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ARTICLE
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To satisfy growing needs in nuclear data at intermediate energies, the Proton Activation Data File
(PADF) has been prepared. It contains 418,575 excitation functions of nuclear reactions for 2,355 target
nuclei from Mg to Ra at proton energies up to 150 MeV. The data are available in the PADF for stable and
unstable target nuclei including isomeric targets with the half-life more than one second. Cross-sections
included in the PADF were obtained by using the TALYS code, the modified ALICE code, and the avail-

able experimental data.

KEYWORDS: protons, nuclear data file, intermediate energies, evaluated data, cross-sections, ex-
citation functions, activation, radionuclide production

I. Introduction

The evaluation and compilation of data for nuclear reac-
tions induced by intermediate energy protons is important
for a wide range of applications including the activation
study for advanced nuclear systems, like accelerator-driven
systems and the study of production of radionuclides used
in medicine and industry. Evaluated proton data files such
as ENDF/B-VIL" JENDL-HE,” and JEFF-3.1% contain
the information for a few tens of stable nuclides, which num-
ber keeps growing, but, still is not enough for a complete and
detailed study of activation and transmutation of the materi-
als irradiated with intermediate energy protons. To satisfy
growing needs in nuclear data at intermediate energies, the
Proton Activation Data File (PADF) has been composed. It
contains calculated and evaluated excitation functions of nu-
clear reactions for the target nuclei from Mg to Ra at proton
energies up to 150 MeV. Data are available in the PADF for
stable and unstable target nuclei with half-life more than one
second.

Data for the Proton Activation Data File were obtained us-
ing the TALYS code,” the ALICE/ASH code,” and the ex-
isting experimental data. Before the forming of the PADF,
the preliminary work has been done to define nuclear models
and approaches providing the best agreement with experi-
mental nuclide yields. The comparison with the experimen-
tal data has been made using nuclear models implemented in
TALYS and ALICE/ASH. Approaches having minimal val-
ues of deviation factors® at the description of the experimen-
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tal data were applied for cross-section calculations for the
PADF. Additional corrections have been made for calculated
cross-sections using the available experimental data.

II. Brief Description of Methods Used to Obtain
Cross-Sections for PADF

1. Calculations Using Nuclear Models

Calculations of cross-sections for (p, x) reactions includ-
ing the radiative capture were performed using nuclear the
models implemented in the TALYS code and the ALICE/
ASH code.

The TALYS code involves calculations by the pre-equi-
librium exciton model” and the Hauser-Feshbach model.?
The phenomenological model from Ref. 9) was used for
the description of the pre-equilibrium complex particle emis-
sion from nuclei. The contribution of direct processes in pro-
ton inelastic scattering was calculated using the ECIS code'?
integrated in the TALYS code. The coupled channel model
or DWBA was selected by TALYS for calculations using
the available information about nuclear level schemes.?
The macroscopic phenomenological model was used to de-
scribe collective excitations in the inelastic channel. The
model is discussed in detail in Ref. 4).

The geometry dependent hybrid model (GDH)'" and the
Weisskopf-Ewing model'? were applied for numerical cal-
culations with the ALICE/ASH code. Intranuclear transition
rates were calculated using the effective cross-sections of
nucleon-nucleon interactions in nuclear matter. Corrections
were made to the GDH approach for the treatment of effects
in peripheral nuclear regions.>!¥ The simulation of the mul-
tiple precompound emission was done according to Ref. 11).
The numbers of neutrons and protons for initial exciton state
were calculated using realistic nucleon-nucleon interaction
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Table 1 The values of deviation factors,520:2%2% which quantify the difference between experimental cross-sections
for proton induced reactions (p,x) including radiative capture at energies up to 150 MeV, cross-sections calculated

by TALYS and cross-sections included in PADF

Deviation factor

After the evaluation

Before the evaluation

(PADF)
1/2
1 o — o\’
<1V ;(T) ) 122.0 4.69
N ale
1%] % 171 0.975
g
N exp __ il
LI [t 1.02 0.124
N & o;
102 og(e]™)—log(a ) 2.15 147

The number of experimental points (N) is equal to 19,253.

cross-sections in nucleus.” The exciton coalescence pick-up
model'*'> and the knock-out model were used for the
description of the pre-equilibrium complex particle emis-
sion. Parameters of models are described in details in
Refs. 5, 16-18).

