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ABSTRACT 

Supervisor: Dr . D. E. Lobb 

Preliminary experiments indicate that a beam of 

negatively charged pions should have a depth-dose pattern 

that is much more favorable for irradjation of deep-seated 

malignant tumors than any other type of radiation beam . 

Consequently , it is proposed that a beam transport system . 

to transmit a pi on beam for radiobiological testing of this 

possibility be built in conjunction with the TRIUMF cyclotron 

to take advantage of the pions that will be available when 

the high energy, high intensity proton beam strikes a target 

in Beam Line I. The beam transport system that is the sub­

ject of this thesis should be able to transmit a beam that 

forms a solid angle of 10 msr at the target and has a momen­

tum spread of ±10% of the central momentum to deliver a 100 

rad do~e to a volume of 10 cm x 10 cm x 8 cm thick . 

An achromatic system consisting of two 45 degree 

bending magnets and five quadrupole focussing magnets has 

been designed to first order . In addition , the second or-

der aberrations and methods for their correction are dis ­

cussed; two sextupole magnets should be included in the 

system to correct some of these geometric and chromatic 

aberrations . The second order design meets all of the 



requirements for radiobiology experiments and pre-clinical 

test1np; of the pot en ti ali ties of pions for radiotherapy . 
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1. I~TRODUCTION 

1 . 1 The Possibility of Fions for Radiotherapy. 

With the advent of a new generation of accel­

erators that produce very intense beams of elementary part­

icles, negatively charged pions may be produced in beams of 

sufficient intensity to allow consideration of these part-

icles for cancer therapy. Interest in this possibility 

is such that facilities for the necessary radiobiology and 

radiotherapy studies are now being constructed in conjunct ­

ion with three large accelerators : The Los Alamos Keson 

Physics Facility (LAPi.PF) at Los Alamos, New r:.exico; the 

Swiss Institute for Nuclear Research (Sltl) near Zurich , 

Switzerland; and TRIOOCF in Vancouver , British Columbia . 

The purpose of this thesis is to present the desie;n of a 

beam transport system that will transmit the desired beam 

of pi mesons to the Radiobiology-?adiotherapy Laboratory 

that is planned as part of the TRIUrF Project. It must 

be emphasized that much experimental radiobiology and many 

studies of radiation dosimetry must be carried out before 

the use of these beams for cancer treatment can be consid­

ered more than an exciting possibility. 

The principal aim of cancer research is to fin~ 

some method of treatment that will destroy mali~nant tissue 
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and not do irreparable daMap.c to healthy tissue surround­

ing a tumor. In certain cases , radiation therapy is such 

a method. If the cancerous tissue is more susceptible to 

damage from ionizing radiation than is normal tissue , then 

the tumor is said to be radio-sensitive . A radio - sensi -

tive tumor may be completely eradicated by a dose of radia­

tion that healthy tissue will survive . In some other 

instances, healthy cells will repair tissue damage more 

quickly than malignant cells . In these cases, by dividing 

t he radiation treatment into several successive exposures a 

tumor may be progressiveiy destroyed while the normal tissues 

recover sufficiently between radiation doses that t hey are 

not destroyed , even though they may suffer as much damage 

at each dose of radiat i on as does the cancer tissue . Such 

a treatment procedure is called dose iract i onation , and is 

widely used in radiotherapy. In other cases , such as in 

skin cancer, the radiation dose can be localized so that 

only the cancer and the immediately adjacent tissue receive 

the radiation dose , but for a deep-seated tumor , such as 

cancer of the large intestine, there is no possibility for 

dose localization using conventional methods . 

Another common procedure in radiotherapy is to 

i rradiate a tumor from several different directions . 

This technique , called multiple field treatment , distrib­

utes the radiation dose over a large ~olume of healt hy 
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tissue so that any point in the surrounding tissue receives 

less dose than the tumor. 

It can also happen that cancer tissue is less 

susceptible to radiation damage than healthy tissue . Dose 

fractionation and multiple field irradiation are of little 

avail in such cases because the total dose is limited to a 

non- curative level by the sensitivity of the healthy 

tissue surrounding and even inside the tumor . 

To put into perspective the possibility of using 

pions for radiotherapy of deep-seated tumors, we shall 

briefly summarize the methods of production and the physical 

properties of the various types of radiation that are avail­

able . For a more complete treatment of these topi cs and 

others in the field of radiology , Johns (1969) and ~eredith 

and ~as~ey (1968) are suggested, Among the choices of 

particles are x-ray and O-ray photons , protons , neutrons , 

electrons, some lieht nuclei , and more recently, pions . 

Each different choice has its own relative advantages and 

disadvantages . 

To begin with production,.some particle beams are 

easy-to produce while others are extremely difficult. The 

easiest of all to produce are o-rays , which result from· 

the radioactive decay 0f some unstabl~ nuclei . The most 
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common decay scheme used is that of co 60 . The stable iao-

tope co59 is irradiated with low-energy neutrons in a nu-

clear reactor and converted into co60 • In the subsequent 

decay into Ni60 , two l-rays with energies of 1 , 17 and 1. 33 

MeV are emitted. Cobalt is preferred for this application 

because of its long half-life (5.26 years) and its ease of 

production with very high activity . Sources with activi-

ties of 5 kilo-curies (1 curie= J , 7 x 1010 disintegrations 

per second) are readily available , 

Also very easy to produce are x-rays , which differ 

from o-rays only in the means of production and the type of 

energy spectrum, X-rays may be produced by several differ-

ent processes, but the usual method is to allow energetic 

electrons from a high voltage electron gun to strike a 

target , Ther~ a small fraction of the el~ctron kinetic 

energy is converted into x-rays by the slowing down of the 

incident electrons by the atomic electrons in the target 

material. The x-ray production process is called bremss-

trahlung (see, for example , Leighton (1959)) , and results 

in a continuous spectrum of energies , as opposed to the 

discrete line spectrum characteristic of ~-rays . If the 

electron energy in the incident beam is high enough , the 

x-ray spectrum will have superimposed intensity peaks 

characteristic of the target material that result from 

high enerFY radiative transitions of the atomic electrons . 
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Since most of the energy of the electron beam is converted 

into heat in the target, the intensity of the x-ray beam 

is usually limited by the rate at which the target can 

dissipate this heat. The desired properties of an x-ray 

beam to be used for radiotherapy do not require a small 

electron beam spot at the target, so large electron beam 

spots may be used to generate very intense x-ray beams . 

Consequently, dose rate is rarely a limiting factor in 

x-ray cancer therapy . 

For some deep- therapy applications , electrons 

with energies of millions of electron volts are used to pro -

duce more penetrating r ays , Below about 10 MeV , a linear 

accelerator is commonly used to produce the electron beam, 

while for even higher energies , a betatron can be used . 

The maximum energy for the x-rays , which is equal to the 

kinetic energy of the incident electrons , can thus be made 

larger than the energies available from D-rays, 

In general, charged particles have a much shorter 

range than do photons with the same kinetic energy because 

the charged particles i nteract more strongly with the elec-

trons in the absorber , Consequently, in order that charged 

particle beams be useful for radiotherapy , they must have 

much higher energies than the commonJy used x-rays and b _ 
rays . The usual device for produc i ng energetic charged 
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particles is an accelerator of some type. Protons are 

usually accelerated with a cyclotron and light nuclei with 

a Van de Graaff accelerator . Linear accelerators may also 

be used to accelerate any type of chareed particle . 

The production of an intense beam of neutrons is 

even more difficult because neutrons do not occur naturally 

outside nuclei. Their instability means that some nuclear 

reaction must be used to create free neutrons. Also, 

since neutrons are uncharged, they cannot be controlled or 

accelerated by electric and magnetic fields as charged 

particles are. Neutrons are produced in great numbers in 

a nuclear reactor , but the problems involved in extraction 

and collimation of a useful beam are probably insurmount-

able. High energy neutrons_are produced when protons from 

an accelerator strike a target , but these neutrons are usu­

ally too high in enerfs to be useful for radiobiology . A 

promising nuclear reaction that is discussed by Bacon (1969) 

is the so-called D-T reaction; accelerated deuterons bomb-

ard a tritium target and release 14 MeV neutrons. These 

neutrons are approximately equivalent in range to the x­

rays produced by 4 MeV electrons, and intensities of 1011 

neutrons per second are readily attainable. If neutrons 

are ever extensively used for radiotherapy, a reaction such 

as this one will probably be used, 



Fions are hie;hly ur.stal le e l ementar y particles 

that may be p~oduccd in very enerGetic nuclAar collisions. 

Some properties of pions a re sun.marized in Appendix I. 

Pions are produced as secondary particles when a proton 

beam with energy greater than 150 rr.ev strikes a metallic 

target , or when a proton beam with energy greater than 293 

~eV strikes a hydrogen target . Other particles are pro ­

duced as well, there are scattered protons , neutrons , 

energetic electrons , O -rays , nuclear frae;ments such as 

deuterons and alpha particles , and muons , the decay pro-

duct of pions . In order to use a pion beam for radiother-

apy , it is necessary to ~eparate the pions from all these 

other particles with electromagnetic fields and shielding. 

That is , one must design a beam transport system to select 

particles of the desired type with the proper charge and 

momentum from the spray of particles ~roduced by the proton 

beams . It is t his selection system that i s the subject of 

this thesis . 

In order to justify the research and design effort 

that must go into the development of a radiotherapeutic beam 

of pions , one must examine the mechanisms of the abs6rption 

of radiation from a beam and the effects of different types 

of radiation on tissue . The analysis of the loss of energy 

from a radiation beam is complicated by the number of poss ­

ible interactions that can occur . Each type of particli 

has several basic modes of interaction with matter, the 
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dominant process being determined by the particle enerf".y and 

the atomic number of the absorbing material. In fact , the 

radiation type may change many times and many secondary 

particles may be produced before the energy of a single in-

cident particle is finally dissipated. Photons interact 

by the processes of photoelectric electron emission, the 

Compton effect, and electron-positron pair production . 

Charged particles, especially electrons, produce bremss­

trahlung , while the heavier particles lose most of their 

energy through electron scattering. Neutrons, having no 

charge , can only interact through nuclear scattering and 

absorption . Quantitative description of these processes 

are given in Meyerhof (1967) or Weinstein (1964) . 

In Compton scatte~ing of photons , some of a 

photon's energy and momentum are transferred to an electron 

with the resulting emission of a scattered photon and an 

electron. In the photoelectric effect , all of the phot­

on ' s energy is transferred to an electron ; some of this 

energy is used to overcome the binding energy of the el­

ectron to the atom and the rest appears as kinetic energy 

of the ejected electron . The atom is left in an excited 

state due to the removal of the electron, but it quickly 

decays to the ground state with the emission of one or 

several photons with lower ener[y than the incident photon . 
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If the original photon carries sufficient energy, an ele­

ctron-positron pair may be created when the photon scatters 

off a nucleus or off an electron , The positron will even-

tually recombine with an electron and two 0 , 51 ~eV f-rays 

will be produced by the resulting annihilation of the pair . 

For photons with energies greater than 50 r~eV, pair pro-

duction is the dominant mode of interaction, The Compton 

effect predominates between 200 keV and 2 ~eV , and the pho-

toelectric effect is most important below 50 keV . Between 

50 keV and 200 keV , the photoelectric effect and the Compton 

effect are of nearly equal importance, and between 2 ~eV and 

50 MeV, interactions by pair production are nearly as numer-

ous as those by the Compton effect . The results quoted 

here are those if water or soft tissue is the absorbing 

medium. 

The relative importance of these different effects 

i s dependent on the atomic number of the absorbing material 

as well as on the photon energy . For example , the absorp-

tion by pair production varies as the atomic number , Zand 

the absorption by the photoelectric effect varies approx­

imately as z3 , This means that tissues with a high atomic 

weight , such as bone , will suffer m6re effect per gram than 

will adjacent soft tissue, and the effect will be from diff­

erent atomic processes in the two different tissue types , 
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The photoelectric effect and pair production are 

' one-shot ' interactions . That is , a photon may travel a 

long distance in an absorber before it interacts , but once 

it does, all of the photon energy (now carried by secondary 

particles) is absorbed within a short distance from the 

point of interaction. This means that a given thickness 

of absorber will attenuate the photon beam by a definite 

fraction, and the energy in the beam will be absorbed acc­

ording to a negative exponential law as shown in Figu.re 1. 1. 

Also shown on this graph is the dose build-up that occurs 

for high energy photon beams . This effect is due to the 

predominant forward scattering of the electrons that come 

from photons interacting near the surface of the absorber. 

This ' skin-sparing ' effect is one of the major reasons for 

using O - rays and megavoltage x- rays for radiotherapy in-

stead of lower energy x-rays . It should be pointed out 

that the curves in Figure 1 . 1 are plotted as a fraction of 

the maximum dose as a function of depth in the absorber. 

Because of the negative exponential absorption law, how­

ever , it is not possible to deliver more than about 20% of 

the energy in a photon beam to a deep-seated tumor located 

between 12 - 20 cm depth in soft tissue , The result is , 

of course , that more than 80% of the energy fromx- rays 

and ~-rays either is absorbed by healthy tissue or escapes 

from the body . 
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Accordinz to a formula derived, for example, by 

Weinstein (1964), the rate of energy loss by a charged 

particle in an absorbing medium is inversely proportional 

to the square of the velocity of the particle, That is , 

the amount of ionizing energy deposited per unit distance 

increases with depth . This inverse square r elat ionship 

leads to the depth- dose curve for protons called a Bragg 

curve that is shown in Figure 1.2 . When compared to the 

energy absorption curves for the photon beams given in 

Figure 1 , 1, the advantages of protons over photons for the 

irradiation of a tumor that is some distance below the skin 

are immediately obvious , The depth-dose curve for 100 NeV 

protons that is given in Figure 1 , 2 shows that protons have 

a very well - defined range in an absorber , This range is a 

function of the kinetic energy of the incident protons and 

of the density of the absorbing material . The dose dis -

tribution with depth of a monoenergetic beam is too sharp 

for radiotherapy, so in practice , some method of widening 

the dose peak must be used, The proton beams produced by 

accelerators usually have a very small energy spread , but 

the effective width of the energy spectrum can be i ncreas ­

ed by using an absorber with variable thickness to spread 

the proton energy before the beam enters the patient . 

