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The evaluation of nuclear data for plutonium isotopes with atomic mass number from 238 to 242
has been performed. Neutron data were obtained at the energies from 20 to 250 MeV and combined with
JENDL-3.3 data at 20 MeV. Evaluation of the proton data has been done from 1 to 250 MeV. The coupled
channel optical model was used to obtain angular distributions for elastic and inelastic scattering and
transmission coefficients. Pre-equilibrium exciton model and Hauser-Feshbach statistical model were used
to describe neutron and charged particles emission from the excited nuclei. These evaluation is the first

work for producing the full set of evaluated file up to 250 MeV for plutonium isotopes.
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1. Introduction

Plutonium is considered now as the principal component of nuclear fuel in different ADS concepts.
Plutonium isotopes with atomic mass number A=238-242 have the primary importance from this point of
view. The goal of this work was to obtain the nuclear data for plutonium isotopes suitable to study neutron
transport, heating, change of nuclide composition of the nuclear fuel and for other applications in the whole
energy range from thermal energy up to 250 MeV.

Both neutrons and protons are considered as the incident particles in the present work. The
evaluation has been done with theoretical models and semi-empirical and empirical approaches, whose
validity has been approved based on the big number of experimental data. Neutron data at the encrgy 20

MeV were combined with new JENDL-3.3 evaluation [1-4]. Proton data are obtained from 1 to 250 MeV.

2. Nuclear Models Used for the Calculation of Reaction

Characteristics

The description of the nuclear model and codes used in the present work is given in Ref.[5]. The
coupled-channel optical model realized in the ECIS96 code [6] has been used to obtain total cross section,
angular distributions for elastic and inelastic scattering for neutrons and protons, to calculate the
transmission coefficients for neutrons and charged particles. The Hauser-Feshbach statistical model and the
pre-equilibrium exciton model were used to calculate particle emission spectra and nuclide yields. GNASH
code [7] was applied for the numerical calculations.

Nuclear level density was calculated with generalized superfluid model [8,9]. The description of
the fission barriers includes the consideration of the spin and the temperature effects as described in Ref.[5].
Exciton model based on the solving of master equations has been used for the calculation of pre-
equilibrium nucleon spectra. Exciton transition rates and particle-hole level density has been calculated
taking into account the final depth of the potential well and surface effects according to Ref.[10]. The
models used for the calculation of the complex particle pre-compound spectra are described in Ref.[5].

The multiple pre-compound emission has been considered. Certain improvement in the description
of such emission has been done in the present work comparing with GNASH algorithm [7] and Ref.[5].

The general expression for the second pre-equilibrium particle emission spectra calculation used in

GNASH code has the following form [11]



JAERI-Research 2002-029
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where “i” and “j” is the type of the first and second pre-compound particle emitted, respectively; E is the
emission energy and Q is the separation energy for *j’-particle; do™i/dU is the differential transition cross
section of p-h state in the n-exciton number after pre-cquilibrium emission of “i”-particle; R(")i‘j is the
neutron-proton distinguishability factor calculated according to Ref.[12]; T{(E) is the probability of the “j”-
parliclé to escape with energy E; summing is for all “n”-exciton states and primary particle types.

The calculation of T(E) from Eq.(1) in GNASH code [7] is based on the simple approximation
considering the s-wave transmission coefficient. The actual values used in the code are shown in Fig.1. In
the present work the probability of the particle emission Tj(E) is calculated as follows

A (E)

T,(B) = — ,
| A(E)+ A (E+Q)

(2)

where 1% is the particle emission ratc and A'j is the intranuclear transition rate corresponding to the

(T35
]

absorption of “j”-particle in nucleus.

The emission and intranuclear transition rates are calculated according to the following relations

e 35 +Du, Ec™ (E)

i

(3)
1t2h3gj

Nj =V,;6/"(E+Q)p, 4)

where S;and y; are the spin and the reduced mass of “j"-particle, ci""j, is the inverse reaction cross section,
g; is the single particle level density, V; is the velocity of the particle of “j”-type inside the nucleus, 6" is
the nucleon-nucleon interaction cross section corrected for the Pauli principle, p is the nuclear density.

