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ABSTRACT

Although gamma radiolysis is employed for several important
industrial processes, energy transfer from a gamma field to a
gas phase system is inefficient. Energy transfer could potentially
be improved, however, by taking advantage of metal plates introduced
into the reaction vessel to provide an electron flux superimposed
on the gamma field. This possibility was evaluated through a simple
model in which monoenergetic, monodirectional gamma radiation is
incident upon a pair of infinite-plane parallel plates defining the
gas volume. Plate thickness was selected as one-half the range of
the average-energy electrons generated by photoelastic and Compton-
scatter processes, assuming a linear electron-attenuation approxi-
mation. Inter-plate distance was obtained through the Spencer-
Attix cavity-ionization-chamber theory by calculating gas/wall
stopping power ratios, and selecting the distance at which electron-
derived ionization density becomes essentially constant. For
aluminum as the plate material, and air as the target gas, half-
range plate thickness were calculated by a straightforward
Fortran IV program to be 0.13mm for cesium=-137, and 0.45mm for
cobalt-60 gamma sources. Inter-plate sPaEing for both sources was
selected from calculated values to be 10mm. The ratio of gamma-
Plus-electron dose rate to gamma dose rate alone was calculated for
both sources to be 2.1 for the conditions specified. Application
of the electron-conversion plate technique for increasing energy

transfer is considered to be practical in a multiplate array of

viii



either concentric cylinders or close-packed hexagonal cross-section

tubes in a right-cylindrical irradiation vessel exposed to an

external annular source.
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CHAPTER I

INTRODUCTION

The controlled release of nuclear energy and the accompanying
release of nuclear radiation has focused a good deal of attention
on the possible use of such radiations in the chemical industry.
Radiation may be used to bring about many different types of chemical
change. Irradiation of various gases or mixture of gases has been
investigated to produce new products.

For example, irradiation of hydrocarbons, such as methane and
ethylene, has been extensively studied and has been used to produce
higher hydrocarbons and polymers.1 Ethyl bromide can be synthesized
with 99.5% purity by irradiating a mixture of ethylene and hydrogen
bromide; at room temperature, the radiolytic yield (product molecules
formed per 100 ev of radiation absorbed) in this case is about
100,000.2

The sources of radiation used in radiation~-chemical studies are
both radioactive isotopes and a variety of particle accelerators.

More recently spent fuel rods from a nuclear reactor have also been
considered as a possible source of radiation. But artificial radio-
active isotopes such as cobalt-60, cesium;137 and strontium-90 are
most commonly used. Both cobalt-60 and cesium-137 are gamma sources,
and strontium-90 is a pure beta emitter.

Gamma radiation is electromagnetic radiation that is produced
by nuclear rearrangements. The wave length of gamma radiation is

many orders of magnitude shorter than that of visible radiation.
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Primary interactions of gamma rays with matter involve the produc-
tion of energetic secondary electrons. It is the interaction of
these secondary electrons with matter that deposit most of the energy
in any absorbing material, usually through ionization or excitation
of its atoms. If this absorber is solid or liquid, there are enough
atoms of the absorber available for efficient interaction of gammas
with them to produce secondary electrons. But for gases, where the
density is much lower, not enough atoms of the absorber are available
for efficient electron production. It may be advantageous, however,
to utilize the secondary electrons produced in the walls of a
container (reaction vessel) to increase the dose rate for materials
in the gaseous phase.