If a broad enere;y spectrum is available, then the beam 

transport system can be designed to transmit an enerey 

distribution that will z.ive a uniform distribution of dose 
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over a biven range of depth. Such a broad energy spectrum 

of protons would be available from the particles that are 

scattered when a primary proton beam from an accelerator 

strikes a target . The secondary beaM formed by the scatt­

ered protons would , of course , be much less intense than 

the primary proton beam. Because every proton deposits 

some energy near the surface , but the peak energy of each 

individual particle contributes to only a part of the 

broadened dose peak , either of these methods (use of a 

variable energy degrader or transmission of a secondary beam) 

unavoidably decreases th~ ratio of the dose at the tumor to 

the dose at the surface . This effect is shown in Figure 

1. 2 where the depth- dose curve for a monoenergetic beam is 

compared with that of a beam that has a specially shaped 

energy spectrum . 

Also shown in Figure 1.2 is the depth- dose curve 

for JO rneV electrons. They do not show a Bragg curve be-

cause their very small mass makes their average scattering 

angle much larger than that for protons . This large-angle 

scattering makes the electrons ' paths in the absorber ran ­

dom zig-zags that flatten out the dose peak . Electrons 

have the advantage over.photons for radiotherapy in that 

they have a well-defined maximum rartge as opposed to the 

photons ' exponential absorption. 
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When pions are slowing down in an absorbing mat­

erial , they exhibit the Bragg curve characteristic of hea­

vier charged particles, but when negative pions come to rest 

they have the singular property of causine the fission of 

any nucleus they enter . A negatively charged pion can 

replace an electron in an atomic orbit, but since the pion 

is much more massive than an electron, the orbit is much 

closer to the nucleus. The pion quickly makes transitions 

to orbits even closer to the nucleus, emitting low energy 

x-rays as it does so . Eventually the pion enters the 

nucleus, which i mmediately breaks up into fragments and 

releases about 100 r,1eV of energy. Much of this energy is 

carried off by neutrons and O-rays, but at least JO MeV 

is carried by protons and light nuclear fragments that have 

a range in tissue of less than one centime~er. Guthrie et 

al . (1968) summarize results of measurements by Fowler and 

OCayes (1967) and Anderson (1964) to determine the energies 

of the products of pion stars , and discuss calculations of 

energy distributions using a nuclear mode 1. The results 

quoted by Guthrie are given here as Table 1 . 1. When a 

pion stops in tissue, it will most likely be absorbed by 

c12 , or 016 , so the figures in this table are those of 

most concern in radiobiology. 

In 1961, Fowler and Perkins (1961) realized that 

a beam of negative pions had the po~ential for giving a 
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Calculation Experiment 
Particle Number per Energy per Number per r:.nergy per 

type '7T'- capture -rr- capture 'Ti- capture "Ti- capture 
(MeV) (MeV) 

Neutron 2.94 60 . 65 2.7 69 

Proton 1.25 20 . 03 0 . 95 15.2 

Deuteron 0.21 2. 45 

Triton o.o~ o. 68 
3tte 0 . 03 o.48 

Alpha 1. 08 10 . 62 0 . 99 7 . 8 

Other 0 . 63 2 . 42 0.78 4 . 4 

Neutron 2 . 79 64.16 2 . 68 68 

Proton 1.03 . 20 . 14 1. 00 17.5 

Deuteron 0. 26 2 . 82 

Triton 0. 08 1.0J 
3tte 0.03 O. J8 

Alpha 1. 10 16. 84 0 . 92 7 . 0 

Other O. JJ 1.52 0. 60 4 . o 

Tabl e 1 . 1 Multi plicities and energy pa rtition from ' ~ion 

capture in 160 and 12c. ( Guthrie et al. ( 1968)) 
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radiother apis t precise contro l over the depth in the body 

at which a radiation dose is delivered , They estimated 

that 30 ~eV of ionizing ener gy is released in a pion star 

and is absorbed within 0 , 5 cm of the pion stopping point , 

In addition, the r ange-energy curve for mesons (Appendix 

I) which shows that the range of a 15 MeV pion to be approx­

imately 1 cm, so tha t a stopping pion deposits 15 hleV of 

energy in the last centimeter of travel, Therefore , 

nearly 45 ~eV is deposited in the last centimeter , while 

l ess than 5 N.eV per centimeter is deposited some distance 

before the pion comes to rest , The resulting depth- dose 

curve for a pure pion beam is shown in Figure 1 , 3 , 

A beam of negative pions should have other advan­

t ages as well over the more conventional photon beams , 

Photons are relatively sparsely ionizing radiation as mea-

sured by their Linear Energ~ Transfer (LET), The LET , 

which is only meaningful for charged particles, is defined 

as the amount of kinetic energy lost by the particle and 

absorbed locally in the medium per unit distance travelled . 

Si nce the LET depends on the composition of the absorbing 

medium, the values given here will be those for soft t issue , 

The electrons set in motion by Co 60 O-rays have an LET 

value of approxima tely 0 . 3 keV per micron , and this is 

the value assigned to the photon beam , 
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In the lower reg ion of LET values, cells may be 

partially protected from the effects of radiation by a lack 

of oxygen. For low-LET radiation, oxygenated tissue cul-

tures are up to three times as sensitive to radiation as 

anoxic cultures . For suoh a case, the Oxygen Enhancement 

Ratio (OER) is said to be J . O. Since a cancerous tumor 

does not have an organized blood supply , the malignant 

tissue is more likely to be anoxic, and therefore protected 

from the effects of radiation , than is the surrounding 

healthy tissue . Although this situation has been veri -

fied by experiments , the significance of the OER and its 

use in treatment planning is still controversial. 

The OER is dependent on the LET of the radiation , 

decreasing rapidly to 1 . 0 as. the LET rises above 2.0 keV 

per micron . The advantage that this gives pions is that, 

shortly before they come to rest, their LET has the low 

value of 0.2 keV per micron , comparable to that of co60 0 
- rays . The OER on the plateau section of the Bragg depth-

dose curve is thus near J . O. Then in the last 1.5 cm of 

the pion path the LET rises to over 1.5 keV per micron 

with the resulting expected drop in the OER to around 1 . 8 

(Curtis (1971)) . In addition , most of the fission frag-

ments from the pion star are densely ionizing with high 

LET and low OER . Consequently , most of the tissue damage 

done by the pion beam will be near the end of the pion~ • 

range . 
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Table 1.2 summarizes these properties of pions 

and compares them with the properties of co60 o - rays . 

Figure 1 . 4 , taken from Fowler (1965) compares the expected 

effectiveness of several types of radiation beam for treat -

ment of a deep-seated tumor. Th~ figures of merit for 

these different types of ionizing radiation are based on 

theoretical depth-dose curves and a treatment volume between 

10 and 15 cm depth, Also included in the fi~ures of merit 

are the values assumed for the 0ER of J . 0 for photon beams, 

1 , 5 for pions , and 1 . 0 for heavy ions. Since the effective-

ness of the radiation depends on the tumor type , depth and 

t hickness , as well as on the sensitivity of the surrounding 

tissue , this definition of the figure of merit for the diff-

erent types of radiation is open to some argument . In any 

case , Figure 1 . 4 gives some indication of the possibilities 

of the various beams for minimizing the side effects of ra­

diation therapy that are due to damage to the normal tissue. 

Negative pions are shown to be ten times as effective as pho ­

tons and three times as effective as protons when the ratios 

of tumor damage to normal tissue damage are compared . 

Many people have done extensive surveys of the 

possibilities of using pions for radiological studies and 

radiation therapy . For more information on the use of 

pions iP. this field , the reader is referred to Rosen (1968), 

Raju and Richman (1969) , Kaplan (1970) ~ and Boone (1971). 

' I 
I 
I 

! 



• 

60 1 Co - rays Fast pions Stopping ;>ions 
Linear energy transfer (keV/f<) O. J 0 . 2 1.5 
Oxygen enhancement ratio J . O J. O 1.8 

Relat ive biological effectiveness 1.0 1.0 2 to 5 

Table 1 . 2 A comparison of the properties of O-rays , fast pions , and 

stopping pions . 
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There are many difficult problems to be solved 

before pions can be cons idered for rad~other apy . One of 

these is to define more clearly the biological effects of 

the pion beam at different regions of the depth - dose curve . 

Because of the variation of the LET and the 0ER along the 

pions ' range , the biological effects as a function of 

depth will be extremely complicated. It is expected to 

take several years of radiobiological experimentation be ­

fore these particles can be used for treating human patients . 

If pions are to fulfil expectations , new methods 

of defining the position of the tumor and adjusting the pion 

beam size must be developed, as well as ways of making certain 

that the radiation dose is delivered in precisely the right 

s pot, With D- ray therapy , it is common practice to define 

the beam with l~ad collimators , but with pion irradiation , 

as few pions as possible should be stopped by collimators 

c l ose to the irradiation area because the stopping pions 

will produce other partic l es (in particular, neutrons) to 

further contaminate the beam. It has been suggested that 

one could detect the pion stopping volume by looking at the 

cascade x- rays that are pr oduced. _Another suggestion was 

to i rradiate with positively charged pions by reversing the 

polarities of the magnets and to look for the O-rays produced 

by the annihilation of the positrons produced in pion decay. 

' 
! 
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1. 2 The TRIUMF Project 

Negative pions have not yet been used for radio­

therapy because pion beams from existing accelerators have 

been far too low in intensity to be useful for this purpose. 

In the near future, intense pion beams will be created for 

radiobiological experimentation by proton beams from the 

three accelerators mentioned previously . The SIN accel-

erator is a sector- focussed ring cyclotron that will produce 

a proton beam with a fixed energy of 590 MeV at a current of 

1 00 JJ-A, while the LAMPF machine is a half-mile long linear 

accelerator that has been designed to give an Boq MeV beam 

at 1 mA , The TRIUMF accelerator will be an isochronous 

sector- focussed cyclotron that will give a proton beam with 

a maximum energy of 500 MeV and a beam current of 100 ;-<A 

at this energy. Higher currents will be available at low-

er energies from this accelerator. 

The main magnet of the TRIUMF cyclotron is made 
, 

up of six spiral sectors , so that six beams may be extract-

ed from the machine between the magnet return yokes. o The 

actual particles to be accelerated will be negative hydrogen 

ions; that is , protons each with two loosely bound electrsons . 

The reason for using these unusual particles is that this 

makes extraction of proton beams versatile and efficient, · 

All that needs to be done is to place.in front of the cir­

culating beam a thin stripping foil that removes the two 
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electrons from each ion . ~ince the protons have the opp-

osite charge to the H ions, and thus ~ave the opposite 

direction of curvature in the magnetic field of the cyclo­

tron, they curve out of the accelerator with essentially 

100% extraction efficiency. By moving the stripping foil 

closer to the center of the machine, beams of lower energy 

may be extracted . This extraction system has been describ-

ed by Vogt and Burgerjon (1966). 

For the early stages ·of operation, only-Beam Lines 

I and IV will be used as shown in Figure 1,5, Beam Line IV 

will be used for nuclear experimentation with the proton beam, 

whi le the proton beam in Beam Line I will be passed through 

two targets for the production of secondary beams of mesons. 

The first target will be quite thin, probably 4 gm/crn2 , and 

t he second wil1 be thick , equivalent to 20.gm/cm2 of carbon. 

Low energy pions will be accepted off the second 

target for the muon experimental area , the low energy pion 

area, and the medical facility . It is proposed_ that the 

medical channel take the pions from this target at an 

angle of 30° above the forward dire.ction of the proton beam , 

bend the pion beam through two 45° bends, and deliver a 

horizontal beam into the irradiation cave of the medical 

facility through seven feet of dense shielding. The pro -

posed medical laboratory for the TRIU~F Project is described 
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by Bathe et al,(1968) and in a report by the British 

Colum ia Cancer Treatment and Research Foundation (1970). 

Figure 1.6 is taken from the latter. This diagram shows 

a plan of the envisaged medical facility and gives the 

configuration of a possible beam transport system and its 

relation to the second targ�t. Complete details of this 

system are given in Chapter 4 of this thesis, 
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2. BEAM TRANSPORT THEORY 

When the 500 MeV proton beam from the TRIUMF 

accelerator strikes the thick target in Beam Line I, this 

target will be a source of intense radiation composed of 

protons, x-rays, neutrons, electrons, pions, and muons . 

28. 

In order that this radiation be useful for radiobiological 

studies , a system must be designed to select a beam of 

negative pions with the proper momentum and to prevent 

the other particles from r eaching the irradiation area. 

The most flexible type of system consists of a series of 

uniform field bending magnets and quadrupole lenses. 

Such a system has been designed for the Medical Facility 

at TRIUMF and will be discussed in Chapter 4 . The purpose 

of this chapter is to introduce the notation and methods of 

calculat icn used in the des i gn of beam transport systems. 

More complete treatments of this topic are given in Steffen 

(1965), Banford (1966) , and Brovm (1967). 

The uniform field bending magnet creates a mag-

netic fie l d perpendicula r to the beam direction. A charged 
...,._ 

particle, charge q , res t mass m, moving with velocity v in 
..... 

a magnetic field B experi ences a force F given by 

.... ....... _,_ 
F = q V X B 2.1 

~ 
~ 
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where all q~antities are expressed in MKSA units. Since 

the force is given as a vector cross product, the direction 
~ - ~ of Fis perpendicular to both v and B, with the result that 

the particle moves along an arc of a circle of radius 

r = 2.2 
qB 

where O is the relativistic time dilation factor (see App-

endix I). The bending magnet thus allows one to separate. 

from the pion beam all particles that are positively charged 

or do not have the proper momentum. 

