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CHAPTER 3. PARTICLE IRRADIATION METHODS 

M. R. Raju, J. T. Lyman and C. A. Tobias 

Donner Laboratory and DOhner Pavilion 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 

94720 

1. Introduction 

Astonishing progress has been achieved in the study of various 
components of cosmic and solar radiation by means of Earth-based 
methods, balloon flights, rocket flights, and many detailed 
experiments in satellites, so that we have a good fdea of the atomic 
number, flux, energy distribution, and time distribution of the 
various types of events (see Chapter 2). 

For the safety of astronauts, it is necessary to have detailed 
knowledge of the effects of solar particles and· of cosmic radiations, 
The need to develop a biological oxygen-generating system with 
the us~ of plants or populations of plant cells implies that.we musl 
also understand the behavior of such systems. under con t in llOllS 

and intermittent radiation. In order t.o answer basic. problems of 
space biology with regard to t.he role of radiation in the origin of 
organic molecules and perhaps of life, for understanding w.hat. 
limits radiation may pla~e on life al t.he surface of planet.s, and for 
testing the theoretical ideas for transmigra tion of life in space, it is 
necessary to have a detailed underslanding of the radiobiology of 
fast heavy charged particles on a number of testobject.s: molecules, 
cells, plants, animals, and man. 

; .:. 

Although biological organisms have been flown in a num.ber of 
satellites, we cannot at present expect· a detailed ' solution for all 
space. radio biological problems· fro.m sa lelli te : fhgh ts. The 
background' dose is usually :quite low." Solar flares' cannot be 
predicted far enough in ·advance to orbit biological .specimens in 
that part of space that may be exposed in a given flare, The 
understand irig of the effects of long- term low -:-in tensi ty rad i81ion 
would necessitate many long-term ~pace nigh ts, Even jf all these 
experimen ts ,were feas'i,g'le in space, one wou ld need large n u.m bers 
of indi v id uals' exposed to . obtain 'sta tislically . significan t 
information. The costs of such efforts would be sta.'ggering and the 
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manpower needed for performing such studies impractically large. 

A logical way of proceeding in space radiobiological studies is to 
study the effec~s,of particles in accelerators at ground level. 
Electroins. protons. a'nd helium ions--some of the major solar 
particles--have been ac~elerated in a' number of machines to all 
pertinent energies that occur in solar flares and in the radiation 
bell. Some of the" heavier ions have also been accelerated to 
relatively low energies sufficient to study some molecular and 
cellular effects. For the future. several methods of acceleration are 
under developmen l. These w ill allow scientists to accelerate 
virtually all stable nuclei in the 'periodic table to energies of 
several hundred MeV per nucleon at sufficiently high fluxes to 
make rapid progress in heavy-ion radiobiology possible. 

Even with fairly thorough studies with accelerators. additional 
space experimen ts may be, necessary to verify the findings 
obtained at ground level. Since experimental exposure of man is 
not feasible. most of our knowledge of effects on humans comes 
from extrapolation of animal data or from radiological experience 
with patients. Pertinenlstudies on astronauts in space flight may 
help to verify the validity of such extrapolations. 

It is necessary to study possible synergisms or antagonisms 
between radiation effects and space en vironmen t. Weigh tlessness is 
the most important such fact.or. Although it is possible to 
"compensate" gravitatic;>nal forces in clinostats. this type of 
"compensation" is not the same as weigh~tlessness in space. Some 
biological experiments in t,he near-weightless condition in 
satellites have already been performed (see' Chapter 7). It is 
nevertheless' considerably less expensive, to seek preliminary 
answers to pertinent problems of space radiation and 
weigh tlessness by usedf clinosta ts and accelera tors. 

1.1. Biological Useof Accelerators 

Biological studies with accelerated particles began in 1947 
{Tobias et ak 1952). one year' before atomic nuclei in primary 
'cosmic rays were discovered and 1 () years before the first manned 
space flight. (Chapter 1). Most of these studies utilized machines 
that were built for the primary purpose of physics research; the 
parameters were not always optimal for biological uses. 

The typical' medium-energy cyclotrons used for biological 
research have near-monoenergetic and parallel beams. At presen t 
in most of these machines it is not feasible to vary the energy. For 
intermediate energies. absorbers and scatterers are used to degrade 
the beams. - This is sometimes not desirable. since secondary 
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particles are produced that contaminate the primary beams, and 
the particles increase their angular divergence. Nevertheless, it 
was possible to produce at the Berkeley synchrocyclotron beams 
with the desired energy distribution that simulate a, solar flare 
spectrum. The simulation is fairly good in both spatial dose 
distribution and LET distribution·. The simulation is not perfect, 
however, since cyclotron particles come in pulses of a few 
microseconds each, not continuously like flares. In addition,many 
other techniques are available that. will deliver a beam of precisely 
controlled LET to a predetermined location and depth in the body. 
In some space-related problems, this is important., For example, in 
studying the effects of radiation on the vestibular system-- an 
important problem in space flight--it is an advantage to 
determine, by local radiation methods, whether the proprioceptors, 
the semicircular canal. or perhaps the vestibular nuclei of the 
brain are responsible for radialion-i'nduced' alteration in the sense 
of equilibrium. 

Table 3.1 presents a list of a few accelerators thal have been used 
in biological studies related to space. We have made no attempt to 
include all accelerators that could be useful, in this regard. 
Accelerator lists have been compiled (Gordon and Behman, 1963). 

