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The neutron nuclear data for 247Cm and 247Bk were evaluated for JENDL Actinide File. As for 

247Cm, the drawbacks in the previous evaluation have been removed. For 247Bk the present work 

provided the first evaluation in the world. The evaluation for both nuclides was made in the neu­

tron energy range from 10-5 eV to 20 MeV. Finally recommended data are the total, elastic scatter­

ing, inelastic scattering, fission, capture, (n,2n) and (n,3n) reaction cross sections, resonance pa­

rameters, angular distributions and energy spectra of emitted neutrons and number of neutrons 

per fission. 

Keywords: Neutron, Evaluation, Data, Curium-247, Berkelium-247 

Y."On loan to Nuclear Power Engineering Corporation 

'" Chinese Nuclear Data Center, China Institute ofAtomic Energy 



JAERI-Research 97-056 

8*~~n~~m*~~~m~~~I~$ 

'fiJi I li1t* · Liu Tong* 

(1997$ 7 y:]238~!1ID 

J END L Actinide File{:ft*Prt .;, tZ:Q)':" 247Cmc 247BkO)'fIt1:~~T- 9'0)~1Iffi~rr'? tz:o 
247Cm{:~ L -c,;t" IDi@J0)~1Iffi*i~i:!;FU:J!bntz:rQ~~lt¢'\~&.5t Ltz:o ~@)0)247BkO)~1Iffi';tt!tW-cMlQ) 

-co) to)-cct.;,o jffij1JO)~fI':xt L -c" 'fIt1:~.:r..*Jv;f'-10-5eV;6'\ b20MeVO)iHlm-c~1Iffi~rr 

~ '" 1£l*JTOOfR" iWtt· ;FiWttfff(~Ll*JTOOfR" ~5t~l*JTOOfR" ntHil*JTOOff" (n, 2 n) c (n, 3 n) 

&Jt;l*JTOOfR" ::Jtq~/'~7 j -9'" litm'fltt~O)jfjOC5t;(ijc.:r..*Jv~-A~7 r-Jv" ;JoJ:a~5t~cttz: 

~O)litm'fltt~~O)m~~~~Q)~o 

*i1~Hvf~m : ;=319-11 ~~~t!~!OJ~~*m*'fB15BfH 2 - 4* t±Ho]tp: (ti)JJjFf:tJ9tr~tt*J~f1It

* tpOOJmr"~f4~li1f~l;ttpOOfKT-7 -tr /'7­

ii 

mailto:IDi@J0)~1Iffi*i~i:!;FU:J!bntz:rQ~~lt�'\~&.5t


lAERI-Research 97-056 

Contents 

1. Introduction ........................................................................................................................................ 1 


2. Evaluation of 247Cm Nuclear Data ..................................................................................................... 2 


2.1 Review of Previous Evaluation ...................................................................................................... 2 


2.2 Reevaluation .................................................................................................................................. 4 


2.2.1 Resonance Parameters .......................................................................................................... 4 


2.2.2 Inelastic Scattering Cross Sections ....................................................................................... 5 


2.2.3 (n,2n),(n,3n) and (n,4n) Reaction Cross Sections .................................................................. 7 


2.2.4 Fission Cross Section ............................................................................................................. 7 


2.2.5 Other Cross Sections .............................................................................................................. 7 


2.2.6 Other Data ............................................................................................................................. 8 


2.3 Conclusion ...................................................................................................................................... 9 


3. Evaluation of 247Bk Nuclear Data ..................................................................................................... 10 


3.1 Thermal Cross Sections ............................................................................................................... 10 


3.2 Resonance Parameters ................................................................................................................ 11 


3.3 Cross Sections above Resonance Region ..................................................................................... 11 


3.4 Angular Distributions of Emitted Neutrons ............................................................ : .................. 12 


3.5 Energy Distributions of Emitted Neutrons ................................................................................ 12 


3.6 Number of Neutrons per Fission ................................................................................................. 13 


3.7 Conclusion .................................................................................................................................... 13 


Acknowledgment ................................................................................................................................... 14 


References ............................................................................................................................................. 14 


iii 



lAERI-Research 97-056 

1. 'it.::?!I.J';: .................................. :...................................................................... 1 


2. Z 4 7CmQ)~-r- !1M1iIfi ......... ... ... ... ... ... ... ............ ......... ............... ......... ... ... ...... ... ... 2 


2. 1 liIJ@Q)~1iIfiQ) [..; 1::'.;l. - ••. ••• ...... .................. ......... .•• ......... •.• ............ ............ ... 2 


