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OVERVIEW 

The Bevalac, a versatile high-energy heavy-ion accelerator complex, has been in operation for less 
than two years. This report was prepared to report the progress that has been made in biomedical and 
supporting research and to project a program for the future. 

Hie first successful acceleration of heavy ions to high energies at Princeton and Berkeley and even 
more the completion of the Bevalac generated interest and excitement in not only the biomedical staff of 
Lawrence Berkeley laboratory but in many other laboratories among the more than 200 users of the facili
ties. Interest cfjne from other countries whose scientists participate in the studies here or are planning 
their own heavy-ion accelerators (Chapters 1 and 2). 

Heavy-ion beams have been useful for some time in nuclear chemistry, particularly for creation of 
transuranium elements and the study of nuclear excited staies. At first, the interest among physicists 
was only moderate, but now that they realize that heavy ioni; behave like "hadrons," there is a strong 
nuclear science program with heavy ions ranging from low energy levels through spallation and fission to 
attempts to create for the first time with heavy ions conditions such as may exist in the interior of 
stars. Recently, it was even suggested that heavy-ion beams might be more efficient initiators of 
controlled fusion energy, and a national program for this purpose is in its inception. 

A major purpose for whjjh the Bevalac wrs constructed was to explore the possibility of heavy-ion 
beams for therapy for certain forms of cancer. Significant progress has been made in this direction. The 
National Cancer Institute has recognized the advantages that these and other accelerated particles offer, 
and heavy ions have been included in a long-term plan for particle therapy that will assess by means of 
controlled therapeutic tests the value of various modalities. Since accelerated heavy ions became avail
able, the possibility of other contributions, not planned, became apparent. We are developing a new 
diagnostic method known as heavy-ion radiography that has greatly increased sensitivity for soft-tissue 
detail and that may become a powerful tool for localizing early tumors and metastases (.Chapter 121. he 
have discovered that radioactive beams are formed from fragmentation of stable deflected beams. The use 
of these autoradioactive beams is just beginning; however, we know that these beams will be helpful in 
localizing the region in the body where therapy is being delivered. In addition, it has been demonstrated 
that instant implantation of the radioactive beam allows direct measurements of blood perfusion rates in 
inaccessible parts of the body, and such a technique may become a new tool for the study of fast "hot atom" 
reactions in biochemistry, tracer biology and nuclear medicine (Chapter 6). The Bevalac will also be use
ful for the continuation of previously developed methods for the control of acromegaly, Cushing's disease 
and, on a research basis, advanced diabetes mellitus with vascular disease. The ability to make small 
bloodless lesions in the brain and elsewhere with heavy-ion beams has great potential for nervous-system 
studies and perhaps later for radioneurosurgery (Chapter 13). 

h u h regiird to the main study of heavy ions in relation to cancer therapy, rapid progress is being 
mad? to understand and control the physical interactions of the beam (Chapters 3, 4 and 5). Experimental 
studies are in progress on the actions of heavy particles on norma] tissues including chronic effects 
(Chapter 8). Major justification for future therapy is based on the effects of heavy ions on cellular sys
tems (Chapter 7) a.*d on tumor model systems in small rodents (Chapter 9), combined with the superior 
ability to deliver advantageous depth-dose patterns (Chapter 7), which are much superior to those that can 



be produced by exponentially absorbed beams (gamma rays and neutrons], the versatility of heawion accel
erators lies in the fact that it will be possible to deliver optimal beams for a variety of |>urpos('* ~ 
argon and neon beams for shallow tumors requiring low oxygen effect, neon beams for deep - sea t t-J trans, 
carbon and helium beams when the body region affected by cancer is very large, carton beaiis for [TOJUCHJ,; 
small, well localized radiolesions. 

Heavy-ion medicine is being approached with excellent support from the community. The Bay Area Heavy 
Ion Association (BAH1A) was formed of members from more than 10 northern California hospitals plus partic
ipants from the Los Angeles arei and neighboring states. The head of this group, ./oseph Castro, M. ])., has 
joined our staff and is spearheading a group that has commenced helium-ion therapy at the 184-inch 
cyclotron and that will soon be in a position to use heavier ions (Chapter 14). 

Heavy ions, when they cross the retina, can be seen as streaks and light flashes, as was demonstrated 
by our staff (Chapter 13); this phenomenon had been reported by astronauts. Helium ions, when they affect 
the olfactor.* apparatus, cause a distinct odor as reported by one of our patients. The ability of the 
Bevalac to accelerate nuclei of iTon, an important component of cosmic radiation in sphce, has increased 
the importance of our facility as an adjunct to NASA's effort to make spaceflight safe (Chapter ii.ii. 

At the cellular and molecular level we are finding that heavy-ion beams can help to identify some 
basic molecular lesions in DKA and in membraneous structures that may lead to a better understanding of 
such diverse effects as lethal effects of radiation, mutation and cell transforation. 

In another field, basic and applied genetics, it has been demonstrated that the heavy-ion bean.-* 
produce copious chromosome deletions and other rare mutations. Not only fundamental genetics but 
agriculture may also benefit from the eventual results (Chapter 11). 

The Eevalac is a very expensive research tool. Can the nation afford to apply the fruits of heavy-
ion research on a greater scale? We have an able study group planning possible future applications 
(Charter 15). Future machines will be more compact than the Bevalac and will have highly reliable opera
tion. As to cost, the rapid progress in technology shows promise for reducing both size and price when 
several machines will be used. The Bevalac ushers in a somewhat new concept in radiation diagnosis and 
therapy, that of cooperating medical teams and fairly large central therapy establishments. The concept 
is not entirely new; much of cancer medicine is already concentrated at a few large and respected medical 
establishments. Given a large center with many patients, the Bevalac cohcept can mean financial savings. 
Because the beams are quite intense, multiport operation is feasible; a single heavy-ion machine might 
do the equivalent work of several of today's diagnostic and therapeutic units. In the minds of the 
Berkeley group, it is not the cost but rather the cost benefit ratio that is important. We feel that we 
have a good change to demonstrate tangible benefits from the use of our methods- improved early detection 
of cancer and prolonged useful life from heavy ion therapy. Should these results be achieved in a demon
stration project, the benefits of heavy-ion medicine would in the future far outweigh foreseeable costs. 

http://ii.ii


CHAPTER 1 

ClFRKliNT STATUS AND PIAWED IMPR0\BCNT5 OF TUP BiTALAr 

J o s e Alonsu 

I V l K i W I M N 

'I'he Kevalac, shown in Fig. 1, is operated by the LBL Accelerator Division, h. Lofgren, Division 
U'.Kk'i', H. ilnindcr, BevaJ.ic Uroup Leader, R. Force, Operations Head. It is a high-energy treaty-ion accejcr-
atur complex created in 197-; by the joining of the older SuperMLAC and Bevatron accelerators. The Super-
Ill l.V is an Alvare:-type linear accelerator which has produced beams of ions as heavy as xenon at energies 
up to Ji. 5 MeV per atomic mass unit. This energy is eminently suited for nuclear-reaction studies, but tis
sue penetration at this energy is insufficient for biological work on anything other than exceeding)- thin 
samples. It was noted in 19"1 by Albert Ghiorso that the pulse and energy characteristics of the Super-
HS1AC beam were ideally suited for injection into the Bevatron, where energies up to 2.1 CeY per nucleon 
would be possible, affording tissue penetration ranges of up tc a meu-r or more. Earlier acceleration of 
heavy ions in the Bevatron, injected by the Eevatron's 20-MeV linac, had demonstrated the feasibility of 
producing high-energy heavy-ion beams, but intensities from this local injector were insufficient to con
template active radiobiology and therapy programs. Thus, the use of the Super! i I LAC as a high-intensity 
nmvtor would greatly expand the horizons of the Bevatron's beam repertoire, both in intensity and mas* 
number. 

Io bring these beams to the Bevatron, a transfer line was built to cover the 800-foot distance between 
i 

the two machines (including 148 feet of vertical dropjT This line uses 12 bending magnets and 30 quiidru-
pnlc magnets to shepherd the beam along its rather convoluted passage, but a sophisticated computcr-
nionitoriiig ;ind control scheme allows for rapid and efficient tuning of this line so that close to lOC-
percent t nmsmission is generally achieved. 

The Be\atron was built in the mid lfeSO's as a pioneering machine in high-energy particle acceleration"? 
Much of the early fundamental work in particle physics was done with this machine. Over the years constant 
improvements have been made, and the most recent landmark ;.;. the acceleration of heavy ions. To date, ions 
as heavy as iron have been accelerated to 2 GeV per nucleoli, injected with the SuperHILAC and transfer line. 
Plans are now well under way for increasing the mass number of the accelerated ions to range over the 
enure periodic table/ These plans will be discussed further later in this chapter. 

The Bevatron is a weak focusing synchrotron that accepts particles into its circular ring for a period 
of several hundred microseconds and then bunches them and accelerates them while the confining magnetic 
field is increased so that the particles remain in basically the same circular orbits. When the desired 
energv has been obtained, the guide field is he'd steady ("flat-topped"! while the beam is extracted from 
the ring. This extraction is accomplished by an excitation of one of the natural resonances of the bean; 
the growtli of the amplitude of this resonance is carefully controlled so that at one point beam particles 
hill "jump the septum," that is, will enter a region of high magnetic field separated from the main 
L iiviil;iT nig orhit by a verv thin wall. The beam is kicked out of the machine by this septum magnetic 
field aiul !•- then transferred to the desired experiment through the magnet switchyard beam-delivery 
system known as the External Particle Beam (EPB). The whole acceleration process from injection to 
extraction requires less than two seconds so that, allowing for magnet ramp-down and resetting, pulses 
can be delivered at a rate of one every four or six seconds depending on the final energy. The extracted 
beam-pulse (spill) *idth can be varied from a few milliseconds to about a full second by an elaborate 
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(Vt-Jk'iL k !jn-ch;mi^i that control?- the growth of the extraction resonance, .'-nergies at which the bear, tar, t-e 
i-.vt i.«(. tf\I j iv contmuouslv variable from about 100 MeV per nucleon to 2.1 CeV rer nucleon, covermr ti^-m 
pftsel rat ion ranges from 2.5 to V.'O cm for carbon ions. The ion species and beam currents that art- rout inel .' 
pnni.ii.-,! to the Biomedical fac i l i ty are summarized in labic- I. This l i s t i s only an indication <>{ th< 
bean-, that haw beer. <lvl i vered, the different ion species and the different energies that can he ca - j l . 
pniviik-tl it" the denial ;-J exist:;. 

)?it- bean turn- c( the Bevalac is divided so that one third is for biomedical use and Two thirds 
art' for nuclear-science experiments, vuclear-science experiments cover a wide range of field* includim. 
fl^nt-ntarv-particle production with heavy ions, nuclear fragmentation, cosmic-ray simulation {with the 
r»ctJitJ\ acquired iron beaini, and atomic physics (electron capture and loss of r e l a t i v i s t i c ioiis<. ibe-i-
varied and active programs along with the vigorous biomedical research efforts place great demands on 
avaiJaMi- accelerator time. As a consequence, machine re l iab i l i ty ai»? beam-on-target times are constant h 
[•K'luturoi and unproved whenever possible. Our present r e l i a b i l i t y figures, which will be discussed further 
in the- next chapter, are commendably high and have been improving at a vtry good r a t e . 'Die rate of proi'iv-.-
has been quite- remarkable, considering the complexity of the operation and that the SuperHJIAC i- cot* 
pletely time-shared, providing different ions at different energies to i t s own experimenters while at tin 
sarie tunc sending required pulses to the Bevalac. 

H-'Vi :'h-,\i ! \ni.rru.s 

tVa::i I rr:e-

'I he v A traded beam is run through a magnet switchyard that can direct the beam to am- of the ten 
ttik k-ar-st- ivnce experimental areas or three biomedical areas. The layout of the beam deliverv systor: l̂-
shown in I ig. 1. The use of septum magnets and pulsed magnets allows the beam to be shared hetweer. i><- oi 
mere different areas. This feature was used extensively when high-intensity protons were accelerated, 
but he.ur, splitting with heavy ions is not widely used because of contamination of the heap due to frag
mentation oi projectile nuclei on the septum walls. 

The beam lines that access the main biomedical research area take off to the west from Channel 11 and 
are capable of delivering beams of energies as high as 1 GtY per nucleon. Higher-enerp' beams canno: be 
bent bv ihe present magnets, nor are they of much interest owing to their exceedingly long range. Both 
beam lines arc designed achromatically so that small energy vinatipns in the beam will not affect the 
location of the beam spot. These energy vaiiations are very small, typically less than 0.1', but are 
denvtaMe by small but measurable range changes (a few tenths of a millimeter) in certain experiments. 

Tin beam in both Cave I and Cave II can be made a: small as about a one-centimeter circle, and. In-
mean- of scattering foils, uniform Gaussian circular spots of up to 30 to 40 cm in diameter have been 
obtained. Hose rate^ for very large spot sizes are considerably reduced, but intensities are adequate 
toi certain low-level work such as radiography. Dose rates for 3-cm-diameter beams are summarized in 
lable I. 

The third biomedical area is known as the 'T-iinibeam" facility. J* is located on top of the shielding 
roof directly above Channel 11. The beam is brought up through a hole in th° roof blocks at an angle of 
2"c' and runs parallel to an inclined optical rail system inside the M:nibeam house. This facility is 
designed for low-energy, low-intensity operation with extremely finely collimated beams for microscopic 
radiobiological work and perhaps microsurgery. The main vertical bending magnet strength limits the beam 
energy to a maximum of 200 MeV per nucleon (B-cm range in tissue), and the minimal radiation shielding in 
the Minibeam house limits the particle flux to 10 particles per pulse. For small spot sizes, this flux 
will still allow dose rates of several thousand rads per minute. 

file:///ni.rru.s




If :_u.h.iT ion Areas 

Iigure 3 shows the layout of the beam lines and facilities for the two principal irradiation caves. 
At present, all of the biomedical work is performed in Cave II, which is fully instrumented. Proximity TO 
the j'.i -naration rooms and animal storag? facilities has made this a particularly convenient setup. A 
detailed description of the cave and the dosimetry instrumentation in the beam line will be given in 
Chanter 7>. 

Beam dosimetry equipment for Cave I is presently being constructed and will be installed in the next 
feu months. In the meantime, this cave has been used for physics experiments, primarily studies of beam 
composition and energy spectra after passage through layers of different types of materials. These 
measurements are important in radiological work to correlate biological effects of beams passing through 
variable water columns with measured beam compositions. These experiments are discussed at greater length 
in t.liapter A. 

The u mediate plans for the Cave I area call for development of the area into a patient treatment 
facility for diagnostic radiography and therapy. These plans will be discussed in the next section of 
this chapter. 

The layout of the Minibeam facility is shown in Fig. 4. The beam emerges through a hole- in die 
floor and is modulated in energy by the variable wedge assembly, monitOTed by the ioniiation and rmiltiwire 
proportional chambers, and brcight to a focus at the sample located on the microscope stage. Individual 
cell response to radiation can be monitored by time-lapse cinematography, and the extremely high degree 
of Rl: shielding of the Minibeam house allows for nerve-response monitoring during irradiation. 

Beam-dynamics studies have been completed that indicate that the desired beam sizes and intensities 
can be delivered to the Mini beam facility but that helium bags must he used to prevent an increase in 
beam size due- to scattering from the air between the end of the vacuum pipe and the target po.-ition. 
In nil, the. Mimbcam facility is ready to operate; it require? only the approval of experiments arid 
assignment of beam time. 

f.ON71\mNG Aiai FimiRH PLANS FOR BEVALAC IMPROVEMENTS 

Beam Delivery 
(BevatTon Operations Staff: R. Force, D. Rondeau, J. Alonso, J. Howard, J. Lyman, M. Tekawa) 
Several areas are being developed to improve the beam quality and delivery efficiency to the 

biomedical facilities. 

Beam Flattening 

A system of scattering foils and occluding rings is being developed to produce large-field (approx
imately 20 * 20 cm or larger) beam sizes of uniform dose profile over the entire field. The system designs 
are similar in concept to the beam flattening scheme employed at the 184-inch cyclotron" but differ in 
detail because of the different beam optics at the Bevalac. It is anticipated that we can at least match 
the performance of the 184-inch system, namely, ± 2-percent uniformity over the entire field, with 
approximately 50-percent beam loss. This beam loss compares very favorably with losses incurred by 
taking only the central position of an overly enlarged Gaussian-shaped beam. 

Improved Monitoring 

lo facilitate tuning of the beam lines, beam monitoring information available only on the biomedical 
dosimetry equipment will be transmitted from the biomedical control room to the main Bevatron control 
roam, thus allov.iii£ the machine operators to precisely steer and focus the beam through to the target. 

Rapid Beam Cutoff 

Intensity variations from one machine pulse to the next can be bothersome for certain crucial experi
ments. Also in some cases, required exposures can be delivered in a very few pulses or even a fraction 
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Fig. 4. Minibeam Facility. (CBB 772-1307) 

of a pulse, To achieve accuracy in intensity delivery and to ensure that the beam is terrupted when 
the precise dose has been delivered to the sample*, a rapid beam-aitoff system is being constructed. This 
system will be triggered by the dosimetry-controlled computer and will send a signal to the Bevatron 
extraction system to stop sending beam to the experimenter. This signal might be activated during the 
spill of a particularly intense beam bunch to either preserve the average flux level or accurately 
terminate an exposure. The response time of the system i= expected to be les; than one millisecond. 

Rap:.d Beam Switching 

When the Cave I area is ready for biomedical work (see next section), more efficient utilization of 
beam time can be obtained by irradiating in one cave while setup for the next experiment is proceeding in 
the other cave. To accomplish this, control of one of the main bending magnets (BOMJ in Figure 3) must be 
modified to allow for bipolar operation. A small amount of degaussing current is required when the magnet 
is off to cancel its residual field and allow a straight-through beam passage into Cave II. A small 
supply is being installed to provide this reverse current, and the control system is being modified for 
the use of two different supplies for the same magnet. This system will allow switching of the beam 
between caves between beam pulses so that, in principle, complete continuity of beam usage will be possible. 

Preparation of Cave I for Therapy 

(Bevatron and Biomedical Operations: R. Force, J. Alonso, A. Glichsman, J. Lyman, J. Howard, 
F. Upham, R. Walton) 

Work has been initiated to convert the Cave i area into a patient treatment facility. A commercially 
manufactured treatment couch, the Philips/MEL Ram-type therapy couch, has been ordered and will provide 
the basis for the patient support systems to be used. Platforms, chairs and head-holding devices will be 
constructed in our shops and interfaced with this assembly, satisfying essentially all foreseeable 
patient-locating and holding requirements. Dosimetry, x-ray and laser-alignment equipment is being 
purchased, constructed and installed. A movable optical-bench system is being constructed to ailow the 
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placement of collimators close to the patient. The cave itself is being remodeled by erecting stud walls, 
carpeting, constructing storage cabinets, etc., to bring the area up to the standards of a medical treat
ment facility. A patient area, including waiting, changing, examination and preparation rooms, is hcin^ 
constructed just outside of the treatment room to streamline operations in view of the expected, very 
heavy patient load. Work is progressing well on these projects, and we expect to have the facilities 
operational by rctd to late fall of this year. 
Uranium Capability for the Bevalac 

(Accelerator Division: E. Lofgren, H. Grunder) 

A long planned upgrading program for the Bevalac to accelerate high-intensity uranium lu\ims r<> 
relativistic energies will be carried out in this next two years. The project includes the lmi Mini: ft 
a third injector for the SuperHILAC, including a pre-accelerator linac section that will produce vi-ry hii;!i 
currents of low-charge-state, very heavy ions. These ions will be accelerated through the existing 
SuperhlLAC, transported down an upgraded transfer line and injected into thr; Bevatron through a new 
injection system. 

To accelerate these partially stripped ions, the vacuum in the Bevatron must be improved from its 
-7 9 

present 10 Torr to 10 Torr. This will be accomplished by the installation of a cryo-pumped vacuum 
liner that will create a high-vacuum area within the confines of the present vacuum enclosure. Accelera
tion, extraction and beam delivery- will proceed with only minor modifications to the existing running 
conditions. 

This project will open up an entirely new area of physics to exploration by nuclear scientists. It 
will influence design studies on the very exciting prospects of pellet fusion driven by intense heavy-ion 
beams instead of lasers. Although the very heavy ions will perhaps not find many immediate uses in the 
Biomedical program, the general upgrading of the accelerators will provide significant incieases in beam 
intensities for all ion species. These increases, by perhaps as much as a factor of 100, w:.ll have partic
ularly great effects on large-field radiotherapy, where very significant shortening of treatment times can 
be anticipated. 

Ihe impact of the project on Bevalac operation will be minimal since most of the preliminary construc
tion work need not interfere with existing accelerator components. The only exception is the installation 

of the Bevatron vacuum liner, which will require a two-month shutdown, anticipated for late 1978 or earl* 
1979. 
Beam-charing Studies 

(Bevatron Operations: H. Grunder, R. Force) 

The anticipated expansion of biomedical usage of Bevalac time when full-scale clinical trials are 
underway will cut heavily into the nuclear-science research program. In view of the relatively modest 
requirements on beam time for therapy (several minutes of treatment time with possibly half an hour of 
setup time for each patient), however, it is well worth the effort to investigate possible ways of beam 
sharing to satisfy other experimenters. The mode of operation would be that a standby experiment would 
receive the beam whenever it was not actually being used for therapy. 

The simplest system, namely a rapid switching capability, would be satisfactory only if the backup 
user could use the ion type and beam energy provided for therapy. This might be the case for many 
biomedical experiments where the effects of therapy beams are specifically studied, but the average 
nuclear-science user would not find this arrangement satisfactory, especially if uranium beams were 
available. , 

The next level of sophistication would be to provide the same ion type but at different energies to 
different users. The existing Bevatron motor-generator systems can be made to operate in this mode by 
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using multiple "flat-topping" during each phase, thus providing different energy capabilities but with a 
po.ssible loss of pulse repetition rate. Modifications are being considered that can overcome this 
difficulty. One possible application of this capability is combined heavy-ion radiograph)"and therapy. 
A patient would be located on the positioner and radiographed with a high-energy beam that will penetrate-
through the patient into detectors placed behind him or her. Then the radiographs would be analyzed, and 
the beam energy would be lowered for treatment without moving the patient. 

The most flexible beam-sharing system provides the capability of accepting different ions on different 
pulses and accelerating each ion type to a different energy. This system requires rapid setup changes for 
the full set of transferline magnets and for all of the injection, acceleration and extraction parameters 
for the Bevatron. These problems are not as formidable as they at first appear, considering the sophis
tication of the computer control systems currently running the accelerators and the complete success of 
the time-sharing system now in operation at the SuperHlLAC. This system allows for changing all critical 
machine parameters within a few milliseconds to accept pul-°s from either of the two injectors and to 
route them through the accelerator to different experimenters. Duplicate control consoles tune each set 
of parameters (through the computer) independently as if each console had complete control of the entire 
machine-. 

Our experience has demonstrated that the most elaborate beam-sharing scheme envisioned for the full 
Bevalac can be achieved; although effort is indeed required, the technology and experience are available in 
our laboratory to gauge and carry out the job. 

New Biomedical Facilities 

(Medical Accelerator Study Group: Ch. Leeman, E. Lofgren, H. Grunder, J, Staples, J. Alonso) 
Plans are being considered for possible expansion of the biomedical facilities to include a third 

cave that would incorporate new ideas in beam-delivery systems. Such a cave would have, at least, static 
horizontal and vertical beam-delivery capabilities and perhaps a gantry system. The gantry is being 
extensively studied by the Medical Accelerator Study Group at LBL (many of the findings of the group arc 
sunmarized in Chapter 15), and, although present layouts of a gantry system for therapeutic carbon beams 
appear large and unwieldy, these designs have not yet been fully optimized, nor have design alternatives 
been exhaustive!)' examined. 

A second beam-delivery innovation to be tested is the beam scanning system in which a pencil heai* is 
scanned under computer control over the desireo treatment volume, thus allowing for greater freedom in 
treatment planning for difficult tumor sites. A prototype magnet is currently being constructed, and 
experience gained with it may lead to a model that can be used in therapy within a year or two. 

The third cave would serve as a testing area for these new concepts and is expected to be the fore
runner of Tomorrow's radiotherapy facilities. 

In summary, new developments and plans for steady improvements of the Bevalac are constantly evolving, 
and, if past history can be used as a yardstick, the level of operation and facilities available will 
continue to improve at a highly satisfactory rate for some time to come. 



Ion and source 

i: 

TABLE I 
EneTgy Rate Range to Bragj: 

(MeV/aimO (particles/pulse; rals/min) peak (cm) 

,Helium (Bevatron) 

tCarbon (Bevalac) 

i0Neon (Bevalac) 

,gArgon (Bevalac) 

225 3*10° to M O ' p/pulsc 
10 to 50 rads/min 

A00 5 * 10 to 2 * 10 R p/pulse 
20 to 80 rads/min 

400 5 *10 8 to 2 *10 9 p/pulse 
350 to 1,500 rads/min 

m 2*10* to I * m ? p/puisc 
250 to 1,200 rads/min 

500 2 * 10'' to 5 ̂  10 p/pulsc 
200 to 500 rads/min 

Note: Dose rates are give/i for a beam diameter at the 80S level (assuming 
a Gaussian distribution). Nitrogen and oxygen have been accelerated at 
low intensities from the Bevatron, but Bevalac beams of these ions have 
not been accelerated to the biomedical area as of this writing. 
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CHAPTER 2 

NATIONAL BIOMEDICAL HEAVY-ION RESEARCH PROGRAM AT THE BEVALAC 

Edward Alpen and Fred Lothrop 

Research programs in biology and medicine began on a small scale in August 1971. Nine experiments 
were run with 250-MeV/nucleon nitrogen and carbon beams during the first four months for a total of 
141 hours. Activity increased in 1972 when 33 experiments were run for a total of 350 hours. During 1973 
nearly 500 hours were devoted to 35 experiments. Meanwhile, tfr- Bevalac was being built, and a dedicated 
beam line was designed for biomedical applications. The Bevalac system was commissioned in August of 19 T4, 
and the biomedical program began using high-intensity beams of carbon, neon and eventually argon in its 
new experimental area. 

Early experiences with the Bevalac for both biology and medicine and nuclear science were dramatic 
and at times traumatic as the operating staff learned to fuse two independent accelerators into one unit 
with high operating efficiency as a goal. 

Data for 1975 reflect the difficulties encountered upon entering the new Bevalac research mode; the 
total number of hours and experiments were about the same as for 1973, but because available beam intensi
ties were 10 to 100 times the 1973 levels, more research per accelerator hour was obtained almost 
immedlately insptte of an operating efficiency of about 60 percent during 1975. The array of ions :it 
practical intensities was greatly enlarged, and comparative studies of radiobiological effectiveness could 
be undertaken with confidence. Table I lists the ions and intensities currently available. Iron is now 
available at low intensities, and, if demand is adequate, further improvements will be made. 

Two important goals must be achieved for the beams to be of significance in biomedical and radio-
therapeutic applications. The beam must be made available to the experimenter with a hidi degree of 
reliability in order for him or her to be able to design fractionation experiments and studies requiring 
precise timing of biological events. Furthermoie, the efficiency of utilization of the beam must be so that 
eventual cost per unit of operating time will be within acceptable limits. Reliability of beam availability 
is of particular importance for the scheduling of radiotherapeutic treatment schedules because the patient 
will generally be treated daily or possibly five times per week until the total dose is accumulated. 
Unscheduled interruption of the treatment plan should be avoided. 

Very careful attention to problems and their long-term solutions and to synthesizing the most useful 
operating schedule consistent with the operating budget gave rise to an overall operating efficiency in 
Wb of about 70 percent for the Bevalac, peaking at 94 percent in November when the first extended 
fractionation runs were done. This seven-day run involved several three- to seven-day daily fractionation 
experiments. The second run included a set of daily fractionations in a five-day period. The operating 
efficiency was 84 percent for that operation. An average operating efficiency of at least 85 percent with 
the present accelerator configurations is the goal that we hope to achieve in the near future. There were 
5J ongoing biomedical experiments in 1976 approved by the Program Advisor)' Committee. These experiments 
accumulated a total of about 1,050 hours operating time. 

From the beginning of Bevalac operation, it has been recognized that the facility is a unique 
national resource. To realize its greatest benefits requires both an efficiently run accelerator complex 
and a properly balanced research program. Consequently, the Program Advisory Committee, formed many years 
ago for physics and nuclear-science program advice, was expanded to include eminent scientists in the var-
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•ous biomedical disciplines. At present, the two panels of the Program Advisory Committee, nuclear-science 
and biomedical, operate independently but closely to insure the best possible use of Bevalac resources. 
NVsmbers of the biomedical panel at present are E. Alpen (LBL). V. Bon? (BNL), M. Elkind (AND, J. Magec 
(Notre Dame), T. Phillips (UC San Francisco), H. Rossi (Columbia), and H. R. Withers (M. D. Anderson 
Hospital, Houston). They meet twice a year to review biomedical proposals, make recomnendations to l.Rl's 
Director for approval and priority of individual experiments, and advise on the general direction of the 
entire program. 

The Program Advisory Comnittee must review the scientific content of the reserach proposed by all 
prospective Bevalac users, both LBL staff and outside users. If the Advisory Committee believes that the 
research has scientific merit warranting the use of this expensive national facility, it is approved and 
assigned a priority. The experiment is also assigned to an appropriate experimental categorv. The^c 
categories are as follows: 

0 - Fundamental Dosimetry 
1 - Cancer-related Radiation Biology 

II - Medical Diagnostic Procedures 
III - Fundamental Effects, Chemistry and Physics 
IV - Fundamental Effects, Cellular and Mammalian Biology 
V - Exploratory Studies 

VI - Space-related Studies 

Priorities are assigned within these categories, but the overall importance of some programs will give 
precedence to certain categories of research. At present, the program of overriding importance in the 
national plan for utilization of the Bevalac is radiotherapy. Second in overall priority is the category 
of Space-related Studies because NASA has immediate programmatic needs to examine the effects of heavy-
particle bombardment of personnel operating in space. 

After the Director of LBL approves the actions of the Advisor.- Committee, the experiments' approval 
and priority are transmitted to the Accelerator Research Coordination Office (ARC Office) for inclusion 
in the Bevalac operations schedule. The responsible investigator is informed by mail of the Committee's 
action. 

The ARC Office staff includes members responsible for scheduling of specific biomedical and nuclear -
science experiments as well as general research coordination and information. Specialists in the office 
ar1" available for consultation on virtually any matter of concern to the accelerator user from general 
information about the Laboratory to specific questions on travel and lodging or accounting of accelerator 
time for a particular experiment or program. The Office has been designed as the major interface between 
the Bevatron/Bevalac and SuperHILAC facilities and the users. 

The scheduling of an experiment at the Bevalac is handled in two stages. The first is the interpo-
sitioning of biomedical programs with others at the Bevalac and SuperHILAC and is concerned with the 
selection of ion, frequency of operation, and duration of a specific run. An overall operating cycle for 
the accelerator consistent with budget constraints is adopted for each operating year. To maximize the 
number of available research hours, a two-week cycle has been selected, 14 days of B-hour shifts. Of the 
total of 42 shifts, a 4-shift block of time is assigned for maintenance; an average of two shifts are 
allowed for tuneup, and two shifts are assigned for accelerator improvement and development projects. 
The remaining 34 shifts are available for research. Twenty shifts are allotted to nuclear science, and 
fourteen are allotted to the biomedical program. The net scheduled time for biology and medicine is about 
404 of the available research time. Because biomedical runs are generally short and by their nature not 
as efficient as are nuclear-science experiments in the use of Bevalac beam-on-target time, the over-
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scheduling of biomedical time is a deliberate attempt to achieve the goal of one operational biomedical 
research hour for every two hours devoted to nuclear science. General scheduling seeks the optimum 
combination of biomedical and nuclear-science requirements for a given 34-shift period. Every attempt i-=. 
made to work out *;hese general schedules several months in advance. 

Detailed scheduling, the second stage of Bevalac scheduling, is handled by the ARC-Office biomedical 
specialist who is in direct communication with the experimenters to ascertain their requirements and 
synthesize a schedule of 10 to 20 experimental runs in the 14-shift interval each two weeks. Detailed 
accounting of each run is maintained so that investigators have access to dosimetric information, ion 
species, and time consumed for their experiments. 

Data on experiments operated at the Bevatron/Bevalac since 1971 are shown in Table II. These data 
have been extracted to show in concise form some interesting features of the biomedical program. LBI. 
biologists played a significant role in establishing an experimental facility at the Bevatron as indicated 
by the 1971-1973 data. The balance of activity shifted dramatically to national use of the facility 
starting in 1974. We expect that the balance of the program will remain essentially as shown for the 
1974-1976 period with perhaps slightly more emphasis on experiments from institutions other than LRL. 

Some changes presently underway at the physical facilities in the biomedical beam area will signifi
cantly improve the overall effectiveness of beam utilization. At present, all activities are carried out 
in Experimental Area II (known as "Cave 11"). Mich experimental time is now lost during setup, dosimetry 
and animal-change Deriods. The highest-priority development for the coming year is the completion of 
Lxperimental Area I. As designed in the original plans, Area 1 will continue to be the patient treatment 
facility, but we intend to make the facility as multi-purpose as possible without interfering 
with its primary purpose as a patient treatment area. When complete, it will be possible to carry out a 
number of experiments more or less simultaneously by careful scheduling of experiments with similar re
quirements. Improved computer control and better planning and management of the facilities should increase 
real experimental time about 25» with the present beam-availability schedule. 

SCIENTIFIC RESULTS 
It would be virtually impossible to provide a complete description of the results of the research 

that has been carried out by outside users since the prognan began in 19"1. Generally, our research can 
be classified as in Table II. There is a group of outside users who are pursuing their own goals unre
lated to the ongoing programs at LBL. We, of course, have a strong continuing interest in the scientific 
content of their activities, and we provide support in both the planning and execution of the studies. 
A second group of outside users works in close collaboration with LBL staff members to earn- out our 
specific assigned responsibilities in support of the national trial of heavy ions in radiation therapy. 
The results of this group of users have been incorporated into other chapters of this report. 

Table III is a list of all- Bevalac users since the Advisor)' Committee and coordinating activity was 
established in 1974. It can be seen that some authorized users have not yet started their experiment? in 
spite of appreciable time lapse. These delays have generally not resulted from lack of beam time but 
rather from technical or administrative difficulties arising at the investigator's home institution. 

Among space-related studies that are nearing a scientific conclusion is the NASA-supported work of 
the groups at Ames Laboratory, the University of San Francisco, Duke University, and Indiana University. 
The investigators are L. M. Kraft, M. A. Kelly. J. E. Johnson, E. V. Benton, R. P. Henke, D. E. Philnott, 
F. S. Vogel and W. Zeman. These groups have been i 'estigating the proposition repeatedly put forward 
that the passage of a high-energy, accelerated heavy ion through tissue produces a column of lethally 
irradiated cells surrounded by a penumbra of sublethally. irradiated tissue. If this proposition is found 
to be true, its significance to nonproliferating central-nervous-system tissues is enormous. The passage 
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of a single charged particle of high energy would presumably cause the death and functional loss of a 
large number of neurons. Other investigators had failed to observe this phenomenon at the SuperHILAC 
when D. melanogaster was irradiated with Argon ions, but it was essential that the trial be repeated 
for mammalian systems with higher-energy particles. Kraft and coworkers used the 400-MeV/nucleon " Neon 
beam degraded through a water column so that the Bragg peak was localized 2 to 3 mm below the skin 
surface. The effective energy at entrance was 40 MeV/nucleon. Doses of 1,000, 100 and 10 rads were de
livered to the brain of the pocket mouse, P. longiraembris. The tUsues of the brain were examined micro
scopically after recovery periods of up to two years. In the brain, necrotic neurons were seen predomin
antly in the regions of highest energy deposition where extensive damage resulted from the higher doses. 
In the eye, occasionally damaged retinal cells were seen at the highest doses. The investigators concluded 
that the likelihood of similar results in the human brain after spacefliyht is not as high ;i* preduted 
from theory. Damage was observed at generally higher doses than might be encountered in space flight, and 
they deliberately terminated the particle tracks iv tlw brain, an unlikely occurrence in space. As an 

20 example, at a dose of 10 rads of Ne particles, nD necrotic neurons were observed among 200,OOP neurons 
examined. These experiments should be extended to higher-Z particles that will more closely mimic space 
conditions. Studies with argon are underway, and the new iron beam could find immediate application in 
such studies. 

An additiaial space-related study not reported in other chapters is that of Abrams, Malachowski, 
Leith and Tobias. These investigators have irradiated the retina of Necturus maculosus with x rays and 
helium, carbon and neon ions. Preliminary results suggest that the relative biological effectiveness of 
helium ions compared to x rays is essentially 1.0 for damage of the retinal cells of N. maculosus DUT that 
carbon and neon ions have significantly higher biological effectiveness than do x rays. G. E. Powers and 
J. T. Lett of Colorado State University have been carrying out extensive studies of the effects of heavy -
ion radiation on the cells of the rabbit retina. Their studies are still in progress. 

Excellent preliminary experiments have been performed measuring the D\A damage in nondividing photo
receptor cells of New Zealand White rabbit retinae exposed throughout the Bragg curve of 400-MeY/nucleon 
neon ions having a penetration of approximately 14.2 cm in water. Both in vitro and in vivo repair studies 
demonstrate that complete repair of DNA damage is not obtained within repair time allotted in the prelim
inary experiments (up to 8 hrs). Based'on three points, the strand-breaking efficiency of 400-McV/nucleon 
neon ions is 120 keV/single-strand break. 

All in vitits studies (o£ DNA damage due to exposure in the Bragg curve, in vitro repair in the pre-
Bragg-peak region, and strand-breaking efficiency) have used a submarine culture vessel similar to that 
used at Berkeley for tissue-culture irradiations. The in vivo irradiations were accomplished by placing 
the restrained rabbit in front of the neon beam so that only the right eye was irradiated, leaving the 
left eye to serve as a control. An 8-cm column of water was used in front of the rabbit to shift the Bragy 
curve, allowing a direct comparison between in vivo and in vitro results. 

These investigators have reported the expected strand breakage of DMA in the cells of the rabbit 
retina irradiated in vivo; the amount of breakage is dose-dependent, of course, but interestingly they did 
not observe more than a moderate increase in the amount of strand breakage in the Bragg-peak region of the 
depth-dose curve. They have measured the strand-breaking efficiency for x rays and Neon ions for their 
system at 50 eV/break for x rays and 120 eV/break for neon ions, giving an estimated RBI; of 0.4 for neon 
ions relative to x rays. These investigators have also gathered preliminary data on repair of damaged 
DNA in vivo. 

A significant amount of beam time has been allocated in the past and continues to be made available 
for calibration efforts in support of various space missions. The various groups involved include those 
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of L. V. Benton at the University of San Francisco, h'. Schimraerling of LBL, H. S^-hor of the Space Agency 
of the Federal Repulbic of Germany, E. Schopper of the University of Frankfurt, R. Katz of the University 
of Nebraska, and G. Luxton of Stanford University. Dr. Katz has also carried out work on track structure 
and the theory of heavy-ion dose deposition in support of the radiobiological applications of heavy ions 
at LBL. In this work, his interests have been similar to those of A. Chatterjee, reported in another 
chapter. 

McNulty and coworkers are using the heavy-ion beams at the Eevalac in their studies on the visual 
phenomena associated with the passage of heavy particles through the eye. Light flashes associated wirh 
heavy particles striking the retina were first reported during spaceflight some years ago, and the 
phenomenon was confirmed in the laboratory* by Tobias and Budinger. McNulty and coworkers are investigating 
the possibility that the phenomenon results from Chernekov radiation rather than interaction with chemical 
pliosphenes. They believe that their studies at the Brookhaven AGS and the Princeton Particle Accelerator 
support such a hypothesis. Their studies are just commencing at the Bevalac with oxygen, nitrogen, neon 
and a rgon beams. 

Two new investigations of radiation carcinogenesis, unrelated to space research, have been started 
within the last year. C. J. Shellabarger of the Brookhaven National Laboratory has been working for a 
number of years on the model of mammary neoplasia in the Sprague-Dawley rat. This model has been particu
larly valuable for evaluating the effects of LET, dose, and dose rate on carcinogenesis. The system has 
been particularly useful for estimating RBE at low doses, an essential function of a model for evaluating 
the dual radiation-action theory for radiation damage. Shellabarger has irradiated rats at the Bevalac with 
neon, carbon and argon ions over a wide range of doses, including some very low doses. It will he some 
month> before preliminary data become available. 

Simultaneously with the Shellabarger experiment, a closely related study by H. Vogel of the University 
of Icnncsscc has been initiated. Vogel is using a system essentially similar to that of 5hellabarger, i.e., 
mammary neoplasia in the Sprague-Dawley rat. 

Vogel has established that fission neutron doses as low as 2 to 5 rad.- are sufficient foi a high yield 
of tumors in the Sprague-Dawley rat. His objectives are similar to those of Shellabarger, but he is also 
evaluating the influence of genetic makeup and animal age on tumor incidence. He has irradiated rats with 
doses as low as 50 rads of 400-MeV neon ions and expects to continue the experiment with argon and carbon 
ions. If his preliminary data are interesting, he proposes to reduce the doses to as low as 1 rad. 

In the category of Fundamental Studies, Chemistry and Physics, E. Benton, University of San Francisco, 
H. Schimmerling, LBL, A. Appleby, Rutgers University, J. Magee, Notre Dame, R. Katz, university of 
Nebraska, M. Uaniels, Oregon State University, and R. Schuler, Carnegie Mellon Institute, in collaboration 
with M. .layko, LBL, have been conducting studies of the effects of heavy-ion beams on chemical and 
physical systems. Results are generally not yet available. 

H/WRI. PLANS 
The completion of Experimental Area I for patient treatment and biomedical-program experiments should 

have a significant effect on the available time for outside users during late 1977 and 1978. It is our 
hope tlmt all investigators' requests that are found to have scientific merit will have beam time 
available. 
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Table I. Accelerated ions now available at the 
Lawrence Berkeley Laboratory Bevalac. Two ion 
sources are avai lable , the conventional 20-MeV 
injector and the SuperHILAC. Energies up to 1.0 
GeV/nucleon are available in the two biomedical 
exposure rooms. 

Maximum Number o£ Par t ic les /pulse 

Ion 20-MeV Source SuperHILAC Source 

Proton 2*10 1 2 

Helium 5*10 1 0 

Carbon 2.10 8 : . io ! ' 
Nitrogen 5x10' i»icr 

I . 1 0 9 Oxygen 
i»icr 
I . 1 0 9 

Neon 5»109 

Argon 1*]08 

Iron Under development 

Table I I . Bevatron/Bevalac Biomedical Program, 1971-1976 

LBL O u t s i d e I n s t i t u t i o n s LBL and O u t s i d e 

Exper imen t s Hours Expe r imen t s Hours Exper imen t s Hours 

P r e - B e v a l a c (1971-1973) 

Beva lac (1974-1976) 

T o t a l 

54 744 .50 11 133.75 9 93.50 
29 856.25 25 351.75 17 254.50 
85 1,600.75 36 485.50 26 348.00 

TaUe I I I . Authorized Bevalac Users 

2 l * B START O A T L 9 /75 F IN ISH OATt 
IRnAJIATION OF 03G HYPOTHALAMUS WITH HEAVY l O N i 

L a L T . BUDINGE* 

BEAN HOURS 7 . 7 5 

21S6 START BATE 1 1 / 7 1 . F IN ISH OATt BEAN HOURS 6 9 . 2 5 
cFFL ITS OF HEAVY ION IRRAOIATICNS ON THE LUNGS OF HAHSTES5 

L B L K. HOODRUFF 

2 1 5 B - 1 START DATE 9 / 7 6 F I N I S H OATc SEAN HOURS 6 . 2 5 
O i . H i O CARCINOGENESIS ANO PULMONARY FIBROSIS I N HAMSTER LUNGS 

L S L K. N000RUFF 

216B START DATt 6 / 7 6 F IN ISH DATE BEAU HOURS 3 . 2 5 
rtcAVr ION IRRADIATION OF THL RETINA OF NECTURUS NACULQUS 

L B L J . LE ITH 



l'J 

2176 START DATE KI/7H FINISH DATE BE IN HOURS 12.25 
SURVIVAL OF 1*. HIIRO 8RA1N TUHOR CELLS AFTtR IRRADIATION KITH HVT IONS 

UCSF K. KHEELER 
LdL J. LEITH 

21 SB START DATE 3/7b FINISH Otic B£>H HO'JRS It.OS 
IN VIVO DAHAG./REPAIR TO GcNETIC HIT'L IN RAT NORHAL ANJ lUMOR BRAIN 

UCSF K. KHEELER 
LBL J. LEITH 

2iOB S U ^ T DATE 9/71. FINISH DATt BEAH HOURS 3.50 
LtJHiHOGs.Nl!. L F F E C T S OF HLAVV IONS ON R"7 HICE 

LBL L. <ELLY 

2 < L B ST * < l DATE 9 / 7 6 F INISH DATt BEAH HOURS 1 .00 
UJt.. 1ARROH STEH CELL SURVIVAL AFTER HEAVY ION RADIATION 

L B L J . SCHOOLEY 

2 2 2 8 START OATL 10/7- t F IN ISH DATE BEAH HOURS 1 0 . 0 0 
- F F i i t OF HZE PARTICLES ON IHE OTNAHICS OF O E V L L O P H E N T (INCLUDES 2»7B 

L B L T . VANG 

233B START DATE F IN ISH DATc BEAH HOURS 6 . 0 0 
P A R T I : L E INDUCED VISUAL SENSATIONS (INCLUDES 262B> 

CLARKSON COLL. TECH P. HCNULTY 
B N L V. BONO 
UNIV.OF HOUSTON L* PINSKY 

2 1 2 8 START DATE 2 / 7 b F IN ISH DATs. 1 2 / 7 B BLAH HOURS 5 . 0 0 
c F F i ; T S OF HiAVY IONS ON KEO CELL HENBRANES FOLLOHING IKRAOIATION 

L B L K. JAYKO 

2»3B START DATt 2 / 7 6 F INISH D A T L 1 2 / 7 6 BLAH HOURS 1 1 . 0 0 
IN VIVO R L P A I R (INCLUDES B-881 1 CONTINUES AS 29SBI 

COLORADO STATE U. G. POKERS 

2»<tB START OATL F IN ISH DATE BEAH HO'JRS 3 9 . 7 5 
DcVi.OPNL.NI OF MJLTIHIRE PROPOAVIONAL CHAKdERS FOR USE I N RAD. PHYSICS 

L B L M. S C H I H H E R L I N G 

2I.SB START DATE 2 / 7 6 F INISH DATE 1 2 / 7 6 BEAM HOURS 3 1 . 5 0 
H Y U R J S L N YIE..CS AND CHEHICAL ISOTOPE EFFECTS 

RUTGERS UNIV. A. APPLE3Y 
4.BL H. JAYKO 

-'4 9 S START DATE 1 1 / 7 * F IN ISH DATc BE A.I HOUSS 5 . 2 5 
PAKTiZiE IRRADIATION OF KAHHALIAN BRAIN CELLS 

AK.S RcScARCH CNTR » . H»YNAKE.. 

2>3B START DATE t / 7 5 F IN ISH DATc BEAK HOURS 1 .75 
IKnAJlATION OF BIOSTACK-UMTS HITH HEAVY IONS 

ARBTSGRPE B10PHYS. H. SUCKER 

25»B START DATE 1 /75 F IN ISH DATE BEA1 HOURS J . 2 5 
RESPDNSE OF SPECIAL NUCLEAR cHULSIONS TO HEAVY IONS 

U N I V . NEBRASKA R. KATZ 

http://LtJHiHOGs.Nl
http://DcVi.OPNL.NI


2>SB START DATE l l / 7 » F IN ISH OATt 1 2 / 7 6 B U I HOURS 1 1 . 5 0 
SEARCH FOR RELATIONSHIP BETHEEN RSE ANC LET I N M N f M L M N RETINA 

L B L C. SAFFf f 

2§6B START DATE 6 / 7 5 F IN ISH SATE BEAM HOURS 2 3 . 7 5 
NE»SJ<tNiNT OF mi AND OcR FOR EHT6 TUMOR CELLS I N VITRO 

U . C . SAN FRANCISCO T . P H I L L I P S 

2S7B START OATt 1 / 7 6 F INISH O A T L 1 C / 7 S > BEAM HOURS 3 . 7 5 
BL333 CIRCULATION (CONTINUES AS 35691 

LBL A. CHATTERJEE 

»»6B START OATt 6 / 7 5 F IN ISH OATt. BLAH HOURS 51.011 
* 6 _ 1iSSU*s.HENT F3R HOUSE I N U S T 1 N . CRYPT ANO CLONOGENIC NARROH CELLS 

t t S F T . PH ILL IPS 

i->7B START DATE 1 / 7 6 F IN ISH O A T L 1 2 / 7 6 BLAH HOURS 2<t.50 
K.d- - } R ESOPHAGEAL LETHALITY I N L A F I l ) NICE 

U C S F 7. PHILLIPS 

i j . 9 6 START OATc 2 / 7 6 F INISH DATc BEAH HOURS 1 1 . 5 0 
RB_ i iASURtNLNT FOR PULMONARY LETHALITY I N THc L A F I l ) HOUSE 

0 C S F T . P H I L L I P S 

2?2B START DATE 1 / 7 7 F IN ISH OATt BEAN HOURS 2 5 . 7 5 
-ff--*-\ OF TRACK STRUCTURE ON RAOIATION CHEMISTRY OF HEAVY IONS 

L B L »• JAYKO 
CARhEGIt-HELLON R. SCHULER 

l!*B START DATE 1 1 / 7 5 F IN ISH OATE BEAH HOURS 1 0 . 2 5 
A i i O B l C ANO HYPOXIC C.LL SURVIVAL AT PLATEAU AND PEAK OF BRAGG CURVE 

LOS ALAHOS SL M. RAJU 
L B L C. TOBIAS 

Hid START OATE 1 1 / 7 5 F INISH DATE BEAN HOURS 5 . 7 5 
C - L . SURVIVA. VS. OEPTH FOR ONE* ANO TWO- FRACTION EXPOSURES 

LOS ALAHQS SL H. RAJU 
L B L C. TOBIAS 

iT6i START DATE 6 / 7 6 F IN ISH OATt" BEAH HOURS S .50 
tARLY H N D L A T , EFFECTS OF EXTENOtD BRAGG PcAKS DN HICE FEST 

LOS ALAHOS SL N. RAJU 
L B L J . LEITH 

>7 9B START DATE 1 1 / 7 ? F IN ISH OATE BtAH HOURS 6 . 0 0 
R 3 i 3F HEAVY IONS FOR 9 0 N i NARROH STEH CELL SURVIVAL 

L B L t . KELLY 

2 8 J 6 START OATE 1 2 / 7 5 F IN ISH BATE BEAH HOURS 6 . 5 0 
CALIBRATION OF ANO EXPERIMENTATION KITH SILVER CHLORIOE TRACK OETECTO 

U N I v . OF FRANKFURT £ . SCHOPPEK 
USF c . BENTON 

2S1B-2 START DATE 6 / 7 6 F IN ISH OATL BEAH HOURS 9 . 2 5 
E F F ; : l OF HYPERTHERMIA ON RBE AS A FUNCTION OF LET 

U N I V . OF ARIZONA E. GERNER 
L B L J . LE ITH 



21 
;SJB si ART oirt z/ib FINISH OATL BEAN HOURS I.SO 

M . » / r ION RADIATION EXPOSURE OF BIOLOGICAL STSTEHS 
NOR7HRUP SERVICES T . ROGERS 
NASA/LBJ SPACE CENTE G. TAYLOR 

ii-iB START OATE 4 / 7 5 F I N I S H DATE BtAH HOURS 2 0 5 . 2 5 
Ot.% i iTERHINATION I N HUNANT/ ANO HAHSTER CELLS HITH HEAVY IONS 

L 8 L E. BLAKELY 

230B START OATE 1 0 / 7 5 F IN ISH OATc. BEAN HOURS 1 2 1 . 5 0 
HEAVY P A R T I C L L RADIOGRAPHY 

U S F E . B E N T O N 
L B L H . S R U T Y 

2 J 2 B S T A R T D A T E 1 / 7 6 F I N I S H D A T E 8 E A H H O U R S I S . 7 5 
HZ. P A R T I C L C STUDIES OF N A N M A L I A N B R A I N f E Y E I A N O ASSOC. HEtD STRUCTURES 

NA5A/AHES W. HAYMAKER 
USF E . BENTON 
JNOIANA UNIVERSITY H. ZENAN 

Use START OATL B/75 F INISH DATc BEAH HOURS 1 1 . 7 5 
l i r t i - . A P S E CINEMATOGRAPHIC STUOIES OF EMT6 TUMO* CELLS I N VITRO 

INST . GUSTAVE ROUSSV R. GILET 
L B L S . CURTIS 

Z3«3 START OATE 3 / 7 6 F IN ISH OATE BEAH HOURS 7 .50 
U L L L TRANSFORMATION AS A FUNCTION OF LET OF HEAVY IONS 

L 3 L T . VANG 

J 9 5 8 S I « J O A T E 8 / 7 5 F I N I S H D A T E BEAN H O U R S 4 0 . 2 5 
CFF;;T OF COSNIC RADIATION ON THE SKAIN 

COLORADO STATE U. G. POWERS 

Z)t>B STA*T OATE 1 2 / 7 5 F IN ISH D A T L BEAH HOURS 2 . 7 5 
HiAVY .UN LESIONNAL EFFECTS ON RAT ENCEPHALONo«NAS 2133>>>> 

U N I V . OF P A H S A. PFISTER 

2 9 7B-1 Si ART OATE F INISH DATt BEAM HOURS . 7 5 
RESPONSE 3F SPECIAL NUCLEAR EMULSIONS TO HEAVY IONS 

UNIV. OF NcSRASKA R. KATZ 
USF E. BENTON 

3J2B START OATE 1 2 / 7 5 F IN ISH DATE BEAH HOURS 3 . 2 5 
EFFECTS OF HiAVV IONS ON THi LIGHT-SENSING ELEMENTS OF THE RETINA 

L B L H. NALAChOHSKI 

JJ-.B S!A%T DAT*. l b / 7 6 F IN ISH DATu l i / 7 6 BEAN HOURS 9 . 5 0 
TUMJ* INDUCTION I N RAT SKIN KITH HIGH LET RADIATION 

N. Y . U . MED CENTER F. BURNS 

3 J 5 B S I A * I DATE 1 / 7 7 F IN ISH DATt. BEAN HOURS 2 7 . 5 0 
HiAVYION ONA DAMAGE-REPAIR ANO RELATIONSHIP TO HANHALIAN CELL KILLING 

L B L R. ROOTS 

i l t t B START BATE 1776 F I N I S H OATE 1 / 7 6 BEAU HOURS 1 6 . 5 0 
DEPTH-DOSE STJOIES OF A 500 ME WAMU ARCON BEAM 

BROOKHAVEN NAT LAB L. GOODMAN 



3 1 1 8 S IA*T OATE 1 / 7 6 F IN ISH DATc 1 /76 BEAN HOURS 9 0 . 2 5 
O i R . i i i t . AND RE.ATEO STUDIES H U H 5DSNEV/ANU ARGON IONS 

BROOKHAVEN NAT. LAB I . SOOONAN 

J i i B SIART DATE 1 2 / 7 5 F IN ISH OATE BLAH HOURS 1 0 . 7 3 
N J N ^ Y T O K I N L T I C INJURY TO INSECT TISSUE 

U N I V . OF I L L I N O I S H . OUCOFF 

3128 SIART OATE 1 2 / 7 3 F IN ISH DATt BEAM HOURS » 1 . 7 5 
C H i l l C A L HOPIFICATIONS OF INACTIVATING ELEHENTS Br HEAVY IONS 

AEC. CANAOA J, CHAPHAN 
LBu E. BLAKELY 

31 9B START DATE 6 / 7 6 F IN ISH DATc BLAH HOURS 1 1 . 0 0 
iFFZ-.ti OH RAT mu HOUSE KIDNEYS OF ACCELERATED HEAVY I0V.S 

STANFORO E. GLATSTEIN 
LBL J . LEITH 

3 i j B S IA«r OATE 1 / 7 6 F IN ISH OATE BLAH HOURS 1 . 5 0 
t F F - C T S OF H.Avr ION IRRADIATION ON THE RETINA 

L3L . 1 . HALACHONSKl 

321B START DATE 1 / 7 7 F IN ISH OATE BEAN HOURS SO.75 
VELOCITY SPECIRONE'ERY OF HIGH cNERGY HEAVY IONS 

LBL « . SCHIKHERLING 

SUB START JATL 1 / 7 6 F INISH OATi. BEAH HOURS 3"1.50 
S 3 . A<D TCO-sJ Q E T E R N I N A T I O N FOR C.KT6 TUMOR WITH O.NEiAR IONS 

UCSF T . P H I L L I P S 

3 3 j 6 START DATE 6 / 7 6 F IN ISH OATE b / 7 6 BLAH HOURS 1 6 . 2 5 
HoAVr ION CA«CINOGt«IC POTENTIAL 

BHL C. SHELLABARG5R 

HIS START OATE 9 / 7 6 F INISH DATE BEAH HOURS 1 0 . 5 0 
HUT ATI DNS OF HA1ZE GEN; BY htA'/Y I O N S . . . GENE STRUCTURE AND DAHAGE 

U . C . B . H. FREELING 
1.8. T . VANG 

3328 START DATE 6 / 7 6 F IN ISH OATt 6 / 7 6 BEAH NOURS 3 . 7 5 
*Bi. FOR SONATIC NOTATION JNOUCTION IN TRADESCANTIA 

BHL J . BAUN 

3-. .B START OATE 1 0 / 7 o F I N I S H OATE BEAH HOURS t t . 2 5 
RcSPiNSL uF RAT RHABOOHYOSARCOHA TO FRACUCXaTEO TREATMENTS 

LBL S . CURTIS 

3»5B START DATE 6 / 7 6 F IN ISH DATE 6 / 7 6 6EAN HOURS 6 . 5 0 
RADIATION RESPONSE VARIATIONS OF HOUSE CRYPT CELLS THROUGH CELL CYCLE 

U N I V . OF TE>A3 R. WITHERS 

i » 6 B START OATE l u / 7 o F I N I S H OATE 1 . / 7 6 BEAN HOURS 2 2 . 0 0 
H.AVY ION OOSE QUALITY AT DtP lK 

STANFORO G. LUXTON 



3S9B S I » * T OATE 1 / 7 7 F IN ISH DATE BEAN HOURS 3 9 . 2 5 
HICRJDBSIHETRT OF THE 2C GEV ARGON SEAN 

COLONBIA JHIV. p. XLIAUSA 

3»0B START DATE 6 / 7 6 F IN ISH DATE BEAN HOURS 1 1 0 . 2 6 
* 6 i -Ok T - S U C U L A R ATROPHr OF AS AND C IONS RELATIVE TO COBALT 

L B L E . ALPEN 

3>3B S1ART OATE 1 / 7 7 F IN ISH DATE BEAN HOURS 9 . 7 5 
H-AJ I ION INBUCTION OF HARDERIAH GLAND TUHORS I N THE HOUSE 

LBL E. ALPEN 
ARGONNc NAT. LAB H. FRV 

3»»B STARI DATE 2 / 7 7 F IN ISH DATE BEAN HOURS 1 9 . 7 5 
<8- J * HEAVT IONS ANO HELIUN FOR CRVPT CELL SURVIVAL I N LAF1 NICE 

LBL E. ALPEN 

Ja»B START DATE 3 / 7 7 F IN ISH DATE BEAN HOURS 7 . 7 5 
Trii INDUCTION OF HANHARY CARCINOGENESIS I N FEUALE RATS 

U. TENNtSSEL H. VOGEL 

3 i 9 B START DATE 1 1 / 7 6 F I N I S H DATE BEAN HOURS 2 1 . 7 5 
r . i . O S OF a iStOGICALLT RELEVANT CHENICAL SPECIES I N HATE« 

LBL A. CHATTERJEE 

376B START DATE 2 / 7 7 F IN ISH DATt 3EAH HOURS 3 . 7 5 
H2t RADIATION EFFtCTS ON THE VASCULAR STSTEH OF MANHALS 

ANEi RES. CENTER D. PHILPOTT 

3«5 SIAST DATk l b / 7 * F IN ISH OATE BEAN HOURS S I . 2 5 
k i r j i a a C L U L C X P O S U R E 

LBL-B10HED. S . CURTIS 

a->i StART DATE 3 / 7 3 F IN ISH DATE BEAN HOURS 19.CO 
ACJT- SKIN REACTIONS 2N NICE. 