Two chapters in this book deal directly wit.h the measured 
biological effects of particu late rad ia tions: Cha pt.er 5, "Cellular 
Rad ia lion Biology," and Chapler 9, "Pa rticu la le lrrad ia lion of 
Mammals." The performance of lhe experiment.s depended upon a 
reliable source of high-speed charged particles and accurate means 
t.o measure t.heir energies, LET's, dose d ist.ri bu lions, etc. We 
therefore deal briefly in t.hi's chapt.er with the properties of 
high-speed charged particles, t.echniques of dose measurement., 
profiles of' charged -part.icle beams, tech n iq ues, and eq u ipmen t. 
specifically designed for t.he exposure of biological test. object.s, 
met.hods of prod ucing programmed dept.h -dose pa Herns ' and 
programmed energy spect.ra at high energIes, ,and the probable 
directions of future undertakings. 

g,. 

2. Hea v y -Charged - Particle Properties 

Heavy charged particles in passing t.hrough· matter lose energy 
chiefly t.h rough in teraclions with a tomic elec~rons. This process 
leads to a gradual decrease of energy until the particles are slowed 
down to the thermal energy of the malter. The rate of energy loss 
increases with decreasing particle velocit.y, giving rise t.o a sharp 
maximum known as t.he Bragg peak near t.he end of t.he particle 
range .. The rate of energy loss is proportional to the square of the 
charge on the particle and approximately inversely proportional to 
the square of the particle velocity. When the particle velocity ,is 
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very low ,the 'particles:caplure electrons and hence their effective 
charge -is;reduced, resulting in a decrease of the rate of energy loss 
(see· No rth cliffe, 1963). 'The average rate of energy loss is commonly 
expressed in MeVp·erg/cmz., This is sometimes referred to as ~ass 
stopping power~ 

\ 'f, ~ \ , 

The :particles' in. the beam that do not undergo nuclear 
interactions' travel approximately equal path lengths in the .' 
medium: . ·The particle .interactions with electrons in the medium 
a're" 'su bject to statistical fluctuations. and hence there are 
.fluctuations in' the' 'path lengths of the individual particles. This is 
called ;rangestraggling. and it is about 1 % of the mean path length, 
or range (Wilson, 1946). Since the particles encountered in the space 
environment are .inhomogeneous in energy, range straggling is not 
an' important consideration in flares. However. it is important for 
'laboratory studies. Range and stopping power in water for 
different heavy ions are shown in Fig. 3.1. Tables of range and mass 
stopping po~er are available (Barkas and Berger. 1964; Williamson 
etal.. 1966; Janni. 1966; Trower. 1966; Bichsel. 1968). 

As charged particles pass through maUer. some are removed 
from the beam due to nuclear interactions. This particle loss is 
exponential. at a rate depending upon the total reaction cross 
section aR' An approximate expression for a R is given by 

(3-1 ) 

. { 

where ro' is the classical proton radius. A is the atomic weigh t, and 
subscripts T and 1 refer to the target and the incident particles, 
respectively (see Rossi, 1952) . 

. "Thenumber of particles survIvIng at a gIven, depth in any 
medium can be estimated from the mean free path L for the 
particles in that medium. The expression for the mean free path L 
in g/ cmz is given by 

(3-2) 

where No is Avogadro's number. 

When a parallel beam of heavy charged particles passes through 
a medium, the particles are scattered and the beam diameter 
increases' with depth, mainly due to Coulomb-force interactions 



.. 

between the incident particle and nuclei of the medium. This 
scattering is due partly to the cumulative effectofrn~I1Y sm.aU 
deflections, and partly to large single-eve~ t<ieqectiqns, of 
relatively few of the particles. The first type of process.i~"calle.d. 
multiple scattering; the second is referred to as single scattering. 
For most practical applications multiple scattering,which can 
be represented approximately by a Gaussian distribution, 

\ - ,-
predominates over single scattering. 
The mass of a heavy charged particle is many times that of the 
electron; the angle of scattering in agiven"coll,isiqn i~Ted~~~<i 
approximately by the ratio of masses., H~nc~. :r~a:VYr ch~q~ed 
particles produce. a more sharply defined ; b,ea, 1E, ,.t~aI)i;elest~9ns ,ot 
comparable velocity. ',: '!. d ,1.',' .,/!"'\':' C". 

" I •. " ~:. ' .. i ~:' .,.. . j { -:," ," 

Preston and Koehler (1968) obtained an empirical e~pr:e,s~~?n .cpr 
the radial standard deviation 0'0 in centimeters at the end of the 
range Ro (cm) due to multiple scattering for a proton beam of 
originally negligible diameter. 'to. ,,' 

0' 0=O.0307Ro ' 

, 
For beams of radii much greater than 0'0' the effects of multiple 

scattering on the radial spread of the beam are negligible except at 
the periphery of the beam. The scattering "rounds .off ". the 
profiles that were initially. say. rectangular. For small· beams of 
radii <30'0' the central axis depth dose at the peak will be 
significantly reduced below that from broader beams. 

3. Detectors 

Many types of detectors are used in heavy-charged-par.ticle 
irradiation techniques for experimental space radiobiology. The 
principles of operation and the design of these detectors are not 
discussed except to mention some of the importan't aspects of the 
detectors most commonly used (see Raju et a!.. 1969). A detailed 
discussion of various radiation dosimeters. cp'n be found In 
Radiation Dosimetry. 2nd Ed. (A ttix. R.oesch. and Tochilin. ,1966),. 