2. 2 M~1iHi ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 4 


2. 2. 1 ~q~/ {' '7 j. - !1 ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 4 


2. 2. 2 ~~~f1::1tf{liLI'JTOOM ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 5 


2. 2. 3 ( n , 2 n)" (n , 3 n) t3 J:. r! (n, 4 n) DtM)I'JTOOft .............................. 7 


2. 2. 4 ~:5t~I'JTOOM ............ .................. ......... .................................... ............ 7 


2. 2. 5 ;C-Q)ftgQ)I'JTOOft ......... ............ ............... ............... ...... ......... ... ... ............ 7 


2. 2. 6 ;C-Q)ftgQ)-r-!1 ......... ....................................... ...... ... ............... ............ 8 


2. 3 *5~......................................................................................................... 9 


3. Z47BkQ)~-r-!1Q)M1iHi ....................................................................................... 10 


3. 1 ~t:J:lf1::rI'JTOO'. ......... ... ... ........................ ... ... ....................................... ...... 10 


3. 2 ~q~/{''7 j. -!1 .................. ... ...... .................. ...... ............ ..................... ...... 11 


3. 3 ~q~~j~J:. ~ LQ)ltJTOO'. ... .................. ............... ...... ..................... ...... ......... 11 


3. 4 nt tf:j t:J:l 11:r Q)1li L!l:5t:tfi ... ... ... ... ... ... ... ... ... .. . . . . ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... ... 12 


3. 5 nttf:jt:J:l11:rQ).x.;f.Jv¥-:5t:tfi ............ ............ ... ... ......... ...... ......... ... ...... ......... 12 


3, 6 ~?t~a; t:::. ~ Q)nttf:j t:J:lf1::rlf( ...... , ....................... , ................. , ................. ,.. ... 13 


3. 7 *5~ ......................................................................................................... 13 


~ iS$ .................................... .................. ............................................................ 14 


~::1tXmx ......... ........................ ..................... ............ ............... ..................... ......... 14 


iv 



JAERI-Research 97-056 

1. Introduction 

Research on transmutation of high level radioactive nuclides in spent fuel has 

become important. The nuclear data of minor actinide nuclides are needed in this field as 

basic data for the research. In order to provide the data of minor actinide nuclides that are 

not important in ordinary fission reactors, JENDL Actinide File l
) is being made at the 

Nuclear Data Center of Japan Atomic Energy Research Institute, and it will include 

evaluated nuclear data for minor actinides with a half-life longer than 1 day including such 

major nuclides as 235U, 238U, 239PU. 

In the present work, evaluation of nuclear data for 247Cm and 247Bk was made so as 

to provide the data for JENDL Actinide File. The data of 247Cm2) are already given in 

JENDL-3.23) which is the latest version of Japanese Evaluated Nuclear Data Library. 

However, its fission cross section is inconsistent with recent experimental data4). Some 

problems have been indicated5): cross-section data of the inelastic scattering, (n,2n) and 

(n,3n) reactions in the high energy region. In the present evaluation, these data were 

improved. On the other hand, no evaluated data exist for 247Bk while it has a half-life of 

1380 years. The reason is that the nuclide of 247Bk is not easily produced through 247Cm ~ 

decay, 251Es a decay and the 24~k (n,y) reaction. In the transmutation research, however, 

we have to consider the production path through the 248Bk(n,2n) reaction because higher 

energy neutrons will be used in the transmutation. Therefore, the data of 247Bk were 

evaluated in the present work. The evaluation work for 247Cm and 247Bk is described in 

Chapter 2 and 3, respectively. 

- 1 ­
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2. Evaluation of 247em Nuclear Data 

2.1 Review of Previous Evaluation 

Here given is a brief review of the previous evaluation2
). 

(1) Resonance region 

The energy region below 60 e V was considered as the resolved resonance region. 

The resonance parameters were determined on the basis of experimental data by 

Belanova et aL6) and Moore and Keyworth7
). Parameters of the first resonance at 1.247 

e V was adjusted so as to reproduce the thermal cross sections and resonance integrals 

recommended by Mughabghab8
). 

In the energy region from 60 eV to 30 keY, the unresolved resonance region, the 

unresolved resonance parameters were obtained from the s-wave neutron strength 

function and an average resonance spacing recommended by Mughabghab, and p- and d­

wave neutron strength functions calculated with a statistical model code CASTHy9
). 

Average fission widths were adjusted so as to reproduce well the fission cross-section 

data measured by Moore and Keyworth. 

