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The 1993 Symposium on Nuclear Data was held at Tokai Research Estab

lishment, Japan Atomic Energy Research Institute (JAERI), on the 18th and 

19th of November, 1993. The symposium was organized by Japanese Nuclear 

Data Committee (JNDC) and Nuclear Data Center, JAERI. Celebrating the 

30th anniversary of JNDC, two special sessions were held; the review of 

foreign activities by inviting foreign scientists and the panel discus

sion on the future of nuclear data activity. In the oral session, a 

total of 14 papers was presented under the sessions of foreign activi

ties, JENDL and intermediate energy shielding experiments, nuclear data 

needs in non-energy applications, and unstable nuclei beam. The panel 

discussion was held with keynote address and 7 panelists' presentations. 

In the poster session, presented were 29 papers concerning experiments, 

evaluations and benchmark tests of nuclear data. All of the 43 papers 

and the reports in the panel discussion are compiled in this proceedings. 
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1. Preface 

The 1993 Symposium on Nuclear Data was held at Tokai Research Establishment, 

Japan Atomic Energy Research Institute (JAERI), on 18th and 19th of November, 1993. 

The symposium was organized by Japanese Nuclear Data Committee (JNDC) and Nuclear 

Data Center, JAERI. The program of the symposium is listed below. In this symposium, 

there are two spedal sessions celebrating the 30th anniversary of JNDC. One is the 

international session in which 10 scientists from various countries, who attended the IAEA 

specialist meeting held before the symposium at JAERI, participated with a speaker 

specially invited from Indonesia and total 7 papers were presented emphasizing the nuclear 

data activities in each country or organization. The other is the panel discussion entitled 

with "Nuclear Data Activity Being at the Crossroads". In the other oral sessions, a total 

of 7 papers was presented under the sessions of J E N D L and shielding experiment for high 

energy neutron, nuclear data needs from non-nuclear engineering fields and beam of 

unstable nuclei. In the poster session, presented were 29 papers concerning cross section 

measurements, nuclear data evaluation, parameter systematic on nuclear model, integral 

experiment and data validation. All of the 43 papers, the summary record of the panel 

discussion and summary talk are compiled in this report. 

Program 

November 18 (Thr.) 

9:45 Opening 

9:45-9:50 

1. Opening Address T.Kraoka^AERI) 

9:50-11:55 

2. International Session (1) Chairperson: Y. KJkuchi (JAERI) 

2.1 Review of Nuclear Data Activities in U.S.A. [20+5] E M M a m (HEDI^ 

2.2 Study of Nuclear Data in Indonesia [20+5] RS. Lasijo (NAEA) 

2.3 Nuclear data activities at Khlopin Radium Institute, Russia [20+5] 

A A Rimski-Korsakov (KRQ 

- 1 -
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2.4 Recent Nuclear Data Activities in China Related to C E N D L - 2 [20+5] 

ZhaoZhixiang^AE) 

2.5 Status Report EFF/EAF Projects [20+5] J. Kopecky (ECN) 

12:00-13:00 Lunch 

13:00-13:55 

3. International Session (2) Chairperson: H. Maekawa(JAERI) 

3.1 The ITER Blanket and Shield Design Status as of September 1993 [25+5] 

Y. Gohar (ANL) [presented by Y. Seki (JAERI)] 

3.2 Status of the International Fusion Evaluated Nuclear Data Library 

(FENDL) [20+5] A B . Pashchenko (IAEA) 

14:00-16:00 

4. Poster Presentation 

16:00-18:00 

5. J E N D L and Shielding Experiment for High Energy Neutron 

Chairperson: S. Ishikawa (PNC) 

5.1 JENDL-3 Revision 2 [50+10] T. Nakagawa (JAERI) 

5.2 Integral Test of JENDL Activation Library for Fusion Applications [25+5] 

Y.Dtcda (JAERI) 

5.3 Shielding Experiments with Quasi-Monoenergetic Several Tens M e V 

Neutron at 90 M V A V F Cyclotron Facility TIARA [25+5] 

T. Nakamura (Tohoku Univ.) 

18:15-20:00 Reception (Akogi-ga-ura Club) 

November 19 (Fri.) 

9:00-10:50 

6. Nuclear Data Needs from Non-nuclear Engineering Fields 

Chairperson: N. Kishida (CRC) 

6.1 Atomic, Molecule's and Nuclear Data for Medical Application [50+10] 

S. Iwanami (Khazato Univ.) 

6.2 Nuclear Data for Space Engineering 

Theoretical Approach to Proton Upset [50+10] 

Y. SMnmopMSDA) 

10:50-11:00 Coffee Break 

- 2 -
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11:00-11:55 

6.3 Nuclear Astrophysics and Critical Roles of Nuclear Data [50+10] 

Y. Nagai(TlT) 

11:55-13:00 Lunch 

13:00-14:00 

7. Beam of Unstable Nuclei Chairperson: S. iwasaki (Tohoku Univ.) 

7.1 Review of Study Using Unstabie Nuclei [50+10] S. Kubono (tNS) 

14:00-14:05 Coffee Break 

14:05-16:45 

8. Pane! Discussion for the 30th Anniversary of J N D C 

Nuciear Data Activity being at the Crossroads 

Chairperson: M. Nakazawa (Univ. of Tokyo) 

8.1 Keynote Address: The 30 Years of J N D C [20] R. Nakasima (Hosei Univ.) 

8.2 Fanetist Presentation [70] 

for Measurement and Evaiuation of Nuciear Data S. Chiba (JAERf) 

for Reactor Physics and Shieiding A. Zukeran (Hitachi, Ltd.) 

for Fusion Reactor Deveiopment Y. Seki (JAERf) 

for Nuciear Fuei Cycle and Waste Transmutation 

T. Iwasaki (Tohoku Univ.) 

for Medicai Appiication S. Iwanami (Kitazato Univ.) 

for Space Engineering Y.Shimada(NASDA) 

for Environment of Nuciear Energy Deveiopment and International 

Cooperation T.Fuke!a(NEDAC) 

T.3 Discussion [60] 

Nuciear Data Activities in Future and Cultivation of Successors 

8.4 Summary [10] 

16:45-17:00 

9. Ciosing Address T. Yoshida (Toshiba Corp.) 

A 
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2.1 Internationa! Session 

2.1.1 Nuciear Data Activities in the United States 

Dr. Frederick M. Mann 
Westinghouse Hanford Company 

Post Office Box 1970 
MSIN HO-36 

Richland, WA 99352 USA 

The recent United States (U.S.) activities in nuclear data 

measurement, evaluation, and testing will be presented. The 

information presented is based on the recent meeting of the Cross 

Section Evaluation Working Group (CSEWG) meeting held October 5 -

7, 1993 and on input from important committee chairmen. 

I. Cross Section Evaluation Working Group Overview (see Appendix A) 

The 42nd meeting of the Cross Section Evaluation Working 

Group (CSEWG) was held October 5 through 7, 1993. A review of 

progress was made, but the occasion was also used to assess the 

status of the U.S. nuclear data program and to formulate strategy 

to guide us into the future. 

The ENDF/B-VI evaluations released during the summer included: 

1. Neutron-induced reaction evaluations for ^N, ^Sc, ̂ Co, 
*S-"CU, ^ G e , "*TC, ""'"MRU, 1M.HM.110.U2.114.1Mcd, '2?I, "S'"SNd, 

150,152gn, 174,176,177,178,179,180tjf 235.237.23ap 2 ^ M o 23?.240.243p^ 24lAm 

245.246.247^, a n d 2S°.2S1.252.253cf, 

2. neutron-induced fission product yields for 31 materials: 
227,229,232.-^ 231p- 232.233.234.23S.236.237.23ap 237.238^ 23B.239.240.241.242p^ 

241.242M.243Am, 242,243.244.245.244.248^, 249.251^=, ^ g , a n d ^ F m . 

- 7 -

http://1M.HM.110.U2.114.1Mcd
http://235.237.23ap
http://232.233.234.23S.236.237.23ap


.JAKKl-M 94-019 

3. spontaneous fission product yields for 9 materials: 238U, 
2«,2A6.2<8 c m ( ?50.252Cf# 253 E s # a n ( j 254 .256^. a n d 

4. high energy reaction evaluations (neutron and proton) for 4 

materials: 12C, 56Fe, 208Pb, and 209Bi. 

Reports on the International Conference on Nuclear Data for 

Fusion (May, 1993), the Nuclear Energy Agency Nuclear Science 

Committee (NEANSC) meeting (June, 1993), the Joint Evaluation 

File (JEF) meeting (June, 1993), the NEANSC Working Group on 

International Evaluation Cooperation (June, 1993), the 

International Atomic Energy Agency Consultants' Meeting on 

Standard Input Data Sets for Nuclear Model Computations of 

Nuclear Data (June, 1993) were given. 

II. Evaluation Committee Report from CSEWG («c Appendix B) 

The following neutron-induced reaction evaluations are 

tentatively expected from,- Argonne National Laboratory (ANL) , 

Knolls Atomic Power Laboratory (KAPL), Los Alamos National 

Laboratory (LAND, Lawrence Livermore National Laborary (LLNL), 

and Oak Ridge National Laboratory (ORNL), and are to be submitted 

to CSEWG for review before the next meeting: 

LLNL extension to 250 MeV 

LLNL,LANL extension to 150 MeV 

LANL small error for En > 14 MeV 

LLNL,LANL extension to 250 MeV 

LLNL,LANL extension to 250 MeV 

LANL extension to 40 MeV 

ORNL new isotopic evaluations 

LLNL,LANL extension to 250 MeV 

LLNL,LANL extension to 250 MeV 

LANL extension to 40 Mev 

LANL extension to 40 MeV 

1H 
12C 

1*N 

16Q 

27A1 

S i 
31p 

*°Ca 
5 6Fe 
59Co 
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KAPL new natural and isotopic 

ANL new isotopic evaluations 

LANL extension to 40 MeV 

KAPL thermal region 

ORNL resolved resonances 

The Standards Subcommittee is tracking the progress of 10B(n,a), 
237Np(n,f), and 'Hfn.n) experiments and noting their possible 

effect on the ENDF/B-VI standards. "The ENDF/B-VI Neutron Cross 

Section Measurement Standards" (ENDF-351) has been published. 

III. Data Testing Report from CSEWG (sec Appendix C) 

Thermal benchmarking continues with results available from 

Bettis Laboratory, KAPL, LANL, ORNL, and Australian Nuclear 

Science and Technology Organization (ANSTO). The ENDF/B-VI 

values for keff are lower than found from ENDF/B-V. Possible 

causes were postulated and are being investigated. 

Extensive fast data testing results are also available from LANL. 

The agreement with experiment is slightly better with ENDF/B-Vi 

than with ENDF/B-V for most of the criticals. 

IV. CSEWG Strategy Session 

The need to more closely interact with the ultimate customer 

of nuclear data was recognized. Mrs. V. McLane of National 

Nuclear Data Center-Brookhaven National Laboratory will lead an 

Outreach Task Force to consider ways to strengthen ties to the 

user community. 

There also may be a need to reorganize CSEWG to face the changing 

times. Because of requirements of U.S. law concerning federally 

sponsored committees, the U.S. Nuclear Data Committee has been 

disbanded with most of its functions taken over by CSEWG. 

Zr 

Cd 
208 p b 

2 3 5U 

2*1 p u 
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V. LANL Activities 

Dr. Bob MacFarlane released a frozen version of NJOY (91.91) 

to the Radiation and Shielding Information Center. Using this 

version, LANL processed ENDF/B-VI into 30x12, 80x24, 175x46, 

69x24, and 187x24 group libraries. Eighty-three materials have 

been processed in the ACE format of MCNP. 

Dr. Phil Young et al., are developing an improved code for higher 

energy calculations, called FKK-GNASH, which utilizes quantum-

mechanical pre-equilibrium models based on Feshbach-Kerman-Koonin 

theory. Figure 1 presents the results for ^°*Pn(n,2n-y). 

Dr. Dave Madland is continuing his efforts on the fission process 

by investigating fission cross sections for short-lived uranium 

isotopes and fission spectra from n + ^ P u . 

VI. ORNL Activities 

The Oak Ridge Electron Linear Accelerator has passed the 

100,000 hours of operation milestone. Recent measurements 

include scattering experiments on Si, transmission experiments on 

i°B, ^Cr, i"cd, MSgo, cd, and Pb, capture to fission ratios for 

^ U , eta for ^ U , fission cross sections of ^ P u , "*B(n,a), and 

radionuclide production from -y + Ta. 

New level density formulations have been added to TNG. 

Improvements to SAMMY included the ability to analyze angular 

distributions of differential elastic cross sections and 

incorporation of multiple scattering corrections which provide 

the capability to analyze capture data. 

The ORNL is active in four of the NEANSC subgroups as well as in 

IAEA activities. 

- 10 -
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Preparation for the International Conference on Nuclear Data for 

Science and Technology to be held in Gatlinburg, TN May 9-13, 

1994 is continuing. 

60.0 80.0 100.0 120.0 HO.O 

Neutron Energy (MeV) 
160.0 180.0 200.0 

Fig. 1 Comparison of calculated and measured cross sections between 
En=5 and 200 MeV for production of the 0.570-MeV gamma ray from 
208Pb(n,2nY)207Pb reactions. The solid curve is obtained with 
our best set of parameters, the dashed curve results when 
an alternate (Gilbert-Cameron) level density formulation is 
used instead of the preferred Ignatyuk model, and the dotted 
curve results when the multiple preequilibrium model is turned 
completely off. 

11 
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Appendix A 

GENERAL PURPOSE DATA SUBCOMMITTEE REPORT 

D. Larson and P. Young, Co-Chairmen 

1. Sutus of silicon evaluations (D. Larson) 

28,29,305i jsotopic evaluations are complete and checked except for the resonance region. 
New ORELA total and differentia] elastic scattering data in the resonance region are being analyzed 
with SAMMY, and we plan to include resonance region inelastic scattering data from 1.78 MeV to 
4.0 MeV in this analysis. 

2. Status of nitrogen evaluation (P. Young) 

The original ENDF/B-V1 evaluation was revised to include an improved R-matrix analysis by 
Hale that incorporates recent ORELA transmission data from Harvey (see Attachment 2D-1 for 
comparisons with data and ENDF/B-VI). Additionally, die evaluation was extended to 40 MeV. 
This evaluation was issued in Release 2, but subsequendy an error was discovered that was missed 
in the Phase 1 review. The error only affects data above - 14 MeV. but results in elastic cross 
sections as much as 20-30% too low. The problem has been fixed, and die corrected evaluation is 
available for the next release of ENDF/B-VI, after a Phase 1 review. A review package will be 
assembled by Young and provided to the Phase 1 reviewers (Larson and White). 

3. Status of SAMMY R-matrix code (D. Larson) 

SAMMY has been upgraded to include multiple scattering and attenuation corrections, thus 
extending it's analysis capabilities to differential scattering and capture data (including targets widi 
arbitrary ground state spins). Current activities include upgrading documentation to reflect the new 
capabilities and an activity to speed up selected portions of the code. Future activities include 
adding additional channels (it now has 3). The code continues to serve as a "benchmark" against 
which processing and plotting codes are checked for correct operation in the resonance region. 

4. Summary of 2 3 8U, 239Pu, and 241Pu revisions for second release of ENDF/B-VI (P. 
Young). 

Larry Weston has updated the resolved resonance regions of die 238U, 239Pu, and 2,<1Pu 
evaluations based on recent resonance parameter analyses. His comments are summarized below. 

a. 238U 

Resolved resonance region revised on die basis of Moxon and Sowerby's final evaluation, 
which is die same as JEF. The original V6 evaluation was based on a preliminary and incomplete 
evaluation by Moxon and Sowerby. 

b. 239pu 

The resolved resonance region was revised by Herve Derrien during his stay at JAERL The 
new evaluation utilized new experimental data by Weston at ORNL and by Wagemans at GEEL, in 
addition to older data. The same evaluation is being used in JEF. 

12 
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C 241 p u 

Resolved resonance region re-evaluated by Herve Derrien. using new fission cross section 
data by Wagemans of GEEL. Main effect is a lowering of the normalization of the fission cross 
section in the resonance region by about 3% [see Attachment 2A-1(1)]. The capture cross section 
above 300 eV was raised 9.2% [see Attachment 2A-1(2)]. In the original ENDF/B-VI evaluation, 
Derrien lowered the capture cross section by 14% relative to the data of Weston and Todd, but 
Derrien determined that this was an overcorrection. Presumably, this file will also be incorporated 
in JEF and JENDL. 

d. Recommendation 

Larry stated that there is nothing controversial about any of these revisions, and he 
recommended they be adopted by CSEWG for ENDF/B-VI as soon as possible. Young 
performed Phase 1 reviews for the 238rj ^ j 239pu evaluations, and they are included in the 
Release 2 of ENDF/B-VI that occurred in the summer. Because Phase 1 reviews have not yet been 
performed for the new 241Pu evaluauon, it will be held over until Release 3 of ENDF/B-VI occurs. 

5. Status of Zr Evaluation (C. Lubitz) 

C. Lubitz described a rcevaluation of Zr natural and isotopic data that is in progress at KAPL. 
An R-function analysis is being performed, using modem data from GEEL and ORELA. 
Previously the resonance integral for Zr was low, but using the newer measurements by J. 
Harvey, it has increased to an acceptable value. The KAPL evaluation will be merged with an 
analysis by A. B. Smith above 1 MeV. The evaluauon is expected to be complete within a couple 
o.' months. 

6. Status of 235U Evaluation (C. Lubitz) 

C. Lubitz described the progress in addressing the long-standing question of the 235U 
aqueous criticals that suggests the need for a higher value of alpha in the epithermal region. 
Several possible approaches to resolving this problem have been investigated. The best approach 
appears to be to slightly increase gamma-ray widdis at low energies, together with small 
adjustments to the thermal ^(n.y)2!! cross section and to thermal nubar for 235U. It appears that 
these adjustments can be made largely within the uncertainties in the microscopic data base. It was 
decided to form a task force to pursue the solution of this problem. C. Lubitz agreed to chair the 
task force, and A. Carlson agreed to serve on it. Other members may be recruited by Lubitz. A 
goal for the task force is to present their results at a special meeting of die Evaluation Committee in 
conjunction with the Gadinburg Conference, assuming we can arrange for a meeting at that time. 

7. Future Evaluations and Releases 

It was agreed that the primary focus of CSEWG should be to complete the testing, 
processing, and implementation of ENDF/B-VI before we consider a complete new version. It 
was decided that die next issue of ENDF/B-VI, Release 3, should not occur until after die Fall 
CSEWG meeting in 1994. Phase 1 reviews for new evaluations or updates should be complete by 
the 1994 CSEWG meeting. The group decided to hold a meeting of the General Purpose 
Evaluation Subcommittee at die Gadinburg conference in May, 1994 to discuss evaluation plans 
for Release 3 and to arrange for Phase 1 reviews. Duane Larson was requested to check with Kirk 
Dickens about arrangements for a short (- 2-3 hr) meeting at Gadinburg. 

Summaries of die new evaluations discussed by die subcommittee tiiat are possible for 
Release 3 are given in Tables 2A-1 (general purpose evaluations) and 2A-2 (high energy 
evaluations). Some of die evaluations planned for die high energy library (Table 2A-2) might in 
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fact wind up in the general purpose library, depending on the detail mat can be included in. the 
evaluations to higher energy. ^ 

8. Evaluadon Documentation 

A plan was formulated for providing summary documentation for Release 2 of ENDF/B-VI 
which occurred this past summer. Evaluators are asked to provide summary documentation for a 
new issue of ENDF-201. Contributions are to be sent to Vicki McLane by December 31,1993. in 
a word processor form that will be specified by Vicki. If no contribution is received for a given 
evaluadon, Vicki will simply adapt the MF=1 data for the summary documentation. 

A discussion was held concerning the need for a concise, up-to-date summary mat can be 
used to inform data users of the vintage and status of all evaluations in the ENDF/B system. Such 
a summary should give a clear but compact breakdown of information in the file. P. Young agreed 
to attempt a draft of such a document by the next C S E W G meedng. 

- 14 -
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Appendix B 

Minutes of the Standards Subcommittee Meeting 
Brookhaven National Laboratory 

5 October 1993 

Allan D. Carlson (NIST), Chairman 

1. Recent Experimental Activity and Plans for Measurements on the 
Standards. 

Significant experimental activity on the standards has occurred 
since the completion of the standards evaluation for ENDF/B-VI. 
Most of that work and its possible impact on the standards vas 
reported in the paper "The Data Base of The Standards and Related 
Cross Sections After ENDF/B-VI," by W.P. Poenitz and A.D. Carlson 
which was given at the Symposium on Nuclear Data Evaluation 
Methodology in October of 1992 at BNL. An update of the data 
available since that meeting was given at the present meeting. 
Several measurements were made which will improve the data base 
for the *°B(n,a) standards. Problems with this data base 
received considerable attention during the evaluation of the 
standards for ENDF/B-VI. The measurements of Schrack et al. of 
the shape of the ^°B(n,a^) cross section were recently published 
in Nuclear Science and Engineering. These data were obtained at 
the ORELA facility with a black neutron detector for the fluence 
measurement and covered the energy range from 0.3 to 4.0 MeV. 
The shape of these data are consistent with that of the ENDF/B-VI 
evaluation to about 1 MeV but differ by up to 40% for energies 
above 1 MeV. New shape measurements are now being made of this 
cross section by Schrack et al. using a hydrogen gas proportional 
counter for the fluence determination so that the measurements 
could be extended to lower neutron energies. Both the 
measurements with the black detector and the hydrogen 
proportional counter have been normalized to the ENDF/B-VI 
evaluation at low neutron energies. The normalization should be 
more accurate with the measurements using the hydrogen 
proportional counter than those with the black detector since 
these data extend to lower energies where the uncertainty in the 
ENDF/B-VI evaluation is less. New measurements of the ̂ "B total 
cross section by Wasson et ai. at the ORELA facility have 
recently been completed. These data extend from 0.2 to 20 MeV. 
The measurements agree with the ENDF/B-VI evaluation for energies 
above about l.S MeV but deviate by more than 4t for the lower 
energies. Also °̂B total cross section measurements are now 
being made at the GEELINA facility by Brusegan. These data 
extend from 80 eV to about 100 keV neutron energy. 

New measurements of the 23*?Np(n,f) dosimetry standard cross 
section by Carlson et ai. at the LANSCE facility at LANL have 
recently been completed. Preliminary analysis of this data 
indicates that the ENDF/B-VI evaluation is about a factor of 
three low in the resonance region. 
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Feldman et ai. have reported new measurements of the hydrogen 
scattering cross section from 65-250 MeV. These data were 
obtained at the WNR facility at LANL. The data support the 
results recently obtained at Uppsala by Ronnqvist et al. at 
96 MeV neutron energy and disagree with the older measurements 
made by Scanlon et ai. (Harwell) and Stahl et al. (Harvard). 

New measurements of the hydrogen scattering cross section at 
10 MeV neutron energy are planned at the beginning of 1994 at the 
tandem facility at Ohio University. The NIST-OU-TUNL-LANL 
collaboration for this work was formed in part to resolve 
differences between the ENDF/B-V and ENDF/B-VI evaluations for 
the hydrogen scattering cross section. Measurements are planned 
at angles between 60 and 180 degrees in the center-of-mass 
system. 

2. Meeting of The NEANSC Collaboration on The ^°B(n,a) Standard 
Cross Sections. 

A meeting is planned of the NEANSC Endorsed International Inter-
Laboratory Collaboration on the ^°B(n,a) Cross Sections at the 
Gatlinburg nuclear data conference. The (n,oti*y) and total cross 
section measurements and the recently published branching ratio 
data of Weston will be the subjects of investigation at this 
meeting. Their impact on the determination of the standard cross 
sections will be pursued. 

3. Preserving the Data Bases used in the Standards Evaluations. 

It has been suggested that a means be established to ensure that 
the data bases and evaluation codes used for the ENDF/B-VI 
standards evaluations be available for future standards 
evaluations. They could possibly be archived at the NNDC at BNL. 
Most important are the data bases which represent a significant 
effort and in some cases contain corrections and information 
about experiments which are not generally known. W. Poenitz has 
agreed to make the data base which was used for the simultaneous 
evaluation available if he can properly document the evaluation 
process. Funding is not available at his laboratory for this 
work. Some sources for funding have been investigated but this 
has not been successful. Suggestions for sources of funding for 
this documentation were discussed and will be pursued. 

4. Documentation of ENDF/B-VI Standards. 

The report ENDF-351, "The ENDF/B-VI Neutron Cross Section 
Measurement Standards" has been finished and distributed to the 
entire CSEWG and ENDF/B-VI Summary Documentation (ENDF-201) 
distribution lists. The report contains a description of the 
evaluation process for the standards which involved separate 
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R-matrix analyses for the H(n,n), 3He(n,p) and C(n,n) reactions; 
and a combination of R-matrix and simultaneous evaluations for 
the remaining standards. Measurements of the 2 3 8U(n,f), 238U(n,7) 
and 239Pu(n,f) cross sections and an evaluation of the thermal 
constants were also included as input data for the evaluation. 
Also given are plots showing comparisons of the R-matrix, 
simultaneous evaluation and combination results; comparisons of 
the smoothed with the combination results; and comnarisons of the 
output with the ENDF/B-V evaluations. Tables a,.<= given of the 
cross sections and uncertainties for the standards. Expanded 
estimated uncertainties are also given for the standards obtained 
from the combination of the R-matrix and simultaneous analyses. 
Complete sets of references showing the quantity determined are 
given for the data bases for the R-matrix and simultaneous 
evaluations used in the combination process. A detailed 
description of the combination process is given in an appendix. 
For completeness the entire output listing from the cross section 
evaluation process, as it was when it first became available, is 
given in an appendix. This appendix contains the non-standards 
cross sections including the thermal constants, and data beyond 
the standards regions for the standards. 

5. Updates or Mods to the Standards. 

The uncertainty as to when ENDF/B-VII will be a reality has 
caused some concern. Improved evaluations are being accepted for 
the non-standards as new releases, revisions or mods. In the 
past there has been a policy that the standards should not change 
for a given ENDF version. There has been significant 
experimental activity on the standards which will lead to changes 
in the standards for ENDF/B-VII. Faced with the prospect that it 
may be a long time before ENDF/B-VII is available, how long 
should we wait before considering making changes to the 
standards? The consensus of the group was to investigate the 
process and see how large the changes will be. R. Peelle has 
noted that with the process used for the determination of the 
standards for ENDF/B-VII, it should be relatively easy to add a 
limited number of data sets to the existing evaluation and check 
for changes in the standards. He has proposed doing this and was 
given unanimous support by CSEWG. He also still plans to 
continue his work on the collapsing of the covariance matrix for 
the ENDF/B-VI standards that resulted from the combination 
process. 
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Appendix C 

Therma! Reactor Data Testing and Apptications Subcommittee 
Octobers, 1993 

M. L. Wittiams, LSU (Chairman) 

The TRDTAS met from 1:00 - 2:30 P M on Tuesday. October 5. 1993 and discussed 
resuits of recent benchmark calculations performed with ENDF/B-V!.1. As the 
chairman, M. Wiiiiams (LSU), was unabie to attend this meeting, R. Q. Wright (ORNL) 
served as acting chairman and conducted the meeting. 

Mark Witiiams had prepared a summary of thermai reactor data testing resuits 
performed and submitted by Graham Robinson (Austraiian Nuciear Science and 
Technology Organization). This summary was presented by R. Q. Wright and is 
included in Attachment 4A-1. Results were presented based on ENDF/B-IV and 
ENDF/B-Vt. The calculations used S,Pg transport approximation with 200 group cross 
sections obtained with a modified version of NJOY. Results were presented for a rather 
extensive set of thermal benchmarks, including the homogeneous O R N L ^*U - H^O 
moderated criticals ORNL-1, -2, -3, -4 and -10, the homogeneous PNL Pu- H^O 
moderated criticals PNL-1, -2, -3, -4, -5, -6B, -7A, -8A, -9, -10, -11, -12A, the 
low-enriched U-H^O moderated BAPL lattices BAPL-1,-2 and-3, three ZEEP 
U- D^O moderated lattices and the low-enrichment U- H^O moderated T R X lattices 
TRX-1, -2, -3 and -4. The conclusions from the ENDF/B-VI results are: (i) Eigenvalues 
for all of the uranium criticals are too tow; (ii) Eigenvafues for the highty enriched 
homogeneous O R N L criticats are 0.3-0.6 % delta-k tow; (iii) Epithermat capture in ^ U 
is too high; (iv) There is a trend for eigenvalues to increase versus *"C / ̂ F ratio in 
heavy water lattices; and (v) Homogeneous PNL (ptutonium) criticats are computed 
better with ENDF/B-V). 

R. Q. Wright presented results of his thermal reactor benchmark catcutations using 
ENDF/B-VI. Calculations were performed for the L-series Uranyt-fluoride, H^O 
benchmarks, the highly enriched O R N L spheres ORNL-1. -2. -3. -4 and -10. the TRX-1 
and -2 and BAPL-1, -2 and -3 tattices, and the U H 3 and H!SS benchmarks. These 
resuits are included in Attachment 4A-2. His conctusions inctuded: (i) Eigenvatues of 
the L-Series benchmarks are significantly improved with ENDF/B-Vt (average k-eff is 
-1.0008 and is -0.6% delta-k tower than with ENDF/B-V due to improvements in U-235 
and 0-16 data), (ii) Trend with leakage for the L-Series is reduced with ENDF/B-VL (iii) 
Highty enriched O R N L spheres are about 0.5% tow with ENDF/B-Vt (whereas resutts 
with ENDF/B-V were close to unity), (iv) Resutts for the TRX-1 and -2 tattices are quite 
low using their pretiminary VITAM)N-B6 library, and (v) Trend with pitch for the BAPL 
lattices is eliminated using V)TAMtN-B6 cross sections. 

Bob MacFariane (LANL) presented new ENDF/B-V! resutts which were atso 
obtained via a discrete ordinates code using muttigroup data processed with NJOY. He 
compared results catculated with two different group; structures obtained with 
ENDF/B-V.2 and -Vt.1 for an extensive set of thermal benchmarks, which included the 
unreflected O R N L spheres ORNL-1, -2 and -10. the L-series of uranyf fluoride 
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assemblies L7, L8 and L9, four unreflected spheres of plutonium nitrate sotution PNL-1, 
-2. -3 and -4, and the thermal lattices TRX-1 and -2 and BAPL-1. -2 and -3. The 
handouts for this talk are included in Attachment 4A-3. (Note that this Attachment also 
includes his results and discussion for an extensive series of fast reactor benchmarks.) 
Conclusions from these calculations include: (i) Eigenvalues for the O R N L spheres are 
lower by -0.3% delta-k with ENDF/B-Vt (relative to -1.000 with ENDF/B-V), (ii) Trend 
versus leakage (as indicated by results for L7 and ORNL-10) is not improved with 
ENDF/B-V), (iii) Results for the PNL series (which have always been widely scattered) 
are improved on the average with ENDF/B-V!, (iv) Eigenvalues for TRX-1 and -2 (which 
were low by - 1 % with ENDF/B-V) are very slightly lower with ENDF/B-V!, (v) tntegral 
parameters Rho-28 and Delta-25 are reduced slightty in TRX-1 and -2 with ENDF/B-VI, 
(vi) Similar results were obtained with ENDF/B-V! for BAPL-1. -2 and -3 (eigenvalues 
lower and worse by -0.3% delta-k). 

U. Decker (ABB Combustion Engineering) discussed their progress in preparation 
of a DIT library based on ENDF/B-V! cross sections. His handout is induded as 
Attachment 4A-4. His conclusions inctuded that ENDF/B-V! with drooping eta for U-235 
satisfies both requirements of going more positive on the moderator temperature 
coefficient (MTC) and more negative in PVVRs at operating conditions. 

Other participants who did not prepare handouts summarized their results obtained 
in earlier studies. These included Cecil Lubitz (KAPL) and Skip Kahler (Bettis). These 
results may be included in the minutes of the Resonance Region subcommittee of the 
Methods and Formats Committee. 

Therma! Reactor D T A S Attendees 
Octobers, 1993 

A. Aronson 
U. Decher 
C. Durston 
T. England 
K. Hu 
D. !ngersot! 
A. Kah!er 
C. Lubitz 
R. MacFariane 
R. McKnight 
M. Miigram 
C. Wemple 
J. White 
R. Wright 

BNL 
ABB-CE 
S. Levy, !nc. 
LANL 
BNL 
ORNL 
BAPL 
KAPL 
LANL 
ANL 
CRNL 
EG&G 
ORNL 
ORNL 
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2.1.2 Study of Nuclear Data in Indonesia 

R.S. Lasijo, F. Aziz, B. Santoso, I.R. Subki 

National Atomic Energy Agency, Jakarta, Indonesia 

A B S T R A C T 

A team for the installation of the evaluated nuclear data libraries has been 

formed. The team is expected to be the embryo for the formation of the nuclear 

data group in Indonesia. The first task of the team was to install the evaluated 

nuclear data libraries E N D P through the I A E A technical assistance. Experts from 

the IAEA have been sent to Indonesia to help the installation of the libraries 

together with the preprocessing and the processing codes, and to train the local 

scientists on the applications of several codes. Utilization of evaluated nuclear 

data in nuclear reactor core calculations is the most concerned objective in the 

moment. Applications in other fields like radiation protection and shielding, 

nuclear medicine, etc., may follow. The possibilities of working on the nuclear 

data measurements and evaluations are also considered. 

I N T R O D U C T I O N 

The idea of establishing a nuclear data group in Indonesia was put forward in 
1986. Activities of the group may be divided into three parts : 

1. Nuclear Data Measurement. 

2. Nuclear Data Evaluation. 

3. Nuclear Data Utilization. 

These are the three consecutive steps which have to be done if a right procedure 

has to be followed. 

Our situation does not permit us to do the right consecutive steps as mentioned 

above, but w e have to start from the last step, and will possibly be fvllowed by 

the others. 
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N U C L E A R D A T A UTILIZATION 

Probably nuclear data utilization is the most feasible activity which can be done at 

the moment. One of the end users of nuciear data is the reactor people 

Calculationsrelated to nuciear reactor core and fuel management anaiyses are very 

poputar among senior as weH as young scientists and engineers, especially since 

the operation of the muitipurpose research reactor G.A. Siwabessy in Serpong, 

near Jakarta. For this reactor, a diffusion equation and burn-up code IAFUEL has 

been available, which was provided by Interatom G m b H , Germany The !oca! 

scientists and engineers have atso been trained by the company experts in using 

the code. The code was originally taken from the bigger code called 1 A M A D Y . 

The lattice constants needed to run the code were also provided by Interatom, but 

the cross-section generation code to obtain the lattice constants is not available to 

us. 

The tagk of nuclear data group is to study the link of the diffusion equation code 

to the evaluated nuclear data files which have been available through IAEA as 

well as other nuclear data centres Therefore when a team was formed (which is 

expected to be the embryo of the nuclear data group) its first assignment was to 

apply technical assistance to the IAEA. The team is headed by Dr Budi Santoso, 

the head of Nuclear Technology Assessment Centre. The first technical assistance 

was granted by the IAEA through T A No. INS/0/008 in 1988. The evaluated 

nuclear data libraries ENDF/B format were received from the Nuclear Data 

Section, including the preprocessing codes C O M P L O T , C O N V E R T , DICTION, 

E V A L P L O T , GROUPIE, LINEAR, M E R G E R , R E C E N T , and S I G M A A 

fellowship was also awarded to Mr. Riyanto Rahardjo to study nuclear data 

format and retrieval system in Vienna. 

Other codes were also obtained from the N E A Data Bank in France, until three 

groups of codes have been available as shown in the following figure 

Evaiuated 
Nuciear 
Data Fiies 

Cross Section 
Generation 
Codes 

Diffusion 
Equation & 
Bum-up Codes 

1 2 3 

Fig. 1. Three groups of reactor codes. 
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Codes in group 2 available are a.o. WIMS-D/4, L E O P A R D , NJOY. Both 

mainframe and P C version for W I M S have been available. N J O Y has been used 

to modify library used in WIMS-D/4, but this code run only on the mainframe. 

Codes in group 3 available are a.o. IAFUEL, 2DB, and 3DB. 

Experts sent by the IAEA were, among others, Dr. A. Trkov, Dr. S. Ganesan, 

Dr.M. Lee, Mr. V. Gopalakrishnan, and Dr. T. Kulikowska. Generally they came 

to discuss codes for each group, and did not discuss the link between the three 

groups in detail. Hence it is still our task to study the link of the three groups of 

codes in a complete and continuous manner. More technical assistances and 

cooperation with other research centres are still expected which can be 

accomplished through the IAEA or by bilateral agreement. 

N U C L E A R D A T A M E A S U R E M E N T 

It is our plan that for the next step we will be exercising nuclear data 

measurements. The neutron generator which was reinstalled in Yogyakarta 

Nuclear Research Centre, Central Java, is still struggling to get more beam to 

obtain more neutron source for nuclear experiments. The machine is expected to 

be used for 14 M e V neutron nuclear data collection. 

A neutron time of flight spectrometer which is being installed at Research Centre 

for Nuclear Techniques in Bandung is expected to be used for epithermal 

neutrons. The neutron chopper was received from the German Government which 

was formerly used by the University of Kiel at G K S S Research Centre in 

Geesthacht. 

Technical assistances for both machines art still expected through the IAEA or 

by bilateral channels. 

N U C L E A R D A T A E V A L U A T I O N 

Like the case of the nuclear data measurement, the nuclear data evaluation is 

short of qualified or experienced manpower. Knowledge in nuclear reactions, 

which is one of the requirements that the activity in nuclear data evaluation may 

run well, experimentally as well as theoretically, is practically minim. Interested 

young man who is willing to devote himself to this activity is also hardly to be 
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found. W e hope that by training and cooperation with more advanced research 

centre like JAERI may help us to realize the activity in the near future. 

Computers available for the purpose are VAX-8550, which has been used for 

various calculations for more than four years, and some PC's. 

O T H E R R E L A T E D ACTIVITIES 

Prospect of using silicide fuel elements for the multipurpose research reactor 

G.A. Siwabessy in the future is very promising. Irradiation test for silicide fuel 

element, which was assembled locally, has been accomplished. Precalculation 

and theoretical analysis were done using the I A F U E L code. The lattice constants 

used for the diffusion calculations were still provided by Interatom (Siemens), 

since the linked cross section generation code, M O N S T R A , is not available to us. 

This is one of the reasons that we have to study seriously the connection between 

the three groups of codes as mentioned in the previous chapter, so that in the 

near future w e will be in a position to provide ourselves the lattice constants 

needed for any new component or material inserted into the reactor core. 

Based on the present rate of energy demand, it has been predicted that in the 

coming twenty-first century there will be energy shortage if w e only count on the 

conventional energy resources. The most feasible alternative to overcome the 

problem is the nuclear energy. The feasibility study of the construction of the 

nuclear power plants has been carried out for several years. The siting study 

resulted in choosing the nominated locations around the northern coast of central 

Java. More sophisticated codes and bigger and faster computer will be needed to 

do the analyses and the calculations of the shielding problems when the 

construction of the nuclear plant is being carried out later on. 

The study of high temperature reactor is another subject of interest recently, 

eventhough such a reactor is still behind the popularity of P W R , B W R , or 

P H W R . The efficiency of such reactor might be interesting in the future if most 

of the problems involved could be solved. The heat at high temperature not only 

can be used for power generation but also for other purposes. The evaluated 

nuclear data will certainly be very important in the study of such reactor. 
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F U T U R E P R O S P E C T 

The availability of the evaluated nuclear data files from various sources like 

ENDF/B, J E N D L , B R O N D , etc. together with the preprocessing and the other 

calculational codes as the result of international cooperation, may enable the 

developing countries to exercise and develop their capabilities, at least in 

analysing the available nuclear facilities in their respective countries, in a more 

systematic and mature way. 

In Indonesia nuclear data group may have a very important role along the nuclear 

development activities in the future, provided first of all that this group can 

achieve the capabilities of handling the evaluated nuclear data and linking the 

data to the end codes used for nuclear designs, analyses, shielding problems, and 

others. To reach such an achievement, more trainings, constant contacts and 

cooperation with universities and other research centres domestically as well as 

abroad, are necessary. Furthermore technical assistances from the I A E A and 

other advanced research centres are certainly still needed. 
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2.1.3 Nuclear Data Activities at Khlopin Radium Institute, Russia 

Alexander A. Rimski-Korsakov 

V.G.Khlopin Radium institute, 194021, St.Petersburg, Russia 

Khlopin Radium Institute in St.Petersburg is one of the oldest scientific establishments 
in Russia to deal with phenomena of radioactivity, nuclear energy and their applications. The 
task of releasing nuclear fission energy in the forties became an apparent field of work for 
physicists in Russia and that meant measurement of such crucial data as neutron fission 
cross-sections for uranium isotopes and emitted neutron multiplicities. The first 
radium-beryllium neutron sources in Russia have been prepared here, for the obvious reason 
that all radium available in Russia has been mined and separated by institute's geologists and 
chemists. Later, in 1937, the first cyclotron in Europe (second in the worid) has been built 
at K R I by l.Kurchatov and his team, that provided a much more intense monoenergetic 
neutron source for the measurements, that today would be called "nuclear data research", hi 
1939 two Kurchatov's colleagues, G.Flerov and KPetrzhak at KRI, i*'hile studying the newly 
discovered neutron-induced fission of uranium, found that some fission count rate could not 
be eliminated even without neutron source. They interpreted the fact correctly, and proved 
that spontaneous fission of U-238 was the reason. This discovery, among others, proved an 
important step in understanding the nuclear fission. Chain fission reaction possibility 
depended to a great extent on fission neutron multiplicity, and K R I physicists took active part 
in measuring this data using a very ingenious idea of multiple coincidence neutron counting, 
that permitted to extract absolute multiplicity values without actual knowledge of counters 
efficiency. Later, in the 60-ies, the fission neutron multiplicity values have become a 
specialty of K R I physicists, and for many heavy nuclei these values have been measured at 
K R I to the relative accuracy of 0.2% [1]. Fission physics developed fast, and measurements 
of many fission parameters were done at KRI using the so-called associated particle 
techniques (APT), when the measurement is triggered by some associated particle, marking 
the desired (measured) event, which reduces all background extremely effectively. This 
method (APT), used with time-of-flight (TOF) neutron spectrometry in the 70-ties permitted 
M.Blinov at K R I to build and operate several high-precision neutron spectrometers, and 
measure fission neutron spectra of Cf-252 to be used as neutron spectrum standard by I A E A 
and other Nuclear Data Centers [2]. At that time a wider Nuclear Data Program has been 
started at K R I in cooperation with official Nuclear Data Centers both in U S S R (in FEI, 
Obninsk, in Kurchatov Institute, Moscow) and abroad (IAEA/NDS). 

The contemporary period in N D work at K R I includes several directions, that are 
summarized in Table 1. All of these are aimed to applications in m o d e m technology such 
as fission reactor development, fusion technology, nuclear waste handling and disposal, 
spacecraft shielding, radiation damage to electronic components etc. T w o most typical 
examples of nuclear data measurements at KRI are measurements of 14 M e V neutron 
reaction cross-sections [2] and study of neutron spectra produced in massive targets by G e V 
protons [4]. 

First experiment is based on KRI D - T fast neutron source (300 keV deuteron beam 
with 1.5 m A current, pulsed with 3 nS duration). The tritium-titanium target is air-cooled 
and mounted in low-mass setup. The activated samples are mounted at various angles around 
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the target, thus providing energy selection from 13.5 M e V to 14.9 M c V and neutron flux 
about 50 million neutrons per square cm per second. Time-of-flight monitor coutd m u e 
around the target assembiy thus measuring the neutron energy spectra in various directions 
from the target. At present more than 50 reactions (n,p), (n,alpha), and (n,2n) etc. have been 
studied with isotopes of Na, V, Fe, Co, Ni, Cu, Zr, Nb, Ag, In, Eu and Au with 5 % statistical 
accuracy while measuring the activation products gamma radiation with 180 cc Ge(Li) 
gamma-spectrometer. Nb-93 cross-section has been used as reference value. Typical 
sources of error were: 

Gamma spectrum line statistics 1-1.5 % 
Spectrometer efficiency uncertainty 3 % 
Reference cross-section uncertainty 1.5 % 
Irradiation geometry < 6 % 
Decay data uncertainties 1 - 15 % 

The cross-section data have been systematically compared to IRDF, ENDF/B-V, JENDL-3 
and some other we)) established nuclear data files. 

Another exampte is the so-called "massive" target experiment with 1 GeV proton 
beam stopped in 20 cm dia. and 80 cm long tead target - where neutron spectra on the 
surface of this "benchmark" target have been measured by foil activation technique, and some 
re)ative)y new reactions (fragment production in Ti, Cu and Cd foi!s) specific for neutrons 
and protons > 200 MeV. For the region below 100 M e V the thieshold activation reactions 
in A), Co, Nb, Au and fission of Bi-209 and U-238 have been used. Cross-section library 
compiled by Greenwood [12] for these reactions proved a very helpful instrument in 
unfolding the neutron spectra by well-known STAYSAIL code. As a result reaction rates, 
neutron multiplicities and double-differential spectra have been measured to be used and 
compared to same data computed using high energy transport codes under development at 
KRt - S1THA and others. Later simitar experiments have been done at KRI with At, Cu and 
U targets [8]. 
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Table 1 Nuclear data activities at Khlopin Radium Institute 
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2.1.4 Recent Nuclear Data Activities in China Related to CENDL-2 

Zhao Zhixiang and Zhang Jingshang 

Chinese Nuclear Data Center, China Institute of Atomic Energy 
Beijing. P. O. Box 275(41), 102413, P.R.China 

Abstract: Recent nuclear data activities in China related to CENDL-2 is 
summarized in this presentation. 

I. Introduction 
The CENDL-2 was released worldwide in 1992. The neutron induced 

data for total 54 nuclides / elements included in CENDL-2[1]. Since then, 
some feedback information on CENDL-2 are obtained from users and 
through intercomparison with other evaluated nuclear data libraries. Based 
on these information, a working plan on improvement and complement to 
CENDL-2 was worked out. In this report, the main conclusions of the 
intercomparison and the preliminary results of the improvement and com
plement to CENDL-2 will be presented. Evaluation methodology and codes 
of nuclear data calculation for improvement of CENDL-2 are developed 
and summarized in this presentation. 

II. Intercomparison of CENDL—2 with Other Libraries 
This activity was organized by Chinese Nuclear Data Center(CNDC) 

and carried out by Chinese Nuclear Data Coordination Network(CNDCN). 
The purpose of this activity is to provide further information for improve
ment and renew of CENDL-2. The intercomparisons were mainly performed 
for cross sections. The ENDF/ B6, JENDL-3, BROND-2 and JEF-1 were 
involved in the intercoraparison.The main conclusions obtained from the 
intercomparison are as follows: 

a)Large discrepancies were found among the libraries for (n,p), (n,ot) and 
(n,2n) reactions. One of reasons for this is that the existing evaluations for 
these reactions are usually based on model theory calculation. To improve the 
theory calculation, more measurement information would be needed for guid
ing theory calculation. Some measurements for this purpose have been ar
ranged in CNDCN: 

1) DDX measurement for MNi(n,a), *°Ca(n,a) reactions at En=5-7, 18 
MeV, 4.5 MV Van de Graaffat Beijing University; 

2) Cross section and angular distribution measurement for s>Ni(n,a), 
"Ni(n,2n), 60Ni(n,a) and *°Ni(n,2n) reactions at En = 5-7, 16-20 MeV, 4.5 

MV Van de Graaff at Beijing University; Fig.l shows the measured angular 
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distribution for Ni(n,a) reaction at E, = 5.1 MeV. 
3) D D X measurement of (n,xp) and (n,xot) for Cr, Fe and Ni at E n = 14.0 

M e V , Neutron Generator at China Sci. and Tech. University; 
etc. 
b) Compared with other libraries, only files 1—5 are included in most of 

evaluations of C E N D L - 2 , so C E N D L - 2 should be improved by comple
menting gamma-production data, covariance file and D D X for some impor
tant nuclides. For this purpose, the U N F program, for fast neutron data cal
culation based on semi-classical theory model, is developed. This program is 
capable of calculating D D X and gamma-production data.[2] The 
methodology for evaluation of covariance Hies is also studies. 

c) Some inconsistency problem involved in the evaluations of C E N D L - 2 
should be resolved, for example, " A g ^ ""Ag + ""Ag. 

III. Intercomparison among C E N D L - 2 , E N D F / B-6, J E N D L - 2 and 

B R O N D - 2 of Natural Cr, Fe and Ni(Liu Tingjin et al.) 
The activity is performed cooperated with Center for Nuclear Data 

(CJD) of Obninsk, Russia. In the end of this May, Dr. Blokhin, staff member 
of C J D visited C N D C for one week and exchanged the progress with Chinese 
colleagues on the intercomparisons. 

The preliminary results of this activity are as follows: 
a) Large discrepancies exist for cross sections of threshold reactions. 

Sometimes, the evaluated data from different libraries difler several times. 
b) Large discrepancies have also been found for angular distribution and 

spectra of secondary neutrons. 
In the C E N D L - 2 , evaluations for structural materials were only carried 

out on natural elements. Based on the information from intercomparison, 
re-evaluations should be done for cross sections of all threshold reactions up 
to 20 M e V for all separate isotopes. And also re-calculation by means of 
U N F code should be carried out for spectra of secondary particles, especially 
around 14.5 M e V . 

O n the other hand, nuclear data processing and verification will be car
ried out to provide libraries for integral test. The calculation will be done for 
Iron sphere and slab. 

IV. Complement of C E N D L - 2 
So far C E N D L - 2 includes 54 nuclides/elements only. To meet the 

needs from users and for benchmark calculations, a working plan to comple
ment the C E N D L — 2 by adding other 42 nuclides / elements is going on. Most 
of these 42 nuclides / elements are fission product(see Tab.l). 
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Table 1 Nuc l ides / e l emen t s need t o be inc luded In CENDL-2 

Fission Products (28): 
8 3 R r . .03 .105 R h . I3 . . I35 X C . 

133.134.135Cs. M3 > MS N d . 147.14..148mpm. 

147,149,150.1Sl,152g 153.154,lSSp 

154,155.156.157.158Gd! . 6 4 D y . 176L'U 

Actinides (10): 
233.234,236™. 23S,24l.242pu. 242,244^m . 

« ^ A m 

Others (4): 
6WCu; Ag; 1MW 

The working plan is divided into two stages: 
In first stage, the intercomparison among several evaluated libraries will 

be done and better evaluations will be recommended and selected for in
cluding in CENDL-2. 

In second stage, improvement will be carried out based on the informa
tion provided in first stage. 

The first stage of this activity is fully completed. The review of the results 
of the intercomparison will be carried out on an Evaluation Working Group 
Meeting in the end of this year. 

In addition to these 42 nuclides/elements, the evaluations for neutron 
induced data on CI, Ca, Ga, Lu, Hg and Tl are also preparing. The neutron 
data for these elements are needed from point of view of fusion reactor appli
cation, but no or only very old evaluations are available in ENDF / B-6 and 
JENDL-3. These evaluations will be also included in CENDL-2 after com
pleted. 

V. Re-evaluation for Several Important Nuclides 
The re-evaluations for some important nuclides including 23*U 

and S6Fe are also preparing. The purpose of this activity is not only to pro
vide high quality evaluated data but also to improve evaluation approaches 
such as UNF code through these evaluations. 

1, Evaluation of 56Fe(Zhao Zhixiang et al.): 
Up to now, the evaluation for xFc has been completed. The evaluated 

data includes cross sections, angular distributions, DDX, gamma production 
data and covariance files for resonance parameters, cross sections, angular 
distributions and DDX. 

The main improvements of this evaluation are as follows: 

- 3 0 -



JAHRt-M 94-0!9 

a) Obvious improvements are obtained for D D X of secondary particles 
compared with E N D F / B-6(see Fig.2). 

b) Covariance fi!es are comp!ete!y given. Among them, covariance files 
for D D X are obtained based on an ana!ysis of measured D D X for tota! 
neutron, proton and a!pha emissions and in file 36 format suggested by 
Vonach[3]. 

2, Evaluation of "*U(Tang Guoyou et a!.): 
The revised version for "*U is nearly competed based on a calculation 

by means of F M T code, which is a special version of U N F to be used for fis
sion nuclides calculation. 

The main changes of the new version for "*U evaluation are as follows: 
a) Files 6,12,13,15 are supplemented based on F M T calculation; 
b) The cross sections for tota! and partial inelastic scattering are re-eval

uated. The contributions from direct interaction are calculated by coupled-
channe! optica! mode! code C C O M for 1st and 2nd levels and by 
distorted-wave B o m approximation code D W U C K for other levels. This 
evaluation compared with measured data and those of E N D F / B-VI and 
J E N D L - 3 are shown in Fig.3 and 4. 

c) The cross sections for (n,2n) reaction are also re-evaluated based on 
F M T calculation. 

VI. Methodology and Codes for Improvement of C E N D L - 2 
Since the early stage of the establishment of C N D C , various model the

ories, evaluation methods and related codes have been studied and devel
oped^]. These methods and codes have played an important role in comple
tion of C E N D L - 2 . In recent two years, to further improve the C E N D L - 2 , 
the researches related to evaluation methodology and codes for nuclear data 
calculation, plotting and processing have been carried out. 

1, Evaluation Methodology 

a) To improve the evaluations of averaged resonance parameters, espec
ially the average level spacing, a method based on Bayesian approach for 
correcting the energy level missing has been established. This method has 
been used to calculate average level spacing for 240 nuclides. (Zhao Zhixiang 
and Huang Zhongfu) 

b) The studies of model parameters and their systematics, such as opti
ca! model parameters, level density parameters, giant dipole resonance 
parameters and fission barrier parameters, are going on. These studies could 
improve mode! theory calculations for the nuclei without measured data. (Su 
Zhongdi et a!.) 

c) Evaluation methodology for covariance files also are studied. A simple 
method to evaluate covariance file for D D X has been developed and applied 
to *Fe evaluation. (Zhao Zhixiang et al.) 

d) Impacts of negative and distant level on resonance cross sections 
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have been studied and analysis codes developed. (Qiu Guochun and Huang 
Zhongfu) 

e) A method of simultaneous evaluation for correlated data are devel
oped and used to evaluate the cross sections of ̂ Pu(n,f), 
i"U(n,f), "'U(n,y), c ^ P u ) / ^ ^ U ) , <r,('"U)/<y,f'U) and 
tr,("*U) / <r,("*U).(Liu Tingjin et al.) 

2, Model Theory Codes for Nuclear Data Calculation 
In recent two years, several model theory codes have been developed, 

perfected and replanted for nuclear data calculation. 
UNF(Zhang Jingshang) 
Developed for structural material calculation with the unified treatment 

of the pre-equilibrium and equilibrium reaction processes with angular 
momentum and parity conservations. The pick-up mechanism of composite 
particle emission and the discrete level effects are taken into account for im
proving the calculations of reaction cross section concerned. This code is ca
pable of calculating D D X of particles, recoil nuclei and y-ray produced in the 
reactions. The code has been used in the evaluations of "Fe, CI, Ca, Ga, Lu, 
HgandTl. 

FMT(Zhang Jingshang) 
This code is a special version of U N F to be used for fission nuclides and 

has been used in the evaluation of ̂ *U. 
RAC92(Chen Zhenpeng et al.) 
A comprehensive R-matrix analysis code based on multi-channel and 

multi-level R-matrix theory. It has been used to analyse the n+"*B system. 
M U P 3 ( Y u Ziqiang et al.) 
Revised version of M U P 2 . Compared with M U P 2 , M U P 3 is capable of 

calculating D D X of particles produced in the reactions. The refraction effect 
of incident particles on the surface of the nuclei and pre-equilibrium effect 
for secondary process are taken into account in M U P 3 . 

CFUPl(Cai Choghai and Shen Qingbiao) 
A code for calculation of charged particle as well as neutron induced 

reaction of fissile nuclei at energy region up to 35 M e V , including !-S parti
cles emission. It has been used to calculate p+**'Am and p+^^U systems, the 
incident energy from 4 to 35 MeV. 

SPEC(Shen Qingbiao and Zhang Jingshang) 

S P E C is a code for calculating cross sections and spectra of the neutron 
or charged partic!es( p, d, t, ̂ He, ct)induced reactions of medium-heavy 
nuclei in incident energy up to 60 MeV. 

DDCS(Shen Qingbiao) 

D D C S is a code for calculating nucleon and composite double 
differential cross sections of the neutron or charged particles( p, d, t, ̂ He, a) 
induced reactions in energy region up to 50-100 MeV. 
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The codes mentioned above are developed by ourselves. To meet the 
needs of nuclear data evaluation, some useful codes obtained from abroad 
have been or are being replanted. Among them, there are coupled-channel 
optical model code ECIS79, R-matrix analysis code S A M M Y , 
distorted-wave Born approximation code D W U C K , as well as nuclear data 
calculation codes ALICE and G N A S H etc.. Some of them have been used in 
evaluation. 

The fundamental researches related to model theory improvement are al
so carried out. 

3, Codes for Nuclear Data Processing and Plotting 
D D X B ! (Zhang Jin and Liu Tong) 
Used to produce n, p and a particle total emission spectra integrated 

over angles in cm. system or total spectra at given angle in Lab. system from 
File 6 in E N D F / B format. 

MAINPLT(Liu Tong and Zhao Zhixiang) 
This code can be used to process and plot the evaluated cross section 

(File 3) and angular distribution (File 4) in E N D F / B format and E X F O R 
data. 

Code System for Intercomparison(Liu Tingjin and Sun Zhengjun) 
This code system can automatically retrieve the evaluated data and 

E X F O R data and plot out the figure of comparison among several evalu
ated data and measured one in batches. This code system can deal with the 
comparison of cross section, D A , D E and D D X . 

E X F O R Library and Related Software(Liang Qichang et al) 
To make the evaluation more convenient, the E X F O R data library has 

been installed in hard-disk of C N D C Vax-11 computer. Related storage and 
retrieval system are replanted and provided to users. 

VII, Chinese Evaluated Nuclear Parameters Library(CENPLXSu 

Zhongdi et al.) 
To provide evaluators input data for nuclear data calculation and make 

evaluation more convenient the C E N P L has been established. Of course, the 
C E N P L will be also valuable for fundamental research of nuclear physics 
and other scientifical fields. 

The C E N P L consists of two parts, data Hies and management-
retrieval code system. The data Hies store evaluated nuclear basic constants 
and model parameters in certain format and the management-retrieval code 
system can retrieve, print out or plot the parameters user interested. 

The C E N P L - ! contains six sub-libraries: 

M C C Sub-Library: Atomic masses and characteristic constants for nu
clear ground states; 

D L S Sub-Library: Discrete level schemes and branch ratios of y decay; 
L D L Sub-Library: Level density parameters; 
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G D P Sub-Library: Giant dipole resonance parameters for y-ray 
strength function; 

FBP Sub-Library: Fission barrier parameters; 
O M P Sub-Library: Optical model parameters. 
U p to now, the data files and management-retrieval code system for six 

sub-libraries have been established and some of them have been used in 
evaluation. The next step is to further improve and perfect some of sub-li
braries and assemble all sub-libraries in CENPL—1. 

A code to transform the parameters in C E N P L format into input file of 
the model theory calculation codes such as U N F , F M T , M U P and F U P is 
to be developed. 

VIII Generation of Multigroup Constant and Benchmark Testing 

1, N S L I N K Installed and PASC-1 ModifiedfLiu Guisheng et al.) 
The code system N S L I N K for multigroup constant generation, devel

oped by Delft University and obtained from N E A Data Bank, has been in-
stalled on a working station at CIAE. And some modules of PASC-! have 
been modified to enable it to calculate reaction rates. The Multigroup library 
by N S L I N K is suitable for both fast and thermal reactor calculating. 

2, 69 Group Library and Thermal Reactor Benchmark Testing(Liu 
Guisheng et al.) 

Using N S L I N K system, A M P X master library in W I M S 69 group struc
ture are made from microscopic evaluated data selected from C E N D L — 2 , 
E N D F / B 6 , JENDL-3 and JEF-1. Some integral quantities of 10 thermal 
reactor benchmark assemblies recommended by the U.S. C S E W G are calcu
lated by using modified PASC-1 code system. 3, Fast Reactor Multigroup 
Constant Library CL50G(Liu Guisheng et al.) 

The CL50G is an adjusted library on L50G library which is generated by 
NJOY-89.31 from E N D F / B6 and JEF-1. The CL50G includes 53 nuclides 
and will be used in fast reactor design calculation. It has same energy struc
ture as those of LIB-IV. To make sure that the multigroup library adjust-
ment is reasonable and acceptable, the adjustments were made within the 
range given by the differences among C E N D L - 2 , E N D F / B 6 , J E N D L - 3 
and JEF-1. 

IX. Concluding Remarks 
To further improve C E N D L — 2 , the feedback information from 

benchmark testing would be very necessary. The overall benchmark calcula
tions to C E N D L - 2 will be carried out after the complements finished. 

References 
(13 .Chinese Nuclear Data Center, "The Chinese Evaluated Nuclear 
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2.1.5 Status Report EFF/EAF Projects 

- European Fusion and Activation File Projects -

H. Gruppelaar and J. Kopecky 

Netherlands Energy Research Foundation ECN-Nuclear Energy, 
P.O. Box 1, 1755 ZG Petten, The Netherlands 

The EFF and EAF projects are joint projects of European 
laboratories, partly sponsored by the Fusion Technology Programme 
of the European Community (EC). In addition various European 
laboratories contribute on a voluntary base. The structure of 
this collaboration is shown in Appendices 1 and 2 for the present 
three years period of 1992-1994. 

1. EFF-1 

The EFF-1 data file is used by the NET-team at Garching and by 
European users. It does not only consist of a basic data file, 
but it has been distributed as a complete user-oriented package 
with neutron-photon coupled multigroup cross sections in 
VITAMIN-J structure, a consistent MCNP library, a multigroup 
response function library and a multigroup covariance library. 
Benchmarking indicates that this package gives rather good 
overall results for fusion reactor design calculations. The full 
file package is offered to be used by the ITER design team. 

2. EFF-2 

The EFF-2 basic data file has essentially been completed and 
preliminary benchmarking has been performed on shielding and 
neutron multiplication problems. It consists of materials of 
interest for fusion neutronics design calculations with special 
EC evaluations for Li-7, Be-9, Al, Si, the major isotopes of Fe, 
Cr and Ni, the Mo isotopes and natural Pb. Other materials have 
been taken from various evaluations with minor updates. The same 
complete package of derived data files is being made for EFF-2 
as for EFF-1. The coupled neutron-photon multigroup library is 
almost ready, but some additional work is needed on the response 
library and the covariance library. The entire package, with the 
exception of the Monte Carlo library, is expected to be available 
by the end of this year for a second phase of benchmarking. The 
MCNP library is ready for most minor materials, but waits for 
recent updates of NJOY and MCNP to be completed for the major 
materials. Benchmarking of existing shielding experiments with 
a high "representativity" for the NET design has been performed 
and results are being combined to indicate "trends" in nuclear 
data. This feedback will be considered in more detail next year 
as well as the results of two EC benchmark experiments performed 
at Dresden and Frascati on streaming and bulk shielding, 
respectively. The EFF-2 file package, probably with the exception 
of the Monte Carlo library, is scheduled to be available for the 
European Fusion Programme and the ITER project, by the end of 
this year. A benchmarked version with the Monte Carlo library 
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w i l l be i s s u e d l a t e r i n 1994. 

3. EAF 

The current version of the European Activation File is version 
EAF-3.1. It is designed for activation, transmutation and gas-
production calculations and contains a huge set of reactions. It 
is applied for the development of low-activation materials (LAM), 
but can also be used for short-lived decay product calculations 
and decay heat evaluation. The file has been coupled to the 
FISPACT inventory code which contains additional libraries for 
decay and other required data. The combined package, called EASY, 
is a very valuable product for fusion-reactor design calcula
tions. The EAF-3.1 version is also equipped with an uncertainty 
file for all reactions and the inventory code can actually 
calculate uncertainty margins in decay -urves as a function of 
time. At present quality improvements are made to achieve a new 
version (EAF-4) to be completed at the beginning of 1994. 

4. Future plans 

The main objective of the EFF-2 programme for 1994 is to bring 
the file to the user, together with results of benchmarking. Some 
minor corrections may be introduced as result of user feedback. 
Furthermore, an important new development is a further update of 
Fe, using the very accurate re-evaluation of IRK-Vienna, combined 
with recently calculated DDX data by ENEA-Bologna and results of 
high-resolution data in the unresolved resonance range by IHM-
Geel/KfK. This and other re-evaluations will be included in the 
future EFF-3 data file. 
For the EAF file further quality improvement on data and uncer
tainty file is planned during this year and 1994. Also the 
energy-dependence of the isomeric ratio will be taken into 
account in much more detail. 

5. Cooperation with JEF, NEA-NSC 

The intensive cooperation between the EFF and JEF projects may 
lead to merging the two files into a single "JEFF" data file. 
Proposals for this are being considered by the EFF and JEF 
parties at present. Further benefit of NEA projects is obtained 
by means of active participation in the Nuclear Science Committee 
and the Evaluation Coordination Working Party. 

6. Orientation towards ITER needs 

Recently the ITER team has expressed increased interest in 
nuclear data for design calculations and has requested additional 
data as compared to those resulting from the European NET 
programme. This naturally has lead to a further orientation 
towards the ITER project. Thus, the EFF basic programme will be 
adjusted. Apart from Fe, Cr and Ni, which should revive in the 
ITER context as constituents of the austenitic steel (reference 
structural material), V and Ti will be of importance for the 
advanced blanket (V-5Ti-5Cr alloy as structural material), Cu 
this time as First Wall material for the reference shield and as 
divertor material, Mn, Ta and W in addition to V as alloying 
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elements for a reduced activation ferritic/martensitic steel, 
which is still recommended as a possible alternative for vanadium 
alloy. If the so-called convertible blankets should remain of 
interest for ITER, Na and K are significant if a Li blanket is 
first operated with NaK, or Mg or Bi are important in context 
with the eutectic fluids Pb-Mg or Pb-Bi for a blanket which is 
later operated with Pb-Li. Hence further improvements for V, Ti, 
Cu, Mn, Ta, W, Na, K, Mg, and Bi should be considered, taking 
into account the specific applications for ITER. It is noted 
that some of these materials the present data files are insuf
ficient . 

Also the work on the EAF data file and the corresponding 
inventory code will be further tuned to ITER needs. In particular 
the application of the EASY system for decay heat evaluation will 
be stressed. To this end the next meeting of the EFF-project in 
December 6-8, 1993, will be organized at Garching to include 
further discussions with the ITER design team and a proposal for 
a long-range programme will be made. The existing infrastructure 
of the European EFF/EAF projects, including capabilities for 
differential measurements, evaluation, processing, benchmark 
experiments, analysis and applications will be offered to reach 
the ITER and European requests for nuclear data and neutronics 
tools. 