:' . 
3.1. Ionization Chambers 

A parallel-plate ionization chamber is the most commonly used 
detector to monitor charged-particle beam intensity and to 
measure radiation dose. The relationship between the charge Q 
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(cou}orribs) collected in the ionization chamber and the dose D 
(ra<;is). absorbed in 'the sensitive volume of the ionization chamber 
is'gh' en ,by 

: ... ! 

'D =105QW/(pV), (3-4) 

. , 
where Wis the ~verage energy per ion pair (eV) for the chamber 
gas, p is the -density (g/ cm 2

) of the gas~ and V (cm 3
) is the sensitive 

volume of, the ionization chamber. The dose received by the target 
material. such as tissue, can be calculated by multiplying this dose 
value by the ratio of mass stopping pow~r of the target material to . . 
that of the gas. . 

3.2. Faraday Cup 

The Faraday cup (Chamberlain et aI.. 1951; Palmieri and Goloskie. 
1964; Santoro and Peele. 1964) is often used as a primary standard 
to determine the number of particles in a charged-particle 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 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 t.hat t.he net. charge 
collected is only that delivered by the beam (Raju et aI.. 1969). , 

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

N = QF/(ze). (3-5) 

where OF is the charge (in coulombs) collected: z is the average 
number of charges carried per particle. and e is the electronic 
charge in coulombs. Knowing the particle fluence <I> (particles/cm Z

) 

in the target material. one can calculate the dose D. in rads. from 



0=1.6024> (-1/ pxdT/dx) x 10-8
, (3-6) 

where (-I/pxdT/dx) is the mass stopping, power of. t,he target 
material in MeV-em 2/g. 

. . .~ ,'. 

3.3. Secondary- Emission Monitor 

The secondary-emission monitor (SEM) is I?arlicularly~seJul in 
high-intensity radiation fields where ionization chambers cannot 
be used because of incomplete ion collection due to recombination 
(TauUest and rechter, 1955). In a SEM t.he ch~rge isq.ue to the 
transfer of low-energy secondary electrons bet ~een 'th~ 
high-voltage electrode .and the collection electrode, in ultrahigh 
vacuum (R:fl0- 8 torr). It is calibrated by using an ionizaqon 
chamber at a low beam intensity. 

3.4. Activation Dosimeter 

Heavy charged particles produce radioactive isolopes as a result 
of inelastic nuclear reactions. The induced activit.y of the sample 
may be used to determine either the par'tidE> flux (particles/sec) in 
the entire beam~ or the particle flux density (parlicles/cm 2 -sec) 
within a small area of the beam. depending on the geometric 
arrangement of the irradiation. Activation by charged-particle 
beams has been extensively trealed by Tilbury (1966) The general 
techniques and computational approach are similar to those 
encountered in neutron-act ivation dosimetry. 

One of the most commonly used reactions for activation 
dosimetry of high-energy protons is IZC(p.pn)1 Ie. The gamma 
radiation fro·m the annihilation of the positron fr.om the decay of 
I1C (half-life 20.5 min) IS usually counted with a pair of 
scintillation detectors. Polyethylene (CH z) is usually employed as 
the carbon-bearing material (Jesseph et al.. 1968). The .induced 
acti vi ty in tiss,ue can also be; u ti I ized (Benson et aI., 1 967). Other 
useful rad ioisotopes prod uced in charged - particle irradiated tissue 
are the positron emitters l3N (half-life 9.96 min) and l5.0 (2.'1 min). 

3.5. Semico'nductorD~tector' 

Semiconductor dete.ctors are solid-slate analogs of . ionization 
chambers, the charge carrie'rs being electrons and holes. The use of 
a solid as a.detector is attractiye because the sensitive layer can be 
very thin while still abs~rbing e~o~gh energy to give, good 
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sensitivity. The sensitivity is further enhanced because of the 
small amount of energy required to produce an electron-ho-Ie pair 
(~3.75 eV in silicon) (Goulding, 1965). This leads to smaller 
statistical fluctuations in the number of electron-hole pairs and, 
hence, Improved energy resolution over that of gas-filled and 
scintillation counters having comparable energy absorption. An 
attractive feature of these deteclors is that their response is 
proportional to the deposited energy, independent of the particle 
(Lyman, 1965). These detectors are used in measuring energy and 
energy losses of heavy charged particles in a spatially defined, 
r'egion (Maccabee' et aI., 1968; Raju, 1967). 

4. Beam Meas~reri1ents 

the ',radiation field of an accelerator beam is characterized by 
meaSU1'ements such as Bragg ionization 
curve,energy loss distribution, isodose 
measurements are briefly discussed below. 

4.1. The Bragg Ionization Curve 

'curve, in tegral range 
con tou rs, etc. These 

A Bragg eu rve 'is a plot of t.he rela t.i ve speci fic ion iza lion of a 
collimated beam of particles. ploUed as a function of the thickness 
of absorber that the beam has traversed (Bragg. 1904) It can be 
obtained experimentally by taking lhe ralio of current from two 
ionization chambers, as ,shown in Fig. 3.2. A monitor chamber is 
placed ahead or a variable 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 lhe incident p'arlicle. and the nature of 
the absorbing material. Since the amoun t of straggling increases 
almost linearly with lhe thickness of absorber. monoenergetic 
parallel 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 
ioriization in the second ionization chamber. In addition. the 
second ionization chamber. which detects lhe lransmitted beam 
from the variable absorber. should have a collecting electrode with 
diameter large enough to cover the entire area of the transmitted 
beam. If the collecting electrode is much smaller than the beam 
diameter a different experimental curve known as the central-axis 
depth-dose distribution is obtained. Such curves for beams of' 
protons and helium ions of several energies are shown in Fig. 3.3. 