(2) Cross-sections data above the resonance region 

The fission cross section was based on the experimental data of Moore and 

Keyworth7) and F omushkin et al. 10) Large discrepancies among these two data sets were 

found in the energy range of300 keY to 3 MeV. Since the tendency of large experimental 

values in the MeV region has been found in the experimental data of Moore and 

Keyworth in our evaluation work on 245Cm2) and their data of about 3.2 barns around 1.5 

MeV were too large comparing with the compound nucleus formation cross section 

calculated with CASTHY, the data ofFomushkin et aL which are smaller than Moore and 

Keyworth were adopted above 300 keY. Above 3 MeV, the reliability of the previous 

evaluation2) was low because no experimental data were available and the previous 

evaluation were made by eye-guide. 

The other cross sections were calculated with CAS THY. Table 2.1 shows the 

excited level data considered in the calculation. The levels up to 520 ke V had been 

- 2 
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measured, and those above 550 keV were assumed to be overlapping. Optical potential 

parameters adopted were those determined to reproduce the 241 Am total cross section 

measured by Phillips and Howell). The parameters12) are as follows; 

Vo 43.4 - 0.107En(MeV) 

Ws = 6.95 - 0.339En + 0.0531En2 (MeV) 

Vso = 7.0 (MeV) 

ro rso = 1.282 (fm) 

rs = 1.29 (fm) 

a = Clso = 0.60 (fm) 

b 0.5 (fm) 

The form factor of surface absorption term is in the form of derivative Woods-Saxon type. 

The s-wave neutron strength function calculated from these parameters is 0.86x10-4 

which is consistent with (0.75±0.18)x10-4 recommended by Mughabghab8
) within its 

quoted error. However, the positive coefficient of the second order term of the surface 

absorption makes problems in the energy region above lOMeV where the compound 

nucleus formation cross section calculated from this parameter set is too large. 

(3) Other data than cross sections 

The CAS THY calculation was adopted for the angular distributions of elastically 

and inelastically scattered neutrons. The secondary neutrons emitted from fission, (n,2n) 

and (n,3n) reactions were assumed to be isotropic in the laboratory system. 

The energy distributions of emitted neutrons were assumed to be in the form of 

evaporation spectrum. This assumption is not correct especially in the case of inelastic 

scattering to the overlapping levels. 

The number of neutrons per fission was calculated from empirical formula of 

systematics analyzed by Howerton13
) and Tuttle14), respectively for the prompt neutrons 

and delayed neutrons. 

- 3 
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2.2 Reevaluation 

The previous results were adopted in JENDL-3.2. After the previous evaluation, 

the following problems have been found by comparing the results with the recent 

experimental data: 

1) The fission cross section in the resonance region 

Figure 2.1 shows a comparison of the fission cross section with 

experimental data measured by Danon et a1.4
) using Rensselaer Intense Neutron 

Spectrometer. In this figure the data of JENDL-3.2 and ENDFIB-VIIS) are 

broadened with experimental energy resolution. JENDL-3.2 is better than 

ENDFIB-VI, but still smaller than the experimental data in the energy region 

below several 10 eV. 

2) Cross sections in the MeV region 

The previous evaluation mainly adopted the results of statistical model 

calculation with CASTHY. However, calculation with the statistical model and/or 

evaporation model cannot reproduce well the cross sections in the MeV region, 

because the direct process is essential. KonshinS) indicated that most of minor 

actinides in JENDL-3.2 had the same problem. 

The present reevaluation was attempted to remove these drawbacks. 

2.2.1 Resonance Parameters 

Available experimental data on the resolved resonance parameters are as follows: 

1) Moore and Keyworth 7) 

Moore and Keyworth made the experiment by using an underground explosion and 

analyzed the resonance parameters from 20 to 60 e V. 

2) Belanova et a1. 6
) 

They measured transmission and analyzed the parameters below 18 eV. 

3) Danon et a1. 4) 

By using Rensselaer Intense Neutron Spectrometer (RINS), the fission cross 

4 ­
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section was measured in the energy region from 0.1 eV to SO keY. Since energy 

resolution ofRINS is not sharp enough, the resonances were analyzed only up to IS eV. 

In the present work, the previous evaluation above 20 e V which was based on the 

experimental data of Moore and Keyworth was adopted because the fission cross section 

of JENDL-3.2 is consistent with the experimental data in this energy region. Table 2.2 

compares resonance parameters below 20 eV. The fission widths recommended by 

Mughabghab8
) were calculated on the basis of Belanova's data and assuming the capture 

width of 40 meV. Mughabghab's results are in very good agreement with the results of 

Danon et al. This fact means the data of Danon et al. are consistent with those of 

Belanova et al. However, the resonances at 2.9 and 4.4 eV were found in only one 

experiment. 

