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The spatial distribution of secondary electrons produced in the y-radiolysis of water in the liquid phase has
been theoretically calculated. The method consists of the combination of the procedure previously developed
for the calculation of the G-value of electrons with the theory proposed by Frohlich and Platzman for the slowing

down of electrons in polar liquids.

The G-value of the ion-pairs initially produced was calculated to be 6.8 on

the assumption that the binding energies of electrons in water are equal to those in solid water at 77K. 279%, of

the ion-pairs were generated in isolated spurs.

each of which contains more than one hundred ion-pairs.
A new definition was given for the classification of spurs: isolated

of which contains from 2 to 100 ion-pairs.

spurs, blobs, and short tracks; the original proposal was by Mozumder and Magee.

Another 279%, of the ion-pairs were generated in condensed spurs,

The other ion-pairs formed less condensed spurs, each

The diameter of the isolated

spur was estimated to be about 100 A. The distribution of the distance between the parent positive ion and the
thermalized electron in the isolated spur was well expressed by the function proposed by Abell and Funabashi,

except at very short distances.

When ionizing radiation interacts with a material
in the condensed phase, the energy transfer from the
radiation to the material occurs through the kinetic
energy of the secondary electrons produced, and the
energy deposits are heterogeneously distributed in the
system. In radiation chemistry, the region in which
active species are produced by radiation is called a
spur. Mozumder and Magee classified these spurs into
three types, on the basis of the amount of energy de-
posited in the region: isolated spurs, blobs, and short
tracks.)) Experimentally the distribution of such spurs
can be estimated from the number of clusters produced
in a cloud chamber. According to the measurement
of Wilson, who used 25 keV electrons as the radiation
source, 42.69%, of the observed clusters contained one
ion-pair, 22.5%, two pairs, 12.49, three pairs, 10.19,
four pairs, and 12.49%, more than five pairs.? From
the point of view of radiation chemistry, the number
of ion-pairs involved in a spur is important, because
the reactions occurring in a spur may be dependent
upon the number of ion-pairs involved in the spur;
for example, the neutralization reaction between posi-
tive ions and ejected electrons in a condensed spur may
be faster than that in an isolated spur.

We have previously developed a calculation method
for the G-values of ionization and excitation.? Using
this method, we can calculate the initial energy distribu-
tion of subexcitation electrons. Therefore, if we can
estimate the slowing down process of electrons in the
condensed phase, we can construct the spatial distribu-
tion of secondary electrons produced in the radiolysis.
As for the slowing down process of electrons in the
condensed phase, Fréhlich and Platzman proposed a
theory with which they estimated the rate of slowing
down of electrons in water.) Recently Magee and
Helman examined this theory numerically and estimated
the rates of energy loss of electrons in a few hydrocarbons
as well as in water.®) As has been stated in their paper,
the absolute value of the rate of energy loss is somewhat
obscure, because the theory proposed by Frohlich and
Platzman treated only the “indirect” interaction be-
tween electrons and surrounding molecules. The treat-
ment of the “direct’ interactions, such as the formation

of short-lived negative ions, has not been formulated
yet. Consequently, we cannot avoid the appearance
of a somewhat arbitrary factor in the estimation of
the rate of slowing down of subexcitation electrons.

So far the spatial distribution of secondary electrons
has been discussed in connection with the electron
scavenging in the y-irradiated hydrocarbons and with
the electric conductivity of the irradiated hydrocarbons.
The simplest assumed function was a Gaussian; however,
it is now well known that the spatial distribution has
a long tail compared with a Gaussian. Freeman and
his group used a function which is composed of a
Gaussian and a power function.®) One of the present
authors also discussed the spatial distribution of seconda-
ry electrons in the y-irradiated hydrocarbons and derived
a function from the experimental data of the electron
scavenging by assuming a diffusion model.” Similar
attempts have been made by several investigators.®)
Among them, Abell and Funabashi proposed a simple
exponential function to express the spatial distribution
and showed that this function is suitable to explain the
experimental data both for the electron scavenging and
for the voltage dependence of the electric conductivity
of the irradiated hydrocarbons.” However, all of these
attempts are empirical and have no rigid theoretical
backgrounds. We, therefore, thought that the theoreti-
cal derivation of the function expressing the spatial
distribution of secondary electrons would be worth-
while carrying out even if several assumptions are
involved.

