


ABSTRACT

RADIATION CHEMISTRY STUDIES OF WATER
AS RELATED TO THE INITIAL LINEAR ENERGY

TRANSFER OF 11-23 MEV PROTONS r-

by Gerald L. Kochanny, Jr. !

Previous studies of the effect of initial linear energy transfer §
(d.E/clx)i or LETi, in the radiation chemistry of water have covered k.
the LE'I‘i region above 0.4 ev/g. This report describes studies of
the L]E:’I‘i region from 0.2 to 0.4 ev/X.

Ferrous sulfate, ceric sulfate and ceric + thallous sulfate
dosimeters were irradiated with protons of specific energy in the
range 11 to 23 Mev. Representative G values from the yields obtained
for various proton energies are: G(Fe+3) yields for 22.0, 18.0, 15.0
and 11.0 Mev protons are 12.64, 12.18, 11.75 and 11.29, respectively;

G(CE+3)T1 + ylelds for 22.0, 18.0, 15.0 and 11.0 Mev protons are
6.71, 6.46, 6.27, and 6.01, respectively; G(Ce+3) yields for 22.0,
18.0, 15.0 and 11.0 Mev protons are constant at 2.95. From these
results, G values for H, OH, E2, H202 as well as G-H20 were calcu-
lated. Experimentally determined and calculated G values, smoothly
extend the earlier data.

The work entailed accurate proton beam current and energy
measurements for which methods had to be devised. The integrated
area under the elastic peak of the energy spectrum of protons

scattered by a very thin nickel foil, as recorded by a scintilla-



Gerald L. Kochanny, Jr.

tion counter, was related to the proton beam current absorbed by
the sample. Proton beam energies were determined by evaluating
the mean range of protons in aluminum. Protons were degraded to
approximately 6 Mev. The exact range was determined from the
amount of ferrous ion oxidation effected in a ferrous sulfate
dosimeter and the amount of absorber used to degrade the proton

beam energy.
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I. INTRODUCTION

Radiation chemistry is the study of the chemical action of all
types of high-energy or ionizing radiations.

Radiation induced decomposition of water has been studied exten-
sively with various kinds of radiation. Yields of various species
formed during the decomposition of water have been evaluated for
ionizing radiations as related to their linear energy transfer, LET.
Linear energy transfer, or stopping power, is defined as the rate
of energy loss in a material per unit distance travelled by a particle
of radiation. Recent reviews5’18 point out the lack of experimental
data in the 0.02 to 0.4 ev/X LET region, with the exception of data
accumulated from cobalt-60 gamma rays. Most experiments conducted
in this region have been done with x-rays, for which dosimetry is,
at best, difficult. Recently, however, there has been a greater
application of cyclotron-produced radiations. At present, the cyclo-
tron is a convenient source of radiation in the 0.2 to 5.0 ev/X LET
region.2’3’8_ll’l7

This work was undertaken to obtain radiolytic oxidation and
reduction yields in the 0.2 to 0.4 ev/ﬁ region for three different
aqueous solutions, from which the calculation of GH2’ GH202’ G,

G, H and G can be made. Such values are useful for the purpose

o -Hy0
of testing proposed theories on the chemical action of radiation.

Systems selected for this study were:







(1) acidified, aerated ferrous sulfate solutions,

(2) acidified, aerated ceric sulfate solutions, and
(3) acidified, aerated ceric sulfate solutions with added
thallous sulfate.
The source of radiation for this work was the Oak Ridge 86-inch cyclo-
tron, which has a base proton beam energy of 23 Mev. Lower energy
protons were obtained by attenuation of the proton beam with aluminum

absorbers.






IT. HISTORICAL

The study of the chemical effects of ionizing radiation began in
the middle of the nineteenth century with the discovery of chemical
transformations occurring during electrical discharges in gases.
Actually, chemical changes produced by electrical discharges in gases
were observed in the eighteenth century. The first application of
this phenomenon was made by von Siemens in 1857, when he invented
a device for producing ozone from oxygen.

The early work in the field of radiation chemistry was motivated,
to a large extent, by recognition that chemical transformations
produced by electrical discharge can proceed against the thermo-
dynamic potential, and thus provide a means of converting electrical
energy into chemical free energy. This branch of radiation chemistry
has never matured because of the extreme difficulty of making quanti-
tative studies, especially of the number and character of initial
ionizations. Recent developments in the understanding of electrical
discharges offer promise of providing the needed quantitative basis
for further experiments along this line.

Radiation chemistry emerged as a legitimate science early in
the twentieth century when the availability of x-rays and radiations
from radiocactive sources influenced the attainment of accurate
dosimetry. The discovery of radiation sources, and early experiments
with them, by scientists such as Becquerel, the Curies and Soddy led

to this branch of chemistry.






Research on the radiation chemistry of water began about 1900

with the discovery that H2, H202 and 02 are produced upon irradia-
tion of water and aqueous solutions. At about the same time,
studies of gaseous systems intensified. The approximate equality
of the number of ions produced and the number of molecules trans-
formed, in a majority of cases, was observed. Interpretations of
experimental results were often based on the theory of photochemistry,
although the primary processes of radiation chemistry are consider-
ably more complicated than those of photochemistry. In these early
stages of research in radiation chemistry, the most prominent names
were Lind, Mund and Fricke. Lind and Mund are recognized individ-
ually for their research on gaseous systems, using 0-particle
sources. Fricke is known for his work with aqueous systems, and
especially for the application of them to x-ray dosimetry.

Present day studies in radiation chemistry involve the detailed
identification and analysis of radiolytic products and studies of

the kinetics and mechanisms of various radiation induced reactions.






III. THEORY

The several, readily available review a.rt:iz:les,zj‘""2 and

5,18,43 on the sub-

especially the most recent complete compendia,
Ject of radiation chemistry, may be consulted for a complete
survey of this topic. In this report, only a brief sumary of

the facts and theories which have a direct bearing on this investi-
gation, and which lend something to the continuity and completeness
of the report will be given in the following paragraphs of this

section.

Characteristic Effects of Tonizing Radiation in Liquid Water.

Ionizing radiation may be defined as any type of electromagnetic
radiation or charged particle which causes ionization upon passage
through, or absorption by, matter. The more familiar ionizing
radiations are y-rays, x-rays, electrons, G-particles, deuterons
and protons.

Although pure, air-free water is decomposed very slightly on
irradiation with y-rays or x-rays, the net decomposition is increased
by use of heavier, more densely ionizing particles, and is appre-
clably greater in the presence of organic and inorganic solutes.

The observable products in pure water are H,, H,0, and O,. In the

2022 2

presence of a reactive solute one observes H2, and an oxidized or
reduced product. Oxygen is observed if H202 reacts as a reducing
agent. These observations, and most other data on water radiolysis

can be explained by assuming initial decomposition of water to






hydrogen atoms and hydroxyl radicals (H and OH). Generally, the

existence, properties and numbers of these radicals are inferred
from the chemical reactions produced by their action on dissolved
substances in water. However, direct experimental evidence for
these radicals, obtained mainly from optical and mass spectrometry,
does exist. Paramagnetic resonance absorption experiments have
demonstrated the existence of hydrogen atoms in ice irradiated with
electrons.44 Absorption spectrometry has yielded evidence for the
existence of hydroxyl radicals, by the characteristic absorption of
this radical at 3064 X, in water decomposed by electric discharge45
and by ionizing radiation,46 to mention just a few of the studies
in this area.

Processes occurring during the passage of ionizing radiation
through an aqueous solution are summarized in equation (1). (See

reference 18, p. 154).

-18 -15 -12
(1) 50 10 to 10 sec. g O+, 1o¥ ~10 ~“sec H, OH
2 2 2
-8 -7
10 to 10 sec., H,, H,0,, H,0, OH, H > (reactions with solute)

Times indicated in this equation are obtained from calculations based
on reaction rate studies and are approximate values for a one Mev
electron passing through water. They would not be appreciably differ-
ent for 11-23 Mev protons, used in this study. The most important

probable reactions occurring on passage of ionizing radiation through






waterl8 are expressed in equations (2-6). They illustrate the

H, H
+ * N +A7 %
(2) H,0 ~ B0, HYO 0= H -=--= o\H , electrons
*
(3) H, 0 —> OH + H + ~ 2 ev kinetic energy
2
H, H
(4) MO - H =mnm- T e > H,0" + OH + &
H
= *
(5) H20+ +.& > H2O > OH + H + kinetic energy
(6) B0 + Eaa > H o+ OH

formation of reactive H and OH radicals and are consistent with
mass spectrometry data.

The path of an ionizing particle through water is given
complete coverage in the above-mentioned review articles. Briefly,
the situation may be described in terms of the two extreme types
of ionizing particles:

(1

The light, high speed, charged particles, which move
through water leaving a sparsely ionized track and,

(2

the heavy, slower moving, charged particles which produce

a densely ionized track.

Examples of the first type are high speed electrons which pass
through water producing ionizations several thousand angstroms apart,
while an example of the second type is a low energy a-particle

which produces an essentially continuous ionization track

resulting from overlapping zones of ionization. Gamma and x-rays






0
have a low LET (~ 0.02 ev/A) whereas a low energy Q-particle has

a high LET (~ 10 ev/R for a 3.5 Mev a-particle).

