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abstract

Based on available experimental data of photonuclear reaction and theoretical models, an
evaluated photonuclear data library is provided for a variety of applications up to 140 MeV.
The photoabsorption cross section is evaluated with the giant dipole resonance model and
quasideutron model, and production cross section and emission spectra for neutron, proton,
deuteron, triton, alpha particles, gamma rays, and all residual nuclides produced (A>5) in
the reaction chains were calculated with the Hauser-Feshbach statistical, preequilibrium and
multiple-preequilibrium theories by GNASH. The calculated results of photonuclear reaction
data were analysed and compared with existing experimental data. Total 142 isotopes of 39
elements were included in the evaluated photonuclear data library, and the cross sections are
stored in ENDF/B-VI format.

I. Introduction

There is a recent interest in developing evaluated photonuclear data libraries for photon
energies up to 140 MeV, since photonuclear reaction cross section data are of importance for a
variety of applications such as

e radiation protection and dosimetry of photoneutron produced by electron or photon ac-
celerators in medical applications,

e calculations of absorbed dose in a human body during radiotherapy,
e physics and technology of fission reactors and fusion reactors,

e activation analysis, safeguards and inspection technologies,

e nuclear waste transmutation, and

e astrophysics.

However, in general, there is a substantial lack of evaluated photonuclear data. In this situation,
these activities have relied heavily on nuclear model calculations which are benchmarked to
available measurements.

KAERI is building a photonuclear data library with international collaboration by par-
ticipating in the TAEA’s Coordinated Research Project (CRP) under the title “Compilation
and evaluation of photonuclear data for applications” since 1997. Currently 142 isotopes of
39 elements were included in the KAERI photonuclear data library [1—8]. The recommended
photonuclear data were obtained based on experimental data and theoretical calculated data
up to an incident photon energy of 140 MeV which is the threshold energy for pion production.
The decaying processes including neutron, proton, deuteron, triton and alpha particles were
theoretically calculated up to 140 MeV by the GNASH code[9].
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The status of the evaluated photonuclear library is presented in Sec. II and library data
format is given in Sec. III. The theoretical models and evaluation techniques applied in this
work are described in Sec. IV. Evaluation procedures for some selected isotopes are presented
in Sec. V. Finally, we give a brief summary in Sec. VI.

II. The Status of Evaluated Photonuclear Data Files

The photonuclear data are important for a variety of applications. According to the most
important data requested, isotopes of 39 elements were included in the evaluated photonuclear
data library as follows:

Structural, Shielding and Bremsstrahlung Target Materials

13A127 ) 5, CrB052,53,54 NS5 RePhB6,57,58 (1059 5o Ni58:6061,62,64 0 (1,63,65
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, 59PT %, 67HO™?, 79 Au", g3Bi

Biological Materials
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Nuclear Waster Transmutation
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Astrophysics
Nuclei such as 14Si%7, for use as a cosmological chronometer.
The evaluation provides a complete representation of the nuclear data needed for a variety

of applications over the incident photon energy range from 7 to 140 MeV which is the threshold
energy for pion production.

ITI1I. The Photonuclear Data Format

The ENDF /B-VI format is the internationally recognized standard format to store evaluated
nuclear reaction data for applications, and uses a hierarchical organization of information. The
format adopted for photonuclear data is summarized in Table 1.

IV. Theoretical Models and Evaluation Techniques

The photoabsorption cross sections are important in photonuclear reaction cross sections.
The Giant-Dipole Resonance (GDR) and the Quasi-Deuteron Model (QDM) [10] can be used to
calculate the photoabsorption cross sections. The models can be used to calculate photonuclear



reaction cross sections for incident photon energies below 140 MeV which is the threshold for
pion production.

The photoabsorption cross section are calculated by the GUNF [11] and GNASH codes. The
GDR parameters are adjusted automatically with the GUNF code by fitting the experimental
data of photoabsorption cross sections or photoneutron cross sections.

If experimental data exist for total photoabsorption cross section, it can be used to adjust
the GDR parameters. For heavy nuclei, the total photoneutron cross section can be used to
approximate the photoabsorption cross sections, since contributions from charged particle e-
mission are small. But for light nuclei, this approach can not be used since charged particle
emission cross sections are no longer small, and in some cases exceed the photoneutron cross
section. In such cases, (7, n) and (7, n+np) reaction cross sections can be used to adjust the
GDR parameters with GUNF code, and at the same time charge particle emission cross sections
and other photoneutron cross section can be calculated automatically with GUNF code. Then
the photoabsorption cross sections can be obtained theoretically.

