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Introduction 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, CA 94720 

LIBRA is a concept to place a light-ion, charged-particle facility in a hospital environment, 
and to dedicate it to applications in biology and medicine. There are two aspects of the program 
envisaged for LIBRA: a basic research effort coupled with a program in clinical applications of 
accelerated charged particles. The operational environment to be provided for LIBRA is one in 
which both of these components can coexist and flourish, and one that will promote the transfer of 
technology and knowledge from one to the other. 

In order to further investigate the prospects for a Light Ion Biomedical Research Accelerator 
(LIBRA), discussions are underway with the Merritt Peralta Medical Center (MPMC) in Oakland 
CA, and the University of California at San Francisco (UCSF). In this paper, a brief discussion 
of the technical' requirements for such a facility is given, together with an outline of the accelerator 
technology required. While still in a preliminary stage, it is possible nevertheless to develop an 
adequate working description of the type, size, performance and cost of the accelerator facilities 
required to meet the preliminary goals for LIBRA. 

Requirements 

In a light-ion, biomedical facility, a wide variety of ion beams can be made available. These 
include beams of both stable ions and radioactive species as indicated in Figure 1. This figure 
shows a portion of the Chart of the Nuclides that is relevant to light ion therapy. The black 
squares represent the stable isotopes that are available for elements from protons to neon (proton 
number 1-10). The open squares represent selected unstable isotopes that can be produced in a 
light-ion facility and adapted for clinical use. Beams of these species can be formed by accelerating 
a stable parent beam, and impinging it on a conversion target to form secondary beams with half 
Ii yes ranging from a few seconds to a few hours. A number of primary beams can be accelerated, 
including hydrogen (protons), helium, carbon, nitrogen, oxygen and neon. In order to 
accommodate a versatile program for research and clinical medicine, enough flexibility in the 
accelerator and beamline operation needs to be provided to ensure that they can be quickly retuned 
to change from one ion species to another, from one energy to another, and to provide a quick 
interchange between stable and radioactive beams. This requirement for flexibility impacts 
significantly on the choices of accelerator technology and on control systems design. 

*This work supponed by the Director, Office of Energy Research, Division of Nuclt1lf Physics, Office of High 
Energy and Nuclear Physics, Nuclear Science Division, US Deparunent of Energy under contract number 
DE-AC03-76-SFOOO98. 
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Figure 1: Portion of the chart of the nuclides of interest to light ion therapy. 

A second major requirement is that there be adequate intensities of each ion available to carry 
out the research and clinical programs. Here, it should be noted that the requirements are different 
for different ions. In Table 1, this is illustrated by listing the intensities required for selected ions 
to deliver a 600 Rad dose to a standard volume in a one minute exposure. The intensities required 
to meet this requirement vary from 8 x 107 for argon to 1 x 1010 for protons. 

Table 1: Dose considerations for light-ion therapy 

Dose: 
Target Volume: 
Time: 

Hydrogen - 1 

Helium - 4 

Carbon - 12 

Oxygen - 16 

Neon - 20 

Silicon - 28 

Argon - 40 
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6 Gray (600 Rad) 
1 Litre (200 cm2 x 5 cm) 
1 minute 

1 x 1010 

2.5 x 109 

4.5 x 108 

3.5 x 108 

23 x 108 

1.2 x 108 

8 x 107 

ions/sec 
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The major intensity goals for LIBRA are listed in Table 2. These requirements are set high 
enough to ensure that adequate intensities are available for applications with radioactive beams. 
Routine treatments with primary beams could be effectively carried out with significantly lower 
intensities. There may also be specialized applications requiring accelerator operation with reduced 
intensities or with intensities that can be rapidly modulated. 

Ion 

Carbon - 12 

Oxygen - 16 

Neon - 20 

Table 2: Intensity goals 

Maximum intensity on target 

6 x 109 ions/second 

1.5 x 109 ions/second 

6 x 108 ions/second 

A final area of consideration for LIBRA requirements is the beam energy. Again, there must 
be flexibility to vary the energy of any given beam over a wide range. Table 3 gives the range in 
water of various beams for five different beam energies. The lowest of these (70 MeV/nucleon) is 
of interest because it establishes a lower accelerator energy limit. For the lightest ions, hydrogen 
and helium, a lower range limit of about 4 cm is required for certain clinical situations such as 
treatment of ocular melanoma. At 250 Me V /nucleon; an adequate range of protons and helium can 
be achieved, but insufficient penetration of the heavier ions is available. The energy goal for 
LIBRA is thus set between 400 - 500 MeV/nucleon, to ensure ample range for carbon and lighter 
ions, while maintaining an adequate range for some applications with oxygen and neon. Note 
that at 500 Me V /nucleon, a range for protons and helium in excess of 100 cm is available. 

