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요  약  문

가속기 구동시스템과 우주차폐에 필요한 중성자 및 양성자 반응 핵자료를 입사에

너지 250 ~ 400 MeV까지 평가하였다. 대상핵종은 C-12, B-14, O-16, Al-27, 

Si-28, Ca-40, Ar-40, Fe-54,56, Ni-64, Cu-63,65, Zr-90, Pb-208, Th-232, 

U-233,234,236, Cm-243~246 이며, 평가된 핵반응자료를 가속기차폐와 우주선 

차폐에 적용하였다.

 SA법 (Simulated Annealing) 적용: 구형핵에 대하여 광학모형의 포텐샬을 입사

에너지에 대한 함수로 구현하고 매개변수들을 SA법으로 최적화하였다. 최적화 결

과 얻어진 중성자 전단면적, 양성자 반응단면적, 그리고 탄성산란 단면적과 산란

각 분포는 모든 핵종과 전 에너지 영역에 걸쳐  실측치를 잘 모사하는 것으로 나

타났다.

평가 결과: 결과로 얻어진 광학모형 포텐샬 매개변수들은 붕괴모형이론의 투과계

수를 생산하는 데 이용된다. 이론계산결과, 방출입자 단면적과 각-에너지 방출스

펙트럼은 실측치를 잘 모사하는 것으로 나타났으며 이로서 SA법의 유용성을 확인

할 수 있었다. 평가된 마이너 악티나이드(Minor Actinides: MA)의 중성자 전단면

적과 분열단면적은 실측치 뿐 아니라 최신의 JENDL-3-3과 20 MeV 부근에서 

일치성과 일관성을 보여주었다. 양성자 반응단면적과 분열단면적도 실측치와 큰 

차이를 보이지 않았다.

우주차폐에 적용: 우주차폐를 목적으로 400 MeV까지의 양성자 반응단면적에 대

한 경험식을 광학모형해석 결과와 최근의 실험치를 바탕으로 도출하여 우주차폐

용 전산코드인 CHARGE 에 적용하였다.  우주차폐에서 중요한 2차중성자 발생예

측에 필수적인 방출중성자의 에너지-각분포를, 최신 이론모델과 실험치를 바탕으

로 입사양성자 400MeV까지 생산하였다.

가속기차폐에 적용: 평가된 핵반응자료를 MCNPX 형식으로 변환하고 TTY(Thick 

Target Yield) 벤치마크 검증문제와 방사선차폐 검증문제에 적용하였다. 그 결과 

본 연구에서 평가된 핵반응자료는 실험치를 잘 모사하는 것으로 나타났다. 또한 

가속기에 대한 방사선환경 영향을 평가를 위하여  공기 방사화와 괸련된 핵반응

단면적을  본연구의 값과 기존의 평가핵반응 단면적을 바탕으로 권고하였다.
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SUMMARY

Accelerator-driven system and space shielding technology require evaluated 
nuclear data of neutron- and proton-induced nuclear reaction above the threshold 
energies up to a few GeV. In this study, new evaluation were performed for 
neutron- and proton-induced reactions for energies up to 250 400 MeV on C-12, 
N-14, O-16, Al-27, Si-28, Ca-40, Ar-40, Fe-54,58, Ni-64, Cu-63,65, Zr-90, 
Pb-208, Th-232, U-233,234,236, and Cm-243246. The evaluated results are then 
applied to the accelerator and space technology. 

Simulated Annealing Methods: A set of optical model parameters were optimized 
by searching a number of adjustable coefficients with the Simulated Annealing(SA) 
method for the spherical nuclei. The total (for neutron) and reaction (for proton) 
cross sections, and elastic angular distributions from the optimized optical model 
parameters gave overall agreement with most of the experimental data over the 
entire energy range for both incident neutrons and protons.

Evaluation Results: The resulting optical model parameters supplied the neutron 
and proton transmission coefficients for decay channel model calculations. 
Comparisons gave good agreement for both inclusive cross sections and particle 
emission spectra. The present study indicates the usefulness of the SA method. 
The evaluated total and fission cross sections of minor actinides are consistent 
with the existing JENDL-3.3 evaluationat the neutron energy of 20 MeV, giving 
good agreement with the measurements. The proton non-elastic and fission cross 
sections also showed acceptable agreement with the measurements. 

Application to Space Shielding: A parameterization of the empirical formula was 
proposed to describe the proton-nucleus non-elastic cross sections of 
high-priority elements for space shielding purpose for proton energies from 
reaction threshold up to 400 MeV, which was then implemented into the fast 
scoping space shielding code CHARGE, based on the results of the optical model 
analysis utilizing up-to-date measurements. For proton energies up to 400 MeV 
covering most of the incident spectrum for trapped protons and solar energetic 
particle events, energy-angle spectra of secondary neutrons produced from the 
proton-induced neutron production reaction were prepared. 

Application to Accelerator Shielding: The evaluated cross section set was 
converted into the MCNPX format, and then applied to the thick target yield 
(TTY) and prompt radiation benchmarks for the accelerator shielding. The results 
The present evaluations reproduced better the experimental data for the TTY 
yield case, and a consistent agreement for the prompt radiation benchmark case. 
As for the assessment of the radiological impact of the accelerator to the 
environment, relevant nuclear reaction cross sections for the activation of the air 
were recommended among the author's evaluations and existing library based on 
the available measurements.
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1 Introduction

1.1 Requirement of Nuclear Data for Accelerator Applications

Since 1929 when Robert Van de Graaff demonstrated a high voltage machine to acceler-
ate particles, It was quickly recognized that this accelerating machine had great potential
for developing industrial and medical applications. Now, more than seven decades later,
accelerators of many different designs have been developed. The energy of the utilized
particles ranges from a few eV up to nearly TeV (1000 billion eV) in the case of colliding
particles. Electrons, protons, and all kind of charged particles are accelerated to pro-
duce X-rays, neutrons, charged particle beams and radioisotopes for use in research and
technology. The most common accelerator applications for basic research are as follows:

• Nuclear physics: an accelerator enables the details of nuclear structure to be
studied with the beam of accelerated particles. These investigations encompass
both nuclear and sub-nuclear structures.

• High energy physics: by imparting suitably high energies to the accelerated
particles, it is possible to produce entirely new particles. The construction of accel-
erators of energy of the order of hundreds of MeV made it possible to produce in
the laboratory π mesons, as well as µ mesons formed as the result of their decay.

• Heavy ion physics: in the past decade, nuclear physics was enriched with the
study of nuclear reactions with heavy ions. This research could not be done until a
few decades after mastery of the technique of accelerating heavy ions.

• Radiation chemistry: with accelerators, it is possible to produce pulses that in a
time of the order of microseconds (10−6 sec) supply the same X-ray energy that is
attained in isotope γ-ray sources in a time of the order of minutes. Such pulses are
utilized in radiation chemistry for studying the phenomena of transient individuals
arising during radiolysis in various compounds.

The knowledge and technological spin-offs gained from these research accelerators drive
the development of commercial applications for socio-economic benefit such as:

• Accelerator-driven system which generates intense secondary particles for the nu-
clear transmutation, plutonium burner, energy production, and fissile or tritium fuel
breeding,

• Medical applications, such as diagnosis and treatment of cancer,

• Mineral and oil prospecting, using neutrons produced with small accelerators,

• Charged particle beams for processing semiconductor chips,

• Intense sources of X-rays for sterilization of medical equipment and food products,
and

• Charged particle beams for materials sciences analysis and radioisotope production.
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Modern accelerator-driven system (ADS) is capable of delivering protons at an energy
up to a few tens of GeV. When hitting a heavy spallation target, as many as 2 x 1016

neutrons are produced at each pulse. In order to put such an astonishing development
in particle accelerator technology into application, optimization of target, shielding and
safety design should be achieved through precise prediction of particle transport and
isotope production behaviors.

To achieve such goals, evaluated nuclear data, having a certain level of accuracy, of
neutron- and proton-induced nuclear reaction above threshold energies up to a few GeV
should be provided in advance. The nuclear data required for both incident proton and
neutron with energies up to a few GeV are as follows: total, elastic scattering and double-
differential particle production cross sections (DDX) for particle transport calculations,
isotope production cross sections for dosimetry and activation, and gas production cross
sections for material damage assessments. However, existing nuclear data libraries have
been primarily developed to encompass reaction cross sections of interest for the fission
and fusion nuclear reactors designs, which have their limitations in both energy range as
below 20 MeV of neutron, and data types as capture, scattering ad fission reaction cross
sections of incident neutron. Moreover, the experimental data are sparse for neutron-
induced reactions in such a high energy region and systematic measurements are not
enough for proton data. Therefore, theoretical model calculations play an important role
in the high energy nuclear data evaluation.

1.2 Requirement of Nuclear Data for Space Technology

In the case of the space crafts, shielding is required not only for the primary charged
cosmic rays such as protons and electrons, but also for the secondary particles such as
neutrons and muons which are produced in the shield and space crafts in a strictly limited
condition for mass, space etc. Therefore, space system shielding is complicated due to
the limitation in mass and space, and also due to the production of secondary products.
Among the secondary nucleons, neutron penetration has entirely different nature com-
pared to that of charged particles. While the secondary proton dose is mainly due to
the large number of low energy protons produced in the shield immediately adjacent to
the dose point, a large fraction of the neutrons produced trough the whole shield may be
transported to the dose point. Thus, neutron is an important component of the secondary
radiation field, especially for astronauts protected by thick shielding on lunar or Martian
bases.

Since iterative radiation transport calculation is the first step in the development of
specifications for the cost-effective design of shielding for a space system, most computer
codes for space radiation shielding, developed in 60s and 70s, have an empirical formula
for proton-nucleus non-elastic cross sections and neutron emission spectra based on the
Bertini’s intra-nuclear-cascade (INC) model [1] for the secondary neutron production spec-
tra in the shielding materials for energies up to a few GeV of incident protons. However,
the underlying physical assumptions of the INC model are not well satisfied below a few
hundred MeV. Recently, however, more rigorous models have been applied to provide
nucleon-nucleus reaction data for energies below a few hundreds MeV where underlying
physical assumptions of the INC model are not well satisfied. As examples of such efforts,
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Figure 1.1: Needs of high energy nuclear data for various applications

the LA150 [2, 3] and JENDL-HE [4] libraries contain neutron- and proton-induced nuclear
reaction data for approximately 30 important isotopes for energies up to 150 MeV ∼ 2
GeV.

1.3 Status of High Energy Nuclear Data

To provide a link between nuclear reaction physics and applied analysis, there are
two approaches. One is to perform the calculation of both microscopic nuclear reactions
using the intra-nuclear cascade (INC) methods and macroscopic transport processes by
one computer code such as the Los Alamos Code System(LCS) and Los Alamos High
Energy Transport(LAHET). However, the underlying physical assumptions of the INC
theory are not well satisfied below a few hundreds MeV. The other is to use nuclear
model calculations, benchmark them with available experimental data and store the data
into evaluated data files, using the ENDF6 format 1. After processing, the data libraries
can serve as an input for deterministic or Monte Carlo nuclear reaction codes. Above
a few hundreds of MeV, however, pion production becomes important and the present
ENDF6 format is not so practical to cover such reactions that both methods are regarded
as complementary approaches for the transportation analysis. A Brief status and contents

1Data file format includes energy-angular double-differential type data
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of currently available high-energy libraries are summarized in Table 1.1.

KAERI High Energy Libraries Nuclear Evaluation lab. (NDEL) of Korea Atomic En-
ergy Institute (KAERI) has initiated high energy evaluation task since 1998, and currently
contains 14 high priority nuclides evaluated ranging from C-12 to Pb-208 for neutron and
proton energy up to 250 MeV. As a starting nuclide, Al-27 was evaluated up to 2 GeV
together with JAERI Nuclear Data Center NDC [5]. Note that this study is within the
framework of the KAERI’s high energy evaluation project.

