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Abstract
Monoenergetic neutrons were produced at the Van de Graaff accelerator of the EC-JRC-Institute 
for Reference Materials and Measurements (IRMM, Geel, Belgium). An air-jet cooled D2-gas target 
(1.2  bar, DEd  =  448  keV) was bombarded with Ed  =4976  keV deuterons to produce neutrons up 
to En = 8 MeV energy via the D(d,n)3He reaction. Higher energy neutrons up to En = 18 MeV were 
produced via the T(d,n)4He reaction by bombarding a TiT target with Ed =1968 keV deuterons.

Pulse height spectra were measured at different neutron energies from En = 8 MeV up to En = 18 MeV 
with the NE-213 liquid scintillator based Pulse Height Response Spectrometer (PHRS) of UD-IEP. The 
energy calibration of the PHRS system has been extended up to En = 18 MeV. Pulse height spectra 
induced by gamma photons have been simulated by the GRESP7 code. Neutron induced pulse height 
spectra have been simulated by the NRESP7 and MCNP-POLIMI codes. Comparison of the results of 
measurements and simulations enables the improvement of the parameter set of the function used by 
us to describe the light output dependence of the resolution of the PHRS system at light outputs of L > 
2 light units. Also, it has been shown that the derivation method for unfolding neutron spectra from 
measured pulse height spectra performs well when relative measurements are done up to En = 18 MeV 
neutron energy. For matrix unfolding purposes, the NRESP7 code has to be preferred to calculate the 
pulse height response matrix of the PHRS system.

Leakage spectra of neutrons behind bismuth slabs of different thicknesses have been measured with 
the PHRS system by using monoenergetic neutrons. The maximum slab thickness was d = 14 cm. 
Simulations of the measurements have been carried out with the MCNP-4c code. The necessary nuclear 
cross-sections were taken from the from the ENDF/B-VII and JEFF-3.1 data libraries. For both libraries, 
the agreement of measured and simulated neutron spectra is good for the 5 MeV ≤ En ≤ 18 MeV neutron 
energy region. However, for both libraries, the observed differences between measured and simulated 
neutron spectra are beyond statistical uncertainty for the En < 5 MeV region. Further experimental 
check of cross-section data of the two libraries for bismuth is recommended for the En < 5 MeV region.
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Introduction

The Pb-Bi eutectic alloy (44.5% Pb and 55.5% Bi) has been used as coolant of the blanket in some 
types of fission fast reactors. The alloy has been used as target material of intense spallation 
neutron sources. It is a candidate for coolant of the fuel blanket of some accelerator driven systems 
to be used for nuclear waste transmutation. All these applications need detailed knowledge of the 
neutron transport and the necessary transport calculations need validated and consistent cross-
section data libraries.

A 3-steps method developed by us [1] was used for integral testing of cross-section data sets. 
The method employs the Pulse Height Response Spectrometry (PHRS) technique, and the steps 
are a) performing measurements of spectra modified by slabs of different thicknesses exposed by 
different neutron sources, b) Monte Carlo simulations of the experiments with the MCNP-4C code [2] 
using differential cross-section data taken from measurements and/or libraries of evaluated data, c) 
comparison of the obtained experimental data with results of the simulations.

In this work we report results of our experiments and Monte Carlo simulations aiming at the 
extension of the calibration of our PHRS system up to En = 18 MeV neutron energy. We present results 
of leakage spectrum measurements obtained for bismuth using quasi-monoenergetic neutrons in 
the 8 MeV ≤ En ≤ 18 MeV neutron energy range. Also, we present results of the simulations of the 
experiments obtained using the MCNP-4c code taking cross-section data sets from the ENDF/B-VII 
and JEFF-3.1 evaluated data libraries.

