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I. "INTRODUCTION
.. Accelerated heavy; charged particles, because of their: distinct physical

properties, are of interest in.radiation bielogy and nuclear medicine.”™ The .

‘masses of heavy, éharg’ed particles are many times that of the electron, and
.the angle of scattering in a given.collision is reduced approximately by the
-ratio-of the masses; hence, heavy charged particles produce-a more sharply

-defined.beam than do.electrons of comparable velocity, and thus:undesirable

side scattering can be reduced to.a minimum. -For this. reason,.the radiation

field of heavy charged particles can-also be shaped with:greater precision
.than'it can'be for-x rays-and y rays. The heavy charged»pa'.rticle*bea;r'n. has

.a rather definite range of penetration.depending on its energy. As the particle

proceeds:through-a medium its rate of energy, loss .or.relative specific ioniza-

tion:increases with-decreasing particle velocity, giving-rise to a:sharp maxi-

mum in-ionization known as.the Bragg peak near:the end of the range. - These

properties make possible intense irradiation. of a. str‘ic.tly;loéalized region

‘within the body,. with little skin dose(Tobias et al., 1952).

- Various. types of palf.ticle accelerators: have been discussed-in:a: re-
Viewv article:by McMillan (1959), and Hubbard (1961) has discussed accelera-
tors for heavy /ions. A list of existing_-'accéleré.tor» facilities.throughout the
world was given by Gordon and Behman (1963). o

A major problem in radiation biology is the manner in:which:.i'onizi‘ng

radiation exerts its biological effects. It is well known that the magnitude

of these effects depends not only on the dose, but alsc on:the detailed distri-

bution of the ionizing events. in the tracks., .Linear energy transfer .(LETf)i‘is

;a.measure of this distribution, at least to-a first approximation, and the need

.for determining the biological effects as a.function of LET has long been

realized. The radiations:most .widely,,.used-_:insradiobiological studies —x.rays

‘and neutrons—give broad distributions of LET in tissue and are:ther'efor'e'ovf

limited value for precise LET-effects studies. - Heavy ions can be produced

.in accelerators (Brustad et al., 1960; Hubbard et al., 1961) in-almost exactly

“We take LET to mean charged-particle energy loss per-unit path:length

~in: keV/H);. including losses.to all the secondary electrons (6 rays), regardless

of their ener’g'ies° This,'concept can be referred to as n.LETm., - Note also:that

we are using the symbol p .to_-signifyb'-'micron,'”‘a,length,of- 10-6 meter.
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monoenergetic and parallel beams,. which thus are suitable for quantitative
studies. of biological effects by the "track-segment' method (Zirkle and
Tobias, 1953; Sayegvet'al, , 1959; Barendsen et al., 1963).  The currently

‘available beams of heavy charged pafticles.range-from protons to argon nuclei,
with- LET values ranging from less than 1 keV/u .to. 2000 keV /. With the ac-
celeration of heavier ions thanAr the LET could be extended even higher.
At the time of this. writing,- the princiﬁles of acce'lerating ions' of any of the ele-
ments of the periodic table to biologicaily useful energies have been demon-
strated. | o

- Heavy ions have been useful in cellular radiobiology. Studies with
various . types of unicellular orgamsms and with mannalian cells. have already

-indicated:that biological effects probably can be divided into three classes
those that. result from a single 10n1zmg_event_along a particle track, those
due tov.vcoo.perat-ive action of two or more evehfcs along the track, and those
that could be_ attributed.to the “thermal-spike mechanismv” at very high LET.

: x—Raygirradiafion.generally produces:biological effects.which can be attributed
to a single ionizing event aloriga track, or to-the cooperation of events in |
separate tracks. These effects . depend on.pH and oxygen concentration,. and
can be modified by chemical substances present during irradiation. - They are
partially, reversible, in that postirradiation recovery can occur under certain

. circumstances. - For example, ip bacterial spores,. heat or presence ofv-HZS
partially reverses .this type of lesion {(Powers et al., 1967).

The second méchaniSm is. responsible for the often observed.increase
in relative biological effectiveness- (RBE), when high-LET radiation is used.
There is no.general agreement on the détails of .thisvmechanism; however,

: Léa (1955), Howard-Flanders (1958), and others have attributed it to ion
clusters.in the particle tracks, The increase in chromosome breaks.founci
at high LET is.explained by somewhat different reasoning'bly' Neary et al.

- (1965). - Ftirther, it'appearsi:that the probability of damage, as measured by '

.a ''cross section, " increases propdrt'ionally to.the square of the LET, finally
becoming saturated at very high LET. Except in rare instances, this effect
is only slightly influenced by environmental modifiers (Manney et al., 1963;
Lyman, 1965). T.obias and Todd (1 964) and Pswers et al {1967) found that

damage due to this mechanism cannot be reversed, as. can single- event damage,

The third effect—the thermal- spike effect (Norman, 1967)-—has not

. been:very widely studied so far, largely because of the- relative inaccessibility

<

«
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of the very-high=LET radiations. "Probably the most dramatic demonstration
of such effects (although.in nonbiological systems) is.the production. of damage

tracks a.few angstroms . in diameter in thin sheets of dielectric matter by in-

dividual fission:recoils (Fleischer et al. ;- 1965). "Such:tracks. can be*made

visible through etching, which removes the damaged material. -

Heavy-ions:-have-also-been:very useful in:molecular studies, probably

‘because they can:transfer-a.relatively large amount of energy to a s.ing'lém“‘ma.cro—

molecule (Pollard,. 1953; Brustad and Fluke, 1958; Dolphin and Hutchinson,
1960;  Brustad, 1961; Tobias and Manney, 1964; Henrikson, 1966). - The fate "
of the excitation energy following such interaction-is of fundamental interest,

and studies.of postirradiation excited states.are providing new information

.on:the nature of interactions and energy-transport in.macromolecules.

Perhaps the widest interest in:heavy ions is due to:their applicability
in studies of normal and pathological states-.in}multicellular’orga;nismsy partic-
ularly of the central nervous system,. and of development and differentiation.
These interests. culminateain-thera,peutirc applications which:are steadily, ex-
panding (Lawrence and Tobias,. 4965; Tobias and Todd, 1967),  Inthis sense
the most direct application of heavy accelerated.particles.is to produce con-
trolled lesions.in locations not easily accessible to surgery. Since heavy=-ion

beams travel along-a straight line and have a fixed.range, they can be optically

~aimed at a region within the body;  their ionization:properties produce deep

lesions at the Bragg-peak location without undue-damage-to.intervening or
deeper-tissues (Wilson, 1946).
- For example, much:valuable information on:the location:and:manner -

of homeostatic control of body, functions  can be obtained by creating small

. lesions unilaterally or-bilaterally in.the hypothalamus.of animals-(Born et al.,

.1959). - Other studies are aimed at understanding the organization and function

of the cerebral cortex. Laminar lesions are particularly useful in this context
(Malis et al., 1957; Janssen.et al., 1962). - It is:important to produce minimal-
size lesions with especially sharp boundaries. - The small lesions enable one

to differentiate between neighboring parts, thus obtaining information with
better spatial resolution, as well as avoiding unnecessary injury. Small and
sharply demarcated lesions reduce the amount of scar-tissue formed, a con-

sideration -very important in medical procedures (Van-Dyke and Janssen,

4963). It is likely that for treating lesions with the Bragg peak, particles with

\

A
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Protons -were first used on human subjects at Berkeley in 1954 (Tobias
et al.,.1956, 1958),. when the pituitary of a patient. with metastatic: mammary

‘carcinoma was:irradiated. Since then therapeutic investigations have broadened

-4

continuously. - At the University of Uppsala the first proton treatment of,
Parkinson's disease was performedu(.Larssonet al., 1962). - A number of w
other medical procedures are-also used (Leksell et al.,. 1960; Larsson-et al.,
-1958; Larsson,.1961; Kjellberg et al.., 1963, 1964; Lawrence and T‘obias,
.1965)., Pituitary irradiation appears to.-be worthwhile in:.cases of mammary
cancer, diabetes mellitus with vas cular_disease,. malignant ebxophth'al'm”os, :
acromegaly, and Cushing's disease. Certain types of brain tumors are also
treated. Limited approaches have already been made to direct irradiation.of
' tumor ‘metastases,. and utilization of heavy-ion beams for direct cancer-therapy
promises:to eliminate complications due to.the oxygen.effect (Tobias' and Todd,
. 1967). . The oxygen effect apparently is.important in x-ray,therapy, since
anoxic tumor cells are more resistant to x.rays than are oxygenated normal
~cells (Gray,.1961). Both kinds of cells are equally sensitive 'to radiation of
sufficiently high LET. ’

.Even before the advent of space flight it bec-ame clear that protons,
- helium ions, and heavy ions are part of the normal radiation environment in .
..cosmic rays and especially-in'the vicinity of the sun. Charged-particle fields
»resu-lt-ingffrorri solar flares in.fact constitute a.major health hazard.for astro-
nauts -(Van:Allen,;. 1961;. Webber, 1963, 1966) and future colonizers. of planets
without a shielding.-atmosphere. Such.flare-produced.fields consist of low- -
and high-energy protons, and about.10% of the particles.in large flares are
helium ions. . Heavier ions have also been detected, High-energy accelerators
can be used for simulating-these fields: for laboratory studies.

