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The evaluated nuclear data given in JENDL-3.2 were compared with other evaluated data

sets and available experimental data, for important minor actinides of 42 mAm and 243Am, and

fission product nuclides of 99Tc and 140Ce. Since problems were found as a result of the

comparison, the data of JENDL-3.2 were improved for these nuclides. It was found that the

evaluated data of Maslov et al. were superior to the others. They were adopted for 242mAm and
243Am after further improvements. For 99Tc and 140Ce. resonance parameters and optical model
parameters were improved. The cross sections of these two nuclides in the smooth part were

re-calculated. The present results were given in the neutron energy range from 1 0- eV to 20

MeV in the ENDF-6 format, and adopted to JENDL-3.3.
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1. Introduction

Importance of nuclear data for minor actinides (MA) and fission product (FP) nuclides is

increasing. These data are highly needed for high bum-up reactors and nuclear transmutation

technology. The evaluated data for important MA and FP nuclides are already given in

JENDL-3.2. New measurements for the nuclear data of those nuclides have been made recently.

In the case where discrepancies are found between those experimental data and evaluated data,

we have to re-evaluate their nuclear data.
242, 243 99 ~ reivstgtd

In the present work, the nuclear data of 'Am, Am, Tc and 4 earinstged

for which new experimental data are available. The data of JENDL-3.2 are revised on the basis

of these recent experimental data. The results of the present work were adopted to JENDL-3.3.

2. Americium-242m

2.1 Summary of Evaluated Data

There are several sets of evaluated data for 42 'n Am. In the present work, the data of

JENDL-3.2, ENDF/13-VI, JEFF-3 and new evaluation made by Maslov et al. [Ma97] are

compared with each other and with experimental data.

The data of JENDL-3.2 were originally evaluated by Nakagawa and Igarasi [Na8O] for

JENDL-2, and revised by Nakagawa [Na89] for JENDL-3.2. Those of ENDF/B-VI were

evaluated by Mann and Schenter [Ma771 around 1977. JEFF-3 adopted the data of JEF-2.2

which were based on KEDAK-4. The resonance parameters of JEFF-3 were reevaluated by

Frohner around 1989. The evaluation made by Maslov et al. [Ma971 under the ISTC project is

the most recent one.

After comparison of evaluated data sets, we decided that the present evaluation for
242mAm should be based on the evaluation of Maslov et al. as shown in the followings.

2.2 Cross Sections in the Resonance Region

(I) Thermal Cross Sections and Resolved Resonance Parameters

JENDL-3.2 gives resonance parameters for 48 levels up to 20 eV based on the

experimental data of Browne et al. [Br84]. The resolved resonance region is from iT-5 eV to 20

eV. ENDF/B-VI adopted the parameters of Bowman et al. [Bo68a] for 6 levels, up to 3.55 eV.

JEFF-3 is the same as JENDL-3.2. Recently, Maslov et al. reevaluated the resonance parameters

using the fission cross section measured by Browne et al. [Br84] and expanded the upper

- 1-
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boundary of the resolved resonance region up to 43 eV. Concerning the resonance formula,

JENDL-3.2 and ENDF/B-VI adopted the single level Breit-Wigner formula, and JEFF-3 and

Maslov et al. the multi-level Breit-Wigner formula. JEFF-3 assumed a negative resonance at

-0.627 eV. Therefore, the thermal cross sections calculated from JEFF-3 are larger than other

evaluations.

From the considerations mentioned above, we concluded that the parameters of Maslov et

al. are superior to the others, and adopted them for the present work. Their parameters give the

almost the same cross section as JENDL-3.2 below 20 eV.

Table 2.1 shows the thermal cross sections. Those of evaluated data were calculated by

using their resonance parameters. Experimental data reported after 1970 are listed there for

comparison. Evaluated data for the fission cross section lie in the range from 6390 to 6874 barns.

The value given by Maslov et al. (JENDL-3.3) is the lowest. On the other hand, the

experimental data are more widely distributed from 5850 to 6950 barns. Especially, the most

recent experiment by Kai et al. [KaO I a] gives the lowest value of 5 850±250 barns.

For the capture cross section, there scarcely exist experimental data. Mughabghab [Mu84]

recommended 2000±600 barns based on the old experimental data of Street et al. [t52] This

value seems to have large uncertainty because they measured the 243Am production from inAm

in a reactor. The evaluated data are much smaller than 2000 barns except JEFF-3 which gives

1 806 barns. This large cross section of JEFF-3 at the thermal energy is due to the negative

resonance at -0.627 eV.

The resonance integrals are compared in Table 2.2. The fission resonance integral

measured by Zhuravlev et al. Zh75] seems to be too large. The data of Dabbs et al. [Da83 is

larger than that of Browne et al. [Br84]. Since the resonance parameters of Maslov et al. were

based on the fission cross section of Browne et al., Maslov et al. and JENDL-3.3 are close to the

resonance integral of Browne et al.

The fission cross section in the resolved resonance region is shown in Figs. 2.1(a) and

2. 1(b). The data of JENDL-3.3 is the same as that of Maslov et al. Below 20 eV, JENDL-3.2 is

also almost the same. The experimental data of Dabbs et al. are systematically large. JEFF-3 is

also systematically larger than other evaluated data.

Around the upper boundary of the resolved resonance region, discrepancies of the

evaluated data are large because of different boundary energies. In particular, the data of

ENDF/B-VI is too large above 3.55 eV.

Figure 2.2 compares the fission cross section of JENDL-3.3 with the result of TOF

experiment made b Kai et al. [KaOlaJ which is the most recent one among the available

-2-
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experimental data. JENDL-3.3 is in good agreement with the TOF experiment. The thermal

cross section of Kai et al. shown by a solid symbol is smaller than the TOF experiment and

other experimental data as shown in Table 2. 1.

Figures 2.3 and 2.4 are comparison of evaluated data for the capture and the total cross

sections. No experimental data exist for these quantities.

(2) Unresolved Resonance Parameters

Upper boundaries of the unresolved resonance region are 30 keV for JENDL-3.2, 50 keV

for JEFF-3, 10 keV for ENDF/B-Vl, and 27.2832 keV for Maslov et al. The energy of 27.2832

keV is the threshold energy of the inelastic scattering to the 4-th level.

The fission cross section in the energy range from 00 eV to 00 keV is shown in Fig. 2.5.

The data of Dabbs et al. [Da831 and Bowman et al. [Ba68a] are systematically larger than the

data of Browne et al. [Br841 Gerasimov et al. Ge87] reported also large cross sections in this

energy region which are in good agreement with ENDF/B-VL. However, we adopted the

parameters of Maslov et al. which were consistent with the data of the resolved resonance

region. The cross section of JENDL-3.3 is almost the same as JENDL-3.2 in this energy region.

The fission cross section was measured by Kai et al. [KaOla] using Kyoto University

Lead slowing-down Spectrometer (KULS). Their results are compared with the evaluated data

in Fig. 2.6. The evaluated data are broadened with the same energy resolution as KULS.

ENDF/B-VI above 3 eV is too large. Other evaluated data are sufficiently consistent with the

measured values. This fact confirms that the evaluated data except ENDF/B-VI have no large

problems below 0 keV except for around 0 eV

2.3 Cross Sections above the Resonance Region

(1) Fission Cross Section

The fission cross section in the energy range from 100 keV to 20 MeV is shown in Fig.

2.7. ENDF/B-VI was based on the experimental data of Bowman et al. [Bo68a], but not in good

agreement with recent experimental data. Evaluated data of Maslov et al. were calculated with

the statistical model (the STAT code). This calculation reproduces the experimental data well,

but not perfectly.

Above 27.2832 keV, JENDL-3.2 was adopted in the present work. to JENDL-3.3 since

the data of JENDL-3.2 reproduce well the experimental data of Browne et al. and consistent

with the most recent data of Fursov et al. [Fu94].

-3-
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(2) Capture Cross Section

Figure 2.8 shows evaluated data of the capture cross section in the energy region from 10

keV to 20 MeV. No experimental data are available in this energy region. Maslov et al.'s

evaluation which was based on the statistical model was adopted in the present work for

JENDL-3.3. In the MeV region, the capture cross section of Maslov et al. was replaced with the

direct and semi-direct capture cross section calculated with the DSD code developed by

Kawano [Ka99].

(3) Inelastic Scattering Cross Section

The data of Maslov et al. was adopted in the present work. The evaluated data of the total

inelastic scattering cross section are compared with each other in Fig. 2.9. The data of

ENDF/B-VI is too small. The others exhibit almost the same tendency.

