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ABSTRACT

The nature of the 'prinéipél interactions of heavy charged
'particles with matter is discussed vﬁtﬁ particular emphasis on energy
loss, range-energy relations, and multipl‘e scattering. Follow.iﬁg
this, there is a discussion of the instruments which'.ha'.ve beén
especially useful fbr measurements of Chafged particle beams (e. g.,
ionization chambers, Faraday cﬁps,_ sécondaryﬂ emission monitors,
activation dosimeters, and semiconductor detectors). - The next sec-
tion describes the measurements of heavy-charged-particle beams
(e.g., Bfagg curves, number-distance curves) useful for radiobiologic
and ra’di‘otherapeutic applications. The final section is a description
of some of the procedures of exposure which have been used for

various biologic and medical problems. . -
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I. INTRODUGTION

Accelerated heavy charged parti-cles are of interest in radiation

biology and nuclear medicine because of their physical properties.A

Since the mass of heavy charged particles is many times that of elec-

trons, the angle of scattering in a given collision is reduced approxi-
mately by the ratio of the masses. Hence, heavy charged particles
broduce a more sharply defined beam than electrons of comparable
velocity, and thus undesirable side scatteriﬁg can be reduced to a
minimum. The radiation field of heavy charged particles can also be
shaped with greater preéision than it can be for x-rays and gamma
rays. The héavy—charged—particle beam has a definite range' of
penetration depending on..its energy. It proceeds through a medium in
very nearly a straight line, and the dose delivered by it increases as
the particles slow down,: giving rise to a sharp maximum known as the
Bragg peak near the end of thev range. These properties make possible
intense irradiation of a strictly localiz'ed region within the body, with
little skin dose (Tobias .e_tii" 1952). Va.rious_vtypes of particle ac-
celerators timt‘ have been used to accelerate different particles to
different energies have been thoroughly aiscus sed in a review article
by McMillan (1959). Hubbard (1961) has discussed aCcevl-erators for
heavy ions. A comprehensive list of accelerator facilities around the
world is given by Gordon and Behman (1963); |

In radiation biology a key question concerns the manner in
which ioniziné radiation exerts its biological effects. It.is well known

that the magnitude of these effects depends not only on the dose, but
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also on the detailéd distribution of ionizing events in the_._tracks. - Linear
energy transfer (LET) is a.measure ‘of.thisvdi.stribv;tiOn, at least to a
first approximation, and the neéd for determi.ning bidloéic’_al effects as
a function of LET has long been realized. The most widely used -
rédiations—‘-x rays and neutroﬁs--cause a broad aistribution of LET iﬁ
tissue in most cases and are ther_éfore.not very suitalS_le for precise
LET—effect studies. Heavy ions can be produced iﬁ accelerators
(Brustad et al., 1960; Hubbard et.al., 1961) in almost exactly

-monoenergetic and parallel beams, which thus afe suitabl_e. for quanti-
: {
tative studies of biological effects by the ''track-segment' method
(Zirkle and Tobias, 1953; Sayeg et al., 19.59; Barendsen et al., 1963).
The currently available beams of he’a\l/y charged particleé range from
protons to argon nuclei-(with LET',Qf less than 1 keV/p to 2.0'00 keV/u),
and with the acceleration of still h’eavier ions, the LET could be ex-
tended even higher.

Studies with various types of unicellular orgé.nisrns and with
mammalian cells have already indicated that biological effects probably
can be diVide;i. into three classes: those that result from a sin‘glé ion-
izing event,. those due to cooperative action of two or more events, and

those that could be attributed to the "thermal-spike mechanism' at very

high LET. The first kind of effect is the one most commonly occurring

in x ray studies. This effect depends upon pH and oxygen concentration,

and can be moderated by chemical substances p'resent'during irradiation.

It is partially reversible in that post-irradiation recovery can occur

under certain circumstances. For example, in bacterial spores, heat

¥

by
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or presence o_f.HZS partially reverses thiv‘s type Qf» lesion (Powers
etal., 1967). |

| A seéond mechanism can be said to bring abo_ﬁt the often ob-
servedvi.ncrease in RBE (relative bidlogicél effectivehess) when high-
LET radiation is used. There i‘s no geﬁeral agree.meht as to the details
of this mechanism; however Lea (1955), Howard-Flanders (1958), and
others attribute it to ion clusters in the particle tracks. More recently,
Tobias and Todd (1963) ‘and Powérs et al. (1967) found that damage due
- to this méchanism can nét be reversed, as can single-event damage. .
The increase in chromo.some breaks found at high LET is explained by
somewhat similar reasoning by Neary et al. (1963). | Further, it appears
that the probability of damage, as measured by a ''cross section; !
increases proportionally to fhe square of the: LET_, finally becoming
saturated at very high LET. Except in rare.instances, this effect is
only slightly i‘nfluenced by environmental modifiers (Manney'gi al.,
1963; Lyman, 1965).

The third effect--the therrﬁal-spike efféct (Normaﬁ, 1965)--has
not been vef;”\;\/id-ely stﬁdied so far, no doubt because of the relatively
difficult accessibility of ;che very-high-LET radiatiéns. Probably the
most dramatic demonstration of such effecté is the production of
holes a few angstroms in diameter.in thin sheets of matter by individual
fission recoils (Fleischer e_t_vv.a_t_l. . 1965;‘ Walker, 1965).

| The heavy ions have also been very> useful in molecular studies,
probably because they can transfer a relati\./ely large amount of energy

to a single macromolecule (Pollard, 1953; Brustad and Fluke, 1958;

Dolphin and Hutchinson, 1960; Brustad, 1961; Tobias and Manney,
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1964; and Henriksen, 1966.) The fate of the excitation energy
following such-zinteraction is of fundamental interest, and studies
of post—irradiation excited states are givi‘ng new information 'onv the
nature of interactions and ener‘gy transport 1n macromolecules.
Potentially, perhaps the widest“ interest in heavy ions i.s due to
their appli.cal)ility to studies of normal and pathologic states in multi-
cellular organisms, particularly of the central nervous system, and of
development and differentiation. These interests culminate in thera—
peutic applications which are steadily expanding (Lavyrence and Tobias,
965 Tobias and Todd 1967). In this .sense the most direct applica—
tions of accelerated particles is thelr role in productlon of controlled
v lesmns in locations noteasﬂy accessibleby o_ther methods,' e.g.,
surgery. Since heavy-ion beams travel along a straight line, they can
be optically aimed; their Bragg ionization properties produce deep |
lesions without undue damage to intervening or deeper tissues (Wilson,
1946). | | |
For example much valuable informati‘onvon the location and
manner of homeostatlc control of body functlons can be obtained by
creatlng small 1e51ons unilaterally or bilaterally in the hypothalamus of
animals‘(Born et al_., 1959). Other studies are ai‘med at understanding
the organization and function of the cerebral cortex. Laminar lesions
are:p‘articularly useful in this context (-Malis et al. ,' 1957; Janssen et al.,
1962). It is important to produce minimal-size'lesions with especially
sharp l)oundaries. iThe small lesions enable one to differentiate between
near neighboring parts and tlius to av01d unnecessary 1nJury Small

and sharply demarcated les1ons reduce the amount of scar tissue formed
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a coﬁsiderati,on very important in medical procedures (VanDyke and
Janssen, 1963). The physical propert;es of the heavy ions suggest that
monoenergetic particles of proper range in tissue be used for pro-
duction of lesions, instéad of degrading a higher energy beam By
absorbers. It is possible that for treétiﬁg lesions with the Bragg peak,
particles with atomic number of 6-12 might be ideal. Protons were
first used on "humavns at Berkeley in 1954 (Tobias etal., 1956, 1958),
when the pituitary of a patient with metastatic mammary carcinoma was
irradiated. Since then therai)eutic investigations have broadened con-
tinuously. At the University of Uppsala the first ;\)roton treatment of

Parkinson's disease was performed'(Larssoh etal., 1962). At the

University of Uppsala (Leksell et al., 1960; Larsson etal., 1958;

- Larsson, 1961), and at Harvard (Kjellberg et al., 1962 and 1964) and

at Bérkeley (Lawrence and Tobias, ’1965)>a number of other procedures
are also uséd. Pituitary irradiation appears to be worthwhile in cases
of mammary cancer, diabetes mellitus with vascular disease, maligﬁant
exophthalmus, acrlome'galy, aﬁd Cushing's disease. Certain types of
brain tumors are also treated. Limited approaches to direct irradiation .
of tumor metastases have already been made, and the utilization of
heavy-ion beams for direct cancer therapy promises to eliminate com-
plications 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. high LET

radiation.
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~Even before the advent of space flight, it became clear that .

protons, helium ions, and heavy ions are part of the normal radiation

»

environfnent in cosmic rays and in the vicinity of the sun. Solavr flares

in fact constitute a major health hazard for astronauts (Van Allen, 1961; v
Webber, 1963, 1966), for planetary life,. and for future colonizers of
interplanetary space. We know now that flares consist of low- and .

