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I, INTRODUCTION
The specification of transverse distribution of energy deposition
alyong the track of a fast charged particle is of basic importance in unde’r»
standing the effects of heavy ions invpassing through matter. The trans-

verse distribution results from absorption of energy by the medium due

‘primarily to the slowing down of the secondary electrons which have hecen

ejecte"d from the primary particle's track,

Delta (6) rays are generally those secondary electrons that
have an initial energy above some arbitrary threshold value so that’
the‘i'.e is a high probability that most of their energy will not be deposited
in the vicinity of the ion track, An alternative definition would :be that &
rays are all secondary electrons which are ejected further than a given
arbitrary distaﬁce from the ion track.

In radiation biology, many radiation effects of heavy ions have
been interpreted in terms of an inactivation cross section. Part of this
total cross sectibn is due to the ion track and another part is due to 6
rays. ‘The estimated cross section due to the & rays is subtracted from
the total cross section to obtain the .'cr.oss section due to the ion track.

This procedure is called the &-ray correction,

% :
Present address: Tokyo Institute of Technology, Meguro-Ku, Tokyo,
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Although it is well -known that the contribution of & rays to the
radiation effect of heavy ions is quite significant, our knowledge of &
rays is very poor experimentally as well as theoretically, Thus far,
almost all the 6-ray corrections have been made with several simplificd
assumptions about the processes of 6-ray production as well as on their
slowing down, which have not yet been verified by experiment. Although
it is most desirable to obtain complete experimental knowledge of the
physical properties of the 6 rays, some specific‘ information on & rays
may suffice (depending on the methods of interpretation of the radiation
effects, such as the target-theoretical analysis) for the study of the
biological effect. Therefore, first let us discuss two alternative possible
approaches-fo the 6-ray correction in connection with the present status
of experimental information available for the low-energy secondary
electrons. Then we will present results of the measurements carried
out on the secondary electrons from heavy ions from the Lawrence
Radiation Laboratory's Hilac. Finally we will discuss the implication

of the above results to several related problems,

II. TARGET THEORY AND DELTA-RAY CORRECTION
The two alternative approaches are the ''space-averaged

picture' and the "extended-track picture. '

.A. Space-Averaged Picture ) -

The exact formulation of this approach was first given by
. . ‘('*,—
Lea (1). Lea derived the d-ray correction in terms of the "associated

volume, " in which the so-called overlapping factor F was calculated on

the assumption of a ''one -ionization model.' A similar approach has
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been applied by Dolphin and Hutchinson (2) to heavy-ion irradiation of
enzymes. We call this method "space -averaged picture'' because it
does not take into account the spatialvcorrelation between §-ray tracks
and the primary track, but regards & rays as distributed uniformly in
space, with the intercorrelation among ions along the same 6-ray track
considered as taken into account through the overlapping factor, F. A
reformulated form of this approach may be given (3) as (i) derivation of
the slowing -down spectrum of 6 rays, b (E), from the primary particle
flux qbp(E); (ii) derivation of the inactivation cross section (or volume)
with the use of the total differential flux, ¢t = ¢p(E) + ¢6(E), following
the calculation method gbiven in reference 3. This space-averaged
picture is expected to be a goéd approximation for a target that is small
compared with the average 6-ray range. The most important quantity
in‘i.:his picture is naturally the slowing-down spectrum of the 6 rays, -
¢6(E), which can bé theoretically dérived with the use of the information
on the production of secondary electrons by the primary particles and
the slowing down procesé of secondary eleqtrons.

a. The production of secoﬁdary eiectxions by the primary
particles is described in terms of the emission cross section do(E) for
the production of secondary electrons with energies between E and
E + dE pef unit primary-particle flux. These cross sections are
usually obtained from the Rutherford formula which applies to knock-on
collision, but for low—energy secondary electrons with well below, say,

several hundred electron volts, some deviation from that formula would

be expected. Therefore, the cross section for the production of low-

energy secondary electrons must be determined experimentally., This
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kind of experiment has been carried out for 50~ to 150-keV protons (4),
but the experimental data do not cover the whole range of energy as well
as the ion species usually used in the radiation-biological experiments
with heavy ions.

b. The slowing-down process of secondary electrons requires
information on the collision cross section of electrons over the energy
range from the maximum &-ray energy down to nearly zero energy for
the biologically important elements. Theoretical calculations have been
performed, so far, with the use of the theoretical formulae for the
stopping power (Bethe-Bloch formula) and for the collision cross section
(Mgller formula) by Spencer and Fano (5). However, this slowing-down
theory has‘been experimentally examined only at energies above about
50 keV (6), and its validity well below this energy is still not established.

