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Neutron nuclear data of 252Cf and 250Bk have been evaluated in the
neutron energy range from 105 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 252Cf, the resolved resonance
parameters were evaluated in the energy range from 105 eV to 1 keV and
the unresolved resonance parameters above 1 keV. For 250Bk, no resonance
parameters have been reported. Therefore, hypothetical resolved resonance
parameters were given below 100 eV. 1In addifion, 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 252Cf, thermal cross sections
and resonance integrals of 2%2Cf and the fission cross section of 250Bk
at the thermal neutron energy. The present evalnation, 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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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%lAm to 251Cf were evaluated
and compiled in the ENDF format1-14). on this connection, the neutron
nuclear data of 259Bk and 252Cf were evaluated in the present work.

The nuclide of 250Bk has the half-life of 3.22 h for the B-decay.
On the other hand, 252Cf 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-V!5) and ENDL-84!8) for 252Cf and no evaluated data
for 250Bk,

The present evaluation work on 292Cf is described in Section 2,

and that on 250Bk in Section 3. The evaluated quantities are summarized

in Table 1.

2. Evaluation for 252Cf
2.1 Thermal Cross Sections and Resonance Integrals

Experiments of the thermal cross sections of 252Cf were summarized
in Table 2., Halperin et al.1l7) 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®) Harperin et
al.19) also carried out the experiment for the fission cross gection
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.29) and by
Ruche21), but in agreement with the absorption cross section measured
by Anufriev et al.22) 1In the present work, therefore, measurements at
ORNL were adopted for the both reactionms.

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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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-lying levels.
The finally recommended values in the present evaluation are the cal-~

culated values in Tables 2 and 3.
2.2 Rescnance 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
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 (.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 sectioms.

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 0.6x10~% 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.

-2 -
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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 ASREP25) 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 Dghg were fixed to
3.37x107%, 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 resomnance 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.



et g€ i = e

JAERI-M 88—004

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.23) Below 10 keV, some fine structures exist
in the cross-section shape. However, they were averaged over in suiltable
energy intervals and connected smoothly. 1In 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) peasured the fission cross section of 252Cf
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 formula2?)
by using the program LEVDEsta), and adopting level schemes in ENSDF29),

Pairing energies and shell corrections were taken from the values

given by Gilbert and Cameron. Spin-cutoff factor was assumed to be

of = 0.146 ¥al A2/3 = oy /T .

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

The Q-values of the'(n,Zn), (n,3n) and (n,4n) reactions given in
Table 7 were obtained from the compilation by Wapstra and Bes30), 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.
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2.3.4 Other Cross Sections

The total, elastic, inelastic scattering and radiative capture
cross sections were czlculated 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%lAm 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).
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.

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 0 was determined as

6 =T, for Ep £ Ey, (1)

o = {1+/1+4a(E-A) }/2a, for E; > E, (2

_5—.
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where E, 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 nuzlear temperature defined in th'- constant tempera-
ture model, and Ey 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.34)

2.4.3 Average Numbers of Neutrons Emitted per Fission

(a) Prompt neutrons
Howerton's semi-empirical formula35:36} yas 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,Ep) = 2.33 + 0.0602-(-1)"172_(-1)%] + 0.15(2-92)

+ 0.02(A-235) + [0.130+0,006(A-235) Ix[E,~E¢(2,4)]
3)
where E, is the incident neutron energy and the fission threshold energy

Etp is written as follows.

M-Z_ 32y g

(4)

where B, stands for the neutron separation energy from compound nuclide.

Ecn(Z,4) = 18.6 ~- 0.3622/(A+1) + 0.2[2~(-1)

This formula predicts vp for 252¢f as;

vp = 3.884 + 0.230E,. (5)

(b} Delayed neutrons

The following systematics on the number of delayed neutrons was

obtained by Tuttle37):
vq = exp[13.8140.1754(A.-32) (A./2)] 6)

where A, is the mass number of the compound nucleus. 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 vg at lower energies and at

higher energies were linearly connected between 6 and & MeV.

vg = 0.00830 (E;<6 MeV) and 0.00590 (E;>8 MeV) N

2.5 Comparison with Other Evaluation

Evaluated data of 252Cf are existing in ENDF/B-V!35) and ENDL-8416).
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. 1In 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 evaluationl®) was
adopted in the both of ENDF/B-V and ENDL-84, 1In 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. Evaluatior for 250Bk
3.1 Resonance Parameters

3.1.1 Resolved Resonance Parameters

Thermal fission cross section of 960 * 150 barns was measured by
Diamond et al.38) And the capture cross section was assumed about 350
barns by Bol'shov et al.39) These values are recommended by Mughabghab.zu)
The present evaluation also adopted them.

