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Mudundi R. Raju, Chaim Richman, and Stanley B. Curtis 

Donner Laboratory and Lawrence Radiation Laboratory 
University of California, Berkeley, California 

and 

Graduate Research Center of the Southwest 
Dallas, Texas 

March 17, 1967 

INTRODUCTION 

Localization of radiation dose in a region of interest, for example, in 
tumor tissue, while sparing the normal tissue is one of the essential require­
ments for radiotherapy. It has been known for a long time that the blood supply 
has a great effect on the sensitivity of tissue to radiation, and clinical studies 
have shown that tumors with good blood supply are more sensitive to radiation. 
In most types of neoplasma there are likely to be cells deficient in oxygen. As 
such cells are relatively insensitive to radiation, they survive the usual forms 
of radiotherapy and cause recurrence of the tumor growth. However, this oxy­
gen effect diminishes considerably for high-LET radiations. Hence the radiation 
to be us ed for cancer therapy preferably should have the properties of delivering 
a highly localized radiation dose of high LET. Conventional x rays have limited 
penetrating qualitie s and are of low LET; hence they cause damaIte preferentially 
to the oxygenated tissue. High-energy radiation such as 1 37Cs, 0Co, and high­
energy x rays and electrons have better penetrating qualities, but again the LET 
is low. 

The fast neutrons of modal energy 6 MeV have penetration similar to that 
of 250 kVP x rays, but in interacting with tissue produce recoil protons with LET 
high enough to overcome the oxygen effect considerably. 

A few years after the discovery of the neutron, fast neutrons obtained 
from small cyclotrons then developed at Berkeley were tried 1 for tumor therapy 
but without success because of the lack of knowledge in radiobiology and the then 
erratic operation of the cyclotrons. 2 More work with fast neutrons is now being 
done at Hammersmith Hospital, London, and this technique may prove to be 
beneficial for tumor therapy. Unfortunately, there is always a necessary com­
promise between getting a higher LET by using low-energy neutrons and getting 
better depth dose by using high-energy neutrons. 

* Work done under the auspices of the U. S. Atomic Energy Commission, the 
American Cancer Society, and the Office of Naval Research. 
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The highly accelerated heavy charged particles such as protons, deuter­
ons, andO! particles are of special interest because of their physical proper­
ties. Since the mass of singly charged heavy particles is many times that of 
the electron, the angle of Coulomb scattering for a given velocity is reduced 
approximately by the ratio of the masses of the incident particle and the electron; 
thus undesirable side scattering can be reduced to a minimum. The radiation 
fields of heavy charged particle s can also be shaped with greater precision than 
those of x rays and gamma rays. The heavy-charged-particle beam has a defi­
nite range of penetration that depends on its energy. It proceeds through a 
medium in very nearly a straight line; the increase in dose delivered by it as 
the particles slow down gives rise to a sharp maximum known as the Bragg peak 
near the end of the range. Hence intense irradiation of a strictly localized 
region within the body is possible with relatively small dose at the skin. 

However, the Bragg peak is too narrow to permit uniform irradiation of 
most tumors, and the .LET at the Bragg peak position is also much lower than 
one would normally3 expect {for example at the Bragg peak of 910 MeV O! beam 
the LET corresponding to the modal energy is ..., 10 keV/f.L}' It is possible to 
irradiate the entire tumor region by transforming the Bragg peak into flat max­
ima using variable absorbers, but when this is done the LET will be lowered 
further. Hence heavy charged particles such as protons, deuterons, and O! 

particles may not provide much oxygen advantage for cancer therapy; however, 
they are very useful for hypophysectomy in which anoxic cells are no~ involved. 
Heavier ions such as neon may prove to be useful for tumor therapy. 

