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ABSTRACT

The subject of this thesis is to provide a cohzrent picture of the
components and methods involved in neutron radiography, that is by now a

proven technique in non destructive testing.

Having presented a detailed picture of the principles related to
neutron vadiography, design and construction of a neutron radiographic ca-

mera, contalning a 241 aAp - Be neutrcn source hzs beer developed.

In the first chapter the methods and components of a meutron radio-

graphy unit has been described.

In chapters two, three, four and five the components of neutron ra-

diographic facility has been considered in a detailed zanner.

In chapter six the design of a neutron radiographic camera has been
considered and some theoretical methods have been applied to determine the

thermal neutron distribution and the dose rates.

Finally, construction of a neutron radiographic camera and discussion
of prospects on this topic and applications have been presented in the last

section.
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OZET

Bu calismanin konusu, tahribatsiz muayene teknikleri arasinda de-
nenmis bir ydntem olan ndtron radyografisi prensipleri ve bilegenlerinin

detayl: bir big¢imde sunumudur. :

Nétron radyografisi tekniginin ayrintili tanitimindan sonra

—_

2éﬁ-—Be ndtron kaynafi iceren bir ndtron radyografi kamerasinin tasarim ve
vapimi gerceklestirilmistir.

Birinci b3liimde bir ndtron radyografi iinitesinin davandigi ydntem
ve bilegsenler tamitildiktan sonra 2, 3, 4 ve 5 ci bBliimlerde bdyle bir lni-
tenin ayrintilari incelemmigtir. Altinci bSliimde kamera tasarimi amaciyla
termal ndtron dagilimi ve doz hesaplamalari igin gerekli teorik ydntemler
uvgulanmigtir. Son b&liimde ise, bir ndtron radvografi kamerasinin vapimi ve

mihtemel uygulamalar agisindan degerlendirilmesi yapilmistir.
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CHAPTER 1
INTRODUCTION
1.1. The Discovery of Neutron and Its Properties

Neutron was discovered by Chadwick in 1932 when he was investigating
the nature of a highly penetrating radiation which resulted when alpha
particalesfrom polonium were allowed to bombard beryllidam. At that time Bothe
and Becker in Germany and Joliet-Curies in Paris were also searching the
nature of this highly penetrating radiation. They assumed the beryllium

radiation to consist of highly penetrating garma rays.

However there was a problem, such that tke protons produced by the
beryllium radiation allowed to bombard paraffin, possesed an energy of
approximately 5-7 Mev and the computed value to produce recoil protons:
with such energy would require incident gamma rays of approximately 55 Mev.
So it could'nt be explained how such a high erergy gamma ray could be
produced by beryllium, bombarded with polonium alpha particles having

energies of approximately five Mev.

Chadwick reasoned that momentum and energy must be conserved. In this
reaction, so that, if the unknown radiation ccnsisted of particles havine
a mass of approximately that of proton, then zll of the problems disappeared.
Then he explaned the nature of the beryllium radiatioa as an uncharged

particle known as neutron and having a mass slightly higher than proton.

As already indicated, the mass of neutrom is slightly higher than
that of proton, i.e. 1.00807 atomic mass unit, and it possesses no electrical
charge. Keutron is an unstable particle with a half life of 12 minutes when
it's free from nucleus, and it decays in to a protom, an electron, and a

neutrino.

Since neutron carries no charge, it is unaffected by electrostatic
fields. Therefore neutrons can easily penetrate the electronic claud

surrounding the nucleus and interract directly with the atomic nucleus.



The probability that a nuclear reaction will occure between mneutron
and nucleus 1s measured by its cross section. The unit of microscobic cross
section is darn and measured in areal dimensions, i.e. 1b= 10-24cm2. The
total cross section is equal to the sum of the absorbtion 3a and scattering
cross section, which are elastic and inelastic, &g,and varies with the
incident neutron energy, and the nuclear structure of the target nucleus.
THe reaction types between neutron and nucleus will be explained with more

detail in the shielding section.

Neutrcas are classified in to a number of groups according to their
energies. The energy groups and the properties of neutrons in these groups

are presentad in Table 1.1.
1.2. Neutron Radiography History

Neutron radiography was began shortly after Chadwick's discovery of
neutron. Routine radiography began to take place after the first thermal

reactor went critical, in the 1960's and 1970's.

The first investigation about neutron radiography was performed in
Germany by Xallman, and Khun using small accelerator-type neutron generator.
They and other workers, such as Peter in Germany, Thewlis and Derbyshire
at Harwell showed that neutron radiography has some advantages over x-

radiography for sepacial and difficult inspection problems.

After the development of available neutrom sources, neutron radiography
was mostly donme in research centers, and came in to real use in the inspec-—

tion of nuclear fuel.

Around 1970's some of neutron radiography centers were opened in U.S.A.
and European countries, so that outside industries could send them any item

they wished to have neutron radiographed.

Then scme standards were established, as neutron radiography took its

place along side other non destructive testing techniques.

Now, centers with considerable needs for neutron radiography are
beginning to éurchase and optimize their own radiography facilities for

their own work scatteced around in the world. In addition some trends are



TABLE 1.1. Neutrons Classified According to Energy (2)e

Term : Comments Energy range
Slow , 0.00eV to 10°eV
Celd Materials possess high cross-sections

at these energies, which decrease the Less than 0.01 eV

transparency of most materials but also
increase the efficiency of detectionm.

A particular advantage is the reduced
scatter in materials at energies below
the Bragg cutoff.

Thermal Produced by slowing down of fast neutrons 0.01 eV to 0.3eV
until the average energy of the neutron
is equal to that of the medium. Thermal
neutrons provide good discriminatory
capability between different materials;
sources are readily available.

Epithermal Produced at energies greater than thermal, 0.3 eV to 104eV
e.g. fission energies and surrounded by a
moderator. Neutrons are slowed down until
they have energies in thermal equilibrium
with the moderator molecules. At any loca-
tion where thermal equilibrium has not
been achieved the distribution of neutron
velocities will contain velocities that
exceed that permitted by a Maxwellian
distribution of the moderator temperature.
Such neutrons are referred to as epithermal
neutrons.

Resonance Certain nuclei exhibit strong absorbtion 1 eV to 102eV
characteristics at well-defined energies
called resonance absorptions. Neutrons
in these specific energy ranges are
referred to as resonance neutrons and
provide excellent discrimination for
particular materials by working at
energies of resonance. Greater transmis-—
sion and less scatter occur in samples
containing materials such as hydrogen
and enriched reactor fuel materials.

Fast Fast neutrons provide good penetration, 103eV to 20MeV
Good point sources of fast neutrons
are available. At the lower energy
end of the spectrum fast neutron
radiography may be able to perform
many inspections performed with
thermal neutrons, but with a panoramic
technique. Poor material discrimination
occurs, however, because the cross—
sections tend to be small and similar,

Relativistic >20 MeV
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developing to look beyond the capabilities of a straight forward thermal
neutron radiography (2).

1.3. Basic Types of Applications of Neutron Radiography

To understand the capabilities of neutron radiography applications
it will be useful to view the capabilities of meutron radiography in
comparison with that of x-radiography, this is becauée, neutron radiograp
and x4 radiography are similar in the principle of their techniques. From
Figure 1.1 one see that thermal neutrons show a random attenuation pictur
with regularly increasing atomic number of absofber. The x-ray attenuatio

coefficient, on the other hand, increases in regular manner when similarl

- T T T T i I | Am— T

. ® PREDOMINANTLY SCATTER {0, /0, >0}

A PREDOMINANTLY ABSORFTION (0,/0; >10) | ThERMAL
ASSORPTION ONLY REUTRONS

*
LJ

B
T

ATTENUATION COEFFICIENT (em®g ™)

ATOMIC NUMBER

Fig. 1.1. A Comparison of mass-attenuation coefficients of the elements
for X-rays (solid line) and for thermal neutrons plotted as a
function of atomic number of zbsorber (1).

examined. At low energies neutrons show relatively more attenuation than
x-rays for low atomic number materials. Conversely thermal neutrons are
transmitted easily by most heavy materials., But x-rays are absorbed
strongly. This major difference in attenuation characteristics presents
a major attraction for successfull examination of ﬁlastié, rubber, éaﬁer,
adhesive, explosive, i.e. high hydrogen content materials, in metal
containment assemblies. Also the use of radiography to discriminate betwe
many neighboring elements is easier with thermal neutrons than it is with
x-rays. For example, in discriminating between carbon and boron, cadmium
and barium with thermal neutron radiography, presents less difficulty than

x—-ray radiography does.



On the other hand, it is possible to differentiate the isotopes
the same element with neutron radiography, be cause the attenuation of

neutrons by different isotopes can be quite different.

In general neutron radiography has following potential applicatio
a) Radiography of demnse materials b) Contrast of l1ight materials envelop
in denser materials c) Contrast between isotopes of the same element d)

Radiography of radiocactive materials f) Biomedical applications.
1.4, Neutron Radiography and Its Components

As in all forms of radiography neutron radiography consists of
placing an object in a neutron beam and recording the emerging neutron
beam, which can become spatially hetro ~ gemeous according to the isotop!
composition of the object, by means of suitable detectors. The difference
from other -~ forms is such that the emerged neutrons are first zbsorbe
by converter material which then emits secondary radiation that in turn
contributes to the formation of a direct or indirect latent image in a
suitable recorder. The latent image eventually made visible to the naked
eye in the form of spatially varying darkness or tracs, and can be relate
to the material composition of the object to yield desired material infox

tion.

Most of neutrou radiograﬁhy is made with thermal neutron because,
as already indicated before, this is the energy region that exhibits the
most interesting, and useful attenuation characteristics. Also thermal
neutron images easiest to detect and record. There are some applications
in which resomance, fast and cold neutrons are necessary. But we will

mostly be concerned with thermal neutron radiography.

Since most of neutrons are born in a suitable source with energie
considerably zbove thermal, moderation of neutroms is necessary for therm
neutron radicgfaﬁhy. After moderation, the moderated neutrons diffuse in
all directions, hence some selection of neutrons is necessary in order to
obtain a sharp radiograﬁhy of the object. It is the function of collimato
that ﬁerforﬁs this selection, Then to record the attenuated beam a detec-
tion system is necessary, and finally a biological shield must employed

for reasons of safety.



The main components of neutron radiographic imaging system is

shown schematically in Figure 1.2.

Medershr Snicd
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Fig. 1.2. Graphical representation of neutron radiographic syst
1.5. Scope

In the first part of this thesis neutron radiography is described
as a Non Destructive Testing tool. Attention has been concentrated on
thermal neutron radiography and the components of neutron radiography
systems are given in a detailed manner, in Chapters 2, 3, 4, 5. In Chapte:
6 the design of a neutron radiography camera is presented. In Chapter 7
the construction of a practical camera containing 241AﬂrBe neutron source,

for use in laboratory, is presented.



CHAPTER 11

NEUTRON SOURCES

Reutron sources are classified in to three general types a) nuclea:
reactors b) accelerators c¢) radioactive isotopes.

The possible use of these neutron sources for neutron radiography
must be considered from several point of view. One must consider the neutr
energy and intensity, gammz intensity, cost, size, portability, shielding
problemsand general utility. Each of these characteristics for each of

neutron sources will be considered and finally be compared.
2.1. Reactor Neutron Sources

Although most reactor based neutron radiography facilities use
research reactors which have been installed for a variety purposes, there

are many reactors that are installed specifically for neutron radiography.

Any nuclear reactor equipped with probe tubes and capable of operal
at a power greater than one . .Kw can be useful for neutron radiography.
However higher power leads to greater source flux, hence the more convenie
the methods, and the better the radiagraphs become. Generally research
reactors have the thermal flux intensity range of 1012 to 5x1014n/cm2—sec_]
with their thermal ocutput of 250 Kw to 50 mw and have 10 to 20 beam
facilities. Any of these beam facilities can be embloyed for neutron

radiography with minor modifications. -

In recent years the steadly increasing demand for neutron radiogra
especially for séecial problems such as those involved in the shipment of
explosives or reactor fuel, has led to the develoément or a series of smal
simple, and relatively inexpensive reactors designed ﬁrimarily for neutron
radiography. Such reactors operate at a ﬁower range of 5 to 250 Kw, and in
thermal flux range 6f 2.5):1011 to 1013n/cm2—sec with relatively low costs(
Some of these type reactors are TRIGA, CANADA SLOW ?OKE-E, COMMISSARIATE

Al ENERGIE ATOMIQUE reactors. (4).



2.2, Accelerator Neutron Sources

A large number of neutrons are produced by bombarding suitable

target materials with accelerated positive ions. Typical reactions are

4

4.35 MeV
3.28 MeV
17.6 MeV
1.85 Mev
= 1.67 MeV

ZBe +iD —ﬁ;%
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Fig. 2.1 shows the neutron yield as a function of positive ion

energy from several of these reactionms.
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In addition to the neutron yield, the energy spectrum of the sourc
neutrons is also important, since the higher the neutron energy the great
the - average distance it may travel in a moderator before becoming
thermalized. Hence the thermal flux distribution produced by higher energ
neutron sources will be necessarily more dis?ersed than that of a low
energy source, and the maximum beak flux will be lower. To combare differ
sources with this resbect, the thermalization factor of some sources in

water are given in Table 2.1,

TABLE 2.1. Some Thermalization Factors Measured in Water Moderator (3).

Source ‘Thermalization Factor
Measured . . Rounded
D(d,n) at 150 kev 196 200
T(d,n) at 150 kev 645 650
Be(p,n) at 2.8 Mev 38 40
Be(d,n) at 2.8 Mev © . 298 ' ~ 300

Among these reactions 3H(d,n)é}He,D-T reaction has received the mos
attention, because it has relatively high yield at low bombarding energie
In this type reaction accelerating voltates are in the order of 150 to 40
kilovolts whereas the other reactions require accelerating voltages in th
order of Mev range. Lower bombarding energles for D-T reaction have made
it economically useful., A fast neutron output of order off 1011 12 n/s
can be obtained from this reaction, Sealed tube neutron generators employ
this type reaction. From radlographlc polnt of view, the disadvantage of
the D~T reaction neutron source are such that, it produces neutrons of
relatively high energy, and tritium targets have short life time. The
target has an endurance of hundred hours before the titanium target surfa
becomes too demaged to hold tritium, However the high energy, 14 mev, of
neutrons can be used to iInduce fast fission in uranium, An im@rovement in
the ﬁeak thermal flux by a factor of around 2.5 was obtained when 2.5 cm
thick natural uranium is placed in front of the target (3), (6).

The Re(d,n) B reaction has the highest neutron yleld'For positive ion
bombardment. However energies in excess of 1 Mev are necessary to obtain
such high yield. Exﬁensive and bulky equibment, such as Van de Graff
accelerators are needed to 5up§1y accelerating §otentia1 of this magnitud

But this and other positive ion neutron yielding reactions which ¥equire
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acceleration voltages in the Mev region have some advantages in that such
generators are more versatile. For example these machines are often capabie
of accelerating different projectiles employing different targets, such as
Be(d,n) and Be(p,n) (5).

