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Abstract 

The energy spectra of neutrons transmitted 

through iron, lead and perspex slabs were measured for 

0.5, 1.0, 1.5 and 1.8 incident neutron energies, using 

a Helium-3 spectrometer. The energy spectra were ob

tained as a function of the thickness of the scatterer, 
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I Introduction 

The knowledge of the energy spectrum of transmitted neutrons is of 

considerable interest in shielding design and optimization. Comparison 

between the transmission properties of different materials indicates their 

suitability for shielding purposes. 

The fraction of the transmitted neutrons can be calculated from the 

transport equation. As an exact solution of this equation is not possible, 

various approximation techniques are employed. Pn and S_ methods are most 

widely used, but some other methods like the method of moments or the method 

based on the removal theory are applicable in certain cases [Certaine et.al. 

(1959), Hjarne (1965)]. 

The neutron penetration problem can be solved also by performing a 

theoretical experiment in which the interaction processes are replaced by 

probabilities proportional to the different cross sections. This method, 

known as the Monte Carlo method was used by some investigators [Allen (1963), 

Obenshain (1957),Burril (1959)] to calculate the fraction of neutrons trans

mitted through various scatterers. The disadvantage of the method lies in 

its pure numerical character. 

Experimental measurements of the neutron penetration ".'ere performed 

by some investigators [Meyer (1970), Broder et.al. (1968), Hartman (1959), 

Verbinski et. al. (1967), Harris et. al. (1966)]. In most cases a fission 

source was used with light water serving as a scatterer. 

The purpose of the present work was to measure the transmitted energy 

spectra from a monoeneigetic source so as to obtain more basic information. 

The energies of the neutrons used were 0.5, 1.0, 1.5 and 1.8 Mev. The inves

tigated materials were slabs of perspex, iron and lead. The energy spectra 

were measured using a Helium-3 spectromster. 
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II The Experimental Procedure 

The neutron source used was a 3 Mev Van de Graaff accelerator with 

a Tritium target employing the *1 (p,u) Tie reaction. Because no competing 

reaction exists up to 3 Mev proton energy, the spread in neutron energy was 

mainly due to proton energy losses in the target and to the dependence of 

the neutron energy on the neutron emission angle. In order to get a reasona

ble compromise between the neutron energy spread and neutron yield, the 

target was 100 Pg/cm2 thick. The experiment had been performed at zero degree 

neutron emission angle. 

The neutrons were counted by a Helium-3 spectrometer of 2 in. diameter 

and IS cm. active length built by Reuter Stocks Lab. The hi.gh thermal neutron 

sensitivity of the spectrometer was reduced by covering it with a 1 mm. 

Cadmium sheet and a 1/4 in. Boral plate [see Segal (1971)]. 

The slabs were placed between the spectrometer and the target. They 

measured 50 x 60 cm which correspond to at least ten mean free paths for 

the incident neutrons. The thickness was changed from zero to two mean free 

paths, and the transmission was measured for each case. The investigated 

materials were perspex, iron and lead. The energies and thicknesses used are 

summarized in table 1. 

The measurements were carried out in a 4.14 x 6.46 x 6.85 meter room. 

The spectrometer and the slabs were pieced in The middle of the room to 

minimize the influence of the neutrons backscattered by the walls. The wall 

in front of the neutron bean was covered by a 0.5 in. Boral plate in order 

to reduce further backscattering from this wall. 

The electronic system consisted of a low noise preamplifier, an amplifier 

and a multichannel analyzer. The anode high voltage was chosen for 

optimal resolution. Linearity and stability tests were performed before 

and after each measurement using a calibrated pulse generator. 
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III Data Analysis 

For each combination of incident neutron energy, type of the scatterer 

and slab thickness,a pulse height spectrum was obtained. It was converted 

in:o energy spectrum by the procedure described by Health (1967) and 

Strickfaden (1961) for gamma rays and applied to Helium-3 spectrometer by 

Greenberger and Shalev (1969). 

First, the spectrometer response to monoenergetic neutrons (without 

scattering slabs) was obtained for five incident neutron energies (0.407, 

0.503, 1.00, 1.5, 1.81 Mev). A ten parameter analytic function was fitted 

to the reference spectra by the method of least squares. The form of this 

function is given by Segal (1971). 