The mechanism for the dissipation of the energy of an incident
particle is essentially the same for all types of radiation. Current
thinking on this matter has been expressed by MageeIW and Platzman.l'8
As an ionizing particle passes through water, spacing of the primary
ionizations is dependent on the LET of the particle. Generally,
more electronic excitations than ionizations are produced. A large
majority of the secondary electrons ejected in the ionization acts
have an energy of less than 5 ev, although energy distribution over
an energy spectrum up to a few thousand electron volts does occur.
The more energetic electrons are capable of causing little regions
of high ionization and excitation since the path of the secondary
electron is frequently deviated by collisions thereby confining
its action to a small volume. These regions of high excitation
and ionization are commonly referred to as spurs. The secondary
electrons are estimated to have an average energy of approximately

75 ev, which is dissipated in a volume element having a diameter

of about 20 R, in which approximately five water molecules are
dissociated. In the course of its degradation to about 6.5 ev
(the lowest excitation potential of water), a 75 ev electron
makes about ten collisions, during an interval of 10-li seconds,
while travelling about 30 2 Those electrons with energy below

the lowest excitation potential of water lose their energy by






dipolar interaction and molecular vibrational excitation. These

sub-excitation electrons lose energy down to about 0.025 ev

(are thermalized) in about 10-13 seconds, during which time they
have travelled a distance of about 20 X, from the positive ion
but a total distance of about 1000 g due to many large angle
deflections. The positive parent ion then draws the electron
back with its now sufficient coulomb field, thus yielding a highly
excited water molecule which dissociates to H and OH. The kinetic
energy received by the H atom in this process is sufficient to
move it a few molecular diameters from the OH radical before it
is thermalized. The spurs, which vary in size and spacing are
relatively widely separated for fast primary particles and over-
lap for slow particles. In the latter case, they form a cylindri-
cal region of high ionization and excitation approximately 20 K
in diameter. Between these extremes of the track structure, a
compromise between the isolated sphere and the cylindrical model
is operative.

Those relatively few secondary electrons which have an energy
of several hundred or more electron volts, produce a true track
of their own, which branches off from the primary track. This
track is referred to as a delta ray.

Most of the reactive intermediates are produced in the spurs.
This leads to the conclusion that the concentration of reactive

intermediates in the system is non-homogeneous, and thus time-
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dependent. Therefore, subsequent reactions of intermediates

are diffusion controlled. On this basis, a diffusion model of

the events occurring during the radiolysis of water has been F
proposed, and is related to experimental data by the diffusion

kinetics theory.
Reaction Yields from the Radiolysis of Water. Reaction

H

|

{
yields produced by radiation are expressed in terms of the number L,J
of molecules, ions, or radicals converted per 100 ev of energy
absorbed, and are denoted by the letter G. In this manuscript,
an experimentally observed yield is denoted by G with the formula
of the substance in parenthesis (e.g., G(HZ) ). The yields of
substances formed initially from water are denoted by G, with

the formula of the substance as a subscript (e.g., ). Thus,

%0,
G(Hy05) refers to the actual amount of hydrogen peroxide produced
upon radiolysis, as determined by chemical analysis, while GH202
is a derived quantity and refers to the amount of hydrogen peroxide
which would be produced directly from water by radiation.

The four most important products from water radiolysis are
H, OH, H2, and H202, and their yields are related by the equation
of material balance:

(7) G o =Gy + 26 =G, + 26
B0~ °H H, = "OH H,0,

Linear Energy Transfer. Energy lost by a charged particle

through ionization or excitation of any material depends on the






velocity and the magnitude of the charge of the particle. Since

a proton is 1836 times heavier than an electron, a 1 Mev electron
will travel (1836)1/2 or 42.8 times faster than a 1 Mev proton.

A convenient, often used, parameter for characterizing radiation
is the amount of energy lost per unit distance travelled, usually
denoted by -d.E/d.x, often called linear energy transfer or stopping
power. For ions at non-relativistic velocities, it is expressed

by equation (8),49 where m and e are the electron mass and charge,

®-L-sH2% Bndd @

M and E are the mass and energy of the moving charged particle, z
is the number of unit charges carried by the particle, NZ the
number of electrons per unit volume of irradiated material, and
I is a parameter characteristic of each material, sometimes called
the stopping potential. The best value of I for water is 66 ev,
according to Schuler and Allen.2 Equation (8) reduces to
equation (9) for protons, where E is in Mev and -dE/dx is in ev/ﬁ.
0 - E 2y ohe
Special attention should be drawn to the fact that, as a
particle of radiation traverses matter it loses energy, hence,
its ILET is constantly changing. LET values calculated from
equations (8) and (9) and plotted in the figures of this report

are initial IET, LETi. Figure 1, which was calculated from

=
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equation (9), illustrates how LE'I‘i changes as a function of

proton energy.

The immediate effects of LET variation were described in the
previous discussion of track variation. It was pointed out, that
for low LET, the track may be described as a series of isolated
spheres, while for large LET, the spheres overlap to form a
cylindrical volume element. The result of this effect is, that
in the case of low LET, there is much less recombination of radicals
to produce water, H2, and H202. Thus, the radical yields are much
higher than the molecular yields. For increasing LET, due to the
proximity of the radicals, the radical yields decrease and the
molecular yields increase. At high LET, the radical yields approach
zero, indicating nearly complete radical recombination. Also at
high LET, the observable water decomposition decreases (greater
reformation of water) while the gross water decomposition increases.

Stoichiometric Relations in the Radiolysis of Water and Aqueous

Solutions. a. Pure Water. Irradiation of very pure, degassed

water, in a sealed ampoule, using y-rays or x-rays, produces an
almost undetectable decomposition of the water. Decomposition
does occur, but in the absence of scavengers, the radicals produced
react with the molecular products producing a very low steady
state concentration of E2, H202 and 02. The events occurring

during the radiolysis of pure water are depicted in equations

(2-6) and (10-18).






(10) H+ H > H,

(11) OH + OH > 0,

(12) H + OH > H0

(13) H, + OH > H0 + H
(14) H,0, + OH > H,0 + HO,
(15) 5,0, + H > H,0 + OH
(16) 0, + H > HO,

(17) Ho2 + HO, > H,0, + 0,
(18) HO, + OH > H,0 + 0,

Initially, HZ

and (11). The interaction of these molecular products, equations

and H?O2 are produced according to equations (10)

(13-18), with H and OH radicals which were produced according to
equations (2-6), leads to a steady state concentration of H2,

H2O2 and 02. The steady state concentration is increased by an
increase in dose rate or LET. With a large dose rate it is
possible for the intermediates from spurs in adjacent tracks to
react. The steady state concentration has been observed to increase

up to 10 ev/X, beyond which no experimental data are available.

b. Aerated, Acidified Ferrous Sulfate Solutions. The presence

of a reactive solute causes a drastic change in the net decomposi-
tion of water. A solute capable of reacting with H and OH radicals

prevents the attainment of a steady state concentration of H2,






H2O2 and 0,. Molecular and radical yields may be deduced from

o

sults obtained by direct quantitative analysis of molecular

products and/or analy of which

avenger products. Solutes

react by simple mechanisms are preferred for this kind of study.

Ferrous sulfate solutions have been studied extensively in radia-

tion chemistry, and the processes contributing to the overall

reaction are well understood. Generally, solutions used in these

studies are prepared 0.001 M in ferrous sulfate, 0.001 M in sodium
chloride and 0.4 M in sulfuric acid. The predominant reactions
occurring upon radiolysis of this solution are represented by

equations (16) and (19-22). The total observed oxidation yield
5 =
(19) Fe*? + om - pe*> + oH

> %

(20) Fe'< + HO, Fe*? 4 Ho,,

3

(21) H + Ho?' - H,0,

3 4 on + OH

+
- Fe

is represented by equation (23). In the absence of oxygen,

(23) G(Fe + 3G, + G

H OH

equations (16) and (20) are replaced by equation (24), giving

3 on +H

5
(24) Pe*® + B0 + H~ Fe© 2

a total yield expressed in equation (25). These mechanisms for

5) ¢ .{'3 =
(25) G(F >_O7 2y o * Oy * Opy
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the decomposition of ferrous sulfate are generally accepted, and
investigations such as the present one make use of them in the
calculation of molecular and free radical yields. As mentioned
above, ferrous sulfate solutions used in radiation chemistry,

are generally prepared 0.001 M in sodium chloride. This is done
to avoid the difficulties which arise in the presence of organic
impurities. The effect of these impurities is to decrease the
yield of iron oxidized in deaerated solution and to increase it
in aerated solution. This effect is best explained as a reaction

of OH radicals with organic molecules as described in equation (26).

(26) OH + RH + H,0 + R

In deaerated solution, the organic radicals generally reduce ferric
ions rather than oxidize ferrous ions. In aerated solution, an
RO2 type radical may be produced which can either hydrolyze to
}102 or react with ferrous ions to form ferric ions and hydrogen
peroxide. Thus, an OH radical which can oxidize one ferrous ion
is converted to a radical which can oxidize three ferrous ions.
The effect of these impurities is eliminated by preparing the

solution 0.001L M in chloride ions. Chloride ions react with OH

according to equation (27), and the resulting Cl atoms react more

(27) og + c1” + H' - H0 + C1

rapidly with ferrous ions than they do with the organic impurities.