7. Cooperation with FENDL 

The ITER preference for a "reference" file for fusion design 
calculations may favour IAEA's FENDL-1 selection of evaluated 
data as an initial data file. Europe has contributed to this IAEA 
activity, but has meanwhile developed its own data files in the 
framework of the EFF and EAF projects. On the short range E C s 
data and neutronics infrastructure could be mobilized to con
tribute to processing and benchmarkig of FENDL. Furthermore, the 
full EFF-1 package is offered to ITER as a back-up solution as 
long as FENDL-1 derived data files are not ready for distribu
tion. Likewise, the very complete EAF and FISPACT packages (EASY 
system) are offered as complete and immediate solutions for a 
reference activation file. On a longer time schedule continued 
participation in the FENDL-2 updating project from the side of 
the EFF and EAF projects is foreseen. However, an important 
condition for a suitable EC contribution is that from the ITER 
side there is a strong need for data improvements and conse
quently this item is kept in their long term programme. This 
would greatly facilitate the EC to accept suitable evaluation 
tasks for new materials proposed by the ITER team. 
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Appandix 1 

EUROPEAN FUSION (NET) PROJECT 

(short term) 

1992 - 1994 

NDB1 NEUTRONICS DATA BASE -
EFF DEVELOPMENT 

NDB1-1 ECN . EFF File management 
NDB1-2 ECN . Improvements of processing with NJOY 
NDB1-3 ENEA . Generation of working libraries 
NDB1-4 ECN . Kerma Uncertainty Assessment 
NDB1-5 CEA . Analysis of shielding benchmarks 
NDB1-6 KfK . Cross-section improvement below 1 MeV 
NDB1-7 ENEA . Cross-section improvement in the high 

energy range 

NDB2 NEUTRONICS DATA BASE -
BENCHMARK ECPERIMENTS 

NDB2-1 CEA . Bulk shield experiments 
NDB2-1 ENEA . Bulk shield experiments 
NDB2-2 KfK . Shield penetration experiments 

NET CONTRACTS 

IRK Vienna . Uncertainties for structural mate
rials 

. Re-evaluation of Fe-56 

CROSS SECTION MEASUREMENTS 

IRMM Geel . High resolution Fe-56 data 
. High resolution Ni-58,60 data 
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Appendix 2 

EUROPEAN FUSION (LAM) PROJECT 

(long term) 

1992 - 1994 

LAM2 CROSS SECTION DATA BASE -
(EAF DEVELOPMENT) 

LAM2-1 ECN . Generation of EAF File 
. File management 

LAM1-2 KfK . Generation of sequential reactions 
data files 

. File management 

ACTIVATION CODE SYSTEMS 
(EASY DEVELOPMENT)* 

AEA Harwell (Culham) 
. FISPACT code developments 
. EASY system management 

* Partially supported by LAM project 
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2.1.6 The ITER Btanket and ShieM Design Status as of September 1993 

Y. Gohar 
Group Leader 

Bianket and Shield Group 
ITER Joint Central Team 
Garching Joint Work Site 

Symposium on Nuciear Data 1993 
November 18-19,1993 

JAERI, Japan 
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ITER 
First Wall, Blanket, and Shield Design 

Breeding Blanket Self-Cooled 
Lithium-Vanadium Design 

(low Insulator requirements) 

I 

u 

Helium-Cooled 
Lithium-Vanadium 

Design 

(steel structure) 

Shielding Blanket Water-Cu-SS Shield 

ytlUftUOt'tJIOi 

First Wall, Blanket, and Shield 
Current Design Basis 

• Hot first wall during operation and between pulses, first wall 
temperature above 200°C between pulses. 

• Low pressure system of about 1 MPa for the blanket 
structure. 

• Electrical insulator to reduce MHD pressure drop and 
electromagnetic loads during plasma disruption events. 

• First wall, blanket, and shield integrated into single unit. 

• Design for double the normal operating power of -1 MW/m2 

average neutron wall load, if possible, and total neutron 
fluence of 3 MW«y/m2. 

• Operate in both phases without hardware changes. 

• Maximum radial temperature variation of <100°C in the first 
wall, blanket, and shield structural material. 

• Reactor relevant wherever possible. 

• Simple and reliable design. 

> • First wall, blanket, and shield service and maintenance from 5 
the top. £ 
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Main Features of 
First Wall, Blanket, and Shield 

• Advanced Blanket Design 

' Self-Cooled Lithium-Vanadium Design with Electrical 
Insulators 

• Accommodates 3 GW "high performance" operation 
• Wide design margin for 1.5 "nominal" operation 
• Low activation materials 
• Low decay heat 
• Tritium self-sufficiency 
• Radiation resistance 
• High temperature capability 
• Low pressure system 
• Reactor relevant 

• Require intensive R&D program for development of 
vanadium structure and electrical insulator materials 

I - Helium-Cooled Lithium-Vanadium Design 

£ • Lower sensitivity to the electrical insulator 
I performance 

• High Pressure coolant tubes 

• Water-Copper-Steel Shield 

• Less R&D than for blanket 
• Higher design margin for FW heat flux 

• Very little relevance for DEMO 
• Cost, availability, and transportation of tritium 

become issues for testing program 
• No tritium breeding 
• High activation and decay heat 
• Large volume of radioactive waste 

mft̂ Mimn/io 

Radius 5070 

VANADIUM 
LI THILM COOLED 

FIRST WALL 

WATER COOLED 
SHIELDED 

VACULM VESSEL 

LEAD GAMW 
SHIELD 

LN, COOLED 
ThCRMAL SHIELD 

TOROIDAL 
FIELD 
COILS 

Radius 2925 

IS IS PROVISIONAL WORKING INFORMATION. 

NCR BLANKET. LITHIUM COOLED 

JULY 19 1983 [TEE 
WORKING PROPOSAL 
LEVEL : SKETCH 
SAN DIEGO CO-CENTER 



Vanadium 
or Titenium 

rmi IS PROVISIONAL WOUHIHC INFORMATION. 

Eurper Limitsr 
Beryl Iium 
or Csrbon 

Vanadium Face 

L i t'nium Cool ing 

Thermal 
Shield 

Beryl Iium 
Blocks 

Neutron Absorbers 
(Tungsten Carbide) 

INNER BLANKET, LITHIUM COOLEO 

JUL* I t U M fTER 
WORK IMC PROPOSAL 
LEVEL : SKETCH 
SAN DIEGO CO-CENTER 

POLOIDAL FLOW CONCEPT 

Be PROTECTION: 2 ran 

FIG: f j 



Bumper L im i tsr 
Beryl Iium 
cr Careen 

Beryl Iium 
Blocks 

Vanadium Face 
5Cr. 5Ti 

He I ium Cool ing 
200 Bar 

Thermal 
Shield 

1— Vanadium 
or Titanium Lithium 

rnis IS PROVISIONAL WORKING INFORMATION. 

INNER BLANKET, HELIUM COOLEO 

JULY 19 l » M 

fTTE 
WORKING PROPOSAL 
LEVEL : SKETCH 
SAN D I E C 0 CO-CENTER 

Bumper L im i ter 
Beryl Iium 
or Carbon 

Copper Face 

Uater Cool ing 

Thermal 
Shield 

Stainless 
Steel Shield 

INNER BLANKET. MATER-CO0LE0 COPPER FACE 

JULY l > l l l l irER 
WORKING PROPOSAL 
LEVEL : SKETCH 
SAN D I E G O CO-CENTER 

> 
PS 
ro 



JAKHI-M 94--019 

Requirements and Cost of Tritium Based on 1 GW of Fusion Power for Different Fiuence 
Goals and Breeding Potential. 

Tritium Purchased as Required 
Breeding 3 MW»a/m2 1 MW»a/m2 
Ratio Kg B$ Kg B$ 

Fixed Supply Rates 
with 20 Kg Initial Inventory 

3 MW-a/m* 1 MW«a/m2 
Kg B$ Kg B$ 

0.0 

0.5 

0.6 

0.7 

0.8 

0.9 

180 

96 

79 

62 

45 

28 

5.74 

3.05 

2.52 

1.98 

1.44 

0.91 

68 

40 

34 

28 

23 

17 

2.16 

1.26 

1.09 

0.91 

0.73 

0.55 

202 

109 

90 

72 

53 

35 

6.44 

3.48 

2.89 

2.29 

1.70 

1.11 

78 

47 

41 

35 

29 

22 

2.49 

1.50 

1.31 

1.11 

0.91 

0.71 

- Operating scenario of 0.05 MW.a/m? physics phase over four years, and nuclear testing phase 
over ten years. 

- A breeding blanket will be installed after the physics phase. 

- A tritium inventory of about 5 Kg. 

- The tritium cost is based on the U.S. Department of Energy unit cost of $31,900 a gram. 
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Thermal-Hydraulic Analysis of the Self-Cooled Inboard Blanket 
for 3 GW Fusion power 

Machine Parameters 

Structural material 
Coolant 
Average neutron wall loading, MW/m 2 

Average surface heat flux, MW/m^ 
Inlet coolant temperature, °C 
Peak wall temperature, °C 
Total pressure drop, MPa 
FW thickness, m 
Radial depth for front (supply) ducts, m 
Radial depth for back (return) ducts, m 
Poloidal length, m 
Toroidal field, T 

Thermal Hydraulics Parameters 

Vanadium Alloy 
Li 

2.0 
0.4 
250 

<500 
<1.0 

0.005 
0.16 
0.16 
12.5 
12.0 

Inlet temperature, °C 2 5 0 

Exit temperature, °C 305 
Peak first wall temperature, "C 484 
Average lithium temperature at bottom (U bend), "C 290 
Average flow velocity, m / s 2-0 
Volumetric flow rate, m3/s 8.75 
Mass flow rate, kg/s 4 4 2 1 

Total pressure drop, MPa 0-61 

Pumping Power, MW 5.3 

Thermal-Hydraulic Parameters of the Helium-Cooled Design 

Fusion Power 3 GW 

Total Power to Blanket/FW Coolant 3.9 GW 

Peak Neutron Wall Loading at Outboard 2.78 MW/m 2 

First Wall and Bumper Limiter Surface Heat Flux 0.4, 0.5 W/m 2 

Helium Coolant: 
One-Way Flow Area (based on 624 segments) 2.25 m 2 

Inlet Pressure 200 bar 
Inlet Temperature 200 C 
Temperature Rise 150,200,250 C 

Average Volumetric Heat Generation: 
Be (limiter) 19.5 MW/m3 
Be (Blanket) 16.7 MW/m3 
Lithium 26.4 MW/m3 
Vanadium 22.1 MW/n\3 

Thermal Conductivity (500 C): 
Be 109 W/m-K 
Vanadium alloy 28 W/m-K 
Lithium 46 W/m-K 
Sodium 88 W/m-K 



Thermal-Hydraulics Parameters for Different Outlet Helium 
Temperatures 

He Temperature Rise CQ 150 200 250 

He Mass Flow Rate (kg/s) 5021 3766 3013 

He Velocity (m/s) 126 99 82 

(based on average He temp.) 

Re ford = 22 mm 1.6x106 1.2x106 9.5x105 

h(W/m2-K)ford = 22mm 1.7x10* 1.38x104 1.15x104 

DP (in-reactor) (MPa) 2.8 1.6 1.1 

Pumping Power (MW) 755 327 183 

Estimated He Temperature at Maximum 
5 Neutron Wall Load Location ("C) 250 267 283 
I 

Maximum Limiter Be Temperature for Different Surface Heat 
Fluxes: 

q" = 0.4MW/m2 724 750 775 
q" = 0.5MW/m2 800 827 853 

Maximum Vanadium Temperature for Different Surface Heat 
Fluxes: 

q" = 0.4MW/m2 651 677 703 
q" = 0.5MW/m2 715 742 768 

Liquid Metal Coolant Assessment for 
ITER 

Coolant Assessed: 

Na, NaK, K, Ga, Pb, BiPb, Li, 17Li83Pb 

Advantages: 

- Low pressure system 
- High temperature capability 
- Simple first wall, blanket, and shield design 
- Lithium provides the cooling and the tritium breeding 

functions 
- Low tritium inventory system 
- Lithium is low activation material 
- Lithium reduces the structural material decay heat 
- Good capability to accommodate power excursion 
- Reactor relevant system 
- Lithium system does not require external tritium supply 

with natural lithium 

Disadvantages: 

- Requires electrical insulator to reduce MHD pressure drop 
- Activated coolant except for lithium 
- Melting point above room temperature except for NaK 

(-12'C) 
- Safety concern related to reactivity with air and water 

Concerns: 

- Lifetime insulator performance 
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Liquid Meta) Eiectrica) insuiators 

* Thin insuiator coating (1-10 urn) on the cooiant 
channei waits. 

* Coating technoiogy for the candidate structura! 
materiais based on aiuminized iayer is wet! 
estabiished and can be appiied to iarge/compiex 
shapes. 

* A!N or Ah03 formed on the surface provides 
adequate eiectrica! insuiation. 

* This technoiogy Ai203has aiready been 
successfuiiy used as an in-reactor tritium 
barrier. 

WffMCtMf 

Aluminized Coatings On Structural 
Materials 

Fabrication Procedures 

'Hot-dip aluminizing process (used in the 
industry to coat steel with an aluminium layer 
(used by KFK for vanadium and vanadium 
alloys) 

'Chemical diffusion processes (used in the 
chemical industry) 

'In-situ formation in liquid lithium containing 
dissolved aluminium (developed by A N L ) 

'The first two procedures can be used to install 
the aluminized layer at the start. The last 
procedure can be used for self-healing or 
repairing the insulator coating. 

'Subsequently the aluminized layer is 
converted to oxide or nitride using gas, 
chemical process, or flowing liquid metal. 



Lithium vanadium Corrosion 
and Compatibility Issues 

• Corrosion rate from the forced circulation loop is ~ 0.1 um/y, 
which is negligible. 

• Oxygen concentration in cold trapped lithium is ~ 100 wppm. 

-Oxides of V, Ti, Cr, Nb, Al, and Zr are not thermodynamically 
stable at this level for the temperature range of 200 - 700 CC. 

• Nitrogen solubility in cold trapped lithium is - 4000 wppm 

-Controlling the nitrogen concentration in lithium to 100-300 
wppm, the nitrogen activity will be low enough that Cr- nitrides 
will not be formed. 

I 
uj -At such level AIN and TiN will be stable. 

• Carbon solubility in cold trapped lithium is - 200 wppm. Hot 
trapping can be used to control the carbon concentration to 
lower levels. 

• Hydrogen concentration will be controlled to the level of I 
wppm to reduce the tritium inventory. This concentration level 
does not effect the vanadium alloy. 

Water Coolant Assessment for ITER 

Advantages: 

- Good data base 

- Low activation material 

- Good shielding material 

- Good capability to accommodate power excursion 

- Natural convection improve blanket performance during 
LOFA and LOPA accidents 

Disadvantage?: 
- Require high pressure system for the current first wall 

temperature requirements 

- Aqueous stress corrosion is a problem for coolant 
temperature above 150°C 

- Constrain the chemistry of the structural material 

- Safety concern related to water interaction with PFC 
material 
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Helium Coolant Assessment for ITER 

Advantages: 

- Good safety features 
- Low activation 
- Easy to clean 
- Reactor relevant system if used with solid breeder material 

Disadvantages: 

- High helium pressure (>50 atm) is required to reduce the 
cross-sectional flow area and pumping power 

- Helium requires high temperature limit for the structural 
material (~650*C) - thermal stress problem 

- Extra shielding thickness (25 cm) la required to protect the 
TF coils 

- No design margin to accommodate power excursion 

- Poor performance during LOFA, LOCA, and LOPA 
accidents 

• High pumping power 

• An order of magnitude increase in the size of the heat 
exchanger 

Concerns: 

- Helium leakage through micro-cracks developed during 
operation may destroy the required vacuum boundary 

r*)if«ri>My>i 

Structural Material Assessment 

Vanadium alloys (V5Cr5Ti) 

Austenitic stainless steels (316 SS) 

Ferritic stainless steels (HT9) 

c_ 

> 
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Austenitic Stainless Steel 

Advantages 

• Well established fabrication technology 
• Most extensive radiation database 
• Compatibility with non-water coolants and 

breeding materials to 500°C 

Design Issues 

• Limited capability to accommodate high surface 
heat loads 
- Compositional variations to improve strength 
- Use of cold-worked material with higher strength 

• Radiation-induced embrittlement 
£3 - Significant embrittlement observed at 7-8 dpa 

Embrittlement is highly temperature dependent 
- Most severe from 20O-350°C 
- Exacerbated by H and tie 

['referred operating temperatures R f- 150°C or •ll)l)-5?0"C 
• Radiation-induced swelling 

- High temperature dependent 
- Sensitive to He/dpa ratio 
- Negligible below 300°C 
- Significant above 400°C at modest fluences 
- Major concern is differential swelling in 4OO-5O0°C range 

• Aqueous stress corrosion 
- Concern even at low fluences 
- Sensitive to stress (cyclic) and water chemistry (radiolysis) 
- Effect of hydrogen at higher fluences 

Effect of weldmenls and crevices 
- Greater resistance to SCC at <150°C 

It/Jjpjn/WQVM 

Ferritic Stainless Steels 

• Advantages 

Established fabrication base 

Resistance to radiation swelling 

Improved surface heat load capability 
compared to austenitic stainless steel 

Compatibility with coolants to 500°C 

• Design Issues 

Influence on magnetic field distribution 

• Uncertainties In effects and requirements 

Need for post weld heat treatment 

• At T -700 -0 
• Requires T and time control 

Irradiation induced embrittlement 

• Shift In DBTT with Irradiation 

• Most severe at 250-350°C 
(Range of Interest for operation) 

• Enhanced DBTT shift with high He 

• Commercial alloys exhibit larger shifts 

• Limited data on modified compositions 

Insulator coating development 

Should be able to use same methods as for SS 



Vanadium AHoys (V5Cr5Ti) 

Advantages 

. High heat Mux capabitity 

. Hhh temperature capabitity 

. Good mechanical properties at high 
temperatures 
. Radiation resistance (low swelling, high 
ductility, tow gas production) 
. Good compatibitity with liquid lithium 
. Low nuclear heating rate 
. Good activation characteristics (low 
activation and low decay heat) 

Design Issues 

. Design data base 

. Fabrication technology 

. R&D and material costs 

Condusions 

* Both blanket and shield designs having 
design margins for nomina! fusion 
power of 1.5 G W and up to 3.0 G W are 
being developed. 

* For the blanket, a vanadium first-wall 
and structure cooled by lithium is the 
baseline option. A helium-cooled variant 
is being carried as a back up. In a non-
breeding phase, the lithium would be 
replaced by another liquid metal such as 
NaK. 

* For the shield, the baseline option is 
similar to the blanket option. However, 
low temperature water is used as coolant, 
vanadium is replaced by stainless steel 
for most of the structure, and copper 
alloy is used for the first wall. 

* With an aggressive and focused R & D 
program, the self-cooled vanadium 
blanket can be qualified within the E D A 
time-frame. 
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2.1.7 Status of the International Fusion Evaluated Nuclear Data Library (FENDL) 

A.B. Pashchenko and S. Ganesan 
Nuclear Data Section 

Division of Physical and Chemical Sciences 
International Atomic Energy Agency (IAEA) 

P.O. Box 100, A-1400 Vienna, Austria/Europe 

This paper briefly describes status, plans and international co-operation in the preparation of the Fusion 
Evaluated Nuclear Data Library (FENDL). The ultimate aim of this international project is to establish a 
comprehensive set of evaluated nuclear data libraries covering the necessary nuclear input data for all physics 
and engineering aspects of the material development, design, operation and safety of current and future fusion 
reactor projects, with a particular emphasis on fulfilling the requirements of the ITER project in its current 
engineering design activities (EDA) phase. 

1. INTRODUCTION AND BACKGROUND 

Following the recommendation of the International Nuclear Data Committee (INDC), an advisory body 
for the nuclear data programme of the IAEA, the Nuclear Data Section (NDS), in co-uperation with 
several national nuclear data centres and research groups, is creating an internationally available Fusion 
Evaluated Nuclear Data Library (FENDL), which will serve as a comprehensive source of processed and 
tested nuclear data tailored to the requirements of the Engineering Development Activities (EDA) of the 
International Thermonuclear Experimental Reactor (ITER) Project and other fusion reactor development 
projects. This activity, known as the FENDL project, is supported by several IAEA Coordinated Research 
Programs. A series of international meetings in 1986, 1987, 1989, 1990, 1991, 1992 and 1993 and 
projected to continue with about the same frequency in the next few years, has been organized by the 
International Atomic Energy Agency with the goal of assembling, processing and testing a comprehensive, 
fusion-relevant nuclear data base with unrestricted international distribution [Refs. 1-8). The fusion data 
experts at these meetings have addressed in detail 

(a) the nuclear data requirements and status of available nuclear data for integral calculations for 
blanket, shielding, and activation problems in fusion reactors; 

(b) status of differential data, theory and possibilities to meet data needs; 

(c) the creation of an international fusion nuclear data file; and 

(d) IAEA sponsored international comparison of benchmark measurements and calculations on the 
subject of fusion neutronics and activation. 

The current version of the evaluated data file, FENDL-1, was released in 1993 and preparations are being 
made to process it with the latest version of the NJOY code. The file is divided into four parts: general 
purpose evaluations (65 isotopes and elements); activation cross sections and decay data (approximately 
636 targets and 11,000 reactions); charged-particle fusion reactions; and dosimetry reactions. Following 
processing, the FENDL-1 data base will be tested against benchmark experiments. 

Evaluation in the next version of the file, FENDL-2, will include improvements suggested from the 
benchmar); calculations, as well as additional and improved evaluations from various research activities 
in several countries over the next 2-3 years. 

This paper describes the international co-operation leading to the establishment of the FENDL data base, 
the present composition of FENDL-1 and plans for future development. 
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2. INTERNATIONAL COOPERATION AND SELECTION OF EVALUATED DATA 

The recommendations of the INDC were implemented by IAEA/NDS with a series of meetings with the 
following tasks and achievements: 

(1) IAEA Advisory Group Meeting on "Nuclear Data for Fusion Reactor Technology''. Gaussie. 
(former) German Democratic Republic. December 1986 fRef. II: 

achieved a review of the changes in nuclear data requirements for fusion reactor technology 
since the last IAEA Advisory Group Meeting on Nuclear Data for Fusion in 1978; 
identified the experimental and theoretical research required to satisfy the current and 
foreseeable needs; and 
developed the ground rules for the creation of an international nuclear data library for fusion 
reactor neutronics calculations for specific use in the design of the International 
Thermonuclear Experimental Reactor (ITER) project. 

(2) IAEA Specialists' Meeting on the Fusion Evaluated Nuclear Data Library Related to the ITER 
Activity. Vienna. Austria. November 1987 fRef. 21: 

specified the procedures for the assembly of the global FENDL library; 
selected a preliminary list of evaluations for individual elements and isotopes to be included 
in this library; 
identified special purpose Tiles of activation, dosimetry reaction, charged particle and photon 
interaction data to be added to the global library; and 
developed a programme on benchmark calculations for nuclear data testing starting with the 
Dresden Pb sphere measurements. 

(3) IAEA Specialists' Meeting on the Fusion Evaluated Nuclear Data Library (FENDL). Vienna 
Austria. May 1989 fRef. 31: 

analysed the differences in neutron reaction cross sections between some major evaluated 
nuclear data files for several of the main fusion reactor materials in comparison with the 
international experimental data file EXFOR and, based on the results of this analysis, iden
tified definitely die evaluations to be included in the first version of FENDL, FENDL-1; 
set up a first list of more than 200 important activation reactions to be included in the 
activation sublibrary of FENDL-1 and initiated a first international intercomparison of 
activation cross sections; 
developed actions for the updating of the IRDF-8S neutron dosimetry file to be included in 
FENDL-1; 
developed specifications for the creation of pointwise evaluated nuclear data files (PENDF) 
from FENDL-1 and of neutron and gamma multigroup cross section libraries for use in 
discrete ordinate codes and of a special library for Monte Carlo codes, starting from PENDF 
files; 
compared the results of the calculations of the Dresden Pb benchmark and identified further 
Pb and Be benchmarks and important fusion reactor materials for future integral data testing 
and verification of neutron transport codes. 

(4) IAEA Consultants' Meeting on First Results of FENDL-1 Testing and Start of FENDL-2. Vienna. 
Austria. June 1990 fRef.: 41: 

reviewed the status of the evaluations identified at the previous meeting for inclusion into 
FENDL-1 for necessary modifications to be made before input to FENDL-2. The complete 
results of this recommendation are reproduced in Table 1. 
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identiiied 8 additional materials (Na, Mg, P, S, CI, K, Ca, and Ta) to be added to the 
FENDL-1 library (these materials are presented in Table 2 along with the sources of new 
evaluations); 
finalized the selection of more than 300 activation reactions for inclusion in the FENDL-1 
activation data sublibrary; 
initiated a second International Fusion Activation Calculation Comparison Study; 
recommended to include in the FENDL-2 activation data sublibrary a decay data library and 
a complete activation cross section library with at least all targets with half lives > 10 days 
and all reactions energetically possible for En < 20 MeV. 

(5) IAEA Advisory Group Meeting on Nuclear Data for Neutron Multiplication in Fusion Reactor 
First-Wall and Blanket Materials. Chengdu. China. November 1990 IRef.: 51: 

resolved the previous discrepancies between predictions and measurements of Be 
multiplication, except for a still unexplained difference of S - 10% between recent US and 
Chinese thick sphere neutron multiplication measurements on Be; 
tentatively attributed the 3 - 5% differences still existing between the latest predictions and 
best measurements of neutron multiplication in Pb to deficiencies in microscopic nuclear data; 
reviewed in detail the status of nuclear data evaluations, differential data and further 
requirements for 7Li, Be and Pb; 
recommended that IAEA/NDS collect and distribute a scries of documents describing, in a 
consistent format, high-quality fusion-relevant benchmark experiments; 
strongly recommended the processing and international distribution of the FENDL library to 
serve as a unique reference data file. 

(6) IAEA Advisory Group Meeting on FENDL-2 and Associated Benchmark Calculations. Vienna. 
Austria. November 1991 IRef.: 61: 

recommended to the IAEA to issue FENDL-1 by July 1992 and to make it available to ITER 
and other fusion reactor projects; 
recognized the inadequacy of FENDL-1 to fulfill all demands of fusion reactor design 
activities and therefore strongly recommended, after completion of FENDL-1, to continue the 
FENDL-related activities and establish an improved version of FENDL-1, i. e. FENDL-2; 
showed that, for several materials, new evaluations will become available for consideration 
for the FENDL-2. These materials are presented in Table 3 along with the sources of new 
recommendations; 
reviewed the status of neutron and gamma-ray data processing, integral experiments and 
benchmark calculations for FENDL; 
recommended to adopt the ENDF/B-6 integrated charged particle cross section evaluations for 
the reactions 2H(d,n)3He, 2H(d.p)3H, 3H(t,2n)4He, 3H(d,n)4He and 3He(d,p)4He included 
in the Livermore TDF library and the reactions in the Arzamas library involving t+3He and 
3He+ 3He for the charged particle sublibrary of FENDL. 

The co-ordinated collection, evaluation, intercomparison and testing activities at and between the 
above-mentioned meetings were supplemented by several co-ordinated research programmes aiming at the 
improvement of existing and production of new required data. 

PRESENT COMPOSITION OF FENDL 

The FENDL project aims at the development of a set of evaluated nuclear data libraries covering input 
data to all physics and engineering aspects of the material development, design, operation and safety of 
current and future fusion reactor projects, with a particular emphasis on the requirements of the ITER 
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project in its current engineering design activities (EDA) phase. With the welcomed international release 
of ENDF/B-VI, JENDL-3 and BROND in early 1990, the FENDL project has turned from its earlier 
emphasis on the review and selection of candidate neutron-interaction evaluations to 

(a) processing and testing of cross sections for neutron and gamma-ray transport and 
(b) assembling, processing and testing of large special-applica'ion files needed to supplement the 

available files, especially in the field of activation and decay data. 

The first version of FENDL, FENDL-1, is composed of the following sublibraries: 

(i) a coupled 175 group neutron - 42 group gamma cross section library (VITAMIN-J structure) for 
neutron and gamma ray transport calculations for 65 elements and isotopes [Ref. 9]; 

(ii) a 175 group neutron-induced activation cross section library FENDL/GA-1.1 containing 636 stable 
and unstable target nuclides with half lives > 1/2 day and about 11,000 activation reactions for 
incident particle energies up to 20 MeV for the computation of radioactivities and estimation of 
radiation hazards [Ref. 10); 

(iii) a sublibrary of charged panicle nuclear fusion reaction cross sections for interaction between the 
D-T plasma constituents p, d, T, 3He and 4He [Ref. 7]; and 

(iv) a sublibrary of fusion-relevant neutron dosimetry cross sections [Ref. 11] for the determination 
of neutron flux energy spectra with the multiple foil activation method. 

These sublibraries and the methods for their generation as well as the many problems encountered during 
the file processing are described in detail in the papers [Refs. 9,10,12] reported at the International 
Workshop on Nuclear Data for Fusion Reactor Technology held in Del Mar, California, from 3 to 6 May 
1993. Therefore, only the most important features of each of these sublibraries are briefly outlined in the 
following paragraphs. 

3.1. Global or multiple purpose file. FENDL/E-I 

The first step in the production of the multipurpose file was the intercomparison and selection of 
suitable microscopic evaluations from the recently released files ENDF-B-6, JENDL-3.1, 
BROND-2, JEF-2, and CENDL-2 at and between the aforementioned coordination meetings since 
1986. In the selection of materials for inclusion in FENDL the following criteria were applied: 

presence of gamma ray production cross sections and spectra; 
correlated energy-angle emission data (MF=6); 
energy spectra for secondary charged particles; 
presence of complete covariance data; 
consistency of the cross section data with evaluations chosen for the FENDL-1 activation and 
dosimetry files. 

As is shown in Table 1, 45 evaluations were selected from ENDF/B-6, 9 from JENDL-3.1, and 
11 from BROND-2; none was so far chosen from JEF-2 or CENDL-2, since these files became 
only afterwards available. Photon-atomic interaction cross sections were altogether taken over from 
ENDF/B-6 for 34 elements, i. e. the same number of elements as contained in die neutron cross 
section sublibrary. 

The next step consisted in the pre-processing of the microscopic cross section files into zero Kelvin 
pointwise data files. These pointwise data files were then transformed into two GENDF formatted 
multigroup data files for neutrons and photons. The GENDF files were post-processed into three 
libraries of multigroup data files, i.e. one photon, one neutron, and one coupled neutron-photon 
library in MATXS format. For this data processing the most recent available version of the NJOY 
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code system, NJOY 91.38 [Ref. 13], was used and the accuracy of the calculated line shapes at 
zero Kelvin checked by comparison with the results obtained with the IAEA/NDS processing codes 
[Ref. 14]. So far only multigroup libraries for use in discrete ordinate transport codes such as 
ANISN, DOT 3.5 and others could be developed: lack of resources prevented IAEA/NDS so far 
to generate point libraries for use in Monte Carlo codes such as MCNP. 

The following elements and isotopes are available in FENDL/E-1: they are listed below together 
with the originating ENDF: 

NEUTRON INTERACTION AND PHOTON PRODUCTION CROSS SECTIONS 

ENDF/B-VI: 1H, 3H, 6Li, 7Li, 9Be, 10B, 11B, C, 14N, 160, 19F, P, S, CI, 
K, 55V, 50,52-54Cr, 55Mn, 54,56-58Fe, 59Co, 58,60-62,64Ni, 
63,65Cu, 134-138Ba, 182- 184.I86W, 206-208Pb 

JENDL 3.1: 23Na, Mg, 27A1, Ca, Ti, 55Mn, Mo, 181Ta, 209Bi 

BROND-2: 2H, 14N, 15N, Si, 90-92,94,96Zr, 93Nb, Sn 

PHOTON-ATOMIC INTERACTION CROSS SECTIONS 

ENDF/B-VI: H, Li, Be, B, C, N, O, F, Na, Mg, Al, Si, P, S, CI, K, Ca, Ti, V, Cr, 
Mn, Fe, Co, Ni, Cu, Zr. Nb, Mo, Sn, Ba, Ta, W, Pb, Bi. 

The basic evaluated data ENDF/B-VI, JENDL-3.1 and BROND-2 were drawn from the basic libraries 
available from the NDS [Ref. 15]. The main specifications for the multigroup data processing were as 
follows (see Ref. 9 also for further details): 

- number of neutron groups: 175 (VITAMIN-J structure) 
- number of gamma groups: 42 (VITAMIN-J structure) 
- neutron weighting function: thermal + 1/E + fission + fusion (IWT=6 in NJOY) 
- gamma weighting function: 1/E with rolloffs (IWT=3 in NJOY) 
- legendre order for neutrons: P6 for transport correction to P5 
- legendre order for gammas: P8 for transport correction to P7 
- temperatures: 300, 900, and 1500 Kelvin 
- dilution factors: 1, 10, 100, 1000, 10* and 1010 bams. 

2.1. Activation data file 

The following steps led to the development of the present FENDL-pointwise (FENDL/PA-l.l) and 
groupwise (FENDL/GA-1.1) activation cross section libraries: 

(1) First, cross sections for 372 neutron-induced activation reactions for 150 isotopes and neutron 
energies up to 20 MeV were selected from the libraries REAC-2 [Ref. 16], REAC-ECN-5 
[Ref. 17], ENDF/B-6 [Ref. 18], SINCROSACT [Ref. 19], ADL-90 [Ref. 20], plus a few 
reactions from JENDL-3 [Ref. 21] and BROND-2 [Ref. 22]. For all data the data format was 
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changed to ENDF/B-6 and, where necessary, the original data pre-processed into pointwise 
data with the cod's LINEAR and RECENT developed by D. E. Cullen [Ref. 14]. The 
resulting first version of the poimwise activation cross section sublibrary, FENDL/PA-1, was 
issued in the fall of 1991 [Ref. 23]. 

(2) A revised edition of this library, FENDL/PA-I (Revised) was established early in 1992 
following the November 1991 Advisory Group Meeting on FENDL [Ref. 6], incorporating 
the first results of the Long-lived Activation CRP [Ref. 24] and of new evaluations by 
Kopecky et al [Ref. 25] and Badikov et al. [Ref. 26]. 

(3) In the middle of 1992 FENDL/PA-1 (Revised) and the EAF-2 library by Kopecky et al. [Ref. 
25] in pointwise form were combined to the greatly expanded activation cross section 
sublibrary FENDL/PA-1.1; this was released in early 1993 [Ref. 10]. This library contains 
now all stable and unstable (altogether 636) target nuclides with half lives > 1/2 days with 
about 11000 reactions with non-zero cross sections below 20 MeV. 

(4) As a next step FENDL/PA-1.1 was processed with the GROUPIE processing code [Ref. 14] 
into 175 multigroup cross sections using the VITAMIN-J group structure [Ref. 27]. The 
resulting multigroup library FENDL/GA-I.l was distributed to several interested groups for 
preliminary tests and integral checking. 

(5) For use of activation cross section data in inventory codes nuclear decay data are needed. The 
IAEA FENDL Meeting in November 1991 [Ref. 6] recommended to IAEA/NDS to take over 
the decay data used by the REAC code and data system, which are based on decay data 
contained in ENDF/B-6 and ENSDF for about 2900 nuclides. These data were kindly supplied 
to IAEA/NDS by F. Mann in March 1992 and were incorporated in the sublibrary 
FENDL/D-1.1. 

3.3. Charged panicle data files 

The charged particle data files can be subdivided in fusion reactions between the plasma constituents 
and sequential charged particle induced activation reactions. As for the First type, the IAEA 
Consultants' Meeting held in October 1992 at Brookhaven National Laboratory [Ref. 7] 
recommended that for the FENDL fusion charged particle reaction sublibrary the data from the 
Livermore ECPL library [Ref. 28] for the reactions D(d,n)3He, D(d p)T, T(d,n)4He, T(t,2n)4He 
and 3He(d,p)4He be adopted, and for all reactions involving t+3He and 3He+3He the data from 
the Arzamas ECPNDL library [Ref. 29]. For the sequential charged panicle reactions die 
Brookhaven meeting recommended that IAEA/NDS take over in FENDL the Obloiinsky-Cierjacks 
library [Ref. 30] and supporting computer codes. 

3.4. Neutron dosimetry file 

The IRDF-90 file has been adopted as FENDL sublibrary with fusion-relevant neutron dosimetry 
reactions [Ref. 11]. 

FUTURE DEVELOPMENT OF FENDL 

FENDL is the nuclear data base covering input data for many physics and engineering aspects of fusion 
reactor projects. Its quality determines the accuracy of all predictions concerning tritium breeding, nuclear 
heating, radiation damage to materials, shielding, and many other important properties of fusion reactor 
design. The first version of the library, FENDL-1, represents fairly well the present status of knowledge 
of neutron cross sections of the materials covered. This knowledge, however, is still not good enough to 
fulfill all demands of the fusion reactor designers and makes it necessary to include undesirably large 
safety margins in fusion reactor design which substantially increase the cost of such devices. Considering 
the progress which had currently been achieved in the development of FENDL-1 and in view of the urgent 

60 



JAKH1 M 91 019 

need for one consistent evaluated nuclear data library such as FENDL for the Engineering Design Activity 
(EDA) phase of ITER and other fusion reactor projects, the fusion experts of the IAEA AGM held in 
Vienna in November of 1991 [Ref. 6] strongly recommended that, after the completion of FENDL-1, the 
FENDL-related activities be continued and an improved version of FENDL-I, i.e., FENDL-2, be 
established. 

FENDL is based on national evaluated nuclear data libraries. The major deficiencies in evaluations of 
nuclear data of various materials important for ITER were identified and discussed recently at the 
International Workshop on Nuclear Data for Fusion Reactor Technology held at Del Mar, California, 
USA, in May 1993. Plans were outlined at the Workshop to correct the deficiencies which are listed in 
the Summary [Ref. 31] of the Workshop. 

Following the NDS plans, the future work towards establishing FENDL-2 should be focussed on the 
following tasks: 

4.1. Global data file for neutronics calculations 

The process of generation of multigroup libraries can only be considered as completed after 
successful testing in several fusion-related experimental and calculational benchmarks; this is 
already underway in several laboratories. 

Based on user feedback, FENDL will be gradually updated. 

FENDL/E-1 must be completed with neutron emission and gamma production data: also new 
evaluations will become available for several materials; their inclusion in FENDL/E-2 will 
be considered according to user needs. 

Integral benchmark testing and sensitivity studies of FENDL/E-1 will have to be co-ordinated 
by IAEA/NDS. This activity should include the collection and publication of complete 
specifications of fusion-relevant benchmark experiments. The IAEA Consultants' and 
Advisory Group Meetings on "Preparation of Fusion Benchmarks in Electronic Format for 
Nuclear Data Validation Studies" and on "Improved Evaluations and Integral Data Testing for 
FENDL" are foreseen for 13-16 December 1993 in Vienna and September 1994 in Garching 
respectively. 

On a longer time scale uncertainty/covariance files will have to be developed for FENDL. 
This activity will be started with the consideration of FENDL uncertainties by an IAEA 
Advisory Group Meeting which was held at JAERI in the previous week from 8 to 12 
November 1993. 

The new CRP on "Measurement, Calculation and Evaluation of Photon Production Data" is 
started at the Agency now in order to fill the gaps in photon production data still existing in 
FENDL. 

4.2. Activation data file 

FENDL/PA-1.1 is rather complete, but still primarily applicable to fusion reactor activation 
calculations with hard neutron spectra. Apart from improvements of its quality, the range of 
applicability should be extended to low energy cross sections. 

As a consequence, the creation of a second version, FENDL/PA-2 is planned which will 
include the addition of (n.gamma) and (n,n'gamma) cross section data by Petten, of charged 
particle induced activation data from the Karlsruhe library and of isomer production cross 
sections. 
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The test of inventory codes and the validation of the activation cross section and decay data 
libraries will be pursued against experimental irradiations of realistic materials in high neutron 
flux 14 MeV neutron generators, thermal and fast reactors. 

Nuclear model predictions of large amounts of unknown and/or unmeasurable cross sections 
will have to be improved and a link established to the IAEA/NDS project concerned with the 
development of a reference nuclear input parameter library for nuclear model calculations 
[Ref. 32]. 

The addition of uncertainties must be foreseen and carefully planned. 

The importance of sequential charged particle reactions and their improvements and of 
photon-induced reactions must be further investigated. 

A long-term effort will be the extension to reactions above 20 MeV incident panicle energy. 

4.3 Charged particle data files 

In the fusion charged particle data library integrated cross sections and angular distribution 
data for reactions between H and Li, Be and B should be included [Ref. 7). 

The discrepancy of about 4% between the different charged particle libraries in the low-energy 
cross section data for the T(d,n)4He reaction must be solved. 

A processed file of fusion charged particle reaction cross sections should be developed. 

The future co-operation between Arzamas, LLNL and LANL for the improvement and further 
development of the fusion charged particle library should be strengthened. 

Concerning sequential charged particle reactions, the Brookhaven Meeting [Ref. 7] 
recommended that the Karlsruhe effort be continued by improving the starter library by better 
modelling of d, t and 3He emission cross sections as well as by considering special important 
cases such as the 7Li(t,gamma) lOBe reaction, identifying important reaction chains via 
inventory calculations and validating the corresponding parts of the library, and by performing 
benchmark experiments. 

The Brookhaven meeting recommended finally that a library of photonuclear data be prepared 
for incident gamma energies up to 25 MeV for the structural and shielding materials of ITER. 

4.4. Neutron dosimetry cross section library 

Testing and necessary corrections of the existing 1RDF-90 library of reference neutron 
dosimetry cross sections are currently underway [Ref. 33]. 
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Table 1 R e s u l t s of review of FENDL-1 g e n e r a l purpose e v a l u a t i o n s 
i d e n t i f i e d a t p rev ious meet ings 

KuciUc Library Y-**r 
or Eleaant Data 

nrt Cht.Part. C m r l u c c Act,/Doa 
Data Spectra Data Caaalatcacy 

V6 

V« 

BOOKS 

MOKD 

V6 

VI 

JE1TOL-3 

UOHD 

JEKSL-} 

V6 

V6/ 
JEHDL-3 

V* 

atom 

T 

t 

B« 

T 

It 

lie 

X 

K 

Y 

T 

nc 

t 

• 
r 

IK 

II 

T T 

IK 

T 

Correct AVI far l u d e t r rather thaa atomic i 
Coaeldcr uac of RF«M far cevarlaacea. 

Several lapraveaeata have Veea atada to the f l i c 
•Uc« laat acetie*. 

(Cm/DTOr/a-VI, I C T I I I M 1) wi l l he ceaaldcred 
for fEKDL-2 after teattne. 

ITcucrao aalealoa epectre appear to he 
under*itlaated at tack ancle*.. 

Hew MONO aaalyala aala* Fade approximates aheald 
be compared. <a,2aK erase eectleas al(ht aat he 
c a u l a teat with actlvettea f l i c , 
f l i c . 

Use ZFF-2 If completed 1* time. CPBF/t-Vt 
lseteplc eveluatleaa wi l l be available far 
caulderetlea far 1UUIL-Z. 

47Tl(n,p) aet c a u 1st cat with activation f l i c . 

Questleaa raised rcaardlag reeeaaace ratio* far 
cvea Cr laetepea that ehoald he checked. 

Collaborative evalvatloa bat eal? EXDF/I-VI 
coatalaa W-» date. 

14 He* acatraa aalaalaa epectraa at 30* hither 
thaa Tefcahaahl data 1m pre eaalllhrlva reftlaa. 
Shaald be check**. 

Chech flrat few reaoaaacu la HI taetaacs far 
ceapleteaeea. 

Cheat reeemaemdea that leatealc evelaatlaas he 
aacd. *°Zr<a,la) aat c*a*Uteat with 
acjlvetlea f i l e . 

<3*fc(a,a*),3"«b aad <a,3a)"*Itb eaeald be 
added free) acttvatlea/daalaetr* ( I l ea . 

laataplc evelwetleaa da aat laclade T-rej-
data, lecaaataad addltlea of y-raj data be fare 

tw*-J la a cemhlaatlaa ef fa l l evalaatlaa af 
•Oar leetapea. Iff«4,3 baaed «a calcalatlaas far 
twa teetemea. 

Fleslea pradact cvalaatlaaa af Halted ecaae. 

at «a l»-«eV acattea aalaalaa 
apectra peealhlv aeeded. Qae af laetavlc 
evalaatlaaa rtceamaaded by Cheat. 

ZMrb(a (alaha) aat eeaatateat with actlvatlea 
f i l e . *°*Pb cvalaatlaa ta aacaaracea. 
2 «s l<a .2a) as* <a,T) i 
actlvatlea f l i c . 

• le teat with 

T*M* Explanation 
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Table 2 Additional evaluat ions recommended for FENDL-I 

HuclMe Library 
or Element Data 

iro 
Data 

Chf.Part. Corarlance se t . /Dos C s T B t s 
Spectra Data Csmslstemcy 

Ka-23 

nt 

P-31 

CI 

K 

Ca 

T a - U l 

JZHDL-3 T 

JEHDL-3 T 

V» I 

Ve 

V* 

v« 

JENDL-3 Y 

JENDL-3 Y 

JEIDL-3 only Ucladea f I lea thru HF-5 • 
mm Y~r*7 data, 

JtMDL-3 haa no Y-rey data. 

JZHDL-3 haa no y-ray data. 

JEMDL-3 has no Y-rey data. 

?uould be coapartd v t t h tlOKD update. 

» Table Emlanatlen 

T « Yea, data present 
N > No, data not present 
" • Indlcatea e x c i t a t i o n enr rty bins (paeudo Levela used In l i e u of HFa() 
NC « not complete but some data present 
KA - not appl icable 
Vo . EKDF/B-VI 

- 6 6 -
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-able 3 Additional files proposed to be considered for inclusion 
in FENDL/E-2 

Nuclide 
or Eleaent 

Library Y-ray 
Data 

File-6 Chc.Fart. 
Data Spectra 

Co*ariance 
Data 

*H 

ZH 

3He 

*He 

°L1 

' L I 
' L I 

»B« 
' B e 

1«N 
1*N 

" N 

« A 1 
« A l 

2*S1 
™ S 1 
2«S1 

3 ° 5 1 

n a t c , 

I s o t o p e s ^ 

n a t T 1 

5 2 c r 

" « C r 

S6Fe 
5<Te 
5 6 F e 

5«Co 

S»H1 
S«N1 

60m 
n a t C u 

93|«b 

n a t H o 

n a t p b 

2 0 9 B i 

CENDL-2 

CENDL-2 

CENDL-2 

ENDF/B-VI 

JENDL-3 R2 

JENDL-3 Rl 
EFF-2 

EFF-2 
JENDL-3 R2 

ENDF/B-VI 
JENDL-3 K2 

ENDF/B-VI 

EFF-2 
JENDL-3 E2 

EFF-2 
EKDF/B-VI 
ENDF/B-VI 

ENDF/B-VI 

JENDL-3 R2 

JENDL-3 R2 

JENDL-3 R2 

EFF-2 

JENDL-3 S2 

EFF-2 
CENDL-2 
JENOL-O 82 

JENDL-3 S2 

EFF-2 
JENDL-3 82 

EFF-2 

JENDL-3 E2 

JENDL-3 E2 

JENDL-3 12 

JENDL-3 12 

JEKDL-3 t 2 

t 

N 

N 

7 

Y 

V 
Y 

Y 
Y 

Y 
Y 

Y 

Y 
Y 

Y 
Y 
Y 

Y 

Y 

Y 

Y 

Y 

t 

I 
T 
Y 

Y 

I 
Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 
N« 

Hev eval. added for FENDL/E-2 

New eval. added for FENDL/E-2 

Possibly completed. 

• Table Explanation: 

Y = Yes, data present 
N = No, data not present 

* = Indicates excitation enersy bins (pseudo levels used en lieu of File-*) 

67 



• I \1-:H! M !t1 H19 

2.2 JENDL and Shielding Experiment for High Energy Neutron 

2.2.1 JENDL 3 Revision 2 

Tsuneo Nakagawa 
Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 319-11 

The data for 340 nuclides will be stored in the second revised version of 
JENDL-3, JENDL-3.2, and about half of them will be modified more or iess. An 
outline of modifications for JENDL-3.2 is described here in particular on double-
differential cross sections, total cross sections and inelastic scattering cross 
sections of structural materials, data of fission product nuclides, resonance 
parameters and fission spectra of heavy nuclides, and y-ray production data. 

1. Introduction 
The third version of Japanese Evaluated Nuclear Data Library, JENDL-31', was released 

in December 1989, and its first revised version, JENDL-3.1, was made in December 1990. In 
JENDL-3.1, data are given for 324 nuclides and the y-ray production data for 59 nuclides. After 
extensive benchmark tests, drawbacks of JENDL-J.l have been pointed out. The foiiowing are 
examples of the drawbacks: 

(1) The double differential cross sections (DDX) of neutron emission reactions of 14N, Ti, 
59Co, Zr, Mo, W, etc. are not in good agreement with experimental data2*. 

(2) The total cross sections of ^Na and Fe, and inelastic scattering cross sections of Fe 
should be re-evaluated3^. 

(3) Cross sections in the resonance region of 235U4', inelastic scattering cross sections and 
fission neutron spectra of 233U5^ should be re-evaluated. The upper boundary of the 
unresolved resonance region of U is too low '. 

(4) The resonance parameters and the capture cross sections of about 40 fission product 
nuclides have to be modified on the basis of recent experimental data. 

(5) All y-ray production data in JENDL-3.1 should be re-examined because the evaluation 
for JENDL-3.1 might be immature. 

Work for the second revision was started in 1991 by organizing Working Groups for 
Modification of Heavy Nuclide Data and y-ray Production Data in Japanese Nuclear Data 
Committee (JNDC). The present revision work for JENDL-3.2 has been made by these two 
working groups7'8^ and Working nroup on Fission Product Nuclear Data9* of JNDC and JENDL 
Compilation Group in Nuclear Data Center of JAERI. After the modification, quick benchmark 
calculations for important data were carried out by members of JNDC in order to confirm 
improvement of the data. In the following, revision work for JENDL-3.2 is explained by showing 
typical examples. 

2. Light-mass Nuclides and Structural Materials 
2.1 Double-differential cross sections 

The DDX data of neutron emission reactions are important for fusion neutronics. 
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However, the DDX data of several nuclides calculated from JENDL-3.1 such as 14N and Mo are 
not in good agreement with experimental data measured at Tohoku University and/or Osaka 
University. For JENDL-3.2, the DDX data of 14N were modified by assuming hypothetical levels 
in the high energy region up to 20 MeV. Figure 1 is a comparison of JENDL-3.1 and JENDL-
3.2 with experimental data measured by Baba et al.10 ' For the nuclides heavier than N, JENDL 
Fusion File11' is being made in order to improve the DDX data in JENDL-3.1. This is one of 
JENDL special purpose files and provides precise DDX data to fusion neutronics applications. 
In JENDL Fusion File, the data for 21 elements (F, Al, Si, Ca. Ti, Cr, Mn, Fe. Co, Ni. Cu. Ge, 
As, Zr, Nb, Mo, Sn, Sb, W, Pb and Bi) and their isotopes will be stored by adopting the MF6 
representation of the ENDF-6 formal. For JENDL-3.2, the data in JENDL Fusion File are 
adopted by approximately transforming the MF6 representation to usual MF4-MF5 representation, 
because most of users except fusion people do not need very precise DDX data. The DDX data 
of Mo is shown in Fig. 2 as an example. JENDL-3.1 data shown with dashed line arc largely 
modified with JENDL-3.2 data translated from JENDL Fusion File. 

2.2 Total cross sections of Fe and B N a 

The drawbacks of Fe and ~ Na total cross sections were revealed by the benchmark 
calculations3* for Broomstick experiments12'. They measured neutron flux transmitted through 
samples with a diameter of 4 inches and several kinds of length located in the neutron flux of a 
reactor of ORNL Tower Shielding Facility. For example, in the case of Fe, JENDL-3.1 
underestimates the measured neutron flux in the neutron energy range below 3 MeV, while 
ENDF/B-IV is in good agreement with the experiment, as is shown in Fig. 3. This indicates that 
the total cross sections given in JENDL-3.1 might be too large at cross section minima. For 
JENDL-3.2, the cross-section shape was sharpened by considering energy resolutions of the 
experiments: 

V » 

V> 

where OJ3(EQ) is the total cross section given in JENDL-3.1 which is affected by experimental 
resolution, o^^CE) modified cross section to be obtained and R(E) resolution function with a 
Gaussian form. We assumed simply that OJJJQ^) = CCE,,) x 0:3(E) and the factor C(E0) was 
obtained by solving Eq.(l). Results are shown in Fig. 4. The cross-section curve with almost 
the same sharpness as ENDF/B-IV was obtained and agreement with the Broomstick experiment 
was improved as is shown in Fig. 3 with a dashed line. This procedure was adopted also to \~t 
and Ni toUl cross sections. 

In the case of ^Na, JENDL-3.1 adopted the total cross section measured at KfK13\ 
However this total cross section is systematically smaller than that measured by Larson et al. ' 
at ORNL, and Broomstick benchmark calculation pointed out thv JENDL-3.1 was too small. 
Therefore, the total cross section of Na was re-evaluated on the basis of the ORNL data. 

23 '• - « t k scattering cross sec'tuu of Fe 
ine number of discrete levels in the ENDF format is limited to 40. In tht ^ase of natural 

iron data of JENDL-3.1. therefore, the inelastic scattering cross sections with almost the same 
threshold energies were summed up to one level so as to reduce the number of inelastic scattering 
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levels. However it was foundls^ that this procedure caused a serious problem for neutron spectra 
in the low energy part. Figure 5 is comparison of calculated neutron spectra with those measured 
by KfK iron experiment 6'. The neutron spectra coming out from an iron sphere with 2S2Cf at 
its renter were measured at a distance of about 1 m. There are large discrepancies between 
spectra calculated from JENDL-3 and ENDF/B-1V below the 24-keV iron window. Figure 6 
shows the cross section of MT=55 of JENDL-3.1 natural iron data. This is a sum of the cross 
section of 810-kcV level of 58Fc and that of 847-kcV level of 56Fc. The Q-valuc of -810 kcV 
is given to this level, while almost of all part of this cross section comes from that of 56Fc. 
Therefore, the neutrons emitted from this level have energies about 35-kcV higher thaii actual 
energies. The discrepancies shown in Fig. 5 arc caused by the inadequate Q-valucs given to the 
inelastic scattering cross-section data. This problem was corrected by rc-grouping the data. 
Then calculated spectra from revised data became almost the same as ENDF/B-iV. The inelastic 
scattering cross sections of Ni were also modified concerning this problem. 

3. Fission Product Nuclides 
JENDL-3.1 contains the data for 172 nuclides in the fission product mass range. The data 

of about 60 nuclides among them are modified to JENDL-3.2 by Working Group on FP Nuclear 
Data'J> of JNDC. 

The capture cross sections of '"Sr and Gs were largely changed on the basis of recent 
experimental data measured at JAERI17,1"). The capture cross section of w,Sr in JENDL-3.1 is 
900 mb which is the same as ENDF/B-VI and JEF-2. However the new data adopted in 
JENDL-3.2 is only 15.3*1.3 mb at 0.0253 cVI8). Lone et a!.19) reported also smaller cross 
section of 9.7+0.7 mb. 

The capture cross section in the kcV region was updated by considering recent 
experimental data. Figure 7 is the capture cross section of 8Sm. JENDL-3.1 was normalized 
to the data of Kononov et al.20*, while JENDL-3.2 was determined on the basis of the data of 
Wisshak ct al.21* JENDL-3.1 in the energy range between about 6 and 10 kcV where is in the 
resolved resonance region seems to be too small because of missing of weak resonances. The 
upper boundary of the resolved resonance region was set down to 5.5 kcV to avoid underestima
tion of the cross section. The same considerations were made for many other nuclides in the FP 
region. 

Resolved resonance parameters were modified for about 25 nuclides. This modification 
was based on recent experimental results and rc-normalization of capture area data. Unresolved 
resonance parameters were also replaced with new fitting results if the capture cross section was 
modified in the unresolved resonance region. 

Inelastic scattering cross sections of Zr, Mo, Nd and Sm isotopes were modified by 
considering the direct processes. 

4. Heavy Nuclides 
Modification of important heavy nuclide data was discussed by Working Group for 

Modification of Heavy Nuclides Data7). Effects of the modification to integral quantities were 
investigated with a sensitivity analysis system CATEX22>. 

4.1 Resolved resonance parameters 
The resolved resonance parameters of 233U, 23SU, 238U, ^ 'Pu and 24,Pu were replaced 

with Reich-Moore parameters analyzed with SAMMY23* as follows: 
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2 3 8 u 

239pu 

241pu 

up 

up 
up 

to 10 keV 

to 2.5 keV 
to 300 eV 

233U up to 150 eV new evaluation by Denien2A) 

235U up to 500 eV taken from ENDF/B-VI25* with slight modification 
of Iy 

Moxon26* reported that the 235U capture resonance integral of 
ENDF/B-VI was too small. This problem is remained for future 
work. 

taken from JEF-2 * and divided into 10 energy 
intervals 
Evaluation made by Derrien28* 
ENDF/B-VI parameters2™ and modification was 
made by Derrien30) 

The Reich-Moore parameters are not convenient for the users because it takes long CPU time to 
reconstruct the resonance cross sections. Therefore, a point-wise file will be provided especially 
for the nuclides with the Reich-Moore parameters. 

4.2 Unresolved resonance parameters 
The unresolved resonance parameters of 235U and 238U were updated. The fission cross 

section of 235U was determined on the basis of experimental data of Weston and Todd21* The 
capture cross section of 23SU became smaller than JENDL-3.1 as a results of adoption of small 
a values measured by Muradjan et al.32* The unresolved resonance region of ^ ' u was extended 
from 50 keV up to 150 keV because Doppler effects are important in this region.6* The average 
capture cross section of 238U is almost the same as JENDL-3.1. 

4.3 Inelastic scattering cross sections 
The 233U inelastic scattering cross section was re-evaluated with ECIS33* and 

CASTHY34*. The results are given in Fig. 8. They are somewhat smaller than JENDL-3.1 and 
in good agreement with experimental data of Smith et al.35) 

The inelastic scattering cross sections of 238U were also re-evaluated because the data of 
JENDL-3.1 cannot reproduce DDX data measured at Tohoku University36*. 

4.4 Fission spectra 
The 233U fission spectra adopted in JENDL-3.1 are too hard because of a trivial mistake 

occurred at the time of compilation. They have been modified with new calculation from 
Madland-Nix formula37* by adopting the level density parameters of a = A/9. 

The fission spectra of 235U, 238U and ^'Pu were newly calculated with modified 
Madland-Nix model proposed by Ohsawa38* which took account of effects of a non-
equitemperature fission fragments and multi-chance fission. Figure 9 shows the 23SU fission 
spectrum at the incident neutron energy of 500 keV. JENDL-3.2 is a little softer than JENDL-
3.1. 

5. Gamma-ray Production Data 
The y-ray production data in JENDL-3.1 have been reviewed and the following 

modifications were made by Working Group for Modification of y-ray Production Data.8* 
To keep energy balance of capture y-rays, Q-values of natural elements were replaced 

with weighted average of Q-values of isotopes, and multiplicities of capture y-rays were 
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calculated so as to keep the energy balance. Energy spectra of capture y-rays were calculated 
with CASTHY34) in the low energy region. Primary transition probabilities were adjusted to 
spectrum data measured at the thermal energy. Discrete y-rays from the inelastic scattering were 
given in the neutron energy range ap to 2 or 3 MeV. Figure 10 shows total y-ray spectrum of 
Ni. JENDL-3.2 is in better agreement with experimental data39* than JENDL-3.1. Additional 
new evaluations were made for 3He, 19F, 31P, S, K, 51V and S9Co. 

6. Conclusion 
Re-evaluations and modifications of data for JENDL-3.2 were reviewed. JENDL-3.1 

stores the data for 324 nuclides. New evaluation of additional 16 nuclides has been made. 
JENDL-3.2 will contain the data for 340 nuclides. The data of about 170 nuclides out of 340 
will be updated more or less for JENDL-3.2. 

The revised data are being compiled in the ENDF-5 format. However they will be 
changed to the ENDF-6 format without MF6 representation. JENDL-3.2 will be released at the 
end of March 1994. 

References 
1) Shibata K., Nakagawa T.( Asami T., Fukahori T., Narita T., Chiba S., Mizumoto M., 

Hasegawa A., Kikuchi Y., Nakajima Y., and Igarasi S.: "Japanese Evaluated Nuclear Data 
Library, JENDL-3," JAERI 1321 (1990). 

2) For example, (eds.) Nakajima Y., and Maekawa H.: Proc. 2nd Specialists' Meeting on 
Nuclear Data for Fusion Reactors, Tokai, Dec. 20-21, 1990, JAERI-M 91-062 (1991). 

3) Kawai M., Hasegawa A., Ueki K., Yamano N., Sasaki K., Matsumoto Y., Takemura M., 
Ohtani N., and Sakurai K.: to be published as JAERI report. 

4) Takano H. and LWR Integral Data Testing WG, JNDC: Proc. 1991 Symposium on 
Nuclear Data, Tokai, Nov. 28-29, 1991, JAERI-M 92-027, p.147 (1992). 

5) Tian D., Hasegawa A., Nakagawa T., and Kikuchi Y.: J. Nud. Sci. Technol., 3Q, 1087 
(1993). 

6) Takano H.: private communication. 
7) Kikuchi Y., and Nakagawa T.: Proc. 1992 Symposium on Nuclear Data, Tokai, Nov. 26-

27, 1992, JAERI-M 93-046, p.16 (1993). 
8) Igarasi S.: ibid., p.27 (1993). 
9) Kawai M.: presented in this proceedings. 

10) Baba M., Ono M., Yabuta N., Kikuchi T., and Hirakawa N.: Proc. Int. Conf. on Nuclear 
Data for Basic and Applied Sci., Santa Fe, May 13-17, 1985, p.223 (1986). 

11) Chiba S., Yu B., and Fukahori T.: Proc. 1991 Symposium on Nuclear Data, Tokai, Nov. 
28-29, 1991, JAERI-M 92-027, p. 35 (1992). 

12) Straker E.A.: "Experimental Evaluation of Minima in Total Cross Sections of Several 
Shielding Materials," ORNL-TM-2242 (1968). 

13) Cierjacks S., Forti P., Kopsch D., Kropp L., Nebe J., Unseld H.: "High Resolution Total 
Neutron Cross-sections between 0.5-30 MeV," KFK 1000 (1968). 

14) Larson D.C. ORNL-TM-5614 (1976). 
15) Yamano N.: private communication (1993). 
16) Werle H., Kappler F., and Kuhn D.: "Measurements of Neutron Leakage Spectra from 

Iron Sphere with a ^ C f Source in the Center," NEACRP-U-73 (1976). 

72 



.IAKKI M 91 (II!) 

17) Harada H., Watanabe H„ Sekine T., Hatsukawa Y., Kobayashi K., and Katoh T.: J. Nucl. 
Sci. Technol., 22, 577 (1990;. 

18) Harada H., Sekine T., Hatsukawa Y., Shigeta N., Kobayashi K., Ohtsuki T., and Katoh 
T.: Proc. 1991 Symposium on Nuclear Data, Tokai, Nov. 28-29 1991, JAERI-M 92-027, 
p. 298 (1992). 

19) Lone M.A., Edwards W.J., and Collins R.: Proc. GROBAL'93, Seattle, Sep. 12-17, 1993, 
Vol. 1, p.445 (1993). 

20) Kononov et al.: YK-22, 29 (1977). Data were taken from EXFOR. 
21) Wisshak K., Guber K., Voss F., Kaeppeler F., and Reffo G.: "Neutron Capture in 

l48,i50Sin. A S e n s i t j v e p r o b e o f t h e s_pr0cess Neutron Density," KfK 5067 (1992). 
22) Hasegawa A.: private communication. 
23) Larson N.M.: "Updated Users' Guide for SAMMY: Multilevel R-Matrix Fits to Neutron 

Data Using Bayes' Equations," ORNL/TM-9179, Revision 1 (1985). 
24) Derrien H.: to be published in J. Nucl. Sci. Tcchnol. (1994). 
25) Leal L.C., de Saussure G., and Perez R.B.: Nucl. Sci. Eng., 102, 1 (1991). 
26) Moxon M.C.: "Comments on the ENDF/B-VI Evaluation for 235U in the Neutron Energy 

Region from 1 to 20 eV," ORNL/TM-12304 (1993). 
27) Moxon M.C., Sowerby M.G., Nakajima Y., and Nordborg C: Proc. 1988 Int. Reactor 

Physics Conf., Jackson Hole, Sep. 18-22, 1988, Vol.1 p.281 (1988). 
28) Derrien H.: J. Nucl. Sci. Technol., 3D, 845 (1993). 
29) Derrien H., and de Saussure G.: Nucl. Sci. Eng., 106, 415 (1990). 
30) Derrien H.: "Revision of the 241Pu Reich-Moore Resonance Parameters by Comparison 

with Recent Cross Section Measurements," JAERI-M 93-251 (1994). 
31) Weston L.W., and Todd J.H.: Nucl. Sci. Eng., 8S, 567 (1984). 
32) Muradjan G.V., Shchepkin Ju.G., Adamchuk Ju.V., and Voskanjan M.A.: Proc. 5th All 

Union Conf. Neutron Physics, Kiev, Sep. 15-19, 1980, Vol. 2, p.119 (1980). 
33) Raynal J.: IAEA SMR-9/8 (1970). 
34) Igarasi S., and Fukahori T.: "Program CASTHY - Statistical Model Calculation for 

Neutron Cross Sections and Gamma Ray Spectrum -," JAERI 1321 (1991). 
35) Smith A.B., Guenther P.T., McKnight R.D.: Proc. Int. Conf. Nuclear Data for Sci. 

Technol., Antwerp, Sep. 6-10, 1982, p.39 (1983). 
36) Baba M., Wakabayashi H., Ito N., Maeda K., and Hirakawa N.: J. Nucl. Sci. Technol., 22, 

601 (1990). 
37) Madland D.G., and Nix J.R.: Nucl. Sci. Eng., 81, 213 (1982). 
38) Ohsawa T., and Shibata T.: Proc. Int. Conf. Nuclear data for Science and Technology, 

Juelich, 13-17 May, 1991, p.965 (1992). 
39) Dickens J.K., Love T.A., and Morgan G.L.: "Gamma-ray Production from Neutron 

Interactions with Nickel for Incident Neutron Energies between 1.0 and 10 MeV: 
Tabulated Differential Cross Sections," ORNL-TM-4379 (1973). 

40) Takahashi A., Gotoh M, Sasaki Y., and Sugimoto H.: "Double and Single Differentia] 
Neutron Emission Cross Sections at 14.1 MeV: Vol.2," OKTAVIAN Report A-92-01 
(1992). 

73 
i 



10° 

JAKKI-M 94-019 

1 4 N DDX AT I4.2MEV 105-DEG. BY PLDDX 
E • • ' ' r - i 1 i i 

I f io-» 

10" 

JENDL-3.2 

JENDL-3.1 

_J 
5.0 10.0 15.0 

Neutron Energy (MeV) 
Fig. 1 ^N DDX data at the inc ident neutron energy of 14.2 MeV and 

s c a t t e r i n g angle of 60 degrees . Experimental data were 
measured by Baba e t a l . 1 0 ' 

MO-NAT DDX AT 14 .1 MEV 90-DEG. 

CD 

f 
g 

10 - I 

i o - ^ 

"•§ 10- 3 | r 
CD 

0 ) 

CO 
CO . 
O 10 *\r 

o 

: 
-
-

-j 

— i 1 1 r 

JENDl-3.2 

- - J E N D L - 3 . 1 
OTAKAHASHUI ' B8 1 
- K x 

"Eteĵ  
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2.2.2 Integral Test of JENDL Activation Library for Fusion Applications 

Y. Ikeda 

Department of Reactor Engineering, Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan 

Abstract: 

To meet urgent requirements for the data validation, an experimental analysis has been carried 
out for isotopic Radioactivities ir.duced by D-T neutron irradiation in structural materials. The 
primary objective is to examine the adequacy of the activation cross sections implemented in the 
current activation calculation codes considered for use in fusion reactor nuclear design. The 
JENDL activation file has been evaluated and now in under integral testing with valuable 
experimental data. This presentation deals with the present status of results of the test 
concerning fusion applications. Three other activation cross section libraries along with the 
JENDL activation file, namely, LIB90, REAC63 and REAC17S, were investigated in this 
present analysis. The isotopic induced radioactivity calculations using these four libraries are 
compared with experimental values obtained in the JAERI/USDOE collaborative program on 
fusion blanket neutronics. Nine materials subjected are Al, Si, Ti, V, Cr, MnCu alloy, Fe, Ni, 
Nb and SS316. The adequacy of cross sections is investigated through the C/E analysis,. As a 
result, most of discrepancies in the calculations from experiments can be explained by 
inadequate activation cross sections. In addition, uncertainties due to neutron energy groups, 
neutron transport calculation are discussed. JENDL gives the best agreements with experiments 
as a whole, followed by REAC17S, LIB90 and REAC63 in this order. In conclusion, activation 
cross sections predominantly impact on the prediction accuracy in the radioactivity calculation. 