In the present evaluation, both of the 2.9- and 4.4-eV resonances were adopted. 

The parameters at 4.4 eV were estimated from the fission area of 107 b-eV4
), s-wave 

neutron strength function of 0.75 x 1 0 -4 and average level spacing of 1.4 e V8
). This 

neutron strength function was calculated with CASTHY. Furthermore, a negative level at 

-0.3 eV was assumed. The parameters of 4.4-, 9.55- and IS.I-eV resonances were 

adjusted to reproduce better the measured cross section. The finally recommended 

parameters are given in Table 2.3, and cross-section data calculated from them are shown 

in Fig.2.3. Table 2.4 shows a comparison of the thermal cross sections and resonance 

integral. 

In the energy range from 60 eV to 30 keY of the unresolved resonance region, the 

previous evaluation (JENDL-3.2) was adopted because the discrepancies between the 

data of Danon and JENDL-3.2 which was based on Moore and Keyworth were not so 

large. 

2.2.2 Inelastic Scattering Cross Sections 

The previous evaluation ignored the direct process. In the present work, therefore, 

the direct process was calculated with ECISSS16) in the energy region above 600 keY. 

Deformed optical potential parameters determined by Lagrange and Jary17) were adopted: 

Vo 49.S2 - 17(N-Z)/A - 0.3En, £l{) 0.63 fm, ro = 1.26 fm 

Vso= 6.2, aso= 0.47 fm, rso = 1.12 fm 

-5­
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Ws = 5.52 - 9(N-Z)/A + O.4En, Ens 10 MeV 

9.52 -	 9(N-Z)/A, En~ 10 MeV 

~ 0.52 fm, rs 1.26 fm 

~2 = 0.204, ~4 = 0.051 

This set of parameters was determin~d by the data of 240, 242pU in the energy range from 

10 keY to 20 MeV. Table 2.5 shows energies, spin and parity of excited levels were taken 

from the recommendation made by Akovali I8
). Coupling between levels was considered 

up to the third level. The levels above 309 keY were assumed to be overlapping. 

The cross section of compound nucleus process was calculated with CASTHY. 

Spherical optical potential parameters used for the real term (Vo), spin-orbit term (Vso) 

and surface absorption term (Ws) are as follows: 

Vo = 45.036 - 0.3En, ao = 0.626 fin, ro = 1.256 fm 

Vso = 7.5, ~o = 0.626 fin, rso = 1.256 fm 

Ws 4.115 + O.4En, ~ = 0.555 + 0.0045En fm 

rs = 1.26 fm 

This set of parameters was determined by Ignatyuk et al. 19) so as to reproduce the 

compound nucleus formation cross section calculated from deformed potential which was 

obtained by Klepatskij et a1. 20
) analyzing the data of 235U, 238U , 239pU and 240pU. The 

deformed potential of Klepatskij et al. is almost the same as that of Lagrange and Jary. 

This set of spherical potential parameters has the same problem as that used in the 

previous evaluation: the surface absorption term becomes larger and larger at high 

energies, then the compound formation cross section is overestimated in the high energy 

region. The calculated inelastic scattering cross section to the overlapping levels was too 

large at the energies above 12 MeV in the case of 247Cm, and modified by eye-guiding to 

smaller values. In the reference of 19, the surface absorption term was written as W D 

4.115-0.4E. However, the sign of0.4 must be '+' comparing with the deformed potential. 

The finally recommended inelastic scattering cross sections were obtained as a sum 

ofECIS88 and CASTHY calculations. 

6 ­
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2.2.3 (n,2n), (n,3n) and (n,4n) Reaction Cross Sections 

For the (n,2n) and (n,3n) reaction cross sections, Konshin's calculations5
) with the 

ST APRE code2l 
) based on Hauser-Feshbach statistical model and pre-equilibrium model 

were adopted. The (n,4n) reaction cross section was taken from JENDL-3.2, "because its 

threshold energy is very high and the cross section might be unimportant. 

2.2.4 Fission Cross Section 

Figure 2.3 shows the fission cross section above 100 keV. Konshin's calculation5
) is 

in good agreement with experimental data of Fomushkin et a1.lO) around 3 MeV, but 

larger than the experimental data in the energy range below 3 MeV, and disagreement 

with new experimental data measured by Fomushkin et a1. 22
) at 14 MeV. On the other 

hand, JENDL-3.2 reproduces well the data of Fumushkin et al. below 3 MeV and is in 

good agreement with the new experiment at 14 MeV. Therefore, the previous evaluation 

(JENDL-3.2) was adopted after correcting the data above 11 MeV to reproduce better 

the new F omushkin' s data. 

