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Abstract The neutron emission double-differential cross sections(DDXs) of n+°Be and ®7Li were measured

at incident neutron energies of 8.17 and 10.27MeV. At 10.27MeV, the influence of breakup source neutrons from

D(d, np) reactions was eliminated by using the combination of abnormal and normal fast neutron TOF spec-

trometers. The measured TOF spectra were analyzed by detailed Monte-Carlo simulation and the DDXs were

determined by comparing the measured TOF spectra with simulated ones. The cross sections were normalized

to n-p(normal geometry measurement) or n-C(abnormal geometry measurement) scattering measurement. The

measured results were compared with the evaluations and the other measurements. A theoretical model based

on the Hauser-Feshbach and exciton model for light nuclei was used to describe the double-differential cross

sections of n+%7Li. Good agreement between theoretical calculation and measurement has been obtained.

Key words secondary neutron, double differential cross section, abnormal fast neutron TOF spectrometer,

breakup neutron

1 Introduction

DDX is one of the most important nuclear data
used in nuclear engineering, particularly in design
of nuclear device and neutron shielding. However,
the evaluations and measurements of DDX are very
sparse. Up to now, most of DDX measurements per-
formed are at around 14MeV and below 8MeV, while
the DDX measurements are very scarce from 8 to
13MeV due to the lack of mono-energetic neutron
source. On the other hand, the results of theoreti-
cal calculation are discrepant from each other with
different light nuclei reaction models. Therefore, the
DDX measurements for light nuclei are necessary for
checking and improving nuclear reaction models and

nuclear data evaluations.

Received 11 August 2006

In this work, the DDXs of n+°Be and %7Li have
been measured at 8.17 and 10.27MeV incident neu-
tron energies. Up to now, no measured DDX data
for ©7Li in the energy region of 8 to 13MeV were
reported in the literature. For beryllium, the situa-
tion is similar to that of 7Li. Most published data
in this energy region are the differential cross sec-
tion(DX). Only two DDX data at 8.03MeV measured
by Dekempeneer et al."l and 10.1MeV measured by
Drake et al.” were reported. At 8.03MeV, the un-
folding technique was used to measure the neutron
energy spectra. Thus the energy resolution is very
poor. At 10.1MeV, the p(t,n) reaction was used to
produce the 10.1MeV mono-energetic neutrons. To
produce this neutron source, the radioactive triton

beam must be accelerated. The cost for performing
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such an experiment is quite high. The energy res-
olution is also not so good because the flight path
is only 4m, and only 6 angles of DDX data were
measured. The aim of this work is to fill the data
blankness between 8 and 13MeV region using a conve-
nient and economic D(d,n) reaction source with high

energy resolution.

2 Experiment

The experiment was performed with normal fast
neutron TOF spectrometerlg] on HI-13 Tandem Ac-
celerator in China Institute of Atomic Energy(CIAE)
for 8.17MeV. The diagram of the spectrometer is
shown in Fig. 1. For 10.27MeV, because the D(d,n)
neutron source is not monoenergetic, the low energy
part(e.g. below 4MeV) of DDXs will be contaminated
by the neutrons induced by breakup source neutrons.
To solve this problem, an abnormal fast neutron TOF
spectrometer[4] was constructed and used beside the
normal fast neutron TOF spectrometer. In the abnor-
mal setup, the neutron beam was shielded and colli-
mated at 0 degree and the distance between source
and sample was 220cm instead of 18cm in the nor-
mal TOF case while the distance between sample
and detector was reduced from about 600cm to 70cm
(Fig. 2).
duced by monoenergetic neutrons and breakup neu-
trons can be separated well by their TOFs at 1MeV
neutron detection threshold. Thus, the DDXs at

10.27MeV can be measured successfully using the

In this setup, the secondary neutrons in-

combination of normal and abnormal fast neutron
TOF spectrometers. The DDXs data above 4MeV
can be taken from normal geometry measurement be-
cause the energy resolution is better due to the long
flight path while the DDXs data below 4MeV can
be measured by abnormal geometry setup because
it eliminates the influence of breakup neutrons and
the energy resolution is also acceptable for low en-
ergy part. More details can be found in Ref. [4—
7). The parameters for 10.27MeV measurement are
listed in Table 1 and the parameters for 8.17MeV
measurement are nearly the same as those in the
normal geometry measurement for 10.27MeV. Only

the beam repetition rate was changed from 4MHz

to 2MHz to fulfill the measurement for the whole
neutron emission energy region above the threshold,
and the ST-451 neutron detectors were replaced by
the larger(BC501A, $7x4 inch) ones. The incident
deuteron energy was 5.8MeV to produce 8.17MeV
neutrons.

