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Nuclear data of B~11 have been evaluated in the energy range from
0.0l meV to 20 MeV. The evaluated quantities are cross sections, angu-
lar distributions and energy spectra of secondary neutrons, and y-ray
data. The evaluation was performed by using the R-matrix theory below
7 MeV and multistep statistical model above 7 MeV. Below 7 MeV, R-matrix
parameters of Koehler et al. were modified to fit experimental data of
the total cross section. For calculation of the multistep statistical
model, the optical model and the level density parameters were chosen to
reproduce experimental data of charged particle emission and elastic
scattering cross sections. Direct inelastic scattering processes for
seven excited levels were considered with DWBA calculation. The results
of present work are in good agreement with the experimental data of
cross sections, angular distributions of secondary neutrons and double
differential cross sections. They were compiled for JENDL-3 in the
ENDF/B-V format.

Keywords: Evaluation, B-11, Neutron Nuclear Data, R-matrix,

Optical Model, DWBA, JENDL-3
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1. Introduction

For the third version of the Japanese evaluated nuclear data
library (JENDL-3), evaluation, compilation and revision have been
continued. The evaluated nuclear data of B-11 are not included imn
JENDL-2, though they are necessary to calculate neutron transport in the
light water reactor (LWR), neutron multiplication or tritium breeding of
fusion reactors. A lot of experimental data of total cross section have
been measured by many authors, but a few or no measurement for the other
quantities of B-11 has been performed.

In this paper, the evaluation of neutron nuclear data of B-11 was
performed in the neutron energy range from 0.01 meV to 20 MeV. The
evaluated quantities, which are summarized in Table 1 with Q-values,
were cross sections, angular distributions and energy spectra of secon-
dary neutrons, and ¥-ray data. Direct inelastic scattering processes
were calculated for seven excited levels (Q = -2.12, -4.45, -5.02,
-6.74, -6.79, -9.12 and -10.6 MeV) with the DWBA.

This paper consists of three parts. In Chapter 2, the energy range
of incident neutron is below 7 MeV and evaluation of cross sections of
total, elastic and inelastic scattering by using the R-matrix theory is
described. Capture cross section was evaluated by using the multilevel
Breit-Wigner (MLBW) formula. In Chapter 3, the energy range of incident
neutron is above 7 MeV. Evaluation of the total, elastic and inelastic
scattering, and other reaction cross sections, angular distributions and
energy spectra of secondary neutrons, ¥-ray production cross sections or
multiplicities, and ¥-ray spectra by using multistep statistical model
and DWBA is explained. Results are shown and discussed in Chapter 4.

2. Evaluation below 7 MeV

2.1 R-matrix Calculation
Cross sections of total, elastic and inelastic scattering, and

angular distributions of secondary neutrons were basically evaluated

with the R-matrix theory. The calculations have been performed by using
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the R-matrix calculation code RESCAL /1/. R-matrix parameters of Koehler
et al./2/ were chosen as the initial values for calculation of elastic
scattering and the first excited level (Q = -2.12 MeV) inelastic scat-
tering cross sections. Initial values for parameters of the second and
third excited levels (Q = ~4.45 and -5.02 MeV) were assumed tentatively,
and the all parameters were modified to fit experimental data of the
total cross section measured by Mooring et al./3/, Porter et al./4/,
Lane et al./5/, Cabe et al./6/, and Auchampaugh et al./22/. The results
of R-matrix parameters are shown in Table 2 with the parameters of

Koehler et al.

2.2 Total Cross Section
Below 0.1 MeV, the total cross section was calculated with the
multilevel Breit-Wigner (MLBW) formula and the resonance parameters
taken from the values of Mughabghab et al./8/. The cross section was
evaluated by using the R-matrix calculation in the energy range of 0.1
to 4 MeV. Above 4 MeV, smooth curve of the total cross section was

obtained by fitting it to the experimental data of Auchampaugh et al.