L B L - B I O N t d . LEITH 

a i a SIART DATE 3 / 7 3 F IN ISH OATE B L A H HOURS 8 . 5 0 
u i „ IF K I R i CHAMBERS I N OOSIHETRT. 

L 3 L - S I 0 H E O . SCHINNERLING 

3 7 j START OATE 3 / 7 3 F IN ISH DATE BEAN HOURS <>.i0 
ACTIVATION CR^SS SECTIONS FOR ( l l ) C i U M F , ( 2 * ) N A . 

LBL-BIOMEO ;vHlNNERLING 

i l l SIART DATE 9 / 7 3 F I N I S H OATE BEAN HOURS 6 0 . 5 0 
-tPOiJii. OF H I C i TO ( 1 2 ) C ( 6 ) BEAH. 

LBL-BIOHED KELLY 

372 START DATE 9 / 7 3 F IN ISH OATE 1 1 / 7 6 BEAN HOURS 6 . 5 0 
HLbVT ION BtAHS I N ANINAL EXPERIHENTS O E A L I N G NITH EPILEPSY 

LBL-BIOHEJ C. SAFFET 

373 START OATE F IN ISH DATc BEAN HOURS 1 7 . 1 0 
ACUTE EFFECTS OF ACCELERATED OXYGEN IONS ON THE SKIN OF N I C E . 

LBL-BIONEO J . LE ITH 



3 7 O S T A R T D A T E 9 / 7 3 F I N I S H D A T E BEAU H O U R S 1 1 . 5 0 
H A H H A . I A N R C T I N A R E S P O N S E . 

L B L - S I O H E O B U D I N G E R 

irr S I A U T Q A T E 9 / 7 3 F I N I S H D A T E BEAN H O U R S 9 0 . 9 s 
OER IF R - l TUNOR CELLS I IN VITRO) I N STOPPING HEAVY ION BEANS. 

LBL-BIOMEQ S. CURTIS 

37 3 START QATE 9 / 7 6 F IN ISH DATE 9 / 7 6 BEAN HOURS 1 3 . 9 0 
NcAVY ION RETINA STUOIcS. 

NASA-AHES LAB. D. PHILPOTT 

390 START OATE 9 / 7 3 F IN ISH DATE BEAH HOURS 2 9 . 7 5 
AUTOICTIVATION STUDY OF SIUPPEC FRAGHENTS. 

LSL-HEALTH PHYSICS SHITH 
LBL-BIONED TOBIAS 

33s START DATt 9 / 7 3 F I N I S H OATE BEAH HOURS 2 2 . 5 0 
RADIATION U H E N I S I R ' . 

L B L 8 I0HED CHATTERJEE 

3 S i START OATE 9 / 7 3 F IN ISH DATE BEAH hOURS 2 7 . 0 1 , 
«_A»r P A R T I C L L RADIOGRAPHY. 

UNIV. OF SAN FRAN. BENTON 
L S L 8IOHE0 TOBIAS 

399 START OATE 9 / 7 3 F IN ISH DATE BEAH HOURS 1 1 . 7 5 
i F F U I S OF COSHIC RADIATIONS ON THE BRAIN (DMA DAMAGE). 

COLORAOO STATE UNIV . POWERS 

399 START DATE 11 /7" . F I N I S H DATE BEAN HOURS 3 . 2 5 
C t L i SURVIVAL VS DEPTH. 

L B L BIONEO KALOFONOS 

3 3 . START DATE 9 / 7 3 F IN ISH OATE BEAtl HOURS £>1.5u 
OEn AND R6i OF CULTURED KIDNEY CELLS. 

L B L BIONED KALDFONOS 

3 3 1 START OATE 9 / 7 3 F I N I S H DATE BEAN HOURS ( . 7 5 
K6. IF HLAVY IONS FOR VITAL ORGAN FUNCTION OANAGE. 

L B L BIOIiEC BUCINGER 

393 START OATE F IN ISH DATE BEAN HOURS * . S 0 
NAMOMETiR DOSIMETRY OF HIGH ENERGr KEAVT IONS. 

BROOKHAVEN NATL LAB BAUN 

H . START OATE 9 / 7 6 F IN ISH DATE BEAN HOURS «.SD 
* A I SKIN IUHOR INCIDENCE AFTER EXPOSURE TO HEAVILY IONIZ ING PARTICLES 

LBL BIOHEO J . L E I T H 

33» START OATE 1 1 / 7 * . F IN ISH OATE BEAH HOURS 1 2 . 2 5 
LONG ( ;RN RAT SPINAL CORD EFFECTS AFTER HEAVILY I O N I Z I N G RADIATION 

LBL 8 I0NE0 J . L E I T H 
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HT START DATt 1 1 / 7 . . F IN ISH DATE BEAN HOURS . 7 5 
U A L I B R A U O * OF ELECTRONIC SOLIO STATE CETECTORS FOR APOLLO-SOTUZ 

I. a L T . SUDINOEFi 
L L L T KIESKAHP 

39S START OATE F IN ISH DATE BEAK HOURS 2 . 2 5 
CALIBRATION OF AGCL(CA) CftTSTALS FOR APOLLO-SOVUZ 

k. 8 L T . BU0IN6ER 
U . S . F . t BENTON 

Hi START DATE * / 7 S F I N I S H OATc <»/7S BEAN HOURS 3 . 7 5 
S I H J L A T E D AP3LL0-S0TUZ SIOSTACK EXPERIHENIS NITH BEVALAC..SEE 253B 

L B l T . TANG 

3 L i i START OATt » / 7 5 F IN ISH DATE BtAH HOURS 1 6 3 . 7 5 
B I O I I D I C A L JOSIN iTRr STUOI iS 

L B L J . LTHAN 

3 1 . 1 START DATE 7 / 7 5 F I N I S H DATt i l / 7 6 BEAN HOURS 3 1 . 5 0 
IX HUQ HANHOGRAPHT HITH HEAVf ION BEANS 

L B L C. TOBIAS 
USF E. BENTON 

T J T A L NUNSER 3F EXPERIMENTS' 88 
TJTAL NUH8ER OF HOURS' i l l Z . S Q 
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CHAPTER 3 

BIOMEDICAL RESEARCH FACILITIES AND DOSIMETRY 

John T. Lyman and Jerry Howard 

INTRODUCTION 

A special area at the Bevatron has been designated as the Bevalac Biomedical Facility. Within this 
area, three irradiation rooms are available and instrumented in an appropriate manner to allow the i-nn 
trolled irradiation of selected biological objects. Some nonbiological objects placed in the heavy-ion 
beam nave been various radiation-detecting instruments and dosimeters such as nuclear emulsions, x-ray 
film, plastic track-detector sheets, thermoluminescent materials [e.g., lithium fluoride), chemical solu
tions (e.g., ferrous sulfate), proportional chambers, scintillator paddles, and ionization charters. These 
detectors are exposed to the beam for calibration purposes or to help characterize a particular heavy ion 
or heavy-ion beam. 

The irradiation of a broad spectrum of biological objects is of paramount importance to the bio
medical heavy-ion program; therefore, the facilities have been designed and constructed with the intent 
to provide the necessary work space to prepare specimens for irradiation, the equipment that is needvd 
to monitnr and control the exposure of the specimen, and, if possible, the equipment that will aid in 
the analysis of the results of a given exposure. The types of biological samples that have been irradi
ated (a noninclusii'e list) are seeds, plants, insects, mammalian cells in vitro, mammalian organs, and 
tissues in vivo. Human subjects have been used for space-radiation-related research and for cancer di;î -
nostic procedures and will, in the near future, be used in cancer therapy trials. 

The exposure of these objects has a multitude of requirements that place heavy dernatiJ. on the space 
and funds available; therefore, the Biomedical Facility was designed with the intent to provide what was 
thought to be adequate support, space, and instrumentation so that the necessary irradiations could be 
accomplished with the minimum inconvenience to all persons involved. The Biomedical Facility has to be a 
radiation physics research laboratory, a radiobiology laboratory* and an outpatient clinic. 

IRRADIATION ROOMS 

Three areas are available for heavy-ion exposures. Each area is intended for a specific type or 
types cf irradiation and is therefore supplied with different instrumentation and support devices. 

Biomedical Beam Bl 

Cave I, a 22- by 24-foot room (Fig. 1), is intended for use with human subjects end will be equipped 
with a positioner suitable for radiation therapy and with devices or attachments to adapt the positioner 
for heavy-particle diagnostic radiographic techniques. Prior to the installation of the human positioner, 
Cave I will continue to be used for selected radiological physics experiments. 

Biomedical Beam B2 

Cave II, a 20- by 30-foot room (Fig. 1), is designed as a general purpose radiobiological exposure 
area. It is possible to establish several noninterfering beam lines within this area to provide several 
long-term exposure facilities. Currently, only one beam line is equipped with txjam-monitoruig instruments 
and exposure devices. This beam line is supplied with two optical-type support benches, which are po
sitioned in tandem. Most of the exposures are perfonned on the first bench. If a large radiation field is 
necessary (greater than 3 cm in diameter), samples can be placed on the second bench. The use of 
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scattering foils increases the angle of divergence of the beam, and the increased distance from the 
scattering foils results in a larger-diameter beam. There is, of course, a tradeoff; the larger beam 
is obtained at the expense of the dose rate, which is decreased proportionally to the beam area. 

Biomedical Beam B3 -- Minibeam Cave 

Located above the horizontal plane of the Bevatron is a third irradiation area known as the Mini beam 
Cave (Fig. 2). The beam is directed upward at a 30° angle to the horizontal along an inclined optical 
bench. This area is intended for direct observation via microscopy of cellular response to the passage 
of heavy ions and for possible in-vivo eye irradiations for vision studies or thprapy. The minibeam 
facility was designed for particle energies less than about 200 MeV/nucleon and small beam diameters 
(0.1 to 1.0 an). The exposure area.has been RF shielded to allow measurements of low-level, high-
impendence electrical signals. 
Preparation Rooms 

Adjacent to Cave I will be a patient waiting room, an examination room, a toilet facility, a consulta
tion room for treatment planning, and a darkroom for processing diagnostic x rays used for patient align
ment. Adjacent to Cave II are two preparation rooms designated as Room II and Room III (Fig. 1). These 
rooms provide the only wet laboratory space near the irradiation rooms. These rooms provide adequate 
space tor roost cellular and animal exposures that have been seriously considered. A small cell-culture 
laboratory is in Room III. Consequently, cellular experiments are customarily set up in Room III, and 
animal experiments use Room II. This arrangement does not, however, preclude other possible temporar. 
usage. 

Biomedical Control Room 

The monitoring and radiation control of the majority of the exposures are performed in the 
Biomedical Control Room adjacent to Cave I (Fig. 1). This area and the adjacent Room 1 are used by the 
operations and support personnel and provide space for the PDP-11/45 computer a^d the associated periph
eral devices used for display and data-recording functions. The control room can also be used for radio
logical physics experiments with limited and short-term space requirements. More extensive instrumentation 
of setups must be done in other locations, such as the control room annex (Fig. 1). 

The computer facility, iri addition to recording the dose delivered, stores measured and calculated 
data relating to such parameters as the range, size, position, and magnitude of the beam. The data arc 
stored for an indefinite time on magnetic tape and can be furnished to the experimenter in printed form. 
The computer is available for complex radiologic-" physics measurements such as pulse-height spectra in 
proportional chambers, velocity spectra of the primary and secondary beams, dE/dx measurements in srlid-
state de-tectors, and many other similar measurements. 

INSTRUMENTATION 

Alignment Benches 

Support rails are constructed of two parallel, 2-inch diameter, precision-ground steel rods, 10 feet 
long with centers separated by 14.3 inches and mounted on a sturdy frame of welded channel iron. These 
rails are placed parall«l to the beam axis, which is 15,25 inches above the intersection of the hori-
-cntal plane connecting the rail centers and the vertical plane midway between the centers. Precision 
mounting brackets are used to support the various instruments and sample holders on the rail assembly. 

Some sample-holding devices can be prealigned outside the radiation room OR a uim'lar alignment 
bench and then moved into the treatment room for irradiation, with no further alignment to the beam 
necessary. X-ray equipment is provided to precisely align critical specimens with the bean;. One unii 
is coaxial with the beam; the other i5 vertically perpendicular to it. 
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Ionization Chambers 

The primary D e a m monitoring is best performed in a location that is unaffected by subsequent beam 
scattering, degrading, collimation, or other modification. The most useful monitor for such an appliea 
tion is a parallel-plate ionization chamber." This chamber is oriented with its collecting field coaxial 
with the central ray of the particle beam. Such a Deam monitor occupies a small distance along the he;un 
path and presents a very small amount of absorbing material to the passing particles. A parallel-pjatc 
ionization chamber is useful over a wide range of beam intensities. Fortunately, this range includes 
the intensities needed by the majority of the biomedical experimenters. The electrode structure of the 
parallel-plate ionization chamber in the siinplest case consists of a high-voltage electrode and a col
lecting electrode, the latter divided into two regions, a central region which is connected to ;i current 
integrating system and an outer guard ring which is connected to the electrical ground. A number of vari
ations on this basic structure have been developed to fill particular measurement needs. To measure ;i 
quantity proportional to the total number of particles, the central portion of the collecting electrode 
is made larger than the beam diameter. If the central portion of the collecting electrode is further sub
divided by a series of concentric rings, it is possible to monitor the beam intensity as a function of 
distance from the central ray. The addition of a second collecting electrode within the ionization cham
ber housing allows some degree of redundancy. This second electrode in our standard configuration is a 
quadrant electrode which aids in beam alignment. The three foils, mounted on lucite and nylon standoffs, 
are contained within a gas-tight aluminun housing. The housing is cylindrical and allows the undisturbed 
passage of a 20-cm-diameter beam. The outer diameter of the housing is 28.6 cm, and the thickness of the 
housing is 6 cm. The main collecting electrode has a collection area 17 cm in diameter. This collection 
area is further subdivided by a series of concentric circles of diameters 1, 3, 5, 9 and 13 cm. This 
foil is constructed of a 3-mil Kapton-H membrane stretched and glued to a lucite ring; it is opaque 
gold-plated on both sides, uniformly on one side and an the other side in a pattern providing elec
trical connections to the various parts of the foil. The quadrant electrode is similar except that the 
collecting side is masked by two cross wires to form four isolated sections. On both foils the areas not 
scribed or masked Cor collection regions or used to form connections to these area? are grounded. The* 
high-voltage foil may take several forms from a double, aluminum-coated, *s-mil mylar foil to a doubk-, 
gold-coated, 3-mil Kapton-H foil. The high-voltage foil is sandwiched between two lucite rings and con
structed to eliminate high electrostatic fields in the gas at the edge of the high-voltage foil. The 
separation between each outer foil and the inner high-voltage foil is 1 cm. The ringed foil serves both 
as a beam-size-sensing device and a dose-measuring device while the quadrant foil is primarily for beam-
position sensing. 

The chamber is flushed with dry nitrogen gas, in most cases, with a low flow rate fO.l cc/secl and 
a minute over-pressure generated by a gas bubbler connected to the exit gas pott on the chamber, Lrch 
collecting electrode is connected to a recycling integrator channel located within 3 roof the ionization 
chamber. These integrators, a modification of a LH design, have a linear response over seven decades of 
current and are characterized by a transfer function of 10 picoamperes per hertz. The integrators do not 
require any operator action to initiate function or any operating range selection; they can measure a 
maximum current of approximately seven microamperes. The output of ihe recycling integrators is con
nected to scalers in a CAMAC crate located in the biomedical control room. If the ionization chamber is 
going to be used as a dose-measuring instrument, a calibration factor for each collecting area must bt 
determined. This factor depends on the area of the collecting electrode, its separation from the high-
voltage electrode, the energy required to make an ion pair (W) in the nitrogen gas, the density of the 
gas, and the relative mass stopping power of tissue to nitrogen. A value for W of 34.9 eV per ion pair 
has been assuned to be an appropriate value for heavy ions in nitrogen gas. When values of W have been 
experimentally measured, appropriate changes in the calibration factors will be made. The relative mass 
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stopping power of tissue to nitrogen has been assumed to be 1.125. The ionization chambers can also be 
used as a relative dose monitor; the chamber is calibrated by comparison with the output of a standard 
ionization chamber such as an ^GG tissue-equivalent ionization chamber. Two chambers are generally used. 
One is placed in front of all other devices except a large defining aperture 15 cm in diameter. This 
chamber serves as a reference device since nothing is placed in front of it to modify its response. It 
is useful for beam-particle counts and as a reference cutoff for depth-dose measurements. The second 
clumber is placed as close as possible to the target to measure the dose received by the sample. 

Variable- Water Column 

The variable water absorber or water column is a piston, cylinder, and reservoir arrangement thai 
can be used to vary the range of the particles entering a target by introducing a measured amount <>i 
water into the bean path. Water columns are available with inside diameters of 15 and 2d cm. The M M -
mum deptli of water for the smaller water column is 50 cm, and tliat of the larger column is 40 cm. Tin 
water in the beam path is contained between a lucite window at the end of the ryJinder and a Jucite win
dow on the movable piston. The total amount of water within the beam path is determined by the rel.i-
tive position of the two windows. The piston can be moved by co.nputer or manual control of a stepping 
motor at a maximum speed of 0.5 cm/sec. The position of the [listen is read hv an encoder tn the nearest 
0.1 millimeter * 1 digit. 

Collimat ion 

Some expeiiments require r e s t r i c t ion of the beam to a target area with minimal irradiation of 
surroundings; this is usually done by passing the beam through an aperture. Most apertures in use are of 
i 'tav-, '< -.in long, and held in a sturdy preal igned holder on the alignment ben^h. Current K ;UM;I.IMI.-
diameU'i- vitv fri>m 0.2 to 3.Si on. Larger-diameter apertures can be made and individual lv meunti,: ••:. .: 
Man.! . 

Hi dye I i I t e r s 

Some biological samples 3re thick com, 'red to the width of the Bragg pea'h; consequentlv, when irradi-
- s ating with this part of the curve, the dose will van' substantially in ditfercnt parts oi the sunj'k-. ' 

The Bragg curve can be modified over a predetermined distance by interposing in the beam a filter of non-
Q 

uniform thickness called a ridge filter," which results in the sample being irradiated with a series oi" 
Bragg curves of different penetrations. A computer program (5URFR) has been written for calculating the 
relative widths and thicijiesscs of these ridges so as to produce the desired dose distribution (Fig. 5'•. 
Secondary Electron Chamber 

The seconary electron chamber is constructed with a scries of alternate collecting and high-voltage 
foils enclosed within a vacuum. This device, because it is operated in a high vacuum, does not have the 
problem of ion recombination encountered with ionization chambers. The current that can be measured 
with the chamber placed in the radiation field is due to the transfer of electrons between the collection 
and high-voltage foils. Since the gres.t majority of electrons that are emitted from the surface of a foil 
have low energies, " a modest voltage will suppress the electron current flow in the unwanted direction. 
The secondary electron chamber is less sensitive as a radiation detector than the ionization chamber, hui , 
since its current is not limited by recombination, the secondary electron chamber is usable at very high 
beam levels. The response of the chamber is sensitive to the surface condition of the foils; therefore, 
to maintain a clean stable surface condition, the vacuum should be about 10 Torr or better. 

UOSIMLTRY 

The most well known feature and one of the most necessary measurements of a heavy-ion beam is its 
characteristic Bragg curve. A Bragg curve is a plot of the relative ionization as a function of the 



Fig. 3. Bragg curve* for helium-, carbon-, neon- and jrgowion beams. 
fXBL 7(,8-922bi 

W^_ 
Depth in water (cm) 

Fig. . Bragg curve for the 400-MeV/u neon beam and a broadened depth-
dose aistribution in water. CXBL 755-4930] 



absorber thickness or penetration distance of th« beam. A Bragg cu-ve is characteriz<:d by a relat ively 
f la t plateau followed by a rapid r i s e to a peak known c c th. Bragg peak and then a ve-> precipitous fall 
to decreasing values in the t a i l of the curve. The Bragg curve should include a l l conlr:.but.;.-:-7is to the 
ionization at eacli penetration distance. Therefore, the ionization clamber should have a l s r re o: Jetting 
area re la t ive to the cross-section area of the beam, or the beam should be very large aiid uniform in cross 
section re la t ive to the detector. Measurements with a small collector '*nd a r:.^ill beain should probably net 
be called Bragg curves but more properly central-axis depth-dose curves since the numberr- ob'cir.ed are 
proportional to the doses in small volumes at the points along the curve. This type of curve ..s more sen-
i t ive to differences in geometry and beam size than is a Bragg curve. Bragg - curve measurement 5 arc r.-p:-
cally done with a small heam (or the order of 1 cm in diameter) and a !'•-cm-diameter collection ek-cirode. 
With a monitor ionization chamber located upstream from the variable water column and a second aon:2:i 
tion chamber at the exit window cf the water column, the Bragp curve is measured by plott ing Li*.- re la 
t ivc ionization in the second chamber as a function of the water-absorber thickness. The centra."-a:-.;? 
depth-dose dis t r ibut ion is simultaneously measured by plott ing the relat ive ionization froir the 1-cm-
diameter col lector as a function o: the penetration distance. Thc-ST measurements have been miii and nit-
shown in Fig. 4 for four heavy-ion beams fhelium, carbon, neon and argon) and two energies f^r each exn. 
Energies were chosen to provide icsidual ranges between 11 and 15 or, and between 27 and "> cr The en
ergies at extraction are l is ted in Tr.ble 1. The data have been normalized to an i n i t i a l val\:c -urnei ical ly 
equal to the linear energy transfer (LET) measured in keV/vim. The energy of the beam at the al.vs-'.'rhe; 
thickness of the f i r s t data point i s lower than the extraction energy because of energy loss I:; the win
dows of the water ahsorber, the vacjum windows, and the thickness of the various bear, nonifcrs. It should 
be noted that the low-energy beams have higher peal.-to-plateau ra t ios and lower doses cf sec -': id.Try par t i 
cles beyond the Bragg peak. 

Independent dosimetry of the energetic argon :ions performed by Goodman and Col vet t ~ fri.^. i^lur/nia 
University has confirmed that depth-dose aistributLons measured in a water phantom and in a 'isi-ue-equiva
lent liquid phantom are essent ia l ly the sam? provided that the difference in the electron densit ies of 
the liquids is considered. The depth-dose dis t r ibut ion measured behind a water absorber is ess^nt ial lv the 
same as that measured in a water phantom, anc" re l iab le dosimetry for t issue can be per feme J Iv.- usinj: ;= i r 
instead of tissue-equivalent gas in the cavity of a tissue-equivalent ionization c h a f e r . 

The dose contribution of the primary ions to the Bragg curve is well understood and can b? predicted 
using a method developed by Litton. The difference between the dose of the experimental Bra-.:: curve and 
tlie dose predicted for the primary heavy ions i s . of course, due to the dose contribution oi ine secondary 
pa r t i c l e s . To assess the importance to the to ta l dose of the dose due to the secondary pa r t i c l e s , i t is 
necessary to know the number and types of pa r t i c l e s present in the beam. Computer-calcui'atfe-i Brag£, curves 
including the contribution of secondary charged par t ic les are compared with the experimental Bragg curves, 
as shown in Fig. 5. Such a comparison allows a reasonable estimation of the number and types of secon
dary par t ic les generated in interactions of the primary ions with the absorbing media. This ajialv=is has 
made possible the calculation of the dose-weighted, average LET distr ibut ions as functions of depth for 
the various heavy-ion beams. Goodman has made LET-distribution measurements fo:' the 5(/0~:»k:v7nucleon argon-
ion beam, and Luxton has made similar measurements for carbon- and neon-ion beams. Thr results of these 
measurement:;, when avai lable , will be compared with calculated average LET values. 

I-imiRE WORK 

Current plans for the future include the installation of a Phillips treatment couch in Cave I. A 
chair will be designed that can be connected to the translational mechanism of the couch. A support for 
a standing patient will also be designed. These additions will permi Liit- choice of standing, sitting or 
reclining treatment positions. 



TABLE I . Energies of selected hea.y-ian beams. 

Low Energy High Energy 

Helium 
Carbon 
Neon 
Argon 

150 MeV/u 
250 
400 
500 

225 MeV/u 
400 
594 
900 

•Total dose 
Primary dose 
Secondary dose 

9 12 15 18 21 
Penetration distance Icm) 

ikxx 
27 30 

Fig. S. Bragg curve of the 500-MeV/u argon beam in water. Experimental 
points a re compared with calculated curves for the to ta l as well as the 
primary and secondary ionizat ion. (XBL 768-9256) 
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Magnet power supplies will be supplied with the appropriate controls to facilitate a rapid change 

of the beam between Caves Ia-d and II. Then the beam can be used in Cave II while a patient is being 
set up in Cave I. When the patient is ready for therapy, the beam will be switched to Cave 1. Following 
treatment, the beam can be immediately switched back to Cave II. 

The data-acquisition system will be improved by the installation of more generalized software. This 
software will improve the ease of data acquisition for various expeiimenters; in particular, it will 
greatly help experimenters from other institutions who bring their equipment to the Bevatron/Bevalac and 
are using these instruments tc augment the measurements that are customarily made by the operations crew. 
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CHAPTER 4 

NUCLEAR PHYSICS OF ACCELERATED HEAVY IONS 

Stanley B. Curtis and Walter Schimmerling 

INTRODUCTION 
High-energy heavy ions, traversing an absorbing medium, produce ionization by atomic and molecular 

collisions; in addition, they interact with the nuclei of the medium. The processes are qualitatively 
different. The former will be discussed in Chapter 5; the latter is discussed in this chapter. 

One of the most important types of nuclear interaction is the production of lighter fragments of 
the incident particle. These fragments can penetrate past the stopping region ("Bragg peak") of the 
primary beam and alter its "radiation quality." For medical applications, the nuclear secondaries in a 
radiotherapeutic beam may alter the biological response from that expected in the absence of secondaries. 
In addition, the fragments will deposit energy outside of the treatment volume. If these secondaries are 
radioactive, however, it may be possible to image tlieir stopping region and thus calculate the analogous 
information for the primary beam. The importance of the more spaisely ionizing secondaries in basic 
studies of chemical and biological mechanisms lies in the increased yield of chemical species and, at 
the same time, the decreased biological, effect per unit of absorbed dose, Nuclear interactions of heavy 
ions, in the context of galactic cosmic radiation, are of importance for the evaluation of space hazards 
on long missions. Thus, knowledge of nuclear fragmentation processes is important in obtaining optimal 
application of heavy-ion beams for diagnostic and therapeutic use as well as a better understanding of 
the specific biological effects of these highly ionizing beams of radiation. 

GENERAL FEATURES OF HEAVY-ION NUCLEAR INTERACTIONS 
In general, products of nuclear interactions are fragments of the heavy-ion projectile, fragments of 

the target nucleus, and nucleons (or groups of nucleons such as alpha particles) produced in an interac
tion region where projectile and target overlap. The projectile fragments emerge from the interaction that 
created them in a direction very close to that of the incoming primary heavy ion and with little or no 
change in velocity from that of the primary. The target fragments are characterized by a broad angular 
distribution, relatively low energies, and high multiplicity. In the intermediate region (central or 
"head-on" collisions), intermediate energy products are produced by the de-excitation of "fire-balls" 
consisting of nucleons swept out of both the projectile and the target. In addition to these interac
tions involving nuclear forces, heavy ions are scattered slightly due to multiple collisions with the 
electric fields of the absorber nuclei (multiple Coulomb scattering). 

PROJECTILE FRAGMENTATION 
Projectile fragmentation, most commonly referred to simply as fragmentation, shows the following 

characteristics ; 
1. The reactions resulting in projectile fragments are due to grazing collisions. 
2. The total reaction cross sections are generally independent of energy in the energy region above 

30D MeV/nucleon. 
3. The velocity of the fragments is close to the velocity of the incident projectile, and the fragments 

are emitted in a direction cl-se to the direction of incidence. The momentum distributions of the frag
ments are Gaussian in the paral.'el and perpendicular components, showing that they are emitted isotropi-
cally in the frame of reference of the projectile. The standard deviation of this Gaussian shape 



57 

approximates fl parabolic function of the beam and the fragment masses but is independent of tfle taiget 
mass. 

A. The probability of producing a fragment is related to the target mass only through a geometric scale 

factor. 
5. Geometric considerations have resulted in calculations of the cross section as two overlapping black 

disks with the overlap region subtracted. Saito, however, analyzed the available data for inelastic 
cross sections and concluded that an adequate fit is obtained by simply adding the areas of the two nu
clei. A similar conclusion was reached in a calculation by Barshay. 

Fragmentation cross sections have been calculated by Bertini et al. using an intranuclear cascade 
approach. Agreement with experimental data is poor, mainly because these preliminary calculations neglected 
depletion of nucleons in the nucleus and shadowing effects of one nucleus on another. 

Various calculations exist for predicting the standard deviation of the Gaussian momentum distribu-
4 

tions based on the internal energy of the projectile excited by a grazing collision, but, although the 
predicted parabolic function is found to be a reasonable approximation, unexplained nuclear structural 
effects persist. 

TARGET FRAGMENTATION 

The main feature: 
\ . The distribution of reaction products is not. significantly dependent on heavy-ion energy between 

0.3 and 2 GeV/nucleon. This is in contrast with the yields from proton bombardment in the same energy 
range, which change by a factor of 100 due to the onset of meson production. The energy independence of 
the heavy-ion yield ratios seems to indicate that the mesonic degrees of freedom are opened at lower 
energies. 

2. The distribution of reaction products is similar to that obtained with protons of the same total 

energy with the exception of lighter target fragments and neutron-deficient products which are favored. 
Target fragmentation is thus approximately independent of the projectile mass except for a scale factor 
to account for the larger total reaction cross section. 

The projectile independence in target fragmentation is similar to the target independence in projec
tile fragmentation and is referred to as "factorization" while the approximate energy independence is 
referred to as "limiting fragmentation." Both characteristics are analogous to similar behavior of com
posite particles in high-energy physics. 

in C and 0 targets by 2.8-GeV alpha particles). These deviations are generally ascribed to "central" 
collisions where both partners iii the reaction collide "head-on" and the distinction between target and 
projectile is lost. 

CENTRAL COLLISIONS 

Nuclear reactions in the central region have recently atrracted theoretical interest. These pro
cesses involve"head-on" collisions in which large amounts of energy and transverse momentum are trans
ferred, as opposed to grazing collisions resulting in target or projectile fragmentation. In particular, 
the formation of nuclear shock waves has been postulated based on the fact that the velocity of sound in 
nuclear matter is about 20£ of the speed of light, corresponding to an energy of 20 MeV/nucleon. Studies 
by I'oskanzcr cX al. " have failed so far to find evidence of the 
com* expected if shock waves are produced in the target nucleus. 
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Pi-meson production, * ' accounts for a very small fraction of the charged particles produced 
in high-energy, heavy-ion interactions. The angular distribution of pi-mesons is peaked in the forward 
direction. 

Measurements of the angular distributions and multiplicities of hydrogen and helium isotopes produced 
19 by high-energy neon on uranium targets by Gutbrod et al. showed that these products were two and three 

orders of magnitude higher than those found for protcn-induced reactions at comparable energies. These 
higher yields were explained in terms of final state interactions between the nucleons affected by the 
collision. In this coalescence model, it is assumed that there will be many nucleons to which energy is 
transferred in such a collision and that among these there will be pairs with small relative velocity, 
thus favoring their coalescence into a composite light fragment. 

This model has been refined by treating the cluster of excited nucleons as a "fireball."" Geometri
cally, it is assumed that the target and the projectile are spheres and that they make clean cylindrical 
cuts through each other, leaving a spectator piece of the target and, i:r the impact parameter is laTgc 
enough, a spectator piece of the projectile. These spectator pieces eventually lead to target and pro
jectile fragmentation products. The swept-out nucleons originating from the interaction are heated by the 
energy transferred, leading to a quasi-equilibrated "fireball," which cools by emission of light fragments 
and even pi-mesons of low energy. 

The predictions of these models agree quite well with experimental measurements of proton spectra 
for proton energies between 30 and 120 KeV. The spectra o£ composite hydrogen and helium isotopes can be 
calculated using the neutron and proton spectra only. Experiments are under way by several groups at LBI. 
to study these collisions. 

IMPLICATIONS FOR BIOMEDICAL RESEARCH 

The above features affect biomedical studies in various ways. The most important effect is from 
projectile fragmentation. Fragments emitted into the forward direction cause a gradual change in the frac
tion of the beam having lower charge and longer range. These fragments contribute on the order of 15* of 
the dose at the Bragg peak for light ion beams (nitrogen rnd oxygen} and constitute the major part of the 
exit dose. This percentage will, in general, be larger for heavier ion beams. The depths at which many 
tumors must be treated require the initial energy of the beam to be such that the primaries will travel 
20 to 30 cm in tissue. Absorption mean free paths in water for carbon, neon and argon beams, calculated 

21 from recently derived nucleus-nucleus cross sections given by Wilson and Costner, are 26, 21 and 15 cm, 
respectively. Since the nuclear mean free paths are on the same order as the necessary range of beam 
penetration, there will be a significant fraction of the incident beam that will undergo nuclear breakup. 
The fragmented ions continue as more sparsely ionizing radiation, altering the radiation quality and con
sequently the biological effects expected at depth. The extent to which this occurs for ions of different 
charge and uass must be quantitatively determined to provide the physical basis for understanding the 
resultant biological responses. A major effort of the Radiation Biophysics Program, as will be seen in 
the next section, has been and is presently directed toward this end. 

Seme of the fragments will be radioactive and can be used to visualize the stopping region, for 
instance, in the case of positron emitters, by the detection of the annihilation radiation from positron 
decay. Such radioactive fragments can also be used for noninvasive implantation of tracers into tissues, 
as discussed in Chapter 6. 

Reaction products emerging at relatively large angles to the forward direction as well as multiply 
Coulomb-scattered primaries and secondaries will result in beam broadening and contribute to the dose 
received by lateral parts of the absorber, including nontarget tissues during therapy. In diagnostic 
radiography, these effects will reduce resolution. A discussion of such problems connected with heavy-
ion radiography is presented in Chapter 12. 



Radioactive target residues activated by the traversing beam will make only a small contribution to 
the absorbed dose delivered in the path of the beam. Such radioactivanon, however, can be used for cali
bration and beam monitoring. The most useful reactions are the C(A,Xn) C and Al(A,X2pn) Na reactions 
due to the convenient target material and half-life as well as the easily identifiable decay radiation 
of the product (positrons resulting in two characteristic 0.511-MeV annihilation gamma rays for C; one 
1.39-MeV beta ray and 1.37- and 2.75-MeV gamma rays for Na). In the above notation, A denotes the in
cident heavy ion, and X is the unobserved residual product. The use of the C reaction to calibrate 
ionization chambers for radiation dosimetry has been described. 

High-energy heavy ions produce more neutrons and pi-mesons than do protons and neutrons at comparable 
energies. The production of neutrons is of special importance because of their penetrating nature and 
large RBE (Relative Biological Effectiveness), especially at low doses. It is possible that in some situ
ations the neutron dose at large distances from the tumor site may limit the dose that can be safely given 
to the tumor. 

MV1SI0N OF BIOLOGY AND MEDICINE STUDIES OF NUCLEAR PROJECTILE FRAGMENTATION OF HEAVY IONS 

Initial calculations showed that, on the basis of "pessimistic" (i.e., large) values for the frag
mentation cross sections, the dose from secondaries would be only 15$ of the primary dose in the Bragg 
peak region of a stopping neon-ion beam with a range of 10 cm in water. The full-width-at-half-maximum 
would be increased by only 15$. These predictions were borne out by subsequent experimental data. 

24 Maccabee and Ritter studied fragmentation of high-energy oxygen-ion beams in water by measuring pulse 
height spectra in lithium-drifted silicon detectors. The mean free path for oxygen ions in water was 
found to be 19.4 i 1.3 cm. The cross sections for fragment production were found to be 331 i 140, 
324 ± 64, and 102 ± 14 millibarns for nitrogen, carbon, and boron fragments, respectively. The measured 
cross sections and mean free paths are in agreement with values calculated from geometric models and 
cosmic-ray data. The mean fragmentation cross sections appear to be energy-independent in the 235- to 
250-MeV/nucleon range and at higher energies. The interactions producing nitrogen, carbon, and boron 
fragments constitute approximately one half of the total interactions for oxygen ions in the energy range 
studies. Chatterjee et al. have analyzed cosmic-ray, nuclear umulsion fragmentation data and have 
extrapolated the results to water and calculated integral fluence and absorbed doses as functions of dis
tance for nitrogen and oxygen beams. Good agreement is obtained between their calculations and experimental 
fluence and absorbed-dose data obtained for nitrogen and oxygen ions at the Bevalac. Calculations were also 
made of the fluences and doses produced by the various secondary fragments in a nitrogen-ion beam. 

DEVELOPMENT OF THE COMPUTER PROGRAM HZESEC 

In order to study the "radiation quality" of a heavy-ion beam at depth in an absorber, a computer 
program was developed to calculate distributions of various physical quantities of interest. * At 
present, the code can be used to calculate, at any depth, the distributions in LET^i velocity, energy, or 
pulse height as well as the integral distributions of particle number, absorbed dose and total charge. 
The calculation includes the contributions from the primary ions and the nuclear secondaries produced 
along the beam path. The cross sections (probabilities) for the production of various secondary products 
must be input as well as the incident-ion identity and energy and the spread of the incident energy 
distribution (assumed to be Gaussian). The assumption is made that the secondary fragment continues in 
the same direction as the primary and has the same velocity at the point of interaction. The cross sec
tions can be assumed constant, or energy dependence can be estimated using another code, COSMIC, which 
utilizes the analytical expressions developed by Silberberg and Tsao. These authors have developed a 
semiempirical model by using analytical expressions derived from physical considerations and by fitting 
adjustable parameters to experimental data for proton-nucleus fragmentation cross sections. Agreement of 
these expressions with experiment is, in general, better than 30%. A modification of the procedure has 
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been made in the development of the program COSMIC in which an empirical scaling factor is introduced 
to account for the increased cross section in going from protons to heavy ions. The scaling factor has 
been adjusted to agree better with the ratio of nitrogen-induced to proton-induced fragmentation, a ratio 
observed to be constant. 
LET DISTRIBUTIONS FOR EXTENDED-BRAGG-PEAK REGJCNS 

Another area of interest, particularly in the pretherapu«utic studies, is the radiation quality of the 
beam in the extended peak of the depth-dose distribution that has been spread out by means of a "ridge 
filter" as described in Chapter 3, A modification of the above code is used to calculate LET distributions 
at any depth in such an extended-peak region. In Fig. 1, a calculation for a neon-ion beam, assuming 
an initial energy per nucleon of 373.25 MeV, is compared with experimental data from the Bevalac for tin* 
unmodified peak (top graph) and for the curve modified with a ridge filter spreading the peak region to 
3.9 cm (bottom graph). The lower curve in each graph shows the dose from the primary neon ions only; the 
upper curves include the dose from secondary fragmentation products. The airows in the bottom graph denote 
positions where the LET distributions were calculated for this ion beam as well as for helium, carbon and 
argon beams with the same range and ridge filter. Figure 2 gives the integral LET distributions, that is, 
the fractions of absorbed dose deposited at LET'S greater than a given LET^, plotted against LEf^ for the 
four beams at the three depths indicated within the spread-peak regions. The variation in distribution is 
small except at the extreme distal ends of the heavier-ion beams. 
COMPARISON OF CALCULATIONS OF VELOCITY SPECTRA BY HZESEC AND EXPERIMENTAL RESULTS FOR PPA 

Velocity distributions of primary and secondary particles produced by 3.5-GeV n i t r o g e n ions have 
been calculated as a function of depth in a polyethylene (CH2) absorber, using an extended and modified 
version of HZESEC, and compared with experimental data obtained at the Princeton Particle Accelerator 22 using a direct measurement of the time of flight of emerging charged particles. In the calculation, 
secondary-particle production was computed using cross sections given by the semiempirical model of 

28 
Silberberg and Tsao, modified as described above in the program COSMIC. Detector time-of-flight reso
lution, multiple scattering in the detector telescope, and the energy spread of the incident beam were 
folded into the calculation. Qualitative agreement was obtained between the theoretical and experimental 
spectra as shown in Fig. 3. The experimental spectra are given by the histograms, and the calculated 
spectra are shown as continuous curves. The depths of polyethylene for panels a through h were 3.31, 
4.42, 5.52, 6.63, 7.73, 8.84, 9.39 and 9.67 g/cm2, respectively. 
PRESENT EXPERIMENTAL MEASUREMENTS OF HEAVY-ION FRAGMENTATION IN THICK ABSORBERS 

The original experimental design used at the Princeton Particle Accelerator has been modified for use 
at the Bevalac in the following ways: 

1. The scintillation-counter, time-of-flight telescope has been replaced by a channel-plate telescope 
with a time resolution of approximately 100 psec developed at LBL. The need to place the flight path 
under vacuum also eliminates the large multiple-scattering corrections that limited the Princeton experi
ment. 

2. A pulse ionization chamber has been designed and built to identify the charge and velocity of every 
recorded particle simultaneously. Ionization chambers have been used as charge identifiers in cosmic-ray 
studies and have the significant advantage of presenting a minimum of material t o the beam. 
3. A computer-based, on-line, data-acquisition systan nas been developed to multiply analyze the prop 

erties of single heavy ions, and a program for multiparameifir experiments, HIIMEX, has been written. 
4. Delay-line wire-chambers have been added for spatial resclution. 

Data collection on this experijnental program has begun, and a sample time-of-flight spectrum of a 
500-MeV/nucleon argon beam after traversing 14.5 g/cm of Lucite is shown in Fig. 4. Data analysis of such 
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spectra is in progress and will yield information on the spatial distribution of secondary fragments in 
biological absorbers. Detailed comparisons of calculated and measured velocity distributions will be 
made so that, eventually, accurate predictions of velocity and other distributions of interest to the 
radiobiologist and radiotherapist can be made. Basic physical data calculated with the computer program 
can then b? used with confidence in estimating tumor response and checking the validity of models of cell 
killing and other important biological effects. 

S1W1US OF TARGET FRAOENTATION 
From the point of view of biomedical applications, the most interesting target nuclear reactions are 

those of the lighter elements (C,N,0). Measurements of C production have been made for incident alpha 
particles and nitrogen nuclei. The existing data are shown in Fig, 5 where the circles represent 
published data and the crosses are preliminary, unpublished measurements obtained at the Bevalac. A 
least-squares fit to the published results leads to a target dependence, as shown by the full line, if 
the proton datum for the saiv total energy as the alpha particles (900 MeV) is used. The preliminary re
sults obtained at the Bevalac show a discrepancy with the nitrogen result obtained by Skoski et al. 
which has been confirmed by another, independent measurement and seems well established. On the other 
h:md, it can be argued that reactions leaving most of the target carbon nucleus intact must be grazing 
reactions, in which case the area available for the reaction is a ring on the target periphery propor
tional to the target radius. Thus it is tempting on intuitive grounds to assume an A dependence for 
the cross section. Such a dependence would be in agreement with the unpublished Bevalac data and would 
surest that nitrogen is an anomalous target. This matter merits resolution in future investigations 
using the Bevalac beams because of the practical importance of the reactions involved. 

STUDIES OF NEUTRON PRODUCTION BV HEAVY-ION BEAMS 
The measurement of neutrons is of intrinsic interest in biomedical applications as well as in funda

mental physics. Even though neutrons may constitute only a small fraction of the radiation dose, their 
effect on healthy tissue and their distribution throughout the body may restrain the maximum therapeutic 
dose. The problem is similar for heavy-ion and pi-meson irradiation, but in the case of high-energy 
heavy ions, the angular distribution of neutrons is not isotropic, and the highest-energy neutrons are 
peaked in the forward direction. Preliminary results indicate that the flux cf neutrons emitted in the 
forward direction by a stopping nitrogen beam is greater than or equal to the incident flux of heavy 
ions. 

Neutron production by high-energy heavy ions will yield data needed to calculate doses to passengers 
in high-altitude aircraft. These doses are mainly due to neutrons produced in the atmosphere by cosmic 
rays. White the contribution of heavy ions to the cosmic-ray flux is small, the high energy of the neu
trons produced and their preferential forward emission will make a significant contribution to the total 
neutron flux at greater depths in the atmosphere. 

The relatively favorable properties of neutron production, especially their angular distribution, 
may make heavy-ion-produced neutrons attractive as a means of producing lew gamma-ray background beams 
for comparative studies. An experimental program funded by NASA has been initiated to measure doubly 
differential, neutron-production cross sections by carbon, neon and argon beams. 
EXPERIMENTAL PROGRAMS 
]:ragmentation Studies 

The experimental apparatus for the study of time-of-flight and charge distributions of high-energy 
heavy ions as they come to rest in tissue-equivalent absorbers has been set up in an initial configuration. 
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Data have been taken for central-axis depth distributions of carbon, neon and argon. Plans call for the 
following extensions and additions to the experiment: 

1. Continued data-taking with range studies for particle identification in order to identify the 
products emitted in the forward direction as a function of depth (central-axis distributions). 

2. Data analysis to determine secondary particles (element distributions), limited isotopic identifi-
* 2 cation, (z /B) distributions, velocity distributions, stopping powers of some of the elements, and K-

values as a functi n of velocity, all referred to the central axis. 

3. Conversion of the channel-plate, time-of-flight telescope to a large-area, avalanche-chamher type 
of detector for off-axis studies followed by experiments similar to those described above f 1 > to obtain 
a spatial distribu-ion of the quantities of interest. 

Instrumentation Development 
Instrumental m studies of the properties of the detectors are a natural part of the experimental 

program and will I pursued to explore the applications of the apparatus to other aspects of radiation 
physics such as imaging. 

Neutron Productio-
An experimental program to measure neutron production by high-energy heavy ions has been funded hy 

NASA and is being done in collaboration with the Physics Department at Kent State university of Ohio. A 
preliminary run using a tagged neutron beam produced by deuterons disintegrating on a uranium target has 
been performed to ieasure the neutron detection efficiency of our detectors. The program calls for com
plete measurement:: of the detection efficiency of the detectors followed by measurements of the double 
differential crosj section (energy spectra and angular distributions) for production of neutrons by c, 

Ne and A beams on several targets. 

THEORKTICAL PROGR- -1 
The above dat.j will be used to check the calculational approach developed to characterize the 

physical distributions of the beams. The appropriate distributions of physical characteristics as calcu
lated by HZESEC, for instance, will be used as input for models of radiobiological action currently beini; 
developed. The ca" zulational efforts will be refined as information is gained in order to increase con
fidence in predic- ing biological response in untried situations such as '*ith different ions, at different 
ions, at different energies, or at different depths. This program will also aid in optimizing fraction
ation schedules fcr radiotherapy, ridge-filter design, diagnostic procedures, and protocols for future-
radiobiological experiments. 
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FUNDAMENTAL RADIOLOGICAL PHYSICS AND RADIATION CHEMISTRY 
OF HEAVY IONS IN MODELS OF CHEMICAL AND BIOLOGICAL EFFECTS 

John L. Magee and Aloke Chatterjee 

INTRODUCTION 
The energy deposit that creates the track of a high-energy particle in a condensed phase such as 

water is established :.n a time of the order of 10 sec. The physical, chemical and biological effects 
initiated by the energy deposit are expressed over much longer periods of time. Track models are con
structed to assist in the understanding of the various effects, and many models have been used. In this 
chapter we are most concerned with studies aimed at the construction of a model that has the potential 
for use in physical, chemical and biological applications. 

The patterns of energy deposit are determined by the physical interactions of the particle with the * medium. The two essentially different mechanisms of approximately equal importance in the determination 
of stopping power, which in turn determines the energy deposit, are the following: 

1. A resonant energy loss process which creates states of excitation between the lowest electronic ex
cited state and about 100 eV 

2- The creation of knock-on electrons with energies between 100 eV and a well understood maximum energy 
which depends only on particle velocity. 
Any study of models must start with these two facts. Energy lost in the first mechanism is located in
itially in close proximity to the trajectory of the particle; energy lost in the second mechanism leads 
to delta rays and branch tracks. In track models, the first mechanism leads to the creation of a "core" 
and the second to a well-defined region of lower energy density, sometimes called the "penumbra." 

A model that emphasizes explicit geometrical arrangements and development of tracks in time has 
been constructed by several authors. '• In the interval of time between 10" sec and 10" sec when the 
first important chemistry usually starts, there are many processes that must be treated in intuitive ways. 
This approach has been used to model in a satisfactory manner the chemistry for low-LET radiation and 
for low-energy protons and o. particles. It would appear that this same approach can be used for heavy-
particle radiation. 

The fundamental nature of the problem is of interest, and much work remains to elucidate the nature 
of th initial energy deposition in condensed phases. There are probably early effects, not recognized 
at the present time, that continue on to determine the course of the chemical and biological actions 
of radiation. The early physical•mechanisms have been studied by several authors. ' ' Although the de
tails of treatments vary, the general features of track structure remain the same; along the trajectory 
of the particle is created a "core" or "infra track," and extending to larger distances is a "penumbrn" 
or "ultn. track." 

The concept of using basic physics and chemistry in the interpretation of radiobiological effects 
has been understood for many years and was promoted by Lea. Recent work by Rossi and Kellerer 
attempted to use explicit space-time development of track effects in biology. 

The "equipartition rule" says that exactly the same amount of energy is lost by these two mechanisms. 
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MODEL OF PHYSICAL EFFECTS 

The radius of the track core is given by 

where u, is the plasma frequency of the medium. This equation gives the Bohr adiabatic criterion; matter 
that is farther away from the particle trajectory than r has tune to follow the impulse adiabatically 
and does net absorb energy directly. The simplest model for energy density consistent with the equi-
partition rule is a uniform distribution of energy equivalent to half the value of LET^ in a cylinder 
of radius r . 

The energy density within the penumbra is much more complicated than that of the core and is made 
up of energy deposited by the recoil electrons with energies extending from 100 eV to a maximum value of 
2mc tT/(l - 0 ) where m is the rest mass of the electron and B = v/c. An analysis of this problem has led 

4 
to the following reasonably good empirical formula for the penumbra radius : 

r = 396 v 2 ' 7 (2) 
g 

where the particle velocity is in 10 cm/sec and r is in Angstroms. The distribution of energ)' within the 
.7 3 P 4 

penumbra is found tovarywith r . These facts were used by Chatterjee and Tobias to write for the 
energy density of the track 

LET^ II 
~2 

LEVJZ 

r , [ 0 < r < r ] , 
l n ( e * r p / r c ) c 

[r_< r < r j 

(4) 

P e n " 2m-2 l n r A / r c ) " " c '~'V 

The energy density in the deposit i s defined from D i r i r and the integral of 0 [r) over the ent i re range 
of r as r 

P 
•p(r)dr = LET,. (5) 2TT / r, 

Jo 

is, of course, true that the core initially has more than half the energy because some of the energy de
posit of the low-energy delta electrons is deposited in the core. 