The dose delivered to the medium at the beam entrance is called 
the "plateau dose." and the dose a't the Bragg peak the "peak dose." 



,~. 

The peak-to-plateau 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 considerably. with concomitant increase in the width of 
the Bragg peak. With increasing energy and hence increasing range' 
of the particles. the range straggling increases. This effect reduces 
the peak-to-plateau ratio and broadens the peak of the curve. In 
addition. with increasing energy of the particles more particles are 
removed from the beam because of nuclear interactions before 
they reach the Bragg ·peak. and this also results in a reduction in 
peak-to-plateau ratio. A computer program for calculating Bragg 
curves for heavy-ion ~eams is available (Litton et aLl 968). 

4.2. In tegral Range Curves 

A plot of the number of particles that have 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 det.ermined , 
with particle counters or a Faraday cup. The experimental 
arrangement used to determine an integral range curve is similar 
to that shown in Fig. 3.2. but wit.h the second ionization chamber 

. replaced by a particle counter or a Faraday cup For low-energy 
particles for which nuclear in t.eractions can be negkct ed, the 
number of particles remains essentially const.ant. from zero 
absorber to a thickness slightly less than t.he mean range of the 
particles. A t. high energies. particles ar'e lost. from the be.am by 
nuclear interactions. Then the integral range curve as shown in 
Fig. 3.4 for a 910-MeV helium-ion beam has a ,I,1egative slope. An 
estimate of the cross section for t.he nuclear interact.ions can be 
obtained from this slope. The cont.ribution to t.he Faraday cup 
current beyond the range of the helium ion bsam is due to nuclear 
secondaries produced by the pnmary beam In t.he absorbing 
material. 

An estimate of the range of the particles can be obtained ,by. 
considering t.he tail of. t.he integral range curve (Santoro, 1965; 
Santoro et al.. 1966). A useful reference point. is the ext.rapolated 
range. which can be obtained by drawing the t.angent.t.o the 
in tegral range curve at the poin t. of st.eepest . slope and 
extrapolating it t.o the horizontal axis. 

4.3. Beam Profile and Isodose Con t.ou rs 

For many applications. of heavy-charged-particle beams. one 
needs to know the t.hree-dimensional dose qist.ribu lion in the 
irradiated mat.erial. For such measurement.s. the sensitive area of 9 
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the detector should be kept small relative to the cross section of 
the beam. . A Clhe i same time the detector must have adeq uate 
sensitivity. Small semiconductor devices are suitable for this 
application. . Anexainple of such a semiconductor device is a 
~iniature silicon di()rle O.1cm in maximum diameter and 0.22 cm 
lorrg (Koehler, 1967; Raju,1 966). 

Profiles can' also"be measured by using such equipment as 
ionization chambers,' particle counters, . photographic film, 
acti'vation ~nalysis,or thermoluminescent dosimeters. From a 
series of beam profiles, a set of isodose con tou rs can be constructed. 
Figure 3:5 shows such an isodose plot for a degraded 910-MeV 
helium-ion beam in water. 

If the profile itself is changing with time, continous display of 
the profile is necessary (Jackson et aI., 1959; Bew ley et al., 1967; 
Hornstra and Siman ton, 1969). 

A continuous monitor to reflect such changes is quite useful. A 
beam position monitor routinely used at the Berkeley heavy-ion 
linear accelerator displays a pattern representing the beam on an 
x_yO oscilloscope. The pattern is circular when the beam is circular 
and elliptical when the beam is ellipticaL Four detectors are used 
to detect the beam. one pair orient.ed horizont.ally and t.he ot.her 
vertically. The detectors cou ld' be a quad ran t ion izalion chamber, 
or sectored collimator used as a Faraday cup. A difference signal 
developed from the vertical detectors positions the oscilloscope 
pattern in the vertical plane. while a difference signal from the 
horizon tal detectors post tions the pa Hern in t.he horizon t.al plane. 
A'sum signal from each detect.or pair modulat.es the amplit.ude of 
quadrature sine waves which generat.e the pattern. 

5. Irradiation Techniques 

Electrons. protons. and heavier particles wit.h a broad spectrum 
of energies are encou n tered in space. In order to pred ict t.he 
biological effects of such a complex radiation environment. one has 
to study the effects of individual components. Proton and 
heavy-particle irradiation tEchniques at heavy-particle 
accelerators are discussed. The techniques of exposure can be 
broadly classified depending on the thickness of the biological 
sample in comparison with the range of the particle used: 
(a) Samples much smaller than the range of the particle. 
(b) Samples much larger than the range of the particle. 
(c) Intermediate cases, 

5.1 . Samples Much Smaller Than the Range of the Particle 



Uniform irradiation of such a sample is the simplest type of 
irradiation exposure to perform. Such exposures have been used 
for many years. When only beams with short ranges are available. 
the samples may be thin films of dried amino acids. enzymes or 
viruses. monolayers of microorganisms. or cultured mammalian 
cells. For details of the techniques of exposure and dosimetry at 
the heavy-ion linear accelerators see Birge and Sayeg (1959) . 

. Brustad (1961). and Todd et al. (1968}. Accelerators with more 
penetrating radiation allow the uniform irradiation of thin vessels 
containing powders or aqueous solutions. frozen solutions. 
suspensions of cells. and thicker masses of cells. Uniform 
irradiation of small animals can be done by using energetic 
charged-particle beams (Taketa et al.. 1967;Ashikawa et a1.. 1967; 
'Williams et al.. 1966; Mitchell et al.. 1966). 