The JENDL High Energy File (JENDL-HE) [4] includes nuclear data for proton-
and neutron-induced reaction. The evaluation work is separated into three phases. The
energy range of the phase-I is up to 50 MeV, mainly for the International Fusion Material
Irradiation Facility(IFMIF). The energy range for the phase-II and III is up to 2 GeV
mainly for a project of JAERI Neutron Science Research Center. Below 20 MeV, the data
of JENDL Fusion File or JENDL-3.2 are adopted basically.

The LA150 cross section libraries [2, 3] have evaluated cross sections for important
materials for neutron and proton energies below 150 MeV for use in accelerator appli-
cations. A new version of the Monte Carlo code MCNP has been developed to utilize
these new data libraries. The current contents include the cross sections to 150 MeV for
incident neutrons and protons on various isotopes of H, C, N, O, Al, Si, Ca, Fe, W, and
Pb.
The ECN High Energy File [6] contains 150 MeV neutron and proton transport data
files for FE-54, 56, 58, Ni-58, 60. The high-energy part of the data files consists of results
from model calculations, which are benchmarked against the available experimental data.
These high-energy data are created with a code system built around the nuclear reaction
codes ECIS96 [7] and GNASH [8].

For specific applications, several special purpose files are available as follows:

• The ENDF/HE-6.4 [9] contains neutron and proton-induced cross sections for C-12,
Fe-56, Pb-208 and Bi-209 up to 1 GeV as a special purpose file of the ENDF-6.4,

• The Forschungszentrum Kalsruhe(FZK) released neutron-induced high energy files [10]
for Fe-56 Cr-52, V-51 to 50 MeV mainly for IFMIF purpose.

• The Waste Incineration Nuclear Data library (WIND) contains evaluated data for
576 neutron induced fission and threshold reactions for isotopes of U, Np and Pu,
and one file containing data for 32 proton induced reactions for U-238, in the energy
range up to 100 MeV. The Medium Energy Nuclear Data Library [11] (MENDL) is
a neutron reaction data library for nuclear activation and transmutation at inter-
mediate energies. This library contains, for 505 stable and unstable target nuclides,
production cross-sections for the formation of radioactive product nuclides for inci-
dent neutrons with energies up to 100 MeV.
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Table 1.1: Status and contents of high energy files

Purpose Emax Isotopes

KAERI HE Accel. & Space n,p: 250 MeV C, N, O, Al, Si, Ca, Ar, Fe, Ni, Cu, Zr
JENDL-HE IFMIF n: 50 MeV H, C, Na, Mg, Al, Si, K, Ca, Ti, V

(Phase-I) Cr, Mn, Fe, Ni, Cu, Y, Zr, Mo, W
Accel. driven n,p: 2 GeV H, C, N, O, Al, Cr, Fe, Ni, C, W, Au,

Hg, Pb, Bi, U,
(Phase-II) Be, Mg, Si, K, Ca, Ti, V, Mn, Co, Zr,

N, Mo, Ta, Pu
(Phase-III) Li, F, Na, Cl, Ar, Zn, Ga, Ge, As, Mi-

nor Actinides
LA150 Medical n,p: 150 MeV C, N, O, Al, Ca, Fe, Si, W, Pb

Accel. driven
BNL HE Space App. n,p: 1 GeV C, Fe, Pb, Bi

Accel. driven
ECN HE Accel. driven n,p: 150 MeV Fe, Ni
FZK HE IFMIF n: 50 MeV Cr, Fe, V
WIND Accel. driven. n,p: 100 MeV n: U, Np, Pu p: U

MENDL-2 Accel. driven. n: 100 MeV 505 isotopes

Table 1.2: Evaluation methods adopted in high energy files (neutron-induced)

Element Emax Optical Model Decaying Process
[Release] (MeV) (neutron)

KAERI Al [99] ≤ 250 Deraloche Exciton + ME + HF
≤ 2000 Systematics QMD+SDM

JENDL-HE Phase-I C [96] 80 JLM model Adjust Branching Ratios
(JHE-I) Al [98] 50 Walter-Gauss fit Exciton + HF

Fe [98] 50
LA150 C [97] 150 Meigooni FKK + HF theory

Al [96] 150 Petler + Madland Exciton + MPE + HF
Fe [96] 150 Arthur + Madland (FKK for validation)

BNL C [92] 2000 Woods-Saxson fit GDH+Evap. + INC
Fe [88] 1000 GDH + Evaporation

ECN Fe [97] 150 Koning+Deraroche Exciton + MPE + HF
FZK Fe [97] 50 Woods-Saxson fit GDH + MPE + Evap.

(Coalescence pickup)
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1.4 Inter-comparison of High Energy Files

The author has reviewed in his early work [12] three major high energy libraries,
namely JENDL-HE phase I (En ≤ 50 MeV, JHE-I), LA150, and BNL in addition to
KAERI’s 27Al file. Three nuclides were chosen for the inter-comparison, such as 12C
which is important in dosimetry and radiation therapy, 27Al and 56Fe which are major
shielding and structural material for accelerator-driven system and space applications.

It should be noted that since JENDL-HE has its newest version in 2004 while LA150
and BNL files are more or less unchanged, the inter-comparison results mentioned here-
after do not reflect the current situation at least for JENDL-HE. The purpose of this sec-
tion is to describe the background and motivation of this work. In the inter-comparison
work, integrity and consistency were examined and physics models and evaluation meth-
ods, as listed in Table 1.2 were reviewed to derive some directions for guidance of his
present study. In this section, some selections from the inter-comparison work are pre-
sented.

Carbon: In Fig. 1.2 the evaluated total, non-elastic and elastic cross sections from
JHE-I, BNL and LA150 are shown with various measurements. JHE-I and LA150 give
good agreement with the data in total, elastic and non-elastic cross sections, while non-
elastic cross sections of BNL overestimate the data. In Fig. 1.3 the evaluated angular
distributions of elastic cross sections of JHE-I, LA150 and BNL at the energy 22 MeV
of incident neutron were compared with measurement data. The angular distributions
of JHE-I and LA150 give excellent agreement with data while BNL distributions which
were obtained from diffraction model do not describe the data well. The differences at the
forward angle among evaluated angular distributions are directly related to the elastic and
non-elastic cross sections as seen in Fig. 1.2 In Fig. 1.4 the evaluated (n,2n) cross sections
from JHE-I, LA150 and BNL were compared with five sets of measurements. Although
there are discrepancies between measured data above 30 MeV, JHE-I gives relatively
better agreement than LA150 and BNL. Above 60 MeV, the data are not described well
by all three evaluated files.

Fig. 1.5 compares the evaluated (n,xn) emission spectra at 40 MeV from JHE-I, LA150
and BNL with (p,xp) data, because of no measurement data of (n,xn) emission spectra. It
would be expected that C-12(p,xp) and C-12(n,xn) spectra should be similar, particularly
for the higher emission energies where Coulomb effects are negligible. LA150 and JHE-I
give good agreement with the data in the entire energy region while JHE-I lies slightly
below the data at the higher emission energies. BNL shows significant underestimation
from intermediate energies where pre-equilibrium are dominant.

Aluminum: In Fig. 1.6 the evaluated total cross sections from KAERI, JHE-I and
LA150 libraries are shown with various measurements. KAERI and LA150 cross sections
give overall agreement with most of experimental data while JHE-I whose energy range
is up to 50 MeV starts to deviate and gives larger values than KAERI and LA150 and
the experimental data starting from the energy of 35 MeV. It is also worth noting that
the global optical parameters adopted in KAERI evaluation provided smooth-varying
cross sections without discontinuities over the whole energy range. Also in Fig. 1.6

6
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Figure 1.2: Carbon: total, non-elastic and elastic cross sections
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the evaluated elastic and non-elastic cross sections of Al-27 from JHE-I up to 50 MeV,
KAERI and LA150 up to 150 MeV are compared each other with two energy points of
experimental data. It is evident that non-elastic cross sections of JHE-I overestimate the
data which KAERI and LA150 describes well.

In Fig. 1.7 the evaluated angular distributions of elastic cross sections at the energy
21.6 MeV from KAERI, JHE-I and LA150 with measured data. The angular distributions
of both two evaluated cross sections give an overall agreement with data. However the
magnitudes of the distributions of JHE-I underestimate the measured data due to the
underestimated elastic cross sections as shown in Fig. 1.6.

Figures 1.8 and 1.9 compares the inclusive cross sections giving residual isotopes of Na-
23, Mg-24, Ne-21 and Ne-22 against Los Alamos data. All three evaluations do not give
excessive mismatch with the data except Mg-24 production case where JHE-I significantly
overestimates the data.

Iron: In Fig. 1.10 the evaluated total cross sections of Fe-nat (natural iron) from JHE-
I, ECN ( < 50 MeV), LA150, BNL and FZK ( < 150 MeV) are shown with various
measurements. The cross sections from four libraries except FZK show show overall
agreement with measurements while FZK does not agree well with measurements and
with other evaluated cross sections. At the energy range between 20 - 40 MeV, JHE-
I and BNL have slight larger values than LA150 and ECN which describe better the
Lawrence Livermore and Los Alamos data. Figure 1.10 also shows that non-elastic cross
sections of LA150, BNL and ECN agree well with experimental data while JHE-I and
FZK overestimate the data, giving smaller elastic cross sections than other three as the
case of aluminum.

In Fig. 1.11 the evaluated angular distributions of elastic cross sections at 65 MeV
from the three libraries with data. The angular distributions of ECN and LA150 give
excellent agreement with data while those of JHE-I and FZK describe overall shapes of
data. However the distributions of BNL does not describe the data well as in the case of
carbon.

Figure 1.12 compares the evaluated triton emission and three neutron emission cross
sections from JHE-I and LA150 with the Tohoku university data. As for the triton
emission reaction, both of evaluated cross sections significantly underestimate the data.
For the three neutron emission cross section, the JHE-I cross sections values are closer to
the measurements.

Figure 1.13 compares double-differential cross section (DDX) and angle-integrated
spectra of 25.7 MeV 56Fe(n,xn) reaction against Ohio university measurements, and Fig.
1.14 compares double-differential and angle-integrated spectra of 65 MeV natFe(n,xn)
reaction against the UC Davis measurements by processing the energy-angular double-
differential cross sections (MF6) from five libraries. Among the evaluated spectra from
the five libraries, BNL and FZK do not show inelastic discrete contribution since MF6
of these two libraries do not include it. Four of the evaluated spectra give overall agree-
ment with measurements except BNL which significantly underestimates pre-equilibrium
contribution at the intermediate energies especially at very forward and backward angles.
LA150 and ECN give excellent agreement over all three incident energies and all angles
with three measurements except in very forward angle at 65 MeV with the UC Davis data.

9



400

600

800

1000

1200

1400

1600

1800

2000

50 100 150 200 250

σ 
[m

b]

Neutron Energy [MeV]

AL-27: (N,TOT),,SIG

KAERI
JENDL

LANL
Auman(72)

Bubb(74)
Hilderbrand(50)

Culler(55)
Measday(66)
Bratenahl(50)
Schneider(68)

Deconninck(61)
Taylor(53)
Franz(88)

300

400

500

600

700

800

900

1000

1100

20 40 60 80 100 120 140

σ
 [
m

b
]

Neutron Energy [MeV]

AL-27: (N,NON),,SIG

LRL 58
OXF 56
KAERI
JENDL

LANL

200

300

400

500

600

700

800

900

1000

1100

1200

1300

20 40 60 80 100 120 140

σ
 [
m

b
]

Neutron Energy [MeV]

AL-27: (N,EL),,SIG

OXF 56
SWR 87

KAERI
JENDL

LANL

Figure 1.6: Aluminum: total, non-elastic and elastic Cross Sections
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Figure 1.8: Aluminum: Na-23 and Mg-24 production cross sections

At the equilibrium emission region where no measured data exists, JHE-I and FZK have
larger cross sections than BNL and ECN. These larger parts are considered to be shifted
up when optimizing pre-equilibrium part with overestimated non-elastic cross sections.

Figure 1.15 compares the angle integrated emission spectra among different decaying
models, JHE-I without multiple pre-equilibrium (MPE) and LA150/FZK with MPE. As
seen this figure, models with multiple pre-equilibrium correction better describe high-end
tail of spectra.

