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ABSTRACT

The great diversity of possible applications of

accelerators has been demonstrated in the past few years.

Apart from the more familiar uses of accelerators for funda-

mental particle, nuclear physics and solid state physics

research, the applications range from microscopic trace

analysis through cancer therapy to nuclear power and large

volume radiation processing. Accelerators are also being

used for applied research in proton radiography, radiation

damage studies, laser excitation and materials analysis.

The required beam properties vary from an extremely low

emittance with very low beam current to megawatt beam power

with a low level of beam spill. At the Chalk River Nuclear

Laboratories developments are underway on applications of

accelerators to nuclear fuel breeding and to cancer therapy.
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Introduction

.The uses of particle accelerators in fundamental

atomic, nuclear and particle physics research are too well

known -to enumerate here. It may not be so well known how

extensive the applications of accelerators are in the fields

of medicine, structural and material analysis,, radiation

processing and energy.

Medicine

Accelera'tors have a variety of uses in diagnosis and

therapy. Perhaps the best known therapy application is the

production of bremsstrahlung and electrons for cancer therapy.

For about 20 years after 1950, the cobalt Y~raY therapy

machines dominated the field, although some betatrons were

used for higher energy treatments. About 10 years ago,

4 MeV electron linacs of the standing wave, side-coupled

variety started to take over the market from cobalt machines.

Travelling wave linacs are more common in Europe. Today,

iinacs of both types are available with maximum photo-

energies up to 25 MeV.



At CRNL, work has been going on for over 9 years on

improved accelerating structures and accelerator configura-

tions that could provide improved designs for clinical use.

The standing-wave, side-coupled structure commonly used for

cancer therapy was developed for the Los Alamos Meson Physics

Facility in 1964 by E.A. Knapp. That development was an

important improvement, in the practical sense, over the

travelling wave structures used in electron linacs up to

that time. The standing-wave linan is more stable and more

efficient than the travelling wave type. The Chalk River

innovation was to demonstrate that putting the coupling

cavities on the axis actually improves the efficiency as

well as reducing construction costs. In effect, that means

that the energy gain per unit length is greater - a factor

of interest for the designer of a cancer therapy linac,

since the accelerator is preferentially mounted in the

rotating gantry arm.

The recent trend in cancer therapy with photons is

to extend the maximum energy up to about 25 MeV. This makes

it increasingly difficult to swing the accelerator in the

gantry. Another development at Chalk River will make it

possible to mount a variable energy, 25 MeV electron linac

in the gantry. The beam from a 12.5 MeV linac is

re-accelerated to 25 MeV in a second pass through the

structure in the opposite direction to the first. This is

made possible by using a specially designed magnet that is



isochronous and achromatic in a 16% momentum band. Variation

of the final energy from 3 to 25 MeV is simply accomplished by

varying the spacing between the accelerator and the reflecting

magnet.- Of course, in practice, it is not as simple as that,

because under some conditions the beam quality deteriorates.

These developments should result in an attractive

new addition to cancer therapy accelerator facilities.

•There has been increasing interest in recent years

in the use of neutrons for the treatment of some types of

cancers. One of the limitations to their more widespread

use in clinics is the type of source available. At the

present time, conventional AVF cyclotrons are the only

type in use in experimental treatment programs. These are

bulky, basically expensive and entail additional expense to

provide an external beam transport system to a rotating

gantry. At CRNL, two proposals have been developed in

response to this demand. One is a Fast Intense Neutron
4

Source (FINS) based on the T(d,n) He reaction and the other

is a compact, gantry-mounted superconducting cyclotron using

9 10the Be(d,n) Be reaction on an internal target.

12A 14 MeV neutron source of 4 x 10 n/s based on a

dc deuteron accelerator can satisfy many of the criteria for

a cancer therapy neutron source. With a target in which the

tritium-titanium ratio is 1.2, a deuteron current of 25 mA at

300 keV should give the required yield. A clinical
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installation would require a high degree of reliability for
i

the accelerating column and a reasonable target lifetime.

A source has been built, partly as a means of developing the

dc accelerating column technology and partly to provide an

intense neutron source for radiobiological studies.

The conventional approach to the design of columns,

which now has a long history in the development of injectors

for pulsed accelerators of various kinds, used the Pierce

electrode geometry. This would ensure a parallel beam at

the design current. It soon became apparent after some

operating experience with this column and with another dc

column at CRNL that beam-induced breakdown is a serious

problem.

A large number of breakdown mechanisms are known

and the demand for reliability has forced several design

compromises to be made. The electrode geometry must be

arranged to reduce the'electric field near the electrode-

insulator joints. The electrodes must provide effective

shielding between the ion beam for low energy x-rays and

ultra-violet light. The electrodes must be shaped to force

at least two reflections of ultra-violet light between the

beam and the ceramic surfaces. The use of titanium in

electrodes should be avoided because it produces large out-

gassing bursts. Pierce geometry has to be abandoned in favour

of minimizing electrode areas in the ion source region.