high-energy protons, and that about 10% of the pai‘ticles in large flares

are helium ions. Solar flares simulated by using high-energy acceler-

'ators can be used for thése studies. Moreover, heavier ions have als:o

been detected in solar flares. In the stuay'of the effects of these ra-
~diations on man, the mammalian radiobiology of heavy ions has become

Qf interest. Because of the nature of the spectrum of‘ solar-flare

radiation, relatively more low-energy ions strike the superficial

‘tissues _and skin than penetrate them (see N.efédor; 1965).. The dif-

ference betwéen high- and low-LET radiations is not only in the RBE

of the initial radiobiological injury in time but also it is apparent

during the time the cells partially recover. Recovery from radiation

effects inmammals occurs following ldw LET radiation, but it appears

to be considerably diminished after high LET radiation.

| Another interesting consideration he‘re is that the radiation

effect might be synergistic with other énvi.rqﬁméntal stresses of space @
flight. It i; necessary to know the intefa(_:ti.on. of radiation effects with
those du‘e to acceleration, te_mperature,‘ ‘a.nvdibto special atmospheres in
the closed environrﬁent,in space vehicles. P.sycholo'gical stress andits inter -
action with radiation effects must alSo Iée evaluated. Itis expected that

in'a few years supersonic transport planes will carry a significant



£)

- UCRL-16962

fraction of the population at altitudes of 70,000 feet or more. At these
altitudes the primary biolOgic‘al interest is particularly the heavy
cosmic rays and the recoils produced bjr cosmic-ray primaries and
secondaries, particularly mesons. It-i_s known that the dose levels
during flight will be quite low, bﬁt thle pq-t_ential binlogical effects of the
heavy primaries have not yet been fully ié'valuated. ' Heavy priméries
might constitute a particular hazavrd to human embryonic fiss_ue, since
radiation by heavy ions during embryovgenesis could cause developmen-
tal malformations in later life.. A study of micro-irradiation of éells_
(Zirkle and Bloom, 1953; Zirkle, 1957) ar.xd‘ of embryos (Slater et al.,
1964) has already begun in the laboratory and is one of the promising
aspects of research with acéelerated particles.

Negative pi rnesbns produce nuclear vstars at the end of their
tracks, and becauée these stars have high LET, it has been proposed
that mesons might éroﬁtably be used in cancer therapy (Fowler and
Perkins, 1961; Richman etal., 1966; Raju etal., 1967). .Cyclbtrons
and linear—ionvaccelervators are particularly suitable for production of
mesons. A meson factory p%oducing enough intensity of .nega.tivé pi
mesons is béing built at the Los Alamos Scientific Laboratory. |

At the time of this W_riting; the principles of accelerating vions
of any of the elements of the periqdic table to biologically useful
energies have been demonstrated. Should heavy-ion accelerators

become prevalent, biélogical applications will become widespread.
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The ﬁse of small cyclotrons in hospitals for producing short-
lived isotopes and possibly for fast neutron therapy is now feasible
due to commeréial prod_.uction of cyclotrons. Thus biological.appli-
cations vof heavy charged-particle bearhs is no longér restricted to a

few laboratories. .
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1I. INTERACTION OF HEAVY CHARGED PARTICLES WITH MATTER

The radiation dose recei_&ed by an irradiated sample is a
consequenvce of interactions of the chérged'part_icles with the sample
material. A briéf review of these interactions is given here ‘before
specific do'simetry problemsva're considered. For a more detailed
discussion of these interactions, the reader is referred to Bichsel
(this work, Vol. I, Chaptei‘ 4), Fané (4963), and Bethe and Ashkin
(1953). |

The interactibns of heavy charged particles with matter can be
broadly treated as an interaction with whole atoms, or with atomic
electrons, or with nuclei. The first two interactions are dﬁe to
electric charge (electromagnetic inferaétions)I while in the latfel_‘,
nuclear forces act as well a‘s the Coulomb force.

The pfobability of a2 particle undergoing a certain type of

electromagnetic interaction depends on the ''nuclear impact parameter, "

i.e., the distance between the charged-particle trajectory and the

nucleus in the absence of an interaction (Rossi, 1952).

1. When the nuclear impact paraméter is much larger than

‘the atomic dimensions, the charged particle interacts with the atom as

a whole, displacing it from its normal position.
2. When the nuclear impact parameter is comparable to the
atomic dimensions, the interaction is mainly between the charged

particle and the atomic electrons. If the energy acquired by the

electron is large compared to its binding energy, this process can be

treated as an interaction between the charged particle and a free



-10- , ~ UCRL-16962

electron. If the resulting -secoﬁdary electrons are energetic enough,
they can cause further ionization Qf atoms, and are called § rays.

3. When the nuclear impavct parameter beco‘r'ne_:s smalle-r than
the atomfc radius, in addition to inferac’ting with elect'rohs, the in-
coming charged particle is deflecféd due to the Coulomb field of the.
nucleds. For nuclear impact pa‘rameteir“s s.maller than nuclear radii,
nuclear reactions will take .p-lace.. '

| Thus, as a result of electfomagheticvinteractions, the heavy
charged particles 1os¢ energy by ionization and excitation of the atoms
in the mediqm. .Successive small deflections _dué to Coulomb.inter—
action between the charged pérticle and the nucleus of the medium
(multiple scattering) cause the particle beam to spr'ead transversely
as it passes through the rﬁedium. 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
witvhlatoms become more important thaﬁ the electronic collisvions in
the energy—lésé process varies with the heavy charged particle under
con.sideratibr-l -(‘Lindharbd, 1964; Sﬁyder and Neufeld, 1957); for
example; “this ehergy is 1.5 keV for protor;s, 94 keV for carbon ions,
an& 180 keV for .oxygen ions. It has been s_héwn bby Jung (1965) that
the radiobiological effect is very signi-ficant for prbtons of eherrgies
1es§ than 1 keV. This result confirms the irﬁpoftance_ of e€lastic
collisions Vﬁth atoms at such low energies.

Inelastic collisions with nuclei, i.e., those in which nuciéai‘
reactions occur, depend primarily on the type and energy of thé

heavy charged particle and on the nature of fch'e nuclei in the medium.
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The penetration of seéondary particles produced in these reactions
will have to be considered separately. (Sée Sondhaus and Evans,
Ch. 26, this volume). Table I (Bobkov et al., 1964) shows the

probabilities of nuclear interaction for protons penetrating different

thicknesses of caArbon and léac_‘t absorbers“_ (see also Janni, 1966).
When nuclear iﬁteractions are irnportan‘t,v the beanﬁ intensity decreases
exponentially with inci‘easing absorber thickness.
Table I. Probability of proton nuclear interactions as a function of ab-
sorber thickness."
Residual Portibn of protons not under -
Proton Shielding energy going nuclear interactions in
energy thickness (Me V) v ‘ the shielding
(Me V) (g/cmz) Carbon  Lead Carbon Lead
__1-2)_(.)- 5 61 81 0.95 0.98
150 | 5 123 ' 135 | 0.95 ' 0.98
40 92 121 0.90 0.95
300 5 285 290 095 0.98
10 265 280 0.91 0.96
50 87 200 0.61 0.80
600 .. 5 590 590 - - 0.95 _ 6.97
10 575 580 0.90. ‘ 0.95
50 480 . 530 : 0.58 ' 0.77
100 340 455 0.33 .0.59
150 162 385 0.9 | 0.46
“ 1000 5 990 990 0.95 ©0.98
10 980 980 0.90 0.95
50 900 940 - 4 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
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A. ENERGY LOSS

- As they oass through matte'r, hea{ry oharg'e‘d particles lose
energy chiefly through interacttions: with atomic el.e'ctrons.v This pro—cess
1eads to 'gradual decrease of their energy as ’che.y pass through the
stopping medium. For -example, the re51dua1 energy of a 160-MeV
proton beam as it passes through water is shown in Fig. 1. The rate
of energy loss is proportmnal to the square of the charge of the incident
heavy particle and approximately i‘nversely proportional to its energy.
~As the particle proceeds- through the medium, it slows down gradually,
and hence its rate of energy loss inoreases. At low velocities, _theé ef-
feotive charge of the particles is reduced; in addition, the rate of e\;"lergy
" loss will decrease at very low bvelocit‘ies. ‘The heavy charged particle
continues to decelerate until its energy is reduced to tile thermsl energy
of the atoms in the medium.

The deceleration process of heavy particles during the time
the particle is fully charged can be adequately treated by theory. When
the charged par‘qicle is slow enough to capture electrons (below 2 MeV
for alpha part-rcles and 0.4 MeV for protons), the theoretical problems
become difficult, and the effect of such capture of electrons by the
charged particle on’itsrange is taken empirically from the existing
experimenral data. The avera..ge" ehergy loss per g/cm; of the pat\h

(stopping power) in the medium for a nonrelativistic particle is give’nb

by
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with B equal to Z[lomec?BZ - 1og.(1—[32) - BZ - log 1] - C, B the veloc- -

ity, z the charge number of the incident particle, A the atomic weight

~of the medium, B the stopping number, Z the nuclear charge of the

absorber, I the average excitation potential of the medium, and C the
sum of the shell corrections (Walske, 1952, 1956). For practical
calculations of stopping power of protons, see Chap. 4, Section II. C
or II.H. The étopping power of water and lead for protonsover a wide
range Ofvenergies is shown in Fig. 2.

