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Neutron nuclear data of 2 5 2 C f and 2 5 0 B k have been evaluated in the 
neutron energy range from 10~ 5 eV to 20 MeV. The cross sections eval­
uated are the total, elastic and inelastic scattering, (n,2n), (n,3n), 
(n,4n) reaction, fission and capture cross sections. For the both 
nuclides, cross sections below 30 keV were represented with resolved 
and unresolved resonance parameters. For 2 5 Z C f , the resolved resonance 
parameters were evaluated in the energy range from 1 0 - 5 eV to 1 keV and 
the unresolved resonance parameters above 1 keV. For 2 5 0 B k , no resonance 
parameters have been reported. Therefore, hypothetical resolved resonance 
parameters were given below 100 eV. In addition, angular and energy 
distributions of emitted neutrons and average number of emitted neutrons 
per fission were also evaluated. Existing experimental data are only 
those for the fission cross section of 2 5 2 C f , thermal cross sections 
and resonance integrals of 2 5 2 C f and the fission cross section of 2 5 0 B k 
at the thermal neutron energy. The present evaluation, therefore, was 
mainly based on the systematics of the data from neighboring nuclides 
and optical- and statistical-model calculations. 

Keywords: Californium-252, Berkelium-250, Evaluation, Cross Section, 
Angular Distribution, Energy Distribution, Optical Model, 
Statistical Model 
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252Cfと250Bkの中性子核データの評価

日本原子力研究所東海研究所物理部

中川庸雄

( 1988年1月6日受理)

252Cfと250Bkの核データ評価を1O-5eVから20MeV迄の中性子エネルギー範囲で行った。評

価した断面積は，全断面積.弾性および非弾性散乱断面積， (n， 2 n)， (n， 3 n)， (n， 4 n)反応

断面積，核分裂断面積，牛性子捕獲断面積である。また，両方の核種とも30keV以下は共鳴領

域とし 252Cfでは1O-5eVから 1keVの聞を分離共鳴領域，それ以上を非分離共鳴領域とした。

250 Bk については，現在までに共鳴パラメータの測定値は，報告されていないが， 100 eV以下を分

離共鳴領域として仮想レベルを与え，それ以上を非分離共鳴領域とした。さらに，核反応後の放

出中性子の角度分布データおよびエネルギ一分布データや，核分裂当りの平均放出中性子数につ

いても評価を行った。主な測定値は252Cfの核分裂断面積，熱中性子エネルギー断面積および共

鳴積分値，および250Bkの熱中性子エネルギー核分裂断面積のみである。今回の評価は，前固ま

での評価と同様に，近傍核の核データの系統性，光学模型，統計模型などによる計算を利用して

行い， これらの測定値と矛盾のない評価値を得た。

本報告書は，日本原子力研究所が動力炉・核燃料開発事業副の委託により行った研究の成果である。
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1. Introduction 

For analysis of the higher actinide productions in the nuclear fuel 
cycle, reliable nuclear data of heavy nuclides are needed. The evalua­
tion work on the neutron nuclear data of transplutonium isotopes has 
been performed under contracts between Power Reactor and Nuclear Fuel 
Development Corporation and Japan Atomic Energy Research Institute. 
So far, the data of sixteen nuclides from 2 1 , 1Am to 2 ^ C f were evaluated 
and compiled in the ENDF format1"11*'. On this connection, the neutron 
nuclear data of 2 5 0 B k and 2 5 2 C f were evaluated in the present work. 

The nuclide of 2 5 0 B k has the half-life of 3.22 h for the g-decay. 
On the other hand, 2 5 2 C f decays through 96.91 % of a-decay and 3.09 % 
of spontaneous fission with the half-life of 2.64 years. Only a few 
experiments on their cross sections have been made. Evaluated data are 
existing in ENDF/B-V15) and ENDL-84 1 6) for 2 5 2 C f and no evaluated data 
for 2 5 0 B k . 

The present evaluation work on 2 5 2 C f is described in Section 2, 
and that on 2 5 0 B k in Section 3. The evaluated quantities are summarized 
in Table 1. 

2. Evaluation for 2 5 2 C f 

2.1 Thermal Cross Sections and Resonance Integrals 

Experiments of the thermal cross sections of 2 5 2 C f were summarized 
in Table 2. Halperin et al. 1 7' measured the capture cross section by 
using Oak Ridge Research Reactor. Their result of 20.4 ± 2 barns is 
consistent with the old measurement by Magnusson et al. 1 8) Harperin et 
al. 1 9) also carried out the experiment for the fission cross section 
with the method of solid-state track recording by using also the Oak 
Ridge Research Reactor. These cross sections of two reactions measured 
at ORNL are quite different from those by Folger et al.2") and by 
Ruche 2 1), but in agreement with the absorption cross section measured 
by Anufriev et al. 2 2) In the present work, therefore, measurements at 
ORNL were adopted for the both reactions. 

Table 3 shows the resonance integrals measured by four experiments 
performed so far. The value of Folger et al. might be too small. 
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1. Introduction 

For analysis of the higher actin1de product10ns 1n the nuclear fuel 

cycle， rel1able nuclear data of heavy nuclides are needed. The evalua-

t10n work on the neutron nuclear data of transpluton1um 1sotopes has 

been performed under contracts between Power Reactor and Nuclear Fuel 

Development Corporation and Japan Atomic Energy Research 1nst1tute. 

So faτ， the data of sixteen nucl1des from 2句lA皿 to251Cf were evaluated 

and comp11ed in the ENDF format1-1匂). On th1s connection， the neutron 

nuclear data of 250Bk and 252Cf were evaluated 1n the present work. 

The nuc11de of 250Bk has the half-life of 3.22 h for the s-decay. 

On the other hand， 252Cf decays through 96.91 % of a-decay and 3.09 % 

of spontaneous f1ssion w1th the half-life of 2.64 years. Only a few 

exper1ments on the1r cross sections have been made. Evaluated data are 

existing 1n ENDF/B・V15)and ENDL-8416) for 252Cf and no evaluated data 

for 250Bk. 

The present evaluation work on 252Cf is described 1n Sect10n 2， 

and that on 250Bk 1n Sect10n 3. The evaluated quant1t1es are summar1zed 

in Table 1. 

2. Evaluation for 252Cf 

2.1 Thermal Cross Sections and Resonance Integrals 

Experiments of the thermal cross sections of 252Cf were su四 ar1zed

1n Table 2. Halper1n et al.17) measured the capture cross section by 

us1ng Oak Ridge Research Reactor. Their result of 20.4 t 2 barns 1s 

cons1stent with the old measurement by Magnusson et al.18) Harperin et 

al.19) also carr1ed out the exper1ment for the f1ssion cross sect10n 

w1th the method of so11d-state track recording by using also the Oak 

R1dge Research Reactor. These cross sections of two react10ns measured 

at ORNL are qu1te d1fferent from those by Folger et al.20) and by 

Ruche21) ， but 1n agreement w1th the absorption cross sect10n measured 

by Anufriev et al.22) 1n the present work， therefore， measurements at 

ORNL were adopted for the both react10ns. 

Table 3 shows the resonance 1ntegrals measured by four exper1ments 

performed so far. The value of Folger et al. m1ght be too small. 
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Therefore, adopted are the capture resonance integral of 43.5 barns and 
the fission resonance integral of 110 barns both of which were measure'.! 
at ORNL. 

The thermal cross sections and resonance integrals thus adopted 
were used to determine the resonance parameters of low-lying levels. 
The finally recommended values in the present evaluation are the cal­
culated values in Tables 2 and 3. 

2.2 Resonance Parameters 

2.2.1 Resolved Resonance Parameters 

Moore et al. 2 3' measured the fission cross section of z 5 2 C f in the 
energy range from 20 eV to 5 MeV, using neutrons from the Physics-8 
underground nuclear explosion, and obtained the sub-threshold fission 
areas for 35 resonances below 1 keV. 

