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The evaluation of nuclear data for luPu and '*Pu was made in tho neutron energy

region from 10'' eV to 20 MeV, Tor the both nuelides/ the total, elastic and inelastic

scattering, Hssien, capture, (ft, 2 ft) atid (n,3n) fcnctioti cross scctfotid were evaluated

on the basis of theoretical calculation. The resonance parameters were given

for "'Pu. The angular and energy distributions of secondary neutrons were also

estimated for the both nueltdes. The results were compiled in the ENDF— 5 format

and will be adopted in JENDL Aclinoid File.
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1. Introduction

Nuclear data of minor udinoidi arc important for the fuel cycle study, In Japan,

OMEGA project is being promoted to study a way of management of high level waste from

nuclear energy plants. It is needed to precisely estimate the amount of minor actinoids in the

reactors. A TKU burner reactor1' is one of options for transmutation of minor aeiinoids to

other fiuclides with shorter half-life or stable nuclicfcs. This reactor wilt have a harder

neutron spectrum, and large amount of minor actinoids will be loaded in (lie reactor.

Therefore accurate nuclear data are required even for minor aelinoids, To meet tfic

requirement for the minor actinoid nuclear data, "JENDL Actinold File"2' is under preparation

at the Nuclear Data Center in Japan Atomic Energy Research Institute. In this file, evaluated

neutron induced reaction data will be provided for about 90 nuclidcs including main nuclidcs

(^Th, M3U, WV, ""U, a 'Pu, ""Pu and M1Pu) and minor actinoids with a half-life longer than

1.0 day. In the present work, the nuclear data evaluation was made for ^Pu and M7Pu in

order to store the data in the JENDL Actinoid File.

The nuclide wPu disintegrates with the half-life of 8.26xlO7 years and w P u with the

half-tife of 5.17 days. The nuclide ^Pu decays with a emission of 99.875 % and

spontaneous fission of 0.125 %. In the case of U7Pu, the a decay is only 0.0033 % and the

rest is the electron capture, Evaluated data for the both nudities arc available in ENDF/B-

VIJ) and JEF-2.4) However the same data arc stored in the both files because they adopted

the data from the evaluation made by Mann ct al.3) for ENDF/B-V. Experimental data exist

only for the fission cross section and resonance parameters of ^Pu as is described in Chapter

2. The present evaluation of nuclear data of ^'Pu is described in Chapter 2, and that of *"Pu

in Chapter 3. The results of the present work have been compiled in the ENDF format, and

will be adopted in the JENDL Actinoid File.
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2. Evaluation of 2"l'n Data

2.1 Resonance parameters

Auchampaugh ct ah6) measured the fission cross section by using u nudear explosion

(Physics 8) us u neutron source, und obtuincd information on the resolved resonance

parameters below 285 eV, They used the TOF method with u flight path of 245,45 m and

a Pa oxide sample with 99 M % w P u , and deduced the capture areas for the 13 levels.

Their results were adopted in the recommendation made by Mughabgliab^. In the

present work, the recommendation of Mughabghab was used by assuming an average capture

width of 20 muV, The fission width was determined so as to reproduce the integrated fission

cross sections around each resonance peak measured by Auchampaugh et al. The numerical

data were taken from EXFOU.8) Thus obtained fission widths are almost 1/1000 of the

capture widths, but for some resonances the ratio is quite different from 1/1000. The results

arc listed in Table 2.1. AH the levels were assumed to belong to s-wave resonances. The

effective scattering radius of 9.33 fm was obtained from the shape elastic scattering cross;

suction calculated with the optical model. The Breit-Wigner multi-level formula was

applied. The fission cross section calculated from the resonance parameters are compared

with the experimental data of Auchampaugh et al. in Fig. 2.1.

Thermal cross sections and resonance integrals arc listed in Table 2.2. In the

calculation of resonance integral, integration was made between 0.5 cV and 20 McV

considering cross sections above the resonance region. The thermal capture cross section

obtained from the resonance parameters is in good agreement with the experimental data.