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

The (n,2n) and (n,3n) reaction cross sections are shown in Fig. 2.10. Maslov's evaluation

was adopted in the present work.

(5) Other Cross Sections and Comparison in the Whole Energy Region

Figures 2.11 and 2.12 show the total cross section and elastic scattering cross section

above 00 keV, respectively.

Comparisons of total, elastic scattering, fission and capture cross sections are shown in

Figs. 2.13 to 2.16. The cross sections in the resolved resonance region are averaged in suitable

energy intervals. The evaluated data of total cross section show almost the same tendency

except the data of ENDF/B-VI. The elastic scattering cross section of JEFF-3 has a tendency

different from others. The difference in the resonance region is due to the negative resonance at

-0.627 eV. Because of this resonance, EFF-3 gives about 1000 barn larger cross section at

0.0253 eV than others.

2.4 Number of Prompt and Delayed Neutrons per Fission

Evaluated data for the number of prompt neutrons per fission () are compared with

experimental data of Jafry and Lerner [Ja7O], Kroshkin and Zamyatnin [Kr7O], Howe et al.

[Ho8l], and Howe et al. [Ho83] Howe et al. [Ho8l] measured total v. The measurements of

Howe et al.[Ho8l, Ho83] were performed relatively to VP, Of 235U . They were converted to the

-4 -
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data of 242'"Ar using the 235U data of JENDL-3.3. Figure 2.17 shows those data together with

evaluated data.

The data of JENDL-3.2 are almost the same as ENDF/B-VI. JEFF-3 is the same as

ENDF/B-VI. Maslov's evaluation was made on the basis of the data of Howe et al.[Ho8l ] and

calculation with Madland-Nix model. In the present work, the data of Maslov et al. were

adopted.

Evaluated data for the number of delayed neutrons per fission (Vd) are shown in Fig. 2.1 8.

Maslov et al. adopted the summation calculation by Brady and England Br89]. The present

work adopted JENDL-3.2 after changing the connection energies between the low energy part

and the high energy one.

2.5 Other Data

(1) Angular distributions

The data of Maslov et al. were adopted.

(2) Energy distributions

For delayed neutron spectra from the fission, the calculation made by Brady and England

[Br89] was adopted.

For the others, Maslov's evaluation was adopted. The interpolation method was changed

to "unit-base interpolation" for the (n,2n), (n,3n) and inelastic scattering neutrons.

Figures 2.19 to 2.21 show the neutron spectra from the (n,2n), (n,3n) and inelastic

scattering, respectively. Each line in the figures corresponds to a different incident energy. For

comparison, the data of JENDL-3.2, ENDF/B-VI and JEFF-3 were shown in the second, third

and forth figures, respectively. Since Maslov's evaluation considered the preequilibrium process,

the shape of distributions is largely different from the other evaluations.

Figure 2.22 shows the fission neutron spectra in the same manner. Only one line is shown

for JENDL-3.2 and JEFF-3 because they give an energy independent nuclear temperature for

Maxwellian-type spectra. Maslov et al. considered multi-chance fission. Structure found in

JENDL-3.3 comes from the multi-chance fission. The delayed neutron spectra are shown in

Fig.2.23. The data of ENDF/B-VI and JEFF-3 are the same as JENDL-3.3.

-5-
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3. Americium-243

3.1 Summary of Evaluated Data

The data of JENDL-3.2 were first evaluated by Kikuchi [Ki82] for JENDL-2, and partly

revised by Nakagawa [Na89] for JENDL-3.2. The revised quantities at the last revision were the

resolved resonance parameters and fission, capture and inelastic scattering cross sections.

According to the description given in the file, the data of UKNDL-2 were adopted for

JEFF-3, and slightly revised. Therefore, they are relatively old data than other evaluations.

ENDF/B-VI evaluation was made in 1988 for the resonance parameters, and in 1996 for

the data above 42 keV.

Maslov et al. [Ma96] made a new evaluation under the ISTC project. Their evaluation

was based on the recent sophisticated evaluation method. In the present work, their evaluation

was adopted after suitable modifications.

3.2 Cross Sections in the Resonance Region

(1) Thermal cross sections and resonance integrals

The cross-section data at 0.0253 eV are listed in Table 3.1. The rather old experimental

data for the fission cross section are about 0.2 b. However much smaller values of about 0.08 b

were reported by Wagemnans et al. [Wa89] and Kobayashi et al. [Ko99] The present work

adopted the data of Kobayashi et al. The other evaluations give smaller values than the

experimental data.

For the capture cross section, no recent experimental data are available. The evaluated

data are around the average value of Bak et al. Ba671 and Gavrilov et al. [Ga76] The present

work gives the smaller cross section than JENDL-3.2 because the resolved resonance

parameters of Maslov's evaluation were adopted as described later.

Concerning the total cross section, there are two experimental data [Co59a, Be7O]. All the

evaluated data are in good agreement with the data of Berreth and Simpson [Be7OJ.

Table 3.2 shows the resonance integrals. For the fission cross section, calculated values

from the evaluated data are in the range from 6.4 to 7.6 b. On the other hand, experimental data

are scattered largely from 3 to 1 7 b. The data of Knitter and Budtz-Jorgensen [Kn88] was

measured in the energy range from 0.5 eV to 30 keV. The calculated value from JENDL-3.3 in

this energy range is 2.3 b which is smaller than the data of Knitter and Budtz-Jorgensen.

Therefore there is a possibility that the evaluated data are smaller than the correct value.

Concerning the resonance integral of capture cross section, the experimental data are

-6 -
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about 2200 b, whereas the evaluated data are about 1800 b. This discrepancy must be due to the

resonance parameters of a few levels at low energies.

(2) Resolved resonance parameters

The resonance parameters given in JENDL-3.2 were based on those of JENDL-2 with

modifications considering the data of Simpson et a. [Si74a] and Knitter and Budtz-Jorgensen.

Since then, new analysis has not been reported.

Maslov et al. evaluated the resonance parameters up to 250 eV on the basis of the fission

cross section measured by Seeger [e703 and Knitter and Budtz-Jorgensen [Kn88], and the total

cross section measured by Simpson et al. [i74a] They considered the same experimental data

as JENDL-3.2 evaluation, and added many small resonances and extended the upper boundary

of the resolved resonance region from 215 eV to 250 eV.

We adopted the parameters of Maslov et al. for JENDL-3.3, and modified them slightly,

since their parameters could not reproduce the most recent fission cross section at 0.0253 eV by

Kobayashi et al. as shown in Table 3. 1. A correction was made by adding a I /v type background

data for the fission cross section. Furthermore the fission cross section around 0 to 50 eV is too

small comparing the data measured by Kobayashi et al. [Ko99] with slowing down spectrometer

KULS at the Kyoto University. Maslov et al. assumed the fission width of 19 rneV for the levels

in this energy range which is smaller than measured fission width by Knitter and

Budtz-Jorgensen. In the present evaluation, the fission widths of several levels were arbitrarily

increased to reproduce better the data of Kobayashi et al.

Figure 3.1 (a) shows the fission cross section in the energy range from 0.01 to 10 eV. No

energy dependent experimental data are available. The data at 0.0253 eV were already

compared in Table 3.1 LThe cross section of JENDL-3.2 is too large and that of JEFF-3 too small

at the thermal energy. Figure 3.1 (b) exhibits the fission cross section in the energy range from

80 to 95 eV. Since the experimental data of Seeger [e70] are too large in this energy range,

Maslov et al. analyzed their data after renormalization.

Comparison with the data of Kobayashi et al. [Ko99] is given in Fig. 3.2. Evaluated data

are shown after broadened with energy resolution of the measurement. JENDL-3.3 is in good

agreement with the experimental data.

Figure 3.3 shows the capture cross section below 10 eV. No experimental data are

available except at the thermnal energy. However, the evaluated data are in good agreement with

each other. The total cross section is shown in Fig. 3.4. All the evaluated data represent well the

data of Berreth and Simpson [Be7O] and Simpson et al. [i74a]

- 7-
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(3) Unresolved resonance parameters

The cross sections in the energy range from 250 eV to 42.3751 keV were represented

with unresolved resonance parameters which were basically based on Maslov's evaluation. The

unresolved resonance parameters of Maslov et a. give larger fission cross section than the

experimental data of Kobayashi et al. [Ko99] Therefore the fission widths were slightly

decreased below 10 keV.

The fission cross section of 243Am in this energy region is shown in Fig. 3.2. Above about

300 eV, JENDL-3.3 is better than other evaluations. Above 10 keV, the experimental data of

Kobayashi et al. are too small.

