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More and more interests have been paid to the differential and double-differential neutron emission
cross sections (DX and DDX) at above 20 MeV region in recent years. At the China Institute of
Atomic Energy (CIAE), a program to measure the DX and DDX between 20 and 30 MeV neutron
energy region has been carried out. The d-T reaction neutron source was used to produce the 20
– 30 MeV neutrons with a tritium gas target at the HI-13 tandem accelerator at CIAE. The timeof-flight (TOF) technique was used to measure the neutron energy from about 1 MeV to 30 MeV
with 3 BC501A liquid scintillators (with a size of φ180 × 100 mm). A preliminary measurement
has been carried out for 9 Be at 22 MeV. The measured data were analyzed by detailed Monte-Carlo
simulation to perform the multiple scattering, flux attenuation and finite geometry corrections.
The experimental details, the data analysis, the progress , the results and the future plan will be
presented in this report.
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I. INTRODUCTION
Special attention has been paid to the neutron data
at above 20 MeV region due to the development of ADS
and other neutron application fields such as fast neutron cancer therapy in recent years. Meanwhile, DX and
DDX is one of the most important nuclear data used in
nuclear engineering, particular in design of nuclear device and neutron shielding. However, the experimental
and evaluation data are very sparse. Up to now, most of
DDX measurements performed are at around 14 MeV,
while the DX and DDX measurements are very scarce
at above 20 MeV region. On the other hand, the results
of theoretical calculation are discrepant from each other
with different reaction models, especially for light nuclei.
Therefore, the DX and DDX measurements for light nuclei are necessary for checking and improving nuclear
reaction models and nuclear data evaluations.
At the China Institute of Atomic Energy (CIAE), a
program to measure the DX and DDX between 20 and
30 MeV neutron energy region has been carried out. The
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neutron source , the experimental arrangement and procedures, the data analysis and the preliminary results
will be described in the following sections.
II. THE NEUTRON SOURCE
In this work, the T(d,n) reaction was chosen for the
neutron source. The diagram of the target was shown
in Fig. 1 [1]. A φ10 mm × 30 mm gas target filled
with tritium gas at a pressure of 2.2 bar was used to
produce the neutrons. Another gas cell with φ10 mm ×
20 mm filled with 0.3 bar helium gas at the upstream
end of the tritium gas cell was employed to ensure the
safe operation of the tritium gas target. This means
that the tritium gas target has two entrance foils and a
helium gas cell as a cushion. It can effectively prevent
the leakage of tritium gas into the accelerator. Compare
to solid target (such as T-Ti target), the background can
be easily subtracted correctly with a gas target through
gas in and gas out measurement.
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Fig. 1. Diagram of the tritium gas target.
1. Tritium gas cell, 2. Mo entrance foil, 3. Indium O ring,
4. Rubber O ring, 5. Beam stop(gold), 6. Helium gas cell,
7. Tritium gas filling pipe, 8. Helium gas filling pipe, 9.
Aperture(Ta), 10. -300 Volts

tors was calibrated in the energy range of 1 – 30 MeV
[3]. The neutron detection efficiency was calculated by
the NEFF50 code [4] using the measured light output
function and the calculated efficiency were corrected via
comparing the measured pulse height spectra with the
calculated ones. In this way, the efficiency has been obtained with an accuracy of about 3% over 2 – 30 MeV.
In the first measurement, a hollow cylindrical beryllium sample with the outer size of φ25 × 40 mm and
the hollow size of φ10 mm was used. The neutron energy was chosen as 22 MeV in this experiment, to avoid
the correction of the influence from the breakup neutrons of the d-T reaction. The energy of the breakup
neutrons is all lower than the detection threshold at 22
MeV. To normalized the measured cross sections, a cylindrical polyethylene sample with 30 mm diameter and 40
mm length was used. During the experiment the samples
were suspended with a thin thread in the ion-beam direction at a distance of 17.5 cm in front of the gas target
and with the symmetry axis perpendicular to the scattering plane.The spectra of the emission neutrons were
measured in steps of 5 degrees in the angular interval 15
– 155 degrees.
Four runs of measurement with gas in (sample in and
out) and gas out (sample in and out) were performed for
each angle during the experiment. All events from the
four detectors (three main detectors and one monitor)
were recorded by list mode. For each event, there are
three parameters which are PH, PSD and TOF. PH and
PSD are used for the detection threshold determination
and n-γ discrimination.
IV. DATA ANALYSIS

Fig. 2. Schematic view of the Multi-detector Fast Neutron
TOF Spectrometer at CIAE.

