctness of
an eventual extrapolation should be checked by comparison
of the related predictions with results of a theoretical model
as, e.g., the continuum-discretized coupled-channels (CDCC)
method [34-37].
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The EB component has been considered within the CDCC
formalism as an inelastic excitation of the deuteron, coupling
its unbound excited states in the solution of the scattering
problem within the coupled-channels approach [17]. In order
to deal with a finite set of coupled equations, the binning
method [34,35] has been used. The energy dependence of
the EB cross sections provided in the case of the deuteron
interaction with **Nb target nucleus by the excitation of the
continuum spectrum (e.g., the population of the virtual excited
states) is compared with the prediction of empirical system-
atics [4] in Fig. 2(c) too. The calculations were performed
with the coupled-channels code FRESCO [13]. The EB cross
sections corresponding to the Kleinfeller et al. systematics
(Table IIT of Ref. [31]) are also shown. The agreement of
the CDCC elastic-breakup cross sections [17] and the latter
systematics can be considered as a validation of the present
advanced model approach. Moreover, this comparison points
out that the CDCC calculations lead to EB cross sections that
follow the total-breakup cross-section behavior and shows that
extrapolation of the empirical parametrization for the EB cross
sections should be done with caution beyond the energies
considered formerly in this respect [17].

Enyp (MeV)
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B. BF enhancement of the deuteron activation cross sections

A similar consideration should be given to (i) the breakup
process decreasing the total reaction cross section that is shared
among different outgoing channels and (ii) the additional
contributions to different reaction channels due to interactions
of inelastic-breakup nucleons with the target nucleus. While
the former effect has been taken into account by using a
reduction factor (1 — ogy/og) of the deuteron total reaction
cross section, an enlarged discussion concerns the latter one.

The inelastic-breakup proton or neutron that interacts with
the target nucleus at once with emission of a corresponding
neutron or proton, respectively, contributes through a reaction
(p,x) or (n,y) to the enhancement of the (d,n + x) or
(d, p + y)reaction cross section. In order to calculate these BF
enhancements, first, the BF cross section was obtained, for a
given deuteron incident energy E, by subtracting the EB cross
section from the phenomenological BU cross section. Next,
the enhancement of, e.g., the (d, n 4+ x) reaction channel, is
given by this BF cross section multiplied by the convolution of
the ratio o, ,)/of and Gaussian line-shape distribution of the
BF-proton energies E, [33,38] for the given deuteron incident
energy. The enhancement of the (d, p + y) reaction channel is
obtained in a similar way but using the convolution of the

10

. 0.1

0.01

E, (MeV)

FIG. 3. (Color online) [(a) and (b)] The centroid of assumed Gaussian line shape [33,38] for deuteron breakup-peak energies of emitted
neutrons (solid line) and protons (dashed line), and the corresponding E 4 I /2 values (dotted lines) for the BU (a) neutrons and (b) protons,
calculated for deuterons interacting with *Nb. [(c) and (d)] The convolution of the cross-section ratios (c) o¢,.2,) /07 and (d) o »my/og for the
target nucleus > Nb, leading to residual-nucleus isomeric states (dotted curves), with the Gaussian line shape of the deuteron-breakup peak
energies of the corresponding emitted (c) neutrons and (d) protons, for deuterons with energies of 20, 30, and 40 MeV (thin dash-dot-dotted,
dash-dotted, and dashed curves, respectively, with the incident energy noted above their maxima) and the convolution results at each deuteron

energy (thick curves).
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ratio o, y)/or and Gaussian line-shape distribution of the
BF-neutron energies E, [33] for the given deuteron incident
energy. The quantities ¢ and o7 are the proton total reaction
cross section and the neutron total reaction cross section,
respectively, for the **Nb target nucleus. The quite large widths
I' of the assumed Gaussian line shape of these energies make
necessary the improved estimation of the BF enhancement.
These widths are shown for the deuteron BU on *’Nb in
Figs. 3(a) and 3(b). The corresponding Gaussian distributions
of BF neutrons and protons energies, at several deuteron
incident energies (20, 30, and 40 MeV), are shown together
with the above-mentioned ratios for the particular reactions
(n, 2n) and (p, n), respectively, in Figs. 3(c) and 3(d). There
are also shown the convolution results at each of these energies,
while their area corresponds to the BF enhancement of the
(d, 2np) and (d, 2n) reaction cross sections, respectively.

