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Introduction

The title of the project is "Measurements of the Energy Spectrum of

Backscattered Fast Neutrons". However, as noted in the previous

Progress Report the work was extended also to the measurement of the

penetrating neutron flux and to the calculation of the backscattered and

penetrating flux. The details of the experimental work were presented

at great length in previous Progress Reports*- " ' and also in the

literature^ ' . The calculational procedure was described in Progress
( 7)

Report No. 4^ . It is not intended to go over again, the details already-

presented elsewhere " but only to summarize the experimental and

calculational procedures to assist the reader to understand the results

presented here.

The experimental procedure

The neutron spectrometer used was a "He proportional counter having

an energy resolution of 20 keV for the thermal peak and 50 keV for 1 MeV

neutrons- The active volume of the spectrometer was 5 cm in diameter

and 18 cm long. In order to reduce the sensitivity of the counter to

thermal and epithermal neutrons it was covered by cadmium and boron

filters (8) Neutron beams were produced by a 3 MeV Van de Graaff

accelerator and a tritium targer employing the H(p,n) He reaction. The
2

thickness of the target was 100 yg/cm . The energy spread of the source

due to finite target thickness and finite angle dispersion was below

50 keV.

The experimental geometry is presented in Fig. 1. The room in

which the experiments were performed was 64G cm long, 658 cm wide and

414 cm high. A large room was used in order, to reduce scattering from

the walls. The dimensions of the scattering, and absorbing slabs were

50 x 60 cm. The penetrating, and. hacks:catterfid £as.t.neutron :fluxes were

measured for different primary neutron energies and several barrier

thicknesses of perspex, iron, lead and aluminium (see Table I).
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The computational procedure

The Monte Carlo approach was adopted for the calculation.asy minimum

approximations have to be assumed during the computation. It is well known

that the application of Monte Carlo methods to stochastic processes is very

powerful; however, one has to remember that limitations of time and

statistical accuracy may hamper the applicability.of.this method. It is

not intended to review, here the Monte Carlo method^ " nor the MORSE

code. In the calculations the ENDF/B-III point cross section data was

used. The cross section data was transferred to group cross section data

compatible with the MORSE code by the ETOM-2-ETOG and MDPC^ " ^ systems.

The geometry of the Monte Carlo experiment is identical to the laboratory

experiment except that the finite size detectors were replaced by point

detectors.

The flow chart of the calculational procedure performed by the

MORSE code is represented in Fig. 2. The consequential calculational

stages are:

1) This stage represents the neutron source, i.e. we have to define:

a) The place of birth of the neutron in the finite dimensions
2

of the source (1 cm ).

b) The energy of the neutron, i,e. choosing the exact energy

within the energy range of the source energy group.

c) Direction of the source neutron. In order to save computer

time only neutrons emitted towards the scatterers were

drawn by lots. This procedure assured that only neutrons

able to contribute to the albedo are handled.

2) After the birth of the neutron its path length until interaction

(«,) is drawn by lots. The possible path lengths are weighted

according to e"



- 3 -

3) If the path length drawn by lots is longer than the path length (r)

available in the scatterer it means that no interaction is achieved,

this neutron has to be left out, and a new one born. As our

scatterers are quite thin a large fraction of the neutrons born will

escape from the system without achieving interaction. This situation

forces us to generate very many neutrons thus wasting computer time.

Therefore if

r > I

i.e. there is interaction in the scatterer, we continue to 5). If

T < I

i.e. is longer than the available path length in the scatterer, we

go on to 4).

4) Here the neutron is weighted according to the available path length

r by the weighting function

-IT
1 - *

and we go on to 5).

5) From 1) and 2) we know the direction and path length of the neutron

and therefore know its point of interaction. At this point the

interaction may be either absorption or scattering. For the

albedo calculations the possibility of absorption does not interest

us, (This may be of interest only if one calculates gamma produc-

tion due to (n,y) reactions). As we are considering scattering only,

the neutron is weighted according to the ratio

a - scattering cross section

a - absorption cross section

o~ - total cross section

Then elastic and inelastic scattering is performed (weighted accor-

ding to the respective cross sections) and we go on to 6).
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6) Here the post reaction energy of the neutron is drawn by lots.

7) If the post reaction energy is lower than a predetermined energy

(this energy cutoff is an input to the program and in our case

is 100 keV) the neutron is killed. If

E > E .
m m

two operations are performed at 8) and at 9).

8) In order to save computer time it is assumed that in any scattering

event a part of the scattered neutron is scattered towards the

detector. These contributions are then registered at 10). The

contribution to the detector is assumed to be proportional to the

scattering#microscopic cross section in the direction of the

detector. Using this technique we must not wait until a neutron is

scattered exactly towards the detector. These pinhole scatterings

will be quite rare and the statistical deviation associated may

force us to handle a huge number of histories. The method used is

far more efficient,

9) A scattering angle which is compatible with the previously drawn

post reaction neutron energy is calculated. Knowing the scattering

angle the neutron is now weighted according to the microscopic

cross section in the direction of the specific angle.