Lessons Learned from the Inter-comparison: Through the above work of the inter-
comparison, followings are learned

• In the case of total, non-elastic and elastic cross sections, both microscopic optical
model adopted in carbon of JHE-I and phenomenological optical model adopted in
aluminum and iron of KAERI, LA150 and ECN, together with the sophisticated
parameter optimization give overall agreement with the data.
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Figure 1.9: Aluminum: Ne-21 and Ne-22 production cross sections

• As for isotope production, some minor channels are not well described yet by current
nuclear models. But this does not seem to deteriorate the overall consistencies of
evaluated files for the actual applications.

• In DDX of Neutron emission of carbon, both stringent physics models consisting
of FKK and Hauser Feshbach theories, adopted in LA150, and branching ratio
adjustment with Monte Carlo simulator used in JHE-I give good agreement with
the data.

• As for DDX of Iron, models of exciton and Hauser Feshbach corrected with multiple
pre-equilibrium applied in LA150 and ECN give better agreement than the models
without MPE applied in JHE-I and BNL.
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Figure 1.10: Iron: total, non-elastic and elastic cross sections
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Figure 1.12: Iron: isotope production cross sections
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Figure 1.13: Iron: neutron emission DDX
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Figure 1.14: Iron: neutron emission DDX
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1.5 Objectives of the Present Study

As described in section 1.4, the status of nuclear data files are far from satisfactory
both in quantity and quality from the view point of applications to accelerator and space
technologies. The energy range up to 400 MeV is not fulfilled and important data are
missing in many cases. Besides, even in the cases that evaluated data are existing, serious
disagreement are observed among evaluations and/or experiments. These situations are
attributed to the inadequate evaluation method and/or data base. Under these circum-
stances, some directions are derived for guiding the present evaluations as follows:

• Choose more sophisticated optical model, and optimize its parameters with recent
data to improve consistency in elastic, non-elastic and emission cross sections.

• To better describe DDXs, adopt the exciton model with MPE or Feshbach-Kerman-
Koonin model which explicitly describes the MSD(multi-step direct) and MSC(Multi-
step compound) reactions.

• To better describe minor channels such as isotope production cross sections, combine
up-to-date measurements.

• Remove discontinuities at 20 MeV of neutron energy caused from merging two files
by adopting smooth energy-dependent optical model potentials.

Based on current needs of high energy nuclear data and their evaluation status outlined
in the earlier sections, the present thesis aims at:

1. evaluation of some high priority elements for accelerator applications for neutron
and proton energies up to 250 MeV including minor actinides,

2. evaluation of proton-induced neutron production DDX of Al, Fe, and Pb for space
shielding applications for proton energies up to 400 MeV,

3. parameterization of proton-nucleus non-elastic cross sections for a simple space
shielding design code, and

4. applications of the resulting evaluated data to accelerator and space applications.
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2 Evaluation Methods in the Present Study

2.1 General Description of Nuclear Reaction

Since the nature of the nuclear force is not fully understood, and nuclei consist of nu-
cleons interacting through complicated many-body interactions, a comprehensive theory
of nuclear reactions and nuclear structure derived from fundamental principles, with good
predictive abilities, does not yet exist. Instead, nuclear physics researchers often develop
models which typically emphasize one or more physical features over others, depending on
the context of the investigation. For the present purpose, it is appropriate to categorize
nuclear reaction models as follows:

• Incident nucleon energies above a few hundreds MeV: Collisions can be treated as
quasi-free scattering processes and the cross sections are predicted rather accurately
by the intra-nuclear cascade mechanism.

• Incident nucleon energies below a few hundreds MeV: The classical intra-nuclear
cascade model may no longer be adequate and the reaction process is preferably
described by optical models for elastic scattering, coupled-channel models for reac-
tions to discrete states and statistical pre-equilibrium and equilibrium models for
the continuum part of the spectrum.

In fig. 2.1 the most probable processes in a proton-nucleus reaction of about 1 GeV
are displayed. In the first stage of the reaction, which is an entirely direct process, the
incident proton will cause the knock-out of a few high energy nucleons and other hadrons.
This intra-nuclear cascade stage has ended when a residual nucleus with an excitation
energy of several tens of MeV is left. This excitation energy is still so high that a lot
of energy may be accumulated on one or a few nucleons, implying the occurrence of
direct-like processes. The reaction process has now reached a transitional stage where the
equilibration of the excited nucleus starts to take place but where it is still possible for a
relatively fast nucleon to be emitted after a few collisions. This is known as precompound
or pre-equilibrium emission. Also high energy fission is possible in this stage.

Finally, in the evaporation stage, a compound nucleus is left that evaporates low-
energy particles (mostly neutrons). In this stage also competition with fission occurs.
After this intra-nuclear reaction, the high energy secondary particles that encounter a new
target nucleus will proceed through all stages again and will cause new particles (mainly
nucleons) to be emitted from this nucleus. These are called internuclear reactions, taking
place in thick targets. The low-energy secondary particles will skip the intra-nuclear
cascade and pre-equilibrium stage and will at once form a compound nucleus with the
new target nucleus, from which subsequent evaporation takes place. This picture implies
that for an adequate description of the complete mechanism (i.e. including transport
processes), a precise knowledge of nuclear data for incident energies up to the bombarding
energy is required.
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2.2 Optical Model

The optical model is mainly used in the present model calculations, particularly for de-
termining elastic scattering and total cross sections, and transmission coefficients (needed
for Hauser-Feshbach calculations). The nucleus is considered to provide a nuclear po-
tential in which the projectile nucleon moves that is complex, having real and imaginary
terms. The scattering solutions to the Schroedinger equation are then determined. Elastic
scattering off the nucleus can occur, and diffractive effects in the elastic angular distri-
bution are obtained. The imaginary term in the potential accounts for all nonelastic
processes by leading to a damping of the projectile wave function. While this model,
therefore, predicts the total reaction cross section, it does not provide information on
the subsequent nonelastic partial cross sections for various decay channels - for this, the
emission models such as the statistical and pre-equilibrium reaction models are needed,
and they depend crucially upon the optical model potential.

At low energies, nuclear reactions occur on two very distinct time scales. Direct
reactions occur promptly, on the time scale of the same magnitude as the time it takes
the projectile nucleus to pass by the target nucleus. Compound nuclear reactions, which
involve the formation of a quasi-bound intermediate complex, occur on the time scale
that is at least several orders of magnitude larger. Compound nuclear reactions make
contributions to the cross sections that fluctuate rapidly with energy, called resonances.
The difference in the energy dependence of the direct and compound nucleus contributions
to the cross section is seen in Fig. 2.2, which displays the total neutron cross section on
58Ni at extremely low incident neutron energy. Direct reaction resulted from the elastic
scattering varies slowly with energy, except where it is punctuated by a faster variation
due to a compound nuclear state of 59Ni of about the same energy.

At higher energies, the density of compound nucleus states becomes so large that
the individual contributions can no longer be resolved. It then becomes impossible to
distinguish the slow energy dependence of the direct contribution from the rapid variations
of the compound nucleus one. Figure 2.3 shows the fluctuations in the cross section which
do not permit the determination of the contribution to the cross section of each individual
compound nuclear state. Instead, only the average properties of the compound nucleus
contribution to the cross section can be determined.

The principle objective of the optical model is to describe the prompt, direct reactions
in a nuclear collision. The optical potential is considered an effective potential that
account all of the physical processes such as the rapid fluctuating compound-nucleus
contributions to the scattering, and an effective spherical optical model potential to take
into account the coupling to excited state of the target. Since the formal derivation of the
optical potential are often difficult to calculate and still not sufficiently precise, single-
channel phenomenological optical model potentials are searched and applied for spherical
nuclei in this study, which will be described in a separate section(See section 3). Direct
reaction contributions to inelastic scattering in the single-channel case were provided by
Distorted Wave Born Approximation (DWBA).
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2.3 Emission Models

Many different interaction mechanisms can occur when a nucleon of a few hundred
MeV and below strikes a target nucleus. At low incident energies (a few MeV, say),
nuclear reactions take place by the compound nucleus process, in which the incident
particle is captured by the target nucleus, and its energy is shared statistically among all
the nucleons of the compound system. After a time much greater than the interaction
time, the compound nucleus emits one or more particles and generally attains its ground
state by gamma-ray emission. As the incident energy increases, it becomes more likely
that particle emission will take place in the first stage of the reaction, when the incident
particle interacts with the target nucleus as a whole (for example, a collective excitation)
or a nucleon within it. However, experimental and theoretical research in the last few
decades has shown that particle emission can take place with a time scale longer than
the very rapid direct reactions (about 10−22 sec) but much much shorter than the slower
compound nucleus reactions (about 10−16 to 10−18 sec). These emission processes are
known as pre-equilibrium or multistep reactions, and they are characterized by particles
emitted with relatively high energies and with angular distributions that are peaked in
the forward direction.

2.3.1 Statistical Model

The statistical model describes the emission of the flux that is absorbed into the long-
lived compound-nucleus states during the collision. The typical time scale for a direct
reaction is of the order of 10−22 s while a low-energy compound nucleus reaction takes place
on a time scale of 10−18 s or more. The extreme difference in the two time scale suggests
that the formation and decay of the compound nucleus can be considered independent
processes, with the decay occurring from a configuration of equilibrium. Mathematically,
the compound nucleus cross section can be written as the product of a factor describing
the creation of the compound nucleus and a factor describing its decay. To determine the
absorption/emission factor, the compound nucleus formation cross section is associated
with the optical model absorption cross section. In the Weisskopf-Ewing model [13], only
energy, charge and mass conservation are taken into account. In the Hauser-Feshbach
model [14], the conservation of angular momentum and parity is taken. In this study, the
GNASH code was extensively used for the equilibrium emission because the code uses the
Hauser-Feschbach model, and handles complicated sequence of every decaying compound
nucleus for the excitation energies up to a few hundreds MeV.

2.3.2 Pre-Equilibrium Models

Numerous models have been developed to account for the high-energy pre-equilibrium
particles that make up the “continuum” region of the secondary particle emission spectra
above the evaporation peak (for incident energies above approximately 10 MeV). Begin-
ning in the 1940’s, intra-nuclear cascade (INC) models were developed that use Monte
Carlo techniques to simulate nucleon-nucleus reactions in terms of individual successive
nucleon-nucleon collisions. The INC theory makes use of free nucleon-nucleon experimen-
tal cross sections, and it accounts for Fermi motion and Pauli blocking in a semi-classical
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manner, following the trajectories of the nucleons in coordinate and momentum space.
Perhaps the most questionable assumption within the INC model is the utilization of
free-space nucleon-nucleon cross sections for scatterings that take place within a nuclear
medium, which is most accurate only at high incident energies (above approximately
100-200 MeV).

Other widely used semi-classical pre-equilibrium reaction models are the exciton [15]
model. The exciton model was used to describe the processes of pre-equilibrium emission,
and damping to equilibrium, during the evolution of the reaction. As the incident energy
increases, nuclear reactions cannot be considered to occur on only two distinct time scales.
Due to the two-body nature of the nuclear interaction, a nucleon-nucleus interaction may
be decomposed as a series of nucleon-nucleon interactions. Taking the entrance channel
of a nucleon-nucleus composite system to be a 1 (projectile) particle, 0 (target) hole state,
one can consider the result of a collision as leading to either another 1p-0h state or to a
set of 2p-1h states, in each of which the incident particle has excited one of the target
particles, creating a particle-hole pair. Since the total number of particles is conserved,
the difference between the number of particles and number of holes, p-h, remains constant
throughout a collision, as illustrated in Fig. 2.4. The quantity n=p+h, called the exciton
number, thus serves as an unambiguous label of the configuration of the system within this
picture. At low energy, where the lifetime of the compound nucleus is long (that is, the
emission rate are low), one expects the compound system to usually reach equilibrium
before decaying. As the incident energy increases, the emission rate increases as well,
and the likelihood of pre-equilibrium particle emission increases. As the pre-equilibrium
configurations do not share the excitation energy among as many degrees of freedom as
the equilibrium ones do, particles emitted from equilibrium configurations tend to have
higher energy than those emitted from equilibrium. They may also preserve some memory
of the direction of the incident nucleon, resulting in forward peaked angular distributions.