Calculation of Ti(E) according to Eqs.(2)-(4) corresponds to the basic assumptions of the hybrid
exciton model [12,13]. The values of T;(E) calculated in such a way are shown in Fig.1 for neutrons and
protons. An example of particle spectra calculated with the Tj(E) values obtained by Eqs.(2)-(4) is shown in
Fig.2 for *Bi(p,p’) reaction at the incident proton cnergy equal to 62 MeV. The experimental data are
taken from Ref.[14]. The usc of Eqs.(2)-(4) improves the agrecment with the experimental data as shown in
Fig.2.

Fission neutron, charged particle and y-spectra were calculated with approach from Ref.[15] using

ALICE/ASH (ALICE/IPPE) code [16,17] as described in Ref.[5].
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3. Neutron Nuclear Data Evaluation

239
Pu

The total cross section calculated with ECIS96 code and the optical potential from Ref.[5] is shown

2°Pu together with the experimental data [18,19]. For the comparison the cross section

in Fig.3 for
obtained using the optical potential from Ref.[20] and Barashenkov systematics values [21,22] are shown.
The present calculations are in agreement with the systematics prediction [21,22].

Figures 4and 5 show the elastic and reaction cross sections obtained in the present work, calculated
using the optical potential [20] and estimated according to systematics of Barashenkov [21,22] and
Fukahori [23]. In general the agreement is observed with the present evaluation and systematics. The
goodness of fit varies with the neutron incident energy.

The obtained elastic scattering angular distribution at the neutron energy E,= 20 MeV is shown in
Fig.6 together with the data from JENDL-3.3, BROND-2 and CENDL-2 libraries. Data from ENDF/B-VI
are not shown, they nearly coincide with JENDL-3.3 data. There is a reasonable agreement between the
calculation and JENDL-3.3 data. This agreement is the most important in the range of two first scattering
peaks playing the significant role in the interaction of neutrons with media.

The other comparison is made with the data from Refs.[24,25] obtained for 2Py at the energies up
to 50 MeV. The calculated elastic angular distribution are shown together with the evaluation from
Refs.[24,25] in Fig.7 at the incident neutron energies equal to 20 and 50 MeV. The data are close at the
scattering angles below 30",

The direct inelastic scattering cross sections were calculated for the seven members of the ground
state rotational band: 3/2% (7.86 keV), 5/2* (57.28 keV), 7/2* (75.71 keV), 9/2* (163.76 keV), 11/2" (194
keV), 13/2* (317 keV) and 15/2* (360 keV) levels. Fig.8 shows the calculated direct inelastic scattering
cross sections at the energies up to 250 MeV.

The relative contribution of different nuclei in the fission cross section for °Pu is shown in Fig.9.
The fission of plutonium and neptunium isotopes provides more than 80 % of the (n,f) cross section for the
whole energy range up to 250 MeV. The contribution of isotopes with Z=94 drops from 100 % at low
energies to 50 % at 130 MeV and to 31 % at 250 MeV. The similar features are for other plutonium
isotopes interacting with neutrons considered in the present work. The contributions to the fission cross
section of isotopes with Z=94, Z=93 and Z=92 are shown for 29y, 2Opy, *'Pu, **Pu at the different
neutron energies in Tables 1-3.

The fission cross section calculated with help of GNASH code is shown in Fig.10 together with the
measured data from Refs.[26-29]. Also the values obtained using ALICE/ASH code, the cross sections
predicted by the systematics [23] and evaluated in Ref.[30] are presented. The cross sections calculated by

GNASH code at the energy above 50 MeV are close to the latest experimental results [29] obtained and to
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the values evaluated in Ref.[30]. The final evaluated data for (n,f) reaction cross section were obtained
based on GNASH code calculations and on the analysis of the available experimental data.