V. ONE-NUCLEON TRANSFER REACTIONS

Apart from the breakup contributions to deuteron inter-
actions, increased attention is paid to direct reactions that
have been very poorly accounted so far in deuteron activation
analysis. For energies below and around the Coulomb barrier,
the interaction of deuterons with target nuclei proceeds largely
through DR mechanism, while PE and CN processes become
more important with the incident energy increase. Thus, the
DR stripping and pick-up are important for the increasing
side of the (d, p), (d, n), and (d, t) excitation functions [4-9].
These processes have been considered in the frame of the CRC
formalism by using the code FRESCO [13], with the post/prior
form distorted-wave transition amplitudes for (d, n/p), and,
respectively, (d, t) reactions, and finite-range interactions. The
n-p interaction in deuteron [34] as well as the d-n interaction
in triton [39] are assumed to have a Gaussian shape, while
the transferred nucleon bound states were generated in a
Woods-Saxon real potential. The deuteron optical potential
from Sec. II has been used in the incident channel, while
Koning and Delaroche [40] and Becchetti and Greenlees
[41,42] OMPs have been used for outgoing nucleon and triton
channels, respectively.

Actually, the one-nucleon transfer reactions have been
of critical importance for the nuclear structure studies, the
spectroscopic factors extracted from the analysis of emitted
particle angular distributions contributing to validation of
the nuclear shell model. Consequently, the rich systematics
of the achieved experimental spectroscopic factors makes
possible the calculation of stripping and pick-up cross-section
contributions to the deuteron activation. Thus, in the present
analysis of deuteron interactions with the > Nb target nucleus,
spectroscopic factors reported by Moorhead and Moyer [43]
and Bhatia et al. [44] were used in the cross-section calcu-
lations for the **Nb(d, p)**Nb and **Nb(d, t)°*Np reactions,
respectively.

A particular note should concern the pick—up contribution
to the total (d, t) activation cross section, usually neglected in
spite of its essential contribution at the energies between its
threshold and those for the (d, nd) and (d, 2np) reactions that
lead to the same residual nucleus. Thus, it will be shown in
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Sec. VII that the pick-up component of the (d, t) excitation
function is critical for the description the experimental data
at deuteron incident energies lower than 10 MeV, where other
mechanism contributions (PE, CN) are almost negligible.

VI. PRE-EQUILIBRIUM AND COMPOUND
NUCLEUS DECAY

The PE and CN reaction mechanisms concerning the
statistical emission at pre-equilibrium or from the fully
equilibrated compound nucleus become important when the
incident energy is increased well above the Coulomb batrrier.
The related cross sections have been analyzed in this work by
using the PE 4+ CN code STAPRE-H [14] and local consistent
parameters that have been obtained or checked through the
analysis of various independent experimental data in advance
to obtain the deuteron-activation cross sections for **Nb. The
main assumptions and parameters involved in this work have
recently been described elsewhere [7,45-47], so only some
specific issues to the mass range A > 90 are given here.
A further note should concern the fact that similar input
parameters and calculations have been used to obtain the BF
enhancement as discussed in Sec. VII.

