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Double differential neutron emission cross sections at En = 14.1
MeV have been measured for 209Bi, 10B and 1lg, using an 8.3 m neutron
TOF facility of OKTAVIAN at Osaka University. Data have been taken for
16 angle-points from 15% to 160° in the laboratory angle, with the
covering energy region of secondary neutrons from 0.5 MeV to 14 MeV,
The overall energy resolution of experiment was + 0.2 MeV. By inte~
grating measured double differential data over either laboratory or
center-of-mass system anglés, angle-integrated neutron emission spectra
were deduced. Angle-differential cross sections of resolved discrete
excited states (elastic, some of discrete inelastic scattering) and
Bi{n,2n) reaction were also deduced, Numerical data tables and graphs
of these data are given in this report.

In graphs, comparisons are made with evaluated nuclear data, i.e.,
ENDL-86 for “U%Bi and JENDL-3T for !YB and 1!B. Discrepancy with the
experiment is obvious for the 2°9Bi evaluation of ENDI-86. The JENDL-
3T evaluations for boron isotopes are successful as a whole, however,
disagreements with the experiments are seen in the lower secondary
energy regions than ca. 5 MeV for emission spectra and in differential

elastic scattering cross sections for 1lg,

This report is written by summarizing the effort implemented under the
Research-in-Trust in 1987 fiscal year from the Japan Atomic Energy
Research Institute.

s,

* (Osaka University
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1. INTRODUCTLON

Accurate data of double differential neutron emission cross sections
for the incident neutron energy of 10 to 15 MeV have been requested’
for many candidate elements of D-T fusion reactors. It has been regarded
that these double differential data are quite uséful to assess newly
evaluated nuclear data, i. e., JENDL-3, ENDF/B-VI and EFF-2, for applica-
tion to the fusion reactor technelogy.

Bismuth is candidated as a neutron multiplier of tritium-breeding
blankets. Therefore, differential neutron emission data are of importance
as well as ?°®Bi(n,2n) cross section values. Boron is expected as shield-
ing material of fusion reactors, and its ceramics (boron-nitride) may be
used as insulator. Therfore, differential neutron emission data for boron
isotopes are of importance from view-points of shielding and radiation
damage. Experimental data of differential neutron emission for these
three elements are scarcely avallable or not accurate enough.

To provide accurate and precise experimental data of double differen-—
tial neutron emission cross sections at incident neutron energy of 14.1
MeV for many candidate elements, a series of measurements is under way<’*?
at the OKTAVIAN facility of Osaka University. Under the financial support
of the Japan Atomic Energy Research Institute, measurements for ?°°B{,
198 and ''B have been carried out at Osaka University and are reported in
this paper: Measured double differential data are tabulated with the
EXFOR format. Data are given at 16 angle-points for each element. By
integrating double differential data over scattering angles in either
laboratory system or center-of-mass system, angle-intergated neutron
emission spectra have been deduced and also tabulated with the EXFOR
format. The angle-integrated emission spectrum in the center—-of-mass
system is particularly useful to assess evaluated nuclear data for partial
cross section values of specified excited states. Some of elastic and
discrete inelastic scattering could be resolved in double differential
data, so that angle-differential cross sections were deduced and are
given as numerical data tables. Utilization of these data for assessment
of evaluated data or nuclear model calculations is beyond the present
report. However, preliminary comparisons are made with ENDL-86% for Bi,

*
and JENDL-3T ? for boronm isotopes, and shown in graphs.

* JENDL-3T is a temporary file for testing the evaluated data which are for
JENDL-3. The data in JENDL-3T will be partly revised in JENDL-3.
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2. EXPERIMENTAL
2.1 Time-of-flight spectrometer