The negative pi mesons (pions) are also heavy particles, and have a 
mass 276 times the electron mass. When a negative pion is brought to rest in 
a medium, ' say tissue, it is captured by a constituent nucleus, which explodes 
into a "star" consisting of short-range and heavily ionizing fragments capable 
of delivering a large localized radiation dose resulting in an augmented Bragg 
peak. The heavily ionizing fragments should be capable of overcoming the oxy­
gen effect considerably. The pion capture can be made to take place in the 
tumor by proper selection of the pion energy. Negative pions pass through 
healthy tissue as minimum ionizing particles of very low LET (< 1 keV /f.L) and 
stop in the tumor region, delivering a large localized dose at much higher LET. 
Hence the use of negative pions in principle should be very promising for thera­
peutic applications. A few people, including Richman appreciated this possi­
bility as early as 1952. Fowler and ,Perkins calculated the d~sage to be expected 
from negative pions in tumors and in the surrounding tissue. Their results 
clearly demonstrate that for negative -pion beams, the dose delivered in the 
tumor should be many times that in adjoinin'g regions. The presently available 
negative -pion beams are low in intensity compared with that required for thera­
peutic applications. At present there are four groups in the world working on 
this problem: Lawrence Radiation Laboratory, Berkeley; Brookhaven National 
Laboratory; Wills Physics Laboratory, England; and CERN, Switzerland. The 
pion beam at LRL at present is the most intense (:::: 106 /sec) with reasonably 
low background. The work at the above -mentioned places will be reviewed 
briefly and a detailed up-to-date account of the work that has been done at this 6-9 
Laboratory is presented here. Some of our results have already been published, ' 
and a short account of these published results is also included here. 

INTERACTION OF CHARGED PIONS WITH TISSUE 

Charged pions travel through tissue similarly to any heavy charge par­
ticle, and stop after traveling a given range that depends on energy; e. g., a 
50-MeV pion travels through about 10 cm of tissue. Unlike other charged par­
ticles ~ike electrons or proto~s, th~ char,ge~ pion is unstal:.l5; it decays in free 
space Into a muon and a neutnno WIth a hfetlme of :::: 2 X 10 sec. Hence there 
will always be a contamination of muons in a pion beam. The characteristic 

,-

.j 
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difference in behavior between a positive and a negative pion occurs at the end 
of the range. When the positive pion comes to rest, the coulomb repulsion 
between its positive charge and that o~ the nucleus keeps it from interacting 
with the nucleus. It goes through two decay processes: 

+ + 
'IT .... fJ. + v 

+ + fJ. .... e + v + v. 

The v and v are neutrinos and do not contribute to the dosage. The fJ. + is a 
short-range 4.12 -MeV muon which contributes a small dose. The positron has 
a distribution in energy with a peak around 30 MeV. Examples of this type of 
decay are shown in Fig. 1. 

Tissue is composed mainly of hydrogen, carbon, nitrogen, and oxygen; 
when a negative pion is brought to rest in such a medium, it may be captured 
by anyone of these atoms. When captured by hydrogen, however, the resulting 
neutral mesic atom diffuses through the medium and when it gets close to a 
heavier nucleus, the pion is transferred to it because the resulting energy is 
lower. As a result, the pion is captured by the main tissue elements and cas­
cades down the atomic levels to the ground state of the atom in a time that is 
short compared with its lifetime. From the ground state it is captured by the 
constituent nucleus, which explodes into a star consisting of short-range heavily 
ionizing fragments. In such interactions, about 20% of the total rest-mass 
energy (140 MeV) appears in the form of Q' particles, protons, and heavier 
fragments with ranges less than 1 mm in tissue. A further 40 MeV is expended 10 
in breaking up the nucleus, and the remaining 70 MeV is carried off by neutrons. 
A few examples of negative -pion capture in carbon, nitrogen, or oxygen as 
observed in photographic emulsions are shown in Fig. 2. 

The type of disintegration of a nucleus such as that of carbon and nitrogen 
has been studied with a diffusion cloud chamber, 11 and considerable energy was 
found to be in the ionizing fragments of the light elements. 

The dominant reaction for carbon (accounting for:::! 25% of the captures) 
is 

- 12 
'IT + C .... 2Q' + 1p + 3n. 

The dominant reaction in nitrogen (19% of the captures) is 

'IT - + 14N -+ 3Q' + 2n. 

The other reactions yield from zero to five charged particles, which at times 
include a heavy ion. 