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

12 0

energy ions if the effective charge 2% is used for z. For C and A4
heavy ions, for example, the maximum specific ionization occurs at
energies of approximately 8 and 65 MeV, respectively (Northcliffe,
1964). At lower energies the decrease of thé net charge of the ion
overcompen-sateé the effect of increase in energy loss at lower veloc-
ities. This effect is the same, on an exaggerated scale, as that for
protons at much lower energies.

Tables of stopping power of various elements for various
heavy chargéa particles are given in Chap:. 4 é.nd by Barkas and Berger,
(1964);‘Trower, (1966); Williamson EE'E.'_l_.'(,i‘)éé_), Janni (1966}, and
Bichsel (1963). ' ’ |

It follows from Eq. (4) that the ratio of th.e stopping power for

a particle with charge number z, to that of another particle with charge

1

number z, is given by:

S z2
1t = "

55 =z : (2)
2 z

oo
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when the particles travel vﬁth equal Vvel‘o'ci"t'y through the same material.
Hence; knowing the enérgy losé ’o_f protons, one c.aln calculate the energy
loss of any other heavy charged particlé from Eq. ('2).

b’-I‘he stopping p.owers of two sub.st‘anc_e'a's fo_r."va particle with a
given velocity may be compared indepehdently of their densities by

considering the relative mass stopping power Sm:

NN e
=N
UJIUJ
[W\SI E=N

where A is the atomvic\“weight of the substancé.

In obtaining the sto’ppingvp:ower of a compound we assume that
the contribution from the individual atofn's that corhprise‘ the corﬁpound
are additive (Bragg's .rule). This method negleéts any effects of the
electronic bihding in the molecular compound. ‘De.viatiov‘ns from the
additivity rule exiét (see Chap. 4), but these are generaily not signifi-
cént in radiobiology except at low venerg.ies.\ Thus we can calculate the
stopping power of eompounds vfrom the stopping-power data of the
various elements such as those tabulated by Bé.rké.s and Berger (1964).
It is important to note thatfhe stopping-péwer values derived in this
way apply to compounds which at a macroscopic lével are homogeneous
and isotr.opic. This ra"ises>avconge'ptual problem in their evaluation in
radiobiology at the submi.croscopic level, since living cells are aniso-
tropic and inhomogeneous in their chemical composition. Usually, one
also ignores variations in the density of subcellular particles. Engstrom
and Lindstrom (1958) have shov{/n, howevAerv, by i:he' method of quanti-

tative x-ray microscopy, that in certain cells the density of the nucleus
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~ may be twice that of the cytoplasm. The density of DNA _prep.arations

separafed from living cells by homogenizing the cells and centrifuging

the density gradient, is between 1.5 and 1.6.
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B. RANGE-ENERGY RELATION

A mon’oenergeticA beam .6f»heavy» charge_d particles traversing
matter will lose energy by very many colliéions with the electrons of
the medium Wh_ilé the total number of particleé in thé beam remains
essentially the same (see Tablé I; though). The particles will finally
be stopped‘ in the medium after they have penetrated appréximately
equal thicknesses of the abs;)rber. The mean distance traveled ;n the
medium by particles-of a given energf is .called fh.eir range and is
usﬁally expressed in g/cmz. The absorption of electromagnetic ra-
“diation, in éontrast,' is exponential. The ionization energy loss is
subjected to statistical fluctuations and hence there will be fluctuations
in the ranges of individual particles. The fluctuation 1n r>ar.1ges are
known as straggling.,. and amount to about 1% of the total range
(Wilson,. 1946); The -energy-loss fluctuations are discussed in detail
in Section IV

Figure 3 shows an integral-range curve, the plot of the num -
ber of particles in the beam éenetrating to a certain depth. The
thickness R_ of the medium traversed by half the particles is called
the median projected range, and the thickpess Re of the medium ob-
tained by the intersection of the tangent .at the point of steepest descent
with the X-axis representing the thickness of the medium, is calied
the extrapolated range. The difference between the median range and
the ex‘tralpolated fange ié related to the stfaggling parameter (Hubbard
and MacKenzie, 1952). For a given rangé, sti‘aggling is less as we
go to heavier ions. For a given particle, straggling increases with

the energy of the parficle. At higher enefgies the number-distance
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curve shows the exponential decrease due to nuclear collisions (see
Fig. 21).
From Eq. (1) the distance AR traveled through an absorber by

a particle of mass M and atomic number z for a decrease in energy

from E1 to E2 is

E,

AR, \(E, - E,) = (1/S) dE. (4)

E;

‘In principle, the range of a particle of initial energy EO- is obtained by

integrating from E to zero energy (see Chép. 4).

Since the value of the integral in Eq. (4) _isbdependent only on
the velocity of the particle, the rangés of two different particles pass-
ing through the same stopping matevriallwith eciual initial -velocitieé

are related by

N
|V IRAS}

Ri(v) T R.Z(V) - CR(Z1’ ZZ)' o (5)

=

(g
N
[

The constant is independent of velocity; its value is small but not zero

and is determined empirically for particles of different charge. It

takes into account the capture and loss of electrons at low velocities.

subtracts out,

For range differences above this region the constant CR

and a single range-energy relation is sufficient for different particles

.in each stopping material. Theoretical range-energy and stopping-

power relationships among various heavy ions in water are given in

Fig. 4 (Steward and Wallace, 1966). Several theoretical range-energy

‘ tables are available (see Chap. 4, and Barkas and Berger, 1964;
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Williamson et al., 1966; and Ja.nni,. 1966)'. A computer program for
the calculation of the energy loss of heavy charged particles is given

by Bicb}.lsel --_(1967)'. 5
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C. MULTIPLE SCATTERING OF HEAVY* CHARGED-PARTICLE BEAMS

When a‘vparallel beam of par‘_ciclés passes through a medium, the
particles in the beam spread fraﬁs‘versely, mainly due to Coulomb
intéraction between the charge of the incident particles and the nuclei
of the medium. This scattering is partly thé result of the cumulative
effect of a ‘number of small deflection.s produced by different atomic
nuclei in the traversed matter, and partly du.e to rare large deflections.

The first type of scattering is called ''multiple" or "plural’ depending

‘on whether the number of contributing collisions is large or small.

The second type is referred to as.single sca-ttering. For most prac-
tical applications multiple scattering ;chrough smail angles, represen-
ted approximately by a Gaussiah distribution, predominates over
plural and single scattering. The earliest and simplest theory on
rnultiple. scattering is by Williams (1939, 1940). He assurﬁed that the
deflection of a particle due to multiple scattering is the sum of many
single deflections whose probabilities are determined by the Ruther-
ford cross-section fc-)rmula. The angular distribution of particles
after passing through the medium will be approximately Gaussian.
The problem of multiple scattering was studied more rigorously by
Moliere (1948), Bichsel and Uehling (1960), Scott (1963), and others.

In practice, a simplified treatment is usually quite adequate. The

' sirhplified expression for the mean square a.ngle of multiple scattering

when the absorber thickness is small is given by

<(;)2> _ 81rNxZZzZe4 1 bmax 6
2 2 Do : (6)
v p “min
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where N is the number of nuclei per cubic. centimeter, x the thickness
of the absorber, Ze is the charge of the';r’nedilim, ze is the charge of

the beam particle, p is the momentui’n,_rv is the velocity of the particle,

<

and b andb_ . are the maximum and minimum impact parameters.
- “max min e o v
Hence the rms scattering angle is proportional to the charge of the
incident particle and the medium atomic number, and (in the non-
relativistic case) inversely proportional to the energy of the particle.
The standard deviation of the Gaussian distribution, which

represents the effect of multiple scattering at a distance X, from the

0

absorber edge for a particle beam having an initial range RO and resi-

dual range R, is given by o

Ry, |
o? = & (R -R+x)° R, o (7)
R |
where & = lim (8%)/x.

- x—0
If oné is interested in findihg the width of the Gaussian disvtribufi;:)n
inside the al:;sbr‘ber, then XO in the above expression is zero. It can
be seen that the width of thé Gauss_ié.n dis‘tribufion repfesenting the
multipl? scattering incvreasev_s Wbith‘ the increase in XO’ even if the
" thickness of the scyéttering:rnedium remains the same. %
Start.ing from Williams' theory‘_ of multiple scattering and

v making some reasonable assumpﬁbns, Preston and Koehler (1967)

‘obtained the following Vempiricalv expressions for the standard deviation
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%9 in centimeters at the end of the range RO for a proton beam of

-originally negligible diameter:

%

0.0307 R (protons in water), (8)

0 0.045 RO (

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

o

protons in aluminum). (9)

range in terms of the standard deviation O 0 at th.e end of the range.