One other type of reaction is the photo neutron (x,n) reaction cause
by use of irradiating a suitable neutron yielding material with the
bremstrahlung produced when energetic electromns strike a target of high
atomic pumber. Therefore an electron accelerator equipment (electron lines
accelerator) can be used as a neutron source., As z target element for such
equipment, any nuclide can be made to undergo ﬁhofo desintegration with
photons of adequate energy. Most of the target materials require photoms
of greater than @igﬁt Mev energv éxcept bervllium. 1.66 Mev, and deuteriim
2.2 Mev. Uranium ané beryllium are most widelv use: target materials. Ths
threshold of uranium is 9 Mev and yield reises quite rapidly as photon
energy increases. Accelerators that produce such high energy x-rays for

photo neutron production serves dual role, since it could be used for

neutron radiography for high energy x-radiography (5).
2.3. Radioisotope Neutron Sources

Radioisotoée neutron sources are based on the (a,n) reaction with
beryllium and boron as the standart target, on photo neutron or (y,n)
reaction with beryllium andé deuterium (D20) as the target, or on spontanesou
fission with heavy nuclei, such as 2520f being widely used. The character—
istics of some of radioisotoﬁe neutron sources are given in Table 2.2 and

some of reactions ars

Be + o » C+n+ 571 Mev
Be +Y+23-i-n— 1.67 Mev
H+ yv> H+n~- 2.33 Mev
2320: > 2 fiss + 3.8 n + 200 Mev

: . 241 239
(a,n) sources: The mest commonly employed alpha emitters are Am, P,

110?0 and 226Ra having alpha energies of 5.477, 5.114, 5.305, 4.777 Mev.
A common neutron source is prepared by a mixture of an alpha emitter and
a light element, such as Be. Among these sources Pu forms intermetallic

compounds with Be wheras in the case of radium and polonium it is necessary
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to prepare pressed mechanical mixtures.

The mixture or compound is doubly encapsulated, first in a welded

inner capsule of Ta, then in stainless stell (see Fig. 2.2)

“-\s\b |n¥¢r'7\a

weld -
i K Blatwnicss Whec)
ouice copule

= Tawtalem -

Lrnercepinie .

Fig., 2.2. Standart Numec PlutoniumBeryllium neutron source (7).

The practical neutron yield depends on the physiczl and chemical
properties of the mixzture. Energy spectrum of the neutrons can be calculat
on the basis of,Q,ienergy change due to the differency ir total rest masse
of all constituents of the reaction, kinematics of (o,n) reaction and the
nuclear properties of 9Be. "However, the neutrons are net mono energetic
because alpha particles lose energy in the material and all angles. of

incidence are experinced. (7), (9).

(y,n) Sources : Since the y energy of radiocactive substazmces rarely exceet
3 Mev only beryllium and deuterium are used as target elements, The Q value

of 9Be(y,n) and 2D(’a',n) reactions are 1.67 MeV and 2.23 XeV resﬁectively.

' . & .
The most commemly used photo neutron source 1s 12 $b-Be which
producesneutron of 26 kev energy. Antimony-124 is produced by irradiation

of normal antimony.

Spantaneous Fission Sources : The even mass isotoﬁes with the heavist even-
Z elements are s?onta:eously fissioning elements. Among ttese Californium—
252 is the most commonly used isotoﬁe because of its high neutron output,
and it is produced ir milligram to gram quantities by irrzdiation of
plutonium, or transplutonic nucleidesin high thermal neutron fluxes. This

source is being increasingly used as radiosctive neutron source for radio-



TARLY, 2.2. Characteristics of Some Radieactive Neutron Sources (3),

—— s i ot mar ot e

4}

ISOTOPE HALF-LIFE NEUTRON NE UTRON APPROXIMATE Y-RADIATION FROM
PRODUCING YIELD(n%fi) MEAN ENERGY EN CAPSULATED SOURCE HEAT QUTPUT
REACTTION Per ci Per g (MEV) ENERGY EXPOSURE LATE (W/Iogns_l)
. e A : Per 108n Sﬁg
12 . - -
2820 1634 Be(y.m) ,C . 25x10°  8.5x10° 46 < 0.04°
,,,,, S . most abundant 0.04 1.5
228Th 1.91 a 9Be(y’,n)lzc 2x107 1.7x1010 4—6 Various u§
e e ‘ .. .. .. to 2.6(max) 3 1.0
252 ) ‘ g 12
CE 2.65 a Spontaneous  4,3x107 2,3x10 2 0.5 to 1 most 0.007 0.001
,,,,,,,, Cfission. LU T T T T abundant
9 12 6 8 T T .
244Cm 18.1 a Be(y,n) "C 2.5%10 2.1x10 4—6 0.043 most negligible 1.4
4 6
— oo - obundant
9 12 7 9 .
227 Be(y,n) "C 1.5x10° 1.1x10 4-6 Various up 0.8 1.2
Ac 21.8 a 4 6
to 0.83(max)
238 9Be(Y.n)uC 2.3x106 4.1xld7> 4-6 0.099 most negligible 1.4
Pu 86.4 a
4 6
................. L o abundant
)’
241 pm 458 a  Be(y,m)'%c  2.2x10% 7x10° 4-6 0.06 0.1 1.4
<
226 12, 7 7 .
Ra 162 a BelY,n) 6 1.3x10° 1.3x10 4=~6 Various up to 6 1.2
2.4~0.61 most
abundant
124559 60 4 Be(v,m)'2c  13.x10° - 0.024 1.69 most abundant 80 0.04

6
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graphy because its low y output, yield per unit cost and thermalization

factor.

. . 242 .
It 1s worth to mention Cm-Be source such that it can be made

. . . . 241
simply by irradiading an Am-Be source in a suitably high flux to produce

the AmericiumBerilliumCurium source if only 10% of the 241

242
o

¥m in converted

-
-

Cm the source output is measured by a factor greater than 100 due to

the higher a-activity of curium. But the disadvantage is the short half-
life of 163 d of Curium. (3).

From the point of view of radiography (y,n) reaction meutron sources
are not useful for neutron radiography because of short half life, small
yield of neutrons and high gamma intemsity. But (y,n) sources, especially
Sb-Be, yield very low energy neutrons which has an advantage of easy
%hermalization. The (y,n) and spontaneous fissioning neutron sources are
very useful because of their long-HaEf 1life and low gamma intensity.

Some characteristic comparisons of some radioactive neutron sources for

radiograhpy are given in the Table 2.3.

TEBLE 2.3. Characteristics of Some Isotopic Sources for Neutron Radiography(1l).

ISOTOPE : REACTION HALF -LIFE COMMENTS

124Sb—Be v-N 60 days ~ Short half-life and high y-back-

ground low neutron energy is
advantage for thermalization,

a low cost, high yield source

210Po—Be (vy,n) 138 days - Short half life, low y—-back-
ground low cost

24-]'Am.--Be - (y,n) 458 a - Long half-life, high cost,
easily shielded y-background

241Am-ZAZCm-Be (vy,n) 163 days Short half-life, medium cost,
high neutron yield

252Cf Spontaneous 865 a Long half-life, high neutron

fission yield, small size and low
energy offer advantages in

thermalization




The output of a radioactive neutron source can be increased by placing
it in a subcritical assembly. This assembly consists of a mixture of moderator
and fuel material enriched 12235U. This assembly increases neutron popula-
tion through fission reaction between thermalized neutrons and U nuclei.
However, the considerable increase in neutron output depends on critically
factor,"keff of the assembly. From Figure 2.3 one can see that keff mus t
be greater than about 0.9 before a useful increase in neutron output is
attained. The studies has been ﬁerformed on subcritical boosters for neutron
radiography at several different laboratories and a thermal flux increase
by a factor of 30 over the best pure moderator system was obtained (4).

Very recently, Tdaho Nuclear have designed a facility of LI 0.999 which

is calculated to give a flux boost of 400,

iy

oy

FLUX FROM A PRAE MODBRATHA.
S

BUBCRITICAL TO THE MBUTROM

RAYIO OF mpuTRow P LUX @ ROt

ALI EM QLY e

s s i

o3 0.3
Kegp —>

Fig. 2.3. 1Increase in neutron flux as subcritical size is increased(10).
2.4, Comparison of Neutron Sources

The comparison will be made under the criteria of time required to

ﬁroduce a radiograph, cost and mobility.

The most greatest neutron fluxes are obtained from reactors and most
reactor beams are rich in thermal neutrons as combared to the other radia-
tions, This fact is very desirable because neutron radiograhy is mostly
done by thermal neutroms. The abplications that allow the object to he
moved easily generally require either good resolution with low to moderate
through éut or high éroduction rates, low to moderate resolution and an
intense neutron source is highly desirable for either of these conditionms.
From Table 2.4 cone can see the advantage of reactor neutron sources over
all the other sources. On the other hand most of the eagly research in
neutron radiography has been done in the reactor industry therefore moretechniquel

back ground is available in this area than radioactive and accelerator sources.



SOURCE Collimator Collimator Tyﬁical Beam Characteristics Imaging Technique® Neutron
Position Basic Flux Intensity L/D Cd ratio Screen Filmb Exposure
‘(cﬁz—sfl)‘. . ‘ Time (S)
Multi-purpose research  Radial 1014 108 250 2-5 In D2 102
reactor Tangential 1013 107 250 10-50 Dy D2 103
Cold source  2x10°1 10° 100 o ad D2 2x10°
Radiography reactor® Radial 1012 106 250 2-5 In | D2 104
Tangential 4x1011 2x106 100 10-50 Dy D4 102
Be(h,n); MeV, 400k A Radial 3x10° 2%10° 33 5-20 Dy D7 5x10°
Be(y,n);S.SMeV,lOﬂﬁA Radial 4x108 8x104 18 5-20 Dy D7 5x102
T(y,n) U;120keV,7MA Radial 108 2x104 18 5-20 Dy D10 8x103
252Cf;5mg Sub-crit Radial 3x109 2)(]0'5 V 18 2-10 Dy D7 5}(103
25206 1 mg Radial 2%10’ 10 12 5-20 cd D10 4x10°

a The transfer technique has been used as the main example here because its value to the nuclear industry.
The neutron exposure times assume a film exposure time >5x T 1/2
b TFilms from the Agfa-Gavent range, other manufacturers offer a closely parallel series of film

¢ A small reactor designed to make neutron radiography as convenient and economic as possible

ST
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The precurement of nuclear reactor requires a big investment because
of its expensive licensing and control features. However, on the basis of
per neutron output cost,a nuclear reactor will be cheaper than the other

two. On the other hand, neutron radiography can be essentially a by-product
of many reactors therefore operating costs can of<ten be shared with other
programs. Hence, there are very strong economic incentives to utilize
existing facilities whenever ﬁossible. One economic way to obtain high
intensity thermal flux for neutron radiography is to use a subcritical
booster as neutron source. However, the flux advantage is only possible
with ke £ of 0.9 or greater. Therefore, such an assembly have to have

evaluations and approvals for safe guards, operation, and shipping.

In some neutron radiography aéplications, it is desirable to take
the neutron source to the inspection site rather than taking the object
to the neutron Source,i.e. on-site abplication is necessary, and modest
collimation and lengthy exﬁosure times are acceptable. For such applications,
a portable neutron radiograﬁhy facility, using radioactive nmeutron source
or a small neutron generator is required. Table 2.5 shows the character-
istics of neutron sources on the basis of radiographic resolution,exposure

speed, ease of operation and economic aspects.

TABLE 2.5. Characteristics of Thermal-Neutron Sources (1).

Type of Source Typical Radio- ~-  Average
Radiographic graphic - . Exposure Characteristics
Intensity’ ~ Resolution Time
-2 -1
(cm "s 7)
. . 1, 4 .
Radioisotope 107 to 10 Poor to Long Stable operation, ‘
medium medium investment cost,
possibly portable
Accelerator 103 to 106 Medium Average On-off operation,medi ‘
' ' cost,possibly portable
Subcritical 4 6 i
assembly 10" to 10 Good Average Stable,operation,medius
to high investment cost
Portability difficult
Nuclear 5 8 . o
reactor 107 to 10 Excellent Shert Stable operation,mediux

to high investment cost
Portability, difficult



17

CHAPTER II1T
MODERATOR SHILED AND COLLIMATOR
3.1. Moderator

Since all of fHeutron sources produce fast neutrons. it is necessary
to slow down these nzutrons to thermal range for thermal neutror radiography.
This task is done by the moderator. Moderators must consist of = material
‘that will slow down but not capture neutrons. Materials having high

moderation ratio are preffered for this purpose. The moderation ratio is

given by
}-1r = £rs/fa

where £ is the averaze logarithmic energy decrement percollisioz
Zs is the macroscopic scattering cross section of the medii—

Za is the macroscopic absorbtion cross section of the mediiu—

As will be seen from the formula the moderation ratio is nroportional to

£ and Is. However I is given by

2
£o 14 ATDT AL
2A A-1

where

A is the atomic weight of the nucleus.

From the formula given above the lower the atomic weight, the grzater the
£ . Therefore as a moderator material, low atomic weight materials or
materials containing low atomic weight elements are usually preffered.
Such materials are wzter, heavy water, bervllium, graphite and
metalhydrides. From these elements,fraphite and other materials with
relativelv long stowing down lenghts are only appropriate for rezctors
where primary source is relatively large,and materials with high hydrogen
density such as parrafin,water,and metal hydrides should be chosen for

radioisotopes and accelerator sources.
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3.2, Shield

People working in radiation areas must be protected by shielding
against potential hazards arising out of radioactive materials. In nuclear
reacto;s,shields are usually made of a mixture of conerate and heavy

m?ﬁ?rkﬂﬁ However for radio isotope and acceleration sources shields are
usually made of mixtures of hy rogenecus materials and strong neutron

zbsorbers, such as, boron, lithium.

3.3. Collimator

In neutron radiography, the design of the neutron collimator is an
important factor for obtaining good quality radiographs. This

importance can be illustrated as in Figure 3.1.

P o¥act phine

— \nasg
Plone .
Lol
B Gl readbeg] »
hed v

@) Collimared
Dea ~

. S

XN

- #-— Opdiea)
,/// |

Fig. 3.1. Effect of meutron collimation on image from a slit in neutron
absorbing plane.

4 well collimated nutron beam, will produce a sharp image while a non

collimated neutron beam will not produce such a sharp image. -

The collimation of neutrons is made by means of acollimator which
isz 'wav of ?ermittiag only those neutrons close to the tube to pass to the
radiograéhic éosition. The walls of the collimator are lined with a neutron
opeque materials which prevent stray neutrons entering the system via the

ccllimator wall.
Collimators are classified according to their shape as soller slit

(multichannel) paralel sided and divergent collimateors as shown in Figure

3.2, (11).
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Parelel sidad ) Dwerpent aetlce b

v/ , v,
(/777 L | V77,

Fig. 3.2. Three types of neutron beam collimators investigated in neutron
radiography.

The important factors for each type of collimator are the total
length and the size of entrance opening or aperture. These parameters
define the angular divergence of the beam and the neutron intensity at the

inspected object, as will be seen later.

Each of the collimator systems cited above, has its desirable and
undesirable characteristiecs. The paralel sided collimators produce a beam
of parallel path neutrons, but the beaz coverage is very limited in size
and displaces more moderator material hence reduces the thermal flux.

The soller slit collimator provides a larger useful beam area as well as
a beam of ﬁarallel path neutrons, but the inlet requires a uniform neutron
flux over large volume to ﬁrevent non uniformitv nroblems at the plane

of the inspection object énd also producer a pattern of circles or

lines on the radiographic image due to a bundle of small itubeg: or
dividing slits

However the divergent collimator can provide a large uniform .area

on the inspected object but some image distortion occurs at the edge éf the
inspected object because neutron patas are radial rather than paralel.
The beam distortion can be decreased by adjusting collimator dimensions,
and the distortion however, is of small interest except in case of a few
special inspectionms. On the other hand the small size of the aperture of
the divergent collimator near effective thermal neutron source makes it

: T - . .
excellent for small neutron gemerators and radioactive sources (11 ).

3.3.1 Assesment of Neutron Beam Intensity

Since we have an isotropic neutron source, the discussion will be

concentrated on isotropic neutron sources.
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As indicated before, a thermal neutron beam for neutron radiography

is obtained from valume disttibuted sources as show in the Figure 3.3.
»b\t‘ih. heir, buicd source

(-1

L
.?// . /// an
s

- ‘ - \‘Q”.
555?2’ — et
Sig=

Fig., 3.3. Neutron source, collimator and image plane.