Some negative muons and electrons will still remain 

in the beam since they have momenta in the same range as the 

pions that are transmitted by the system, Several types of 

velocity separators exist (see, for example, Banford (1966)) 

for selecting particles according to their velocity . Their 

use in conjunction with a momentum-selection system would 

allow transmission only of particles with the proper mass, 

To date a velocity separator has not been included in the 

proposed TRIUMF design. A detailed study would have to be 

done to weigh the advantages (reduction of beam contamination) 

against the disadvantages (reduced pion beam intensity due to 

probable beam quality deterioration), In particular, the 

raw beam contamination and the biologically tolerable con­

tamination would have to be known; such data are best ob­

tained in the initial phase of an operating facility. 



In order to design a beam transport system, there 

must be a mathematical description of the beam and of t he 

effects of the different types of magnetic field . The basic 

mathematical methods for describing the action of a beam 

transport system were developed by Penner (1961) who intro­

duced the matrix notation for charged particle optics , and 

by Brown (1967) who developed the 6 x 6 formal ism and in­

corporated second order effects into the matrix formalism . 

A moving particl e in free space has six degrees of 

fre edom - - thr ee co - ordinates to specify the position and 

t hree t o give the direction of motion . The notation that 

wi l l be used here is as follows, the horizontal displacement 

from the optic axis fDr the system will be denoted by x , the 

hor izontal component of the slope by x', the vertical dis­

pl acem~nt by y , the vertical component of the slope by y ', 

the longitudinal displacement from the center of the beam 

pulse by L, and the fractional deviation of momentum from 

the des i gn momentum of the system by ~ • The units that 

wil l be used throughout this work are centimeters for x and 

y, milliradians for x ' and y • , and percent for ~ . The L 

co- ordinate is superfluous for this work but will be retained 

for consistency of notation with other authors . 

I f a particle with initial displacement and slope 

x
0 

and x~ travels a distanced (in meters) i n fie l d- f r ee 

' 

i 
I 
I 

! 
' 

' 



space, the equations of motion are 

and 

X = 

x• = x' 
0 

+ d 
10 

x' 
0 

(xis in cm, x ' is in mrad, and dis in meters) 

2.3 

2.4 

It may be seen that these equations correspond to the 

multiplication of a vector by a matrix as followss 

2.5 

Jl. 

Analogous equations will apply for the vertical components 

of the charged particle's trajectory • . The action of a 

bending magnet or a quadrupole lens on a beam may also be 

expressed in the form of equation 2.5. For a development 

of the exact form of the transformation matrices for these 

magnets, see,for example, Penner (1961). 

This 2 x 2 matrix formalism is limited in u~e to 

monoenergetic beams and to transport systems that have no 

coupling terms between the horizontal and vertical planes. 

The f.irst generalization to a formalism capable of describing 

beams that contain a range of momenta requires the increase 

of the dimension of the transfer matri~ to J x J . The 

I 
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third component of the vector r epresenting the co-ordinates 

of a particle will be the fractional change in momentum 

from the design momentum of the system, 8 • The 3 X 3 

formalism is thus able to describe the dispersion of the 

beam that occurs in a bending magnet. 

The most general description of the action of a 

beam trans port system is given by a full 6 x 6 matrix 

notation. The transfer matrices operate on vectors whose 

components are the six components required to specify any 

trajectory that were defined previously. For example , the 

transformation of a trajectory by a drift length is given 

by 

X 1 
d 
Io 0 . 0 0 0 

x• 

y 

y' 

L 

0 1 

0 0 

0 0 

0 0 

0 0 

in the 6 x 6 formalism. 

0 0 0 0 

1 

0 

d 
10 0 

1 0 

0 

0 

0 0 1 0 

0 0 0 1 

X 

x' 0 

Yo 

Yo 
2. 6 

In general, the equation of motion of a charged 

particle travelli ng in a static magnetic field may be given 

in the form of a Taylor series such as equation 2.7. 



R, .(x.) + 
1J J 0 

6 6 
tl ~ 
j=l k=j 

J3 . 
. . . . 

Th~ first order approximation that is often used in the study 

of beam optics involves using only the first term of the 

series given above . If the power series coefficients R . . 
1J 

are considered as the components of a 6 x 6 matrix , the 

first order approximation can be seen to be identical with 

equation 2 .6. This approximation greatly simplifies the 

calculations and is often sufficiently accurate that no 

higher terms need to be considered. For a tabulation of the 

first and second order matrix coefficients, see Brown ( 1967). 

Brown also shows that, for static magnetic fields with mid­

plane symmetry, the transformation matrices take the form 

Rll R12 0 0 0 Rl 6 

R21 R22 0 0 0 R26 

0 0 R33 R34 0 R36 
R = 2.8 
,-; 

0 0 R43 R44 0 R46 

R51 R52 0 0 1 R56 

0 0 0 0 0 1 

The common elements of a beam transport system create magnetic 

fields symmetric about the mid- plane of the magnet, so this 

reduction of the number of matrix components can ofte~ be 

used . Usually, there is only a single dispersion plane , 
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by convention defined to be the x plane. In this case , 

Each of these components has a special meaning . 

If -the term R11 (or R33 ) is equal to zero, then the beam 

transport system will take a ray that is initially parallel 

to the optic axis in the x (or y) plane and bring it to a 

focus on the optic axis at the end of the system. This is 

called , for obvious reasons, a parallel-to-focus system. 

If the coefficient R12 (or R34) is zero , the system is focus ­

to-focus in the x plane (or y plane). If R21 (R43 ) is zero, 

the system is parallel-to-parallel in the x plane (y plane) 

and if the coefficient R22 (R44) is zero,the system is focus ­

to-parallel in the x plane (y plane) . If the beam is not 

monoenergetic, then the terms R16 and R26 must be included 

in the calculations. If R16 is zero , then the displacement 

of a particle is independent of its momentum, and if R26 is 

equal to zero, the divergence is independent of momentum. 

If both of these terms are zero , the system is said to be 

doubly achromatic in the x-plane and the beam behaves as if 

i t were achromatic in the first order approximation. 

With this matrix formalism , one may trace any par­

ticle through a beam transport system if the initial co-

ordinates are known. However , it would be very tedious to 

trace enough rays through the system to be able to examine 

the beam characteristics in all parts of the system . In 

-- ------------- --
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some cases , chara cteris tic r ays may be t r aced that will give 

certain desired properties : e . g . the outline , or ~nvelope 

of the beam (Lobb (1970), Larson (1971)). Usually, due to 

the mid - plane symmetry of the magnetic fields , there is no 

first-order coupling between the hori zontal and vertical 

planes. That is , if the transformation rr.atrix has the form 

of Eq , 2 . 8 , the horizontal displacement and divergence 

are completely independent of the vertical displacement and 

divergence. Consequently, if the beam is monoenergetic or 

if t he system is achromatic , t he beam may be described by an 

area in each of two orthogonal two-dimensional planes called 

phase spaces . For example , a point in the horizontal phase 

spa ce gives the horizontal components x and x' of a t ra jectory : 

the set of all points in phase space corresponding to tra­

jectories of particles in the ion beaR1 forms a connected 

set whose area is called the phase space area, or emittance 

of the beam. 

Banford (1966) shows that in some cases, the rep­

resentation of a charged particle beam in phase space may be 

approximated by an ellipse. An example of such a be~m is a 

primary beam from an accelerator . An ellipse requires only 

three parameters to be completely specified. In the not­

ation of Steffen (1965), the equation of an ellipse is 

o x2 
+ 2o<.x x• + = E. 2,9 



·and the parameters are related by 

2 
ex 1 
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2.1 0 

The ellipse described by this equation is shown in Figure 

2.1. If the ellipse parameters are put into the form of 

a matrix as 

E = 2 .11 

the ellipse may be shown to undergo the transformation 

E = 2.12 

as the beam travels down the transport system. In equation 

2.12 , B. denotes the 2 x 2 submatrix composed of the horizon­

tal (or vertical) components of the 6 x 6 transfer matrix , 

and R-l is the inverse and (R-l )T is the transpose of the -
inverse of R. 

,-J 
These equations are discussed in more detai l 

by Steffen (1965) and by Tautz (1968). 

Liouville's theorem of statistical mechanics ( see , 

for example , Goldstein (1950)) states that , under certain con­

ditions, the volume of phase space occupied by the points repre­

sentative of a system of particles remains a constant. As ­

suming that the nu~ber of particles is also a constant, then 
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the density of the points in phase space is also a constant, 

One consequence of this theorem is that the determinant of 

a first order transfer matrix must have the value 1.0. A 

more direct consequence of Liouville's theorem is that, 

since the transformation of an ion beam by static magnetic 

fields satisfies the conditions under which the theorem holds, 

the phase space area occupied by a charged particle beam is 

a constant, called the beam emittance. The area of the 

ellipse shown in Figure 2,1 is given by the coefficient E, 

the emittance of the beam that the ellipse represents . 

Since the general equation for a trajectory in 

field - free space is given by equation 2.3 and 2.4 the trans­

formation of the beam by a drift length corresponds to a 

skewing of the phase space ellipse. The fact that x ' is 

a constant for each trajectory implies that all points 

within the ellipse travel parallel to the displacement 

axis . Those points corresponding to a positive slope 

travel to the right and those for a negative slope to the 

left . Thus the ellipse in Figur~ 2,1 describes a beam 

that is increasing in size, or defocussing as it travels 

along the drift distance , An ellipse that represents a 

focussing beam would be tilted the opposite way in phase 

space . If the ellipse is upright, the ellipse coefficient ex 

is equal to zero and the beam size is at a minimum for its 

travel in the drift space . Where the phase space ellipse 

is upright, the beam is said to be at a waist. Steffen 
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Fig. 2 . 1 An ellipse in x-x' phase space (o<.~O as shown). 

0 

J 

Fig. 2 . 2 A phase space polygon in the y-y • phase space . 
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shows that , for any orientation of the ellipse, the maximum 

displacement and divergence are given by 

= 2.13 

and 

= 2.14 

The envelope of the beam corresponds to a plot of ./Ei as a 

function of distance along the beam line. 

These simple ellipse calculations that use the 2 x 2 

transfer matrices cannot be used for a dispersed beam . To 

perform such calculations, one must generalize the formalism 

to treat three dimensional ellipsoids with 6 being the third 

co-ordinate. Once this is done, one can complete the gen-

eralization with no changes in the basic concepts by bringing 

the other three co-ordinates into the calculations and des­

cribing the beam by a six-dimensional phase space ellipsoid . 

Brown (1967) describes this general ellipsoid formalism . 

It is not possible to extend the ellipsoid calculations any 

further to include second order effects because an ellipse 

will transform into another ellipse only if the transform­

ation is linear - which is just the firs t order approximation. 

Second and higher order coefficients distort the beam so that 

it can no longer be approximated by a phase space ellipsoid. 



These second-order effects are roughly analogous to the 

spherical and chromatic aberrations of an optical lens 

system. 

J.i-o. 

Each aperture in the system of magnets defines a 

pair of parallel lines in each of the two phase planes, 

and the phase space acceptance of the system (that is, the 

maximum phase space area of a beam that will be transmit­

ted by the system) is defined to be the area that lies 

between all of these pairs of lines as shown in Figure 2.2. 

Notice that if the phase · space polygon is formed from 

several pairs of parallel lines , an ellipse may be areas­

onable approximation to the polygon . It is usual to give 

t he phase space acceP.tance polygon at the beginning of the 

system for easy comparison with the configuration of the 

particle beam at its origin . The beam may or may not fill 

the acceptance area of the system . The main problem in 

desi gning a beam transport system such as the pion channel 

for the medical facility is to maximize the area in phase 

space occupied by the pion beam within the acceptance of 

the system while minimizing the apertures of the magnets . 

Several computer programs with different levels 

of sophistication have been used in this design work to 

carry out the calculations described above . The program 

TRIUW.F (Tautz (1968))uses 3 x 3 matrices to perform cal ­

culations in the plane of dispersion and 2 x 2 matrices 



41. 

for the calculations in the orthogonal plane. The program 

TRANSPORT (Brown and Howry (1970)) is a more powerful pro ­

gram that uses the 6 x 6 formalism and can calculate the sec­

ond order coefficients . Other programs that were used are 

ACCEPTANCE (Harrison and Lobb (1968)) for calculating the 

maxumum phase space polygons that will pass through a beam 

transport system , TRANS (Chan and Lobb (1970)) , a first order 

version of TRANSPORT , and NPFLUX (Hutson (1970)) , written 

t o calculate the actual distribution of particles at any 

point in a system . These computer programs are descri bed 

in more detail in Appendix II . 



J, CRITERJA AT\D HiILOSOPHY OF BEAM TRANSPORT 

SYSTE!v: DESIGN 

42, 

The beam transport system for the Medical Facility 

at TRIUMF must satisfy many specifications on pion beam in­

tensity, magnet sizes, momentum resolution , achromaticity, 

and so on , One of the most important requirements is that 

of beam intensity, The pion intensity at the irradiation 

location is set by the factors of proton beam intensity and 

energy, the thickness and composition of the pion production 

target, the length of the beam transport system , and the 

acceptance of the syst~m. For this work, the proton beam 

will be considered to be 100 JAA at 500 MeV , and the pion 

production target is assumed to be 10 cm of carbon , 

The take-off angle for the beam transport system 

was chosen to be JO degrees above the forward direction , 

The forward direction was chosen for the higher energy 

(pion kinetic energies up to 110 MeV are required) and 

greater intensity of the pion beam, There is also higher 

beam contamination with electrons and neutrons in the for ­

ward direction, but the sacrifice of beam purity for inten­

sity must be made in_order to achieve an adequate dose rate . 

The angle of JO degrees was chosen because this is the smal ­

l est angle that will allow the first magnet of the pion beam 

transport system to clear one of the magnets belonging· to 

the proton beam traneport system d()IJmstream of the target, 
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It is desired to irradiate tumor volumes of up 

to 800 cc (10 x 10 cm, thickness 8 cm) with a radiation dose 

of 100 rads, A rad requires the deposition of 100 ergs 

per gram of tissue , so that if body tissue is assumed to 
6 have the density of water, then a total of 8 x 10 ergs is 

the required energy dose. If the conservative estimate 

of the energy dose of 40 ~eV per stopping pion is used, the 

number of pions stopping in the tumor volume is 1 . 25 x 1011 

for a 100 rad dose. To irradiate a depth of 20 cm requires 

a pion energy of 80 MeV , and at this energy , 52% of the pions 

will decay before they reach the end of a seven meter beam 

transport system . Because of this decay , at le~st 2,5 x 

1011 pions of the appropriate energy must be created at the 

t arget during the irradiation period. 