III. THE EXPERIMENTAL ARRANGEMENT
AND PROCEDURES
The diagram of the Multi-detector Fast Neutron TOF
Spectrometer [2] is shown in Fig. 2. Three BC501A neutron detectors with a size of φ180 × 100 mm were used
to detect the secondary neutrons at different angles. The
detectors were shielded and the secondary neutrons were
well collimated. The angle between the three BC501A
detectors is 10 degrees. Another stilbene detector, with
a size of φ30 × 30 mm and placed at about 60 degrees
with respect to the beam direction and 6 m from the
neutron source, was used to monitor the source neutron
fluence.
The light output function for protons of the detec-

The data analysis was briefly described as the following steps:
From the measured raw spectra (gas in, gas out, sample in and sample out), the net spectra were determined including the uncertainty propagation. Other relevant data such as gamma positions, neutron detection
threshold, monitor count rates, channel width of timeto-amplitude converters (TAC) are also obtained.
The TOF spectra were calculated by a realistic MonteCarlo simulation with the code STREUER [5]. The code
was developed in PTB Braunschweig/Germany and extensions have been made for CIAE’s experimental conditions. The cross sections used in the Monte-Carlo
simulation are taken from an evaluated data file (usually from ENDF/B-VI) [6]. The simulated TOF spectra
would be obtained with inclusion of the differential nonlinearity of the TACs, the proper detection efficiencies
and the proper folding parameters. The folding function
is a combination of a Gaussian function and the time
response function of the neutron detectors. The time
response function is calculated by Monte-Carlo method
[7].
The measured and simulated TOF spectra were compared for the n-p scattering realized with a polyethylene
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Fig. 3. (Color online) Result of elastic scattering differential cross sections comparing with calculation and other
measurements.

sample. The ratios deduced from the comparison were
used for normalization (i.e., all calculated TOF spectra
were normalized to measured ones for n-p scattering).
Thus, the derived cross sections are normalized with the
elastic scattering on hydrogen.
Measured and calculated TOF spectra of the beryllium sample were compared with respect to specific scattering fractions, with respect to the elastic peak or to
the inelastic peak or to the windows for different neutron emission energies of the continuum. The ratios of
measured to calculated fractions are used to obtain differential and double-differential cross sections. And the
cross sections as a function of angle determined in this
way is fitted by a Legendre polynomial expansion.
The results of the Legendre polynomial fitting were
used to improve the input data of the Monte-Carlo simulation (i.e., it replaces the data from evaluation). In
this way, the data were iteratively refined so that the
measured and calculated TOF spectra agree with each
other within their experimental uncertainties. Thus, the
experimental results can be obtained from the last iteration.
The uncertainties due to the statistical uncertainty,
the neutron detection efficiency (3%), the scattering angle (0.20), the normalization (2%) and the correction for
multiple scattering (5%) have been taken into account,
including their correlation.
V. PRELIMINARY RESULTS
Differential and double-differential cross sections of
beryllium have been obtained at 24 angles in the range
between 15 degrees and 150 degrees. Figure 3 shows
our measured elastic differential cross sections for 9 Be
at 21.65 MeV comparing with the LUNF calculation [8–
10] and N. Olsson’s data [11].
Part of the DDXs results are shown in Fig. 4. In our
data analysis, the elastic peak was excluded. Therefore
the determined DDXs only contain the continuum part
of the data. Figure 5 shows the measured secondary neu-
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Fig. 4. (Color online) DDXs results at five degrees, comparing with theoretical calculations with LUNF code.

Fig. 5. (Color online) Angle integral cross sections of the
secondary neutron emission spectra comparing with the calculation.

tron emission spectra comparing with the calculation. It
can be seen that in general the agreement between the
theoretical calculation and the measurement is good, especially at the continuum part.
VI. SUMMARY
The program to measure the DX and DDX between
20 and 30 MeV neutron energy region has been carried
out at the China Institute of Atomic Energy. The first
measurement shows that the experimental facility, the
programs for the data analysis work well. The DX and
DDX measurements for Be at 22 and 25 MeV have been
finished and detailed data analysis is undergoing. More
measurements will be carried out in the future, especially
for light nuclei.
It should be noted that for d-T reaction, the breakup
neutrons will be produced when the deuteron energy is
greater than 3.7 MeV. The breakup neutrons will greatly
influence on the low energy part of the DDX measurement. Therefore, for the neutron energy greater than 22
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MeV, the influence from the breakup neutrons should
be considered. A method to solve this problem is under
development.
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