2.2.5 Other Cross Sections 

(1) Total cross section 

CASTHY calculation was adopted. 

(2) Capture cross section 

The capture cross section was given as a sum of CAS THY calculation and direct 

capture cross section calculated from the simple formula proposed by Benzi and Reff023
). 

An average radiative capture width of 40 me V and an average level spacing of 1.4 e V8
) 

were assumed in the calculation. The direct capture cross section was normalized to 1.0 

mb at 14 MeV. 

(3) Elastic scattering cross section 

The elastic scattering cross section was calculated by subtracting a sum of partial 

cross sections from the total cross section. 

- 7 ­
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2.2.6 Other Data 

(1) Angular distributions of elastically scattered neutrons 

ECIS88 calculation was adopted in the energy region above 600 keY. Since no 

calculation was made below 600 keY with ECIS88, the distributions were assumed to be 

the same as the previous evaluation. 

(2) Angular distributions of inelastically scattered neutrons 

The angular distributions of inelastically scattered neutrons from 1 S\ 2nd and 3rd 

levels were a sum of those of direct neutrons calculated with ECIS88 and compound 

neutrons with CASTHY. For the other levels, CASTHY calculations were adopted. 

(3) Angular distributions of neutrons emitted from (n,2n), (n,3n), (n,4n) reactions and 

fission 

All of them were assumed to be isotropic in the laboratory system. 

(4) Energy distributions of neutrons emitted from (n,2n), (n,3n), (n,4n) reactions and 

fission 

Konshin's calculation with ST APRE was adopted to the energy distributions of 

neutrons emitted from (n,2n) and (n,3n) reactions. Therefore, the evaporation spectra 

adopted in the previous evaluation were improved with the precompound spectra. 

The previous evaluation was adopted for the (n,4n) reaction and fission neutrons. 

The previous evaluation gave evaporation spectrum with nuclear temperature estimated 

from level density parameters for the (n,4n) reaction and from systematics reported by 

Smith et al. 24) for the fission neutrons. 

(5) Number of neutrons per fission 

The previous evaluation was adopted; 

Vp = 3.79 + 0.207En(MeV) 


Vd = 0.0134 En:s 6 MeV 


-8­
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0.00916 En i:: 8 MeV 

The constant term of number of prompt neutrons (vp) was taken from Zhuravlev et al. 25) 

The coefficient of first order term was based on Howerton's systematics. 13) The number 

of delayed neutrons (Vd) was calculated from Tuttle's systematics14
). The Vd in the energy 

range from 6 to 8 MeV was linearly interpolated from these two values. 

2.3 Conclusion 

Cross sections recommended in the present work are shown in Figs. 2.4 to 2.9 

comparing with the previous evaluation (JENDL-3.2) and ENDFIB-VI. The cross 

sections in the resolved resonance region are averaged in the 114 lethargy intervals. 

Actual data in this energy region given in a data file are represented with the resolved 

resonance parameters given in Table 2.3. 

Improvement from the previous evaluation was made especially to the fission cross 

section below about 50 eV, the inelastic scattering cross sections above 1 MeV, and the 

(n,2n) and (n,3n) reaction cross sections. Large discrepancies are found among the cross­

section data in ENDFIB-VI and the present work. At least, the experimental fission cross 

sections are reproduced better by the present work. 

- 9 ­
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3. Evaluation of 247Bk Nuclear Data 

Neither evaluated nuclear data nor any experimental data are exist for 247Bk. 

Therefore, the present evaluation was based on theoretical calculations and systematics of 

data. 

3.1 Thermal cross sections 

It is very difficult to find out systematics on cross sections at the thermal neutron 

energy, because the thermal cross sections are affected by several resonances around the 

thermal energy, especially the position of the nearest resonance. In the present work, 

however, we could not help considering systematics of the thermal cross sections because 

there were no experimental data. 

