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1. Introduction

The First Internet Symposium on Nuclear Data (ISND-1) was held on the 

WWW home page of Nuclear Data Center at Tokai Research Establishment, Japan 

Atomic Energy Research Institute (JAER1), from April 8 to June 15, 1996. This 

symposium was organized by Japanese Nuclear Data Committee and Nuclear Data 

Center, JAER1 and was the first trial to use “Internet” for the symposium in a nuclear 

data field. In ISND-1, presented were 25 papers on various topics of nuclear data on 

the several WWW sites. Discussions were done through e-mail-base communication. 

The latest information ISND-1 at the periods was located at the following URL 

(Uniform Resource Locator).

http //cracker.tokai.jaeri go.jp/ISND/index.html (English) 

http://cracker.tokai.jaeri.go.jp/ISND/index_J.html (Japanese)

Since this is the first trial to hold a symposium in nuclear data field by using the 

Internet, the management of ISND-1 was carried out basicly with discussion at 

exective committee, explaned in the chapter 2. The information on the WWW home 

page before strating ISND-1 was modified step by step based on the discussion The 

secretariat was set at e-mail address of lTSND@cracker.tokai.jaeri.go jp” The 

topics for this symposium were selected as •

• Nuclear Data Measurement,
• Nuclear Data Evaluation ,

• Theory and Methodology for Nuclear Data Evaluation,

• Computer Program for Evaluation, Compilation and Processing of 

Nuclear Data,

® Integral Test of Nuclear Data,

• Application of Nuclear Data, and

® Status of Evaluated Nuclear Data File

1
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2. Brief Description of ISND-1 Management

The Exective Committee (EC) made “Paper Selection Group (PSG)” and 

“Technical Support Group (TSG)” to discuss paper acceptance and to support 

producing HTML (Hyper Text Make-up Language) pages of particpant papers, 

respectively. The members of EC, which also played a role of PSG, and TSG are 

listed below.

Excective Committee (* Secretariat)

Mamoru BABA (Tohoku University)

Tokio FUKAHORI* (JAERI)

Katsumi HAYASHI (Hitachi Engineering Co Ltd.)

Masayuki IGASH1RA (Tokyo Institute of Technology )

Osamu 1WAMOTO* (JAERI)

Yasuyuki KIKUCHI (JAERI)

Katsuhei KOBAYASHI (Kyoto University)

Norihiko KOOR1 (Tokushima University)
Tsuneo NAKAGAWA* (JAERI)

Kazuhiro OYAMATSU (Nagoya University)

Takahiro TACHIBANA (Waseda University)
Akito TAKAHASHI (Osaka University)

Yukinobu WATANABE (Kyushu University)

Naoki YAMANO (Sumitomo Atomic Energy Industries, Ltd ) 
Technical Support Group

Ken-ya SUYAMA (JAERI)

Soji SHIMAKAWA (JAERI)

Tokio FUKAHORI (JAERI)

Tsuneo NAKAGAWA (JAERI)

Osamu IWAMOTO (JAERI)

Discussions of EC were held by using so to say EMROOM1 , which is the 

first electric meeting room and constructed at the e-mail address of 

emrooml@cracker.tokai.jaeri.go.jp by mailing-list system The one of decided rules 
for discussion using mating list system was that “no reply” means “yes” and WWW 

home page of internal information for EC was produced and limited to be accessed 

only for the members with password. For the paper selection, submitted abstract

- 2 -



JAERI-Conf 97-004

was forwarded to EMROOM1 and accepted if it has no objection within 2 working 

days by the members.

By using WWW, information such as texts (sentenses, numerical data, etc.) and 

glaphics (plots, photographes, etc) is connected through hyper-link and can be 

obtained from internet terminals of all over the world. The basic concept of the 

method for ISND-1 was that system combined WWW and e-mail was used to present 

and discuss the paper. The actual samples are shown in Appendix. In principle, 

following procedure was used.

® The author made the poster in HTML and opened it on the Internet as a 

WWW home page. TSG can help to produce the home page for the authors 

not familiar with HTML It was just linked from the home page of Nuclear 

Data Center at JAERL The author’s pages were allowed to be modified 

during the conference period only for the quality-up caused by discussion 

To get the information how to create the author’s home page, the special 

home page for authors was produced and the home page of the other author 

can be seen only by author group even before the beginning of the conference

• Participants could see the home page by their browser program like 

MOSAIC, Netscape, Internet Exprolar, etc. and send their questions and 

comments to the author by e-mail. For attend the e-mail-base discussion, 
registration was necessary Registrated participants can join the discussion 

by using the system like mailing list system. However the system was not 

perfectly same as mailing list system, because all the questions would be 

delivered to all registrated perticipants, if the same system was used. Hence 

then new shell script was written to manege this registration and discussion.

• This e-mail was not only reached the author but also uploaded to WWW 

home page to be seen by the others, simultaniously. Reply from the author 

was treated as same way

• The manuscripts of proceedings was prepared basicly from the home page by 

computational way such as TeX, LaTeX, Postscript and published by JAERI- 

Conf Report Seriese and on the WWW Home page

The merits of this method were following.

• Conference fee and travel expence were not needed.

• Many people can see the conference, because the conference can be held for 

long period.

- 3 -
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• This was a trial to examine the Internet possibility

• The Internet was made widly known for scientists in the nuclear data field.

Before summary, the statistics of access to the papers is summarized in Table 1.

In the table, the column of “Paper” was counted by a free software named “Web 

Counter”. The symbol means the paper did not have statistics, since it did not 

include this system and was not located at the server of Nuclear Data Center The 

other columns were counted from “log file” at the server of Nuclear Data Center 

Though the numbers of accesses to “Abstract”, “Paper” and “Discussion” were 0.5 

per day, those to “Question” and “Reply” were few. This means papers were seen 

but questions and comments were not sent Though active discussion was expected, 

however it was not at this moment, since

® It was not easy to read paper on the computer display, and it took time to 

move next page of WWW caused by low speed connection

• Though 30 registrations to attend discussions were done, participants might 

not like discussion through e-mail so much

From the results of inquiry about ISND-1 after finished, the ISND-1 impression 
was following.

• The reason not to see were 1) not enough time and 2) low speed connection 

So, ISND-1 itself was acceptable at least to Japanese scientist related to 

nuclear data field

• Many people thought the face-to-face discussion was more important

The less discussion was one of the consideration points However much more 

people saw the papers than the ordinary symposium. ISND-1 was the first trial of 

symposium on nuclear data through the Internet Only from these two points, it can 

be concluded that ISND-1 gave a strong impact to many fields

The editors wish to thank paper authors, members of exective committee and 

technical support group, and participants for their kind and warm supports.

4
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Table 1 Accesses to the Papers Participating to LSND-1

Paper No. Abstract Paper Discussion Question Rep 1 y

pOO 1 29 13 07 0 0

p()02 30 08 59 0 0

p()03 35 - 10 0 0

pOOl 19 17 30 0 0

p()05 3 1 - 82 0 0

pOOO 13 29 73 1 0

P007 25 05 r>7 0 0

p008 20 12 13 0 0

p009 18 15 38 0 0

p() 10 29 18 11 0 0

poll 11 - 32 0 0

p012 18 3 1 75 0 0

p() 1 3 20 2-1 70 0 0

p()l 1 2 1 05 55 0 0

p()15 32 51 70 0 0

pO 16 27 5-1 19 0 0

p() 1 7 19 - 50 0 0

p() IK 22 - 37 0 0

poiy 22 - 18 0 0

p02U 31 19 30 0 0

p021 27 53 08 0 0

p()22 25 17 55 0 0

p023 21 23 15 0 0

p02-l 28 00 129 1 1

p025 2 1 - 33 0 0

total 075 790 1388 2 1

Number of People Registrating to Discussion: 30

- 5 -
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3. Papers Presented in ISND-1
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The First Internet Symposium on Nuclear Data: Paper No. 001

3.1 Analysis of proton-induced fragment production 
cross sections by the Quantum Molecular 
Dynamics plus Statistical Decay Model

Satoshi Chiba^1,2), Osamu Iwamoto^, Tokio Fukahori^1,2\ Koji Niita^1,3\ 
Toshiki Maruyama^, Tomoyuki Maruyama^ and Akira Iwamoto^)

1 Advanced Science Research Center, Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan 

2Nuclear Data Center, Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan 

3Research Organization for Information Science and Technology 
Tokai-mura, Naka-gun, Ibaraki-ken 319-11, Japan

Abstract

The production cross sections of various fragments from proton-induced reac­
tions on 56Fe and 27A1 have been analyzed by the Quantum Molecular Dynamics 
(QMD) plus Statistical Decay Model (SDM). It was found that the mass and charge 
distributions calculated with and without the statistical decay have very different 
shapes. These results also depend strongly on the impact parameter, showing an 
importance of the dynamical treatment as realized by the QMD approach. The 
calculated results were compared with experimental data in the energy region from 
50 MeV to 5 GeV. The QMD+SDM calculation could reproduce the production 
cross sections of the light clusters and intermediate-mass to heavy fragments in a 
good accuracy. The production cross section of 7Be was, however, underpredicted 
by approximately 2 orders of magnitude, showing the necessity of another reaction 
mechanism not taken into account in the present model.

1 Introduction
Recently we have developed a framework of the quantum molecular dynamics (QMD) 
plus statistical decay model (SDM) that takes account of the relativistic kinematics and 
relativistic correction for interaction term, Lorentz boost of the initial and final states, 
realistic momentum distribution in the ground state, and comprehensive nucleon-nucleon 
(N-N) collision term/1/. It was shown /1/ that this framework could reproduce the 
measured double-differential (p,xn), (p,xp’) and (p,x tt) reactions from 100 MeV to 3 
GeV in a systematic way. In the subsequent papers /2, 3/, we have given detailed 
analyses of the pre-equilibrium (p,xp’) and (p,xn) reactions in terms of the QMD in the 
energy region of 100 to 200 MeV. It was demonstrated that the Fermi motion including 
the high-momentum component, surface refraction, multi-step effect and the multiple 
pre-equilibrium emission were the key issues in understanding the angular distributions 
of neutrons and protons emitted during the pre-equilibrium process. In these analyses a 
single set of parameters was selected, and no adjustment was attempted.

The success obtained in the previous studies has shown the ability of the QMD+SDM 
approach for the study of the nucleon-induced nuclear reactions. However, the previous

- 9 -
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analyses have been concentrated on the inclusive particle spectra, and a fine selection 
of the final reaction products was not performed. It is therefore the purpose of this 
work to carry out an analysis of proton-induced reactions for the production of specific 
final states, i.e., fragments, with the same formulae and the same set of parameters 
as the previous works/1, 2, 3/ to investigate further the validity of the QMD+SDM 
approach. Such fragmentation phenomena themselves have been a matter of long and 
intensive studies to extract the basic reaction mechanisms of nucleon induced reactions 
/4, 5, 6, 7, 8, 9/, e.g., multifragmentation, liquid-gas phase transition, sideward peaking 
of fragment angular distribution, properties of nuclei at high temperature, etc. Reliable 
estimations of fragment production are also important in many application fields /10, 
11, 12, 13, 14, 15, 16/.

In this work,the fragment production cross sections from p + 56Fe and p + 27A1 
reactions were calculated. These targets were selected because 1) they are mono-isotopic 
or nearly mono-isotopic in the natural elements, therefore the data are abundant, 2) 
they are popular elements among the structural materials with high importance from 
the practical point of view, and 3) effects of the fission and multifragmentation become 
significant for heavier elements, where an analysis is too complicated. Moreover, the 
computation time, proportional to the square of the mass number, is kept manageable 
for these target materials. Special emapasis was placed for the proton energy of 1.5 
GeV because this energy attracts special attention as a possible candidate energy of 
application of a high-intensity proton accelerator for researches on transmutation of 
radioactive wastes and basic sciences/17/. The maximum energy was chosen to be 5 GeV: 
above this energy many nucleon-nucleon inelastic channles, which are not considered in 
our model, are open.

In the next section, a brief explanation of the QMD plus SDM approach is given. 
The comparison of the calculation with the experimental data and discussions on the 
reaction mechanisms are given in section 3. Summary of this work is given in section 4.

2 Essence of the QMD plus SDM Model
The details of the QMD and SDM calculations are given in Ref. /I/, so only the 
basic principles of them will be repeated here. In the QMD calculation, each nucleon is 
expressed with a Gaussian wave packet in both the coordinate and momentum spaces in 
the following way:

/t(r, p) = 8 - exp
(r-Rj)2 2L(p — P})2 

4 L h2
(1)

where L is a parameter which represents the spacial spread of a wave packet, R* and Pi 
corresponding to the centers of a wave packet in the coordinate and momentum spaces, 
respectively. The total one-body phase-space distribution function is taken to be simply 
a sum of these single-particle wave packets. Initially, we distribute the Rj and Pi to 
produce a stable target ground state with realistic density and momentum distributions. 
The time evolution of Ri and Pi is determined based on the Newtonian equation and 
the N-N collision term, latter satisfying the Pauli exclusion principle. A Skyrme-type 
interaction parameterized in Ref. /1 / is used as the effective interaction. In addition, 
the symmetry and the Coulomb forces are included.

-10-
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The QMD calculation is carried out up to a time scale 100 (fm/c), which is referred 
to as the switching time, tsw. The position and momentum of each nucleon is then used 
to calculate the distribution of mass and atomic numbers, kinetic energy and direction 
of motion of the remaining fragments (referred to as ’’prefragments”) as well as those 
of the emitted nucleons and x-mesons. In determining the mass and atomic numbers of 
the prefragments, the phase-space minimum-distance-chain method/18/ is employed.

The prefragments thus identified are then Lorentz boosted into their rest frames 
to evaluate their excitation energies. When the prefragment is in the excited state, 
the statistical decay via n, p, d, t, 3He and a emissions is considered based on the 
Weisskopf-Ewing approximation, the emission probability of particle x being given as

Px = (2 Jx + 1 )mxtax(e)p(E)dt (2)

where Jx, mx and e are the spin, mass and kinetic energy of the emitted particle, while 
ax(e) and p{E) denote the inverse cross section and the level density of the residual 
nucleus at the excitation energy E, respectively. The level density has been assumed 
to be proportional to exp(2\/a£) with a = Aj8 MeV-1. The inverse cross section is 
taken to be of the form ax(e) = (1 — Uxfe)-KR2 if e > Ux and ox(t) = 0 otherwise, where 
R denotes the absorption radius and Ux is the empirical Coulomb barrier for particle 
x/19/.

The separation of the QMD and SDM calculations as performed in this approach 
can give the individual production cross sections of various residues before and after the 
statistical decay, the former being called as the prefragment, the latter as the fragment. 
This possibility gives information on the relation of the dynamical and statistical pro­
cesses as a function of projectile energy and impact parameter. On the contrary, this 
hybrid approach introduces an ambiguity because the switching time tsw is an arbitrary 
parameter. As described above, we have selected iSU7 to be 100 (fm/c), because this value 
was enough to obtain stable neutron spectra from the (p,xn) reaction against a change 
of tsw as shown in Ref./l/. However, it does not necessarily mean that this value is 
also appropriate to obtain stable values for more exclusive observables as the fragment 
production cross sections. Therefore, we have carried out calculations by changing the 
value of ts1ti, and investigated how various fragment production cross sections would vary 
as a function of this parameter. The result is shown in Fig. 1 for the production of 4He, 
24Na, 3*Ar and 54Mn for 1.5-GeV p + ^Fe reaction. This is a result of the QMD plus 
SDM calculation. This figure demonstrates that the cross section values given by the 
present approach are very robust against the change of the switching time tsto, therefore 
defines the cross sections in a unique way at around tSto - 100 (fm/c).

Calculations with event number of 50,000 for each combination of target and proton 
energy have been performed to get enough statistical accuracy. The computation time 
was approximately 24 hours for p + 56Fe reaction on HP9000/735 work station.

3 Results and Discussion
Calculated cross sections for the production of various prefragments and fragments are 
shown for 1.5-GeV p + 56Fe reaction in Fig. 2. Here the upper figure shows the produc­
tion cross sections calculated only by the QMD, while the lower one is obtained including 
the statistical decay. In this and the subsequent figures, the cross sections before and
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t*. dependence of fragment production cross 
sections for 1,5-GeV p + ”Fe reaction

QMD 4 SDM

W (fm/c)

Figure 1: Dependence of the production cross sections of 4He, 24Na, ^Ar and MMn 
on the switching time, tSUM from the QMD to SDM calculation for 1.5-GeV p + ^Fe 
reaction.

Figure 2: Distribution of various fragments in N-Z plane from the QMD alone (top) 
and QMD+SDM(bottom) calculations for 1.5-GeV proton + ^Fe reaction. The small 
squares indicate positions of stable isotopes, while vertical and horizontal lines at N,Z=20 
and 28 denote the magic numbers.
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1,5-GeV p + “Fe Mass distribution 

ri- QMO
I-1— QMO+SDM J

Mass Number

1.5-GeV p + “Fe Charge distribution

Atomic Number

Figure 3: Calculated mass (top) and charge (bottom) distributions of fragments for 1.5- 
GeV p + 56Fe reaction. The broken histograms show the results for QMD calculation 
only, while the solid ones corresponding to QMD+SDM results.

after the statistical decay process is denoted as the "QMD" and "QMD+SDM”, re­
spectively. The small squares indicate the positions of stable nuclei, while the lines at 
N,Z=20 and 28 show the locations of major magic numbers. The upper part of Fig. 2 
shows that the prefragments are produced primarily in mass A = 1 ~ 10 and Ar/2 < A 
< At regions, with At as the target mass. In the cascade model approach/20, 21/, the 
light mass fragments (A < 10) are produced only as a result of the statistical decay or 
as a spallation residue, whereas the QMD describes the dynamical emission of such light 
mass fragments as shown in Fig. 2. This is a clear advantage of the QMD approach. 
The intermediate-mass-fragment (IMF) corresponding to mass 10 to At/2 are very rare 
(about an order of 10 ~ 100 /z barn) in the QMD result alone. In the target region, 
the prefragments are distributed in a broad area of the N-Z plane. This distribution, 
then, is changed via the statistical decay to the bottom figure which is more localized 
along the stability line. The IMF region is primarily filled by the statistical decay of 
heavier prefragments, and the final isotopic distribution becomes significantly flattened 
in the direction of stability line as a result of the statistical decay. At the same time, 
yield of the light mass fragment becomes much larger, in particular of a particle. Figure 
2 demonstrates clearly the importance of both the dynamical and statistical processes 
which are included in the QMD+SDM approach.

Figure 3 shows the total mass (top figure) and charge (bottom figure) distributions 
from the QMD and QMD+SDM calculations for the same projectile/target combination. 
This figure again confirms that the QMD calculation predicts dynamical production of
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Figure 4: Calculated mass distributions for 1.5-GeV p + 56Fe reaction with different 
impact parameters.

the light (A < ~ 10) and target mass/charge regions. The statistical decay then makes 
the distributions much smoother and flatter. The IMF is produced primarily by the 
statistical decay.

In Fig. 4, the mass distributions obtained for 1.5-GeV p + ^Fe reaction with different 
impact parameter events are shown. In this figure the impact parameter (denoted as b) 
varies from 0 to 1 fm in the left-top figure, then the impact parameter range is increased 
in steps of 1 fm toward the right-bottom one. The total mass-yield distributions given in 
the upper part of Fig. 3 were obtained by integrating the contributions from the whole 
impact parameter range given in Fig. 4. Figure 4 indicates that the mass distribution 
changes significantly as a function of the impact parameter. For the events having smaller 
impact parameters, the QMD distribution has a broad maximum centered around a mass 
of 45. Then this distribution becomes much broadened by the statistical decay, shifting 
the peak to around mass ~ At/2. As the impact parameter increases, the distribution is 
shifted toward higher masses; at the peripheral events (b > 4 fm) the QMD distribution 
has a sharp peak at the target mass. In this impact parameter region, the incident 
proton interacts with a nucleon by grazing the target near the surface. Therefore the 
chance that one of these 2 nucleons is emitted from the target without further collisions 
is very high due to a smaller nucleon density than in the central region. For such a 
reaction, which may be referred to as ” 1-step” reaction, the cross section is determined 
by the magnitude of the basic nucleon-nucleon cross section. Furthermore, Fig. 4 shows
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Production cross sections ol various fragments =
for 1.5-GeV p + “Fe reaction 

QMD+SDM
-6- Michel et al.( Te. I.SGeV)

Figure 5: Production cross sections of various fragments for 1.5-GeV proton + 56Fe 
reaction. The full circles connected by a solid line denote the result of QMD+SDM cal­
culation, while the open circles connected by a broken line were obtained experimentally 
by Michel et al. measured at 1.6 GeV for no<Fe

that the rather smooth and monotonic distributions seen in Figs. 2 and 3 are the results 
of superpositions of contributions from different impact parameters which have quite 
different shapes. Therefore, the dynamical approach as realized by QMD is essential in 
predicting such fragment distributions.

In Fig. 5 shown are the production cross sections of various fragments for 1.5-GeV p 
+ ^Fe reaction. The data were measured by Michel et al/16/ at 1.6 GeV for notFe. It 
is clearly concluded that the QMD+SDM approach reproduces the fragment production 
cross sections in the whole mass region well, including the light clusters such as a and 
IMF (A ~ 20 to 30) except for 7Be where the present result underestimates the data by 
approximately 2 orders of magnitude.

A similar comparison was made for 2.6-GeV p + 56Fe reaction in Fig. 6. In this 
case, again, the overall agreement of the theoretical results with the data of Michel et 
al/16/ is encouraging. However, the production cross sections of 7Be is underpredicted 
more than one order of magnitude as was the case at 1.5 GeV. Furthermore, the theory 
could not predict any production of 10Be. Agreement at the IMF region is somewhat 
worse than the 1.5-GeV result, in particular shape of the production cross sections of Ne 
isotopes is not reproduced correctly. These problems, together with the problem of 7Be 
production at 1.5 GeV, may by accounted for by the multifragmentation mechanism not 
included in the present model/16/. An explanation of the origin of the disagreement for 
55Co and 56Co production cross sections will be given later.

The calculated isotope production cross sections from proton induced reaction on 
^Fe and 27A1 are compared with experimental data in Figs. 7 and 8 for various residual 
nuclei as a function of incident energy in the energy region of 50 MeV to 5 GeV. We 
did not distinguish the experimental data for 56Fe and natFe in order to enhance the 
experimental database. In these figures, the results of the QMD calculation is given by 
the broken curves, the QMD+SDM result by the full curves, the experimental data by the 
open circles with error bars. The error bars in the QMD and QMD+SDM calculations 
indicate the statistical uncertainty. The experimental data have been retrieved from 
the CHESTOR. (Charged Particle Experimental Data Storage and Retrieval System) 
database at Nuclear Data Center of JAERI /22/ supplemented by available literatures
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Figure 6: Production cross sections of various fragments for 2.6-GeV proton 4- 56Fe 
reaction. The full circles connected by a solid line denote the result of QMD+SDM cal­
culation, while the open circles connected by a broken line were obtained experimentally 
by Michel et al.

including the recent data reported by Michel et al/16/.
The 56Fe(p,x) cross sections shown in Fig. 7 again reveals the general accuracy of 

the QMD+SDM approach for the a-priori estimation of production cross sections of 
target-like fragment for a very wide incident energy range; the QMD+SDM calculation 
reproduces the experimental data within a factor of 2. In most cases, shapes of the 
prefragment production cross sections (the broken curves) are quite different from those 
of the final cross sections (solid curves) except for such a simple reaction as the (p,n) 
case where the prefragment production cross section is always larger than the final cross 
section by a constant ratio. The difference between the ”QMD” and "QMD+SDM” 
calculations shows that the production of these fragments is a result of subtle balance 
between the dynamical formation and the statistical decay processes. The dynamical 
process acts as a ”source" of "hot” prefragments at the target mass region, followed 
by the production of nuclides with smaller masses due to particle evaporation. It is 
intersting to note that the calculated 56Fe(p,n)56Co reaction cross section increases at 
energies above several hundred MeV. The same energy dependence was obtained for 
56Fe(p,2n)55Co and 59Co(p,n)59Ni reactions. It is natural to assume that such reactions 
leading to the formation of prefragments which are very close to the target take place 
mostly at the peripheral region (as Fig. 4 clearly demonstrates). For these events the 
number of collisions in the compound system may be only 1 or 2. Then, the cross 
section for such events will be roughly proportional to the basic nucleon-nucleon cross 
sections adopted in the calculation. Indeed, the p-n cross section used in our calculation 
increases at the energy above 400 MeV due to contributions of the inelastic channels 
(see Fig. 1 of Ref. /!/). On the contrary, the recent data measured by Michel et al./16/ 
shows a steep drop above 1 GeV. However, the notFe(p,xn)57Co and no<Fe(p,xn)58Co 
reactions reported by them have a clear increase above several hundred MeV, although 
they attribute this energy dependence to the influence of secondary reactions. We hope 
that further experimental investigation of such reactions would be carried out to obtain 
information on this subject because it could be a direct measure of the N-N inelastic 
collision in nuclei.

Figure 8 exhibits a result of the similar analysis for 27A1 target. The cross sections for
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Figure 7: Calculated and measured fragment production cross sections for p + 56Fe 
reaction as a function of incident energy.

Figure 8: Same as Fig. 7 but for p -F 27A1 reaction.
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production of target-like fragments are reproduced very well by the QMD+SDM calcula­
tion. On the contrary, the production cross section of 7Be is noticeably underestimated, 
even the threshold energy not being reproduced correctly. These results are consistent 
with the case for p+Fe reaction as shown in Figs. 5 and 6. Other reaction mechanisms 
which are not taken into the present model, including the multifragmenttaion, might be 
the origin of production of such ’’heavy” clusters as 7Be.

4 Summary
We have calculated the production cross sections of various residues for 1.5-GeV proton- 
induced reactions on ^Fe in terms of the Quantum Moleculear Dynamics (QMD) and the 
Statistical Decay Model (SDM). It was found that the distribution of the fragments cal­
culated by QMD alone and QMD + SDM differs considerably. The distribution after the 
QMD calculation alone has a broad maximum close to the target mass and a maximum 
at the very light mass region. This distribution is then smoothed out by the statistical 
decay along the stability line, filling the gap at the intermediate-mass-fragment (IMF) 
region.

The QMD calculation predicts the dynamical production of light fragments which is 
not possible with the ordinary cascade model approach. Furthermore, it was found that 
the distribution of the fragments depends strongly on the impact parameter, showing the 
importance of the dynamical treatment as realized by QMD. It was also demonstrated 
that the present QMD + SDM results are quite robust against the change of the switching 
time from the QMD to SDM approach.

The calculated results for proton-induced fragment production cross sections on 56Fe 
and 27A1 have been compared with experimental data in the energy range of 50 MeV to
5 GeV. A satisfactory overall agreement of the QMD+SDM calculation with the mea­
sured data is obtained, which confirmed the basic validity of the model and underlying 
parameters adopted in the present approach. The production cross sections of heavy 
clusters such as 7Be, however, were underpredicted by about 2 orders of magnitude. 
These problems would show that other production mechanisms which are not included 
in this model may be needed to improve the agreement between the theory and experi­
mental data. This problem, together with the high energy behavior of the 56Fe(p,n)56Co 
reaction, should be investigated further for a better understanding of the phenomena.

Th authors wish to thank Drs. Hiroshi Takada and Peter P. Siegler of JAERI, and Dr. 
Shiori Furihata of Mitsubishi Research Institute for valuable discussions and comments.
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We have evaluated the cross sections for neutrons with incident energies from 20 to 
80 MeV on 12C for the JENDL high-energy file. The total cross sections were determined 
by a generalized least-squares method with available experimental data. The cross sec­
tions of elastic and inelastic scattering to the first 2+ were evaluated with the theoretical 
calculations. The optical potentials necessary for these calculations were derived using a 
microscopic approach by Jeukenne-Lejeune-Mahaux. For the evaluation of double differ­
ential emission cross sections (DDXs), we have developed a code system SCINFUL/DDX 
in which total 35 reactions including the 3-body simultaneous breakup process (n+12C 
—► n+a+8Be) can be taken into consideration in terms of a Monte Carlo method, and 
have calculated the DDXs of all light-emissions (A< 4) and heavier reaction products. 
The results for protons, deuterons, and alphas showed overall good agreement with ex­
perimental data. The code is also applicable for calculations of total and partial kerma 
factors. Total kerma factors calculated for energies from 20 to 80 MeV were compared 
with the measurements and the other latest evaluations from the viewpoints of medical 
application and nuclear heating estimation.

1 Introduction
Intermediate energy nuclear data for 12C are requested with high priority in sev­

eral applied fields, such as radiation therapy using fast neutron or proton beam and 
accelerator-based transmutation/1, 2/. In particular, double differential emission cross 
sections (DDXs) are important for transport calculations of secondary neutrons and ac­
curate dose calculations in matter. Various types of experimental data including the 
DDXs , however, are scarce in the intermediate energy range above 20 MeV because of 
few intense neutron sources suitable for the measurements. Some progress has recently 
been made in the measurement of DDXs/3, 4/, but the experimental data are still not 
sufficient compared with those for energies below 20 MeV. Moreover, the theoretical 
model calculations for light nuclei is not so well-established as those for medium-heavy 
nuclei because many-body breakup processes, such as simultaneous 3 ct-decay process in 
the n+12C reaction, are involved. Therefore, it is also necessary to develop the methods 
of model calculations available for intermediate energy nuclear data evaluation for light 
nuclei. In the present work, we have evaluated the cross sections of 12C in the neutron

20-



JAERI —Conf 97-004

energy range up to 80 MeV, in connection with the evaluation activities of the JENDL 
high energy file/5/ which is now in progress in Japan. Our work is summarized as below:

1. Evaluation of total, elastic, and total reaction cross sections on the basis of the 
experimental data and the microscopic optical model calculations.

2. Development of a practical code system to calculate the DDXs of all emitted par­
ticles (n, p, d, t, 3He, a, and heavier reaction products) and kerma factors using a 
Monte Carlo method based on the SCINFUL code/6/ which is used for the neutron 
efficiency calculation for organic scintillators.

3. Application of the code system to calculation of the DDXs and the kerma factors.

2 Evaluation methods and code development

2.1 Outline of Evaluation methods

Total cross sections are determined by a generalized least-squares method with the 
experimental/7/-/10/. The details have been described in Ref./ll/.

The spherical optical model is applied to evaluate elastic scattering cross sections. 
DWBA calculation is also made for inelastic scattering to the first 2+ state. The ECIS77 
code/12/ is used in both calculations. As the optical potentials necessary in these calcu­
lations, we use microscopic optical potentials derived by the Jeukenne-Lejeune-Mahaux 
(JLM) approach/13/ of calculating the optical potentials with the non-relativistic G- 
matrix theory and the local density approximation. The details of the calculational 
method based on the JLM model have been described elsewhere/14/. Total reaction 
cross sections are evaluated by the subtraction of the elastic cross section from the total 
cross section. The cross sections for the other reaction channels, e.g., the DDXs of all 
emitted particles, are evaluated with a Monte Carlo simulation method explained in the 
following subsection.

2.2 Monte Carlo code system developed in this work

The n+12C reaction processes can be classified by combination of 9 primary reac­
tion processes and the following sequential or simultaneous decay processes as shown in 
Fig.l. The primary reactions considered in the present calculation are elastic scattering, 
inelastic scattering to the first 2+ state, (n,a), (n,n’)3a, (n,3He), (n,p), (n,2n), (n,d), 
and (n,t) reactions. Total 35 processes of the n+12C reaction are taken into account as 
in the SCINFUL code.

The main part of our code system consists of a Monte Carlo simulator of the n+12C 
reaction in which several subroutines of the SCINFUL code are used. In the simulation, 
the cross section for each primary reaction, the angular distribution for each particle 
emitted in the primary reaction and branching ratios of the following decay processes 
are needed as the main input data. We employ the same data as those used in the SCIN­
FUL code, except for the major reaction channels: the elastic scattering, the inelastic 
scattering to the first 2+ state, and the (n,n’)3a reaction. Using a Monte Carlo method, 
the energy and angle of all emitted particles are calculated on the basis of the two-body 
or three-body kinematics and are recorded event by event in a file. Finally, we calculate 
the DDXs, the energy differential cross sections, the production cross sections and the
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kerma factors using the output data from the simulator. In the development of our 
code system, we have checked the data and assumptions used in the original SCINFUL 
code. As a result, the following modifications were made in the Monte Carlo simulator 
to improve the agreement between the calculated results and the experimental data:

• Limitation of the maximum order of the Legendre coefficients for elastic and 
inelastic(2+) angular distributions was removed and the newly evaluated differ­
ential cross sections were used.

• Underestimation of the total reaction cross sections seen in the original SCINFUL 
code was improved by increase in the (n,n’)3a cross sections, as will be presented 
in the next section.

• Three-body simultaneous breakup (3BSB) process/15/ (n+12C —► n+ a + 8Be) 
was taken into account to improve the shape of energy spectra of neutron and 
alpha particle emitted with intermediate outgoing energies.

• Kalbach systematics/16/ was applied to reproduce well the forward-peaked angular 
distributions of light mass particles emitted from the primary reactions. Note that 
the angular distributions of all particles emitted in the following secondary stage 
are assumed to be isotropic.

An advantage of the use of such a Monte Carlo method is that the many-body breakup 
processes characteristic in the reaction with light-nuclei can be taken into account in a 
rather simple way and the energy conservation important in the kerma factor calculation 
can be also treated correctly.

3 Results and discussion

3.1 Total, Elastic and Reaction Cross Sections

The evaluated total, elastic and reaction cross sections are compared with the ex­
perimental data/10/,/17/-/26/ in Fig.2. The data of the original SCINFUL are also 
plotted by the dotted lines. The present results shown by the solid lines are in fairly 
good agreement with the measurements. On the other hand, the original SCINFUL data 
of total and reaction cross sections underestimate obviously the experimental data in the 
whole energy region.

3.2 Emission spectra and production cross sections

Calculated energy spectra of the (n,n’) reaction at 40 MeV are compared with 
experimental (p,p’) data/27/ in Fig.3. The dotted line represents the result with the 
same input data as used in the original SCINFUL code. Remarkable underestimation 
seen at intermediate outgoing energies is improved by the present calculation. This is 
due to the inclusion of the 3BSB process mentioned above.

Figure 4 shows a comparison between the calculated DDXs of the 26 MeV (n,n’) 
reaction and the experimental (p,p’) data/28/. As in Fig.3, the present calculation 
is in better agreement with the experimental data in the continuum region than the
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original SCINFUL. From Figs.3 and 4, we can point out that the 3BSB process plays an 
important role in nucleon emission from nucleon-induced reaction on 12C.

Double differential emission cross sections (DDXs) of other charged particles (p, d, 
t, and a) are compared with the latest experimental data by Slypen et al./29/ in Fig.5 
at 42.5MeV. The calculated DDXs are in overall good agreement with the experimental 
data, except for the proton emission with medium outgoing energies to forward angles 
and deuteron emission with high outgoing energies.

Figure 6 shows comparisons of the calculated (n,n’)3a cross sections and a produc­
tion cross sections with the experimental data/15, 30/ . The dotted line in Fig.6(a) 
presents the data used in the original SCINFUL code. They are much smaller than the 
experimental data. From the comparison between Fig.2(c) and Fig.6(a), one can see that 
the underestimation in total reaction cross sections used in the original SCINFUL code 
is due mainly to the underestimation in the (n,n’)3a cross sections. Therefore, we have 
re-evaluated the (n,n’)3a cross sections as given by the solid line in Fig.6(a). As a result, 
the a production cross sections calculated with the evaluated (n,n’)3a cross sections are 
in good agreement with the experimental data/31, 29, 32, 33/ as shown in Fig.6(b).

3.3 Kerma factors

Figure 7 shows comparisons of the calculated total kerma factors with the exper­
imental data /34/-/3S/ and the other calculations/39/-/4S/, respectively. Our result 
looks somewhat large in the energy range between 30 and 60 MeV compared with the 
experimental data and the other calculations. However, the present calculation is almost 
within the experimental errors and is at most 10% different from the recent calculation 
by Chadwick et al./40/. In Fig.8, we decompose the total kerma factor into the partial 
kerma factors corresponding to emitted particles and recoiled nuclei in order to see how 
the most dominant component changes with energy. For low incident energies, the con­
tribution of a particles from the (n,n’)3a reaction is the largest as expected from Fig.7(a) 
and amounts to about 60 % at 30 MeV. As the incident energy increases, it decreases 
gradually and the contributions from protons and deuterons become important. They 
amount to about 60 % of the total kerma factor at 80 MeV.

4 Conclusions
We evaluated the cross sections of 12C and calculated the kerma factors for neutrons 

up to 80 MeV:

• The total cross section, the elastic cross section, and the total reaction cross sec­
tion were evaluated on the basis of the generalized least-squares method with the 
experimental data and the calculation with the microscopic optical potentials.

• The Monte Carlo simulation code system was developed to calculate the DDXs of 
all emitted particle for the n+12C reaction. The calculated DDXs showed overall 
good agreement with the latest experimental data. •

• The kerma factors were calculated using the Monte Carlo code and compared 
with the experimental data. It was found that the calculation reproduces the 
measurements well within the error.
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• All evaluated cross sections including the DDXs are scheduled to be stored in the 
JENDL high energy file.

The code system developed in this work can be extended for proton-induced reac­
tions on 12C. In the future, we plan to start the work on nuclear data evaluation of 12C 
for proton energies up to 200 MeV using the extended code system, in parallel with the 
measurements of the DDXs of all emitted light-charged particles.
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(1) n + "C-> n + 12C (elastic) 2p + "Be
(2) n + ,2c-> n* + l2C (2*) 2p + n + ‘"Be
(3) n + ,2c-> a + ’Be 2p + 2n + ’Be
(4)n + ,2c-> n’ + 3° (Sequential decay, 3BSB) (7)n + 12c-> 2n + "C
(5)n + ,2c-> ’He + 10 Be 2n + P + l0B

’He + n + ’Be (8)n + 12c-> d + "B
’He + 2n + 2“ d + ° + ’Li
’He + n + P + ‘Li d + n + to B
’He + 2n + P + 7Li d + n + P + ’Be
’He + 2n + P + t + a d + n + a + "Li

(6)n + l2c-> P + ,2b 2d + n + 2“
P + a + ‘Li (9)n + 12c-> t + 10B
P + n + " B t + P + ’Be
P + n + « + ’Li t + d + 2“

P + 2n + 10 B t + “ + "Li
P + 2n + “ + 6Li t + P + n + 2°
P + 2n + d + 2“ l + P + d + ’Ll
P + n + t + 2a

Figure 1: All n+12 c reaction processes considered in this work
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Figure 2: All comparisons of the evaluated cross sections with the experimental ones, 
(a) total, (b) elastic, and (c) total reaction cross sections
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Figure 3: Comparisons of the calculated energy spectra of the 40 MeV (n,n’) reaction 
with the measured (p,p’) spectrum.
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Figure 4: Comparisons of the calculated DDXs of the 26 MeV (n,n’) reaction with the 
measured ones for (p,p’) reaction.
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Figure 5: Comparisons of the calculated DDXs of (n,charged particles) reactions at 42.5 
MeV with the measured ones.
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Figure 6: (a)(n,n’)3a cross section and (b)a production cross section
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Figure 7: Comparisons of the calculated total kerma factor with (a)the experimental 
data and (b)the other evaluations.
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Figure 8: Calculated partial kerma factors
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Benchmark calculation has been made for fast and thermal reactors by using ENDF/B-VI 
release 2(ENDF/B-V1.2 and JENDL-3.2 nuclear data. Effective multiplication factors(ketfs) 
calculated for fast reactors calculated with ENDF/B-VI.2 becomes about 1 % larger than the 
results with JENDL-3.2. The difference in keff is caused mainly from the difference in 
inelastic scattering cross section of U-238.

In all thermal benchmark cores, ENDF/B-VI.2 gives smaller multiplication factors than 
JENDL-3.2. In U-235 cores, the difference is about 0.3%dk and it becomes about 0.6% in 
TCA U cores. The difference in U-238 data is also important in thermal reactors, while there 
are found 0.1-0.3% different v values of U isotopes in thermal energy range between 
ENDF/B-VI.2 and JENDL-3.2.

1. Introduction

Benchmark calculation has been made for fast and thermal reactors by using ENDF/B-VI 
release 2 (ENDF/B-VI.2) nuclear data, and the results are compared with those of JENDL-3.2 
benchmark test. In the benchmark calculation, there are still found discrepancies between these 
files even in the data of the most important nuclides in reactor calculations such as U-235 and 
U-238. In this paper, the effect of the discrepancies in uranium nuclear data is described on 
nuclear characteristics of fast and thermal benchmark reactors.

2. Fast Reactor Benchmark

The benchmark cores are the large LMFBR mock-up core ZPPR-9 and the 1 -dimensional 
benchmark cores of VERA, ZPR, ZEBRA, SNEAK, etc. Diffusion calculation was made on 
2-dimensional(ZPPR-9) or 1-dimensional geometry model.

Effective multiplication factors(keffs) and reaction rate ratios calculated for ZPPR-9 are 
shown in Table 1. The multiplication factor calculated with ENDF/B-VI.2 becomes about 
0.8% larger than the results with JENDL-3.2. There are 2-3% differences in reaction rate 
ratios of U-238 capture and fission to Pu-239 fission(C8/F9 and F8/F9).

By comparing U-238 cross sections between both files, differences are found in inelastic 
scattering cross section in 2-6MeV energy region(Fig. I) and in capture cross section in MeV 
region.

Figure 2 summarizes the ketfs of 1-D benchmark cores. Similarly to the case in ZPPR-9, 
ENDF/B-VI.2 gives 1-2% larger ketts than JENDL-3.2. It was also compared the ketts
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Table 1 Calculation/Experiment(C/E) values of 
keff and reaction rate ratios for ZPPR-9

ENDF/B-VI JENDL-3.2

keff 1.007 0.9986

Reaction rate
ratio

F5/F9 1.010 1.003
C8/F9 1.037 1.046
F8/F9 0.975 0.955

F9: Pu-239 fission rate, F5: U-235 fission rate,
C8: U-238 capture rate, F8: U-238 fission rate.

ENDF/B-VI

JENDL-3.2

1E+05 1E+06 1 E+07
Energy (eV)

Fig. 1 Total inelastic scattering cross section of U-238

calculated with the following data :

(1) J32+B6(U8): JENDL-3.2 + U-238 cross section from ENDF/B-VI.2.
(2) B6(U8)+J32(U8mtx): (1) + secondary neutron energy distribution of U-238 inelastic 

scattering from JENDL-3.2

In (2), total inelastic scattering cross section of U-238 is that of ENDF/B-VI.2. From these 
calculations, it is observed when the U-238 data in JENDL-3.2 is replaced by those of 
ENDF/B-VI.2, the calculated keff agree well with that calculated by using ENDF/B-VI.2 
("J32+ B6(U8)" and "ENDF/B-VI.2"). The difference in U-238 inelastic scattering matrix leads 
to the keft- difference of about 1% (comparison between "J32+ B6(U8)" and "B6(U8)+J32 
(U8mtx)"). The effect of U-238 capture cross section difference is not shown in this figure, 
but was much smaller to be about 0.1%.

Figure 3 compares the secondary neutron energy distribution of U-238 inelastic 
scattering obtained by using a typical neutron spectrum of large FBR. ENDF/B-VI.2 gives 
harder neutron spectrum than JENDL-3.2 because of the different secondary neutron energy 
distribution of U-238 inelastic scattering. The discrepancy between the keffs calculated with 
ENDF/B-VI.2 and JENDL-3.2 is caused from the difference in U-238 cross section data, 
mainly of inelastic scattering matrix.
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c 1.01 -

1 '

1E+02
Core volume (liter)

1E+031E+01

Fig. 2 Calculation/Experiment(C/E) values of effective 
multiplication factors for l-D benchmark cores 
(B6: ENDF/B-VI.2, J32: JENDL-3.2, U8: U-238 cross section, 
mtx: secondary neutron energy distribution of inelastic 
scattering)

ENDF/B-VI

JENDL-3.2
0.015

^ 0.01 -

0.005

1E+04 1E+05 
Energy (eV)

1E+06 1E+07

Fig. 3 Secondary neutron energy distribution of U-238 inelastic 
scattering calculated with the neutron spectrum of a typical large 
fast reactor

3. Thermal Reactor Benchmark

The thermal reactor benchmark cores are TRX, BARE and TCA with water moderated 
lattice, and critical safety experiments ORNL and McNeany&Jenkins series. Unit cell 
calculation was made for TRX, BAPL and TCA by using critical bucklings. One-dimensional 
Sn calculation was made for critical safety experiments.

Effective multiplication factors(keffs) are shown in Figs.4 and 5, respectively for critical 
safety experiments and water moderated lattice cores. In all thermal benchmark cores, 
ENDF/B-VI.2 gives smaller multiplication factors than JENDL-3.2. In TRX and BAPL cores, 
the difference is about 0.3%dk and it becomes about 0.6% in TCA U cores.

- 32-



JAERI-Conf 97-004

1.005

c 0.995

.9- 0.99

ENDF/B-VI0.985

ENDF/B-VI+J32(U8)

JENDL-3.2

0.975

H/U-235

Fig. 4 Effective multiplication factors of U-235 fueled critical 
safety experiments
(B6: ENDF/B-VI.2, J32: JENDL-3.2, U8: U-238 cross section)

Fig. 5 Effective multiplication factors of U-235 fuel cores 
(B6: ENDF/B-VI.2, J32: JENDL-3.2, U8 and U5: U-238 and U- 
235 cross section, in: inelastic scattering cross section, nu: v 
value in thermal energy range)

By comparing the cross sections, there are found 0.1-0.3% different v values of U 
isotopes in thermal energy range between ENDF/B-VI.2 and JENDL-3.2(Fig. 6). As discussed 
in fast reactor benchmark, the difference of U-238 cross section between ENDF/B-VI.2 and 
JENDL-3.2 is found in fast energy range(Fig.l).
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Fig. 6 v values of U-235 in thermal energy range

JENDL-3.2

ENDF/B-VI

Additional calculations were made for TRX, BAPL and TCA cores with the following
data :

(1) B6+J32(U8in): ENDF/B-VI.2 + U-238 inelastic scattering cross section from 
JENDL-3.2.

(2) J32+B6(U5-Nu): JENDL-3.2 + U-235 v value in thermal energy range from 
ENDF/B-VI.2.

The results are also shown in Fig.5. By replacing U-235 v value in thermal energy 
range, there is found about 0.2%dk difference in all cores. The effect of U-238 cross section 
is significant(0.2-0.4%dk) in TCA cores, and 0.1 % or less in TRX and BAPL.

Table 2 summarizes the critical bucklings of TRX, BAPL and TCA-U cores. From these 
bucklings, it can be observed the TCA cores are smaller than the other cores. Furthermore, 
the neutron spectra in TCA 3.00U core calculated with ENDF/B-VI.2 and JENDL-3.2 are 
compared in Fig.7. The fast neutron spectrum calculated with ENDF/B-VI.2 is harder than 
JENDL-3.2, because of the difference in secondary neutron energy distribution of U-238 
inelastic scattering. The large effect of U-238 in TCA cores is therefore assumed to the 
neutron leakage effect in fast energy range.