It is expected that in-a.few years supersonic transport planes -will carry
‘a significant fraction of the poPulatiOn:at altitudes of 70 000 feet or more., - At
these altitudes the primary-biological interest is particularly in the heavy
cosmic ‘rays and the recoils. produced by -cosmic-ray primaries and secondaries, I
. particularly mesons. . It is known that the dose-rate levels during-flight will
be quite low, but the potential biological effects (especially genetic) of.the
heavy primaries have not yet been fully evaluated.

. Negative mmesons produce nuclear stars at the ends of their tracks,

.and because these stars have high LET, it has been proposed that mesons

.might profitably be used.in cancer therapy (Fowler and Perkins,, 1961;
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Richman et al., 1966; Raju et al., 1968). Cyclotrons and linear ion acceler-
ators are particularly suitable for production of mesons. - A meson factories
for producing a high-intensity field of ™ mesons is being built at the Los

Alamos Scientific Laboratory, Vancouver, Canada, and Zurich, Switzerland.

II. INTERACTION OF HEAVY CHARGED PARTICLES WITH MATTER

The absorbed dose received by an.irradiated sample is a consequence
of interactions of the charged particles with the sample material. These in-
teractions are briefly reviewed here before specific dosimetry problems are
considered. . For more detailed discussion of these interactions, the reader
is referred to Bichsel (Chapter 4, Volume I), Fano (1963), and Bethe and
Ashkin (1953),

The interactions of heavy charged particles with matter can be broadly
subdivided into interactions with (a) whole atoms, . (b) atomic electrons, and
(c) nuclei. The first two types of interactions are due to electric charge (elec-
tromagnetic or Coulomb-force interactions), and nuclear forces are also in-
volved in (c). The type of interaction which is most probable in a given case
depends on (i) the nuclear impact parameter, that is, the distance between
the charged-particle trajectory and the nucleus, in the absence of an inter-
action (Rossi, 4952); (ii) the kinetic energy of the particle; and (iii) the
nature of the bombarding particle and of the atom or nucleus involved in the
collisions.

(i) When the nuclear impact parameter is much larger than the atomic di-
mensions, the charged particle interacts with the atom as a whole, displacing
it from its normal position.

(ii) When the nuclear impact parameter is comparable to atomic dimensions,
the interaction is mainly between the charged particle and the atomic electrons.
If the energy acquired by the electron is large compared with its binding energy,
this process can be treated as an interaction between the charged particle and
a free electron. If the resulting secondary electrons are energetic enough,
they can cause further ionization of atorﬁs, and are called & rays.

(iii) - When the nuclear impact parameter becomes smaller than the atomic

radius, in addition to interacting with electrons, the incoming charged particle

is deflected owing to the Coulomb field of the nucleus. For nuclear impact

parameters smaller than nuclear radii, nuclear reactions can take place if

the kinetic energy is high enough.
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Thus,. as a result of electromagnetic interactions, heavy charged
particles lose energy by ionization and excitation of atoms .in the absorbing
medium. “Successive small deflections due to Coulomb. interactions between
‘the charged particle and the nuclei of the medium (multiple scattering) cause
the particle beam to spread transversely as it passes through the medium,
Elastic collisions with atoms play an insignificant role in the energy loss of
heavy charged particles, except at very low energies. The energy at which
elastic collisions with atoms become more important than the electron collisions
in the energy-loss process varies with the type of heavy charged particle un-
der consideration (Lindhard, 1964; Snyder and Neufeld, 1957); for example,
this energy is approximately 1.5 keV for protons, 94 keV for carbon ions, and
180 keV for oxygen ions. - It has been shown by Jung (1967) that the radiobio-
logical effect is very significant for protons of energies less than 4 keV. This
result confirms the importance of elastic collisions with atoms. at such low
energies.

Inelastic collisions with nuclei,.that is, those in which nuclear reactions
occur, depend primarily on the type and energy of the heavy charged particle
and on the nature of the nuclei in the medium. The penetration of secondary
particles produced in these reactions must be considered separately. Table'I
shows the probabilities of protons' penetrating different thicknesses of car-
bon and lead absorbers without undergoing nuclear interactions (see also
Janni, 1966). The primary beam intensity decreases exponentially with in-
creasing absorber thickness when nuclear interactions are the controlling
process.

A, Energy Loss

Heavy charged particles, as they pass through matter, lose energy
chiefly through interactions with atomic electrons. This process leads toa
gradual decrease of energy as the particles pass through the stoppiﬁg mer‘:liu.m°
For example, the residual energy of a 10.4£0.05 MeV/a.mu>=< 28Si heavy-ion
beam as it passes through aluminum is shown in Fig. 1. The rate of energy
loss is proportional to the square of the charge of the incident heavy particle,
and approximately inversely proportional to’its kinetic energy. As the particle
proceeds through the medium, it slows down gradually; and its rate of energy

loss therefore increases. At very low velocities the particle captures electrons,
x®

amu ‘is the number of atomic mass units; the initial kinetic energy of this

silicon beam is 291.2 MeV.
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Table I. Probability of proton nuclear interactions as a

. function of absorber thickness. a

Fraction of protons not

: Residual energy undergoing nuclear inter-
Proton Shielding (MeV) actions in the shielding
energy thickness

(MeV) (g/cm?) Carbon Lead Carbon Lead
100 5 61 . 81 0.95 0.98
150 5 123 135 0.95 0.98
10 92 121 0.90 0.95
300 5 285 290 0.95 0.98
10 265 280 0.91 0.96
50 87 200 0.61 0.80
600 5 590 590 0.95 0.97
10 - 575 580 0.90 - 0,95
50 480 530 0.58 0.77
100 340 455 0.33 0.59
150 162 385 0.19 0,46
1000 5 990 990 0.95 0.98
10 980 980 0.90 095
50 900 - 940 0.60 0.79
100 800 880 0.34 0.62
150 685 820 0.20 0.49
200 570 760 0.12 0.38

2Bobkov et al. (1964).
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Fig, 1. Average residual energy of a ZSSi heavy-ion beam of initial
energy 10.4 MeV/amu as a function of thickness of aluminum
penetrated. It can be seen that the energy near the end of the
path decreases much more rapidly than at the beginning.
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. as a result of which:the effective charge of the particles is reduced. . Conse-

quently the rate of energy loss per-unit track length.decreases-at very: low

velocities.” The heavy charged particle continues: to.slow down until its: energy

‘is reduced to.the thermal energy of the atoms in the medium.

The deceleration process occurring while he avy:charged particles are

-complétely ionized can be adequately treated by stopping-power-theory. How-
-ever, when the particles slow down enough to capture-electrons (below 2" MeV

~ for helium:ions: or 0.4 MeV for protons),. the theoretical problems:become

difficult, and the effect of such capture upon the range of the particles must

.be obtained.from experimental data. The average rate of energy loss. (in
MeV per'g/cmz, .i.e., mass stopping power) for a nonrelativistic heavy charged

‘particle of velocity v = Bc {(cm/sec) tra.versingvan..infinifesimal»segment of

path length.is given by

-2
0.307 =z B )

B A

S=

-where " B- is equal to:\Z[-longmc;BZr? log(t - BZ) -v‘BZ.- log:I] --C, .c is the
velocity of light, . z is the charge number of the incident particle, . A is:the

atomic ‘weight of the medium, B is the stopping number, - Z is the nuclear

charge of the absorber, - I is.the average excitation potential of the medium,

.and "C is-the sum of the shell corrections (Walske, 1952, 1956), . For practical
- calculations of proton stopping power see Chapter.4, Section II, .C and'H
(Volume I). The stopping powers of water and lead.for protons over a wide

‘range of energies:are shown in:Fig. 2.

. The stopping-power formula, Eq. (1), can be used for low-energy ions

if the effective charge z,

. ‘ f
4OA-l;,for example, the maximum specific ionization (or stopping power) occurs

is used in place of z. For the heavy-ions "12'7C and

rat énergies of approximately 8 and 65 MeV, respectively (Northcliffe,. 1964).

¢ overcompens ates the increase in energy

. . 2
‘loss resulting from the influence of.the B term in 'Eq..-(1). - This effect is

.the same as that which - occurs . for protons-at much lower énergies.