The reliability problems are not yet solved but the

relatively fixed design features of FINS make it difficult

to incorporate radical changes. Future work will be con-

centrated in a dedicated dc injector experimental installa-

tion. Work at other laboratories has shown that separating

the accelerating column into two stages can result in

improved operation. This is possible because the unwanted

molecular and atomic ion species can be removed by magnetic

analysis and the gas pressure in the second stage reduced by

differential pumping. The results of this work will have

applications in other fields that I will mention later on.

& compact neutron source for cancer therapy could

be built from a conceptual design developed at Chalk River.

As a direct result of the lead taken at CRNL in the develop-

ment of a superconducting cyclotron for heavy ions, a con-

ceptual design has been produced for a gantry-mounted

superconducting cyclotron neutron source for therapy. This

design could, when suitably developed, satisfy all six of

Caterall's criteria for a therapy neutron source.
9

A 30 MeV deuteron beam of 25 yA on a Be target

would give the required neutron beam intensity and

penetration. With superconducting coils of Nb-Sn and iron

poles and yoke the cyclotron would be sufficiently small and

light enough to mount on a gantry. A three-sector flutter

pole design was chosen. For fixed energy operation at 30 MeV

the poles could be machined precisely enough to allow



trimming with manually adjustable trim rods. The trim rod

concept is one of the unique features of the Chalk River

heavy ion superconducting cyclotron. The average central

field is 6.2 T so the orbit diameter at 30 MeV is 36 cm.

The accelerating structure has three dees mounted

midway along half-wave resonators in the valleys. There is

sufficient coupling in the central region to drive the system

from a single 141 MHz power amplifier. The deuteron energy

gain is 180 keV per turn thus 170 turns produce 30 MeV ions.

.The shielding can be minimized because the neutrons

are strongly forward peaked. The total gantry-mounted

weight is about 7 tonnes, 4.5 of which are in the cyclotron.

The cost of a superconducting cyclotron would be

comparable with that of an electron linac photon source of

similar energy. It is interesting to note that the cost is

also about the same as the cost of the isocentric head alone

that is required for a conventional, floor-mounted deuteron

cyclotron. The activation problem in such a compact 30 MeV

deuteron accelerator would be somewhat worse than in the

conventional compact 10 MeV deuteron cyclotrons now being

built for short lived positron emitter production. The

sizes are similar but the lower energy of the isotope

producers is offset by the higher circulating current (100 pA)

Other well known therapy applications of accelerators

include pion therapy using pions from proton linacs and



cyclotrons,notably LAMPF, TRIUMF and SIN. The use of

electron linacs for pion therapy is practical but the lower

production cross section must be compensated for by using a

costly, large solid angle pion channel.

Proton beams of over 100 MeV energy are being used

experimentally for diagnostic radiography. Isotope production

for diagnosis and therapy is being done on a commercial scale

using protons up to 50 MeV in energy. Recently there has been

an explosion of interest in positron emission tomography

(PET) as a diagnostic and research tool. This technique

requires short-lived positron emitters which can be produced

using (d,n) and (p,n) reactions below 12 MeV. Small, con-

ventional AVF cyclotrons are being produced to produce the

isotopes C, N, 0 and P in or near the clinic where

the PET instrument is used.

Less well known is an experimental program underway

at LAMPF (Los Alamos) in the computed tomographic reconstruction

of body sections using intermediate energy proton beams. It

may be possible to achieve the same resolution as the EMI-type

CT device but with considerably reduced dose delivered to the

patient.

Material Analysis

The types of accelerators used in materials analysis

range from low energy electrostatic accelerators to high

average power linacs. Proton induced x-ray emission (PIXE)
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is used extensively for trace analysis in the fields of

biology, metallurgy and environmental studies. Proton

microprobes based on the use of very low emittance beams

from Van de Graaff accelerators are being used for surface

analysis in several fields. Backscattering, channeling and

ion implantation are other applications of low energy

accelerators.

A well established commercial use of electron linacs

is industrial radiography. Less well known is the proton

radiography technique which has higher resolution than the

linac bremsstrahlung source but more limited penetration.

A large project ($90 M) is in progress at Los Alamos

to develop a very intense source of 14 MeV neutrons for

studying radiation damage in fusion reactor materials. It

is a cw deuteron linac to deliver 100 mA of deuterons of

30 MeV continuously to a liquid lithium target. Accelerator

technology is evidently sufficiently advanced to give this

project preference over an intense neutron source based on a

high current tritium gun and deuterium gas jet target.

Radiation Processing

Sterilization of medical supplies using isotope

sources of y rays is a routine practice. Low energy electron

accelerators are competitive but it is now clear that if the

usage of y rays becomes sufficiently large, isotope sources

could not supply the demand. Electron accelerators can



provide radiation for processing more economically than can

isotopic y-ray sources if the source size exceeds 10 MCi.

For very large scale use, such as for waste water or sludge

sterilization, electron accelerators are clearly preferred.

Several experimental installations are operating in the U.S.,

France and Germany.