Figure 3.5 shows the neutron capture cross section of 243Am in the energy range from 00

eV to 200 keV. Two sets of experimental data are available in this energy range: Wisshak and

Kdppeler [Wi83] and Weston and Todd [We85]. The data of Wisshak and Kppeler are

systematically smaller than those of Weston and Todd. Maslov's data and JENDL-3.3 are in

agreement with the data of Weston and Todd at the high energies.

3.3 Cross Sections above the Resonance Region

(I) Fission cross section

The fission cross section of 243Am in the energy range from I keV to 20 MeV is shown in

Figs. 3.6(a) and 3.6(b). The data of Seeger [Se7O] existing below 10 keV were measured with

underground nuclear explosion, and seem to be too large. The present evaluation of JENDL-3.3

is in good agreement with Knitter and Budtz-Jorgensen [Kn881 and Wisshak and KAppeler

[Wi83]. JENDL-3.2 was too small in the energy range below 00 keV.

There are many sets of experimental data above 100 keV. Behrens and Browne [Be8 I]

and Goverdovskii et al. [Go9O] measured the fission cross section relative to the 235U fission

cross section. In the figure, their data are converted to the cross section by using the 235U fission

cross section of JENDL-3.3. Both sets of data are larger than other experimental data as shown

in Fig. 3.6 (b).

The evaluated-data of Maslov et al. is a result of a statistical model calculation. It

represents well the tendency of the experimental data. However, we adopted the JENDL-3.2

data above 500 keV which represent better the measured data.

- 8-
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(2) Capture cross section

The capture cross section from 00 eV to 20 MeV is shown in Fig. 3.7. For JENDL-3.3,

the data of Maslov et al. was adopted up to about 5 MeV. Above a several MeV, the direct and

semi-direct process is dominant. Maslov et al. gave a constant cross section of I mb in this

energy region. The cross section in this region was replaced with the direct and semi-direct

capture cross section calculated with the DSD code [Ka99]. JENDL-3.2 which was a result of a

statistical model calculation was too small above a few MeV.

(3) Inelastic scattering cross section

Total inelastic scattering cross sections are compared in Fig. 3.8. They are almost the

same except JEFF-3. The data of Maslov et al. was adopted for JENDL-3.3.

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

These cross sections are compared in Fig. 3.9. JENDL-3.2 was based on a very simple

evaporation model so that the (n,3n) reaction cross section was too large. The data of Maslov et

al. was adopted for JENDL-3.3.

(5) Other cross sections and comparison in the whole energy region

The total cross section above 00 keV is shown in Fig. 3.1 0. The available evaluated data

are almost the same as each other except JEFF-3. The data of Maslov et al. was adopted for

JENDL-3.3. Figure 3.11 shows the elastic scattering cross section. JENDL-3.3 was obtained by

subtracting a sum of partial cross sections from the total. JENDL-3.3 is slightly different from

the data of Maslov et al. because of different fission cross sections.

The total, elastic scattering, fission and capture cross sections in the whole energy range

from thermal to 20 MeV are shown in Figs. 3.12 to 3.15. The cross sections from 0.32242 eV to

upper boundaries of the resolved resonance region are presented using average values in

suitable energy intervals. Large discrepancies are found in the fission cross section below a few

hundred keV and the capture cross section in the MeV region.

3.4 Number of Prompt and Delayed Neutrons per Fission

(I) Prompt neutrons

Khokhlov et al. [Kh94] measured the number of prompt neutrons per fission in the energy

range from 0.5 to 10 MeV, and obtained the following result:

- 9-
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VP (E) = (3.207 ± 0.12) + (0.154 ± 0.005)E (E in MeV)

The numbers of neutrons calculated from this equation are given in EXFOR.

In the present work, the evaluated data of Maslov et a]. was adopted. They calculated v,

with Madland-Nix model adjusting parameters to reproduce the data of Khokhlov et al. Figure

3.16 compares evaluated data and experimental data of vp. JENDL-3.2 was estimated from the

systematic trend and a neutron separation energy as 3.2 + 0.16E(MeV). Compared with the data

of Khoklov et al., this estimation was very good.

(2) Delayed neutrons

The number of delayed neutrons is shown in Fig. 3.17. Experimental data were reported

by Saleh et al. rSa97] and Chariton et al. [Ch97]; 0.0084±0.0004 LSa97] at the thermal energy,

and 0.0086±0.0005 Ch97] in a fast reactor spectrum. The present work adopted the average

value of 0.0085 in the lower energy region, and 0.00477 calculated by Brady and England

[Br89] in the higher energy region. These two were connected in the energy range from 6 to 8

MeV. JENDL-3.2 was based on Tuttle's systematics.

As the decay constants and fractions of 6 temporal groups, the data of Salch et al. were

adopted for JENDL-3.3.

3.5 Other Data

(1) Angular distributions

The evaluated data of Maslov et al. were adopted for all angular distributions of emitted

neutrons.

(2) Energy distributions

For the neutrons emitted from (n,2n), (n,3n), inelastic scattering and fission, the data of

Maslov et al. were adopted. For the energy distributions of delayed neutrons adopted are those

calculated by Brady and England [Br89].

Figures 3.18 to 3.20 show the energy distributions of (n,2n), (n,3n) and inelastic

scattering, respectively. Those of prompt neutrons and delayed neutrons by fission are shown in

Figs. 3.21 and 3.22.
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4. Technetium-99

4.1 Summary of Evaluated Data

The data of 99Tc given in JENDL-3.2 were evaluated by the Fission Product Nuclide Data

Working Group of Japanese Nuclear Data Committee [Ka92, KaO lb]. Their evaluation was

completed in 1990 [Ka92], and after then, the resonance parameters were revised in 1994

[Ka01Ib].

The resonance parameters of ENDF/B-VI were revised in 2001 [OhOO]. The other data of

ENDF/B-VI were old ones evaluated in 1970's. JEFF-3 adopted the data of JENDL-3.2.

Concerning experimental data, new data after the JENDL-3.2 evaluation are available for

the resonance parameters and capture cross section. In the present work, the data of JENDL-3.2

were revised by considering these recent experimental data.

4.2 Thermal Cross Sections and Resonance Integral

Experimental data of thermal cross sections and values calculated from evaluated data are

compared in Table 4.1I. The most recent experiment was made by Harada et al. Ha95] Their

result of 22.9±1.3 b is slightly larger than JENDL-3.2. In the present evaluation, the value of

H-arada et al. was adopted, and the resonance parameters were adjusted so as to reproduce this

value. The calculated capture cross section from the present evaluation is 22.77 b at 0.0253 eV.

The total cross section of the present evaluation is 27.33 b which is larger than

JENDL-3.2, but just between two available experimental data [Pa58, Wa7O].

The data of capture resonance integral are shown in Table 4.2. The previous evaluation

gave 312 b which were smaller than experimental data of Watanabe and Reeder and Harada et al.

The data of other two experiments are too small and therefore are not acceptable. The resonance

integral calculated from revised resonance parameters is 324 b which is still smaller than the

experimental data.

4.3 Resonance Parameters

(1) Resolved resonance parameters

After JENDL-3.2 evaluation [KaOl b] was performed, three papers have been published;

Gunsing et al. [Gu97], Raepsaet et al. [Ra97] and Gunsing et al. [GuOO] These three are the

experiments performed at IRMM using GELINA, and analyses with the REFIT code. The

reference of [GuOO] is a final report of [Gu97]. Gunsing et al. measured transmission in the

energy range from 3 eV to 150 keV, and obtained the resonance parameters for 659 levels below
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10 keV. Raepsaet et al. [Ra971 measured the capture cross section, and analyzed resonance

parameters for 33 levels from 14 to 380 eV. However this is a preliminary analysis. Since the

capture cross section was also measured up to 150 keV, a combined analysis of the transmission

and the capture will be made in the future [GuOO].

The present evaluation adopted the results of Gunsing et al. [Gu0O] Their parameters

were given for the Reich-Moore multi-level formula. However we adopted the multi-level

Breit-Wigner formula, since the large discrepancies were not found among the results of both

formulae.

The parameters of a level at -1 5eV (a negative resonance) were slightly adjusted so as to

reproduce well the thermal capture cross section of 22.9±1.3 b [Ha95]

The upper boundary of the resolved resonance region was set at 6 keV, because the

average cross sections calculated from the parameters become smaller than experimental data

above several keV. Small resonances might be missed at the high energies. In particular, the

number of p-wave resonances deceases above about 6 keV.

The scattering radius obtained by Gunsing et al. is 7.17±0.13 f. This value is

considerably larger than the recommendation of Mughabghab et al. [Mu8l1] of 6.0±0.5 fn. The

elastic scattering cross sections obtained from the 7.17 fm are fairly larger than the cross

sections in the unresolved resonance region. We adopted the scattering radius of 6.7 fm in the

present evaluation so that the average elastic scattering cross section in the resolved and

unresolved resonance regions are almost the same.

