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The neutron-induced neutron-production double-differential cross-sections at 100 MeV by bombarding a Fe sample

with continuous energy neutron were measured. A fission ionization chamber was set to take the incident-neutron flux.

Six NE213 liquid scintillators, 12.7 cm thick and 12.7 cm in diameter, were placed at 15 , 30 , 60 , 90 , 120 and

150 to detect neutrons emitted from a sample. Incident energies of neutrons were obtained by the time of flight (TOF)

method. The distance from the spallation target to an NE213 scintillator was applied as the flight length of incident

neutrons. The energy spectra of emitted neutrons were derived from unfolding their deposition-energy spectra with

the response functions of the detectors. The response functions were also measured with the spallation neutrons above

neutron energy of 20 MeV. In the unfolding process, neutron-induced neutron-production double-differential cross-

sections were approximated by the moving source model. The experimental results were compared with calculations

of the PHITS code using the JENDL-HE file.
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I. Introduction

Neutron-production double-differential cross-sections for

intermediate and high energy region are important for ra-

diotherapy and shielding design of accelerators. Proton-

induced neutron-production double-differential cross sections

have been measured up to 3 GeV1–3). However, data of

neutron-induced neutron-production double-differential cross

sections above 100 MeV are insufficient because of neutron

measurement difficulties and a few quasi-monochromatic neu-

tron sources. Utilization of a continuous energy neutron

source by spallation reaction enables to measure cross sec-

tions for various incident energies at a time.

The purpose of this study is to measure the neutron-

production double-differential cross sections at 100 MeV

neutron-incidence on Fe by using a continuous energy neu-

tron source.

II. Experiments

Experiments were performed at the Weapons Neutron Re-

search (WNR) facility in Los Alamos Neutron Science Center

(LANSCE) which has an 800 MeV proton linear accelerator.

Neutrons generated at a tungsten spallation target (Target-4)

were used as incident particles. The neutron energies cover a

wide energy range up to 750 MeV. The distance between the

Target-4 and the experimental room is about 90 m. A fission

ionization chamber was set to take the incident-neutron flux.

NE213 liquid scintillators, 12.7 cm thick and 12.7 cm in di-

ameter, were used to detect neutrons emitted from a sample.

Incident energy of neutrons were obtained by the time of flight
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(TOF) method. The distance from the Target-4 to an NE213

scintillator was taken as the flight length of incident neutrons

because the distance between the Target-4 and the sample was

much longer than that between the sample and the detector.

The energy spectra of neutrons emitted from the sample was

derived by employing an unfolding method.

The experiments consisted of two parts. The first one

was the measurement of deposition-energy spectra of neutrons

emitted from the sample. A schematic view of the experimen-

tal arrangement is illustrated in Fig. 1. Six NE213 scintil-

lators were placed at 15 , 30 , 60 , 90 , 120 and 150 , and

employed to detect neutrons emitted from an Fe sample of 10

mm thickness and 50 mm in diameter. The distance between

the sample and each detector was about 0.7 m. A 10 mm

thick NE102A plastic scintillator as a veto detector was set in

front of each NE213 scintillator. The beam size was adjusted

to 36 mm in diameter. A fission ionization chamber4) was

set to know the incident-neutron flux. The TOF spectrum of

each NE213 detector and each spectrum of charge amounts of

the area of a pulse delivered by the photomultiplier connected

with the NE213 scintillator were measured. The other part

of the experiments was the measurement of response functions

of the NE213 detectors. Because the responses of the NE213

detectors to neutrons have continuous energy spectra, the en-

ergy spectra of emitted neutrons were derived from unfolding

their deposition-energy spectra with response functions of the

NE213 detectors. These response functions were measured

by using the spallation neutrons which were collimated to 3.5

mm in diameter. The alignment of the experiment is in Fig. 2.