The optimum thickness of the wall would be that for which the
maximum number of secondary electrons produced within the wall would
escape from the wall,

Theoretically, there are twelve different mechanisms, for the
interaction of photons with matter.3 Fortunately, the most important
processes in the gamma energy range of interest are the photoelectric
and Compton effects. The partial probabilities for photon interaction
in any one of the possible ways is a functiom of photon energy and
the composition of the interacting materifl. Since interactions do
not always occur, the photon may pass through the wall, but since the
interactions are statistical in nature, there will always be a finite
probability of interaction with any medium,

The secondary electrons will lose their energy by inelastic

collisions with atomic electrons or nuclei, and by elastic collisions



with atomic electrons or nuclei, depending upon initial kinetic
energy, but they will travel well defined distances before losing
all of their kinetic energy. This distance is called path length.
The mean path length of many monoenergetic electrons is called the
range. The range of an electron is a material is directly propor-
tional to the energy of the electron and inversely proportional to
the density of the material. Low atomic number (Z) materials will
allow a maximum number of electrons to escape from the walls of
the container. Glass, polythylene, and aluminum are a few examples
of low Z material which may be attractive. Aluminum is a more
suitable material because there is no gamma radiation damage in

a metal as compared to polyethylene and glass.

The distance between two walls will be optimum when this is
within the range in gas of a maximum number of electrons escaping
from the wall. The effects of secondary electrons produced in the
walls of the container have been reported earlier for several cases.
In the case of Fricke dosimeter, for example, J. Weiss found that
for identical exposures to Co-60 the concentration of Fe3+ was
greater when reaction vessel diameters up to 10mm were used, and
was constant for diameters greater than 10mm.4 The use of lead
filters in photographic films used in radfography is an example
of the utilization of secondary electrons.5

The purpose of this thesis is to investigate theoretically the
increase in energy transfer from gamma to gas phase for an optimum
thickness of the wall of a container, the distance between two walls,

and the Z of the wall material.



CHAPTER TII

INTERACTION OF GAMMA RADIATION AND ELECTRONS WITH MATTER

There are twelve possible interactions of gamma with matter.3
Some of these interactions have never been observed, and most of the
rest occur infrequently. Three of these interactions cover adequately
the energy range of 0.0l to 10 Mev. These are:

1. Photoeletric Interaction

2. Compton Interaction

3. Pair Production

Pair production is the dominant mode of interaction of photons
above 10 Mev with all matter. Other interactions, like photonuclear
reactions, photofigsion, etc. take place infrequently. Figure 1
provides a handy guide to the relative importance of the three main
interactions over a broad range of energies of incident photons and

atomic numbers of the attenuating materials.

6
Photoelectric Interaction

In photoelectric collisions the entire energy of the incident
photon is absorbed by an atom of the medium. There is no scattered
residual photon. The attenuation of the grimary radiation is due
to complete absorption of the energy of the incident photon. One
electron, usually from the K or L shell, is then immediately e jected

with kinetic energy T such that

T = hv - B, (1)
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where

hv

Primary photon energy

[o=]
i

Binding energy of the electron before being ejected from
the atom

Momentum is conserved by the backward recoil of the entire
residual atom. Electrons will move in a forward direction (direction
of the primary radiation. Let Tq be the probability of photoelectic

. . . 2
interaction in units of cm /atom, then8

4
T, x K — (2)
4 (hv)
K = constant
Z = atomic number

The binding energy of K shell electrons for Pb = 88.0 Kev.
There is no single closed formula describing Tq accurately over a

wide range of hv. The above formula is approximate, but is useful

in our case. Now,

where

.q
(]

linear attentuation coefficient for photoelectric inter-

. -
actions

N = atoms per cm3

The units of T are (cm-l).

If p = density (gm/cm3) then,

= mass attenuation coefficient and has dimensions of square

k=R

centimeter per gram,



Experimental and theoretical values of linear attentuation

coefficients for Al, Pb, etc., are provided by several authors.9

For any other material approximate value can be found by:

(T1/Tz) B (p 1/92\’<A2/A1\(Zl/zz>n (3
A = atomic weight

Z = atomic number

P = density

n = constant whose value varies from 4.0 to 4.6

Values for n for various Yy energies are presented in Figure 2.