It can be seen from Fig. 5 that the Gaussian width due to multiple
scattering increases rapidly near the ena of the range. If the incident
béam profile is close to a Gauésian distribution of width ‘0i in the
absence of thé‘,‘ scattering material, then th_e standard deﬂfiation due to
scatfering in the medium can be obtained'fromvthe measured.stand_ard

deviation an by using the expression

c° =0 -‘oiz. (10)

The effect of multiple scattering for an incident beam de-

scribed by a function f(x,y,z) is given by

[ f (-2 + (y-y") \ |
I(x,y,2) = — exp{-| LY 2| YE(x, v, 2Y)dy'dz’. (11)
. omo vz I 20 - : .

_ 4

Figure 6 gives computed values of I{x,y,z) for 910-MeV helium-ion

beam passing through a water medium at different fractions of the

residual range (Sperinde, 1967). It can be seen from Fig. 6(a) that
for a small collimated beam (Z—mrh diameter), the intensity at the

central axis of the beam becomes smaller as the beam passes through
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the medium. Hence‘the.full width at half maximum of ;c'heAbear.n is
increased considerably near the end of the range. . On the other hand,
. for large éolli'rnated beams (such as‘ 20-mm diarr}eter).i't can be seen
from Fig. 6(b) that. the full width at half maximum, 'a,s.well as the
intensity on fhe ce‘ntral axis, remains essentialiy the same although
the edges of the beams are.lxv'ounded off a little. This modification

of beam characteristics must be taken into consideration when narrow

beams are used for radiological cutting in some biological applications.

A useful relation for proton and'_’heliurn—ion beams. of the
same range is that the multible sc;attering of a helium-ion beam is
half that of a proton beam. Multiple—sbca.lttering calculations ‘for pro-
tons are given by Janni (1966). |

Preston and Koehler (1967) also c.alcu,.lat'e_d the intensity of
vthe beam along the axis as a funcfion (va depth in the medium for both
circular an‘c_l rectangular apertures. The intenéity -‘l‘[('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 [e 2, 2
I(x,0,0) = — j 2rr exp[-r /O‘x] dr
' g
| T Jo (12)

H

1 —expt-rz/a.z] .

) X7
[This can be obtained from Eq (11) as a special case. | For a uni-
form beam 128 MgV of protoﬁs of total rangé RO = 12 ém of water, the
plots for Eq. (12) are shown in Fig. 7 for various beam sizes. It can
be‘ seen from the figure that, with a decrease in beam size, the number

of particles per unit area along the axis decreases considerably as'a

w
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function of 'dept’h of penetration. The loss of particl.es due to nuclear
interaction‘vs‘ is neglected in the above calculations. Actually, the
number of protons decreases with penetration into the medium as a
result of nuclear interactions (Table I). At the same time, the
average proton energy loss increases with depth as their velocities
decrease, rising to a maximum near the end of the range. Hence the/
dose delivered by a heavy—charged-.particle'beam varies as a result

o.f all these factors: scattering, nuclear absorption, and change of

v’stopping power. The relative dose on the axis of a uniform proton

beam for beams of different radii, as calculated by Preston and
Ko.ehler, are shown in Fig. 8, Where it can be seen that the effect

of scattering is negligible for a beam of suifficiently large radius,
i.e., for T >>0. For such large beams the dose.deposition depends
solely on absorption of particles by nuclear reactions and on change of
the stopping power. On the other hand, for small collimated beams
the e_'f“f_ect‘of multiple scattering becomes important, and the central
axis dose at depth becomes smaller due to particles scattering out.

The experimental results agree fairly well with the above-

‘mentioned approximate calculations of multiple scattering of heavy-

charged-particle beams. Some experimental data on measurements
.of heavy charged-particle beams will be given in Section IV.

For a given range, the Gaussian width due to muitiple
scattering becomes smaller as the atomic numbe‘r of the heavy ions
increases. Heavy ions, then, may prove to be more useful than other
Ii)ar‘ticles when narrow béams are needed for radiological cutting pur-

poses (Litton et al., 1967).
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1II. DETECTORS OF HEAVY CHARGED'PARTICLES

Many different typés of detectors have been used to study heavy-
charged-particle beams. We will lirr.lit our diéc.LlssiQn to ionization
chambers, Faraday cups,‘ secondary emission mbnitors, : aﬁd activation
dosimeters, vsince these detectors are »exten'sive_ly used to measure high -
enervgy beams. We also c.lisciuss:semi_co'ndﬁc'tc.:r detectors because of
‘their usefulness for energy and energy-lossv measurements.

By limiting our discﬁssion to the:%e F%ietéc'tors, we do not imply
that other detectors are not useful for rﬁéasuring heavy charged-

' particie beams. Proportion'ai counters, -'s'cir}tillation detectors, chem-
ical dosimeters, solid—étate integrating dosimeters, photographic

emulsions, and calorimeters are extensively discussed in Volume I1I.

v
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A. IONIZATION CHAMBERS

The instrument most’often used to measure dose delivered by
he.avy charged particles ‘is the parallel-plate ionization chamber.
Ionization chambers have also been extensively covered by Boag in
Vol. II, Chapter 9. Two types of such chambers which have been
used extensively 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 electrode small. When a sufficiently large guard—ring
electrode surrounds the collection electrode, the electric field is
uniform and parallel. The collection volume, which must be known

for the dose calculation, is then defined by the area of the collection

electrode and the distance between the high-voltage and collection

elécti‘odes. The electrodes may be of thin metal foil, or of plastic
material such as Mylar foil coated with an electrically conducting film.
Since nuclear-particle beams fbrom ac_ceierators fluctuate: in
intensity, the current from the ionization chamber is usvually_ inte -
gz;ated in‘order té determine the total dose delivered. A typical
arrangement for integfating small currents is shown in Fig. 10. The
charge liberafed in the ionization chamber is integfated by charging
a capacitor C, and £he potential developed ac-rOSS;the capacitor is
measured with the aid of an electrometer. It is advantageous to use an
electrometer with nearly iOO percent inverse feedback so thét the
collection electrode is always held effectively at groumi:l potential. This
reduces (a) fche collection of stray ions from regions of the chamber
outside the intended sensitive volume, (b) leakage of charge from the

collector to ground, and (c) the time constant.
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The Bragg-Gray principle as it applies to dose .measuremén_t
~was treated extensi\‘}ely by Burlin (_Voi. I, Chapter 8). For heavy
charged particles, however, the primary interaction which results in
ionization of the gas occurs principally in the gas rather than in the
wéll.of‘ the chamber and hence the atomic composition of the wall is
not critical. It was also shown experimentally that the effect. of
aluminum foils is ﬁot significa’ntly different from that of l.ov./-a_.tornic-
number materials like Mylar (Welch, 1967).

If the charge Q in coul.(-)mbs is collected from an ionization
chamber located at a position, the dose D in rads to the target at that
position is |

_ 10°QWSm

D -

(13)

Here V is the collecfion volume of the ioniiation chamber in cm3, p
is the density in g/cm3 of fhe ionization chamber gas at-ambient tem-
pevrature énd pr.essul.‘e, ._W is the eﬁergy per ion bair in eV for the gas,
and Sm 1is '1_:he> fhas.s stopping };owér of the target material rélative to
that of the gas. The factof 105 éomes from the coﬁversion of tﬂe units
;f measurements, tha‘t is, charge>per ion pair to coulombs, and eV
pe_li g to ré.ds. | |

In rﬁany apfl’ications the aose must be measured by an ioniza-
tion chamber aw'ay'from- the target: for example'; Whén the target is
an organ deep within thé body and the ionization chamber is at the.

surface. The dose received by the target differs from the dose
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" measured at the surface because of divergence of the beam, scattering

by intervening material, and the Bragg ionization 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

. 5 _
10°QWSmK ,

= . R 4

DA Vp (14)

Here Sm is the mass stopping power of the target material relative to
that of the ionization-chamber gas for par/ticles with the énergy of
those at point A. Values of Sm can be calculated from tabulated
stopping-power data (Barkas and Berger, 1964). The average energy
of the particles at poi.nt A can be determined from the initial energy
and the amount of energy loss through the absorber by means of the
range-energy relations. K is the ratio of the energy loss per gram of
gas in an ionization chamber at position A compared to the energy loss
in the ionizatioﬁ chamber located at position B. |

The factor K can be determined experimentally by constructing
a phantom of material equivalent in absorbency to Lhe subject, and
measuring the charge collected in two ionization chambers located at
B, near the surface of the phantom, and at A, the target point within
the phantom. Then K is obtained from th.e relation |

QaWaVpPs

QBW

K H BB
BYAPA

(15)
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where the subscripts refer to the i’oniéation chambers located at
points A and B, and Pa and fB a‘re the densities of the ga"ses‘ in the
‘jonization .chamb‘eré at points A andl.B. The values (vqf»W. fo"r different -
ga‘seé are discussed by Myers (Vol. 'I, Chapter 7). An additional
coi'rection to the dose measuré}nent for any non-uniform intensity
distribution c;f the beam may be required (Birge and Sayeg, 1959).

| In the design of chambers, pulse characteristic_s of the beams
must be considered, and the collgction \;olta}ge must Be reasonably
high to ensure full ion collect1011-(B§ag, Vol. II, Chapter 9). The
question of the magnitude of los ses ‘c.lué to c_oluninaf recombination .in

a single track is still not completely solved.