1. INTRODUCTION 

Induced radioactivity due to D-T fusion neutrons is an important issue in terms of the 
reactor safety considerations as well as the radioactive waste management of fusion reactors. 
Extensive efforts have been devoted to radioactivity calculations in various reactor design 
studies.1*6) The neutrino design of on-going projects, e.g., ITER, should address the need for 
critical validations of data base relevant to the radioactivity production to meet requirement for 
licensing. All of design calculations, however, assume validity of the present status of 
knowledge of activation characteristics in the D-T neutron fields expected. Many codes and data 
libraries have been developed in various countries. The quality has been improved by 
incorporating a wealth of experimental data. An international comparison of these codes has 
been conducted to realize the appreciable differences in the calculations.7) Nevertheless, it 
should be noted that these codes and data libraries have not been fully examined by appropriate 
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experiments.8) In order to justify the reliability of data base, a more systematic endeavor is 
requested. 

A series of experiments on the induced radioactivity have been conducted at the fusion 
neutronics source (FNS)9) facility at Japan Atomic Energy Research Institute (JAERI), in the 
framework of JAERI/USDOE collaborative program on fusion blanket neutronics10"14) in order 
to offer the data base for the validation of currently available calculational codes as well as 
relevant nuclear data. This paper reviews the present status of the JENDL activation cross 
sections15) through C/E studies based on the above mentioned experimental data. In addition, 
this paper deals with several state of an other activation cross section libraries, two versions of 
libraries in REAC*3 code system16), the activation file, CROSSLIB90, which is implemented 
in THIDA code system17). 

2. OUTLINE OF EXPERIMENT 

2.1 Neutron spectrum 
The sample materials were irradiated in the experimental system of the Phase-IIC18), 

under the JAERI/USDOE collaborative program10"14). The positions of sample materials are 
indicated by A and B, at 100 mm from the D-T source and at 820 mm from the source 
corresponding to 50 mm depth into the Li20 region. A rotating neutron target system was 
employed to produce high intensity D-T neutrons. The experimental system consisted of (i) 
U2O solid breeder zone in which three polyethylene layers were imbedded to simulate the water 
coolant, (ii) U2CO3 enclosure and (iii) Polyethylene insulator zone in the outermost region. The 
D-T neutron source was located inside the cavity. This configuration was considered to be the 
best choice to realize the D-T fusion neutron environment with reflecting component It was 
accepted that the position of A corresponded to the locations near the first wall. On the other 
hand, the position B was considered to be a representative one in the breeders blanket zone with 
certain amounts of Li element 

Figure 1 shows the neutron spectra of A and B, calculated by MORSE-DD19) with 
FUSION- J32 m based on the JENDL-3 nuclear data library21). Spectrum A represents a neutron 
spectrum at locations near first wall where the 14 MeV neutron flux dominates the fitd The 
spectrum B is characterized by reduced 14 MeV neutron flux, due to larger distance from the D-
T neutron target and attenuation in Li20 region, and relatively high neutron flux in - MeV 
region. However, thermal neutron flux is lower than mat in A because of the large absorption 
cross section of the 6Li(n,t)4He reaction in L12O, where the samples were irradiated. The digital 
data of fluxes are given in a previous report.22) 

2.2. Materials 
This paper deals with candidate materials for fusion structural component'. Tabfc 1 

gives the basic data for sample materials investigated. Aluminum and Silicon are the major 
components for the Al alloy and SiC for low activation materials Titanium, vanadium and 
chromium are the major constituents of the vanadium alloy (V-5Cr-5Ti) addressed in a 
comprehensive ITER design. Iron, nickel, again chromium, and manganese are the elements 
common in austenite steels, e.g. SS-316. Importance of cobalt is recognized as an impurity in 
almost all materials, which produces long-live 60Co. Copper is also a major material used in 
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many pans of device. Other materials for plasma facing and functional elements are treated in an 
accompany paper4'). 

2.3. Irradiation and counting schedule 
The D-T neutrons were generated by bombarding a Ti-3T target with deuteron beams, 

energy and intensity of which were 350 keV and 20 mA, respectively. The nominal D-T neutron 
yield for sample irradiation was about 1.2 x 1012 neutrons/s at the neutron source. Two 
irradiation schemes of S and L, "Short" for 30 m and "Long" for 10 h, respectively, were 
applied for both A and B sample positions. Induced radioactivities were measured at various 
cooling times after irradiation, which ranged from 10 m to several hours for "Short", and from 
an hour to several days for "Long". 

2.4. Induced radioactivity measurement 
Emission rates of 7-rays which are associated with specific radionuclides of interest are 

used as the experimental values to be compared with calculations. The Y-**y spectrum is also 
directly compared with calculations based on the same library of JENDL. Both comparisons 
give absolute validation of calculation which is a product of neutron flux, activation cross 
section and decay properties, i.e., half-life, and y-ray emission probability. The isotopic decay 
rate was assigned to be the quantity for the experimental analysis. 

3. EXPERIMENTAL ANALYSIS 

3.1 Calculation codes and nuclear data libraries 
The activation cross section libraries, presently examined, were (a) a multigroup 

activation cross section library with 125 energy structure based on the JENDL activation file15) 
which is now under testing in the working group of one of Japanese Nuclear Data Committee, 
(b) CROSSLIB90 with 42 energy groups, which was implemented in the induced radioactivity 
calculation code system, THIDA17), (c) cross section data file with 63 multigroup in 
REAC*316) code system and (d) updated cross section library with 175 multigroup (VTTAMIN-
J format) for REAC*3 code system. ACT4, the main module for activity calculation in THIDA 
code system, was employed for two libraries of (a) and (b). The main module of REAC was 
used for both calculations with two version of REAC*3 libraries. Gamma-ray decay data and 
chain libraries were created generally based on ENSDF. The decay and chain libraries 
implemented in the THIDA code system were used for the calculation with CROSSUB90. In 
general, there is no serious discrepancy among decay libraries. Thus, through the comparison 
of radioactivity calculations with experimental measurement, straightforward discussion on the 
cross section validity is possible. 

3.2. Spectrum condition 
The neutron spectra at positions of A and B, calculated with MORSE-DD19) were 

collapsed into energy groups corresponding to multigroup cross section libraries, 42 for 
CROSSLIB90, 63 for REAC*3 old and 175 for REAC*3 new. The original neutron spectra 
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with 125 energy groups were directly used foi JENDL calculation. The comparison of these 
collapsed neutron spectra at the position A is given in Fig. 2. The discrepancies among the 
integrated flux over 10 MeV were agreed within ± 0.01 % with each other. It should be noted 
that there is large difference in the energy boundaries among the libraries. The coarse energy 
group structure was observed in the 63 energy groups structure and the 42 energy group 
structure show a poor resolution near the D-T neutron peak. As indicated by the 125 energy 
group structure, there is a distribution in neutron flux around D-T neutron peak. The neutron 
flux of 175 group structure almost follows the flux structure of 125 energy groups. 

3.3. Comparison of calculations with experiments 
The y-ray emission rate of observed radionuclides was derived from the induced 

radioactivity calculations. As mentioned previously, y-ray spectra were also compared against 
the measured spectra. The ACT4 module has the capability to calculate the y-ray spectrum in 
which total y-ray emissions were integrated over a given period. This capability allows y-ray 
emission profiles to be directly compared with the measurements without any approximation. 

4. RESULTS AND DISCUSSION 

The results of experimental analysis are given material wise and isotopic radionuclides 
product wise. The calculations with libraries of JENDL activation file, CROSSLIB90, REAC 
library with 63 energy groups and that of 175 energy groups, are, hereafter, denoted as 
JENDL, LIB90, REAC63 and REAC175, respectively. Also, the notations of <D(A) and O(B) 
are used for the neutron spectra at position A and position B, respectively. The indices for 
irradiation and cooling times are assumed the same as described in the experiments. Some 
demonstrative examples for validations of the isotopic radioactivities are given as follows on 
materials of aluminum and nickel: 

Aluminum 
Figure 3.1 shows C/Es for 27Mg and 24Na decay rates in both Al samples at position 

A and B. 

27Mg: The activity of 27Mg is produced via the 27Al(n,p)27Mg reaction which is well known 
in the dosimetry application. The cross section has been extensively studied. As the four 
libraries give similar cross sections values at 14 MeV region, all calculations exhibited close 
C/Es, although there are slight underestimations ranging from 0.85 to 0.95. Though these C/Es 
seem adequate from consideration of the overall experimental uncertainty range of ± 10 %, 
cross sections should be reevaluated. Recent precise measurements for this cross section 
suggested that the data in a energy region from 14.5 to 15 MeV in JENDL are 5 to 10 % lower 
than the new experimental data for this reaction. 

24Na: The reaction of 27Al(n,a)24Na is one of most accurately studied and cross section has 
been evaluated precisely. The JENDL gives most preferable results with C/Es around 1.0. 
REAC*63 shows comparable good resists. LIB90 is slightly lager than 1.0 by 10 %. The cross 
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section of REAC175 is very close to those of JENDL and REAC*63, as shown in Fig. 4.1. 
However, C/E with REAC*175 is systematically high being 1.3 to 1.4 for all cases Tris 
overestimations are due to contribution of 27Al(n,a)24mNa, the cross section curve of which is 
shown in Fig. 4.1. The 24mNa is the isomeric state of 24Na and deexcites to the ground state 
of 24Na with 2 ms half-life. In the REAC*175, both the reactions are treated separately. 
However, in general, the cross section of 27Al(n,a)24Na is given as a sum of both the meta-
stable and ground state productions. In this view, the cross section of 27Al(n,oc)24mNa is 
doubly counted in the REAC*175 library. For completeness, different reaction paths should be 
treated independently as in the REAC*175. However, the cross section for the meta-stable state 
production should be subtracted from the ground stated production cross section. 

The good results of 24Na except for the case of REAC*175, demonstrate that the 
neutron spectra used in the present analysis are adequately validated as far as the high energy 
fluxes are concerned. This assures the validity of the present test for many threshold reactions. 

Nickel 
S 7Ni: As shown on Fig. 3.2, JENDL gives C/Es close to 1.0 while the other libraries tend 
to exhibit lower C/E than 1.0. The cross section of 58Ni(n,2n)57Ni reaction strongly dependent 
on the neutron energy in the 14 MeV region because of the high threshold energy at 12.5 and 
steep excitation function of this reaction. When the D-T neutrons dominate the spectrum, the 
evaluated average cross section tends to be small. As long as D-T fusion neutron fields are 
present, the cross sections for the high threshold reaction such as 58Ni(n,2n)57Ni should be 
prepared with a sufficiently fine energy group structure. Otherwise, unreasonable 
underestimation or overestimation could easily occur. The validity of JENDL calculation is also 
assured by the fact that the cross section of this reaction in JENDL is consistent with the recent 
measurement at FNS44). 

S7Co: The 57Co is yielded from the direct reaction of 58Ni[(n,np)+(n,d)]57Co and the decay 
of the parent nuclide of 57Ni, which is produced via the S8Ni(n,p)57Ni reaction. Considering 
the decay half-life of 36 h for 57Ni and the large cross section of 58Ni[(n,np)+(n,d)]57Co, the 
decay rate of 57Co at the rather short cooling time corresponds to 57Co due to the direct 
reaction. Except REAC*63, calculations agree with the experiments within overall experimental 
uncertainty. JENDL treated the cross section as sum of both (n,np) and (n,d), while other 
libraries separately give the cross sections for the two different channels. The overestimations 
in REAC*63 are caused by the one order of magnitude higher cross section for (n,d) reaction. 

S8Co: As shown in Fig. 3.2, JENDL and REAC*175 are in good agreement with 
measurement. LIB90 and REAC*63, however, largely overestimate the experiments. It is found 
from Fig. 4.2 that there are unreasonable large overestimations in this cross section in libraries 
of LJJ390 and REAC*63. This obviously give unreasonably large C/Es. The difference in C/Es 
for cases with long irradiation and cooling time between JENDL and RE AC* 175, however, 
should be noted. This is due to the difference in the isomer production cross section. At the 
short irradiation and cooling time, 58mCo doesn't contribute to the 58Co because of delay by the 
decay half-life of 9 h as discussed in 58Co production in cobalt. However, 58Ni(n,p)58m+sCo 
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should be considered in the case with long irradiation and long cooling time. The overestimation 
in REAC* 175 for the case of B indicates that the cross section of 58mCo production is too large 
in the energy region below 14 MeV. 

60Co: The 60Co is one of the most important long-lived radionuclides. JENDL and 
REAC* 175 underestimate measurement by 25 and 20 %, respectively. This is reflected by the 
evaluation of JENDL-3 cross section lower by 20 % than the recent experimental value at 
FNS44). The cross section of REAC* 175 seems lower than the current experimental value by 
20 %. When the cross sections are revised by using the new experimental value, better 
agreement could be achieved. The overestimation of LIB90 by 20 % is explained by the large 
cross sections at 14 MeV being 180 mb, which is 20 % larger than the experimental value of 
150 mb. The best agreement is observed in REAC*63, even though the cross section in the 
library seems too coarse. 

6SNi and 62mCo: Concerning 65Ni production, only ratios to JENDL are shown in Table 
III. REAC*63 show a factor of two larger value than those of other libraries. For 62mCo 
production, JENDL has a problem giving a C/E of 5. This can not be explained by the 
difference in the cross sections at 14 McV. Other possible sources in the decay chain and y-ray 
yield libraries should be investigated. An overestimation by a factor of 2.7 in REAC*63 is 
attributable not only to large cross section of 62Ni(n,p)62mCo at 14 MeV, but to the 
unreasonably high cross section of MNi(n,t)62mCo reaction in the library. The ratio of C/E in 
REAC* 175 to that in LIB90 corresponds to the ratio of cross section of 62Ni(n,p)62n,Co at 14 
MeV in REAC* 175 library to that in LIB90. 

5. DISCUSSION 

5.1 C/E distribution 
The validity of the currently available cross section libraries has been examined through 

the C/E in fusion neutron environment. The total number of cases is 95 on 44 reaction products 
for 12 elements were considered according to the data examined. Figures. 5.1 to 5.4 show 
more specific C/E distributions given as (C-E)/E for JENDL, LIB90, REAC*63 and 
REAC* 175, respectively. The C/E distribution for JENDL exhibits a very sharp peak in the 
number of cases. Except one case showing deviation of a factor of 4, all calculations show 
deviations from measurements less than a factor of 2. There is also a peak around the center 
[(C-E)/E=0] in LIB90's distribution. It, however, gives a distribution broadened profile. 
Contrary to rather symmetric distributions in JENDL and LIB90, deviations in REAC*63 show 
a distorted distribution. A tail in the positive region indicates that REAC*63 tends to give 
overestimations. The distribution of REAC* 175 seems similar to that of LIB90. As long as the 
present study is concerned, it is concluded that JENDL with 125 energy bin structure is the best 
in quality among libraries test. Although, REAC* 175 is assumed to based on updated cross 
section data base, it is pointed out that there is still a need to improve its quality. LIB90 
showed a modest result, however, the data is insufficient, and should be replaced with the more 
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realistic data of JENDL. REAC*63 now should be substitute with the new version of 
REAC*175. 

5.2 Uncertainty in experimental data 
Experimental error assessment is the starting point to evaluate C/E. Here, the 

experimental error is outlined to give a fundamental idea of the uncertainty range in C/E 
consideration. For the quantity of radioactivity intensity per gram, per normalized source 
intensity, the major sources of experimental error consists of (i) statistical error for y-ray peak 
counts of interest, (ii) error of y-ray detector efficiency, and (iii) neutron yield at the source. In 
the present study, some of y-ray results with poor statistics were discriminated in order to 
provide data with reasonable accuracy, even though activities of these y-rays were identified. In 
general, errors due to counting statistics were less than ± 10 %, in many cases, less than ± 5 
%. The error associated with the y-ray detector efficiency normally was assigned to ± 3 %. In 
the measurement, multiple relative y-ray detectors were employed to make consecutive 
counting of plural samples. Thus, additional errors due to efficiency calibrations should be 
taken into. The error of neutron yield was less than ± 2 %. As a result, overall experimental 
error ranged from ± 5 to 15 % in most cases. 

5.3 Uncertainty in the calculation 
In general, the coarse energy group structure tend to offer results less sensitive to 

neutron energy spectrum; averaging the cross section in a broad energy interval. For example, 
reaction rate calculations for reactions with steep excitation functions around 14 MeV energy 
requires careful treatment for the cross section averaging. Figure 6 illustrates changes of 
reaction rate with change of mean D-T peak energy for three representative (n,2n) reactions; 
46Ti(n,2n)45Sc, s«Ni(n,2n)57Ni and 63Cu(n,2n)62Cu, and the 27Al(n,a)24Na reaction. The 
calculations are based on the JENDL library with 125 energy group structure. The neutron 
energy spectra at different emission angles, calculated with the MORSE-DD for the rotating 
neutron target system, were used in the present analysis. In Fig. 6, boundaries of the other 
energy group structures are shown. The finest energy structure in the energy region around 14 
MeV is found in JENDL, even the total number of groups, 125, is less than the 175 groups in 
REAC175. This figure demonstrates that the calculation with coarse group structures can be 
insensitive to changes of the neutron spectrum. For D-T fusion reactor, we can assume that the 
mean D-T neutron peak energy is close to 14.1 MeV. Most of multigroup libraries have been 
prepared based on this assumption. In general, the peak energy of accelerator based D-T 
neutron source is strongly dependent on the angle of sample position with respect to the incident 
d + beam energy, as in the case of the present experiment at FNS. In this case, we have to use 
the fine neutron spectrum as the weighting function to prepare the cross sections with coarse 
energy structure. This seems impractical. Thus, it is recommended to use an energy group 
structure as fine as possible in the activation calculation. Recent development of computer with 
high speed, large disk space and less expensiveness mitigates the difficulty to run a code system 
with fine energy bin structure such as 125 and 175 groups. 

Another uncertainty, we must consider, is associated with the transport calculation of 
neutron flux. Throughout the present examination, we assumed that spectra A and B are well 
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defined with certain accuracy. For the high energy part, in fact, validity of these spectra was 
assured from the excellent agreement between calculations and experiments for radioactivities of 
24Na and 92mNb production cross sections of which are considered to be the most reliable. The 
reasonably good agreement of the MORSE-DD calculation with the measurement for 
115In(n,n')115mIn reaction rate2^) also demonstrated the validity of calculation in the MeV 
region of the neutron flux. Thus, the uncertainty range of ± !0 % could be assured for the 
neutron fluxes in the energy range higher than 1 MeV from the considerations of C/E values as 
well as the cross section uncertainties for the dosimetry reactions. 

However, it is extremely difficult to quantify the uncertainty range of neutron flux below 
0.1 MeV because there were no effective verification with appropriate dosimetry reactions. 
Figures 7 shows the differential sensitivities of reaction rates derived by multiplying reaction 
cross sections in JENDL and the spectrum A, for representative (n,y) reactions, 63Cu(n,y)MCu, 
55Mn(n,y)56Mn and 59Co(n,y)60Co. It is found that in the both spectra, the neutron flux in the 
resonance energy region contributes predominantly to the total reaction rate. In particular, more 
than 70 % of the total is contributed from that flux. Large differences among the calculations of 
four libraries were observed not only in the total reaction rate, but in the fractional contributions. 
These discrepancies are partly attributable to the difference in the energy group structures and 
partly due to the difference in the cross section values themselves. Therefore, in the present test, 
there should be a limitation for further discussion on the dominant radionuclides produced by 
the (n,y) reactions. 

6. CONCLUSION 

Precise analysis of induced radioactivities in the structural materials for D-T fusion 
reactor components were conducted in order to examine the adequacy of activation cross section 
libraries which are commonly used or are to be utilized in neutronic calculations for 
comprehensive reactor designs analysis. JENDL activation library, and REAC*3 library were 
thoroughly tested by using broad experimental data obtained under the framework of 
JAERI/USDOE collaboration. 

We found that almost all deviations of calculation from experiments can be attributed 
directly to inadequacy in the activation cross sections or improper treatment of decay chains. 
Requirement from the "Completeness" for activation cross section library has to be satisfied by 
theoretical calculation or systematic estimation for rare reactions for which there is no 
experimental data. The outcome of this work clearly provides direct information on the 
deficiency of the cross sections and inadequacy of these values. We are encountering the crucial 
decision on which library should be taken as the foremost data library which is well validated 
for the critical design of ITER, or DEMO. If the validation is the foremost issue in adopting the 
library, JENDL activation library would be the best choice as far as the libraries tested in the 
present study. The weakness of JENDL is characterized by the incompleteness for covering all 
physically possible reactions. However, the effort is still vigorously in progress. The final 
version of JENDL, no doubt, will satisfy both requirements. REAC175 seems the most 
preferable library among the libraries tested here, at present, from the "completeness" 
requirement point of view with sufficient energy group structure. However, as pointed out in 
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the present study, there are a lot of unreasonable implementations of cross sections, even 
though they are well known and frequently appear in the radioactivity calculations. When the 
cross sections are to be revised based on the suggestions made in the present work, the 
REAC175 will be the best library from the completeness point of view. 
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Table 1 Atomic weight , d e n s i t y and chemical composit ion of primary 
i m p u r i t i e s in the samples used in induced a c t i v i t y i r r a d i t i o n s 

Sample Material 

Aluminum (Al) 

Silicon (Si) 

Titanium (Ti) 

Vanadium (V) 

Chromium (Cr) 

Iron (Fe) 

Mn-Cu alloy 
(MnCu) 

Iron (Fe) 

Cobalt (Co) 

Nickel (Ni) 

SS316 

Niobium (Nb) 

Atomic Weight (g) Density (g/crr 

26.98154 

28.0855 

47.88 

50.9415 

51.996 

55.847 

58.9332 

58.69 

92.9064 

2.70 

2.42 

4.5 

5.87 

7.14 

7.58 

7.86 

8.71 

8.80 

7.90 

8.57 

i3) Chemical composition by weight % 

Al (99.97), Mg (0.006) 

Si (99.99) 

Ti (99.6), O (0.13), A) (0.03). Cr (0.03), 
Mn (0.03), Ni (0.03), V (0.03K Fe (0.02) 

V (99.82), Si (0.044), Ta (0.03), O (0.03), 
Mo (0.013), Zr (0.01), Fe (0.01), 
Al (0.01), Hf (0.01) 

Cr (99.0), Fe (0.43), Al (0.10), Si (0.05) 

Fe (99.92), Mn (0.059), C (0.02) 

Mn (79.78), Cu (19.66), Ni (0.46), 
Fe (0.07) 

Fe (99.92), Mn (0.059), C (0.02) 

Co (99.95), Ni (0.04) 

Ni (99.97), C (0.016) 

Fe (66.22), Cr (17.75), Ni (11.60), 
Mo (2.08), Mn (1.33), Si (0.42), 
Co (0.19), Cu (0.34), V (0.06) 

Nb (99.91), Ta (0.018), Zr (0.01) 
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2.2.3 Shielding Experiments with Quasi-monoenergetic 

Severa! Tens M e V Neutrons at 90 M V A V F Cydotron 

Facility T I A R A 

Takashi Nakamura* and Acceterator Shieiding Experiment Group 

*Cyc!otron and Radioisotope Center, Tohoku University 

Aoba, Aramaki, Aoba-ku, Sendai 980, Japan 

Abstract 

The research programme has started as a cooperative project between Japan 

Atomic Energy Research Institute (JAER!) and severa! universities to acquire the 

cross section and shieiding data for ] 5 to 90 M e V neutrons by using a p-Li quasi-

monoenergetic neutron fie!d established at 90 M V A V F cyclotron facility, T I A R A 

in JAERI. In the present stage, we obtained some preliminary experimental resutts 

on neutron penetration and charged particle production and activation cross 

sections. 

Introduction 

The research programme has started as a cooperative project between Japan 

Atomic Energy Research Institute (JAERI) and several universities to acquire the 

cross section and shielding data for ! 5 to 90 M e V neutrons by using a p-Li quasi-

monoenergetic neutron field established at 90 M V A V F cyclotron facility, T I A R A 

(Takasaki Ion Accelerator for Advanced Radiation Application), in JAERI. This 

project will continue at least five years. Experiments planned in this programme 

are as follows, 

1. Penetration through shielding materials of concrete, iron and polyethylene, 

2. Streaming through duct and maze, 

3. Double differential neutron scattering cross section measurements, 

4. Activation and spallation cross section measurements, 

5. Charged particle and photon production cross section measurements, 

6. Thick-target neutron and photon yields produced by charged particles, 
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7. Detection efficiency and response function measurements of neutron detectors. 

In the present stage, we have been proceeding the themes 1, 4, 5, 7, and have 

just started the themes 2 and 6. 

Source neutron spectral measurement and shielding experiment 

As for the theme !, we made an experiment on the penetration of 40.5 and 64.5 

M e V quasi-monoenergetic neutrons through iron and concrete. These neutrons 

were produced from 3.6 m m and 5.2 m m thick Li targets bombarded by 43 and 67 

M e V protons which were extracted from the cyclotron, respectively. Protons 

passed through the Li target were bent down to the beam dump by a clearing 

magnet and neutrons ejected in the forward direction were extracted toward the 

experimental ha!! through the 220 cm thick concrete wa!! with a !0 cm diam 

coHimator. The neutron beam was injected into !20 cm by !20 cm iron s!ab of 20 

to !30 cm thickness and !20 cm by !20 cm concrete s!ab of 25 to 200 cm thickness, 

which were fixed in contact with the coHimator exit !ocated at 4 m from the target. 

Figure ! shows the cross-sectiona! view of the experimenta! arrangement. 

The source neutron intensity was monitored with two micro-fission counters of 

^ T h and ̂ U p]aced near the target. The absolute spectra of p-Li source 

neutrons above 15 M e V were measured with a proton recoil counter telescope 

consisting of an annular polyethylene radiator (0.2 to 1 m m thick) and the AE-E 

telescope. The A E detector is a 900 m m ^ Si-SSD and the E detector is a 2-in. diam 

by 2-in. long Nal(Tl) scintillator. They are shielded from the direct neutron beam 

by a brass shadow bar, in order to detect only charged particles emitted from the 

radiator. Source neutron spectra were also measured with a 5-in. diam by 5-in. 

long organic liquid scintillator, BC-501, by using the T O F and unfolding methods. 

Figures 2 and 3 show the obtained source neutron spectra. The F W H M s and yields 

of monoenergetic peak of source neutrons were the respective values of 2.0 M e V 

and 1.1 x 10^ n cm*2 p.C* for 43 M e V p-Li neutrons, and 2.1 M e V and 1.7 x 10* 

n cm'2 u.C* for 67 M e V p-Li neutrons, both at 5.5 m away from the Li target. 
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Behind the shield, neutron spectra were measured with the BC-501 and the 

multi-sphere spectrometer loading a 2-in. diam ^He counter, so-called Bonner 

spheres. Fission reaction rates and neutron dose equivalents were measured with 

and 23S(j fjgsion counters and a rem counter. Three kinds of dosimeters 

were a!so used, solid state truck detector of CR-39, thermoluminescent dosimeters 

of °LiF and ^LiF, and PIN diode. W e have hitherto analyzed the data obtained with 

BC-501, CR-39 and fission counters. In advance to this, w e have measured the 

response functions of BC-501 with the 1 O F method. 

The neutron spectra measured with BC-501 were compared with the M O R S E 

Monte Carlo calculation^) using the DLC-H9/H1L086 group cross section 

library(2). The comparison for concrete-penetrated neutron spectra is shown in 

Fig. 4 and revealed in general the good agreement between experiment and 

calculation. In Figs. 5 and 6, the measured 23S(j fission reaction rates behind 

concrete and iron for 64.5 M e V p-Li neutrons are compared with those calculated 

by the D O T 3.5 code(3) and the 238ij fission cross section data(4). The attenuation 

profiles except at several points in concrete and iron give good agreement between 

experiment and calculation. 

Charged particle and activation cross section measurements 

Replacing the polyethylene radiator of the proton recoil telescope with a 0.5 

m m thick carbon plate, w e first measured the double differential C(n,p), (n,d), (n,t) 

cross sections for 67 M e V p-Li neutrons at 7 laboratory angles between 7 deg and 

120 deg. The proton and deuteron spectra exhibit very strong forward peaking due 

to direct reaction. W e are going to measure these charged particle production cross 

sections for other targets. 

In order to get activation cross sections, w e irradiated samples of carbon, 

aluminum, cobalt, iron, copper, nickel and bismuth. Figure 7 exemplifies our 

experimental data of 2^Bi(n,Xn) reactions obtained at T I A R A and at INS (Institute 

for Nuclear Study), University of Tokyo, together with other experimental 
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results(5) and the catenated ones(6). For estimating these cross section curves, it is 

needed to do the activation experiment for proton energies other than 43 and 67 

MeV. 

Conclusion 

W e could estabiish the quasi-monoenergetic neutron source field of 40.5 and 

64.5 M e V energies for 43 and 67 M e V p-Li reactions, respectively, at T)ARA, and 

obtained some experimenta) results on neutron penetration and charged particle 

production and activation cross sections in good accuracy as the first stage, In order 

to proceed our systematic experimenta! programs, we are urgently waiting for 

proton acceleration of energies other than 43 and 67 M e V at TIARA. 

W e wish to thank the cyclotron staff members at T I A R A for their cyclotron 

operation during our experiment. This work is partly supported by a Grant-in-Aid 
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Department of Nuclear Engineering, Tohoku University, 
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Fig. 7 Excitation functions of 209Bi(n,Xn) react ions . 
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2.3 Nuclear Data Needs from Non-nuclear Engineering Fields 

2.3.1 Atomic, Molecule's and Nuclear Data for Medical Application 

Shigeru IWANAMI 

Department of Radiology, School of Medicine 

Kitasato University 

1-15-1, Kitasato, Sagamihara, Kanagawa-ken 228 

Medical physicists need atomic and nuclear data. What 

kinds of data do they need? One answer is "JARP Medical 

Physics Data Book". So we introduce this DATA BOOK as a 

typical example of atomic, molecule's and nuclear data for 

medical applications. 

1. Who Want to Have Atonic and Nuclear Data for Medical 

Applications? 

The answer is "Medical physicists". But they are 

professions known hardly in Japan1*. They have two 

associations; Japanese Association of Radiological 

Physicists (JARP) and Japanese Association of Medical 

Physics (JAMP). Their foundations and members are shown in 

Table 1. 

Table 1 Medical physics organizations in Japan 

Foundat i on Members(1991) 

JARP 1961 695 
JAMP 1980 157 

JAMP was established by the members of JARP for making 

possible the affiliation to the "International Organization 

for Medical Physics" (IOMP). So both members are overlapped 

each other. 
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2. JARP Medical Physics Data Book 

What kinds of data medical physicists need? Table 2 

shows research fields of presentations of JARP Annual 

Meetings for 30 years. Physics in radiation dosimetry and 

X-ray diagnosis constitute 60% of all presentations. 

Table 2 Research fields of presentations of 

JARP Annual Meetings1' 

Dosimetry 35.2% 

X-ray diagnosis 24.9% 

Radiation therapy 9.5% 

Radiation protection 7.8% 

Nuclear medicine 6.0% 

Radiation biology 3.2% 

Information processing 2.6% 

For the past 3 years the ad-hoc committee of JARP has 

worked for publications of Medical Physics Data Book, which 

give a source of reliable and readily accessible data for 

the practicing medical physicists. The book is during 

editing. Taking into considerations of Table 2 and NBS 

Medical Physics Data Booka>, the contents are divided into 

six main chapters: General Physics, Radiation Measurement, 

Physics in Radiation Therapy, Physics in Diagnostic 

Radiology, Information Processing for Radiology, and 

Radiation Protection. The editors try to assemble 

selectively the most useful information for each chapter 

while maintaining a text of manageable size. Each entry is 

referenced so the user can refer the original sources of 

data. 

3. General Physics 

Atomic, molecule's and nuclear data are assembled 

mainly in the chapter of General Physics of the DATA BOOK. 

So we report here this chapter. The contents of General 

Physics are given as follows: 

- 105 -



.[AKH! \t 91 0)9 

1. General Physics 

1.1 Atom and Nucleus 

1.1.1 Atomic Structure 

1.1.2 Nuclear Structure 

1.1.3 Radioisotope 

1.1.4 Nuclear Magnetic Resonance 

1.2 Ionizing Radiation 

1.2.1 Type of Radiations 

1.2.2 Interaction of Radiation with Matter 

1.2.3 Production of Radiation 

1.3 Non-Ionizing Radiation 

1.3.1 Ultrasound 

1.3.2 Visible Radiation 

1.3.3 Infrared Radiation 

1.3.4 Ultraviolet Radiation 

1.3.5 Laser 

1.3.6 Radiofrequency and Microwave 

1.4 Others 

1.4.1 Characteristics of Reference Man 

1.4.1.1 Soft Body Tissues in Reference Adult Male 

and Female 

1.4.1.2 Elemental Composition, Density, Electron 

Density of Human Tissue 

1.4.2 Atomic Weight and density of Element 

Since many instruments using non-ionizing radiations have 

been introduced to hospitals, they are esteemed much as same 

as ionizing radiations. 

4. Ato* and Nucleus 

The contents of the section 1.1 of General Physics are 

given as follows: 

1.1 Atom and Nucleus 

.1 Atomic Structure 

.1.1.1 Bohr Model of the Atom 

1.1.2 Electron Binding Energy 

.1.1.3 Moseley's Low 

.1.1.4 Characteristic X-ray 
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1.1.1.5 Emission Yields of Characteristic X-ray and 
Auger electron 

1.1.2 Nuclear Structure 
1.1.3 Radioisotope 
1.1.4 Nuclear Magnetic Resonance 
1.1.4.1 Principle of Nuclear Magnetic Resonance 
1.1.4.2 Magnetic Property of Nucleus 
1.1.4.3 Chemical Shift 
1.1.4.4 Spin-Spin Coupling 

An example of data referred in 1.1.1 is shown as follows: 
Core-electron binding energy: 

J.A.Bearden and A.B.Burr. 1967"*. 
Wavelength of X-ray fluorescence: 

J.A.Bearden, 1967*'. 
X-ray fluorescence yields. Auger, and 
Coster-Kronig transition probability: 
J.H.Scofield, Atomic Data and Nuclear Data Tables. 
1974='. 

In 1.1.3. kinds of radioisotopes are limited to ones 
used in hospitals and clinics. In 1.1.4, those of nuclei 
are also limited to measurable ones in human tissues with 
MRI. 

5. Ionizing Radiation 

The contents of the section 1.2 of General Physics are 
given as follows: 

1.2 Ionizing Radiation 
1.2.1 Type of Radiation 
1.2.2 Interaction of Radiation with Matter 
1.2.2.1 Photon 
1.2.2.2 Electron and Positron 
1.2.2.2.1 Mass Stopping Power 
1.2.2.2.2 Range and Radiation Yield 
1.2.2.2.3 Mass Scattering Power 
1.2.2.2.4 Straggling 
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1.2.2.2.5 Data on Mass Stopping Power, Range, 

Radiation Yield and Mass Scattering Power 

Appendix I Moliere's Theory 

Appendix II Production of Secondary Particles 

1.2.2.3 Heavy Charged Particle 

1.2.2.4 Neutron 

1.2.3 Production of Radiation 

1.2.3.1 X-ray 

1.2.3.2 Electron 

1.2.3.2.1 Linear Accelerator 

1.2.3.2.2 Microtron 

1.2.3.2.1 Betatron 

1.2.3.3 Proton and Heavy Charged Particle 

1.2.3.4 Neutron 

1.2.3.5 SOR 

Table 3 shows type of radiations for medical use. 

Table 3 Type of ionizing radiations 

for medical applications 

Radiation Medical application 

Indirectly ionizing radiation 

Photon X X-ray diagnosis. Radiation therapy 

r Nuclear medicine. Radiation therapy 

Neutron n Radiation therapy 

Directly ionizing radiation 

Electron e~ Nuclear medicine. Radiation therapy 

Positron e* Nuclear medicine 

Proton p Radiation therapy 

Heavy charged particle Radiation Therapy 

Pion TC *,it " Radiation Therapy 

Since photons and electrons are used generally in 

hospitals, data on them are assembled mainly in this Data 

Book. Furthermore, data necessary for their dosimetry are 

esteemed. 5% error of the patient dose affects clinical 

results of radiation therapy. There are many steps in the 
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process of determining dose in a patient. Since each step 
may introduce errors, the precision within 3% is necessary 
for physical quantities used in the dosimetry"*. 

For photons, the following data are dealt with the 
section 1.2.2.1. 
(1) The mass attenuation coefficient 
(2) The mass energy transfer coefficient 
(3) The mass energy absorption coefficient 
(4) Photonuclear reaction 

Since an energy of a linear accelerator for radiation 
therapy becomes higher, data on photonuclear reactions are 
necessary for radiation protection in the treatment room^'. 

For electron's data, it is necessary that data will be 
reevaluated for electrons of energy smaller than lOkeV in 
future. For heavy charged particles, the following data are 
necessary for their dosimetry; mass stopping power, range, 
total cross section of nuclear reaction, and cross section 
of nuclear fragmentation. An example of data is presented 
in 1.2.2. 

Recently, applications of the Monte Carlo technique 
make progress in medical physics"*. For example, we 
reported absorbed doses in a patient irradiated with photon 
narrow beams which use for radiosurgery"*. They were 
calculated by the Monte Carlo method. Sets of cross 
section data on various process of radiation interactions 
are necessary for the Monte Carlo Method, but they are not 
dealt with this DATA BOOK. 

6. Non-Ionizing Radiation 
The contents of the section 1.3 of General Physics are 

given as follows: 

1.3 Non-Ionizing radiation 
1.3.1 Ultrasound 
1.3.1.1.Medical Application 
1.3.1.2 Acoustic Properties of Non-Biolcqical 

Materials 
1.3.1.2.1 Density, Acoustic Velocity, and Acoustic 
Attenuation for Non-Biological Materials 
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1.3.1.2.2 Acoustic Velocity vs Temperature for 

Water, Ethanol, and Sodium Chloride Solutions 

1.3.1.2.3 Acoustic Velocity vs Concentration for 

of Sodium Chloride Solutions 

1.3.1.3 Acoustic Properties of Biological Materials 

1.3.1.3.1 Acoustic Velocity and Attenuation for 

Human Tissues 

1.3.1.3.2 Dispersion of Velocity of Sound in 

Solutions of Human Hemoglobin 

1.3.1.3.3 Volumetric Scattering Coefficient vs 

Hematocrit for Human Blood at 5 MHz 

1.3.1.3.4 Scattering Intensity vs Angle for Human 

Blood 

1.3.1.3.5 Magnitude of Ultrasonic Pulse-Echo 

Reflection from Biological Interfaces 

1.3.1.4 Cavitation 

1.3.1.5 Acoustic Field Data 

1.3.1.5.1 Field Parameters for a Typical Ultrasonic 

Wave in Biological Tissue 

1.3.1.5.2 Acoustic Power and Intensity for 

Diagnostic Ultrasound Instruments 

1.3.1.5.3 Spatial Distribution of Acoustic Intensity 

for a Narrow-Band Focused Transducer 

1.3.1.5.4 Acoustic Field Focal Zone Widths for 5 MHz 

Focused Transducers as a Function of Focal Length 

and Diameter 

1.3.1.5.5 Acoustic Field Focal Zone Width after 

Penetration through Human Tissue 

1.3.2 Visible Radiation 

1.3.2.1 Biophysical Data on Vision 

1.3.2.1.1 Structure of Eyeball 

1.3.2.1.2 Structure of Retina 

1.3.2.1.3 Visual Pathway and Vision 

1.3.2.2 Light Perception and Color Vision 

1.3.2.2.1 Light Perception and Adaptation 

1.3.2.2.2 Photopic Vision and Scotopic Vision 

1.3.2.2.3 Color Vision 

1.3.2.3 Visual Acuity and Spatial Resolution 

1.3.2.3.1 Visual Acuity 

1.3.2.3.2 Spatial Resolution 
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1.3.3 Infrared Radiation 

1.3.3.1 Radiation 

1.3.3.1.1 Thermal Radiation 

1.3.3.1.2 Infrared Spectrum 

1.3.3.1.3 Radiation Law 

1.3.3.1.4 Radiator 

1.3.3.1.5 Emissivity 

1.3.3.1.6 Temperature Reference Source 

1.3.3.2 Transmission in Air 

1.3.3.2.1 Absorption and Scattering of Infrared 

Radiation 

1.3.3.2.2 Atomospheric Window 

1.3.4 Ultraviolet Radiation 

1.3.4.1 Light Source and Emission Spectrum 

1.3.4.2 Absorption Spectra of Biomaterials 

1.3.5 Laser 

1.3.5.1 Wavelength of Laser 

1.3.5.2 Medical Application 

1.3.6 Radiofreguency and Microwave 

1.3.6.1 Properties of Electromagnetic Waves in Muscle 

and Tissues with High Water Content 

1.3.6.2 Properties of Electromagnetic Waves in Bone 

and Tissues with Low Water Content 

1.3.6.3 Elect romagneti c Properti es of Phantom 

Materials 

Now basic physical data on non-ionizing radiations are 

insufficient for bioroaterilas. 
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2.3.2 Theoretical Approach to Proton Upset 

Yosuke Shimano 

National Space Development Agency of Japan 

2-1-1 Sengen, Tsukuba-shi, Ibarald-ken 305, Japan 

1. Abstract 

A three-part simulation program for calculating the cross section of proton upset 

was developed. The first part, N U R E A C , is for the calculation of the cross section of 

proton-silicon inelastic diffusion. The second, ELASTIC, is for that of elastic diffusion. 

The last one, SEU, calculates the global proton-upset cross section, using the results of 

N U R E A C and ELASTIC. The calculated values of this program for D R A M (Dynamic 

Random Access Memory) devices were compared with the real experimental values.!^] 

2.Introduction 

Single event upset of the electronic parts is caused by heavy ions coming from the 

interior or exterior of the galaxy, solar heavy ions and protons emitted by the sum during 

the flare period and the energy protons trapped in the radiation belt. Upset means the 

change of information held in the memory devices in the space environment. The upset 

caused by the high energy protons, namely proton upset, is different from that caused by 

the heavy ions in its mechanism. The cause of heavy-ion upset is the direct ionization of 

silicon by the entering ions. The cause of proton upset is, on the other hand, elastic or 

inelastic diffusion of silicon nucleus by the incident high-energy protons. Proton upset is 

a significant problem especially for the electronic devices installed in low-orbit satellites 

and launchers which pass through the radiation belt-Pl 
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3.Calculation of inelastic diffusion ( N U R E A C ) 

In the model that we used the nucleons inside the silicon nucleus are Fermi gas; 

namely there is no mutual interaction nor external force. In this model, however, the 

potential is not uniform, because the density of nucleons inside the nucleus is not 

uniform. For simplification, w e divided a nucleus into ten concentric layers. If the 

nucleus is in a state of equilibrium, the fermi level is flat. W e assume that the fermi level 

is identical with the average binding energy of the nucleus. Note that the potential is 

always negative inside the nucleus. Outside of the nucleus it becomes positive because of 

the coulomb potential (Fig.I). 

Model of interaction The interaction of the proton-silicon inelastic diffusion can 

be divided into two process. The first process is a pre-equilibrium process and this can be 

simulated by cascade model. The second process is an equilibrium process and this can 

be expressed by the evaporation model. 

Cascade model In this model we assume that the nucleus does not move for a!! the 

period of this process. The orbit of impinging proton will be bent by the coulomb force 

(Fig.2). This effect causes a decrease of inelastic cross section at low incident energy. 

The particles inside of the nucleus are refracted at the boundary of each two layers. If a 

particle collides with another nucleon, the energy of this nucleon is boosted up beyond 

the fermi level and it collides with another nucleon again. This is the reason this model is 

called "cascade model". After the cascade, the energy of excitation is left in the nucleus 

and this compound nucleus restores the equilibrium. 

Evaporadon model It is indicated that the usual approach to the evaporation can be 

adapted to the equilibrium compound nucleus. In this model the probability of 

evaporation of the nucleons is expressed as a function of the energy of excitation. It is 

assumed that the evaporation of each nucleon is isotropic. 
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Calculation of cross section Using the models mentioned above the total cross 

section for the inelastic diffusion was calculated as a function of the kinetic energy of the 

incident proton in the laboratory system (Fig. 3). The experimental data for aluminum 

nucleus is indicated in Fig. 3 for comparison. The average recoil energy is also calculated 

(Fig.4). 

4.Calculation of elastic diffusion (ELASTIC! 

The cause of elastic diffusion can be classified into two categories. One is the 

coulomb force and the other is the nuclear force. It is not difficult to obtain the cross 

section of elastic diffusion caused by the pure coulomb force. For the nuclear force, 

however, knowledge is so far inadequate. S o m e kind of assumption based on the 

experiments is necessary to calculate the cross section. Optical model is often used for 

that purpose. In this model the potential of nuclear force can be expressed by U+iV. U is 

a real number and means the real diffusion. iV is, on the other hand, an imaginary 

number and it signifies the absorption of the incident proton by the nucleus. In this case, 

the inelastic diffusion is supposed to occur. U and V can be obtained by the fitting with 

the experimental values. 
[3] 

First w e calculate the cross section of elastic diffusion by 

solving the Klein-Gordon equation assuming that the cause of the diffusion is only the 

pure coulomb force. After that w e added the effect of nuclear force using the optical 

model. The calculated total cross section and the average recoil energy for a case in which 

the recoil energy exceeds 100 M e V is indicated in Fig.5 and Fig.6 respecdvely. 

S.Calculation of proton upset cross section (SEU) 

Mechanism of proton upset If there is a collision between an incident proton and 

a silicon nucleus inside or near the collection volume, the recoil nucleus which acquired 

kinedc energy from the incident proton moves inside the collecdon volume. The recoil 

nucleus is silicon if the diffusion is elastic and is some nucleus lighter than phosphorus, 

which is a compound nucleus of silicon and proton, if the diffusion is inelasdc. The 

recoil nucleus ionizes the silicon atoms. A silicon atom is taken apart into an electron and 
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a hole. The hole has a positive electric charge and the electron has a negative electric 

charge. The holes and electrons are collected to the cathode and anode of the electric 

memory device respectively. The collected charge change the voltage of the node. If the 

quantity of the charge is greater than a certain amount, the information held in a memory 

cell will be changed. This phenomenon is called upset and this amount of charge, that 

determines whether the upset will occur or not, is called critical charge. Even if the 

collision occurs outside the collection volume, there is a possibility that upset might 

occur, because the recoil nucleus can enter the collection volume after the collision. W h e n 

the collision inside a certain domain possibly causes the upset, this domain is called the 

sensitive volume. The critical charge and the size of collection volume is inferred from the 

data of the heavy ion (direct ionization) test. 

Model of sensitive volume Using the results of the calculation for inelastic and elastic 

diffusion, we can calculated the upset cross section caused by proton particles. In this 

calculadon we adopted the Monte-Carlo method. W e assume that the collecdon volume is 

a parallelepiped or a box. W e limited the sensitive volume to the domain with a distance 

less than the average range of recoil nucleus in silicon. Therefore also the sensitive 

volume becomes a box. In Fig.7 a schemadc of this mode! is shown. 

6Resu!ts and comparison with experimental value 

The calculations were made for the D R A M devices; INTEL 2164A and FUJITSU 

MB814100. The results are compared with the experimental values (Fig.8,9). The results 

of the calculation have, on the whole, good agreement with the experimental values. In 

this model, the evaporation of the substructure (a, d, t, He3) is not taken into account in 

N U R E A C subprogram. There is a possibility that w e can improve the results by 

considering this effect. 
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7.ConcIusion 

A simulation program for the calculation of proton upset cross section was 

developed. In this program, both the inelastic diffusion and the elastic diffusion between 

the incident proton and the silicon nucleus are taken into account. The results of the 

calculation are in good agreement with the experimental values. 
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118 



.JAKKI-M 9 4 - 0 1 9 

10 l 
(barn) 

£ to 

o < 

P calculated value 
experimental value (16) 

10" T 
200 400 (MeV) 

KINETIC ENERGYOF INaDENT PHOTON 
IN THE LABORATORY SYSTEM 

Fig. 3 Total cross section of inelastic diffusion. 

(MeV) 

-J O 

LU g 

g UJ 

< z 

5 -

4 -

3 -

1 -

0 -

a 

rrq 

,/ 

10 100 1000 10000 (MeV) 

KINETIC ENERGYOF INaDENT PROTON 
IN THE LABOLATORY SYSTEM 

Fig. 4 Average recoil energy of inelastic diffusion. 

119 



JAKHt M 94-0)9 

(barn) 

MNETtC ENERGY OF tNODENT PROTON 
tN THE LABORATORY SYSTEM 

1000 (MeV) 

Fig. 5 Total cross section of elastic diffusion. 

(MeV) 

100 1000 (MeV) 
MNETtC ENERGYOF tNODENT PROTON 

)N THE LABORATORY SYSTEM 

Fig. 6 Average recoil energy of elastic diffusion. 

120 



.tAKM) \1 94 0)9 

incident proton 

charge deposited 
inside coMection 
votume 

recoii siiicon 

Fig. 7 Box model. 

- 121 -



.1AKHI M *1 019 

JE
T 

C
R

O
S

S
 S

E
C

TI
C

 

a. 
3 

R
O

T
O

N
 

a. 

1 0 ' 1 1 -
1U 

1 0 - 1 2 r 

1 0 - 1 3 -

(err 2/bit) 

fa 

n n « -> 

INTEL 2164A 

Q experimental value 

• calculated value 

10 100 1000 (M*V) 

KINETIC ENERGY OF INCIDENT PROTON 
IN THE LABORATORY SYSTEM 

Fig. 8 Proton upset cross s ec t i on (INTEL 2164A), 

z 
Q 
5 UJ 

S
S

S
 

8 0 

tr, (0 
Q. 
3 

5 
p. 
g QL 

1 0 - 1 ^ 

' 

1 0 - 1 3 , 

• 
1 0 - 1 4 , 

1 0 - 1 5 -

(cm2/bil) 

a/ 

^ * • a 
B D - ^ - ^ O 

FUJITSU MB814100 

0 experimental value 

—•— calculated value 

10 

KENETIC ENERGY OF INCIDENT PROTON 
IN THE LABORATORY SYSTEM 

Fig. 9 Proton upset cross s e c t i o n (FUJITSU MB814100). 

- 122 



JAERI-M 94-019 

2.3.3 Nuclear Astrophysics and Critical Roles of Nuclear Data 

Y.Nagai, M.Igashira, T.Shima, T.Ohsaki, T.Irie, S.Seino, 
** 

K.Senoo, K.Watanabe, H.Satoh, T.S.Suzuki and H.Kitazawa 

Department of Applied Physics,Tokyo Institute of Technology, 

O-okayama,Meguro-ku,Tokyo 152,Japan 
* 

Research Laboratory for Nuclear Reactors,Tokyo Institute of 

Technology,O-okayama,Meguro-ku,Tokyo 152,Japan 
** 

Department of Electrical and Electronical Engineering,Tokyo 

Institute of Technology,O-okayama,Meguro-ku,Tokyo 152,Japan 

Neutron capture reactions are considered to play important 

roles in the primordial nucleosynthesis and stellar nucleo

synthesis. In this paper we discuss the experimental study 

of the neutron capture reaction of light nuclei in connection 

with the nucleosynthesis of intermediate-mass nuclei in in-

homogeneous big-bang models and during stellar evolution. In 

the experiment we used pulsed neutrons and detected prompt y-

rays from radiative neutron capture into the low-lying states 

of residual nuclei. 

1.Introduction 

It has been claimed that standard big-bang models can exp

lain nicely the observed abundances of light nuclei from D to 

Li with a baryonic density of a few % of a critical density, 
1) 

which closes a universe . Therefore the bulk of the baryons 

in the universe are considered to be dark and one needs non-
2) 

baryonic dark matter . Recently,however, an inhomogeneous 
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big-bang model has been proposed as an alternative model of 
3) 

standard models . When the early universe cooled below 200 

MeV, the quark-hadron transition occurred. If the transition 

is a first-order, it could produce baryon-density fluctuations 

which would lead to high-density proton-rich regions and low-
3) 

density neutron-rich regions . According to these inhomoge-

neous big-bang models, a sufficient production of primordial 

heavy nuclei could have been achieved in the latter regions, 

which is quite different from the predictions of the standard 

big-bang models. Since the inhomogeneous models have been cl

aimed to reconcile the observed primordial light elements with 

a critical baryonic density, extensive studies are being carr-
4) 

ied out The heavy elements could be produced mainly throu-
5) 

gh the following reaction sequence 

ll(n.-, )ill(n.-1)
:,H(«l.ii)'IMlo)7M"0)SI'i(o.n)"H(iio) ,2n(.-?-)l2<"(i«0 )' V . r/r. 

Since these reaction cross sections have not been well known, 

it is necessary to measure them in order to quantitatively es

timate the production rates of heavy elements. 

In the stellar nucleosynthesis theory, neutron-capture rea

ctions are necessary for the production of isotopes heavier 
6) 

than iron through both slow(s) and rapid(r) processes 

The s-process is assumed to occur during the He-burning phases 
13 16 

of stellar evolution. Two reactions of C(a,n) O and 
22 25 
Ne(«,n) Mg are considered to be the neutron sources for 

7) 
producing the s-process isotopes . However, if the neutron 

12 22 
capture cross sections of C and Ne were very large, they 
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8) 
would become neutron poisons . Therefore, measurements of the 

capture cross section of these isotopes are quite important 

concerning s-process nucleosynthesis. Since the s-isotopes 
7 

are considered to be synthesized at a low temperature of 10x10 

K in low- and/or intermediate-mass asymptotic giant branch 

stars, it is necessary to measure the cross section for neutr

on energies of astrophysical importance between 10 and 250 keV. 

2.Experimental procedure 

The experiment was done by using pulsed neutrons provider 

from the 3.2 MV Pelletron Accelerator of the Research Laborat

ory for Nuclear Reactors at the Tokyo Institute of Technology, 

and by detecting prompt y-rays from the neutron capture 
12 13 

reaction. A typical experiment of C(n,y) C reaction 

is briefly discussed and the experimental detail is found in 
6 

ref.9). A Li-glass scintillation detector was used to 

measure the neutron energy spectrum by a time-of-flight(TOF) 

method. A typical energy spectrum is shown in Figure 1. 

A natural carbon sample and a gold (Au) sample were used. 

The Au was used to obtain the absolute cross section by norma

lizing the y-ray yields of the carbon sample with those 
10) 

of Au, since the cross section of Au has been well known 

Prompt y-rays from a capturing state were measured using an 
11) 

anti-Compton Nal(Tl) spectrometer . The TOF spectrum 

measured by the Nal(Tl) spectrometer using is shown in Figure 

2. Several gates were set on the broad peak region and on the 

flat region in order to obtain the prompt y-ray spectrum as 

well as the background spectrum. 
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3.Experimental results 

The typical backgroud-subtracted y-ray pulse-height spect

rum is shown in Figure 3. In order to obtain the partial ca

pture cross sections corresponding to the y-transitions from 

a captured state to low-lying states, these y-ray intensities 

were obtained. Consequently, the partial capture cross sect

ions at various neutron energies were obtained as shown in 

fig.4. The figure shows that the partial capture cross sect

ions from a captured state to the ground (1/2 ) and the 

second excited states(3/2 ) follow the extrapolated values 

of the measured thermal-neutron capture cross section, by ass

uming a 1/v law. On the other hand, the partial capture cross 
+ 

section from a captured state to the first excited state(l/2 ) 

does not agree with the extrapolated value, and increases with 

the laboratory neutron energy E(lab). From this energy depe

ndence of the partial capture cross section, the neutron must 

be captured dominantly by a p-wave when the neutron energy in

creases. The total capture cross section obtained from these 

partial capture cross sections was fitted by the formula as 
-1/2 1/2 

o(E)=(17.0+0.3)E +(1.50+0.11)E . (1) 

In equation (1) E is the center-of-mass energy. The Maxwelli-

an-averaged capture cross section <o>(ubarn) at a tem

perature of T is given 
1/2 

<o>= {17.0+0.3 + (2.25+0.16)kT}/(kT) . (2) 

The Maxwellian-averaged capture cross section at 30 keV is ab

out five-times larger than the extrapolated value of the meas

ured thermal capture cross section, assuming a 1/v law. 
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4.Discussion and conclusion 
12 13 

The cross section of the C(n,y) C reaction was measured 

for neutron energies of between 10 and 250 keV. The present 

results have implications concerning nucleosynthesis from low-

metal licity asymptotic giant-branch stars, for neutrino-indu

ced nucleosynthesis as well as for the heavy-element nucleo

synthesis yields in models of inhomogeneous big-bang models. 
12 13 

The present result concerning the C(n,r) C reaction 

shows that the capture cross section increases as the neutron 

energy increases. This can be explained qualitatively by p-

wave neutron capture. Namely, the capture cross section giv

en by the formation cross section of a compound nucleus times 

the probability of the radiative transition is proportional to 

2L-1 

v Here v is the neutron velocity and L is an orbi

tal angular momentum of the incident neutron. Since the pres

ent result indicates that the partial capture cross section 
+ 

from a captured state to the first excited (1/2 ) state is 

proportional to the square root of the neutron energy, the ne

utron is captured dominantly by a p-wave (L=l) at higher neut

ron energies. 
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Fig. 1 Neutron energy spectrum measured by a time-of-flight method 
with a 6Li-glass scintillation detector. The neutron was 
produced by the 7Li(p,n)7Be reaction. 
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Fig. 2 Time-of-flight spectrum measured by a Nal(Tl) detector 
with a 197Au sample. 
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Fig. 3 Background subtracted y-ray energy spectrum from 
the Y2c(n,Y)*3c reaction. 
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Fig. 4 Excitation functions of the partial capture cross sections 
of Î C corresponding to the y-rays from a captured state to (a) 
the ground (1/2") 
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Fig. 4 Excitation functions of the partial capture cross sections 
of Î C corresponding to the Y*rays from a captured state to 
(b) the second excited (3/2") and to (c) the first excited 
(1/2+) states, respectively. 
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2.4 Beam of Unstable Nuclei 

2.4.1 Frontiers in Nuclear Physics and Nuclear Astrophysics 

with Radioactive Nuclear Beams 

Shigeru K U B O N O 

Institute for Nuclear Study, University of Tokyo 
3-2-1 Midori-cho, Tanashi, Tokyo, 188 Japan 

Abstract 
N e w research fields developed recently with radioactive nuclear 

beams, especially in nuclear physics and nuclear astrophysics are 
discussed briefly. The present status of the radioactive beam factory 
projects in the world also are reviewed, including the one at 
Institute for Nuclear Study, University of Tokyo. 

1. RADIOACTIVE N U C L E A R B E A M S O P E N N E W R E S E A R C H FILEDS 

Nuclear physics has been expanding toward the extreme limit of 
proton and neutron excesses and also to the heaviest masses). Short
lived nuclei have been produced efficiently by the use of heavy-ion 
induced projectile-fragmentation process at intermediate and high 
energies. The knowledge of nuclear physics was restricted to about 
2000 nuclei near the stability line, out of 6000 nuclei predicted. Figure 
1 displays possible unstable nuclei and the nuclear reaction processes in 
nuclear astrophysics on a schematic nuclear chart. In many respects, 
nuclear physics would not be the same if one extends the research 
toward the drip lines. For instance, the shell closure would not hold 
with the same number as for the nuclei near the stability line. 

Unstable nuclear beams also have opened up a new field in 
nuclear astrophysics'-2-6**"). Explosive nucleosynthesis in high-
temperature high-density environments in the universe inevitaMy 
involves short-lived nuclei. Nuclear reaction studies of unstable nuclei 
have just started very recently, and enable one to simulate exactly in 
the laboratories the nuclear reactions in such phenomena. 

There also are many interesting fields which can be conducted 
exclusively using radioactive nuclear beams*<2). Since radioactivity is a 
labeled nucleus, it can be a unique probe of an extreme sensitivity for 
investigating material science, i.e., structures of the lattice and the 
surrounding fields, the mobility of ions in material, etc. !t should be in 
the order of one atom out of 1023 atoms (order of 1 gram). These 
radioactive nuclei can be also implanted in a controlled depth. !t should 
be also quite useful for medical use as has been used for many years. A 
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PP N 

Fig. 1 A schematic p!ot of nuclei and nuclear reaction processes on 
the nuciear chart. The tight colored area indicates the region 
of unstable nuclei. 

variety of applications of radioactive nuclear beams are discussed in the 
proceedings of the series of the workshops on the sciences with 
radioactive nuclear beams. See refs. 1 and 2). 

2. FRONTIERS IN N U C L E A R PHYSICS 

Nuclear physics of unstable nuclei has made a great advance in the 
last decade after finding a new method for production of unstable 
nuclei; i.e. projectile fragmentation process at intermediate and high 
energies. This process produces efficiently a variety of nuclides with a 
beam-like velocity, and they are separated with a fragment separator. 

One of the most striking findings is a new behavior of the nuclear 
matter in the extreme neutron-rich nuclei in the light mass region. 
Neutron halo is found in sone nuclei such as **LiH), which has a quite 
large neutron-tail distribution of very low density. This is mainly due 
to the very small binding energy for the last neutrons together with a 
large neutron excess. Neutron-skin phenomena are also suggested* *) 
recently in the neutron-rich unstable nuclei. Because of the large 
energy gap of the Fermi surfaces of protons and neutrons in unstable 
nuclei far from the stability line, the protons and neutrons are restricted 
in different binding potentials, giving different radii for proton and 
neutron 
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Molecular State Giant Resonace 

Fig. 2 Possible new modes of nuclear excitation in neutron-rich 
nuclei. Molecular states with neutron skin and soft giant 
resonance we predicted in JHP proposal in June, 1987*2). 

distributions. The neutron radius is larger than the proton radius 
considerably for neutron-rich unstable nuclei. 

N e w type collective modes are also predicted. Figure 2 depicts two 
possible modes for neutron-rich nuclear matter, which we predicted in 
the proposal of the Exotic Nuclei Arena in Japanese Hadron Project in 
June, 1987*2). The first one is a kind of molecular shape or neck-
formation in the fission process. Similar cluster states are predicted 
very recently by the A M D calculation by Horiuchi*3), which is to be 
investigated experimentally. This clusterization seems to be due to the 
recovery force of charge symmetry, i.e., the large excess of neutron 
matter pulls out some protons to produce di-nuclear system. This 
structure also suggests that a very neutron-rich nuclear beam gives a 
chance for producing super heavy elements through such di-nuclear 
states*). The second one is a new type giant resonance. The inner core 
includes a matter of proton and neutron, and this moved back and forth 
with a very small recovery force. This new mode was later formulated 
theoretically*^). This gives a dipole-mode giant resonance but with very 
low excitation energy. A possible excitation of this mode was reported 
in "Li'S). 

As was found at first for the anomalous interaction radius in **Li, 
the nuclear interaction should be an interesting subject. Specifically, the 
effective nucleon-nucleon interaction would be changed as one goes to 
the drip-line regions, where neutron-proton density ratio would change 
drastically as in the skin region. Variational shell mode! proposed by 
Otsuka and his collaborators* 6) are taking care of the weakly bound 
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nuclear systems. This could be, in other word, also a problem of the 
effective interaction. 

There are many other interesting developments reported recently 
for unstable nuclei. One interesting and beautiful experimental result is 
an observation*?) of a bound-state beta decay of !63Dy66+ ^ 163no^6+. 
The nucleus of the neutral atom of *63Dy is stable, but the fully ionized, 
or bare !63Dy66+ nucleus is unstable against beta decay to '63Ht,66+. This 
was observed for the first time in the experiment with the storage ring, 
ESR at GS!. The life times of the nuclei of highly ionized atoms generally 
changes from the neutral atoms, but they are not known well 
experimentally. They have a quite important significance for nuclear 
astrophysics. For instance, some heavy nuclides, which are used for 
cosmochronology, can decay by the present mode. 

Another interesting subject to be investigated with radioactive 
nuclear beams is high spin states in nuclei. High-spin isomer beams 
could be able to bring more spin quanta into the nuclear system than 
the ordinary low spin beams do in fusion reactions. These reactions 
might populate nuclear states of an extreme deformation, much larger 
than the axis ratio of a : b = 3 : 1. 

Recent development in nuclear physics of unstable nuclei can be 
seen in refs. 1 - 5). 

3. N E W FIELD IN N U C L E A R ASTROPHYSICS W I T H RADIOACTIVE 
N U C L E A R B E A M S 

Nucleosynthesis plays a crucial role in the stellar evolutions and 
also in the early universe just after the big bang. Study of the 
mechanism of nucleosynthesis is one of the stringent tests of the stellar 
and primordial models for the moment. If we know well the nuclear 
physics information for nuclear astrophysical requirement, we should be 
able to deduce the conditions of the astrophysica! sites. As was 
mentioned already in sec. 1, short-lived radioactive nuclei are inevitably 
involved in explosive nucleosynthesis in the universe. 

A typical evidence would be the light curve of the super nova 
1987A. The light curve observed for the SNI987A is well explained by 
the nuclear irradiation of 56Co!8). This is a clear evidence that abundant 
short-lived nuclei S6fjo were synthesized in the supernova explosion. 
Here, 36co is believed to have been produced from the beta decay of 
56Ni. 

Explosive phenomena take place in high-density high-temperature 
sites, where successive nuclear reactions go on before beta decays, and 
thus the nucleosynthesis flow goes away very easily from the stability 
line on the nuclear chart. Figure 3 depicts leakout from the Hot-CNO 
cycle to the Ne-Na cycle, and so on, which leads to the onset of the 
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Mg-A! Cyc!e 

Ne Na Cycte 

HCNO Cyde 

Fig. 3 A schematic nucleosynthesis diagram of the Hot-CNO cycle, 
Ne-Na cycle, etc., and the leakout on the N-Z piane. These 
breakouts lead to the onset of the rapid-proton process*9-2l). 
The right-hand side of the dashed line are stable nuclei. 

rapid-proton process which is an explosive hydrogen burning process^' 
2!). These situation requires nuclear physics informations on the 
proton-rich unstable nuclei such as *50, *9Ne, 2"Na, etc., and their 
reactions. 

Although the facilities and the quality of unstable nuciear beams 
are still limited for nuclear astrophysics experiments, some fmportant 
reactions already have been investigated. They include the !3N(p,y)!4o 
reaction22) for the onset of the Hot-CNO cycle, and the 8Li(a,n)**B 
reaction23) for the primordial nucleosynthesis^-27) So many important 
nuclear reactions involve unstable nuclei and await to be studied. The 
present status of nuclear astrophysics can be seen in refs. !, 2, 6-10). 

PROSPECTS O F RADIOACTIVE N U C L E A R B E A M PROJECTS 

As we sketched in the preceding sections, there are many new 
fields to have been opened up with the radioactive nuclear beams. 
Radioactive nuclear beams become available from very low to high 
energies. Although the quality of the secondary beams from the 
projectile fragmentation processes of heavy ion beams is limited, there 
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E-Arena R&D Project | 
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Fig. 4 A typical setup of ISOL-based unstable nuclear beam factory: 
the layout of Research and Development project under 
construction for the Japanese Hadron Project at Institute 
for Nuclear Study, University of Tokyo. 

are many interesting experiments to be made. A new method for 
improving the beam quality of the secondary beams is being developed 
at GSI, Germany by using a storage ring. 

More promising method could be ISOL + post-accelerator scheme1 -
3 ' 1 2 ) . This includes an ISOL system to produce intense unstable nuclei 
and an accelerator to boost the kinetic energy up to the region of 
interest. An example is displayed schematically in Fig. 4. The beam 
quality to be provided is as good as ordinary stable nuclear beams. A 
pioneer work was the 1 3N(p,Y) , 40 experiment for nuclear astrophysical 
interest, as discussed in sec. 3. This method should provide more 
intense beam than the projectile fragment method as discussed above, 
because one can use much thicker target with high-energy proton 
beams for unstable-nuclei production. The major concern here may be 
the absolute efficiency of ionization and acceleration of the radioactive 
products, which is under development. This type factory of unstable 
nuclear beams are under construction at Institute for Nuclear Study, 
University of Tokyo, Oak Ridge National Laboratory in U.S.A, and GANIL 
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in France. There are simitar, severai plans under discussion in Europe 
and Russia. 

