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The evaluation of neutron nuclear data of curium isotopes was made
in the energy region from 10~5 eV to 20 MeV. The data of 241Cm were newly
evaluated in the present work. The data of 2%2Cm, 243Cm, 24%Cm, 245Cm,
246Cp, 24%7Cm, 248Cm and 249Cm had been evaluated previously, and those
of 2%2Cm through 245Cm were stored in JENDL-2. In the present work, the
recent experimental data were reviewed, and their data were reevaluated
except for 248Cm and 249Cm. The results of the present work were com-
piled in ENDF-5 format and included in the latest version of Japanese

Evaluated Nuclear Data Library, JENDL-3.
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1. Introduction

The nuclear data of transuranium isotopes (TRU) are important for
nuclear fuel cycle studies. For JENDL (Japanese Evaluated Nuclear
Data Library), the evaluations of nuclear data for 20 nuclides from
americium to californium have been completed by the group of the
present author. Table 1 shows the status of our previous evaluations

for curium isotopes. The evaluated data for 2I'ZCm, 21'3Cm, 244Cm and

2I'SCm were stored in JENDL-2. For some of them, however, reevaluation
is necessary, because our previous evaluations are rather old and new
experimental data have been published. In this work, therefore,
reevaluation of the curium isotopes was performed for JENDL-3.

The quantities evaluated are resolved and unresolved resonance
parameters, total, elastic and inelastic scattering, fission, capture,
(n,2n), (n,3n) and (n,4n) reaction cross sections, angular and energy
distributions of emitted neutrons, and number of neutrons per fission
in the incident neutron energy range from 10-5 eV to 20 MeV.

In Chapter 2, the present evaluation method and important
parameters used are described. Review .of recent experimental data and
reevaluation work are given in Chapters 3 to 11. In each Chapter, our
evaluation is compared with the experimental data and other
evaluations in figures of the total, fission, capture, inelastic
scattering, (n,2n) and (n,3n) cross sections, and in tables of thermal
cross sections and resonance integrals above 0.5 eV. The experimental
data of the cross sections in the figures were mainly received from
the OECD/NEA Data Bank.

The data of 248Cm and 2490m were not reevaluated in this work,
because no new experimental data were available. The previous

evaluation is, therefore, briefly described in Chapter 10 and 11.

2. Evaluation Method
2.1 Resonance parameters

The resonance parameters for the multi-level Breit-Wigner formula
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were given for even mass 1sotopes. However, the single-level
Breit-Wigner formula was used for odd mass isotopes because total spin
J of each resonance was unknown. The resonance parameters for lcw
energy resonances were adjusted to well reproduce the thermal cross
sections recommended by Mughabghab7).

The unresolved resonance parameters were determined in the energy
region from the upper boundary of the resolved resonance region to 30
~ 40 keV with ASREP8). In general, the initial values of Ff, Fx, D
and S_ were estimated from the resolved resonance parameters and those

0

of S1 and S2 from calculation with the optical model. The parameters
were adjusted to reproduce the evaluated cross sections in the

unresolved resonance region.
2.2 Fission cross section

The fission cross section was determined by eye-guiding or spline
fitting to the recent experimental data if available. In the high
energy region where no experimental data were available, the fission
cross-section shape was estimated by taking account of (n,nf) and

(n,2nf) reactions.
2.3 (n,2n), (n,3n) and (n,4n) reaction cross sections

They were calculated with Pearlstein's methodg) based on the
evaporation model. In this calculation, the non-elastic scattering
cross section was assumed to be (compound nucleus formation cross
section - fission cross section -1 mb), where the small value of 1 mb
was reserved for the inelastic scattering cross section in the high
energy region. This calculation was performed with an interactive

nuclear data evaluation system NDESIO).

2.4 Other cross sections

The total, elastic and inelastic scattering and radiative capture

11)

cross sections were calculated with CASTHY on the basis of the

spherical optical and statistical models. The fission, (n,2n), (n,3n)
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and (n,4n) reaction cross sections were considered as the competing
cross sections. If the experimental data were available for the
capture cross section in the keV region, gamma-ray strength functions

were determined by normalizing the cross section to the measurements.

2.5 Angular distributions of emitted neutrons

The angular distributions of elastically and inelastically
scattered neutrons were calculated with CASTHY. The neutrons from the
fission and (n,Xn) reactions were assumed to be isotopic in the

laboratory system.
2.5 Energy distributions of emitted neutrons

Emitted neutrons from the inelastic scattering to the overlapping
levels and those from the (n,Xn) reactions were assumed to have the
form of evaporation spectra. Nucledar temperature was estimated from

nuclear level density parameters given by Gilbert and Cameronlz) with

EvAPSPEG ).

Neutron spectra from neutron induced fission were also assumed to
be in the form of evaporation spectra, and their temperature was taken
from the systematics obtained by Smith et al.lh) which is given in
Fig. 1. By assuming that the average energy of spontaneous fission
neutrons from 252Cf is 2.13 MeV, the average energy E of fission
neutrons can be obtained from Fig. 1. Then the nuclear temperature 8

is calculated as

2
8 =———E (MeV).
3

2.7 Number of neutrons per fission

For the isotopes which have no experimental data on the number of

prompt fission neutroas at the thermal energy, the semi-empirical

15)

formula of Howerton was adopted.
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2.33 + 0.06 [2 - (-DAYT2 L (.nHE

v(Z, At, En)

+

0.15(Z2-92) + 0.02 (At-235)

+ [0.130 + 0.006 (A -235)] x [E_ - E(Z, A )],

t
atomic numbers of a target nucleus and ET 1s a threshold energy of the

where En stands for an incident neutron energy, A, and Z are mass and
fission given in the following equation.

_ _ 2
ET(Z, At) = 18.6 0.36 2 /(At+1)
+0.2 12 - (-DMTE ) -,

where Bn is a neutron separation energy from a compound nucleus.

16)

For delayed neutrons, the following Tuttle's systematics was

used.

vy = exp [13.81 + 0.175&(Ac-32) (AC/Z)],
where Z and Ac are the atomic and mass numbers of a compound nucleus.
Below 6 MeV, the constant value of vq was calculated from this
equation. Above 8 MeV, it was calculated for the nuclide with the
mass number of Ac-l. These two V4 values were linearly connected in

the energy region from 6 to 8 MeV.
2.8 Optical potential parameters

In the present calculation, the parameters determined by Igarasi
and Nakagawal) were adopted, which reproduced well the 2"lAm total

17). For 2Z‘ICm, 2MlCm and

cross section measured by Phillips and Howe
2M’Cm, the depth of real potential was slightly modified to obtain
larger neutron strength functions at low neutron energies. The

parameters used in the present calculation are listed in Table 2.

2.9 Level density parameters

The level density parameters used in the previous evaluation were
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taken from Ref. 12. In the present work, they were newly determined

18) and average

on the basis of excited levels taken from ENSDF
resonance-level spacings recommended by Mughabghab7). The obtained
level density parameters are given in Table 3. Examples of cumulative
numbers of excited levels and those calculated from the level density
parameters are shown in Fig. 2.
248 2
In the cases of Cm and

the previous evaluation based on the level density parameters of Ref.

49Cm whose data were not re-evaluated,

12 was adopted as the final evaluation.

2.10 Q-values

The Q-values of the (n,2n), (n,3n) and (n,4n) reactions were
calculated from the nuclear mass table by Wapstra and Boslg). They

are given in Table 4.

3. Curium-241

3.1 Evaluation

No experimental data exist for 2MCm. The data were evaluated as

follows on the basis of the evaluation of 243Cm. This is a new

evaluation for JENDL-3.
3.1.1 Thermal energy region

Below 1 eV, the cross sections were determined as follows.

1) Fission cross section: 1/v shape and 700 barns at 0.0253 &V which
was assumed to be almost the same as the 243Cm fission cross
section.

2) Capture cross section: 1/v shape and 140 barns at 0.0253 eV. The
thermal cross section was determined from the ratio of the capture
cross section to the fission cross section at 1 eV.

3) Elastic scattering cross section: a constant value of 11.9 barns
whizh was the shape elastic scattering cross section calculated
with the optical model.

4) Total cross section: sum of these three cross sec.ionms.
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3.1.2 Above 1.0 eV

1) Fission cross section
The cross section was assumed to be the same as that for 243Cm.

The resonance structure below 1 keV was replaced with a smooth curve.

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

These cross sections were calculated with the evaporation model.