However the calculated resonance integral of capture cross section is larger than the

experiments. ENDF/B-VI gives too large capture resonance integral. For the fission cross

section, no experimental data arc existing at the thermal energy and for the resonance integral.

2.2 Cross sections above Resonance Region
2.2.1 Theoretical calculation

In the energy region above 290 eV, experimental data exist only for the fission cross

section. Therefore, the fission cross section was determined mainly on the basis of the

experimental data and the other cross sections were taken from theoretical calculations with

ECIS9*, STAPREIO) and CASTUYU) to obtain a complete set of the cross sections up to 20

MeV.

- 2 -
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EClSXulculmkin

'flic code ECIS wun used for the calculution of the total cum auction, the shape cliwtlc

scattering cross suction, angular distributions of elastieally scattered neutrons and of the direct

component of the inelastic scattering cross section. The deformed optical potential parameters

used in the present work have the following Values:

VK = 46.03 - 0.3E, 0 s E s 20 MeV

W,/("f = 3.05 + 0.4E, 0 s E * 10 McV

7.05 - 0.082<E-10), 10 s E < 20 McV

Wv
vo1 = 8.0x{l+cxp[-(E-50)/10]}-1, 0 s E < 20 McV

V « , » 6.2

rK s 1.26, aK a 0.63

rn = 1.26, a,, = 0.52

rso = 1.12, a s o = 0.47

fi2 = 0.204, JVj = 0.051

These parameters were determined by Konshin considering Reft, 12 and 13. The introduction

of the volume absorption term seems to lead to a better agreement with actinidc experimental

data for the total cross section in the energy region around 20 McV and for the angular

distributions of the inclastically scattered neutrons on low lying levels.

The EC1S calculation was made in the energy range from 10 kcV to 20 McV.

STAPRE Calculation

The STAPRE code was used for calculations of the fission cross section, (n,2n) and

(n,3n) reaction cross sections and the total inelastic scattering cross section. The neutron

transmission coefficients for these calculations were obtained using the EC1S code. The level

densities were calculated with a phenomcnologieal mode! proposed by Ignatyuk ct ahI4) taking

into account shell, supcrfluid and collective effects. The hard component of neutron

scattering spectra was parameterized using the experimental data for 2JSU in the 6 - 14.7

McV region and the matrix clement for the prc-cquilibrium reaction stage description M2 =

10/A3 McV2.

The most critical values for a good description of experimental data on the fission

cross section within the framework of the model used in STAPRE arc reliable neutron

transmission coefficients, a tested prc-cquilibrium neutron emission contribution and fission

barrier parameters. The fission barrier parameters E,A and Ef" used were the following:

** 3 —
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nuclidc

**Pu
244pu

mpu

Ef(MeV)

5.75

5,50

6.00

5.60

Ef"(l

5.40

5,20

5.70

5,35

Tlic discussions on the fission barrier parameters arc given elsewhere.15'

CASTHY Calculation

Tlie ECIS code dose not consider the compound process, and the STAPRE code docs

not calculate inelastic level excitation cross sections. Therefore, the cross sections due to the

compound process were calculated by using a statistical model code CASTHY. The optical

potential parameters used arc the following oncs.l6)

VK = 45.036 - 0.3 E (MeV), rK = 1.256, uM * 0.626 (fm)

Wj, = 4. l l5 + 0.4E(MeV), r,, = 1.260, ut, = 0.555+0.0045E (fm)

V s o H 7.5 (MeV), rso « t.256, a s o = 0.626 (fm)

The level density parameters for Gilbert-Cameron's formula were determined from average

level spacing of measured resonances7' and staircase plots of low-lying excited levels taken

from ENSDF. Paring energies were assumed as foltowsl7}:

6 s 2x12/^4 for even-even nuclidcs,

12/ /4 for odd nuclidcs,

0.0 for odd-odd nuclidcs.

Other parameters of level density were determined so as to reproduce the staircase plot of

excited levels. Obtained results arc given in Table 2.3. The level scheme of ^4Pu listed in

Table 2.4 was adopted from ENSDF (Evaluated Nuclear Structure Data File).