10) All the contributions from 8) are accumulated here according to

the neutron energy groups.

11) At each stage we deal with fractions of neutrons due to the

various weighting introduced in the previous stages. Neutrons

having low weights contribute very little to the accuracy of the

calculations, therefore we prefer to ignore them and proceed

with neutrons having higher weights. At 11) the weight of the
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neutron is compared with an input minimum weight e. If

W > e

the neutron is sent back to 2) to begin a new cycle. If

W < e

a "Russian Roulette" is performed at 12).

12) "Russian Roulette" - We choose a new weight (which is an input

to the program) W . The range zero to one is divided into two

parts, one in the range

zero -»• -T7,

and the other includes the range

,7,

Now we allot a number R between zero and one; if the number

drawn falls in the range (̂-, -> one) the neutron is killed. If

the number drawn falls in the range (zero "*" «7,3 the weight of

the neutron is charged to W and sent back to 2). Again this

procedure is used to save computer time. The idea is to handle

less neutrons having higher weights, i.e. instead of dealing

with 100 neutrons having 10" weights each, we are instead

dealing with a single neutron having a weight of 0.1.

The role of the various code systems used

The interrelationships between the different codes used are

presented schematically in Figure 3. It is not intended to present

a detailed description of each code; this can be found in the
f12-17)

literature . Only the concept and general remarks which

explain the general idea are given.
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1) The cross section data used in the calculations are ENDF/B-III.

These are point cross section libraries with interpo-

lation formulas between the points. These data are used as

innut to 2).

2) In order to "ot a reasonable statistical accuracv in a nuetron

'onto Carlo calculation, one has to handle then in energy groups.

The ETOM-2--ETOG code processes the point cross section data to

group cross section data, i.e. to matrices of scattering probabi-

lities (in the MUFT format).

3) The MDPC code accepts the output of ETOM-2-ET0G system and after

additional energy collapsing processes it to MORSE standard

input. If necessary the MDPC can process microscopic cross

section data (scattering angle dependent values) directly from 1).

4) The MORSE code performs the Monte Carlo calculations as described

in Fig. 2 and it also includes the suitable geometry routines.

Results and discussion

Calculations have been made for all experimental cases (see

Table I) except perspex. The results are presented in the 74

computer output graphs. On each histogram the following information

is presented:

1) ALBEDO/TRANSMISSION

This indicates whether the figure is related to backscattered or

transmitted flux.

2) SOURCE ENERGY

The nominal energy of the primary neutron flux - 0.5; 1.5 and

1.8 MeV.

3) ENERGY STEP

The energy interval used in the histogram - 50 or 100 keV



4)

Thickness of the scattering and penetrated barrier.

5) Material of the barrier - Aluminium, Iron, Lead.

6) Experimental values

The experimental values are presented in the histograms

by zeros (0).

7) Calculated values

The calculated values obtained with our calculations are

presented by ones (1). Those obtained by Allen are represented

by twos (2). The computer program is built so that whenever

two numbers have to be printed in the same place only the

larger number is printed.

S)

nI
i=l

R = Energy interval 50 or 100 keV

X. = Normalized measured value

Y. = Normalized calculated value

Q is a measure of fitness between the calculated and the

measured values. Q=l is a bad fit. Q=0 is an exact fit.

The cross section of the n( He, H)P reaction on which the neutron

spectrometer used in the experiments is based is known to within 5-10%,

Therefore to filter our inaccuracies due to absolute flux determinations

the fluxes were normalized to unity in each graph. For each case the

experimental and the calculated results are presented in.a form of

histograms. Two energy intervals were chosen of 50 keV and 100 keV

each. Other calculated data " that may be compared is also

presented. It is obviously seen that the experimental and the calculated

Order of Histograms
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data do not agree, Practically in all cases the calculated spectrum

is harder than the experimental one. This situation is common to the

penetrating and the backscattered flux. It is interesting to note that

Allen's ' spectrum are aiso harder than our experimental results.

The disagreement between the experimental and the calculated

results may be due to defects in the performance of the experiment or

inaccuracies in the calculations and the cross section data. It may be

that the different biasing techniques used (see above) tend to ignore

low energy neutrons, i.e. neutrons that undergo a large number of

collisions. Another source of error may occur by the replacement of

the finite detector of the experiment with a point detector. A huge

amount of effort was devoted to the compilation of the ENDF cross section

library, ENDF/B-III was probably the best thfet could be recommended by

the group of experts at the time of its issue. However, the fact that

ENDF/B-IV was released and ENDF/B-V is under construction shows that

the recommended cross section data still requires modifications. The

cross section data is checked against benchmark experiments most of

which are in the multiplying media. It is possible that the ENDF/B-III

gives better results in multiplying media than in nonmultiplying media.