3) Other cross sections

The totai, elastic and inelastic scattering and capture cross
sections were calculated with CASTHY on the basis of the optical and
statistical models. The level scheme listed in Table 5 was taken from
the evaluation by Ellis-Akovalizo). A gamma-ray strength function was
determined from Fx = 40 meV and D = 6.6 eV, where the average level
spacing D was obtained from the level density parameters as shown in

Table 3.
3.2 Results

The present results are shown in Figs. 3 to 7, by comparing with
ENDF/B-V evaluations made by Mann et al.2l’ In the ENDF/B-V
evaluation, the cross sections in the high energy region were
extrapolated in the thermal energy region. Therefore, large
discrepancies are found below 1 eV. Above 1 eV, both evaluations are
in rather good agreement with each other in spite of no existence of
available experimental data.

As shown in Fig. 7, however, large discrepancies are existing in
the (n,2n) reaction cross section. The reason is the difference of
the fission cross sections in this energy region. The present
evaluation seems to be more reasonable.

In Table 6, the thermal cross sections and resonance integrals

are compared with those of ENDF/B-V.
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4. Curium-242
4.1 Recent experimental data

Since the previous evaluation for JENDL-2 was made in 1979, the
following two experiments have been published.
1) Vorotnikov et 51.22)

They measured the fission cross section of 2420m in the energy
range from 0.1 to 1.4 MeV with the pulsed electrostatic accelerator at
Kurchatov Institute of Atomic Energy. The T(p,n)aﬂe and 7Li(p,n)7ne
reactions were used as neutron sources.

2} Alam et &1.23)

The fission cross sections of 238Pu and 2
the energy range from 0.1 eV to 100 keV by using Rensselaer Intense
Neutron Spectrometer (RINS) and fission chambers with semi-sphere
shape. The cross sections were obtained from the measured ratio to

the 233 235,

U fission cross section and the ENDF/B-V evaluation for
Fission widths of & low-lying resonances were determined. The

4ZCm were measured in

resonance integral of the fission cross section from 0.53 to 50.93 keV

was 12.9 + 0.7 barns.

4.2 Evaluation

The previous evaluation for the fission cross section is not in
agreement with the two above-mentioned experiments. Therefore, the

re-evaluation was made mainly for the fission cross section.

4.2.1 Resolved resonance parameters
Y
In the previous evaluation, the fission widths were not given for
all the resonances. In the present evaluation, the fission widths for
the four resonances at low energies were given on the basis of the

measurement by Alam et al., and the average width of 4 meV was adopted

for the other resonances.
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4) The

The neutron widths were taken from Altamonov et 81.2
average radiative capture width was assumed to be 40 meV. In order to
reproduce the thermal values of the fission and capture cross sections
of 16 barns and 5 barns7), respectively, a negative resonance was
added at - 3.45 eV. However, even by assuming the large fission width
of 8 meV to the negative resonance, the fission cross section was only
3 barns at 0.0253 eV. Therefore, the 1/ background cross section was
added to obtain 5 barmns at 0.0253 eV.

The effective scattering radius of 9.38 fm was adopted, which was
determined from the shape elastic scattering cross section calculated
with the optical model. The upper boundary of the resolved resonance

region was selected to be 275 eV.
4.2.2 Unresolved resonance parameters

Unresolved resonance parameters were given in the energy range
from 275 eV to 40 keV, so as to reproduce the fission cross section

measured by Alam et al. Initial values of the parameters are;

R =9.38 fm, P! = 40 meV, Pf = 4 meV, D = 18 eV,

Sy = 0.92 x 1074, S, = 2.3 x 1074, §, = 0.97 x 1074,
Those of R, Fx, Pf and D were obtained from the resolved resonances
and the strength functions from the optical model calculation. The
s~wave neutron strength function is in very good agreement with the
experimental value7) of (0.9 £ 0.3) x 10-4. In the parameter search
with ASREP, T, S,
listed in Table 7.

and R were adjusted. Obtained parameters are

4.2.3 Cross sections above resonance region

As is shown in Fig. 9, the recent experimental data on the
fission cross section are very different from the previous evaluation.
The present evaluation was made by smoothly conmnecting the new

experimental data below 1.2 MeV. The fission cross section of the
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previous evaluation was adopted above 1.2 MeV, because the previous
evaluation is in rather good agreement with the experiments, and no
experimental data are available above here.

The (n,2n) and (n,3n) reaction cross sections were calculated
with the evaporation model as described in Section 2.3.

The other cross sections were calculated with CASTHY. The
parameters used in the caiculation are shown in Chapter 2. The three
excited levelsla) taken into consideration are listed in Table 8. The
gamma-ray strength function was calculated from I'x = 40 meV and D = 18

eV.

4.3 Results

The present evaluation is compared with other evaluations and
experimental data in Figs. 8 to 12.

The total cross section in Fig. 8 has no discrepancies between
the previous and present evaluations except in the unresolved
resonance region, where the previous evaluation has no unresolved
resonance parameters.

As is shown in Fig.9, large improvement was made for the fission
cross section on the basis of the new experiments. However, the
experimental data in the thermal and MeV regions were not enough to
determine the cross sections.

The capture cross section is shown in Fig.10. The present
evaluation is slightly smaller than JENDL-2 because the fission cross
section is larger, and the level density parameters and the gamma-ray
strength functions are different from the JENDL-2 evaluation.

The thermal cross sections and resonance integrals are listed in
Table 9. The reason why the resonance integral of the fission cross
section is larger than the experimental value is that the value of
Alam et al. was obtained below 50.93 keV. The contribution from 50.93
keV to 20 MeV is 8.9 barns. Therefore the present result is rather

smaller than Alam et al.
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5. Curium-243

5.1 Recent experimental data
25)
1) Zhuravlev and Kroshkin
They measured the fission cross section of 243Cm at the thermal
neutron energy and resonance integral by using the SM-2 reactor, and

obtained o = 672 + 6 barns and If = 1480 * 150 barns.

2) Anufriev et a1.26)

Transmission data were measured with the SM-2 reactor, and the
total and neutron widths of 52 resonances from 0.671 eV to 66 eV were
obtained for the single-level Breit-Wigner formula. The average

values of resonance parameters were as follows,

0

D = 0.809 eV, gfn = 0,278 meV,
S = (1.714 * 0.408) x 10°%,
These values are very discrepant from those by Berreth et a1.27) which

were used for our previous evaluationz). The absorption resonance
integral calculated from the resonance parameters of Anufriev et al.
was 1700 ¥ 300 barns.
3) Fomushkin et 31.28)

The fission cross section of 2430m was measured in the energy
range from 0.04 to 3.5 MeV by means of the TOF method and neutrons
from nuclear explosion. Tracks of fission fragments were recorded on

a film, and counted in 11 energy intervals.
5.2 Evaluation
5.2.1 Resolved resonance parameters

In the previous evaluation, the evaluation was made on the basis

27) In the present work, the

6)

of data measured by Berreth et al.

parameters obtained by Anufriev et al.2 were adopted.
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The radiative width was assumed to be 40 meV, and the fission

width of each resonance was calculated as,
Tf =T - (Tn + 40 meV).

The total spin of the resonances was set to be the same as the spin of
243Cm. The single-level Breit-Wigner formula was adopted.

In order to reproduce the thermal cross sections, a negative
level was added by taking parameters recommended by Mughabghab7). The
scattering radius of 10 fm was assumed. The upper boundary of the
resolved resonance region was set at 70 eV. The capture cross section
might be a little bit too smal. at energies from 50 eV to 70 eV
because of level missing.

Figure 13 is a comparison of the fission cross sections
calculated from the presently adopted parameters and from those of the

previous evaluation. They are not in agreement with each other.
5.2.2 Unresolved resonance parameters

In the energy region form 70 eV to 40 keV, the unresolved
resonance parameters were determined so as to reproduce the fission
cross section described in the next section. The initial values of

the parameters are as follows,

R=10 fm, S, =L1.5 x 1074, 5, = 1.2 x 1074,

5, =1.7 x 1074, T, =40 meV, T =036V, D=0.8 eV
The strength functions of p and d-wave neutrons were taken from the
optical model calculation, and the others were based on the resolved
resonance parameters. Those parameters were adjusted by the following

procedure:

1)  An average fission width was obtained by fitting the fission
cross section in the energy region from 100 eV to 40 keV. The result

was Pf = 1.48 eV.
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2) Strength functions of S0 and S1 were adjusted so as to reproduce

the fission cross section.

3) The effective scattering radius was adjusted to 9.81 fm so that
the total cross section at 40 keV might be reproduced well.

The parameters thus obtained are givem in Table 10.
5.2.3 Cross sections above resonance region

1) Fission cross section
The fission cross section recently measured by Fomushkin et

1.28) is smaller than that of Silbertzg) which was adopted in the

previous evaluation. In the present evaluation, the previous

a

evaluation was modified to smaller values in the energy region above
10 keV on the basis of the data of Fomushkin et al. However, compared
with the calculated compound nucleus formation cross section of 3.0
barns, the cross section of 2.98 barns at 14.8 MeV measured by

Fomushkin et al. is too large. The adopted value is 2.55 barns at 15
MeV.