In the CASTHY calculation, the fission, (n,2n) and (n,3n) reaction cross sections were

considered as competing processes,

2.2.2 Compilation of cross section data

These results of the theoretical calculations were compiled as follows in the ENDF-5

format.

I) Total Cross Section

Above 10 kcV, the ECIS calculation was adopted. Below 10 kcV, it was obtained as

- A -
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a Hum of the fission, capture and clastic scattering cross .sections.

2) Elastic Scattering Cfostf Section

Above 4.5 McV, the EC1S calculation was adopted. Between 10 keV and 4.5 MeV,

the cross section Wus obtained by subtracting a sum of partial cross sections from the total

cross section. In the low energy region, the present ECIS calculation gives too smalt elastic

scattering cross sections since the compound clastic process to not included in the calculation.

Below 10 keV, the cross section was assumed to be a constant value of 13.36 b which was

the value obtained at 10 keV by subtraction of partial cross sections from the total cross

section.

3) Inelastic Scattering Cross Sections

The cross sections due to the compound process were calculated with CASTHY. The

contributions from the direct process were calculated with ECIS and added to the CASTHY

results. The continuum inelastic scattering cross section calculated with CASTHY was too

large in the energy region above 4.5 MeV because the optical model parameters used in the

CASTHY calculation were not perfectly consistent with those for the ECIS calculation. The

continuum inelastic scattering cross section in this energy range was replaced with the values

obtained by subtracting a sum of the clastic and direct inelastic scattering cross section,

fission, (n,2n), (n,3n) and capture cross sections from the total cross section calculated with

ECIS.

The consistency of cross sections were kept by adopting adjusted values for the clastic

scattering cross section in the energy range below 4.5 MeV, and by the continuum inelastic

scattering cross section above 4.5 McV.

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

They were calculated with STAPRE. The (n,4n) reaction cross section was ignored

because its threshold energy of 17.44 McV is high and the cross section is not important for

the fuel cycle study.

5) Fission Cross Section

There are six sets of experimental data.

- 5
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They measured the fission cross section relutive to the 6LI(n,t) and a j U fission

cross sections in the neutron energy region front 20 cV to 10 Mc'V by Using ii nuclear

explosion as n neutron source. Their analysis of resonance parameters were adopted

in the present work.

The fission cross section was measured with EhG-5 clcctrostutic accelerator

in the energy range from 500 keV to 2.5 MeV. The measurements were mude

relatively to the ^ U fission cross section.

The measurement was performed in the energy range from 0.28 to 1.8 McV

with an electrostatic accelerator. To obtain the wPu fission cross section, the ^"Pu

fission cross section of 1.77 bams at 1.03 McV was used.

The fission cross section ratio to W3U was measured in the energy range from

0.1 to 30 McV using 100-McV linear accelerator at Lawrence Livermorc Laboratory

and ionization fission chambers.

KhjULCLiiL2l)

They measured the fission cross section at 14.8 MeV relatively to the ^ P u

fission cross section. Using the a 9Pu fission cross section of 2 J 2 barns, the fission

cross section of 0.91 ±0.09 barn was obtained. This cross section is in good agreement

with a Z w /A systematic?* of 14 MeV fission cross section.

Moore, ct at.22)

The fission cross section was measured in the energy range from 1 kcV to 8

McV relative to ^ U fission cross section by using CBNM linear accelerator. The

effective resolution was OT4 m/tn. From tile evaluated cross section in ENDF/B-V

and the measured data, the ^"Pu fission cross section was obtained.