Tables of stopping powers: for various elements and:types of heavy -

‘charged particles are given.in Chapter 4 (Volume I) and by Barkas:and

Berger (1964), Trower (1966),. Williamson et al.. (1 966),_ Jahni (1966),. and

‘Bichsel {1963).
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107" S -0 107 - 10° 10
Proton energy (MeV) ,
DBL 675-1626
Stopping power of protons of energies from 20 keV to 10 GeV,
in water and lead (data taken from Whaling, 1958; Barkas and.
Berger, 1964). Arrows indicate the energy at which the
stopping power is minimum. Dashed lines indicate values
after density-effect correction for water. At energies below
80 keV, the stopping power decreases with decreasing energy.
This is partly due to the reduction of effective charge. At

intermediate kinetic energies,. from 100 keV up to about 1 GeV,

the energy region of interest for biomedical studies, the
stopping power decreases with increasing energy, r%achmg a
minimum near an energy equal to around twice m,C

rest energy of the charged particle. At still higher energles,
where the velomty of a proton approaches that of light, the

term -log(l- ﬁ ‘in the stopping number B will cause the

stopping power to increase with particle energy. A further
correction is necessary for condensed materials. It is known

- as the density-effect correction and causes a reduction of
stopping power, It is discussed extensively by Sternheimer (1966).

w
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It follows from Egq,. (1) that the ratio. of the .si(:opping power-for a partié.le

-~ with charge number 'z, to that of another particle- ‘Wit'hvcharge number ~z2-'1s

.given to a:first approximation by

2 v,

Sy 2y ' ,
&=L - @)
2z,

. when the particles travel with-equal velovcity; through: the same material,

- Hence from stopping-power tabulations. for protons,. one can .calculate the

stopping power of any other heavy charged particle of like velocity from Eq. (2).

. In general, where the two.velocities differ, one first finds the energy 'E of
.a proton (mass M) which has the same velocity as that of the other particle
‘having mass ‘M, ‘and energy' T,, thus: E = Ti(M/Mi)" The proton stopping
‘power" :'(SZ) at energy 'E is then obtained from tables, and Eq..(2) is:applied

to.compute "Sin "~ Examples of this procedure-and all the necessary tables: will
be found-in Chapter 4 (Volume 1) (see Section-IIC).

-The stopping powers of two substances with atomic masses ‘Aav and

..A.b’.\fo_ra particle with:a given velocity may be compared,:' independentiy of

. fas : * . . . .
the densities of the substances; by considering the relative mass stopping

power Srn’

S Ab - B .
a | a ) ‘
= X; . » A3)

. where-the symbols:are defined as. in"Eq. (1), and the subscripts -a- and 'b

refer to.the two materials.

In obtaining the stopping power of a.compound, we assume that the

‘contributions. from the individual atoms that. comprise the compound.are addi-
tive (Bragg's rule). - This. method neglects any effects of the electronic binding
-in: molecular compoundsg Slight deviations:from...tl/'xle*additi-vity,. rule exist, but
these are;gen‘era‘lly__,.-not significant in:radiobiologyo Thus:we can-calculate the
~heavy-particle stopping p'owe"r of compou.nds‘fromjthe ‘data.given for-the various

.elements in tables. such as:those of Barkas.and Berger (1 964). It is.important

to note that the stopping-power values derived in this: way .apply to: compounds

)

sk o ' :
‘Except that the value of I must.be appropriate to the state (gaseous or:con-

densed) of_ea'ch:mediumf (e. g., see Sternheirrier,.. 1966), -
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which,. at a maci'oscopi_c level,. ar"e‘"'homogen‘eous:and.is'otropi’c." “"This raises

a conceptual problem in their evaluation in.radiobiology. at.the submicroscopic
level, since:living cells are anisotropic and inhomogeneous.in their chemical
.composition. Usually, one also'ignores variations:in the density of subcellular
“Engstrom andifLihdstrom (£958) have shown, however, by-the
method. of quantitative x~-ray microscopy, that in certain cells .the density, of
the nucleus may be twice that of.the cytoplasm. - The density of 'DNA prep-
arations separated.from living ,c’ellé by homogenizing the cells and.centrifuging
'in.a density gradient is between 4.5 and 1,7 g/cm?’, S

B. Range-Energy Relation

~Below energies at which nuclear collisions:are*.i'mportant,. a mono-~
~energetic -beam of heavy: chargéd particles trave'r‘sing matter will gradually
‘lose energy.to.electrons bysionization:and excitation, while the-total number
.of primar}lr_,pa,rticles :in.the beam reinains.essentially'unchanged,, The particles
~-will. finally be stopped after they have traveled approximately equal path lengths
.in the absorber. The interactions with electrons are subject to statistical
. fluctuations, hence there will be fluctuations: in the path lengths- of individual
‘ pari-icxles- (called -range straggling) a.mounting_to_vaboﬁi: 1% of the mean path
.length, or range, ’R. (-Wilso'ng‘ 1946), " Energy-loss. fluctuations: are-di.scus_sed
‘in Section 1V, ‘ ‘ 7

The thickness of material which will be penetrated by -a perpendicularly

:incident monoenergetic beam of particles can be specified in several ways, as
‘discussed in Chapter -4, Section III,- A (Volume I). One useful concept is that
of extrapolated range Rp’ which is defined-as the absorber th-ickness occurring
~at the x-axis:intercept of the tangent drawn through the point of the curve's
steepest descent,. as illustrated in Fig.. 3. Because relatively few heavy
particles:are observed to penetrate beyond this thickness, its value evidently
~approaches that of the maximum path length. - Another cdncept. c;ften- employed

-is the median prdj.ected range, . t ,.also shown in Fig.. 3. . This'vis-.the

a.bsérber_thickness traversed by Iﬁiglta}f; incident particles, assuming that
none a.ré ldst prematurely in éa,tastrdphié évents such-as nuclear reactions
or bremsstrahlung production. The idealizked‘. curve-in:Fig. 3 has zero slope,
indicating the absence of such.catastrophic events, for absorber thicknesses
less than that at which the final rapid decre?.se occurs. Actually tmedién has
to be defined as the thickness at which the number of particles is one half of

the number of incident particles reduced by.the number of particles removed

&
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Fig. 3. Number-distance curve showing the number of particles in a
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from the beam by nuclear reactions. If the slope is not zero to the left of the

knee (e.g., Fig. 19), t -is based on halving the number of particles

median

reaching the latter depth. The term t has approximately the same

median
value as the projected range (t) (defined in.Chapter 4), which in turn approxi-
mates the mean path length R for heavy particles because they are not readily
. scattered and thus tend to follow straight paths.

The difference between the Rp and t is related to the straggling

median
parameter (Hubbard and MacKenzie, 1952). For a given range, straggling is
less for heavier particles. For.a given particle, straggling increases with the
-particle energy, because of the increasing importance of nuclear interactions.
From Eq. (1) the average p;th length segment (AR)Z, M traversed in

.an absorber by completely ionized heavy particles of mass M and atomic

number z, for a decrease in kinetic energy from T1 to TZ’ is
. T1
(AR), (T, - T)) J a/sar. @
T2

In principle, the range R of particles of initial energy 'TO is obtained by in-

tegrating. Eq. (4) from T, to zero energy. The ranges of two different types

0 _
of particles passing through the same stopping material with equal initial

velocities VO are related by

M1 :
v, —z Ra2vo) - | (5)
1 |

Equation (5) can be employed to compute the apprdximaté range of
other particles from the tabulated values for protons, remembering that the
energies of particles having the same velocity are inversely proportional to

their masses. The capture of electrons by heavy charged particles, especially

- -when they are multiply charged and of low velocity, tends to extend their range.

- Equation (5) can be corrected for this by use of effective z values, as dis-
cussed in Chapter 4, Section II G, or through the formulas provided by Barkas
and Berger (1964) (formulas 6-11).

Theoretical range -energy and stopping-power relationships among
various heavy ions in water are given in Fig. 4 (Steward, 1967). Several re-

cent theoretical range-energy tables are available (Chapter 4, Volume I;
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of the currently available heavy charged particle beams.
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Barkas and Berger, 1964; Williamson et al., 1966; Janni, 1966). A com-
puter program for the calculation of the energy loss of heavy charged particles
is given by Bichsel (1967).

C. Multiple Scattering of Heavy-Charged-Particle Beams

‘When a parallel beam of heavy charged particles passes through a
medium, the particles are scattered and the beam diameter is gradually ex-
panded with increasing depth, mainly due to Coulomb-force interactions be-
‘tween the incident particles and the nuclei of the medium. This scattering is
due partly to the cumﬁlative effect of many small deflections, and partiy to
large single-event deflections of relatively few of the particles. The first
type of process is called multiple scattering, while the second is referred to
'as( single scattering. For most practical applications multiple .scattering
through small angles, repre sented aplprox,irnately by a Gaussian distribution,
predominates over single scat'tering., The mean square angle of multiple

scattering when the absorber thickness is small is given approximately by

j 2 : \
(%) (%) et o
where 6 is in radians, p is the particle momentum in MeV/c, z is the
charge of the particle, x is the absorber thickness, and £ 1is the radiation
length in.the absorber (see Rossi, 1952). The root-mean-square scattering
angle is evidently proportional to the charge of the incident particle and the
atomic number of the medium, and (in the nonrelativistic case) inversely pro-
portional to the kinetic energy of the particle. |
The variance of the Gaussian distribution,. which represents the effect
of multiple scattering at a distance -X0 from the exit surface of the absorber
for a particle beam having an initial range Ry and residual range ‘R, is

given by
g =J Z°([R' -R + X )%dR" (7)
R

where
32 = lim (92>/x.

x>0

If one is interested in finding the width of the Gaussian distribution inside the

absorber, then X0 inthe above expressionis zero. Itcanbe seenthatthe width of the
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Gaussian distribution representing the multiple scattering increases with the

"increasevin *XO, even-if the thickness of the scattering medium remains the

same.