Accelerator beams often are of small cross section and are not of 
uniform intensity over the desired target area. The uniformity of 
the dose over the sample is achieved either by using a scattering 
foil upstream at a distance from the sample or by defocusing the 
beam or by magnetically scanning the beam (Larsson. 1961; 
Brustad. 1961; Williams et al.. 1966). 

The dose received by the sample is usually determined by using 
a thin parallel-plate ionization chamber just in front of the 
sample. The saturation problems of ionization chambers limit their 
usefulness at high inst.antaneous dose rat.es encount.ered in pulsed 
accelerator beams (Boag, 1966) Secondary emission monitors (SEM) 
are useful at such a high dose rat.e. The SEM is calibrated by using 
an ionization chamber at a low dose rate where the saturation is 
negligible. A Fa'raday cup is also useful for monitoring the dose; it 
can be placed behind the sample, or the sample holder can be made 
to serve as a Faraday cup (Brustad, 1961). The dose is calc~la'ted 
from the measured number of particles and by knowing the 
average dE/dx pf the particles, from equat.ions (3)-(6). 

. . I: 

For very high. energy ch.arged-particle beams (e.g .. 730-MeV 
prot.ons). w here sign ifica n t. nuclear secondaries are p'rod uced, t.here 

" is a region of dose bu i ld u p (Tan ner et al.. 1967)." Th is build u p varies 
significant.Iy according t.o t.he geometry of. t.he~iological sampl~. 
Hence phantoms used in dosimetry should have a geo~etry sim,llar 
to the biological test. object (Ashikawa et al.. 1964) . 

5.2. Samples Much Larger Than the Range of the~arti~le 

'. 
Uniform irradiat.ion of liq uid sample can be aCl,1ieved by uSipg' a 

small magnet stirrer during exposure. Such a technique ~as used 
in inactivation of enzymes in dilu le aqueou,s ~61u tions (Brustad, 
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1967). 

.' , 

Powd,ers and thick layers of packed cells cannot be irradiated 
~niformlY .. ' However, in some experiments such as destruction of 
free radica.1s, or inactivation experiments in microorganisms, it 
m~y~tin ',be p:ossibie,'to analyze the results when one can estimate 
t.heunexposed" frac.tion of' the sample (Horan, 1969, private 
communication). 

~. . . 

,Anot'her ty,pe'i~!f irradiation under this category is used when, 
~ltho,ugh the sample may be thick, the target of interest is on or 
near the. surface (S,later et al., 1964; Hirono et aI., 1970). Solar flare 
exposures, can res\llt in high dose to the skin. This type of exposure 
can be simulated with heavy charged particles, since the depth of 
penetration can be controlled (d'Angio et a1.. 1964). 

Whole skin exposures are normally done by using large 
radiation fi~lds and rotating the animal about its major axis. The 
irregular contours of the animal prevent the achievement of 
uniform surface dose. Because of rotation and irregular contours, 
the depth-dose patt.ern deviates considerably from the typical 
Bragg curve. Depth-dose measuremenls for such exposures are 
made with dosimetric systems such B.S glass rods, lithium fluoride, 
or other solid-stale integrating dosimeters in phantoms. The 
usefulness of these dosimeters is limited because of their 
dependence for sensitivity upon the LET of radiation. In order to 
apply thenecessary correction, the LET spectrum to which the 
dosimeter is ,exposed' and the LET response of the dosimeter shou ld 
be known. Because of lhese difficulties in dosimetry. the dose 
distributionca,n often be determined by calculation when the 
physical properties of the beam and the geometric factors of 

_ ~xposure ar.e known (Mitchell et al.. 1966). ' 

5.3. intermediate Cases 

Wh'en ,the range of the particles is similar to the thickness of the 
sample: the dose will vary with depth. However. techniques are 
ayailable whereby one can, transform such a distribution and 
obtain var.ious other types of dose distributions by summing the 
depth-dose distributions of beams of different energies. 

The procedure of obtaining a uniform depth-dose distribution 
over a given volume is to superimpose a series of Bragg peaks with 
progressively smaller intensities and shorter ranges (see Fig. 3.6). 
With such unif?rm depth-dose distribution. uniform whole-body 
irradi?ltion 'of animals is possible as long as the primary energy of 
the beam is suffi~ient to penetrate the animal. However. it must be 
noted that the LET of the radiation increases with depth. This 



variation is reduced by rotating the animal during exposure. 

The dose due to solar flare events monotonically decreases with 
depth. Such a depth-dose distribution can also be obtained in the 
laboratory by superimposition of Bragg peaks. Short range Bragg 
peaks of great intensity are used (see Fig. 3.7): Such a depth-dose 
distribution obtained by using helium ion beams has been uSed to 
simulate solar flare exposures in monkeys (Aceto etal., 1971). 

One method of obtaining the d'esired dose distribution is to 
sequentially degrade the full-energy beam by a series of absorbers 
(uniformly incremented) (Jansen. 1960). Another'method has been 
the use of a variable-thickness water absorber. in place of, the solid 
absorbers. Such an absorber can be constructed in the form of. 'a 
cylinder and a piston. Both the end of the cylinder and the end of 
the piston are made of reasonably thin mat.erial. The~-cylinder is 
filled with water and is maintained full by a reservoir located 
above the cyclinder. The position of the piston determines the 
amount of water in the beam path. The piston position is 
p!'ogrammed to be varied in an appropriate manner asa function 
of the cumulative particle flux incident on the absorber 
(Larson.1961 ). 

