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RADIOBIOLOGICAL EXPERIMENTS WITH HEAVY IONS AT THE BEVATRON 

Cornelius A. Tobias 

Summary Qualitative Effects 

Visual perception 

Visual phenomena in the form of streaks and 
flashes induced by accelerated nitrogen ions (10 to 
20-particles per pulse) near the end of their range 
and passing through particular light-sengitive regions 
of the human retina, have been observed. It is con- 
cluded from the experiments that accelerated nitro-
gen ions near the end of their range' cause bright 
streaks and flashes. In order to cause light flashes, 
the particles must cross light-sensitive regions of 
the retina at the posterior portion of the eye. 
Ionization and excitation, and possibly fluorescent 
light quanta in the imrrediate vicinity of the particle 
tracks, cause light sensation. Light flashes and 
streaks caused by single particles are well localized 
and are different from the diffuse light sensations 
reported in the field of diagnostic X-ray machines, 
or in a mu-meson field.. Some degree of dark 
adaptation is necessary for visual sensation. Similar 
results were obtained with 260 MeV/riucleon Neon 
particles'. 

Heavy-Ion irradiation of hybrid maize seed 

An attempt has been made to determine bio-
logical endpoints showing the effects of very low 
doses of nitrogen ions on cornseed, Zeamay.s.7  
Dose varied from 0.018 rads to O.38 rads, and 
97.18% of the seeds germinated, while 6% of the 
irradiated seeds showed developmental abnormalities. 
This particular endpoint seems quite promising. 

Quantitetive Effects 

Relative biological effectiveness 

Since the radiation quality changes along 
the ionizing tracks, it is often possible to have 
those portions of the tracks that are more densely 
ionizing in the region of the tumor, with lower-
density portions placed in the surrounding normal 
tissue. The relative biological effectiveness (RBE) 
of the end portions of the tracks of the particles 
is high; the tumor dose can be lower than it normally 
would be with low-LET radiations. As a result, 
normal nontumorous tissue in the beam path is spared. 
Since RBE is related to the oxygen effect, these two 
should be discussed together. 

Oxygen effect 

It is well known that anoxic cells are about 
three times as resistant to low-LET radiation than 
normally oxygenated cells. Evidence has also been 
accumulating that many tumors have anoxic cells, 
particularly tumors having necrotic portions..,Since 
low-LET radiation allows preferential survival to 
anoxic tumor cells, the rationale for high-LET therapy 
of any kind includes the requirement that the oxygen 
effect should be reduced as far as possible. In fact, 

-. •one of the main properties that differentiates heavy 
ions from protons and helium ions is the greater 
reduction of the oxygen effect by heavy ions. The 
study of the oxygen effect has become complex: we 
know that high-LET particles generally lower the OER 
(oxygen enhancement ratio); however, the actual value 
of OER depends also on the velocity of the particles. 
Generally, at the same LET, the OER is assumed to 

Penetration of heavy charged particles can be 
characterized by three basic physical facts: 
I) almost no scattering; 2) abrupt increase of linear 
energy deposition (LET) close to the point where the 
particles stop; and 3) exact range-energy relationship. 

These facts constitute the basis of very favor-
able depth-dose characteristics for heavy ions to be 
used in radiotherapy. Availability of accelerated high 
LET heavy ions in the Laboratory, though a recent 
development, has already provided us with much useful 
information in physics, chemistry, and radiobiology. 

Fast heavy ions could previously be studied 
only in outer space where they form important com-
ponents of primary cosmic rays. Heavy ions in the Lab-
oratory became available as early as 1957 at the 
Berkeley HILAC, but at very low energies. In August, 
1971, two accelerators, the Princeton Synchrotron' 
and the Berkeley Bevatron2  produced penetrating' 
deflected beams of nitrogen nuclei. Since that time, 
carbon, oxygen and neon, as well as a few oxygn par- 

atopping-power curves as a function of range for 
various ions In water, as calculated theoretically, 
are shown in Figure 1. Various ion energies in units 
of.Mev/nucleon are designated on each curve. The 
uniformly shaded area represents the stopping-power 
and associated ions accelerated at the HILAC and 
cyclotron. The BEVALAC (a compound accelerator 
formed from the HILAC and Bevatron) adds a new 
dimension, and initially it will be able to accelerate 
ions with atomic no. up to that of iron (z = 26) to 
considerable energies. The hatched area in Figure 1 
represents accelerated ions within the scope of 
accelerations projected for the BEVALAC. 