G-Value of Ionization

Procedure of Calculation. When water is exposed
to the yp-rays from ®Co, the energy transfer mainly
occurs through the Compton effect. The energy dis-
tribution of the Compton electrons can be calculated
by using the equation

dfi(:/?) = ZZ‘LZ [1+ (lw—T;)/w + {l_ a(hvi T) ﬂ
1)

which was derived by Davison and Evans'® from the
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famous Klein-Nishina formula. Here, ¢(T) is the cross
section for the formation of Compton electrons with the
energy 7, hv is the energy of the incident y-rays, a=
hv[me®, and ry=e%/me®. m is the mass of electron, ¢ is
the charge, and ¢ is the velocity of light.

Previously we have calculated the energy distribution
of Compton electrons from helium gas irradiated by
80Co p-rays.!) The fraction of the Compton electrons
with energy of T was expressed by f (7). This function
is common to any material, because Eq. 1 does not
discriminate target electrons. The total energy absorbed
by the material, T,, therefore, is expressed as follows:

T, = _/; s A(T) dT. @)
Here, T,

nax =20 (1 +2¢).
Using the function f(7'), we can calculate the degra-
dation spectrum of the Compton electrons:

»(T) = fT AT ATYS(T). 3)

S(T) is the stopping power of water and may be ex-
pressed as follows:
(T+1)/2

S(T) = Ninf fE E(0p.a10+ 0n,050)dE

st
l Eu

+ — f EoE,de}. (4)
2 JE,

N is the number of molecules in a unit volume, n; the
number of electrons in the i-th shell of water, I, the
binding energy of the electron in the i-th shell, and
E,, and E,, the energies of the singlet and triplet excita-
tions for the electrons in the i-th shell. 65 4. and o5 ..,
are the differential cross sections of the energy loss E
due to the direct excitation and due to the excitation
accompanied with the exchange of electrons, respective-
ly.

In the procedure we developed for the calculation
of G-values, the cross sections of the energy loss are
estimated by using the classical binary-encounter-col-
lision theory. For the direct excitation,

(i) -
T+1L,+E; \ E* 3E®
where E,; is the average kinetic energy of the target
electron. For the excitation accompanied with the
exchange of electrons, E in Eq. 5 is replaced by T+
I,—E.

Once the degradation spectrum of Compton electrons
is obtained, we can calculate the degradation spectra
of electrons ejected in the later steps of ionization due
to the impact of electrons.

T N (Tmax—1:)/2
2:(T) = —S(T)‘? "ij;

Og,dir =

Tmlx
x f (T o(T,T)ATAT,, 6)
Ty+I,
N (Tmax“gli)/4
35(T) = W ; "zﬁ
(Tmnx_lt)/z
x f 25(TD)o (T, T)dT,dT,. )
2T, +1;

Here, (T, T,) is the differential cross section for the
production of a secondary electron with energy of
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T, in the collision between the incident electron with
energy of T; and the target electron in the i-th shell
and is expressed as follows, by using Eq. 5:

met [ 1 + 4E;
T+ L+E; | (To+1)*  3(T,+1I)?

1 4E;
. 8
M A S(T,—Tm] ®)

Equations similar to y,(7) and y4(7T) may be constructed
for the later steps. The total degradation spectrum
is obviously the sum of the degradation spectra of the
electrons ejected in all steps:

XT) = Zym(T)- )

o(T\T,) =

The degradation spectrum of electrons is one of the
most important values for the irradiated system; from
it we can deduce many interesting values concerning
the reactions occurring in the system. The G-value
of ionization is one of them.