Table 2 Critical bucklings of TRX,
BAPL and TCA cores

core name B2(10“3/cm2)

TRX-1 5.7
TRX-2 5.469
BAPL-1 3.259
BAPL-2 3.547
BAPL-3 3.422
TCA 1.50U 8.70
TCA 1.83U 9.33
TCA 2.48U 9.89
TCA 3.00U 9.68
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JENDL-3.2

1E+00 ENDF/B-VI

1E-01

1E-02 1E-01 1 E+00 1E+01 1E+02 1E+03 1E+04 1 E+05 1E+06 1E+07
Energy (eV)

Fig. 7 Neutron spectrum calculated for TCA 3.00U core

Central reaction rate ratios in TRX cores are shown in Table 3. The effect of the 
difference in U-238 data is found in delta-28, which is sensitive to the change in fast neutron 
spectrum.

Table 3 C/E of central reaction rate ratios in TRX
cores

ENDF/B-VI JENDL-3.2

TRX-1
p-28 1.0138 1.0123
6-25 0.9925 0.9873
6-28 1.0597 1.0127
C* 0.9956 0.9976

TRX-2
p-28 0.9971 0.9965
6-25 0.9788 0.9745
6-28 1.0264 0.9897
C* 0.9890 0.9909

p-28: epi-thermal/thermal U-238 capture rate ratio 
5-25: epi-thermal/thermal U-235 fission rate ratio 
5-28: fission rate ratio of U-238/U-235 
C*: ratio of U-238 capture/U-235 fission

4. Conclusion

By comparing ENDF/B-VI.2 and JENDL-3.2 it is found in fast reactors that 
ENDF/B-VI.2 gives 1-2% larger k-eff than JENDL-3.2 The difference is mainly caused from 
U-238 cross sections. Inelastic scattering cross section of U-238 leads to 1% or larger 
difference in keff. From the difference in the secondary neutron energy distribution of U-238 
inelastic scattering, the neutron spectrum calculated with ENDF/B-VI.2 becomes harder than 
that calculated with JENDL-3.2. The effect of U-238 capture cross section is smaller to be
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0.1-0.4%.
In thermal reactors, ENDF/B-VI.2 gives about 0.3% smaller keff than JENDL-3.2, and 

the difference becomes 0.6%dk in TCA cores. The difference in U-235 v value in thermal 
energy range cause 0.2%dk. The difference in U-238 data also gives 0.2%dk in TCA cores. 
The cross section discrepancy of U-238 in high energy range, especially of inelastic scattering, 
is assumed to lead the difference in the neutron leakage effect in the TCA cores, which are 
smaller in size than the other benchmark cores.
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One of the purposes of the mass chain evaluation is to provide reliable level properties 
of isobars based on available experimental data. In the work of A=124 mass chain 
evaluation, we have faced some confusing data relating to confirming the level properies 
of the 2039 keV level in 124Te: (1) inconsistent intensity ratios of emitted gamma rays 
between reaction gamma ray and decay gamma ray data, (2) placement of 2039 keV 
gamma ray transition and (3) gamma ray angular correlation data relating to the level. 
In the evaluation work, we have to reconcile the confusing data and to provide the 
adopted ones derived from the available data. In this report, the problems relating to 
the level properties are described and the reanalyses of the measured data are presented 
for providing the adopted data.

1 Introduction
The level scheme and gamma transitions in 124Te has been studied by a lot of experi­
ments and the information on the low-lying levels of this nucleus has been accumulated 
in different investigations /1/-/15/. The experimental data derived from these investi­
gations, however, are not always consistent with each other. As a typical example of the 
inconsistency the partial level schemes relating to the level at 2039 keV in 124Te and the 
gamma transitions are shown in Figs. 1 through 5.

I* 2640.1

5 8 52 " 5 C$39.3

2* | 0 j 1325.5

**
6 602.7

0. 00

; . Hi r».
**

i

Fig. 1. Partial decay scheme of 124I ec 
decay/1/.

Fig. 2. Partial decay scheme of 124Sb /3 
decay/7/.
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Fig. 3. Partial decay scheme of («, 2717) 
reaction/10/.

! 2643.4
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i* 9 i ««
I 1346.8

fit
3

! Bit

Fig. 4. Partial decay scheme of (n, 7) 
reaction/12/.

inn

&u
**

8 , „

Fig. 5. Partial decay scheme of (71,71*7) reaction/14/.

In these level schemes the levels and gamma rays not relating to the present discus­
sion are omitted. These figures show the level schemes proposed by different types of 
experiment the data of which are most recent ones in the category. As seen in the fig­
ures the level at 2039 keV shows different gamma transitions. In the experiments of 124I 
decay, (a,2nj), (n, 7), 2039 keV gamma transition from this level is not given, but the 
transition is placed between the levels at 2642 and 603 keV in 124I decay and (n, 7) and 
the same gamma transition is not reported in (a, 2rvy). The 2039 keV gamma, however, 
is placed between the levels at 2039 keV and the ground state in 124Sb decay and 2642 
keV level is not reported in the experiment. The most interesting case is the level scheme 
in (n, n'7) in which two levels at 2039 keV is proposed and the lower level emits three 
gamma rays and the higher level emits two gamma rays, one of which is the 2039 keV 
gamma and the other is the 1437 keV gamma that is also emitted from the lower level. 
And more the 2038 keV gamma is placed between the 2641 and 603 keV levels.

In the evaluation of the mass chain, we have to provide the adopted data as most 
convincing level data. We, therefore, reexamined the available data and tried to reconcile 
the existing inconsistent level properties to give the adopted ones.

2 Problems of 2039 keV level
The problems about the 2039 keV level was first indicated by Demidov et al./13/ in 
1980 through examining the data of their (n,n'7) reaction and other experiments. They 
found out that there existed inconsistency in the intensity ratios of gamma transitions 
from the level in then available data. The inconsistency is still remained in the recently 
measured data. In Table 1 shows the intensity ratios derived from the measured data 
normalizing the 714 keV gamma to be 100.0 and two doubly placed 2039 keV gammas 
in (n, n'7) are set to be single transitions here.
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Table 1: Comparison of relative intensities of gamma rays relating to the 2039 keV level
E(keV) 124I decay 124Sb decay (a, 2717) (».7) (n, tiz7)

714 100(4) 100(7) 100(21) 100(10)
791 36(5) 33.1(4) 60(7) 57(9) 33(3)
1437 118(39) 55.1(4) 147(7) 191(38) 152(15)
2039 463(25) 2.91(9) — 74(13) 70(7)

The numbers in parentheses are errors in the least significant digits.

As seen in the Table the relative intensities of the 1437 and 2039 keV gammas are 
scattered among the experiments. In the table the data from the I24I decay are obtained 
from recent ones /2/ except for the 2039 keV transition, the intensity of which is derived 
by renormalizing old data because recent data work reports only the gamma rays with 
energy up to 1720 keV. According to the old data that Demidov et al. used in their 
analysis the relative intensities of the 791, 1437 and 2039 keV transitions are 26, 61, and 
311 respectively. Other data are also recent ones, but the intensity ratios are consistent 
with the old data. Important point seen in the table is that the intensity of the 2039 keV 
gamma observed in each experiment is not considered to be the transition from the same 
level as Demidov et al. indicated, because the intensity ratio to the 714 keV gamma is 
too different from each other if the 2039 keV gamma is the same transition. The 2039 
keV transitions in each experiment were confirmed by coincident experiment. In the 124I 
decay the gamma ray was placed between the 2641 and 603 keV levels. In the 124Sb 
decay there was the coincident data in which the transition was placed between the 2641 
and 603 keV levels /8/, but the placement was denied from another experiment /9/ and 
was placed from 2039 keV level to the ground state. The placement was the key point to 
determine the spin of the level, because angular correlation data showed two possibilities 
of the spin assignment 2 and 3. If the spin is 3 the transition to the ground state is 
hardly possible and the spin of 2 is acceptable. However, according to Demoidiv et al., 
their angular distribution from (n, n'7) suggested 3 for the 714 and 791 keV transitions 
and a mixture of two types of transition 2-2 and 3-2 for the 1436 keV transitions from 
which they proposed the doublet at 2039 keV. Recently Georgii et al. published (n, 7) 
reaction data in which they reported that they did not confirm the doublet.

We as evaluators take these facts into account and have to obtain the evaluated data 
including spin and multipolarity assignments. We reanalyzed the available data to get 
the spin assignments and the multipolarities of the relating transitions.

3 Reanalyses of angular correlation and distribution 
data

The gamma rays emitted from the 2039 keV level are 714, 791, 1437 and 2039 keV as 
seen Figs. 1 through 5. Except for the 2039 keV gamma ray angular correlation data are 
available for the 124Sb decay, (71, 7) reaction. Angular distribution data are also given 
for the (n, n'7) and (a, 2717) reactions. They are usually given by the coefficients, A2 

and A4, of

W(6) = 14- A2P2(cosd) 4- A4P4(cos6).
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Table 2: Angular Correlation Data

Cascade A2 a4 References
714-725 0.220(19) 0.000(28) /4/

0.220(15) -0.026(30) /3/
0.143(14) 0.042(17) /V
0.201(15) 0.040(19) N
0.39(19)* 0.40(25)* /ll/

714-(723)-005 0.094(25) 0.010(30) m
791-6*5 0.280(31) -0.187(44) m

1.00(77)* 0.28(67)* 111/
791-(645)-603 0.104(58) -0.116(79) / 7/

0.307(65) -0.114(95) N
1437-505 -0.112(64) -0.214(86) m

-0.240(60) 0.340(100) m
0.12(26)* -0.20(10)* / n/

The italic figure represents the energy of the gating transition.

* Coefficients of the first gamma rays in the cascades, not including 

the coefficient of the gating gamma rays.

Table 3: Angular Distribution Data

Transition a2 a4 References
714 -0.210(11) 0.100(13) 714/

-0.09(7) -0.10(10) /io/
791 0.012(11) 0.020(16) Til/

0.19(7) -0.02(17) /10/
1437 0.291(5) 0.055(7) 7i?7

0.11(6) -0.11(10) 710/

The measured coefficients are tabulated in Table 2 for the angular correlation data 
and in Table 3 for the angular distribution data.

The problem is if we can obtain the definitive spin assignment of the level and multi­
polarities of the transitions from those listed data. As an example the angular correlation 
and distribution data of the 791 kev transition whose placement in the level scheme has 
been confirmed was reanalyzed by non-linear fitting taking the mixing ratio as a parame­
ter by the method indicated by Robinson/16/. In the method the parameter is obtained 
so as to minimize the statistic,

s2 = £
t

- W{9i)th

where W{6i)exp is the measured distribution probability, the theoretical one
and AW(6i)eXp the error of W{6i)(.xp.

The experimental data, however, are usually given by the A2 and A4 values and 
their errors only as in Table 2 and Table 3. Then the S2 statistic is calculated using
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the covariance of A2 and A4 which are able to be estimated from the experimental 
information as indicated by Robinson /16/.

In this case S2 is estimated as

= (i - ^ - 2^^)

Here
Y .  -Aa—A3,„P y   Aj—At,exp

AA2,„P ’ 1 AA4,„P
and
o —_________________

AA3,„PAA4,„P
where <j24 is the covariance of A2jezp and A4iezp.

The 52 values for two possible spin assignments taking into account the second (and 
third) transition’s multipolarity that is determined by separate experiment are shown in 
Figs. 6 through 12.

10s 
10*
103

1/1 101 

10*
10° 
to'

-60.0 -40.0 0.0 40.0 80.0
arctan(8)

Fig. 6. S2 curves of angular distribution of 
791 keV transition in (71,71*7) reaction.

7»l-»*5keV Cascade

2-4-2

Fig. 8. S2 curves of angular correlation of 
791-645 keV cascade.

79H64fi)-603 keV Cascade 
(Ref. 7)

24-2-0
3-42-0

Fig. 10. S2 curves of angular correlation of 
791-(645)-603 keV cascade.

(Rat. 10)

-80.0 -40.0
arctan(8)

Fig. 7. S2 curves of angular distribution of 
791 keV transition in (a, 2ny) reaction.

•60.0 -40.0 0.0 40.0 60.0
a retard 6)

Fig. 9. S2 curves of angular correlation of 
791-645 keV cascade. The coefficients of 645 
keV transition are not included as indicated 

in Table 2.

791 -(645)-e03 k»V Cascade 
(Ret.5)

2-4-2-0

Fig. 11. S2 curves of angular correlation of 
791 (645) 603 keV cascade.

(Rel. H)
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Fig. 12. Averaged S2 curves of 791 keV transition.

In these figures the horizontal axis is arctan(6) in unit of degree and the confidence 
level of 99 % is indicated by straight line. Figures 6 and 7 show the S2 curves of 
the angular distribution of the (n,nr7) and (a,2ny) reactions respectively and Figs. 8 

through 11 S2 curves of the gamma-gamma angular correlation. The distribution and 
gamma-gamma angular correlation show quite different behavior. According to the S2 
curves of the (n, n'7) and (a, 2%ry) reactions spin 3 of the 2039 keV level seems to be 
acceptable but it is not possible from the angular correlation data to deny the possibility 
of spin 2. The average of all the data given in Fig. 12 shows no possibility for both 
of spin 2 and 3. This seems to mean that the data are not consistent with each other. 
So it is difficult to derive the conclusive remark on the level spin property from those 
angular correlation and distribution data only. The similar situation is seen in the other 
transitions.

Angular distribution data generally are more difficult to be obtained than angular 
correlation data because the orientation information of the level from cascade transitions 
is not so clear. When the angular correlation data are available, they are generally con­
sidered to be more reliable than the angular distribution data. So the angular correlation 
data are examined. However, even if we limit the arguments on the angular correlation 
data, the situation is not made clear. The averaged S2 curves of angular correlation for 
spin assignments of 2 and 3 are shown in Figs. 13 through 15.

-80.0 -40.0 0.0 40.0 80.0
erctan( 8 )

Fig. 13. Averaged S2 curves of angular 
correlation for 714 keV transition.

-80.0 -40.0 0.0 40.0 60.0

erctan( 8 )

Fig. 14. Averaged S2 curves of angular 
correlation for 791 keV transition.
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1437 keV Transition

-60.0 -40.0 0.0 40.0 60.0
artf»n< 8 )

Fig. 15. Averaged S2 curves of angular correlation for 1437 keV transition.

Figure 13 shows the average of the 714 keV transitions, Fig. 14 that of the 791 keV 
transitions and Fig. 15 that of the 1437 keV transitions. The confidence level of 99 % is 
indicated by straight line.

As seen in these figures definitive spin assignment of the 2039 keV level is not able 
to be derived. To see more detail the parameter plots of A2-A4 are shown as a function
of mixing ratio S in Figs. 16 through 22.

P-, ---- ,--- ' 1 l. '"I »' 1--- -—'—'—n

Fig. 16. A2-A4 plots for 714-723 keV 
cascade. Measured data are indicated as

Fig. 17. A2-A4 plots for 714 (723) 603 keV 
cascade. Measured data are indicated as

71Grl4/3/, 72Ba38/4/, 79Sh08/5/ and 
90Sul0/6/. Averaged A2 and A< values are 

also shown.

93GolO/7/.

Fig. 18. A2-A4 plots for 791-645 keV 
cascade. Measured data are indicated as

93GolO/7/.

Fig. 19. A2-A4 plots for 791 (645) 603 keV 
cascade. Measured data are indicated as 

79Sh08/5/ and 93GolO/7/. Averaged A2 and 
A4 values are also shown.
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Fig. 20. A2-A4 plots for 1437-603 keV 
cascade. Measured data are indicated as 

72Ba38/4/ and 90Sul0/6/. Averaged Aj and 
values are also shown.

Fig. 21. A2-A4 plots for 714 and 1437 keV 
cascade. 83Rol3(714) is for 714 keV and 

83Rol3(1437) for 1437 keV transition/ll/.

Fig. 22. A2-A« plots for 791 keV transition/ll/.

Figure 16 shows the A2-A4 plots for the 714-723 keV cascade for the two possible 
spin sequences 2-2-2 and 3-2-2 with measured data which are designated as 71Grl4 /3/, 
72Ba38 /4/, 79Sh08 /5/ and 90Sul0 /6/. Of these measured data 71Grl4 and 72Ba38 
prefer 3-2-2 transition to 2-2-2 transition, but 79Sh08 and 90Sul0 show completely op­
posite behavior, that is, they prefer 2-2-2 transition. Their averaged A2 and A4 values 
in the figure don’t match any of the two spin sequence. The S2 curves shown in Fig. 13 
seem to reflect this situation even if the effects of the 714-(723)-603 keV cascade in Fig. 
17, which favors spin sequence of 2-2-2-0 but does not exclude spin sequence of 3-2-2-0 
and the 714 keV transition in Fig. 21 which favors 3-2 spin sequence, are taken into 
account. Similar situation is seen for the 791 keV transition in Figs. 18, 19 and 22. For 
the 1437 keV transition seen in Figs. 20 and 21 measured data are also scattered. In 
the 1437-603 keV cascade shown in Fig. 20 one measurement (72Ba38) fits 2-2-0 spin 
sequence, but another one (93Gol3 /7/) prefers 3-2-0 spin sequence. They are inconsis­
tent with each other. Their average taking x2 test into account lies on curves of both of 
the spin sequences.

Taking these results into consideration it seems to be difficult to derive definitive 
spin assignment from available angular correlation and distribution data. These results, 
however, are obtained by taking the same energy transition with different cascades such 
as the 714-723 and 714-(723)-603 keV cascades as equivalent. Then each cascade was 
treated as different one and the mixing ratio 6 of the common transition was compared 
for the two kinds of spin assignment. Table 4 shows the results for the 714 and 791 keV 
transitions.

From Table 4 it is said that mixing ratio 6 for the 714 keV transition is consistent 
with each other for the 714-723 and 714 (723) 603 keV cascades of 2-2 spin sequence but
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Table 4: Comparison of multipole mixing ratios

714-723 keV Cascade 714-(723)-603 keV Cascade
714(2-2) 0.96 (+20 -14) 1.14 (+189 -56)
714(3-2) < -3.26 -0.83 (+40 -224)

791-645 keV Cascade 791-(645)-603
791(2-4) -4.00 (+151 -390)

or
-0.34 (+19 -29)

-5.15 (+222 -880)
or

-0.33 (+18 -25)
791(3-4) -2.67 (+41 -54) 

or
-0.69 (+22-542)

-3.94 (+182 -580)
or

<0.30

not of 3-2 spin sequence. In the case of the 791 keV transition both of the 2-4 and 3-4 
spin sequences are consistent for the 791-645 and 791-(645)-603 keV cascades. Therefore 
the spin of the 2039 keV level is assigned as 2. This assignment is consistent with the 
gamma transition to the ground state proposed in the 124Sb decay.

4 Summary
Because the spin of the level emitting the 714 and 791 keV gamma rays was thus con­
firmed to be 2, the doublet proposal by Demidov et al. lost one of it’s footing. As 
mentioned in Section 2, recent (n,y) measurement /12/ could not confirm the doublet. 
From these facts the doublet at 2039 keV is not able to be accepted. The finally de­
termined level scheme is shown in Fig. 23 where the 2039 keV gamma rays are doubly 
placed; one is between the 2039 keV level and the ground state and the other one between 
the 2642 and 602 keV levels.

*♦ ! i i C

2t
5 * q? fi 3 i3»j

4>

Si
i

Fig. 23. Partial level scheme of ’’adopted data” of 124Te nuclide. 
Levels and gamma rays not discussed are omitted.

The intensity of the former gamma ray is weak comparing to the 714 keV gamma ray 
as seen in the 124Sb decay in Table 1 where the latter gamma ray is not observed. The 
2039 keV gamma ray observed in the 124I decay, (n, 7) and (n, n'7) reactions is mainly 
from the 2642 keV level. This interpretation is able to explain the inconsistency of the 
2039 keV gamma ray intensity observed in different types of experiment.
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Making use of a standard neutron spectrum field with a pure Maxwellian distribu­
tion, the thermal neutron cross section for the 241Am(n,f) reaction has been measured 
relative to the reference value of 586.2b for the 235U(n,f) reaction. For the present mea­
surement, electrodeposited layers of 241 Am and 235U have been employed as back-to-back 
type double fission chambers. The present result at neutron energy of 0.0253 eV is 3.15 
rb 0.097b. The ENDF/B-VI data is in good agreement with the present value, while the 
JENDL-3.2 data is lower by 4.2%. The evaluated data in JEF-2.2 and by Mughabghab 
are higher by 0.9% and 1.6%, respectively than the present result. The ratios of the earlier 
experimental data to the present value are distributed between 0.89 and 1.02.

1. Introduction

Most of the experimental data of the thermal neutron cross section for the 241Am(n,f) 
reaction were obtained in 1950’s to 1970’s, and their values were distributed between 2.8 
and 3.2 b. These data have mainly measured with reactor neutrons or in a graphite 
thermal column, and have not always been measured with a pure Maxwellian neutron 
spectrum field/1-7/. Recently, the new evaluated data have been provided/8-11/.

Measurement of the cross section for the 241Am(n,f) reaction has often confronted 
with the difficulty by strong alpha-particle activity due to its short half-life of 432 years 
as alpha-decay. Another suffering for the fission cross section measurement is due to 
the lack of isotopically pure samples, though utilization of high purity samples is one 
of the most important things for the nuclear data measurement. Wagemans suggests 
the usefulness of thermal neutron experiments to check the sample quality/12/. We had 
experience in obtaining the larger fission cross section of 241 Am by using the sample on 
the market/13/. Through the careful and steady investigation of the 241 Am sample by the 
alpha-ray spectrometry, we found that the problem was mainly caused by the plutonium 
impurities in the sample/14/.
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In the present measurement, after the chemical purification of the ^Am sample, 
making use of back-to-back (BTB) type fission chambers/15/ with the 241Am and the 
235U deposits, the thermal neutron cross section for the 24^Am(n,f) reaction has been 
measured relative to that for the 235U(n,f) reaction in a standard neutron spectrum field 
of pure Maxwellian distribution of the Kyoto University Reactor (KUR) at Research Re­
actor Institute, Kyoto University (KURRI), as performed before/16/.

2. Thermal Neutron Spectrum Field

The Kyoto University Reactor (KUR) at KURRI has a thermal neutron facility 
with a heavy water tank of 1.4 m in length/17,18/. The irradiation room is about 2.4 x 
2.4 x 2.4 m3 and is surrounded by 90 cm thick heavy water concrete shields. The leakage 
neutrons from the heavy water tank can be used as a thermal neutron source of plane-type 
in a large space.

Kanda et al. measured the neutron spectrum from the heavy water tank by the 
time-of-flight technique using a fast chopper/17/. The obtained spectrum showed good 
agreement with a Maxwellian distribution having neutron temperature of 60°C. The Cd- 
ratio measured by An foils with and without Cd-cover of 0.7 mm in thickness was more 
than 5,000 and epi-thermal neutrons could be almost negligible/17/.

3. Experimental Method

3.1 241Am and 235U Samples
Americium solution obtained from IAEA was purified at Isotope Products Labo­

ratory, Japan Atomic Energy Research Institute by anion-exchange method using nitric 
acid-methyl alcohol mixed media/19/, in order to remove uranium, neptunium, plutonium 
and curium from the americium sample. The purified americium solution and isopropyl 
alcohol were mixed thoroughly and electrolyzed on a stainless steel disk (28 mm in di­
ameter and 0.2 mm in thickness) for preparing an americium deposit ( radioactive area 
of 20 mm in diameter)/20/. After electrodeposition, the sample was sintered with a gas 
burner to fix the americium layer on the disk by making americium oxide.

Alpha-ray from the deposit was measured with a silicon surface barrier detector. 
Impurities of 237Np, 238 -240pU) 243Am and 242Cm on the americium deposit were not 
observed in the measured alpha-ray spectrum. Therefore, the isotopic composition of 
241 Am for the deposit was estimated to be greater than 99.9 %. The number of the 241 Am 
atoms was determined by analyzing the alpha-rays of 5.322 to 5.544 MeV. The 59.5 keV 
gamma-ray from 241Am was also measured with a HPGe detector. The number of 241Am 
atoms obtained by both detectors was in good agreement with each other. The result was 
(1.734=4=0.020) x 1016, where the errors were estimated by taking account of (i) statistics 
of the activity measurements, (ii) geometrical detection efficiencies and (iii) uncertainties 
of the decay data used.

Highly enriched uranium sample (99.91 % of 235U) was also prepared at KURRI 
by the electrodeposition method. The number of 235U atoms was determined to be 
(3.283±0.036) x 1017 with the alpha-rays of 4.152 to 4.597 MeV and the gamma-ray 
of 185.7 keV.
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3.2 Fission Chambers
The fission chambers employed in the present experiment are composed of two iden­

tical parallel plate-type ionization chambers/15/, as shown in Fig. 1. Since the back sides 
of the Am deposit on the stainless steel plate and the reference one are faced each other, it 
is called back-to-back (BTB) type. The double fission chambers were made of aluminum 
and filled with a mixed gas of 97 % Ar and 3 % Ng at the pressure of 1 atm. Since we 
used the thin ^Am and the thin 235U deposits, fission pulses were clearly discriminated 
from background ones caused by the alpha-rays.

3.3 Data Taking and Electronics
The chambers were set in the irradiation room and exposed to thermal neutrons 

for about 10 hours during the nominal power operation of 5 MW of the KUR. The ir­
radiation was repeated by exchanging the 241 Am and the 235U sample positions in the 
chambers. Two identical electronic circuits were employed for both fission chambers, as 
seen in Fig.2. Fission pulses from the samples were led to their 2048 channel pulse height 
analyzers through the amplifiers and the discriminators. Each of the fission counts was 
obtained by integrating the pulse height distribution above the discrimination level.

4. Measurement of the Cross Section

The thermal neutron cross section ath averaged over the Maxwellian distribution 
spectrum is defined as

where Vo=2,200 m/s, T0=293.6, Tn is the neutron temperature, and g{Tn) the g-factor. 
The thermal neutron cross section crAm for the 241Am(n,f) reaction at a neutron energy 
of 0.0253 eV (corresponding to a velocity of 2,200 m/s) is obtained as before/16/, by 
rewriting the above relation as follow:

Caki A/y flu(T’n)
^ Cu AfAmWr*)

where, C\m: fission counts of 241 Am, Cy: fission counts of 235U, <7u(Tn): g-factor of 
235U(0.9761 ± 0.0012), g\m{Tn): g-factor of 241Am(0.996), ay: fission cross section at 
0.0253 eV of 235U. The reference fission cross section was taken from the evaluated data 
file of ENDF/B-VI/8/, and the g-factors were referred to the literature/ll/, although 
Gryntakis/21/ gave 1.0220 for 241 Am and 0.9665 for 235U, respectively. The ratio of 
Cahi/Cu data obtained by exchanging the deposit positions of 241Am and 235U in the 
BTB chambers was 1.04 ± 0.03. We took an average of the values before and after the 
deposits were exchanged to derive the fission cross section.

5. Results and Discussion

The fission cross section of 241 Am for 2,200 m/s neutrons was obtained relative to 
the reference value of 586.2 b appeared in ENDF/B-VI. The present result is 3.15=1=0.097 
b. Main sources of the uncertainties in the present measurement are due to the statistical
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error (0.04 to 0.4 %), assignment of C\m and C\j by integrating the pulse height spectrum 
above the discrimination level (estimated to be about 1.5 and 1.1 %, respectively), the g- 
factors for 241 Am and 235U, the reference cross section for the 235U(n,f) reaction (estimated 
to be less than 1 %)/8,ll/, the number of atoms in the 241 Am and 235U deposits (1.2 % 
and 1.1 %, respectively), and the assigned correction for the setting position of 241Am and

deposits in the BTB chambers (0.25 %). We have estimated that the uncertainty 
of the g-factor for 241 Am is ±1.3 %, because we could see such a difference between 
the g-factors by Mughabghab/11/ and Gryntakis/21/, while the g-factor for 235U is well 
determined/ll/. Some other uncertainties and corrections may be small and be negligible 
as before/16/. The total experimental uncertainty of the thermal neutron cross section 
for the 241Am(n,f) reaction was derived to be about 3.1 % as the root of square sum of 
the above uncertainties.

The measured result is given in Table 1, and is compared with earlier evaluated and 
experimental data. The evaluated value in ENDF/B-VI/8/ is in good agreement with 
the present result, and the JEF-2.2/10/ and the Mughabghab’s data are also close to the 
measurement. The data appeared in JENDL-3.2/9/ and measured by Dabbs et al./7/ are 
lower by 4.2 % and 2.9 %, respectively. Although the average value of other six earlier 
experimental data is in agreement with the present measurement within the uncertainty, 
the data by Gavrilov et al./5/ seem to be lower by 11 % than the present data.

Since we could carefully prepare the 241Am sample and make it pure, the measured 
cross section may not be disturbed by the undesirable reactions due to the impurities. 
This would be implied by the fact that the present measurement of the thermal neutron 
cross section for the 241Am(n,f) reaction is in good agreement with most of the recent 
evaluated values at 0.0253 eV.
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Table 1 Thermal neutron cross section (2,200 m/s value) for 241Am(n,f) reaction.

Cross Section (b) Reference
3.15 ± 0.097 Present
3.153 ENDF/B-VI(’91) Ref( 8)
3.019 JENDL-3.2(’95) Ref( 9)
3.177 JEF-2.2(’94) Ref(10)
3.20 ± 0.09 Mughabghab(’84) Ref(ll)
3.06 ± 0.19 Dabbs(’83) Ref( 7)
3.0 Hanna(’51) Ref( 1)
3.0 ± 0.2 Cunningham(’51) Ref( 2)
3.13 ± 0.15 Hulet(’57) Ref( 3)
3.15 ± 0.10 Bak(’67) Ref( 4)
2.8 ± 0.25 Gavrilov(’75) Ref( 5)
3.20 ± 0.15 Zhuravlev(’75) Ref( 6)
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Abstract

The conceptual system for nuclear material design is considered and some tri­
als on WWW server with functions of the easily accessible simulation of nuclear 
reactions are introduced. Moreover, as an example of the simulation on the system 
using nuclear data, transmutation calculation was made for candidate first wall ma­
terials such as 9Cr-2W steel, V-5Cr-5Ti and SiC in SUS316/Li20/H20(SUS), 9Cr- 
2WLi20/H20(RAF), V alloy/Li/Be(V), and SiC/Li2Zr03/He(SiC) blanket/shield 
systems based on ITER design model. Neutron spectrum varies with different 
blanket/shield compositions. The flux of low energy neutrons decreases in order of 
V-SiC-RAF-SUS blanket/shield systems. Fair amounts of W depletion in 9Cr-2W 
steel and the increase of Cr content in V- 5Cr-5Ti were predicted in SUS or RAF 
systems. Concentration change in W and Cr is estimated to be suppressed if Li 
coolant is used in place of water. Helium and hydrogen production are not strongly 
affected by the different blanket/shield compositions.

1 Introduction
Many phenomena cased by neutron irradiation under thermal, fast and fusion reactors 
can be little understood except through the examination. Easily accessible material 
information system is required for design of nuclear materials and analyses or simulations 
of the phenomenon. In order to construct such a system, a project, ”Data-Free-Way”, has 
been under way from April in 1990 under the cooperation of National Institute for Metals 
(NRIM), Japan Atomic Energy Research Institute (JAERI) and Power Reactor and 
Nuclear Fuel Development Corporation (PNC) /l, 2/. In NRIM besides the cooperated 
construction of the distributed database for nuclear materials, a simulation system of 
nuclear transmutation and radioactivation has been created. On the other way, the 
new system is created on the basis of the substantial concept and data used in IRAC 
/3/. IRAC was developed in 1984, however the use of it is limited to the inside of 
NRIM. Therefore, the system as was improved to be easily used mutually through the 
network. The system consists of a nuclide database with several tables storing the data 
on nuclear reaction and two simulation processes on transmutation and radioactivation 
integrated under user-friendly interface. In the near future, the system will be combined 
with ”Data-Free-Way”. Transmutation resulting in change of composition, helium and
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- Personal

Figure 1: Flow diagram on the concept of the at a system for nuclear material design and 
selection.

hydrogen production, and induced activity under neutron irradiation is considered as one 
of severe problems for first wall materials of fusion reactors. The compositional change 
and gaseous products lead the degradation of materials and induced activity should 
be lowered from the viewpoint of reactor and environmental safety. Since the degree of 
transmutation depends on the neutron spectrum /3/, designs of fusion reactor structures 
such as blanket and shield must be considered to understand the transmutation behaviors 
of materials. Recently, high burn-up of some metals such as Mo, Re, W, Ta, V are 
predicted under fusion neutron irradiation conditions /3, 4/. In the present paper, the 
outline of the new simulation system for nuclear transmutation is introduced. Then, 
the necessary functions of the system are discussed. Moreover, in order to verify the 
simulation using the system, the transmutation behaviors of several candidate first wall 
materials such as 9Cr-2W steels, V-5Cr-5Ti and SiC have been examined for various 
types of blanket and shields based on ITER design structures /5/ using the simulation 
calculations /6/.
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2 Conceptual Material Information System for Nu­
clear Materials Design

In the system for nuclear materials, it has to be considered that irradiation in various re­
actors produces radiation damage as a consequence of the formation of impurity nuclide 
by transmutation and the displacement of atoms from their equilibrium lattice positions 
by high energetic neutron or atom collision. Moreover, induced radioactivity by trans­
mutation is an important problem from the viewpoints of the reduction of radiological 
hazards such as contact maintenance, waste management and environmental safety. The 
calculation code for the simulation and various databases required for the system is as 
follows:
Code:

1. Neutron spectrum calculation,

2. Transmutation and Induced activity calculations,

3. Damage calculation.

Database:

1. Facts Material Database,

2. Nuclear Database,

3. Reactor Operation Database,

4. Reactor Design Database,

5. Safety criteria Database.

We are unable to employ readily all of them because these many database are now 
under construction. Thus, in the present situation, the conceptual flow diagram of a 
information system for the alloy design and selection of nuclear materials is shown in 
Fig.l. At the first, candidate materials are selected by using material database such as 
”Data-Free-Way” /l, 2/. The properties of the materials under irradiation are checked 
by the three types of simulations and then the other properties will be evaluated. In 
the data system, it is necessary for the functions for analysis of data retrieved from 
database and the simulation of various phenomenon in material field. An example of 
the simulation of transmutation on WWW server is shown in Fig.2. In this system, the 
results of simulation of the compositional change are easily obtained by the operation of 
mouse-click.

3 Effect of neutron spectra on the transmutation 
of first wall materials

3.1 Reactor designs and neutron spectra

The neutron spectrum calculation was made using ANISN for ITER inboard structure 
design /5/. Fig.3 shows the one dimensional model of mid-plane of the reactor used
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Figure 2: Screen of WWW shown the results of simulation on the compositional change 
by transmutation.

for calculation. The main structures are composed of carbon armor of 2cm, first wall 
of 1.5cm, blanket/shield of around 150cm, SUS 316 vacuum vessel, super-conducting 
magnet, and liquid helium vessel. In the present study, the compositions of first wall and 
blanket/shield materials were changed. In Fig.3, several combinations of blanket/shield 
materials are shown. ITER originally adopts the blanket.(SUS blanket) made of stainless 
steel, Li'jO with condensed 6Li, Be and water, and the shield materials made of stainless 
steel and water, respectively. In the RAF blanket, SIJS316 was replaced by 9Cr-2W 
steel. V blanket was one of options for ITER where V-5Cr-5Ti was considered as the 
first wall and liquid lithium is used as breeder and coolant. The composition of SiC 
blanket was taken from ARIES-1 blanket model jlf. The blanket for nuclear material 
design and selection, is composed of SiC, LiaZrO;?, Be and He gas. In the shield, B.^C is 
added to SiC and He gas to improve the shielding efficiency. Nuclear data library with 
respectively 42 and 21 energy groups of neutron and gamma ray used was FUSION-40 
/8/ based on JENDL-3. The calculation was made with scattering order of R5 and 
angular quadrature order of S8.

3.2 Transmutation calculation

Transmutation calculation of materials was conducted based on the neutron spectra 
obtained ANISN using III AC /4/ code considering several step reactions if reactions 
have large cross sections. Nuclear data with 42 energy groups used for the transmutation 
calculation were CROSSLIB /!)/. JENDL-3 and EENDL/GA-1.1 /10/. The neutron wall 
loading was assumed to be 1MW/m2.
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Figure 4: Neutron spectra at first wall, shield and vacuum position under 1 MW/m2 

wall loading.

4 Results
Fig.4 shows the typical neutron spectra at the first wall, the first shield and the vac­

uum wall for SUS blanket system. The flux of 14 MeV neutron remarkably decreases 
with the distance from plasma. The relations between 14 MeV neutron flux and the dis­
tance from the plasma center for various blanket systems are shown in Fig.5. The flux 
almost linearly decreases with the distance from the armor. The decay slope is around 
one order magnitude per 15-17cm independently on the blanket/shield compositions. 
Fig. 6 shows the neutron spectra at the position of first wall for various blanket/shield 
compositions. There is a large difference in neutron flux at low energy region between 
blanket/shield materials. Especially, in the V blanket/shield system where liquid Li 
is used as a coolant, the sharp decrease of the neutron flux is observed with decreas­
ing neutron energy. Compositional changes of 9Cr-2W steel, V-5Cr-5Ti and SiC for 
the respective blanket/shield systems with neutron fluence are shown in Fig. 7. The 
concentration of main constituents does not change remarkably for V-5Cr-5Ti and SiC 
except helium and hydrogen production. On the other hand, tungsten content in 9Cr- 
2W steels decreases with the neutron fluence. Next the effect of neutron spectrum on 
the compositional change of 9Cr-2W steel, V-5Cr-5Ti and SiC were examined for var­
ious blanket/shield systems by changing the first wall materials. Table 1 and 2 show 
the concentration change of some elements in 9Cr-2W steel, V-5Cr-5Ti, and SiC for 
different blanket/shield systems after 10 MWy/m? irradiation. In 9Cr-2W steel, W is 
transmuted to Re and Os and reduces the concentration below half of an initial value 
in SUS and RAF systems, while the transmutation is suppressed in V blanket/shield 
system. Chromium, another main alloying element, is hardly affected in concentration 
by neutron spectrum, though it is slightly transmuted to Mn. If V-5Cr-5Ti is used as a 
first wall in SUS or RAF blanket/shield system, Cr content increases by about 40% in 
contrast to V blanket/shield system where only several % of the increase is predicted.
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Figure 5: Neutron flux of 14 MeV as a function of the distance from the plasma center.
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Figure 6: Comparison of neutron spectra at first wall for various blanket/shield compo­
sitions.
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Figure 7: Compositional change of 9Cr-2W steel for RAF, V-5Cr-5Ti for V and SiC for 
SiC blanket/shield system as a function of neutron fluence.

Titanium concentration is not affected by the neutron spectrum as seen in Table 1. 
Regarding SiC, compositional change except gaseous products is not obvious. However 
substantial He formation occurs in SiC for any blanket/shield systems. Helium of about
0.7-0.8 (appm) is produced after 10 MWy/m2 irradiation. The results in Table indicates 
that the amounts of He and H are produced in V and SiC blanket/shield systems where 
fluxes with energies of 100 keV — 1 MeV are rather higher than other systems.

Table. 1: Concentration change of some elements for candidate first wall materials after 
10 MWy/m2 irradiation in various blanket/shield systems (appm).

Material
before

Blanket
sus

/
RAF

Shield
V SiC

9Cr2Wsteel
W 0.61 0.27 0.27 0.48 0.32
Re+Os 0.00 0.17 0.16 0.06 0.14
Cr 9.71 9.80 9.80 9.81 9.81
Mn 0.46 0.81 0.81 0.84 0.81
V5Cr5Ti
Cr 4.89 6.77 6.47 5.13 5.35
Ti 5.31 5.36 5.36 5.40 5.39
SiC
Si 50.0 49.6 49.6 49.5 49.5
C 50.0 49.2 49.2 49.1 49.2

Table.2: Helium and hydrogen production for candidate first wall materials after 10 
MWy/m2 irradiation in various blanket/shield systems (appm).
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Material Blanket / Shield

9Cr2Wsteel
SUS RAF V SiC

He 1510 1510 1710 1630
H
V5Cr5Ti

3020 3020 3440 3300

He 476 475 509 537
H
SiC

1420 420 1620 1550

He 7310 7310 8250 7800
H 2740 2740 5970 3130

5 Discussion
The concentration change of W in 9Cr-2W steel and Cr in V-5Cr- 5Ti due to the trans­
mutation is affected by the neutron spectrum. Especially significant transmutation of 
W and V occurs when the neutron flux with low energy is considerably high in such 
case of SUS blanket/shield system. As have pointed out in the previous works /l, 2/, 
stable isotopes of W have a large cross section for (n, 7) reaction in low energy region 
of neutrons. W is composed of 0.135% 180W, 26.4% 182W, 14.4% 183W, 30.6% 184W and 
28.4% ,86W. Re and Os productions mainly occur through following paths:

184W (n, 7) 185W (75.Idays) -» 185Re (n, 7) 186Re (90.64h) -> 186Os (1)

184W (n, 7) 185W -> 185Re (n,7) 186Re (n,7) 187Re (n,7) 188Re (16.98h) -> 186Os
(2)

186W (n,7) 187W (23.9h) 187Re (n,7) 188Re -♦ 188Os (3)

Most Os is produced through reaction of (3). Neutron capture is also significant for the 
transmutation of vanadium. Chromium is formed according to the following reaction:

51V (n, 7) 52V (3.75min) —> 52Cr (4)

As have seen in Table 2, W depletion and Cr accumulation caused by the trans­
mutation are much affected by the neutron spectrum. Especially neutron fluxes with 
energies below around 100 eV determine the degree of concentration change of these 
elements. Returning to the neutron spectra of various blanket/shield compositions, it 
is necessary to examine the factors controlling spectrum changes. In the present study, 
V blanket/shield system showed the lowest flux at low energies of neutrons. In order 
to clarify the compositional dependence of the spectrum, V-5Cr-5Ti, structural material 
of V blanket/shield system, was replaced by 9Cr-2W steel and the neutron spectrum 
was calculated. Fig.8 shows the comparison of neutron spectra for RAF blanket/shield 
systems with different coolant and breeder. It is clear that H20 softens the neutron 
spectrum resulting the production of more neutrons with low energies than Li. The neu­
tron spectra in this figure suggest that W depletion in 9Cr-2W steel is minimized if Li
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Figure 8: Neutron spectra at the first wall of 9Cr-2W/Li20 H20 and 9Cr-2W/ Li/Be 
blanket/shield systems.

coolant is used. Considering the real first wall/blanket/shield system, the combination 
of V alloy/Li20/H20 is not necessary realistic because vanadium is not stable in water. 
Therefore Cr accumulation in V alloys will not be significant so far as V alloy/Li/Be 
system is considered.

6 Conclusion
Concept of data system for nuclear material design was considered. It is necessary that 
the system consists of a nuclide database storing the data on nuclear reaction and two 
calculating processes for the simulation of transmutation and radio activation. The 
transmutation of 9Cr-2W steel, V-5Cr-5Ti and SiC for SUS316/Li20/H20(SUS), 9Cr- 
2W/Li20/H20(RAF), V-5Cr-5Ti/Li/Be(V), and SiC/Li2Zr03/He(SIC) blanket/shield 
systems were examined by using the simulation calculation code. Conclusions are as 
follows:

1. Neutron spectrum depends on the composition of blanket/shield materials.

2. The flux of neutrons with energies lower than around 100 eV decreases in order of 
V

3. Fair amounts of W depletion in 9Cr-2W steel and Cr accumulation in V-5Cr-5Ti 
were predicted for H20 coolant system.

4. Transmutation of W and V is suppressed if Li coolant is used.

5. Helium and hydrogen production are not strongly affected by the different blan­
ket/shield systems.
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Abstract

The new version of Japanese nuclear data library JENDL-3.2 has recently been 
released. JENDL Fusion File which adopted DDX representations for secondary 
neutrons was also improved with the new evaluation method. On the other hand, 
FENDL nuclear data project to compile nuclear data library for fusion related 
research has been conducted partly under auspieces of International Atomic Energy 
Agency (IAEA). The first version FENDL-1 consists of JENDL-3.1, ENDF/B-VI, 
BROND-2 and EFF-1 and has been released in 1995. The work for the second 
version FENDL-2 is now ongoing. The Bench mark validation of the nuclear data 
libraries have been performed to help selecting the candidate for the FENDL- 
2. The benchmark experiment have been conducted at OKTAVIAN of Osaka 
university. The sample spheres were constructed by filling the spherical shells 
with sample. The leakage neutron spectra from sphere piles were measured with a 
time-of-fiight method. The measured spectra were compared with the theoretical 
calculation using MCNP 4A and the processed libraries from JENDL-3.1, JENDL- 
3.2, JENDL Fusion File, and FENDL-1. JENDL Fusion File and JENDL-3.2 gave 
almost the same prediction for the experiment. And both prediction are almost 
satisfying for Li, Cr, Mn, Cu, Zr, Nb and Mo, whereas for Al, LiF, CF2, Si, Ti Co 
and W there is some discrepancy. However, they gave better prediction than the 
calclations using the libary from FENDL-1, except for W.
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1 Introduction
Nuclear data libraries are of essential importance for designing nuclear fusion reactors. 
For selecting an suitable evaluated nuclear data set for the future requirement including 
a fusion task, FENDL nuclear data project is now being carried out under the auspices of 
nuclear data section of IAEA. After the first release of FENDL/E-1.0 /!/, the selection of 
the next candidate file had already started. Recently, several nuclear data files have been 
published in the world. JENDL-3.2 /2/ has been released in 1995 as the second revision 
of JENDL-3 /3/. JENDL Fusion File /?/ has been released as the special purpose file 
of JENDL-3.2 by adding DDX representation of secondary neutrons. As these files are 
positive candidate for the next FENDL libraries, it is important to make benchmarking 
these data files. In this paper, the calculations using cross section libraries processed 
from JENDL Fusion File, JENDL-3.2 and FENDL/E-1.0 are compared with the pulsed 
sphere experiment conducted at OKTAVIAN /5/ of Osaka university in order to validate 
neutron cross section data for several nuclide and elements including important elements 
for fusion reactors.

2 OKTAVIAN Experiment
Experiment have been conducted at OKTAVIAN, an intense neutron source facility of 
Osaka university. Leakage neutron spectrum measurement from spherical samples has 
been performed by means of time-of-flight technique. The measured samples were Li, 
LiF, (CF2)n, Al, Si, Ti, Or, Mn, Co, Cu, Zr, Nb, Mo and W. All samples were packed 
in spherical shells made of stainless steel or normal steel. The outer radii of the sample 
piles were 28 cm for Nb, 40 cm for Li, (CF2)n, Al, Si, Ti, Cr, Co and W, 60 cm for Si, 
and 61 cm for LiF, Cu, Mn and Mo. The 40 cm piles and 60 cm pile are equipped with 
a spherical void 10 cm in radii at their centers and a cylindrical hole for a OKTAVIAN 
beam duct, whereas 28 cm and 61 cm piles have only cylindrical hole for a beam duct. 
The geometris of 40 cm piles, 60 cm pile and 61 cm piles are shown in Figs. 1, 2 and 
3, respectively.