The pion productio~ cross section has not been 

measured very accurately at 500 MeV , but the best figures 

available for a proton energy near that of TRIU~F (Hirt 

et a l. (1969)) give the cross section for production of 

100 MeV pions by 600 MeV protons incident on a carbon target 

to be approximately 5 . 0 microbarns per MeV- steradian at 21 . 5 

degrees from the forward direction of the proton beam. The 

proton beam from TRIUMF is expected to have an intensity of 6,3 

x 1014 protons per second , so that the production of negative 

pions from a 10 cm carbon target in Beam Line I should be ap­

proximately 3 , 0 x 109 particles per MeV- steradian per second . 

I f the maximum irradiation time is specified as 500 seconds , 

then the required acceptance of the beam transport system 



is 0,17 MeV-steradians, To irradia te a range in tissue 

between 10 and 18 cm requires pions in the energy range 

of 50 to 70 MeV . This depth requirement implies that the 

transport system must be able to transmit a solid angle of 

10 millisteradians at the pion production target and a beam 

momentum band of ±10% of the design momentum , This solid 

angle and momentum width are within the capabilities of a 

bending magnet-quadrupole lens system . In order that the 

pion beam have sufficient penetration for deep-therapy ap­

plications, the system should be capable of transmitting 

pions with energies up to 110 MeV (JO cm range in water). 

Another requirement is that the pion beam be achro-

matic in the irradiation area . If there is dispersion of 

the beam (that is, if the matrix element R16 is not equal 

to zero) , the pion energy and therefore the depth of pene­

tration will depend on position in the radiation field. To 

construct a beam transport system that is doubly achromatic 

(R16 = R26 = O. ) requires at least two bending magnets and 

one quadrupole lens between the bending magnets. The first 

bend will disperse the pion beam ju~t as a prism di.J5perses 

white light . The quadrupole focussing lens is necessary to 

direct the diverging trajectories.into the aperture of the 

second bending magnet where they are recombined into an 

achromatic beam. A slit reay be placed in the beam where 

it is dispersed to define the energY. range of the pions 

that reach the irradiation area . The momentum resolution 

that i s provided by the slit depends on the size of the beam 



at that point and on the magnitude of the dispersion. 

If the beam is large , and the dispersion is small , then a 

wide range of momenta will overlap and the resolution will 

be poor . However , if the beam size is very small for 

pions with a single energy and the dispersion is large , 

then the different momenta will be well separated in space 

and the momentum-defining aperture will give very good res ­

olution. 

Because of the statistical nature of the pion ' s 

interactions as it slows down , there is an uncertainty in 

t he range of a pion in an absorber even if its momentum is 

known exactly (range straggling; see , fo r example, Evans 

(1955)). In fact , the range straggling for a 75 MeV pion 

i s equivalent to a 1% spread in the momentum of the incident 

particles . Thus, the momentum resolution requir ed by a radio -

biology experiment is not stringent - - only about 1%. 

The effective source of the pions is a cylinder 

1 0 cm long with a diameter the same as that of the proton 

beam - - approximately o.4 cm. Therefore , since the trans­

port system views this cylinder at i 30° angle , the pion 

beam has an initial x size of o.4 cm and an initial y size 

of 5. 0 cm. With this pion source configuration and assurn-
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ing an angular acceptance of± 50 mrad in both planes, the 

vertical emittance is 500 crn-mrad and the horizontal emittance 

is only 40 cm-mrad . The initial phase space polygons for 

this beam are shown in Figures J . 1 and J . 2. The smaller 

emittance in the horizontal plane~eans that the pion beam 

can be made very small in the plane of the dispersion. Con­

sequently, the resolution can be made as small as 0 . 2% if 

this take- off angle is used while even 1% momentum resolution 

would be difficult to achieve with a horizontal take- off . 

It was mentioned that a uniform distribution of 

radiation dose over a range of depth requires a special dis ­

tribution of the momenta of the particles in the beam. 

The reason for this is the fact that a uniform momentum dis­

tribution will give a non-uniform depth-dose distribution. 

The uniform momentum distribution of Figure J.J gives a 

much higher dose to the shallow portion of the tumor than 

i t does to the deeper areas because every particle contrib­

utes some energy to the dose at the shallow end, but the 

pions that stop before the end of the treatment volume do 
0 

not contribute to the dose at the end of the range . The 

resulting depth-dose distribution is shown in Figure J.4 , 

which was taken from Rosen (1968) . · In order to correct 

this situation , many more of the high energy pions must 

be transmitted than low energy ones as shown by Figure J. 5. 
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With this spectrum the resulting flat dose over the trea­

tment volume from 12 to 20 cm . depth that is shown in 

Figure J.6 can be achieved . 

There are several ways of producing the energy 

spectrum of Figure 3. 5, One way involves the trans­

mission of a monoenergetic pion beam and moving an energy 

degrader of variable thickness acro~s the pion beam. 

The l ower energies could thus be transmitted for a shorter 

length of time than the higher energies. This method 

would make treatment times much longer because tonake the 

beam monoenergctic many of the pions would be stopped at 

a momentum- defining aperture . 

It is also possibl~ to make the transport system 

t ransmit t he proper energy di stribution. One way would 

be to make the momentum- defining aperture trapezoidal in 

shape as shown in Figure 3. 7. Assuming that the dis ­

persion is in the horizontal direction and that the beam 

size for a single energy is large in the vertical plane 

and small in the horizontal direction, then the trape­

zoidal aperture would make the vertical acceptance of the 

system a function of the pion energy . A small er angular 

r ange of low energy pions would be transmitted and a large 

angular range of high energy particles would pass through 

the aperture . It should be possible to adjust the edges 

of the t r apezoid so that a distribution such as that of 
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Figure J.5 is transmitted. Unfortunately, in our system 

the size of the beam in they plane is dependent on the 

angular acceptance in that plane , so that a trapezoidal 

slit would make the beam size at the irradiation location 

dependent on the pion energy. It is possible to elim-

inate this dependence ( if the tra_nsfer matrix coefficient 

R33 = 0 between the slit and the irradiation location), 

but this condition is incompatible with one that will 

be used later to improve the uniformity of the beam. 

Another way to tailor the energy spectrum, and 

the way that we propose be used for the medical channel 

at TRIUMF , is to have the momentum slit move during the 

irradiation period . One could allow high energy particles 

t o pass for the full treatment time and low energy particles 

for only a small portion of this period . This method may 

make the study of dosimetry more difficult , but it will 

certainly make the system more flexible , particularly if 

t he slits can be automated to transmit a specified energy 

distribution . 

The proposed configuration of the medical channel 
0 

is a two 45 bend system with the pion beam corning out hor-

izontally , perpendicular to , but above the proton beam. 

The design requires the use of five quadrupole focussing 

magnets in the arrangement given in Figure J.8. The bend-

ing magnets serve the purpose of permitting the passage only 
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Fig . J . 8 Conf ip,ur ation of the proposed beam transport 

system in t he plane of t he two bends . 
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of particles with negative charge and momentum in a well-

defined range. Most of the unwanted particles will be 

prevented from reaching the irradiation area by approx­

imately twelve feet of dense shielding between the pion 

production target and the irradi~tion area. 

The main reason for choosing a symmetric system 

is that this choice simplifies the design of the transport 

system without creating any restriction on the flexibility, 

A symmetric system is much easier to make achromatic. If 

the transfer matrix element R26 is zero at the mid-point 

between the two bendine magnets of a symmetric system in 

which both bends are in the same directio~, then the system 

will be achromatic with no dispersion after the second bend, 

However, bending ma~ets are the most expensive 

elements of the beam transport system, and the most expensive 

dimension of a bending magnet is the gap height (see Reeve 

(1971)) . After some preliminary study, it was decided 

that a reasonable compromise for a 10 rrs r solid angle of 

acceptance1 the bending magnet gaps for the medical channel 

was 6 in. It is not possible to transmit this solid angle 

with fewer than four quadrupole magnets before the second 

bend. Arrangements other than that given in Figure J.8 
are possible, but have been rejected on grounds of lack of 

. 
space or their requirements for larger magnet apertures. 
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From Chapter 2 (Equations 2.1) and 2 . 14), it may 

be seen that the product of the maximum divergence and the 

maximum displacement of an elliptical beam is g iven by 

Ymax Y~ax = J.1 

and since ~2 is always greater than or equal to zero , this 

product is always greater than the emittance . Because of 

the take-of f angle, the emittance of the beam is large in 

they plane , and for this reason , it is difficult to make 

the beam size small in they plane . A small y size would 

mean a very large di vergence which would require strong 

quadrupole fields and short distances between the magnets , 

I t is preferable to l et t hey size stay as l arge as possible 

without letting the pion beam strike any of the magnet ap­

ertures . 

The soli d angle of acceptance of the beam transport 

system depends on the size of the pion beam and on the magnet 

apertures . The most critical apertures in the system are those 

of q1 and Bl (refer to Figure J,8) since after these , the 

size of the pion beam is under control , When the beam 

leaves t he target , it is diverging in both the x and they 



planes . The first magnet determines the angular accept-

ance of the system in that magnet's focussing plane , If 

this magnet is a quadrupole, as it is for the medical 

channel, the beam diverges strongly in one plane between 

the first and second magnets. For the medical channel, 

the first quadrupole focusses in they plane and defocusses 

in the x plane , with the result that the beam size in the x 

plane grows very rapidly between the first quadrupole and 

the first bending magnet . The minimum aperture needed 

f or the quadrupole magnet is 6 in ., and the aperture of 

t he bending magnet should be at least 6 in. in they dir-

ection and 10 in . in the x direction . The drift di stance 

between Ql and Bl has been kept as short as possible to 

minimize the increase in beam size between these magnets. 

After Bl , the magnet spacing is not nearly. so critical to 

the acceptance of the system. 

For s everal reasons, the f i rst drift length has 

been set at one meter . The first quadrupole Ql must be 

mounted above the collimators and quadrupoles for the pro-

ton beam . At a distance of one meter and with a take- off 

angle of 30° , Ql barely clears these elements . The magnet 

Ql should be mounted as close as possible to the target so 

that the aperture of this magnet subtends the largest 

solid angle possible at the target without suffering un-

acceptable radiation damage . It is believed that i f the 
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magnet coils a re ma de radiation resis tant with special 

insulation, Ql will have a reasonably long lifetime in the 

radiation field if the first drift length is one meter in 

length. The expected lifetime of the magnet coils and 

methods for handling such radioactive magnets have not 

yet been studied extensively . 

The remaining requirements of the beam transport 

system pertain to the variability of beam size and the beam 

uniformity at the irradiation location . Beam sizes be -

tween 3 x 3 cm and 10 x 10 cm are required , and the pion 

intensity should be uniform to~ 5% across the radiation 

field . It has been found possible to meet these require ­

ments with a single moveable quadrupole lens after the 

second bending magnet , The horizontal size of the pion 

beam at the irradiation location can easily be made as 

small as 1 cm , but the vertical size is limited by the 

maximum strength of the last quadrupole . 

below 3 cm should be avai lable , however . 

Vertical sizes 

Whether or not the beam is uniform in intensity 

over the irradiation field depends on several different 

factors. Where the phase space area is large , as in the 

y plane for this system , the intensity distribution can be 

found from the outline of the phase space area at the end 

of the system . It is assurr.ed that the angular distribu~ 

tion of the pions at the source is uniform , an accurate 

. I 
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enough assu~ption for the small angular range accepted by 

the beam transport system , If the beam occupies the 

phase space polygon shown in Figure J,9, then by calcu­

lating the beam angular r ange that arrives at each position 

in the field, one can plot the intensity distribution shown 

in Figure J.10. This is a very undesirable distribution 

because it is peaked in the center and falls off rapidly 

at the sides of the field, However, if the phase space 

distribution looks like Figure J,11, a parallelogram with 

two of the sides vertical, then every point in the field 

receives the same angular range of pions in the beam. 

The resulting intensity distribution is shovm in Figure 

3,12, As was mentioned previously, the effect of a drift 

length is to skew the phase space distribution of a beam, 

so that the beam representation in phase space looks like 

Figure J,12 at only one or two points along the drift 

distance after Q5, Therefore the beam can only be made 

uniform at a specified point, and it will not be as uni­

formly distributed either before or after that point, 

There is, however, a certain distance either side of the 

position of uniformity where the distribution will still 

be acceptable . 

Where the phase space area of the beam is very 

6mall, as in the x plane of this system, the beam is 

nearly always uniform to first order because the phase 

- -- - --- - -
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space representation of the beam is a long, thin paral ­

lelogram. For any orientation of this shape, the short 

sides may be approximated by a pair of vertical lines . 

However , second and higher order effects distort the phase 

space distribution so that the beam representation no long­

er has such a simple shape in phase space. It will be 

necessary to investigate the effects of these higher order 

terms i f the uniformity of the beam does not meet the spec­

i fications. Methods for eliminating some of the second 

order aberrations will be discussed in Chapter 4. 
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CHAPTER 4. DESIGN PARArr.ETERS AND SYSTEr-li PRO PERTIES. 

4.1 First order Properties . 

4.1.1 Beam transpor t characteristics . 

A beam transport system that meets all of the spec­

ifications for production of a useable radiotherapeutic beam 

of negative pions has been designed and will be discussed in 

this chapter . The recommended design has the layout shown 

in Figure 4 . 1 and has the optical configuration that is shovm 

in Figure 4.2 . This design requires two 45 degree sector 

bending magnets and five quadrupole focussing magnets to 

bring the pions into the irradiation location in a well- de-

fined, uniform, achromatic beam . Since the dimensions of 

the magnets will not be known until final designs for these 

magnets are chosen , the distances between the magnet centers 

are shovm in Figure 4 . 1 rath'er than the distances between the 

outside edges. A report by Reeve (1971) is useful for esti-

mating the dimensions of a magnet if the dimensions of the 

required magnetic volume are known. This paper was used to 

determine the outside dimensions that are given in Table 4 . 1 . 