The relative frequency with which different elements capture pions is 
closely proportional to their relative abundance by mass. In bone-free parts 
of the body we expect 73% of the captures to be in 0, 20% in C" and 3% in N, 
which leaves only 4% in heavier atoms. It is important, therefore, to know the 
characteristics of capture in oxygen nuclei. Mayes and Fowler made measure­
ments on tracks of particles stopping in wet and dry emulsions in order to get 
the data on pions captured in oxygen alone. 10 They found that interactions with 
oxygen produce tracks of multiply-charged particles. The common form of 
disintegration 5?f oxygen is into three Q' particles an'b a proton. The energy 
partition for 'IT capture in water as given by Fowler 1 is shown in Table 1. 
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Table 1. Energy partition for 1T capture in water. 

Rest mass of 1T 

Average binding energy 
Kinetic ene rgy 

Z >2 
Z = 2 
Z = 1 
Neutrons 

MeV 

139.6 

40.0 

4.5 ± 0.5 
8.0 ± 0.4 

16.5 ± 0.6 
70.0 

139.0 
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CALCULATED ENERGY -LOSS DISTRIBUTIONS AND BRAGG CURVES 

Mayes and Fowler also measured the differential energy spectra of the 
various particles emitted in the nuclear interaction of the negative pion with the 
oxygen nucleus. From these data it is possible to c~lculate the energy-loss 
distribution for a point in the stopping -pion region. 1 If some reasonable 
assumptions are made about the momentum spread of the incident beam and the 
amount of contamination by muons and electrons, the contribution from these 
sources can be included. The results of such a calculation are shown in Fig. 3. 
Conditions here were chosen to parallel those existing in the meson cave of the 
Berkeley cyclotron. The incident particle beam momentum was chosen as 190 
MeV Ic with a Gaussianly distributed momentum spread of standard deviation 
5 MeV Ic. The incident beam was chosen to have a 25% electron and a 10% 
muon contamination. The point of computation was the center of the star region 
at 25.5 cm of water. The contributions from the various components in the 
beam are shown in the figure. 

The integral under the curve is proportional to the dose deposited at the 
computation point. If the se integral s are computed for various depths and nor­
malized to the entrance dose, a central-axis depth-dose curve (Bragg curve) 
can be constructed. The result of such integrations is shown for the contaminated 
beam in Fig. 4. The contributions of the vatious components are indicated. Our 
beam has such a large cross section (50 cm ) that multiple -scattering corrections 
are negligible on the central axis. Because of the broad distribution in incident 
momenta, straggling corrections are negligible compared with the range spread 
due to the momentum distribution. It is seen from the figure that the peak-to­
plateau dose ratio rises to almost 3:1 and that the width of the peak is about 4 cm. 

For comparison, the depth-dose distribution for pure pions is shown in 
Fig. 5. Here the width of the peak is about the same as for the contaminated 
beam, but the peak-to-plateau dose ratio has risen to almost 3.5:1. 

PRODUCTION OF PION BEAMS 

Pions can be produced in a nuclear interaction by any strongly interacting 
particle if its energy is great enough. They are generally produced by a primary 
beam of protons. Our experiments at Berkeley are carried out at the 184-inch 
synchrocyclotron. This machine provides an accelerated beam of 732 -MeV pro­
tons that in their outer orbit strike a 5 -cm thick beryllium target and produce 
neutral, positive, and negative pions. The experimental arrangement is shown 
in Fig. 6. The negative pions are deflected out of the cyclotron by the cyclotron 
fringe field, and after leaving the cyclotron tank through a window, enter a small 
quadrupole focusing magnet (meson quad), then along a channel (dashed line in 
Fig. 6) through the main cyclotron shielding (hatched area). The pions then 
enter the meson cave, where various arrangements of magnets are used for 
energy selection and focusing of the pion beam. A bending magnet is used for 
momentum selection. The cyclotron produces pions in a range of energies from 
o to about 450 MeV (the upper limit being determined by the energy of the primary 
proton beam). In all our experiments, we used pions of energy around 90 MeV, 
because at this energy the yield of pions is good with reasonably low background. 
In the change from a negative to a positive pion beam, all the magnetic fields, 
including that of the cyclotron, are reversed. The magnetic -lens system remains 
unchanged for pions of the same energy, regardless of charge. 

