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THE NEW PARTICLES AND THEIR APPLICATION IN MEDICINE 

Stanley B. Curtis 

Biology and Medicine Division 
Lawrence Berkeley Laboratory 
Berkeley, CA 94720 

INTRODUCTION 

In recent years there has been increasing interest in the use 
of "new" par t i c le beams for various medical applications. The 
part ic les beino used, fast neutrons, protons, helium ions, nega­
t ive pions, and heavy ions, have in fact been known and studied 
by nuclear and high-energy physicists for over for ty years. They 
are new only in the sense that , un t i l recently, the medical 
community has had l i t t l e experience with them in the c l i n i c . One 
of the par t i c les , the neutron, is not rea l l y new even to radio­
therapy. In the late t h i r t i e s Stone et a l . treated 226 patients 
using cyclotron-produced neutrons (1940), but they discontinued 
therapy f i ve years later because of unexpected severe late 
reactions (Stone, 1948). I t was not un t i l the s ix t ies that i t 
became generally recognized that neutron i r rad ia t ion is re la ­
t i ve l y more ef fect ive compared to x-rays at the lower doses per 
f ract ion used in therapy than at the higher single doses commonly 
used in animal and ce l l experiments. This difference in ef fec­
tiveness becomes even more important at the lower doses 
encountered in radiat ion protect ion, and i t is interest ing that 
i t played an inh ib i t ing role in the early days of par t ic le radio­
therapy (Brennan and Ph i l l i p s , 1971). This paper w i l l review the 
applications of these "new" part ic les to c l in i ca l medicine, 
pr imar i ly in the areas of tumor radiotherapy and diagnostic 
radiography. 
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APPLICATIONS IN TUMOR RADIOTHERAPY 
Physical Dose Distributions of Charged Particle Beams 

A basic problem facing the radiotherapist is how to deliver a 
tumoricidal dose while limiting the damage to normal tissues so 
that the patient can recover and continue to live in relative 
comfort. Several ways are being employed to try to accomplish 
this. Among these are multiport and rotational therapy, combined 
chemo- and radiotherapy, and the simple and standard procedure ot 
fractionating the total dose into small daily doses over perhaps 
a five or six week period. The latter procedure is advantageous 
presumably because the normal tissue can recover between doses to 
a greater extent than the tumor tissue, thus allowing a larger 
overall dose to be given to the tumor before net normal tissue 
damage becomes intolerable. 

The ideal beam for radiotherapy would deposit the entire dose 
within the tumor volume and none to the normal tissue. No beam 
or particle type has been found that will do this, but charged 
particle beams approach this ideal much more closely than the 
standard beams used in the clinic today (e.g., 6 0 Q O g a m m a rays, 
ortho- and megavoltage x rays, and megavoltage electrons). The 
reason for this is a direct result of the difference in the 
physical processes by which heavy charged particles slow down in 
matter as compared with those processes which slow down electrons 
and cause the absorption of electromagnetic radiation. For all 
charged particles heavier than electrons, the dominating energy-
loss process is the ionization (and excitation) of the atoms of 
the medium into which the charged particles penetrate. The rate 
of energy loss by this process increases as the particles slow 
down. This causes an increase in energy deposition, hence 
absorbed dose, near the end of the particle's range. Examples of 
the dose vs. depth characteristics of helium, carbon, neon and 
argon ion beams are shown in Fig. 1 for two different ranges 
(Lyman and Howard, 1977). Note the sharp peak at a depth in 
water corresponding to the range of the particle. The small 
residual dose beyond the peaks of the carbon, neon, and argon 
beams is from the secondary fragments created by a small fraction 
of the primary particles undergoing nuclear interactions and 
fragmenting into lighter and thus more penetrating ions. Note 
also the flatness of dose in the so-called plateau or shallow 
region of the curve near the surface. 

