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Summary

Linear accelerators for medical and industrial
applications have become an important commercial
business. Microwave electron linacs for cancer
radiation therapy and high-energy 1industrial
radiography form the bulk of this market, but these, as
well as induction linacs, are now being offered for
radlation processing applications such as sterilization
of disposable medical products, food preservation and
material modifications. The radio frequency quadrupole
(RFQ) linac has now made the ion linac also practical
for commercial applications in medicine and industry,
including radiation therapy, isotope production,
neutron production, materials modification, and energy
transfer processes. lon linacs for several of these
applications will soon be commercially available. The
market for both ion and electron linacs i3 expected to
significantly grow in several exciting and important
areas.

Introduction

Practical applications of linear accelerators were
recognized shortly after their development as physics
research tools, primarily for cancer radiation therapy
but also for product irradiation. Because of its much
simpler design and operation, the electron linac was
adapted very quickly for these markets. Soon after the
standing-wave side-coupled cavity 1linac was
demonstrated at Los Alamos the compact electron linac
began to replace Co-60 as the standard cancer radiation
therapy technique. These linacs were later adapted for
high energy industrial radiography.

An excellent early review of the historical
development of the electron linac for radiation therapy
was published by Karzmark and Pering” in 1973, with a
recent update by Karzmark. Since these reviews have
presented such an excellent description of these
machines and their development, that topic will not be
covered here. Similar&y, the recent review papers by
Cleland” and McKeown have presented an excellent
detailed description of electron linacs developed for
radiation processing. This review paper will therefore
only summarize the present status of these markets and
discuss the new products and growth areas for each.

The ion linac has been proposed for and utilized
in several practical applicagions, as reviewed by
Knapp” in 1976 and Blewett® in 1979. However,
commercial availability of these machines was not
achieved until the construcsion of the 45 MeV proton
linac at New England Nuclear. Although technically
successful and innovative, this machine was still too
large and expensive to be viable as a commercial
product. However, the introduction of the radio
frequency quadrupole (RFQ) linac has now made possible
the replacement of these "conventional” ion linacs with
a much simpler and more reliable system at a lower
cost. Indeed, as these two visionary men predicted in
their previous reviews, this new linac technology has
now made ilon linacs practical for medical and
industrial applications, with systems soon to be
available commercially. In fact, the growth in
commercial ion linacs resulting from the development of
the RFQ will be as rapid and as large as the growth of
commercial electron linacs that resulted from the
developmrnt of the side-coupled cavity linac.
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Exciting new applications of both electron and ion
linac technology and the commercial systems already
unveiled for these applications will be discussed in
this paper. The phrase “commercial linac application”
refers to any process for which a linac system is or
will be available commercially, as distinguished from
the research applications of linacs at universities and
national laboratories. Individual applications will
not be described in detail, but the general beam
requirements and unique linac features for that market
will be given. Prospects for new products and market
potential will be projected for existing applications.
Finally, several exciting new linac applications which
may have commerical implications will be outlined.

Electron Linac Applications

Medical

By far the largest single medical application for
linacs is radiation therapy. As shown in Fig. 1, there
are presently about 2500 world-wide medical
installations of electron linacs for this purpose. The
market for these machines and the ancillary equipment
was recently rgported to be nearly $250 million per
year worldwide. These machines range in energy from 4
to 40 MeV, with beam powers of about a kilowatt at duty
factors of about 0.1% or less. Most machines offer
treatment either with X-rays or electrons and deliver
isocenter dose rates of several hundred rads per
minute. Recent developments include the availabjlity
of dual X-ray energiles from a single machine” and
modifications for specialized treatment such as
intraoperative radiation therapy. The trend is
toward computer control of the entire system, with
integration of the linac into the entire radiation
therapy process from diagnosis to final billing.
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Fig. 1. Growth of Electron Linacs for Radiation Therapy
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Industrial Radiography

The principal industrial application of the
electron linac is high-energy X-radiography for non-
destructive testing of thick metal parts, munitions and
rocket motors. There are about 250 worldwide
installations of these machines, ranging in electron
energy from 1 to 16 MeV. Such systems are offered
commercially by seven companies worldwide with about
20-25 machines sold annually. The beam power in these
systems is at the level of approximately l kilowatt
with X-ray dose rates at ! meter from the target
ranging from 20 to 10,000 rads per minute.

