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A FEASIBILITY STUDY OF THE THERAPEUTIC POSSIBILITIES 
OF rr- MESONS 

Henry Aceto, Jr. 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

ABSTRACT 

The feasibility of extending the arsenal of heavy particles 

available in radiotherapy to include pi negative mesons is inv.esti­

gated by employing several dosimetric techniques. From the data 

obtained a preliminary assessment of the possibilities of pi nega­

tive mesons is discus sed. The results are indicative of many pos­

sible advantages, both in improving radiotherapeutic techniques and 

in offering new areas for basic radiobiologic investigations . 
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I. INTRODUCTION 

It is well known that injury to normal tis sue is one of the 

major obstacles to improved effectiveness of radiation therapy of 

tumors. Injury ~o tissues brings about in patients both early adverse 

reactions to radiation and more remote complications. The compli­

cations that result are often so serious that one must not only lower 
i 

the tumor dose, but even entirely discontinue the radiation therapy. 

Thus it is essential to find means of selectively lowering the integral 

dose delivered to healthy tissue relative to that in the tumor and there­

by increasing correspondingly the therapeutic action on deep-seated 

malignant neoplasms. 

In recent years the application of high-energy machines to 

therapeutic radiology and associated radiobiologic investigations has 

been an important step in attacking this problem. Thus by means of 

a cyclotron, a betatron, a synchrotron, or a linear accelerator one 

may obtain a well-collimated beam of high-energy protons, electrons, 

photons, neutrons, a particles, mesons, or heavy ions up to argon. 

Each of these radiations is characterized by properties that enhance 

its usefulness fo'r certain applications while limiting it in others. 

High-energy x-ray beams have been shown to exhibit a depth­

dose curve, with a relatively low skin dose, that rises to a maximum 

and then decays exponentially on the exit sid~. 1 
In tissue, the beam 

spreads; beyondits original angular divergence, owing to multiple 

scattering and production of secondaries. The depth of maximum 

ionization increases almost linearly with energy; the resultant peaks 

are quite broad, and the intensity drops off very slowly thereafter 0 

At energies higher than about 20 MeV the exit dose is almost as large 

as that received at the maximum position. Even when the dosage to 
. '· 

the healthy tissue is distributed by employing several differently or-

iented fields, the resulting toxemia is commonly. the factor limiting 

-1-



-2-

the amount of radiation that can be delivered to the tumor. 

In electron therapy, ideally, the electron beam has a single 

well-established range, 2 and its degree of penetration into tissues 

may be regulated at will by regulating its mean energy. Since the ion­

ization density for electrons is fairly constant above 1 MeV, we would 

expect nearly constant dosage, with a slight rise near the end of the 
3 

range and zero dosage beyond. However, in, actuality, a high degree 

of multiple scattering combined with energy loss through bremsstrah­

lung processes increases the total inherent straggling to as much as 
. 4 

30o/o of the mean range. Consequently, there is a considerable de-

crease of the LET (linear energy transfer) w-ith increased depth, and 

virtual obliteration of the hypothetical ionization peak at the end of the 

range. 

To summarize the improvements in radiation therapy made 

possible by USe of high-energy X rays and electrons for direct tumor 

therapy, one may generally say that these radiations are suitable 

when we w'ish to irradiate surface lay-ers or to· give uniform dose over 

a relatively large region deep in tissue. 

On the other hand, highly localized lesions in accurately pre­

determined positions in the body should be most effectively produced 

by heavy charged particles (charged particles heavier than electrons). 

These particles have unique characteristics that make them extremely 

attractive both for improving radiotherapeutic techniques and for of­

fering new fields of basic radio biologic investigation. They show a 

definite range with deep penetration and far less scatterj.ng than elec­

trons, accompanied by a most favorable distribution of energy loss. 

The initial portion of the energy..:loss pattern is represented by a rel­

atively broad flat plateau region (or minimum-ionizing region), which 

is followed by a rapid rise in ionization caused by the increasing rate 

of energy loss with decreasing particle velocity. As the particie 

velocity continues to decrease, the gradual c;harge neutralization 
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begins t9 dominate the velocity depend~nce, and the ionization comes 

to. a maximum at the 11 Bragg peak" just before t~e end of the range 

of the particles._ The complete ionization distribution, including both 

the minimum-ionizing region and the Bragg peak region of mp.ximum 

ionization, constitutes what is commonly known as the Bragg curve, 

The peak-to-plateau ionization ratio of the curve can be readily con­

verted to a tissue -dose ratio·. This ratio may represent an extreme 

advantage in depth dose, whereby high doses can be delivered at al­

most any desired predetermined depth in tissue, with intervening and 

deeper layers of tissue receiving very much lower doses, These 

unique qualities make this radiation physl,cally well suited for rel­

atively precise irradiation of both deep-seated tumors and superficial 

tumors adjacent to radiosensitive tis.sue. 

Beginning in 1952, the possibility of applying these hea,vy 

atomic particles to therapy stimulated radiological experiments by 

several investigators. 5• 6• 7 Until that time, the only heavy nucleons 

usedin therapeutic clinical studies were neutrons. Of course, the 

neutron does n9t exhibit a Bragg curve, but displays an attenuation 

curve quite similar to that of electrons. Nevertheless, the early 

work. of Lawrence et al.. suggested that neutrons, by virtue of their 

relatively .. high-LET secondary protons, produce .a greater biological 

f 
. 8 

e feet on normal and neoplastic tissut::s than do x rays. 

Subsequent neutron radiotherapy, however, has yielded re­

sults that· showed no favorable selective effects. 9 More recently, 

Fowler et al. have revived interest with a series of pretherapeutic 

experiments with a neutron beam, designed to elucidate the. problems 

inherent in neutron therapy and specifically to explain the long-term 
10 . 

injury to normal tissue.s reported by Stone. Moreover, an impor-

tant ever -present consideration in neutron therapy is that there is 

always a compromise between high.er LET's obtain~d with lower-energy 

neutrons on the one hand, and better depth doses with higher -energy 
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neutrons on the other. Furthermore, investigations, with neutrons, 

of LET ·effect upon radio biological action has serious 'limitations: 

even with monoenergetic neutrons, the LET spectrum is quite broad, 

owing to the dominant elastic collision eros s section', which results 

in a secondary-proton spectrum ·ranging from the incident neutron 

ener·gy down to nearly zero energy. Consequently, radio biological 

research studies. on the cellular level, for instance, inay become 

quite difficult to analyze, since a given cell may be irradiated by a 

secondary particle with any energy (and therefore aLmost ariy LET) 

extending over the total range. 

Investigations using protons, de'uterons, and alpha- particles 

were designedprimarily to gain fundamental knowledge concerning 

their biological effectiveness and mechanism of lethal action. ·These 

studies revealed that by using rotation techniques or taking advantage 

of the Bragg curve a sizable amount of energy can be preferentially 

delivered to localized areas of the body. For example, a bea·rri of high­

energy protons, suitably attenuated, was passed through the body of 

a mouse; the degradation was just sufficient to place the Bragg peak 

at the site of a transplantable· tumor on the opposite side of the animal, 

and the neoplasm was destroyed. These encouraging re.sults have 

led to the use of the Bragg peak to treat soft-'tissue and brain tumors 

directly. 
11

•
12 

At the Bragg peak not only is the actual 'dose greater 

than the skin dose, but the increased ionization at the peak, with its 

concomitant increase in LET, produces a greater RBE as well. This 

is to be expected, since numerous radio biological investigations have 

shown that the total dose required to produce a given biological effect 

is not c·onstant, 'but may vary considerably with LET, It has been 

established that in order· to evaluate the effects·of irradiation, one 

must know both the total energy deposited within a given volume (or 

rad dose) and the spatial distribution of the energy within that Volume 

(or the LET). 13 The work of Berends en et al., using human kidney 
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cells in tis sue culture, is in general agreement with other studies in 

that the RBE is shown to increase with LET up to about 100 keV /iJ., 
after which it decreases for still higher LET values. 

14
• 
15 

This ad­

ditional advantage of a greater RBE for each unit of absorbed dose at 

the peak than at the plateau has been confirmed by in vivo experiments 

with two different ascites tumors (a lymphoma and a mammary car­

cinoma). 
16 

Also, Larsson reported an RBE of 0. 7 for minimum­

~onizing 170-MeV protons for producing chromosome abberations in 

Allium and Vicia, 
17 

with a significant increase in RBE toward the end 

of the Bragg peak. 

However, it is important to note at this point that protons give 

rise to serious problems in this connection, in that the Bragg peak is 

coo narrow to permit uniform irradiation of tumors generally found 

in man. Furthermore, fast proton beams do not have very high LETs 

except in the small terminal portion of their travel. By introduction 

of various thicknesses of absorber the Bragg peak may be transformed 

into flat maxima of various lengths, corresponding to the tumor di-
. . 18 

mensions, by overlapping of different proton energies. However, 

this transformation and its associated redistribution of the proton 

energy over a larger volume is achieved at the cost of the peak-to­

plateau depth-dose advantage, and markedly decreases the average 

LET in the Bragg peak region. On the other hand, the highly localized 

narrow Bragg peak does have extreme advantage for certain neurologic 

applications requiring production of very small well-defined lesions. 

In particular, one of the early methods of treatment of patients with 

acromegaly, advanced breast cancer, or malignant diabetes with ret­

inopathy involv_ed the difficult procedure of surgical hypophysectomy. 

It soon became apparent that high-energy particles should be effective 

in radiosurgery, such as in inhibiting pituitary function or for pituitary 

ablation, thereby sparing the patient the trauma and associated com­

plications of surgical hypophysectomy. Tobias et al. have successfully 
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applied this radiosurgical technique to produce destr~uctive l~sions in 

the pituitary of rats, dogs, and monkeys with beams of high-energy 

deuterons or protons. 5• i9 Despite this success and the obvious the­

oretical advantages, there are many difficulties involved ,in using the 

Bragg curve in treating patients. Particularly in pitui~ary irradiation, 

it is absolutely necessary to avoid irradiating the vital structures sur­

rounding the hypophysis, such as the optic tracts, hypoth~lamus, and 

the various ·cranial nerves. Although the pituitary can be fairly ac­

curately located by taking x-ray photographs, the Bragg peak cannot 

be positioned with equal accuracy, owing to the heterogeneity of the 

irradiated body mass, and therefore one is forced tQ use continuous 

head rotation (with the beam incident on the pituitary at the center of 

rotation), to obtain the incr~ased dose to the pituitary .. , However, in 

this case there is no added increment contributed by a Bragg peak and 

its associated incr.eased RBE. On the other hand, if one were ,able to 

accurately assess the degree of inhomogeneity in the region surround­

ing the point of irradiation, then proper adjustment could be made for 

the departure from a homogeneous medium, and the peak, position 

could be determined with reasonable accuracy. 

The Bragg peak has added significance through its relation to 

still another possible advantage of heavy particles in therapy. This 

radiotherapeutic advantage lies in their relation to the oxygen effect. 

It has been known for a long time either both normal or .malig­

nant tis sue that is poorly supplied with oxygen at the time of irradia­

tion experiences less biological damage by a given dose of x and 'Y 

rays than the same tis sue when well supplied with oxygen. More than 

50 years ago Schwarz observed that human skin reaction to radiation 

was diminished when blood flow was restricted, eithe,r by compression 

or suction, 
20 

Still today, the complex na.ture of the oxygen effect can­

not be regarded as completely elucidated. On the one hand, oxygen 

exerts its action by virtue of an indirect effect due to radiation, through 

its role as an active participant in the formation of active radicals and 
.. 
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peroxides. On the other hand, it is also involvedin.the.dir·ect action 

o"fradiation (i.e·.: when .fre-e .. r.ad.ic.al~,forrned; in H 20 are· not in­
... d) 21 volve . 

The relevance of the oxygen effect to radiotherapy depends 

upon a supposed di-fferential between the radiosensitivity of normal 

tissue and a tumor, owing in part to the impaired circulation tone­

crotic regions of the tumor and concomitant anoxia (in relation to 

those regions where oxygen supply has not been affected). That is, 

the anoxic cells are not killed as readily by x rays and '{ rays as are 

well-oxygenated healthy cells. The maximum oxygen effect is reached 

at an oxygen content in the medium surrounding the object being irra­

diated that corresponds to the concentration of oxygen in the air (ap­

proximately 21o/o ). A further increase of the oxygen tension has no 

effect on the radiation sensitivity of the object. This behavior is of 

great importance in the radiation therapy of tumors because of the 

considerably lower oxygen concentration in malignant neoplasms than 

in normal tissue. It follows from this that increasing the supply of 

oxygen at the moment of irradiation will lead to a considerable increase 

in the radiosensitivity of tumors, while that in normal, well-oxygenated 

tissue remains practically unchanged, since they are already at max­

imum radiosensitivity. This approach is the basis of the studies by 

Churchill- Davidson, in which the patient is subjected to oxygen tensions 

as high as 2 or 3 atmospheres. 22 

An equally promising and somewhat less severe approach to 

this problem of effectively overcoming the anoxic cells is to use radi­

ation of a quality which causes cell injury irrespective of the oxygen 

differential (i.e., high-LET radiation). Many experiments such as 

those on unicellular organisms by Howard-Flanders 23 and Berendson, 
24 

using a tissue culture, have confirmed that the presence or absence of 

oxygen has less influence on the radiobiological responses to high-LET 

radiations than to low-LET radiations. Gray has reported the radio­

sensitivity of ·Ehrlich ascites tumor cells irradiated by fast neutrons to 
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be much less affected by oxygen concentration than when irradiated 

with x rays. 25 Lawrence, using heavier charged particle beams, has 

indicated similar findings _16 

The oxygen-enhancement factor varies with the type of radi­

ation used, being highest with radiations of lowest LET. With x rays 

the biological effect produced is approximately three times as great 

under aerobic conditions as under anaerobic conditions {i.e., oxygen 

enhancement factor :::::: 3 ). In contrast, this same ratio for the killing 

of mouse as<:;ites tumor cells, as reported by Hornsey and Silini, is 

1. 9 for neutrons of mean energy (6 MeV), whose average LET is ap­

proximately 20 keV /JJ.. 26 Although this ratio is much lower than the 

corresponding x-ray values, there is still an appreciable and undesir­

able oxygen differential effect. The ratio of the oxygen-enhancement 

factor for x rays to that for neutrons, m /m , gives the "gain factor" 
x n 

in treating anoxic c~lls. For equal injury to well-oxygenated tissues, 

the effect on anoxic cells is increased as if the dose to only these cells 

had been increased by an amount equal to the gain factor. This gain 

factor is identical with the ratio of the RBE' s for anoxic and oxygenated 

cells. 