It is worthwhile to note that direct comparison between measured cross

section values and the recommended ones are very far from satisfactory

(see Fig. 4). This is due mainly to the very wide spread of the

experimental values . There is no doubt that very much effort has

still to be put into the measurement and evaluation of neutron cross

section data.

It is quite possible that we had made errors in our experiment.

However we have confidence in our results — especially in the

penetrating flux where the evaluation of the data is simple and the

countrate high. We also eliminated any absolute calibration uncertain-

ties which are not simple when dealing with neutron fluxes by normalizing

each experiment separately. Perhaps the best way to clarify this point

is that some other experimental group repeat the measurements.
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Conclusions

The transport of radiation, especially neutrons, is the heart of

the utilization of nuclear energy. One cannot expect that a small

group with very limited funds will resolve this problem. However, we

believe that this project has contributed much to die subject by

pointing towards the weak points that require additional consideration.
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Table I: The Combinations of Primary Neutron Energy Material and
Thickness Scatterer, Measured in the Work Reported Here.

^"^"^^^^ Neutron Energy
^**^>v>^^ Mev

Target -^^
Thickness cm ^*<x<-«*^^

1

2

2.5

3

4

5

6.5

9.5

9.9

1.2

O.S

Perspex

Perspex

Iron

Lead
Perspex

Perspex

Iron

Lead

Iron

Leari

Aluminium

1.0

Perspex

Perspex

Iron

Lead
Perspex

Perspex

Iron

Lead

Iron

Lead

Aluminium

1.5

Perspex

Perspex

Iron

Lead
Perspex

Perspex

Iron

Lead

Iron

Lead

Aluminium

1.8

Perspex

Perspex

Iron

Lead
Perspex

Perspex

Iron

Lead

Iron

Lead

—



Table II: Goodness of Fit Between the Measured and the
Calculated Values. Perfect Fit is for Q = 0.
Largest Attainable Value of Q is one. When
Other Calculated Values are Obtainable the
Goodness of Fit for All Combinations are
Presented.

A - ALBEDO; Energy Interval 50 keV,

I

0.188

0,270

0.152

0.262

0.142

0.215

1
-J-

SOURCE

j 1 8 MeV

o.np

;5 MeV

r - / -/ ^
/

0,298

/

/

/

/

0.455

0,238

0,417

0.253
0.154
0.276

0.388

/

/

0,137
0.164
0.116

-h
Fe

Pb

Al

0.238

-r—

25

I I
I

I 1.0 MeV

0.582

0,182

0.547

0.110

0.525

3.0 5.0 6.5 9.5

—f-
0,106
0.169
0.. 200

0,5 MeV

— exper.-MORSE

— exper,-Allen

— MORSE-Allen

9,9 12.0

Target thickness (cm)



B - ALBEDO Energy in te rva l 100 keV.

0.212

0,335

0.174

0.330

0.167

0.269

1
1

1
\

1
1

E SOURCE
= 1 .8 MeV

4
-I i

0.195

/ 1. 5 MeV

0,281

0.447

0.214

0.446

0.248
0.186
0.136

0.326
0.164
0.212
0.127

1.0 MeV

Fe

PI

Al

0.211

0.393

0.166

0.340

0.236
0.206
0.077

0.363

0.097
0.177-
0.108.

.exper.-MORSE

0.5 MeV

.exper.-Allen

2.5 3.0 5.0 6.5 9.5 9,9 12.0

Target thickness (cm)

'MORSE-Allen



Fe

Pb

C - TRANSMISSION Energy Interval 50 keV

f
f

I [

0.215

0.273

0.171

0..222

i

/

/ /

"SOURCE

1 8 MeV

0.270

/ 0.260

0,206

0.231

0,149 1

0.239 /
- / 1.0 MeMeV

' 0 153
/
/

0,032

0.147

0.128

0.172
1

0.102

/ /

MeV

2 5 3.0 5.0 6.5 9,5 9.9

Target thickness (cm)



D - TRANSMISSION Energy Interval 100 keV

Fe

Pb

1
i

1
1

1 1
1 /

• i
I

/°

!

0. 110

.069

1

/).O54

-

0.076

0.096

0.(

0.019

521

0,071

0.098

i

/

0.

3,097

0.030 •

035

0.078 /

0.065

/ /

0.192

0.034

/

/

/ f
r

i

0.5

1..8 MeV

1,0 MeV

MeV

2.5 3.0 5.0 6.5 9.5 9.9

Target thickness (cm)
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Fig. 1: The Geometry of the Experiment
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Fig. 2: The Monte Carlo calculational procedure



ENOF/B III (IV) (1)

Point cross section data

ET0M-2-ET0G (2)

Matrix of scattering probabilities

in MUFT multigroup format

•

MDPC (3)

MUFT format to MORSE

standard input

(group collapsing)

MORSE (4)

Albedo calculations

Fig. 3: Flow diagram of the four main Code systems
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