In order to calculate the G-value of ionization,
we need the total cross section of ionization due to the
impact of an electron with the energy 7, which is
expressed per target electron as follows:

(T+1,)/2
Q,ion = j; (UE,dir+ oE,exc)dE

i
) )
T+L+E; |\, T 3 \I1?2 T*
(10)
Then, the number of ions produced by the ejection

of the electron in the i-th shell can be calculated by the
equation

Tmﬂx
Nion = Nnif Ty(T)Qion(T) dInT. (11)
I;

The G-value of ionization through this process is
obviously

Gion = lOOIVI':m/T'O' (12)

Similar formulations can be made for other processes,
including singlet and triplet excitations.

Calculated Results. The constants used for the
calculation are summarized in Table 1. Since no
experimental values were available, we had to estimate
them somewhat arbitrarily. For the binding energies
of electrons in water in the liquid phase, we estimated
the values from the spectrum of X-ray induced photo-
electron spectroscopy obtained with solid state water
at 77 K.12 The E, and E, values for the 1b; orbital
are those reported for the gas phase. For other orbitals,
the equations shown in the note of Table 1 were used.

TABLE 1. CONSTANTS USED FOR CALCULATION
Orbital I, E; E, E,
1b, 7.6 45.0 7.42 5.0
3a, 9.8 54.9 9.6 70
1b, 14.5 74.7 14 122
2a, 26.3 119 26 240b)
la, 533 1265 5332 531b)

a) E,=I—(I;—E);p,=1;—0.2.
b) E=I;— (Ii_Et)lbx =1;—2.6.
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TaBLE 2. THE G-VALUES OF IONIZATION AND SINGLET
AND TRIPLET EXCITATIONS FROM EACH ORBITAL
The values in parentheses are the G-values
of superexcited states.

Orbital G, Gs Gy
1b, 3.13 0.23 1.18
3a,; 1.87 (0.096) 0.15 (0.12)
1b, 0.96 (0.075) (0.018)
2a, 0.39 (0.009) (0.002)
la, 0.008 (5x 10-9) (4x10-7)

TaBLE 3. THE G-VALUES OF IONIZATION, INCLUDING THE
TONIZATION FROM THE SUPEREXCITED STATE (Gion) AND
OF SINGLET AND TRIPLET EXCITATIONS
(Gslnglet and Gcriplec)

Gion 6.76
Gsinglet 0. 23
Gtriplet 1 . 21

In order to estimate the average kinetic energies, E,,
we deduced an equation:

E; = 9.151,0-755, (13)

by plotting the reported values of E; and I; for five
noble gases.!®

The G-values calculated are summarized in Table
2. In this Table, the G-values of the superexcited states
which are in the parentheses are involved in those of
singlet and triplet excitations. If all of the superexcited
states are assumed to be ionized, then the G-value of
ionization should be increased by 0.32. In Table 3
are listed the corrected G-values.

Since the G-value of ionization is sensitive to the
ionization potential assumed, i.e., the I, value for the
Ib, orbital, we calculated the G-values by assuming
several I, values. The results are shown in Fig. 1.
The value obtained with I;=12.6 ¢V is that for the
gas phase.

Subexcitation Electrons

Initial Energy Disiribution. Since the degradation
spectrum of electrons in p-irradiated water has been
obtained, the initial energy distribution of subexcita-
tion electrons can be calculated by using the following
equations:%

Neun(T) = A(T) + Ny(T) + N(T); T<E, (14)

T+1,
Ny(T) = N3n f ' 9(T+E)o(T+E,E)dE,
i E,

Tmlx
N(T) = NZni‘/. 2T e (T, T+I)AT".
i 2T+1,

The first term, f(T)7<&, represents the contribution
of Compton electrons and is negligibly small compared
with the second and third terms when the energy of
the incident y-rays is higher than the binding energy
of the electron in the innermost shell. The second term
corresponds to the electrons which had the energy
higher than the threshold, E,(1b,) in the present case,
before the last collision. We may call them “parent”
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Fig. 1. The calculated G-value of electrons as a func-
tion of the energy assumed for the electron in the
lb, orbital. O, for the total; @, for the G-value
from the lb, orbital only. The arrow shows the
value used in the following calculation.
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Fig. 2. The initial energy distribution of subexcitation
electrons. Solid line is for the total and dotted line
for the ¢child”’ electrons.

electrons. The third term represents the electrons
generated in the last collision with the energy lower than
E,(1b,), which we may call “child” electrons.