The energy deposit given by Eqs. 3 and 4 corresponds to a very early time. The core energy deposit is 
.approximately valid at 10 sec. In order to use this deposit explicitly we must consider the redistribu
tion as it occurs with the progress of tijne. The energy density in the penumbra is a statistical distribu
tion of the deposit of low-energy electrons. The value of o(rJ is the average value at an early [unspec
ified) time after the local deposit. 

Values of p(r) calculated using Eqs. 3 and 4 for neon at various energies in water are shown in 
Fig. 1. This figure shows that the core energy density is about an order of magnitude larger than the 
average energy density in the penumbra adjacent to the core. The energy density drops abruptly to zero at 
r •= r ,, a phenomenon that results from the finite range of knock-on electrons. 

Comparison with experiment has been made in a limited way. Data obtained in the gas phase can be 
scaled to give the energy density at distances on the order of Angstroms. In Fig. 2, calculated energy 
densities of the penumbra (Eq. 4) for He and H ions are compared with the experimental data of Wingate 
and 3aum and Menzel and Booz. This figure shows that the calculated energy densities agree within 
experimental error with the few measured values available. 
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MODRL OF CHEMICAL EFFECTS 

The chemical actions of high-energy radiations occur through transient reactive intermediates created 
in the tracks. These transient species are formed on several time scales, and the entire piocess is rather 
involved. In this chapter we shall consider only one aspect of the problem and use one example, the oxi
dation of an aqueous solution of ferrous sulfate. This reaction is an important example in radiation chem
istry and is used in a dosimeter (the "Fricke" dosimeter). We can assume that the reactive intermediates 
are H and OH radicals; they are formed in the tracks and react with each other and with the solute 
(Fe ions) as they diffuse away from their points of origin. A completely adequate treatment of the 
problem would require simultaneous solution of a set of partial differential equations, 

^ i (r.,t) = n.v2
C,(r.,t) - I ki.c.(r.,t)c.(r.,t) - k i sc i(r. ft]S, ((,) 

i.j - 1. 2. ••• P. 

with an equation for each of the p reacting species. In Eq. 6, c (r- ,0 is the time- and space-dependent 
concentration of the i species, D- is its diffusion constant, k., is the reaction rate constant, and 
17" is the Laplacian operator. The rigorous solution is obviously impossible, and various approximations 
are used. Kupperman has carried out computer calculations on the set of equations with assumed initial 
conditions. Kupperman's solutions have given radiation chemists a basis on which to develop simpler 
approximations. 

The motivation for one particular type of solution can be seen by the following reasoning: the 
terms on the right side of Eq. 6 have rapidly varying magnitudes as a function of time. In a topical case, 
the terms involving the squares of concentrations can dominate at first; then the diffusion term can 
dominate; and finally the scavenger term is most important, One type of approximation involves neglect of 
the diffusion term while the recombination of radicals is fast and later neglect of the recombination 
ten" when diffusion is more important. 

The most useful type of approximation in track problems is "prescribed diffusion," which allows the 
partial differential equations to be written as ordinary differential equations. If, in addition, other 
reasonable assumptions are introduced, a complete 2ero-order solution of the problem can be obtained. 

Consider the track of a fast heavy particle of charge Z, and assume that the core and penumbra can 
be considered separately. At first the core has a cylindrical distribution of energy, and we assur.e that 
at the time the radicals start to diffuse they have a concentration dependence 

c(r,0) = c(0)e" r / r c (7) 
where 

c(0) = ^ . (8) 
" c 

Here r. is the core radius, and N(0) is the number of radicals formed per unit length of the track. If 
there were only diffusion of the radicals (i.e., no reaction), the concentration would change with time as 

c ( r, t ).N(Q)e-[^H-
iF(r. + 4Dt) 

"Prescribed diffusion" essentially says that, when reaction is also considered, a good approximation is to 
take the concentration as a function of time to be 
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Use of Eq. 10 and a one-equation approximation to the set of Eq. 6 yields the result 

wnere k is the recombination coefficient for the radicals and t * r^/4D is a time parameter determined 

t 0 - Td^ff, Eq. 11a can be given as 
. W ( 0 ) 

which calls attention to the fact that the ratio of the diffusion to recombination characteristic times 
is an important parameter. 

The chemical mechanism of the aerated ferrous reaction is The following: 
OH + F e + + •*• OH" + Fe* + + 

H + 0- + H0 7 

++ - +++ HO, + Fe -* HO, + Fe 

The radical diffusion model in its simplest form assumes that the only effect of the radiation is to 
create radicals fi.e., N per unit of traclc) and that these radicals react according to the above scheme 
to oxidize Fe . Combination of two OH's leads to H,0 2 which oxidizes Fe , whereas combination of two 
H's leads to H, which is inert. The G value (yield per hundred electron volts) is given by 

G(Fe"*) - 3G H • G O T * 2 6 ^ . (121 

Here the yields of radicals that react, i.e., &, and G™., are to be interpreted as those that survive 
the initial recombination and are given by Eq. 11a. If we assume that 

we can write 

V z " % ) t ° ) ' "n™ (lihl 

and using Eqs. 11a and 12 

G(Fe ) * N(0) (141 

The value of t' implied by this equation is that time when the reaction with a scavenger becomes important 
because at that time the latter reaction dominates recombination. In this case 

where c is the Fe concentration. The quantity c is given by Eq. 8 and is proportional to the stopping 
power. For a particular ion, Eq. 14 can be written as 

GCFe— ) - N(0) [l • ! . ^-dE/d*)] (16) 



where a is made up of known parameters. 

It has been known for many years that Eq. 16 is valid for lew-energy protons, deuterons and helium 
ions. The empirical equation 

GfFe + + +) = 3.6 + - (17) 
1 + 0.45(-dE/dx) 

has been used for deuterons. It is clear that the physical significance of this equation is explained by 
the derivation of Eq. 16 given here. 

The calculation of the G value for the cylindrical core is made with Eq. 16 using the appropriate 
parameters. Calculation of the penumbra yield is actually similar; although the energy is distributed 
tenuously over a large region (as given in Figs. 1 and 2), the actual deposit is made up of low-energy 
electrons, and the G values are calculated with Eq. 17. The recoil electron distribution is considered 
explicitly, and the G values are estimated as those of protons that have the same velocity as the electrons. 

Calculations made by the methods described for carbon, neon and aTgon are summarized in Fig. 3. Ex
perimental points are not indicated because the experimental results have not been evaluated. The calcula
tion gives 11.7 for the carbon ien at 200 MeV/n, and the experimental value is 11.S +. 0.12; the general 
shape of the calculated curves appears to be in agreement with the limited experimental data available. ' 

The theoretical concepts sketched here make possible calculations of chemical yields from track 
structure. Comparison with experiment will allow us to check on the validity of the model and to construct 
a more refined model. One feature that is embedded in the track model is the dependence of effects (such 
as chemical yields) on both Z and ("dE/dx). As an example, consider in Fig. 3 the calculated yields at an 
LET of 6 eV/A of the ions neon and carbon. The value for neon is 9.5, and the value for carbon is 8.7; 
the calculation explains the difference in terms of the separate contributions of the cores and penumbras. 

MODEL FOR BIOLOGICAL EFFECTS 

The explanation of biological effects is the most demanding requirement on a track model. For the 
most part, the physical phenomena of interest usually probe either the initial energy distribution or 
perhaps an electronic excited state which has a lifetime of a few nanoseconds. Chemical phenomena in the 
track are more complicated than the physical. The time scale of interest is longer, and more sequences of 
processes are involved. Biological phenomena appear to be still another order of magnitude more complicated. 
The very earliest chemical processes may be involved, such as the ion-molecular reaction at 10 sec 

which is known to be influenced by high concentrations of chemicals, by all of the regular chemical reac
tions at the nanosecond time scale, and then by the chemical processes that activate enzyme systems on a 
still longer time scale. The nature of radiation effects on cells has been discussed by Tobias. 

Although mechanisms in radiation biology are, in general, complicated and involve interplay between 
chemical and biological processes, the suggestion that cell killing results from double-strand DNA bicsks 
allows considerable simplification in a chemist's thinking about biology. A track model can be investi
gated on the postulate that a certain number of double-strand breaks (for example, one) cause the death 
of a cell. 

Mechanisms of radiation damage to cells in suspension should be more understandable if radiation 
exposures are given in terms of the average number of particles that penetrate a cell rather than in rads. 
The two ways of measuring the exposure are proportional to each other. For Chinese hamster cells (CHV79) 
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n = T§ET ™ 
where D is in rads and LET is in eV/A. 

The distribution of particles penetrating a cell at any value of D is given by the Poisson distribu
tion. Any treatment of cell survival must consider the probability distribution of cell fates resulting 
from various numbers of particle penetrations. Let us say that the kill probability for a single particle 
is p (Qspil), the fraction of a ceil that dies if one and only one particle penetrates it; of course, the 
survival is (1-p). From the fact that survival probabilities of c e l l s sometimes depend on a higher power 
of the dose D, we know that tracks must interact in some way. Let us say that two tracks influence each 

2 2 
other so that the survival probability is reduced from (1-p) to (1-p) (1-q) where q is the kill prob
ability arising from the overlapping of two tracks. For pentration of more than two tracks, we assume 
that the intertrack influence is the same for each pair as if they were alone (this amounts to a neglect 
of higher than square dependence on D). This assumption allows us to write for the survival probability of 
a cell penetrated by j tracks 

S./S0 = (1 - p ) j (1 - q ) j ^ ' D/2. a 9 ) 

The survival probability for any given exposure is obtained by averaging this expression over the Poisson 
distribution to get 

1 i " n Si S/Sn = Z±T nJe J- . (20) 
° J- » 0 

Con?\der the survival probability p for a cell penetrated by a single particle. As the particle goes 
through the cell nucleus, the probability that an event occurs that w i l l ultimately lead to cell death is 

- § - • * vu 
where K is a constant that depends on the particle (charge, velocity, etc.). The survival probability is 
given by 

|- = e ' K l = e" p (22) 

where L is the average distance across the nucleus and s> = KL. The kill probability is 1-(S/S ) or 

p = 1 - e" p (23) 
and 1-p = e" p. 

The two-particle kill probability q can be obtained in the same elementary way 
q = 1 - e"° (24) 

where a = AL and 1-q = e . 
The quantities p and q are kill probabilities and are thus bounded between zero and unity. The 

quantities p and o can be much larger than unity. 
Liquation 211 can be written in terms of the exponential expressions for p and q as 

S = e - n * 1__ ( n e - P j V J O " 1 ) 0 / 2. (251 
\ j=l 3* 

This sum has simple closed-form expressions for various values of the parameters, in particular, for large 
n and small n. 
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A p]ot frequently used in evaluation of experimental data is (In S/5 )/D vs. D; and, if survival i> 
given by a quadratic expression in D as in the "a-B model," this plot becomes 

In S/S n 

Using Eq. 25, 

In S/S 2 

—fi-2- = p + --inoci - P) . r r i 

Since D and n are related by Eq. 18, we can express p and q in terms of a and 6 as 

p = 4u(LET) 
and 

a = 32 pflJ-TJ2 

{1 - 4 a(LET)}'-

The analysis presented here allows track models to be used in the evaluation of radiobiological data, 
in particular, the survival of cells under heavy-particle irradiation. In general, the variation of p 
should be 

j _ e-a(LET)-b(LET)2 I 30 » 

sented a and 6 values for survival of CHV79 cells after various particle irradiations. Using Eq. 26 and 
a fit to the position of the maximum in the o curve, the solid curve is calculated (Fig. 4], The values 
of a and b obtained must be understood in terms of the track model. 

CONCLUSIONS 
The ohjective of track modeling is the interpretation of physical, chemical and biological phenomena. 

A successful model must be consistent with data of all three types, and we are developing a model that 
appears to have the required flexibility. Jt is important to test the model further with a broader rnnjjc 
of physical, chemical and biological data. 
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CHAPTER 6 

RADIOACTIVE BEAI« 

Aloke Chatterjee and Cornelius A. Tobias 

INTRODUCTION 

Various classes of nuclear reactions have been identified and are understood to some extent for 
accelerated heavy par t ic les of various energies. In the Biology and Medicine Division of Lawrence 
Berkeley Laboratory we are mostly concerned with p ro jec t i l e nuclear fragmentation through a mechanism 
called "grazing contact ." * According to this mechanism, there i s an intermediate range of impact 
parameters for which the p ro jec t i l e nucleus comes into tangential contact with the target nucleus. 
During the short period of th is contact (-10" sec) , a nuclear bond may be formed between the nuclei , 
but the forward momentum i s sufficient to break t h i s nuclear bond. This reaction may resul t in single-
nucleon as well as nulti-nucleon transfer from one nucleus to the other. A general account of this nuclear 
fragmentation process i s given in Chapter 4. In t h i s chapter we wil l present a very special case of th is 
general fragmentation process and i t s possible application in nuclear medicine. 

As a result of "grazing contact" a variety of fragmented products are created from the same type of 
incident nucleus. Mien the beam pa r t i c l e s are radioactive in nature , we cal l the phenomenon 
"autoactivation" and the fragments "autoactivated pa r t i c l e s . ' " We have studied the i r production, 
detection and physical charac te r i s t i cs with regard to the i r possible applications in medicine as described 
in th is chapter. 

There are various ways to study the problem of fragmentation. The differences in the various 
methods are due to different detection systems. For example, semiconductor dotectors can identify 
fragments by observation of the energy-deposition charac te r i s t i cs of the main beam as well as of the 
fragments in these detectors and combine th i s information with known acceleration charac ter i s t ics and 

4 
cosmic-ray and part icle-physics data. Such techniques have been used by Heckman et a l . in a rather 
elaborate arrangement of semiconductors in series and by Maccabee in a somewhat simplified manner. 
On the other hand, in photographic emulsion studies a visual demonstration of the phenomenon of nuclear 
fragmentation and i d e n t i f i c a t i ' - of the main beam par t ic les as well as the fragments are made through 
grain-density s tudies . We have aetected and ident i f ied the radioactive fragments by ha l f - l i f e 
determinations and the slopes of the i r decay curves. All ot the incident nuclei studied so far have 
been produced at the Bevalac with beam energies between 240 and 500 MeV/n. At tjiese energies the 
Coulomb bar r i e r i s of l i t t l e ijripoytance, and the momentum of the fragments i s predominantly in the 
forward di rect ion. At low energies , however, deviations from th i s simple phenomenon have been observed. 
For example, a t It) MeV/n, Kaufman and Wolfgang found that the fragments of 0 ' were dis t r ibuted between 
0° and 40° with respect t o the i n i t i a l direction of the p ro j ec t i l e . Obviously, at these energies 
Coulomb potential i s an important influence on the grazing phenomenon. Figure 1 i s a diagram of the 
phenomenon of autoactivation for an individual oxygen pa r t i c l e col l iding with rest ing nuclei in the 
absorber. 

As a resul t of our s tudies , it i s apparent t h a t , af ter the fragmentation of an energetic beam 
produced in the Bevalac, i t i s possible to generate a clean beam of energetic radioactive pa r t i c l e s . 
If these pa r t i c l e s ar.' obtained by stripping a neutron, positron-emitting ions r e s u l t . Because the 
energetic radioactive par t ic les have large atomic numbers, they also exhibit precise range-energy 
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relat ionships . Tims, when th is beam is focused on a precise location in the body, the i n i t i a l resul t will 
be the highly localized injection of a positron-emitting isotope. The annihilation of the positrons 
generates two detectable 511-keV -y rays at nearly 180° and in time coincidence. The u t i l i za t ion of th is 
localized i n i t i a l d is t r ibut ion of positron emitters in studies re]qted to nuclear medicine has generated 
considerable interes t in our group, and the design and construction of an instrument to image the isotope 
d is t r ibut ion as a function of time have been i n i t i a t e d . When completed t h i s instrument will find 
important applications in various diagnostic procedures. 

EXPERIMENTAL DEMONSTRATION OF AUTOACTrVATICK 

Nearly paral lel beams of energetic heavy nuclei were allowed to be stripped in v a r i e s targets such 
as beryllium* l u c i t e , polyethylene and aluminum. In each case, the targets were of sufficient thickness 
to stop the main beam and the different fragments under study so that they played the di.al role of 
fratflnenting the main beam and catching tne fragments. The i r radiat ion time was varied depending on the 
ha l f - l i f e of the par t icu lar fragment under study. 

A preliminary - experiment was done to determine whether cross sections for the multi-nucleon t rui^fer 
process are large enough to permit detai led studies of their interact ions and the approximate energv 
dis t r ibut ion of the products. A slab of spectroscopically pure beryllium metal (impurities less th;m 
0.1%) was used to stop 25fl-MeV/n nitrogen (7N ) p a r t i c l e s . The slab was long enough to stop , f (half 
l i f e = 20.34 min) and ?N (hal f - l i fe = 10 min) pa r t i c l e s produced in f l ight as a resul t of fragmentation 
of the main beam. Beryllium was selected as the target because i t s atomic number i s lower than tho.M-
of the products LC and Ji ) under study and because i t has generally low " ta rge t" r ad ioac t iv in . 
These products are unstable and decay by positron emission. The annihilat ion of the positrons generates 
two 511-kcV Y rays at nearly 180°. Activity from the beryllium catcher was analyzed by a s c i m i l i a i i o r 
spectrometer consisting of an 8-inch-diameter, 4-inch-thick Nal(Tl) crystal to generate the pulse height 
spectra shown in Fig. 2. No appreciable radioact ivi ty was detected in the i r radiated slab except in tin-
channels set ot measure annihilation radiation at 0.5± 0.01 MeV. Data obtained in these channels were 
analyzed into two components with ha l f - l ives of 20.34 and 10.1 min. These hal f - l ives ident i f ie r and 
confirmed the formation of JO and 7N as a resu l t of autoactivation. A typical example of the datd 

11 for the decay of ,C i s shown in Fig. 3, The slope of the semi-log plot corresponds to the half-1 if r 

o f / 1 -
15 l"7 

We have also identif ied various other isotopes such as R 0 (ha l f - l i fe = 2.1 min), q F ' ( h i l f - l i f e = 
1.1 min) and ,«Ne (hal f - l i fe = 17 sec) by the proper selection of incident beam par t ic les and target*. 
Nevertheless, in each case these isotopes were produced in measurable quan t i t i e s . In order to Teasuiv 
these short- l ived isotopes, a special on-line counting tech. Ique was developed. I t consis ts of an 
a i r -dr iven, remote-controlled device cal led a "rabbi t" that can move the catcher in and out of ijie hew 
very rapidly. Within half of a second af ter i r radiat ion is completed, counting can begin by moving tin-
catcher into a lead-brick house and placing i t between two Nal(Tl) c rys ta l s . For on-line counting, a 
coincidence mode is used to reduce the high background near the Bevatron. 
ACTIVITY VERSUS DEPTH IN CATCHER 

Our measurements of the ac t iv i ty at various depths in different absorbers agree with those made 
at low energies ( i f MeV/n and less) by Kaufnann and Wolfgang. ' Autoradioactivity ot eccelerated 
par t ic les ajipears as a localized peak in the region where the primary par t ic les s top. For example, in 
one of the experiments performed at the Bevalac, the ac t iv i ty at various depths was measured with 
deposited X fragments by direct ing a beam of ? i r pa r t i c l e s toward a stack of O.S-cm-thick beryllium 
d i scs . For each d isc , the ac t iv i ty was measured, and the decay was followed over time to identify the 
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Figure 2. A typical pulse-height spectrum of an irradi
ated" beryllium target-cum-catcher is shown. 
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ions are stopped in a beryllium target. (XBL 72!-2098) 
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fragments. As shown in Fig. 4 , no measurable ac t iv i ty could be detected in the f i r s t 10 g/cm of the 
beryllium catcher. Most of the ac t iv i ty was concentrated in a fa i r ly sharp peak near the range of the 
7N p a r t i c l e s . No ac t iv i ty was detected beyond 16.0 g/cm of beryllium. The peak width ar ises mostly 
from the use of thick targets in which interact ions can take place a t various depths and hence at 
various energies. 

In a similar experiment, a 220-MeV/n oxygen-16 beam was focused on a luc i t e ( t i s sue- l ike material) 
t a rge t , and the ac t iv i ty of the fragmentation product, oxygen-15 (ha l f - l i fe » 2.1 roin), was measured at 
various depths. The resu l t s are shown in Fig. 5 . The location of the radioact ivi ty peak can be compared 
with the Bragg peak for ionization produced by the main beam (dashed curve). In addition to the 
autoactivi ty peak, " ta rge t" radioact ivi ty of oxygen-lS i s a lso produced in the res t ing nuclei of the. 
t a rge t , but such ac t iv i ty i s much less than that produced in the incident nucleus. Using a 250-!*'V/n 
oxygen-16 beam on l u c i t e , a l l ac t iv i ty bslow the 5-cm depth is due to res t ing nuclei of the absorber 
( luci te contains oxygen-16). 

The fragmentation of the neon-20 nucleus and the detection of autoactivated peaks of several 
positron-emitting isotopes were also studied. In Fig. 6, autoactivaticn peaks of neon-19 and f luor ine-]" 
are shown for an incident neun-20 nucleus in beryllium. These peaks are well separated from each other 
even though they are adjacent to the stopping region of the neon-20 beam. 

liSTIMATUU CROSS SECTIONS 

Through studies of the phenomenon of autoact ivat icn, i t has become apparent that i f the incident 
nuclei are stripped of a neutron by an adequate nuclear react ion, a beam of positron-emittinjj ions ran 
be generated. The energy of such a radioactive beam wil l depend on the thickness of the ta rge t . In 
order to develop a nearly monoenergetic beam, a thin target i s needed. The choice of material for 
t h i s target wil l depend on the cross section because a high-flux radioactive beam i s necessary for 
diagnostic purposes. In addit ion, the dependence of the cross section on the energy of the incident 
nucleus wi l l provide some important information on the fundamental aspects of nuclear fragmentation. 

So far , we have obtained cross-section data that are averaged over a large path length and heme 
over a large energy range; however, such a cross section may not be too far from the thin-target c r o ^ 
section for the following reasons: (1) as the energy of the incident nucleus decreases, the cro>s 
section reaches a maximum, and hence the average cross section over a thick target i s expected to he 
larger than the th in- target cross section; (2) fragments produced in the i n i t i a l stage of the 
p ro j ec t i l e ' s f l ight path are more l ikely to be further fragmented, hence reducing the thick-tarpet 
cross section compared to the th in- ta rge t cross sect ion. Because these two effects are in opposite 
d i rec t ions , the actual cross section may not be too di f ferent . Further studies are needed to verifv 
th i s conclusion. 

As mentioned e a r l i e r , at present we have only thick-target cross sect ions . The cross-section 
values have been obtained by analysis of the ecr iv i ty data and incident f lux. Table I gives the various 
thick-target cross sections for different incident pa r t i c l e s and different products using beryllium a^ 
the ta rge t . At present , i t i s not c lear why the cross section for -N i s smaller than that for .('. . 

13 If i t i s associated with the fact that there i s a loss of 7N due to further fragmentation and 
subsequent production of &C , the absolute cross sections for the production of ] n Ne ' and pF ' are 
puzzling. Obviously more experiments with both thick and thin targets are needed. If we confirm the 
present data , the problem o£ p ro jec t i l e fragmentation will become even more interes t ing from tin-
fundamental point of view. 
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Table I. Thick-target cross sections for the production of 
nucleon-transfer products from ?N 1 4 and inNe 2 0 beams 
on beryllium targets. Listed in each case are the 
observed reaction product and the cross-section o in 
millibams. 

Reaction Loss 
of Projectile 

C-n) 

t-pZn) 

A- 1 3 

10"' 

No attempt was made tc investigate products that are formed by 
the picV-up of nucleons from the target. 
Range in berylliun = 7.03 an. 
*Range in bervlliun - 9.61 on. 
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DOM: DISTRIBUTION 

In order to calculate LET dis t r ibut ion at various penetrating depths and t o estimate dose due to 
nuclear secondaries, we need information on fluence d is t r ibut ion a t these depths. We have made some 
theoret ical estimates of the dis t r ibut ion of forward secondaries in raonoenergetic heavy-ion beams. 
Because of the i r charac te r i s t ic shape, we cal l these "dome dis t r ibut ions ," 

Let $ n(x) denote the fluence of primary heavy ions a t a penetration depth x. Through nuclear 
interaction some of the incident par t ic les are removed from the primary beam. Let the macroscopic total 
cross section for removal of a primary from the incident beam be represented by o (assumed constant with 
respect to energy). For a medium of mixed nuclear species , e . g . , water, 

H20 u H 
*p " u * V * N-

where N., i s the number of hydrogen atoms present per unit volume and a i s the macroscopic to ta l cross 
section for primary-beam interact ion with hydrogen. Similarly, N is the number of oxygen atoms per 
unit volume, and o° i s the primary-beam interaction cross sect ion. The rate of removal of primary 
pa r t i c l e s from the beam is given by 

d$ p /dx = a * (x) . { 

A solution of this equation. 

* pCx) = * Co) exp(-ax), 

represents the primary fluence at a depth x. Owing to the loss of primary p a r t i c l e s , secondary fragments 
are produced, and the r a t e of production of type-f fragments i s given by 

d* f (x)/dx - * a f i . 

where $Ax) is the secondary fluence at a depth x and a , denotes the macroscopic partial cross section 
for production of secondary fragments of type f. 

In the event that the loss of secondary fragments through nuclear interaction car be neglected, 
the solution of Eq. 4 can be given as 

(5) *£Cx) - * p ( o ) [ l - e x p ( - o p x ) ] [ o p f / o p ] . 

The r a t io o Jo represents the frequency at which a fragment of type f i s produced per co l l i s ion , 
which removes a primary. 

Because both the primary pa r t i c l e s and the secondary fragments are charged p a r t i c l e s , they interact 
very strongly with the medium electrons and hence lose energy to the medium. Thus, they have a definite 
range in a slopping medium depending on the i r charge and k ine t ic energy. If we neglect range straggling, 
which is not far from r e a l i t y , primaries that survive nuclear interactions are f inally removed at ranpe 

* (x) - 0 for x > R . (o) 

A more complete study considering the loss of secondary fragments through further nuclear interactions 
is in progress. 
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Secondary fragments are assured to be produced a t the same velocity that the primary par t ic les have 
at the point of fragment production. These fragments can have greater or smaller ranges than the 
residual range of the primary beam. Generally, they wil l have a greater range than the primary because 
ranges of fast heavy charged par t ic les (at the same velocity) scale as (A/2 ) where A i s the atomic mass 
and I i s the nuclear charge. In the case of a neutron-stripping in terac t ion , the charge remains the 
same so the range of the secondary is l e ss than that of the primary from the point of production. 

]f we denote the r a t i o of the range of the secondary fragment to the range of the primary as n f , 
we have from the simple scal ing law 

l f - W (Aj/ApHZp/Zj) 2 . (7) 

Considerations such as these lead to the conclusion that there i s a build-up in the secondary 
fluence by fragmentation of primaries up t o range 1L where a l l of the primaries disappear. Then there-
i s a continuous drop in the secondary fluence as they are removed at the end of t he i r respective ranges. 
The maximum penetration of a type-f fragment i s given by i t s own range. Fragments produced deeper in 
the medium wi l l have smaller penetra t ions , the minimum penetration being that of a fragment produced just 
as the primary energy i s less than the Coulomb bar r ie r . Because a majority of the fragments will penetrate 
deeper than the primary, i t i s of in te res t to calculate the flux of such secondaries beyond the primary 
range. 

The fragments of type f are produced at an a rb i t ra ry penetration depth x; the range of these 
fragments i s given by HftK-x) where (R-x) i s the residual range of the primary pa r t i c l e s at the point 
of the i r in te rac t ion . I f we assume that the fragments are not los t through nuclear interact ion 
( t e r t i a ry process) , they will- stop at a depth x ' given by 

x* = x + n f (R-x) . (fi) 

Through a procedure similar to the one outlined above, for the secondary fluence at any depth heyond 
R, the range of the primary beam, i t can be shown that 

<»f00 •= * p ( o ) U - e x p ( - o p n f ( R - x ) / ( n f - l ) ) ] t o f / o J (51) 

Equation 5, which i s val id for x < R, and Eq. 9, which i s valid for x > R, represent the 
theoretical analysis of the dome d i s t r i bu t ion . Several different types of fragments wil l be generated, 
producing a family of dome-distribution curves characterized by different values of the maximum range 
n fR and the maximum fluence propdrtional to the parameter ( 0 „ f / O . 

From the flux d is t r ibut ion of secondaries, the dose d is t r ibut ions at various depths can be ca l 
culated easi ly by multiplying the fluence by the LET corresponding to t h e i r residual energy at any given 
depth. An example i s show, in Fig. 7, which gives the dome dis t r ibut ions for various secondary fragments 
generated by a 275-MsV/n nitrogen-14-ion beam penetrating water. The range of such a beam is 12.55 cm. 
Dome dis t r ibut ions were computed using the fragmentation parameters (o r/o ) and range ra t ios given in 
Table I I . The dis t r ibut ion of momentum exchange between parent and daughter fragments and the angular 
d is t r ibut ion of fragments as well as the cross-section changes wi l l modify the dis t r ibut ions in Figs. 7 
by broadening them. Experimental and theoret ical work i s expected to be done along these l i ne s . One 
cannot obtain specific data on various isotopes from the emulsion data. The fluence of each secondary 
component i s plot ted on the upper graph of Fig. 7 as a fraction (percentage) of the incident primary 
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Table II. Fragmentation parameters and range ratios used to compute the dome 
distributions of Figure 7 for various fragments. 

_N' ,13 r13 rU 
rn B 1 0

 2 H e 4 / 

0 r/° * pf p 0.18 0.18 0.2S 0.03 0.30 0.S0 0.75 

RanRC Ratio (nO 0.93 1.2fc 1.17 1.07 1.40 3.50 3.50 

Not normalized. 
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fluence versus depth of penetration in water. Tht- arrow indicate:- the range of the incidfmt primaries. 
The lower curves in Fig. 7 represent the composite dose d is t r ibut ions of the secondary nuclear components 
as a function of depth in water. Because i t contains stopping par t ic le? of nitrogen, carbon and boron 
near the Bragg peak of the primary beam, the average LET i s fa i r ly high there. Dose contributions from 
head-on col l i s ions are small because of the small cross sections of the ) a r t i c l e s , and dose contributions 
from local s t a r s are als<> re la t ive ly small because these are dis t r ibuted ajung the en t i r e beam range. 

An example of the application of the dome dis t r ibut ion to real data i s shnwn in Fig. 8. The closed 
c i rc les are experimental data measured by Maccabee et a l . The ordinate i^ t h t number of carbon 
secondaries identif ied at a given depth of penetration in water normalized per 26,769 oxygen ions 
incident at 250 MeV/nucleon. The solid l ine i s a theoret ical f i t to the data using the dome-distribution 
expression. No experimental resu l t s are currently available to verify the dome-distribution expression 
beyond the range of the incident p a r t i c l e . 

BIOMEDICAL STUDIES WITH IMPLANTED RADIOACTIVE BEAMS ( 1 Q N e 1 9 RADIOACTIVITY IMPLANTED IN THE BRAIN) 

Che simple i n i t i a l experiment has been carried out to demonstrate the f ea s ib i l i t y of the beam 
iy 

implantation technique in diagnostic procedures. A l ive rabbit was i r radiated with a beam of , nNe 
(hal f - l i fe = 17.2 sec) . The beam was stopped in a selected portion of the brain (see Fig. 9a) . The 
count ra te of a coarsely collimated, coincidence gamma-ray detector was recorded as a function of time 
during and af te r the i r rad ia t ion . As shown in Fig. 9b, the count ra te increased with the time of 
i r rad ia t ion . Irradiat ion was terminated at t = 33 sec , and the number of positron annihilat ions per 
unit time occurring in the region observed by the detector began to decrease as a function of time. 
A similar experiment was carried out with the same but sacrif ied rabbi t . The re su l t s of our study are 
shown in Fig. 9c. The radioactive decay of the short- l ived isotope is quite evident in both curves, 
but in Fig. 9b ( l ive animal) there i s a well defined increase in the ra te of decay between t = 54 and 
40 sec. Such a r a t e i s much faster than the normal radioactive decay. After t = 40 sec, the decay in 

19 ac t iv i ty seen in Fig. 9b i s due to . n Ne embedded in t i s sue as the slope corresponds to 17.2 sec. The 
faster drop is d i rec t ly a t t r ibu tab le to the blood flow from the region of the brain coarsely delimited 
by the geometry of the experiment. 

Although preliminary, our studies do indicate the potent ia l usefulness of the radioactive-beam 
implantation technique. More studies with such beams are needed before they will be useful for human 
pa t i en t s . Dr. Grant E. Gauger, Assistant Professor of Neurological Surgery, university of California, 
San Francisco, par t ic ipates in these experiments, and h i s enthusiasm i s a key factor in the development 
of the technique. Al Snath of the LBL Health Physics Division i s to be credited for the physics work 
with the rabbit exposures. 

DISCUSSION AND CONCLUSIONS 

It i s c lear that energetic radioactive beams can be generated through the process of nuclear 
fragmentation in measurable quan t i t i e s . A good ru le of thumb i s that about one percent of the parent 
beam can be converted to a par t icu lar radioactive beam. With Bevalac i n t e n s i t i e s , the available 
radioactive-beam flux wil l be adequate for diagnostic s tudies . 

Because the charge-to-massi r a t i o of radioactive fragments i s often different from that of the parent 
nucleus, radioactive fragments can be separated from the main beam by deflection in appropriate magnetic 
channels. This principle has already been used by Heckman's group, and, with thei r he lp , a small 
deflected oxygen-15 beam (approximately 80-percent pure) was produced at the Bevatron before the Bevalac 
began operating. Using oxygen-16 from the Bevalac, a much higher- intensi ty oxygen-15 beam can be 
produced. The phenomenon of autoactivation thus provides a technique for obtaining high-energy radio-
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active beams i.-t 'Heretofore possible. Such beams will be extremely useful for diagnostic procedure* in 
heavy-ion radiation therapy and nuclear medicine. 

The lack of exact diagnostic knowledge of the position of the Bragg peak has hindered therujicutie 
procedures in the past . Exact calculations are impractical because of intervening none, t i s sue , a i - , 
e t c . By generating autoactive beams in a small thickness of absorber 'ipstream from the exposure room, 
we will be able to determine the range penetration in a patient and hence the stopping power. 

During the i n i t i a l period of heavy-ion therapy, we ant icipate that stable nonradioactive beams of, 
for example, i n H ? " or ,gA will be used. The autoradioact ivi ty of acceleiated par t ic les ap; ?ars a^ a 
localized peak of radioact ivi ty in the region where the primary par t ic les stop in an exact measurable 
relat ionship to the locaticn of the Bragg ionization peak. Thus the Bragg peak of the therapeutic beam 
can be rather precisely localized. 

Later in the program, i t should be feasible to deliver therapy with pure autoradioactive foeam> if 
the primary nonradioactive beams can be increased to 10 or 10 particl< s per pulse, Such beams 
should become possible in the course of Bevalac development as a consequence of improved vacuum and 
HILAC ion sources, 

In addition to localization of the Bragg peak with respect to heavy-ion therapy, radioactive beam-
will find important diagnostic appl icat ions . For example, a single pulse of a monoencrgetj.- beam can 
be stopped in a small region inside the human hear t . The time required might he as l i t t l e as one 
millisecond. A radioactive bolus will be formed, some part of which will be carried with the streaming 
blood. An appropriate couting procedure for observing passage of the radioactivi ty will resul t in 
measurements of blood flow and heart-valve act ion. Such ttcliniques could also be applied in the 
carotid ar tery to measure cerebral blood flow and perhaps elsewhere. The autoradioactive-beam technique 
might eliminate the necessity of a r t e r i a l puncture catheter izat ion and could reduce the injection time 
to less than that of currently used techniques. 

We have already done some preliminary studies of cerebral blood-flow measurement usinj; rabbi ts . 
Results show great promise for th i s technique and wil l be reported soon after further confirmation of 
the data i s obtained. 

FUTURE STUDIES 

Variation of Cross Section with Energy 

Using stable isotopes such as 6 C , gO , ,.jNe and , g A r from the Bevalac, we plan to measure 
thin- target cross sect ions. Measurements wil l be made on both short- and long-lived radioisotopes. 
Fcr a given fragment, various incident beams will be studied with different t a rge t s . The targets will 
include elements with low and high atomic numbers. The energy d is t r ibut ions of the fragments will be 
determined. 

Radioactive Beams 

The above cross-section data will be useful in obtaining various radioactive beams. One of the 
requirements of such beams i s no or very l i t t l e spread in beam energy. This work will be done in 
collaboration with Hermann Grunder and Harry Heckman of LBL. 

Localization of the Bragg Peak 

We have jus t completed construction of a positron-emitter , beam-imaging device. With th is device 
we wil l attempt to measure the range of an energetic heavy-particle beam in living specimens. In 
addition to range, we will obtain information on electron density along the trajectory of the pa r t i c l e s , 
that i s , stopping-power information for par t ic les penetrating through nonhomogeneous matter such as in 



a pa t ien t . This information wi l l then be used for actual therapy with a predetermined beam. When the 
HI LAC is able to accelerate par t ic les up to uranium in sufficient flux, through the phenomenon of 
autoactivation we wi l l be able to produce numerous long-lived radioactive beams. gT has already been 
identified in our s tudies. 

tiairma-ray Camera 

Over the past several months, we have been engaged in constructing a special gamma-ray camera for 
local izat ion of the stopping region of a monoenergetic beam within the body. Dr. Jorge Llacer of the 
instrument research group a t LBL has been collaborating with us on t h i s p ro jec t . The camera, which 
should be completed by April 1977, has two arrays of c rys ta l s arrayed in such a manner that they can 
detect the location of a point source with optimum efficiency. The camera i s designed to acquire large 
amounts of data in times on the order of half a second each. The data are f i r s t held in the memo;*y 
of a computer and l a t e r transferred to a disk. This apparatus wil l allow us to not only localize the 
dis t r ibut ion of stopping points but make accurate measurements of translocation of par t ic les due to 
circulat ion and other forms of t ransport . 
Measurement of Local Blood Circulation 

Because of t he i r precise range-energy re la t ionships , energetic radioai ive pa r t i c l e s can be 
deposited at any desired posit ion in the human body. The time required mi t be as l i t t l e as one 
millisecond. A radioactive bolus wi l l be formed; some par t of th i s wil l t carried away with the streaming 
blood. The use of an appropriate counting apparatus to observe passage 01" the radioact iv i ty could 
resul t in measurement of blood flow and biological functioning of the 1 cal region. 

In one of our preliminary investigations of cerebral blood flow r t e , "'Ne par t ic les were used to 
i r rad ia te the brain of a rabbi t . Elimination of these pa r t i c l e s with the flow of blood could be eas i ly 
separated from the physical decay process, thus enabling us to measure quant i ta t ively the blood flow 
rate and the blood volume in the local region. Whereas use of Ne nay provide information on the 
diffusion ef fec t , use of 0 may lead to the determination of exch ige effects with water molecules. 
Without the use of radioactive beams, no other technique is avair <le at present that will provide 
information about the functioning of local regions in a l iving s stem. 

O r o t i d Artery and Symmetry of Circulation 

A burst of a radioactive beam can be made to stop in an appropriate region of the carotid ar tery . 
Radioactivity will flow into the two hemispheres of the brain, and under normal conditions the radio
ac t iv i ty should be ident ica l in the two hemispheres. Any abr irmality wil l resu l t in asymmetrical behavior 
of the radioact ivi ty in the two hemispheres and hence d i f f f . en t count ra tes , 

Arteries--ftate of Blood Flow 

Local blocking of passage through an ar tery car. be detected by depositing radioactive par t ic les at 
one place and noting the a r r iva l of ac t iv i ty in anothe place. 

Elementary Interactions 

Since 70 to 80 percent of the body is water, vr can postulate the nature of elementary interact ions 
as 

U C . M • F,0 • n 0 » . * H W 

u O • 120 •- HCHO 
l ' r . ^ u n __ " * - n A u 



If the-=e reactions occur in pure water, they would be ready sources of formaldehyde and carbon 
monoxide, *ft ;>lan to verify these processes and obtain appropriate yields by passing a radioactive C 
beam into a rea i t ion vess*!! with pure water and analyzing the radioactive products. 

Many other reactions are possible . For example, in the presence of oxygen, CO., mav form di rec t ly . 
11 

Ihe free radical C* might also in teract wLth the other free rad ica ls , H- and Off-, that are in the path 
of the ionizing track. 

If nC0 has fomed 
the in t race l lu la r reactions of t h i s substance in c e l l s . We know, f^r example, that myoglobin, 
cytochrome A~, and K150 in teract with carbon monoxide. We might attempt, TO characterize various fractions 
of macromolecules that interact and to observe th pa r t i t i on of CO between tiier.e fract ions. Eventually, 
i t will be possible to observe the carbon monoxide generated in ce l l s in the msiirWobin of the blood and 
in exhaled a i r . 

O wi21 also interact with organic compounds in l iving c e l l s . 

The case of "̂N* is equally in te res t ing ; we ant ic ipate formation of TJO and an opportunity to 
t race the behavior of th is toxic substance in t i s s u e s . 

IS 0» may par t ic ipa te in mar<y processes. I t might be possible to trace the autoxidation of lij-id 
membranes and the removal of oxidized l i p i d s , a process that i s known to occur but where very l i t t l e 
data a,? avai lable . 

19 Ne i s an iner t gas. I t wi l l diffuse freely through aqueous and l ip id layers of c e l l s and mxy 
allow the determination of some diffusion and transport coeff icients . 

Radiopharraacology 

For a number of years i t was of in teres t ir. nuclear medicine to synthesize rapidly compound? that 
contain the C isotope, par t icu lar ly nucl i ic-acid precursors. Whereas good progress has been made with 
target radioact iv i ty , the re la t ive slowness of synthetic steps has been a drawback. I t i s possible thai 
the ava i l ab i l i t y of ''hot" radioactive free radicals might accelerate and f ac i l i t a t e the synthesis of 
some interes t ing compounds. 

1 A C - + HjN *• H X 1 C N < 

If labeled cyanide is easily available, as we already know from the work of Steinman and Calvin it can be 
a starting point for the production of a variety of compounds, for example, purines. This particular 
aspect of the project will be studied in collaboration with Dr. Bengt Langstmm, University of Uppsala. 
Dr. Langstrom is experienced in radiochemistry and is currently working with our group. Collaboration 
with Professor Larson, University of Uppsala, will be particularly profitable owing to his vast experience 
in this field-
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CHAPTER 7 

CELLULAR AND MOLECULAR RAMOBIOLOGY OF HEAVY ION'S 
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I. INTRODUCTION 

A. Statement of the Problem as Applied to Cancer Therapy 

The rationale for the use of heavy ions in cellular radiobiological research directed toward improved 
cancer therapy is based on a variety of findings gained from experments at low energies including the 
following: 

• Heavy ions decrease the radiobiological oxygen effect at the cellular level. 
• Heavy ions decrease sensitivity variations during the cell division cycle. 
• Heavy ions reduce repair. 
• Cells of abnormally large nuclear cross section appear to have greater sensitivity 

to heavy ions than do normal cells; many varieties of cancer produce aneuploid 
cells of abnormal UNA content. 

• Heavy ions retain most of the depth-dose advantages of protons and heliu.ii ions. 

All of these paramet?'- must be considered together in a realistic and complete evaluation of the therapeutic 
potential of each of the high-LET radiation modalities. Since the Bevalac was completed two years ago, a 
vigorous effort has been made to analyze radiobiological properties of cells in culture and to relate these 
properties to the requirements of therapy. 

B. Statement of the Fundamental Problem 

Heavy particles such as protons and highei-atomic-number elements have rather unique physical properties. 
They undergo very little scattering from their initial trajectory and have very precise range-energy 
relationships. The extent of interaction between matter and heavy penetrating particles increases with 
decreasing velocity and shows a maximum effect just before these particles are brought to rest. Compared 
to electrons, heavy particles have much higher values of linear energy transfer (LETJ and are sometime? 
referred to as high-LET particles. In addition to these important advantages, heavy particles are expected 
to demonstrate desirable radiobiological advantages, which will make them especially attractive for 
radiation therapy. Before these high-LET particles can be used for such purposes with confidence, various 
relevant radiobiological parameters must be known for different therapeutic situations. 

Jhere are two aspects of the problem tnat we have addressed, and experiments at the Bevalac have been 
designed accordingly. One aspect is an understanding of the basic mechanism involved in cell killing by 
ionizing radiation, and the other aspect is the analysis of radiobiological properties of cells in culture 
with reference to high-LET particles and the relationship of these properties to the requirements of 

therapy. Obviously, these two aspects are interrelated with a common goal, namely, the optimal use of 

high-Un particles in therapeutic procedures. 

It is well known that the distribution of energy in space by the passage of a heavy particle is 
rather nonuniform; hence the chemical stage that follows immediately after the initial absorption of 
energy has to deal with reactive species that are distributed in a nonhomogeneous manner (see Chapter 5). 
It is obvious that this distribution will be directly related to the energy and atomic number of a particle, 
and, therefore, it is important that a large variety of different heavy particles should be available foj 
a reasonable understanding of the problem. Because heavy nuclei undergo nuclear fragmentation (see 
Chapter 4) and are thus diluted with lower-atomic-number particles, the problem becomes even more compli
cated. At present, however, a quantitative evaluation of the experimental data should form the basis of 
t refitment planning as long as these data are obtained using a variety of heavy particles. 

It is very seldom that a therapist would treat a patient with monoenergetic heavy particles. With 
such particles, the Bragg peak is very narrow, and hence either the treatment volume must be scanned with 
a monoenergetic beam or the beam must have adequate spread in energy (extended Bragg peak! to cover the 
whole tumor. With the Bevalac beams, efforts are being made according to the latter method. Thus, 
therapeutically relevant radiobiological data should be obtained with extended Bragg peaks. 

http://heliu.ii
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Because of a possible role in therapy, external chemical modifiers of biological lesions are of great 
concern in the understanding of molecular mechanisms of damage. It i s of in teres t to know whether the 
modifiers act on the i n i t i a l fast radical react ions , on macromolecular long-lived s t a t e s , or on the repair 
mechanism. The re su l t s of carefully planned experiments will help us evaluate this fundamental problem. 

In accordance with the above-mentioned problems, we have been performing experiments with Bevalac 
ions. In t h i s chapter, we report our data obtained with human kidney and Chinese hamster ce l l s under 
various beam conditions. A complete analysis of the data wil l require more time, but we have already 
learned a great deal about the effectiveness of various high-LET p a r t i c l e s . On the basis of our present 
analys is , we believe that RBE and CER at the 10-percent or any other survival level may not be very useful 
in evaluating, the therapeutic potential of a given beam and that these should be replaced with other more 
appropriate parameters (see section IV below). 

The Bevalac is a national f a c i l i t y , and therefore investigators from many groups across the L-ount rv 
and abroad have taken the opportunity t o study these unique high-energy, her.vy-ion beams. A brief review 
of t he i r ce l lu la r and molecular resul t s i s included here. 

11. TKJKIQUES AMD OVERVIEW OF WORK COMPLETED 

Tabic I i s a summary of cel l experiments completed at the Bevalac since Fall 19?4. Fight LB1 s t i n 
members (E. A. Blakely, S. B. Curt is , J . T. Leith, A. Rodriguez, R. J. Roots, T. S. Tenforde, C. A. 7oni;i>. 
1, C. H. Vang) and I>. Chapman, on sabbatical leave from WNRH-AEC Canada, have conducted cell e.weri^em-
wuli these pa r t i c l e beams. Eight graduate students have par t ic ipated in thesis-oriented ce l lu la r 
research v.ith heavy-ion beams (F. Abrams, D. Kalofonos, .1. Risius, M. Ri t te r , P. Ross, R. Roisnian, 
K. Schi l l ing, M. Yezzi). 

Investigators from six other ins t i tu t ions (University of California, San Francisco, Medical School, 
Colorado State universi ty , Columbia University, Ins t i tu t e Gustave-Roussy in f ranee, Los Alamo S> lentii 'n 
Laboratory, university of Arizona Medical School) have broadened the scope of -studies of include lo— o: u 
product!w integr i ty in two additional mammalian cel l l ines (Chinese hamster ovary and EMI"-6 m^mmar. ;;tou.-. 
tumor), Data from both in v i t ro and in vivo ce l l studies are included in the summary in Table I tV-i 
completeness, but a more extensive description of in v?.vo resul ts will be found in Chapter •>. 

Six different eel} systems (human kidney T-l , hsmster V-79, rar brain rumor, rhabdomyosarcoma, timim 
R 1, mouse 3T3 cel l s ) have been used to assay radiation-induced effects including loss of rep rod tic t w.-
in tegr i ty , tiie oxygen effect , the effects of radiation modifiers, effects on synchronized c e l l s , enhukeinent 
of vi ra l transformation, and the re la t ionship of DNA strand breakage to cel l l e tha l i ty , 

-\ variety of techniques have bee. used in tlie ce l lu la r investigations including the following: 
1 ? 

(1) Exposure of c e l l s m tnonolauere contained in controlled-atmosphere chambers. *" 
\1) The use of ce l ls suspended in nutrient mediur. of low calcium content and controlled atmosphere.."' 
(3) Suspended ce l l s in sealed v ia l s in a s ta te of hypoxia due to Tretdbolic de\ leii&i. 
(4j The submarine, a t i s sue phantom consisting of multiple stacks of ce l l s mounted on monolayers 

and suspended in liquid medium with ce l l s exposed to various parts of the Bragg ionization 
curve simultaneously. 

(5) The ,'eil. cuimaritu in which ce l l s are suspended in a gelatin matr ix . ' 
{(•I Measurement of DNA strand breaks by euarose-gradient centrifujazzon.' ' 
(.7) Measurement of single- and double-strand DNA breaks by mild alkalim wicoiling combined with 

q 
ion-exchange chromatography. 

(8) Combined application of drugs, hyperthermia, tine delay, and rjd-jri^.. ' 



79 

TABLE I. Siuinary of cell experiments completed at 

Cell System Techniques Assay OER Data* 

the Bevalac since Fall 1974. 

Ion Ridged Filter? References 

T-l in vitro: Monolayer Reprod. integ. Yes C,Ne,A 10-on brass + 4-cm Pb 2 
Jello submarine Reprod. integ. No C.Ne.A 10-cm brass + 4-cm Pb 3,27,29 

Monolayer DNA SSB No C,Ne,A No 42 
CH-V79 in Vitro: Suspension (15mm 

wide)(sensitizers 
and protectors) 

Reprod. integ. Yes C,Ne,A 4-cm Pb+10-cm brass 3 

Sealed capsules 
(2-4mm wide) 

Reprod. integ. Yes A No 4 

Monolayer (synchr.) Reprod. integ. No A No 32 
Sealed capsules 
(2.5mm wide) 

Reprod. integ. Yes C,Ne,A 10-cm brass 2P 

Suspension 
(15mm wide) 

DNA SSB No C,Ne lO-cm brass 42 

CtiO in vitro: Monolayer 
(hyperthermia) 

Reprod. integ. No C No 3ft 

EHT-c tumor: In vivo Reprod. integ. No C,Ne,A 4-cm Pb + 10-cm brass 26 
In vitro (sealed 
capsules, 2ml size) 

Reprod. integ. Yes C.Ne.A 4-cm Pb+10-cm brass 36 

Monolayer Division time No Ne No 60 
Rat brain tumor: In vivo Reprod. integ. Yes Ne No 61 
R-l rhabdomyo
sarcoma: 

In vivo 
(suspension - 15mm) 

Reprod. integ. No C.Ne, 4-cm brass 65,66 

In vitro 
(suspension - 15mm) 

Reprod. integ. Yes C,Ne,A 4-cm Pb + 10-cm brass 62 

House 3T3 
in vitro: 

Monolayer Enhancement of 
viral transfor
mation 

No Ne No 63 

Rabbit retina: In vivo and DNA SSE No Ne No 43 
In vitro 

III. SUM4AKY OF DATA 

A. Monolayer Experiments 

Track-segment cell-survival studies in the Bevalac beams have to date been done chiefly with human 
kidney 1-1 cells. We chose T-l cells that originated in the laboratory of G. W. Barendsen for these 
investigations in view of their extensive use in studies of survival kinetics for x rays, neutrons, and 
low-energy heavy ions. * * * * ' Survival in air and in nitrogen of exponentially growing cells was 
measured at frequent points along the range of monoene*-getic carbon-, neon- and argon-ion beams. General]y 
survival curves at the "plateau," several centimeters from the Bragg psak, have an exponential component as 
well as "shoulders" and, therefore, at least two components of cellular inactivation. At the Bragg peak, 
survival is almost purely a simple exponential curve of the dose with the RBE rising monotonously from 
plateau to peak. As examples, survival curves are shown for a 400-MeV/amu carbon beam at the plateau and 
for a 5(lO-MeV/ajnu argon beam near the Bragg peak in Fig. 3. 
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fig. 1. Survival curves for oxic and hypoxic exposures of T-3 human 
kidney c e l l s t o : (A) 400-Metyamu carbon beam at the plateau; 
(B) 557-MeV/amu neon beam near the Bragg peak. OSR-dose plots accompany 
each set of curves. (XBL 773-5240) 

Interpretat ion of survival data becomes complex because a beam that emerges from the Bevalac as a 
pure monoenergetic stream of par t ic les fragments upon interact ion with target nuc le i . The heavy and light 
secondary par t ic les that resul t are generally of lower l inear energy t ransfer than the parent beam, and 
these fragments modify the biological e f f ec t s . Figure 5 of Chapter 3 shows an argon Bragg cun'e with the 
secondaries included. The physics of the fragments i s under intensive study (see Chapters 2 and 4} , for 
our current description of these fragments i s far from complete. In a monoenergetic neon bea»! of 15-cm 
range, fragments exert probably less than 10 percent of the biological e f fec ts . In an argon beam near 
the Bragg peak, nearly 40 percent of the biological effects can be a t t r i twted to the fragments. 

Mien a given flux of pa r t i c l e s impinges on a "submarine," the "depth-survival" re la t ionship character
i s t i c of the beam can be measured. In Fig. 2 we show depth survivals for T-l c e l l s in a beam of oxygen 
nuclei CAJ and in a beam of 15-MeV neutrons (B) at the Lawrence Livermore Laboratory. The remarkably high 
effectiveness of oxygen par t ic les i s c lea r ly evident by the sharp inverse l e tha l i t y peak at the place 
where the oxygen par t ic les s top. Oi the other hand, neutrons appear to be rather ineffective in k i l l ing 
c e l l s at deeper penetration depths although many c e l l s are k i l led near the surface. 

1. Relative Biological Effectiveness {RBF0 

The biological effectiveness of high-LET radiations is generally greater than that of low-LET radiation? 
The r e l a t ive biological effectiveness (RBE) is defined here as the dose r a t io of the standard 220-kVp x rays 
(AJ to the tested beam (B) at the 10-percent survival levels as follows: 

Dose A 
RBE n Dose B 

(1) 
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Fig. 2. Depth-dose cell survival for human kidney T-l cells irradiated 
in a submarine phantom with an entrance dose of approximately: (A) 200 
rads of 260-MeV/amu oxygen ions; {B) 400 rads of 15-MeV/amu neutrons. 

