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ABSTRACT

Neutrons with energy below 0.4l eV were detected by counting
indium foils irradiated at pre-determined positions from the target
of an Accelerators, Inc. neutron generator operated at 150 KV. The
fast neutrons produced by the neutron generator were determined by
~ counting ®F from lgF(n;?é)lsE,in Teflon or 2cu from ®3Cu(n,2n)®23Cu.

The effect of different moderator designs on the yield of
neutrons with energy below 0.4l eV was determined. The resulés indi-
cate that the thermal flux at a predetermined position can be increased
by use of scattering materials around the target. Experimental results
also indicate that certain arrangements of scattering materials pro-
duce more thermal flux at the predetermined position than other
arrangements. Of the scattering material arrangements tested pptimal
results were obtained when using a hydrocarbon scatterer shaped into

a paraboloid cavity, the vertex of which was 6.35 cm from the neutron

generator target.
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CHAPTER I. INTRODUCTION

The industrial demand for fast, accurate nondestructive
quality control methods has lead to increased interest in the rela-
tively new fields of activation analysis and neutron radiography.
Activation analysis has become an extremely useful tool to industry
to detect trace impqritiés ig a product. By irradiating an element
with some particle, such as neutrons, one can produce an unstable
isotope. Since each isotope produces a characteristic eneréy spectrum
as it decays, the isotope can be identified.* By knowing the isotope
produced and the reaction used to produce it one can determine what
elements are to be found in the sample irradiated, In activation
analysis it is sometimes desireable to irradiate the samples with
thermal rather than fast neutrons. This is particularly true when
trying to detect trace quantities of certain elements. The primary
reason being that the capture cross-section of an element for certain
reactions are larger for thermal, thap for fast neutrons. See
Table IZ for an illustration of the énergy dependance of captive

'

cCross sections.

1Heath, R.L., Scintillation Spectrometry Gamma-Ray Spectrum
Catalogue (2nd Ed.), TID-L500, IDO-16880-2, August, 196k.

2Templin, L.J., ed., Reactor Physics Constants, U.S. Atomic Energy
Commission Division of Technical Information, ANL-5800 (2nd Ed.), 1963

PP. 37-4O.
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5 |
Element (0.01 MeV) (1 Mev)
Na=2 L mb 0.1 mb
NBo3 0.7 b 0.0% b
220 0.05 b 0.006 b ¢
Mo . 0.7 b 0.02 p !
Tal81 o ! 2.0 b 0.05 b |
. ® 1
Th232 1.0b 0.1 b ¥
Y238 0.6 b 0.1b i
BiZ0° 3.0 b 2.0 b i
Pyu239 1.2 b 0.1 b i
I
Table I. 3
]
Illustration of Dependance of Capture {"

Cross Sections on Energies
(n,y) Reaction

Another reason for desiring thermal neutrons rather than fast neutrons

e e Sy~ g

would be to prevent a certain reaction from taking place. This may

be done since certain reactions will not occur if the bombarding

T

neutron is below a certain energy called the threshold energy.

Table II gives an illustrative listing of the threshold energy for
neutron reactions with different elements and some of their isotopes.

For a complete listing one may refer to Thresholds of Neutron Induced

.

Reactions by R.J. Howerton, et al,>

SHowerton, R.J.,et al., Thresholds of Neutron-Induced Reactions
(May, 1964), TID-21627.




Element (n,p) Thresholds
qLi6 3.19
e 13.63

4y, NaZ2 3.76

550U . 0.0
91«‘19 L. ok

13A127 1.90

SOZne“l' 0.0

5503123 0.0

49Inlls 0.68

48&1114 3.85

Table II.

Illustrative Listing of (n,p)
Thresholds for Different Elements

Neutron radiography has become a useful complement to xX-ray
and gamma-ray techniques in quality coﬁgrol testing. The x-ray and
gamma-ray have the characteristic of being able to penetrate large
thicknesses of light elements such as hydrogen and carbon, but not
large thicknesses of heavy elements such as iron and lead. On the
other hand, the neutron will penetrate deep into the heavy elegents,
but will be stopped by relatively light elements such as hydrogen and
carbon. Utilizing this characteristic of neutrons it is possible to

obtain radiographs of light element material encased in heavy element

materials without destroying the casing.

]

> ] ..I_ e ] ¢
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These radiographs are obtained by either a direct or a
transfer method.* 1In the direct method, a beam of thermal neutrons

which has been collimated strikes the specimen and then falls on a

screen (See Figure 1). The screen is made radioactive by the striking
thermal neutrofis, If the screen is made of material such as lithium

or boron,alpha particles w#ll be emitted. The nuclear reactions are

(L) i + n = %o + 3H
(2) B 4+ n = 4o + 7Li

These emitted alpha particles are used to excite a fluorescent
screen, such as ZnS(Ag), and the light produced exposes the film

located between the screens.

J:“__‘Film
(

Neutrons
P

Specimen — Cassette

|
l
I
|
|
[
l
I

A I \
‘ Screens

Figure 1.

Direct Neutron Radiography

41ddings, F.A.,"Utilization of a Low Voltage Accelerator for
Neutron Radiography! Tth Symposium on Nondestructive Evaluation of
Components and Materials in Aerospace, Weapons Systems and Nuclear
Applications (April, 1969), pp. 364-5.
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thermal neutrons which are not parallel with the line between the

specimen and the target must be screened out (See Figure 3).

In the transfer method the collimated beam of thermal neu-

trons also strikes the specimen as before. This time only a screen
is behind the specimen (See Figure 2). This irradiated screen is

then removed, placed in a cassette, and contacted with the film.

-

Neutrons - < Screen
Ll
Specimen >
- - Cassette

e

\\._ T - - - - - |<— Film

< Screen
Figure 2

Diagram of Transfer Neutron Radiography

Regardless of the method employed to expose the filﬁ, sharp

imaging of the specimen is obtained only when the beam of thermal
neutrons is well collimated. The collimation of the beam results in

a large loss of the total thermal neutrons produced because those




Neutrons

= \\ /
Accelerator ——J;z N
: WA
\\ s
S // Absorbing Media

Figure 3

Loss of Thermal Neutrons after Uniform
Moderation Due to Collimation

A 150 KV neutron generator running at four milliamperes will

produce approximately 3.1 x 10! fast neutrons/(sec-cm®) when using a
%ive curie tritium target and deuterium gas.® Using prior mﬁderating
degign$ thermal fluxes after moderation have been of the order of

1 x 10° neutrons/(sec-cm?) and 1 x 10% neutrons/(sec-cm®) after satis-

factory collimation at the object position.6 With a thermal flux of

a;
~ SIddings, Ibid., p. 364.

i
 Bprivate communication with Dr. F. A. ILddings.
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T

this magnitude satisfactory images may be obtained using exposures of

il et

~ up to ten minutes with fast screens.” If one could obtain larger

T

thermal fluxes after collimation either better image resolution could
be obtained or shorter irradiation time used.® An improvement in
either would opern,up new industrial uses of neutron radiography.

As noted above an increase in the thermal neutrons at a

predetermined position would be a benefit to both activation analysis

9

e T e — =
# e Py

and neutron radiography. The preferred scattering directions® and

=

neutron absorption characteristics®® which all isotopes possess indi-

cate that moderator design might be successfully used to increase the ,

thermal neutron flux at a predetermined position. Dr. D.C. Cutforth :
has published an article dealing with moderator designs when using an i
isotopic source.ll However, no published work has been done with E
moderator designs when using a neutron generator. Dr. Cutforgh has L
indicated he has done some work in this area, but nothing has been t
published.lz The current lack of information in moderator designs for
neutron generators and the potential {ﬁportance of successful designs :

:

produces a fertile field of research.

71bid. . ' i

ey

8Chernick, B.E., ""Neutron Radiography-Utilization of Neutrons From A ¥
Cockeroft-Walton Accelerator," Thesis, Louisiana State University (1966) . o

SGoldberg, M.D., V.M. May, and J.R. Stein, "Aﬁgular Distribution in :
Neutron-Induced Reactions," BNL-400 (2nd Ed.), October, 1962. :

1071hid.

llCutforth, D.C., "On Optimizing an Sb-Be Source for Neutron Radio- :
graphic Application," Materials Evaluation, Vol. XXVI, No. L (Dpec., 1968),

P )-+9.
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12p,ivate Communication with Dr. D.C. Cutforth, Argonne National
Laboratories, Idaho Falls, Idaho.
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CHAPTER II

THEORY OF NEUTRON MODERATION AS APPLIED TO

A LOW VOLTAGE NEUTRON ACCELERATOR

This chapter shall examine both a mathematical and an experi-

L

|

|

]
- J.. \
mental approach. In the first, consideration is given to what informa- 1} iy
tion must be known, what assuﬁ;tions must be made, the reliability of i
the mathematical model to similar physical problems, and the applicability f
of the matﬁematical model to the present physical problem. i
In the experimental approach flux distribution from an E
unmoderated target, angle of scatter, and energy loss are discussed é

with the purpose of constructing physical models.

|
2
A. Mathematical Techniques for Describing L

The Neutron Flux Distributions ;

Any discussion of neutron moderation requires inquiries

into neutron velocity (or energy), neutron direction, mass of modera~ ;

W e B, oy B o

ting media, as well as the time relation with the above.

..,..

Many texts may be found describing this flight.*3® The final

equation derived is referred to as the Boltzmann Transport Equation.