In summary, radioactive nuclear beams have opened up new 
fietds not only in nuctear physics but a!so in nuctear astrophysics and 
materia! sciences. Specificatty, exploiting the structure of nuclei far from 
the stabitity line and the nuctear reactions is the new research domain 
to be investigated in coUaboration of the two fietds, nuctear physics and 
nuctear astrophysics. 
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3. Panei Discussion for the 30th Anniversary of J N D C 
—Nuclear Data Activity being at the Crossroads— 
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3.1 Keynote Address 

3.1.1 Recollections of J N D C in the Early Stage 

R. Nakasima (Hosci University) 

When the Japanese Nuclear Data Committee (JNDC) has been established 30 years 
ago, in February 1963, some of the European and American advanced countries were already 
at the mature age of their activities in the nuclear data field. These western countries have 
been discussing about mutual cooperation within the European American Nuclear Data 
Committee (EANDC). Therefor the members of the JNDC at that time aimed at the same 
level of activity as in these advanced countries, and intended to have a "Sigma Center" like 
that of Brookhaven National Laboratory (BNL). In the meantime, the JNDC was invited by 
International Atomic Energy Agency (IAEA) as a member country of International Nuclear 
Data Scientific Working Group (INDSWG) in May 1963. This was quite lucky to the JNDC, 
since some members of the INDSWG were also the participants of EANDC and thus many 
valuable information on nuclear data from the advanced countries could be obtained easily. 
Thus the participation in INDSWG can be said as one of the most remarkable facts in the past 
30 years of JNDC. 

During its busy infancy (1963 to around 1968), the members of JNDC discussed 
eagerly the policy on the primary activities and confirmed the following main objects. 
(1) Organization of compilation activities on nuclear data. 
(2) Promotion of evaluation works of nuclear data. 
(3) International cooperation in the field of nuclear data. 
(4) Encouragement of experimental groups in Japan working on nuclear data. 

Needless to say, both of the compilation and the evaluation of nuclear data are 
fundamental affairs in the function of "Sigma Center". In the early stage of JNDC, however, 
it was hard to continue the compilation work because of the strong objection based on the 
view-point of the man-power. In fact, the subjects of nuclear data planned had been 
covering not only data of neutron induced reactions but those of charged particle and photon 
induced reactions. This was probably too premature for JNDC about 30 years ago. 

As to the evaluation activity, the works generally have been continued favorably. The 
effort in this activity was successful and achieved in making nuclear data libraries like well 
known JENDL (Japanese Evaluated Nuclear Data Library). 

In 1966, JNDC joined EANDC in addition to INDSWG. This made the members of 
JNDC too busy, but the effect was much favorable for the research of nuclear data in Japan. 
Since then the international cooperation in the field of nuclear data has gone on rather 
smoothly and the excellent results thus obtained by the members of JNDC are quite 
remarkable. 

Based on the mutual agreement within the member countries of EANDC or INDSWG, 
JNDC has prepared the List of Requested Neutron Data (RENDA) and (Annual) Progress 
Report of Japan. Through these works JNDC kept close contact with mainly the experimental 
groups in Japan, and this served necessarily as stimulation of the experimenters working on 
the neutron physics. It was, however, regrettable that the contact with theoretical nuclear 
physicists in early days not so close. This is probably due to the indifference of theoreticians 
in universities toward the nuclear data field. In this connection, the following is quite 
impressive. On looking back upon the 30 years history of JNDC, the fact that the activities 
of the members from industries which were mainly theoretical one are very outstanding seems 
to be a characteristic of the field of nuclear data. 

At the 30-th anniversary of its establishment, the JNDC is hoped to work actively as 
until now while the world-wide trend in the nuclear data field seems to be inactive. 
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Way-Wigner 

Barschall 
Feshbach-Porter-Weisskopf 
Hauser-Feshbach 

E A N D C 

tNDSWC (INDC) 

JNDC 

Establishment (63) 

Nuclear Data Laboratory (68) 
[JAERI-Fast Set] (69) 

^ Nudear Data Center (77) 
'' JENDL-1(77) 

JENDL-2 (84) 

JENDL-3 p)3) 

- 144 -



JAER[-M 94-019 

3.2 Panelist Presentation 

3.2.1 S o m e Personal Comments on Evaiuation and 

Measurements of Nuclear Data 

Satoshi Chiba 

Japan Atomic Energy Research Institute 

Japanese Nuclear Data Committee (JNDC) has been functioning quite successfully 
over the last three decades. 1, as a new comer, wish to acknowledge all those who have been 
working in this field and have constructed such an efficient cooperation framework among 
universities, private companies and governmental organizations. Recently, however, there 
is a strong decline of such activities in the U S . and Europe. The same tendency 
unfortunately is more or less true also in Japan. 

It seems to m e that the nuclear data activity is not particularly an attractive field for 
young people to join although it is of vital importance in nuclear and many other Held of 
science and technology. There may be several reasons for such pessimism. First of all, the 
community seems to be isolated from other world, where much high-tech stuffs are going on. 
Secondly, the format of the evaluated data, i.e., the ENDF-based format, is becoming more 
and more complicated and at first glance it is almost impossible for a beginner to understand 
the contents of its manual'*. This kind of stuff may discourage people from outside to 
penetrate into this community unless some strong motivations do not exist. Furthermore, this 
format seems to be a little bit old-fashioned in the sense of the up-to-date information 
science. There must be many other reasons to be resolved. 

It seems to be our responsibility to achieve a mild but drastic change in the way how 
J N D C should function after 30-years of smooth voyage. 
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3.2.2 ProMems in Reactor Physics and Shielding Design 

Atsushi Zukeran 
Energy Research Laboratory. Hitachi Ltd. 

2-1. Omika-cho, 7-choae. Hitachi-shi. ibaraki-ken, 319-12 Japan 

i. INTRODUCTION 
The contents and qualities of the evaluated nuclear data files for con-

ventionai reactor. SWRs. PWRs and FBRs. are significantiy iaproved in past 
30 years. Typical examples of their improveaents are shown in Fig. 1 where 
capture cross sections of *s*U of Bondarenko cross section set. denoted by 
ABAGYAN. published at 1962. evaiuated data for JENDL-2.-3T and -3 
iibraries. and experimental data are compared. The consistency of the iast 
three evaiuated data with experiaentai data are ctear and they are within 
the error boundaries of the experiaentai data. 

According to the previous presentations by the invited authors froa 
another countries in this conference, the eaphases have been piaced on the 
charged particie retating to the acceierator or fusion reactors. The 
refinements or evaiuation activities for the nuciear data for the conven
tional reactors couid not be found. It's seeaed that the fietds of nuciear 
data activities have been shifted to the charged particle or higher energy 
regions. 

2. PROBLEMS IN REACTOR AND SHIELDING DESIGNS 
In this presentation, soae status or situations are discussed in the 

stead of the probtems of the individuai isotope and reaction in the 
evaluated nuciear data files, since the future trends of the evaluation 
works are of interest. Status of the nuciear data for fission reactors or 
advanced reactor including TRU burners can be outlined as foltows. 

(A) No essentia! probieas for conventionai reactors but ainors are in 
1) Reich-Moore presentations : Coaputing tiae. 
2) DDX in File 6: not processed by conventiona! codes. 
3) r-ray production cross sections, and 
4) Charged particie induced reaction cross sections. 

In order to avoid confusion and los of tabor preparing the auitigroup cross 
section sets for reactor physics and core design. JENDLE-3. 2's intensive 
Benchmark tests have to be aade before reieased. 

(B) For advanced reactor/TRU Burners 
The advanced reactors of uraniua and/or Ptutoniua fuets can be designed 

by using current evaiuated nuciear data files although the higher 
reiiabilities of data are continuously requested. 
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The TRU burners cooperating with acceierators, however, require more 
new data especiaity reiating to higher actinides and charged particie in
duced reactions. The TRU burning is a key issue to be carried over for fu
ture sources of nuciear energy, which has an avoidabie background as 

Background 
Power Reactor -* Rad Waste -* FPs and/or Actinides Burning 

in which process 
Acceierator Secondary activation data, and 
Burner Actinide nuciear data, e.g., # . , , 

are stiii provided and their evaiuations shouid be continued. 

(C) Nuciear Oata and Methodoiogy 
Methodoiogica! uncertainties in reactor design and reactor physics can 

not be ignored. !n some cases, these uncertainties are greater than those 
of nuciear data themseives. The continuous Monte Cario method can reduce in 
genera! the methodoiogicat uncertainties for some properties such as effec
tive muitipiication factor Keff. but due to statisticat [imitations the 
overaii accuracy is iimited. Therefore, in order to predict the rector core 
parameter with high accuracy, the data and methods have to be improved 
simuitaneousiy. Reactor physicists shouid be encouraged. 

3. DEPOSITION of NUCLEAR DATA ACTiViTY 
(1) The activity of nuciear data evaiuation is passive work depending on 
user's needs, and active works suggesting new fieids of nuciear data have 
never been reported. !f possibie. the more active approaches from nuciear 
data are weicome. "Nuciear data Appiication Working Group" is an idea to 
create new fieids and new data. i.e.. 

Evaiuation Works -* Passive: Need oriented 
A 

Active : Seed oriented 
"Appiied Nuciear Data Sub. WG." to deveiop new fieids. 

(2) Coais of Nuciear Data Evatuation and Measurement 
The goais can be considered at two categories; the first one is for the 

satisfactory accuracy of existing evaiuated nuciear data and the second one 
for unknown nuciei. for instance, unstabie isotopes. The goai for the first 
case may be set by the target accuracy given by user's needs where the 
evatuations of the target accuracy based on the sensitivity anaiyses are of 
interest. The theoreticai approaches from nuciear physics to improve cur
rent data, however, can not be necessariiy promised since the situations of 
evaiuated data are in the range of experimentai uncertainties as shown in 
Fig. 1. For the second case, there exist a iot of nuciei whose nuciear data 
are not given and which are seemed to be usefui for medicai use and for new 
apptication of nuciear data. Therefore. 
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Goal of Nuclear Data ?: no goal from user and evaluator, 
e.g.. evaluated data are straggling in the 

uncertainty band of experimental data ! 
1 

then 
Cross Section Adjustnent is a effective approach 

like KARNAVAL-V 
T 

As an advanced and future approach, 
"Superfine Group Adjustment" including Resonance Paraieters may be possible 
but the revision of nuclear data files are still needed as the reference. 

(3) For Future Activities: Evaluation Software Development 
• Man-power Saving 
• Efficient Evaluation 
• Technical Transfer 

SUMMARY 
1) More active researches developing new field, 2) Maintain evaluation and 

measurement activity, 3) Establish efficient evaluation methods. 

C. 

o 
_Q 

C 

o 

o 
u 
CO 

en 
m 
o 
c_ 

C_3 

Neutron Energy ( eV ) 

Fig. 1 Comparison of 2 3 8U capture cross sections 
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3.2.3 Nuclear Data Needs for Fusion Reactor Development 

Yasushi Seki 

Naka Fusion Research Establishment 

Japan Atomic Energy Research institute 

Naka-machi, Naka-gun, Ibaraki-ken, JAPAN 

A personal view on the status and strategy of fusion reactor development from the 

International Thermonuclear Experimental Reactor ITER to DEMO and future commercial reactors is 

introduced based on the experience of nuclear design and safety analyses of fusion reactors. Some 

comments on nuclear data needs for fusion reactor development are discussed. 

1. Fusion Reactor Development 

What is most important for world fusion program is to achieve a self-ignition plasma by 

ITER. As it may be seen from the Fig. 1, ITER could be the largest fusion device needed in the 

pathway to commercial fusion plant because the next DEMO plant, the Steady Stale Tokamak 

Reactor (SSTR), could be smaller if higher magnetic field coil is developed [ 1]. Construction of 

ITER through a world wide collaboration is one of the biggest challenge for mankind after the end 

of the cold war. The author believes that once the self-ignition plasma is achieved in ITER, people 

will recognize fusion as a candidate for the energy source of future and many breakthrough will 

follow. The future prospects of fusion power reactors are shown in Table 1. By the extrapolation 

from ITER and SSTR, the reduction of tritium and activation products inventory could be expected 

if the components development and materials development are achieved as expected. Safety 

characteristics are improved by the use of helium coolant in place of water. Furthermore the 

improved thermal efficiency will result in reduced thermal pollution. 

Table 1. Comparison of safety and environmental parameters for ITER, SSTR and Future Power 
Reactors 

Item 

Fusion power 
Tritium inventory 
Activation product 
inventory 
Primary coolant 
Coolant inlet/outlet 
temperature 
Thermal efficiency 

ITER 

lGWt 
6 kg 

-K)9Ci, SS-316 

Water 
60°C-100°C 

-

SSTR 

3GWt 
5 kg 

<109Ci, Reduced 
activation steel 

Water 
285°C/325°C 

-30% 

Future Prospects 
of Power Reactors 

4.5 GWt 
3 kg 

«109Ci,Ti-Al,SiC 

Helium 
400°C/700°C 

-40% 
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2. Comments on Nuciear Data Needs for Fusion Reactors 

There are many excellent reviews on the nuclear data needs for fusion reactors [2]-[7]. With 

the development of Fusion Evaluated Nuclear Data File (FENDL) f8) in the frame work of IAEA, 

the nuclear data file need for ITER will be satisfied and a standard file for ITER design will be 

developed. For an international project like ITER, a standard file is necessary for comparison along 

with the national data files. 

Little can be added in the presence of many reviews by nuclear data experts. M y feeling is 

that development of nuclear data should be carried out with proper balance between the existing 

uncertainties in the design area such as uncertainty in the plasma design, thermal mechanical 

design, and materials data base. At the same time proper balance is also required between the 

development of nuclear data, nuclear data file, group constants, radiation transport alculation 

codes, activation analysis calculation codes. For this purpose, a sensitivity analysis is suggested to 

show what is most sensitive to improve the accuracy of nuclear design and the proper allocation of 

devetopment efforts. 
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COMMERCiAL 
UHHZAHON 

Fig. 1 Development strategy to commercial fusion 
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3.2.4 Request of Nuciear Data Fiie for Study of N e w 

Application of Transmutation 

Tomohiko f W A S A K l 

Department of Nuciear Engineering, Tohoku University 

Abstract: Following two topics concerning on transmutation of hazardous materiais are 

descnbed. (!) Transmutation of T R U wastes in higher f!ux ficid. (2) Transmutation of 

chemica! hazardous materiais. The most important base-data for the transmutation of 

hazardous material is nuciear data. However, the nuciear data for the nuchdes of 

hazardous materiats are not contained in JENDL-3 The nucicar data containing minor 

or rare isotopes are required. 

(1) Transmutation of T R U wastes in higher flux field: 

The aim of transmutation of T R U waste is to eliminate the long-term management. 

Bum-up with [ess residuais is needed to achieve this rote. The transmutation in higher 

flux field of order of 10"* n/cm% by Advanced Neutron Source and Spallation Source 

is desirabie considering the limited time period of bum-up. The bum-up chain in that 

field is largeiy different from that in conventiona! reactor fields. Shorter-life nuclides such 

as *^Np and higher isotopes such as Es and F m are largely produced. Although the 

nuclear data of actinide are greatly improved by JENDL-3. it is not sufficient by bck 

of the nuclear data of those nuclides. 

(2) Transmutation of chemical hazardous materials: 

Three materials with chemical toxity are presented in the following table. Dioxin 

( C ^ H ^ C ! , ) is the most hazardous materials and causes cancer risk only by intake of 

-200 pg (6 x 10 '̂  mol) in one year. The transmutation of those materiais may become 
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an effective method to reduce toxity even in current reactors or accelerators. Although 

the nuciear data of principal nuclide itself and the neighbor nuclides are required to 

examine bum-up of those materials, JENDL-3 is not sufficient as shown in the table. 

The current nuclear data files are not enough to study of transmutation in new 

fields or for new materials as it is found from these two topics. In future, other objects 

or applications of transmutation will be found. The most important base-data is nuclear 

data for these investigation. The nuclear data for conventional reactors are almost 

complete by JENDL-3. However, nuclides which are not contained in J E N D L are more 

important to investigate and develop new applications of transmutation. More general 

purpose file of nuclear data containing minor or rare isotopes are required. 

Material 

Weight causing cancer with prob. of 10" (*1) 

Nuclide necessary for study of transmutation 

JENDL-3 ( "o" included, "x" not included.) 

Dioxin (PCB) 

219 pg (61 ng) 

S 

0 

CI 

X 

Ar 

X 

As compound 

!-7 Kg 

Ge 

X 

As 

o 

Se 

0 

(*1) Yuko Makino, private communication. 
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3.2.5 Needs of Atomic, Molecule's and Nuclear Data for 
Medical Application in Japan 

Shigeru IWANAMI 

Department of Radiology, School of Medicine 

Kitasato University 

1-15-1, Kitasato, Sagamihara, Kanagawa-ken 228 

Abstract 

There are large potential needs of atomic and nuclear 

data for medical applications in Japan. But number of 

medical physicists who need their data is very small. The 

status of medical physicist does not formally exist in 

Japanese hospitals. Then practical needs for atomic and 

nuclear data are small in Japan. 

Technical innovations in medical physics have been 

intensively introduced to hospitals in recent year. Table 1 

shows available data of the total number of sophisticated 

machines currently used in Japan. Medical physicists want to 

have atomic, and molecule's and nuclear data. What kind of 

data do they need? Table 2 shows roles and responsibilities 

of them. The most important role is to engage in research 

work. Table 3 shows research fields of presentations at 

annual meetings of Japanese Association of Radiological 

Physicists (JARP) for 30 years. Medical physicists are 

expected to contribute creative work to a Department of 

Radiology, but the subject is limited to radiation physics. 
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In 1991, Symposium entitled "Medical Physicists, Today 

and Tomorrow" was held at the World Congress on Medical 

Physics and Biomedical Engineering in Kyoto^'. Takaku who 

was the chairperson of the symposium reported that a number 

of medical physicists is very small in Japan. Table 4 shows 

composition of JARP members. Table 5 shows number of 

departments of medical physics in Japan. A few departments 

of medical physics have been working in some cancer research 

institutions, but no department of medical physics has ever 

been established in any university hospital. The status of 

medical physicist does not formally exist in Japanese 

hospitals. They are not recognized profession in our 

country. Therefore, although there are large potential needs 

for atomic and nuclear data, their practical needs are small 

in Japan. 

Some universities have plans to found schools of health 

care sciences and technology, which have departments of 

medical physics. So number of medical physicists will 

increase and practical needs of atomic and nuclear data for 

medical application will increase in future. 

The author would like to thank Dr. Takaku for providing 

data on status of medical physicists in Japan. 

References 

l)Takaku Y.: The Medical Physicist, Today and Tomorrow - The 

status, responsibilities and educational program in Japan, 

Jpn. Radiol. Phys.. 11, 59 
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Table 1 Medical machines installed in hospitals in Japan 
(Takaku, 1991) 

Linac 

Co-60 Teletherapy i 

Treatment planning 

X-ray CT 

MM 

CR 

DSA, DFA 

Gamma Camera 

SPECT 

PET 

Data processing 

unit 

system 

unit 

472 

400 

289 

6096 

500 

140 

638 

1194 

881 

17 

1230 

Table 2 Roles and responsibilities of medical physicists 

1) Research work 

2) Supporting a high standard of medical services 

3) Safety analysis of newly developing method 

4) Health physics 

5) Education 
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Table 3 Research f ie lds of presentations at annual meetings 
of Japanese . .ssociation of Radiological Physicists 
(JARP) for 30 years(Takaku, 1991) 

Radiat ion dos imetry 35.2% 

X-ray d i a g n o s i s 24.9% 

Radiat ion therapy 9.5% 

Health p h y s i c s 7.8% 

Nuclear medic ine 6.0% 

Radiat ion b i o l o g y 3.2% 

Information p r o c e s s i n g 2.6% 

Table 4 Composition of JARP members(Takaku, 1991) 

Certified physicists 

Physicists 

Medical doctors 

Technologists 

Others 

Total numbers 

90 

188 

139 

222 

56 

695 

Table 5 Number of departments of medical physics in Japan 

I n s t i t u t i o n NIRS, e t c . 

School of Medicine 0 

Hosp i ta l 0 
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3.2.6 Experiments Using Accelerators for Space AppMcation 

Yosuke Shimano 

National Space Development Agency of Japan 

2-1-1 Sengen, Tsukuba-shi, Ibaraki-ken 305, Japan 

1. Abstract 

It is necessary for space application to conduct experiments using accelerators. 

W e would like to discuss the situation and the problems of using the accelerators for 

engineering purpose. 

2. Purpose of Experiments 

Our experiments using accelerators are mainly engineering purpose. There are lots 

of routine work and the methodology is almost always the same. It is very difficult in this 

point to get understanding to our experiments from the scientists. W e should not, 

however, underestimate the importance and the contribution of the engineering test to the 

science. 

3. System of Cooperation 

Generally speaking it is not easy for outsiders to use the accelerators effectively 

and freely. This is because the system of the cooperation of the organizations which have 

an accelerator facility is not so open. W e really hope the user-friendly system of 

cooperation. There will be more users w h o are not familiar with the accelerator of the 

nuclear physics in the near future. The system of the cooperation between the owners of 

the accelerator and the users should be reconsidered. 
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3.2.7 Environment of Nuciear Energy Devetopment and 

Internationa! Cooperation of Nuciear Data Activity 

Toyojiro FUKETA 

Nuciear Energy Data Center 

2-4. Shirane. Shirakata. Tokai-mura 

Naka-gun. ibaraki-ken. 3 ! 9 H Japan 

[Abstract] The worid nuciear data activity achieved a reasonabie ievei in the 

1980's. and the power reactor deveiopment shouid have been given a stimuius. 

But. unfortunateiy the Chernobyi accident happened on 26th Aprit 1986. since then 

the worid nuciear energy deveiopment has been suffering from a very serious 

adverse wind, and governmentai supports to the nuciear data activities in most 

countries have been dectining aiso. it is clear for us that nuciear fission is 

the best major energy source for the preservation of the giobal environment in 

the foreseeable iong future. More accurate nuciear data and hitherto unavaiiabie 

kind of nuciear data are requisite for an advanced nuciear research and 

deveiopment. Under the existing circumstances of the nuciear data activity, an 

increased effort for the internationai cooperation in the nuciear data fieid is 

indeed required. 

The activity which comprises measurements, coiiections. evaiuations. 

compiiations. disseminations, etc. of nuciear data is caiied the nuciear data 

activity. The woridwide motivation of promoting nuctear data activity 

extensiveiy from about the end of i950's was primarily for the deveiopment of 

advanced power reactors particuiariy fast breeder reactors. 

it may be said that the worid nuciear data activity achieved a reasonabie 

level in the i980's. and the power reactor deveiopment shouid have been given a 

stimulus. But. unfortunateiy the Chernobyl accident happened on 26th Apri! i986, 

since then the worid nuciear energy development has been suffering from a very 

serious adverse wind, and governmentai supports to the nuciear data activities 

in most countries have been deciining aiso. 

it is clear for us that nuciear fission is the best major energy source 
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for the preservation of the global environment in the foreseeable long future. 

Although the safety level of nuclear power plants in Japan is considered to be 

reasonable, in order to meet the energy demand with the world population 

increase and to keep the world integrated safety level of nuclear facilities 

better or at least same as the present best notwithstanding an increase of the 

number of nuclear facilities and the operation years, it comes naturally to the 

conclusion that efforts to improve the safety level of individual nuclear 

facilities and to develop new types of nuclear facilities of higher efficiency 

must be continued forever. 

More accurate nuclear data and hitherto unavailable kind of nuclear data 

are requisite for an advanced nuclear research and development. The activity on 

massive nuclear data is required tc be consistently continuous extending over a 

long period of time. If once a degradation of the nuclear data activity exceeded 

a certain level, an enormous effort in the long term would be necessary to 

recover the level. Under the existing circumstances of the nuclear data activity, 

an increased effort for the international cooperation in the nuclear data field 

is indeed required. 

Recently, "A Strategic View on Nuclear Data Needs", Report by the NEA 

Secretariat, September 1993, was appeared. This report of 33 pages is a 

fruition of the effort of the Nuclear Energy Agency of QECD over the recent few 

years under a direct leadership of Dr. Kunihiko Uematsu, Director General of 

NEA, through the discussions of the NEA Nuclear Science Committee and the NEA 

Think Tank Meetings in January 1991 and May 1993. 

An exact reproduction of "Executive Summary" of the above NEA Report is 

given as follows in f and j : 

This repoo examines the present and future needs for scientific nuclear data and discusses 
ways of meeting any such needs. 

Different applications anas have been coveted and well founded requests for scientific data 
have been expressed both within the "traditional* fission reactor area and new areas, such as radioactive 
waste transmutation, medicine and fusion. Specific examples of cost savings to be made using improved 
data, or of potential penalties for current or future applications which may be incurred by relying on 
inadequate data are given. 

The resources of qualified manpower are falling below a minimal level and the situation 
appears particularly alarming when the age structure of the staff presently working in die field is 
considered. If the present staff policy is not changed very soon, there is a clear danger that indispensable 
know-how in nuclear data will be lost. 
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Support from industrial users are needed, but the ultimate responsibility for financing 
nuclear data work must, in the long term, rest with governments. A better cooperation between data 
producers and users should be established. 

Data centres play an important role in coordinating national efforts and in helping to avoid 
unnecessary duplication of work. A minimum of two international data centres are needed. 

NEA proposes to undertake the following actions in the nuclear data field: 

• Continued strong support for the NEA International Evaluation Cooperation, and within the Data 
Bank Member countries, for the Joint Evaluated File project 

• Setting up a forum to facilitate the dialogue between users and producers of nuclear data. 

• Promoting a framework for international collaboration in the field of nuclear data measurements. 

It should be emphasised that any international cooperative effort undertaken by NEA would 
never replace national efforts, but would improve productivity from existing and future resources. 

i 

The nuclear data needs are clearly explained in the above report, and we 

can extend the discussion on the needs further in wider fields of specialties. 

Some of the discussions in this context are also found in this Panel and the 

other Sessions of this Symposium. 

When the support from the nuclear fission energy R & D to the nuclear 

data activity is declining, it may be natural that an appeal on nuclear data 

needs tends to put emphasis upon needs in the fields of non-fission-energy. I do 

not think little of the nuclear data needs in the fields of non-fission-energy, 

but the nuclear fission energy R & D leaves a vast room for various R & D 

efforts; a maturity in technology is found in the field of light-water power 

reactors, though even this maturity does not mean to make light of the R & D 

needs for the light-water power reactors. An essential issue is in the world 

declining tendency of nuclear energy development at large rather than in an 

apparent decline of resources support for the nuclear data activities. 
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3.3 Summary 

3.3.1 A Review Talk and Panel Discussion on Nuclear Data Activities 
at a Turning Point 

Reviewer : Ryuzo Nakasima ( Hosci-Univ.) 

Panelists : Satoshi Chiba (JAERI) 

Atsushi Zukeran (Hitachi Corp.) 

Yasushi Seki (JAERI) 

Satoru Iwasaki (Tohoku Univ.) 

Shigeru Iwanami (Kitazato Univ.) 

Yosuke Shimano (NASDA) 

Toyojiro Fuketa (NEDAQ 

Chainnan: Masaharu Nakazawa (Univ. of Tokyo) 

Abstract ; On the occasion of 30 years anniversary meeting of Japanese Nuclear data 

committee, a memorial review talk has been made by Professor R. Nakasima, 

and the panelists have made discussions on to which direction shall we go under 

the present difficult situations. 

I. Summary of Review Talk of Prof. R. Nakasima 

At the starting of JNDC(Japancse Nuclear Data Committee), the following three 

policies were agreed just 30 years ago. 

(1) to work for Nuclear Data Collections and Evaluations. 

(2) to encourage and support for Nuclear Data Measurement Groups, and 

(3) to promote International Collaborative Activities. 

Almost, these principles have been worked well, especially it should be remembered 

that the participation to the IAEA, INDC Working Group has stimulated us. And through 

30 years, many discussions have been made in JNDC, on the technical subjects such as 

(1) Data collections should be made also in Japan independently on CLNDA activity? 

(2) On the application of data adjustment procedures for data evaluation. 

(3) On the termination of each working group, 

(4) Collaboration with JEF group. 

(5) On a plan of the Asian Nuclear Data Centre, and 

(6) On the man-power problem. 

On the present scope, prof. Nakasima has summarized, at first the increasing JNDC 

efforts are expected through the International collaborations, although the situations 
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became worse. And secondly invitations on new young scientists in this field are required 

from industries, JAERI, universities including nuclear theoretical physicists. 

II. Panel discussion 
At first, seven panelists have talked their opinions on this subject what is the present 

situations and to which way shall we make our steps. 

As new fields which need nuc"-:i, data besides the present nuclear fission reactor 

field, it was pointed out the nuclear fusion , the nuclear incineration of poison such as 

dioxin, medical and space fields. Their demands is, however, not so strong as so from the 

nuclear fission reactor, but their demands is essentially very diverse. Additionally the 

demands arc not only the nuclear data but also relating nuclear technology including 

experimental and analytical procedures. 

If the aim of JNDC activities is expanded towards to these new fields, several 

present policies of JNDC should be changed. At first, practical advertisements of nuclear 

data & technology to those fields should be made using many possible means, such as 

publication of booklets, lectures in those society meetings. Practical demonstration of 

availability of nuclear data in each fields, and so on. Then, meaningful cooperative works 

between JNDC and other fields should be planned. This is one important result of this 

panel discussions. 

As the second issue of JNDC, it is discussed how to increase or bring up the 

younger researchers in this field, including the theoretical nuclear physicists. The 

importance of attractive research subjects and/or the expectations on the new nuclear 

technology such as Hadron Engineering, Ultra strong neutron source as the Synchrotron 

radiation in optics have been emphasized. In addition, it is also discussed how to raise the 

researchers position of nuclear technology especially nuclear data, for example using the 

licensing or the qualification system of nuclear cvaluators. 

In addition to those domestic efforts, the importance of international collaborative 

works has been recognized in every participants. The chairman of the panel has made a 

summary of discussions, that we have obtained the common understanding on the present 

situation surrounding the JNDC, and also we have obtained here the practical action plan 

to improve it. 

k\ 
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4.1 Evolution of Data Requirement Since the Early 1980's 

Tadashi Yoshida 
Nuclear Engineering Laboratory, Toshiba Corporation 

4-1 Ukishiia-cho, Kawasaki-ku. Kawasaki 

Thirteen years ago. at the turning point of the decade, the objective of the 
nuclear data activities in Japan seemed to be rather obvious. High priority was 
placed on providing the fast breeder project with the best cross section data at 
that time. In this sense, the lountain to cliib was clearly in the center of our 
sight (Fig.1). We also started talking about the fusion neutronics. but \t still 
belonged to the future. The reactor physicists and designers were well learned 
in nuclear data and were in full cooperation with the nuclear data people. They 
used to discuss all together about the topics of vital importance such as the 
reactor-contant generation and the cross-section adjustment based on integral 
experiments. 

Since then the situation has changed considerably. The most conspicuous fea
ture of the nulear data scene in 1993 seems to be dispersion and broadening of 
its coverage (Fig.2). Ne still talk about the adjustment, but the fast breeder 
cannot be a motivation for the revision in the near future of the Japanese Evalu
ated Nuclear Data Library Version 3.2. which is going to be frozen, at least for 
five years, in order to guarantee a stable use of the present version. Data 
requirement from the fusion community is quite active but it does not donnate 
others. Requirement from the fuel cycle thechnology, reprocessing and spent fuel 
management, for instance, is steadily growing. 

Today we had a very good chance to listen to many experienced lecturers from a 
wide variety of disciplines: medical physics, space technology, astrophysics and 
ion-beam science. Ne hope the nuclear data community in Japan, which was fostered 
by the nuclear energy program in its infancy, could also supply excellent data 
to these growing fields. I believe, hcjever. there is still much to do for the 
nuclear energy. I raise only one example among others. That is a possible effort 
to generate an inclusive set of one-group constants from JENDL-3.2 for several 
versatile burn-up codes, which are widely used in our country from the utilities 
to the reactor venders. It woulc :>e an excellent gift to the nuclear energy 
technology from her son. and would certainly be used long for the future along 
with the development of the Japanese nuclear fuel cycle. 

- 167 



,i-:m M HI niH 

1980 

Fusion 

FBR 

Adjustment 

| Figure 1 J 

Fuel Cycle 

JENDL-2 

1993 

FBR 

Space Technology 
Astrophysics 

Accelerators 
Reprocessing 

Medicine 

• - ; r Figure2 

Jl'DL-UNDCFP Data Lib. 

168 



JAEHt-M 94-0)9 

5. Papers Presented at Poster Session 

169-



.IAKKI M 91 019 

5.1 Measurements of Thermal Neutron Cross Section and 
Resonance Integral for the B7Np(n, r)Z38Np Reaction 

Katsuhei Kobayashi1, Akihiro Yamanaka2,3, and Itsuro Kimura2 

1. Research Reactor Institute, Kyoto University 
Kumatori-cho, Sennan-gun, Osaka 590-04, Japan 

2. Department of Nuclear Engineering, Kyoto University 
Yoshida-honmachi, Sakyo-ku, Kyoto 606-01, Japan 

3. Present address: Hitachi Works, Hitachi, Ltd. 
Saiwai-cho, Hitachi-shi, Ibaraki 317, Japan 

Making use of a standard neutron spectrum field with a pure Maxwcllian distribution at the 
heavy water thermal neutron facility of the Kyoto University Reactor (KUR), thermal neutron 
cross section for the 237Np(n,Y)238Np reaction was measured by the activation method, using a 
high purity Gc detector. The result is 158+3 b, which is obtained relative to the reference value 
of 98.65+0.09 b for the 197Au(n,y)198Au reaction. The present value is lower by about 7 % than 
that with the ENDF/B-V data. The data given by Mughabghab and obtained from JENDL-3 
are larger by 11 to 15 % than the present measurement. 

The resonance integral for the ^ N p f n . y ^ N p reaction was measured with a 1/E standard 
neutron spectrum in the cavity of the central graphite reflector region between the two-divided 
cores of the Kinki University Reactor (UTR-KINKI), relative to the reference value of 1550+28 
b for the 197Au(n,y)198Au reaction. By defining the Cd cut-off energy as 0.5 eV, present reso
nance integral is 652+24 b, which is in good agreement with the JENDL-3, ENDF/B-V and 
Mughabghab data. However, most of the old experimental data are, in general, larger by 24 to 
38 % than the present measurement. 

1. Introduction 

Ncptunium-237 is one of the minor actinides with «. long half-life, which arc abundantly 
produced in light water reactors. In order to make the nuclear power more acceptable and prac
tical, much interest has been paid to the nuclear waste management in these days[l-3J. One of 
the waste managements for 237Np is to adopt the nuclear transmutation using reactor neutrons. 
Quite a number of experimental data for the S7Np(n,f) cross section are obtained in the MeV 
energy region and these data are rather well evaluated. However, large discrepancies exist in the 
lower energy region for this cross section. Very recently, the present authors have measured the 
237Np(n,f) cross section by using a lead slowing-down spectrometer coupled to an electron linear 
accelerator[4]. The cross section values averaged from eV to keV energies are 10 to 500 mb. 
The 237Np(n,y)238Np reaction cross section, which is combination of the 1/v and resonance cross 
sections in lower energy region, is much higher than the fission cross section, and hence this 
reaction would be more effective in lower energy region for the nuclear transmutation of a 7Np 
than the 237Np(n,f) reaction, considering the reaction rates averaged over the energy spectrum of 
reactor neutrons. 

Calculations for fuel bum-up and for the reactor design aiming at the transmutation of high 
level radioactive materials have been carried out. In these cases, it is said that the evaluated 
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nuclear data, which would be mainly based on the experimental results, are not always enough, 
especially for the ̂ Np(n,v)^Np reaction used for the transmutation. There exist scarcely the 
energy dependent cross section data for the ̂ ^Np(n,y)^Np reaction, and most of the thermal 
neutron cross sections and the resonance integrals for this reaction are rather old. It may not be 
said that the information of neutron spectrum fields used for the previous measurements is good 
enough as a standard. 

In the present study, thermal neutron cross section and resonance integral for the ̂ ^Np(n,y) 
--^Np reaction have been measured by the activation method, making use of standard neutron 
fields with a pure Maxwellian distribution and with a 1/E neutron spectrum, respectively. 

2. Neutron Spectrum Fields 

Thermal Neutron Spectrum Field 

The Kyoto University Reactor ( K U R ) of the Research Reactor Institute, Kyoto University 
(KURR!) is a highly enriched uranium-fueled light water-moderated research reactor, whose 
nominal power is 3 M W . Besides the core, there is a heavy water thermal neutron facility with a 
heavy water tank of 1.4 m in length. Outside the heavy water tank, a removable graphite layer 
of 48 cm in thickness and a removable bismuth layer of 60 cm in diameter and 15 cm in thick
ness arc placed, as illustrated in Fig.l. The irradiation room is about 2.4 x 2.4 x 2.4 m^ and 
surrounded by 90 cm thick heavy concrete shields. The leakage neutrons from the heavy water 
tank and/cr graphite layer can be used as a thermal neutron source of beam or plane-type in a 
large space. 

Kanda et al. measured the neutron spectra from the heavy water tank and from the graphite 
layer by the time-of-flight technique using a fast chopper[5]. The former showed good agree
ment with a Maxwellian distribution having neutron temperature of 60 °C, while the latter had 
small structures below 0.015 eV due to the fine crystal properties of graphite. The measured 
results are displayed in Fig.2. The Cd-ratio measured with a A u foil in a Cd cover of 0.7 m m in 
thickness was more than 5000 at the bismuth layer, and epithermal neutrons could be almost 
negligible[5,6]. 

1/E Neutron Spectrum Field 

The U T R - K 1 N K I is a highly enriched uranium-fueled light water-moderated and graphite-
reflected research reactor[7], which has the separate cores at an interval of 46 cm. The nominal 
output power is 1 W . At the center of the internal graphite reflector between the two divided 
cores as shown in Fig.3, a graphite stringer of 9.6 x 9.6 cm square and 122 c m long can be with
drawn to make a void region or a central cavity for sample irradiation[7]. The neutron energy 
spectrum at the central graphite cavity has been calculated[8] using the S R A C code system(9]. 
In this calculation, geometrical conditions were assumed to be that the separate cores with M T R -
type enriched uranium fuels closely resembled a cylindrical ring. The two-dimensional trans
port Sn code T W O T R A N [ 1 0 ] was employed to calculate the neutron spectrum in the central void 
region. One hundred and twenty-two group constants were produced from ENDF/B-TV data. 
The results of the neutron spectra are shown in Fig.4. The calculated spectrum satisfactorily 
agTees with a standard 1/E neutron spectrum field from about 1 eV to a few hundreds keV. 

The neutron spectrum was also obtained[7] by the adjustment of the above calculated spec
trum with multi-foil activation data for 5 kinds of (n,y) reactions and 4 kinds of threshold reac-
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tions using the NEUPAC code[ll]. This code contains energy dependent group cross section 
libraries for main important neutron dosimetry reactions in ENDF/B-V. We adopted 144 
energy groups from 0.01 eV to 16.4 MeV. The results of the adjusted spectrum are shown in 
Fig.4, comparing with the above transport calculations. It can be seen that the neutron spectrum 
at the core center gives a good 1/E shape in the relevant energy range and that the neutron flux 
distribution is almost flat in the central cavity of the UTR-KINKI. 

The sandwiched foil method has been also employed[7] to measure epithermal neutrons at the 
main resonances for 4 kinds of (n,v) reactions. Neutron fluxes at 1.46, 4.94, 18.8 and 337 eV 
resonances for 115In, ,97Au, 186W and 55Mn arc shown in Fig.4, respectively. These results are in 
good agreement with the calculated and the adjusted spectra in the 1/E spectrum region. 

3. Measurement of Thermal Neutron Cross Section 

The thermal neutron cross section a averaged over the Maxwcllian distribution spectrum is 
defined as 

a ( v ) T 
a = »V ° ; g (T ) — ° -

x 1.128 •' " ; T„ 
where vo=2200 m/s, To=293.6 K, Tn is neutron temperature and gs(Tn) is a g-factor for the rele
vant reaction. 

In the present measurement, thermal neutron cross section for the 231Np(n,y)23iNp reaction 
has been measured relative to that for the 197Au(n,Y)198Au reaction as a standard, by rewriting the 
above relation as follow; 

a ^ l i ^ o ^ J L i ^ o A ( v ) 

where R and RAu are relative reaction rates for the a 7Np and I97Au reactions. 
The ^7Np samples, which were chemically purified as aqueous solution[4], were prepared in 

the form of dried filter-paper with a drop of the solution. The sample was scaled with vinyl 
sheet and the amount of the 237Np atoms was to be 1016 to 1017 for each sample, which was 
experimentally determined by the gamma-ray measurement of B7Np using a high purity Ge 
(HPGe) detector. Induced activities of H8Np from the irradiated 237Np sample arc simultane
ously measured with the 233Pa activities which were in radioactive equilibrium to -^Np. The 
detection efficiency was experimentally determined by the mixed gamma-ray standard sources. 

Thermal neutron flux was monitored with a Au foil of 3 mm in diameter and 50 |im thick 
and/or with a Au-Al alloy wire, 0.0314 % in weight of Au, 0.5 mm in diameter. The a 7 Np and 
the Au samples were set at about 10 cm away from the Bi surface in the irradiation room of the 
heavy water thermal neutron facility of the KUR. Irradiation time was about 10 hours during 
the 5 MW operation of the KUR. Nine irradiations were made, and neutron fluxes for six of 
them were monitored with Au-Al wires and the remains were made by Au foils. The thermal 
neutron flux at the irradiation position in front of the Bi plate attained to about 1.5xl09 n/cm2/s at 
the nominal KUR power level of 5 MW. 

Nuclear data for the produced radioactive isotopes of a s Np and 198Au are shown in Table 1, 
where the data used for the determination of number of a 7Np atoms are included[12]. The g-
factors[13] for both of M7Np and 197Au are also given in the table. 
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4. Measurement of Resonance Integral 

The resonance integral is defined by the relation; 
rvo 

Ix= ox(E)dE/E 

Cd 

where ox(E) is cross section as a function of energy E, and EC(J is a Cd cut-off energy, which is 
assumed to be 0.5 eV. The resonance integral for the 237Np(n,y)238Np reaction has been meas
ured relative to that for the 197Au(n,Y)198Au reaction, as seen in the following relation; 

1 - I EAu R » S x 

"x RAu SAu 

where IAu is a standard value of the Au resonance integral, e, R and S are detection efficiency, 
reaction rate and self-shielding correction, and the subscripts Au and x mean the data for Au and 
237Np samples, respectively. The neutron self-shielding correction in the Au foil was obtained 
by the continuous energy Monte Carlo code VIM[14], 

The 237Np samples were also in the form of dried filter-paper, which was prepared as same as 
those used for the thermal neutron cross section measurements. For the Au sample, metallic foil 
of 12.7 mm in diameter and 50 urn in thickness was used. The 237Np sample and the Au foil 
each were covered with Cd-covcr of 0.5 mm in thickness and stuck on an aluminum holder, 
which was set at the central graphite cavity of the UTR-KINKI. The M7Np sample with Cd-
cover was set between the Au foils with Cd-cover for the neutron flux monitor. Moreover, two 
Au foils without Cd-cover were also inserted in the central cavity region for the data normaliza
tion between the irradiation runs. Five hours irradiation runs with the sample/foil were repeated 
9 times during the 1 W operation. Induced activities from the samples were measured with a 
HPGe detector, whose detection efficiency had been calibrated with standard gamma-ray 
sources. The nuclear data used for the present measurement arc also taken from Table 1, as 
done in the thermal neutron cross section measurement. 

In the present measurement, thickness of the Cd-covcr is 0.5 mm, whose thickness usually 
corresponds to a cut-off energy of about 0.5 eV. However, a 7Np has a big resonance at 0.49 
cV, and the cut-off energy with Cd-cover of 0.5 mm in thickness is about 0.3 cV for the neutron 
spectrum at the central graphite region of the UTR-KINKI. We have corrected the resonance 
integral for the 237Np(n,Y)23SNp reaction to define the cut-off energy to be 0.5 eV by using the 
VIM code. 

5. Results and Discussion 

Thermal Neutron Cross Section 

Thermal neutron cross section for the 237Np(n,Y)238Np reaction was obtained, relative to the 
well known 2200 m/s reference cross section value of 98.65+0.09 b for the 197Au(n,y)198Au reac
tion. The present value is shown in Table 2, comparing with the existing data. The experimen
tal uncertainties were carefully analyzed by considering the correlations between the measured 
data[15]. The correlation coefficient between the data for the 237Np(n,y)238Np and 197Au(n,Y) 
198Au reactions is 0.05 in the present measurement. Main sources of the uncertainties are due to 
the statistical errors and from the detection efficiencies for the induced gamma-ray measure
ments. The experimental uncertainties for 9 irradiations are summarized, and the resultant value 
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is about 1.9 %. The measured data which were derived from two kinds of neutron monitors by 
the A u foii and the Au-At alloy wire showed a good agreement within the experimentai error, 
each other. W c have also made neutron irradiations of ̂ N p with the 0.5 m m thick Cd-cover at 
the heavy water thermal neutron faciiity of the K U R . From the result, the induced activities of 
2^Np coutd not be observed. 

As seen in Tabie 2, previous experimentai thermal neutron cross sections exist between 172 
and 187 b and larger by 9 to 18 % than the present measurement. The evaluated data, which arc 
rather based on these experimental data, are also higher, and the data from E N D F / B - V are iarger 
by about 7 % than the measurement. The Mughabghab's and JENDL-3 data are targer by 11 to 
15 %. These discrepancies may be due to the fact that the previous measurements cannot be 
always good enough to measure the cross section correctly, from the points of experimental 
techniques, the neutron spectrum fietd used as a standard and of the prepared sampie completion. 

Resonance Integra! 

Resonance integra! for the ̂ Np(n.y) ̂ N p reaction was obtained from 9 irradiation runs by 
normalizing to the reference value of 1530+28 b for the '^Au(n,y)'^Au reaction. The present 
vatuc is summarized in Tabic 3 with the experimental uncertainties of 3.7 %, taking account of 
the correlations between the measured data. Most of the experimental errors were from the sta
tistical counts, the detection efficiencies and from the reference value as those in the case of 
therma) neutron cross section measurement. The correlation coefficient between the -^^Np(n,y) 
^ N p and the '^Au(n,Y)^Au tactions was 0.48. Self-shielding correction for the A u foil 50 
H m thick was made by the V I M code. For the ̂ N p samples, the sc!f-shie!ding effect was not 
considered because the sample was diluted in the form of dried filter-paper. 

W e have investigated the effect which is observed in the resonance integral by changing the 
Cd cut-off energy, and found that a 10 % change in energy results in only a 0.2 % shift in the 
integral data, if the cross section is assumed to be 1/v shape. Moreover, the correction was made 
for the fact that the neutron energy spectrum :n the U T R - K 1 N K 1 was deviated from the ideal 1/E 
spectrum, especially at energies below 1 eV. 

Since ̂ N p has a big resonance at 0.49 eV, the effective Cd cut-off energy becomes much 
lower than 0.5 eV whose value is used for the definition of the resonance integral. For the 
experimental determination of the resonance integral for the ̂ Np(n,y)^Np reaction, therefore, 
the measured data must be corrected. In the present measurement, correction factor due to the 
difference of the effective cut-off energy was estimated to be 30 % by the Monte Carlo calcula
tions using the V I M code. W e have obtained 931+35 b is a resonance integral for the ^Np(n,y) 
^ N p reaction before the Cd cut-off energy correction. The reason why the old experimental 
data are much larger than the present value may be due to the fact that the correction of E ^ was 
not considered properly. 

Recent evaluations of JENDL-3 and E N D F / B - V and by Mughabghab are in good agreement 
with the present measurement, as shown in Table 3. However, most of the experimental values 
which are rather old are larger by 24 to 38 %, except for that by Hellstand. 

6. Conclusion 

Thermal neutron cross section for ?he ̂ Np(n,Y)^Np reaction was measured with the pure 
Maxwellian distribution field at the heavy water thermal neutron facility of the K U R , and the 
resonance integral for the same reaction was measured with the 1/E neutron spectrum field at the 
central graphite cavity of the UTR-KINKI, relative to the '^Au(n,y)'^Au reaction cross section 
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for both ̂ N p cross section measurements. For the thcrmat neutron cross section measurement, 
most of the previous cxpcrimcntat data arc targcr by 9 to 18 % than the present data(158+3 b), 
and the cvaiuatcd vatucs arc atso targer by 7 to 15 % than the present. On the other hand, the 
evatuated resonance intcgrats arc in good agreement with the present rcsutt(652+24 b). Howev
er, the o!d measurements arc targcr by 24 to 38 % than the present vatuc. 
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Fig. 1 Experimental arrangement for the thermal neutron cross 
section measurement at the heavy water thermal neutron 
facility of the KUR. 
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Fig. 4 Neutron energy spectra obtained at the central graphite cavity of 
the UTR-K1NKIC7]. 
(a) in the lower energy region, and (b) in the higher energy region. 

oQAV were measured by sandwiched foils, 
calculation, 
adjusted spectrum. 

Table 1 Nuclear data of 2 3 7Np, 2 3 3Pa, 2 3 8Np, 1 9 7Au and 1 9 8Au 
used tor the present measurements. 

Isotope 

a 7 N p 
233Pa 
B SNp 

,97Au 
,98Au 

Table 2 Thermal 
s e c t i o n 
for the 
r e a c t i o n 

Present 
JENDL-3('90) 
ENDF/B-V('79) 
Mughabghab('84) 
IAEA handbook('87) 
Weston('81) 
Ebcrle(71) 
Hcllstrand(70) 
Schuman('69) 

Half-life 

2.14xl06v 
27.0 d 
2.12 d 

2.694 d 

Gamma 
energy 

-ray Gamma-ray 
intensity 

0.312 McV 37.0 % 
0.984 McV 27.8 % 
1.029 MeV 20 .3% 

0.412 McV 95.5 % 

neut ron c r o s s 
(2200 m/s va lue) 
2 3 7 Np(n,Y) 2 3 B Np 
. 

158 + 3 b 
181.0 
169.1 
175.9 + 2 
169 + 3 
185 ± 12 
187 + 6 
172 + 3 
185 ± 12 

.9 

g-factor 

0.982 

1.0051 

Table 3 Resonance i n t e g r a l fo r 
the 2 3 7 Np(n ,Y) 2 3 8 Np 
r e a c t i o n . 

Present 
JENDL-3C90) 
ENDF/B-V(79) 
Mughabghab('84) 

652 + 24 b 
663.0 
662.6 
640 + 50 

IAEA handbook('87) 821.5 + 58.0 
Hcllstand('79) 
Schuman('69) 
Scoville('6S) 

640 + 50 
807 + 40 
900 + 300 
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5.2 Measurement of Cross Section for Am(n, f) Reaction between 
0.5 eV and 10 keV with Lead Slowing down Spectrometer 

K.Kobayashi1, M.Miyoshr, S.Yamamolo1, Y.Fujita1, 
I.Kimunr, I.Kanmrand S.Kanazawa2 

1 Research Reactor Institute, Kyoto University, Kumatori-cho, Scnnan-gun, 
Osaka, 590-04 Japan 
2 Department of Nuclear Engineering, Kyoto University, 
Yoshidahonmachi, Sakyo-ku, Kyoto, 606-01 Japan 

By making use of a lead slowing-down spectrometer coupled to an electron linear 
accelerator and back-to-back type double fission chambers, the fission cross section of 
-'Am was measured relative to that of : " t / in the energy region from 0.5 el' to 10 kel'. 
The measured result has been compared with {I) the evaluated nuclear data files, 
JENDL-3 and ENDFIB-VI, and with (2) the existing experimental data. Although the 
shape of the present energy dependent fission cross section is close to that of the evaluat
ed data files, the absolute values of the present data are about 3 time larger than those of 
the evaluated data and of the measurements by Dabbs. and are rather closer to those 
measured by Gayther and Bowman above about a few tens ofcV. 

A lead neutron slowing-down spectrometer was installed beside the 46 MeV electron 
linear accelerator (linac) at the Research Reactor Institute, Kyoto University (KURRI). 
This spectrometer was named KULS. At the center of KULS, we set an air-cooled Ta 
photoneutron target to generate pulsed neutrons. Wc obtained its performance, namely 
the relation between the slowing-down time t and the neutron energy E, and the 
energy resolution E/E, using a BF, counter or an Ar-gas counter with several kinds of 
resonance filters. Good linearity was observed between 1/ E and t, and the energy 
resolution was determined to be about 40 % in the relevant neutron energy region. The 
detailed characteristics of KULS were reported in the previous works1'2*. 

By making us of KULS, we have measured the fission cross section of 241Am relative 
to that of 235U from about 0.5 cV to about 10 kcV. Back-to-back type double fission 
chambers which appears in Fig. 1 were employed for the fission cross section measurc-
ment?). As the electrodes of the chambers, we electrodeposited 24,Am02 and ^ U O , 
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Fig. 1 Cross sectional view of back-to-back type double fission 
chambers. (l)Tubc for vacuum, (2) Connector, (3) Chamber, 
(4) Electrode, (5) Support of ticctrodeposits, (6) O-ring, (7) 
Teflon support of electrode, (unit: m m ) 

layers on stainless steel plates of 28 m m in diameter and 0.2 m m thick. The diameter of 

the deposits was 2 cm. After the clcctrodeposition, each plate was set into the chambers. 

The number of atoms in the deposits was determined by the alpha-ray spectrometry with 

a Si surface barrier detector. The chambers were filled with a .nixed gas of 97 % Ar and 

3 % Ni at 1 atm, and then put into an experimental hole covered by Bi layers in K U L S . 

By an operation of the electron linac for about 200 hours, the cross section for the 

^'Am(n,f) reaction was obtained relative tc the ̂ U(n,f) cross section in ENDF/B-V! as 

a standard. In Fig. 2, the present result, in which only the statistical error is taken into 

account, is compared with the values in two newly evaluated nuclear data Hies, J E N D L -

3^) and ENDF/B-V1^). Since the energy resolution of the original files is much higher 

than that of the present experiment, we processed those data by multiplying a resolution 

function of a Gaussian with 40 % of its ft'l! width at half maximum. The present result is 

also compared with the existing experimental data in Fig. 3. 

From these figures, it is seen that (!) the gross shape of the present measurement is 

close to that of the E N D F / B - V ! cross section and the J E N D L - 3 data which are a little 

lower than the ENDF/B-V1 in the energy region between 10 and 200 eY, (2) the absolute 
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value of the present result is about 3 times larger than the values in both JENDL-3 and 

ENDF/B-V! which was evaluated by making much of the experimental data by Dabbs^. 

Our data are roughly in the average level of the Knitter's and the Sccgcr's results' ̂  and 

are rather close to those by Gaythcr^ and Bowman"" above a few tens of cV. !t has to 

be continued in future to investigate the discrepancies between the existing data and ours. 

- io' 

t 

- !0" 

to* 

^ 10" -

— !0' 

ENDF/B-V! 

JENDL-3 

This work 

- H.H.KNITTER 
- D.B.GAYTHER 
- P.A.SEEGER 
— C.D.BOWMAN 

j-
t0*- !0*' 10" !0' tO- tO' 

Neutron Entrgy (eV) 
!0* )0' 

Fig. 2 Comparison ofthe present measurement and the evaluated 
data (JENDL-3: solid line, ENDF/B-VI: dotted line) which 
were broadened with a resolution function of 4(1 %. 

References: 

1) KKobayashi, et al.: JAERI-M 93-046, p.360(1993). 

2) A.Yamanaka, et al.: J. NucL Sci. Techno!., 30[9], 863 (1993). 

3) M.Obu: JAERI-M 9737(1981). 

4) K.Shibata, et a!.: JAERI 1319 (1990). 

5) R.F.Rose(ed.): B N L -NCS-17541 (4th ed.) (1991). 

6) J.W.T.Dabbs, et al.: Nucl. Sci. Eng., 83, 22 (1983). 

7) H.H.Knitter, et al.: Atomkemenergie, 33, 205 (1979). 

8) P.A.Seeger, et al.: Nucl. Phys., A96, 605 (1967). 

181 



.!.\H!H \! '̂! '))'< 

9) D.B.Gayther, ct a).: 4-th AH Union Conf. on Neutron Pysics, at Kiev, on 18-22 

Apri! 1977. 

10) C.D.Bowman, et a[.: Phys. Rev. B, 137, 326 (1965). 

to-

— irr' to* 

This work 
JENDL-3 
ENDF/B-VI 

10" 10' 10* 
Neutron Energy (eV) 

10' 10" 

Fig. 3 Comparison of the present measurement and the existing 
evaluated and measured data. 

182 



. IAKUI M it I Hill 

5.3 Spectrometry of Several Tens MeV Neutrons Penetrating 
through Shields Using Organic Liquid Scintillator at 

90 MeV AVF Cyclotron Facility, TIARA 

Noriaki NAKAO, Takashi NAKAMURA. Masashi TAKADA 
Cyclotron and Radioisoiope Center. Tohoku University. Sendai. Japan 

Mamoru BABA 
Department of Nuclear Engineering. Tohoku University. Sendai. Japan 

Shun-ichi TANAKA, Hiroshi Nakashima, Yukio SAKAMOTO. Yoshihiro NAKANE 
Tokai Establishment. Japan Atomic Energy Research Institute. Tokai. Japan 

Susumu TANAKA 
Takasaki Establishment. Japan Atomic Energy Research Institute. Takasaki. Japan 

KazuoSHIN, Eiji TANABE 
Department of Nuclear Engineering, Kyoto University, Kyoto. Japan 

Abstract 
We measured the neutron spectra penetrating through concrete shields which were up to 2 in 

thick using BC50IA organic liquid scintillator with 40.5 and 64.5 MeV quasi-monoenergetic 

neutrons in the AVF cyclotron of the TIARA (Takasaki Ion Accelerator for Advanced Radiation 

Application) facility, JAERI. The source neutrons were produced from 3.6 mm and 5.2 mm thick 7Li 

targets bombarded by 43.5 and 67.0 MeV protons, respectively, and were measured with the TOF 

method. For analysis of penetrating neutron spectra, we used the unfolding method with the 

FERDOU code ". In advance to the spectrum analysis, the response function of this scintillator was 

measured with the TOF method in TIARA, CYRIC and R/KEN, and was compared with that 

calculated using the Monte Carlo code, SCINFUL2'. The comparison showed good agreement 

below 20 MeV, but some discrepancy above 20 MeV owing to the inaccurate cross sections of carbon 

reactions and light yields of produced charged panicles. The measured neutron spectra were 

compared with the MORSE Monte Carlo31 calculation using the DLC-119/H1L08641 multi-group 

cross section library. The comparison revealed that the calculated spectra are in good agreement with 

the measured spectra. From the measured results, the attenuation profile in concrete and neutron flux 

distribution on shield surface could be clarified for various neutron energies. 

(1) Introduction 

Accelerators have recently been used not only for nuclear physics and material science but 

also for engineering and medicine. The number of more intense and higher energy accelerators is 

therefore increasing, which increases the importance of shielding design study and shielding 

experiment of high energy neutrons. However, experimental neutron cross section and shielding 

data are very scarce. At present, only two neutron cross section data sets of DLC8741 and 

DLC119/HIL0863' are available beyond 20 MeV energy. These multi-group cross section libraries 
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are made from fusion cross section library. VITAM1N-C6' based on ENDF/B-IV. VITAMIN-E7' 

based on ENDF/B-V, respectively, in the energy range from thermal to 19.6 MeV. and in the energy 

range from 19.6 MeV to 400 MeV. elastic scattering cross sections are given from the calculation of 

optical model and nonelastic scattering ones are given from the calculation of the intranuclear cascade 

-evaporation model. The accuracy of these libraries has, however, not been well tested, because of 

very' few' shielding benchmark experiments.*19' 

This study is a part of the research programme which is running as a cooperative project 

between Japan Atomic Energy Research Institute (JAERI) and several universities to acquire the cross 

section and shielding data for several tens MeV neutrons using a p-7Li quasi-monoenergetic neutron 

field at the 90MeV AVF cyclotron facility, TIARA in JAERI. In this work, we provide the 

experimental benchmark data tor neutrons penetrating through concrete shield. 

The souce neutron spectra from the 7Li target were measured with a recoiled proton counter 

telescope12' and a BC501A organic liquid scintillator using the TOF nieihod. and spectra of neutrons 

penetrating through shield were obtained with the BC50IA using the unfolding method, which 

required the response functions. The response function data are usually calculated with the Mome 

Carlo code.2"""1' But there exists big disagreement in the differential light output spectrum for 

neutron energy higher than about 20MeV between measurement and calculation. We therefore 

measured the response functions of BC501A to neutrons by using the TOF method, and obtained the 

neutron spectra penetrating through shield by using the FERDOU" unfolding code and the response 

functions obtained in a matrix form. 

(2) Measurements of response functions of organic liquid scintillator 
The response functions of a 12.7-cm-diameter by 12.7-cm-long BC501A organic liquid 

scintillator (BICRON Co. Ltd.) coupled to a R4143 photomultiplier (Hamamatsu Photonics. Co. 

Ltd.) were measured in three cyclotron facilities. Cyclotron and Radioisotope Center (CYR1C) in 

Tohoku University, TIARA in JAERI Takasaki, and Institute of Physical and Chemical Research 

(RIKEN), under the following five projectile-target combinations, 

(1) 35 MeV pon9Be(10mm) atCYRIC, 

(2) 50MeV 3Heon9Be(10mm) atCYRIC, 

(3) 65MeV 3Heon9Be(10mm) atCYRIC. 

(4) 67 MeV p on Cu (7.6mm) at TIARA, 

(5) 135 MeV p on 9Be (70mm) + C (20mm) at RIKEN. 

These measurements were done under the geometry that the detector was placed at about 12m away 

from the target which was thick enough to stop accelerated particles. White-spectral neutrons were 

then generated from these targets and the light output distributions of the scintillator to neutrons were 
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measured by using the TOF method. The neutron (light time, the pulse height and rise time of light 

outputs were recorded in the list mode. Figure I illustrates the block diagram of the measuring 

circuits. 

The TOF spectrum was convened to the energy spectrum Tune resolutions were determined 

to be about 1.22-1.78 nsec from the FVVHM of y-ray-peak flushed from the target After eliminating 

y-ray pulses by two dimensional n-y discrimination technique, we sampled neutron e\ent data into 

neutron energy interval whose width was wider than that of the energy resolution determined from 

the time resolution. These interval widths were fixed to be 1. 2. 4. 5 MeV for energy range from 0 to 

44. 44 to 70. 70 to 90. 90 to 130 MeV, respectively. We then obtained the response functions of the 

scintillator in the neutron energy range up to 130 MeV. 

Calculations of response functions were carried out with the Monte Carlo code. SCINFUL-1. 

Upper limit of the neutron energy which can be calculated in this code is 80 MeV Since the absolute 

values of our measured data were not obtained, the measured values for neutron energy range up to 

80 MeV were normalized to the corresponding calculated values around the upper plateau edge of the 

response function, where the neutron reaction in the detector is dominant!)' the H(n.n) reaction. This 

normalization can be justified, since the calculated response functions in this light range are 

considered to have good accuracy due to well evaluated H(n.n) cross section values. The 

comparisons between calculated and measured response functions are shown in Figures 2 to 5. They 

showed good agreement below 20 MeV. but some discrepancy above 20 MeV. because the cross 

sections of the carbon reactions. (n,p), (n.d), (n.pn), (n,n'3ot) and so on. and light yields of 

produced charged particles are not so accurately estimated in the Monte Carlo code. Light attenuation 

correction in the scintillator should also be considered especially for a large volume scintillator. 

We made the response matrix of 59 x 61 from thus obtained response functions for neutron 

energy range up to 80 MeV. By using this matrix, we can obtain the neutron energy spectrum from 

the light output distributions with the unfolding method. 

(3) Measurement of neutrons penetrating through shield 

We measured the neutron spectra penetrating through concrete shield using the BC50IA 

organic liquid scintillator with 40.5 and 64.5 MeV quasi-monoenergetic neutrons in the AVF 

cyclotron of the TIARA. The neutron beam was injected into 120cm by 120cm concrete slab of 25 to 

200cm thickness, which were fixed in contact with the 10cm diam collimator exit located at 4m from 

the target. The experimental arrangement at TIARA is shown in Figure 6. 

Source neutron spectra 

The source neutrons were produced from 3.6 mm and 5.2 mm thick 7Li targets bombarded by 
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4.V5 and 67.0 MeV protons. respeetiveK The absolute fluenees. ot source neutrons in the 

monoenergetie peak per proton beam current were obtained I mm the counter telescope'-'. The 

counts of fluence monitors (- ,SU and ; , : T h fission chambers) which wcie placed near the target 

were normalized to this absolute fluence values, then the source neutron fluence during each 

experiment was given from the fluence monitor counts 

The source neutron spectra were measured with both the BC501A using the TOF method and 

the recoiled proton counter telescope1-1. Figures 7 and 8 show the neutron spectra obtained b> both 

detectors. We can find overall good agreement in the spectral shape. howe\er. slight differenc in 

peak (luences. around 10% lower and 159?. higher values by the BC50IA measurement than those by 

the telescope measurement in 43.5 MeV and 67.0 MeV. respectively. These disagreement probably 

come from the errors of the rluence monitors and the scintillator efficiency which was obtained from 

our measured response functions. 

Measurement of neutrons penetrating through shield 

The neutrons penetrating through concrete shield were measured \ ith the BC50IA which was 

located in contact with the shield surface on the beam axis, and also on the surface at 20cm and 40cm 

distance off the beam axis to investigate the surface distribution of neutrons scattered at large angle 

After elimnating y-ray pulses, we converted the light output distributions induced by neutrons 

into the neutron energy spectrum using the FERDOU1' unfolding code and the response matrix. 

Calculation of transmitted spectra 

The calculations of the neutron spectra transmitted through concrete shield were made with the 

MORSE Monte Carlo code3' using the DLC-119/HIL0864' multi-group cross section library. The 

source neutron spectra measured with the counter telescope were used in the calculations. In the 

calculations, source neutrons were assumed to be emitted only in a very sharp cone of 5.94 x 10 "4 sr. 

considering the geometry of the neutron beam collimator. The point estimators were placed at the 

effective center of the detector for flux estimation. 

Results and discussion 

The neutron energy spectra measured on the beam axis are shown in Figures 9 and 10 for 

43.5 MeV and 67.0 MeV p-7Li experiments, respectively. The measured results for 0cm thick shield 

are the neutron spectra at the exit of the collimator which were obtained via the distance correction 

from the source neutron spectra, while 'source's in the figures arc the source spectra for calculation. 

The comparison of penetrating neutrons in the figures revealed that the calculated spectra are in good 

agreement with the measured spectra especially in the 43.5 MeV p-7Li experiment, excluding around 
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the monoenergeiic peak, since the DI.CI ll» cross sections ha\e .1 gioup slimline ol s Me\' inlcival 

above 30 McV. while on the other hand, the measured spectia aie given each I McY interval in the 

same energy range Figure I I shows the peak flucncc attenuation piofilcs m concrete shield and the 

attenuation lengths of concrete The calculated and measured peak lluences obtained b> summing up 

Mionoencrgetic peak tluxes showed good agreement as seen in the liguic 

The neutron (lux distributions on the conciete surface loi various shield thickness are 

examplilied in Figures 12 and 13 for 25cm thick concrete in -J * 5 MeV and 67 0 .\Je\' p- l.i 

experiments, respectively A big disagreement around the neutron peak and relative!) small 

discrepancies in lower energy region are found. The one reason for these disagreement may be due 

to the point-detector flux estimator in our calculations, since the detectoi used in the experiment had 

large volume The other reason is the possibility of neutrons leaked from outside the collimator We 

are now performing the flux estimation using the surface cossing estimator and the track length 

estimator 

(4) Conclusion 
Neutrons penetrating through shields were measured for concrete shields from 25 to 200eni 

thickness using quasi-tnonoenergetic neutrons of energy 40.5 and 64.5 MeY 

The data provided a good prediction for the absolute value of neutron spectra behind the 

concrete shield and will he useful as the integral benchmark experimental data. The attenuation of 

peak fluence was also well reproduced by the calculation using MORSE Monte Carlo code and 

DLC1I9/H1L086 cross section library 
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Double-differential (i-particle production cross sections of natural Ni. K\ Cti and 
enriched *"C'r were measured using a specially designed endded ionization chamber 
for 7 6 and 11.5 MeV neutrons produced by the uN(d.nl"0 <Q=.VI2 MeV) and 
'*N(d.n)"X) (Q=9.SS MeV) reactions. The IJN(d.n)|,0 and ,'N(d.n)"'0 reactions proved 
to he useful to obtain 7 to 13 MeV neutrons for a-production studies with a 4 S MV 
Dynamitron accelerator at Tohoku University. 