&
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B. FARADAY CUP

The Faraday cup (Chamberlain et al., 1951; Palmieri and
Goloskie, 1964; and Santoro and Péelle, 1964) is often used as a pri-
mary standard to determine the number of particles in a charged- |

pé.rti_cle beam. The charge-collection efficiency of a well-designed

cup is independent of the beam intensity. The Faraday cup consists of

an absorber block, thick enough tb stop ail of the primary beam and all
of its secondary charged particles. This block, gene‘rally cup-shaped,
is supported by 'fnsﬁlators within an evacuated chamber. Care must be
taken in designing the Faraday cup so thét the net charge collected is
only that of the beam. 'A typical Faraday cup is shown in Fig. 11. The
block must be widér than the diameter of the beam so that particles are
not scattered out of the sides.'of the block. For example, for 340-MeV
protons the radius of the block should be at least 1.5" greater than the
radius of the beam (Aamod£ _e_ta_,l.i , 1952). The cup should be deep so
that thé solid angle through which electrons may escape is small.
Secondafy electrons should be prevénted from entering or leaving the
collection block. . A magnetic field of approximately 1000 gauss oriented
perpendicular to the axis of the vbeam is sufficient to cause low-energy
secondary electrons to return to the suffaces from which they are
emitted. Detailed calculations of secondary electron trajectories in a
Faraday cup magnetic field are diiscusse_d by Pruitt (1966).

If an ion pump or an ionization gauge is usedin connection of the
Vacuurn.systel‘r; of the Faraday cups, spurious leakage currents may be
caused; during measurements, it may be advisable to sbhut these

instruments off.
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Because the Faraday cup must be thick enough to stop the pri-
mary particles, as well as théir secondaries, the size of a Faraday
cup to be used for accurat.ev measurements:of pvrotons of energies
greater thaﬁ say 400 MeV is éoméwhat impractical.

In many applications for whicﬁ the entire gnergyrof the particles
is éxpended in 'tlhe'target, the target itself may form the Faraday cﬁp.
The number of partiéles N stopped by the Faraday éup is given by the
relation . | |

Q. ,
N=— (16)

ze

where QF is the charge in coulombs collected by the Faraday cup, 2z
is the average number of charges carried by a particle, and e is the
electronic charge in coulombs. Under these conditions, the total

energy (U) transferred (in MeV) is
U=NE. ‘ (17)

where E is the energy of the particle entering the cup.
Often the quantity of interest is the number of particles per

unit area, also called the particle fluence ® (ICRU, 1962).

AN
‘I) = A3 _ o (18)

To determine the fluence over a small area from the total number of

particles, it is necessary to know the profile of the beam, since the
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beam may not be of uniform intensity over its entire area (a). Knowing
. . 2, . i o
the particle fluence (partlcles/cm ) in the target material, one can

calculate the dose D in rads from the following equation

Py 1 dE -8
= - (=
D 1.602 (p i ) 10 (19)
1 AE . . . i s
where - 5 ax is the mass stopping power (S) of the target material in

MeV—gTi—cmzq

By coxﬁparing the charge Q. collected on the Faraday cup with

F
the charge QI collected in an iqnization chamber that is sensitive over
the entire area of fhe b.caln,- one can obtaiﬁ directly the specific
ionization p V(in ion pairs per cm) for the particular beam of particles
us‘ed.ar.xd for the particular gas in thé ionization chamber.; If N is the
number of particles that pﬁss through the ionization chamber with
electrode spacing d in centimeters, we have

Q = Ndpe. : : (20)

I

If the same number of particles N is collected in the Faraday cup, Egs.

(16) and (20) give

O

I _p
F

|

(21)

O

The specific ionization p is related to the specific energy loss

of the particle by
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o (22)

ol o,
%y

_ 1
Py

where W is the energy required to form an ion pair in the ionization
chamber gas.

Then Eq. (21) can be rewritten as

Q _ d(dE/dx)
Q} T T T Tz W

(23)

i

Heﬁcé, tl1§ ratio QI/QF is proportional fo the ratio dE/d)f-.. If the
spe.cific eﬁergy loss of the incident p‘a.rticlesxis knoWn,' the value of
W for the par»t-icular beam used and for the pafticular gas in .fhe |
‘viénization chambe‘r can be determiried from this.r'atio. But. if the

vspéciﬁc ené'rg'y loss of the beam'is not known,,. it can be determined

from the measured ratio QI/QF with a giyen value .of W.
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C. SECONDARY EMISSION MONITOR

The secondary e.:mis.sion monitor is particularly useful in
high-intensity fadiation fields where ionization chambers are not
suitable because of incomplete ion collection due to recombination
(Tautfest and Fechter, 1955). In a secondary emission monitof_the
charge collected is due to elevctron transfer between the high voltage
and the collec‘tion electrodes which are in ultra -high vacuum (= 10_8
torr), ﬁnlike the ionizatién chamber whére the charge collected results
frbm the ionization in the gas. This has been discussed by Boag (Vol.Ii,
Chapter 9). |

A typical secondary emission monitor that is usbed at Berkgley
cyclotrons to monitor intense beams is shown in F1g 12. The relative
number of electrons lost from the collector foils pe‘r incide‘ent‘ particle
as a function of applied voltagé for a secondary emission monitor in
use€ af Berkeley is shown in Fig. 13. The response of the secondary
emission monitor can be calibrated by meané of va Faraday éup or an
ionizé,tion chamber. In order to obtain reproducibility with this monitor,
it is vel;y important that the surface of the foils is free from adsorbed

material. The response of the secondary emission monitor is linear

with particle flux (humber of particles per unit time).
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D. ACTIVATION DOSIMETER

Heavy charged particles produce radioactive isotopes by in-
elastic nuélear interactions. The induced activity of the sample may be
used as an independent measﬁre of the dose. Activation dosime’tr>y can
be {;sed to determine either particle flux in the. beam or the particle -
flux density o;rer a small area. One of the most cbmmon monitor
reactions is the C12 (p, pn) C11 reaction (Cumming, 1963;.Measday,
11966). Activation analysis with charged particles is exteﬁsively covered
by Tilbury (1966). The y radiation from annihilation of the positfon from
the C11 is coun;ced to determine the activity. The sa_turatidﬁ activity
A_ --that is, the maxifnum obtainable activity for a given particle flux--
c\a_n be derived from the actual activity at t minutes after the end of the

irradiation Ac(t) by »thé following equation:

A (1)

Ao ~IXE X | | (24)
e (l-e ) : .

where N is the decay constant and T is the irradiation time. The

particle flux is given by

T - : (25)

where M is the molecular_weight.of the target material of the activation
dosimeter (commonly CHZ) NO is. Avogadro's number, £ is the thick-
ness of the sample in g/cmz, and 0 is the cross section for the reac-

tion.
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Other useful isotopes are the positron emitters 015 and N13.
Activation dosimetry may be used to check dose actually received by
a biological test object in vivo. It is quite practicél, for example, to
measure thé activation from a few hundred rads of protons on a single
Drosophila, which weighs only about 1 mg.

The induced C“‘ activity has bgen measured by the whole;body
counter in humans who received a therapeutic dose of protons or
helium ions (Sargent, 1962). .Mﬁch of the C11 induced activity ends up

in carboxyhemoglobin and some of this is exhaled as C'_'MO.
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E. SEMICONDUCTOR DETECTOR

"S.emiconductor ‘detectors, solid-state analogs of ionization
chambers, are discussed by Fowler (Chvaptver 14, Vol.II). In semi-
~conductors the charge carriers are electrons and holes. The use of a
solid as a detector is attractive because the sensitive layer can be very
thin but still allow muéh energy to be depositéd. Another advantage
results from the small amount of enérgy required to produce an
electron-hole pair (*3.75 eV in silicon) (Goulding, 1965). Nearly ten
times as much charge is released for a given energy loss in siliéc;n
as in gas, This leads to smaller statistical fluctuations in the number of
pairs an.d, hencé', improved energy regolution over that of gas-filled
counters. The collection tibm.e, of.the charge produ'ce‘d by the ionizing
radiation in the semiconductor detectors is Ve‘ry short because of the
high mobilify of carriers in the electric fiéld and the srh._all'distanvce
between the electrodes. An attractive feature of these .detectc')rs is
tilat their response is propértiénal to the 'depositgd en’ergy.. These
devices are very useful fdf‘measuring enérgy and ene.rgy loss as dié-

cussed in the next section.
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1IV. MEASUREMENT OF HEAVY CHARGED-PARTICLE BEAMS

A. THE BRAGG IONIZATION CURVE

A Bragg curve is a plot of the r'elat.ive specific ionization of a
éollimated-beam of parficles plotted as a jfunction of the thickness of
absorber that the beam has traversed. It can be obtained experimen-
tally by taking the ratio of current from two ionization chambers, one
of which is placed after and »the cher before a variable absorber, as
shown in Fig. 14. Within the energy range of interest here, the
speciﬁé energy‘_loss increases with decreasing particle velocity,
reaching a maximum near the end of the particle range; consequently;,
the relative specific ionization rises with increasing ébsorber thickness
and reaches a maximum near the mean range of the particles..' The
Brégg curve is distinguished from the relative speéific ionization
curve of an individual particle. Energy spread of the incident beam,
range straggling due to statistical fluctuations in energy loss, and
multiple scattering cause the Bragg curve to ha\;e a lower and wider

peak than that due to a single particle. Since the amount of straggling

~increases almost linearly with the thickness of absorber, the mono-

energetic beams of lqw energy show the sharpest Bfagg peaks.