In the present evaluation, resonance parameters were determined for 
the 35 resonances from the fission-area data measured by Moore et al. 
by assuming an average fission width of 0.035 eV and an average radiative 
capture width of 0.035 eV. For some resonances, the minimum values of 
fission width were estimated by Moore et al. In such cases, those values 
were adopted as their fission width. From these 35 resonances, very 
small values of 0.634 barns for the capture cross section and 1.405 barns 
for the fission cross section are calculated at 0.0253 eV, respectively. 
Therefore, hypothetical levels were needed below 20 eV to reproduce the 
above-mentioned thermal cross sections. 

Figure 1 shows staircase plot of total number of the measured 
resonances. From this figure it is seen that no significant level 
missing exists in the energy range from 20 eV to 1 keV, and average 
level spacing is 27.0 eV. Moore et al. obtained the s-wave strength 
function of 0.6xl0-1* from the resonances below 500 eV. The parameters 
of hypothetical resonances were estimated on the basis of these average 
characteristics of resonance parameters. Then they were modified to 
reproduce above-mentioned values of thermal cross sections and resonance 
integrals. In the present evaluation, two resonances, one of which is 
located at negative energy and another above thermal neutron energy, 
were assumed. The resonance parameters including those of two hypothet­
ical levels are listed in Table 4. 
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Therefore， adopted are the capture resonance integral of 43.5 barns and 

the fission resonance integral of 110 barns both of which were measured 

at ORNL. 

The thermal cross sections and resonance integrals thus adopted 

were used to determine the resonance parameters of low田 lyinglevels. 

The finally recommended values in the present evaluation are the cal-

culated values in Tables 2 and 3. 

2.2 Resonance Parameters 

2.2.1 Resolved Resonance Parameters 

Moore et al.23) measured the fission cross section of 252Cf in the 

energy range from 20 eV to 5 MeV， using neutrons from the Physics-8 

underground nuclear explosion， and obtained the sub-threshold fission 
area詰 for35 resonances below 1 keV. 

In the present evaluation， resonance parameters were determined for 

the 35 resonances from the fission-area data measured by Moore et al. 

by assuming an average fission width of 0.035 eV and an average radiative 

capture width of 0.035 eV. For some resonances， the minimum values of 

fission width were estimated by Moore et al. In such cases， those values 
were adopted as their fission width. From these 35 resonances， very 

small values of 0.63~ barns for the capture cross section and 1.405 barns 

for the fission cross section are calculated at 0.0253 eV， respectively. 

Therefore， hypothetical levels were needed below 20 eV to reproduce the 

above-mentioned thermal cross sections. 

Figure 1 shows staircase plot of total number of the measured 

resonances. From this figure it is seen that no signif1cant level 

missing exists in the energy range from 20 eV to 1 keV， and average 

lcvel spacing is 27.0 eV. Moore et al. obtained the s-wave strength 

function of 0.6xl0-4 from the resonances below 500 eV. The parameters 

of hypothetical resonances were estimated on the basis of these average 

characteristics of resonance parameters. Then they were ~odified to 

reproduce above-mentioned values of thermal cross sections and resonance 

integrals. In the present evaluation， two resonances， one of which 1s 

located at negative energy and another above thermal neutron energy， 

were assumed. The resonance parameters including those of two hypothet-

ical levels are listed in Table 4. 

。&



JAERI-M 88-004 

The effective scattering radius was determined from the shape 
elastic scattering cross section of 10.7 barns calculated with optical 
model parameters described below. The multilevel Breit-Wigner formula 
was applied to avoid negative elastic scattering cross sections. The 
resolved resonance region was connected to the unresolved resonance 
region at 1 keV. 

Comparison of calculated fission cross section with Moore et al.'s 
experimental data is given in Fig. 2. Thermal cross sections and 
resonance integrals are compared in Tables 2 and 3, respectively. The 
present values calculated from the resonance parameters are in good 
agreement with the experimental data, except the capture resonance 
integral which is somewhat larger than the data of Halperin et al. 

2.2.2 Unresolved Resonance Parameters 

In the energy range from 1 to 30 keV, unresolved resonance param­
eters were determined with ASREP 2 5' so that calculated cross sections 
might be in good agreement with average fission cross section of Moore 
et al.'s data and capture cross section calculated with optical and 
statistical models. Adjusted parameters were the s-wave strength 
function, fission width and effective scattering radius. The p-wave 
strength function, average radiative width and D0jjS were fixed to 
3.37xl0-1*, 35 meV and 27 eV, respectively. However, complete fit could 
not be obtained by this parameter search. Finally, small background 
cross sections were given in the energy range from 2.5 keV to 30 keV. 
Thus obtained unresolved resonance parameters are listed in Table 5. 
Figures 3 and 4 are comparison of fission and capture cross sections in 
the unresolved resonance region. Circles with error bar and dushed 
curve are cross sections to be reproduced. A solid curve shows the 
values calculated from the unresolved resonance parameters. Histogram 
below 1 keV is average values calculated from the resolved resonance 
parameters. 
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The effective scattering radius was determined from the shape 

e1astic scattering cross section of 10.7 barns ca1cu1ated with optica1 

mode1 parameters described be1ow. The mu1ti1eve1 Breit-Wigner formu1a 

was app1ied to avoid negative e1astic scattering cross sections. 

reso1ved resonance r~gion was connected to the unreso1ved resonance 

region at 1 keV. 

Comparison of ca1cu1ated fission cross section with Moore et a1.'s 

experimenta1 dat司 isgiven in Fig. 2. Therma1 cross sections and 

resonance integra1s are compared in Tab1es 2 and 3， respective1y. 

present va1ues ca1cu1ated from the resonance parameters are in good 

agreement with the experimenta1 data， except the capture resonance 
integra1 which is somewhat 1arger than the data of Ha1perin et a1. 

The 

The 

Unresolved Resonance Parameters 

In the energy range from 1 to 30 keV， unreso1ved resonance para田-

eters were determined with ASREp25) so that ca1cu1ated cross sections 

2.2.2 

might be in good agreement with average fission cross section of Moore 

et a1. 's data and capture cross section ca1cu1ated with optica1 and 

statistical mode1s. Adjusted parameters were the s-wave strength 

function， fission width and effective scattering radius. The p-wave 

strength function， average radiative width and Dobs were fixed to 

3.37xl0-4， 35 meV and 27 eV， respective1y. However. comp1ete fit cou1d 

not be obtained by this parameter search. Fina!!y， sma!! background 

cross sections were given in the energy range from 2.5 keV to 30 keV. 

Thus obtained unreso1ved resonance parameters are 1isted in Tab1e 5. 

Figures 3 and 4 are comparison of fission and capture cross sections in 

the unreso1ved resonance region. Circ1es with error bar and dushed 

curve are cross sections to be reproduced. 

va1ues ca1cu1ated from the unresolved resonance parameters. 

be10w 1 keV is average va1ues ca1cu1ated from the reso1ved resonance 

A solid curve shows the 

Histogram 

。。
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2.3 Cross Sections above Resonance Region 

2.3.1 Fission Cross Section 

The fission cross section was evaluated on the basis of the exper­
imental data of Moore et al. 2 3' Below 10 keV, some fine structures exist 
in the cross-section shape. However, they were averaged over in suitable 
energy intervals and connected smoothly. In the energy range from 10 
keV to 5 MeV, the experimental data were smoothed with spline functions. 
Above 5 MeV, cross section was estimated rather arbitrarily. Adopted 
fission cross section is shown in Fig. 5 together with Moore et al.'s 
experimental data and evaluated data in the ENDF/B-V 1 S). 

Fomushkin et al. 2 6) measured the fission cross section of 2 5 2 C f 
with a fast reactor neutron spectrum, and obtained the effective cross 
section of 1.58 ± 0.14 barns. They concluded that their result was in 
agreement with Moore et al.'s data within the experimental error. 

2.3.2 Level Density Parameters 

Level density parameters used are shown in Table 6. They were 
determined on the basis of Gilbert and Cameron's composite formula 2 7) 
by using the program LEVDENS 2 8), and adopting level schemes in ENSDF 2 9). 

Pairing energies and shell corrections were taken from the values 
given, by Gilbert and Cameron. Spin-cutoff factor was assumed to be 

a M = 0.146 /aU A 2 / 3 = <xM /u . 