Direction of Electron

At low photon energies, the photoelectrons tend to be ejected at
a right angle to the direction of incidence. At higher energies, as
in our case, the angular distribution is more in the forward direc-
tion. Figure 3 shows the theoretical values for directional distribu-
tion of photoelectrons per unit of solid angle as calculated by
Davisson.10 It is clear from the figure that in the case of Co-60
the highest number of photoelectrons make an angle of 15° with the
direction of Yy rays, and in the case of Cs-137 that the angle is 20°.

. 11 -
Compton Interaction

In the Compton interaction, a photon interacts with an electron
which may be loosely bound or free, so that the electron is accelerated
and the photon is deflected with reduced energy. This is satisfactory

for photon energies so large compared with the electron binding
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Figure 2: Energy Dependence of the Index for Photoelectric
Attenuation Coefficient Calculation?
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energies that the electrons can be considered free. Figure 4 shows

the interaction of a single photon with the struck atom. ILet the
Compton electron make an angle ¢ with the direction of incidence,

and the scattered photon make an angle of @ with the direction of
incidence. Let_h\)o ahd hv be the incident and scattered photon
energies respectively, and let T be the energy of the Compton electron.
From the law of conservation of energy it is seen that the electron
has acquired a kinetic energy that is equal to the energy difference

of the incident and the deflected photon. Therefore,

hv - hy =T 4)
o

The incident energy can be written in terms of the dimensionless

quantity
hvo
o= 2 (5)
m ¢
o
where
m = rest mass of the struck electron
¢ = velocity of light
actually
2
moc = 0.51 Mev. -

Then the conservation laws gives, for the energy of a Compton

scattered electron,

o (l-cos 0) (6)

T= h\)o 1 + o (1-cos 8)
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Scattered
\\ Photon

\

N

Figure 4: Diagram of the Compton Scatter Process
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and
T =hv  —2%_ for 0 = 180°
max o 1+ 2¢

The angle § is related to the photon scattering angle 9, by12

cot § = (1 + @) tan g 7))

The probability of a photon being scattered with a definite
energy or direction, and the probability of Compton interaction as
a whole, were derived quantum mechanically by Klein and Nishina.l3

The Klein-Nishina formula for the total electronic Compton absorption

coefficient is

e°=2nr2{1+°1 2(1 + g) _17/72(1+20r)]+£7/71(1+2a)
o dz L1l + 2¢ o 2q

- __L_i_égf cmz/electron (8)
(1 + 2g)

where r is the classical radius of the electron (2.818 x 10.13 cm).
The fraction of the incident photon energy, per electron/cmz,

that the scattered photons retain is given by the Compton scattering

coefficient
e’s

2 -
o= nrozl-@L@ t20) , 204 2)Q0- 200D
L

2
8y
(9)
s o &C (L + 20)° 31+ 201)2:l

The fraction of the incident photon energy transferred to the
2
recoil electrons, per electron/cm”, is given by the energy Compton

absorption coefficient, Fa
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c,= 0 - 0o (10)

The Compton total linear attentuation coefficient ¢ is given by,

o=NZ. o em™! (11)

If the value of ¢ for one material is known, o for other
14

materials can be calculated by

p A Z
o1 % 02. Si-. Kf . Zi (12)
where
p = density of the material
A = atomic weight of the material
Z = atomic number of the material

The average energy per Compton electron is therefore given by

T =hy 22 (13)
av o o

For ¢ = 1, that is hvo = 0.51 Mev, “a has 2 maximum value in

a particular absorber.