(DBL 733-5080) fXBL 754-93") 

Table II gives a summary of RBE's for kidney c e l l s i r radia ted in a i r at posit ions depicted in Fig. 3. 
Figure 4 shows RBE's for c e l l s i r rad ia ted in nitrogen. Both in a i r and in ni t rogen, the RBE's r i se with de
creasing residual range of the heavy ions; however, the increase of RBE in nitrogen atmosphere is more dra
matic than that in a i r . Neon ions at the Bragg peak have a hypoxic RBEQ . of 6 . 3 , but in a i r the RBEg , is 
only 2.4. If we eliminate the effects of fragments, i t i s c lear that "pure" carbon and argon par t ic les 
also have very high RBE's. 

In order to effectively spread the effects of pa r t i c l e beams, i t i s necessary to use mixed rather 
than monoenergetic beams. Currently, we are using mixed beams that resul t when a rotat ing ridgr* f i l r e r , 
designed by J . T. Lyma*1, i s interposed between the Bevalac and the ce l l s to be i r radiated. These f i l t e r s 
arc described in more deta i l in Chapter 3. 

At the present stage of development, we are s t r iv ing to develop f i l t e r s that produce "isosurviva!" 
over a cer tain depth interv.i] and that decrease the oxygen effect as much as possible. During the last 
few months various ridge f i l t e r s have been used by several investigators with several types of biological 
mater ia ls . The data shovi cer ta in trends but are not alwiys in complete agreement. Further development of 
f i l t e r s and biological techniques i s necessary before we have complete information for the radiotherapist . 
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Summary of relative biological effectiveness (RBE) values at the 50-percent 
and 10-pcrcent survival levels as a function of depth for human kidney T-1 
cells in monolayer experiments irradiated in air with helium, carbon, neon 
and argon beams (Blakely et al.) . 

ion Surviving 
fraction Plateau Fig. 3) Range 

'on 11,0) ion Surviving 
fraction Plateau Fig. 3) Range 

'on 11,0) 

Argon 
(500 MeV/amu) 
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Fig. 3. A typical Bragg ionization curve depicting location of positions 
used in human kidney T-1 cell track-segment survival studies. All 
positions used are referenced from the peak position for each beam. 

(XBL 773-3235) 
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Fig. 5. Sumiary of oxygen enhancement ratios (OER) at the 10% survival 
level for human kidney T-l cells as a function of depth for carbon 
(400-MeV/amu), neon (400-MeV/amu), and argon (SCO-MeV/amu) beams. 

(XBL 773-3175) 
An important consideration in the use of extended Bragg curves is the distribution of stopping heavy 

particles. These can be directly calculated or measured. T. Yang measured the distribution of stopping 
neon ions in an extended Bragg peak of 10-cm width and 25-cm full range. In Fig. 6 we see that particles 
are stopping predominantly near the distal end of the distribution; therefore, we expect large biological 
effects and the lowest OER values in this region. Extended-Bragg-peak data are presented in Table III and 
discussed in section IV below. 
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Fig. 6. In the lower part of the figure, calculated depth-dose survival 
curves are shown for human kidney T-l cells irradiated with an entrance 
dose of 688 rads of cobalt-60 gamma rays in air and nitrogen and for an 
entrance dose of 101 rads of 557-MeV/amu neon ions with a 10-ait extended 
Bragg peak in air and nitrogen. Doses for each modality were selected 
to give comparable survival at a depth of approximately 15 cm using a 
single-port exposure. At the top is shown a comparison of the number of 
neon particle tracks in plastic detectors along the extended Bragg peak. 

(XBL 773-5239;-

In order to achieve uniformity in beam qual i ty and obtain be t te r isosurvival condit ions, we have 
carried out some ' t r o s s f i r ing" experiments with cel l cul tures in which the dose is given in two i n s t a l l 
ments simulating equal doses from opposite d i rec t ions . For par t ic les th is has the added advantage of 
further reducing by approximately a factor of 2 the dose delivered to "normal" t i s sues , i . e . , outside the 
tumor region. Figure 7 compares the c ross - f i re experiments with a 38-cm phantom and 10-cm spread peak 
using gamma rays and neon ions . The gain factors are l i s t ed l a t e r in Table VIII . 

Some years ago, i t was shown in our laboratory that the cross section for inactivation for low-energy 
heavy ions i s approximately equal t o the geometrical cross section of the cel l nucleus. * If th i s 
finding holds t rue for high energies , i t i s important for therapy because many human tumor ce l l s are 
aneuploid and have large nuc le i . We have compared the survival curves of T-l kidney cells (nuclear cross 
section = 14U urn ) and hamster V-79 ce l l s (nuclear cross section = 50 urn") near the Bragg peak of an argon 
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TABLE III. Experimental values and probable error of "X" and "V" linear-quadratic 
coefficients best-fitted by least squares for human kidney T-1 cell survival 
in the plateau and extended Bragg peak. O S R 5 M and D 5 0 , values are also given 
(Blakely et al.) . 

Dose 
factor X » l O ' ^ r a d " 1 ) Y x 10" 5 ( rad" 2 ) o^soi "^"' 

Neon (SS? HeV/ami, 25-zm range, 10-cm apirtl ridge filter!: 

Plateau 
(0 cm) 

N 2 
Air 

1.00 
0.7040.13 

1.98*0.28 

0.100 4 0.009 

0.839 4 0.057 1.684 193 

Proximal 
(14.5 cm) 
peak 

N 2 
Air 

1.00 
4.12 ± 0.14 

7.1740.14 

0.017 4 0.002 

0.354 4 0.045 1.S84 101 

Central 
(18.65 cm) 
peak 

N 2 
Air 

0.65 
3.004 0.14 

5.21 4 0.21 

0.042 4 0.018 

0.645 4 0.056 1.416 116 

Distal 
(22.8 an) 
peak 

N 2 
Air 

0.71 
5.39 4 0.10 

5.85 4 0.32 

0.052 4 0.013 

1.19040.114 1.169 98.7 

Cross-fire 
(14.5 and 
22.8 cm) 

N 2 
Air 

-
a.12 4 0.14 

7.175 0.14 

0.017 4 0.012 

0.354 4 0.045 1.365 92.4 

Carbon (400 HeV/amu, 25-i mi range, 10-en spiral ridge filter): 

Plateau 
(0 an) 

N 2 
Air 

1.00 
0.82 4 0.03 

2.26 4 0.09 

0.048 4 0.002 

0.448 5 0.014 1.64 215 

Proximal 
(14.3 an) 
peak 

N2 
Air 

1.00 
1.214 0.08 

3.87 5 0.23 

0.077 4 0.005 

0.467 4 0.042 1.64 152 

Central 
(18.8 on) 
peak 

K2 
Air 

0.88 
1.5840.09 

3 .1940.23 

0.053 4 0.007 

0.5454 0.045 1.51 169 

Distal 
(23.3 cm) 
peak 

"2 
Air 

0.70 
3.714 0.17 

5.064 0.17 

0.115 4 0.016 

0.742 5 0.042 1.28 117 

Cross-fire 
(18.8 and 
23.3 cm) 

N 2 
Air 

" 
2.37 4 0.04 

5.3340.14 

0.116 5 0.003 

0.500 5 0.026 1.49 117 

*Dose in rads for 50t survival. 
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Fig. 7. In the lower part of the figure, calculated depth-dose survival 
curves are shown for human kidney T-l cells irradiated with an entrance 
dose of 350 rads cf cobalt-bO gamma rays in air and nitrogen (based on 
experimental measurements of 220-kVp x rays'J and for an entrance dose of 
50 rads of 557-MeV/amu neon ions with a lb-cm extended Bragg peak in air 
and nitrogen. Doses for each modality were selected to give comparable 
survival at a depth of approximately 15 on using dual-port (opposing) 
exposures. A depth-dose profile for each modal itv is shown at the top. 

(XBL 774-3301) 

beam. The r a t io of geometrical cross sections was 1.6, and the r a t i o of inactivation cross sections was 
about 1.5. There may be other factors responsible for differences in sens i t iv i ty ; nevertheless, kidney cel ls 
with large nuclear cross sections are s ignif icant ly more sensi t ive to heavy ions than hairster ce l l s with 
small nucle i . The difference in x-ray sens i t iv i ty between these two s t ra ins i s less than 15 percent. Wc 
take th i s resul t as an indication that the factors determining x-ray response and response to very high 
LET are different . 

2. Oxygen Enhancement Ratio (OER) 

The oxygen effect i s commonly expressed as the "oxygen enhancement r a t io" (OFR). This i s a dose r a t i o , 
usually taken at the 10-percent survival level , as follows: 



Dose -̂  „ "itrogen ( 2 ) 

T>.1 D°se a i r 

1 0 l ; R n . 
neai the Bragg peak reaches a level of about 1.1 for neon and about 1.2 for argon. At higher particle 
energies, the OER rapidly increases to a maximum value of about 3, which is very similar to that for x 
and gamma rays. As the particle becomes heavier, the depression in OER is expressed for several centimeters 
of the range, which is desirable if therapeutic uses are contemplated. 

Table IV is a summary of OER data obtained from cell experiments in extended Bragg peaks by various 
investigators. Agreement is fairly good in most cases considering the various techniques and systems used. 
There is obvious lack of agreement at the distal end of the extended Bragg curve, especially for carbon. 
This discrepancy is understandable when we realize that the beam quality and dose are very rapidly changing 
in that region and that only monolayer techniques are able to measure the variation accurately. 

There is a question, as yet net fully answered, relating to the origin of the oxygen effect in 
heavy-ion beams. Does oxygen interact with primary free radicals in the core of the track, or does it 
modify the biological effects in the penumbra, or does it interact with the secondary (DNA?) radicals and 
modify them? We have done some exposures in neon and argon beams at various oxygen concentrations at 
energies where the OER has been reduced to a value of 2. At the 10-percent survival level, already 0.1-
percent oxygen modifies the hypoxic survival curve. Such data indicate that ^om? of the oxygen effect for 
heavy ions does not originate in the fast radical reaction. For example, for neon ions of 0.6-cm raniic, 
0.1-percent oxygen decreased the OER value from 2 for "pure" nitrogen to 1.5. Experiments such as these 
make us wonder what "relevant" oxygen concentrations are in various tumors. This information would help 
us plan in vitro experiments. It appears that starving cancer cells in tumors deprived of oxygen perish, 
causing necrotic centers to appear; living cancer cells might need a minimal oxygen concentration in order 
to proliferate. 
B. Suspension Experiments 

An extensive series of experiments were performed by P. Chapman et al., ' * which are only briefly 
reviewed here. Survival curves were generated with stationary -phase, Chinese hamster V-7S cells <,' various 
positions indicated for each beam in Fig. 8. The data were best-fitted to the linear-quadratic exposition 2 S/S = exp(-al) - SD 3 Csee also Be. 3 ) , and the values of o. and 6 are plotted versus the average LET in 
Fig. 9. The results indicate that the increase in RBE observed at high LET is predominantly the result of 
an increase in cell killing by the single-hit mechanism. This component if cell inactivation increases 
to a maximum value at an LET of 100 to ISO keV/um. In most suspension experiments, there is a large 
double-hit component of cell inactivation present. The double-hit component of cell inactivation is 
thought to result from the large delta-ray penumbras associated with energetic particle beams and, 
consequently, would have characteristics of low-LET radiations. The quadratic component is, however, most 
important at large doses and low survival levels; at "therapeutic" dose levels and high LET the linear 
effects dominate. 

At the middle of the 4-cm spread-out Bragg peak, the RBE in air at 10-percent survival for stationary-
phase V-79 cells increased from 1.9 for carbon to 2.i for neon and to 2.2 for argon Csee Tables V and \\ 
for oxic and hypoxic data). The OER values under these conditions were 1.7, 1.6 and 1.4 for carbon, neon 
and argon beams, respectively. 

Himan kidney cells were also irradiated in stirred suspensions placed at various positions in the 
plateau and 4-cm extended Bragg peak of a 400-MeV/amu carbon-ion beam. Survival comparisons with 
Stationary-phase and G,-phase populations of Chinese hamster cells showed that the absolute radiosensitivity 
cf asynchronous human kidney cells is between the radiosensitivities of stationary-phase and G,-phase 
populations of Chinese hamster cells. The increases in radiobiological effectiveness observed as carbon 



TABLE IV. Summary of OERQ.I values for 4- and 10-cm 
spread-out Bragg peaks of heavy-ion beams. 

4-cm 
extended peak 

10-cm 
extended peafc 

Carbon (400 HeV/amu, ^L'5-cr,: range}: 

Plateau 2 .65/ ' 2.30^ 3.2, ' ' l.(f 
Proximal peak 

i > 
2. A,1' l.l" 

Mid-peak i > 2.4,' ' 2 .5S a 

Distal peak }.Sd 1.5V 1-f 
1.9,0 2 . 3 ' 

Cross-fire - 2 . f 

Neon (400 MeV/amu , -~X4-cm range): 

Plateau 2,4, 2.4 2 .3" 
Proximal peak 

i > 
2.0* 

Mid-peak i > 2.0° 
Mid-distal peak - 1.9 d 

Distal peak 1.5 e 1.1? 1.8 C 

Neon ("557 MeV/amu, - 2 5 - c m range}: 

Plateau 2.8" 
Proxiinal peak analysis 2 . 5 a 

Mid-peak in Z. J 

Distal peak progress 1 . 6 C 

Cross-fiiy 1.9'-

Argon (500 MeV/amu, , ~ ' - > _ t m range) : 

Plateau i.i? l.sr 1.7~ 

Proxinial peak 
Mid-peak 1.4* 1.7= 

Distal peak 1.0* 1.3, r f l . s ' 

aReferences 1, 2, 11, 64. 
Reference 3. 

^References 28, 29. 
Reference 62. 

eRefe'rences 26, 37. 

Reference-radiation OER [x or gamma rays) 
at 2-2; I, 2.8; £, 3.0; d_, 2.9; e, 2.8. 
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Fig. 9. Values of a and v^T obtained by best-fitting the experimental 
data to the linear-quadratic expression and plotted against the average 
LET of the various particle beams studied.' (XBL 768-921 Vi 
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TABLE V. Summary of relative biological effectiveness values (relative to 220-kVp 

x rays) at the 50i and 301 survival levels from cellular experiments 
at the Bevalac with irradiation in the plateau of the Bragg ionization 
curve under aerobic conditions. 

ions 
fV/amu' 

Argon. 
(500 Me 

Helium ions Carbon ions 
(230 MeV/amu) (400 MeV/amu) 

Neon 
(400 Mi 

ions 
fV/amu' 

Argon. 
(500 Me 

ions 
Y/amu) 

t- . i . . « i 

50°, 104 50°, 10°* 505 in- SO". 10'. References 

Unfiltere<l: 
1.2 3 1.1° 2.2° l . e* 

1.6 

1.6 

3 . 1 " 

4 . 4 

2.3° 

2.4 

1,2,11 

4 

61 

63 

Filtered: 

4 cm Th 

4 on Pb 

10 an brass 

8 on brass 1.0 1.0 

8 c brass 1.0 1.0 

2.2 1.6 2.5 3 

1.7* 2 .0* 26, J 1 

3 . 1 f c 2. if* 6 . 3 d 3 .5 " 26 ,3 -

2.1 2.3 2S,2!> 

64 

aSee fig. 3, "A" position. 
RBE values relative to "* Cs rather than 220-kVp x rays. 

ions slowed down and stopped in water were similar for the three cell populations at doses greater than 
400 rads. At lower doses, the RBE was greater for the hamster cell populations than for the human kidney 
cells. 

More recent survival measurements were made in the plateau and 10-cm extended Bragg peak of a 400-
MeV/amu carbon-ion beam. Stirred suspensions of Chinese hamster cells were irradiated in these experiments 
Across the 10-cm carbon peak, the OER at 10-percent sun'ival was found to vary between values of 2.-1 and 
1.55 from the proximal to distal positions. The higher OER at the proximal peak is not unexpected because 
as the Bragg peak is spread to a width of 10 cm, the stopping particles are diluted further. Thr data 
from these studies indicate that a 400-MeV/amu carbon-ion beam in comparison with low-LET modalities 
exhibits each of the following desired properties: improved depth dose, increased RBE, and lower OER 
compared to gamma rays (see Fig, 10). Although at 300 rads there is a near isosunri\'al condition under 
the spread peak, at higher doses the killing at the proximal peak is enphasized, but at lower doses the 
distal peak is emphasized. It is obvious from the figure that the lethal damage produced in the first 12 

cm of water by the Co beam would be much greater than that produced by carbon ions. 

1. Radiation Modifiers 

Historically, it was believed that high-LET radiation damage was not modifiable; however, in 19M, 
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TAE1.E VI. Summary of relative biological effectiveness values (relative to 220-kVp 
x rays) at the 50$ and 10S survival levels from cellular experiments at the 
Bevalac with irradiation in the- Bragg peak under aerobic conditions. 

ions 
,7amuj 

Carbon 
f400 Me\ 

504 Refere 

Helium 
(230 Mol 

ions 
,7amuj 

Carbon 
f400 Me\ 

504 

ions 
,Vaniu) 

Survi 
104 

Neon ions 
[400 MeV/amu) 

ATgon ions 
(500 McV/amul 

Refere 504 10% 

Carbon 
f400 Me\ 

504 

ions 
,Vaniu) 

Survi 
104 504 10% 50". 104 Refere ?nCL-s 

unfiltered: 1.8° 1.5" 3.8 a 2.6° 3.1 a 2 . 2 a 1.2, ,H 
3.1f 2.4* 4.2 h 2.4* 

2.9 
1.5* 

1.5 

1,2, 

4 

,11 

4 cm Pb 
(mid-peak) 

4 on Pb 
(mid-distal) 

10 cm brass 
(mid-peak) 
(distal peak) 

10 cm brass 
(distal peak) 

8 cm brass 
(prox. pc;ik] 1.5 
(distal peak) 1.5 

8 cm brass 
(mid peak) 1.3 

i.2 
1.4 

1.3 
1.6 

1.8 

1.9 

2.9 L 

3.6° 

2.4 
2.7 

2.3 
2.2 

26,37 

26,3-

28,29 
2B,?9 

M 
64 

"See Fig. 3, "D" position see Fig. 3 f " P ' position. 
RBE values relative to ^'Cs rather than 220-kVp x rays. 

Manney and Tobias showed that glycerol in large concentrations modified yeast-cell survival in a very 
wide LET range. D. Chapman and M. Yezzi used the radioprotector DMSO and found that, similarly to 
neutrons arid x rays, high concentrations of this substance (on the order of 1 to 2 MolarJ protect against 
both the single-hit and double-hit components of radiation damage in plateau ions. In the case of argon 
beams, even higher concentrations of D M S O lost their effectiveness, an indication of special radiation 
chemistry in the "track core." 

Jjypoxic cell radiosensitizers that mimic the effects of molecular oxygen may have special importance 
in radiation therapy; they can serve to decrease the JER coefficients of hypoxic cells. Three sensitizers 
were studied using the helium and heavy-ion beams —metronidazole, RO-7-0582 and RO-7-0741. The sensitizers 
were found to eliminate a significant proportion of the OER for each of the beams studied. Results with 
5-mM RO-7-0582, for example, indicate a reduction in the 10-percent survival OER for the 4-cm spread-out 
Bragg peak of from 1.6 to 2.1. Preliminary experiments with cells irradiated in the spread-out helium 
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beam indicate that lower (more clinically useful) concentrations of RO7-0741 can also eliminate 30 to 
45 percent of the oxygen effect. 

2. Synchrony Experiments 

- It was feasible to study the stationary G-l phase and mitotic stage of V-79 hamster cells with 
heavy-ion beams. As with x rays, the mitotic stage proved to be the most sensitive. The differences 
in radiation sensitivity of the various phases ware gradually reduced with the extended Bragg peak of 
the heavier ions. 

IV. ANALYSIS OF MONOLAYER DATA 

During the experiments described above, it became quite clear that orthodox descriptions of radiation 
quantity are insufficient to describe the biological effects of accelerated heavy ions. Traditional\v, ;ii 
least two quantities were necessary to describe radiation fields, including x rays, gamma rays ami neutrons; 
these were "dose" (D) in terms of energy transferred to tissue per gram and 'linear energy transfer" ll.F1) 
in terms of energy transferred per unit length of track. 

While working with heavy ions, we encountered a number of situations where both 0 and LET were the 
same but the biological effects produced were different. There is a need for at least one additional 
physical parameter. We are proposing the following three: particle atomic number, particle flux density, 

http://ll.F1
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and particle energy. When these three parameters are given, dose, LET and radial energy distributions can 
be calculated, and thus the beam will be physically defined. It is of interest to note that, even in tin. 
absence of complete physical description, we find that three experimental parameters for any given mixed 
heavy-ion radiation field are sufficient to describe cell survival curves. These three parameters are thr 
dose and X and Y of Eqs. 3, 4 and 5 (see below). Two parameters are not sufficient. For example, an KIU 
coefficient and an OER at the 10-percent survival level at each point across the extended Bragg peak by 
themselves will not describe the behavior of a mixed heavy-ion beam for therapeutic consideration:;. 

A. Models 

The data obtained on monolayers have been fitteu by least-squares analysis to three different models 
of survival curves. Two of these models assume that survival curves are composed of a single-hit, exponen 
tial function of dose and a more complex multihit component. In the ChadwLck-Leenhouts or linf.-zr-jit.iJr.2-i-

model, the second component has two-hit kinetics; the underlying assumptions include the supposition tli.it 
a key injur>' in DXA is a double-strand scission and that two single-strand breaks, when they are not too 
fa>. apart, can result in a double-strand break. A second multihit model ' associates only the exponent i.il 
or "direct" component with double-strand scission; the multihit form (usually 1 to 6 hits! has n*. vet 
undefined molecular origin; it is related to sublethal and potentially lethal lesions as well as repair. 
The third model is that of Green and Burki. Ke have termed it the repair-saturation, model. This model 
recognizes that the availability of repair enzymes might have a limiting influence. 

There is considerable argument in the literature a,s to which of the above models is the "best"; many 
of the survival curves taken with heavy ions were fitted for each of the three models.* With the presently 
available accuracy, each of the models can describe the data rather well; additional data at high and low 
sun'ival ratios and molecular work with the repair systems are necessar)' before a distinction between them 
can be made. As an example, some data for the neon beam are shown in Fig. 11 with "best fit" type curves 
for each of the three models. An important consideration is that the "inactivation constant" of the 
exponential part of the curve, "X", depends strongly on the kind of particles used and their kinetic 
energies. This coefficient related directly to the chemistry of the molecular species created in the 
core of the particle track. 

Two distinct approaches have been made to predict the behavior of X. One approach is the .\J:;Z n.\:\ ; 
elaborated by Robert Katz and associates and is based on the beharior of photographic emulsions and other 
substances in intense gamma-ray fields. " The second was developed from earlier studies on cross section 
variations as functions of LET by our group and is known as the Chatterjee-Tobias diffusion model."" The 
attractive feature of this model is that it has been modified to describe radiochemical as well as radio
biological interactions. The diffusion model allows us to differentiate between first-order and higher-
order radical reaction?. For example, it appears that the "shoulder" of the survival curve, the oxygen 
effect, and the action of most radiomodifiers is first-order whereas the "cross section" calculated for 
the exponential part of the anoxic survival curve rises nearly proportionally with the density of free 
radicals in the central track. 

*The analytical forms of the three survival functions are as follows: 
Linear-Quadratic S = exp(-XD- YD 2) (.M 
Muxtihit S = [1 - (1 -e" Y D) m]exp(-XD) (4) 
Repair-Saturation S = Y +1/Y + exp(XD) (5) 

where S = survival fraction, D = dose, X and Y are functions of particle atomic number and energy, and 
m = multiplicity. 

http://linf.-zr-jit.iJr.2-i-
http://tli.it
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Fig, 11. Survival data for hypoxic exposures of human kidney T-l ce l l? 
to 557-MeY/amu neon ions in the plateau. Data are bes t - f i t t ed to the 
following models of ce l lu la r inact ivat ion: [A) S = exp(-XD - YD-); 
(B) S = [1 - (1 - e ' ^ F J e x p t - X D ) ; (C) S = (Y+1)/[Y + explXD)]. 

(XBL 773-323b) 

B. Interpretation of the Survival Data at the Extended Bragg Peak 
Either with monoeiiergetic beams or when particle-beam therapy is performed with the "extended Bragg 

peak," the dose varies with location S along the treatment axis. For a particle of atomic number z., let 
the dose he D=D-(f). The survival S in air and S in nitrogen can be expressed as follows: 

hypoxia 

aerobic 

where X i j ] F X i a , Y i n , ana \\^ are inactivation constants of Eqs. 3, 4 and 5. The concepts and results 
presented here are independent of the survival model used. As an example we shall use here the form of 

Die oxygen effect ratio for a chosen survival level S* can be calculated as 
1/2 

[OER] 

Xin [ / Xin '] " EnS» 
2Yin L ^ J " Yin 
hi 
2V: . 

[Y"ia \ taS* 
IA 2 Yia/ ' Y M 

1/2 

Thus, the OER is a function of the chosen survival level 3*. For this reason, caution must b« 
exercised when "therapeutic gain" calculations are made from a single OER value at the 10-percent survival 
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level . We have 'CJRA that "therapeutic gain" depends on additional variables including do-t- scfieituk-> and 

re la t ive biological effectiveness. In fact , the conditions for which OKR has been defined, i.v., i/onst.tm 

sun' ival in hypoxic and aerated s ta tes at different dose leve ls , never occur in radiation therapy. (fcualiv, 

anoxic ce l l s are mixed wit;, lui-rnal c e l l s , and in the course of treatment these both receive the sarci- do--c. 

In order to enable us to make comparisons, we introduce two new ra t ios ; one describes the difference IN 

survival between hypoxic and aerobic ce l l s at the same dose, the "oxygen survival r a t io" (OSRi, tht- othei 

describes the survival differences in aerobic conditions of two different radiations i and i at tin* ^anc 

location I in the body, [SRI].. Wc- designate [OSR] by U and [SRL]» by P. Tor tbv linear-quadratic nodel 

B i = IOSRIJ - expiix^-x^in, * (vu-vln,nfi ,IM, 
and 

e S j = (SRLiij - ̂ ( i x ^ - x . ^ 1 * (vian;-v.anj)i . ,,,, 

IOSR] is not a constant but a function that incieases with dose for each of the radiations studied 
regardless of its OERQ ,. For illustration we have plotted OER values as functions of dose above the 
survival curves in Fig. i. It turns out that the radiotherapist can, if he or she wishes, choose an 
appropriate daily dose with anv radiation and obtain the same OSR obtainable with anv other radiation. 
The dose to achieve such an OSR is, howsver, different for each type of radiation. 

In order to compare the therapeutic efficiency of two different radiations, it is necessary that the 
therapist choose for each a daily doee installment. In the following example, we compare neon ions Ii) to 
cobalt gamma rays (i). A neon beam of 25-cm range in water was chosen with a rotating spiral ridge filter 
to create a 10-cm extended peak. The dose installments were chosen sc that in aerobic conditions, one 
installment from either radiation results in 50-percent sun'ival. Arbitrarily, we have chosen this survival 
level at the proximal peak of the 10-cm extended Bragg curve, 14.5 cm fron. the body surface. It turns out 
that a single entrance dose of 688 rads of cobalt gamma rays or 101 rads of neon ions (55" MeV/n) are needed. 
Survival curves were calculated for each radiation with the experimentally determined \ and V coefficients; 
these curves are shown in Fig. 6. We see that in the "normal" tissue region gamma rays exert much more 
killing effect than neon ions whereas in the tumor region neon, both aerobically and anaerobical ly, evens 
more killing than do gamma rays. 

We can now define a therapeutic particle pair. (TPG) for each location £ in the tumor as follows: 

[OSR]. 
[ T P G ] = [OSRjf • [ m ) i j • 

The TPG has two distinct components. SRI— is a survi\'al advantage in air from the use of neon (i) ver
sus gamma rays (j) due to geometric absorption and effectiveness factors. In our example we have chosen the 
entrance doses of neon and gamma rays so that at the proximal peak in air both cause a SO-percent lethal 
effect; consequently, for this "reference point," SRL=1 (see Figs. 6 and 7). The second component is a 
ratio of tlie OSR values for the two radiations. Tables VII and VIII contain relevant numbers for our 
example. Everywhere in the extended peak region TPG is greater than one; that is, neon is "better" than 
gamma rays. Outside of the extended peak, where presumably normal tissue is located, TPG becomes less than 
one and is, in fact, quite small, indicating depressed survival in the gamma peak and less killing hy neon, 
a great advantage for neon. 

Table VII î -iicates that the SRL factor is equal to one at the reference point of 50-percent survival. 
It increases for the central and distal peak because the number of stopping particles is increasing. The 

T?G is greatest at the distal peak [1.36) and is 1.07 at the proximal peak. This difference is amplified 
greatly when the TPG factor is calculated for a sequence of 20 therapeutic irradiations. The TPG is now 
468 for the distal peak and only 3.9 for the proximal. We believe that this effect is in part due to the 



Evaluation of therapeutic par t i c le gain: oxygen sun'ival ra t ios (OSR) and TPG therapeutic gain 
rat ios conpared to cobalt gamma rays for plateau and peak positions of a 5S7-MeV/amu neon-ion 
beam (25-cm range, 10-cm brass spiral f i l t e r ) . Data are from human kidney T-l cell experiments 
using a single-port exposure. 
iBlakely et a l . ) . 
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TABLr VIII. Evaluation of therapeutic particle gain: oxygen survival ratios (OSR) and TPG therapeutic gain 
ratios compared to cobalt gamma rays for plateau and peak positions of a 55?-MeV/aimj neon-ion 
beam. Data are from human kidnev T-l cell experiments using a double-port {oppos^gi exposure. 
(Blakely et al.). 
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number of stopping particles at the distal peak being much greater than at the proximal peak. It appears 
desirable to devise methods whereby the proximal peak will also have more stopping particles. This can be 
done by cross-firing the beams, that is, by giving approximately half of the dose from each of two opposing 
ports in such a manner that the extended Bragg peaks overlap exactly. Figure ? and Table VIII show the 
results. The advantage of this procedure is that it will equalize particle distribution at the proximal 
and distal peaks. Both of these now have a TPG of 1.25 in a single-dose installment and a TPG of 8t> in n 

•2H-dose therapy sequence. The central peak shows less of an advantage. This is an indication of the 
characteristics of the particular ridge filter used. Calculations of this type are extremely sensitive 
for the accuracy of the measured sun'ival curves. The results stress the necessity to carry out experimentv 
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We canno; expect that acute experiments with cells can accurately predict survival levels and ntln.i 
factors in a therapy sequence. It is nevertheless of interest to extrapolate the above results. li" n 
eoual dose installments are given and if all radiobiological factors remain constant (e.g., no 
Te-oxygenation, no cell division between treatments in the tumor, no accumulation of sublethal Jarmtu,i, 
survival for the therapy sequence Sy can be calculated by SpS". At *he "proximal" peak in air, s-\ * in''' 
if n=20. The results are shown in Tables VII and VIII. Calculations of this type convinced us that .it a 
25-an range neon is better than helium; both of these are much better than gam", rays and neutrons, chit-fh 
because of the good depth-dose advantage. Neon becomes much better than helium if the depth oi penetration 
is decreased and the width of the extended peak is smaller. For short ranges of penetration ioi a u-u 
centimeters}, argon gives good depth dose and lower OSR than any of the other extended beams, lui ver\ 
localized treatment, e.g., pituitary irradiation, or for producing small lesions in the brain, tUc t\-trhi»t 
beam has an advantage. Considering monolayer techniques (mostly with T-] cells, Makely et al.) and MI*. 
pension work (mostly V-79 cells. Chapman et al.), reasonably good agreement exists among the data allouin,; 
for peculiarities of the two systems. 

V. ADDITIONAL CELLULAR AND MOLECULAR EXPERIMENTS WITH HEAVY ION'S 

Tables V and VI summarize recent RBI: in vitro cell data in air obtained at the Berfcelcv lfc-1-invh 
cyclotron and the Bevalac facility. Table V provides RfiE data relative to 22i'-kV A rays measured I'm 
Bragg plateau exposures of helium, carbon, neon and argon ions. LET values arc approximately ', 11, 11 
and 100 keV/n, respectively. 

There is excellent agreement at the 10-percent survival level for the various cell systems in the 
plateau. The RBEfl , values range from 1.0 fo/ helium, 1.1 to 1.5 for carbon, 1.0 for '.eon, and 2.* to 
2.5 for argon at the beam energies listed. RBE values from Fu and Phillips" are slightly hiplirr due tn 
their use of Cs gamma rays as a reference radiation. 

At the 50-percent survival level, there are some differences among RbL values obtained. Slight 
technical differences in experiments from plateau exposures would not be expected to c-iuse these variation^. 
father, these differences may reflect the disparity in statistical reliabilities with lower doses. It b 
important to note that these low doses may well be more clinically significant than the 10-percent surina) 
level doses, and thus these difficulties must be resolved. 

In Table VI, RBE - values are summarized for the Bragg peaks of helium, carbon, neon and argon 
beams. Survival data accumulated without spreading the beam with a ridge filter are presented first. 
One would expect that RBE's at positions D f0.6 cm H ?0 upstream from the peak) and F (0.25 cm H-,0 upstream 
from the peak) would bracket the results obtained with the spread beams because the LET mixture obtained 
with the spread beams would approxiinately encompass the LOT range of monoencrgetic particles between these 
two positions. This does not, however, always appear to be the case. 

Early cellular radiobiology of the spread particle beams has progressed as the prototype ridge 
filters have become available. RBE comparisons in the peak regions are more difficult to analyze than 
the plateau RBE values because differences in experimental technique in the peak can easily be significant. 

Despite these difficulties, RBF. - values for the spread peaks at the 10-percent survival level 
Tange from 1.1 to 1.4 for helium, 1.8 to 1.5 for carbon, 2.1 for neon, and 2.2 for argon. 

A. Comparative Depth-dose Studies 
27-29 Raju et al. have completed an array of comparative radiobiological experiments with heavy particles 

that are of interest in radiotherapy. The particles include protons from the Harvard Cyclotron, neutrons 
from the Texas ASM University Cyclotron, n-roesons from the Los Alamos Meson Physics Facility, helium ions 
from the LBL 184-inch Cyclotron, and carbon, neon and argon ions from the Bevalac. For this study, the 
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Hra(»c peaks of all heavy charged particles were tiansformed to widths of 10 an except the helium spread 
peak was 8 cm wide. Cell experiments conducted included cell-survival measurements as a function of depth 
usinp the pel technique and T-1 human kidney cells (see for example Tig. 12) and aerohic and hypoxic cell-
survival curves at the beam entrance, peak center and distal peak (1 cm from the dose fall-off) usinc V-":1 

cells, hypoxia was obtained by the metabolic depletion technique using plastic sealed capsules. 

RBI: values in air obtained at the 50-percent survival level [relative to 250-kVp x rays) were l.D for 

x rays and protons, 1.2 for 910-MeV helium ions and ir-mesons, 1.3 for 400-MeV/ainu carbon ions, 2.4 tor 
400-MeV/amu neon ions, and 2.3 for 500-HeV/amu argon ions at the center of the peak for each beam. 
RBh values in the plateau were 2.0 for x rays, protons, helium ions, Tr-nesons and carbon ions, 2.1 for neon 
ions, and 2.3 for argon ions. 
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Raju obtained OER values of 3,0 for x rays and at the peak center of the proton beam. The IUIIOWMII: nil-
values were measured at the peak center of the other beams studied: helium - J.ti, carbon - 2.-1, •• :>.••."[•.• 
2.3, neon - -.0, and argon - ].". Neutron work by Hall shows a comparabJe RBF. c of 2 . 0 and an Ol l< <•>'. 
1.7. Thus Rain and his associates found that the OER values decreased with increasing ma^s o! i he SUM-., n•:.. 
RBL and OF.R values obtained by Raju and coworkers are summarized in Tables ]\, y imA VI. 

R, Studies on the Argon Beam 
A single set of experiments, rather extensive in their scope, was conducted by a croup froi" rolunihia 

university rfith the 42y-MeV/ainu argon beam.' ' Cellular experiments- included Ol'.K and RHl mv.f-'.ircwvut-
and determinations of the degree of variation in cell survival as a function of the cell's pro,'''."--- TIIICUL:1! 
the division cycle. 

For the P3I! determinations, Chinese hamster \'~r9 cells were irradiated while contained in -.I'I.IM pla-iu 
vials with an internal diameter of 2.5 mm. These sealed capsules were placed at four position-, in t!u-
depth-dose Bragg curve of the unmodulated argon beam. For a surviving fraction of 1/10, the Rh! tnl.it uv 
to 250-kVp x rays) in air was 2.4 for the plateau, ascending region and tail of the depth-dos*.- cum.- .nid 
had a lower value of about 1.5 at the peak. 

For the OFR experiments, the metabolic-depletion-of-oxygen technique was used. '" ' Sealed ^];\--
ampules containing V-79 cells at high and low concentration (hypoxic and aerated, .espectiveh) ucn-
irradiated at four positions in the depth-dose curve (in a tank of T.F:. liquidi. The OhR measured .it tit-
incident plateau was 2.1 and fell to about J.3 near the Bragg peak (averaged over 4 mm at the Hragg peak); 
it was about 1.5 a few millimeters beyond the peak. Estimates of Rnf at the 50-percent and Id-percent 
survival levels have been made for comparative purposes from the available argon plateau and peak survival 
curves and are included in Tables V and VI. 

4 v 

Hall and coworkers concluded that the RBF values appear to indicate that the nuclear diameter for \' "•• 
cells is somewhat less than 8 um and that in the plateau region nuclear tranversal withour inactivat KIN 
a likely process.. They feel that the oxygen results indicate that, because of the diffuseness of the track 
and perhaps also because of fragmentation, argon ions under these conditions do not deliver sufficient t'iu-;i'. 
to the domain critical for the oxygen effect (perhaps a few nanometers in diameter] to overcome 'he i-fi'ect 
of anoxia. By the time the Bragg peak is extended by energy modulation, they anticipate that the averai:i-
CSr.R would probably be no less than 1.5 or 1.6. 

The characteristic of the argon-beam studies that makes them unique among all of the accelerated 
heavy-ion-beam experiments is the finding that the RBE is lower at the peak than in the entrance plateau. 
This observation is due to the fact that the stopping argon ions are so densely ioni:ing that they are in 
the region of overkill. This factor will not, therefore, provide optimal "biologically effective" dose in 
the tumor region close to the Bragg peak compared to the normal tissue traversed by the incident plateau. 
Fundamental studies of the biological responses to this beam could, however, prove beneficial to our 
understanding of basic mechanisms. 

Synchronized cell experiments were done by Bird using hydroxyurea. '' Cells were irradiated with 
the argon-ion beam while attached in monolayer to culture flasks. The flasks were positioned in the tissue 
equivalent liquid phantom with the growth surface at the argon-ion Bragg peak. Results showed that for 
argon-ion irradiation there is a two-fold cell-cycle variation in survival. This variation is greatlv 
diminished from the 17-fold x-ray response. 

C. Tumor Cells 
Single-dose studies have been completed for helium, carbon, neon and argon using EMT6 tumor ce l l s in 

vivo and in v i t ro by T. Ph i l l i p s , K. Fu et al. of the university of California, San Francisco." • • i b » : ) ' 
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Chapter i) contains a complete description of the in vivo resu l t s . The chief goal of the FMTtj in vi t ro 
studies was to determine the OFR in the peak and plateau regions and, in addition, tc measure REE *s in 
these regions of the Bragg c u n e . 

In these studies, LMIt' ce l l s obtained from flank tumors were irradiated using the metabolic depletion 
ttxhniqix'. ' "' Sun ival .studies were completed with the 400-MeV/amu neon neanT modified with a ridge f i l ter 
to vit'ld a 4-cm .spread- Out Bragg peak. Results showed that the aerated RBI i re la t ive to Cs gamma rays: 
at the 10-percent survival level was approximately 2.2. 

From a report of preliminary data," estimates of KHF,, . at the plateau and at the d is ta l end of the 
4-cm spread-ou! Bragg peak of the .mli-MoV/amu argon beam were approximately 3.5 and 2.2, respect lvelv. 
CUR values at 1-percent sun*ival for IMI'6 ce l l s in v i t ro include 2.8 for cesium gamma rays, 2." in the 
plateau and 2.4 at the dis ta l end of the 8-on spread 910-McY/amu neon peak, 1.9 in the plateau and 1,5 at 
the dis ta l end of the 4-cm spread 400-MeV/amu neon peak, and a preliminary value of 1.5 in the plateau anJ 
1.0 at the d is ta l end of the 4-cm spread SOU-MeV/amu argon peak. From the sun*ival curves available, 
estimates of the RBI' at 50-percent and 10-percent survival and OFR values at the 10-percent survival level 
have been made and are included in Fig. 13 and Tables IV, V and VI for comparative purposes. F>flf- in vitro 
sun 1 ival and OFR data are not yet complete for the 400-MeY/amu carbon beam. 

Phi l l ips ct al." have done comparative su n i v a l studies with 15-MeV neutror.s. They conclude.: that the 
OFR values in the peak of neon and in the plateau of argon are s l ight ly lower than the OFR valuer the-, 
obtained for neutrons. In the plateau of neon, the OFR is just s l ight ly higher than that for neutron'-. 
In summary, they s ta te that the OFR and RBF data from the 4-cm spread peaks of carbon and neon appeai to 
he of equal efficacy for therapeutic application. In vivo resul ts with the I-MTf" tumor ce l l s re\e:i l , 
however, a hypoxic t a i l in the sun'ival curves for ce l l s i rradiated in the- plateau of carbon, suggest mL-
that broadly spread carbon jwaks may show high OFR's in the mid-peak posit ion. More work is needed tc 
confirm th is resul t . 

11. Hyperthermia 

Hie effect of hyperthermia on Chinese hamster ovary radiosensi t ivi ty :•) accelerated heliic:. ions has 
been studied by Gemer and Leith. ' Pre- i r radiat ion hyperthermic treatment (43°C for 1 hr) of cel ls 
i rradiated with accelerated helium ions ( i n i t i a l energy = 910 MeV) changes the radiation s u n - i v a l - c m c 
slope and the extrapolation number. Pre- i r radiat ion heat treatment with 4-MeV x rav? only changes the 
slope, not the extrapolation number. 

In a single set of experiments, ce l l sun ' ival parameters have been measured after exposure to accel
erated carbon ions (LIT = 34.1 keY/uml combined with exposure to thermal doses administered immediate I \-
before i r rad ia t ion . The fishings show that heating for 30 min to 43°C prior to carbon-beam exposure is 
sufficient to eliminate the shoulder of the -.urvival cun-e and, presumably, the repaii process. At s t i l l 
higher temperatures, heat alone reduces sun'ival and also modifies the slope of the carbon sun iva l curve 
isee Fig. 14). The authors concluded that only a small high-LHT component may be required in combination 
with hyperthermia to eradicate the shoulder region of the s ingle-cel l sun'ival c u n e . 

F. Molecular Studies 

The effects of heavy-ion i r radiat ion of mammalian ce l lu la r DMA have been studied for in v i t ro t i ssue 
cultures of human and Chinese hamster ce l l s and for in v i t ro and in vivo photoreceptor ce l l s of rabbit 
re t inae . In these invest igations, radiat ion injury was measured as the induction of an i n i t i a l number of 
UNA breaks, which were then assayed for the i r repair capacity, ' .nterpretations of the ab i l i t y of ce l ls 
to rejoin DNA breaks must be made cautiously, however, because there is no way of assessing faulty rejoining. 
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Fig. 13. Response of the BJT6 tur©r to in vitro irradiation with: 
(A) J 3 7 C s in air (o) and under hypo da (•); (Bj neon ions in the plateau 
region in air [CJJ and under hypoxia (•}; (C) neon ion? in the spread-out 
Brags P e a^ in a* r W wd under hypoxia (V). Symbols represent the 
mean survival of cells irradiated in 2 to 4 ampule.- and assayed separately; 
bars represent standard errors of the mean.26 
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1. Results with Low-energy Ion Beams 

The induction and repair of D\A breaks was initially studied in Chinese hamster V-79 cells for the 
heavy ions p, Be, C, Ne, and A with energies of approximately 4 MeV/amu covering; an LET range of 
about 30 to 1,950 keV/um. ' ' In these experiments, monolayers of exponentially growing cells were 
irradiated with a dose of 20 to 4,0 krads, and the UNA scissions were assayed by the alkaline sucrose 
sedimentation technique. The results were the following: 

(1) as the LET increased, the efficiency of the production of DKA breaks decreased 
rather rapidly at first an-* then leveled off at the very high LET values; 

(2) the extent of nonrepayable DNA breaks increased from a few percent at 1 to 
3 keV/um for x rayb, to about 20 percent at 150 keV/um for the heavy ions; 

(3) RBE values for the induction of nonrepariaMe breaks peaked at about 150 ke\'/mn. 

In comparison, literature values of RBE's for the inhibition of colon)- formation in a human cell line 
show an RBI; peak of about 200 Kel/um for heavy ions with energies of about 6 MeV/amu. 
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2. Results with High-energy (> 400 MeV/amu) Ion Beams 

Similar studies with heavy-ion beams having energies from 400 to 55" MeV/amu that might prove advan
tageous in radiation therapv have been done for both the unmodified Bragg ionization curve find a id-cm 

42 extended Bragg peak. 

For the studies with the unmodified Bragg peak, monolayers of human kidney T-l cells were irradiated 
with 2000 rads at various positions in the Bragg ionization curves of 400-MeV/amu carbon, 400-MeV/amu neon, 
and 400-MeV/amu argon beams. DMA breaks were assayed by the technique of controlled DNA denaturation 
followed by separation of single-stranded DNA from double-stranded DNA by hydroxylapatite ion-exchange 
chromatography. These data, in agreement with the results from the 4-MeV/amu ion beams, .show that the 
extent of nonrejoined DNA breaks is greater than that remaining after low-LET irradiations. The data also 
indicate that the rate of rejoining is substantially lower than that for x rays as LI-T increases and that 
it probably varies with ion species. 

Studies of DNA damage and repair capacity in cells exposed in the 10-cm extended Bragg peak have so 
far only been made for 400-MeV/amu carbon ions accelerated to provide a depth range of about 25 cm in water. 
In this case, suspensions of V-79 cells in a 1.5-cm wide glass vessel were irradiated with 2000 rad? at tin-
positions shown in Table IX. These data, in agreement with the work on the: 4-MeV/amu ion energies, sho* 
that the number of unrepaired DNA breaks increases as the LET increases, i.e., at the distal end of the 
peak. 

TABLE IX. Percentage of nonrejoined DNA breaks 
following 2000 rads of accelerated carbon ions 
(10-cm spread peak, 25-cm range) in a suspension 
of exponentially growing V-79 cells. 

Postirradiation Incubation (hours) 
0 0.5 4.5 

Unirradiated SS S«. SS 
Irradiated in 
proximal peak 605 20*. 105 

Irradiated in 
distal peak 665 225 225 

The difference in the- extent, of unrepairable DNA breaks between the proximal and distal ends of the 
10-an spread Bragg peak correlates with the data on induced cell killing under identical conditions for 
400-MeV/amu carbon-irradiated cell suspensions and similar conditions for human kidney cells in monolayer. 
For example, at a dose of 500 rads, the surviving fractions of stationary-phase V-79 cells are O.Oti 
and 0.02 at the proximal and distal ends, respectively. In the case of the T-l monolayer irradiations, 
the surviving fractions were 0.05 and 0.013 at 500 rads for the proximal and distal positions, respectively. 

Damage to and repair of DNA in the photoreceptor cells of rabbit retinae have been studied for in vivo 
43 and in vitro irradiations with 400-MeV/amu neon ions at the Bragg plateau region. Initial and long-term 

alterations in the macromolecular structure of DNA were followed after doses of 100 to 1500 rads. The DNA 
damage (DNA breaks) was initially repaired at all doses used; subsequently, however, DNA degeneration was 
observed. This degeneration of DNA could be a cause of biochemical or physiological changes in the cell, 
perhaps brought about by faulty DNA replication. 

In summary, after exposure to a given radiation dose at various positions in the carbon 10-cm spread 
Bragg peak, there is a differential in the degree of cell injury so that cell damage, whether measured 
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as cell killing or unrepaired DNA breaks, becomes maximal at the distal end of the peak. Because it is 
well known from studies of DNA breaks caused by low-LET radiations that almost all of the DNA single-
strand breaks are rejoined, it is plausible that the unrepairable breaks observed with high-LET radiations 
are DNA double-stranded breaks. 

VJ. THE FUTURE - SIMttRY OF PLANS 

A. Survival Studies of Various Cell Strains 

The work is progressing at such a pace that the survival relationships and oxygen effect should be 
well documented for at least two cell strains, T-l and V-79, within the next few months with a good 
measure of agreement between various investigators. Hopefully, modeling will be advanced enough to 
fully describe the responses of cells to monoenergetic beams in such a manner that results can be predicted 
for other cell strains oi known general characteristics and for a variety of "extended" Bragg peaks. 

Experiments on the extended Bragg peaks are well under way. Given these conditions and progress in 
other related fields (e.g., radiological physics and tissue radiobiology)* there should be a basis for 
initial explorations of radiation therapy with any of the beams, perhaps neon or carbon. 

Cell biologists will continue working on other problems of fundamental and practical iinportance. 
We will briefly list and discuss some of these areas for future woik. 

B. Continuation of Studies of the Age Response to Heavy Ions 
44 The radiation sensitivity of low-energv carbon ions is reported to be independent of cell cycle, 

and cells exposed to the Bragg-peak argon beam show only a small variation in cell-cycle sensitivity. "*" 
Cell-cycle sensitivity is probably related to the mode of injury and repair; its relationship to the 
efficacy of therapy should be better understood. The oxygen effect might also depend somewhat on the 
cell cycle. 

Many normal and tumor cells are in the stationary rtate in the body and have important metabolic and 
synthetic activities. The radiosensitivity of such states should be better understood. 
C. Differences in Heavy-ion Radiosensitivity Between Normal and Tumor Cells 

Such differences are exceedingly important, perhaps even more than the oxygen effect, because successful 
radiation therapy depends on conditions that inake tumor cells more vulnerable than normal cells. Ke have 
identified at least two factors worthy of study -nuclear size and DNA content. There are probably others 
such as the role of the cellular systems responsible for ATP production and synthesis of repair enzymes, 
the ability of cells to communicate with other cells, and the genetic factors controlling repair enzymes. 
The mouse 3T3 cell strain in our laboratory has stable nontumor cell lines and transferred cells that 
generate fast- or slew-growing tumors. 

D. Mechanism of Chemical and Physical Radiation Modifiers 

We already have some data on the concentration dependence of the oxygen effect. These data must be 
expanded and considered in the light of chemical mechanisms. There is seme need for having information on 
the actual oxygen concentrations in living tumors so that comparisons between in vitro and in vivo systems 
can be madi* at proper levels. Already much data on sensitizers exist; however, much work is necessary to 
have information on minimum toxicity and maximally effective levels and mechanisms. T-smperature sensitiz
ation is also of continuing interest. 

E. Spheroids 

Recently, a great deal of interest has developed in the use of multi-cell spheroids as a model tumor 
4 & 

svstem in vitro. " Spheroids of cells in culture often exhibit an anoxic core and an aerated periphery; 



because of the depleted nutritional supply in the core, spheroids are regarded as good models for some 
in vivo tumors. A. Rodriguez and E. Alpen in our laboratory have some preliminary data with neon-ion 
exposures o£ V-79 spheroids that are indicative of the increased effectiveness of these beams. 

F. Repair 

Sublethal damage repair and potentially lethal damage repair are two known types of cellular recover)' 
from low-LET radiation damage that may be significant in planning dose-fractionation schedules for cancer 

39 41 patients- ' Maiy investigators have shown that sublethal damage repair can be drastically reduced with 
high-LET Tadiation modalities. " Recent work has shown that there is no recovery from potentially 

.An intensive examination of split-dose and hyprfractionation survival kinetics is planned with the 
Bevalac beams in order to look for evidence of sublethal damage repair in human and hamster, oxic and 
hypoxic cells. In addition, we will test for PLD repair. We would also like to correlate these rccoverv 
processes with the repair of DNA synthesis and the rejoining of DNA single-strand bveaks. 

G. Molecular Mechanisms 

1. Inhibition anu Augmentation of Repair 1 

In the lepair of DNA breaks, there is an initial fast rate of rejoining with a halftime of 8 to 10 
min (repair I). It has been shown that the fast rejoining rate involves DMA breaks that carry S'phosphate 
and 3*OH end groups and than an exonuclease, DNA polymerase and polynucleo*-de ligase arc probably necessary. 
Further elucidation of this repair process will be very valuable, expecially if some means can be found 
to selectively inhibit the action of this DNA polymerase function because of the fa;t-rate-of-rejoining 
process probably accounts for more than 50 percent of the repair. 

2. Identification of Repair II 

The initiai rapid rate of rejoining of DNA breaks is followed by a slower repair continuing for 
several hours (repair II). It seems that some DNA breaks cannot be rejoined until the cell enters the 
Gj-S border. It also appears3'1 that the radiation-induced alkali-labile breaks are not repaired quickly. 
Much work, therefore, remains to be done to understand the various repair mechanisms that the cell uses 
to handle the different types of molecular lesions in D\A. 

H. Lethal Effect: Double-Strand Break or Misrepair? 

It may be that both double-strand breaks and misrepair are important. In the slowly dividing cell, 
misrepair may be more detrimental, especially if it is rather widespread, as enzyme synthesis would suffer. 
In the rapidly dividing cell, the unrepaired break(s) may prove disastrous as the cell proceeds to divide 
although it appears that a cell can go through one or two cell divisions before reproductive death is 
manifested. 

I. Cytogenetics of Ifeavy Ions 

As our knowledge of molecular lesions increases, it will be highly desirable to establish correlations 
between these changes and effects at higher levels in cells, for example, synthesis of repair enzymes, the 
kinetics of breakage and rejoining of chromosomes, and other cytogenetic changes as they relate to residual 
injury and cell lethality. 
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J. Mechanism of Viral Transformation 

Using accelerated heavy particles, experiments have been conducted to determine the relationship 
between high-LET radiation and viral transformation of cells in vitro (see Chapter 10). It was established 
that ex,ijsure of 3T3 mouse cells to plateau neon radiation sensitizes cells to viral transformation by 
SY A0 virus much more effectively than exposure to x rays does. The mechanism of viral transformation is 
not known; however, one suggestion is that strand breaks (single or double) produced by irradiation and 
the subsequent induced DNA repair play roles in the incorporation of viral DMA into DNA of the host. 
We plan to explore this and other possibilities. 

K. Mechanism of Membrane Injury - Neurons 

Cultured murine neuroblastoma cells have been studied in the laboratory of T, Yang for the past two 
years. This tumor cell line is radiation-sensitive in the proliferative state but is radioresistant in 
the differentiated state. The mechanism of radiation effects on nondividing cells is not understood but 
is certainly of interest because many cells of the body are differentiated. A second interest in the 
neuroblastoma system stems from a recent observation with x rays. Doses of 220-kVp x rays, which were 
lethal to cells in the proliferative state, resulted in rapid retraction of neurites and growth cones. 
This phenomenon was clearly seen in microcinematograpliy and was accompanied by osmotic changes in the cell. 
"Tugging" on synaptic regions was also observed. Zeman at the University of Indiana, working with the 
Ames Laboratory group, independently corroborated these findings when he observed synaptic separation 
following heavy-ion irradiation of the mouse brain. 

Experiments using accelerated heavy ions with their unique penetration properties are planned to 
investigate further this unusual response. Neutron experience at the Hammersmith Hospital in London has 
indicated that we must know more about the radiation response of neurons and the brain if extensive therapy 
trials are to be conducted on brain tumors. 

L. Epilogue 

Many of us who are doing heavy-ion radiobiology with cellular systems are impressed with the potential 
that this method has for answering questions that have long eluded scientists about basic initial molecular 
steps in radiobiology, about the nature of several molecular repair processes and transformations, and 
about quantitative differences between norwii and cancer ceils. 