The reaction cross-sections used in TALYS and ALICE/
ASH calculations were obtained by the optical model with
parameters from Ref. 19). In the TALYS code, the transmis-
sion coefficients for neutrons and protons were calculated
with the optical potential from Ref. 19) and those for com-
posite particles (d, ¢, *He, “He) with optical model parame-
ters described in Ref. 4). Parameters of the optical potential
applied for the description of the secondary particle emission
in the ALICE/ASH code were discussed in Ref. 16).

The preliminary work has been done for the comparison
of available experimental radionuclide yields in neutron
and proton induced reactions with calculations by TALYS
and ALICE/ASH using various nuclear models for the nu-
clear level density calculations. Three various approaches
were used to obtain the nuclear level density in TALYS cal-
culations. In the first approach, the level density was calcu-
lated by the Fermi gas model?® supplemented by the “con-
stant temperature” model at low excitation energies. In the
second approach, the same model was used, but, with the ex-
plicit description of the vibrational and rotational enhance-
ment.? In both cases, different systematics for the asymptot-
ic value of the nuclear level density parameter and the shell
damping parameter were used.” The third approach imple-
ments the results of the microscopic calculations performed
by Goriely and coauthors.?!~¥ Calculations by the ALICE/
ASH code were carried out using the Fermi gas model with
the nuclear level density parameter A/9, the model from
Ref. 20), and the superfluid nuclear model.?*?>

More than 17,000 experimental radionuclide yields in
neutron induced reactions for target nuclei from Al to Bi
at energies above 0.1 MeV®2® and about 19,000 experimen-
tal points for proton induced reactions for targets from Mg to
Bi at energies up to 150 MeV?” were used for the compari-
son with calculations. The comparison was done using vari-
ous statistical criteria.5202%2% Results of the compari-

son®26:2) showed a definite advantage of the Fermi gas mod-
el without an explicit description of the collective enhance-
ment? implemented in the TALYS code and the superfluid
model>*?> included in the ALICE/ASH code comparing
with other approaches. These two models for the calcula-
tions of the nuclear level density were used to obtain the
cross-sections for the Proton Activation Data File.

The TALYS code was used to obtain the reaction cross-
sections for stable nuclei and unstable nuclei with the half-
life more than ten minutes. To reduce the time of computa-
tion, cross-sections for targets with the shorter decay half-
life were obtained by the ALICE/ASH code. Calculations
for isomeric targets were performed using the TALYS code.

2. Use of Experimental Data

The experimental cross-sections available in EXFOR for
proton induced reactions (p,xnypza) including (p,y) were
used for the fitting and correction of calculated excitation
functions. It involved 19,253 independent (non-cumulative)
residual yields for 735 nuclear reactions from 1434 EXFOR
data sets for 162 target nuclei. In most cases, the correction
concerned the shift and the normalization of theoretical
curves providing the minimal x? value. If the shape of calcu-
lated excitation function and the trend of experimental data
differed completely, the approximation of data was per-
formed by rational functions. In the present version of the
file, the correction of calculated cross-sections was done
for the sum of yields of residuals in isomeric and ground
State.