. A

\

Consider the following diagram:

"~ N

18Isbin, H.S., Introductory Nuclear Reactor Theory, Reinhold
Publishing Corp., New York (1963), pp. 326-329.
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Vector Parameters Used to Specify
Neutron Distribution

It is seen that the following neutron balance may be
written:

-—)
I Number of neutrons moving in direction (6,Y) with speed R
dv about y which appear per unit time from Sources in dr. |

+

— -\

-—)
II | Number of neutrons moving in direction ((6,Y¥) with speed
dv about v in dr gained per unit time from scattering
collisions which scatter the neutron from all directions

_5’(9',*{!’) to (6,¥).
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-
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III| Net number of neutrons moving in direction 5(6,?) with

o B, e

speed dv about y that are lost per unit time by leakage

—

E
g

through the boundaries of dr. E_
|
g
|
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B . - . 1 ‘1', l
Number of neutrons moving in direction a(e,Y) with speedT -5_.‘_; l 1
dy about vy which are removed per unit time from dv by o
Labsorption collisions * . b -l'f{i 8
~ ; . N . ' _ :I"}iﬂ i
- S ol 7 [ [
Number of neutrons moving in.direction 0(6,‘1’) with speecﬂ [R55L5¢
. . 1 F
dv about v which are removed per unit.time from dv by i .ﬂ
: Ny
Lbeing ccatteredsinto a new direction o |1
. . ' ' L
. . _ - Jhg‘;
« ‘e - : ’ : ' |I g
' ’ . 1

N
w Wy
s

VI | Change per unit time in net number of neutrons moving in ) :

direction Q(6,Y) with ‘speed dy about v in dv.

! '\ '.:’_ | |
) . vyl
Expressed mathematically, this becomes. E__ 59 |
. s, g : 11 L8 |
= ' -1 | ‘ I~ 307 T~ 14 ‘*-.f ik
s(r,v,0,t) + { ,¢(r,v ,0/,e)z (v YE(v,03v7,0")dvd0 B EREEE |
. o V,,Q 3 A F" |
Cieans
.. " i‘:"I lL
- - - - Fal =
- Q'W(r,\),ﬂ,t) - Ea(V)G’(r,v,O,t) e Es(v)(l(r,v,ﬂ,t) : :i!, |
| ~ [
1l 3 =t ; Ml
.=—\-)—--€E¢(I,V,Q,t) 411 1
. Y105 2%
e ¥
i 1 3
§i9e
where - RS
i |
r = position of the neutron i q¢
v = velocity of neutron - bl
o 3 f 3
Q = initial direction of the necutron i : ; '
vt = time . : TR
i j :‘ 1
¢ = neutron flux ' ;‘-
. b
" : b
):‘.5 = scattering cross-section ! I-.-" f
. tr i "
g = distribution function e
. RN
Ea = absorption cross-section ~; Y
§ = source term { _: L
& i !
- H L
! } ! i
: i _fi
i3 g :
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By rearranging the above equation the standard form of the Boltzmann

Transport Equation is obtained by assuming ¢(r,v,a,t) is time independent

2 (V#(r,v,0,8) + G-w(r,v,0,8) =

-

-y
s(r,v,Q,t) + I,
RY)

8,082 (v E(v LT 50,0 ) ar ‘i’
7 e

where

The solution of this equation in terms of ¢(r,v,5,t) would
yield the number of neutrons with a given velocity (i.e., energy) at
-a certain position, r, at time t; provided, the correct constants
L could be substituted into the solution.
| The three most common mathematical techniques to solve the
- Boltzmann Transport ﬁquation are the "straight-ahead" approach,
method of moments, and the Monte Carlo_method.
The least desirable of the three techniques is the "straight-
ahead" approach. The calculation time, even with computers, is pro-
hibitive.'® Even if the available codes'S are used the theotetical

~ prediction will not be the same as the experimental results. The

- best would be a deviation of about 20 per cent .18

14Fitzgerald, J.J., G.L. Brownell, and F.J. Mahoney, Mathematical
Theory of Radiation Dosimetry, Gorden and Breach Science Publishers,

:New York (1967), pp. 476-477.

15Heller, J. and H. Heller, Physics Review, 93:93A (195k4).

1 16Goldstein, H., Fundamental Aspects of Reactor Shielding, Addison-
Wesley, Reading, Mass. (1959).
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The prohibitive solution time of the ''straight-ahead"

approach led to the development of the moments method. This semi-

numerical technique utilized Le Gendre approximations and transform

I N ]

" functions. The advantage over the former being that the integro-

S o

differential threé variable equation is replaced by a denumerably {3
) .
infinite system of Volterra ifftegral equations.*” These equations

may be expressed by

_ ()7 qpr (L20)pnr, . i

Zt(E)Mhl(E) = ZZn j dE ‘o, (E E)Mnl(E ) + f

1 ¢ i

E i’

. (E) + 11 ®| o+ *

21+ 1 n-1,1+ n-1,1-1

.-*.

S(E)énoﬁlo ' ;

where o a $
1 n o

Mnl(E) = 5(at I Z° 2n I Pl(w)N(Z,w,E)dw dz i

-0 -1 i

{1 (ptn) - 2&+} ay 2. ul O (g L) 3

1 o luop -

-1 :

b, = Q'O g

i

]

I~ O

Here Mnl(E) is the integral transform. Now to find the

neutron distribution, it is necessary to "invert" the transformation

by using

— e

17krumbein, A.D., and B.D. O'Reilly,"Transport Method," Engineering
Compendium on Radiation Shielding, Vol. I, Springer-Verlag, New York

(1968, p. 1%L.
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1 n ® 2141
Z d N E’Z, = et ls
ary J 24z NE.Z,0) E T M (B)R)(w).
-

I
‘Since it is the number density which is sought, 1 = 0. This leads to

-

Skl 1 Mom
M O(E) =71 " &D JZdz N(E,Z,w)
= j‘z dzl: No(Z, Eﬂ
~+o

I

2(%!7 [ 2"dz wo(z,E)

Approximations for No(Z,E) lead to a solution for Mno(E). One approxi-
- mation used is the Spencer Function Fitting Method.'® This method
assumes NO(Z,E) can be approximated by the function

L3
%o(Z,E) ~

nr\l}-

)

The difficulty lies in selecting the suitable function for f /r—->
The selections made to this time have not yielded results correspondlng
to the experimental data when measuring close to the source.2® In more

recent studies by 0'Reilly and Lewis®! functions of the form

181bid., p. 132.

19Spenser L.V.,"Penetration and Diffusion of X- Rays" Mathematical
Techniques, NBS Report 1hk2 (March 1952).

271bid., p. 134,
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-al|Z -bz? ..
‘ \ + e z ; a and b are positive constants

£(z) = z%e

have produced more accurate results in the neighborhood of a source
plane surrounded by one media. Even with this improvement the theo-
retically determined flux oscillates about the experimental flux in
the neighborhood ~lcm < Z < ~ 5cm from the source.

Because of the.failure of the moments method to accurately
predict the flux within the region described above its application to
the present study would not be desireable. There are other compli-
cations that also rule out the use of this method. The neutron
generator is not a uniform source of neutrons. The neutron output
is a function of the target life. As the target life increases the
neutron output decreases. There is also no precise geometrical shape
to the target area struck which emits neutrons. Furthermore,_there
are several different media surrounding the target. Each possesses
its own neutron moderating characteristics. The combined effect of
these deviations would lead to unpredictable error with the use of
the moments method.

The most used mathematical technique to describe the flight
of ncutrons through different media is the Monte Carlo method.?2 The
flight through the media is mathematically simulated. Random numbers
are chosen from a distribution describing the molecular interactions.
From this the neutron path is determined. Then using cross sectional

data, the neutron path history can be recorded.

22gahn, H., '"Randon Sampling (Monte Carlo) Techniques in Neutron
Attenuation Problems," Nucleonics 6, 27 (1950).
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The major difficulties with the Monte Carlo method are the
qeed for a great many neutron histories and the need for much nuclear !
data and cross sectioms. Of the two, the accuracy of the cross
gections results in the greatest error. Biro=® lists the different
peutron cross sectiops needed to establish a Monte Carlo code:
1. Total cross scction, ap (E)

. ©

2. Cross sections for elastic scattering
(a) Total cross sectiom, o (E)
(b) Angular distribution of elastically scattered

neutrons cn (Ele)

3., Cross sections for inelastic scattering
(a) Total cross section g/ (E)
(b) Energy distribution of the scattered
neutrons o . (E;E)
(¢) Energy and angle distribution of the

scattered neutrons g v (E;E/, ©)

i, Cross sections for neutron multiplicative processes
(a) Fission cross section, Of(E), and
multiplicity N(E)
(b) Cross sections for the (n,2n) reaction:
N !

5. Cross sections for other neutron-producing reactions, §

for example, Oﬁ'a(E) for the *2¢(n,n’w)®Be reaction.

6. Cross sections for processes in which the neutron
disappears
(a) Radiative capture, g
(b) Charged particle reactions, (n,p), (n,d),

(n,a), etc.

————

23grumbein and 0'Reilly, Ibid., p. 118.
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The greatest error is found near the neutron source.®* Again
there is little comparative data between experimental and theoretical
results. An examination of the available codes®:26:27 reveals that
all the codes assume an isotropic point source or volume distributed
fission or monoeﬁérgeticnsources. Although in reactor shielding pro-
blems these assumptiénsiare valid because the interest is at great
distances from the source; on the other hand, neutron fluxes near
the source are of interest in this study. For the above reasons this

theoretical approach would not be expected to yield accurate results

in the physical situation of this study.

B. Unmoderated Neutron Flux Distribution

From a Low Voltage Neutron Accelerator

Target

In attempting to maximize the thermal (neutrons with energy
of 0.41 eV or less) neutron flux at a predetermined position, a first
point of interest would be to establish the flux pattern before any
moderating material has been placed around the accelerator ta;rgetn

As used in this study neutrons were produced by the low

voltage accelerator when deuterium that has been fed into a vacuum is

241pid,, p. 112

25Guber, W., and M. Shapiro, "A Description of the SANE and SAGE
Programs,' UNUCOR-633, United Nuclear Corp., 1963,

265isenman, B., and E. Hennessy,"ADONIS-An IBM 7090 Monte Carlo
Shielding Code,'" UNUCOR-635, United Nuclear Coxp., 1963.

