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ABSTRACT

The neutron time-of-flight and energy spectra, from the TEBENE set-up, have been

calculated by a computer program using the Monte Carlo method. The neutron multiple

scattering within the polyethylene scatterer ring is closely investigated. The results show

that multiple scattering has a significant effect on the detected neutron yield. They also

indicate that the thickness of the scatterer ring has to be carefully chosen.



1. INTRODUCTION

In a previous article [1] the authors presented experimental results and analytical

calculations for the conversion of 14 MeV neutrons, by the set-up as shown in fig.I, to

lower energy neutrons. These results showed the feasibility of the method denoted

TEBENE. However, more investigations are needed for the purpose of fruitful applications.

Among other things, multiple scattering is one of the most important characteristics of the

TEBENE that needs to be studied. Knowing that it can not be attacked easily by ordinary

analytical methods and with the advantage of today's computer technology, the Monte Carlo

method was chosen. This method is suitable for simulating the neutron time-of-flight and

energy distribution of the TEBENE by allowing free multiple scattering within its

polyethylene scatterer ring.

The present report describes the Monte Carlo code and the theory behind it. Results

evaluated with the present method and compared with experimental data are also available.

2. METHOD OF SIMULATION

The computer program simulates the trajectory of neutrons as they might really happen

in the TEBENE. Neutrons of energy 14.0 MeV from a neutron generator are followed to the

polyethylene scatterer ring (or PE-ring). Their paths inside the PE—ring, allowed to have

any number of scatterings, are tracked until escape and final detection by the neutron

detector.

The flow-chart of the program is outlined in fig.2, with the following necessary initial

and boundary conditions:

a) The origin of the 14.0 MeV neutrons is a point source.

b) The neutron detector is a square with 100 % efficiency for the whole energy range.

c) The minimum neutron energy of interest is 0.1 MeV.

d) The first collision is forced to be inside the PE-ring.
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Figure 2. Flow-chart of the computer program.
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e) Only n-C elastic scanering and inelastic scattering at the first excited state

(Q = -4.439 MeV) are taken into account.

f) Isotropic scanering is assumed for the n—H and n-C interactions in the CM system.

The Monte Carlo simulation of a neutron history starts with selection of the 14.0 MeV

neutron incident direction cosines, see fig.3, to the PE-ring by calculating from the

following set of equations:

and

where X >Y and Z are coordinates which are sampled randomly within the boundary of

the PE-ring. This procedure will not give a completely correct angular distribution of the

neutrons. However, it will be a got-u approximation for the small solid angles used here.

Throughout this program, the random number 2;, of values between 0 and 1, is obtained

from the only function subprogram in the computer code which was taken from ref.2.

For simplicity, the simulation takes into account only a quarter of a PE-ring. This is

allowed because of the symmetry feature of the TEBENE. The first quadrant of the X-Y

plane is chosen for the place of the section. This means that the final results should be

multiplied by a factor of 4.

The solid angles of each PE-ring that subtended to the source are also necessary

parameters needed to multiply the final results. Here, they are simply calculated from the

area divided by the square of the distance and are inserted into the code as input data.

After getting the incident direction of the neutron, the real first interaction

position,(X ,Y ,Z ), inside the PE-ring is the next thing to sample. In fig.4, the distance

"PATH" is uniformly sampled randomly within the boundary of the "PARIN". This also
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means that the first interaction is forced to happen inside the PE-ring every time for every

initial incident neutron from the source. It would be a waste of computer time if it is not

forced like this because more than 60 % of neutrons will pass through the PE-ring without

any interaction for a polyethylene thickness of 2 cm. To cope with this artificial

enhancement, every initial neutron has to be weighted by the interaction probability :

(2)

where 2?4 is the macroscopic cross-section of polyethylene for 14 MeV neutrons which is

equal to 0.109 cm-i.

Inside the PE-ring, the neutron is free to have multiple scatterings until it escapes from

the boundary of the 1/4 polyethylene ring. From collision to collision, inside the PE-ring,

the trajectory of the neutron is followed by the computer code as described below.

First, the target nucleus type, H or C, is randomly selected from the macroscopic

cross-section of both nuclei in polyethylene for the incident neutron energy.

In case hydrogen is picked, the azimuthal angle in the LAB system (<J>) of the

scattering angle is uniformly sampled randomly, between 0 and 2it radians, from

Then the associated polar angle in the CM system (9 c) is sampled randomly in the form of

= 2£- l , (4)

that is uniformly distributed between -I£cos6 £1. This equation comes from the fact that

the n-p scattering in the center-of-mass system is isotropic up to 30 MeV [3].