The neutron production cross section and the contribution of the pre-fission emission calculated by
GNASH code are shown in Fig.11. JENDL-3.3 data are also presented. The good agreement between
calculated cross sections and ones taken from JENDL-3.3 is observed at the neutron energy equal to 20
MeV. One can see that at the energies above 20 MeV the neutrons are emitted mainly before the fission'
and the (n,xnypza) reactions plays the minor role in the neutron production.

The neutron and proton production cross section obtained with GNASH code are compared with
ALICE/ASH code calculations in Fig.12. On the whole, there is a reasonable agreement between various
code calculations. The values obtained using ALICE/ASH code for neutron yield are slightly overestimated
comparing with GNASH results at the energies above 100 McV. It should be noted that the absorption
cross section is the same for both code calculations.

Figure 13 illustrates (n,xn) reaction cross sections for 2¥py. Below 20 MeV JENDL-3.3 data are
shown. The neutron emission from the isotopes with Z=94 and Z=93 producing during the nuclear reaction
gives up to 78 % of total neutron production calculated by GNASH code. The contribution of Z=94
isotopes in the total neutron yields2 falls from 100 % at the low energies, to 77 % at 100 MeV, to 50 % at
200 MeV and to 43 % at 250 MeV-neutron energy. At the same time the contribution of Z=94 isotopes in
the total proton production declines slightly with the incident neutron energy growth and is equal to 90 % at
250 MeV.

The evaluated average number of prompt neutrons per fission <v> is shown in Fig.14 together with
the available experimental data above 20 MeV [31] and JENDL-3.3 data. ALICE/ASH code has been used
to obtain the number of the post-fission neutrons. The pre-fission contribution was calculated using
GNASH code.

Figure 15 illustrates the calculated normalized fission spectrum at the primary neutron energy equal
to 250 MeV. For the sake of comparison the standard Maxwellian and Watt fission spectra are shown in the
figure. The temperature © for the Maxwellian spectrum was defined from the calculated fission spectra

maximum location.

f(E > E')=exp(~E'/a)sinh(JBE' )

2o 7 T (B2 k=l

For the Watt spectrum, fAE->E’), shown the values of a and b constants in above equation are equal to

a=1.5, b=3x10®. The variation of these values cannot significantly improve the agreement between the

! The fission neutrons are not yet accounted for.

2 See the comment above
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shapes of the calculated distribution and the Watt spectrum at the outgoing neutron energies above 10 MeV.
The data presented in Fig.15 show that the Maxwellian and Watt energy distributions underestimate
considerably the high-energy tail of the fission spectrum.

Proton production cross section is compared in Fig.16 with the systematics value at 14.5 MeV {32],
FENDI/A-2 data and the data measured in Ref.[33]. At the energy around 14.5 MeV the calculated values
are in the good agreement with experimental data [33] and the cross sections from FENDL/A-2.

Calculated deuteron production cross section is shown in Fig.17 together with the cross sections
predicted by the systematics at 14.5, 62, 90 and 160 MeV. The systcmatics value at 14.5 MeV was obtained
in Ref.[32] and corrected to cx>clude the possible contribution of (n,np) reaction to the measured sums of
(n,d) and (n,np) reactions cross sections.

Figures 18-20 show the evaluated triton, *He, o-production cross sections and the syslematics
predictions at the different incident energies. The total yields and the values corresponding to the particle
emission before the fission and from (n,xnypza) reactions are presented. The systematics value for (n,t)
reactions at 14.6 MeV was obtained according to Ref.[34] and for (n,at) reaction at 14.5 MeV according to
Ref.[35]. The existing systematics for (n,3 He) reaction cross section [32] is not used in the present work, it
is based on the rather limited number of the available experimental data for this reaction. The systematics at
62, 90 and 160 MeV corresponds to the proton induced reactions. They were obtained in Ref.[5]. The cross
sections predicted by the systematics [5,32,34,35] for the reactions considered are shown in Tables 4-7 for
various plutonium isotopes.