Because the peaks of these beams are so sharp and narrow, 
they are not useful for treating the extended and often irregular 
tumors encountered in the clinic. Thus, these unmodified beams 
are generally modified for clinical application by the intro­
duction of a variable thickness absorber sometimes called a 
"ridge" filter to spread the peak region. These absorbers move 
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Fig. 1. Depth vs. dose curves for helium, carbon, neon, and argon ion beams. 
Beams of two different ranges are shown in each panel. The energies of 
these beams are in the range of several hundred MeV/nucleon. Reprinted, 
by permission, from Lyman and Howard (1977). 



in the beam to provide a varying thickness to any point as a 
function of time, thus e f fec t ive ly providing that point with 
doses from d i f ferent positions in the dose vs. depth curve. The 
peak is thus spread through a broad region which is determined 
solely by the design of the f i l t e r . Figure 2 shows an example of 
a peak spread to 4 cm (Lyman and Howard, 1977). The peak-to-
plateau dose ra t io decreases from over 4:1 to less than 1.5:1. 
The subject of treatment planning with par t ic le beams w i l l be 
covered in another chapter. Figure 3 is a treatment plan for a 
pancreatic tumor designed with a carbon beam (a) compared to one 
designed with a Clinac 18 (b) (G. T. Y. Chen, private communi­
cat ion) . The Clinac 18 plan is a four-port plan and is con­
sidered an optimum plan for th is s i te using conventional beams. 
The carbon plan is a two-port plan using wedge compensation. I t 
is clear that the spinal cord and r igh t kidney (to the lower l e f t 

10 15 
Depth in water (cm) 

25 
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Fig. 2. The ef fect on the depth vs. dose curve of the 
introduction of a variable absorber or "ridge 
f i l t e r " into an unmodified beam. The sharp 
peak is broadened ( in this case to 4 cm) and 
the peak-to-plateau dose ra t io is s ign i f i can t l y 
decreased. Reprinted, by permission, from 
Lyman and Howard (1977). 
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Fig. 3. A comparison of treatment plans for a 
pancreatic tumor developed with photons 
from a Clinac 18 and with carbon ions. 
Inspection of the exposure levels out­
side the target volume shows that con­
siderably less dose is deposited in the 
normal tissue for the carbon plan than 
for the photon plan. Reprinted by per­
mission from G. T. Y. Chen. 
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of the target volume) receive considerably less dose in the 
carbon plan. 

Heavy ions have been used as an example of charged par t ic le 
beams in the above discussion, but the qua l i t ies of proton, 
helium-ion, and pion beams d i f fe r only s l i gh t l y from heavy-ion 
beams. Proton and helium-ion beams have negl ig ible secondary 
rad ia t ion , and potent ia l ly w i l l provide the sharpest delineation 
of dose wi th in a volume. Thus, inhomogeneities wi th in the tissue 
i t s e l f become a major consideration when planning treatments, and 
w i l l probably be the factor l im i t i ng the accuracy with which a 
given amount of radiat ion can be deposited within a specif ied 
target volume (Goitein, 1977). 

The energy deposition from a negative pion beam is compli­
cated by the inevitable nuclear interactions that the pions 
undergo as they are captured by the nuclei of the atoms in the 
region where they come to rest . Pion beams are secondary beams; 
that i s , they must be created by the bombardment of a target 
material by a primary beam of other par t i c les , such as protons or 
electrons. The pions are "radioact ive" in the sense that they 
have a well-defined l i fe t ime (T = 2.6 x 10~8 sec) and may decay 
into a muon and a neutrino. I f they survive un t i l they come to 
res t , negative pions w i l l always be captured in a Bohr o r b i t , 
creating a pi-mesic atom. The to ta l rest energy of the pion 
(140 MeV) is available to break apart the nucleus and give the 
various nuclear fragments k inet ic energy. These fragments have a 
short range and the heavier ones, including alpha par t ic les , have 
qui te high rates of energy loss and contribute s ign i f i can t l y to 
the absorbed dose. Negative pion beams are contaminated by 
muons, which result from the direct decay of the pions in f l i g h t , 
and electrons from gamma rays, which resul t mainly from neutral 
pion decay in the target. The various components in a negative 
pion beam are shown schematically in Fig. 4 (Curtis and Raju, 
1968). The "star" contr ibution is caused by the nuclear 
disintegrations mentioned above. The peak in ionization is not 
as high as the heavy-ion peaks because typical momentum spreads 
for pion beams, including the one chosen for th is calculat ion, 
are much larger than for the heavy-ion beams. Thus, in a sense, 
this pion beam is already s l i gh t l y spread. Note the small muon 
peak beyond the pion peak. The electrons form a more or less 
uniform background. Design of the beam i t s e l f can al ter the 
re la t ive proportion of pions, muons and electrons. 