This is of great importance, particularly because the dose of 

radiation applied in therapy must be large enough to destroy all tumor 

cells. If even single uninjured cells remain after radiation therapy, 

this is enough for regeneration of the tumor. 2 7 Human tumors consist 

of an agglomeration of cells which vary widely with respect to the ox­

ygen tension in them. Among them there may always be present a 

small number of cells which for all practical purposes are under an­

aerobic conditions (and therefore are highly resistant to radiation), 

but have not lost their capacity to proliferate. In cases like this it is 

of particular importance to increase the radiation sensitivity of the 

tumor cells to the maximum possible extent, because the success of 

the radiatio.n therapy depends on whether or not the few resistent cells 

are killed. 
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The purpose of this study is to extend the arsenal of heavy 

particles available to include the 'IT meson. The therapeutic possi­

bilities of 'IT meson beams was recognized very early by Richman, 

and was later discussed by Wilson 
4 

and Tobias. 
28 

Likewise, Fowler 

and Perkins have concretely demonstrated the potential usefulness of 

'IT- mesons with some theoretical depth-dose calculations. 29 Never­

theless, virtually no experimental investigation of 'IT mesons has 

been reported thus far. The 'IT meson behaves like any other heavy 

charged particle in its traversal through matter in that it exhibits the 

familiar Bragg curve and has a definite range. However, unlike the 

other charged particles, the 'IT meson, as it is brought to rest at the 

end of its range in tis sue, is captured by the heavier elements- -rr1ainly 

carbon, oxygen, and nitrogen--and it cascades down the energy levels 

of the atom in a time short compared with its lifetime. From the 

lowest atomic state it is captured by the nucleus, and causes it tore­

lease approximately 30 MeV per absorbed pion by exploding into a 

variable multiplicity of a. particles and protons which are capable of 

delivering a large localized radiation dose. A further 70 MeV is 

carried off, mainly as fast neutrons, most of which escape from the 

tissue without an appreciable dose contribution. At any rate, we then 

have a Bragg curve whose peak-to-plateau ratio is augmented through 

this unique capture phenomenon involving the heavy charged nuclear 

fragments. The actual dose differential is not only greater, but also 

the increased ionization density of the Bragg peak, due to the high­

LET nuclear fragments, contributes an added increment thrqugh its 

increased RBE. For pions, the degree of straggling is determined to 

a great extent by the initial momentum spread of the incident pion 

beam·, which in turn controls the width of the Bragg peak. That is, 

instead of using attenuating material to introduce a larger spread in 

energies in order to obtain a wider Bragg peak (as is the case with 

protons) one simply manipulates the momentum acceptance of the mag­

netic system to obtain the desired peak width. Furthermore, the 
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highly ionizing a particles, of mean energy 6 MeV, resulting from the 

nuclear absorption event in tis sue nuclei should be effective in further 

decreasing the differential oxygen effect below that which is presently 

available with existing particle beams. Indeed, herein lies w}lat may 

he the most significant contribution of iT mesons to radiotherapy. 

Experimental measurements were made to quantitatively assess 

these theoretical possibilities. 

Bragg curves were obtained for beams of different. momentum 

spread and incident pion energies. These data provided·some useful 

information relating the dose available from the pion beam. to its dis­

tribution pattern for different operating cond:ltions. 

In addition, a determination of the probable LET of pions at 

various points on the Bragg curve, particularly at the Bragg peak, was 

also made. 

From the results, one should be able to make a p:z:eliminary as­

sessment of negative pions and their possible role in radiotherapy. 

·-



II. EXPERIMENTAL METHOD 

A. Pion Beam 

1. Be am Dynamics 

The 732-MeV proton beam of the Berkeley 184-inch synchro­

cyclotron bombarded an internal beryllium target which has a cross 

section 1/2 inch in the radial direction by 2 inches vertically, and 

was 2 inches thick in the beam direction. The approximate target 

position in the cyclotron was taken from Astbury et al. , and fine ad­

justments were then determined experimentally to give the maximum 

71' intensity at the position of the beam monitor. 
30 

This intensity 

was found experimentally to be a strong function of the radial position 

of the target (Fig. 1). The azimuth position of the internal cyclotron 

target and the direction of emergence of the beam into the experimental 

area were determined from the known cyclotron field measurements by, 

requiring the selected particle momentum to start tangent to the orbit 

corresponding to the target position and pass through the center of the 

meson wheel. 

Mesons are produced in roughly 1% of the nuclear collisions, 

perhaps one meson for each 104 
protons. The focusing conditions are 

best for negative mesons emitted in the roughly forward direction with 

respect to the proton beam, and for positive mesons emitted in the 

backward direction. Because of the considerable velocity of the center 

ofnnass of the collision, the average energy of the backward mesons is 

smaller, approximately one-ha]f that of the forward mesons. Conse­

quently, the highest energy of positive beams with useful intensity is 

less than that in the negative beams. A lower limit on the energies of 

both positive and negative beams is set by the inability of soft mesons 

to escape the fringing field. Negative and positive pions were partially 

momentum-analyzed by being reflected outward by the fringe field of 

the cyclotron and being passed through a thin aluminum window into the 

-11-
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Fig. 1. Optimization of internal Be target radial position. 



magnet system. When we change from a negative to a positive pion 

beam, all the magnetic fields are reversed, including that of the 

cyclotron. A'representative magnet system is shown in Fig. 2. 

-13-

A two-section quadrupole magnet with an aperture of 8 inches 

focused the emerging beam of pions, which then passed through the 

meson wheel- -a rotatable iron collimator 8 feet long. From the wheel 

the resultant parallel beam of pions entered the experimental area, or 

meson cave, where the final momentum analysis was performed by a 

bending magnet. 

Further fine focusing of the pion beam was obtained by a sec­

ond doublet quadrupole magnet positioned beyond the bending magnet. 

Mainly for reasons of efficient cyclotron operation, the choice 

of bending magnet and doublet quadr'upole used was dictated by the ex­

periment in progress in the cave at the time of our run. Therefore, 

the magnets used in the different runs were not always the same. A 

complete analogy to geometric optics can be drawn in designing a mag­

net system for a high-energy particle beam of a particular magnetic 

rigidity, or momentum. The simplest system of forming this beam of 

secondary particles involves the use of magnetic fields only. 

The curvature K of the path of a charged particle moving in 

a direction perpendicular to the direction of a magnetic field is given 

by 

K = eH/pc, ( 1) 

where e is the charge in electrostatic units, H 1s the magnetic field 

in gauss, p is the momentum in cgs units, and c is the velocity of 

light in em/ sec. The curvature K is given in em -
1

, and is the re-=­

ciprocal of the radius of curvature. 

In most cases the momentum of beam particles is given in the 

unit MeV/ c (momentum in MeV/ c is numerically equal to pc in MeV). 

The curvature in a magnetic field for particles of single charge 
I 

and momentum, measured in MeV/ c, is 
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732- MeV 
protons 

Ionization chambers----<. 

MUB-966 

Fig. 2. The production of a negative pion beam. 
For the production of a pos1tive pion beam all the 
magnetic fields are reversed and the proton beam 
is reversed. The positive pions are then taken 
off backward to the proton beam. 



K = 3. 0 OX 10-
4 

H/ p , 

Hp = p(MeV/c)/3.00X10-
4

, 

where p is the radius of curvature in the magnetic field, H. 

(2a) 

(2b) 

-1.5:..' 

The magnetic field pattern has a plane of symmetry in the 

horizontal plane which is called the "central plane. 11 The first mag­

netic component to consider is the symmetrical field of the accelerator 

itself, which is available in the form of contours of equal magnetic 

field in the central plane. From these data we may determine the cen­

tral ray or central orbit out of the cyclotron for particles of a given 

momentum. One usually starts from a specified point, which may be 

the location of a target, and computes an orbit for a particle that 

leaves the target in some specified direction. Alternatively, one may 

trace the orbit in reverse, computing back from aknown point toward 

which the particle are aimed; for example, one may compute backward 

from an existing collimator to determine where a target should be 

placed. The orbit may be graphically traced if it is approximated 

piecewise by circular arcs
31 

(see Fig. 3). In the figure the first arc 

extends from the target center on the contour of 12 kilogauss to the 

contour of 8 kG, being drawn with a radius of curvature appropriate to 

10 kG as given by Eq. 2b. Through the end point of the first arc and 

through the center C1 of the first arc, the radius line can be extended 

to the new center C2, whose position is such as to give a new radius 

appropriate to the average .fie1d over the next circular arc, which is 

6 kG. The second arc can then be drawn about C2 as center and ex­

tending to the 4-kG contour. This procedure is repeated out to the 

weak-field region, where a final deflection is used to account for the 

total field in that region. Of course, in practice such coarse steps 

should not be used, for each arc should cover only about a 20o/o range 

of field value if the final orbit is to correspond to the proper momen­

tum to within about 1o/o. A 709 program has been written which per­

forms this operation. 
32 

The trajectory in a steering magnet may be 

treated in the same way. The H magnets used in this experiment are 
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To rget center 

MU-34174 

Fig. 3. Graphical tracing of the orbit of a charged 
particle in the central plane (from Chamberlain 
reference 31). 

·. 
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designed to approximate a full uniform field within the rectangular 

region, and therefore the trajectory within the deflection magnet may 

be constructed as one circular arc. 

Effective focusing of the analyzed beam is accomplished through 

the use of the doublet quadrupoles. Since a single quadrupole has a 

focusing action for motion in one plane (either horizontal or vertical} 

and a defocusing action in the other, a combination of two such magnets 

(as in the double quadrupole} serves to give a net focusing action in both 

planes. 

The optical solutions for the external quadrupole and the angle 

of bend in the steering magnet used in the experiments were obtained 

by using OPTIK, an IBM 709 computer program which may be coupled 

to the program defining the beam inside the cyclotron. 
33 

The program 

represents a ''beam ray" in a six-dimensional vector space, where 

the action of each element (bending magnet, etc. } on the vector is given 

by a matrix. The matrix representing the action of the field of the cy­

clotron was determined by solving for the horizontal and vertical fo­

cusing properties, using the cyclotron field measurements. This ma­

trix was then used as the first element in the magnet system. The 

current required in the steering magnet to produce this bend was 

determined experimentally by the wire-orbit method. 
31 

This method 

is based on the fact that a current-carrying wire that is under tension 

will take up a position coincident with the orbit of a ·charged particle in 

a magnetic field, provided the current and tension of the wire are ad­

justed to correspond to the momentum of the particle. The current I 

in the wire and tension T must satisfy the condition 

I (in A} _ 
T (in g) -

2.94 
p (in MeV/ c) ' 

(3} 

and the current must flow in the direction opposite to the beam current 

represented by the charged particles moving along the orbit. 
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2. Beam Analysis 

A particularly important parameter in any dosimetric analysis 

of a beam is the flux-density distribution in a plane perpendicular to 

the direction of the beam. Such an appraisal was made from horizon­

tal and vertical profiles of the pion beam obtained by the beam-profile 

counter of Solomon and Andreae?
4 

Figures 4 and 5 indicate a typical 

profile taken in the horizontal and vertical directions, respectively. 

Measurements were made as a function of absorber thickness placed 

in the beam, thus yielding useful experimental information relating 

the degree of divergence and associated structural changes of the pion 

beam to depth in a phantom. These data are of particular importance 

in determining the effective volume for calculations of ionization 

chamber dose and in making a preliminary assessment of the im­

portance of multiple Coulomb scattering events. The beam· profile 

results, and their applications discussed here are presented in Chap­

ter IV. 

As a beam of charged particles passes through matter, colli­

sions reduce the energies of the particles, and scattering changes 

their directions, and the eventual result of both processes is tore­

move particles from the beam. Consequently, the number of particles 

(o.r intensity) tends to decrease as the thickness of absorber increases. 

This particle loss is an extremely important consideration, since the 

dose available at the Bragg peak depends in part, on the intensity. 

At low energies, the number of heavy parti~les lost from the 

beam is negligible, and virtually all the particles persist to the end of 

their range. An integral range curve for these particles has an initial 

slope of zero that extends out to the range of the particles, at which 

point there is a gradual slope that depends on the inherent statistical 

fluctuation in the energy-loss process. At the higher energies, in­

elastic nuclear collisions become important and the loss of particles 

from these collisions can become appreciable. In this case, the par­

ticle integral range curve has a definite slope. As an example: with 
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300-MeV protons stopped in water, there is a loss of approximately 

33o/o of the original particles from the beam before the end of their 

range. 35 In order to assess this problem of particle losses in the 

beam for ,. mesons, the net penetration of ,. mesons as expressed 

by the integral range curve was investigated. A determination of the 

average energy, energy spread, and degree of muon contamination 

was also made by this integral range method. A theoretical pion- beam 

energy distribution and its resultant integral range curve are shown in 

Fig, 6. In part A of this figure the beam energy distribution has 

been broken down into three components, The greatest contribution 

comes from the pion portion; the other two components represent the 

muons, One of the muons components, designated f.l
1

, results from 

the decay of pions before the beam reaches the bending magnet and 

thus consists of only those muons whose range in momentum is the 

same as the pions, The remaining muon component represents the 

pions decaying after the bending magnet, and therefore has a much 

wider momentum spread. The extent to which the muon components 

are important depends upon the particular experimental setup and the 

distance of particle travel involved, 

The integral range curve that would result from this particular 

pion beam is shown in part B of Fig, 6. The six breaks in the curve 

that should theoretically result from each of these components are 

indicated on the integral range curve, 

An actual integral range curve was obtained by measuring the 

transmission of the beam as a function of Lucite absorber thickness, 

The results of this measurement are discussed in Chapter IV. One 

can readily note that not all the breaks indicated in the idealized curve 

of Fig 6 are shown in the actual integral range curve (Fig. 7). One of 

the factors contributing to this difference is that the energy distribu-

/ tions of the beam components are not actually rectangular, but rounded, 

Consequently the observed breaks are not distinct, Still another factor 

that affects the curve to varying degrees is the electron background 
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that may be present. The main source of these multiple'-scattered 

electrons :l.n the beam is the decay of 1T 
0 produced in bombardment 

of the Be target with protons into two 'I rays of approximately 70 

MeV each, which give rise to an electron-positron pair, The elec­

tron whose momentum corresponds to that of the pions is then passed 

through the magnet system and may give rise to electron showers, de­

pending upon the type and thickness of absorber. 

Three breaks in the actual curve can be clearly distinguished, 

as shown in Fig. 7. Break A corresponds to idealized break 2. (in 
.' 

Fig. 6) that is, the break between the pion absorption loss curve and 

actual stopping of pions. Pions are stopped between A and B. The 

ave:r·age pion energy is determined by taking the pion ranges at points 

A and B found from range tables. 36 The spread in the p'ion energy 

is half the difference between these two energies, after a small cor­

rection is made to this difference for range straggling. 37 Break B 

was identified withcidealized breaks 3 and 4 and the beginning of the 

momentum-analyzed muon region, As was already pointed out, these 

muons resultmainly from pion decays before the beam reaches the 

bending magnet, and therefore have the same momentum range as the 

pions. In order to obtain the fraction of muons present in the pion 

beam one must first determine the electron background at point B. 

Break C, corresponding to idealized breaks 5 and 6, designates the 

end of the muons and beginning of the electron shower tail. Point B', 

which is roughly the electron contribution to the measurement made at 

point B, is then ascertained by linearly extrapolating the electron qack­

ground backtothe range of point B. The difference between the frac­

tions of the incident beam at point B and at point B' represents the 

fraction of muons in the beam with an energy greater than that cor­

responding to the muon range at point B. The complex nature of the 

electron- shower formation and the complexity in the interaction proc­

esses involved suggest that a simple linear extrapolation of the electron­

shower tail of the range curve back to zero range, using measured 
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shower curves, gives a completely unsatisfactory result, Particularly 

in dose measurements with the ionization chamber, it is important to 

known with reasonable accuracy the fraction of the ionization meas­

ured that is due to electrons at the various depths in the absorber. 

In a later experiment the electron contamination of the beam 

will be measured directly as a function of absorber thickness by use of 

a velocity-sensitive gas Cerenkov counter, 38 This gas Cerenkov 

counter, filled with sulfur hexafluoride, has a threshold value of 

13 = 0. 99. Therefore, only the electrons give a signal in the counter, 

since 13 for the pions and muons is considerably below this value. 

B. Detection Techniques 

1. Ionization Chambers 

Intensity measurements were obtained by using 7 -inch-diam­

eter parallel-plate ionization chambers, as shown in Fig. 8. The 

chambers were designed with two high-voltage foils and a collector 

foil in the center, each of 2 -mil aluminum, functioning as electrodes 

placed perpendicular to the beam. This arrangement of the collection 

electrode between the high-voltage electrodes eliminates a potential 

source of error arising from ions collected on the back of the collec­

tion electrodes. Various electrode spacings, gas fillings, and gas 

filling pressures were used in the different chambers, depending upon 

their specific functions. (See Table L ) A chamber with high-voltage 

electrode spacing of 2 inches, chamber window thickness of 5 mils, 

and A-C0
2 

gas filling pressure of 2 psi above atmospheric was used 

as a beam monitor. This chamber will be referred to in further dis­

cussion as a low-pressure chamber, Ionization measurements as a 

function of absorber thickness were first made with a second chamber 

which was identical to the beam monitor. Later measurements uti­

lized a detector which was also identical to the monitor except for its· 

nitrogen gas filling. Two high-pressure chambers with high-voltage 

electrode spacings of 4 inches and maximum operating nitrogen gas 
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Fig. 8. Ionization chambers. 
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-
Table I. Ionization chambers used in 1T -meson 

experiments. 