Figure 21 presents the calculated charged particle yields from the excited fission fragments. The
total y-production cross section including the contributions from the y-emission at the different reaction

. . . 3 . . . 23 . .
stages is shown in Fig.22 for Py in comparison with n+ *U interaction,

240
Pu

The calculated total cross section is shown in Fig.23 together with JENDL-3.3 data and systematics
values [21,22]. A good agreement is observed with the cross section taken from JENDL-3.3 below 20 MeV,
and also with one predicted by the systematics. The elastic and reaction cross sections obtained are
presented in Figs.24 and 25 in comparison with the systematics [21-23] and JENDL-3.3 data.

Figure 26 illustrates the calculated direct inelastic scattering cross sections for three lowest levels of 20py
at the energies up to 250 MeV.

The fission cross sections calculated with GNASH code, ALICE/ASH code, estimated by the
systematics [23] and measured in Refs.[28,36] are shown in Fig.27. It should be noted that GNASH code
calculations are in a good agreement with JENDL-3.3 data below 20 MeV omitted in Fig.27. The final data
evaluated for (n,f) reaction cross section are shown in Fig.28 and signed as “JENDL-HE”. The maximal

divergence between GNASH calculations and the evaluated (n,f) cross section does not exceed 7.8 %.
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Ncutron and proton production cross sections calculated with GNASH and ALICE/ASH codes are
compared in Fig.29. Both cross sections calculated do not include the contribution from the post-fission
events. Figure 30 shows the ratio of these cross sections calculated by ALICE/ASH code to the ones
obtained by GNASH code. The observed difference between two set of the calculations is about 10 % for
neutron production cross section at the energies above 25 MeV. For the proton yield the main divergence is
below 40 MeV, at the energies above 60 MeV the difference is less than 5 %.

Figure 31 presents (n,xn) reaction cross sections for #0py; The data are combined with JENDL-3.3
at the energy 20 MeV.

As with **°Pu, the pre-fission emission for 240py plays the main role in the neutron production at the
energies above 20 MeV. The proportion of the post and pre-fission neutron yield is illustrated in Fig.32.
Calculated total number of prompt fission neutrons is in a good agreement with JENDL-3.3 data at 20 MeV.
The charged particle production cross sections are shown in Figs.33-37 together with the cross sections
evaluated with systematics [5,32,34,35] and the data taken from FENDL/A-2. The calculated proton, triton
and a-production cross sections are close to FENDIL/A-2 data at the energies around 14.5 MeV. At the
higher energies the reasonable agrecment is observed for the calculated cross sections and ones predicted

by the systematics [5].

238p. 241 242
Pu, " Pu, ““Pu

For the considered plutonium isotopes the amount of the experimental data above 20 MeV is
noticeably less than in the case of 2¥py and *Pu. Noted above the general features of neutron interactions
with the plutonium isotopes at the intermediate energies remain valid for 238py, *'Py and **’Pu.

The calculated total cross sections for the considered plutonium isotopes are shown in Figs.38-40 together
with the experimental data [37] and the cross sections taken from JENDL-3.3. The systematics [21,22] is
not valid in such case.

Figures 41-43 present the evaluated fission cross sections for 238py, 21y and 2**Pu isotopes and the
measured data. The experimental data are taken from Ref.[38] for 21py and from Refs.[28,36] for 22py.
The evaluated cross section for **'Pu was obtained based on the results of GNASH code calculations. The

#1py and *Pu predicted by

additional small correction was made using the fission cross section ratio for
the systematics [23] and the evaluated (n,f) cross section for 20pyy

Figure 44 illustrates the neutron production cross sections for different plutonium isotopes above
20 MeV. The data shown correspond to the neutron emission preceding the fission and from (n,xnypza)
reactions.

The total neutron production cross section including contribution from post-fission cvents has the
close values for all plutonium isotopes from Py to *Pu. The maximal difference for this value for

various isotopes is 4.4 % at the incident neutron energy equal to 250 MeV.
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4. Proton Nuclear Data Evaluation

The experimental data for the proton interactions with plutonium isotopes are rather scarce. It is

necessary to note the incompleteness of EXFOR data comparing with the other compilations (e.g. [39-41]).

239
Pu

The calculated reaction cross section with coupled channel model and the optical potential from
Ref.[5] is shown in Fig.45. Also, the result of the calculation with the optical potential from Ref.[20] and
the cross section estimated by the systematics [21,22] are presented in Fig.45.

