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Abstract

The design requirements for currerfteavy-particle
accelerators operatedthin a hospital todeliver radiation

therapy must satisfy both clinicand research needs.

Advances indedicatecbeam delivery systems for clinical
utilization and biological studiesadd requirementsthat

previous accelerators did not havEight yearsexperience
using the Lomalinda University proton facility has
emphasizedthat the most importantequirements are
safety, reliability, beam stability, low energy

consumption, and efficiency of beam delivery to the
treatment rooms. In the futuresterscanningtechniques
will addfurther demands orthe control of beanenergy,

intensity, and position stability. Rapid and precise
flexibility in changing beanparameters isssential for
satisfying clinical needs; electroniatherthan mechanical
control is clearly preferablefor clinical use. Biological
research increases the neeéxpandthe margins of some

The advantages of a hospital-basddcility over a
laboratory-basedhcility are great. In a hospitalhealth
care professionals can work as a team more efficiently and
more effectively in planning, preparing and executing high
precision radiotherapytreatments foreach patient. In
addition, the expensive ancillary equipment (such as CT)
and hospital staff are already in place for patient
preparation andreatment.Beamtime can bededicated for
medical use, which is not thecase atphysics research
laboratories. Finally, anesthetized and other non-
ambulatory patientcan betreatedonly in a hospital
setting. In many of the new facilities, base&search in
radiation biology will also need to be included in the
facility requirements asvell. In this paper, we=xamine

the primary requirements that any new protodigint ion
accelerator will face in a hospital or clinical setting.

2 PROTON DOSIMETRY

clinical requirements, such as beam size, intensity, ahfié primaryadvantage oprotons over therapeuticrays

energy ranges. Both clinical anekearchactivities require

is shown indosevs. penetratiordata(Fig.1). One sees

a totally integrated control system, beginning with the ioifiat protons give a higher dosedgepersites and alower

source and continuing through the accelerator and
switchyard to multiple roomsand each beam delivery
system therein.
accelerator requires highly orchestrated design effort,

involving the entire facility. Detailed design requirements

addressing these issues will be presented.

1 INTRODUCTION

More than forty years have passed since protegre first
used in treating localized tumors in humans. In the
meantime, twenty facilitiesorldwide havetreated more
than 23,000 patients with proton beamsntil 1990, all
of these facilitiesused previously existingaccelerators,
which were designedfor physics research and later

modified for medicaluse. From 1987 to 1990, the first

medicalproton acceleratowas designed anduilt for the
Loma Linda University Proton Accelerator Facility?

(LLUPAF) in Loma Linda, CA. This project was a

cooperative effort betwednoma Linda University, Fermi
National Accelerator LaboratorgFermilab),and Science
Applications International Corporation (SAIC).
1990, over four thousand patients have béeratedwith

protons at LLUPAF. Todate, four morehospital-based

dose near the entrance to the bodierehealthy tissue is
likely to be. Unlike x-rays, protons have no “exibse,”

Accordingly, designing the clinicalvhich spares healthy tissue beyond the Bragg peak.
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Fig. 1: Dose vs. depth for therapeutic proton, x-ray, afelctron
beams. The mono-energetic Bragg peak is the narrow one on the right.
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Sincerhe spread-out Bragg peak (SOBP) is generated frmmo-energetic

peaks as shown in Fig. 2. The maximum depth of beam penetration and

width of the SOBP can be controlled by the beam energy.

facilities are undeiconstruction: one in Boston, MA a”dThe energy of the proton beam can be so adjusted from the

three in Japan. In addition, many new facilitas in the
planning stages in the US, Europe, and Japan.
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acceleratothat protongpenetrate tathe correct depth for
each tumor. Byadding Braggpeaks of successivelgwer
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energies and intensities (Fig. 2) a SO&h begenerated
which has uniformdose over the entire depth of the

tumor. The energy accuracy for each Bragg peakjuiie Gaussian Flattened W"ma“"
precise and dictates the energy accuracy requirement for 2227 2 o i Jugtor
accelerator, as is discusskder. The ability toachieve
dose uniformity in depth as well as transverse tobmm
direction within the tumor volume is aprimary it 2 scaer
requirement in all radiotherapy treatments.
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10 e ] Fig. 3a: Lead foil scattering system to enlarge the beam latexfilly
% | e transport to the treatment room. Oftentimes, another paskdvece
o g (not shown) in the treatment room, called a range modulator, is used to
& degrade parts of the beam to various ranges, which generaS©OR
= This is used in lieu of multiplenergy changes from thaccelerator.
T 6 ll The time structure of the extracted beam is not important in this case.
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Fig.2: A spread-out Bragg peak (SOBP) generated from the addition ¢ Vertical
mono-energetic Bragg peaks. The dose uniformity in 8@BP sweep
between 4 cm and 12 cm is less than +/-2% with no energytensity magnet
errors. Horizontal
sweep
magnet t
3 ACCELERATOR SYSTEM oo First
REQUIREMENTS ped gl