Figure 1: Geometry of 40 cm pile

In the Table-1, apparent 
density, thickness of the sam­
ple in cm and units of mean 
free path for 14 MeV neu­
trons of each sample materi- 
alare listed. The experimen­
tal arrangement is shown in 
Fig.l. An NE218 liquid scin­
tillation counter of 12.7 cm 
in diameter and 5.1 cm thick 
was used as a neutron detec­
tor and was located about 11 

m from the center of a spher­
ical sample. The detector 
was shielded with B4C, paraf­
fin blocks and heavy concrete
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Table 1: List of sample piles

sample
diameter

(cm)

weight

(kg)

apparent density

(g/cm3)

sample

(cm) (MFP)
Li 40 14.3 0.534 9.8 2.9

LiF 61 198.0 1.79 27.5 3.5
TEFLON 40 34.7 1.30 9.8 0.7

A1 40 32.8 1.22 9.8 0.5
Si 40 34.85 1.30 9.8 0.55
Si 60 138.05 1.30 20.0 1.1

Ti 40 41.20 1.54 9.8 0.5
Cr 40 99.7 3.72 9.8 0.7
Mn 61 480.0 4.37 27.5 24.7
Co 40 52.0 1.94 9.8 0.5
Cu 61 675.0 6.01 27.5 4.7
Zr 61 311.9 2.84 27.5 2.0

Nb 28 47.7 4.39 11.2 1.1

Mo 61 236.0 2.15 927.5 1.5
W 40 118.6 4.43 9.8 0.8

blocks as shown in Fig.4.
A pre-collimator made of polyethylene and iron multi-layers was used to reduce back­

ground neutrons (Fig.5). The detail of the experiment have been explained previously 
/6/ and /7/.

Figure 6: Experimental arrangement at OKTAVIAN
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Figure 2: Geometry of 60 cm pile

3mm inner 
diameter

Figure 3: Geometry of 61 cm pile
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Figure 4: Neutron detector and surrounding shielding

Figure 5: Polyethilene-iron pre-collimator
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3 calculation

3.1 Data libraries
Neutron libraries used for the calculation were, 1) three JENDL based libraries - FSXLIB- 
J3 /10/ from JENDL-3.1, FSXLIB-J3R2 /II/ from JENDL-3.2 and FSXLIB-JFF /12/ 
from JENDL Fusion File and FENDL/MC1 /13/ from FENDL/E-1.0 which consists of 
ENDF/B-VI /14/, JENDL-3.1 and BROND-2 /15/. JENDL-3.2 consists of revised eval­
uation after the variety of benchmark tests of JENDL-3.1. JENDL-3.2 employs ENDF-6 

format instead of ENDF-5 format which is used in JENDL-3.1. JENDL Fusion File was 
released as one of a special purpose file of JENDL-3.2 by adopting DDX representation 
in File 6 and with including several new evaluations.

3.2 Calculation code
The theoretical calculation was performed using a continuous energy Monte Carlo code 
MCNP4A /9/. The source was assumed as an isotropic point source and surface crossing 
tally was adopted to get the calculated results.

4 Results
The measured and calculated results are given in the Figs.7 to 21. Each figure consists 
of experimental result, calculation using MCNP4A and JENDL Fusion File, JENDL-3.2, 
JENDL-3.1 and FENDL-1. In adition to the measured and calculated spectra, C/E 
values of the integrated neutron flux between 16 and 10 Mev, 10 and 5 MeV, 1 and 5 
MeV, 0.1 and 1 MeV are given at the bottom of the figure.
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4.1 Li 40 cm sphere

Li 40cm

Experiment
JENDl^FF
JENDL-3.2
FENDL^MCl

— JENDEFF i
— "JENDI7-"TT" "I"

FENDLPMCt “ j

Energy (MeV)

Figure 7: Experimental and calculated spectrum from Li 40 cm sphere

There is little difference among calculations using different nuclear data. Except for 
minor disagreement between experiment and calculations between 4 MeV and 12 MeV, 
each calculation predicts the experiment pretty well. It can be concluded that all data 
can predict the experiment satisfactorily.
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4.2 LiF 40 cm sphere

LiF 60cm

Experiment
JENDL-FF 1
JENDL-3.2
JENDL-3.1
FENDL-1 (Li:B-6,6.2,F:B-6)

— 1.5---- r---

~_JENDL-FF~~
3fEN©L-3.^-

-3ENBE^3.4-
-- FENDI^MCl

--- 1----

Energy (MeV)

Figure 8: Experimental and calculated spectrum from LiF 61 cm sphere

Though all Li nuclear data predict the experiment pretty well, all calculations for LiF are 
unsatisfactory. There is little difference among calculations using JENDL-3.2, JENDL 
Fusion-file and EENDL-MCl. There is severe discrepancy between 4 and 12 MeV, and 
below 1 MeV region. It can be considered that the fluorine nuclear data in all libraries 
are responsible for such large discrepancy.
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4.3 CF2

10"

10"

10"

10"

CF2 40cm

Experiment 
JENDE-FF 
JENDL-3.2 
JENDl^3.1
FENDL-1 (C:B—6.2.F.B-6)

—a— tifNini pr
—S— JlrNDL—32

* JlcNDL—3.1
—®— fEndl^mci

"h

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

10" 10" 10'

Energy (MeV)

Figure 9: Experimental and calculated spectrum from TEFLON 40 cm sphere

Similar to the LiF case, all calculations can not give satisfactory prediction. The agree­
ment is even poorer than the LiF calculation. The calculations underestimate the ex­
periment for overall energy region. Fluorine nuclear data can be responsible for the 
discrepancy.
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4.4 A1

A1 40cm

Experiment
JENDl^FF
JENDL-3.2
FENDU-MC1
(JENDL^3.1)

'..  ®" ' ■"•JENOfc^'FF- - - - - - - - !

~=-EBNBL-MCl

Energy (MeV)

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

Figure 10: Experimental and calculated spectrum from A1 40 cm sphere

Both JENDL-3.2 and JENDL Fusion File give a good prediction. But for the enrgy range 
between 8 and 12 MeV where very few neutrons are existing and lower than 0.5 MeV 
where the complicated structures begin to appear, the C/E ratio differ from unity by 
about 20%. The prediction of FENDL-MC1 is generally as good as other two libraries, 
but is worse between 5 and 10 MeV.
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4.5 Si 40 cm sphere

10l

10"

I

I

10

10

Si 40cm

Experiment
JENDL-FF
JENDL-3.2
JENDL-3.1
FENDL-MC1
(BROND-2)

__________ X ___ i i
____________ Xl___ —®— JENlj>L-FF 1

l

z-___________ V —a— JENl}>L-3.2 T
1

# X —JENI|>1^3.1 i

—®~-FENDp-MC 1 i
j... .

Energy (MeV)

Figure 11: Experimental and calculated spectrum from Si 40 cm sphere

Though there is general resemblance in the shape of the spectra, all calculations underes­
timate the experiment by as much as 30 % between 1.5 MeV and 12 MeV energy range. 
There is severe overestimation below 1 MeV region in the calculation using FENDL-MC1, 
whereas other calculations give fair prediction in this enrgy range.

75



JAERI-Conf 97-004

4.6 Si 60 cm sphere

------------- -- ™4^JEND„LrfF__

—
JENDL-3.1 

™e™ FENDI^MCl

Energy (MeV)

Figure 12: Experimental and calculated spectrum from Si 60 cm sphere

The underestimation appeared in the 60 cm Si sphere case is not as big as that in 40 
cm Si sphere case. However, overestimation below about 1 MeV energy region is slightly 
larger than that of 40 cm sphere.
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4.7 Ti

Ti 40cm

Experiment 
JENDL-FF 
JENDL-3.2 
FENDL-MC1 
(JENDL^3.1)

----1-----

—— FENDL-MC)

Energy (MeV)

Figure 13: Experimental and calculated spectrum from Ti 40 cm sphere

All libraries give erroneous calculation resulting in 20 to 40 % discrepancy in integrated 
spectrum for JENDL-3.1 and 20 to 60 % for JENDL-3.2 and JENDL Fusion File.
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4.8 Cr

Energy (MeV)

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

Figure 14: Experimental and calculated spectrum from Cr 40 cm sphere

Calculated spectra with all nuclear dat alibraries above 1 MeV are pretty satisfactory. 
Especially three JENDL based libraries give good prediction within 5 % of discrepancy 
from the measured values. FENDL-MCl prediction is a little bit worse, but it is satis­
factory enough. Pretty large disagreement is observed above 1 MeV where complicated 
structure is dominant in the spectra.
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4.9 Mil

Mn 60cm

Experiment
JENDL-FF
JENDL—3.2
JENDL-3.1
FENDL^l
(ENDFZB-IV)

JENDL-FF
JENDL-3.2
JENDL-3.1 |

- FENDI^MCl "f—

Energy (MeV)

Figure 15: Experimental and calculated spectrum from Mn 61 cm sphere

JENDL-3.2 and JENDL Fusion file give similar prediction. The calculation agrees with 
the experiment within 10 % error. FENDL-MC1 also predicts the experiment with 
similar accuracy. JENDL-3.1 prediction is a little bit worse than the others in the 
energy region higher than 7 MeV. It can be concluded that all libraries are satisfactory 
above 100 keV energy region.
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4.10 Co

10”

10"

8

c
10”

u

I

llf ■'-“■“"■■I........... «........ T---- ll|

Co 40cm

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

Energy (MeV)

Figure 16: Experimental and calculated spectrum from Co 40 cm sphere

All calculations underestimate the experiment by more than 30 %. There is no distinct 
difference among different libraries. As the elastic scattering peak around 14 MeV can 
be predicted very well with every library, both experiment and libraries may have to be 
investigated further.
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4.11 Cu

Energy (MeV)

Figure 17: Experimental and calculated spectrum from Cu 61 cm sphere

JEND1-3.2 gives the prediction close to the experiment. JENDL Fusion file prediction 
is larger than that of JENDL-3.2 by a few % but it gives enough accurate prediction. 
However, FENDL-MCl prediction gives overestimation by about 10 to 15 %.
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4.12 Zr

10v Zr 60cm

10“

I

s
ic

10

Experiment
JENDL-FF
JENDL-3.2
JENDL—3.1
FENDL-MC1
(BROND-2)

10
10 10” 10'

Energy (MeV)

1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

Figure 18: Experimental and calculated spectrum from Zr 61 cm sphere

JENDL-3.2 and JENDL Fusion file give the best prediction. The C/E values of the 
integrated flux is 10 to 15 % above unity except for the energy region below 1 MeV. 
FENDL-MCl overestimates the experiment by about 20 %. JENDL-3.1 overestimates 
the experiment more than FENDL-MCl.
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4.13 Nb

Energy (MeV)

Figure 19: Experimental and calculated spectrum from Nb 28 cm sphere

JENDL-3.2 and JENDL Fusion file give pretty good prediction. The C/E values in the 
integrated spectra are between 5-6 %. FENDL-MCl overestimates the experiment by 5 
to 25 %.
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4.14 Mo

Mo 60cm

Experiment
JENDL-FF
JENDL-3.2
FENDL-MC1
(JENDL-3.1)

3 10

—r—

----

— FBNDL-MC 1

i-4--

Energy (MeV)

Figure 20: Experimental and calculated spectrum from Mo 61 cm sphere

JENDL-3.2 and JENDL Fusion file slightly underestimate the experiment by 8 to 14 % 
in whole energy range. FENDL-MCl (JENDL-3.1) prediction is similar to the other two 
prediction except for the enrgy range between 5 and 12 MeV where large underestimation 
with FENDL-MCl exists.
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4.15 W

W 40cm

Experiment
JENDl^FF
JENDL^3.2
FENDL-MC1
(ENDF/B-VI)

Energy (MeV)

Figure 21: Experimental and calculated spectrum from W 40 cm sphere

JENDL-3.2 and JENDL Fusion file give pretty large underestimation by 10 to 40 %. 
FENDL-MC1 also underestimtes the experiment. However, the prediction with FENDL- 
MCl is better than the prediction with JENDL-3.2 and JENDL Fusion file.by sbout 10 
%.
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Several neutron capture cross sections of light nuclei (A < 40) for neutron energies up 
to the MeV region have been recently calculated. Examples are (target nuclei): 12C, 13C, 
160 and 10Be. The results of these calculations will be shown together with a comparison 
with the most recent experimental data. In the case of n + 10Be case, the cross section 
of the inverse process (Coulomb dissociation of nBe) is considered and compared with 
the measurement. A discussion on the relevant nuclear structure information required 
for the evaluation of nuclear data of light nuclei is given.

1 Introduction
Low energy neutron capture in light nuclei may have a strong contribution coming from 
the direct radiative capture (DRC) process. We have recently shown /1 / that, in the 
case in which the capture mechanism proceeds through a transition induced by incident 
p-wave neutrons, the capture cross section is

• insensitive to the neutron-nucleus interaction

• sensitive to the final state structure

In particular, final state wave functions with a significant component outside the 
nuclear surface (neutron halo) may cause a strong enhancement of the El transition 
matrix elements and therefore influence the capture cross section.

From a comparison of the experimental capture cross section with the theoretical 
calculations one can derive important information on the structure of nuclear bound 
states.

2 The DRC model
The direct capture process is alternative to the compound nucleus (CN) formation mech­
anism and may be described using the following definitions (details can be found in the 
references /1, 2/)
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• Collision matrix
Ui_f = Ui^f{CN) + U^f{DRC)

• Capture cross section for emission of electric dipole radiation (El) in the transition
i -+ /

an-7 9 h
, 3-2 I/O (!) |2

Matrix elements for the transition

e"/=< 4/|f£1|

with TE1 = ry^^(0,</>), 5/ : spectroscopic factor of the final state /, Zjj : radial 
overlap (see below) and A*/ : angular-coupling coefficient

• Entrance channel wave function

^im(r) = toZ(r)
rv1/2

where
Wz(r) = ^V2mz<[/,-[/zOz]

/j ~ exp(—iA:r + ^i/7r) and Oz ~ exp( + iA:r —-i/7r)

U[ is the collision matrix for the scattering process in the entrance channel, v is 
the incoming neutron velocity and k the corresponding wave number

• Radial matrix elements
OO

Ziih = / uif(r )rwiiir )dr 
o

with Uif(r) : radial part of the final state wave function.

3 Examples
We have recently calculated several neutron capture cross sections for neutron energies 
up to the MeV region. Here we will present the results only. The details of the calculation 
technique and parameters used in the calculation can be found in the references /3, 4, 
5,6/.

The principal sources of experimental values are the measurements performed at 
the Tokyo Institute of Technology /7, 8, 9/ and at RIKEN for the inverse kinematic 
experiments (Coulomb dissociation) /10/.

• n + 12C (Figures 1-4), n + 13C (Figure 5)

• n + 160 (Figure 6)

• n + 10Be (Figure 7)
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n + v—
Capture leading to the ground-state

• Experimental
- DHC total
- s-wave only

Neutron energy [MeV]

Figure 1: Capture cross section leading to the ground state of 13C

n + v
Capture leading to the 1st excited state

4e-05

• Experimental 
DRC

3e-05 r

2e-05

1e-05

Oe+OO ' ■ - i ---- -1 •—1—...... i • ■ 1 - • '......
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6

Neutron energy [MeV]

Figure 2: Capture cross section leading to the first excited state of 13C
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n + v
Capture leading to the 2nd excited state

Experimental 
DFIC total 
s-wave only

Neutron energy [MeV]

Figure 3: Capture cross section leading to the second excited state of 13C

n + u
Capture leading to the 3rd excited state

8e-06

• Experimental 
”*™” DRC

6e-06

4e-06

2e-06

0e+00

Neutron energy [MeV]

Figure 4: The capture cross section leading to the third excited state of 13C
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- BW (153 keV res.)
- DRC (mainly s)
- DRC (mainly p)
- Total
• Exp (total) 
o Exp (-> gs)

Figure 5: The capture cross section of 13C

4 Capture cross section from Coulomb dissociation
The Coulomb dissociation process is the inverse process of a neutron radiative capture. 
Virtual photons of a field provided by a given target, interact with the incident beam. 
The incident nucleus can then break up into a neutron plus a residual. Measurements 
made using this technique have proved to be a useful tool for studying the structure 
as well as the reaction mechanism of nuclei far from stability. Coulomb dissociation 
experiments are considered to be a very promising tool to obtain neutron capture cross 
sections for radioactive nuclei.

The cross section obtained in a Coulomb dissociation experiment can easily be con­
verted into a neutron capture cross section. As an example, we show here the results of 
the Coulomb dissociation experiment of nBe /10/, converted into the neutron capture 
channel.

The neutron capture cross section of 10Be is shown in Figure 7. The cross section, 
derived from a Coulomb dissociation experiment /10/, is shown in comparison with the 
DRC calculations. Notice that the experimental results can only proceed through the 
p —* s channel. In fact, the dissociation of nBe into 10Be +n is taking place only from 
the ground state of uBe.

The structure shown by the experimental results at around 1.3 MeV may be due to 
the 1.778 MeV level in uBe. Its effect on the neutron capture cross section is presently 
being investigated.

- 91



JAERI-Conf 97-004

n + u
Total capture cross section

- BW
- DRC
• Experimental
- DRC + BW
- 1/vot thermal

Neutron energy [keV]

Figure 6: The capture cross section of 160

5 Comments on the results
From the results shown above, we can derive some important conclusions. Namely

• The neutron capture cross section proceeding through a DRC mechanism is in­
sensitive to the neutron-nucleus interaction. Therefore, assuming that the correct 
wave function is being used for the calculation of the radial overlap, the spectro­
scopic factor Sj of the final state can be derived. In fact, Sf is the only unknown 
quantity in the expression for the DRC cross section.

• If the capture cross section (and/or the Coulomb dissociation cross section) is 
provided in an extended energy range, one can perform a Fourier-Bessel inversion 
of the radial overlap and obtain directly the wave function u/(r) of the final 
capturing state.

The consequences of these two results are being investigated at the moment and the 
outcome of this investigation will be soon reported.

6 Conclusions
We have shown here that in the situation in which the capture process is due to electric 
dipole (El) p —> s, d transitions, a measurement of the capture cross section may provide 
the spectroscopic factor of the final capturing state. Furthermore, we have shown that 
under certain conditions, a measurement of the (n, 7) cross section in a wide energy 
range may be used to derive the radial component of the final state wave function. In
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4e-05

p -> s

3e-05

2e-05

1e-05

1.0 2.0 3.0
Center of mass energy [MeV]

Figure 7: The capture cross sections of 10Be

particular, the tail component of the bound state wave function can be derived by a 
Bessel-Fourier inversion of the capture cross section.

This technique can be applied in particular to detect properties of bound states dom­
inated by a strong s-orbit configuration and low binding energy. Its natural application 
is therefore in detecting the halo component of wave functions of excited nuclear state of 
stable nuclei. Moreover, if used in conjunction with the inverse of the neutron capture 
process, namely the Coulomb dissociation, it may provide useful information on the halo 
structure of light neutron-rich unstable nuclei. These new developments have relevant 
consequences in astrophysical applications, in particular with reference to the estima­
tion of neutron capture reaction rates for stellar as well as for primordial nucleosynthesis 
network calculations.
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The systematics was obtained with fitting experimental data for proton induced fission cross
sections of Ag, 181Ta>’47Au, 206.207.208 Pb, 209Bi, Z,/Th232n 23.x235.238,U, 2,7Np and z,yPu above 20 MeV239-

The low energy cross section of actinoid nuclei is omitted from systematics study, since the 
cross section has a complicated shape and strongly depends on characteristic of nucleus. The 
fission cross sections calculated by the systematics are in good agreement with experimental 
data

1. Introduction
Evaluation of neutron, charged particles and photon nuclear data at the incident energy 

above 20 MeV is in progress. One of the purposes of developing evaluated intermediate 
energy nuclear data files is to supply basic data to waste management system, especially to 
accelerator-driven waste transmutation system. It is necessary to evaluate fission cross 
section for producing intermediate energy evaluated nuclear data file to be used for such 
applications, since the fission cross section is an important physical quantity in such systems and 
nuclei heavier than the silver also have considerable amount of fission cross sections at the 
intermediate energy region. As an approach to evaluate fission cross section, systematics of 
the cross section in the intermediate energy region is under development in JAERI to obtain the 
values simultaneously for various projectile-target combinations by using accumulated 
experimental data such as measured at Los Alamos/1/ and Gatchina/2/. As a similar approach, 
Simbel has been studied systematics for proton induced fission cross section as a function of 
incident proton energy by using a two-step model/3/. In this paper, the systematics of proton 
induced fission cross section is reported as an step of the total systematics study The 
“fissility” was defined as ratio of fission cross section to total reaction cross section, and its 
dependence of excitation energy, atomic number and mass number was obtained

2. Formulation
The systematics was obtained with fitting experimental data for proton induced fission

cross sections of naIAg, mTa, Iy/Au,197 , 206.207.208,Pb, 209Bi, "zTh,232n 233.235.238,U, z'7Np and z'yPu above239,

20 MeV with the following formula:

Pfi,{Z,A,E) = /?,[ 1 - exp{p,(E - />,)}]

A = /|-2exp[<y,, + %,,(Z2//I) + 9,,(Z2//I)2] (/ = 1,2,3)

where Pf^SrJSv) is defined as the fissility, .Sj-,s and „S’K are fission and total reaction (compound 
formation) cross sections, Z and A are the atomic and mass number of compound nucleus, K is
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an excitation energy [MeV], is the parameter independent of Z and A. It seems that the p\, 
p2 and p-s parameters correspond to the saturation fissility, threshold energy and increasing rate, 
respectively. In the case that the experimental data were only given for the fission cross 
section, fissility was obtained by using -S’r calculated by Pearlstein’s systematics/4/. The lower 
energy cross sections of actinide nuclei were omitted from systematics study, since the cross 
section has a complicated shape and strongly depends on characteristic of nucleus

3. Results and Discussion
The results of fissilities calculated with obtained pi parameters for nalAg, mTa, 197Au, 

2(l&'2t,7-208Pb, 209Bi, 232Th, 2"-2,5-2:,8u 237Np and 239Pu are compared with experimental data in 
Figs. 1-13. The Solid lines and symbols indicate calculated results and experimental data, 
respectively

p + Ag-000

Excitation Energy [eV]

Fig 1 Fissility of natAg. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + Au-197

Excitation Energy [eV]

Fig 3 Fissility of 197Au. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + Ta-181

Excitation Energy [eV]

Fig.2 Fissility of mTa. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + Pb-206

Excitation Energy [eV]

Fig.4 Fissility of 2l,6Pb. Solid line and 
symbols indicate calculated results 

and experimental data, respectively
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I p + Pb-207

Excitation Energy [eV]

Fig.5 Fissility of 2l)7Pb. Solid line and 
symbols indicate calculated results 

and experimental data, respectively

p + Pb-208

Excitation Energy [eV]

Fig.6 Fissility of 208Pb. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + Bi-209

Excitation Energy [eV]

Fig. 7 Fissility of 209Bi. Solid line and 
symbols indicate calculated results 

and experimental data, respectively

Though experimental data for natAg are scattered, the fitting result almost reproduce the 
experimental tendency (Fig 1). From Figs.2-7, the calculated results are in good agreement 
with the experimental data. It is noticed that the fissilities for non-actinide nuclei have similar 
shape as an exponential-type function with excitation energy.
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p + Th-232

Excitation Energy [eV]

Fig.8 Fissility of 2'2Th. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + U-235

Excitation Energy [eV]

Fig. 10 Fissility of 2'5U Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + U-238

Excitation Energy [eV]

p + U-233 :

Excitation Energy [eV]

Fig.9 Fissility of 2'3U. Solid line and symbols 
indicate calculated results 

and experimental data, respectively.

Fig 11 Fissility of 2'8U Solid line and 
symbols indicate calculated results 

and experimental data, respectively.
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p + Np-237 -

Excitation Energy [eV]

Fig. 12 Fissility of 2"'7Np. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

p + Pu-239 :

Excitation Energy [eV]

Fig. 13 Fissility of 229Pu. Solid line and 
symbols indicate calculated results 

and experimental data, respectively.

For actinide nuclei, the fissility is much closer to 100% and saturates at lower energy. The 
calculated results well reproduce saturated fissilities of experimental data at the intermediate 
energy region.

The fitting results of the p parameters and systematics are shown in Figs. 14-16. Dots 
are fitting results, and lines are the obtained systematics. The numerical result of systematics 
is summarized in Table 1.

Best Fit 
Systematics

Z2/A

Best Fit

Systematics

Fig. 14 Z2!A dependence ofp\ parameter of 
fissility systematics.

Fig. 15 Z2/A dependence ofp2 parameter of 
fissility systematics
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Best Fit

Systematics

Z2/A

Fig. 16 Z2!A dependence of /;? parameter of 
fissility systematics.

Table 1 The result of systematics for proton induced fission cross section

result error! ) Correlation Matrix

pl parameter
ql,l 6.01 4.7 1 -0.99 0.97
ql,2 -1.27 1 . 4 -0.99 1 -0.99
ql,3 0.0274 1 . 1 0.97 -0.99 1

p2 parameter
q2,l -11.2 0.8 1 -0.99 0.97
q2,2 1.08 0.6 -0.99 1 -0.99
q2,3 -0.0219 0.4 0.97 -0.99 1

p3 parameter
q3,l 11.2 29.4 1 -0.99 0.97
q3,2 -1.84 11.0 -0.99 1 -0.99
q3,3 0.0382 8.3 0.97 -0.99 1

The /)] and /y, parameter increase as a function of Z2/A This fact is seemed to be correct from 
physical consideration, since the p\ and />, parameters have meanings of saturation fissility and 
increasing rate of fissility On the other hand, the p2 parameter decreases, since it represent 
the quantity like threshold energy. From above discussions, it is concluded that the 
systematics reproduces experimental data well and can be used to estimate fissility for nucleus 
which has no experimental data.

4. Summary
The systematics of proton induced fission cross section in the intermediate energy 

region was described. The shape of excited function was obtained for mass range above 180 
and energy range from several tens MeV to 10 GeV by the systematics of fissility It is
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applicable to estimate fission cross section for nuclides which have no experimental data. In 
the future work, fission cross section induced by neutron, deuteron, alpha, photon, etc. will be 
included to the systematics. The fragment mass distribution and neutron energy spectrum 
should be also considered.
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3.10 Calculation and evaluation of cross-sections and kerma 
factors for neutrons up to 100 MeV on ieO and 14N
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We present evaluations of the interaction of neutrons with energies between 20 
and 100 MeV with oxygen and nitrogen nuclei, which follows on from our previous 
work on carbon [1]. Our aim is to accurately represent integrated cross sections, 
inclusive emission spectra, and kerma factors, in a data library which can be used in 
radiation transport calculations. We apply the FKK-GNASH nuclear model code, 
which includes Hauser-Feshbach, preequilibrium, and direct reaction mechanisms, 
and use experimental measurements to optimize the calculations. We determine 
total, elastic, and nonelastic cross sections, angle-energy correlated emission spectra 
for light ejectiles with A<4 and gamma-rays, and average energy depositions. Our 
results for charged-particle emission spectra agree well with the measurements of 
Subramanian et al. [2], We compare kerma factors derived from our evaluated cross 
sections with experimental data, providing an integral benchmarking of our work.

I. INTRODUCTION

A number of new applications, such as radiation transport simulations of fast neutron 
and proton cancer radiotherapy and the accelerator-driven transmutation of waste, require 
evaluated nuclear data libraries when modeling the interaction of neutrons above 20 MeV. In 
a previous paper [1] we described the calculation and evaluation of neutron cross sections on 
carbon up to 100 MeV. The present work, for oxygen and nitrogen, uses the same evaluation 
techniques as described in our carbon paper. We therefore provide here only a summary of 
the methods employed, and refer the reader to Ref. [1] for full details.

When calculating absorbed dose in the body from a fast-neutron radiotherapy beam, the 
most important energy-deposition mechanisms are nuclear reactions with hydrogen, oxygen, 
carbon and nitrogen nuclei, since these elements account (by mass) for 10%, 65%, 18%, and 
3% of the body, respectively. Neutrons, being uncharged, deposit energy in matter by first
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undergoing nuclear interactions which result in secondary charged nuclear ejectiles. These 
ejectiles then deposit their kinetic energy via electromagnetic interactions. In the case of 
hydrogen, it is elastic neutron-proton collisions that result in a substantial energy transfer 
from the incident neutrons to recoil protons. The higher mass of carbon, nitrogen and oxygen 
nuclei results in elastic scattering being a less important mechanism for energy deposition 
than for hydrogen. However, these nuclei may undergo inelastic scattering processes where 
nuclear fragmentation occurs. Indeed, for neutrons above approximately 70 - 80 MeV, the 
relatively large abundance of oxygen results in neutron-oxygen reactions giving the dominant 
contribution to absorbed dose in tissue.

Since only a limited number of experiments for neutron reactions on nitrogen and oxygen 
have been performed for energies between 20 and 100 MeV, we have based our evaluations 
mainly on the results of nuclear model calculations, benchmarked to the measurements 
where they exist. These calculations include direct, preequilibrium, and compound nucleus 
decay using Hauser-Feshbach theory. Our theoretical efforts, described in Sec. Ill and in 
more detail in Ref. [1], have concentrated on improvements to the modeling of reaction 
processes that become important at higher energies, particularly in preequilibrium emission 
and level densities. The light mass of oxygen and nitrogen, and consequently the relatively 
wide-spacing of their nuclear levels, presents a particular challenge to model calculations 
which rely on statistical assumptions in their derivations. However, our calculations in most 
cases provide a good description of the experimental data because our implementation of 
Hauser-Feshbach theory uses experimental nuclear level schemes for low excitation energies 
where a statistical level-density model is not applicable. Also, even in these light nuclei the 
density of nuclear states above about 10 MeV excitation energy becomes large enough for 
non-statistical effects to become less important.

These evaluations are available as electronic databases in the Lawrence Livermore Na­
tional Laboratory (LLNL) Evaluated Nuclear Data Library (ENDL) format, and we plan 
to translate the library into the ENDF format. They can be used together with existing 
evaluations for neutrons below 20 MeV, such as the ENDL evaluation by Howerton [4] or 
the ENDF/B-VI evaluation by Hale et al. [5] for oxygen and by Young et al. [6] for nitrogen. 
Table I contains a summary of the quantities evaluated.

In Sec. II we describe our evaluation methods and compare them to those of previous 
analyses. Section. Ill describes the nuclear theory and models we use. In Sec. IV we give 
a detailed description of our results compared with experimental cross sections, and in Sec. 
V we compare kerma factors derived from our evaluated cross sections with measurements, 
and with other calculations. A summary and a description of directions and needs for future 
work are given in Sec. VI. II.

II. EVALUATION METHODS

The evaluation represents inclusive emission spectra of the secondary particles which need 
to be transported in radiation transport calculations (neutrons, gammas, and light charged 
particles with A < 4), as well as the total kinetic energy given to heavier charged particles, 
which is assumed to be deposited locally. This representation of the data is adequate for 
calculations of transport and absorbed dose. The libraries are fully angle-energy correlated, 
and describe the emission spectra at various angles, all in the laboratory frame of reference.
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We have omitted triton and helium-3 emission reactions since measurements [2] show these 
cross sections to be small. Also, INC calculations indicate that these cross sections are 
small. For example, Brenner and Prael [3] calculate that 60 MeV neutrons incident on 
oxygen produce a yield of 15 mb tritons and 7 mb helium-3, which are small in comparison 
with the yields of the other light ejectiles (see our results in Table V).

The evaluations are based mainly on model calculations using the FKK-GNASH code 
system [7], benchmarked to available experimental data. But other reaction model codes 
were also used in this work: spherical optical model calculations were performed with the 
SCAT2 code [8]; and when evaluating preequilibrium cross sections we also considered hybrid 
model results from the ALICE code [9] and exciton model results from the GNASH code [7], 
There are a number of advantages to using nuclear theory and model calculations to produce 
evaluated cross section libraries. The model input parameters can be adjusted (within the 
uncertainty ranges to which they are known) to optimize agreement with experimental data 
at incident energies where measurements have been made. The calculations then provide 
a useful way to interpolate and extrapolate to other energies. Also, model calculations 
enable evaluated libraries to be generated for all reaction products in a fully consistent way, 
automatically conserving energy, unitarity, spin, and parity.

Table II summarizes the experimental data used in the evaluations, in some cases point­
ing to other places in this paper where the data are shown in more detail. We show these 
various experimental data sets compared with our evaluations in Sec. IV. Some of the ma­
jor steps involved in this evaluation are: (1) Optical model analyses for n,p,d,a particles 
to generate elastic and nonelastic cross sections, and transmission coefficients; (2) Build a 
database of low-lying nuclear levels for all product nuclides for use in Hauser-Feshbach and 
preequilibrium calculations. (3) Match a statistical level density on to the experimental low- 
lying levels; (4) Perform preequilibrium calculations using Feshbach-Kerman-Koonin (FKK) 
[10,11] quantum multistep theory, exciton, and hybrid models for comparison purposes. On 
the basis of these calculations, and measured cross sections, evaluate the primary preequi­
librium spectra; (5) Use the FKK-GNASH code to generate inclusive cross sections based 
on primary and multiple preequilibrium emission, equilibrium decay, and direct reactions; 
(6) Use the Kalbach systematics [12] to give continuum angular distributions, and transform 
the double-differential cross sections to the laboratory frame assuming 2-body kinematics; 
and (7) Generate ENDL-format library files.

It is useful to compare the calculation methods used here with those of previous works. 
In addition to the present work, Refs. [13 16] used preequilibrium models with Hauser- 
Feshbach compound nucleus decay to study neutron reactions on biologically-important 
nuclei. Dimbylow [14] used an early version of the GNASH code, and his model calculations 
were compared against the UC-Davis cross section and kerma measurements. Even though 
details of the preequilibrium spectral shapes were not described very well (since early pree­
quilibrium algorithms were utilized) the resulting kerma factors accounted for the data fairly 
accurately.

Intranuclear cascade (INC) calculations with either evaporation or a Fermi break-up com­
pound nucleus decay have been described in Refs. [3,17-21], While the physical assumptions 
made in these models do not hold well below 100 MeV, some analyses [3] have shown that 
they can provide a reasonable description of experimental measurements at these energies. 
It is only the comprehensive work by Brenner and Prael [3] which makes comparisons with
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experimental charged-particle spectra. Brenner and Prael did not include elastic or inelastic 
coupled-channels scattering in their analyses, and did not present results for gamma-ray 
production. A failing of many INC-type calculations for reactions on biologically-important 
nuclei is that they do not account for the large numbers of high-energy preequilibrium 
deuterons, and they largely underpredict the production of alpha particles [21,22],

Finally, Caswell et al. [23] extended the evaluated ENDF libraries from 20 MeV to 30 
MeV, using optical model results to obtain the total, elastic, and reaction cross sections. 
But extrapolations of partial cross sections beyond 20 MeV with this method are not always 
reliable. More recently, the latest ENDF/B-VI evaluation for nitrogen was extended to 40 
MeV [6]. However, this evaluation was intended primarily for use in neutron transport cal­
culations, and not all charged-particle decay channels are explicitly described. The present 
evaluation is unique in that experimental measurements have been utilized to optimize the 
model calculations, and extensive comparisons with experimental data have been made to 
validate our results.

III. NUCLEAR THEORY AND MODELS

We determine total, elastic, and nonelastic scattering cross sections using optical model 
analyses, which are also needed for generating transmission coefficients and wavefunctions in 
the equilibrium and preequilibrium calculations. Our work implements the spherical optical 
potential developed by Islam and Finlay of Ohio University [24], from 20 to 50 MeV (to 60 
MeV for nitrogen). Above this energy we use the global potential developed by Madland 
[25], based on the earlier work of Schwandt et al. [26], and below 20 we use the Los Alamos 
spherical potential [27]. In addition to neutrons, optical potentials are also needed for the 
other ejectiles for calculating transmission coefficients for their decay. Proton potentials 
were obtained from the neutron potentials using the Lane model isospin transformation, 
namely (N — Z)f A —> —(N — Z)/A, with a Coulomb correction to the real central potential 
of 0.4Z/A1/3. Potentials for deuterons and alphas up to high energies were obtained using 
the method of Watanabe, as implemented by Madland [25].

Preequilibrium nucleon emission was obtained mainly from the FKK quantum mechani­
cal theory, and preequilibrium deuteron and alpha clusters were obtained from the semiclas- 
sical model of Kalbach [28]. In some cases we modified the calculations to agree better with 
experimental measurements where they exist. Preequilibrium gamma-ray emission through 
the Giant Resonance is modeled using a semiclassical exciton model [7]. Contributions from 
multiple preequilibrium emission (MPE) processes (where more than one particle is emit­
ted through a preequilibrium mechanism) were included using the theory of Ref. [29]. Full 
details of these theories are given in Ref. [1].

We use Hauser-Feshbach theory to calculate equilibrium emission of particles and gamma 
rays, conserving angular momentum and parity in an open-ended sequence of decay chains. 
We performed trial calculations to determine the most important reaction pathways and 
ignore paths that contain < 1 mb of cross section. Gamma, neutron, proton, deuteron, 
and alpha particle decay channels were included. Transmission coefficients for equilibrium 
particle decay were obtained using the optical potentials described above, and gamma-ray 
transmission coefficients were obtained from the generalized Lorentzian model of Kopecky 
and Uhl [30]
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Nuclear level densities were determined using the Ignatyuk model [31], as implemented 
by Arthur et al. [15]. Pairing energies were obtained from the Cook systematics with the Los 
Alamos extensions to light nuclei from Ref. [27]. This continuum level density formulation is 
matched continuously onto discrete low-lying levels at the lower excitation energies. Discrete 
level information (energy, spin, parity, gamma-ray branching ratios) is tabulated for each 
nuclide in an input file, which is based on the Ajzenberg-Selove compilations [32]. For each 
nucleus we performed a level-density analysis and determined the excitation energy at which 
we judged the level data complete. Table III below lists the number of discrete levels used, 
and the matching energy, for the residual nuclides that can be produced (many of which 
are unstable). As an example of our results, in Fig. 1 we show the experimental cumulative 
number of levels matched on to our continuum statistical description for 15N. We show 
this example since this nucleus is produced following high-energy deuteron emission in the 
160(n,xd) reaction, and our evaluated spectra show structure corresponding to the gap of 
over 5 MeV between the ground and first excited states.

IV. RESULTS AND COMPARISONS WITH EXPERIMENTS 

A. Total, Elastic, and Reaction Cross Sections

Table IV shows the evaluated total, elastic, and reaction (nonelastic) cross sections for 
oxygen and nitrogen, based on our optical model calculations. Between 20 and 100 MeV, 
the optical models we use provide a reasonably good description of measured reaction cross 
section data (see the dashed lines in Figs. 2 and 3). But since an accurate description 
of the reaction cross section is important for determining secondary particle spectra, we 
slightly modify the calculated results to better describe the experimental data to give the 
full lines shown in Fig. 2 and 3, and renormalize the calculated transmission coefficients 
accordingly. No measurements for the neutron reaction cross section on oxygen or nitrogen 
exist above about 50 MeV. However, systematics have been determined from a number of 
target elements at 95 MeV by DeJuren [33], and for 100 MeV protons by Kirby and Link 
[34] (at this energy the proton and neutron reaction cross sections would be expected to be 
very similar). We have, therefore, used these systematics to guide our evaluated reaction 
cross sections. Additionally, below 50 MeV we have also been guided by the proton-induced 
reaction cross sections of Carlson et al. [35]. The data points of Islam et al., Olsson et al., 
and Petler et al. shown in Figs 2. and 3 were obtained by subtracting their angle-integrated 
elastic data from the evaluated total cross sections (see below).

The evaluated total cross section was obtained by slightly modifying the optical model 
results to agree with data, principally the new high-accuracy results of Finlay et al. [36]. The 
results are shown in Figs. 4 and 5 compared with measurements taken from the Brookhaven 
National Nuclear Data Center CSISRS file [37]. In the case of nitrogen, we use the ENDF/B- 
VI total cross section below 40 MeV [6].

The elastic scattering cross sections were obtained from our optical model calculations, 
renormalized to the difference between evaluated total and reaction cross sections. The 
results are compared against experimental total elastic scattering data in Fig. 6. The angle- 
integrated data from Olsson et al. were taken from Ref. [38]. A legendre-ht to the Petler 
et al. nitrogen data [39] yielded elastic cross sections of 1020 ± 19 mb and 1062 ± 9
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mb at 20 and 25 MeV, respectively. Measured angle-integrated elastic cross sections on 
oxygen between 18 and 28 MeV were obtained from the legendre fits of Islam et al. [40]. 
As an illustrative example of the differential elastic scattering, we show in Fig. 7 the elastic 
angular distributions at 20 and 26 MeV, compared with the differential cross section data 
of Islam et al. [24] in the center-of-mass frame.

Since direct inelastic neutron scattering to low-lying levels in oxygen has been shown to 
be important [40], we use the DWBA results from Ref. [40] for neutron scattering to the 
3~ (6.13 MeV), 2+ (6.92 MeV), and l- (7.12 MeV) states in 160. No such direct DWBA 
contributions were included for nitrogen.

B. Inclusive production cross sections and spectra

Table V shows the calculated production cross sections and average kinetic energies 
for the light ejectiles. In Figs. 8 and 9 we show the variation of these cross sections as a 
function of incident neutron energy. The tight binding of alpha particles along with the high 
probability of alpha clustering in light nuclei results in the alpha production cross section 
being large. Even though the multiplicities for particle production increase with increasing 
energy, the production cross sections do not generally show a large increase with energy 
because the nonelastic cross sections fall by about a factor of two between 20 and 100 MeV 
for oxygen and nitrogen.

An important test of the accuracy of the data libraries is that the evaluated emission 
spectra of light particles (A< 4) should be consistent with the measurements by Subrama- 
nian et al. [2] of UC-Davis. Figs. 10 and 11 show our calculated (lab frame) angle-integrated 
emission spectra of protons, deuterons, and alphas, compared with these measurements for 
oxygen and nitrogen. The structure seen at high emission energies is due to the inclusion 
of discrete nuclear levels in our calculations. Noteworthy features of the emission spectra 
seen in Fig. 10 and 11 are: (1) preequilibrium fast particle emission is particularly impor­
tant and, except for alpha-emission, is large in magnitude compared to equilibrium decay 
(unlike reactions on heavier nuclei [43]); (2) preequilibrium deuteron emission is significant; 
and (3) alpha production cross sections at low emission energies are large. In general our 
calculations and those of Brenner and Prael [3], shown by the dashed line in Fig. 10, account 
for these features equally well, except for deuteron emission where our results describe the 
measurements more accurately.

For the UC-Davis data at 60 MeV, we have performed a new angle-integration of their 
double-differential data, and show our results in Fig. 10. The original UC-Davis angle- 
integrated results were kindly provided us by Dr. Romero who used them to obtain kerma 
factors [41,42]. However, the partial kerma from proton emission [42] appeared too high 
to us, suggesting that the angle-integrated proton spectrum may have been overestimated. 
For oxygen and nitrogen the measurements were only made at angles forward of 65-degrees, 
and consequently there are uncertainties in deriving angle-integrated spectra. The original 
approach of Subramanian et al. was to assume a constant cross section from 65-degrees 
back to 180-degrees. However, this overestimates the angle-integrated cross section since 
continuum angular distributions decrease significantly at back-angles. Our procedure instead 
was to use the shape of our calculated angular distribution to extrapolate the data from 65- 
degrees to 180-degrees. As can be seen in Fig. 10, this resulted in a significantly lower
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experimental angle-integrated spectrum for proton emission, in better agreement with the 
model calculations. The experimental 60 MeV angle-integrated 14N(n,xp) cross section in 
Fig. 11 is also probably overestimated due to the angle-integration procedure employed, as 
described above. Thus, we expect that much of the discrepancy seen between calculation 
and experiment here will vanish when a more accurate angle-integration technique is used, 
and we plan to check this in the future.

Figure 12 compares our calculated double-differential alpha, proton, and deuteron emis­
sion spectra against the UC-Davis measurements at 60 MeV. A dramatic example of the 
influence of nuclear structure is seen in the 160(n, xd) spectra, where the first excited 15N 
state lies at 5.27 MeV (see Fig. 1). Our calculations account for the angular variations 
seen in the data, showing that the phenomenological systematics of Kalbach provide a good 
representation of angular distributions. At the higher emission energies the spectra show a 
dramatic forward peaking, typical of preequilibrium and direct reactions, since the incident 
projectile’s direction of motion is partially preserved. At the lowest energies, the parti­
cles are emitted from compound nucleus reactions. In the center-of-mass these are emitted 
with angular distributions symmetric about 90-degrees (and almost isotropic), but in the 
laboratory some forward-peaking remains. Our calculations also clearly show how discrete 
structure effects in the spectra track with emission angle and energy due to kinematics.

C. Neutron Emission Compared With (p,xp) Data

There are no measurements of (n, xn) emission spectra with which we can compare our 
calculations. However, Bertrand and Peelle have measured 160(p, xp) cross sections at 40 
and 60 MeV [43]. It would be expected that 160(p,xp) and 160(n,xn) spectra should be 
similar, particularly for the higher emission energies where Coulomb effects are negligible. 
Some differences would be expected due, for instance, to different Q-values in the competing 
channels in the two cases, but we expect such effects to have a small impact. Therefore 
we have used the Bertrand and Peelle measurements to benchmark our neutron emission 
calculations, as shown in Fig. 13, where we compare our results against the 40 and 60 MeV 
data. At 40 MeV the calculated emission spectrum agrees with data except at the lowest 
energies, where it lies below the measurements. At 60 MeV the calculations underpredict 
the data by about 15% between emission energies of 20 and 40 MeV. Our calculations 
agree better with these data than those of Brenner and Prael [3], which are also shown for 
comparison. Our evaluated (n, xn) spectra are approximately a factor of two larger than 
the (n,xp) spectra in the preequilibrium region, which is consistent with the systematics 
observed by Kalend et al. [44].

D. Comparison with exclusive measurements

Although our evaluation represents inclusive, and not exclusive, cross sections it is useful 
to compare our calculated excitation functions against exclusive measurements where they 
exist, as a further check on the evaluations.

The partial cross sections for the (n, 2n) reactions on nitrogen and oxygen are shown in 
Fig. 14, compared with the measurements by Brill [45]. Our calculations are seen to agree
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reasonably well with these data. At the higher energies the calculated (n, 2n) cross section 
does not become very small because of the presence of multiple preequilibrium processes 
which provide a mechanism for the emission of two high-energy particles.

Although experimental data for the 160(n,p) and 14N(n,p) reactions do not exist above 
20 MeV, measurements have been made at lower energies. In Fig. 15 we show our calculations 
together with these data. The trends of the calculated excitation functions above 20 MeV 
are consistent with the lower-energy measurements. Likewise, the variation of our calculated 
(n, d) + (n, np) cross section on oxygen above 20 MeV is consistent with the experimental 
point at 14 MeV, as seen in Fig. 16.

Our results for the (exclusive) partial cross sections at 20 MeV are generally in reasonable 
agreement with those in the existing ENDL and ENDF/B-VI evaluations, though there are 
some differences. The existing evaluations below 20 MeV are expected to be accurate at 14 
MeV, where many experimental measurements exist. Thus, a possible way to merge our new 
(Einc > 20 MeV) evaluations with lower energy evaluations would be to interpolate between 
the cross sections in the existing evaluations at 14 MeV to our new results at 20 MeV.