' Starting from Williams' theory of multiple scattering and making some

‘reasonable assumptions, Preston and Koehler (1968) obtained the following

.empirical expressions:for the standard deviation Ty in.centimeters at the-

end of the range ~Ro(cm).for a proton beam of originally negligible diameter:
o 0 ="0.0307. RO‘ (protons in water), (8)
CO = O,'04'5,RO (protons-in aluminum) . (9)

- Figure 5 gives the standard deviation 0 at any:fraction of the proton range

‘in terms of the standard deviation 00 at the end of the range. It can be seen

from Fig. 5 that the Gaussian width due to multiple scattering increases rapidly

‘near the end of the range. If the incident beam profile is close to a Gaussian

distribution of width g, in the absence: of the scattering material, then the
standard deviation due to scattering in the medium can be obtained from the
measured standard deviation Gm by using the expression

o =0 -0, v _ (10)

Figure 6 shows the changes in.the beam profiles due to-multiple scat-

tering (calculated) of a helium-ion beam at different fractions of the residual

range (Sperinde, 1967). It can be seen from Fig. 6(A) that for a small col-

limated:-béam ~ (2-mm diameter), the intensity at the central axis of the beam
becomes smaller as the beam passes through the medium. Hence the full
width at half=maxirﬁum of the beam is 'increa_sed considerablyg\near the end

of the range. On the other hand, for large collimated beams (\such as 20-mm
diameter) it can be seen from Fig. 6(B) that the full width at half-maximum,
as well as the intensity on the central axis, remains essentially;,the same al-
though the edges of the beams. are rounded off. This must be taken into con-
sideration when narrow beams are used for making lesions for some biological
applications.

A useful relation for proton and helium-.ion beams of the same range

-is that the multiple scattering of a helium-ion beam is half that of a. proton

beam. Multiple-scattering calculations for protons have been given by

Janni (1966).
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T/R,

| DBL 6751628
Fig. 5. The calculated ratio of the standard deviation for protons,

at depth T in a given material, relative to that at the end
of the range R, (Preston and Koehler, 1968).
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stance off the central axis. - The terms R, and R are the
range and residual range, respectively. Xb_sorption is neglected;
the change is due to scattering alone (Sperinde, 1967). (A) 2-mm-

diameter beam; (B) 20-mn. -diameier beam.
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Preston and Koehler (1968) also calculated the intensity of the beam
. along the axis as a function of depth in the medium for both circular and rec-
tangular apertures. The intensity I(x, 0,0) on the axis at a depth x for a

uniform circular beam of radius r. ‘is given roughly by the expression

T

c
I(x,0,0) = ! > J 2wr exp -1 /O' - =1 - exp[- /O’ . (11)
0 _

T
X

For 'a uniform beam of 128-MeV protons of total range -RO = 12 cm of water,
‘the plots for'Eq. (11) are shown in:Fig. 7. for various beam sizes. It can be
seen from the figure fhat, with a decrease in beam size, the number of par-
ticles per unit area along the axis decreases considerably as a function of
depth of penetratlon The loss of partlcles due to nuclear interactions is neg-
lected in the above calculatlons the number of protons in the beam actually
decreases to some extent with penetration into the medium as a result of nu-
clear interactions {(see Table I and . Fig. 19). At the same time, the proton
étopping‘ power increases with depth as the velocity decreases, until a maxi-
rnum: is reached (at the Bragg peak) near the end of the range. Hence the dose
delivered by a heavy-charged-particle beam varies as a result of all these
factors: scattering, nuclear interactions, and change of stopping power. The
relative doses on the axis of a monoenergefic proton beam for beams of dif-
ferent radii, a,s‘ calculated by Preston and Koehler, are shown in Fig. 8,
where it can be seen that the effect of scattering is negligible for a beam of
sufficiently large radius, 'rc, that is, for rc>'>'0‘. .For such large beams
the dose deposition on the beam axis depends only on absorption of particles
by nuclear reactions and on change of the stopping power. On the other hand,
for small collimated beams the effect of multiple Coulomb scattering becomes
important, ’and the .central axis dose ét depth becomes smallér owing to par-
ticles' scattering out. The experimental results agree fairly well with the above-
mentioned approximate calculations of multiple scattering of heavy-charged-
partlcle beams. - Some experimental data are given in-Section IV.

:For a given range, the Gaussian width due to multiple scattermg be-
comes smaller as the atomic number of the heavy ions increases. Heavy
;ions, then, may prove to be more useful than other particles when narrow

beams are needed for radiological cutting purposes (Litton et al., 1967).
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Fig. 7. Calculated relative intensity (particles), I(x, 0,0), on the
axis of a uniform circular bearn of initial range R, = 12cm
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due to scattering alone (Preston and Koehler, 1968).



100
80
.2
X
o 60
c
o
©
S 40
)
- 20
0
Fig. 3.

-22- ' " UCRL-16962 Rev.

l
_— —
J
| 1 1 | ]
0 2 4 6 .8 . 10 12 14
x {cm of water)
DBL 675-1631
Relative dose on the axis of a uniform circular proton beam,

of initial range R = 12 cm of water and radius r. at the
collimator, as a function of depth x in water. The curve
r. = © 1is an experimental Bragg curve, the others are cal-
culated (Preston and Koehler, 1968). '
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I, DETECTORS OF HEAVY CHARGED PARTICLES

‘Many different types of detectors have been used to measure-and mon-

itor heavy-charged-particle beams. We limit our discussion to ionization

chambers, Faraday cups, secondary-emission monitors, and activation do-
simeters, which are the most extensively used, and semiconductor detectors,

which offer a relatively new and very useful method for energy.and energy-

loss measurements. By limiting our discussion.to these detectors, we do

not imply that other detectors are not useful also.in. some cases for measur-

ing heavy-charged-particle beams. Proportional counters, scintillation.de-

tectors, chemical dosimeters, solid state integrating dosimeters, photo-
graphic emulsions, and calorimeters are all applicable in this connection,
and have been described .in the appropriate chapters of Volume II.

A. Ionization .Chamber

The instrument most often used to measure dose delivered by heavy

charged particles is the parallel-plate ionization chamber. (A general treat-

ment of ionization chambers.is in.Chapter 9, Volume II.) Two types of such
chambers are shown in Fig. 9. The collection volume for such a chamber

can be limited to the central part of the beam by making the collection elec-

trode small. This can be done, for example, by making a circular "scratch"

through an evaporated aluminum coating on a Mylar substrate. Electrical
connection to this collection electrode is made from the back side of the elec-
trode with.a fine wire or an electrically condﬁcting film (1 e., Aquadag, 'evapm
orated-Al coating, or conducting silver pain;c)., -When a sufficiently.large
guard-ring electrode surrounds the collection électrode, the electric field
may be assumed to be uniform and parallel. The collection volume, which
must be‘ known for the dose calculation, is then defined by-the area of the col-
lection electrode and the distance between the high-voltage and collection
elecfrodes, The electrodes may be made of thin metal foil, or MYlar' foil
coated with an eleétrically conducting film. '
Since heavy-particle beams from accelerators fluctuate in intensity,
the current from the ionization chamber is us>ua11y, integrated by charging a
capacitor and measuring the potential thus developed across it with the aid of
an electrometer. It is advantageous to use an electrometer with nearly 100%
inverse feedback so that the collection.electrode is always held effectively at

ground potential. This reduces (a) the collection of stray. ions from regions

. of the chamber outside the intended sensitive volume, (b) the leakage of



UCRL-16962 Rev.

_24-

High voltage foil

[7)

S
ks
8

2
g
<
M~

Guard ring
Collector foil

%\\\\\\\\\\>

P00, 9.4

ll_

l:]—* High voltage

____
2

ELECTROMETER - -

DBL 676-1675

Fig. 9.

Perspective view of large-area and limited-

area ionization chambers.
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charge from the collector to ground, and (c) the response time of the elec-
trometer circuit. '

The Bragg-Gray -principle as it applies to dose measurement was
treated extensively in Chapter 8 (Volume I). For heavy charged particles,
however;. the prima‘ry.-interactions thaf resﬁlt in:ionization of the gas:: occur
principally.in the gas (rather than in the wall of the chamber, as for y radi-
ation); hence the atomic composition.of the wall is not critical. . For example,
it has been shown experimentally that the effect of aluminum foils is not sig~-
nificantly different from that of low-atomic-number materials like Mylar
(Welch, 1967).

If the charge Q (coulombs) is collected from an ionization chamber,.

the dose ‘D (rads) in a target located at the same position is

D Y

Here V is the collection volume of the ionization chamber (cm3‘), p is the
density (g/cm3) of the ionization-chamber gé.s at ambient temperature and
pressure, - W is the energy per ion pair (eV) for the gas,vanngm is the
ratio of the mass stopping power of the target material to that of the gas, for
the heavy particles present. The factor "105 comes from the conversion of
the units of measurement, that is, charge per ion pair to coulombs,v and elec-
tron volts per gram to rads.