2) Optical potential parameters

The neutron strength function of 243Cm is larger than other

curium isotopes. Anufriev et 31.26) obtained S0 = (1.714 £ 0.408) x
10", and Mughabghab’’ recommended S, = (1.30 + 0.26) x 10™". The
strength function calculated from the optical potential parameters for
241Am is 0.9 x 10'“. In order to get a larger calculated strength
function, the constant term of the real potential V0 was decreased
from 43.4 MeV to 41 MeV. ‘'Then, one could get S0 =1.5 x 10-4 which is
an average value of Anufriev et al. and Mughabghab. If V0 is changed
to 40.6 MeV, the calculated strength function is 1.71 x 10-4.
However, this potential was abandoned because the capture cross
section calculated from this potential was too large at the low

energies.
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3) Other cross sections

The total, elastic scattering, inelastic scattering and capture
cross sections were calculated with the optical and statistical
models. The gamma-ray strength function was obtained from I‘x = 40 meV
and D0 = 0.809 eV deduced by Anufriev et al. which was much smaller
than D0 = 2.2 eV adopted in the previous evaluation.

The level scheme of 243Cm was taken from that of Ellis-
Akovali®®), which is given in Table 11.

5.3 Results

The present results are given in Figs. 14 to 18. Large
discrepancies are found in the resonance region, because the present
evaluation adopted the parameters of Anufriev et al. which were
largely different from the previous evaluation.

The fission cross section is in good agreement with the
experimental data below 3 MeV. Above this energy, new experiments are
required to get more accurate cross sectjon.

The present capture cross section is larger than the other
evaluations, because the small level spacing of 0.809 eV obtained by
Anufriev et al. was adopted and the optical potential was modified so
as to get the large strength function.

The thermal cross sections and resonance integrals are listed in
Table 12. The capture resonance integral which was too large in the
previous evaluation was improved to be in good agreement with the
experimental data. Other quantities are also in good agreement with

the recent experiments within quoted errors.

6. Curiom-244

6.1 Recent experimental data

1) Gavrilov and Goncharov33)

They measured the capture cross sections and resonance integrals
of 244Cm 245Cm 246Cm 247Cm and 2480m with the cadmium difference

method in the SM-2 reactor.
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2) Fomushkin et al.3%)
244

The fission cross section of Cm was measured in the neutron
energy region from 0.3 to 4.0 MeV with the TOF method and neutrons
from an underground nuclear explosion. The tracks of fission yields
were recorded on a film, and counted with an optical microscope in 27
energy intervals. Those counts were transformed to the cross section

by using the 235U fission cross section measured with the same method.

3) Vorotnikov et 81.35)

The fission cross section was measured in the energy range from
0.39 to 1.3 MeV by using neutrons generated with a pulsed
electrostatic accelerator (ESA) and a TiT target.

4) Maguire et 81.36)

By using the Rensselaer Intense Neutron Spectrometer (RINS), they

244C 246 248Cm in the

measured the fission cross section of m, Cm and

neutron energy range from 0.1 eV to 80 keV. Semi-sphere fission

235U, 2520f and the curium samples were used. The fission

cross section was determined by adopting the 235U fission cross

section of ENDF/B-V. For 244
obtained in 155 energy bins and fission areas of 4 resonances were

chambers of

Cm, the fission cross section was

determined in the low energy.
6.2 Evaluation

6.2.1 Resolved resonance parameters

Maguire et 81.36) reported the fission areas of the 4 low-lying
resonances. In the present reevaluation, the fission widths of the 4
resonances were modified with these new data. In addition to this
modification, the parameters of the negative resonance at -1.48 eV
were adjusted so as to reproduce the thermal cross sectioms; o = 1.04
* 0.20 barns and acap = 15.2 + 1.2 barns recommended by Mughabghab7).
The effective scattering radius was determined so that the elastic
scattering cross section might be 11.6 + 0.7 barns at 0.0253 eV7).

The other parameters were the same as the previous evaluation based on
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37) 42)
the data by Moore and Keyworth and Benjamine et al.
The multilevel Breit-Wigner formula was adopted and the upper

boundary of the resolved resonance region was set at 1 keV.
6.2.2 Unresolved resonance parameters

The unresolved resonance parameters were evaluated in the energy
region from 1 keV to 40 keV. In this energy region, the smooth
fission cross section was determined on the basis of data measured by
Maguire et al. The total and the capture cross sections were
calculated with optical and statistical models as described in the
next section.

The unresolved resonance parameters were determined with ASREP so
as to reproduce the smooth cross sections thus determined. .The initial
values of the parameters were;

4 4 4

S = 0.90 x 1077, 8 =2.54x 107", §,=0.92x10",

D =12 eV, I'z = 0,037 eV, Tf = 0.001 eV, R = 9.4 fm.
The neutron strength functions were calculated with the optical model.
The s-wave strength function is in very good agreement with the
measured value7) of (0.92 £ 0.17) x 10-4. The values of Sl, R, Tf
were adjusted. The results are given in Table 13.

6.2.3 Cross sections above resonance region

1) Fission cross section
After the completion of the previous evaluation, the fission

34)

cross section was measured by Fomushkin et al. , Vorotnikov et
51.35) and Maguire et 31.36).
The new experiment of Maguire et al. is in agreement with that of

37) which was adopted to the previous evaluation.

Moore and Keyworth
In the present work, the fission cross section was based on the data
of Maguire et al. below 100 keV.

Between 100 keV and several MeV, the above-mentioned three
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experiments are available. The data of Fomushkin et al. are smaller
than others, and neutron energies of their experiment seem to be
shifted up about 20 %. After the correction of the energies, the
three experiments and the previous evaluation are in very good
agreement with each other. Therefore, the previous evaluation was
adopted in the energy range from 100 keV to 800 keV. Between 800 keV
and 8 MeV, new evaluation was made from the three experiments, and
smoothly connected to the previous evaluation above 8 MeV.

There are two experiments at 14 MeV. The cross section of 3

38)

barns by Fumushkin et al. is not consistent with the compound

nucleus formation cross section obtained from the optical model
calculation. Therefore, the value of Koontz and Bartonsg) of 2.6

barns adopted in the previous evaluation seems to be more reasonable.

2) Other cross sections

By considering the fission, (n,2n) and (n,3n) reactions as
competing processes, the other cross sections were calculated with
CASTHY. The optical potential parameters are given in Table 2. The
s-wave strength fuction of 0.91 x 10-4 caléulated from the optical
potential parameters is in very good agreement with (0.92 % 0.17) x

10_4 recommended by Mughabghab7). The level scheme of 244Cm listed in

Table 14 was taken from Shurshikovho). The gamma-ray strength
function was estimated from I‘x = 0.037 eV and D = 12 eV which were

consistent with the resolved resonance parameters.

6.3 Results

The cross sections are shown in Figs. 19 to 23 together with the
experimental data and the other evaluationms.

The present total cross section in the resolved resomance region
is larger than the others because the large scattering radius was
adoptad so as to reproduce the thermal cross section recommended by
Mughabghab7). Above the resonance region, the evaluated data are in
good agreement with each other.

Background cross section in the 1/v form for the fission cross

section given in the previous evaluation was abandoned in the present
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evaluation. Therefore, the fission cross section between resonances
is smaller than the previous evaluation.

The thermal cross sections and resonance integrals are listed in
Table 15. The present results are in good agreement with the

recommendation by Mughabghab7).

7. Curium-245

7.1 Recent experimental data

1) White and Browneaa)

The 242mAm and 2450m fission cross section measurements done with
Livermore 100-MeV Linac in 1977 to 1980 were reviewed by White and

Browne. The detail of 242mAm was reported by Browne et 81.44)

However, for 245Cm, only this short review is available.

7.2 Evaluation

7.2.1 Resolved resonance parameters

No experiments on the resonance parameters were published after
the previous evaluation, in which the parameters were evaluated on the
basis of the data measured by Browne et al.as) and Moore and
Keyworth37). Therefore the previous evaluation was adopted in the
present evaluation together with background cross sections. The upper

boundary of the resolved resonance region is 60 eV.

7.2.2 Unresolved resonance parameters

The energy range from 60 eV to 40 keV was considered as the
unresolved resonance region. The parameters were determined so as to
reproduce the fission cross section evaluated on the basis of Moore
and Keyworth37) and the total and capture cross sections calculated
with CASTHY. The following are initial values of the unresolved

resonance parameters:
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Sy = 1.18 x 1074, S; = 2.60 x 1074, S, = 0.90 x 1074,

D=1.4 eV, I‘x = 0.04 eV, Ff =0.5eV, R=9.4 fm.
The s-wave strength function, level spacing and radiative width are
consistent with the resolved resonance parameters. The p-wave and
d-wave strength functions were calculated with the optical model.