Angular Distribution of Electrons15 -

The differential collision cross section, d(ec)/dn for incident

radiation (unpolarized beam) is given by

T r 1 2 v 1
d%‘i—)- -2 (Y—) <——? + X sin29> (14)
\)o \VJ \)o
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where
dn = component of solid angle,

Now, the solid angle per unit angle = dn/d@ = 2m sing@; hence,

2
(o] r v 1 N
e o2 (o, v 20V preine (15)
de 2 \v Vo Vo

and the units of differential collision cross section are cm2/e1ectron.
The above relation gives the number vs. angle distribution of
scattered photons. The number vs. angle distribution of Compton elec-

trons is given by

d(e”) _ d(e%)

ds - 2msin & (16)
and
dn _ _ 1 (1 + cos9)sind® (17)
dn' 1+ 4 . 3
sin” §

From Equations 14 and 17 we can find the following relationship,

2 ;
d(e%) - fg_<29 v' o sin29)<2l)2 ( -1 (1 + cosf) sinQ)
' . .
dz 2\ Yo Yo l+a sin3 )
.(2m sin §) (18)

Figure 5 shows the number vs. angle distribution of Compton
L
electrons for various primary photon energies,

The energy spectrum of Compton electrons is given by:

d(e?) _ a9 21 r a+ q)?- o’ cos’e (19)
dr d, = 2 21 2 2
o moc (1 + o) - (2 + a)cos @




Direction
of incidence

Figure 5: Number versus Angle Distribution f

or Compton Electrons.
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Figure 6 shows the energy distribution of Compton electrons

produces by primary photons whose energies are 0.51 Mev and 1.2 Mev.

Pair Production17

Pair production is possible only for photon energies above 1.02
Mev. In this interaction, the photon is completely absorbed and in
its place appears a positron-negatron pair whose total energy is

equal to hv. Thus,

2 2
hv = (T _+ m c ) + (T+- m ¢ ) (20)

where

To and T+ are kinetic energies of the negatron and positron,
respectively, and moc2 = 0.51 Mev. Thus it is clear that for
cesium-137 (hy = 0.6616 Mev) pair production is not possible; for
Co-60 (hv 1.33, 1.17 Mev) it is almost neglegible. The average
positron receives a maximum of about 0.0075Z Mev more kinetic energy

than the average negatron.

Interaction of Electrons with Matter18

The primary interaction of gamma rays with materials involves
the production of energetic secondary eleé;rons. Further inter-
action of these electrons with matter can be classified into four
major divisions:

1. 1Inelastic collisions with atomic electrons

2. 1Inelastic collisions with atomic nuclei
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3. Elastic collisions yith atomic nuclei

4. Elastic collisions with atomic electrons

Of the four possible interactions, only the first three are of
any practical importance. Elastic collision with atomic electrons
is only important for low-energy electrons, i.e., T < 100 ev.
Inelastic collisions involve the transformation of kinetic energy
into some other form of energy, such as ionization, excitation, or
electromagnetic radiation. Elastic collisions involve the transfer

of energy to another body; the energy however remains as kinetic

energy.

The relative importance of these interactions varies strongly
with the energy of the electrons and, to a smaller extent, with the
nature of the interacting material; at high energies, energy is lost
predominantly by radiation emission and at low energies through
inelastic collisions. Elastic scattering with the nuclei is of
greatest importance at low energies, i.e., in the low Mev range and

for high atomic number materials.

Inelastic Collisions with Atomic Electrons

In this interaction, kinetic energy of electrons is transferred
into some other form of energy such as excftation and ionization.
Some of the atoms (or molecules) of the material are excited, that
is, electrons are transferred from the ground state into an excited
state. In the ionization process, one or more electrons are completely
separated from an atom, leaving behind a positive ion. Most of the
energy is taken by outgoing electrons and the recoil energy of the ion

is very likely to be negligible.
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This process is dominant for electron energies below those
at which Bremsstrahlung emission occurs. The energy loss by electrons
through inelastic collisions with atomic electrons, as derived by

Bethelg, is

2
4 m v E
dE 2TNe Z[* 0 2 2 2 1
-(5=) = on ~(2/1-B"-1 +B" )2 + 1-B" + =

(dx) mOVZ L 212(1_ B2> J 8

(1- / 1-32)—|2erg8/cm (21)

v = velocity of the electron in cm/sec

where

B = %, ¢ is velocity of light in cm/sec
I = mean excitation potential for the atoms of the material
in ergs
N = number of atoms per cubic centimeters
e = charge of an electron in e.s.u.
m = rest mass of an electron in grams

Z = atomic number of the material

-(g% = the energy loss per unit path, is known as the specific
energy loss or stopping power S.