The negative pions are produced in the reaction of the proton beam with 
the neutrons in the beryllium nucleus: 

p+n-+p+p+1T. 
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The positive pions are produced in two ways: 

+ p+n->-n+n+1T 

+ p+p-+p+n+1T 
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Neutral pions are also produced. They have a very short lifetime, 
~ 10- 16 sec, and decay into two 'I rays in the target. The gamma rays get 
converted into electron-positron pairs that go mainly in the forward direction. 
The electrons from this conversion constitute the electron background in the 
negative -pion beam. 

PHYSICAL MEASUREMENTS 

Some of the early measurements of isodose curves of a 70-MeV pion beam 
obtained from the 600-MeV proton beam at the CERN cyclotron have been re­
ported by Baarli. 13 The beam had a 30% contamination of muons and electrons. 
The dose at the Bragg peak as measured by a small tissue -equivalent ionization 
chamber was found to be 2.2 times the dose at the beam entrance. Measure­
ments of quality factor were 2.7 at the Bragg peak and 3.4 in the middle of the 
downward slope of the Bragg curve. Their experimental Bragg curve was in 
good agreement with the calculated curve if the local energy deposition was 
assumed to be 20 MeV per nuclear star. Further measurements have been 
made recently by using an LET chamber to measure the contribution of dose 
due to stars formed by negative-pion capture. 14 Their results at the Bragg-
peak position of negative pions indicate that a substantial part of the dose is 
delivered at LET values appropriate to Q' particles with energies between 5 
and 15 MeV, the peak value of the spectrum being at an LET value appropriate 
to an Q' particle of energy 14 6 MeV. It is quite probable, however, that satu­
ration of their system at high LET prohibited the higher LET portion of the 
distribution to be accurately measured. A comparison of their spectrum with 
that in Fig. 3 shows a rather sharp drop to zero in the region where the lower 
ene r gy Q' particle s should be making a significant c ontri bution. 

Dosimetric studies of negative pions have also been carried out at 
Brookhaven National Laboratory with the negative-pion beam produced at the 
Cosmotron. The beam had a momentum of 156 MeV Ic and a range of about 
15 cm in water. The electron and muon contamination of this beam is much 
higher than the contamination of the CERN and Berkeley beams because very 
high-energy protons (~ 2 BeV) from the Cosmotron were used to produce the 
pion beam, and because the distance between the target and the experimental 
area was large. Because of the considerable beam contamination, a telescope 
consisting of particle c~unters was used for discriminating against the back­
ground electronically. 1 A Cerenkov counter was also used for eliminating the 
dose contribution from the beam contamination, and NaI (TI) or C s1 (TI) crystals 
were used as an ionization detector. The ionization spectra were measured as 
a function of absorber depth. The ionization curve was computed from the 
pulse -height spectra produced in Na1 (TI) or CsI (TI) crystals. The data are 
not yet completely analyzed. 

The group from England headed by Peter Fowler has made some calcula­
tions of negative -pion dose distributions and the oxygen-enhancement ratio. 5, 10 
In addition, they made measurements at the CERN facility of n8gative -pion cap­
ture in oxygen, using wet emulsions as described previously. 1 They do not 
have a negative-pion beam facility at present for this investigation; however, 
they are now planning to use Nimrod. 

The intensity of the negative pion beam at the 184 -inch s'ynchrocyclotron 
at Berkeley is 5 rads/hr for a beam size of ~ 7 cm by 7 cm. The beam has a 
contamination of 25% electrons and 100/0 muons. This beam intensity is two 
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orders of magnitude lower than that needed for therapeutic application; never­
theless, dosimetric experiments can be done quite well, and with care, limited 
biological experiments can also. The physical and biological experiments have 
been done since 1963. A detailed account of the biological experiments will be 
covered in a ser.arate paper. Most of the physical measurements have already 
been published, 6 -9 and a detailed summary of the results to date will now be 
given here. 