Chamber Gas Max. gas filling Distance Window Window 
type filling pressure between HV material thickness 

number (psi) electrodes (mils) 
(inches) 

1 A-C02 16.7 2 Cu 5 

2 Nz 16.7 2 Cu 5 

3 Nz 219.7 4 Cu 851 

4 N2 219.7 4 Lucite 1500 
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pressures of 6 and 15 atmospheres above atmospheric pressure were 

also used as detectors. (The window thickness of different materials 

required for the containment of the gas under these elevated gas pres­

sures complied with safety code specification.) The charge collected 

in the ionization chamber. is integrated by a capacitor, and the poten­

tial across the capacitor is measured with a standard integrating elec­

trometer which is fed to an integrator timer system as shown in the 

block diagram of Fig. 9. 

Recombination of positive and negati~e ions before they reach 

the high-voltage collection electrodes may present a serious problem 

in ionization-chamber measurements. However, the beam intensities 

observed in these experiments were quite moderate, and since the 

rate of recombination of ions is generally proportional to the density 

of ions pf both. signs,. recombination losses were not considered to be a . . 

serious problem here. Nevertheless, saturation curves were plotted, 

for each chamber, of the ionization current as a function of the col­

lection voltage for a given beam intensity. A typical saturation curve 

is shown in Fig. 10. At voltages sufficiently high to collect nearly all 

the ions produced, the curve reaches a plateau and the collection ef­

ficiency is very close to 100o/o • The operating voltages were chosen 

so that they were well within this plateau region. These experimental 

results for the collection efficiency were verified by calculation using 

the method of Boag, and by substituting the instantaneous intensity for 

th t . . . . h b . t . t 3 9 e 1me -average 10n1zat1on-c am er 1n ens1ty measuremen . 

2. Scintillation Detectors 

Plastic scintillation counters made of a solid solution of ter­

phenyl in polystyrene were used in measurements of the integral 

range and beam profile.· The passage of charged particles through 

these counters results in energy losses mainly by excitation and ion­

ization of the atoms or molecules in the crystal. The subsequent 

electronic transitions are accompanied by the emis sian of light quanta, 
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Fig. 10. Typical saturation curve. 



which are then allowed to strike the photocathode of an optically 

coupled photomultipler tube. 

a" Integral Range Apparatus 
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The integral range apparatus consisted of three 4X4X 1/8-inch 

plastic scintillators operating as particle counters. The light from 

the plastic scintillators was viewed with RCA 6510A photomultipler 

tubes. Aluminum (Alzak) light guides were used to guide the light to 

the phototube, The positions of the counters and the associated equip­

ment are shown in Fig. 11. The signal from the photomultiplier is 

amplified by Hewlett-Packard 460A wideband amplifiers and is then 

fed into a multi-input coincidence circuiC 

The output pulses of the coincidence circuit are fed into 10-1\.1:: 

discriminator units that in turn drive conventional scaling units. The 

resolving time of the system was of the order of 4 nanoseconds. With 

the detectors in such close proximity to each other it is not necessary 

to use delay times for the pulses produced by a single particle in the 

different counters, since it would take less than 2 nse·c for the pions 

used in this experiment to traverse all the counters. However, the 

coincidence method was useful here in minimizing the number of ac­

cidental counts. The front two monitor counters were operated in 

double coincidence, thus minimizing the number of accidental counts. 

The double coincidence counts obtained from these counters served 

to define the actual beam intensity at zero absorber thickness, in­

cluding the beam contaminants. A variable absorber was placed be­

tween the second and third counters and the first two counters were 

connected in triple coincidence with the third. A transmission-type 

measurement is then made of the beam intensity as a function of ab­

sorber thickness. A plot of the ratio of triple coincidences over 

double ones versus absorber thickness gives an integral range curve. 

b. Beam Profile Apparatus 

Figures 12 and 13 show the mechanical construction and block 

diagram of the associated electronics of the beam-profile detector. 

Two 2-inch monitor counters, in double coincidence, mounted on the 
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Fig. 12. Photograph of beam profile counter. 
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axis of rotation of a pair of cylinders which are aligned with the cen­

tral axis of the beams, exhibit a counting rate which is proportional to 

the incident flux. A pair of "beam finder" scintillation counters rneas­

uring 3/8 inch and 1. 5 inches in diameter served to provide a double 

coincidence measurement of the intensity at points at various distances 

from the central axis, at right angles to the direction of the beam. The 

first (and smallest) counter functions to define the beam while the 

second is used to provide a double coincidence to minimize the number 

of accidental counts. All the scintillators were viewed by RCA 1P21 

phototubes. The "beam finder" counters move over a 7-inch linear 

path, normal to the beam axis, taking a measurement every 0.1 inch. 

the number of beam-finder counts per unit incident flux at every 0.1 

inch is consecutively stored in 70 channels of the TMC 400 -channel 

pulse -height analyzer (PHA), and subsequently recorded on the as so­

ciated printout mechanism. When 100 channels are used at a time, as 

many as four profiles may be stored at once and can be compared by 

overlapping the 400 channels of the PHA. 

3. Semiconductor Detectors 

Semiconductor devices are closely related to ionization cham­

bers in their operation; like the ionization chamber, they respond to 

the passage of a heavy particle in proportion to the number of charge 

pairs produced (and collected) in its sensitive volume. Although the 

effective volume is very small, the solid silicon of which they are 

usually made is some 1850 times as dense as air at atmospheric pres­

sure. Furthermore, the value of w, the energy necessary to produce 

an electron-hole pair, is only about 3.23 eV, or about 0.1 that neces­

sary for an ion pair in air. The result is that energy resolution corn­

parable to those in spectrometers using magnetic analysis can be ob­

tained. Thus, per unit volume, the ionization yield will be, roughly, 

18 000 times that in a chamber with a gas-filled cavity. In addition 

to their increased stopping power, these devices exhibit response 

times of the order of a few nanoseconds. 
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Two types of semiconductor particle detectors were used in 

the course of this study. Earliest measurements utilized a silicon 

surface-barrier detector. A surface- barrier detector consists of a 

J:'ectifying junction formed at the surface of a silicon .crystal between 

an evaporated gold layer and high..,resistivity n-type silicon. These 

detectors were made to take advantage of the fact that the undamaged 

sur:cace of a crystal can play the role of acceptor. Donor electrons 

from the interior of a phosphorus -doped n-type silicon crystal .collect 

on the surface, establishing a high-resistivity region free of charge 

carriers near the crystal surface. A thin film of gold evaporated 

onto the surface increases the number of acceptor sites available and 

thereby widens the charge-carrier-free region. 

In principle, a surface- barrier detector operates in the follow­

ing way: The gold-evaporated p region of the silicon conducts elec­

tricity only by motion of positive holes, or sites in the crystal lattice 

which are deficient in one electron that normally should be there. 

The n region, on the othe1· hand, conducts by virtue of a surplus of 

electrons. If ohrnic contacts are attached to the regions of the silicon 

and an electrical potential applied in a direction such as to attract both 

types of charge carriers towar_d the junction between the regions, a 

current flows across. If the polarity is reversed so that the charge 

carriers are attracted toward their own electrode and away from the 

junction, a "depletion layer" devoid of charge carriers is formed in 

the neighborhood of the junction, and no current normally flows across. 

The depth of this depletion layer (which is the sensitive region of the 

detector) is given by 

where 

d=0.32 '-.]pV (in microns) ( 4) 

p = resistivity (in ohm em) of the n-type material, 

V = applied voltage. 
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If the depletion layer is exposed to ionizing radiation, new 

pairs of charge carriers are generated there and are immediately 

collected by the potential across the layer, constituting an ionization 

current in the same sense as in a gaseous ionization chamber, A 

block diagram of the experi.mental arrangement is shown in Fig. 14, 

The signal from the detector entered a transistorized preamplifier 

and then went to a Model VI linear amplifier. The output pulse from 

the linear amplifier was fed into a TMC 400-channel pulse-height 

analyzer and the resultant pulse-height distribution was displayed by 

a printout recorder. In addition to providing amplification for the 

detector signal, the linear amplifier also serves as the high voltage 

source for the detector. Since the depth of the sensitive depletion 

layer increases as the square root of the applied voltage, the maximum 

available voltage of 100 volts was applied to the detector to produce a 

depletion layer of 200 microns. Calibration of the detector utilized an 

americium-241 source whose 5.477-MeV alpha particles were totally 

absorbed qy the detector. For calibration purposes, pulse generator 

introduced, between the detector and preamplifier, a voltage compa­

rable to the voltage output o£ the detector, In this way we obtained 

experimentally both a channel number and a pulse generator voltage 

corresponding to a ::i,477-MeV pulse (see Fig. iS), The pulse generator 

was then used to verify the linear response of the electronic system 

over the anticipated :range of energy measurements. Since the charge 

pulse created in a silicon semiconductor is directly proportional to 

the energy absorbed in the sensitive volume, and this energy absorbed 

is in turn directly proportional to the channel number and pulse gen­

erator setting, one can easily determine an unknown amount of energy 

absorbed by observing corresponding pulser settings to get the peak at 

the same channel nurnber as that of the unknown energy absorbed, 

The limited depth of depletion which in turn dictates the sensi­

tive volun1.e is a definite drawback to application of a surface -harrier 

type of detector to pion beams. Even with externally applied fields as 
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high as 500 volts and the purest available silicon, the depth of the 

sensitive region is limited to a maximum of about 600 !J.. 
40 

This pre­

sents a serious problem in the application of these detectors to the 

dosimetry of high-energy pion beams, since they are relatively in­

sensitive to the pions because so little energy is lost by the particles 

in traversing the shallow depletion layer. On the other hand, the de­

tector is quite satisfactory for the detection of the low -energy heavy 

particles resulting from the negative -pion "star" events. Since the 

detector cannot bridge the large gap in linear energy transfers that is 

represented, it therefore detects one type of particle at the expense 

of another. 

A c:onsfde.rable increase:inthe sensitive depletion region can be 

achieved by using a lithium-drifted solid-state device. This was the 

other type of semiconductor particle detector used in the experiment. 

Equc;ttion 4 shows that the depletion is directly proportional to the re­

sistivity of the crystal, and very-high-resistivity material is neces­

sary for thick detectors. Based on these considerations, the counters 

are made by diffusing lithium donor atoms into one face of a p-type 

silicon crystal. Lithium has a single outer-shell electron which acts 

as a donor impurity and creates an n-p surface junction. The lithium 

atoms do not fit themselves in the silicon crystal lattice, but remain 

interstitial and wander through the crystal lattice. When a voltage is 

applied to the crystal in the right direction, lithium atoms that have 

given up their valence electrons enter the p-type interior. There 

each ion eventually encounters a negatively charged acceptor site oc­

cupied by an electron, which it neutralizes or "compensates." The 

result is that all the acceptor sites within a certain zone (which is to 

be the sensitive depth) are eventually compensated, resulting in the 

formation of a zone of very-high-resistivity material. Sensitive 

depths as large as 6 mm have been achieved by drifting lithium from 

the front to the back face of the desired thickness of silicon. 
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Lithium-drifted detectors, with sensitive depths of 0.25, 1, 2, 

and 3 mm were used in this experiment. The detector is shown in 

Fig. 16 with its specially designed holder. The associated apparatus 

was identical to that for the surface-barrier detector. 

Calibration of the detectors was performed by using Am
241 

. 1 d h . 1 . 1 f B' 207 d a partlc es an t e 1nterna -conversion e ectrons rom l an 

cs
137

. The results for americium and bismuth are shown in Figs. 17 

and 18. This calibration consisted of an accurate measurement of 

change in both the channel number and pulse-generator voltage per 

total energy absorbed (MeV), to confirm the linearity of the system. 

These results are shown in Fig. 19. Based on the calibration, the 

charge pulses associated with the absorption in silicon of 730-MeV 

protons and 910-MeV a particles from the 184-inch cyclotron, 40-MeV 

a particles from the Hilac, and 49-MeV protons from the 88-inch cyclo­

tron were measured. The energies were degraded by placing absorbing 

material in the primary particle beam path and measurements were 

taken through the full range. The residual energies were calculate.d by 

using the tables of Williamson and Boujot 
41 

and Rich and Madey
36

. 

The results are discus sed in Chapter 4. 

4. Thermoluminescence 

When a thermoluminescent material is exposed to ionizing 

radiation, the electrons released in the ionization process are trapped 

at lattice imperfections throughout the crystal. These electrons re­

main trapped at roo.m temperature but are released by thermal agita­

tion at some elevated temperature. Upon release, they return to the 

ground state and emit light quanta in the process. The quantity of 

light emitted as the material is heated may be measured and related 

to the absorbed dose in the material by referring to a calibration curve 

of absorbed dose vs instrument.response, However, since the competi­

tion between alternative energy-loss processes depends on the concen­

tration of energy deposited along the track of the particle, at high LET, 
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Fig. 16. Lithium-drifted solid-state detector and 
its associated apparatus. 

ZN -4307 
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a correction must be applied to the detector response, For instance, 

at 100 KeY/ fJ. the detector response is decreased by approximately 

75%. 

The thermoluniines.centphospho:n used-inthis experiment was 

LiF powder. The thermoluminescence of LiF has an almost linear 

response to the quantity of low-LET radiation, as shown in Fig, 20. 

The dosimeter was in the form of a Lucite cylindrical capsule 1 inch 

high and 1/8 inch in diameter. To measure the thermoluminescence 

quantitatively after irradiation, the measured volume of powder in the 

capsule is placed on a planchet, and inserted into a readout system. 

(The use of the Con-Rad Tl..D System readout intrument was kindly 

made available to us by Eugene Tochiliil:, and Norman Goldstein at 

USNRDL. ) The planchet containing the LiF powder is positioned under 

a photomultiplier tube in the readout instrument by a sliding tray and 

heated to a temperature of about 250°C in a set period of time. The 

thermoluminescence intensity is integrated by collecting the photo­

multiplier current .on a capacitor and then measuring the, voltage of 

this capacitor with an electrometer voltmeter. 

5. Photographic Film 

Photographic film of various types was used for routine deter­

mination of position and size of the beam. The principal differences 

between these films and nuclear emulsions are the very high content 

of silver bromide in the nuclear emulsions (as much as four times the 

content in photographic film), the grain size, and the thickness of the. 

emulsion. That sensitivity is a function of grain size is an important 

consideration in certain applications of the film. 
42 

However, at the 

same time, this increased sensitivity with increasing grain size is 

achieved at the expense of the resolution. There is thus a conflict be­

tween greater response but poorer resolution on the one hand, and 

poorer response but greater resolution on the other. 

Of course, in gross determinations of beam size and position 

this consideration is not of particular importance. Therefore, fast 
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industrial x-ray film, type KK, was considered quite satisfactory. The 

film was positioned vertically with respect to the beam axis at various 

points to obtain a qualitative appraisal of both the size of incoming 

beam and the beam divergence (or increase in size} resulting from the 

traversal of absorber. However, to obtain an analysis of the finer 

structure of the beam cross section, one must use a much slower, 

fine-grained, less sensitive film. As we had more easily obtainable 

and somewhat more reliable information from the beam profile counter, 

this approach was not pursued. Some attempts were also made to se­

cure a visual record of the Bragg curve on photographic film. The 

film was sandwiched between two slabs of Lucite and exposed to both 

+ 
lT and lT · meson beams for various periods. Figure 21 shows the 

response of Kodak type KK film to lT pions, The beam is clearly 

visible, exhibiting the characteristic range of about 8 inches for the 

90-MeV negative pions in the experiment, with the electron and muon 

component persisting beyond the range. However, as expected with 

fast films of poor resolution, there is no evidence of the Bragg peak or 

of the star events at the end of the range. An interesting qualitative 

observation of the- beam, which is rather encouraging, is that the beam 

divergence does not seem to be very pronounced. 