It will be assumed that those neutrons that exit from the volume source and
enter the beam tube through the aperture are girectionally:dsctropic.
Figure 3.3. describes the system that illustrates the calculation of the

neutron intensity at the image plane by the following consturction.

Let ¢, represent the isotropic neutren flux a the inlet of the

collimator, and a, is the inlet aperature area, a, is the image plane area,

and L is the distance from inlet to collimator to the image plane.

Then the number of neutrons that pass through image area a,
per second, represented bv n is given by

(3.1.)

where ; T is the fraction of the solid angle subtendet by a, at collimator
4w

. -2 -1, . .
inlet. The neutron flux at the image plane (cm sec” ) is given by

(3.2)

2
For a circular aperture, a, = n(p /2) yields
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where d is the aperture dizmeter

The fraction of neutrons lost due to collimation will be the ratio

Flux at the entfange ¢1

=16 (L2 (3.5.)
D

Flux at the exit ¢,

The ratio of the collimator length to inlet diameter (L/D) is called the

collimator ratio which represetens an angular beam divergence 8

B = L
D

This angle is used as a parameter describing the extent of collimation
One can see that from equation (3.5.) the larger L/d (smaller .§ implies

a more collimated beam and the greater loss of intensity at the image
surface.

The expression (3.4) was obtained by assuming that 211 of the
neutrons in the collimator crginate at the entrance aperture, but in
practice some of them will come from the collimator walls adjacent to the

aperture. Howkesworth has shown that the total flux is given by

¢ B
4, = — D% v 2B (3.7.)
16 2 L

where h is length of collimator wall which emits neutrons. The length h
varies with different types of neutron radiography unit in that it is
usually a section of the collimator that is not lined. For sources of low

intensity the unlined length is usually about two diameters long. (10)

3.2.2 Control of Important Variables

The location, dimensicas and an airgap between collimator and

source effects the resclution. the exposure time and the image contrast.

The location of the ccllimator entrance must be such that it is
sufficiently close the source and consistent with the need for enough
material for thermalization and attenuation of contaminatime radiation.

N . . .
For a radioactive neutron source the iocatlon’'of a collimator entrance in
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zatangential position will increase the thermal beam intensity and decrease

the beam contamination (gamma) and fast neutron £lux (because fast and

gamma rays, from source itself have a preferential radial direction from

the source (see figure 3.4.) This fact improves the resolution and image
contrast

{(3) Therms! nesdrons, 3 > Ia

Fig. 3.4. Polar plot representation of fast and thermal neutrons associated
with a point source embedded in a moderating medium.

The effect of the collimator dimensions on resolution can be seen

from Figure (3.5.) considering the image unsharpness

’ 4 Ly e Lt ‘
2 / T
M—-———-g_": L—- Yodee (04 scraen)
afevlas e f .

Fig. 3.5. Neutron collimater geometry.

. D
Unsalirpness is expressed by Ug = s~ Ly

where Ug is the geometric image unsharpness, cm
D is the source-aperture size, cm
Le is the image to object distance

L 1is the source to object distance
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Since Lf << Ls and is usually equal to the object thinkness the geometric

unsharpness is linearly dependent the inverse of collimator ratio. So

the image unsharpness decreases with ineresing collimator length.

J. Rarton have studied the effect of collimator ratio, using

radioactive netron source on exposure speed, overall detail visibility and

contrast. The effects can be seen from the Figure (3.6.)
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Fig. 3.6. Eggects that can be obtained by changing collimator ratio using
252¢f facility (12).

Note that the greater the L/D ratio, the lower the exposure speed,

the higher the detail visibility and the lower the contrast.

For a given collimator ratio, the effect of collimator dimensions
on exposure time contrast and detail visibiliz—~ can be seen from Figure

(3.7 ).
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Figg;?.zzj Effectasﬁhat can be obtained by changing collimator dimensions
T 7 Using Cf facility dimensions (collimator ratio held
constant), (12).

From Figure 3.7. one can see that a small collimator lemgth with
a small aperfure ‘j leads to high exposure speed but low contrast. The
reasons can be exblained by (a) size of input aperture relative to the
thermal flux éeak ir moderator (b) source flux deéression caused by large
aperture collimators, and (c¢) interference radiation that reaches the

imaging élane (12).

On the other hand, J.?, Bartoz has shown that an air gap between
neutron source and collimator (Figure 3.8.) improves overall detzi
visibility and increases the exposufe speed. This advantage is due to the
eparztionof the highly absorbing collimator material from the pezk thermal

flux position which leads  to reduced thermal flux.
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Fig. 3.8. Illustration of air-gap and zero air-gap.

Figure 3.9. shows the effect of changes in the dimension of this

air-gap on over all detail visibility, thin object resolution, contrast

and exposure speed
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Note that introducing an air gap leads to approximately 90 percent
increase 1nexposure sneed for thefirst 2.5 cm gap. There after a leveling
off trends tooccure- Likewise the same effect can be seen on the contrast.

However, after 2.5 cm air-gap the resolution sharply increases.

An optimum air-gap is chosen according to the requirentments of
each specific application. For over all detail vigibility an air gap of
2.5 cm, for the best contrast and exposive speed, 10 cm is recomended and

for a good compromise, 5 cm should be used (13)

In generaly, the shape and dimension of a collimator denmandson the
information of the source and the sample to be radiographed, For reactor sources
the dimensions of collimator are usually large and the collimator is lined

along its full length (10).

Since the spatial neutron flux in a small source moderator,
radioactive and accelator sources, varies across the collimator aperture,
and the longer the collimator the greater is the attenuation loss due to
collimator atmesfer, for this type of source the collimator is usually
made short and narrow. The measure of collimator dimensions is usually
a compromise between exposure sbeed and resolution. But the comstruction
of the neutron source usually sets the limits on thewidth and the length
of a collimator. Generally, it is usual to design collimators whose

dimensions are variable.
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CHAPTER 1TV
DETECTION SYSTEMS FOR NEUTRON RADIOGRAPY

The detection systems used in neutron radiography can be classified
into two general groups; photgraphic detection systems and non photographic

detection systems. Each of these systems will be considered separately. ¥
4.1. Photographic Detection Method

Although, there are a number of available medthods for photographically
detecting neutrons, such as special film erulsions loaded with neutron
~ absorber, beron and lithium or normal photographic film, the conventional

way 1s to use x-ray film with a converter screen,

Since neutrons have verv little effect on photographic film these

converter screens are used to convert the neutron image into alpha, beta

or gamma radiation which can be detected mere readly by the photographic
film.

The photographic detection methods iavolve two different approaéhes
according to the converter material, given in Table (4.1) which are prompt
emission or potentially radioactive materizls. The first type of materials
are used in direct exposure method in which film and screen are exbosed
together to the meutron image, the second type is used in the transfer
exposure method in which the image is detected first by radioactive

converter screen then this screen placed next to the photogranhic film
(see Fig. 4.1)
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Fig. 4.1. Photographic film exposure methods for meutron radiography.
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4.1.1. Direct Exposure Method

As already indicated, in this method the film and screen are exposed
together to nevtron beam, so that the film mav be present to detect the
prompt radiaticz emitted from the scree— (See Fig. 4.1), The screens
which are used in direct exposure metho? are lithium, boron cadmium,
gadolinium, silver and rhodium other mzrerials listed in which become

radioactive easily, can be used in the :ransfer exposure method. (5)

The dirsct exposure method is z fast detection technique but it has
a disadvantage such that: if the beam hzs high interfering gamma radiation
or the radiogrzohed object is racicactive and emits gamma rays the film
present to detezt these gamma ravs will be gamma-focged Also radiations
which are emittsd by reactions between neutrons and the inspected object

or with other cbjects in the bear path present the same problem.

In considering a metarial listeZ in Table 4.1 for use as a direct
exposure converizr sgcreen, one mist thizk about what thickness creen to use,
the relative speed or resolution which can be obtained with that material
compared to otkers and whether the scresn should be pleced on the neutron
side of the film (called front screens; or on the back side of the film.

(called back screens)

In general, the choice of the converter thickness is a compromise
between high resolution and short exposure times. Thick screen leads to a
short exposure time but, this time resclution is sacrifised. Berger has
worked on to determine the optimum thickness of a particular converter
(or intensifier) screen which would proiuce the greatest film density for
a given neutron exposure, by sandwichiz:z x-ray film between known thicknesses
comverter screzn material and exposinc this combination to the neutron
beam for a known total neutron exposure. Figure (4.2) shows exverimental
results for Caérium, which can bz used o determine the cptimum screen

thickness and zombination,

It can be seen from Figures 4.2 that the curves all tend to level

off for a back screen thickness of 0.022 inch. and that the highst

densitv curve is obtained for a front screen thickness of 0.10.in. Similar

considerations from other figures show that the ootimum film densitv,
1 - - -~ 2



30

(best speed for a given converter screen) can be obtained using 10-10 Rh,
20-30 In, 18-18 Ag.0.5-2 Gd™(5), (14) .

Fig.

4.2,
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File dencitv vielded by equal neutron exposures of several

double cadmium screen thicknesscombinations used in direct exposure
method(Nuxberson curves (upper part) refer to cadmium front

screen thikness in mils). Best speed is produced by a 10-20

screen combination (5),

Theoretically the thikness of a converter screen which would produce

the greatest film density for a given neutron exposure can be estimated by

considering the absorption of neutrons by converter screen and the attenuation

of emitted radiation within the screen material.. For the beta emitters, such

as gadolinium, an estimate of

the range of the emitted beta

screen thickness can be made on the basis of

energv. Borger showed that for the most part,

the front screen thickness which yield the best experimental result was in

the order expected from the range of the most intense beta enmergyv. For the

gamma emitters such as cadmium, thethickness for the optimum density should

essentially absorb the neutron beam (5).

It is usual to use a short-hand designation such as 10-20 Cd to describe
a set of screens having a thickness of 0.10 in. as a front screen and 0.020

in.

as back screen.



31

The relative speed comparisons between different converter screens

has been performed by Berger. Ee used the optimum screen thikness for each

converter screen and pointed the relative speed for each of them. The

results are summarized in Table 4.2. From Table 4.2 it will be seen that

the order of the relative photographic speed for metal direct exposure

converter materials in decreasing order, is rhodium, indium, ¢adolinium and

cadmium. This fact has also been confirmed by various workers (14).

Tt will be noticed that the fastest exposure speed can be obtained

by Scautillator “converter screens. These converter screens consist of a

mixture of a meutron absorber and a phosphorous material such as a mixture

of Boron -10 and’ZhS (Ag) etc.

TABLE 4.2,

Relative Photographic Speed of Several Direct Exposure Methods (5).

Converter Material and Screen Configuration (1)

B  Loaded

Rhodium (10) - Gadolinium (2) Screen (7)

Double
Double
Double
Double
Double
Double
Single
Single
Single
Single
Single
Single

Double

6. . ) N
Li Enriched Santillator as Back Screen (5)
10

Santillator as Back Screez (6)

Rhodium Screens (10-10)
Gaddinium Screens (1-2)
Indium Screens (20-30)
Dysprosium Screens (3-10)
Cadmium Screens (10-20)
Silver Screens (18-18)
Dysprosium as Back Screen (10)
Gaddinium as Back Screen (1)
Cadmium as Back Screen (10)
Rhodium as Back Screen (10)
Indium as Front Screen (20}
Silver as Front Screen (13}

Gold Screen (6,10) (8)

Film Only - No Converter

Film Tvoe
F
F

&

nRARAEARRARAGRREAERERER

Relative Photgraphic Spee
50
35
1.6
1.4
1.1
1.1
1.1
1.0
0.8
0.75
0.71
0.67
0.62
0.5
0.35
0.3
0.03

(1) Numbers in connection with metal screens refer to screen thickness for

front screen and back screea, respectively, in mils.
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As a scintillator screen, two main types are in use and these are;
the mixture of 6Li and ZnS(Ag)7 in a matrix of organic plastic material
about 4 mm thick and cerium-detivated Lithium glass about 1 mm. Both
scintillatorsare normally made with lithium enriched in 6Li (5). On the
other hand boron polyester enriched in 10'B has also been used as
scintillater screen. In these converters, 108 and 6Li have high cross
sections for (n, o) reaction, the resulting o emission causes light
emission from the phosphor such as ZnS(Ag), contained in these converters.
This method yields faster resbonse than the method in which the alpha

radiation is used directly on the film.

The efficiency of 6Li—ZnS(Ag) scintillator screen depends on several
factors, these are the ratio of 6Li to ZnS(Ag), the pérticle size, éistribu-
tion and thickness. The large granular mixture ﬁarticles degrade the
resolving power of screen and reduce the light output. In addition the
ratio of 6Li to ZnS must be constant across the screen and the mixture
must be dispersed homogeneously through out the plastic. The light ocutput

6_. . A
of "Li-ZnS(Ag) changes with temperature (15).
Table 4.3 shows some characteristics of scintillaors screens

TABLE 4.3. Some Characteristics of Thermal Keutron Intensifiying screens (3)

Typical  Typical neutron Inherent
thickness registration efficiency unsharpness Beam n/¥ ratio for 9 o1
Screen type (mm) () (um) ~90% n 107¥image(n-cm mR
" /
421 {gtanular) 0.65 30 1000 5x10"
: 4
426 (granular) 0.25 20 400 5x10
A 5
905 (glass) 1.0 80 400 5x10

The radiograps obtained by the santillator technicue are subject
to reciprocity law failure. The same total exposure for a santillator-film
detector at one intensity will not necessary produce the same film density,

as would be for incal direct exposure nmeutvon radiograph (16),

ANE stands for Nuclear Enterprise which produces such scintillator detectors,
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As has been pointed out before, one should also consider the
resolution prejerties of converter screens. Berger has made gsome tests”
using cadmium and cadolinium test objects which contained holes whose spacing
varied from very small to large values (See Figure 4.3). The resolution
obtained for z converter screen was determined by 4 pumber of observed
deciding which hole images could still be resolved as separate holes on
the radiograph. The result was such that, godalinium -rhedium and 10B loaded
scintillatorsare one which can begin to compare with the sharpness of the
transfer radicgraph. The poorest sharpness was obtained with cadmium screens.
Later studies showed that the best resolution can be obtained by eadolinium
screens (5). The resolution capabilities of converters can be explained,
by high cross section for thermal neutron absorbtion, a fact which permits
the use of very thin screens with reasonable exﬁosure times and the
radiation emitzed”. Since radolinium has high absor?tion cross section and

. _ .. . . .
emits very soft 8 radiation (around 70 kev) by means of internal conversion

electrons, its use results in the best image sharpness cf inspected object (3)

Ooooees

Fig. 4.3 Cadmium resclution test piece.

Although light emitting screens provide much faster results they _
have a major disadvantage in their poor spatial resolutiom, because the film
~exposure is due to light photons rather than the irmediate ﬁroduct of
neutron absorbtion and produce images which tend to have a grainy apperance
due to the grain size of phorophers. Scintillating glasses painted with
black ligﬁt-abssrbing paintimproves the resolution to a point where it can

compete with fcil transfer method buttend to increase exposure time (15)-

XTae greater the peﬂatratlor of the raciation, the power the resolution
would be expec ed because of the incrsasing tendency for a spread of the

izage it in the photographic emulsion.
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The choice of the screen as back or front screen z2iso effects the

speed and resolution. In case of single metal converter screen, the use

of front screens yield best speed results except cadmium, which yields
about equal response for both front and back screens and czdoliniu- which
yields better speed when used as back screen (i7). However some experiments
have shown that the use of back screens yields better resclution than the
use of front screens (14). On the other hand the use .of couble metal,
converter screens on each side of the film yields faster results than the
use of single converter screen but r;solution +1ll be decrzase. From.