2.3.3 (n,2n), (n,3n) and (n,4n) Reaction Cross Sections 

The Q-values of the (n,2n), (n,3n) and (n,4n) reactions given in 
Table 7 were obtained from the compilation by Wapstra and Bcs 3 0). Cross 
sections of these reactions were calculated with the evaporation model. 
The neutron emission cross section was assumed to be nearly equal to 
the difference between the compound nucleus formation cross section 
calculated with the optical model and the fission cross section mentioned 
above. In this calculation small value of 10 mb was assumed to be 
shared by the inelastic scattering cross section at high energies. 

- 4 -
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Cross Sections above Resonance Region 2.3 

Fission Cross Section 

The fission cross section was evaluated on the basis of the exper-

imental data of Moore et al.23) Below 10 keV， some fine structures exist 

in the cross-section shape. However， they were averaged over in suitable 

energy intervals and connected smoothly. 1n the energy range from 10 

keV to 5 MeV， the experimental data were smoothed with spline functions. 

Above 5 MeV， cross section was estimated rather arbitrarily. Adopted 

fission cross section is shown in Fig. 5 together with Moore et al.'s 

experimental data and evaluated data in the ENDF/B-V15). 

Fomushkin et al.26) measured the fission cross section of 252Cf 
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2.3.1 

with a fast reactor neutron spectrum， and obtained the effective cross 

section of 1.58士 0.14barns. They concluded that their result was in 

agreement with Moore et al.'s data within the experimental error. 

Level Density Parameters 

Level density parameters used are shown in Table 6. They were 

determined on the basis of Gilbert and Cameron's composite formula27) 

by using the program LEVDENS28)， and adopting level schemes in ENSDF29). 

Pairing energies and shell corrections were taken from the values 

given. by Gilbert and Cameron. 

2.3.2 

Spin-cutoff factor was assumed to be 

。員=0.146 Iau A2/3 =白M.;百.

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

The Q-values of the (n，2n)， (n，3n) and (n，4r.) reactions given in 

Table 7 were obtained from the compilation by Wapstra and Bcs30). Cross 

sections of these reactions were calculated with the evaporation model. 

The neutron emission cross section was assumed to be nearly equal to 

2.3.3 

the diff邑rencebetween the compound nucleus formation cross section 

calculated with the optical model and the fission cross section mentioned 

1n this calculation small value of 10 mb was assumed to be above. 

shared by the inelastic scattering cross section at high energies. 
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2.3.4 Other Cross Sections 

The total, elastic, inelastic scattering and radiative capture 
cross sections were calculated with the program CASTHY 3 1) based on the 
spherical optical model and statistical model. The optical potential 
parameters shown in Table 8 were obtained by Igarasi and Nakagawa7) so 
as to reproduce the total cross section of 2 1 f lAm measured by Phillips 
and Howe 3 2). This set of optical potential parameters has been fre­
quently used in our evaluation work for higher actinide data. 

In the calculation, competition with the (n,2n), (n,3n), (n,4n) 
and fission reactions were taken into account. For the capture cross 
section, the average radiative width of 0.035 eV and s-wave level 
spacing of 27 eV were assumed. 

Discrete level scheme of 2 5 2 C f was taken from Nuclear Data Sheets 3 3' 
The levels adopted for calculation of the inelastic scattering cross 
sections are given in Table 9. The levels above 1.03 MeV were con­
sidered to be overlapping. 

Thus obtained cross sections in the energy range from 1 keV *-o 20 
MeV are shown in Fig. 6. The total, fission and radiative capture cross 
sections in whole energy range are shown in Fig. 7. 

2.4 Other Quantities 

2.4.1. Angular Distributions of Emitted Neutrons 

The angular distributions of elastically and inelastically scat­
tered neutrons were calculated with the optical and statistical models. 
The isotropic distributions in the laboratory system were assumed for 
the inelastic scattering to the overlapping levels, and for the emitted 
neutrons from the (n,2n), (n,3n), (n,4n) and fission reactions. 

2.4.2 Energy Distributions of Emitted Neutrons 

The evaporation spectrum was assumed for the inelastically scat­
tered neutrons (MT«91). The nuclear temperature 6 was determined as 

9 - T, for E n £ E^, (1) 

9 - {l+/l+4a(En-A)}/2a, for E n > E*, (2) 
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Other Cross Sections 

The total. elastic. inelastic scattering and radiative capture 

cross sections were celculated with the program CASTHY31) based on the 

spherical optical model and statistical model. The optical potential 

parameters shown in Table 8 were obtained by Igarasi and Nakagawa7) so 

as to reproduce the total cross section of 2~lA皿 measured by Phillips 

and Howe32). This set of optical potential parameters has been fre-

quently used in our evaluation work for higher actinide data. 

In the calculation. competition with the (n.2n). (n.3n). (n.4n) 

and fission reactions were taken into account. For the capture cross 

section. the average radiative width of 0.035 eV and s-wave level 

spacing of 27 eV were assumed. 

Discrete level scheme of 252Cf was taken from Nuclear Data Sheets33). 

2.3.4 

The levels adopted for calculation of the inelastic scattering cross 

sections are given in Table 9. The levels above 1.03 MeV were con-

sidered to be overlapping. 

Thus obtained cross sections in the energy range from 1 keV ro 20 

MeV are shown in Fig. 6. The total. fission and radiative capture cross 

sections in whole energy range are shown in Fig・7.

Other Quantities 2.4 

Angular Distributions of Emitted Neutrons 

The angular distributions of elastically and inelastically scat-

tered neutrons were calculated with the optical and statistical models. 

2.4.1 

Th~ isotropic distributions in the laboratory system were assumed for 

the inelastic scattering to the overlapping levels. and for the emitted 

neutrons from the (n.2n). (n.3n). (n.4n) and fission reactions. 

Energy Distributions of Emitted Neutrons 

The evaporation spectrum was assumed for the inelastically scat-

tered neutrons (MT-91). The nuclear temperature a was determined as 

2.4.2 

(1) 

(2) 

En孟Ex.

En > Ex. 

for 

for 

白書 T.

e -{l+ll+4a(En-a)}/2a. 
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where E n is the incident neutron energy, and a and A are the level 
density parameter and the pairing energy of the residual nucleus. The 
parameter T is the nuclear temperature defined in th' constant tempera­
ture model, and E x is the energy where the constant temperature model 
is connected to the Fermi gas model. The neutron spectra from the 
(n,2n), (n,3n) and (n,4n) reactions were also represented with the 
evaporation model. 

The Maxwellian spectrum was adopted for the fission neutrons. 
The temperature for the fission spectrum was determined from the 
systematics obtained by Smith et al.31*' 

2.4.3 Average Numbers of Neutrons Emitted per Fission 

(a) Prompt neutrons 
Howerton's semi-empirical formula 3 5' 3 6' was used for estimation of 

the average number of neutrons emitted per neutron-induced fission. 
His formula is in the following form for the target nucleus with the 
mass number of A and the atomic number of Z. 

v(Z,A,En) = 2.33 + 0.06[2-(-l)A+1"Z-(-l)Z] + 0.15(?,-92) 

+ 0.02(A-235) + r.O.l30-!-0.0O6(A-235)]x[En-Eth(Z,A)] 
(3) 

where E n is the incident neutron energy and the fission threshold energy 
E t n is written as follows. 

E t h(Z,A) = 18.6 - 0.36Z2/(A+1) + 0.2[2-(-l) A + 1 _ Z-(-l) Z] - B n. 
(4) 

where B n stands for the neutron separation energy from compound nuclide. 
This formula predicts v„ for as; 

v p = 3.884 + 0.230En. (5) 

(b) Delayed neutrons 
The following systematics on the number of delayed neutrons was 

obtained by Tuttle 3 7): 

v d = exp[13.81+0.1754(Ac-3Z)(Ac/Z)] (6) 

where A c is the mass number of the compound nucleus. We assumed that 
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where En is the incident neutron energy. and a and d are the level 

density parameter and the pairing energy of the residual nucleus. The 

parameter T is the nuclear temperatcre defined in th" constant tempera甲

ture model. and Ex is the energy where the constant temperature moael 

is connected to the Fermi gas model. The neutron spectra fro~ the 

(n，2n)， (n，3n) and (n，4n) reactions were also represented with the 

evaporation model. 