Figure 4.1 shows the total cross section below 100 eV. The present result (JENDL-3.3) is

larger than JENDL-3.2. In this fugure, the data of Watanabe and Reeder is given at 0.0253 eV.

Their energy dependent data and those of Gunsing et al. cannot be shown in the figure because

thay are not in EXFOR database.

The capture cross section is shown in Fig. 4.2. The most recent experimental data are

those of Kobayashi et al. [KoOlI] which were measured at the Kyoto University by means of the

TOF method with 46 MeV LINAC. Their data were normalized to the thermal cross section of

Harada et al.

(2) Unresolved resonance parameters

In the present evaluation, as will be described in the next section, the optical model

parameters (OMP) were revised. Therefore, the cross sections in the unresolved resonance

region were changed. The unresolved resonance parameters were reanalyzed with the ASREP

code [Ki99] to reproduce the total and capture cross sections calculated with the CATHSY code
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[1g9 1 and the new OMP.

Figure 4.3 shows the total and capture cross sections to be fitted and the cross sections

calculated from obtained unresolved resonance parameters. Both are in very good agreement

with each other. The scattering radius obtained in the analyses is 6.15 fn.

4.4 Cross Sections above the Resonance Region

4.4.1 Total Cross Section and Optical Model Parameters

As shown in Figs. 4.4 and 4.5, the total cross section given in JENDL-3.2 was not in good

agreement with experimental data of Foster and Glasgow [Fo7 ]. At the energies below 150 keV,

the total cross section measured by Gunsing et al. [GuOO] is about 9 b which is shown in the

figure of Ref. [GuOO]. Therefore the data of JENDL-3.2 seem to be smaller than the correct

value.

The optical potential parameters were re-adjusted so as to reproduce the total cross

section by using the TOTAL code [g* ]. The new OMP's are listed in Table 4.3 together with

the parameters used in JENDL-3.2 evaluation. The total cross section calculated from the new

parameters is shown in Figs. 4.4 and 4.5 with solid lines. The present result could reproduce

well the data of Foster and GlIasgow.

4.4.2 Threshold Reaction Cross Sections

The cross sections of (n,2n), (n,3n), (n,p), (n,c), (n,np), (n,nax), (n,nd), (n,nt), (n,d), (n,t)

and (n, H-e) reactions given in JENDL -3.2 were calculated with the PEGASUS code [Na99].

Those of the (n,2n), (n,p) and (n,cx) reactions were normalized to experimental data or

sytemnatics at 14.5 MeV.

JEFF-3 gives the same cross sections as JENDL-3.2, and ENDF/B-VI.8 only the (n,2n)

reaction cross section.

(1) (n,2n) reaction cross section

For JENDL-3.2, the calculated values with the PEGASUS code were normalized to

recommendation of Bychkov et al. [By8O] which was based on the experimental data of Qaimn

[Qa73]. Figure 4.6 shows the evaluated data and experimental data of the 9 Tc(n,2n) reaction

cross section. No experimental data other than Ref. [Qa73] are available. Therefore, we adopted

the data of JENDL-3.2 for JENDL-3.3.
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(2) (n,p) reaction cross section

Currently available cross-section data of this reaction are shown in Fig. 4.7.

ENDF/B-VI.8 does not give this reaction data. JENDL-3.2 is in agreement with the

experimental data of Qaim [Qa73] and Ikeda et at. [k94]. Therefore JENDL-3.2 was adopted in

the present work.

(3) (n,ix) reaction cross section

Figure 4.8 shows the (n,cx) reaction cross section. JENDL-3.2 is in agreement with the

experimental data of Qaim [Qa73] and Goldstein [Go66]. However, the most recent

experimental data of Ikeda et a.[lk94] are smaller then JENDL-3.2. Therefore, in the present

work, the data of JENDL-3.2 were renormalized to the data of Ikeda et at.

(4) (n,3n), (n,np), (n,nc), (n,nd) and (n,nt) reaction cross sections

These data of JENDL-3.2 are shown in Fig. 4.9. Experimental data are available only for

the (n,ncx) reaction cross section. JENDL-3.2 is smaller than these experimental data Qa73,
1k941. For JENDL-3.3 (solid line), JENDL-3.2 was renormalized to the data of Ikeda et al. The

data of the other reactions adopted to JENDL-3.3 are the same as JENDL-3.2.

(5) (n,d), (n,t) and (n, He) reaction cross sections

JENDL-3.2 data of these reactions are given in Fig. 4.10. They were adopted to

JENDL-3.3 without any modifications. Qaim [Qa73] measured the (n, 3H-e) and (n,2p) reaction

cross sections, and reported that they were less than 7 ib and less than 14 jib at 14.7 MeV,

respectively. However, we did not modified the (n, He) reaction cross section and did not adopt

the (n,2p) cross section, because they have large uncertainties.

4.4.3 Inelastic Scattering Cross Sections

The excited levels considered in the calculation are listed in Table 4.4. They were adopted

from Table of Isotopes Fi98I and RIPL-I [lA981 The direct inelastic scattering process was not

considered in the JENDL-3.2 evaluation. In the present work, it was calculated with the

DWUCKY code [Ya88, Ku* I] to the nine levels marked with "" in Table 4.4.The deformation

parameters, 13, were determined from the recommendation of Raman et al. [Ra87] The average

value of O3's was determined as 0.203 from neighboring even-even nuclides (98Mo, Mo, Ru

and 001Ru). This value was used as an input data of levels with the angular momentum transfer 
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2. The DWUCKY code calculates the effective IP value of each level from this input data based

on the weak-coupling model.

Figure 4.11 shows the direct inelastic scattering cross sections. These values were used as

the competing cross sections in the statistical model calculation with the CASTHY code. The

inelastic scattering cross sections were obtained as the sum of these direct cross sections and the

results of CASTH-Y calculation. The total inelastic scattering cross section is compared with

other evaluated data libraries in Fig. 4.12.

4.4.4 Capture, Total and Elastic Scattering Cross Sections

The capture and total cross sections were calculated with the CASTI-Y code. The

parameters used are listed in Tables 4.3 and 4.4. The level density parameters for the

Gilbert-Cameron formula are the same as those used in the JENDL-3.2 evaluation. The

gamma-ray strength function of 8.0 IXIO-
3 was determined by the CASTHY code so as to

reproduce the capture cross section of 620 mb at 50 keV.

The capture cross section is shown in Figs 4.13 and 4.14. The recent experimental data

were reported by Kobayashi et al. KoO1] and Igashira et al. [IgOl] Kobayashi et al. measured

the cross sections from 0.01I eV to 40 keV, and normalized them to 22.9 b [Ha95] at 0.0253 eV

Igashira et al. used neutrons from the Li(p,n) reaction and the TOF method, and obtained the

cross sections from 1 2 to 540 keV.

The calculation with the CASTHY code reproduces well the data of Mackin [Ma82] and

Kobayashi et al. below MeV. The data of Igashira et al. are larger than the present calculation

in the tens keV region. In the energy region above I MeV, the calculation was too large.

Therefore, it was modified so as to reproduce the experimental data above I MeV.

Above several MeV, the direct/semi-direct capture is dominant. In the JENDL-3.2

evaluation, this contribution was estimated with a simple formula recommended by Benzi and

Reffo [Be69], and normalized to I mb at 14 MeV. This formula was used again in the present

work, but normalized to 9±2 mb at 14.7 MeV which was the measured data by Qaim [Qa73].

The Maxwellian-averaged capture cross sections at kT=30 keV are compared in Table 4.5.

The present result is larger than JENDL-3.2 and recommendation of Bao, et al. [BaOO]. Recently

Gunsing et al. [GuOl] reported the Malwellian-averaged cross section based on the measured

data at GELINA. Their result at kT=30 keV is 0.933 b which is quite larger than others.

The evaluated data for the total, elastic scattering and capture cross sections are compared

with each other in Figs. 4.1I5, 4.16 and 4.1 7, respectively, in the energy region from the thermal

to 20 MeV.
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4.5 Other Data

The angular distributions of elastically scattered neutrons were adopted from the

CASTHY calculation. Those of inelastic scattering neutrons were sum of the CASTHY and

DWUCKY calculations.

The energy distributions of neutrons are the same as JENDL-3.2 which were calculated

with the PEGASUS code. The interpolation method of neutron spectra was changed to "unit

base interpolation."