Figure 46 illustrates the elastic scattering angular distributions calculated in the present work at the
different incident proton energies. The Rutherford scattering defines the general shape of the angular
distribution at low energies. With the incident energy growth the interference between nuclear and
Coulomb scattering shows up in the angular distributions.

The fission cross section calculated by GNASH code is shown in Fig.47 in comparison with the
measured data [42,43], ALICE/ASH code calculations, the systematics values [23] and the data evaluated
in Ref.[30]. The reasonable agreement is observed for all kind of the data. Fig.48 presents the relative
contribution of different nuclei produced following the particle emission to the total (p,f) cross section. The
fission of americium and plutonium isotopes provides the main proportion of the total fission cross section.
As the incident energy growth the dominant role of americium isotopes drops down and is replaced by
plutonium isotopes at the energy above 100 MeV.

The neutron and proton production cross sections calculated with GNASH code and ALICE/ASH
code are compared in Fig.49. Figure 50 shows the relative contribution of different nuclei producing during
the de-excitation process in the neutron production cross section presented in Fig.49. The yield of the
prompt fission neutrons is not considered yet. The total neutron production cross section, which includes
also the neutron emission from the fission fragments, is shown in Fig.51. The part of this cross section
concerning the post-fission events only is presented in Fig.51 too.

Figure 52 illustrates the spectra of neutrons calculated in the present work using GNASH code,
ALICE/ASH code and the CASCADE/INPE code [44]. The CASCADE/INPE code is based on the
intranuclear cascade evaporation model. The agreement between the results obtained using different
nuclear models and codes is better for the primary proton energy E,=100 MeV, than for the energy E;=250
MeV. In the present work GNASH code calculations were adopted as the most reliable ones and the
corresponding spectra have been included in the evaluated data files.

The total proton production cross section together with the contribution from post-fission

evaporation is presented in Fig.53. The relative contribution of the various nuclei in the total proton yields
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is shown in Fig.54. At the energies up to 250 MeV the proton emission from excited nucleus with Z=95
plays the dominant role in the total proton yield.

Figures 55 and 56 show deuteron, triton, *He and a-production cross section together with the post-
fission contributions calculated in the present work. The cross sections estimated with systematics at 62, 90
and 160 MeV are also shown in Figs.55 and 56.

Figure 57 presents the y-production cross section for 2¥py. One can see that the most contribution

to this cross section is due to y-emission followed by the fission.

238p.. 240p, 241p. 242
Pu, " Pu, " Pu, “"“Pu

The experimental data are not available for the considered plutonium isotobes. The figures below
show the major characteristics of the proton interactions with plutonium isotopes at the energies up to 250
MeV. Evaluated reaction cross sections are shown in Fig.58. Fission cross sections for 238Pu, 239Pu,
240Pu, 241Pu and 242Pu are compared in Fig.59. Neutron production cross sections including the neutron
yield from (p,xnypza)' reactions and the pre-fission contribution are shown in Fig.60. Total neutron yield is

presented in Fig.61. Total y-production cross section is shown for various plutonium isotopes in Fig.62.

5. Conclusion

New data evaluation has been performed for 29y, 2°py, 2Py, *'Pu and ***Pu in the intermediate
energy region. For the first time the evaluated data for plutonium isotopes were obtained for neutron and
proton induced reactions at the energies up to 250 MeV (see Table 8).

The evaluation procedure has included the application of the theoretical models and the analysis of
the available experimental data. The coupled channel optical model, pre-compound and equilibrium models
were used for nuclear reaction characteristics calculation. The neutron data obtained were combined with
the JENDL-3.3 data at the energy of 20 MeV to get full data set at the energies from 10° eV to 250 MeV.

The data for the proton induced reactions were evaluated in the energy region from 1 to 250 MeV.
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Table 1. The relative contribution (%) of the isotopes with Z=94 in the total fission cross

sections for neutron interactions with plutonium isotopes.