Table 3: Energy considerations: Range in cm of water 

Ion Energy (Me V /nucleon) 

70 175 250 400 500 

Protons 4 20 37 81 115 

Helium 4 20 37 81 115 

Carbon 7 12 27 38 

Oxygen 5 9 20 29 

Neon 4 8 16 23 
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Technical Approach 

For a clinical facility operated in a hospital environment, issues of safety and reliability 
become paramount. This leads to the conclusion that the highest probability of success for a facility 
such as LIBRA will be provided through the use of proven technology. Furthermore, there is 
ample justification to require that the parameters of the accelerator system be capable of rapid 
reconfiguration to accommodate the need for rapid switches of ions and energies. We have selected 
the conventional synchrotron as the accelerator of choice for this application because it satisfies 
these criteria and because it can economically satisfy all of the goals and requirements for LIBRA. 

Figure 2 illustrates the results of a recent survey! of cyclotrons and synchrotrons presently 
in operation or under construction around the world, in a diagram of energy (MeV/AMU) vs 
atomic mass number (A). The nuclear physics community is in general interested in all ions at 
energies down to the Coulomb barrier. The atomic physics community typically requires sufficient 
energies at each mass number to provide hydrogen- or helium-like atomic species, corresponding to 
the domain in the lower right portion of the diagram. For ion therapy, the region of interest on this 
diagram is bounded on the energy axis by the requirement that each ion cover a range in tissue of 
approximately 4 to 30 cm. The indicated limits on the mass axis correspond to all ions up through 
mass 40, beyond which fragmentation of the beam limits its therapeutic usefulness. The upper 
energy bound labelled "Cyclotron Territory" is defined by the performance of cyclotrons presently 
in operation or under construction. In the case of LIBRA and of EULIMA 2 with masses in the 
range of 1-20 and energies up to 500 MeV/nucleon, a significant portion of the desired operating 
regime is seen to be inaccessible with the present generation of cyclotrons. Existing synchrotrons, 
on the other hand, cover the complete energy range shown in the figure. 
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Figure 2: Ranges of energy and mass that are required for selected accelerator applications and 
that are available from synchrotrons and cyclotrons now operating or in construction. 

-4-



. . ' 
\J 

" 

, 
\l 

Accelerator Systems for LIBRA 

The major technical components proposed for LIBRA are shown schematically in Figure 3 
below. The synchrotron has a radius of approximately 8 m and is injected in a single turn at an 
energy ~ 1.5 MeV/nucleon. The injector utilizes a Penning Ion Gauge (PIG) ion source, injecting 
a Radio Frequency Quadrupole linac (RFQ) with ions having a charge-to-mass ratio of ~ 0.15 at 
an energy of 8.4 ke V /nucleon. The RFQ accelerates the beam to 200 ke V /nucleon in 2.2 m at 
which point a short Alvarez linac continues the acceleration to the final injection energy. The 
injection channel includes a stripper foil to raise the charge-to-mass ratio to 0.5 and a bunch rotator 
to provide optimal matching of the beam into the synchrotron. The specifications of injector 
components required for LIBRA are very similar to the front end of the Bevatron's 200 MHz Local 
Injector3, with the major difference being the lower required injection energy for LIBRA leading 
to a much shorter Alvarez linac. 

80am 
distribution 

I 0 
r,.lIImentdolivety 

PIG 

::::'::: ',:':':,:,:: .... ' R:=O_~ Ion Source 

" LEST Alva~ez 

Figure 3: Schematic representation of accelerator systems proposed for LIBRA. 

The synchrotron operates with a variable repetition rate as high as 4 - 5 Hz (pulses/second). 
A slow resonant extraction is used to establish a duty factor that can be as high as 60% at the 2 Hz 
rate or approaching 100% for very low rep rates. The higher-duty-factor, lower- rep-rate modes 
are useful for most clinical applications with the primary beam. Specialized applications with 
radioactive beams would use a lower-duty-factor, higher-rep-rate mode. Beam is extracted during 
the flattop portion of the cycle as indicated in Figure 4. The extraction energy is variable from 70 to 
500 Me V /nucleon. The vacuum requirement for this synchrotron is in the low 10-7 Torr range. 

t 
Magnet 
Current 

tln]eCtiOn 

beam on ~ 

tln]ect Ion 

Time --+ 

Figure 4: Synchrotron magnet cycle 

The remaining technical components of LIBRA are the beam distribution system, the 
treatment delivery systems, and the control system needed to monitor and control all of the 
operational aspects of the complete facility. A minimum of 2 treatment rooms are to be provided in 
the initial construction phase, with opportunities for expanding this number as part of a future 
upgrade. 
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Ion Source Performance 

A highly critical component in the operation of the LIBRA facility is the ion source. The 
source proposed is similar to a sputter (PIG) source developed and used at the SuperIllLAC Third 
InjectoiA as well as at other heavy ion laboratories around the world. 