The phenomenological OMP given in Table IV has been
used for the incident channel. Concerning the nucleon optical
potentials, the best description of the particular s- and p-wave
neutron strength functions, the potential scattering radius R’
[42], and the energy dependence of the total cross sections for
the Mo isotopes [22] as well as the proton total reaction cross
sections of the 3Nb target nucleus [22] was obtained using
the local neutron and proton OMP of Reimer et al. [45]. These
potentials were also used for the calculation of the collective
inelastic scattering cross sections that are also needed in
the analysis of the nucleon-induced reactions on the target
nucleus >Nb, which are of interest both for (i) check of the
consistent input parameter set and (ii) estimation of the BF
enhancement due to one of deuteron constituents interacting
with the target nucleus. The direct-interaction distorted-wave
Born approximation (DWBA) method and a local version of
the computer code DWUCK4 [48] have been involved in this
respect. The weak coupling model was adopted for the odd
nucleus *>Nb using the collective state parameters of Kalbach
[49]. Typical ratios of the neutron direct inelastic scattering to
the total reaction cross sections in the energy range from few
to 60 MeV decrease from ~11 to 5% [45]. An overall check
of the nucleon OMPs and y-ray transmission coefficients
used in this work has been carried out by a simultaneous
comparison of the calculated and measured cross sections for
the reactions **Nb(p, y)**Mo and **Nb(p, n)**Mo, available
up to an incident energy of 5.5 MeV [50,51] (Fig. 4). The
proton total reaction cross sections is also shown, being almost
identical to the (p, n) reaction cross section above the proton
energy of 3 MeV.

The optical potential which is used in this work for calcula-
tion of the a-particle transmission coefficients was established
previously [52] for emitted « particles and supported recently
by semimicroscopic analysis for A ~ 90 nuclei [53]. The same
OMP parameter sets were also employed for calculation of the
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FIG. 4. (Color online) Comparison of the measured [50,51] and
calculated cross sections for the reactions “*Nb(p, y)**Mo (solid
curve) and **Nb(p, n)**Mo (dashed curve), respectively, by means
of the nucleon OMPs and y-ray transmission coefficients used in
this work. The proton total reaction cross sections is also shown
(dotted curve).

intranuclear transition rates within the PE generalized [14]
geometry-dependent hybrid (GDH) model [54].

The nuclear level densities were derived on the basis of the
back-shifted Fermi gas (BSFG) formula [55] for the excitation
energies below the neutron-binding energy. The corresponding
parameters a and A were obtained by a fit of the most
recent experimental low-lying discrete levels [56] and s-wave
nucleon resonance spacings Dy [42] (Table V). For nuclei
without resonance data we applied the smooth-curve method
[57] by using average a values for the A ~ 90 and A values
obtained by a fit of the low-lying discrete levels. Above the
neutron binding we took into account the washing out of shell
effects within the approach of Ignatyuk ez al. [58] and Junghans
et al. [59], while the method of Koning and Chadwick [60] was
used to fix the appropriate shell correction energy. A transition
range from the BSFG formula description to the higher-energy
approach has been chosen between the neutron binding energy
and the excitation energy of 15 MeV, mainly in order to have
a smooth connection. On the other hand, the spin distribution
has been determined using a variable ratio //1, of the nuclear
moment of inertia to its rigid-body value, between 0.5 for
ground states, 0.75 at the neutron binding energy, and 1 around
the excitation energy of 15 MeV [61].

The basic role of the level density spin distribution for
the model calculations of isomeric cross sections ([62] and
references therein), which are the dominant deuteron activation
measured data on °>Nb, motivated a particular concern in
this work. Thus, the current assumption for the moment of
inertia is compared in Fig. 5 with other actual formulas of the
level density spin cutoff o> for the *Mo nucleus. Actually,
this nucleus has a well-known isomeric level 21/2% at the
excitation energy of 2.425 MeV, with a large amount of
measured isomeric cross sections through the 3Nb(d, 2n) as
well as 2*Nb(p, n) and **Mo(n, 2n) reactions. The additional
forms that were considered in this respect are the usual
alternate rigid-body and half rigid-body moments of inertia,
the discrete spin cutoff oj for the range of levels given in
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Table V for *Mo as well its energy dependence for higher
energies of Koning et al. [63], and the latest energy-dependent
parametrization of Eq. (6) in Ref. [64]. Also shown is the
energy-dependent spin cutoff o*(E*) given by the maximum
likelihood estimator, following the discussion in Ref. [65],
namely the ratio of the sum of (J; 4+ 1/ 2)? term for all discrete
levels with Ef < E} to twice the number of these levels. It
results in the variable ratio /1, [61] corresponding to suitable
o7 values in the energy range of the discrete levels [63-65],
close to the assumption of Koning et al. [63] at the neutron
binding energy, and in agreement with theoretical predictions
[66] at higher energies. These results are in line with the recent
conclusion that former values I < I,, obtained from isomeric
cross-section analysis were artificial and resulted from the
use of an improper PE spin distribution, namely the CN spin
distribution [67].