Unfortunately, the maximum energy of 6 rays for heavy ions
with energy. 10 MeV/amu (extensively used for radiobiological experi-
ments with the Hilac) is about 20 keV. This implies that there is now
no experimentally verified slowing-down theory available for the slowing -
down Spe‘ctrgm associated with heavy-ion beams produced by the Hilac.

:For electron energies below about 10 keV, the cross section
for inelastic collisions depends critically on the electron energy because
of the varying participation of inner-shell electrons in the collision
process,

A number of measurements at energies below 10 keV have been
made for studies of electrons backscattered from solids (7, 8) as well as
of the transmission of electrons through thin foils (9). From these meas-

urements, some important information can be derived for electron
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energies frorﬁ 1 to 10 keV., Three useful pieces of information are (1)
the range -energy relations shows no significant dependeﬁce on the
atomic number of material when the range is measured in mass per
unit area; (2) the scattering process is predominantly inelastic; and (3)
an estimate of the mean free path for ineléstic collisions is in good
agreement with the prediction of the Bohr-Bethe theory when the inner-
shell effect is taken into account. We can us such information to derive
the slowing-down spectrum for the energy rénge down to 1 keV,

One may expect that extensive modification of the theory will
be necessary before it is valid for electron slowing-down at energies of
the order of the K-shell bindihg energy or less., (The electron slowing-
down spectrum has not yet been directly measured at these low energies.)
At the same time, it is readily understood that experimental study of
such quantities as the emission cross section of secondary electrons;
with heavy ions and the collision cross section as well as the stopping
power of low-energy electrons is required before any working theory of

the electron slowing-down in the low-energy region can be established.

B. Extended-Track Picture

In this picture, the fundamental quantities may be the differential
flux of secondary electrons, expressed as ¢6(E, r), where r is the dis-
tance from the track of the primary particle, or the energy flux per unit
surface, D(r), out of the cylinder of radius r, The cylinder is cooaxial
with the prifnary particle track, Unfortunately, there is little relevant
experimental data on either of the above quantities,

The quantity D(r) can be derived in principle from a knowledge

of ¢6(E, r); it can also be derived approximately from the combination
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of the cross section for emission of secondary electrons by heavy ions
and the energy-dissipation distribution expressed as a function of dis- .
tance from the secondary-electron source, The latter was calculated

by Spencer (10) for the primary-electron energies above 25 keV for

media of low atomic number. For energies below 25 keV the Spencer

theory cannot be expected to be valid and another treatment might be

useful, such as the utilization of the range-energy curve for electrons.

This picture prOpérly takes into account the high concentration
of activation events in the vicinity of the primary track and also strongly
relates to the "track! model of water radiolysis (14). This "track"
model, based on the diffusion kinetics of radicals, and taking account
of the effects of the distribution of spur sizes and 6-ray tracks, has
been fairly successful in explaining molecular yield effects (12). The
"track" model is a kind of indirect-action model in terms of radiation
biology, and along these lines we shall be able to construct an indirect-
action theory of biological action, as an extension of the pioneer work
by Zirkle and Tobias (13).

Along the latter line, Deering and Hutchinson (14) have made
some calculations on D(r), based on several assumptions on the produc -
tion of secondary electrons, the range-energy relation, aﬁd the overall
rate of energy deposition of an electron at a distance r from the pri-

mary ion track., We will not discuss the details of the &-ray correction .

o]

for the extended-track picture in this discussion.
o
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III. LOW-ENERGY SECONDARY-ELECTRON FLUX

PRODUCED BY HIGH-ENERGY HEAVY IONS

Even if the slowing-down spectrum of secondary electrons were
obtained by theoretical calculations with the use of the stopping-power
information derived from the experiments discussed in Section ITAb,
such a spectrum would not cover the energy range below about 1 keV,

At this time, to obtain the speétrum below 1 keV, we must rely on the
direct measurement of the slowing-down spectrum from heavy ions.