A comparison of experimental data of the dose vs. depth 
curves for al l the "new" part ic les is shown in Fig. 5 (Raju 
et a l . , 1978). Al l the curves were normalized to the center of 
the modified peak region. Al l charged par t ic le beams were 
modified to give peak regions 10 cm in depth. The reason the 
carbon beam shows more dose beyond the peak region is because i t 
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Fig. 4. A calculated depth vs dose curve for a negative pion 
beam showing representative values for the contr ibu­
tions to the to ta l dose of pions, muons, electrons, 
and the "stars" or nuclear fragments from the capture 
interactions as the pions come to res t . Reprinted, by 
permission, from Curtis and Raju (1968). 

was a higher energy beam ( i . e . , more penetrating) than the neon 
beam, and so more fragmentation occurred. 

High LET, Relat iv is t ic Biological Effectiveness 
and the Oxygen Effect 

The highly ionizing nature of the pion and heavier ion beams 
in the peak region produce not only an increased dose but also an 
enhanced biological e f fec t . The quantity that is a measure of 
the average rate at which a par t ic le loses energy is i t s dE/dx 
value or LET ( l inear ener"]y t ransfer ) . In general, except for 
very high LET, biologica. effects increase with increasing LET. 

I t is important now to define another term, the re la t ive 
biological effectiveness or RBE. I t is used to compare the 
biological effectiveness of a given beam or radiat ion to that of 
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Fig. 5. A comparison of experimentally obtained depth vs. dose 
curves for proton, neutron, pion, helium, carbon, neon, 
and argon beams, normalized to unity at the center of 
the spread peak dose region. Reprinted, by permission, 
from Raju et al. (1978). 

a standard radiation, usually 250 kV x rays. It is the ratio of 
absorbed dose of the standard radiation to the absorbed dose of 
the radiation in question necessary to cause equal biological 
effect. That is, 

RBE 
Dose 
Dosej 

s_ta_n_dard_ 
high LET 

where both doses produce the same response. Thus, the RBE 
depends not only on the particle type and type of end point 
selected, but also on the magnitude of the effect selected. 



A typical dependence of RBE on LET is shown in Fig. 6 (Ha l l , 
1978). Here we see three regions: one where the ionizations are 
random at low LET, one where the RBE is maximum and the 
ionizations are optimal for the part icular e f fec t , and one at 
very high LET where the RBE decreases with LET, in the so-called 
saturation or overk i l l region. 

Now we turn to another problem facing the radiotherapist , 
that of cel ls wi th in tumors that do not respond well to con­
ventional rad ia t ion. Hypoxic cel ls are more radioresistant than 
well-oxygenated cel ls (Barendsen et a l . , 1966), and some tumors 
contain pockets or regions away from blood vessels where there 
are hypoxic ce l l s . I t has been conjectured that i t is the 
surviving hypoxic cel ls that in some cases cause the fa i lu re of 
local tumor control (Gray, 1961). The sizes of tumors that have 
a 90 percent chance of cure i f given a dose of 60Co g a m m a rays 
are shown in Fig. 7 for three di f ferent fract ions of hypoxic 
ce l l s , 0, 0.1 and 1.0 (Fowler et a l . , 1963). Clearly, a con­
siderably larger dose is necessary to "cure" a tumor with hypoxic 
cel ls than one of the same size with no hypoxic ce l l s . 