Integral Range Curve 

As it passes through the medium, the pion beam is attenuated because of 
elastic and inelastic interactions with nuclei in the medium. Hence the number 
of pions passing through an absorber decreases as the thickness of the absorber 
is increased. This particle los s is important, since the dose at the Bragg -peak 
position depends on the intensity of the particles there. A plot of the number of 
particles that reach a given absorber thickness as a function of thickness is 
called an integral range curve or a number -distance curve. The integral-range 
measuring apparatus used consists of two plastic scintillators connected in 
double coincidence to monitor the beam intensity. A third plastic scintillator 
measures the beam intensity after the particles pass through the variable 
absorber. The intensity of the transmitted beam through the absorber is given 
by a triple coincidence between all three scintillators. The integral range 
curve is the plot of the ratio of the triple coincidences over the double coinci­
dences (incident beam intensity) as a function of the absorber thickness. Such 
a plot for a pion beam of energy 100 MeV (or momentum 195 MeV/c) with its 
muon and electron contamination taken in Lucite is shown in Fig. 7. The atten­
uation of the pion beam before the pions stop is repre sented by the curve between 
zero absorber and the point A shown in the figure. Forty percent of the particles 
from the beam are lost before they reach the pion-stopping region (AB in the 
figure); the muon and electron contamination is represented from point B onwards. 
The energy spread and the average energy of the pion beam can be calculated from 
the integral range curve by taking the energies corresponding to the ranges at 
points A and B (94.5 and 108 MeV, respectively) from range-energy tables of 
pions in Lucite. Because of the mass difference between pions, muons, and 
electrons, for a contaminated pion beam of the same momentum, the muons will 
have a range 300/0 greater than pions and the electrons will have a much higher 
range than muons. Hence, knowing the ranges of pions and muons, we can esti­
mate the contamination of muons and electrons in the pion beam. 

Time -of-Flight Measurements 

The time -of -flight measurements reveal more vivid information on con­
tamination. In a contaminated pion beam of a given momentum, muons and elec­
trons will travel faster than pions. In these experiments, one measures the 
time taken by each particle in the beam to travel an extended path (23 feet). A 
plastic scintillation counter is placed at each end of the flight path. The geom­
etry of this experiment is therefore different from that of the other experiments. 
The velocity spectrum of the particles, as expressed by the time, delay between 
the two scintillation counters, is fed first to a time -to-pulse -height converter 
and then to a pulse-height analyzer. Figure 8 shows four Polaroid pictures of 
the PHA display for a negative-pion beam after it passes through 2-1/8, 6-1/8, 
8-5/8, and 13-1/8 inches of Lucite absorber. For absorber thicknesses of 
2-1/8 and 6-1/8 inches, the beam is clearly differentiated into three distinct 
peaks representing the pions, muons, and electrons. Summation of a single 
peak gives the total number of particles represented by that peak. This proce­
dure was repeated at several different depths in Lucite. The percentage of 
electrons in the 180 MeV /c beam increases linearly from 230/0 at the entrance 
to 400/0 at the Bragg -peak position in Lucite. 
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Se:miconductor Detector Measure:ments 

Se:miconductor detectors are also used for investigating pion bea:ms be­
cause of their :many advantageous properties, which include their linear response 
with the deposited energy. A lithiu:m-drifted silicon detector of thickness 0.61 
g/c:m2 was e:mployed to analyze both the positive - and negative -pion bea:ms 6 

with their conta:minants when the particle passed through different deEths of 
Lucite. The experi:mental details are discussed in an earlier paper. 

Figure 9 shows the results obtained with a 95-MeV ,/ bea:m (189 MeV/c 
whose :muon and electron conta:mination is very s:mall) after it passed through 
various thicknesses of Lucite. A nu:mber of features of this data are interesting. 
The resolution is in reasonable a~ree:ment with the Landau effect. The peaks are 
shifted to higher energies by 7-1/2 inches of Lucite, i. e., roughly 1 in. less 
than the ran¥e of pions, a s:mall peak at 1.15 MeV occurs +in addition to the 
1.98-MeV 11 neak (Fig. 9b). This s:mall peak is due to f.L particles for:med by 
the decay of 11+ :mesons. When the bea:m is degraded by 8-1/2 inches of Lucite, 
which corresponds to the Bragg-peak position (Fig. 9c), the :muon and pion 
peaks are shifted to higher energies. At 9 -1/2 inches of Lucite plus 3/8 inches 
of copper (copper is used to substitute for a thicker sheet of Lucite because of 
the lack of space), which is beyond the range of pions and :muons, only the posi­
tron peak at 0.92 MeV shows (Fig. 9d). 