Also given in this table are the minimum magnet apertures 

that are required for a sufficiently large beam acceptance by 

the beam transport system. The magnitudes of the magnetic 

fie l ds are given in Table 4 . 2 for several different pion 

energies, The fields in the bending magnets and the field 

gradients of the quadrupoles scale directly with the momentum 

of the particles to be transmitted. Table 4. J gives the 
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effective leneths assumed for the magnetic fields and the 

drift di stances between the magnets . 

The ellipse parameters of a beam with initial 

conditions given in Figure J . 1 (half sizes 0 . 2 cm by 2,5 cm, 

half divergences 50 mrad in both planes) were calculated us ing 

the computer program TRIUN:F ( Tautz ( 1968 )) and are reproduced 

here as Tables 4.4 and 4 , 51 the envelope of this ellipsoidal 

beam is plotted in Figure 4.2. Note that in the middle of 

QJ, there is a point where o<: 0, If the cumulative trans­

fer matrices given in Table 4.6 are examined , it will be 

seen that this point almost coincides with a point where 

R12 = o. Strictly speaking the point where o<= O (a waist) 

and the point where R12 = 0 (a focus) are not coincident 

unless R21 is zero as well. However , these points a re only 

separated by 0 . 1 mm . The magnet apertures that are given 

i n Table 4 . 2 are also shown in Figure 4 . 2 , Notice that 

the beam transport system between the entrance of Bl and 

the exit of B2 is symmetric about the mid- point of QJ , In 

addition, the beam passes through the system with the same 

symmetry because waists occur in both the x and y planes at 

the center of QJ. 

If the distance between the bending magnets is 

fixed by the position requirements of the final beam, t hen 

there are essential ly three free parameters available in the 

quadrupole triplet . One of these, the gradient of the two 
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· 1. Drift length 1.0m 

2 . Quadr-upole, y-focussing, effective length 0 , 2 m 

J . Drift length 0 . 2 m 

4 . Bending magnet, effective length 0 . 5420 rn 

5. Drift length 0 . 6975 m 

6 . Quadrupole , x-focussing, effective length o . 4 m 

7 , Drift l ength 0.2025 rn 

8 . Quadrupole , y - focuss i ng, effective length 0 . 2 m 

9 , Quadrupole , y - focussing, effective length o . 2 m 

10 . Drift length 0 . 202.5 m 

11. Quadrupole , x- focuss i ng, effective length o . 4 m 

12 . Drift length 0 , 697.5 m 

13 . Bending magnet , effective length 0 . 5420 m 

14 . Drift length 0 , 5 m 

1 .5 . Quadrupole , y - focussing , effective length 0 , 3 m 

16 . Drift length 0 • .56 m 

Table 4 . 3 Element effective lengths and spacings (m) . 
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Ef fective Pole iron Overall 
Magnet Aperture length length length x width x height 

(in) (cm) (cm) ( cm) 

Ql 8 20 13.4 29 X 102 X 55 

Bl B2 10 X 6 54 .. 2 41.3 71 X 102 X 107 

Q2 Q3 Q4 10 40 27 . 3 52 X 127 X 127 

Q5 8 30 19 . 8 39 X 102 X 102 

Table 4 .1 Magnet dimensions for the medical pion channel. 

'7'r' energy (MeV) 110 100 90 80 70 60 

7r momentum (MeV/c) 206. 9 194 . 7 182 . 3 169 . 5 156.3 142.7 

Ql gradient (G/cm) 350. 329 .4 308.4 286.7 264 . 4 241.4 

Bl I B2 field (kG) 1 o. 9. 410 8. 881 8 . 192 7.554 6. 897 

Q2, Q4 gradient (G/cm) 279 . 5 280.0 262.1 243 . 7 224.7 205 . 2 

Q3 gradient (G/cm) 361.3 340 . 0 318 . 3 296.0 272 . 9 249 . 2 

Q5 max gradient (G/cm) 500. 470 . 440. 410 . 378 . 345 . 

Table 4. 2 f(agnet fields for the medical pion channel. 
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outer quadrupoles Q2 and Q4 , is taken up by the require ­

ment of achromaticity. The remaining two, which are the 

distance between the quadrupoles and the gradient of QJ , 

are chosen to satisfy the double waist condition at the 

symmetry point, Actually, this condition is important 

only in that it assures that all of the pions that reach 

the center of the system will be transmitted to the irrad ­

iation location and not be stopped in the second half of the 

system. If the size of the beam passing through the second 

half of the system could be made smaller without adversely 

affecting the acceptance of the firs t half , then it should 

be done in order to minimize the required magnet apertures . 

However , to make the beam sizes smaller in the second half 

of the system requires the magnets of the quadrupole trip­

l et to be placed closer together. AlthouRh there is 20 cm 

between the edges of the magnetic fields ; the overall magnet 

dimensions are such that the magnet coils will be nearly 

touching . If the outside dimensions of the quadrupoles 

are so large that the magnets cannot be put this close to~eth­

er , then some of the pion beam must be intercepted in the 

second half of the beam transport system. 

A similar problem arises with the space between Ql 

and Bl . To minimize the x size of the pion beam in the 

bending magnet and in Q2 , the first quadrupole should be as 

close to the bending magnet as pos::.i-ble , The strength of 

Ql is then set by the maximum size of the pion beam in the 
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next three maf'Tlets. If the field is two weak in Ql , then 

they size of the beam is too large in QJ. If it is too 

strong, the x size is too large in Q2. Since the range of 

possible values for tho magnetic field in Q1 is so restrict­

ed , variation within this range has little effect on the 

condition of having a double waist in QJ. 

It has been assumed thus far that the apertures of 

the quadrupole magnets are circular. If fact other shapes 

are possible. The vacuum tube inside which the beam travels 

may be elliptical , as shown in Figure 4 . J , or cruciform , 

as shown in Figure 4.4. These apertures make more effici­

ent use of the magnetic fields in a quadrupole because they 

allow the passage of parti cles that would be intercepted by 

a circular beam tube . Usually, however, the beam is large 

in only one dimension at a time. The reason for this is 

that a quadrupole magnet that focusses in one plane defocus-

ses in the other. Consequently a beam transport system is 

usually designed so that the beam is being alternately fo-

cussed and defocussed. For example, in Q2 of the· medical 

channel , the beam is large in the focussing (horizontal) 

plane and small in the defocussing (vertical) plane . In 

the next magnet, QJ, the beam is again large in the focuss­

ing (vertical) plane and small in the defocussing (hori­

zontal) plane. Because the beam is large in only one 

direction at a time, elliptical apertures would probably be 



Fig. 4 . J A quadrupole magnet with an elliptical beam tube. 

Fig. 4 . 4 . A quadrupole magnet with a cruciform aperture . 
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as useful as cruciform ones. 

It should be pointed out that the beam envelope 

in Figure 4 . 2 is that for a monoenergetic beam. Figure 

4. 5 gives a comparison between this beam and those with 

momentum spreads of± 5% and± 10%. At the center of QJ , 

the beam size is very small for a given mom~ntum, so that 

a slit to limit the beam horizontal size at this point 

should give good momentum resolution . The definition of 

resolution at a point where R12 is zero is the product of 

the initial beam size (0.4 cm) and the magnification (R11 , 

which is equal to 0. 33 at the center of QJ) divided by the 

dispersion (Rl6• 0. 54 cm/%) . With this definition , the 

first order momentum resolution is 0. 24%, There is no 

dispersion of the beam in they plane, so that there is 

no first order difference in this plane between a mono­

energetic beam and one that contains a range of momenta . 

There is some concern over the acceptance of 

particles with a large initial displacement from the target 

because such particles will be unwanted contaminants of the 

pi on beam . Electrons and muons will be the main contami-

nants because they can have the same charge and momentum 

as the pi ons . The electrons will come mainly from inter-

actions of protons in the target and surrounding shielding, 

while the muons will be created by pions that decay a l ong 

the beam transport system . If the phase space acceptance 
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polygons (defined on p . 40) given in Figures 4.6 and 4, 7 

are examined, it will be seen that there is cause for some 

concern. In the horizontal plane, the acceptance is very 

large - - much larger than necessary for transmission of 

a beam with a divergence of 50 mrad and a maximum displace­

ment of 0,2 cm. The envelope between the target and the 

entrance of Ql of a beam that occupies these polygons is 

shown in Figures 4.8 and 4.9. The beam accepted in the 

vertical plane is very little larger than that required 

for transmission of a beam with initial half sizes of 2.5 

cm and 50 mrad, but in the horizontal plane, particles that 

originate up to 25 cm from the target may pass through the 

beam transport system . However, if slits are placed in 

the system, either at the center of QJ or at the x waist 

after Q5, then vertical lines will be placed on the x phase 

space diagram that will limit the maximum displacement from 

the target in the x direction that will be transmitted. 

In fact , if these slits are narrow enough, the x phase space 

acceptance area will correspond to the area occupied by the 

pion beam that is shown in Figure 4. 6. 

The large phase space acceptance in the x plane 

is a result of the large momentum acceptance of the system. 

The large angular acceptance is not necessary for a large 

momentum acceptance, however, because collimators may be 

placed between the target and the first quadrupole or after 

the second bend that restrict the angular acceptance with-
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out affectin~ the momentum accentance . A slit at the 

position of the x waist after QS would be beneficial in 

other ways as well. It would stop particles that do not 

occupy the same phase space area as the pion beam in the x 

plane. Since the muon beam is not as well defined as the 

pion beam , a slit placed at the x waist would stop a con ­

siderable fraction of the muons without interfering with 

the pion beam, Torernove the contaminating muons and elec-

trans that occupy the same phase space area as the pion beam 

would require some type of electrostatic separator to sep­

arate the phase space areas . 

4. 1.2 Neutron Transmission 

Following empirical formulas given by Cochran 

and Jacobson (1966) , it is possible to estimate the neutron 

attenuation factor of the beam transport system, 

tionc given in their paper are 

The rela -

g (x ) = for a straight section 

and g(x) = C /sine for a bend , where 

a is the semi-aperture , 

X is the distance along the channel , 

K is an empirical factor= 16, 

C = 0 . 1 assuming a void facing the bend , 

e is the angle of bend , and 

g is the neutron attenuation factor . 



Us ing t heRe r e l ations , assuming an 8 inch beam tube before 

Bl and after B2 and a 12 i nch beam tube be t ween the bends , 

the attenuation f actor for the section up to Bl is 5.7 x 

10- 3 , f or each of the bends , g = 0 . 14 ; for the section 

betwe en the bends g = 5. 6 x 10-4 , and for the last section 

g = 2 . J x 10- 2. The total attenuation f actor for the s ystem 

is the product of the factors for each section, 1 . 4 x 10-9 , 

With this attenuation factor , the neutron flux coming from 

the pion product ion target should be much less than 1% of 

the pion flux . Of course , no consideration is made in this 

calculation of the neutrons that result from pions stopping 

along the beam transport system, or of the neutrons that 

are created when the pions stop i n the irradiated volume . 

4. 1.3 Momentum Acceptance and Beam Uni formity 

The solid angl e of acceptance as a funct i on of 

momentum for the proposed system is g iven in Figure 4 . 10 , 

The maximum solid angle accepted by this system with the 

apertures given in Table 4.1 is 10 . 9 msr , For a momentum 

deviation of 5% from the design momentum , the acceptance 

drops by 8%, and for a momentum deviation of 10%, the 

acceptance is down to 6 msr , 55% of the maximum . The 

integrated solid angle of acceptance (whi ch corresponds to 

the area under the curve of Figure 4 . 10) is approximately 

350 MeV- msr at a central energy of 110 MeV. 

With this adequate acceptance and resoluti on , 

the parameters of the system up to and including B2 can 
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be fixed, at least for the moment, and problems concerninf 

the size and uniformity of the output radiation field may 

be considered. The pion beam coming out of B2 is con-

verging strongly (110 mrad maximum) in the x plane, and 

diverging weakly in they plane. If a single vertically 

focussing quadrupole magnet is placed at some distance 

from B2 , three free parameters are introduced two drift 

lengths and one magnetic field . These have been found 

sufficient to satisfy all requirements on beam size and 

uniformity. 

The distributions of the pion beam at the position 

of a waist in they plane were calculated to first order 

using the Monte Carlo computer program NPFLUX and are given 

in Figures 4.11 and 4.12. The horizontal distribution is 

uniform across ·the whole beam , as expected·, but the vertical 

distribution is too strongly peaked in the middle. The 

reason for this non-uniformity was discussed in Chapter J. 

With a hexagonal phase space distribution such as that shown 

in Figure 4. 7, the beam will never be completely uniform . 

A s lit must be placed at some point in the system to make 

the phase space distribution of the pion beam look more 

like Figure J.2, a parallelogram. This can be achieved 

by placing a slit at the position some 18 cm after the first 

bend where the matrix coefficient R3J = 0 and making either 

R33 or R34 equal zero at the irradiation location. A 10 

cm aperture located at the appropriate position between 
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-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 

X (CM) 

Fig. 4.11 Pion distribution in the x plane at a position 

of a waist in they plane (first order only). 

-6.0 -4.0 -2.0 0.0 'e.0 4.0 6.0 

Y (CM) 

Fig. 4.12 Pion distribution in they plane at the position 

of a waist (first order only). 
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Bl and Q2 will intercept approximately l msr of the pion 

beam and limit the initial dive rgence of the pion beam to 

50 mrad independent of the initial y displacement, The 

i mprovement in they beam distribution due to this diver­

gence-limiting aperture is shown in Figure 4 , lJ, The 

beam is now almost entire ly uniform to first order in 

both planes . 