Besides its use in studies of mechanisms of radiation induced

water decomposition, the ferrous system is an excellent dosimeter,

and is extensively used in this capacity.

c. Aerated, Acidified Ceric Sulfate Solutions. In contrast

to ferrous sulfate solutions, the net effect of the radiolysis

of ceric sulfate solutions is a reduction. Ceric ions are reduced

by H, HO2 and H202 according to equations (28-30), and the product
(28) ce™ + H > ce™ 4 1

(29) ce™ + KO, - cet3 + Ht + 0,

+4 +3 +
) Ce +H202—-Ce + H +H02

(30
cerous ions are oxidized by OH radicals as in equation (31). The

(31) ce™® + 0H > ce™ + 0B

overall yield is expressed by equation (32). Solutions of ceric

*3y. =
(32) 6(ce™) = 2GH202 + Gy = Goy

sulfate prepared for radiolysis are usually 0.0004 M in ceric ion
and 0.4 M in sulfuric acid. The preparation of this solution is
more elaborate than that of the ferrous sulfate solution, and is
described in the Experimental section.

d. Aerated, Acidified Ceric Sulfate Solutions with Thallous

Ion Added. The radiolytic reduction yield for this solution is

numerically equal to the radiolytic oxidation yield for deaerated
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ferrous sulfate solutions. The mechanism for this system was
first explained by Sworski, d and is represented by equations
(28-30) and (33-34). Thallous ion does not react spontaneously
2

(33) m* + 0B » 1% + oB”

(3) T1*2 + ce™ > m*? 4 ce™

with ceric ion but successfully competes with cerous ion for the

OH radical. Thus, OH oxidizes the thallous ion to the unstable
divalent state which is immediately oxidized to the stable trivalent
state by a ceric ion. The overall effect is the reduction of one

ceric ion by one OH radical, as indicated in equation (35).

+3 s
(35) G(ce ),1, +=2G + Gy + Gy

1 5,0, H
Ceric-thallous solutions used in radiolysis studies are
prepared in a manner similar to that for ceric sulfate solutions,

except the solution is made approximately 0.00L M in thallous ion.

Molecular and Free Radical Yields and Dosimetry. From the

experimentally determined radiolytic yields, the equations for
the overall oxidation and reduction yields, and the equation for
material balance, one can calculate the corresponding molecular
and free radical yields for specified conditions. The functions
for radiolytic water decomposition yields are summarized as

follows:

+3y _
(23) G(Fe™”) = 2GH202 + 3Gy + Gop
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H3v s
(32) G(ce™) = 2GH202 + Gy = Gop

+3 =
(35) G(ce )Tl+ = 2GH202 + Gy + Goy

(7)¢ =G + 26, =Gy, + 2G
B0 T UH H, ~ “OH H,0,

-y

From these four functions, involving three measurements, separate

values for GH’ oR’ GH 02, GH , and G_HZO may be obtained.

Although this investigition his examined only the effect of
LET on the various yields, the effect of solute concentration,
pH, and temperature can be determined in an analogous manner. The
yields obtained from this study may be used in support of the more
simple theories which were put forth in the previous paragraphs.
Also, they may be used to test proposed models, such as the diffusion
model, in an effort to arrive at a satisfactory one to explain the
events which occur during the radiolytic decomposition of water.
The most satisfactory theory to date, the diffusion kinetics
theory, while generally considered to be qualitatively correct is
still in its very early stages of development on a quantitative
basis. This situation is due, primarily, to the complexity of
the system, and the large number of unknown variables which must
be considered.

On the other hand, accurately determined radiolytic yields
are of immediate practical value to other investigators for

dosimetry. If the energy or LET of a particular radiation is
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known, the dose rate to a dosimeter solution may be determined

from the amount of chemical conversion, and the G value of the
dosimeter. Then, the dose rate to other samples, irradiated under
identical conditions, may be determined by exposing them to radiation
for a similar amount of time or some other easily standardized
variable. A more subtle use of these values is the determination

of the energy of the radiation, as described in the Experimental
section.

Diffusion Kinetics Theory. The first theory of diffusion
57,58

kinetics was developed by Jaffe in an effort to explain the

current flow between charged plates at a high potential which

occur in gases upon irradiation. The theory was improved by

56,59-61
E.,

Le and developed more extensively by Magee and co-

55,62,63

workers. An excellent and complete compendium on the

historical developments and the present day status of the diffusion
kinetics theory has been written by Kupperm::um,64 A brief survey,
according to Kuppermann, of those facets of diffusion kinetics
which pertain to the results of the present investigation follows.

a. General Mathematical Formulation of the Diffusion Kinetics

Model. The following assumptions are implicit in the diffusion
kinetics model of radiation chemistry:
(1) The primary species, formed upon irradiation, are in
thermal equilibrium with the surroundings before any
chemical reaction occurs. At this stage, they are in

a specific inhomogeneous spatial distribution depend-
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ing on the type and energy of the incident radiation.

(2) The primary species proceed to diffuse according to
macroscopic diffusion laws, and react with one another
or with other species in the system.

(3) The reaction products of the primary species may be
reactive and participate in further reactions.

(4) A1l reactions are assumed to follow rate laws similar
to those obeyed by reactive species which are distrib-
uted homogeneously.

(5) The end-result is the formation of stable chemical
products.

For sufficiently low density of absorbed energy, (low radiation
dose rate) the chemical effects produced on irradiation of a system
can be illustrated as a sum of the separate effects of individual
particles. Conditions defined in this manner provide for the lack
of dose rate effects, thus, the events along a single particle track
may be considered as representative of the overall effects of radia-
tion on a system. For this situation, the change of probability

*
density Ci at position P with respect to time, is the sum of the

*The diffusion and reaction-rate laws of macroscopic systems are usually
expressed in terms of concentrations of the species involved. For a
macroscopic system, containing a large number of particles, these con-
centrations, which are statistical averages of number densities over
the whole or part of the system, represent a good approximation of the
distribution of particles in the system. In considering track effects,
however, due to the spatial inhomogeniety of the radical distribution,
only a very small portion of the system, such as a track or a spur, is
considered. In this case, diffusion and reaction-rate laws are expressed
in terms of probability densities, and the number densities instead of
being averaged over a large volume, as in the case of ordinary concen-
tration, can be averaged over a large number of spurs or tracks.
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effects of the net rate of diffusion of particles X1 to position P,
and the rate of appearance and disappearance of these particles is
due to chemical reactions occurring at P. Assuming that all of

these reactions are either first or second-order, the corresponding

representative equation is

¢, (x,t)
i opv?c -k -z CC+EkC+Z

(36) =55 T G Ok 51% % mnkm,ncmcn

In this equation, D:L is the diffusion coefficient of species Xi’ v
is the three-dimensional Laplacian operator, k1 is a rate constant

for the first-order disappearance of X i,j is a second-order rate

constant for the disappearance of X, by reaction with X,, Ee is a

2l

first-order rate constant for the appearance of Xi from Xe, and Em a
5

is a second-order rate constant for the appearance of X

of X with X .64
m n

9 by reaction

The number of equations (36) required for any system is equal
to the number of different diffusing species Xi' In the case of

the ferrous sulfate solutions used in this study, the different

+ +2; =k
reactive species are OH, H, H202, H2 , Fe ", H and st°5'

example, the diffusion kinetics equation for OH is

For

(o7) SL08 - 02 foml-ky, fonTPoig fom] 7] + ey [,0,] [re’)
-k, (0] [oH] - x ;5 [8,] [oH] - k, [H,0,] [oH] +

k5 [H,0,] [H] - k4 [HO,] [0H]
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In this equation, the subscripts of the k's refer to the corresponding
equations of this report. Given the initial distributions Ci(r,o)
(i.e., the probability density of finding a particle of species Xi
at point P = 0 + r at time t) equations such as (37) can, in principle,
be integrated by numerical methods. Once the functions C(r,t) are
known, the amounts of chemically stable products formed can be calcu-
lated. The accuracy of the calculation depends upon the accuracy
with which the initial conditions can be defined. In defining these
conditions the influence of such variables as LET, temperature, pH,
phase, scavenger concentration and isotopic substitution upon the
parameters of equation (36) or (37) must be considered.

A serious criticism of the diffusion kinetics model is that
its representative equation contains so many unknown parameters
that it can be adjusted to conform to any experiment by judicious
selection of values for these parameters. However, in principle,
most of these parameters are measurable, and since the development
of the model, experimentalists have become increasingly aware of
their importance in the interpretation of radiation chemistry. As
the present state of experimental knowledge advances, these parameters
will be measured, and applied to test the diffusion kinetics equations.

Another criticism to the model refers to the mathematical intracta-
bility of the diffusion kinetics equations. In view of the current
development of high-speed computers, this criticism is rapidly

becoming invalid.
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Possibly the strongest reason for the acceptance of the diffusion
kinetics model is that simplified modifications of it explain many

experimental observations such as influence of LET and scavenger

concentrations on radiolytic yields.

b. Comparison with Experiment. At the present stage of the

diffusion kinetics theory, the most satisfactory theoretical treat-

ment of the data from this report would accord with the treatment of
Ganguly and Magee.63 More advanced treatments of the theory are in
existence, but the discussion of them is beyond the scope of this
report.