5. Cerium-140

5.1 Summary of Evaluated Data

The evaluated data given in JENDL-3.2 was partly revised [KaOlb] after the evaluation

for JENDL-3.1 [Ka92]. ENDF/B-VI and JEFF-3 have also the data for this nuclide. The data of

JEFF-3 are the same as JEF-2.2. According to the description given in the data file, JEFF-3

adopted the data of ENDF/B-V and then revised the resonance parameters and added the

charged-particle emission cross sections from REAC-ECN-4. ENDF/B-VI is essentially the

same as ENDF/B-V.

The neutron number of '40Ce is a magic number of 82. Therefore the capture cross section

is small, and there are small number of resonances. There are relatively many experimental data.

By the reactions of (n,2n), (n,a), etc., radioactive nuclides are produced. Therefore, many

experimentalists measured such radioactive nuclide production cross sections.

5.2 Thermal Cross Sections and Resonance Integral

Thermal cross sections are listed in Table 5. 1. The capture and the elastic scattering cross

sections of JENDL-3.2 are in good agreement with the recommendation of Mughabghab et al.

[Mu8 ]. No recent experimental data have been reported.

Table 5.2 is a list of the data of capture resonance integral. The resonance integral

calculated from JENDL-3.2 seems to be too small. The resonance parameters are revised as

described in the next section so as to improve this value. JENDL-3.3 gives the capture

resonance integral of 0.344 b. However it is still smaller than the experimental data of about

0.47 b.
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5.3 Resolved Resonance Parameters

The resolved resonance region of JENDL-3.2 is up to 200 keV. The parameters of

JENDL-2 determined on the basis of the data of Hacken et al. Ha74], Camarda [Ca78] and

Musgrove et al. [Mu79] were revised based on the data of Ohkubo et al. [h85] for JENDL-3.2.

ENDF/B-VI does not give the resonance parameters. The parameters of JEFF-3 were

based on the data of Musgrove et al. [Mu79]

The total and capture cross sections are shown in Figs. 5.1 and 5.2, respectively.

The resonance parameters were reported by Ohkubo et al. [h93] after the JENDL-3.2

evaluation. They superseded the previous results of Ref. [h85]. In the present work, their

parameters were adopted to 15 levels between 2.5 and 55 keV. The new parameters are almost

the same as previous ones.

JENDL-3.2 assumed a negative resonance at -64 eV which was based on the

recommendation of Mughabghab et al. By the effects of this negative level, the capture cross

section rapidly decreases with increasing energies. Since average spacing of s-wave resonances

is about 3.2 keV [Mu8 ], the position of the first negative resonance might be around -0.7 keV.

In this work, a negative resonance was assumed at -700 eV. The neutron width of this resonance

was adjusted so as to give the elastic scattering cross section of about 2.8 b [Mu8 1], and the

radiative capture width of 0.035 eV was assumed.

E = -700 eV, F, = 2 eV, F. = 0.035 eV.

In order to reproduce the capture cross section at 0.0253 eV, we needed background cross

sections in a I formn. Above 60 keV, a background cross section given in JENDL-3.2 to

compensate level missing was kept.

Hamnood et a. [HaOO] measured recently the capture cross section in the resolved

resonance region and revealed that the data of JENDL-3.2 was too small by about 30%. This

underestimation was caused by the data of Musgrove et al. adopted to JENDL-3.2 which was

too small. For JENDL-3.3, the capture widths of all the resonances were increased by 40% so as

to agree with the data of Harnood et at.

It is also seen by comparison of Maxwellian averaged capture cross section around 30

keV that the cross section calculated from JENDL-3.2 resonance parameters is too small. Table

5.3 compares them. JENDL-3.2 is about 30% smaller than the data of Kappeler et a. [Ka96]

The present results are better than JENDL-3.2.

Improved cross sections are shown in Figs. 5.1 and 5.2 with solid lines.
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5.4 Cross Sections above the Resonance Region

5.4.1 Total Cross Section and Optical Model Parameters

The total cross section was measured by Camnarda et a. [Ca84]. The optical model

parameters used for the JENDL-3.2 evaluation were slightly improved to reproduce the data of

Camarda et al. The potential parameters are listed in Table 5.4. The calculated total cross section

is compared with other evaluated data and the experimental data in Fig. 5.3. The present

calculation reproduces well the data of Camarda et al. The calculated total cross section was

adopted for J EN DL-3.3 above 2 00 keV.

5.4.2 Threshold Reaction Cross Sections

(I) (n,2n) reaction cross section

There are many experimental data for this reaction. Figure 5.4 shows the total (n,2n)

reaction cross section. No data are given in ENDF/B-VI and JEFF-3 for this reaction. The recent

measurements were performned by Kasugai et al. [KaOlc], Filatenkov et al.[Fi97,Fi99], NMolla et

al.rMo97] and Kong et al.[Ko951. They are smaller than JENDL-3.2. Therefore, the data of

JENDL-3.2 was decreased in the present work by multiplying a factor of 0.95 so as to reproduce

well the data of Filatenkov et al. which are nearly average of the recent data. The result is shown

with a solid line in Fig. 5.4. The data after 1990 are shown with their error-bars. The present

data for JENDL-3.3 is consistent with the upper limit of the data of Kasugai et al.

(2) (n,p) reaction cross section

Evaluated data are given in JENDL-3.2 and JEFF-3. Both are almost the same as each

other.

Experimental data exist around 14 to 5 MeV. The recent experimental data by

Filatenkov et al. [Fi97, Fi99], Kasugai et al. [KaOlcJ and Teng Dan et al.[Te85] are in good

agreement with each other. JENDL-3.2 reproduces these experimental data as seen in Fig. 5.5.

The present work adopted the data of JENDL-3.2.

(3) Other threshold reactions

Figure 5.6 shows the cross sections of (n,3n), (n,ncx), (n,np) and (n,nd) reactions. Only

JENDL-3.2 gives those cross sections. Figure 5.7 is a graph of the (n,(x), (n,d), (n,t), (n,3IHe) and

(n,2p) reaction cross sections. JNDL-3.2 does not give the data for (n, H-e) and (n,2p) reactions,

because their cross sections calculated with the PEGASUS were smaller than 0.001 mb.
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In the present work, the data of JENDL-3 .2 for these reactions were adopted without any

modifications.

5.4.3 Inelastic Scattering Cross Sections

JENDL-3.2 considered the level scheme of 40Ce up to 3.25 MeV. The direct inelastic

process was considered to the 2+ and 3- levels at 1 .596 MeV and 2.464 MeV, respectively.

In the present work, twenty-three levels up to 3.3951 MeV listed in Table 5.4 were taken

into consideration on the basis of Table of Isotopes 8 edition [Fi98], and those above 3.4246

MeV were assumed to be overlapping. The direct inelastic scattering cross sections were

assumed to be the same as JENDL-3.2 calculated with the DWUCK code.

The present result is shown in Fig 5.8 together with other evaluated data. The data of

ENDF/B-VI and JEFF-3 are the same each other. The shape of ENDF/B-VI and JEFF-3 seems

to be inadequate.

5.4.4 Capture, Total and Elastic Scattering Cross Sections

The capture cross section was calculated with the CASTHY code by adopting the

parameters given in Tables 5.4 and 5.5. The gamma-ray strength function of 5.73x1 06 was

determined so as to reproduce the capture cross section of 4.7 mb at 500 keV which was a

slightly large cross section than Harnood et al.

Bergqvist et al. [Be78] measured the direct capture cross section at energies from 6.2 to

II MeV. They are about 2 times larger than JENDL-3.2 which was calculated from a simple

sistemnatics of Benzi and Reffo [Be69]. Therefore, the direct capture cross section was adopted

after multiplying a factor of 2.

The capture cross section is shown in Fig. 5.9. Below 200 keV, in the resonance region,

the average cross section is in good agreement with the data of Harnood et al. Above 200 key,

the present evaluation is slightly larger than JENDL-3.2.

The elastic scattering cross section above 200 keV was obtained by subtracting sum of

partial cross sections from the total. The total, elastic scattering and capture cross sections in the

whole energy range from thermal to 20 MeV are shown in Figs. 5.10, 5.11 and 5.12.

5.5 Other Data

The angular distributions of elastically scattered neutrons were adopted from the

CASTHY calculation. Those of inelastic scattering neutrons for the levels at 1 .5962 and 2.4641
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MeV were sum of the CASTHY and DWUCKY calculations.

The energy distributions of neutrons are the same as JENDL-3.2 which were calculated

with the PEGASUS code. The interpolation method was changed to "unit base interpolation."