Table (4.4) one can see various converter scrzen which “zve

optimum screen thickness and orientation for pcod resolutisn charzcteristics.

In this table a compromise converter screen thikness betwszn speecand

resolution had beed used for the single matel screen materials.

It is interesting to note that the use cf double caimium screen
increases the film density, although 0.010 in front cadmii= screer absorbs
about 95 pércent of the neutron beam. The addi-ional dénsi:v nroduced bv
the back screen is due to electron emission ani secondarw radiatico seneral in

cadmium by the hard gamma radiation of the (n,¥) reaction in cadmium.

In direct exposure method, another important fact is the relative
response of the detector to neutrons and gammas. This relztive resoonse
is determined by the thermal neutrons/cm? required to ﬁroéuce the same
film density when detector is exposed to one miliroentgen of 60Co gamma
radiation,and is usually measured by neutron tc gamma response ratio
(neutrons/cmzper milliroentgen). Berger has showed that the smallest

response can be obtained by using scintillator -filmdirec: exposure
method (5),(14).

The importance of these resbonse ratios will appear when izspection
problem is such that therrelative absorption of materials for neutrons is
quite different from that of gamma radiation. For example iZ one were
inspecting boron steel samples to determine the uniformit~ of boroc
distribution, the neutrons would yield a potentizlly high contrast image
because of the high neutron attenuation of borez and lower zttenuation in
steel,‘ this contrast would be reduced if the dstector system also
responded to gamma radiation, because of the reversed attenuation

characteristic of gamma radiation. This problem can be aveiled by transfer

exposure technique,



TABLE 4.4. Neutron tmage Resolldition Summary of Direct Exposure Mcthods

Convarter Screcen Screen Thickness Neut ron Exposure
Material Thickness Cadmium Gadolinium Tnvestigated Time for AA Film
and Orientation Test Piece Test Plece (mils) Density of 1.5 (min) Remarks
0.5 Gd, back 1,2 mils 0,4 mils 0.25 to 2 11.1
3 Cd, back 1,2 - 1 to 30 15,1
3 Rh, back 2 - 3 to 10 17.1 Single metal screen exposure
5 In, front 2 - 2 to 30 23 methods
10 Dy, back 2 - 5 to 10 8.1
hOAp, Fromt 2 to },,(1 - 5 to 10 20,70
6
LiF powder, back 1.2 1.0 60 25 Compressed 6LiF powder, 95.67
enriched
6.
Li, ZnS(Ag) 2 - 8 0.1 (Tri-X Film) Modified Stedman type scintillator
96%611i enriched (6)
6. . . .
Li, ZnS{Ag) 2 - 60 0.1 (Tri-X Film) 1:4 powder mixture (7) using 967
enriched ®LiF and Zn$S (Ag)
"Li Loaded Glass 2 - 75 1 Cerium activated silicate glass
containing 2.5% Li, 967
enriched with °Li
1OR' nS (Ag) 2 - 12 1 Sun type scintillator (9), 927
enriched with 10p
10-10 Rh 2 to 3.6 - 3 to 10 4.3
20-30 In 3.6 - 2 to 30 5.5 Double metal screen methods
18-18 Ag 3.6 - 5 to 30 7.5 ’
10-20 Cd 0 - 1 to 30 6
0.25-2 Gd 1.2 0.4 to 0.7 0.25 to 2 4.8 Fastest double Gd technique
10 Rh-2 Gd 1.2 1 to 3 10 Rh-2 Gd 3.85 Fastest metal screen method

152
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4.1.2. Transfer Exposure Method

As has been pointed out previously, the use of éotentially
radiocactive metal converter screen in the transfer exﬁosure method eliminate
the effect on the film of any other radiation in the neutron beam. However
this transfer method, also yields radiographs having better resolution
than the direct exposure methods. This is partly due-to scatter in the
film emulsion and backing material during direct exposure and partly due
to elimination of hard gamma radiation from (n,¥) reaction in the transfer

X . . . . . .
method”. The disadvantage of this technique is that it requires long exposur

time.

For transfer screen material it is required that screen material
should have high activation cross section and éroduce an isotope with
a convenient half~life long enough for food statistics in stored image
and short encugh for convenient read out on to film and thence re-use.
For example, silver and rhodium is not in generally useful as the cther
materials, hecause of thei; short-half lives, saturation activities are

quickly reached and most of radiactive nuclei decavs before enouch

build—up'of radioactive nuclei ~is attained to expose the film.

To understand the point indicated above, it will be useful to look
at the build-up activation of the detection materials when exposed to the

neutron beam. The acﬁivity produced, A, can be found as follows

AN 5.4 - NG &.1)
dt

-dt _
N(&) = 2239 A(l'e ) & a=Tad(1-e ") | (5.2)

*1t will be seen from Table 4.1 that transfer converter screens have beta

activity.
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Where
A is the activity produced (desintegration/sec)
Za is total activation cross section of converter material
dis the :decay constant
¢ is the thermal flux at the surface of converter screen
t ig the irradiation time

N(t) is the number of radiocactive nuyclej produced.

Note that the activity produced is directly proportional to the
magnitude of the flux at the surface of the converter screen and if the
exposure time increases, the saturation effect is reached. i.e. the
activity will be equal to production rate. Also it will be seen from
equation (4.2) that there 1s little to be gained in exposing a given
material to a given neutron flux for exposure times bevond several half
lifes. The same fact is valid when the transfer screeax material has been

transferred to a film for decay.

The materials which are mostly used as transfer detection screens
were given in Table (4.1). From these materials dvsporsium, samarium, izdium

and gold appear to be the most useful.

Except for relative neutron-pamma response the same characteristics
involved in the direct exposure methods are also valid for the transfer

method.

Berger has reported that, using an idemtical neutron exposure
and transfer time for a given screen material, there would be little galned
in the film density by usine indium screen thicker than about 0.020 in.
dyspersium thicker than 0.0l in or gold thicker than 0.005in. He has also
showed that these optimum screen thickneses are sufficiently thin so that

poth sides of the screen become almost equally active (5).

The resolution properties of these converter screens are given in
Toah 2 N ’
Table (4.4). From Table (4.4) one can see that the be::- resoluticn can be
cbtained bv using gold and the best sneed can be obtaized bv usine

dvsporsium.
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TABLE 4.5. Neutron Image Resolution Summery of Some Transfer Exposure
Methods (3).
Converter Scree? Cadmium Gaddinium Screen Thikness Neutron Exposure
Material and Thicknmess Test piece Test piece (mils) Time for A.A. Film Den
' of 1.5 /min -

3 Ay 1.2 1.0 3 to 10 240

2 In 2 - 2 to 30 . 163

10 Dy 2 - 5 to 10 14.6

Another property which must be considered for transfer converter
screens is the ability to produce radiographs with low intezsity beams not
only with non-reactor neutron sources but also in reactor werk with highly
absorbing objects. Thus it is necessary to estimate the minimum beam
intensity for image production for given metal foil thickness. As an
example consider a2 100 ym dysprosium which produces good raciograph with
a thermal dose of 10 n/cmz/sec.

L

where A is the activity produced
¢ is the thermal flux level

t isirradiation time

. -3,
is the decav constant - 5x10 “min.

Assuming a maximum integration time for dysporsium screen of three

half lifes which is equal to eight hours.

The radiaton dose impartted to the film is given by

Du!mAe—tz_i—

o

So that the dose is determined by the activity as long as drsprosiuz is

allowed to decay completely i.e. for eight hours.
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Since A is known from current experience, for a flux of 107n ::m_z—S_1

(18),the irradiation time is 1 min, the lowest value of flux with which

transfer radiography is possible can be found by
o 74 (=5%10"3x1)
¢(l-e ) = 10" (1l-e )

. 4 .-
¢ = 5x10 n cm 2sec

Until now we have been concerned with the broperties of interest
for photographic detectors in thermal meutron radiography similar detection
techniques can be applied for epithermal and fast neutrons. The materials
which are useful in the epithermal or resonance neutron energy region are
given in Table 4.6. These materials can be used as converter screens for

either the direct exposure or transfer exposure methods.

T ABEE 4,7, Useful Detectors for Epithermal Neutrons (1).

ENERGY OF MAIN ISOTIOPE HALF-LIFE
MATERIAL RESONANCE INVCLVED PRODUCED
Indium 1.46 ev llsln 54 min
Gold 4.9 ev 19]Au 2.7 min
Tungusten 18.8 ev 186vx 24 hours
Lanthanum 73.5 ev 139La 40 hours
Manganese 337 ev SSMn 2.56 hours

4.2. Nonphotographic Detection Methods

4,2.1. Track-Etch Tmage Recorders

When energetic ioms pass through dielectric materials such as mica,
glass and plastic, they leave tracks of damage in their wake._This track
formation can be explained by the fact that when a charged particle passes
though material, it produces ionization along its path. Then these ions
repel each other so that anarrow cavitysurrounded by a region under high
strzin produced in crystalline structures or ionization produces broken

chains ané frees radicals. In both cases the resulting reglon 1is chemicallvy

highly reactive because of highstrain.
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Although the latent _image tracks can be seen under the high

magnifi i : A .
gnification of an electron mlcroscope, it is conventional to use chemical

etch  to reveal a visual image of tracks (19).

Detection of thermal neutrons is dome by using a suitable combination
of charged particle producing screens in contact with sensitive dielectric
material (solid state track deteetor, SSTD).Screens of fissile materials,
alpha producing elements such as L and Bo can be used -succesfullv.

However, the cost, poorstab;lltv of flssllle material, 235U, in air and
radiographic back ground due to its naturalap activity lead to interest in

screens emltting o particles. The suitable o emitting screens are their

fluoride and carbide, i.e. LiF and B,C (3).

The principle of neutron radiography using SSTDs" is the same as
for the conventional radiographic methods except that a charged particle

sensitive SSTD is used instead of conventional photosensitive film.

The most useful SSTDS are polycabonate plastic, which has greater
sensitivity to fission fragment, and cellulose nitrate, which has greater
sensitivity to radiation. Theiretchanst is 6.5 N.NaoH. However , mica and

glass plates are etched in HF acid which requires careful handling.

The advantages of track etch technicue over conventional

photographich detection techniques are:

a) Thev are cheap and versatile
b) Their registration efficiency is essentiallyv unimpaired bv large
. .
back erounds of 8's, v's ‘and neutrons therefore provide good image

detection for radioactive materials.

c) It has no light sensitivity which allows ease of handling and
track development can take place in daylight and can be arrested for

1nSp€ctlon and restarted.

d) It provides better resolution than transfer technique

e) Tt provides infinite image accumulation time.

X5STD'stands for Solid state Track etch Detector
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The disadvantages of this method are that 235U screen produce high
alpha background when used in combination with cellulose nitrate detector
and low contrast in images. However it is possible to enhance image contrast
by some methods such as, contact printing, écattered light anlargement, the

use of fluorescent - material and polarized light and red dvec plastic films (i

Table 4.7 shows some of the most commonly used solid state track

detectors and their suppliers.

TABLE 4. . Etching Conditions for Some Commonly Used Solid Stazte Track
Detectors(20),

Detector Suppliers Etching Condition
Daicel Dia Nippon Co., Japan 6.25 N naOH, 10 miz., 55°C
287 KOH, 30 min., 23°C
LR 115 Kodak Path&, France 25% NaOH, 10 min., 35°C
Makrofol Bayer, A.G., Leverkusen 6.25 N NaOH-47 Benzx
W.Germany 20 min, 55°C
T Celit Bayer, A.G., Leverkusen 187 NaOH, 147 KOH, 3.67ZKmn04
W. Germany and 64.47% H,0, 20 zin 55°C
0 25% KOH, 25 min, 60°C
Traifol Bayer, A.G., Leverkusen 257 KOH, 2 hours, 60°¢
W. Germany
Lexan General Electric, Pitts 6.25 N NaOH-47 Benax
Pittsburg Pa., USA 20 min, 55°C

Soda Lime Glass "

» » 1]
Muscovite Mica !

Biotite Mica "

4.2.2. Electronic Image Recorders

The majcr disadvantage of image recorders of photographic tvpe
is to give immeciate image presentation, althoueh the use of pelaroid film
can largely over come this fact. However, electronic method of irmediate
image presentetion may also be used, but they are incomparably =ore
expensive than the screen film method. Before considerine e}ectronic image

presentation it will be useful to consider fluoroscopic image cdsrection

method because it is the basis for electronic 1image presentatio:.
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Fluoroscopic image detection is used for production of visible image
on a fluorescent’ screen i.e for viewing the fluoresecent image with dark
adapted eyes during the examination of inséected object. These screens are
generally made of zinc sulfide or cadzium sulfide cryslals or mixture of
LiF in case of neutron image method. The natural sﬁectral emission of these
screens can be charged by the manufacturer to suit certain applications by
adding minute amounts of impurties, sc called activatérs. For example the

use of Cu activator with zine cadmium sulfide produces green colour light

which match closely the spectral sensitivity of the humen eve.

Rather than directly viewing the fluoroscoéic screen, the radiation
shielding problem in such a detection zrrangement would be eased with the
use of a closed circuit televion system to bring the fluoroscépic image
out of radiation area. With most radicgraphy units the neutron beam
stregth is too low to give sufficient light intensity to be seen in monitor

so image intensifiers are placed between the fluoroscopic screen and the camer

Berger has developed a thermal neutron sensitive version of a
x-ray image ntensifies in which the radiation sensitive material is LIF

ZnS (3).
“ine?fd‘\ﬂa $loensoce vy Bloriten besn -
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Fig. 4.4. An image zmplifier system

An image amplifier system consists of a highly evacuated glass
tube at one end of which is a larger of fluoreserent material called the
input phosphor, coating the jnteriors cf the tube (see Fig. 4.4).A photo
emissive layer consisting of a compound of, e.g. cesium, antimony is placed
adjacent to input phosphor and acts as a photochatode. This photo emissive
laver emits low energv electrons when exposed to the light of the fluorescent

* P e : A—r
screen. Hence the fluorescent screen 1lméze 1§ converted into an electron
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image. The electrons are accelerated bv a potential about 25 kV and brought
upon f.phosphor screen at the viewing end of tube which is fine grained and
has a smaller size than the input screen. The output image is many times
brighter than the one formed on the large screen. This is due to the
increase of energy acguiredby the electrons and the reduction of fluorescen:
image. Hence the imageneed'nt be viewed in the dark and can be seen on a

TV monitor because of its high brightness level (21).

In case of x-ray image intensifier of this tvpe, the electrons
image within the intemsifier tube is obtained by the process x-ray-light
electrons however in the case of neutron image intensifies the process is

neutron- alpha-light-electrons.

Although inhersnt . sharpness is comﬁarable with NE 421 film,,
situation when the same screen is used, geometric unsharﬁness will be
poor since screen is some what inside the front of the tube. Chalmeton has
developed a new neutron sensitive intensifier in whichgadeliium was used
in place of the usual photochatode and placed it very near the surface
of the vacuum envelope. In this case spatial resolution and neutron

registration efficiency will be somewhat higher (3).

A more straight forward approach is to use modern high gain image
intensifier TV camera assembly to view the back face of a light-imithing

] .
screen through a fast lense and a 43 miror.
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Fio. 4.5. Television s¥stem for neutron radiograhy,
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Fig. 4.6. The diagram of the thermal neutron image intensifier (Cascade
Type) (22).

The high gain image intensifier is of the cascade type as shown in
the Figure 4.6. The photo electrons produced at the input photoemissive
layer are ‘acelerated several kilovolts and focused on the first dvnode
with an multiplying factor,and electronsreleased from the last dvnode are
accelerated onto a phosphore screen while maintaining then spatial position

by means of magnetic focussing coils (22).