A hollow cylindrical beryllium sample with diam-
eter 25mm and length 40mm was used in the exper-
iment. The hollow diameter is 10mm. The lithium
samples were encapsulated in aluminium containers.
The size of the containers is $30mmx40mm with a

wall thickness of 0.3mm.

Fig. 1.
TOF spectrometer.

Schematic view of normal fast neutron

abnormal fast neutron ~L00cm,

paraffine TOF spectrometer
+(Li),CO,,Zapolyethylene, e concrete, Eiron, m lead

Fig. 2.
tron TOF spectrometer.

Schematic view of abnormal fast neu-

Four runs of measurement with gas in (sample in
and out) and gas out (sample in and out) were per-
formed for each angle during the experiment. For
lithium sample, an empty container was used as sam-

ple out measurement. From these foreground and
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background measurements, we can get the net TOF
spectra. All events from the four detectors (three
main detectors and one monitor) were recorded by
list mode. For each event, there are three parame-
ters which are PH, PSD and TOF. PH and PSD are
used for the detection threshold determination and

n-y discrimination.

Table 1. Experimental parameters for 10.27MeV

measurement.
normal abnormal
projectile
deuteron energy 7.765MeV 7.765MeV
averaged current ~1.0nA ~1.0nA
pulse width(FWHM) ~1ns ~lns
repetition frequency 4MHz 4MHz
deuterium gas target
length 30mm 30mm
diameter 10mm 10mm
gold backing 0.5mm 0.5mm
molybdenum entrance foil 10pum 10pum
gas pressure 6bar 6bar
neutron energy 10.27MeV 10.27MeV
distance
target to sample 18cm 220cm
sample to detector ~6.0m 70cm
neutron detectors
3 main detectors ST-451 ST-451
scintillator diameter 10.16cm 10.16cm
scintillator length 5.08cm 5.08cm
angles 30.0°—150.0°
electron threshold 0.48MeV 0.16MeV
monitor NE213 NE213
scintillator diameter 2.54cm 2.54cm
scintillator length 2.54cm 2.54cm
flight path ~6m ~6m
angle ~60° ~160°
electron threshold 0.95MeV 0.48MeV

3 Data analysis

The data analysis was perfermed in the following
steps:

1) From the measured raw spectra(gas in, gas out,
sample in and sample out), the net spectra were de-
termined including uncertainty propagation. Other

relevant data such as gama positions, neutron detec-

tion thresholds, monitor count rates, channel width
of time-to-amplitude converters(TAC) are also ob-
tained.

2) TOF spectra were calculated by a rea-
listic Monte-Carlo
STREUER"™. The code was developed in PTB

Braunschweig/Germany and extensions have been

simulation with the code

made for CIAE’s experiment, especially for our ab-
normal geometry setup. The cross sections used in
the Monte-Carlo simulation are usually taken from an
evaluation data (e.g from ENDF/B-VI or JENDL or
CENDL). The simulated TOF spectra would be ob-
tained with inclusion of the differential non-linearity
of the TACs, the proper detection efficiencies and
The folding func-

tion is a combination of a Gaussian function and the

the proper folding parameters.

time response function of the neutron detectors. The
time response function is calculated by Monte-Carlo
method.

3) The measured and simulated TOF spectra
were compared for the n-p scattering realized with a
polyethylene sample. These ratios deduced from the
comparison were used for normalization, i.e. all calcu-
lated TOF spectra were normalized to measured ones,
it means that the ratios became unity. Thus, the de-
rived cross sections are normalized with the elastic
scattering on hydrogen.