Experimental method is described in detail elsewhere®. Only a brief
explanation is given in this report. A schematic view of TOF spectrometer
is shown in Fig.I-1. The OKTAVIAN accelerator was operated with pulsed
deuteron beam of 2 ns pulse width and 1 MHz repetition, and 14 MeV neutrons
were generated at the TiT target (T-Target in Fig.I-1). An 8.3 m long TOF
facility was constructed in the 85° directicn against the deuteron beam
line, so as nearly to fix incident neutrom energy at 14.1 MeV. A cylindri-
cal scattering sample is set up on an arch (see the insert of Fig.I-1)} which
locates at 17 cm radially apart from the T-Target center. The cylinder is
set up perpendicularly to the arch line, and moved along the arch to change
scattering angle. Scattered neutrons by the cylindrical sample are detected
with an NE213 liquid scintillator of 25.4 cm diameter and 10 cm thickness.
Separability of y-ray background by the pulse shape discrimination techni-
que 1s excellent for this detector?®, for a relatively wide dynamic range
of 0.5 MeV to 14 MeV in recoil proton energy. A specially shaped shadow bar
and a collimator-shield system can serve for sufficiently eliminating back-
grounds of direct source neutrons and room-scattered neutrons which are
both time-dependent. Background run is deone by removing the cylindrical
sample. The circuit diagram of measuring system is rather conventinal and
shown elsewhere?.

Incident neutron energy varies very slightly, from 14.2 MeV at 0° to
14.02 MeV at 180°, according to the change of scattering angle. The ﬁaria—
tion of incident neutron energy was precisely measured by observing elastic
scattering peaks at various scattering angles for many samples. The result
is shown in Fig.I-2. Since the variation i1s well within one standard
deviation of energy resolution, one can say that the incident neutron energy
is fixed to be 14.1 MeV.

Double differential data were measured for 16 angle-points, i. e.,
15°, 20°, 30°, 40°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, 130°, 140°,
150° and 160° in the laboratory system. To obtain absolute cross section
values, calibration runs with a 1.5 cm diameter 5 cm long polyethylene

. 2
cylinder were domne”.

2.2 Samples

For bismuth, natural metal which is 100 % ?°?Bi was used. The size of
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cylinder is 3 cm in diameter and 7 cm in length.
For *°B, powder of 90.4 % enriched '°B metal was canned in a 0.1 mm
thick aluminum pipe case which dimensions are 3 cm in diameter and 7 cm
in length. This sample contains 9.6 % impurity of IIB, s0 that correction
{subtraction) was made for measured double differential data by using thosé
of *'B Sample-zHowever, this correction was smali, compared with statisics.
For '*B, metal flake of 98.5 % enriched *'B was canned in a 0.1 mm
thick aluminum pipe case with 3 cm in diameter and 7 cm in length.
Correction for 1.5 % impurity was ignored in this case, Background run
with empty aluminum case was done. However, no visible effect was cbserved

compared with the case removing any sample.

2.3 Multiple scattering correction -

Multiple scattering correction was carried out with the MUSCC3 code®
which is based on a ﬁulti—point collision probability method. DDX-type
data sets are required for this calculation. DDE-type data sets were
generated from evaluated nuclear data files, using the processing code
DDXS?, for a 135 group structure. For bismuth, the evaluated data in
ENDL-86" was used. For '°B and ''B, the evaluated data in JENDL-3T were
used. Multiple scattering correction for the polyethylene sample is incor-
porated in the MUSCC3 code to result in getting final correction factors.
Calculated correction factors were around unity within ca. 10 7% deviations
for most energy groups, except the energy regions where double differenti-
al neutron emission spectra drew steep valleys.

Since the energy distribution of incident neutrons from the TiT target
assembly has a parasitic low energy tail as shown in Fig.I-3, correction
for measured double differential data is needed to take out this parasitic
component. This correction can be done by comparing calculations of multi-
ple scattering flux components between a pure monochromatic and a contami-
nated source condition. This is also done in the MUSCC3 code. The effect
of this parasitic low energy neutrons is significant in low energy region
of secondary neutrons, especially for light elements (boron, for example),

and not negligible for heavy elements like Bi.

2.4 Other data processing

Angle-integrated neutron emission spectrum in the laboratory system

(EDX-in-LAB) 1is obtained by directly integrating double differential data
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for 16 measured angle-peoints. This was done.