For the emission reaction the latest version of the GNASH code [16] has been used to
calculate nuclear reaction cross sections using the Hauser-Feshbach theory for equilibrium
decay and the exciton model for pre-equilibrium decay, with the transmission coefficients
provided by the optical model analysis. In the GNASH code, a simplified pre-equilibrium
expression based upon the exciton model has been used to correct reaction and level-
excitation cross sections as well as spectra for pre-equilibrium effects :(

dσ

dε

)
preq

∝ σinv(ε)mεσR

|M |2g4E3

n̄∑
n=3

(U/E)n−2(n + 1)2(n− 1), (2.1)

where E and U are the excitation energies of the compound ad residual nuclei, respectively;
σR is the incident particle reaction cross section; m, ε, and σinv(ε) are the mass, kinetic
energy, and inverse cross section for the outgoing particle; g is the average single-particle
level spacing from the Fermi-gas model; and n is the number of particles and holes (n =
p + h) in the compound nucleus. The sum extends from the initial exciton number 3
to n̄, the limiting value attained when equilibrium is reached. In the present work, the
absolute square of the damping matrix element |M |2 has been tuned to optimize the
global agreement with the emission spectra measurements.

Despite the fact that the pion production channel starts to play a role above its
production threshold energy (above 150 MeV), present evaluation model excludes the
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Figure 2.4: Time evolution of occupation probability of n-exciton state in energy space

pion channel, because its emission fraction to that of neutron is at most 1 % at higher
emission tail for the energy range of interest (e.g. [17]).

2.4 Nuclear Structure and Level Densities

Certain properties of nuclear structure are utilized in nuclear reaction model calcu-
lations. At low excitation energies the properties of discrete nuclear levels are known
for most of the stable nuclei from measurements (e.g. their energy, spin, parity, defor-
mation, and decay properties). These are used in calculations of equilibrium particle
and gamma-ray decay where angular momentum and parity conservation are included
(the Hauser-Feshbach theory). At higher excitation energies the density of nuclear level
rapidly increases, and individual levels cannot be resolved experimentally. Instead, statis-
tical models of the properties of excited nuclei are invoked, and the nucleus is described
in terms of energy, spin, and parity dependence of the level density.

Numerous theories exist for calculating nuclear level densities, typically having been
derived from thermodynamics and statistical mechanics arguments. All include a rapid
(approximately exponential) increase in the level density with increasing excitation energy.
More sophisticated models, such as that of Ignatyuk [18], account for the dependence of
the level density on shell effects (near closed shells the nuclear single-particle levels are
widely spaced at the Fermi level so that the level density is reduced, though this effect
is damped out at higher excitation energies), and rotational and vibrational collective
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effects which enhance the level density. One reason for the profusion of different level
density theories is the lack of experimental information to constrain them: the density at
very low excitation energies is known from the measured discrete levels, and the density
at approximately 7-8 MeV is known for many nuclei from neutron resonance spacing
measurements, but at other energies the experimental information is sparse. Thus, even
the most current theoretical models of the level density are often inaccurate in some
regions of excitation energy. Level densities are used in Hauser-Feshbach calculations
since particle emission probabilities are proportional to the accessible phase space (i.e.
level density), and because they make the computations tractable.

In the present model calculations, the file of discrete level information and ground-state
masses, spin and parities was provided from the reference [19]. The mass values were based
upon 1995 Audi compilation [20], and supplemented in the case of unmeasured masses
with values from the Moeller and Nix calculations [21]. The Ignatyuk [18] nuclear level
densities are used, which include the washing-out of shell effects with increasing excitation
energy, and are matched continuously onto low-lying experimental discrete levels.
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2.5 Evaluation of Actinides

2.5.1 Overview

In this study, neutron- and proton nuclear data for thorium-232, U-233,234,236, and
Cm-243,244,245,246 isotopes have been performed at energies up to 250 MeV. Neutron
data was evaluated at energies from 20 MeV to 250 MeV, and combined with the JENDL-
3.3 data at 20 MeV, while proton data was obtained for energies from the threshold energy
to 250 MeV.

In the case of the minor actinide, the strong deformation and fissionability of nuclei
should be taken adequately. Therefore, the original frame of the ECIS-GNASH code
system for the evaluation of non-fissionable spherical nuclei was changed substantially
For the high energy evaluation of actinide nuclei to handle the rotational coupled-channel
optical model and fission [22]. The new code system for the actinide evaluation consists
of three main nuclear model codes such as the ECIS [7], GNASH [16], ALICE-ASH [23]
and ALICE95Y [23] with pre-/post processors and auxiliary tools supporting them.

The ECIS code performs the coupled-channel optical model calculation to provide to-
tal, reaction, elastic, and direct inelastic cross sections, and elastic and inelastic scattering
angular distributions. It is also used to produce the transmission coefficients for neutron,
proton, deuteron, triton, helium-3, and alpha particles.

Special attention was paid on the neutron fission cross sections to achieve continuity
and consistency with the existing JENDL-3.3 evaluation using theoretical (mentioned in
the following section) and experimental fission barriers [24], and fittings.

2.5.2 Coupled-channel Optical Model

Coupled-channel optical model is applied for minor actinides and its potential param-
eters are based on Sukhovistskii’s [25] for neutron and proton energies below 100 MeV,
and Konobeyev’s [22] for energies below 250 MeV. To remove discontinuities between two
potentials at 150 MeV, Koning-Delaroch’s functional forms [26] were applied to achieve a
global OMP set for actinides ranging from Th-232 to Cm-248 for energies up to 250 MeV
as shown in Fig. 2.5.

2.5.3 Fission Model

Fission is a decay mode important in heavy nuclei, the actinides in particular. A
nucleus with some equilibrium deformation absorbs energy, becoming excited and deforms
to a configuration known as the “transition state” or “saddle point” configuration. As
it deforms, the nuclear Coulomb energy decreases (as the average distance between the
nuclear protons increases) while the nuclear surface energy increases (as the nuclear surface
area increases). At the saddle point, the rate of change of the Coulomb energy is equal to
the rate of change of the nuclear surface energy. The formation and decay of this transition
state nucleus is the rate-determining step in the fission process and corresponds to the
passage over an activation energy barrier to the reaction. If the nucleus deforms beyond
this point it is irretrievably committed to fission. When this happens, then in a very short
time, the neck between the nascent fragments disappears and the nucleus divides int to
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Figure 2.5: Optical model potentials adopted in actinides evaluation

fragments at the “scission point”. Figure 2.6 illustrates this situation well in the case of
the double humped fission barrier.

Fission Barriers from Liquid Drop Model: [27] As suggested above, fission pro-
ceeds in two steps, the ascent to the saddle point and the passage through the scission
point. The fission barriers are determined as differences between the saddle point and
ground sate nuclear masses. By exploiting the liquid drop model, Fission barriers are
expressed as functions of the charges Z, mass numbers A, excitation energies of fissioning
nuclei E∗, their angular momenta L and their deformations α. Shell structure effects play
essential role at the fission barrier. The height of fission barrier can be approximated as
follows

Bfis = B0
fis + ∆shell + ∆SP , (2.2)

where B0
fis is the so-called liquid drop component of the fission barrier, ∆Shell is the

correction for the mass of a nucleus in the ground state and ∆SP is the shell correction
for the mass of nucleus in the saddle point. The last correction is very important for
the actinide nuclei. It leads to a double-humped shape of the fission barrier. There are
many models for fission barriers. This study implemented a simple semi-phenomenological
approach, which has been suggested by Barashenkov and Gergeghi [28]. In their approach
fission barriers Bfis(A, Z) are approximated by
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Figure 2.6: Schematic representation of the double humped fission barrier. Intrinsic
excitations in the first and second minimum are shown along the path of fission from
isomeric states and ground state spontaneous fission

Bfis = B0
fis + ∆C

shell + ∆C
SP + δ(A, Z), (2.3)

where shell and pairing corrections are taken from Gilbert-Cameron’s liquid drop mass
formula [29]. δ (A,Z) = 0 for even Z and Even N, δ (A,Z) = 1.248 MeV for odd A and δ
(A,Z) = 2.496 MeV for odd Z and odd N.

According to the the eq. (2.3) fission barrier height B0fis(x) varies with the fissibility
parameter x.

B0
fis(x) = asa

2/30.83(1− x)3 for 2/3 ≤ x ≤ 1, (2.4)

and
b0
fis(x) = asa

2/30.83(3/4− x) for 1/3 ≤ x ≤ 2/3. (2.5)

The fissibility parameter x is given by

x =
E0

C

2E0
S

=
(aC/2aS)Z2/A

1− k[(N − Z)/A]2
, (2.6)

where E0
C and E0

S are the Coulomb and surface energies of a spherical nucleus, respectively.
The liquid drop model parameters aS = 17.7439 MeV, aC = 0.7053 MeV and k =1.7826
are taken from the reference [30]. The fission barrier height is a function of the excitation
energy. In this study, the empirical relation proposed in [31] was adopted to estimate the
excitation energy E∗ dependence:

Bfis(E
∗) =

Bfis

1 +
√

E∗

2A

(2.7)
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Figure 2.7: Multiple chance of fission cross sections for n+Th-232 reaction

For higher energies, the fission cross section is determined by the contributions of more
than several hundreds of residual nuclei, which undergo fission after emission of neutrons
or protons. Fig. 2.7 is a calculated example of the multiple chance of fissions giving rise
to the total fission cross section as the energy of incident neutron goes up.

In this study, fission barriers for all residual nuclei is obtained by the liquid drop model
described earlier. Calculated fission cross sections were then compared with available
measurements and adjusted if necessary.

In the GNASH code, fission is included as a “decay” path, that is, a fission competitive
width can be estimated at every step of the cascades. Each barrier has the characteristics
illustrated in Fig. 2.8. At each barrier transition states occur that are characterized y
an energy above the barrier. Discrete transition states are replaced y at higher energies
above the barrier y a continuum which is described by an appropriate level density model.
Fission penetrabilities are determined by use of the Hill Wheeler expression for penetration
through a parabolic barrier of height Eb and curvature h̄ω

Pf = [1 + exp(2π/h̄ω(Eb − E))]−1. (2.8)
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3 Search for Optical Model Potentials using Simu-

lated Annealing (SA)

The optical model provides the basis for theoretical evaluations of nuclear cross sec-
tions that are used in providing nuclear data for applications. In addition to offering
a convenient means for calculations of reaction, shape elastic, and (neutron) total cross
sections, optical model potentials are widely used in quantum-mechanical pre-equilibrium
and direct-reaction theory calculation. But the most important role of the optical model
analysis is to supply particle transmission coefficients for Hauser-Feshbach statistical the-
ory anuses used in nuclear data evaluations.

Currently many optical model segments are available for the nuclear date evaluations,
but most of them have been derived over very limited energy and mass regions. For
example, the Wilmore-Hodgson potential, which is recommended for use in certain cir-
cumstances, was derived at incident neutron energies between 1 and 15 MeV. Similarly,
the Madland Semering potential was derived over the energy range 50 MeV to 400 MeV.
This obviously leaves a gap between 15 and 50 MeV where no potential is recommended.
If, nonetheless, these two potentials are used over this energy range and are joined at
30 MeV, then not only are they being used outside their range of validity but also a
discontinuity results at 30 MeV.

In order to perform nuclear data evaluation without unphysical discontinuities, optical
models should cover the whole energy range of interest continuously. As pointed in the
RIPL published by IAEA [32], the only potential having a truly broad energy range
of validity in the present stock is that of Koning, Wijk and Delaroche [6] for neutron
reactions on Zr-90, which covers the neutron energy range from 0 to 220 MeV. This
situation activated the author to develop a tool to search optical model parameter set
that covers wide range of energy.