27Ejisenman, B., and F.R. Nakache, "UNC-SAM, A Fortran Monte Carlo
System for the Evaluation of Neutron or Gamma-Ray Transport in 3-
Dimensional Geometry," UNC-5093, Unitcd Nuclear Corp., 196s.
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accelerated by a potential difference (150 KV) into a target. The
target may be made of any material that will emit neutrons when
struck by the deuterium. In this study tritium embedded in a titanium

on a copper sheet was used as the target. The resulting reaction

L

-

* -
1H2 T4 B - ont A+ He?

produces 1k,3 MeV neutrons.

In the literature many articles are found dealing with the
neutron flux distribution from the target of a low voltage neutron
accelerator. B.T. Kenna and F.J. Conrad® revealed that within six
centimeters of the target the neutron flux is uniform except in
directions of the target plane. The neutron distribution in their
study was determined by counting activated copper foils placed at
'T predetermined positions around the target.

o The findings of Kenna and Conrad have been confirmed by

" E.B. Andresen.2® His results are illustrated in Figure 5.

[ e

e W

v

B .
i 28genna, B.J., and F.J. Conrad, "Fast Neutron Flux Patterns Yor
A 14 -MeV Neutron Generator," Health Physics, 12:564-6 (April 1966).

| o 29Andresen, E.G., "Angular Distribution of Neutrons From a
Phillips Neutron Generator PW-5300,'" Messtecknik 76:81-3 (April
1968) .
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90

flux pattern

180

270
Figure 5

Unmoderated Neutron Flux Distribution
From the Target of a Low Voltage
Neutron Accelerator

Related articles whose conclusions verify those reached above have been
|

written by Chiro Shinomiya and Toshiaki Kishikawa,3° J, Op. de Beeck,3!

‘and G. Oldham and D.M. Bibby.32

s

, 3OShinomiya, C., and T. KRishikawa, "Geometry Calculations and Flux
Measurements for Fast Neutron Irradiations with an Accelerator,"
Kumamoto Daigaku Kogukubu Kenkya Hokoku, Kumamoto Univ., Japan, Vol. 16:

No. 3, pp. 68-7L.

)

31Op de Beeck, J., "Neutron Flux Distribution Around Disk-Shaped
Source of Accelerator-type Neutron Generators,' Journal of Radioanalytical

Chemistry 1:313-23 (July 1968).

3201dham, G., and D.M. Bibby, "Neutron Flux Distributions Around
the Target of a 14-MeV Neutron Generator," Nuclear Energy, 167-9
(Nov. - Dec. 1968). '

ST R T

AR NP




19

Andresen explains the lower flux found in the directions in

-he target plane as a result of self-absorption in the target. He also
tates that the high voltage lead at the anode side also reduces the
eutron flux recorded in the direction of the accelerator tube.33
The above.articles indicate that although the target may
randomly emit neutrons and khatcthere is no preferred direction for
the neutrons, the physical structure of the low voltage accelerator

is such that preferred directions are created. This fact must be

considered when designing moderator systems.

33pndresen, Ibid., p. 81-3.
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CHAPTER III

EXPERIMENTAL TECHNIQULES FOR DETERMINATION

OF NEUTRON FLUX DISTRIBUTION

Three series of experiments were conducted in this study. b MP

l - L] |
Series I was designed to gather information on the neutron flux il

] -

. ®
pattern obtained when no moderator was placed around the accelerator ‘
target assembly. Several experiments were also included within this

series to examine the change in the neutron flux pattern when a

polyethylene hemispherical moderator is placed around the accelerator
Y
target assembly. Both of the objectives described above were limited

to neutrons with energy above 10.0 MeV (when copper foils were used)

J; 0.41 eV (when indium foils were used). In Series II similar

i

experiments were run, except only neutrons with energies below 0.41 ev
;ére considered, Finally in Series III experiments were designed to

[if

;tudy the effect of various moderator designs on the neutron flux

¢

pattern. Comparisons are then made between the five basic designs

Several technique problems common to experiments in each

of the series were present. High background activity at the scintil-
1

lation crystal, neutron scatter from the surroundings, and uniformity

of foils are examples of problems common to each of the series.
L

Several experiments presented problems unique to that experiment.
a

he problem of self-absorption within the indium foils, large

¥ .

20




normalization of the data because of long time delays before the

copper foils were counted were some of the special problems encoun-

tered.

This chapter shall then concern itself with a general
discussion of the experimental procedure and, secondly, to the common

and special problems encountered,
] ®

A. General Procedure for Determination g£

Neutron Flux Patterns From the Target

of a Low Voltage Accelerator

A selection is made as to the foil composition, size, and
‘positioning about the target. The interdependence of the conditions
on one another and the effects of the selection is discussed in

greater detail in later sections of this paper. At this point it is

sufficient to say experiments were run using copper, indium, and
teflon foils. These foils were then placed at pre-determined dis-

tances from the accelerator target. Distances of one, two, and threc

feet were selected depending on the experiment.

The foils were attached by tape to a wooden rod supported
by a wooden arc suspended from the ceiling of the experiment room by
nylon cord (See photograph 1). The wooden rods were connected to

the arc by adjustable clamps. This allowed the rods to be positioned
80 that the foil taped on the end could be placed where desired.

Finally, the arc and rod were marked in order that the position of

f0il could be determined.

s el eima T T
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Photograph 1.

Foil Placement and Support System :

Once the foils have been positioned stable accelerator opera-
ing conditions are obtained. When these have been obtained the high
oitage is adjusted to approximately 150 KV.during operation. After
he accelerator voltage has been turned off the activated foils were
etrieved and hand carried to a 3" x 3" NaI(Tl) scintillation crystal
cated about 100 feet from the accelerator. This process took aﬂout
0 minutes on the average. |

| The crystal was shielded by 10" of water, 8" of concrete,

ind 2" of lead in order to prevent activation of the crystal and

limination of background counts. Connected to the crystal was a

otomultiplier tube and a multichannel analyzer (See Figure 6 ).
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crystal ——WR
Y| L:/‘”_‘Photomultiplier Tube

o Y _—=——

i Multichannel
ISource Analyzer

High Voltage —>
Supply .

110 A’c.

Figure 6 “

Detection and Counting Schematic

The counts thus obtained were then recorded. When a copper

foil was activated the 0.511 MeV photons produced by annihilation
~ were counted, This was also true when the teflon foils were used.
~ However, when indium was the foil the 1.09 and 1.27 MeV gammas produced
were counted.,

Many important considerations are necessary if the gbove
experimental technique is to yield accurate results. It is important
that the deuterium strike the center of the tritium-copper target and d
that the diameter of the deuterium beam be as small as possible. If l
the beam is not centered, the neutron distribution-from the target will ‘ ;"
be effected. From geometry considerations the closer the measurements
to the target the more critical beam centering becomes. It is also

important that the deuterium beam remain constant in intensity. }




ol

fFurthermore, exact positioning of the copper or teflon foils is neces-
sary for accurate results. Another consideration is the amount of
neutron scatter from the walls, floors, and ceilings of the experiment
oom. One should try to reduce the scatter to a minimum and try to
geep the amount constant at all positions where foils will be placed.
ﬂ?e time delay from irradiétin%’the foils to counting the activating
foils may become critical depending oﬁhfhe foil used. 1In this connec-

tion the background at the NaI(Tl) scintillation crystal is important

if it is of the same order of magnitude as the counts received from

Subsection A,l. Positioning and Size of the Deuterium

Beam on the Accelerator Target

The importance of centering the deuterium beam on the accel-

Target Disc

g

Accelerator Target Assembly

Figure 7




25

Because of the location of the target within the target
assembly there are moderating media behind the target. In particular
are the aluminum housing supports, and more important, in regard to
fast neutron moderation, is the circulating water behind the target.

If the beam stxuck the lower part of the target those
neutrons produced traveling in‘a% upgard direction (small angular
deviation from the target plane) would have to pass through a greater
distance of moderating media. This would increase the probability of
collision, and hence the possibility that the 14 .3 MeV neutron will
be moderated so that its resultant energy will be below the threshold
energy for the foil (10.0 MeV for copper and 11 .0 MeV for Flg). If
this happens the foil will not be activated by this neutron. Therefore,
a depression of the flux in certain areas will occur if the beam is not
centered. This fact is born out by the experiments run. More detail
on this subject will be found in Chapter IV.

The position of the beam on the target was determined by
placing a copper foil over the target. éhe foil was marked so its
position on the target could be determined later. The foil was then
activated. By placing the activated foil in contact with Polaroid film

a photograph can be obtained in a short period of time (See Photograph

- 2).3¢

34gpell, W.H., and F.A. Iddings, ''Beam Centering in a Neutron
Generator," Analytical Chimista Acta, 40 (1968), pp. 515-516.
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Top of
Target

Photograph 2

Neutron Radiograph of Deuterium Beam Position
(2 minute irradiation, 30 second exposure)

s

Subsection A.2. Deuterium Beam Size Considerations

In considering the deuterium beam size one must take into
account target lifetime and the geometric relationship between the
foil and the area struck by the beam. '
Generally speaking, the smaller the deutérium beam the
shorter the lifetime of the target. Lifetime of the target refers

to the length of time the beam may strike the target before the
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tritium is depleted. For a given beam size a standard target life-

T T T VT

Neutron Flux

L

Hours

Figure 8

Average Target Lifetime

As the tritium is depleted the total number of neutrons produceé
decreases. After sufficient beam time the number of neutrons pro-
duced will not be great enough to activate the foils if they are
positioned two feet away from the target: Therefore one must not
decrease the beam to a size that will deplete the target too rapidly.

As to geometry considerations see figure 9.

| _SSIddings, F.A., "Utilization of a Low Voltage Accelerator for Neutron
Radiography," 7th Symposium on Nondestructive Evaluation of Components
and Materials in Aerospace, Weapons Systems and Nuclear Applications

ﬂApril, 1969), p. 3710.
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80

//; Target

Figure 9
Top View of Geometric Relationship Between the
Struck Area of the Target and the Foils

One can see that the larger the beam size (i.e., area of target struck

by the deuterium beam) the greater the probability of a neutron striking

‘the foil located at the 90o position. This is made explicitly clear

in comparing the angles « and g. Since @ < B then more neutrons will

strike the foil at position 90 .
y When one considers that the fast neutron flux at the target

cooling jacket is approximately 1 x 10° neutrons/sec-cm®, even a small

difference between ¢ and B may result in a large difference between

the fluxes detected at 500 and 900. This result would be even more

pronounced when comparing the fast neutron £lux at 0° and 900.