In many applications the dose must be measured by an ionization.cham-

ber-located away from the target: -for example, when the target is an organ

.deep within the body and the ionization .chamber is at the surface. ~The dose-

received by the target differs from the dose measured at the surface because -
of divergence of the beam, scattering by intervening material, and -the Bragg
depth—dvose effect. Then the dose 'DA delivered to the target at point A can
be calculated from the charge Q collected from an ionization chamber located
at point B near the surface of the subject, by the relation

10°QW(S_) K

. m!'

. _ AT '
D, = Y . (13)

Here (Sm) is the ratio of the mass stopping power of the té.rget material to

'A o
that of the ionization-chamber gas for particles with the eénergy of those at

point A. Values of (Sm)A can be calculated from tabulated stopping-power
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data (Barkas and Berger, 1964). The average energy of the particles at point
A can be determined by subtracting from their initial energy (at B) the amount
of energy lost in passing through the absorber to A, by means of the range-
energy relations (Barkas and Berger, #964). K is the ratio of the energy loss
per gram of gas in an ionization chamber at position A .to that in the ioniza-
tion chamber at position B. .

- The factor K can be determined experimentally by constructing a
tissue -equivalent phantom to represent the subject, and measuring the charge
collected in two ionization chambers located at points -A aﬁd B, as abov_e.

Then K is obtained from the relation

K =

4 B°B - (14)

Q W VAPA

where the subscripts refer to the ionization charhbers located at points A

and B, and Pa and pg are the densities of the gases in the ionization cham-
bers at points A and B. The values of W for different gases are discussed
in Chapter 7 (Volume I)l, An additional correction to the dose measurement
for any nonuniform intensity distribution of the beam may bé rvequired (Birge
and Sayeg, 1959). _

In the design of chambers, pulse characteristics of the beams must be
~ considered, andthe collection voltage must be high enough to ensure full ion
collection (Chapter 9, Volume 1I; Santoro and Peele, 1964) or at least to make
the necessary corrections for recombination of ions acceptably small.

B. Faraday Cup

The Faraday cup (Chamberlain et al., 1951; Palmieri :and Goloskie,
' 1964; Santoro and Peele, 1964) is often used as a primary standard to deter-
mine the number of particles-in a charged-particle beam. The charge-col-
lection efficiency of a well-designed cup is independent of the beam inteﬁsity.
The Faraday cup consists of an'a‘b,sorber block, thick enough to stop all the
primary beam and its secondary charged particles. This block, generally
cup shaped, is supported by insulators within an evacuated chamber. Care
must be taken in designing the Faraday cup so that the net charge collected
is only that delivered by the beam. |

A Faraday cup in use at the 184-inch synchrocyclotron at Berkeley
for energetic charged-particle beams with ranges less than about 100 g/crn2

of copper is shown in Fig. 10. The following factors are to be considered
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in the selection of the material for the Faraday cup.. The mean free path in
the material should be long enough to minimize the nuclear secondaries. The
density of the material should be high, to minimize the linear range and the
beam spread. The material should have a low coefficient for the emission of
secondary electrons in order to minimize the escape of secondary electrons
-from the surface. . Copper is a practical compromise. The inner radius of
the cup should be large enough so that the primary beam does not strike the
cup wall, ' |

The outer radius{ of the Faraday cup should be gvreater than the beam
radius by af least three times the mean radial beam spreading. For energetic
primary beams, in which there is fairly high probability of the particles'
having an inelastic nuclear collision followed by emission of enérgetic sec-
ondary particles, the radius of the cup must be even larger, since the sec-
ondary pérticles have a greater angular spread than the primary beam. The
‘-radius of the Faraday cup for such a beam can be determined by means of the
b,lackening'of photographic film. The cup should be deep enough so that the
solid angle through which back-scattered secondary electrons may escape is
acceptably small.

Most of the secondary electrons that escape from the surface of the
cup have energy less than 50 eV, therefore the wall thickness is not an im-
~portant factor in containing the secondary electrons. Secondary electrons
should be prevented from entering or leaving the collection ‘{block. A mag-
"netic field of approximé,tely 1000 gauss, -oriented perpendicular to the axis
of the beam;is sufficient to cause low-energy secondary -electrons to return
‘to the surfaces from which they are emitted.  Detailed calculations of sec-
ondary-electron trajectories in the magnetic field of a Faraday cup are re-
ported by Pruitt (’1966‘). If an ion pump Or an ionization gauge is used in con-
nection with the vacuum system of the Faraday cup, spurious leakage currents
may be caused; it is advisable to shut these auxiliary instruments off when-
ever measurements are made‘. _

The number of particles N stopped in a Faraday cup is given by the

relation

N = , @5)

where: Q.. is the charge (in coulombs) collected, z 'is the average number

F :
of charges carried per particle, and e is the electronic charge in coulombs.
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Under these conditions, the total energy (E) transferred (in MeV) is

“E = NT, ' (16)
v - N
where T is the kinetic energy (in MeV) of the particle entering the cup.
Often the quantity of interest is the number of particles incident per

unit area, called the particle fluence @ (ICRU, 1962),

AN . (17)

To determine the fluence through a small area from the total number of par-
ticles in the beam, it is necessary to know the profile of the beaim,v since it

mayvnét be of uniform intensity over its entire area a. KnoWiﬁg the particle
fluerice (particle-s/cmz) in the target material, one can calculate the dose D

in.rads from

D = 1.6028 <1 iT_)- x 1078, ' (18)
p dx : »

where -(1/p)(dT/dx) is the mass stopp‘ing power (S) of ythe'k’garget material
(in MeV g-=1 cmz). | . _ |

By comparing the charge QF ‘collected,in the Faraday cup with the
charge QI collected in a large area ionization chamber (i. e, through which
. the entire beam passes), one can obtain directly the specific ionization p
(in ion pairs per centimeter) for the beam of particles used and for the gas

employed in the ionization chamber from.the expression
QI = Ndpe (19)

where N is the number of particles that pass throﬁgh v.the ionization chamber
with electrode spacing d .in centiméfers. (This formula is based on the
assumption that the particles pass straight across the gap, without scattering.)
If the same number of particles N is collectgd in the Faraday cup, -Eqgs. (15)

and (19) give

"rjol .—.D -
N
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]

The specific ionization p is related to the specific energy loss of the
particle by
44T |
’ P —-.—W_ E}z s (21)
where W is the energy required to form an ion -pair in the ionization-chamber
gas. ' '

-Equation (20) can be rewritten as

Q. zW

Q1 . adT/dx) o (zé)

Hence, the ratio QI/QF is pro‘portional to the .ratio (dT/dx/W); If the épecific
energy loss of the incident particles is known, the value'of‘ W for the particu-
lar beam used.and for the particular gas in the ionization chamber can be de-
termined from this ratio. If not, the specific.energy loss can be determined
from the measured ratio QI/QF with a given value of W.

Because the Faraday cup must be thick enough to stop the primary
particles, as well as their secondaries, the physical size required for proton
energies greater than, sa?y? 400 .MéV makés the us'e. .of a Faraday cup less
attractive. In applications in which the entire energy of the particles is ex- -'
pended in the target,b the target itself fnay, constitute fhe.Fafadaj} éup, if it is
electrically éonducting. | o '

C. Secondary-Emission Monitor

The secondary-emission monitor (SEM) is particula‘rlgr useful in high-
intensity radiation fields where ioniza;tion chambers cannot be used because
of incomplete ion collection due to recombination (Tautfest and. Fechter, 1955),
In a SEM the charge collected is due to the transfer of low-energy secondary
electréns between the high-voltage electrode and the collection electrode, in
ultrahigh vacuum (= i10_8 torr). Greeni'rig (1954) first explaihed the principle

“jon chamber, " and a brief review will be found

of operation of such a vacuum
in Chapter' 9, Section V, K (Volume 11). The resporis-e of the SEM isblinear
with particle flux (number of particles per umt time). |

A typical SEM, used at the Berkeley cyclotrons to monitor intense
beams of heavy charged particles, contains an alternating stack of high-voltage

foils and collection foils of aluminum, as shown in Fig. 11.
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Fig. i1. Exploded view of a secondary emission monitor (SEM).
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The vacuum chamber is constructed of stainless steel with aluminum
foils and aluminum vacuum windows. The standoff insulators and feed-
through insulators are of a ceramic material. The aluminum foils are held
between two support rings which have engaging grooves. Adjacent sets of
rings are supported on alternate mounting studs. When the foil assembly is
axially tightened the foils are held taut. The aluminum vacuum foils forms a
metal-to-metal seal with the stainless steel chamber. Prior to assembly, all
stainless’ stéel' parts are electropolished to produce smoother and cleaner
surfaces. The assembled chamber is baked under Va.cuum at 200°C for sev-
eral days. The vacuum is maintained.with a vVac -Ion pump (Varian Associates,

9

Palo'Alto, California), and is operated at a residual pressure of about 2X10"
Torr. o
This monitor can be used to obtain reproducible results if the foil sur-
faces are kept free of adsorbed materials, which may affect the emission of
secondary electrons.