The composite formula [68] was used within the GDH
model for the particle-hole state density (PSD), including the
PE spin distribution that was discussed by Feshbach ez al. [69]
and further detailed by Fu [70]. The a-particle state density
g« = A/10.36 MeV~! [71] has also been adopted. Similar
single-particle level densities g were used for deuteron and
triton PE but increased by factors of 2 and 4/3, respectively,
with respect to the o particles. The most important PSD
correction for the nuclear potential finite-depth was obtained
by using the Fermi energy value F = 37 MeV [72]. The FG
energy dependence was adopted for the single-particle level
densities of PE-excited particles and holes.

The recent high-accuracy measurements of the electric-
dipole radiative strength function (RSF), of main importance
for calculation of the y -ray transmission coefficients, definitely
pointed out a low-energy enhancement [73,74] not yet consis-
tently described by models. Considering its importance for the
isomeric cross-section calculation, an enhanced generalized
Lorentzian model (EGLO) has been adopted in the present
work for the electric dipole y-ray strength functions fgi(E,).
It is based, beyond the standard Lorentzian model (SLO)
using the giant dipole resonance (GDR) line shape with
the usual parameters (og;, ['g;, and Epg;) derived from
photoabsorption data, on the generalized Lorentzian model
(GLO) form of Kopecky and Uhl [75] that included also
a temperature dependence of the already energy-dependent
GDR width [14,76,77]. While the GLO model was able to
avoid the extrapolation of the SLO function in the limit of zero
y-ray energy, it provided a rather constant nonzero limit but
no enhancement at energies below ~3 MeV [73,74]. We have
followed Larsen and Goriely [78] and considered the modified
width of the GLO model with an additional E ! dependence
of its temperature dependence,

I 47T2T2EE1
P(E,. Tp) = =3 [E2 +—L 1, (6)

E1l ’ (EV + 8)

where Ty is the nuclear temperature of the final states
and the constant parameter 6 = 0.05 MeV was applied to
ensure a finite RSF value at £, = 0. A constant temperature
Tr =0.16 MeV has been chosen formerly [78] to repro-
duce the experimental RSF of molybdenum isotopes [73],
while recently a value Ty = 0.5 MeV has been used in
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TABLE V. Low-lying level number N, up to excitation energy E [56] used in cross-section calculations, and the levels and s-wave
neutron-resonance spacings D, [42] in the energy range A E above the separation energy S, for the target-nucleus ground-state spin Iy, fitted
to obtain the BSFG level-density parameter a and ground-state shift A, for a spin cutoff factor calculated with a variable moment of inertia
between half and 75% of the rigid-body value from the ground state to S and reduced radius ro = 1.25 fm.