On the other hand, if carbon is picked, the type of n-C interaction, elastic or inelastic,

is randomly selected. This is done so because of the difference in energy dependence of the

interactions. Only two interactions are assumed, viz. elastic scattering (Q = 0.0 MeV) or 1st
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excited state inelastic scattering (Q = -4.439 MeV). Thus, to cope with this nature

disturbance, every n-C interaction will be weighted by the scattering probability :

where o c . (E) is the total elastic scattering cross-section of the n-C interaction at neutron

energy E, a c (E) is the total inelastic scattering cross-section of the n-C interaction at

neutron energy E and acXE) is tb* total cross-section for all channels of the n-C interaction

at neutron energy E.

All n-C interactions are assumed to be isotropic in the CM system. As before, the

azimuthal angle,^, is sampled from equation (3) and the associated polar angle,© ,is

sampled from equation (4).

Next step is to calculate the energy and the LAB polar angle of the scattered neutron.

There are two groups of equations, as shown below [4], to use for n-C elastic and inelastic

interaction,respectivcly.

l+A2+2A.cos9
EVE = 1 iS

(A. + l ) 2

l+A.cosö
and cos0, = =— —r= (6)

1 (l+Az+2A.cose)w

1 1 C

are for n-C elastic scattering; whereas

E7E = _ L { l + A 2 ( l - i)+2A.cose ( 1 - ^)
(A.+l)2 ' E ' c E

1+A.cose (1 - £)
and c o s 6 = = ^ £ fc (7)

1 2 1 - | ) + 2 A c o s 6 ( l - | ) 1 / 2 } 1 / 2
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are for n-C inelastic scattering.

E1 = neutron energy after scatter,

E = neutron energy before scatter,

A. = mass of a target nucleus type i (assume neutron mass = 1);

6 . = scattering angle in the LAB system;

6 = scattering angle in the CM system;

E = excitation energy of the target nucleus (4.439 MeV in this case).

The new set of direction cosines (U',V,W) of this scattered neutron, as shown in fig.5,

is obtained in the next calculation and can be ibund from the following set of equations [5]:

sin0. c osO. sin0 , sinO.
' = Ucos0+WU L ^-n2"V X-rn\

1 2 1 / 2 2 1 / 2

sin©, c osO. sin0 . sinO.
V = Vcos0 + WV + U ' '

1 2 1 / 2 2 1 / 2

and W = Wcos0. - ( 1 - W T sin0.cos<D. , (8)
i 1 1

2
where U,V,W are the old set of direction cosines. But in the case where (1-W ) approaches
zero, equation (8) is replaced by the following degenerate form

U' = sin0jCos<I>j ,

V = sin01sinO1 ,

and W'sOVcosayiWI . (9)

Finally, the path length to the next interaction position is randomly sampled for the

neutron energy E' by using the following equation [6 ] :
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L = —U»£) , (10)

where Z2, is the macroscopic cross-section of polyethylene for the neutron energy E'.

From the values of the path length (L) and direction cosines (U'.V'.W), the quantities

dX,dY and dZ, see fig.5, can be calculated which are used in defining the next interaction

position. At this point, the computer will check whether or not this position is inside the

PE-ring. If still inside, the process of multiple scattering keeps going on as has been

described. But if it is outside, this is an escape neutron, and the computer code will check

whether or not the direction of this neutron heads toward the neutron detector. For a lost

neutron, the code will call for the next initial neutron from the source; otherwise, the

neutron is counted as a detected neutron. For the detected neutron, its time-of-flight is then

calculated by

= 1 0 . 7 2 0 . / ^ , (11)

where t is the neutron time-of-flight (in ns), D. is the neutron flight path (in cm) and E. is

the neutron energy (in MeV).

The main results of the computer code are the distribution in energy and time-of-flight

of the detected neutrons. The energy information will be distributed in the range of 0.1 MeV

to 14.0 MeV in 0.2 MeV steps and the time-of-flight information will be distributed in the

range of 60 ns to 480 ns in 2 ns steps. The neutron yield per source strength is calculated

from

Y / s

where Cl is the solid angle and N. . is the input initial neutrons. This information will

accumulate during execution of the program until the provided initial neutrons are all used.
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The error bar or standard deviation (a) of the computed result in each bin is estimated

from

X
I (Y/S).
^ , (13)

where Jlf is the number of neutrons contributed to that bin.

For this first version of the computer code, because of limitation in time, the

cross-section data are quite coarse. For example, the total cross-sections for both the n-H

and n-C interactions arc provided only in 0.5 MeV steps using linear interpolation for the

values in between. These cross-section data are adapted from information given by the

NEA data bank. However, for improvement to a better quality cross-section file no

difficulties are foreseen.