As a first step in measuring the low-energy secondary-electron
flux from heavy ions, an experiment has been done with the Hilac to
measure the absolute yield and the slowing-down spectrum of secondary
electrons with energies below 50 eV, This experiment is the direct
measurement of ¢6(E)" described in Section ITA, which is the differential
flux of secondary electrons at a point in a medium bombarded with heavy
ions. Some of thé results are discussed here.

The appafatus is éhown in Fig. 1, where the target consists of
three foils, each of which has a thickness approximately equal to the
range of the maximum-energy & rays. The primary energy of heavy
ion.s was varied with thé use of aluminum absorber wheels, and the
primary beam intensity was measured by a Faraday cup. A negative
voltage (-1200 V) was applied on the suppressor ring between the target
and the Faraday cup to prevent disturbance of the reading of the primary
beam on the Faraday cup by exchange of secondé.ry electrons produced
both from the rear‘surface of the tai’get and from the Faraday cup. We
carried out these measurements at a vacuum of ‘the order of 10—8 torr,

to keep the target surface clean during the measurements,
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The method of measurement, the same as that used by Shatas
et al. (15), is indicated schematically in Fig., 2. The heavy-ion beam
from Hilac passes through the sandwich arrangement consisting of
three foils and then is stopped by the Faraday cage. The yield from
the upstream face of target 2 cai;. be determined from the observa-
tion of the current IT(Vi,) corresponding to two alternative sets of elec-
trode potentials. Thus, if target 3 is maintained at an arbitrary con-~

stant voltage V,, the measured target current IT is given by

IV

T <0)

121(>V1)—I1 +1 (1)

1 2 2D

I, -I1,,+1 (2)

Ip(vy=0 =1, -1;, *L,p

where 121(>V1) represents the current of secondary electrons leaving
target 2 from the upstream surface with a normal velocity component
sufficient to overcome the retarding potential Vi’ and I12 is the current
of secondary electrons reaching target 2 from target 1. Since V, is

2

unchanged, the contribution to I, by electrons flowing to or from the

T

downstream face of target 2 is constant and is represented by [ZD'
Equation (2) means that when the potential difference between target 1

and tafget 2 is zero, all secondaries from each target reach the other,
The net current of secondary electrons leaving target 2 from the upstream
surface with energies sufficient to overcome the retarding potential V1,

is 'obtained by subtracting Eq. (1) from Eq. (2). The yield from the

downstream face of target 1 can also be deduced from the measurements

of IT(V'1 >0) by ihvoking the corresponding relationships

IT(V1>O)=—112(>V1) —I12,+[ (3)

2D’
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The composite yield, i.e. the sum of yields from two opposite surfaces,

is given by

& = [IT(V1>0) - LoV, < 0)]/Np (4)

whére N_is the number of primary heavy particles passing through the
targets and is deduced from the measurevments of current Ip on the
Faraday cage'and information of the effective charge of the heavy ions
entering the Faraday cage. Following the convention in the so-called
(| =45 V to derive the yield.

Actually, the yields were constant at lV1 l >45 V within an experimental

- "secondary emission, " we chose lV

error, The yield, &, defined by Eq. (4) can be related to the flux of
the slowing-down spectrum ¢6(E), or the number of electrons per unit

area per unit energy interval per unit primary heavy-particle flux by

45 eV

& = S\ ¢6(E)dE/¢H, (5)
0

where q)H is the primary heavy-particle flux,

The derivation of Eq. (1) is based on the assumption that the
number of secondary electrons with energies above 45 eV is negligibly
small compared with that of énergies below 45 eV, and this assumption
was very valid in this experiment. Since the flux, ¢6(E), can be defined
at an arbitrary point in'a space between target 1 and target 2 by using
relation (2), the measurements on & canvgive information on the secondary
‘electron flux in the medium.