LET 
yiii.7V<-^ r>M 

Fig. 6. A typical dependence of RBE on LET: 
an i n i t i a l increase is followed by 
a maximum and then a decrease at 
even higher LET. Reprinted, by per­
mission, from Hall (1978). 
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Fig. 7. Calculated doses required to reduce the number of cells 

surviving in each tumor volume to 0.1, to give a 
90 percent chance of "cure." Upper row of tumors with 
cells fully oxygenated, middle row with 1 pe-cent 
hypoxic cells, and the bottom row with all cells 
hypoxic. Reprinted, by permission, from Fowler et al., 
(1963). 

Since high LtT parfcles have an increased capacity to kill 
cells, independent of their oxygen status (Barendsen et al., 
1966), high LET beams of neutrons (Fowler. 1967; Fowler et al., 
1963) pions (Fowler, 1965; Richman et al., 1966), or heavy ions 
(Lawrence and Tobias, 1967; Tobias and Todd, 1967) have been 
suggested to treat tumors with large fractions of hypoxic cells. 
Unfortunately, the hypoxic fraction of cells in human tumors 
cannot be accurately dete mined at present. 

Experimental data, however, have been accumulating on animal 
tumors. Some of the more recent data will be reviewed in later 
lectures. Barendsen and Broerse (1969) perfurmed a classic 
experiment with a rhabdomyosarcoma in a rat. They found evidence 
of the presence of hypoxic cells in the tumor, and then studied 
the extent to which a 14 MeV neutron beam could cut down the 
oxygen effect. The results are shown in Fig. 8. The survival of 
cells after irradiation in situ and subsequent cell dispersion, 
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Fig. 8. Survival of R-1 rhabdomyosarcoma tumor cells irradiated 
in rats with neutrons (curves 1, 2, 3) and x-rays 
(curves 4, 5, 6). The dashed lines, curves 1 and 4, 
show results of cells irradiated in vitro. Curves 2 
and 5 show results of tumors irradiated in vivo with 
subsequent excision, cell dispersion, and plating, and 
curves 3 and 6 show results obtained for hypoxic popu­
lations. The break in curve 5 at about 10 gray is 
evidence of an hypoxic fraction of about 15 percent. 
Reprinted, by permission, from Barendsen and Broerse 
(1969). 

trypsinization and plating is shown for x-irradiated tumors in 
both air-breathing (curve 5) and asphyxiated animals (curve 6). 
The latter curve is representative of an hypoxic cell 
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population. Note the distinct break in curve 5, clearly 
indicating the distance of two populations of cells with 
different radio-sensitivities. Curves 2 and 3 are for neutron 
irradiated tumors. Their position on the graph shows not only a 
rather large RBE (~3.0) for this end point relative to 300 keV x 
rays, but also a significant decrease in the oxygen effect for 
the neitron beam. 

A quantity used to measure the extent to which the oxygen 
effect is decreased is the oxygen enhancement ratio or OER. This 
is defined as the ratio of absorbed dose necessary to produce a 
given effect in hypoxic cells to that necessary to produce the 
same effect in oxygenated cells. Thus, the OER is large (i.e., 
between 2.5 and 3.0) for x rays and decreases with increasing 
LET, becoming close to one for high LET radiations (Barendsen 
et al., 1966). 

Another quantity used to evaluate the relative radio-
resistance of hypoxic cells is the oxygen gain factor or OGF, 
which is defined as the ratio 0ER x ray/^^high LET- ^ 1 S a 

convenient quantity for comparing results from different cell 
lines and in different laboratories and beams. Large OGF values 
denote a large reduction of the oxygen effect. A cumparison of 
OGFs for the "new" particles is shown in Fig. 9 (Raju, 1979). 
EVALUATING THE PARTICLES FOR THERAPY 

This is a very difficult subject because criteria for 
evaluating beams vary widely. Two separate evaluations of the 
particles will be presented here. The first, Fig. 10, plots the 
"physical" or dose vs. depth advantage along the ordinate and the 
"biological" or possible low OER advantage along the abscissa 
(Raju, 1978). The various particle beams are placed rather sub­
jectively in positions relative to each other. The number of 
dollar signs is a rough estimation of the cost involved in imple­
menting any of the modalities for patient treatment. The second 
evaluation, Fig. 11, presents the relative biologically effective 
dose between peak and plateau vs. OER (C. A. Tobias, private 
communication). Here large values of the abscissa and small 
values of the ordinate are advantageous. It appears that heavy 
ions compare quite favorably with the other modalities. 