When the photoabsorption cross sections were established, the decay processes including
neutron, proton, deuteron, triton and alpha particle emission were calculated up to 140 MeV.
The spherical optical model was used to calculate the transmission coefficients. The Hauser-
Feshbach theory with full angular momentum and parity conservation was used to calculate the
equilibrium emission. The preequilibrium theory was used to describe the processes of preequlib-
rium emission, and damping to equilibrium, during the evolution of the reaction. The theory for
calculating photonuclear angular distributions, enabling a determination of the double differen-
tial cross sections of ejectiles and the multiple-preequilibrium emission processes which become
important when the photon energy exceeds about 50 MeV were included in the calculation.

The file of discrete level information and ground-state masses, spin and parities was provided,
the mass values were based upon an interim set from Wapstra obtained prior to the 1988
publication, and supplemented in the case of unmeasured masses with values from the Moller
and Nix calculations. The optical potential parameters were taken from Ref.[12] The level
density parameter and the pair correction values of the first process were adjusted for some
nuclei.

V. Analyses of Calculated Results for Some Isotopes

All photonuclear reaction cross sections are evaluated for the 142 isotopes of 39 elements.
However, in this paper, only some selected isotopes are analysed and compared with experimental
data.
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The comparison of calculated results with experimental data [13-25] for v + 2C reaction
cross sections are given in Fig.l. The calculated photoabsorption cross sections are in good
agreement with experimental data taken from Ref.[14]. The calculated results for 12C(v, n+np)
reaction cross sections agree with experimental data for energy E, < 37 MeV, while for energy
E, > 37 MeV, the experimental data taken from Ref.[19] are higher than the calculated results.
Only three sets of experimental data for 12C(y, n+np) reaction cross sections are only given in
Fig. 1. The calculated results of 2C(y, p)!'B reaction cross section are smaller than experi-
mental data, but the shape of calculated cross secton is the same as ithat of the experimental
data. If the experimental data of ?C(v, n+np) + '2C(y, p) reaction cross sections are com-
pared with the experimental data of photoabsorption cross section, we can see that the former
results are larger than the latter for energies E, < 50 MeV. Therefore, the experimental data of
12C (v, p)!' B reaction cross sections should be checked. The calculated results of 2C(y, np)!°B,



12C(y, na)"Be and 2C(y, pa)’Li reaction cross sections are larger than experimental data for
low energy, respectively. However, the shapes of calculated cross section are the same as the
experimental data. The cross section of 2C(7y, 2a)a reaction is from the contribution of the
fourth discrete level of 2C. The calculated results of 2C(v, pa)”Li reaction cross section is also
given in Fig. 1. The theoretical values of 2C(v, npa)SLi reaction cross sections are in good
agreement with experimental data.

The neutron, proton, deuteron, triton, alpha particles emission and production cross sections
were calculated up to 140 MeV. As seen in the fig. 1, the photoproton and photoalpha cross
sections are no longer small, and for low energies the photoproton cross section exceeds the
photoneutron cross sections.

63Cu

The comparison of the calculated results with the experimental data [26-36] for v + %3Cu
reaction cross sections are given in Fig. 2. As seen in Fig. 2, the overall shape and the magnitude
of (v, n), (v, 2n), (v, np) and (v, n+np) reactions cross sections calculated are in good agreement
with experimental data. The calculated results of %3Cu(y, p)%2Ni reaction cross sections show
agreement with the experimental data for energies below 18MeV, while for energies above 18
MeV, the calculated results are smaller than the experimental data. If the calculated results
of 63Cu(vy, np+pn)b!Ni reaction cross sections are included, the calculated results would be
in agreement with the experimental data. The experimental data may be the cross sections
of %3Cu(y, xp) reaction. The photoneutron and total neutron production cross sections are
compared with the experimental data. Since the experimental data taken from Ref.[36] are used
to guide theoretical calculation, the overall shape of calculated results is in good agreement with
experimental data taken from Ref.[26], while the magnitude is larger than that of experimental
data. The experimental data taken from Ref.[31] are probably for (v, n) reaction cross sections.