The yield, §, of emitted electrons per incident particle can be ex-

pressed as

_aT/dx A, | (23)

5 €

where € is the average energy required to produce one emergent electron
and Ax is the thickness of the region in which the escaping electrons é.re
produced (Oda and Lyman, 1967; Lyman, 1967).

Sinée most of the emitted electrons have a very low energy (< 10 eV),
they must be produced very near the surface. The total yield of the monitor
depends more on the number of surfaces than on the thickness of the foils
(since for most of the electrons emitted Ax is much smaller than the thick.-
ness of a single foil). The relative number of electrons transferred between
the two sets of foils per incident particle, as a function of applied voltage, is
shown in. Fig. 12. The response of the SEM can be calibrated by means of
a Faraday cup, or by an ionization chamber under beam and voltage conditions
such that current saturation can be adequétely achieved.

The SEM current, as a function of the thickness of absorber placed. in
front of the SEM, it very similar to that of an ionization chamber (see Sec-

tion IV, A}); that is, the response curve looks very much like a Bragg curve.
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D. Activation . Dosimeter

Heavy charged particles produce radioactive isotopes by inelastic nu-
clear interactions. The induced activity of the sample may be used to deter-
mine either the particle flux (particles/sec) in the entire beam, or the particle
flux density (particles/cmz-sec) within a small area of the beam, depending
on the geometric arrangement of the irradiation. Activation analysis.with _
charged particles has been extensively treated by Tilbury (1966). The general
techniques and computational approach are similar to those encountered in
neutron-activation dosimetry, as discussed in Chapter 21, although the inter-
action cross sections differ, of course.

If a sample is irradiated at a given.constant level of particle flux density
¢ for a time that is very long compared with the half-life of the radioactive
species pfoduced, the rate of decay ‘A (disintegrations/sec) finally reached
equals the rate of production of the radioactive atoms. A _ is called the
"saturation'' activity level. Usually the irradiation time t'' is more limited
in extent, and one must derive the value of ‘A from the actual activity A(t")
achieved at the end of the exposure. This in tufn must be gottevn from a
counting measurement, performed at some time t seconds after the irradia-
tion is completed, using a cbunting apparatus (for detecting the appr'opriate
emitted Yy ray, P ray, or other particle) which has an overall efficiency of

€ counts per disintegration. The value of ‘A is obtained from

A(t') __Clthte) (24)

ot TN

A = »
) €e (1 -e )

—TF
® (1-e)\'lc

where X 1is the decay constant (sec_i) of thé radioactive product, and
.C(t', t,€) is the measured counting rate.

Since A_  1is equal to the rate (reactions/éec) at which the radioactive
atoms are being produced by-the particles passing through the sample, the
particle flux density ¢ (assumed homogeneous over the Sample) can be derived
from A_ by

A . A M

¢ *xNo mnoNA’

(25)

where ¢ is in particles per crn2 per sec; N is the total number of target
nuclei in the sample; O is the reaction cross section (i.e., number of re-

. - S . 2 .
actions per target nucleus per incident particle/cm”); M is the molecular
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weight of the sample rnatefial (g/mole); N, is Avogadro's number, o
6.023)(1_023 molecules/mole; m is the sample mass (g); and n is the num-
ber of target .nuclei pef molecule of sample material.

If, instead of the charged-particle beam's covering the sample, the
entire beam is passed perpendicularly through a largerwdiametervsa-mpl-e foil

of uniform thickness, then the total particle flux ¢y can be obtained from

A A_M
¢, = [T = ERON, - (26)

where _¢t is. in particles pei‘.seco’nd;' N' is the number of target nuclei per
cm  of sample foil area; O is the reaction cross sectidn [i. e., number of
reactions per incident particle per target-nucleus/crnz] ,-and £ 1is the foil
thickness in g/cmz., :

One of the most common activétibn dosimeters utilizes the 12C(p, ph)“C
reaction (Cumming, 1963; Measday, 1966; Tilbury, 1966). The 'y radiation
from annihilation of the positron from 1"lC (half-life = 20.5 min) is counted,
usually with a scintillation detector. Polyethylene (CHZ) is usually employed
as the carbon-bearing foil; in this case n =1 and M = 14.027 in:Eqgs. (25)
and (26). ' ' '

" The induced 11C activity in the body has been measured by a whole-
body counter, for hurmman subjects who had received a therapeutic dose of
protons or hélium ions (Sargent, 1962). Some of the 11C produced ends up
in carboXy-hemoglobin, and part. of this is exhaled as 11CO° Other useful
radioisotopes p‘roduced in irradiating tissue are the positron emitters 13N
(half-life = 9.96 min) and 15

used to verify dose actually received by a biological test object in vivo.

O (2.107 min). Activation dosimetry may.be

-E. Semiconductor Detector

Semiconductor detectors, solid-state analogs. of ionization chambers,
are discussed in.Chapter 14 (Volume II). In semiconductors the charge car-
riers are electrons and holes. The use of a solid as a detector is attractive
because the sensitive layer can be very thin, 'g:iving good spatial resolution in
depth, while still absorbing enough energy to give good sensitivity. The latter
characteristic is further enhanced because of the small amount of energy re-
quired to produce an electron-hole pair (® 3.75 eV in silicon)(Goulding, 1965).
Nearly 10 times as much charge is releas'ed.fo’r a given energy loss in silicon

as in a gas. This leads to smaller statistical fluctuations in the number of
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electron-hole pairs and, hence,. improved energy resolution over that of gas-
filled and scintillation counters hévingrcomparable energy absorption. The
collection time for the charge \produced by the ionizing radiation in the semi-
conductor detectors is very short, because of the high mobility of carriers
in the electric field and the small distance between the electrodes. -An
attractive feature of these detectors is that their response is proporﬁional to
the depoéited energy, independent of the particle. Their use for measuring

energy-and energy.loss are discussed in the next section.

IV. MEASUREMENT OF HEAVY CHARGED-PARTICLE BEAMS
A. The Bragg Ionization Curve

A Bragg curve is a plot of the relative specific ionization of a colli-
mated beam of particles, plotted as a.function of the thickness of absorber
that the beam has traversed. It can be obtained experimentally by taking the
ratio of current from two ionization chambers, as shown in Fig.. 13. A moni-
tor chamber is placed ahead of a vé.riabl_e absorber, and a second chamber is
placed behind the absorber. The shape of a Bragg curve is dependent upon
many factors, mainly the energy and the energy spread of the initial beam,
‘the nature of the incident particle, and the nature of the absorbing material.
Since the amount of straggling increases almost linearly with the thickness of
absorber, monoenergetic beams of low energy. show the sharpest Bragg peaks.

In Bragg-curve measurements, secondary particles from collimators
used to define the beam should not contribute to the ionization in the second
.ionization chamber. In addition, the second ionization chamber, which de-
tects the transmitted beam from the variable absorber, should have a col-
lecting electrode with diameter large enough to cover the entire area of the
transmitted beam; otherwise a different experimental curve is obtained.

This curve is called the central-axis depth-dose distribution curve, which is
useful for some purposes.  Such curvésvfof beams of protons and helium ions
of several energies are shown in Fig. 14.

The dose delivered to the medium at the beam entrance surface may

i !

be called the ''plateau dose,'' and the dose at the: Bragg peak the ''peak dose. '
The physical parameters of primary interest are the peak-to-plateau ratio
and the width of the Bragg peak. The peak-to-plafeau.ratio is a very sensitive
function of momentum spread (the same effect as energy spread) of the beam.
With increasing momentum spread, the peak-to-plateau ratio is reduced con-

siderably, with concomitant increase in the width of the Bragg peak. With
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Fig. 13.. Experimental arrangement for measuring the Bragg curve,
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Fig. 14. Depth-dose distribution of proton and helium ioh beams. The -
depth-dose distribution of a high-energy proton beam (730 MeV)
in copper is very different in shape from the other curves. The
initial dose buildup is due to secondary-particle production, and
the reduction of dose with depth is due to loss of particles through
nuclear interactions as described in the text.
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increasing energy and hence increasing range of the particles, the range
straggling increases. This effect reduces the peak-to-plateau ratio and
broadensv-the’peak of the curve. In addition, with increasing energy of the
particles more particles are removed from the beam because of nuclear in-
teractions (see Section II, 3) before they reach the Bragg peak, and this also
resﬁlts in a reduction in peak-to-plateau ratio. - A computer program for
calculating Bragg.curves for heavy-ior_l beams is available (Litton, 1967).

Shown in Fig. 15 are Br_vagg curves of various heavy-ion beams in
-aluminum, - all with initial energy of 10.4 ‘MeV/amu. At zero absorber thick-
ness the particle velocities are the same, and hence the square of the effective
charge of the heavy ions is proportional to the specific ionization.