V. KERMA FACTORS

Kerma is an acronym for the kinetic energy released in matter, and is used in dosimetry 
for describing the indirectly ionizing radiation from neutrons. The kerma is defined as the 
expectation value of the kinetic energy transferred to the charged particles per unit mass at 
a point of interest in matter, whereas the kerma factor refers to the kerma per unit neutron 
fluence. Since the absorbed dose is defined as the energy imparted to matter per unit mass 
at a point, in general it differs from kerma because of radiation transport effects (the finite 
range of the secondary charged particles). Despite the fact that absorbed dose and kerma are 
not identical they are closely related, and if the microscopic cross sections give a kerma factor 
which is in agreement with experimental measurements, one can have some confidence in the 
absorbed dose predictions by a transport code which uses these microscopic cross sections.

We partition the calculated kerma factors into contributions from light charged particle 
ejectiles with A < 4 (obtained from lab-frame emission spectra), elastic recoils (obtained from 
elastic scattering angular distributions), and non-elastic heavy recoils (from the calculated 
recoil production cross sections along with energy-balance). Full details of the methods we 
use are given in Ref. [1].

The partial kerma factor for a certain secondary charged-particle type is obtained from 
the product of the cross section (in b) and the average energy (in MeV), in units of 
b.MeV/atom. To convert to the SI unit of Gy.m2 (where 1 gray (Gy) = lJ/lKg) we multiply 
by 0.603225 xlO-15 for oxygen and 0.689045 xlO-15 for nitrogen, which are the product of 
three factors: the number of atoms per Kg (6.0221367 / Ma ) x 1026 (where Ma=15.994915 
for oxygen, 14.003074 for nitrogen); J/MeV (1.60217733 xlO-13); and m2/b (10-28).

A. Oxygen

In Table VI we show our calculated partial and total kerma factors based on our eval­
uated cross section libraries. At the lowest energies, the total kerma factor is dominated
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by the alpha contribution, due to the large production cross section for alpha particles at 
these energies. The increasing proton and deuteron partial kerma factors are due to the 
importance of preequilibrium emission with increasing incident energy. The elastic recoil 
kerma factor, on the other hand, decreases with increasing incident energy because the elas­
tic angular distributions become increasingly forward-peaked, resulting in a reduced recoil 
kinetic energy.

In Fig. 17 we show our evaluated total kerma factor from 20-100 MeV, derived from our 
microscopic cross section libraries, compared with experimental measurements [14,42,46,48], 
and we compare our result with other calculations and evaluations in Fig. 18. Below 20 MeV 
the histogram line shows the Howerton [4] result for the total kerma factor from the Liv­
ermore ENDL database. Our calculated kerma factor is consistent with the measurements, 
which provides an important benchmark for our cross sections. However, the variation seen 
among the experimental measurements requires some comments.

Direct kerma measurements have been recently reported by Schrewe et al. [48], for in­
cident energies between 30 and 70 MeV. However, there are some uncertainties involved in 
obtaining kerma factors from these proportional-counter measurements due to uncertainties 
in gas-to-wall absorbed dose conversion factors. Kerma factors derived from measured cross 
sections have been presented by the UC-Davis group [41,42], To obtain total kerma factors 
from their data, angle-integrated spectra need to be inferred from the double-differential 
measurements, the cross sections have to be extrapolated from the threshold emission en­
ergy measured to zero energy, elastic recoil kerma have to be added; and the (unmeasured) 
contributions from nonelastic recoil fragments have to be estimated. A range of total kerma 
factors based upon the UC-Davis measurements have been reported in the literature (see 
Fig. 17 and Refs. [14,41,42]). As discussed earlier, we had an expectation that the UC-Davis 
kerma factors reported at 60 MeV were too high, due primarily to an overestimate of the 
angle-integrated proton emission spectrum. Therefore we repeated the angle-integration of 
the UC-Davis data using our calculated angular distribution shapes to extrapolate the mea­
surements from 65-degrees to backward angles (see our results in Fig. 10). In addition, we 
added low-emission energy threshold contributions, and elastic and non-elastic recoil contri­
butions, from our calculations. This yielded a total experimental kerma factor at 60 MeV 
of 4.31 ± 0.70 f Gy m2, which is significantly smaller than previous estimates, but in good 
agreement with our evaluation and with the Schrewe data. This resolves, in part at least, the 
discrepancy noted by Schrewe et al. in Ref. [48] between their latest oxygen measurements 
and the UC-Davis data at 60 MeV.

B. Nitrogen

Figure 19 shows our evaluated total kerma factor from 20-100 MeV compared with 
UC-Davis experimental measurements [14]. Our results are seen to agree well with these 
data. Because of the uncertainties in angle-integrating the UC-Davis double-differential 
cross sections, as discussed above, we believe that the experimental data point at 60.7 MeV 
is too high. Our results are compared with other calculations and evaluations in Fig. 20. It 
is evident that there is a considerable variation in the predictions of different calculations.

In the absence of detailed nuclear structure effects, the total kerma factor for elements 
with similar Coulomb barriers (such as nitrogen and oxygen) would be expected to vary
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approximately as A-1/3 (1/A from the normalization constant in the kerma definition, and 
A2/3 from the non-elastic cross section), which gives a ratio of 1.05 for nitrogen to oxygen. 
However, the total kerma factor above 20 MeV for nitrogen exceeds that for oxygen by a 
larger amount due to differences in the detailed nuclear structure of these elements and the 
residual nuclei produced. One such example is the large differences in Q-values for proton 
emission, +0.63 MeV for nitrogen, -9.64 MeV for oxygen, which leads to higher partial 
proton kerma factors for nitrogen.

VI. CONCLUSIONS

We have produced evaluated nuclear data bases for neutrons incident on nitrogen and 
oxygen. The preequilibrium model calculations were optimized to account for experimen­
tal measurements, particularly those of Subramanian et al., and this technique results in 
evaluated emission spectra which generally account for the experimental data well. Com­
pared to Brenner and Prael’s model calculations, which represent the most detailed and 
well-benchmarked calculations prior to the present work, our results are more accurate for 
deuteron emission and the quality is comparable for proton and alpha emission. Further­
more, total kerma factors derived from our calculations describe the experimental measure­
ments well. We found that a new angle-integration of the UC-Davis oxygen data at 60 MeV, 
using our model calculations to extrapolated to unmeasured angles, resulted in a lower ex­
perimental total kerma factor than originally reported. We plan to repeat this analysis for 
the other energies and other target nuclei measured at UC-Davis. A high priority for a future 
experiment is one which measures the secondary charged particles from neutron reactions 
on oxygen over a wide angular range.

These evaluated data, together with our result for carbon [1], can be used in radiation 
transport calculations of absorbed dose in fast neutron and proton radiotherapy. The li­
braries can be updated when new experimental measurements, such as the 60 MeV 160+n 
data currently being analyzed at Louvain-la-Neuve [51], become available. Further details 
of this evaluation, including tabulations and figures of the data, are given in Ref. [52].
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TABLES

Reaction type Cross Angle-energy Average lab
section correlated lab spectra energy deposition

n,total V - -
n,nonelastic s/ - -
n,elastic V (c.m. angular distributions) V
n,xn V V V
n,xp V V V
n,xd V V V
n,xo V V V
n,x7 V (isotropic) V
n,nonelastic recoils - - V

TABLE I . Contents of the Evaluated Data Libraries.

Reaction type Citation to experimental measurement
Nonelastic See Figs. 2 and 3
Total See Figs. 4 and 5
Elastic See Figs. 6 and 7
Inelastic neutron scattering See Islam and Finlay [40]
p, d, a production 27, 40, 61 MeV, Subramanian et al. [2], see Figs. 10-12
(n,2n) Brill (1961), see Fig. 14
(n,p) Martin (1954) and Dejuren (1962), and Felber (1976), see Fig. 15
(n,d) Lillie (1952), see Fig. 16
(p, x p) Bertrand and Peelle [43], see Fig. 13 (guide for 160(n,xn) calcs.)

TABLE II. Summary of experimental cross section data guiding these evaluations
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Nucleus
(1000Z+A)

Number of
levels

Matching
energy

Nucleus
(1000Z+A)

Number of
levels

Matching
energy

9017 20 7.479 7016 18 5.255
9016 10 5.104 7015 22 10.855
9015 2 1.950 7014 9 6.565
9014 1 0.000 7013 13 10.637
9013 1 0.000 7012 7 3.740
9012 1 0.000 7011 1 0.000
9011 1 0.000 7010 1 0.000
8017 45 10.026 6015 16 7.479
8016 24 13.327 6014 18 11.762
8015 13 9.741 6013 10 9.190
8014 6 6.890 6012 8 12.162
8013 4 6.925 6011 12 8.724
8012 1 0.000 6010 5 7.180
8011 1 0.000 6009 2 3.330
TABLE III. The number of low-lying discrete levels included, along with the matching excita­

tion energy (in MeV) above which we used the Ignatyuk continuum level density description. For 
nuclides with Z < 6, see Table III in Ref. [1].

Energy (MeV) Total
160+n

Elastic Nonelastic Total
14N+n

Elastic Nonelastic
20 1640 1020 620 1550 1019 531
23 1646 1054 592 1465 961 504
27 1594 1071 523 1436 954 482
30 1559 1059 500 1394 929 465
35 1479 1012 467 1321 884 437
40 1402 967 435 1249 839 410
50 1211 815 396 1067 702 365
60 1050 680 370 924 597 327
70 912 573 339 788 490 298
80 807 489 318 693 410 283
90 721 421 300 611 340 271
100 637 340 297 550 288 262

TABLE IV. Evaluated total, elastic, and nonelastic (reaction) cross sections (in mb) for n+160
and 14N, for various laboratory neutron energies.
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160+n
Energy cr(n) T'Otl(Ti) a{p) Eav (p) a{d) Eav(d) a{a) Eav(a) a(j) Eavil)

20 558 6.5 54 5.2 25 5.2 403 5.1 402 4.5
23 512 7.8 70 5.9 35 6.1 397 5.6 361 4.7
27 480 8.8 122 6.8 50 7.4 389 4.5 322 4.8
30 460 10.0 129 7.7 55 9.6 415 4.4 308 4.9
35 437 11.8 150 9.2 57 13.3 424 4.4 287 4.9
40 413 13.4 162 10.5 61 16.5 392 4.8 264 4.9
50 403 17.3 192 13.0 67 20.2 290 5.3 253 4.8
60 407 19.7 223 15.8 66 22.2 249 6.0 231 4.7
70 396 22.3 227 18.4 68 25.4 228 6.5 207 4.6
80 395 24.8 231 19.7 68 27.7 219 6.9 187 4.5
90 400 26.6 242 21.7 68 27.8 219 7.3 165 4.5
100 419 28.7 256 23.2 72 28.3 221 7.6 158 4.5

14 N+n
Energy a(n) Eavijl) a(p) Eav(p) a(d) Eav(d) cr(cr) Eav(o:) <7(7) Ea 11(7)

20 424 6.6 209 4.0 45 6.5 214 5.3 320 3.6
23 448 7.2 210 4.8 54 7.5 213 6.3 296 3.3
27 511 7.5 232 5.6 68 8.6 228 5.0 249 3.0
30 520 8.3 234 6.3 73 10.1 262 4.9 230 3.0
35 507 9.2 232 7.9 80 12.5 329 4.6 194 3.1
40 498 10.4 231 9.0 86 15.2 369 4.6 169 3.1
50 475 13.2 235 11.9 84 19.5 382 4.6 134 3.2
60 450 16.0 237 14.9 74 23.0 358 5.0 120 3.3
70 419 18.4 228 17.6 69 26.5 336 5.8 102 3.3
80 425 20.0 242 18.9 70 28.7 336 6.1 90 3.3
90 429 21.9 251 20.4 69 30.2 319 6.5 84 3.3
100 430 23.7 258 21.5 71 30.5 310 6.8 74 3.3

TABLE V. Evaluated production cross sections (in mb) and average energies (in MeV) in the 
n+160 and 14N reactions, for various laboratory neutron energies (in MeV).
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160+n 14N+n
En P d a non.

rec.
elas.
rec.

Total P d a non.
rec.

elas.
rec.

Total

20 0.17 0.08 1.24 0.22 0.28 1.99 0.58 0.20 0.79 0.44 0.41 2.42
23 0.25 0.13 1.33 0.29 0.27 2.27 0.70 0.28 0.92 0.47 0.37 2.74
27 0.50 0.22 1.06 0.36 0.27 2.41 0.89 0.41 0.79 0.47 0.35 2.90
30 0.60 0.32 1.10 0.39 0.26 2.67 1.02 0.51 0.88 0.47 0.33 3.21
35 0.84 0.45 1.13 0.39 0.24 3.05 1.27 0.69 1.04 0.42 0.30 3.72
40 1.02 0.61 1.13 0.37 0.23 3.36 1.44 0.90 1.18 0.41 0.28 4.21
50 1.51 0.82 0.94 0.33 0.19 3.78 1.93 1.13 1.21 0.40 0.23 4.90
60 2.12 0.89 0.90 0.30 0.15 4.35 2.43 1.17 1.24 0.40 0.20 5.45
70 2.52 1.03 0.89 0.29 0.12 4.86 2.75 1.27 1.33 0.37 0.14 5.87
80 2.74 1.14 0.91 0.27 0.10 5.17 3.15 1.39 1.42 0.34 0.12 6.41
90 3.17 1.14 0.96 0.26 0.09 5.63 3.54 1.43 1.44 0.31 0.09 6.80
100 3.58 1.23 1.01 0.25 0.07 6.14 3.82 1.49 1.46 0.28 0.08 7.13

TABLE VI. Evaluated partial and total kerma factors (in units of f Gy m2) for oxygen and 
nitrogen, for various laboratory neutron energies (in MeV). Contributions from protons, deuterons, 
alphas, non-elastic recoils, and elastic recoils, are given.
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FIGURES

15N levels

Continuum region

Discrete region

Excitation energy (MeV)
Fig. 1. An illustrative example of a level density analysis, for 15N. Below 10.8 MeV 

experimental levels are used, and above this energy we use a statistical description, given
by the dashed line.

160+n, reaction cross section
LLNL evaluation 
Islam (1988)
Olsson (1990)
Zanelli (1981)
Kirby (1966, proton systematics) 
Dejuren (1950, neutron systematics)

Optical model calc. (Islam potential, 
with Mad1and potentia1 above 50 MeV) 
Carlson (1975, proton data)

Energy (MeV)
Fig. 2. Nonelastic cross section for neutrons on oxygen. The experimental data were taken

from the Brookhaven NNDC CSISRS file [37].
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Fig. 3. Nonelastic cross section for neutrons on nitrogen. The experimental data were 

taken from the Brookhaven NNDC CSISRS file [37].

t--------------------------1------------------------- 1--------------------------r

14N+n, reaction cross section

o Kirby (1966, proton systematics)
* Dejuren (1950, neutron systematics) 
o Car1son (1985, proton data)

Optica1 mode1 calc. (Islam pot.)
— — Optica1 mode1 calc. (Mad 1and pot.)

j______________________ _i________________________ i--------------------------------------1------- -—---------------

60 80 100 

Energy (MeV)
ig. 4. Total cross section for neutrons on oxygen. The experimental data were taken from

the Brookhaven NNDC CSISRS file [37]. .

- 120



JAERI-Conf 97-004

1.6

1.4

+->
0
QJ 1.0 W
w
o 0.8
u
u

0.6

20

14N+n total cross section
LLNL eva1uation
Heaton (1970)
Auman (1972)
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Dejuren (1950)
Finlay (1993)
Hi1debrand (1950) 
Hillman (1954) 
Measday (1966) 
Peterson (1960)

40 100 12060 80 
Energy (MeV)

Fig. 5. Total cross section for neutrons on nitrogen. The experimental data were taken 
from the Brookhaven NNDC CSISRS file [37].

Elastic cross sections
— 160+n, LLNL evaluation 
♦ 160+n, Islam (1988) 
i 160+n, Olsson (1990)

-- 14N+n, LLNL-eva1uation 
o l4N+n, Pet1er (1985)
A 14N+n, Olsson (1990)

__ i________________________ i______________ __________i________________________ i-------------------------------------

20 40 60 80 100
Energy (MeV)

Fig. 6. Elastic cross section for neutrons on oxygen and nitrogen. The experimental data 
were taken from the Brookhaven NNDC CSISRS file [37].
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160+n elastic scattering
□ Islam (1908)

--- LLNL evaluation

Angle (deg)
Fig. 7. Elastic angular distributions for neutrons on oxygen, compared with data of Islam

et al. [24].

160+n,production cross sections
--  Neutrons
-- Protons
--  Deuterons
-- A1phas

Gammas
a 0.6

M 0.4

U 0.2

Incident neutron energy (MeV)
Fig. 8. Production cross sections of secondary particles with A < 4 for neutrons on oxygen.
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14N+n,production cross sections
—— Neutrons
-- Protons
--  Deuterons
--  Alphas

Gammas

Incident neutron energy (MeV)
Fig. 9. Production cross sections of secondary particles with A < 4 for neutrons on

nitrogen.

Z7 lev l=0(E.,xp)

non energy (MeV)

40 MeV ia0(n xp)

energy (MeV)_
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Fig. 10. Calculated angle-integrated proton, deuteron, and alpha emission spectra (lab 
frame) for neutrons on oxygen, compared with the data of Subramanian et al. [2]. Model 

calculations of Brenner and Prael [3] are also shown for comparison.
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Fig. 11. Calculated angle-integrated proton, deuteron, and alpha emission spectra (lab 
frame) for neutrons on nitrogen, compared with the data of Subramanian el al. [2].
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Fig. 12. Calculated double-differential spectra (lab frame) for alphas, protons, and 

deuterons following 60 MeV neutrons on oxygen, compared with the data of Subramanian
et al. [2],
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40 MeV I60(n,xn)
□ 39 MeV (p,xp), Bertrand (1973)
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-- Brenner and Prael calc. (1989)

Emission energy (MeV

60 MeV 160(n.xn)
□ 61 Mev (p.xp). Bertrand (1973)
--  LLNL eva1uation
— Brenner and Prael calc. (1969)

Emission energy (MeV)
Fig. 13. Calculated m0(n, xn) angle-integrated spectra (lab frame) at 40 and 60 MeV 

compared with the Bertrand and Peelle 160(p, xp) measurements [43]. Brenner and Prael 
160(n, xn) calculations are also shown for comparison [3].
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---  160(n,2n), LLNL calculation
d 14N(n,2n), Brill (1961)
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Incident energy (MeV)
Fig. 14. The 160(n, 2re)150 and 14N(n, 2rz)13N calculated excitation functions compared

with data of Brill et al. [45].
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Fig. 15. The calculated 160(n,p)16N excitation function compared with experimental data 

taken from the Brookhaven NNDC CSISRS file [37].
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150.
□ Lillie (1952)
— LLNL calculation

20 25 30
Incident energy (MeV)

Fig. 16. The 160(n,d) + (n, np)15N calculated excitation function compared with data of 
Lillie et al. taken from the Brookhaven NNDC CSISRS file [37].
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Fig. 17. Total calculated kerma factor for neutrons on oxygen compared with experimental

measurements [14,42,46-48].
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Fig. 18. Total calculated kerma factor for neutrons on oxygen compared with other 

calculations and evaluations [17,49,18,23,14,4,20,?]. For key to experimental points, see
Fig. 17.
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Fig. 19. Total calculated kerma factor for neutrons on nitrogen compared with 

experimental measurements of Brady et al. [14].
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Nuclear reactions induced by keV energy neutrons provide a plenty of informations for 
studies of both astrophysics and nuclear physics. In this paper we will show our experi­
mental studies of neutron- induced reactions of light nuclei in the keV energy region by 
means of a pulsed keV neutron beam and high-sensitivity detectors. Also we will discuss 
astrophysical and nuclear-physical consequences by using the obtained results.

1. Introduction
Origin of the elements is one of the most fundamental questions of nature. In the cur­
rent astrophysics, it is considered that elements are produced by processes of nucleosyn­
thesis occurring in the early universe and in stars. Neutron-induced reactions of light 
nuclei play quite important roles in nucleosynthesis in both sites. In the primordial 
nucleosynthesis, the standard big bang scenario/1,2/ predicts only negligible amounts 
of nuclei other than 2H, 3He, 4He and 7Li were produced because of the gaps at mass 
numbers of A = 5 and 8. However, if the QCD phase transition takes place by first- 
order, a fluctuation of the baryon density is formed, and the space is separated into two 
zones of the proton-rich one and the neutron-rich one. This is so-called the inhomoge­
neous big bang model/3/. In this model nucleosynthesis can proceed beyond the above 
mass gaps/4-6/, and in the neutron rich zone heavier nuclei can be produced via re­
action chains such as 1H(n,7)2H(n,7)3H(d,n)4He(t,7)7Li (n,7)8Li(a,n)uB(n,7)12B(e- ue)
12C(n,7)13C(n,7)14C(n,7)15C ..... and so on. Since these reaction chains include many
neutron-induced reactions of light nuclei, the efficiency of nucleosynthesis strongly de­
pends on the cross sections of these reactions. Here the neutron energy range of interest 
is from a few to a few hundred keV, corresponding to the temperature of the universe 
in the era of the primodial nucleosynthesis. Therefore the keV neutron-induced reaction 
cross sections of light nuclei are important. On the other hand, nuclei heavier than 56Fe are 
considered to be produced by neutron capture processes of stellar nucleosynthesis. There 
are two kinds of neutron capture processes. One is slow neutron capture (s-) process, 
and another is rapid neutron capture (r-) process. They are considered to be occurring in 
helium burning zones of evolved stars and in super novae, respectively. Neutrons for the 
s-process are supposed to be provided from the 13C(a,n)160 reaction in low and interme­
diate mass stars and the 22Ne(a,n)25Mg reaction in stars heavier than ten solar mass/7,8/. 
However, helium rich zones usually contain large quantities of light nuclei such as 12C, 
14N, 160 etc., s-process may be hindered if the neutron-induced cross sections of those 
light nuclei are too large. Such light nuclei are called ’neutron poisons’/9/. So the cross 
sections of light nuclei are crucial also in stellar s-process.

From the view point of nuclear physics, neutron capture reactions of light nuclei are
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quite useful to study capture mechanisms, properties of the excited states of the produced 
nucleus, and so on/10,11/.

So far we have measured (n,7) cross sections of ^H, 7Li, 12C, 13C and 160 and an 
(n,p) cross section of 14N. In the following we would like to demonstrate outlines of the 
12C(n,7)13C and14N(n,p)14C experiments as examples. Also we will show astrophysical 
and nuclear-physical consequences.

2. Measurement of the 12C(n,7)13C reaction

2.1 Experimental method
The experiment was carried out at the Research Laboratory for Nuclear Reactors (RLNR) 
in Tokyo Institute of Technology/12/. We employed a 1.5 ns pulsed neutron beam and a 
method of the prompt 7-ray detection. The pulsed neutron beam was generated by using 
the 7Li(p,n)7Be reaction (Q — 1.64 MeV). The proton energies were adjusted to 1.955,
2.13 and 2.48 MeV in order to produce neutrons in the energy ranges from 10 to 75 keV, 
from 30 to 250 keV and from 450 to 600 keV, respectively. The energy distribution and 
the intensity of the neutron beam was monitored with a 6Li glass scintillation counter 
during the experiment. Fig. 1 shows an example of the neutron energy spectrum with 
the average enregy of between 10 and 75 keV.

Neutron Spectrum

0.005

100 200 
Neutron Energy [keV]

Figure 1. A neutron energy spectrum observed with a gold sample.

The neutron beam irradiated a natural carbon sample made of graphite of the reactor 
grade. The thickness, the diameter, and the density were 24.8 mm, 60.2 mm and 1.66 
g/cc, respectively, and the number density of 12C nuclei was 0.2041 atoms/b. Prompt 
7-rays from the produced nuclei were detected with a high-sensitivity 7-ray spectrometer. 
Fig. 2 shows a schematic drawing of the spectrometer. The spectrometer consists of a 
central Nal(Tl) scintillation counter with a diameter of 7.6 cm and a length of 15.2 cm, 
a cylindrical one with a diameter of 25.4 cm and a length of 28.0 cm. The latter is used 
as a Compton suppressor and a veto counter for charged cosmic rays and background 
7-rays from surroundings. We used a shielding made of 20 cm thick borated paraffin and 
a shielding made of 10 cm thick lead, in order to reduce backgrounds due to neutrons and 
neutron-induced 7-rays, respectively.
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Li-glass 1

Figure 2. A schematic drawing of the cross section of the 7-ray spectrometer.

The spectrometer was set at the angle of 125° with respect to the neutron beam axis. 
Since we can safely assume the 7 transitions are dominated by dipole ones in the keV 
energy region, the second Legendre polynomial vanishes at this angle, and we can obtain 
the angle-integrated 7-ray intensities. In this measurement we made three kinds of runs 
with the carbon sample, the gold sample, and without any sample. Since the cross section 
of the 197Au(n,7)198Au reaction is known with accuracy of better than about 3% up to 
a few hundred keV/13/, we could use it as a normalization of the measurement. The 
run with no sample was done to measure the energy spectrum of the incident neutron 
without disturbance due to the neutron scattering in samples. These three kinds of runs 
were carried out cyclically in order to remove the effect of the time dependences of the 
conditions of the apparatuses and the neutron beam.

2.2 Data analysis
Fig. 3 shows a neutron TOF spectra measured with the 7-ray spectrometer.

: 197,

1000
CHANNEL

Figure 3. A neutron TOF spectrum for the gold sample measured with the 
7-ray spectrometer.

In this spectrum, TOF is plotted against the abscissa, namely it is decreasing as 
the channel number increases on the horizontal axis. A sharp peak at 1170 channel is
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due to the |gamma-rays from the 7Li(p,7)8Be and 7Li(p,p’ 7)7Li reactions. A broad peak 
distributed between 100 and 1100 channels corresponds to the 197Au(n,7)198Au reaction 
events. In order to obtain the cross sections for different neutron energies, we set several 
gates on the TOP spectrum as shown in Fig. 3. FGs are the gates for the foreground 
events, and BG is the one for the background events including the events due to thermal 
neutrons, cosmic rays, 7-rays from surroundings, and so on. Net spectra of the 7-ray 
pulse heights for each gates are obtained by subtracting the spectrum for BG from the 
ones for each FGs.

Energy [MeV]

Figure 4. A net spectrum measured with the 13C sample.

Fig. 4 shows an example of the net spectra obtained for the gate FG3. In Fig. 4, 
we can find several peaks due to the 7-rays emitted from the transitions of the produced 
13C nuclei. An intensity of each 7-rays was obtained by fitting the peak with the response 
function of the 7-ray spectrometer. The partial cross section a, from the captured state 
to a low-lying i-th state is obtained by using the corresponding transition intensity I, as 
follows :

- n X N X 4)a* x JAu 

(fi x N x <f>)i2C x Ii
where fl, N, and cf> denote the solid angles of the samples to the 7Li neutron source, the 
thicknesses of the samples, and the neutron intensities in the measurements, respectively. 
Iau stands for the transition intensity of the 197Au(n,7)198Au reaction. A coefficient C is 
a correction factor for the multiple scattering effect and the absorption of the incoming 
neutrons in each samples. The correction factor was calculated by using a Monte Carlo 
cord TIME-MULTI developed by Senoo et al./14/.

2.3 Results
The partial cross sections were obtained as listed in Table 1.

En En c.s.—>gnd
Partial (^tb) 

c.s.—>lst c.s.—>2nd c.s. >3rd
Total (fib)

12—26 21 3.0T0.8 6.7T1.2 Oil.3 0.9±0.9 11.9T2.2
30-50 40 1.2T0.4 8.7T1.0 0.9T1.2 0.4T0.5 11.2T1.7
30—70 50 1.8T0.6 8.6±1.1 l.OiO.5 1.9T0.9 13.1T1.6
30~75 60 2.2T0.7 11.2T1.5 l.lil.O 1.5±2.8 15.9±3.4
70-130 97 1.0T0.3 12.3T1.3 0.6T0.4 1.3±1.0 15.2T1.7
160-250 199 1.6T0.7 16.5T2.2 0.7T0.7 2.8±3.4 21.6T4.1

Table 1. Summary of the 12C(n,7)13C cross sections.
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2.4 Discussions
The presently obtained 12C(n,7)13C total cross section is about ten times larger than the 
values obtained from the thermal capture cross section with 1/v extrapolation, which has 
been used in previous calculations of nucleosynthesis. This result indicates that heavy 
element production can be more efficient than previously expected in the inhomogeneous 
big bang nucleosynthesis. On the other hand, stellar heavy element synthesis will be hin­
dered due to consumption of neutrons by the 12C(n,7)13C reaction. Especially, the effect 
of 12C will be more important in low metalicity stars, because the neutron capture by 
heavier nuclei become negligible.

As for the reason why the cross section becomes much larger than the 1/v extrapo­
lated value, the energy dependences of the partial cross sections give us hints. We can 
find the total capture cross section is dominated by the partial one for the transition from 
the captured state to the first 2sl/2 state. This transition is likely to be occuring by 
El transition in the energy range of the present concerns, and therefore the initial 12C 
0+ state has to absorb the p-wave compornent of the incident neutrons. And if we can 
assume that the state of the core 12C nucleus is not changed in the case of the p-wave 
neutron capture, the cross section becomes proportional to the velocity of the neutron, or 
the square root of the neutron energy equivalently. Consequently, the total cross section 
becomes much larger than the 1/v extrapolated value. This implies that the 12C(n,7)13C 
reaction occurs with the direct capture mechanism, and the 2sl/2 state of 13C has a strong 
single-particle character. A theoretical discussion is made by Mengoni in his contribution 
to this symposium.

2.5 Preliminary results for the other reactions
Recently we studied two reactions of 7Li(n,7)8Li and 13C(n,7)14C, and preliminary results 
were obtained as shown below.
2.5.1 7Li(n,7)8Li
This reaction is important in the inhomogeneous big bang nucleosynthesis, because they 
are included in the reaction chain shown in Sec. 1. And it is also important concerning 
the solar neutrino problem. Namely, the discrepancy between the theoretically predicted 
solar neutrino flux and the experimentally measured one has been a long-standing serious 
problem/15/. One of the solutions to the problem is that in the theoretical prediction 
the neutrino flux from the 8B beta decay may be overestimated by using a too-large value 
of the cross section of the 7Be(p,7)8B reaction, which is a part of the CNO cycle of the 
hydrogen burning in the sun. In reality, the cross section at the temperature of the solar 
center is far smaller than the limit of the experimental sensitivity at present. So the cross 
section has been estimated by extrapolating the experimental data at higher energies, and 
it cannot be avoided that a no small systematic error is introduced with the extrapolation. 
Here the study of the 7Li(n,7)8Li reaction may provide informations with which we can 
verify the estimated value of the 7Be(p,7)8B reaction cross section. This is because the 
7Li(n,7)8Li reaction is a mirror reaction of 7Be(p,7)8B, and the 7Li(n,7)8Li cross section 
is expected to be convertible into the 7Be(p,7)8B one by taking into account the effects 
of the electromagnetic interaction properly. And in the real experiment it is much easier 
to measure the 7Li(n,7)8Li reaction, since the 7Li(n,7)8Li reaction is not hindered by the 
Coulomb barrier in contrast with the 7Be(p,7)8B reaction.

In the 7Li(n,7)8Li experiment we used the procedure similar to that for the 12C(n,7)13C 
experiment, except for the 7-ray detector and the (n,7) sample. In this experiment we 
employed a new 7-ray detector, consisting of four Nal(Tl) crystals with a diameter of 
22.9 cm and a length of 20.3 cm. As for the 7Li sample we used a disk made of Li20 
with a diameter of 64 mm, in which 7Li was enriched to 99.94was 0.101 atoms/b. As 
the prelimiary results, 52.3±3.3 [ib and 32.1±2.0 /ib were obtained as the total cross sec­
tion at the average neutron energies of 24.9 keV and 50.7 keV, respectively. This result 
seems to support the relatively smaller value of the 7Be(p,7)8B cross section estimated 
by Barker/16/, and it can partly reduce the discrepancy between the predicted 8B solar 
neutrino flux and the measured one.

-135-



JAERI-Conf 97-004

2.5.2 13C(n,7)14C
The contribution of the 13C(n,7)14C reaction in the inhomogeneous big bang nucleosyn­
thesis is important as well as the above discussed reactions. In addition, the reaction may 
be one of the strong neutron poisons for the s-process operating with the 13C(a,n)160 
neutron source, because it can absorb not only the produced neutrons but also the 13C 
seed nucleus.

The measurement of the 13C(n,7)14C reaction cross section was carried out with the 
same experimental procedure and the same 7-ray spectrometer as the 12C(n,7)13C mea­
surement. We used a sample of 99.9% enriched 13C packed in a container made of natural 
carbon. The thickness of the sample was 0.0459 atoms/b. The obtained results are listed 
in Table 2.

En En
Partial (/Lib)

c.s. ->g.s. 1st—>g.s. 5th—>g.s.
Total (^b)

10~40 25.7 
41 ~87 61.1

1.3±0.6 12.2±2.6 6.3±2.5 
0.8±0.3 9.8±1.3 1.6±1.1

19.8±3.7
12.2T1.7

Table 2. Summary of the 13C(n,7)14C cross sections

3. Measurement of the 14N(n,p)14C reaction

14N is produced efficiently by the CNO hydrogen burning, and thus it is the secondary 
abundant nuclide in the helium burning zones. The mass fraction of 14N in the helium 
burning zones is typically of the order of 10~4/17/. When the helium burning is operat­
ing, 14N can be converted through the reaction chain 14N(q,7)18F(/3+)180 (a,7)22Ne into 
22Ne, which is one of the candidates of the neutron sources for s-process. 14N, however, 
may also act as a strong neutron poison for s-process, because the 14N(n,p)14C reaction 
cross section is very large compared to the neutron-induced reaction cross sections of other 
nuclei at stellar temperature. Therefore the effect of 14N on the s-process is very crucial. 
Nevertheless the effect is still uncertain. This is mainly due to large discrepancies between 
the data of the 14N(n,p)14C cross section in the keV region, which were obtained by pre­
vious experiments. For example, Brehm et al. obtained 0.81 ±0.05 mb and 0.52±0.06 mb 
at kT — 25.0 keV and 52.4 keV, respectively/18/. These values are factors of 2~3 smaller 
than the evaluated ones by Fowler et al./19/ by using the data of reverse reactions/20/, 
which were used in previous calculations of the s-process nucleosynthesis. On the other 
hand, Koehler and O’Brien measured the cross section in the neutron energies of between 
61 meV and 34.6 keV/21/, and the obtained values are consistent with the estimation. If 
the cross section is smaller than about a few hundred fib at kT = 25.0 keV, the effect of 
14N as a neutron poison becomes less important, since the neutrons are absorbed mainly 
by not 14N but heavier nuclei. But if the cross section of 14N is as large as a few mb, the 
effect of 14N cannot be neglected. Therefore it is needed to obtain a reliable cross section 
of the 14N(n,p)14C reaction in order to investigate the effect of 14 N as well as the heavy 
element synthesis by the s-process.

3.1 Experimental method
In the experiment we used a keV energy pulsed neutron beam at RLNR, which is the 
same as the one used in our (11,7) measurements. We employed a detector called Gas 
Scintillation Drift Chamber (GSDC)/22/. The GSDC is a hybrid of a gas scintillation 
counter and a time projection chamber. Since it is filled with a mixture of He and N2, it 
serves as an active gas target. Therefore a detection efficiency of nearly 100% and a solid 
angle of 4tt are obtained. Fig. 5 shows a schematic drawing of the experimental setup.

The neutron beam was introduced into the GSDC through a neutron collimater made 
of berated paraffin and a 7-ray shield made of 10 cm lead bricks. We used two kinds of 
gas samples, a mixture of 80% natural He and 20% N2 (hereafter "natural sample”), and 
a mixture containing 0.31% 3He in addition to the natural sample (hereafter "enriched 
sample”). Since the cross section of the 3He(n,p)3H reaction is well known in the keV
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energy region/23/, it can be used for calibrating the detection efficiency of the GSDC. 
Pressures of the sample gases were kept at 600 Torr.

Figure 5. The experimental setup in the 14N(n,p)14C measurement.
NS: 7Li neutron source, NC: neutron collimeter, GS: 7-ray shield, 
n: neutron beam, ER: effective region, BOX: gas-tight box,
PMT: photomultiplier tubes.

When an incoming neutron causes an (n,p) reaction event in the active region of the 
GSDC, an emitted proton moves in the gas by producing both ionized electrons and ex­
cited gas atoms. The ionized electrons are detected by sense wires of the GSDC, and the 
signals provide informations about the shape of the track and the energy of the proton. 
With these informations, the (n,p) reaction events can be separated from the background 
ones with a high selectivity. The excited atoms produce prompt scintillation photons 
with a life time of a few nsec. By detecting these photons, we could obtain signals of the 
(n,p) reaction time, which was used as both the time signal of the time-of-ffight (TOP) 
measurement and the trigger signal of the GSDC. The TOP measurement was carried out 
not only to measure neutron energies but also to reject the contribution of the thermal 
neutrons. Since they have no time-correlation with the incident neutron pulse, they pro­
duce a constant background component in the TOP spectrum. So we can subtract the 
thermal background by setting appropriate gates in the TOP spectrum as follows.

3.2 Data analysis
In Fig. 6 histograms (a) and (b) show the neutron TOP spectra obtained for the measure­
ments with the enriched sample and the natural one, respectively. Here, in the histogram 
(b), the values five times as much as the real observed counting rates.

Here sharp peaks around 0 channel are due to the signals of the 7-rays from the 
7Li(p,7)8Be reaction events occuring at the 7Li neutron source. Broad humps between 14 
and 50 channel consist of two components, the (n,p) reaction events by the keV neutrons, 
and the ones by the thermal neutrons. In order to obtain net (n,p) counting rates, we set 
three gates of FGl, FG2, and BG, corresponding to the foreground events due to higher 
energy neutrons, the one due to lower energy neutrons, and the background events mainly 
due to thermal neutrons, respectively.

Fig. 7 is an example of net spectra of protons, obtained with the gate FGl for the 
enriched sample gas. A broad peak around 80 channel is due to the protons which have 
complete trajectories in the effective region of the GSDC. A net counting rate Rfciienr.) 
for the gate FGl was given as an area of the spectrum above the discrimination level 
indicated in Fig. 7.
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Neutron TOP [5ns/ch]

Figure 6. Neutron TOF spectra for the enriched (a) and the natural (b) samples.

Discr. Level

Proton Pulse Height [ch]

Figure 7. A net spectrum of the protons in the measurement of the enriched sample.

Net counting rates Rpcii^r.), R.BG(enr.), Rpciinat.), and Rscinat.) were
obtained by the same procedure for the enriched sample and the natural sample. Here 
”enr.” and ”nat.” denote the types of the sample gases used to measure respective Rs. 

The cross section of the 14N(n,p)14C reaction is given as follows :

N(^e) ^ ^
R(3He) e{uN) JV(14JV) ^(14iV) 1 h (3)

where a, e, N, and <p stand for the (n,p) cross sections, the detection efficiencies for the 
emitted protons, the surface densities of the (n,p) sample nuclei, and the neutron inten­
sities, for the measurements with the samples denoted by the indices, respectively.
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3.3 Results and discussions
The 14N(n,p)14C reaction cross sections were obtained as 1.67±0.33(stat.)±0.13(sys.) mb 
and 1.19±0.14(stat.)±0.10(sys.) mb at the average neutron energies of 35.8 keV (FG1) 
and 67.1 keV (FG2), respectively. The present result seems to be consistent with the 
data given by Koehler and O’Brien/21/, and the one by Gledenov et al./24/. These are 
supporting the evaluated values in ENDF/B-VI/25/. This implies 14N is potentially a 
neutron poison for the s-process nucleosynthesis. The effect of 14N on stellar s-pro cess 
nucleosynthesis was studied by simulating nuclear reactions occuring at helium burning 
shells. We used a calculation cord ZNT471 (Hashimoto et al./26/), and used a model of 
a star with the following assumptions :
i) the temperature T and the total mass density D of the helium shell are fixed at 

T — 2.5x10® K and D — 1.4xl04 g/cm3,
ii) the effects of the convection of the zone and the rotation of the star are negligible, 

and
iii) the initial mass fractions of 1H, 4He and 14N are 18.1%, 20.0% and 0.0984%, 

respectively, and others are the same as the solar abundances.
Fig. 8 shows the results of the calculations with different values of the 14N(n,p)14C cross 
section. The solid curve indicates the time dependence of the neutron density in the he­
lium burning zones obtained by the calculation with the ’normal value’ of the cross section 
evaluated by Fowler et ah, which is generally used in calculations of nucleosynthesis by 
s-process. The long-dashed and short-dashed curves were obtained with the double and 
half values of the normal cross section, respectively. This result indicates that the neutron 
density in the helium burning zones strongly depends on the 14N(n,p)14C cross section.

(normal) x 0.5

normal value

\ (normal) x 2

3000010000 20000 
Time [sec]

Figure 8. Calculated neutron densities in the helium burning zones with different 
values of the 14N(n,p)14C cross section.

4. Summary
The nuclear data of the keV neutron induced reactions of light nuclei are indispensable 
to study nucleosynthesis occuring in both stars and the early universe, and also useful to 
investigate the mechanism of the neutron capture process in the keV energy region, the 
properties of the excited states of the produced nucleus, and so on. For further researches 
of these subjects, the followings are to be studied :
i) neutron-induced reactions of the rare isotopes such as 180, 22Ne, 36Ar, etc., which are 

important in stellar nucleosynthesis,
ii) neutron-induced reactions with cross sections smaller than a few microb,
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iii) (11,7) reactions in the neutron energy range up to a few MeV, which are required in 
studying the neutron capture process,

and so on. For this purpose improvement of detectors and development of an MeV neu­
tron source are now in progress.
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The present precision of the aggregate decay heat calculations is studied quantitatively 
for 50 fissioning systems. In this evaluation, nuclear data and their uncertainty data are 

taken from ENDF/B-VI nuclear data library and those which are not available in this 
library are supplemented by a theoretical consideration. An approximate method is 
proposed to simplify the evaluation of the uncertainties in the aggregate decay heat 
calculations so that we can point out easily nuclei which cause large uncertainties in the 
calculated decay heat values. In this paper, we attempt to clarify the justification of the 
approximation which was not very clear at the early stage of the study. We find that the 

aggregate decay heat uncertainties for minor actinides such as Am and Cm isotopes are 
3-5 times as large as those for 235y and 239pu The recommended values by Atomic 
Energy Society of Japan (AESJ) were given for 3 major fissioning systems, 235[j(t), 
239pu(t) and 238u(f). The present results are consistent with the AESJ values for these 

systems although the two evaluations used different nuclear data libraries and 
approximations. Therefore, the present results can also be considered to supplement the 

uncertainty values for the remaining 17 fissioning systems in JNDC2, which were not 
treated in the AESJ evaluation. Furthermore, we attempt to list nuclear data which cause 
large uncertainties in decay heat calculations for the future revision of decay and yield 
data libraries.

1. Introduction

The precise determination of the production and decay of fission product nuclei 
is necessary from the viewpoints of not only their decay heat release but also their 
activities emitted for a long time. The knowledge of fission product properties serves as 
a basis in designing a heat removal system of a reactor, a spent fuel reprocessing plant 

and a final processing plant for radioactive wastes.
Thanks to the accumulation of the measured and properly estimated decay data
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for about two decades, the decay heat summation calculations for major fissioning 
systems, such as 235 y ancj 239pu> have come to give good agreement with the 

measured values within a typical error of 5%. However, this agreement does not 
guarantee the precision of the whole nuclear data or the prediction power for other 
fissioning systems. A higher burnup fuel in light water reactors, and transmutations of 
actinides and long-lived fission products require more precise knowledge of the 
properties of fission products from minor actinides, such as Cm and Am, which have 
not been considered well so far. In spite of their increasing importance, the nuclear data 
for these minor actinides seem to be still less accurate compared with those for major 
actinides.

The purpose of this study is to evaluate the uncertainties in the decay heat 
summation calculations for these minor actinide fissioning systems and to point out 
fission product nuclides whose yields, decay constants or decay energies need to have 
better precision. This work is also intended to be our first step for the precise 
determination of properties of fission product nuclei.

In this paper, we intend to make clear the justification of our approximation 
used in the uncertainty calculations. Some small errors found in the preliminary 
calculations [1] are also fixed in this paper.

2. An approximate summation calculation

Uncertainty calculations require derivatives of the decay heat power with 
respect to decay constants, fission yields, and decay energies. Consequently, the exact 
calculations are too complicated. In this paper we use an approximate method to 
calculate decay heat power. The approximate method has the following advantages:

(1) able to obtain the analytic solution easily,
(2) easier to calculate the derivative values analytically,
(3) easier to point out nuclear data to cause large uncertainties in the decay heat power.

The number of atoms of nuclide i, N\{t) is calculated with the following simplified 

decay chain which consists of at most only three nuclides.
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exact decay chain
decay constant X, X2 X, X,_3 X,_2 X,_, X,
nuclide X, X2 —» X3 —» ■ • • —> X, _2 —1► X,_ j —■> X, —►
initial value y, „V2 y3 V,_2 v,-_, y,.V.-2 V,-, y,

approximate decay chains
(1) For X], X2 and X3, the numbers of the atoms are calculated exactly, 
decay constant X2 X2 X3 

nuclide X, X2 —* X3 —* •••
initial value y, y2 v3

(2) For Xi (i>3), the number of atoms is calculated only with its mother (Xj_ 1) and 
grandmother (Xj-2) nuclides. The initial value for the number of atoms of the 

grandmother nuclide is taken to be its cumulative yield in order to take into account 
decays of the upper stream nuclides.

decay constant X2 X3 X4 

nuclide X2 —> X3 —* X4 —*
initial value Y2 y3 y4 (Y2 - v, + v2)

decay constant X, _2 X,_, X,
nuclide X,_2 -*Xi_l X, —*■ 
initial value Yt_2 y,_, y,

assumption
The difference between the exact and approximate values which is propotinal to 
X, / X3 is sufficiently small.

The present approximation is not affected much by even-odd effects which are 
relatively significant in the neighborhood of the stable nuclides. Actually, the decay 
heat power calculated in this approximation is found to be in excellent agreement with 
the exact value at cooling times less than 10^ (s) as shown in Fig. 1.
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0.90 -

Cooling time [s]

Fig. 1. The comparison between the approximate and exact decay heat power in the case 
of thermal fission of 235y

"i < mwu^ 1 i v n’rvtjj' d i h mithj «- i»it|t i i *nu

number
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Cooling Time (s)

Fig. 2. The overlap of the contributions from indivisual nuclides between the 
approximate and exact decay heat power in the case of thermal fission of 235y.
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Furthermore, with the method in paper 023 in this symposium, we confirm that 
this approximation gives accurate decay heat powers from indivisual nuclides and the 
number of atoms of each nuclides. Figure 2 shows the overlap fi which is a measure of 

the difference between exact and approximate calculations. When the result of the two 
calculations are equal, the overlap ji is equal to unity. We see that, for both atom 

numbers and decay energies, the contributions from the indivisual nuclides agrees very 
well at t < lQlO (s) except for a peak at 10^ (s) for atom numbers. This peak has no 

significance because the difference is due only to the number of atoms of the stable 
97mo. Therefore, the decay heat power is not affected at all.