The Maxwellian spectrum was adopted for the fission n~utrons. 

The temperature for the fission spectrum was determined from the 

systematics obtained by Smith et al.3与)

2.4.3 Average Numbers of Neutrons Emitted per Fission 

(a) Prompt neutrons 

Howerton's semi-empirical formula35，36) was used for estimation of 

the average number of neutrons emitted per neutron-induced fission. 

His formula is in the following form for the target nucleus with the 

mass n~mber of A and the atomic number of Z. 

A+l-Z . ..Z 
v(Z，A，En) 2.33 + 0.06[2-(ー1)ー(ー1)-]+ 0.15(~-92) 

+ 0.02(A-235) + ~0.lJO+O.006(A-235)]x[En-Eth(Z.A)] 

(3) 

where En is the incident neutron energy and the fission threshold energy 

Eth is written as follows. 

ヮ A+l-Z. "Z 
Eth(Z，A) 18.6 -0.36Z孟/(A+1)+ 0.2[2-(ー1)ー(ー1)-]-Bn. 

(4) 

where Bn stands for the neutron separation energy from compound nuclide. 

This formula predicts vp for 252Cf as; 

vp = 3.884 + 0.230En • (5) 

(b} Delayed neutrons 

The following systematics on the number of delayed neutrons was 

obtained by Tuttle37): 

vd = exp[13.81+0.1754(Ac-3Z)(Ac/Z)] (6) 

where Ac is the mass number of the compound Iiucleus. We assumed that 
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since the (n,n'f) channel opens around 7 MeV, the (n,n'f) process is 
always dominant above 7 MeV. The values of vj at lower energies and at 
higher energies were linearly connected between 6 and 8 MeV. 

v d = 0.00830 (En<6 MeV) and 0.00590 (En>8 MeV) (7) 

2.5 Comparison with Other Evaluation 

Evaluated data of 2 5 2 C f are existing in ENDF/B-V15) and ENDL-84 1 6). 
The present results are compared with them in Figs. 8 to 12. 

The evaluations for ENDF/B-V and ENDL-84 give resonance structure 
in the low energy region. In order to simplify the figures, cross 
sections in the resolved resonance region are averaged in 1/4-lethergy 
intervals. 

In the energy range above 10 keV, Howerton's evaluation16' was 
adopted in the both of ENDF/B-V and ENDL-84. In che lower energy range, 
the both evaluations adopted hypothetically generated resonance param­
eters. On the other hand, the present evaluation adopted mainly Moore 
et al.'s experimental data. Therefore, large discrepancies are found 
in this energy range. At the thermal energies, adopted cross sections 
in ENDF/B-V and the present evaluation are almost the same. 

3. Evaluation for 2 5 0 B k 

3.1 Resonance Parameters 

3.1.1 Resolved Resonance Parameters 

Thermal fission cross section of 960 ± 150 barns was measured by 
Diamond et al. 3 8) And the capture cross section was assumed about 350 
barns by Bol'shov et al. 3 9' These values are recommended by Mughabghab.2"*' 
The present evaluation also adopted them. 

No measurement has been made for the resonance parameters of 2 5 0 B k 
so far. Therefore, the hypothetical resonance parameters were generated 
so as to reproduce the thermal cross sections. The s-wave strength 
function was assumed to be 0.83*10""4 which was calculated with the 
optical model. Average level spacing of 2.09 eV was derived from the 
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since the (n，n'f) channel opens around 7 MeV， the (n.n'f) process is 
a1ways dominant above 7 HeV. The va1ues of vd at 10wer energies and at 

higher energies were linear1y connected between 6 and 8 MeV. 

Vd = 0.00830 (En<6 HeV) and 0.00590 (En>8 MeV) (7) 

2.5 Comparison with Other Evaluation 

Eva1uated data of 252Cf are existing in ENDF/B-V15) and ENDL-8416). 

The present resu1ts are compared with them in Figs. B to 12. 

The eva1uations for ENDF/B-V and ENDL由 84give resonance structure 

in the 10w energy region. ln order to simp1ify the figures. cross 

sections in the res01ved resonance region are averaged in 1/4-1ethergy 

interva1s. 

ln the energy range above 10 keV， Howerton's eva1uation16) was 

adopted in the both of ENDF/B-V and ENDL-84. ln o:he 10官erenergy range， 

the both eva1uations adopted hypothetica11y generated resonance param-

eters. On the other hand. the present eva1uation adopted main1y Moore 

et a1. 's experimenta1 data. Therefore， 1arge discrepancies are found 

in this energy range. At the therma1 energies. adopted cross sections 

in ENDF/B-V and the present eva1uation are a1most the same. 

3. Evaluatior. for 250Bk 

3.1 Resonance Parameters 

3.1.1 Resolved Resonance Parameters 

Therma1 fission cross section of 960 ~ 150 barns was measured by 

Diamond et a1.38) 加 dthe capture cross section was assumed about 350 

barns by Bol'shov et a1.39) These values are recommended by Hughabghab.2吋

The present eva1uation a1so adopted them. 

No measurement has been made for the resonance parameters of 250Bk 

so far. Therefore. the hypothetica1 resonance parameters were generated 

so as to reproduce the therma1 cross sections. The s-wave strength 

function was assumed to be 0.83xl0-与 whichwas ca1cu1ated with the 

optica1 model. A"eγage 1eve1 spacing of 2.09 eV was derived from the 
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level density parameter a of 30.0 MeV - 1. The effective scattering 
radius of 9.26 fm was obtained from the shape elastic scattering cross 
section calculated with the optical model. The average radiative width 
was assumed to be 0.035 eV. The fission width was estimated as 0.095 eV 
by assuming that the ratio of radiative and fission widths was equal to 
that of thermal cross sections. 

Prince1*0) derived the systematics of thermal cross sections and 
capture resonance integrals vs (B n-Ef), where B n is a binding energy 
and Ej is a fission threshold energy calculated as follows, 

E f = -106.247 + 12.99026(Z2/A) - 0.438185(Z2/A)2 

+ 0.0045383(Z2/A)3 + e (8) 

where e = 0.0 for even-even nuclides, 
e = 0.47 for odd mass nuclides, 
e = 0.72 for oad-odd nuclides. 

In the case of z 5 0 B k , the value of (B n-E f) is 1.053, and from his 
systematics the following values are obtained. 

In(Ir/2) = 5.3 

:. I r = 400 barns. (9) 
and 

In(of/oy) = 0.5 

. °f xf • , .. — = — = 6 

:• I f - 660 barns. (10) 

The hypothetical resonances were generated by using above informa­
tion. The energy of the first resonance was adjusted to roughly 
reproduce the thermal cross sections and resonance integrals. Then, 
only the energy of a negative resonance was re-adjusted on the basis of 
the thermal cross sections. 

Thus obtained hypothetical resonance parameters reproduce well the 
thermal cross sections; the capture cross section of 353 barns and the 
fission cross section of 959 barns. The calculated resonance integrals 
are 199 barns and 517 barns for the radiative capture and fission cross 
sections, respectively. These values are smaller than the values 
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level density para皿etera of 30.0 HeV-1 • The effective scattering 

radius of 9.26 f皿 wasobtained from the shape elastic scattering cross 

section calcu!ated with the optical皿odel. The average radiative width 

was assu皿edto be 0.035 eV. The fission width was estimated as 0.095 eV 

by assuming that the ratio of radiative and fission widths was equal to 

that of thermal cross sections. 

Prince旬日) derived the systematics of ther皿alcross sections and 

capture resonance integrals vs (Bn-Ef)， where Bn is a binding energy 

and Ef is a fission threshold energy calculated as follows， 

Ef =ー106.247+ 12.99026(Z2/A)ー0.438185(Z2/A)2

+ 0.0045383(Z2/A)3 + E (8) 

where E 0.0 for even-even nuclides， 

E = 0.47 for odd mass nuclides， 

E = 0.72 for oad-odd nuclides. 