Preliminary data are presented in this report, but we are hopeful that through radiobiological 
investigations with energetic particle beams important new knowledge will be gained of cellular dynamics 
during proliferative and regressive stages. 
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CHAPTER 8 

TISSUE RADIOBIOLOGY: ACUTE AND CHRONIC EFFECTS 

Edward Alpen 

EFFECTS OF ACCELERATED CHARGED PARTICLES ON NORMAL TISSUE SYSTEMS 

An essential part of a research program leading to the use of heavy charged particles in radiation 
therapy of malignant disease is the set of studies aimed at the establishment of tolerance thresholds 
for normal tissues that might be included in the radiation field. Information on the effects of high-LIT 
radiation on normal tissues was essentially limited to the studies of neutron effects until the initiation 
of the studies reported here. 

The approach has been to establish the damage, repair, and late consequences associated with the 
exposure of organ systems that are judged tc be critical dose limiters to radiotherapy. The organs 
identified as being of primary importance in limiting radiation treatment through effects on normal 
tissues are the lung and the spinal cord. The skin and gastrointestinal tract are also important do^c 
limiting tissues. Skin, although not often the critical limiting tissue, plays a significant role as n 
contributor to patient morbidity, both late and delayed. The skin is particularly useful in quantitative 
studies of dose-response relationships, fractionation effects, and late sequelae. FOT this reason, KC 
have chosen skin as an important tissue system for evaluation, along with the spinal cord and lung. Other 
tissues that we have chosen to evaluate for their occasional roles as dose limiters in radiotherapy arc 
the gastrointestinal tract and the kidney. 

An important consideration in heavy-ion therapy is the relative effectiveness of these beams in the 
production of late lesions that appear months to years after exposure. Fortunately, the lung, spinal 
cord, and skin systems that we have chosen are particularly amenable to observation for late sequelae, 
including carcinogenesis. Our studies have been extended, wherever possible, to include observations 
of late effects. 

This chapter will review the studies done to date on the organ systems cited above with 910-MeY 
helium ions generated at the 184-inch cyclotron and with carbon and neon ions from the Bevalac. 

EARLY EFFECTS ON SKIN (J. T. Leith, P. P. Smith, J. T. Lyman , and J. Howard] 

Helium-ion Irradiation of Skin 

A significant amount of work has been done on the effects of heavy particles on skin. Several 
different animals have been used, including mice, rats and hamsters. The reactions of the skin of 
the mouse leg have been used to compare single doses of 23-kV x rays to single doses of helium ions in 
the plateau region of ionization and to single doses of helium ions in the Bragg-peak region of ionization 
after modification by a moving copper ridge filter, yielding a modified or "spread-out" Bragg peak." 
Skin responses to split doses of x rays (equal-size fractions) given over a 24-hour period were compared 
to split doses of spread-out Bragg-peak helium ions given over the same period. The skin reaction curves 
were then compared, and skin reactions averaged over a period of 8 to 30 days postirradiation were used 
to obtain dose-response curves by using a numerical grading system as shown in Table I. 

Comparison of skin reactions followi/ig different radiation treatments requires that the response-vs-
time curves have similar shapes in terms of the rate of development of reaction, the maximum response 
reached, and the rate of decrease of reaction after allowance has been made for relative biological 
effectiveness (RBE). Given this similarity, it can -e assumed that the demand and recovery processes 



Table I. Grading system for acute skin irradiation reactions 

Tissue Grades and Appearance 
In Acute Iniurv Phase 

Tissue grades ami Appearance 
In Mecovcrv Pha^e 

1.0 J\O difference from controls. 

1.5 Slight erythema. 

2.0 Distinct erythena. 

2.5 Suggestion of dry desquamation. 

3.0 nry desquamation; powdery appearance of 
skin on close observation with small 
cracks and rlaking skin; usually edematous. 

3.5 Dry desquamation with suggestion of incipient 
skin breakdown. 

4.0 Moist desquamation of moderate extent; 
patchy appearance. 

4.5 Major portion of field involved in moist 
desquamation; possibly small areas of necrosis 

5.0 Significant amount of necrosis with loss 
of dermis, similar to a third-degree burn. 

l.C No difference from control*. 

1.5 Limb appears normal except for presence 
of hair depigmentation. 

2.0 Hair is depigmented, and then.- is spars; 
regrowth. 

2.5 Sparse regrowth of hair, probably no cJei 
skin Joes not appear as thin as in a 3.1' 
recoverv state. 

3.0 Marked epilation; skin appear** thin an.! 
tight. 

*^in very Ttiin, shiny, ar.d usuallv 
edcnatcxi>. 

I-'OCHI area* of moist desqu-imat ion uith 
extensive seal formation. 

Small, nonhealing areas. 

Open but nondraining wound. 

in the irradiated tissues are also similar so that the area underneath the response curve can be xnlcn 

as an index of the "average" skin reaction. 

Figure 1 shows the average 8- to 30-day dose-resnonsc curve for irradiation in the distal region of" 
the spread-out Bragg peak vs the comparative x-irradiation response. It is evident that there is an 
increased effecthreness in producing skin reactions by the helium ions, and estimated RBI values have 
been indicated for various levels of effect with an average RBF. of about 1.3. The average 8- to 3(i-cL-, 
skin reactions after irradiation in the plateau region of ionization were not significantly different 
from the x-ray-produced reactions (i.e., the RBE is 1). The LET value for helium ions of 310-MeV initial 
energy is about 1.6 keV/u, a value similar to the modal LET in water for x rays of 230-kV energy. 

Kellerer and Brenot have suggested a method of presenting subjective grading system data involving 
8 9 the use of nonparametric analysis, in particular, the Mann-Whitney rank-order or U test. *" This approach 

allows estimation of the similarity of doses of a standard radiation (in this work, x ray dosesl to doses 
of another radiation (for example, helium or neon ions). To make such comparisons, the total skin 
reaction score for each mouse in each experimental condition is used. For example, a group of mice, 
given a single x ray dose of 750 rads, have their individual, total 8- to 30-day postirradiation skin-
reaction scores ranked from lowest to highest. This ranking of effect can then be compared to a similar 
ranking for another situation (e.g., 750 rads of spread-out Bragg-peak helium ions); the II test will test 
the null hypothesis that there is no difference between the two sampled populations. If this is true, 
the effects are not significantly different, and the ratio of doses for the effects produces an RBI! 
estimation that is statistically acceptable for the two dose levels. Conversely, if the comparison of 
effects rejects the null hypothesis, this ratio of doses for the effects produces an RBH estimation that 
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Fig. 1. Dose-response curve for early skin reactions in mice after irradiation with 
helium ions in the spread-out Bragg curve. RBE values are indicated for various 
levels of effect as compared to 230-kV x rays. Error bars indicate the standard 
deviations of the mean values. (XBL 7511-1454) 

is statistically acceptable for the two dose levels. Conversely, if the comparison of effects rejects 
the null hypothesis, this ratio of doses [and therefore RBE) is excluded from the range of possible RBE's 
implied in the null hypothesis. The 5-percent level of significance has been chosen for discrediting 
the null hypothesis. 

In Fig. 2, graphs are shown of RBF. vs size of dose for both plateau and spread-out Bragg-peak heHuir. 
ions using the U test as an estimator of RBE. It is clear from Fig. 2A that the effectiveness of plateau 
helium ions is not different from that of 230-kV x rays. In Fig. 2B it can be seen that spreadout Bragg-
peak helium ions are ir̂ re effective than 230-kV x rays with an RBE of 1.3 being a reasonable estimate of 
this increased effect; however, as the 95-percent confidence limits of the RBE estimation include an 
RBE of 1, in eight of the ten dose-level comparisons the RBE of 2.3 could be lower. In Fig. 2B the RBH 
may decrease with increasing dose of helium ions. 

The dose-effect curves for the 24-hour split-dose experiments are shown in Figs. 3 and 4 for x rays 
and helium ions, respectively, in the spread-out Bragg-peak region of ionization. In both figures, the 
recovery dose (D^ - Dj)/(n - 1) in rads is given for various levels of effect. D2 is defined as the 
total dose given in the two dose fractions separated by 24 hours that is needed to produce the same 
effect as the single-dose exposure (Dj); n is the numbei of fractions used, in this case, two. For the 
x-ray, 24-hour, split-dose experiment, the average amount of dose recovered is about 515 rads. For the 
spread-out Bragg-peak helium ions, the amount of dose recovered withih 24 hours is about 390 rads, a 
decrease in the 24-hour repair capacity of about 25 percent, a value similar to the percentage increase 
in RBE. The values found for 24-hour recovery between split doses for the skin of mice after x-irradiation 
are similar to other values listed in the literature. 
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Fig. 2. RBE versus dose level for production of early skin reactions for either 
helium ions in the plateau region of ionization (A) or helium ions in the spread-out 
Bragg-pealc region of ionization fB") as compared to 230 kV x rays. The heavy solid 
bars indicate RBE values that are excluded at the 95* level of confidence. The 
direction of the wedges indicates the direction in which the true RBI- is thought 
to lie. (XRL 7311-hH03) 

Late skin reactions as estimated using Table I are shown in Fig. 5. As in the case of early RBI. 
values for single doses of plateau-region helium ions vs x rays, there appears to be no difference 
between the two types of radiation for late damage fto about 200 days postirradiation. Fig. 5A). There 
still appears, however, to be a greater effectiveness for single doses of spread-out Bragg-peak helium 
ions vs x rays for late effect as indicated in Fig. 5B for various levels of effect, the an RBF. of 1.2 
being a good estimate of this increased effect. In Fig. 5C, the late reactions after 24-hour split doses 
of spread-out Bragg-peak helium ions and x rays are shown. There is no difference between the two 
curves. 

Neop-ion Irradiation of Skin 

For the last 18 months we have extended our studies with mouse skin to neon-ion beams accelerated 
at the Bevalac. For these first studies, a neon beam was chosen that had a maximum penetration in tissue-
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Fig. 3. Dose-response curves of the early post i r radia t ion average skin reactions 
for mice i r radiated with e i ther single doses of 230-kV x rays or with the same to ta l 
doses given in two equal fractions separated by a 24-hour period. The recovery 
dose (D2 - Dj) in rads for various levels of effect i s indicated. Error bars are 
the standard deviations of the mean values. [XBL 7311-1456") 

Fig. 4. Dose-response curves of the early post i r radia t ion average si in reactions 
for mice irradiated with e i ther single doses of spread-out fcragg-peal, helium ions 
or with the sa-ne to t a l doses given in two equal fractions separated by a 24-hour 
period. The recovery dose (D2 - Di) in rads for various levels of effect i s 
indicated. Error bars are the standard deviations of the mc;in values. 

fXBL ?.-11-1453) 
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J'ig. 5. Dose-response curves of the late average skin reactions (95 to 105 days 
postirradiation). In A, late effects after helium-ion irradiation in the plateau 
region of ionization are shown. In B, late effects after helium-ion irradiation in 
the spread-out Bragg peak are shown. RBE values for various levels of effect are 
shown in A and B. In C, late effects for the 240-hour split-dose experiment-; 
using x rays and spread-out Bragg-peak helium ions are shown. Error bars are the 
standard deviations of the mean values (Leith et al., 3975h). (XBL 7311-68231 

equivalent material of about 14.5 cm. This penetration was achieved by using a 400-MeV/nucleon initial 
energy. The BragR peak was modulated by an appropriate lead ridge filter to give the dose distribution 
in tissue shown in Fig. 6. Also shown is the nodulated helium-ion peak utilised in these studies as 
described in the preceding section. The shape of the modulated oeak has been determined on rhc basis 
of theoretical estimations of the LET distribution and the Dotential RBE to give essentially equally 
effective biological doses over the 5-cm spread-out peak. Arrows in the figure show the relative position 
of the mouse leg to the dose-distribution curve for both the helium-ion and neon-ion irradiations. 
Also shown is the dose-effect curve for irradiation of the skin of the mouse leg with plateau neon ions. 
As previously described, the area beneath the curve of graded skin reaction vs time is a measure of 
acute response. 

Figure 7 shows the dose-resnonse curves for hamster skin, using the same grading and exposure 
nrocedures as for the mouse. In the case of the hamster, the ventral thoracic skin was irradiated in 
the course of the lung irradiation experiments described later. X-ray curves are shown for both animal 
species. The RBE's for both animals range from 1.4 to 1.6 for the plateau-region irradiation. The .average 
LET for this region of the neon depth-dose curve is about 32 keV/um. The RBE's for the typical level 
of effect shown in the curve are 1.4 for mice and 1.6 for hamsters. The RBE is, to some extent, dependent 
upon dese (or conversely, level of effect). 
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Fig. 6. Depth-dose profiles fur the modulated (spread-out) helium-ion, neon-ion 
and carbon-ion Bragg curves used for the irradiation of mouse skin. The positions 
of the mouse leg in the spread-out regions of the curves are indicated by arrows. 
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or neon ions in the plateau region of ionization. RBE values at specific levels 
of effect ore indicated in the figure. 
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Figure 7 also shows data for the response of mouse skin to divided doses (two equal fractions in 
24 hours]. The average amount of dose recovered within the 24-hour period is 485 rads for the x-ra>-
treated animals and 140 rads for the neon-treated animals. If this latter dose is corrected for the 
RBE foT the acute effect, the "effective x-ray equivalent recovery" is approximately 300 r is {140 * 2.2). 
The recovery adjusted for RRE appears to be approximately 70 percent of the x-Tay recovery for the peak 
neon ions compared to 230-Wu x rays, 

Figure 5 shows the acute response data for mouse skin irradiated in the spread-out Bragg peak in the 
position shown earlier. Comparison is to 230-kVp x rays as before. The mouse leg is about 0.5 cm thick; 
therefore, one would approximate the decrease of physical dose to be about 5 percent across the thick-res? 
of the leg. It should be noted, however, that the modulated peak is adjusted to give what would be 
predicted to be eaually effective biological doses across the whole 4-cm region. From the figure, it 
can be seen that the RBE for the modulated Bragg peak is approximately 2.1 to 2.3 for the moderate 
response level (score of 2.5). This is compared with an RBE of 1.5 for the neon plateau. 

3.5 
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Fig. 8. Dose-response curves of the early postirradiation, average skin reactions 
for mice irradiated with neon ions in the spread-out Bragg-peak region of 
ionization. A typical RBE value is indicated for a specific level of effect as 
compared to the 230-kV x-ray response. Also, the dose response curves of the 
early postirradiation, average skin reactions for mice irradiated with 2 equal 
fractions of x rays or spread-out Bragg-peak neon ions are shown. The recovery 
dose in rads for a specific level of effect for x rays and neon-ion irradiation 
is indicated in the figure. 



Carbon- ion Irradiation of Skin 

The most recent studies with skin have been carried out with accelerated carbon ions. The maximum 
penetration of the carbon-ion beam was 26 cm, achieved with an energy of 400 MeV/nucleon. The spread-out 
Bragg peak was approximately 4 on across and was achieved in the same manner as for the r.eon-ion beam. 
The depth-dose distribution and the location of the mouse leg for irradiation are shown in Fig. 6. Studies 
were conducted with irradiations performed with the modulated Bragfl peak as mentioned and with the 
plateau region of the depth-dose curve. For the plateau, the RBE was essentially 1.0 compared to the 
x-ray standard. For the modified Bragg peak, the RBE for the same level of response as befcre (an 
average severity score of 2.5) was 1.2. As yet, no comparative recovery studies have been carried out 
with the carbon-ion beam. The data for mouse skin at high doses are summarized in Table II. 

Table II. The relative responses of mouse skin to accelerated 
helium ions, neon ions and carbon ions. The reference 
radiation in all cases \s 230-kVp x rays. 

Beam Position of RBE at Moderate 
Ion Beam the Mouse Skin Response Level Relative Repair 

Helium Plateau 3.0 not studied 

Bragg Peak 1.3 same as x ray 
(5 an) 

1 2Carbon Plateau ].0 not studied 

Bragg Peak 1.2 not studied 
(4 cm) 

2 0Neon Plateau 1.5 not studied 

Bragg Peak 2.3 70? of x ray 
(4 cm) 

Note: Studies with hamster akin in the neon plateau cave results 
essentially the same as for the mouse. 

CHRONIC EFFECrS 0r- HELIUM- AND NEON-ION IRRADIATION ON THE LUNG (K. H. Woodruff, J. T. Leith, P. P. Smith, 
V. Havens and M. McDonald) 

Irradiation-induced, delayed pulmonary fibrosis is of great significance as an undesirable side 
effect of radiation therapy that includes significant portions of the lung in the radiation field. 
Finding a suitable model for the study of this process has been difficult; however, the golden Syrian 
hamster has proven to be particularly valuable in this regard and has been used extensively by others. , I " 

The exposure conditions and locations in the Bragg p^ak were the same for the hamster-lung exposures 
as for the mouse-skin exposures described in the previous section. Figure 6 shows the location of the 
animal relative to the spread-out Bragg peak. The results, using standard morphometric techniques, are 
as follows: 

The volume densities of pulmonary parenchyma and nonparenchyma are unchanged at two weeks 
and one month post irradiation for all types of irradiation and dose levels (Table III). The 
individual components of these two parameters (alveoli, septa, airways, blood vessels, and 
collagen) also remain constant. 

In contrast, the cellular composition of the lungs undergoes change after irradiation, 
and the different types of treatment show different degrees of change. At two weeks, there 
is an influx of inflammatory cells into alveolar septa and spaces. The differences in volume 
density of inflammatory cells between controls and animals given the following treatments 



120 
Table III. Volume densities of pulmonar)" parenchyma and 
nonparenchyma at 2 weeks and 1 month after irradiation. 

Type irradiation 500 1000 1500 2000 

Parenchyma. 2 week;, control 0 762 i 0 022 

X-ray 0 789 z 0030 0.777 t 0013 0 794 t OOlfl 0 776 1 D0P4 
Helium 8ragg 

peak 0643 ; 0019 0 780 i 0 D15 0 777 ; 0013 0 780 : 0 027 
Helium platMu 0 794 i 0.026 0 787 : 0 Die 0 796 t 0 027 0 790 , 0 02b 
"No plateau 0 78* i 0 013 0 7B0 : 0 036 0.807 : 0 02B -

Parenchyma 1 month, control 0.804 i 0 014 

X-ray 0 795 i 0.023 0 785 i 0 015 0 794 i 0 014 0 796 j 0 033 
Helium Bragg 

peak 
Helium plateau 
"•Ne plateau 

0 781 i 0 011 
0 79b 3 0 011 
0 801 -. 0 022 

0 797 
0 7B7 
0 814 

j 0016 
i 0016 
i 0 032 

0 786 
0 7B3 -
0 796 

i 0015 
i 0019 
i 0 004 

oeos . 
0 826 

* 0 008 
i 0006 

Nonparerichyma. 2 ' weens control i 5 236 i 0022 

X-ray 
Hei um Bragg 

Oil Ilk 
Helium plateau 
"Ki plateau 

0.211 i 0.030 

0197 ; 0 019 
0.206 % 0 026 
0 217 i 0 013 

0 233 

0.230 
0.203 
0 226 

i 0013 

i 0 015 
• 0 016 
3 0 035 

0 203 : 

0 223 : 
0 204 : 
0 173 

! 0016 

: 013 
t 0 027 
: 0 028 

0 224 

0 220 . 
0 210 • 

: 0 024 

. oar: 
i O0?5 

Nonparer.criyma 1 i month, control - 1 3196 i 0 014 

X-'ay 
Helium Bragg 

peak 
Helium plateau 
''Ne plateau 

0 205 : 0 023 

0219 = 0011 
0.204 : 0 011 
0 199 i 0322 

0215 

0 20; 
0 213 
0 186 

! 0015 

i 0016 
± 0 016 
r 0032 

0 206 i 

0214 -. 
0217 : 

0214 . 

• 0 014 

i 0015 
L 0 019 
: D0Q4 

0 204 : 

0 191 : 
0 174 : 

i 0 033 

! 0 008 
i 0 006 

Volume density = mean of the number of hits per 1000 
total points of three hamster lungs plus or minus one 
standard deviation. 

Table IV. Volume densities of inflammatory cells at 
2 weeks and 1 month after irradiation. 

OoMirads) 

Type irradiation 500 1000 1500 fOOO 

Two weeks control - 0 009 i 0 001 

X-ray 
Helium Bragg 

peak 
Helium plateau 
"Nepialeau 

0 010 * 0.001 

0.016 i 0.004 
0.01S ± 0.002T 
o.o3i i o.ooet 

0 01? t OOut 

0028 i 000'T 
0 023 i 0 003f 
0 035 i 0 007T 

O0I6 

0 031 
0.026 
0 039 

z 0 003 

t 0 0061 
i 0OO41 
3 0 0061 

0023 

0 037 
0 033 

: 0DD41 

: 0 004T 
: O0051 

One month, control = 0.007 i 0 0D1 

X-ray 
Helium Bragg 

peak 
Helium plateau 
*"Ne plateau 

0.016 3. 0.004 

0.025 ; 0.0041 
0.030 i 0.0051 
0.033 i 0.0061 

III! 
i iii 

0 026 

0046 
0.039 
OQ53 

j 0004* 

i 0.003* 
± o.oon 
x 0.O06T 

0 025 

0 050 
0 043 

J 0 002t 

3. O003t 
a 0 004T 

Within each time group, significantly different from 
control values at p = 0.05. 

Table V, Volume density of capillar)' lumina at 2 weeks 
and 1 month after irradiation. 

Doseiraas] 

Type irradiation 500 1000 1500 2000 

Two -weeks control • 0062 t 0.005 

X-i;iy 
Helium Bragg 

peak 
Hefrum plateau 
"He plateau 

0 079 i 0 005 

0096 t 0011" 
0 091 i O.t t* ' 
0 116 i 0016* 

0 076 i 0 00? 

0 099 3 OOOB' 
0.095 ; 0OOB' 
0131 = 0 016" 

0 075 i 0 001 

0 099 i 0 003-
0 085 3 0 003' 
0 152 i 0 014' 

0073 : 0 00? 

0 097 3 000.3' 
0 104 3 0010' 

One monln. control 0.056 3 0010 

X-ray 
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O.0B0 l 0.006 

0.106 ± 0.001' 
0.094 i 0.O07" 
0.081 i 0.002' 

0.096 = 0.003* 

0.082 1 0 007* 
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Significantly different from the control at p = 0.05. 



are statistically significant: x-irradiation at 2,000 rads; helium in the Bragg peak, 
1,000 rads and above; helium in the plateau region, 500 rads and above; and neon at doses of 
500 rads and above. At all doses, the volume density changes resulting from neon compared 
to x-irradiation are statistically significant. No statistical significance can be demon
strated between the values resulting from the two types of helium irradiation and the neon 
ions. The helium irradiations result in values that show statistically significant differ
ences from values resulting from x-irradiation at doses of 1,000 rads and above (Table IV). 

At one month after irradiation, the increase in the number of inflammatory cells remains. 
At all doses, the volume density changes resulting from neon irradiation are statistically 
different from the control values and the values resulting from x-irradiation but not from 
those values resulting from helium-ion irradiation. X-ray values are different from control 
values at 1,500 and 2,000 rads; helium irradiation values show increases at doses of 500 rads 
and above. Helium values are statistically different from vray values at 1,500 and 
2,000 rads. These numerical data are presented in Table IV. The individual components of 
the inflammatory response consist almost exclusively of neutrophils and macrophages. At 
two weeks, the majority of the response is neutrophilic: by one month, most inflammatory 
cells are macrophages. 

The second parameter that undergoes significant change is the volume density of capillary 
luminae. Two weeks after irradiation, at all dose levels, the values from lungs irradiated 
with neon ions showed increases from the control values and values from animals receiving 
x-irradiation. In addition, neon values are significantly different from the values 
resulting from both types of helium irradiations at 1,500 rads. Volume density changes 
resulting from irradiation with helium in the Bragg peak of ionization are statistically 
different from the changes resulting from x-irradiation with doses of 1,000, 1,500, and 
2,000 rads. Volume density changes resulting from irradiation with helium in the plateau 
region of ionization are statistically different from the changes resulting from x-irradiation 
at 1,500 and 2,000 rads (Table V ) . By one month, however, the morphometric data (Table V) 
illustrate that the canillaries in the helium- and neon-irradiated animals show a return 
toward control values while the x-irradiated lungs demonstrate increases in density of 
capillary luminae with increasing dose. 

The volume densities of septal cells (Table VI) show no clear correlation with dose 
level or time period postirradiation although the decrease in septal cells in lungs at two 
weeks after neon-ion irradiation may reflect the increased capillary dilation. Table VII 
demonstrates that the numbers of alveolar Tyne-2 cells are unchanged at two weeks and one 
month after irradiation. 

In addition to the morphometric analysis, both lungs and the heart, thymus, and thoracic 
skin of each animal were evaluated morphologically. One bronchial papilloma was identified 
in a hamster sacrificed two weeks after irradiation with 2,000 rads of accelerated helium ions 
in the Bragg peak of ionization. This was interpreted as a spontaneous occurrence. Pulmonary 
dysplasia and malignant tumors were not seen. In general, the morphologic findings were 
subtle, and differences resulting fror. the various doses and types of irradiation would have 
been obscured without the morphometric data. 

The hearts showed no identifiable effects from any of the irradiations. The thymuses 
were small with mild cortical lymphocyte depletion. No differences in thymic damage were 
identified among the various types of irradiation, probably because, by two weeks after 
irradiation, renopulation of cortical lymphocytes occurs. The gross skin reactions have been 
reported elsewhere in this report. 

Table VI. Volume density of septal cells at 2 weeks and 
1 month after irradiation. 
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Table VII. Volume density of alveolar type 
weeks and 1 month after irradiation. 

Type irradiation 500 1000 500 2000 

Two weeks, control "d 026 i 0 004 

X-ray 0 024 i 0002 0 022 i 0 002 0 022 i 0 002 0 021 . 0 005 
Helium Bitgg 

peak 0 026 i 0 001 0 026 i 0003 0 026 i 0001 0 0?^ ; 0 00? 
Helium plateau 0 038 i 0 007 0030 i 0002 0 033 i 0 007 0 008 ; :-^04 
"Ne plateau 0034 i C004 0-034 j 0 00? 0 03* l 0 004 -

One month, control - 0 021 i 0 006 

X-ray 0 02? t 0 002 0 025 ; 0007 0 042 t 0005 O0JS j 0 007 
Helium Bragg 

peak 0 039 : 0 006 0.040 = 0 006 0 03S t 0 007 0 036 i 0 005 
Helium plateau 0 035 i 0 003 0 035 i 0 003 0 037 : 0 006 0 034 : 0 004 
"Ut plateau 0 030 : 0 005 0 037 i 0 004 0 033 i 0 00? 

t -
In contrast to the skin, where it has been relatively easy to establish a quantitative model b.^ut! 

on scoring of injury, it has been extremely difficult to do the samr Tor the lupp,. Quantitative 
roorphometric methods have been established by us and applied as described. 

Clear evidence has been demonstrated of a dose-related change in the volume density of capillary 
luminae and in inflammatory cells in the hamster lung two weeks and one month nostirradiation. It i< 
also clear that plateau-region neon ions produce these lesions with significantly increased effect iione-->. 

At this point, it does not appear to be useful to try to estimate quantitative REF. values for the 
several radiations used. 

So far, the incidence of radiation-induced carcinogenesis is still low. It is certainly expected, 
however, that as further experiments are performed we will accumulate significant data on tumor inductu<n. 

Data will soon become available on the effects of carbon-ion irradiation of the hamster lung. In 
October 1976, single-dose, Bragg-peak, carbon-ion exposures were completed as well as fractionated 
exposures--with two fractions separated by 24 hours and five fractions, each exposure separated hy 
24 hours. It is expected that data analysis on the carbon-ion exposures will hegin producing useful 
results in the second half of 19"7. 

Additional studies are now underway to develop further quantitative endpoints beyond the morphometric 
studies described above. These endpoints include cumulative mortality from pulmonary insufficiency, 
analysis of enzymes of the lung, chest x rays accomplished in conjunction with the Department of Radiology 
University of California, San Francisco, and electron transmission and scattering microscopy. 

EFFECTS OF HEMUM- ION IRRADIATION ON THE CASTRO INTESTINAL TRACT (E. L. Alpen, P. P. Smith, V. Haven-, 
ami M. ML-nonald) 

All of the s 
which has found wide application as a clonogenic assay for survival of the intestinal crypts. The 
standard assay, as modified by us, consists of irradiation of at least the whole abdomen of the LAf. 
female mouse with graded doses of the irradiation to be evaluated. In the case of x rays, the whole 
body is irradiated. In the case of accelerated heavy particles, a 3-cm by 5-cm collimator is used, and 
the radiation field is adjusted to cover the mouse from well above the diaphragm to the loweT end of 
the body. Four days after irradiation, the animals are sacrificed, and a 2-cm segment of the jejunum is 
collected and fixed in Bouin's fluid. After the usual processing, the cross section of the small 
intestine is examined microscopically: the surviving crypt cells that show signs of regeneration at this 
time (using the criteria established by Withers) are counted. 

Only the data on helium ions are complete enough for tentative conclusions. In the plateau portion 
of the Bragg curve for helium ions, where the average LET is approximately 1.5 keV/um, the D was 197 rads 
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compared with a value of 160 rads for x rays. The proximal Bragg peak has an LET of approximately 
2.0 keV/um, and the proximal peak has an LET of 10 keV/um. The D values for these two positions were 
201 and 182 rads, respectively. These values are in the expected order of effectiveness; the plateau 
and proximal peak, where LET is not significantly different from 230-kVp x rays, are essentially equal 
whereas the distal peak is significantly lower. We cannot at this tune, however, explain why all values 
are higher than those for 230-kVp x rays. 

The differences in D are not significant at this time, and more data are being collected in replicate 
experiments. The curves, however, are not parallel, and at the higher survival fractions the distal peak 
is more effective than x rays. 

Exposures have been completed for the same system using the plateau and the proximal and distal 
peaks of the neon-idi, carbon-ion and argon-ion beams. 

We are now in the i" icial phases of two experiments; the first is a straightforward, two-fraction 
experiment to measure the 24-hour recovery potential for the three heavy-ion beams, and the second is 
an examination of the effects of five daily fractions on the response of the intestinal crypt cells. 
Another experiment planned for the immediate future is the measurement of the in vivo OER in gut crypt 
celis of anoxic animals following exposure. We are also examining the possibility of measuring the 
long-term, irreversible recover)' of the gastrointestinal tract by using repeated smaller fractions of 
irradiation followed by a prolonged period of recovery {on the order of 2 to 3 months) before a test 
exposure to measure the P for the previously exposed and recox'ered cells of the intestinal crypt. 

SPINAL CORD EFFECTS (.1. T. Leith, P. P. Smith, K. H. Woodruff and B. S. Lewinsky) 

We have investigated the effects of ionizing radiation on the spinal cord as a model for the chronic 
effects of radiation. In this work, CF-1 rats have been irradiated at both the Lawrence Berkeley 
Laboratory 184-inch cyclotron using helium ions in both the plateau and spread-out Bragg-peak regions 
of ionization and at the Bevalac using 375-MeV/nucleon neon ions in the plateau region of ionization. 
The spinal cords were exposed over the region of the twelfth thoracic to the first lumbar vertebrae. 
For tin* helium-ion irradiations, both single and fractionated exposures were given. The fractionated 
exposure- consisted of Id equal fractions given over a 22-day period flOF/2201. After irradiation, The 
nimiber of rats showing Mgns of partial myelopathy was assessed. It was found that, for both the 
plateau and spread-out Bragg-peak regions of ionization, the percent incidence of myelopathy was small 
(ahout 2d percent) at a single dose of 2,000 rads and rose to 100 percent at abcut 3,000 rads. There 
appeared to be no difference between the plateau and spread-out Bragg-peak regions of ionization for the 
production of myelopathy. Combined data for both positions on the Bragg curve appear to indicate a 
threshold tolerance dose for production of myelopathyof between 1,900 and 2,000 rads, with complete 

14 15 paralysis occurring at a dose level of about 2,600 rads or more. ' The latency periods for production 
of paralysis are the same for both the plateau and Bragg-peak regions of ionization, about 20 weeks. 

Histological studies of the spinal cords showed few abnormalities in rats without overt paralysis; 
nowevcr, as early as 4 months nostirradiation in paralyzed animals receiving doses of 3,500 rads, there 
was focal symmetrical demyclinption and axonal degeneration in the anterolateral columns of white matter. 
With increasing time, the demyelination and necrosis became more extensive both anteriorly and laterally. 
The demyelination extended distally into the distal (sacral) cord, while the proximal cord remained 
histologically normal. 

In the helium-ion fractionated-dose experiment, paralysis was found only in the group irradiated with 
the highest total dose (h,530 rads), and at this dose level only a few animals became paralyzed (about 
10 percent). These data indicate that the threshold tolerance dose for production of paralysis in these 
rats is between 5,220 and 6,530 rads for the total dose given in 10 fractions over 22 days. If the 
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10-percent level of production of partial paralysis is used to evaluate dose effects, 2,000 rads 
administered in a single dose and 6,530 rads given with this fractionation schedule appear roughly 
coni[iarahTe. The amount of dose recovered per interval is then about 500 Tads; that is, about "" percent 
of each radiation dose is completely repaired. 

For irradiation with neon ions in the plateau region of ionization only single doses have heen 
studied. These data are shown in Fig. 9. At a level of production of nartial paralysis of 5i> percrnt, 
an RBE value of 1.3 is obtained. This value agrees relatively well with RBE values for mouse and 
hamster skin of about 1.5. 

In Fig. 10 we have plotted the spinal-cord data from the work of Van dcr Kogcl and Barcndson 1 

(who used x rays and 15-MeV neutrons) and Leith et al. ' (who used helium and neon ions) using tfu-
approach used by Douglas and Fowler ' in which the inverse of the total dose required to produce a given 
effect is plotted vs the dose per fraction. In this figure the multifraction skin data of Douglas and 
Fowler are included for reference. The low-LET, spinal-cord data (300-kV x r a v s , anj helium ions) have 
been fitted by a least-squares, linear-regression analysis (using the 10-percent level of myelitis for 
comparison]. The intercept of the regression line occurs at a higher total d^se than that of thi- curve 
for mouse skin. This suggests that the "survival curve" for the spinal cord {realizing that the target(M 
at risk is not precisely defined) has a small initial shoulder. If one considers the line for the 15-MeV 
neutron data, it is clear that the intercept has changed greatly while the slope of the line has changed 
less dramatically. These changes may reflect the differences in repair of sublethal radiation damage with 
different radiation modalities. An interesting feature of such a plot is that, at any dose per fraction, 
the ratio of the total doses required to produce the effect is a measure of the RBli at that dose per 
fraction. As an example, we have indicated the RBE for neon ions vs the comparable point on the low-LEI, 
spinal-cord curve yielding an RBE of about 1.5 (at 1,500 rads per fraction). 

EFFECTS ON THE TESTES (E. L. Alpen, P. P. Smith, M. McDonald, and V. Havens) 

The testes is certainly not generally considered to be a critical organ at risk in radiotherapy, but 
a broad range of reports have indicated that the testes is a valuable indicator of relative biological 
effectiveness across a broad range of LET values. The method consists of irradiation of the testes 
followed 28 to 35 days later by dissection of the testes and determination of the weight remaining. 
Other workers * have shown that the weight loss of the testes has two components--a sensitive com 
ponent, which has a D for x rays of about 50 rads, and a radioresistant component, presumably the 
connective stroma, which has a D variously estimated to be 1,500 to 6,000 rads. 

Weight-loss analysis by the fitting of two first-order exponential relationships will provide 
estimates of both D values. Because of the extremely shallow slope of the resistant fraction, the 
estimate of D is highly variable. 

We have completed exposures with x rays and helium, neon, argon and carbon beams in the plateau 
and proxijnal and distal peaks. As yet, not all of the data are analyzed, but the method has certainly 
proven to be highly precise. There is no shoulder in the dose-response curve, and the extrapolation 
number is 1.0. One study using five-fraction exposures has shown that weight loss is not sensitive 
to fractionation. 

CARCINOGENESIS 

Carcinogenesis studies are now beginning, but no data are yet available for analysis. As mentioned 
above, the animals exposed during both the skin acute-effects and lung studies will be followed for 
tumor induction. Another study whose sole purpose is the examination of the LET dependence of tumor 

induction has been initiated in collaboration with Dr. R. J. M. Fry of the Argonne National Laboratory.*" 
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Fig. 9. Production of partial myelopathy in rats after irradiation with neon ions in the plateau region of 
the depth-dose curve (closed circles) or with helium ions in either I e plateau (open circles) or spread-out 
Bragg peak (closed triangles). The RBE for production of 50-percent myelopathy is indicated. (XBL755-49'i2) 
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Fig. 10. Plot of the reciprocal total dose to produce a given level of effect in rat spinal cord vs. 
per fraction. Multifraction mouse-skin data (dashed line) are included for comparison. 
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Br. Fry has identified the Harderian gland of the mouss as a tissue with carcinogenic potential that 
is extremely sensitive to the LET of the radiation. His studies have shown that fission neutrons can 
induce tumors at doses at which gamma-ray controls as well as unirradiated controls have essentially zero 
incidence. We have repeated these studies using both plateau and Bragg-peak neon ions and we arc present\y 
scheduled to irradiate mice with helium and carbon ions. The tumors have a relatively long latent peril*! 
(greater than 200 days), and we do not expect to have data for at least a year. 
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CHAPTER 9 

TUMOR RAPIOBIOLOCy WITH BEVALAC HEAVY-ION BEAMS 

Tom S. Tenforde and Stanley B. Curtis 

IIWRODUCTION 

Tumor radiotherapy using high-energy charged particles has several potentially advantageous features 
in comparison with conventional radiation modalities. ' First, the depth-dose characteristics of charged-
particle beams (see Chapter 3) art well-suited for the irradiation of deep-seated tumors. By the use of 
Bevalac-acceleiated heavy ions with energies less than 1 GeV/nucleon, tumors located as deep as 20 to 30 en 

from the body surface can be irradiated within the Bragg-peak ionization region of the beam. Furthermore, 
by employing variable-thickness absorbers [ridge filters), the Bragg-peak ionization region of a high-energy 
beam can be spread to a width sufficient to encompass the entire tumor volume. 

A second principal advantage of charged-particle beams with high linear energy transfer (LET) is a 
reduced oxygen effect. In the Bragg-peak region of stopping charged-particle beams, the oxygen enhancement 
ratio (OER) for cell killing is reduced relative to x rays, allowing a more efficient sterilization of 
hypoxic tumor cells. 

A third major advantage is the large relative biological effectiveness (RBE) for cell killing by 
higli-I.n charged particle beams in comparison with lou-LIT x- or gamma-radiation. The high RBI", in the 
Bragg-peak ionization region is expected to substantially increase the tumor cure probability for n given 
integral absorbed dose. In addition, the lower RBE in the plateau relative to the Bragg-peak ionization 
region should prove therapeutically advantageous because of the resultant sparing of normal tissues 
overlying the tumor. 

Two other potential advantages of charged-particle radiation are the decreased repair of sublethal 
cellular damage and the reduced cell-cycle dependence of radiosensitivity. These factors are expected 
to be especially pronounced int.ie high-LET 3ragg-peak ionization region and may allow tumor cures to be 
achieved with limited numbers of dose fractions compared with the treatment schedules used for conventional 
radiation modalities. 

Since the completion of the Bevalac facility in 197S, extensive experiments have been carried out 
with three animal tumor systems in order to evaluate the therapeutic efficacy of high-energy charged-
particle beams. The tumor systems employed in these studies and the participating principal investigators 
arc listed below: 

EMTti : A mammary tumor transplantable in Balb/c female mice. Theodore L. Phillips, M.D.., and 

Karen K. Fu, M.D., Division of Radiation Oncology and laboratory of Radio-biology, University of 
California, San Francisco. 
91: A rat brain gliofarcoma, originally induced by N-nitrosomethylurea and transplantable in 
Fischer 344 rats. John T. Leith, Ph.D., Department of Radiation Oncology, University of Arizona 
Medical School, Tucson, and Kenneth T. Wheeler, Ph.D., Cancer Center, University of Rochester 
Medical Center, Rochester, New York. 
R3j A rhabdomyosarcoma transplantable in WAG/Rij rats, originally isolated from the mandibula 
of a rat radiation chimera. Stanley B. Curtis, Ph.D., and Tom S. Tenforde, Ph.D., Lawrence 
Berkeley Laboratory, University of California, Berkeley. 

The results of the studies on the radiobiological responses of these tumor systems to Bevalac-
accelerated neon ions are now available. These experiments have yielded information on both the RBE and 



the oxygen effect for tumors positioned in the plateau and the Bragg-peak ionization regions of a neon-ion 
beam. A detailed discussion of these data follows, along with some initial results on the response of 
tumors to high-energy carbon- and argon-ion beams. 

EMT6 MOUSE MANMARY TUMOR 

The survival of EMTo tumor cells was measured following exposure in vivo to Bevalac-accelerated 
carbon, neon and argon ions. In these experiments, the Bragg peak was spread to a width of 4 cm 
using a lead ridge filter as shown in the Bragg curve reproduced in Fig. I for 4Q0-MeV/n neon ions. 
Tunors ijnplanted in the flanks of Balb/c mice were irradiated in either the plateau or the distal Bragg 
peak ionization regions at the positions indicated by brackets in Fig. 1. Following irradiation, tumors 
were excised and dissociated to a single-cell suspension by trypsinizatiuii. The cells were then grown in 
tissue culture in order to assay the fraction of clonogenic cells. The resulting survival curves for }y,1(> 

tumors exposed to carbon, neon and argon plateau and sproad-oul Bragg-peak radiation are reproduced in 
Fig. 2 along with a survival curve for tumors exposed to cesium-137 gamma radiation. 

_L-
Depth m water (cm) 

Fig. 1. The Bragg curve is shown for Bevalac-accelerated neon ions with 
initial energies of 400 MeV/n. The Bragg-peak ionization region has been 
spread to a width of 4 cm by means of a variable-thickness absorber. 
Positions of tumors irradiated in the plateau and distal Bragg-peak 
regions are shown by brackets. (XBL 7-111-814M 

Fig. 2. Cell survival curves are shown for EMT6 tumors irradiated in the 
plateau and distal Bragg-peak ionization regions of carbon-, neon- and 
argon-ion beams. A survival curve is also plotted for EMT6 tumors exposed 
to cesium-137 gamma radiation. fThe survival curve data were kindly 
provided by Dr. T. L. Phillips and Dr. K. K. Fu.) (XBL 772-31331 
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The survival curve for EMTb tumors irradiated in vivo with cc;uur.-137 exhibits a ".hculdcT vegicn up 
to b0(> rad.s, followed by a linear region extending to 1000 rads and characterized by art extrapolation 
number of 18 and a I) of 160 rads. A second linear portion of the cuive with a D of 3(>0 rads appear* 
at doses above 1000 rads and is attributable to the presence of radioresistant hypoxic cells. Kith carbon, 
neon and argon ions, the survival curves for EMTb tumors exposed to either plateau or Br.isig-peal1 radiation, 
exhibit smaller shoulder regions, indicating a reduced accumulation of sublethal damage. With •'he e: option 
of plateau carbon ions, which have the lowest median LET of the various charged-particle brains used in 
these experiments, the heavy-ion survival curves exhibit only a single linear region. The absence of a 
second linear region in the low survival range indicates the effectiveness of high-LET neor-^on radiation 
in killing the hypoxic cell fraction of in vivo tumors. 

from the EMTb survival curves of Fig. 2, RBE values relative to cesium-137 have been calculated at 
the lot and H survival levels. As shown in Table I, the RBE values for carbon and nf:on iens are simi'iai , 
both in the Bragg-peak and plateau ionization regions. The RBE values for carbon and neon Bragg-peak 
radiation range from 1.8 to 2.2; for plateau radiation, the RBF values are in the range of 1.4 to l.ft. 
The RBI values measured for both plateau and Bragg-peak argon-ion radiation are higher than those for 
carbon unit neon ions and range from 2.6 to 5.1. 

TABU. 1. Ml. values for cell killing in EMTb tumors exposed to Bevalnc hea\y ions :'• ;i*V . 

* t * 
Ion Initial energy Tumor position n n L 

' - ( - 100 MeV/n Bra^g peak 2.2 2.11 
plateau l.f. 'i.4 

-'ta 400 MeV/n Bragg peak 2.0 l.B 
plateau 1.5 1.5 

Ar 500 MeV/n Bragg peak 3.1 2.6 
plateau 3.1 2.6 

Tumors were irradiated in either the plateau or the distal spread-out Bragg-peak 
ionization regions shown in Fig, 1; with each ion, a ridge filteT was used to 
spread the Bragg peak to a 4-cm width. 

TRBE values were calculated at the 10% and 1% survival levels relative to cesiwn-13" 
gamma radiation; the survival curves from which these data were obtained are 
plotted in Fig. 2. 

Measurements of RBE and OER were also carried out for cultured EMT6 cells irradiated ir. either the 
pl.tteau or Bragg-peak ionization regions of a neon-ion beam. In these in vitro experiments, EXTo cell 
suspensions were placed in glass ampules and either exposed to room air for irradiation under oxic 
conditions or sealed after gassing with nitrogen for irradiation under hypoxic conditions. Canparcd 
with survival curves for cesium-137 irradiation, the survival curves for cultured EMT6 cells exposei to 
both plateau and Bragg-peak neon ions exhibit a reduced shoulder region and a smaller D . For irradiation 
under oxic conditions, thp extrapolation number and D decreased from 13.5 and 139 rads, respectively-, 
for cesiinn-137 to 1.4 and 132 rads for plateau neon ions and to 1.1 and 124 rads in the distal end of 
a 4-cm spread-out Bragg peak. For hypoxic irradiation conditions, the extrapolation number and D varied 
from 6.5 and 490 rads for cesium-137 to 6.7 and 194 rads for plateau neon ions and to 1,3 and 171 rads 
in the spread-out Bragg-peak region. The values of RBE and OER calculated from these survival curves are 
given in Table II. At the 104 survival level, the OER decreased from 3,1 for cesium-13" irradiation to 
2.5 for plateau neon-ions and to 1.4 for neon ions in the distal Jragg-peak region. 
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TABLE II. RBE and OER values for EMTti tumor cells exposed 

to Bevalac neon ions in vitro. 

Bragg-peak Plateau 
position* position 

Btchypoxic* 
""lOI 

Kf c t 

R B E 5 f o x i c + 

2.0 

2.5 

3.9 2.S 

OER, no* 1.4 2.5 "101 

CER^i 1.4 2.0 

The Bragg peak of a neon-ion beam of initial energy 400 MeV/n 
was spread by a ridge filter to a 4-cm width; cell suspensions 
in glass ampules were placed in the plateau and the distal 
Bragg-peak positions used for in vivo tumor irradiations as 
shown in Fig. 1. 
RBF. values were calculated at the 10$ and K levels relative 
to cesium-137 gamma radiation. 
The OER for EMT6 cells exposed to cesium-137 gamma radiation 
was 3.1 at both the 10» and 1% survival levels. 

Studies of the effects of neon-ion irradiation on the cell population kinetics of cultured EMT6 cells 
were undertaken in 1976 by Dr. Roland Gilet at the Laurence Berkeley Laboratory. Using the technique of 
time-lapse cinematography, he observed a mitotic delay of 4 hrs per 100 rads of neon ions at the central 
position of a 4-cm spread-out Bragg peak. With cobalt-60 gamma radiation, the mitotic delay was 0.9 hr 
per 100 rads, giving an RBE of 4.5 for Bragg-peak neon-ion radiation. The decrease in division probability 
for the irradiated cells and for their progeny in the three subsequent generations was also studied by 
time-lapse cinematography. A comparable effect on division probability was observed for 1000 rads of 
cobalt-60 radiation and for 300 rads of Bragg-peak neon-ion radiation, which indicates that the RBI- of 
4.S for mitotic delay is considerably larger than that for division probability. This observation implies 
that different mechanisms may be operative in these two effects. 

91. RAT BRAIN GLIOSARCttW 

Cell survival parameters were measured for intracerebral 9L tumors exposed to a 400-M°V/n neon-ion 
beam in either the plateau or spread-out Bragg-peak ionization regions. ' 3 In these experiments, the 
Bragg peak was spread to a width of 4 cm using a ridge filter, and 9L tumors were positioned at the 
midpoint of the spread-out peak region. Following in eitu irradiation of 9L tumors, they were assayed 
in vitro for colony-forming ability by a procedure comparable to that described above for EMT6 tumors. 
From the cellular survival curve measured for 9L tumors exposed to 230-kV x rays, it appears that this 
tumor system does not have a measurable fraction of hypoxic cells. The x-ray survival curve for tumors 
Li air-breathing rats lacks the radioresistant tail characteristic of an hypoxic cell compartment, and 
the fraction of hypoxic cells has been estimated to be less than 1.5$. ' 

The cell survival curves for 9L tumors irradiated in vivo in the plateau and the spread-out Bragg-
pcak regions of a neon-ion beam are shown in Fig. 3, Similarly to the results described above for EMT6 
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Fig. 3. Cell survival curves are plotted for 9L gliosarcoma tumors exposed 
to" Bevalac-accelerated neon ions in the plateau ionization region (a) or in 
the middle of a 4-cm spread-out Bragg-peak (b). Survival curves are shown 
for tumors irradiated under oxic and hypoxic conditions. (The survival 
curve data were kindly provided by Dr. J. T. Leith and Dr. K. T. Wheeler 
and were taken in part from references 12 and 13 and are reproduced with 
the permission of the authors and the editors of the International Journal 
of Radiation Biology.) (XBL 773-3216) 

tumors, the 9L tumors exposed to either plateau or Bragg-peak neon ions exhibited a reduced shoulder region 
and D relative to 230-kV x rays. The D values for 9L tumors irradiated in air-breathing rats were 295 
rads for x rays, 20S rads for plateau neon ions, and 120 rads for Bragg-peak neon ions. Under hypoxic 
conditions established by asphyxiation of tumor-bearing rats with nitrogen gas prior to irradiation, the 
corresponding D values were 625, 335 and 205 rads, respectively. 

The RBE values determined from cell survival curves for 9L tumors exposed to x-ray and neon-ion 
radiation are summarized in Table III. For both plateau and Bragg-peak neon ions, the RBE for killing of 
hypoxic cells is significantly greater than for oxic cells. Because the survival curves for x rays and 
neon ions contain only a single linear region, it is possible to obtain an in vivo OER for the 9L tumor 
system. The OER for tumors exposed to 230-kV x rays was found to be 2.1 at both the 10* and 1% survival 
levels. For plateau neon-ion radiation, the OER was reduced to 1.6 at both of these survival levels. A 
further reduction in the oxygen effect was not observed for 9L tumors irradiated in the spread-out Bragg-
peak ionization region; the OER values were 1.6 and 1.5 at the 101 and It survival levels, respectively. 
Rl RAT Rfi/ttDCMTOSAROCM* 

The in vivo responses of Rl tumors to graded single doses of Bevalac-accelerated carbon, neon and 
argon ions have been analyzed by means of tumor volume measurements during the post irradiation period. ' 
From the resulting regression and regrowth curves for tumors exposed to heavy ions and to 220-kV x rays, 
a calculation has been made of the radiation-induced growth delay, i.e., the difference in time required 
for irradiated and control tumors to grow to twice their volume at the time of irradiation. In Fig. 4, 

Plot toy ionization region 

9b in vivo <b> 

W N 0 i*O0 UtV/ni 
Bragg ptok ionization (tgion~ 

o-Air-bmatrting rats 
•*Nttrogtn-a*phyMOltdrart 
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TABLE i n . RBE and OER values for 9L tumors exposed to Bevalai 
neon ions in vivo. 

g-peak Plateau 
position* position* 

RBE°*j c + 2.5 1.4 

m^hypoxic 

^hypoxic" 

OER * 

0 E R H 

101 
± 

2.fi 1.4 

3.5 1.9 

1.6 1.6 

1.5 1.6 

*The Bragg-peak ionization region of a neon-ion beam of initial 
energy 400 MeV/n was spread with a ridge filter to a 4-cm width; 
9L tumors were positioned either in the middle of the spread-out 
Bragg peak or at the position in the plateau ionization region 
indicated in Fig. 1. 
RBE values were calculated at the 10% and 11 survival levels 
relative to 230-kV x rays. 
The OER for 91 tumors exposed to 230-kV x rays was 2.Z at both 
the 10B and 1% survival levels. 

the radiation-induced growth delay is plotted as a function of absorbed dose for Rl tumors exposed to 
carbon, neon and argon ions at the distal position in a 4-cm spread-out Bragg peak (see Fig. 1). From 
these curves, the RBE for 50-day radiation-induced growth delay has been calculated as the ratio of the 
x-ray to heavy-ion doses necessary to produce a 50-day growth delay. The resulting RBE 5 0 data for carbon-, 
neon- and argon-ion beams are summarized in Table IV. The RBErQ values in the distal Bragg-peak region 
were 2.3, 2.5 and 2.5 for carbon, neon and argon ions, respectively, indicating that a similar tumor 
volume response is obtained following irradiation with these three heavy-ion beams. The measurement of 
cellular survival curves for Rl tumors irradiated in situ with Bragg-peak heavy-ion beams is currently 
being carried out using the in vitro assay procedure described above for EMT6 and 9L tumors. These studies 
should provide additional RBE data for comparing the therapeutic efficacy of Bragg-peak carbon-, neon- and 
argon-ion beams. 

On the basis of radi at ion -induced growth-delay data, a comparison has also been made between the RBI", 
values for plateau and Bragg-peak neon-ion radiation. The R B E 5 Q was found to be 2.5 in the distal region 
of a 4-cm spread-cut Bragg peak and 1.8 in the plateau ionization region. 

An initial study has been carried out to analyze the in vivo response of Rl tumors to fractionated 
doses of heavy-ion radiation. The growth-delay curve obtained for tumors given six daily doses of Bragij-
pcak carbon-ion radiation at 250, 350 and 500 rads per fraction is plotted in Fig. 3. Upon comparison of 
the radiation doses producing 50-day growth delay in the sing]e-dDse and six-fraction treatment schedules, 
calculations indicate that approximately 13% of the fractionated daily dose is recovered. 

In vitro experiments have also been undertaken by Wolfgang A. Schilling to analyze the response of Rl 
cells to Bevalac-accelerated carbon-, neon- and argon-ion beams. In these studies, Rl cells were 
irradiated in suspension under both oxic and hypoxic conditions using a unique apparatus recently developed 



Fig. 4. Radiation-induced growth delay is plotted as a function of 
absorbed dose for Rl rhabdomyosarcoma tumors exposed to carbon-, neon-
and argon-ion beams in the distal region of a 4-cm spread-out Bragg peak. 
The effect of dose fractionation (6 doses in 6 days) is shown for Bragg-
peak carbon ions (a). The growth delay curve for plateau neon ions is 
shown in (b). (XBL 772-3132) 

TABLE IV. RBE values for heavy-ion radiation-induced growth delay of Rl tumors in vivo. 

Ion Initial energy Tumor position* RBE C R B E(TCD 50/180) 

20„, 
400 MeV/n 
400 MeV/n 
400 MeY/n 
500 MeV/n 

Bragg peak 
Bragg peak 
plateau 
Bragg peak 

2.3 
2.5 
1.6 
2.5 

*Tumors were positioned in either the plateau or the distal spread-out Bragg-peak ionization 
regions showi in Fig. 1; with each ion, a ridge filter was used to spread the Bragg peak 
to a 4-cm width. 
RBE values were calculated as the ratio of 220-kV x-ray dose to heavy-ion dose required 
to produce a growth delay of 50 days. 