Nucleus Ny Fitted level and resonance data
E; Ny E; S+4F Iy Dg* a A

MeV) MeV) (MeV) (keV) MeV~h) MeV)
84Sr 25 3.332 25 3.332 9.60 0.95
8Sr 27 1.712 26 1.701 8.532 0 0.32+0.12 10.64 —0.46
8Sr 29 3.501 29 3.501 9.10 0.83
87Sr 39 2.940 39 2.940 8.442 0 2.64+0.8 9.15 0.07
88Sr 33 4.614 33 4.614 11.113 9/2 0.29+£0.08 8.75 1.70
8Sr 18 3.073 39 2.940 6.430 0 23.7+£29 9.48 0.79
soy 21 1.277 21 1.277 9.40 —1.12
87y 24 1.847 24 1.847 9.50 —0.57
8y 24 1.477 24 1.477 9.40 —1.00
0y 30 3.660 25 3.515 9.50 1.06
Ny 17 1.815 15 1.761 6.857 1/2 3.7+£04 9.23 —0.46
87r 24 1.949 24 1.949 9.15 —0.58
87r 18 3.060 18 3.060 8.75 0.62
87r 22 2.280 22 2.280 9.40 —0.11
NZr 38 4.783 38 4.783 8.50 1.68
Nzr 31 2.928 31 2.928 7.260 0 6.0+14 10.10 0.48
27r 42 3.500 42 3.500 8.647 5/2 0.55+0.10 9.60 0.71
BZr 21 2.095 21 2.095 6.785 0 35+£0.8 10.50 —-0.02
8Nb 20 2.221 20 2.221 9.40 —0.12
“Nb 17 1.195 17 1.195 9.20 —1.17
°INb 24 2.413 24 2.413 9.60 0.00
2Nb 25 1.566 22 1.473 10.00 —0.80
SNb 24 1.500 24 1.500 9.90 —0.85
%Nb 33 1.086 33 1.086 7.232 9/2 0.094 £0.010 10.90 —1.24
Mo 22 3.185 22 3.185 9.20 1.17
Mo 21 2.451 21 2.451 9.30 —0.08
“Mo 33 3.964 34 4.019 9.60 1.35
“Mo 58 2.915 58 2.915 8.092 0 2.7+0.5 9.35 —0.18
%Mo 60 3.462 60 3.462 10.70 0.77
%Mo 27 1.692 27 1.692 7.377 0 1.32+0.18 10.40 —0.61

large-scale calculations [79]. However, unlike them, we have
assumed the usual temperature formula [75] but with the rota-
tional energy subtracted from the excitation energy. The results
obtained for the **°4%Mo isotopes, of interest for the present
work, reproduce not only the experimental RSF low-energy
enhancement but also the absolute values without any normal-
ization (Fig. 6). The RSF values for E 1 radiations that are ob-
tained by normalization of the corresponding s-wave average
radiative widths (I'}, ) to experimental data [42] are also shown
in Fig. 6, while SLO strength functions were used for M 1 ra-
diations [75] and global estimations [57] for multipoles A < 3.

These RSF values have also been checked within the above-
mentioned calculations of the **Nb(p, y)**Mo capture cross
sections in the proton energy range between 1.4 and 5 MeV by
using the OMP and nuclear level density parameters described
above, with the results shown in Fig. 4. The agreement with
the experimental data [50] is very good up to an energy of
3.7 MeV while the structure above this incident energy has
been proved to be independent by the adopted RSF and level
densities (Fig. 9 of Ref. [80]).

No free parameter is formally involved for the nucleon PE
description within the generalized GDH model except for the
a-particle preformation probability [71] ¢ = 0.25. The same
approach has been adopted for deuteron and triton PE, with
the preformation probabilities of 0.5 and 0.25, respectively,
following the ratio of their mass to that of an « particle. These
assumptions were supported finally by the agreement between
the calculated and measured reaction cross sections. Moreover,
a particular comment should concern the initial configuration
of excited particles (p) and holes (h) for deuteron-induced
reactions. Similar careful studies [31,32,81,82] pointed out
that 3p-1h or 2p-lh may be a suitable choice for this
configuration. Our calculations in the present work show that
the former one gives the best agreement between the measured
and calculated reaction cross sections.

VII. RESULTS AND DISCUSSION

All above reaction mechanisms and model parame-
ters have been consistently used for calculation of the
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FIG. 5. (Color online) The excitation-energy dependence of the
level density spin cutoff for the nucleus **Mo, corresponding to
the rigid-body (dashed curve), half-rigid-body (dash-dotted), and
variable [61] (solid curve) moment of inertia, the discrete value for the
range of levels given in Table V for ®* Mo as well the energy-dependent
form at higher energies of Koning et al. [63] (dash-dot-dotted curve),
the energy-dependent parametrization of Ref. [64] (dotted curve), and
the maximum likelihood estimator [65] (solid circles).

deuteron-activation cross sections of >*Nb that can be com-
pared to available measured data. The total reaction cross
section given by the OMP parameter in Table IV was first
reduced by the sum of BU and DR cross sections. It then was
used to obtain the total PE cross section that was furthermore
also subtracted from o before the CN calculations. The CN
contributions to a residual nucleus, eventually via different
reaction channels, to finally complete the activation cross
section of the respective nucleus. The consistency of the
local input parameters and the unitary consideration of the
BU, DR, PE, and CN mechanisms should make possible
a suitable description of all available experimental data for
various reaction channels of the deuteron interaction with
the target nucleus >Nb (Fig. 7). Actually the same approach
should provide a similar agreement also for different incident
reaction channels leading to activation of the same residual
nuclei. This last point is, however, beyond the object of this
work except brief remarks, while the degree of reaching the
former goal is discussed in the following.

