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The inclusive measurements of neutron-incident neutron-production double-differential cross sections in
intermediate energy range is now being carried out. Spallation neutrons are used as incident particles. As a
part of this, the experiment was performed by using of NE213 liquid organic scintillators to detect outgoing-
neutrons. Incident-neutron energy was determined by time-of-flight technique, and outgoing-neutron en-
ergy spectrum was derived by unfolding light-output spectrum of NE213 with response functions calculated
by SCINFUL-R. Preliminary cross sections were obtained up to about 100 MeV, and were compared with
calclations by the GNASH code. It will be hoped to get pure measurements by using of measured response
functions for our detectors used in this study.

I. Introduction

Nuclear reaction data especially for neutrons and protons are required in the intermediate energy region for
programs of accelerator driven transmutation system, radiotherapy, and space development. Because it is difficult
to get many measurements in this energy region, model calculations have been playing the major role. For example,
calculation codes such as the GNASH1) based on the exciton and Hauser-Feshbach statistical model, NMTC/JAM2)

based on the intranuclear-cascade-evaporation model, and the JQMD3) based on the quantum-molecular-dynamics
had developed to get cross sections. Several measurements of double-differential cross sections (DDX) for proton-
incident neutron-production have been reported in the wide intermediate energy region,4–11) and have been used
to get reliabilities of model calculation, and/or to improve the models themselves. On the other hand, neutron-
incident DDX measurements are very scarce in the intermediate energy region (Only a few of measurements12, 13)

had reported for neutron-production DDXs above about 20 MeV). It is difficult to get reliabilities on the model
calculations for neutron-incidence.

The purpose of this study is to measure neutron-production DDXs for neutron-incidence in the wide interme-
diate energy range by using of spallation neutrons as incident particles. Liquid organic scintillators were used to
detect outgoing-neutrons, and the fission chamber was used to know the number of incident-neutrons. Incident-
neutron energy was determined by the time-of-flight (TOF) between the neutron source and neutron detectors.
Outgoing-neutron energy spectrum was obtained by unfolding charge-integration spectrum with calculated re-
sponse functions of the detector. Preliminary results were compared with the model calculations by the GNASH
code.

II. Experiment

1. Neutron source and neutron beam line
The experiment was performed at the 4FP15L beam line of WNR facility14) in Los Alamos Neutron Science

Center (LANSCE). The schematic view of the neutron source and the neutron beam line used in this study is
shown in Fig. 1. Intense white neutrons covering up to about 750 MeV were provided from the Target-4 area
where spallation reactions were triggered on the thick tungsten target by the part of the high-current (about 2
µA) 800 MeV proton beam from linear accelerator. This neutron beam line was 15◦ angled to the direction of
the proton beam incidence, and was about 90 m long. To decrease the number of low-energy (up to several tens
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MeV) neutrons from the Target-4 area, a polyethylene block of 101.6 mm thick was placed upstream on the beam
line. Neutron flux was introduced into the the detector room through iron collimators of 35.7 mm in diametor that
defined the beam size.
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Fig. 1 Schematic view of the neutron source and the
4FP15L neutron beam line at WNR facility in
LANSCE.
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Fig. 2 Schematic view of the experimental setup.

2. Experimental setup
The layout of the experimental arrangement is shown in Fig. 2. Cylindrical NE213 liquid organic scintillators

were arranged at 15◦, 30◦, 60◦, 90◦, 120◦, and 150◦ to detect outgoing-neutrons. The size of all these detectors
were 127 mm thick and 127 mm in diameter, and were optically connected with photomultipliers. The average
distance between the sample and detectors was about 0.7 m. NE102A plastic scintillators of 10 mm thick were
also set in front of all NE213 detectors to reject charged-particle events. To obtain the number of incident netrons,
the fission ionization detector15) was set right behind the collimator. Iron (10 mm and 40 mm thick) and lead (5
mm thick) were selected as samples. All of these samples were of natural compositions.
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Fig. 3 Schematic draw of the electical circuit for online
data aquisitions.
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Fig. 4 Example scatter plot for charge-integrations
with the prompt-gate and the delayed-gate for
NE-213.