1. Introduction 
Double-differential ot-particle production cross sections arc important for estimating 

radiation damage and nuclear heating in fusion reactor structural materials. However, the 
(n.xa) cross section data are scarce and there are large discrepancies among evaluations 
[1]. Therefore experimental data arc required for wide neutron energy range 

For the study of a-particlc production reaction, we have developed a gridded 
ionization chamber (GIC) [2.3] which has large geometrical efficiency and capability 
of energy-angle determination. Using the GIC. a-particlc production cross sections of Ni. 
Fe and Cu have been measured at the neutron energy region from 4.3 to 6.5 MeV and 
14.1 MeV using the D(d,n) and T(d.n) neutron sources, respectively, provided by Tohoku 
University 4.5 MV Dynamitron accelerator. However, mono-energetic neutrons are not 
available in the energy range from 7 to 13 MeV with the 4.5 MV Dynamitron 
accelerator. 

In this work, we applied the ,4N(d.n)"0 [4) and I,N(d.n)"'0 [5] reactions as 
the neutron sources corresponding to these energy region. These reactions are not mono-
energetic sources essentially; nevertheless, the first excited-states in 150 and ,f,0 are well 
separated from the ground-states (6.0 MeV for "D and 5.1 MeV for ,50). This is 
advantageous for studies of a-production reactions, since the excitation function of (n.xa) 
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reactions rises up around 3-5 M e V because of high coulomb barriers. 

2. Neutron sources 

Recently, we have tested applicability of the '^N(d.n)'^0 and '^N(d.n)'*0 reactions 

as 7 ] 3 M e V neutron sources [6]. A ?as target of ! mm-wa!! copper tubing with a 

platinum beam stop was used. The gas pressure was set to about 80 kPa (600 Torr) for 

both '^N and '^N to make the deuteron energy loss to be around 500 kev. W e observed 

that, for nitrogen gas. the entrance window of 5 um-thick molybdenum is much stronger 

than 2.2 um-thick Havar which has been used for the D(d.n) source. The present gas cell 

withstands beam currents up to -4 uA. Figure 1 shows the neutron emission spectra from 

these reactions, which were measured by the time-of-flight method using a NE213 

scintillator, 2"-diam and 2"-thick. placed in the water tank at about 6 m flight path. In 

both reactions, clear neutron peaks are observed at 7.6 and 11.5 M e V for deuteron 

energies of 3.4 and 2.5 M e V . respectively, while contaminant neutrons from the excited-

states (n,-nj have comparable intensities. Between n„ and n,. there are no appreciable 

background neutrons except for small bump due to the D(d,n) reaction at the platinum 

beam stop in the spectrum of the "N(d,n)"0 source. 

3. Experiments 

W e measured (n.xct) reaction cross sections of Ni, Fe, Cu and **Cr for 7.6 and 11.5 

M e V neutrons from the '*N(d,n)'^0 and ^N(d.n)'*0 sources, respectively. The G!C shown 

schematically in Fig. 2 was operated with the Kr+3%CH., gas mixture with the pressure 

optimally adjusted to the emitted ct-partide energy. The details of the G1C has been 

described previously in Refs. [2,3]. The anode and cathode output signals. Pa and Pc 

respectively, are represented by the following equations [7] if charged particles emitted 

from the sample on the cathode stop between cathode and Frish grid; 

Pa = E ( ! - oleosa ) - E . (!) 

Pc = E ( 1 - ^cose ) , (2) 
a 

where 

F, 6 = energy and angle of emitted particle, respectively, 

o = grid inefficiency of the GIC (-3.9%), 

jr = distance from the beginning of the ionization to the center of the gravity of 

the charge distribution of the trace, 

a* = spacing between the cathode and the Fhsh grid. 
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Therefore, we can obtain the double-differentia) ct-particle production cross sections by 

processing the two-dimensional data for Pa versus Pc according to the Eqs. (!) and (2) 

The experimental setup was almost same as that reported in Refs. [2.3]. The 

samples were natural 3 um-thick self-supporting foils of Ni. Fe and Cu and an enriched 

3 u m (2.14 mg/crn^) -thick layer of ^"Cr (99.9%) evaporated on a gold backing. Neutron 

ftuence was determined using a proton-recoil telescope whose radiator was same size as 

the sample foils (23 mm-diam) and positioned at the sample foils in the G I G T w o 

NE213 neutron monitors were employed: one was placed on the neutron beam axis and 

the other was at the unshielded position for flux normalization between the G!C and 

telescope measurements. A block diagram of the electronics for G!C is illustrated in Fig. 

3. Three signals from the common cathode and two anodes of the G1C were accumulated 

by a 3-parameter data acquisition system. The events generated in forward- and 

backward-hemisphere were accumulated simultaneously. 

For a few 10 hours, (n.ot) measurements were carried out for each sample and the 

foils of Au(3 um-thick) or W ( 3 0 um-thick) for background measurements. 

4. Data Analysis 

The double-differential a-production cross sections were deduced according to the 

Eqs. (1) and (2). In the present experiment, backgrounds due to contaminants neutrons 

from the excited-states should be corrected for. 

In the case of the '*N(d.n)'^0 source, neutron energies from the excited-states of 

'^O are lower than effective threshold energies of (n.xot) reactions of structural material 

elements. Therefore, this neutron source can be treated as 7.6 M e V mono-energetic 

neutrons for a-production reaction. O n the other hand, for the '^N(d,n)'*0 source, there 

is small perturbation caused by the neutrons of around 4.5 and 5.5 M e V . from the 

excited-states of '"O. Then the total a-particle events C from this source are written as 

following: 

C = rV - [<ME.)<J,JE.) * E'M5)'',,.<E<M , (3) 
i-t 

where suffixes 0 and i denote neutrons from the ground-state and i-th exited-states, 

respectively. Consequently, total a-particles are the independent sum of the products of 

neutron fluence and cross sections for each neutron energy. The neutrons n, and n-,, n^ 

and n^. are treated as two mono-peaks at 4.5 and 5.5 M e V . respectively, because their 

energies are so close. Neutrons from states higher than the fifth level are ignored owing 

to lower energy. Then the second term in the Eq. (3) can be calculated by using the 

neutron fluence measured by the time-of-flight measurement and the (n.ot) cross sections 

for 4.5 and 5.5 M e V neutrons measured by the D(d.n) source. Therefore, the perturbation 

due to background neutrons can be removed accurately by subtracting the calcutated 

193 



value from the experimental values Tin- procedure can be applied for the angle-

integrated a spectrum and also double-differential cross section Figure 4 shows the 

correction for angle-integrated a spectrum of Ni(n.xrx). The error associated with this 

subtraction is evaluated to be less than 12'r from the error sources for neutron fluence 

determination (fi^r) and the (n.u) measurements for background neutrons by D(d.n) source 

(8rr). 

5. Results and Discussion 

Figure 5 shows double-differential Ni(n.x«) cross section at 7.6 MeV incident 
neutron energy in comparison with those by ENDF/B-VI. The present results show 
spectra close to ENDF/B-VI, but substantially lower absolute values. 

Figure 6 shows the energy-differential cross sections of Cu(n.xa) and s"Cr(n,xa) in 
the center-of-mass system for 11.5 MeV neutrons in comparison with ENDF/B-VI and 
calculations by EXIFON code [8| which is based on statistical multistcp model. The 
present results of Cutn.xai agree fairly well with EXIFON. but these of v'Cr(n.xa) are 
close to ENDF/B-VI rather than EXIFON 

Lastly, ihe (n.xrz) excitation function ol Ni. Fe. Cu and *"Cr are shown in Fig. 7 
together with our previous results by the Dfd.n) and Tfd.n) sources, in comparison with 
other experiments [9,10.11,12.13.14.15], evaluations and calculation 
by EXIFON For Ni(n.xa), the present results at 7 6 and 115 MeV are reasonable 
compared with our previous results at nearby energies measured using JAERI tandem 
accelerator for neutron production [16] The excitation function by our experiments 
is in good agreement with those by JENDL-3 up to around 8 MeV, but smaller above 
8 McV. 

6. Conclusion 

At the neutron energy region from 7 to 13 MeV, we have measured double-

differential a-panicle production cross sections using new l4N(d.n)"0 and 1'iN(d.n)"'0 

sources by Tohoku University 4.5 MV Dynamitron accelerator. In tiiis work, the 

measurements for Ni, Fe, Cu and ^Crfn.xa) were carried out at 7.6 and 11.5 MeV 

incident neutron energies, where only few data had been reported. 
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5.5 Characterization and Application of 20-90 MeV 7Li(p, n) 
Neutron Source at TIARA 
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Shun-ichi TANAKA, Hiroshi NAKASHIMA, Shin-ichiro ME1GO 
Tokai Establishment, Japan Atomic Energy Research Institute, Tokai-mura 319-1 i 

The neutron flux spectrum of the 'Li(p.n) neutron source has been measured for 43 and 

67 MeV protons at the mono-energetic neutron source facility of TIARA in Takasaki 

Establishment, Japan Atomic Energy Research Institute using a newly developed proton-recoil 

telescope. By use of the telescope, double-differential proton, deuteron and triton emission cross 

sections of carbon were measured for 64 MeV neutrons at 7 laboratory angles from 7.2* to 120*. 

1. Introduction 

Neutron cross section data for En>20 MeV are of increasing interest owing to growing 
accelerator utilization in diverse applied fields, i.e., energy, materials, medicine/biology, space and 
so on. However, experimental data are very scanty in the energy region partly because of lacking 
of appropriate neutron source. 

Recently, a mono-energetic neutron source facility for 20-90 MeV range using the 7Li(p,n) 
reaction has been established at TIARA (Takasaki Accelerator for Advanced Radiation 
Application) of Takasaki Establishment, Japan Atomic Energy Research Institute, aiming at 
shielding benchmark experiments and nuclear data measurements required for accelerator shielding 
designs". This energy range is of great interest since reaction mechanism is greatly changing and 
nucleon cascade model is not applicable straightforwardly. In the facility, neutron shielding 
experiments and neutron cross section measurements are going on. 

To provide the data on absolute flux and spectrum of the neutron source which are 
indispensable for the analyses of experimental data, we have developed a proton-recoil telescope 
(PRT) and applied to the 43 and 67 MeV protons. The PRT consists of a polyethylene proton 
radiator and a AE-E telescope proton detector, and its detection efficiency can be calculated 
precisely relying only on the well known n-p scattering cross section and the geometry. This 
technique would provide most reliable flux measurement since the detection efficiency of 
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conventional proton-recoil scintillators is rather uncertain because of the errors in cross sections 

and the light output data for charged-particles emitted from neutron-carbon interaction in it. 

Using the AE-E chnrged-particle detector, we measured the double-differential charged-

particle emission cross sections of carbon for Ep=67 MeV source (En=64 MeV) which are 

important in various applied area. 

2. Experimental 

2.1 Experimental arrangement 

Figure I shows the lay-out of the mono-energetic source facility at TIARA and PRT setup. 

The proton beams transported from a K-110 AVF cyclotron fit a metal target of 7Li(99.9% 7Li) 

mounted on a water-cooled and remotely-controlled target holder. Transmitted protons are bent 

by a clearing magnet into a shielded Faraday cup. Neutrons to 0° direction are guided to the 

experimental room through a ~3 m thick collimator wall consisting of iron and concrete. This 

arrangement provides a clean source of neutrons in the experimental area. In some cases, particles 

attributed to neutralized protons were observed in the neutron beam; these were eliminated by 

use of a few mm thick brass plate in the exit of the collimator. The 'Li target of 2 MeV thick 

is employed usually as a compromise between intensity and energy spread. 

The neutron source intensity is monitored relatively by use of two fission chamber of ""U 

and "!Th located in the vicinity of the target, and of integrated beam charge in the faraday cup. 

These showed agreement within a few % usually, and used for normalization between runs. 

2.2 Proton-recoil Telescope 

The schematic view of the PRT21 is shown in Fig.2. Protons emitted from the radiator by 

n-p scattering are detected by the AE-E counter telescope in a well defined geometry. The AE 

detector is used for particle identification. Further, background protons from carbon within 

polyethylene can be eliminated by a measurement for carbon. Consequently, the detection 

efficiency of the PRT can be calculated accurately from the well known differential n-p scattering 

cross section and the geometrical parameters. 

The AE-detector is a large area (900 ram) transmission-type Si detector with a depletion 

layer of 150 or 300 urn. The E-detector is a Nal(Tl) crystal (5-cm diam by 3-cm thick) coupled 

to a 2"-diam photomultiplier (Hamamatsu R1826): Nal(Tl) was chosen owing to its better linearity 

in light response versus energy deposition, and to better energy resolution than other scintillators/' 

The signals from the AE and E detectors are gated by the coincidence signal between the 

detectors, and then accumulated by MPC-1600 multi-parameter data acquisition system (Laboratory 

Equipment Inc.) event by event. 

The present PRT was designed so as to achieve a high signal-to-background ratio (S/N) 

and good energy resolution with minimal loss of detection efficiency, a) The telescope is shielded 

from the neutron beam by a shadow bar (50-cm long brass) to avoid backgrounds from the 

detector themselves. Further, the polyethylene radiator is placed in the air without using a 

chamber which may be a background source, and supported by thin nylon strings, b) To obtain 
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energy resolution comparable with the source spread, we reduced the angular spread of recoil-

protons entering the telescope by separating the telescope from the radiator by around 40 cm. 

The reduction of the detection efficiency due to this arrangement was compensated by use of a 

large area proton radiator detectors. As a proton radiator, polyethylene plates, 1 mm thick were 

employed mainly. They were shaped to be rectangular, 8 cm x 9 cm, and the central area of 6-

cm diam was cut out to avoid the uncertainty in the radiator area exposed to the neuron beam. 

Programs were developed for calculation of the PRT response and efficiency. They were 

employed also for parametric survey of optimal geometry. The calculated efficiency was validated 

by comparing experimental results relative to another PRT calibrated by the associated-particle 

technique'" for 14 MeV neurons. 

Another geometry shown in Fig.3 (inclined geometry) was also tested. The above annular 

geometry proved to be much superior than the inclined geometry owing to smaller angular spread 

of recoil protons and to smaller volume of the neutron beam viewed by the detector. 

Consequently, the annular geometry was mainly adopted in the source characterization. 

For the source characterization, measurements were done for polyethylene, carbon and 

sample-out. A carbon plate was 0.5 mm thick whose energy loss is close to the 1-mm thick 

polyethylene plate. The average beam intensity was 1 to 3 uA in the present experiments. In this 

condition, neutron spectrum could be measured within a few hours counting time owing to high 

efficiency of the PRT. 

2.3 Telescope for C(n,z) experiment 

The AE and E telescope described above was applied to the measurement of charged-

particles emission spectra from carbon. The measurements were performed at seven laboratory 

angles from 7" to 120"; the annular geometry was adopted in the forward angles, and the 

inclined geometry at backward angles. The distance between the sample and telescope was 

reduced to compensate lower counting rate. The annular geometry enabled measurements at 

extremely forward angles like 7* which was impractical in the inclined geometry. In this 

geometry, the emission angle was varied by changing the distance between the sample and the 

telescope. A 0.5-mm thick carbon plate was employed for the measurements. 

In these measurements, the signals of AE and E detectors were gated by the TOF signal 

to select events induced by the peak neutrons. 

3. Data Reduction 

The examples of two dimensional spectrum for AE versus E signals are shown in Fig.4 

for the cases of polyethylene and carbon samples: The events by protons, deuterons and tritons 

are clearly separated according to energy loss. By selecting the particles of interest, we obtained 

the energy spectrum for each particle. 

The resulting proton spectrum for the 7Li(p,n) source at Ep=67 MeV is shown in Fig.5. 

In the spectrum, continuum neutrons attributed to the breakup reaction are observed as well as 

peak component of concern. The S/N is sufficiently good even in the continuum region, and the 
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protons from carbon have only very small contributions. The energy scale of the proton spectrum 

was determined from the peak neutron energy and the linear response of the Nal(Tl) scintillator 

versus energy; the neutron energy was determined by a time-of-flight measurement using a NE213 

scintillator. The background subtracted spectra were corrected for the energy loss in the sample, 

air. AE detector and window materials using averaged values for possible proton paths. Then, the 

neutron spectrum was deduccJ using detection efficiency of the PRT calculated adopting recent 

differential n-p scattering cross section data. Employing the present PRT, we could deduce the 

absolute neutron flux spectrum down to -15 MeV. The low energy limit was imposed mainly 

by energy loss. 

In the case of C(n,z) reactions, the data by the annular geometry were corrected further 

for the change of solid-angle versus the emission angle. 

4. Result and Discussion 

4.1 Neutron Source Characterization 

Figure 6(a) and 6(b) show the neutron fluence spectra of the 7Li(p,n) reaction for 67 MeV 

and 43 MeV protons, respectively, measured around 5.5 m from the target. The target thickness 

was -2 MeV, i.e., 5.2 mm for 67 MeV and 3.6 mm for 43 MeV. The spectra consist of peak 

due to the (p,n) reaction to the ground state and the first excited state (Ex=0.43 MeV) of 7Be, 

and of a continuum part attributed to the breakup of residual 'Be*. 

The fluence of the peak neutrons is 1.6xl04 (n/cm'/uC) at 5.81 m from the target for 67 

MeV, and 9.9x10' at 5.48 m for 43 MeV: These are in agreement with those expected from the 

cross section values reported by other authors5"'. Further, peak responses agreed with the 

simulation calculations. Therefore, the neutron source proved to realize expected property both in 

intensity and spectrum. 

The continuum part is also important in the analyses of shielding experiments. To estimate 

the energy spectra lower than the cutoff energy, the experimental spectra were parametrized with 

a simple model assuming the 7Li(p,n'He)a reaction for the continuum neutrons. The lines in the 

figures show the three-body phase-space distributions. For both neutron energies, this simple 

model reproduces fairly well the energy distribution. For lower proton energy, however, neutron 

spectra look softer than expected while only limited data are available. Further studies are needed 

to clarify the spectrum of the continuum neutrons. 

4.2 C(n,z) Data 

Figure 7(a),(b),and (c) illustrate the double-differential cross sections for proton, deuteron 

and triton emission reactions of carbon for 64 MeV neutrons. The spectra for each particles 

exhibit characteristic energy and angular distributions. The structures observed in high energy end 

and their strong angular dependencies indicates preferential excitation of discrete levels through 

direct processes like knock-on and/or pick-up reactions. The lower energy parts, on the other 

hand, show continuum like spectra and much milder angular dependencies which will be partly 

interpreted by the kinematic effect due to light mass of carbon. Similar spectrum and angular 
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depends e are observed in the data by UC Davis group71"'. Such rapid change in shape and 
magnitude will have influence on the calculation of the response function of scintillators and 
KERMA factors. Then, more data will be required as well as model development. 

The present spectrometer dose not permit a-particle measurement, and is limited in 
counting efficiency. Therefore, the spectrometer should be extended to heavier particles and to 
higher efficiency. 

5. Summary 

1)A counter telescope detector suitable for neutron flux measurement for 
En>20 MeV was developed and applied to the characterization of JAERI Takasaki mono-energetic 
neuron source using the 7Li(p,n) reaction. The experiments using the telescope provided the source 
spectrum data including continuum part useful for the analyses of experimental data. The spectrum 
of continuum neutrons from the 7Li(p,n) reaction is reproduced satisfactorily by a simple phase-
space model while comparison for other proton energies should be done further. 

2)The telescope was applied successfully to the measurement of double-differential proton, 
deuteron and triton emission cross sections. The spectrum showed characteristic shape of each 
particle and very strong angular dependence. 
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5.6 Application of Large Volume Liquid Scintillator for 
Scattering Cross Section Measurements 

Shigeo MATSUYAMA, Takeshi OHKUBO, Mamoru BABA, Shin IWASAKI, 

Daisuke SODA and Naohiro HIRAKAWA 

Department of Nuclear Engineering, Tohoku University, 

Aramaki-Aza-Aoba, Aoba-ku, Sendai 980, Japan 

We have developed a large volume NE213 liquid scintillator (LLS)/1/ and applied for scattering 

cross section measurements using time-of-flight (TOF) method. The scintillator cell of the LLS is a 

long rectangular glass tube, 80 cm long, 10 cm width and 6.5 cm thick, and is viewed by two fast 

photomultipliers from both end of the cell. Position information can be obtained from the time 

differences between two photomultipliers with resolution better than 7 cm. Time compensated signals 

needed for TOF experiments are provided by a mean timer. Data are acquired for main TOF, position 

TOF and pulse height signals, which are gated by n-y discriminator signals, by a 3-parameter data 

acquisition system to get uniform bias levels independently of the event position. A data acquisition 

and processing method is developed for effective use of the LLS. The detector efficiency is three 

times larger and the timing properties is better than that of the 14 cm <J> x 10 cm thick NE213 detector 

used in our scattering cross section measurements. 

The performance of the LLS as a position sensitive detector was examined by measuring the 

secondary neutron TOF spectra at 14.1 MeV. The LLS was also applied successfully to scattering 

cross section measurements as a single large TOF detector for 11.5 MeV neutrons by low intensity 
l5N(d,n)160 neutron source. 

1. Introduction 

Double-differential neutron emission cross sections (DDXs) for various incident neutron 

energies are needed for neutronics design and for estimation of radiation damage and nuclear heating 

in fusion and fission reactors and high-energy accelerator. Many experimental data for fusion 

structural materials have been accumulated for 14.1 MeV neutrons. However the data for the region 

between 7 and 11 MeV and higher than 20 MeV are still lacking because of the lack of 

mono-energetic neutron source and facility. To apply to the those energy region, we have developed a 

large volume NE213 liquid scintillator (LLS). 

2. Detector system 

2.1 Detector Design 

The schematic view of the LLS is shown in Fig. 1. The scintillator cell is a long rectangular 

glass tube, 80 cm long, 10 cm wide and 6.5 cm thick in inner dimensions. The LLS is designed to 
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detect neutrons coming in perpendicular to its longer axis. The cell is made with 5 m m thick Pyrex 

glass and has a long reservoir cell (about 1 /) on the side of the cell. The surface of the cell is not 

coated with reflector to give best time resolution, while it introduces large light attenuation /!/. T w o 

fast photomultipliers, H A M A M A T S U R-1250, are attached on both ends of the cell by spring from 

the frame. The cell, photomultipliers and preamplifiers are encased in an aluminum box whose inside 

is painted in black to absorb the light from the cell. The size of the box is 198 x 198 x 1800 m m . 

The box has two thin entrance windows, 800 long X 100 m m wide and 0.5 m m thick, in front and 

back side of the cell. 

The light output has a position dependence, since the light is attenuated in the scintillator. 

Figure 2 shows the light attenuation curve as a function of the distance between neutron incident 

position and the photomultiplier observed by the proton edges of 14.1 M e V neutrons. The pulse 

height variation is more than 70 %. This large light attenuation causes a position dependence of 

detection efficiency if detection threshold level is set independently of the event position. 

The difference of light arrival time to both end of the photomultipliers can be used for 

determination of neutron incident position. To get time compensated signals for time-of-flight 

measurements, a mean timer is used. 

2.2 Data acquisition 

Figure 3 shows the block diagram of the circuit. Each anode signal from two photomultiplier is 

fed into a constant-fraction timing discriminator and converted into a fast logic signal. The fast logic 

signals are distributed to three circuits for energy T O F (E-TOF), position T O F (P-TOF) and for n-y 

discrimination. P-TOF is derived from the time difference between two photomultiplier. Time 

compensated signals are derived using a mean timer, LeCloy mode! 624. The time differences 

between the time compensated signals from the mean timer and delayed beam pick-off signals are 

measured by a time-to-amplitude converter to give E-TOF. In order to distinguish neutron- and 

y-events, the pulse shape discrimination technique is used. The performance of n-y pulse shape 

discrimination is limited by light absorption in the scintillator. T w o separate n-ydiscriminators are 

employed for each photomultipliers and the n-y discrimination signals are taken from the 

discriminator closer to the event position which is selected by a P-TOF signal. It proves to be 

effective to get a clear n-y discrimination. Figure 4 shows n-y pulse shape spectra derived from each 

photomultiplier as a function of neutron incident positions. The narrow peaks correspond to neutron 

events. It shows that n-y discrimination of far end of the photomultiplier is worse than that of near 

end. 

Three set of data for E-TOF, P-TOF and pulse height signals, which are gated by n-y 

discrimination signals are acquired event by event on a magnetic optical disk by a 3-parameter data 

acquisition system. 
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2.3 Data reduction 

The three parameter data were analyzed event by event to derive information on neutron energy 

and incident position after correction for bias, efficiency and backgrounds. The neutron energy was 

derived from flight time and flight path length for each position. The time difference at incident 

position were already corrected by mean timer, thus no correction was made. 

W e set position dependent bias levels by software to get position independent efficiency using 

the data of light attenuation. Figure 5 shows the bias curve as a funoHon of event position for the 

proton edges for 14.1 M e V neutrons. By using this technique, w e could get position independent 

detection efficiency. The measured relative detection efficiency as a function of detector positions are 

shown in Fig.6 for 14.1 M e V neutrons. It indicates that the position dependance can be eliminated 

almost completely by the technique and there is no position dependance. 

Position resolution of the L L S was measured by using neutron beams collimated to around 4 

c m by polyethylene collimators of 40 c m long. Figure 7 shows the position resolution and position 

linearity for 14.1 M e V neutrons. The measured resolution was around 7 c m F W H M , which 

correspond to 5 "-* 6 c m inherent detector resolution if the neutron beam width is taken into account. 

3. Application to the double-differential neutron emission cross section measurements 

The performance of the L L S as a position sensitive detector was examined by measuring the 

secondary neutron T O F spectra from polyethylene, natural carbon and tungsten samples at 14.1 M e V 

incident neutron energy. Measurements were carried out using Tohoku University 4.5 M V 

Dynamitron time-of-flight spectrometer. The experimental setup is shown in Fig. 8. The scattering 

sample was suspended parallel to the beam axis at 90 degree. The flight path length was around 4 m, 

which was the shortest distance available in the Dynamitron T O F spectrometer, m this arrangement, 

the scattering angle range covered by the L L S was around 8 degree and the scattering cross section 

data for 7 angles could be obtained. Bias level was set to 2 M e V proton. 

Figure 9 shows E-TOF vs. P-TOF matrix for polyethylene sample. The decrease in neutron 

energy of elastic peak from the H(n,n)H reaction with the increase of scattering angle are observed 

clearly between elastic and the first-level state inelastic peaks of carbon. The neutron emission spectra 

of tungsten and carbon are shown in Fig. 10 and ! 1, respectively, as a function of the scattering 

angles. Figure 12 shows the double-differential neutron emission cross section of carbon at a 

emission angle of 30 degree in comparison with our previous data measured using the 14 cm-diam 

and 10 c m thick NE213 detector at a flight path length of 6 m. The energy resolution of the present 

data are almost same with our previous data even at shorter flight path length owing to smaller 

thickness of the LLS. 

The L L S was also applied for D D X measurements as a large single detector. The efficiency of 

the L L S is three times as large as that of the 14 cm-diam and 10 c m thick detector used previously for 

the study of scattering cross section. Therefore, the LLS will be applicable to measurements even for 
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the cases of tow intensity neutron source and smaH cross sections. W e applied the LLS to the 

scattering cross section measurements using 1 1.5 M e V neutrons via the '^N(d,n)'^0 reaction. The 

'^N(d,n)'**0 neutron source is a promising source for production of "-11 M e V neutrons with our 

4.5 M V Dynamitron acceierator owing to its large positive Q va!ue (Q = 9.885 M e V ) . The neutrons 

from the '^N(d,n)'^0 reaction are not mono-energetic because of the contaminant neutrons from the 

severa! excited states of '^O. Nevertheless, the first excited state is separated by 6.06 M e V from the 

ground state, which aHows us to study neutron scattering from low lying levels. Figure 13 shows the 

spectrum of the '^N(d,n)'^0 neutron source. There were no appreciable background neutrons 

between 11.5 and 5.5 M e V . Therefore secondary neutrons down to around 5 M e V could be 

measured without interference by the background neutrons. The intensity of this reaction, however, 

is only about one tenth of that of the D(d,n) reaction. Therefore the LLS provides a useful means for 

scattering cross section measurements for this neutron source. 

The experimental setup was almost same as that of previous studies /2/ except for the neutron 

detector. Bias level was 3 M e V . The neutron target was an enriched ' ^ 2 gas (99.9 % ) filled in a gas 

cell, 3 c m long and 1 cm-diam, at a pressure of around 400 m m H g . To withstand higher beam 

current, a 5 urn molybdenum foil is used for the entrance window. The scattering samples were 

metallic cylinders of elemental silicon and bismuth. Those were suspended with its vertical axis at a 

distance of 12 cm from the center of the gas cell. The flight path length was 6 m. Figure 14 shows the 

T O F spectrum for bismuth at 45 degree comparing with sample-out background. Signal to noise ratio 

is sufficiently good for scattering cross section measurements. Figure 15 and 16 show the typical 

results of silicon and bismuth in comparison of the data derived from JENDL-3 and ENDF/B-V!. In 

the case of silicon, both nuclear data reproduce the experimental data well. However, there exist large 

discrepancies for bismuth. Then the combination of the LLS and the *^N(d,n) neutron source will be 

a powerful method for scattering cross section measurements around 11 M e V . 

4. Summary 

W e have developed a large volume liquid scintillator (LLS) and applied for scattering cross 

section measurements as a position sensitive detector and as a single large detector. The high 

efficiency of the LLS enabled us to measure scattering cross sections by using a low-intensity neutron 

source. Presently, w e tested the LLS as a position sensitive detector for !4.1 M e V neutrons in the 

Dynamitron T O F spectrometer. To make an efficient use of the LLS, the flight path length has to be 

shorten. Therefore, w e are now planning to make another spectrometer which enable the 

measurements for large angle range at once and w e are also considering to apply double T O F 

method' to reject the effect of contaminant neutrons. 
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Fig. 8 Experimental scattering geometry. 
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Fig. 10 Double-differential 
neutron emission cross 
sections of carbon for 
14 MeV neutrons. 
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Fig. 11 Double-differential 
neutron emission cross 
sections of tungsten 
for 14 MeV neutrons. 
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5.7 Measurements of Double Differential a-particle Emission 
Cross Sections of I2C with 14 MeV Incident Neutrons 

Hiroshi Nishizawa, Akito Takahashi, Yoshinobu Murakami* 

Department of Nuclear Engineering, Faculty of Engineering, Osaka University 

Yamadaoka 2-1, Suita, Osaka, 565, Japan 

* Sumitomo Heavy Industry Co., Niihama, Ehime, Japan 

Double differential a-particle emission cross sections of l2C with 14.1 MeV incident 

neutrons were measured at 5 angle points between 30 and 90 degrees based on the E-TOF 

two dimensional analysis. Experimental method and measured data compared with Haight's 

data are shown. In this experiment the angular dependence of a component of the 
l2C(n,a)9Beg.s. reaction was observed; while for the continuum component of the i;C(n,n')3a 

reaction, angular-dependence was not clearly observed. 

1. Introduction 
Nuclear data of ,JC are required for several applications such as the dosimetry for nuclear 

medicine, the radiation damage estimation and the nuclear heating in fission and fusion 

reactors, and so on. After the interaction of incident fast neutrons such as 14MeV with carbon, 

the most important emitted charged-particles are a-particles from the competing reactions of 
12C(n,n')3a and 12C(n,a)9Be, and it is presumed that the contribution of 3a-breakup from the 

bombardment of ,2C becomes dominant. Because of the complex reaction process, 

angular-energy distributions of emitted particles, i.e. neutron and a-particle, are important 

information. Although there are many experimental data of double differential neutron 

emission cross section (DDXn) available, double differential a-particle emission cross sections 

(DDXa) have seldom been measured directly up to now because of the difficulty of the 

measurement. Recently we have developed the measuring system of charged-particle spectra 

based on the E-TOF two dimensional analysis at our laboratory, and DDXa of ,SC at 

14.1 MeV incident neutrons were measured at S angle points between 30 and 90 degrees in 

laboratory system. Measured spectra were compared with Haight's experimental data. 

2. Experimental procedure 
The present experiment is based on the E(energy) - TOF(time-of-flight) two dimensional 

analysis method (Ref.l). The relation between E and TOF of emitted particles is presented by 

the following equation, 
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B=M0C
2[—T J - l ) # : ; 

where c, Mo, L, and 7" are the velocity of light, the mass, the flight-path length, and the 

time-of-flight of emitted particle, respectively. Fig. 1 shows the relation between energy and 

time-of-flight calculated by equation(l). If energy and time-of-flight of emitted particles are 

measured in coincidence and are analyzed in the E-TOF two-dimensional domain, emitted 

particles of different masses can be separated into different contours and backgrounds caused 

by the charged-particles from other materials in the system than the sample distribute out of 

the contours, and can be removed easily as shown in Fig.l. A schematic view of the present 

experiment is shown in Fig. 2. The flight-path length for the emitted particle is about 50cm. 

The sample, the collimator, and the detector were located inside a lrrxj> x lm long vacuum 

chamber as shown in Fig.2. Emission angle was determined by changing the position of the 

sample. The air pressure of the chamber was about 10'2 torr and the energy loss of 

charged-particles at this pressure was negligible. The 2ns FWHM pulsed D-T neutron source 

of OKTAVIAN was operated with 2MHz repetition frequency. The sample was a 

polyethylene film which had 60mm diameter and 18 urn thickness. A CsI(Tl) scintillator which 

had SOmm diameter and 2mm thickness was used because of its excellent pulse shape 

discrimination capability. The two dimensional distributions of energy and rise-time of signals 

of charged-particle and y-ray are shown in Fig.3. The rise-time is, as shown in Fig.3, 

dependent on energy. Contours indicated with A, B and C are corresponding to a-particles, 

protons and Y-rays, respectively. By the pulse shape discrimination technique, recoil protons 

from the sample and all the v-rays could be removed to measure only a-particles. The net 

a-particle data were obtained by subtracting the data of background run for which we took 

out the sample. The block diagram of measuring system is shown in Fig 4. With an NE213 

neutron monitor, only 14MeV neutrons were counted by the TOF-gated method in 

coincidence with neutron signal by the n-y pulse shape discrimination. The E-TOF two 

dimensional distribution of a-particles from the neutron-bombarded ,3C at 30 degree is shown 

in Fig. 5, where we can see a separated peak at high energy region. The spectra were obtained 

by integrating proper counts within the a-particle contour. The energy calibration was done 

by using an 241Am a-source. Energy resolution of the experiment was 0.7MeV FWHM at 

5.5MeV. For calibrating absolute values of DDXa, we adopted differential recoil proton 

cross section of H(n,p) in ENDF/B-VI, to measure proton contours by the polyethylene 

sample. 

The locations of neutron source, sample and detector are shown in Fig. 6a. We estimated 

broadening functions of angular resolution at all the angles as shown in Fig.6b. In addition, 

the energy loss of a-particle in the sample was not negligible so that we had to correct the raw 
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data for the attenuation effect. The raw data obtained from the above procedure were 

corrected as follows: W e had done a Monte-Carlo simulation calculation, which took account 

the energy toss and stopping positions of ct-particles in the sample considering the geometry 

of neutron source, sample and detector by Bethe formula of stop , power. Although for 

input data of this kind of calculation w e usually adopt D D X a from evaluated nuclear data, w e 

produced by ourselves the input data, since D D X a data of '̂ C are not evaluated in the existing 

evaluated nuclear data libraries Produced DDXct are listed in Table 1, which is the suras of 

following two reactions; the '^C(n,n')3a cross section was assumed as 750mbam considering 

energy-angular distribution of '*C(n,continuum) from JENDL-3 Its energy distribution was 

given as evaporation spectrum and its angular distribution was given as numerical table. The 

'*C(n,a)"Begs cross section was assumed as 70mbam considering angular distribution by a 

Legendre polynomial fit to raw data of the "C(n,ctyBen component which had angular 

dependence, because the angular dependence of this reaction could be predicted 

The spectrum produced by the authors, i.e. input data, and the result of Monte-Carlo 

simulation calculation, i.e. output data, at 30 degree in laboratory system are shown in Fig.7, 

comparing with raw data In order to minimize distortions by the correction, the correction 

factor was derived by comparing the spectra; namely, the result of calculation was shifted 

backward to high energy region by Bethe formula. The raw data were also shfted backward 

to high energy region by Bethe formula and the corrected data were deduced by multiplying 

the correction factor to the shifted raw data. 

3. Results 

Measured D D X a of '"C at 30, 45, 60, 75, and 90 degree in laboratory system with 

M . l M e V incident neutrons after corrections are shown in Figs. 8a through 8e, comparing with 

other experimental data (Ref.2). The present data were bunched with 0.4MeV energy bin to 

improve counting statistics. The energy resolution of the present data was worse than that of 

Haight's data because of the difference in detector capability and neutron source strength 

between the present and Haight's experiments; namely w e used a CsI(TI) scintillator with 

pulsed D-T source and Haight used a magnetic quadruple spectrometer with the intense D C 

source of RTNS-11. 

The separated peaks labeled cm indicate a-partic!es that leave ̂ Be in the ground state. 

Angular differential cross section of this component is shown in Fig.9a and is compared with 

Haight's data and the value derived from the inversed reaction *Be(a,n)^Cn. the equivalent 

neutron energy range of which was 13.5 to 14.5MeV (Ref 2). W e found discrepancies in two 

data; the present data was larger than the Haight's data at around 90 degree in the 

center-of-mass system. 

The continuum spectra at low energy region indicate a-partic!es due to the "C(n,n')3ct 
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reaction which is thought to be a competing process of sequential decay and multi-body 

simultaneous breakup. Angular differential cross section of this component in the ct-energy 

region of more than 2.0MeV, excluding the cto peak, is shown in Fig.9b. The cross section 

was much larger in forward angles than that of Haight experiment. However, w e could not 

clearly identify the trend by the present experiment: One of the reason may be due to the fact 

that there was the broadening of angular resolution at each angle in our experiment as shown 

in Fig.6b, and therefore further investigation has to be done. 

4.Condusion 

Double differential ct-particle emission cross sections of'^C at !4.1MeV incident neutrons 

were obtained at 5 angles based on the E-TOF two dimensional analysis with a pulsed D-T 

neutron source. Background could be reduced by analyzing E-TOF domain for seeking 

proper particle contour and also by applying the pulse shape discrimination technique. 

W e observed separated peaks due to the '*C(n,a)*Begt reaction which showed angular 

dependence. The continuum spectra due to the "C(n,n')3ct reaction were also observed. 

Angular distribution was not in very good agreement with the Haight's data for both the 

'-C(n,ct)"Ben. and '-C(n,n')3ct reactions. 

Measurements at more backward angles are needed to understand the angular distributions 

of these reactions with reaction mechanisms. 
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Table 1 Input DDXa for correction, which is the sum of 1) and 2), 
produced by the authors. 

Reaction 

Energy 
distribution 

Anguiar 
distribution 

Cross section 

1) "C(n,n')3a 

Evaporation spectrum 
T=l.lMeV 

TaMe 
(!arger in forward ang!es) 

750mb 

2) "C(n,a)*Begs 

kinematics, folding with 
0.7MeV F W H M 

Legendre polynomia! fit 
to raw data 

70mb 
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Fig. 2 Schematic view of the present experiment. 
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5.8 Measurements of the Neutron Scattering Cross Sections for 
,2C, 1 60, ̂ Ca and "Fe at 14.2 M e V 

Teiji NISHIO, Shoji SHIRATO and Yoshiaki ANDO 

Department of Physics, Rikkyo University 

Nishi-Ikebukuro 3, Tbshima-ku, Tokyo 171 

Abstract: Double different cross sections and energy-integrated 

differential ones for elastic and inelastic scattering from 

1 2C, 1 6 0 , 40Ca, and 56Fe at 14.2 MeV have been measured at 

forward angles from 10° to 70° in 10° steps. 

The experimental data have been compared with the 

predictions of JENDL-3 as well as those of optical model 

and DWBA calculations. 

Double differential cross sections (DDX) for elastic and inelastic 

neutron scattering from 1 2C, 1 6 0 , ^°Ca and 56Fe at 14.2 MeV have been 

measured at forward angles from 10° to 70° in 10° increments using the 

neutron time-of-flight (TOF) facility of the 300 kV Oockcroft-Walton 

accelerator of Rikkyo University and preliminarily analyzed. 

Neutron TOF spectra were obtained from the signals of scattered 

neutrons and the associated a-particles produced in the 3H-d reaction at 

165 keV, using an NE213 liquid scintillator of 10 cm <t> x 30 cm for neutrons 

and a thin (50 um) NE102A plastic scintillator for a-particles '. The 

signals of the neutron detection position and of the n-y discrimination 

have been also simultaneously measured by a CAMAC data taking system, as 

seen in Fig. 1. The characteristics of soatterers and geometry in this 

experiment are given in Tables 1 and 2, respectively. Cross sections were 
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determined absolutely using the neutron detection efficiency calculated 

by the Kurz code ' and also relatively using the absolute ones measured 

with a 2 in <t> x 2 in neutron detector3' '. The details of the experiment 

are described elsewhere5'. 

Some of measured energy spectra (DDX) of scattered neutrons are shown 

in Figs. 2 - 5 together with calculations based on JENDL-3 using the code 

PLDDX6'. The calculations are performed with the energy resolution of 

0.7 MeV in FWHM. The experimental spectra have been corrected for the 

neutron attenuation in the target and the detector assembly. Measured 

angular distributions for elastic and inelastic scattering are compared 

with optical model and DWBA calculations respectively and the JENDL-3 

predictions, as shown in Figs. 6 - 9 . The inelastic scattering data for 

56Fe in Fig. 9-2 are ones measured with the 2 in <t> x 2 in detector of the 

better energy resolution (FWHA =0.4 MeV). The optical potentials and 

the deformation parameters 3L(0
+-»J1T) obtained are given in Table 3. 
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Table 1 Specifications of the scatterer samples used in 
this experiment. 

SCATTERER 

natc 

CHg 

natpg 

"atca 

"atcaO 

WEIGHT 

(g) 

34.840 

19.597 

166.020 

92.440 

74.618 

SIZE 

(cm) 

3.04< x 3.0 

3.06 x 3.0 

3.00 x 3.0 

4.83 x 6.0 

4.84) x 6.0 

PURITY 

(%) 

99.9 

99.9 

99.9 

99.5 

99.9 

FORM 

SOLID 

SOLID 

SOLID 

GRAIN 

POWDER 

VESSEL 

NON 

NON 

NON 

CH2 

CH;** 

* Weight error of ± 0.005 g. 

** 13.891 g (the outer size of 5.0 cm 4< x 6.6 cm). 
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Table 2 Geometrical parameters in the TOF experiment using 
14.23 MeV incident neutrons. 

D : Distance between the neutron source and the detector rear surface. 

= 388.15 cm. 

L_j.: Distance between the neutron source and the target center. 

H : Vertical distance of the target center from the source-detector plane. 

FP : Neutron flight distance from the target center to the detector rear. 

9 : Scattered neutron angle at the target center. 

A9-,: Maximum deviation of 6 for C, Fe and CH2 targets. 

h$2: Maximum deviation of 9 for Ca and CaO targets. 

Tst: Flight time of incident neutrons at the target center. 

Ta : Flight time of associated o-particles. 

OFFSET., = DELAY2( = 360 ns) + Ta - Tsfc. 

OFFSET2 = OFFSET., - PEDESTRAL (b = -53.500 ns). 

SETTING uSt H FP 9 A9 1 * 62* Tst OFFSET, 
ANGLE 

(deg) (cm) (cm) (cm) (deg) (deg) (deg) (ns) (ns) 

10 75.78 7.6 314.26 14.28 1.14 

20 50.86 5.2 341.08 23.85 1.70 

30 25.38 2.6 366.51 32.53 3.41 

40 25.38 2.6 369.17 42.91 3.41 

50 25.38 2.6 372.43 53.26 3.41 

60 25.38 2.6 376.17 63.53 3.41 

70 25.38 2.6 380.26 73.71 3.41 

1.82 

2.72 

5.45 

5.45 

5.45 

5.45 

5.45 

14.53 

9.75 

4.87 

4.87 

4.87 

4.87 

4.87 

354.60 

359.37 

364.26 

364.26 

364.26 

364.26 

364.26 

* A8 HWHM = [(2 In 2 )
1 ' 2 / 2]A9 = 0.6A6. 
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Table 3 Optical potent ia l [U(r)] and deformation [ B L ( 0 + * J W ) ] 
parameters at 14.2 MeV. [Uc(r) - 0] 

v w s* vso** r 0 r 0 ' a b c so 3 L ( 0 + ^ ) Hef. 
(MeV) (MeV) (MeV) (fm) (fm) (fm) (fm) (fm) 

2C Entrance channel (g.s., 0 +): 

46.5 8.88 4.39 1.28 0.86 0.39 0.39 0.39 7) 

Exit channel (1st e.s., 2 +): 

55.0 2.60 4.39 1.20 0.86 0.39 0.39 0.39 0.65(2+) 

1 60 Entrance channel (g.s., 0 +): 

49.32 4.35 4.31 1.15 1.38 0.646 0.473 0.45 8) 

Exit channel (2nd e.s., 3~): 

51.13 2.46 4.31 1.15 1.38 0.646 0.473 0.45 0.33(3") 

40Ca Entrance channel (g.s., 0 +): 

46.52 6.26 5.08 1.25 1.25 0.65 0.58 0.50 9) 

Exit channel (2nd e.s., 3~): 

47.5 5.52 5.22 1.25 1.25 0.65 0.58 0.50 0.33(3") 

56Fe Entrance channel (g.s., 0 +): 

43.55 10.24 6.00 1.25 1.242 0.673 0.47 0.673 10) 

Exit channel (1st e.s., 2 +): 

43.55 10.24 6.00 1.25 1.242 0.673 0.47 0.673 0.23(2+) 

Ihe potential form is given by the following expression: 

U(r) = U c ( r ) -V/ (Hf v ( r ) ) - i [W v /< 1 + f W ( r ) ) + w G / f G ( r ) + 4 w S f W< r ) / ( U f W { r ) ) 2 1 

- ( W V I ^ d / K s o l f a o W n + W r D ^ 

where f v ( r ) = e x p K r - r ^ ^ J / a ] , fw(r) = exp[(r-r 0 'A 1 / 3 ) /b] , 

fso(r)= expKr-roA
1/3)/^], fG(r) = exp[(r-r0'A

1/3)2/b2]. 

* Note Ws = Vx/4 using the DWUCK4 notation. 

** Note V g o = V^g/4 in the ̂ -o form using the DWUCK4 notation. 
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from natC at 40°. 
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Fig. 2-3 Measured and calculated DDXs for 14.2 MeV neutron scattering 
from natC at 40° (2 In * x 2 in data). 

10* F 

> 
o 
2 
-D 

E 

•o 

d 

X 
D 
Q 

10" 

10 

, 6 0 30' 
n 1 i r 

JENDL-3(ES=0.7) 

6.1304MeV 3-
6.9I90MeV 2+ 

8.8719MeV 2-

9.630MeV 1-
U.08MeV3+ 

O.OMeV 0+ 

6 8 10 12 

NEUTRON ENERGY E(MeV) 
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5.9 Characterization of Neutrons Produced from the 'H^'B, n)uC Reaction 

Shin-ichiro Meigo, Satoshi Chiba and Tokio Fukahori 
Japan Aiomie Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 319-11 

Abstract 
Properties of the neutrons produced from the '{{(''B.np'C reaction, which was proved to 

be suitable for producing mono-energetic neutrons in the region of 7 to 13 MeV, were 
measured for precise measurements of neutron cross-section using the ^ ( ^ B ^ J ^ C neutron 
source. Due to poor time resolution, the energy spectra of mono-energetic area could not be 
measured accurately. The experimental TOF spectra are compared with calculated one that 
simulated the neutron production inside the rfo gas target by the Monte-Carlo method. These 
results will be employed in corrections of previous data and designing future experiments. 

1. Introduction 
In the fast neutron cross section measurements, monoencrgetic neutrons arc usually 

produced by D(d,n)3He, T(d,n)4He and 7Li(p,n)7Be reactions. However, these reactions 
cannot produce really monoenergetic neutrons in the energy region between about 8 and 14 
MeV because of break up reactions. Consequently, only few neutron data exist in this "gap" 
region although data in this energy region are important for the development of D-T fusion 
reactor and TRU incineration reactor driven by proton accelerator. 

Recently progress of heavy ion accelerator technology makes new types of monoenergetic 
neutron generator feasible. At JAERI tandem accelerator, the monoenergetic neutron source 
produced by the 1H(11B,n)11C reaction has been developed1). The neutrons produced through 
the H(11B,n)I1C reactions are suitable for producing mono-energetic neutrons about 7 to 13 
MeV. This monoenergetic source has been used in activation cross section measurements-). 

In these cross section measurements, the energy spectrum of the neutron was determined 
by the time-of-flight(TOF) method. Due to a poor time resolution of incident J1B beam, the 
observed spectra did not represent the "true" neutron spectra needed for the correction of 
measured cross sections, especially for around the threshold energy of measured cross section. 

In this study, the neutron spectra were measured at several incident energies and 
emission angles with flight paths longer than previous experiments1). Then, a Monte-Carlo 
code was developed in order to calculate the various properties of produced neutrons. The 
measured spectra are compared with calculated spectra to check reliability of the code. 
Finally, the characteristics of the neutron spectra produced from the H^BjnJ^C reactions 
are discussed. 

- 2 4 3 -



.JAKHI-M 9 4 - 0 1 9 

2. Experimental procedure 

The measurements of the produced neutrons through the H( n B,n) u C reactions were 

carried out at JAERI tandem accelerator. The beam condition used in the measurements is 4 

MHz cycle repetition burst and 1-10 nA current. The energy of the incident beam was 57.3, 

60.0 and 62.7 MeV. 

The schematic view of the H2 gas target assembly is shown by Fig. 1. The pressure of H? 

gas was typically 0.21 MPa. It was monitored by semiconductor vacuum gauge and dc 

amplifier system. The incident beam current was measured by current integrator with the 

electrically isolated gas cell. The electron suppression was made with a bias -300 V to repel 

secondary electrons. 

The detector had 5"<j>x2" size and was located 6-8 m from the target(see Fig. 2). The 

detector was set in the goniometer to make easy measurement for several emission angles 

(0,10,20,30 and 35 deg.). Short flight path case with 4 m measurements was also carried out 

to avoid overlap of neutron, because repetition cycle was 4 MHz. A conventional TOF 

technique with a pulse-shape n-y discriminator was uscd(see Fig. 3). The bias of the 

discriminator was set at 1 light unit of 22Na corresponding to 3.0 McV recoiled proton energy. 

The efficiency of the detector was calculated by OSS code. 

Figure 4 shows the typical TOF spectrum of the gas-in case, the gas-out case and the net 

value that the gas-in spectrum is subtracted gas-out. Both gas in and gas out cases appear the 

neutron produced from the 197Au( l lB,n) reaction in the beam stopper. The net value had no 

lower energy component than monoenergetic peak. The FWHM of the gamma-ray peak had 

about 4 nsec. Since the detector time resolution is thought to be about 1 nsec, the poor time 

resolution is though to mainly come from the time deviation of the incident J i B. Figure 5 

represents the typical net value of the neutron energy spectrum. The FWHM of the 

monoenergetic peak was about 2 MeV. 

3. Calculation method 

A Monte-Carlo code was developed to calculate the true neutron spectra. The broadening 

of the true spectrum was caused by the incident energy spread at reaction point due to energy 

loss and with kinematics spread due to solid angle between target and detector. This code 

simulates the energy broadening caused by these effects as well as energy straggling. 

The mean energy loss of incident n B is calculated by the integral of the stopping 

- = %;dE~\ c- &dE] c 

^'Zdx b»+Zdt 8* 
where ATf0 and ATH are thickness (g/cm3) of entrance foil and H2 gas at the reaction point, 

respectively. ATH is selected by a uniform random number in the range of 0 to the gas cell 
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length. In the case where the energy loss is small enough (Xs 10), the energy spectrum of n B 
beam is calculated by Landau-Vavilov distribution4): 

/ ( x , AE) - \ e* "* [J'' cos(y h + X / : )dy, 
TIC, J0 

frp\\ny- Ci(y)) -cosy- ySi(y), / , = y(\n y - Ci(y)) + sin y + p *SHy) 

? = 0 . 3 ^ . i . ^ A 7 - , e m » - ^ t 
f- A m" 1-P" 

fc ( A £ - A £ ) , , . 
X - - ^ - , X , - - - -X O + P ^ C ^ 

E P 
** mix w max 

where Z and A are the atomic number and the atomic mass of the media respectively, z is the 
atomic number of the incident particle, me is electron mass, Pc is a particle velocity, CEu|er is 
Euler's constant, and Si and Ci are the integral function of sine and cosine respectively. The 
energy loss (AE) of individual particles is calculated by: 

7?«j/(x>A£)/J7(x,A£) 
i£ I 0 

where R is the uniform random number from 0 up to 1. If x is larger than 10, the energy 
struggling is calculated by Bohr theory in which the energy loss distribution is represented by 
the Gaussian with standard deviation (o): 

„ , , \ZNLT 
\ A 

where N is the Avogadoro number. 
The neutron spectrum at the detector point is calculated by taking the energy dependence 

and kinematics of the H(11B,n)11C reaction into account. The cross sections of the inverse 
reaction "Bfon)1 1^) were used instead of the H(nB,n)nC reaction. 

The TOF spectrum was calculated by folding the neutron spectrum with the resolution 
function that was determined from the prompt Y~ray peak of the measurements. The time 
deviation due to spread of detection point was typically 0.2 nsec. This deviation was 
negligibly smaller than time uncertainty of the detection system (4.0 nsec). 

4. Result and Discussion 
4.1 Observed Spectra 

At various incident energies(57.3,60.0 and 62.7 MeV) and emission angles(0,20,30 and 
35-deg.), the measured and the calculated TOF spectra are shown in Figs 6 and 7 respectably. 
The folding calculated results reproduced the observed spectra quite favorably at various 
incident energies and emission angles. 

The neutron energy spectra are shown by Fig 8 at various emission angles. The neutron 

- 2 4 5 -

file:///ZNLT


•IAKHI M 91 (119 

spectrum observed at 0-deg has stronger intensity than calculated spectrum. This difference 

comes from the error of the cross section for neutron emitted at 0-deg. Since the neutron 

emitted at 0-deg corresponds to emitted at 180-dcg through the nB(p,n) reaction, this 

emitted cross section is thought to have many errors. Figure 9 shows normalized distributions 

at various energies. The calculated results reproduced the measure spectra well except for the 

absolute intensity differences. The results show a characteristic fluctuation that reflects the 

energy dependence of this reaction. 

4.2 True Spectra 

Figure 10 and 11 represent the true spectra at various incident energies and various 

emission angles, respectably. The standard deviation of the energy spectrum of the incident 

boron caused by straggling is 100 keV and caused by reaction point duration is 800 kcV. 

Because the energy straggling is much smaller than the energy spread caused by reaction 

point duration, the neutron spectra have nearly rectangular shapes. Since the reaction cross 

section has several resonaces, the shapes of the neutron spectra have corresponding peaks. 

The full width at half maxim of the true spectra is about two times narrower than observed. 

4.3 Statistical properties 

To correct for the cross sections measured with the neutrons produced from the 

H( u B,n ) n C reaction, various characteristics on the true energy spectrum of this reaction, i.e., 

the mean energy, standard deviation, FWHM, skewness and kurtosis. have been calculated. 

At several gas pressures of the target, these properties arc shown in fig 12. This shows that 

the mean energy of the neutron is linearly increasing as incident energy and the FW'HM of the 

neutron is narrower than observed one. The structure in skewness and kurtosis have 

correspondence in the energy dependence of reaction cross section of H ^ I ^ n ) 1 ^ (see fig 

13). These results will be employed in further correction of the neutron cross section 

measurements. 

5. Conclusion 

A Monte-Carlo code was developed to calculate the true spectrum of neutron 

produced from the H ^ B ^ ) 1 ^ reaction. This calculation code simulated neutron spectra 

from incident boron to the neutron at detection point. The calculated spectrum with folding 

time resolution was in good agreement with the observed one. The true spectra and statistical 

properties of neutrons produced from the H(11B,n)11C reaction were calculated and will be 

used in the correction of the measured data. 
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Fig. 1 Schematic view around the H2 gas target. 
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Fig. 2 Schematic view of the gas target and around the detector. 
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5.10 Measurement of Formation Cross Sections Producing Short-lived Nuclei 
—Mg, S, Ga, Y, Mo, Pd, Sn— 

K. Yamauchi, Y. Kasugai, H. Yamamoto, "A. Takahashi, "T. Iida 

and K. Kawade 

Department of Nuclear Engineering, Nagoya University 

"Department of Nuclear Engineering, Osaka University 

Abstract 

Neutron activation cross sections of short-lived nuclei with half-lives between 
40 s and 18 min. have been systematically measured at neutron energy of 13.4 to 
14.9 MeV by activation method. Cross sections for 26Mg(n,np)25Na, ^ ( n . t ) 3 0 ? , 
71Ga(n,Q)68mCu, 98Mo(n,np)97mNb, 100Mo(n,np)99mNb, 106Pd(n,np),05mRh and 
n9Sn(n,p)n9mIn were measured. 

1 Introduction 

We have carried out a measuring program for activation cross sections of short-lived 
nuclei around 14MeV neutrons at the Intense 14MeV Neutron Source Facility (OKTA-
VIAN) at Osaka University since 198S. Up to now 65 cross sections for (n,2n), (n,p), 
(n,np), (n,t) and (n,a) reactions leading to short-lived nuclei were measured in qualified 
experimental condition[l] — [4]. 

In this work 7 reactions were measured again in energy range from 13.4MeV to 14.9MeV 
for Mg, S, Ga, Y, Mo, Pd and Sn. The I00Mo(n,np)99mNb reaction was newly measured 
at 14.9MeV 

2 Experiment and Results 

Experiments were performed at OKTAVIAN. For the activation of sample, pneumatic 
tubes were set at 6 directions (between 0°, 50°, 75°, 105°, 125° and 155°) for incident 
beam direction. The distance between the T-target and irradiation points were between 
5.5 and S.5 cm(see Fig.l).The induced activities were measured with two Ge detec-
tors(12%, 16%) at an equivalent distance of 5cm. The effective neutron energies were 
determined by the Zr/Nb method[5](see Fig.2). The errors are estimated to be about 90 
keV. The neutron flux at the irradiation points was monitored by using two aluminium 
foils (purity:99.2%, lcmxlcmx0.2mm'). The reference reaction for the flux measurement 
was the 27Al(n,p)27Mg (9.46 min.), which was determined by referring to the standard 
27Al(n,a)MNa reaction (ENDF/B-V). Separated isotopes or natural samples were used 
for irradiation. The samples were between 3S and 100 mg in weight (size: lcmxlcm). 
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In Table 1, measured reactions and associated data[6] of the half-life (Ti/2), the 7-ray 
energy (E,), the absolute intensity in photons per disintegration (I7) are listed together 
with Q-value. 

Corrections were made for time fluctuation of neutron flux, thickness of samples, self 
absorption of 7-ray, sum-peak effect of 7-ray, interfering reactions and contribution of low-
energy neutrons below lOMeV. The details of the correction are described in Ref.[l]. 

The total errors (6t) were described by combining the experimental error (6,.) and the 
error of nuclear data (6T) in quadratic: 

61 = 61 + 6? 

Estimated major sources of the errors are listed in Table 2. The results are listed in 
Table 3. and shown in Fig.3. Evaluated data include both meta stable and ground state 
cross section. 

3 Summary 

Accuracy of the obtained cross sections were around 10% in case of good statistics. For 
the 100Mo(n,np)"mNb reaction the cross section was measured for the first time. 
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Table 1 Measured reactions and decay parameters (taken from Ref.6) 

Reaction*' Ti/2 E^(keV) L,(%) Q(MeV)") 
^Mg(n,np)^Na 59.6(7)s 389J 12.65(71) -14.14 
^S(n,t)^P 2.498(4)min. 511 200 -12.69 
^Ga(n,a)^Cu 3.75(5)min. 525.7 75(15) 0.34 
89Y(n,a)86mRb 1.017(3)min. 556.1 98.19(10) 0.13 
^Mo(n,np)^Nb 1.00(13)min. 743.3 97.95(10) -10.54 
*°"Mo(n,np)^"*Nb 2.6(2)min. 253.5 3.70(42) -11.52 
^6pd(n,np)*"^Rh 42.4(5)s 129.6 20.0(4) -9.35 
'*sSn(n,p)"9min 18.0(3)min. 311.4 0.99(20) -1.86 
27Al(n,a)2<Na') 14.959h 1368.6 99.994(3) -3.13 
^Al(n,p)^Mg^ 9.46min. 843.8 72.0(4) -1.83 
a) (n,np) means [(n,d) + (n,n'p) + (n,pn)] 
b) Q(n,n'p) is given here. Q(n,d) = Q(n,n'p) + 2.225 MeV. 
c) Standard reaction (ENDF/B-V) used in this work. 
d) Secondary conventional reaction used for short-lived nuclei 
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Table 2 Principal sources of uncertainty in the measured cross sections. 

Experimental error (6e) 

Source of error 

Counting statistics 
Sample mass and purity 
Neutron Hux fluctuation 
7-peak area evaluation 
Detector efficiency 

Efficiency calibration at 0.5 and 5 cm 

Correction for 

true coincidence sum 

random coincidence sum 
sample thickness 

self-absorption of 7-rays 
low energy neutrons 

Secondary reference cross section 
for 27Al(n,p)2?Mg 

Uncertainty(%) 

4-77 

0.1 
< 0.6 (20% of correction) 
0.5 
1.5 (Ey > 300keV) 

3 (300 - 80keV) 
5 (E? < 80keV) 

2.0 

<0.5 

0.2 - 4 (20% of correction) 

0 - 0.5 (20% of correction) 

0 - 0.7 (20% of correction) 

0 - 0.7 (30% of correction) 

0.5 (Only statistics) 

Error of nuclear data (6,) 

Source of error 

Reference cross section 
2?Al(n,<x)24Na (ENDF/B-V) 

Absolute 7-ray intensity 
Half-life 

Uncertainty(%) 

3.0 
0-20 
0-10 

The total errors(6\) were derived by combining the experimental 

error(6e) and the error of nuclear data(6,) in quadratic: 6? = 6^ + 6? 
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3 Results of 
2bMg(n,np)25Na 1 

En (MeV) <r(mb) 6t{%) 
14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

71Ga 
E„ (MeV) 
14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

3.64 
2.83 

1.05 
0.21 

7.0 
8.4 

23 
77 

(n,a)68mCu (3 
CT(mb) (5e(%) 

1.77 
1.90 
1.69 
1.14 
1.26 
1.22 

4.2 
4.3 
5.7 
6.4 
4.8 
6.2 

(59.6s) 

6.5 
6.5 

6.5 
6.5 

.75min 

«r(%) 
20 
20 
20 
20 
20 
20 

98Mo(n,np)97mNb (l.OOmin.) 
E„ (MeV) CT(mb) <5e(%) 6t{%) 
14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

1.09 
0.79 
0.39 
0.24 
0.14 

106Pd(n,np) 
E„ (MeV) (T(mb) 
14.87 
14.58 
14.28 
13.88 
13.65 
13.40 

1.42 
1.72 
1.05 
0.64 
0.58 
0.59 

7.7 
11 
23 
27 
27 

1 0 5 m Rh 

«e(%) 

15 
12 
17 
32 
30 
45 

13 
13 
13 
13 
13 

(42.4s; 

3.8 
3.8 
3.8 
3.8 
3.8 
3.8 

cross i 

<5t(%) 
9.6 
11 

24 
77 

•) 

20 
20 
21 
21 
21 
21 

«t(%) 
15 
17 
26 
30 
30 

) 

«t(%) 
15 
13 
17 
32 
30 
45 

019 

section 1 
J2S( 

21.2 
17.4 
11.2 
7.4 
6.0 

neasurement. 

n,t)30P 
&(%) 
12 
19 
33 
42 
33 

(2.498min.) 
«5r(%) 6t{%) 
3.0 12 
3.0 19 
3.0 33 
3.0 42 
3.0 33 

89Y(n,a)86mRb (1.017min.) 
a(mb) 6t{%) 6r(%) 6t(%) 
2.63 
2.09 
1.88 
1.29 
1.54 
1.24 

100Mo(i 
(7(mb) 
0.41 

119Sn(i 
a(mb) 
3.51 
2.88 

2.62 
2.35 

8.0 
7.8 
11 
17 
11 
16 

3.0 8.5 
3.0 8.4 
3.0 11 
3.0 17 
3.0 11 
3.0 16 

i,np)"mNb (2.6min.) 
6e(%) «,(%) Si(%) 
24 14 28 

tt,p)119mIn (18.0min.) 
«e(%) St[%) 6t(%) 
20 
27 

34 
16 

20 28 
20 34 

20 39 
20 25 

Error of neutron energy is estimated as about 90keV. 
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Fig. 1 Pneumatic sample transport system at OKTAVIAN. The distance 
between T-target and the irradiation points were 5.5cm(0°), 
5.5cm(50°), 8.0cm(75°), 8.5cm(105°), 6.5cm(125°), 7.5cm(155°), 
14.5cm(-105°), and 1.5cm(cal.). 
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5.11 Measurement of Beta-decay Half-lives of Short-lived Nuclei 

S. Itoh, A. Tanaka, H. Yamamoto, *T. Iida 
*A. Takahashi and K. Kawade 

Department of Nuclear Engineering, Nagoya University 
Furo-cho, Chikusa-ku, Nagoya, 464-01, Japan 

'Department of Nuclear Engineering, Osaka University 
Yamadaoka, Suita-shi, Osaka, 565, Japan 

Abstract 
The half-lives of short-lived nuclei produced by 14MeV or thermal neutron bom

bardments were measured with Ge detectors in the multi-scaling mode. The cor
rections for pile-up and dead-time losses were performed by applying source and 
pulser methods. The half-lives of MA1, 79mSe, ^"Rb, 107mPd. I07™Ag and 122mSb 
were determined with accuracies of 0.3 ~ 0.7 %. 

1 Introduction 

The half-life of /?-decay is one of the most fundamental constants on radioactive isotopes. 
In the activation cross section measurements, the uncertainty brings a strong effect to 
the results. Most of the values previously published were obtained with GM counters, 
ionization chambers, proportional counters and scintillation counters. In order to improve 
the precision and reliability of the half-lives of short-lived nuclei (T]/2 = 20 s ~ 7 m), Ge 
detectors were used for the present work. 

2 Experiment 

The 7-rays were measured with ORTEC 20% Ge detector and PGT LEPS(Low Energy 
Photon Spectrometer, crystal size of 50 mm*x 10mm') in the spectrum multi-scaling 
mode. Decay was followed for about 10 times the half-life at equal intervals of 1/3 to 1/4 
of half-life. A long-lived 7 source and a constant-pulser v _»re simultaneously measured 
together with the short-lived activity for the correction of the pile-up and the dead time 
losses (source method, pulser method). The initial counting rates were always kept to be 
less then 9x10 3 cps. The detailed procedures are described elsewhere [1], 

Sources of ^Al, 86mRb, ,07n,Pd and ,07nsAg were produced by OKTAVIAN. Sources 
of T9mSe, 86mRb and l22mSb were produced by thermal neutron irradiation at TRIGA-II 
reactor of Rikkyo University(lOOkW). 