3.1 Objectives

The search for the best set of optical model parameters for a certain nucleus, or
for a range of nuclei is a tedious problem. Some optical model codes have built-in search
routines, usually on a χ2 basis, that attempt to adjust the parameters to the experimental
data according to search criteria given by the user. Although this problem could be
solved numerically, the final set of parameters often gives a result that does not come
up to the expectations if guided by eyes. Even though quite adequate results for global
nucleon optical models have been obtained with χ2 techniques, the experience is that
the best results stem from optimization based on grid search techniques, especially when
certain physical constraints are imposed on the parameters. A simple explanation is that
a multi-dimensional search routine tries to optimize a certain optical model parameter
which probably does not coincide with the parameter one would choose on the basis of
the eye or physical knowledge. It is required to merge the knowledge of the optical model
scientist with search routines. This is a very challenging subject by itself that need to be
studied in the future.

Meanwhile the author focuses on combining eye-guide and χ2 search in optical model
parameter analysis and have developed ECISPLOT. It is an interactive optical model
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parameter searching tool incorporated with the nuclear reaction code ECIS-96 [7] running
on X-Window. The development of ECISPLOT was motivated by ECISVIEW [26] of ECN
(Netherlands Energy Research Foundation) and has similar interactive GUI (Graphical
User Interface) environment in searching optical model parameter with ECIS-96 code. An
additional feature of ECISPLOT which differs from the ECISVIEW is that it has built-in
Simulated Annealing (SA) algorithm to optimize finally the functional parameters of the
optical potential forms from eye-judgment.

3.2 Features of ECISPLOT

To optimize optical parameters by eye, one may perform following procedure:

1. Construct/change the input file for several incident energies.

2. Run the optical model code.

3. Extract the relevant cross sections from the output file.

4. Run a graphical tool to compare with experimental data

5. If the results are not satisfactory, change parameters and go to 1.

As a result, the manual construction of an adequate optical model for one nuclide in the
energy range of interest may take quite a long time. In the ECISPLOT environment,
which make use of ECIS code for nuclear reaction calculation, a user can perform the
aforementioned loop instantaneously. The user changes optical potential parameters in-
teractively, with the keyboard or the mouse, and see the calculated result immediately
on the screen together with reference measurements. The user can introduce any math-
ematical function of energy, A, Z or user defined forms as the optical model potential
parameters. This enable the user to obtain conveniently the smooth functional forms for
phenomenological optical potentials without discontinuity over the whole energy region
of interest.

The idea behind ECISPLOT is illustrated in Fig. 3.1. ECISPLOT has preprocessor,
post processor of ECIS-95 code, SA algorithm and graphical user interface (GUI). It was
programmed with Perl language with Sx module which make use of maximum capability
of Unix environment and X-window system. ECISPLOT has three modes of operation:
Point, Function and SA mode, which will be explained in detail.

3.3 Point mode operation

Without any idea of how each parameter in optical potential behaves as function of
energy, mass number etc., user may start point-by-point search with adjustable poten-
tial well depth and form factor sets. Point mode of ECISPLOT provides the user with
convenient work place for this purpose. The actual implementation of point mode in
ECISPLOT is following:
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Figure 3.1: Overview of ECISPLOT
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• The radial potential can be described as:

U(r) = −Vrfv(r)− iWv fw(r) + 4i awd Wd
dfwd(r)

dr
−

1

r

(
h̄

mπc

)2 (
Vso

d

dr
fvso(r) + iWso

d

dr
fwso(r)

)
l · s (3.1)

where Vr and Wv are the real and imaginary volume potential well depths, Wd is the
well depth for the surface derivative term, Vso and Wso are the real and imaginary
well depth for the spin-orbit potential.

• The form factors of each component are of the standard Woods-Saxon shape :

fi(r) ≡ 1

1 + exp((r − riA1/3)/ai)
. (3.2)

Here, ax is the diffuseness parameter, and A the target mass number.

• Above 2 equations form 15 parameters (optical potential depths plus form factors)
predefined in ECISPLOT as:

– Real volume potential, radius and diffuseness Vr , rv, av

– Imaginary volume potential, radius and diffuseness Wv , rw, aw

– Imaginary surface potential, radius and diffuseness Wd , rwd, awd

– Real spin-orbit potential, radius and diffuseness Vso , rvso, avso

– Imaginary spin-orbit potential, radius and diffuseness Wso , rwso, awso

As shown in Fig. 3.2 which is a snap shot of point mode operation, the user can
change these 15 parameters by mouse or keyboard on each energy point to reproduce the
reference measured data interactively. At the same time ECISPLOT shows the change of
parameters as function of energy so that user can construct set of points for one parameter
varying smoothly along the energy grid.

3.4 Function mode operation

15 parameters defined above are often parameterized with energy, mass number etc.
as:

OMPi = f (energy, A,N, Z, . . . etc) (3.3)

where i designates the ith term of potential depth or form factor (for example Vr, Wd,
avso, etc.). To obtain the smooth functional forms for phenomenological optical potentials
without discontinuity over the whole energy region of interest, the user can define his
own functional forms of each parameter or can apply fitting to existing functional form,
possibly with appropriate physical background as

OMPi(E) = fi(E) (3.4)
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Figure 3.2: Point mode operation of ECISPLOT
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Function mode operation of ECISPLOT, as shown in Fig. 3.3 is for such purpose. The
user can change shape of function for each parameter as function of energy through varying
coefficients in the function fi(E) in eq. (3.4) to get better agreement with reference data
set with predefined physical constraint for the energy range of interest. This work-place
gives insight to the user on the behavior of total, reaction, shape elastic cross sections
and angular distributions on the functional shape of parameters.

3.5 Automatic Search : SA algorithm

With the Simulated Annealing algorithm [33] in ECISPLOT, the user can find the
global optimum set of the potential parameters. Simulated Annealing is a global op-
timization method that distinguishes between different local optima. Starting from an
initial point, the algorithm takes a step and the function is evaluated. When minimizing
a function, any downhill step is accepted and the process repeats from this new point. An
uphill step may be accepted. Thus, it can escape from local optima. This uphill decision
is made by the Metropolis criteria. As the optimization process proceeds, the length of
the steps decline and the algorithm closes in on the global optimum. Since the algorithm
makes very few assumptions regarding the function to be optimized, it is quite robust
with respect to non-quadratic surfaces.

SA(Simulated annealing) mode in ECISPLOT tries to find coefficients of the global
optimum parameters, giving minimum χ2 with respect to the reference measured data.

The actual procedure of SA operation in ECISPLOT shown in Fig. 3.4 is :

• Start with initial coefficients within their upper and lower bounds provided by the
user and set initial sampling range VMj as half of the bounds. Estimate χ2 with
starting set of coefficients.

αj ∈ [LBj, UBj]

VMj =
1

2
(UBj − LBj)

(χ2)0 = χ2 (α0
j ) (3.5)

• For next step, it randomly chooses a trial point within the step length of VMj and
χ2 is evaluated at this point with random variable yj

αk+1
j = αk

j + yj · rj, yj ∈ [−1, 1]

(χ2)k+1 = χ2(αk+1
j ) (3.6)

• This χ2 is compared to its previous one. All downhill moves are accepted and the
algorithm continues from that trial point. i.e.

accepted if (χ2)k+1 < (χ2)k (3.7)
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Figure 3.3: Function mode operation of ECISPLOT
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• Uphill moves may be accepted; the decision is made by the Metropolis criteria with
random variable z

also accepted if exp

(
(χ2)k − (χ2)k+1

T

)
> z, z ∈ [0, 1] (3.8)

It uses T(temperature) and the size of the uphill move in a probabilistic manner.
The smaller T and the size of the uphill move are, the more likely that move will
be accepted.

• If the trial is accepted, the algorithm moves on from that point. If it is rejected,
another point is chosen instead of a trial evaluation.

• Each element of VMj is periodically adjusted so that half of all function evaluations
in that direction are accepted.

βj =
number of accepted

number of trial
(3.9)

VMj = VMj (1.0 + c (βj − 0.6)/0.6) if βj > 0.6

VMj = VMj (1.0 + c (0.4− βj)/0.4) if βj < 0.4 (3.10)

• A fall in T is imposed upon the system with the RT variable by

Tn+1 = RT · Tn (3.11)

where n is the nth iteration with the same T. Thus, as T declines, uphill moves are
less likely to be accepted and the percentage of rejections rise. Given the scheme
for the adjusting VM, VM falls. Thus, as T declines, VM falls and SA focuses upon
the most promising area for optimization.

• The termination criteria for the search in ECISPLOT is set if the last four χ2’s from
the last four different T’s differ from the current χ2 by less than the user-defined
tolerance(EPS) and the current χ2 at the current T differs from the current optimal
χ2 by less than EPS.

The parameter T is crucial in using SA successfully. It influences VM, the step length
over which the algorithm searches for optima. For a small initial T, the step length
may be too small; thus ECISPLOT may fail to find the global optima. The user should
carefully examine to make sure that VM is appropriate. The relationship between the
initial temperature and the resulting step length is function-dependent.
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3.6 Application for 0 - 250 MeV optical model

As real application, ECISPLOT is used for determining global optical model parame-
ters of neutron and proton for aluminum to describe measured total, reaction and elastic
scattering cross sections for the energies of 0 - 250 MeV. As a reference data set, avail-
able total (or reaction for proton) cross sections and elastic angular distributions were
collected from the EXFOR data base at NEA Data Bank. The potential form factor
was chosen to be of Woods-Saxson form for Vr and Wv, derivative Wood-Saxson for Wd

and Thomas-Fermi form for spin-orbit parts as in eqs. (3.1) and (3.2). Following energy
dependencies of potential depths are adopted:

Vr(E) = V0e
−λV r(E−Ef ) + V1 + V2E

rv(E) = rv0 + rv1E

av(E) = av0 + av1E

Wv(E) = Wv0
(E − EF )4

(E − Ef )4 + W 4
v1

rwv(E) = rv(E)

awv(E) = av(E)

Wd(E) = Wd0e
λWd(E−Ef ) (E − Ef )

4

(E − Ef )4 + W 4
d1

rwd(E) = rwd0 + rwd1E

awd(E) = awd0 + awd1E (3.12)

where the Fermi energy Ef for neutron is given by

Ef (Z,A) = −1

2
[Sn(Z,A) + Sn(Z,A + 1)] (3.13)

with Sn being the neutron separation energy, and for protons by

Ef (Z,A) = −1

2
[Sp(Z,A) + Sp(Z + 1, A + 1)] (3.14)

with Sp being the proton separation energy. The potential parameters of spin-orbit form
parts were taken from Delaroche et al. [6] as

Vso(E) = 6.0e−0.005E

Wso(E) = 0.2− 0.011E

rvso, wvso = 1.017

avso, awso = 0.6 (3.15)

To determine best set of potential depths and form factors in eq.(3.12) to reproduce
the reference measurements, the point mode operation is initiated with appropriate initial
values of depths and form factors. During the point mode operation, smooth-varying
potential depths and form factors could be collected with respect to the incident energies.
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Table 3.1: Range of optical model parameters for incident neutron and proton energies
up to 250 MeV

lower bound upper bound
Vr (MeV) 0.0 60.0
Wv (MeV) 0.0 15.0
Wd (MeV) 0.0 10.0

rv, rw,rwd (fm) 1.0 1.4
av,aw, awd (fm) 0.4 1.0

With these points, rough fittings were applied to get initial set of coefficients, which are
then used in the function mode operations. After some interactive tuning in function
mode, the SA mode were performed to get the best optimum coefficient set within the
ranges for each coefficient as listed in table 3.1.

3.7 Reference Measurements

For the reference data of neutron and proton induced reactions up to 250 MeV region,
the EXFOR [34] database was extensively surveyed, analyzed, and Tables 3.2 and 3.3 list
the selected reference measurements for neutron and proton, respectively.