Calculations for the same reactions were also performed by
means of either the default model parameters or a particular
set of options of the code TALYS (Fig. 8). The comparison
of local and global predictions, the former being obviously
more accurate, is, however, twofold: (i) to check unexpected
differences between measured and calculated cross sections
and (ii) to estimate the current precision of the global
predictions with reference to the local analysis that is obviously
superior but resource consuming.

A. The local analysis

The comparison of the measured and calculated activation
cross sections is shown in Fig. 7, including the contributions
of each reaction mechanism. The deuteron inelastic-breakup
enhancement of the corresponding reaction cross sections
is shown by curves identified with the BF mark, while the
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FIG. 6. (Color online) Comparison of measured [73] and non-
normalized calculated EGLO strength functions for E1 radiations
(solid curves) for the **°*%Mo isotopes. The RSF obtained by
normalization of the corresponding s-wave average radiative widths
(T',) (in meV) to the lower (dashed curves) or upper (dash-dotted
curves) limits of the measured data [42], for *>° Mo, or estimated
from systematics [73], for **Mo, are also shown.

decrease of the deuteron total reaction cross section due to the
whole BU process affects all subsequent reaction channels and
mechanisms. This is the reason for using the mark BU rather
than BF for the sum of various contributions to an activation
cross section.

The 3Nb(d, p)**Nb™ reaction is well described above the
incident energy of ~10 MeV. The DR mechanism, discussed
in Sec. V, is by far the dominant mechanism for this reaction.
The PE 4 CN contribution is lower by nearly one order of
magnitude while the BU enhancement decreases with another
similar order, so they may have no effect, especially at the
lower energies, on account of the measured data. Additional
investigation of this discrepancy seems, therefore, to be
needed. One may note that the analysis of the alternate incident
channel, i.e., the **Mo(n, p)**Nb™ reaction [45], did not face
any problem but it benefited by only a few measured data
around the incident energy of 14 MeV while its CN-dominant
mechanism markedly differs.

The *3Nb(d, 2n)**Mo" reaction represents a completely
different case, with the BF contribution being, up to the
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FIG. 7. (Color online) Comparison of previous [11,12] and measured deuteron activation cross sections of **Nb in this work (solid circles)
and the present analysis results (solid curves), taking into account various mechanism contributions, namely the deuteron inelastic-breakup
enhancement (dash-dotted and short dash-dotted curves), the DR (dot curves), and the PE 4+ CN (dashed curves) with particular emphasis of
the (d, xnd) (dash-dot-dotted curves) and (d, xnt) (short dashed) reactions, where x = 1-3.

deuteron energy of ~20 MeV, again more than an order and measured data is very good in the whole energy range,
of magnitude lower than the statistical emission fully at  with a key role of the BF enhancement at deuteron higher
equilibrium. However, since the BF contribution to the reaction energies.

cross section comes through the > Nb(p, n)**Mo” reaction, A particular note should concern the well-known isomeric
this contribution increase up to nearly 50% above the deuteron ~ level 21/2% at the excitation energy of 2.425 MeV in the
energy of ~32 MeV. Overall, the agreement of the calculated ~ **Mo residual nucleus. While the particular discussion in
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FIG. 8. (Color online) Comparison of measured data already shown in Fig. 7, the present analysis results (solid curves), evaluated data
within the TENDL-2012 library [16] (dashed curves), and calculated results obtained with TALYS-1.4 code using either the whole default
input (dotted curves) or the particular options mentioned in the text (dash-dotted curves).