Therefore, we perform the uncertainty evaluation in the decay heat summation 
calculation in the approximate method at cooling times less than 10*0 (s) in the case of 

instantaneous irradiation in the following. The uncertainty in the decay heat power in 
out approximation is given by

It should be noted that this equation includes terms with the cumulative yields because 
we use the approximate decay chains instead of the exact ones. The uncertainty value 
calculated in our approximate method is considered to be close to the exact one because 
the decay heat and the number of atoms of each nuclide are sufficiently in good 
agreement with the exact ones. Furthermore, although the introduction of the 

cumulative yields makes it impossible to point out the causal decay constant or 
independent yield values at long cooling times, our approximate method is still useful 
for finding out key nuclides which give substantial contributions to the total decay heat 
power. The correlation effects among uncertainty values of independent yields are also 
taken into account in the present uncertainty evaluation as in Refs. [2,3]. Therefore, the 
final formula for the uncertainty is more complicated than the above equation.

3. Nuclear data and their uncertainty values

Values of fission yields, decay constants, average decay energies and their 
uncertainties are taken from ENDF/B-VI. Unfortunately, this nuclear data library does 
not provide us with uncertainty values for decay constants and/or decay energies that 
were theoretically (or empirically) estimated. Therefore we supplement uncertainty 
values of these decay energies in a similar way to the one in Ref. [4]. As for the 
uncertainties in the estimated decay constants, we assume bX, = X, because the
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estimated decay constants often differ from the measured ones by an order of 
magnitude.

4. Results and discussion

We have calculated uncertainties in summation calculations of the beta, gamma 
and total decay heat for 50 fissioning systems. As an example, Fig. 3 depicts the cooling 
time dependence of the uncertainty in the gamma decay heat power for thermal fission 
of 235jj. We find similar cooling time dependence of the beta, gamma and total decay 

heat power for all fissioning systems. Namely, the uncertainty is relatively small in the 
range of cooling times between 104 and 10? (s) but large at shorter and longer cooling 

times. The large uncertainty at short cooling times reflects large uncertainties in nuclear 
data of nuclides with short half lives. The large uncertainty at long cooling times may 

imply the need for more precise knowledge of nuclear level structures. On the other 

hand, we see from Table 1 that the magnitude of the uncertainty value does depend on 
the fissioning system. The uncertainties for minor actinides are larger by a factor of 3-5 
than those for major actinides. Typical examples of the uncertainty values are 1-6% for 
235U(T), 2-7% for 239Pu(T), 4-12% for 241Am(F) and 5-3% for 244Cm(F).

Table 1. Uncertainties in decay heat summation calculations,

fissile pm Y(%) P+Y(*)
235U(T) 1*6 1*6 1*6
238u(F) 1*5 2*5 2*4
239Pu(T) 2*12 2*13 2*7
237Np(F) 3*12 3*9 3*9
241Am<F) 4*13 4*20 4*13
243Am(F) 5-13 5-16 4*12
244Cm(F) 4*13 5*20 5*13
246Cm(F) 5*14 6*17 5*12
248Cm(F) 5*15 6*15 5*12

146



JAERI-Conf 97-004

-—TOTAL
------ DECAY CONSTANT
—-INDEPENDENT YIELD
........CUMULATIVE YIELD
------ ENERGY

t 0.02

Cooling Time [sec]
Fig. 3. Uncertainties in the gamma decay heat calculation for thermal fission of 235y 

Also shown with arrows are the main causal nuclides for the large uncertainty values.

It should he noted that, as for 235(j(T), 239pu(X) and 238y(F) studied in Ref.

[4], the present results are consistent with Ref. [4] (AESJ recomendation values) in spite 

of differences in the nuclear libraries and approximations.
Furthermore, we find that each peak in Fig. 3 is caused by nuclear data of a few 

nuclides, and point out the main causal nuclides, some of which are shown with 
arrows.The more precise determination of these nuclear data will substantially reduce 
the uncertainties in the decay heat summation calculations.

We are now preparing to publish the complete list of these causal nuclides 
together with tables and figures of the uncertainty values in the decay heat calculations 

for all fissioning systems in order to serve as a guidance for tuning up the present 
nuclear data library.
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We have applied the Hartree-Fock+BCS method with Skyrme Sill force formulated in a 
three-dimensional Cartesian-mesh representation to even-even nuclei with 2 < Z <114. 
We discuss the results concerning the atomic masses, the quadrupole (m=0, 2) and 
hexadecapole (m = 0, 2, 4) deformations, the skin thicknesses, and the halo radii. We 
also discuss the energy difference between oblate and prolate solutions and the shape 
difference between protons and neutrons.

1 Introduction
Among theoretical attempts which aim at treating all the nuclides in a single framework, 
the simplest category seems to be the mass formula. Hence, let us focus the discussion 
in this section on the nuclear masses, although the purpose of our calculation is not 
restricted to the masses. The most familiar mass formula may be that of Bethe and 
Weizsaecker /l, 2/, which expresses the nuclear masses as a function of the number of 
neutrons (N) and that of protons (Z) as,

E{N, Z) = «VA + asA2/3 + aj{N - Z)2A~l + acZ2A~1/3, (1)

where A = N + Z. By changing the values of four coefficients, the r.m.s. error from 
experimental data /3/ of even-even nuclei can be decreased down to 3.5 MeV. The form 
of this formula originates in the liquid drop picture of the atomic nucleus together with 
a parabolic approximation to the dependence on the total isospin. The first step to 
decrease the error is to take into account the shell effect.

Taking into account the shell effect, the TUYY mass formula /4/, for example, 
achieved an r.m.s. mass error of as small as 538 keV. The number of fitting parame­
ters are 6 for the gross part (corresponding to the parameters of the Bethe-Weizsaecker 
formula) while that for the shell part is as many as 269: There is one parameter for each 
value of Z in an interval 1 < Z < 112 and one for each value of N in 1 < N < 157. 
It is not at all our intention to question the quality of the predictions of the TUYY 
mass formula in particular, and indeed its stability for extrapolations has been already 
demonstrated by the developpcrs of the formula, but generally speaking, less number of
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parameters are preferable for the reliability of the extrapolation to nuclei not synthe­
sized yet1. One usually switches to less phenomenological models in order to reduce the 
number of parameters.

The most elaborate one among such models seems to be the finite-range droplet 
model with a microscopic shell correction (FROM), whose latest update was done by 
Moiler et al. /5/. Another extensive calculation was carried out by Aboussir et al. /6/ 
in the extended Thomas-Fermi plus Strutinsky integral method (ETFSI).

The former as well as the latter methods can be regarded as approximations to the 
Hartree-Fock (HF) equation. The straight-forward solutions of the equation including 
deformation require long computation time for global calculations even with present 
computers. Such global results are not yet available to the public as far as we know. 
This is the reason why we have embarked on an extensive HF + BCS calculation.

In this paper, we utilize a widely used force of the Skyrme Sill to examine what 
predictions it makes for a large number of nuclei, rather than aiming at the determination 
of the parameters of the force through calculations requiring by two orders of magnitude 
as long computation time as the calculations for this paper.

2 Set up of the calculation
For the mean-field part of the interaction, we adopt the Skyrme force. The Skyrme force 
is an effective interaction widely used in mean-field calculations. It is essentially a zero- 
range force but modified with the lowest order momentum dependences to emulate the 
finite-range effects, a density dependence to reproduce the saturation, and a spin-orbit 
coupling term.

The relation between the Skyrme-HF model and the relativistic mean-field model /7/ 
has been discussed by many authors (see, e.g., Ref. /8/), which has invoked arguments on 
the density dependence (the ratio of the isoscalar to the isovector density dependences) of 
the spin-orbit term /9, 10, 11, 12/. However, as these arguments arc not yet conclusive, 
we rather like to use the old but well-examined standard form of the Skyrme force in 
this paper.

Among the many parameter sets proposed for the Skyrme force, we choose the Sill 
/13/. Its validity has been examined in many nuclear structure calculations. In par­
ticular, it produces single-particle spectra in good agreement with experiment. It also 
reproduces fairly well the N — Z dependence of the binding energy /14/ compared with 
other widely-used parameter sets of SGII /15/ and SkM* /16/. Although its incompress­
ibility is said to be too large, it is not a serious drawback because elaborate fittings of 
the parameters of the Skyrme force /12/ and the FROM /5/ have shown that different 
assumptions for the incompressibility lead to practically the same quality of fittings to 
nuclear masses.

The force SkSC4 /6/ was determined through the most extensive fitting to nuclear 
mass data among the Skyrme forces. It is not our intention to criticize the force, but 
it should be noticed that the fitting was done in the ETFSI scheme, which produces 
unnegligibly different energy from that of the HF method. Because of this disadvantage,

1 Here, again, we are not talking of the TUYY mass formula in particular, because the TUYY mass 
formula features the relatively small number of parameters as a mass formula expressing the masses as 
a simple and explicit functions of TV and Z. Other formulae contain about 500 parameters, because 
they have one parameter for each value of A in addition to TV and Z.
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we do not choose the force SkSC4 in this paper. In future calculations, this force is 
certainly one of the important forces to be tried.

For the pairing channel of the intercation, we used the seniority force. The seniority 
force is a most commonly used force for the description of the pairing correlation. Its 
pair-scattering matrix elements are usually defined as a constant. We multiply them with 
cutoff factors depending on the single-particle energy. For the form of the cutoff function, 
see Ref. /17/. This cutoff function is very important because in the BCS treatment of 
nuclei far from the ^-stability line, one has to take care so that the continuum states are 
not occupied, which give rise to unphysical nucleon gas extending over the entire box.

In order to treat a wide range of nuclei on a single footing, we need a prescription to 
determine the strength of the pairing interaction for each nucleus. For this purpose, we 
have developed a method based on the continuous spectrum approximation which uses 
the semiclassical single-particle level density obtained in the Thomas-Fermi approxima­
tion. We replace the strength with 0.6 MeV when it exceeds 0.6 MeV.

It should be kept in mind that a more accurate treatment of the pairing is necessary 
for deformed and/or near-drip-line nuclei than for spherical stable nuclei. One should 
not underestimate the importance of the pairing from one’s experience with stable and 
spherical nuclei. The pairing correlation influences on the deformation as well as on 
the location of the neutron drip line. For example, one can see in Ref. /14/ that the 
potential energy curve of 186Pb is substantially changed when the pairing interaction 
strength is slightly reduced. Similar example of 80Zr is discussed in Ref. /17/.

We use a HF + BCS code EV8 /18/, in which the single-particle wavefunctions are 
expressed in a three-dimensional Cartesian-mesh representation, while most of the other 
methods for deformed nuclei express the single-particle wavefunctions by the expansion in 
a harmonic oscillator basis. Let us mention three advantages of the mesh representation. 
First, it is capable of treating nucleon skins and halos. In contrast, they cannot be 
described efficiently in the oscillator-basis expansion because the asymptotic form of 
wavefunctions far from the nuclear surface is determined by the basis. Second, one can 
treat exotic (e.g., high-multipole) shapes and large (e.g., super and hyper) deformations 
without preparing a basis specific to each shape. Third, the saturation property of 
density makes the atomic nucleus a very suitable object to the mesh representation.

In the three-dimensional Cartesian-mesh representation, each single-particle wave- 
function y, z) is defined in a rectangular box (—\LX < x < ~LX, ~\Ly <y< \Ly, 
— \Lz < z < \LZ) with its values V'y* at cubic mesh points, (xi, yj, z&) = [i — j - 
k — |)a, where i, j, and k take on integers. In this study, the mesh size a is set to 1 fm, 
while the size of the box is Lx — Ly = 26 fm, Lz = 28 fm for Z < 82 and Lx = Ly = 28 
fm, Lz — 30 fm for Z > 82. The nucleus is placed at the center of the box.

We impose a symmetry with respect to reflections in x-y, y-z, and z-x planes (the 
point group Dgh)- This symmetry allows triaxial solutions, although all of our solutions 
have eventually turned out axial and stable against 7-deformation. On the other hand, 
the symmetry prohibits odd-multipole deformations, which may not be negligible in some 
actinide nuclei. According to the calculations with the FRDM /5/, the nucleus 222Ra 
has the largest octupole deformation (/?3 = 0.15, the energy gain due to the octupole 
deformation is —1.4 MeV), while except in the neighborhood of this nucleus the octupole 
deformation occurs only in odd-A and odd-odd nuclei.

One might wonder that a mesh size of 1 fm were too large to describe the abrupt 
change of density at nuclear surface. It was demonstrated in Ref. /18/, however, that 
the mesh size can produce enough accurate results for several spherical nuclei with mass
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below ^Pb. We did a similar test of accuracy for a deformed actinide nucleus 240Pu 
and found that the relative errors of the quadrupole moment and the total energy are
0.4% and 0.5%, respectively. (The method of the extrapolation to a —» 0 is explained in 
Ref. /17/.) This order of accuracy is higher than necessary for the quadrupole moment, 
while it is not for the energy to make comparison with experiments. Considering that 
the r.m.s. deviation of the atomic masses of recent mass formulae is ~ 0.5 MeV, the 
desirable precision is of the order of 0.1 MeV, which is only 0.005 % of the total binding 
energy of 240Pu. Therefore, the binding energy, but not the other quantities, has to be 
corrected for the effect of the finite mesh size.

The origin of this unexpectedly high accuracy with apparently coarse meshes has 
been explained by Baye and Heenen /19/. The equation to determine { V’ijfc } is usually 
derived through a discrete approximation to the Schroedinger equation. They presented 
an alternative point of view, in which they introduced a set of orthogonal basis functions 
fijk{x,y,z) such that { ipijk } are the coefficients to expand ip(x,y,z) in this basis. (In 
this point of view, the equation for { ipijk } is determined uniquely from the variational 
principle.) This basis can be unitary-transformed to plane-wave basis with |k«| < ■n/a 
(k = x, y, z), which suggests that the atomic nucleus is a very suitable physical object 
to apply the mesh representation because the saturation property of nuclear matter 
guarantees the suppression of large-momentum components in wavefunctions from the 
view point of the Thomas-Fermi approximation.

To enjoy this high accuracy, the method to determine { V’ijjk } must be in accordance 
with the view point of Baye and Heenen. Exact variational treatment with the plane- 
wave basis requires, however, long computation time and diminish the simplicity of the 
Cartesian-mesh representation. The code EV8 is designed to emulate the plane-wave 
expansion method, though it is based on the discrete approximations, by choosing the 
appropriate orders of approximation formulae for derivatives (the 7- and 9-point formulae 
for the first and second derivatives, respectively) and integrals (the mid-point formula).

The calculation has been done for N ranging from outside the proton drip line to 
beyond the experimental frontier in the neutron-rich side. This paper is mainly con­
cerned with the proton-rich nuclei than the neutron-rich ones. We thoroughly explore 
the proton-rich side, even to beyond the proton drip line by several neutrons, while 
restricting the investigations in the neutron-rich side within the experimental frontier 
plus a few neutrons. This is because the HF+BCS method used in this paper cannot 
correctly include the coupling in the pairing channel with the continuum, which can be 
influential in nuclei near the neutron drip line /20, 21/. The HF+BCS method including 
the coupling with the continuum gives rise to unphysical neutron gas surrounding the 
nucleus. The solution of this problem requires the Hartree-Fock-Bogolyubov method, 
with which ordinary and pair densities are spatially localized when the Fermi level is 
at a negative energy /20/. On the other hand, for nuclei near the proton drip line, 
the HF+BCS method is still applicable in practice to obtain localized solutions because 
the Coulomb barrier confines the wavefunctions of low-and-positive as well as negative 
energy levels.

We obtained spatially localized solutions for 1029 nuclei, together with the second 
minima for 758 nuclei. The other details of the method of the calculations are described 
in Refs. /17, 22/.
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3 Results of the calculation
The results of our HF+BCS calculations with Skyrme Sill force are available as data ta­
bles. The data are given not only for the ground states but also for the lowest exited local 
minima of the HF+BCS equation. The latter represent shape isomers. The tabulated 
quantities are the atomic masses, nuclear binding energies, Fermi levels, pairing gaps, 
r.m.s. radii, quadrupole moments, deformation parameters, skin thicknesses, halo radii, 
kinetic energy, spin-orbit energy, pairing energy, and the direct part of the Coulomb 
energy. Moments and deformation parameters are given for protons, for neutrons, and 
for the mass.

In this paper, we define the deformation parameters as those of a sharp-surface 
uniform-density liquid drop which has the same moments as the HF+BCS solution has.

3.1 nuclear mass

The calculated masses have been corrected for the inaccuracy due to the finite mesh 
size of a=l fm /17/. This kind of correction is necessary only for the masses, because 
their relative errors have to be by far smaller than those of other quantities in order to 
compare with experimental data.

iFrom the calculated masses, we found regions of enhanced stability around double­
magic nuclei with (IV, Z) = (50,50), (82,50), and (126,82). Another double-magic nu­
cleus (82,82) is outside the two-proton drip line. The super-heavy double-magic nucleus 
(184,114) does not look like a local minimum of nuclear mass in our result.

The two-proton drip line of the HF+BCS with Sill and that of the FRDM are 
overlapping in most places. The distance between them is AZ=4 for N=40, AjV=4 for 
Z — 42 and 78, and AZ < 2 and AN < 2 for the other isotope and isotone chains.

The two-neutron drip lines of the two theoretical approaches are also close to each 
other. The difference looks of the same size as that between the FRDM and the TUYY 
mass formula /4/, both of which are models whose parameters were determined through 
extensive fittings to the mass data. This fact indicates the quantitative appropriateness 
of the macroscopic isospin dependence of the Sill force.

The calculated masses tend to be overbinding for Z=8 and 20 isotopes, and N=50, 
82, and 126 isotones. Unlike spherical nuclei including these semi-magic isotopes and iso­
tones, deformed nuclei have positive errors, which are about 3 MeV rather independently 
of the size of deformation.

The largest underbinding (about 7 MeV) occurs in 8Be, which is the most strongly 
deformed nuclei among the 1029 nuclei. An additional binding is expected to arise from 
the angular momentum projection effect.

Table 1: R.m.s. mass differences (MeV)
AW'93 TUYY FRDM ETFSI EV8C

TUYY 0.52 (480)
FRDM 0.68 (462) 4.31 (1521)
ETFSI 0.74 (430) 4.27 (1472) 2.74 (1742)
EV8C 2.22 (480) 2.59 (977) 2.50 (958) 2.26 (940)
MACRO 3.55 (480) 17.25 (2228) 16.07 (2246) 8.29 (1895) 5.71 (1029)
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In Table 1, we show the r.m.s. differences of the masses of even-even nuclei between 
theoretical models as well as between the experiments and the models. In the table, 
AW'93 represents the experimental atomic mass table by Audi and Wapstra (their best 
recommended values excluding those estimated from systematic trends) /3/, TUYY the 
mass formula of Tachibana et al. /4/, FRDM the finite-range droplet model /5/, ETFSI 
the extended Thomas-Fermi Strutinsky integral method with the SkSC4 force /6/, EV8C 
the HF + BCS results using the Skyrme Sill force with the correction, and MACRO the 
Bethe-Weizsaecker type function fitted to AW’93. In parentheses are the number of 
nuclei to calculate the difference. The r.m.s. deviation from AW’93 is 2.2 MeV for 
EV8C, which is 3-4 times as large as that of 0.52 MeV for TUYY, 0.68 MeV for FRDM, 
and 0.74 MeV for ETFSI. It should be noticed, however, that the parameters of FRDM, 
TUYY, and ETFSI were fitted to all the available recent experimental mass data while 
the parameters of the Sill force were determined by fitting to the masses and charge 
radii of only seven spherical nuclei. In addition, the number of the fitting parameters is 
275 in TUYY, 19 in FRDM, and 8 in ETFSI, while it is only 6 in the Sill force.

3.2 quadrupole moment

We compare the calculated quadrupole moment with the intrinsic quadrupole moment 
Qo deduced from the experimental B(E2;0+ —> 2+) values (given in Ref. /23/ for 289 
even-even nuclei ranging over 4 < Z < 98). The deduction was done assuming a rigid 
rotor model.

For nuclei with |Qo| < 3.5 b, the agreement with experiment is mostly excellent. 
For nuclei with smaller |Qo|, however, it often occurs that the HF+BCS solution has a 
spherical shape when the experimental B(E2) is not necessarily very small. This may be 
explained by attributing the enhanced B(E2) not only to static deformations but also to 
the collective shape oscillation around the spherical equilibrium. It may also be related 
to the complicated landscapes of the potential energy curves of nuclei with A = 50-100.

The largest discrepancy is found in 222Th, whose experimental Qo is 5.5 b while the 
HF+BCS solution is spherical.

The even-even nuclei having the largest intrinsic quadrupole moment is 252Cf in the 
experimental table, while it is 244Rf among the 1029 HF + BCS solutions (Qo= 16.6 b).

3.3 quadrupole deformation
We found that nuclei at major-shell closures are spherical except for some N = 28 isotones, 
while the deformation develops between the major-shell closures. Such pattern of the 
development of deformation looks regular for mass less than one hundred, while it is 
not so regular for mass greater than one hundred, i.e., the change of deformation along 
isotope or isotone chains is not always smooth. In addition, oblate ground states are 
embedded here and there in light-mass region while for heavier-mass nuclei they are 
found only exceptionally in regions near major-shell closures.

Our calculations tend to predict smaller deformations than the FRDM for nuclei in 
28 < Z, N < 50. These discrepancies in deformation often occur in a manner that our 
model gives a spherical shape while the FRDM predicts 6 ~ 0.4. These are originated 
in shape coexistence, i.e., the potential energy curve has more than one minimum which 
are energetically competing within 1 MeV or so.
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The largest deviation from the experimental 020 deduced from B(E2;0+ —* 2+) was 
found in 12C. The largest deformation among the 1029 even-even nuclei which we calcu­
lated occurs in 8Be (<^=0.62).

3.4 hexadecapole deformation

The axial hexadecapole deformation parameter a40 of the ground-state solutions becomes 
sizable for Z > 50. The sign is positive in the first half of the major shells and negative 
in the second half. This behavior is in agreement with the results of the FRDM /5/ 
as well as with a naive expectation from the density profile of pure-j single-particle 
wavefunctions. The largest value of |a4o| is about 0.1 both for positive and negative 
signs.

3.5 axial asymmetric deformation

Non-axial deformation parameters have turned out very small.
Deformations with the magnetic quantum number m-2 (i.e., triaxial deformations) 

are almost vanishing for all the nuclei we calculated: The magnitudes of |a22| and |o42| 
are smaller than 10-4.

The deformation with m = 4 (o44) is larger than those with m —2. Its typical size 
is of the order of 10-3. However, these small non-axial deformations cannot affect any 
observables in experimentally detectable ways. Incidentally, it is an interesting problem 
how (144 develops as the angular momentum increases /24/.

There is a supplementary comment on the m—A deformations: For m—2 deformations, 
the Cartesian-mesh basis has the corresponding symmetry, i.e., it is invariant for the 
interchange of the x- and the y-axes. On the other hand, for m=4 deformations, the 
corresponding symmetry is not exactly conserved by the Cartesian mesh because it is 
not equivalent between the direction along the i-axis and the direction in a line x=y. 
This anisotropy of the basis may affect the value of a44. Incidentally, the sign of 0^ 
does not have a meaning when m = 2 deformations are vanishing: A shape with a44 and 
a shape with — should be equivalent when a22 and a42 are zero.

3.6 shape difference between protons and neutrons

One of the advantages of mean-field methods over shell-correction schemes is that the 
protons and the neutrons do not have to possess the same radius and deformation. It is 
also an advantage of the Cartesian-mesh representation over the expansion in harmonic- 
oscillator bases. In order to make the best use of this advantage, we have calculated the 
liquid-drop shape parameters separately for protons and neutrons as for 1029 ground 
and 758 first-excited solutions.

The result shows that the largest differences occur in the lightest nuclei. In general, 
however, the shapes of proton and neutron density distributions are not remarkably 
different from each other. Off cource we do not exclude the possibility of larger proton- 
neutron shape difference in nuclei near the neutron drip line because our calculation does 
not reach the drip line except in light mass region.
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3.7 energy difference between oblate and prolate solutions

We investigated the systematics of the excitation energy between the oblate and the 
prolate solutions. The energy difference is small near major-shell closures but large in 
the middle of the major shells. Apart from this shell fluctuation, we found an overall 
trend that, as the nucleus becomes heavier, the energy difference increases while the size 
of deformation decreases. We also noticed a clear difference between below and above 
the TV = 50 magic. For nuclei with N < 50, the changes along isotope chains are not 
so regular as in heavier nuclei and the oblate solutions often have lower energies than 
prolate ones. For nuclei with N > 50, oblate ground states are very rare and found 
only in nuclei very close to shell magics. The dominance of prolate deformations for 
N > 50 may be attributed to the change of the nature of the major shells from the 
harmonic-oscillator shell to the Mayer-Jensen shell.

3.8 skins and halos

The greatest advantage of the mesh representation for this paper is that it is fit to describe 
skins and halos. Our results show that the skin grows monotonously and regularly as 
nucleons are added to the nucleus. On the other hand, the halo grows very slowly 
except near the drip lines, where it changes the behavior completely and expands very 
rapidly. We also found that the neutron skin tends to make the density distribution 
more spherical.

4 Concluding remarks
Among the future problems for the extensive mean-field calculations of the nuclear 
ground-states properties are the improvements of the method to determine the pair­
ing force strengths and the extension of the calculation to the neutron drip line by 
incorporating the coupling to the continuum in the pairing channel. Our final goal is the 
comparison of various Skyrme forces in their ability to reproduce the nuclear ground- 
state properties globally in the nuclear chart, and possibly the improvements of the force 
parameters.

As a next step, we are now investigating the deformations of light nuclei (N, Z < 50) 
and their dependence on the Skyrme force parameter sets, since this paper has shown 
that the deformations of heavy nuclei are reproduced excellently with the Skyrme Sill 
force while those of light nuclei are not always reproduced so well.

We are also doing an extensive investigation of zero-spin super deformation states 
using the same cartesian-mesh HF+BCS code.

The authors thank Dr. P. Bonche, Dr. H. Flocard, and Dr. P.-H. Heenen for providing 
the HF + BCS code EV8. They are also grateful to Dr. T. Tachibana for the TUYY mass 
formula code, to Dr. S. Raman for the computer file of the B(E2;0+ —» 2+) table, and to 
Dr. P. Moeller, Dr. Dobaczewski, and Dr. Nazarewicz for discussions. We thank Dr. K. 
Oyamatsu for directing our attention to this novel type of work shop on the internet. This 
work was financially supported by RCNP, Osaka University, as RCNP Computational 
Nuclear Physics Project (Nos. 94-B-01 and 95-B-01). Part of the calculations were 
performed with a computer VPP500 at RIKEN (Research Institute for Physical and 
Chemical Research, Japan).
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The hyper-text version of this paper as well as the tables containing the results of 
our calculations can be obtained at ftp://ntl.c.u-tokyo.ac.jp/isnd/isnd.html.
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Recently the gross theory of nuclear/J-decay was refined for odd-odd nuclei. In this 
refinement, the effect of the selection rule of ^-transitions from the ground states of odd-odd 
nuclei to those of even-even nuclei was taken into account based on a statistical consideration. 
The transitions to the first 2+ excited states in even-even nuclei were also taken into account 
according to the selection rule approximately. In that study, it was found that the transitions 
between 1 ground states of the odd-odd nuclei and 0+ ground states of even-even nuclei, 
belonging to the first-forbidden transitions of rank 1, are strongly hindered. A reduction 
factor was introduced for the transitions to the ground states of even-even nuclei to take into 
account this hindrance. It was also found that the strength functions of the Gamow-Teller 
transitions obtained from the conventional gross theory are underestimated by a factor of 
about 3. In order to improve this underestimation, the Lorentz-type function was adopted for 
the one-particle strength function in the model instead of the hyperbolic-secant-type function. 
In the present study we have newly analyzed the experimental //-values of odd-A nuclei, and 
found that the first-forbidden transitions of rank 1 are also considerably hindered between the 
ground states. Following the above refinement we have calculated the /1-ray spectra of some 
odd-odd short-lived fission products with the use of the refined gross theory. These results 
are compared not only with the experiments by Rudstam et al. but also with the conventional 
gross theory.

1. Introduction
The gross theory of nuclear/1-decay has been successful in describing gross properties of 

/?-decay. It is a certain average theory which does not take into account characteristics of 
individual nuclei except for their (^-values. In the decays of odd-odd nuclei, the experimental 
half-lives strongly depend on the spin-parities of the parent nuclei. Then the gross theory 
gives rather poor agreement with experimental data in the calculation of the half-lives of 
odd-odd nuclei unless the Q-values are very large. Recently, we have refined the gross 
theory for odd-odd nuclei on the supposition that the spin-parity of the parent nucleus can be 
determined.

On the way of the above refinement, it was found that the first-forbidden transition of
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rank 1 between the ground states are strongly hindered in the decays of even-A nuclei. Then 
it is natural to examine whether a similar hindrance exists in the transitions between the 
ground states of odd-A nuclei.

Besides the half-life, thefi-ray spectrum is an important property giving information on 
the jS-strength function. Since the refined gross theory for odd-odd nuclei gives much better 
agreement with experimental half-lives than the conventional gross theory does, we expect 
that it also gives better agreement with experimentalj8-ray spectra.

In Section 2, we give a brief survey of the gross theory, and in Section 3 give a short 
explanation of the refinement of the theory for the decays of odd-odd nuclei. In Section 4, 
we show that the hindrance of the first-forbidden transition of rank 1 between the ground 
states, which was confirmed in the decays of even-A nuclei, are also seen in the decays of 
odd-A nuclei. In Section 5, we show some results of the jS-ray spectra calculated by the 
refined gross theory. Finally, we give conclusions in Section 6.

2. Brief survey of the gross theory
The gross theory of nuclearjS-decay is a theory which treats the j8-decay strength to all the 

final nuclear levels as an averaged function based on sum rules of the jS-decay strengths. In 
this theory, it is assumed that the strength function is given by an integral of one-particle 
strength function Dn{E, e) as follows:

MrfJE) |2=
,£mto dn,

D^E, e)W(E, £)—tite .
^miri

(1)

Here, Cl denotes the type of thejS-decay operator (in the gross theory, allowed and first-forbidden 
transitions are taken into account), E represents the energy of the final nuclear state measured 
from the initial state, e is the one-particle energy of the decaying nucleon, dn,/d£ represents 
the one-particle energy distribution of decaying nucleon, and, finally, W{E, e) is a weight 
function to take into account the Pauli exclusion principle.

In the gross theory, a few one-particle levels near the Fermi surface are treated as discrete 
levels in order to take into account the pairing effect. The other parts of the levels are treated 
as continuous levels approximated by a Fermi gas model.

3. Refinement of the gross theory for the decays of odd-odd nuclei
In the y?-decay of an odd-odd nucleus, the daughter nucleus has the ground state with 

spin-parity 0+ and the first excited state usually with 2+. Therefore, if we can determine the 
spin-parity of the parent nucleus, we know which selection rules apply to the transitions to 
the ground and first excited states. We refined the gross theory for odd-odd nuclei to take 
into account these selection rules. In the following we briefly give the procedure for this 
refinement.

(a) In the ground-state transition, the strength caused by the transition type satisfying the 
selection rule is enhanced by a statistical factor k, and the other strengths are put equal to 
zero. Since the conventional gross theory should give the average strength, this factor is 
expressed as
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A(Z, N) 27 + 1 (2)

where jB and jp are the angular momenta of the odd neutron and odd proton respectively, 
and 7 is the spin of the parent nucleus. In Eq. (2), the numerator represents the degeneracy 
in the "ground" state of the odd-odd nuclei in the model of the conventional gross theory, 
while the denominator is the actual degeneracy. The brackets in the numerator mean a 
smooth function of N or Z representing a local average of the degeneracy calculated by a 
single-particle shell model.

(b) The first-forbidden transitions of rank 1 to the grounds states are strongly hindered. In 
order to take into account this hindrance, the ground-state strengths caused by the first- 
forbidden transition of rank 1 are multiplied by a hindrance factor 0.06.

(c) In order to satisfy the sum rules for the whole nucleus, which are observed to some extent 
in the conventional gross theory, we make the following adjustment. If the strength to 
the ground state is cancelled, the amount of the cancelled strength is added to the strengths 
to excited states. On the other hand, if the strength to the ground state is enhanced, the 
amount of the enhanced strength is subtracted from the strengths to excited states.

(d) In the case where the transitions to the first excited X states predominate over the 
transitions to the ground states because of selection rules, we take into account the effect 
of the transitions to X state. However, the first excited X state is not explicitly represented 
in the conventional gross theory. Therefore, we share part of the ground-state strength to 
the first excited state in a phenomenological way as follows. First, the ground-state 
strengths are calculated by the procedures (a) and (b) according to the selection rules for 
the X state. We further multiply these strengths by a factor 0.1. The procedure (c) is 
also followed in order to observe the sum rule. Finally, we shift the above strengths up to 
the level of the first X state, whose excitation energies are inferred from experimental 
data by a systematic way.

In the study of ref. 1, it was also found that the Gamow-Teller strengths calculated by the 
conventional gross theory 111 are underestimated by a factor of about 3 on the average. 
Then, recently, we improved the one-particle strength functions of the gross theory to give an 
average strength /3/. We adopt this improved one-particle strength function in the calculation 
of thejg-ray spectra as explained in Section 5.

4. Hindrance of the first-forbidden transition of rank 1
As mentioned in Section 3, we found, in the study of the refinement of the gross theory 

for odd-odd nuclei /!/, that the transition between Y ground states of odd-odd nucleus and 0* 
ground states of even-even nuclei are strongly hindered.

We have examined whether there is a similar hindrance in the transitions between ground 
states of odd-A nuclei. In Fig. 1, we show experimental log_/r values taken from ENSDF 
(Evaluated Nuclear Structure Data File) /4/ with a correction term, which is introduced to 
recover the symmetry between the initial and final states. The values for the transitions
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between ground states of odd-A nuclei are shown by triangles, while circles are for the 
transitions between ground states of even-A nuclei and crosses are for the others.

It is a normal trend that the log ft values for the transitions to ground states are smaller 
than the ones to the excited states on the average, since the level density of the final states 
increases rapidly with the excitation energy and the jg-strengths are shared among many 
excited states. This trend is clearly seen in Fig. 1 in the cases where the plot is made for 
transitions with spin change 1 and no parity change (the Gamow-Teller transition) and for 
those with spin change 0 and parity change (the first-forbidden transitions of rank 0 and rank 
1 are dominant). In the case of the unique first-forbidden transition (A/ = 2"), the trend looks 
somewhat weaker. However, if we take into account the strong possibility that many unique 
first-forbidden transitions to excited states escaped observation due to their too small branching 
ratios, we can admit that the trend is also strong in this case. On the other hand, this trend 
can not be seen in the case where the plot is made for transitions with spin change 1 and 
parity change (the first-forbidden transition of rank 1 is dominant). This is an evidence for 
the hindrance of the first-forbidden transition of rank 1 between ground states. By the way, 
the log ft values for the transitions between ground states of odd-A nuclei are somewhat 
larger than the ones in even-A nuclei on the average. This tendency can be understood by the 
gross theory refined for odd-odd nuclei /!/, in which the ground-state strength in the decay of 
an odd-odd nucleus is multiplied by a statistical factor.

In the case of odd-odd nuclei, the hindrance factor for the first-forbidden transition of rank 
1 between the ground states was estimated to be 0.06 in ref. 1. A quantitative study is now in 
progress for the hindrance of the transitions between ground states of odd-A nuclei. At the 
present stage, we estimate the hindrance factor to be about 0.2. We suspect that, in both 
even-A and odd-A nuclei, the reason for the hindrance is the fact that the operator of the 
first-forbidden transition of rank 1 transfers the 0+ nucleon pair states to states with more 
repulsive relative motions than the otherjg-decay operators do. The hindrance factor in 
odd-A nuclei is not so small as the one in even-A nuclei. This is consistent with our 
suspicion, since, in odd-A nuclei, there are less 0+ pair states to be transferred by the jg-decay 
operator than in even-A nucleus.

5. Calculations of/1-ray spectra
In the study of nuclear jg-decay, it goes without saying that the fi-ray spectrum gives 

useful information on the strength function. It is worth while for a theoretical model to be 
examined whether the estimated fi-ray spectra agree well with the experiment. In this 
section, we show some results of the calculated jg-ray spectra by using the refined model 
mentioned in the previous sections.

Thejg-ray spectrum P(Ee) is calculated with the use of the strength functions as

p ^ ' rJT I § S°{E™)F(Z- %(z. A- 0 - £,«>

*<e - E„c - e=)2< e= - "*4) x\K„c • o)
Here, Sa is the strength function including the coupling constant M0(EeKC - Q) [),
F(Z, Ee) the Fermi function, Cn the shape factor, T the calculated jl-decay half-life, Q the 

jg-decay Q-value, Ee the jg-ray energy, £exc the excitation energy in the daughter nucleus, m 
the electron rest mass, and c the speed of light in vacuum. Rudstam et al. carried out an
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experiment on the fi-ray spectra for many short-lived fission products. /5/ In this experiment, 
the fi-ray spectra were measured for 94 nuclides, of which 27 nuclides are odd-odd ones. 
According to the ENSDF, 141 the ground states of 19 nuclides among these odd-odd ones are 
assigned spin-parities from experiments. They are 80As[lf)], 82As[(V)], MAs[0", IQ, 2"], 
84Br[2‘], 86Br[(21], 88Br[l, 2"], 90Rb[0~], 92Rb[0'], 94Rb[3Q], 96Rb[2"], *Y[(T|, 98Y[(0)'], 
l34Sb[(01, (71], 136I[1~], 138I[(2")], 140Cs[l"], l42Cs[01, l46Cs[ll, and 146La[2~], Here, uncertain 
spin-parities are given in parentheses. We calculate thej6-ray spectra of these 19 nuclides by 
using the refined model, and compare them with the experiment /5/ as well as with those 
calculated by the second-generation model of the conventional gross theory, the GT2 model. 
/2/ In the calculations, the (7-values are taken from ref. 6. The effects of the refinement 
appear in the spectra near the ground states of daughter nuclei, that is to say in the regions of 
largejS-ray energies.

For example, in Fig. 2, we show the j3-ray spectra of 6 nuclides calculated by using the 
refined model and the GT2 model /2/ together with the experimental data. 15/ The calculated 
jS-ray spectra of 92Rb and 94Rb by using the refined model show better agreement with the 
experiment than those by the GT2 model do. In the case of 92Rb, the ground state spin-parity 
is assigned 0", and only the first-forbidden transition of rank 0 occurs to the ground state of 
the daughter nucleus, which has spin-parity Cf because of the even-even nucleus. According 
to the refinement mentioned in Section 3, the first-forbidden transition of rank 0 is multiplied 
by the factor k , and all the other transitions are cancelled between the ground states. The 
effects of the factor k makes the spectrum of 92Rb large in the region of £c=5-6 MeV. In the 
case of 94Rb, the ground state spin-parity is assigned 3Q, and the transition between the 
ground states of the parent and daughter nuclei is considered to be a third-forbidden transition. 
Then all the transitions between the ground states are cancelled in the calculations, because 
only the allowed and first-forbidden transitions are taken into account in the gross theory. 
The transition to the first 2+ state in the daughter nucleus is included in the calculation, but 
this strength is rather weak. As can be seen in figure for94Rb, the cancel of the strengths 
between the ground states brings good agreement with the experiment. Nuclei MBr, 88Br, 
"Rb and l42Cs show similar tendencies. In the case of 88Br, the ground-state spin-parity is 
not uniquely determined but both the calculated spectra with spin-parities F and 2" are 
almost the same. Although the fi-ray spectrum of "Rb obtained by using the refined model 
shows good agreement with the experiment, the GT2 model can also give almost the same 
result for this nucleus.

On the other hand, the agreement of the spectra of l38I with the experiment in Fig. 2 is not 
so good after the refinement. In this case, the value of the factor k given in Eq.(2) does not 
seem to be suitable for this nucleus. The situation of l46La has the same tendency as l38I. It is 
expected that, if we could obtain a suitable value of k for each nucleus, the results would be 
in better agreement with the experiment.

For nuclei "As, 84As, 86Br, "Rb, 96Y, 98Y, l34Sb, ,36I l40Cs and l46Cs, the fi-ray spectra 
obtained by using the present model are improved in some energy regions, but not in other 
energy regions in comparison with the experiments. We should note that the experimental 
errors are very large for some of these nuclei. In the data file ENSDF, more than one 
spin-parities [0", IQ, 2] are assigned for 84As. Although the experimental fi-ray spectrum 
has large errors, the calculated spectrum with the spin-parity Y or 2~ shows better agreement 
with the experiment than that with the spin-parity CTdoes. This observation suggests that the
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O Exp. O Exp.
..... Cal. (GT2)
— Cal. (New) 3(-)

Cal. (GT2) 
Cal. (New) 0-

O Exp. O Exp.
..... Cal. (GT2)
---- Cal. (New) (2-)

Cal. (GT2) 
Cal. (New) 0-

O Exp. O Exp.
.......  Cal. (GT2)
—— Cal. (New) (1 +)
....... Cal. (New) (2-)
------Cal. (New) (1-)

Cal. (GT2)
Cal. (New) (0-) 
Cal. (New) (7-)

0 2 4 6 8 0 2 4 6 8

Et (MeV) £e (MeV)

Fig. 2. Calculated and experimental j9-ray spectra of 92Rb, 94Rb, l42Cs, l38I, l34Sb and 82As. 
'Cal. (GT2)' means the 2nd version of gross theory 111 and 'Cal. (New)' the present 
calculation. The experimental data are taken from ref. 5. The abscissa is the transition 
energy and the ordinate means number of^-particles / 100 keV interval / decay
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ground state spin-parity of 84As is 1" or 2", and not 0". In the case of 114Sb, the calculated 
spectra suggest that the ground state spin-parity is likely to be 0' and not 7"(see Fig.2).

Finally we should make some comments on the nucleus82As. While an uncertain spin-parity 
(F) is given to this nucleus, the calculated spectrum with this spin-parity V shows large 
discrepancies with the experiment. If we adopt the other spin-parity V or 2", results are 
much better than that in the case of V. The \ogft value of the transition between the ground 
states of82As and 82Se is estimated to be 6.2 by experiment. (This means log/,ur=8.3 for the 
unique first-forbidden transition.) This log ft is somewhat larger than the average log ft for 
the Gamow-teller (T -» 0+) transition in this nuclidic region, but is in an admissible range. 
On the other hand, it is somewhat smaller than expected for the first-forbidden transitions 
either unique or nonunique, but again this possibility cannot be definitely excluded. Anyhow 
this /3-decay need to be investigated further.

6. Conclusions
In this study we have obtained some success in refining the gross theory by taking into 

account the effect of the selection rules and the hindrance of the rank-1 first-forbidden 
transitions in the ground-state transitions The increase of the tail part of the Gamow-Teller 
strength function by a factor of about 3 has also been suggested. Although the selection rules 
reflect the nuclear shell structure, there remain much shell effect not taken into account in the 
gross theory. Therefore, we are now developing "semi gross" theory, in which the shell 
effects of parent nuclei are taken into account. At the present stage, it includes only the 
Fermi and Gamow-Teller transitions but the first-forbidden transition will be taken into 
account in the near future.
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3.15 Radiochemical determination of the neutron 
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The thermal neutron capture cross section aQ and Resonance integral /o of 241 Am leading 
to the production of 242mAm and 2429Am were measured by radiochemical method. The 
cross sections obtained in this study are cr0=60.9 ± 2.6 barn, /0=213 ± 13 barn for 
241Am(n,7)242mAm and a0=736 ± 31 barn, 7q= 1684 ± 92 barn for 241Am(n,7 ) 2429Am.

1 Introduction
Minor actinides produced by neutron capture and successive beta-decay are accumulated 
in a high burnup reactor. The actinide isotopes produced together with the fission 
products cause severe problems in waste management. One of the important reactions 
in the buildup of the minor actinides is the neutron capture of 241Am. Isomeric 242mAm 
produced by the 241Am(n,7) reaction is very significant because the isomer has a very 
large capture cross section at thermal energies and consequently can be transmuted into 
higher americium isotopes. The relatively short-lived isotope of 242Cm is also formed 
via 241Am(n,7)242sAm reaction, and its contribution to the decay heat causes severe 
problems in spent-fuel handling. However, there is still discrepancy for the absorption 
cross sections of 241 Am leading to the production of 242mAm and 242ffAm. The accurate 
data on the capture cross section of 241 Am have been required to be with accuracy 
of 5%, as registered in the World Request List for Nuclear Data WRENDA 91/92 . 
In this study, highly-purified 241 Am targets were irradiated in JMTR (Japan Material 
Testing Reactor). The thermal neutron capture cross section and the resonance integral 
of 241Am and the isomeric ratios have been radiochemically measured. The obtained 
data are compared with evaluated values.

2 Experimental

2.1 Principle for determination of the capture cross sections 
and the resonance integrals

For the purpose of measuring the capture cross section of 2200-m/sec neutrons and 
the resonance integral, this experiment was carried out by the Cd-ratio method [3]: a
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Cd-covered target and another without Cd-cover are irradiated together with neutron 
flux monitors. In the convention by Westcott et al. [4], the effective cross section for 
Maxwellian neutrons, a is defined by

R = nvad (1)

where R is the reaction rate per atom in the case of the irradiation without Cd shield, 
n the neutron density including both thermal and epithermal neutrons, and vo=2200 

m/sec. The quantity nv0 plays the role of the ’’flux.” The cross section a is also given
by

o — volgGth + r \Jt/TqSqG epj] (2)

where s0 is the reaction cross section for 2200-m/sec neutrons, and g the measure of 
the cross section deviation from the l/v law in the thermal energy region. The t^JtJTo 
gives the fraction of epithermal neutrons in the neutron spectrum, and s0 is defined by

so — (3)

where 7q is the resonance integral after subtracting the l/v component. The Gth and 
Gepi denote self-shielding coefficients for thermal and epithermal neutrons, respectively. 
From Eqs. (1) and (2), the next equation is deduced,

R/a0 = nv0 + nv0ry/T/T0s0G epi (4)

— 0i + <p2SoGepi (5)

In the case of the irradiation with Cd shield, similar equations are derived as follows,

R'/oq = nv0ryjT/T0(l/K + s0Gepi) (6)

= n'vo + nvor yjT/TqSqG epi (7)

= + (p^SoGepi (8)
where the term including l/K in Eq.(6) denotes the contribution of the l/v compo­

nent above Cd cut-off energy. The values of <f>i, 02, <p[, and <p'2 can be obtained from 
the irradiation of flux monitors (two sets of Co and Au wires in this study) put near the 
target. From Eqs.(5) and (8),

and then

SoGepi — (9)

^0
R

<t> 1 + <t>2S0 Gepi
(10)

are obtained, where the quantity (Tq is the value to be measured first in this study. 
Since the Gepi is reasonably assumed to be unity because of the thickness of the 241Am
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target prepared in this work, the quantity Iq can be obtained using Eq. (3). The l/v 
contribution to the resonance integral for a Cd cut-off energy of 0.5 eV is given by

/0 = /q + 0.45ao (11)

where Iq is the resonance integral to be also determined [5].

3 Radiochemical procedure

3.1 Target
Americium targets (>99.99% purity of ^Am) were purified by ion-exchange method and 
prepared on aluminum disks by electrodeposition method [6]. Weighed 0.504%-Co/Al 
and 0.061%-Au/Al alloy wires were used for monitoring the neutron fluxes at the target 
positions.