Subsection A.%. Positioning of the Copper, Indium,

or Teflon Flux Foils

In designing and constructing a support assembly for the
foils it was necessary to consider an assembly which would allow

d

for maximum flexibility in positioning the foils, yet allow a rapid,
.

accurate means of determiniﬂé the po;ition in three-dimensional space.
1t was also necessary to construct the assembly from materials that
would not easily become activated from the neutron beam. Another
consideration dealt with minimizing neutron scattering from the
support assembly.

The assembly consisted of three arc-shaped pieces of wood.
When these were rigidly fixed together by metal clamps they formed
a semi-circular arc with an inside radius of k2 inches. On the'top
side of the assembled pieces grooves were cut so they pointed toward
the center of the arc. These grooves were 10° apart. Small, triangular-

shaped wooden rods were then fastened in. ‘the grooves by metal strips

screwed into the arc-shaped wooden assembly. These rods were then

marked so that the distance from the end of the rod to the center of
the arc was known. The metal strips were easily loosened so that the

wooden rods could quickly and easily be ad justed closer or further

from the imaginary center of the arc. One-half inch quarter round
wooden rods were used. This size was chosen because it was the small-
est diameter rod that would remain rigid, even on being extended

t0W§1rd the center of the arc at a distance of three feet.

29
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Eye screws were then placed in the arc so that the assembly could be
suspended from the ceiling by nylon cord. When suspended from the
ceiling by the nylon cord the arc could easily be adjusted so that

it lay in a plane perpendicular tothe plane of the target and in the

same plane as the center of the beam.

The foils were thgn«pésitaPned at the end of the wooden
" rods with scotch tape and thumb tacks, )

A wooden support assembly was chosen over a metal one because
of lower cost, easier construction, less total weight, more easily
transported, and less activated by the neutron beam. The arc-rod
design was chosen so that the large bulk of the assembly would be
removed from the foils. Also by using nylon strings for support of the

assembly less backscatter and easier mobility was achieved than if

. permanent metal or wooden frames had been built.

Subsection A.l. Neutron Scattering from the Surroundings

Neutrons with large energies of the order of 12.% MeV will
undergo many scatterings before they are absorbed. The number of
scatterings will depend upon the scattering material and can be

represented by E

Eo
g

2
|

where

=
]

final energy before being absorbed

=3
o
I

initial energy of neutrons

un
]

average energy loss per collision




This means that the foils will be activated not only by neutrons
traveling directly from the target, but also by neutrons scattered
from the floor, walls,. and ceiling. It is therefore necessary to know
the number of scattered neutrons reaching the foil or at least be
assured that a uniform scattered flux exists at each foil position.

As the former is hard to détecg,and not accurately calculated one

must try to achieve uniform scatter.

Uniform scatter is most easily achieved by removing the foils
from SCatéering materials. In the experiments run the foils were
kept as far from scattering material as possible. The center of the
tritium target was thirty-nine inches above a level concrete floor.
The accelerator was in a large room in which a concrete block sand
wall five feet thick had been built around three sides of the

accelerator. The fourth side was an open door which looked onto an

empty field. The ceiling was over twenty feet from the floor and
made of transite sheets. The accelerator was placed so that the
target was nine feet from either side wéll, and so that the beam of

neutrons produced would be in the direction of the open field (Sce

figure 10).
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Top View of Experimental Room
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11 extraneous scattering media were removed during the activation

£ the foils.

Subsection A.5. Time Delay Considzrations

One must “not only consider the time that the target was il

»

*
irradiated, but the time delay ®efore counticg the foil becomes

important depending upon the foil material.

As the foil is being irradiated, it is also decaying. This

elationship is expressed by

N = C(e")‘tl - e-xtz)
where
N = number of neutrons at time of final observation
C = number of neutrons at initial observation
A = decay constant of isotope
ty = time delay from end of irradiation to final observation
t, = time delay from initial observation to end of irradiation

t is therefore important to know the time of irradiation and the time
deiay from end of irradiation to beginning of counting. If one counts
the activated foil over different lengths of time one must also account
for this difference for the same reason as above.

In the experiments run in the first series both copper and
teflon foils were used. Copper foils contair both Cu®3 and Cu®>. The

0ssible reactions and the threshold energy for each, when the foil

S activated by neutrons, are
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Reaction Threshold Reaction Threshold
cu®3(n,2n)Cut? 11.01 Cu®3(n,2n)Ccu®* 10.06
cu3(n,p)Ni®3 0.00 Cub5(n,p)Ni®> 1.3
{Cuss(n,np) = 6.22 Cu®5(n,np) T.56
ICuss(n,d) : 3,96 ° cu®3(n,d) : 5.30
Cu®3(n,t) 8.36 Cu5(n,t) 8.75
cu®3(n,He3)Co®t ©9.65 Cu®S(n,He3)Co%3 _—
\Cues(n,He4)Coeo 0.00 Cues(n,He"’_)Co62 0.09
cu®3(n,nHe*) 5.88 Cu®3(n,nHe*) 6.85

Since Cu®3 makes up approximately T0% of the copper, reaction
with this isotope will generally dominate the reactions with cu®>. oOf
fparticular interest are the reactions of Cu®3(n,2n)Cu®2 and Cu®(n,2n)Cub%,
.;Both Cuf2 and Cu®* decay by positron emission. These positrons lose

energy generally by elastic collisions and are annihilated by the
ﬁelectrons; the result being two emitted photons, each with energy
of 0.511 MeV. Therefore if one detects the 0.511 MeV photonsiwith a
fNaI(Tl) scintillation counter, he gets indistinguishable counts from
both reactions. However, within 10-20 minutes from the end of .activa-
‘tion a vast majority of the counts will be from the cu®3(n,2n)Cub2
reaction. This results from the fact (1) that there is more than
Ifwice as much Cu®3 as there is Cu®® in a copper foil, and (2) the

total absorption cross section of Cub3 is twice as great as that of

R =

—
=Y NN
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cu®® (i.e., 4.5 barns versus 2.2 barns). However, for a longer elapsed

fime before counting, the greater the per cent of the total

’counts come from the Cu®®(n,2n)Cu®® reaction. This is explained by
'examining the half-lifes of Cu®2 and Cu®*. Cu®? has a half-life of
l9'9 minutes and Cu®® is 12.9 hours. Thus in only 20 minutes the

counts from Cu®Z have decreasgd~aépro§}mately 75% while those of Cu®*

——

have decreased very little. )

The importance of being able to distinguish between cuf?®
and Cu®* decay is in analyzing the data and comparing experiments in
La series. This will be discussed in more detail in Chapter V.

F When using teflon foils one is interested in the
F9(n,2n)F®

‘reaction. Since fluorine has only one stable isotope (i.e., Flgj

one does not have the problem discussed above. However, the smaller
activation cross section of F'® (i.e., 0.09 barﬂs) means one will get
fewer counts from F18 than from Cu®2 if both are activated with the same
total flux. This is not much of a disadvantage because of the large
fast neutron flux from the accelerator (1 x 10° n/sec-cm®). The
Fls(n,2n)F18 reaction is also excellent since the threshold energy is

| high, 10.99 MeV. Another desireable characteristic of this reac&ion

is the 110 minute half-life of F*®, Again the photons are counted.
I.Therefore the teflon foils will be activated primarily by unscattered

. neutrons from the target. This reduces the error due to non-uniform
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ron scattering which would also activate the foil if the threshold

jower. Dr. Edgar L. Steele reports that the primary disadvantage

using teflon strips is the non-uniformity of F*° content within

1on strips. He stated that the content will vary significantly

om batch to batch of the same manufacturer.3® All teflon foils

ed in this research came from the same sheet.

Subsection A.6. Background Count Considerations

If the NaI(T1l) scintillation crystal is not well shielded

om the neutrons produced from the accelerator, it too may be activated.

particular the sodium might be activated by the following reactions.

23Na(n,y)24Na
23Na(n, o) 2°F
23Na(n,p)Z°Ne

23Na(n,2n)22Na

ingle channel analyzer window. Therefore an activated crystal would

This problem was encountered in some of the earlier experi-
ents run which will be discussed in more detail in Chapter V. However
he Na23(p,on)Na®? reaction has a threshold of 12.98 Mev. Therefore

Y shielding the crystal with lead, concrete blocks, water, etc. one

3
“SSteele, E.L., Private Communication on September 9, 1969.

e ——— AT

=
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‘may reduce the neutron activation of the crystal, particularly in
|

the case of the high energy threshold reactions.

B. Determination of Slow (< 0.0kl ev) Neutrons

f a Low Voltage Accelerator

About the Target
&

As before, the accelerator #s allowed to "warm up", the
lfoils are placed on the rods, and then the deuterium beam is turned
on to produce the fast neutrons. The primary differences in this

series of experiments was the use of a different foil technique.

Since F1® and Cu®3 have a threshold of 10.99 MeV and 11.01 MeV

respectively, for a (n,2n) reaction, foils of the materials would not
be activated by a 0.0kl eV neutron. It is therefore necessary to
choose an element whose threshold energy for a particular reaction is
‘less than 0.041 eV, but it is also necessary to be able to discriminate

from neutrons with energy greater than 0.041 eV, The foil technique

most commonly employed is a cadmium and indium combination (See

figure 11).

N1
N
{
N
/ 1 ,
Neutron Beam '> 1
A
7
? i
cd In Cd
Figure 11

Foil Arrangement for Detecting Thermal Neutrons
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The In'Y® is activated by the thermal neutrons in the

following reaction.
Inlls(n,y)lnllsm

The isotope Int16™ then d&cays by

Inttem T

Inlls

2.76

2.50
2.36

2.09

l.27

The two principal y's, 1.09 and 1.27 MeV, are counted. Now by '
placing a cadmium foil, which has a thermal neutron absorption cross
section of 2250-10,000 barns depending on energy of the neutron,
around the In foil only neutrons above 0.0411 eV will be able to
aCt}vate the indium foil. The exposed foil will be activated by the

fast and thermal neutrons. One may therefore obtain the number of
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neutrons with energy less than 0.041 eV by subtracting the counts

obtained from the In foil covered with Cd from the counts obtained
from the uncovered In foil.