In the presence of a scattering slab, neutrons with various energies 

are produced by elastic scattering at different angles or by inelastic 

scattering. Entering the spectrometer these neutrons produce a complex 

pulse height spectrum. When unfolding this complex spectrum, the amplitudes 

of the composing monoenergetic response functions are found by the method 

of least squares. Due to the finite resolution of the spectrometer, neutron 

energies were assigned in intervals of one and a half times the spectrometer 

resolution, the highest of the energies being that of the incident neutrons. 

By dividing each amplitude by the relative efficiency of the spectrometer foi 

the corresponding energy, we obtain values proportional to the number of 

neutrons. If the amplitudes corresponding to two consecutive energies El 

and E2 are Al and A2, the average number of neutrons per unit energy in the 

energy range El - E2 is proportional to (Al + A2) / 2 x (E2 - El). The 

transmitted fraction is obtained by dividing the number of transmitted 

neutrons by the number of incident neutrons. The transmitted neutron fraction 

having an energy E is: 

(1) T(E) = ^ i / tSSSS). 
M(E) / p(Eo) 
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Where: 

A(E) - The calculated amplitude of the monoenergetic 

response function at energy E. 

Ao(Eo) - The measured amplitude of the incident neutrons having an enei 

having an energy Eo. 

u(E) - The efficiency of the spectrometer for an energy E. 

From Eq. (1) it can be seen that only the relative efficiency of the 

spectrometer must be known. This was calculated in two ways: using charge 

normalization and using the Helium-3 cross section normalization, as given 

by Segal (1971). The relative efficiency of the spectrometer as a function 

of neutron energy is given in Fig. 2, Since Ao(^o) represents only the 

neutrons incident on the counter, it was correcied to represent the neutrons 

incident on the slabs [see Segal (1971)]. 

The total transmitted neutron fraction is. 

Eo 
12) T t Q t = / T(E) dE 

Emin 

where E . is the cuttoff energy of the analysis. T represents the 

area under the transmitted energy spectrum. As the spectra are in a hysto-

gram form, T is given by: 

& Ttot = . = , T i A E i 
i=l 

where n is the number of energy regions in the histogram. 

IV Error Evaluation 

When carrying out the experimental work, for reasonable experiment dura

tions the main error is the statistical error, especially with thick scatterers. 
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In the present work, the average statistical error is about 5%. An additional 

error was introduced at the stage of unfolding and there are uncertainties of 

about 5% in the values of the cross sections used to calculate the spectrometer 

efficiency. Thus the total error is estimated to be about 10%. 

V Results and Discussion 

Some transmitted neutron energy spectra are shown in Figs. 3-8. For fuller 

information see Segal (1971). It is seen that for thin slabs, most of the 

neutrons have energies near the incident energy and the amplitude of the peak 

decreases as the thickness increases. The number of intermediate energy 

neutrons is very low and sometimes zero, but it increases as the thickness 

increases. For perspex, the number of these intermediate energy neutrons is 

relatively high, most probably because of its good moderation property. 

In Fig. 4 the number of neutrons having an energy less than 1 Mev is 

increased due probably to inelastic scattering by the lead atoms (the first 

excited state of Pb 2 0 7 is 0.5696 Mev and of Pb 2 0 6 is 0.8033 Mev). Similarly, 

in Fig.6, the increase in the number of neutrons having an energy of less 

than 1 Mev may be attributed to inelastic scattering by iron atoms (the first 

excited state of Fe56 is 0.847 Mev). 

The dependence of the total transmitted fraction (Eq. 3) on the thickness 

of the scatterer is represented in Fig, 9. It can be seen that the highest 

transmission is generally obtained usi.ig leau whereas the lowest is obtained 

using perspex. The effect in the case of perspex may be due to the great 

amount of thermalization. 

The transmitted dose was also obtained performing weighted integration 

cf :he areas under the energy spectra graphs and using the neutron flux -

dos< factors. The dependence of the transmitted dose on the slab thickness 

shorn in Fig, 10 is similar to the dependence of the transmitted fra< i-ion. 
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Because of the different measures of the slabs and the spectrometer, 

only a part of the transmitted neutrons is detected so that the values 

presented in Figs,3-10 are smaller than the real transmitted fractions. 