The schematic block diagram of electrical circuit for online data acquisitions is shown in Fig. 3. Analog
signals from all detectors were branched into two. One of these was converted into logic signal by the constant-
fractional-discriminator (CFD) for each detector, and was sent to the coincidence module (COIN.). Proton beam
micro-pulses were delayed about 2.8 µ sec., and their width was adjusted by the gate-generator (G.G.) to be able
to accept conincidences with logic signals of detectors within the micro-pulse spacing. The proton beam micro-
pulse spacing was about 1.8 µ seconds. The lower energy limit of the neutron energy that could be accepted at
COIN.-A and COIN.-B was about 10 MeV. To eliminate most of charged particle events, logic signals from the
NE102A were used as veto signals at COIN.-A. Coincidence signals were issued from either COIN.-A or COIN.-
B, and were sent to the time-to-digital converter (TDC) as the start signal for TOF measurement. On the one
hand, micro-pulses of proton beam (delayed about 2 µ seconds; this time interval corresponded to the maximum



range of TDC module used in this experiment) were used as the stop signal. Charge-integrations of analog signals
were also recorded by using of charge-sensitive analog-to-digital converters (ADCs) for all neutron detectors after
coincidences were caused. For signals from photomultipliers of NE213s, two kind of charge-integrations were
recorded to discriminate neutrons and gamma-ray events using the two gate integration method.16) As shown in
Fig. 4, neutron and gamma-ray events are separated successfully.

3. Calibration
Charge-integration spectra were calibrated for all neutron detectos to get corresponding electron-equivalent

light-output. The γ-ray compton-edges of 60Co and Pu-Be sources were used with the semi-empirical formula of
Dietze et al.17) for low-energy parts. For the calibrations of higher-energy neutrons, spallation neutrons (collimators
of 1 mm in diametor was used to identify the one neutron event) were induced directly into all NE213s as shown in
Fig. 5. Neutron energies were identified by TOF, and were possible to be converted into light-unit by the empirical
equation by Cecil et al.18) Maximum channels of ADC spectra were used as corresponding charge-integration
values. The relationship between charge-integrations and electron-equivalent light-output for NE213 is shown in
Fig. 6. This example is for the detector used at 15◦.
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Fig. 5 Setup for the calibration of NE213 by using of
spallation neutrons.
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Fig. 6 Relationship between charge-integrations and
electron-equivalent light-output for NE213.

III. Analysis

1. Determination of incident neutron energy
Because raw data obtained in the online measurement were of whole events for overall incident energy range

that were allowed in this data acquisition system, the incident-neutron energy was required to be identified for
all outgoing-neutron evrents to get DDX. In this study, incident neutron energies were determined by the TOF
technique, on the assumption that the total TOF between the Target-4 and the neutron detector was exhausted
only by the incident-neutron. Because the flight path between the Target-4 and the sample (Time-B) was quite
long enough to ignore the distance between the sample and all neutron detectors (Time-A), this assumption was
acceptable. Time-A and Time-B were estimated, and are compared in Fig. 7. For example of 100 MeV neutron
incidence, the ratio of time-A on time-B was not more than 3.5 % above about outgoing neutron energy of 5 MeV
that correspond the lower energy limit of the n-γ discrimination.

A typical TOF spectrum are shown in Fig. 8. The sharp peak seen in this graph is flash gamma-ray events
from the Target-4, and were used as the time fiducial to get TOFs of incident-neutron events. Outgoing neutron
events that were triggerd by incident-neutrons of the energy range above about 10 MeV were obtained in this
measurement.