One problem with using indium foils is the high self-
absorption of the reteased y rays. Although there are formuli

derived to correct this problem e

£o= 2 (1-e ™)

S WS
where ’
fS = gelf-absorption factor
W = mass absorption coefficient
s = source thickness

the problem is most easily solved by using foils of uniform thickness.
 Experiments were run to measure the amount of self-absorption in the

indium foils. This is discussed in greater detail in Chapter V.

C. Maximization of Thermal Neutron Flux

t a Predetermined Position

The indium foil is placed at the predetermined position. For
this series of experiments the foil was placed two feet from the center
-Of the target in the direction normal to the plane of the target. Next

a fast flux monitor foil is placed on the target. The target is then

irradiated after the moderator is placed around the target.
.-I B +
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Three basic moderator designs were employed: (1) slabs,

(2) hemispheres, and (3) paraboloids.

Subsection C.l, Paraffin Slabs as Moderators

Household paraffin manufactured by Texaco, Inc, was used
in the slab moderator system. * Thesew slabs measured 2.5" x 5" x .625",

Individual slabs were centered about the target as seen below.

Photograph 3

Slab Moderator System .

The first experiment was conducted with only one slab, The number of
slabs was increased until a maximum thermal flux as indicated by the

number of flux foil counts was obtained,
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Subsection C.2. Polyethylene Hemispherical

Moderators

Four polyethylene hemispherical moderators were precision

ﬁ carved to have wall thicknesses of 1, 2, Ik, and 6 cms. All of the
&

hemispheres had the same internal hollow volume formed by the radius

-
-

of the target cooling jacket. o ® g WPl

Photograph lka

Front View of Polyethylene Hemispherical Moderators
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Photograph U4b

View of Polyethylene Hemispherical Moderators

Subsection C.3. Paraboloid Paraffin Moderators

Again the thermal neutron flux was measured at the same
predetermined position as before.

The paraboloid-shaped moderator was constructed from a
pre-molded "doughnut-shaped" paraffin block and a combination of the
paraffin slabs. This combination was varied in order to determine
the paraboloid shape that gave the maximum thermal flux at the
position two feet from the target. Examples of this .combination are

Sshown in Figure 12.
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Figure 12

Tront and Side Views of the Combinations
of Paraboloid Shaped Moderators




CHAPTER IV

DATA NORMALIZATION AND TABULATION

A, Normalization of the Data

L4
In order that the experiments within a series might be

o«
compared with one another thé data obtained from the experiments were

normalized to conform to a standard experiment°
In the first series of experiments the foils were made
of copper pellets and discs or indium squares. There was no foil
placed at the target in this series of experiments. For the experi-
ments to conform to the standard experiment, the data was normalized
to account for weight and time elapsed between the end of irradiation
and the beginning of the counting. This was done as follows:
Letting

C1 = number of counts/minute obtained from
the foil placed at the pre-determined

position

Wy = weight in grams of the foil placed at

the pre-determined position

T, = time elapsed between the end of the
irradiation and the beginning of the .

counting of the foil placed at the

pre~-determined position

One may normalize for the weight when the standard weight is one gram

by

Cy

Wy’

Cq =

b3




Ly
and for the time elapsed when the time elapsed in the standard experi-

ment is zero seconds by

¢ = of ¥ M/ 3n

where e

T(l)l = half-life of the isotope counted which
3 :
was produced when the foil at the pre-

determined position was irradiated,
Therefore, the data in the first series of experiments is

normalized by the formula

Ci
0o 0.693 T. /T,
Cl Wl e 1 (5)1.
In the second series the thermal flux (< 0.41 eV) was
measured. As discussed previously, the thermal flux was determined

by using a cadmium-indium technique. If the subscripts "a'" and ''b"

are used to denote the indium foil covered one side and on two sides,

respectfully, (i.e.; Cla and Clb’ Wia and Wib, Tla and le, etc.)
~ then the thermal flux may be found by
letting

= number of counts/minute due to neutrons

@]
W
I

with thermal energy (< 0.41 ev)

and thus is given by

C3=¢C/ -¢C

/4
la 1b
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In the third series a foil was placed at the target. This

foil was used to indicate the neutron flux of the accelerator during
‘the irradiation. The counts from this foil were normalized as before;
i.e.,

letting

-

Co = number &f counts/minute obtained from the

foil placed at the target

Wo = weight in grams of the foil placed at
the target

T, = time elapsed between the end of the
irradiation and the beginning of the
counting of the foil placed at the

target,
the normalized counts may be obtained from the formula

Co
¢t = 0693 T2/T(%)2°
2

Finally, the flux from the accelerator was normalized to a
standard number of counts/minute. 1,000,000 counts/minute was selected.
The thermal normalized counts/minute for the foil placed at the pre-
determined position may be obtained by

letting .

Cn = thermal normalized counts/minute for the

foil placed at the pre-determined position

and from the formula
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Ca

= 6
Cn 1l x 10 Cg

c C
- Q=

L w1aeo.,693'1?121/T(%_)1a wlb ‘3‘0,6,,le/T(%)lb

2 1 x 106 la 1b

c
s 2 e0.695 T2/T(_-§_)2

]

o ——
Wo
-

L 4

. The fast normalized counts/minute, Cm,”fdr the foil placed at the pre-

determined position is similarly obtained from the formula

(@]
]
=

b

=

o
V]

'_ wlb 0693 le/'l‘(%)lb
1b

c
2 0.693 T2/T(%)2

Vs

_,_.
I

=1 x 106

B. Data Tabulation

T l., Series I - A table for eagh experiment is given which
| includes a foil identification number, the position defined by an
L: angle and distance from the target, Ci, Ti, Wi, and ci. TFollowing
the table for a particular experiment will be found a graph illustrating
~ the relationship between the normalized counts/minute, ci, and the

position angle.
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EXPERIMENT 1 il
it
Position 1 :
Angle Distance Cl Tl w1 C1 [
l".:i
00 1 105,062 7 1.87 91,708 i
230 17 115,945 10 1.78 131,171
60 1 1,236 13 1.79 154,383
90 1 08,849 15 1.88 161,148 il
120 1 61,978 19 1.66 141,170 il
150 1 47,658 22 1.88 118,247 ,
180 1 20,083 25 -- —-- 4
|
L
"l
T™
1 ! ! 1 1 ! I
00 30 60 90 120 150 180 :
"Angle Position ; ?

GRAPH 1

Fast Neutron Curve for Experiment 1
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EXPERIMENT 2

Angf231t52:tance C1 T1 w1 Cl
00 1 2141 11 0.32 7706
30 1 1906 21 0.33 7564
60 1 1775 31 0.33 8006
90 1 L6475 41 0.33 7564

120 1 1246 51 0.32 7494

150 1 1135 61 0.32 7759

180 1 990 71 0.32 7694

l ! ] | ] I

00 30 60 90 120 150 180

.

Angle Position
GRAPH II ' y

Fast Neutron Curve for Experiment 2




L9
EXPERIMENT 3

. "

EEEE} Angi281tgzztance Cl Tl w1 Cl
18 00 2 2233 8 1.48 2641
19 30 2 2157 10 1.62 3427
20 60 ) 2756 12 1.66 3362
A 90 2 2511 © 14 1.80 3717
Y 120 2 2483 16 1.61 4727
10 150 2 1705 18 1.72 3495
P o 180 2 994 20 1.74 2317

L

I 4 i | % 1 i)
00 30 60 90 120 150 180

Angle Position
GRAPH III

Fast Neutron Curve for Experiment 3
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EXPERIMENT 4

Position
Distance

Angle

Cu
Foil

2716

1.48
.62
1.66

1
1
1

24
26
28
30
32
34
36

749
.916

00
30
60
90
120

o 18
19
20

3490

1

3644
4002

852
882
1095

_121.

.80
.61

6389

<

22

3756
2607

.72

598
365

150

10

74

1.

180 .

)

(==

-~

60 90 120 150 180
Angle Position

30

00

GRAPH IV

Fast Neutron Curve for Experiment 4
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EXPERIMENT 5

In Position "
I Foil Angle Distance 1 1 1 1

24 00
26 30
28 60
30 90
32 120
34 150
36 180

12,590 13
- 15,398 23
15,932 33

. o
14,669 43
11,973 53
9,615 63
5,443 73

.33 45,079
34 60,838
.32 76,041
.32 79,600
.32 73,866
.34 63,474
.30 46,800

Tl Gl el i G [y (e
O |O |0 o |o |0 o

100 +

W
(o)
I

o~
(o)
|

30

3 1 1 L } | §
00 30 60 90 120 150 180

Angle Position
GRAPH V

Fast Neutron Curve After Moderation
By 6 cm Polyethylene Hemisphere,
Experiment 5 .
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EXPERIMENT 6
Position "
Angle  Distance Cl Tl w1 C1
00 3 <3977 13 0.32 14,684
20 3 3807 23 0.32 15,981
30 3 3411 33 0.32 16,281
40 3 1049 138 0.32 19,263
60 3 3031 53 0.33 18,133
80 3 2669 63 0.31 19,326
90 3 2397 73 0.32 19,116
100 3 2074 83 0.32 18,803
120 3 1779 93 0.32 18,338
140 3 1478 103 0.32 17,322
150 3 1321 113 0.33 17,070
160 3 1210 123 0.33 17,776
180 3 928 133 0.33 15,500
20,000
c]
18,000 @
16,000 / °
14,000
112,000 GRAPH VI
Fast Neutron Curve After Moderation
Em,OOO By 6 cm ?olyethylene Hemisphere,
Experiment 6
8,000
- 6,000
4,000
1 2,000