The most useful method for producing desired depth-dose 
distributions employs a ridge filter (Karlsson. 1964). This filter 
consists of a series of similar units. usually made of a dense metal 
such as copper or the tungsten alloy known as "heavy metal." 
These units are placed side by side to form a composite filter whose 
cross section is larger than t.he, beam area. Each unit is essentially 
a stepwise variable-thickness absorber. The widt.h of an individual 
step determines the relative intensity, and t.he t.otal thickness of 
the step determines the residual energy and t.herefore the residual 
range of that portion of the beam that passe~ t.hrough that step. 
The use of fl ridge filter permits the simultaneous superposition of 
the depth -dose d islri bu tions of all t.he com'Ponen ts req u ired to 
produce lhe desired deplh-dose distribution. As more componen ts 
are used to approximate lhe desired dislribution,. t.he number of 
steps increases and the cross section of t.he individual unilsmore 
closely approximales a smooth curve rather lhan a stepped 
pyramid. 

In solar flare simulation experiment.s with monkeys. the 
helium-ion Bragg curve was transformed into an exponentially 
decreasing depth-dose dislribulion. Themonkeywas'Tolated on its 
major axis lo simulale an omnilateral exposure .. Isodose contours 
for such an exposure are shown in Fig. 3.B. It.should be noled,that 
unshielded parts of the body wilh smallcont.our's, such 'eslhe tail 
and neck, receive higher doses to bolh lhe midl,ioe·and the surface. 
Arms and legs are generally shielded by lhe body and hence recei~e13 
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doses similar toth,eresl of the body., 

6,' Fu ture Accelerators 

No, existing accele'rator can produce beams of heavy ions above 
atomic number 18 :with sufficient energy to penetrate biological 
tissue deeply,' enough to allow significant assessment of the 
biological effects. Yet it was shown in Chapter 2 that significant 
numbers of high-energy heavy nuclei exist in primary cosmic rays 
up to Z:= 26 (iron). and that radiation from even heavier nuclei. up 
to perhaps' transuranium atomic numbers. is a problem for 
long-term space flights. particularly with respect to injury to the 
nervous, system. One could raise the question: Is it necessary to 
accelerate the heaviest. nuclei in order to study their biological 
effects. or can one simulate their effects. quantitatively. by some 
other method? 

6.1 . Limitations of Existi'ng Methods 

Zeman et a1. (1961) have attempted to simulate t.he effect of very 
heavy ionizing tracks by working with beams of deuterons of 
about 20 MeV energy. using t.hese to expose rat cerebral cortex. 
Although the biological results obt.ained In t.his work appear 
interesting. one may show on physical grounds that in practice 
such collimated beams could not. produce. quantitatively. the same 
ionization effects as the heavy part.icles themselves, Assume that 
we wish t.o simulate t.he effect of an iron part.icle at. 10 MeV /nucleon 
(Z = 26), The ionizat.ion of such a particle corresponds t.o t.hat from 
n = Z2 deuterons--t.hat is. n = 676 deuterons---of t.he same energy 
per nucleon. 10 MeV /nucleon, However. for a realistic simulation of 
the effect.s it would be necessary to have all t.hese particles arrive 
in as small a region of space as t.he region w here a single iron 
nucleus exerts it.s primary ionization and to do t.his within as short 
a time ,as it takes for the primary ionization effects to occur from 
an iron particle. The irradiation must. be over before relatively 
stable radiochemical products appear, 

The primary ionization at. t.he core of the track occurs very close 
to the track in solids and liquids. probably within a few angstroms, 
since at great.er distances the atomic electron clouds in the 
absorber exert a considerable screening effect. As the limiting 
screening distance is somewhat uncertain. assume lOA for this 
calcu lation. or a cross-sectional area of (J = 10- 14 cmz for the "core 
of primary ionization events." There is also much evidence to 
indicate that. radiochemically as well as biologically. in aqueous 
systems at room temperature, the essential radiation lesion is 
complete within' t= '10- 7 sec. The particle flux density in the 



simulating deuteron microbeam would then need to be 

F=n(crt) =+676/(1 0-14 X l 0- 7 ) = 6.B x 1023 ' (3-7) 

particles/ cm2 -sec. The pulsed beam of 1 mm,2 cr()sssecti~n' would 
thus ,need intensities of about 1000 A of accelerated parti.cles. This 
is several orders .of magnitude higher than' provided by 
con ven tional cyclotrons. It is a possible design: goal for the futu re, 
but the equipment would appear to be more expensive t.han the 
cost of providing an accelerated beam of even th'e heaviest ions. If 
the simulation is attempted at lower beam intensities, then, 10caHy, 
at the time scale of the atoms and molecules of the organism, a good 
part of the effect of each deu teron migh t be accomplished and over 
before the next deuteron appeared. A further complication in 
actual use of microbeams is that it seems iinpossible to hold the 
particles of a microbeam of cross-sectional dimensions of less than 
1 micron together for penetration distances of 001 cm or more, 
because the multiple scattering tends to broaden the' beam 10 
several microns. Thus. we must 'conclude that in order to study 
heavy-ion effects. one needs to use the actual fast heavy ions, 
either iri cosmic rays or from accelerators. 