Energy of ,
eutrons 9p, 240py, 21py 242p,
(MeV)
50 90.36 91.64 92.91 93.86
100 63.26 65.31 67.52 69.94
150 46.62 48.43 4981 52.23
250 31.20 31.64 32.45 34.59

Table 2. The relative contribution (%) of the isotopes with Z=93 in the total fission cross

sections for neutron interactions with plutonium isotopes.

Energy of
Heutrons 29p, 240p,, 241p, 242p,
(MeV)
50 9.218 8.070 6.824 5.949
100 32.54 30.87 28.58 26.89
150 45.24 43.63 42.09 40.33
250 50.27 50.80 50.22 49.11

Table 3. The relative contribution (%) of the isotopes with Z=92 in the total fission cross
sections for neutron interactions with plutonium isotopes.

Energy of
heutrons 239py, 240p,, 24lp, 242p,
(MeV)
50 0.4242 0.2875 0.2697 0.1897
100 4.019 3.702 3.806 3.115
150 6.580 6.675 6.941 6.542
250 9.049 9.087 9.323 9.381
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Table 4. The cross sections for (n,p), (n,d), (n,a) reactions at the energy 14.5 MeV and for
(n,0) reaction at 14.6 MeV predicted by semi-empirical systematics [32,34,35] in millibarns
for various plutonium isotopes. (The cross section for (n,d) reaction does not contain the

contribution from (n,np) reaction)

Mass (n,p) (n,d) (n,t) (n,0)
number

236 2.36 0.306 0.0381 0.627
237 1.94 0.243 0.0598 0.474
238 1.57 0.189 0.0319 0.348
239 1.26 0.144 0.0508 0.248
240 0.987 0.107 0.0265 0.169
241 0.761 0.0768 0.0428 0.110
242 0.573 0.0533 0.0218 0.0661
243 0.421 0.0353 0.0358 0.0362
244 0.298 0.0220 0.0177 0.0172

Table 5. Deuteron, triton, “He and a-production cross sections obtained according to the
systematics from Ref.[5] at the primary proton energy 62 MeV in millibarns for various

plutonium isotopes.

Mass (p,d)x (p,t)x (p,3 He)x (p,a)x
number
236 91.68 23.94 2.29 39.19
237 91.89 24.23 222 38.21
238 92.10 24.52 2.15 37.25
239 92.30 24.81 2.09 36.33
240 92.51 25.09 2.02 35.44
241 92.71 25.37 1.96 34.58
242 9291 25.65 1.91 33.74
243 93.10 25.93 1.85 32.94
244 93.30 26.20 1.80 32.15
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Table 6. Deuteron, triton, *He and a-production cross sections obtained according to the
systematics from Ref.[5] at the primary proton energy 90 MeV in millibarns for various

plutonium isotopes.

Mass (p.d)x (p,H)x (p,3He)x (p,a)x
number
236 157.86 43.50 8.79 89.70
237 158.83 44.13 8.73 88.22
238 159.80 44.74 8.68 86.77
239 160.76 45.36 8.63 85.36
240 161.71 45.97 8.57 83.99
241 162.65 46.57 8.52 82.65
242 163.59 47.17 8.47 81.34
243 164.52 47.76 8.42 80.06
244 165.44 48.35 8.37 78.81

Table 7. Deuteron, triton, ‘He and a-production cross sections obtained according to the
systematics from Ref.[5] at the primary proton energy 160 MeV in millibarns for various

plutonium isotopes.

Mass (p,d)x (p,H)x (p,3 He)x (p,o)x
number
236 119.35° 33.13 11.13 95.60
237 120.25 33.61 11.08 95.11
238 121.13 34.09 11.04 94.62
239 122.01 34.56 10.99 94.13
240 122.88 35.03 10.94 93.65
241 123.74 35.50 10.90 93.17
242 124.60 35.96 10.85 92.70
243 125.45 36.42 10.81 92.22
244 126.29 36.87 10.76 91.76

* There is the probable contradiction between deuteron and triton production cross sections at 90
MeV (Table 6) and at 160 MeV. It should be noted that the systematics values reflect only the state

of the available measured data.
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Table 8. Status of intermediate energy nuclear data evaluation for plutonium isotopes.