2.3 Elastic Scattering Cross Section
Below 0.1 MeV, the elastic scattering cross section was based on
the MLBW formula and the resonance parameters taken from the values of
Mughabghab et al. The cross section was evaluated by using the R-matrix
calculation in the energy range of 0.1 to 2.2 MeV. Above 2.2 MeV, the
cross section was obtained by subtracting the inelastic scattering and

the capture cross sections from the total cross section.

2.4 Capture Cross Section
The capture cross section was calculated basically with the MLBW

formula by adopting resonance parameters recommended by Mughabghab et
al. The direct capture cross section /8/ was added to them. That was

also adopted in the energy range up to 20 MeV.
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3. Evaluation above 7 MeV

3.1 Total and Elastic Scattering

The total cross section was obtained by tracing to the experimental
data of Auchampaugh et al. above 4 MeV.

The elastic scattering cross section above 2.2 MeV was obtained by
subtracting the reaction cross sections from the total cross section.

For the elastic scattering, the angular distribution of the secon-
dary neutrons was calculated by using the statistical model code CASTHY
/9/ and the DWBA code DWUCK4/10/ above 7 MeV. The results of two codes

were added with the weight of cross sectioms.

3.2 Inelastic Scattering

Direct inelastic scattering processes for seven excited levels (Q =
-2.12, -4.45, -5.02, -6.74 -6.79, -9.12 and -10.60 MeV) were considered.
The calculation was performed with DWUCK4. The multistep statistical
model code GNASH/11/ was also used to calculate the cross sections and
the angular distributions of the inelastic scattering.

The direct inelastic scattering cross section was added to compound
one to reproduce the experimental data of cross sections and angular
distributions measured by Koehler et al., Glendinning et al./12/, and
those of the double differential cross section of Takahashi et al./7/.

Excited 1levels were assumed to be overlapping above 7.2 MeV.

Calculation of cross section of continuum inelastic scattering was

performed by the GNASH code.

3.3 Other Reactions

The reaction cross sections ((n,2n), {(a,p), {(n,d), (n,a), (n,np),
(n,nd), (n,nt) and (n,na)) and the energy spectra of secondary neutrons
were calculated with the GNASH code. For the GNASH calculation, the
optical model and the level density parameters were adjusted so that the
calculation could reproduce the experimental data of the (n,p), (n,d),
(n,t), and (n,a) reaction and elastic scattering cross sections. The
parameters are shown in Tables 3 and 4. The level scheme using in the

GNASH calculation are shown in Table 5. Calculated cross sections of the
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(n,p) and (n,a) reactions were normalized to the experimental data of
Stepancic et al./13/, and those of Antolkovic et al./14/ and Scobel et
al./15/, respectively.

Cross section and energy spectrum of the (n,n2a) reaction were
evaluated by adopting those shapes of the (n,nt) reaction and normaliz-
ing them to the experimental data of the helium production cross section

of Kneff et al./16/.

3.4 ¥-ray Data
The multiplicities of capture and inelastic scattering to the seven

discrete levels were calculated by using the GNASH code below 7.8 MeV.
Above 7.8 MeV, the . ¥-ray production cross sections of non-elastic
scattering including all reaction and inelastic scattering were calcu-
lated by using GNASH code. The ¥-ray spectra were also obtained by GNASH

calculation.

4. Results and Discussions

4.1 Cross Sections
The total cross section calculated with R-matrix in the energy

range from 0.2 to 6.0 MeV is shown in Fig.1. The solid and dashed lines
mean the present work and ENDF/B-IV, respectively. The present result is
in good agreement with the experimental data.

Figures 2-4 show the (m,p), (n,a), and (n,2n) cross sections as
examples of the reaction cross sections calculated by using the GNASH
code. The lines are the same as Fig.l. The results of the (m,p) and
(n,e) reactions reproduce the experimental data. The (n,2n) reaction
does not agree with Mather et al.'s data which the present evaluation
did not adopt the data.

As an example of calculation with the statistical model and the
DWBA, the inelastic scattering cross sections of the first four excited
levels are illustrated in Fig.5. The solid, dashed, and dash-dotted
lines mean the present work, ENDF/B-IV, and the calculation with the

R-matrix parameters of Koehler et al., respectively. The ratio of the
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compound process to the direct process was assumed to be 0.8 in the
whole energy range. The present results reproduce the experimental data.