These data arc shown in Fig. 2.2. Since Dchrcns ct al. reported only ratio data, the

fission cross section of a s U evaluated for JENDL-3.2 was used to get the ^ P u fission cross

section. The data of Auchampaugh ct al., Fomushkin ct al., Gokhbcrg ct al. and Khan ct al.

arc smaller than those of Moore ct al. and Bchrcns ct al. Figure 2.2 shows also the values

calculated with STAPRE. It is seen that STAPRE calculation is in good agreement with the

- 6 -



experimental data (if Moore cl nl, and Uchrens c( nl, in (he energy region from 2 to 20 McV,

Below 1 MeV, the wijcufaiion mig)it be too small, The STAPRE calculation around 1 McV

was not made, sint%* energies specified by Input data are shifted by STAPRE, and it wa«

difficult to gel mm sections imtund I McV.

tft the present wwfej the fsstfJ& *tf Jkt STAPRE calculation was adopted above 8 McV,

Below H McVr a smooth curve was determined by eye-guiding of the experimental data of

Moore et al. and Auchampaugh ct at. In the energy region above 300 kcV, the data of Moore

ct al. were adopted, because they were the most recent experimental data, Below 300 kcV,

the data of Auchampaugh ct at, were used, Below 10 kcV, the data were smoothed out with

an energy resolution of (DxH where E is a neutron energy and a factor of 0.3 was determined

to gel an adequate structure of smoothed cross .section. The fission cross action in this

energy range was determined from thus obtained smooth curve. Figure 2,3 b a comparison

(>f the present evaluation with the experimental data,

(t) Capture Cross Section

This cross section was calculated with CAST11Y. The average capture width of 20

mcV7^ and the average level spacing of 17 cV7* were assumed. In the McV region, direct

capture cross section was assumed to be about a few mb (3.0 mb al 4 McV and 4.0 mb at 20

McV) and added to the CASTHY calculation.

23 Angular Distributions or Secondary Neutrons

The angular distributions of clastically scattered neutrons were calculated with EOS.

Those of inclaslkatly scattered neutrons were obtained by the CASTHY calculation for the

compound process! and by the EC1S calculation for the direct process. Both were summed

up to the final results. Tor the levels above 957 kcV, onty the compound proms was

considered.

The angular distributions of neutrons from the fission, (n,2n) and (n.3n) reactions were

assumed to be isotiopic in the laboratory system.

2.4 Energy Distributions of Secondary Neutrons

For the (n.2n), (n.3n) and continuum inelastic scattering* the energy distributions of

secondary neutrons were obtained by STAPRE The fission spectrum was assumed to be the

evaporation spectrum with the nuclear temperature of 1347 McV obtained from systematic*
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given by Smith ct «!/">

2.5 Neutrons per Fission

The number of delayed neutrons per fission (vd) was estimated with n systematic of

Mancro and Konshln.24) The number of delayed DCUIKMW if (M)3 iu \h& thermal energy region

and 0.019 In the MeV region. The energy range from 4 to 7 McV was assumed to be a

transient region of the two values. The six group decay constants were assumed to be the

same as those of ml'u evaluated by Brady and England.25*

The prompt neutrons (vp) wus determined on the basis of experimental data f o r M Pu

and wPa:

v p s 2 .79 + O.163xE<McV).

This is c lose to v p s 2 . 6 8 8 + 0 . 1 8 4 x E ( M c V ) obtained from l lowcrton's s y s t e 2 6 *

2,6 Discussion on U4Pn Data

The cross sections obtained In the present evaluation are compared with those in

ENDF/B-VI in Figs. 2.4 to 2.9. The cross sections in the resolved resonance region in these

figures arc averaged in quarter lethargy intervals. ENDF/B-VI gives hypothetical resolved

resonances below 249 cV and unresolved resonance parameters at energies between 249 eV

ami 10 kcV. Large discrepancies arc found in the resonance region except the thermal energy

region. The fission cross section in ENDF/B-VI is zero at low energies, while the present

evaluation gives small values on the basis of the experimental data. Above 100 kcV, the both

evaluations are almost the same. ENDF/B-VI adopted the data of Behrcns ct al. which arc

slightly smaller than the data of Moore ct al. There arc also rather large discrepancies in the

capture, inelastic scattering. (n,2n) and (n,3n) reaction cross sections, because of no available

experimental data.