- A differential type of ionization chamber may be ‘used to-determine the
position of the Bragg peak and also to check the changes in the beam energy
(Larsson, 1961; Hanna and Hodg;es; 1965). The collecting electrode is lo-
cated between two high-voltage electrodes maintained at opposite.polarity,

If the first foil is negative with respect to the second, a positive signal is
obtained from the colléctor electrode when the absorber is less than that needed
to attain the peak. The exact lécat_ion of the peak_is‘.determined by the amount
of absorber needed to make the response of the two halves of the chamber equal
but of opposite magnitude, thereby obtaining a null reading. Beyond the Bragg
~peak a negative signal is obtained from the ionization chamber until the ab-
‘sorber -is 'thick.énough to stop the beam completely. The large-area ioniza-
‘tion chamber shown in Fig. 9 can be operated.in ’ch.isrway°

B. Beam Profiles and Isodose Contours

For many applications of heavy-charged-particle beams, .one needs
to know the three-dimensional dose distribution in.the irradiated material.
- For such measurements; the vsensitive area of the detector should be kept
small relative to the cross section of the beam. . At the same time the detector
must have adequate sensitivity. - Small semiconductor devices are suitable V
for this application. An example of such a semiconductor device is a minia- o
‘ture silicon diode 0.1 cm in maximum diameter and 0.22 cm long (Koehler,
1967a; Raju, 1966). |
The sensitivity of these diodes is found to decrease as the dose in-
creases, owing to radiation damage. This, however, need not be a limita-
tion on their use as radiation dosimeters. If the diode is preexposed to high

radiation doses, of the order of 106 rads, the sensitivity of the diode is reduced
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to about a third, but the sensitivity does not change significantly thereafter

‘with further radiation exposures. The current generated in such a diode is

proportional to the dose rate (Koehler 1967a). »
Figure 16 shows a set of profiles of a 127-MeV proton beam 1nc1dent

on water, as measured by a miniature silicon diode (Preston and Koehler,

1968). The measured distributions are nearly Gaussian.in:form. These ex-

perimental results are in good agreement with the theory of multiple scattering

oof heavy charged-particle beams as discussed.in:Section II, 4.

Profiles can also be measured by using ionization chambers, particle
counters, photographic film, activation analysis, thermoluminescent dosim-
eters, and soforth. From a series of beam profiles, a set of isodose con-
tours can be constructed. Figure 17 shows such.an isodose plot for a degraded
940-MeV helium-ion beam in water.

If the profile itself is.changing with time, continuous display of the
profile is necessary (Jackson et al.; '1959; Bewley et al., 1967).

C. Integral Range Curves

A plot of the number of particles that passed through an absorber as
a function of absorber thickness is called an integral range curve or a number-
distance curve. The number of charged particles that have passed through an.
absorber can be determined with particle counters such as .Faraday. cups.
The experimental arrangement used to determine an integral range curve is

similar to that shown in Fig. 13, but with the second ionization chamber re-

placed by a particle counter. For low-energy particles for which nuclear-in-

teractions can be neglected, .the number of particles remains essentially con-
stant from zero absorber to a thickness somewhat less than the mean range
of the particles. This is illustrated in Fig. 18 for a number of heavy ions.
At high energies, particles are lost from the beam by nuclear interactions.

Under these conditions the integral range curve as . shownin Fig. .19 for a

.910-MeV helium-ion beam has a negative slope An estimate of the cross

section for these interactions, OR’ can be obtained from this slope. Thus

: do
1 t

O, % = fomrm 0 —— ‘ (27)
N R qu)t dx

where © is given in reactions per incident particle per nucleus per square

R
centimeter, Nv is the number of atoms per cubic centimeter of the absorber,

dpt is the total particle flux (particles/sec), and d¢t/dx is the number of
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Fig. 16. Beam intensity as a function of position along a diameter of
the beam, measured at () O cm, (b) 5.7 cm, (c) 8.7 cm,
and (d) 11.4 cm depth of penetration in water. The incident
energy is 127 MeV and the median range is 11.4 cm.,
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Fig. 18. Modified integral-range curve for various heavy ions of
initial energy 10.4# 0.2 MeV/amu. Since the Faraday cup
measures the total charge of the beam, the ordinate represents
the product of the number of particles and the average charge
per particle. I
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particles interacting (lost) per centimeter-second (i.e.,. the slope of the in-

'teg-fal rarigé curve).

Inthe energy region between a few MeV/amu and a 'few GeV/amu,

: \
. .2 [,1/3 1/3\2 c
or I, (AT +‘_AI > <1 - T—> (28)

C. IN.,

T R is 'app‘roximatély

where r, is the /nuclear radius, - A is the atomic weight, the subscripts ‘T
and I refer to the target and incident nuclei respectively, VC is the Coulomb-
barrier potential, and .Tc. m. is.the totati(?inetic energy --in-the center -of-
mass system. Here Ty is about 1.3 X10 "“cm for protons and light nuclei

of a few MeV per nucleon. At high energies the nuclei become partially
"transparent'' and the effective radius becomes smaller. Measurements are
needed to determine the exact energy dependence of e The VC (in. MeV3 is

given by

Z,..Z

21
V_ = 0:96 s (29)
c 173 173
AT + AI ' |

where Z is the atomic number and the subscripts are as defined before.

 Calculations-indicate that for proton energies from 0 to 400 MeV the
dose contribution from secondary particles heavier than protons, produced
by nuclear interactions, generally does not exceed 2.5% of tHe total dose in
tissue (Turner et al., 1964; see also Blosser et al., 1964; Wheeler, 1966).
The biological effect of heavy rec01ls may. be more: 1mportant than their ‘dose
contribution:would indicate, since the heavy recoils may have a very high
relative biological effectiveness (Jung, 1967; Zimmer, 1966).

An estimate of the range of the particles can be obtained by considering

- .the tail of the integral range curve (Santoro, 1965; Santoro et al., 1966). A
useful reference point is the extrapolated range, which can be obtained by
.drawing.the tangent to thé integral range curve at the point of steepest slope.
and extrapolating.it to the horizontal axis.

D. Energy-Loss Measurements

In most of the studies relating biological damage to the energy-loss of
‘the particles, the experimenter usually has had to rely on theoretical calcu-

lations of the energy loss. However, in many of the biolo.gical experiments,
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the ‘theoretical calculations may not be adequate and can profitably be supple-
mented.with exper-imentai measurements. For example, in the low-energy
-region where electron pickup becomes:important, one n_eeds 'experi.menta'.l
data on effective charge (Heckman et al, , 1960; Northcliffe, 1960;

Schambra et al., . '19‘60; “Roll and-Steigert, 1960). Inthe high-energy region
:where production of secondary particles byvnuclear-interactions is important,
it becomes increasingly difficult to predict the relative coﬁtribution of all the
secondary particles. In addition, whenever there is an uncertainty in energy
.spread of the ’prirnary particles, it is difficult to calculate the energy loss.

- Semiconductor detectors possess . several useful properties for energy-
loss measurements. If the sensitive layer of the detector is made thin enough,
‘the enérgy depoéited in itby a-particle will be small compared with the energy
~carried by the particle. The detector can then be used to measure energy-
loss distributions. On the other hand, if the detector is thick enough to stop
‘all the particles in the beam, it can be used to measure the energy distribution
of the partiéles -_(Raju, 1967).

When an energetic charged-pa_rticle ‘passes through a detector, it loses
energy by-a series of collisions with the electrons of the detector material.
As a first approximation, the probability of an energy loss in a single electron
collision:is proportional to 6_2 (Landau, 1944), where € 1is the energy im-
parted 'ﬁo the electron. Thus collisions ‘resulting-in a large energy transfer,
to an electron are relatively infrequent compared with small-energy-loss
collisions: However, these large-energy-loss collisions account for a signifi-
cant proportion of the total energy transfer. This phenomenon has been.
'theoret‘ica_,vlly-investigated by Landau (1944), Symon (1952); Vavilov (1957),
and others; it is often called the Landau effect. .(Experimental -i_n{/estigations
‘have been carried out by Gooding and:Eisberg (1957), Rosenz'weigr‘and‘Rossi

(1963), and Grew, (1965), all of whom compared their data with the theoretical

" data of Symon..

In Vavilov's treatment, the dimensionless parameter k' is introduced.

K = o.,150'(§'(ZAZ)) L _4‘3 L - RO
B

-where " is the thickness of the detector (in g/cm;); Z is the a'.to‘rnic-number
of the detector material; A is the atomic weight of the detector material;

-z ‘is"the charge on an incident particle; and B ‘is the velocity of an incident
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particle divided by the velocity of light in vacuum. Here k may be thought
of as a measure of the ratio of the mean energy loss to the maximum possible
energy loss in a single collision.

When the parameter k >>1, the fluctuations are negligible and the
resulting total energy-loss. distribution curve is approximately Gaussian.
Here the average energy loss equals the most probable enefgy losé. If, on ..
the other hand, wk < < 1, the fluctuations are large; then the resulting energy-
loss distributién curve would have a cha'-racteristic-high-energy_gtail,rthereby
.deviating considerably from a Gaussian distribution. In this case, the most
probable energy loss is less than the average energy loss, as shown in Fig. 20.
Note also that the full width at half-maximum is approximatelySO%; this is
typical of situations with fast particles passing through thin detectors. These
experimental measurements of energy-loss distributions are in good agree-
ment (Maccabee, 1966; Maccabee et al., 1966; Maccabee and Raju, 1968)
with the rigorous theory of Vavilov as tabulated by Seltzer and Berger (1964).
If one considers the thickness of the sensitive target in a biological sample to
‘be equivalent to the detector thickness £ of Eq. (30), then one can see that
k will be << 1 for most charged particles, and therefore there will be a
broad distribution of energy-loss values within the target. If the target is
small (e.g., nuclei and molecules), there may be too few collisions for. the
Landau theory to be valid. One must then us.e. Poisson statistics and compensate
for &§-ray escape.