The final set of the parameters was determined by adjusting SO’
Sl’ Ff and R. The results are listed in Table 16.

7.2.3 Cross sections above resonance region

1) Fission cross section
The measurement after the previous evaluation was made by White
43)

and Browne Their results are in good agreement with those of

Moore and Keyworth below 100 keV, which was adopted in the previous
evaluation. Therefore, the previous evaluation was adopted below 100
keV.

Above 100 keV, as shown in Fig. 24, White and Browne reported
smaller values than Moore and Keyworth. Finally the present
evaluation adopted a smooth curve determined with eye-guiding the data
of White and Browne.

Above 10 MeV where no experimental data were available, the shape
was estimated by considering the (n,3nf) reaction and normalized to

2.54 barns at 14 MeV.

2) Optical potential parameters

The optical potential parameters of 241Am give too small capture
cross section of 2450m below 60 keV. The strength function of 0.9 x
10-4 calculated with these parameters is much smaller than the value
of 1.18 x 10-4 recommended by Mughabghab7). In the present work, the

constant term of real potential was slightly modified as follows,

43.4 MeV, S. = 0.90 x 10°%, o_ = 37.1 barns,

0 4 R
42.7 MeV, S, =1.02 x 10, op = 41.9 barns.

R

initial value : V0
after modification: V0

where °R is the reaction cross section calculated at 100 eV.
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3) Other cross sections

The CASTHY calculation was made to obtain the other cross
sections by considering the fission, (n,2n), (n,3n) and (n,&4n)
reactions as the competing processes. The level scheme listed in
Table 17 was taken from Ref; 46. The gamma-ray strength function was

determined from Fx = 0.04 eV and D = 1.4 eV.

7.3 Results

The evaluated cross sections are shown in Figs. 25 to 29. The
fission cross section of the present evaluation is the same as JENDL-2
below 10 keV, and smaller than JENDL-2 above this energy. The capture
cross section are largely different from JENDL-2 because the different
optical potential parameters and different gamma-ray strength function
were used in the present evaluation. In Table 18 the thermal'cross
sections and resonance integrals are given. The present results in
Table 18 are almost the same as JENDL-2 because the same resonance

parameters were adopted in the both evaluations.

8. Curium-246

The previous evaluation was made by Kikuchis) in 1983. After his
evaluation, Maguire et 81.36) reported their results of the fission
cross section measurement. However, the data were the same as the
paper by Giopa et a1.51) which were taken into account in the previous
evaluation. Therefore, in the present evalvation, only the resonance
parameters of the 1-st level and scattering radius were modified so as
to reproduce well the thermal cross sections and resonance integrals
recommended by Mughabghab7). The data for other quantities were taken
from the evaluation by Kikuchi. The unresolved resonance parameters
and the level scheme of 246Cm are given in Tables 19 and 20,
respectively.

The cross sections.are shown in Figs. 30 to 34, by comparing with
the experimental data and other evaluations. Table 21 lists the
thermal cross sections and resonance integrals. The present
evaluation is in better agreement with the values recommended by

Mughabghab than the evaluation by Kikuchi.
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9. Curium-247

9.1 Recent experimental data

1) Fomushkin et 31.52)

By using neutrons from an underground nuclear explosion and the
TOF method, the fissiog cross section of 2lﬂCm was measured in the
energy range from 0.02 to 3 MeV. Fission fragments (FF) were recorded
on a polycarbonate film on a rotating drum. After the experiment, the
film was divided into 24 energy intervals and the number of FF tracks
were counted with a microscope. The 235U fission cross section
measured with the same method was used to obtain the absolute values

of the 247Cm fission cross section.

9.2 Evaluation
9.2.1 Resolved resonance parameters

In the energy range below 60 eV, which is the resclved resonance
region, no new experimental data were available after the previous
evaluations) which were based on the parameters obtained by Belanowva
et 81.53) and Moore and Keyworth.37) Therefore, no reevaluation was
needed except for the first resonance whose parameters were modified
to agree well with the thermal cross sections and resonance integrals

recommended by Mughabghab7).

The single-level Breit-Wigner formula was chosen because the

total spin J was unknown for all the levels.
9.2.2 Unresolved resonance parameters

The previous evaluation is in good agreement with the fission
cross section measurad by Moore and Keyworth37) in the unresolved
resonance region up to 30 keV. However, the s-wave strength function
S0 is quite }nge compared with Mughabghab's recommendation7) of (0.75
+ 0.18) x 10 ', As a result, the other cross sections of the previous

evaluation seem to be too large in this energy range.
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In the present evaluation, a new set of the unresolved resonance
parameters was determined so as to have smaller S0 values and to
reproduce well the fission cross section of Moore et al. The initial

values are as follows:

S, =0.75 x 10"‘, S, = 2.80 x 10"‘, 5, = 0.86 x 10"‘,

D=1.4eV, R=9.23 fm.

The s-wave strength function S0 and ievel spacing D are the
recommended values by Mughabghab7). The p-wave and d-wave strength
functions are the values calculated with CASTHY. The fission widths
were taken from the previous evaluation. The results of parameter

fitting are listed in Table 22.
9.2.3 Cross sections above resonance region

1) Fission cross section

The above-mentioned new experiment by Fomushkin et 61'52) is
available from 20 keV to 3 MeV. Their data are in good agreement with
those by Moore and Keyworth37) in the energy range from 100 to 300
keV, but in less agreement at the other energies. In other nucllides,
the data measured by Moore and Keyworth are systematically higher than
recent experiments in the MeV region. Therefore, the new experiment
by Fomushkin et al. which is smaller than that of Moore and Keyworth
was adopted in the high energy region. Below 200 keV, the fission

cross section was determined on the basis of the data of Moore and

Keyworth.

2) Other cross sections
The (n,2n), (n,3n) and (n,4n) cross sections were calculated with

the evaporation model. The other cross sections were calculated with
CASTHY.

The level scheme of 247Cm was taken from the evaluation by
Ellis-Akovali.Sh) Fifteen levels up to 520 keV were taken into
consideration. The levels above 550 keV were assumed to be

overlapping. The level scheme is given in Table 23.
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The optical potential parameters are listed in Table 2. The
s-wave strength function calculated from them is 0.86 x 10-h at 1 keV
which is in agreement with (0.75 + 0.18) x 10-h recommended by
Mughabghab7) within the quoted error. The gamma-ray strength function
was determined from PX = 40 meV and D = 1.4 eV.

9.3 Results

The evaluated cross sections are shown in Figs. 35 to 39. The
present results are a little different from the previous evaluation in
the low energy region because the parameters of ... 1.25-eV resonance
were modified. The evaluation of ENDF/B-V has different resonance
structure below 20 eV because hypothetical levels were adopted in it.
Above 20 eV, ENDF/B-V was based on the data of Moore and Keyworth and
almost the same as the present evaluation.

In the unresolved resonance region, since the small strength
functions were adopted, the present evaluation is smaller than the
previous one except the fission cross section.

In the MeV region, the fission cross section is largely different
from the previous values. Above 2 MeV, the evaluated values are not
accurate because of no experimental data. The reason why there are
large discrepancies between the present evaluation and the previous
one for the inelastic, (n,2n) and (n,3n) cross sections is that the
fission cross section was modified in the MeV region.

The thermal cross sections and resonance integrals are listed in
Table 24. The present result of the resonance integral of the fission
cross section seems to be too small. However, if the resonance
parameters are modified so as to reproduce well the resonance
integral, then the fission cross section at the thermal energy becomes

too large.

10. Curium-248

The previous evaluation was made by Kikuchi and NakagawaG) in
1984. Since no new experiments have made after 1984, reevaluation was

not made in the present work.
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In the previous evaluation, the resolved resonance parameters
were evaluated on the basis of the measurements by Benjamin et 31.55)
and by Moore and Keyworth.37) The unresolved resonance parameters
listed in Table 25 were determined so as to reproduce well the fission
cross section measured by Stopa et 81.51) The fission cross section
above the resonance region was based on the data by Fomushkin et
31.52) and by Stopa et al. up to 5.5 MeV. The gamma-ray strength
function was determined from Px = 26 meV and D = 40 eV. The excited
leveISSG) given in Table 26 were adopted in the statistical model
calculation.

The comparison between the evaluated and measured cross sections
are made in Figs 40 to 44. The thermal cross sections and resonance
integrals are listed in Table 27.