The angular distributions of clastically scattered neutrons arc shown in Fig. 2.10. The

present results arc almost the same as ENDF/B-VI. Figures from 2.11 to 2.19 arc the angular

distributions of inelastic scattering neutrons at 2 and 10 McV. On the figure of 2 McV data,

contributions from the direct process calculated with EC1S arc shown together with the

present result which is a sum of direct and compound processes.

Figure 2.20 displays the energy distributions of (n,2n) reaction neutrons at the incident

energy of 10 McV. ENDF/B-VI adopted the evaporation spectra, and the present evaluation

the STAPRE calculation. The same tendency as the (n,2n) reaction is found in the energy

~ 8 —
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distributions of continuum inelastic scuttcring neutrons shown in Fig. 2,21, The fission

neutron spectra in Fig, 2,22 arc utmost the same each other.
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X Evaluation of U7Pu

3.1 Cross sections in the tlicrimil region

Available experimental data is liflly the fission cross section measured by Gindlcr tt

a l .^ They used the thermal column of the AfgOfifie heterogeneous heavy=water reactor, CP«

5, and obtained the cross section of 2500±5()0 b. CINDAJ:r) stores an index line of

experiment made by lluiet el til*3*' with the cross section of 2200 b. However, this is fiot in

published reports. Mughabghab7* recommended the thermal cross section of 2455±2(J5 b.

We adopted this value an the cross section at 0,0253 eV, Hie ratio of fission cross section

to cuplutc cross section was assumed to be the same as that in the keV region. The ratio in

the kcV region is about 1/5 as is described in the next section. Therefore, the capture cross

section of 500 b at 0.0253 cV was adopted in the present work. Both cross sections were

assumed to have a form of 1/v, and smoothly connected the cross sections at t cV. The

adopted elastic scattering cross section is a constant of 11.5 b which was calculated at low

energies with CASTIIY as described in the next section. The total cross section was

calculated as a sum of these cross sections.

No resonance parameters were given, because no experimental data were available for

the resonance parameters and the level spacing estimated from level density parameters was

so small that Doppler effects might not be important.

XI Cross sections above 1 cV

3.2.1 Theoretical calculation

In this energy range, no experimental data are available. Theoretical calculations of

cross sections were made with ECIS, STAPRE and CASTIIY.

ECtS Calculation

The total and ^har« clastic scattering, cross sections, angular distributions of clastically

and inelastically scattered neutrons and neutron transmission coefficients were calculated with

ECIS in the energy range above 400 kcV. An cvcn-Z and odd-N nucleus a 7Pu is difficult

to analyze in terms of the coupled channel method, as it has a high spin of the ground Mate

(7/2) and, besides, the K=7/2 and K=t/2 bands become mixed already at low energy (0.15

McV) and the band mixing increases with the energy of the excited states. This is the

evidence of nonaxial symmetric deformation and it seems questionable to avsumc a symmetric

rotational model for the analysis of y 7 Pu. However this model has the advantage of making
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the entire analysis of the neutron scattering on a7Pu easier,

'Hie aide ECIS was used in the energy range from 0.4 to 20 MeV (the symmetric

rotational model for the low lying band K=7/2). Five levels of this band Were* CiiMkkml

coupled, tn the EC1S code, it was not possible to take into account the second rotational

band K=l/2 mixed with K=7/2. Coupled channel calculations for y7Pu were made using the

following optical model parameters:

VK a 4fi.2 - 0.3E, 0 s E a 20 MeV

W,/Uff = 3.05 + 0.4E, 0 s E ss 10 MeV

7.05 - 0.082(E-10), 10 i. E < 20 MeV

Wv
vo1 = 8.0x{l+expI-(E-50)/10J}"S 0 < E «: 20 MeV

Vso
rK =

'!>*»

= 6.2

1.26,

1.26,

= 0.63

« 0.52

r s o -1 .12 , ««, = 0.47

\)2 m O,22O» (}., « 0.07

These parameters were determined by Konshin considering Rcfs. 12 and 13.