The total helium production cross section is composed of the (n,a),
(n,na), (n,n2e¢), and (n,nt) cross sections and illustrated in Fig.6
compared with the experimental data of Kneff et al./16/. The solid line
means the present work and the dashed line means the helium production
cross section of ENDF/B-IV. The present result is in good agreement with

the experimental data.

4.2 Angular Distributions

The angular distributions of elastically scattered neutrons at the
incident neutron energies of 4.00, 7.98 and 13.94 MeV are shown in
Fig.7. The solid, dashed, and dash-dotted lines describe the present
work, and ENDF/B-IV, respectively. The present result at En = 4.00 MeV
was calculated with R-matri,x and the calculations at 7.98 and 13.94 MeV
were performed with DWUCK4 and GNASH. The results reproduce the experi-
mental data.

Figure 8 shows the inelastic angular distributions of the first
three excited levels. The lines mean the same as Fig.7. Calculation was
carried out with R-matrix below the incident neutron energy of 7 MeV and
with DWUCK4 and GNASH above that of 7 MeV. The present work agrees with
the experimental data.

The angular distributions of the secondary neutrons for the other

reactions were assumed to be isotropic in the center of mass system.

4.3 Double Differential Cross Section

The double differential cross sections (DDX) are shown in Fig.9-10
compared with the experimental data measured at Osaka University
(OKTAVIAN)/7/, and Tohoku University/25/. The DDX are compared with the
experimental data of Los Alamos/27,28/ also. The peaks of elastic and
inelastic scattering are in good agreement with the experimental data.
In the lower energy region of secondary neutrons, the present result is
much smaller than the experimental data, because the (n,nd), (n,nt) and

(n,n2a) reactions are not included in the calculation.
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4.4 ¥-ray Data
Figure 11 shows the ¥-ray production cross section for the ¥-ray
energy of 2.125 MeV, comparing with the experimental data of Dickens et
al./37/. The present result calculated from the ¥-ray multiplicities of
the inelastic scattering is a little larger than the experimental data.
But the evaluated inelastic scattering cross sections reproduce the

experimental data of the cross section.

5. Conclusion

The evaluation of neutron nuclear data of B-11 has been performed
in the energy range from 0.01 MeV to 20 MeV. The evaluvation was basical-
ly carried out by using the R-matrix, the statistical model, and the
DWBA calculation. The results are in good agreement with the experimen-

tal data. The present work was compiled for JENDL-3 in the ENDF/B-V

format.
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Table 1 The Evaluated Quantities. Symbol "O" means that the

evaluation was performed.

Quantities g do/dQ do/dE  ¥-ray data Q-values
[MeV]
total 0 - - - -
elastic 0 0 - - 0.0
non-elastic - - - 0 -7.20
capture 0 - - ] 3.396
inelastic 0 0 0 0 -2.12
(n,2n) 0 0 0 - -11.46
(n,p) 0 - - - -10.73
(n,d) 0 - - - -9.00
(n,t) 0 - - - -9.56
(n,a) 0 - - - -6.63
(n,np) 0 0 0 - -11.23
(n,nd) 0 0 0 - -15.82
(n,nt) 0 0 0 - -11.22
(n,na) 0 0 0 - -8.67
(n,n2a) 0 0 0 - -11.13

i 5 o 7 - - S = e S e e e e G 8
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Table 2 (a) R-matrix Parameters for Elastic Scattering
(Q = 0.0 Mev, IT = 3/2-)