The end result of the Ganguly and Magee treatment of the
diffusion kinetics model is a plot of the fraction of radicals
unscavenged (1-S) as a function of a quantity q. The latter is
the product of k.C, to, where k., is the rate constant for the radical

S’S S

scavenging reaction

(38) R+ s

> Product

CS is the concentration of scavenger solute, and to is a defined
initial time, characteristic of the spur. This treatment involves
the single radical theory in which water is considered a symmetrical
two-radical compound R,, and H,, H202 and HZO are the equivalent

products of the recombination reaction

(39) 2R > R,

2.






25

By proper substitution of parameter values, suggested by the
one-radical model, into equation (36), Ganguly and NhgeeGB obtained
an expression for the fraction of radicals scavenged S. From this
expression, the theoretical plots of the fraction of radicals

unscavenged (1-S) versus g, were prepared. The Ganguly and Magee

equation is
m
e kgCgto / W_ax
=252 1
o
(40) or
By 1
ax X
expla(x - 1)1 |1 + Wi t, expl-q(x' - 1)1 .,
e Vo

where S, ks, C, to and g are the same as previously defined,

s’
X = t/to, wo is the total number of radicals in the track at time
to’ Wx is the total number of radicals in the track at time x, V
is an expression directly related to the volume element of the
spur, and is dependent on the nature of the track. It is through
V, that the parameter S, the fraction of radicals scavenged, is
related to the LET of the incident radiation, since the shape and
size of the spur are functions of LET. Theoretical plots, for

the one-radical diffusion model, of (1-S) versus log q are included
in the Ganguly and M:a.gees3 paper, for 2.00, 7.68 and 10.00 Mev
Qa-particles, 0.01, 0.05, 0.10 and 0.50 Mev B-particles, and for

0.1, 0.5, 1.0, 5.0 and 10.0 Mev protons.
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The most direct method of comparing experimental data with
theory, is to plot values for (1-S) which have been evaluated
from experimental data, and those which have been calculated from
theory, versus q, on the same graph. Although such a comparison
is, in principle, simple, since (1-S) values are easily calculated
(see Results and Discussion section and Table VIII), there is some
difficulty in evaluting experimental q values, which are the
products of ks, CS and t,. The concentration of scavenger, CS’
is usually known, or can be measured, to was estimated by Ganguly
and Magee to be 1.25 x 10-10 sec, but very few accurate values
for kS’ the rate constant for the radical scavenging reaction,
are known. Thus, it is not always possible to relate experimental
q values to those calculated from theoretical considerationms,
unless values for ks and t, are known or measured. Also, in many
instances, theoretically evaluated values for (1-s) are not avail-
able for comparison with experiment. For example, with respect
to the present work, Ganguly and Magee plots are available for
protons only up to 10 Mev. An extension of their calculations
in a reasonable amount of time would require the use of a high-
speed digital computer, and more information than is readily
available, for the various parameters of equation (40). In
view of these difficulties, the results obtained in the present
study are not compared directly to the results which would be

expected from the diffusion kinetic theory, rather they are






compared with the results of other investigations, which appear

to be in accord with the diffusion kinetics model (see Results

and Discussion section).
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IV. EXPERIMENTAL

Reagents. This project involved the irradiation of three
different chemical solutions: ferrous, ceric and ceric-thallous
dosimeters.

The ferrous dosimeter was prepared 0.002 M in Baker and Adamson
reagent grade ferrous ammonium sulfate, 0.00L M in Baker and Adam-
son reagent grade sodium chloride and 0.4 M in Baker and Adamson
reagent grade sulfuric acid. Laboratory distilled water was used
in the preparation of this solution since the results were found
to be identical when more carefully purified water was used.

Since the ceric and ceric thallous dosimeters are particularly
sensitive to 1'.1111)111'1’:1&2,5 a more carefully designed procedurel was
used in their preparation. G. Frederick Smith reagent grade ceric
sulfate was heated in a stream of air at approximately 8000 for
about one hour or until organic odors originally present were
undetectable. A stock solution 0.004 M in ceric sulfate and 4 M
in Baker and Adamson reagent grade sulfuric acid was prepared with
the purified solid. The resulting solution was heated for approximately
twelve hours at 1OOOC, and allowed to stand for several days before use.

Ceric dosimeter solutions were prepared from the stock solution
by diluting with nine parts of water to one part of stock solution.
The ceric-thallous dosimeter was prepared in the same manner, except
that, after heating, the solution was made 0.002 M in A. D. Mackay

purified thallous sulfate. The ceric and thallous sulfate dosimeter
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undergoes rapid photochemical reduction on exposure to ordinary
daylight. For this reason, the solution was stored in brown bottles,
in a black bag. All measurements and irradiations were carried out
in semi-darkness. Photochemical reduction under these conditionms,
was negligible. For the latter two dosimeters, water from a Barn-
stead still was purified by three successive distillations: (1) from
an acid dichromate solution (2) from an alkaline permanganate solution
and (3) finally in an all silica system. The purified water was
stored in silica vessels.

To establish whether or not dosimeter solutions were properly
prepared, a portion of each ceric and ceric-thallous dosimeter was
irradiated in a cobalt-60 source at a dose rate of approximately

6 x 10M® 1

ev m ™t mint (see Table II) in a stoppered 1 cm. optical
cell provided with non-coloring windows. The change in absorbance

at 3200 R produced by the radiolysis was followed with a Cary Model
11 MS recording spectrophotometer. The change in ceric ion concen-
tration was calculated from the change in absorbance using 5609

liters moles_:L cm.-l as the molar absoz-ptivity.l The dose rate

of the source had been previously determined from the rate of
oxidation of the ferrous sulfate dosimeter using, for the pertinent
calculations, 15.6 molecules of ferrous ions oxidized per 100 electron
volts absorbed, and 2240 liters mole-l cm._l as the molar absorptivity
of ferric ions at 3050 X and 25°C. With the above information, the

cerous ion yields, from cobalt-60 gamma rays, for the ceric and
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ceric-thallous dosimeters, were calculated and compared with values
established by others, (see Results and Discussion section). If

the comparison showed agreement to within 1%, the solutions were

used in the cyclotron irradiations.

Analytical Methods for Proton-Irradiated Solutions. a. For

Ferric Tons. One hundred milliliter samples of ferrous dosimeter

solutions were irradiated with cyclotron-produced protons. Portions

|
|

of these samples were analyzed for ferric ions as described above,
using a Cary Model 11 MS spectrophotometer. From the increase in
absorbance at 3050 R affected by proton irradiation, the increase
in ferric ion concentration was calculated using 2240 liters mole-l
:'_m-l as the molar absorptivity at 2500, and a temperature coefficient
of 0.7% per degree.12

b. For Ceric Tons. Ceric ion analysis has already been described
for gamma irradiated solutions. The same procedure was used for
proton irradiated solutions. The absorbance of ceric ion at 3200 K
is independent of temperature.

c. For Peroxysulfuric Acid. The radiation induced production
of peroxysulfuric acid (H2505) in ceric solution has been discussed
in detail by Boyle.l Peroxysulfuric acid was determined in this
work in the following way. After the ceric sulfate dosimeter samples
were analyzed for ceric ion remaining after irradiation, a few
crystals of Baker and Adamson reagent grade ferrous ammonium sulfate
were added. The sample was stirred or shaken to dissolve the crystals

and the total oxidizing capacity of the sample was determined from
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the amount of ferric ion produced in this operation. The analysis
for ferric ion was performed as described above., Reaction of the
ferrous ion with peroxysulfuric acid and ceric ion was quite
rapid as indicated by the fact that the absorbance five minutes
after addition of the ferrous salt was the same fifteen minutes
later. PFerric ion is accurately measured spectrophotometrically
in the presence of cerous ions because the molar absorptivity

of the cerous ion is low.l() From the difference between the
molarity of ferric ions produced by the addition of the ferrous
salt, and the molarity of ceric ions remaining after irradiation,
(both values corrected from a blank sample) the normality of peroxy-

sulfuric acid can be calculated, and from this the G(H,S0.) can be

it
computed (see eq. 41).

Cyclotron Irradiations. Irradiations were performed with the
external, deflected beam of the Oak Ridge 86-inch cyclotron. Irradia-
tion cells were placed at the end of an evacuated tube, approximately
forty feet from the dees. Additional collimation was accomplished
by a collimating system (Figures 3 and 4) arranged so that the
diameter of the beam emerging from the thin aluminum window at the
end of the evacuated tube was limited to one-eighth of an inch.

Beam currents absorbed by the irradiation cell ranged from

05 10-9 to 4.0 x 10-9 amperes. The maximum available external
beam current was approximately 10-7 amperes. The collimating system
was designed in such a manner that if the beam passed through the
collimator, it emerged through the center of the aluminum window

at the end of the beam tube.
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ed in 250 ml. (tall form) beakers

utions were irrad

and 4) provided with a one inch hole on the side. The

(Figures

proton beam entered the beaker through a one-half mil thick mylar

window which was cemented over the opening with "Hysol"

resin from How metic stirrin

employed.

Use of hig}

stirring speeds and low beam current input

insured that the measured yields were independent of stirring

3

peed.“’” The adequacy of the stirring was established by increasin

irring speed from zero until the ferric ion yleld was found to

be dependent of further increase in the stirring speed. The rate
of stirring was always maintained well above that rate at which

1o T34 st
G(Fe ~) values were found to be independent of stirring speed.