APPLICATION TO DIAGNOSTIC RADIOLOGY 
Charged particle beams are being used to image structures in 

the body that are difficult to image with more conventional 
techniques. The sharp, well-defined range of charged particle 
beams suggested that they might be used to image structures with 
slightly different densities within the body. As we have seen, 
the energy deposited by these beams is maximum in the stopping 
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Fig. 9. A comparison of oxygen gain factors 
experimentally determined for the 
various particles throughout the peak 
region. The spread of values reflect 
the fact that beam quality (and there­
fore the effect of oxygen on cell 
survival) varies throughout the spread 
region. Reprinted, by permission, from 
M. R. Raju (1979). 

region. Imaging with proton beams 
shows promise for diagnosing tumors 
(Steward and Koehler, 1973, 1974). 
used to obtain axial tomographs of 
1975). The heavier ions are being 
abdominal region, and extremities ( 
stopping points of heavy ions such 
accurately recorded on stacks of pi 
specimen, because the high LET natu 
the plastic preferentially etchable 

has been accomplished and 
of the breast and brain 
Helium ions have also been 

the human brain (Crowe et al., 
used to image the breast, 
Sommer et al., 1978). The 
as carbon and neon ions can be 
astic sheets placed behind the 
re of the particles renders 
near the positions where the 

13 



JL i U 
nt

ag
e W ( He) $M$ 

'&§ 
> 
O 
c O 

w $M$ 

_o 22MeV X--rays $ 

rib
ut

 

O /*>» 

di
st

 

6 C t o 

Do
se

 

Ĵ o Neutrons 

250 kV X -rays 

High LET advantage? 

XBL798-3746 

Fig. 10. An attempt to compare the thera­
peutic advantages of the various 
particles. The advantage due to 
a favorable dose distribution is 
plotted against a possible advan­
tage due to an increased LET (e.g., 
high RBE and low OER). Particles 
in the upper right, are assumed to 
be the most advantageous for therapy. 
The number of dollar signs give a 
rough indication of the relative 
expense of implementing the various 
modalities in the hospital environ­
ment. Reprinted, by permission, 
from M. R. Raju (1978). 

particles come to rest. The large mass of the ions keeps 
scattering and straggling very low. Thus, the position of the 
plastic sheet in which the particle stops is a sensitive measure 
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VECTOR REPRESENTATION 
OF THERAPY MODALITIES 
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Fig. 11. Another attempt to graph the relative merits of the 
various particles. Here the OER is plotted against 
the ratio of "biologically effective" dose at the 
peak to that at the plateau. Here the more thera-
pentically advantageous particles lie in the lower 
right-hand region of the figure. Reprinted, by 
permission, from C. A. Tobias. 

of the range, and therefore the avera 
particle passed. If an object of sli 
traversed, the particles will stop in 
as shown in Fig. 12. Thus, two image 
on different sheets, one the negative 
compares an x-ray of a human foot and 
neon-ion radiograph of that foot made 
exposed plastic sheets. Considerably 
seen in the radiograph, including sue 
tendon. The dose to the patient from 
to be between 100 and 200 millirad. 

ge density through which the 
ghtly higher density is 
a different plastic sheet, 

s of the object will be seen 
of the other. Figure 13 
a computer reconstructed 
from a composite of all the 
more soft tissue detail is 
h structures as the Achilles 
the neon ions was estimated 
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Fig. 12. The concept of heavy-ion radiography. Heavy particles 
penetrating a region of higher density will stop in 
different plastic detector sheets than the particles 
on either side. The plastic sheets in which the 
particles stop show etchable tracks. Reprinted, by 
permission, from Sommer et al. (1978). 