The response function of each NE213 detector was measured

by irradiating neutrons from the Target-4. In the same way as

the foregoing measurement, the TOF spectrum and the charge

spectrum were measured.
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Fig. 1 Arrangement of the measurement for deposition-

energy spectra of neutrons emitted from a sample.
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Fig. 2 Arrangement of the measurement for response func-

tions.

III. Analysis
1. Incident neutron numbers

The number of incident neutrons was measured by a 238U

fission ionization chamber. Alpha decay events of 238U were

eliminated since alpha decay events gave lower charge than

that of fission events induced by neutrons. Incident neutron

energy were derived from the TOF method. The number of

incident neutrons was got by the equation

φμ p(En)ΔEn =
n f (En)ΔEn

σ(En)εe f f ρ f

1

nμ pSbeam
, (1)

where φμ p(En), n f (En), and σ(En) are the number of inci-

dent neutrons, the number of fission events detected by the

fission chamber, and the fission cross sections of 238U for cor-

responding neutron energy En
5), respectively. εe f f is the de-

tection efficiency of the fission chamber, and ρ f is the density

of the number of atoms of fissile material on the foil in cham-

ber. nμ p is the number of the proton beam with micro pulse.

Sbeam shows the area of the beam.

2. Deposition-energy spectra
In the measurement data of deposition-energy spectra of

neutrons emitted from the sample, charged particle events

were eliminated since charged particles gave larger energies

in an NE102A scintillator than neutrons and gamma-rays.
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Fig. 3 The TOF supectrum at 15 deposition-energy spectra

measurement.
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Fig. 4 Two dimensional plots of two ADC outputs at 15

deposition-energy spectra measurement.

Incident neutron energies were converted from neutron

flight times between the Target-4 and the NE213 detectors.

The flight time between the NE213 detectors and the sample

was negligible since the distance between the Target-4 and the

sample was much longer than those between the sample and

the NE213 detectors. Fig. 3 shows one of the TOF spectra.

The timing of flash gamma-rays from the Target-4 was used

as the time base of the TOF analysis.

The neutron-gamma discrimination was performed by the

two gate integration method. A charge delivered by the pho-

tomultiplier was measured by ADCs during two different

gate times, which gave two charge amounts data. A two-

dimensional plot of charge amounts of total and slow gates

was shown in Fig. 4. In the figure, neutron and gamma ray

events were not clearly identified. Projections to the delayed

gate charges of the two dimensional plot were fitted with two

Landau distributions for neutron and gamma ray events. The

reason using two Landau distributions was that two Landau

distribution gave good agreement with the projection. The

neutron-gamma discrimination was performed by the area ra-

tio of two Landau distributions. Fig. 5 shows an example of a

projection and results of fitting.

Charge spectra were calibrated to get corresponding

electron-equivalent light-output for all neutron detectors. For

the calibration of low-energy (a few MeV) parts, the Comp-

ton edges of 60Co and Pu-Be sealed gamma-ray sources were
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Fig. 5 Projections to the delayed gate charges of the two di-

mensional plot and fitting at 15◦ deposition-energy spectra

measurement.
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Fig. 6 Deposition-energy spectra at 90 – 110 MeV neutron

incident energy.

converted into light-unit with the semi-empirical formula by

Dietze et al.6). For the calibration of higher-energy parts, con-

version from ADC channel into neutron energy was identified

by charge spectrum at each incident energy in the response

function measurement data since protons generated by inter-

action with neutrons in the NE213 scintillator gave higher de-

position energy than other charged particles. Neutron energies

were converted into electron-equivalent light-unit by the em-

pirical equation by Nakao et al.7)

Te = 0.81Tp −2.80
{

1.0− exp(−0.20Tp)
}

, (2)

where Tp, Te are proton and electron energy (MeV) in an

NE213 scintillator, respectively.

Deposition-energy spectra at 90 – 110 MeV normalized

by the number of incident neutron and subtracted background

neutrons obtained without a sample are shown in Fig. 6.

3. Response functions of NE213 detectors
In the same way as deposition-energy spectra analysis,

we performed derivation of incident neutron energy, neutron-

gamma discrimination, and calibration of conversion from

ADC channel to electron-equivalent light-outputs.