4) Measured and calculated TOF spectra of the
beryllium and lithium samples were compared with
respect to specific scattering fractions, i.e with re-
spect to the elastic peak or to the inelastic peak or to
the windows for different neutron emission energies
of the continuum. These ratios of measured to cal-
culated fractions are used to obtain differential and
double-differential cross sections. Then, the complete
angular distribution of the cross sections determined
in this way is fitted by a Legendre polynomial expan-
sion.

5) The result of the Legendre polynomial fitting
was used to improve the input data of the Monte-
Carlo simulation(i.e it replaces the data from evalua-
tion). In this way, the data were iteratively refined so

that the measured and calculated TOF spectra were
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in agreement with each other within their experimen-
tal uncertainties. Thus, the experimental result can
be obtained from the last iteration.

The uncertainties due to the statistical uncer-
tainty, the neutron detection efficiency(4%), the scat-
tering angle(0.3 degree), the normalization(1%) and
the correction for multiple scattering(5%) have been
taken into account, including their correlation.

The sample containers for %7Li were also included
in the Monte-Carlo simulation to study the sample
out background. For beryllium and “Li, the inelastic
scattering of Q=—2.43MeV and Q=—4.63MeV levels
overlap with the continuum part from three body rea-
ction precesses such as (n,2n), (n,np), etc. For °Li,
similar situation occurs for the Q=—2.19MeV level.
Therefore, to get the correct differential cross sec-
tions for these inelastic scattering levels, the contin-
uum part must be subtracted as “background”. By
this way, the DX and DDX data can be treated si-

multaneously in the above iteration procedure.

4 Theoretical calculation of DDXs for

6,7Li

To describe the neutron induced reaction behavior
of ®7Li, especially the particle pre-equilibrium emis-
sions from composite nuclei to the discrete levels of
the residual nuclei, the angular momentum depen-
dent exciton model have been used. In this model,
the angular momentum coupling effects as well as the
accurate kinematics including the recoil effect for all
kinds of reaction processes have been taken into ac-
count to get the correct energy spectra. If the sec-
ondary particle emissions exist, they are all from dis-
crete levels of composite nuclei to discrete levels of the
residual nuclei, or through two body breakup such
as °He — n + « and °Li — p + «, as well as the
three-body breakup processes of He* — n + n +
o. All these processes have been considered in this
model. The calculation result shows that the pre-
equilibrium mechanism dominate the whole reaction
processes, even over 80%. For n+5Li reaction, the
direct three-body breakup of n+d+« has been taken
into account, and the systematic formula of direct

three-body breakup coefficient was established and

introduced in this model calculations® **. All of the

calculations agree well with measurements.

5 Results

Differential and double-differential cross sections
have been obtained at 11 angles in the range between
30 degree and 150 degree for 8.17MeV and at 9 an-
gles in the range between 35 degree and 120 degree
for 10.27MeV. For normal geometry measurements,
all the energy resolution is better than 5%. For ab-
normal geometry measurement, the energy resolution
is about 18% due to the short flight path.

Figure 3 shows our measured elastic differential
cross sections for °Be at 10.27MeV comparing with
evaluations™ and other measurements™ "), The
three evaluations give nearly the same result but the
measurements deviate from each other between 70
and 110 degrees. In this angle region the differential
cross sections are small and the corrections due to
multiple scattering will be large. This may result in

some larger uncertainties.
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Fig. 3. Result of elastic scattering differential

cross sections for “Be at 10.27MeV comparing
with evaluations and other measurements.

Fig. 4 shows the measured DDXs of °Be at 40 de-

gree of 8.17MeV, comparing with the evaluations and
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Fig. 4. DDXs result of °Be at 40 degree and 8.17MeV.
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other measured data. Large differences between
ENDF-B/VI.8 and JENDL-3.3 exist for the promi-
nent inelastic levels. Our resolution is better than
the data measured by Dekempeneer (data retrieved

from EXFORM).
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Fig. 5. Measured DDXs for Li at 8.17MeV,

comparing with theoretical calculation.
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Fig. 6. Same as Fig. 5 but for “Li at 10.27MeV.

Part of the DDXs for °Li and “Li at 8.17MeV and

10.27MeV are shown in Fig. 5 and Fig. 6. It can
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