If S is the mass stopping power therr
m

= (€, L 2
Sy = (dx) X 5 ergs cm /gram

where p is the density of the material.
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Inelastic Collisions with Atomic Nuclei18

High speed electrons passing close to the nucleus of an atom
undergo a deceleration. When an electron undergoes deceleration,
it emits electromagnetic radiation with an amplitude proportional to
the acceleration. This is called Bremsstrahlung. For electrons,
Bremsstrahlung is negligible below 100 Kev but becomes the predominant
mode of energy loss at an electron energy between 10 and 100 Mev (the
energy depends on stopping material). It is greatest for high atomic
number materials. A critical energy Tc can be defined at which
energy loss due to electron collisions is equal to the loss due to

20
Bremsstrahlung; approximately,

700

N W)

ev (22)

For aluminum Tc = 50 Mev, and for lead Tc is about 8.4 Mev. An
estimate of the ratio r, of the energy loss due to Bremsstrahlung
to that due to collision is given by20

TZ

T~ 350 (23)

This ratio r in the case of aluminum for 1 Mev electrons is
approximately 0.018, i.e., the energy loss due to Bremsstrahlung is
about two percent of the energy loss due to excitation and ionization.

For this thesis inelastic collision with atomic nuclei is almost

negligible.



CHAPTER III

DEVELOPMENT OF THE MODEL

As stated in Chapter I, the objective of this thesis is to
develop a model to allow evaluation of the possibility that incor-
poration of electron conversion plates in a reaction vessel can
increase the emergy deposition rate in a gas phase during gamma
radiolysis, and to estimate optimum plate thickness and inter-plate
spacing. Certain assumptions must be made to establish a model
amenable to calculation, including

A. Suitable geometry

B. Incident gamma energy

C. Target gas

D. Appropriate output parameter

E. Wall material

The geometrical arrangement of a practical irradiator, such as
a cylindrical vessel surrounded by a annular radiation source as
shown in Figure 7, imposes calculational difficulties with regard
to gamma field uniformity, gamma spectrum, and angle of incidence.
These difficulties are non-contributory to the fundamental question
to be answered, although they would have to be included for detailed
calculations subject to experimental veriggcation. If a cylindrical
geometry is extended infinitely in the axial direction, and the
radius is extended to infinity, the result is that of infinite plane
parallel plate geometry with the radiation incident from one direction.
Then if the source is removed to infinity, the radiation can be con-

sidered as monodirectional. This geometry has been assumed for the

model.

21



Figure 7:

Vessel wall

Plane View of a Typical Cylindrical Irradiator
Arrangement.

22
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For a practical irradiator there will be biological shielding
present., Consequently, a degraded scattering-energy spectrum will be
superimposed on the incident primary spectrum. The presence of the
scattered spectrum has been neglected in the model, and the incident
radiation has been assumed to be monoenergetic. Further, the avail-
able sources have been assumed to be at sufficently low energy
that pair production is negligible, and the model has included only
photoelectric and Compton-scatter interactions. The electron-conver-
sion plates, or walls, have been assumed to be sufficiently thin
that multiple interactions within the wall material can be neglected.
It is also assumed that thin walls imply negligible degradation of
the incident gamma spectrum, so that direct gas-phase gamma inter-
actions are characteristic of the uncollided radiation.

Although a variety of reactive gas mixture could be treated,
air has been assumed for the gas-phase. This choice is based upon
the quality of information available on the mean excitation energy
and energy per ion pair values for air. Standard temperature and
pressure have been assumed.