1n the case of 250Bk， the value of (Bn-Ef) is 1.053， and from his 

systematics the following values are obtained. 

1n(1r/2) = 5.3 

'. 1r 400 barns. (9) 

and 

1n(ロf/Oy) ~ 0.5 
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1f 660 barns. (10) 

The hypothetical resonances were generated by using above informa-

tion. The energy of the first resonance was adjusted to roughly 

reproduce the thermal cross sections and resonance integrals. Then， 

only the energy of a negative resonance was re-adjusted on the basis of 

the thermal cross sections. 

Thus obta1ned hypothetical resonance parameters reproduce well the 

thermal cross sections; the capture cross section of 353 barns and the 

fission cross section of 959 barns. The calculated resonance integrals 

are 199 barns and 517 barns for the radiative capture and fission cross 

sect10ns. respectively. These values are smaller than the values 
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estimated from Prince's systematics. No more adjustment, however, was 
tried because the estimated cross sections were not so accurate. 

3.1.2 Unresolved Resonance Parameters 

In the energy range from 100 eV to 30 keV, unresolved resonance 
parameters were determined with ASREP 2 5) in the same way as 2 5 2 C f . 
The obtained unresolved resonance parameters are listed in Table 10. 

3.2 Cross Sections above Resonance Region 

3.2.1 Fission Cross Section 

The shape of the fission cross section was assumed to be the same 
as that of 2 5 1Cf 1'*), because the 2 5 1 C f is also the nuclide with odd 
number of neutrons and the nearest one. As to the magnitude of the 
cross section, the following systematics obtained by Lasijo 4 1' was used 
to determine the value at 3 MeV. 

a f = F(Z) + Cx[N-G(Z)]2, (11) 

where Z is the atomic number and N the neutron number, and F(Z) and 
G(Z) are given as 

G(Z) = a 0 + a xZ + a 2 Z 2 , (12) 

a 0 = -2690.37063, 
a! = 59.7373309, 
a 2 = -0.3138082 , 

F(Z) = b 0 + biZ + b 2 Z 2 + b 3 Z 3 , (13) 

b 0 = 2815.607814, 
b! = -89.65620409, 
b 2 = 0.94850607, 
b 3 = -0.00333247, 

and the constant C is 0.01702407. Based on this systematics, the 
cross-section shape was normalized to 2.03 barns at 3 MeV. 
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estimated from Prince's systematics. No more adjustment. however. was 

tried because the estimated cross sections were not so accurate. 

Unresolved Resonance Parameters 

1n the energy range from 100 eV to 30 keV. unresolved resonance 

parameters were determined with ASREp25) in the same way as 252Cf. 

The obtained unresolved resonance paramE'ters are listed in Table 10. 

3.1.2 
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Fission Cross Section 
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as that of 251Cf1q). because the 251Cf is also the nuclide with odd 
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and the constant C is 0.01702407. sased on this systematics， the 
cross-section shape was normalized to 2.03 barns at 3 MeV. 

- 9ー



JAERI-M 88-004 

3.2.2 Level Density Parameters 

Level density parameters of berkelium isotopes were determined with 
LEVDENS 2 8' on the basis of staircase plot of low-lying excited levels 
taken from ENSDF 2 9', and are shown in Table 11. 

3.2.3 (n,2n), (n,3n) and (n,4n) Reaction Cross Sections 

The Q-values of the (n,2n), (n,3n) and (n,4n) reactions are given 
in Table 12. 

These cross sections were calculated with the same method as 2 5 2 C f . 

3.2.4 Other Cross Sections 

The total, elastic, inelastic scattering and radiative capture 
cross sections were calculated with CASTHY based on the spherical 
optical model and statistical model by using the optical potential 
parameters shown in Table 8. 

For the capture cross section, the average radiative width of 0.035 
eV and s-wave level spacing of 2.09 eV were adopted. 

Discrete level scheme was taken from Nuclear Data Sheets 3 3). The 
levels adopted for calculation of the inelastic scattering cross sections 

are given in Table 13. The levels above 296 keV were considered to be 
overlapping. 

Thus calculated cross sections in the energy range from 100 eV to 
20 MeV are illustrated in Fig. 13. The total, fission and radiative 
capture cross sections in whole energy range are shown in Fig. 14. 

3.3 Other Quantities 

3.3.1 Angular Distributions of Emitted Neutrons 

The angular distributions of elastically and inelastically scattered 
neutrons were calculated with the optical and statistical models. The 
isotropic distributions in the laboratory system were assumed for the 
inelastic scattering to the overlapping levels, and for the emitted 
neutrons from the (n,2n), (n,3n), (n,4n) and fission reactions. 
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3.2.2 Level Density Parameters 

Level density parameters of berkelium isotopes were determined with 

LEVDENS28) on the basis of stairιase plot of low-lying excited levels 

taken from ENSDF29). and are shown in Table 11. 

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

The Q-values of the (n，2n). (n.3n) and (n.4n) reactions are given 

1n Table 12. 

These cross sections were calculated with the s墨田emethod as 252Cf. 

3.2.4 Other Cross Sections 

The total. elastic. inelastic scattering and radiative capture 

cross sections were calculated with CASTHY based on the spherical 

optical model and statistical model by using the optical potential 

parameters shown in Table 8. 

For the capture cross section， the average radiative width of 0.035 

eV and s-wave level spacing of 2.09 eV were adopted. 

D1screte level scheme was taken from Nuclear Data Sheets33). The 

levels adopted for calculation of the inelastic scattering cross sections 

are given in Table 13. The levels above 296 keV were considered to be 

overlapping. 

Thus calculated cross sections in the energy range from 100 eV to 

20 MeV are illustrated in Fig. 13. The total， fission and radiative 

capture cross sections in whole energy range are shown in Fig・14.

3.3 Other Quantit1es 

3.3.1 Angular Distributions of Emitted Neutrons 

The angular distributions of elastically and inelastically scattered 

neutrons were calculated with the optical and statistical models. The 

isotropic distributions in the laboratory system were assumed for the 

inelastic scattering to the overlapping levels. and for the em!tted 

neutrons from the (n.2n). (n，3n). (n.4n) and fission reactions. 
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3.3.2 Energy Distributions of Emitted Neutrons 

Evaporation spectra were given for inelastically scattered neutrone 
(MT=91) and those from (n,2n), (n,3n) and (n,4n) reactions. 

The Maxwellian spectrum was adopted for the fission neutrons. The 
temperature for the fission spectrum was determined from the systematics 
obtained by Smith et al.31*) 

3.3.3 Average Numbers of Neutrons Emitted per Fission 

(a) Prompt neutrons 
Howerton's semi-empirical formula gives the following values. 

v p = 3.559 + 0.220En. (14) 

(b) Delayed neutrons 
The values obtained from Tuttle's systematics are 

v d = 0.0130 (En<6 MeV) and 0.0089 (En>8 MeV) (15) 

4. Concluding Remarks 

In the present work, the neutron nuclear data of 2 5 0 B k and 2 5 2 C f 
were evaluated, and compiled in the ENDF-5 format. 

In the past several years, we evaluated neutron nuclear data for 
isotopes of Am, Cm, Bk and Cf. Table 14 lists the thermal cross sections 
and resonance integrals of these isotopes. The number of experimental 
data is very limited for those isotopes. The large part of data was, 
therefore, estimated with spherical optical model and statistical model, 
and also with systematics of the data. 

The optical potential parameters were determined to reproduce the 
total cross section of 2 1 , 1Am. This set of parameters was used for many 
isotopes even in the case of nuclides far from 2 < t lAm. The reliability 
of the optical potential parameters should be checked. However, other 
experiments on total or elastic scattering cross section which can be 
used to check the parameters are not available for transplutonium 
isotopes so far. 
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Energy Distributions of Emitted Neutrons 

Evaporation spectra were given for inelastically scattered neutronc 

(MT=91) and those from (n，2n)， (n，3n) and (n，4n) reactions. 