Unlike the 11+ bea:m, the 11- bea:m is conta:minated with approxi:mately 25% 
electrons and 10% :muons. Figure 10 shows the results obtained with a 95-MeV 
11- bea:m (189 MeV/c) with its :muon and electron conta:mination passing through 
various thicknes ses of Lucite. Two peaks at 0.87 and 1.05 MeV can clearly be 
seen in Fig., 10(a), and they are due to electrons and pions, respectively. The 
:muon conta:mination, being relatively s:mall, is hidden in the broad distribution 
of electrons and pions. Notice that as the absorber thickness increases, the 
relative height of the pion peak decreases in co:mparison with the electron peak. 
This re sult is due partly to the large los s of pions due to nuclear collisions, and 
partly to electron build-up due to shower for:mation. The results of the ti:me -of­
flight :measure:ments also confir:m this behavior. As the thickness of Lucite in­
creases, the peak due to electrons remains at the position corresponding to 
about 0.87 MeV, but the peak due to pions shifts to higher energies. This is 
because the electrons of initial :mo:mentu:m 189 MeV /c are still in the :mini:mu:m 
ionizing region, but the pion energy losses increase considerably as the thickness 
of the Lucite absorber increases. Beyond the range of pions (i. e., for thickness 
greater than 8-5/8 in. of Lucite), the pion peak is absent and the electron peak 
persists (Fig. 10d). 

The experi:mental values of the :most probable energy losses of pions 
(both positive and negative) agreed well with the values predicted by theory. 

The energy distribution of the negative-pion stars in silicon was also 
:measured. U sing ionization cha:mbers, we obtained the Bragg peak at 8 -5/8 
in. of Lucite. Most of the pions stop in this region and create stars. Hence, 
a lithiu:m-drifted silicon detector placed at this position will stop :many negative 
pions, and stars will be formed in silicon. Most of the star's energy will be 
absorbed in the detector itself. In order for the detector to "see" the energy 
distribution of the pion stars alone, the energy deposited by the pions, :muons, 
and electrons while passing through the detector has to be eliminated. This 
eli:mination is done with another se:miconductor detector in anticoincidence with 
the analyzing detector. The results of such :measure:ments are shown in Fig. 11. 
It can be seen fro:m the figure that the nu:mber of stars is constantly decreasing 
with increasing energy, and this star energy extends beyond 60 MeV. The co:m­
puted average energy of the star stopped in detector (0.61 g/c:m2) is 21 MeV. 
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Depth-dose Distribution of Pion Beams 

Our early measurements were made by using two 7 -in. diameter ioniza­
tion chambers filled with a mixture of 96% argon and 40/0 carbon dioxide, at a 
pressure of 3 psi over atmospheric pressure. The depth-dose distribution of 
pion beams was measured by using one chamber as monitor, followed by differ­
ent thicknesses of Lucite absorber, and then using the second chamber as a 
detector. Measurements were made for beams of both positive and negative 
pions. The Bragg peak due to the negative -pion beam should be enhanced due 
to the pion stars when compared with that from a positive -pion beam of the 
same energy. However, the Bragg ratio for both positive and negative pion 
beams was found 7 to be 2:1. This is partly due to the differences in the con­
tamination for positive - and negative -pion beams. Also, because the positive­
pion beam decayed into muons and positrons near the Bragg-peak position, 'the 
ionization chamber, being larger than the beam, will "see II more ionization 
from these long-range products than from the short-range star products from 
the negative -pion beam. 

In addition to the depth-dose distribution of pion beams, it is important 
to measure also the ionization density at the points of interest. Lithium-drifted 
silicon detectors are also being used for such measurements by operating them 
as pulse -radiation dosimeters. 8 