C. Counting Losses 

The pion beam exhibits a structure in time that reflects the ac­

celerating characteristics of the 184-inch cyclotron. The cyclotron 

pulses 64 times per second, thus giving 64 coarse groups of pions per 

second. The mode of operation can be controlled so that these groups 

of pions can be spread out over either of two periods of time. The 
11 short spill" mode spills the beam out over a period of approximately 

400 fJ.Sec. The auxiliary dee mechanism of the cyclotron makes it 

possible to spread each group of pions over a longer period of 8 msec. 

This "long spill" operation results in a cyclotron duty cycle (actual 

fraction of r~diation time on) of about 51o/o, compared with Z.So/o with 
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ZN -4301 

Fig. 21. Response of Type KK photographic film to 
a 90-MeV n- meson beam. 
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the "short spill. 11 Each group of pions, regardless of their spill-out 

time, has a fine structure of pulses about 13 nsec long at a frequency 

of 1 per 54 nsec. 

Short Spill 

The number of fine-structure pulses per second is 

400X 10- 6 sec/pulse X64 pulses/sec __ 5 
- - 5 X 10 rf pulse/ sec. 

54 X 10- 9 sec/rf pulse 

Since pions in the same rf pulse cannot be resolved electronically, 

the probability of having two pions in the same fine-structure pulse· 

must be kept small for accurate measurements. Therefore, the beam 

intensity is limited to well below 10 5 pions per sec when a short-spill 

beam is used. Of course, the ionization chamber has an advantage 

here, since it records only the total charge collected, making the 
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problem of resolving two pions in the same fine-structure pulse un­

important. The problem of accidental counts and the necessity for 

limitation of intensity below a certain level was not as severe in this 

experiment, thanks to the auxiliary dee mechanism. With this device 

we have about 10 
7 

rf pulses/ sec. Thus a beam intensity of 10
6 

pions/ sec can be counted without a terribly large probability ofhavi~g 

two pions in the same fine-struct1,1re pulse, In fact, for such a beam 

the accidental counting losses amount to less than 10%, and for a 

beam intensity of about 2 X 10
5 

pions/ sec there are fewer than 2% 

accidentals. 



III. THEORY. 

A. Interaction of Charged Particles with Matter 

1. Energy Loss Formula 

The theory of the stopping of charged particles· by matter 

deals with the kinetic energy lost by the moving charge to the mate­

rial through which it passes. All heavy charged particles, in their 

passage through matter, lose energy predominantly through ioniza­

tion and excitation processes resulting from the interaction of the 

Coulomb field of the particle with those of the bound eleCtrons or 

molecules in matter. A theoretical expression for this energy loss 

was first calculated by Bohr by means .of nonrelativistic classical 

mechanics, assuming a Rutherford model of the atom. 
43 

The fol­

lowing approximate derivation follows closely that given by Fermi. 
44 

Consider an electron of mass m at a distance b (impact parameter) 

from the path of an incident particle having charge ze, mass m, 

and velocity v (see Fig. 22). Classically, the moving particle loses 

energy to an electron by in;tparting to it an impulse proportional to 

the strength of the Coulomb force between the two, and to the time 

during which this force acts. By symmetry the impulse (F
11
dt) 

parallel to the path is zero, since for each position of the particle to 

the left of A, yielding a forward contribution to the impulse, there is 

a position at equal distance to the right of A, giving an equal but 

opposite contribution. The impulse perpendicular to the path is then 

2· b ze 
I 1 = F 1 dt :::::(electrostatic force) (time of collision)::::: -::-z- X v::::: pel' 

b 

(5) 

where pel is the momentum acquired by the electron. An exact cal­

culation shows that I 1 is actually equal to 2 ze 
2 
/bv. We can express 

-52-
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I 
m (electron rna ss) 

Mass, M _~b= impact parameter 

Charge, Ze ••---------------------L------------------~) 
Velocity, V A 

MU-34189 

Fig. 22. Diagram for theoretical expression of energy 
loss. 
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Eq. 5 in terms of energy if we square both sides and divide by 2 m. 

Then 

2 
Pel 

E = 2m= 
2 

2 4 
z e 

(6) 

The number of electrons per em of path in the range of impact param­

eters from b to b-t db is 2n n b db, where n equals the number 
3 of electrons per em. Hence, the energy loss per em to electrons 

in the range (b, b +db) is 

-dE (b) = 
2 4 2 4 

Zze 4nnze 
2 2 

(2n n b db}=--.....---
m'v b m v 

(7) 

Th 1 f 1 dE · b · d b . . E 7 e comp ete rate o energy os s dx 1s o ta1ne y 1ntegrat1ng, q. 

between the limits b . and b , which are the minimum and 
m1n max 

maximum values of b for which the above treatment of the energy 

transfer to the atomic electrons is valid" One thus finds 

dE 
dx-

2 4 
4 n n z e 

mv 

b 
1 

max 
n b . 

m1n 
(8) 

We now have the energy acquired by a single electron (which is also 

the energy lost by the particle to a single electron). Therefore, the 

energy loss per unit path length should be proportional to the number 

of target nuclei presented to the pas sing charged particle (electron 

density in the medium) and inversely proportional to the square of 

the velocity of the particle. 

The strength of the Coulomb forces in an interaction according 

to E'q. 1 is a function of the impact parameter b, which is, roughly, 

the distance of closest approach of the incident particle to the orbital 

electron. The farther an electron is from the track of the particle, 

the smaller the impulse it can receive, and therefore, the smaller 



the energy that can be transferred to it. If that energy is just less 

than the amount required to raise a K-electr.o.n:. to a higher level, 
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no energy will be lost to K electrons at that distance. Somewhat 

farther away losses to ::L-electrons will become impossible, and so 

on. The tighter the binding of the atomic electrons (which incidentally 

increases with the atomic number) the shorter will be these "cutof£11 

.distances, and the smaller the rate of energy loss. Consequently, .. 

the rate of energy loss should also show some dependence on atomic 

number, being less at higher atomic numbers. 
45 

Quantum-mechanlcally, the total inelastic -collision energy 

losses for charged particles (or the stopping power) is expressed by 

the Bethe formula, 

dE 
~dx = 

2 4 
4n z e 

2 
mv 

NB (in ergs/em), (9) 

in which e and 1n are the electronic charge and mass, ez and v 

are the charge and velocity of the incident particle, and N is the 

number of atoms per unit volume of stopping material. Basically, 

this formula for the stopping power differs from that of Bohr in its 

expression for the dimensionless multiplier B only. The dimension­

less multiplier B is called the stopping number. The expression 

for B varies somewhat depending upon the energy region and parti­

cles involved. For heavy charged particles whos.e kinetic energy is 

of the order of magnitude of their rest mass, B has the value 
2 

[ 
Zm v 2 2 C 6] 

B = Z ln : I - ln ( 1 - j3 ) - j3 - z - 2 , ( 8) 

where j3 = v/c, I is the mean value of all the ionization and excita­

tion potentials of the absorbing atoms, and C/Z and 6 are the shell 

correction and density correction, respectively. The rnean excita­

tion potential is a unique property of each material regardless of the 
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kind and speed of the incident particle. The energy I for many 

electron atoms is difficult to determine theoretically because infor­

mation on the oscillator strengths, which is required for such an 

analysis, is scarce. Therefore, the value of I is generally deter­

mined empirically. An approximation has been developed by Bloch, 

using a Fermi- Thomas model of the atom, which predicts the mean 

excitation energy I to be proportional to Z, with the proportionality 

constant assuming a value equal to the ionization potential of atomic 
46 . 

hydrogen. Thus we have I = 13.,6 Z. Desp1te this fundamental 

information, provided by theory, the main reliance is placed on ex­

perimental evaluation of I. Although there are some discrepancies 

in the values thus obtained, they result in much smaller discrepancies 

in the stopping power calculated from them, since I is a logarithmic 

function. The stopping-power formula holds only when v > > flk' 

where flk is the velocity of the orbital electrons in the k shell of 

the atoms in the stopping material. Then all electrons contribute 

equally to the energy loss 0 As the particle velocity is reduced, the 

contribution to energy loss by successive higher-shell electrons be­

gins to fall off. Consequently, the mean excitation potential can no 

longer be defined as a velocity-independent parameter unless the 

necessary shell correction, C/Z, is introduced to account for the 

reduced contributions of those 11nonparticipating electrons" with the 

velocity of the order of or greater than the velocity of the incident 

particle. The shell correction C/Z contributed by each electronic 

shell depends on the velocity ratio of the atomic electrons and the 

incident particles. Because of its logarithmic dependence, it mod­

ifies the stopping power by less than 1% at high energies, and by a 

few percent at most for the lower energies. 
45 

The relativistic correction term, -ln (1-13
2

)-13
2

, causes 

the stopping power to increase with increasing energy of the incident 



-5"l-

particle, at particle velocities close to the velocity of lighL The 

first part of the term, -ln(i-13
2
), arises from the increase of the 

maximum energy that can be transferred to the electron, while the 

last part, -j3
2

, is due to the enhancement of distant collisions. This 

enhancement is a consequence of the Lorentz contraction of the 

Coulomb field of the heavy particle which makes possible energy 

transfers to electrons at greater distances from the particle 1 s path. 

The remaining stopping-power correction to be considered 

is the density effect. This phenomenon relates the effect of the density 

and dielectric properties of the medium to the energy loss. Bethe 1 s 

original analysis was based on the assumption that the atoms of the 

stopping medium were isolated from one another. It was later pointed 

out that the electric field of the incident particle at an atom far away 

from its path is decreased by the polarization of the intervening atoms, 

with the result that the energy losses by distant collisions are re-. 

duced. 
4 7 

Since the Lorentz contraction of the electric field of the 

moving particle makes distant collisions increasingle important at 

higher energies, this negative correction to the energy loss increases 

with increasing energy. Furthermore, this correction is rather 

small for heavy particles, even for relatively high energies. For 

instance, with 1000-MeV protons the effect is only of the order of 
. 48 

3% for uon. 

The value for the stopping power is therefore obtained from 

the product of two factors. Th'e factor in Eq. 8 (the factor in front 

of the brackets) is a monotonically decreasing function of the in­

cident particle 1 s velocity, while the second factor (in the brackets) 

is a logarithmic monotonically increasing function of the particle 

velocity. The second factor predominates at extremely high energies 

where the first factor approaches its limiting values {v2~ c 2
). In the 

intermediate energy range, the first factor's influence predominates 
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and causes the stopping power to decrease with increasing energy 

of the incident particle. The formula shows a decrease in energy 

loss as the particle velocity continues to increase, with a minimum 

occurring at an energy bf about twice the particle rest mass energy. 

After the minimu;rn,the second factor predominates, as has already 

been noted, and the energy loss rises logarithmically with particle 

energy. As the velocity of the particle decreases, the first factor 

predicts an increase in rate of energy loss. As the particle velocity 

continues to decrease and approaches a velocity comparable to the 

orbital electron velocity, the gradual charge neutralization begins to 

dominate the velocity dependence, and the electronic stopping power 

goes through a maximum and thendeclines to zero. Unfortunately, 

there is no satisfactory theoretical expression for the rate of energy 

loss in this region. This information .must be gained experimentally. 

In this energy region (::::: 7 keY for mesons) the average energy loss 

per unit path length from elastic nuclear collisions steadily increases 

to a maximum value and then it also declines to zero. Of course, 

the velocity region of interest here is relatively small and the energy 

. available is quite insignificant. However, when .dealing.with heavy 

ions of increasing.atomic number, such as argon, there is an ex­

pansion of the velocity region in which charge variation is important. 

In this case, such variations may influence the energy-loss process 

to a much greater extent. 

The discussion thus far has been limited to the interaction of 

heavy particles with separate atoms. The treatment of a solid or 

liquid material as an aggregate of separate atoms interacting with 

the incident particle and with one another is expressed by the approxi­

mate 11additivity rule 11 of Bragg. According to this rule, the stopping 

power for compounds and mixtures is approximately an average of 

the stopping powers of the constituent elements, weighted in pro­

portion to the fraction by weight of each element. This approach 
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dis regards chemical bonds and other aggregation properties of the 

Il}aterial that modify the stopping power thr!Jugh changes of the 

spectrum of excited levels and through the density effecL Thompson 

made an experimental study to determine the validity of the additivity 

ruleo 
49 

He reported small deviations from strict additivity; they 

were within 1 o/o except for hydrogenous compounds, for which the 

deviations were up to about 2o/oo He also noted that these departures 

decreased rapidly with increasing atomic number" 

The stopping power in a medium is of most fundamental 

value when it is expressed in MeV/g/cm
2

, which is independent of 

the actual density and physical stateo This quantity is defined as 

the mass stopping power, - ..!_ ddE where p is the density of the 
p X 

materiaL If the ionization losses were exactly proportional to the 

density of the absorber, then the mass stopping power for a given 

particle in different media would not varyo But - ..!_ ddE depends 
p X 

on two other factors: (a) the number of electrons per g is less 

for heavier elements, (b) the ionization potential appearing in the 

logarithmic term in .Eq" 8 is a function of the Z of the materiaL 

For example, the effective number of electrons per gram of tissue 

is L 1 o/o less than that for water 0 This means that for identical par­

ticle velocities, the mass stopping power of tissue is L1o/o less than 

that of watero In general, the mass stopping power decreases with 

increasing Zo This relative effectiveness in stopping particles by 

different media is expressed by the relative mass stopping power, 

S " Values of S can be calculated for· particles of velocity v 
m m 

by the formula 

s = m 

2 
X ln 2 m v - ln I 1. 

2 
ln 2m v - ln I

2 

( 11) 

where Z 1 N 
1
/Z 2N 

2 
is the ratio of the number of effective electrons 

per g in the two media, and I
1 

and I
2 

are their mean excitation 
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potentials. . The variation of relative mass stopping power is a func­

tion of the energy of the incident particle. 

The theoretical stopping-power formula can be quite useful in 

determining the range of heavy-particle beams of various energies. 

Such range-energy relations, R(E), and their degree of agreement 

with these published values serve as a worthwhile check of experi­

mental results. Since - ~~ is defined as the mean energy loss per 

unit path length, it follows that the mean path length, or range, is 

given by 

R{E) --lEO dE/-(~) { 12) 

Although the values for the stopping power at very low energies is 

quite uncertain, integration over the complete energy range causes 

little uncertainty in R{E
0

) for fast charged particles, since the values 

for dE/dx are certainly very large in the low-energy region a11:d 

therefore contribute little to the integral. 

The energy loss of heavy charged particles in matter is a 

statistical phenomenon, since any given particle loses its energy in 

smal~ but finite amounts, involving a large but finite number of in­

dependent collisions. Because of the statistical fluctuation in the 

energy-loss process, individual particles starting with the same veloc­

ity at the same point may follow different paths and at any given depth 

of penetration are distributed in energy, range, and lateral displace­

ment from the projection of their initially common path. These fluc­

tuation effects are known as "straggling. 11 Because of this effect, 

different particles starting under identical conditions have tracks of 

different lengths, and the range formula above represents only a 

mean value of these lengths. For heavy particles this mean range 

is a useful quantity, since the straggling distributions are approxi­

mately Gaussian, with their center occurring at the mean range. 
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However, fractional energy tranfers in electronic inelastic collisions 

are quite different depending upon whether the loss is by an electron 

on the one hand, or by a heavy charged particle on the other. For 

electrons the energy loss in a single collision may be as much as 

one-half of the incident electron energy, compared with the maximum 

fractional energy loss per collision for protons and 'lT mesons of 

0. 227%, and 1.4 7%, respectively. As a result of these larger losses 

by electrons, an inherent straggling of energy is introduced by their 

passing through matter which is relatively much greater than that 

for heavy particles, and whose distribution is far from being Gaussian. 