To obtain angle-integrated neutron emission spectrum in the center-of-
mass system (EDX-in-CMS), conversion of DDX (double differential cross
section) from the LAB system to the CMS was carried out, by supposing the
kinematics of inelastic scattering for pseudo—excitation levels which were
defined by discretizing the secondary energy region of 0.0 to 14.1 MeV

with 0.2 MeV interval. The secondary neutron energy En' in the CMS is

written by
=E /(1 + 1/4)% - Q; /{1+ 1/4) (1)

E .
n'cms

where En is the incident neutron energy {(l4.1 MeV), Qi the pseudo-excita-=
tion energy and A the relative mass of target nucleus, respectively.
After this conversion, DDX in the CMS was integrated over coreesponding

scattering angles in the CMS to obtain EDX-in-CMS.

Angle-differential cross sections for resolved discrete excited states
in measured DDX data were deduced by calculating peak area within an

energy bimn which was specified with the energy resolution of experiment.

3. RESULTS AND DISCUSSIONS

Numerical data tables of angle-differential cross sections for
resolved reaction channels are given in Table 1 through Table 3.

GCraphs of DDX data are given in Fig.DF-1 through Fig.DF-15 for *°?Bi,
Fig.DF-16 through Fig.DF-31 for '°B, and Fig.D¥-32 through Fig.DF-47 for
'8, Graphs of angle-integrated neutron emission spectra are given in
Fig.BEF-1 through Fig.EF-6. Graphs of angle-differential cross sectiocns
are given in Fig.AF-1 through Fig.AF-9.

In graphs, evaluated neutron data (ENDL-86 for Bi, JENDL-3T for boron)
are also drawn with solid histograms which were used for the multiple
scattering corrections with the MUSCC3 code.

Te find trends of experimental data in comparison with evaluated
data, we can first see angle-integrated neutron emission data in the
center-of-mass system, then lock through details in correlation with

angular dependences of DDX data or angle—-differential data.
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scattering angles in the CMS to obtain EDX-in-CMS.

Angle-differential cross sections for resolved discrete excited states
in measured DDX data were deduced by calculating peak area within an

energy bin which was specified with the energy resoluticn of experiment.

3. RESULTS AND DISCUSSIONS

Numerical data tables of angle-differential cross sections for
resolved reaction channels are given in Table 1 through Table 3.

Graphs of DDX data are given in Fig.DF-1 through Fig.DF-15 for *°°Bi,
Fig.DF-16 through Fig.DF-31 for '°B, and Fig.DF-32 through Fig.DF-47 for
''B. Graphs of angle-integrated neutron emission spectra are given in
Fig.EF-1 through Fig.EF-6. Graphs of angle-differential cross sections
are given in Fig.AF-1 through Fig.AF-9.

In graphs, evaluated neutron data (ENDL-86 for Bi, JENDL-3T for boron)
are also drawn with solid histograms which were used for the multiple
scattering corrections with the MUSCC3 code.

Te find trends of experimental data in comparison with evaluated
data, we can first see angle-integrated neutron emission data in the
center-of-mass system, then look through details in correlation with

angular dependences of DDX data or angle-differential data.
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3.1 Bismuth

As shown in Fig.EF-2, experimental EDX-in-CMS spectrum has three peaks
obviously resolved in the region of 9-15 MeV, and has additienal structure
in the 6-9 MeV region. The peak—a corresponds to elastic scattering, while
peak-b and peak-c correspond to the 2.49 MeV and 4.30 MeV states of dis-
crete inelastic scattering which may be collective excitations. Since the
treatment of inelastic scattering in ENDL-86 for these energy regions is
done with the pre-equilibrium process only, significant underestimation of
ENDL-86 can be overcome by adding inelastic components of direct process.

2%%Bji(n,2n) neutrons are

In the energy region lower than ca. 6.5 MeV where
dominant, the experimental spectrum is much softer than that of ENDL-86.
A trial calculation with.GNASH868 has shown® that we can reproduce the
experimental spectrum if we use a-parameter and Kalbach constant differed
from empirically expected ones.

From double differential data shown in Fig.DF-1 through Fig.DF-15,
we notice that neutron emission by *°®Bi(n,2n), in the 0-6.5 MeV region,
is significantly enhanced in forward angles, compared with that of ENDL-86
which shows good agreement with the experiment in forward angles and
significantly underestimates in backward angles. The angular dependence of
neutron emission from preequilibrium process shall be further investigated.
Discrepancy by ENDL-86 in the 7-13 MeV region is of course much more
distinct in DDX data, due to the forward-peaking tendency of direct inela-
stic scattering which is clearly visible in experimental data.