Ion-pair density has been assumed as an appropriate output
parameter because of the calculation method and ease with which it
can be converted to radiolytic yield. -

Wall materials have been assumed to be pure elements to avoid
the necessity of calculating effective atomic numbers. Aluminum
has been assumed as a typical wall material for initial and detailed

calculation.
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Basic Approach

Assume the secondary electrons to be generated uniformly by
gamma interaction with the wall material of a reaction vessel.

These electrons, while traveling in the wall will lose their energy
mostly by inelastic collisions with atomic electrons. The nature
of the electron absorption curve depends upon the energy spectrum
generated in the wall, 1In a case where only photoelectric inter-
action occurs the secondary electrons will have the same kinetic
energy. The absorption in this case will be similar to that of a
monoenergetic electron source which exhibit linear absorption.

In a case where only Compton electrons are generated, the polyener-
getic spectrum approximates that of a pure beta emitter, for which
the absorption curve is approximately exponential. The optimum
wall thickness has to be calculated from a spectrum which is a
mixture of these two extremes.

The secondary electrons while traveling from the orgin of
their production will lose some erergy in the wall. The optimum
wall separation will depend upon the residual energy of the secondary
electrons escaping into the gas phase,.

Theoretical calculation for residual kinetic energy of secon-
dary electrons is almost impossible withowt the help of the
computer. However, no standard computer program has been developed
to calculate the kinetic energy of the secondary electrons during
subsequent slowing down. Furthermore, the cross section for production
of low energy secondaries are not well known. For example existing

Monte Carlo codes take into consideration only those electrons for



25

which Bremsstrahlung interaction takes place, other electrons with
lower kinetic energy are assumed to disspitate their energy on the
spot where they originate.21

For these reasons, an approximate method of evaluating electron
attenuation has been adopted.

Cavity ionization chambers are used for the measurements of
absorbed dose in a medium. A gas~filled space in a solid medium,
generally referred to as a cavity, is exposed to radiation and the
absorbed dose in the walls of the chamber is determined from the
measured ionization in the cavity. This method of dosimetery
utilizes the Bragg-Gray theory of the cavity ionization chamber.22
If S is the ratio of the electron stopping powers of the wall material
and gas, then according to the Bragg-Gray theory the energy lost by
the secondary electrons per unit volumes in the gas is 1/S times
the energy lost by the electrons per unit volume in the wall material.
If the distance between two walls is equal to S times the thickness
of the wall then according to this theory the total energy absorbed
by the wall material is equal to the energy absorbed by the gas.

It is necessary to take into account the effect of the electrons
generated by the interaction of the secondary electrons with the
atomic electrons of the interacting materfal. The Spencer-Attix
theory for the cavity ionization chamber takes into account the
effect of these electrons. The stopping power ratio calculated
by the Spencer-Attix theory can be applied accurately for the model
here. First, we will calculate the ionization produced in the gas

for a simple model consisting of two parallel plates and
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monodirectional monoenergetic beams of gamma radiation passing
through these plates, as shown in Figure 8,

Ionization will be calculated for different wall separations
to select optimum wall separation for a previously selected

wall thickness.

Two Parallel Plate Geometry with Monodirectional Irradiation

Consider a monodirectional and monoenergetic incident beam of
gamma radiation passing through two parallel pates as shown in
Figure 8., Assume the thickness of the plates is xp and the distance
between these plates is x,. Let EY be the energy of the incident

gamma radiation.

Average Electron Energy

Let T be the linear attenuation coefficients for photo-
electric interaction and O be the kinetic energy of the

produced by photoelectric interaction as given by Equation (1)

T)photo = E_ - B
(T)photo y

e
where23
1 2 ’
B, =zme (zeff/137> (25)
where
Zeff = effective nucleus charge = 2-0.3
m c2 = rest energy of electron = 0.511 Mev.
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In the case of Pb, Be = 0.0904 Mev and in case of Al,
Be = 0.00219 Mev.