3. RESULTS AND DISCUSSIONS

This is a straightforward Monte Carlo program so that a large number of initial neutrons

are necessary. For every calculations in this section, 7.5x10 initial neutrons are used. At

this amount of neutrons and for 2 cm thick PE-ring, it requircs about 10 hours of executing

time for IBM PS-70 or 6,364 seconds of CPU time for the SUN Sparcserver 330. The

following calculations were made for four radii of the PE-ring, viz. 85,95,105 and 115 cm;

all have the same height(H) of 10 cm. The rings are situated in a plane that lies half way

between the point source and a square detector, which are 300 cm apart. The area of the

square detector used in the calculations is 12.7x12.7 cm. The calculations have two main

aims as is described in the following.
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3.1 PREDICTION OF THE DETECTED-NEUTRON EtJERGY AND

TIME-OF-FLIGHT SPECTRUM

Figs.6 and 7 show, respectively, the predicted neutron energy and time-of—flight

spectrum of the TEBENE when having 4 PE-rings together at the same time. Actually, they

are summations of four separate runs. In fig.6, starting from the right hand side, the first

peak is the yield from n-C elastic scattering; the second peak is the yield from n-C

inelastic scattering and the other four peaks are from n-H scattering at the different

PE-rings. The picture is reversed in fig.7. Because of nonlinearity in the time scale, the

n-C inelastic peak is almost totally buried under the n-C elastic peak in the time-of—flight

spectrum.

As can be seen in figs.7 and 8, of which the later is a time-of-flight spectrum from an

experiment, there is substantial agreement between calculated results and experimental

results for the position and shape of the n-H scattering peaks B,CJ> and E, from the

4 PE—rings. The calculated results can also clarify the existence of peak A in fig.8. It

originates from the summation of all the n-C elastic scattering of the 4 rings. However, the

calculated neutron yield of the peak differs drastically from that observed experimentally. A

possible explanation is that the thickness of the BC-420 plastic scintillation detector, used

in the experiment, is only 1.2 cm. Therefore, it has a very low efficiency for neutrons of

energy about 13 MeV compared to a group of 1 to 4 MeV neutrons. It would be interesting

to investigate this explanation in a real experiment by variation of the thickness of the

detector.

Fig.9 is the calculated time-of-flight spectrum considering only single scattering inside

PE-rings. The comparison between figs.7 and 9 shows the following 3 effects of the

multiple scattering.

1) Multiple scattering causes background.

2) Multiple scattering decreases the neutron yield from the n-H interaction of all the 4

rings. The decrement is significant as can be seen more clearly in fig. 10. The neutrons lost

have mainly become background and neutrons with energy below 0.1 MeV.
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3) Multiple scattering does not affect the width of the n-H peaks more than what has

already been caused by the finite geometry effect of the PE-rings.

3.2 MULTIPLE SCATTERING EFFECT AT VARIOUS RING THICKNESS

Figs.l 1 and 12 gr*re a comparison of the neutron time-of—flight spectrum from the third

ring (RR =105 cm) at different values of ring thickness, for the condition with and without

multiple scattering, respectively. It is clearly seen that, when taking multiple scattering into

account as it really happens, the ring with 4 cm thickness is not superior to the 2 cm thick

ring as in the case of single scattering. But as regards the thicknesses of 1 cm and 2 cm, the

2 cm thickness is superior. This means that the thickness of the PE-ring must be carefully

chosen. The multiple scattering also affects the shape of the n-H peaks by removing lower

energy neutrons from the right hand side of the peaks more fcr the thicker ring.

Table 1 shows the scattering history of the detected neutrons for different thickness of

the PE-ring (RRT) when N is the number of scatterings inside the PE-ring before they

reach the detector. Other conditions are the same as the above paragraph. The table

illustrates an obvious fact, that thinner rings have less multiple scattering but more single

scattering (N = 1); on the contrary, thicker rings have more multiple scattering but less

single scattering.

4. CONCLUSIONS

The computer code succeeds in showing clearly the effect of neutron multiple scattering

inside the polyethylene scatterer rings of the TEBENE. The interesting effect is the scattered

neutron yield related to the thickness of PE-ring. A decrement of 30 % compared to the

yield from single scattering is obtained for a 2 cm thick ring. A thicker ring is not always

better than a thinner ring. In this case, the ring with 2 cm thickness is superior, in both
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Table 1. Number of scatterings in polyethylene scatterer rings of

3 different thicknesses.

N^RRT

1

2

3

4

5

6

7

8

9

10

1 cm

2,246

484

84

12

7

1

0

0

0

0

2 cm

1,980

566

143

58

20

8

0

0

0

0

4 cm

1,548

567

201

69

28

20

5

0

0

0
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build-up background and scattered neutron yield, to the rings of 1 cm or 4 cm thickness.

It would be interesting with experiments to investigate some assumptions, for example,

to verify the yield of the n-C peak. The code still needs further improvements, e.g., the

organization and grammar of the program, cross-section data libraries, anisotropic

scattering of the n-C interactions and the neutron scattering from one PE-ring to another.
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