Figure 2 shows the calculated result for the initial
energy distribution of subexcitation electrons produced
in water. The dotted curve corresponds to the “child”
electrons. The number of “child” electrons is about
twice that of ‘“parent” electrons. Douthat calculated
the energy distribution of subexcitation electrons in
helium gas irradiated by 1.99 keV electrons.¥ The
curve reported is similar to that shown in Fig. 2.

If the irradiated material is in the gas phase at a
low pressure, these subexcitation electrons are homo-
geneously distributed in the material and collide with
the surrounding molecules to excite their vibrations
and rotations. The rate of the energy loss, however,
is much slower than that due to electronic excitations
when the electron energy is higher than the threshold.1®

Thermalization Distance. According to the theory
proposed by Frohlich and Platzman, the rate of the
energy loss of an electron in the 1—10 eV energy region
due to dielectric relaxation is expressed by this equation:
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dT 2¢%* [ we?(w . 800
TR Fﬁ kao(x)lﬁ(x)dx. (15) v,
Here v is the velocity of the moving electron, x is defined 600F ™
by x=wb,, /v, ©/27 is the frequency, b, is the mini- §
mum value of the collision parameter, ¢ and ¢, are the & 1%
real and imaginary part of the complex dielectric
constant of the solvent, and K, and K, are the modified 200
Bessel functions of the second kind, of order 0 and 1. )
In the case of polar solvents such as water, the dipolar 0 50 100 150
relaxation is the main process for the energy loss and UyA

the rate of energy loss can be approximated as follows:
_ dT e eg— ey
dt = 4d ot

Here d is the intermolecular distance, T the relaxation
time, n the refractive index, e, the static dielectric
constant, and ¢;, the dielectric constant at frequencies
lower than the lowest main infrared absorption fre-
quency.

Frohlich and Platzman substituted the experimental
values of water at 20 °C into Eq. 16 and obtained
1013 eV s~1 for —dT/dt.

Magee and Helman recently discussed Eq. 15 and
calculated the rate of energy loss of subexcitation
clectrons in benzene and polyethylene, which have no
dipole moments, as well as in water. The rates of the
energy loss calculated in benzene and polyethylene
were a little smaller than that in water.

As stated in the Introduction, the theory of Frohlich
and Platzman treats only the ‘indirect” interaction
of moving electrons with surrounding molecules.
Magee and Helman estimated the rate of the energy
loss due to the ‘““direct” interaction in water and sug-
gested that —d7/d¢=101 eV s~1. In the present calcu-
lation, therefore, we used two values, 1018 and 10
eV st for —dT/ds.

If the rate of energy loss is independent of the electron
energy, the path length over which an electron with
the energy T loses energy down to 7, may be
calculated by the equation

. (16)

3

where m is the electron mass and £ is the rate of energy
loss.

The relation between the crooked path, R, and the
straight distance, r, between the starting point and the
point where the electron energy is degraded to T,
can be given by the theory of random walks.1®)

12
R = 2Y e T, (17)
m k

With
given R, the distribution in 7, i.e., the probability of
arriving at a point 7, P(r), is given by

P(r) = 4nr*W(r) (18)

and
W(r) = (2nRL|3)~*2exp(—3r2/2RL). (19)

Here L is the mean free path of an electron in the solvent.