I I\ 3

00

20 30 40 60 80

90 100 120 140 150 160 180

Angle Position
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2. Series II

A table for each experiment is given which

Includes a foil identification number, the position defined by an
e , W_., C

la’ Tla’hqlaﬁ 1b’ le’ w1b’

nd C3. Following the tab}e for each experiment will be a graph

[1lustrating the relationship between C
«

jngle and distance from the target, C

3 and the position angle.
L

EXPERIMENT 7 - ' -

{ ] | 1 | 1 i

00 30 60 90 120 150 180

Angle Position

Position

Angle Distance  Cla  “1a Y12 °1» Ty Yip €,
00 1 3920 6 0.31 2141 11 0.32 5952
30 1 3654 16 0.32 1906 21 0.33 6458
60 1 2972 26 0.31 1775 31 0.33 5378
90 1 2716 36 0.32 1475 41 0.33 5908
120 1 2509 46 0.33 1246 51 0.32 6227
150 1 2035 56 0.31 1135 . 61 0.32 5709
180 1 1857 66 0.32 990 71 0.32 5844

GRAPH VII ik el
+ Thermal Neutron Curve for Experiment-T, - st
O O
= 5 5 m
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EXPERIMENT 8

AngiZSItgzztance Cla Tla wla Clb le w1b C3
[ 00 1 354,855 ] 8 0.32 12,590 13 0.33 79,084
30 1 47,350 18  0.32«¢ 15,398 23 0.34 125,581
.60 1 53,500 28  0.31 15,932 33 0.32 171,159
Li 90 1 49,749 38  0.32 14,669 43  0.32 173,578
r.120 1 38,780 48 0.30 11,973 53 0.32 165,471
150 1 29,452 58 0.32 9,615 63 0.34 130,270
180 1 16,811 68 0.32 5,443 73 0.30 79,431

160

t1'40

GRAPH VIII

Thermal Neutron Curve After Moderation
By 6 cm Polyethylene Hemisphere,
Experiment 8

| 1 3 t 3 1

00

30 60 90 120 150 160
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] i | 1 i ! } |
40 60 80 100 120 140 160 180

Angle Position
GRAPH IX

Thermal Neutron Curve After Moderation
By 6 cm Polyethylene Hemisphere,
Experiment 9
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%. Series III - The third series may be divided into three
»rarts. The first part dealt with determining the thermal neutron
:ounts at various positions about the accelerator target, which has
seen moderated by differeng size polyethylene hemispheres (See
figure 14). Data tables for the foéur %fperiments in this part given,
ind then followed by graphs for the data. It shou}d be noted that
the data is corrected for a standard copper disc placed at the target.
fhe graphs also contrast the fast and thermal counts for each experi-
nent.

The experiments in the second part illustrate the change
in thermal flux detected when the size and shape of the paraffin
noderators is altered. Four subseries of experiments representing
’>asic changes in paraffin moderator shape are included in this pért.
fhe diagrams for each subseries experiments are followed by data
tabulation and a graphical representation of the thermal count
telationship among the experiments in the subseries. Again the data
is normalized to the counts of a standard copper disc placed at.the
target.,

Six subseries are included in part three. Each subséfies
fepresents a basic moderator design. Some of the series includeé
in part two are repeated, except that a Teflon strip is used to
ormalize all the data., This is in contrast to the copper disc.
Jne of the subseries illustrates the change in thermal counts after
the thermal neutron beam has been collimated. As before, diagrams

3f each experiment in a subseries are presented, followed by tabulation
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£ the data, and a graph illustrating the neutron count changes

mong the experiments.

Finally data representing a duplicated experiment is

resented. A graph comparing the jdentical experiments run at dif-

ents might be determined.




SERIES III
Subséction 1,

Different Dimension of Hemispherical

Polyethylene Moderator

29
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SERIES III

Subseries 2

Part a

EXPERIMENTS 1k4-20
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: Figuré 17 66 é
Experiment 14 !
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CHAPTER V

DATA ANALYSIS

As stated previously, three series of experiments were run,
The first series had three objectives:
(1) to deterfiine the importance of the deuterium beam

positioning on the tritium target wisth regard to fast neutron distri-

bution produced by the irradiation of the target.

(2) to obtain the fast neutron distribution before any
moderating media, other than the target assembly, was placed around
the target.

(3) to determine the effect on fast neutron distribution
by hemispherical hydrocarbon moderators.

The second series of experiments dealt with similar consi-
derations as the first series, except that thermal neutrons (neutrons
with energy less than 0.4l eV) were considered. The objectives
included:

(1) to obtain the thermal neutrom distribution before any
" moderating media, other than the target assembly, was placed aro;nd
the target.

(2) to determine the effect on thermal neutron distribution
by hemispherical hydrocarbon moderators.

Finally, the third series of experiments dealt with developing
a moderator design that maximized the thermal neutron counts at a pre-

determined position about the target. The third series has been

10O




1ol

divided into three subseries. The first two subseries make use of a
copper disc as the target foil, while the final subseries uses a
Teflon strip.

The positioning of the indium foils was predicated on the
considerations of:

(a) statistical accuracy in number of counts obtained

from the irradiated foil, &

(b)- need for space to place different sized moderator
designs, and

(¢) reduction in geometry errors introduced in determining
the center of the deuterium beam striking the target and the position-
ing of the indium foils.

As a result of these considerations the position selected
in the first subseries was three feet from the target in the direction
of a normal from the center of the irradiated target, In the second
and third subseries, the position was two feet from the target in the
direction of the normal described above. The only exception was
Part d of the third subseries in which fast and thermal neutron
distribution after collimation of the neutron beam was studied. In
that part the position was eight feet from the target in the direction

v

of the same normal.

A. Consideration of Target Foil Material

1. Copper Foils - As discussed in Chapter III the particular

reactions of interest when irradiating the copper foil are:
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cu®3(n,2n)cu®2 and Cu®®(n,2n)cu®*. Both Cu®2 and Cu®4 are unstable

and decay by position emission. Then emitted positions annilate
producing two 0.511 MeV photons. It is these photons which are detected
by the NaI(Tl) scintillation counter. With such a counter it is not
possible to distinguish-between the photons produced by the Cu®2 and
cu®4. However for delay times‘iess 4han thirty minutes, it can be
assumed that the majority of the photons are produced from the
cu®3(n,2n)Cu®® reaction.

This assumption is based on the fact that the copper disc
contains T0% Cu®3 and only 30% Cu®®. Also, the total absorption
cross-section of Cu®® is 4.5 barns, and that of Cu®® only 2.2 barms.
Finally, the Cu®2 decays at a more rapid rate (halflife of 9.9 minutes)
than Cu® (halflife of 12.9 hours).

This relationship between the number of photons produced
by Cu®2 versus Cu®4 is important because the normalization of the
data is based on the assumption that all the photons were produced by
the decay of Cu®2, Therefore, when the assumption loses validity
the normalized data must be suspect. The longer the delay time the
less valid the assumption. This fact must be considered in anglyzing
the data. ‘

For an example illustrating the interference caused by the
decay of Cu®* compare Experiment 3 with Experiment L. These are

identical experiments except for the increase in delay time in

Experiment 4.
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= - Experiment L

0 - Experiment 3

I} i 1 | i

ul
0 30 60 90 120 150 180

Normalized Counts (in thousands)

Angle Position

Figure 50
The Importance of Delay Time When Using Copper Foils as
Illustrated by Comparison of Experiment 3 with Experiment L.

The foils were irradiated at the same time. Then the foils

were counted, starting with the foil at angular position O and ending
at position 180. After the foils were counted once, the foils were
counted again in the same order as before. This second count com-
prises the data in Experiment L.

The normalized data is statistically within two standaxrd
deviations for angular positions O and 30. However the deviation, is

greater for all other angular positions. The amount of deviation is

expressed more clearly in the following table.

! | ' ! '|
ANGULAR POSITION o | 30 } 60 | 90 | 120 | 150 ‘ 180

DIFFERENCE IN o~ 1.5| 1.4 | b9l k.61 21| bk 6.0
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The great discrepancy at angular position 120° clearly
indicates the large error that can occur when using copper foils,

The primary advantage of using copper foils is the large
number of photons produced with only a small copper foil. This allows
the experimenter greater flexibility in designing his experiments.

He may place the foils at great‘distaﬁces from the source and still
produce enough photons so that statistical error i& not a problem.

He may also make use of small foils., This will aid if geometry con-
siderations are important. In fast neutron detection, the copper foil
has the advantage of a high threshold energy (11.01 MeV) for the
Cu®3(n,2n)Cu®2 reaction. This fact implies that there will be few
photon produced by scattered neutrons activating the copper foil.
Therefore, non-uniform scatter introduces little error in fast

neutron determinations.

2. Fluorine Containing Foils - The reaction of primary
interest is F*®(n,2n)F*®. As do the Cu®2 and Cu®%, pl8 decays by
Positron emission. The resulting photons are then counted. The.
advantage of using fluorine containing materials is that there is only
one stable isotope of fluorine. Therefore, there is no interferénce in
the photon counts by the decay of other isotopes, provided the otﬁer
materials in the foil don't result in photon pfoduction upon decay.

As for copper, the threshold of the F'®(n,2n)F'8® reaction
is high (threshold of 10.99 MeV). Thus, primarily only photons pro-
duced by unscattered neutrons will be detected. As stated before, this

Teduces the error due to non-uniform neutron scattering.
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The fluorine containing material selected was Teflon. This
material was selected because of ready availability and it contained
an appreciable amount of fluorine. Teflon had another advantage in
that it could be easily cut to the size desired.

The primary aisadvanFage to Teflon is the inconsistency of
the chemical composition froé batch to batch and from one manufacturer
to another. For this reason care must-Be taken to use Teflon from
the same maﬁufacturer and from the same batch. This was done in
selecting the Teflon for the experiments run,

The use of Teflon has other disadvantages. The total neutron
absorption cross-section for fluorine is 0,09 barns. This means that
fewer photons will be produced than with copper foils of the same size.
Also the amount of fluorine in the Teflon strip is less than 70% of the
amount of Cu®® in a copper foil. This too would result in fewer
photons produced than a copper foil. Therefore, the flexibility in
designing the experiments is restricted. These disadvantages can be
overcome because of the long half-life of F*8 (half-life of 110 minutes).
The long half-life allows one to take long photon counts withoﬂt
having to worry about interference in the photon counts, as occurs

when using copper foils. .