The code STAf'RE was used for calculations of the fission cross section, (n,2n) and

(n,3n) reaction cross sections and the inelastic scattering cross section. Neutron transmission

coefficients for these calculations were provided by the EC1S code. The fission barrier

parameters EjA anil Ef" used were the following:

nuclidc Ef
A(McV)

5.60

6,00

5.30

5.60

E,u(McV)

5.10

'5,80

4.70

5.10

These parameters were determined so as to reproduce the experimental data of fission cross

sections for neighboring nuclidcs and by considering their systematic trend.

CAST11Y was us«d in order to calculate the inelastic scattering cross sections due to
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the compound process and this cupuifc cross section. The optical potential parameters used

arc listed in Chapter 2 with the following modification:

Vw = 44.1 = <>J E (McV),

This modification was made by assuming the total cross section in the kcV region to haves the

same tendency of M9Pu total cross section, and so as to reproduce such tendency.

The tevet density pafiuiiettfs for Gftbeft-Cfsrneffifi's ftsrmuta were determined with the

same way as mVu evaluation. Obtained parameters ate given in Table 2.3. Level scheme

of M7Pu listed in Table 3.1 that was adopted from ENSDF,

3.2.2 Compilation of cross section data

1) Total Cum Section

The adopted total cross section was the theoretical calculation with CASTI1Y in the

energy range from 1 eV to 400 keV, and with ECIS above 400 keV.

2) El/islic Scultcring Cross Section

Above 1 keV, this cross section was obtained by subtracting the sum of partial cross

sections from the totat cross section. Above 3 McV, the results are essentially the same as

ECIS calculation. Below 1 kcV, it was assumed to be a constant value of 11.5 b which was

obtained by the subtraction at 1 kcV.

3) Inelastic Scattering Cross Sections

The direct inelastic process was calculated with ECIS to the 1st, 2nd, 5th and 8th

levels. The direct inelastic scattering cross sections were added to the compound inelastic

scattering cross sections calculated with CASTHY. Levels above 655 kcV were assumed to

be overlapping. The continuum inelastic cross section was calculated by means of CASTHY

below 2 McV, and by subtracting a sum of the clastic scattering cross section calculated with

ECIS and the fission, (n,2n), (n,3n) and capture cross .sections from the total cross section

calculated with ECIS above 3 McV. Thus determined crovs sections were simply connected

between 2 and 3 McV.

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

They were calculated with STAPRE.

12
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5) Fission Cross Section

Above 1 MeV, the results calculated by STAPRE were adopted. The shape of the

cross section in the 100 keV region was assumed to be the same as that of m^u, and It was

normalized to the fission cross section at 1 MeV. Delow ubout 100 kcV, since the resonance

.structure of mVu could not be adopted, the cross section was assumed to be ofis a uKx0,85

where cfR k tiiii total reaction cross section calculated with CASTHY and the factor of 0.85

was estimated at 100 kcV.

6) Capture Cross Section

The capture cross section was calculated with CASTHY. The average capture width

of 47 meV and Ihe average level spacing of 0.233 eV were assumed. The average capture

width was estimated from the systematic^ by Malecki et al .w \ by Bondarenko and Urin35J and

by Gardner30'. However, results of the CASTHY calculation that took into account of

competing cross sections had unexpected shape around 1 MeV because the shape of the

fission cross section based on the reaction cross section calculated with ECIS was inconsistent

with the reaction cross section calculated with CASTHY. Therefore, the capture cross section

adopted was calculated by CASTHY without competing process and normalized to the

calculation with competing process at 10 keV. In the MeV region, the same amount of direct

capture cross section as utPu was added to the CASTHY calculation.

3.3 Angulnr and Energy Distributions of Secondary Neutrons

The angular distributions of clastically scattered neutrons were calculated with ECIS

above 400 kcV, and wich CASTHY below 400 kcV. Those of inclastically scattered neutrons

were obtained by the CASTHY for the compound prccess and by ECIS for Ihe direct process.

The angular distributions of neutrons emitted from the fission, (n,2n) and (n,3n) reactions

were assumed to be isotropic in the laboratory system.