As will be discussed later, about 309, of the ion-
pairs produced in the y-irradiated water are generated
in isolated spurs. The electrons in these do not interact
with active species in other spurs before they are ther-
malized, and the initial energy distribution of electrons
in the isolated spurs are similar to that of the “child”
electrons discussed above. Consequently, the spatial

Fig. 3. The spatial distribution of thermalized elec-
trons in the isolated spurs. —d7/d¢=10%¢eV s
For the dotted line, see the Text.
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Fig. 4. The spatial distribution of thermalized elec-

rons in the isolated spurs. —d7/d¢=10"eV s?
For the dotted line, see the Text.

distribution of electrons when they are thermalized in
the isolated spurs can be expressed by
El
F(r) = ﬂ W(r)No(T)dT. (20)
Here, T, should be taken as thermal energy.

For the actual calculation, we took, L=3 A and
T,.:x=0. The calculated results are shown in Figs. 3
and 4, where the rate of energy loss £ is assumed to be
1013 and 101 eV s, respectively. The dotted lines
shown in both figures are drawn by using the function
47r2F (r)=A exp(—r1/b); A=690 and =48 A for Fig.
3 and 4=3000 and 6=14 A for Fig. 4. Except for
the very small value of 7, both curves coincide with
those theoretically estimated.

The Number of Ion-pairs in a Spur

The energy of the secondary electrons ejected from
the parent molecules into the solvent ranges from zero
to the maximum value, T,,.. If the initial energy is
low, the electron will be thermalized close by the
parent molecule ion and will make an ion-pair.

The initial energy distribution of secondary electrons
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Fig. 5. The initial energy distribution of secondary
electrons. The lower curve is for the subexcitation
electrons in the isolated spurs.
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Fig. 6. The distance between two successive ionizations

occurring in the yp-irradiated water.

can be calculated also from the degradation spectrum
obtained above:

N(T) = AT) + NSn, j (T e (T YT, (21)
A PV )

where f(T) is the contribution of Compton electrons.
¢(T",T) is the differential cross section which appears
in Eq. 8. The calculated result for the secondary
electrons in the y-irradiated water is shown in Fig. 5.
Here the relation TN(T) vs. In T is plotted, so that the
area under the curve is proportional to the number of
secondary electrons. The electrons whose energy is
higher than the threshold, E,, correspond to the “parent”
clectrons discussed in the previous section and the
electrons whose energy is lower than E, are the ‘“child”
electrons.

If a “parent” electron has a higher energy than the
ionization potential of water, it will give rise to another
ionization. The number of the “child” electrons
produced in this second ionization has already been
counted in Fig. 5. The average probability with
which “parent” electrons give rise to such ionizations
within the distance, [/, from the last ionization is ex-
pressed by the following equation:

‘Tmﬂx
b= f, [1—exp(~ N 5 nQ(THIN(T)T]

Tmax

N(T)dT. (22)
Here Q,(T) is the total ionization cross section due to a
“parent” electron with the energy 7. The values of
p are plotted in Fig. 6 as a function of the distance .
Obviously, most of “parent” electrons in the y-irradiat-
ed water give rise to their second ionizations very close
to the first ionizations.

As has been shown in the previous section, if two
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Fig. 7. The G-value of electrons as a function of the
energy of the incident electron.

successive ionizations occur within a short distance
let us take 150 A as the upper limit——the two ion-pairs
produced may interact with each other during their
thermalization; i.e., these two ion-pairs may be regarded
to be in the same spur.

The energy of a “‘parent” electron which induces
two successive ionizations within the interval of 150 A
on the average corresponds to 10 keV. Consequently,
if a “parent” electron has the energy higher than 10
keV, “child” electrons produced by this “parent”
electron will be isolated from other ionizations. In
Fig. 5, the initial energy distribution of ““child” electrons
in isolated spurs is also plotted. If we plot these values
in Fig. 2, the curve obtained is similar to that for N,.
The percentage of the ‘“child” electrons in isolated
spurs against the total electrons has been calculated
to be 279,

If the energy of “parent” electrons is lower than 10
keV and sufficiently higher than the ionization potential
of water, these electrons will produce condensed spurs,
and if the energy of “parent” electrons is a little higher
than the ionization potential of water, the spurs generat-
ed will contain a few ion-pairs.