On the fission cross section, there are large discrepancies among
the evaluated data in the resonance region. The evaluation made by
Maino et 81.58), which is stored in INDL/V-85, adopted the fission
width of 0.06 meV measured by Stopa et al. for the first level at 7.25
eV, and added a negative resonance at ~ 9 eV. On the other hand, our
previous evaluation abandoned the small fission width by Stopa et al.
and adopted the average value of 1.3 meV for the first level.

However, the fission resonance integral of the previous evaluation
seems to be too large. If this is really too large, it comes from the
large fission width of the first resonance. There are also the large
discrepancies in the capture cross section at the thermal energy.

Further expérimental study 1is needed for these quantities.

11. Curium-249

In the previous evaluationé), the thermal cross sections were

assumed as follows;

acap = 1.6 barnssg),

ofiss = 0.82 barns, which was estimated from the ratio of cross
sections in the unresolved resonance region,

%91 = 10.8 barns, which was the shape elastic scattering cross
section calculated with the optical model,

Ot = 13.22 barns.
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The thermal energy region was assumed below 4.15 eV which was the
energy of a half of the level spacing estimated from level density
parameters.

The cross sections between 4.15 eV and 30 keV were represented
with the unresolved resonance parameters listed in Table 28.

The fission cross section was assumed to be

2

( 49Cm) = 0.95 x af(247Cm),

O¢

where the factor of 0.95 was determined from the systematics by

60). 56) used in the previous

Behrens and Howerton The level scheme
evaluation is given in Table 29. The gamma-ray strength function was
calculated from P‘ = 40 meV and D = 8.3 eV.

The cross sections are shown in Figs. 45 to 48. The thermal
cross sections and resonance integrals are given in Table 30. In the
present work, the previous evaluation was adopted without any

modification.

12. Number of Neutroms per Fission

The evaluation method of v is mentioned in Section 2.7. The

results are given below;

1) 241Cm
v = 3,39 +0.166 E
P n
vy ® 0.00146 (En < 6 MeV), 0.00102 (En > 8 MeV)
2) 242Cm
v. = 3,25+ 0.172 E
P n
vy T 0.00209 (En < 6 MeV), 0.00146 (En > 8 MeV)
3) 243Cm
v. =3.43 + 0.178 E
P n
(The constant term was based on the measurements by
Jaffy and Lerner61) and Zhuravlev et 81.62))
vy = 0.00301 (En < 6 MeV), 0.00209 (En > 8 MeV)
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4) Cm
v = 3.24 + 0.184 E
P n
vy = 0.00435 (En < 6 MeV), 0.00301 (En > 8 MeV)
5) 2&5cm
v = 3,60+ 0.08E
P n 63)
(taken from the recent measurement by Howe et al. )
vd = 0.00630 (En < & MeV), 0.00435 (En > B8 MeV)

The constant term of v_ is smaller than the measured values by Jaffy

61) 64) 62) The

and Lerner ~°, Kroshkin and Zamyatnin and Zhuravlev et al.

coefficient of the energy dependent term is also much smaller than

0.190 obtained from Howerton's systematics.

6) 2460m
vp = 3,19 + 0.196 En
vd = 0.00916 (En < 6 MeV), 0.00630 (En > 8 MeV)
7) 2h7Cm
v =3.79 + 0,202 E
P n 62)
(The constant term was taken from Zhuravlev et al. )
vq = 0.0134 (En < 6 MeV), 0.00916 (En > 8 MeV)
8) 248Cm
vp = 3,11 + 0.208 En
v, = 0.0196 (E_ < 6 MeV), 0.0134 (E_ > 8 MeV)
d n n
9) 249Cm
v_=3.32 +0.214 E
P n
V4 = 0.0288 (En < 6 MeV), 0.0196 (En > 8 MeV)

13. Concluding Remarks

The neutron nuclear data of curium isotopes were reevaluated in

the present work. In particular, the recently published experiments
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on the fission and capture cross sections were reviewed, and our
previous evaluations were modified on the basis of them. The
quantities evaluated or modified are summarized in Table 31. The

fission cross section of 2Z'ZCm was largely improved. The other data,

except 2480m and 249Cm, were modified more or less. The data of 2lde
were newly evaluated in the present work. The results were compiled
in ENDF-5 format and stored in the latest version of Japanese

Evaluated Nuclear Data Library, JENDL-3.
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Table 1  Previous evaluations of curium isotopes
Nuclide evaluators year reference
242
Cm §. Igarasi, T. Nakagawa 1979 1
2430m T. Nakagawa, S. Igarasi 1981 2
244
Cm S8, Igarasi, T. Nakagawa 1977 3
245
Cm S. Igarasi, T. Nakagawa 1977 4
246Cm Y. Kikuchi 1983 5
2470 Y. Kikuchi 1983 5
248
Cm Y. Kikuchi, T. Nakagawa 1984 6
249
Cm Y. Rikuchi, T. Nakagawa 1984 6
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Table 2 Optical potential parameters

Vo =43.4-0.107 E_ (MeV)
42.0 - 0.107 E (MeV) for 2*Cm,
41.0 - 0.107 E_ (MeV) for 2*3Cm,
n

42.7 - 0.107 E_ (MeV) for 2*%Cm

W =6.95 - 0.339 E_ + 0.0531 E_2 (MeV)
S n n
V., = 7.0 (MeV)
r0 = T'eo = 1,282 (fm)
r, = 1.29 (fm)
a =a = 0.60 (fm)
= 0.5 (fm)

Potential V(r) is given as

df_(r)
V(r) = - V£ (0) - £, (x) - V(B ——1@.1,
™
where
r-R
£.(r) = 1/[1 + exp(—D],
r-R r-F 2
£,(r) = bexp(—5 /1 + exp(17,
r-R
£5(r) = 1/[1 + exp(—9)],
S0
o ,1/3
R0 = rOA s
R =1r Alla,
s s
R =1r Alla.
80 SO



Table 3 Level density parameters for curium isotopes

) a T A oy Ex C, D,cal D.Exp

Nuclides (MeV-!) (MeV) (MeV) (MeV’l/z) (MeV) (MeV~1) (eV) (eV)
239 28.0 0.4 0.72 29.75 3.886 7.582 -
240 27.0 0.4 1.21 29.30 4.200 1.6206 -
241 28.57 0.378 0.72 30.22 3.560 5.287 6.6 -
242 28.0 0.4 0.15 30.00 4.3163 2.577%1 1.8
243 28.0 0.4 0.72 30.08 3.8863 7.5405 18 25 8
244 28.0 0.395 1.22 30.17 4,2893 1.8807 1.0 1.1 % 0.
245 30.0 0.391 0.72 31.31 4.0295 11.288 12 12.0 £ 1.
246 27.7 0.395 1.11 30.17 4.1307 2.2560 1.4 1.4 £ 0.
247 29.3 0.408 0.72 31.11 4.2678 13.967 34 3 *7
248 31.0 0.385 1.623 32.09 4.9631 1.2545 1.6 1.4 £ 0.
249 32.0 0.370 0,72 32.69 3.8937 11.680 37 33 *5
250 30.0 0.4 1.585 31.74 5.0821 1.6351 20 -
DSAI : Calculated from the level density parameter a.
DS*P . Resonance level specing recommended by Hughabghab7

0

101-06 W—14EV
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Table 4 Q-values and threshold energies of
(n,2n), (n,3n) and (n,4n) reactions

Unit:MeV

Nuclide (n,2n) (n,3n) (n,4n)
2810 -6.0877 -13.5374 -19.9171
6.1132 13.5940 20.0004
2820n -6.9662 -13.0539 -20.5036
6.9952 13.1083 20.5890
280y -5.6958 -12.6620 -18.7497
5.7194 12.7145 18.8275
2hh 0 -6.7995 -12.4953 -19.4615
6.8276 12.5469 19.5419
25%cm -5.5200 -12.3195 -18.0153
5.5427 12.3702 18.0894
2860 -6.4570 -11.9770 -18.7765
6.4835 12.0261 18.8534
2870 -5.1577 -11.6147 -17.1347
5.1787 11.6621 17.2046
28 00m -6.2127 -11.3704 -17.8274
6.2380 11.4166 17.8999
2490 -4.7127 -10.9254 -16.0831
4.7318 10.9696 16.1482

Upper: Q-value
Lower: threshold energy
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Table 5 Level scheme of 2410m

No. Energy (keV) Spin and parity
Gr. 0.0 172 +

1 53.0 3/2 +

2 103.0 5/2 +

3 157.0 7/2 +

4 255.0 9/2 +

Levels above 350 keV were assumed to be overlapping.