Most intensifiers are compatible with a standard vidiocon tube and
a number have a photochade sensitivity which is a good spectral match with
the ZnS(Ag) phosphor.

With these systems the thermal neutron intensities as low as 105
n/cmz—see is required for useful image. However Berger has shown that the
thermal neutron intensities as low as 10° n/cm2~sec could be detected by
meansof a closed circuit orthicon television system. However in this case
because of statistical variations, some integratingtechnique such as
a storage tube output, a slow scan television technique, or simply

photographyof television presentation can be used (3), (21).

As well as immediate imape presentation electromic imagerecorders
provide dynamic image presentation i.e. radiographv ofmoving objects, and
enable complex objects to be precisely aligned for long film exposure.
Therefore, one can, for example observe the motion of light cbjects in a
appreciable thickness of hezvy materials. In addition the relatively low
rggﬁgﬁEe of neutron image svstem to 1ich energv gamma radiation permits the

neutron examination of radioactive objects.
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CHAPTER V
ITMAGE SYSTEM CHARACTERISTICS

In neutron radiography, one must have a detailed knowledge about
the density exposure curve, neutron registration efficiemcy, and resolving
power in order to make an informed choice of imaging system for a radio-
graphic task. Since the most ﬁopular image system consist of a screen
film cozbination, our considerations will be concentrated on this system,

however, the underlying principles apply equally well to other systemsz.
5.1. Density Exposure Characteristics and Spatizl Resolution

hen protons or electrons fall onto 2 film emulsicn, which is standart
x-ray film, electrons and positive silver ions migrate to points of imperfec—‘
tion in the silver-halide crystals and on arrival some silver ions are reduced
to metallic silver to form the latent image. After development with suitable
agents the silver halide at the latent image is further reduced metallic
silver, and the uneffected halide grains are subsequentlv dissolved away by
the fixing solution, leaving a black metallic silver image., The speed of a
film is a mesure of the blackening éroduced by a given exposure. The greater
the grain size, the greater the sﬁeed of a film will be. But on the other

hand larger grain size means poorer resolution (10).

The signal or degree of blackening of the film, is conventionally

referred to as optical density, D, defined as
I
= {=
D=1log "I)

where I is the intensity of the incideat viewing light axd T is the intensity

of transmitted light.

The characteristic curve is obtained by plotting che density versus
total exposure, which is equal to the product of intensizy, ¢, at the image
point of interest and exposure time T, E=¢T. Two typical density-exposure

characteristic curves for various screen—film combinatiozs are shown 1n the

Figs. 5.1, 5.2.
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Fig. 5.1. Typical exposure characteristic curves for light-emitting (NE
421 and NE 905-1.3mm) and electron emitting (gadolinium foid
0.025mm) intensifying screens for direct technique thermal
neutron radiography used singly behind selected films (24).
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The prediction of exposure necessary to achieve a desired density
.
to better than = 25vercent should mot beexpected fromsuch curves. This is due

to the natur i e <. s .. .
€ of the film which makes it 1mpossible for a manufacturer to

market a precisely characterized product, and the screen response 1is not

constant because the energy spectrum of neutron beam varies from one facility
to another (3). ?

The important points in a signal exposure curve are, the minimum
dicernible density, the gradient of density curve, the minimum recognise-

able change in density, and the maximum density.

The minimum density which can be observed above background noise is
usually termed the threshold in radiography, anc the corresponding exposure
is termed the threshold speed. The gradient, G=dD/dE, is referred to as
the contrast of the recorder. The stepper the slope of the curve, the
greater will be the density difference. If the film is exposed to light,
as in the case of scintillator converter, it is useful to plot the density
against the logaritm of exposure because a considerable portion of the curvei
reveals a straight light in most important range of image densities. The
minimum density change, AD . that can be reliably observed is, together
with the contrast, the parameter which determines the minimum variation in

object thickness discernible on a radiograph.

Consider the simple object of thickness containing a defect of
thickness y and let the difference in attenuation coefficients between
the bulk object and detail be I= b Ly» see Figure 5.3.

The change in the exposure due to'y can be found as follows. The

neutron flux at the converter screen from two parts of sample would be.

€3
"
-
18]
o

#

o BT (5.2)
0

Neolecting the possible differences introduced by scattering process,

the flux difference recorded by converter screen will be:
- . -3
R SRS ) p¥) X
At . - C= v (e - e (5.3)
- 2 1 0
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I, X
Since E= ¢t and taking the bulk exposure as E=Toe b . The

exposure difference will be
AE:E‘.E’dy (5.6)
which will give rise to a density change

AD =E1y 32 (5.7)

Then the minimum detail thickness that can be discernible, is

min
= ! 5.8
ymln aD ( )

If the characteristic curve is plotted in the usual logarithmic exposure
scale the curve is linear over the range of densities used in most radio-

graphs, turns out to be 0.5 to 2.5. Then the equation describing this line is
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D=GlogE Constant

Therefore
dD ' dr '

Substituting this value in Eq (5.8) the thickness sensitivity will be

2.3 AD_.
min

y .=

min (5.10)

G

In the case of linear exposure scale, such as for R Emitcing screens, the

i L P s . - N . .
characteristics curve is linear, see Fig. 5.2, therefore che density will b=

D= GE » Constant

Hence, with equation (5.8)

AD .
min

Ymin "GIE (5.11)
From equations(5.10) and (5.11) one can see that the sensititity improves
when exposure is increased. However, this relation is only accurate when
low gamma ratio beams are used in radiography of objects producing little
secondary radiation because ¥ ray background presents problem during the

exposure.

In the presence of gamma background the fractional sensitivity
C =y'in/x, is more useful measure of radiographic performance. Then with
m

Eq. (5.10)

2.3 AD .
c= 22 EgB ) . (5.12)
Grx

where B is the exposure due to background radiation.

When the recorder response is linear with exposure, background

radiation has no effect on sensitivity, beyond adding a constant amount
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all densities.

The thickness sensitivity for a variety of material have been
measured in the range 1~10 percent. The sensitivity can be increased for

objects in which only parts of interest is highly neutron absorbant. (3).

The spatial resolution detectable in neutron radiography can be

described quantitavely in terms screen—film unsharpness (inherent unsharpness)

and geometric unsharpness.

In neutron radiography, the presence of converter—screen as an inter-
mediate state introduces unsharpness due to the radiation emitted by the
screen which has a great angular spread and enter the film obliquely at
some small lateral distance from its origin in the screen. The value of
screen~-film unsharpness deéends on the range of emitted radiation, the

thickness of converter screen and type of the film.

The screen~film unsharpness can be obtained, as a single figure, by
measuring the density change as a function of distance accross the image
in a number of ways. The most poﬁular of them is the Klasen's method in
which a knife edge object is ﬁlaced in contact with the image recorder,
thus eliminating geoﬁetric unsharﬁness, and the value obtained for un-
sharpness is only due to the screen-film unsharpness. This method of un-

sharpness determination is shown in the Figure 5.4.
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Fie. 5.4, Illustration of Klasens's method for measuring the unsharpness

of filmscreen combination (10).
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The number obtained this way 1s a characteristic of the recorder system

and tiis is also termed as inherent unsharpness which together with

geometric unshaprness,is a measure of the smallest descernible detail.

However, the figure obtained this way presents problems because
knife edge image traces with same unsharpness numerically may not necessarij
have the same basic shape and give the resolution at one particular contrasﬂ
value. The eye is peculiarly sensitive to some forms of density change whlcﬁ

are then interpreted as differences in resolution.

The failure of this system is such that it does not allow the radio—%
grapher to evaluate the system design and fine tune to produce maximum
inforzation in radiography. Hence in recent years radiographers developed
some complete methods of describing resolving power. Ome of them is modula— t
tion transfer function which is a plot of the fractional response of recorce
to contrast variations.in the object as a function of the seperation or
spatizl frequency of the variations. Any image can be expressed as a series
of sinewaves of differing frequency, amplitude, and phase by the use of
Fourier analysis. Therefore a test object which will produce a sinusoidally
density variation with known frequency and amplitude provides a means of
evaluzting the resolving power of radiographic system. Such a test object
is shown in Figure(5.5) and an ideal radiographic system should produce an

image of such an object without loss or change in information.

Since such test objects are difficult to produce, in neutron radio-
graphy the resolving power is obtained by use of a sharpe edge or a narrow

slit. The density curve of such system is analys ed into its compoment of

sine wzves, and the curves are reproduced as shown in the Figure 5.6.

Fig. 3.5. Diagram of a test onject vhose I7ansm.ssicon vari-: sinc-oidalle

alone ite lenectn (100,
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Fig. 5.6. Contrgs;_trazsfer Zunctions of NE 241 and NE 905 -scintillators
Gzdolinium scveen and ¥-ray films (10).

The resolving power of image system is expressed as the object
spatial frequeacy which can be regarded the maximum number of lines per
milimeter that can be resclved from the Figure 5.6 one can see that, with

gadolinium scrzen a sharper radiograph than x-radiograph is obtained.

To obtain an estimzte of the size of the smailest detail that can be
detected on a radiograph of an ebject the geometric and inherent unsharpness
values must be combined. The figure obtained will determine the size of

detail that is descernible. Klasen's suggested the following form of
empirical formula
3 3,1/3
UTr;(Ug+ Ui )

where UT totzl unsharpness

inherent unsharpness

i

U  geometric unsharpness

Tt must be stated here that this is one of the several empirical formula

from the above formula it will be readly seen that use of poor geometric

unsharpness with a high resolution recorder will be wasteful in terms of

exposure time znd neutrons. The optimum situation is one in which Ug and

U, are approxicately equal (23), (24).
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The smallest detail in neutron radiography is limited ultimately
] 1 . . - - . - . .
by "quantum motle', which is the term given to inhomogenitics in images

caused by natural statistical fluctuations in the number of particles
recorded and in their effect,

In neutron radiography, sometimes low intensity neutron beams must
be used and some of intensifying screen may be so effective that fewer than
100 neutron may produce a visible change in the image and this change can
be discerned when it shows above natural fluctuations in its surroundings.
Hawkes.worth and following workers have shown that two requirement must be

fullfilled to detect a void of cylindrical form.

a) The density change between the image of the defect and the
surrounding film density must be visible.

b) There must be a sufficient number of particles recorded by the
film to ensure that the demsity of void can be clearly distinguished
from density variations due to moise in the region of film
surrounding the image of the world where noise is due to the signal
and the overall exposure plus background. For a reliable observa-
tion of a signal

r>k/(R+B)1/2

where the confidence factor, k, is the number of times the signal must be
greater or less than the standard deviation in similar areas of its
surrounding. The value of k varies with aﬁ?lication. For example the detec—
tion of 1 cm2 detail in 10 cm2 object will require a value of k much smaller

that for the detection of 1 mm2 detail in a 100 cm” object. (24).

If we consider the detail area, a, and the thickness x as shown in
the Figure 5.7 in the absence of image unsharbhess this area will give rise
to a variation AE in the average exﬁosure, E, at the recorder. Assuming
that the neutron registration efficiency is n, the debil will give rise to
a variation a.AEn in the number of neutroms recorded . in the area (a Aa)
with its unsharﬁness! As already was indicated zd>ove this change must be
k times greater than the standard deviation in the average number of neutroms

recorded in all areas (2+Aa). Therefore for a reliable recognition.

1z (5.12)

|a AEnx | > |k ({2 + A2)En)



U
(W3]

If the small detail has an attenuation difference I from the bulk ochject

AE  Elxz, substituting in equation 5.12.

2

1;>k(a+Aal)

=2 22 (5.13)
Z nax

For the recognition of cylindrical detail of diameter X,

2 2
4k
>k _(x+u) (5.14)

sznx6

i}

This expression makes an estimate of the eXposure necessary to recognise a

particular detail.

Expressing equation 5.14 in a more appropriate form

2
L k D 3 . 31/3 .2
:—HZZ T ((Lt:*—i—)-arUi) + x) (5.15)
X.mn
6 4k’ D 3 _3.1/3 2.2
X :mi—\—-—- (((Lxr=-=— )" .Y % 3D (5.16)
f Ls 1
Iz nE

Relating the exposure to attenuated neutron flux at the screem as
E=¢ BT
%

where 3, is the neutron flux at the object and B is the fraction of neutroms

that ars transmitted. Inserting the values of E in to Eq (5.16)

6 4kl

2
TZ anEB

4~Q9—)3+ U.3

1_/3+ 2.2
f Ls i

X ) (5.17)

(((L )

is obtzined.

Using the appropriate values this equation is used as the basis for the

design of a new facility and several values of D/L can be tried in order

to determine the sensitivity of x to this term.
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Fig. 5.7. Diagramatic representation of the formation of the image,
diameter (x+ a) of detail (24).

5.2, Film Types and Processing

Photographic films used in neutron radiography are normal industrial
x-ray films. Film producing companies supply a full range of industrial x-
ray films from Ultra-fine-grain to high-speed making it possible to choose

the right film for any industrial radiography job.

A comparative list of some of photographic films that have been

used for neutron radiography are given in Table 5.1.

To prgdu;@ satisfactory vadiographs care must be taken in processing
films. The most careful radiographic te"hnlques can benullified by in-
correct dark room procedures. Film processing procedure 1s accomplished by

development, agitation, stop bath or rinse fixing, fixer neutralising,

washing and drying.
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Each of these steps must be performed according to manufacturer
recommendations.

The processed film can be viewed by irect viewing, optical protec-

tion, Photographic method, microscopes, and micro densitometer scaning.

5.3, Image Quality Indicators

After neutron radiography has taken its place as a nondestructive
test method commercially, methods of measuring image quality and standart-
ization have become essential. One of most widely used image quality
indicator is that developed by ASTM (American Sociefy for Testing Material).
This image quality indicator,(IQl),consists of two basic parts:

purity indicator and a sensitivity

beam

indicator.

The beam purity indicator consists of a small black of boron nitride
0.315 m thick. The block consists of three holes one containing a thin
filter of boron nitride, one containing a boron nitride filter backed
by a lead filter and one hole remaining open, see Fig. 5.8.
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This image quality indicator is placed on a side of radiographing
object and exposed to produce a background film density at the side of
10T from 2 to 3 demsity unit. Then with a densitometry density measurements
are taken on the radiograph of the I0I at five positions from D1 to DS'
These five measurements on the density of its image are recorded to give

the information indicated in the Table (5.2),

TABLE 5.2. Tnformation from ASTM Beaw Purity Indicator (3),

Thermal neutron content (%) (Dq—Dl)/D3xlOO
Scattered neutron content (7) (DS—Dl)/D3xlOO
Epithermal neutron content (7) (Dl’Dz)/D3xlOO

Low energy gamma content (%) (Dl-DA)/D3x10O

The presence of boron nitride in the beam purity indicator makes
measurements regarding total neutrom exposure, neutron energies and
scattering factor involved in that exposure possible and the presence of

lead makes measurements regarding gamma exposure and its energy possible.

The second type of IOl is used as sensitivity indicator and based
on the detection of holes through different thickness of plastic step

wedge (see Fig. 5.9).

Figure 5.9. Sensitivity indicator (25).
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The numerical designation of image quality is in the firm of, for

example, N 75-10~6 indicating that a radiograph quality with a thermal

neutron content of a2t least 75 percent, a scattered neutron of not more
than 10 percent and a sensitivity such that a 0.02 inc dia x 0.02 in deep

hole can be seen through 0.062 inc in plastic absorber (25).
5.4, Some Recommendations for Thermal Neutron Radiography

Generally a neutron radiography facility which is most suitable for

carriying out the required detection or measurement operations should be

used.