Experimental

Production of quasi-monoenergetic neutrons
The experiments were performed at the 7 MV Van de Graaff (VdG) accelerator facility of the Neutron 
Physics Unit of IRMM. Deuteron beams were used to produce quasi-monoenergetic d+D and d+T 
neutrons. The uncertainty of the energy of the deuteron beam was ± 5keV. The accelerator settings 
for the experiments were calculated by the EnergySet (ver. 3) program [3]. The code can calculate 
energy spectra and fluences of the neutrons emitted by the sources, too.

d+D neutrons were produced via the D(d,n)3He nuclear reaction using an air jet cooled gaseous 
deuterium target with a 5 μm molybdenum entrance window and a tantalum plate as stop of 
the deuteron beam. The target was bombarded by Ed = 4976 keV deuterons to generate neutrons. 
The beam current was Id = 1 μA. The pressure of the D2-gas in the h = 40 mm target cell was kept 
at p  =  1.2 bar. The energy loss of the deuteron beam was DE  =  312  keV in the entrance foil and 
DE = 448 keV in the D2-gas. At J = 0o angle measured from the direction of the bombarding beam, the 
centroid of the energy distribution of the neutrons was <En> = 8 MeV in the middle of the target and 
the width of the monoenergetic peak was FWHM = 436 keV.

d+T neutrons were produced via the T(d,n)4He nuclear reaction. An air jet cooled and wobbled 
TiT target (Target code: IRMM-20) was bombarded by Ed = 1.968 MeV deuterons to generate neutrons. 
The beam current was Id = 7 μA. The TiT target layer was formed on a 0.5 mm thick silver backing. 
The amount of the deposited titanium was 1.936 mgcm-2 and the ratio of the number of T atoms to 
the number of Ti atoms was NT/NTi = 1.7. The energy loss of the deuteron beam was DE = 311 keV in 
the TiT layer. At J = 0o angle measured from the direction of the bombarding beam, the centroid of 
the energy distribution of the neutrons was <En> = 17.999 MeV in the middle of the TiT layer and the 
width of the monoenergetic peak was FWHM = 440 keV.

Monitoring and logging of the irradiation parameters was done by the control system of the 
accelerator and beam transport system. In the case of the D2-gas target, readings of the temperature 
sensor and the pressure sensor of the gas handling system were also recorded during irradiation. 
The neutron flux was monitored by two long counters with BF3 proportional counter tubes.
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The neutron spectrometer
The Pulse Height Response Spectrometry (PHRS) method was employed. The spectrometer was 
developed at IEP-DU [4]. The neutron detection was done by a NE-213 liquid scintillator encapsulated 
in an aluminium case of 0.5 mm wall thickness. The diameter and the length of the scintillator 
were 49  mm and 50.5  mm, respectively  [5]. The scintillator was attached to a Hamamatsu R329 
photomultiplier tube. The electronics of the spectrometer consisted of standard NIM modules and 
PC cards. The data acquisition was done by a multichannel analyzer (MCA) PC card in a personal 
computer (PC1 in Figure 1). At IRMM, measured data were recorded in event list mode, too, with a 
Modular MultiParameter Multiplexer module (MMPM) developed at IRMM and a data acquisition 
(DAQ) PC card. Counts of the two neutron monitors used were recorded by 32 bit scalers and a DAQ 
PC card. The block diagram of the PHRS spectrometer is shown in Figure 1.

Pulse height spectra of protons recoiled by neutrons were derived via pulse shape discrimina-
tion and from the measured event lists. In the second case two dimensional contour plots were gen-
erated from the event lists that show the occurrence of the events in matrices of the measured pulse 
rise time to the measured pulse height. Then the intervals were set for separating the gamma and 
neutron induced events. In the next step the events induced by recoiled protons were selected and 
their corresponding pulse height spectra were derived as a function of the light output measured in 
light units (LU). Following the procedure described in Reference 4 the light output from recoiled pro-
tons was converted to neutron energy and a derivation method was used for obtaining the neutron 
spectrum from the measured pulse height spectrum.

Energy calibration
The linearity of the channel-to-energy conversion was checked via measurement and evaluation 
of gamma spectra of calibration sources emitting only one decay gamma-ray (22Na, 54Mn, 88Y and 
137Cs). 4th order polynomials were fit to the Compton-edges in the spectra and channel positions 
of the maximum (CHmax) and half-maximum (CH1/2) were identified for each Compton-edge. Using 
CHmax and CH1/2 the channel position of the Compton-edge (CHCompton) was interpolated following 
the procedure described in Reference 6 by Dietze and Klein [6]. Finally a linear fit to the obtained 
(CHCompton; ECompton) pairs was done.