Jr X EX Koehler et al./2/ X EX Present Work
o+ 1 1 1 1
j 3/2 i 372
Re 0.2 Rw» 0.200
0- 1 2 1 2
3 3/2 i 372
Re 0.3 Re 0.300
1+ 1 1 1 1 1 1
i 1/2  3/2 i 1/2 372
Re 0.2 0.2 Re 0.275 0.0
1.60 ¥, 0.1 0.25 1 1.600 ¥; 0.175 0.194
2 3.2 ¥, -0.2 0.2 2 3.199 ¥, -0.306 0.017
1- 1 0 2 2 1 0 2 2
i 12 3/2 5/2 3 1/2 3/2  5/2
Re -0.1 0.3 0.25 Re -0.185 0.290 0.267
1 -1.34 ¥, 0.85 0.0 0.0 1 -1.340 ¥, 0.850 0.030 0.003
2 0.935 ¥, 0.07 0.0 0.0 2 0.935 ¥, 0.070 0.004 0.002
3 2.45 ¥, 0.15 0.90 0.20 3 2.451 ¥; 0.147 0.900 0.184
4 3.70 ¥, 0.25 0.12 -0.36 4 3.705 ¥, 0.251 0.006 -0.312
5 4.50 ¥y 0.20 -0.40 0.30 5 4.500 ¥ 0.200 -0.400 0.300
6 4.60 ¥¢ 0.25 0.55 0.25 6 4.601 ¥, 0.251 0.549 0.252
7 5.78 ¥, 0.0 0.0 -0.45 7 5.780 ¥, 0.0 0.158 -0.635
2+ 1 1 1 1 1 1
j 1/2  3/2 j 172 3/2
Re 0.2 0.2 Re 0.231 0.297
1 0.31 ¥, 0.12 0.40 1 0.345 ¥, 0.001 0.350

. D A e v A P e 4P T T N M e SR e e A W e o S D Y T e P Y e e e e e
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Table 2 (a) (continued)

P o 0 o e R S P e = e e = T e e = e o A e e A A

Jr X EX Koehler et al./2/ X EX Present Work
2- 1 0 2 2 1 0 2 2
i 1/2 372 5/2 i 172 3/2 572
Re -0.1 0.3 0.25 Re -0.100 0.304 0.250
1 -2.48 ¥, 0.8 0.0 0.0 1 -2.480 ¥, 0.800 0.004 0.003
2 0.638 ¥, 0.4 0.0 0.85 2 0.638 ¥, 0.400 0.003 0.850
3 4.40 ¥y, 0.20 0.30 0.30 3 4.400 ¥, 0.200 0.300 0.300
4 5.76 ¥, 0.0 0.17 -0.17 4 5.760 ¥, 0.0 0.170 0.170
3+ 1 1 1 1
] 3/2 j 3/2
Re 0.2 R 0.326
1 2,19 ¥, 0.265 1 2.190 ¥, 0.328
3- 1 2 2 1 2 2
j 3/2 5/2 j 3/2 5/2
Re 0.3 0.25 Re 0.507 0.375
1 -0.34 ¥, 0.0 0.60 1 -0.340 ¥, 0.100 0.635
2 2.175 ¥, 0.19 0.19 2 2,150 ¥, 0.173 0.216
3 4.87 ¥, -0.35 0.10 3 4.871 ¥, -0.432 0.0
4 4.94 ¥, 0.15 0.15 4 4.915 ¥, 0.668 0.0
5 5.24 ¥ 0.2 0.2 5 5.150 ¥, 0.179 0.326
6 5.40 ¥, ~-0.20 -0.20 6 5.352 ¥, -0.001 -0.335
7 6.50 ¥, 0.20 0.0 7 6.502 ¥, 0.306 0.003
4- 1 2 1 2
j 5/2 j 5/2
Re 0.25 Re 0.804
1 0.644 ¥, 1.00 1 0.325 ¥, 1.309
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Table 2 (b) R-matrix Parameters for Inelastic Scattering of the First