APPLICATION TO NUCLEAR MEDICINE 
All the new particle beams can be used to make radioisotopes, 

which can then be used in most of the standard techniques of 
nuclear medicine. However, there is another potential use of at 
least the heavy ion beams. A portion of the heavy-ion beam 
particles undergo nuclrir fragmentation, and some of these high 
energy fragments are radioactive, for instance, Hf. or ^Ne. 
These fragments can be focussed into a second beam and allowed to 
penetrate the body, coming to re^t, for example, inside a blood 
vessel. The subsequent positron decay produces annihilation 
gamma radiation that can be detected in an appropriately designed 
counter array. The rate of decay of radioactivity after the beam 
has been turned off measures not only the usual decay of the 
isotope but also the flow rate of the blood carrying the isotope 
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Fig. 13. A comparison of a conventional x-ray and , computer 
reconstructed heavy-ion radiograph of a human fooc. Soft tissue 
details are more evident in the heavy ion radiograph than in the 
x ray. Reprinted by permission from C. A. Tobias. 

17 



away from the stopping site. Studies of such noninvasive 
techniques for measuring blood flow are presently underway 
(Chatterjee and Tobias, 1977). 
CURRENT MEDICALLY ORIENTED PROJECTS INVOLVING PARTICLE BEAMS 

The new particles are presently being used in the therapeutic 
and diagnostic applications discussed above. Neutron therapy 
machines can be found in nine different countries: Belgium, East 
Germany, England, Japan, The Netherlands, Poland, Scotland, the 
United States and West Germany; several of these countries have 
both cyclotrons and d-t generators. Clinical trials are underway 
with varying degress of success (Dutreix and Tubiana, 1979). The 
most encouraging results have been with tumors of the head and 
neck, salivary glands, cervical lymph nodes, and soft tissue 
sarcomas (Catterall, 1979). Good results have been obtained 
treating gynecologic tumors with mixed high and low LET beams 
(two fractions of neutrons and three fractions of high energy 
x rays per week) (Peters et al., 1979). The results on brain 
tumors, on the other hand, have been rather discouraging. 

Proton beams are being used in Sweden, the United States, and 
the Soviet Union. In the United States, patients are given boost 
therapy (i.e., proton irradiation in addition to conventional 
therapy) for prostatic carcinoma and other sites where dose 
localization is important. Proton beams are also being used to 
treat patients with chorodial melanoma (Gragoudas, 1978), and the 
results are quite encouraging. 

A randomized trial of carcinoma of the pancreas is underway 
with a helium ion beam in the United States (Castro, 1979). This 
was initiated after an earlier pilot group of 41 patients showed 
an encouraging response. Of 34 evaluable patients, 10 either are 
now without cancer or at least showed local control of the tumor. 

Pion programs are underway in three countries: Canada, 
Switzerland, and the United States. A clinical program is in 
progress in the United States (Kligerman, 1979) and will be 
started in the other two countries in the near future. The 
results so far are encouraging. 

Initial patient studies are in progress using carbon, neon, 
and argon beams in the United States (Castro, 1979), but it is 
too early to assess the efficacy of these beams. 

Proton, carbon, and neon beams are being used for radiog­
raphy. Results have indicated that there are definite details on 
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the particle radiographs that cannot be seen on the best CT scans 
or xerographs. There have been at least two cases where a 
malignant region in a breast was identified on a particle 
radiograph and not seen by conventional means (C. A. Tobias, 
private communication). 

CONCLUDING REMARKS 

In conclusion, we see that the age of new particles in 
clinical medicine has arrived. There is tremendous activity 
within these programs all over the world. Much of the progress 
in tumor localization, dose delivery, computerization of treat­
ment planning, and patient immobilization has been to a 
considerable extent motivated by an attempt to solve the many 
problems involved in particle therapy. 

Finally, along with the potential these high LET radiation 
modalities hold for increased tumor cure rates and decreased 
failures in local tumor control, there are also the responsi­
bilities of protecting the patient and personnel from the 
increased biological effect of any residual high LET radiation. 
It is then with the excitement of knowing that we are reviewing 
here a rapidly growing field important to radiation protection, 
tumor diagnosis, and therapy that I open the discussion of these 
subjects, and hope the papers to be presented here will stimulate 
further interest in the field. 