In the case of even neutron nuclides such as 247Bk, the fission is a sub-threshold 

reaction, and its cross section is very small. Comparisons of measured thermal fission 

cross sections8,26) of nuclides ranging from Pa to Cf are made in Figs.3.1 and 3.2. The 

horizontal axis ofFig. 3.1 is fission threshold energies, and that of Fig. 3.2 values ofZ2/A 

where Z and A is an atomic number and a mass number, respectively. The fission 

threshold energies were calculated from the following equation used by Howerton13
): 

Eth(Z,A) 18.6 - 0.36Z2/(A+1) + 0.2[2_(_1)A+l+z - (_l)z] - Bn (MeV) 

where Bn stands for a neutron separation energy from the compound nuclide with a mass 

number of A+ 1. From these figures, it is seen that the fission cross section becomes 

smaller with the threshold energies, and rapidly larger with Z2jA, except for the case of 

em isotopes. From these figures, the thermal fission cross section of 247Bk with the 

threshold energy of 0.284 MeV and Z 2/A of37.94 was estimated to be in the range from 

several tens to several hundreds barns. We assumed the fission cross section of 100 barns. 

The thermal capture cross sections8,26) of even-neutron mass nuclides is shown in 

Fig. 3.3. The horizontal axis is reaction Q values. It is roughly seen that the capture cross 

section becomes larger with Q values. The capture cross section of 247Bk at the thermal 

energy was very roughly estimated to be 200 barns because of its Q value of 5.46 MeV. 

- 10 
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3.2 Resonance Parameters 

The resolved resonance parameters were determined so as to reproduce the above­

mentioned thermal cross sections, by considering also the s-wave neutron strength 

function (So) of l.Oxl 0-4
, average level spacing (D) of 2.01 eV, radiative capture width 

(ry)of 26 n1eV and fission width (rf) of 13 meV. So was estimated from its systematic 

trends8
), and D was calculated from level density parameters described in the next section 

(Table 3.2). r y was calculated from a sytematics given by Malecki et al. 27) rf was 

obtained from a ratio of the fission and capture cross sections at the thermal energy and 

the capture width. The scattering radius of 9.27 fin was obtained from spherical optical 

model calculation with CASTHY. 

The upper boundary of the resolved resonance region was selected to be 150 e V. 

No unresolved resonance region was considered. 

3.3 Cross Sections above Resonance Region 

(1) Total cross section 

The total cross section was calculated with CASTHY using the spherical optical 

potential parameters of Ignatyuk et al. mentioned in Chapter 2, except for the energy 

region below about 2 ke V where adopted cross section was a sum of partial cross 

sections, and a little larger than the CAS THY calculation because of modification of the 

elastic scattering cross section. 

(2) Fission cross section 

In the energy region above 1 ke V, adopted was the cross-section data calculated by 

Konshin5
) with ST APRE. Below 1 keY, the cross section was determined by eye-guide to 

connect smoothly to the average values in the resonance region. Average fission cross 

section around 150 e V was about 10 barns. The shape of cross section was assumed to 

go down with the incident energy and to connect to Konshin's calculation of 0.2 barn at 1 

MeV. 

(3) (n,2n) and (n,3n) reaction cross sections 

Konshin's calculation5
} was adopted. 
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(4) Inelastic scattering cross sections 

Table 3.1 shows adopted levels which was evaluated by Schmorak28
}. The levels 

above 983 ke V were assumed to be overlapping. Contributions from the direct process 

were calculated with ECIS88 for the 29.9-, 71.6- and 125.5-keV levels. The deformed 

optical potential parameters used in the present work were the same as those ofLagrange 

and Jary17) listed in Chapter 2. The cross sections of compound process were calculated 

with CASTHY. Table 3.2 shows level density parameters used in the calculation, which 

were determined to be consistent with the number of excited levels and the systematic 

trend of level density parameters. Finally adopted cross sections are a sum of the both 

calculations. 

(5) Capture cross section 

Adopted cross section was a sum of CAS THY calculation and direct capture cross 

section calculated from Benzi-Reffo' s formula. The capture width of 26 me V and average 

level spacing of 2.01 e V which were consistent with the resolved resonance region were 

assumed in the CASTHY calculation. 

(6) Elastic scattering cross section 

The elastic scattering cross section was estimated by subtracting a sum of partial 

cross sections from the total cross section in the energy region above 2 keY. Since the 

values obtained by the subtraction were too small below several keY, the constant value 

of 1.19 barns calculated with CASTHY at 2 keY was adopted below 2 keY. 

3.4 Angular Distributions of Emitted Neutrons 

The angular distributions of elastically and inelastically scattered neutrons were 

determined on the basis of ECIS88 and CAS THY calculations. Those of the (n,2n) and 

(n,3n) reactions and fission were assumed to be isotropic in the laboratory system. 