No measurement has been made for the resonance parameters of 250BK
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 0.83x10™" which was calculated with the

optical model. Average level spacing of 2.09 eV was derived from the

_7_
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level density parameter a of 30.0 MeV~!. 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.

Prince“?) derived the systematics of thermal cross sections and
capture resonance integrals vs (Bp-Eg), where B, is a binding energy

and Ef is a fission threshold energy calculated as follows,

Ef = -106.247 + 12.99026(22/A) - 0.438185(22/a)2

+ 0.0045383(22/4)3 + ¢ (8)

where e = 0.0 for even-even nuclides,

= 0.47 for odd mass nuclides,

™
|

= 0.72 for oad-odd nuclides.

[y]
[

In the case of 250Bk, the value of (By-Ef) is 1.053, and from his

systematics the following values are obtained.

In(1,/2) = 5.3

& Ip = 400 barns. 9
and
In(Of/OY) = 0.5

o I
—f.a-]-:is [
Oy Y
5 Ig = 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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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, unresclved resonance
parameters were determined with ASREP25) in the same way as 292Cf,

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 251Cfl"'), because the 251Cf 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*!) was used

to determine the value at 3 MeV.
af = F(2) + Cx[N-G(2)]2, an

where Z is the atomic number and N the neutron number, and F(Z) and

G(Z) are given as

G(Z) = ag + ajZ + azzz, (12)

ag = -2690.37063,
a; = 59.7373309,
a, = -0.3138082 ,

F(Z) = by + byZ + by22 + byZ3, (13)

by = 2815.607814,
b, = -89.65620409,
b, = 0.94850607,
by = -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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3.2.2 Level Density Parameters

Level density parameters of berkelium isotopes were determined with
LEVDENS28) on the basis of staircase 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

in Table 12.

These cross sections were calculated with the same method 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 secticn, 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 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. l4.
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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3.3.2 Energy Distributions of Emitted Neutrons

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

The Maxwellian spectrum was adopted for the fission neutrons. The
temperature for the fisslon spectrum was determined from the systematics

obtained by Smith et al.3%)

3.3.3 Average Numbers of Neutrons Emittcd per Fission

(a) Prompt neutrons

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

vp = 3.559 + 0.220E,. (14)

(b) Delayed neutrons

The values obtained from Tuttle's systematics are

vqg = 0.0130 (Ej<6 MeV) and 0.0089 (E,>8 MeV) (15)

4. Concluding Remarks

In the present work, the neutron nuclear data of 250Bx and 252cf
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%lAm. This set of parameters was used for many
isotopes even in the case of nuclides far from 2%!Am. 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-equilibrium theory should be taken into
account to calculate more accurately the inelastic scattering and (n,Xn)
reaction cross sections at high emergies. 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 importani. 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

The author thanks members of the Nuclear Data Center of JAERI for

their help to the present work.



e WY

JAERI-M 88-—004

References
1) Igarasi S. : "Evaluation of 2%!Am Nuclear Data", JAERI-M 6221
(1975) [in Japanesel.

2) Igarasi S. : J. Nucl., Sci. Technol., 14, 1 (1977).

3) Nakagawa T., Fuketa T. and Igarasi S. : "Evaluation of the Neutron
Data of 2%1Am", JAERI-M 6636 (1976) [in Japanese].

4) Igarasi 3. and Nakagawa T. : "Evaluation of Neutron Nuclear Data
for 243am", JAERI-M 7174 (1977) [in Japanesel.

5) Igarasi S. and Nakagawa T. : "Evaluation of Neutron Nuclear Data
for 24“cm", JAERL-M 7175 (1977) [in Japanesel.

6) Igarasi S. and Nakagawa T. -: "Evaluation of Neutron Nuclear Data
for 245¢m", JAERI-M 7733 (1978) [in Japanesel.

7) lgarasi S. and Nakagawa T. : "Evaluation of Neutron Nuclear Data
for 242¢cm", JAERI-M 8342 (1979) [in Japanesel.

8) Nakagawa T. and Igarasi S. : "Evaluation of Neutron Nuclear Data
for 242mam and 2428Am", JAERI-M 8903 (1980).

9) Nakagawa T. and Igarasi S. : "Evaluation of Neutron Nuclear Data
for 243cm", JAERI-M 9601 (1981).

10) Kikuchi Y. : "Evaluation of Neutron Nuclear Data for 24!Am and
243pAn", JAERI-M 82-096 (1982).