At CRNL, work on cw electron linacs to be discussed

below, has demonstrated most of the technology required to

produce an electron beam of hundreds of kilowatts. If the

beam power is dissipated in a waste water target, the

required dose of > 10 rads can be delivered to millions of

gallons per day. If the beam energy is kept at or below the

neutron production threshold of the structural materials,

neutron activation is not a problem, nor is neutron production

from the natural deuterium component of water.

Energy

The principal objective of the long range accelerator

physics and technology program at CRNL is the development of

cw accelerators for the breeding of fissile material for

fission reactors. Electronuclear breeding of fissile fuel is

one of the available options for extending the usefulness

of the uranium and thorium resources that we have. The

utilization of that resource is now only about 1%. To

improve that we have to progress through at least two steps;

233
recycling Pu and/or u and fast breeder or thermal convertor
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reactors. Accelerator breeding can be regarded as a possible

adjunct to the nuclear fuel cycle at any stage.

Preliminary studies of the economics of the process

have shown that the scale of the enterprise has to be large.

That is to say, the order of magnitude of the beam power that

has to be considered is 300 MW or more. This would mean

typically a 1000 MeV, 300 mA accelerator with a large and

complex target/blanket assembly..

For 10 years we have been developing, on the back

burner so to speak, some of the required technology. The

first problem one has to overcome is to produce and

accelerate several hundred milliamperes of proton current to

a few million electron volts. It gets easier after that.

Linear accelerator structures are the best bet so we have

concentrated on them rather than on cyclotrons. One starts

with an ion source. We have an ion source that has delivered

nearly 500 mA with a good emittance and high brightness.

We are still working to improve the reliability of the

initial dc accelerating column. After that a drift-tube

linac is commonly used. However, a Russian innovation

being developed at Los Alamos as part of their Fusion

Materials Test Irradiator looks, very promising. It is

called a Radiofrequency Quadrupole (RFQ) and can bunch,

focus and accelerate a high current beam from 100 keV to

2 MeV with very high capture efficiency. So, instead of the
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conventional buncher cavity followed by a drift space, future

high current linacs will probably have an RFQ structure.

One of the experiments underway at Chalk River is

3 MeV proton linac operated with 100% duty factor. This

presents some engineering problems in heat removal. About

130 kW of rf power is dissipated in the 2-metre long tank.

One problem that has been difficult to solve is the protection

of metal- bellows that seal the .vacuum between the drift tube

stems and the tank wall. The stems have to be movable to

align the series of drift tubes so rigid connections to the

tank wall cannot be used. If you put metal bellows outside,

enough rf power leaks through the small gap to overheat the

bellows. The solution is in an rf shield that has

sufficient gas conductance to pump out the gas inside the

bellows. This problem is typical of the difficulties one

encounters when operating high power accelerator structures

in the continuous mode.

Beam diagnostics in high average current accelerators

has to be done in unconventional ways. In general, non-

intercepting devices must be developed to sense the position

and shape of the beam. We have developed a non-intercepting

beam position monitor that gives both horizontal and vertical

position in a single resonant cavity, a compact and relatively

inexpensive device.
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Beam profiles cannot be measured by wire scanners.

At low energies, the easily visible light from high current

beams might be used to measure the beam current density

profile. Experiments are underway to test this idea. If

successful then a means may exist for estimating the

emittance of such beams.

Another cw accelerator experiment at Chalk River is

the Electron Test Accelerator. . The structure of this linac

is typical of what might be used in the high energy portion

of an accelerator breeder. A relativistic proton beam is

simulated by an electron beam. The first tank of the linac

is a pre-accelerator delivering a beam of 1.5 MeV electrons.

We have produced up to 20 mA of cw beam from this tank. The

second tank is designed for 6=1 and for an energy gain of

2.5 MeV. The two-tank linac has been very successful as a

test bed for a variety of control developments, which are

vital for a high power industrial operation. Resonance

frequency, accelerating field amplitude and phase must be

carefully controlled from zero to maximum beam current.

Techniques have been worked out that are suitable for a

multi-tank accelerator. Start up from a cold condition to

beam ready status has been carried out in 10 minutes entirely

under computer control.

At present the linac is being used for some interesting

accelerator physics experiments to which it is well suited.

Using a beam from the pre-accelerator, the second tank yields
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information on beam-induced fields, reactive phase shifts,

and amplitude and phase gradients along the structure.

These are important considerations in an accelerator breeder

linac in which the incremental beam power in a structure can

be as large as 10 times the power dissipation in the

structure.

One of the side benefits stemming from the develop-

ment of "low emittance, high current ion sources is the

capability of producing neutral beams that can be used in

magnetic confinements fusion devices. For example, our 1/2

ampere source is close to satisfying the requirement for a

diagnostic neutral beam for use with Tokomaks.

In the last two years, serious proposals have been

advanced for heavy ion inertial confinement fusion devices.

Several types of accelerators are proposed, induction

linacs, Wideroc and Alvarez drift-tube linacs and synchrotrons.

All of these require intense sources of high quality heavy

ion beams. Experiments recently carried out at Chalk River

show that the duoPIGatron source may well be developed to

supply the necessary beams for heavy ion fusion.