3.8 Parameter Searches

The best sets of OMP were determined by adjusting the 17 adjustable coefficients
defined in eq. (3.12) and (3.15) with the use of ECISPLOT [93], an interactive optical pa-
rameter searcher with the simulated annealing algorithm, developed by one of the authors.
This is an X-Window based software system incorporated into the nuclear reaction code
ECIS-96 [7]. In ECISPLOT, the potential parameters are adjusted interactively based
on an eye-guide, then the final parameter set is searched automatically by the simulated
annealing algorithm to have minimum χ2. During the ECISPLOT operation, smooth-
varying potential depths and form factors could be collected with respect to the incident
energies. With these points, rough fittings and interactive tuning were applied to get the
initial 17 coefficients. Finally, a simulated annealing algorithm was applied to get the
best optimum coefficient set within the ranges for each coefficient as listed in table 3.1

The quantity χ2 in this study is defined by

χ2 =
1

N + M

 N∑
i=1

1

Ki

Ki∑
j=1

(
dσij/dΩcalc − dσij/dΩexp

∆σij/dΩexp

)2

+
M∑
i=1

(
σtot

cali
− σtotexpi

∆σtotexpi

)2
(3.16)

where N is the number of experimental scattering data sets, Ki is the number of angular
points in each data set, M is the number of energies for which experimental neutron total
cross section or proton reaction cross section is involved.
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Table 3.2: Reference measurements for neutron induced reactions
Reaction Cross Section Principal Author Energy Range [MeV]
n+12C total cross section Auman [35] 24-60

Lamaze [36] 2-40
Peterson [37] 61-106

elastic angular distribution Meigooni [38] 20.8, 26.0
Niizeki [39] 35.0
Winfield [40] 40.3
Hjort [41] 65.0
Salmon [42] 96.0
Zyl [43] 136.0

n+16O total cross section Foster-jr [44] 2-14
Alphonce [45] 109-163

elastic angular distribution Islam [46] 18.0, 20.0, 22.0, 26.0
n+27Al total cross section Auman [35] 30-60

Bubb [47] 21-44
Measday [48] 88-150
Franz [49] 160-575

elastic angular distribution Petler [50] 18.0, 20.0, 25.0, 26.0
Olsson [51] 21.6
Petler [50] 22.0
Stuart [52] 24.0
Bratenahl [53] 84.0
Salmon [42] 96.0
Zyl [43] 136.0

n+56Fe total cross section Ragent [54] 36-19
Albergotti [55] 12-14
Zanelli [56] 35-50

elastic angular distribution Smith [57] 4.5
El-kadi [58] 8.0
Mellema [59] 11.0, 20.0, 26.0
Pedroni [60] 16.9
Hjort [41] 65.0

n+90Zr total cross section Finlay [61]
Tanaka [62] 5.9, 7.0
Wang [63] 8.0, 10.0, 24.0
Bainum [64] 11.0
Clarke [65] 14.1

n+208Pb total cross section Finlay [61] 5-600
elastic angular distribution Rapaport [66] 11.0

Finlay [67] 20.0, 24.0
Vito [68] 30.3, 40.0
Hjort [41] 65.0
Salmon [42] 96.0
Zyl [43] 136.0
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Table 3.3: Reference measurements for proton induced reactions
Reaction Cross Section Principal Author Energy Range [MeV]
p+12C reaction cross section Mcgill [69] 23-48

Kirkby [70] 99.7
Pollock [71] 16

elastic angular distribution Ridley [72] 30.3
Ohnuma [73] 35.2
Fannon [74] 49.5

p+16O reaction cross section Carlson [75] 19-48
elastic angular distribution Cameron [76] 23.4

Ohnuma [77] 35.0
Fannon [74] 49.5
Sakaguchi [78] 65.0

p+27Al reaction cross section Menet [79] 40-61
Renberg [80] 234-554
Mcgill [69] 25-46
Kirkby [70] 99.7

elastic angular distribution Dayton [81] 17.0
Bertrand [82] 28.8, 61.7
Taylor [83] 142.0

p+56Fe reaction cross section Mccamis [84] 21-48
Menet [79] 40-61
Renberg [80] 234-554
Kirkby [70] 98.7

elastic angular distribution Dayton [81] 17.0
Eccles [85] 19.1
Ridley [72] 30.3
Bertrand [82] 61.5
Comparat [86] 156.0

p+90Zr reaction cross section Menet [79] 40-61
elastic angular distribution Makofske [87] 16.0

Blumberg [88] 40.0
Sakaguchi [78] 65.0
Comparat [86] 156.0
Nadasen [89] 180.0
Hagberg [90] 185.0

p+208Pb reaction cross section Renberg [80] 234-554
Carlson [75] 21-48
Kirkby [70] 99.2

elastic angular distribution Oers [91] 21.0, 24.1 26.3, 30.0, 35.0
Fulmer [92] 45.0
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4 Results of the evaluation and their and Applica-

tions

This chapter describes the results of the cross section evaluation on the basis of the
methods described in Chap. 2 and 3, and their applications to the space and accelerator
shielding.

4.1 Direct Reactions from OMP Searches

A set of optical model parameters were optimized by searching 17 adjustable coeffi-
cients defined in eq. (3.12) and (3.15), with the SA method of ECISPLOT. Table 4.1 lists
the optimized coefficients which describe the reference experimental data with converged
χ2 for neutrons and protons. The total (for neutron) and reaction (for proton) cross sec-
tions, and elastic angular distributions from the optimized optical model parameters are
compared in Figs. 4.1 - 4.12 with the reference measurements, as well as other data not
adopted as references. The optimized optical model parameters give overall agreement
with most of the experimental data over the entire energy range for both incident neutrons
and protons. It is also noted that for incident energies below around 10 MeV, the optical
model cross sections describes the smoothed average of the resonance structures well.

The resulting optical model parameters supply not only the reaction, shape elastic,
and neutron total cross sections, but also the neutron and proton transmission coefficients
for the Hauser-Feshbach statistical analysis used in nuclear data evaluations. Based on
the results of the present work, appropriate systematics will be tried to establish a global
optical potential form having effects of dispersion relationship, covering wider mass and
energy range.
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Table 4.1: Neutron and proton optical potential parameters up to 250 MeV
n+12C n+16O n+27Al n+56Fe n+90Zr n+208Pb

Ef (MeV) -11.8341 -9.9036 -10.3900 -9.4222 -9.5827 -5.6524
V0 (MeV) 105.1117 105.3141 103.4468 104.3836 105.7053 104.4845
λvr MeV−1) 0.0056 0.0054 0.0050 0.0051 0.0054 0.0053
V1 (MeV) -45.7867 -46.1060 -46.4998 -45.7773 -50.6796 -52.2968
V2 (MeV−1) 0.1112 0.1326 0.1064 0.1082 0.1598 0.1440
rv0 (fm) 1.1191 1.1321 1.1793 1.1689 1.2237 1.2207
rv1 (fm/MeV) 0.0009 0.0006 0.0001 0.0005 0.0002 0.0004
av0 (fm) 0.6603 0.6684 0.6020 0.6498 0.5402 0.5868
avl (fm/MeV) 0.0010 0.0005 0.0020 0.0001 0.0002 -0.0009
Wv0 (MeV) 8.2824 8.5000 8.5000 8.4891 7.3034 8.4383
Wv1 (MeV) 39.1468 43.1924 30.0051 42.9775 35.2851 44.2294
Wd0 (MeV) 35.7590 32.0086 17.9433 41.6125 28.9006 20.7907
λwd (MeV−1) 0.0532 0.0494 0.0522 0.0581 0.0640 0.0410
Wd1 (MeV) 20.0888 22.9954 10.3142 19.7508 21.0470 15.3310
rwd0 (fm) 1.2692 1.2011 1.2785 1.2081 1.1668 1.2445
rwd1 (fm/MeV) 0.0069 0.0035 0.0000 0.0007 0.0005 -0.0009
awd0 (fm) 0.3148 0.5622 0.5989 0.6250 0.9276 0.6463
awd1 (fm/MeV) -0.0007 -0.0007 -0.0009 -0.0009 0.0001 0.0010

p+12C p+16O p+27Al p+56Fe p+90Zr p+208Pb
Ef (MeV) -8.9504 -6.3639 -9.9284 -8.1062 -6.7575 -5.9055
V0 (MeV) 107.0000 104.4750 105.0000 106.3129 106.5222 108.4518
λvr MeV−1) 0.0059 0.0054 0.0051 0.0055 0.0067 0.0078
V1 (MeV) -45.6436 -45.6405 -45.3829 -45.7034 -41.4619 -34.5341
V2 (MeV−1) 0.1004 0.1156 0.1034 0.1112 0.1176 0.1389
rv0 (fm) 1.1251 1.1582 1.1680 1.2023 1.1918 1.2019
rv1 (fm/MeV) 0.0000 0.0007 0.0000 0.0003 0.0004 0.0002
av0 (fm) 0.5775 0.6147 0.6481 0.6282 0.6799 0.6420
avl (fm/MeV) 0.0012 0.0018 0.0023 0.0007 -0.0005 0.0000
Wv0 (MeV) 10.8366 7.7972 8.5965 10.7583 11.6313 16.4091
Wv1 (MeV) 50.1011 39.4362 29.6722 48.9014 41.8397 47.0136
Wd0 (MeV) 36.3452 99.5854 20.6320 53.0375 63.9901 18.6886
λwd (MeV−1) 0.0583 0.0624 0.0439 0.0625 0.0580 0.0404
Wd1 (MeV) 28.9709 27.5714 19.9513 14.7125 21.9205 10.2981
rwd0 (fm) 1.1375 1.2433 1.4221 1.2428 1.1978 1.2566
rwd1 (fm/MeV) 0.0085 0.0024 0.0000 0.0036 -0.0000 -0.0008
awd0 (fm) 0.5887 0.3264 0.3460 0.5906 0.6088 0.9525
awd1 (fm/MeV) 0.0004 -0.0001 0.0007 -0.0007 -0.0007 -0.0009
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+ 208Pb reactions
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4.2 Minor Actinides

The neutron total and fission cross sections are presented in Figs. 4.13 ∼ 4.20 com-
pared with available measurements. As seen in the figures, the present work of neutron
cross sections are consistent with the available measurements, and also with existing
JENDL-3.3 evaluation at the neutron energy of 20 MeV except the U-234 case.

The proton non-elastic and fission cross sections are presented in Figs. 4.21 ∼ 4.25,
where the comparisons are made on Th-233 and U-233,234,246 with the available mea-
surements, showing good agreement. Only theoretical results are presented for the case
of curium isotopes.

Direct reaction contributions to inelastic scattering calculated by the coupled-channel
optical model are shown as examples for the neutron incident on Th-232 in Fig. 4.26, and
proton incident on Th-232 in Fig. 4.27. For the neutron incident case, consistencies are
seen for the neutron incident case in comparison with JENDL-3.3 and ENDF/B-VI as well
as the measured data except for the 3.4 MeV case which has relatively larger error. For
the proton incident case, no measurement has been reported yen for the angle-integrated
inelastic scattering cross sections.
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Figure 4.13: Evaluated neutron total and fission cross sections for Th-232
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Figure 4.14: Evaluated neutron total and fission and fission cross sections for U-233
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Figure 4.15: Evaluated neutron total and fission cross sections for U-234
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Figure 4.16: Evaluated neutron total and fission cross sections for U-236
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Figure 4.17: Evaluated neutron total and fission cross sections for Cm-243

64



 3000

 4000

 5000

 6000

 7000

 8000

 9000

 10000

 1  10  100

T
ot

al
 c

ro
ss

 s
ec

tio
n 

(m
b)

Neutron energy (MeV)

244Cm(n,tot)

ENDF/B-VI
JENDL 3.3

Present work

 1500

 2000

 2500

 3000

 3500

 4000

 10  100

C
ro

ss
 s

ec
tio

n 
[m

b]

Incident neutron energy (MeV)

244Cm(n,f)

Fomushki (1991)
Fomushki (1967)

Koontz (1968)
JENDL-3.3

LDM + exp., norm. to σR

Figure 4.18: Evaluated neutron total and fission cross sections for Cm-244
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Figure 4.19: Evaluated neutron total and fission cross sections for Cm-245
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Figure 4.20: Evaluated neutron total and fission cross sections for Cm-246
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Figure 4.21: Evaluated proton reaction and fission cross sections for Th-232

68



 0

 500

 1000

 1500

 2000

 2500

 0  50  100  150  200  250

R
ea

ct
io

n 
cr

os
s 

se
ct

io
n 

(m
b)

Incident proton energy (MeV)

233U(p,non)

Present work
Gorshkov (1991)

 0

 500

 1000

 1500

 2000

 2500

 10  100

C
ro

ss
 s

ec
tio

n 
[m

b]

Incident proton energy (MeV)

233U(p,f)

Ohtsuki (1991)
Smirnov (1991)

Bate (1964)
Prokofiev fit
LDM + exp.