A second question arises w helher or not it is necessary to 
. reproduce in the laboratory the heavy ions at the same energies as 

they occur at in space (probably several hundred to several 
thousand MeV /nucleon). Although it would be interesting to have 
such ions in the la bora tory, the biophysicist. needs at presen t more 
modest energies: the unknown domain of biological effects is in the 
reI a t.i vely low -energy region oJ heavy particles, where t.he ra t.e of 
energy loss to tissue is grea test.. One must. of cou rse, have particles 
of sufficient penetration so that the particles can reach to organs 
and biological structures, where knowledge of the effects appears 
essen tiaI. For example, ex posu re of sign ifican t portions of the. 
mammalian brain and spinal cord and reprodu~tive syst.em appear 
necessary. In order to achieve t.his. part.icle energies up to several 
hundred MeV /nucleon are required. 

6.2. The Acceleration of Heavy Ions 

Acceleration of heavy ions presents some s'pecial problems 
different from those encountered in t.he acceleration of electrons. 
protons, or helium ions. Because the acceleration is usually based 
on electrical forces. the efficiency of accelera t.ion depends' upon the 
degree of stripping (electron removal). Conventional low-voltage 
ion sources can produce adequate numbers of doubly stripped ions. 
The remaining electrons surrounding heavy nuclei' can he-removed 
in high-velocity collisions between the ions and the electrons in a 
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"stripping foil" through which the ions can be made to pass. An ion 
is not likely to lose all its electrons in a collision unless the velocity 
of the ion is greater t~an that. of its atomic K-shell electrons . 

. One of the first schemes for accelerating heavy ions by the use of 
stripping was suggested in 1951 (Tobias

i 
1951). With this scheme one 

cyclotron could be used to accelerate heavy ions with a low 
charge-to-m-ass ratio and then inject this beam into another 
cyclotron where the ions could be stripped and accelerated to high 
energies in a more ~fficient fashion. During recent years it was 
clearly demonstrated that accelerators for heavy ions can be 
constructed in many configurtltions (Livingston. 1969). 

In one proposed accelerator ("Omnitron") a. synchrotron ring is 
comb.ined with a storage ring. Acceleration is carried out in two 
steps: first. ions with a low charge-to-mass ratio are accelerated by 
the synchrotron principle to an energy of several MeV/nucleon. 
then they are sh u n ted to a storage ring while the magnetic field of 
the synchrotron is reset; the ions from the storage ring are then 
stripped. reinjected into, the synchrotron ring. and accelerated 
again_ With this method it is feasible to obtain particles of 500 
MeV /nucleon with significanl beam intensities. and all atoms in the 
periodic table can be acceleraled (see Omnilron. 1966)_ 

Recently it has been shown that the existing heavy-ion linear 
accelerator at Berkeley can be modified by redesigning the linear 
tanks and inserting an additional stripping station so that it can 
accelerate all atoms in the periodic table to a kinetic energy of 
about 8.5 MeV /nucleon with intensities of the order of 10 to 100 J.1A 
of beam current. Studies indicated that it is feasible to inject the 
ions from this linear accelerator to a synchrotron ring and to 
accelerate up to 500 MeV /nucleon with a ring diameter of about 85 
feel. Because the injection energy from the Hilac is not sufficiently 
high. the heaviest atoms. for example uranium. will not be 
completely stripped and their kinetic energy will be less than that 
of lighter atoms. Even so. it is expected that uranium ionsof about 
140 MeV /nucleon can be accelerated in the heavy-ion synchrotron. 
The synchrotron would use only a small portion of the Hilac beam 
for injection. so the final high-energy beam intensity would be 
only about 1/10 000 of the bearn intensity in the Hilac. However. 
this is still ample intensity to conduct most biological studies, The 
proposal to build such a heavy-ion synchrotron is under 
consideration. and a schematic diagram of this accelerator is shown 
in Fig. 3.9. 

6.3. New Concepts in Ion Acceleration 

Two additional recent methods now under investigation promise 
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acceleration of very heavy ions to energies greater than 200 
MeV/nucleon in a relatively economical m~nner. One of these. 
being studied at Stanford. would employ superconducting 
technology .. ' After an initial preacceleration. which would be 
accomplished' in a conventional manner. a large energy gain of' 
perhaps 6 MeV/nucleon per linear foot of acceleration might be 
achieved. This scheme depends a great deal on the technology of 
building supercooled microwave cavities. This technology may 
provide high-intensity beams of energetic heavy ions. 

A potentially far-reaching and relatively new accelerator 
concept is that of the electron ring accelerator. which has grown 
from a proposal by Veksler (1956). The basic principle of this 
machine is the provision of an electron plasma -- a cloud of 
electrons ~- confined by magnetic fields to a small space and the 
injection of a group of neutral atoms into the electron cloud. The 
atoms repidly become ionized owing to collisions and become 
embedded in the electron cloud. The electron plasma is then moved 
forward and expanded. causing linear acceleration of the ions that 
are being dragged with it. The concept of the electron ring 
accelerator (ERA) is being tested experimentally in the USSR and in 
the USA. In early 1969. USSR scientists reportedly produced a 
nitrogen ion beam of about 4 MeV /nucleon. The ERA may turn out 
to be a very efficient generator of accelerated heavy nuclei. There 
seems to be no limitation on the atomic n umber of the accelerated 
ion. except that more electrons are used per ion to accelera\e the 
heavier ions than the ligh t ions. As the acseleration is magnetic. 
very rapid gains in particle energy seem feasible: For example. in 
order to obtain an energy of 500 MeV /nucleon it might take only a 
short linear accelerator of 25 to 50 feet. If the method is' proven 
practical; there seems to be no reason why ~n~' sh~uld notbbtain 
protons .and heavy ions in an energy range of several hundred GeV. 