3.5 Energy Distributions of Emitted Neutrons 

Konshin's calculationS) with ST APRE was adopted to the energy distributions of 

neutrons emitted from (n,2n) and (n,3n) reactions. The evaporation spectra was assumed 

- 12­
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to the fission neutrons and temperature of 1.44 MeV was estimated from the systematics 

of Smith et aL 24) 

3.6 Number of Neutrons per Fission 

The number of prompt neutrons (Vp) was based on Howerton's systematics 13) and 

that of delayed neutrons (Vd) Tuttle's systematics14
): 

Vp 3.5025 + 0.202En(MeV) 

Vd = 0.004198 En:Si 6 MeV 

0.002903 En ii!:8MeV 

3.7 Conclusion 

The present results are shown in Figs. 3.4 to 3.9. The cross sections in the resolved 

resonance region below 150 e V are averaged in the 114 lethargy intervals. 

13 
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Table 2.1 Level scheme of 247em adopted in the previous work2
) 

No. Energy (ke V) Spin and 

Parity 

Gr. 0.0 9/2­

1 61.5 11/2 ­

2 135.0 13/2 ­

3 217.0 15/2­

4 227.0 5/2 + 

5 266.0 7/2 + 

6 285.0 7/2 + 

7 318.0 9/2 + 

8 344.0 9/2 + 

9 361.0 1112 + 
10 396.0 1112 + 
11 403.6 1/2 + 

12 433.0 3/2+ 

13 449.0 5/2+ 

14 506.0 1/2 + 

15 520.0 3/2 + 

Levels above 550 ke V were assumed to be overlapping. 

Table 2.2 247em resonance parameters below 20 e V 

Belanova et a1.6) MughabghabS
) Danon et a1.4) 

E(eV) r(meV) 2grn(meV) r t<:meV) E(eV) r t<:meV) At<:b.eV) 

1.247 74±4 0.56±O.09 34±7 1.2 34±6 427±24 

2.919 70±30 0.1±O.04 30±30 

3.189 130±6 1.0±0.1 62±6 3.1 70±14 444±70 

4.4 107±47 

9.55 166±60 0.9±O.33 125±60 9.2 117±83 141±70 

18.1 210±170 3.7±1.5 167±170 18.0 166±152 332±46 
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Table 2.3 247em resonance parameters adopted in the present work 

energy (eV) r(eV) rn(eV) ry(eV) rt{eV) 
-3.00000- 1 1. 14020- 1 2.00000- 5 3.40000- 2 8.00000- 2 
1.24700+ 0 7.45600- 2 . 5.60000- 4 3.00000- 2 4.40000- 2 
2.91900+ 0 7.01000- 2 1.00000- 4 4.00000- 2 3.00000- 2 
3.18900+ 0 1. 11000- 1 1.00000- 3 4.00000- 2 7.00000- 2 
4.40000+ 0 8.63100- 2 2.00000- 3 4.00000- 2 4.43100- 2 
9.55000+ 0 1.67730- 1 2.73000- 3 4.00000- 2 1.25000- 1 
1. 81000+ 1 2. 13140- 1 7. 14000- 3 4.00000- 2 1.66000- 1 
2. 13000+ 1 4.44130- 1 1.30000- 4 4.00000- 2 4.04000- 1 

2.40300+ 1 1. 74044- 1 4.40000- 5 4.00000- 2 1.34000- 1 

2.53500+ 1 6.60100- 2 1.00000- 5 4.00000- 2 2.60000- 2 

2.61900+ 1 2.60150- 1 1.50000- 4 4.00000- 2 2.20000- 1 

2.80400+ 1 9.30580- 2 5.80000- 5 4.00000- 2 5.30000- 2 

3.02500+ 1 4.74500- 2 3.45000- 3 4.00000- 2 4.00000- 3 

3.06200+ 1 9.21900- 2 1.90000- 4 4.00000- 2 5.20000- 2 

3.22300+ 1 6.65100- 2 5. 10000- 4 4.00000- 2 2.60000- 2 

3.63600+ 1 1.02630- 1 1.63000- 3 4.00000- 2 6. 10000- 2 

3.77400+ 1 5.95025- 1 2.50000- 5 4.00000- 2 5.55000- 1 

3.77600+ 1 5.43300- 2 1.33000- 3 4.00000- 2 1.30000- 2 

3.95200+ 1 7.45006- 1 6.00000- 6 4.00000- 2 7.05000- 1 

3.99500+ 1 2.07095- 1 9.49999- 5 4.00000- 2 1.67000- 1 

4.06100+ 1 8.80320- 2 3.20000- 5 4.00000- 2 4.80000- 2 

4. 12500+ 1 6.06600- 2 6.60000- 4 4.00000- 2 2.00000- 2 
4. 17600+ 1 5.86052- 1 5.20000- 5 4.00000- 2 5.46000- 1 

