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Abstract

The following neutron data are given for Pb in the energy range from 10~ eV
to 20.0 MeV. The evaluated neutron nuclear data included total, elastic, noelastic,
total inelastic, inelastic cross sections to 15 discrete levels, inelastic continuum,
(n,2n), (n,3n), (n,n'p), (n,p), (n,t), (n,o) and capture cross sections. The angular
distributions of elastic and discrete in elastic scattering neutron, the double
differential cross sections (DDCS) of secondary neutron, the gamma-ray production
data and the resonance parameters are also included. The evaluated data will be
adopted into CENDL-3 in ENDF/B-6 format.

Introduction

Lead is a very important structure material in nuclear fusion engineering. Its
complete neutron nuclear data were evaluated based on both experimental data
measured up to 1999 and theoretical calculated data with program UNFY), The
evaluated data will be adopted into CENDL-3 in ENDF/B-6 format{fMAT=3822]
and will be utilized in the various fields of nuclear engineering.

The level scheme are given in Table 1, which was selected from the new data

presented in Ref.[2]. The binding energy of emitted final particle are given in Table 2.

Table 1 Inelastic discrete levels (Abundance 24.1%) for **Pb

E/MeV T E/MevV T E/MeV T E,/MeV T
0.0 0 14668 2 19977 4 23790 4
0.8031 2° 1.6840 4° 21479 2 23842 6
1.1660 0 17035 1* 22002 7 23914 4°
13405 3 17842 2 23150 0 24240 2
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Table 2. Binding energy of emitted final particle(MeV)**Pb

reaction n,y n,n’ np n,a n,’He n,d n,t

channels n,2n n,n'p n,n'a n,pn’ n,2p n, an’ n,3n
0.0 6.7414 7.4922 ~0.3956 12.6513 11.7715 13.0546
8.0809 7.2547 -1.1445 6.5039 7.2500 5.9925 6.73396

1 Resonance Parameter

The resolved resonance parameters were given from 107 eV to 0.9 MeV, taken
from ENDF/B-6 data. Thermal cross sections of (n,tot), (n,n) and (n,y) reactions are
11.266 b, 11.237 b and 29.0 mb, respectively.

2 Neutron Cross Section

The comparison of experimental data with evaluated ones are shown in
Figs. 1~10. It can be seen that the present evaluation is in agreement with the

experimental data.
2.1 Total Cross Section

Above the resolved resonance region, there are still a energy range. (0.9~5.0
MeV) with some small structure and then smooth energy range (5.0~20.0 MeV). In
the energy range from 0.9 to 20.0 MeV, the data were mainly taken from
corresponding experimental data of Horen, Benetakij, Foster Jr, Carlson, Bukarevich

and Miller® ™. A plot of these data and the evaluated data is shown in Fig. 1.
2.2 Elastic Scattering Cross Section

Above the resolved resonance region, the elastic scattering cross section was
obtained by subtracting the sum of cross sections of all the non-elastic processes
from the total cross section. In general, the agreement between the evaluated cross
section and the available experimental data of Abdel, Elemad, Holmqvist, Bostrorn,

Landan and Walt®'" is good, as shown in Fig. 2.
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Fig. 1 Total cross section for 2*Pb
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Fig. 2 Elastic cross section for **Pb
2.3 Nonelastic Scattering Cross Section

This cross section is the sum of all cross sections of (n,n'), (n,2n), (n,3n),
(n,n'p), (n, y), (n,p), (n,t) and (n, o) reactions. The agreement between the evaluated

[15]

cross section and the available experimental data of Haas'”' and Walt is good, as

shown in Fig. 3.
2.4 Total Inelastic Cross Section

The calculated results were adopted and normalized to the experimental data by
Thomson!"® at 7.0 MeV (see Fig. 4).
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2.5 Inelastic Cross Section to the Discrete Levels and the Continuum

The inelastic scattering cross section to 15 discrete levels were calculated by
using UNF code. For 0.8031, 1.166, 1.3405 and 1.4668 MeV levels, there are some
the experimental data measured by Almen-Ra., Konobeevskij and Cranberg!'"'".
The model calculated results were normalized to these measured data. A plot of
these data and the evaluated data is shown in Fig. 4-1 and 4-2. For 1.684~2.4359
MeV levels, respectively.

The continuum part was obtained by subtracting the cross section of inelastic

scatteringe to 15 discrete levels from the total inelastic.
2.6 (n,2n) and (n,3n) Cross Section

For (n,2n) reaction, the experimental data were measured by Frehaut®” in the
energy range from 8.44 to 14.76 MeV. The evaluated data were obtained by fitting
experimental data with spline function. Above 14.76 MeV, calculated data were
nomalized to fitting value of the experimental data at 14.0 MeV (see Fig. 5).

For (n,3n) reaction, the data were taken from the calculated results(see Fig. 6).