In Bragg curve measurements, one should plan the geometry of
the apparatus so that the secondary pérticles coming out of the colli-
mators used to define the beam do not add considerably to the ionization
in the second ionvization chamber. In addition, the sécond ionization
chamber that detects the transmitte.d beam from the variable absorber

should be large enough to cover the entire area of the transmitted beam.
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If the collection a.fea of .the second ionization chamber is limited to the
central area of the beam, a curve of dlfferent shape from the Bragg
curve is obtained. This curve is called the central -axis depth dose
curve.

The dose delivered to the medium e.t the beam entrance is called
the.platea.ti dose, and the dose at the Bragg peak the peak dbse'.‘ -The
physical pai‘.ameters of interest are the peak-to-plateau ratio and the
width of the Bragg curve. The peak-to-plateau ratio is a very sensitive
function of momentum spread (the same effectas energy spread) of tlle beam.
With increasing momentum spread, the peak-to-plateau ratio is reduced
considerably with concomitant increase in the width of the Bragg curve.
With increasing energy of the particles, the range too is increased and
this results in increase in range straggling. This effect also reduces
the peak-to-plateau ratio and increases the width of the curve. Irl
addition, with increasing energy of the particles more particle’s are
removed from the beam because of nuclear interactions (see Section-

II. 3) before they reach the Bragg peak, and this also results in a
reduction in peak-to-plateau ratio. A computer program for calcula-
ting Bragg curves for heavy ion beams is available (Litton, 1967).

The central-axis depth—ldose distribution of beams of protons and helium
ions of different ener.gyA are shown in Fig. 15.

Shown in Fig. 16 are Bragg curves of various heavy-ion beams,
all with initial energy of 10.4 MeV/amu. At zero abserber thickness,
the particle velocifcies are the same and hence the squar.e of the effec-

tive charge of the heavy ions is proportional to the specific ionization.
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A differ'entvivavl ionization chamber is useful to determine the
position of the Bragg peak and also to chéck the changes in the beam
eﬁergy (Léréson, 1961; Hanna and Hodges, 1965). The collecting
electrode is located between two high-voltage electrodes.which are
maintainéd at opposite polarity. If the fir‘st foil is ﬁegative with re-
spect to the second fo'il,. a pos.itive sigﬁal is obtainéd from the collector

“electrode when the absorber is less than that needed to reach the peak.
The‘ exact lbcation of the peak is determined by the amount of absorber
needed to make the response of the two halves of the chamber eciual
but of opposite magnitude. Beyond the Bragg peak a negative signal
is ob‘tai.ned from the ionizafion chamber} until the absorber. is thick
enough to. sfop the beam completely. The large'volufne ionization
chamber shown in Fig. 9 can be operated as a differential ionization
chamber by applying high voltages of diffe;lrent iaolarify to the high-

(volt‘age foils.
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B. BEAM PROFILES AND ISODOSE CONTOURS

For many applications of hé.év.y .chargéd:—particle beafns,_ one
needs to know. the three-dimensional dose distribution in the irradiatjed
material, and for such measﬁrerﬁe_nts, ;11: is iﬁpoftant fhat the éensitive
volume of the devi_c_e is small relative to thcvev crorss section of the beam
and has a hiéh sensitivity. Small semiconductor devices are suitable
for this application. An e’x'amplAe of such a semiconductor device is. a
ﬁiniature silicon diode 0.1 cm in maximum diameter and 0.22 cm long
(Koehler, 1965; Raju, 1966).

| The bsensitivity of these diodes is found lto decreasev as the dose
increases due to radiation damage. This, hoWever, need not be a
limitaﬁon on t,heflr use as radiation dosimeters. If the diode is pre-
exposed to high radiatiog doseé, of the order of 106 rads, the sensi-
tivity of the diode is reduced to about a third, but the sensitivity does
not change s’ignificantly thereafter with further radiation éxposufes.
The short.cifc_u_'it current of such a pre-exposed diode is found to be
proportional to the total dose for time-averaged dose rat_es. (proton and
heliﬁm—ion beams) investigated from a few rads/min to 5000 rads/min,
both at the plateau region and(at the Bragg peak position.

Figure 17 shows a set of beam profilesofa 127 -MeV prbton beam
incident on water as measured by a miniature silicon diode (Prestoﬁ
and Koehier, 1967). The same mea’surements replotted on a Gaussian
scale are shown in Fig; 18. It is evident that the measured distribu-
tions are nearly Qaussian in form. These experimental results are in

good agreement with the theory of multiple scattering of heavy charged-
. | , ‘ _

particle beams as discussed in Section II. 4.



g
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Profiles can also be measured by using ionization chambers,

\

particle counters, photographic films, activation analysis, thermo-

luminescent dosimeters, and so forth., From a series of beam profiles,
a set of isodose contours can be constructed. Figure 19 shows such an

isodose plot for a degraded 910-MeV helium-ion beam in water.
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C. INTEGRAL-RANGE CURVES

'A plot of the number of particles'fhat paésed through an
absorber as'-a function of é.i)sdrber thicknesé is called an integral-
range curve or a number-distance curve. The number of charged
particles that have passed through aﬁ abéor.bei' can be determined
with particle counters such as. Farvadaypups. The experimental
s.etup used to determine a integral—range curve is similar to that
s.hown in Fig. 14, but with the second ionization chamb_e‘r replaced by
a par‘ticle counter. For léw—energy particle‘s, _nucle_a.r' interacti‘ons
. can be neglected; the number of particles remains‘ _essehtially constant
from zero absorber to a thickness almost equal to the mean range of
the particles. This is illustrated in Fig. 20. At high énergies,
however, particles are lost from the beam by nuclear interactions and
under these conditions the integral-range curve as shown in Fig; 21
for a 910 MeV helium-ion beam haé a finite slbpe. An estimate of the

cross section for these interactions, @ can be obtained from this

.R,
slope. Thus

Wik .

B 1
°R ¥ - §NF

oy e

, ' - (26)

where N is the number of atoms per <:rn3 of the absorber, F is the
number of particles, and - g‘; is the number of particles lost per
centimeter (i.e., the slope of the integral-range curve).

In the energy regioﬁ between a few MeV and a few BeV per

amu, UR is approximately
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N 2 ,,1/3 1/3.2 c : :
O ¥mrg (A7 +AT) (1-. Ec‘m-)' | (27)

where s is the nuclear radius, A is the atomic weigh‘t, the subscripts
T and 1 refer to the target apd incident nuclei respectively, VC is the
coulorﬁb barrier potential, and EC.' m. is the total kinetic epergy in -
the center-of-mass system. Here ry is about 1.3 X 10_13 cm for
protons and light nuclei of a few MeV per nucleon. At high energies
the nuclei become partially transparent and the effe;tive radius becomes
smaller. For 910-MeV helium ions, Ty = 1.1'>< 10"13 cm (Litton S_Eél‘ ,
1967). Additional measurements are needed to determine the exact
energy dependence of Ty The VC, in MeV, is given by

V_ = 0.96 _Zrf | (28)

173 173
A7+ A

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, prétﬁiﬁ.ced by nuclear interactions, generally does not exceed
2.5% (Turner etal., 1964, see also Blosser et al., 1964, and Wheeler,
1966). The biological effect of heavy recoils may be more important
than their_ dose contribution would indica.te, since the heévy fecoils
may have a very high relative biological effectiveness (Jung, 1965;
Zimmer, 1966). |

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

considering the final section of the integral-range curve (Santoro,
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1965; Santoro et al., 1966). A useful_referenée‘ point is the extrapo-
lated range which can be obtained by drawing the tangent to the integral-

range curve at the point of steepest 'slopé.
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D. ENERGY-LOSS MEASUREMENTS

In most of the studies rela'.‘ting biological damage to the energy
loss of the };articles, the experimenter usually has had to rely on
theoretical calculations of the energy loss. However, in mény of the
biological eXperimeﬁts, the theoretical calculations may not be adequate
and can profitably be -supplemented with experimental measurements.
For example, in the low-energy region where electron pick-up is
becoming important, one needs experimental data on effective charge
(Heckman et al., 1960; Northcliffe, 1960; Schambra _e_E?_l' , 1960;

Roll and Steigert, 1960). In the high-energy region where production
of secondary particleé by nuclear interactions is important, it becomes
increasingly diffic‘.ult to predict the relative contribution of‘ all the
secondary particles. In addition, whenever there is an uncertainty in
energy spread of the primary particles, itds difficult to calculé.te the
energy loss..