The real values can be calculated by extrapolating the graphs in Fig. 9 

for zero thickness and normalizing the scales in Fig. 3-8 for the 

corresponding values (for zero thickness T = 1). 

A comparison with the works of others is shown in Figs. 11-12. 

Fig. 11 compares the dependence of the transmitted neutron fraction on the 

water water and iron thickness with the Monte Carlo calculations of Allen 

(1963). Normalization was performed for a thickness of one mean free path. 

The calculated transmitted fraction for water varies somewhat more rapidly 

with the thickness, whereas for iron it varies more slowly. The calculated 

uncoilided flux is also given. Gbenshain (1957) calculated the dose trans

mitted through water of different thicknesses by the Monte Carlo method. 

The results for a 1 Mev isotropic neutron source are given in Fig. 12 

along with th-s results of the present work, normalized for a thickness of 

one mean tree path. 

VI Conclusions 

The present work gives information about the energy and thickness 

dependence of transmitted neutrons through plane barriers. The energy 

spectra obtained in the present work are detailed and effects such as 

inelastic scattering could be noticed. 

Most of the work done on this subject in the past seems to be calculative 

and deals with light water and fission neutron source. A comparison with 

other works was performed whenever possible (the same geometry and source 

specifications) and showed good agreement. It would be interesting to compare 

the results reported here with calculations using latest cross section data. 
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Fig. 1 A vertical cut of the experimental hall. 

Fig. 2 The relative efficiency of the He3 spectrometer. 

Fig. 3 Transmitted energy spectrum of 0.5 Mev neutrons 
through lead. 

Fig. 4 Transmitted energy spectrum of 1.5 Mev neutrons 
through lead. 

Fig. S Transmitted energy spectrum of 1 Mev neutrons 
through iron. 

Fig. 6 Transmitted energy spectrum of 1.8 Mev neutrons 
through iron. 

Fig. 7 Transmitted energy spectrum of 0.5 Mev neutrons 
through persptx. 

Fig. 8 Transmitted energy spectrum of 1.8 Mev neutrons 
through perspex. 

Fig. 9 Total transmitted neutron fraction versus 
scatterer thickness. 

Fig. 10 Total transmitted dose versus scatterei thickness 

Fig. 11 Total transmitted fraction versus thickness; 
the blank points are calculated values by (Allen 1963). 

Fig. 12 Total transmitted dose versus thickness; 
the blank points are calculated values by (Obenshain 1957). 
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Table 1: The investigated primary neutron energies, 
Materials and thicknesses 

.^^^fcleutron energy 
N v (Mev) 

Thickness ( c m ) \ . 

1 

2 

2.5 

3 

4 

5 

6.5 

9.5 

9.9 

0.5 

Perspex 
0.545A 

Perspex 
1.09A 

Iron 
0.72X j 

Lead 
0.366X 

Perspex 
1.635A 

Perspex 
2.18X i 

Iron 
1.44X 

Lead 
0.793X 

Iron 
2.74X 

Lead , 
1 . 2 0 7 X J 

1 

P-Tspex 
0.459A 

Perspex 
0.91A 

Iron 
0.722X 

Lead 
0.484X 

Perspex 
1.377X 

Perspex 
1.836X 

Iron 
1.444A 

Lead 
1.05X 

Iron 
2.745A 

Lead 
1.S97A 

l . S 

Perspex 
0.302A 

Perspex 
0.604A 

Iron 
0.53A 

Lead 
0.543A 

Perspex 
0.906A 

Perspex | 
1.208X 

Iron 
1.06X 

Lead 
1.177X 

Iron 
2.017X 

Lead 
1.793X 

1.8 

Perspex 
0.267X 

Perspex 
0.534A 

Iron 
0.53A 

Lead 
0.543X 

Perspex 
0.801X 

Perspex 
1.068X 

Iron 
1.06X 

Lead 
1.177X 

Iron 
2.017X 

Lead 
1.793A 
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the blank points are calculated values by (Allen 1963). 
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