The charge liberated in the lithium-drifted silicon detector is directly 
proportional to the energy deposited in it. A charge -sensitive preamplifier 
yields a voltage pulse proportional to the energy deposited in the detector. At 
room temperature, the leakage current of the lithium-drifted silicon detector 
is :::: 2 fLA, depending on the thickness of the detector, and this current is com­
parable to the current generated in the detector due to pions pas sing through it. 
(The total pion intensity seen by the detector is 104 / sec). The detector leakage 
current has been blocked by ac amplification used in the system, as shown in 
the block diagram in Fig. 12. Simple capacitive coupling is not adequate because 
of cancellation of the positive signal by the negative overshoot. This cancella­
tion necessitates a polarity-clipping circuit to eliminate the overshoot contribu­
tion to the subsequent integration. The integration consists of a standard opera­
tional amplifier with feedback capacitor. It is electronically re set by a diode 
pump that furnishes an accurate amount of charge to the capacitor. To measure 
the dose due to pulses corresponding to the energy deposition in the detector 
greater than a particular value or over a particular range of energies, we used 
a single -channel pulse -height analyzer (or discriminator), gated linear arripli­
fier, and a delayed amplifier. Such threshold measurements yield information 
on the distribution of ionization density at the measured position. 

This system was used to measure the depth-dose distribution of a 190 
MeV/c pion beam in water. The most probable energy losses in the 3-mm 
detector used in this investigation are 1 MeV by the electrons and 1.2 MeV by 
the pions, and the energy lost by the muons is intermediate between these values. 
At the end of the range the negative pions stop and produce stars, thereby de­
positing in the detector energies at times exceeding 60 MeV. Hence the systems 
should be linear at least from 0.6 MeV to 60 MeV. When checked out with a 
calibrated pulser, the system was found to be linear within 5% over the energy 
region from 0.6 to 60 MeV. 

Two plastic scintillators connected in coincidence were used to monitor 
the fluctuating pion beam. The lithium-drifted silicon detector was housed in 
a small waterproof Lucite -box and could be moved remotely in a water phantom. 
The integrated charge from the lithium-drifted silicon detector was measured 
during the time the monitor scintillator system accumulated a fixed number of 
counts. This procedure was repeated for each position of the detector in the 
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water phantoITl. For cOITlparison, ITleasureITlents were also ITlade for a positive­
pion beaITl, with the results shown in Fig, 13. As can be seen froITl the figure, 
the negative -pion beaITl gave rise to a ITluch higher dose than that of the positive­
pion beaITl near the end of the range. 

The depth -dose di stribution of a negative -pion be.aITl in wate r as ITleas­
ured with a silicon detector agreed reasonably well with the calculated dose in 
water shown in Fig. 4. The siITlilarity between the two results indicates that 
the nuclear interactions occurring when pions are captured in silicon do not 
produce significantly different particle types and spectra froITl those occurring 
in water. Thus, silicon detectors appear to be useful dosiITleters for thesi2 
investigations, although the dose ITleasured is not strictly the tissue dose. 

The integrated output of the lithiuITl-drifted silicon detector was ITleas­
ured as a function of the discriITlinator setting (energy threshold) for positions 
designated 1, 2, 3, and 4 in Fig. 13. For cOITlparison, the integrated output 
of the detector at zero threshold setting of the discriITlinator at the above­
ITlentioned positions was norITlalized to unity. The resulting curves are shown 
in Fig. 14. 

The two curves for the negative -pion beaITl at positions 1 and 2 corre­
sponding to the peak and halfway down the falling portion of the depth-dose dis­
tribution curve are siITlilar, thereby suggesting that the ionization density dis­
tributions at and beyond the peak of the negative -pion depth-dose curve ITlay be 
siITlilar. On the other hand, the curve corresponding to the position 3 halfway 
up the rising slope of the depth-dose curve falls below curves 1 and 2 with in­
creasing thre shold setting, thereby suggesting that the contribution froITl high 
ionization densities at that point is considerably less than at the other two points. 
As expected, the fractional dose for threshold settings greater than 10 MeV at 
position 4 of the positive-pion peak falls to zero quickly, as there are no stars 
contributing to the dose here. For the detector thickness used (3 ITlITl), pulses 
greater than about 9 MeV cannot be due to the passage of pions through the de­
tector. For negative pions, pulses greater than 9 MeV are definitely due to 
star forITlation and, as can be seen froITl Fig. 14, the stars contribute about 
60% of the dose at the Bragg peak position. 