These systems were originally re-packaged versions
of the medical linac described above but more recently
have been developed specifically for radiographic
applications. Recent developments include: (}1 the
design of compact portable systems at both S-band and
X-band for field inspection of structures such as oil
platforms, reactors and bridges; (2) the development of
specialized high resolution industrial tomographig
systems for rocket motor and jet engine inspection;
and (3) plans for add-on systeTz utilizing the (y,n)
reaction for neutron production. Significant growth
in radiographic inspection with high energy linacs may
result from emphasis on quality and inspection in
several heavy industries and the_development of real
time X-ray imaging systems. In addition to
radiography, a new market 1s developing for the
radiation testing of electronic components,
particularly computer parts, as "radiation hardened”
electronic components become necessary for critical
computer—-control applications.

Radiation Processing

The use of high energy electrons and X-rays for
the {rradiation of food and medical products began soon
after the electron linac became available for cancer
therapy. However, regulatory restrictions and the
advent of Co-60 irradiation has limited this linac
application to less than 12 machines worldwide at the
present time. There are clear indications that the
demand for radiation processing systems will increase
in the future, with several new linacs having been
recently developed for this market. The principal
applications of radiation processing are sterilization
of medical products and cosmetics, disinfestation of
food, and materials modifications. The principal
technique for irradiation of medical products,
cosmetics and food is by gamma irradiation, using large
radiocactive sources of Co-60 or Cs—-137. The list of
currently 1rradiated products includes disposable
medical products (surgical kits, syringes, gowns,
gloves, sutures, etc.) bone and skin to be used in
transplants, pet products, cosmetics, spices, and most
recently, fruits and vegetables. After many years of
controversy, these foods were approved for
disinfestation with low doses of radiation(gp to 100
kilorads) by the Federal Drug Administration.l Public
opinion and recent isotope shortages have led to a
renewed interest 1in using electron linacs for
irradiation applications in place of or in addition to
gamma irradiators. Most of the electron 1linacs
presently or soon to be avalilable commercially produce
electron energies of about 5 to 12 MeV (the FDA has set
a limit of 5 MeV for X-ray irradiation of food and a
maximum electron energy of 10 MeV for electron
irradiation). However, the beam power required in
order to get a large throughput of irradiated products
ranges from a few kilowatts to up to tens of kilowatts,
depending on the product and the required dose.

Materials modification using electrons is a large
market primarily dominated by large electrostatic
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accelerators. Linac applications in this market
include: (1) crosslinking of polymers, particularly for
thicker parts that require energies greater than 5 MeV
for adequate penetration; (2) modification of
semiconductor character&itics, e.g. to tailor
transistor switching speeds; and (3) irradiation of
gemstones to enhance their color and appearanceﬂ

Recent systems developed for radiation processins
include a compact standing-wave linac from Varian,l
the large triode-driven Cassitron from CGR-MeV, a??
the conventional induction linac from Ford Labs.
Other linac concepts developed previousﬁ& include the
Russian self-excited resonant cavity and the CW
standing-wave accelerator at Chalk River. Presently,
at least one contract irradiator company offers
radiation ptoces;}ng on a2 commercial basis using an
electron linac. The present perception of many
commercial experts is that there will be a large market
in the future for radiation processing with electron
linacs. It {s certain that the radiation processing
buginess will continue to grow as the regulatory
environment requires a decrease in the use of harmful
chemicals in the medical and food industry and
encourages alternative processes.

Radiation processing applications which may
develop in the future include the sterilization of
waste products and the expansion of the FDA regulations
to include higher dose irradiation of food for shelf
life extension. Regulations could be approved by the
FDA in the near future for higher dose levels for the
pasteurization of approved poultry, hamburger and
seafood (several other countries have approved these
dose levels already). A long-term possibility 1is the
approval of very high dose rates for the preservation
of meat. The realization of efither of these will
result in a large commercial market for electron
linacs.