Sec. VI on the current assumption for the moment of inertia
concerned just this nucleus (Fig. 5), the large amount of
measured isomeric cross sections for the **Mo(n, 2n)°>*Mo™
reaction has already been well described by using rather the
same approach and parameter set [45]. We have also obtained
a similar good description of the **Nb(p, n)**Mo™ reaction
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excitation functions to form the subject of another paper. One
may consider this fact as sound support for the actual option
adopted for the nuclear moment of inertia.

The **Nb(d, x)*>Nb™ reaction is the most interesting
one from the point of view of various contributing reaction
mechanisms. It takes place fully through the pick-up reaction
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(d, t) at deuteron energies lower than the effective thresholds
for emission of two to three particles, namely below ~15 MeV.
The DR character then becomes insignificant, contributing
less than an order of magnitude at incident energies above
20 MeV. A similar case is that of the (d, nd) reaction
contribution following by far the deuteron PE. On the other
hand, there are two different BF contributions, through the
BNb(n, 2n)**Nb” and >Nb( D, n)”2Nb™ BF nucleon-induced
reactions. The former contribution is obviously larger by
a factor of ~5 than the latter, but more worthy of note is
its interplay with the PE 4 CN contribution of the (d, 2np)
reaction. Both of them have a similar effective threshold
around 16 MeV, and then PE+ CN increases faster and
becomes twice as large around 24 MeV but begins to decrease
after reaching its maximum around 29 MeV. Thus, the BF
contribution is already the dominant one above the incident
energy of 33 MeV. Altogether, the agreement of the sum of
five contributions and the measured data is rather good except
for the data below even the (d, t) reaction effective threshold.

The >Nb(d, pa)*®Y™ reaction is rather similar concerning
the interplay of the BF, through the **Nb(n, a)*°Y" reaction,
and the PE + CN contributions. They have effective thresholds
around 14 MeV, and then PE+ CN increases faster and
becomes twice as large around 25 MeV. However, since it
decreases above ~34 MeV, the BF contribution again becomes
the dominant one above ~37 MeV. The suitable description
of this isomeric cross sections is particularly of interest due
to the different case of the relation between the ground state
and isomeric state spins, for the two residual nuclei 20Y and
92Nb that have proton number below and respective above
the semimagic number 40. Thus, the former nucleus has
a high-spin isomer while a low-spin value stands for the
latter isomer. The suitable description of these both excitation
functions validates once more the moment of inertia assumed
for the nuclear level density spin distribution.

The %*Nb(d, x)°'Nb™ reaction marks the limit of the
number and type of emitted particles for which the BF
enhancement is yet significant. It proceeds as the PE 4+ CN
contribution of the (d,3np) reaction. Furthermore, this
contribution remains lower by a factor of ~5, at the highest
energy of the available experimental data, for the other
reactions that are discussed below.

The **Nb(d, 2na)¥Zr reaction corresponds to a residual
nucleus, for deuterons incident on **Nb, with larger total
activation cross sections that can be measured. The agreement
between the experimental and calculated cross sections is
beyond the questions related to the accuracy of the spin-
distribution description of the residual nucleus levels and
may illustrate, first, the correctness of the a-particle optical
potential [52].

The **Nb(d, 3na)¥Zr reaction may be considered as a case
similar to the above one except the residual nucleus mass is
smaller by one unit.

The Nb(d, x)*Nb reaction is a particular case with
measured cross sections that are larger than both the (d, 4np)
and (d, 3nd) contributions. The agreement finally obtained
between the calculated and experimental data may support
eventually the PE approach adopted for tritons, following the
model of Gadioli [71] for a-particle PE.
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B. The global predictions

Concerning the global predictions of the large-scale
nuclear-model calculations with the code TALYS, the most
immediate way has been to take into account the latest version
of the evaluated data library TENDL-2012. Actually, it is based
on both default and adjusted TALYS calculations on data from
other sources [16]. The tabular residual cross sections in
this library, corresponding to the available activation data for
deuterons incident on **Nb, are compared in Fig. 8 with the
local analysis results. There are activation cross sections for
several residual nuclei that are in agreement with the measured
data, e.g., for the (d, 2n) reaction up to the incident energy of
20 MeV, (d, 4np) including complex-particle emission, and
(d, 3na) reactions. On the other hand, the disagreement for
the important channels (d, p), (d, 2n) above 20 MeV, (d, 2np)
and (d, 3np) including the corresponding complex-particle
emission, and (d, pa) goes from factors of 2 to 5. Therefore,
before drawing conclusions, we performed two runs of
TALYS-1.4 calculations.

