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A modular synchrotron for accelerating H~ ions, and a proton beam

delivery system ax:e being developed for radiation therapy with

protons under SBIR grants from the National Cancer Institute.

The advantage proposed for accelerating H~ ions and utilizing

change exchange as a slow extraction mechanism lies in enhanced

control of the extracted beam current, important for beam

delivery with raster scanning for 3D dose contouring of a tumor

site. Under these grants prototype magnets and vacuum systems

are being constructed, appropriate H~ sources are being developed

and beam experiments will be carried out to demonstrate some of

the key issues of this concept. The status of this program is

described along with a discussion of a relatively inexpensive

beam delivery system and a proposed program for its development.
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Introduction

The conceptual design of the H~ synchrotron for radiation

therapy was presented two years ago (1) and has not been modified

substantially in the meantime. It is composed of 64 small

straight dipoles and 16 quadrupoles in a ring of about 451

diameter. The magnetic field is quite low, 5.6 kG for H~ ions of

250 MeV, in order to avoid magnetic stripping of the ions.

Acceleration of H" ions with extraction by stripping to protons

in a thin foil is still planned as a mechanism to control with

precision the extracted beam current to the desired value. The

use of Zr/Al nonevaporable getter strips is still planned to

achieve a vacuum of 10*"̂ -̂  Torr. Acceleration for 0.3 sec, slow

extraction for 0.4 sec, and reset in 0.3 sec for a repetition

rate of 1 Hz would produce an average extracted current of 3 nA.

The option of 10 Hz operation with fast extraction at the peak of

the cycle is still retained. This would give 30 nA average with

H~ ions or 60 nA if protons were injected at 3 MeV, but without

the slow extracted beam required for raster scanning. The

magnets are designed for excitation to 11.2 kG. At this field

helium ions could be accelerated to 250 MeV^u, adequate for

radiation therapy with helium. The simplicity of change exchange

extraction of H~ ions allows the flexibility of multiple

extraction points around the ring, and with window frame

stripping foils the synchrotron could have unusually low residual

radiation levels.

The main justification for acceleration of H~ ions remains

the potential of precision control, with feedback, of the



extracted beam current, thereby enhancing the raster scanning

capability. The validity of this assertion must await

experimental verification. The consequences of this design

choice, low magnetic field and relatively large diameter/

continues to be viewed by some as a drawback. This author's

assertion that the synchrotron can be located in any available

space, because transport of such low current, high quality beams,

safely, efficiently, and at low cost, again awaits demonstration.

Additional options

A second ring, identical to the synchrotron but operated in

the steady state or storage ring mode, could significantly

enhance the capability of this accelerator system. Such a ring

could serve either as a stretcher ring or as an accumulator ring.

In the stretcher ring mode the synchrotron would be operated

at high repetition rate with H~ ions transferred in one turn at

full energy from the synchrotron to the stretcher ring. Beam

could be extracted slowly from the stretcher ring by charge

exchange in thin foils while the synchrotron was being recycled.

The duty cycle of the extracted beam in this case could approach

100% (perhaps 90% would be practical) . In this way, the higher

intensity of a faster cycling synchrotron is achieved while

retaining (and doubling) the high duty cycle required for raster

scanning.

In the accumulator mode the ring would accept many

synchrotron pulses (perhaps 200) to accumulate adequate charge to



carry out a single treatment in one extracted pulse. This

extracted beam pulse could be as fast as desired such that the

treatment could be carried out while the patient held his breath

so that patient motion during the treatment would not be a

factor. Accumulation of a high current is possible because the

space charge limit of the ring with 250 MeV injection is more

than 200 times higher than that at 1.5 MeV, so that a total

charge of 4 x lO-^ protons is possible. This multiturn injection

into the accumulator ring would require charge exchange injection

of H~ ions, a common technique at several accelerator

laboratories. Protons, therefore, would be accumulated, and

would fill the aperture of the ring so that extraction would have

to take into account this larger beam size.

Additional options include the ability to accelerate to

useful energies a variety of other ions. The possibility of

accelerating helium ions to 250 JAeV/p with a field of 11.2 kG was

mentioned earlier. Any fully stripped ion with q/A of 1/2 could

be accelerated to this energy per nucleon. Such energies of

carbon ions (provided adequate sources of fully stripped carbon

ions were available) could be useful for therapy in some cases,

although equivalent ranges of carbon ions would require 400

MeW/i. The latter could be achieved in the ring designed at a

field of 1.5 T. Alternatively, a ring about 30% larger, with

additional magnets, could accomplish this goal.