6. Conclusions

Improvement of JENDL-3.2 data was made for .. Am, Am, Tc and '40Ce. Almost ail

data of JENDL-3.2 for these nuclides were replaced with improved data. The data were

compiled in the ENDF-6 format and adopted to JENDL-3.3.
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Table 2.1 Thermal cross sections (b) of m4 'Am

a) Fission
Present (JENDL-3.3) 6390
JENDL-3.2 6409
ENDF/B-VI 6620
JEFF-3 6874
Maslov et al. 6390

Mughabghab [Mu84] 6950±280

Zhuravlev et al. [Zh75] 6080±500
Dabbs et al. [Da83] 6950±250
Browne et al. [Br84] 6328±0.5%
Kai et al. [KaO I a] 5850±250

b) Capture
Present (JENDL-3.3) 1229
JENDL-3.2 1254
ENDF/B-VI 1342
JEFF-3 1806
Maslov et al. 1229

Mughabghab [Mu84] 2000±600

c) Elastic scattering
Present (JENDL-3.3) 5.25
JENDL-3.2 5.67
ENDF/B-VI 5.84
JEFF-3 13.72
Maslov et al. 5.25

d) Total
Present (JENDL-3.3) 7625
JENDL-3.2 7669
ENDF/B-V1 7968
JEFF-3 8694
Maslov et al. 7625
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Table 2.2 Resonance integrals (b) of 242mAm fission and capture cross sections

a) Fission
Present (JENDL-3.3) 1540
JENDL-3.2 1560
ENDF/B-VI 1890
JEFF-3 1640
Maslov et al. 1540

Mughabghab [Mu84] 1800±65

Zhuravlev et al. [Zh75] 2260±200
Dabbs et al. [Da83] 1800±65 0.5 eV - 20 MeV
Browne et al. [Br84] 1553±78 0.5 eV - 20 MeV

b) Capture
Present (JENDL-3.3) 240
J ENDL-3 .2 246
ENDF/B-VI 287
JEFF-3 262
Maslov et al. 240
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Table 3.1 Thermal cross sections (b) of 243Am

a) Fission
Present (JENDL-3.3) 0.08 13
J EN DL-3.2 0.116
ENDF/B-VI 0.0739
JEFF-3 0.0496
Maslov et al. 0.063 8

Mughabghab [Mu84] 0.1983±0.0043

Zhuravlev et al. [Zh75] 0
Gavrilov et al. Ga76] 0.20±0.11
Asghar et al. [As791 0. 1983±0.0042 (reL to 5 82.2 b of ... U)
Wagemans et al. [Wa89] 0.074±0.004
Kobayashi et al. [Ko99] 0.08 13±0.0025

b) Capture
Present (JENDL-3.3) 76.71
JENDL-3.2 78.50
ENDF/B-VI 75.08
JEFF-3 75.94
Maslov et al. 76.71

Bak et at. [Ba67] 73±6
Folger et al. [Fo68] 78 (absorption cross section)
Gavrilov et al. [Ga76] 83±6

c) Elastic scattering
Present (JENDL-3.3) 7.46
JENDL-3.2 7.48
ENDF/B-VI 8.54
JEFF-3 7.11
Maslov et at. 7.46

d) Total
Present (JENDL-3.3) 84.25
JENDL-3.2 86.10
ENDF/B-VI 83.69
JEFF-3 83.11
Maslov et al. 84.23

Cot6 et al. [Co59a] 190
Berreth and Simpson [Be7O] 85±4
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Table 3.2 Resonance integrals (b) ... Am fission and capture cross sections

a) Fission
Present (JENDL-3.3) 7.48
Present (J EN DL-3.3) 2.26 (0.5 eV - 30 keV)
JENDL-3.2 7.59
ENDF/B-VI 7.55
JEFF-3 6.52
Maslov et al. 6.37

Zhuravlev et al. [Zh75] 9±1
Gavrilov et al. [Ga76] 17.1±1.3
Knitter and Budtz-Jorgensen [Kn88]

3.05±0.15 (0.5 eV - 30 keV)

b) Capture
Present (JENDL-3.3) 1790
JENDL-3.2 1820
ENDF/B-VI 1820
JEFF-3 1810
Maslov et al. 1790

Mughabghab [Mu84] 1820±70

Bak et al. [Ba67] 23 00±200
Folger et al. [Fo681 2250 (absorption)
Gavrilov et al. [Ga76] 2200±150
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Table 4.1 Thermal cross sections (b) of 99Tc

a) Capture
Present (JENDL-3.3) 22.77
JENDL-3.2 19.64
ENDF/B-VI .8 20.01
JEFF-3 19.64

Mughabghab et al. [Mu8 1] 20±1

Pattenden [Pa58] 24.8±2.0
Tattersall et al. [TA6O] 16±7
Ovechkin et al. [v74] 24±4
Lucas et al. [Lu77] 20±2
H-arada et al. Ha95] 22.9±1.3 activation method

b) Elastic scattering
Present (JENDL-3.3) 4.562
JENDL-3.2 3.422
ENDF/B-VI.8 5.776
JEFF-3 3.422

c) Total
Present (JENDL-3.3) 27.33
JENDL-3.2 23.06
ENDF/B-VI.8 25.78
JEFF-3 23.06

Pattenden [Pa58] 30±2
Watanabe and Reeder[WA7O] 24.7±1 .7
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Table 4.2 Resonance integral (b) of 99Tc capture cross section

Present (JENDL-3.3) 324
JENDL-3.2 312
ENDF/B-VI.8 312
JEFF-3 312

Mughabghab [Mu8l] 340±20

Tattersall et al. [TA6O] 60±20 cut-off energy=0.67 eV
Watanabe and Reeder [Wa7O] 340±20
Lucas et al. [Lu77] 186±16 non I only
Harada et al. [Ha95] 398±3 8 activation method

Table 4.3 Optical potential parameters for n + 99Tc Reaction

For JENDL-3.2 evaluation

Potential shape: Derivative Woods-Saxon for imaginary part

Depth (MeV) Radius (fin) Diffuseness (fin)
V=47.5 5.972 0.62

Ws= 9.74 6.594 0.35
Vso= 7.0 5.97 0.62

For the present evaluation

Potential shape: Derivative Woods-Saxon for imaginary part

Depth (MeV) Radius (fin) Diffuseness (fin)
V=45.5 - 0.48*En I1.350*A**( 1/3) 0.60
Ws= 6.79+0.83*E 1.330*A**(1/3) 0.40

Vso= 7.0 1 .350*A**(1/3) 0.60

A: mass number
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Table 4.4 Parameters used in CASTHY calculation for 99Tc data

a) Level density parameters

Nuclide a(1 /MeV) T(MeV) C(l/MeV) Ex(MeV) Pairing (MeV)
99Tc 16.0 0.655 2.973 5.984 1.290

100TC 16.37 0.585 11.89 3.635 0.0

b) Gamma-ray strength function

8.01 X10 3: adjusted to reproduce the capture cross section of about 620 mb
at 50 keV

c) Excited levels

No. Energy(MeV) Spin-parity
0 0.0 9/2 +
1 0.1405 7/2 + *

2 0.1427 1/2 -

3 0.1811 5/2 + *

4 0.5091 3/2 -

5 0.5344 3/2 ±

6 0.5369 5/2 +
7 0.6125 5/2 - *

8 0.6254 9/2 + *

9 0.6715 3/2 -

10 0.7198 7/2 + *

II 0.7267 11/2 + *

12 0.7617 5/2 + *

13 0.7619 13/2 + *

14 0.9206 1/2 +
15 0.9861 7/2 - *

16 1.0041 3/2 -

17 1.0175 continuum

Table 4.5 Maxwellian-averaged 99Tc capture cross section (b) at kT=30 keV

Present (J EN DL-3.3) 0.806
JENDL-3.2 0.786
ENDF/B-VI.8 0.805
JEFF-3 0.786
Bao et al. [BaOO]* 0.781±0.050
Gunsing et al.[GuO1I] 0.933

*)recommended value

- 34 -



JAERI-Research 2002-035

Table 5.1 Thermal cross sections (b) of 40Ce

a) Capture,
Present (JENDL-3.3) 0.5 70
JENDL-3.2 0.570
ENDF/B-VI 0.505
JEFF-3 0.5 74

Mughabghab et a. [Mu8l] 0.57±0.04

Katcoff et a. [Ka49] 0.3 1±0.07 Maxwell av.
Hughes and Sherman [Hu5O] 0.24 Maxwell av.
Pomnerance [Po52] 0.63±10% Maxwell av.
Aistad et al. [A167] 0.54±0.02 Maxwell av.
Lantz et al. [La64] 0.59±0.06 Activation method
Alian et al. [A173] 0.68 Maxwell av.