The Maxwellian spectrum was adopted for the fission neutrons. 

temperature for the fission spectrum was determined from the systematics 

obtained by Smith et al.3与)

The 

3.3.2 

Average Numbers of Neutrons Emitt~d per Fission 

(a) Prompt neutrons 

Howerton's semi-empirical formula gives the following values. 

3.3.3 

(14) Vp 3.559 + 0.220En • 

(b) Delayed neutrons 

The values obtained from Tuttle's systematics are 

(15) 0.0089 (En>8 MeV) and Vd = 0.0130 (En<6 MeV) 

Concluding Remarks 

1n the present work， the neutron nuclear data of 250Bk and 252Cf 

were evaluated， and compiled in the ENDF-5 for皿at.

1n the past several years， we evaluated neutron nuclear data for 

isotopes of Am. Cm. Bk and Cf. Table 14 lists the ther皿alcross sections 

and resonance integrals of these isotopes. The number of experimental 

data is very limited for those isotopes. The large part of data was， 
therefore， estimated with spherical optical model and statistical model， 

and also with syste皿atics.ofthe data. 

The optical potential parameters were determined to reproduce the 

total cross section of 2与lA皿・ This set of parameters was used for田any

isotopes even in the case of nuclides far from 2与lAm. The reliability 

of the optical potential parameters should be checked. However， other 

experiments on total or elastic scattering cross section which can be 

used to check the parameters are not available for transplutonium 

isotopes so far. 
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Direct reactions and/or pre-equilibrlum theory should be taken into 
account to calculate more accurately the inelastic scattering and (n,Xn) 
reaction cross sections at high energies. In our evaluation, these 
contributions have been ignored because the data in high energy region 
are not so important for nuclear fuel cycle. However, in the future, 
this defect must be improved. 

In order to determine the reliable thermal cross sections and 
resonance integrals, the resonance parameters of low-lying levels are 
very important. For some isotopes, hypothetical levels were generated. 
These assumed resonances should be replaced with experimentally obtained 
data in the future. 

Even if these problems are existing, a series of our evaluation 
work has prepared a reliable data base for the nuclear fuel cycle study. 

Acknowledgment 
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Direct reactions and/or pre-equilibrium theory should be taken into 

account to calculate more accurately the inelastic scattering and (n.Xn) 

reaction cross sections at high energies. In our evaluation. these 

contributions have been ignored because the data in high energy region 

are not so important for nuclear fuel cycle. However. in the future. 

this defect must be improved. 

In order to determine the reliable thermal cross sections and 

resonance integrals. the resonance parameters of low-lying levels are 

very important. For some isotopes. hypothetical levels were generated. 

These assumed resonances should be replaced with exper:lmentally obtained 

data in the future. 

Even if these problems are existing， a series of our evaluation 
work nas prepared a reliable data base for the nuclear fuel cycle study. 
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Table 1 Quantities evaluated in the present work 

Quantities 
Energy range 

Bk-250 Cf-252 

1) Resonance parameters 

Resolved resonances 
Resolved resonance region 
Unresolved resonance region 

2) Cross sections 

Total 
Elastic scattering 
Inelastic scattering 
Fission 
Radiative capture 
(n,2n) 
(n,3n) 
(n,4n) 

-0.24 - 116.8eV 
10 - 5 - lOOeV 
0.10 - 30.0keV 

10 _ 5eV - 20MeV 
10 _ 5eV - 20MeV 

34.14keV - 20MeV 
10 - 5eV - 20MeV 
10"5eV - 20MeV 
4.990 - 20MeV 
11.23 - 20MeV 
16.82 - 20MeV 

-3.50 - 983.5eV 
10" 5 - lOOOeV 
1.00 - 30.0keV 

10"5eV - 20MeV 
10 _ 5eV - 20MeV 

45.90keV - 20MeV 
10~5eV - 20MeV 
10"5eV - 20MeV 
6.195 - 20MeV 
11.33 - 20MeV 
17.98 - 20MeV 

3) Angular distributions of emitted neutrons 

Angular distributions of elastically and inelastically scattered 
neutrons, and those from (n,2n), (n,3n), (n,4n) and fission reac­
tions were given in the same energy range as their cross-section 
data. 

4) Energy distributions of emitted neutrons 

Inelastic to continuum 
Fission 
(n,2n) 
(n,3n) 
(n,4n) 

5) Other quantities 

vd 

0.2972 - 20MeV 
10 - 5eV - 20MeV 
4.990 - 20MeV 
11.23 - 20MeV 
16.82 - 20MeV 

10 - 5eV - 20MeV 
10 _ 5eV - 20MeV 

1.034 - 20MeV 
10 - 5eV - 20MeV 
6.195 - 20MeV 
11.33 - 20MeV 
17.98 - 20MeV 

10~5eV - 20MeV 
10 - 5eV - 20MeV 
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Energy range 
Quantities 

Cf-252 Bk-250 

-3.50 -983.5eV 

10-5 - 1000eV 

ー0.24-116.8eV 

10-5 - 100eV 

1) Resonance parameters 

Reso1ved resonances 

Reso1ved resonance region 

1. 00 -30.0keV 0.10 -30.0keV Unreso1ved resonance region 

1O-5eV -20MeV 

1O-5eV -20M邑V

1O-5eV -20MeV 

1O-5eV -20MeV 

2) Cross sections 

Tota1 

45.90keV -20MeV 

1O-5eV -20MeV 

1O-5eV -20MeV 

34.14keV -20MeV 

1O-5eV -20MeV 

1O-5eV -20MeV 

E1astic scattering 

Ine1astic scattering 

Fission 

Radiative capture 

6.195 -20MeV 4.990 -20MeV (n，2n) 
(n，3n) 

(n，4n) 
11. 33 -20MeV 11.23 -20MeV 

17.98 -20MeV 16.82 -20MeV 

3) Angu1ar distributions of emitted neutrons 

Angu1ar distributions of e1astica11y and ine1astica11y scattered 

neutrons， and those from (n，2n)， (n，3n)， (n，4n) and fission reac-

tions were given in the same energy range as their cross-section 

data. 

4) Energy distributions of emitted neutrons 

1. 034 -20MeV 

1O-5eV -20MeV 

0.2972 -20MeV 

1O-5eV -20MeV 

Ine1astic to continuum 

Fission 

6.195 -20MeV 4.990 -20MeV (n，2n) 

(n，3n) 
(n，4n) 

11. 33 -20MeV 11.23 -20MeV 

17.98 -20MeV 16.82 -20MeV 

1O-5eV -20MeV 

1O-5eV -20MeV 

1O-5eV -20MeV 

1O-5eV -20MeV 

5) 0ther quantities 

Vd 
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Table 2 Thermal cross sect ions of 2 5 2 C f 

(barns) 

capture fission absorption 

Magnusson et al. 1 8) 25 
Folger et al. 2 0) 8.6 
Ruche 2 1) (a) 0 19.8 

(b) 6 28 
Halperin et al. 1 7) 20.4±2 
Halperin et al. 1 9) 32±4 
Anufriev et al. 2 2) 63±9 

Mughabghab21*) 20.4±1.5 32±4 
ENDF/B-V 20.6 32.3 

Calculated 20.07 33.03 

Table 3 Resonance integrals of 2 5 2 C f 

(barns) 

capture fission absorption 

Folger et al. 2 0) 
Ruche 2 1) (a) 0 

(b) 12 
Halperin et al. 1 7) 43.5±3 
Halperin et al. 1 9) 110±30 

Mughabghab21*) 43.5±1.5 110±30 
ENDF/B-V 47.4 120 

42 
44 
58 

Calculated 47.4 111 

- 17 -
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Table 2 Thermal cross sections of 252Cf 

(barns) 

capture fission absorption 

Magnusson et al.18) 25 

Folger et a1.20) 8.6 

Ruche21) (a) 。 19.8 

(b) 6 28 

Halperin et al.17) 20.4:1:2 

Halperin et al.19) 32:1:4 

Anufriev et al.22) 63:1:9 

Mughabghab2与} 20.4:1:1.5 32士4

ENDF/B-V 20.6 32.3 

Calculated 20.07 33.03 

Table 3 Resonance integrals of 252Cf 

(barns) 

capture fission absorption 

Folger et a1.20) 42 

Ruche21) (a) 。 44 

(b) 12 58 

Halperin et al.17) 43.5:1:3 

Halperin et al.19) 110:1:30 

Mughabghab24) 43.5:1:1.5 110:1:30 

ENDF/B-V 47.4 120 

Calculated 47.4 111 
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Table 4 Resonance parameters of 2 5 2 C f 