The energy scale was converted to light output scale using the following linear relationship

 L(E) = 1MeV– 1 * (E – 0.005MeV) (1)

Figure 1: Block diagram of the PHRS system used in the experiments
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where L is the light output that is induced in the scintillator by an electron of E energy. This scaling 
is valid for E > 50 keV electron energy in the case of the NE-213 liquid scintillator. This scaling is 
used by the GRESP and NRESP Monte Carlo codes [7, 8]. A transformation of this scaling was done in 
the cases of measurements with neutrons because the unfolding code of our PHRS system uses the 
scaling defined by Verbinski et al. [9]. Before and after each neutron irradiation gamma spectrum of 
a 22Na calibration source was measured for checking the gain stability of the electronics.

Method of estimation of the energy resolution of the spectrometer using gamma photons
According to Reference 6 the DLFWHM/L relative energy resolution of the spectrometer was estimated 
by the

 @ 1.5 *
DLFWHM

L

L1/2 – Lmax
L1/2

 (2)

equation for each Compton-edge in the measured gamma spectra. The interpolation procedure 
described in Reference 6, too, was also performed and lead to more precise estimation of DLFWHM/L.

The light output dependence of the resolution was described by the
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function where A, B and C are constants. These constants were determined from fitting the (L; 
DLFWHM/L) pairs obtained from Eq. 2 and the interpolation.

The final values of the A, B and C constants were obtained from fitting each measured gamma 
spectrum. First, for each calibration source, the GRESP7 code was run for simulating the ideal pulse 
height distribution of the electrons induced in the scintillator by the gamma photons. Broadening 
of the ideal gamma lines was described by Gaussian distribution. The fitting function was the 
convolution of the ideal spectrum and the Gaussian function as
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where N(CHi) is the number of counts in the i-th channel CHi, Nnorm is a normalisation constant, CHmax 
is the number of MCA channels in the measured spectrum, NGRESP7(CHj) is the simulated value for the 
ideal pulse height distribution in the j-th channel and

 s j = L j ·
A² + B²/L j + C²/L j²

2  2ln 2√
√  (5)

and

 L j = k * (CH j – CH offset) (6)

and k denotes the channel-to-L conversion factor.

Leakage spectrum measurements
The arrangement of the leakage spectrum measurements is shown in Figure 2. The geometrical 
centres of both the NE-213 scintillator and the bismuth slabs were on the axis of the bombarding 
beam (J  =  0o direction). The front surface of the housing of the NE-213 scintillator and the 
30 cm × 30 cm surfaces of the bismuth slabs were perpendicular to the J = 0o direction. The distance 
between the air jet cooled back surface of the beam stop of the neutron emitting target and the 
front surface of the housing of the NE-213 scintillator was 200 ± 0.3 cm. The distance between the 
back side of the first bismuth slab and the front surface of the housing of the NE-213 scintillator was 
5.8 cm. The maximum thickness of the bismuth block was d = 14 cm when all the 7 pieces of slabs 
were put between the detector and the target.
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Background measurements
Background measurements were performed to estimate the effect of neutrons from room scattering 
and sky shine both for the d+D and d+T target. Neutrons emitted at forward angles were shadowed. 
In the first type of the background measurement a cone made of brass and a polyethylene disc with 
a nylon plug were put in between the target and the 14 cm thick bismuth block. In the subsequent 
measurement the 14 cm thick bismuth block was removed from the arrangement. For the D2-gas 
target gas-in and gas-out measurements were done, too, to estimate contribution of neutrons from 
the components of the target holder cell.