11) Kikuchi Y. : "Evaluation of Neutron Nuclear Data for 246Cm and
247cm", JAERI-M 83-236 (1983).

12) Kikuchi Y. and Nakagawa T. : "Evaluation of Neutron Nuclear Data
for 248Cm and 2“3cm", JAERI-M 84-116 (1984).

13) Kikuchi Y. and Nakagawa T. : "Evaluation of Neutron Nuclear Data
for 2%9Bk and 249Cf", JAERI-M 85-138 (1985).

14) Nakagawa T. : "Evaluation of Neutron Nuclear Data for 250cf and
251cg", JAERI-M 86-086 (1986).

15) ENDF/B-V MAT=8852, summary is given as
England T.R., Wilson W.B., Schenter R.E. and Mann F.M. : "Summary
of ENDF/B-V Data for Fission Products and Actinides", EPRI NP-3787
(also ENDF-322) (1984).

16) Howerton R.J. and MacGregor M.H. : "The LLL Evaluated Nuclear Data
Library (ENDL): Descriptions of Individual Evaluations for Z=0-98",
UCRL-50400, Vol.15, Part D., Rev.l (1978).

17) Halperin J., Bemis C.E., Druschel R.E. and Stokely J.R. : Nucl. Sci.

Eng., 37, 223 (1969).



18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

31)

32)

33)
34)

35)
36)
37)

38)

JAERI- M 88— 004

Magnusson L.B., Studier M.H., Flelds P.R., Stevens C.M., Mech J.F.,
Friedman A.M., Diamond H. and Huizenga J.R. : Phys. Rev., 96, 1576
(1954).

Halperin J., Oliver J.H. and Stroughton R.W. : "The Thermal Cross
Section and Resonance Integral for Neutron Fission of 252Cf", ORNL
4706, 51 (1971).

Folger R.L., Smith J.A., Brown L.C., Overman R.F. and Holcomb H.P. :
Proc. of Conf. on Nucl. Cross Sections and Technol., Washington D.C.,
4-7 March, 1968, NBS special publication 299, 1279 (1968).

Ruche B.C. : Trans. Amer. Nucl. Soc., 14, 344 (1971).

Anufriev V.A., Gavrilov V.D., Zamyatnin Yu.S. and Ivanenko V.V. :
Sov. At. Energy, 36, 359 (1973).

Moore M.S., McNally J.H. and Baybarz R.D. : Phys. Rev., C 4, 273
(1971).

Mughabghab S.F. : "Neutron Cross Sections, Vol.l, Neutron Resonance
Parameters and Thermal Cross Sections, Part B: Z=61-100", Academic
Press (1984).

Kikuchi Y, : private communication.

Fomushkin E.F., Gutnikova E.K., Novoselov G.F. and Panin V.I. :

Sov. At. Energy, 40, 202 (1976).

Gilbert A. and Cameron A.G.W. : Can. J. Phys., 43, 1446 (1965).
Iijima S. : to be published as JAERI-M report.

ENSDF : Evaluated Nuclear Structure Data File.

Wapstra A,H. and Bos K. : Atomic Data and Nucl. Data Tables, 19,
No.3 (1977).

Igarasi S. : J. Nuecl. Sci. Technol., 12, 67 (1975).

Phillips T.W. and Howe R.E. : Nucl. Sci. Eng., 69, 375 (1979).
Schmorak M.R. : Nucl. Data Sheets, 32, 87 (1981).

Smith A., Guenther P., Winkler G. and McKnight R. : "Prompt-Fission-
Neutron Spectra of ?33U, 235U, 239py and 240py Relative to the That
of 252Cf", ANL/NDM-50 (1979).

Howerton R.J. : Nucl. Sci. Eng., 46, 42 (1971).

Howerton R.J. : Nucl. Sci. Eng., 62, 438 (1977).

Tuttle, R.J., : Proc. Consultants' Meeting on Delayed Neutron Pro-
perties, Vienna, 26-30 March 1979, INDC(NDS)~107/G+Special, 29
(1979).

Diamond H., Hines J.J. Sjoblom R.K., Barnes R.F., Metta D.N.,

Lerner J.L. and Fields P.R. : J. Inorg. Nucl. Chem., 30, 2553 (1968).



JAERI- M 88—004

39) Bol'shov V.I., Dubinin A.A., Dmitriv V.M., Kapchigashev S.P.,

Kon'shin V.A., Matusevich E.S5., Polivanskii V.P.. Pupko V.Ya.,
Regushevskii V.I., Stavisskii Yu.Ya. and Yur’ev Yu.S. : Sov. At.
Energy, 26, 497 (1970).