Figure 4.22: Evaluated proton reaction and fission cross sections for U-233
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Figure 4.23: Evaluated proton reaction and fission cross sections for U-234
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Figure 4.24: Evaluated proton reaction and fission cross sections for U-236
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Figure 4.25: Evaluated fission cross sections for Curium isotopes
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4.3 Application to Space Shielding

For space shielding, as mentioned in the introduction, the atomic and nuclear stop-
ping cross section for shielding of crews from the space radiation, and neutron production
by shielding materials are of problem. Besides, for the case of space shielding, iterative
calculation is inevitable in order to find a optimum design value satisfying cost-effective
and weight-effective criteria. To enable such calculation, simple parameterization of cross
sections and nuclear data is strongly required. Therefore, this section describes the pa-
rameterization for the “exact” cross section value obtained in the previous sections.

4.3.1 Parameterization of non-elastic cross sections

Background: Radiation transport calculation is the first step in the development of
specifications for the cost-effective design of shielding for a space system. In many cases,
the reaction cross sections and spectra for secondary particle emission must be provided
for the radiation transport codes. A space radiation shielding code, CHARGE [94], uses
“straight-ahead” approximations, ignoring changes in the particle direction of motion due
to elastic scattering. This feature, though coarser and not as sophisticated as the Monte
Carlo or multi-dimensional deterministic methods, can be an attractive choice when a
preliminary design is pre-requisite. The CHARGE code uses an empirical formula for
proton-nucleus non-elastic cross sections and nucleon emission spectra based on the re-
sults of Bertini’s intra-nuclear-cascade(INC) model [1] developed in the 1960’s, for an
energy range up to 400 MeV. However, the underlying physical assumptions of the INC
model are not well satisfied below a few hundred MeV. In the last 30 years several nu-
clear models have been developed and refined, such as the pre-compound and multi-step
compound/direct models to accurately describe the emission spectra for such an energy
region, along with the accumulation of experimental data.

In this situation, the author proposed a parameterization of the empirical formula to
describe the proton-nucleus non-elastic cross sections for 9 high-priority elements in space
shielding applications such as 12C, 14N, 16O, 27Al, 28Si, 40Ca 56Fe, 90Zr, and 208Pb from
a reaction threshold up to 400 MeV of proton energy, which was implemented into the
CHARGE code.

Methods: Most of the empirical models approximate the nucleon-nucleus non-elastic
cross section of Bradt-Peters [95] form with

σne = πr2
0

(
A1/3

p + A
1/3
T − δ

)2
(4.1)

where r0 is energy-independent, δ is either an energy-independent or energy-dependent
parameter, and Ap and At are the projectile and target mass numbers, respectively. For
the parameterization of proton-nucleus non-elastic cross sections, we started with the
systematics proposed by Tripathi [96] in the colliding system center of mass energy Ecm

(MeV):

σne = πr2
0

(
A1/3

p + A
1/3
T − δE

)2
(
1− B

Ecm

)
(4.2)
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which accounts for the Coulomb interaction for lower energies with a energy-dependent
Coulomb interaction barrier B given by

B = Cb ·
ZpZT

R
(4.3)

where Zp and Zt are the atomic numbers of the projectile and target, respectively, and
R, the distance of evaluating the Coulomb barrier height, is

R = rP + rT + Cr ·

(
A1/3

p + A
1/3
T

)
E

1/3
cm

(4.4)

where ri is the equivalent sphere radius. The energy dependence resulting from trans-
parency and Pauli blocking is taken into account in δE, adopted from the reference [96].

In the present study, Cb and Cr were found to have strong dependencies on the target
atomic number and mass respectively, especially for light nuclei. We then adjusted Cb and
Cr for each of the 9 elements to better describe the measured non-elastic cross sections.

Results: Figure 4.28 shows Cr and Cb fitted to produce a minimum χ2 to the reference
measurements. Both decrease sharply until around A = 30, and then become flat as
the target mass increases. This implies that for light nuclei, which are tightly bound
and therefore, compact, the coulomb interaction barrier is higher and are accounted for
accordingly with Cb. On the other hand, Cr, which is related to the geometry of collision,
turned out to be negative from around A = 27 where the number of neutrons exceeds
that of protons. Further study is necessary for the implications of Cr and Cb.
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Figure 4.28: Cr and Cb as a function of target mass

To estimate the effect of our new parameterization for the proton-nucleus non-elastic
cross sections in the space application, a simple shielding calculation was performed with

75



the CHARGE code for a 7.4-cm slab of 27Al which shields incident protons. The spectrum
was taken to be of the mono-directional Van Allen protons [97] as shown in Fig. 4.29.

The difference of the transmitted proton fluxes calculated with our new cross sections
and with the original ones in the CHARGE code is negligible ( < 1.0 % ) since the atomic
interaction is dominant for charged particle transmission. However, for the transmitted
neutron flux generated by non-elastic reactions, the difference is about 3.0 %. Figure 4.29
compares the transmitted neutron spectra calculated from the original cross sections and
from the present parameterization. It is expected that for the neutron emission case more
quantitative analysis can be achieved when up-to-date neutron-nucleus cross section and
emission spectra are implemented in the CHARGE code.

In Fig. 4.30, non-elastic cross sections calculated from our parameterization results
were compared with those of the CHARGE code, the Los Alamos evaluation (LA150) [3],
those from the optical model analysis described in the previous section, and some of the
measurements. As shown in the Figs, the non-elastic cross sections from our parameteri-
zation agree well with the measurements, as well as with those of optical model analysis
and the LA150 evaluation. The CHARGE cross sections agree well with others for light
nuclei such as 12C, 14N, and 16O, but become smaller at energies above around 30 MeV for
all other nuclei except 208Pb. This leads to an underestimation of the secondary particle
production in the transport calculation under a typical proton spectra, and one example
was shown in the Fig. 4.29 for the p+27Al case.
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4.3.2 Secondary Neutron Spectra in the Space Environment

Background: Space system shielding is complicated due to the production of secondary
products. Among the secondary nucleons, neutron penetration has entirely different na-
ture compared to that of charged particles. While the secondary proton dose is mainly due
to the large number of low energy protons produced in the shield immediately adjacent to
the dose point, a large fraction of the neutrons produced trough the whole shield may be
transported to the dose point. By increasing the shield thickness, the secondary neutron
yield increases, thereby negating the effectiveness of the shield [98]. Thus, neutron is an
important component of the secondary radiation field, especially for astronauts protected
by thick shielding on lunar or Martian bases.

Most computer codes for space radiation shielding have an empirical formula for
proton-nucleus non-elastic cross sections and neutron emission spectra based on the
Bertini’s intra-nuclear-cascade (INC) model [1] for the secondary neutron production spec-
tra in the shielding materials for energies up to a few GeV of incident protons. In this
study, the author extended the evaluation of energy-angle spectra of secondary neutrons
produced from the 27Al(p,xn) and 208Pb(p,xn) reactions for energies up to 400 MeV,
encompassing most of proton spectra in the space shielding environments,

Reference Measurements: Important measurements of neutron emission spectra for
above 100 MeV of incident proton energy are referenced such as Meier [99, 100], Sco-
bel [101], and Stamer [102]. These four sets of measurements, listed in Table 4.2, provided
important guidances in evaluating energy-angle spectra of emitted neutron for energies
above 150 MeV. Electronic version of all the measured data were retrieved from the EX-
FOR database [34].

For the 27Al case, Meier et al.’s measurements of (p, xn) cross sections for 113 MeV
protons [99], Scobel et al.’s measurements for 160.3 MeV protons [101], and Stamer et
al.’s [102] and Meier et al’s measurements [100] for 256 MeV were referenced. It was
reported in the references that the intra-nuclear cascade (INC) evaporation calculations
using HETC code showed good agreement at 30 and 60 degree, but the discrepancies at
7.5 and 150 deg are as much as a factor of 7.

For the 208Pb case, we referred Scobel et al.’s measurements for 120 and 160.3 MeV
protons [101] and Stamer et al.’s [102] and Meier et al’s measurements [100] for 256 MeV
protons. In the cases of 120 and 160.3 MeV, it was reported that the measurements are
well reproduced by the phenomenological parameterization of Kalbach [103]. However,
for the 256 MeV cases, the ref. [100] showed poor agreement between the data and the
HETC code calculation especially for very forward and backward angles, and the ref. [102]
reported that the INC model of Bertini gave some underestimation of magnitude at 120
and 150 deg.

Results: In order to give overview of our evaluation results, Figure 4.31 provides 3-
dimensional plots of the emission spectra information of neutrons. These plots, for pro-
tons incident on 27Al and 208Pb, are combining of nonelastic cross sections, multiplicities
(yields), and angle-integrated energy distributions evaluated in the present work. It shows
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Table 4.2: Reference measurements of neutron double-differential emission spectra for
incident proton energy above 100 MeV

Reaction Principal Author Ep [MeV] Emission Angles [deg] EXFOR entry
27Al(p, xn) Meier [99] 113.0 7.5, 30, 60, 150 O0100

Scobel [101] 160.3 0 - 145 (14 angles) O0181
Stamer [102] 256.0 7.5, 30, 60, 150 C0511
Meier [100] 256.0 7.5, 30, 60, 150 C0168

208Pb(p, xn) Scobel [101] 120.0 0 - 145 (14 angles) O0181
Scobel [101] 160.3 0 - 145 (14 angles) O0181
Stamer [102] 256.0 7.5, 30, 60, 150 C0511

natPb(p, xn) Meier [100] 256.0 7.5, 30, 60, 150 C0168

the trends of increasing high-energy pre-equilibrium emission with increasing incident pro-
ton energy.

Figure 4.32 shows a comparison among our evaluation, LA150, and the measurements
of Meier et al. [99] for double-differential neutron emission spectra at 7.4, 30, 60 and 150
degrees for 113 MeV of incident proton. Agreement is fairly good over the whole emission
energies and angles except slight overestimations for neutron energies below 20 MeV.

For incident proton energy above 150 MeV, Our evaluations are compared in Fig. 4.33
with the measurements of Scobel et al. [101] for 160.3 MeV, and in Fig. 4.34 with the
measurements of Stamer et al. [102] for 256 MeV. While good agreement are shown for
the 160.3 MeV case except at 145 degree, the 256 MeV case gives some discrepancies at
higher tail of emission energies, compared with the Meier et al.’s measurements. Stamer
et al.’s data for neutron energies below 30 MeV at 60 and 150 degrees for 256 MeV case
in Fig. 4.34 seems to be caused by inappropriate correction of detector threshold.

Figure 4.35 shows a comparison among our evaluation, LA150, and the measurements
of Scobel et al. [99] for double-differential neutron emission spectra at 11, 45, 95 and 145
degrees for 120 MeV of incident proton. Agreement is fairly good over the whole emission
energies and angles except at 145 degree, where the calculated double differential emission
cross sections are smaller than the measured data.

For incident proton energy above 150 MeV, Our evaluations are compared in Fig. 4.36
with the measurements of Scobel et al. [101] for 160.3 MeV, and in Fig. 4.37 with the
measurements of Stamer et al. [102] for 256 MeV. While good agreement are shown for the
160.3 MeV case, the 256 MeV case gives some discrepancies at emission energies between
15 and 50 MeV, compared with the Meier et al.’s measurements. The emission peaks of
Stamer et al.’s data shown at energies below 20 MeV seems to be due to erroneous process
of measurements.