This depends on, at first, the type of neutron source. However, one
must also consider the advantages of optimizing the geometry, beam qualits,
neturon energy and detection system whenever the radiography facility allows

these parameters to be controlled.

Some advantages of geometry have been considered in the previous
chaﬁters. In general to obtain a high quality radiograph the collimator
ratio (L/D) should be 100 or higher in case of reactor fuil inspecting,
for a useful resolution this ratio should be 10 or greater. Collimator

ratios of 50 or greater are recommended for most practical applicationms.

(2).

The desirable characteristics of neutron beam for good radiographic
aﬁﬁlications would include: high thermal neutron intensity around 106n/cm2—sec‘
or higher, relatively low fast meutron intensity with cadmium ratios of
24, or higher, low gamma-intensity with the ratio of thermal neutron intensity
in n/cmz—sec to the gamma radiation intemsity in MR/sec of lOSn/cmz—MR or
higher in case of metal screen image detection, and 104n/cm2—MR or higher
for scinilator image detection. Although its desirable to use a high cadmim
ratio for thermal neutron radiography, there are some applications, inspez—

tion of reactor fuel elements, in which high epithermal or resonance neutros

percentages would be invented.

For high resclution requirements metal converter screens should be

used, and in case of high gamma intensity transfer exposure comverter

screens are usually preferred.
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For high speed and low neutron intensity) scintillator converter

screens are the better choice (5), (2).
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CHAPTER VI
-DESIGN OF NFUTRON PADIOGRAPHIC CAMERA

A neutron radiographic camera is designed to provide a large order

thermal neutror flux at the image planz and consists of five basic

components: mneutron source, moderator, shield, collimator and imaging systerm.

. . . .. . 241
A neutron radiographic camera syvstem containing 3-curi Am-Be

isotopic will bs decsribed in this chaster.

. . 241 . .
The source 1s 3 Ci Am-Be and is produced by double encapsulation
in 304 stainless stell by j.L Shephord and Associates. This source has been

tested and classified by ARSI procedures by producer.

The cheracteristics of the source are as follows: The neutron yield
is 6.6x106 n/sec isotropically. The exposure rate of 0.06 Mev gamma
radiation from encapsulated source at onme meter from the source is 6.6 mr/hr.
The exposure of 4.4 Mev -3_ from Am{e{,n)Be reaction for the same condition
is 0.264 mr/hr. The sizes of source are 1" odx1.12" lenght. This source

is fastened to the bottom of a methacrvlate bar as shown in the Figure 6.1.

=

b et hocnalnﬂc_
Dar

E’_, RO BT
2

Fig. 6.1. Neutron scurce anc its handle.
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Ti ; : )
Figure 6.2. shows the energy spectrum of (Am-Bc) neutrons. Theilr

average energy is about five Mev.

»n 3
z
o
&
-
2
W oaq
2
L)
2,
&
>
£
<
-t
w
& OMr—r——e e T
Py i 2 3 & 3 F ?I l‘ ; |'o l: [}
HEUTRON ENERGY MeV
- . 5 241
Flg. 6.Z. Neutron energy spectra of Am-Be Source (26).

6.2. Moderator

As has alreadv be an indicated that the source must be surrounded
with a material to slew down the fast neutrons to thermal enercies. Since
radioisotope neutron sources have relatively small neutron output,
moderator material anc dimensions must be such as to provide the hichest
possible peak thermal neutron flux over relatively small region of the
collimator input. This fact is measured by thermalization factor which is
defined bv the ratio of the fast neutron yield to peak thermal flux. Some

of thermalization factors for different source and materials are given in

Table 6.1. The values in the table were collected from different experimental

3

procedures and therotical analysis from several sources as indicated.

(27), (3)-

TABLE 6.1. Thermalizztion Factors gor Different Moderators and Sources.

Metral

?LACE SOURCE HZO BeQ CHZ Hvdride

241 242
ANL (calculated) Am- - Y Cm-Be 600 400 - -

ANL (measured) Am241—Cm—Bc 200 280 - -~
Univ. of Birm. (czlculeated) a2 * ! CoBe 200 280 - -
ANL (calculated) szsz 70 200 - -
ORNL (calculated) szsz 75 1400 - -
cr?2? 885 - 855 516

WAD CO (calculated)

i
|
i
i
|
i
i
|
|
i
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Among the moderator materials metal hvdrides are the best moderators
because of their high hydrogen content per cubic centimeter as compared to
an equal valume of water and paraffin and their ability to be heated to
1273% and cooled to less than 100K. However, economical considerations

prove paraffin and water to be the most useful moderators. ITherefore we

used paraffin zs moderator

To find the place of peak thermal neutron flux and the highest
possible thermalization factor, a theoretical analysis was dene in three
different ways. The parameters used to calculate thetmal neutron distribution

in paraffin-are given in the table.

TABLE 6.2. Diffusion Parameters for Thermal Neutrons (28).

Densit D Ya L der extrapolated
(@'cm”) “em) cm (cm) (em) distance Removal Cross section for 5 Mev
3.89 _0.106 0.026 2.14cm0.32 0.227 J.161

—~— -

6.2.1. Removal Diffusion Combination

In hydrogeneus medium, it was observed that the plot of the thermal
flux from a fast neutron source closlev paralels the fast neutron dose
curve. This paralelism indicates that the thermal neutrons at any given
point must have arisen from the slowing down of fast neutrons in the
immediate vieinity of the observation point. One can therefore consider.
The fast flux in a very small region as being the source of thermal neutrons.
The reason is;a fast neutron emitted with energy of E in an ifinite
hydrogeneus medium undergoes its first collision after moving one mean
free path, ie the distance l/ZS(E). At this point neutron loses much of
its energy therefore the cross section for second collision is now much
- larger, and the sécond mean free path is considerably shorter than the
first. Hence the mean free path decreasesyith each encounter with the

result that the nmeutron mierates only a short distance from the point where

it was first scattered.

Tt will be seen in the shieldine section that fast nevtren flux at
anv point can be determined by removal theorv. Accordins to this mocel the

. c . = ~ 7~
removed nmeutrons are considered as a scurce for thermal neutrone  (29).



The system of equations are

_fg~
d);(r) - .5°® (6.1)
4wr2
2 Se‘xrr
N d g 2 do Zr
DO w2 d%h z‘.a%:-ﬁz__*_ (6.2)
dr r dr Lz

where

¢£(r) is the fast flux at position r

%h(r) is the thermal flux at position r

S is the source of fast neutrens

Y. 1s the removal cross secticn

Y5 is the absorbtion cross section for thermal neutroas

D is the diffusion coefficient of thermal neutrons

Eq (6.2.) is the second order linear non-homogeneous diZf-equation.
In order to solve (Eq. 6.2.), it is convenient to introduce a new variable

u, for homogeneous part of Eq. (6.2), defined by

u=7x¢
2
du _ K;U = 0 (6.3)
dr
where

The solutions of Eq. (6.3.) are

. . e—Kr
*hl (r) =A——

I

A inh K
“h2 () éB—EBfL———E

r

n

K rhe pe-
The Wronskian of these functions can be found to be — , and the general

T

solution to the dif-eguation 1S.
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; -(Zr-K) ' o Kr! R PR
4th(r) =a BSmhKr IS (SlnhKrJ.a e & f oZr  SinhKr )

AT r 4iDR . r T rt B T 6.s)

To find the thermal flux through -out the medium, boundary conditions of the

medium must be imposed on Eg. (6.4.)

Let us first consider the medium to be of infinite extent, in this

case the boundary conditions are;

1) ¢th(r) must remain finite at r=o

2)¢}§r) must vanishe as r+w

Therefore the limits a an b on the integrals and the constaﬂtgln
Eq. (6.4.) must be chosen in such a manner that the boundarv conditions

above are satisfied”
From eguation four one can see that A=0, 3=0, a=esand b=o

Then

. I-+K)T! -Kr! .. ‘
()= EL.%( sinhKr {w __} o - & (T. Ir sinhKr drq
Qh — r o '

4mDK T ! r' T

Anplying some simple algebra, gives

-t

, - ()T -Kr t —(ErK)r -\ . —(Zr—K)r )
6,(T) zzzrs (SlnhKr fm e 4k 8 ﬁ l ir—é . — -
th 4DK r F r 2r r r :

IS f SinbKr e dr-- & e 4ar f
¢{}£r) S l”TDK . T o or .‘O r '
- . T (s +K)T
(zr+$?i.dr"+ re f»ffi_————— dr')} (6.5)
"'Of ; . T T
r

o re are onlv two
XAlthouch there appears to be four unknown constants, the ;

. kS 1ce a.
because a and b can not be chosen independantly of A and B and vice vers
ecau

(R —Kr’(f SO O
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To evaluate the integrals in Eq. (6.5), two new variables, » and g

defined bv p = (¢ %+ X)r and q = (F{r-K)r, is introduced so that

2.< a1 . -p -Kr -q Y —9q
oth(r) = 2r° ((SthKr r e’ dﬁ“'g——-(ofw e B - f e dq
47DK r (Z+K)r p 2y c KT g
o e-P © e P
Of dp + f — dp)) (6.6)

P (Ze4R)T P

These integrals are in the form of what is known as the exponantial

integral function defined by

-1
n-1 .o e

En(x) = x S du
X

u

Inserting for the SinbKr term in Eq. (6.6)

TeS eKr e KI
L — E, (Zr4K) 1) —-
87DK T r

oth(r) =

Eﬁ(Zr~K)r)) (6.7)

A plot of ¢th(r) as function of r is given in Fig. 6.5.

Since the actual case is of a finite medium, the same nroblem was

considered also for talking case.

This time the boundary conditions become such that ¢z must be finite ar

2 r=o and be zero a=R. where R is the extrapolated boundarv

Writing the general solution once more

1 i .
-Kr . _ -(I—-K)r ~Kr L _ LosnhKet
oth(r)= A & sp SIDBKT (TeS { sinhky rfa-gf—jf———~drl+ S Se 51 . art))
r be 47DK T T T T

(6.4)
To satisfy the above boundary conditions one can see that A=] and b=0,

Then equatiocn (6.4) becomes

1 ES
L - -(Zp-Kir~ -Kr -IF
SinhKr  £S E}nhﬁirfR f—— - & /TS sinmkr' dr') (6.8)
e — ES

¢ (r) =B
‘th T 47 DK r T T T
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Where B can be found from

L
—T‘I‘
: . - S KR R e F .
B SinhKR + =5 2 o ™R [Roe Sinhkrldr! = 0 (6.9)
- T — % 0 "
47DK r

. . .
The integrals lnequation (6.8) and (6.9) can be avaluated be converting

these equations into the form of exponantial integral function.

Rearrangin equation (6.8), the thermal flux becomes
3

SinhEr & S 1
¢T(r)=B - “—(

Kr - -Kr,
E, ((Ce+K) 1) ~E, ((Z-4X)R E +K)R)- F.((¥--K
" e (, r)-E; (T HOR)) +e T T(E (54K R)- P (T ~K) £

(6.10)

A plot of this, function for various moderator radius is given in
Co. R Y
Fig. (6.6) and the diffusion contstans used in equation (6.7) and (6.10)

are given im Table (6.2).

Tt has been found that after 15 cm the thermal flux behaves almost
as it does in the infinite medium. Therefore it is not practical to take

the moderator dimensions greater than this value.
6.2.2 Two Group Diffusion Theory

In this method, also, neutrons are splitted into two groups.
Thermal neutrons are included in one group called the thermal group and
all the other neutrons are included in the fast group, such that.

W5kT 5

— d
6y 1)__9] r,E) d E an

o5(r) = f $(r,E) d E
AS5kT

—— e —

a: is chosen as R arbitrarylv
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The diffusion equations describing the fast and thermal neutron behavior

are
2
DV76, -6, = C

D2V ¢2-Za¢2 + Zl¢1 =0 (6.12)

wnere

o1

, 18 overall absorbtion cross section for fast groun

™

o 18 the absorbtion croos section for thermal group
is the diffusion constant for fast groun

D
D 1is the diffusion conmstant for thermal group

The fast diffusion coefficient D, is defined by

1
I?L;;T D{E) dE/F
D, =2t
. gk dE
S5kT E

In the absence of resonance canture, neutrons are not absorbed in
the fast group, but they disappear from the fast group as a result of
elastic and inelastic scatterings. Therefore bv analogy to L2 =D/Za,
the quantity P1/Z1 must be equal to one sixth the average of the square
of the crow flight distance from the source to the point where a neutron
leaves the fast group, that is, to the point where the neutrons slow down
into the thermal group.

This however is precisely the definition of the neutron age so.

where TT is the fast neutron age to thermalization (30),

The solutions of these dif-equations ave
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-r - .
b= E,‘/§_+ e r/i;_LS e r//FZL11 o T/L LR
1 2 T 7. —
T T D8nk r (L%ny o (VL)

The boundary conditions are

lim 4ﬂr231 = S and lim ¢1(r) =0

r~o r > -
lin 47r% ) = 0 and lin b, (r) = 0

r~o T

It will be seen from the boundary conditions that the geometry is

of & point source in an infinite medium.

Apolying the above boundary conditions one can find that:

' 2 . /L
Al:,-§-» ) BZ:Oand Blz —__i_(__t_- 3 )
4TRI, D, 8% L L

Hence the fast and thermal fluxes are:

0. (x) = 5. exp ( r/VT) : (6.13)
1 énril
.__.__Tz / (-r/VT) ) (6.14)
o,(r)= exp(~r/L)-exp(-r/V T .
2 4rDd, (L7~ ) {

A plot of ¢2(r) as a function of r is given in Figure 6.6
6.2.3. Removal Age Combination

In the removal~- diffusion combination the removed neutrons are

considered directlv as source for thermal neutroans which then diffuse in

the medium.

However in the removal -age combination, the removed neutrons are
i v E =

not coansidered to be direct source of thermal neutrons; the slowing clown

of neutrone after removal collision is taken intc consideration according

. . i
; jffusi i ma: neutrons 1is neglected and
to the fermi age model. The diffusion of ther r g

the slowine down density is set egual to the absorbtion rate.
e Lol



71

Fig. 6.3. QeO@eFry for computing the flux from distributed source in an
infinite medium.

According to the removal theory, each time the fast neutrons undergo

a removal collison it is assumed to contribute to an isotropic slowing
1 . . .
down source. If G(r') is the fast flux from a point at distance r from

selected referance frame shown in Fig. (6.3) the volume source P(rl) of

. . . dc(r*) . .
slowing down density is -—2>—", which is equal to
s dr*
-Lr
L e
p(r) =30 S

4mr

Further more according to the Fermi age model the slowing down-

. L . . 1.
density g(r, r, B) at a point r from a unit source located at t 1is
> >

—lr—rlvlz/Ll'Tt
g(r, r*, = - (6.15)
: ’ s 1 (4-;{1‘9372

Then the total slowing down density to thermal range is

8(r,T) =/ P(rl) g (r, ')k ) &' (6.16)

‘Nezlectine the diffusion of thermal neutrons, the thermal meutron absorbtio

+
i~

rate becomes

o = r,T
ba¢th @_( L) .
s o (F -rt ~2rrLCose)

_or 3/ I le Sinfde dr
i /"O 0 -
2(47 ) 4T (6.17)

er

6(r,Tt ) =



By making the transformetion p= Coss anc dp=—Sinede. and

|
72
integrating with respects dp, one obtain.