Differential elastic scattering cross sections are shown in Fig.AF-1.
Very good agreement between the present experiment and the ENDL-86 evalu-
ation is seen for forward angles up to ca. 50°, beyond which however the
experimental points become significantly smaller than the ENDL-86 curve
although the fluctuating pattern is almost same between the two. Differen-
tial cross sections for two resolved discrete inelastic scatterings are
shown in Fig. AF-2. The forward peaking tendencies are obvious for these
two states. Analysis by a DWBA or coupled-channel code is expected.

Differential neutron emission cross sections of ?°%Bi(n,2n) were
deduced by integrating DDX spectrum in the energy region of 0-6.5 MeV.
The result is shown in Fig.AF-3, in comparison with that of ENDL-86 which
has an isotropic distribution. The experimental data shows a slight
enhancement of neutron emission in forward angles. This forward-enhance-

ment can hardly be explained by theory. However, one of two neutrons from
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2°%Bi(n,2n) reaction might be emitted in early stage of neutron-nucleus

interaction,

3.2 Boron-10

In Fig.EF-4 is shown angle-integrated neutron emission spectrum in the
center-of-mass system, in comparison with that of JENDL-3T®. Denoted peaks
in the figure correspond to the elastic (a), the 3.59 MeV state (b) and the
6$.03 MeV state (c)}, sum peak of 5,92, 6.03 and 6.13 MeV states, inelastic
scattering, Between a and b, sum peak of the 1,74 and 2.16 MeV states is
seen as a shoulder, Between b and ¢, sum peak of the 4.775 and 5.165 MeV
states is observed. The JENDL-3T evaluation reproduces overall spectrum,
though significant underestimations are seen in the low energy region of
1-3 MeV as well as in the high energy region of 8-11 MeV, In the energy
region of 1-5 MeV, experimental spectrum is monotonously continucus, in
contrast with the fluctuating structure of JENDL-3T which comes from many
pseudo-levels assumed in the evaluation.

DDX data are shown in Fig.DF-16 through Fig.DF-31l. Underestimation of
JENDL-3T in the high energy region of 9-13 MeV is seen in forward angles
of 15°, 20°, 30° and 40°, while satisfactory agreement is seen in larger
angles than 50°. Similarly, underestimation of JENDL-3T in the low energy
region of 1-5 MeV is observed in the forward angle range of 15°- 80°, and
agreement becomes better in more backward angles than 90°. Consequently,
we can state that the JENDL-3T evaluation underestimates the forward-en-—
hancement of neutron emission in these energy regions. Similar tendency

¢ in the comparison with DDX data by Baba®. The

has been reported®’
present experimental data agree as a whole with those by Baba, though
energy resolution and statistics are much better for the present experiment.
DDX data by Drosg'' go higher than the present data, in the 1-3 MeV region
and their discrete peaks are more broadened®®.

In Fig.AF-4 are shown differential elastic scattering cross sections
at Fn = 14,1 MeV, for '°B. Relatively good agreement is obtained between
the present data and JENDL-3T, as a whole. However, JENDL-3T slightly
overestimates the experiment in the 15-40° range, while it underestimates
around 60° and in the 120°-160° range. In Fig.AF-5 are shown differential
cross sections for the most prominent discrete peak (5.9 to 7 MeV states)
of inelastic scattering, in comparison with JENDL-3T. Good agreement is

seen in the intermediate angles, while in forward and backward angles the

JENDL-3T evaluation considerably overestimates the present data.

iﬁ__
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3.3 Boron-1l1

Angle-integrated neutron emission spectrum is shown in Fig.EF-6, in
comparison with that of JENDL-3T. Six peaks are resolved in the experi-
mental spectyum as denoted with a, b, ¢, d, e and f, corresponding to
the elastic scattering, the 2.125 MeV state inelastic scattering, the
sum-peak of 4.445 to 5.021 MeV state inelastic scattering, the sum~peak of
6.743 to 6.793 MeV state inelastic scattering, the 7.978 MeV state inela-
stic scattering and the sum-peak of 8.559 to 9.275 MeV state inelastic
scattering, respectively. Angle-differential cross sections are given for
these gix resolved states, in Tables 3-1 and 3-2.