An ion that could be particularly useful for many purposes

is deuterium. At 11.2 kG deuterium could be accelerated to



500 MeV. The range of deuterium is approximately equal to that

of protons of the same energy so that the requirements for

therapy would be 250 MeV. Negative deuterons could be

accelerated to the latter energy at a field of 8 kG, a field

which does not strip D~ ions because the velocity is lower than

that of a proton of equivalent energy. Thus all of the

advantages of charge exchange extraction for raster scanning, and

charge exchange injection for accumulation, would be retained

with acceleration of D~ ions.

A most interesting option is that of accelerating electrons

in the synchrotron and transferring to the storage ring. At 11.2

kG the electron energy would be nearly 1.5 GeV, the critical

wavelength for synchrotron radiation would be 7.8 A, and at 170

mA the radiated power would be 2.5 W/mrad. These parameters are

suitable for X-ray lithography of computer chips with submicron

resolution.

The high base vacuum of the H~ machine would be an advantage

in this application in terms of electron beam lifetime (although

the operating vacuum is initially determined by desorption from

the vacuum chamber walls caused by X-rays) and the possibility

exists of utilizing the getter strips as clearing electrodes to

avoid ion trapping by the circulating electron beam. Electrons

of 50 MeV would have nearly the same magnetic rigidity as 1.5 MeV

protons so a 50 MeV linac would be suitable as the injector into

the synchrotron with the same injection system as the medical

accelerator. Acceleration of a low current, say 10 mA, at a 1 Hz

rate with transfer to the storage ring at full energy would be



adequate to fill the ring to the desired current in a few

minutes. This transfer could be efficient because both the

injected beam and the circulating beam would be highly damped at

this energy.

The injection system for the storage ring of a synchrotron

light source is utilized only to fill the ring with electrons.

This operation might require no more than a few minutes once or

twice a day so that the utilization factor of the injection

system is very low. If that injector system included the

synchrotron proposed here it could be used with ions most of the

time for medical radiation treatments or any other suitable

application. Only a separate source and preaccelerator plus an

additional RF system in the synchrotron would be required. Such

a combination could be extremely useful to the medical

application if the use of a stretcher and/or accumulator ring

were only required occasionally. The synchrotron light source

storage ring could be utilized for this purpose, without

seriously impacting the time available for lithography, if such

treatment were scheduled to coincide with a normal refilling time

of the light source. The cost/benefit of combining two such

diverse and important applications in the same facility would

appear to be double that of either alone. A schematic of such a

facility is shown in Figure 1.

In order to accommodate the synchrotron radiation option the

magnet was redesigned as a C magnet. The synchrotron light from

the magnets could thus be extracted from any desired point around



the ring while the utility for medical applications is not

affected. (In fact the latter is somewhat enhanced in that the

~ 1 % neutral ions from magnetic stripping and gas scattering of H~

ions are only intercepted by the side walls of an aluminum vacuum

chamber rather than the steel yoke of a magnet. Thus the already

potentially low residual activity of an H~ synchrotron is further

reduced.

The redesigned magnet has outer dimensions of 33.9 cm high

by 22.3 cm wide. It thus has more iron than the previous H~

magnet but is still quite small compared to normal accelerator

magnets. The gap was increased by 1 mm to 3.3 cm to allow ease

of assembly of the vacuum chamber. Otherwise the pole face

dimensions, the good field region, and the vacuum chamber design

remain identical to the initial design.

A proposal for a synchrotron light source based on this

design was submitted, in collaboration with Ebasco Services, Inc.

in New York, to Louisiana State University in response to an

invitation to bid. A modification of the lattice was made to

include two dispersion-free straight sections, and the injection

energy from the synchrotron was reduced to 750 MeV to lower the

cost. The bid, however, was not successful.

Status of the medical accelerator

ACCTEK Associates, Inc. has received SBIR grants from the

National Cancer Institute to carry out the design and development

of this accelerator for medical applications and the related beam



delivery system. The present grant is a Phase II R s D program

to produce prototype magnets and vacuum chambers, develop

suitable H~ sources, assemble them in a beam line at Argonne

National Laboratory, and conduct a series of experiments related

to this concept of the proton medical accelerator. Steel for the

prototype magnets is on order, as well as laminations and coils

for the dipoles magnets. An order for aluminum vacuum chamber

extrusions will be placed soon. Further details are discussed in

a companion paper at this conference (2).