(barns) 

energy(eV) rn(ev) rY(ev) rf(eV) 

-3.5000E+00 3.0500E-03 3.5000E-02 5.0000E-02 
1.4000E+00 0.0192E-03 3.5000E-02 1.3000E-01 
2.4550E+01 2.4197E-04 3.5000E-02 3.5000E-02 
3.6350E+01 1.3117E-02 3.5000E-02 3.5000E-02 
6.8370E+01 5.3500E-02 3.5000E-02 1.8000E-01 
7.9160E+01 3.9871E-03 3.5000E-02 3.5000E-02 
8.8250E+01 2.4978E-04 3.5000E-02 3.5000E-02 
1.3810E+02 1.7060E-03 3.5000E-02 3.5000E-02 
1.9010E+02 1.7918E-03 3.5000E-02 3.5000E-02 
2.1770E+02 1.6000E-01 3.5000E-O2 3.5000E-02 
2.4620E+02 4.1870E-03 3.5000E-02 3.5000E-02 
3.0710E+02 3.8936E-03 3.5000E-02 3.5000E-02 
3.3800E+02 2.5024E-03 3.5000E-02 3.5000E-02 
3.8740E+02 2.5774E-02 3.5000E-02 3.5000E-02 
3.9360E+02 2.8690E-03 3.5000E-02 3.5000E-02 
4.0480E+02 3.3027E-02 3.5000E-02 3.5000E-02 
4.1700E+02 4.9036E-03 3.5000E-02 3.5000E-02 
4.2670E+02 1.8327E-02 3.5000E-02 3.5000E-02 
4.4540E+02 1.7284E-02 3.5000E-02 3.5000E-02 
4.9080E+02 1.2025E-02 3.5000E-02 3.5000E-02 
5.2020E+02 5.1604E-03 3.5000E-02 3.5000E-02 
5.5720E+02 3.7000E-01 3.5000E-02 4.2500E-02 
5.6190E+02 3.0641E-02 3.5000E-02 3.5000E-02 
6.0640E+02 6.8026E-02 3.5000E-02 3.5000E-02 
6.2640E+02 3.1845E-03 3.5000E-02 3.5000E-02 
6.4370E+02 4.3202E-03 3.5000E-02 3.5000E-02 
6.7420E+02 1.2340E-02 3.5000E-02 3.5000E-02 
7.0620E+02 1.2555E-02 3.5000E-02 3.5000E-02 
7.2610E+02 1.2500E+00 3.5000E-02 8.2000E-02 
7.5410E+02 1.9146E-02 3.5000E-02 3.5000E-02 
7.7110E+02 2.0948E-02 3.5000E-02 3.5000E-02 
8.1350E+02 3.7509E-03 3.5000E-02 3.5000E-02 
8.3310E+02 1.3000E+00 3.5000E-02 4.4000E-02 
8.4100E+02 8.2260E-03 3.5000E-02 3.5000E-02 
8.7760E+02 1.6312E-02 3.5000E-02 3.5000E-02 
9.3180E+02 8.0871E-03 3.5000E-02 3.5000E-02 
9.8350E+02 5.1330E-03 3.5000E-02 3.5000E-02 

- 18 -
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Table 4 Resonance parameters of 252Cf 

(barns) 

energy(eV) rn(eV) ry(eV) rf(eV) 

-3.5000E+00 3.0500E-03 3.5000E-02 5.0000E-02 

1.4000E+00 0.0192E-03 3.5000E-02 1.3000E目 01

2. 4550E+01 2.4197E-04 3.5000E-02 3.5000E-02 

3. 6350E+01 1.3117E-02 3.5000E-02 3.5000E-02 

6.8370E+01 5.3500E-02 3.5000E-02 1.8000E-01 

7.9160E+01 3.9871E-03 3.5000E-02 3.5000E-02 

8. 8250E+01 2.4978E-04 3.5000E-02 3.5000E-02 

1. 3810E+02 1. 7060E-03 3.5000E-02 3.5000E-02 

1. 9010E+02 1. 7918E-03 3.5000E-02 3.5000E-02 

2. 1 770E+02 1.6000E-01 3.5000E-02 3.5000E-02 

2.4620E+02 4.1870E-03 3.5000E-02 3.5000E-02 

3.0710E+02 3.8936E-03 3.5000E-02 3.5000E-02 

3. 3800E+02 2.5024E-03 3.5000E-02 3.5000E-02 

3. 8740E+02 2.5774E-02 3.5000E-02 3.5000E-02 

3. 9360E+02 2.8690E-03 3.5000E-02 3.5000E-02 

4.0480E+02 3.3027E-02 3.5000E-02 3.5000E-02 

4.1700E+02 4.9036E-03 3.5000E-02 3.5000E-02 

4. 2670E+02 1. 8327E-02 3.5000E-02 3.5000E-02 

4. 4540E+02 1. 7284E-02 3.5000E四 02 3.5000E-02 

4.9080E+02 1.2025E-02 3.5000E-02 3.5000E-02 

5.2020E+02 5.1604E-03 3.5000E-02 3.5000E-02 

5.5720E+02 3.7000E-01 3.5000E-02 4. 2500E-02 

5.6190E+02 3.0641E-02 3.5000E-02 3.5000E-02 

6.0640E+02 6.8026E-02 3.5000E-02 3.5000E由 02

6. 2640E+02 3.1845E-03 3.5000E-02 3.5000E-02 

6. 4370E+02 4. 3202E-03 3.5000E-02 3.5000E-02 

6. 7420E+02 1. 2340E-02 3.5000E-02 3.5000E-02 

7.0620E+02 1.2555E-02 3.5000E-02 3.5000E-02 

7.2610E+02 1. 2500E+00 3.5000E-02 8.2000E-02 

7.5410E+02 1.9146E-02 3.5000E-02 3.5000E-02 

7.7110E+02 2.0948E-02 3.5000E-02 3.5000E-02 

8.1350E+02 3. 7509E-03 3.5000E-02 3.5000E-02 

8. 3310E+02 1.3000E+00 3.5000E-02 4.4000E-02 

8.4100E+02 8. 2260E-03 3.5000E-02 3.5000E-02 

8.7760E+02 1. 6312E-02 3.5000E-02 3.5000E-02 

9.3180E+02 8.0871E-03 3.5000E-02 3.5000E-02 

9. 8350E+02 5.1330E-03 3.5000E-02 3.5000E-02 
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Table 5 Unresolved Resonance parameters of 252Cf 

energy 80 81 D-obs rf ry 

(keV) (10ー与) (10-") (eV) (eV) (eV) 

1.0 1. 22 3.37 26.9 0.0565 0.035 

1. 25 1. 22 3.37 26.9 0.0599 0.035 

1.5 1. 22 3.37 26.9 0.0625 0.035 

1. 75 1. 22 3.37 26.9 0.0654 0.035 

2.0 1. 22 3.37 26.9 0.0666 0.035 

2.5 1.22 3.37 26.8 0.0683 0.035 

3.0 1. 22 3.37 26.8 0.0700 0.035 

4.0 1.22 3.37 26.7 0.0754 0.035 

5.0 1. 22 3.37 26.7 0.0760 0.035 

6.0 1. 22 3.37 26.6 0.0765 0.035 

7.0 1. 22 3.37 26.6 0.0773 0.035 

8.0 1. 22 3.37 26.5 0.0767 0.035 

9.0 1. 22 3.37 26.4 0.0778 0.035 

10.0 1. 22 3.37 26.4 0.0780 0.035 

12.5 1. 22 3.37 26.2 0.0799 0.035 

15.0 1.22 3.37 26.1 0.0801 0.035 

17.5 1. 22 3.37 25.9 0.0818 0.035 

20.0 1. 22 3.37 25.8 0.0827 0.035 

25.0 1. 22 3.37 25.5 0.0893 0.035 

30.0 1.22 3.37 25.2 0.0965 0.035 

Table 6 Level density parameters of Californium isotopes 

Cf-249 Cf-250 Cf-251 Cf-252 Cf-253 

a(MeV-1) 29.9 31.2 32.2 31.6 32.2 

日M(MeV田 1/2) 31. 60 32.36 32.97 32.74 33.14 

b.(MeV) 0.77 1. 673 0.77 1.635 0.77 

T(MeV) 0.3693 0.4025 0.3809 0.3927 0.3322 

C(MeV) 5.416 2.093 14.84 1.895 3.59 

Ex(MeV) 3.636 5.418 4.204 5.233 3.226 
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Table 7 Q-values and threshold energies of 
2 5 2Cf (n.Xn) reactions 

reaction Q-value (MeV) E t h (MeV) 