A few aspects of the properties of accelerated 
heavy ions as they relate to radiobiology and radio-
therapy will be discussed below. 

Depth-dose Distributions 

High-energy, heavy-Ion beams have already 
been shown (at PPA and the Bevatron) to have physical 
characteristics useful for biomedical application, 
including a high sharp Bragg peek, good depth-dose 
characteristics and high LET. The entrance dose can 
be kept small and the exit dose insignificant. In 
contrast, it is possible to give, significantly large 
doses to exceediny'y small tissie volume inside the 
body, a desired therapeutic application not hereto-
fore possible. One application of this will be 
exposure of small loci of the brain or the spinal cord. 

The depth-dose distribLitlori, measured as 
Ionization behind a water phantom, for a nearly mono-
energetic oxygen beam, is shown in Figure 2. A 
detaild description of the method is described else- 
where. The oxygen beam has a kinetic energy of 
260 MeV per nucleon. The Bragg ionization ratio 
(peak, to plateau) is about 6. This beam is adequate 
to produce small lesions in brain or 'in spinal cord of 1.5 mm. or more in diameter. 

I 
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be higher for a higher-speed particle. In addition, 7 
OER seems to be related to the physiological state of 
cells and to their ability to repair radiation lesions. 6 Finally, diferent strains of cells exhibit different 
OER ratios. 

For heavy ions the OER values along the tracks 
of the particles is of crucial interest: the eventual 

4 choice of atomic number of the particles to be used in C 
therapy,  may depend greatly on the practically attain- 2 
able OER. It will be necessary to perform additional >3 
experiments with the BEVALAC on each of the beams in 
order to fully understand the diluting effect of delta- 
ray production. cc 2 

In order to approach the oxygen problem by 
measurement, two kinds of experiments are being carried 
out at Berkeley. Using a conventional method, we have 
obtained survivml curves for mammalian cells in rt,l- 
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- Bragg Ionization Curve 
224 MeV/n Oxygen beam in water 

ture placed behind various thicknesses of absorbers. 
0 1 2 3 4 5 6 7 8 9 10 

In addition, we have designed aspecial container, the Depth in water (cm) 
"submarine," on which individual samples of tissue 08L731-5035 culture cells are suspended on thin glass slides behind 

Figure 2. Bragg ionization curve for a 3.6-GeV oxygen one another, so that each is simultaneously exposed 
beam absorbed in water.. The ratio of peak ionization to the same particle beam. Although the work is still 
to plateau ionization is about 6:1. The primary parti- 

in progress, an early example of such "Bragg survival" 
des stop at a depth of about 10 cm. Ionization curves is shown in Figure 3 for a single dose of 1130 
beyond that distance is due to secondary 'particles and rads of 3.6-BeV oxygen particles. Although the 
rays generated within the beam. DBL 731-5035 oxygen-beam OER is lower than 1 .9 everywhere along the 

track and only 1.25 near the Bragg peak, we expect to 
find still lower OER values for heavier beams (e.g.  

neon), when It becomes feasible to test these at the : 
BEVALAC. 
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..Fig. 1. Stopping-power. curves as a function of range 
for various ions in water, as calculated by the compu-
ter program.':Various ion energies in units of MeV/ 
amu are designated on each curve. The Ne-C and Xe-U 
crossovers at low energy although possibly a physical 
reality occur in regions of low confidence..DBL 682- 
4598A. 
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Figure 3."Bragg survival" curves of human kidney cells 
exposed to a mono-energetic oxygen beam. The high RBE 
of the slow oxygen ion causes very low, survival at the 
Bragg ionization peak. Expôsure'in air and nitrogen 
environments is shown. -  DBL 733-5080...  
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RADIOBIOLOGICAL EXPERIMENTS WITH HEAVY IONS AT THE BEVATRON 

Cornelius A. Tobias 

Summary Qualitative Effects 

Penetration of heavy charged particles can be 
characterized by -three basic physical facts: 
1) almost no scattering; 2) abrupt increase of linear 
energy deposition (LET) close to the point where the 
particles stop; and 3) exact range-energy relationship. 