1 cells were reproducibly located by placi.

a measured distance from the window of the beam tube. In the early

experiments, it was found that, a beaker was inadvertently

positioned so that the entire beam did not pass through the mylar

tl s5in became

window of the beaker, either the beaker or eXpoxy Te

ples were discarded. Al

intensely colored, and these s

insure that all of the beam passed into the irradiation cell
through the thin mylar window cn the cell, even after passing

through the thickest aluminum absorber used in this

rk, the

beam pattern was periodically checked with a zinc sulfide phosphor.
One hundred milliliters of solution was pipetted into the beaker

for each irradiation.
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Measurement of Current Absorbed by the Solution. Two methods

of current measurement were employed in the course of this investiga-
tion. The first method (Figure 2) utilized a platinum wire dipping

into the solution as a charge collector. The wire was connected

¥

to a shielded coaxial cable leading to a current integrator. The
proton beam was entirely stopped in the solution, and in the absence
of electrical leaks, all of the charge passed to ground through the

integrator. A test of this method of current measurement was made

=
e -

in the following ma.nner.4 During a normal irradiation at the
maximum beam energy, a thin iron foil was placed in front of the
cell window and exposed to an amount of beam which was measured
with the current integrator through the platinum wire. A decay
curve of the induced beta activity was obtained, and from the curve
the amount of cobalt-55 (half-life equals 18 hours) produced by the
irradiation was determined. Later, the same foil was irradiated
with a similar amount of beam as measured by a rather elaborate
Faraday cup arrangement. The beta activity was counted and decay
curves used to determine the amounts of cobalt-55 which were
produced. The same counter and lead shield were used and they
were calibrated with the same standard source each time. The
relative amounts of activity induced in the iron foil by a similar
amount of beam in both cases was found to agree within 3% or less.
Unfortunately, the current measuring technique using a platinum wire
as a charge collector is susceptible to all of the difficulties

mentioned by Allen,5 such as scattering of secondary electrons
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produced by beam impinging on any surface, occurrence of electrical
pathways from the solution to ground other than by the integrator

(e.g., ionization of air by the beam), the charge transfer effect

which is the ejection of secondary electrons in the direction of
the primary beam from the thin insulating window of the cell into
the solution, and other sources of error described in detail in

various publications.j’é”?’s’g’lo

Although this technique worked
well at or near the base beam energy of 23 Mev, the error in the
measurement increased as the absorber thickness used to degrade the
beam energy was increased. The sources of error were found to be
intermittent, and not easily traceable. In the light of these
difficulties this method of current measurement was finally abandoned.
The second method of current measurement (Figures 3, 4, 5) was
virtually trouble-free due to the elimination of many of the sources
of error inherent in the first method. This procedure involves two
parts: the calibration and the measurement. Figure 3 represents
the calibration procedure prior to the irradiation of a chemical
solution. Beam passes through a nickel foil into a Faraday cup.
Since the nickel foil is very thin (0.00005 inches or approximately
Lol mg./unz) most of the proton beam passes through it into the
Faraday cup where current produced by this beam is measured
with a current integrator. A few protons per million are elastically

scattered into the scintillation counter in proportion to the number
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of protons which pass through the nickel foil. Hence, in the

absence of the Faraday cup (see Figure 4), one can calculate

the current absorbed by a solution, or any other sample in which
the beam is completely stopped, by knowing the ratio of the
scintillation counts to the true counts as measured in the Fara-
day cup. To this end, a portion of the energy spectrum of protons
scattered from the nickel foil, as recorded by a scintillation
counter, (Figure 5), including the 2-plus peak (first excited
state) and tke elastic peak (ground state) was displayed on a
20-channel differential pulse height analyzer. The elastic peak
was integrated by summation of all of the counts occurring in
the channels above the appearance of the minimum between the
first excited state peak and the elastic peak. Thus, by dividing
the number of elastic peak counts by the number of microcoulombs,
as measured with the Faraday cup, a ratio of peak counts per
microcoulomb was established for the experiments to be run on
that day. This calibration was performed at the beginning and
end of each series of experiments, and the ratio was found to

be constant at least over a twelve hour period. This method of
current measurement is quite reliable if care is exercised in
the geometrical design of the apparatus to insure that all of
the proton beam which passed into the Faraday cup during the
calibration, passes into the irradiation cell during solution
irradiation. In addition, the method verified the contention

expressed in the description of the first method of current






3

* (2 POUIAN) WOIFOTOAY YOUI-9g U3 WOIF SUOIOIJ UITA
SUOTINTOS SUTFBTPBIIT JOJ PIs() JuswWFUBIIy TejuamTIadXy

b 2 g—m;
—
= Bl WANDVA NON1019AD —
! oNiany S13%5V0 ¥38ENY
et (s00000r WONINNTY &
B ._wv_o_zlﬂ mm«xmn_ zomzqu._ lh ﬁluz_m_,: WANINNTY &

HVE ONINYILS
WNN E:._«sbmu%ﬁ_\%
I )
woanim 1
¥VAW,S0000—
NOILMIOS ¥313WISO0—p=— — "~

WANINTY NOBHYD
=l

3
ﬁm “_

L5203 k- L5203 k-

529003k 5204 ke
730 NOIL ¥

3YIM WNANILY Id—

('0°1,880)
Fzd-ony-0 ssvy8 ,$2000

YOLVYOILNI LNINHND (,£000) MOONIM
01 G3103NNOO oN WANIWNY
378v0 IWIXVOD

-010Hd

05969 9M3-¥1-IN¥O
Q314ISSVIONN






39

UNCLASSIFIED

ORNL-LR-DWG. 69648

— T T T T T T T T
i ELASTIC PEAK
1400
1200
1000+
" 5 ]
z
Z 800
[o] &
o
600 (-
H FIRST
EXCITED
400~ STATE
[ 1
1
200+ |
L i

80 82 84 86 88 90 92 94 96 98
CHANNEL NUMBER

100

Figure 5. Portion of Nickel Scintillation Spectrum Used in Beam

Current Measurement Procedure.






40

measurement attempted, that the platinum wire dipping into the
solution did not provide a measure of the true proton beam current
absorbed by the solution. A comparison of the current measured
by both methods showed a 3% discrepancy at a beam energy of

23 Mev (no a'bsorbers), and a gradual increase in the discrepancy
up to 10 to 15‘}'.: as the beam was degraded with absorbers down to
11 Mev.

Since the proton beam energy is degraded with absorbers,
secondary electrons will be ejected from the absorbers and from
the cell windows. The maximum energy of the electrons ejected
from these absorber materials can be calculated by an application
of the laws of conservation of total energy and conservation of
momentum. The maximum energy imparted to an electron through a
head-on collision with a 23 Mev proton is approximately 50 kev.
The range of a 50 kev electron in aluminum is 0.0006 inches, and
is approximately 0.001 inches in mylar (the cell window material).
The average energy of the secondary electrons is considerably less
than 50 kev. Even so, a 50 kev electron could not penetrate the
cell window, and all secondary electrons entering the solution
must be produced in the thin mylar window on the irradiation cell.
As in earlier experiments with protons and deuteron boams,z’3 it
was assumed that the secondary electrons produced in the cell
window are small in number and produce a negligible chemical change

in the dosimeter solutions.
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Experiments were conducted with an aluminum absorber 3 mg./cm.2
in excess of the proton beam range placed in front of the irradiation
cell. Neither current absorption in, nor chemical change to the
dosimeter solution was observed when this system was irradiated
with 23 Mev protons. The significance of the experiment is that,
although neutrons and y-rays are emitted from the cyclotron, along
with the protons they cause no measurable chemical change in the
dosimeter solutions.

The current integrator used in this work was an instrument
designed and constructed in the Instruments Division of the Oak Ridge
National Laboratory. Briefly, it works on the following principle:
the current to be measured is used to charge a condenser. At a
pre-selected potential, an accurately known charge, opposite in
sign to the charge on the condenser, is delivered to the condenser
to discharge it back to its initial potential. These repetitive
pulses, which are indicative of the charge, are counted with
scalers so that the input charge is known to within 1% in the
range 10-12 to 10-4 amperes.

The current integrator was calibrated at the beginning and
end of each series of experiments with a calibration circuit
which provided a current of 1 pamp. The calibration current was
taken from a 100 volt source through large resistors. The accuracy
of the instrument is no better than the stability of the 100 volt
source, or the accuracy of the resistors considering their tempera-

ture coefficient. The calibration circuit was periodically tested
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with an accurate voltmeter which was calibrated in the Instruments
Division of the Oak Ridge National Laboratory. The reproducibility
of these periodic tests substantiate the 1% estimation of the
accuracy of the beam current measurements.

Measurement of Beam Energy. Beam energy measurement was a

major consideration in this project. Although the Oak Ridge 86-inch [

cyclotron is designed to operate at a fixed frequency, and thus at

constant energy, it was found that the beam energy is subject to E
periodic variagtions depending on the operating conditions. Until
this situation was realized, the accumulation of reliable data
was seriously hampered. For this reason, the beam energy was
measured periodically during each series of experiments.
The procedure used for beam energy measurement is similar

to that described in various publications.2’8’ll

The usual procedure
for beam energy measurements involves the determination of the

range of the beam in aluminum absorbers. This involves passing

the beam into increasing amounts of absorber until the beam is

just stopped in the absorber. This method was considered too

tedious for routine measurement of beam energies and although

the range-energy relationship was maintained as the primary

standard, the range in aluminum was determined by a faster,

indirect method. The range of the beam was measured by passing

it through enough aluminum absorber to degrade the beam energy

approximately 74-76%. The residual energy was estimated from

the amount of oxidation produced in a ferrous sulfate dosimeter
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(see Figure 6). The degradation of the beam energy by 74-76% was
selected as a compromise in minimizing the effects of beam scatter-
ing and misalignment of the absorber while insuring that the energy
was in the range where ferrous oxidation yields are well known.