In order to calculate the number of ion-pairs in
spurs, we need the relationship between the G-value
of electrons and the energy of the incident electron.
This type of calculation has already been made for
helium gas.') Figure 7 is the result for water in the
liquid phase. By combining this result with the number
of “parent” electrons, we can calculate the number of
ion-pairs produced in each spur. The calculated num-
bers, however, are not always integers. Therefore, we
tentatively allotted the numbers proportionally to the
adjacent integral numbers; for example, when the
number was 2.6, we read it as 409, for two ion-pairs
and 609, for three ion-pairs. The results thus calculat-
ed are summarized in Tables 4 and 5.

Table 4 shows the percentage of the number of spurs
which contain different numbers of ion-pairs against
the total number of spurs.  This result may be compared
with the observation of Wilson discussed in the Introduc-
tion. Similar observations have been made by Beekman
with electrons at higher energies.'”? Both observations
are included in Table 4.

On the other hand, Table 5 shows the distribution
of ion-pairs in the spurs of different types. It is notice-
able that 279, of the ion-pairs are generated in isolated
spurs and another 279, of the ion-pairs are generated in
very condensed spurs which consist of more than one
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TaBLE 4. CALCULATED RELATIVE FREQUENGIES OF SPURS
IN WATER AND RELATIVE FREQUENCIES OF CLUSTERS
OBSERVED IN A CLOUD CHAMBER

Ion-pairs per spur 1 2 3 4 >4

Relative frequency % 73.6 11.7 5.0 3.1 6.6

Ion-pairs per cluster 1 2 3 4 >4

Relative frequency %, , _

Source: 25keV? 42.6 22.5 12.4 10.1 12.4
150 ke V17 60 23 8 4 5
320 keV1?) 62 20 9 4 5

TABLE 5. RELATIVE NUMBERS OF ION-PAIRS
IN DIFFERENT SPURS

Ion-pairs per spur Relative number 9,

1 26.8  Isolated spurs
2 8.5
3 5.4
4 4.5 Blobs
5—10 10.9
11—100 16.5 \ . ]
101— 27.4 | Short tracks

hundred ion-pairs.

Mozumder and Magee classified spurs into three
types: isolated spurs, blobs, and short tracks, on the
basis of the energy deposited in them. A similar classifi-
cation may be applied to the result shown in Table
5: .., isolated spurs for the spurs containing only one
ion-pair, blobs for the spurs containing two to ten
ion-pairs, and short tracks for the spurs containing more
than ten ion-pairs.

Discussion

G-Value of Electrons. Figure 8 shows the contri-
bution of different portions of the electron degradation
spectrum to the ionization and excitations, singlet and
triplet, induced by one keV electrons in water. This
type of figure has already been discussed in previous
papers.®»1)  From this figure, we can estimate the
number of ionizations and excitations during the slow-
ing down of the incident electron.

Let us consider the track of ionizations in water
induced by a 1keV electron. Since the ionization prob-
ability along the path of a high energy electron is
roughly proportional to the reciprocal of the electron
energy, the average distance between two successive
ionizations near the starting point is about 15 A. The
direction of the path will not be changed so often,
because the cross section for small energy loss, around
10 eV, is much larger than that for the larger energy
loss. After having induced about 20 ionizations and a
few electronic excitations, the energy of the “parent”
electron is degraded to 500 eV, a value which is com-
parable to the binding energy of the electrons in the
inner-most shell. After the electron energy reached
500 eV, the path of the “parent” electron may change
direction often. The average interval of two successive
ionizations is now 9 A, a distance which corresponds to
three times the diameter of a water molecule. Con-
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Fig. 8. The contribution of the different portions of
the electron degradation spectrum to ionization
and singlet and triplet excitations.

Fig. 9. A schematic picture of an example of short
tracks produced by a 1keV electron. A dot cor-
responds to an ionization and an asterisk to an
excitation.

sequently, about 50 ion-pairs may be produced in a
very small space at the end of the track of ionizations.
Since the diameter of the isolated spur is about 100 A,
as shown in Fig. 3, the density of charged species at the
end of the track must be very high. A schematic picture
of a short track is shown in Fig. 9.