3 Results 
! f ig.l a decay curve of KA1 is shown. The results are summarized ".-; Table 1 together 

w..ii production reactions, ' rf.ys measured and previous values [2]. In Fig.2 the results 
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are compared with previous works. In Fig.3 relative deviations of previous values from 
the present ones are shown. It is clearly seen that previous values [3] shorter than about 
10 min. systematically deviate and those become larger as the half-lives become shorter. 
The cause might result from insufficient correction for pile-up and dead time losses. It is 
likely to start measurements at too high counting rates in order to get good statistics. If 
the corrections at high counting rates are not enough, the decay curve will show a longer 
half-life compared with the true value. 

4 Summary 

The half-lives of short-lived nuclei were determined with a ccuracies of 0.3 ~ 0.7 % 
and the accuracies have been much improved. Previous values shorter than about 10 
min. systematically deviate and those deviations become larger as the half-lives become 
shorter. 

References 

[1] M. Miyachi et al., Nucl. Data for Sci. and Tech., 897(1988,Mito) 

[2] E. Browne et al., Table of Radioactive Isotopes, (1986) John Wiley & Sons, New York 

[3] C. M. Lederer and V. S. Shirley, Table of Isotopes 7tli Ed., (1978) John Wiley & Sons, 
New York 
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Table 1 Results of half-life measurement. 

Nuclide Production E~, Reference^ Number of Number Duration Half-life 
reaction (keV) (E-y in keV) measurement of point (in T1/2) Present Reference^ 

™M 29Si(n,p) 12734 ,37Cs c» 
(661.7) 

79mSe 78Se(n)7)m 95.7 241Am 
(59.5) 

^•"Rb 85Rb(n,7)m 556.0 ,33Ba(356.0) 
87Rb(n,2n)m c> 

107mpd 1 0 8 p d ( n 2 n ) m 2 1 4 . 9 170Tmc> 

(84.3) 
107mAg 1 0 7 A g ( n n . ) m 93 J 1 7 0 T m 

(84.3) 
i22n,gb i2isb(n,7)m 61.5 Pulseronly 

4 

3 

10 
5 
4 

8 

3 

40 

35 

30 
30 
30 

30 

22 

12 

9.1 

9.8 

12 

10 

7.9 

6.524(22) m 6.56(6) m 

3.843(8) m 3.91(5) m 

1.0218(18) m 1.020(2) m 

20.78(9) s 21.3(5) s 

43.03(28) s 44.3(2) s 

4.196(8) m 4.21(2) m 
a) These source were used for corrections of dead-time and pile-up losses. 
b) Taken from ref. 2. 
c) No pulser was used. Source was only used. 
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5.12 Measurement of Hyperfine Structure in Pr (T,/2 13.6d) 
by Collinear Laser- ion beam Spectroscopy 

Hldeki IIMURA, Masashl KU30TA*, Yoshinori KAKAr-ARA, 

Shin-ichi ICHIKAWA and Takayoshi r-ORIGUCnl** 

Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

Department of Physics, Faculty of Science, 

Toho University, Funabashi, Chiba 2?4 

Department of Physics, Faculty of Science, 

Hiroshima University, Hiroshima 730 

1 L \ 

The hyperf I r,e structure in the radioactive isotope JPr have been 

^easureo by coll-'near laser-ion-beam spectroscopy. Tne oppose of this work 

and the experimental aetails are given. 

1. Int roduction 

Coll-near 1aser-ion-oeam spectroscopy can provide sub-Doppler resolu

tion and has Deen used to study hyperfine structure (hfs) in ions of so*ne 

stable and long-livea isotopes. Recent developments of on-line mass separa

tion technicue nave made this scectroscopy applicable to short-lned iso

topes. There are a few groups in the world working on this subject and they 

determined the hyoerfire constants in long isotooic chains of several 

elements. However, the hyperfine constants of many isotopes remain unknown. 

3ecause nuclear moments can be determined from the hyperfine constants and 

are important information for nuclear structure research, more experiments 

on hfs are needed. At JAERI-On-Line-Isotope-Separator (JAERI-ISOL),1' we 

have studied nuclear structure of rare-earth elements by Q-y spectroscopy. 

In order to strengthen this research we set up a beam line of collinear 

laser-ion-beam spectroscopy a few years ago. 

The Z=59 Pr isotopes exhibit a transition *rom spherical to deformed 

shapes as the neutron number increases from N=62 to 90, providing a good 

chance of testing various nuclear models. In these isotopes, level scheme 

of u 3 P r (T^g = 13.6d) was studied through the 1 4 3Ce (T,/2 = l .*d) /3-
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decay.2' However, the nuclear moments of the ground state of u 3 P r are 

unknown and it is an obstacle to make detailed theoretical investigations 

of this nucleus. In this work we performed measurements of hfs in 1 4 3Pr by 

collinear laser-ion-beam spectroscopy to determine the nuclear moments of 

this nucleus. 

2. Experiment and results 

Samples of Pr were prepared through the /8-decay of 1 4 3Ce produced 

by , 4 2Ce(n,y) reaction. Each target of 10 mg Ce0 2 (enriched to 92.8 X in 
1 4 2Ce) was irradiated for 3 days in a flux density of 9 X lO 1 3 

neutrons/curs in an irradiation facility of the JRR-3 reactor in JAERI. 

After the irradiation, the activity was cooled for about a week until most 

of 1 4 3Ce decayed to ]*^Pr. Then ^^Pr was chemically separated with carrier 

of natural 1 4 1Pr, from l 4 2Ce and 1 4 3Ce by a solvent extraction technique. 

Each sample was then transferred into a surface ionization ion source of 

JAERI-ISOL. 

The experimental setup is shown in Fig. 1. A cw dye laser with a 

wavemeter (Coherent 699-29) was controlled by a personal computer. The 

Rhodamine 6G dye in this laser was pumped by the 514 nm line of an Ar-ion 

laser (Coherent INNOVA-100-20). The wavemeter was used to determine the 

absolute frequency which was calibrated by an absorption spectrum of an I2 

cell. The relative frequency of the hyperfine lines was calibrated by a 

confocal etalon with a free spectral range of 150 MHz (Burleigh CFT-500). 

A partial energy-level diagram of PrII involved in this investigation 

is shown in Fig. 2 where the laser-excited optical transition from the 

metastable Gp level is indicated by an upward arrow and the fluorescence 

to the ground level is indicated by a downward arrow. A beam of 40-keV Pr+ 

ions, part of which are in the metastable level, was produced by the iso

tope separator. The flux of mass-separated 1 4 3Pr ion beam was about 3 X 10 7 

ions/s, which lasted a few hours with each sample. The metastable ions were 

excited to the W3 level by a counter-propagating laser beam. The interac

tion region was defined by a stainless-steel cage of 10 cm in length and 1 

cm in diameter, which was kept at the potential of -3 kV. This potential 

ensures that the velocity of the ions is Dopplertuned into resonance in the 

cage and that depopulation pumping of the G2 level does not occur far 

upstream from the cage. 

Resonance was observed by detecting the fluorescence light from the 
5 « 3 level to the ground level. The fluorescence light was collected by an 
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ellipsoidal mirror onto a cooled photomultiplier (Hamamatsu Photonics 

R2256). A detection rate of one event per 2 X 105 ions in the beam was 

observed when the laser frequency coincided with the strongest spectral 

line. Stray light from the laser beam was suppressed by an appropriate 

combination of broad-band filters. The ion current was monitored by a 

Faraday cup (FC) after the interaction region. Hyperfine spectra were 

measured by scanning the laser frequency and recorded in multichannel 

scaling (MCS) mode by using a personal-computer-based data acquisition 

system. We measured the hyperfine spectra of 143Pr and the stable isotope 
1 4 lPr. For each isotope, data were acquired from several scans, typically 

10 GHz in width and lasting 15 min each. One of the scans for 143Pr is 

shown in Fig. 3. The observed linewidth was typically about 100 MHz 

(FWHM) . 

Peak identification is aided by a property that the ratio of magnetic 

dipole constants / U 5 ^ ) / ^ 5 ^ ) ^s relatively unchanging between 143Pr an«j 

' Pr. The result of the peak assignments for 1 Pr is shown in Fig. 3. 

Fourteen out of fifteen 143Pr hyperfine components were observed. These 

assignments were confirmed by agreement of the observed peak intensities 

and profiles to those predicted by a mathematical model of the system. The 

9/2-11/2 component, having an intensity 56 times lower than the most in

tense peak, was not observed and should be at a frequency below the range 

of Fig. 3. 

Further analysis of the data is in progress now. The results will be 

published elsewhere soon, which include the value of the nuclear moments of 
143Pr determined from the hyperfine constants A and B. 

References 

1) Ichikawa S., Sekine T., Oshima M., Iimura H. and Nakahara Y.: Nucl. 

Instrum. Methods Phys. Res. B70, 93(1992). 

2) Kusnezov D. F., Nethaway D. R. and Meyer R. A.: Phys. Rev. C40, 

924(1989). 

273 



.IAKKI \ I HI ll|!l 

- '""."' mass-separated 

slit | 1 ' - - • i o n b e a m 

Fig. 1 Block diagram of the experimental setup. 
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3 4 3 
Laser Frequency (GHz) 

Fig. 3 Typical measured hyperfine spectrum of the transition 
H3 (X - 601.94 nm) in ^**3prII. F quantum numbers 

are indicated in order of upper state(F')-lover state(F). 
5G2° 

-275 



i \ K l ; l \ i <<) n i ' i 

5.13 Reevaluation of FP Nuclear Data for JENDL 3.2 

M. Kawai and JNDC Fission Product Nuclear Data Working Group" 
Toshiba Corporation 

Ukishima-cho, Kawasaki-ku, Kawasaki, Japan 

Rccvaluation of the nuclear data for about 60 fission product nuclides has been made 
for JENDL-3.2, taking accounts of the new experimental data and the results of integral 
tests for JENDL-3. As for thermal cross sections of long lived nuclides, JRR-4 
measurements at JAERI were adopted. Major part of the revision of the resonance 
parameters were made according to the rcnormalization of the experimental capture-area 
data of ORNL. Capture cross sections were rcnormalizcd so as to reduce the contradiction 
between the differential and the integral data. For some nuclides, the optical model 
parameters were revised to improve the energy dependence of total and capture cross 
sections. Direct components were added to the inelastic scattering cross sections of Zr and 
Mo isotopes. As for deformed nuclides such as Sm and Nd isotopes, the coupled channel 
calculation was made for estimation of excitation functions of rotational levels. 

1. Introduction 
JENDL-3 Fission Product Nuclear Data Library'" was released in December of 1990. 

Its integral test for the STEK sample reactivities and the capture rates measured at EBR-
II and CFRMF has clarified that the JENDL-3 data reproduce well the integral data for 
important nuclides within 10% accuracy, and that it has a tendency underestimating 
sample worths of nuclides in the mass region heavier than OO0', Additionally, after the 
evaluation for JENDL-3, new experimental data were measured at ORNL, KFK, FEI of 
Russia and JAERI. Accordingly, we have made for JENDL-3.2 rccvaluation of the 
resonance parameters and cross sections for about 60 fission product nuclides <Jtcn in 
Table 1. In this paper, a brief description of the evaluation is given. 

2. Thermal Cross Section and Resonance Integral 
Harada ct al.(3H6) have recently measured thermal cross sections and resonance 

integral for neutron capture reaction of long lived fission product nuclides, "̂ Sr, ,37Cs, 
ls"Eu and "5Eu at JRR-4 of JAERI. The measured results arc very different from the 
evaluated data of JENDL-3 which were mainly based on the compilation of Mughabghab 
ct al.™8' In the present evaluation, the JRR-4 measurements were adopted. As for *̂ Sr 
and 1J7Cs to which no resonance parameter is given, lA'-cncrgy dependence of capture 
cross section renormalized to the experimental data was assumed in the sub-resonance 
(i.e., thermal) energy region, and its upper energy boundary was determined to reproduce 
the experimental resonance integral. As for lMEu and IS5Eu, one negative energy 
resonance was given so as to reproduce both thermal cross section and resonance integral. 
The evaluated results are compared with the experimental data and JENDL-3 in Table 2. 
Figure 1 compares the presently evaluated capture cross section for ,37Cs with the other 
evaluated data. In the present evaluation (denoted with 'revised'), there i<= no special 
resonance structure. 

N.B. Members of the working group: 
S. Chiba, T. Nakagawa, Y. Nakajima, T. Sugi (Tokai-mura, Ibaraki-ken, JAERI), 
H. Matsunobu (Chiyoda-ku, Tokyo, Sumitomo Atomic Industries, Ltd.) 
T. Watanabe (Koutou-ku, Tokyo, Kawasaki Heavy Industry Co., Ltd.), 
A. Zukeran (Hitachi-shi, Hitachi Ltd.) and M. Kawai (Kawpsaki, Toshiba Corporation) 
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3. Resonance Parameters 
Resonance parameters for 65 nuclides in JENDL-3 were essentially taken"1 from 

JENDL-200 ', which were mainly based on the BNL-325 third edition"1* and partially the 
experimental data reported before 1981. Those for 57 nuclides were determined on the 
basis of the recent experimental data and Mughabghab's compilation. In the evaluation, 
a higher priority was given""'0 '"2 ' to the capture measurements, particularly those at 
ORELA (Oak Ridge Electron Linear Accelerator), than to transmission data so as to 
reproduce the capture cross sections with high accuracy. After the evaluation for JENDL-
2, the corrigenda concerning capture measurements at ORELA appeared"3'"4' because an 
error was discovered in the computer codes that transform measured neutron capture yields 
taken on the ORELA Flight Path 7 to effective capture cross sections. Although the 
corrigenda were taken into account of in the JENDL-3 evaluation for capture cross 
sections, they were not all for resonance parameters. Unfortunately, such wrong data of 
resonance parameter are contained for some nuclides in Mughabghab's compilation and 
adopted to the JENDL-3 evaluation. Accordingly, we reevaluated resonance parameters 
for 10 nuclides for which the corrigenda indicated a correction to capture area data more 
than 2%. Table 3 shows the correction factors which were used for the recvaluation. The 
capture cross sections calculated from resonance parameters for "Zr arc shown in Fig. 2. 
JENDL-3.2 gives 10 mb at 0.0253 eV which coincides with the exprimetal value of Lone 
et al.(15) As for ,07Ag and 109Ag, the effect of level missing is observed in neutron capture 
cross section in the energy range between 1 keV and 2.6 keV where only transmission 
measurements were made. So that, we gave artificial p-wave resonance parameters in this 
energy region. 

For tellurium isotopes (Te-122 to Te-126) and 144Sm, Macklin et a!.("s"17) have 
reported new data of capture measurements at ORELA. Except for Te-123 for which 
energy gap is found between ORELA data above 2.6 keV and the older resolved 
resonance parameters, the ORELA measurements were adopted to evaluation. Table 4 
shows a example of the measured and evaluated resonance parameters of Te-122 which 
were output by the REPSTOR system08*. Experimental data are those of transmission 
measurements by Tellier et al."" and capture measurement by Macklin et al. In the 
evaluation, radiation width was determined from the neutron width by Tellier and the 
capture area by Macklin et al. For some resonances whose neutron width was not given, 
the value of neutron width was estimated from the capture area and the averaged gamma-
ray width derived by Macklin ct al. Figure 3 shows the capture cross section of '~Te. 
The value calculated from resonance parameters of JENDL-3.2 is in good agreement with 
the experimental value of Macklin et al. However, it is observed in Fig. 4 that the 
calculated total cross section seems to be too large above 10 keV, compared with the 
statistical model calculations. This ovcrestimation probably comes from the uncertain 
neutron width of unresolved (maybe doublet or triplet) resonances. In addition, the neutron 
width reported by Macklin et al. shows a trend of being larger than the transmission data 
of Tellier et al. Accordingly, upper limit of resolved resonance region was determined to 
be 12 keV. On the other hand, level missing gives an underestimation of capture cross 
section, as shown in Fig. 5 for 144Sm. Similar underestimation effect was found for 8 
nuclides of JENDL-3.1 given in Table 1 and the upper limits of resolved resonance 
region was reduced. This reduction should increase the integral value of capture rates in 
the reactor core or some standard fields to some degree. 

4. Smooth Cross Sections 
Capture cross sections were reevaluated so as to reduce the contradiction between 

the evaluated data and the recent experimental data or the integral data. Fig's 6 and 7 
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show the typical result for n'Cd and '"8Sm. For 1!1Cd, the cross section was renormalized 
to the data of Musgrovc ct al.(20) which were corrected according to the corrigenda"4' 
mentioned above. This modification increasing cross section by 20.8% will affect to 
diminish the contradiction of integral data concerning the STEK. experiments^1'''"', because 
the ratio of the calculated to experimental value (C/E) is 0.92=0.13.c) The cross section 
of 148Sm was rcnormalized to the new experiments of Wisshak ct al.<23'. Since the 
JENDL-3.2 is smaller than JENDL-3, the C/E value of 0.89±0.06 for STEK experiments 
must not approach to unity. Thus, we have to judge that there are some factors than cross 
section uncertainty to give the discrepancy of the integral data between the calculation and 
experiment. As for 137Cs, we tried to adjust the cross section so as to reproduce the 
thermal value, resonance integral and integral data (capture rate measured in CFRMF 
standard neutron field*24'). The result became very strange as shown in Fig. 8. Then, we 
reevaluated by neglecting the CFRMF data. In Fig. 1, the integral data and thermal value 
are compared between the calculations and experiments. Revised value, i.e., JENDL-3.2 
give 9.7 for CFRMF data which is by one decade smaller than the experiment. 

For some nuclides around the mass number of 100 in JENDL-3, unsuitable nuclear 
model parameter gave the poor calculated results. Fig. 9 shows the capture cross section 
for 101Ru. Only JENDL-3 shows a fairly huge peak at 3 MeV. In JENDL-3 evaluation, 
the level scheme data were those adopted to the JENDL-1 evaluation125' and lacks many 
levels, compared the recent data in ENSDF. The level missing caused an underestimation 
of the cross sections for inelastic scattering which is a process competing with capture. 
In the present evaluation, the recent evaluated level scheme data were used for the 
calculation. The optical model parameters were revised to improve the energy dependence 
of total and capture cross sections for 98Mo, ,0(,Mo and 103Rh. Fig. 10 shows the total 
cross section for 100Mo: JENDL-3.2 is in agreement with the experimental data*26'"0'1 in 
the whole energy range from 100 kcV to 6 McV. Capture cross section for 103Rh was 
calculated with the revised optical model parameter. It is seen in Fig. 11 that JENDL-3.2 
run through in the intermediate of the experimental data by Macklin ct aI.(30W1" and 
Wisshak et al.(3l), while JENDL-3, which was evaluated with the statistical model 
calculation and an eye-guide technique near 10 kcV, is in agreement with the experiments 
of Macklin et al. 

Direct components calculated with the DWBA model code*32' were added to the 
inelastic scattering cross sections of Zr and Mo even mass isotopes, '"Sin, ,48Sm and 
150Sm. Fig. 12 shows the typical result for ,2Zr. The effect of direct components is 
obvious for 0+, 2* and 3" levels. As for deformed nuclides such as 1S0Nd, I52Sm and ,S4Sm, 
the coupled channel calculation was made with the ECIS-88 code03' for estimation of 
excitation functions of rotational levels. Figs. 13 shows the results for 150Nd. The 
calculation was carried out taking accounts of the 04-2*-4*-6*-8*-10* (the ground state 
rotational band) and -l"-3"-5" (the octupole vibrational band) coupled. The optical model 
parameters were those used for the JENDL-3 evaluation, except that the potential strength 
of surface absorption was adjusted to fit to the experimental data of Haouat et al/34' for 
the 2* level. 

The threshold reaction cross sections for (n,2n), (n,np) and (n,an) reactions of Nb, 
Zr and Mo isotopes were taken from the data of JENDL Fusion Library.(3S) Fig. 14 
compares the evaluated (n,2n) cross section of ,c0Mo which was calculated with the 
GNASH code.(36) 

The evaluation work has mostly completed and data compilation is now in progress. 
After the compilation, the integral test will be made. 
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Table 1 Modification of JENDL-3 FP nuclear data l ibrary 

Thermal Cross Sections and Resonance Integral 

^Sr, "Zr*, ,37Cs", 154Eu' and 155Eu\ 

Resolved Resonance Parameters 

88Sr, 89Y, ^Zr, 93Nb, "Tc, "Ru, !03Rh, ,07Ag, ,09Ag, "°Cd, '"Cd, 122Te, ,24Te, ,25Te, 
126Te, 137Cs", ,35Ba, ,37Ba, ,38Ba, ,39La, ,40Cc, ulPr, ,42Nd, 143Nd, ,44Nd, ,4SNd, 144Sm, 
,54Eu and 155Eu. 

Reducing the Upper Limits of Resolved Resonance Region 

^Sc, ,07Pd, inCd, ,27I, 139La, ,44Nd, ,47Sm and ,54Sm. 

Renormalization of Capture Cross Sections 

79Br, 8,Br, "'Cd, mIn, ll7Sn. ,24Sn, ,2,Sb, ,23Sb, ,22Tc, ,23Te, ,24Tc, mBa, ,42Cc, ,4SSm 
and l50Sm. 

Energy Dependence of Total and Capture Cross Sections 

9BMo, 100Mo, 101Ru and ,03Rh. 

Inelastic Scattering Cross Sections 

"Zr, 92Zr, 94Zr, 96Zr. 92Mo, 94Mo, "Mo, 98Mo, ,00Mo, ,50Nd, ,44Sm, ,48Sm, ,S0Sm, 
,52Sm and ,54Sm. 

N.B. *) Modification was made through evaluation of resonance parameters. 
**) Uncertain resonance parameters of Cs-137 in JENDL-3.1 were removed so as 

to reproduce the experimental thermal and resonance integral of capture. 

Table 2 Thermal value and resonance in tegra l for capture 

Sr-90 Cs-137 Eu-154 Eu-155 

(Thermal Value) 
JENDL-3.1 0.900 0.110 1,348 4,046 
JENDL-3.2 0.015 0.250 1,842 3,758 
JRR-4 exp. 0.0153±0.0013 0.250±0.013 1,840.±90 3,760.il70 

(Resonance Integral) 
JENDL-3.1 0.485 680 1,310 18,600 
JENDL-3.2 0.090 356 1,180 15,500 
JRR-4 exp. - 360.±70 2,100.±2,100 15,300.±2,700 
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Table 3 Contents of modi f i ca t ion of reso lved resonance parameters 

A. Modification due to renormalization of capture area data (ORELA Data)"31" 

Nuclide 

Sr-88 
Y-89 
Zr-90 
Cd-111 
La-139 
Pr-141 
Nd-142 
Nd-143 
Nd-144 
Nd-145 

Correction Factor 

1.0737 
1.0360 
0.967 
1.208 
1.0737 
1.0737 
0.967 
0.9507 
0.967 
0.9507 

References 

Nucl. Phys., A269, 397 (1976) 
Nucl. Sci. Eng., 64, 744 (1977) 
Nucl. Phys., A246, 1 (1975) 
Phys. Rev., C7, 780 (1973) 
Australian J. Phys., 30, 599 (1977) 
ibid., 32, 551 (1979) 
AAEC/E401 (1977) 
ditt. 
ditt. 
ditt. 

N.B. 1) No correction because of small modification for Zr-92, Zr-94, Mo-92, Mo-94, 
Mo-96, Mo-100, Cd-110, Cd-114, Cd-116, Ba-134, Ba-135, Ba-136, Ba-137. 
Ba-138, Nd-146 and Nd-148. 

2) No correction of ORELA data outside of energy region of the other experimental 
data. 

B. New Experimental Data 

Tc-122, 124, 125, 126 : R.L. Macklin and R.R. Winters, ORNL-6561 (1989) 
Sm-144 : R.L. Macklin, ct al., Phys. Rev.. C48, 1120 (1993). 
Ba-135, 137, 138, Ce-141: JAERI transmission data by M. Mizumoto, M. Ohkubo, 

et al. 
Eu-154, 155 : To reproduce thermal value and R.I measured at JRR-4. 
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Table A Example of RESTOR output listing the evaluated and 
experimental resonance parameters for 12zTe 

TE-122 2 
ENERGY 

(EV 1 

2782.0 
2782.0 

2793.0 
2793.0 

2868.0 
2888.0 
2868 • 3 
2865.0 • 3.0 
2668.0 

2920.0 
2920.0 

2927.0 
2927.0 

2942.0 
2942.0 

2968.0 
2966.2 
2986.2 • 3 .0 
2968.0 i 3 .0 
2988.0 

2987.0 
2987.0 

3009.0 
3009.0 

3066.0 
3086.0 

3095.0 
3095.0 

3114.0 
3114.0 

3122.0 
3122.0 

3 IS3 .0 
3183.0 

L J 

1 0.5 

1 1.5 

0 0.3 
0 0.5 

1 I .S 

1 1.5 

0 0.5 

0 0.5 
0 0.3 

1 I.S 

1 0.5 

1 0.5 

1 1.5 

1 0.5 

1 1.5 

1 I .S 

NEUTRON VIOTH 
( U I L L I - E V ) 

31.84 

2.48 

785.0 
780.0 

*780 «60 
' 1 5 7 0 . 0 1I8O.O 

9.87 

6.42 

90.51 

595. 0 
S9S.0 

'S9S .400 
' 1 1 9 0 . 0 >800.0 

2.11 

2.91 

2.7 

10.39 

48.6 

1.22 

6.38 

GAUUA WIDTH 
(MILL I -EV I 

73.3 

73.3 

69.68 
154.0 

- 45 .0 . 636 .4 

73.3 

73.3 

73.3 

58.42 
154.0 

73.3 

73.3 

73.3 

73.3 

73.3 

73.3 

73.3 

1*5 
I K I L L I - E V I 

22.1 
22.1 • 0 .3 

4.7977 
4 .8 t 0 .2 

63.999 
128.6 

84 .0 • I . I 

17.397 
17.4 « 0.4 

11.806 
11.8 t 0 .4 

40.5 
40.5 • 0.S 

53.197 
122.3 

53.2 • 1.0 

4.1019 
4.1 i 0 .2 

2.7989 
2.8 • 0.2 

2.6041 
2.8 • 0 .2 

16.2 
18.2 i 0 .4 

21.489 
26.5 • 0 .4 

2.4001 
2 .4 t 0 .2 

11.704 
11.7 • O.S 

MISCELLANEOUS 

CT - 104.94 

ST - 75.78 

6T - 854.66 
GT - 934.0 
WGH- 15 i 1 
CT - 740.0 1830.0 
ST - 1060 .20 

ST - 83.17 

ST - 79.72 

ST - 163.81 

GT - 853.42 
ST - 749.0 
WGH- 10.9 . 7 . 3 

GT - 750 .10 

CT - 75.41 

CT - 76.21 

GT • 76.0 

CT - 83.69 

GT • 119.9 

GT - 74.52 

GT - 79.86 

REFERENCE 

JEH0L-3.Z 
89UACKLIN* 

JENDL-J.2 
89UACKLIN* 

JENOL-3.2 
JEN0L-3.I 
8NL325-4TH 
7ITELLIER 
89UACKLIH. 

JENDL-3.2 
89UACKLIN. 

JENOL-3.2 
(8UACKLIN. 

JENOL-3.2 
69UACKLIN* 

JENOl-3.2 
JENDL-3.1 
BNL32S-4TH 
7ITELLIER 
89UACKLIN* 

JENOL-3.2 
I9UACKLIN. 

JEN0L.-3.2 
59UACKUH. 

JENOL-3.2 
I9MACKLIN. 

JENDL-3.2 
I9UACKLIN. 

JEN0L-J.2 
69UACKLIN* 

JENOL-3.2 
I9UACKLIN. 

JENOL-3.2 
•9MACKLIN. 
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5.14 Evaluation of ^ U Inelastic Scattering Cross Section 

Toshihiko Kawano, Noboru Fujikawa, and Vukinori Kanda 

Department of Energy Conversion Engineering. 
Kyushu University 

6-1. Kasnga-kouen. Kasnga-shi. Fuhuoka. 816. Japan 

ABSTRACT : A new evaluation of 238U inelastic scattering cross sections has 
been made. A coupled-channels model is adopted for calculation of direct 
inelastic scattering cross sections to the excited levels which belong to the 
vibrational bands of 238U, as well as the ground state rotational band. The 
members of a certain vibrational band are coupled to the 0+-2+-4+ triad of the 
ground state rotational band levels. A band coupling strength /3 is determined 
from the experimental inelastic scattering data below 3 MeV. Experimental 
double differential cross sections (DDX) are also taken into account in the 0 
determination. The calculated level excitation cross sections and the calculated 
DDX reproduce consistently the experimental data. 

1. INTRODUCTION 

Reliable neutron inelastic scattering cross sections for 238U are demanded for reac
tor design. However, determination of the 2 3 8 U ( I I . H ' ) cross sections is difficult because 
of scattered experimental data, and too complicated nuclear structure to calculate with 
nuclear models, and there are considerable discrepancies among the evaluated nuclear 
data libraries. 

Discrete levels of 238U at low excitation energies are classified into a ground state 
rotational band and a qundrupole, an octupole vibrational bauds. A coupled channels 
(CC) model calculation of the direct inelastic scattering cross sections to the ground 
state rotational band levels (0 + , 2 + , 4 + , . . . ) has been successfully applied to analyze 
the experimental data!1'. While the excitation cross sections of the vibrational band 
members are usually evaluated with a DWBA (Ref.2, for example). This method, how
ever, may bring some uncertainties into the evaluation, because the DWBA calculations 
are normalized to the experimental data, and there is a discrepancy between the -y-ray 
and neutron detected measurements for these levels. Recently the CC model was also 
adopted for the vibrational states by University o* Lowell group'3'4,5', and the excitation 
cross sections of the levels were calculated up to 3 MeV. We adopt the CC calculation 
for the evaluation of the vibrational states, and determine a band coupling strength /? 
independent, of the Lowell group. The 0 is determined from the experimental inelastic 
scattering data below 3 MeV. Experimental double differential cross sections (DDX) at. 
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1.2. 2.03, 4.25. G.l. and 14 MeV are also included in the fi determination. 

The evaluated nuclear data library JENDL-3.2 contains the result of the present 
evaluation. 

2. DISCRETE LEVEL ASSIGNMENT 

In order to evaluate the inelastic scattering cross sections for 238U. a level scheme 
of this nucleus has to be decomposed into collective band families. Figure 1 is the 
decomposed band level scheme which was given according to assignment in Ref.3, and 
the excitation energies and Jn of the levels were corrected according to Ref.C. The 
excited levels with small J value are taken into account, since the inelastic scattering 
cross sections to these levels are expected to be large. There are some levels that 
cannot be classified into the collective baud families. We take 1059.3(3+), 1112.6(1""). 
1224.2(2+), 127S.5(1~), and 12S5.8(5~) levels into competition in the calculation of the 
compound process. Above 1290 keV, the excited levels are assumed to be overlapped. 

3. GROUND STATE ROTATIONAL BAND 

The evaluation of the inelastic scattering cross sections for 2 + and 4 + levels is 
conducted by the CC calculation with a deformed optical potential parameter set for 
2J8U employing the 0+-2+-4+ level coupling scheme proposed by Bruyeres-le-Chatel 
group'1!. Contribution of the compound process for these levels is significant in the 

energy range -tjthrcsh. _ *̂ H fi 
3 MeV. The cross sections are given by Engelbrecht-

YVeidenmuler transformation''! which is an extension of the Hauser-Feshbach theory 
when strong absorption channels exist. The competition of a radiative capture channel 
is taken into account since the influence cannot be ignored near threshold energy of 
44.91 keV(2+) level. The calculation of the cross section of direct and compound process 
is car ried out with ECISSSt8!. 

The calculated radiative capture cross section is somewhat different from the eval
uation of JENDL-3. In addition, a fission channel must be taken into account. The 
compound inelastic scattering cross sections are normalized so as to conserve a com
pound formation cross section ffcA'(= ffRP> ~ 12a'Dih 'eve')i when the capture and the 
fission cross sections in JENDL-3 are considered. 

Comparisons of the calculated inelastic scattering cross sections for the 2 + , 4 + , and 
6 + levels with the experimental data'1'9'10'11'12,13! are shown in Fig. 2. The evaluated 
nuclear data libraries — JENDL-3, ENDF/B-VI, BROND-2, and CENDL-2 — are also 
depicted in this figure. The differences among the evaluated data seem to be small for 
the 2 + , 4 + levels, and they are consistent with the experimental data. There is obvious 
difference among the evaluations of 6+ level. However, only one measurement'11! Writh 
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relatively large uncertainty is available and thus the discrepancy cannot be solved from 

the data. 

4. VIBRATIONAL BANDS 

The direct, inelastic scattering cross sections for the vibrational bands are also 

evaluated with the CC calculation. The members of a certain vibrational band are 

coupled to the 0 + - 2 + - 4 + triad of the ground state rotational band levels. The coupling 

between the different, vibrational bands is ignored since the strength of the coupling is 

expected to be weak. 

The compound process contribution for the vibrational levels is calculated using the 

Hauser-Feshbach theory with width fluctuation correction by Moldauer'M ' . The optical-

statistical model code CoH'15 ' is used i'or the calculation of compound inelastic scattering 

cross sections with a spherical optical potential parameter by Madland and Young'1*'. 

The compound inelastic scattering cross sections are also adjusted as described in the 

previous section. 

The band coupling strength ,) for each vibrational bands is estimated on the basis 

of the experiment.»] level excitation cross sections. The available data arc, Smith'1 0 ' . 

Yorotnikov, r.t, a/.'13', Olson, et a/.'17', Shno, v.t a/.'18', and Kazjula. ef. o i l ' 9 ' . Once the 

band coupling strength ti is obtained, the direct inelastic scattering cross sections for all 

levels in the band can be calculated simultaneously. Then the $ has to be determined 

so as to be consistent with the experimental data for the considering band. Because 

the compound inelastic scattering cross section is dominant below E„ = 2 MeV, it. is 

difficult to determine the ;i in this energy region. Then the 3 is estimated in the energy 

range 2 < En < 3. 

The calculated cross sections for the ootupoie A" = 0~ baud levels — 680.1 keV(l~) . 

731.9 keY(3") . and S2G.7 keV(5~) — are shown in Fig. 3. As seen in Fig. 3. the CC 

calculation results in lower values in the energy range 2 < E„ < 5 MeY than the 

experimental data which was obtained with the 7-ray measurements'15 ' . It is difficult to 

reproduce consistently these v r a y detected data for these levels with the CC calculation. 

Then the neutron detected measurements are adopted to determine the /3. 

Comparisons of the calculated inelastic scattering cross sections to 950.2 keY(2~. 

Octupole A' = I " band). 967.3 keY(2+, 2 7 band), and 1037.3 keV(2+ , 3 band) levels 

with the experimental data and the other evaluations are shown in Fig. 4. The present 

evaluations well represent the neutron detected experimental da ta denoted with the 

symbol o. 

Figure 5 displays the total inelastic scattering cross sections (heavy solid curve), 

the partial excitation cross sections for all levels (light curves), and continuum inelastic 

scattering cross sections (heavy dotted curve). The same picture for JENDL-3 and 
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JEF-2 is also shown in Fig. 5. The total inelastic scattering cross section in the present 

evaluation and that in JENDL-3 are almost the same except for the energy range 45 keY 

< -En < 400 keY. The present evaluation gives lower values than that in JENDL-3. The 

other obvious differences are the level excitation cross sections of above CSO keY levels. 

The cross sections in JENDL-3 (light solid curves in Fig. 5) are larger than the present 

evaluations in the energy range 3 ~ 20 MeV. The magnitude of the continuum inelastic 

cross section is defined as the difference between the non-elastic cross section and the 

other partial cross sections that are inelastic scattering to the discrete levels, fission, 

capture, ( ; I , 2 / J ) , and (n,3n). 

5. DOUBLE DIFFERENTIAL CROSS SECTION 

The CC calculations are extrapolated up to 20 MeV, and a double differential 

cross section (DDX) is calculated and the comparison with the experimental data are 

made, in order to confirm an amount of the inelastic scattering cross sections. The 

DDX is calculated using PLDDXI20 ' . The fission cross sections, J/, and the energy 

spectra are taken from .IENDL-3. The experimental DDX data were measured by Baha. 

v.t «7.t2'), at £ „ = 1.2, 2.03. 4.25, 6.1, and 14 MeV. 4.25 and 6.1 MeV data are important 

since contribution of the vibrational band levels at the excitation energies ~ 1 MeV is 

separated from the elastic group ( 0 + - 2 + - 4 + ) and the experimental level excitation cross 

sections at these energies are not accessible. 

The comparisons of calculated DDX and the experimental data at G.l MeV and 

8 = 30° are shown in Fig. G. Note that, the elastic scattering cross section was not. 

included in the DDX calculation. As seen in this figure the present evaluation which 

is based on the CC calculation gives reasonable agreement with the DDX data around 

Q — — 1 MeV where the inelastic scattering cross sections to the vibrational levels are 

dominant. 

6. CONCLUSION 

The new evaluation of the 2 3 SU inelastic scattering cross sections were done. The 

direct process for the vibrational states were evaluated with the coupled-channels model. 

The calculated double differential cross sections with the present evaluation agree with 

the experimental data. 
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5.15 Evaluation of Neutron Cross Sections of 12C up to 50 MeV 

Satoshi Chiba, Tokio Fukahori, Yukinobu Watanabc* and Yoshihidc Koyama* 

Japan Atomic Energy Research Institute 
* Kyushu University 

Abstract 

The neutron cross sections of l2C have been evaluated in the energy range of 
20 to 50 MeV. The total cross section was determined by the generalized 
least-squares method taking account of the available experimental information. 
Other quantities are evaluated with the aid of theoretical calculations. The 
spherical optical model was employed to evaluate the reaction and elastic 
scattering cross sections. The inelastic scattering to the first excited 2* state 
was calculated based on the DWBA. The optical potentials used in these 
calculations were obtained in a microscopic way. The double-differential data 
for neutron, proton, deutcron, triton, 3He and a-particlc emissions and recoil 
spectra arc evaluated based on the Monte-Carlo method. 

1. Introduction 

The interaction cross sections of l2C with energetic neutrons arc of special importance 
in many fields of science and technology, e.g., development of radiation-tolerable materials 
for D-T fusion reactors, analysis of radiation dose in cancer therapy with high-energy 
neutrons, shielding of accelerator facilities, etc. The available evaluated data for n- ,2C 
interaction is restricted mainly below 20 MeV (e.g., JENDL-3"). Recently, an evaluation was 
completed up to GeV region by Pearlstein2). This evaluation, however, is based on the hybrid 
model of pre-equilibrium reaction plus evaporation model; assumptions which may not be 
particularly suited for this nucleus below several tens MeV. 

In Japan, a group of material scientists has proposed the ESNIT (Energy Selective 
Neutron Irradiation Test Facility) project to investigate the damage properties of various 
materials for the candidates of structural materials of D-T fusion reactors3'. This facility 
produces neutrons based on the 7Li(d,n) reaction, with maximum energy around SO MeV. 
From this point of view, it was required to produce the evaluated data up to SO MeV as 
accurately as possible. The present evaluation has been carried out mainly to fulfill the 
request from the ESNIT group. Therefore, the upper energy was set to be SO MeV. On the 
other hand, the lower energy was set to be 20 MeV, below which the data in JENDL-3 can 
be utilized. 

In the present evaluation, the total cross section was evaluated based on the generalized 
least-squares method by taking account of the available experimental data. Unfortunately, 
experimental data are not sufficient for other quantities to perform the evaluation based only 
on experimental information. Therefore, the evaluation had to rely partly on the theoretical 
calculations. The microscopic spherical optical model and DWBA were used to evaluate the 
discrete cross sections, and the Monte-Carlo method was employed to evaluate the double-
differential cross sections (DDX). The evaluation of DDX was carried out by the 
SCINFUL/DDX program0,6' which was specifically developed to calculate the neutron cross 
sections of 12C. 
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2. Outline of the Evaluation Methods 

The evaluation was divided into two parts, i.e., 1) the discrete part, and 2) the continuum 
part. The discrete part involves the evaluations for total, reaction, elastic scattering cross 
sections, inelastic scattering cross section to the first 2* state and capture cross section. The 
double-differential data are evaluated in the continuum part as continuous particle production 
cross sections. 

3. Discrete Part Evaluation 

3.1. Total Cross Section 
The total cross section w*.s evaluated based on the generalized least-squares method. 

In the present work, the following three sets of (relatively new) experimental data were taken 
into consideration; 

Authors Energy Range Neutron Source Time resolution 
(MeV) (ns/m) 

Kcllic et al.71 18.1 - 40.1 90-MeV e on W + Be 0.025 
Cierjacks ct al." 18.0 - 32.0 50-MeV d on U 0.005 
Larson" 18.1 - 80.9 140-McV e on Ta 0.038 

No clear explanation was given in these references on the numerical value of the 
systematic errors. Therefore, a 1-% systematic error was subjectively assigned to the data 
of Kellie et al. and Larson, which agree well each other in the overlapping energy region. 
However, the data measured by Cierjacks et al. are systematically higher than these data 
above 20 MeV by several %. This is probably due to the low S/N ratio of the measurement 
of Cierjacks et al. in this energy region; a result of the characteristics of the d-U neutron 
source which has a rapid fall of neutron intensity above around 20 MeV10). On the other 
hand, the data measured by Cierjacks et al. has the highest resolution. Therefore, it was 
decided not to abandon this data, but to give a rather large (5%) systematic error. By this 
assumption, the data of Cierjacks et al. was taken into account effectively as a "shape" data. 

The analysis was carried out by the GMA code system11,12'. The flow chart of this 
process is shown in Fig. 1. The experimental data were retrieved from NESTOR-2, and the 
format was converted to that of the GMA code system. Then, the systematic errors, 
determined above, are assigned, and the values at specified grid energy points are generated. 
The prior data are required for this procedure, and were taken from the spherical optical 
model calculation as described below. The GMA combines these three sets of data, and 
generates the evaluated data at the grid points. The weight was taken to be prior times %-
error of each data12'. This process was repeated once, replacing the prior data by the result 
of GMA code. The final value of the error enhancement factor (square-root of chi-squarc 
divided by number of freedom) was 1.37; statistically acceptable value. 

The evaluated data are compared with the experimental data in Fig. 2. The three solid 
lines show the presently evaluated data; the upper and lower curves showing the * l a range. 
The error varies from about 1 % at 20 MeV and 3 % at 50 MeV. In the energy range from 
20 to 30 MeV, the present evaluation has a pronounced structure which reflects the high 
resolution data of Cierjacks et al. However, the magnitude is closer to the data of Kellie et 
al. and Larson which were considered to be more accurate in absolute sense; showing a clear 
benefit of employing the generalized least-squares method with full covariance information. 
Above 30 MeV, the present results exhibits a smoother energy dependence. Fig. 3 shows the 
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error-correlation matrix of the presently evaluated total cross section. The "wall" at the 
furthest face corresponds to the diagonal unity components. The data have a strong 
correlation below 30 MeV. This is tribute to the presence of the data of Cierjacks et al. for 
which we gave a large systematic error, thus dominating the "shape" of the cross section in 
this energy range. The correlation becomes smaller and smaller with increasing energy, and 
the SO-McV data has only about 10% correlation with other data. 

32 Optical Model Calculation 
Except for the total cross section, unfortunately, the data is scarce above 20 MeV. 

Therefore, the present evaluation was carried out by combining the available few experimental 
information with the spherical optical model calculation. 

In the energy region of the present work, only a few work has been carried out on the 
systematics of the optical model potcntial(OMP). There is an old work of Watson et al.'", 
which gives a global OMP for 1-p shell nuclei. This OMP, however, is based mainly on the 
(p,p) data, and quality of the fit to experimental values arc not particularly excellent. On the 
other hand, Winfield et al."*, Meigooni et al."*, Olsson et al.'*> and Yamanouti ct al.,7> have 
made coupled-channels analyses of the measured (n,n) and (n,n') angular distributions below 
29 MeV and at 40.3 McV. However, no clear energy dependence of the optical potential 
parameters could be drawn as required for evaluation purpose. 

In the present evaluation, the OMP was determined in a more fundamental way. The 
density-dependent effective interaction calculated by Jcukcnnc-Lcjcunne-Mahaux (JLM) 
theory181 was used with the nucleon density distribution obtained by the Skyrme-Hartrcc-Fock 
(SHF) theory"*. The real and imaginary central parts of the OMP, V and W, respectively, 
were calculated as Eq. (1), 

V(E,r) + iW(E,r) = XvRe{U{E,r)) + iXwIm{U{Etr)) 

U(Efr) * jptr'iyf.r/VV 
where E denotes the incident neutron energy, p(r') the SHF density distribution of I2C, and 
tcfi(E,r',r) the density dependent effective interaction of JLM obtained from the "improved" 
local density approximation. The Skyrme-III force30* was used in the SHF calculation, and 
\ and K. were fixed to be 1.0 and 0.8 as obtained by Hansen et al.21' By adopting these 
globally determined values, there is effectively no adjustable parameters in this calculation. 
The spin-orbit potential was taken from the work of Walter and Guss22'. The real OMP is 
similar to the usual Woods-Saxon form. On the contrary, the imaginary OMP was found 
to have rather complicated forms. The volume integral per nuclcon of the V and W arc 
compared with the phenomenological values determined by Winfield et al. The present 
potential reproduces the global feature well without any adjustable parameters. 

The total and reaction cross sections were calculated by using the JLM potential with 
ECIS79 code23*. The calculated total cross section agrees well with the result of the previous 
section except for the energy region below 30 McV where fluctuation of the cross section is 
noticeable. The calculated reaction cross section was slightly normalized to give the same 
value as JENDL-3 at 20 MeV. The reaction cross section is compared with experimental 
information in Fig. 4. Agreement with the data of MacGregor et al.2" and Zanclli ct al.25* is 
satisfactory. 

3 J Elastic and Inelastic Scattering Cross Sections 
The elastic scattering cross section was obtained by subtracting the reaction cross section 

from the total cross section, and the result is given in Fig. S. The result is again quite in 
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good accord with the data measured by Mcigooni ct al. and Olsson ct al. below 26 McV. The 
data of Dimbylow26', which is a result of an optical model calculation, is also in good 
agreement with the present evaluation. The total, reaction and clastic scattering cross sections 
evaluated in this work were thus proved to be consistent each other. The angular distribution 
of clastically scattered neutrons were determined from a Lcgcndrc fit to the data of Meigooni 
ct al. below 26 MeV. Above this energy, the result of the spherical optical model was 
adopted. The present evaluation reproduces the angular distribution data at 40.3 McV 
measured by Winficld ct al. 

The inelastic scattering cross section to the first excited 2* state (Ex=4.44 McV) were 
calculated by the DWBA with DWUCK-4 program271. The JLM OMP was employed to 
calculate the distorted wave, while the coupling potential was obtained from the concept of 
"collective model" as 

v-+ - |(™*> (2> 

and the result was normalized to the data measured by Olsson ct al. at 22 McV. The result, 
given in Fig. 6, shows that the present calculation reproduces the rather steep slope of this 
cross section below 22 McV. The angular distribution was also calculated by DWBA. Below 
22 McV, however, the angular distribution data were replaced by a Lcgcndrc fit to the data 
of Olsson ct al. 

3.4. Capture Cross Section 
The capture cross section was calculated by EXIFON program38', and was normalized to 

the data of JENDL-3 at 20 McV. 

4. Continuum Part Evaluation 

The double-differential cross sections (DDX) for production of n, p, d, t, "He and o were 
evaluated by the Monte-Carlo method with SCINFUL/DDX program, which is a modified 
version of ORNL SCINniL program, as well as the DDX of recoil particles. Starting from 
the following primary reactions, 

n' + 3a 
2n + "C 
p + ,2B 
d + "B 
t + 10B 
3Hc + I0Bc 
a + 'Bc 

decays of the each unstable nucleus was traced on the assumption of sequential two-body 
break-up model up to 5 subsequent steps. Angular distributions of these primary reactions 
are taken from experimental information if available, while those of the subsequent two-body 
decays are assumed to be isotropic with respect to the center-of-mass of the decaying 
nucleus. The kinematics are treated in the rclativistic way, and the final results are obtained 
in the laboratory frame. By this modeling, the DDXs of recoiled particles, e.g., *Li, 7Li, *Bc, 
l0B, "B, etc., are obtained as well as those of light particles. The DDX of charged particles 
are also calculated below 20 McV, because these quantities are not given in JENDL-3. At 

'C + n 
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each incident energy, 500,000 histories were taken. More details on this program are found 
in Refs. 4, 5 and 6. 

In Figs. 7 and 8, examples of the DDX of p and a at 39.7 MeV are compared with 
experimental data measured by Subramanian et al.29>. Agreement with the data is satisfactory. 

5. Concluding Summary 

Evaluation of neutron cross sections of 12C was carried out in the energy region of 20 to 
50 MeV. The total cross section was evaluated on the basis of generalized least-squares 
method. Other quantities are evaluated with the aid of theoretical calculations. In the present 
evaluation, characteristic feature of I2C was taken into account as the nucleon density 
distribution specific to 12C which was used to calculate the optical model potential in a 
microscopic way. The DDX was evaluated also by using the SCINFUL/DDX program which 
was developed to calculate the neutron cross section of 12C. The present evaluation gives a 
good description of the available experimental data. 

Unfortunately, the high-precision total cross section data of Finlay et al.30' was not 
available in the numerical form at the time of evaluation. When it becomes available, a re-
evaluation of the total cross section might be carried out. 
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5.16 Evaluation of Neutron Dosimetry Cross Sections of 
S9Co and ,97Au up to 50 MeV 
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* Tokai Brunch, Ship Research Institute, Ministry of Transport, 

Tokai, Naka-gun, Ibaraki 319-11, JAPAN 

** Department of Nuclear Engineering, Tohoku University, 

Aramaki-Aza-Aoba, Aoba-ku, Sendai 980, JAPAN 

Abstract 

Dosimetry cross sections of 59Co and l97Au were evaluated based on the nuclear 

model calculation from threshold to SO McV for the application in accelerator based high 

energy neutron filed provided by ESNIT at JAERI, etc. For the 59Co, the (n,2n), (n,3n), 

(n,4n), (n,p), (n,a) and (n,2na) cross sections were evaluated and compared with available 

experimental data. The helium accumulation dosimetry cross section was also evaluated. 

For the 197Au, the (n,2n), (n,3n), (n,4n) and helium production cross section were 

evaluated. Weak activation cross sections, (n,p) and (n,a), were also evaluated. 

1. Introduction 

In Japan, it is scheduled to develop a high energy neutron source, ESNIT (Energy 

Selective Neutron Irradiation Test Facility at JAERI"), which is based on a high current 

deutcron linear accelerator using the Li+d reaction on liquid metal target, similar to the 

FMIT facility2'. This facility is expected to provide neutrons of high intensity primarily 

with 14 MeV peak for the material irradiation test of the fusion energy development. To 

satisfy the energy selective requirement of the ESNIT, the beam energy varies from 10 

to 40 MeV corresponding to the neutron peak energies from 5 to 14 MeV. The ESNIT 

spectra are not monoenergetic and have a large amount of component above its peak 

energy, called high energy tail up to 50 MeV. 

In order to operate such irradiation facilities efficiently, neutron dosimetry is one of 

the key technologies to characterize the neutron source. Important issues on the neutron 

dosimetry have already been discussed3,4' in conjunction with the FMIT facility. In the 

discussion, it was pointed out that among the activation dosimetry candidate reactions, the 

reactions on cobalt and gold were of primary importance because they were mono-isotopic 
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elements, and almost all activation products were radioactive, and their activities could be 

measured by a relatively simple technique; furthermore the sensitive regions of these 

multiple reactions covered the entire energy range of the neutron spectrum up to 50 McV. 

Young and Arthur have already evaluated the cross sections of 59Co from 3 to 50 

MeV5>, and for 197Au from threshold to 30 MeV6) mainly based on the theoretical model 

calculations by GNASH code71. It is, however, valuable to re-evaluate the cross sections 

regarding their evaluation as the starting points and taking into account a large body of 

experimental data obtained after the evaluations below 20 McV, and a few but very 

recently measured experimental data above 20 McV, too. 

2. Evaluation Method 

In this study, a theoretical model code system, SINCROS-IIS), was used to calculate 

the cross sections. The main part of the system consists of a modified version of the 

GNASH code. A simplified version of a optical model code, ELIESE-39', provides a set 

of particle transmission coefficients for the GNASH with spherical optical model potential 

paramctcis: (OMP's). The direct inelastic scattering to the low-lying states of the target 

nuclides was taking into account for the 59Co calculation using DWUCKY10', a modified 

version of DWUCK"'. In the system, a data base is provided for the OMP for neutron 

and charged particle, level density related data, and discrete level structure data of the 

medium and medium-heavy weight nuclei as the default ones. 

In the present study, important model parameters (OMP and level density parameters) 

were modified from the data base values or replaced by other parameter sets to reproduce 

as well as possible the existing cross sections mainly below 20 McV, but not with the 

data above 20 MeV because only a few experimental data with large uncertainties exist. 

The suitable neutron OMP set was selected by applying a criterion, SPRT test by 

Delaroche et a/.,2) using CASTHY13' and the ELIESE-3 codes. 

The consistency of the calculated cross sections was discussed by comparing with 

experimental data in the whole energy range. Recently valuable activation cross section 

data for several elements have been measured in the higher energy range using the SF 

cyclotron facility of Institute for Nuclear Study, University of Tokyo14,15,16). These data 

were very valuable information to validate the present evaluation. 

3. Calculation of 5,Co Cross Section 

Five candidate of the neutron OMP: the system default set, Le., the modified Walter 
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and Guss set by Yamamuro8', Wilmore and Hodgson set17), Uhl et al.'s set'6', Watanabe's 

set19), and Arthur et al.'s set5' were tested by the S, R, and T values of the SPRT criterion 

(P not available); finally the OMP set by Arthur et al.'s set was selected20'. The default 

proton OMP of Perey21) was replaced by one of Mani22' chosen among three explored sets 

including one by Menet23'. The validity of the proton OMP was checked through the 

comparison of the calculated cross sections of s9Co(n,p) and 57Fe(p,n)57Co with the 

experimental data. The a-particle OMP set has been unchanged from the default set: a 

modified Lemos's set by Arthur and Young24*. 

We chose the six level density parameters for SW9,60Co, SW9Fe, and 56Mn, and F2 (the 

Kalbach constant25' divided by 100) as the adjustable ones due to their appreciable 

sensitivities to the objective cross sections((n,2n),(«,a) and («,/>)) °f m c fitting. The 

parameter adjustment was performed using the general least-squares method26'. Above 20 

McV, level density parameters for ss,54S3Mn were adjusted to reproduce recent experimental 

data of (n,2na) reaction by Uwamino et a/.16) Wc determined the decay channels of 

compound nuclei as shown in Fig.l considering that our concerned cross sections were 

those of the reactions that would lead to the unstable nuclides and a-production cross 

section. 

Figure 2 shows trends of the principal cross sections in the present calculation. 

Figure 3 compares (n,2n), (n,3n) and (n,4n) reaction cross sections with the experimental 

data, showing consistency with the data by Uno et al. above 20 MeV. The (n,xnp) cross 

sections are compared in Fig.4 with the experimental data below 20 MeV. The calculated 

(n,p) cross section reproduces relatively well with the data. Among the reactions shown 

in Fig.4, only the (n,p) reaction can be used in the dosimetry, because the other channels 

lead to stable or too long lived residual nuclides. Figu.e S illustrates the cross sections for 

the (n,xna) reactions as well as a-producrion cross section. Below 20 MeV, the present 

(n,a) cross section agrees well with the large body of the experimental data. The MMn 

production cross section consists mainly of the (n,a) below 35 MeV; it is however, 

interesting that (n,2n2p) reaction may appreciably contribute to this cross section above 35 

MeV. Main contributor to MMn (T1/2 = 312 d) production cross section is (n,2na) reaction 

and others might be negligible. This reaction can be a new dosimetry reaction for the long 

term irradiation purpose in the energy range between 30 and 50 MeV, because the decay 

data of 54Mn are very well known, and the estimated maximum cross section is large 

enough (about 100 mb). In the present evaluation of the (n,2na) reaction, the shape of the 

cross section could not be reproduced completely. Further theoretical analyses must 
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therefore be necessary to assure the accuracy of the evaluation. 

4. Calculation of Go)d Cross Sections 

W e tested the following four neutron-OMP sets mainly with respect to the total 

cross section: the modified Waiter and Guss set, Deiaroche's O M P ^ which had been 

adopted in the analysis by Arthur and Young, Joly's set^', and Yamakoshi's set^'. Finally 

we chose the Deiaroche's spherical O M P ^ . The comparison of the caicuiated tota! cross 

section with deformed and spherical O M P s in ref.(27), however, showed remarkable 

difference below 5 M e V , where the inelastic scattering reaction dominated, and the 

difference was quite small above this energy. For this reason, w c assumed that the 

spherical O M P would be usable to calculate the threshold cross sections in the higher 

energy range. 

Figure 6 shows the calculated cross section for the (w,2w) reaction together with the 

experimental data and the evaluated cross section curves taken from 1RDF-90*** and 

ENDF/B-VI"*. The 1RDF-90 cross section has been validated by the present authors using 

the activation rate ratio to the standard cross section of ̂ Al(n,ct)^'Na reaction from 12 to 

20 M e V . The 1RDF-90 curve shows relatively flat trend at the maximum. This shape can 

not be reproduced by E N D F / B - V ! nor by the present calculation. Ln the (n,.&t) cross 

section data given in Fig.7, there are two clearly different trends; lower cross section 

group by Veeser ef a/.^ and by Iwasaki ef a/.^, and higher one by Bayhurst ef a/.̂ * The 

present result passes along the lower data group. As shown in the same figure, Bayhurst 

ef a/, measured (n,4w) cross section only at two energies just above the threshold energy. 

Uwamino ef a/."^ gave a smaller excitation function from threshold to 40 M e V than the 

Bayhurst ef a/, and Uno ef a/, nor those of Uwamino ef a//"* 

In Fig.8, both (nj?) and (n,ct) reaction cross sections are shown with the experimental 

data. There have been very few measurements on these reactions. In the Young and 

Arthur's evaluation, they adopted the experimental data of Bayhurst and Prestwood^ and 

extrapolated with smooth curves to 30 M e V . The present calculations overestimate by 

about twice for the (n,p), whereas reproduce well the (n,a) cross sections of Bayhurst et 

al.'s data above 16 M e V . The (n,a) cross section at 14.7 M e V is consistent with the a -

spectrum data by Kneff ef at.^* It cannot definitely be concluded, however, whether if the 

present gold evaluation gave good cross sections of these reactions or not, because the 

available data are too old. 
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6. Conclusion 

AH activation cross sections and ct-production cross section have been evaluated for 

cobalt up to 50 M c V and for gold up to 40 M e V based on the theoretical model 

calculations. As for the cobalt, the present calculations have successfully reproduced the 

almost available cross sections not only in the lower energy region below 20 MeV, but 

also the data above this energy. The (n,2na) reaction can be a new candidate of the high 

energy dosimetry reaction, tn the gold cross section evaluation, we have obtained a 

moderately acceptable cross section set, while we found some difficulties of the 

reproduction of the cross sections. Present evaluations provide a useful basis for the future 

evaluations of higher energy dosimetry cross sections covering the energy range of 

spallation neutron sources. 

It is strongly recommended that precise and detailed cross section measurements 

should be carried out for important elements including cobalt and gold above 16 M e V in 

order to establish the high energy dosimetry cross sections. !n particular, the gold data 

base is very poor except for the (M,2w) reaction. 
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5.17 Dosimetry Cross-section Evaluation by CuMc-B SpMne Fitting 

S. IWASAM 

Department of Nuclear Engineering 
Tohoku University 

Aramaki-Aza-Aoba, Sendai 980, Japan 

A B S T R A C T 

Several threshold dosimetry cross-sections have been reevaluated on the basis of 
experimental data for the upgrade version of JENDL D O S I M E T R Y FILE. In the evaluation, 
the experimental data selections from the data base have been done with the aide of a pattern 
clustering method on the available data. Then the selected data were fitted by a set of cubic B-
spline functions using the least-squares method. In the fitting, the selection of number of knots 
and their positions was important. A suitable guide for this selection was introduced in order to 
avoid unnecessary oscillation of the fitted curves. The covariance data were simultaneously 
produced using the estimated correlation data with respect to each data set. The following five 
dosimetry cross sections have been re-evaluated: 23Na(n,2n)22Na, 3*Mn(n,2n)S*Mn, 
MCo(n,2n)5SCo, 60Ni(n,p)MCo, and MNb(n,2n)M"<Nb. 

^Introduction 

Neutron dosimetry cross sections is one of the most significant nuclear data in the fission 
and fusion energy development. The first neutron dosimetry cross section file in Japan, JENDL 
D O S I M E T R Y FILE[1] (hereafter JDF) has been released. The features of this file are listed as 
follows: adoption of common data to the general purpose file, JENDL-3[2], inclusion of many 
reactions to be used in future especially fusion reactors, validation for major reactions using 
several integral experimental data, and generally high reliability. One drawback of mis file to be 
pointed out, however, is loan of the covariance file from IRDF-85[3]; this does not match to the 
philosophy of the dosimetry evaluation methodology. Also, the most of the evaluated cross 
sections were based on the theoretical mode! calculation; a few cross sections have been done 
based on the experimental data, whereas there is no detailed description of the evaluation 
process. Review on JDF has been made in the working group of Integral Test for the 
Dosimetry File under J N D C this year, and it is recommended that re-evaluations should be 
made on some reactions on the basis of the experimental data together with the covariance 
matrix. 

In this regard, the author has been continuing a development work of a new evaluation 
paradigm for the dosimetry cross sections. In this paradigm, consistent dosimetry cross 
sections would be obtained with their covariance data simultaneously based on the experimental 
data in the framework of the general least-squares method[4]. The flow diagram of the new 
paradigm under development is shown in Fig. 1. Left hand side of the diagram corresponds to 
the initial phase of the evaluation where the evaluation is performed by the fitting with the cubic 
spline functions to the collected experimental data. In the fitting, the conventional least-squares 
method is adopted. When a new, reliable set of differential or integral experimental data will 
appear in future, successive evaluation will be made using the general least-squares method 
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using the initial evaluation as the prior values, as shown in the right hand side of the diagram. 
In the present paper, w e describe the fitting method of a set of cubic spline functions to the 
experimenta! data. 

2. Evaluation Method by Cubic BSpline Fitting 

2.1 Selection of Experimenta! Data 

The first step in the initial phase evaluation is collection of data with their documentation, 
and selection of proper data sets from the overall data base under some criteria. W e have 
incorporated the pattern classifying method[5] with heuristic process. In the method, data set 
reported by one experimental group in a literature is treated as a unit data group called 'basic 
(data) cluster'. For a given reaction, all existing basic clusters would be grouped into one or at 
most two plus other minor ones according to a similarity criterion between clusters. A similarity 
measure like Maharanobis distance in the pattern clustering technique is defined. The minor 
clusters would be finally rejected because of their inconsistency with the main one(s). 

Additional selection heuristic are also introduced. The first principle is minimum adoption 
of data clusters reported before '70 because generally less reliable data are easily included in the 
data base if they are included. The present method does not require the large number of the 
experimental data as done in the statistically averaging methods, as briefly described below. The 
methods and apparatus employed in the measurements before '70 were generally poor 
compared with the recent ones. Also, some reference standard nuclear data and decay data of 
the produces had not been well established. If a small number of data since '70 is available for 
given reaction, only reliable data before '70 would be added. The second principle is minimum 
renormalization process of the old data because the traceability of the data processing in the 
original analysis described in the literature is usually not sufficient. Only changing of the 
standard cross sections for the flux determination may be corrected afterward. 

2.2 Choice of Cubic BSpline Fitting 

There have been two representative evaluation methods for the dosimetry cross sections: 
the first one is the G M A method by Poenitz[6], A N L and the second the method by the 
group[7] of IRK (Institute for Radiumforshungs und K e m , University of Wien). In the former 
method, the data values at selected grid energies are estimated by the interpolation with assumed 
energy dependency from the neighboring experimenta! data, and are averaged at each energy 
with the weights using the covariance data; the IRK group obtains the averaged cross section 
data in a set of energy bins with the estimated covariance data as a group cross section. Both 
methods assumed the existence of sufficient number of experimental data for the given reaction, 
and they collect the experimental data exhaustivel. They of course review the experimental 
method and analysis in detail, and correct the reported data or their error values to the updated 
ones. The fundamental philosophy of these methods is as follows; even if a few wrong data or 
overlooked data are included in the data base, the final values are considered to be reliable by 
the statistical averaging. The supposition of the existence of sufficient number of data is not 
always satisfied except for the neutron energies around 14 M e V . In the IRK method, the energy 
bin width should be made wider if only small number of data is given in the bin. This may 
introduce unnatural behavior in the cross section curve especially in the threshold region. 

In the present work, therefore, w e have adopted a fitting method using cubic B sf line 
functions, where the sufficiency of the number of data is desirable, but less important than the 
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above two methods.The fitting method a)so make us free from the prior knowledge on the 
energy dependency of the cross section as in G M A . Recently Badikov, et a!.[8] proposed a 
method of Pad6 rational function fitting for the B R O N D dosimetry fiie. This method is similar 
to the present one. 

2.3 B-spline Functions 

A function of x, S(x) (xe [a,b]) can be expressed by sum of B-spline functions Nmi(x)[9] 
as, 

n+m n+m 

S(X)=X C*M^i(x)=^ CiNn,;(x) 
i=i i=i (2J) 

where Mmi(x) is B-spline function of rank m (m-Ith order) defined between knots ̂ .^ and ;̂, 

i.e., Mn,(x)>0: ^i-m < x < ^; Mm(x)=0: x<^;.m or x^ ̂ ; Nmi(x). normalized B-spline 
function is given as, 

Nmi(x)=($i-$i.JMn,i(x). (2.2) 

Totally necessary knots are ^.m,.., 5n+m (S)< --' ̂ n called inner knots between a and b), and 

they can be chosen as a = ^ . m = . = ^ o < ^ t ^ - ^ n < ^ n + ) = . = ^ n + m = b . where 5i.m<5i 
(i=l,2,...,n+m) should be satisfied. A condition called 'Schoenberg-Whitney (S-W) condition' 
of the B-spline function demands that there should exist at least one B-spline function which 
supports the data yk(X]J. As far as the condition of S-W is satisfied, the position and number of 
knots are arbitrary. The coefficients q (i=!,2,...,n+m) of the eq. (2.1) are determined by the 
least-squares method taking account the covariance data of the experimental data ŷ . 

2.4 S o m e Criteria for the Fitting 

The maximum order of the B-spline functions, m is usually four (thus m-I=3, i.e., the cubic 
spline functions) [9] to fit the commonly observed data. The feature of this functions smooth 
behavior and significantly less oscillatory behavior than the rational function fitting. The 
selection of knot's number and their positions, however, are very important to get the 
satisfactory fitting results. A heuristic for knots selection is introduced by Ichida et at.[10] 
called successive division method'. In this method the choice of the Hrst knot is at the mid 
point which equally divides the total number of the data in the whole range. The next knots are 
again at the higher and lower mid points of the previously divided halves, respectively. Thus, 
usually the number of the inner knots are three is enough to fit the cross section data given in 
the present study. 

Even in a few cases, the initial fitted curves showed slightly oscillating behavior. This 
seemed to be unnatural as the cross section curve although the magnitude of the oscillation was 
not large, less than the data uncertainties. This behavior was quite sensitive to the position of 
the knots. In order to avoid this, the good position was searched within a nearby region from 
the original mid points. 
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3. Application 

Above mentioned processes have been applied to the given five dosimetry reactions, 
which will be described in the following. The covariance matrices have been estimated using 
the quoted error values by the respective authors and roughly estimated corrections within a set 
of experimental data. 