It will be better to use thin detectors for ITleasuring the depth-dose dis­
tribution because of the narrow width of the region where negative pions produce 
stars (~ 4 CITl of water), IITlproveITlents in the linearity of the systeITl are being 
ITlade so as to perITlit use of thinner detectors. The depth-dose curve for a pure 
pion beaITl can be obtained by using a threshold Cerenkov counter in anticoinci­
dence with the seITliconductor detector so that the particles with velocities 
greater than pions (i. e., ITluons and electrons) will not be counted. Work in 
this direction is also in progress, 

The electron contaITlination in the pion beaITl can be reduced considerably 
by using electrostatic separators; however, the existing ITluon contaITlination is 
relatively difficult to eliITlinate because its ITlass is nearly that of pion. Muons 
will deliver SOITle radiation dose beyond the region of interest. The best way 
to ITliniITlize the ITluon contaITlination of the pion beaITls is to keep the experi­
ITlental area a close to the target as possible. This will decrease the flight 
path of the pions, and hence fewer pions will decay into ITluons. 

The results of the physical ITleasureITlents and calculations indicate that 
the negative-pion beaITls ITlay find a good place in radiation therapy. As ITlen­
tioned before, the intensity of the presently available pion beaITls is two orders 
of ITlagnitude lower than that needed for therapeutic application. Construction. 
of ITlachines that produce the necessary intensities is being planned, and one 
such ITlachine is being considered for Los AlaITlos Scientific Laboratory with a 
special bioITledical facility. 
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Figure Legends 

Fig. 1. Examples of 'IT + decay as observed in nuclear emulsions. From C. F. 
Powell, P. H. Fowler, and D. H. Perkins, The Study of Elementary Par­
ticles by the Photographic Method, p. 669, Pergamon Press, N. Y., 1959. 

Fig. 2. Disintegration of light elements carbon, nitrogen, or oxygen by nuclear 
capture of 'IT - me sons as observed in nuclear emulsions. The pion tracks are 
labelled 'IT -; the stars produced following their capture have various numbers 
of prongs. From C. F. Powell, P. H. Fowler, and D. H. Perkins, The 
Study of Elementary Particles by the Photographic Method, p. 669, Pergamon 
Press, N. Y., 1959. 

Fig. 3. Calculated energy-loss distribution at a point in the stopping negative­
pion region in 25.5 cm of water. P = 190±5 MeV/c. 

Fig. 4. Calculated central-axis depth-dose-distribution of negative-pion beam 
with its contaminants in water. P = 190±5 MeV/c. Incident beam is 65% 
pions, 25% electrons, and 10% muons. 

Fig. 5. Calculated central-axis depth-dose distribution in water of pure nega­
tive -pion beams. P = 190 ± 5 MeV/c. 

Fig. 6. Experimental setup for producing a negative -pion beam. For producing 
a positive -pion beam, all the magnetic fields and the direction of the proton 
beam are also reversed. 

Fig. 7. Integral range curve of a negative 100-MeV pion beam. 

Fig. 8. Time -of-flight pictures of pion beam with its contaminants after 
passing through 2-1/8, 6-1/8, 8-5/8, and 13-1/8 inches of Lucite. 

Fig. 9. Pul~e-height spectra from lithium-drifted silicon detector for a 
95 -MeV 'IT beam after passing through various thicknesses of Lucite. 
(a) Direct beam; (b) beam degraded by 7.5 inches of Lucite; (c) beam 
degraded by 8.5 inches of Lucite; (d) beam degraded by 9.5 inches of 
Lucite and 3/8 inch of copper. 

Fig. 10. Pul se -height spectra from a lithium-drifted silicon detector for a 
95 -MeV 'IT - beam with its contaminants after passing through various thick­
nesses of Lucite. (a) Direct beam; (b) beam degraded by 3 inches of 
Lucite; (c) beam degraded by 5 inches of Lucite; (d) beam degraded by 
10 inches of Lucite. 

Fig. 11. Energy distribution of the negative -pion endings in silicon; this is 
very nearly the energy distribution of the pion stars. The curve without 
the anticoincidence detector includes the pulses of particles passing through 
but not stopping in the analyzer detector. 

Fig. 12. Block diagram of the pulse radiation dosimeter setup. 

Fig. 13. Measured central-axis depth-dose distribution of 190-MeV/c 'IT+ and 
'IT beam in water. 

Fig. 14. Fraction of dose due to particles depositing energies higher than the 
threshold energy setting, shown as a function of threshold energy. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mISSIon, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