*The R B E ( T a > so/igni value was calculated from the ratio of 220-kV x-ray dose to neon-ion dose required to produce 50t tuntor < " 1 o n • cures in 180 days. 
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uously gassed with either air or nitrogen is first subjected to a prescribed radiation dose; an aliquot is 
then remced, diluted to an appropriate concentration, and plated onto tissue-culture dishes for determina
tion of colony-forming ability. An OER value of 3.0 has been obtained in this manner for Rl cell 
suspensions irradiated with 225-kV x rays. IT. these experiments, the Bragg-peak ionization region 
was spread either to a width of 4 cm using a lead triangular ridge filter or to a width of 10 cm using 
a brass spiral ridge filter. 

RBE and OER data for Rl cell suspensions exposed to Bevalac-accelerated carbon-, neon- and argon-ion 
beams are suimarized in Table V. Several statements can be made on the basis of these preliminary results. 
First, the OER of 1.8 obtained in the distal region of a 4-cm spread-out Bragg peak of a carbon-ion beam 
was significantly lower than the value of 2.3 obtained in the plateau ionization region. Second, in the 
most distal region of a 10-cm spread-out Bragg peak, the OER decreases from 1.9 for carbon ions to 1.7 
for neon ions and to 1.3 for argon ions. It must be pointed out, however, that because of the small number 
of studies carried out to date, the limits of experimental error for the OER values listed in TableV 

TABLE V. Response of Rl cells in vitro to Bevalac-accelerated heavy ions. 

Ion Initial energy Ridge 
filter Position n RpOXiC* 

"^lOS »ar- o H W 
J 2 c : 400 MeV/n 4 cm plateau 1.4 1.7 2.3 

4 an distal* 1.8 3.0 1.8 
10 on I s 5.8 2.9 1.9 

20.. Ne 400 MeV/n 10 on 1 § 1.5 3.4 1.7 
10 cm 2 5 1.4 2.9 1.9 
10 cm 3* 1.4 2.6 2.0 

"Ar 50P MeV/n 

RBE values were calculated at the 104 survival level relative to 225-kV x rays; the x-ray 
dose giving 10% survival for oxic cells was 460 rads, and for hypoxic cells it was 1380 rads. 

fValues of OER were calculated at the 10$ survival level; the OER obtained with 225-kV 
x rays was 3.0. 
The distal position in the 4-cm spread-out Bragg peak corresponded to the positioned 
labeled "1" for the 10-cm Bragg peak as shown in the inset of Fig. S; this position was 
nearly identical to the distal portion used for in vivo tumor irradiation. 
The positions in the 10-cm spread-out Bragg peak labeled "1,"2" and "3" are shown in 
the inset of Fig. 5. 

are on the order of 0.2; consequently, it is not as yet cJear whether the difference in OER values for 
carbon- and neon-ion beams is significant. Third, as shown by data presented in Table V and Fig. 5, the 
OER value of 1.7 for Rl cells irradiated at the most distal position in a 10-cm neon-ion Bragg peak is 
substantially lower than the OER of 2.0 obtained at the proximal end of the peak region. The lower OER 
in the distal region appears to result primarily from a significantly higher RBE for hypoxic cell killing 
as indicated by the RBE values given in Table V for oxic and hypoxic cells. 
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Fig. 5. Survival curves are plotted for cultured Rl cells exposed to 
neon ions at three positions in a 10-cm spread-out Bragg peak. At 
each position, survival curves are shown for cells irradiated under 
oxic and hypoxic conditions. {XBL 772-3130) 

DISCUSSION 
In order to choose the optimal accelerated-ion species to be used in tumor radiotherapy, it is 

important to determine for both tumor and normal tissues the therapeutic ratio, RBE(spread-out Bragg peak)/ 
RBE(plateau). At this time, the only in vivo tunor system for which sufficient data have been obtained to 
calculate the therapeutic ratios for all three ions is the EMT6 mammary carcinoma. With the RBE values 
determined at the 101 survival level for EMT6 tumors irradiated in air-breathing mice (see Table I), the 
RBI; ratios are 1.4, 1.3 and 1.0 for carbon, neon and argon ions, respectively. For this tumor system, 
it thus appears that carbon- and neon-ion beams would be more advantageous than argon ions to maximize 
the therapeutic ratio. This observation is consistent with that of Chapman et al. 1 8 who obtained RBE 
therapeutic ratios for cultured V79 cells of 1.6, 1.4 and 0.9 for carbon-, neon- and argon-ion beams, 
respectively. When evaluating the various accelerated heavy-ion species, however, one should bear in 
mind that the therapeutic ratio can vary considerably with different biological systems. For example, 
with the 9L tumor, the neon-ion therapeutic ratio calculated from RBE values at the oxic lOt survival level 
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is 1.8 (see Tabic III). With RBE values determined from the radiation-induced growth delay in M tumors, 
the therapeutic ratio for neon ions is 1.4 (see Table IV). 

Another approach to calculating the RBE therapeutic ratio for different ions is to use the ratio of 
the RBE for tumor tissue in the Bragg-peak treatment zone to the RBE for a normal tissue (e.g., skin) 
positioned in the plateau ionization region. From an analysis of skin reactions resulting from high 

19-21 radiation doses, Leith has obtained RBE values of 1.0 and 1.5 for plateau carbon- and neon-ion beams, 
respectively. With these plateau RBE values for skin and the Bragg-peak RBE values for ZMTb tumors, the 
therapeutic Tatios for caTbon- and neon-ion beams are 2.2 and 1.3, respectively. If Bragg-peak RBI: values 
for the Rl tumor system are used, the carbon and neon RBF. ratios become 2.3 and 1.7, respectively. This 
difference in the peak-to-plateau RBE therapeutic ratios for carbon and neon ions is further increased if 
the RBE ratio for each ion is multiplied by the peak-to-plateau physical dose ratio, which is significantly 
higher for carbon ions than for neon ions with the same residual range. From the preliminary uat3 presentoj 
here, it would therefore appear that the "overall therapeutic ratio" (defined as the RBF ratio inultip] u-d 
by the physical uose ratio) is greater for carbon ions than for the other ions currently under study. 
Other experimental evidence indicates, however, that this conclusion based on tumor data may not be 
applicable to all other types of tissue. With mouse skin, for example, the RBE peak-to-plateau ratio for 
neon ions is 1.6, which is higher than the value of 1.2 obtained for carbon ions. It therefore appears 
that additional studies should be carried out, both with in vitro cell lines and with normal and tumor 
tissues in vivo, in order to assess more fully the relative therapeutic ratios for different heavy-ion 
species. 

A second "factor of major importance in radiotherapy, for which a preliminary analysis can be 
carried out with the existing data, is the magnitude of the oxyget. effect for tumor cells exposed to 
heavy-ion radiation in the plateau and Bragg-peak ionization regions. For in vivo tumors, the only data 
currently available on the oxygen effect were obtained for the 9L gliosarcoma exposed to neon-ion radiation 
under oxic and hypoxic conditions. In this system, the in viva OER was reduced from 2.1 for 230-kV x rays 
to 1.6 in both the plateau and Bragg-peak ionization regions of a neon-ion beam. The oxygen effect gain 
factor is thus 2.1/1.6 = 1.3 for both plateau and Bragg-peak neon ions. The value for Bragg-peak radiation 
is considerably lower than the values obtained by other workers with cell-culture systems. For example, 
with cultured EMT6 tumor cells, the oxygen gain factor at the 10% survival level in the neon-ion Bragg-pc-ak 
was 3.1/1.4 = 2.2; in the plateau region, the factor was 3.1/2.5 = 1.2. With Rl tumor cells in i-itr.;•, the 
oxyg'.n gain factors at the 10% survival level for carbon-ion beams were 3.0/1.8 = 1.7 and 3.0/2.3 = 1.5 in 
the Bragg-peak and plateau regions, respectively. The higher oxygen gain factors obtained in vitr.: in the 
Bragg-peak ionization region indicate the need for additional in vivo studies with the 9L and other tumor 
systems. 

The data for cultured Rl cells permit an initial evaluation of the relative magnitudes of the oxygen 
effect with various accelerated heavy-ion species. In the most distal region of a 10-cm spread-out Bragg 
peak, the OER values obtained at the 10% survival level for carbon-, neon- and argon-ion beams were 1.9, 
1.7 and 1.3, respectively. As stated above, the difference between carbon and neon OER values cannot as 
yet be regarded as significant. These data dc indicate, however, that a substantial reduction in OER is 
obtained with argon ions compared to the lower-Z ion species. This conclusion is supported by the in 

vitro studies of Chapman et al. with V79 cultures positioned in the middle of a 4-cm spread-out Bragg 
peak. With this system, the OER values obtained ** the 101 survival level were 1.7, 1.6 and 1.4 for 
carbon, neon and argon ions, respectively. In selecting the optimal ion for therapy, however, one must 
consider that the advantageous oxygen effect observed for argon ions is offset by their relatively low RBf; 
therapeutic ratio and peak-to-plateau physical dose ratio. 
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FUTURE DIRECTIONS 
Several aspects of the tumor research with accelerated heavy ions vail be expanded to obtain further 

information relating to both therapy and the basic cellular radiobiology of charged-particle beams. 
Studies that will be conducted in depth witn one or more experimental tumor systems include the following: 

1. Further comparisons will be made between carbon, neon and argon ions to assess the most 
advantageous ion species for therapy. It will be important in this regard to determine the RBE and OER 
for each ion in both the plateau and Bragg-peak ionization regions and to analy7e these parameters across 
the entire Bragg-peak region when it is spread to various widths in the therapeutically useful range of 4 
to 1Z cm. Similar experiments will be conducted with heavy-ion beams accelerated to different energies. 
These studies are of interest for two reasons. First, as the energy of an accelerated heavy-ion beam is 
decreased, the peak-to-plateau physical dose ratio increases; this effect would clearly be advantageous 
in tumor radiotherapy. Second, when the energies of heavy-ion beams are changed, radiobiological parameters 
for carbon, neon and argon ions can be compared under conditions where they have the same range in tissue. 
Such conditions have not been met in the experiments conducted to date where the respective ranges of 
carbon-, neon- and argon-ion beams have been approximately 26, 15 and 12 cm. 

2. Studies will be undertaken to analyze the effects of hypoxic cell sensitizers on the in vivo 
responses of animal tumors to heavy-ion radiation. Using hamster V79 fibroblasts in vitro. Chapman et al. 
have demonstrated that a significant reduction in OER occurs for carbon and neon ions in the presence of 
the sensitizers metronidazole, Ro 7-0582 and Ro 7-0741. Although the drug concentrations used in these 
studies were S to 10 times greater than those expected to be used clinically, the results nevertheless 
indicate the potential of chemical sensitizers in tumor therapy with accelerated heavy ions. 

3. The effects of dose fractionation on the responses of animal tumor systems to heavy-ion radiation 
will be examined. Tne initial studies described above for six fractions of Bragg-peak carbon-ion radiation 
administered daily indicate that the recovered dose is small for high-JJET charged-particle radiation. In 
order to provide data of clinical relevance, further experiments will be undertaken to determine recovery 
factors in more extended fractionation schedules. 

4. Additional experiments will be carried out to analyze cellular radiobiological parameters in 
tumors exposed in vivo to heavy-ion beams. The repopulation of irradiated RI rhabdomyosarcoma tumors 
will be studied by using the in vitro assay technique to determine the number of clonogenic cells present 
as a function of time postirradiation. Tritiated thymidine autoradiographic studies will be carried out 
by Dr. A, F. Hermens of the Radiobiological Institute REPGO/TNO in Holland to measure changes occurring in 
the cell-kinetic parameters of Rl timers exposed to heavy-ion radiation. Extensive studies on The cel^ 
kinetics of Rl tumors exposed to x rays have previously been carried out, and an initial experiment with 
Bragg-peak neon-ion radiation was conducted in 1976. It is anticipated that this approach will vieId 
valuable information on the effects of charged-particle beams on cell-kinetic parameters such as the cell 
cycle time, the growth fraction, and the cell loss factor in irradiated tumors. 

REFERENCES 
1. Tobias, C. A. Pretherapeutic investigations with accelerated heavy ions. Radiology 10£, 145-158 (!9"). 
2. Raju, M. R. Pions and heavy ions in radiotherapy: a brief review. In: Proceedings of the Xlth Inter

national Cancer Congress, Florence, Italy, October 20-26, 1974, Excerpta Medico (1975). 
3. Todd, P. Heavy-iwi irradiation of cultured human cells. Radiat. Bee. Supp. 7_¥ 196-207 (1967). 
4. Bird, R. P. and H. J. Burki. Survival of synchronized Chinese hamster cells exposed to radiation 

of different linear-energy transfer. Int. J. Radiat. Biol. 27_t 105-120 (1975). 



138 

5. Rockwell, S. C , R. F. Kallman, and L. F. Fajardo. Properties of a transplantable mouse mammary 
tumor and its tissue-culture-adapted derivative. J. Nat. Cancer Inst. 49^ 735-749 (1972). 

6. Schmidek, H. H., S. L. Nielsen, A. L. Schillel, and J. Messer. Morphological studies of rat brain 
tumors induced by N-nitiosomethylurea. J. Keuroeurg. 34^, 335-340 (1971). 

7. Reinhold, H. S. Quantitative evaluation of the radiosensitivity of cells of a transplantable rhabdo
myosarcoma in the rat. Europ, J. Cancer 2_, 33-42 (1966). 

8. Fu, K. K. and T. L. Phillips. The RBE and OER of neon ions for the EMT6 tumor. Presented at the 
61st Scientific Assembly and Annual Meeting of the Radiological Society of North America, Chicago, 
Illinois, November 30-December 5, 1975. 

9. Phillips, T. L., K. K. Fu, and S. B. Curtis. Tumor biology of helium and heavy ions, in: Proceedings 
of an International Conference or. Particle and Radiation Therapy, Part II, Berkeley, California, 
September 14-17, 1976, Int. J. Fad. Oncology, Biology & Physics, in press. 

10. Phillips, T. L., personal communication. 
11. Collyn, M., R. Gilet, S. B. Curtis, and E. P. Malaise. Influence of irradiation (high energy neon 

ions versus cobalt-60 gamma rays) on the kinetics of EMT6 cells: time-lapse cinematography. In: 
Proceedings of an International Conference on Particle and Radiation Therapy, Part II, Berkeley, 
California, September 14-17, 1976, Int. J. Bad. Oncology, Biology & Phycias, in press. 

12. Leith, J. T. , V. Arcellana, J. T. Lyman, and K. T. Wheeler. Response of a rat brain tumor to 
irradiation with accelerated neon ions. Int. J. P.adiat. Biol. 2£, 91-97 (1975). 

13. Leith, J. T., P. Smith, P. Ross, and K. T. Wheeler. Radiation response of an intracerebral rat brain 
tumor (9L gliosarcoma). Int. J. Hadioi. Biol. , in press. 

14. Leith, J. T., K. A. Schilling, and K. T. Wheeler. Cellular radiosensitivity of a rat brain tumor. 
Canoer Sb^, 1545-1550 (1975). 

15. Tenforde, T. S., S. B. Curtis, D. L. Parks, W. A. Schilling, and J. T. Lyman. RBE for radiation-
induced grouth delay in a rat rhabdomyosarcoma exposed to Bevalac neon ion beams. Eaiiaz. Bis. $v_f 

555 (1976). 
16. Curtis, S. B., T, S. Tenforde, S. J. Daniels, K. A. Schilling, K. E. Crabtree, J. T. Lyman, and 

J. Howard. Comparison of tumor growth delay in a rat rhabdomyosarcoma irradiated with carbon, 
neon, and argon ion beams: single dose and preliminary fractionated dose results. To be presented 
at the 25th Annual Radiation Research Society Meeting, San Juan, Puerto Rico, May 7-12, 1977. 

17. Schilling, K. A., S. B. Curtis, T. S. Tenforde, K. E. Crabtree, J. T. Lyman, and J. Howard. 
Comparison of the radiation response of rat tumor cells exposed at various positions in the extended 
Bragg peak of heavy ion beams- To be presented at the 25th Annual Radiation Research Society Meeting, 
San Juan, Puerto Rico, May 7-12, 1977. 

18. Chapman, J. D., E. A. Blakely, K. C. Smith, and R. C. Urtasum. Radiobiological cnaracterization of 
the inactivating events produced in mammalian cells by helium and heavy ions. In: Proceedings of an 
International Conference on Particle and Radiation Therapy, Part II, Berkeley, California, September 
14-17, 1976, Int. J. Had. Oncology, Biology & Physics, in press. 

19. Leith, J. T., K. H. Woodruff, and J. T. Lyman. Early effects of single doses of 375 MeV/nucleon 
neon ions on the skin of mice and hamsters. Radiat. Res. ff£, 440-450 (1976). 



139 

20. Leith, J. T., K. H. Woodruff, J. Howard, J. T. Lyman, P. Smith, and B. S. Lewinslcy. Early and late 
effects of accelerated charged particles on normal tissues. In: Proceedings of an International 
Conference on Particle and Radiation Therapy, Part II, Berkeley, California, September 14-17, 19?G3 

Int. J. Had. Oncology, Biology 6 Physics, in press. 
21. Leith, J. T., personal comunication. 
22. Hermens, A. F. and G. W. Barendsen. Changes of cell proliferation characteristics in a rat rhabdo

myosarcoma before and after X-irradiation. Europ. J. Cancer £, 173-189 (1969). 



140 

CHAPTER 10 

SPACE RADIOBIOLOGY 

Tracy C. H. Yang and Cornelius T. Gaffey 

INTRODUCTION 
Relatively long-term manned space flights have become reality since the successful Skylab program. 

Exploration and eventual colonization of the planets by man is probably only a question of time and no 
longer a mere fantasy. A thorough understanding of the effects of the space environment on man and on 
other biological systems is important to ensure the ultimate success of these long-term and long-distance 
space adventures. Among the many environmental factors in space, radiation is a challenging one and exists 
in a spectrum entirely different from that on the surface of the earth. There are vast belts of high-energy 
protons and electrons; there are spectacular solar events with protons, alpha particles and heaw ions; 
and there is primary cosmic radiation with light and heavy components and even far-ultraviolet and x-r::y 
bursts. The biological effects of heavy charged particles of cosmic rays are least adequately measured 
and perhaps least understood in spite of the large amount of information available on the effects of x-
and gamma-rays, neutrons and low-energy particles from radioactive isotopes. Because it is difficult to 
extrapolate with confidence from the experimental data on low-LET radiation to heavy-ion problems, the 
potential hazards of the cosmic rays to man can only be reliably determined by conducting biological ex
periments in space or with accelerated heavy ions on the ground. The completion of the Bevalac has pro
vided a unique opportunity to conduct experiments with energetic heavy particles that are found naturally 
in cosmic rays. 

For many years, a group of LBL researchers led by Dr. Cornelius A. Tobias has actively participated 
in space radiobiological research and conducted experiinents both on the ground and in space. In this 
chapter, the experimental results obtained with the Bevalac and pertaining to space flight are presented. 
SPACE-FLIGHT-RELATED HEAW-ION STUDIES KITH ZEA MAYS SEEDS 

In an early balloon-flight experiment, some developmental abnormalities, e.g., streaks and necrotic 
areas on maize leaves, were observed; these biological effects were attributed to the massage of single 
heav.-ion thin-down from cosmic-ray primaries. Similar results were independently obt:dned by Curtis and 
Smith. Both studies indicated that cosmic rays can be very effective in inducing bicV.crical damage be
cause the heavy-ion particles absorbed by the corn seeds were probably few. A definite conclusion about 
the effects of cosmic rays on living organisms could not be reached, however, because at chat tame there 
were not enough quantitative data available and the technique of correlating observed biclogical effects 
with direct hits of primary cosmic rays was not used. 

The success in accelerating heavy ions including carbon, nitrogen, oxygen, neon, argon and iron to 
very high energies (several hundred MeV/amu) at the Princeton accelerator and at the Bevalac provided 
an opportunity to check these eailier findings concerning heavy-ion radiation effects on thv morphogenesis 
and development of com seeds. Using accelerated oxygen particles (220 MeV/arou) at the Bevalac, experi
ments were performed with dry maize seeds containing a recessive lemon-white gene on the firs', chromo
some; the results showed that seeds that received as little as 75 rad? of oxygen ions developed large 
visible white stripes on the fourth leaves. Compared to Co gamma rays, for leaf-growth retardation 
an RBE of about 9 is obtained for oxygen particles. For the depigmentation effect, oxygen-ion radiation 
appears to be more than eighteen times as effective as gamma radiation. That heavy ions were high.y 
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effective in impeding corn-plant growth was also found independently at the Princeton accelerator by 
Todd et al. 3 

Because all results obtained at ground level were in agreement with earlier space-flight experi
ments, a corn-seed experiment was proposed as a more direct check and conducted as part of the Biostack III 
program in collaboration with Dr. H. Budcer of the University of Frankfurt. In order to correlate the flux, 
energy, atonic number and pathway of heavy nuclei in cosmic rays with a biological effect, dry hybrid 
corn seeds containing known gene markers, e.g., yellow green (yg2) and shrunken (sh.), were held in po
sition in a lexan disc by solidified polyvinyl alcohol and sandwiched with many layers of plastic heavy-
ion detector foils (e.g., cellulose nitrate) and lexan. At the end of the Apollo-Soyuz mission in 1975, 
both the flight package containing 1S6 corn seeds and the ground control package were successfully re
covered. The plastic foils were etched, and the number, LET and charge of the heavy particles that had 
passed through the seeds were determined. The seeds were planted in individual pots in a light- and 
temperature-controlled greenhouse. Although no significant differences in germination rate and leaf size 
were found (for the first through the seventh leaves), a significantly higher frequency of yellow sectors 
was observed in the flight group; this finding is in agreement with observations node during earlier space
flight experiments. Avong the germinated flight seeds, one matured into a plant with large yellow stripes 
from the second to the ninth leaves (Figs, la and b). A close check of the plastic dosimetry showed that 
the central region of the embryo of this particular seed had received two direct hits with LET in the 
range of 100 to 150 keV/pm and 2 • 26. Since more than one leaf of this plant developed large yellow 
stripes, each particle must have produced a multicell lesion in the embryo. 

In an earlier oxygen-ion experiment, some seeds that had received 1000 rads also developed large 
stripes on more than one leaf (Fig. lc). Recently, a com-sced experiment with accelerated argon ions wa 
performed, and a seed exposed to SO rads of argon particles with a residual range of about 3 mm in tissut 
grew into a plant showing stripes on the ninth and tenth leaves (Fig. Id). It appears, therefore, that 
with an increase in the LET and Z number of heavy ions, the flux of particles needed to produce large 
stripes on leaves decreases. Although all results suggest that the observed effects in space-flight 
experiments are most likely due to heavy-ion radiation, more research with particles of higher atomic 
number, e.g., iron ions, should still be pursued to unequivocally demonstrate that a single direct hit of 
a heavy charged particle in the embryo can produce a severe biological effect. We would then have a final 
explanation for the results observed in earlier space-flight experiments. 
DEVELOfMENTAL AND LATE EFFECTS OF HEAVY-ION RADIATION ON TBIBOLIUM CONFVSUM 

One of the organisms chosen for space-flight studies to determine possible synergistic effects of 
radiation and the space environment in the Biosatellite II program was Tribolium oonfuewi. A synergistic 
effect on pupal development was found, and it was suggested that weightlessness and/or heavy particles ir 
cosmic rays might be responsible. Subsequent experiments were performed with heavy particles varying in 
charge and energy to determine their effects on embryonic development, late morphogenesis, adult mortality, 
and the radiosensitivity of F. eggs. The survival curves for eggs exposed to low-energy (10 MeV/amu) heavy 
ions and to high-energy carbon, oxygen and neon particles are shown in Fig. 2. In general, it appears 
that for particles of the same atomic number the lower the particle eneigy the higher the RBE; for ions 
with the same energy the higher the charge the higher the RBE. When the effect of heavy ions on embryo-
gencsis is expressed as fluence (particles per cm ), carbon particles (10 MeV/amu) are a thousand times 
more effective than protons (15 MeV/amu). This great effectiveness of heavy ions with high LET and high 
atomic number in damaging embryogenesis of animal eggs was also noticed and reported by some investigator -
involved in Apollo-16 and Apollo-17 Biostack experiments. * For instance, only 101 of the Artenda satin. 
eggs that were hit by heavy particles during space flight developed to the swimming larva stage (the 
nauplius) compared with 90t of the ground controls and 46t of the flight controls not hit. Similar effeci ̂  
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BtOSTACK PLANT 2-31 33 DAYS __ _ 

MOSTACK PLANT 2-31 96 DAYS 
ig. 1. (a) Com plant developed from seed No. 2-31 exposed to cosmic 
ays during Apollo-Soyuz flight. Note yellow stripes on 4th, 6th and 
th leaves. Plant was photographed 33 days after planting. 

(b) The fully grown plant of seed No. 2-31. Note the large stripe 
a the 9th leaf. Plant was photographed 96 days after planting. 

(c) Stripe formation on leaves of corn plant irradiated as i 
seed with 1000 rads of oxygen ions. 

(d) Depigmentation on leaves exposed to SO rads r,f argon 
particles. 
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Fig. 2. Effects of various high- and low-energy heavy particles on 
hatchability of Tribolitm aonfuew eggs (8 to 12 hrs old at 23*C). 

(XBL 772-7752) 

were found during the development of hit Tribolijiit aaataneum and Carauaius morosus eggs. Based on the 
finding that irradiation of Avtemia salina eggs with 10-MeV/amu oxygen ions resulted in an exponential 
survival curve, the suggestion that the passage of a single particle of high-energy loss might damage a 
cellular area large enough to disturb embryogenesis was proposed to explain the results of the Biostack 
experiments, frtbolium aonfuetm eggs irradiated with heavy ions also showed a significant decrease in 
the percentage of pupation and increases in abnormalities and the mortality rate at the adult stage com
pared with controls. Both hatchability and the radiosensitivity cf F. eggs in the offspring of oxygen-ion-
irradiated nales changed significantly. For example, a dose of 900 Tads of oxygen ions to male beetles 
caused a 501 decrease in hatching of F. eggs, about twice the effect ot: 220-kVp x rays; the radiosensi-
tivity of eggs fertilized by males irradiated with 250 rads of oxygen ions (35 MeV/amu) showed a 301 
increase. 



SIUDIES ON THE INACTIVATION CROSS SECTION OF HUMAN CELLS WITH HIGH-LET PARTICLES 

Results from both space-flight experiments and Bevalac work strongly indicate thai heavy ions are 
highly effective in producing various biological effects. Consequently, an important question arises. Can 
a single heavy particle kill a cell by passing through the non-nuclear region? This question is important 
not only in determining the potential hazards of cosmic rays to space travelers but in better under
standing the fundamental aspects of cellular radiosensitivity and developing quantitative models for radi
ation response in hvcian cells. To answer this question, the radiation responses of cultured human kidney 

7 8 cells (T-1) have been studied with very heavy particles accelerated at the SuperHILAC. ' The survival 
curve for asynchronous T-1 cells exposed in air to a 5.1-MeV/amu argon beam was found to be exponential 

2 
with D n • 210 rads, and the calculated cell inactivation cross section was approximately 150 urn , in close 

9 agreement with Todd's finding. An exponential survival curve with D Q ••= 720 rads was also observed for 
asynchronous T-1 cells irrad—ited with 3-MeV/anu krypton ions in air, and an inactivation cross section of 

in the inactivation cross section. The maximum inactivation cross section for asynchronous T-1 cells may 
be J40 to 150 pm~» which agrees very well with the measured value for the nuclear area of T-l cells. Whcrca.s 
the inactivation cross secticn is comparable to the measured average nuclear size and does not appear to 
increase further with LET greater than 20,000 MeV-cm /g, the nucleus of the cell is probably the only site 
sensitive to high-LET radiations; that is, a heavy ion passing through only the cytoplasmic membrane will 
not kill the cell. Although DMA lesions induced by ionizing radiation can lead to cell death, there might 
be other mechanisms for the lethal effect of heavy ions. The large ionizing track with a high energy 
density produced by high-LT*" heavy ions might be able to generate a hole in the nuclear membrane that 
could change the membrane permeability and consequently cause a disruption in nuclear structure and func
tion. If the nuclear membrane is a predominant radiosensitive site, the very heavy particles with high 
LET will be equally effective in lethally damaging proliferating and nonproliferating cells as well as, 
for example, the cells of the nervous system. In fact, in a study on the microscopic changes in the brain 
of the pocket mouse {?et\^n-2thu. longincnbvis) following irradiation of the head with a neon-particle beam 
(residual range = 2 to 3 ran) at the Bevalac, Kraft et al. found that fluences ranging from 10 to 10' 
particles per cm" (or 0.1 to 10 particles per 100 urn*") produced necrotic nerve cells one to two weeks 
after exposure. 

1lM3RrGENIC EFFECT OP HIGH-LET RADIATION 

The effectiveness of cosmic rays in inducing tumors in living organisms is of great concern, partic
ularly to space travelers. Using cultured golden Syrian hamster embryo cells, Borek et al. * " demon
strated that ionizing radiation, even at a very low dose, e,g., 1 rad, could directly induce cell trans
formation. This finding was later confirmed by Terzaghi and Little. Borek et al. • found that 430-keV 
monoenergetic neutrons were much mere efficient than x rays in producing transformation in hamster embryo 
cells in vitro and that the RBE of neutrons relative to x rays appeared to be no higher than 10 and varied 
little with dose over the range investigated, 1 to 200 rads. In regard to the carcinogenic potential of 
high-energy argon ions, it has been reported that argon ions do have oncognenic potential as judged by 
their ability to transform diploid mammalian cells in vitro and that in this system of diploid embryonic 
cells this potential does not seem to differ significantly from the oncogenic potential of 430-keV 
neutrons. a 

In addition to its potential as an inducer, radiation has been found to be an effective promoter in 
carcinogenesis. Cultured mouse fibroblasts (3T3) irradiated with 1200 R of x rays before or after in
fection with SV-40 virus showed a seven fold increase in transformation. Recently, experiments have be 
conducted to determine the relationship between high-LET radiation and viral transformation of cells in 



MHIIVMKM Cfton-KCTIM Of T-l 6IU.1 w LtT 

« R A « NUCLEAR 

/ * " - . 
((.••iSOMW/nl 

/ ^ ^ ^ — NUCLEAR POME 14001 DUUK7ER1 

/ 
. ' A — N t ^ U T M i W B ) 

/ ^ ^ ^ B U " f C N U M M A (3NW/A. i . « « O l DIAM) 

A • ^ .NUCLEOLUS I 

/ *Fi* e iMi /ni T„ » / I 1 
$ c T l * 9 M W / n ) 

• 1 N^HSkHWnl 
W C I , » S M » * V 

• • JO • u M9t tMM<> 

1 , u ' (6 « M«V/nt 

\ ^ ^ ^ ^ ^ ^ ^ ^ » ^ / DIACHAHATtC 
\ lit / REPRESENTATION 

\ ^ / * ^ ^ / T - I N U C L E U S 

Fig. 3. Inactivation cross section of T-l cells for various LET. (XBL 765-1865) 

vitro. Confluent monolayer mouse 3T3 cells exposed to 240-MeV/amu neon ions became more sensitive to 
SV-40 viral transformation. Neon particles were more effective than x rays in enhancing the viral trans
formation, and the RBE value varied from 1.7 for high doses to 3.0 for low doses. At 300 rads the trans
formation enhancement ratio for neon was about 45, and for x rays it was about 5. The kinetics of the en
hancement by neon ions appear to have a linear as well as a quadratic dose component, and no plateauing 
was found up to 400 rads of neon particles as shown in Fig. 4. 
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Fig. 4. A comparison of enhancement of viral transformation of 3T3 
cells exposed to x rays and neon particles. (XBL 7612-11040) 

NEON-ION IRRADIATION OF THE CAT'S EYE 
An assessment of the hazards of heavy-ion radiation to vision is needed for both manned space-flight 

18 19 
projects and new therapeutic modalities using high-Z nuclei. Space radiation consists of protons 
trapped in the Van Allen belt, galactic radiation,,and solar particles. Galactic radiation is composed 



effects of high-2 Tadiation with the exception of the funduscopic lesions induced by 240-MeV/nuclear 
oxygen ions in the monkey. Some information on eye damage caused by low-Z nuclei has been reported by 
Momeni, Cahill and Horn who studied the effects of proton irradiation on the eyes of beagies and bv 

24 75 
Constable and Koehler who found that monkey eyes were compromised by proton exposures. Gaffey~ found 
that helium-ion beams induced retinal blindness in cats. Since heavy nuclei are still unestimated risks on 
space missions ' more data are needed. If heavy nuclei can one day be used as an effective treatment for 
choroidal melanomas and retinal blastemas, the biological effects of these ions must be evaluated. The 
cat's eye is being used by one of the authors (C. Gaffey) to test the in vivo action of neon-ion radiation 
as a function of the absorbed dose. The electroretinogram is used as a physiological measure of vision, and 
funduscopic examinations are performed to index retinal vascular insult. These investigations are described 
below. 
Irradiation Procedure 

The Bevalac at the Lawrence Berkeley Laboratory can generate a beam of neon ions at the rate of 15 
8 9 pulses/rain. Each pulse contains 2 *10 to 1 * 10 neon ions/pulse. The neon ions used in cat exposures have 

energies of 400 MeV/nucleon, charges of +10, and ranges of 14 cm in water. The plateau region of the beam 
used in these experiments has a linear energy transfer of 32 keV/micron of water. Circular beams 29 to 
38 nm in diameter are obtained with absorption collunators. Lyman has described the dosimetry for the 
biomedical facility at the Bevalac (see Chapter 3). The cats receive 140 to 478 rads/min as measured with 
parallel-plate ionization chambers. The relative biological effects of neon ions are compared with those of 
x rays. A therapeutic x-ray machine, operating at 200 kV and 15 mA with 0.5 mm Cu and 1.0 mm Al filtra
tion, supplies a 4- by 6-cm field of x rays. One eye intercepts this irradiation field; the untreated eye 
serves as a control. 

The Electroretinogram 

The x ray doses required to suppress promptly and completely the electroretinogram (ERG) of ten cats 
ranged from 4000 to 4500 rads. The average inactivation x-ray dose was 4200 rad. If neon ions have the same 
relative biological effectiveness (RBE) as x rays, it would be expected that a minimum of 4200 rads of 
400-MeV neon ions would have to be absorbed by the eve to inhibit the cat's ERG. This is not the experi
mental finding. The severe hazard of neon ions to vision is demonstrated by the fact that 1200 rads of 
neon nuclei fully attenuate the ERG. Hence, the RBE for neon ions is 3.5 with respect to x rays (assigned 
a relative value of one). 

An eye that absorbs 1200 rads of x rays generates an ERG that is barely altered; 1200 rads of neon 
ions provoke blindness. Table 1 shows the effects of various doses of neon ions on the ERG of the cat eye. 
ERG loss has been confirmed to be equivalent to blindness by tests such as the eyelid blink reflex and 
the pupillary size to light reflex. 

When the cat eye absorbs less than 1200 rads of neon ions, total blindness does not occur. Electro
physiological tests with double light flashes show that radiation as low as 360 rads of neon ions com
promises vision. Figure 5 shows that the relative refractory period is adversely altered by heavy-ion 
radiation, suggesting that the recovery processes of the retina are the first sites of radiation damage. 

Vascular Effects: A Delayed Response 

lixtremely fine retinal capillaries disappear by 28 days postirradiation when the cat's eye absorbs 
1000 to 2000 rads of neon ions. Small blood vessels, slightly larger in caliber than capillaries, show 
thinning 14 to 28 days postirradiation with 2000 to 3000 rads of neon ions. Major arteries and veins 
(superior, nasal and inferior) become reduced to one fourth of their original caliber and eventually 
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TABLE I. 400-MeV neon-ion doses (rads) required 
to abolish the ERG of the cat eye. 

ERG lost 
in 12 hrs. 

ERG lost 
in 24 hrs. 

ERG not 
iost 

1200 1294 193 
1600 1300 360 
1800 381 
1890 596 
2200 720 
2400 789 
2500 1000 
2800 1010 
3000 
3100 
3400 
3700 
4000 
4300 
4500 

vanish after irradiation with 300 to 4000 rads of neon nuclei (Fig. 6). An eye exposed to 4000 rads or 
more of heavy ions shows marked retinal necrosis, hemorrhages arid utlimately a dramatic stripping of the 
retina from the choroid coat. Optical imaging of the fundus, especially with doses near 4000 rads, is 
extremely difficult because of clouding in the vitreous humor and, to a lesser extent, in the aqueous 
humor. The loss of the richly detailed retinal surface is confirmed when clearing occurs. Corneal opacity, 

corneal scarring, superficial punctate keratitis, and cataract (lens) formation are very late postirradi-
ation effects, i.e., they appear four to six months postirradiation. 

Protein-dye leakage, a sign of loss of the semipermeable property of blood vessels, can be detected 
with fluorescein angiography two to five days after the absorption of 3000 to 4000 rads of neon ions. 
This defective permeability state is transient. Our findings, although limited, suggest that iOOO to 1200 
ra^s of nson nuclei is the threshold dose for this effect. It is interesting that neon ions produce a vas
cular effect but x rays at 4200 rads do not. The RBE for the loss of capillaries is 3.5 (minimum) for 
neon ions compared with x rays. 

Retinal Histology 

Stained (H^E) sections of the retina show destruction of the pigmented epithelial cells and death of 
some astroglial elements. The light microscope can be used to show harmful effects in _ie pigmented 
epithelial cells with 1200 rads of neon nuclei. Neuronal elements such as bipolar, ganglion and 
horizontal cells maintain a tight laminar organization with no apparent change in the laminar structure 
with 1000 rads or less of radiation. Electronmicroscopic observations on this material are not available. 
Receptor cells (rods and cones) decrease in cellular density when the eye absorbs 2000 to 3000 rads of 
neon ions. Rod-cone spatial disorganization or loosening is found after 3000 to 4000 rads of radiation 
are absorbed by the eye. 
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Fig. 5. Neon ions suppress the relative refractory period of the 
retina. The five ERG traces on the left were recorded from an eye ex
posed to S69 rads of neon ions. ERG traces from the control non-
irradiated eye are on the right. Each trace represents the retina's 
response to two light flashes closely paired in time. From top to 
bottom the interfiash intervals (IFI) for these oscillographs are 100, 
120, 140, 160 and 180 msec. The neon-exposed eye failed to produce 
100- and 120-msec responses. Only attenuated potentials were gen
erated at larger IFI by the neon-treated retina. The calibration bars 
for all ERG traces were 200 msec and 100 yv (microvolts). 



Fig. 6. Delayed radiation effect on the vascularity of the cat's 
retina as revealed by fundus photography. Neon ions (4O0Q rads) 
cause a decrease in the caliber of larger vessels and a disappearance 
cf smaller vessels as seen in the bottom photograph. The top photo
graph is of the control nonirradiated retina. (BBC 772-817) 
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Late Effects as a Consequence of JJeon Ions 

Eyelid Reaction 

Transient erythema and edema of the conjunctiva appeared four months after exposure to 720 rads of 
neon ions. Permanent eyelid closure followed the erythema-edema reaction with exposure to more than 
2200 rads of neon nuclei. 

Hair Depigmentation 

The new hair on skin that intercepted the neon-ion beam during an eye exposure grew in grey i4 months 
postirradiation with 596 rads) or white (6 months postirradiation with 1000 raas). This bleached hair 
served as a "beam marker." 

Hair Loss 

Complete epilation occurred three to four months postirradiation with 2200 rads; partial epilation 
occurred with 1200 rads. 

Neoplasms 

The delayed effect of neon ions on the skin around the cat's eye involves severe fibrosis leading to 
eye closure, ulceration and, in cats receiving 2500 rads or more or radiation, the development of neo
plasms. The carcinogenic potential of these neoplasms (Fig. 7) should be investigated. 
Sl*MARY AND FUTURE RESEARCH PLANS 

Although interesting results were obtained in early space-flight experiments, no definite explanations 
could be given because of the limited experimental techniques used. The success in accelerating heavy 
particles to high energies at the Bevalac has provided a unique opportunity to systematically study on 
the ground the potential effects of cosmic rays on living organisms. Based on results obtained from ex
periments with accelerated heavy ions, it is suggested that some cosmic rays, probably very heavy parti
cles, are extremely efficient in producing biological effects and may have been responsible for the early 
space-flight experimental results. Heavy particles with high LET may be able to produce local multicell 
lesions. Studies on the inactivation cross sections of human cells exposed to low-energy argon and krypton 
ions show that the whole nucleus of a cell is the target and that a single heavy particle passing througn 
the nucleus can produce a lethal effect. These results indicate that nondividing cells, e.g., neurons, 
may be as sensitive to radiation as proliferating cells and that during space flight some loss of brain 
cells due to cosmic radiation can occur. The consequences of such neuron-killing by heavy ions in space 
may be quite different from the loss of nerve cells caused by the aging process. It is possible that the 
loss of nerve cells with aging is nonrandom and genetically programmed so that the vital functions of the 
brain can be maintained even at advanced age. The loss of nerve cells due to cosmic rays during space 
flight will, however, be random and of the local multicell-lesion type. A hit by a heavy particle on some 
specific area in the brain, e.g., the brain stem or nuclei in the hypothalamus, .7>ay change its function 
significantly. On long space flights, e.g., the Space Shuttle flights, the health hazards to astronauts 
caused by the heavy ions of cosmic rays could be serious. The responses of two major parts cf the brain, 
the brain stem and the hippocampus, to heavy-ion radiation urgently need to be investigated. The brain 
stem is a small structure at the base of the brain and contains the nerve-cell groups that control move
ment of the face and neck and provide automatic control of respiration, blood circulation and digestive 
function. The hippocampus, located at the side and base of each cerebral hemisphere, is very active 
physiologically, influencing eating, emotion, sexual behavior and sleep. In addition to gross morpho
logical changes, the effects of heavy ions on functional changes, including finely discernable changes 
and rates of change, should be examined for intercurrent assessment and prognosis for delayed effects. 
Cultured nerve cells, e.g., neuroblastoma cells, spinal ganglion cells and cerebellar cultures, can be 
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Fig. 7. Neoplasm of a cat's eye four months after this eye received 
2500 rads of 400-MeV/nucleon neon ions. 

good models to study the influence of heavy-ion radiation on neurite growth, membrane permeability, 
enzyme functions, etc., in neurons. Such studies should yield infonnation on how cosmic rays affect 
synaptic structure, networks and the function of nerve cells as well as information on the fundamental 
problems of nerve function, structure and specificity. 

As more and more travelers will be involved in the upcoming Space Shuttle flights, future NASA pro
grams and SST flights, the carcinogenic effects of cosmic rays on man cannot be neglected. Present data 
show that 240-MeV/amu neon ions can be two to three times more effective than x rays in enhancing viral 
transformation of mammalian cells. Whether this enhancement effect of heavy ions will increase further 
with higher LET should be investigated. Since the mechanisms of initiation and promotion of cancer by 
radiation are virtually unknown, an investigation of the correlation between DNA breakage and repair and 
cancer induction by radiation of various LET should help us to better understand the mechanisms of carcin
ogenesis and to predict the radiation hazards to man in space. 

The results of research with the cat's eye on the effects of radiation on vision suggest further 
studies. The susceptibility of the retina to other heavy ions should be investigated; argon, nitrogen and 
carbon are available at the Bevalac. The large RBE difference between neon nuclei and x rays suggests that 
the high linear energy transfer (LET) of heavy ions is an important factor in radiation damage; LET might be 
a means to predict the effects of these ions. In this regard, we are interested in establishing a possible 
RBE/LET relationship for heavy ions. The eye allows us to examine the action of radiation on nerves as 
well as non-neuronal elements including vascular elements and skin in an ordered system. HOT* high-Z radi
ations alter the electrophysiology of excitable systems is not yet understood. The sensitivities of the 
optic nerve (ionic conductance mechanisms), lateral geniculate nucleus (chemical transmission of synapses), 
and visual cortex should be determined for high-Z radiations. A crucial factor in determining the tolerance 
dose, in order to appropriately limit the use of any new type of radiation treatment modality, is the po-
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tential of normal tissue to be transformed into tumor tissue when caught in a radiation field. The de
layed effect of neon ions on the skin around the eyes of cats involves severe fibrosis leading to 
neoplasms. It remains to be determined if these neoplasms are carcinogenic. 

Because radiation in space is a mixture of neutrons, protons and heavy ions, knowledge of the delayed 
long-term effects of low-dose exposure to mixed radiation is vital. Since the iron particle is the most 
abundant heavy element in cosmic rays and may cause the most severe damage to biological systems, consid
erable research with this particle is needed and will be done when the intensity and energy of the new iron 
beam at the Bevalac become adequate. 
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CHAPTER 11 

HEAWION RADIATION GENETICS 

Michael Freeling and Tracy C. H. Yang 

INTRODUCTION' 

The radiations available from the Lawrence Berkeley Laboratory's heavy-ion accelerator [Bevatron/ 
Bevalac} have permitted an extension of studies within the traditional domain of radiation genetics. 
Now that larger ions such as argon are routinely accelerated to 500 MeV/amu, it is reasonable to anticipate 
that heavy ions can be used as tools to dissect fundamental biological processes and improve our food 
animals and plants. Listed below are six research areas where heavy ions are or will soon be useful. 
These areas are ordered from the conceptually difficult to the very difficult; areas 1, 2 and 3 involve 
heavy ions and their effects as important per se (radiation genetics); areas 4, 5 and 6 utilize 
heavy ions as tools applicable to high-priority genetic problems. 

1. Relative Biological Effectiveness (RBE) foT the induction of mutations and biological dosimetry. 
2. RBE and qualitative studies at the chromosome level. 
3. Qualitative studies on specific gene mutations. 
4. Estimation of heavy-ion biohazard in terms of mutation and cancer. 
5. Heavy ions as unique genetic "scalpels" to dissect complex biological processes. 
6. Induced mutations for the genetic improvement of crop plants and food animals. 

Each of the above research areas will be treated briefly and separately. Data from work in progress, 
including our own, are presented because they portend a unique and valuable contribution of heavy ions to 
the general field of genetics. 

ASSESSMENTS 

RBE for the Induction of Mutations and Biological Dosimetry 

The fact that accelerated heavy charged particles can produce dense ionization tracks and may induce 
mutations qualitatively and quantitatively different from those caused by other mutagens has prompted 
several geneticists to study high-LET radiation genetics. Using low-energy heavy particles (10 MeV/amu), 
Nakai and Mortimer studied the induction of a number of classes of genetic changes in yeast by high-LET 
radiation and observed that, for lethality, dominant lethality, mitotic segregation, allelic recombination 
and reverse mutation, densely ionizing particles are more efficient than sparsely ionizing radiation. At 

2 
about the same time, Smith determined the relative biological effectiveness of x rays, monoenergetic 
neutrons, muons, Tr-mesons and high-energy protons on a cytogenetic system in maize that is particularly 
favorable for analysis. Except for 7-GeV muons, all particle radiations yielded a higher mutation rate 
than did x rays. High-LET radiation can be highly mutagenic. 

Since heavy ions have been accelerated successfully to very high energies (several hundred MeV/amu) 

at the Bevalac, experiments were conducted at LBL by one of us (T. Vang) to study the mutagenic effects of 
high-velocity oxygen particles. Iny ^eds of a genetic stock of maize (Zeo. mans L.) heterozygous at the 
lemon-white locus (Lw^/lu.) were irradiated with a uniform oxygen beam. The Bragg peak of the beam was 
placed 2 mm below the surface of the seeds so that the whole embryos would be irradiated in the Bragg peak 
region. After exposure, the seeds were planted in a greenhouse, and the length and width of the stripes 
appearing on the third leaves were measured. The results are given in Fig. 1. This figure clearly shows 
that both the total length and the total area of stripes (with respect to leaf length and area in oxygen-
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0'* IRRADIATION OF CORN SEEDS 
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16 
Fig. 1. Irradiation of corn seeds with 0 . CXBL 73b-773) 

irradiated groupsj are linear functions of dose. The ratio of stripe length to total leaf length increase? 
at about 0.05 per rad. The third-leaf mutation rate as determined from the ratio of the STipe area to t1 o 
leaf area was found to be about 2 * 10 mutations per rad. This value is about ten times as great as the 
value of 1.6x10 mutations per rad obtained by Smith" for xrays. A significant effect on the growth of 
the third leaf due to oxygen-ion irradiation was also observed, and a dose of 820 rads caused a 50* 
decrease in leaf area. The retardation in development of the leaf is evidently dose-dependent although 
a shoulder was found in the dose-response curve as shown in Fig. 2. The percentages of plants showing 
stripes on the third leaves corresponding to various doses were checked, and an exponential function was 
obtained. A dose of 300 rads produced stripes in 501 of the plants. This result suggests that a single 
hit by a heavy ion may be enough to cause a mutation and that cells in seeds may not be able to repair the 
radiation damage induced by high-LFI oxygen ions. Comparison of the dose needed to produce stripes in 504 
of the plants and the dose required for a 50?> decrease in leaf area makes it clear that the oxygen-ion 
beam is about 2.7 times more effective in inducing mutation than in retarding plant growth. 

Seeds irradiated with Co gamma rays showed significant developmental changes at doses greater th JI 
1000 rads. A dose of about 7600 rads was sufficient to produce a 501 decrease in the third leaf's ares, 
and a dose of about 5550 rads was required for stripe formation in 50$ of the plants as seen in Fig. 3 
These results indicate that gamma rays can be only about 1.37 times more effective in inducing mutation 
than in inhibiting leaf growth. Oxygen ions are much more efficient than gamma rays in producing mut tion 
for a given effect on leaf growth. 

At present, all experiinental results indicate that heavy-ion radiati m. can be highly effective n 
producing a large quantity, and most likely a great variety, of mutants in higher organisms. Furth* 
research is certainly needed in order to determine which particle velocity and charge are the most suitable 
for inducing desirable mutants. Heavy-particle radiation may prove to be a unique means for probing 
genetic secrets of higher organisms and for solving some agricultural problems. 

The late A. H. Sparrow's group at Brookhaven National Laboratory has recently used the sens ive 
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Fî ;. 3. Coirradiated corn 
seeds; effect on third leaf. 

(XBL 749-1S18) s 0 

~i I 1 1 1 1 r 

KWE - Kr Co 



Tradeeeantia stamen-hair, somatic-mutation system ' for RBE comparison:.. Bevalac-accelerated neon-20 
has also been included; L. Schairer provided the data given in Fig. 4. 
RBE and Qualitative Studies at the Chromosome Level 

Gross chromosomal mutations - reciprocal translocations, deletions of greater than 10 kilobases, etc. 
- are characterized by one or more of the following: 

1) Shape of the dose curve using sparsely ionizing radiation (2 or more hits) 
2) Occurrence of intensity and fractionation effects 
5) Ion density dependence 
4) Some proportion of inviable gametophytes (pollen) or inviability in the nexi generation 
5) Cytogenetically characteristic homolog pairing configurations 
b) Anaphase bridges, breaks and perhaps fusions 
7) Morphologically altered chromosomes (e.g., isochromosomes, rings, and "gaps") 
8) Impaired intergenic recombination 
9) Restricted intragenic recombination 

10) Nonrevertibility. 
Items 1, 2 and 3 above were reviewed by Wolff, and the remainder are some of the common genetic tests 
original in}; with L. J. Stadlcr in maize and II. J. Muller in Drosophila. Densely ionizing particles arc 
expected to generate some multiple-hit events with single-hit kinetics, and Wolff has shown this to he so.6 

40 7 
450-hleY/amu Ar ions have been used recently by Geard and Rossi to assess chromosomal aberrations in 
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aerated and h>*pcxic Vicia fuba root meristerns. These workers found highly complex multiple aberrations 
involving group--, of chromosomes, a condition apparently dependent on very dense ionizations. 

Heavy ions provide an important tool for study.ng chromosome structure and mechanisms of chromosomal 
repair. In addition, complex chromosomal rearrangements induced by heavy ions have a wide variety of 
potential uses in fundamental biology. Examples are alteration of the regulation of a particular gene by 
transposing it to a new region of the chromosome {position effect), excision of "foreign" DNA insertional 
elements, and construction of chromosomally based male sterility systems. 
(jial it at i vt- St ud i es__on .Specific Gene Mutations 

All intragenic mutations arc not alike. Unfortunately, the exact nature of radiation-induced lesions 
especially in higher organisms •• is poorly understood. "At a fundamental level, radiation gent-tics 

still suffers from our inability to give precise definition to radiation-induced mutagenic lesions." 
hnlft"'*. statement is just as true today as it was a decade ago. At the root of our inability to understand 
ml ragenu radiation damage is our ignorance of the structure of the "yene" and its components in higher 
organisms. Since heavy ions leave behind them a track of dense ionization tcorel and u penumbra of weaker 
ionization (6 rays), the quality of heavy-ion damage is expected to overlap that of x-ray damage. A 
particularly clear example of this overlap was found by Mortimer, Brustad and Cormack using particles 
accelerated from the HILAC and varying in LET to revert various mutations in yeast in either air or 
nitrogen environments. The oxygen effect decreased with increased LET except that one mutant showed an 
oxygen effect of 1 for N'e * (7 MeV/amu). It is likely that the f> rays were solely responsible for 
reversion oi this mutant hut not for the other ionization-induced reversions. 

One of us (M. I;rceling) has begun a qualitative study of the types of lesions induced by heavy ions 
at the •,*.:•: h. : J. hudv^.-nc:!^--! gene in mai:e. Maize was chosen to represent the typical "highcr"-organisni 
pattern of repeat/unique DNA interspersion. Mutants are selected via allyl alcohol-resistant gamctophytes 
Ihaploid JKI] len grains! and recovered as rare, single ]• seeds. Figure F. diagrams our mutation recoverv 
scheme and the electrophoretic methods used to confirm Adkl-mutaKt genotypes. Figure b shows examples of 
four classes of A&il-pollen-defiaient mutants as identified by F, allosyme profiles, a procedure that docs 
not ile^troy the seed. Note that two of these classes, C and D, appear to be regulatory-type mutants. 
Libit- 1 gives the RHK for mutant recover)' (not mutation rate) comparing that following irradiation with 
•luit-MeA/amu neon ions and ̂ 0-kVp x rays with that arising spontaneously. In short, the RBE for Nc 
mutant recovery is about ]('. Usin^ an arsenal of biochemical, genetic and cytogenetic tests, we arc now 

q 

ana!y:inK each mutant to discover the exact nature of the lesion. For example, an Adhl-dysfunctirr. 

mix a m , Tvjn- A, might be a point mutant, a small inser t /de le t ion , an inversion, a translocation or some 

'Mix. J. These qual i ta t ive studies are yielding the f i r s t such data on heavy-ion-induced lesions in 

sjvLif.c genes in higher organisms and should render a l l RBE data more meaningful. 
listimation of Heaiy-ion Biohazard in Terms of Mutation and Cancer 

since the publication of the Ames group's recent mutagenicity data concerning 300 known carcinogens, 

there can he no doubt that mutagens in microbes often cause cancer in maranals. (This does not mean that 

somatic mutation is the only cause.) The safe use of heavy ions for medical diagnosis and therapy depends 

on adequate quanti tat ive data on RBI. and qual i ta t ive data on the nature of the induced lesions, specifically 

in thi* MM of liiiihcr organisms. It is at least conceivable that heavy ions will induce "regulatory" mutants 

in V\\ HT.H'FI-. i inTeniHV.iate r e p e a f l generally resistant to mutation by chemicals and sparsely ionizing 

radi.it ions. |1ie poss ib i l i ty that a single heavy ion can generate complex multihit intragenic aberrations 

isee nevt sectiuui may place heavy ions in a special biohaiard c l a s s . Considering the medical potential 

of heaw ions and the First World commitment to space exploration, continued assessment of heavy-particle 

(cosmic-rav) biohazard is v i t a l . 

he should also recognize that low-energy a par t ic les from heavy elements such as Pu ana U and thei r 

http://radi.it
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Fig. 5. Step 1 of the approach: the chemical selection and recovery 
of radiation-induced Adhi-defieieni mutants in pollen. The paternal 
and material Adhl alleles — variants Adhl-S and Adhl-F, respectively -
are monitored via native starch-gel electrophoretograms stained 
specifically for ADil activity. ADH's are dimeric. Enzyme extracts 
are prepared from a small sliver of embryo (scutellum); the seed is 
not killed. Two of the many possible mutant allozyme profiles are 
diagrammed. (A) expected of a complete deletion of Adhl-S; (B) 
expected of a low-producing regulator)' mutant of Adhl-S or a 
structural gene point rutant that lowers enzyme levels or ability 
to dimerize. This crude electrophoretic analysis is the first of 
many tests to which the mutants will be subjected. 0 ip origin; 
•» is anode. 

daughters are a form of "heavy ion." Penetrating high-energy particle and meson fields near accelerators 
generate short-track, heavy-ion tracks. Thus biohazards from heavy recoils may exist in a variety of 
circumstances. 
Heavy Ions as Unique Genetic "Scalpels" to Dissect Complex Biological Processes 

Intuitively, it seems that heavy ions should generate a unique class of multi-hit, relatively small 
(0.1 to 10 kilobases) aberrations. Chatterjee, Maccabee, Tobias and Kobetch and Christen?en, Tobias 
and Taylor have used LET, energy per amu, and the angular dependence of secondary electrons (6 raysl to 
estimate the expected length of single-hit deletions. They estimated that a particle at 10 MeV/amu would 
yield more than 50i of its deletions with 200 base pairs or less. More recent calculations (Chatterjee 
and co-workers, personal communication) have predicted penumbra diameters for high-energy ions; 400-MeV/amu 
ions yield an expected penumbra diameter of 3.12 * 10 A or 900 kilobases (a structural gene is about 1.3kM. 