3.1 23Na(n,2n)22Na Reaction 

This reaction is one of the important high threshold and long-lived (2.6y) dosimeter. This 
is also important activation reaction of sodium in fast reactors and for low activation material 
development in fusion reactor due to possible multi-step reactions with aluminum and 
magnesium producing the activity of 22Na, i.e., 27Al(n,nm)23Na(n,2n)22Na(2.6y), and 
23Mg(n,np)23Na(n.2n)22Na. 

In the data base of the experimental data, them existed two apparently discrepant data 
groups together with one isolated data by sight and the clustering technique. JDF and IRDF-85 
[3] adopted lower cross section group, while the ENDF/B-VI dosimetry file[l I] took the higher 
cross section group, and they differ by about a factor of two. A n integral test by Dumais et 
al.[12] employing the high energy neutron field provided by the Li+d reaction on thick target 
showed that JDF and IRDF-85 were clearly more preferable than that of ENDF/B-VI. but the 
J D F data were a bit smaller. After J D F evaiuation, new experimental data sets by Xu, et 
al.[13], by Lu, et al.[!4], by Strohmaier et at.[15], and by Sakuma, et al.[16] have been 
reported. Only Xu et al's data supported the higher cross section group whose main contributor 
is the measured one by Paulsen, et al[17], while the latter three data gave a little higher cross 
section values than the JDF. Strohmaier et al. [18] ascribed the high value of the Xu's data to 
the measurement of annihilation radiations. 

In this paper w e adopted the lower cross section group including the above three data sets 
as shown in Fig.2 with the fitted curve and other dosimetry files' data. The estimated errors 
(one standard deviations) are also plotted along with the fitted curve. Thus, the entirely new 
evaluated curve is obtained, and is consistent with the integral test by Dumais, et a!. 

3.2 ssMn(n,2n)S4Mn Reaction 

This cross section is also a high threshold reaction about lOMeV. The manganese cross 
sections have been evaluated by Shibata[2], originally for ENDF/B-VI general purpose Hie on 
the basis of the theoretical model and transferred to JENDL-3. The data of this reaction in 
ENDF/B-VI have been then adopted in IRDF-90[20], and also in JDF. Thus, three dosimetry 
file's data are the same. The theoretical curve follows well the trend of the experimental data 
including the recent data by Sakuma, et a!'s[16], but runs along the lower cross section values 
of the main cluster between 14 and 17 M e V as seen in Fig. 3. The data by Paulsen, et al's[17] 
have been rejected by the clustering. In the present fit, the Shibata's theoretical values together 
with the estimated error values of about 3 0 % below 12 M e V were also adopted because no 
available data exists. 

3.3 59Co(n,2n)S8Co Reaction 

This reaction has been regarded as one of the most important high threshold dosimeters 
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having relatively reliable cross section below 20 M e V . The evaluated cross section by IRK 
group (Wagner, et al[7]) was adopted as the new entry of N E A / N D C standard cross section 
file[20]. In addition, cobalt is one of the important mono-isotopic element dosimeter in the field 
of high energy neutrons up to 50 M e V , which has also been discussed by the other paper[21] 
and also presented in this symposium by Odano and Iwasaki. In Fig. 4, available cross section 
data and evaluated data are shown. Below I5MeV, all evaluations are consistent, but not above 
this energy except for the present and JDF by Yamamuro[22]. It can be pointed out that the 
cross section of this reaction is still not established as that of 93Nb(n,2n)92mNb reaction does 
(see Sec. 3.6). Further differential cross section measurements and integral test aiming above 
15 M e V are necessary to establish this reaction as the standard one. 

3.4 6t)Ni(n,p)60Co Reaction 

This reaction has relatively low threshold energy of about 3 M e V comparable to that of 
3SNi(n,p)S8Co, and leaves a long-lived (5.7y) residua! nucleus, 60Co. These are desirable 
characteristic for the long-term reactor dosimetry. The experimental study for this reaction, 
however, has been very poor. Only one data set by Paulsen, et al.[17] was available except for 
the 14 M e V neutron energy region before the evaluations for all existing dosimetry files. 
Further, the Paulsen's data showed odd behavior below 12 M e V , being inconsistent with the 
theoretical model estimation[22]. However, some reliable experimental data have recently been 
reported[23,24] in this energy region, using H(t,p) and D(d,n) neutron sources, respectively; 
these data are almost consistent with each other, and could resolve the anomalous behavior of 
the Paulsen's data. In addition, the recent measured data around 14 M e V by F N S group of 
JAERI [25] are also taken into account. At this moment, only one data set by Paulsen in the 
energy range exists between 16 and 20 M e V . Therefore, in the present evaluation those data is 
adopted in this energy region with enlarged error values by about three times. A n entirely new 
evaluation curve is obtained as shown in Fig. 5. 

3.5 93Nb(n,2n)92<"Nb Reaction 

Almost flat and reliable cross section above 12 M e V enable us to use this reaction as a 
flux monitor for the activation cross section measurements in this energy range, as pointed out 
by Winkler[26] and Iwasaki. et al.[27]. The evaluation by IRK group (Wagner, et al.[28]) was 
also a new entry of N E A / N D C standard cross section Hle[29]. The cross section curve of J D F 
was given by the theoretical model calculation by Yamamuro[22] for the calculation of 
activation cross section. In the present calculation, following new experimental data have been 
added to the data base of this cross section; the cross sections calculated from the ratio data by 
Iwasaki, et al.'s[27] between 12 and 2 0 M e V measured at F N L of Tohoku University, 
measured by Ikeda, et al[30] around 14 M e V ( A ) using the associated particle method at FNS, 
and also by Ikeda, et al.(B)[31] from 9 to 12 M e V using the H("B,n)!'C neutron source at 
Tandem Facility of JAERI. Almost consistent data having been obtained with the previous 
evaluations of IRDF-90 and Badikov, et al.[8] as compared in Fig. 6. 

4. Conclusions 

The first phase of the new evaluation paradigm for the dosimetry cross sections have been 
described. Preliminary results of this phase for the five dosimetry reactions were satisfactory. 
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The present evaluated cross section should be tested again by the integral experimental data as 
performed prior the release of the first version of JDF. The implementation of the second phase 
block in the system is ongoing. The new experimental data for the last two reactions 
S9Co(n,2n)SSCo, 60Ni(n.p)60Co relative to the cross section of the 93Nb(n.2n)92mNb have 
been measured by the present authors between 12 and 20 M e V measured at Tohoku University 
Dynamitron facility this year and will be reported soon. These will be used in the second phase 
of the evaluation and resolve the ambiguity of the present cross section curves of these 
reactions. The extension of the system is also planned; the evaluation in the paradigm is based 
not only on the differentia! cross section data but a!so on the integra! data with the covariances 
in the phases of the first and successive evaluations. 
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Fig. 3 Comparison of the evaluated cross sections for S5Mn(n,2n)5<*Mn 
with the experimental data. 
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Fig. A Comparison of the evaluated cross sections for 59Co(n,2n)58Co 
with the experimental data. 

- 328 -



JAKHI-M 94-019 

0.3 

s 
JO 
'•S 
u 
<u 

o u 

u 

0.2 

0.1 

1 I I I I I I T" 
^ Paulsen, et al. '67 

(Higher energy side only) 
• Hemingway, et al '73 
o Fukuda, et al. '78 
• Lees, et al. '78 
• Bahal, et al. '85 
O Wagner, et al. '91 
® Sudar, et al. '91A 
* Sudar, et al. '9IB 
O Konno, et al. '93 

T—r 

i i i i-

60Ni(n,pA:o 

ENDF/B-VI 
JENDL DOS FILE" 
Present — 

5 10 15 
Neutron Energy (MeV) 

Fig. 5 Comparison of the evaluated cross sections for 60Ni(n,2n)60Co 
with the experimental data. 
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Fig. 6 Comparison of the evaluated cross sections for 93Nb(n,2n)92lBNb 
with the experimental data. 
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5.18 Evaluation of the D(r, n) Reaction Cross Section 

T.Murata 

Nippon Nuclear Fuel Development Co. 
Oarai-Machi,Ibaraki-Ken. 311-13, Japan 

Evaluation was performed for the cross section of 
photo-disintegration of Deuteron in the photon energy 
range between the threshold energy of the reaction 
(2.2 24 MeV) and pion production threshold (140 MeV) . 
Angular distributions of the emitted neutrons were 
also evaluated. 

1. Theory for the evaluation 

There are many theoretical and experimental works on the 
reaction. Partovi/1/ formulated the transition amplitude of the 
process including multipoles up to the octupole interaction and 
gave the calculated cross sections and simple angular 
distribution formula with several coefficients above photon 
energies higher than 10 MeV. Below 10 Mev, experimental cross 
sections were well reproduced with formulae given by Marshall and 
Guth/2/. The magnetic dipole absorption has significant effect 
in the energy region near threshold, and its cross section 
formula is given in the text book of Segre/3/. The angular 
distributions were calculated with the formulae given by Partovi 
and by Marshall and Guth in the respective energy regions. For 
the magnetic dipole process, isotropic angular distribution was 
added to the angular distribution below 10 MeV. 

The cross section calculation formulae are summarized as 
follows, 

Inc.Photon Energy : E < 10 HeV 

<?(Er)=<?.d+<7.,+ <7 •<+<*•* 

cr.d, <r,,, c , : given by Marshal I & Guth/2/ 

a .a= <TbFis/(1-a p ) 

<7.,= [(E-e )/5HC2]ff tF2V(1-or p ) 

c;b= 8»e
2li[e(E-e)3]^V3HcEs. 

e=2.224 HeV (binding energy of deuteron) 

H : mean mass of neutron and proton 

* Work performed as a part of evaluation program of the Working 
Group on Photo-Reaction Nuclear Data Evaluation of JNDC 
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For HuI then potential: 

Fi=1-[(a**k2)/(j8**k2)]*. F2 = 1-[(a
2 + k 2)/(£ 2 + k 2)] 3 

k2 = (H/fi2)(E-e) 

a=2.31x10 1 2 1/CID,/3=1.41X1013 1/cm, p =1. 73x10"" era 

For simplified model: Fi=1, F2=1 

<>»,= [(//,-/* „) 2E 2/6(Hc 2) 2]o-. d 

u r , u ° = magnetic moments of proton and neutron 

tf.a : given in Segre's Text Book/3/ 

_27re2f\(u.-ua)
2\e (E-e )]'^2( e'" 2tH 0'

/ 2) 2 

3H2c3E(E-e+Wo) 

Wo=0.0738 HeV 

Angular Distribution (CH system):Harshall&Guth + Hi-term 

a ( 0 ) = [3sin20/87r ][<y.i+2(5ff .,tf.d) 1 / 2cos0*5<7.,cos 20] 

+ [3c?.,cos2(9 + o.d]/4n-

Inc.Photon Energy : E >= 10 HeV 

Theoretical calculation by Partovi/1/ 

o ( E ) = sum of electric and magnetic transitions up to octupole 

calculated using wave functions with Hanada-Johnston's potential 

Angular Distribution (CH system,for protons): 

a (6 )= a+b-sin20+c>cos0+d,sin20cos0+e,sin,,6' 

Table 1 Calculated D(y.n)H cross sections and Dfy.p) angular 
distribution coefficients by Partovi/1/ 

Energy 
(MeV) 

10 
20 
•JO 
00 
80 

100 
120 
140 

' i 

Oib) 

1387. 
588.2 
224.2 
126.6 
87.40 
66.25 
53.41 
44.53 

a 
W>/sr) 

4.623 
5.387 
6.236 
6.101 
5.651 
5.114 
4.618 
4.156 

b 
fcb/sr) 

162.0 
65.50 
19.14 
7.209 
3.009 
1.025 
0.0653 

- .4096 

c 
W>/sr) 

0.3744 
0.7314 
0.9983 
1.001 
0.9420 
0.8808 
0.8230 
0.7737 

d 
M>/sr) 

29.96 
18.25 
7.914 
4.452 
2.774 
1.812 
1.237 
0.8757 

t 
f».b/sr) 

-4 .230 
-4 .223 
-2 .164 
-1 .564 
-1 .317 
- .9853 
- .7715 
- .6367 
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2. Evaluation Method and Results 

Partovi's calculation reproduce the experimental cross 
sections fairly well. So,the evaluation of the cross section was 
made to interpolate the values given in Table 1, in the energy 
region higher than 10 MeV. For the interpolation, spline fitting 
of the third order was applied at first. The results show some 
undulation and not satisfactory. Then,physical model of Marshall 
and Guth,described in section 1 was applied,but gave smaller 
values than Partovi's. It was found that the simlified Marshall-
Guth model,which set Fl=l and F2=l (see section 1),reproduces 
Patovi's results rather well. This simplified model was adopted 
for the interpolation and some correction .smoothly energy 
dependent less than 10 %, was applied in the energy region 
between 40 MeV and 80 Mev to reproduce the Partovi's values more 
well. 

In the low energy region below 10 MeV, the simplified model 
plus magnetic dipole cross section was applied successfully to 
reproduce the experimental cross sections. 

Evaluated cross section is shown in Fig.l along with 
the experimental cross sections/4/, Partovi's calculated values 
and calculated result of Marshall-Guth model. Figure 2 shows low 
energy region cross sections. Magnetic dipole contribution is 
also shown in the figure. 

Angular distributions of the emitted neutrons in the center of 
mass system were calculated with the formulae given in section 1, 
and are shown in Fig.3 comparing with the experimental values/5/. 

Angular distributions in the center of mass system were 
transformed to the laboratory system with the relativistic 
kinematics given by Dedrick/6/, and are shown in Fig.4. The 
emitted neutron energy was calculated also with the kinematics 
and is shown in Fig.5. The differential cross sections were 
fitted with the following Legendre polynomials and the 
coefficients are given in Table 2 as a summary. 

dff/dQ= o/Hx [ 1 + 2 L - I A L P L (COS0 ) ] 

3. Discussion and Conclusion 

Though, many sophisticated models have been presented by many 
physicists for the photodisintegration of deuteron to investigate 
nucleon-nucleon interaction, these models give not so different 
cross section of the reaction and angular distributions of 
the emitted nucleons. So, simple models to reproduce the 
experimental data were adopted for the present evaluation of the 
practical use,such as reactor design and so on. In the photon 
energy region higher than 60 MeV, present evaluated cross section 
show somewhat lower tendency compared with the experimental data. 
Re-evaluation in these region is a subject for a future study 
waiting for the measurements of good accuracy. 

The present result will be compiled into the first version of 
Japanese evaluated photo-reaction data file, which will be 
released in next year. 

Thanks are due to the members of the Working Group on Photo-
Reaction for valuable discussion. 
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Table 2 Summary of the present evaluation: D(y,n) cross sections and 
the Legendre polynomial expansion coefficients of the neutron 
angular distributions in the laboratory system 

do/dB - o/4ir[l + ^^^^(cose)] 

Ea(MeV) 
2.300E+00 
2.600E+00 
3.000E+00 
3.S00E+00 
4.000E+00 
4.500E+00 
5.000E+00 
5.500E+00 
6.000E+00 
8.000E+00 
1.000E+01 
1.500E+01 
2.000E+01 
2.500E+01 
3.000E+01 
3.500E+01 
4.000E+01 
4.500E+01 
5.000E+01 
5.500E+01 
6.000E+01 
7.000E+01 
6.000E+01 
9.000E+01 
1.000E+02 
1.200E+02 
1.400E+02 

SIG(mb) 
6.581E-01 
1.183B+00 
1.828E+00 
2.280E+00 
2.4S4E+00 
2.474E+00 
2.416E+00 
2.318E+00 
2.205E+00 
1.753B+00 
1.373E+00 
8.528E-01 
5.882E-01 
4.350E-01 
3.376E-01 
2.714E-01 
2.242E-01 
1.893E-01 
1.629E-01 
1.425E-01 
1.264E-01 
1.031E-01 
8.744E-02 
7.622E-02 
6.764E-02 
5.483E-02 
4.55aE-02 

Al 
2.913B-01 
2.439B-01 
2.442E-01 
2.381E-01 
2.3208-01 
2.267B-01 
2.221E-01 
2.180E-01 
2.144E-01 
2.027E-01 
1.828E-01 
1.674E-01 
1.337E-01 
1.076E-01 
1.058E-01 
9.728E-02 
7.603E-02 
5.481B-02 
4.063E-02 
3.487E-02 
3.431E-02 
3.028E-02 
2.347E-02 
2.30BE-02 
2.903E-02 
4.261B-02 
5.666E-02 

A2 
-1.197E-01 
-6.531E-0I 
-8.342E-01 
-8.969E-01 
-9.219E-01 
-9.3S2E-01 
-9.436E-01 
-9.494E-01 
-9.539E-01 
-9.647E-01 
-9.444E-01 
-9.215E-01 
-8.804E-01 
-8.26SE-01 
-7.789E-01 
-7.278E-01 
-6.6S5E-01 
-5.880E-01 
-5.333E-01 
-4.769E-01 
-4.277E-01 
-3.282E-01 
-2.294E-01 
-1.469E-01 
-8.225E-02 
2.671E-02 
1.068E-01 

A3 
-5.839E-02 
-1.992E-01 
-2.283E-01 
-2.298E-01 
-2.264E-01 
-2.224E-01 
-2.185E-01 
-2.1S0E-01 
-2.117E-01 
-2.008E-01 
-1.811E-01 
-1.653E-01 
-1.309E-01 
-1.028E-01 
-9.806E-02 
-8.S31E-02 
-S.799E-02 
-2.882E-02 
-5.326E-03 
1.034E-02 
2.108E-02 
4.784E-02 
7.963E-02 
1.037E-01 
1.194E-01 
1.481E-01 
1.706E-01 

A4 
-1.145E-02 
-3.074B-02 
-3.110E-02 
-2.831E-02 
-2.577E-02 
-2.361E-02 
-2.176E-02 
-2.012E-02 
-1.86SE-02 
-1.378E-02 
-1.326E-02 
-1.070E-02 
-4.701E-03 
-1.029E-03 
-1.891E-03 
1.461E-03 
9.649E-03 
1.722E-02 
2.143E-02 
2.202B-02 
2.068E-02 
2.032E-02 
2.334E-02 
2.627E-02 
2.824E-02 
3.123E-02 
3.277E-02 
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4.0 

60- 30 
E (MeV) 

Fig. 1 D(y»n)H evaluated cross section (solid line) compared with 
experimental cross sections/4/, Partovi's calculated values 
(circles) and calculated line (dashed) with the model of 
Marshall-Guth plus magnetic dipole component. 

4.0 
D(y,n) CROSS SECTION 

• EXPERIMENTAL DATA 
o PARTOVI'S CALC, 
- MAGNETIC DIPOLE(Ml) COMPONENT, 
— SIMPLIFIED M.8G.-M1 MODEL 

( PRESENT EVALUATION ) 

10 15 
E (WeV) 

Fig. 2 D(y»n)H evaluated cross section in the low energy region 
(solid line) compared with experimental cross sections/4/. 
Magnetic dipole contribution is shown by dashed line. 
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Fig. 3 Comparison of calculated angular distributions with experimental distributions/5/ 
of emitted neutrons by the D(y,n) reaction in the center of mass system. 
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Fig. 4 Three dimensional plot of the evaluated differential cross 
sections of the D(y,n)H reaction in the laboratory system. 
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Fig. 5 Ratio of emitted neutron energy to released energy (E-e) by 
the D(Ytn)H reaction (calculated with relativistic kinematics). 
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5.19 Nuclear Level Density Parameter Systematica Revisited : 
Nuclear Deformation Effects 

Alberto Mengoni and Yutaka Nakajima 

Department of Reactor Engineering, Nuclear Data Center 
Japan Atomic Energy Research Institute 

319-11 Tokai-mura, Naka-gun, Ibaraki-ken 

Introduction 
The importance of the construction of a reliable systematics for nuclear level density 

parameters can be easily understood by considering that all the reaction cross section 
calculations, based on the statistical model theory, need the evaluation of nuclear level density. 
This quantity is available from experiment only in limited ranges of excitation energies and for 
a limited set of nuclei in the nuclide chart. 

Of the models currently employed for the calculation of level density, the Fermi-gas 
model (FGM) is one of the most utilized example. In fact, for excitation energies of a few 
McV up to several MeV, the FGM has proved to furnish reliable estimation of the density of 
nuclear states. As it is well known, the most important parameter which enters in the 
evaluation of nuclear level density based on the FGM is the parameter a. This parameter is 
related to the density of single-particle states at the Fermi energy. The purpose of the present 
contribution is to investigate the effect of nuclear deformation on the systematics of «. 

The important fact to consider in the evaluation/calculation of a is that for a wide 
class of nuclei, the density of nuclear levels at excitation energies corresponding to the neutron 
binding energy (8 MeV or so) can be evaluated experimentally by measuring the spacing of 
neutron resonances (usually s-wave resonances). In fact, the level density parameter a enters 
in the FGM level density formula and the following relation can be used to derived it 

< Z ) > M ) = £ PFGMWO)"
 ( , ) 

Here U is the excitation energy corresponding to the neutron binding, opportunely corrected 
for pairing correlation effects and JQ takes the allowed values of the total angular momentum 
for the neutron s-wave resonances. 

A systematics of the parameter a can be constructed if the average level spacing of 
neutron resonances is available for various nuclei. Of course this is the case and the systematics 
of the a parameter has been constructed several times in the past [1]. We have recently [2] 

'Permanent address: ENEA, Ente per le Nuove lecnologie, Y Energia e I' Ambiente, 
Nuclear Data and Codes Laboratory, V.le G. B. Ercolani 8, 40138 Bologna, Italy. 
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re-evaluated the level density parameter a for all the nuclei whose neutron resonance data 
are contained in the most recent compilation [3]. 

In order to obtain a good systematics it is essential to make the level density parameter 
a a slowly varying function of the mass number. To do this, various nuclear structure effects 
must be included in the evaluation of the level density parameters. Here, the effect of nuclear 
deformation will be considered in detail. 

Nuclear structure effects 
As it is well known, several nuclear structure effects manifest themselves on nuclear 

ground-state properties. For example, pairing correlation effects clearly show up in the 
syslematics of mass differences. The same situation appears for shell effects which are evident 
when the residual energy 5£, derived from the relation 

Mexp = Md + SE ' (2) 

is plotted as a function of the mass number A. Here, Md is the "macroscopic" or "smooth" 
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Figure 1: residual energy SE vs the mass number/I. See the text for explanations. 

part of the nuclear mass-formula, usually evaluated from liquid-drop or droplet models [4] and 
Mcxo the experimental nuclear mass. 

In Fig. 1 wc show 5£ as derived from the experimental mass, M™. The droplet 
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model of Myers and Swiatecki [4] is used for the evaluation of Md. In the same figure, a 
theoretical estimate of 5£, evaluated following the prescription of Rcf. [4], is given as solid 
line. It is important to note here that the evaluation of SE given in Fig. 1 as full dots, 
includes shell and deformation effects, whereas the theoretical calculation correspond to pure 
shell contribution which does not include deformation effects. It is in this way that we can 
discriminate the contribution of shell and deformation effects. 

The question now arises: are shell and deformation effects also present in excited nuclei? 

The natural answer to this question is that yes, the nuclear structure effects, shell and 
deformation, are also present for excited nuclei at least as far as the excitation energy is not 
too high. Some evidence of this affirmation can be found examining nuclear properties derived, 
for example, from the analysis of giant resonances. We will show here that an alternative way 
to answer this question is to examine the systematica of the level density parameter a. 

"~-

(M
eV
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0 

i 
i 

-

( a ) - ^ " " " ^ 

f n f (b) \j 

100 200 

Mass number A 

7 

( b ) ~ 

-

-

Figure 2: level density parameter a. The two curves are calculated as 
explained in the text. 

Nuclear deformation effects on the level density parameters 
It is well known thai the systematica of a shows strong fluctuations due to shell 

effects. Wc are also in a position to correct for those effects. In fact, two approaches have 
been proposed for taking into account the shell structure. One method, proposed by 
Ramamurthy et al. [5] is based on considering shell inhomogeneitics on the single-particle 
spectrum on which the nuclear excitations are built. Another approach has been proposed by 
Ignatyuk el al. [6] which is based on the generalized super-fluid model. In the latter case the 
FGM equations remain unchanged except for the parameter a which lakes an energy-
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dependent form 

«(£/) = « ( * ) [ ! • - £ ( ! -e-yU)] (3) 

where a(*) is the asymptotic level density parameter, E^ is the shell correction energy and 
Y a damping parameter, usually taking the value v = 0.40 A ® MeV"1. 

The asymptotic parameter a(*) shows a very smooth behavior when plotted as a 
function of the mass number A. In fact, the two parameters coincide when U -* » and their 
physical meanings are equivalent provided that shell effects are removed. 

We have constructed [2] the systematics of a(*) and derived the following expression 

a(*) =aA (1 - / 3 / T I / 3 ) (4) 

with the numerical parameters a = 0.05811 MeV'1 and /3 = -5.897. Using these values and 
the equation (3) we can now calculate the level density parameter a as a function of the mass 
number. The results of this calculation are shown in Fig. 2. Here, the curve (a) shows the 
calculation made using ESft = 8E with BE evaluated from the experimental mass differences. 
The curve (b) is calculated using the theoretical [4] shell energy without the inclusion of 
deformation effects. 
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Figure 3: level density parameter a. The curves are calculated as explained 
in the text and are the same as those of Fig. 2. The dots arc derived from the 
experimental level spacings. 

To confirm the importance of deformation effects on the level density parameter a, 
wc have superimposed to the calculations of Fig. 2, the values of this parameter as derived 
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from the experimental level spacings. The result is shown in Fig. 3. It can be seen that the 
experimentally derived level density parameters a are in a very good agreement with the 
values calculated using equation (3), with the shell correction energy evaluated including 
nuclear deformation effects (curve (b)). It can be also noticed that the effect of deformation 
is greatest in the mass region 150 < A < 190 and for the actinides. Those are the same 
regions where the nuclear deformation plays a fundamental role in establishing ground-state 
properties. 

Conclusions 

Wc have investigated the level density parameter systematics in a wide region of the 

nuclide chart. We have shown that the systematics of a shows deformation effects very much 

in the same way as the residual energy in nuclear ground states. 
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5.20 Shell-pairing Correlations of Nuclear Level Density 

H.Nakamura, Fuji Electric Co., Ltd 
1-1 Tanabe-Shinden, Kawasaki 210 

ABSTRACT: For the purpose of preparing the systematics of the level dens
ity parameters, a revision to the KRK formula [1] has been made. The new 
formula, similar to the previous one, is based on the analytical expressi
on of the single-particle state density, introducing, in particular,shell-
pairing correlation (SPC) terms on it. The systematics of parameters cons
ist of those for the ground states and for the excited states. For the fo
rmer, the main advantage of present systematics is no direct use of exper
imental shell and pairing correction energy tables; The mean difference 
between the empirical and the computed mass exceses is AM = 0.252MeV for 
existing 1925 mass data. The results of preliminary analyses for the reso
nance spacing data are presented. 

1. Introduction 

Among the simple semiempirical models which account for the energy-dep
endent shell and pairing effects of the nuclear level density, the KRK mo
del (1] is considered. This model relates the shell effects of the level 
density to the ground-state shell correction 

Es = Mexp - Mdrop (1) 

defined as the difference of the experimental mass Hexp and the liquid dr
op mass Mdrop (gross term). However, the above shell correction Es does 
not take the unique contents but depends on the different mass formula, 
from which the shell and the pairing corrections, and the shell-pairing 
correlation terms are available. Separation of those correction terms on 
the systematics of level density parameters is not clear in literatures. 

The purpose of the present work is to make those contents of correctio-
n clear on the level density parameters. In the present model, an analyt
ical expression for the single-particle state density, similar to the pre
vious KRK model, but introducing the shell-pairing correlation terms, so 
we call it SPC-model. The main advantage of the present model is its ana
lytic form of systematics with about 60 parameters for the ground state, 
about 3 parameters for the excited states, and thus no use of the shell 
and pairing energy tables for individual nuclei on the statistical theory 
analysis for a large number of nuclear reactions. 

In the next section, the brief description of the level density formu
lation is presented. In the Section 3 the systematics of parameters for 
the present model are given. The predictions of the present model are com
pared with the resonance data (2] fitted by using the KRK model in the Se
ction 4. The last section is the concluding remarks. 

2. Semiempirical Level Density Formula 

Level density formula is reduced by using the traditional stasistical 
procedure as followings ; 

Fourier expansion of single-particle state density ; 

g(E) = g[l+f-cos{Q<E-Ex))][l-cos(q(E-Fx)}] (2) 

Q = 21W1W : re lated to the main-shell spacing, 
q = 2Tt/Kw : re la ted to the pairing energy. 
Fx = Ex+«W(X+l/2) : Fermi l e v e l . 
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occupied fraction of x-th shell. 
stand for proton(=z) or neutron(=n) shell. 
average single-particle state density . 

Grand partition function ; 

G =5dEg(E) tl+2exp{B(Fx-E)) + exp{2B(Fx-E)}] 

Saddle-point approximation for level density ; 

R(E,J) = (1/2)W(J)R(U), 

2J+1 (J+l/2)2, 

W(J) = -̂ r — expt — ] , J : total spin 
2 (211//* 0*3 2(Ta 

1 
R(U) = —.——• exp(S), E Fexcitation energy 

<2-n>)Va D1/S-

D = (18/Tt1- )*V3' U ^ 2 . U : excitation energy. 

0* = I t, spin cut-off factor, 

I : moment of inertia of nucleus, 
t : thermodynamic temperature. 

S = 2at : entropy. 

a = a + (l/2)t"a [Es-hl(T){h2(T)-l) - P-hl (Tp) {h2 <Tp) -1) ] 

Es = Cs«f-cos(2 X) : shell correction energy. 
P = Cp Jf [1-Fp'Es/Cs] : pairing energy. 

hl(T) = Tcosech(T), 
h2(T) = Tcoth(T), 

T = T&Qt. Tp = TP-qt. 
a : asymptotic leveldensity parameter. 
X : occupied fraction of the proton or neutron 

= (n-M)/N, n : occupied particle numbem 
M : magic number, 
N : fully occupied number. 

J : = l(even-n), = O(odd-n) 

U = at* + Es[hl(T)h2(T)-l] - P[hl(Tp)h2(Tp)-1] 

I = Ir[l-hl(Tp) • <Es/Cs){hl(T)-hl(Tp))], 
: for even-particle shell 

Ir = 0.015A : Fermi-gas moment of inertia 
A : mass number. 

Systematics of Level Density Parameters 

free parameters ; 

Cs : shell correction energy const. 

Ci : shell correction energy consts (i=l,6). 
Cp : pairing energy const. 
Fp : amplitude for shell-pairing correlation. 
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a = AO-A 
W = WO. A1/-3 

q = qO-AV&-

asymptotic level density parameter, 
related to the main-shell spacings. 
related to the pairing energy. 
(A0,W0,q0) :parameters to be fixed. 

fitting formula to the experimental mass excess data ; 

[Es]exp = {-Cs»cos(2TP'X)-Cl-X-C2}'FF - Ci-{sin(27E X) } 

: for odd-proton and -neutron shells. 

C3 : for (X<0.5), C4 : for (X>0.5) 

FF = exp{-C5-X(l-X)+C6) : for deformed nuclei, 
56<Z<76, Z>90 
94<N<118, N>138. 

FF = 1.0 Ffor for spherical nuclei. 

[P]exp = Cp • [1 + Fp (Es/Cs)] : for even-proton and -neutron shells 

[Es]exp, [P]exp : 

experimental shell and pairing energies adjusted by using, 
as the first guess, those (constant shell terms and the 
gross term) of Reference [3], and experimental mass excess 
data of Reference [4]. 

The resulting values for free parameters (mass excess fitting) are sho
wn in Table 1 with the mean error. For a large range of mass number, the 
single-particle levels are grouped to coupled proton- and neutron-shells, 
as the proton 28- and the neutron 50-shells. For total 1925 nuclei, the 
mean difference AM between the empirical masses and the computed ones is, 

& M = 0.252MeV. 

To the experimental error of the mass table an error of 0.3 MeV only for 
(28,28)-shell has been added quadratically. and reciprocal of this sum of 
two error has been used as weight. 

4. Predictions for Resonance Data 

Slow neutron resonance spacings and proton resonance spacings data have 
been analyzed by using the existing level density models in the previous 
study [2]. For the test of the present model some of those data are used 
for the present work, and the results are compared with the previous ones. 
For this analysis, the shell and pairing energies are derived from the pr
esent mass-formula. The predictions of the KRX and the SPC models are pre
sented in Table 2. As shown there the present model predicts Dobs as well 
as the XRK. At the present study the search for systematics related to pa
rameters (a, W, q) is not sufficient. 

5. Concluding Remarks 

Semiempirical level density formula with the simple data-set for param
eter systematics, compared with the previous ones, is presented. On the 
application for a wide range of nuclei, further studies will be needed for 
the well definded systematics of r irameters (£, W, q). 
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Table 1 Values for parameters of shell and pairing correction terms 

shells 

CI 

C2 

Cs 

C3 

C4 

C5 

C6 

Cp 

Fp 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

-Z 
-N 

<3M(MeV) 

(1,1) 

0.408 
0.961 

-1.433 
-1.304 

0.837 
1.020 

-0.369 
0.488 

-0.043 
-1.079 

1.738 
1.958 

0.009 
-0.066 

0.402 

(1,2) 

1.174 
0.521 

-1.147 
-0.591 

0.460 
1.840 

-0.753 
-0.600 

-0.714 
-1.632 

1.802 
1.559 

-0.010 
-0.078 

0.071 

(2,2) 

1.743 
1.508 

-0.824 
-1.618 

1.608 
1.929 

-1.393 
-0.071 

-0.157 
-1.300 

1.445 
1.757 

-0.012 
-0.057 

0.095 

(2,3) 

1.743 
1.555 

-0.799 
-1.457 

1.582 
4.150 

-2.121 
-1.331 

-1.349 
-3.047 

1.481 
1.189 

-0.054 
0.114 

0.323 

(3,3) 

-0.878 
-1.535 

-0.725 
-0.601 

3.426 
3.376 

-0.176 
-1.320 

-1.296 
-1.571 

80.00 

0.351 

1.209 
1.171 

-0.058 
0.120 

0.120 

(3,4) 

-4.231 
5.211 

-3.488 
-3.950 

9.554 
4.862 

-0.849 
-2.632 

0.890 
-0.871 

54.80 
717.17 

-1.433 
-0.860 

0.946 
0.898 

2.451 
0.351 

0.491 

(4,4) 

0.000 
5.257 

-10.884 
-3.962 

12.427 
4.873 

-1.273 
-2.634 

0.000 
-1.296 

269.28 
-2066.5 

-0.151 
-1.576 

0.852 
0.994 

1.623 
0.587 

0.197 

(4.5) 

0.000 
0.000 

-8.439 
-4.555 

10.271 
9.896 

-2.054 
-2.291 

0.000 
0.000 

271.16 
-445.5 

0.104 
-2.800 

0.508 
0.580 

1.456 
-0.089 

0.809 

mean error for 1925 experimental masses, A M = 0.252 MeV. 

shell-1 (14 - 28), 
shell-4 ( -126), 

shell-2 ( - 50), 
shell-5 ( -184) 

shell-3 J - 82), 

Table 2 Level density calculations (KRK and SPC-model) 

A 

Cr55 
Fe55 
Mn55 
Fe59 
Ni59 
Co59 

Z 

24 
26 
25 
26 
28 
27 

N 

31 
29 
30 
33 
31 
32 

Es 

1.34 
-0.78 
0.27 
2.10 
-0.21 
0.86 

Ep 

1.76 
1.75 
1.45 
1.75 
i. 74 
1.43 

6 
9 
8 
6 
9 
7 

U 

25 
.30 
.07 
.58 
00 
37 

0 
1 
0 
0 
0 
0 

t 

.861 
024 
.981 
861 
981 
912 

7 
7 
7 
8 
8 
8 

a 

54 
54 
54 
08 
08 
08 

S 

13.07 
14.59 
14.48 
14.58 
15.26 
14.75 

SIG2 

12.83 
12.33 
10.34 
11.42 
10.48 
12.16 

Dobs 

54.4 
18.0 
7.1 

25.4 
12.5 
4.3 

D(SPC) 

56.18 
18.78 
13.65 
11.45 
7.45 
12.12 

D(KRK) 

59.83 
11.73 
15.32 
24.47 
7.90 
14.72 

parameters ; (KR"') A0 = 0.137 
W0 = 0.170 

(SPC) A0 = 0.137 
W0 = 0.30 
qO = 0.22 
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5.21 Comments on ENSDF —from the Evaluator to Dear Bitter Users 

Kensuke KITAO 

JNDC - ENSDF group* 
and 

Data Engineering, Inc. 

Evaluated Nuclear Structure Data File (ENSDF) is a data base derived from only published 

experimental research papers. Some incomplete parts still exist in the file as pointed out by users, but 

it is unavoidable according to present policies for preparation of the file. About 96% of decay data 

sets in ENSDF have the normalization factor (that to give the intensity per 100 disintegration of 

parent nucleus). For lack of experimental data, the accuracy of these factors is still a problem. In 

ENSDF, about nine-hundred radionuclides of decay data sets contain unplaced gamma-raj's. The 

number of such gamma-rays is amount of about 16800, and the one-hundred twelve isomers have 

not established excited energy. 

Introduction 

ENSDF (Evaluated Nuclear Structure Data File) is a computer data base file, maintained by the 

National Nuclear Data Center as well as NSRF (Nuclear Structure Reference File). It is consist of 

evaluated experimental data on nuclear level properties, radiations, radioactive decay, and reaction 

data for 1<A<266, where A is the mass number. We can see the contents of ENSDF on a journal, 

Nuclear Data Sheets, and also access directly the ENSDF via computer network, i.e., Internet, Hepnet, 

Physnet, Esnet. (See page JV on each issue of Nuclear Data Sheets.) 

Recently, there has frequently been querulous voices or bitter criticism on ENSDF from users. 

They say that the evaluator must give spin-parity value to each adopted level in ENSDF, and if 

possible it must be unique one. Why are decay data sets without normalization factor (to calculate 

particles or photons per 100 disintegration of the radionuclide) in the file? Why is total beta- and 

total gamma-energy following the decay of each nuclide not agree the decay energy of the nuclide? 

They also point out that there are levels to have not decided excited energies or spin-parity values in 

the adopted levels. In other words, they say that is ENSDF the "evaluated" data? It is naturally to 

raise these questions from users. We, as evaluator, take in part to prepare a part of the file. Therefore, 

it may be presumptuous that we explain the policies (') of ENSDF. To afford a better understanding 

on the file by users, we should like to introduce some policies of the preparation of data sets and 

Japanese Nuclear Data committee • ENSDF group, c/o Y. Kflcuchi, Nuclear Data Center, 

Japan Atomic Energy Research Institute. Toluu-mura, Naka-gum Ibarilti-ken 319-11, Japan. 
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adopted levels and radiations, as well as the degree of completeness of the file 

1. ENSDF rejects speculation 

For each nuclear species, ENSDF presents most reliable information to users on the adopted 

properties of the nucleus, and on the evaluated result, as the data set, of single type of experiment, 

such as a radioactive decay, a single nuclear reaction, and an in-beam spectroscopy. In the 

preparation of the data set, evaluators are limited or not allowed to use any speculation. For example, 

when we have only an experimental result, we are allowed to plot a point on graph sheet but can not 

overlap the curve obtained from a theoretical calculation, on the point. 

2. Excitation energies and spin-parity of levels. 

Evaluator evaluates experimental results for ENSDF but adds not the data not given by 

experiments. Adopted levels are those connected by gamma transitions and those as final states of 

reactions. The excitation energies of levels connected by gamma transitions are from a least squares 

fit to the adopted gamma energy. In general, observed kinetic energies of particles emitted in the 

nuclear reactions is less accurate compared with gamma-ray energies. Thus, a level from reaction data 

may be overlap on several levels determined by gamma-ray energies. Former level is not the same as a 

specific one of later levels, unless they have the same spin-parity or overlap each other. Column 

XREF in table of the adopted level in Nuclear Data Sheets, or XREF flags in ENSDF , denotes 

corresponding relations between levels on "Adopted levels, gammas" data set and ones on individual 

data sets. 

There are levels without established excitation energy in ENSDF. Of course, existence of these 

levels has been confirmed through measurements of the half-life, band structures, and so on. See Fig. 

1 for such example. Positions of such levels may be possible to estimate by aid of a theoretical 

calculation or systematics of neighboring isotopes or isotones with similar structure, but such 

prediction will be not accepted in general. Nuclides with such level are about 400 in the file. We 

show nuclides having isomeric state not established excitation energy or ones not established the 

order of ground and isomeric states in the table 1. 

Values of spin are given from direct measurements but such measurement very limited. In general, 

angular momentum in particle transfer reaction, multipolarity of gamma-transition, and logft value 

given from constructed decay scheme perform the important role in the assignment of spin-parity 

values. Evaluators work according the rules of ENSDF itself on the assignment (2). Thus, needed 

information from published papers is not spin-parity values given by authors but experimental results 

to be useful for arguments of assignment 

3. Normalization of gamma-ray and decay energy 

Some users have interest to calculate radiation exposure from radionuclides, decay heat of nuclear 
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reactors after shut-down. They need absolute intensities of radiations emitted from radionuclides, i.e., 

particles or photons per 100 disintegrations of the nuclide. ENSDF has prepare the normalization 

factor for each radionuclide, then user can obtain the absolute intensity using with the factor. However, 

some decay data sets containing in the file have not the factor. The number of the data set without 

normalization factor is 96% of about 3100 decay data sets. Moreover, although decay scheme 

established and normalization is given, it is likely that accuracy of the factor is very bad. It rises from 

lacking beta-spectra measurements, especially that of beta-rays to ground state of daughter, missing 

gamma-rays from higher energy states, existing gamma-rays observed but placed in decay scheme. For 

example, the number of unplaced gamma-rays in ENSDF amounts to about 16800 (4). 

Concluding remarks 

Problems as pointed out by users exist in ENSDF but it is unavoidable under present policies for 

preparing of the file. It seemed users to seek a complete data base in itself on decay and level 

structure data. Such data base must be constructed by different policies from that of the current 

ENSDF. For the data base, ENSDF can supply materials, so to speak the most refined materials. 

ENSDF is always revising by new experimental facts. However, the revision of ENSDF is not 

simultaneously done for all data. It is possible that the data sets of a isobars are not revised since 1982. 

This may be some confusion between users utilizing files as ENDF or JENDL. 

In spite of many reports published, lack of data for evaluation becomes still an obstacle in 

completeness of ENSDF. Trend seen in recent papers on in-beam spectroscopy experiments is parted 

with measured gamma-ray energy and intensity. We expect researchers to inform us these eliminated 

data for submit to journal. 
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Table 1 Isomeric s t a tes without established excit ing energy. 

TOBl"1 

74BH11 

78Rbm 

82Alm 

84A.m 

+ 84Y"1 

87Nbm 

88Nbm 

89Nbm'« 

91Rum 

MRh1"-* 

+ 98Rhm 

98Y™1 

98Rhm 

100Nbm'« 

102Rbm 

102Ym>* 

102Nbm'* 

102Tcm 

I02Snm 

108Rhnl'* 

llORh'11'* 

112Rbm,| 

mPd™ 

114Rhm 

ll«Rhm'* 

nei0" 
116Clm-* 

117T«m 

!17Ctm'* 

+I181nm 

H8C«m,« 

IWAt"-* 

U9CI1" 

120Sbm 

1201™ 

J22Atnl 

122Inm 

l a o " 
+126Tnm 

+127Inm 

1 2 7 U m 

128Sbm 

+128Inm 

129Ctm'* 

U0Sbm 

nice"1 

131Sbm 

+1321™ 

133Cem 

133NdIn 

134Sbm-« 

l^SlMn,•* 

ISoXi™ 

136Pmn« 

138Pmm 

140Pmm 

1 4 m m 

142EuIn 

143Tbm 

143Tbm 

l4SUm 

M6Tbm 

147Er™ 

J48Tbra 

148Hom 

I49Hom'« 

lson™"* 
lSOHo"11' 

lSlTm""* 

l S l V b W 

lS2PmIn 

152Tm,n 

+153Hom 

154Pmm 

+154Bim 

154Tb,n 

154Hom 

IMTb™ 

13«Tinra 

mJ* 
160Hom 

leoLu™ 

+162Hom 

l«2Tmm 

WSLo"1 

lSSRt1" 

172R«nl 

lTSW1** 

182Rem 

+183Tfn 

185Aum 

Htt" 
WTH,"1 

lrJPb1"* 

«n*< 

189H11" 

189Tlm 

WOR.™ 

lOOTl™ 

190Km 

W l h " 

1021im* 

» 2 B i m 

193 i f 
194L" 

WBi™ 

+200Atm 

•2J7PAm 

222A«m 

247Fmm* 

m: iiomtr 
1114: not MMbliihcd the ord«r of ground nd itoum-ic ituei 
+: iiomtric lUtti given ipproxinutc vihxi for ntciMion tntrjiti 
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127La Levels 

Cron Refereoci (XREF) Flagi 

S 

E(l.vel)J J« 

0 . 0 ( 3 / 2 * ) AB 

0 . 0 . i t ( l l / 2 - ) » B 

Lai. 

3 . 5 ml 

S . 0 ml 

B S 

n S 

5 8 . 4 ' 5 
7 3 . 0 . 1 ? 

1 7 3 . 2 ' 7 
2 3 5 . 5 * 7 
2 5 2 . 4 . i t 
4 2 6 . 2 * 9 
6 2 2 . 0 . 1 ? 
7 1 1 0 . i t 

1 0 2 6 . 0 . 1 ? 
1 2 0 2 . 0 . x ? 
1 3 4 1 . 9 . i t 
1 7 0 2 . 0 . 1 * 
2 1 2 2 . 2 . i t 
2 1 4 5 . 9 . 1 * 
2 7 2 2 . 9 . 1 * 
3 0 3 0 . 2 . i t 
3 4 2 4 . 9 . 1 * 
4 0 3 3 . 2 . i t 

4 2 3 7 . 9 . 1 * 
S 0 3 2 . 2 . l t 
5 1 5 3 . 9 . 1 * 
( 0 4 5 . 2 . i t 

( 1 5 0 . 9 . 1 * 
7 1 4 7 . 2 . i t 
71SI 9 . 1 * 

( 1 5 / 2 - ) • 

( 1 9 / 2 - ) ' 

( 2 3 / 2 - ) • 
( 2 1 / 2 . ) * 
( 2 7 / 2 - ) • 
( 2 5 / 2 . ) * 
( 2 9 / 2 . ) * 
( 3 1 / 2 - ) " 
( 3 3 / 2 . ) * 
( 3 5 / 2 - ) * 
( 3 7 / 2 . ) * 
( 3 9 / 2 - ) * 
( 4 1 / 2 . ) * 
( 4 3 / 2 - ) * 
( 4 5 / 2 . ) * 
( 4 7 / 2 - ) • 
( 4 9 / 2 . ) * 

A 

B 

A 

A 

B 

A 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

B 

a 
B 

B 

5 9 

9 

2 

1 

0 

0 

p . 9 

4 p i 9 

5 p i 14 

01 pt 12 

78 pi 11 

62 pi 10 

* Trail b u d built on tba 11/2(505) l«««l. 
* Poiitivi parity baod. 
I From (HI,ID?), tieapt «i aotad. 
* From '"C« f d . t iy . 
* From itritebid 12 l a i e a d u lo (11/2-1 and 
* From fil lt lDf • nrelebid CI Iraniltloo lo 

A 127Ce p* Decay 
B (HI,107) 

Commesli 

J l : from lyi t of odd-La iiotopei. 
T„2: from 63Pr02. Oth.r: 3.5 mio 5 (63Ya05). 
Jtc: from lyi t of liomeri ID odd-La Iiotopei. 
E(level): Ihi traoiitloo between tbe 5-mlo itate (11/2-) aod tbe 3.8-min (g.i.) 

bai Dot beeo obierved. 
T..-: from 73Le09. M/2-

T,.,: from »5Sm07 (RDM). 

T„2: from 85SDJ07 (OSAM). 

T1/2: from 85Sm07 (RDM.DSAM). (39/2-) 

T„2: from 85Sm07 (DSAM). 
J«: (El) T '<> (23/2-). 
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5.22 Systematics of the Fragmentation Cross Section for 
Incident Proton Energies up to 3 GeV 

NobuhiroSHIGYO. Kenji ISHIBASHI. Yoshihisa WAKUTA 

Department of Nuclear Engineering. Kyushu University 
Hakozaki, Fukuoka-shi 812 

We study the syslematics of fragmentation reaction by the liquid-gas phase transition 
model, for incident proton energies up to 3 GeV. The formula based on the thermal droplet 
model is adopted for representing the experimental kinetic energy spectra. In addition, a simpler 
formula is successfully introduced for the spectra in this study. The relationship between 
parameters of two formulas is obtained quantitatively. The same nuclear temperature common 
to both kinetic energy spectra and mass yields of fragments in useful for describing the 
fragmentation phenomena. The present systematics are suited for incorporation as a subroutine 
set into the High Energy Transport Code. 

1. Introduction 
A spallation reaction is caused by bombarding a target with a particle having energy above 

a few hundred MeV. This reaction produces a great number of neutrons, and is applicable to 
producing an intense spallation neutron source or transmuting long-lived radioactive wastes. 
With increasing proton energy, the fragmentation process emits intermediate mass fragments 
like Na and Mg, which are never released by the cascade and the evaporation processes. Since 
accumulation of the spallation data is poor, such computer codes as High Energy Transport 
Code (HETC) and Nucleon Meson Transport Code (NMTC) are used for engineering 
purposes. However, the fragmentation process is not included in these codes. To incorporate 
this process into HETC. it is necessary to know the systemalics of kinetic energy spectra and 
mass yields of the fragments. 

On the basis of the liquid-gas phase transition model1), we have investigated the 
systematics of the fragmentation reaction for incident proton energies up to 3 GeV. Some 
preliminary results were already reported2'. In the present study, we attempt to represent the 
kinetic energy spectra of the fragments by using two types of formulas. One is the formula 
composed of the double integration form based on the thermal droplet model-,_". The other is 
the simpler form of the former without use of any integration. The relationship between 
parameters of two types of formulas is studied. 

The present systematics are easily incorporated as a subroutine set into HETC. The use of 
the systemalics will consume much less computation time than Quantum Molecular Dynamics 
(QMD). and reproduce the kinetic energy spectra to a reasonable degree. The simpler formula 
for the kinetic energy spectra is expected to be suited for this incorporation. 
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2. Mode) of Fragmentation 
2.1 Experimental Data 

About the proton induced fragmentation reaction, we are interested in the cross sections 

for the mass yields and the energy spectra of the fragments. We used the data of the mass 

distribution measured for incident proton energies of 0.48-s>, 1.06*, 4.97> on Ag, 1 GeV on 

Ni6>. We also adopted the data of the energy spec?ra experimentally obtained for incident proton 

energies of 0.48 GeV on Ags>, and 1.6,2.3 and 3.1 GeV on Xe4>. 

2.2 Liquid-Gas Phase Transition Model 
The liquid-gas phase transition takes place in a Van der Waals field. We consider this 

kind of the phase transition in a highly excited nuclei8'. In this model, a nucleus stays in liquid 

phase in an initial state. When an incident proton deposits its energy on the target nucleus and 

makes it in a highly excited state, the nuclear phase changes from the liquid to the gas phase. 

The gas phase region appearing in the nucleus may extend into the liquid region, and this 

extension leads to break up of the nucleus. 

Panagiotou et a!. '> has proposed the probability for the fragment formation by simplifying 

the liquid-gas phase transition model. This probability is described by 

P(/l)«/4-' exp FS(T)A2*-FB{7)A + H{T)A IT , (I) 

where k is the critical exponent that is independent of Tand A, FA-is the surface free energy per 

particle, FB is the volume free energy per particle, ft is the chemical potential per particle and T 

is the nuclear temperature. We found the shape of the equation that reasonably represent the 

fragment mass yields for the incident proton energies concerned. Eq. (1) can be changed as 

- 1 8 | 1 - - ^ ] A2if 71, (2) P(A) = aA-zoexp 
15 

where a is the normalization constant, and is given by fitting the fragment mass yields. The 

nuclear temperature Tis also considered as an adjustable parameter. 

The fragment mass yields are fitted by Eq. (2). TABLE I lists the parameter sets of the 
fragment mass yields. Fig. 1 shows the results of the fragment mass distributions. In the cases 

other than the proton energy of 0.48 GeV, the results by this formula well agree with the 
experimental data, and Eq. (2) is valid for reproducing these data. For the proton energy of 

0.48 GeV, the experimental yields have a bump at mass number of 6 to 25. Nevertheless, this 

formula reproduces such experimental data on an average. 
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3. Fragment Kinetic Energy Spectra 
3.1 Double Integral Form 

A moving source model is useful for representing the fragment angular and kinetic energy 
spectra2*. This model assumes that a moving source has some velocity and emits a particle 
isotropically. The kinetic energy spectra of emitted particles are given by this model as 

d-a 
dEdQ 

= G 
c/ exp r 

T « m + Ef -pBs cos 8 
E = , m 

y/T-Ps 

(3) 

(4) 

p =\J 2mEf + Ej2 , (5) 

where G is the normalization constant, Th the nuclear temperature, Ef is the kinetic energy of 
emitted particles in the laboratory system, £* is the kinetic energy in the moving system, Bs is 
the velocity of the moving source, p is the momentum of the emitted particle, in is the mass of 
the emitted particle and 0 is the emission angle in the laboratory system. 

One can see that this approach lacks the effects of Coulomb barriers and excitation energy 
of fragments. Hirsch et al.3> described kinetic energy spectra as 

rE* 

AEfAQ = N -4 P(B)dB 

12(f*-B-«r) 
I 2 

exp<- tlT. -(E*-B -e)/7T \v)dt (6) 

where 

P{B)dB = N/B exp 
(B-Bo)2 

2a-
dfi 

lf 
v=.-Y 

(7) 

(8) 

In these equations, N is the normalization constant, t is the excitation energy of the fragment, 
7"f is the nuclear temperature of the excited fragment. In this study, Tc was assumed to be 3 
MeV according to reference 3. Bo is the most probable Coulomb barrier, ois the variance of the 
Coulomb barrier, v is the recoil correction factor, Af is the mass number of the fragment and Ar 

is the mass number of the remnant. 

The formulas in Eqs. (6) - (8) include 5 adjustable parameters of N, Bs, 7". Bo and a. The 
values of these parameters were determined by the program SALS9'. This program optimizes 
the adjustable parameters by the root mean square method. TABLE II shows the parameter sets 
obtained. 
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The solid curves in Fig. 2 show the kinetic energy spectra of fragments by Eqs. (6) - (8). 

The formulas reproduce the kinetic energy spectra well in wide incident proton energies. 

Values of Bo and aare related to the maximum Coulomb barrier height B,Hllx This barrier 

is described within the scope of the thermal droplet model'*) by 

ZrZfe~i 
(9) 

where Zf is the charge of the fragment. Zr is the charge of the remnant. R/\s the nuclear radius 

of the fragment, Rr is the radius of the remnant and Rmax is the distance between the centers of 

the fragment and the remnant nucleus. TABLE III shows the ratios of Baand o\oBlnax These 

ratios depend dominantly on the incident proton energy. 

3.2 Simpler Form without Integration 

A simpler functional form is devised for describing the kinetic energy spectra. This form 

is given by 

d-q 
dEfAQ 

K l E > •/ 1 - tanh - -
E -C 

D cxpl IL 
T/v 

(10) 

where C and Dare the quantities corresponding to the most probable Coulomb barrier Bo. and 

the variance of Coulomb barrier a. respectively, and A' is the normalization constant. 

This formula also has 5 adjustable parameters A", ft. 7", C and D. These parameters were 

also determined by SALS. TABLE IV lists the results of the parameter sets. The dash curves in 

Fig. 2 indicate the calculation results. This formula reproduces the kinetic energy spectra of the 

fragments to a reasonable degree in a wide energy range. Since being free from the double 

integral, this formula will be easier to be incorporated into HETC than Eq. (6). 

The relationship between parameters for Eqs. (6) and (10) is found by the results of 

fitting parameters. The results are plotted in Fig. 3 and the relation is written by 

C = 0.86fi0+I6. (II) 

D = 0.25a +7.0. (12) 

These approximate expressions are practically valid for the use of the simpler equation. 

For the effect of the Coulomb barrier in the functions for Eqs. (6) and (10). the key 

function are considered, respectively, as 

tt:* 
{B-B0}-

v'flexp 
2a •= 

dfi. 

- tanh E'-C 
D 

(13) 

(14) 

The relationship of parameters in the above equations were obtained: 
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c = Bo+~- (15) 

D = a + — . (16) 

The values of Eqs. (13) and (14) are plotted in Fig. 4 by the use of this relationship. Three 

types of curves are in good agreement. The deviation of Eqs. (11) - (12) from (15) - (16) is 

ascribed to the fact that Eqs. (11) - (12) include implicitly the effects of fragment excitation 

energy and the detailed probability distribution of the Coulomb barrier. 

4. Common Nuclear Temperature 
In sections 2 and 3. we used the individual nuclear temperatures for representing the mass 

yields and the kinetic energy spectra of the fragments. The nuclear temperatures obtained from 

the mass yields are close to those from the kinetic energy spectra. In principle, both the mass 

yields and kinetic energy spectra of the fragments take place from one phenomenon with a 

common nuclear temperature. Then, the nuclear temperatures obtained for the mass yields and 

the kinetic energy spectra are averaged to be the same value for the specified incident proton 

energy. Figs. 5 and 6 show the mass yields and the kinetic energy spectra of the fragments by 

the use of the same temperatures, respectively. These figures indicate thai the common 

temperatures represent the mass yields and the kinetic energy spectra of the fragments 

reasonably. Fig. 7 shows the common nuclear temperatures as a function of the incident proton 

energies. The use of the common temperature is important to incorporate the fragmentation 

reaction in HETC. 

5. Summary 

On the basis of the liquid-gas phase transition model, the systematics of the fragmentation 

cross section were found for incident proton energies up to 3 GeV. The fragment mass yields 

were described by this model. To reproduce the kinetic energy of fragments, two types of 

formulas were used. One is the double-integration formula derived from the thermal droplet 

model. The other is the simpler formula without integral. The same temperature characterized 

the kinetic energy spectra and the mass yields of the fragments. These systematics cover the 

wide range of the incident proton energies and are useful for calculating the fragmentation 

reaction by HETC. 
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Table I Parameter sets for fragment mass yields 

Incident 
Proton energy 

0.48GeV 

l.OGeV 

1.6GeV 

2.3GeV 

3.!GeV 

4.9GeV 

Target 

Ag 

Ni 

Ag 

Xe 

Xe 

Xe 

*£™ 

a 

1.0xl(P 

1.4X102 

3.0x102 

4.2X102 

8.4x102 

1.5x10* 

7.2x10* 

7"(MeV) 

7.8 

14 

15 

14 

14 

15 

15 

Table II Parameter sets for double-integral formula for 
fragment energy spectra 

Incident 
Proton Energy 

0.48GeV 

1.6GeV 

2.3GeV 
3.1GeV 

Target 

Ag 

Xe 

Xe 
Xe 

Fragment 

C 
N 
Na 
Be 
C 
N 
O 
N 
Be 
C 
N 
0 

N 

22 
7.1 
5.8 
65 
41 
24 
13 
59 

270 
130 
79 
45 

r(MeV) 

8/? 
8.2 
9.4 
13 
14 
13 
15 
15 
15 
13 
13 
14 

h 
0.0072 
0.0062 
0.0046 
0.0044 
0.0044 
0.0044 
0.0044 
0.0059 
0.0055 
0.0055 
0.0055 
0.0055 

Bb(MeV) 

15 
16 
18 

8.4 
11 
12 
16 

5.4 
5.6 
10 
11 
12 

o(McV) 

2.6 
4.6 
5.4 
7.4 
7.4 
8.2 
7.0 
9.0 
5.7 
10 
10 
11 

Table III Parameters Bg and o normalized by B m a x 

Incident 
Proton Energy 

0.48GeV 

1.6GeV 

2.3GcV 
3.1GeV 

Target 

Ag 

Xe 

Xe 
Xe 

Fragment 

C 
N 

Na 
Be 
C 
N 
O 
N 
Be 
C 
N 
O 

flb(MeV) 

15 
16 
18 

8.4 
11 
12 
16 

5.4 
5.6 
10 
11 
12 

BmaAMcV) 

57 
60 
69 
47 
66 
73 
79 
73 
47 
66 
73 
79 

BolBmax 

0.26 
0.27 
0.26 
0.23 
0.18 
0.22 
0.20 

0.074 
0.12 
0.15 
0.15 
0.15 

o(MeV) 

2.6 
4.6 
5.4 
7.4 
7.4 
8.2 
7.0 
9.0 
5.7 
10 
10 
11 

dBnax 

0.045 
0.077 
0.078 
0.16 
0.11 
0.11 

0.087 
0.12 
0.12 
0.15 
0.14 
0.14 
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Table IV Parameter sets for the simpler formula for 
fragment energy spectra 

Incident 
Proton Energy 

0.48GeV 

1.6GeV 

2.3GeV 

3.1GeV 

Target 

Ag 

Xe 

Xe 

Xe 

Fragment 

C 

N 

Na 

Be 

C 

N 

O 

N 

Be 

C 

N 

0 

K 

6.5x10* 

5.9x104 

4.6x103 

6.5x10* 

6.1x10* 

4.7x10* 

2.4x10* 

4.0x10* 

1.2x10s 

1.2x10s 

8.8x10* 

6.7x10* 

T(MeV) 

9.1 

8.5 

11 

16 

16 

15 

18 

20 

18 

18 

18 

18 

& 

0.0072 

0.0062 

0.0045 

0.0044 

0.0044 

0.0044 

0.0044 

0.0059 

0.0055 

0.0055 

0.0055 

0.0055 

C(MeV) 

28 

29 

31 

23 

25 

26 

29 

20 

20 

24 

25 

26 

DCMeV) 

7.7 

8.2 

8.4 

8.9 

8.9 

9.1 

8.8 

9.3 

8.5 

9.6 

9.6 

9 8 

Si 

c 
o 
o 
o 

a 

10" 

T — i — i — i — i — r 

J i i i i L 
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Mass Number 

Fig. 1 Fragment mass y i e l d s 
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S.23 Integra) Test of Secondary G a m m a ray Production Cross Sections of Iron 

in J E N D L 3 with Continuous Energy Monte Carlo Ana)ysis 

Kohtaro UEKI, Atsuto OHASHI, and Naoki Y A M A N O * 

Ship Research Institute, 

Shinkawa, Mitaka, Tokyo 181, Japan 

"Sumitomo Atomic Energy Industries, Ltd., 

Kajiya-cho Kanda, Chuo-ku, Tokyo 101, Japan 

Integra! test of secondary gamma-ray production cross sections of iron in JENDL-3 

was carried out with the continuous energy Monte Car!o anatysis for the K & K iron secondary 

gamma-ray benchmark experiment. In the present anaiysis the 0.847 M c V peak was 

investigated in dctai!. At the peak, the targe discrepancy was observed between the results 

with JENDL-3 and ENDF/B-IV data. The peak cou!d not reproduced and an 

incomprchcnsivc peak was appeared around 0.7 M c V with JENDL-3 data. Taking advantage 

of the Monte Car!o results, the iron secondary gamma-ray production cross sections were 

revised and the new data was proposed to JENDL-3.2. 

Consequent!)', the Sn ca!cu!ations with the revised iron cross sections reproduced the 

0.847 M e V peak quite we!! as with ENDF/B-IV data. However, the peak around 8 M c V was 

disappeared comp!etc!y with the revised data. 

1. Introduction 

In order to test the secondary gamma-ray production cross sections of iron in J E N D L -

3*)' the Monte Car!o was carried out for the K & K iron secondary gamma-ray benchmark 

experiment^ by the continuous energy Monte Car!o code M C N P ^ . 

In the K & K benchmark experiment, the ^^Cf fission neutron-induced secondary 

gamma-ray ieakage spectra from iron spheres of 25 cm and 35 cm diameters were measured 

with the Si (Li) Compton spectrometer in the energy range from 0.3 to 3 McV. The 0.847 

M e V peak, which is caused by inelastic scattering with iron was observed clearly but the peak 

around 8 M e V , which is produced by thermal-neutron capture was out of the measured 

spectra. 

Accordingly, the 0.847 M e V peak was investigated in detail. The inelastic scattering 

peak cou]d not reproduced by the Monte Car!o calculations with JENDL-3 data but 

reproduced completely with ENDF/B-IV*) data. Taking advantage of the Monte Carlo 

results, the iron secondary gamma-ray production cross sections were revised to add the 

discrete gamma-rays for natural nuclides. Consccutiveiy, the onc-dimensiona! Sn code 
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DIAC^^ calculations were carried out with the revised cross sections and the 0.847 M c V peak 

was reproduced quit wcii as with ENDF/B-IV data. 

2. M C N P ca!cu!ations 

The K & K neutron-induced secondary gamma-ray leakage spectra from iron sphere of 

35 cm diameter was analyzed by the continuous energy Monte Carlo code with the N E S X 

(Next Event Surface Crossing) estimation^. The N E S X estimation was built in the particle 

scoring subroutine. 

The configuration of the iron sphere experiment could be simplified as shown in Fig. 1. 

The 2S2Cf source was set at the center of the sphere, and air of 100 cm thick was followed 

around the iron sphere in the Monte Carlo calculations. The 253Cf source neutron and 

gamma-ray spectra are given in Table lA As summarized in Table 1, the 252Cf source 

generates 5.44 times of source gamma-rays than neutrons. Accordingly, the magnitude of 

the contribution from source gamma rays must be multiplied by a factor of 5.44 and added to 

the neutron-induced secondary gamma rays at the calculation point. At the iron surface of 

the 35 cm diameter, the contribution of the source gamma ray was approximately within 2 0 % , 

i.c, more than 8 0 % was from the secondary gamma rays through the calculated gamma-ray 

energy range. 

The M C N P calculated results arc shown in Fig. 2. The FSDs are within 0.05(5%) in all 

the energy bins and the computation time was 15 min by the H I T A C M 8 8 0 H computer at 

University of Tokyo. 

At the glance, the lar%e discrepancy is observed at the 0.847 M e V peak, which is caused 

by inelastic scattering with iron, between the results with JENDL-3 and ENDF/B-IV data. 

The peak is reproduced quite well with ENDF/B-IV data but is not reproduced completely 

and an incomprehensive gentle peak is appeared around 0.7 MeV. Except the peak, the 

M C N P calculations with JENDL-3 data agree quite well with the measured gamma-ray 

leakage spectrum and there is no essential difference between the JENDL-3 and the 

ENDF/B-IV results. Furthermore, the peak around 8 M e V , which is caused by thermal 

neutron capture of iron, is observed clearly by the calculations with those data. 

Taking advantage of the M C N P calculations, the iron secondary gamma-ray production 

cross sections were revised to add the discrete gamma rays for natural nuclides. The new 

revised iron cross sections are proposed to JENDL-3.2 library. Consecutively, the analysis 

was carried out by the one-dimensional Sn code D I A C with the revised cross sections. 

3. D I A C Catenations 

The benchmark experiment was also analyzed by the one-dimensional Sn code D I A C 

with revised iron secondary gamma-ray production cross sections for JENDL-3.2. The 
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group constants for D I A C were produced by the R A D H H A T - V 4 code system^ and gamma-

ray cross sections were by the P H O T O X - V 2 code. The source neutron spectrum of zszcf was 

given by the follow equation^. 

j(E)-exp(-0.88E)sinh(V2E) (1) 

where, E is neutron energy in MeV. 

The fission gamma-ray spectrum of 252Cf was by Eq.(2) 

r(E)-6.6 (0.1sE<0.6) 

- 20.2 exp(-1.78E) (0.6 ̂  E < 1.5) 

- 7.2exp(-1.09E) (l.5sE<10.5) 

(^Ao/ow^ / y?^;ow / A^eP') 

were, E is photon energy in MeV. 

The ratio of photons/ neutrons (p/n) was 

In the D I A C calculations, the source region was within a radius of 0.88 cm of the iron 

spheres. The radii of the spheres were 12.5 cm and 17.5 cm. Air of 160 cm thick was 

followed the iron spheres. The specia! meshes were 0.5 cm width in it, and the materia! 

compositions were employed in Ref.(2). 