Table 6 Thermal cross sections and resonance integrals of 241Cm

Quantity Reference (barns)
o ENDF/8-v>1) 250.3
cap
Present 140.0
Ufiss ENDF/B-V 2599
Present 700.0
Utot ENDF/B-V 2862
Present 851.9
RIcap ENDF/B-V 112
Present 160
RIfiss ENDF/B-V 1180
Present 969
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Table 7 Energy dependence of the unresoclved resonance parameters

and the calculated cross sections for mbmns
Energy indepandent parameters
R =9.093 fm, S, = 0.92 x 1074, 5, = 0.97 x 1074,
ﬁﬂ = 40 meV

m: wm mu-» cocm anoﬂ anmv %fiss
(keV) (meV)  (x10 ) (eV) (b) (b) (b)
0.275 8.25 3.04 17.99 33.43 8.98 1.59
0.3 8.21 3.04 17.99 32.46 8.45 1.49
0.4 8.78 3.04 17.98 29.55 6.86 1.29
0.5 9.41 3.04 17.98 27.57 5.83 1.17
0.6 9.85 3.04 17.98 26.11 5.12 1.07
0.7 9.95 3.04 17.9% 24.98 4.59 0.974
0.8 9.73 3.04 17.97 24.07 4.20 0.875
0.9 9.53 3.04 17.97 23.32 3.88 0.795
1.0 9.30 3.04 17.96 22.68 3.62 0.726
1.5 10.9 3.04 17.94 20.54 2.76 0.636
2.0 13.0 3.04 17.92 19.28 2.29 0.617
3.0 16.3 3.04 17.89 17.81 1.81 0.589
4.0 17.9 3.04 17.85 16.95 1.56 0.550
5.0 18.8 3.04 17.81 16.37 1.41 0.519
6.0 18.7 3.04 17.78 15.95 1.32 0.480
8.0 18.0 3.04 17.70 15.38 1.19 0.420
10.0 17.0 3.02 17.63 14.99 1.11 0.374
15.0 17.8 3.02 17.44 14.42 0.956 0.338
20.0 18.6 3.03 17.26 14.10 0.854 0.318
25.0 17.8 3.12 17.08 13.94 0.791 0.287
30.0 19.1 3.05 16.91 13.74 0.719 0.280
35.0 19.1 3.27 16.73 13.77 0.685 0.270
40.0 20.0 3.22 16.56 13.65 0.635 0.265
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Table 8 Level scheme of 2*2Cm

No. Energy(keV) Spin and parity

Gr 0.0 0 +

1 42.13 2 +
138.0 4 +

3 284.0 [ +

Levels above 350 keV were assumed to be overlapping.

242

Table 9 Thermal cross section and resonance integrals of Cm

Quantity Reference (barns)
7
+] Mughabghab 16 £ 5
cap 21)

ENDF/B-V 16.87
JENDL-21) 15,92
Present 15.90

%ciss Mughabghab <5
ENDF/B-V 3.02
JENDL~2 5.0
Present 5.06

%ot ENDF/B-V 30.69
JENDL-2 32.53
Present 32.57

RI Mughabghab 110 £ 20

cap
ENDF/B-V 111
JENDL-2 116
Present 106
23)
RI 88 Alam 12.9 £ 0.7 (< 50.93 keV)
fiss

ENDF/B-V 6.25
JENDL-2 11.1
Present 19.9
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Table 10 Energy dependence of unresolved resonance parameters
243

and the calculated cross sections for Cm
Enaergy independent parameters
R=19.8096 fm, S, =1.70 x 10°%, T, =40 meV, T = 1.481 eV
En SO_A sl_h Dobs %ot ocap Ofiss
(keV) (10 7) (10 ) (eV) (b) (b) (b)
0.07 1.81 1.45 0.800 101.5 14.88 72.0
0.08 1.61 1.29 0.800 86.5 12.44 60.0
0.10 1.26 1.01 0.800 64.1 8.77 42.0
0.15 1.07 0.853 0.800 48.0 6.04 29.0
0.20 1.04 0.832 0.800 42.4 5.07 24.5
0.25 1.09 0.875 0.800 40.6 4.71 22.0
0.30 1.10 0.876 0.800 38.2 4.27 21.0
0.35 1.01 0.811 0.799 34.4 3.66 18.0
0.40 0.994 0.795 0.799 32.6 3.35 16.5
0.50 1.08 0.865 0.799 32.0 3.20 16.0
0.60 1.19 0.951 0.799 32.1 3.15 16.0
0.70 1.25 0.998 0.799 31.5 3.01 15.5
0.80 1.29 1,04 0.799 30.9 2.88 15.0
1.0 1.32 1.06 0.799 29.4 2.59 13.7
1.5 1.31 1.05 0.798 26.0 2.04 11.0
2.0 1.32 1.06 0.797 24.2 1.74 9.60
3.0 1.32 1.05 0.796 21.9 1.38 7.80
4.0 1.34 1.08 0.794 20.8 1.19 6.90
5.9 1.37 1.10 0.792 20.0 1.07 6.30
6.0 1.38 1.10 0.791 19.3 0.968 5.80
8.0 1.39 1.12 0.788 18.3 0.833 5.10
10.0 1.43 1.14 0.786 17.7 0.753 4.70
15.0 1.48 1.18 0.779 16.7 0.630 4.05
20.0 1.50 1.20 0.771 16.0 0.558 3.65
30.0 1.53 1.23 0.758 15.1 0.479 3.20
40.0 1.53 1.22 0.744 14.5 0.430 2.90
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Table 11 Level scheme of ?*3*Cm

No. Energy (keV) Spin and prity
Gr. 0.0 5/2 4+
1 42.0 172+
2 87.4 172+
3 94.0 9/2 4+
4 94.0 3/2 +
5 133.0 /2 +
6 153.0 11/2 +
7 164.0 9/2 +
8 219.0 13/2 +
9 228.0 11/2 +
10 260.0 9/2 +
11 530.0 15/2 -
12 729.0 1/2 -
13 769.0 3/2 -

Levels above 842 keV were assumed to be overlapping.
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Table 12 Thermal cross sections and resonance integrals of 2*’Cm

Quantity Reference (barns)
°cap 72 Thle?®° 200
77 Bemis®! 137.4 £ 9.6 [0(0.0253 eV) = 130.7 + 9.6]
Mughabghab”’ 130 + 10
ENDF/B-v2?! 58
JENDL-22 131.3
Present 130.2
O¢is 72 Ihle 750
77 Bemis 633.3 * 26.9 [0(0.0253 eV)=609.6 + 25.9]

80 Zhuravlev?® 672 + 60
Mughabghab 617 + 20

ENDF/B-V 691.2
JENDL-2 612.3
Present 617.4

%abs Mughabghab 747 £ 23
Present 747.6

otot ENDF/B-V 755.8
JENDL-2 753.3
Present 757.5

RIcap 77 Bemis 214.4 £ 20.3
Mughabghab 215 + 20
ENDF/B-V 249
JENDL-2 404
Present 232

RI_. . 71 Thompson’? 1860 %+ 400
77 Bemis 1575 £ 136
80 Zhuravlev 1480 % 150
Mughabghab 1570 = 100
ENDF/B-V 1950
JENDL-2 1750
Present 1560

RIabs 72 Berreth?’ 2345 % 470
82 Anufriev?® 1770 % 300
ENDF/B-V 2199
JENDL-2 2114
Present 1792
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Table 13 Energy dependence of unresolved resonance parameters

and the calculated cross sections for 2M"Cm
Energy independent parameters
-4 -4
R =9.2208 fm, S0 =0.9x 10 , 82 =0.92 x 10
Fx = 37 meV
En I‘f Slg Dobs utot ucap ofiss
(keV) (mevV) (10 ) (eV) (b) (b) (b)
1.0 2.44 3.06 11.98 22.72 4.49 0.279
2.0 2.87 2.91 11.95 19.37 2.88 0.209
3.0 3.08 2.89 11.93 17.92 2.70 0.178
4.0 3.15 2.88 11.90 17.07 2.00 0.158
5.0 3.17 2.88 11.88 16.50 1.81 0.144
7.0 3.16 2.87 11.83 15.77 1.59 0.126
10.0 3.06 2.87 11.75 15.14 1.41 0.108
20.0 2.87 2.90 11.51 14.26 1.12 0.0815
30.0 2.81 2.93 11.27 13.91 0.961 0.0690
40.0 2.79 2.96 11.04 13.71 0.855 0.0613
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Table 14 Level scheme of 2*“Cm

=
]

Energy (keV) Spin and parity

= []
© VW ® NV O W N = H

—_
[N

0.
42,
142.
296.
501.
970.
984,
1020.
1038.
1040.
1084,
1105.
1187.