2 -
5rS AREe T -r%-aryt R S
e(f,ft ) - Lr2 ;]_-( f°° e - 4]1 ) dr.L_ fco e —_ﬂ - l\-
(’3"’1)3/2 r ° : L -- o] l't 4 )
r
T (6.18)
Although limits on the integral must be carried from zero to infinete.
as an approxization, limits have been adjusted for hallow source finite
mecium as shown in the figure
1
|
Fig. 6.4. Geometry for computing thermal flux according to Removal-Age
theory %
i
The final forz of 8(r,[y) is
, 2
sp chrgpertertioaert atrtor e oot
Is S el Re e
e(r’rt ) = o N372 T rf 4§£ﬂ;_____ drl_[R 40 drll
(47R) r 1 L .
r Ty L |
(6.19)
Setting the slowing down density to thermal absorbtion rate
Ea¢th(r} - o(r,T,)
The thermal fliux will be
p (r,TE)
b (1) = —— (6.20)
lg

The integral in equation 6.19 has been computed numerically by means of
Shizoshon rule and the thermal flux distribution so obtained is given in

the Figure 6.6.

To commzre the calculated thermal flux with experimantely determined

Lo

flux values Fizure 6.7 has been presented.
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Fig. 6.5 Thermal neutron flux distribution calculated from three models.

Thermalization factors obtained from three approximation are given
in table

METHOD
Removal-Diffusion 30
Two Group Diffusion 73
Removal Age 168

TABLE 6.3 Thermslizaticn Factors Obtained from Three Method

THER‘M' AT

L

iZATION FACTOR
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Fig. 6.7. Thermal neutron flux distribution (experimentally) produced by
1CiAm-Be source in a water moderator (3).

Although Fig. 6.7 shows the thermal neutron flux in water moderator

the diffusion parameters of water follow closely those of parraffin.
6.3. SHIELD
The dimensions and therefore portability of a radiographic camera
depends to a large extent on the biological shield. The most significant
types of radiation for which shielding is required are neutrons and

gawma rays.

Therefore it is necessary to design a shield involving a suitable

shielding material and thickness to decrease the total radiation effectiveness

i
R

to a permissible level.
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Since meutrons are usually borm at high energy level it is necessary
to use a material which slows down neutrons and then captures them. During
this capture process secondary radiation (capture gamma rays) are produced.
This radiation is distributed through out the shield and is often the dominan:
contributer to the dose rate. Dense materials such as lead and iron to
attenuate gamma rays and lights materials such as various hydrogeneous
compounds to slow-down neutrons are normally used in combination. Concerate
has been widely used as an in expensive shield, because it is a mixture of
heavy and light elements but it is too bulky for a camera shield. The
addition of boron or lithium to a hydrogeneus material such as polly-
ethylene, parafin, water and water extended polyste9 reduces both thermal
neutron and capture gamma dose rates through the absorption reactions
1OB(n,d)7 Li or bL{(n,oQT as well as attenuation of fast neutrons.Both
reactions have higher cross section (3840 and 945 barns respectively) than
the H(n.¥)D reaction in the hvdrogeneous material and result in less
secondarv gamma radiation. The 0.48 Mev gamma from the excited 7Li nuclide
is also easier to attenuate than the 2.3 MeV gamma from hydrogen reaction,

while no gamma rays at all are produced in the lithium reaction (31).

Since our neutron source intensity and energies of gamma rays are
low, it was thoughtmore appropriate to enlarge the moderator dimensions
than ussing such a mixture or concrete for shield. To attenuate garmma

rays a steel cup surrounding the moderater was used.
6.3.1. Attenuation of Neutrons

Before considering shielding calculations, it is necessary to
briefly look at the attenuation process of neutrons and ecammaravs. At
firstneutron attenuation and dose rate calculations will be considered.

The attenuation of neutrons takes place bv elastic and inelastic
scattering as well as neutron capture reactions. Since probabilitv of
neutron capture is larce at thermal enereries, a considerable degredation
ir fast neutron energv must just take place before neutrons are removed

by capture.



A considerable energy degredation takes place via elastic aad in-
elastic scattering. In the inelastic scattering process the target necleus
1s ralsed to a quantum state above ground level (either through neutron

assimilation andre emissionor direct exitation), and the nucleus decays

to the ground state by the emission of one or more gamma ravs. The inelastic

scattering process is only sienificant at energies greater than 0.3 MeV and
for heavy nucleus. Therefore the presence of heavy elements in the shield
is most effective in reducing the neutron energy by ineelastic collision

In the elastic scattering process the nucleus is unchanged in eitter
isotopic composition or internal energy after interacting with a neutron.
In this process kinetic energvis.conserved. Elastic scattering is largely
significant at low energies and is more likelywith decreasing enezrey,
therefore, thermalization of neutrons takes place mostlv via elastic
scattering, Since the average eneregv loss per collision is large ir each
elastic collision with hvdrogen and since the elastic scatterine cross
section at energies above 0.1 Mev increases rapidly with decreasine

neutron energy, once a neutron in the source energy range under goes its
first elastic collision, it rapidly undergoes additional elastic cellisions

and is thermalized,

The absorption process is significant only at thermal energr range
for almost all elements, however, at high energies absorption process is
slightly significant for heavv elements. After the absorbtion process a

nucleus usually emits a gamma ray known as the capture gamma (32).
6.3.2, Shield Calculation Methods

To berform sufficientlvy accurate shielding calculations detziled
information on the séatial and energy distribution of neutrons in =
medium must be known. Some theoratical techniques are available for this
épféose, The most accurate tpeoratical calculations can be accomplished by
Boltzman kinetic equations. However the compliated structure of thls eguatio
makes it impractical for use for inm shielding calculations and approximation
methods become necessary. One of them is to write the Boltzman equztion

in the ace diffusion approximation thex solve this with multigroup =zethod.

Iy
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In this method the neutron energy or lethargy range is broken down

. - : ] range are
lIltO a numser Of eneT.’gV I‘aDEES and neutIonS in eac en\erg’ g

sparate group with its own eqe diffusion equation.

A simpler approach is to write the three group diffusion equations
which are

11 171
VD2«.32— 22@2+Zs1¢>1 =
VD, %3 - & =
3'737 I3¥atisyd, =
Three equazions ~ describe the fast, intermediate and the thermal fluxes

respectivelv.The constants in these equations are determined experimantally.

However suitable they may be for usual reactor calculations,
conventional age-diffusion theories have some drawbacks when applied shielding
calculations. because neutrons under consideration are mostly, fast
neutrons. Basically they recuire that the neutron angular flux be pearlv -
isotropic, which is in:general true for the low-energy scattered neutron
but not for high energy neutrons. Also the solution holds only for distances

not top far from the source.

However the neutrons of interest in the shielding work are of an

energy muchzreater then the average, that much of the attention is concentrated

around fast oeutron penetration. Therefore the simple form of diffusion

equation is not valid for fast neutron behavior.

Especially in hydrogeneous medium if a fast neutron suffers a collisiomn
with hydrogsn, its energy, is on the average reduced by one half, and as
already indicatedbefore because of the rapid increase in the cross section
of hydrogen with increasinpenergy, the mean free path of its second
collision iz greatly shortened. As a consequence, the neutren has its next
collisions m=ar the site of its first. In this wav energy of the neutrons
eventually 7z11 below fast energy region and rapidly attenuated and
absorbed nezr the site of their first collisions. Thus it follows that a
single collision with hydrogen effectively removes a neutron from a=¢ na¢
the fast neucrons. Therefore the attenuation of fast neutror can be

described with a removal cross section which is effectivelv ¢jual to abserption



in a simple exponential form.
3

When experimentsl became available about 1950, Albert.and Welton

constructed a model which introduces the concept of removal cross sections

to describe the attenuation of fast neutrons in hydrogeneus media. Their
formulation for the fast flux in water from a point fission source is
W o )
. -Ie r =L r(E)
Jf(E '
o(r) = ()82 = dE
4ny

where ¢(r} is neutron flux at a distance r
f(E) 1s fission neutron spectrum

H, . .

I7(E) is hvdrogen cross section
S .o

Ir 1S energy indipendent removal €ross section ¢

for oxvgen
The assumption was that the entire cross section for hydrogen was effective
for removel but only a certain fraction for heavier elements such as

oxygen,

Their most careful experimantel studies showed that the fast neutron
dose rate from a poit source deviates from a simple shaight line behavior
when multiplied with r2 and plotted on asemilog scale. Iz this case decay
becomes some what steeper with increasing distance from the soruce. This
originates from the fact that neutron scattering bv hydrogen is strougly
anisotroﬁic in fhe forward direction in the laboratory svstem, therefore
the penetiating component is likely to be composed largely of neutrons
which have had one” or more collisions but have suffered only a smzll
angular deflection. This component may be much larger than the pure uncollided
flux. There after the average energy of neutrons will sitk some what and

this fact explains the stepper décrease.

About 1937 spinnery conceived a method to predict the penetration of
these neutrons which are neither seriously deflected norreduced significantly,
N . oot ’
in energy by use of a simple 'uncollided” kernel

-5 r
Se’ (6.21)

Pt = 5
4rr
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where

¢(r) is the removal flux

=8

Zr 8 the removal cross section

The value of Ir is jessthen the total cross section It since the flux

defined by the kernel includes those neutrons which have made glancing
collisions.,

It can be expressed as:
le = Iy ""FZ'S‘

Where

Is is the elastic scattering cross section
f is the fraction of elastic collision which can be considered glancinJ

t will be noticed that with this kernel. z fraction of elastic

collisions is ignored, and the changes of direction and eaergy of such
v

collisions are assumed to be small.

With the energy depéndence the removel flux as a function of energy

is given by

£(E)e~
¢ (E) = Ty 6.22
r 4ﬂr2 - ( )

The removal attenuation method discussed adove takes into account
the most energetic neutrons The complete design o a shield requires.,
in addition, a knowledge of the spatial distributicn of fast neutrons,
thermal znd all intermediate energies since they dstermine the sources of

|
|
|
|
!
|
|
|
|
!
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|
|
|
|
|
1
|
|
|
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i
|
|
inelastic and capture gamma rays.

\

There“ore Spinney and subsequent workers cozbined the F e veon i

ith diffusion equations such that the removel calculationwas

caiculations wit
used . to describe the penetraticn of the forward cirectez neutrons and
BIiza

eruation is used to describe the micration fellowing such
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For radioactive neutrons sources the fast neutron dose rate is
calculated using. equation 6.21. or some modified form of it. In this equation
the removel cross section is determined exnerimentlw which gives the
integrated value of removel cross section over source energv. (8)

2

6.3.3. Neutron Dose Rate Calculations
As indicated before since the dose rate from neutrons are mainly

due to the fast component, the contribution from 16w and thermal energy

neutrons are neglected

The dose rate from fast neutrons was calculated ysine the point
source kernel given in equation‘(S.Zl) such that the dose rate from a
point source at the gurface of a shield material is, assuming all of
neutrons born at average enercy of five Mev,

D(r) = - (mrem/h) (6.23)

where € is the conversion factor which relates fast neutronflux to dose rate

F is the neutron attanuation factor for the shield material and is

T
equal to e 7

T was computed in two different ways: the ﬁirst:dne is experimentally
determined at the Mound Laboratory. It has been found that the attenuation
factor in water for neutrons from {(n,sl) sources can be correleted as
f=e_'11t The attenuation factor for shield containingmore than 40 atom
percent hydrogen can be obtained by a ratio of the hydrogen coutent of the
shield to that in water times the exponent of the mneutron attenuation
factor for water (33). Since naraffin has more than 40 ato~ nmercent hrirogen

so the neutron attenuation factor can be estimated by the hydrogen ratio

methad as follows

.|

f 22
H paraf. _ 7.9 x 10 = 1.179

" 6.7 x 1022
w.
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Then applying the hydrogen ratio tb.the neutron attenuation factor

for water, the neutror attenuation factor parafin will be

(1111798 | -.129¢

_In the second approach value of the removal cross section for fast

neutrons from Am Be spurce was taken to be that of Po-Be source which is
-1 .

equal to 0.161 em ~. Blizard recommends the use of a value of 5 for the

build up factor B for Po-Be sources with water or parafin shields more

than 20 cm in thinkness (34).

f=e-.161.t

Another way tc compute dose rates is from Figure 6.7 which shows

fast neutron attenuation in containers of paraffin azd water

At first flux aad dose rate is determined at a given distance from
unshielded source accerding to eauation (6.23), in which case f=1 Then
with the aid of Fig. 6.7 the dose rate at any distance from shielded

source is found by the product of attenuation factor and the unshielded

dose Figure 6.8. shows neutron dose rate for various thickness of paraffin

shield. -

O S

T A ALY L]
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Pie. 6.7. Fast-neutroz attenuation in cylindrical ceatainers of paraffin
and water {(Z3)
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Fig. 6.8 Neutron dose rate calculated from three different ways
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6.3.4. Attenuation of Camma Rays

The attenuation of gamma rays takes place mainly through three
different interaction process. These are: a) photo electric effect,

b) pair production, ¢) compton scattering

In the photo electric effect az incident photoa transfers all of
its enerpy to one of the atomic electrons, ejecting_. it from the atom. At
lov energies attenuation of photons is mainly due to the photoelectric
effect which becomes more important as the atomic number 7 of the absorber

increases and as the photon energy goes—down.

In thepail'production nrocess all the energy of the incident nhoton
is transfered into the creation of an clectron pair-an electron and a
positron. Since the rest mass of the pair iz equal to 1.022 Mev the pair
oroduction process occurs only at photon energies greater than 1.022 Mev.

pairhroduction is effective at high emergies and hiph atomic numbet. |

In contrast with the preeceding interactions which are absorbtive
processes, compton effect is 2 scattering process which alters the direction
and energy of incidentvphotons.Compton scattering is a predominant interaction
over a wide energy region. Even for heavy elements it forms the major
part of the attenuation coefficient from 0.5 to 5 MeV [Ispecially in the
very light elements the other twointeracgion are neclicible except at
exteremely low and high energies. Therefore such materials are said to be

compton scatterers.

In spite of existence of many different types of interaction

processes other than these cited above nalnlv these efiect are
considered in the shielding calculations and the total zttenuation

coefficient of carma ravs is taken as the sum of these three attenuation

processes,

Since first of the two nrocesszs are absorbtive it 1s the compton

efect which complicates the snieldine calculations.
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6.3.5. Calculation of Gamma Dose Rate

To calculate the gamma dose rate follow1ng factors must first be
determined. These are: a) the intensity and spectrum of gamma rays,
b) total and energy absorbtion-mass attenuation cross gections for the
shield material and the material in which the dose is to be determined,
c) doserrate build up factor. I
The intemsity and spectrum of garma rays: Gamma rays originate from
the source itself through decay of Americium and its daughters, from
(¢,n) reaction and from obsorbtion of thermal neutrons by hvdrogen and
carbon through (n,¥ ) reaction. The total intensity of source gamma is
6.864 mr/hr at 1 m from unshielded source. On the average 6.6 mr/hr is
due to the 0.06 MeV photon and the remaining part of 0.264 mr/hr is due
to the 4.4 Mew photons. The pamma intensity arising from (n,¥ ) gamma
reaction will be determined later. The energies of gammas from (n,¥)
reaction for H and C are on the average 2.2 MeV and 4 MeV respectivelv.
To al o energy absorbtion mass attenuation coeff: The
mass aﬁt;nuatlon coefficient for shield materials prafin and Iron are
given in the Table 6.4. Some of them was calculated by interpolation and

some from formulation given below (8).

1 52M
LI y - <M H v

_u 52 Mc
< {Casts, (8)

u
52 MH-25 MC @ ® 52 MH-25 Mc S

()

where 22— (CZSHSZ) is the mass attenuation coefficient for paraffin

g
—é—-(H) is the mass attenuation coefficient for hydrogen
—i&— ) is the mass attenuation coefficient for carbon

ME’ Mc are atomic weight of hydrogen and carbon respectively

. . 2 . L.
TABLE 6.4. Values of Mass Attenuation Soefficient u/g om /g for Shield
Materials (8).