As shown in Fig.EF-6, the JENDL-3T evaluation reproduces the present
data very well for three peaks (a, b and c¢) in the 6-13 MeV region, though
disagreements between peaks can be attributed to the tail of energy reso-
lution function of experiment®. In the low energy region of 0 - 6 MeV,
disagreement is obvious on the contrary. The JENDL-3T overevaluates
partial cross sections for the 6.743 - 6.793 states, by ca. twice. In the
experiment, additional two peaks {e and f) can be resolved and these are
not considered in JENDL-3T. If we compare Fig.EF-6 and Fig.EF-5, we notice
that such high energy-state excitations do not appear for boron-10, but
do appear for boron-1l1l. This high energy-state excitations for boron-11
is hardly seen in the data by Drosg'®, but is appearing in the data by
Baba®.

DDX data are shown in Fig.DF-32 through Fig.DF-47, in comparison with
those of JENDL-3T. Underestimation of JENDL-3T is significant in the low
energy region of 0 - ca. 6 MeV, for forward angles (15° to 60°), while
agreement in average is seen in backward angles though spectral shape is
different due to neglection of the high energy-state excitations in JENDL-
3T. Similar tendencies are seen in comparison with the data by Drosg’' and
Baba®, as shown in Ref.l10. At elastic scattering peaks for 60°, 70°, 110°,
120°, 127.9° and 140°, drastic underestimations of JENDL-3T are seen. This
is discussed in the following for angle-differential cross sections. We
can say that the present data are obtained very successfully from view-
points of energy resolution and statistics.

Angle-differential cross sections for six resclved discrete states
are shown in Fig.AF-6 through Fig.AF-9. Differential elastic scattering
cross sections are shown in Fig.AF-6, in comparison with JENDL-3T. We find

large disagreement in the whole angle range. The JENDL-3T evaluation under-
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estimates the present data at larger angles than ca. 50°, drastically, and
overestimates at forward angles. Optical potentials in JENDL-3T shall be
readjusted. In Fig.AF-7 through Fig.AF-9 are shown differential inelastic
scattering cross sections for five resolved states. For the 2.125 MeV state,
the present data show much more forward-enhancement than that of JENDL-3T.
For the 4.445 - 5.021 MeV state, however, agreement is good. And for the
6.743 - 6.793 state the JENDL-3T curve again underestimates the forward-
enhancement of experiment. For the 7.978 MeV state, significant enhance-
ment in forward angles is not seen. However, for the 8.559 - 9.275 MeV

states, considerable forward enhancement is observed.

4. SUMMARY

Double differential neutron emission cross sections at En = 14.1 MeV
for 15 - 16 angle-points have been measured with satisfactory energy
resolution and counting statistics, for *°°Bi, '°B ani ''B. Angle-integra-
ted neutron emission spectra in either CMS or LAB-system have been deduced.
Within the attained energy resolution, some of discrete excited states by
elastic and inelastic scattering could be resolved. Tabulated numerical
data and graphs are given in this report for all of these data.

Obtained data are of huge amount. To see a trend of data, however,
angle-integrated spectra can be first compared with evaluated nuclear data
or theoretical calculations. Then we can lock in deep by comparisons for
double differential and angle-differential data. This kind of comparison
and discussion has been done in this report, using ENDL-86 for Bi and
JENDL-3T for boron isotopes as references.

For 209

Bi(n,2n) reaction, the present experimenf has given much softer
spectrum of emitted neutrons than that of ENDL-86. Considerable enhance-
ment of neutron emission in forward angles shall be further analyzed.
Resolved two states of inelastic scattering shall be added in future
evaluations including JENDL-3, using calculations by the direct reaction
theory. For boron-10, the JENDL-3T evaluation is relatively successful
though underestimations are seen in secondary energy regions of 1-5 and
8-11 MeV. For boron-l1l, JENDL-3T has shown a drastic disagreement with the

present data for elastic scattering and low energy part (high excited

states) of inelastic scattering neutrons.
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