4.33900+ 1 4.41900- 2 1.90000- 4 4.00000- 2 4.00000- 3 

4.48700+ 1 7.41000- 2 2. 10000- 3 4.00000- 2 3.20000- 2 

4.52100+ 1 1.00580- 1 5.80000- 4 4.00000- 2 6.00000- 2 

4.79200+ 1 2.05170- 1 1. 17000- 3 4.00000- 2 1.64000- 1 

4.88500+ 1 1.28800- 1 6.80000- 3 4.00000- 2 8.20000- 2 

5.00800+ 1 9.73600- 2 2.36000- 3 4.00000- 2 5.50000- 2 

5.06900+ 1 9.51800- 2 3. 18000- 3 4.00000- 2 5.20000- 2 

5. 17800+ 1 5.56600- 2 1.66000- 3 4.00000- 2 1.40000- 2 

5.21900+ 1 4.52600- 2 1.26000- 3 4.00000- 2 4.00000- 3 

5.36300+ 1 3.64450- 1 4.50000- 4 4.00000- 2 3.24000- 1 

5.51000+ 1 7.85300- 2 5.30000- 4 4.00000- 2 3.80000- 2 

5.61800+ 1 1.09660- 1 6.60000- 4 4.00000- 2 6.89999- 2 

5.96600+ 1 1.55570- 1 1.57000- 3 4.00000- 2 1. 14000- 1 


Total spin J was assumed to be 4.5 for all levels, and the single level Breit-Wigner 
formula was adopted. 
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Table 2.4 Thermal cross sections and resonance integrals of 247Cm 

Quantity Reference data(bams) 

O'cap 78Gavrilov29
) 60 

Mughabghab8
) 57±10 

ENDFIB-VII5) 58.2 

JENDL-3.22
) 57.2 

Present 55.0 

O'fiss 70Halperin3O
) 120±12 

72Benjamin31 
) 82±5 

76Zhuravlev32
) 80±7 

91Danon4
) 106±53 

Mughabghab 81.9±4.4 

ENDFIB-VI 83.4 

JENDL-3.2 81.8 

Present 103.4 

Rlcap 78Gavrilov 490 

Mughabghab 530±30 

ENDFIB-VI 492.0 

JENDL-3.2 534.6 

Present 543.9 

RIfiss 70Halperin 1060±110 

72Benjamin 778±50 

76Zhuravlev 730±70 

91Danon 890±53 

Mughabghab 760±50 

ENDFIB-VI 750.9 

JENDL-3.2 611.7 

Present 876.2 
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Table 2.5 Adopted level scheme of 247Cm 

No. Energy (ke V) spin-parity coupling 

OS 0.0 9/2- * 
1 61.5 1112 ­ * 
2 135.0 13/2 + * 

3 217.0 15/2­

4 227.0 5/2 + 


5 266.0 7/2­

6 285.0 7/2 + 


Level above 309 ke V were assumed to be overlapping. Level with * 
were coupled in the ECIS88 calculation. 
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Table 3.1 Level scheme of 247Bk 

No. Energy (ke V) spin-parity coupling 

GS 0.0 3/2- * 
1 29.9 5/2 * 
2 40.8 7/2 + 

3 71.6 7/2- * 
4 82.8 9/2+ 

5 125.5 9/2- * 
6 137.0 11/2 + 

7 196.0 13/2 + 

8 265.0 15/2 + 

9 334.9 5/2+ 

10 378.1 7/2+ 

11 447.8 5/2­

12 487.0 1/2 + 

13 489.4 7/2­

14 518.0 3/2+ 

15 541.0 9/2­

16 587.0 13/2 + 

17 704.0 1/2­

18 743.0 5/2­

19 815.0 7/2­

20 828.0 9/2­

21 904.0 9/2­

Continuum levels were assumed above 983 ke V. Level with * were 

coupled in the ECIS88 calculation. 
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Table 3.2 Level density parameters 

Isotope a (l/MeV) Spin-cutoff Pairing Temperature C Ex 

Earameter . Energy (Me V) (MeV) (l/MeV) (MeV) 

247Bk 28.1 30.47 0.39 0.364 2.90 7.97 
248

Bk 27.8 30.39 0.0 0.326 10.8 1.85 

Table 3.3 Thermal cross sections and resonance integral of 247Bk 

quantity value 

(jtotal 

(jelastic 

(jfission 

(jcapture 

RIfission 

RIcapture 

288 

12.3 

92 

184 

453 

896 
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