 1

 10

 100  0  20  40  60  80  100

10-5

10-4

10-3

10-2

10-1

100
Response [1/MeVee]

exp
SHINFUL-QMD

Light Output [MeVee]

Neutron energy [MeV]

Fig. 7 Response function of the NE213 detector at 120◦.

Response functions of NE213 detectors normalized by the

number of incident neutrons were shown in Fig. 7. In this

experiment, the SCINFUL-QMD8) calculations adjusted to

reproduce the experimental data with light attenuation were

used to get the response matrix elements below 20 MeV in-

cident energy for all NE213 detectors since there were no ex-

perimental data below 20 MeV incident energies.

4. Unfolding
The energy spectra of emitted neutrons were derived by

unfolding their deposition-energy spectra with the response

functions of the NE213 detectors. In this experiment, elas-

tic scattering component was considered separately from the

other reaction components. The determinant of this experi-

ment was⎛
⎜⎜⎝

...

yξ
...

⎞
⎟⎟⎠ =

⎛
⎜⎜⎜⎝

. . .
...

...
... aξ ,E

...
...

...
. . .

⎞
⎟⎟⎟⎠ ·

⎛
⎜⎜⎝

...

xE
...

⎞
⎟⎟⎠ · k +

⎛
⎜⎜⎝

...

aξ ,Ein
...

⎞
⎟⎟⎠ · xel · k,

(3)

where yξ , aξ , E, and xE were deposition-energy spectra, re-

sponse function, and outgoing energy spectra (unfolded re-

sults), respectively. xel was the elastic scattering factor. k was

the matching factor for absolute value of response functions

with deposition-energy spectra. xE (=x(E,θ)) was assumed to

conform the moving source model9). Equation 4 represents

the moving source model.

d2σ
dEdΩ

=
3

∑
i=1

pAi exp

⎧⎨
⎩−

⎛
⎝E +m− pβi cosθ√

1−β 2
i

−m

⎞
⎠/Ti

⎫⎬
⎭

+AG exp

{
− (E −EG)2

σ2
G

}
, (4)

where E and p is the kinetic energy (MeV) and the momen-

tum (MeV/c) of an emitted neutron in the laboratory frame

and m the neutron mass (MeV), respectively. The quanti-

ties of A, β , and T are called amplitude, velocity and nu-

clear temperature parameters, respectively. Three components
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Fig. 8 Double-differential cross sections for 90 – 110 MeV

neutron incident energy on Fe with calculated data.

of i =1 to 3 correspond to individual processes of the cas-

cade, the preequilibrium and the evaporation. AG, EG and

σG in the last term were adjustable parameters for the quasi-

elastic and quasi-inelastic-like scattering components. The

quasi-elastic and quasi-inelastic-like scatterings were taken

account to data of 15 30 60 . In the process of unfolding,

neutron-induced neutron-production double-differential cross

sections were parameterized with moving source model by

SALS code10) as a least mean square approximation program.

IV. Results
The provisional parameterized double-differential cross

sections by the moving source model with the components for

90 – 110 MeV neutron incident energies were shown in Fig. 8.

These results were compared with the PHITS11) calculations

using the JENDL-HE file12). The calculated data roughly re-

produced all the experimental data. Under 10 MeV neutron

emission energy, the calculated data overestimated all the ex-

perimental data. This is attributed not to consider the attenu-

ation effect in a sample for neutrons emitted from a sample.

For the elastic components of 15 and 30 , the experimental

results were approximately in good agreement with calculated

data.

V. Conclusion
The neutron-induced neutron-production double-

differential cross sections at 100 MeV on Fe were measured

by using a continuous energy neutron source. The double-

differential cross sections were parameterized by the moving

source model. The experimental data were compared with

calculated data of the PHITS code using the JENDL-HE file.

To understand some discrepancies, more detailed analysis was

needed.
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