First we examine the issue of source reliability. The low ion source duty factor that will be 
required for an application like LIBRA is precisely the domain for which PIG sources are best 
suited. This is illustrated by Figures 5 and 6. In Figure 5, we see that for 2 Hz synchrotron 
operation, the ion source can be run with a duty factor of only 10-4, and the injector can utilize a 
stable portion of the ion source' pulse during the injection window, (approximately 3 ~sec). 
Figure 6 illustrates the typical mean time between failures (MTBF) of existing PIG sources 
operating over a wide range of duty factors. Recovery from these source failures typically requires 
from 1 to 4 hours. CW (or near CW) experience comes largely from heavy-ion cyclotrons where 
the MTBF is unacceptably short by clinical standards. However, as we look at operation with duty 
factors in the 10-3 to 10-1 range, dramatic, order-of-magnitude improvements are seen. This 
experience comes from linacs, such as the SuperIllLAC and the Bevatron Local Injector, that are 
used to provide beam directly to users, or to inject a synchrotron. On this basis, a PIG source 
operating with a duty factor of 10-4 for LIBRA might be expected to run up to a year without 
downtime for maintenance. 

2 Hertz operat ion 
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TIME 

Figure 5: Typical ion source and injection pulse requirements. 
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Figure 6: Representative PIG ion source lifetimes for a range of duty factors. 

Next we examine the source intensities that are required to meet the objectives stated earlier 
for LIBRA. Table 4 provides a list of proven PIG source intensities for several light ions5. Using 
these data, an analysis was made of expected intensities for several ions at various points along the 
accelerator. The results are summarized in Table 4. At the bottom of this table the target intensity 
goals for LIBRA are listed for comparison. It can be seen that the these goals can be satisfied with 
the accelerator technology that is presently available. 

Table 4: Intensities of selected light ions at points along the accelerator. 

Helium Carbon Oxygen Neon 

Proven5 ion source output 5000 5000 1300 3300 PIlA 

Injector output 2500 1000 120 85 PIlA 

Synchrotron output 6.0x1010 2.4xlO lO 2.8x109 2x109 p/sec 

On Target 2.4xlO lO 9.6x109 1.1x109 8x108 p/sec 

Goal for LIBRA on target 1.0x101O 6.0x109 1.5x 109 6xl08 p/sec 

Preliminary Layout and Cost Estimate 

Figure 7 shows a preliminary layout for the LIBRA facility in one of many possible 
configurations that have been studied. This is a plan view at grade level showing the relationships 
between the various parts of the accelerator and the research and clinical areas. The total "footprint" 
in this layout is approximately 44,000 square feet. Within this area, it is possible to accommodate 
2 or more caves for full energy beams plus a special cave for possible intraoperative work that 
could be added to the facility at a later time. Beam is delivered to this room through a vertical beam 
delivery channel (not shown) that runs above the main clinical treatment room. Space is also shown 
for the development of clinical radiotherapy and diagnostic support facilities on the treatment level 
as well as for physics and operations support staff. Additional space for these functions is also 
provided on an upper level. 
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Figure 7: Preliminary plan view of the LmRA facility - phase 1, first floor. 
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Based on experience with similar systems, a conceptual cost estimate has been prepared and 
is summarized in Table 5. The estimate includes all direct costs in millions of 1986 dollars 
associated with technical and conventional construction. The technical components comprise all 
accelerator systems, beam and treatment delivery systems, and the control systems necessary to 
ensure their safe and reliable operation. The conventional construction elements consist primarily 
of the building, shielding and utilities. 

References 

Table 5: Summary of preliminary conceptual cost estimate. 

Direct Costs in Millions of 1986 Dollars 

Technical components 

Accelerator systems 

" Injector 
" Synchrotron 
• Controls 

Beam & treatment delivery 

• High energy beam transport 
• Treatment delivery systems 

PToject~anagement 

Contingency 

Conventional Components 

• Building 
• Shielding 
• Utilities 
• Project ~anagement 
• Contingency 

TOTAL 

16 

6.5 

1.5 

6 

30M 

20-25 M 

50-55 M 
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