3.2 Irradiation
Two sets of the 241 Am target with the Co- and Au-flux wires were irradiated in JMTR 
for 4 days by using a hydraulic type capsule.

3.3 Chemical separation

The americium samples and radiometric sources for a-particle measurements were puri­
fied chromatographically by anion exchange with nitric acid and methyl alcohol at room 
temperature [7]. Chemical recovery of the americium after the ion exchange is more than 
99.9%.

3.4 Radioactivity measurements

7-ray activities from ^Co and 198Au (neutron flux monitors) were measured with a 
coaxial HPGe detector. The 241 Am targets before and after the irradiation were measured 
with a silicon surface barrier detector. Figure 1 gives a-particle spectra of the target 
measured in this study.

4 Results and discussion

4.1 Neutron flux
The reaction rates, R, of ®°Co and 198Au (neutron flux monitors) were obtained from the 
absolute activities measured by 7-ray spectrometry, and the values of R/oq in Eqs.(5) 
and (8) were computed by using the data (Tq’s listed in Table 1. The obtained R/cq's 
were plotted as a function of the parameter SoGepi , where the other parameters used are 
also given in Table 1. By least squares fitting of Eq. (5) or (8) to the data, the neutron 
fluxes <j) 1, <f>2, <))[, and were determined as shown in Table 2. The ratios of 0i/and 
(f>2/<t>2 are 0.003 and 1.1, respectively.
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5 Analyses of the decay and growth curves of the 
activity ratio 242Cm/241 Am

The growth and decay behaviors on the a-activity ratios of 242Cm/241Am have been 
precisely observed by the radiochemical method. Figure 2 is the decay and growth 
curves of the ratio in the irradiated 241 Am sample. By analyzing the curves in detail, 
atom ratios of 242mAm/241Am and 2429Am/241 Am can be computed as follows:

5.1 Decay of the activity ratios of 242Cm/241Am

When the numbers of atoms after BOB (end of the bombardment) are No, Ni, N2, #3 and 
iV4 for 241Am, 242mAm, 2429Am, 242Cm and 238Pu, respectively, the activity ratio, Ames, 
of 242Cm/241Am measured in this study before chemical separation (strictly speaking, 
the measured ratio is expressed by 242Cm/(241Am+238Pu) because the same a-particles 
with 5.5 MeV is released from target 241 Am and decay product 241 Pu ) is expressed by

 dN3/dt

A0e_Ao‘ + 5^^^(e'A4t - e~^t)

(12)

(13)

where N0 means the number of atoms at BOB. By least squares fitting of Eq. (13) to 
the decay curve (see Fig. 2), the atom ratios of ^Cm/^'Am at BOB were determined.

5.2 Growth of the activity ratios of 242Cm/241Ara

When the atom numbers after the chemical separation are, respectively, N0c, Nic, N2c, 
N3c and Nic for 241Am, 242mAm, 2429Am, 242Cm and 238Pu, the growth of the activity 
ratio of 242Cm/241Am (see Fig. 2) can be expressed by

dN3cjdt _ fciAiA2A3 iV°c (Al_Ao)<
dNoc/dt Aq(A2 — Ai)(A3 — Ai) A^oc

+ (
fciAjA2A3 K

Aq(Ai — A2)(A3 — A2) Nqc
+

k2X2X3 N$c, (Aa-Aoit 
Aq(A3 — A2) N&.

. / kjXjX2X3 N^c 
Ao(Ai — A3)(A2 — A3) Nqc

k2X2X3 A^2C, 
Aq(A2 — A3) N$c

(X3—Ao)t (14)

where N° means the number of atoms at the chemical separation (180 days after 
BOB). The value k\ and k2 are the correction factors for branching yields of IT of 
242mAm (0.99524) and ^-decay of 2429Am (0.827) respectively. By least squares fitting 
of this formula to the growth curve (see Fig. 2), the atom ratios of 242mAm/241Am at 
BOB were determined.

170



JAERI-Conf 97-004

6 Formation cross sections of 242mAm and 242sAm
The reaction rate of 242,71 Am by thermal or epithermal neutrons is

R =
1

^3
e-A3< (15)

The formation cross section of 242,71 Am for 2200 m/sec neutrons, so, was obtained from 
Eqs. (9) and (10) and the calculated ratio R/R' using Eq. (22), while the resonance 
integral, Iq, was computed from Eqs (3) and (11). Table 3 shows the cross sections 
obtained by this method. By the similar procedure as mentioned above, the formation 
cross sections of 242Cm were determined, where the contibution of the decay product 
242Cm of 242mAm to the reaction product 242Cm was corrected by the 242mAm data 
mentioned above, but is negligible small. The 242Cm cross sections were converted to 
those of 2429Am by correcting the /3-decay branching of 2429Am to 242Cm. The results 
are also given in Table 4, together with the isomeric ratios.

7 Comparison with evaluated values
The thermal cross section and the resonance integral evaluated by Mughabghab [8] and 
the total absorption cross section by JENDL-3.2 [9] are listed in Table 3. The ann value 
obtained in this work are larger than the evaluated ones (10-40 % in difference) . Our 
method for the cross-section determination is not affected by the accuracy of the 241 Am 
amount on the targets, because the cross sections can be derived from the relative atom 
ratios of 242Cm to 241Am measured with precision of 0.2-1.1 %. Moreover, because the 
highly-purified 241 Am targets were used in this work and then there is no influence from 
impurity, our results could be reliable with acuuracy of 4-6 %. Isomeric ratios, i. e. 
relative population of the ground state to the total capture cross section (g/(m+g)) 
are also given in Table 3. The ratio measured in thermal neutron energy (0.92) agrees 
excellently with the evaluated value by Mughabghab [8] and the previous data measured 
by Wisshak et al. [10], as seen in Table 3. However, the isomeric ratio in epithermal 
region (0.89) is not consistent with the Wisshak’s value (27 % in difference). It seems that 
this discrepancy is due to the difference between this integral measurements performed in 
reactor neutron spectra and the quasi-monoenergetic experiment with 30-keV neutrons.
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Table 1. Nuclear data used for the neutron-flux monitoring 
and the cross-section determination

nuclide (b) /o(b) so Gepi
59Co 37.18 ± 0.06 74 ± 2 1.83 0.995
197Au 98.65 ± 0.09 1550 ± 28 17.02 0.993
nuclide half-life decay (branching %)
541 Am 432.0 ± 0.2 y a (100)
242mArn 152 ± 7y IT (99.524)
2423 Am 16.01 db 0.02 h 0 (82.7)
242 Cm 162.76 ± 0.04 d a (100)

^Pu 87.71 ± 0.03 y a (100)

oQ: cross section for 2200 m/sec neutrons,

Io: resonance integral,

s0 = (27r_1/2)(/o/cro), where I'Q is the resonance integral after subtracting the 1/v 
component,

Gepi: self-shielding coefficient for epithermal neutrons.

Table 2. Neutron flux determined by the flux monitors

sample </>i or (f>[(n/cm2 • s) <j>2 or <f>'2(n/cm2 ■ s)
no Cd shield (1.06 ±0.05) x 1014 (5.99 ±0.34) x 10l2

with Cd shield (2.78 ±0.11) x 1011 (6.50 ±0.09) x 1012
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Table 3. Cross sections and isomeric yield ratios of 242Am 
produced by the 241 Am (n,7) reaction

Reaction (To (b) Mb) Ref.
241Am(n,7)242mAm 60.9 ± 2.6 

54 ± 5
213 ± 13 
195 ± 20

this work 
Mughabghab [8]

241Am(n,7)2429Am 736 ± 31 
533 ± 13

1684 ± 92 
1230 ± 100

this work 
Mughabghab [8]

total 797 ± 31 
587 ± 12 

600.4

1897 ± 93 
1425 ± 100 

1305

this work 
Mughabghab [8] 
JENDL-3.2 [9]

Neutron energy Isomeric ratio 
g/(g+m)

Ref. ........ .

thermal 0.92 ± 0.05 
0.91 ± 0.02 

0.92 ± 0.06*

this work 
Mughabghab [8] 

Wisshak et al.[10]
epithermal 0.89 db 0.07 

0.86 ± 0.09 
0.65 ± 0.05**

this work 
Mughabghab [8] 

Wisshak et al.[10]

* value at 14.75-MeV neutron 

**at 30-keV neutron

Table 4. Final result on cross sections and isomeric yield 
ratios

Reaction (To (b) Mb)
241A m (n ,7)242m A m 
241Am(n,7)242ffAm

60.9 ± 2.6 
736 ± 31

213 ± 13 
1684 ± 92

Neutron energy m/g ratio
thermal
epithermal

0.0827 ± 0.049 
0.126 ± 0.010
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Figure 1: Alpha-particle spectra of the 241Am target.
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3.16 Measurement of 14 MeV Neutron Cross Section of
129/ with Foil Activation Method
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The 1291, which is one of the most famous fission products (FPs), is of very im­
portant concern from the standpoint of waste transmutation due to its extremely long 
half life. The accurate reaction cross section data of 129 / induced by 14 MeV neutrons 
are indispensable when evaluating the performance to transmute it in a fusion reactor. 
However, there was no available experimental data reported until now. We measured 14 
MeV neutron induced reaction cross sections of 129/ to give the reference cross section 
data for evaluation of transmutation performance and nuclear data, using OKTAVIAN 
facility of Osaka university, Japan.

Since the available amount of 129/ as a sample is quite small, probably less than 1 
mg, the foil activation method was adopted in the measurement. The sample was a 
sealed source of 1291 and the 7-rays from the irradiated sample were measured with a 
Hp-Ge detector. Several 7-rays peaks which could be expected to be caused by two 
nuclear reactions of 129/(n, 2n) and 129/(n, 7) were observed. We confirmed that these 
peaks corresponded to those of 128 / and 130 / through ascertaining each energy and half 
life. From the measurement, the cross section of 129/(n, 2n) and the effective production 
cross section of 130/ produced by the 129/(n, 7)130/ reaction including the contribution of 
129/(n, 7)130m/ reaction, that were estimated to be 1.14:0.1 b and 0.0324:0.003 b, respec­
tively at 14.8 MeV, were obtained with an acceptable accuracy of about 10 %,though the 
errors caused by the uncertainty of 7 decay scheme data still existed. The measured cross 
sections were compared with the evaluated nuclear data of JENDL-3.2 and ENDF/B-VI. 
For the 129/(n, 2n) reaction,the evaluations overestimate the cross section by 30~40 %, 
while for the 129/(n, 7) reaction,the evaluations underestimate by at least one order of 
magnitude.

KEYWORDS: transmutation, fission product, fusion reactor, iodine-129, re­
action cross section, foil acqqtivation method, Hp-Ge detector, If MeV neu­
tron

1 Introduction
Recently, the possibility transmutation of nuclear wastes, i.e., minor actinide (MA) and 
fission product (FP), has been investigated energetically[1]. As practical methods of
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transmutation, applications of fission reactor, proton accelerator and fusion reactor and 
so on have been taken into consideration. The basic scenario of the transmutation is 
proposed as follows: Transmuting MAs directly or converting MAs into FPs by spallat- 
ing them, then the residual FPs will be transmuted or converted into benign nuclides 
for geological site burial. As for the transmutation of FPs, use of (n, 7) reactions are 
promising because of their large cross section for thermal neutrons by a fission reac­
tor. While the threshold reactions by fusion neutrons (14 MeV neutrons produced by 
DT(deuterium-tritium) reactions), represented by the (n, 2n) reaction, are also applica­
ble for the transmutation. Though there exist several measurements of (n, 7) reaction 
cross sections[2, 3, 4] with thermal neutrons, measurement with 14 MeV neutrons has 
not been conducted. At present, therefore, accurate estimation of transmutation perfor­
mance with 14 MeV neutrons is difficult because uncertainties in the evaluated nuclear 
data of target FPs are not clear, or maybe very large. This fact suggests that the mea­
surement of reaction cross section of FPs with 14 MeV neutrons is very important for 
both nuclear physics, models which are means of nuclear data evaluations, and nuclear 
engineering, works for estimating the transmutation performance with a fusion reactor.

In this study, 1297, which is one of the most famous fission products (FPs) from 
the standpoint of waste transmutation due to its extremely long half life, is the target, 
because this nuclide has various advantages for foil activation method as shown later. The 
accurate reaction cross section data of129 7 induced by 14 MeV neutrons are indispensable 
when evaluating the performance to transmute it in a fusion reactor. However, there was 
no available experimental data reported until now. We, therefore, measured the 14 MeV 
neutron induced reaction cross sections of 1297 to give the reference cross section data for 
evaluation of nuclear data and transmutation performance by 14 MeV neutrons, using 
OKTAVIAN facility of Osaka university, Japan. The experimental results were compared 
with the evaluated nuclear data of JENDL-3.2 and ENDF/B-VI.

2 Experiment

2.1 Sample for irradiation

The FPs which are recognized as target nuclides of transmutation are listed in Table 1. 
Because they are radioactive, a massive sample cannot be utilized. Therefore, it is almost 
impossible to obtain the reaction cross sections of them by analyzing emitted secondary 
particles. We, for this reason, adopted the foil activation method, with which we can 
obtain the information of reaction products after neutron irradiation through emitted

Table 1: Main transmutation target FPs

E7 (KeV) T1/2 (Year) Key issue
"Sr - 28.8

Heat source662 30.17
WjT - 2.1 x 105

Inherent risk

” TTgj 39.6 1.6 x 107
la5Cs - 3.0 x 10s
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Figure 1: The experiment system configuration of the activation method

7-ray measurement, even if the amount of the sample is quite small. However, as shown 
in Table 1, some FPs decay through /3-ray emission following some 7-rays emission; which 
means the sample activity itself may become a background in the 7-ray measurement. 
While the alternative is separation of the nuclides after neutron irradiation. However, 
since the main target reaction is (n, 2n) at about 14 MeV, the separation technique 
becomes very difficult because they are isotopes. Table 1 also shows there are two kinds 
of transmutation targets; namely one is short half-life nuclide regarded as heat source, 
and the other is very long half-life nuclide retaining inherent risk for an extremely long 
period. For the foil activation method, long half-life FPs have very much an advantage 
because the number of nuclides per unit radioactivity is several orders of magnitude 
larger than that of short half-life one. Also it is indispensable that the target FP creates 
radioactive nuclides having appropriate long half lives by neutron irradiation. From the 
above discussions, we selected the 129 / as a target sample. Because, first of all, this is one 
of the most important FP from the standpoint of transmutation of radioactive waste, 
and the half life of 129/ is quite long, 1.7 x 107 years. Also the energy of 7-ray associated 
with the /3 decay is so low that the 7-ray cannot transmit the detector window and the 
radioactive nuclides in the irradiated 129 / sample have appropriate long half lives of 20 
minutes to 30 days.

The sample is a sealed source of 3.7 kBq, in which about 1018 nuclei are contained. 
Therefore, reaction cross sections as low as 10 mb could be measured, though depending 
on the half life of reaction product. Practically, the background caused by irradiating 
the casing used to seal the sample, disturbs the measurement especially for short half 
life nuclides.
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Energy (keV)

2000
Channel

Figure 2: Pulse height spectrum of 7-rays from 129 / irradiated by 14 MeV neutrons(Just 
after irradiation)

2.2 Neutron source

The measurement was carried out using a continuous DT neutron source of the DC 
line of OKTAVIAN facility, Osaka university, Japan. Since the sample was arranged on 
the front surface of the rotating target assembly along the D+ beam line, the neutron 
energy was empirically estimated to be about 14.8 MeV. There exist low energy neutron 
contribution (thermal ~ several MeV) of about 20 % in the incident neutron spectrum 
at the sample position. The accurate effective energy is to be determined by experiment 
with the Zr/Nb ratio method. The obtained neutron flux was about 109 n/cm2/sec on 
the same position. The relative neutron fluence was measured with a BF3 proportional 
counter to take into account the time variation of neutron flux measured with a MCS 
system. The absolute neutron fluence was determined with the activities of Al and Nb 
foils which are irradiated at the same position. The schematic experimental arrangement 
is illustrated in Fig.l. Because the spatial dose equivalent rate is still very high in 
the heavy irradiation room of OKTAVIAN DC line target, one cannot enter the room 
just after irradiation. Therefore, by using a pneumatic tube as shown in the figure, 
retrieving the irradiated sample immediately after irradiation, the measurement with a 
Hp-Ge system can be started. With this system, the cross section of a reaction, the 
daughter nuclides of which even have long half lives of more than several seconds, can 
be measured: Practically we obtained the 7-ray spectrum from 16N, having a half life of 
about 7 seconds, which was produced by irradiating water sample using this system.

2.3 Irradiation and activity measurement

The irradiation was planned focusing on two cases; one is for the short half life of 25 
minutes of 1287 produced by 129/(n, 2n) reaction and the other is for the longer half
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lives of more than 12 hours. Therefore, to prevent the production of longer half-life 
background nuclides, two patterns of irradiation, namely, one hour irradiation and several 
days irradiation, which were determined by considering the half life of the target nuclide, 
were performed. After retrieving the sample by the pneumatic tube, the 7-rays from the 
irradiated sample were measured with a Hp-Ge detector. The absolute efficiency of 
the detector is about 0.3 % for 1 MeV 7-ray at 5 cm distance from the detector front 
window. Fig.2 shows an example of pulse height spectrum of the irradiated sample 
just after irradiation. The 129 / itself has no background 7-ray in this energy range as 
described earlier. However, high background counts were observed in the figure, because 
this is due to activation of the casing material. The contribution of many short half-life 
background nuclides as well as 27Mg from 27 Al(n,p) reaction were observed. 7-rays from 
the target reaction were, therefore, surely detected, but not seen in the spectrum. Also 
the count rate for Fig. 2 was extremely high so that the dead time exceeds 10 %, which, 
as a result, requires a proper cooling to reduce background activity. Fortunately, most 
activities resulting in the high count rates, which have relatively short half lives less than 
10 minutes, in which the longest one is 27Mg, decay in several minutes. The dead time 
was reduced to negligible level in about 20 minutes. We started measuring the target 
7-rays after cooling the background.

2.4 Error estimation

The following errors were taken into account in deriving the cross section: (1) Absolute 
intensity and half life of the sample and standard sources, (2)Position of the sample 
and activation foil arranged and (3)Statistical error of counting. The errors induced by 
these effects are listed in Table 2. From the Table, it was found before counting that the 
summation of the errors except statistical one was over several percentages. Therefore, 
the counting time was determined such that the cumulative error does not exceeds 10 

%. The evaluated total error was about 9 % although errors with respect to transition 
probability between nuclear levels quoted from Ref.[5] in this study were not considered.

Table 2: Estimated errors in the derivation of the cross section

Item Error(%)

Sample
Activity 6

Half life 2.6

Measurement 3.7
Position of the sample and foil 5
Activation foil Weight 0.8

Measurement 1.1

Standard source Activity 5
Half life negligible

Total evaluated error <9
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Energy (keV)

2000
Channel

Periods of irradiating,cooling and counting are 70m, 45m and 25m, respectively

Figure 3: Pulse height spectrum of 7-rays from 129I irradiated by 14 MeV neutrons(Peaks 
assocciated with 128/ are observed)

Energy (keV)

2000
Channel

Periods of irradiating, cooloing and counting are Id, Id 2d, respectively

Figure 4: Pulse height spectrum of 7-rays from 129/ irradiated by 14 MeV neutrons(Peaks 
assocciated with 1307 are observed)

- 182



JAERI-Conf 97-004

3 Results and Discussion

The measured pulse height spectra were shown in Fig.3 and Fig.4, the conditions of which 
are 70 minutes of irradiation, 45 minutes of cooling and 25 minutes of counting and 1 
day irradiation, 1 day cooling and 2 days counting, respectively. To reduce background 
of short half life nuclides, the former employed the cooling time of 45 minutes. For the 
cross section evaluation, another spectrum, which was measured for a longer time, was 
used. The irradiation and cooling periods of the latter were determined considering the 
target nuclide half life of 12 hours.

From the spectra obtained, several 7-rays which could be expected to be caused by 
two nuclear reactions of 129/(n, 2n) and 129/(n, 7) were observed. We confirmed that 
these peaks corresponded to those of 128 7 and 1301 through ascertaining each energy and 
half life. From the prediction with the evaluated nuclear data, it was expected that 
some other reactions could be observed. However, nothing but the two reactions was 
found, we, therefore, presume that especially for the reactions of (n,p) and (n, a), the 
evaluation may underestimate their cross sections.

3.1 129/(n, 2n) reaction cross section

Figure 5 shows the simplified decay scheme of 128/. In the measured spectrum in Fig.3, 
7-rays of 443 keV and 527 keV were observed associated with the transition from the 
first excited state, 2+(443 keV) of 128/ to the ground state and the transition from the 
second excited state of 2+(969 keV) to the first excited state, respectively. The half life 
of the measured 7-ray was measured from the change in counting rate, to confirm the 
identification of the measured and expected 7-ray. The time dependence of the neutron 
flux was strictly considered in the derivation of the cross section. The measured cross 
section of 129/(n, 2n) reaction at 14.8 MeV is 1.1 ± 0.1 b as shown in Table 3. From the 
comparison with the evaluated nuclear data of JENDL-3.2 and ENDF/B-VI, the two 
evaluations overestimate the experimental results by 40 % and 30 %, respectively.

3.2 Effective cross section of 1291 (n, 7) reaction

Figure 6 shows the simplified decay scheme of 130/. The 130 7 has the isomeric state of 
2+(48 keV higher than 1307), the half life of which is 9.2 minutes. By the reaction of 
1297 with DT neutrons, 1307 and 130m7 can be yielded with a certain rate. To estimate 
the rate precisely, thirty-minute-counting just after irradiation was very important and 
indispensable because 17 % of the isomeric state decay through /3-ray emission resulting

Table 3: Measured cross sections compared with the evaluations

Cross section at 14.8 MeV (barn)
Experiment JENDL-3.2 ENDF/B-VF1

129I(n, 2n)risl 1.1 ±0.1 1.52 1.46
129I(n,7)lS0I 0.032 ± 0.003*2 1.00 x 10”3 1.83 x 10"3

*1 Evaluated at 15 MeV 
*2 Effective production cross section
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Figure 5: Simplified decay scheme of 128/

Figure 6: Simplified decay scheme of 130/
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in transition to the first excited state, 2+(0.536 MeV), of 130.Ye mainly, that is also 
the path of transition after /? decay of l30I. In this experiment, the background was 
dominant for about 30 minutes after irradiation. Therefore, the contribution to pulse 
height spectrum due to decay of the isomeric state could not be identified accurately. 
We, thus, evaluated the newly defined effective production cross section of 130/ from 
the measured result by assuming that 83 % of produced 130m/ had already decayed by 
isomeric transition just after irradiation. This value can describe time dependent decay 
behavior of 130/ accurately after 130m/ decays completely. The pulse height spectrum of 
7-rays associated with their decays mainly consist of four peaks, which correspond to the 
energies of 418 keV, 739 keV, 669 keV and 536 keV due to the transitions from 5+(2.36 
MeV), through 6+(1.94 MeV),4+(1.20 MeV) and 2+(0.536 MeV), to the ground state, 
respectively. The target 7-rays were confirmed through the measurement of their half 
lives. From the result, the effective production cross section of 130 7 was 0.032 ± 0.003 
b as shown in Table 3. We cannot evaluate the difference of the cross section directly 
compared with the present result and the evaluation. However, considering the fact 
that the summation of I29/(n, 7)130/ and 129/(n, 7)130"1/ reaction cross sections clearly 
exceeds the effective production cross section of 1307, the both evaluations of JENDL-
3.2 and ENDF/B-VI underestimate the cross section by at least one order of magnitude. 
However, taking into account the shape of the energy differential cross section of1297(n, 7) 
and existence of low energy neutron contribution, it is noticed that the experimental value 
may, include the low energy cross section contribution. Therefore, we are planning the 
following analysis and experiment to examine the low energy contribution, that are the 
calculation of the neutron spectrum in the heavy irradiation room and the irradiation 
experiment using thermal neutron absorber.

4 Conclusion
This paper reports the first results of 14 MeV neutron induced reaction cross section mea­
surements of 1297, which is very important from the standpoint of waste transmutation 
due to its extremely long half life. From the measurement, the cross section of 1297(n, 2n) 
and the effective production cross section of 1307 produced by the 1297(n, 7)1307 reaction, 
including the contribution of 1297(n, 7)130m7 reaction were obtained with foil activation 
method, that is evaluated as 1.1 ± 0.1 b and 0.032 ± 0.003 b, respectively at 14.8 MeV, 
though the errors caused by the uncertainty of 7 decay scheme data still existed. The 
measured cross sections were compared with the evaluated nuclear data of JENDL.-3.2 
and ENDF/B-VI. For the l297(n, 2n) reaction, the evaluations overestimate the cross 
section by 30 ~ 40 %, while for the 1297(n, 7) reaction, the evaluations underestimate by 
at least one order of magnitude. Also nothing but the above two reactions was found in 
this measurement, we, therefore, presume that especially for the reactions of (n,p) and 
(n, a), the evaluation may underestimate their cross sections.
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We study systematically the properties of nuclei in the whole mass range up to the drip 
lines by the relativistic mean field (RMF) theory with deformations as a microscopic 
framework to provide the data of nuclear structure in the nuclear chart. The RMF theory 
is a phenomenological many-body framework, in which the self-consistent equations for 
nucleons and mesons are solved with arbitrary deformation, and has a potential ability 
to provide all the essential information of nuclear structure such as masses, radii and 
deformations together with single particle states and wave functions from the effective 
lagrangian containing nuclear interaction.

As a first step toward the whole project, we study the ground state properties of 
even-even nuclei ranging from Z=8 to Z=120 up to the proton and neutron drip lines 
in the RMF theory. We adopt the parameter set TMA, which has been determined 
by the experimental masses and charge radii in a wide mass range, for the effective 
lagrangian of the RMF theory. We take into account the axially symmetric deformation 
using the constrained method on the quadrupole moment. We provide the properties of 
all even-even nuclei with all the possible ground state deformations extracted from the 
deformation energy curves by the constrained calculations. By studying the calculated 
ground state properties systematically, we aim to explore the general trend of masses, 
radii and deformations in the whole region of the nuclear chart. We discuss the agreement 
with experimental data and the predictions such as magicness and triaxial deformations 
beyond the experimental frontier.

1 Introduction
The recent advance at the radioactive nuclear beam facilities such as the one in RIKEN 
provides us with an increasing number of information on unstable nuclei far away from 
the stability line. We are having the experimental data such as masses, radii and defor­
mations of unstable nuclei in a wider region of the nuclear chart than before. The studies

'Also: Max-Planck-Institut fur Astrophysik (MPA), Karl-Schwarzschild-Str. 1, 85740 Garching, 
Germany

2Also: Japan Synchrotron Radiation Research Institute (JASRI) - SPring-8, Kamigori, Hyogo, 678- 
12, Japan

3Also: Research Center for Nuclear Physics (RCNP), Osaka University, Mihogaoka, Ibaraki, Osaka 
567, Japan
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of exotic nuclei with those data have revealed the novel phenomena such as neutron halos 
/1 / and neutron skins /2/ and bring new findings in nuclear physics /3//4/. Having 
experimental efforts toward the drip lines in the nuclear chart, it is extremely interesting 
to exploit the general feature of the nuclear properties in the whole region of the nuclear 
chart starting from a reliable many body framework.

Recently, there has been a great progress in the relativistic many body framework 
/5/. Among them, the relativistic mean field (RMF) theory, which is a phenomenological 
model based on the recent success of the relativistic Brueckner Hartree Fock theory /6/, 
has been successfully applied to the description of various ground state properties of 
nuclei. It has been shown that the RMF theory reproduces the properties of stable 
nuclei in a wide mass range of the periodic table /7//8/. It is also remarkable that 
the RMF theory reproduces the properties of unstable nuclei far away from stability as 
well as stable ones /9//10//11/. The RMF theory has been also applied successfully to 
the description of the deformation properties as well as other properties both for stable 
and unstable nuclei /12/. The equilibrium shapes of unstable nuclei are investigated 
through the comparisons with the experimental information on deformations and the 
shape coexistence is predicted for some nuclei and the change of shapes between prolate 
and oblate ones along isotopes is explored /13/.

Unfortunately, most of the RMF studies on deformed nuclei so far have been made 
for a limited region of nuclides in the nuclear chart such as a series of isotopes due to 
the lack of the experimental data and the computational power. In order to clarify the 
systeinatics of the shape coexistence and the shape transition of nuclei together with 
the behavior of other properties such as masses, charge radii and neutron skins, fully 
systematic study of deformed nuclei in the RMF theory is clearly required for nuclides in 
the whole region of the nuclear chart, especially for unstable nuclei away from stability. 
Having this aim of understanding the general trend of nuclear properties in the nuclear 
chart, we study the ground state properties of about 2000 even-even nuclei up to the drip 
lines in the relativistic mean field (RMF) theory with axial deformation. We perform 
constrained calculations of ground state deformations for all the even-even nuclei from 
oxygen isotopes to superheavy isotopes up to the proton and neutron drip lines using 
the supercomputer VPP500 at RIKEN. We tabulate the nuclear properties for all the 
possible ground state deformations extracted by the constrained calculations of all nuclei.

2 The relativistic mean field theory
In the RMF theory, the system of nucleons is described by the fields of mesons and 
nucleons under the mean field approximation /5/. Strong interaction between nucleons 
is mediated by the mesons, which are created in turn by the existence of nucleons. We 
start with the effective lagrangian, which is relativistically covariant, composed of meson 
and nucleon fields. We adopt the lagrangian with the non-linear a and ui terms based 
on the relativistic Brueckner Hartree Fork theory /II/ as follows,

£ = - Af ]v> + ^m2ao2 - ^g3ir3 - ^g4cr4 -
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1 _ (1 — 7"3)

where the notation follows the standard one. Deriving the Euler-Lagrange equations from 
the lagrangian under the mean field approximation, we get a set of the Dirac equation 
for nucleons and the Klein-Gordon equations for mesons. We solve self-consistently the 
Dirac equations and the Klein-Gordon equations by expanding the fields in terms of the 
harmonic oscillator wave functions.

The RMF theory contains the meson masses, the meson-nucleon coupling constants 
and the meson self-coupling constants as parameters. We adopt the parameter set TM A, 
which was determined by fitting the experimental data of masses and charge radii in a 
wide mass range /14/. A novel feature of this parameter set is the mass dependence 
so as to reproduce nuclear properties quantitatively from the light mass region to the 
superheavy region. In order to take into account the axially symmetric deformation, we 
expand the fields in terms of the eigenfunctions of a deformed axially symmetric harmonic 
oscillator potential. We perform the constrained calculations on the quadrupole moment 
of the nucleon distribution to survey the coexistence of multiple shapes /15/. We use the 
quadratic constraint to get full curves of the energy surface due to the axial deformation.

Since it turns out that many nuclides have several solutions with different equilib­
rium deformations and similar binding energies, it is hard to choose the ground state 
configuration uniquely and it is rather interesting to explore the shape coexistence and 
the indication of other type of deformation. We extract all the possible equilibrium de­
formations from the energy curves obtained by the constrained calculations. We then 
perform non-constrained calculations starting from the deformation parameter of all the 
selected minima as an initial guess and obtain the physical quantities as final values. 
We tabulate the quantities thus obtained for all the minima for all nuclide. In order to 
explore the general trend of the table of nuclear properties and to compare them with 
the experimental data, we need to choose a solution from multiple solutions. In the 
following analysis, we select a solution which has the absolute minimum among the mul­
tiple solutions whenever they are available. The analysis on the systematics of multiple 
solutions without doing any selection of minima is currently being made /16/.

3 Calculated nuclear properties
The rms deviation of the masses from experimental data turns out to be within 3 MeV. 
The agreement with experimental data is fairly good taking account of the fact that the 
nuclear masses are calculated by the self-consitent many body framework starting from 
the effective lagrangian. We note that the number of free parameters in the present 
framework is 14. It is also worth mentioning that the present calculation with the 
parameter set TM A reproduces the binding energy of Fe, which is the most bound 
nuclide and has not been reproduced in the previous RMF calculations.

We show in Figure 1 the deformation parameter of the proton distribution in the 
nuclear chart. Patterns of prolate and oblate region can be seen generally. The charac­
teristic of the neutron magic number is preserved having spherical shapes except for the 
neutron rich nuclei with N—20, 28, 50 where the deformed shapes appear. The proton 
magic numbers Z=50, 82 lose their characteristic in the regions away from the neutron 
magic numbers. Several lines along N = 70 close to the neutron drip line, N —138, 184, 198 
around Z-82, and Z = 58, 92 around N = 82, 126, 184 can be seen suggesting magicness.
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Figure 1: The deformation in the N-Z plane. The prolate and oblate shapes are denoted 
by closed and open circles, respectively, in the scale shown in the legend.

For lighter mass region, the shape tends to change depending on the proton number. 
For heavier mass region, the prolate shape dominates the region away from the magic 
numbers. The oblate shape tends to appear the left side of the neutron magic numbers 
and in some regions close to the neutron drip line. It is interesting to see that there is a 
strong deformed region around Z = 38, 40, 42 with N=38, 60, which are suggested to be 
deformed magic numbers by the experiments /4/.

Figure 2 shows the thickness of neutron (proton) skin defined as the difference be­
tween the root-mean-square radii of neutron and proton distributions in the nuclear 
chart. The thick neutron skin is seen generally for nuclei in the neutron rich region away 
from the stability. The thickness can be as large as 1 fm for very neutron rich nuclei 
close to the neutron drip line. The proton skin can be found only for proton rich nuclei 
around the proton drip line in the light mass region.

Detailed analysis on the systematics of the present tabulation and more extensive 
comparisons with the experimental data and the other theoretical mass tables will be 
published elsewhere /16/. Possible triaxial deformations are also being studied in the 
triaxial RMF code in the cases of the coexistence of prolate and oblate deformations 
observed in the present study /13/. It is to be noted that the calculated mass table cov­
ering the nuclear chart in the present study has a profound implication to astrophysical 
problems such as the determination of the nuclides in the outer crust of neutron stars 
and the path of r-process nucleosynthesis. These astrophysical applications are currently 
being made /17/.

4 Summary
We have done the calculation of the ground state properties of about 2000 even-even 
nuclei ranging from Z = 8 to Z^120 up to the proton and neutron drip lines in the rel­
ativistic mean field (RMF) theory. As far as we know, the present work is the first 
microscopic and selfconsistent calculation covering all the even-even nuclides up to both
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Figure 2: The difference between the rms radii of neutron and proton distributions in 
the N-Z plane. The neutron and proton skins are denoted by closed and open circles, 
respectively, in the scale shown m the legend.

the proton and neutron drip lines. We take into account the axially symmetric deforma­
tion using the constrained method with the deformation parameter. We extract all the 
possible ground state deformations from the deformation energy curves obtained by the 
constrained calculations. We adopt the parameter set TMA, which has been determined 
by the experimental masses and charge radii in a wide mass range, for the effective la- 
grangian of the RMF theory. We have tabulated the calculated nuclear properties for 
all equilibrium deformations of all even-even nuclei. We have explored the general trend 
of masses, radii and deformations in the whole region of the nuclear chart. We have dis­
cussed the agreement with experimental data and predictions such as magicness beyond 
the experimental frontier.

Acknowledgment

K. S. would like to thank the stuffs of the Computation Center of RIKEN and Fujitsu 
for the technical supports on the extensive use of VPP500. We acknowledge N. Tajirna, 
N. Onishi and H. Flocard for valuable discussions and comments. K. S. is grateful for 
the support by the Humboldt Stiftung and the hospitality of MPA.

References
[1] I. Tanihata, H. Hamagaki, 0. Hashimoto, Y. Shida, N. Yoshikawa, K. Sugimoto, 0. 

Yamakawa, T. Kobayashi & N. Takahashi, Phys. Rev. Lett., 55 (1985) 2676.

[2] I. Tanihata, D. Hirata, T. Kobayashi, S. Shimoura, K. Sugimoto k H. Toki, Phys. 
Lett., B289 (1992) 261.

[3] I. Tanihata, in Treatise on Heavy Ion Science, Plenum, New York, 8 (1989) 443.

191



JAERI-Conf 97-004

[4] J. H. Hamilton, in Treatise on Heavy Ion Science, Plenum, New York, 8 (1989) 3.

[5] B. D. Serot k J. D. Walecka, Adv. Nucl. Phys., 16 (1986) 1.

[6] R. Brockmann k R. Machleidt, Phys. Rev., C42 (1990) 1965.

[7] P.-G. Reinhard, M. Rufa, J. Maruhn, W. Greiner k J. Friedrich, Z. Phys., A323 
(1986) 13.

[8] Y. K. Gambhir, P. Ring k A. Thimet, Ann. of Phys., 198 (1990) 132.

[9] D. Hirata, H. Toki, T. Watabe, I. Tanihata, B. V. Carlson, Phys. Rev., C44 (1991) 
1467.

[10] K. Sumiyoshi, D. Hirata, H. Toki k H. Sagawa, Nucl. Phys., A552 (1993) 437.

[11] Y. Sugahara k H. Toki, Nucl. Phys., A579 (1994) 557.

[12] D. Hirata, H. Toki, I. Tanihata k P. Ring, Phys. Lett., B314 (1993) 168.

[13] D. Hirata, K. Sumiyoshi, B. V. Carlson, H. Toki k I. Tanihata, submitted to Nucl. 
Phys., A.

[14] Y. Sugahara, Doctor thesis, Tokyo Metropolitan University (1995).; Y. Sugahara k 
H. Toki, in preparation.

[15] H. Flocard, P. Quentin, A. K. Kerman k D. Vautherin, Nucl. Phys., A203 (1973) 
433.

[16] D. Hirata, K. Sumiyoshi, Y. Sugahara, H. Toki k I. Tanihata, in preparation.

[17] K. Sumiyoshi, T. Tachibana, D. Hirata, Y. Sugahara, H. Toki k I. Tanihata, in 
preparation.

192



JAERI-Conf 97-004

The First Internet Symposium on Nuclear Data: Paper No. 18

3.18 Measurement of Formation Cross Sections
of short-lived nuclei by 14 MeV neutron 

—Nd, Sm, Dy, Er, Yb-
H. Sakane, T. Iida*, A. Takahashi*, //. Yamamoto and K. Kawade 

Department of Nuclear Engineering, Nagoya University, 
Furo-cho, Chikusa-ku, Nagoya j6\-0t, Japan 

* Department of Nuclear Engineering, Osaka University, 
Yamadaoka, Suita-shi, Osaka 565, Japan 

e-m a it: h 956319m Yleds. ec ip.nagoya-u. ac.jp

Eight neutron activation cross sections producing the nuclei with half-lives between 3 min 
and 24 min were obtained at the energy range between 13.4 and 14.9 MeV by activa­
tion method. The cross sections were l46Nd(n.p)146Pr, 1R4Sm(n,<a)151Nd, 162Dv(n,p)162Tb, 
I63Dy(n,np)162Tb, l63Dy(n.p)1(j3Tb. 164Dy(n,p)164Tb, 170Er(n.a)167Dy, 174Yb(n,p)170Tm. 
163Dy(n,np)162Tb (T1/.2=7.7 min) was obtained for the first time. Present results are com­
pared with previous results and the evaluated data of JENDL-3 and ENDF/B-VI. There 
are some discrepancies between present results and the JENDL-3 and ENDF/B-VI.

1 Introduction
Neutron activation cross section data around 14 MeV have become important from the 

view point of fusion reactor technology, especially for calculations on radiation damage, 
nuclear transmutation, induced activity arid so on. However the cross section data have 
not often been measured in reasonable accuracy, or there are no available data on some 
reactions because of difficulty in measuring short-lived activities. As a result, the evaluated 
data will not be unreliable. We have been measuring activation cross sections of short-lived 
nuclei by 14 MeV neutron at the Intense 14 MeV Neutron Source Facility (OKTAVIAN) of 
Osaka University. In this work eight cross sections for the (n,p),(n,np) and (n,o) reaction 
leading to short-lived nuclei with half-lives between 3 min and 24 min were measured in a 
qualified experimental condition. [1-4]
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2 Experiment

2.1 Irradiation and flux determination
The D-T neutrons were generated by bombarding Ti-3T mounted in a rotating target 

with d+ beam of 5 mA and 300 keV using the OIxTAVIAN facility at Osaka University. A 
peneumatic sample transport system was used for the irradiation of samples. The angles 
of the irradiation position to the d+ beam were 0°, 55°, 75°, 105°, 125° and 155°, which 
covered the neutron energies ranging from 14.9 to 13.7 MeV. Another peneumatic tube was 
also set at —105° to examine the the arrangement of peneumatic; if the pneumatic tubes 
were correctly set, the obtained cross sections by the irradiation at 105° and —105° show 
good agreement. The distance between T-target and irradiation position was 15 cm. Typ­
ical neutron fluxes at each irradiation position were 0.9-1.5 xl08n/em2/s. An additional 
tube at the distance of 1.5 cm from the T-target were used for making the intense activity 
to calibrate HPGe detectors. The ratio of neutron flux at 1.5 cm to 15 cm was about 
50. The neutron flux at the sample position was measured with use of the 27Al(n,p)27Mg 
reaction. The cross section was 27Al(n,p)27Mg were determined by referring to the stan- 
daided 27Al(n,o)24Na reactions. The samples were sandwiched by two A1 foils of 10 mm 
x 10 mm and 0.2 mm in t hickness. The fluctuation of neutron flux were monitored at an 
intarvals of 3 s by a fission counter. The effective neutron enregy of incident neutrons at 
each irraadiation position was determined by the reaction ratio of 93Zr(n.2n)92Zr to that 
of 93Nb(n,2n)92mNb (Nb/Zr method).

2.2 Sample preparation

Mass separated isotopes from the Oak Ridge National Laboratory and natural abundance 
were used as samples. Powder samples were wrapped in powder papers (each sample size: 
lO/ffmcslO mm and about 1 mm in thickness: sample masses: 20-70 mg). The foil samples 
were rectangular-shaped 10x10 mm and 0.1-0.2 mm in thickness.

2.3 Activity measurement

Gamma-ray emitted from the irradiated samples and A1 were measured with 12% and 
16% HPGe detectors. Each detector covered with a 5 mm thick acrylic absorber in order 
to reduce beta-rays, and the acrylic-spacer with length at 4.5 cm were also put on the 
detector. We call it staderd position. The distance between the standard position and the 
surface of detector is 5.0 cm. The full-energy peak effciencies at standard position were 
calibrated with standard sources of 152Eu, 133Ba, 60Co, 24Na, 56Co. Coincidence summing 
effect were taken into considertion. The efficiency data between 50-340 keV were fitted 
with a function with 6-fit ting-para meter, and those between 340-3000 keV were fitted with
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a function with 7-fitting-parameter. The errror in the efficency curves are estimated to be 
1.5% above 300 keV. 3%> between 80 and 300 keV and 5% below 80 keV. The irradiated 
samples were put at close position without the acrylic spacer in order to obtain good 
statistics. To obtain the efficiency at close position, an extra sample with the same form as 
other samples was irradiated with rather strong neutron flux by using calibration pneumatic 
tube. This sample was used for efficiency calibration between the standard position and 
close position. The detector efficiency at close position are larger than that at standard 
position by a factor of about seven.

2.4 Decay data

In Table 1, measured reactions of associated decay data of the half-life, the 7-ray energy 
and the absolute intensity in photons per disintegration are listed together with Q-values.

2.5 Corrections

Corrections were made for time fluctuation of neutron flux, thickness of samples, self 
absorption of 7-rav, sum-peak effect of ganma-ray and contribution of low energy neutrons 
below 10 MeV.The total errors St were described by combining the experimental errors Sf 
and the errors of nuclear data $r in quadratic: Sf = <$2 + 5T Accuracy of the obtained cross 
sections were around 4.5% in case of good statistics.

3 Results and discussion
Numerical data table of cross sections are given in Table 2. The graphs are given in 

Figs T8 together with the experimental data and the evaluation data of JENDL-3 and 
ENDF/B-VI. The cross sections of 163Dy(n,np)162Tb were obtained for the first time. 
The cross sections of 146Nd(n,p)146Pr, 154Sm(n,o)151Nd, 162Dy(n,p)Ui2Tb, 163Dy(n,p)163Tb, 
170Er(n,o)167Dy, 174Yb(n.p)170Tm were obtained at six energy points between 13.4- 
14.9 Mev, although the previous results had been obtained at one energy point. Present re­
sults are compared with the evaluation data of JENDL-3 and ENDF/B-VI. The evaluat ions 
of JENDL-3 for 162Dy(n,p)u'2Tb, 1,i3Dy(n,p)163Tb, and 164Dy(n,p)164Tb agree reasonably 
well with experimental results. The evaluation of JENDL-3 for 154Sm(n,<>)l51Nd is 40% 
larger. The JENDL-3 for lti3Dy(n,np)162Tb is about 1 /6 of experimental result. The slope of 
excitation function of JENDL-3 for 1‘°Er(n,a)167Dy is about 1/5. The evaluation ENDF/B- 
VI for 146Nd(n,p)146Pr is about 1 /4. The slope of ENDF/B-VI for 164Dy(n,p)164Tb is about 
1/7.
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4 Conclusion
Eight activation cross sections were obtained. There are some discrepancies between 

present results and the evaluation data of JENDL-3 and ENDF/B-VI. Re-evaluations for 
these reactions are needed.

5 REFERENCES
[1] T.Katoh et al. JAERI-M 89-083 (1989) (in Japanese)
[2] K.Kawade et al. JAERI-M 90-171 (1990)
[3] K.Kawade et al. JAERI-M 92-020 (1992)
[4] K.Kawade et al. JAERI-M 93-124 (1993)
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Table 1: Measured reactions and decay parameters.