The energy tlislribulions of neutrons horn ihc (n,2n), (nt3ri) and continuum inelastic

scattering were obtained by STAPRE. The fission neutron spectrum was assumed to be the

evaporation spectrum with the temperature of 1387 MeV that was obtainul from the

systematic given by Smith ct ah2**

3.4 Neutrons per Fission

The number of delayed neutrons per fission (vd) was estimated with a systematic* of

- 13-
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Manero and KOIWIIIH-2^ Estimated delayed neutron yield vd in the low energy region \a 0,002

and that in the high energy region is 0.0014. The energy range from 4 to 7 MeV was

assumed to be n frnnsicnt area of these two values, The six group decay constants were

assumed to he the same as those of ^ P u evaluated by Brady a*rid England25*.

The number of prompt neutrons (vp) was determined on the bunk of experimental data

for iiyPu;

vp = 2.863 + 0.123xE(MeV),

This is close to vp a 2,9203 + 0,1420xE(MeV) obtained from Howerton's systematias,26)

3.5 Discussion on wVu Data

The present evaluation is compared with evaluated data5) in ENDF/B-V1, Table 3.2

is a list of thermal cross sections and resonance integral. Both evaluations give almost the

same values.

The cross sections are shown in Figs. 3,1 to 3.7. The total and elastic scattering cross

sections of the both evaluations are almost the same as shown in Figs, 34 and 3,2. Figures

3.3 and 3.4 are comparison of fission cross sections. Tendency of the cross section is the

same in the both evaluations. However, ENDF/B-V1 is larger than the present evaluation

above 1 eV. As u result of these discrepancies, the resonance integral of ENDF/B-VI is

about 30 % larger than the present evaluation. The capture cross sections in Fig. 3.5 arc

discrepant from each other urournl t cV and above 10 keV. The cross sections of inelastic

scattering, and (n,2n) and (n,3n) reactions have remarkable discrepancies as shown in Figs.

3.6 and 3.7.

The graphs of the angular distributions of clastically and inclastically scattered

neutrons and the energy distributions of neutrons emitted from (n,2n), continuum inelastic

scattering and fission arc shown in Figs. 3.8 to 3.15. Large discrepancies among the present

results and ENDF/B-VI evaluations arc found in the energy distributions of neutrons the

(n,2n) reaction and continuum inelastic scattering. These discrepancies come from the

discrepancies of their cross sections.
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4. Conclusion

The nuclear data evaluation of wVu and M7Pu was made In the incident neutron energy

range from 10"* cV to 20 MeV. The nvailable experimental data arc quite limited, so the

theoretical calculations were widely used. The parameters needed to the calculation was

determined by systematic investigation for several nuclides around 244I'u and U7Pu, Especially

the fission cross section calculated with the STAPRE code £s reliable because the results of

STAPRE are in good agreement with experimental data for several Pu isotopes. The present

results will be stored in JENDL Actinoid File.

in order to improve the nuclear data of minor aetinides, experimental data are quite

important in particular for the fission, capture, (n,2n) cross sections and resolved resonance

parameters in the low energy region. However, only the fission cross section of ̂ P u in wide

energy range and that of w Pu at the thermal energy are available in the present work.

Therefore, the uncertainties of the present results might be rather large except for the wPu

fission cross section. New experimental data urc deeply required to improve the present status

of these nuclidcs.

- 1 5 -
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THHIC 2.1 Resolved resommcc puflimclera of

Resonance

energy (eV)

-6.0

4.0

30,7

40.3

53.5

64.3

87/J

102.0

128.0

161.0

185.0

191.0

227.0

233.0

285.0

Neutron

width (mcV)

1.558

0.026

2.2

1.03

0.80

\53

3.2

43.0

3.0

2.10

31.0

3.20

300.0

4.1

61.0

Fission

width (mcV)

0.02

0.02

0.022

0.022

0.025

0.021

0.013

0.020

0.020

0.012

0.018

0.023

0.020

0.020

0.020

Fy = 20 mcV for all resonances.