Excited Level (Q =-2.12 MeV, Im = 1/2-)
NI B EX Koehler et al./2/ )y EX Present Work
o+ 1 1 1 1
i 1/2 j 1/2
R« 0.1 R=» 0.100
0- 1 0 1 0
i 1/2 j 1/2
Re 0.1 Re 0.100
1+ 1 1 1 1 1 1
i 1/2 3/2 j 1/2 3/2
Re 0.1 0.1 Re 0.082 0.155
1 1.0 ¥, 0.0 0.0 1 1.600 ¥, 0.0 0.0
2 3.20 ¥, 0.20 0.0 2 3.199 ¥, 0.201 0.097
1- 1 0 2 1 0 2
i 172  3/2 j 172 3/2
Re 0.1 0.1 Re 4.690 1.060
1-1.3% ¥, 0.0 O. 1 -1.340 ¥, 0.0 0.0
2 0.935 ¥, 0.0 0.0 2 0.935 ¥, 0.0 0.0
3 2.45 ¥, 0.10 0.50 3 2.451 ¥, 0.096 0.498
4 3.70 ¥, 0.0 0.10 4 3,705 ¥, 0.099 0.107
5 4,50 ¥ 0.0 0.40 5 4,500 ¥; 0.011 0.400
6 4.60 ¥¢ -0.30 0.0 6 4.601 ¥, -0.299 0.009
7 5.78 ¥, -0.50 -0.20 7 5.780 ¥, -0.005 -0.008
2+ 1 1 1 1
i 3/2 3 3/2
Re 0.1 Re 0.100
1 0.31 ¥, 0.0 1 0.345 ¥, 0.0

e - T = e Sy o S o M T o e e e e S G R R e e W -
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Table 2 (b) (continued)

Jn A EX Koehler et al./2/ X EX Present Work
2- 1 2 2 1 2 2
§ 3/2 572 i 3/2 5)2
Re 0.1 0.1 Re (0.506 0.015
1-2.48 ¥, 0.0 0.0 1-2.480 ¥, 0.0 0.0
2 0.638 ¥, 0.0 0.0 2 0.638 ¥, 0.0 0.0
3 4.40 ¥, -0.24 -0.50 3 4.400 ¥, -0.240 -0.499
4 5.76 ¥, 0.0 0.15 4 5.760 ¥, 0.018 0.014
3- 1 2 1 2
j 5/2 h] 5/2
Re 0.1 Re 1.843
1 -0.34 ¥, 0.0 1 -0.340 ¥, 0.0
2 2.175 ¥, 0.65 2 2.150 ¥, 0.0
3 4.87 ¥, 0.50 3 4,871 ¥, 0.237
4 4.94 ¥, 0.0 4 4,915 ¥, 0.396
5 5.24 ¥ 0.2 5 5.150 ¥, 0.048
6 5.40 ¥, 0.30 6 5.352 ¥, 0.474
7 6.50 ¥, 0.60 7 6.502 ¥, 0.167

- - - - _ i B R = e o > e e e - - e .-
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Table 2 (c) R-matrix Parameters for Inelastic Scattering of the Second
and Third Excited Levels

. e e o e e e o 4 R A o Y o = e = - - - -

Jr ) EX Q=-4.45 MeV, 5/2- Q=-5.02 MeV, 3/2-
1+ 1 1 1 1
i 3/2 1/2 3/2
Reo 0.100 0.100 0.100
1- 1 2 2 0 2 2
i 3/2 5/2 1/2 3/2 5/2
Re  0.001 0.299 -0.177 0.187 0.188
1 -1.340 %, 0. 0.0 0.0 0.0 0.0
2 0.935 %, 0. 0. 0.0 0.0 0.0
3 2.451 ¥, 0. 0. 0.0 0.0 0.0
4 3,705 71, 0. 0. 0.0 0.0 0.0
5  4.500 ¥, 0.094 0.080 0.0 0.0 0.0
6 4.601 ¥, 0.093  0.099 0.0 0.0 0.0
7 5.780 %, 0.288 0.030 0.003 0.122 0.001
2+ 1 1 1 1 1
3 1/2 3/2 1/2 3/2
Re  0.100 0.100 0.100 0.100
2- 1 0 2 2 0 2 2
i 1/2 3/2 5/2 1/2 3/2 5/2
Re 0.093 0.047 0.078 0.136 0.080 0.080
1 -2.480 ¥, 0.0 0.0 0.0 0.0 0.0 0.0
2 0.638 ¥, 0.0 0.0 0.0 0.0 0.0 0.0
3 4.400 ¥, 0.070 0.085 0.107 0.0 0.0 0.0
4 5.760 ¥, 0.004 0.0 0.009 0.002 0.0 0.346
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Table 2 (¢) (continued)