(n,2n) 
(n,3n) 
(n,4n) 

-6.1707 
-11.2822 
-17.9057 

6.1954 
11.3273 
1.9773 

Table 8 Optical potential parameters 

(MeV and fm) 

V = 43.4 - 0.107En 

W s = 6.95 - 0.339En + 0.0531E2. 
V s o = 7-0 
*o = rso = i-282 

= 1.29 
= a so 

b - 0.5 
0.60 

Table 9 Level scheme of 2 5 2Cf 

No. Energy (keV) spin-parity 

ground 0.0 0 + 
1 45.72 2 + 
2 151.73 4 + 
3 804.82 2 + 
4 830.81 2 -
5 845.72 3 + 
6 867.51 3 -
7 900.3 4 + 
8 917.03 4 -
9 969.83 3 + 

Levels above 1.03 MeV were assumed to be overlapping. 

- 2 0 -
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Q-values and threshold energies of 
252Cf (n.Xn) reactions 

Table 7 

Eth (MeV) Q-value (MeV) reaction 

6.1954 

11.3273 

1-.9773 

-6.1707 (n.2n) 

(n.3n) 

(n.4n) 

-11.2822 

-17.9057 

Optical potential parameters Table 8 

(MeV and fm) 

v = 43.4 -0.107En 
Ws = 6.95 -0.339En + 0.0531~ 

V"~ = 7.0 so 

ro rso 1.282 so 

1.29 r s 

a aso 0.60 

= 0.5 b 

Level scheme of 252Cf Table 9 

spin-parity Energy (keV) No. 

0+ 0.0 ground 

2 + 45.72 l 

2 4 + 

2 + 

151.73 

804.82 3 

830.81 4 2 -

3 + 

3 -

845.72 

867.51 

5 

6 

900.3 7 4 + 

4 -917.03 8 

3 + 
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Table 10 Unresolved Resonance parameters of 250Bk 

， 
energy 81) 81 D-obs rf ry 

(keV) (10-勺 (I O-~) (eV) (eV) (eV) 

0.1 0.822 3.92 2.09 0.104 0.035 

0.5 0.822 3.92 2.09 0.104 0.035 

0.2 0.822 3.92 2.09 0.104 0.035 

0.3 0.822 3.92 2.09 0.105 0.035 

0.4 0.822 3.92 2.09 0.105 0.035 

0.5 0.822 3.92 2.09 0.104 0.035 

0.6 0.822 3.92 2.09 0.102 0.035 

0.8 0.822 3.92 2.09 0.106 0.035 

1.0 0.822 3.92 2.09 0.101 0.035 

1.5 0.822 3.92 2.08 0.0998 0.035 

2.0 0.822 3.92 2.08 0.104 0.035 

3.0 0.822 3.92 2.08 0.108 0.035 

4.0 0.822 3.92 2.07 0.118 0.035 

5.0 0.822 3.92 2.07 0.120 0.035 

6.0 0.822 3.92 2.06 0.123 0.035 

7.0 0.822 3.92 2.06 0.127 0.035 

8.0 0.822 3.92 2.06 0.134 0.035 

10.0 0.822 3.92 2.05 0.139 0.035 

12.5 0.822 3.92 2.04 0.146 0.035 

15.0 0.822 3.92 2.03 0.155 0.035 

20.0 0.822 3.92 2.01 0.168 0.035 

25.0 0.822 3.92 1.98 0.190 0.035 

30.0 0.822 3.92 1.96 0.208 0.035 

Table 11 Level density parameters of Berkelium isotopes 

Bk-247 Bk-248 Bk-249 Bk-250 Bk-251 

a(MeV四 1) 28.1 27.8 34.2 30.05 30.0 

α.M(MeV-l!2) 30.47 30.39 33.79 31. 76 31.82 

ι(MeV) 0.39 0.0 0.903 0.0 0.865 

T(MeV) 0.364 0.326 0.366 0.340 0.385 

C(MeV) 2.90 10.8 12.2 24.6 6.56 

Ex(MeV) 7.97 1.85 4.30 2.34 4.05 
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Table 12 Q-values and threshold energies of 
2 5 0 B k (n,Xn) reactions 

reaction Q-value (MeV) E t n (MeV) 

(n,2n) -4.9697 4.9897 
(n,3n) -11.1834 11.2285 
(n,4n) -16.7491 16.8166 

Table 13 Level scheme of 2 5 0 B k 

No. Energy (keV) spin-parity 

ground 0.0 2 -
1 34.5 3 -
2 35.6 4 + 
3 78.1 5 + 
4 86.4 7 + 
5 97 5 -
6 104.1 1 -
7 125.4 2 -
8 129 6 + 
9 131.9 3 + 
10 157 8 + 
11 167 6 -
12 175.4 1 + 
13 191 7 + 
14 211.8 2 + 
15 237 3 + 
16 242 9 + 
17 248 7 -
18 270 4 + 

Levels above 296 keV were assumed to be overlapping. 
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Table 12 Q2 -values and threshold energies of 
50Bk (n，Xn) reactions 

reaction Q-value (MeV) Eth (MeV) 

(n，2n) -4.9697 4.9897 

(n，3n) ー11.1834 11.2285 

(n，4n) -16.7491 16.8166 

Table 13 Level scheme of 250Bk 

No. Energy (keV) spin-parity 

ground 0.0 2 -

l 34.5 3 -

2 35.6 4 + 

3 78.1 5 + 

4 86.4 7 + 

5 97 5 -

6 104.1 

7 125.4 2 -

8 129 6 + 

9 131.9 3 + 

10 157 8 + 

11 167 6 -

12 175.4 1 + 

13 191 7 + 

14 211.8 2 + 

15 237 3 + 

16 242 9 + 

17 248 7 -

18 270 4 + 

Levels above 296 keV were assumed to be overlapping. 
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Table 14 Thermal cross sections and resonance integrals 
of 18 nuclides 

Thermal cross sections(b) Resonanse integrals(b) 
Nuclide 

capture fission capture fission 

Am-241 600.3 3.02 1300 14.7 
Am-242 5500 2100 390 1260 
Am-242m 1342 6620 207 1530 
Am-243 78.50 228.0 1820 11.4 
Cm-242 15.92 5.00 116 11.1 
Cm-243 131.3 512.3 404 1750 
Cm-244 14.41 1.18 594 18.4 
Cm-245 346.3 2001 108 799 
Cm-246 1.33 0.142 103 9.5 
Cm-247 59.9 97.0 495 769 
Cm-248 2.57 0.37 257 17.5 
Cm-249 1.60 0.82 215 139 
Bk-249 709.6 3.96 1130 12.1 
Bk-250 353 959 199 517 
Cf-249 504.5 1666 695 2220 
Cf-250 1779 4.09 8420 27.8 
Cf-251 2878 4935 1610 2780 
Cf-252 20.07 33.03 47.4 111 
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Fig. 1 Staircase plot of total number of 2 5 2 C f resonances 
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Fig. 2 Fission cross section in the energy range from 10 to 1000 eV. 
Solid curve is calculated values based on the present evalua­
tion. Circles are the experimental data measured by of Moore 
et al. 2 3 
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