2. Getting the number of incident neutrons
To normalize the outgoing-neutron spectrum, the number of incident neutrons must be known, and was possible

to be gotten by the equation

N (E) =
nf (E)

σf (E) × εdet × ρf

(1)

where, N(E), nf (E), and σf (E) are the desired number of incident neutrons, the number of fission events detected
by fission chamber, and the fission cross sections of 238U for corresponding neutron energy E respectively. εdet
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Fig. 8 Typical TOF spectrum between the Target-4 and
NE213.

is the detection efficiency of the fission chamber, and ρf is the arial density of the number of atoms of fissionable
material deposited on the foil in the chamber (see ref15)). nf (E) was also determined by TOF. Measured fission
cross sections19, 20) were used as σf (E).

3. Outgoing neutron energy spectra
Electron-equivalent light-unit spectrum was obtained from the charge-integration spectrum of NE213 based on

calibration analysis. The example light-output spectra that were normalized by the number of incident-neutrons
and were subtracted background (sample-out) spectra are shown in Fig. 9 at 90 - 110 MeV neutron-incidence for
the iron target.

10-12

10-10

10-8

10-6

10-4

10-2

100

1 10 100

R
es

p
o

n
se

 (
co

u
n

ts
 / 

N
 / 

M
eV

ee
)

Light Output (MeVee)

natFe(n,xn) @90-110 MeV

60o (x100)

30o (x101)

15o (x102)

120o (x10-2)

90o (x10-1)

150o (x10-2)

10-12

10-10

10-8

10-6

10-4

10-2

100

1 10 100

natPb(n,xn) @90-110 MeV

R
es

p
o

n
se

 (
co

u
n

ts
 / 

N
 / 

M
eV

ee
)

Light Output (MeVee)

60o (x100)

30o (x101)

15o (x102)

120o (x10-2)

90o (x10-1)

150o (x10-2)

Fig. 9 Example light-output spectra of NE213 at 90 - 110 MeV neutron-incidence for the iron sample.

Outgoing-neutron energy spectra were determined by unfolding measured light-output spectra with response
functions of NE213. The FERDO21) unfolding code was used to get optimal neutron energy spectrum. The
SCINFUL-R22) calculations, that were adjusted to reproduce measurements23) by light attenuation and reduction
factors, were used as response matrix elements for all neutron detectors. Examples of response functions are shown
in Fig. 10.

Gaussian shape window functions that determined energy resolutions of outgoing-neutron energy spectrum
were assumed to be 10 ∼ 80 %, and the lowest light-output thresold levels were fixed around 2 MeVee in the
unfolding process. Because neutron detectors were not large enough to differentiate neutron energy above 120
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Fig. 10 Example neutron response functions of NE213 for 10 - 100 MeV used in this unfolding process.

MeV in respect to charge-integration of NE213, data analysis was performed up to around this energy. Obtained
double-differential cross sections were shown in Fig. 11 at 90 - 110 MeV neutron-incidence for the iron sample and
the lead sample with calculations by the GNASH code. DDX can be calculated basing on the Kalbach and Mann’s
systematics24) with the exciton pre-equilibrium model and the Hauser-Feshbach statistical evaporation model in
this code.
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Fig. 11 Preliminaly DDX for iron and lead sample with calculations at 90 - 110 MeV.

It must be known that these approach and results are preliminary, because calculational response functions were
used in this analysis. Neutron detectors usually have thier own chracters due to the depletion of the NE213 and the
transmission efficiency of the light signal to the photomultiplier, and a slight difference of response functions are
tend to affect the final neutron energy spectrum. Response functions for neutron detectors used in this measurement
should be used in the unfolding process radically.

IV. Summary

Double-differential cross sections were measured for (n,xn) by using of spallation neutrons as incident-particles.
Incident-neutron energy was determined by TOF between the neutron source and neutron detectors. Preliminary
DDXs were obtained up to about 100 MeV by unfolding charge-integration spectrum of NE213 with calculational
response functions, and were compared with calculations by the GNASH code.



Recently, response functions have been measured for all NE213s used in the present measurement by using of
spallation neutrons, and the analysis is now being proceeded. It will be hoped to get pure measurements by using
of measured response functions in the unfolding process.
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