It i s instructive to examine the functional 

dependences of the first order beam sizes in the x and y 

planes and the distance 9etween Q5 and the irradiation 

location (D8) on the distance between B2 and Q5 (D?) and 

on the magnetic field gradient in Q5, These dependences 

are given in the next six graphs , Figures 4 . 14 to 4 . 19, 

The first , Figure 4.14, gives the approximate first order 

beam full size in the x direction as a function of the Q5 

gradierit for several differen~ D7 lengths. As the field 

strength increases , the x size decreases rapidly to a min-

imum, then increases . The r eason for this is the fact 

that as the field strength increases , the position where 

R34 is zero moves closer to Q5 , That is , D8 decreases , 

For long D8 l engths, the beam is diverging from a narrow 

x waist so t hat as D8 decreases , the x size where R34 = 0 

becomes very small , and then begins to increase as the 

position of uniformity moves away from the waist . The 

graph giving they beam size as a function of Q5 gradient , 

Figure 4 ,15 , shows that they oize is much less dependent 
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Fig. 4.13 Pion distribution in they plane using a 

10 cm divergence-limiting aperture to improve the beam 

uniformity (first order). 
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on the length of D? than is the x size, and is a slowly 

decreasing function of the field strength in Q5. 

Figures 4.17 to 4,19 give essentially the same 

information as Figures 4.14 to 4.16, but with the condition 

that R33 is zero to the irradiation location instead of R34 . 

Either of these is a condition for uniformity of the beam 

in they plane. A comparison of Figure 4.16 with Figure 

4.19 reveals that the point where R33 = O is further away 

from Q5 than is the point where R34 = o. Since the pion 

beam is converging in they plane , therefore, the beam size 

is considerably smaller for the condition R33 = 0, Hence, 

the R33 condition should be used if a small beam spot is 

desired , and the R34 condition should be used for a large 

beam size . 

Since a large beam is r equired for cancer treat­

ment, the production of such a beam will be discussed in 

more detail. If Figures 4 . 14 and 4.15 are studied, it 

will be seen that a large beam is produced if the field 

gradient in Q5 is quite low. Since they size of the beam 

i s relatively independent of the length of D7, the required 

y size may be used to specify the value of the Q5 gradient, 

at least within a small range. The desired x beam size 

may then be set by varying the length of D7, For example, 

suppose that a pion beam 10 x 10 cm is required . From 



Figure 4,15, the field gradient on Q5 should be near 1.5 

T/m , and with this field eradient , the - 10 cm size in the 

x plane is achieved with a D7 length of 44 cm as indicated in 

in Figure 4.14. The length of D8 for this beam size at a 

position where R34 = 0 is 65 cm. 

Figures 4 , 14 and 4 , 19 were produced under the 

assumption of an initial ellipsoidal beam with half sizes 

0 , 2 cm and 50 mrad in the x plane and 2,5 cm and 50 mrad in 

they plane, While these graphs give the beam sizes only 

to first order, they should be sufficiently accurate for 

most purposes, However , it should be noted that no effects 

of momentum spread are included, Although there is no dis ­

persion of the pion beam after B2 , the reduced angular ac­

ceptance of the beam transport system for large momentum 

deviations means that , for the off-momentum particles , the 

beam size in the x plane will be smaller than it is for 

those closer to the design momentum. This change of beam 

size with energy is considerably reduced if 12 inch aperture 

quadrupole maenets are used between the bending magnets . 

In fact, this i s the primary reason for specifying 12 inch 

magnets for the triplet . It was seen in Figure 4.2 that 10 

inch quads are adequate for a 10 msr solid angle of acceptance 

at the central energy , but they are not sufficient if the 

momentum spread of ±10% and second order effects are included, 

Consequently, the aperture requirement for the three large 

quadrupoles must be increased to 12 inches. 
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4.1. 4 Tolerance Calcula tions 

One furt her t opic s~ould be d iscussed before sec­

ond order effects a re studied. Since the computer program 

TRANS ha s the facilities necessary for calculating the tol­

erances on the mapnetic fields and the ma~et rotations, 

these specifications will be given here . For further de­

tails on the methods of calculation, see Lobb (1972). 

For the current tolerances on the quadrupole mag­

nets , the change of beam spot size at the end of the system 

due to a unit fractional change in the quadrupole excitation 

current is calculated for each of the quadrupoles in the sys­

tem . The most critical current supply tolerances are those 

of quadrupoles Q2 , QJ , and Q4 . A 1% change in the current 

results in a change in beam spot size of 6, 9% in the x plane 

for Q2 , 6. 8% change in they plane for QJ , and 4 . 1% change 

in the x plane for Q4 . For the other two quadrupoles , the 

effect of a 1% current chan~e is less than 2% change in the 

final beam spot size . 

The results for the individual magnets are added 

in two ways , simple addition to simulate a current change 

if all of the magnets were run from a single control cir­

cuit, and in quadrature to simulate random changes in inde­

pendent power supplies . In the first case , the result is 

a 9,5% chanpe of beam spot size in the x plane and 2 . 8% 

chan,e in they plane; in the second, r andom 1% changes 

• 

---- -
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result in an 8.1% change in the x size, and a 5.6% change 

i n they size. If all magnets are regulated by a single 

source , the current variation that would be allowed for a 

10% change of beam spot size is ±1.05%; if the magnets 

have independently regulated power supplies, the RMS current 

variation allowed is 1 . 2J%. 

The effect of varying the current in the bending 

magnets is not to change the first order beam spot size 

or the waist posi tions, but rather to increase the time­

a ver age beam spot size due to shi fting of the optic axis 

of the system. If a time- average increase of beam spot 

size of 10% is allowed, then t he bending magnets must have 

their current regulated to ±0 , 32%. Current suppl ies are 

easily regulated to 0 . 1%; neither the tolerance on the 

bending magnet current nor that for the quadrupole current 

should cause any difficulty. 

The quadrupole rotation tolerances are calculated 

i n much t he same manner as the current tolerances : each 

of the quadrupole magnets is separately given a rotation 

of 1 mrad about the optic axi s . Then the change of beam 

s i ze at t he end of the system is calculated for each rota-

tion , The magnets that are most sensitive to rotations 

are Q2 and Q4 . The fractional changes of beam spot size 

due to 1 mrad rotations are 8 . 6x10- 5 and 6 . 9x10- 5 respec -

tively , both in they plane . The RMS total fractional 

-
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change in beam spot size due to independent rotations of 

the quadrupoles is 2.0xlo- 5 in the x plane and 1.1x10-4 in 

they plane , From these two numbers , the allowed RMS val-

ue for the quadrupole for an allowed 10% change in beam 

spot size is calculated to be 30 mrad (1.7 degrees), This 

angular alignment tolerance should be very easy to achieve. 

In order to calculate the bending magnet rotation 

t ol erances, the bending magnets are g iven 10 mrad rotations 

about the optic axis at the entrance of the magnet. The 

effect of this rotation of Bl is to change the x spot size 

by only , 003% and they size by ,13%; for B2 , the rotation 

causes an increase in the beam size of ,02% in both the x 

and y planes . These changes are complet~ly negl igible . 

Because of unavoidable asymmetries in the construc ­

tion of the magnets, all beam transport magnets have acer­

tain amount of higher harmonic magnetic fields such as sex-

tupo l e , oct upole , and higher rnultipole fields , The method 

of calculation of the tolerances on the higher harmonics is 

to t race a number of representative rays through the beam 
0 

t ransport system with and without the presence of these high-

er harmonic fields and -to measure the effects of these fields 

by the changes in the final co - ordinates of these trajector­

i es , The calculati ons are performed so that the tolerances 

are upper limits on the sensitivity of the design to the 

presence of higher harmonic fields, 
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Because the beam is so large in the x plane inside 

quadrupole Q2, the final trajectories are most sensitive to 

higher harmonic error fields in this magnet . A 1% compo­

nent of a sextupole or higher order multipole field in this 

magnet as measured at a radius of 4 inches may cause an in­

crease of beam spot size of as much as 7%. For the other 

magnets, 1% sextupole field in quadrupoles QJ and Q4 can cause 

less than 4% change in the final beam size , and in magnets 

Ql and Q5 , 1% multipole fields increase the beam spot size 

by less than 1%. Since magnets are commonly designed and 

built to have their multipole field components less than 1% 

of the quadrupole fie l d as measured near the full aperture , 

there should be no problem with the harmonics t olerances on 

these magnets. 

In short , none of the tolerances on the magnet 

rotations, power supply stability, or higher harmonic field 

components in the quadrupoles should be at all difficult to 

meet . 

0 
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4 . 2 Second Order Effects. 

4 . 2 . 1 Rotation of the Nomentum Focal Plane 

Three important effects in the beam transport 

system that are attributable to second order aberrations 

will be discussed in this section . They are : rotat ion 

of the momentum focal plane , beam non-uniformity , and 

variation of the beam size with energy at the irr ad iation 

l ocation . The first problem is relatively easy to eli m-

i nate, the second is a little more difficult, and the 

t hird is one that may not be completely solved . The t ilt 

of the focal plane in the middle of Q2 arises because a 

magnetic field has less effect on particles with high mo ­

mentum than it does on those with lower momentum. 

Because of this effect , a chromatic aberration arises i n 

the quadrupoles_and bending magnets that results in an 

i ncr ease of f ocal l ength of a magnetic lens with the energy 

of the particles that are transmitted . The beam is dis -

persed between the two bending magnets with a focus at the 

center of QJ, but because the high-momentum particles come 

t o a focus further downstream in the transport system than 

t he low- momentum particles do , the focal plane is no l ong­

e r perpendicular to the optic axis , but appears rotated 

as shown in Fi gure 4.20. Brown (1967) has shown that the 

angle of rotation of a f ocal plane can be cal culated at a 

position where R12 = 0 (as i t is in the middle of QJ) 

f rom the formula 
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Fi g . 4.20 The r ot a tion of the momentum focal plane in QJ . 
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tan 1/J = 4,1 

Recall from Chapter 2 that T126 is the Taylor series co­

efficient giving the change in x _due to the product x'6 
o o' 

For the medical channel, the value of T126 is 2.8)7 x 10-J 

cm/mrad-%. This value , along with the appropriate first 

order matrix elements that are given in Table 4 , 6, gives the 

angle of rotation of the focal plane as 59° . 6 from the per­

pendicular t o the opt i c axis . 

The rotation of the momentum focal plane is not 

a particul arly serious aberration for several reasons . 

Firstly, the momentum. r esolution required is only 1%, a 

r elatively easy requirement to satisfy ; and secondly , the 

momentu~ defining aperture can be designed to travel in the 

rotated focal plane . The computer program TRANSPORT has 

t he option for calculating the transfer matrices in the 

rotated focal plane , so that one may examine the beam dis -

tribution in this plane with the program NPFLUX, Using 

this procedure , the x plane histograms of beams with 
0

differ­

ent momenta were calculated to second order with the results 

shown in Figure 4.21, The two beams are seen to be well 

separated in space , The resolution due to a momentum defin­

ing aperture that travels in the rotated focal plane would 

be approximately 0 . 7% of the design momentum . 
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The acceptance of the beam transport system for 

different momenta was examined with apertures perpendicular 

to the optic axis and in the rotated focal plane. The 

r esulto are shown in Figures 4.22 and 4,2J. The cut-off 

of acceptance is very much sharper when the aperture is 

placed in the rotated plane . 

There is one other method of correcting the mo­

ment um focal plane rotation and that is the use of a sex­

t upole magnet placed in the drift length between Bl and Q2 . 

While it is theoretically possible to eliminate this second 

order aberration completely with a sextupole magnet , for 

reasons that will be discussed later i n this chapter the 

r ecommended design will have a focal plane rotation of 

approximately 8_ degrees. Whether or not ~extupole magnets 

a r e used in the final design , it has been ·shown that the 

r equired momentum resolution can be achieved with a proper 

des i gn of the momentum-defining aperture. 

4 . 2 . 2 Beam Non-uniformity and Its Correction With 

Curvatures of the Bending Magnet Pole Edges 

The second problem mentioned above is that of beam 

non-uniformity at the irradiation location due to second 

order aberrations . Whereas the first order histograms of 

Figures 4 . 11 and 4 . 1) show that the beam is uniform to first 

order , those given in Figures 4.24 and 4 . 25 show the results 

of including all second order effects in the beam transport 

calculations, Compared to the first order results , the 
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horizontal distribution becomes skewed with a peak on one 

side and they distribution becomes peaked in the center. 

These histograms are those for rnonoenergetic beams at the 

design momentum; beams with other momenta will be consid-

ered later. The second order matrix coefficients that 

cause most of this non- uniformity may be isolated : they 

are , for the x plane , T122 , T133, T
134

, and T144; for the 

y plane , they are r 323 and T324• 

K. L. Brown (1970) has shown that the effects of 

multipole magnetic fields on second and higher order matrix 

coefficients can be expressed in terms of Green ' s functions 

of the first order matrix coefficients . For example , the 

ef f ect of a sextupole field on the coefficient T126 at pos­

ition tin the system is given by 
t 

A T126 = - f ~12(_t)R11 (s) - R12(s)R11 (t] R12 (s)R16(s)K(s)ds 

O 4. 2 

where the term K(s) in this expression is the multi pole 

field strength per unit length . For a physical sextupole 

magnet located between s 1 and s 2 , aper ture a and pple tip 

field B
0

, 

K(s) = 

4. J 

= 0 elsewhere . 
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where Bp is the magnetic ri~idity of the particles. 

If the sextupole field arises from a contoured magnetic 

field boundary a t position S
0 

on a bending magnet with 

magnetic field B
0

, K(s) is given by 

K(s) 
Bo sec3~ S cs - B ) 4.4 = 
2Bf R 0 

where ~ is the angle of rotation of the pole edge from 

the perpendicular to the optic axis , R is the radius of 

curvature of the pole edge , and 6 is a Dirac delta 

function. These quantities are all defined as positive 

as drawn in Figure 4.26. 

If it is desired to modify the second or der 

aberrations with sextupole fields, then it is necessary 

to calculate the effects of these fields on the transfer 

matrix coefficients from the Green's function integrals . 

It should be pointed out that sextupole or higher multi ­

polarity magnetic fields have no effect on the first 

order transfer matrix coefficients and hence no effect 

on the first order behavior of the beam . The coupring 

coefficients of the important second order effects to 

the four possible magnet pole edge ·curvatures on the 

bending magnets were calculated and are given in Table 4.7. 