According to the measurement of Hunt et al., the
initial G-value of dry electrons in water is 4.8.1%) They
used one mol I-! cadmium ions as the scavenger for
electrons. 'This concentration corresponds to one scav-
enger ion per 55 water molecules. At the end of the
track of a high energy electron, the density of ion-pairs
must be comparable to or higher than that of scavenger
ions. A large part of the electrons, a percentage which
we cannot calculate at present, may escape from the
scavenging and be neutralized with their counter ions.
Consequently, we do not think that the value G,=6.8
obtained in the present calculation is absurdly large.

The Rate of Slowing Down of Subexcitation Electrons.
For the rate of slowing down of subexcitation electrons,
we took two values, 1013 and 1014 eV s~1. These values
are somewhat arbitrary, as was stated when we intro-
duced them. If more reliable values become available,
these values should be replaced by them. Another point
important for the present calculation is the assumption
that the rate of energy loss is independent of the electron
energy. This assumption might be acceptable for the
energy loss due to the “‘indirect” interaction, but since
the “direct” interaction is a kind of resonance effect,
the rate of the energy loss must be strongly dependent
on the electron energy. Although this process has not
been formulated yet, it may be better for the calculation
to treat the “direct” interaction as if it were a kind of



March, 1978]

electronic excitation.

In the present calculation, only one value of the rate
of energy loss has been assumed for all subexcitation
electrons ranging from thermal energy to the maximum,
E,. However, when the electron energy is degraded to
subvibrational energy (=0.4¢V), no process of the
energy loss but that due to the intermolecular vibrations
remains. In a polar solvent, such a slow electron may
be solvated by surrounding molecules. In non-polar
solvents, however, these electrons may migrate further
into the solvent, as suggested by Hummel et al.'®) and
estimated by Mozumber and Magee.2)

According to the estimate of Mozumder and Magee,
the themalization distance of the subvibrational electrons
in hexane is in the order of 50 A, a distance which is
of the same order as that estimated here to be the ther-
malization distance of the subexcitation electrons.

Spatial Distribution of Ion-pairs in Spurs. Most of
electrons and positive ions generated in blobs and short
tracks may be neutralized pairwise before they are
thermalized. If the concentration is low, electron
scavengers can capture only electrons which have
escaped the neutralization. The spatial distribution
function of ion-pairs derived for the interpretation of
the experimental results of electron scavenging and of
electric conductivity is, therefore, composed of the sum
of two parts: one is the distribution of ion-pairs in
isolated spurs and the other is the distribution of ion-
pairs which have escaped the neutralization in blobs
and short tracks.

As has been shown in the Results section, the spatial
distribution of ion-pairs in isolated spurs was well
expressed by the function proposed by Abell and
Funabashi. However, we think that this agreement
resulted from a somewhat fortuitous cancellation.

Let us assume that only one ion-pair is left after the
neutralization in each blob and short track. Then, all
spurs now contain only one ion-pair, the G-value of
which is 2.5 (=6.8x26.8/73.6). As Table 4 shows,
749, of them come from the original isolated spurs and
the rest, 269, from blobs and short tracks. Although
we cannot calculate it numerically, the spatial dis-
tribution of ion-pairs which have escaped the neutraliza-
tion in blobs and short tracks may be much broader
than that in the original isolated spurs. If we take
this contribution into account, the spatial distribution
should have a long tail.

On the other hand, the function of Abell and
Funabashi has been proposed to explain the experiments
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carried out with hydrocarbons, in which the thermaliza-
tion of subvibration electrons has to be considered.
As Mozumder suggested,?) the spatial distribution
of electrons during the degradation of subvibrational
energies is getting close to a Gaussian, which is sharper
than the function of Abell and Funabashi. This effect
might cacel the broader distribution of ion-pairs which
escaped the neutralization in blobs and short tracks.
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