For a discussion of microscopic energy distributioris, see
Rossi, Chapter 2, Vol. I. Because of the advantages of sémiconductor
detectors, thés;.e- devices are very usevful for energy-loss meﬁsurements.
If the detector th,iékr.less is so small that the energy deposited by the
particle in it is very sméll cofnpared ;\;vith the energy of theA particles,
the detector can be used to measbur.e energir’-loss distribution. On the
other hand, if the detector is thick enough to stop all the particles in
the beam, then it can be used to measure energy distribution of the

particles {Raju, 1965).
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* When an energetic charged partic_le_ passes through a detector,
it loses energy by a series of collisions with the electrons of the
detector material. In fvir:st appfc;).cimation, -i:l.'le probability of'aﬁ energy
loss in a single elecfronic’ collision 1s proportional to 6—2 (Landau,
1944). Thusv c011>isions.b re'sultivn;g iﬁ a large energy traﬁsfer to an
elecfron are relati;re‘ly infrequent compared with small-energy.—'loss
collisions. Even fhough they are relativeiy infrequent, the large-
energ_y-‘loss cc;llisions acéount for a signif‘icantbproportion.of_the total
energy tfansfer. This phenomenon has be.en theoretically inves.figated
by Landaﬁ (19445, Syrnor; (1952)‘, Vavilov (1957); and otherrs; it is often
calied the Landau effect. E‘xpefimental investigations have been car-
ried out by Gooding and Eisberg (1957), Rosenzweig and Rossi (’1963),.
and Grew (1965); ail of them cémparéd their data with the theorétical
data of Symon. o |

In Vavilo.v's éxact treatment, the dimensionless parameter «

is introduced.

szz®)  (1- g%

"k = 0,150 (—(A-)—- - "('5'4—)—'- s . . | (29)

thickness of detector in g/cmz,

g
0
]
=
)
n
0

7Z = atomic number of detector material,
A = atomic weight of detector material,

charge on incident particle,

N
it

velocity of incident particle + velocity of light in vacuum

™
1
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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. | |
.In cases where the par-arﬁefer K >>.1, the fluctuations are
- negligible and an approxim;a‘tely Gaussian shape of the total energy-
loss distribution curve is obtained. Then the average energy loss
equals the most-probable energy loss.‘ 1f on the other hand x << 1,
the fluctuations are large; then the resul.ting energy-loss distribution
curve would have a characteristic_high—eﬁergy tail, thereby 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. 22. Note also that the full width at half maximum is
approximately 30 percent; this is inherent in situations of fast particles
passing through thin detectors. These experimental measurements of
energy-loss distributions are in good agreement (Maccabee, 1966;
Maccabée et al. ,_ 1966; Maccabee and Raju,_ 1967) with the rigorous
‘.theory of Vavilov as tabulated by Seltzer and Berger (1964). If one
considers thg»thicknessv of the sensitive target of a biological sample to
be equivalent to th.e detector thickness.es,: of .Eq. (29), then.one can vsee
that kK will be < €< 41 for most charge‘d__ par‘:cicles, and therefore, there
will be a broad‘distribution of energy-loss values within the target. If
the target is smali (e. g., nuclei and molecules), there may be too few
collisions for the Landau theory té be valid. .'Qne must then use Poisson

statistics and compensate for §-ray escape.
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E. ENERGY MEASUREMENTS

B‘ercause of -these fluctﬁations of the .energy lost in a given-sfnall
thickne_ss, there will be fluctuations in‘th-‘e total thickness traversed by
particles in losing all their energy: This phenomenon is called fange
straggling and is the cumulative effect of enervgy—loss straggling over a
largé thicknesgé of absorber (s‘ee"Bi.chs-el '9_‘_c_ al., 1957; Janni, _19’66).
The effect of the range straggling 1s to br.oa.den the Brégg peak con-
Vsiderably. Since there are a large number of collisions at all engrgies,
the range distribution is approximately Gaussian. The consequence of
this effect can clearly be seen in 'the energy distribution of 910-MeV
helium-ion beam and the 50-MeV proton beam at the Bragg peak
position as shown in Fig. 23. The corresponding LET values in
water are alsb shown in tha‘t figure. Note that the modal energy at fhe
Bragg peak is much highe.f than one r;ligh_t expect and thus the LLET is
low (Raju, 196‘5). These measurements vtogether>‘with those at the
, Harvard cyclotron .(Koehler, 1967) indicate that one can use a general |

rule of thumb.that the most probable energy at the Bragg peak is about

10% of the initial kinetic energy.
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F. DOSE MEASUREMENTS WITH SEMICONDUCTOR DETECTORS

When a negative pi rnesdn is'brought to rest in a mediufn, say
tisvsue,'- it is captured by a cénstituen‘t nucleus, which explodes into a’
"star'' consisting of-short—raﬁge and heavily ionizing fl;agments capable
of delivering a large localized radiation dose resulting in an augmented
Bragg ﬁeak. Because of the large range of energy deposition involved
at the plateau and peak regiéns of negative pi mesons, semiconductor
detectors have been used to measure depth-dose distr_i‘bution. In
'addifvion, these detectors have been very useful for getting information

on ionization density at the Bragg peak (Raju et al., 1967).
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V. TECHNIQUES OF EXPOSURE
A. THE TRACK-AVERAGE AND TRACK;—SEGMENT TECHNIQUES

It has lorig vb.een known that the radiobiélogical effects depend
on the specific énergy loss of the particles in the biological Samples
(Lea, 1946; Timofeeff-Ressovsky and Zimmér, 1947; Zirkle, 1952). '
Two methods have b‘een used extensi\;ely' to obtain variatibns of the
specific energy loss in the biolo'giclal tesf obj‘ects, namely the track-

average method and the track-segment method.

The track-average method applieswhen.the thickness of the
biological object in question is large compared to the partiéle pene-
tration or if random portions of different trackvs pass through the ob-
ject. This results in a wide.vspréad in LET values ranging from that
characteristic of the lowest ‘energy ioarticles used ;co a minimum value
determined by the charge and fnaximum velocity of the particles in the
.sample. The heterogeneity of the. specific energy-loss values becomes
even more pronounced if there is a nonuniformity of thvebinitial'pairticle
energy or if several kinds of particies and f‘ays are involved, as in a
‘neutron beam. |

The track-segment method, on the other hand, applies when the
thickness of the biological sample is small compared to the range of a
parallel monoenergetic particle beam. The technique is to place the
samples along the particle“pvath at a point‘where the LET has Been
predetermined. Different LET values are obtained in separate experi-
fnents by utilizing different linear pértions of the particle track in

successive experiments. Another possibility is to prepare a stack of
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thin samples sandwiched between thih absorbers so that the total stack
- : is thick enough to stop the particle beam. By analyzing separately the
‘biological effects that are induced in each sandwich and that result from
one single exposure, 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 LETvin each sample. The disadvantage, however-,
is that with a given monoenergetic beam the greatest variations in mean
"energy loss attained in this way are usually only about one order of
magnitude.

With the availability of heavy-ion linear accelerators that can
produce monoenergetic beams of stripped nuclei up through atomic
number 18 with energies of 10 MeV/amu, different specific energy-
loss values can be obtained in separate €xperiments by irradiating
thin samples with particles of different atomic number but equal veloc-
ity. This method has the advantage that the 'range of energy-loss values
can be extended to cover more than 3 6rde’rs of magnitude. Further-
more, the fraction of the total energy deposition in the samples due to
delta rays is the same irrespective of the nuclei used, and the spectral
distribution of the energy-loss values of the delta-ray component is
'identical for different bevaltrns of equal particle velocity (Howard-Flan-
ders, 1958; Haynes and Dolphin, 1959). Nearly half the energy of the
heaw ion is transferred to electrons which ére capable of further |
ionization. When this ionization occurs outside the main heavy-ion

track, the LET in the particle track is considerably less than the energy
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loss of the heavy ion (LETOO,). _Thqse features have been of some help
in evaluating the relationship between radiation-induced biological

damage and the specific energy loss.