2.7 (n,p) and (n,n'p) Cross Section

For (n,p) reaction, the experimental datum were measured by Belovitckij®?'" at
14.5 McV. The calculated data was normalized to this datum (see Fig. 7).

‘The (n,n'p) cross section was taken from the model calculation due to lack of

the experimental data.
2.8 (n, a) Cross Section

The model calculated results were normalized to the experimental data by

Filatenkov, Grallert, Maslov and Yu-Wen Yu®®lat 14.5 MeV (see Fig. 8).

2.9 Capture Cross Section

The evaluated data of capture cross section from 107 eV to 0.9 MeV were
given by the resonance parameters and the background. From this energy up to 20.0
MeV, the cross section was taken from the model calculation due to lack of the

experimental data (see Fig. 9).
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3 Secondary Neutron Angular Distributions

For elastic scattering, there are some experimental data measured by Schreder,

Ferrer, Guenther**¥!

. The calculated results are in good agreement with the
experimental data and used as recommended data (see Fig. 10-1, 10-2).

The discrete inelastic angular distributions (MT=51~65) were obtained from
theoretical calculation results. the angular distributions for (n,2n),(n,3n),(n,n'p) and

continuum inelastic (MT = 16, 17, 28, 91) were assumed to be isotropic.
4 The Double Differential Cross Section and y-Ray Production Data

The double differential emission cross section (MF=6, MT=16, 17, 28, 91, 103,
105, 107) and y-ray production data (MF=12, 13, 14, 15) were taken from the

calculation results (see Fig. 11).

5 Theoretical Calculation

UNF code, including optical model, Hauser-Feshbach statistical model and
exciton model, was used to calculate the data for files 3, 4, 6, 12, 13, 14, 15,
which requires following input parameters: optical potential, level density, giant
dipole resonance®! and nuclear level scheme. These patameters were adjusted on
the basis of experimental data concerned in the neutron energy range from 1 keV
to 20 MeV.

An automatically adjusted optical potential code (APOM)"" was used for
searching a set of optimum neutron spherical optical potential parameters.
DWUCK code was used to calculate the direct inelastic scattering cross sectiona

for excited levels as the input data of UNF.
5.1 Optical Model, Level Density and Giant Dipole Resonance Parameters

Optical potential parameters used are given in Table 3. The level density and
pair correction parameters are given in Table 4. The giant dipole resonance
parameters are shown in Table 5, the symbols CSG, EE and GG are the peak cross

section, resonance energy and full width at half maximum, respectively.
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5.2 Direct Inelastic Calculation

The direct elastic scattering to ground state and direct inelastic scattering to
excited states were calculated with code DWUCK at 19 energies by Shen Qingbiao
in the required input format of UNF.

Table 3 Optical model potential parameters’

Depth/MeV Radius/fm Diffuseness/fm

V=46.945 W.=3.805 X=124715 A=0.64

Vi=-0.232 W\=0.4151 X=124 A=0.48

V=-0.00 W= 0.00 X=124 A=0.48
Neutron .00 Us=0.0 Xo=124715 A=0.64

Vi=0.0 Ui=0.0 X=1.22

V=6.0 U=0.0

*Note: V(E)=Vq+VE+V,EQ)V(A-2ZVA+V,ZIA(113):
WEY=W,+ W E+ Wy(4-22)/ A;
UJE=U+UE+U,E(2).

Table 4 Level density parameters and pair correction values of 11 residual nuclei*

3
nY nn np n% n He nd nt n2n nn% n2p n3n

L 457 625 418 875 728 586 734 773 11.03 562 10.05
P 060 121 00 078 1.14 061 025 085 125 053 132

*Note:  L=[0.00880(s(z)y+s(n)}+Q,14; P=p(n)}+P(2);
,=0.142 or 0.12 (spherical or deformation).

Table 5 The 11 giant dipole resonance parameters(single peak)

CSG/b 0.481, 0.541, 0.541, 0.645, 0.541, 0.481, 0.541, 0.481, 0.645, 0.541, 0.481,
EEMeV  13.56, 13.72, 13.72, 13.63, 13.72, 13.56, 13.72, 13.56, 13.63, 13.72, 13.56,
GG/MeV  3.96,4.61,4.61,3.94, 4.61, 3.96, 4.61, 3.96, 3.94, 4.61, 3.96,

6 Concluding Remarks

Due to the new experimental data have been available for recent years, the
evaluated data have been considerably improved, especially for cross sections of total,

(n,2n), elastic angular distributions and inelastic scattering to some discrete levels.
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for Natural Hf and Its Isotopes
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Liu Jianfeng
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Most of the experimental data were retrieved from EXFOR experimental
neutron library, the data for natural Hf and its isotopes were evaluated in the

incident neutron energy region up to 20 MeV.
1 General Method of the Evaluation

1.1 The Retrieval of Experimental Data in EXFOR Format

The experimental data were retrieved directly from EXFOR master

experimental neutron data library. The retrieval can be done according to the
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