Anode 

Setllj 
(marker)! 

Setl< 

Origin 

Type + 

Set m 

1 S - 1 F -

T y p e 

FiB- 6. Elcctrophoretograms of F, scutellar extracts from four types 
10+ '1 

of Ne -induced mutants. (A) Dysfunction. (B) Low expression. 
(C) Over-expression. (D) ADH, subunits present. +'s denote wild-type 

(XBB 774-2774) Adhl-F/Adhl-S profiles. 

It is worthwhile to speculate on the chromosome effects of a fragmenting fast particle, a consequence 
of nuclear collisions, as pictured below: 

fast heavy ion 
heavy and light 

fragments 

If fragmentation occurs near a chromosome, the simultaneous interaction from two or more fragments might 
be able to produce not only deletions of significant base-pair length but other more complex chromosome 
effects as well. 

In addition, a taut double helix of DNA at right angles to the track is clearly not the in vivo 

nutational target. Eukaryotic DNA is certainly coiled in some way into nu-bodies. The three-dimensional 
structure of the DNA target influences the sort of mutations recovered. The use of heavy ions to explore 
the shape of thr gene is a possibility for the future. 

As is commonly understood by geneticists working with higher organisms (in particular, with Prosophila), 

intragenic deletions are not available. Mutants induced by chemicals or sparsely ionizing radiations are 
either tco small (<10 base pairs) or are chromosomal aberrations. Unfortunately, the method of deletion 
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TABLE I 
A comparison of RBE for Adhl-S-deficient mutant recovery following x-ray and N e ^ + treatment 
to the pollen mother cells and subsequent selection with allyl alcohol. Types of mutants 
were electrophoretically catalogued. Mutation recovery strategy is diagrammed in Fig. 5. 

Mutagen 

Mean dose in rads £ SO/rads/min 
A. Dysfunction 

^ : f

b y B. Law balance type of 
A'Shl-S C. High balance 
m u t a n t D. \ip-Adh2 

Total Number (A+B+C+D) 
Percentage of ears with seeds* 
Number of ears with seeds analyzed 
Total number of ears analyzed 
Estimated number of pollen gra 
Estimated percentage of viability 

Altyl alcohol concentrations were about equivalent for all mutagenic treatments. That 
these percentages of ears with seeds are about the same is reassuring. 
Polien viability determined empirically. The unmutagenized pollen has such a low viability 
because it, unlike other pollen samples, was field-collected. 
Note that these are mutant recovery frequencies, not mutation frequencies. 

None x rays Ne 

-- 450 500 
0 11 34 
1 1 6 
0 2 2 
0 2 B 
] 16 50 
17.2 23.6 16.9 
15J 161 30 
890 682 178 
S3.4 40.9 10.7 
50 45 60 
26.7 18.4 6.4 
3.7 87.0 781.3 
-- 1.9 15.6 

mapping to determine genetic fine structure depends on a series of short deletions. As argued previously 
heavy ion? may be uniquely suited to produce intragenic deletions. 

H. H. Smith's group at Brookhaven ' has studied the RBE of x rays and various heavy ions in 
producing mutations, tumors, and growth inhibition ir. ArdbidopBie. In addition to presenting data showing 
that the primary sites of damage that produce these three responses are probably the same, DMA, these 
studies are the foundation for the continued application of multitarget theory to cross-sectional analyses 
of dose-response data. 

Since the 1930's, geneticists (notably Draeophila workers A. H. Sturtevant and C. Stern) have used 
somatic mosaics to dissect development and construct a fate map on the surface of the egg. Sexual mosaics, 
caused by spontaneous loss of ring chromosomes, have been most useful in Drosophila. High-energy heavy 
ions present a powerful tool for genetically marking cells at one stage of development and following their 
descendants in a clone. One of us (T. Yang) is exploring the cellular organization of the apical meristem 
in maize using heavy ions (see previous sections). Whereas sparsely ionizing radiations have been used 
for these purposes, high-energy heavy ions (e.g., 500-MeV/amu Ar) are far more useful since their RBL 
is more than ten times as large; thus the exact path of a track through the biological material can be 
reconstructed by using cellulose acetate sheets and/or embedding materials. Aspects of such research 
were considered more fully in Chapter 10. Heavy ions should be of great value wherever genetic mosaic 
analyses are needed. 

file:///ip-Adh2
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Finally, the use of heavy ions as tools to further our understanding of genetic phenomena may not be 
confined to DMA-mediated heredity. Sonneborn has pioneered, using the protist Paramecium, in a contro
versial area often called "structual heredity" where a pre-existing structure templates the assembly of 
further structure. What is apparently being inherited in such cases is architecture per se, not mediated 
by self-replicating molecules. The laser beam has been used to alter microns of cellular structure at 
the cortex of protozoans. We feel that heavy ions might be useful for targets about 10 to 100 mu in 
diameter. The quest to reduce morphology to molecular genetic phenomena is just beginning, heaxy ions 
should prove invaluable. 

Induced Mutations for the Genetic Improvement of Crop Plants and Food Animals 
R. D. Brock has reviewed the general strategy of using induced mutations to generate quantitative 

traits of agronomic value. He concludes that, while further research is necessary, the evidence favors 
the traditional breeder's approach of using naturally occurring variation as opposed to induced mutation. 
For example, although male sterility (nonquantitative) can be readily induced in maize, high-lysine maize 
(e.g., opaque-2) is a natural variant (the high-lysine trait involves the balance between endosperm 
storage proteins). 

Since heavy ions may induce intragenic chromosomal aberrations of possible regulatory significance, 
their use for crop improvement should be tested. M y new technology with potential to improve world 
nutrition via an improved gene p od would be a lasting contribution. 
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CHAPTER 12 

HEAVY-ION RADIOGRAPHY 

Cornelius A. Tobias, Eugene V. Benton and M. Paul Capp 

For almost 80 years, ever since Roentgen's discovery of x rays, the use of x rays has dominated the 
field of diagnostic radiological medicine, and oue can ^ay that the history of modern medicine parallels 
the history of diagnostic techniques. 

The ability of x rays to differentiate among tissues depends on their absorption coefficients. The 
softer the x rays, the higher the absorption coefficient and the greater the ability to differentiate 
among structures of similar atomic compositions. When soft x rays are used, however, a great disadvantage 
develops because higher and higher absorption coefficients mean greater and greater absorption in tissues 
traversed and greater doses to the patient. 

The involvement of the Lawrence Berkeley Laboratory in the potential use of heavy ions for radiography 
purposes began in about 1967 when we made an earlier proposal for a heavy-ion accelerator, the Omnitron. 
Kc had realized then that heavy ions might have an important role in both radiological diagnosis and 
microscopy (Fig. 1A). This realization was, of course, preceded by the earlier elucidation of the ioniza
tion properties of heavy ions by Bragg in 1912 and by the recognition by Herbert Anderson, Professor of 
Physics at the University of Chicago, in 1960 that heavy iors can be used as delicate tools for the mea
surement of thickness. ]n 1968, Andrew KoehleT of Harvard University published his first remarkable pro
ton radiographs obtained at the Harvard Cyclotron (Fig. IB).-* Here the ability of protons for delicate 
density measurements was quite well demonstrated. In our laboratory, it was realized that various mathe
matical reconstruction procedures, then beginning to be used in x-ray crystallography and microscopy, 
could also be applied to helium-ion radiographs. Jchn Lyman made 500 hand measurements of a tissue-like 
phantom using helium ions, and Michael Goitein, then at Berkeley, applied an algorithm based on a least -
squares approximation. These efforts demonstrated that two-dimensional reconstruction was indeed practi-

4 
cal. It was apparent, however, that the data must be very accurate and that a full-scale, "on-line," 
helium-ion reconstruction system would be quite expensive. We also recognized that neither protons nor 
helium ions would be ideal because heavy ions have greater resolution for detecting both small density 
differences and fine detail. 

At about the same time, Hounsfield et al. published their first computerized tomograph)' 
images, which allowed studies of the cross section of the body based on x-ray data. This technique became 
exceedingly popular and important so that now it is used in many radiology departments, and many different 
companies are now engaged in constructing such devices. The ultimate resolution of computerized tomography 
is, however, still limited by the absorption and scattering properties of x rays. 

When the first heavy-ion beams were obtained at the Bevatron in 1971, we re-examined the possibilities 
for heavy-ion imaging. It became obvious that the use of a single photographic x-ray film was of only 
limited applicability as used with x rays and, up to that time, with protons because of the fact that the 
fiJjii could only respond to a very limited set of range differences. Other disadvantageous characteristics 
of the photographic film are the relatively large background fluctuations due to the graininess of the 
film, additional background due to secondary radiation i; the proton field, and the .logarithmic response 
of the film. We have devised a new method known as heavy-ion radiography that overcomes many of these 
difficulties (Fig. 3). The keys to this technique .are the type of detectors used--plastic nuclear track 
detectors originally developed for research with heavy cosmic rays at high altitudes and in space—and the 
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Fig. 1. Various suggested methods for the use of heavy charged particles in 
radiography. (A) Reavy-ion radiography, Tobias et al., 1; (B) pi-oton radiography, 
Koehler3; (C) scanned-beam radiograph)', Steward et al., 7; (D) scanned-beam 
radiography with location analyzer, Koehler et al., 8; (E) high-energy proton 
interface detector, West and -Sherwood9; (F) proton-scattering analyzer, Saudinos 
et al., 1 0. * (XBL 773-3245) 

manner in which the detectors are used. Several other new methods have been proposed for the utilization 
of heavy charged particles for radiographic purposes. Some of these methods are either still in the "idea" 
stage or in the process of being developed. We will briefly discuss some of these other ideas here. 
SCANNED-BEAM RADIOGRAPHY 

Investigators at the Argonne National Laboratory have performed preliminary investigations of a proton 
scanning radiography system. Pulses of the high-energy proton beam were scanned by a deflector system. 



166 
The residual range of the protons was measured in a large scintillation crystal, and the data were 
processed on line electronically (Fig. 1C). 

SCANNED-BEAM RADIOGRAPHY WITH LOCATION ANALYZER 
1 R 

A version of the random-impact technique was suggested by Koehler, Boyd and Gotts"halk. The location 
of particles was diagnosed by a multiple-wire chamber upstream from the patient. Measurement of the 
residual range was done downstream by a large scintillation crystal. The two detectors were to operate 
in coincidence (Fig. ID). 
HIGH-ENERGY PROTON INTERFACE DETECTOR 

It was gradually recognized (see below) that protons deflect in the object because of multiple 
scattering and that this deflection reduces resolution in a direction perpendicular to the beam. West and 
Sherwood successfully used higher-energy protons than those needed for stopping-power measurements alone, 
which scatter less, for imaging interface boundaries. At an interface, there is a slight anisotropy of 
scattering--more protons are scattering away from the denser side than toward it. Unfortunately, at 
present this technique requires a relatively large dose (Fig. IE). 

PROTON-SCATTERING ANALYZER 
Scientists in France and Switzerland are working on a proton scattering analyzer, taking advantage 

of known angular distributions between secondaries when protons scatter on protons, carbon or some othi>r 
element. Coincidence analysis of the angular distribution from a given location inside the body can give 
information on the elemental composition of the object. The technique has had an experimental test. To 
keep the dose rate low, the spatial resolution is poor at present (Fig.IF ). 

HELIUM RADIOGRAPHY WITH MULTIPLE-WIRE CHAMBERS 
In our laboratory, Crowe and Budinger have built a helium-ion tomographic device that can operate 

"on line" by processing complex counting information. Their device is shown schematically in Fig. 2.\. 
The subject is exposed to a parallel stream of monoenergetic helium ions at the 184-inch cyclotron. The 
detection and measurement of residual range is done on individual particles by using multiple-wire 
chambers as range stacks. The multiple-wire chambers, initially developed for high-energy physics, consist 
of arrays of large ionization chambers arranged in such a manner that the charge is collected on sets of 
closely spaced wires mounted parallel to each other in planes perpendicular to the beam. Usually two 
chambers are next to each other with the direction of the collecting electrodes at right angles. Because 
a given collecting wire can sense the proximity of a passing particle, such wire chambers can measure the 
location of a crossing particle as well as its ionization. Stacks of wire chambers mounted behind each 
other can measure location, range, and, with appropriate circuitry, the directions of particles as well, 
thus giving opportunities for partially correcting blurring of the image due to multiple scattering. 

The Crowe-Budinger technique was used with human patients for reconstruction of two-dimensional 
structures in the brain. At a helium-ion dose of only 1/S0th the dose delivered by x-ray scanners, good 
reconstructions have been obtained; an example is shown in Fig. 2B . This technique, as most other 
tomographic techniques, is based on particle counting; for this reason, it is limited by the resolving time 
of the counting instruments. Counting sufficient amounts of particles usually takes several seconds; 
during this time, it is likely that the patient will move and the tomography might be distored. With the 
improvements in fast counting techniques, however, the time needed for wire-chamber radiography will be 
reduced. 
HEAVY-ION RADIOGRAPHY 

Figure 3 shows schematically the technique of heavy-ion radiography. A nearly parallel stream of 
heavy particles crosses the object to be radiographed and stops in a stack of plastic foils. The foils 
are nuclear track detectors, originally developed as mentioned above to study heavy primary cosmic rays 

11 12 and to record tracks due to nuclear fission fragments. ' The stopping-point distribution in the plastic 
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Fig. 3 . The pr inciple behind the method of heavy-ion radiography with 
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detector stack corresponds to the residual-range distribution of the particles after crossing the object. 
Therefore, the plastic stacks indirectly measure the stopping power distribution in the object. 

The plastic foils that we use have very special properties. They are insensitive to the passage of 
low-LET particles. High-LET particles cause a lesion in the plastic that can be developed by the applica
tion of concentrated sodium hydroxide until a tiny conical impression or hole forms. The plastics that 
we are using at present, lexan and cellulose nitrate, are only sensitive to stopping heavy particles; it 
is practical to use them for atomic numbers 6 through 10. A beam pulse produces patterns of small hole? 
in each of the 25 to 50 stacked plastic sheets. The information on each plastic sheet can be photographed; 
alternatively, the information on location and residual range can be transferred by an optical scanning 
method to a computer for further quantitation and eventual display. 

Compared to diagnostic x rays, heavy ions (e.g., carbon) are much more sensitive to small electron-
density differences in the subject, which can be visualized with higher contrast and significantly lower 
doses, fti the other hand, the lateral resolution of x rays (i.e., in planes perpendicular to the direction 
of the beam) appears to be better than that of heavy particles. 

The "depth resolution," that is, the resolution for measuring the stopping power of the object, 
depends on the initial energy spread and straggling of the particles. The magnitude of straggling is nearly 
proportional to the range and to the inverse square root of the particle mass. Thus, carbon ions 
(mass = 12) are 3.5 times better in the resolution of depth than protons (mass = 1). The theoretical 
relationships as functionb of range are shown in Fig. 4A, 

Another quantity is the "lateral resolution," which depends on the deflection of the heavy particles 
caused by multiple scattering. The multiple scattering depends on approximately the inverse 0.6 power of 
the mass of the particles. Figure 4B shows the dependence of this factor on object thickness for a feature 
on the upstream edge of the object. 

These properties have been measured in some detail for various particles using resolution phantoms. 
R. Henke, W. Holley, and formerly M. Cruty of our group have demonstrated experimentally a great advantage 
in the use of heavy particles, carbon and neon, compared to protons and helium ions. It was shown by 
Henke et al., for example, that a 260-MeV/n carbon beam of 12 cm "useful" total range in water when 
delivered in a single beam pulse has a range straggling of 0.055 or less than II of the total range. 
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Fig. 4. Heavy ions have greater depth-resolution sensitivity and con
trast than protons, alpha particles or x rays. This is shown quantita
tively here where the range strag. ling (A) and beam deflection (B) 
due to multiple small-angle scattering are drawn for protons and 
heavier particles as functions c the range penetration in water. In (B) 
the imaged feature is on the upstream side of the water. (DBL 741-4634A) 

Woi-king with line resolution phantoms, we obtained modulation transfer functions (MTF) for a variety 
of conditions. This measurement, often used in x-ray radiography, corresponds to the variation in density 
difference signals obtained in the x-ray £"age as a function of the frequency of line pairs to be resolved. 
Figure 5A shows comparative MTF curves fo: protons and carbon and neon ions of approximately the same 
range when the density of events on a single plastic foil is measured. It was feasible to resolve two 
line pairs/nin at an MTF of 0.1 with neon; this frequency was not resolve with protons or carbon ions. The 
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statistics of measurement can be much improved when all the foils in the stack are tvsed. The signal in
tensity variation is shown for this situation in Fig. 5B; biphasic curves are obtained. AT low foil num
bers thf signal is positive -- particles are stopping behind denser portions of the line phantom. At 
higher foil nunbers, The sign of the signal is reversed -- particle* are stopping behind lighter portions 
of the phantom. By measuring each of the foils we not only "resolve" a certain line frequency but we 
measure The difference in integrated *topping power between less and more dense or thick portions of the 
phantom. 

Line pairs spacing (cm) 
0,4 0,2 0.1 0.05 

Fig. S. (A) Modulation transfer function frfTF) curves for protons and carbon 
and neon ions of approximately the same range when the density of events on a 
single plastic foil is measured; line resolution phantoms were used. Solid 
lines = 12--371 range pattern adjacent to film stack; broken lines * 2.54-cm 
lucite interposed. (B) Detector signel as function of depth in the plastic 
detector stack. The measure "t" indicates the stopping-power difference 
between line pairs of the phantom; x ray films do not directly yield this 
quantity. (XBL 773-3246j 
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Phantom Studies for Visualization of Tumors 
The potential advantage of heavy-particle radiography over x rays lies in the superior dsnsity 

resolution attainable at a given dosage, which should permit better visualization of tumors differing 
little in density from surrcurding tissue. To test the relative abilities of heavy-par tide r.idiography 
and x rays in this regard, a phantom representing a body part containing a mini sr of objects simulating 
tumors differing in density only slightly from their surroundings was constructed by Graham Socrmer. This 
phantom is shown in Fig. 6A and consists of a rectangular lucite box 7.5 cm thick filled with water 
in which are suspended five 2.5-cm-diameter, very thin latex rubber spheres containing sucrosu solutions 
varying in specific gravity from 1.005 (upper left) to 1.03D (lower middle). A sixth sphere .it the 
bottom right contained a solution with a specific gravity of 1.030; this solution of monobasic potassium 
phosphate, a substance of moan atomic number very close to that of bone, was used to evaluate the effect 
of atomic-number difference on visualization by the two modalities. The phantom was radiographed usinj', 
250^4eV/amu carbon nuclei and a cellulose nitrate detector stack. The dose delivered at the middle of the 
phantom, an approximate value of the mean phantom dose, was 19 mR. A single sheet from the detector stack, 
shown in Fig. 6B, records the images of all six spheres. (The l.OOS-specific-gravity sphere ir the upper 
left had drifted laterally to the container wall just prior to the exposure.) The total change in 
stopping power through the thickest part of the phantom was equivalent to 0.0125 an of water. At this 
very low flux level, consii-rable quantum "noise" or mottle is evident in the radiograph. 

The phantom was then radiographed using a standard x-ray machine employing alpha-4 rare-earth 
screens and X-D film. An 8:1 grid having 130 lines/inch was used, and phantom entrance and exit doses 
were recorded using thermoluminescent dosijneters. A radiograph obtained at 60 kVp and 16 mAS, for which 
entrance and exit doses of 70 mR and 0 mR, respectively, were recorded, is shown in Fig. 6C. 

For a further comparison, a CX scan of the phantom with the section passing through the six spheres 
was obtained using an EMI CT5000 body scanner. Such a scan is shown in Fig. 6D. Spheres containing 
sucrose solutions to specific gravity 1.015 are visible while the visibility of the 1.010 specific gravity 
sphere is equivocal and the 1.005 specific gravity sphere is not detected. Low-aensity regions above the 
spheres are due to small air bubbles. The dose delivered to the section of the phantom illustrated was 
approximately 1 rad. 

The results of imaging this phantom with heavy-particle radiography and x rays indicate 3 very signif
icant dose advantage of heavy-ion radiography over x rays in the resolution of tumor-like objects dif
fering only slightly in density from their surroundings. The carbon radiograph taken at a 19-mR mean 
phantom dose was superior to the CI scan delivering 1 rad to the scan section and much superior to plain 
x-radiographs using 31-mR and 155-mR mean phantom doses in its resolution of spheres containing sucrose 
solutions of specific gravity close to that of the surrounding water. The relative ease of detection of 
the sphere containing a higher-2 salt is reflective of the dependency of x-ray absorption on photoeJec-
tric effect. Subject contrast for x rays is very largely dependent on atomic-number differences. 

Specimen Radiography 
It seem-; important to image with the new technique some normal tissues and tissues bearing a variety 

of tumors. We cannot hope to see soft-tissue tumors in vivo if these are not detectable in vitro. Further
more, we wish to assemble information on the stopping power of a variety of tumors. The specimens used 
are either fresh unfixed human tissues, removed in the course of previous surgery or fixed preparations. 
Because the fixation process causes some chemical c'langes, we cannot be sure that density differences in 
fixed specimens are identical with those in fresh specimens. The tissues were immersed in water for 
carbon radiography. Control x-ray pictures were often taken, but most of these failed to demonstrate the 
location of the tunor. A systematic study in specimen radiography is in progress by Professor Paul Capp 



1 f 

^ A 
(C) 

Fig. 6. (A) Photograph of a phantom representing tumors differing slightly 
in density from their surroundings. The spheres contain sucrose solutions 
with the following specific gravities: top row, left to right -- 1.005, 
1.010, 1.015; bottom row, left to right -- 1.020, 1.030. The bottom 
right sphere contains KH2PO4 salt solution of specific gravity 1.030. 
(B) Carbon radiograph of the phantom taken at a dose level of 19 inR. 
(C) X-radiograph of the phantom taken at a mean phantom dose of 155 mR. 
(D) CT scan of the phantom taken with the BJI body scanner; the dose to 
the scan section was approximately 1 rad. (XBB 772-746) 

of the Radiology Department of the University of Arizona Medical School ;md Graham Sommer of the 
university of California, San Francisco.** 

Figure 7 is a photograph (top) and a carbon radiograph (bottom) of a fresh liver specimen containing 
numerous deposits of metastatic oat-cell carcinoma. The lipht region surrounding the area representing 
the full thickness of the tissue specimen is a consequence of the wedge-shape of this specimen. A number 
of small light areas within the specimen represent air trapped in vascular and ductal structures. Several 
metastatic deposits within the liver ar^ easily identified on this detector sheet as light regions having 
indistinct margins. 



173 

Fig. 7. Photograph (top) and carbon radiograph (bottom) of a liver 
specimen containing metastatic oat-cell carcinoma. (XBB 772-1040) 

Measurement of StoppiJig Power 
Methods have been developed to accurately determine the stopping power in various portions of 

specimen. Using a fixed brain specimen, we calculated the stopping power values shown below relative to 
water. 

White Matter 1.0307 £ 0.0019 
Gray Matter 1.0290 ±. 0.0013 
Metastatic Melanoma 1.0451 ± 0.0012 

We believe that the accuracy and resolution of stopping power at low doses is better for the heavy-
ion method than for other methods. Eventually, such determinations should be routine from radiographs and 
reconstructions taken in vivo. 

Studies with Humans 
Heavy-ion radiography with hunian patients was initiated in June 1976 with mammography. Later in that 

year radiography of soft-tissue abnormalities in extremities was begun. 

Mammography 
Mammography is a generally used diagnostic procedure with soft x rays. The dose per picture varies 

between 0.5 and 2 rads. Xeroradiography of the mammary gland can be done with about 1 rad per exposure; 
2 to 6 exposures are usually taken in each procedure. Although these procedures detect cancer with high 
reliability, they often do not show dense tumor tissues. There is also concern that repeat exposures for 
screening purposes give too high doses to the population. Our program with the participation of Edward 
Sickles, a mammographer, and Kay Woodruff, a pathologist, both of the University of California, San 
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Francisco, is an attempt to systematically compare diagnostic findings by various techniques with post
operative pathology findings. ' The experimental layout is shown in Fig, 8. The patient is lying on 
a stretcher; one of her breasts is hanging in a vessel with parallel walls and filled with lukewarm water; 
her breast is gently squeezed. The beam passes through a thin lead scatterer about 10 m upstream from 
the patient. A single beam pulse is used. We ha^e found that a 100-millirem dose is sufficient to obtain a 
set of plastic films with a wealth of detail. 

To date, 22 patients with previously diagnosed tumors or previous biopsies were radiographed. A 
comprehensive study is in progress. In these early cases, it is apparent that heavy ions may have an 
advantage when viewing "high-density breasts" with fibrocystic disease. Sometimes the radiologist is aided 
in diagnosis by comparing radiographs of both breasts of a patient and looking for signs of lack of 
symmetry. Such a pair of radiographs is shown in Fig. 9. The region of asymmetry was later proven io be 
lobular carcinoma. 

Fig. 8. An overall view of the apparatus used for patient mammography. 
The water bath is locked into position perpendicular to the beam line, 
which is parallel to the optical bench rails. The couch, supported by the 
optical bench and semicircular track, can be rotated through 180° about 
the water bath. The ionization chambers used for dosimetry and the 
variable beam attenuator are shown in the foreground. Brass blocks used 
to shield the patient, located immediately upstream of the couch, are 
not shown. (CBB 757-5384) 
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Fig. 9. Heavy-ion radiographs of both breasts of a patient can be used to 
identify regions of asymmetry. Such a region in the left breast of this 
patient was later proven to be lobular carcinoma. 

Skeletal Radiography 
We are in the process of evaluating the potential usefulness of heavy ions for skeletal radiography. 

In this procedure, it is hoped that not only bone detail but soft-tissue detail (gruy-scale 
differentiation) might be obtainable. Harry Genant of the Department of Radiology of the University of 
California, San Francisco, is our consultant in this work. Dr. Genant has done significant work in 
microfocal-spot radiography. We have done only two patients to date, the first patient had a giant-cell 
tumor of the dismal femur. Direct examination of the series of plastic films in this case was not 
satisfactory because of the difficulty in synthesizing such a cumbersome amount of detail. Instead, an 
integral picture is prepared with a computer; the tumor of the femur is shown in Fig. 10. In this picture 
bone appears very black, and invasion of the joint structures by the soft tissues of the tumor is readily 
discernible. 

The potential of skeletal radiography is great. Figure 11 is an example of the lateral exposure of a 
human foot (specimen). Not only skin and bones but several tendons are visible. 



Fig. 10. Computer synthesized skeletal radiograph of a giant-cell tumor 
of the distal femur. 

Computerized Analysis and Display 
Before detailed quantification of electron densities and three-dimensional reconstruction of heavy -

ion radiographs are practical, we must find methods for storing and analyzing the information on the 
plastic radiographs in a digital computer, We have made significant progress in this direction. 
Initially, the data obtained in a single radiographic procedure are present on 10 to 40 thin plastic 
sheets as small holes or conical indentations caused by the passage or stopping of individual heavy 
particles. The essential information at each point of the plane fX,Y) of the radiographs is the average 
depth Z to which particles penetrate at (X,Y). In addition, it is helpful to know the root mean-square 
deviation of Z. There is a variety of methods to extract this information including optical addition and 
subtraction and optical scanning followed by electronic processing. During the past two years, we have 
attempted some of these methods. 

Much progress has been made recently by using an optical television scanner, the Quantimet 720, and 
a PDP-11 computer. A Vidicon television camera focuses on a single sheet of plastic, The plastic is 
illuminated obliquely from below sv that the camera can see tiie scattered light coming from holes, conical 
indentations and iraper feet ions in the plastic. This image is dissected into a number of picture elements, 
currently 204x156 or 31,824 elements, and the magnitude of scattered light signal is recorded on the 
memory disc attached to the computer. There are approximately 64 gray levels, and the information on a 
plastic stack takes about one fourth of the entire capacity of the disc (10 6 16-bit words). For each 



177 

Fig. 11. Skeletal radiograph of the lateral exposure of a human foat 
(specimen). Note that only skin and bones but several tendons 
are visible, 

picture element (X,Y) the distribution of scattered signal is given. A bias is introduced to eliminate 
"background," ai;d the scattered signal S- at depth 2- in each sheet is averaged to yield 

? Z. S.(X,Y) 
Z(X,Y) 

?S.(X,Y) 

The distribution of stopping particles depends on beam purity, the homogeneity of the tissues aad the 
number of particles per a-**ea element. Thus, a more accurate Z number results from a higher dose or a 
larger sampling-areaelement. Most of the background is not due to heavy particles bit to optical imper
fections on the surface of the plastic sheet. 

The 1 distribution then repi -sents hills and valleys in Z on the plane (X,Y). This quantitative 
inforoation is used either for fii.al display or for computation of electron-density distribution patterns 
for thin specimens that are uniform in the Z direction. 

The computer can also display quantitative variations in beam stopping points along any of the 
chosen coordinates. For example, in Fig. 12B we show a stopping profile along section s-s of a human 
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Fig. 12. (A) Simulated three-dimensional display of the synthesized radio
graph of a mastectomy specimen. (B) The stopping-point profile along 
section s-s of the specimen indicated in A; a = tvater; b = skin; 
c = subcutaneous lipid; d = tumor, (XBB 772-1038) 
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breast specimen, the radiograph of which appears in Fig. 12A. In Fig. 12B the increased density of skin, 
the lower density of lipid-containing subcutaneous tissue, and the higher densities of a tumor are readily 
discernible. The use of such computerized display methods for the interpretation of heavy-ion radiographs 
is in its initial stages. 

Three-dimensional Reconstruction 
Heavy-ion radiography is suitable for three-dimensional reconstruction by the methods of computerized 

tomography. Because of the high sensitivity for stopping-power measurements, we anticipate high-quality 
reconstructions at low dose ]evels. 

Figure 13A shows our original conception of how two-dimensional reconstruction might be carried out. 
The beam is passed through a slit; as subsequent beam pulses are arriving, the patient is rotated to dif
ferent angles of incidence while the plastic stack is moved vertically between beam pulses so that the 
images formed in the stack by a sequence of beam pulses do not overlap. 

It is this method that has been used for the two-dimensional reconstruction of a section of a 
phantom. An actual photograph of the phantom is presented in Fig. 14A for comparison with the reconstruc
tion shown in Fig. 14B. In Fig. 13B we show the patterns obtained in several films of the stack; the 
narrow bands are images of the phantom at specified angles of incidence. In this experiment a carbon beam 
of 12-cm range was used. A feature of 0.1-cm dimensions was well resolved. It is obvious that by increasing 
the width of sach band a three-dimensional reconstruction will be possible. Preparations are being made 
now for computerized tomography of the human head by this method. 

This technique depends on the frequency of beam pulses. At the Bevatron, 12 pulses/min are available. 
It will take several minutes to obtain sufficient data for reconstruction. 

It may be possible to rotate a human patient over 180° in 1 or 2 seconds. We believe that the length 
of the beam pulses can be stretched to that length; however, motions of the internal organs will probably 
decrease resolution. In the future we hope to develop accelerator techniques that can take the necessai-y 
exposures without the need to rotate the human subject. 

A possible scheme for a future diagnostic heavy-ion accelerator is shown in Fig. IS. The beam of 
partially charged carbon ions is circulated in a ring (accelerator or storage ring). This accelerator 
should be capable of about 30 beam pulses per second. Each beam pulse is inflected isocentrically through 
another beam port. Inflection is done by stripping the beam of all of its electrons. The patient would 
remain motionless for 2 to 3 seconds while the' detector stack, downstream from the patient, is moved 
between each beam pulse. 

Thin- specimen Radiography 
The strict range-energy relationship holds for particles of short and long range equally well. Kay 

Woodruff and Graeme Welch have used the low-energy 88-inch cyclotron for thin-.vecimen radiography. We 
have tried cryostat-frozen sections of 6 to 11 micrometers in thickness. The frozen sections were applied 
directly to a stretched mylar filter in a specially designed holder filled with 70-pei »nt alcohol. The 
sections were subjected to alpha-particle radiography using polycarbonated plastics of 10 to 13 micro
meter? etched up to two hours in sodium hydroxide as the detector. The sections were stained with hemo-
toxylin and eosin directly on the mylar filter and then placed on glass slides, coverslipped and photo
graphed. The photomicrographs were compared to photographs and direct microscopic impressions from the 
etched plastics. No comparable gamma radiographs have been taken because our available techniques will 
not image thin sections. 
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Fig. 13. (A) Method visualized for obtaining radiographs for two-dimen
sional reconstruction; the beam is passed through a slit, and, as 
subsequent beam pulses are arriving, the patient is rotated to different 
angles of incidence while the plastic detector stack is moved vertically. 
(B) Patterns obtained in several filjjis of the detector stack used for 
two-dimensional reconstruction of the phantom shown in Fig. 14; the 
narrow bands are images of the phantom at specified angles of incidence. 

(DHL 736-5221, XBB 774-2824) 



Fig. 14. (A) Photograph of a small phantom used to test the reconstruction 
procedure. (B) Radiograph of the phantom resulting from reconstruction 
of the data presented in Fig. 13(B). (XBB 773-2678) 

Fig. 15. A scheme for a future diagnostic heavy-ion accelerator in which i 
beam of partially charged carton ions is circulated in a ring; each beam 
pulse is inflected isocentrically through another beam port. 

(XBL 764-S439) 
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The particle radiographs yielded an image of breast tissue heretofore unseen. Ductal structures could 
be identified, but their appearance was different from that visualized by conventional microscopy. Figure 
16A shows a duct etched in plastic; Fig. 16B shows a similar duct seen with light microscopy. 

We do not know the significance of these experiments because little normal tissue has been analyzed, 
and there has been no effort to obtain increased resolution. It is a new method of imaging and has 
diagnostic potential that deserves further exploration. 

Fig. 16. (A) An image of breast tissue produced by alpha-particle thin-
specimen radiography showing a duct etched in plastic. (E) A duct similar 
to that in A but viewed with light microscopy. 

(XBB 760-9186A) and (XBB 760-9185A) 
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HEAVY-ION MICROSCOPY 
Heavy particles have great potential for microscopy. For a given velocity their wavelength is much 

smaller than that of electrons; hence these particles should ultimately be capable of higher resolution 
than is attained with ordinary electron microscopy. This property was recognized some time ago by Magnam. 
There have been sporadic attempts to do proton microscopy during the past 25 years * including some 
in cur laboratory. 

Extension of the techniques of heavy-ion radiography to microscopic dimensions appears to be a 
promising initial step toward high-resolution, heavy-ion microscopy. The exact range-energy relationships 
hold to very small energies and range penetrations. Microradiography has the potential to image the dis
tributions of electron densities and to respond to the atomic composition of the specimens. The relatively 
small deflection of heavy particles during their passage in matter is a great advantage; it allows us to 
image hydrated specimens with relatively small loss in resolution. In transmission electron microscopy, 
for high resolution one is usually restricted to the use of extremely thin dehydrated specimens. These 
are mounted in vacuum because air scatter in itself is also undesirable. Transmission electron microscopy 
of bioiogical material in the normal hydrated state is technically difficult even with low-temperature 

21 frozen material. We should note that R. Glacser et al. in this laboratory have recently succeeded in 
packaging thin hydrated samples for electron microscopy, and E. Kalman in Hungary is also experimenting 

22 with the electron microscopy of hydrated samples. 

Preparation of Heavy-ion Replicas 
We wished to take advantage of the ability of stopping heavy ions to produce microlesions in sol id 

materials, which can be enlarged by etching and developed into a "replica." A monoenergetic parallel bean 
of heavy particles is allowed to pass through the specimen, and each particle comes to a stop in a plastic • 
"thick target" moin.ted immediately behind the specimen (Fig- 17C). The contour envelope of all stopping 
points mirrors the stepping properties of the specimen; where the specimen thickness (as measured by 
electron density) is great the stopping points are near the surface, and where the specimen thickness is 
small the residual range of the particle- is greater. Thus, by mapping the depths at which microlesions 
end, we should obtain an jjiiage of electron density distribution. 

The measurement of residual range in plastic detectors can be accomplished in a variety of ways. We 
chose to etch the plastic detector in NaOH for varying lengths of time. Etching results in conical tracks 
with their apex at the stopping point. When sufficient numbers of par'.icles are applied so that the etched 
cones overlap, one obtains a replica of the object in plastic. The replicas so obtained can be viewed 
either by light microscopy or by scanning electron microscopy. 

A variety of heavy-ion-microscopy replicas were made with krypton ions at the HILAC, and some were 
made with alph3 particles by T. Yang and G. Welch. z" Figure 17B shows a wing from a fly by standard 
optical phase microscopy. Figure 17A shows the image of the same wing obtained by viewing the etched 
plastic detector after exposure of the wing to Californium alpha particles. These pictures were prepared 
by F. Abraras as part of his undergraduate thesis. 

Scanning Electron Microscopy of the Replica 
In collaboration with T. Hayes of Doimer Laboratory, scanning electron-microscopy images of the 

replicas were obtained in various stages of etching. In this procedure intensity of the electron beams was 
kept sufficiently low in order to avoid etclang by the electron beam itself. Both standard and stereo 
pair scanning electron micrographs were obtained. 

These initial rest*!*;; with heavy-ion microscopy are an example of new techniques and advances in 
other fields not anticipated in the originally planned Bevatron work. The first conception of heavy-ion 
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WTAOfATfON OF CELLS ON FUSTIC IACKINO 
WITH UONOENERb^TtC HEAVY U N 5 

Fig. 17. (A) A wing from a fly shown by hea-.'y ion replica microscopy; 
the image was obtained by viewing the etched plastic detector foil after 
exposure of the wing to alpha particles. (B) The same wing viewed with 
standard optical phase microscopy. (C) Setup foi heavy-ion microscopy; 
a monoenergetic parallel beam of heavy particles is allowed to pass through 
the specimen and come to a stop in a plastic target behind the specimen. 

CXBB 7610-9085) 

microscopy followed from heavy-ion radiography with the more energetic beams. It appears tiiat heavy-ion 
replica microscopy can be done quite well with low-energy protons or helium ions. In collaboration with 
F. Goulding of LBL, we are planning to use a Van de Graaf machine, which was given to the laboratory 
recently. 

THE FUTURE 
New patterns not heretofore visualized can be sem with heavy-ion radiography of soft tissues, and 

the sensitivity and accuracy of density measurements surpass the previous state of the art. We should bt 
able to show that this technique can indeed discover and localize tumors and other structures in a manner 
useful to the physician. We believe that other techniques will follow for elemental analysis of tissues. 
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In addition, the beams might well have important industrial radiographic uses. The technique is 
potentially economical in accelerator time because one obtains a complete set of pictures with one fasr 
beam pulse. A further advantage is that the dose is lower than the dose in routine x-ray exposures. It 
seems entirely feasible to build a "diagnostic" heavy-ion accelerator or to have diagnostic features in a 
therapy machine. 
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CHAPTER 13 

BRAIN RESEARCH WITH HEAVY-ION BEAMS 

T. F. Budinger, J. A. Linfoot, B. R, Mover, .1. T. Lyman and J. L Pelletier 

OBJECTRES 
This chapter outlines the previous work in and future prospects for fundamental brain research usin^ 

heavy-ion beams. The research program involves developing a method foT ablating small regions of the 
mammalian brain (e.g., pituitary, hypothalamus, and amygdaloid complex) using the Bragg peak of a heavy-ion 
beam. The biomedical programs include investigation of nerve pathways in mammalian brains, investigation 
of the neurosecretory and behavioral importance of parts of the hypothalamus, amygdah;id nucleus and other 
areas of the brain, and development of techniques for treating pathological condition: of the brain by 
heavy-ion radiosurgery. 
EARLY WORK ON THE USE OF CHARGED-PARTICLE BEAMS IN BRAIN RESEARCH 

The use of the sharp peak in energy release at the end of the path of ionization of positively charged 
particles (the Bragg peak) for neurosurgery and tumor-destruction purposes was first described by Tobias 
and co-workers in the early 1950's. Pioneering and continuing studies with heliuu beams for the treat
ment of pituitary disorders such as acromegaly, Cushing's disease, and other tumors were performed by 
Lawrence and co-workers at the Berkeley 184-inch cyclotron. 

With high-energy particle beams of radiation it is possible to overcome the relative intensity of the 
pituitary gland to externally delivered radiations without irradiating large volumes of surrounding brain 
tissue. Currently, there are two centers in the U.S. that offer heavy-particle therapy for control of 
pituitary tumors'.. In 19S4, treetment with the plateau portion of a beam of 340-MeV protons and a complex, 
multiplane rotation was initiated at Berkeley. A few years later, helium ions were used. Bragg-ptak 
therapy with 910-MeV heliun ions was performed in Berkeley in 1964 and 1965 in a limited number of 
cases. Proton-beam therapy using exclusively the Bragg peak was initiated in Boston in 1962. Other 
studies with high-energy proton beams for pituitary tumors and other cerebral disorders have been done at 
the University of Uppsala in Sweden '" and at the Brookhaven 60-inch cyclotron. J Although the 
biological properties of the plateau portions of beams of protons and helium ions are identical, 
therapy with proton beams, which will nut pass through the head or torso, must use the Bragg peak. Without 
precise knowledge of tissue heterogeneity, it was considered more prudent to use "plateau" ions for 
treatment of the pituitary if sufficient energy is available for head penetration. 

Therapy is administered in four 4-minute treatments over a four- to five-day interval. In order 
to obtain the fine precision in beam placement required for heavy-particle therapy, plastic headmasks 
are individually fitted for each patient, ensuring that the head is rigidly fixed to the adjustable treat
ment table (Fig. 1). With the aid of diagnostic x-ray units and micrometer adjustments on the head holder, 
the head is accurately positioned prior to therapy. The specially designed treatment table and the head 
can be independently rotated during therapy. Thus a cone of tissue receives radiation with Uie greatest 
density of heavy particles concentrated in the sella turcica. A typical isodose curve is shown in Fig. 2. 
The brain and nasal pharynx are largely excluded from the radiation field. The optic chiasma, 
hypothalamus, and outer portions of the sphenoid sinus receive less than 101 of the nominal radiation dose. 
The amount of radiation to nonparasellar structures is small, as is the total body radiation dose. The 
unique headholder provides a noninvasive mean; n£ permitting no more than a millimeter of movement and 
makes it possible to fractionate treatment or vary alignment where desirable. Tumor size and configuration 
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Fig. 1. Schematic of patient positioned for pituitary irradiation with 
helium ions at the 184-inch cyclotron. (MJ-15938) 

PLATEAU DOSE DISTRIBUTION 
(Biaxial rotation) 

18 mm CIRCULAR BEAM 
CORONAL SAGITTAL 

6 0 6 
Millimeters 

6 0 6 
Millimeters 

Fig. 2. Isodose pattern for the 910-MeV heliun ions (plateau dose 
distribution) for pituitary treatment using an 18-mm-diameter circular 
beam (elliptical collimator). 
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determine the beam aperture size, and each patient will require a different aperture. The central pituitary 
dose as well as. ihe aperture size will determine the isodose curve and distribution to the cranial nerves 
and temporal lobe*.. At present, the upper dose limit to lateral brain tissue is 3,000 rads. 

Diabetic retinopathy is part of the generalized vascular disease of juvenile diabetes and a lea-Jin̂  
cause of blindnevs The sequelae of diabetes make this disease the third most common cause of uVath. 
Pituitary suppression by surgical excision or radiation ablation might alleviate the sequelae of juveinh-
diabetes. During the period from 19S8 through 1969 a total of 169 diabetic patients were trented with 
helium-ion pituitary irradiation at Berkeley. Most of the patients (139) received between 8,000 and 
IS,000 rads to produce partial ablation by usuig the setup of Fig. 1. The most frequent change was a 
reduction iu insulin requirement (501). Basal human growth-hormone levels were significantly reduced 
after therapy, and in about 501 of the patients moderate vision was preserved in at least one ey;. 

The enthusiasm for heavy-ion beams as the method of producing discrete brain lesions is based on ihi* 
fact that ion radiosurgery avoids the complexities of surgical procedures such as acute vascular damage'" ° 
and the poor spatial resolution and reproducibility of electrical-thermal lesions" ' and x-irradiation. 
It has been found that doses of approximately 15,000 rads (peak dose), or 10 to 10 particles per cm" of 
brain, constitute an effective range for producing a laminar lesion without apparently affecting overlying 
layers of neurons. 

Unfortunately, with the exception of production of laminar lesions with a broad beam, it has not been 
possible to induce discrete lesions by using protons, deuterons, or helium ions. The reason is that 
the Bragg peak i«, spread out due to range straggling and multiple scattering. The relative importance of 
these factors decreases as zhe mass of the particle increases; thus, active investigations on brain 
research had to await the evolution of accelerator technology and the availability of heavier accolcr..ti\l 
ions such as carbon {see Table 11. Heavy ions with atomic numbers between 10 and 3fl have distinct 
advantages for the production of deep, discrete lesions when compared with electrons, mesons, protons, 
and helium ions. 

Atom Z A 
Approx. T* 
(MeV/amu) 

5 an 10 an 

Bragg peak/plateau 
ratio 

5 on 10 on 

M M ] 
( 

S cm 

3ragc peak 
.mn)f 

10 cm 

Multiple scattering at 
the Bragg peak (mm)' 

5 cm 10 cm 

H 1 1 80 120 6.0:1 5.5:1 4.53 9.33 3.98 7.98 

He 2 4 80 120 7.6:1 6.6:1 2.00 4.00 1.98 3.99 

C 6 12 150 220 8.0:1 6.3:1 1.26 2.46 1.12 2.11 

Nc 10 20 200 300 7.5:1 5.4:1 1.00 1.86 0.84 1.61 

Ar 18 40 260 400 6.2:1 3.8:1 0.87 1.33 0.56 1.10 

Approximate T (MeV/amu) necessary to set the Bragg-peak at 5 cm and 10 cm in water. 
Bragg peak full-width at half maximum; see Ref. 43. 
FWW for an infinitely small bean diameter; does not include nuclear fragments. 

In 1971, the Bevatron facility at the Lawrence Berkeley Laboratory began accelerating ions heavier 
than protons and helium ions with sufficient energy to penetrate 10 to 15 cm of tissue-equivalent 
material with a Bragg-peak-to-plateau ratio of 6:1. These ions showed the expected reduced range straggling 
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m U M I N A R Y WORK WITH HEAVY JONS IN BRAIN RESEARCH 

Light-Flash Phenomena Seen by Aeronauts 

Heavy ions interact with retinal cells to produce the sensation of light. During the last six Apollo 
missions, tne Skylab flights, and the Apollc-Soyuz mission, crews made both scheduled and unscheduled 
observations of the frequency and character of brief, tiny star-like flashes of \;hite light or pencil-thin 
streaks of light. After the first report of these visual phenomena by astronaut Aldrin, we recalled a 
prediction by Professor Tobias in 19SJ1 that astronauts were likely tc see flashes of light due :n cosnuc 
particles when away from the shielding provided by the magnetic fields of the earth. 

In 1970, we undertook a series of experiments to show whether carbon, nitrogen, or oxygen ions of 
about 31)D MeY/amu and other ions with equivalent ionizing characteristics could cause qualitatively the 
same phenomena seen by astronauts. These experiments were comprised of a series of eye and brain exposures 
using neutrons with energies of 030 MeV, neutrons with energies of - 8 MeV, helium ions from the 184-inch 
cyclotron at 230 MeV/amu, and nitrogen ions accelerated to 265 MeV/amu at the Bevatron (Pig. 31. 
The doses were extremely small (< 1 mrad), We learned that ionizing particles that have a stopping power 
in the range of 10 keV/um or greater will cause phenomena similar to those seen by astronauts. 

49 These and additional quantitative experiments demonstrated that ionization or electron excitation from 
cosmic particles can adequately account for the light-flash phenomena. 

Radiosurgery of the Corpus Callosum 

See Chapter 10 for the work of Dr. Cornelius Gaffey. 

Production of Hypothalamic Lesions with Neon Ions 

In late 1975 we initiated a pilot program with beagle dogs to evaluate the effectiveness o£ a neon-
ion beam 2 mm in diameter for ablating small regions of the brain. These initial studies focused on the 
anterior hypothalamus, which is above the pituitary and known to mediate important neuroendocrine and 
vegetative functions including hormone release, appetite (weight control), blood pressure, and body 
temperature. Four adult male beagle dogs (weighing 12 to 15 kg each) were irradiated in the manner shown 
in Fig. 4. Each animal was anesthetized with pentobarbital (15 mg/kg; i.v.) and placed in an unmobi:i:ation 
frame. Placement of the hypothalamic region in the beam line was accomplished by using a diagnostic x-ray 
unit with Poteroid film (settings of 50 kV, 4 mA, 10 sec, and 37 inches). The animal was moved to achieve 
a superposition of the hypothalamic region of interest with the ion-beam axis located by cross-hairs (Fig. 
4), The alignment of the Bragg peak was accomplished by measuring the change in the particle range with 
the animal in and out of the beam. The water column was adjusted to bring the beam to the midline of the 
brain. This procedure is accurate to within a few millimeters for symmetrical targets. 

The "plateau dose" before the final collimator for a beam of 400 MeV/amu neon ions was 6000 rads for 
each of two dogs and 18,000 rads.(594 MeV/amu) for each of two other dogs. The peak-to-plateau ratio was 
estimated at 3:1 for these irradiations. The gross pathology and localization of the Bragg peak in the 
hypothalamus are shown in Fig. 5 for an animal that received the higher dose. The beam path in the brain 
was defined by cerebral tissue staining from honorrhage. The Bragg-peak region was in the hypothalami. 
The path through the temporal lobe from the plateau dose was faintly visible. There was no rotation of the 
animal to distribute the plateau dose over a larger area as is done for human patients. All animals were 
monitored for changes in water and food intake, behavior, weight, temperature, blood chemistries, and V.V.C, 

recordings. 
The two animals that received 18,000 rads were sacrificed ten days after irradiation, at which time 

they were having epileptic seizures. These animals demonstrated profuse salivation, improper mastication 
("chewing-gum syndrome"), and irregular gait by the fourth day postirradiation. The body weights of both 
animals fell dramatically at this time. 
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Retinal exposure 

Automatic, beam plug 

Bending magnei ^ 

Atlernate exposure 
to cerebral cortex 

Variable water absorber 
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Lucita head rMtrp in i 
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Fig. 3. Setup for retina and cortex exposures using a few 250-MeV 
nitrogen or neon ions. [DBL 7112-6110) 

Fig. 4. Set-up for heavy-ion irradiation of the anterior hypothalamus 
in a beagle dog. Upper left is an x-ray image for alignment of the 
hypothalamic region with the beam axis. CXBB 772-1353) 
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Pilurtary region 

Fig. 5. A coronal cross section of dog brain irradiated (18,000 rads; 
plateau) in the region of the hypothalamus. Destruction of the? neothalamus 
with damage to the temporal lobe is evident. (SBB 772-1552) 

18000 rads 
(ploteou) 

16 » 32 36 44 52 60 68 76 84 92 100 108 116 124 "~~ 300 
Days after irrad>olion 

Fig. 6. Rectal-temperature and body-weight changes in animals exposed 

to 6,000 rads and 18,000 rads. fXBL 772-3134) 
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The two animals given 6,000 rads in the plateau survived the treatment with one showing pi-ocn-M-ivi-
weight loss over a three-month period. Comparative curves of body weight and rectal temperature are gitvn 
in i:ig. 6 for one animal given 18,000 rads and one animal given 6,000 racis. The thickness of the head of 
the other animal given 6,000 rads exceeded the beam range; hence, exact localization of the beam was not 
possible. This animal showed no weight changes over a one-year period and no shifts in rectal tempcrjturt. 

The animals that received 6,000-rad doses were monitored for blood chemistries (SMA-I2J and ccrtisol 
changes. Both dogs showed significantly lower than normal LDH serum levels at three days post irradiation. 
Cortisol levels remained at about 100 to 200 pg/ml serum over a two-month period. The IVC recordini'< 
showed epileptic syndromes in the w o animals that received 18,000 rads and only marginal change* in tk 
two animals given 6,000 rads. 
POTLNTMLS FOR FUTURE BRAIN RESEARCH 

Heavy ions such as carbon have the ability to deposit 10,000 rads in a volume of O.Oi cm''' lli> inn i 
with less than 5,000 rads to surrounding tissue. Jn addition, using methods of transverse section rn.nu 
struct ion, it is possible to locali:e the Bragg peak with a precision of 3 mm or less. * Thus, wt- an 
now in a position to further develop this neuroscience tool. Results with the four animals are encouraging; 
however, our previous work required collimation of the beam, which resulted in difficult) in estimating 
the particle transmission through the collimator and the additional secondary particle production due to 
the collimator. These uncertainties make dose estimation at the Bragg peak questionable. One of the 
areas of further accelerator work involves development of a beam with a 2-mm FHHM and a fluence of 

5 * 10* particles per minute. Because of the magnitude of straggling and multiple scattering, we do not 
ejq>ect to be able to induce lesions smaller than spheres I to 3 mm in diameter. 

TABU: II. A partial list of potential neuroscience and radiosurgery 
applications of heavy-ion beams. 