Beam Delivery System

The design of the system for beam delivery from the

accelerator to the patient and the techniques of utilizing the

beam for treatment are at least as important as the design of the

accelerator. The ability to carry out 3D dose contouring could

be a major advance in radiation treatment over that carried out

with existing proton or ion beams. The raster scanning system,

therefore, appears to be critical to the concept of radiation

therapy presented here.

In addition the costs of the beam delivery system appear

comparable or even higher than that of the accelerator because

more magnets may be involved. For instance, the innovative

"corkscrew" gantry proposed by A. Koehler (3) and incorporated

into the Loma Linda facility, requires magnets to bend the beam

360°. Three such gantrys were initially planned for this

facility. Since economics appears to be such a key issue in the



widespread use of proton or ion beam therapy alternatives to the

full 360° gantry are sought which will fulfill the majority of

the desires of the therapist at substantially less cost.

One possibility in this direction is a beam directed

vertically downward with a magnet system incorporating a bending

angle of 90° from the horizontal. Such a system might be rotated

up to 60° about the horizontal beam axis to allow radiation of

the patient at any angle within +_ 60° of the vertical. The

patient would be turned over for radiation equivalent to 180°

directions. If advances in positioning, alignment, and dosimetry

were also achieved such a system would not be a significant

penalty over the 360° gantry (horizontal irradiations would be

carried out in a different treatment room, or with a different

beam). Furthermore, the ion beam would be directed downward so

that the neutron flux produced by the interaction of ions in

collimators, filters, and even patients, strongest at 0° to the

beam, would be directed primarily into the ground. Thus the

shielding required around treatment rooms, while still

substantial, would be minimized. A preliminary design of such a

magnet system has been carried out by ACCTEK in its Phase I grant

on the beam delivery system.

A related cost savings could be achieved if the accelerator

magnets could be modified in fairly minor ways to be useful as

bending magnets in the delivery systems. This option appears

possible because less aperture is required for transport of the

higher quality beams at 70-250 MeV than for the accelerator with

1.5 MeV injection. A vertical aperture of 1.4 cm, achieved by
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shimming the pole faces of the accelerator magnets, appears to be

adequate for the beam delivery system. With the same magnet

currents utilized in the accelerator magnets, hence identical

coils, bending angles of 15° could be achieved in each magnet.

The 90° bending system of the variable angle vertical delivery

system described above would thus require 6 of these bending

magnets (and quadrupoles to make the bend achromatic) , with an

important reduction in weight to be rotated, and size and cost.

Again this is a preliminary design, and modelling and measurement

of these magnets would be required to instill confidence in such

small aperture magnets.

The conceptual design of the scanning beam system consists

of two magnets, one to produce a fast horizontal sweep at 660 Hz,

the other a slower vertical sweep at 3 Hz. They are placed as

close together as possible in order that the increased aperture

of the second magnet, due to the orthogonal bend in the first, be

as small as possible.

The magnet cores are to be made of grain-oriented steel tape

wound on a mandrel as a continuous tape. Pole faces are then

machined into the assembled core. This choice has a number of

benefits. The permeability is greatest at a flux density of

10,000 G at 60 Hz AC (u=3500) permitting a reduction of core area

for the same magnetizing current, and a smaller copper turn

length reduces the amount of copper needed. Ferrite magnets,

while they could be pulsed rapidly, would not be able to attain

the higher fields desired, which are 6 kG for the fast magnet and

5 kG for the wider gap slow magnet. The magnets are to be each



20 cm long and have gap heights of 2.0 cm and 5.2 cm, and pole

widths of 4.0 cm and 8.4 cm, respectively. The field uniformity

is +0.04% for the fast magnet • and +_0.12% for the slow magnet.

Several grain-oriented steel tape-wound magnets have been

constructed at Argonne National Laboratory, and their use has

been quite successful.

This scanning system would cover an area of 25 cm vertically

by 30 cm horizontally at a distance of 3 m from the magnets. The

field size is adequate for treating the vast majority of

patients. Larger tumor areas might require irradiation in 2

fields. Again the cost of supplying 100% of the desired

requirements could be substantially higher.

Conclusions

Substantial economies can be .achieved with modular design,

both in the accelerator and in the beam delivery system. The

concepts presented here appear realistic but the entire field

will evolve significantly when accelerators dedicated to this

application are put into service.
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Figure Captions -

Figure 1. Facility layout for combined application of

proton therapy and X-ray lithography.
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