0
97
35
21
79

o

—
N = = NN O N DN O
+ + + + + + + + + + o+

©C W N N O o™

Levels above 1.2 MeV

were assumed to be overlapping.
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Table 15 Thermal cross sections and resonance integrals of ***Cm

Quantity Reference (barns)
9., 71 Thompson®? 14 t 4
P 78 Gavrilov®? 15.2 & 1.2
Mughabghab’ 15.2 £ 1.2
ENDF/B-v21 10.36
KEDAK-4*! 14.40
JENDL-2? 14.41
Present 15.10
ofis 71 Thompson 1.5+ 1.0
Mughabghab 1.04 £ 0.20
ENDF/B-V 0.604
KEDAK-4 1.03
JENDL-2 1.18
Present 1.037
%1a Mughabghab 11.6 £ 0.7
Present 11.06
It 72 Berreth?’ 23 % 3
Mughabghab 27.6 £ 1.4
ENDF/B-V 17.95
KEDAK-4 23.00
JENDL-2 22.24
Present 27.20
RIca 71 Thompson 650 * 50
P 72 Berreth 605 + 40 (from res. params.)
78 Gavrilov 626 *+ 53
Mughabghab 650 + 30
ENDF/B-V 594
KEDAK-4 637
JENDL-2 594
Present 661
RIfi 71 Thompson 12.5 £ 2.5
s 72 Benjamin®? 18.0 % 1.0
Mughabghab 12,5 + 2.5
ENDF/B-V 18.7
KEDAK -4 19.1
JENDL-~-2 18.4
Present 13.2
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Table 16 Energy dependence of unresolved resonance parameters

and the calculated cross sections for 2I‘SCm

Energy independent parameters

R=09.43 fm, S, = 1.02 x 10°%, 5, = 2.24 107%,
s

-4 0
2 = 0.9 x 10 7, rx = 40 meV

En rf Dobs %tot <,cap <,fiss
(keV) (meV) (eV) (b) (b) (b)
0.06 1.65 1.400 65.31 8.63 44.17
0.08 1.69 1.400 58.06 7.32 38.28
0.10 1.71 1.400 53.13 6.46 34.24
0.20 1.79 1.399 40.88 4.34 24.21
0.30 1.83 1.399 35.46 3.43 19.77
0.50 1.91 1.399 30.04 2.53 15.34
0.70 1.96 1.398 27.16 2.07 12.99
1.0 2.01 1.397 24.56 1.65 10.91
2.0 1.99 1.395 20.76 1.11 7.81
3.0 1.98 1.392 19.09 0.898 6.45
5.0 2.00 1.387 17.43 0.713 5.12
7.0 1.91 1.381 16.52 0.627 4.38
10.0 1.77 1.374 15.81 0.568 3.85
20.0 1.72 1.348 14.67 0.464 3.12
30.0 1.44 1.322 14.17 0.451 2.79
40.0 1.32 1.298 13.83 0.429 2.62
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Table 17 Level scheme of 2*°Cm

No. Energy (keV) Spin and parity
Gr 0.0 7/2 +
1 54.8 9/2 +
2 121.5 11/2 +
3 197.4 13/2 +
4 252.85 5/2 +
5 295.8 7/2 +
6 350.86 9/2 +
7 355.95 1/2 +
8 361.5 3/2 +
9 388.3 9/2 -
10 416.7 11/2 +
11 418.8 5/2 +
12 431.0 5/2 +
13 442.9 11/2 -
14 498.0 13/2 +
15 509.1 13/2 -
16 532.0 9/2 +
17 555.0 11/2 +
18 633.65 3/2 -
19 643.5 7/2 -
20 661.55 5/2 -
21 701.8 9/2 -
22 722.0 7/2
23 741.0 1/2

Some levels with higher spin than 13/2 or whose spin was

unknown were neglected. Levels above 770 eV were assumed to

be overlapping.
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Table 18 Thermal cross sections and resonance integrals of 2“%Cm

Quantity Reference (barns)
Oea 69 Halperin®? 340 % 20
P 71 Thompson’? 360 t 50
78 Gavrilov®? 350 % 18
Mughabghab’ 369 + 17
ENDF/B-V21 383.0
JENDL-2* 346.4
Present 346.4
Oiss 70 Halperin*® 1920 + 180
71 Thompson 2030 + 200
72 Benjamin*? 2018 % 37
76 Zhuravlev*® 2070 % 150
77 Gavrilov®® 1900 % 100
78 Browne“® 2143 * 58
Mughabghab 2145 *+ 58
ENDF/B-V 2161.0
JENDL-2 2000.7
Present 2000.7
Oeot 72 Berreth?? 2900 % 450
ENDF/B-~V 2556.0
JENDL-2 2358.6
Present 2358.6
RIca 69 Halperin 101 £ 8
P 71 Thompson 110 % 20
78 Gavrilov 108 * 81
Mughabghab 101 £ 8
ENDF/B~V 118
JENDL-2 108
Present 110
RIfiss 70 Halperin 1140 + 100
71 Thompson 750 = 150
72 Benjamin 772 t 40
76 Zhuravlev 805 t 80
77 Gavrilov 850 t 60
Mughabghab 840 % 40
ENDF/B-V 833
JENDL-2 799
Present 8C1
RIabs 72 Berreth 897 t+ 180
ENDF/B-V 951
JENDL-2 907
Present 911
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Table 19 Energy dependence of unresolved resonance parameters

and the calculated cross sections for 2I‘GCmS)
Energy independent parameters

So = 0.94 x 1074, §; =3.17 x 1074, S, = 0.88 x 1wt

R=9.15 fm, Tx = 31 meV

En rf Dobs otot ocap ofiss
(keV) (meV) (eV) (b) (b) (b)
0.33 2.02 31.7 32.0 5.40 0.336
0.35 2.25 31.7 31.4 5.15 0.356
0.4 1.87 31.7 30.1 4.68 0.271
0.45 1.47 31.7 29.0 4.30 0.198
0.5 1.30 31.7 28.1 3.99 0.163
0.55 1.30 31.7 27.3 3.72 0.152
0.6 1.48 31.7 26.6 3.49 0.161
0.7 2.00 31.7 25.4 3.11 0.192
.8 2.56 31.7 24.5 2.82 0.220
0.9 2.49 31.7 23.7 2.60 0.198
1.0 2.20 31.7 23.1 2.44 0.165
1.5 1.86 31.7 26.9 1.91 0.110
2.0 1.87 31.6 19.6 1.63 0.0937
2.4 1.96 31.6 18.9 1.49 0.0895
2.7 2.26 31.6 18.5 1.40 0.0970
3.0 2.31 31.6 18.1 1.34 0.0940
4.0 2.33 31.5 17.2 1.18 0.0836
5.0 2.22 31.5 16.6 1.08 0.0733
6.0 2.17 31.4 16.2 1.01 0.0667
8.0 2.18 31.3 15.6 0.837 G.0600
10 2.23 31.2 15.3 0.816 0.0558
15 2.25 30.9 14.7 0.677 0.0470
20 2.33 30.6 14.4 0.585 0.0422
30 2.57 30.1 14.0 0.468 0.0373
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Table 20 Level Scheme of 2*5cm
No. Energy " No. Energy "
(keV) (keV)

GS 0 ot 15 1165 3t
1 42.85 2t 16 1175 ot
2 141.99 g 17 1179 8
3 295.5 6t 18 1211 2t
4 500.0 gt 19 1220 g
5 841.7 2” 20 1250 1
6 876.4 3 21 1289 o*
7 923.3 4" 22 1300 3
8 981.0 5” 23 1318 2t
9 1051 6 24 1349 1

10 1079 1~ 25 1367 2”

11 1105 2" 26 1379 st
12 1124 2t 27 1452 1t

13 1128 3” 28 1478 2t

14 1129 7" 29 1509 3t

Levels above 1526 keV were assumed to be overlapping.