Reaction Tl/2 EJkeV) M») Q(MeV)
146Nd(n,p)146Pr 24.15(18)m 453.89 48.0(24) -3.37
154Sm(n,o)15lNd 12.44(7)m 116.71 46.8(18) 4.14
162Dy(n,p)162Tb 7.7(2)m 260.080 79(5) -1.75
163Dy(n,np) 162Tb 11 > 7.7(2)m 260.080 79(5) -1.75
163Dy(n,p)163Tb 19.5(3)m 351.25 26(3) -8.02

164Dy(n,p)164Tb 3.0(1 )in 168.829 24.0(12) -3.07
170Er(n,o)167Dy 6.20(8)m 569.66 48(2) 5.47
174Yb(n,p)174Tm 5.4(1 )m 366.6 92(4) -2.31
27Al(n,o)24Na ^ 14.959(4)h 1368.6 99.994(3) -3.13
27Al(n,p)27Mg '6 9.462(1 l)m 843.8 72.0(4) -1.83

a) (n.np) means [(n,d)+(n,»‘p)+(n,pn)]
b) Q(n,n’p) is given here. Q(n,d)=Q(n,n’p)+‘2-225MeV
c) Standard reaction (ENDF/B-Y) used in this work.
d) Seceondary conventional reaction used for short-lived nuclei.
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Table 2: Activation cross sections of short-lived nuclei

146Nd(n,p)146Pr (24.15m) 154 Sm(n,o) 154Nd(12.44m)
En(MeV) a (mb) <^e(%) 4 (%) <U%) En(MeV) a (mb) Sr{%) s,(%)

14.87 5.67 5.2 5.1 7,3 14.87 0.494 35 3.9 35
14.58 4.30 7.4 5.1 9.0 14,58 0.640 30 3.9 31
14.28 3.94 10 5.1 11 14.28 0.480 53 3.9 54
13.88 3.77 6.5 5.1 8.3 13.88 0.236 71 3.9 71
13.65 2.93 12 5.1 13 13.65 0.304 46 3.9 46
13.40 2.60 7.3 5.1 8.9 13.40 0.480 28 3.9 28

162Dy(n,p)162Tb(7.7m) 163Dy(n,n]p)162Tb(7.7m)
En(MeV) a (mb) ^eC%) <M%) 6t(%) En(MeV) a (mb) ^ e(%) a r(%) M%)

14.87 4.54 4.5 6.3 7.7 14.87 0.678 14 6.3 15
14.58 3.92 4.8 6.3 7.9 14,58 0.668 15 6.3 17
14.28 3.74 6,1 6.3 8.9 14.28 0.495 22 6.3 23
13.88 3.06 5.0 6.3 8.0 13.88 0.233 38 6.3 39
13.65 2.55 5.7 6.3 8,5 13.65 0.168 55 6.3 55
13.40 2.24 6.0 6.3 8.7 13.40 0.124 66 6.3 66
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163Dy(n,p)163Tb(19.5m) 164Dy(n,p)164Tb(3.0m)
En(MeV) a (mb) de(%) 6 r(%) dt(%) En(MeV) a (mb) de(%) 6 r(%) d t(%)

14.87 4.03 9.5 11.6 15 14.87 2.81 24 6.0 25
14.58 3.17 13 11.6 18 14.58 2.63 30 6.0 25
14.28 3.39 14 11.6 18 14.28
13.88 3.00 13 11.6 17 13.88
13.65 2.50 16 11.6 19 13.65
13.40 2.24 14 11.6 19 13.40

170Er(n,a) 167Dy(6.20m) 174Yb(n,p)174Tm(5.4m)
En(MeV) g (mb) de('X) J r(%) dt(%) En(MeV) a (mb) de(%) d r(%) d t(%)

14.87 1.52 18 4.2 18 14.87 3.19 5.0 4.4 6.7
14.58 1.18 21 4.2 21 14.58 2.94 5.4 4.4 7.0
14.28 1.03 36 4.2 37 14.28 2.52 7.6 4.4 8.8
13.88 13.88 2.14 6.1 4.4 7,5
13.65 0.426 47 4.2 47 13.65 1.62 8.0 4.4 9.1
13.40 0.397 37 4.2 37 13.40 1.45 7.5 4,1 8.7

146aNd( n,p )146Pr( 24.15m)

Fig-1

154Sm(n,or )151Nd(12.44m)

• Present 
—JENDL-3

Neutron Energy(MeV)

Fig-2
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Furo-cho, Chikusa-ku, Nagoya, 464-01, Japan 

‘Department of Nuclear Engineering, Osaka University 
Yamadaoka, Suitu-shi, Osaka, 565, Japan 
“Japan Atomic Energy Research Institute:

Tokai-mura, Naka-gun, Ibaraki-kcn, 319-11, Japan 
Email : h966425mJhds.ecip.nagoya-u.ac.jp

The dec ay half-lives of short-lived nuclei produced by 14 MeV neutron bombardments 
were measured with Ge detectors, a High-rate spectroscopy amplifier (EGiGG ORTEC 
model 973) and a Spectrum multi-scaler (Laboratory equipment corporation SMS 48) 
in the multi-scaling mode. The adequate corrections for pile-up and dead-time losses 
were made by applying source and pulser methods. The half-lives of 53V, S3sFe, 80mY 
and lti2Tb were determined with uncertainties of 0.13~0.65%. It has been shown that 
previous values shorter than 10 min were systematically longer than the present ones.

1 Introduction
The hall-life is one of the most fundamental constants on radioactive isotopes. In 

the measurements of nuclear reaction cross sections with the activation method, the 
uncertainty of half-life values brings a strong effect to the results of the cross sections. 
However the previously published values of half-lives sometimes show the discrepancy 
much larger than the individual uncertainties. In order to improve the reliability of 
the half-lives of short-lived nuclei, the half-lives of 53V, 53gFe, S9mY and !<l2Tb with 
T]/2=lt> s~8.5 m were measured.

2 Experiment

Short-lived nuclei were produced by 14 MeV neutron bombardments. The 14 MeV 
neutrons were generated by the intense 14 MeV neutron generator of Osaka University 
(OKTAXTAN) and the facility of Fusion Neutronics Source (FNS) of JAER1. Fig. 1 dis­
plays a block diagram of the counting system. The 7-rays were measured with ORTEC
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Ge detectors and the High-rate spectroscopy amplifier[l] to measure at high counting rate 
in the multi-scaling mode. In order to measure half-lives in the order of seconds (89mY), 
the spectrum multi-scaling was accomplished using the Spectrum multi-scaler (SMS) to 
reduce the data transfer time. Decay was followed for 5~10 times the half-life at equal 
intervals of 1/3 of the half-life.

It is necessary for precision determination of the half-lives that proper corrections for 
pile-up and dead-time losses are made since the counting rate greatly changes during 
the measuring time in the measurements of short-lived activities. A new method using 
reference source and constant-pulser has been developed by us[2]. The source method 
using reference 7-rays is reliable for corrections. Statistical fluctuations of the source, 
however, happen and the peak area evaluation of reference 7-rays might be effected 
by decaying compton backgrounds coming from short-lived nuclei of interest. On the 
other hand the pulser met hod [3] gives high degree of accuracy and no effect to 7-ray 
spectrum, but the peak shape of pulser is different from that of real 7-radiations and 
the constant-pulser produces no random pile-up pulse by itself. There might be some 
differences between both the methods. The variation in the peak intensity ratios of the 
reference source (60Co) to the pulser was examined. As shown in Fig. 2, the ratios were 
well constant at high counting rate up to 80 kcps. It is considered that the measurement 
at the rate up to 80 kcps would be reliable. The decay curve was determined by the 
least squares fits in the range that the peak intensity ratios were constant, that is, the 
counting rate was less than 80 kcps.

3 Results and discussion
A 7-ray spectrum and decay curve of 53V are shown in Fig. 3 and Fig. 4, respectively. 

The results are summarized in Table 1 together with production reactions, energy of mea­
sured 7-rays, reference sources, number of measurement and evaluation values[4]. The 
half-lives of 53V, 53gFe, 89,11 V' and 162Tb were deduced with uncertainties of 0.13~0.65%. 
In Fig. 5-8, the results are compared with previous works[5, 6]. In Fig. 9. relative de­
viations of previous values from the present are shown. It is clearly seen that most of 
previous values shorter than about 10 min were longer than the present and our previous 
ones[2, 7-11]. Especially, the maximum of relative deviations of 53V was found to be 9%. 
The cause might result from insufficient corrections for pile-up and dead-time losses. It 
is likely to start measurements at high counting rate to get good statistics during the 
short measuring time and the decay curve would show a longer half-life compared with 
the true value if the corrections are not enough.

4 Conclusion
It has been already recognized in our previous works that most of previous values 

shorter than 10 min were systematically longer than our measured ones. Since the

- 203-



JAERI-Conf 97-004

present results also showed the same tendency, it is needed to measure the half-lives of 
short-lived nuclei by applying adequate corrections.
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Table 1: Results of half-life measurements.

Nuclide Production
Reaction

Energy
(keV)"

Reference
Source3*

Number of
Measurement

Half-life
Present Reference11*

%(n,p) 1006.2 5 1.497(3) m 1.61(4) m
53gFe 54Fe(n,2n) 377.9 ^'Co 4 8.558(11) m 8.51(2) m
89rn y »*Y(n,n') 909.2 i^Cs 7 15.68(4) s 16.06(4) s
1,12 Tb 165 Ho (n,a) 260.1 ^Co 5 7.74(5) m 7.60(15) m

a) These sources were used for corrections of pile-up and dead-time losses.
b) Taken from ref. [4].
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Reference Source
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High-Rate Amp.
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Channel Number (0.5keV/ch)
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Fig. 1: Block diagram of the counting Fig. 3: Gamma-ray spectrum in the decay 
system. of 53V.

Time fmTotal Counting Rate [kcps'

Fig. 2: Peak intensity ratios of reference Fig. 4: Decay curve of 53V and residuals 
source (“Co) to pulser. from a least squares fitting analysis.
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Abstract

A database storing the data on nuclear reaction was built to calculate for 
simulating transmutation behavious of materials /!/—/3/. In order to retrieve 
and maintain the database, the user interface for the data retrieval was developed 
where special knowledge on handling of the database or the machine structure is 
not required for end-user. It is indicated that using the database, the possibility 
of He formation and radioactivity in a material can be easily retrieved though the 
evaluation is qualitatively.

1 Introduction
In the data system for nuclear material design and selection used in various reactors, 
huge material databases and several kinds of tools for data analysis or simulation code 
of the phenomena under irradiation are required. The challenge of a computer-based 
simulation system for the transmutation, radio activation, decay-heat and biological 
hazard potential of materials is done, since the simulation of the phenomenon under 
neutron irradiation is important in view of alloy design and selection of materials used 
in various reactors. A database storing the data on nuclear reaction needs to calculate 
of the simulation. In the database for nuclear reaction, the data of nuclear reaction for 
material design is stored and we can understand qualitatively the behavior of nuclear 
reaction such as the transmutation or decay. The database is required for the friend 
user-interface for the retrieval of necessary data. In the paper, features and functions of 
the developed system are described and especially, examples of the easy accessible search 
of material properties are introduced.

2 Outline of the nuclide database for nuclear ma­
terials

2.1 Data collection

Various data, which are required for simulation on nuclear reaction, have been collected 
from reports as follows.
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Figure 1: Data structure of the database for nuclear reaction.

1. Nuclear data such as neutron cross-section are collected from JAERI’s CRROSLIB, 
ENDF/B-6, JENDL-3 and FENDL 1.1. The number of element stored in the 
database is 54 at present, however, this will increase to be 89 in near future.

2. The data on element and isotope are collected from

• ’’Table of Radioactive Isotopes” E. Browne and R. B. Firestone,1986, LBLU 
of C, John Wiley & Sons,

• ’’Chart of the Nuclides” compiled by Y. Yoshizaw and T. Horiguchi and M. 
Yamada, 1980, JNDC and NDC in JAERI.

2.2 Database system
In the nuclide database, the data of nuclear reaction for material design is stored and we 
can understand qualitatively the behavior of nuclear reaction such as the transmutation 
or decay. The database is managed by 4th Dimension where RDBMS (relational database 
management system) is supported on the PC (Macintosh). The RDBMS and PC were 
selected to be able to build the friend user-interface for the retrieval of necessary data.

2.3 Data structure
The database consists of five main tables and three supplemental tables, as shown Fig.
1. Main tables are element, isotope, spontaneous decay, transmutation and cross section
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Figure 2: Opening screen of the nuclear reaction database.

table. The element table has the data such as element name, atomic weight and etc. 
These data are input values obtained from ordinary periodic table. The data in the 
isotope table consist of the natural abundance ratio, half-life data, gamma-ray or beta- 
ray energy and maximum permissible concentration in air (MFC), which are taken from 
isotope table. The spontaneous decay table has the data of decay mode and branching 
ratio. The transmutation table has the data of transmutation process, produced nuclide 
and etc.. The neutron cross-section table stores the data with 42-energy group covering 
from thermal neutron energy to 15MeV. The supplemental tables are three kinds of 
spontaneous decay, decay mode, gamma energy and beta or alpha. These tables play 
the roles due to aid the retrieval and the calculation of decay heat. Both tables are 
related by a certain unique key mutually.

3 Functions and user-interface

3.1 Functions

Fig. 2 shows opening main menu screen of the database. This database has four retrieval 
functions of nuclear reaction process, properties of radioactive isotope, spontaneous decay 
of each isotope and decay of produced nuclides after nuclear reaction. We can understand 
qualitatively the behavior of nuclear reaction such as the transmutation or decay.

3.2 User-interface for retrieval data

After choosing one of four functions on opening screen, various folders corresponding 
to the function appear as shown Fig. 3,4,5,6. Fig. 3 indicates the retrieval folders 
of records on nuclear reaction. List screen displays a listing of 843 records of nuclides 
produced by nuclear reaction in the folder, as shown Fig. 3(a) and then by pressing 
the button of ” parent nuclides”, it is possible to view the contents of a nuclear reaction 
process as shown Fig. 3(b). Fig. 4 indicates the retrieval folders of records on isotope
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Cr 050 HHP 5 42 749 0 H.D.T.ll 1973
Cr 050 HP 15 42 750 9 XFK-2386 1977
Cr 050 HA 12 42 Tie 9 KFK-2382- 1977
Cr 050 HQ 42 42 051 U EHDP/B-4 1974
!* 1*55 HHE8 42 753 a EHDP/B-4 1974
Mr VbBS HD 42 054 9 EHDP/B-4 1974
Mr 1*55 HA to 42 752 U EHDF/B-4 1974
Mr 1*55 HHP 42 054 9 EHDP/B-4 1974
Mr 1*55 HZH 42 1*54 XJ EHDP/B-4 1974
Mr 1*55 HP to 42 055 V EHDP/B-4 1974
Mr 1*55 HQ 42 42 8*56 V EHDP/B-4 1974
Ft F«58 HP 12 42 1*58 0 KFK-5386 1977
tt____ EeSBL_ HA------------- _____ 1 __ffi 055 ft_____ HD T tf ...— ..........\m

Figure 3: Retrieval folders of records 
(Transmutation and decay process)

on nuclear reaction, (a) : (List of records),
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(a)
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Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho
0 p — 0 “* 0 -* l a «-# *- « #

10095 10056 10096 91.696 100* 10096 10096 10096
1 37*+0 3d5e-l 7.968-1 1.66e*0

(b)

Hatt-Llfc Ol* Dmyhae Decay mode Decay «*> 5
CilSO l.WH-l
8U30 IAt*«
U190 2J*M
ctise 9.09*86 <9- $99 |
M50 9.00*80 (9- $99 |
NU39 u 9^0*80
Pm 150 IMhO 1.97*80 *■ im a
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E«150M 860e*l f 196 ffi
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Til* IJOwO k 7.W*-1 tee %
tiisom 0J9*-1 100 &
Dyl50 7.17*80 1.66*80 * i

4.00*+! 9.00*80 190 ji

Decay Heat

Figure 5: Retrieval folders of records on spontaneous decay, (a) : (Spontaneous decay 
of designated mass number), (b) : (Folder for input of a mass number)
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ah# Nocleaf KeactioA

Pimm im$M W mmm&

it&t&ixst of Redioisotopei
NtmW 6f Ti&mmuon

ttm&ttiiitssi. Hiif-m &#$toei«6s Trtssastattaa Haf-LBi

Figure 6: Retrieval folders of records on decay after nuclear reaction and steps of trans­
mutation. (a) : (decay and steps of transmutation), (b) : (Folder for input of a mass 
number)
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properties. The list screen displays a listing of 3517 records of isotopes properties in 
folder, as shown Fig. 4(a). By selecting the desired isotope, it is possible to view the 
contents of properties of a isotope, as shown Fig. 4(b). Fig. 5 shows the retrieval folders 
of records on spontaneous decay. If the isotope is designated by the input of a mass 
number using the folder as show

Fig. 5(a), the spontaneous decay records of the radio isotope is obtained, as shown Fig. 
5(b). Fig. 6 shows the retrieval folders of records on decay and transmutation processes 
after nuclear reaction. If the isotope is designated by the input of a element using the 
folder as shown Fig. 6(a), the decay of the produced nuclide and steps of transmutation 
is obtained, as shown Fig. 6(b). The user-interface (i.e. folder) of the database performs 
an important role either useful system or not. Using this user-interface, end-user can 
easily obtain the necessary nformation by the easy operation for retrieving, because a 
screen provided with pop-up and pull down menu, is employed to be mainly operated 
by micro-mouse in addition to keyboard.

4 Example of system operation
Type 316 stainless steel is used as the structural material of the fuel sub-assemblies in 
the sodium cooled fast breeder reactors. This steel is regarded as a candidate material 
for blanket structures of the fusion reactors. However it is required that materials should 
have a high resistance against swelling and low radioactivation under the high-energy 
neutron irradiation environment such as in fusion reactors. Ferritic 9CrlWVTa steel is 
also being considered as an alternate candidate structural material to type 316 stainless 
steel /3/. An amount of He formation and radioactivity under neutron irradiation of 
both steels will be evaluated as an example of application of the present simulation 
system. Table 1 Results of retrieval for long half-life on the products of nuclear reaction 
of the first step caused by neutron irradiation to both type 316 stainless and ferritic 
steel.
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(a) Compositional atom of type 316 stainless steel
(Fe,Cr,Ni,Ti,C,Mn,Si,S,P,Q,N,B)
Element Isotope Reaction Product Half-life Unit Reference Year
B BIO NP BelO 1.60E+06 y ENDF/B-4 1974
C C13 NA BelO 1.60E+06 y N.D.T.ll 1973
C C13 NG C14 5.73E+03 y ENDF/B-3 1970
N N14 NP C14 5.73E+03 y ENDF/B-4 1974
Fe Fe56 N2N Fe55 2.70E+00 y N.D.T.ll 1973
Fe Fe54 NNP Mn53 3.70E+06 y N.D.T.ll 1973
Fe Fe54 NG Fe55 2.70E+00 y ENDF/B-4 1974
Ni Ni64 N2N Ni63 1.00E+02 y N.D.T.ll 1973
Ni Ni62 NG Ni63 1.00E+02 y ENDF/B-4 1974
Ni Ni61 NNP Co60 5.27E+00 y N.D.T.ll 1973
Ni Ni60 N2N Ni59 7.50E+04 y N.D.T.ll 1973
Ni Ni60 NP Co60 5.27E+00 y ENDF/B-4 1974
Ni Ni58 NA Fe55 2.70E+00 y KFK-2386 1977
Ni Ni58 NG Ni59 7.50E+04 y ENDF/B-4 1974
Cu Cu63 NP Ni63 1.00E+02 y N.D.T.ll 1973
Cu Cu63 NA Co60 5.27E+00 y ENDF/B-4 1974
Mo Mo96 NA Zr93 1.50E+06 y N.D.T.ll 1973
Mo Mo95 NNP Nb94 2.00E+04 y N.D.T.ll 1973
Mo Mo94 N2N Mo93 3.50E+03 y N.D.T.ll 1973
Mo Mo94 NP Nb94 2.00E+04 y N.D.T.ll 1973
Mo Mo92 NNP Nb91 6.80E+02 y BNL-325 1976
Mo Mo92 NP Nb92 3.20E+07 y N.D.T.ll 1973
Mo Mo92 NG Mo93 3.50E+03 y N.D.T.ll 1973

(b) Compositional atom of ferritic OCrlWVTa steel
(Fe,Cr,W,V,Ta,C,Mn,Si,S,P,Q,N,B)
Element Isotope Reaction Product Half-life Unit Reference Year
B BIO NP BelO 1.6000E+06 y ENDF/B-4 1974
C C13 NA BelO 1.6000E+06 y N.D.T.ll 1973
C C13 NG C14 5.7300E+03 y ENDF/B-3 1970
N N14 NP C14 5.7300E+03 y ENDF/B-4 1974
0 017 NA C14 5.7300E+03 y N.D.T.ll 1973
Fe Fe56 N2N Fe55 2.7000E+00 y N.D.T.ll 1973
Fe Fe54 NNP Mn53 3.7000E+06 y N.D.T.ll 1973
Fe Fe54 NG Fe55 2.7000E+00 y ENDF/B-4 1974
Ta Tal81 N3N Tal79 1.8200E+00 y ENDF/B-4 1974

Using the nuclide database, the possibility of large amount of He formation and ra­
dioactivity in the candidate materials can be easily evaluated qualitatively. The pos­
sibility of He formation is known by retrieving cross section size of (n, a) reaction on 
compositional atoms of materials. The radioactivity is known by retrieving half-life of 
transmuted products of compositional atoms of material. Table 1 shows transmuted 
products with half-life of more than one year in type 316 and ferritic steel. These result 
suggest that type 316 stainless steel has more radioactive nuclides and is radioactivated 
more easily than ferritic 9Cr-lWVTa steel under neutron irradiation. It is found that this
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system will be frequently used by nuclear material scientists as a material information 
tool, if this system is jointed to networking system such as ”Data-Free-Way” /1 /—/3/.

5 Conclusion
The radioactivity is known by retrieving half-life of transmuted products of composi­
tional atoms of material. Transmuted products with half-life of longer than one year in 
type 316 and ferritic steel. These result suggest that type 316 stainless steel has more 
radioactive nuclides and radioactivated more easily than ferritic 9Cr-lWVTa steel for 
reduced activation under neutron irradiation .
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Double-differential neutron emission cross sections (DDXs) of Nb and Bi have been 
measured for ll.oMeY neutrons using the l ,.V(d. n)u'0 quasi-monocnergetic neutron 
source at Tohoku University 4.5MY Dynamitron facility. For En' >GMeY. DDXs were 
measured by the conventional TOF method (single-TOF:S-TOF). For Eli' <GMe\*. where 
the S-TOF spectra were distorted by the background neutrons, we adopted a double-TOF 
method (D-TOF). By applying D-TOF method, we obtained DDXs down to lMeY.

1 Introduction
Doubh'-differential neutron emission cross sections (DDXs) for fast neutrons are very 

important for the noutronics design of fusion reactors, shielding design of high energy 
accelerator facilities and so on. In the energy region between 8 - 13 MeY. there have 
been only very few DDX measurements despite of the importance for fusion reactor ap­
plication. This paper describes DDX measurement at 11.5 MeY using the ' ‘.Y(<l.u)u'() 
source /1 / as an extension of the systematic DDX studies for 14. 18 MeY and 1 - G 
MeY neutrons /2//3//4/. The 11.5 MeY neutron source by the l:’\{d. n)u'() reaction 
is not monoenorgetie. and the low energy part of the spectrum measured by the con­
ventional TOF (single-TOF : S-TOF) method is contaminated seriously by the events 
due to background neutrons in the source. In this study, we adopted the double-TOF 
(D-TOF) method joj that was similar to that employed at China Institute of Atomic 
Energy (CIAE) /G/ and eliminated experimentally the background events in the TOF 
spectrum. By this technique, we could obtain almost entire DDXs for 11.5 MeY neutrons. 
Experimental results are presented in comparison with evaluated data and calculations 
by the code EXIFOX /!/.

-218-



JAERI-Conf 97-004

2 Experiments and Data Reduction
Experiments were carried out using 

the Tohoku University Dynamitron time-of- 
fiightspeetrometer /8/. Scattering samples 
were cylinders of elemental niobium and bis- 
muth(3 cm diam x 5 cm long). The neutrons 
were pordueed by bombarding a 1 ‘Ab gas 
target with a pulsed deuteron beam. Fig.l 
shows energy spectrum of the source neu­
trons. Primary neutrons appear at 11.5 MeV 
with no appreciable background neutrons 
down to G MeV. In addition to the 11.5 MeV 
neutrons, however, there are intense several 
background neutron groups corresponding to 
the excited states of residua! H>0. These neu­
trons give rise to serious backgrounds over­
lapping with the spectrum by primary neu­
trons in the region En' < 6 MeV. There­
fore, the D-TOF method was employed to 
obtain spectra for En' < G MeV by elimi­
nating background events, as well as S-TOF 
method for En' > G MeV.

2.1 S-TOF Experiment

En - 11.5 MeV

N(d,nj O
N(d,n)0

ex-6.919
\ 7.1169 MeV

6.1304 MeV

0 2 4 6 8 10 12 14

Neutron Energy (MeV)

Figure 1: Energy spectrum of the 
source neutrons

The S-TOF experimental method was almost the same as that in previous studies for 
14, 18 MeV and 1 - G MeV neutrons /2//3//4/. Fig.2 shows the experimental set up of 
the S-TOF method. The flight path length was around 6 in. A long liquid scintillation 
detector (LLSD) /9/ was used as a secondary neutron detector to compensate the low 
intensity of the neutron source. LLSD was housed in a massive shield placed vertically 
on a turning table. The neutron omission spectra were measured at 11 and 6 angles 
between 20 and 150-deg for Nb and Bi, respectively.

Flight path : 6m
JBOfcSWsW Main Detector

LLSD (80cmX10cmX6.5cm)

Figure 2: Experimental geometry of the S-TOF method
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2.2 D-TOF Experiment

Fig.3 shows the experimental set up of the D-TOF method. The D-TOF method 
adopted a longer target-sample distance (3.2 m) and shorter sample-detector distance 
(85 cm) than in the S-TOF method. In this arrangement, the events by 11.5 MeV 
neutrons can be separated from those by background neutrons in TOF spectrum. The 
neutron target was shielded with iron, water and concrete to reduce sample independent 
backgrounds. Secondary neutrons were detected by a 14 cm diam x 10 cm long NE213 
which was shielded with lead and paraffin. The neutron emission spectra were measured 
at 90-deg.

(14 cm # x 10 cm 
NE213)

Sample - Detector: '-86 cm

Sample
Sample • Target :-3m

Figure 3: Experimental geometry of the D-TOF method

2.3 Data Reduction

The TOF spectra were converted into the energy spectra considering the effects of 
sample independent backgrounds and the detection efficiency. The energy spectra wore 
corrected for the finite sample-size effects by a Monte-Carlo code SYNTHIA /10/. In 
the S-TOF measurement, absolute cross sections were determined by referring the n- 
p scattering cross section . In the D-TOF measurement, absolute cross sections were 
determined by normalizing the D-TOF data to the S-TOF data in 6 - 8 MeV region 
considering the resolution function in the experiments.
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3 Results and Discussion
Fig.4 and 5 show high energy parts of measured DDXs of Nb and Bi derived by 

the S-TOF method in comparison with those derived from the evaluated nuclear data. 
Fig.6 shows overall DDXs at 90-deg derived by combining the D-TOF data for En' < 6 
MeV. The data at one angular point will be enough since the angular distributions of 
continuum secondary neutrons can be described by Kalbach-Maiin (K-M) or Kalbaeh 
systematics /2//11//12/.

io3

?
10

_o
E

10

Cfi
I 10° 

6

10

Nb En=11.5 MeV

0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

Secondary Neutron Energy (MeV)

Figure 4: DDXs of Nb (En' > 6 MeV)

Bi En=11.5 MeV

120-deg.30-deg. 60-deg.

o Present (S-TOF)
------  JENDL-3.2^

........ ENDF/B-Vlf e

0 2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14

Secondary Neutron Energy (MeV)

Figure 5: DDXs of Bi (En' > 6 MeV)
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Bi En=11.5 MeV 90-Deg.

° Present
----- JENDL-3.2
...... ENDF/B-VI

Secondary Neutron Energy (MeV)

Nb En=11.5 MeV 90-Deg.

Present
JENDL-3.2
ENDF/B-VI

Secondary Neutron Energy (MeV)

Figure G: DDXs of Nb and Bi at 90 cleg.

3.1 Comparison with evaluated data

For Nb. the .JENDL-3.2 data reproduce the experimental data generally well except at 
forward angle, but the ENDF/B-VI data differ largely both in shape and magnitude from 
the experimental data. (Fig.4. G) This large difference arises from the fact ENDF/B- 
VI assumes that angular distributions of continuum components to be isotropic in the 
laboratory system, and adopts inadequate energy spectrum.

For Bi. both data of .JENDL-3.2 and ENDF/B-VI show marked discrepancies with 
the experimental data in 6 - 10 MeV. The inelastic peak observed around 7 MeV in 
experimental data is not considered in both evaluated data, and that around 10 MeV is 
overemphasized in JENDL-3.2. In low energy region corresponding to (n,2ti) reaction, 
the JENDL-3.2 data is slightly lower than the experimental data. (Fig.5, G) This trend 
was observed also for 14 MeV /2/.

A satisfactory agreement of the JENDL-3.2 data with the experimental data will be 
due to well examined model parameters at 14 and 18 MeV data.
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3.2 Comparison with the code EXIFON

Fig.7 show energy differential cross sections (EDXs) deduced from the measured 
DDXs at 90-deg and IvM systematics, in comparison with the calculations by the code 
EXIFON /7/. The solid lines show total, and dashed lines represent MSD and MSC’ 
components.

Nb En=11.5 MeV

o Present 
----- EXIFON

Secondary Neutron Energy (MeV)

Bi En=11.5 MeV

Present
EXIFON

Secondary Neutron Energy (MeV)

Figure 7: EDX of Nb and Bi deduced from measured DDX at 90-deg.

For Nb, EXIFON reproduces comparatively both in shape and magnitude the exper­
imental data. For Bi. EXIFON underestimates the experimental data. Similar underes­
timation of EXIFON for Bi was observed in 14 MeV incident energy /‘2/ .

4 Summary
We have measured double-differential neutron emission cross sections of Nb and Bi for

11.5 MeY neutrons using the irbV(r/. n)u>0 neutron source and compared with evaluated 
data and calculations by the code EXIFON. By combining the S-TOF and D-TOF 
method, we could obtain almost entire DDX data for 11.5 MeV neutrons. This method 
provides a powerful means for DDX measurements around 11 MeV. where only very few 
data are existing.
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We carried out the measurements of high resolution o emission spectra of ,8Ni and '"''Ni 
between 4.5 and 6.5 MeY, and 12C'(n,xo) cross section using a gridded ionization 
chamber. In Ni measurement, overall energy resolution was improved to around 200 keY 
by optimizing a sample thickness and a neutron source width. Measured alpha spectra 
showed separate peaks corresponding to the ground and low-lying excited states of the 
residual nucleus (',:)Fe). These results were compared with another direct measurement 
and statistical model calculations. In 12C measurement, GIC' was applied for (n.xo) re­
actions of light nuclei. This appieation is difficult to (n.xo) cross sections of light nuclei, 
because of the influences of large recoil energy and multi-body break-up. We developed 
new methods which eliminate the effects of recoil nuclei and multi-body break-up and ap­
plied them to l2C'(n,xa) reaction at En=14.1 MeY. In our experiment, the 12C(n,n0)!’Be 
angular differential cross section and 12C'(n.iV3a) cross section were obtained.

1 Introduction
Neutron induced o emission data are important for the evaluation of radiation damage 
and nuclear heating in fusion and fast reactors. We have been conducting measurements 
of double differential (n.o) cross sections (DDXs) of structural elements, Fe. Ni, 50C'r. 
C'u for 4.3 - 14.1 MeY neutrons using a specially designed gridded ionization chamber 
(GIC) /1/ /2/ /3/. The present GIC has advantages of a large geometrical efficiency 
(nearly 4tt) and a capability of energy-angle determinat ion.

In this paper, we present the measurements using the GIC for

1. high resolution o emission spectrum of ""'Ni and 58Ni(n,o) between 4.5 and 6.5 
MeY and 2

2. 12C'(n.xn) cross section at 14.1 MeY.
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In the former experiment, we measured (n,o) DDXs with an overall energy resolution 
around 200 keV and resolved o peaks to the low-lying levels of the residual nucleus, 
55Fe. The results were compared with statistical model calculations. The experiment 
was motivated by a large difference between our previous data /2/ /3/ and Goverdovski 
et al’s one /4/. The data for each state will be interesting to assess the optical model 
potential and level density parameters employed in the calculation.

The latter experiment was the attempt to apply GIC to (n,xo) reactions of light 
nuclei. The present GIC was difficult to apply to (n,xo) reactions of light nuclei because 
of the influences of the large recoil energy and multi-body break-up (ef. Seet.3). To 
solve them, we developed new methods and obtained the data on angular differential 
l"C(n,ol))9Be cross section and the sum a spectrum for the 12C(n,n'3o) reaction.

2 High resolution a spectrum of o8Ni and "°'Ni(n,a)

2.1 Experiment
Experimental setup is 

shown in Fig.l. and is al­
most the same as in pre­
vious studies /1 / /2/ /3/.
Samples were set in the cen­
ter of GIC and bombarded 
with 4.5~G.5Mt-Y neutrons.
Source neutrons were pro­
duced at a D>-gas target 
via the D(d.n) reaction us­
ing Tohoku University 4.5 
MX’ Dynamitron accelera­
tor. In this experiment, we 
employed thin samples and 
a neutron source with a low 
energy spread to improve 
the energy resolution of o spectra. Samples were made by vacuum evaporation on a 
Ta foil (10 //m). and about 280 //g/em2 thick (about 40 keV loss for 4 MeY a-particle). 
Neutron energy spread was reduced to about 150 keV by reducing the pressure of the 
gas target. Consequently, an overall energy resolution around 200 keV was achieved, 
which was good enough to separate o particles to the low lying levels of residual nucleus, 
’ ’Fe. around 500 keV apart. Three signals for two anodes and the common cathode were 
gathered in the list mode.

Fig.2 shows two dimensional spectrum of 5hNi at En=G.51 MeV. A satisfactory signal- 
to-noise ratio was achieved. The anode channel corresponds to the particle energy and 
the cathode one to the angle for each particle energy. The straight and curved lines in the 
figure represent the o emission angles of 90° and 0°, respectively. Owing to good energy 
resolution, a few stripes are observed clearly correspondingly to o particles to the ground 
and excited states. Because of the large1 solid angle1 of GIC. sufficient counting statis­
tics was obtained! within several hemrs e>f measure'meuit with beuim euimuit around 4//A.

90-deg. Neutron Mon. (NE213) 
GIC-PRT Norm.

Sample
” *' ‘ * Ni: < 300 m-g/cm’ 
Vacuum Evap. on Ta-toilCollimator

Beam

0-deg. Neutron Mon. (NE213) 
-*■ FG-BG Norm.

D(d,n) 4.5-6.5 MeV

Figure 1: Experimental se-tup
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Neutron flux on the sample was determined us­
ing a single proton recoil telescope (PRT) con­
sisting of a 20//m thick polyethylene radiator 
and a silicon surface barrier detector in a vac­
uum chamber /5/. DDXs were obtained by 
combining a particle yields for each angular 
mesh with the measured neutron flux. DDXs 
were corrected for the geometrical efficiency of 
GIG and the energy loss within the sample /!/.

The data errors were estimated considering 
the error sources of counting statistics, abso­
lute normalization (8~9 %) and corrections. As 
shown later, the ’’“'Ni data by a thin sample 
were confirmed to be consistent with those by 
a thick sample.

2.2 Statistical model calculation
For comparison with the experimental result, Hauser-Feshbaeh (HF) calculation was 
carried out. The calculation takes account of competition with neutron and proton 
emission channels. The parameters are as follows;

1. Neutron optical model potential (OMP) by A.B.Smith et al. /6/,

2. Proton OMP by Percy /7/ and o OMP by Leinos /8/,

3. Level density parameters by Gilbert-Cameron /9/.

Neutron OMP was that derived by fitting the total and scattering cross sections of 
)8Ni. For 60Ni and 61 Ni. the parameters were modified slightly using the global parame­
ters by Rapaport et al./10/. The nuclear structure data are taken primarily from nuclear 
data sheet. The levels are treated as continuum above

• Ex—4.15. 3.7 and 3.0 MeV for 58Ni, f)UNi and r>1Ni(n1n’), respectively,

• Ex—0.440, 1.1 and 2.0 MeV for o8Ni, 60Ni and 6lNi(n,p), respectively, and

• Ex—2.20. 2.6 and 4.8 MeV for r>8Ni, 60Ni and 61Ni(n,o), respectively.

The calculation by the parameters reproduces satisfactorily the total, (mu') and (n.p) 
cross sections of )8Ni.

2.3 Result and discussion
DDXs, ADX (Angular differential cross section) and integrated (n,o) cross sections are 
shown in comparison with the calculation and other data.

Sample in

*Ni(n,a)

En ■ 6.51 MeV

Anode Channel

Figure 2: Two dimensional spec­
trum of 58Ni at En=6.51 MeV
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Ni(n,cc), En=5.21MeV 
CM-sys. 32-deg.

Alpha-Particle Energy [MeV]

Ni(n,a), En=6.51MeV 
CM-sys. 32-deg.

5 6 7 8 9 10

Alpha-Particle Energy [MeV]

Figure 3: DDX at 5.21 and G.51 MeV at 32°

2.3.1 DDX

Fig.3 shows the typical results of DDX 
at 5.21 MeV and G.51 MeY compared with 
HF results. The emission angle is 32° in 
cm-system. Our result is shown in circle 
and calculation result by solid histogram.
The HF results are smeared with a gaus- 
sian function. 200 keY in FWHM. Natu­
rally. o particles to higher states increase 
with the incident neutron energy. Our re­
sults are fairly close to the calculations in 
shape although the counting statistics is 
not high enough for higher levels. The 
comparison for each o group is shown in 
the next section.

2.3.2 ADX

Fig.4 shows angular differential cross section (ADX) at 5.21 MeY. for three components. 
n(). 0|. 07..!..• All the experimental ADXs are nearly 90° symmetric, and indicate that 
the reaction proceeds via the compound process in these neutron energy range. The 
shape of the experimental spectra are in fair agreement with HF calculations.

2.3.3 Excitation function of r’sNi(n,o()), (n,o,), (n,o2..j..)

Fig.5 shows the excitation function of lXNi(mo0). (mo,). (11.07,;;..) in comparison with 
those by Goverdovski et al. /4/ and HF. The present data for (n.o„) and (11.0, )

0 60 120 180 

CM Angle [deg.|

Figure 4: Angular differential cross sec­
tion at 5.21 MeV
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include the results by the na<Ni samples as 
well as the 58Ni one, because there is no con­
tribution from 60Ni. The (11,0-2,3..) compo­
nent increases rapidly with neutron energy 
and it dominates the (11,0) cross section in 
higher neutron energy. Therefore, the calcu­
lation of (n,o) cross sections are sensitive to 
the level density parameter of o5Fe.

Compared with the data by Goverdovski 
et ah, our results are about twice as large as 
in (11,00) but. smaller in (11,02,3..). This dif­
ference will be a main origin of the difference 
in (11,0) cross section between these experi­
ments (Fig.6).

I11 comparison with HF calculation, the 
present values agree much better than 
Goverdovski et ah's one, but tend to be 
larger above around 5 MeV in (n,o0) and 
(n/>2.3..) values. This leads to larger values

Neutron Energy |MeV]

F igure o:
%(n,no

of the present results in total (11,0) cross section than HF (cf.2.3.4).

Excitation function of 
11,0!), (11,02.3. )

2.3.4 Total (n,o) cross section of 58Ni and no,Ni

Fig.6 shows the integrated r,8Ni(n,o) 
cross section in comparison with other ex­
periment (Goverdovski f\j and Watt (-camps 
/II/), calculations (HF and EXIF ON /13/
/14/) and the evaluations (JENDL-3R2 and 
ENDF/B-VI).

For "n,Ni, the present results by the thin 
sample agree within error with our previous 
values by a thick sample. Therefore, it can 
be concluded that our previous data received 
110 distortion by a sample thickness and an 
energy resolution.

Above 5.5 MeV, markedly discrepancies 
are existing among calculations and eval­
uations for the 58Ni(n,o) cross section be­
cause of the ambiguity in model parameters.
Therefore, experimental data are important 
to determine the magnitude. Our data sup­
port JENDL—3R2, but higher than both calculations in this region. The deviation 
between the present data and the calculations becomes larger with the neutron energy. 
This feature is seen too in the ,,n,Ni(n,o) data, because 58Ni is the dominant element of 
lin,Ni. The lower values of HF will be attributed mainly to the problem of a OMP em­
ployed. but the effect of the level density parameters of 58Ni and 5>Fe should be examined 
further.

Figure 6: 5RNi(u,o) cross section
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3 12C(n,xo;) cross section at 14.1 MeV

3.1 Experiment

Figure 7: The response of GIC in the ease 
of a two body reaction

In the fast neutron reactions with light 
nuclei, recoil particles have large energy 
and multi-body break up processes ac­
company in most cases. For the reason, 
as shown in the following, GIC can not 
be applied to light nuclei in 4 tt geometry 
using a thin sample. Then, we developed 
a single hemisphere method (SH-method) 
and a forward-backward sum-coincidence 
method (FB-method), described below.

In the ease of carbon, charged particle 
production reactions around 14 MeV, are 
(n.O())'lBe and (n,iF3o). (The 12C'(n,p) 
reaction is energetically possible but its 
cross section is negligibly small.) The for­
mer is two-body reaction and the latter is 
a four-body break-up process which con­
tains sequential decay and three-body simultaneous decay /15/.

Fig.7 shows the response of GIC in the case of a two body reaction, such as 
12C(ii,o(j)9Be. The recoil particle, !lBe. has energy high enough to come out from the 
sample foil and contributes to the cathode signal. To remove the effect of recoil 9Be, 
we operated separately the forward (FW) or backward (BW) hemisphere of GIC keep­
ing inactive the other half (single hemisphere method: SH-method). In this mode, the 
energy-angle information can be obtained by the ordinary way.

Fig.8 shows the behavior of GIC for 
l2C'(n.n"3o). In most cases, one or two 
o particles an' detected in both FW and 
BW. The anode and cathode outputs are 
the sum signal, and do not provide infor­
mation on the energy and angle for each 
particle and the number of particles.

Nevertheless, instead, it is possible to 
detect the (n.n'3o) events with a very 
high geometrical efficiency and obtain the 
information on emission cross section and 
the sum energy of three alphas. We ob­
tained sum spectrum by taking events 
which produce signals in both FW and 
BW (forward-backward sum-coincidence 
method: FB-method). The threshold en­
ergy for the coincidence was set around 
200 keY to avoid count losses.

Anode output Par w -Pa, +Pa,,

Figure 8: 
12C(n,iF3o'

The behavior of GIC for
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Tl-T Target 
T(d,n) En-14.lMeV

Beam *

Collimator

QIC
Sample
Cartoon Self-support 200 mbgtem2

O-deg. Neutron Mon. (NE213) 
•6m
------

p!3\
Sample Changer

Figure 9: The experimental arrangement for l2C(n,xo) measurement

The experimental setup is shown in Fig.9. The carbon sample was a self-supporting 
foil, 200 ng/cm2 thick. Incident neutrons of 14.1 MeV were produced by T(d,n) reaction 
at 95°. Experimental setup is the same for both the SH and FB method. Neutron flux 
was measured using a ^E-E type proton recoil telescope /5/.

3.2 12C(n,ao)9Be cross section

In the measured two-dimensional spectrum, 
the (n.oo) events lie on a curved line be­
tween 0° and 90° lines because of a strong 
energy-angle correlation. But in the en­
ergy spectrum for each cm-angle deduced from 
the two-dimensional spectrum, the peaks of 
(n,o0) events are observed clearly with con­
stant energy. Fig. 10 shows the present ADX 
of 12C(n,o0) in comparison with the data of 
Haight et al. by a magnetic spectrometer /16/ 
and those by the inverse reaction, 9Be(o,n)12C- 
gs /II/. Our result is in agreement with the 
result of inverse reaction within error.

3.3 12C(n,n’3a:) cross section

A sum energy spectrum of o particles from l2C(n,n’3o) was deduced by processing the 
list data. Fig.11 shows the sum spectrum of FW-BW coincidence events for sample-in 
and sample-out cases. The peak around 7 MeV is due to 12C(n,Oo)9Be events. The 
events below 6 MeV are a particles from 12C(n,n’3o) [Q=-7.2 MeV] reaction. To de­
duce the (n,n'3o) cross section, we have to estimate the detection efficiency (FW- BW 
coincidence probability), which depends on the geometrical efficiency of GIG and the 
energy and angle of o-particles. Here, we assumed simply that the detection efficiency 
was identical with the geometrical efficiency for two particles. Fig.12 shows the result 
in comparison with other data by the emulsion measurement /15/ /18/, neutron DDX 
/19/ and magnetic spectrometer /IG/. The present result is consistent with other exper-

• Present 

■ Haight 

O Haight (mvcrcc) 

___ Eye guide to O

Angle in the center-of-mass [deg.|

Figure 10: ADX of 12C(n,o0)9Be
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Sample in 
Sample out

Total Energy [MeV]

Figure 11: The sum spectrum of FW-BW coincidence events

# Present

□ Haight 

A Antolkoviu(1963) 

2 A«oikovic(19B9)

___  JENDL-3R2

...... ENDF/B VI

Neutron Energy |MeV]

Figure 12: 12C(miV3o) Cross sections

iments. although more detailed estimation of detection efficiency will lead to a slightly 
higher value, because the above estimation ignores the count loss bv the threshold level 
and self-absorption. More realistic detection efficiency can be obtained by the data on 
decaying scheme of l2C studied by the emulsion measurement /18/.

Two methods described above will enable to study the (n,xo) cross sections of light 
nuclei in an almost 2 tt or 4 n solid angle provided by GIC. For more efficient experiment. 
wo will adopt the method of measurement using a grid signal /20/. By the method, we 
can obtain the data for both hemisphere in a single measurement.

The present work was partly supported by .Japan Atomic Energy Research Institute 
(JAERI). The authors wish to thank Messrs. R.Sakamoto and M.Fujisawa for their help 
in the experiments using Tolioku University Dynamitron accelerator.
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This work is intended to be our first step to solve disagreements of the decay heat 
powers between measurements and summation calculations. We examine differences 
between nuclear data libraries to complement our uncertainty evaluation of the decay 

heat summation calculations only with ENDF/B-VI. The comparison is made mainly 

between JNDC2 and ENDF/B-VI while JEF2.2 decay data is also discussed. In this 
study, we propose and use a simple method which is an analogue of the overlap integral 
of two wave functions in quantum mechanics. As the first step, we compare the whole 

input nuclear data for the summation calculations as a whole. We find a slight 
difference of the fission yields especially for high-energy neutron induced fissions 
between JNDC2 and ENDF/B-VI. As for the decay energies, JNDC2, ENDF/B-VI are 

quite similar while JEF2.2 is found significantly different from these two libraries. We 
find substantial differences in the decay constant values among the three libraries. As 
the second step, we calculate the decay heat powers with FPGS90 using JNDC2 and 

ENDF/B-VI. The total decay heat powers with the two libraries differ by more than 
10% at short cooling times while they agree well on the average at cooling times longer 
that 100 (s). We also point out nuclides whose contributions are significantly different 
between the two libraries even though the total decay heats agree well. These nuclides 
may cause some problems in predicting aggregate spectra of P and y rays as well as 

delayed neutrons, and are to be reviewed in the future revision of decay and yield data.

1. Introduction

The calculated aggregate decay heat powers in the summation method have 
come to agree well with the measured decay powers at cooling times between 2 and 10^ 
(s) in the cases of burst fissions for major actinide fissiles (e.g. 235y, 238%j 239pu an(j
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241pu). However the measurements have been performed only for these fissioning 

systems in the limited range of cooling times. Then, it is necessary to examine its 
prediction power at other cooling times and/or for other fissioning systems.

Our group has been evaluating the prediction power of the summation 
calculation with the present nuclear data libraries for various fissioning system. On one 
hand, Ohta et al. [1] and paper 012 in this symposium performed the conventional 
uncertainty analysis of the summation calculations with the evaluated nuclear data in 
ENDF/B-VI [2]. Paper 012 is intended to strengthen the justification of the 
approximation which was adopted in Ref. [1], In this paper, we try to evaluate the 
difference among nuclear data libararies.