First, a TALYS calculation using its default input parameters
was performed. Next, we adopted several particular options
within a second calculation with TALYS. Thus, we chose
the BSFG nuclear level density formalism and parameters,
and the particular OMP parameter sets involved within the
local approach of the present work except the case of
deuterons. We adopted for the incident channel the potential
of Daehnick et al. [26], available in TALYS and which provided
results closer to the parameter set given in Table IV of the
present work.

The calculated results obtained by these two runs are also
shown in Fig. 8. In most cases they are close except for the
reaction (d, pa), where an improvement by a factor of 2 around
the maximum of the excitation function was obtained by using
different options. A similar improvement was also found for
this reaction with reference to the TENDL data, while even a
factor of ~5 was found in the same respect for the (d, 3np)
reaction. The largest discrepancies between the calculated and
measured data remained finally for the basic reactions (d, p),
(d, 2n), and (d, pa), while closer local and global results have
been obtained for reactions in which the BU effects are not
significant, namely (d, 3np), (d, 3nw), and (d, 4np).

VIII. SUMMARY

Cross sections for deuteron-induced reactions on nat-
ural Nb were measured for the reactions (d, p), (d,2n),
(d,2np +nd +1), (d, 2na), and (d, pa) on *>Nb at deuteron
energies up to 20 MeV. They are in good agreement with the
several previously reported experiments [11,12].

A consistent, energy-dependent, optical potential has been
given for deuterons incident on **Nb. The deuteron breakup
effects on *3Nb activation data were established on this basis.
Moreover, one-nucleon transfer DR analysis was carried out
using the computer code FRESCO. A discussion of the local
input parameter set involved in the PE and CN analysis
using the code STAPRE-H [14] underlines the achievement of
a suitable description of the spin distribution of nuclear level
densities as well as the radiative strength functions.
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All above reaction mechanisms and model parameters were
consistently involved in calculation of the deuteron-activation
cross sections of “*Nb that can be compared to the measured
data. The total reaction cross sections o given by the OMP
parameter set in Table IV were, first, reduced by the sum of
BU and DR cross sections, and then the total PE cross section
was obtained and furthermore subtracted from op. The CN
contributions to a residual nucleus, eventually via different
reaction channels, finally complete the activation cross section
of the respective nucleus. The consistency of the local
input parameter set, established by analysis of various other
independent data, as well as that of the unitary consideration of
the BU, DR, PE, and CN mechanisms, made possible a suitable
description of all available experimental data for various
reactions induced by deuterons on *>Nb. The local approach
led to much better agreement with the present (d, p) reaction
data, especially due to the model calculation that accounts for
the DR stripping contribution. Moreover, consideration of the
deuteron breakup plays a key role for the reaction channels
adding a second emitted particle to the first one.

In completion of the local approach, based on the use of the
codes FRESCO and STAPRE-H, similar calculations by means
of either the default model parameters or a particular set of

PHYSICAL REVIEW C 88, 014612 (2013)

options of the widely used computer code TALYS were
performed. All calculation results were compared with the
evaluated data from the TENDL-2012 library. There are acti-
vation cross sections for several residual nuclei in agreement
with the measured data, e.g., for (d, 2n) reaction up to the
incident energy of 20 MeV, (d, 4np) including complex-
particle emission, and (d,3n«). On the other hand, the
disagreement for the important channels (d, p), (d, 2n) above
20 MeV, (d, 2np) and (d, 3np) including the corresponding
complex-particle emission, and (d, pa) goes from factors of
2 to 5. The largest discrepancies between the calculated and
measured data remained finally for the basic reactions (d, p),
(d, 2n), and (d, pa), while closer local and global results were
obtained for reactions in which the BU effects are insignificant,
namely (d, 3np), (d, 3na), and (d, 4np).
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