Region Study or Therapy 

Brain Efferent and Afferent Fibers 
(Neuroanatomy) 

Pituitary' Acromegaly 
Cusbing's Disease 
Adenomas 
Nelson's Syndrome 

Hypothalamus Nelson's Syndrome 
Hypothalamic/PituitaT-y Communications 

Temporal lobe Epilepsy 

Thalamus Pulvinar Intractable 
Palsy 
Epilepsy 

Cerebe11um Ep i1ep sy 

Carpus Collosum Generalized Intractable Seizures 

Hippocampus Emotional Disorders 

Pineal Pineloma 

Mid-brain Leiomyomas, Neuromas 

Brain Parenchyma Tumors 

http://rn.nu
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With t h i s new tool , aspects of neuroanatomy can he explored m ways heretofore impossible JUL- U> the 

invasiveness in surrounding t issues from surgical excision or lesions. In nddition, the neiiroeutlm i in,i 

logical responses of ablating various portions of the miubreJn can be assessor without the nerd fnr 

d i f f icul t and unusual neurosurgical preparations. Table H gives some of the use*, for heavy ion beam'. 

in neuroscience. 
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CHAPTER U 

HEAVY-ION THERAPY 

J. R. Castro, M.D., J. M. Quivey, M.D., J. T. Lyman, Ph.D., G. T. Y. Chen, Ph.D. 
C. A. Tobias, Ph.D., L. L. Kanstein and R. E. Walton 

A clinical trial to evaluate the use of helium and heavy-ion radiotherapy in the treatment of human 
cancers has be-en under way at the Lawrence Berkeley Laboratory since July 1975. The initial goals of the 
project were to develop the physical, radiobiological, and clinical bases to undertake helium ion radio
therapy as a direct lead-in to heavy-ion radio therapy after appropriate pretherapeutic evaluation. .Since 
July 1975 the following steps have been accomplished: 1] An organization of University and community 
radiotherapists, radiobiologists, and physicists has been developed to design and participate in a coopera 
tive clinical trial of helium- and heavy-ion radiotherapy (BAHIA). 2) Trie 184-inch cyclotron and fi-ediusl 
cave have been modified in order to permit large field, fractionated 934-MeV helium ion extended Bragg 
peak therapy. This has required modification of patient immobilization and support facilities, together 
with modification of the 934-JfeV helium ion beam line, development of beam shaping techniques, improved 
radiation dosimetry and treatment planning, and development of techniques tc assess and compensate to-
tissue inhomogeneities. 3) Treatment planning analyses have been conducted on a series of potential tumor 
sites for inclusion in the controlled cooperative trial. 4} A selected group of pilot patients has been 
treated with large field, fractionated Bragg peak therapy utilizing the helium ion beam a* the 184-inch 
cyclotron. •>) The remodeling and outfitting of necessary clinical facilities for the heavy-ion trial 
adjacent to the Bevalac is under way. 6) Beginning studies have been made in the utilization of computer-
assisted scanning techniques for tumor localization and for delineation of inhomogeneities within the beam 
path. 7) A request for support for the clinical phase of the project has been made to the National Cai.cer 
Institute, and funds have been awarded for an initial three year project period extending from 6/3(1/76 
until 6/10/79. 8) Further evaluation of the radiobiologic parameters of the helium ion beam has been done 
to assist with planning and delivery of clinical radiotherapy. 

At the present time wor«. on the above tasks continues together with a concentrated effor,* to 1) im
prove treatment planning techniques, 2) acquire an on-site computer-assisted tomographic scanner in order 
to provide daily (if neededj patient scans for accurate tissue density assessment prior to treatment, 
5) develop a system of ridge filters to modify the Bragg peak, utilizing physical and radiobiologic data 
to provide iso survival data across the peak width (cur early planning experience has demonstrated that 
a family of such filters giving peak widths extending from 4 to 16 cm will be needed in order to provide 
optiwal treatment dose distributions for a variety of anatomical sites), 4) continue radiobio.?.ogic studies 
to determine the most suitable heavy ion beam for clinical studies and 5) continue development and 
reinforcement of clinical referral patterns to insure sufficient patients for this study. This has 
included our participation in the development of clinical trials in cooperation with the Northern 
California Cnculogy Group (tiCOG). 

Close communication with other charged particle radiotherapy groups such as the proton beam radio
therapy project at Massachusetts General Hospital and the Harvard cyclotron (Doctors Herman Suit, Michael 
Goitein, and Andrew Koehier) t and the pi meson radiotherapy projects at Los Alamos Meson Physics Facility 
(Itoctors Morton Kligerman, Edward Knapp, and Charles Kelsey) p-d Stanford Medical Center (Doctors Malcolm 
Bagshaw, David Pistejiaa, and H. H. Schwettman) will continue to assist us in finding rapid solutions to 
common problems. We have also carefully followed the progress of clinical neutron trials in this country 
and abroad. 
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In addition to the staff of the Lawrence Berkeley Laboratory participating in the developmental and 
applied aspects of this project, a numbei of outside users have contributed both consultative advice and 
experimental uata to the accomplishment of these goals. These include Doctors Theodore L. Phillips ^ d 
Karen Fu of the University of California at San Francisco (pretherapeutic radiobiologic studies en the 
helium and heavy-ion beams and clinical consultation in the design and development of treatment protocols), 
Doctors David Pistenma and Eli Glatstein of Stanford University Medical School (assistance in design of 
clinical protocols, nlus advice on treatment planning for radiation therapy, plus techniques of lnhomo-
geneity correction), Mr. Phillip Purser, radiobiological physicist at the Zellerbach Saroni Tumor Institute 
(assistance with treatment planning and isodose distributions), Doctors Antolin Raventos and Saul Silverman 
of the University of California at Davis (clinical protocol design and liaison between the Davis neutron 
project and L&. heavy-ion radiotherapy project). Many members of the Bay Area Heavy Ion Association (fcVHA) 
have volunteered their time and constructive advice in many aspects of the design and organization of the 
project (see membership list later in this chapter). 

RATIONALE FOR HEAVY-ION RADIOTHERAPY 

Radiotherapy represents one of the most widely used modalities in cancer therapy today. It is pri
marily concerned with local and regioril control, although it is also a potent tool for palliation in 
disseminated malignancies. Current conventional radiotherapy techniques are highly successful in the 
treatment of small localized cancers. This is often accomplished with preservation of the structural and 
functional integrity of adjacent tissues. However, larger tumors are less likely to be cured at dosob- of 
radiation that are still within the tolerance of adjacent normal tissues. In fact, it is the snaring of 
normal tissues that provides the therapeutic ratio that is the key to successful radiotherapy. Normal 
tissue sparing is enhanced when 1) the volume of normal tissues in the treatment volum is reduced and 
2) the biologic effect on tumor cells is greater than that on surrounding normal cells. These two factors 
must be maximized to improve the probability of an uncomplicated cure-. Hnavy-ion radiotherapy offers an 
opportunity to ijnprove both factors over conventional radiation techniques. 

There is historical evidence to indicate that improved radiotherapy results hav? been accomplished 
witli improved physical dose distributions. Poorly penetrating orthovoltage beams produced significant 
skin and subcutaneous skin changes, some leading to necrosis, in the early attempts to control deep-seated 
tumors. The availability of megavoltage beams of sufficient quality to spare the skin and subcutaneous 
tissues was associated with dramatic changes in these results. These beams are still limited by their 
exponential absorption with depth after the initial dose buildup. This latter fact limits the ability to 
avoid certain critical organs such as the kidneys, liver, bowel, lungs, spinal cord, and eyes, even when 
elaborate isocentric treatment plans are employed. Further improvements in the physical dose distribution 
by utilizing die Bragg peaks of heavy ions are expected to produce further improvements in the local and 
regional results. Volume considerations are also important to radiotherapists, who have empirically 
observed that a large volume treated with conventional techniques will limit the total amount of radiation 
that may be safely given. This observation is thought by many to be related to the integral dose of 
radiation given to both tumor and normal tissue. This volume limitation might therefore also be poten
tially decreased with the better dose distribution of heavy-particle therapy allowing the deliver)' of 
higher doses to the treatment volume. 

In addition to the improvements of physical dose distribution, a biologic advantage is also expected. 
This advantage is small with helium ions and becomes more significant with the higher LET very-heavy-ion 
particles. The biologic interaction of radiations with tumor in normal tissues is complex. It appears to 
be dependent upon multiple factors, each of which must be optimized to produce maximum tumor killing with 
minimal tissue reaction. These factors include the oxygen effect, the variation of sensitivity according 
to cell cycle, and the capacity of damaged cells to repair and to repopulate. 
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Several experimental systems have been developed to assess the relative efleccs of tliese factors, ;uui 
many have been applied to compare and contrast their relative importance with 1nw- and high-LET radiat ions. 
In fact, an intercomparative study of hsavy particles is currently in progress hy ^ j u and his associates. 

The first of these factors, the oxygen effect or oxygen enhancement rati;) (OiM)t describes the two-
to three-fold increase in the sensitivity of cells when they are exposed to Unv-'J-T radiations in ar. 
oxygen-rich environment rather than in an anoxic environment. If one postulate:-* that all normal tissues 
are well oxygenated and there truly exist anoxic but viable tumor cells, a clear tumor protective effect 
would be operative. An illustration of this possibility by Fowler in 19b3 showed that a fully oxygenated 
75-mm-diameter tumor could be cured with a 901 probability with 5000 rads. However, if 11 of the tumor 
were hypoxic, a tumor even as small as 5 inn in diameter could not be controlled at ihis dose with the same 
probability. Many tumors are thought to have anoxic components which are reoxvgenated during careful K 
fractionated doses of radiation. However, larger tumor riasses are considered to be less likely to ftilr. 
rcoxygenate and therefore remain resistant to conventional radiation techniques. 

The oxygen effect has been studied by many investigators, including Owpman et a], in 19 "d, wh-.j 
r ited values for helium ions (230 MeV/nucleon) in an 8-cm spread peak of 2.3; carbon ions i"400 MoY/niiL-lei-.n) 
4-on spread neak of 1.7; neon ions (400 MeV/nucleon)4-cm spread peak of l.b; and argon ions (50;i Me\7 
nucleon) 4-cm spread peak of 1.4. These observations are consistent villi the decreasing rol.? of the oxygen 
effect for high-LET radiations. Chapman further ob^e^ved the peak to plateau ratio of RBI-s, utilising 
these same beams, finding values of 1,15 for helium, 1.6 for carbon, 1.35 for neon, and 0.9 for argon. 
(See Table IT.) This overkill noted with argon would suggest that r.Ltrbon or neon might be wore suitable 
for clinical trials. At least some of the improvement in the RBE of these particles is due to the 
decrease in the OER. Thus, it might be expected that a differential advantage on hypoxic tumor ceils over 
normal cells might exist. Two other factors, i.e., cell cycle sensitivity ana the repair of sublethal 
damage, are also decreased with the use of high-LET radiations. It is unclear whether these two factors 
will improve the therapeutic ratio with the use of high energy particles. 

These potential physical and biological advantages must be tested in a clinical setting find remain 
to be of proven practical value. However, the very steep nature of the dose response curve of tumors to 
radiations allows that a very small gain, i.e., 10% to 20S in the tumor dose, can increase the cure or 
control from 20» to 80$. This observation has been documented in several head and neck sites by 
Shukovsky and Fletcher (1972). It has been estimated that approximately one-thiid to one-fourth of the 
20(1,000 deaths from cancer each vear occur in patients who do not have local and regional control of their 
tumors. Thus, the magnitude of the public health gain which could be achieved nationally by improved 
local and regional radiotherapy results is sizeable enough to suggest that a clinical trial of these 
heavy-ion beams be accomplished. A clearly significant improvement in treatment results must be demon
strated to justify the increased expenditures necessary to deliver hea^y-ion radiotherapy to a large 
number of patients. 

At the Lawrence Berkeley Laboratory, the utilization of helium icn beams for pituitary irradiation 
has been under way for many years. The first therapeutic human exposure to high energy deuterons was 
performed at the Lawrence Berkeley Laboratory in 1955, and since that time several hundred patients have 
been treated with small field, high dose, low fraction number helium radiation for pituitary tumors, 
acromegaly, and Cushing's disease. Most of these treatments were accomplished by complex isocentric 
rotations utilizing the plateau rather than the peak of the beam. A few patients were treated with small 
field, hi^h dose, single fraction irradiation of small pulmonary metastatic nodules or brain malignancies 
prior to the onset of this trial. 



201 
We have utilized helium ioi. radiotherapy since July of 1975 in some sixteen patients with a variety 

of advanced or locally recurrent tumors, incl ling malignant glioma of the brain, adenocarcinoma of the 
pancreas, para-aortic lymphatic metastases from carcinoma of the cervix, and nodal metastases of malignant 
melanoma. These patients have been treated in metastases of malignant melanoma. These patients have been 
treated in most cases with a combination of conventional photon irradiation and large field, fractionated 
Bragg peak helium ion radiotherapy. A list of the patients treated to date is shown in. Table I. While no 
attempt has been made to utilize this group of patients for a comparative study of tumor response, valuable 
information has been gained with respect to treatment techniques, treatment planning, and biologic effects 
of helium ion radiotherapy on skin and mucosal membranes when possible. 

As part of the pi?ot study we have also undertaken a re-evaluation of the RBE for helium ion frac
tionated radiotherapy. This analysis is still continuing, since detailed information at various positions 
within the plateau and Bragg peak will be of great value both in helium ion radiotherapy as well as indi
cating what information is needed for heavy-ion radiotherapy. Some information can be gained by an analysis 
of the distribution of LET under the expanded helium ion Bragg peak. This distribution has been calculated 
by Doctors Stand Curtis and John Lyman at the Lawrence Berkeley laboratory, with some independent measure
ments being undertaken by Doctor P. Fessenden of Stanford university. 

We have started our pilot helium ion radiotherapy series using a somewhat high estimate of the RBE 
with the intention to raise the equivalent dose where possible in a target volume while maintaining as 
low a dose to normal adjacent tissue as possible. As a goal, we have tried to establish that the dose to 
adjacent normal structures would be no greater than the equivalent conventional radiotherapy dose. 
Ultimately we hope to achieve doses to deep-lying tumors which are clearly biologically higher than 
conventional radiation. We believe we have hart some success in doing that for certain tumor sites (see 
Table I). It is our plan to continue the helium ion study '-oncomitantly with the h< ">'-ion radiotherapy 
study, so that we may evaluate the effect", of physical dose distribution shown by helium ion radiotherapy 
in the effects of combined physical dose distribution advantages with biologic advantages (heavy-ion 
radiotherapy). Thus, it is expected that the helium ion radiotherapy will be of three years duration and 
the heavy ion radiotherapy project o£ five to ten years duration. This is necessary because a reasonable 
followup period will be required before statistically significant conclusions can be drawn fron: the 
controlled trial. 

ORGANIZATION OF THE CLINICAL TRIAL 
Initially an informal organization of interested radiotherapists and other scientists was organized 

(the Bay Area Heavy Ion Association) in order to provide 1) design of a cooperative clinical trial, 
2) referral of sufficient numbers of ratients for treatment at Lav/rence Berkeley Laboratory, 3) participa
tion of collaborating radiotherapists in the trial by assisting in treatment at Lawrence Berkeley Laboratory 
and by treating control patients in their respective clinical facilities. A broadfned base for this study 
was sought in order to provide for a large pool of patient resources from whom a significant number of 
referrals could be drawn without seriously compromising the patient resources at any single institution. 
Additionally, this broad association has provided the ability to have close interaction and communication 
among a variety of scientific disciplines interested in the heavy-ion project in order to have the best 
available input in the design of the study. 

During the past few yeaj-s a parallel development in the region has occurred with the organization of 
the Northern California Cancer Program, a comprehensive cancer center without walls, organized by a 
consortium of some fourteen different institutions or facilities active in cancer care, including the five 
area medical schools, the American Cancer Society, major hospital cancer units, and foundations and 
organizations such as the Hospital Council of Northern California, the California Medical Association, etc. 
This organization has been partially funded by the National Cancer Institute and by private sources as 
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TABU: 1. 

P a t i e n t Tu«or S i U 

a bH 

9 SF 

10 1>' 

J l fit 

i : SA 

n JC 

H a 

15 CvC 

lb JT 

Hur j l ion 
Side E f f e c t s of followuii 

1 AH Malignant Glioma, Brain 

2 DC Adenocarcinoma, Pancreas 

3 JI Melanooa. Neck 

4 JC Malignant Glioma, Brain 
(Recurrent) 

5 &) Maxillary Sinus 

Handible 

b CB Brain (Recurrent) 

7 CI' Recurrent CaTCittoau ot 
Colon, Bet r o p e r i t o n e u a 

Carcinwvi of Pancreas 

R e c u r r e n t Carcinoma of 
Nasal Cav i ty -ind Ethmoids 

H i l t i p l e Skin fc<dules 
(Carcinoma of Bladder ) 

P a r a - a o r t i c Nodes 
(Carcinoma o f Cervix U t e r i ) 

Carcinoma of ° a n c r « a s 

Carcinoma of G a l l Bladder 

4 4 4 0 / : S f x / 3 i d 
(To ta l ; bB70 C 

1200/2fxV2Sd 
( T o t a l : 4080 C 

1 3 3 3 / 9 f x / l l d 
1 CRH) 

2800/21fx/30d 
) CM) 

1810/11fx/ lSd 
( T o t a l : 4B0U ( 

3990/22fx/49d 
( T o t a l : bSDU C 

4(100/20 f * /42d 
( T o t a l : t>200 C 

19QO/10fx/12d 
23fWIOfx/12d 
Z700/10fx/12d 

3000/17fx/24d 2100 / lSfx /25d 
( T o t a l : 6001) CRE) 

2SQ0/14fx/27d 2BB0/18fx/29d 1.2& 
( T o t a l : 6100 CRE1 

2430 Reddening of Skin: 20 a*. 
Alopec ia 

2800 None 17 m 

2B80 Reddening of Skin Exp. 

1866 Reddening of Skin tjtj.. 

5920 Reddening of Skin LFU 
R a d i a t i o n C o n j u n c t i v i t i s 
(4720 »m to eye) 

4100 Minimal nucosa l r e a c t i o n 

298U P a r t i a l Alopec ia 8 HPJ 

2800 Reddening of Sk in 
S l i g h t Nausea 

2b20 Moderate Nausea 

2200 Kane 

5000(max)Skin R-ddening , 
3 S 5 0 ( m i n ) C o n j u n c t i v i t i s 

2500 Skin Reddening, 
3WW Dry E p j d e m i t i s 
3500 

4500 None 

4500 None 

3b00 Mild Abdominal Pa i r 

CKh'Cohalt Rad Equ iva len t 

TABLE I I 

Beam RBE Peak/RBE Plateau PER (peak) 
Helium ions £230 MeV/ji, 8 cm peak) 1.15 2.3 
Carbon ions (400 MeV/n, 4 cm peak) 1.60 1.7 
Neon ions (400 MeV/n, 4 an peak) 1.35 1.6 
Argon ions (S.MeV/n, 4 or. peak) 0.90 -

TABLE IIII 
Northern California Oncology Group (NCOG) 
Stanford University 
University of California, San Francisco 
University of California, Davis 
Lawrence Berkeley Laboratory 
Kaiser Foundation Hospitals of Northern California 
Letteraian Army Hospital in San Francisco 
U. S. Naval Medical Center in Oakland 
U. S. Air Force Hospital, Travis Air Force Base in Sacramento 
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well as the component institutions and is directed by Doctor Stephen Carter. The chairman of the board of 
trustees is Doctor Saul Rosenberg of Stanford University. The clinical trial arm of the Northern California 
CanceT Program is the Northern California Oncology Group (NCOG) headed also by Doctor Stephen Carter. 
Lawrence Berkeley Laboratory has been accepted as a special member of the NCOG in order to facilitate 
interdigitation of its clinical high-LET protocols with other cancer protocols in the area. This is 
necessary in order to avoid competition for patient resources, since most of the major cancer facilities 
in die area will be participating in the NCOG. 

It appears advisable to limit the heavy-ion clinical protocols to about five or six tumor sites, 
including carcinoma of the pancreas and stomach, malignant glioma of the brain, advanced tumors of the 
head and neck, advanced carcinoma of the uterus and bladder, and carcinoma of the esophagus. Adequate 
patient resources should thus be available in the Northern California area through the membership of 
the NCOG (see Table III) to assure reasonable patient accrual for our study. It has been the hope that 
we could treat approximately 200 patients per year at Lawrence Berkeley Laboratory, with perhaps an equal 
number of control patients being treated at collaborating facilities. In order to establish this mecha
nism, clinical protocols developed for use at Laurence Berkeley Laboratory are being submitted to the 
Northern NCOG for evaluation and consideration as official NCOG protocols. In addition, NCOG protocols 
in existence will be modified in certain sites to include heavy-ion radiotherapy as one o.i the treatment 
arms. 

Lawrence Berkeley Laboratory protocols will also remain in effect, allowing those physicians or 
facilities wishing to participate in the heavy-ion trial who are not members of the NCOG or who are 
outside the geographic region of the Northern California Cancer Program, to refer patients for treat
ment. Where possible we will also establish control arms at these collaborating facilities, if we can 
assure that the quality of the control irradiation is optimal, protocol techniques are scrupulously 
adhered to, and no statistical bias is encountered. 

One of the distinct advantages of the participation in the NCOG will be the availability of their 
statistical services, which are specifically designed to support clinical trials. This should materially 
improve the standardization of our clinical trial, including forms development, patient accrual, randomisa
tion, collection of data, end result analysis and reporting, and quality assurance for control radiation. 

A national cooperative trial group for radiotherapy studies, the Radiation Therapy Oncology Group, 
also may be considered for the above support services. Discussions are currently being held to see which 
organization will be the best group for the heavy-ion radiotherapy project. 

The physical aspects of heavy-ion therapy are considered in the following sections. Theory of ridge 
filter design, production of large field scattering system, and improvements in patient setup and immobi
lization are discussed first. Following this, we describe efforts in charged particle treatment planning, 
including the use cf computerized tomography data in these calculations, and a brief description of vhe 
present computer code used to generate isodose distributions. Finally, topics in clinical dosimetry are 
considered. An evaluation of dosimetry techniques suitable for high-LET radiations, the verification of 
dose distributions predicted by treatment planning codes, and fundamental dosimetry measurements on charged 
particle radiation quality and quantity are discussed. 

All of the above developments and techniques are currently being refined during the helium ion trials, 
and will be directly applicable to the heavy-ion trials at the Bevalac. 
Beam Development 

Ridge Filter Design 

The Bragg peaks of monoenergetic heavy-ion beams are narrow (less than 1 cm) and must be broadened 
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iii order to produce a more useful therapeutic depth dose distribution. Modir"">tion of the do*;p distribu
tion is usually obtained with the use o£ a range modulator such as a ridge filter. The design of such a 
filter to produce the ideal dose distribution depends on two factors: 1) the width of the spread peak, 
and 2) the variation of the RBE across the modified spread peak. The dose distribution of protons for 
therapy is usually flat over the modified peak, because the biological effectiveness of these particles 
for cell killing is essentially constant until the last fract'an of a millimeter residual range. In 
contrast, our initial studies with the helium ion and very-heavy-ion beams indicated that ideally the 
physical dose should be a maximum at the entrance to the desired treatment volume (proxijnal peak) and 
should decrease in value until the remaining particles come to the end of their range at the far side of 
the treatment volume (distal peak). Thus, the physical dose must decrease as the RBE increases. Since 
the preliminary biologic experiments have been completed, data are available to evaluate the RBE of the 
various heavy-ion beams. With these data, it is now possible to design isosurvival depth dose distribu
tions for therapeutic applications. 

In order to calculate a physical depth dose distribution that will provide an isosurvival region, w.e 
use a beam model that allows us to calculate dose and average LET as a function of penetration distance. 
This beam model is a modification of the model used in the computer program BRAGG. The beam model used 
includes contributions of the primary and secondary particles to the dose and LET distributions. The 
model for cell killing i^ based upon the dual action theory developed by Rossi and Kelleher. This survival 
of cells is described as: 

S - s e-aD-W2. o 
with the ct and B components both being a function of the mean LET, as reported by Chapman et al. The 
isosurvival depth dose distributions that have been calculated are based upon biological data at the 60$ 
survival level of cells per dose fraction. This is a survival level that is appropriate for typical daily 
fractions of 200 rads of photon irradiation. A set of isosurvival ridge filters is currently being 
fabricated based on these calculations. Beams with modified Bragg peak widths of from 4 to 16 cm, in 2-cm 
increments, will shortly be available for helium ion therapy. 

Treatment planning is more complex because of the nonuniform physical dose distribution. One method 
to simplify treatment planning is to base it on a dose equivalent curve. The dose equivalent distribution 
is the distribution of a low-LnT radiation that would be required to produce the same cell killing as a 
function of depth. The relationship between survival, dose, and dose equivalent, all as a function of 
d^pth, is illustrated in Fig. 1. 

Large Field Scattering System 
A double scattering system developed by Schneider et al. has been implemented in the biomedical beam 

at the 184-inch cyclotron. This system produces fields as large as 27 cm in diameter which are uniform 
to +2%. Secondary collimation of the expanded beam is accomplished by cerrobend collimators individually 
shaped for each patient. A similar scattering and beam shaping system will be installed at the Bevalac. 

Patient Setup and Immobilization 
The clinical trials with a fixed horizontal beam at the 184-inch cyclotron have yielded valuable 

experience in patient setup and immobilization which is directly applicable to future Bevalac trials. It 
is now clear that a majority of patients treated with a horizontal beam should be inmobilized in an upright 
isocentric position. The major advantage of an upright position over a supine or prone patient orientation 
is the ability to deliver oblique fields accurately by rotating about an isocenter. Thi.. position also 
offers more patient comfort, ease of setup, and better reproducibility. Accessories have been built to 
attach to the cyclotron patient positioner ISAH to allow treatments to be given in ei+ber a seated or 
standing position. 
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Fig. 1. Per cent survival , r e ' a t i ve dose, and re la t ive dose in cobalt 
rad equivalent uni ts as a function of depth. (XBL 772-31371 

Other techniques developed at the cyclotron which wil l be of use for heavy-ion t r i a l s include 
1) development of a b i t e block head holder assembly available for head and neck i r rad ia t ions , 2) the use 
of both l ine and spot lasers to f a c i l i t a t e pat ient setup, 3) the use of l igh tcas t , a photosetting p las t i c 
res in , to make individualized g i rd le - l ike be l t s which help fix the patient contour and support bolus and 
compensators, and 4) application of a face mask technique previously developed for p i tu i ta ry irradiation?, 
to immobilize the head. 

Computerized Treatment Planning 

Computerized treatment planning for charged pa r t i c l e therapy requires 1) a detai led knowledge; of 
the inhomogeneities present in the beam path and 2) the development of a computer code to generate isodose 
and isoeffect d is t r ibut ions resul t ing from a proposed treatment plan. Computerized tomography (CT) is one 
.fietliod to obtain quanti tat ive information about inhomogeneities. Other methods, such as heavy-ion 
radiography, are discussed elsewhere in th is report . 



Use of CT Data in Treatment Planning 

The physical quantity relevant to charged particle treatment planning is the electron density 
{electron/cm ). This parameter predominantly determines both the relative stopping power for heavy 
charted particles and the photon attenuation characteristics at megavoltage energies. However, most CT 
scanners yield linear attenuation coefficients at diagnostic energies (about 80 fceV), where the linear 
attenuation coefficient is a complex function of both the electron density and the effective atomic number. 
I. The problem is to extract the electron density from such CT data. ' e are currently evaluating two 
solutions to this problem. In the. first method, data from a single CT scan are extrapolated to give linear 
attenuation coefficients at megavoltage energies. The second method involves scanning the same body slice 
at two different energies. The single scan method is described first. 

The linear attenuation coefficient of a CT pixel is written as follows: 

u x • auj + [l-a)u2 , (1) 

where u. and u 7 are the linear attenuation coefficients of two reference materials, and define the upper 
and lower limits of all u within a limited CT number range, and a is a mixing parameter. For example, 
CT numbers between 0 and 500 are modeled to be appropriate mixtures of soft tissue and compact bone. The 
interval -500 to 0 is represented as a combination of air and soft tissue. 

The fraction a is determined at diagnostic energies by evaluating Eq. (1) at the effective energy 
of the CT scan, y is determined by the equation 

5Q1T _HU_ (21 

where iv. is the linear attenuation coefficient of water at the scan energy. With a known, Eq. (1) is re
evaluated with u- and u 2 assuming their values at high photon energies. Typically, this is done at 1 MeY, 

where the photon-electron interactions are dominated by Compton scattering. This yields a value for +he 
linear attenuation coefficient at 1 MeV which is related to the electron density by the equation 

Compton e 

KK 
where N is the electron density and o (E) is the Klein Nishina cross section per electron at photon en
ergy E. 

Extrapolation calculations of this type have been made on a nunber of materials and the linear attenu
ation coefficient at high energies has been successfully determined with an accuracy of 3 to 4"P. 

The second method of extracting the electron density involves scanning the same body slice at two 
different CV energies. This dual energy scan allows for a rigorous calculation of the photoelectric and 
Compton fractions of the linear attenuation coefficient. One writes that the linear attenuation coefficient 
of a pixel is the sum of the Compton and photoelectric parts: 

utotal * ^Compton + ^photoelectric' 

The energy dependence of the photoelectric process has been parametrized in the diagnostic energy range by 
Cho as 

Ko N. f l 

v lE) * ~h~ • ( S ) 



A set of similtaneous equations may then be written to describe the linear attenuation coefficient measure-
meits at the different scan energies E. and E_: 

V l ' 371 

V 2 (E 2 ) - u c (E 2 ) * C 
(6) 

E^ 

The ratio of the Compton linear attenuation coefficients may be calculated from the known energy dependence 
for the Cnmpton process, as described by the Klein Nishina equations. The solution of Eq. (6) gives the 
linear attenuation coefficient for the Compton fraction, which is directly relatable to the electron den
sity. 

Experiments have been performed to test th? accuracy of these two methods. Solutions of dibasic po
tassium phosphate (K2HPO^) and water were mixed in varying concentrations to sijnulate bones with differen: 
densities. Table TV' gives the physical parameters of these solutions. The linear attenuation coefficients 
of these test solutions were then measured with narrow beam geometry experiments at an effective photon 
energy of 1.5 MeV. A comparison of the electron density predicted by the single scan method and measure
ments is shown in Fig. 2. A maximum difference of about 3i is seen. The dual scan method yielded 
differences between calculated and measured electron densities of about 1.51. 

The single scan method is attractive since it requires only one scan per slice and appears to jive 
sufficiently accurate information on electron density. However, this technique is model-dependent and the 
choice of j^ and i>2 is not arbitrary. Experiments on bone samples must be performed before the model is 
determined to be useful. The dual energy scan method gives an exact solution for both the electron density 
and effective 2. However, it may be sensitive to the effective scan energies and to inexact pixel regis
tration present because of respiration and patient movement. The precision of the dual energy method is 
lower since fewer photons are used in the exact determination c? the Compton fraction. Additional experi
ments to evaluate these two methods are planned. 

The water equivalent range of a pixel will be predominantly determined by the electron density. How
ever, the relative stopping poweT does have a small 2-dependent factor. The exact dependence of this factor 
will be experimentally determined. The water equivalent range has been measured as a function of CT number 
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TABLE IV 

Electron Densitv 
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Specific 
Gravity 

Effective Z 

0 0 3.31 1.0 7.49 
100 51 3.47 1.06 9.19 
2o.: 102 3.65 1.125 10.22 
300 153 3.81 1.18 10.99 
400 204 '.91 1.22 11.62 
500 256 ,.07 1.28 12.12 
600 307 4.23 1.34 12.53 
670 343 4.34 1.38 12.76 
730 373 4.41 1.41 12.97 
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Fig. 2. Electron density as calculated for solutions of varying density 
by the single scan method are compared with measurement. (XBI. 772-3116) 

for the potassium phosphate test solutions and results are shown in Fig. 3. Note the nearly linear rela
tion, again verifying that the water equivalent range is dominated by the electron density. 

Treatment Planning Codes 

Treatment plans for charged particle therapy are presently being calculated by the computer code 
DOSS*. This program is capable of computing a two-dijnensional dose distribution in a transverse plane. At 
present, contours of pertinent inhomogeneities are obtained from CT scans, enlarged to life size, and 
digitized. Relative stopping powers are then assigned to the inhomogeneities and doses are calculated for 
a prescribed matrix of points. Output of the program is in the form of isodose contours superimposed on 
the patient outline. Isoeffect output may also be obtained by specification of the appropriate input dose 
equivalent curve. Treatment plans are typically generated for several transverse planes in order to assess 
the effects of the dose distribution along the longitudinal axis. A representative treatment plan is shown 
in Fig. 4. 

Several important improvements to DOSB1 are planned as a result of preliminary' work on CT scans. An 
analysis of the distribution of CT numbers in vertebral bodies as seen in Fig. 5 shows that a simple 
assignment of an average relative stopping power to bones is not sufficient to describe its effects on dose 
distribution. In order to obtain a more accurate isodose distribution, the quantitative CT information in 
each pixel should be used. In the proposed version of DOS&l, the dose at a point is calculated by using 
the water equivalent range of each pixel in the beam path. In this case, localized CT artifacts, such as 
motion artifacts, will not give as accurate CT numbers as organ average values, and these differences 
must be considered in the proper use of the technique-
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Fig. 4. Representative treatment plan for helium ion therapy. The 
target is a pancreatic carcinoma, Isoeffect lines are shown in this 
plan. (XBL 771-7261) 



210 

Fig. 5. CT scan of a ver tebral body as window level i s raised. Note the 
non-uniform dis t r ibu t ion of dense bone (white areas) as level i s raised. 

(XBB 77M392) 

Other current studies related to charged particle treatment planning include: I) an evaluation of the 
need for multiple Coulomb scattering in dose calculations, 2) addition of the capability to calculate 
integral dose to tumor and non-tumor tissues, 3) development of a plan scoring system to evaluate the 
relative merits of different plans, and 4) a specification of features required for a CT scanner used 
for treatment planning. 

The capability of conventional photon treatment planning is also important to implement for two 
reasons: 1) A limited number of patients have already received part of their treatment with photons. A 
knowledge of dose distributions and the accumulated dose to organs from a combined photon and charged 
particle course is necessary. 2) Realistic photon plans, which are calculated by using the quantitative 
information available from CT scans, must be compared with charged particle dose distributions to evalu
ate any potential benefit from dose localization. A photon treatment planning code is already in hand and 
only a modest effort is required to implement the code on the PDP 11/45. A version of the Memorial 
Hospital program has been selected for photon treatment planning, and a modified version will be generated 
to fully use the available CT information. 

Clinical Dosimetry 

A program in clinical dosimetry is currently under development. Its purpose and scope will be to 
1) evaluate dosimetry techniques suitable for charged particles, especially high-LET radiations, 2) measure 
dose distributions from prescribed treatments in realistic phantoms and verify computer calculations, 
and 3) measure fundamental properties of therapeutic beams, such as LET spectra, and intercompare dose 
measurements with other charged particle therapy groups. 

Several techniques presently used in photon dosimetry are directly applicable in the measurement of 
charged particle radiation. Ion chambers may be used for accurate charged particle dosimetry if IV values 
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are well known. Relative measurements of sharp dose gradients in proton beams have been measured with 
silicon diodes by Koehler with high spatial resolution (0.1 mm). Intercavitary diode probes have been 
assembled and used in dose measurements on patients tTeated with helium ions. These techniques are avail
able and accurate to 3 to 41 with current data available. 

ThermoluThinescent dosimetry (TLD) may be a convenient technique to routinely reasure dose. Experi
ments arc under way to determine the LET dependence of various phosphors. Powdered samples will be placed 
in carbon and neon beams at positions of known LET and their response measured. TLD capsules have already 
been placed in nasal and oral cavities oi a head and neck patient treated with helium ions to measure re
producibility of dose. When a TLD phosphor with an acceptable LET dependence is found, it may be developed 
into a high-spatial-resolution dosimeter suitable for m&pping two-dimensional dose distributions. Such a 
technique hdS been developed for photon dose measurements by Rjamgard r- ' 'c^.^uvil in the .' U'jratiiri:. 

The response of photographic film to charged particle radiation is not linear with dose b • .ause of 
the ••omplex LfcT and angular sensitivity of emulsions. However, photographic film may be used as a fluenci-
detector, and the stopping point of beams may be determined with a film-plastic sheet stack. We have ustN1 

a film stack to measure perturbations in penetration due to inhomogeneities such as vertebral bodies. An 
AT beam of heliun ions was passed through the body and stopped in a film stack. A typical film set is 
shown in Fig. 6. Range shortening by transverse processes, edges of vertebral bodies, and gas are clearly 
visible. Film stacks have been converted to dosimeters with moderate success by placing intensifying 
screens behind films, or by replacing plastic sheets with scintillator. These methods are being refined 
to develop a convenient two-dimensional dosimetry technique, 

An important application of the dosimetry methods developed will be the verification of dose distribu
tions predicted by computer planning. By comparing the measured beam stopping points with calculations 
based on CI data, the accuracy of the calculation may be determined. An important tool in this evaluation 
is the unusually long range of the therapeutic helium ion beam. With a range of over 27 cm, this beam 
may be passed through thick body sections with enough residual range to obtain inhomogereity infoimatinn. 
Comparisons between predicted and measured stopping positions are under way. Respiration motion arid other 
effects which smear dose distributions may also be measured by film stack studies. Potential over- and 
under-shoot due to bolus registration and multiple Coulomb scattering, as calculated by Goitein, may be 
measured and confirmed. 

The final topic of clinical physics to be discussed is the fundamental measurements of beam quality 
and quantity. At our request, P. Fessenden (Stanford) has measured the LET spectra of the 5- and 8-cm 
helium beams. These measurements complement LET data taken at the Bevalac by Rossi (Columbia) urn.1 

Fessenden, and will assist in the isoeffect ridge filter design and interpretation of cell surviva?. as 
a function of LET. 

In order to insure accurate absolute dosimetry, the radiotherapy physics groiip at LBL i.s participating 
in dose intercomparisons with other charged particle therapy groups under the auspices of the Charged 
Particle Physics Dosimetry Group (CPPDG) of the AAPM. Under this group* charged particle dosimetry proto
cols and procedures will be developed and standardized. This organization also serves as an information 
exchange on other common problems in clinical physics in charged particle radiotherapy. 



Fig. 6, Film stack measurement through abdomen of a patient. Note visi
bility of transverse processes and gas in the bowel. 

(XBB 772-1318,-1319; 



Fig. 6. (Continued) 
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CHAPTER 15 

DESIGN OF FUTURE BIOMEDICAL ACCELERATORS 

Hermann A. Grunder and Christoph K'. Leemann 

INTRODUCTION 

Todays's biomedical studies and trials with neutrons, protons, n-roes-ons and heavy ions rely on accel
erators designed for physics research. The design of these devices has been based on the priorities of the 
physics research community; performance in terms of beam energy, intensity and flexibility is often 
stressed at the expense of high reliability and ease of operation, which are crucial for a successful 
medical application. 

hi contrast, it is expected that by designing radiation sources strictly according to the medical re
quirements, cost-effective accelerators will result that will be suitable for routine, hospital-based, 
clinical operation with modest operation and maintenance crews. 

Recognizing the need for a detailed investigation of the possibilities of present accelerator tech
nology with respect to medical application, the Accelerator Division of LBL in collaboration with the 
University of Arizona Medical School obtained support from the National Cancer Institute to conduct a 
design study of a medically dedicated accelerator. Work began in September 1975 and will be concluded in 
September 1977. Essentially all of the following comments on future medical accelerators are based on this 
study. 

The main effort is concentrated on the design of an accelerator complex for heavy-ion radiation 
therapy. In view of present uncertainties with regard to certain parameters (e.g., optimum ion species'), 
an approach was adopted that is sufficiently broad and general to allow a valid extrapolation to slightly 
changed specifications at a later time. In addition, a number of secondary areas are under investigation. 
A protons-only machine, the generation of diagnostic beams, and the inclusion of neutron and/or isotope 
production are being studied. 

It is understood that proven, established technology should be used unless new, novel technology is 
judged unavoidable to achieve the design goals. Specifically, the following steps were defined to achieve 
the goals of the study: 

J. Clarify and define beam specifications (i.e., particle species, depth of penetration, dose, rate, 
treatment volume, and dose homogeneity). 

2. Study special requirements of beam deliver)'. 
3. Review existing accelerator technology and define most cost-effective solutions with emphasis on 

reliable and fail-safe operation. 
4. Build component prototypes where novel concepts seem mandator)'. 
5. Produce conceptual designs and cost estimates of a complete facility. 

OVERVIEW OF PRESENT RESULTS 

A set of therapeutic beam requirements meeting the requirements of therapists has been arrived at and 
translated into accelerator specifications. The requirements of added neutron-generation capability have 
been studied and incorporated in designs. The problem of generating flat (or otherwise specified) dose 
distributions has been solved through a novel three-dimensional scanning scheme. I^ocentric beam-delivery 
systems have been designed. Synchrotrons offer the most cost-effective and flexible solutions for helium 
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and hewier ions. Synchrotron design has been optimized with respect to design parameters. A preliminary 
design of a 2SO-MeV-proton cyclotron has been prepared. Several layouts of multi-treatment-room facilities 
have been studied, and construction of the components of a prototype scanning system is in progress. Below 
we will elaborate on some of these aspects. 

BEAM SPECIFICATIONS 

The choice of the optimal accelerator type as well as the size, complexity and cost of a radiation 
facility are largely determined by the required particle species, energy, and beam intensity. Details of 
the beam-delivery procedure might further dictate the accelerator's minimum acceptable duty factor. Beam 
energy is defined by range in tissue, atomic number Z and mass number A (Fig. 1). If, for example, we 
accept 27 an as a desirable range, iHe beam energies will be 400 MeV/amu for C ions and 550 MeV/amu for Nt 
ions. Radiography with C and Ne beams requires somewhat higher energies; otherwise, it must be performed 
with lighter ions. 

Fig. 1. Range-energy relationship for H, He, d, Ne and Ar ions in water. 
XBL 769-10507 
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In order to calculate the required beam intensity, one should ideally start from quantitative radio
biological data using energy spectra yielding flat iso-effect distributions. At present, however, in 
estimating accelerator performance, physical dose and energy superpositions yielding flat depth-dose dis
tributions have been used. Under these assumptions, the beam intensity for a given particle and an arbit
rarily shaped volume are given by the product of the dose rate and treatment volume. A typical desired 
value is 600 rad-liter/min for which the beam intensities for two differently shaped volumes are listed 
below. 

Beam Intensities Cparticles per second) 
A = 400 cm 2 A = 50 an 2 

Particle L = 2.5 cm L = 20 cm 

P 1.35*10 1 0 4.S*109 

3.4 xlO 9 l.lxlO9 

C 6.7 *10 S 2.2*108 

Ne 3.0 *io 8 1.0*108 

Ar 1.1 xlO 8 3.8x]07 

A = cross section of volume perpendicular to beam 
L = length of volume in beam direction 

Another beam requirement formulated recently is 200 rad/min in a volume with dimensions of 30 cm * 30 cm 
* IS cm. This translates into beam intensities close to those listed above for A = 400 cm . Typical 
intensity goals for extracted beams are, for example, 4 *10 prctons/sec or 2 *10 carbon ions/sec, allow
ing for some inefficiency in beam transport and delivery. 

Providing neutron-beam capability calls for intense proton or deuteron beams at energies between approx
imately 30 and 100 MeV. The yield from deuteron bombardment is typically six times greater than that from 
protons. In both cases, both the yield and the depth-dose distribution improve with increasing primary-
beam energy. A typical required dose rate is approximately 100 rad/min at SSD of 124 cm. For SO-MeV deu-
terons, this rate requires a current of -7 uA. As will be seen, such a capability is most economically 
included in an injector, not in the main accelerator. 
BEAM DELIVERY 

Questions of beam delivery are of high priority, and any impact on accelerator design must be estab
lished. Some problems were expected here, and two stand out--the irradiation of large volumes and the 
investigation of isocentric beam-delivery systems with high-rigidity beams. 

The primary beams of accelerators have very good beam quality; they are economically transported 
without ever attaining very large diameters and can be easily focused to small spots allowing very pre
cise localization but not meeting the requirement of irradiating large volumes. Such beams can be spread, 
flattened and shaped by the use of scattering foils, occluding rings, and collimators but at the expense 
of flexibility and precision. Furthermore, if included in an isocentric device or even a fixed vertical 
beam, this approach would tend to increase the size of the structure or would require large magnet apertures. 
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Three-dimensional scanning of a pencil beam appears to be an attractive alternative. In such a 

scheme, a small-diameter beam is swept over the treatment valine by scanning magnets bending the beam in 
orthogonal planes while its depth of penetration is adjusted by energy modulation. The beam intensity must 
be controlled simultaneously. 

Our present design calls for a fast scanning magnet, a slower (by about one order of magnitude) 
scanning magnet, and energy modulation on an even slower scale. All changes are to occur in discrete steps. 
Based on multiple-scattering calculations and the expected anittance of a modem accelerator, step sizes 
between 2 and 4 mm are envisioned. The time available to deliver the prescribed dose at any given point 
(X ,V ,2 ) depends on step size, treatment volume, and treatment time. Time allowances as short as 
200 usee are planned. A fast beam switch ( - 2 usee) completes the system and protects against sudden 
surges in beam intensity. 

Energy variation can be achieved by changing the accelerator output energy or through degraders. In 
the latter case, we have shown that emittance increase is severe enough that the degrader system should bi-
placed as close as possible to the patient. The technological limit for the speed or such a system is the 
power required to step the fast scanning magnet. Refinements of design bring peak power levels to a few 
tens of kK. 

The scanning approach will allow irradiation of highly irregularly shaped volumes, minimizing irradi
ation of healthy tissue. Dose flatness of about 1 percent with sharp edges (90 to 10 percent in about 3 
to 6 mm) is achievable as well as nonflat but otherwise prescribed dose distributions. Furthermore, 
tissue inhomogeneities can be compensated for to a degree impossible with a bolus. 

We have completed several designs of an isocentric bean-transport system incorporating a scanning 
system. Such systems seem entirely feasible, costing approximately 25- to 30-percent more than a fixed 
horizontal and vertical beam system. Size seems to be the main objection, a cylindrical volume 15 m in 
length and 5.6 m in radius being required for a system rotating through 360° . The use of superconducting 
magnets has been investigated, but reduction in physical size is nominal compared to the complexity of 
superconducting technology. 
CHOICE OF AN ACCELERATOR TYPE 

Cyclotrons (isochronous or frequency-modulated), linear accelerators, and synchrotrons were con
sidered. All cart be designed to meet the intensity requirements; isochronous cyclotrons and linacs 
would indeed exceed them by orders of magnitude. Based on today's state-of-the-art technology and even 
some reasonable extrapolations, linacs are not economically competitive and so have been ruled out as 

* 
Under the assumption that no tiJne-dependent effects must be considered, that is, that the time structure 

o£ dose accumulation at any point during one treatment (- 60 sec) is immaterial, the scanning process can 
be formulated as a Fredholm equation of the first kind: 

_2 
I (X ,V }l ) g (X.X ,Y,Y ,Z,Z ) dX dY dZ . "• o' o' o B ' o o ' o' o o o 

1 
The quantity D(X,Y,Z) is the prescribed dose distribution, i.e., a mathematical representation of the 
treatment plan. 1(X,Y_,Z) is the representation of the corresponding scanning procedure, i.e., the 
number of beam particles aelivered in a pencil beam with centroid coordinates ( X , Y ) and range Z . The 
kernel g ff.X ,Y,Y ,Z,Z_) corresponds to the dose contribution at (X,Y,Z) resulting from such a beam; it 
describes the%eam profile and all relevant interactions of the beam with the tranversed matter. In order 
to obtain "exact" results, g must be found as the solution of a "transport" or "Boltzmann-type" integro-
differential equation, a nontrivial task, at least in the presence of substantial inhomogeneities. For 
•system-design purposes, a simple approach (closely realized for protons in a homogeneous medium) with 
g = g x (X-X) • Sy-CY-Y )• gz(Z-Z ) is used and yields answers to the important questions of spatial resolution and the required frequency response of the system. 

D(X,Y,Z) = IU 
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main heavy-ion accelerators. The same holds true for conventional magnet cyclotrons (isochronous or 
FM). No isochronous cyclotron using superconducting coils has beer, built or designed yet for energies 
of - 400 MeV/amu, and hence substantial research and development efforts are anticipated. Thus, the 
superconducting FM-cyclotron and the synchrotron are the ntiin contenders. Figure 2 summarizes the costs 
ami capabilities of different circular accelerators. 

t$0C- ISOCHRONOUS 
SC • SUPERCONDUCTING 
FM • FREQUENCY MODULATED 
£ • CHARGE TO MASS RATIO 

HEAVY KW RANGE-CM. 

ZW 300 5S0 400 

T(E-I.O) MEV/AMU T16-0.5) MEV/AMU 

6 y * I N TESLA M E T E R S 

Fig. 2. Cost versus maximum energy for c i rcular accelerators . 
XBL 769-10509 

Cyclotrons are ident if ied in the figure. Curves A through D 
correspond to the synchrotron options with the following 
capab i l i t i e s : 
Curve Protons Heavy Ions Radioisotopes Neutrons 

X 
X 

to mass 4 
to mass 4 

Considerable effort has been spent in studying the properties of a sector-focused, superconducting 
FM-cyclotron. At low field level, such a machine can operate in an isochronous mode, providing intense 
deuteron beams for neutron therapy; at the higher field settings required for the acceleration of C ions 
from an internal source, FM-operation can bt- employed. A stripping extraction scheme, essentially 100-
percent effective and with excellent beam quality, has been designed. Final cost estimates, however, show 
this machine to be more expensive than a synchrotron. Furthermore, it lacks the flexibility (energy and 
particle species) typical of the synchrotron, and the advantages of smaller floor-space requirements are 
largely offset by the need for a taller building. 
SYNCHROTRON DESIGN AND OPTIMIZATION 

To design a heavy-ion synchrotron, a considerable number of free parameters is available. The de
sired average beam intensity and the specified pulse repetition rate define the number of particles to be 
injected, captured, accelerated and extracted in each beam pulse. This number defines the required mag-



net aperture and therefore magnet size, stored energy, and power demand. For lighter ions, the aperture 
requirements for a given injection energy are given by space charge limitations; for the heavier ions, 
injector brightness determines the number of injected turns and therefore aperture. Further, injection 
energy determines the required synchrotron RF-frcquency range. Injection energy, the known output of inn 
sources for various charge states, and the desired injector brightness thus determine the performance 
specifications for the injector. 

All of these relationships, if formulated in an exact, quantitative way, presuppose a well defined 
synchrotron design. Using reasonable approximations and expected ranges of crucial variables, a quite-
general approach is, nevertheless, possible. For different injectors (linacs and cyclotrons, accelerating 
different charge states), an optimum repetition rate has been determined. Figure 3 shows an example. 
Optimal values of f differ slightly for different injector options, hut in all cases studied repetition 
rates much smaller than 1 Hz or faster than 5 It are quite uneconomical. All of these calculations .-crt-
based on B values of - IT. Increasing the peak magnetic field H will increase synchrotron cost hiii 
result in a smaller machijie. It will be necessary, therefore, to consider building costs if an attempt 
at optimizing B is made. 
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FREQUENCY SENSITIVE SYNCHROTRON COSTS 
AS A FUNCTION OF REPETITION RATE FOR A 
C* 6 400 MEV/AMU SYNCHROTRON WITH A 
C#3 CYCLOTRON INJECTOR.( FY 1977 S ) 
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Fig. 3. Repetition-rate-dependent synchrotron costs. XBL 769-10508 
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The most important features of a synchrotron designed on it.o basis of the abcvf: conf.iderations will 
now be described. A cyclotron used as an injector results in a facility capable of also feneisting radio
isotopes and therapeautic neutron beams. In order to achieve a high brightness of the injected beam, 
0*" is accelerated in the cyclotron. If only high-energy* heavy ions are requested, a linac used as an 
injector might be slightly more advantageous, and several suitable injector lina.cs have been designed. 
Table J lists the injector parameters. Detailed beam dynamics calculations have been performed based on 
two synchrotron lattices, one of the combined and one of the separated function type. Table II co/npares 
their parameters. Both designs have a 3.0-m-long straight section in each period allowing for sufficient 

Table 1. Injector cyclotron paran.'ters. 

1. Ion source Internal 

Magnet 

Sectors 
4 

Spiral angle, max. 40' 

K 

B (extraction radius) ma):. 

ISO (65-MeV deuterons, 2.9-MeV/amu 

C*2 6 Ne + 3 ions) 
l .S T 

B Chill) max. 1.8 T 

B (valley) wax. 1.2 T 

Extraction rs-dius 1.10 m 

Magnet weight 22? tons 

Main-coil power 173 klV 

Trim coi ls 12 c i rcular 

Trim coi l power 35 kK 

Harmonic co i l s 2/valley, inner and outer 

RF System 

Dees 2 8 45° in valleys (PD = 45°) 

Dee-ground voltage 50 kV 

Frequency 33.2, 10.0 Mfe 

Harmonics 3,4,5 

RF power 100 Ml' ( V ) , 50 kit (C2*) 

Table II. Representative synchrotron lattice parameters. 

Parameter Combiner7 function Separated function 

Beam r ig id i t y 6.5 Tm 6.5 Tm 

Number of periods 6 6 

Guide f ie ld 0.8 T 1.0 T 

Sequence DOFDFO' MVFO'MO'DOFO'MO'DO' ;OFOCI) 

Mean radius 12.021 m 11.752 m 

v \ 2.250 2.250 

* t r 2.11 2.22 

x-chromaticity -4.9 2.7 

y-chromaticity -4.6 -2.3 

Magnet gap ±2 cm ±2 cm 

Magnet edge angle 0' 10° 

http://lina.cs
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room to incorporate injection, extraction and RF-components as well as requested correction elements. 
Modest B~functions (6 <• 10m) result in an efficient use of the magnet aperture. At a repetition fre-
quency of 2 Hi multiturn injection is needed to meet the intensity requirements. Calculations simulating 
the stacking process have shown that 25 turns can be injected in a full radial aperature of 10 cm with 
70-percent efficiency. RF-capture and acceleration using a single accelerating station operating on the 
first harmonic is envisioned, and corresponding RF-system requirements have been derived. A space charge 
induced v-shift of 0.1 is expected after bunching, showing that the synchrotron is well matched to the 
injector brightness. Slow extraction at v * 2-1/3 will be used. Growth rates of i 1 cm/3 turns will re
sult in good extraction efficiency. Extraction quadrupoles and sextupoles, skew quadrupoles, correction 

sextupoles and octupoles fit well in the planned lattice structure. 

OUTLOOK ON WORK IN PROGRESS 

Two aspects of beam delivery are being investigated further. An effort is being made to reduce as 
much as possible the space requirements of isocentric beam-delivery systems. This might irclude approaches 
that involve translations of the patient. A subsystem of the three-dimensional scanning system--namely 
the demanding fast-scanning magnet together with its power supply and the associated control system--is 
scheduled for construction and subsequent testing at the LBL Bevalac. 

We plan to investigate in more detail a 250-MeV-proton accelerator. Preliminary results indicate that 
a conventional, fixed-energy cyclotron might be the most cost-effective solution; however, this result is 
being questioned. 

For heavy-ion accelerators, a detailed cost and reliability comparison will be made between combined 
and separated function machines. 

Conceptual layouts of possible facilities have been made (Figs. 4 and 5), but a considerable amount 
of work remains. Most notably, an optimization of accelerator size and cost versus building cost is planned. 

PLAN VIEW B NEUTRON UNO CARBON (RfMDMTfON 
THERAPY FKILITY 

CONCEPT OUWHM 

Fig. 4. Hypothetical f a c i l i t y , Conceptual design. XBL 769-10434 



Fig. 5. Compact hypothetical facility, conceptual design. (XBL 769-10433) 

CONCLUSION 
The described work constitutes the first detailed study in recent years of major accelerator facil

ities for exclusively medical use. This study is not tailored to the needs of a specific construction proposal 
but rather attempts to be broad enough to be of use in a variety of situations and to provide technical 
answers to a wide range of possible beam specifications. Our results indicate that proven, well established 
accelerator technology can meet the clinical demands of ion-beam therapy. A judicious choice of machine 
parameters nas to be made, however, in order to arrive at the most cost-effective solutions, and careful 
engineering is required in the interest of high reliability. 