ACKNOWLEDGEMENTS 

It is a pleasure to thank G. T. Y. Chen, M. R. Raju, and 
C. A. Tobias for allowing use of their unpublished data. The 
skilled editorial assistance of M. C. Pirrucello is gratefully 
acknowledged. Many of the studies reported here were supported 
by the National Cancer Institute, and the U. S. Department of 
Energy under contract No. W-7405-ENG-48. 

REFERENCES 

Barendsen, G. W. and Broerse, J. J., 1969, Experimental 
radiotherapy of a rat rhabdomyosarcoma with 15 MeV neutrons 
and 30 kV x rays. I. Effects of single exposures, Europ. J. 
Cancer, 5, 373. 

Barendsen, G. w., Koot, C. J., van Kersen, G. R., Bewley, D. K., 
Field, S. B., and Parnell, C. J., 1966, The effect of oxygen 
on impairment of the proliferative capacity of human cells in 
culture by ionizing radiations of different LET, Int. J. 
Radiat. Biol. 10, 317. 

Brennan, J7T7, and-Phillips, T. L., 1971, Evaluation of past 
experience with fast neutron teletherapy and its implications 
for future applications, Europ. J. Cancer 7, 219. 

19 



Castro, J . R., 1979, Progress report on heavy par t ic le c l i n i ca l 
radiotherapy t r i a l at Lawrence Berkeley Laboratory, July 
1975-July 1979, Lawrence Berkeley Laboratory Report No. 
LBL-9738. 

Ca t te ra l l , M., 1979, Observations on the reactions of normal and 
malignant tissues to a standard dose of neutrons, Proceed­
ings, Third Meeting on "Fundamental and Practical Aspects of 
the Application of Fast Neutrons and Other High-LET Part ic les 
in Cl in ical Radiotherapy," The Hague, The Netherlands, 
September 1978, Europ. J . Cancer, in press. 

Chatterjee, A. s and Tobias, C. A. , 1977, Radioactive beams, in : 
"Biological and Medical Research with Accelerated Heavy Ions 
at the BEVALAC 1974-1977," Lawrence Berkeley Laboratory 
Report LBL-5610. 

Crowe, K. M., Budinger, T. F., Cahoon, J. L., et a l . , 1975, Axial 
scanning with 900 MeV alpha par t i c les , IEEE Trans. Nucl. 
S c i . , NS-22, 1952. 

Curt is , S. B., and Raju, M. R., 1968, A calculat ion of the 
physical character ist ics of negative pion beams-energy-loss 
d is t r ibu t ion and Bragg curves, Radiat. Res. 34, 239. 

Dutreix, J . , and Tubiana, M., 1979 Evaluation of c l i n i c a l 
experience concerning tumor response to high LET rad ia t ion, 
Proceedings, Third Meeting on "Fundamental and Practical 
Aspects of the Application of Fast Neutrons and Other High-
LET Part ic les in Cl in ica l Radiotherapy," The Hague, The 
Netherlands, September 1978, Europ, J . Cancer, in press. 

Fowler, P. H., 1965, Pi mesons versus cancer, Proc. Phys. Soc. 
85, 1051. 

Fowler, J . F., 1967, Fast neutron therapy—physical and 
biological considerations, i n : "Modern Trends in Radio­
therapy Vol. 1 , " T. J . Deeley and C. A. P. Wood, eds., 
Bucterworth, London. 

Fowler, J . F., Morgan, R. L., and Wood, C. A. P., 1963, 
Pre-therapeutic experiments with the fast neutron beam from 
the medical research council cyclotron I . The biological and 
physical advantages and problems of neutron therapy, B r i t . J . 
Radiol. 36, 77. 

Goitein, M., 1977, The measurement of t issue heterodensity to 
guide charged par t ic le radiotherapy, Int_. J. Radiat. Oncol., 
B io l . Phys. 3, 27. 