b) Elastic scattering
Present (JENDL-3.3) 2.883
JENDL-3.2 2.830
ENDF/B-VI 4.93
JEFF-3 3.264

Mughabghab et a]. [Mu8 1 2.83±0.11

Koehler and Wollan [Ko531 2.8±0.1
Vertebnyj et a. [Ve7O] 4.0±0.2

c) Total
Present (JENDL-3.3) 3.453
JENDL-3.2 3.400
ENDF/B-VI 5.50
JEFF-3 3.838
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Table 5.2 Resonance integral (b) of 40Ce capture cross section

Present (JENDL-3.3) 0.344
JENDL-3.2 0.278
ENDF/B-VI 0.446
JEFF-3 0.336

Mughabgbab [Mu8l] 0.47±0.05

Lantz et al. [La64] 0.48±0.05 activation
Alstad et al. [AI67] 0.49±0.05 E=0.4 eV - 1 .0 MeV
Ricabarra et al. [Ri68] 0.25±0.03
Steinnes [St72] 0.48±0.05 Cut-off=-0.5 eV
Alian et al. [AI73] 0.66 Cut-off=-0.5 eV
Van der Linden et al. [Va74] 0.43±0.02
Heft [He78] 0.483±0.005 Cut-off=0.5 eV

Table 5.3 Maxwellian averaged '40Ce capture cross section (mb)

References kT=25 keV kT=30 keV

Present (JENDL-3.3) 11.0 10.0
JENDL-3.2 8.11 7.46
ENDF/B-VI 24.8 22.9
JEFF-3 18.9 18.5

Xia et al. [Xi9O] 15.33±1 Oa

KUppeler et al. [Ka961 12.0±0.4 11.0±0.4
Bao et at. [BaOO] * 11.0±-0.4

*) recommended value
a) at 24 keV
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Table 5.4 Optical potential parameters for n + 140Ce Reaction

For JENDL-3.2 evaluation

Potential shape: Derivative Woods-Saxon for imaginary part

Depth (MeV) Radius (fin) Diffuseness (fin)
V= 41.8 6.89 0.62

Ws= 2.95+0.789*En 7.098 0.35
Vso= 7.0 6.89 0.62

For the present evaluation

Potential shape: Derivative Woods-Saxon for imaginary part

Depth (MeV) Radius (frn) Diffuseness (fin)
V=45.36 - 0.342 *En 1 .307*A**( 1/3) 0.62

Ws= 9.763+0.41 67*En I1.280*A**(1/3) 0.35
Vso= 7.0 1.307*A**(1/3) 0.62

A: Mass number
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Table 5.5 Parameters used in CASTHY calculation for '40Ce data

a) Level density parameters

Nuclide a(l/MeV) T(MeV) C(l/MeV) Ex(MeV) Pairing
' 40 Ce 14.13 0.6541 0.3376 5.852 2.020
14 'Ce 17.14 0.5150 0.7134 3.957 1.170

b) Gamma-ray strength function

5.73x1T06 : Adjusted to reproduce the capture cross section of 4.7 mb at 500
keV

c) Excited levels

No. Energy(MeV) Spin-parity
0 0.0 0-i-
1 1.5962 2 ± 

2 1.9033 0 +
3 2.0833 4 +
4 2.1079 6 +
5 2.3479 2 +
6 2.3498 5 +
7 2.4120 3 +
8 2.4641 3 - *

9 2.4809 4 +
10 2.5158 4 +
11 2.5214 2 +
12 2.5473 1 +
13 2.6289 6 +
14 2.8997 2 +
15 3.0011 2 +
16 3.0168 0 +
17 3.040 3 -

18 3.1186 2 +
19 3.226 0 +
20 3.3204 2 +
21 3.331 4 +
22 3.3947 4 -

23 3.3951 4 +
3.4246 continuum
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242m~rn fission

* C. D. Bowman+ ('68)
* J.W.T.Dabbs+ ('83)

J.C.Browne+ ('84)
0 J.C.Browne+ ('84)

104
40

0

Q --- ENDF/B-VI

JEN DL-3.2
-JENDL-3 .3

I o- 10-2 lo-, 100

Neutron Energy (eV)

Fig. 2. 1(a) 2 2mnAm fission cross section (0.001I - 3 eV)

Experimental data: Bowmnan+( '68)[lBo68a], Dabbs+(' 83 )[Da831, Browne+(' 84)[Br4]

242"Arn fission * I**I

04

Maslov et al.
-- JENDL-3.2

-JENDL-3.3

2 _ _ _ _ _ _ _ I_ _ I_ _ _ _ _ _1 _ _ _ _ _ _ _ _ _ I_ _ _ _, . I _ _ _ _ _ _ _ _ _ _ _I _ _ __,. I _ _I

I o- 10-2 lo-, 100

Neutron Energy (eV)

Fig. 2. 1 (a)-2 142 mAm fission cross section (0.001I - 3 eV, Evaluated data only)
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1 42"Am fission
- JEFF-3
--- ENDF/B-VI

Maslov et al.
- JENDL-3.2

0
10

o ~~0 P.A.Seeger+ ('67)
C. * C.D.Bowman+ ('68)0

* J.W.T.Dabbs+ ('83)
0 J.C.Browne+ ('84)
a V.F.Gerasimov+ ('87)

100 10' 102

Neutron Energy (eV)

Fig. 2. 1(b)- I 2 2mAm fission cross section ( - 00 eV)
Experimental data: Seeger+('67)[Se671, Bowman+('68)[Bo68a], Dabbs+(' 83)[Da83],

Browne+(' 84)[Br84], Gerasimov+(' 87)[Ge87]

103 2"Am fission

~102 *. 

o -- ~~~JEFF-3
--- ENDF/B-VI

U ~~~~Maslov et al.
-JENDL-3.2
JENDL-3.3

10100 10' 102

Neutron Energy (eV)

Fig. 2. 1(b)-2 142mArn fission cross section ( - 00 eV, Evaluated data only)
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242mArn fission
lo,

04

102 0 Kaietal.('01)TOFexp.
Kai et at.('01) thermnal exp.
JENDL-3.3 (=Maslov et al.)

Io-3 i1o2 lo-, 100 101 102

Neutron Energy (eV)

Fig. 2.2 2 mAm fission cross section (comparison with TOF measurement by

Kai et al. [KaOla]a

104 2mAm capture

03

102

O - JEFF-3
C.) i ~ --l ENDF/B-VI
IVlo Maslov et al.

- JENDL-3.2
- JENDL-3.3

Neutron Energy (eV)

Fig. 2.3 242i"Am capture cross section (0.01I - IO0eV)
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22Amn total

lo,

2 - - JEFF-3(102 _---- ENDF/B-VI
Maslov et a].

-- JENDL-3.2
- JENDL-3.3

102 lo-, 100 10'

Neutron Energy (eV)

Fig. 2.4 24 2mAm total cross section (0.01 - 10 eV)

12 242mAr fission

---ENDF/B-VI
-- JENLoet.

-JENDL-3.2

0~~~~~~~~0

'~~~~ 101 ~~~~~~0 

0~~~~~~~~~~~~~~

000 ~0 00 00 0

() ~0 P.ASeeger+ 67) 0 0 0 00 00

a C.D.Bowman± ('68) 000 0 P
03 E.F.Fomushkin+ (81) 0 q 0

*J.W.T.Dabbs+ (83) 0 
QJ.C.Browne± ('84)
*V.F.Gerasimov+ (87)

1002 103 104 lo,

141, Neutron Energy (eV)
Fig. 2.5(a) Am fission cross section ( 00 eV - 00 keV)

Experimental data: Seeger-I(67)[Se67], Bowman+('68)E[o68aI, Fomushkin±(' 81 )jFo8 1]
Dabbs+(' 83)[Da831, Browne+('84)[Br84], Gerasimov+(' 87)[Ge87]
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102 2mAmn fission I

's. - -~~~~~~~~JEFF-3
--- ENDF/B-VI

5%ss ~~~~~~~~~Maslov et al.
- JENDL-3.2

-JENDL-3.3

0

lo,10

0
U

102 103 io4 lo,
Neutron Energy (eV)

Fig. 2.5(b) 2 2mAm fission cross section (100eV -100 keVEvaluated data only)

242mAr fission
1o,

Kai et al. (1 )
14 -JEF-2.2

10 ~~~~~~~~~~-- -- ENDF/B-VI
Maslov et al.