E. Energy Measurements

Fluctuations of the energy lost in a given small thickness result in
fluctuations in the total thickness traversed by the individual particles, that
is, range straggling, as discussed earlier. The consequence of this effect is -
that the residual energies of the particles at the Bragg-peak position have a.
wide spectrum. .Figure 21 illustrates this effect for a 50-MeV proton beam in
alumihum (top curve) and for a 910-MeV helium-ion beam in.copper (bottom
curve). - A lithium-drifted silicon detector was used in obtaining these data
(Raju, 1967). The corresponding LET values in water are also shown in
that figure. Note that the modal energy at the Bragg peak is much higher than
one might expect; thus the LET is correspondihgly lower. These measure-
ments, together with those at.the Harvard cyclotron (Koehler, 1967b), indicate
that one can use as a general rule of thumb that the most prbbable energy at

the Bragg peak is about 10% of the initial kinetic energy..
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Fig. 20. Energy-loss probability, 730-MeV protons in O.66-g/cnr12 silicon;.

k = 0.0338 (Maccabee et al., 1966).
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- peak, as measured with a lithium-drifted silicon detector
(Raju, 1967). The upper curve is for a 50-MeV proton
beam in aluminum; lower curve is for 9410-MeV helium
ions in copper,.
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F. Dose Measurements with:Semiconductor Detectors

Semiconductor detectors can also be used to measure the dose by inte-
grating the pulses due to individual particles for low-intensity.beams. "
‘When a negative m”meson is brought to rest in a medium, say tissue,

"star' consisting

it is captured by.a constituent nucleus; which explodes into a
of short-range and heavily ionizing-fragments capable of délivering a large
‘localized radiation dose. -As a result, the Bragg peak at thé terminal end of
the track is considerably augmented. Because of the large range of energy
deposition involved at the plateé.u and peak regions of negative @ mesons,
semiconductor detectors héve been used to méasuré depth-dose distributions.
In addition, these detectors have been very useful for getting information on
ionization density at the Bragg peak (Raju et al., 1967). |
When a positive ‘rr.+ meson comes to rest, it decays into a positive p+
meson,  which.in turn decays into a positron. Hence the dose is less con-
centrated spatially than for the m -meson beam. . Figure 22 shows the depth-

‘dose distributions of 7' - and 7 -meson beams of energy 96 MeV, as measured

by a lithium-drifted silicon detector, illustrating this effect.

V. TECHNIQUES OF EXPOSURE
A. The Track-Average and Track-Segment Techniques

It has long been recognized that the radiobiological effects of ionizing
radiation depend on the specific energy loss (i.e., linear energy transfer, or
LET) of the particles in the biological samples (Lea, 1946; Timofeeff-
Ressovsky and Zimmer, 1947; Zirkle, 1952). However, one-ra'rely,-finds
only radiation of a single LET present at a point of interest; almost alwa}“rs
a distribution:is present, and one must decide how to average it to obtain
some meaningful characteristic LET for the distribution. Two methods of
Iaveraging”have been used extensively: the track-average method and the
track-segment method.

" The track-average method applies when the thickness of the biological
object in.questionis,‘a large fraction of the particle range, or if random
‘portions of different tracks pass through the object. This results in a wide
spread in LET values, ranging from that characterisﬁc of the lowest particle
energy -‘attained in the sample to a minimum value determined by the charge
and maximum velocity of the incident particles. The heterogeneity of the
specific energy-loss values increase if there is a nonuniformity of the initial
particle energy, and becomes particularly pronounced for x-ray and neutron

beams.
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The track-segment method, on the other hand, applieswhen‘the. thick-
ness of the biological sample is small compared with the range of a parallel
‘monoenergetic particle beam. Here the samples are placed along the particle
path at a point where the LET has been predetermined. Different LET
values are obtained by utilizing different linear portions. of fhe particle track
‘in successive experiments. Another possibility is to expose a.stack of thin
-samples sandwiched between thin absorbers, so-that the total stack is thick
:enodgh to"s.top.the'particle beam. By analyzing separately the biological ef-
fects-induced in each layer, one can study the effects of varying specific
energy loss over the entire range attainable by the radiation in question
(Pollard et al., 1955). The method enables one to obtain relatively narrow
distributions of LET in each sample. However, the greatest variations in
mean energy-loss attained in this way are usually only about one order of
magnitude with.a given monoenergetic beam.

The Berkeley'heavy—ion linear accelerator can produce monoenergeti'.c
beams of stripped nuclei up through atomic number 18 with energies of
410 "MeV/amu. Different specific energy-loss values can be obtained.in separate
experiments by irradiating thin samples »with.particles of different atomic
number but equal velocity. By;this method the range of energy-loss values
can be extended to-cover more than three orders of magnitude. | Furthermore,
the fraction of the total energy deposition in the sample due to 6§ rays is con-
stant, irrespective of the nuclei used,; and since the ions have the same velocity,
their ‘6-ray LET spectrum is thé same (Howard-Flanders, 1958; Haynes
~-and-Dolphin, 1959')o Nearly half the energy of the heavy -ion.is transferred to
electrons that are capable of further ionization,.

B. Ridge Filters

For some applications-if is desirable to modify the depth-dose distri-

“bution normally obtained with a given heavy-charged-particle beam. - Although
this can be done by.the superposition of beams with differing depths of penetra-
tion,__. it is sometimes desirable to produce a modified depth-dose distribution
“may be obtained by use of a composite absorber,. called a ''ridge filter"
(Karlsson, 1964). Figure 23 shows the normal depth-dose distribution of a
187 -MeV proton-be#m together with a modified depth—do‘se distribution and

the 'ridge.filter used for producing this modification. This type of filter con-

sists of a series of similar units placed side by side to form a composite ab-

sorber whose cross section is larger than the beam area. - Each unit is essen-
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tially a stepwise variable-thickness copper absorber. The width of an.indi-
vidual step determines the relative intensity, and the total thickness of the
step determines the residual energy. The entire filter is oscillated on a line
perpendicular both to the beam axis and to the length of the individual units of
the ridge filter. Such a "flattened' depth-dose distributionis useful for a uni-
form irradiation of a large volume.

Unlike the depth-dose distribution of monoenergetic chafged particles,
the distribution resulting from a solar-flare exposure generally decreases
exponentially with depth. However, it is possible to obtain the expotentially
“Idecr.easing depth-dose distribution from monoenergetic charged-particle
beams by using an appropriate ridge filter. . Figure 24 shows the depth-dose
distribution of a degraded monoenergetic 910-MeV helium ion beam, together
with the modified depth-dose distribution and the ridge filter used fo’r this
modification.

C. Discrete Lesions

Varlous discrete lesions can be produced for experimental purposes '
in anlmal tissue, or for therapeutlc purposes in man, by use of collimated
narrow beams of high-energy. charged particles. By utilizing the Bragg peak
of. »such beams, a laminar lesion can be formed in a plane perpendicular to the
beam direction.at a depth determined by the range of the particles (Janssen
et al., 1962; Malis et al., 1957). This technique as illustrated in Fig. 25
(Tobias, 1962) might be used to study,the connections and functions of cerebral
cortex (Malis et al., 1962). As the entrance dose is increased the iesion is
extended toward the surface. The cross section of tﬂeselesions-is deter -
mined by.the size and shape of the beém=defining,aperture. "Very.large doses
“produce 'le_sions"tha’c extend all the way along the path of the beam (Van:Dyke
and Janssen, 1963). If the-apérture is a narrow slit, the .be'é.m may be used
to sever connections between adjacent structures (Van'Dyke et al., 1962).

The shape of these lesions can be further mod’ified‘by_ rotating the ob-
ject during irradiation. In this manner, it is possible to make spherical,
elliptical, or disk-shaped lesions at various.depths (Leksell et al.,. 1960;
Tobias, 1962). Small spherical lesions are most easily produced by rotating
the irradiated object 180 degrees about an ax1s at right angles to the beam
dlrectlon, and using the plateau portion of the heavy charged particle beam

.with a circular cross section. The product;on of such lesions has been utilized

in-the treatment of Parkinson's disease (Tym et al., 1965).
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Fig. 26. Isodose contours for a small ellipsoidal lesion produced
by a 910-MeV helium ion beam, collimated by an 418X12~-mm
elliptical aperture, used for pituitary suppression.



-59- UCRL-16962 Rev.

Lesions of a more general form (.ellipso.id) can be produced by rotation
-simultaneously about two perpendicular axes both of which are perpendicular
‘to the beam axis. Isodose contours for such an.irradiation are shown in
‘Fig. 26. Such a technique has been in routine usé at the '184=inph synchro- . .
cyclotron in-Berkeley for the suppression ofvpitui.tary function (Lawrence and

‘Tobias, 1965). s
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