Table 1 shows the results of the comparison of the exper-
imental data and cross-sections calculated using the TALYS
code and the comparison of measured cross-sections with the
evaluated data from the PADF. The comparison was done
using 19,253 experimental points from the various measured
data sets involving 162 target nuclei from Mg to Bi and in-
cident proton energies from the minimal available energy up
to 150 MeV. Deviations from the experimental data are sig-
nificantly reduced by the present evaluation. Figure 1 shows
the ratio of cross-sections calculated by the TALYS code
without any corrections. The agreement of the evaluated data
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Fig. 1 The ratio of cross-sections calculated by TALYS to meas-
ured cross-sections (thin solid line) and the ratio of corrected and
evaluated cross-sections from PADF to measured cross-sections
(thick solid line)

Corrections involved 19,253 experimental points for 735 nu-
clear reactions and 162 target nuclei from Mg to Bi at the inci-
dent proton energy up to 150 MeV from 1434 EXFOR data sets.
Points on the graph are combined by histograms for the best

view.
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with the experiments is noticeably better than that with the
results of the calculation. An observed big difference be-
tween evaluated and measured data (ratio 0°¥¢ /P less than
0.5 and more than 2 in Fig. 1) is mainly originated from the
difference of results of measurements obtained by the vari-
ous authors for the same nucleus and the nuclear reaction.
Figure 2 shows examples of calculated cross-sections and
evaluated cross-sections from the PADF. The non-smooth
structure of evaluated cross-sections in Fig. 2 results from
the fitting of the experimental data.

III. Content of PADF

The file is written in the ENDF-6 format.3? The file MF 3
and the section MT 5 were used to record the sum of cross-
sections for individual reactions. Yields of residuals are writ-
ten in the MF 6 file and the MT 5 section. The number of
neutron deficient isotopes for each element, included in the
PADF, did not allow the use of the common rule for material
definition from Ref. 30). In the PADF, target nuclei are iden-
tified by the MAT numbers taken from the radioactive data
file JEFF-3.1/RDD file.”

250 6
I‘
\
" “Ca(p,2n)*sc s
200{ 1!
fl 1
= ‘T ® Levkovskij (91)
13 ! - - -TALYS 44
1 —_—
S 150 PADF data
— )
° f
& 34
]
8 100
O 2
50+
14 :I
I ® Eskola (67)
0 T T T T T T T 0 f T T T T T
0 20 40 60 80 100 120 140 40 60 80 100 120 140
1200 160
2094 200, \
181 177, 140- Bi(p,10n)"Po '\
10004 Ta(p,5n) "W I,' \
\
120 b
5 800 ® Beyec(67) 1 :
e 1004 I' I\
£ ! }
c ! \
£ 600 ® Rao (63) 804 |
o A Zhuikov (03) !
[0} [
(2] 1
[} 604 1
8 400- :
O 1
404 |
200+
20
0 T T T T T T 0 T T T T T T T T
20 40 60 80 100 120 140 60 70 80 90 100 110 120 130 140 150

Proton energy (MeV)

Fig. 2 Examples of cross-sections calculated by TALYS
Experimental data are taken from EXFOR.
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The Proton Activation Data File contains 418,575 excita-
tion functions for nuclear reactions at proton energies up to
150 MeV. Data are available for 2,355 stable target nuclei
and unstable target nuclei with half-life (7,,) more than
1's with atomic numbers between 12 and 88. The calculation
of cross-sections for stable target nuclei and unstable nuclei
with the half-life more than 10 min was performed using
the TALYS code. Cross-sections for target nuclei with the
decay half-life 1s < T, < 10min were obtained using
the ALICE/ASH code. The isomeric residuals are presented
in the PADF for nuclei with Ty,, > 1s. Also, the PADF in-
cludes calculated production cross-sections for the secon-
dary neutrons, protons, deuterons, tritons, 3He nuclei, a-par-
ticles, and y-rays.

IV. Results

The Proton Activation Data File (PADF) has been com-
posed. It contains 418,575 excitation functions of nuclear re-
actions for 2,355 target nuclei from Mg to Ra at proton en-
ergies up to 150 MeV. The data are available for stable and
unstable target nuclei including isomeric targets with the
half-life more than one second.
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