-~~~~~~ --~~~~~~JENDL-3.2

0

102
0

U

10' . I I d I.. -

Io-1 10-2 10-l 100 101 102 1o3 104 io5
Neutron Energy (eV)

Fig. 2.6 242mAm fission cross section (comparison with KULS measurement

by Kai et al. [KaO I al
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242"Arn fission
5.(I) I I II I I I I -

o P.A.Seeger+ ('67) J.W.T.Dabbs+('83)
* C.D.Bowman+ ('68) 0 J.C.Browne+ (84)

aE.F.Fomushkin+ (81) * J.C.Browne+ (84)4.0 A E.F.Fomushkin+ 8 1 + V.A.Shigin (91)
0 E.F.Fomushkin+ (81) X B.1. Fursov (94)

0 ~~~~~~~~~~0 .. Fursov+ ('94)
-D~~~~~~~~~~~~~

0 0

0 2.00 
0~ ~~~~~~90I

U
1.0 --- ENFI-V

Maslov e a.
--- JENDL-3.2
-JENDL-3.3

Neutron Energy (eV)

Fig. 2.7 242mAm fission cross section ( 00 keV - 20 MeV)
Experimental data: Seeger+('67)[Se67], Bowman+('68)[Bo68a], Fomushkin+('8 I)[Fo8 1],

Dabbs4(' 83)[Da83], Browne+(' 84) [Br4], Shigin('9 I1)[Sh9 1] Fursov±('94)[Fu94]

242~ rncapture

100

0

10-2

o -JEFF-3
II-4 ---- ENDF/B-VI

U 103 - Maslovet a].

- JENDL-3.3

104 lo, 106 107

Neutron Energy (eV)

Fig. 2.8 242 mArn capture cross section ( 0 keV - 20 MeV)
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24 2 "Ar inelastic scattering
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15 242mAm total
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22Am total

104

___Maslov et al.
-JENDL-3.2

103 ~ ~ ~ ~ ~ ~ ~ -JENDL-3.3

10
0

10-2 10'1 100 10' 102 103 104 i05 106 107

Neutron Energy (eV)

Fig. 2.13 2112nAm total cross section (thermal energy - 20 MeV)

22Am elastic scatterin~ 

lo,~~I-

0 ~~~ JEFF-3
(9-- ENDF/B-VI

Maslov et al.
-- JENDL-3.2

-JENDL-3.3

1 02 10'1 100 10' 102 03 0 4 01 106 107

Neutron Energy (eV)

Fig. 2.14 142 mAr elastic scattering cross section (thermal energy - 20 MeV)
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242 m fission

1 04

-JEFF-3
---EN DF/B-V I

3 ~~~~~~~~~~~~~~Maslov et al.
~~~, 10 -~~~~~~~~JENDL-3.2

0

U

101

1010-2 10-' 100 101 102 103 104 i01 106 107

Neutron Energy (eV)

Fig. 2.15 242mAm fission cross section (thermal energy - 20 MeV)

242mAMcapture

~'101

0

0 JEFF-

U 1-2 - --- ENDF/B-VI10 - ~~Maslovet al.

JENDL-3.2

10-2 10'1 100 0 1 102 0 3 0 4 0 5 106 107

Neutron Energy (V)

Fig. 2.16 242mAm capture cross section (thermal energy - 20 MWV)
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242""Am prompt neutrons per fission
8 .0 . . . . I . .I . .I . .

* Jaffey and Lerner ('70)
o Kroshkin and Zamnjatnin ('70)

'0- 7.0 0 Howe et al. ('81)
U Howe et al. ('83)

0 ~ ~~- ENDF/B-VI, JEFF-3

*~~ 6 ~ JENDL-3.3, Maslov et al.

~5.0

0

~4.0

3.0

0 5 10 1 5 20
Neutron Energy (MeV)

Fig. 2.17 242n Am prompt neutrons per fission
Experimental data: Jaffy and Lerner('70)[Ja7OJ, Kroshkin and Zamjatnin('70)[Kr7O],

Howe et al.('8 1)[Ho8l]1, Howe et al.('83)[Ho83]

242mAm delayed neutrons per fission
0.010

---ENDF/B-VI, JEFF-3
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___Maslov et al.
-JENDL-3.30.008

0

0.006

0.004
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Neutron Energy (MeV)

Fig. 2.18 242mArn delayed neutrons per fission
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Fig. 2.1I9(a) 142 '"Am (n,2n) neutron spectra
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Fig. 2.19(b) ""2'Am (n,2n) neutron spectra
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Fig. 2.20(a) 12 mAm (n,3n) neutron spectra
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Fig. 2.20(b) 24
2mAm (n,3n) neutron spectra
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Fig. 2.2 1(a) 242mAm (n,n') neutron spectra
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Fig. 2.21 1(b) 2 2mAm (n,n') neutron spectra
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Fig. 2.22(b) 2 2mAm fission neutron spectra
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Fig. 2.23(a) 242'"Am delayed neutron spectra
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23Am fission
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Fig. 3. 1(a) 24'Am f ission cross section (0.01 1 I0 eV)

102 243Am fission
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Fig. 3. 1(b) 113Am fission cross section (80 -90 eV)

Experimental data: Seeger(' 70)[Se7O]
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243Am fission
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Fig. 3.2 243Am fission cross section

(comparison with KULS measurement performed by Kobayashi et al. [Ko99])
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Fig. 3.3 243Am capture cross section (0.01I - 10 eV)
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23Am total

JEFF-3
104 ~ENDF/B3-VI.5

Maslov et al.
-.- JENDL-3.2

-JENDL-3.3

102
0

0 R.E.Cote+ ('59)~~~~~~~~~~~0 

0 0~~~~~~~~~~~~~~ 

Ol O.D.Simpson+ ('74) 1

* O.D.Simpson+ ('74)
* T.S.Belanova+ ('76)

I o- 10-2 I10' 100 10'1

Neutron Energy (eV)

Fig. 3.4(a) 4'Am total cross section (0.01I - 10 eV)

Experimental data: Cote+(' 59)[Co59a], Berreth+(' 70)[1e7O].

Simpson+( '74)[Si74a], Belanova+(' 76)[Be76]
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Fig. 3.4(b) 243Am total cross section (80 - 95 eV)

Experimental data: Simpson+( '74)[Si74a]
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243Am capture
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Fig. 3 .5 243Am capture cross section (1 00 eV - 200 keV)

Experimental data: Wisshak+(' 83 )[Wi831, Weston+(' 85 )[We851

10'4 Am fission
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Fig. 3.6(a) 1
4 3 Am fission cross section ( keV - 20 MeV)

Experimental data: Butler+('61I)[Bu6 1], Fomushkin+('67)[Fo67], Seeger(' 70)[Se7O],

Knitter+(' 88)[Kn88], Golovrnya+('99)[Go991, Behrens+(' 81 )[Be8 1], Fomiushkin+('84)[Fo84],
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Fig. 3.7 243Am capture cross section (00 eV - 20 MeV)
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Fig. 3.11 243Am elastic scattering cross section (0.1I - 20 MeV)
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Fig. 3.15 243Am capture cross section (thermal energy - 20 MeV)

-68-



JAERI-Research 2002-035

243Am neutrons per fission

* � I I I

* Khokhlov et al. ('94)
- JENDL-3.3 (=Maslov et al.)
- ENDF/B-VI.5

JEF-2.2
-- JENDL-3.2

*� 5.0
rj�

o4.0

z

0 5 10 15

Neutron Energy (MeV)

Fig. 3.16 243Am prompt neutrons per fission

Experimental data: Khokhlov et al.('94)[Kh94]
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Fig. 3.17 243Am delayed neutrons per fission
Experimental data: Saleb et aI.('97)[Sa97], Chariton et aI.('97)[Ch97]
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Fig. 3.18(b) 213Am (n,2n) neutron spectra
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Fig. 3.19(a) 24A (n,3n) neutron spectra
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Fig. 3.19(b) 243Am (n,3n) neutron spectra
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Fig. 3.2 1(b) 243Am fission neutron spectra

-77 -



JAERI-Research 2002-035

1 e-05II
MT=455 delayed neutron JENDL 3.3

Am-243

1 e-06

0)D

0

1 le-07

0)

w
1 e-08

1 e-09
0 500000 e+06 1.5e+06 2e+06 2.5e+06 3e+06

En' (eV)

l e-05II
MT=455 delayed neutron ENDF/B-VI

Am-243

l e-06

0

1 le-07

C)

w
l e-08

l e-09 I 
0 500000 e+06 1.5e+06 2e+06 2.5e+06 3e+06

En' (eV)

Fig. 3.22 243Am delayed neutron spectra
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Fig. 4.1 99Tc total cross section (below 00 eV)
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Fig. 4.9 99Tc(n,3n), (n,np), (n,nax), (n,nd) and (n,nt) reaction cross sections
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