Let g be the linear attenuation coefficient for Compton inter-
action. If the average energy per Compton electron is represented
then (T)

by (T) is given by Equation (13) as follows:

Compton Compton

eca

(T)Compton = Ey. ;;— .

and a and o will be calculated by the Klein-Nishina formula
(i.e., Equations (8), (9) and (10). )
The average energy of electrons generated by photoelectric

and Compton interactions is calculated as follows:

(1) _ = (T) x i + (T) x E- (26)

The range of electrons of kinetic energy (T)av will be24

-]
]

M
412[(T)av]

where

N = 1.265-0.095, &1F(T)avj -

The dimension of R is mg/cmz. When R is divided by the density
of the material, the range of electrons of average kinetic energy
in units of centimeter can be calculated.

As a first approximation, the electron generation within the
wall material may be assumed uniform. If most of the electrons have

the same kinetic energy (as in the case of photoelectrons) and the
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thickness of the wall is just equal to the range of these elctrons
in the wall material, then referring to Figure 9 the electrons
generated in the layer close to the face A will just be able to
travel to the opposite face B, but other electrons may penetrate it.
Referring to the number versus distance curve for monoenergetic
electrons (Figure 10), the practical range, Rp, is found by extra-
polating the more or less linear portion of the curve to intersect
the background; the maximum range Ro is the point where the curve
merges with the background. Both ranges are characteristic of
original electron energy. It is clear that if the absorber is equal
to one half the maximum electron range in thickness, that fifty
percent of the electrons generated in the first thickness dx, of the
absorber (entrance side for gammas) will be able to escape into
the gas. These electrons will have sufficient residual energy to
cause ionization, and therefore be considered "useful" electrons.
Greater than fifty percent of the electrons will be able to escape
from the second, third, and subsequent layers. Hence, the total
number of escaping electrons will be significantly greater than
fifty percent of the those generated in the wall. Now, if the
wall is greater in thickness than half the maximum range, relatively
few of the electrons generated in the firS8t layers would escape,
and would be so degraded in energy that they would contribute
little to ionization in the gas.

The same argument can be applied to any given fraction of the
range. Maximum electron escape would be observed for an infinitely
thin wall, whereas maximum electron production would be observed for

a wall with a thickness just greater than the electron range. There
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appears, therefore, to be no straightforward mathematical function
with a unique maximum from which to establish an optimum wall thick-
ness, Rather, an arbitrary choice must be made, in which the
residual electron energy is balanced against number yield of
electrons.

The wall thickness that has been chosen for this model is given

by

in which R is the range of the average energy electrons generated in
the wall. This assumption will assure a reasonable yield of electrons
with sufficient residual énergy to assure reasonable ion-pair density
in the gas. A wall of this thickness will be significantly less
than the mean free path of even scattered gamma radiation, which
restricts consideration to first-collision interaction only and
therefore simplifies calculational requirements for the model.

But monoenergetic electron generation is true in a case where
only the photoelectric process occurs. Moreover, electrons are
not characterized by linear paths and discrete ranges. Particularly
at low energies, an electron path is tortuous as the result of
multiple-scattering encounters with nuclei and electrons. The
energy distribution of Compton electrons is shown in Figure 6 from
which it is clear that the assumption of monoenergetic electrons is
an oversimplification. Compton electrons could be compared with
the continuous energy distribution of a pure beta emitter. The

linear absorption for monoenergetic electrons differs sharpley from
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that observed for the continuous energy distribution of a pure beta
emitter., Figure 11 shows an approximately linear curve for 1 Mev
electrons, between ionization and absorber thickness. Figure 12
shows counts per minute vs. absorber thickness for a pure beta
emitter (of continuous energy spectrum) which is approximately an
exponential curve.