R1 = 9.33 fm.

All levels arc s-wavc resonances .

- 1 8 -
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Tublc 2.2 Thermal croMN sections and rctionuncc Integrate of^Pu

(in barns)

quantity

" ( O t

"cap

Wop

present

12.036

10.354

0.0017

1.680

5.07

50.0

ENDF/B-V1

11.465

9.635

0.0

1.830

4.7J

106.

others

1.7*0.1

2.1 ±0,3

1.5±0.3

1.6±0.3

40.6±2.9

35±7

40±3

RcL of others

Mughabgh?ih7J

Duller cl al2^

Fields ct al.28)

Schuman29*

Mughabghab7'

Schuman29j

Druzhinin ct al.30)

- 1 9 -
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Table 2.3 Level density parameters of Pu Isotopes used in CASTHY calculation

Nudide afMeV"1) T(MeV) 6(MeV) E^MeV) u Dote
eil(cV) Dobs"

p(eV)

237pu

Z38pu

239pu

242pu

243pu

w 4 Pu
245pu

30.94

31.68

30.35

32.60

32.66

31.0

34.87

0.389

0.394

0.394

0.380

0.355

0.380

0.315

0.779

1.556

0.776

1.543

0.7698

1.536

0.7667

4.2131

5.1959

4.2035

5.0169

3.7248

4.7720

3.1895

31.10

31.56

30.98

32.37

32.49

31.74

33.76

4.60

0.233

9.01

0.90

15.5

2.34

17.0

-
-

9.0±0.7

0.9*0.1

15.5±1.7

-

17±3

a: level density parameter

T: nuclear temperature

ft; pairing energy

E%: connection energy of constant temperature model and Fermi gas model

a: spin-cutoff parameter

Dob!t: s-wavc average level spacing at neutron binding energy

Table 2.4 Level scheme of W4Pu

Energy (kcV)

0.0

48.0

153.0

315.4

531.8

708.0

798.3

957.0

1015.0

spin parity

0 +

2 +

4 +

6 +

8 +

2 +

10 +

3 -

2 +

The levels above 1.068 McV were assumed lo be overlapping.

- 2 0 -
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Table 11 Level scheme of

Energy (kcV)

0.0

47.71

106.0

145.54

155.45

175.0

201.18

224.25

257.0

280.22

304.0

320.97

370.4

371.0

404.19

407.83

438.41

453.2

473.5

4«6.0

513.0

545.0

5810

591=0

spin parity

7/2 -

9/2 -

11/2 -

1/2 +

3/2 +

13/2 -

5/2 +

7/2 +

15/2 -

5/2 +

9/2 +

7/2 +

3/2 +

9/2 +

5/2 +

5/2 +

7/2 +

7/2 +

7/2 +

9/2 +

9/2 +

1/2 -

5/2 -

3/2 -

The levels above 655 kcV were aMumctl in be overlapping*

21
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Table 3,2 'Ifieroial cross te&lum «fl4 resonance Inicgmls

(in barns)

quaniuty prcScrtt ENDP/B-̂ VI others \hl of others

2651.7

11.50 11.73

2455.0 2100.0 2455*295

2500±500 Oiridlcf cl al,3

2200 Hulct ct aJ/">

500.0 540.0

816 1085

142 190

22-
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u FISSION

Neutron Energy ( eV)
Flg.2.1 Fission cross section in tho resolved roaonanoo region. Tho

CKpwiKQrttail data mp@ mamred by Auchafflpaugh el a l . 1 ' . Solid
curve shows the cross eeotlon oaloulatod from tho roconanco
paraaoters taking account of Doppler effect at 300 K. Peaks not
followed by tho solid curve are due to impurities In the sample.

»«Pu F I S S I O N
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C
O
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to

o

10* 10* 10'

Neutron Enorgy ( «V)
Pig.2.2 Pioaion cross sections in the energy range froa 10 keV to 20 HeV.

Squares are results of STAPRE calculation, and they are sinply
connected with a solid lino.
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