Furthermore, this asymmetric distribution .is not limited to electrons, 

for it must also be considered when elastic nuclear collisions in the 

energy-loss process are relatively important or when one deals with 

short sections of path over which the total energy loss is not much 

larger than the maximum fractional energy loss. Thus the difference 

between the mean and the most probable range (and energy loss) may 
. 51 

be cons1derable. We have already noted that elastic nuclear col-

lisions are not of any importance for our purposes. However, the 

short effective path length in ionization chambers deserves some 

attention. 

Since the shell and density corrections are not considered to 

be significant, the Bethe formula for the average energy loss may be 

written as 

1 
p 

dE 
dx = 

2 4 
2n z e NZ 

2 
pmv 

where Q is the maximum possible ene~gy ti-ansfer to an orbital 
max z-

electron in a single collision, Q = 2 
r.nvz . On the other hand, 

max i-(3 

the result for the probable energy loss is 
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1 dE 
2 4 

2 TT z e NZ 
2 

2 
- i3 + { 14) 

p mv 

where W 
1 

is that individual energy loss which occurs on the average 

just once in the distance X {in g/ em 
2

) over which the energy loss is 

observed, 

w = 1 
p mv 

and the constant term, K, represents the most probable loss from 

energy transfer of order w
1

. Landau 49 gives K = 0~37. If the 

probable loss is denoted by .6.Ep[' Eq. ~4 can be expresjsed as 

mv w1 2 
.0-E = W 

1 
ln 2 2 - i3 + 0. 3 7 . 

p {1-13 )I 
{ 15) 

A simple criterion has been suggested to decide whether, for any 

given conditions, probable and mean energy loss differ significantly. 
48 

It is only necessary to compare the energy W 
1 

with the maximum 

energy, Q , that the incident particle can transfer to the secondary 
max 

electron. If w
1 

< Q , the probable energy-loss formula {Eq. 15) 
max 

should be used; if. w
1 

> Q , the most probable energy loss agrees 
max 

essentially with the average energy-loss .formula. This effect is con-

sidered further in Chapter IV. 

In addition to electronic inelastic and elastic nuclear collisions, 

multiple scattering may also contribute to experimental straggling. 

The lateral displacement of the beam particles due to multiple 

Coulomb scattering is particularly important for electrons, resulting 

in the gradual divergence of an initially parallel beam and concom­

itant reduction in the net penetration of the particles by causing their 

tracks to depart from straight lines. Since the TT meson has a rest 

mass which is greater than that of the electron but less than that of 
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the proton, the degree of scattering it experiences and amount of 

straggling that results should be much less than for the electron but 

greater than for the proton. 

2. Linear Energy Transfer 

A quantity closely allied to the stopping power is the linear 

energy transfer (LET). The LET differs from the stopping power 

in that it is concerned with the transfer of energy to the material, 

rather ·than with particle ·energyolbs.s. That is, the stopping power 

of charged particles when passing through matter consists of ioni­

zation, excitation, production of bremsstrahlung, and other less im­

portant effects, such as Cerenkov radiation. The LET refers· to 

those cases of energy loss in which the energy supplied by the par­

ticles remains in the near vicinity of the track, such as in ionization 

and excitation (including delta rays )o This is significant when the 

biological effect of the radiation is being consic:Lered, since biological 

effect has been found to depend on the distribution of energy loss along 

the particle track as well as on the total energy absorbed per gram. 

The LET may be inferred .directly from the determination of the 

stopping power if one assumes that all the energy, including the delta 

rays, is locally absorbed. If it is considered that delta rays of more 

than a certain energy are not locally absorbed, energy transfers of 

more than this amount must be excluded from the calculation. In 

radiobiological practice, it will not generally be possible to use di­

rectly Bethe 1 s LET values (or electronic stopping power), because 

there is no uniform particle energy. Even with monoenergetic radi­

ation an energy spectrum (and thus a LET spectrum) results from 

the production of secondary radiation and from the degradation of 

primary radiation and its associated straggling. There is thus a 

distribution of LET values, and one must either calculate some 

sort of average value, derive the complete distribution, or rely on 

an experimental determination. 
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3, Bragg Curve 

An experimental confirrnation of the theoretical stopping 

power may be obtained by measuring the ionization produced as a 

result of the energy loss. The resultant relative distribution of 

total ionization along the path of a high-energy particle (specific 

ionization) is, in first approximation, the same as that of the rate 

of energy loss, -dE/dx. The two quantities are related absolutely 

through the value, w, of the average energy expended per ion pair 

{ip} produced, by the equation 

dE dJ 
- .dx = w dx 

The specific ionization (~~) is determined experimentally 

( 16) 

by taking the ratio of readings obtained from two ionization chambers, 

one of which is placed before and the other after a variable thickness 

of absorbero The result is a Bragg curve of average specific ioni-

zation (ip/ em) vs residual range, which is directly proportional to 

the charge of the particle and inversely proportional to the velocity. 

There are two distinct regions of interest in such a curve. As was 

already noted, the initial portion of the energy-loss pattern {and 

resultant :ionization) is represented by a ·relatively broad flat plateau 

region which is followed by a rapid rise in ionization caused by the 

increasing energy loss with decreasing energy. As the particle 

velocity continues to decrease, the gradual charge neutralization 

begins to dominate the velocity dependence, and the specific ioni­

zation goes through a maximum and then extends to zero, This 

second region of the Bragg curve is the Bragg peak. Since the rela­

tive mass -stopping power of tissue compared with the chamber gas 

filling and the energy expended per ion pair in the gas are relatively 

constant over a broad range of energies, the peak-to-plateau ioni­

zation ratio can be readily converted to a tissue:..dose ratio. Thi.s 
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ratio may represent an extreme depth-dose advantage, particularly 

in the treatment of deep-lying tumors of the bodyo It should be men­

tioned at this point that a Bragg curve of the average specific ioni­

zation differs in principle from curves of the specific ionization of an 

individual particleo The Bragg curve is an average over a large 

number of individual particles and therefore reflects the statistical 

nature of the energy-loss process. The range straggling results in 

a flattening and broadening of the Bragg peak and a distribution in 

actual ranges of the particles which is characterized by a long taiL 

. Since a measurement o{ the average specific ionization is intimately 

connected with the absorbed dose and LET at the point of measure­

ment, one may say that these param.eters will be affected in the same 

. wayo 

In many cases the high-energy secondary electrons escape 

from the ionization chamber or other detection device and dissipate 

a good part of their energy outside the chamber (or sensitive volume), 

This is an important consideraticm when one realizes that a consid-
' erable fraction of the ionization may be produced by delta rays 0 The 

energy loss detected in such devices is not the average energy loss, 

but that portion associated with individual energy losses that are less 

than a certain value T; T is determined by the absorption and geo-. 
metry of the chambero . In addition, unless these corrections are 

J' 
made, there will be poor agreement between the theoretical stopping 

power and the experimentally determined ionization patterno The 

reason is that the Bethe formula is expTessed in terms of the maxi­

mum energy transferrable, and experimentally only energy transfers 

below a fixed amount are measuredo For the case in which the finite 

size of the counter is such that not all the secondary electron f!nergyis 

depo~i.ted in the chamber, the correct expression for the theoretical 

average energy loss is obtained by substituting E
1 

for Qmaxo Then 

Eqo 13 becomes 



. 2 4 
2n :z; e 

2 
mv 
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[ 
2 j 2mv E

1 
. 

2 
N Z ln . 2 2 - 213 . 

(1-13 )I 
( 1 7) 

For energy-loss measurements in a solid-state device the measurable 

energy transfers extend to Q and therefore Eq. 13 is valid. 
max 

B. Meson Production 

The two fundamental mechanisms for the production of n 

mesons are photon-nucleon collisions and nucleon-nucleon collisions. 

Since in the cyclotron the nucleon-nucleon mode is utilized, the dis­

cus sion is limited to this process. 

The production of meson quanta in nucleon-nucleon collisions 

(and the associated nuclear forces) may be compared with the pro­

duction of light quanta in electron-nuclei or electron-electron col­

lisions (and the electromagnetic or Coulomb forces). In the latter 

process the electron and nucleus each has a virtual photon field 

associated with it. The Coulomb interaction may be considered to 

be the consequence of the virtual emission and reabsorption (or ex­

change) of light quanta by the electrons and nucleus. In the electron­

nuclei collision (ordinary bremsstrahlung) for instance, the electron, 

which has a virtual photon field associated with it, c~nnot radiate 

this field unless there is a transfer of momentum to another particle 

(or nucleus) such as takes place in the Coulomb interaction. 

In a similar fashion, the forces in the nucleus holding the 

nucleons together may be accounted for by a continual exchange of 

quanta of energy (or virtual mesons). 

The various types of meson exchanges between pairs of nu­

cleons that give rise to these nuclear forces are schematically shown 

below. 
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a. n-n forces resulting from exchange of neutral meson (mechanism 

same for p-p forces). 

Initial 
state Virtual processes 

1 0 
n 1 - n + 1T (emission) 

1. ' 
•o 1 
1T + n2 - nz. (absorption) 

Final 
state 

b. n-p and p-n forces resulting from exchange of charged meson. 

Initial 
state 

p2 

Virtual processes 

n -p t1T 
1 1 

1T 

(emission of 1T-) 

+ p
2 

..... n
2 

(absorption of n-) 

p
1

- n
1 

+ n+ (emission of n+) 

~+ 
1T + n 2 - p 2 (absorption of n+) 

Final 
state 

p2 

In meson production, there is an exchange of virtual mesons be­

tween interacting nucleons, and these virtual positive, negative, 

and neutral 1T mesons--which are believed to be associated with all 

nucleons- -are thus converted simultaneously into n mesons. The 

term 11 virtual11 is used to indicate that the emission and reabsorption 

take place so rapidly that it cannot be detected, as explained by 

Heisenberg's uncertainty principle. 

McMillan and.Teller
50 

(using the Fermi gas model of the nu­

cleus) have shown that if E is the incident kinetic energy of a nu­

cleon, the threshold for n-meson production may be roughly esti­

mated by 



and 

2 
E = m c + Ef + V, f 'lT 

2 
where m c = rest mass energy of tT meson, 

'lT 

Ef = Fermi kinetic energy (::::: 25 MeV), 

V = average potential energy of nucleon in the 

nucleus. For fairly light nuclei, in which A::::: 2Z, the value 

of V is approximately 33 MeV. 

The maximum kinetic energy of the bound nucleons, or the Fermi 

kinetic energy, is given by 
'lT2 3N2/3 

Ef = "ZM 'lT n 

where N = number of neutrons or protons, 

M = mass, 

n = nuclear volume. 

The same value is found for neutron and proton gas, namely 

Ef = 25 MeV. 
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( 18) 

( 19) 

Thus, a nucleon must possess a kinetic energy in the labora­

tory system equal to m c
2 

plus the binding energy of a nucleon in 
'lT 51 

the nucleus (V - Ef = 8 MeV) in _order to produce a 'lT meson. . The 

crude approximation for the threshold kinetic energy of 'IT-meson 

production in beryllium is then on the order of 150 MeV. Thi_s 

approach assumes that the 'lT meson is produced in a collision of the 

incident nucleon.with one of the nucleons in the Fermi gas. Barkas 

has obtained an absolute threshold energy for the production of 'lT 

mesons by treating the production process as if the entire _target 

nucleus participates as a unit in the collision with the incident nu­

cleon. 
52 

Thus, if a particle (or incident nucleon) of mass M 
1 

is 

incident upon a nucleus of mass M 2 the threshold kinetic energy, Tt' 

is given by 



T = t 

2 
(m c + 

'IT 
(20) 

where the total final mass of the colliding particles, Mi, is .approxi­

mated by Mi = M 1 + M 2 , and M'lTc
2 

is the rest mass of the pion" 

This approach indicates a threshold kinetic energy for a P,ro­

ton projectile on a beryllium target of about 155 MeV" As the size 

of the nucleus decreases, this threshold energy can be seen to gener­

ally increase to a maximum value for the hydrogen nucleus (which is 

essentially a free nucleon-nucleon collision) of approximately 

twic'e the pi· me'son rest-mass energy" Unlike the proton of a hydro­

gen nucleus, a proton in a heavier nucleus is not completely at rest, 

but possesses energy of motion" The chief effect of this motion (and 

its resultant finite momentvm"J)iiS:;tGdow:er>.~pp:Fetiab}:yt:th-ethre:shGlld for 

meson production" It should be emphasized that this value is an ab­

solute threshold" In practice, the lowest energies (or actual thres­

hold) at which mesons are observed is generally higher than the 

above theoretical threshold, because the incident nucleon most 

likely does not interact with the target as a unit, but separately in 

collision with the individual nucleons of the target nucleus" This 

analysis is justified by the fact that even at the proton energies re­

quired for meson production, the associated deBroglie wave length 

of the incident nucleon is small compare.d with the range of nuclear 

forces" The threshold of the complex nucleus is then lowered from 

the free nucleon-nucleon threshold by the momentum distribution of 

the target nucleons in the nucleus to equal the actual. threshold" The 

value for the actual threshold for protons on beryllium is about 180 

MeV" Si 

In addition to its effect on the threshold for meson production, 

the finite nucleon momentum serves to markedly influence the ex­

citation function and.the angular distribution and energy spectra of 



the produced mesons. The excitation function is an expression of 

the relative pion yield as a function of incident nucleon energy. In 

other words, it expresses the variation of cross section with the 

energy of the incident nucleon. This expression shows a steep posi­

tive slope (rapid increase) for 'IT-meson production in nucleon-nu­

cleon cbllisions above threshold with increasing incident nucleon 

energy. 
53 

Since the threshold energy is depressed to about m'lTc
2 

by the momentum distribution of the nucleon in the target nucleus 

(from about 2m c 
2 

in free nucleon-nucleon collisions), the rapid 'IT 
va·riation should persist until the incident nucleon energy is at least 

2 XEt. 

The pion yield at a certain incident-nucleon energy is further 

modified by the· atomic number of the target material. Experimental 

studies have revealed that the relative eros s sections for pion pro­

duction vary approximately as the geometrical cross sections of the 

target nuclei. 
54 

However, further modification is introduced by the 

fact that the cross section for the interaction with nucleons of the 

'IT mesons that are produced is also close to geometrical. As a re­

sult, the produced meson may suffer a collision during the course 

of its traversal of the nucleus, and may not emerge· from the nu­

cleus. This interaction effect of the meson becomes increasingly 

more important for heavier nuclei, and therefore one observes a 

maximum in the production cross section as a function of target 

nuclei size which reflects this effect. 

The mesons produced at energies above threshold have a 

continuous energy distribution extending from zero to the maximum 

allowable energy. The maximum kinetic ~nergy is associated with 

pions emitted at 0° with respect to the incident nucleon, and it is 

roughly equal to the kinetic energy of the incident nucleon minus the 

threshold energy. With increasing angle, the angular distribution 
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(or differential energy spectra) shows a decrease in the maxirnu:m ob­

servable energy and a shift (to lower value) of the position of maxi-
51 . 

rnurn in t11.e distribution spectrur:n. ·· ·· 

l'~ucleonic production of 1nesons rnay be represented by inter­

actions of the type 

or 

+ p+p-p+n-t 1T 

+ p+n-n+nt1T 

p + n - n + p + 1To 

In each of the above equations, the high-energy incident nu­

cleon experiences an inelastic collision with one of the nucleons in 

the nucleus, and a good deal of its energy ( 140 MeV) is utilized to 

convert virtual 1T mesons into free 1T mesons. At the same time, 

the conservation of charge is fulfilled. The p-p collision gives rise 

only to positive mesons, with either one of the colliding protons 

changing into a neutron. In contrast, the p-n collision may give rise 

to a positive meson (with the proton changing into a neutron) or a 

negative meson (with the neutron changing into a proton). Since 

light nuclei such as beryllium contain approximately equal numbers 

of protons and neutrons, one would expect the bombardment of these 

nuclei with protons to result in a 1T+ /1T- ratio considerably greater 

than one. Experimental results indicate that this conclusion is cor­

rect only for very large energies. At lower energies the exclusion 

principle and the Coulomb barrier serve to markedly alter the posi-
. 51 

tive-to negative rat10. 