The rate of electron escape from the wall exhibits an asympto-
tic approach to a constant value as the thickness of the wall is
increased. Figure 13 shows the asymptotic thickness for linear
absorption (monoenergetic spectrum) and exponential absorption
(polyenergetic distribution). If the wall thickness is greater than
the infinite absorber thickness for the linear-absorption assumption,
maximum electron yield is assured.

Most of the electrons emerging from the wall will be the
electrons generated in layers very close to the face B. Gray has
shown that although range of the most energetic electrons generated
by radium gamma rays is 7-6 mm in graphite, about two-thirds of the
electrons emerging from the wall were generated within a 0.2 mm layer
close to the wall.25 Although the optimum thickness claculated by
assuming linear energy distribution is greater than that in the case
of exponential energy distribution there %ill be no significant
reduction in the number of electrons emerging from the wall. So
in a case where Compton interaction is predominant, wall thickness
should be calculated from the range of the most energetic electrons,
and assuming electrons lose their energy based on the linear-energy-

distribution model.
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Wall Separation

The secondary electrons produced in the wall material, which
traveling from the origin of their production to the surface, will
lose some energy in the wall. If we could calculate the most probable
energy of electrons at the surface of the wall, we could calculate
an optimum wall separation, which will be equal to the mean range
in gas of these electrons. The range of electrons in the gas
depends on the density of the gas and hence on the pressure and the
temperature of the gas. The pressure and temperature conditions of
gas will depend upon the optimum requirements of the chemical
reaction in the gas phase.

For example, Check and Linnenbum have investigated the forma-
tion of ammonia in mixtures of nitrogen and hydrogen, exposed to
Co-60 gamma radiation, at different gas pressures. The ammonia
concentration depends on the total pressure of nitrogen and hydrogen.
Thus they have suggested the optimum pressure for hydrogen at 14
atmospheres, and the otpimum pressure of nitrogen as 34 atmospheres.26

Consider an electron produced in the layer very near to the
face B in Figure 10. It will emerge from the wall with maximum
energy. The maximum range of this electron in a gas at fixed
pressure will be of many orders greater tian the range in a solid
material. For example the range of a photoelectron, produced by
1.25 Mev Gamma (Co-60) interaction with aluminum, will be approx-
imately 326 centimeters in air at standard temperature and pressure.27
To ensure all the electrons emerging out from the wall lose all
their energy in the gas itself we would design a wall separation of

the order of 326 centimeters. But in this case energy absorbed per
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unit volume of the gas (i.e., the energy density) will be minimal.
Moreover, wall separation of the order of several hundred centimeters
is not suitable for practical purposes. The optimum wall separation
will depend upon the nature of the curve for energy density versus
total energy dissipated by direct gamma interaction in the gas plus
the energy of secondary wall electrons traversing the gas.

A specific example of the effect of wall separation for a
condensed system is to be found in the case of Fricke chemical
dosimetry. J. Weiss4 measured the concentration of Fe3+ ions in
solution, when exposed to Co-60 gamma radiation, for different dia-
meters of a reaction vessel. The results of this investigation is
shown in Figure 14. It is clear that in the case of small-dia-
meter reaction vessels there is an increase in reaction rate. With
a large enough diameter vessel, the secondary wall electrons will
still be present, but their relative contribution to absorbed dose
will be negligible. The liquid near the walls receives more
secondary electrons than the liquid away from the wall. R. Puig and
Sutton28 have developed empirically the thickness of the influencial
zone (where reaction rate is dependent on wall separation) for the
Fricke dosimeter. Their empirical approach is based on experimental
results obtained for various diameters of a cylinderical reaction
vessel.

One would expect similar behavior in the case of irradiation
of gases. Various ionization chambers (cavity-chamber) have been
used for measurement in radiation dosimetery. A cavity chamber
has a gas-filled space in a solid medium. Whyte29 has done experi-

mental work to study the effect of wall separation on the ionization



































































































































































