The energy spectra of secondary electrons were obtained by
the same procedure as that used to obtain fhe yields, exaept V1 was

varied from -45 V to +45 V in successive small increments, following



-10- UCRL-16405 Rev,

the method described by Schultz and Pomerantz (16). In order to

derive the energy spectrum from the measurements with the sandwich-
target arrangement, the angular distribution of secondary electrons

has to be assumed, and two kinds of angular distributions were assumed,
isotropic and cosine. The energy spectra for Al with He ions of two
different velocities are shown in Figs. 3 and 4.

It is interesting to see that the energy spectrum is almost
insensitive to the assumed angular distribution as well as to the primary
energy. The energies, the stopping powers (dE/dx), and the effective
charges (Zeff) of the primary heavy ions at several points, e.g.,
between targets 1 and 2, and a point in the front of the Faraday cage,
were derived from the data of Northcliffe (17) and Roll and Steigert (18).

In Fig. 5 the yields are plotted as a function of szf for various
ions and a Ni target. Note that the yields for various ions with the
same velocity (8.5 MeV/amu) lie on the straight line passing through
the origin, and the yields for an ion of different velocity (8.8 MeV/amu
oxygen) deviate from that line. This fact seems to imply that the yield
is proportional to the dE/dx of the primary ions, because the dE/dx is
proportional to Ziff' However, that this is in general not the case is
shown in Fig. 6, where the yields are plotted as a function of dE/dx.
‘From Fig. 6 it is easily seen that yields with different velocities for
each kind of ion are not proportional to the corresponding values of
dE/dx. For each kind of ion, the higher-velocity primary particle has.
the higher specific yield (yield per unit energy absorption).

The following results are obtained from the data:

(i) When the velocities of primary ions are the same, the yields for
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each kind of ion are proportional to the dE/dx for that ion (see Fig. 5).

(ii) When the velocities are different for each kind of ion, the specific
yield for higher velocity is higher than that for lower velocity (see Fig. 6).
These results seem to be strongly related to the production of high-
energy secondary electrons by the primary particles, because the max-
imum energy of & rays is proportional to the energy of the primary
particles. It may be surprising that the low-energy part of the slowing -
down spectra of 6 rays shows a strong dependence on the maximum

energy of 6 rays..

IV. EFFECTS OF LOW-ENERGY SECONDARY ELECTRONS
Although the role played by low-energy secondary electrons in
biological effects has not been investigated much so far, several related
problems have received considerable attention in recent years. Several
examples are presented in the following, which would suggest the impor -
tance of studying the behavior of the low-energy part of secondary-electron

flux,

A. Triplet (Metastable)-State Excitation

In photochemistry, it is well-known that triplet metastable -
state excitations can play an important role, such as the sensitized
fluorescence in a mixed gas through a collision of the second kind. An
example is the enhancement effect of added gases on the sensitized
fluorescence of thallium atoms in mercury vapor activated by the

I .
mercury resonance radiation at 2537 A. In this case the metastable

_63PO mercury atoms are produced through the second-kind collision

between the 63P1_mercury atoms originally produced by the absorption
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of 253? A line and the added gases (argon or nitrogen). The 63PO
metastable state atoms have a long mean life and apparently can survive *
many collisions with arvgon atoms or nitrogen molecules without losing

their activation. Therefore, they can remain activated until they collide

with a thallium atom.

A similar process occurs when the addition of nitrogen to a
mixture of.hydrogen and mercury vapor increases the rate of reaction
between hydrogen and metallic oxides through the formation of 63PO
mercury atoms (19).

The excitation of optically forbidden spin states by electron
impact is a resonant process, so that only electrons with energies
close to the excitation energy are effective in this process (20, 21).

The method of producing the metastable state of the atom by low-energy
electron impact has been recently used for Ne with good efficiency (22).