Results

Measurements and simulations for the extension of the calibration of the spectrometer
Figure 3 shows, as an example, a colour map of the pulse rise time – pulse height matrix measured 
for d+T neutrons at En = 18 MeV. The intervals used for identification of neutron events are indicated 
in the figures. Similar matrices were measured for d+D neutrons, too. Figure 4 shows the measured 
pulse height spectra induced by d+T neutrons with energy in the 13.4 MeV ≤ En ≤ 18 MeV region 

Figure 2: Arrangement of the leakage spectrum measurements

	  

Figure 3: Identification of the region of neutron events in the pulse rise time – pulse height matrix
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and the light output of the NE-213 scintillator as a function of the neutron energy. The new data 
points measured by us for extending the neutron energy calibration of our PHRS system are in good 
agreement with the calibration curve published earlier by Verbinski and his co-workers for the 
NE-213 liquid scintillator [9].

The left graph in Figure  5 shows the light output dependence of the DLFWHM/L resolution of 
the NE-213 scintillator as a function of L-1. The data points were obtained from evaluation of the 
measured gamma spectra of 22Na, 54Mn, 88Y and 137Cs calibration sources performing both the 
estimation and the interpolation procedure described in Reference 6. The curve was fitted to the data 
points that were obtained via interpolation. Constants of the fitted curve were used for obtaining 
the A, B and C constants (see Equation 5 above). The left graph of Figure 5 shows the pulse height 
spectrum measured for an 88Y source and the fit obtained from the convolution of the result of the 
relevant GRESP7 simulation and a Gaussian function with light output depending s. The s(L) function 
was obtained using the A, B and C parameters and Equation 5. The agreement of the measured and 
simulated spectrum is good that validates the set of A, B and C for L ≤ 1.7 LU light outputs.

Figure  6 shows measured pulse height spectra that were induced by En  =  8  MeV neutrons 
and by En = 18 MeV neutrons. Also, the results of NRESP7 simulations are shown in Figure 6. The 
disagreement for high L values indicates the limitations of the extrapolation of the DLFWHM/L – L 
relationship obtained from gamma calibration measurements for L < 2 light outputs. In order to get 
a more realistic DLFWHM/L – L relationship, that is valid in a much broader light output range, it is 
necessary to include in the procedure the neutron spectra induced by monoenergetic neutrons. The 

Figure 4: Measured pulse height spectra induced by d+T neutrons with  
energy in the 13.4 MeV ≤ En ≤ 18 MeV region (left) and the light output  
of the NE-213 scintillator as a function of the neutron energy (right)

	  
	  

Figure 5: Light output dependence of the DLFWHM/L resolution of the NE-213 scintillator  
obtained with calibration gamma sources (left). The pulse height spectrum measured  

for an 88Y source and the fit obtained from GRESP7 simulation (right)
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DLFWHM/L values evaluated for the monoenergetic peak of the measured neutron spectra have to be 
added as new data points for the measured DLFWHM/L – L relationship. Then the new set of the A, B 
and C parameters can be obtained from consecutive NRESP7 simulations and adjustment of values 
of A, B and C until a good agreement is reached between the measured and simulated pulse height 
spectra for each neutron energy.

In Figure 6 the right diagram also shows the pulse height spectrum for the d+T neutrons with 
En = 18 MeV energy comparing the result of a Monte Carlo simulation performed with the MCNP-
PoliMi code with the data and the NRESP7 calculation. The agreement is acceptable for L > 1 light 
outputs even in linear scale. It has to be mentioned, however, that much worse result was obtained 
for d+D neutrons at En = 8 MeV energy.

The results of the simulations indicate that the NRESP7 code is a better choice for calculating a 
response matrix for our NE-213 liquid scintillator based PHRS system.

Leakage spectrum measurements
For d+D neutrons of En = 8 MeV neutron energy and for d+T neutrons of En = 18 MeV neutron energy, 
Figure 7 shows the neutron spectra measured by the spectrometer at a fixed position behind the 
bismuth blocks of different thicknesses. The spectra measured without bismuth block (d = 0 cm 
thickness) were used for estimating the DLFWHM/L resolution of the spectrometer at En = 8 MeV and at 
En = 18 MeV as described above.