Radiation Sources

There are several large development programs in
progress in the national laboratories to prnvide
electron linacs for sources of radiation and, although
no commercial programs exist at this time, these
sources could be useful in other applications. These
include the development of linacs for replacement of
1sotopic sources in anaagtical systems, such as oil
well borehole logging. Other areas that could
benefit from linac technology include the generation of
coherent tuneable light from the free electron laser
and the generation of synchrotron radiation. The free
electron laser has applications Iin processing
pharmaceuticals for medicine and chemical processing
for industry, in addition to its_use in 1isotope
separation and directed energy. Synchrotron
radiation hf? applications 1in sem%%onductor
fabrication and medical imaging.” Another
application of linac-based radiation sources is ghe
generation of positron beams for material analysis.2

Ion Linac Applications

Medical

The medical applications of fon linacs include
isotope production and radifation therapy. Existing
research linacs are being used for commercial
production of medical isotopes,’?»3l with the New
England Nuclear 45 MeV proton linac bﬁing the first
commercial linac built for this purpose. A powerful
new linac for the production of medical 1sotopes has
been proposed by Los Alamos, and a compact proton
linac for the in~hospital production of short-lived
positron emitting isotopes is being constructed by
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AccSys Technology, Inc.34 As stated earlier, these
linac systems are now very practical because of the
development of the RFQ, particularly when combined with
new rf sogﬁfe technology being discussed at this
conference.

This RFQ linac technology can be used to build
practical ion 1linacs for radiation therapy with
protons, neutrons, heavy iomns or pions. The medical
results from the therapy research programs underway
around the world at various medical centers will
determine the relative effectiveness of these different
modalities with respect to conventional X-rays. Once
the most effective treatment techniques have been
determined, these new linacs will be able to provide
the most cost effective radiation source for this
medlcal application. The use of the linac for
radiation therapy ?gs391ready been proven with existing
research linacs,” "’ so the economics of the linac
compared to other types of accelerators will be the
determining factor in its clinical use, provided that
particle radiation therapy becomes a common treatment.

Industrial

The two major industrial applications for ion
linacs will be neutron analysis and ion implantation.
Neutron analysis includes neutron activation analysis,
neutron radiography and neutron bombardment of
materials. The use of the RFQ to generate neutronfsfgs
these applications has been suggested already.” "’
Since this technology can provide a compact, intense
source of electrically generated thermal neutrons,
analysis of chemical impurities or contamination using
neutron activation at processing plant536s now
realistic. Similarly, as suggested by IRT, such a
system can be used for off-site neutron radiogrpahy of
aluminum and carbon composite structures. Finally,
solid-state, biological and material analysis can be
performed using linac-generated fast neutrons, although
these applications will probably not be large encugh to
justify dedicated machines.

Ion implantation of semiconductors using high-
current heavy ion beams generated by ion linacs 25
energies of a few MeV has been proposed.
Applications for this technique include retrograde
wells, buried grids, ROM programming, cryogenic
germanium devices and buried interconnects. MeV ion
fmplantors now in use employ electrostatic machines,
but an rf linac utilizing independently phased cavitigi
is now being built and tested by Eaton Corporation.
This machine, which will be available commercially,
will accelerate boron, phosphorous, arsenic and
antimony ifons from 100 keV to about 1 MeV for singly
charged ions. The maximum ion beam current is several
hundred microamperes for all but the heaviest ion,
antimony. It will accelerate doubly charged ions also,
but at reduced current levels since a standard 80 kV
electrostatic fon implantation system 1is used for the
injector.

Other {fon implantation applications include
bombardment of metals and plastics, techniques
presently being developed using the heavy ion linac at
GSI. However, these applications require very high
energy machines and are not large enough for dedicated
machines at the present time, but would benefit from
other commercial heavy fon linac applications such as
radiation therapy.

Directed Energy
Directed energy applications

include neutral particle beam weapons,
in magnetic confinement fusion,

aior ion 1linacs
plasma heating

5 pellet ignition in
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heavy 1%5 inertial fusion,46 and nuclear fuel
breeding. Although each of these applications is
still very much in the research stage, all have
benefited tremendously by the development of the RFQ
and offer large commercial linac market possibilities.
Linacs for these applications are being developed at
national laboratories under federally-funded defense
and energy programs. The technology being developed in
these programs will also provide a base for future
medical and industrial applications. The challenge to
the accelerator designers will be to effectively
transfer this technology to industry for all of these
applications.

Conclusion

The intent of this review has not been to discuss
the detailed implementation of linac applications or to
repeat the description of present or proposed linacs,
but rather to update previous reviews on the status of
these linacs and their applications, as well as to
introduce new linacs and applications. Unless
referenced, the projections and opinions given {in this
paper are attributed solely to the author. The data
reviewed in this paper indicate that the "era of the
linac” as suggested by Knapp~ has indeed arrived.
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