The fraction of the range expended in the solution is small so

that a relatively large error in the assumed value of the ferrous
oxidation yield for the residual energy produces a small error in
the total range. For example, in an energy measurement in which
the base beam energy is determined to be 23.2 Mev, and the residual
energy as 6 Mev, a 5% error in the determination of residual energy
corresponds to 0.3 Mev in 6 Mev or 0.3 Mev in 23.2 Mev indicating
that the total error in the base beam energy measurement is
approximately 1%. A more realistic figure for the error in the
determination of the residual energy is 1-2%, (estimation of the
accuracy of known ferrous oxidation yields) which results in a
base beam energy measurement error of 0.6%. For a similar method
of energy measurement, Allen8 estimated the accuracy to + 0.3%.

The method for computation of beam energy was derived as
follows. The base proton beam energy was assumed to be greater
than 22 Mev and less than 24 Mev.66 A base beam energy in this
region was assumed, and the total range of this beam in aluminum
was found from range-energy curves.15 Since the beam passed
through a known thickness of aluminum absorber, a residual range
and hence an estimated residual energy could be deduced from

range-energy curves., A G(Fe+3) value was calculated using the
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estimated residual energy, and the measured values of the number
of ferric lons produced and the pcoulombs absorbed in the solution

according to equation (41), where pcoul pro*l:on.l equals 1.602 x 10713

No. product ions produced x pcoul pro‘ton-l

(41) G = 1
nucoul absorbed x Mev proton~l x 100 ev Mev

If the calculated G(Fe+3) and the estimated value for the residual
energy did not fall on Figure 6, the plot of known ferric ion yilelds
versus energy, another base beam energy was assumed, and the calcu-
lation was repeated until a unique solution for G(Fe+3) and the
estimated residual energy, corresponding to a point on Figure 6,

was found. The assumed base proton beam energy which led to this
unique solution for G(Fe+3) and the estimated residual energy was
taken as the true value of the base proton beam energy.

Proton beam energies determined in the above manner were
compared with independent measurements made by the Nuclear Physics
Group at the Oak Ridge National Laboratory65 (see Table I). Briefly,
the method involved the degradation of the beam energy with aluminum
absorbers until the response of a silicon-surface barrier counter
was the same as that produced by a-particles of known energy.

It should be noted that Figure 6 was prepared using the
data of Hart and co-workers,3’10 and not that of Schuler and Allen.2
The main reason for this choice is the excellent agreement between
beam energy values determined in this study, and those determined

by an independent m.easurement,65 which was obtained when the data
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of Hart and co-workers was used in the preparation of Figure 6.
Even so, if the data of Schuler and Allen were used in preparing
Figure 6, values of the base beam energy shown in Table I would
be lowered only 1%. This corresponds to a 1% increase in the G
values at 23 Mev and a 3% increase at 11 Mev. Thus, even if the
data of Schuler and Allen were used in preparing Figure 6, the
data of the present investigation would fit smoothly as an

extension of the data of Hart and Anderson (see Figure 7).
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V. RESULTS AND DISCUSSION

Beam Energy Measurements. Experimentally determined values

for the proton beam energy of the Oak Ridge 86-inch cyclotron are

el

tabulated and compared with independent measurements in Table I.
The theory, technique and reliability of these measurements has been
discussed in detail in the Experimental section.

Cerous Ton Yields Produced by Cobalt-60 Gamma Irradiation. As

T
AN

stated in the Experimental section, the ferrous dosimeter is an
easily prepared and fairly reliable dosimeter even in the presence

of small amounts of impurities. However, the ceric and ceric-
thallous dosimeters are quite sensitive to impurities. Therefore,

in addition to the precautions exercised in the preparation of these
solutions, they were irradiated in a Co-60 y-source in order to check
their rate of decomposition under irradiation against well-established
rate values. The most reliable value for the cerous ion yileld
appears to be that recorded in an exhaustive study by Boyle.l He
finds G(Ce+3) for aerated ceric solutions to be 2.47. The theoretical
yield for cerous ion from the ceric-thallous dosimeter (thallous

> 0 1072 M) is 8.18. Although

Sworski13 obtained a value of 7.92, others14 have obtained

ion concentration equal to 10~

8.18 + 0.02. Yields obtained for solutions used in this work
are tabulated in Table II. The agreement of these experimentally
determined cerous ion yields, with values reported by others,l’14

was selected as the criterion for the reliability of the solutions

in further radiolysis studies.
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Table II. Cerous Ion Yields Produced by Cobalt-60 Gamma Rays

I *
Run Dose Ra: Dosimeter G(ions/100 ev)

te
(ev m1-1 min~l x 10716)

1 6.60 Ceric 2.48 + .02
2 6.02 Ceric 2,49 + .02
3 6.00 Ceric-Thallous | 8.20 + .02
4 5.99 Ceric-Thallous |8.19 + .02

*
Each value is an average of six determinations.

Ferric Ton Yields for Cyclotron-Produced Protons. Experimentally

determined ferric ion yields for 11-23 Mev protons are tabulated in
Tables III, VII, VIII and IX and are shown graphically in Figures

7 and 8. The yields are given as G(Fe+3), which is defined as

the average ferric ion yield per 100 ev of energy absorbed. Figure
7 provides a comparison of yields obtained in the work with those
of other workers. In this figure, G(Fea) is plotted against
reciprocal LETI,-(dx/dE)i. There is good agreement among replicate
values which extrapolate smoothly to the data of Anderson and Har't3
but not to the data of Schuler and Allen.2 At higher proton and
deuteron energies, (LET range ~ 0.45 to 0.9 ev/ﬁ) a 6% discrepancy
between the data of Anderson and Hart and that of Schuler and Allen
has been noted in various publications by these authors,2’3’10 but
no satisfactory explanation for the discrepancy has been proposed.
The Schuler and 1'L'J.len,2 and Barr and Schuler17 values, plotted on
Figure 7, are ones read off directly from the graphs reproduced

in their publications, and are not individual experimental values.
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Table III. G(Fe+3) Values from the Radiolysis of Aerated,
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Acidified Ferrous Sulfate Solutions

Molecgles Electron
Fe* Proton Volts
Produced reoul Energy Absorbed +3
Run x 1071 Absorbed (Mev) x 10~ c(re™)
1 20.06 1.134 22.62 16.00 12.54
2 19.54 1.085 22.62 15,31 12.76
3. 20.78 1.145 22.62 16.17 12.85
4 20.22 1.136 22.62 16.03 12.61
5 15.50 1119 18.52 12.92 12.00
6 16.30 1.141 18.52 13.19 12.36
4 16.33 1.135 18.52 13,12 12.45
8 12.27 1.118 15.25 10.65 11.52
9 13.10 1.146 15.25 10.91 12.01
10 12.74 1.129 15525 10.75 11.85
11 8.914 1.127 11.21 7.886 11.30
12 9.185 1177 11.21 8.229 11.16
13 8.944 1.123 11.21 7.859 11.38
14 21.15 1.158 22.92 16.57 12.76
15 21.03 1,151 22.92 16.47 12.77
16 21.51 1.172 22.92 16.77 12.83
17 16.80 1.149 18.81 13.49 12.45
18 16.76 1.161 18.81 13.63 12.30
19 19.06 1.305 18.81 15.32 12.44
20 13.96 1.19% 15.62 11.64 11.99
21 14.02 1.210 15.62 11.80 11.88
22 13.58 1.212 15.62 11.82 11.49
23 10.01 1.206 11.68 8.793 11.38
24 10.08 1.216 11.68 8.866 11.37
25 9.974 1.195 11.68 8.713 11.45
26 20.26 1.131 22.48 15.87 12.77
27 20.32 1.136 22.48 15.9% 12:75
28 15717 1.056 18.33 12.08 12.56
29 14.60 1.031 18.33 11.80 12.37
30 15.59 1.417 14.98 13.25 177
31 15.76 1.440 14.98 13.46 11.70
32 15.65 1.408 14.98 13.17 11.88
33 11.20 1.440 10.94 9.834 11.39
34 11.09 1.436 10.94 9.806 1431
35 10.85 1.412 10.94 9.642 11.25

i |
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As expected, Figure 7 indicates decreasing ferric ion yields
for increasing LET due to increasing radical recombination.

Proton Induced Cerous Ion Yields in the Presence of Thallous

Ions. G(Ce+3 )m* yields for 11-23 Mev protons are tabulated in
Tables IV, VII, VIII and IX, and are represented graphically in |
Figures 7 and 8. The G(Ce+3)Tl+ values obtained in this study may

be compared directly with the G(Fe+3)

-02
and Schulerl7 since, as pointed out in the Theory section, they

values obtained by Barr

are numerically equivalent (c.f., equations (25) and (35) ).
The G(Ce+3)Tl+ data from the present work does not extrapolate

L7

into that of Barr and Schuler,”' for G(Fe+3) however, the

=02
disagreement in this case appears to be the saj:e order of magnitude
noted in the comparison of the two sets of data for G(Fe+3),
(approximately 6%).