70Ge

The comparison of calculated results with the experimental data [37-40] for the v + "°Ge
reaction cross sections are given in Fig. 3. As seen in this figure, calculated results for photoneu-
tron cross sections are in good agreement with the experimental data taken from Refs.[38, 39].
According to the theoretical results and analysis, the experimental data taken from Ref.[39] may
be (v, xn) reaction cross sections. The theoretical results of photoabsorption cross section are
basically in agreement with the experimental data taken from Ref.[37], and the calculated results
of photoneutron and photoproton cross sections are compared with the experimental data taken
from Refs.[37, 40].

154Sm

The comparison of calculated results with experimental data [41-43] for v + '5*Sm reaction
cross sections are given in Fig. 4. The overall shape and magnitude of (v, n+np), (v, 2n+2np),
(7, n+np+2n+2np) and (y, n+np+2(2n+2np)) reactions cross section are in good agreement
with the experimental data. The theoretical results of photoabsorption cross sections for vy +
154Sm reation are in good agreement with experimental data.

The neutron, proton, deuteron, triton, alpha particles emission and production cross sections
were calculated up to 140 MeV. The calculated results show that since the photoproton and
photoalpha cross sections are small, it is reasonable that the photoneutron total cross sections
can be used to approximate the photoabsorption cross sections for v + %*Sm reaction.



VI. Summary

KAERI is building a photonuclear data library, which currently includes 142 isotopes of
39 elements stored in the ENDF/B-VI format. Based on the available experimental data of
photoabsorption or photoneutron cross sections, the cross sections of neutron, proton, deuteron,
triton, alpha particles emission and production up to 140 MeV were evaluated. The giant dipole
resonance (GDR) and the quasideuteron model (QDM) were used to calculate and evaluate
the photoabsorption cross sections. The Hauser-Feshbach theory with full angular momentum
and parity conservation, the preequlibrium and multiple-preequlibrium theories were used to
calculate the particle emission and production cross section as well as the double differential
cross sections of ejectiles. The theoretical results are basically in good agreement with the
existing experimental data. Therefore KAERI photonuclear data library are reliable and are
recommended for incident photon energy E, <140MeV.
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Table 1. Adopted ENDF/B-VI format for photonuclear data

MT | Explanation

451 | Descriptive information and dictionary

3 | Total photoabsorption cross section

4 | Total (y, 1n) cross section

5 | Photoabsorption cross section from which production c.s. for
particles and isotopes are determined using yields in MF6/MT5
12 | Total (7, 2nt+3nd+4np) cross section

16 | Total (v, 2n) cross section

17 | Total (7, 3n) cross section

22 | Total (v, na+3n2p) cross section

24 | Total (v, 2na+4n2p) cross section

25 | Total (v, 3na+5n2p) cross section

28 | Total (v, np+d) cross section

32 | Total (v, 2np+nd+t) cross section

33 | Total (v, 3np+2nd+nt) cross section

37 | Total (y, 4n) cross section

43 | Total (v, 5n) cross section

44 | Total (v, n2p) cross section

103 | Total (v, p) cross section

107 | Total (7, a+2n2p) cross section

111 | Total (

201 | Total (

v, 2p) cross section
7, 6n) cross section

209 | Total (vy, 14n) cross section

212 | Total (v, 5np+4nd+3nt) cross section
215 | Total (v, 6np+5nd+4nt) cross section
218 | Total (v, Tnp+6nd+5nt) cross section
221 | Total (v, 8np+7nd+6nt) cross section
224 | Total (v, 9np+8nd+T7nt) cross section
227 | Total (v, 10np+9nd+8nt) cross section
230 | Total (v, 11np+10nd+9nt) cross section
233 | Total (v, 12np+11nd+10nt) cross section
236 | Total (v, 13np+12nd+11nt) cross section
243 | Total (v, 4na+6n2p) cross section

245 | Total (v, bna+7n2p) cross section

247 | Total (v, 6na+8n2p) cross section

249 | Total (y, Tna+9n2p) cross section

251 | Total (v, 8na+10n2p) cross section

253 | Total (v, 9na+11n2p) cross section

255 | Total (v, 10na+12n2p) cross section

5 | Production cross section and energy-angle distributions
for emission neutrons, protons, deuterons, and alphas;
and angle-integrated spectra for gamma, rays and residual
nuclei that are stable against particle emission
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Figure 4: The comparison of calculated results with experimental data for 1*Sm photonuclear
reaction cross sections
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