C. Meson Decay and Interactions 

An important and characteristic property of 'IT mesons is 

their instability. Positive and negative mesons exist as such for a 
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6 . -8 
very short time, as expressed by their mean lifetime of ~2. X10 

sec. It should be noted that this meson lifetime is for very low ve­

locities and is generally referred to as the 11 rest11 value. When the 

velocity is much higher, the lifetime is expanded significantly, 
2 2 1/2 

through the effect of relativity, by the factor 1/{1-v /c ) If 

T is the mean life of the meson at rest, the apparent mean life of a 

mes.on moving with a velocity l3c is -r/(1-13
2

)
1

/
2

. The average dis­

tance traversed by the meson before it disintegrates is thus 

d = 13cT/(1-13
2

)
1

/
2

. For a 100-MeV pion this distance equals about 

35 feet. As has already been mentioned, this particular parameter 

is quite important in determining the extent of contamination of the 

desired 'TT-~eson beam. The lifetime of the 'ITO meson is extremely 

small (~10 - 16 
sec}, and except for the electron contamination that 

it produces, it will not be dealt with any further. 

The disintegration of a 'IT meson is represented by 

± ± 
'IT - f.J.. +·v 

It has been shown that, if the disintegration reaction takes 

place while the meson is at rest, the average range of the muon in 

emulsions is 615 f.J.., distributed over a very narrow interval. The 

corresponding kinetic energy is 4.8 MeV. If the pion decays at 

higher energies· (before it slows down) the muons have a range 

greater than 615 f.J... On the other hand, if the pion escapes this de­

cay, then as it slows down to about 10 MeV, its rate of ionization in­

creases slowly to several times minimum ionization, resulting in 

the typical Bragg curve. Whether or not a pion survives the decay 

process depends to a great extent on the comparison of the distance 

that the mesons traverse before decaying with the actual experimental 



distances involved, For this experiment the fraction of pions lost 

in the decay process was very smalL (::::::10 to 15o/o), 
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In addition to electronic inelastic collision events, the surviving 

mesons also encounter nuclear events_ in their travel. The possible 
l 

modes of nuclear interaction may be broken down into the processes 

of scattering (both elastic and inelastic) by nuclei and absorption by 

nuclei. The significance of scattering (particularly inelastic scat­

tering), with its concomitant loss of particles from the beam, has al­

ready been related .. Studies on the nuclear interaction of 30- to 110-

MeV TT- in thick e~ulsions have been performed by Bernardini.55 As 

far as the elastic .and inelastic scattering events are concerned, the 
+ -

TT behaves roughly in the same way as the 1T •. This study indicates 

an elastic scattering cross section (for elastic scatterings greater 

than 30 o), for pion energies of 30 to 50 MeV, of 0.19 barn, as com­

pared with an inelastic cross section ofi0.06 b for the same energy 

range, In the energy range 100 to 110 MeV, the elastic cross section 

is 0.16 b, compared with 0.25 b for the inelastic collision cross sec­

tion. It is readily apparent from these data that the cross section for 

inelastic scatterings increases rather markedly With increasing energy, 

while the elastic cross section decreases somewhat. Additionally, 

the average energy loss in these inelastic scattering events was ob­

served to be very large, more than 50% of the incident energy, 

Bernardini's results also indicate a total interaction cross section 

for TT mesons with the nuclei of the emulsion close to the geometrical 

cross section. The end result of these inelastic (both nuclear and 

electronic) and elastic nuclear collisions is to effectively thermalize 

the pions. 

The TT + thus slowed down to thermal energies experiences a • 

repulsive force from the atomic nuclei. Therefore, it can never ap­

proach a nucleus closely enough for an interaction to occur, and it 

eventually disappears by spontaneous decay, A study in photographic 
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plates reveals that virtually all the observable positive mesons dis­

integrate into positive muons of mean energy 4,18 MeV after coming 

to rest in the emulsion. These muons then travel ab.out 615 f.L in 

emulsion and subsequently decay according to the equation 

± ± 
f.L -e +v+v 

The mean life for .this decay process at rest is 2.15 X 10-
6 

sec. In 

contract to the muons .resulting from pion decay, the electrons from 

f.L-meson decay do not h~ve a unique energy. There is a continuous 

distribution, with a maximum energy of the decay electrons of 
. ' 56 

55 MeV and. a measured average energy of 34 MeV. 

Despite the tremendous differences in the rates of nuclear 

absorption of slow n and f.L mesons and the qualitatively different 

nuclear effects observed when absorption takes place, the slowing 

down and capture of slow TI and f.L mesons is essentially the same 

process for both. This is because the slowing-down and capture 

process depends largely upon the charge and mass of the meson, 

and the charges are the san::te and the masses differ by only 30o/o. 

Slow negative mesons (both n-and f.L-) are promptly captured by the 

electric attraction into a Bohr orbit in the neighborhood of a nucleus 

to form a mesic atom. If f.L- mesons, are presel:'lt in the beam, they 

behave quite differently from n mesons when apsorbed by atomic 

nuclei, in that no stars are formed. Although slow f.L may be trapped 

quite rapidly in appropriate orbits to form f.L-mesonic atoms, the 

probability of nuclear absorption is much less than with the cor­

responding n-mesonic atoms. The important consideration is the 

relatively weak interaction between. muons and atomic nuclei. For 

nuclei. with atomic number less .than approximately 12, negative mu­

ons generally survive absorption, and decay (like the positive muons) 

into a negati \(e electron and two neutrinos. In. this region the lifetime 

for nuclear absorption is approximately equal to the lifetime for 
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electron decay of the negative muon, With nuclei of increasing atomic 

number, the probability of absorbing the negative muon increases. 

The final result of the absorption is believed to be 

1-L + p - n + v. 

TI Mesons appear always to undergo nuclear capture, never spontaneous 

decay, after coming to rest in photographic emulsions. Since these 

emulsions contain light as well as heavy elements, n mesons are more 

likely to undergo nuclear absorption than spontaneous decay in all sub­

stances,, whereas for 1-L- mesons th~s is true only in substances of 

higher atomic .. number. Like the 1-L-, the TI is captured into a station­

ary Bohr orbit to form a mesic atom. The radius of a Bohr orbit of 

the mesic atom is much smaller than the radius of a Bohr orbit of the 

ordinary atom, approximately in the inverse ratio of the masses. In 

fact, for very heavy elements, the first Bohr orbit of the mesic atom 

is comparable to the nuclear radius. At first, the negative meson is 

trapped in one of the outer me sonic energy levels, As a result of the 

electrostatic attraction by the nucleus, it then makes a transition to 

the next inner level and then to the next and so on. Every transition 

is accompanied by the emission of characteristic mesonic x rays. 

The TI meson is subsequently absorbed by the nucleus and combines 

with one of the protons in the nucleus, changing the proton into a neu­

tron according to 

n +p-n . 

. Since the rest energies of the proton and neutron are nearly 

equal, this equation represents a release of energy practically equal 

to the rest energy of the n meson, which is followed by the 

"evaporation" (or "explosion") of the residual highly excited nucleus. 

The neutron resulting directly from the absorption of the meson does 

not acquire all the energy released by the disappearance of the meson, 

but usually collides with other nucleons, distributing .most of its energy 
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among them and ,thus giving rise to the nuclear explosion fragments. 

Investigations with photogr~phic emulsions reveal that about 27% of 

the negative mesons fail to .. produce visible stars at the ends of their 

tracks. 
57 

It is likely that in these cases the energy released by the 

disappearance of the TI meson is carried away by neutrons, and per., 

haps to a great extent by the neutron resulting directly from the pion 

interaction. The remaining 73% of the negative n mesons give rise 

to visible stars at the ends of their tracks in the emulsion. These 

stars usually have one, two, or three prongs representing a particles 

and protons. Menon et al. performed an investigation of these stars 

in emulsion, separating the disintegrations of heavy nuclei (Br, Ag) 

from light nuclei (C, N, 0). 
58 

An observation of t~e total star popu­

lation represented. in each component of the emulsion revealed that 

46% of the stars due to capture of TI mesons c~rresponded to the 

lighter nucleus component and 54% to heavy nuclei. The distribution 

of these stars according to number of prongs, for stars originating 

in light and heavy nuclei separately, indicated that for heavy nuclei 

the prong distribution was heavily weighted toward one~ or two-pronged 

stars, in contrast to the relatively even distribution of one-, two-, 

and three-pronged stars (with an actu.al preponderance of three­

pronged stars) for the light nuclei. The energy spectra of these nu­

clear fragments in the different component nuclei also appear to be 

different. The energy spectrum of protons of less than 30 MeV shows 

a peak at 9.6 MeV. On the other hand, the a-particle spectrum is 

seen to have a double peak with a transition point at about 9 MeV. 

Probably, most of the a particles below 9 MeV originate from the 

light nuclei (C, N, 0) in the emulsion and those above 9 MeV from the 

heavy nuclei (Ag, Br), because of the differenc~ in Coulomb barriers. 

For decreasing Z, the Coulomb barrier is relatively smaller for a 

particles and therefore one would expect a larf?er ratio of a particles 

to protons for the lighter nuclei. Indeed, it has been shown that for 

light nuclei the ratio is approximately unity, while for heavy nuclei 

the ratio decreases to 0. 3. 
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In addition to protons of less than 30 MeV (mainly evaporation 

protons) associated with 1T stars, Menon, ·
58 

in agreement with Cheston 

and Goldfarb, 59 showed that about 10o/o of the n- mesons ending in the 

emulsion give rise to protons with energi.es considerably greater than 

30 MeV. 

From the point of view of its nuclear composition, biological 

tis sue can be reg~rded as made up of hydrogen, carbon, nitrogen, 

and oxygen. The nuclear disintegrations which are of greatest im­

portance for our purposes the.n. involve the light-nucleus tissue con­

stituents- -carbon, nitrogen,. and oxygen. In hydrogen, the n mesic 

atom resulting from capture migrates a short distance in the tissue 

until it encounters a heavier nucleus to which the n-· meson is trans­

£erred .. The reactions of the light nuclei may be classified, according 

to those most frequently observed, as follows: 

- 12 
n + 6c - 2 a. + 1p + 3n , (A) 

- . _14 
n + 7~- 3 a. + 2n, (B) 

16 
n + 

8
0 -. 3 a.+1p + 3n, (C) 

Menon has measured the frequency of occurrence of the three above 

reactions in a study of stars produced in gelatin (sandwiched in be­

tween layers of emulsion), Fifteen percent of the stars represented 

one of the three reactions; more precisely, 7. 6o/o, 3, 7o/o,. and 4, 2o/o 

represent reactions (A), {B), and (C), respectively. According to 

Fowler and Perkins, Eq, (A) appeared to be the most common re­

action, accounting for about 25o/o of the cases, 
29 

The a.-particle 

spectra as reported by Menon for C and 0 extends to. about 25 MeV, 

while for N the cutoff is at about 15 MeV, 

. Ammiraju performed a later study of the disintegrations in 

light nuclei under conditions in which the complications due to the 

presuence of heavy nuclei are eliminated, 
60 

This work investigated 

the a.bsorption of slow n in carbon and nitrogen, 



There is very ·good agreement of Ammiraj'u1 s study with 

Menon 1 s alpha. spectrum in nitrogen; both show an alpha spectrum ex­

tending to about 15 MeV, with a pr~ponderance of a particles with 

energy less than 10 MeV. Such low-energy a particles have been ex­

plained by the deuteron absorption model in which most of the rest 

energy of the pion is given to the loosely bound deuteron in N
14

, and 

the residual C 
12 

fragment subsequently decays into three low-energy 

a particles. 
51 

The results for carbon are likewise in generally good 

agreement with Menon. 



IV. RESULTS AND DISCUSSION 

The results reported here were taken from several differ,nt 

experimental TT meson beams, Although this certainly does not 

preclude a meaningful correlation between the data taken from differ­

ent beams, we must at the same time admit that the analysis has not 

been made any easier by this difference, The various beams to be 

discussed are described in Table IL 

Some preliminary measurements were made in the meson cave, 

immediately downstream from the bending magnet, using industrial 

x-ray film sandwiched between 1-inch slabs of Lucite and positioned 

along the horizontal beam plane. The results indicated that the general 

radiation background in the cave was much too high to permit useful 

data. Consequently, all subsequent runs were performed behind a 

4-foot-thick concrete shielding wall placed in the cave. 

First, intensity measurements were made with an A-C0 2 -

filled. monitor chamber placed in the pion beam. The beam intensity 

is generally measured in an ionization chamber which has been cal­

ibrated against a Faraday cup at different energies, However, in this 

experiment, the intensity is much too low to permit useful measure­

ments with a Faraday cup, Therefore it was necessary to calculate 

the ion-chamber calibration-factor constant appropriate for the beam 

energy used according to the expression 

F = t 
w 

(_ .!_ dE) 
\ p dx ' 

(Z1) 

where t is the thickness of the.chamber in g/cm
2 

of argon, w is 

the energy loss per ion pair formed, and-~ ddE is the mass stopping 
p· X 

power in argon at that energy, 

The energy loss per ion pair formed, w, is equal to 26.4 eV 

for argon, and it is independent of the energy of the primary particle, 

The calculated value of the most probable energy loss for 90-MeV 
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Table II. Experimental beams. 

Run Bending Doublet Target Target Pion 
number magnet quadrupole radius azimuth energy 

(in. ) (de g) (MeV) 

1 Orion Hero 82.2 251 90 

2 Orion Hero 82.0 250 90 

3 Achilles .Hero 83.0 251 101 
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pions in argon is 1..16 MeV/g/cm
2

" The thickness of the chamber 

.in the direction of the beam is -3 I 12 9" 55 X 10 g em . Substituting 

these values into Eq". 21, one obtains a constant value for the cham­

ber of .. L49X 10 16 particles per Coulomb" That is, every Coulomb of 

charge collected by the ion chamber represents the passage of 

1A9X.10 16 
particles through the chamber" 

The beam at entry in runs #1 and #2 had a circular cross 

section of 45.5 cm
2

; this was confirmed by exposing x-ray film posi­

tioned normal to the beam. The momentum spread of the beam was 

5o/o . 

If we neglect for the moment the beam contamination by elec­

trons and muons, the pion flux can be readily obtained by simply ap­

plying the calibration factor to the uncorrected integrated current. 

The integrated current'in the ionization chamber was measured by 

passing it into a condenser and measuring the potential across the 

condenser with an electrometer circuit. The total capacity in the 

integration circuit is 0. 01 JJ.F. The integrator circuit reads full 

scale with 10 mV at the input" This method yields a. pion flux (includ-
2 - . 2 

ing background) of 7.83X 10 'IT /ern sec. Although this value is ob-

viously quite low, it is no cause for concern at this point, since this 

is by no means the maximum attainable flux. 

A Bragg curve was then obtained as discussed on page 64, 

with a second ionization chamber identical to the monitor chamber, 

and with different thicknesses of Lucite absorber interposed between 

the two. Measurements were made for both 'IT- and 'IT+ beams. In 

this way one would hope to observe the alteration of the typical Bragg 

curve resulting from the capture phenomenon at the end of the 'IT --meson 

range. The Bragg peak for 'IT mesons should be greater than and of 

different shape from that for 'IT+ mesons. The difference between the 

two peaks is a measured of the average energy release from capture 

events in a beam of 'IT 

Figures 23 and 24 show the results of these experiments,where 

the measurements of the pion beam in the detector chambers {I) have 

both been normalized to the monitor chamber (lo ). It is quite apparent 
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that there is no sizable difference between the two curves. However, 

for the comparison to be more meaningful we must first subtract the 

background from each of the curves. Because of the uncertainty in­

volved in the assessment of the electron contamination from the in­

formation available thus far, any correction for the background should 

be viewed as strictly approximate. A very rough approximation to 

this background may be made by assuming those relatively broad muon 

and electron plateau regions of the curve persisting beyond the Bragg 

peak as representing the total muon and electron contamination at all 

points along the curve. 