These facts constitute the basis of very favor-
able depth-dose characteristics for heavy ions to be 
used in radiotherapy. Availability of accelerated high 
LET heavy ions in the Laboratory, though a recent 
development, has already provided us with much useful 
information in physics, chemistry, and radiobiology. 

Fast heavy ions could previously be studied 
only in outer space where they form important com-
ponents of primary cosmic rays. Heavy ions in the Lab-
oratory became available as early as 1957 at the 
Berkeley HILAC, but at very low energies. In August, 
1971, two accelerators, the Princeton Synchrotron]  
and the Berkeley Bevatron2  produced penetrating 
deflected beams of nitrogen nuclei. Since that time, 
carbon, oxygen and neon, as well as a few oxygn par- 
•f Lclj c t jrjçeOr. je been accelerated. 3 ' 
Stopping-power curves as a function of range for 
various ions in water, as calculated theoretically, 
are shown in Figure 1. Various ion energies in units 
of Mev/nucleon are designated on each curve. The 
uniformly shaded area represents the stopping-power 
and associated ions accelerated at the HILAC and 
cyclotron. The BEVALAC (a compound accelerator 
formed from the HILAC and Bevatron) adds a new 
dimension, and initially it will be able to accelerate 
ions with atomic no. up to that of iron (z = 26) to 
considerable energies. The hatched area in Figure 1 
represents accelerated ions within the scope of 
accelerations projected for the BEVALAC. 

A few aspects of the properties of accelerated 
heavy ions as they r 
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herapywiu bi discussed below. 

Depth-doseDi stributions 

High-energy, heavy-ion beams have already 
been shown (at PPA and the Bevatron) to have physical 
characteristics useful for biomedical application, 
including a high sharp Bragg peek, good depth-dose 
characteristics and high LET. The entrance dose can 
be kept small and the exit dose insignificant. In 
contrast, it is possible to give, significantly large 
doses to exceediny'y small tissue volume inside the 
body, a desired therapeutic application not hereto-
fore possible. One application of this will be 
exposure of small loci of the brain or the spinal cord. 

The.depth-dose distribution, measured as 
ionization behind a water phantom, for a nearly mono-
energetic oxygen beam, is shown in Figure 2. A 
detaild description of the method is described else- 

The oxygen beam has a kinetic energy of 
260 MeV per nucleon. The Bragg ionization ratio 
(peak to plateau) is about 6. This beam is adequate 
to produce small lesions in brain or in spinal cord of 
1.5 mm. or more in diameter. 
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Visual perception 

Visual phenomena in the form of streaks and 
flashes induced by accelerated nitrogen ions (10 to 
20 particles per pulse) near the end of their range 
and passing through paticular light-sen

0
i tive regions 

of the human retina, have been observed. It is con- 
cluded from the experiments that accelerated nitro-
gen ions near the end of their range cause bright 
streaks and flashes. In order to cause light flashes, 
the particles must cro;s light-sensitive regions of 
the retina at the posterior portion of the eye. 
Ionization and excitation, and possibly fluorescent 
light quanta in the imirediate vicinity of the particle 
tracks, cause light sensation. Light flashes and 
streaks caused by singe particles are well localized 
and are different from the diffuse light sensations 
reported in the field of diagnostic X-ray machines, 
or in a mu-meson field. Some degree of dark 
adaptation is necessary for visual sensation. Similar 
results were obtained with 260 MeV/nucleon Neon 
particles. 