. !. I 
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Table 3.1. Some Western Accelerators 
Used for Biological Research. 

Local ion 
and name' 

Berkeley LR'L 
184-inchcy'dolron 

Berkeley LRL 
88-inch cyclotron 

Berkeley-LRL 
Yale University 

Brookhaven 
60-inch cyclotron 

Newport News. Va. 
NASA cyclotron 
(VARe) 

College, Tex8.s 
Southwest 
90~inch cyclotron 

Chicago Univ. 
Chicago cyclotron 

. , 
l 

, Part icles 
and energy 

730~Me V protons 
450-Me V deuterons 
910-MeV helium ions 
n mesons 

55- Me V protons 
60-MeV deuterons 
120-MeV helium ions 
180-Me V Li ions 

1 O.4-MeV /nucleon' 
Max Ions of D. 
He. Li. B. C. N, 
0, Ne, S, Ar 

24- Me V deu terons 
48-MeV helium ions 

300-MeV,600-MeV 
protons 

120-MeV max 
helium ions 

400-MeV protons 

Biological 
a ppl ical ions 

simulated solar 
flares. mammalian 
and cellular 
radiobiology. brain 
studies. therapy '. 
skin lesions. 
local brain 
irrad ia tion 

macromolecules. 
microorganisms. 
mammalian cells, 
seed mu tagenesis, 
insect developmen t 

laminar brain 
lesions, skin 
studies 

special mammalian 
studies, cataract 
formation 

planned 

shielding studies 
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Locat ibn 
and name 

Cambridge, Mass. 
Harvard Univ. 
cyclotron 

Uppsala, Sweden 
Gustav Werner 
cyclotron 

Orsay, France 
cyclotron 

Geneva. 
Switzerland 
CERN cyclotron 

London 
Hammersmith 
Hosp. cyclotron 

Harwell. England 
AERE cyclotron 

Part icles 
and energy 

160-MeV protons 

189-Me V protons 

150-MeV protons 

600~ Me V protons 

18-MeV deuterons 

150- Me V protons 

Biological 
a ppl icat ions 

enzymes, 
brain studies, 
therapy 

brain studies 
endocrinology, 
therapy 

animal . 
radiobiology 

meson 
radiobiology. 
mutagenesis 

neu tron stud ies 
skin, tumor. 
and cell ular 
radiobiology. 
neutron therapy 

chromosome 
studies. cellular 
radiobiology 

·25 



26 

He 

H 
500 MeV/8mu 

1.0~~ __ ~~ ____ ~~ ____ ~~ __ ~~ ____ ~ ______ L-____ ~~ ____ ~ 
10-5 10-1 1.010 10 2 103 

Range in water (g / cm 2) 

Fig. 3.1. Theoretical range energy and stopping power for various 
heavy ions in water (Steward·, 1967). Shaded area indicates the ener­
gies of the currently available heavy-charged-particle beams. 

(DBL682-4598) 

,..-----------~ To high voltage 

,..-------- -----+- To electrometers 
Collimator 

'Variable absorber wheel 

Fig. 3 .. 2. Experimental arrangement for measuring the 
Bragg curve. 

(MUB-13671 ) 
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Fig. 3.3. Depth-dose distribution of proton and helium ion beams. The 
depth-dose distribution of a high-energy protonbearn (730 MeV) in cop­
per 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 de­
scribed in the text. 
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10 15 20 25 30 35 40 45 

Copper thickness (g/cml~) 

I 
o 2 6 

Fig. 3.4. Charge collected in a Faraday cup 
versus copper absorber thickness for a 910-MeV 
helium-ion beam. This is very similar to the 
number-distance .:;urve, since the charge of these 
energetic ions remains essentially the same un­
til the last few mg/cm2 of the total ranf5e. Notice 
the slope to the left of the knee ('" 42 g/ cm2 ) re­
sulting from nuclear interactions. 

(DBL6711-1888 ) 
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Fig. 3.5. Isod(')se contours in water of a 910-MeV helium-ion beam 
degraded to '" 400 MeV by 32 mm of copper. 
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(DBL678-1717 ) 

Fig. 3.6. Depth-dose distribution of 187-MeV 
proton beam in water, together with modified 
depth-dose distribution obtained by using ridge 
filter made of Hevimet (90% W, 7% Ni, and 3% 
Cu), redrawn from Karlsson (1964). The max­
imum thickness of the ridge filter is 13 mm, the 
base 6f each unit is 6 mm wide, and the units are 

separated by 2 mm. (DBL6711-1892) 
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Fig. 3."7. Depth-dose distribution of de­
graded (38.1 mm of copper) 910-MeV helium­
ion beam (large circles) together with modi­
fied depth-dose distribution obtained by using 
a copper ridge filter (small circles). The 
maximum thickness of the ridge filter is 14.3 
mm, the width of an individual unit is 50.8 
mm, and the separation between the individual 
units is 0.1 mm. 
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Fig. 3.8. Isodose contours. X and Yaxes 
are in centimeters. 
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INJECTOR HILAC 

I Stripping 

H.lGH-ENERGY BEAM -----j~~"-r~C)" 

SYNCHROTRON 

Fig. 3.9. Schematic diagram of heavy-ion 
synchrotron. 

(DBL 704-5697) 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus,product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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