A total contamination {fl.- + e-) of a bout 40o/o is obtained by 

using this method. The incident beam intensity correcte.d for back-
2 7 2 . ground is then 4. 7X 10 iT em sec. A comparison, with the back-

ground subtracted and the results normalized to unity {relative to zero 

absorber thickness), is shown in Fig. 25. There is a difference both 

in shape and in height of the two curves, with the peak intensity for 

rr mesons exhibiting an increase of about 22o/o above that for the rr + 

Bragg peak. Furthermore, the rr peak has been shifted to the right 
+ of the typical Bragg peak as represented by the rr mesons. The new 

position of the peak corr.esponds roughly to the probable range of 90-

MeV pions. This range is approximately 1o/o greater than the published 

mean range for 90-MeV pions. At any rate, this region also represents 

the area where most of the pions are stopping, and it should therefore 

exhibit the greatest pion-capture activity. 

However, the rr meson peak is not augmented as much as one 

might expect it to be, which is due mainly to two factors; {a) the nu­

clear fragments produced by the capture of the rr mesons have ranges 

much larger than the size of the chamber; {b) the number of pions that 

actually stop in the chamber and are captured is quite small. For 

example, the range of the protons resulting from star events is more 

than 20 times the thickness of the chamber, while that for the a par­

ticles is roughly equal to the chamber thickness. That is, for stars 

that are produced immediately adjacent to the front wall of the chamber, 
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Fig. 25. Comparison of Bragg curves for Tr and Tr + 
mesons. 
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roughly 1/20 of the proton energy is absorbed while all the a energy is 

deposited. However, most of the stars are not formed in this region, 

but are distributed over the entire chamber, thus depositing a consid­

erably smaller amount of their energy in the chamber. As a result of 

this "wall effect" the stars that are formed contribute to the production 

of ionization in the chamber only a small fraction of the energy released. 

In addition, the difference between these curves might also be affected to 

some extent by a contribution to the rr +-meson peak by positrons arising 

from the decay of 1-L +mesons in the chamber. 

The distribution of total ionization along the path of a particle is, 

in first approximation, the same as that of the rate of energy loss. That 

· · 1 dE b f d f h .. f" . . . . f th f 1s 1n gases, -- -d can e oun rom t e spec1 1c 10n1zat1on, 1 e actor 
p X 

w is known for the particle and for the energy and type of gas concerned. 

The quantity thus obtained is usually the average energy loss, with the in­

dividual energy losses represented by. the familiar symmetrical (or Gaus­

sian) distribution about the average value. Because of the low stopping 

power of the chamber used in this experiment large fluctuations in the 

energy loss and resultant ionization are expected, which may be rep­

resented by the asymmetrical distribution curve calculated by Landau. 49 

This behavior, involving very small energy losses, is in contrast with 

the symmetrical distribution in which larger losses, up to a maximum, 

0 , are experienced. In fact, at 90 MeV the maximum energy, max 
0 , that a pion may lose in a collision with an orbital electron is max 
1. 7 MeV, while the individual energy loss, W 

1 
that occurs just once 

in traversing the small effective chamber thickness over which the 

energy loss is being observed is about- 1 keV. It then follows from 

the discussion on page 62 that the quantity measured in this exper­

iment is the peak of the asymmetrical distribution that corresponds to 

the most probable energy loss. As the energy of the pion decreases, 

the difference between w 1 and omax also decreases until, at about 

2 MeV, w1 :::: 0 , and the average energy loss then equals the most max 
probable energy loss in the chamber. Table III shows a comparison 

of the calculated probable energy loss and the average energy loss for 
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Table IlL Comparison of calculated values for most probable 
energy loss and average energy loss, 

E 0 w1 
1 dE 1 dE 

1T max - p dx - P dx pr~b av 
(MeV) ,(MeV) (MeV) (MeV/ g/ cm2) (MeV /g/cm 

100 2 1 X 10- 3 1,55 L095 

90 1. 72 . 1.06X10 -3 1,66 L16 

80 1. 52 1.11X10 - 3 
L73 L20 

70 L 29 1, 19X10 - 3 L82 1,27 

60 L07 1.29X10- 3 
L94 1.38 

50 0,87 L44X10- 3 2.11 1.54 

40 0,67 L67X10 - 3 2AO 1, 78 

30 OA<t 2,04X10 - 3 2,88 2.16 

20 0.31 2.81X10 -3 3,80 2.96 

10 0,15 5, 11X10 - 3 
6.20 5.38 

5 0,08 9.16X10- 3 11.3 9.66 

2 0,03 2X10-Z 21.2 21,1 



Tr mesons. The values for the average energy loss were taken from 

the range -energy curves for protons given by A~on. 61 Since, for in-

. d . 1 f . d . 1 h . . . · 1· k b b 1 dE · c1 ent part1c es o 1 enhca · c arge mov1ng 1n 1 e a sor ers, -- d 1s 

a function of the velocity only, then if -..!.. ddE as a function of en:rgy 
. p X 

is known for protons it can be found for pions by simply changing the 

energy scale so that the new energy values are smaller by the ratio 

M . /M According to these calculations the experimental 
p1on proton. 

values for energy loss in the chamber should be 30o/o less than the 

values suggested by the average energy loss tables. 

Ideally, the validity of the experimental results is checked by 

comparing them with the theoretical calculations of energy loss (in 

this case, the probable energy loss). This would mean that the ion 

chamber data must be expressed in· terms of the probable specific 

ionization per pion, from which we may then calculate the probable 

energy loss per pion. In order to express the experimental results 

in terms of the energy loss per pion we must first determine the num­

ber of pions as a function of distance. Although the ion chamber was 

used to obtain an approximate value for the beam intensity, there are 

sever.al reasons vvhy the chamber data are unsatisfactory for an ac­

curate measurement of pion number: (a) the beam intensity measure­

ments include an electron-plus -pion background that cannot be precisely 

determined from ion chamber data alone, (b) the equation for the cal­

ibration factor used in the calculation of beam intensity contains the 

stopping power for a single particle and does not account for changes in 

stopping power that result from straggling, (c) the single -particle sto:tr 

ping power may be modified to some extent by the presence of the elec­

trons. One solution is to use the integral range method for obtaining 

this information. Unfortunately, integral range measurements were 

not made in this run, so that the pion number was not available and it 

was not possible to make a comparison in terms of energy loss per 

pion. 

If we consider the intensity distribution of the pion beam to be 

relatively homogeneous over the beam eros s section, the dose at the 
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position of the ionization chamber is given as 

D = 
0 w S X10

5 
m 
v 

p 
{22} 

where p is the density of argon in the chamber at. the particular 

temperature and pressure, D is the dose in rad/min, Q is the 

charge in Coulombs per minute collected in the chamber,· V is the 

collection volume in cm3, w is the energy in eV per ion pair for the 

argon in the chamber, and Sm is the mass-stopping power of Lucite 

relative to that of argon. The collection volume of the chamber was 

assumed to be defined by the cross-sectional area of the beam and 

the depth of the chamber. The results for the calculation of S are . m 

shown in Fig. 26. Since S is a function of the energy of the pion, m . 
a determination must be made of the average energy of the pions cor-

responding to the different measurement depths, by use. of range­

energy curves for Lucite. Strictly speaking we will then have the ab= 

sorbed dose in Lucite, which is v:ery close to that in tissue. The cal­

culated doses are shown in Fig. 27, ·Because of the complexity of the 

problem, several approximations are involved in these caJ.culations, 

such as (a) at low pion energies it is extremely difficult to determine 

an average energy; (b) in the low -energy regions there are no accurate 

values of Sm, an:d simple extrapolation to zero energy with 

lim S = L 485 was used quite arbitrarily; {c) the background cor-
m 

f~~ion is a rough approximation; {d) the assumption that the intensity 

distribution of the pions is homogeneous over the beam cross section 

may not be correct. According to these results the maximum attain­

able 1T- -meson dose is abop,t 3, 5 mrad/min {at the peak). The tumor­

skin dose ratio is 2, 96, with a full width at half maximum {FWHM} for 

the Bragg peak of 1 inch, In contrast, for protons, Larsson reports 

a tumor -skin dose ratio of 2, 3 fo!' full width at half maximum value of 

1 inch in water. 62 This slightly larger tumor-skin dose ratio with 

pions (for equal FWHM values of proton and pion) is particularly 
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important when one is attempting to distribute the particle energy so 

as to give uniform irradiation of large volumes located.within the 

Bragg peak. Furthermore, it is possible that this dose ratio for pions 

may actually be further increased by using a lower incident pion 

energy; the observed ratio may also be increased by more effective 

detection of the nuclear fragment energy. Nevertheless, the chamber 

has recorded an increased peak dose, presumably fro,m the star frag­

ments, of the order of from 20 to 25o/o. This difference should be fur­

ther augmented by the increased linear energy transfer ·in the star 

region and its concomitant incre(lse in biological effectiveness. At 

present it does not seem >unreasonable to expect an average LET in 

the star region of about 40 to 50 keV /tJ., with an RBE of about 3 or 4, 

depending upon the biological system 'used. Although the above pre­

dictions are more than simple conjecture, they must still depend upon 

future investigations for their experiment~! vel:"ification. 

The absorbed dose recorded by the ion chambers may then be 

compared with the results from the lithium fluoride dosimeters shown 

in Fig. 28. Although no work with these dosimeters for pions has yet 

been reported, preliminary investigations using protons, a particles, 

and heavy ions indicate that pions should not be much different from 

any- other charged particle. 63 A comparison of the curves reveals 

that these two systems differ by a factor of about 10 in recorded dose. 

This difference may be partly accounted for in two ways: (a) the LiF 

dosimeters may respond to the ambient neutron and y-ray background, 

whereas the chamber is relatively insensitive to these radiations 

(b) although we have assumed a uniform intensity distribution over the 

beam cross section, it may not be uniform. If the intensity were much 

higher along the central axis of the beam (which is where the dosimeters 

were located) the measured dose would be proportionately higher. Ex­

cept for the constantly decreasing initial portion of the LiF curve com­

pared with the relatively broad flat initial response of the ion chamber, 

the shapes of the two curves are not very different. The difference in 
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the two. curves is because of the s1nall size of the LiF dosimeter in 

comparison with the beam cross section, so that the dosimeter is 

sensitive to the loss of pions from the beam by inelastic scattering 

events; the ion chamber, on the other hand, presents a cross section 

that is quite a bit larger than the beam and is therefore not so sensitive 

to this loss. The LiF results roughly confirm the shape of the Bragg 

peak observed with the chamber. The full width at half maximum is 

about 1 inch for a 5o/o spread in momentum. The tumor skin-dose 

ratio for both systems is almost 3 to L Like the iori chamber, the 

LiF dosimeters have a basic limitation at the Bragg region, for they 

show a reduction in sensitivity by as much as 70o/o for high-LET radi­

ations. (50 keY /f.l). Consequently, the ratio of tumor dose to skin dose 

is probably must higher than is indicated here. 

A silicon surface-barrier-type solid-state detector was used 

in an attempt to obtain a more definitive appraisal of the contribution 

of the nuclear fragments to the tumor-skin dose ratio. Because of 

its relatively high stopping power this device should be quite effective 

in detecting the star events. In particular, the depletion layer was 

chosen to correspond to the range of the nuclear fragment of greatest 

importance to us- -the a. particle. The depletion layer had a thickness 

of 4.54X10-
2 

g/cm
2

, which was more than sufficient to completely 

ab.sorb the energy of the 6-MeV -average a.-particle fragments. This 

thickness of silicon roughly corresponds to the ranges of a 22-MeV 

a. particle, a 5.2-MeV proton, and a 0.22-MeV electron. Hence a 

sizable portion of nuclear energy released by way of the proton es­

capes from the detector. Likewise, the contribution to detector re­

sponse by the incident pions, muons, and electrons is very smalL 

For any thickness of Lucite absorber, the product of energy 

per channel and the total counts in that channel integrated over all the 

channels gives the total energy deposited in the depletion layer of the 

detector. The system was calibrated with the 5.49-MeV a. particles 

from an americium-241 source. The peak of the energy distribution 

resulting from these alpha particles was positioned to correspond to 
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channel number 68 in a 400-channel analyzer. Since the detector 

responds linearly, a single count in a,particular channel then cor­

responds to an energy deposition of 80.,5 keV times the number'of that 

channel. The total energy deposited in the depletion layer, expressed 

in MeV/ g, may then be readily converted to absorbed dose in Lucite. 

The results a.re shown in Fig. 29. Once again because of the 

smallness of the silicon detector (4 mm
2

), we have a definite slope in 

the in.itial portion of the curve the same as we observed for the LiF 

dosimeters. The Bragg peak obtained with the detector shows a full 

width at half maximum (FWHM) of about 0.8 inch, which is not too 

different from the 1-inch FWHM for the ion chamber and LiF results. 

However, the peak dose of 84 mrad/min for the silicon detector re­

quires some further explanation before it can be meaningfully com­

pared to the ion chamber data. Because of the small size and the 

position of the detector along the central axis of the beam, it is rea­

sonable to expect it to behave in the same way as the LiF detector. 

That is, if there is a sizable inhomogeneity of the beam cross section 

(and later experiments will show that such is the case), then the high­

est intensity will most likely be along the central axis of the beam; 

Therefore, a detector with a small cross section compared 

with the beam (i.e., the solid-state or LiF detector), centered on 

this axis, gives a higher dose than a detector whose cross section is 

larger than the beam. Indeed, a good part of the difference in Fig. 29 

between the doses measured by the silicon detector and by the ion 

chamber may be explaine.d in this way. 

Despite this difference in absolute doses, the relative values 

of the dose of the peak compared with the entrance dose (L e., tumor­

skin ratio) should be relatively constant. The measurement of this 

ratio with the solid-state detector yielded a value of approximately 

17, which is greater than the tumor-skin ratio measured with the 

ion chamber by a factor of almost 6. Since the detector response has 

been maximized for response to ·the alpha fragments, one is tempted 

to assume that this sizable increase in energy deposition is due mainly 
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to the a particles from the star events, A check on this assumption 

was made by calculating the amount of energy that must be absorbed 

by the detector for each pion that, on the basis of solid-state results, 

is stopped, According to these calculations, for each pion stopped in 

the detector there is an energy absorption of 16,4 MeV, Fowler and 

Perkins estimate that for each pion stopped in tissue (and subsequently 

captured by the tissue nuclei) there is a release of approximately 

30 MeV from the ensuing star event in the form of a particles and 

protons, 29 Our results compare quite favorably with this work when 

one considers that most of the proton energy escapes from the de­

tector and that the stars formed in silicon may be quite different 

from those formed in tissue. Run #3 was designed to yield a more 

definitive appraisal of the pion beam and to extend the use of ion 

chambers to include those filled with nitrogen under both high and 

low pressures, 

The low-pressure argon~filled chamber again served as a 

monitor of the beam, just as it did in. runs #1 and #2, First, an 

integral range curve was obtained by the method described on page 2'1, 

An average pion energy of 101 MeV (196 MeV /c in momentum units} 

was determined by taking the average of the energies corresponding 

to the pion ranges at points A and B (94, 5 MeV and 108 MeV, 

respectively} of Fig, 7, found from range tables, 
36 

The spread in the 

pion energy is half the difference between these two energies, or 

::1: 6, 75 MeV, This spread in pion energy corresponds to a spread in 

momentum of ::1: 8,4 MeV /c, which in turn may be expressed as a total 

momentum spread of 8,6% (::1:4,3}, The muons resulting from the de­

cay of pions before the beam reaches the analyzing magnet have the 

same range of momentum as the pions, Because of their mass dif­

ference, pions and muons of the same momenta have different energies, 

In this case, these momenta correspond to a range of muon energies 

which extends from 100 MeV to 123 MeV, with an average energy of 

116 MeV, Because of this difference in energy, muons exhibit a range 

which is on the order of 30o/o greater than pions of the same momen­

tum, Consequently, if the muon contamination represents a sizable 
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fraction of the total beam, it may seriously affect the localization of 

energy. For this pion beam the muon contamination was 12o/o. 