Also given for purposes of comparison are the coupling 

coefficients for sextupole magnets irt the drift lengths 

between Bl and Q2 and between Q4 and B2 . The changes i n 
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Fig. 4. 26 A bending magnet with rotated , curved pole 

edges . All quantities are defined as positive in the 

directions shown above . 
0 



rix Mat 
coeff icient 

T122 

T1JJ 

T1J4 

T144 

T126 

T1,66 

T323 

T324 

T336 

T346 

Uncorrected f1 f2 f3 f4 
(S~5) 

f6 
value (C11) (C1z) (Cz1) (Cz2) (S2 ) 

1. J0xlo- 4 - J . 27x10 - 4 - 8 . 40x10 - 4 
7 . 5ox10 - 4 

J . 79x10 
- 4 5 . 47x10- J - 4 . 12x10 - J 

-?.02x10 - 2 5. 35x10- J -4 4 . 5ox10 . - 5 . J1x10 - 2 
- 6. 97x10 - 2 

- 5.85x10 
- 2 

2.22x10 - 1 

, 

6 . 47x10- J 1. 64x10- J - 4 J . 65x10- J J . 12x10- J 5 . 02x10- J - 2 5 , 8Jx10 - 2 . 1ox10 

1. J2x10 -4 1. 25x10 - 4 
1. 72x10 -4 - 0 . 6Jx10 - 4 

-o.35x10 
- 4 - 1. 16x10- J 4 . 96x10 -4 

-1. ?Jx10- 2· o. o -1. 49x10- J -1. JJxlO- J o. o 2 . 4Jx10 -2 
1. 82x10 - 2 

- 7 . 27x1o- J . o.o - 6.59x10 -4 
5.89x10 - 4 o. o 2,72x10 -2 - 2.04x10 - 2 

- 1. 27x10 - 2 - J . 68x10- J - 1 . 14x10 - 3 - 8.04x10- J - 6. 05x10 - J - 9 , 1Jx10 -J 5,07x10 -2 
. 

- 5 , 58x10 - 4 - 5. 6Jx10 - 4 - 6 , 79x10 
... 4 

2 . 76x10 - 4 
1. J5x10 - 4 4 , 2Jx10- J - 2 . 40x10-J 

- 7.46x10 - 2 o . o - 1. 01x10- J 7 . 12x10- J o . o - 2.08x10 - 2 - 1. lJxlO - 1 

1.09x10 - 2 0 , 0 - 6 . 00xl0 - 4 - 2.5ox10 - 4 o.o 9.J8x10- J 5 , J5x10- J 

Table 4 . 7 The coupling coefficients of the second order matrix elements 
to the sextupole fields. 

I-' 
0 
-+=" 
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the second order aberrations can be calculated from the 

coefficients in this table with the formula 

where fi are the coupling coefficients of Tlmn to the sex­

tupole fields , c .. is the curvature ( 1/radius in meters) 
J. J 

of the j ' th edge of the i'th bending magnet, and si is the 

pole tip field of the i ' th sextupole magnet (aperture 

assumed to be 10 cm radius, but refer to Equation 4 . J for 

calculating the pole - tip •field for other apertures), 

Notice in Table 4.7 that sextupole fields due to 

pole edge curvatures have little or no effect on the chro­

matic aberrations (those coefficient~ with the subscript 6). 

The reason for this is the presence in the Green ' s function 

integrals of the matrix coefficient R16 as seen in Equation 

4 . 2 . Since this first order coefficient is zero every­

where except between Bl and B2 , a sextupole magnetic field 

must be placed between the two bends to have any effect on 

chromatic aberrations . At the entrance of Bl and tte 

exit of B2, R16 = 0, an~ at the exit of Bl and the entrance 

of B2, R16 is very small. For this reason, the effects of 

pole . edge curvatures on the chromatic aberrations are neg-

ligible. Sextupole magnets must be used if these aberra·-

tions are to be modified. 
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Nef-lecting the possible use of sextupole magnets 

for the moment, let us examine the possibilities of corr­

ecting some of the second order abberations with the use of 

pole edge curvatures alone, With just four variables ava~l-

able , it is obviously impossible to eliminate all of the 

second order coefficients, so we must try to eliminate the 

worst effects and hope that the others do not get out of 

hand . 

There are many ways of attacking the problem of 

minimizing six functions of four variables. The most succ-

essful method seems to be to choose the three most sensitive 

functions (second order matrix coefficients ) and set them 

equal to zero with the added constraint that the maximum 

curvature is a minimum. This last condition assures that 

the solution will be physically possible . Another reason 

for formulating the problem this way is that i t allows a 

straightforward graphical solution. For example, setting 

T122 , T
323 

and T
324 

equal to zero at the position of a 10 x 

10 cm beam spot requires c
11 

= -1. 063 , c12 = -. J66 , c
21 

= 

- 1.063 , and c22 = . 030 . The minimum radius of curvature 

for this solution is approximately 95 cm , a mild curvature 

for a bending magnet with bending radius 69 cm . 

The results of a second order calculation using 

these curvatures are much better than expected 1 in addition 
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to the three coefficients mentioned , several others (in­

cluding T
144

, T244 and T424 ) are much smaller than before, 

while none of the other coefficients are significantly 

worse than with no pole edge curvatures at all. The beam 

histograms shown in Figures 4,27 and 4 .28 demonstrate that 

the beam is almost completely uniform in both planes. 

In fact, the distributions are every bit as good as the 

first order histograms i n Figures L1,, 11 and 4, 13. 

This is not to suggest, however, that po l e edge 

curvatures on the bending magneto are the solution to all 

of our problems . For one thing, the second order effects 

have been minimized for one particular beam size and position. 

If the field gradient.of Q5 is changed, or if Q5 is moved 

farther from B2 to change the beam s1ze at the irradiation 

location , the aberrations may be as large as or larger than 

those with no pole edge curvatures. Since the curvatures 

result from metal shims placed on the bending magnets , which 

themselves will be buried in concrete shielding, there will 

be no way of changing the curvatures once they are install­

ed . 

This situation is not completely unacceptable 

because there are other ways of varying the beam size . Move­

able apertures may be placed at several places in the beam 

transport system similar to the apertore that l i mits the 

beam divergence in they plane that was placed between Bl 
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and Q2, Such slits to limit the beam size would mean some 

loss of intensity, especially for smaller beam sizes , be­

cause they would intercept much of the pion beam when small­

er beam sizes are required, 

4 . 2.J Variation of Beam Size With EnerF,y and Correction 

Using Sextupole ~agnets, 

Another problem , the third one mentioned at the 

beginning of this section, is the variation of beam size with 

energy at the irradiation location, The cause of this vari­

ation i s the same one that gives rise to the rotation of the 

momentum focal plane in QJ - variation of the focal length of 

a focussing magnet with the momentum of the beam that is bein~ 

transmitted , For the design momentum, the pion·beam is 

roughly parallel in they plane but is diverging quite strongly 

from the narrow waist. in the x plane some distance before the 

irradiation location. For a beam with an 8% increase in mom-

entum , _the x waist occurs almost at the irradiation location , 

and for one with an 8% decrease in momentum, the x waist is 

nearly twice as far from the irradiation location as it is 

for the design momentum . Where the design momentum gives a 

beam 11 x 10 cm , dp/p = +8% gives a beam 2 x 12 cm and dp/p 

= - 8% gives a pion beam size of 18 x 12 cm. The histograms 

for this beam are given in Figure 4 , 29, Clearly, something 

must be done to correct this type of aberration . Since 

pole edge curvatures on the bending magnets have no effect 

on the chromatic aberrations , let us see how these abbera­

t i ons can be corrected with sextupole~magnets . 
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If we assume no second order correction other than 

two 20 cm effective length sextupole magnets, one between Bl 

and Q2 and the other between Q4 and B2 , then we have two in -

dependent variables available. From the coupling coeffic-

ients given in the last two columns of Table 4.7, we can 

draw a series of lines as in Figure 4 , JO that represent the 

values of s1 and s2 for which one of the second order trans ­

fer matrix coefficients is equal to zero at the irradiation 

l ocation. One fact is immediately obvious from this diagram: 

t here is no hope of eliminating all three of the three import­

ant chromatic aberrations with these two sextupole magnets . 

The best that one can do is to eliminate one of them , 

After some study of the problem, i t was decided to 

set the second order matrix coefficients T122 and T
126 

equal 

t o zero at the irradiation location. The values of s1 and 

s2 that satisfy these conditions are 0. 601 and 0.852 kilo­

Gauss at 10 cm radius respectively for a design kinetic 

energy of 110 MeV. With these pole ti~ fields in the sex-

tupole magnets , most of the second order aberrations are 

s i gnificantly reduced, the exceptions being T
336 

and TJ46 · 

The pion beam histograms given in Figure 4 . Jl show the 

changing size and shape of the beam at three different 

depths in tissue (scattering effects ignored). The distri­

bution of the beare in the x plane is almost constant in size 

and nearly uniform at all depths , while the beam spreads 
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out in they pJane for the off-momentum beams. The 

dotted lines in FiRure 4.Jl show how much of the beam would 

be intercepted by a 10 cm square collimator near the irrad­

iation location . The beam is sufficiently uniform across 

the 10 cm by 10 cm area that is to be irradiated, 

Aside from the fact that pole-edge curvatures 

have no effect on the chromatic aberrations, sextupole magnets 

are a much better method of correcting second order abberra­

tions because they have the essential advantages of being 

variable, This is very important where the size of the pion 

beam and position of the irradiation location are being changed 

to suit a particular treatment volume . The pole edge curve­

atureH are fixed and can only be designed to optimize the 

performance of the beam transport system for a single beam 

size and position. 

As discussed in the previous section, the sextupole 

magnets also have an effect on the angle of rotation of the 

momentum focal plane . At the sextupole excitation used to 

make the beam size constant with depth, the focal plane angle 

is changed from 59. 6 deerees to 8.2 degrees . The angle is , 

of course , dependent onJy on the strength of the sextupole 

s1 since s2 is placed after Q4. 

For the best momentum resolution, the momentum­

defining aperture should be placed exactly in the focal plane , 
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a requirement that is made much more difficult to neet if 

the angle changes very much . The s1 magnetic field can 

probably be fixed, however, at a value that allows the 

second sextupole magnet to be sufficiently variable to 

correct the worst aberrations over a large range of beam 

siees . 
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The denign criteria for a beam transport sy~tem 

to transmit a secondary beam of neratively char~ed pior.s 

i nto the Radiobioloey - Radiotherapy Laboratory at TRIUr: F 

are as follows : 

1. Primary proton beam: 500 ~eV , 100 A. 

2 . Pion production tar~et: 10 cm of carbon 

J . Take -off angle : 30° above the forward 
direction 

4 . Distance between the tareet and Ql 1 1 , 0 meter 

Beam acceptance : 10 msr , = + 10~ 

6. ~omentum resolution required : ~ 1% 

7. 

8 . 

fi:aximum pion energy: 

Radiation field size : 

10 X 10 cm , 

110 r:ev . 

variable , 3 Y. 3 to 

Bending mamets used, 6 in . e;ap height , 

maximum field 10 kG , 

10 , Beam uniformity at the irradiation location: 

: 5%. 

All of these requirements can be met with a beam transport 

system compos~cl of the fo]lowine equipment; two 45° sector 

bending magnets (no pole edge curvatures necessary) , three 

12'' aperture quadrupole !:!a""nets , two 8" aperture quadrupolef" 

(one of which must be mineral insulated due to the hiyh 
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radiation field near the production target), two sextupole 

magnets with effective length 20 cm, and three adjustable 

beam limiting apertures . One of these apertures is to be 

in the x plane in the momentum focal plane inside quadru­

pole QJ to define the pion momentum range transmitted, one 

is to be placed in they plane between Bl and Q2 (possibly 

inside sextupole Sl) to improve the uniformity of the beam 

and to regulate intensity , and the third will be located 

near the irradiation location to define the final pion 

beam size in both the x and y planes . 

The length of the beam transport system is approx­

i mately 7 . 0 meters , which implies a 50% loss of beam inten­

sity at 80 W.eV due to in-flight decay of the pions before 

they reach the irradiation location. This position is 6. 9 

feet above the proton beam at a perpendicular distance of 

lJ , 7 feet , 12 . 0 feet dovmstreat of target TJ. Accordine 

to Batho(l970) , the floor level of the Radiation Laboratory 

is at an elevation of 270 . 75 feet and th~ elevation of the 

proton beam i s 268. 5 feet , so that the irradiation location 

is 4 , 6 feet above the f l oor of the laboratory. This height 

is equal to the maximum allowable height if a 12" false 

floor is installed; if for any reason the beam transport 

system before B2 must be lengthened, a smaller take - off 

angle may be necessary to reduce the height of the irrad­

iation location. 
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The last quadrupole magnet before the end of the 

transport system , Q5 , should have a range of movement of 

40 cm to provide a continuous range of beam sizes. Since 

the shielding around the target TJ extends to 12 feet from 

the proton line , Q5 will be entirely embedded inside the 

shielding, as shown in Figure 5. r . The irradiation lo ­

cation will vary from l . J to J . 6 feet from the wall, dep­

ending on the beam size required . 

Much work remains to be done on the design . 

Some changes will be nec~ssary as designs are chosen for 

the beam t ransport magnets . One of the most critical 

areas of t he design in this respect is the first two magnets , 

Ql and Bl . The effective length of Ql should be increased 

somewhat so that the magnetic field c.an be made more uniform . 

In all of the beam transport calculations performed so far , 

"hard-e'dge" fields have been assumed , A har.d- edge field 

is one that assumes some constant value over a specified 

interval , and is equal to zero outside this region , Since 

a magnetic field always takes some distance for the trans­

ition from maximum field to zero , the hard- edge mode~ is 

necessarily an approximation to physical reality , It has 

been suggested (Alexander and Reeve (1971)) that this a s s ­

umption should be carefully checked with computer programs 

capable of simulating "soft - edse " magnetic fields , possibly 

using field data measured from existi~g magnets. 
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In conclu::.io~, this thes i5 ltas presented the 

first order desien of a beam transport system, the purpose 

of which is to evaluate the possibility of using neeative 

pions for radiotherapy of deep- seated mali~ ant tumors . 