“ -
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B. RIDGE FILTERS

For many applicati'o‘ns it is desirable to modify the depth-dose
distribution of heavy-charged—pafticl’e beams. This can be done by
" the superposition of beams with differing depths of penetration. The
relative intensity distribution of the various beams will determine the
" depth-dose distribution obtained. Sometimes it is desirable to produce
a modified depth-dose distribution in a single exposure; many variations
in depth-dose distribution may be \obtained byvuse of a composite absor-
ber, c‘alled a ''ridge filter' (Karlsson, 1964). This filter is composed
of a series of repeating unité place‘d side by side to form a composite
absorber whose cross section is larger than the beam area. Each unit
is essentially a step-wise variable-thickness copper absorber. The
width of an individual step deﬁermines 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.

Figure 24 shows the depth-dose distribution of 187 -MeV protons
together with the modified depth-dose distribution and the ridge filter
used for this modification. Such a modified depth-—dose distribution is
buseful for uniform irradiation of a large volume.

The depth-dose distribution resulting from solar flare e_:%posure
generally decreases exponentially with depth. The depth—dosé dis -
tributibn of monoenergetic charged particles, on the other hand, in-
creases with depth. However, it is possible to obtain the exponentially

decreasing depth-dose distribution from monoenergetic charged-particle
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beams by using.an appropriate ridge filter. Figure 25 shows the
depth-dose distribution of a degraded monoenergetic 910-MeV
helium -ion beam, together with the modified dép_th-dose distribution

and the ridge filter used for this modification.



-55- UCRL-16962

C. DISCRETE LESIONS

Various discrete lesions can be prodﬁced for egperimental
purposes in animal tis sue or for ther.a'peuti‘c pﬁfposés in man by use
" of collimated narrow beams of high-ener'gsr charged pafticles. By
means of the Bragg peak of such beams, laminar lesion can be formed
in a plane pérpendicular to the beam. direction at a depth determined
by the range of the partiéles (Janssen et al., 1962; Malis et al., 1957).
This technique as illustrated in f‘ig. 26 (Tobias, 1962) might be used
.‘to study the coﬁnections and functions of cerebral cortex (Malis etal.,
1962). As the entrance dose is increased the lesion will be extended
towards the surface. The cross section of these lesions is determined
by the size é‘nd shape of the beam-defining aperture. Very large doses
will produce lesions which will extend all the way along the path of the
beam (Van Dyke and Janssen, 1963). If the aperture is a narrow slit,
the resulting lesion will be knife-edged (Van Dyke et al., 1962).

The shape of these lesions can be further modified by rotating
the object during irradiation. In this manner, it is possible to make
sphérical, elliptical, or disk —’shaped lesions at various depths (Leksell
et al., 1960; Tobias, 1962). Small spherical lesions are mosf easily
produced by rotatjng the irradiated object 180 degrees about an axis
at right angles to the beam direction, and using the plateau portion of
the heavy—charged—particle beam with a circular cross section. Iso-
dose contours for such an irradiation are shown in Fig, 27." The most

significant contours may be made more nearly spherical by using an

elliptical aperture with its major axis parallel to the axis of rotation.
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The producﬁon of such lesions has been utilized in the treatment of
‘Parkinson's dfisease (Tym Sfa_l.’,’ 1965).

Lesions of a more general form (ellipsdi&) can be prodﬁced by
rotation simultaneously about two perpendicular axé‘sb both of.which are
perpendicular to the’b’eam axi$. Isodose contours for-_s'uc_h an irradia-
tion ére shown in Fig. 28. Such a techniqué has been in rdutine ‘use at
th’e 184 -inch synchrocylotron in Berkeley for thé v‘supélréssiorvl of pitui-

tary function (Léwrence and Tobias, 1965).
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FIGURE LEGENDS

1. Average residual energy of pro‘tV(v)_ns of initial ene-rgy 160 MeV
as a function of thickness of wat.e‘r' penetrated. It can be seen that
the energy near the end of thé rangé decreases much more rapidly
than iﬁ the beginning. |

2. Stopping power of pro'toné of energies from 20 keV to 10 BeV, |
in water and lead {data taken from Whaling, 1958, and Barkas and
Berger, 1964). Arrows indicate the energy ét_ which the stopping
power is minimum. Dashed lines indicate value‘s after density-
effect> corfection for water. At energies below 80 keV, the-
sfopping\ power decreases with decreasing energy. This is pértly
due to the reduction of effective charge. At vinterrhediate kinetic
energies, from 100 keV up to aboﬁt 1 BeV, the energy region of
interest for biomedical studies, the stopping power decreases
with increasing energy, rea'chi_ng a minimum near an energ)./ equal
to around twice the rest energy of the charged particie. At energies
ﬁigher than 2 MC2 (velocities of energetic prdtons close to the
velocity of light), the term -log(1 - 52) in 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 S. It is discussed

extensively by Sternheimer (1966).
3. Number -distance curve showing the number of particles in a
beam penetrating to a given depth. Projected range Rp and

extrapolated range Re'
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4, Theoretical range—energy and stbpping power for various

" heavy ions in water (Steward, 1967). - . -

Fig.

' range R

at depth T in a given m_ate‘rial, relative to that at the end of the

5. The calculated ratio of the standard deviation for protons,

0 (Preston and Koehler, 1967).

. 6. Relative intensity (particlés) of the beam as a function of

distance from its central axis. Tﬁe terms- RO and R are the range
and residual range, respecti;fel»y. Absorption is neglectved). T.he
change is due to scatte_ring alone (Speriﬁde,' 1967).

a. 2-mm-diameter beafn._ n

b. éO-mm—diameter beam.

. 7. Calculated relative intensity (particles) I(x, 0, 0) on the axis of

a uniform circular beam, of initial range R, = 12 cm of water and

0

radius T at the collimator, as a function of water path x. Absorp-

tion is neglected; the change is due to scattering alone (Preston

~and Koehler, 1967).

. 9. Perspective view of large -Volui’n_e.. and limited-volume ioniza-

. 8. Relative dose on the axis of a uniform circular proton beam,

of initial range RO = 12 cm of water and radius r. at the colli-
mator, as a function of water path x. The curve for r o= is
an experimental Bragg curve; the others are calculated (Preston

and Koehler, 1967).

tion chambers.
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. ‘16. Bragg curves of Ne ~,
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10. Block diagram of ionization chamber, integrating electrometer,
amplifier, and high-volfage supply (HV).

11. Farédéy cup.

12. Exploded view of a s‘econdary emis\sion monitor.

13. Satu‘ration curve for a secondary emission monitor.

14. Experimental arrangement for meésuring the Bragg curve.

15. Central-axis depth-dose distribution of proton and helium -
ion beams. The depth-dose distr'ibution of high-energy proton
beam (730 .MeV) is different from the o_ther curves. The initial
dose build up is due to éecoridary particle productioﬁ and the
reduction of dose with depth is due to loss of particles through
nuclear interactio’n (Refer to Sondhaus and Evans, Chap. .26).

20 016, C.iz, and B'l'1 ions of‘initial
energy 10.4+0.2 MeV/amu measured in alufnihum buf converted to
tis sue.

17. Beam intensity as a function of pbsition along a diameter of
the bea.rr}? 'measured at 0 cm (a), 5.7 cm (b)Y, 8.7 cm (c), and 11.4
cm (d) depth of penetration in water. The incident energy is 127
MeV and the meaﬁ eﬁd of range is at 11.4 cm depth.

18. Data of Fig. 17 norrﬁélized to 100% intensity at maximum and
plotted on a Gaussian scale.

19. Isodose contouré of; 910_-'-MeV‘ helium ion beam (degraded by
32 mm of copper)bin water.

20. Modified integfalf 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 b’eém, the ordinate represents the product of

the number of particles and the avervagé charge per particle.
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21. Modified integral range curve for 910-MeV helium-ion beam.

This is very similar to the number-distance curve since the

éharge of these energetic ions remains essentially the same until
the last few rng/cmz' of the total range.

' . 2
22. Energy-loss probability, 730-MeV protons in 0.66-g/cm

silicon; k = 0.0338 (Maccabee ot al.; 1966).

. 23, Energy distribution of charged particles at the Bragg peak

(Raju, 1965).
24, Depth-dose distribution of 187-MeV proton beam in water

together with modified depth-dose distribution obtained by using .

3 ridgé filter (redrawn from Karlson, 1964).

25. Depth-dose distribution of degraded (1.5 inches of copper)

.910-MeV helium=-ion beam (large circles) together with modified

depth-dose distribution obtained by using a ridge filter (small
circles).

26. Depth-dose distribution of hveavy—charged-particle beam (upper
lef\t). On upper right is é hypothetical dose-effect relatidnship.
Lower left shows the location and width of the laminar lesion
effects.greater than 50% aré assumed to prdduce a lesion.

27. Isodose contours for a small spherical lesion produced by a
9410-MeV helium=-ion beam collimated by a 6 -mm diame_t.er aper-
ture and a 180-deg rotation used for the treatment of Pa‘rkinson's
disease. |

28. IsodOse contburs for a small ellips;)“i'dal lesion p.roduced by a
910-MeV helium-ion beam, collimated by a (9 5X 6.5 mm)

aper ture, used for pltultary suppressmn
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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

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 adting 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 pursuént to his employment or contract
with the Commission, or his employment with such contractor.
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