Ju X FA Q=-4.45 MeV, 5/2- Q=-5.02 MeV, 3/2-
3+ 1 1 1 1
j 1/2 3/2 3/2
R  0.100 0.100 0.100
3- 1 0 2 2 2 2
j 1/2 3/2 5/2 3/2 5/2
R=  0.093 0.047 0.078 0.080 0.080
1 -0.340 ¥, 0.0 0.0 0.0 0.0 0
2 2.150 ¥, 0.0 0.0 0.0 0.0 0
3 4.871 ¥,  0.053 0.017 0.169 0.0 0
4 4.915 ¥,  0.039 0.167 0.022 0.0 0.0
5 5.150 ¥,  0.141 0.181  0.003 0.189 0.121
6 5.352 &,  0.048 0.045 0.067 0.006 0.092
7 6.502 ¥, 0.015 0.0 0.404 0.376 0.0
4- i 2 2 2
j 3/2 5/2 5/2
Re  0.050 0.050 0.025
1 0.325 ¥, 0.0 0.0 0.0
2 160 ¥,  0.020 0.045 0.047
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Table 3 The Optical Potential Parameters

neutron V =41.8-0.005E* r0=1.40 a0=0.35 /17/
Ws=1.01E * rI=1.15* aI=0.50

proton V =66.1-0.273E r0=1.15 a0=0.57 /18/
Ws=1.50+0.581E rI=1.15 al=0.5

Vsym=5.5 r0=1.15 a0=0.57
deuteron V =80.0 * r0=1.0 * a0=1.0 * 719/

Wv=30.0 rI=1.0 * al=0.8 *

Vsym =6.0 * r0=1.0 * a0=1.0 *

triton V =103.0+20.0E* r0=0.85 a0=0.70 /20/
Wv=1.49E * rI=2.06 al=0.72
Vsym =8.55 * r0=0.85 a0=0.70

alpha V =285.2-2.40E* r0=1.61* a0=0.55% /21/
Ws=16.16-0.70E* rI=1.81 aI=0.65

NOTE : F is incident neutron energy in LAB. system

with units of MeV and fm. * means that parameter

is modified from original one.
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Table 4 The Level Density Parameters

a[1/MeV] T[MeV] Pair. [MeV]
B-10 1.196 7.990 0.0
B-11 1.431 6.112 2.67
B-12 1.491 6.201 0.0
Be-8 1.115 9.187 2.13
Be-9 1.125 8.248 2.46
Be-~10 1.088 10.029 5.13
Be-~11 1.419 7.277 2.46
Li-7 1.138 197 2.67
Li-8 1.115 8.170 0.0
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Table 5 The Adopted Level Scheme /35, 36/

T e e e e Y Y e e v o N S B Y SR P e e P e W R P M R 56 e e e N e

lOB llB IZB 'Be !Be

gs 0.0 3+ 0.0 3/2- 0.0 1+ 0.0 O+ 0.0 3/2-
1 0.718 1+ 2.125 1/2- 0.953 2+ 3.040 2+

2 1.740 0+ 4,445 5/2- 1.674 2-

3 2.154 1+ 5.020 3/2- 2.621 1-

4  3.587 2+ 6.743 7/2- 2.720 o+

5 4.774 3+ 6.792 1/2+

6 5.110 2- 9.120 7/2+

7 5.164 2+ 10.60 7/2+

8  5.180 1+

9 5.926 2+

10 6.025 4+

11 6.127 3-

12 6.561 4-

108 l1pe L4 *Li

gs 0.0 0+ 0.0 172+ 0.0 3/2- 0.0 2+
1 3.368 2+ 0.320 1/2- 0.478 1/2- 0.981 1+
2 5.958 2+ 4.630 7/2-

3 5.960 1- 6.680 5/2-

4  6.179 o+ 7.456 5/2-

5 6.263 2-

NOTE: The energy is unit in MeV.
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