Table 21 Thermal cross sections and resonance integrals of

JAERI-M §0—101

246

Cm

Quantity Reference (barns)

Ucap 71 Thompsonzzz 1.5 * 0.5
78 Gavrilov 1.14 £ 0.3
Mughabghab’’ 1.22 £ 0.16
ENDF/B—VZI) 1.297
Previous Eval.s) 1.334
Present 1.291

% iee 72 nenjamin’*z;) 0.17 £ 0.10
76 Zhuravlev 0.14 £ 0.05
Mughabghab 0.14 £ 0.05
ENDF/B~V 0.0632
Previous Eval. 0.1421
Present 0.1401

%1 Mughabghab 11.1 £ 0.2
ENDF/B-V 9.68
Previous Eval. 9.49
Present 11.08

RIcap 71 Thompson 135 + 25
78 Gavrilov 118 % 15
Mughabghab 121 + 7
ENDF/B-V 104
Previous Eval. 103
Present 111

RIfiss 72 Benjamin 10.0 + 0.4
76 Zhuravlev 13.3 ¢ 1.5
Mughabghab 10.2 £ 0.4
ENDF/B-V 10.4

Previous Eval. 15.5

Present

9.90
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Table 22 Eerngy dependence of unresolved resonance parameters

and the calculated cross sections for 2A7Cm

Energy independent parameters

R = 9.3863 fm, Iy = 40 meV, S, = 0.86 x 10~

4

rf(“') = 53.4 meV, rf(s') = 500 meV
Pf(3+) = 80 meV, Pf(h+) = 680 meV
1,5 =s0mev, 1.5 = 470 mev
En SO_A Sl_a Dobs dtot ccap dfiss
(keV) 107  10™hH (&) (b) (b (b)
0.06 1.74  6.51  1.400  104.0  12.2  77.3
0.07 1.89  7.05  1.400  104.3  12.1  77.3
0.09 0.592  2.21  1.400 36.8 3.66  21.7
0.125  0.563 2.10  1.400 31.9 2.95  17.5
0.175  0.866  3.23  1.399 38.2 3.70 22.6
0.25 0.933 3.48  1.399 35.6 3.29  20.3
0.35 0.654  2.46  1.399 25.6 2,02 12.1
0.45 0.669 2.50  1.399 24.2 1.83  10.9
0.55 0.966  3.61  1.398 28.3 2.20  14.1
0.7 0.769  2.87  1.398 23.3 1.69  10.0
0.9 0.776  2.89  1.397 22.0 1.52  8.87
1.25 0.603 2.25  1.396 18.3 1.08  5.92
1.75 0.688  2.57  1.395 18.2 1.08  5.70
2.5 0.726 2.70  1.392 17.5 1.03  5.04
3.5 0.609 2.27  1.389 15.7 0.827  3.64
4.5 0.675 2.52  1.386 15.7 0.875  3.58
5.5 0.672  2.51  1.383 15.3 0.857  3.26
7.0 0.675 2.52  1.379 15.0 0.850  2.95
9.0 0.666 2.49  1.373 14.6 0.836  2.63
12.5 0.727 272 1.363 14.5 0.894  2.52
17.5 0.709  2.65  1.348 14.1 0.866  2.19
25.0 0.748  2.79  1.326 14.0 0.874  2.07
30.0 0.779  2.91  1.312 14.0 0.875  2.05




JAERI-M 80-101

Table 23 Level scheme of 2lﬂCm

No. Energy (keV) Spin and parity
Gr 0.0 9/2 -
1 61.5 11/2 -
2 135.0 13/2 -
3 217.0 15/2 -
4 227.0 5/2  +
5 266.0 7/2  +
6 285.0 7/2  +
7 318.0 9/2 +
8 344.0 9/2 +
9 361.0 11/2  +
10 396.0 11/2 +
11 403.6 1/2 +
12 433.0 3/2 +
13 449.0 s/2  +
14 506.0 172+
15 520.0 3/2 +

Levels above 550 keV were assumed to be overlapping.
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Table 24 Thermal cross sections and resonance integrals of 2
Quantity Reference (barns)

% cap 78 Gavrilogja) 60
Mughabghab 57 = 10
ENDF/B-VZI) 58.17
Previous Eval.s) 59.91
Present 57.20

9 ieq 70 Halperin::; 120 + 12
72 Benjamin 82 %5
76 Zhuravlevag) 80 7
Mughabghab 81.9 + 4.4
ENDF/B-V 83.43
Previous Eval. 97.03
Present 81.79

RIcap 78 Gavrilov 490
Mughabghab 530 + 30
ENDF/B-V 492
Previous Eval. 496
Present 535

RIfiss 70 Halperin 1060 + 110
72 Benjamin 778 1 50
76 Zhuravlev 730 £ 70
Mughabghab 760- t 50
ENDF/B-V 751
Previous Eval. 784
Present 612

Cm
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Table 25 Energy dependence of the unresolved resonance parameters

and the calculated cross sections for 248Cm6)

Energy independent parameters

4 4

= 0.844 x 107%,

So = 1.2 x 1077, S; =3.32 x 1077, s,
R =28.88 fm, PU = 26 meV
En rf Dobs Utot ocap ofiss
(keV) (meV) (eV) (b) (b) (b)
1.5 1.15 39.9 23.1 1.59 0.069
2 1.25 39.8 21.4 1.37 0.063
3 1.41 39.7 19.5 1.13 0.059
4 1.48 39.7 18.3 0.995 0.054
5 1.64 39.6 17.6 0.903 0.054
6 1.86 39.5 17.0 0.832 0.056
8 2.12 39.3 16.3 0.729 0.056
10 2.28 39.2 15.7 0.654 0.054
15 2.72 38.7 15.0 0.528 0.052
20 2.96 38.3 14.6 0.449 0.049
30 3.35 37.5 14.1 0.353 0.043
Table 26 Level Scheme of 268Cm
No. Energy " No. Energy "
(keV) (keV)
Gs 0 ot 5 1048 2t
1 43.40 2t 6 1050 1"
2 143.6 &t 7 1084 ot
3 297 6 8 1094 3"
4 510 st

Levels above 1126 keV are assumed to be overlapping.
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Table 27 Thermal cross sections and resonance integrals of ZABCm

Quantity Reference (barns)
L 71 Thompson?®? 3t1
P 73 Druschel®’ 2.63
74 Benjamin®® 2.51 % 0.26
78 Gavrilov?®? 10.7 £ 1.5
Mughabghab’ 2.63 + 0.26
ENDF/B-V2? 2.444
Maino et al.®* 9.808
Previous Eval.® 2.570
Otiss 72 Benjamin*? 0.34 + 0.07
76 Zhuravlev*® 0.39 £ 0.07
Mughabghab 0.37 £ 0.07
ENDF/B-V 0.0873
Maino et al. 0.393
Previous Eval. 0.370
o Mughabghab 7.65 t 0.40
scat
ENDF/B-V 6.137
Maino et al. 10.41
Previous Eval. 6.514
RIcap 71 Thompson 275 £ 75
73 Druschel 265
74 Benjamin 259 t 12
78 Gavrilov 250 + 24
Mughabghab 270 £ 15
ENDF/B-V 249
Maino et al. 264
Previous Eval. 260
RIfiss 72 Benjamin 13.2 £ 0.8
76 Zhuravlev 13.1 £ 1.5
Mughabghab 15
ENDF/B-V 15.4
Maino et al. 9.59
Previous Eval. 17.5
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Table 28 Unresolved resonance parameters and

calculated cross sections for Zang6)

S, = 1.08 x 10'4, §, = 3.95 x 10'4, S, = 1.04 x 1074
R = 8.80 fm, Iy = 40 meV, D, = 8.3 eV
rf(°+) = 4070 fm, rf(1+) = 7.7 meV
rf(2+) = 1022 meV, rf(3+) = 146 meV
rf(o') = 0 meV, rf(l') = 2000 meV
rf(z') = 4070 meV,
En otot ocap of iss
(eV) (barns) (barns) (barns)
4.15 227.2 128.5 65.9
10 149.9 77.7 41.5
100 54.2 18.6 11.9
1000 24.2 3.76 3.50
10000 15.4 0.837 1.91
30000 14.1 0.436 1.95
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Table 29 Level scheme of 2thm

No. Energy " No. Energy "
(keV) (keV)
GS 0 172" 4 110 972t
1 26.2 372% 5 0.1 772t
42.4 52" 6 146 972%
52.2 7/2% 7 208 32t

Levels above 220 keV were assumed to be overlapping.

Table 30 Thermal cross sections and resonance integrals of 21‘901116)

Quantity (barns)

g 1.6
cap

Ufiss 0.82

otot 13.22

RI 215
cap

RIfiss 139
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Table 31 Summary of the present work
Isotope
Quantities 241 242 243 244 245 246 247 248 249
Resonance Param.
resolved No o o o x o o x  No
upper boundary( eV) 275 70 1000 60 330 60 1500
unresolved No o o o o x o x x
upper boundary(keV) 40 40 40 40 30 30 30 30
Cross Sectlon above
resonance region
total o o o o o x x x x
elastic o o o o o x o x x
inelastic o o o o o * o x x
(n,Xn) ) o o o o x o x x
fission o o o o o x o x x
capture [ o o o [+ x (] x x
Angular dist. o o o o o x o x x
Energy dist. o x x x (o) x x x x
v o] x x x [o} x x x x
No : Not given
o : newly evaluated or modified
x : taken from previous evaluation
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Fig. 47 Capture cross section of Zang.



JAERI-M 90-101

MCm Inelastic. {n.2n) And (n.3n)

Cross Section (barns)

T T Ty

——— INELASTIC
------ [N.2N)
—-— (N.JN)

——

T

Neutron Energy ( eV}

Inelastic scattering, (n,2n) and (n,3n) reactions cross

sections of

249 Cm.