The peak below the main peak comes from protons recoiled by neutrons that interact with 
carbon nuclei in their first collision in the scintillator material. The main peak is induced by 
neutrons that recoil protons in their first collision in the scintillator material. The broadening of the 
peaks and the high energy tail of the monoenergetic peak are caused mainly by the finite resolution 

Figure 6: Simulated and measured pulse height spectra induced  
by En = 8 MeV neutrons (left) and by En = 18 MeV neutrons (right)

	   	  

Figure 7: Neutron spectra measured behind bismuth blocks of different thicknesses  
for d+D neutrons at En = 8 MeV (left) and for d+T neutrons at En = 18 MeV (right)
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of the spectrometer and the numerical method used for calculation of the neutron spectrum from 
the measured pulse height spectrum induced by recoiled protons.

Results of the Monte Carlo simulations of the leakage spectrum measurements
Figure 8 shows results of MCNP-4c simulations for d+D neutrons at En = 8 MeV (left) and for d+T 
neutrons at En  =  18  MeV (right). The neutron flux was averaged for the volume of the NE-213 
scintillator. The thickness of the bismuth block was d = 14 cm. The results obtained taking cross-
section data from the JEFF-3.1 evaluated library are compared to results obtained with ENDF-B/VII 
data. For the d+T neutrons the agreement is within the statistical uncertainty of the simulations 
in the whole energy region. In the case of d+D neutrons the disagreements observed at En < 5 MeV 
neutron energy are above the statistical uncertainty of the simulations.

In Figure  9 attenuation of the measured and simulated neutron fluxes integrated for the 
monoenergetic peaks are shown as a function of the thickness of the bismuth block. The neutron 
flux was averaged for the volume of the NE-213 scintillator. The simulations were performed using 
JEFF-3.1 data. The type of the exponential curve fitted to the attenuations was Φ(d) = A*e-b*d for both 
the experimental and calculated data. The agreement of the experimental and calculated results 
is very good for the 18 MeV d+T neutrons for each slab thicknesses except d = 10 cm. The obtained 
ratio of the attenuation factors of the exponential fits was bCalc./bExp. =1.005. Larger difference can be 

observed for each slab thicknesses in the case of the 8 MeV d+D neutrons. The difference is reflected 

Figure 8: MCNP-4c simulations for d+D neutrons at En = 8 MeV (left) and for d+T  
neutrons at En = 18 MeV (right). The neutron flux is averaged for the volume of  

the NE-213 scintillator. The thickness of the bismuth block is d = 14 cm.

	   	  

Figure 9: Attenuation of the neutron flux integrated for the monoenergetic peak of d+D neutrons  
at En = 8 MeV (left) and d+T neutrons at En = 18 MeV (right) as a function of the thickness of the  

bismuth block The neutron flux is averaged for the volume of the NE-213 scintillator.
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in the ratio of the b constants of the exponentials, too, that were fitted to the experimental and 
calculated data. The result for the ratio was bCalc./bExp. = 0.94.

Conclusions

The energy calibration of the PHRS system has been extended up to En = 18 MeV. Pulse height spectra 
induced by gamma photons have been simulated by the GRESP7 code. Neutron induced pulse height 
spectra have been simulated by the NRESP7 and MCNP-POLIMI codes. Comparison of the results of 
measurements and simulations has showed that the function used by us for describing the light 
output dependence of the resolution of our PHRS system can be used for interpolation in the L < 2 
LU light output region. Extension of the function to the L > 2 LU region needs re-evaluation of the 
parameter set of the function. Also, it has been shown that the method used by us for calculating 
the neutron spectra from measured pulse height spectra performs well at En  ≤  18  MeV neutron 
energies and the unfolded spectra can be used for relative measurements. For matrix unfolding 
purposes, the NRESP7 code has to be preferred to calculate the pulse height response matrix of the 
PHRS system.

The pulse height spectra obtained in our leakage spectrum measurements can be used for 
checking the validity of cross-section data sets of evaluated libraries via comparison of results of 
measurements and the relevant Monte Carlo simulations.

For both libraries, the agreement of measured and simulated neutron spectra is good for 
5 MeV ≤ En ≤ 18 MeV neutron energies. However, for both libraries, the observed differences between 
measured and simulated neutron spectra are beyond statistical uncertainty for the En  <  5  MeV 
region.

Further experimental check of cross-section data of the two libraries for bismuth is recommended 
for the En < 5 MeV region.
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