Organization | Year |Primary |Maximal | Basic data below 20 | Reference
particle primary MeV for neutron
energy data file
239p,
INPE, FZK 1995 | neutrons |50 MeV | JENDL-3.2 [24,25]
JAERI 2001 | neutrons, | 250 MeV |JENDL-3.3 This work
protons
240p,,
INPE, FZK 1997 | neutrons |50MeV | ENDF/B-VI [25]
JAERI 2001 neutrons, |250MeV | JENDL-3.3 This work
protons
28py, Upy 242py
JAERI 2001 | neutrons, |250MeV |(JENDL-3.3 This work
protons
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Fig.17 Total deuteron production cross section for 29py, evaluated in the present work, obtained by the
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Fig.35 Total triton production cross section for #0py, evaluated in the present work, obtained by the

systematics [5,32,34] and taken from FENDL/A-2.
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Fig.36 Total *He-production cross section for 9py, evaluated in the present work, obtained by the

systematics [5] and taken from FENDL/A-2.
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systematics [5,32,35] and taken from FENDL/A-2.
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Fig.38 Total neutron cross section for ***Pu obtained in the present work and taken from JENDL-3.3.
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Fig.39 Total neutron cross section for **'Pu obtained in the present work and taken from JENDL-3.3.
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Fig.41 Recommended fission cross section for 28py,
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Fig.42 Recommended fission cross section for Hpy (solid line) and the experimental data from Ref.[38].
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Fig.43 Recommended fission cross section for 22py (solid line) and the experimental data from

Refs.[28,36].
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Fig.44 Neutron production cross sections for different plutonium isotopes. The data include the yield of

neutrons before the fission and from (n,xnypza) reactions.
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Fig.47 Fission cross section for p+>*°Pu interaction calculated with GNASH code and ALICE/ASH code,
cross section estimated by the systematics [23], data cvaluated in Ref.[30] and measured in

Refs.[42,43].
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Fig.48 The relative contribution of the nuclei with the different atomic number in the total fission cross

section for 2Pu irradiated by protons calculated by GNASH code.
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Fig.49 The neutron and proton production cross sections calculated with GNASH code and ALICE/ASH

code without the post-fission evaporation contribution.
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Fig.50 The relative contribution of the nuclei with the different atomic number in the neutron production

cross section for p+23 °Pu interaction calculated by GNASH code. The prompt fission neutrons are

not included.
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Fig.51 The total neutron production cross section for 2Py including the contribution from (n,xnypza)

reactions, pre- and post-fission events (solid line), the part of this cross section corresponding to

the post-fission evaporation (dashed line).
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Fig.53 The total proton production cross section for ***Pu including the contribution from (n,xnypza)
reactions, pre- and post-fission events (solid line), the part of this cross section corresponding to

the post-fission evaporation (dashed line).
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Fig.55 Total deuteron and triton production cross section for 2Py irradiated by protons (solid line)
together with the post-fission contribution (dashed line) obtained in the present work and the cross

section estimated by the systematics [5].
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Fig.56 Total *He- and a-production cross section for 2%py irradiated by protons (solid linc) together with
the post-fission contribution (dashed line) obtained in the present work and the cross section

estimated by the systematics [5].
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Fig.58 Evaluated proton reaction cross sections for different plutonium isotopes.
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Fig.59 Evaluated proton induced fission reaction cross sections for different plutonium isotopes.
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Fig.60 Neutron production cross section including the neutron yield from (p,xnypza) reactions and pre-

fission contribution for different plutonium isotopes irradiated by protons.
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Fig.61 Total neutron production cross section and the post-fission yield contribution for different

plutonium isotopes irradiated by protons.
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Fig.62 Total y-production cross section for different plutonium isotopes irradiated by protons.
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Nuclear Data Evaluation for **Pu, **Pu, **Pu, *'Pu and **Pu Irradiated by Neutrons and Protons at the Energies up to 250 MeV
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