Whether production of the metastable states by the low-energy
component of the slowing-down spectrum of 6 rays plays an important
role is an interesting problem and should demand attention. Platzman's
observations (23) that the superexcited-state excitations play a more
" important role in the radiation chemistry of gases than the lower-state
excitations is very important in this connection, and more extensive

experimental work on the role of metastable states in radiation effects

"is highly desired to answer such questions. ' "

B. Subexcitation Electrons

The important role played by the subexcitation electrons for
the total ionic yield in the gas and the yield of F centers in ionic

crystals, in both of which some admixed contaminants play a significant
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role, has béen pointed out by Platzman (24, 25). Thus, for the cases in
which minor components experience major effects, the usually accepted
statement--that the primary absorption of energy from ionizing radiation
by different components of a system is in approximate propdrtion to their
molecular concentrations--may be grossly erroneous, For biological
molecules, it is highly possible that the role of the lower -energy elec-
trons may not be minor, because the crucial molecular bonds for the
radiation effects may in a sense be regarded as minor components.
Further, it is to be noted that, for gases, 15 to 20% of the absorbed
energy comes from the subexcitation electrons, in the case of high-

energy radiations,

C. Cavity Ionization Chamber (Greening Effect)

It is well known that a cavity ionization chamber shows the
polarity effect when used at very low gas pressure. This phenomenon
has been explained by Greening (26) to be due to the low-energy electrons

emerging from the walls of an irradiated chamber, and is called the

- Greening effect., This effect restricts the exact applicability of the

cavity principle which is supposed to be exactly valid at the limit of
low gas pressure. This should have some bearing on the dosimetry of
heavy ions when the cavity chamber is used, but no experimental work

has been done on this yet,

D. Fluorescent Response of a Scintillation Crystal to Heavy lons

The fluorescence of a scintillation crystal caused by ionizing
radiation is a type of radiation effect, and has been studied by many
people. Results obtained by Newman et al. (27, 28) with heavy ions

are very interesting from the viewpoint used in this paper. The specific
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ﬂuoréscence (dL/dx) of a NaI(Tl) crystal is shown as a function of
dE/dx‘in Fig. 7.

It is very interesting to note that the specific fluorescence is
not a function of dE/dx alone, but is instead a function of the velocity
of the primary heavy ions, just as is the yield curve of the low-energy
secondary electrpns shown in Fig. 5. It is probable that this similarity
might show some fundamental interrelation between the fluorescence
effect and the low-energy electron flux. Meyer and Murray (29) gave
a theoretical interpretation of this phenomenon based on the extended-
t;'ack picture (Section ITA)., However, since the fluorescence effect is
one of the phenomena in which a minor compohent (i.e., fluorescent
center) plays a major role, the low-energy electron flux might significantly
contribute to that effect,

In a sense the specific fluorescence corresponds to the inactiva-
tion cross section in radiation biology; much more experimental work
should be done in radiation biology, too, with heavy ions with different
energies, to elucidate the mechanism of the 6-ray effects, The above
discussion will have some bearing on the problem o.f the definition of
radiation quality for heavy ions, in connection with radiation effects as

well as dosimetry.

o
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SUMMARY

Two kinds of approaches to the §-ray correction for heavy ions
are discussed: ''space-averaged picturé" and '"extended-track picture. "
The fundamental quantity for the ''space-averaged picture' is the differ-
ential flux (sl'owing -down spectrum) ¢6(E) of 6 rays, Experimental
results are presented on the energy spectra and absolute yield values
of the low-energy part of ¢6(E). The most interesting results are as
follows: |
(i) When the velocities of primary ions are the same, the yields for
each kind of ion are proportional to dE/dx.
(ii) When the velocities are different for each kinci of ion, the specific yield for
higher velocity is higher than that for lower velocity, The discussion
of several related problems suggests the importance of studies on the

behavior of energy spectra of the secondary-electron flux.
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FIGURE LEGENDS
1. Schematic diagram of the experimental apparatus.
2. Schematic diagram of the measuring circuit.
3. Differential energy spectrum, assuming an isotropic angular
distribution, for secondary electrons from an Al foil bombarded
. 4 .
with He ™ ions,
4. Differential energy spectrum, assuming a cosine angular
distribution, for secondary electrons from an al foil bombarded
. 4 .
with He ™ ions.
5. Total absolute yield of secondary electrons with energies
below 45 eV from a Ni foil as a function of Ziff for 8.5-MeV/amu

He4, _C'lz, 16

O"7, and Ne? ions and for 8.8-MeV/amu O16 ions.

6. Total yield of secondary electrons with energies below 45 eV
from a Ni foil as a function of dE/dx for heavy ions with different
velocities.

7. Specific fluorescence of a Nal(Tl) crystal as a function of

dE/dx (redrawn from reference 27).
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