The calculated results are summarized in Figs. 3 and 4. The comparison of secondary 

gamma-ray energy spectra with the experiments show that the 0.847 M e V peak, which is 

caused by inelastic scattering with iron, is well reproduced by the calculations with ENDF/B-

IV as well as with the new cross sections for JENDL-3.2. The results for the inelastic 

scattering peak is improved distinctly by the new cross sections as compared with JENDL-3. 

However, in detail discussion, the results with the new cross sections have been remaining 

still some discrepancy with the experiments at the left side of the peak (around 0.7 M e V ) : the 

ENDF/B-IV results indicate better agreement than those cross sections. Furthermore, the 

peak of thermal-neutron capture around 8 M e V is disappeared completely by the revised iron 

cross sections for JENDL-3.2. 

4. Conclusions 

As compared with the calculations to the measured leakage gamma-ray energy 

spectrum from the iron sphere of 35 cm diameter, the following remarks are obtained. 

1. Except the 0.847 M e V peak, the calculations by the M C N P and the D I A C with both 

JENDL-3 and ENDF/B-IV data agree quite well with the measured gamma-ray leakage 

spectrum. 

2. At the 0.847 M e V peak, the large discrepancy is observed between the results with 

(2) 

set as 5.44 for the a^cf source. 
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JENDL-3 and ENDF/B-IV by both the M C N P and the DIAC calculations. The peak cannot 

be reproduced, and an incomprehensive gentle peak is appeared around 0.7 M e V with 

JENDL-3 data. On the contrary, the peak is reproduced completely with ENDF/B-IV data. 

3. The DIAC calculation with the new iron data, which is processed the revised cross 

sections by using the RADHEAT-V4 code system, the peak can be reproduced quite well as 

ENDF/B-IV data and the incomprehensive peak is disappeared. 

4. However, the peak around 8 MeV, which is caused by thermal-neutron capture, is 

disappeared completely by using the revised iron cross sections. 

The reason is under investigation on now. 
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Table 1 Neutron and photon intensity of 2S2cf. 
N(E)-exp(-0.88E) sinh (2.0E)'^ 

Energy (MeV) 

0.0 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

10.0 

to 

to 

to 

to 

to 

to 

to 

to 

to 

to 
to 

0.5 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

100 

13.0 

Neutrons 

Tota) 

Neutrons/s-g 

2.8 

3.7 

7.6 

4.6 

2.8 

1.6 

5.6 

4.0 

1.3 

9.9 

2.2 

2.43 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10" 

10" 

10" 

10" 

10" 

10" 

10'° 

10'° 

10'° 

10' 

10' 

10" 

YRays (photons/s-g) 

Energy (MeV) 

0.0 to 

0.5 to 

1.0 to 

1.5 to 

2.0 to 

2.5 to 

3.0 to 

3.5 to 

4.0 to 

4.5 to 

5.0 to 

5.5 to 

6.0 to 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

6.5 

Prompt Fusion 

3.3 

1.7 

7.7 

4.2 

2.2 

1.1 

5.6 

3.0 

1.7 

8.2 

4.9 

1.8 

1.0 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

10" 

10" 

10" 

10" 

10" 

10" 

10'° 

10'° 

10'° 

10' 

10' 

10' 

10' 

Fission Product 

1.3 x 10" 

4.0 x 10" 

9.1 x 10" 

3.5 x 10" 

Tota) 

Tota) 

4.6 x 10" 

5.7 x 10" 

1.7 x 10" 

7.7 x 10" 

1.32 x 10'* 

n :y = 2.431 x 10"(n/s-g) : 1.322 x 10"(p/s-g) = 1 : 5.44 
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Fig. 1 Calculation model of the KfK iron 
secondary gamma-ray benchmark experiment. 
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5.24 Techniques of Integral Experiment and Methods for Validation of Evaluated 

Nuclear Data Libraries for Secondary G a m m a ray Data under D T Neutron Field 

F u j i o M A E K A W A and Y u k i o O Y A M A 

Japan Atomic Energy Research Institute 

Tokai-mura, Naka-gun, Ibaraki-ken 319-11 

In order to verify secondary gamma-ray data in evaiuated nuciear data libraries, 

several experimental and analytical methods were proposed. Techniques of in-situ gamma-ray 

spectrum measurement for fusion neutronics experiments have been established by using a 

special scintillation detector and pulsed neutrons. An analytical method which can assist 

identification of error sources in data libraries is attempted. Another method is also proposed 

to experimentally examine energy valance of secondary gamma-ray data. 

7. /ulrodMCiMK 

Secondary gamma-ray data have been involved in the J E N D L library since the version-3. 

Before using the data practically, it is strongly requested to examine validity of the data by 

means of integral experiments. However, there has not been many integral experiments 

about secondary gamma-ray under D-T neutron fields. Measurements of gamma-ray spectra 

which can be fed back to the nuclear data are conducted only at O K I A V I A N ""*' and 

L L N L ^ . Both experiments are series of the pulse sphere program, and leakage gamma-ray 

spectra from spheres of various kinds of materials are measured. The experiments are 

suitable to examine secondary gamma-ray data associated with threshold reactions with D-T 

neutrons. But gamma-rays generated by neutron capture reactions with low energy neutrons 

are not included in the measured spectra because the time-of-flight technique is adopted to 

separate gamma-rays and neutrons. 

To verify the secondary gamma-ray data for both threshold and radiative neutron 

capture reacdons, integral experiments with thick assemblies measuring gamma-ray spectrum 

in the steady state are very helpful. Thus we have conducted such integral experiments for 

several materials, and techniques for measurement of gamma-ray spectrum in the experimental 

assemblies have been established. 

2. FM&tTMqfBcncAmar^EjptnmfHtafFWS 

At the Fusion Neutronics Source (FNS) facility in Japan Atomic Energy Research 

Institute, a series of clean benchmark experiments **n*" have been performed using a D-T 
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neutron source and cylindrical experimental assemblies. For iron ll", copper "•", tungsten (ll) 

and type 316 stainless steel<13U1'", gamma-ray spectrum and heating rate are measured in the 

assemblies along with neutron spectrum, reaction rate, and so on. Because gamma-rays are 

measured without any time cutoff, gamma-rays generated by various neutron reactions, not 

only threshold reactions with 14 MeV neutrons but also capture reactions with low energy 

neutrons, were measured. As for neutrons, low energy spectrum down to 3 keV for copper 

and tungsten and down to thermal energy for iron and SS316 are measured. Reaction rates 

for low energy neutrons, such as 197Au(n,y) and 235U(n,0, are also measured. Hence examination 

of validation for secondary gamma-ray data, especially for gamma-rays from neutron capture 

reactions, is possible by analyses of the experiments. 

Figure 1 illustrates the typical experimental arrangement. Some measurement points 

are set in the experimental assembly. The plural measurement points provide various fields 

of different neutron spectra. Neutrons of 14 MeV are dominant near the D-T source, and low 

energy neutrons are main in deeper positions. Thus it is possible to examine gamma-ray 

production data for various neutron fields, i.e., for various gamma-ray production reactions, 

changing the measurement points. 

3. Technique ofln-Situ Gamma-Ray Spectrum Measurement 

Technique for the in-situ gamma-ray spectrum measurement has been recently 

established. The technique is based on the conventional method using liquid organic scintillator 

and unfolding technique. But special attentions are paid to fabrication of the gamma-ray 

spectrometer and rejection of decay gamma-rays. 

At the first trial, an usual NE213 liquid organic scintillator in a Pyrex glass cell was 

used as the gamma-ray spectrometer. It was found that measured gamma-ray spectra was 

disturbed by gamma-rays which were generated by the following two neutron interaction of 

the detector itself. 

,0B(n,cxY)7Li (Ey = 0.478 MeV) 

'H(n,Y)2D (Ey = 2.225 MeV) 

Boron-10 is contained in Pyrex glass (boric-silicic-glass) and hydrogen is in NE213. To 

eliminate those gamma-rays, a new detector replaced by deuterated organic scintillator (C6D6, 

BICRON BC-537) in a quartz glass cell has been introduced. The G>D6 scintillator has a 

similar capability <15) of the pulse shape discrimination to the NE213. Measured gamma-ray 

spectra by the old and new spectrometer are compared in Fig. 2. It is clearly seen that both 

parasitic gamma-rays by the old scintillator are eliminated in the new scintillator. 

Gamma-rays can be roughly classified ir.to two components; prompt and decay gamma-

rays. The prompt gamma-ray is emitted immediately after the reaction occur. Decay gamma-ray 
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usually follows a disintegration of an activated nucleus. Since secondary gamma-ray data in 

nuclear data libraries does not correspond to decay gamma-rays but prompt ones, decay 

gamma-rays must be eliminated in gamma-ray measurement for (he present purpose. But it 

is not easy because amount of decay gamma-rays depends on a history of irradiations of the 

experimental assembly. As illustrate in Fig. 3 (a), it is very difficult to know amount of 

decay gamma-rays with high accuracy during prompt gamma-ray measurement when it is 

measured before or after the measurement of prompt ones. To eliminate decay gamma-rays 

from prompt gamma-ray spectrum, a method with pulsed neutrons is adopted. The pulse 

width is about 1 ms and it corresponds to the slowing down time of 14 MeV neutrons down 

to thermal energy. Foreground and background gates are set up as shown in Fig. 3 (b). 

Prompt gamma-rays arc observed only during the foreground gate. Only decay gamma-rays 

can be measured during the background gate. Trough the period of the gates, typically 1 ms, 

amount of decay gamma-rays can be regarded as constant because most of half lives of decay 

gamma-rays are more than a second. According to the method, amount of decay gamma-rays 

during a measurement of prompt gamma-ray spectrum can be subtracted exactly. Figure 4 

shows typical pulse height spectra for the foreground and background gates. 

4. Identification of Gamma-ray Production 

In order to examine from which nucleus and reaction a gamma-ray was generated, 

Monte Carlo calculations were performed with the MCNP oe) transport code. Each gene'ated 

gamma-ray was flagged in the calculations and classified in the calculated spectrum according 

to the kinds of nucleus and reaction. 

Figures 5 and 6 show examples of calculated spectra in an experimental.assembly of 

SS316. In the figures, not only usual spectra indicated as "Total" but also classified spectra 

for each nuclei and reaction are given. In the spectra at a shallower position of the assembly, 

most part of the spectrum is formed by non-elastic reactions (MT=3) as shown in Fig. 5. A 

difference of peaks around 0.85 MeV between experiment and calculation implies that the 

data for iron is not adequate at that peak. A peak around 1.4 MeV, which is formed by 

gamma-rays of non-elastic reactions of iron, chromium and nickel, seems to be good. The 

spectra at a deeper position of the assembly is nearly formed by only neutron capture reaction 

(MT=102) as shown in Fig. 6. Molybdenum is contained in the SS316 only 1.2 % in the 

atomic density. However, since it is remarkable that the contribution of molybdenum to the 

spectrum below 5 MeV is largest among consisting materials, careful attentions should be 

paid in evaluations of molybdenum though it is not the main structural material. 

Owing to this method, calculated spectra can be closely connected to the original 

evaluated library without sensitivity analysis, and feedback to the evaluated data have become 

easy. 
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5. Experimental Examination of Energy Valance for Secondary Gamma-Ray Data 
All errors in neutron transport, gamma-ray production and gamma-ray transport cross 

sections are accumulated in a calculated gamma-ray spectrum as illustrated in Fig. 7. Uncertainty 
of the gamma-ray transport cross section such as Compton scattering cross section is assumed 
to be small. But accuracy of neutron transport cross section is not always satisfactory. 
Accuracy of gamma-ray calculation, especially for gamma-rays associated with neutron capture 
reactions with multiply scattered low energy neutrons, considerably affected by accuracy of 
neutron transport cross sections. From a viewpoint of engineering, verification of gamma-ray 
production cross sections can be replaced by examination of energy valance of the reactions. 
Because most of design parameters relevant to gamma-rays, such as nuclear heating, are 
connected with deposited energy to a medium, and the deposited energy has a strong relation 
with the released energy by neutron reactions. Therefore a quantity in proportion to the 
released energy by one gamma-ray production reaction should be examined experimentally. 

In a case of SS316, for example, a ratio of gamma-ray heating rate to fission rate of 
235U can be an good index of the gamma-released energy arisen by one neutron capture 
reaction at the measurement points where low energy neutrons are dominant instead of 14 
MeV neutrons. Because the fission rate of ^'U is in proportion to neutron capture reaction 
rate of SS316 within ± 3 % and the following equation stands up. 

Released y-Ray Energy Y-Ray Heating Rate y-Ray Heating Rate 
by one (n,y) Reaction " SS316(n,v)Rate * 235ij(n>Q R a t e 

Since the index of energy valance, the ratio of the right side of the equation, can be determined 
by both experiment and analysis, experimental verification of energy valance in gamma-ray 
production data of the neutron capture reaction is possible for SS316. 

Figure 8 shows an example of examination of energy valance for SS316 experiment 
in the calculated to measured value ratios (C/Es) for gamma-ray heating rate, fission rate of 
ffiU and the index of energy valance. Calculations were performed with the continuous 
energy Monte Carlo code MCNP and two-dimensional SN code DOT3.5(,7> using the FSXLIB-J3 
(1,) library for MCNP and two different libraries for DOT; FUSION-J3(,9) without self-shielding 
correction of cross section and JSSTDL<M) with the correction, respectively. All the libraries 
were retrieved from JENDL-3.1. 

Since calculations with MCNP and DOT+JSSTDL agree with the experiments for all 
the C/Es, both neutron cross sections and secondary gamma-ray production cross sections 
seems to be gocd in the libraries. As for the DOT+FUSION-J3 calculation, both the gamma-ray 
heating rate and the fission rate of ^'U disagree with the experiments. According to the 
disagreement only of gamma-ray heating rate, it can not be concluded that the secondary 
gamma-ray data in FUSION-J3 is not appropriate, because low energy neutrons, which 
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generate capture gamma-rays by nuclei of SS316, are not also in good agreement between 

the experiment and the calculation. On the other hand, according to the index of energy 

valance, it is clearly seen that the released gamma-ray energy is calculated about 40 % larger 

when FUSION-J3 is used for D O T due to neglect of the self-shielding correction. 

6. SMmmaQ' 

Through the present studies, several experimental and analytical mediodologies were 

attempted to verify secondary gamma-ray data in evaluated nuclear data libraries. These 

methodologies were very helpful to improve the secondary gamma-ray data so far. 
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Fig. 4 Typical pulse height spectra for the foreground and 
the background gates of pulsed neutron method. 
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5.25 An Index Database of Charged-particle Nuclear Reaction Data 

Masaki CHIBA" 

Faculty of Social Information. Sapporo Gakuin University 

and 

Kiyoshi KATO' 

Deparment of Physics, Hokkaido University 

Abstract: 

We give a brief explanation of a retrieval system for the index information of 

Charged-Particle Nuclear Reaction Data, which has been installed in Hokkaido Uni

versity Computing Center. For the installation of these data, the ORION Informa

tion Retrieval System has been used. The main purpose of the new system is to open 

a way for researchers to get benefits from utilizing the Charged-Particle Reaction 

Data in NRDF and EX FOR systems. 

1. Introduction 

We have made a database system of Charged-Particle Nuclear Reaction Data, 

which is called NRDF, and compiled many data so far. Those data have also been 

translated into the international data exchange format, called EXFOR. Therefore, 

we can now utilize the charge-particle nuclear reaction data in NRDF and EXFOR. 

The retrieval system of NRDF data has been already available in several com

puter systems. However, we have no convenient systems for EXFOR data in Japan. 

In order to allow many researchers to use those data, we have tried to install them 

in the National Center for Science Information System (NACSIS). The contents of 

'Japan Charged-Particle Nuclear Reaction Data group 

- 3 8 0 -



I \ I \ K I \ l 'M M | H 

XRDF and E.XFOR databases consist of the data of index information and numeii-

cal results. However, in the present situation, it is not supported to install numerical 

data in NACSIS. 

The present EXFOR data which we have received from IAEA reach to an amount 

30 MB including about 1,500 entries. To take our responsibility for EXFOR data in 

Japan, we constructed a new database of index information of EXFOR data. This 

report is a brief explanation of the index information retrieval system. 

By using this system, we can find the EXFOR entries or subentries of the de

sired data. This system has been constructed and available in Hokkaido University 

Computing Center. We have a plan to install the system in .\ACSIS-IR(Infonnation 

Retrieval Service of the National Center for Science Information System). 

2. Content of the Database 

2.1 Record definitions 

The content of the database consists of some index information of Charged-

Particle Nuclear Reaction Data storaged in the EXFOR Library. We utilized the 

programe XXISPR [1] to prepare index information records. Information items of 

the record are shown in Table-1, which are same as in of XNISPR. A program called 

"input processor" was developed in order to load the index data records to the 

ORION database management system. The input processor reads the data which 

are made by the XN'ISPIR and transforms them so as to match data definitions in 

ORION. 

Table-1 shows all the basic field items of a index data record. Table-2 shows coin-

pound fields defined for a set of fields of Table-1. They can be used as a parameter 

of the ORION commands to recieve the result of the search. 

2.2 Indexings of a filed 

Table-1 also showes the fields for which inverted indexes are made in the ORION 

Database Management System. Each no blank value of the "Index-Field k its 

Prefix" column in the Table-1 designates that inverted index is made for the field. 

Inverted indexing is made either for the whole value of the field or for the part of 

it. The latter is called partial indexing. For a given field, more than one inverted 

indexing may be made. This case is called multi indexing. Tabie-3 shows the fields 
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for which partial indexing or multi indexing are made. 

3. Searching the Database 

When searching the Index Database of Nuclear Reaction Data, we have to refer 

Tabel-1, TabeI-2 or Table-3, and consult the ORION online user guide[3]. In the 

following, we briefly explain how to search the Database. Fig.-] shows an example 

of retrieval operation. 

3.1 Beginning and ending online searching 

To begin online searching of the Database, we have to key-in a starting command. 

"CPND" in HOkkaido University Computing Center. After keying "CPND" at TSS 

session, we can enter an ORION retrieval session. Then we can submit any ORION 

commands to search CPND entries or subentries compiled in EXFOR. 

"QUIT" command terminates ORION session and returns to TSS session. 

3.2 Index search facilities 

Index search is performed by "FIND" comman. The "FIND" command provides 

several search facilitites using inverted indexes. We specify a search term or a 

conbination of search terms with logical operators as an option of the command. If 

the command is performed, a set of records containing the term(s) is made and a 

set number is assighned to the result. 

At any time during a search, we can choose to display the relevant part of the 

inverted iiidex terms by keying "LOOK" command specifying the term or fragment 

of interest. 

(a) Index term search: 

When a single word or term is specified with the field prefix on "FIND" command 

option, the word or term is matched to the inverted index relevant to the prefix. 

An example of specifying index search option : 

(b) Range search : 

The search bounded by two terms is performed, if an option of "FIND" command 

is specified as follows; 

TGT:0S2 

index-term 1 /index- term2 
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(c) Left-hand match search or right-hand match search : 

The search beginning with stem or ending with stem is performed, if a :>eardi 

term truncated as follows; 

prifix:stem* prifix:»steir 

Here, :'stem" is a character string which is a part of some word or term, and the 

asterisk » designats a wild card. 

3.-1 Display of retrieval results 

We can see the results of retrieval by "DISPLAY" command. This command 

has optins such as a record set number, field names or a number of records to 

be displayed. We can also choose any items among the names listed in the Field 

Identifier of Table-1 or in the Compound Field Name of Table-2 for the "D1SPLY" 

command. 

4. Concluding remarks 

The Database currently contains the index data for the Charged-Particle Nuclear 

Reaction Data compiled only in the EXFOR Library. We will also add index data 

for those in the NRDF Library to the Database. Then the reserchers will get benefit 

of the Database through the National Center for Science Information System and 

Hokkaido University Computing Center in the near future. 
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T.ihle i Database record definitions 

Fie!d 
Identifier 

Field Labe! Indexed: <e Id 
A its Prefix 

content 

ACN 
PNT 
LNM 
LPM 
PSN 
CNE 
KYF 
LOC 
RTYP 
RCO 
TGT 
PRJ 
PRCSP 
PRCS 
PRDUCT 
PROMTS 
BRNCH 
PRM 
PRTCL 
M M 
DTYP 

MINF 
EMIN 
EMAXF 
EMAX 
YR 
!N 
AU 
RE 
DTP 
VDT 
EOT 
C M 
ST 
OAC 

ACCESSION-NO 
POINTER 
LIB-NAME 
LIB-FORMAT 
POSITION 
CONECTOR 
KEYWORD-FLAG 
LOCATION 
RCT-TYPE 
RCT-CODE 
TARGET 
PROJECTILE 
PROCESS-PRTS 
PROCESS 
RCT-PRODUCT 
PRODUCT-STATE 
BRANCH 
PARAMETBR 
PRTCL-CONSDRD 
MODIFIER 
DATA-TYPE 
EN-FLAG 
EN-MIN 
EN-FLAG 
EN-MAX 
BXP-YEAR 
INSTITUTE 
AUTHOR 
REFERENCE 
DATA-LINBS 
VBRSION-DATB 
P-ENT-DATE 
CHANGE-FLAG 
STATUS 
OMON-MC 

ACN: 

LIB: 

TGT: 
PRJ: 
PRCSP: 

PRM: 

DTYP: 

YR 
IN 
AU 
RE 

VDT 
BDT 
CHG 
ST: 

EXPOR Accession Number 

Reaction Type 
Reaction Code 
Charge 4 Mass Number of Target 
Projectile 
Process Parts 
Reaction process 
Reaction Product 
Product State 
Branch 
Parameter 
Particle Considered 
Modifier 
Data type 
Flag of Incident Energy 
Minimum Value of Incident Energy 
Flag of Incident Energy 
Maximum Value of Incident Energy 
Year of Experiment Performed 
Institute Experiment Performed 
Name of first Author 

Data Points in Data-Table 

Pile Entry Date 

Record Id Number in ORION 
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Table 2 Compound field 

Compound Field Name 

EN 
LIB 
RCT 

(MINP.BmN.MAXF.EMAX) 
(LNP. LPM) 
(TGT. PRJ. PRCSP. PRCS. PRDUCT. PRDUCTS. BRANCHPRM. PRTCL. MOD. DTYP) 

Table 3 Partial indexing and multi-valued indexing field 

Fie!d Name 

ACN 
TGT 
PRCSP 
IN 
ST 

Partia!(l:5) 
Partial(l:6).Partial(l:3) 
Multi 
Multi 
Multi 

-385-

http://MINP.BmN.MAXF.EMAX


JAHh') M H) 0)9 

Fig. 1 Example of retrieval 

READY 
CPNO 
OR!ON 05-03 
ENTER YOUR REQUEST 

i/ FIND PRJ:P AND TGT:016 
* 13326 1/ PRJ:P 
* 128 2/ TGT:016 
* 45 3/ PRJ:P AND TGT:016 

4/ LOOK TGT:016* 

. ITEMS. TERMS 
A 128 TGT:016 
B 20 TGT:016000 
C 92 TGT:016032 
D 6 TCT:016033 
E 10 TGT:016034 
E M OP TBRMS WITH YOUR STEM 
PICK LETTERS TO COMBINE 

4/ D 
6 ITEMS SAVED AS SET 4 

CONTINUE PICKS OR REQUESTS 
5/ FIND 3 AND 4 

* 6 5/ 3 AND 4 
6/ DISPLAY =5 ACN RCD EMIN EMAX FOR ALL 

ITEM 1 
10. ACCESSION-NO C0252023 

110. RCT-CODE 16-S-33(P.X)9-P-18..S!G 
260. EN-MI N 0.30000E+09 EV 
280. EN-MAX 0.40000E+09 EV 

ITEM 2 
10. ACCESSION-NO C0252024 

110. RCT-CODE 16-S-33(P.X)11-NA-22..S1G 

ITEM 6 
10. ACCESSION-NO C0252025 

110. RCT-CODE 16-S-33(P.X)11-NA-24..S1G 
260. EN-M1N 0.30000E+09 EV 
280. EN-MAX 0.40000B+09 EV 

6/ QUIT 
GOODBYE 
READY 

Keyined strings are undertined 
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5.26 Sensitivities of Nuclear Data to the Nuclear Equilibrium State 

Hiroki Nakamura and Hiroshi Sekimoto 

Research Laboratory for Nuclear Reactors, 

Tokyo Institute of Technology, 

O-okayama, Meguro-ku, Tokyo 152, Japan 

As a part of our study on the fuxire society in nuclear equilibrium, sensitivity 

coefficients of one-group constants were calculated to the infinite multiplication factor and to the 

nuclide number densities in the reactor using perturbation method. In this calculation four types 

of reactor which have typical neutron spectrum were considered. 

I. Introduction 

Our society is still growing but should be in an equilibrium state in the future from the 

finiteness of the earth. In the equilibrium society the total consumption rate of energy will be a 

fixed value, and when nuclear power is used to sustain such society for a long period 

producing constant energy, the nuclear system will also be in a certain equilibrium state. We 

have named this state the "nuclear equilibrium", and been studying the nuclear energy system in 

the future society in such state, which can be considered as a goal of the present nuclear 

system. 

Our study is just on the initial stage of this long-life and extensive work and we treat 

only four types of reactors distinguished by typical neutron spectrum shown in Figure 1 to 

know the general information about the nuclear system in the nuclear equilibrium state. 

In the previous works, one-group constants were generated for each reference spectrum 

with JENDL-3. Using these constants, we have estimated the criticality of reactor, the amounts 

and toxicities of radioactive wastes for various systems. From these analyses, we have obtained 

some general characteristics of the nuclear system in the future equilibrium society. 

But these results contain uncertainties originated from the uncertainties included in both 

nuclear data and process to get one-group constants. In the present work, sensitivities of one-

group constants to the criticality of reactor and nuclide number density were calculated using 

perturbation method. 

II. Nuclear system in the nuclear equilibrium sate 

From the point of view of radioactive wastes accumulation, we employ the closed cycle 
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system shown in Figure 2. In this model, natural uranium or thorium is supplied into the 

system in continuous process. All of the actinides are recycled into the reactor. Other heavy-

isotopes and fission products are discharged to the repository and cooled down there until 

disposal. 

Using this model, the equilibrium number density of i-th isotope in the reactor, n, ,is 

represented by the following material balance equation : 

- J = -(Af + a.jp + A,)n,. + 5 > ^ _ , + £ n t < r ^ + *, = 0 , 
at .• i. 

where 

A. 

A, 

Decay constants of i-th isotope 

Absorption cross section of i-th isotope 

Neutron flux 

Discharge constant 

Decay constants ofj-xh isotope to produce i-th isotope 

Production cross section of i-th isotope from fc-th isotope. 

For heavy nuclide, s , is supply rate from external source. For fission products, s , is 

production rate from fission and written as follows 
HM 

where 

/ H 

'/.( 

Fission yield of i-th isotope from /-th isotope 

Fission cross section of/-th isotope. 

These equations can be written in the matrix form 

where 

Mn = s , -(I) 

M Transfer matrix of nuclides in the reactor 

n Nuclide density vector 

s External source vector. 

Number density in the nuclear equilibrium state can be obtained from this equation and using n 
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the infinite multiplication factor, kx ,is written as 

k - v £ / = (Vff/ ' n ) 
Z« (o"„. n) 

where ( , ) means inner product and 
<x„ Absorption cross section vector 

vo> v-value and fission cross section vector 

III. Sensitivity Coefficient 

Sensitivity coefficient of input parameter a (cross sections and another parameters ) to 

the response R is defined as 
dR/R n M/R 
da/a Acr/a 

This can be obtained by calculating A/? with changed input parameter a' (= a + Aa). But we 
treat about 1,500 nuclides in our study and it is difficult to examine all of the input parameters 
using this method. In this work, perturbation method is employed to reduce the computer time. 

IH.a Sensitivity coefficient to the infinite multiplication factor 

Sensitivity coefficient of input parameter a to the infinite multiplication factor is written 
as 

Si _*Jk. l*> ">£(*»• " H " ^ • )£(* . ») (or, n) g 
'" dala (a„, n)3 (vo>, n) 

1 dvtrr 1 da, 
, n (vo> , n) da (o ; , n) da ' ^ 

vof 
da 

(w, , n) (a,, n) ' da} 
a (2) 

When the adjoint equation to eq. (1) is written as 
M*n* = s* , - ( 3 ) 

taking s * as 
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s* = * _ ~/ 
(va , , n) (o-„, n) 

eq. (2) can be rewritten as 

[va, 
s*. = 

J (dva, "J 1 (do„ W 0 M 
rf, n)[ da ' J (<r„, n){da ' J \ 'da 

IH.b Sensitivity coefficient to the number density in the reactor 

Using the unit vector h whose i-th element is 1, the number density of r'-th isotope can 

be written as 

n, = (h , n) . 

Then, sensitivity coefficient to the number density is written as 

dn,In, ( da) £ 
" ' " data~{ ' 9a) n, 

Taking vector h as s * of eq. (3), this equation becomes 

"' I ' da) nt y ' da) n-, \ ' da ) n, 

IV. Calculated results 

Calculations were performed for simple one-reactor-type and one-fuel-element systems. 

Their reactor design parameters and examined input parameters are shown in Table 1 and 

Table 2, respectively. Generally sensitivity of (n,y*), (n,2n*), (n,3n) and (n,p), (n,a) cross 

sections are very small and negligible. Fig. 3 shows absolute values of sensitivities to the 

infinite multiplication factor for uranium fueled soft spectrum fast reactor system. !"Pu, MIPu, 
: U and 2WPu are especially sensitive. Nu-value has large sensitivity. Some fission products 

can not be ignored. Figs. 4 • 8 show absolute values of sensitivities to the number densities 

of long-life fission products "ic, IMI and '"Pu, MIAm, !MCm, which have large and long time 

contribution to the toxicity of spent fuel also for uranium fueled soft spectrum fast reactor 

system (the symbol V in the figures indicates negative value). For fission products, fission 

yields are most important. 
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1 Neutron spectra for (a) two types of thermal reactors 
and (b) two types of fast reactors employed referenced 
In the present study. 

392 



JAKKI-M 94-019 

NATURAL 
URANIUM 
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ACTINIDES 
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REACTOR -o-
LONG-LIFE 

FISSION PRODUCTS 

(OPTION) 

REPOSITORY 

ENERGY CENTER 
k- ^ 

(LEAK) 

Fig. 2 Equilibrium nuclear fuel cycle in the future. The natural uranium 
or thorium is charged to the reactor in the energy center. The 
whole actinides produced in the reactor are incinerated in the 
reactor. The whole stable fission products produced in the reactor 
are taken out from the energy center. The short-life fission 
products and 90Sr and 137Cs and 151Sm are also taken out from 
the energy center after decaying out. The treatment for each 
long-life fission product, 79Se, 126Sn, 99Tc, 93Zr, 135Cs, 107Pd 
and 1 2 9I, is optional whether to be incinerated in the reactor 
with/without isotope separation or simply to be taken out from 
the energy center. 

Table 1 Reactor design parameters 

—"" — I 
Thermal power output y 

Power density | 

Discharge constant I 

Thermal reactors 

3GWt 

50W/cc 

0.347 year"1 

Fast Reactors 

3GWt 

300W/cc 

0.347 year'1 

Table 2 Examined parameters 

- — • — . — _ _ _ 

Heavy Nuclide 

Fission product 

Input parameters 

(n,f), (n,y), (n.y*), (n.2n) 

(n,2n*), (n,3n), v -value 

(n,f), (n,y), (n,y*), (n,2n) 

(n,p), (n,a), fission yield 

* Residual nuclide in excited state 
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Sensitivities to k-infinity 

• (n,y) 

D <n.2n) 

0.01 

0.001 

— — fN — 

Fig. 3 Sensi t iv i t ies to the infinite multiplication factor for 
uranium fueled soft spectrum fast reactor. 

Sensitivities to the number density of Tc-99 
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• <n,f) 

B Fission yield 

N I 

Fig. A Sensitivities to the number density of 99Tc for uranium 
fueled soft spectrum fast reactor. 
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Sensitivities to the number density of 1-129 

0.01 • 

0.001 

Nuclide 

Fig . 5 S e n s i t i v i t i e s to the number dens i ty of 1 2 9 I for uranium 
fueled s o f t spectrum f a s t reac tor . 

Sensitivities to the number density of Pu-239 

0.01 

o.ooi 

I 
Q . 
Z 

Nuclide 

Fig. 6 Sensitivities to the number density of 239Pu for uranium 
fueled soft spectrum fast reactor. 
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Fig. 7 S e n s i t i v i t i e s to the number dens i ty of 2l4lAm for uranium 
fueled so f t spectrum fas t reac tor . 
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Fig. 8 Sensitivities to the number density of 2<*'*Cm for uranium 
fueled soft spectrum fast reactor. 

3% 



• IAKKI M 91 fll<» 

5.27 Some Subjects in ICF Reactors Requiring Nuclear Data 
in the Medium Energy Region 

Y.Nakao and A.Oda 

Department of Nuclear Engineering, Kyushu University, 

Hakozaki, Fukuoka 812, Japan 

H.Nakashima 
Department of Energy Conversion Engineering, Kyushu University, 

Kasuga, Fukuoka 816, Japan 

Abstract 
The neutrons bursting from ICF burning pellets contain not only moderated 

components (14MeV) but also fast populations whose maximum energy reaches more man 
20MeV. By considering these neutron spectra and using nuclear data for incident neutron 
energies up to 20MeV, we evaluate the tritium breeding ratio for conceptual ICF reactor 
designs. 

1. Introduction 

Usual neutronic calculations for fusion reactors use neutron cross-section data in the 
energy region below 15MeV. Such a data would suffice as far as magnetic confinement 
D-T fusion is concerned. 

In inertia] confinement fusion (ICF) scheme, however, fusion reactions occur during 
rapid expansion of the compressed and ignited fuel pellets. If a D-T neutron is emitted 
in the same direction as the medium expansion velocity, the birth energy observed in the 
rest frame can be fairy larger than 14MeV. (The situation is schematically shown in 
Fig.l.) As a result, the neutrons bursting from ICF burning D-T pellets contain not only 
moderated components (<14MeV) but also fast populations whose maximum energy 
reaches more than 20McV. Nuclear design calculations for ICF rsactors (e.g. calculations 
of tritium breeding, nuclear heating, etc.) hence require (a) reliable information about 
source neutron spectrum, and (b) neutron cross-section set covering the energy range up 
to about 25MeV. 

In this paper we show the burst neutron spectrum from a typical D-T burning pellet, 
and then examine the tritium breeding in conceptual ICF reactor designs. 

2. Burst Neutron Spectrum from ICF Pellet 
Recently, the present authors made coupled neutronic/hydrodynamic calculations for 
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isobarically compressed D-T pellet models to investigate the effect of neutron heating on 

the thermonuclear burning."* From these calculations, the energy spectra of neutron < 

bursting from D-T burning pellets were also derived. 

Figure 2 represents for a typical pellet (compressed p/? = 6 g/cm^) the energy 

spectrum that is integrated over the pellet bum time A fairly broadened spectrum is 

observed, although the distribution peak around 14-MeV energy still stands out. Because 

of rapid pellet expansion, the burst neutrons contain fast components whose maximum 

energy exceeds 20MeV. The fraction of population above !4-MeV energy is about 2 0 % 

of the total population. The low energy components result mainly from collisions with the 

pellet matters. The average kinetic energy of these burst neutrons is about lOMeV. 

W e also evaluated the tritium production in the pellet 7). (T-atoms per D - T reaction) 

and the neutron multiplication &„ the latter being due to D(w,2n)p. When the initial (Y.e. 

compressed) p # = 6 g/cm\ for example, 

7), = 0.03 (mainly from D - D reaction), 

*, = 1.10. 

3. Neutronic Catenation for Breedmg Blanket 

By considering the energy spectrum of neutrons incident on the blanket, w e made 

tritium breeding calculations for conceptual 1CF reactor designs, SENR!-1^* and K O Y O . ^ 

3.1. Blanket models and Method of Calculation 

Figure 3 illustrates the configuration and composition of the blanket models. !n 

SENR1-1 blanket, two regions are used for tritium breeding. Both regions are composed 

of natural liquid metal Li. The inner 64-cm thick layer flows from top to bottom along 

the inner surface of the spherical stainless-steel chamber. !n K O Y O mode), both blankets 

I (inner) and 11 (outer) are composed of SiC and Li^Ph^. The volume fractions of SiC 

and Li,?PbM in the blanket I are respectively 7.8 and 70.7 %, the rest being the void. 

The corresponding values for blanket H are 2.3 and 57.7 %. Natural lithium is used for 

Li in Li]?Pb,3. 

The neutron fluxes in the Manket were obtained using steady-state transport code 

A N I S N ^ with the P3-S, approximation. A spherical geometry was assumed. A s for 

neutron cross-sections, w e used a multigroup constant set JSSTDL,^ which covers the 

incident neutron energies up to 20 M e V . The source neutrons above 2 0 - M e V energy were 

excluded from the present A N 1 S N calculation. 

Three kinds of neutron spectrum are used as input sources: (1) the "actual" spectrum 
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resulting from the burning peHet, (2) the moderated spectrum obtained from "stationary" 

pellet, and (3) monochromatic 14-MeV source. 

3.2. Results and Discussion 

Table 1 summarizes the results of A N 1 S N calculation, ;.e. the tritium production in 

the blanket per unit source neutron. The ^Li contribution is reiatively large in the 

SENRI-1 model (fast blanket), whereas in the K O Y O model (thermal blanket) the 

contribution from ̂ Li is dominant. 

From these results w e can evaluate the tritium breeding ratio (TBR) in the !CF 

system as follows: 

T B R = 7), + *,r„, 

where 7), is the contribution from the D - D reaction, %„ the neutron multiplication in the 

pellet, and 7^ the contribution from the blanket as given in Table 1. The values of 7), and 

Ar„ are shown in Sec.2. 

In the SENR1-1 blanket case, the total T B R for "actual" source is estimated to be 

1.48, whereas it is 1.56 for monochromatic source, being larger than for "actual" source 

by about 5%. The source component around several M e V is considerably less for "actual" 

source, which leads to the decrease of T B R from ̂ Li(n,n'o:)T. 

The value of T B R estimated for moderated source is 1.45, being almost the same as 

that for the "actual" source. The neutron with energy of over 10 M e V has a largest 

contribution to the total TBR. The difference in the number of neutrons in that energy 

range is very small between the "actual" and moderated sources. 

A s for the K O Y O blanket, the similar tendency is observed in the estimated values 

of TBR. The tota! T B R is 1.29 for the "actual" source; it is 1.47 for the monochromatic 

source, being larger by about 15%. The value of T B R estimated for the moderated source 

is almost the same as that "actual" source. 

4. Concluding Remarks 

W e have shown that because of the rapid pellet expansion, the neutrons bursting 

from ICF burning pellets contain fast populations with energies of more than 20 M e V in 

addition to moderated components. 

Using the realistic source neutron spectrum, w e also evaluated th< iritium breeding 

in the conceptual ICF blanket designs. The use of monochromatic 14-MeV source 

overestimates the T B R by 5-15%. !f one adopts the spectrum obtained from the 

"stationary" pellet, the T B R value is almost the same as that obtained from the realistic 
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source spectrum. This is because the number of high-energy neutrons (e.g. over lOMeV) 

that has a targe contribution to the total T B R are not so different between the two spectra. 

One of the interesting issues other than tritium breeding is nuclear heating. For an 

accurate ca!cu!ation of the nuclear heating rate as we!! as TBR, we need an evaluated 

neutron cross-section set that covers the energy range up to 25MeV. 
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Table 1 Tritium production in the blanket per unit source 
neutron, Tg 

(a) SENRI-1 

Source neutron 
spectrum 

Calculated* 

Monochromatic 
14MeV 

T6 T7 • T o t a | 
inner outer inner outer 1 

i 

0.763 0.106 0.440 0.008 j 1.318 
(0.760) (0.105) (0.448) (0.007)! (1.320) 

0.754 0.117 0.679 0.014 j 1.563 

(b) KOYO 

Source neutron 
spectrum 

Calculated* 

Monochromatic 
14MeV 

T6 T7 
inner outer inner outer 

0.057 1.068 0.005 0.016 
(0.060) (1.086) (0.006) (0.012) 

0.074 1.369 0.007 0.017 

Total 

1.141 
(1.164) 

1.466 

* (pR )comP = 6g/cm2. The values in ( ) result from the 
calculation assuming a source neutron spectrum from 
"stationary" pellet. 

<y*r»4o2> = 14MeV 

<0 

; :VJV-2fo-" > •• ' r(rt\ ' 
• r ^ 0 K : : . . • If 0^6^90°, 

/'. 
mvf > 14MeV 

1 Neutron generation in ICF burning plasma 
Here, VQ is the velocity of fusion-produced neutrons 
in the rest frame. 
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2 Time-integrated energy spectrum of neutrons bursting 
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GO r j 

TT—T^ 
2c* 2cm 5bm 
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blanket I SUS316 

Blanket models derived from conceptual ICF reactor designs 
(a) SENRI-1, (b) KOYO 
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5.28 Measurement of the Neutron Capture Cross Section of **Tc 

Toshio KATOH*. Yoshimune OGATA**, Hideo HARADA 
and Shoji NAKAMURA*** 

* Department of Nuclear Engineering, Nagoya University 
Furo-cho, Chikusa-ku, Nagoya, 464-01 

** Radioisotope Research Center, Nagoya University 
Furo-cho, Chikusa-ku, Nagoya, 464-01 

*** Power Reactor and Nuclear Fuel Development Corporation 
Tokai-mura, Ibaraki-ken, 319-11 

ABSTRACT 

The thermal neutron cross section of the ""Tc(n, y)^°°Tc 
reaction has been measured by means of an activation method 
for the purpose to obtain fundamental data for the research 
of the transmutation of nuclear waste. 

Targets containing about 370 kBq of ""Tc were irradiated 
for 2 m with reactor neutrons. Activation detectors of 
Co/Al and Au/Al alloy wires were irradiated to monitor the 
neutron flux and the Westcott's epithermal index r(T/To)^^^. 

Spectra of y-rays from the irradiated Tc samples were 
measured with a high purity Ge detector. Decay of the 
540-keV and the 591-keV y-rays were followed. A half-life 
of the decay of the y-rays was 15.56 + 0.30 s and in good 
agreement with the half-life of ^°°Tc. 

The amount of the produced ^°°Tc was obtained from the 
intensities of the 540-keV and the 591-keV y-rays. 

The specific activity of ""Tc in the targets were obtained 
by measuring the specific ^-activity of sample solution by 
the liquid scintillation counting method. Then, the amount 
of ""Tc in the targets were determined. A cross section of 
the ""Tc(n, y)^°°Tc reaction was determined from the number 
of ""Tc atoms of the target, the activity of the produced 
^°°Tc and the neutron flux data. The cross section obtained 
is 18 ± 2 b and is almost same as the value reported in 
references. The resonance integral was also measured by a 
Cd-ratio method. 
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I. INTRODUCTION 
The nuclide ^Tc is one of the most important fission 

products in the radioactive waste management. The accurate 
cross section of the thermal neutron capture reaction of ^ T c 
is necessary for the research of neutron utilized 
transmutation. There have been only two measurements'^'-'^' 
of the cross section of the ^Tc(n, y )^°°Tc reaction. 

The present paper describes a result of a recent cross 
section measurement taking advantage of a highly efficient Ge 
detector and a fast electronic circuit. 

H. MEASUREMENT OF THE THERMAL NEUTRON CROSS SECTION 
Targets containing about 370 kBq of ^Tc were irradiated 

with reactor neutrons of Rikkyo University for the 
measurement of the thermal neutron capture cross section of 
*°Tc. The specific activity of **Tc target solutions was 
obtained by measuring the specific /?-activity by the liquid 
scintillation counting method, and 460.62 kBq/g. The 
amount of activity(number of atoms) of each sample was 
estimated from the weight of each sample and the specific 
activity. Six samples were prepared and four of them were 
used for the experiment. 

Activation detectors of Co/Al and Au/Al alloy wires were 
irradiated to monitor the neutron flux and the Westcott's 
epithermal index r(T/To)^^^. The irradiation position is 
characterized with a thermal neutron flux of (4.19 ± 0.12) x 
1 0 ^ n/cm^s and the epithermal index of 0.037. 

Gamma-ray spectra of irradiated ^ T c samples were 
measured immediately after the irradiation. A HPGe 
detector of 90% efficiency combined with a fast electronic 
circuit was used for the measurement. The system of the 
measurement was same as used in the measurement of the 
neutron cross section of ^^Cs'^'. 

Fig. 1(a) and (b) show gamma-ray spectra of **Tc samples 
irradiated without a Cd shield and with a Cd shield. In 
the spectra, y-ray peaks are seen at the energies of 540 
and 591 keV as well as y-peaks at higher energies. 

The decay of these peaks were followed and results are 
shown in Fig. (2). The decay curves in Fig. (2) show that 
these y-peaks decay with a half-life of about 15 s. 

The weighted average value of half-life was 15.56 ± 0.30 s 
and in good agreement with a half-life of ^°°Tc'^'. 

This means the 540-keV and the 591-keV y -rays are emitted 
from i°°Tc produced through the the neutron capture reaction 
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of *^Tc. 
The reaction rate(R) of the neutron capture reaction of 

^Tc was deduced from the number of atoms of the target and 
the intensity of the y-rays of produced ^°°Tc. 

The neutron fluxes were determined by using the monitor 
wires for the irradiation without a Cd shield and the 
irradiation with a Cd shield. Obtained reaction rate(R) of 
the monitors were analyzed with the following equations as 
was done in the case of ^s^Cs'^'. 

R/cro = <%i + cSzSoG.ci (1) 
for irradiation without a Cd shield, 

R'/cfo= <%'i + %'2SoG.t,i (2) 
for irradiation with a Cd shield, 

where <?o is the reaction cross section of each monitor, %i''> 
and <%2*'*are parameters determined by the flux monitors; %i 
and <%2 are approximately the thermal and the epithermal 
neutron fluxes in case of no Cd, respectively, and %'i and 
<g*2 the thermal and the epithermal fluxes with a Cd shield. 

The So and the G*„i are parameters*^ determined for each 
monitor, and So is 1.83 for the present Co/Al wire and 17.02 
for Au/Al. The value of C^i was 1.00 for both monitors in 
the present experiment. Obtained relation between R/ o*o 
and So is shown in Fig.(3). From this relation, 0's in the 
equations were detemined and then the thermal neutron cross 
section( cro = for 2200 m/s neutrons) and the resonance integral 
Io(including the 1/v part) can be deduced'^'. 

]H. RESULTS 
Results obtained at present are o*o = 13 ± 2 barn and 

Io = 296 ± 60 barn. The result of o*o is almost same as the 
value in the references. More precise measurements are in 
progress. 

REFERENCES: 
(1) Lucas, M., Hagemann, R., Naudet, R., Renson, C., 

Chevalier, C : IAEA-TC-119/14 
(2) Ovechkin, B. B., et al: INIS-mf-1543(Conf. on Neutron 

Physics at Kiev) 2, 131 (1973) 
(3) Sekine, T., Hatsukawa, Y., Kobayashi, K., Harada, H., 

Watanabe, H., Katoh, T.: J. Nucl. Sci. Technol. 30(11) 
1099 (1993) 

(4) Berzins, G., Bunker, M. E., Starner, J. W.: Phys. Rev. 
187(4) 1619 (1969) 
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S.29 Nuclear Data Activities in Hungary* 

J. Csikai 

Institute of Experimental Physics, Kossuth University 

4001 Debrecen, Pf. 105, Hungary 

Abstract: The review outlines the present status of nuclear 
data activities in Hungary in collaboration with a number of 
research groups abroad. Measurements and calculations are 
devoted mainly to the determinations of the excitation 
functions of neutrons and charged particles induced 
reactions from threshold up to 3 0 M e V . Some typical fields 
of the recent activities are discussed only. 

1. introduction 

Nuclear data are investigated for testing nuclear reaction models, design 

of fusion reactors, unfolding the neutron fields, production of medically used 

isotopes as well as nuclear astrophysics and cosmochemistry. 

2. Experimental 

Neutrons and charged particles are produced by variable energy cyclotrons 

M G C - 2 0 (Debrecen), CV28 (KFA JQlich), U-120M (Rez, Prague), low voltage (150-

200 kV) neutron generators (Debrecen) and proton accelerators 100-400 k V 

(Univ. Bochum). The irradiation time is between a few minutes and about 

300 h. 

The measurements are based mainly on activation method using in same cases 

the radiochemical separation technique and the high resolution g a m m a 

spectrometry. The spectra are analyzed by the M A E S T R O I, M A E S T R O n and the 

AccuSpec programs. The excitation functions of charged particle reactions are 

measured by the stacked-foil technique. Activation cross sections for the 

generation of very long-lived radionuclides is determined by accelerator mass 

This work was partly supported by the International Atomic Energy Agency, 
Vienna (Contract No.: 6971/R3, No.4882/CF), Hungarian Research Foundation 
(Contract No. 1734/91) and the German-Hungarian bilateral agreement 
[No.l3(x237.1)]. 
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spectrometry (AMS). The alpha particles emitted in low energy charged particle 

reactions is detected by SB Si detector. Activation foils are used as neutron 

fluence and energy monitors. 

Results and discussion 

A ) Neutron induced reactions 

1) Excitation functions and isomeric cross section ratios were measured for 
the <Rcu(n,a)6°Co'"'B, C S c u ^ c ^ C o ^ ' S and 6°Ni(n,p)Mco"i-S tactions 

between 6 and 15MeV. Results were compared with the calculated data 

using the S T A P R E code with ] M p = F M A"^ E'* and 7 = 6gff/#;p, where 

F M = 300 while % = 1.0 and 0.5. Some results are shown in Figs. 1-4 

[I]. 
2) The (n,ct) and (n,p) cross sections have been determined for a number of 

nuclei with high precision at E = 14.6 M e V to improve the (N-Z)/A 

systematics. Results are summarized in Tables 1 and 2. Further 

measurements are needed to obtain any nuclear structure effects in the 

% a ^"^ *̂ n n ^*^' ^"^ gross trends prove the presence of the (N-Z)/A 

asymmetry parameter and isotope effects in the data (see.Figs. 5, 6 7, 

and 8) [2, 3]. 

3) High purity C, Al, K H C O ^ , Zn, Cu, Ni, M o , S L N ^ and SiOgSamples were 

irradiated with 14.6 M e V neutron fluence of about 10 n/cm in Debrecen 

to produce long-lived radionuclides (%e, ^Al, ^ C , ^Cl, ^ 5 9 ^ 
93 93 

M o , Zr, etc.) in fast neutron induced reactions important for 

cosmochemistry. The determinations of the reaction products are in 

progress by using either the radiochemical separation method or the 

classical and accelerator mass spectrometry in collaboration with 

K F A Jiilich. Cologne and Hannover Universities. Reactions and methods are 

given in Table 3. In addition, measurements and calculations using the 

E X I F O N code were carried out for some reactions producing long-lived 

isotopes. Results are summarized in Table 4 [4-7]. 

B) Charged particle reactions 

1) Excitation functions and isomeric cross section ratios were measured for 

the 6*Ni(p,a)3Sco*"'B reaction from threshold up to 18.6 M e V . As shown in 

Figs 9, and 13 the measured and calculated data are sensitive for the 

accepted model parameters [8]. 
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2) Cross section curves of p, d, He, He induced reactions have been studied 

up to 3 0 M e V proton energy in the context of routine production of 

medically used isotopes. The monitor reactions were produced on natural Ni, 

Ti, Cu, Fe metals. As can be seen in Table 5 both enriched isotopes and 

natural elements were used as target materials. A typical excitation 

function is shown in Fig. 11 [9-17]. 

3) The S(E) factor for the ^^B(p,ct)^Be and ^^B(p,c)^Be were determined over 

the 15sE sl34keV c.m. energy range. Results are indicated in Fig. 12 

[18]. 

Re&rences 

[1] F. Cserpak, S. Sudar, J. Csikai and S.M. Qaim, Phys.Rev., in press. 

[2] A. Grallert, J. Csikai and Cs.M. Buczkd, I. Shaddad, IAEA R C M on 

Activation Cross Sections, Del Mar (USA) 29-30 April, 1993 

[3] J.Csikai, First IAEA R C M on Helium Production Data, Debrecen, 

17-19 November 1992. 

[4] J. Csikai, IAEA R C M on Activation Cross Section, Del Mar (USA) 29-30 

April, 1993. 

[5] J. Csikai, Cs.M. Buczkd, R. Pepelnik, H.M. Agrawal, Ann. nucl. Energy 

18(1) (1991)1. 

[6] J. Csikai, INDC(NDS)-263, IAEA, Vienna (1992) p. 33. 

[7] U. Herpers, R. Michel et al., (to be published) 

[8] S. Sudar, F. Szeiecs6nyi and S.M. Qaim, (in press) 

[9] A.Fenyvesi, F. Tarkanyi, F. Szelecs6nyi, S. Takacs, Z. SzCcs, T. 

Molnar and I. Mahunka, (to be published) 

[10] F. Tarkanyi, S. Takacs, Z. Kovacs, (to be published) 

[11] F.Ditr6i, A.Fenyvesi, S.Takacs, F.Tarkanyi, J.Bergman, S-J. HeseHus, 

O. Solin, (to be published) 

[12] F.Szelecsenyi, T.E. Boothe, S.Takacs, Z.Sz0cs, F.Tarkanyi, (to be 

published) 

[13] T.E. Boothe, S. Takacs, T. Molnar, F. Tarkanyi, (to be published) 

[14] F.Tarkanyi, F. Szelecs6nyi, P.Kopeczky, T.Molnar, L. Andd, P. Mikecz, 

Gy. T6th, A. Rydl, A T O M K I Annual Report, 1992. 

[15] I. Mahunka, L. And6, P. Mikecz, A.M. Tcheltsov, I.A. Suvorov, A T O M K ! 

Annual Report, 1992. 

- 410 -



.)AHH!-M 94-0)9 

[16] I. Mahunka, P. Mikecz, T. Ido, M. Kawamura, L. Ando, Z. Kovacs, ATOM'd 

Annual Report, 1992. 

[17] F.Tarkanyi, Z. Kovacs, S.M. Qaim, Appl. Radiat. Isot. Vol. 44, No.8, 

44(8) (1993) 1105. 

[18] CAngulo, S. Engster, C. Rolfs, W.H. Schultz, E. Somorjai, ATOMKI, 

Annual Report, 1992. 

- 411 -



.IAKHI M M IH« 

Table 1 Recent measured and evaluated data for some (n,a) reaction 
cross sections at around 14.6MeV. 

Reaction 

45Sc(n,a)42K 
50Ti(n,cr)47Ca 
51i//„ „\48c„ V(n,a) Sc 
51V(n,nar)47Sc 
54Cr(n,o)51Ti 
55Mn(n,«)52Cr 
54Fe(n,a)51Cr 
59Co(n,a)56Mn 
78Se(n,a)75mGe 
78Se(n,a)75Ge 
80Se(n,a)77mGe 
80Se(n,a)77Ge 
89Y(n,a)86Rb 
90~ ,„ „\VJm~r 

94Zr(n,a)91Sr 
92Mo(n,a)89Zr 
98Mo(n,o)95Zr 
100Mo(n,o)97Zr 
114Cd(n,a) l l lmPd 
115In(„,a)112Ag 
118Sn(n)a)115gCd 
120Sn(n,a)117mCd 
120Sn(n,«)U7gCd 

Forrest 

56±3 

8.75 ±0.8 

16.15 ±0.75 

12.6 ± 1.5 

27.5 ±4 

88.5 ±6 

30.0 ±1 

5.5 ±2 

17.0 ±6 

5.5 ±0.5 

4.3 ±0.6 

27.3 ± 1.5 

5.8 ±035 

3.19 ±0.25 

2.4 ±0.3 

Ikeda et al. 

53.3 ±4.3 

9.31 ± 0.78 

16.94 ±0.87 

84.5 ±6 

3.65 ±0.22 

4.9 ±0.42 

24.5 ± 1.2 

6.45 ±0.49 

2.81 ±0.2 

0.183 ±0.07 

0.227 + 0.079 

present 

53.7 ±2.6 

8.6 ±0.6 

17 ±1 

0.09 ±0.005 

10.8 ±2.1 

22 ± 1.6 

86 ±5 

31 ±1 

4.5 ±0.7 

6.4 ±1.2 

1.1 ±0.2 

3.6 ±0.3 

5.4 ±0.6 

3.8 ±0.2 

4.7 ±0.3 

26.2 ±1.2 

5.9 ±0.3 

3.2 ±0.2 

0.3 ±0.03 

2.3 ±0.2 

0.9 ±0.08 

0.21 ±0.09 

0.26 ±0.03 
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Reaction 

142Nd(n,«)139Ce 
144Nd(n,a)141Ce 
146Nd(n,«)143Ce 
184W(n,a)181Hf 
186W(n,ct)183Hf 
203-n(n,a)200«Au 
206Pb(n,a)203Hg 

JAERl-M 94-019 

Table 1 

Forrest 

6.8 ±1.5 

4.7 ±1.5 

3.1 ±0.5 

1.15 ±0.15 

0.55 ±0.07 

2.0 ±1.0 

(cont.) 

Ikeda et al. 

0.6 ±0.11 

present 

5.5 ±0.4 

4.0 ±03 

3.5 ±03 

0.85 ±0.09 

0.54 ±0.05 

0.37 ±0.06 

0.57 ±0.04 
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Table 2 Recent measured and evaluated data for some (n,p) reaction 
cross sections at lA.6MeV. 

Reaction Forrest Ikeda et al. present 

48Ti(n,p)48Sc 
54Fe(n,p)54Mn 
74Se(n,p)74As 
76Se(n,p)76As 
78Se(n,p)78As 
90Zr(n,p)90mY 
91Zr(n.p)91mY 
92Zr(n,p)92Y 
94Zr(n,p)94Y 
92Mo(n,p)92mNb 
95Mo(n,p)95mNb 
96Mo(n,p)96Nb 
98Mo(n,p)98mNb 
110Cd(n,p)110mAg 
i nCd(n,p)n iAg 
112Cd(n,p)112Ag 
113Cd(n,p)113mAg 
115In(n,p)1158cd 
115In(n,p)115mCd 
116Sn(n,p)116mIn 
117Sn(n,p)117In 
118Sn(n,p)118In 
142Nd(n,p)142Pr 
146Nd(n,p)146Pr 
182W(n,p)182Ta 
183W(n,p)183Ta 
184W(n,p)184Ta 

67±8 
315 ± 10 
135 ± 15 
70 ±10 
18 + 4 

19.2 ±2 
10±1 

21 + 2 

50 + 15 
16 ±3 

13 + 2 
7±2 
13.8 ±1.1 
43 ±0.7 
5.9 ±0.5 
4.1 + 0.5 
3 ±0.4 

60.4 + 2.9 
287 ±13 

13.28 ±0.89 
18.3 ±1.0 
22.2 ±2.3 
8.91 ±0.72 
63.6 ±3.1 
7.79 ±0.74 
24 ±1.2 
6.25 ±0.4 

10.68 ±0.83 
14.01 ±1.18 

67±4 
309 ±17 
112 ±7 
49 + 3 
19 ±1.1 
13.3 ±0.7 

24 ±1.2 
20 ±1.0 
7.3 ±0.8 
41 ±2.1 
8.2 ±0.6 
25 ±1.3 
5.2*0.24 
10.8 ±1.4 
29 ±2.1 
16 ±1.2 
17 + 1.0 
4.0 ±0.25 
7.4 ±2.95 
10.8 ±0.7 
20 ±1.2 
6.2 ±0.46 
13.6 ±0.9 
4.1 ±0.4 
6.5 ±03 
5.0 ±0.4 
3.2 ±0.2 

- 4 1 4 -



JAERI-M 94-019 

Table 3 Reactions and methods considered to use for cross section 
measurements 

Reaction 

13C(n,a)10Be 

14N(n,p)14C 
170(n,a)14C } 
180(n,na)14C 

27Al(n,2n)26Al 

39K(n,p)39Ar 
39K(n,a)36Cl 
40Ca(n,p)40K 
58Ni(n,«)55Fe 
60Ni(n,p)60Co 

60Ni(n,2n)59Ni 

^Znfaa)6 3!* 
63Cu(n,p)63Ni } 

92Mo(n,p)92Nb 

^Mofop)9 4!^ 

96Mo(n,«)93Zr 
97Mo(n,na)93Zr 

Half life 

1.62xl06y 

5730y 

6.345 s 
7.2xl05y 

269y 

3xl05y 

1.28xl09y 

2.73 y 

10.47 m 
5.27 y 

7.5xl04y 

100.1 y 

10.150d 
3.6xl07y 

6.26 m 

2xl04y 

1.5xl06y 

Decay 
Ey(keV) 

f 

f 

e 
1808.6 

r 
e,f 

E,fT 

e 

rr,/r 
1173.2 
1332.5 

£ 

f 

e 
934.5 
561.1 

rr,/r 
702.6 
871.1 

r 

Method 

AMS 

BC, RC 

GS, AMS 

CMS, BC 

AMS 

AMS 

XR 

GS 

AMS 

RC+BC, AMS 

GS 
RC+AMS, RC+GS 

AMS, RC+GS 

AMS 
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Table 4 Cross s e c t i o n s for the g e n e r a t i o n of l o n g - l i v e d i s o t o p e s 

Reaction 

39K(n,p)39Ar 

39K(n,a)36Cl 

139La(n,2n)138La 

92Mo(n,p)92Nb 

94Mo(n,p)94Nb 

14N(n,p)15C 

93Nb(n,p)93Zr 

60Ni(n,2n)59Ni 

^ N i ^ n ) 6 3 ^ 

170(n,«)14C 

141Pr(n,a)138La 

80Se(n,2n)79Se 

116Sn(n,a)113Cd 

99Tc(n,2n)98Tc 

51V(n,2n)50V 

180W(n,p)18aTa 

66Zn(n,a)63Ni 

T l / 2 

269 y 

3xl05 y 

l.lxlO11 y 

1.7xl08 y 

2xl04y 

5736 y 

1.5xl06 y 

7.5xl04 y 

125 y 

5736 y 

1.3xl0U y 

7xl04 y 

9xl015 y 

14.6 y 

1.5xl06 y 

4.8xl014 y 

2xl013y 

100 y 

ff(mb) meas. ff(mb) calc. 
(13.4-15.0 MeV) (13.4-15.0 MeV) 

(EXIFON) 

195, 162, 
314, 356 

110, 120, 

-

60, 64 

55 

77,38 

51,42 

352, 391, 

958 

-

3,3 

-

-

1227 

-

1 

-

109 

104 

108.9-114.3 

310.4-308.5 

1496.7-1700.2 

197-206.4 

45.8-55.7 

18.9-24.4 

23-30 

246.3-557.5 

916-1120.2 

154.4-155.4 

0.6-1.1 

855-1133.9 

2.2-4.4 

12313-13683 

388.9-751.4 

5.6-6.7 

18.4-27.7 

416 
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Table 4 ( c o n t . ) 

Reaction 

93Zr(n,a)90Sr 
94Zr(n,2n)93Zr 
109Ag(n,2n)108mAg 

27Al(n,2n)26Al 
134Ba(n,2n)133Ba 
134Ba(n,p)134Cs 
137Ba(n,p)137G 
209Bi(n,2n)208Bi 

79Br(n,p)79Se 

40Ca(n,p)40K 
42Ca(n,a)39Ar 
63Cu(n,p)63Ni 

^Cufoa^Co 
50Cr(n,p)50V 
113In(n,p)113Cd 

T l / 2 

29 y 

9xl05 y 

418 y 

433 y 

7.5xl06 

10.54 y 

2.06 y 

30 y 

3xl04 y 

6.5xl04 y 

1.28xl09 y 

269 y 

100 y 

5.27 y 

0.25xl014 y 

9xl015 y 
14.6 y 

a(mb) meas. o(mb) calc. 
(13.4-15.0 MeV) (13.4-15.0 MeV) 

-

-

724, 757, 671 

716-44? 677-

0.62 

1556 + 95* 

6 + 2* 

5 + l * 

2197, 2147, 
2750, 1800, 
2250, 2420, 
2520, 2250, 
2260 
-

470, 492, 471 

90 

54 

51, 45-2* 

830, 357 

-

(EXIFON) 

12-13.1 

1459.3-1501.8 

-

82* 

0-75.2 

-

-

8.2-13.3 

2118.2-2159.9 

40.7-42.8 

485-456 

138.1-147.9 

78.4-87.4 

61.4-73 

521.6-496.4 

9.1-12.1 

Present experiment 
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Table 5 Reactions for the production of medical isotopes 

Target 

66Zn,' 

m C d , 

67Zn, ^Zn 

112Cd 

82Kr, 83Kr 

82Kr, 83Kr 

38 c , 

38Ar 

natAr 

123Te 

124Xe 

natCd 

38Ar 

16Q 

78Kr 

ioB 

122Te 

natTe 

natSb 

natB 

Beam 

P 

P 

3He, a 

P 

a 

P 

a 

P 

P 

P 

a 

3He 

P 

P 

p,d 

p,d 

a, 3He 

P 

Isotope 

66Ga, 67Ga 

n i I n 

82Sr(82Rb) 

81Rb(81Kr), 
82mRb 

38K 

38K 

43K 

123j 

123j 122j 

110ln 

42K, 43K 

18F 

75Br, 77Br 

7Be 

122j 123j 

123j 124j 

123j 124j 

7Be 

Collaboration 

Rez 

Julich 

81Rb JGHch 

Turku 

Julich 

Moscow 

Julich 

Turku 

Julich 

Turku 
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Experiment 
• This work 
o Refs. 

Calculation [this work] 
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(il=0.5) 
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5 10 

Neutron energy [MeVD 
15 

1 Excitation function of the 63Cu(n,a)60Coni (Tx/2 • 10.5 min) reaction. 
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0.01 

63Cu(n,<x)60Com+9 

• Experiment 
Calculation [this work] 

(n=1.0) 
(,,=0.5) 

-L 

3fc 

5 10 
Neutron energy CMeV] 

15 

2 Excitation function of the 63Cu(n,<x)60Co,n+8 (T^g « 5.27 y) process. 
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Fig. 3 Isomeric cross section ratio for the isomeric pair 62Com»8 formed 
via (n,a) reaction on 65Cu, plotted as a function of incident 
neutron energy. The metastable state has a spin of 5 + and the 
ground state 2 . 
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Fig. 4 Excitation function of the 60Ni(n,p)60Com+8 (Ti/2 - 5.27 y) process. 
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Fig. 5 Dependence of (n,a) cross sections on (N-Z)/A asymmetry parameter. 
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Fig. 6 The (n,a) cross sections for isotopes taking the data from Qaim, 
Forrest, Ikeda et al. and our experiment. Solid lines in Figs. 5 
and 6 are calculated by eq. given in the Fig. 5 using Forrest's 
adopted data. 
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Fig. 7 Dependence of (n,p) cross sections on (N-Z)/A 
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8 The (n,p) cross sections for isotopes taking the data from Qain, 
Forrest, Ikeda et al. and our experiment. Solid lines in Figs. 7 
and 8 are calculated by eq. given in the Fig. 7 using Forrest's 
adopted data. 
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Fig. 9 Measured and calculated cross sections for the 61Ni(p,a)58Coln+8 
process. 
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Fig. 10 Measured and calculated isomeric cross section ratios (On/0m+g'' 
for the 61Ni(p,a)S8Com>8 process as a function of proton energy. 
The spin and parities of the two isomeric levels concerned are 
shown. 
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424 



.JAERI-M 94-019 

500 r l M B{p .a ) B Be 'previo"s 

400 

T 1 1 I I I Ml 1 1 I I I I I i-J 
a) = 

- \ 

t/> 

0 
10* 

: \ 

ELECTRON 
SCREENING 

• present 
E. 'HSIteV E..587 keV: 

I I = 

ELECTRON 
' SCREENING 

TOB(p.a)7Be 

K f previous 

• present 

10 10* 
Energy, E (keV) 

103 

Fig. 12 Absolute S(E) factor for 11B(p,o) and 10B(p,a) reactions. 
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