G(Ce+3)Tl* decreases with increasing LET for the same reason

cited in the discussion of G(Fe+3) yields.

Cerous Ion Yields for Cyclotron-Produced Protons. G(Ce+3) yields

for 11-23 Mev protons are given in Tables V, VII, VIII and IX and
are shown graphically in Figures 7 and 8. Because of the opposing
radical reactions in the radiolysis of ceric solutions, (reduction
by H and oxidation by OH) the yields for this solute are small,
and result primarily from the reduction of ceric ions by H202.
Since GH202 does not change rapidly with LET, G(Ce*a) would not
be expected to change rapidly. As indicated on Figures 7 and 8,
+3)

G(ce appears to be virtually constant at 2.95 in the LET range

from 0.2 to 0.4 ev/X.
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Table IV. G(Ce+3 )T1+ Values from the Radiolysis of Aerated,

Acidified Ceric + Thallous Sulfate Solutions

Molecules Electron
Ce* Proton Volts
x 10-18 Hecoul Energy Absorbed
Run Depleted Absorbed (Mev) x 10719 alce® dpp*
52 13.64 1.420 22.73 20.15 6.77
53 16.06 1.686 22.93, 23.92 6.71
54 13.88 1.443 22.73 20.47 6.78
55 11.09 1.469 18.58 17.04 6.50
56 10.86 1.449 18.58 16.81 6.46
57 10.91 1.464 18.58 16.98 6.43
58 10.96 1.457 18.58 16.90 6.48
59 10.40 1.745 15.34 16.71 6.22
60 8.601 1.452 15.34 13.90 6.19
61 8.998 14511 15.34 14.47 6.22
62 8.926 1.498 15.34 14.34 6.22
63 6.613 1.545 11.36 10.96 6.03
64 6.649 1,556 11.36 11.03 6.03
65 7.101 1.649 11.36 11.69 6.07
66 13.32 1.402 22.48 19.67 6.77
67 13.07 1.397. 22.48 19.60 6.67
68 15.40 1.632 22.48 22.90 6.72
69 10.37 1.406 18.33 16.08 6.45
70 10.40 1.409 18.33 16.12 6.45
a5 9.998 1.332 18.33 15.24 6.56
72 8.354 1.414 14.98 13.22 6.32
e 8.390 1.411 14.98 13.19 6.36
T 5.703 1.389 10.94 9.485 6.01
75 6.228 1.518 10.94 10,37 6.01
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Table V. G(Ce™) Values fram the Radiolysis of Aerated,
Acidified Ceric Sulfate Solutions

Molecules Electron
Cet4 Proton Volts
x 10718 peoul Energy Absorbsd
Run Depleted | Absorbed (Mev) x 1071 a(ce)
36 7.776 1.885 22.46 26.43 2.9
37 6.800 1.667 22.40 23.31 2.92
38 6.860 1.978 18.26 22.55 3.04
39 5.799 1.682 18.26 19.17 3.02
40 4.392 1.595 14.91 14.84 2.96
41 3.866 1.917 10.86 13.00 2.97
42 1.901 0.9293 10.86 6.300 3.02
43 7.366 1.809 22.48 25.38 2.90
4, 7.197 1.811 22.48 25.41 2.83
45 6.119 1.783 18.33 20.40 3.00
46 6.119 1.823 18.33 20.86 2.93
47 5.305 1.916 14.98 17.92 2.96
48 5,080 1.880 14.98 17.58 2.89
49 3.813 1.869 10.94 12.76 2.99
50 3.737 1.875 10.94 12.80 2.92
51 4,027 1.460 15.34 13.98 2.88
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The G(Ce+3) values reported by Barr and Schuler17 decrease
from 2.80 to 2.78 as LET, 1s decreased from 1.0 to 0.5 eV/X.
Other data (see reference 5) have been reported, indicating a
maximm in the cerous yield of 3.2 at 0.2 ev/ﬁ. Clearly, the
over-all trend of G(Ce+3) variation as a function of LET has not
been well established. Additional work in the entire LET range is
needed, and especially in the region from 0.02 to 1.0 ev/R where a
discrepancy in G(Ce+3) yilelds does exist. It might be pointed
out, that the G(Ce+3) value obtained by Barr and Schuler at a LET
of 0.5 ev/X, differs from the 2.95 value of the present work by
6%.

Peroxysulfuric Acid Yields. As shown by Boyle,l peroxy-

sulfuric acid 1is formed and accumulates during radiolysis of

ceric sulfate solutions. Values of G(sto5), obtained in this
study, are tabulated in Table VI. Because these yields are small,
they are difficult to obtain with greater precision than that
exhibited in Table VI. Boyle,l reported a G(HZSO5) value of

0.14 + .02 for cobalt-60 gamma radiolysis (LET; = 0.02 ev/ﬁ)

under more rigidly controlled experimental conditions. The average
G(H2805) for 11-23 Mev protons, from Table VI is 0.16. G(stos)
would be expected to exhibit a greater increase with increasing
LET, thus 0.16 is assumed to be a low estimate of G(H2805) in
the 0.2 to 0.4 ev/ﬁ LET region. The inclusion of G(H2805) in

the calculation of molecular and free radical yields results in

the respective ylelds tabulated in Table IX. A comparison of
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Tables VIII and IX indicates the magnitude of change in yields caused
by this refinement.

Molecular and Free Radical Yields. A complete analysis of the
data into primary molecular and free radical yields is given in
Tables VIII and IX. Values listed for ferric and cerous ion yields
were taken from Figure 8, which is a plot of radiolysis ylelds
obtained in this study versus proton energy. This operation was
necessary in order to obtain cerous and ferric ion yields at specific
proton energies, because, due to variations in the base beam energy
of the cyclotron, the various yields could not be measured at exactly
the same proton enmergy. Figure 8 is drawn with sufficient care, so
that G(Fe*?), G(Ce”)nh and G(Ce™) may be obtained directly at
any proton energy between 10.5 and 23 Mev.

Table VIII represents an analysis of the data into molecular
and free radical yields neglecting the formation of H2505, while
Table IX represents the results when H2505 formation is considered.

G Comr Cry0, Oy
from G(Fe*?), G(Ce*3),m+, and G(Ce*3) by assuming the relationships

, and G H.0 in Table VIII were calculated
il

between the experimental yields and the primary intermediate yields

expressed in equations (7), (23), (32), and (35).

(7) 6 = G+ 26,
-Hzo H H2

Gay + 26

OH H,0,
+3

(23) G(Fe™") = 2GH202 + 36y + Goy
+3y _ £

(32) a(ce™) = 2‘;;1202 + Gy - Gy

+3
(35) G(Ce™ )+ = 2“5202 + Gy + G



Table VII. Sumary of G(Fe™), a(ce™) and G(Ce+3)Tl+ Values

Obtained in This Investigation

Proton Proton Proton

Energy +3 Energy Energy

(Mev) G(Fe™) (Mev) (Mev) G(ce
22.9 12.76 22.5 2.90 22.7 6.77
22.9 12.77 22.5 2.83 22.7 6.71
22.9 12.83 22.5 2.9% 22.7 6.78
22.6 12.54 22.4 2.92 22.5 6.77
22.6 12.76 18.3 3.00 22.5 6.67
22.6 12.85 18.3 2.93 22:5 6.72
22.6 12.61 18.3 3.04 18.6 6.50
22.5 12.77 18.3 3.02 18.6 6.46
22.5 12.75 15.3 2.88 18.6 6.43
18.8 12.45 15:0 2.96 18.6 6.48
18.8 12.30 15.0 2.89 18.3 6.45
18.8 12.44 14.9 2.96 18.3 6.45
18.5 12.00 10.9 2.99 18.3 6.56
18.5 12.36 10.9 2.92 153, 6.22
18.5 12.45 10.9 2.97 15.3 6.19
18.3 12.56 10.9 3.02 15.3 6.22
18.3 12.37 15.3 6.22
15.6 31499 15.0 6.32
15.6 11.88 15.0 6.36
15.6 11.49 11.4 6.03
15.3 11.52 11.4 6.03
15.3 12.01 11.4 6.07
15.3 11.69 10.9 6.0L
15.0 11.77 10.9 6.01
15.0 11.70

15.0 11.88

LT, 11.38

11.7 11.37

11.7 11.45

17.2 11.30

11.2 11.15

11.2 11.38

10.9 11.39

10.9 11,31

10.9 11.25
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The primary intermediate yields in Table IX were calculated by

assuming the relationships expressed in equations (32), (42), (43),

+ 2G; + 2G,
H202 H,S0,

(42) G_; o = G + 26, =G
50 5505

H H2 OH

(43) c(re™) = 26

+ 3G, + G, + 2G;
H202 H OH

H250

+3 =
(44) G(ce It = 2GH202 + G+ Gop * 2GH2305

5
and (44). G(stos) is included in the latter three equations because, ’
in 0.4 M H2504, H2505 reacts as an oxidizing agent. In ceric sulfate L3

solutions, however HZSO5

it need not be considered as a contribution to G(Ce+3) yields. In

accumulates, and does not react; therefore,

the absence of direct experimental evidence, it was assumed that

H2305 oxidizes two thallous ions to T1+2 ions which react with two
ceric ions, producing two cerous ions. This appears to be a good
assumption in view of the fact that G(Fe'>)

alce™)

0 is equivalent to
B

+.