Below 150 MeV of incident protons, no significant differences are noticed between our
evaluation and the LA150 library, giving a good consistency with the measurements. This
is mainly because the reference measurements, theoretical models, and model parameters
are nearly the same for our evaluation and the LA150 except the transmission coefficients
of neutron and proton, whose effects are minimal in the inclusive emission spectra.
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Figure 4.34: Evaluated 27Al(p, xn) double-differential neutron emission spectra compared
with experimental data at 256 MeV incident energy
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Meanwhile, for energies between 150 and 400 MeV, our evaluations are made on the
same reaction models as the LA150 library, but with

• utilization of the optical model parameters of neutron and proton validated for
incident energies up to 400 MeV,

• benchmark with appropriate reference measurements for energies above 150 MeV.

• adjustment of damping matrix elements to better reproduce the measurements

As results, fairly good agreement has been achieved in the neutron double differential
emission spectra for entire emission energy and angle range, except some discrepancies at
emission energies between 15 and 50 MeV for 256 MeV of proton incident on 208Pb.
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4.4 Application to Accelerator Shielding

For accelerator shielding, it is necessary to evaluate external dose by neutrons and
photons, and internal dose by intake of activated air, materials, water, soil and so on.
Further, particle spectra in the accelerators spans over wide energy range. Among them,
secondary neutron emission is of prime importance because neutrons are most important
cause of external and internal exposure through activation of accelerator components
and surround environment. Consequently, accelerator shielding has strong impact on the
construction cost of the facility. Therefore, nuclear data play an important role in assessing
the radiological environmental impact of a proton accelerator such as prompt radiation
fields during accelerator operation and residual radiation by activated radionuclides in
the air, soil, and ground water in the accelerator building. In this study, newly evaluated
nuclear data are applied to following three items for the radiological safety of the proton
accelerator:

• Benchmark of proton-induced neutron production,

• Benchmark of prompt radiation fields, and

• recommended nuclear data for air-activation.

4.4.1 Neutron Production in the Proton Accelerator

For the shielding of the proton accelerator, it is necessary to get accurate information
on secondary neutron production from various materials. Copper is a major element of
the guiding magnet in the beam transport line, and the primary heat sink of the beam
dump block. Current version of the MCNPX [104] has two options in the use of the
proton-induced cross sections, such as the LA150 [105] evaluated library and the LAHET
physics modules. One of advantages of using a separate evaluated cross section library
instead of integrated physics model in the MCNPX calculation is that users can easily
replace a part of the existing LA150 with their own evaluated cross section library.

Figure 4.38 shows proton-induced non-elastic cross sections evaluated in this work
which are compared with the LA150 library, the LAHET physics modules, and available
experimental data. As shown in the figure, while the LA150 cross sections agree better
with the experimental data than the LAHET modules for energies above 50 MeV, slight
overestimations are observed in the LA150 cross sections for low incident proton energies.

The non-elastic cross section is an important quantity in the proton accelerator shield-
ing simulation since it is the initiating channel of neutron emitting reaction. Thus the
absolute number of neutrons produced are absolutely dependent on the non-elastic cross
section. As results, our evaluation agrees better with the experimental data for the entire
energy region up to 150 MeV, shown in Fig. 4.38

As for individual neutron emitting channels, Fig. 4.39 shows the our evaluation for the
Cu(p,Zn-63) reaction and Fig. 4.40 for the Cu(p,Zn-62) reaction. These two reactions
are major components of the neutron production channels for incident proton energies
below 50 MeV. As shown in the figures, the Cu(p,Zn-63) evaluation reproduces well the
the experiments while the Cu(p,Zn-62) evaluation slightly over-estimate the experimental
data.
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Figure 4.38: Evaluated proton-induced non-elastic cross sections in the present work,
compared with the LA150 library and LAHET physics modules

In Fig. 4.41, neutron production cross sections are plotted as a function of the incident
proton energy, and compared with the LA150. Our evaluated neutron production cross
sections are smaller than the LA150 ones over the entire energy region, where there is
no experimental data for the neutron production cross sections except the thick target
yield. Therefore, to benchmark our evaluation, resulting ENDF6 format cross sections
were converted into the MCNPX format, and a TTY was modeled for several incident
proton energies. As results of the TTY simulation, total number of neutrons per proton
(n/p) produced in a copper target are plotted in Fig. 4.42 As shown in the figure, our
evaluation results in lower n/p for the entire energies, and gives better agreement with
the TTY experiment especially for 100 MeV of incident proton case.

4.4.2 Benchmark on Prompt Radiation field

As for the assessment of the prompt radiation field, the NIMROD and TIARA bench-
marks [106] calculations were performed using the MCNPX code with current evaluations
and existing ENDF/B-HE libraries.

In the NIMROD experiment, 7-GeV proton was incident upon the copper target of
10 mm in diameter and 50 mm in thickness. Tunnel was constructed which has a right-
angled end at 11 m from the entrance of the tunnel, with a second leg of 8 m long. In the
present study, neutron capture cross sections on Au-197 and C-12(n,2n) reaction cross
sections were calculated at the locations along the tunnel, for the low energy and high
energy neutrons respectively as shown in Figs. 4.43 and 4.44.

There is no significant discrepancies among the measurement, LA150, and present
study. Meanwhile, it is noticed that at the end of 2nd leg, both low and high energy
neutrons calculated with present evaluations are slightly closer to the measurements.
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The TIARA benchmark consists of a labyrinth of three-legs. The neutron source in
the experiment was generated in the thick copper target located in a Faraday cup and
irradiated with 68-MeV protons. The neutron dose equivalent rates in the labyrinth
were calculated using both the LA150 and current evaluation, and compared with the
measurements as shown in Fig. 4.45.

Calculational results on both the NIMROD and the TIARA benchnmarks agree well
with the measurements within a factor of two. Futher study is needed for the quantative
assessment of uncertainties in the calulational results.
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Figure 4.45: Measured and calculated neutron dose equivalent rate along the labyrinth at
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the middle of 3rd leg, as a factor of 1.7
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4.4.3 Recommended Nuclear Data for Air Activation

Table 4.4.3 lists important radionuclides produced in the proton accelerator due to high
energy incident neutron. For the assessment of the radiological impact of the accelerator
to the environment due to the air activation, relevant nuclear reaction cross sections were
inter-compared among the available high energy libraries including the present evaluation.

As shown in Fig. 4.46, measurement of tritium production cross section by the
12C(n,t)10B reaction are slightly underestimated by both the JENDL-HE and current
evaluation. Recommended cross section for the reaction is a factor of 1.5 on those of the
JENDL-HE and current evaluation.

The 14N(n,t)12C reactions are compared in Fig. 4.47, where the ENDF/B-VI agrees
well for neutron energies below 10 MeV, and present evaluation reproduces the measure-
ments neutron energies above 10 MeV.

The 16O(n,t)14N reactions are compared in Fig. 4.48, where the ENDF/B-VI agrees
well for neutron energies below 30 MeV, and present evaluation reproduces the measure-
ments neutron energies above 30 MeV.

As shown in Fig. 4.49 for 40Ar(n,t)38Cl, only present evaluation gives inclusive tritium
production cross sections for energies above 20 MeV, which need to be factored by 2 for
the recommended cross sections.

Measured 11C production cross sections through the 12C(n,2n)11C are well reproduced
by the JENDL-HE evaluation as shown in Fig. 4.50, while no measurement is available
yet for the 13N and 15O production cross sections for neutron energies above 10 and 30
MeV, respectively, as shown in Figs. 4.51 and 4.52.

Table 4.3: Radionuclides produced by air activation in the accelerator

radionuclide half life decay constant [h−1] nuclear reactions
H-3 1226y 6.43E-06 12C(n,t)10B

14N(n,t)12C
16O(n,t)14N

40Ar(n,t)38Cl
C-11 20.4m 2.04E+00 12C(n,2n)11C
N-13 9.96m 4.18E+00 14N(n,2n)13N
O-15 122s 2.05E+01 16O(n,2n)15O
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Figure 4.46: Tritium production cross section by 12C(n,t)10B
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Figure 4.47: Tritium production cross section by 14N(n,t)12C
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Figure 4.48: Tritium production cross section by 16O(n,t)14O
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Figure 4.49: Tritium production cross section by 40Ar(n,x)3H
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Figure 4.50: C-11 production cross section by 12C(n,2n)11C
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Figure 4.51: N-13 production cross section by 14N(n,2n)13N
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5 Conclusions

Accelerator-driven system and space shielding technology require evaluated nuclear
data of neutron- and proton-induced nuclear reaction above the threshold energies up to
a few GeV. In this study, new evaluation were performed for neutron- and proton-induced
reactions for energies up to 250 ∼ 400 MeV on C-12, N-14, O-16, Al-27, Si-28, Ca-40, Ar-
40, Fe-54,58, Ni-64, Cu-63,65, Zr-90, Pb-208, Th-232, U-233,234,236, and Cm-243∼246.
The evaluated results are then applied to the accelerator and space technology.

Simulated Annealing Methods: A set of optical model parameters were optimized by
searching a number of adjustable coefficients with the Simulated Annealing(SA) method
for the spherical nuclei. The total (for neutron) and reaction (for proton) cross sections,
and elastic angular distributions from the optimized optical model parameters gave overall
agreement with most of the experimental data over the entire energy range for both
incident neutrons and protons.

Evaluation Results: The resulting optical model parameters supplied the neutron
and proton transmission coefficients for decay channel model calculations. Comparisons
gave good agreement for both inclusive cross sections and particle emission spectra. The
present study indicates the usefulness of the SA method. The evaluated total and fission
cross sections of minor actinides are consistent with the existing JENDL-3.3 evaluation
at the neutron energy of 20 MeV, giving good agreement with the measurements. The
proton non-elastic and fission cross sections also showed acceptable agreement with the
measurements.

Application to Space Shielding: A parameterization of the empirical formula was
proposed to describe the proton-nucleus non-elastic cross sections of high-priority elements
for space shielding purpose for proton energies from reaction threshold up to 400 MeV,
which was then implemented into the fast scoping space shielding code CHARGE, based
on the results of the optical model analysis utilizing up-to-date measurements. For proton
energies up to 400 MeV covering most of the incident spectrum for trapped protons and
solar energetic particle events, energy-angle spectra of secondary neutrons produced from
the proton-induced neutron production reaction were prepared.

Application to Accelerator Shielding: The evaluated cross section set was converted
into the MCNPX format, and then applied to the thick target yield (TTY) and prompt
radiation benchmarks for the accelerator shielding. The results The present evaluations
reproduced better the experimental data for the TTY yield case, and a consistent agree-
ment for the prompt radiation benchmark case. As for the assessment of the radiological
impact of the accelerator to the environment, relevant nuclear reaction cross sections for
the activation of the air were recommended among the author’s evaluations and existing
library based on the available measurements.
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iv

3053/2005

가속기 및 우주공학용 고에너지 핵자료평가

가속기 구동시스템과 우주차폐에 필요한 중성자 및 양성자 반응 핵자료를 입사에너지 

250 ~ 400 MeV까지 평가하였다. 대상핵종은 C-12, B-14, O-16, Al-27, Si-28, 

Ca-40, Ar-40, Fe-54,56, Ni-64, Cu-63,65, Zr-90, Pb-208, Th-232, 

U-233,234,236, Cm-243~246 이며, 평가된 핵반응자료를 가속기차폐와 우주선 차폐

에 적용하였다. 구형핵에 대하여 광학모형의 포텐샬을 입사에너지에 대한 함수로 구현하

고 매개변수들을 SA법으로 최적화하였다. 우주차폐를 목적으로 400 MeV까지의 양성자 

반응단면적에 대한 경험식을 광학모형해석 결과와 최근의 실험치를 바탕으로 도출하여 

우주차폐용 전산코드인 CHARGE 에 적용하였다.  우주차폐에서 중요한 2차중성자 발생

예측에 필수적인 방출중성자의 에너지-각분포를, 최신 이론모델과 실험치를 바탕으로 

입사양성자 400MeV까지 생산하였다. 평가결과는 TTY(Thick Target Yield) 벤치마크 

검증문제와 방사선차폐 검증문제에 적용하고 가속기에 대한 방사선환경 영향을 평가를 

위하여  공기 방사화와 괸련된 핵반응단면적을  본연구의 값과 기존의 평가핵반응 단면

적을 바탕으로 권고하였다.
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