The basic first order design meets all of the specified 

criteria for this application; certain details of the 

second order design that are necessary for the optimiza­

tion of the channel are discussed as well . 
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PROPERTIES OF PIONS 

121. 

In 1935, H. Yukawa predicted the existence of a 

subnuclear particle that could transmit the nuclear force 

between neutrons and protons, but part icles matching 

Yukawa's description were not discovered until 1947. 

They were observed in cloud chamber photographs of cosmic 

rays and given the name pions. A description of the pro-

cesses of pion production and of some of the pion nuclear 

interactions is given by Marshak (1952). Pions were dis -

covered to have three possible charge states - - positive, 

negative, and electrically neutral. The charged pions 

have a mass of 139.58.MeV/c2 and a mean lifetime of 2.604 

x 10-8 seconds, while the neutral pion has a mass of 134.97 

MeV/c2 and a lifetime of only 0.76 x 10-16 seconds. The 

charged pions decay into muons with the same charge and 

into neutrinos (indicated by the symbol V); the neutral 

pion decays into two O -rays . The muon (represented by 

the symbol_;<) is a weakly interacting particle with a rest 

mass of 105.66 MeV/c2 and a lifetime of 2.198 x 10-6 seconds . 

The positive muon decays into a positron and two neutrinos 

and the negative muon decays into ari electron and two 

neutrinos. 

follows: 

The decay equations for these particles are as 
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-rr + JJ..+ + v I.la 

,r >- ? 
- -i/ I.lb + 

,ro 0 + 0 I. le 

r+ e+ t/ i7 I.ld -t + -
?- e + 7/ + t/ I.le 

-The symbol 1/ represents an antineutrino. The most recent 

measurements of the properties of these particles may be 

found in the Review of Particle Properties (1970). 

In spite of the very short lifetime that pions have , 

they may be create:d with velocities large enough that a suf­

f i cient fraction of them arrives at the end of a beam trans-

port system before they decay. The number of pions that 

survive a given fligh~ distance can be calculated using the 

formulae of relativistic kinematics . · The symbols that will 

be used are , 

e = 2.7183, the base of natural logarithms 

c = the velocity of light in vacuuM (meters 

per second) 

= 

m = 

t = 

the ratio of the velocity of the par~icle 

to the yelocity of lieht in vacuum , 

the rest mass of the particle (MeV/c2 ) 

the mean particle lifetime (sec . ) 

...._. __________________ _ 
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T = particle kinetic enerfy (r,,eV) 

p = Particle momentum (h1eV/c) 

F = fraction of particles that does not decay, 

L = leneth of the flight path (meters) 

D = decay length (meters) 

Bp = magnetic rigidity (Tesla- meters) 

The relativistic time dilation factor O is found 

from 

0 = 
T 
~ ... 
me 

1 I. 2 

and from this factor , the velocity of the particle can be 

found from 

= 
Ji2 - 1 

0 
I. J 

That mean lifetime , which is the time taken to reduce the 

parti cle number by a factor of 1/e, i s lengthened due to the 

relati vistic velocities at which the pions travel, so the 
0 

relativistic decay len~th, which is the distance travelled 

in one mean lifetime , i~ found from Equation I - 4 . 

D = ~ C Ot I . 4 

To calculate the fraction of pions that survive~ for a given 
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distance , L, one must use the equation 

_!! 
F = e D I. 5 

These relations have been used to calculate values of 0, 
D and F for a 7 . 0 meter flight path for pion energies 

between 10 and 150 MeV for Table I.1 . The mean decay 

l ength and the fraction of pions that survives to the end 

of a seven meter beam transport system are plotted as 

functions of pion kinetic energy ir Figures I . 1 and I . 2 . 

The distance seven meters was chosen because the pion 

channel for the TRIU~.F r,.edical Facility is approximately 

s even meters in length. 

Also us eful f or some purposes are values for the 

momentum (P) , the magnetic rigidity (Bf) , and the ratio 

of the particle ' s velocity to that of l i ght in vacuum (f) • 

These quantities are calculated from the formulas 

and 

p 

B 

I.6 

I. 7 

and are given for a ranr,e of values of pion kinetic energy 

ir. '!'able I . 2. The magnetic rigidity of a particle is equal 

to the product of the r adius of curvature of a particle ' s 

trajec~ory in a magnetic field and the magnitude of the 

-------- -----
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0. 

30. 

20. 

I 0 . 

o. 
0 . 2.0. 40. 

126 . 

60. 80. 10 0 . 12 0 . /40. /60 

Fi g . I , 2 Fraction of pions surviving a 7 , 0 ~eter drift distance . 
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Kinetic Gamma Decay Fraction Surviving 
Energy Length a 7. 0 m drift 
(i,.ev) (meters) (%) 

10.00 l. J7l6 3 . 007? 9 . 7539 

l:>. JO l .lu75 3. 11 51 15.1953 

20 . 00 l.1433 4.3262 19. 8284 

25 . 00 L. i 79 l 4 . 87 71 23 . 804 

30.00 l. 2149 5 . 3863 27 . 2643 

35 . 00 
- -- - . 

1-:2 'J08 -- -- 5 . 8647 -- 10:-3135-- -

40 . 00 l. 2 866 6.3194 33.0315 

45 . 00 1. 3224 

50 . 00 l. 3582 7. 1751 37.6967 

55-. 0-0 -- -- l--:-3940 r.5822 ~9--;7z42 

60. 00 1. 4299 7.97 84 41.58 76 

• 
10.00 1. 5015 ' 8 .71t38 44.9074 

7 5 .00 L.-S 3 7 3 ---- 9~ 1153 '+o.°39o, 

80 . 00 1. 5732 9 . 4804 47.7895 

85 . 00 1. 6090 

90 . 00 l.6448 10.1 945 50 .3263 

9 5 . 00 - - 1-:-6006 --10-:5446 5 1. 4866 

100. 00 l. 7164 10 . 89 06 52.5840 

10') . 00 1 • .'.:>2 

11 0 . 00 1.788 1 ll. 'J7 18 54 . 6 117 

115 . 00 1. 8239 --- -- 1f:"9076 5"5". 55T 

\ 20 . 00 1. 859 7 12.2406 56.4470 

130. 00 1. 9314 12. 8990 58 .1190 

1 35 . 00 1. 96 72 13.-2248 - - --S~901 2 

140 . 00 2. 0030 13. 5485 59 . 6509 

. 
1 50 . 00 2. ':J74 7 14.1904 6 1. 06 13 

Table I. 1 Values of O . decay length, and 7. 0 meter 

fractions for pions with kinetic energy between 10 and 

150 MeV. 



Kinetic Mapnetic Momentum Beta 
Energy RiGidity (GeV/c) 
(MeV) (T/m) 

l 0 . 00 0.17937 0.0537 7 0.35950 

l 5.00 0.221':>7 - 0.0664:r - 0:7+297--i 
20.00 0 .2 5802 0 . 07735 0.48472 

2"> . 00 0 . 29087 0 . 08720 0 . 52984 

30.00 0.32124 0 . 09631 0 . 5679 1 

35.00 0 . 31t977 
- --0.10486-------0 . 60064 

40 . 00 0.37689 0.ll299 0 . 629 18 

4:i.00 0 . 4028 " 

50 . 00 0 . 42792 0. 12829 0.67670 

s~.oo ·- -c,--: 4522"1 0 . 13-551 0-:090? 

60.00 0 .47:.i 84 0 .14265 0 . 71476 

6'-i .oo o . 49 · 

10. 00 0 . 52 148 0 .1 563 4 o.74595 

75. 00 0 . 5-4 364- - - - o-:-16298 . 595"2 

80.00 o. 56542. 0.1695 1 0.77196 

8~.00 0 . 53686 0 .1 594 

90.00 0 . 60801. 0.l8228 0 .79395 

9'>.00 0 . 6?888 - -----:-o . 1 8853- - 0 . 80371 

10 ().00 0 . 64952 0. 1947 2 0 . 8 1276 

1 0<, . 0 Q 0 . 66993 4 

11 0 . 00 0 . 69014 0.20690 0 . 82899 

11 5.00 0 .7l 0 17 0 . 21290 - - o--:83630 ---
120.1)0 0 .73003 0.21886 0 . 8431 3 

L. 

110.00 0 .76930 0 . 23063 0 . 85552 

13'>.00 0.7Hi.>73 0.23646 o.86116 -

1'10.00 0.80804 0 . 242°24 0.86646 

l 1t '> . C 0 u. 
l'-> 0 .00 Q. 8l16J2 0 .2 5372 0 .87617 

Table I.2 Values of magnetic rigidity, momentum and ~ 
for pions with kinetic energy between 10 and 150 MeV . 
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magnetic field . For example , a 110 ~eV pion with a mapnetic 

rigidity of 0.69 Tesla-meters will bend with a radius of 

curvature o.69 meters in a magnetic field of 1 Tesla (10 

kilogauss). 

The r ange of pions in an absorber has not been 

measured ver y well to date , but the range as a function of 

energy can be calculated if the range - energy relation is 

known for some other charged particle . For the same kin-

etic energy , the ratio of the range of a proton to the 

range of a pion is equal to the ratio of the proton mass to 

t he pion mass . This simple relation is discussed further 

by Weinstein (1964) . Since the range of protons is well­

known ( see, for example , Attix and Roesch (1968)) , the 

r ange of pi ons can easily be approximated. A plot of the 

r ange i n water as a fun ction of kinetic ener gy is given by 

Fi gure I . J. 

Another useful graph that may be derived from the 

r ange- energy curve is Figure I . 4 which gives the momentum 

range that is required to irradiate a given thickness of 

absorber as a funct i on of the design energy of the trans ­

port system. For example , assume that the beam transport 

system transmits a momentum range of~ 8% of the design 

momentum, and a tumor th i ckneGs of 8 cm is to be irra­

di ated. Figure I.4 shows that the design energy of the 
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beam transport system must be at least BJ MeV . If Figure 

I.J is then consulted , it will be seen that the center of 

the irradiated volume will be at a depth of 21 cm. 

Figure I . 4 indicates the difficulty of irradiating a thick , 

but shallow tumor. The higher is the design energy , the 

smaller the momentum range requi red for irradiating a 

given thickness. 
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APFZNDIX II COI,:PUTER PROGRAF,iS FOR BEAK TRANSPORT 

CALCUl ATIONS . 

II.l TRIUllf.F 

The computer program TRIUMF as described by Tautz 

(1968, 1969, and 1970) is a high-speed program that calcu­

lates first order transformation matrices and tracks particle 

trajectories and beam ellipses . In addition , it is able to 

vary specified parameters of a beam transport system to sat­

isfy certain constraints on the particle trajectories or 

beam ellipses. This program uses J x J matrices to describe 

the action of the system in the plane of the bend, and 2 x 2 

matrices for the conjugate plane. All calculations per­

formed by this program are limited to the first order approx­

i mation and by the assumption that there is no coupling 

between the motions in the vertical and horizontal planes . 

The matching routines used by TRIUMF are also limited i n 

flexibility and power. For example , no constraints are 

available to keep the field gradients of two quadrupoles 

the same during the design of a symmetric quadrupole triplet. 

Also , convergence to a solution is unl ikely if a drift length 

is specified as variable and the initial guess at the solution 

is not close. 
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II,2 TRANS 

The computer program TRANS (Chan and Lobb (1970)) 

is another tracking and matching program which, like TRIUMF, 

uses the first order approximation for all of its beam optics 

calculations. TRANS, however, uses the 6 x 6 matrix formal­

ism of Brown (1967) so that the effects of coupling of the 

motions in the vertical and horizontal planes may be treat­

ed with this program. TRANS tracks beams represented by 

ellipsoids in a six dimensional phase space. More general 

matching facilities are offered with this program than with 

TRIUMF. TRANS is able to set any transfer matrix or beam 

ellipse matrix coefficients to a specified value by varying 

any of the parameters. of the beam transport system. The 

program TRANS is intermediate in size between the relatively 

small , but fast TRIUMF and the large, slow TRANSPORT. 

0 
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II . J TRAKSPO RT 

The computer program TRANSPORT (Brown and Howry 

(1970)) is the most general program available for use on 

problems in beam optics . TRANSPORT is able to include elem-

ents such as solenoids , sextupole magnets , and accelerator 

sections as well as all types of beam transport system elem­

ents mentioned previously . In addition to the tracking of 

six dimensional phase space ellipsoids and matching of first 

order matrix elements and beam parameters , TRANSPORT also can 

calculate the second order matrix coefficients . The list 

ov available constraints in the matching problems is essen­

tially complete , but the arrival at correct solutions to 

some problems depends on the accuracy of the initial guess 

at the solution . If the initial conditions are sufficiently 

close to satisfying the constraints , then TRANSPORT can refine 

the solution to any specified accuracy . 
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II.4 NPFLUX 

The program NPFLUX (R .Hutson, 1970) uses the 

first and second order transformation matrices calculated 

by TRANSPORT to do trajectory tracking. From a specified 

particle source size, NPFLUX chooses a large number of 

trajectories for which all initial positions and directions 

are equally probable. These trajectories are then tracked 

through the beam transport system to a rectangular grid at 

the end. The output of the program gives the solid angle 

of acceptance of the system, the places in the system 

where some of the trajectories have exceeded the beam tube 

size, and the vertical and horizontal distributions of the 

particles that would arrive at the end of the system. 
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11.5 ACCEPTANCE 

This protram written by Harrison and Lobb (1968) 

calculates the beam acceptance in initial phase space of 

a system of quadrupoles and uniform field bending magnets . 

Using the same matrix formalism as is used in the program 

TRIU~F, ACCEPTANCE can find the limiting apertures in the 

system, transform these limits back to the phase space at 

the origin of the system , and show exactly how each element 

limits the beam that will pass through the system. Since 

it is assumed that the motions in the vertical and hori­

zontal planes are independent, rectangular apertures must 

be used for all elements . This program treats the quad­

rupole second-order chromatic aberrations directly by 

calculating the quadrupole strength parameters appropriate 

to the particle momentum. 
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