T1

The free radical yields, GH and GOH’

IET, as expected (see Tables VIII and IX). The GH values show

decrease with increasing

almost exact agreement with estimations made by Allen, (see reference 5,
page 58) from available data. Caution should be exercised in
comparing the present work with that of other investigators. In

publications where H. SO5 formation is not considered, Table VIII

2
should be used for the comparison.

The Gy values (Table VIII) of the present study are lower
than those estimated in Allen's graph. The disagreement in this

case is not surprising however, since Go values are usually

H
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estimated from G(Ce+3) values, and as mentioned previously, there
is considerable disagreement in the literature over the correct
G(Ce+3) value at various values for LET.

The GH yields of this study were calculated from the difference
between G(Fe+3) and G(Ce+3)Tl+ yields. The excellent agreement of
the present GH yields with those calculated by others verifies the
credibility of the experimental G(Fe' ) and G(Ce+3)Tl+ yields of
this study. The GOH yilelds were calculated from the difference
between G(Fe+3) and G(Ce+3) and from the calculated value of G...

H

The disagreement of the GOH values with those of others indicates an

error in G(Ce+3) yields in the present work, or in the published
values., The discrepancy between G(Ce+3) values of the present work
and those reported by others is approximately 6% at LET equal to
0.4 ev/x, and about 8% at 0.2 ev/R. (G(Ce+3) values in Table VIII
are too high according to Barr and Schuler17 and too low according
to Hardwick).’> Additional work is required before the G(Ce'>) and
G.., values can be unequivocably established.

OH

The molecular yields, G, and G remain essentially constant
) 1%

o)
as LET is varied from 0.2 ev/R to 0.4 ev/A but should increase
slightly with increasing LET. Neither of these yields can be
calculated according to the method of this report without inheriting

the apparent errors in G(Ce+3) and/br G..,. The G values
OH H202

(Table VIII) are approximately the correct order of magnitude, (Allen

estimates GH o = 0.98 at 0.2 ev/ﬁ). The greatest deviation from
272
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expected yields lies in the GH values which are lower than expected.
2
The reason for the large error in this value is two-fold: (1) Since

this value is numerically small, and i1s obtained by difference, small
errors in the numbers to be subtracted result in a large error in the

resultant difference. (2) GH was obtalned from the equation of
2
material balance; therefore, all errors inherent in the raw data

and in other calculated values, accumulate in GH . In view of the
2

in agreement with Hart,3

above, a value of 0.60 was selected for Gy

2
Allen,5 and Barr and Schuler,17 for the calculation of water decomposition

yields given in Table X. The most reliable calculated yield, from this

study, is the radical yleld, GH

with LET variation and is in good agreement with data of other
3,5

, which exhibits the expected trend

investigators.

Decomposition of Water. The observable water decomposition yield,

G (see equation (7) is arrived at from the stoichiometry of

-H,0’
2
postulated radical-radical interactions along the track of the

ionizing particle, (equations (10-12).

(10) H+H->H2

(11) OH + OH - H202

(12) H + OH - H20

The contribution of GH S0 to the above stoichiometry is negligible
25

(compare Tables VIIT and IX) and can be neglected.
In the absence of direct experimental evidence, it is assumed3

that reaction (12) is as probable as reactions (10) + (11).

e e e o gy
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Table X. Calculated Water Decomposition Yields and Fraction of Radicals

Combining with Solute Assuming a GH Value of 0.60.
2

(o) ba, G-Hzoal Coon C-m,0( n° x

22.0 0.60 417 1.45 5.62 .43
20.0 0.60 412 1.44 5.56 43
18.0 0.60 4.06 1.44 5.50 42
16.0 0.60 3.99 1.45 5.44 41
14.0 0.60 3.92 1.45 5.37 40,
12.0 0.60 3.88 1.43 5.31 .40
10.5 0.60 3.82 1.44 5.26 .39

BCalculated from equation (7), Gy + 26y -
2

ineld of water formed from recombination of H and OH.
®Sum of columns 3 and 4.

d'X equals the fraction of radicals combining with solute or

GH + GOE 2G-H20(T)'

e - o —
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Therefore GHOH (the reformation of water in the spur) can be calculated

from equation (45), and the total yield of water decomposition is
(45) G G, + G

HOH H2 H202

given by equation (46). The calculated value of G_g o (3.82) for
2

(46) G + G

= G
-H20(T) -HZO HOH

10.5 Mev protons (Table X) agrees very well with the value 3.81 reported
by Barr and Schulerl7 for 18 Mev deuterons. Water decomposition values
listed in Tables VIII and IX are assumed to be in error because of

the large error in GH . This factor has been considered in the
2

tabulation of Table X. The only data available for comparing

G_H o(T) values for acidified solutions are calculations of Barr and
2

Schuler's54 data made by Hart.3 These calculations indicate fair

agreement between the G value for 10.5 Mev protons (Table X)

-HZO(T)
and the value calculated by Hart for 18 Mev deuterons which is
5.55 + 0.14.

Suggestions for Further Work. The present work is extendable

by use of radiations of LET in the region 0.02 to 0.2 ev/X, for

which very little experimental data exists. The impending availability
of cyclotrons which can produce protons with energies up to 75 Mev

(LET = 0,07 ev/X, suggest the possibility of such an extension in

the near future. Most cyclotrons in existence operate at a fixed
frequency, providing a monoenergetic beam. Machines, now under

construction will be capable of producing a proton beam of variable






energy. Such machines will provide the radiation chemist with a

radiation source of unprecedented flexibility. The accurate
determination of dosimetry, which is possible with protons and
other heavy particles, will permit the much-needed resolution of
discrepancies in the literature,(e.g., proposed maximum in the
cerous ion yields) as well as the examination of the LET range
0.02 to 0.2 ev/R.

Specifically, future work with cyclotron-produced radiations
might improve upon or verify the present work by measurement of
G(H202) yields in aqueous halide solutions, and by measuring G(Hz)
yields using irradiation cells which are suitable for gas analysis.
Other work might also examine the effect of temperature, pH, phase

and scavenger concentration on the molecular and free radical yields.
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VI. CONCLUSIONS

Molecular product, free radical and water decomposition yields
have been determined with cyclotron-produced 11 to 23 Mev protons

using ferrous sulfate, ceric sulfate and ceric + thallous sulfate

dosimeters.
Over the range of LET covered in this work (0.2 to 0.4 ev/X),

experimentally determined values for G(Fe+3) and G(Ce+3)Tl+ decreased

with increasing LET, while G(Ce+3) yields were constant. The G(Fe+3)
ylelds decreased from 12.8 for 23 Mev protons to 11.3 for 11 Mev

protons, while G(Ce+3) + decreased from 6.78 for 23 Mev protons

T1
to 6.01 for 11 Mev protons. The G(Ce+3) yields remained constant

at 2.95 over this range of proton energy.

Calculated molecular yields GH and G. remained virtually
2

550,

constant over this narrow range of LET, while the free radical

yields Gyy

decreased with increasing LET. The total yield of water

and Gy, and the observable yield of water decomposition

Gy o
H20

decomposition, which was calculated by assuming G

G-Hzo(T)' -E0(T) T
G_H20 + GH2 + GH202’ decreased from 4.96 for 22 Mev protons to
4,57 for 10.5 Mev protons.

The results were compared with those of other investigators.
The generally good agreement with the ferric ion yield data of Hart

*3), a(ce™®) and

and Anderson,3 and the 6% disagreement of G(Fe
c(05+3)T1+ yields with the data of Schuler and Allen? and Barr and
Schulerl7 was noted. The maximum in the cerous ion yields, suggested

by Hardwick, - was not observed in the LET range investigated in this work.
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Values and trends of the data included in this report are in

qualitative agreement with the diffusion kinetics model. Direct

quantitative comparison with the model was not made because of the
unavailability of a computer which would permit an extension of the
Ganguly and Ma,gee63 calculations, and because of the lack of information
concerning various parameters which are required for the solution of
the pertinent equations which have been derived from the diffusion
kinetics theory. The data extrapolate smoothly to those obtained

by Hart and Anderson_,3 which have been shown to be in accord with

the one-radical diffusion model.

The work entailed accurate proton beam current and energy measure-
ment for which methods were devised. Precise current measurement was
attained by first obtaining, in a calibration procedure, a ratio of
counts recorded for beam scattered to a scintillation counter by a
very thin nickel foil, to the measured beam current transmitted by the
foil to a Faraday cup. For irradiation of samples, the Faraday cup
was replaced by the irradiation cell. From the scintillation counts
recorded, and with the application of the calibration ratio, the
current absorbed by the sample during irradiation was calculated.

Proton beam energies were determined from the mean range of

protons in aluminum using standard range-energy relationships.
Protons were degraded to approximately 6 Mev. The total range of
the base beam energy was obtained from the amount of ferrous ion
oxidation in a ferrous sulfate dosimeter affected by the degraded
proton beam and from the amount of aluminum absorber used to

degrade to beam. The method is similar to that of Schuler and






A_'Llen,8 but involves a more precise determination of the residual

range of the degraded beam.
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