PHOTON c H
ENERGY Mev H C 2552 Fe
0.06 0.326 0.170 193 1.13
2.2 0.0838 0.0427 0.0488 0.04122 )
4 0.581 0.0303 0.346 0.0331
4.4 0.055 0.02¢1  0.0329 0.0324
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TABLE 6.5, ZiiuiirOisﬁ?ergy Absorbtion-Mass Attenuation Loefficient, pale,cn
- PHOTON ENERGY Air
0.06 0.0287 —
2,2 0.023226
4 0.0194
A 0.01888

Dose Build-up factor: It is necessary to introduce a build-up factor in

the dose rate calculations to compansate for those photons which are only
degraded energy rather than being removed. The build-up factor can be
chosen from appropriate tables for source energv per photon, material and

th%gness of shield, attenuation coefficient for source energv and geometrv
of the shield.

The principle advantage of expressing attenuation properties of
media in the form of ¢=Bése-ut is that the build~up factor varies rather
slowly with respect to changes in attenuation distance, source photon energy
and average atomic cémposition. It is thus possible to interpolate rather
accuratelvfor values B and to obtain solutions for attenuation procblems

from another limited number of actual calculations.

Build—ué factors were used for dose rate calculations arising from
source itself. The build-up factors for point source geometrv and various
thickness of shield material are given in the Table 6.6. Some of these build
up factors were calculated bv means of interpolation. Also for some energies
at which exposure build up factor was not found, the energy deposition
build up factor was used as the exposure build-up factor™ and the build-up

’ . XX
factor for parafin was taken to be the build-up factor for water,

XType of the instrument response must be specified in order to establish
the build up factor precisely. However, if the responses are closlev
related, such as energy fluence,ex~osure and absorbed dose (enerzv
deposition), the corresponding build-up factors will alwavs be of the same
order of magnitude and will often be very close to one another (g),

In many instances the elements involved are so close in z that the shielding

characteristic of the mixture properties are obvious for example in gamma
ray build-up fa tor between CFQ or CH and water 1is probably too small to
be of significance in shleldlng problems (323
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TABLE 6.6. Exp?sure Build-up Factor for Point Isotropic Source, Infinite
Madium for Water (8).

Eo r-10 r-15 r-20 r-25 r-30 r-35 r-40 r-45 50
Mev 1.71 2.56 3.42 4,27 5,13 5.98 6.84 7.69 8,55

0.06 9.43 17.15 26.14 37.09 52.31 67.53 82.75 105.15 129.20
4.4 - - - - - 1.56 1.66 1.74 1.83

Since dose rate is an additive quantity, the dose rate arising from

source 1itself and those arising from (n,¥ ) reactions will be treated

sparately.

Dose rate from source: Since source is embedded in parafin, point
source geometry can be used to determine the flux densitv and the dose

rate through, out the medium>

Gamma flux at any point in the medium is given by

T
e (6.23)
4rr”

¢(r) = B

where ¢(r) is the gamma flux at point r

s is the source strenght ¥/sec
u is the linear attenuation coefficient of the medium
B is the build-up factor

The relationship between dose rate intsrms of reontgen, D and gamma flux
density for monoenergetic radiation of energv E is determined by the

following form:la

-6
¢ (r)E:41.6x10 (r/sec) (6.24)

88

D(r) =

where
pa is the mass energv-absorbtion coefficlent of gamma radiatZon in
. 2
air cm /g
078 is o ival i s of 1 Mev
1.6x10  is the energy equivalent 1n ergs Of 1 Mex

88 is the energy equivalent in ergs/gr of i reontgen
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To find gamma flux, ¢(r), gamna source strength must be known at

any point,
Using equation (2) the gamma flux having the energy of 0.06 Mev,
and 4.4 at 1 o from the source can be found from.

88.D
E.: 1.6x10

[o3

6 ' (6.25)

Placing the value of D, E, y, one can find the value.o? the gamma flux
at the desired distance. The gamma strength can be found from Eq. (6.24)
assuming a particle flux build-up of wnity.

To find the dose rate at the camera surface the following relation was

used.
T -6
"1 . -
D(r) =By 22 1 Ea 160 =¥%d 3600 (r/hr) (6.26)
4Ty™, 88
Where
by is the attenuation coefficient for parafin
iy is the attenuation coefficient for parafin
d is the steel thickness which isconstant

Br 1is the exposure-build-up factor for parafinX

r 1is radiug of the parafin block

Figure (6.9) shows the dose rate at the surface of the camera
arising from ©.06 Mev and 4.4 Mev garma radiations for fixed steel

thickness, 0.3 cm.

Dose rate from (n,¥) reaction: The gamma dose rate from (n,¥)
reaction comes from capture of thermal neutrons by hydrogen and carbon in
paraffin. Determination of the dose rzte of the capture samma rays
involves the scurce distribution. This distribution derends on thermal

neutron distridution through out the medium.

E%e exposure build-up factor sted has not been considereld because of
its small thic s
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The thermal neutron flux distributien in the medium has been
determined in the medium in three differentways. Two of them, removal
diffusion, and twe group diffusion equations, have been used to calculate
the distribution of capture gammas. Then the distribution of capture
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h = +
where Sv Za¢th(r )

Rather than §olving this equation, an approximate approach, can more
easily be employed. This is to use an average value for the gamma

source strength and assume it to be constant through out the medium.
Then using equation (6.27). Which gives the strength, S of an isotropic

surface source which is equivalent to volume source of sternght S , the
gamma particle for square centimeter per sec at the paraffin surface is

obtained by (36)

Sv
Sa = —— (6.27)

u

. . . 2
where Sv 1s the volume source strength, particle/em” sec

u is the total linear attenuation coefficient, cc

This isotropic surface source gives the same dose at the steel exterior,

it placed at the interface between the volume source (parafin block) and

the shield (steel).

This method tends to overestimate the source strength of the
equivalent surface source, gince it gives equal weight to all parts of
the volume distributed source. In actuality, most of the radiation
reaching the parafin surface arises from regions of the paraffin
block where the source strength is generally less then in the interior.

However the dose rate obtained with this method will be on the sage side.

The average wnlumetric source strength is given by

N f Za(l)¢(r)av

S dv

Where N is the number of photons of the specified energy produced

per neutron capture

Ta is the macroscopic capture cross secticn of the medium

. , . - e ai . .
Assuming a constant and inserting the thermal flux distribution
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X

obtained from two group diffusion theorvy

» the average volumetric gamma
source strength will be

o ol
sa 512Ny R r/le ,
__u~_-77_~‘bj = +7r dr
.. = — A .
1
R, 2.
J 47mr dr
G
~  3rast? o -R/L .2 -R/L 2 -R/VE . -R/VR
Sv, 27 (-LRe i -L7)~(VTRe ~Te -7

D

.

) )
Z(L -4 R

(6.29)

If the same procedure is applied for thermal flux obtained from

removal diffusion tﬁeory, the average volumetric gamma source strength
. XX
will be

R SinhK - 2
ray s8R ES eKr(EE((Z{—-K)r)—pl)—e Kr(pl—El((Zr-K)r o drt
1= r 8 ndK -
_Vz =
,R bnrTdr
rl:O.z (6-30)
E_Q _ 3§ Zg g[;geKR- 12 XR_ 1] Kr1+ EieKrl_ Ee—KR_ }_ze—KR+ E}e_Krlxlée_Kri]
Rt "2 K K K ES K K K K
KR KR Kri Krg -Irr
1 -ZR e 1
¢ 25 4R - & ) B (ORI, S - 220 E (- Le TRy &L
K K2 1 1 X K 1
87DK A ZrK ZrK
R KR KR Krl -KR -=-KR -Kr
1 1 e e & Krp e RgE___& . e 1
&l Ey(erp)+ I B rR-Gy - g-xe rpr) O oty

XAlthough the medium is finite, the thermal flux was obtained for an .
infinite medium, therefore the average volumetric gamma source strength
will be somewhat greater than the actual case

1 hern 3 i inite at that
%The value of r,was chosee so that the thermal flux is f £
. e
point
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—Kr -KR _ _E
e 1 R -KR | Kr R

T e ST B (2 OR-E (0r)) (- B oK 2y e

K K K = K k> 2rk

~2eH EL(5~T") E1(Sc2)

e . L x
- o - === --41—;f}§ (6.31)

ZrK K+ K%

The dose rate from capfure gamma at the camera surface is given by

D(r) = —Y_ Wd
u

(6.32)

where u is the total linear attenuation coefficient of parafin for gammas
of specified energy
ulis total linear attenuation coefficient of stell for gammas of
specified enery
K 1s the dose conversion factor interms of >Roentgen

d 1is steel thickness, 0.5 cm

Dose rates of the camera surface from 2.2 Mev and 4 Mev camma

photons for fixed steel thickness is shown for various camera dimensions

Figure 6.10.

The values used in equation 6.32 are given in the appropriate

tables.
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The dose rate from capture gammas

rate at the camera surface is given in Fig. 6.11
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CHAPTER V1Y
DESIGN AND CONSTRUCTION

7.1. Design
Having presented a detailed plcture of thefminciples relzzed to
neutron radiography we are now ataposition to design a neutron radiography

unit suitable for radiography of a particular range of samples.

Since we have noc choice over the type of source and it Zzs a low
neutron output we have to use scintillator converter screen, thzrefore,

- i

we can radiography objects fer which high resolution is not reguired.

The moderator dimensions must be such that with source a: the
center, th addition of extrz moderator arround and outside of zssembly
would'nt be expected to influence the thermal neutron flux at tmz central
region. In other words the moderator assemblies were effectivel- of
infinite radius with respect to central peak thermal flux. This Zimension
for parafin medium is around 15 cm. However due to shielding considerations,
the radius of moderator was chosen as 25 cm to reduce the dose rzte as
much as possible. To attain az total dose rate of 2.5 mr/hr the rzdius

must be around 35 cm, in which case the camera would be too heawvs.

The place of peak thermal neutron flux has been determinel and
found as 1.5 cm from the source center. To prevent interference ¢ fast
neutron and gamma radiation and to increase thermal neutron flux =t the
image plane, beam extraction position was chosen as tangential rzzher
than radial with a separation of 1.5 cm between the edge of sourc: and

X

the nearest edge of collimator .

. . I . .
From the known thermalization factor of arcund 150" the mz:znitude

5
of the thermal flux has been determined as 44000 a/cm sec.

X . . L 2641, 242 } ' L
The same considerations apply ior _Am— - Cm-Be source experimezially
except that a separatiocn between the edge of the source and the -zarest
edge of collimator of 2 cm out to be the optimum arrangemsz: (27)

X

! . - . 5 X
Thie value of thermalization factor is rounded value.
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Iwo collimators have been made with cadmium, with dimensions of

, .
4 cm diameter x 25 cm lenght and 3 cm diameter x 25 cm length., The

thickness of collimator wall has been calculated from

where

(@]
1]

the attenuation factor

]

1

the macroscopic absorbtion cross section of cadmium cm

rt
f

the thickness of collimator wall

The calculated thickness is 0.2 mm and is sufficient to make

[SEY

attenuation factor equal to 0.95. The thickness of collimator wall used

is about 1 mm.

\ . . . . S
fir-gap fine turning has been considered and the unlined lenght of

collimater was taken as five cm

The expected thermal neutron flux at the image plane in case of
. 2 ..
two collimators has been calculated as 98 n/cm” for 4 cm diameter and

- 2 .
55 n/em” for 3 cm diameter.

7.2. Construction
Although thermal neutron flux distribution and dose rates have
been calculated for spherical geometry, difficulty of constraction of a
spheric has led to a preferance of cylindirical shape for the camera.
The spheric with the radius of 25 cm is the largest sphere that fits

into the cylindir.

The cylindir has been made from St 37 steel. The central source
port has been made from a P.V.C. pipe of 4 cm india. Parafin was then
melted and poured in to the cylinder. Collimator have been made in

al shape from cadmium. The camera has been painted

h

trancated conic
to protect it from currision. For case of transportation three wheels

has been incorporated to the camera.
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The total weight of camera is about 121 kg.

To handle sample and film casete an image handle have been made
L . . . . .
The detail drawing of camera is given in Figure 7.1 and a photograph of

system is given by in Figure 7.2
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Fig. 7.1. Detailed drowing of camera
7.3. Application

A radiography of a cadmium resolution indicator, a rubber o-ring
wrapped in alaminium tape, and a piece of printed circuit was taken

using direct technique with a gadolinium back screen.

Figure 7.4 is a positive of the neutron radiography of these
objects. Type 0.7 film was used with an exposure time of 28 hours at a

thermal beam flux of 45 n/cmzsec. The film densitv produced by the

unatteruated thermal neutron beam was measured as 1.5.



(o))

Ly

facili

eutron radiography

I

fi4s
AT
D

nv
i

inium

Gman

al

o

o

i



99

DISCUSSION AND CONCLUSIONS

Big investment requirements for pPrécurement of a nuclear reactor
for neutron radiogr raphic applications led to
radlography facilities tt

E0urces,

& preference of neutron

at uses radicactive and accelerator neutron

These facilities are useful especially for arpl

ications that
require mODliltV

modest resolution, and long exposure times.

A starting point for the deveIOpmenL of such facility a neutron
Talegrapth camera containing, 3 curi Am ~Be neutron source,
available in laboratory for research purposes, has been designed and

constructed.

41 .
Am-Be source is low)efforts have been

Giratedon designing a camera which p

Since the output of

=}
@]
(D
l‘l

roduces as high a_thermal

the image plane as possible. Mean while shielcin ng requirements
and weight of the camera have been also considered.

To calculate the thermalization factor, the position of peak

thermal flux and the dimension of moderator which acte effectively as an
nfinite medium a theoretical ana

’...l

lysis has been made iz three different
ways,

It will be seen from Table 6.3 that the thermalization factors

cbtained are lower than the values ex ﬂcrlmentallv detevnlned which is

arround 200 for water moderator. The factors leading te such a low

values are the assumption of a point source and thermelization of all

the removed neutrons. It can be seen from Table 6.3 thsat

tactor obtained with removal age theory, in which case source is not

considered as a point source and allowance are made for tehrmalization
el

oI neutrons through age theory,

is greater than the values obtained
with the other two methods.

1.

Through the

use of removal-diffusion theory it hzs been determined

) e Gfirs Y
for thicknes greater than 110 cm the parafin acts azs infinite medium

t
g
88}

t

4y
O

3 % 1 “~ .
the central peak of thermal neutren flux.

the thermalization
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The calculated dose rate acoording to the methods indicated in
chapter six fits Closely the measured values and indicates that aradius

of 35 em is necessary to decrease the dose rate to 2.5 mr/hr.

The weight of camera with this radius would be 332 kg which is
high for a mobile unit. Therefore a compromise has been rade between
the dose rate and the weight so as to choose a radius of 25 cm. The dose
Tate at the surface of the camera with this radius is arround 15 mr/hr.
This value of the dose rate is within in the shipment limits. For
mobility, and as a precaution during operation a prohibitive line is
to be placed arround the camera in which case the dose rate will be

reduced to 2.5 mr/hr.

Calculated thermal flux at the collimator exit with a thermalization
factor of 108 in the case of 4x28, and 3x25 cm collimators are 109 and

Z .
77 n/cmsec Tespectively,

However the measured value of thermal neutron fluxes at the
collimator exit are the same and equals to 45 n/cmzsec. This value of
thermal flux fits the value obtained when thermalization factor is taken
as 200, In this case the thermal flux at the exit of collimator will be

2 .
58 n/em -sec and 42 nfcmz-sec respectively.

Since the value of thermal flux at the image plane is too low
NE 471 scintillator converter will be used as converter screen and
because of low collimator ratio of radiographic unit, thin objcets

will be radiographed.
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