Heavy-ion irradiation of hybrid maize seed 

.An attempt has been made to determine bio-
logical endpoints showing the effects of very low 
doses of nitrogen ions on corn seed, Zea mays.'  
Dose varied from 0.018 rads to 0.348 rads, and 
97.18% of the seeds germinated, while 6% of the 
irradiated seeds showed developmental abnormalities. 
This particular endpoint seems quite promising. 

Quantitative Effects 

Relative biological effectiveness 

Since the radiation quality changes along 
the. .on.i.z.n_.tracks.. it. -is ..often possible, - 

those portions of the tracks that are more densely 
ionizing in the region of the tumor, with lower-
density portions placed in the surrounding normal 
tissue. The relative biological effectiveness (RBE) 
of the end portions of the tracks of the particles 
is high; the tumor dose can be lower than it normally 
would be with low-LET radiations. As a result, 
normal nontumorous tissue in the beam path is spared. 
Since RBE is related to the oxygen effect, these two 
should be discussed together. 

Oxygen effect 
 

It is well known that anoxic cells are about 
three times as resistant to low-LET radiation than 
normally oxygenated cells. Evidence has also been 
accumulating that many tumors have anoxic cells, 
particularly tumors having necrotic portions. Since 
low-LET radiation allows preferential survival to 
anoxic tumor cells, the rationale for high-LET therapy 
of any kind includes the requirement that the oxygen 
effect should be reduced as far as possible. In fact, 
one of the main properties that differentiates heavy 
ions from protons and helium ions is the greater 
reduction of the oxygen effect by heavy ions. The 
study of the oxygen effect has become complex: we 
know that high-LET particles generally lower the DER 
(oxygen enhancement ratio) ; however, the actual value 
of DER depends also on the velocity of the particles. 
Generally, at the same LET, the OER is assumed to 
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Figure 2. Bragg ionization curve for a 3.6.-GeV oxygen 
beam absorbed in water. The ratio of peak ionization 
to plateau ionization is about 6:1. The primary parti-
cles stop at a depth of about 10 cm. Ionization 
beyond that distance is due to secondary particles and 
rays generated within the beam. DBL 731- 5035 
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be higher for a higher-speed particle. In addition, 
OER seems to be related to the physiological state of 
cells and to their ability to repair radiation lesions. 
Finally, diferent strains of cells exhibit different 
OER ratios. 

For heavy ions the OER values along the tracks 
of the particles is of crucial interest: the eventual CO 
choice of atomic number of the particles to be used in 
therapy,  may depend greatly on the practically attain- 
able OER. It will be necessary to perform additional 2. 

experiments with the BEVALAC on each of the beams in 
order to fully understand the diluting effect of delta- 
ray production. 

In order to approach the oxygen problem by 
measurement, two kinds of experiments are being carried 
out at Berkeley. Using a conventional method, we have 
obtained survival curves for mammalian cells in cul- 
ture placed behind various thicknesses of absorbers. 
In addition, we have designed a special container, the 
"submarine," on which individual samples of tissue 
culture cells are suspended on thin glass slides behind 
one another, so that each is simultaneously exposed 
to the same particle beam. Although the work is still 
in progress, an early example of such "Bragg survival" 
curves is shown in Figure for a single dose of ltiO 
rads of 3.6-BeV oxygen particles. Although the 
oxygen-beam OER is lower than 1.9 everywhere along the 
track and only 1.25 near the Bragg peak, we expect to 

• find still lower OER values for heavier beams (e.g. 
neon), when It becomes feasible to test these at the 
BEVALAC. 

..Fig. 1. Stopping-power. curves sa function of range 
for various, ions in water, as calculated by the compu-
ter program. 'l.'Various ion energies in units of MeV/ 
aniu are designated on each curve. The NeLC  and Xe-U' 
crossovers at low energy although possibly a physical 
reality occur in regions of low confidence. DBL 682- 
4598A. 

081. 7335080 

Figure 3. "Bragg survival" curves of human kidney cells 
exposed to a mono-energetic oxygen beam. The high RBE 
of the slow oxygen ion causes' very low survival at the 
Bragg ionization peak. Exposure in air and nitrogen 
environments is shown. DBL 733-5080. 
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