3. Conclusions As to Foil Use ~ Copper foils are desirable
when the fast neutron flux produced by the accelerator is small at
the point where the foil is placed. This would mean at distances far
from the accelerator target. This advantage is overshadowed, if the

time delay before counting is greater than thirty minutes (about
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three half-lifes of Cu®2), by the interference caused by the Cu®* decay.
In this case fluorine containing materials result in more accurate
normalized data., Teflon is not the best fluorine containing material

available because of the inconsistency in its production.

4

B. Consideratign of Series I Objectives
- [

l, Importance of Deuterium Beam Position - In Experiment 1
the deuterium beam was not centered on the target. The exact position

is seen in photographs.

1 min. 30 sec,

2 min.

Photograph 5

Neutron Radiographs Taken with 30, 60, and 120
Second Exposures Indicating the Position of the
Deuterium Beam on the Target in Experiment 1
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From the photograph it appears that the deuterium beam was
‘below and to the right (when facing the target) of the center of the
target. The relationship of the beam to the angular position of the

copper foils is seen in figure 51 below:

4

Neutrons /

Figure 51

Spacial Relationship Between the Deuterium Beam
and the Angular Positions of the Copper Foils
An examination of the graph for Experiment 1 indicates more
fast neutrons were detected from angular positions 300 to 900, than
from 90o to 1500. The results of this experiment indicate the impor-
tance of the positioning of the deuterium beam. ‘
It should be noted that in none of the data obtained was the
time delay greater than thirty minutes. In fact the largest time
delay was at position 150o and it was for only 22 minutes. Thus, the

interference from Cu®® decay should not be a factor.
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The data from Experiment 2 is in accord with Experiment 1. In

this experiment the deuterium beam was focused closer to the center of

the target as seen in photograph § below

30 sec.

L min.

2 min.

Photograph 6

Neutron Radiographs Taken with 30, 60, and 120
Second Exposures Indicating the Position of the
Deuterium Beam on the Target in Experiment 2

There is very little change in the fast neutron distribution,

but perhaps slightly more fast neutrons detected in the 300 to 90o

region, than the 90o to 120° region.

Experiments 3 and i again amplify the proposition that the

positioning of the deuterium beam is important in the fast neutron
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distribution. In these experiments the deuterium beam has been focused
above and to the left of the target center as seen in photograph 7
below.

1 min. 30 sec.

2 min.

Photograph 7

Neutron Radiograph Taken with 30, 60,” and 120
Second Exposures Indicating the Positions of the
Deuterium Beam on the Target in Experiments = and L

-

. o 0
As expected more fast neutrons were detected ia the 90 - 150

o s . o o} . s
Tegion, than in the 30 - 90  region. This is clearly seen from the

graph of Experiment 3.
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From these four experiments this author concludes the position-
ing of the deuterium beam is important. This merely reinforces a

similar conclusion by E.G. Andresen.3%

2. Preferred Apgle Considerations when No Moderator Present -

As stated in Chapter II, earlief authors have concluded that there is
3 ©

no preferred angle when no moderator is. present. In particular
Kenna and Conrad®® noted the fast neutron flux was lower at angular
positions 0° and 1800, due to absorption, scattering by the target
assembly.

An examination of the normalized counts in Experiment 2 would
indicate that the earlier 1iterature is correct, There was very little
change in fast neutron distribution. The difference that does exist

can be explained by the fact that the deuterium beam was not centered.

3. Effect of Hemispherical Hydrocarbon Moderator on the Fast
Flux Distribution Moderation - In light of the results obtained in
the first four experiments the dueterium beam was centered on the

target as seen in photograph 8

34Andresen, Ibid., p. 83.

35Kenna, B.T., and F.J. Conrad, Ibid., p. 564-6.




Photograph 8

Neutron Radiograph Taken with 10 Minute Exposure
Indicating the Position of the Deuterium Beam on
the Target in Experiments 5 and 6

(30 second irradiation; 10 min. exposure)

Another change was made in the next two experiments. Indium
T foils, instead of copper foils were used. This eliminates the time
delay problems experienced with the copper foils.

The difference between Experiment 5 and 6 is the distance of

the indium foils from the target. In Experiment 5 they were placed
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one foot away, but three feet in Experiment 6. In both experiments
a six centimeter polyethylene hemisphere was used on a moderator. It
was shaped so that it fit over the target assembly and aligned its

edge with the target plane (see figurc 52).

Polyethylene
Hemisphere

Target

Figure 52

The Position of the Six Centimeter Polyethylene
Hemisphere Moderator on the Target
Assembly With Relationship to
the Target

The decrease in fast neutrons at angle positions 0° and 180°
and the rather flat curve from 60°-120° indicate, when contrasting with
the flat curve of Experiment 2, that fast neutrons have been deﬁlected
£rom 0-30° to 60°-90° and from 150°-180° to 90°-120°. The symmetrical
curves of both Experiment 5 and 6 indicate the scatter from the

polyethylene was uniform.,
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C. Consideration of Series II Objectives

1. Thermal Neutron Distribution Without Moderator - Experiment
T is the thermal ncutron distribution obtained at the same time as the
fast neutron distribution in Experiment 2, As in the former experiment

.
no moderator, other than the target assembly, was used.
. -

As seen from the graph of Experiment T thg_thermal'neutron
distribution curve is relatively flat. This indicates that the target
assembly does not effect the fast neutrons to any great extent. The
data may also be taken as an indication that backscatter from the floor,

walls, and other material near the accelerator is not a serious problem

in thermal neutron distribution determinations.

2. Thermal Neutron Distribution With 6 cm Hemispherical
Polyethylene Moderator - Experiment 8 is the thermal counterpart
of Experiment 5, as is Experiment 9 of Experiment 6. As in both
former experiments the six centimeter hemispherical polyethylene modera-
tor was employed.

Comparisons between the fast and thermal neutron distribution
curves of the counterpart experiments (see graph XXIII and graph XXIV)

reveal several interesting facts.
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First, the closer the foils were placed to the target the more pro-
nounced an increase in thermal neutrons at the angle position 900.
This is seen clearly by comparing the thermal neutron curve in
graph XXIII with that in graph XXIV. The slope of the thermal neutron
curve in graph XXIII ig greater than that of graph XXIV indicating
a more rapid increase in therﬁai newtrons detected at angular position
900. Another interesting fact is the large number of fast neutrons
which have not yet been thermalized. This suggests that moderaﬁor
designs with thicknesses greater than six centimeters will be needed
to maximize the thermal flux at a point. This will be discussed further

in subsection 1 of Series III.

D. Consideration of Series III Objective

1. Subseries 1. Different Dimension Hemispherical Polyethylene
Moderators - Experiments 10-13 illustrate the increase in thermal
counts as larger hemispherical polyethylene moderators were placed in

front of the target. (See graph XXV).

0 - Experiment 13
hooo es -~ Experiment 12
3000 |- A - Experiment 11
o - Experiment 10

2000 - /O‘_—r:-—
1000 | . S
o

J
0 30 60 90
Angle Position
GRAPH XXV
Relationship Between Thermal Neutron Counts
and Dimensions of Hemispherical Polyethylene Moderators

Counts per Minute
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The flatness of the thermal neutron curve in Experiment 10
(no moderator) indicates that the deuterium beam was centered reasonably
well on the accelerator target. However, the beam may have besn moved
off center on the subsequent experiments. The difficulty of getting
the tightly fitting pofyethylene spheres around the target may have
P

. w
resulted in moving the target. If so, this would account for the

decrease in thermal counts observed at éOo in Expe&iments 11 znd 13,
and only a small increase in Experiment 12,

Two things may be noted from this subseries of experiments.
First, the number of thermal neutrons increased as the size of the
moderator increased. It also appears that the maximum increase in
thermal neutrons has not been rcached with the largest (6 cm) poly-
ethylene hemisphere. Secondly, the observed number of fast neutrons
increased with the increase in moderator size. This indicates that
more of the fast neutrons are being moderated to lower energies (but
still above 0.kl eV) where the absorption cross-section of the foil
becomes greater. Thus the foil is activated more by the greater

number of slower fast neutrons.

2. Subseries 2(a). Side and Back Block Wax Moderators -
This subseries of experiments (14-20) was designed to obtain z rough
approximation of how many of the fast neutrons originally scattered in

directions other than to the foil might be moderated and scattered

back to the foil placed two feet from the center of target.
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The data (See graph XIV) indicates that T.5 inches of
paraffin along side the target results in the makximum number of thermal
neutrons scattered back to the foil. When a fourth block of paraffin
was placed along side the target (Experiment 18) the number of thermal
neutrons observed decreaéed. It is believed, although not proven,
that the fourth paraffin blobk‘modergted the neutrons to an energy
low enough to result in a greater number of the neutrons being absorbed.

Next, fast neutrons originally scattered away from the back
of the target were thermalized and scattered toward the foil. This
was done in Experiment 19-20, (See figures 21 and 22). The results
indicate that two blocks of paraffin around the accelerator tube
results in the largest increase in thermal neutrons at the foil, Cn'

Because of only a small increase in Cn in Experiment 20 from
Experiment 19 it was felt the addition of a third layer of paraffin woul:
not do much good. Support for this assumption is found in the fast
neutron data, C - There was only a small increase (54,375 versus
51,88l) in the fast neutron count. This indicates that there was
little increase in moderation of fast neutrons. '

Because copper foils were used at the target to normalize
the data, the assumption that all counts resulted from the Cu®3(p,2n)cu®-=
reaction must be examined.

Since Ty, time elapsed before copper target foil counted,

was greater than 31l minutes for all experiments the above mentioned

assumption is not as valid as would be desired. Furthermore, T, was
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not the same for each experiment. Thus the degree of error varies
among the experiments.