An estimation of the electron contamination may -be obtained 

by a linear extrapolation of point B' to zero absorber thickness. 

This method gives a result -.:w'hich !bs generally within 30% accuracy.
64 

An electron contamination of 24% was observed. Since the integral 

ra1!.ge curve is essentially a number-distance curve, it is an important 

source of information regarding loss of pions from the beam as a func­

tion of absorber thickness. From zero absorber th:lckness to break 

A in Fig. 7 represents the total losses from the bearri before the end 

of the range, which in this case amounts to 40% of the orginal particles. 

According to :the integral range data, the maximum intensity for this 

particular pion beam, after corrections for the muon and electron con-
4 -; 2 taminations are made, is 1. 56X10 'IT em sec. A measurement of the 

maximum intensity, using the monitor chamber and correcting for 
4 -; 2 beam contamination, gave a value of 2X10 'IT em sec. This is a 

factor of about 40 greater than the intensities obtained in runs #1 and 

#2. 

The beam ·profile results are quite useful in more rigorously 

defining the structure of the beam cross section, as shown in Figs. 4 

and 5. The full width at half maximum of the beam is 1.125 inches 

and 3.25 inches for the horizontal and vertical profiles, respectively. 

The horizontal profile is down to 10% of its peak value at a FWHM 

value of 3. 06 inches, while the vertical profile expands to 6. 5 inches 

((isdoubled) for the same reduction in intensity. This: appraisal enables 

one to more judiciously select an effective beam eros s section to be 

used in the calculation of dose from ion chamber data. Even after this 

correction is made, the calculations represent only an average dose 

over. the whole chamber, as discussed earlier. This macroscopic 

measurement of the dose would not be accurate for estimating the dose 

delivered to biological systems, which are much smaller than the 

chamber. 
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Two different thicknesses of Lucite absorber were; then inter­

posed between the incident beam and the detectors in order to obtain 

a qualitative assessment of the extent of beam divergence as a function 

of absorber thickness, The results are shown in Fig. 30, There is a 

definite increase in unifo:!::'mity of the beam cross section with increas­

ing absorber thickness, accompanied by a decrease in peak intensity, 

The lateral spreading (or smearing) of the beam, which causes the in­

creased uniformity of the beam intensity, is mainly due to Coulomb 

scattering, whereas the sharp decrease in the peak intensity is pro b­

ably due to both Coulomb and inelastic nuclear scattering, An absorber 

thickness of 7,5 inches of Lucite introduced a lateral spread of the beam 

by about L25 inches, while the peak intensity appears to have been re­

duced by a factor of a bout 2, 5, 

A second attempt was then made with ion chambers in hopes of 

confirming the particularly encouraging results obtained with the solid­

state detector, We have already noted that the low-pressure chambers 

had an effective chamber thickness which was but a small fraction of 

the total range of the nuclear fragments resulting from star events, 

Consequently, the augmentation of the Bragg peak by these fragments 

(mainly a particles) was very small, and most of their energy was de­

posited outside the chamber. It was then reasoned that, since the 

energy loss is proportional to the electron density, we shov]ld simply 

increase the density (by increasing the gas pres sure) in the chamber, 

there by increasing the effective chamber thickness and absorbing more 

of the nuclear fragment energy, Ideally, one would like to have a gas­

filling pressure that approaches unit density (although it is not prac­

tical). The chamber results reported here are for a nitrogen gas pres­

sure of 205 psi (approx, 14 atmospheres above atmospheric pressure), 

which is still almost two orders of magnitude less than unit density. 

The range of the nuclear fragments, expressed in g/cm
2

, is approx­

imately 25o/o less in nitrogen than in argon, This behavior is due to 

the difference in their respective electron densities and average 

I 
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ionization potential. In this case, the effective chamber thickness 

corresponds to almost 90o/o of the total proton range, and is 22 times 

as great as the range of a 6 -MeV u· particle, That is, we are still ab­

sorbing only a small fr_action of the proton energy from the stars, but 

we should now see almost all the energy from alpha fragments regard­

less of where the star event occurs in the chamber, The nitrogen 

filling used in the chamber was of high purity, This is an important 

consideration for high gas pressures, since it has been shown that the 

.presence of even small impurities of such molecules as 0
2 

or H
2

0 

(where the electron-attachment coefficient is very high) can cause a 

considerable fraction of the electrons to form negative ions and there by 

increase ionization losses through recombination, 65 

Before the measurements with the high-pressure chamber were 

made, a Bragg curve was obtained with a low -pres sure chamber (2 psi 

above atmospheric) filled with nitrogen, The purpose of these meas­

urements was twofold: (a) since the integral range curve has furnished 

us number -distance information, we can now make an estimate of the 

probable energy loss per pion from the experimental data and check its 

agreement with theoretical calculation; (b) the results should be useful 

for comparison purposes with the high-pressure chamber measurements .. 

The total energy deposited by pions only, in a distance equal to 

the chamber thickness, was first calculated from the chamber results 

and expressed in MeV/g/cm
2

, This quantity was then converted to 

MeV/ gj cm
2 

per pion, taking the number of pions at each depth from 

the integral range data. The approximate results are compared with 

theoretical calculation for the probable energy loss of a single particle 

in Fig. 31. The agreement is very good in the initial part of the curve, 

This is because the straggling that results from the statistical fluctu­

ations in energy loss has not yet become important, However, as we 

approach the Bragg peak the relative homogeneity of the beam is lost 

and the calculation for the probable energy loss of a single particle can 

no longer be applied to a beam of particles. Owing to the statistical 
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fluctuation in the amount of energy lost by a particle, and its asso­

ciated fluctuations in range, there is no longer a single definable re­

sidual energy remaining at a certain depth in the absorber, but a spec­

trum of energies. This departure from the theoretical single-particle 

pattern of energy loss and the change in the energy spectrum that ac­

companies it are reflected in the experimentally determined values for 

the energy loss. For example, at a depth of 7 inches of Lucite (which 

corresponds to the base of the Bragg peak), the measured value for the 

probable energy loss per pion is 3.5 MeV/g/cm
2

, compared with the 

single -particle value of 4.4 MeV/ gj cm
2

. As we go deeper into the 

Lucite the difference between the quantities increases. It should be 

mentioned again that these experimentally determined values for energy 

loss represents an average over the effective volume of the chamber, 

and are probably lower than one would get with a smaller chamber. A 

comparison of low- and high-pressure chamber Bragg curves is shown 

in Fig. 32. 

The low-pressure curve agrees well with results from the ear­

lier, argon-filled ion chamber. Because of the increased intensity 

that was noted earlier, the dose at the Bragg peak has been increased 

from a value of 3.5 mrad/min for runs #1 and #2 to a value for this run 

of about 140 mrad/min. The peak-to-plateau ratio has decreased from 

almost 3 for the argon data to 2.53 for the nitrogen results, while the 

FWHM has increased from about 1 inch to almost 2 inches. This change 

can be readily explained by two factors: {a) there has been an increase 

in the momentum spread of the pion beam from 5o/o in runs #1 and #2 

to almost 9o/o in this run, {b) the energy of the incident pion beam used 

in runs #1 and #2 was 90 MeV, while in run #3 the energy was 101 MeV. 

The increased range for the higher -energy pions leads to an increased 

straggling, which in turn depresses the peak. 

On the other hand, the comparison of the results for low- and 

high-pressure chambers is contrary to what one would expect. Although 

the peak is positioned at the same depth in Lucite for both chambers, 

the height of the peak for the high-pressure chamber was 17o/o less than 
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that for the low-pressure chamber. It was thought at first that this 

unexpected result might be partly due to recombination losses asso­

ciated with relatively intense ionization caused by star fragments at 

the peak. In order to test for possible ion-collection losses, a recheck 

of the high-voltage plateau for the high-pressure chamber was performed 

with the chamber positioned at the Bragg peak. The results show that 

the collection losses were negligible. 

A second consideration was to examine the response of the cham­

ber as a function of gas pre.ssure. Since the energy loss of a charged 

particle is directly proportional to the electron density of the medium 

traversed, an increase in gas pressure (with its associated increase in 

density)should cause an equivalent increase in chamber response. The 

response of the chamber to this test is shown in Fig. 33. The chamber 

was alternately placed at two positions on the Bragg curve and a pres­

sure -vs -response curve was obtained for each position, with the low­

pressure chamber serving as monitor. The measurements made at a 

Lucite depth of 6 g/cm
2 

exhibit a linear relationship which extrapolates 

to zero response for zero gas pressure. On the other hand, the values 

obtained at 27 g/cm
2 

of Lucite are not strictly linear, .so they do not ex­

trapolate to zero. If we assume zero response at zero gas pressure and 

extend a line from this point to higher gas pressures, we dbtain the 

dotted line shown in Fig. 33. A comparison of this line with the exper­

imentally determined values reveals a reduction in the chamber response 

above 80 psi which becomes greater with increasing pres sure. At approx­

imately 220 psi this departure of the measured values from the hypo­

thetical dotted line represents a 12% decrease in response of the cham­

ber. That is, for a gas -filling pressure of approximately 220 psi, the 

chamber reading is 12% too low. Perhaps this behavior partly explains 

the relative responses of the low- and high-pressure chambers shown in 

Fig. 33. Despite this explanation, it is still difficult to understand why 

observed high-pressure chamber response was not greater. Much work 

remains to be done to more fully explain this behavior. 
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V, CONCLUDING REMARKS 

In. summary, it seems reasonable to say that the results dis­

cussed in this thesis are generally very encouraging. I believe that 

the evidence reported here is indicative of many possible advantages 

in the use of 1r mesons for radiotherapy. 

The tumor-skin ratio of 2.96 with a 1-inch-wide Bragg peak 

(measured at half maximum for a 91-MeV 1r- -meson beam with :::: 5o/o 

momentum spread) suggests that these particles should be particularly 

useful in giving uniform irradiation of large volumes encompassed by 

the Bragg peak. Measurements were .also made for a 101-MeV 

1r- -meson beam with 8.6o/o momentum spread, indicating a tumor -skin 

dose rate of 2.53 and a Bragg peak width, measured at half maximum, 

of almost 2 inches. On the basis of these results, it would appear that 

one may, by proper choice of the momentum spread of the pion beam, 

select a Bragg peak width appropriate to the size of the tumor being 

irradiated. 

The energy of the incident pion beam is also important, since 

the effect on the tumor -skin ratio of the lateral dispersion of the beam 

due to Coulomb scattering is to reduce this ratio with increasing pion 

energy (or range). Since the maximum depth at which it is commonly 

necessary to irradiate tumors in the human body is about 10 em (which 

corresponds to the range of a 52-MeV pion) , we should expect to im­

prove the tumor-skin ratio by employing pions of roughly half the en­

ergy used in this experiment. In any case, the tumor-skin ratio men­

tioned above, in all probability, represents the minimum value one 

would expect for pions of that energy, since the ion chambers used were 

found to be sensitive to electronic events only. Indeed, the solid-state 

detector, which is relatively insensitive to electronic events but opti­

mized to detect the a. star fragments, has indicated a tumor-skin dose 

ratio of 17, which is greater than the ion chamber results by almost a 

factor of six. Although the reliability of this value certainly should be 



experimentally investigated further, it has been shown to be by no 

means an unreasonable result. 
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The highest dose actually rneasured in this experiment was 

140 rnrad/rnin. However, this measurements was made at the Bragg 

peak with an ion chamber, and therefore includes very little energy 

from the nuclear fragments, A correction for this effect, based on 

the solid-state results, yields a dose value which is 5. 75 times as 

great as the ion chamber value, or 805 rnrad/rnin. Moreover, these 

dose values are for a beam intensity of ~ 2X 10
4 

1T -;ern 
2 

sec. This 

-intensity could probably be increased by a factor of at least ten or 

twenty by employing a second stage of focusing, which would allow a 

large fraction of the beam to be focused into a spot a few crn-2 in area. 

Perhaps the intensity may be improved _even further by choosing a 

target element with a higher Z than beryllium. 

The effect of the Bragg peak should be enhanced by an increased 

RBE (relative biological effectiveness) ~esulting from the higher LET 

(linear energy transfer) in this ~egion. Since there is at present no 

precise information relating either of these values for pions, the next 

few experiments have been designed to specifically investigate these 

areas. The lithium-drifted solid-state detector with its larger deple­

tion layer promises to be particularly effective in securing a more 

definitive appraisal of the nuclear fragment energy available and in 

evaluating the LET associated with these fragments. Preliminary 

studies have already been beg'\.ln with this detector, using protons and 

a. particles of various energies, and will be extended to 1T mesons 

very soon. 

The other part of this problem- -namely, an appraisal of the 

RBE resulting from the LET that is observed- -is to be performed by 

studies relating the differential effect of the Bragg peak to the initial 

portion of the Bragg curve for different biological systems. Prep­

arations are presently being made to perform such a study with Vicia 

fa ba and ascites tumor cells. 
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The lateral spread of the beam, which is due to Coulomb 

scattering and was· measured perpendicular to the initial beam toward 

the end of the pion range, was approximately 1.25 inches. Use of a 

52-MeV pion beam would reduce the lateral spreading of the beam by 

about a factor of two. 

A study of the loss of pions from the 101-MeV pion beam owing 

to inelastic nuclear scattering indicated that about 60o/o. of the original 

pions persisted to the end of the range and were available for nuclear 

capture and the E;Ubsequent star event. That is, approximately 40% 

of the. pions were lost from the beam before the Bragg peak was reached. 

This loss also should be reduced considerably by the use of a lower­

energy pion beam. 

Still another factor to consider. is the beam contamination. Muon 

and electron contaminations of the order of 12% and 24%, respectively, 

were measured in this experiment. Although the degree of electron 

contamination of a pion beam increases with decreasing pion energy,the 

fractions of electrons can be minimized by proper control of the magnet 

system, or eliminated completely by electrostatic separation. 

Although this study was mainly concerned with the behavior of 

the Tr 
+ meson, and Tr mesons were of interest only insofar as they 

served this end, it became apparent during the course of the experiment 
+ that Tr mesons had some important advantages of their own. From 

photographic film we received evidence of a very intense region of ion­

ization at the end of the Tr + range, which we have attributed to pas­

itrons of 35 MeV average energy resulting from the decay of the Tr + 
meson according to 

+ ll+ + + Tr -+ r v -+ e + v + v·-. 

Except for the nuclear capture process at the end of the Tr -meson 
+ -range, with its subsequent star event, Tr and Tr mesons of the same 

initial energy behave alike in their traversal of matter and therefore 

they exhibit identical ranges. The behavior of the ,r+ meson at the end 
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of itS: range could be very important in attacking the problem of pre­

cisely locating the position of the Bragg peak deep in the body despite 

the heterogeneity of the, absorbing medium. A counter telescope ar-

. rangement could be used to detect the emitted positrop.s and to deter­

mine their points of origin, there by locating .the end of the range for 

1T + mesons (which is also the range of 1T- mesons). In principle, then, 

the 1T + beam could serve to locate the region of treatment deep in the 

body while the 1T beam could be used for the actual treatment of that 

region. However, this application of pions to therapy is still in its 

conceptual stage, and must await confirmation by experimental inves­

tigation. 

.. 
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