In Sec. 2, we review the decay heat summation calculations formally. In Sec. 3, 
we propose a simple method to measure the difference between two data sets. The 
analyses in the subsequent sections are performed with this method. In Sec. 4, we 
compare the yield and decay data of JNDC Version 2 [3], ENDF/B-VI and JEF2.2. In 
Sec. 5 we examine the decay heat powers from indivisual nuclides, which cause 
substantial difference in the total decay heat power between JNDC2 and ENDF/B-VI. 

We summarize the results of this paper in Sec. 6.

2. Review of decay heat summation calculations

In this section, we briefly review the summation calculation of the fission 
product decay heat power. For simplicity, we consider the case of burst fission and 
disregard the neutron reactions.

The total decay heat power from fission product nuclides, P(t), are given by the 
sum of the contributions from all indivisual nuclides:

P(r) = ZEM(')- (1)
Here, Xi and £j are the decay constant and the average decay energy of nuclide i, 
respectively. The number of atoms of nuclide i, n/(t), is the solution of the linear 

differential equation

where a;_, is the production ratio of nuclide i from a decay of nuclide j. For the burst

fission, we solve Eq. (2) with initial condition
«i(0)=yi (3)

with yj being the independent yield of nuclide i.

The complications in solving Eqs. (2) and (3) lies in the dependence on the

235



JAERI-Conf 97-004

decay constants. However, if we consider a verctor,
( "i('A

«(/) =
n2{t)

{'A'))

(4)

we can easily obtain the formal solution in the matrix representation. It is useful to 

define vectors of the independent yields and the average decay energies as

(5)

(yA f eA

y =
v2 and E = 7^2

W KEk)

respectively. We also define a matrix of decay constans as

A = ^•.V-2
^-1 ^-2—1 

K-l ~ ^-1

^2-»,V ■" ~ A,

(6)

Here,the partial decay constant from nuclide j to nuclide i, A^, , is defined as 

= (ij _ ,A, ,

where

Then, Eq. (2) can be written simply as
‘f-M’)

with the initial condition 
n(0)=y

in place of Eq.(3). The formal solution of Eqs. (9) and (10) is given by 
«(f) =exp [At)y .

The total decay heat power can also be written in a simple form as

P(/) = 'E

\A, 0 ••• 0 
0 ^ 0

0 0 Av j

n[t) = 'E Ad exp [At)y

(7)

(8)

(9)

(10)

(11)

(12)

with
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/a, 0 0

0 Aj 0 (13)

y 0 0 Av

Although the numerical calculations of Eqs. (11) and (12) are not so easy due to 
complicated dependence on the decay constants, we see clearly that the expression for 
the total decay heat power is decomposed into three parts, E, A<j exp(Ar), and y, which 

correspond to the average decay energies, decay constants and independent yields, 
respectively. It is also useful to define a vector of the decay heat powers from indivisual 
nuclides as

(14)

In the following, we make the comparision of the nuclear data libraries in two 

steps. First, we compare vectors of the average decay energies, E, the decay constants,

(15)

and independent yields, y, which are the components of the expression of the decay heat 
power (Eq. (12)). For simplicity, we consider a vector of the decay constants (Eq. (15)). 
Then, as the second step, we compare n(t) and P(t) which are calculated with the 
nuclear libraries as input data.

3. Method of comparison

In the previous section, we see that we need to compare pairs of vectors. Any 

pair of the vectors treated in this paper is not supposed to differ by an order of the 
magnitude because they represent the same physical quantity. Therefore, we use the 
direction cosine of two vectors as a measure of the difference between the two vectors.

In the following, we explain the method in the case of the independent yields 
although the other quantities can be treated in the same way. Let us write the 
independent yield vectors of different nuclear data libraries as y[ and yj'. We define 

"overlap" of the two vectors as
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Fig. 1 Definition of overlap g.

(16)

The overlap g is the direction cosine of the two vectors as shown in Fig. 1. The 
deviation from the value g=l (0=0) gives a measure of the difference between the 
fission yields. In the extreme cases, g=l wheny and / are the same, and |i=0 when they 

are perpendicular (completely different). The value p is not very sensitive to the 
rotation angle in Fig. 1 because for a small angle 0,

p = cos 0 = 1 - 02 / 2 . (17)

We note that g=0.97 (g=0.866) corresponds to 0=14° (0=30°). Therefore, the difference 
between the two vectors are considered to be appreciable when g<0.97.

The overlap p in the above method is analogous to the overlap integral of two 

wave functions in quantumn mechanics:
(<t>ii<k)

(18)
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4. Comparison between ENDF/B-VI and JNDC Version 2

In this section, we compare the yield and decay data in ENDF/B-VI with those 
in JNDC version 2. Since the number of fission product nuclides are different in these 
libraries (1227 in JNDC version 2 (JNDC2), 886 in ENDF/B-VI and 2345 in JEF2.2), 
care is taken in the following analyses.

4.1. Independent Fission Yield Values

For fission products whose data are not available in ENDF/B-VI, the yield 
values in ENDF/B-VI are taken to be zero:

J'lNDCZ - (.Vi.!, >2,J, ", }»J’ 7*887, J’ .Vl227,jj ’

^BNDF/B-\T ~ |Vi.E’ V’z.E' V886.E, 0, Oj . (19)

Figure 2 shows values of the overlap |U for 20 fissioning systems that are available in 

both JNDC version 2 and ENDF/B-VI. From this figure we see that,

1. yields in the two iibraies are different by 1-5.3 % (0.947<|n<0.99). The best case is 
the 235y thermal fission with p=0.990,

2. the agreement between the two libraries is the best for thermal fissions, and the worst 
for high energy fissions.

These yield differences probably reflect the fact that JNDC2 lists much more 

fission product nuclides because the sources of the yield values are almost the same [4], 
The yield differences, together with differences in decay constants in the next 

subsection, affect the calculated decay heat powers at short cooling times.

Table 1. Comparison of yield data between JNDC2 and ENDF/B-VI

thermal fast high energy

0.983-0.990 0.958-0.987 0.947-0.967
difference (%) 1-2 1-4 3-5
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232Th(f) 

232Th(h) 

233 U(t) 

233TJ(f) 

233 U(h) 

235 U(t) 

235TJ(£)

235 U(h)

236 U(f) 

238 Uffl 

238TI(h) 
23?Np® 

239Pu(t) 

239Pu(f) 

239Pu(h) 

24°Pu(f) 

241Pu(t) 

242Pu(f)

* * »• •■»*»' i <11 I 1»’ V V i i • , * ■* i i'i" •""« • ■ # *# » « “• i'T • ■ V'•'i'ri"i"»"VVV i • 4 A

0.990

0.987

10.964
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0.9 0 91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

Fig. 2. Values of the overlap p of the independent fission yields between ENDF/B-VI 

and JNDC version 2 and ENDF/B-VI. Fissioning systems with lighter bars have the 
measured decay heat values at Ork Ridge and/or Yayoi. Abbreviations t, f and h stand 
for thermal, fast and high-energy neutron induced fissions, respectively.

240



JAERI-Conf 97-004

Table 2. Comparison of decay data between JNDC2 and ENDF/B-VI (N=750)
X Ey Q

It 0.838 0.997 0.994 0.995
difference (%) 14.2 0.3 0.6 0.5

Table 3. Comparison of decay data between JNDC2 and JEF2.2 (N=782)
X EP E1 Q

It 0.853 0.934 0.841 0.996
difference (%) 14.7 6.6 15.9 0.4

Table 4, Comparison of decay data between ENDF/B-VI and JEF2.2 (N=634)
X Ey Q

It 0.877 0.940 0.887 0.997
difference (%) 12.3 6.0 11.3 0.3

4.2. Decay Constants, Decay Energies and Q Values

As for the comparison of decay constants, decay energies and Q values, we 
also consider JEF2.2. The comparison is made among the three libraries. We consider 
only fission products which are available in two libraries. For example, we consider the 
following two vectors

XjNDC2 = ^2. J> •••> ^886. j) ’ ^-ENDF/B-VI = |Xj E, ^2. E* •••» ^886. e) (^0)

for the comparison of the decay constant between JNDC2 and ENDF/B-VI. The results 
are shown in Tables 2, 3 and 4 and are summerized as follows:

1. The decay constants are remarkably different among three libraries.
2. The decay energies in JNDC2 and ENDF/B-VI are almost equal.
3. The decay energies in JEF2.2, especially gamma decay energies, are substantially 
different from those in JNDC2 and ENDF/B-VI.

The decay constant differences are probably caused by short half-life nuclides 
whose extremely large decay constant values are uncertain. The differences in decay 

constants together with yield differences affect the decay heat calculations at short 
cooling times.

241 -



JAERI-Conf 97-004

On one hand, between JNDC2 and ENDF/B-VI, there are small differences in 
yields and large differences in decay constants. On the other hand, JEF2.2 has different 
yields, decay constants and decay energies from JNDC2 and ENDF/B-VI. Therefore, 
the summation calculations with JEF2.2 are expected to give appreciably different 
results from those obtained with JNDC2 or ENDF/B-VI.

5. Difference in summation calculations

In this section we compare the results of the summation calculations between 
JNDC2 and ENDF/B-VI. Specifically, the comparision is made for the indivisual 
contributions n(t) and P(t), and the total decay heat power. The purpose of this 
comparison is to point out nuclear data which cause large differences in the total decay 

heat power. We also note that the differences of individual contributions affect more 
significantly the spectra of beta and gamma rays, and properties of delayed neutrons.

As an example, we show the case of the fast fission of 238y. This is the case 

that the summation calculation with either library agrees well with the measured decay 
heat power at Yayoi. Figure 3 shows the ratio of the calculated total decay heat powers 
with the two libararies. Between cooling times 10 and 10^0 (s), the calculated total 

decay heat powers agree well within a few %.

CM>
6
oz
>

Q
Z
UJ

/3 Decay Heat 
y Decay Heat

10Cooli1n°gTime1(s7) 10

Fig. 3. Comparison of the calculated decay heat power between JNDC2 and ENDF/B- 
VI.
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— decay heat
----- decay heat
----- number

10Coolin°gTime1(s) 10

Fig. 4. Overlap g for n(t) and P(t) in the case of the fast fission of 238y. The 

summation calculations are performed with JNDC2 and ENDF/B-VI.

However, how about the contributions from indivisual nuclides? Figure 4 
depicts overlap g for n(t) and P(t). We see that indivisual contributions of decay power 
(especially gamma decay power) are substantially different at t < ltP (s) although the 

total decay power agrees well at / >10 (s).
It is interesting to note that P(t) differs more than n(t). From the results of the 

previous section, we see that difference of P(t) becomes larger due to the appreciable 
differences of decay constant values of short half-life nuclides.

The overlap g for P(t) has some peaks at short cooling times. These peaks are 

considered to be caused by a few nuclear data. It is interesting to note that there are 
some peaks in the overlap g even if the total decay heat power is nearly equal. An 

example is the peak at 300 (s) in Fig.4. However, this peak is found not very interesting 
because it only reflects whether the l-^Sn decays to the isometric or ground
states. In the case of the 238y fast fission, the 4 % yield difference does not affect the 

total decay heat between 10 and 10^ (s). The diffemces of n(t) and P(t), which seems 

to be caused mainly by differences of the decay constant and energy values, become 
sufficiently small at t > 10^ (s).

As another example, we show the case of the 239pu high energy fission in
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Figs. 5 and 6. In this case, the agreement of the total decay heat is worse than the case 
of the 238jj fast fission although the yield differences are almost the same (about 5 %). 

Furthermore, the differences of n(t) and P(t) are seen in the wider range of the cooling 
times. Even at 1010 (s), the P{t) difference for the |3 decay heat is appreciable 

corresponding to the large difference of the total decay heat powers.

p decay heat
-- y decay heat

10° 102 1 04 1 06 1 0* 1010 1 012
t(s)

Fig. 5. Ratio of the calculated total decay heat powers in the case of the 239pu high 

energy fission. The summation calculations are performed with JNDC2 and ENDF/B- 

VI.

— p decay heat 
-- y decay heat 
....number

10° 102 1 04 1 0* 10* 1010 1 012
t(s)

Fig. 6. Overlap p for n(t) and P(t) in the case of the 239pu high energy fission. The 

summation calculations are performed with JNDC2 and ENDF/B-VI.
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From the analyses using the overlap p for n(t) and P(t), we find that:

1. The large differences of indivisual contributions can be seen as the peaks of the 
overlap p as a function of the cooling time.

2. Each peak is considered to be caused by a few nuclides and can be used to point out 
the causal nuclear data.
3. The difference of P{t) is larger than that of «(/) reflecting the large differences of 
decay constants of short half-life nuclides.
4. Even at 10(s), the appreciable difference of P(t) can be found for some fissioning 
systems.

6. Summary and future plan

We have seen the differences of yield and decay data for the decay heat 
summation calculations among nuclear data libraries, mainly between JNDC2 and 
ENDF/B-VI. The comparison has been also made for the results of the summation 
calculations between JNDC2 and ENDF/B-VI. The overlap p is defined and utilized in 

this study. The major conclusions of this study are
1. As for yield data, JNDC2 and ENDF/B-VI differ by 1-5 %. (Thermal: 1-2 %, fast: 
1-4 %, high energy : 3-5 %)

2. Decay energies of JNDC2 and ENDF/B-VI are almost equal.
3. However, decay energies (especially gamma decay energies) of JEF2.2 is 
substantially different from those of JNDC2 and ENDF/B-VI.
4. Decay constants are different among JNDC2, ENDF/B-VI and JEF2.2. Probably, the 

short half-life nuclides causes these large differences.
5. The decay heat power calculated with JEF2.2 will be substantially different from 
those with JNDC2 and ENDF/B-VI especially at short cooling times.
6. The difference of P(t) can be seen as the peaks of the overlap p as a function of the 

cooling time.
7. The difference of P(t) is larger than that of n(t) due to the large differences of decay 
constants of short half-life nuclides.
8. Even at 10*0 (s), appreciable differences of P{t) can be found for some fissioning 

systems.
The detailed list of nuclides which cause large differences between libraries is 

rather bulk and has not been completed yet. However, we are ready to answer the causal 
nuclides upon request if the fissioning systems and the cooling times are specified. We
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also plan to publish the list elsewhere in order to help reviewing nuclear data for the 
future revison of the libraries.

We also intend to examine the yield data, n(t) and P{t) for JEF2.2 in order to 
complete the survey of the present uncertainties among libraries. These quantities are 
not treated in this paper simply because we have obtained JEF2.2 very recently.

In the next step of this study, we plan to examine the consistency among 
measurements performed at various places with the same method described in this paper 
so that we obtain the most relaible measured data. Then, we will be able to overcome 
the present disagreement among measured and calculated decay heat values by various 
authors.
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Double differential neutron spectra from a thick lead target bombarded with 0.5 and 
1.5 GeV protons have been measured with the time-of-flight technique. In order to obtain the 
neutron spectra without the effect of the flight time fluctuation by neutron scattering in the 
target, an unfolding technique has also been employed in the low energy region below 3 MeV. 
The measured data have been compared with the calculated results of NMTC/JAERI-MCNP- 
4A code system. It has been found that the code system gives about 50 % lower neutron yield 
than the experimental ones in the energy region between 20 and 80 MeV for both incident 
energies. The disagreements, however, have been improved well by taking account of the in­
medium nucleon-nucleon scattering cross sections in the NMTC/JAERI code.

1. Introduction
With recent progress of the accelerator technology, various utilizations of a high en­

ergy and high current proton accelerator are proposed for various purposes such as neutron 
scattering study and accelerator driven actinide transmutation/1/. For the design of the target 
and shielding of the accelerator facilities, it is necessary to estimate the reaction rate and the 
neutron production in a thick medium in the energy region up to several GeV as accurately as 
possible. Nucleon-Meson Transport Codes such as NMTC/JAERI/2/ and LAHET/3/ have 
been widely employed for the neutronics calculation.

It is generally known that the codes can describe the particle productions and the 
transport in a thick medium. The accuracy of the codes is not completely satisfactory yet. In 
order to comprehend and improve the accuracy of the code, several studies/4 ,5/ have been per­
formed from both the theoretical and the experimental points of view. A series of the meas­
urements of neutron production double differential cross sections were carried out at 
LANL/6,7,8,9/ and KEK/10/. In LANL, the neutron yields in stopping-length targets were 
also measured with 113 and 256 MeV protons/5,6/. There is only a few data/ll/ on the 
neutron spectra from thick targets bombarded with protons at incident energies higher than 
256 MeV.

In this study, the neutron spectra from a thick lead target bombarded with 0.5 and 1.5 
GeV protons have been measured at 6 angles between 15° and 150° using the TOF and un­
folding techniques. The measured data were compared with calculated results of the 
NMTC/JAERI-MCNP-4A code system.
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2. Experimental Procedure
2.1 Incident Protons and Target

The experiment was carried out at the tt2 beam line of National Laboratory for High 
Energy Physics (KEK) in a series of double differential neutron production cross section 
measurements/10/. The illustration of the experimental arrangement is shown in Fig. 1. The 
incident proton was supplied as the secondary particle generated by an internal target which 
was placed in the accelerator ring of the 12 GeV proton synchrotron. The intensity of the 
incident particles was so weak ( <105 particles/macro pulse ) that incident protons were 
counted one by one with beam scintillators. The size of the incident beam was 2.0 cm in the 
perpendicular plane and 1.6 cm in the horizontal one in FWHM, respectively. The protons 
were identified from the pions produced at the internal target by the time-of-flight (TOP) 
technique with a pair of scintillators (Pilot U). That were located at a separation distance of 
20 m. Each Pilot U scintillator was connected with two photomultipliers on opposite sides. 
The beam damp was a carbon block pile of 0.5 * 0.5 m2 in the area and 1 m in thickness. 
The carbon was surrounded by sufficiently thick iron blocks except on the beam-incident 
surface. The distance from the target to the beam dump was 8.5 m.

The lead target was a rectangular parallelepiped 15 * 15 x 20 cm3 whose purity was 
99.95%. It was thick enough to stop 0.5 GeV protons completely, while it caused the energy 
loss of 0.26 GeV on average for 1.5 GeV protons.

2.2 Neutron Detector
NE213 scintillators having the size of 12.7 cm in diameter and 12.7 cm in thickness 

were used as neutron detectors. The detectors were placed at angles of 30°, 60°, 90°, 120° 
and 150° to the beam axis and at a common distance of 1 m from the target. At the angle 15°, 
the distance was chosen 1.5m so that the higher energy resolution was achieved. In order to 
reject the events induced by the charged particles (i.e. 7t, p, d) produced in the lead target, 
NE102A scintillators of 17 x 17 x 1 cm3 were used as veto counters. They were placed in 
front of the NE213 scintillators at a distance of 2 cm.

The pulse height of the neutron detectors was calibrated by standard gamma ray 
measurements. The gamma ray energies are summarized in Table 1 with the light outputs at 
the half height of Compton edges. The light output was derived from the empirical formula 
of Dietze/12/ and expressed in the unit of electron equivalence. A good linearity between the 
light output and the measured signal was verified below 4.33 MeVee.

a
b

Gamma Ray Source Energy (MeV) Pulse Height(MeVee) a
!37cs 0.662 0.4931

1.173, 1.333 1.074 b
Am-Be 4.439 4.331

1 MeVee corresponds to the light output given by 1 MeV electron.
Only one Compton edge is observed, because NE213 has poor resolution to distinguish 2 
Compton edges. This light output is calculated with the average energy of 2 gamma rays.

2.3 Electronic Circuit
The diagram of the electronic circuit is shown in Fig. 2. When the coincidence of the 

signal from all beam detectors took place, a pulse with a time duration of 150 ns was sent to 
the next coincidence unit. The events arising from incident pions were eliminated in the
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coincidence of all beam detectors. The number of incident protons was accumulated by the 
scaler. A good discrimination for the incident proton against the pion was achieved so that 
the uncertainty of the counting could be less than 1 %.

Anode signals of the photomultipliers, which were connected NE213 scintillators, 
were branched out to four pulses. One pulse was put into CFD to produce the start signal of 
TOP measurement. Three pulses were put into ADCs that collected the charge of pulse 
during the gate signal duration. In order to reject the events induced by gamma rays, the two- 
gate integration method/13/ was adopted. The conceptual diagram of this method is shown in 
Fig. 3. For the measurement of the fast and tail part of scintillation, two different gate signals 
was supplied to the ADCs. The total gate also employed to measure the pulse height of the 
scintillation. Data were taken event by event with a list mode and stored in the magnetic tape 
for an off-line analysis.

3. Data Analysis
3.1 TOF Analysis

An example of the TOF spectrum from the target is shown in Fig. 4. The horizontal 
axis of the TOF spectrum was reversed because the neutron detector made the start signal. A 
sharp peak due to prompt gamma rays is observed around 3100 channel. The width was 
typically 1.5 ns in FWHM. After the neutron events were distinguished from the gamma ray 
ones, the TOF spectrum of the neutrons was obtained as shown in the bottom of Fig. 4. By 
interposing an iron block of 50 cm in thickness between the target and detector, the room 
back ground was measured and found to be negligible.

The energy spectrum of the neutron is converted from the net TOF spectrum by the 
following expression,

(1)
dEdQ. N fAO AE ’ 

P
where Nn and Np are the counts of neutrons and incident protons, respectively, e the 
detection efficiency for the neutron, DW the solid angle sustained by the detector to the center 
of the target, E the neutron energy, t the flight time, mn the rest mass of the neutron, c the 
light speed, t0 the flight time of the prompt gamma ray and L the distance from the center of 
target to the center of the detector. Here, the distance from the neutron producing point to the 
detection point is assumed to be L. This assumption was confirmed by a Monte-Carlo 
calculation which gave the standard deviation of the distance L smaller than 6 %.

The detection efficiencies were calculated for the energy range below 80 MeV with 
SCINFUL/14/ and up to 1.5 GeV with Cecil/17/. The results are shown with the 
experimental ones in Fig. 5. It is observed that SCINFUL results agree with the experimental 
data/15,16/ much better than Cecil. In the TOF analysis, therefore, the SCINFUL results 
were used as the detection efficiency below 80 MeV. Above 80 MeV, on the other hand, the 
calculated efficiency of Cecil adjusted to connect smoothly with that of SCINFUL at 80 MeV 
was employed. Two neutron spectra were obtained with the efficiency using the 137Cs and 
60Co biases which were set at the half height of Compton edges for 137Cs and 6°Co gamma 
rays, respectively. The neutron spectra determined with 137Cs bias agreed with those 
determined with the 60Co bias within the statistical errors. Since the statistical accuracy of 
the spectra obtained with the 137Cs bias was better that of 60Co bias, the results with the 
137Cs bias were adopted as the resultant neutron spectra.
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3.2 Unfolding Analysis

Since the target was thicker than the mean free path for the neutrons with the energy 
below 200 MeV, most neutrons react with target nuclei more than once in the transport 
process. The scattered neutron has some delay in the flight time in comparison with the 
neutron which comes out the target without scattering. The delay makes apparent neutron 
energy spectrum obtained by the TOF technique softer than the real one. We analyzed the 
pulse height distribution to obtain the neutron spectrum by the unfolding technique 
independently. The unfolding analysis employed the code FORIST/18/ using a response 
matrix calculated with SCINFUL. The neutron spectra in the energy region below 14 MeV 
were obtained by the unfolding technique, because the pulse height was saturated above 14 
MeV.

In Fig. 6, the neutron spectrum at the angle of 30° obtained by the unfolding 
technique is compared with the one by the TOF technique for 500 MeV proton incidence. In 
the region below 3 MeV, the difference of the neutron yield was larger than 50 % of that 
obtained by the TOF technique. This difference is ascribed to the ambiguity of the efficiency 
around the 137Cs bias used in the TOF technique. Therefore, the neutron spectra reduced by 
the unfolding analysis is more reliable than those obtained by the TOF technique below 3 
MeV. The results of unfolding analysis agree with those of TOF quite well between 3 and 14 
MeV. This result indicates that the time fluctuation by the scattering is negligibly small 
above 3 MeV. In consequence, the neutron energy spectrum was determined by connecting 
the result of the TOF technique with that of the unfolding technique at 3 MeV. As for the 
neutron below 1.5 MeV, however, the error of the unfolding analysis was so large that the 
minimum energy of measured spectra were decided to be 1.6 MeV.

4. Calculation
The calculation was carried out with NMTC/JAERI/2/ and MCNP-4A/19/. 

NMTC/JAERI calculated the nuclear reactions and the particle transport above 20 MeV. 
MCNP-4A calculated the neutron transport below 15 MeV using a continuous energy cross 
section library FSXLIB-J3R2/20/ processed from the nuclear data file JENDL-3.2/21/. In 
NMTC/JAERI, the systematics of Pearlstein/22/ was implemented to estimate the total, the 
elastic and non-elastic nucleon-nucleus cross sections in the transport calculation part. The 
level density parameter derived by Baba/23/ was also employed in the statistical decay 
calculation in NMTC/JAERI.

Additional calculations were also performed by substituting the in-medium nucleon- 
nucleon cross sections (NNCS) for the free ones in the nuclear reaction calculation part of 
NMTC/JAERI. In this calculation, were employed the in-medium NNCS parametrized 
similarly to those of Cugnon/24/.

5. Results and Discussion
The present experimental spectra are shown in Figs. 7 and 8. The uncertainty of the 

present data is given in Table 2. The uncertainty of the neutron yield mainly comes from the 
statistical error and the uncertainty of the detection efficiency. The uncertainty of the 
detection efficiency is estimated at 3.0% for the neutron energy below 20 MeV. With the 
increase of neutron energy, the uncertainty becomes larger because of the increasing 
ambiguity the cross section used in the calculation.

The neutron energy resolution is also given in Table 2. It was determined from the 
uncertainty of the flight time and the flight path. The time uncertainty is derived from the
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time resolution of the detector and the fluctuation of the time that the incident protons take to 
move from an incident point to a reaction point. The time resolution of the detector has been 
determined to be 0.4 ns in the standard deviation by the width of the prompt gamma peak of 
the thin target measurements/10/. The time fluctuation of 0.6 and 0.4 ns determined for the 
0.5 and 1.5 GeV incident protons, respectively. The standard deviation was approximated to 
a half value of the transit time of protons in the target which was obtained by Janny/25/. The 
uncertainty of the flight path was estimated at 6.0 cm by the Monte-Carlo calculation on 
condition that the neutrons are produced uniformly in the target and detected uniformly in the 
detector. Since the condition is ignored the correlation between the time fluctuation for 
incident protons and the flight path, the real energy resolution are better than that of 
described here.

Table 2. Uncertainty and energy resolution of neutron spectra expressed in the standard
•ITTTTTTTTI III lllllll IIIIIWIHTT1I1111 I Mill........... .. TTITT1. . . . . . . . . . . .  I llll IN 111. . . . . . . . . . . . . . . .  .. . . . . . . . . . . . . . . . . . . . . . . 'I II . . . . . . . . . . . . . I I I I Hill 11 I *~l. . . . . . . . . . . . . . llTTHTTI  II PUTT I [111. . . . . . . . . . . . . . . . . . . . . I IIIIITmT¥Tni I IIIUHTTim III

Neutron
Energy
(MeV)

Uncertainty (%) Energy
Resolution

(%)
Statistical

Error
Detection
Efficiency

Number of 
Incident Proton

Neutron Yield

3 3 ~ 7 3 4 - 7 10-11
10 5-10 3 6-11 10-11
15 6-10 3 6-11 12 - 13
20 6-10 10 1 6-11 12- 14
50 8-30 10 13-32 13 - 17

100 7-46 15 17-46 16-22
200 11-20* 15 19 - 25* 20-32

* For the angle smaller than 90°

The calculated results of the NMTC/JAERI-MCNP-4A code system, which are 
smeared with the energy resolution, are also shown in Figs. 7 and 8. It is observed that the 
results calculated with the free NNCS are in good agreement with the experimental ones in 
the lower energy region below 20 MeV at all angles for both incident energies. The calcu­
lated results, however, are about 50 % or more lower than the experimental data between 20 
and 80 MeV at all angles. On the other hand, the results calculated with the in-medium 
NNCS shows much better agreement with the experimental ones. This improvement is 
ascribed to the fact that the increase of the high energy nucleon emission diminishes the 
excitation energy of a residual nucleus so that the neutron emission from the evaporation 
process is suppressed. The calculation with the in-medium NNCS successfully reproduces 
the overall measured neutron spectra in the angular region smaller than 60° for both incident 
energies although the codes give slightly lower neutron yields below 10 MeV. The 
underestimation for the backward neutron emission, however, still remains.

In order to investigate the cause of the discrepancy between the calculations and the 
experiments, the double differential neutron production cross sections were also calculated 
with the in-medium NNCS for the incident energies of 0.8 and 1.5 GeV, respectively. The 
results are compared with the experiments/9,10/ in Figs. 9 and 10. It is found that the agree­
ment between the calculated and the experimental results for the thick target is as in the same 
level for that in the thin target. This indicates that the nuclear reaction calculation part 
should be improved in NMTC/JAERI. Some studies/5,26/ showed that the inclusion of the 
preequilibrium process or the refraction and reflection process improved the backward

-251-



JAERI-Conf 97 - 004

neutron emission significantly. By the inclusion of those processes, the disagreement of the 
thick target will be more improved.

6. Conclusion
The neutron spectra from a thick lead target bombarded with 0.5 and 1.5 GeV protons 

were measured at 6 angles between 15° and 150°. We have obtained the accurate neutron 
spectra in the energy region above 1.6 MeV using the TOP and unfolding techniques with the 
neutron yield uncertainty of 7 % at 3 MeV and 25 % at 200 MeV. The calculation was also 
carried out with the NMTC/JAERI-MCNP-4A code system. It was found that results showed 
fairly good agreement with the experiments, but gave about 50 % lower neutron yield in the 
energy region between 20 and 80 MeV. The calculation with the in-medium NNCS achieved 
good agreement with the experiments. The calculation, however, could not reproduce the 
backward neutron emission. It is of interest to make systematic experiments with other 
targets for further investigation of the accuracy of NMTC/JAERI including the in-medium 
NNCS.
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Fig. 1 Illustration of the experimental arrangement
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Fig. 2 Diagram of the electronic circuit used in the present experiment
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Fig. 4 Time-of-flight (TOF) spectrum measured at 30° bombarded with 1.5 GeV protons 
(top; for the neutron and the gamma ray, bottom; only for the neutron). Width of the 
TOF bin is 28 ps/channel.
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W Verbinski et al.

—SCINFUL 
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— Cecil normalized 

at 80 MeV
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> i i ■ 111

Neutron Energy(MeV)
Fig. 5 Calculated and experimental neutron detection efficiency of the NE213 scintillator 

having the size of 12.7 cm in diameter and 12.7 cm in thickness

Unfolding
TOP

0.5 GeV p on Pb

Neutron Energy(MeV)
Fig. 6 Comparison of the neutron spectra at 30° obtained by TOF and unfolding methods 

for 0.5 GeV proton incident on thick lead target
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Fig. 7 Experimental and calculated neutron Fig. 8 Same as for Fig. 7, except for proton 
spectra in a lead target bombarded energy, 1.5 GeV
with 0.5 GeV protons. The marks 
are the experimental data. The lines 
indicate the calculated results of the 
code system.

Ishibashietal.|10]
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Fig. 9 Double differential neutron produc- Fig. 10 Same as for Fig. 9, except for 
tion cross sections for 0.8 GeV pro- proton energy 1.5 GeV
tons. The solid marks indicate the 
experimental data/9,10/.
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3.25 Optical model calculation for the
unresolved/resolved 

resonance region of Fe-56

KAWANO, Toshihiko
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6-1, Kasuga-kouen, Kasuga 816, Japan 
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FROHNER, Fritz H.
Forschungszentrum Karlsruhe, Institut fur Neutronenphysik und Reaktortechnik 

Postfach 3640, 7500 Karlsruhe, Germany 
Email: Fritz.Froehner@inr.fzk.de

We have studied optical model fits to total neutron cross sections of structural materials 
using the accurate data base for ^Fe existing in the resolved and unresolved resonance 
region. Averages over resolved resonances were calculated with Lorentzian weighting in 
Reich-Moore (reduced R matrix) approximation. Starting from the best available optical 
potentials we found that adjustment of the real and imaginary well depths does not work 
satisfactorily with the conventional weak linear energy dependence of the well depths. 
If, however, the linear dependences are modified towards low energies, the average total 
cross sections can be fitted quite well, from the resolved resonance region up to 20 MeV 
and higher.

1 Introduction
A long-standing problem with optical model fits to total neutron cross sections of struc­
tural materials is the difficulty to reproduce the cross section minimum below about
2 MeV.

Figure 1 shows a comparison of the calculated total cross sections with some global 
optical potential parameters — Wilmore and Hodgson (WH)/1/, Becchetti and Greenlees 
(BG)/2/, Rapaport, Kulkarni, and Finlay (RKF)/3/, Walter and Guss (WG)/4/, and 
Varner et al. (CH89)/5/.

In this figure, IRK represents the evaluation by Vonach et al./6/, and GEEL is high- 
resolution Fe transmission data from Geel/7/ smoothed with a ± 5% energy window. 
A remarkable discrepancy between the evaluation and the calculation is seen below
3 MeV. This is not a typical characteristic of the global potential parameters only, since 
some specialized potential parameters adjusted to ^Fe have the same problem too. The 
calculated cross sections with the potential parameters for iron derived by Arthur and 
Young/8/, Prince/9/, and Smith/10/ are shown in Fig.2.

We have studied the problem using the accurate data base for 56Fe existing in the 
resolved and unresolved resonance region, namely high-resolution neutron transmission
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WH 
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WG 
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Energy [MeV]

Figure 1: calculated total cross sections with global set

IRK
GEEL h- 
Prirtce — 
Arthur — - 
Smith
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2.6 -
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2.2 -

9 10 11 12 13 14 15 16 17 18 19 20
Energy [MeV]

Figure 2: calculated total cross sections with local set
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measurements by OR.NL/ll/ and Geel/7/, resonance parameters by ORNL/11/ and 
Frohner/12/.

The optical model gives energy averaged cross sections. In the resolved resonance 
region the averaged cross section can also be obtained from resonance parameters with 
Lorentzian weighting in Reich-Moore (reduced R matrix) approximation. At higher 
energies, where no resonance parameters are available but resonance structure persists, 
cross section averages in finite energy intervals can be compared with optical model 
calculations.

2 Data analysis

2.1 Unresolved region

Above 4 MeV the total cross section varies smoothly with neutron energy. The optical 
model is suitable for the evaluation of the cross section in this energy region, while below 
4 MeV the cross section shows remarkable fluctuation, and the optical model gives an 
energy averaged cross section only. The energy averages were carried out with a ± 
500 keV energy window and the result is shown in Fig.3. These averaged cross sections 
below 3 MeV are higher than similarly smoothed cross sections with ± 5% windows 
(50 keV at En= 1 MeV), and they are also higher than the IRK evaluation.

The optical potential parameters were least-squares adjusted to fit the averaged total 
cross sections within their uncertainties. Note that we haven’t paid attention to differ­
ential elastic scattering cross section data. The starting point of the parameter search is 
Rapaport’s global set, (energies in MeV, lengths in fm)

V = 52.57 -0.3165 r* = 1.198 av = 0.663 
Ws = 3.366 + 0.4£ rw = 1.295 aw = 0.590

and the spin-orbit term is, Vso = 6.2, rvso = 1.01 and avso - 0.75.
We employed a rather simple parametrization in order to avoid unnecessary compli­

cations. A volume type absorption term is ignored since the effect of the volume term 
can be replaced by the surface absorption term in this energy range.

We searched the above 6 parameters indicated by boldface with a computer program 
KALMAN/13/ and the optical model code ELIESE-3/14/. The results are,

V = 45.37 -0.316£ rv = 1.369 a, = 0.318 , ,
Ws = 4.330 + 0.4E rw = 1.483 o* = 0.291 ^

The calculated total cross sections are compared with the smoothed data in Fig.3.
As seen the calculation agrees with the data above 2 MeV, but it is still higher than the 

data below 2 MeV. It is difficult to reproduce the data both below and above 2 MeV at the 
same time with our parametrization. This would call for energy dependent geometrical 
parameters or a complicated energy dependence of the potential depths for the real 
and imaginary parts. In addition, the parameters do not guarantee to reproduce the 
angular distribution of the elastic scattering, because low energy data (below 4 MeV) 
require somewhat strange geometrical parameters — the radius parameters become large 
and the diffuseness parameters become small and they deviate too much from the global 
values. Only such unusual parameters insure the low total cross sections observed around 
1 MeV.
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Figure 3: calculated total cross sections with the searched parameters

2.2 Resolved region
Precise resonance analyses with Reich-Moore reduced R matrix were made by Oak Ridge 
group/11/ and modified slightly by Frohner/12/ for the ^Fe total cross sections in the 
resonance region. These resonance parameters give an accurate representation of the 
data below the inelastic scattering threshold (850 keV).

The optical model gives cross sections averaged over resonances. The same average 
can be obtained in R matrix cross section representation when one replaces the neutron 
energy E in the R matrix by a complex energy E + il where 21 is the half width of the 
Lorentzian weight function. The / is taken to be 200 keV.

Averaged cross sections are calculated from the S matrix,

 Ha)l-R(L’-B)
O(a) 1 -R(l-B) ' ’

where S is the scattering matrix, R the R matrix evaluated at the complex energy E + il, 
a the channel radius, I(r) the ingoing and O(r) the outgoing radial wave function, L the 
logarithmic derivative of out-going wave function, and B the logarithmic derivative of 
the radial eigenfunctions (taken to be = —l, where l is the orbital angular momentum). 

The averaged total cross sections for each entrance channel (s-, p-, ... wave) are given
by’ 2jr

ar - — ReS}, (4)

where g is the spin factor, and k is the wave number, and they are shown in Fig.4.
Shape elastic scattering and reaction cross sections are also calculated from the S 

matrix. The averaged shape elastic scattering, and the reaction cross sections are given
by

°e = ~ -S’!2, (5)
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Figure 4: comparison of the total cross sections and the Lorentz-weighted averaged cross 
sections En = 1 - 850 keV

= ^9(1-M"). (6)

The S matrix calculated with the optical model should be the same as the S matrix 
derived from the R matrix. We estimated the potential depths of the real/imaginary 
potential which give appropriate averaged elastic and non-elastic cross sections in the 
resonance region. The geometrical parameters and the spin-orbit interaction term are 
held constant and they are the same as the values obtained at the higher energies.

Parameter search was done with the optical model code CoH/13/, which searches the 
potential parameters not only for the angular distribution of elastic scattering but also 
for the total and the angle integrated scattering cross sections. The obtained real and 
imaginary potential depths are, V = 44.61 and W3 = 0.1543 + 1.561E.

These potential depths can be connected smoothly to the parameters obtained in the 
unresolved resonance region. The real depth is expressed by,

f 44.61 — 0.0329E2 E < 4.81 MeV m
| 45.37 — 0.316E otherwise

and the imaginary potential can be connected by a weighting function as follows.

Wal = 4.330 -t- 0.42
Wa2 = 0.1543 + 1.5612?
W, = W,i/(E) + W,2{l-/(E)}, (8)

where f(E) is the weighting function. A simple choice is f(E) = exp(—1 /E), which 
assures smooth transition of Wai and W& around E =1 MeV.

The calculated cross sections are shown in Fig.5.
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Figure 5: Comparison of the optical model calculation and smoothed cross sections in 
the resolved resonance region

3 Discussion
In the resolved resonance region the obtained absorption potential depth is much smaller 
than at higher energies, and it becomes very small (about 150 keV) when the neutron 
energy approaches zero. This is reasonable because at the neutron energy of 850 keV an 
inelastic scattering channel opens. This low-lying 2+ state is assigned to a 1 phonon state 
which the spherical optical model cannot treat exactly. Therefore the strong excitation 
of this 2+ state is regarded as a compound reaction.

At very low energies (less than 10 eV) the compound cross section, namely the radiative 
capture cross section, becomes large and the total cross section shows 1 jv behavior. 
Above the 1 jv region, the R matrix analysis implies that the averaged shape elastic 
scattering cross section is larger than the averaged compound formation cross section, 
as seen in Fig.5. This is a typical characteristic of 56Fe. This nucleus is known as a 
Scatterer whose neutron capture cross section is quite small. This means, we should 
give small absorption cross sections in the optical model analysis of the “Fe below the 
inelastic scattering threshold.

Figure 6 shows a comparison of the calculated total/reaction cross sections with global 
optical potential parameters and resonance averaged cross sections.

As seen in this figure, the reaction cross sections calculated with the global set are 
larger than the resonance averaged cross section at the neutron energies below 3 MeV. 
Not only the global parameters but also localized parameters which are obtained from the 
^Fe data give large reaction cross sections below 3 MeV. For example, at 1 MeV Prince’s 
parameters/9/ give 1.90 b, Arthur and Young’s parameters/8/ 1.92 b, and Smith’s pa­
rameters/10/ 2.17 b. This is the reason why the optical model fails to reproduce the 
total cross sections below several MeV for structural materials.

Konshin/15/ suggested that if a slightly larger real potential radius parameter is
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Figure 6: Comparison of the calculated total cross sections (upper curves) and reaction 
cross sections (lower curves) and the smoothed cross sections

given in the low energy region the discrepancy between the experimental data and 
the calculation becomes small. He derived an energy dependent real radius parame­
ter, r = 1.315 -0.0167S.

This can be understood from the S matrix properties at low energies. With the RKF 
global parameters/3/ we calculated S matrix elements at 2 MeV. Figure 7 shows their 
change when the real radius parameter is altered from 1.15 to 1.35 fm. When the radius 
parameter increases the elastic s-wave scattering increases, while the S matrix elements 
of the d-wave approaches 1. Since the d-wave dominates s- and p- waves at this energy, 
the change in the radius parameter results in a reduction of the elastic/reaction cross 
sections.

At the neutron energy of 1 MeV the sensitivity of the real radius parameter to the 
cross section becomes small as seen in Fig.8.

The total cross section does not change if the real radius parameter is varied. On 
the other hand, as seen in this figure, the imaginary diffuseness parameter has positive 
sensitivity to the total cross section because the volume integral per nucleon, Jw, is almost 
proportional to the imaginary diffuseness parameter, and the parameter is sensitive to 
the absorption cross section. The small imaginary diffuseness parameter ensures small 
absorption cross sections. The same effect is expected when one gives a small imaginary 
potential depth.

The complex potential from our study has small imaginary diffuseness (a™ = 0.291) 
and large real radius (r„ = 1.369). According to the previous discussion, these noncon- 
ventional values accomplish the desired reduction of the total cross section around 1 or 
2 MeV.
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Figure 7: Change of S matrix element on the complex plain when real radius parameter 
is varied from 1.15 to 1.35 fm
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Figure 8: Relative sensitivity of the real radius parameter and imaginary diffuseness 
parameter
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4 Conclusion
We derived an optical potential parameter set for 56Fe from high-resolution total cross 
section data and resonance parameters, Eqs.(7) and (8) for E < 20 MeV, radius and 
diffuseness parameters as in Eq.(2). The average total cross sections can be fitted quite 
well with this parameter set, from the resolved resonance region up to 20 MeV. We 
showed that the discrepancy between the averaged total cross section and conventional 
optical model calculations comes from too large calculated absorption cross sections 
below 3 MeV. Small imaginary diffuseness parameter or small imaginary potential depth 
gives reasonable agreement with the data.
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the following document.

□ A Beginner's Guide to HTML (NCSA)

General

HTML version
It is better to use HTML 2.0, since some browsers do not support HTML 3.0.

Language
The HTML paper should be written in ENGLISH.

Modification of the HTML Paper
According to the discussion made during ISND, you may modify your HTML paper. 
However, it should be avoided that one submits an uncompleted paper, then 
correct it to a final one. * 1 2

Format of HTML paper

(1) Heading part
It should be in the following style:

(head)
(title)IS.\'D-l Paper (/title)
(/head)
Go to: (a href="http://l33. 53. 24. 51/isnd/paper_index. html")Paper Index(/a> /
(a href="http://133. 53.24.51/isnd/discussion/pNNN. htol”)Discussion panel(/a)
<P>
(img src="............. ') (---- A photo of authors, if possible.
(center)
(h2> Title </h2>
Authors name (br>
Organization (br>
Address (br>
e-mai1: (br>

(/center)
(hr)
Last modification: 1996/3/20 (— date of last modification
(hr)

The URL of your discussion panel will be informed later.

(2) Text part
Text

Tables
If you use the <table> tag, then some browsers cannot display a proper 
table. It is better to use the <pre> tab.

Equat i ons
In the case of complicated equation, it is recommend to use an inline 
image of a gif file.

270



JAERI-Conf 97-004

List of Papers submitted to ISND-1

Back to Index fAII (Engl. )1 fAII (Japn.) 1

ISND-1-p001
Analysis of proton-induced fragment production cross sections by 
the Quantum Molecular Dynamics plus Statistical Decay Model
Satoshi Chiba, Osamu Iwamoto, Tokio Fukahori, Koji Niita, Toshiki Maruyama, 
Tomoyuki Maruyama and Akira Iwamoto

Abstract iDfscussion

ISND-1-p002
Evaluation of cross sections and calculation of kerma factors
for neutrons up to 80 MeV on ^2C
Masahide Harada, Yukinobu Watanabe, and Satoshi Chiba

Abstract Paper Discussion

ISND-1-p003
Effect of U-238 and U-235 Gross Sections on Nuclear 
Characteristics of Fast and Thermal Reactors 
Hiroshi Akie, Hideki Takano and Kunio Kaneko

Abstract 'Pap# \ Discussion

ISND-1-p004

Evaluation of the 2039 keV level property in
Jun-ichi Katakura

124Te

Abstract Paper : Discussion

ISND-1-p005
Measurement of Thermal Neutron Gross Section for 241 Am(n, f)
Reaction
K. Kobayash i, S, Yamamoto, M. Miyoshi, I. Kimura, I. Kanno, N. Shinohara, and 
Y. Fujita

Abstract Paper iDiscussibn

ISND-1-p006
Compositional Change of Some First Wall Materials by Considering 
Multiple Step Nuclear Reaction
Tetsuji Noda, Misako Utsumi and Mitsutane Fujita

Abstract Paper ; Discussion

ISND-1-p007

- 271



JAERI-Conf 97-004

ISND-J-pOO!

Analysis of proton-induced fragment production cross sections 
by the Quantum Molecular Dynamics plus Statistical Decay Model

Satoshi Chiba (*), Osamu Iwamoto, Tokio Fukahori, Koj i Niita, 
Toshiki Maruyama, Tomoyuki Maruyama and Akira Iwamoto

Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun, Ibaraki~ken 319-11, Japan

(*) E-ma i I : chiba@cracker, tokai. jaeri. go. jp

The production cross sections of various fragments from proton-induced reactions 
on 56Fe and 27AI have been analyzed by the Quantum Molecular Dynamics (QMD) plus 
Statistical Decay Model (SDM). It was found that the mass and charge distributions 
calculated with and without the statistical decay have very different shapes.
These results also depend strong Iy on the impact parameter, showing an importance 
of the dynamical treatment as realized by the QMD approach. The calculated results 
were compared with experimental data in the energy region from 50 MeV to 5 GeV.
The QMD+SDM calculation could reproduce the production cross sections of the light 
clusters and intermediate-mass to heavy fragments in a good accuracy. The 
production cross section of ^Be was, however, underpredicted by approximately 2 
orders of magnitude, showing the necessity of another reaction mechanism not taken 
into account in the present model.
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