40) Prince A. : Proc. of Conf., on Nucl. Cross Sections and Technol.,
Washington D.C., 4-7 March, 1968, NBS special publication 299, 2,
951 (1968).

41) Lasijo R.S. : private communication (1986).



JAERI-M 88-—004

Table 1 Quantities evaluated in the present work

Energy range

Quantities
Bk=-250 Cf-252
1) Resonance parameters
Resolved reconances -0.24 - 116.8eV -3.50 -~ 983. 5eV
Resolved resonance region 105 - 100eV 105 - 1000eV
Unresolved resonance region 0.10 - 30.0keV 1.00 ~ 30.0keV
2) Cross sections
Total 10~%eV - 20MeV 10=5eV ~ 20MeV
Elastic scattering 10~5ev - 20MeV 10~3%eV - 20MeV
Inelastic scattering 34.14keV - 20MeV 45.90keV -~ 20MeV
Fission 10=5eV - 20MeV 10=5eV - 20MeV
Radiative capture 10~5eV - 20MeV 1075V - 20MeV
(n,2n) 4,990 ~ 20MeV 6.195 - 20MeV
(n,3n) 11.23 - 20MeV 11.33 - 20Mev
(n,4n) 16.82 - 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

vq
Vp

0.2972
10~3ev
4.990
11.23
16.82

10-Sev
10—Sev

- 20MeV
- 20MeV
- 20MeV
- 20MeV
- 20MeV

- 20MeV
- 20MeV

1.034
10~3ev
6.195
11,33
17.98

10 5ev
10~5evy

20MeV
20MeV
20MeV
20MeV
20MeV

20MeV
20MeV
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Table 2 Thermal cross sections of 252Cf

(barns)
capture fission absorption

Magnusson et al.18) 25
Folger et al,20) 8.6
Ruche21) (a) 19.8

(b) 28
Halperin et al.!7) 20, 4+2
Halperin et a1.1?) 324
Anufriev et al.22) 6319
Mughabghab2*) 20,41.5 3244
ENDF/B-V 20.6 32.3
Calculated 20.07 33.03

Table 3 Resonance integrals of 252¢f
(barns)
capture fission absorption

Folger et al.29) 42
Ruche?21) (a) 0 44

(b) 12 58
Halperin et a1.17) 43,53
Halperin et al.19) 110+30
Mughabghab24) 43,5¢1.5 110£30
ENDF/B-V 47.4 120
Calculated 47.4 111
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Table 4 Resonance parameters of 252Cf

(barns)

energy(eV) Tp(eV) PY(eV) Tg(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-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-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
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D-obs

Tg

energy Sg 5 Y
{keV) (107%) (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 0.0793 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

CE-249 C£-250 Cf-251 CE-252 Cf-253
a(Mev-l) 29.9 31.2 32.2 31.6 32.2
ay(Mev-1/2) 31.60 32.36 32.97 32.74 33.14
A(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
252¢f (n,Xn) reactions

reaction Q-value (MeV) E¢p (MeV)
(n,2n) ~-6.1707 6.1954
(n,3n) -11.2822 11.3273
(n,4n) -17.9057 17.9773

Table 8 Optical potential parameters

(MeV and fm)

V = 43.4 - 0.107E,
Wy = 6.95 - 0.339E, + 0.0531EZ

Vgo = 7.0

rg = rgo = 1.282

rg = 1.29

a = ag, = 0.60
= 0.5

Table 9 Level scheme of 292Cf

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.
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Table 10 Unresolved Resonance parameters of 230Bk

7

energy Sq 5 D-obs Tg ry
(keV) (107%y (10~*) (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~1l) 28.1 27.8 34.2 30.05 30.0
ay(Mev=1/2) 30.47 30.39 33.79 31.76 31.82
A(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

Ey (MeV) 7.97 1.85 4,30 2.34 4,05
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Table 12 (Q-values and threshold energies of
250k (n,Xn) reactions

reaction Q-value (MeV) Egp (MeV)
(n,2n) -4,9697 4.9897
(n,3n) -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 -
1 34.5 3 -
2 35.6 4 +
3 78.1 5+
4 86.4 7+
5 97 5=
6 104.1 I -
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
Cun-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
C£-249 504.5 1666 695 2220
Cf-250 1779 4.09 8420 27.8
Cf£=251 2878 4935 1610 2780
Ccf-252 20.07 33.03 47.4 111
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Fig., 11 Comparison of capture cross sections
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14 Cross sections in the energy range from 0.01 eV to 20 MeV