For the above reasons this subseries of experiments has been
repeated using the Teflon target foils. For these results see

Experiments 27-33 in Subseries 3 (a).

o«
«

3. Subseries 2 (b). Paraffin Slabs as Moderato£ in Front
of Target - 1In Experiment 25.one paraffin slab (2.5" x 2.5" x %")
was placed before the target, while three slabs were used in Experiment
26 (See Figures 23 and 2), The data indicates a sharp decrease
(471,664 to 70,713) in thermal neutrons observed when three slabs
were placed in front of the target.

One possible explanation of the decrease is that the three
slabs moderated the fast neutrons enough to allow them to be absorbed
by the side paraffin blocks. Also fast neutrons first scattered into
the side paraffin blocks may be absorbed when they are scattered back
into the front paraffin slabs.

Again caution is urged in the exactness of the magnitude of
difference. This caution results because of the use of copper foil at

the target to normalize the data.

4. Subseries 2 (c). Paraffin Slabs in Conjunction with a
Second Paraffin Block in Front of the Side Paraffin Blocks - A layer
of paraffin blocks was placed in front of the side blocks mentioned
earlier. Then experiments were run with different numbers of paraffin

blocks placed in front of the target.
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The purpose of this subseries was twofold: (1) to determine
if the results from experiments 25 and 26 appear valid and (2) to
determine the effect of the extra paraffin layer in front of the
other side paraffin blocks.

Once again it must be noted that copper target foils were
used. . | o

As graph XVII clearly indicates, there was a marked reduction
when more than two paraffin slabs were placed in front of the target.
This supports the earlier findings that three slabs greatly reduces
the thermal neutrons observed.

From this subseries of experiments little could be found
about the effect of the extra paraffin layer placed in front of the

side paraffin blocks. In Experiments 34-37 the effect is studied

in more detail.

>. Subseries 3. Use of Teflon Target Foils to Correct
Data Normalization Problem - Because of the uncertainties raised by
the use of the copper target foils most of the conclusions reached were
tested again, where a fluorine containing material (Teflon) was used
as target foil.

In Part a (Experiments 27-33) the optimum number of side
paraffin blocks was determined again. Once determined, the optimum
number of rear paraffin blocks was next found for the configuration of
interest.

Part b (Experiments 34-37) examined in more detail the effect

of adding a paraffin layer in front of the side paraffin blocks.
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The effect on thermal neutron production caused by the
addition of paraffin blocks in front of the accelerator target was
examined in Part ¢ (Experiments 41-15),

Moderator effects after collimation of the thermal neutrons
was studied in Part d ?Experimgnts 38-40).

-

Finally, in Part e (Expe;iments L6-h9) different parabolsid

shaped paraffin moderators were placed around the éccelerator tarz=t.
It should also be noted that several experiments (32, 3¢, and
42) were repeated in order that the reproducibility of the data mizht

be examined. This will be dealt with in the concluding remarks.

(a) Part a. Optimizing Side and Rear Paraffin

Moderators with a Teflon Target Foil

As before, when the copper target foils were used, littls
difference in the thermal neutrons observed could be detected whern
three or four block layers of paraffin were placed around the tarzat
(See figures 31 and3p ). However, this time an increase rather tkan a
decrease resulted. It was possible that the paraffin blocks miéh:
have been arranged in slightly different alignments to the target.

A difference in alignment could have accounted for the increase iz
counts when four blocks were used. Since this increase (7,598,63< to
7,570,020) was so small (only 0.4%) a layer of three blocks thick=sss

was considered optimum when other factors such as size, bulk, and

support requirements were considered.
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Contra to what the results indicated when copper target foils
were used, a layer of three blocks of paraffin behind the target
resulted in a substantial increase (6% if compare Experiment 32 with
Experiment 31; 20% if compare Experiment 33 with Experiment 31) in

thermal neutrons observed. These experiments demonstrate the advantage

«*

of using fluorine containing materiils as foils, rather than copper

foils.

(b) Part b. Consideration of a Second Layer of

Paraffin Along Side the Target as

A Moderator

When the data from Experiments 3l -37 (with second layer) are
compared with data from Experiments 32-33 (without second layer) there
appears to be no increase to the number of thermal neutrons observed,

In fact there is a decrease (See graph XXVI below):

Experiment %2 has been

averaged with 33
10 Experiment %6 has been
§ o averaged with 37
3~ 8L
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32,33 36,37 35 34
Experiment Number
GRAPH XXVI

Effect of Second Side Paraffin Layer on the
Number of Observed Thermal Neutrons
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(c) Part c. Optimization of the Number of

Front Paraffin Slabs

One to four slabs were tested in Experiments L1-45, The
data indicates that three slabs resulted in the maximum observed thermal

o
neutrons,

o«

This data also is an ingicat%on of the effect using a second
side layer of paraffin, and a back layer of paraféin in the moderator
design. In Experiments 25 and 26 when no back or second side layer
was used the data clearly indicated a decrease in observed thermal
neutrons when three slabs were used. However, Experiment Ll which has
a back layer shows an increase in observed thermal neutrons. This
increase must be attributed to neutrons scattered from the back layer
and thermalized by the three front paraffin slabs. On the other 'hand,
Experiments 21-24 which had both a back and second side paraffin layer
a decrease when more than two front slabs were used. This decrease
must be attributable to the front layers if Experiments 41-45 are
accurate.

The data from Experiments 41-45 is believed more accurate for
several reasons. There is no copper target foil error as is found in
Experiments 21-24, Secondly, the data in Experiment 42 was reproduced
fairly closely by Experiment 43, When it is considered that these two
experiments were run on different days, and after the moderator struc-
ture had been torn down and then reconstructed, the 11% difference in

the normalized data appears acceptable. Therefore three front paraffin

slabs appear to be the optimum number.
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(d) Part d. Use of Different Moderator Designs

And Collimation of Thermal Neutrons

As stated in the introduction neutron radiography requires

P
a collimated beam of thermal neutrons. This series was designed to

-

. -
determine if the increase in observed thermal neutrons at a distance

of two feet in front of target resulted in an incréase in collimated
thermal neutrons.

From previous neutron radiography work®” a suitable collima-
tor consisted of a water (or oil) tank with a tube running through it
where thermal neutrons could pass (See figures h3-h5). The tank was
six feet square and the pipe had an inside diameter of four inches.

The moderator designs selected were those of Experiment 43
(figure 40), Experiment 45 (figure 42), and one similar except with
six paraffin slabs in front of the target.

As expected there was a decrease in the observed collimated
thermal neutrons as the number of paraffin slabs increased. The
relationship between the decrease in observed thermal neutrons and

observed collimated thermal neutrons is seen by the following table:

57 Private Communications with Dr. Frank A. Iddings in August, 1959
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NUMBER
OoF OBSERVED OBS=ZRVED COLLIMATED
SLABS THERMAL NEUTRONS TH=ZRMAL NEUTRONS
2 10,938,389 362,257
4 10,332,795 349,808
6 , — 313,407

-

TABLE III B

RELATIONSHIP BETWEEN OBSERVED AND OBSERVED COLLIMATED T=ERMAL NEUTRONS

There was a 5.5% decrease in the observed thermal neutron count when
four slabs, instead of two, were used, For the observed collimated
thermal neutrons there was a decrease of 3.4%. The closeness of these
figures indicates that a dire;t relationship does exist between observed
and observed collimated thermal counts. Therefore an i-acrease in
observed thermal neutrons due to a moderator design sheculd indicate

an increase in the collimated thermal neutrons, although it is expected

that the increase will not be as large percentagewise.

(e) Part e. Paraboloid Shaped Moderator

A cylindrical mold was made in order to shape a moderator

\

in the form of a doughnut (See figure 53 below):

Figure 53

Dougihaut Shaped
Parafrin Moderator
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Experiment 46 (only doughnut shaped moderator) indicates

;‘!:

that the doughnut shaped moderator gives results of the magnitude
obtained when a side paraffin layer of two block thickness was used.
Experiment U7 was designed to simulate Experiment 43. Data
from 47 was 13,162,8%1 observed thermal neutron, while from 43 the
observed thermal neutrons were 10,938,389. With this difference
known comparisons can no& be mad; between the paraboloid shaped
moderators and other moderator designs studied.
The results from Experiments 48 and L9 indicate a substantial

increase (50%) over the best results from previous moderator designs

(See Experiment LL),

(£). Reproducibility of Data.

In order to test the accuracy of the data three experiments
were run a second time. In each case a time period of 24 hours had
passed, the moderator structure from the original run had been torn
down and then restructured, and different Teflon target foils as
well as different indium foils were used. The results are summarized
in Table 3% below.

ORIGINAL REPRODUCED d,

/0
EXPERIMENT EXPERIMENT ORIGINAL REPRODUCED ' CHANGE
NUMBER NUMBER c, c
n
%2 %3 9.08 x 108 10.33% x 108 13 ’
36 37 9.11 x 106 8.62 x 106 5
Lo 43 9.87 x 108 10.94 x 108 1L
TABLE 1V

REPRODUCIBILITY OF EXPERIMENTS
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when considering that the moderator structure had to be rebuilt a

change of 13% is excellent,




CHAPTER VI

CONCLUSIONS

Most experimentation to this date has centered on health
pPhysics considerations., There was more interest in how much moderator
was needed to absorb the<neutrons. No experimental data has been
found on moderator designs for‘a;celsmator which purpose has been to
thermalize and not absorb the neutronse- Thus thisfexperimental study
is the first to approach the problem of selective moderation for
accelerators.,

The results from this study indicate a paraboloid shaped
paraffin moderator leads to more thermal (< 0,041 eV) neutrons being
located at a point two feet directly in front of the accelerator
target, than with other shape moderators.

It is emphasized that the moderator designs tested in this
study were only basic in structure. No attempt was made to achieve
exact optimization in a particular design. For this reason much design

needs be done to determine the utility of the moderator designs in

neutron radiography applications.

1oy
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