Gragoudas, E. S., Goitein, M., Koehler, A., Constable, L. J . , 
Wagner, M. S., Verhey, L. , Tepper, J . , Sui t , H. D., 
Broskhurst, R. J. Schneider, R. J . , and Johnson, K. N., 1978, 
Proton i r rad ia t ion of choroidal melanomas, Arch. Ophthalmol., 
96, 1583. 

Gray, L. H., 1961, Radiobiologic basis of oxygen as a modifying 
factor in radiat ion therapy, Am. J. Roentgenol., 85, 803. 

Ha l l , E. J . , 1978, "Radiobiology fo?~the Radiologist," 2nd ed. , 
Harper and Row, Hagerstown, Maryland. 

20 



Kligerman, M., 1979, Results of c l i n i ca l applications of negative 
pions at Los Alamos, Proceedings, Third Meeting on "Funda­
mental and Practical Aspects of the Application of Fast 
Neutrons and Other High-LET Part ic les in Cl in ica l Radio­
therapy," The Hague, The Netherlands, September 1978, Europ. 
J . Cancer, in press. 

Lawrence, J . H. and Tobias, C. A. , 1967, Heavy part ic les in 
therapy, i n : "Modern Trends in Radiotherapy Vol. 1 , " T. J . 
Deeley and C. A. P. Wood, eds., Butterworth, London. 

Lyman, J . T. and Howard, J . , 1977, Dosimetry and instrumentation 
for helium and heavy ions, In t . J . Radiat. Oncol. Bi_ol_. 
Phys. 3, 81. 

Peters, L. J . , Hussey, D. H., Fletcher, G. H., and Warton, 
J . J . , 1979, Second preliminary report of the M. D. Anderson 
study of neutron therapy for loca l ly advanced gynecological 
tumors, Proceedings, Third Meeting on "Fundamental and 
Practical Aspects of the Application of Fast Neutrons and 
Other High-LET Part ic les in Cl in ica l Radiotherapy," The 
Hague, The Netherlands, September 1978, Europ. J. Cancer, in 
press. 

Raju, M. R., 1979, "Heavy Part icle Radiotherapy," Academic Press, 
New York, in press. 

Raju, M. R., 1978, Continued studies on the potent ial for heavy 
par t ic le radiat ion therapy, Los Alamos Sc ient i f i c Laboratory 
Report Preprint LA-UR-78-3107. 

Raju, M. R., Amols, H. I . , DiCello, J . F., Howard, J . , Lyman, J . 
T., Koehler, A. M., Graves, R., and Smathers, J . B., 1978, A 
heavy par t i c le comparative study. Part I : depth-dose 
d is t r ibu t ions , B r i t . J . Radiol. 51, 699. 

Richman, C , Aceto, H., Raju, M."~R~7 and Schwartz, B., 1966, The 
therapentic poss ib i l i t i es of negative pions: preliminary 
physical experiments, Am. J. Roentgen., 96, 777. 

Sommer, F. G. Capp, M. P., 'Tobias, C. A., Benton, E. V., 
Woodruff, K. H. Henke, R. P., Holley, W., and Genant, H. K., 
1978, Heavy-ion radiography: density resolution and specimen 
radiography, Invest. Radiol . , 13, 163. 

Steward, V. W., and Koehfer, A. M., 1973, Proton beam 
radiography in tumor detection, Science, 179, 913. 

Steward, V. W., and Koehler, A. M., 1974, Proton radiography in 
the diagnosis of breast carcinoma, Radiology, 110, 217. 

Stone, R. S., 1948, Neutron therapy and specif ic ionizat ion, 
Am. J . Roentgenol., 59, 771. 

Stone, R. S., Lawrence, J . H., and Aebersold, P. C , 1940, A 
preliminary report on the use of fast neutrons in the t rea t ­
ment of malignant disease, Rad_ioJ_og_y_, 35, 322. 

Tobias, C. A., and Todd, P. W.,T9"67," Heavy charged par t ic les in 
cancer therapy, i n : "Radiobiology and Radiotherapy," U. S. 
National Cancer Monograph 24, National Cancer I ns t i t u te , 
Bethesda, MD. 

21 