; ; i« Fig. 3b: Raster scan magnet systemsiweep asmall (1 cm) beam
The primary function of any proton therapgcelerator is across the tumor volume. Here, the energy of the beast bevaried

to providetreatment rooms with apecified energy and from the accelerator.

intensity (or dose rate)throughout each treatment. In

addition, accelerator otbeam transport magnets must bé&ig. 4aand 4bshow theranges of energwand intensity
capable of terminating beam to within 1% of thethat are required for proton therapy. The energy ramgst
prescribed dose for each treatment. The emittance from tfeen specifiedfor a therapyaccelerator is 70 to 250
accelerator should be as small as possible, to allow usevi&V, which corresponds to 3 to 40 aange in water or
smaller magnet apertures and smaller magnets ibahm soft tissue. Fig. 4b shows thuence requirements in
transport linesand rotating gantries. Typicabmittance units of protons/ciGy and should bescaledusing the
values for several classes afcelerators are presented irappropriate field size, dose rateyd modulationdepththat
Table 2. The accuracy requirements for energy andis desired. Theideal facility should have efficienbeam
intensity will depend largely on the type of bedriivery extractionandbeamdelivery systems which willrequire
system that the treatment room uses. For exampllee minimum beam current(protons/min) to achieve
scanning the target volume with a narrow pencil beam amndatment times beloveeveral minutes with doses of
rapid energy changdsom the acceleratowill have much approximately 2 Gray. This minimizes the risk of an
tighter acceleratorenergy, intensity, and spot position inadvertent overdose to the patient.

requirementghan a beandelivery system that uselgad

foils to passivelyenlargethe beam. Of coursegctive o
scanning will offer superior sparing of normal tissues an
is a cleargoal for all protonand light ion facilities.
Examples of active and passive bedativery systems are
shown in Fig. 3aand3b. For active beam scanning, the
accelerator control system must contain a librargrargy
ramp sets thatan be executed in rapislccession to T S
generate SOBPs (Fig.2) at the patient. The esemquence TR0 110 120430 MO A0 101D 100190 W0 1020 20 20 30
of energies and intensities must be transmitted PN Enmy e

electronically from the treatment planning computer for Fig. 4a: Proton energy vs. range in water
each patient.

Proton Range (cm in water)
]
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Fig. 4b: Protonfluence/Gray versusvidtn of SOBP for 1b5 MeV

maximum energy. The proton
maximum energy is about 30% higher thtrs curve and about 30%
less for SOBPs with 100 MeV maximum energy.

4 GENERAL REQUIREMENTS

Some obviousrequirementsonly need mentioning for

accelerator performance does not currently limit the patient
throughput. The Loma.inda facility has demonstrated
patient throughput as high as 125 patients ih6zour
day.

Attention should also be given t@ower supply
stability in accelerator systems. Thisaffects energy,
intensity, and position stability of extractedbeams. In
beam transport linesdipole bending magnestability
effects position stability of the beam in th&eatment
rooms. Typical values of beam posititwlerancerequire
fluctuations less that 1mm in the treatment rooms, at
the end of abeam line that may be 50 meters from the
accelerator. Insome cases, theurrent output from a

fluence per Gray for 250 MeVbending magnet power supply in the beam lines may

requirecurrentstability to the magnets better th@nl%.
Reproducible and stable current output to all beam
transport magnets is crucial to avoid belssesduring
treatmentand to maintain correctbeam position in the
treatment rooms.

completeness, but require careful attention for a successful Efficiency of beam extraction from treecelerator is

facility. Accelerator reliability is one of the top priorities
for all therapy operations. For example, the LLUPA

synchrotron hasenjoyed 98% uptime for patient
treatments with five treatmenays per weeland 24-hour
operations.

E

an area wherdigher efficiency will lower the radiation
activation of accelerator components and make
serviceability much easier. Shieldingquirements for
personnel will also be lower. Higher beam transport
efficiency through theswitchyardwill lower the required

The proton synchrotron services four treatment ro0Rgensity from theaccelerator, thereby reducing neutron

and one researchroom. The high reliability haseen

exposure to personneind the generalpublic. Typical

accomplishedwith the help of a maintenance team thafy|es for beam extractioefficiency and beam transport

monitors various systems toperform preventive
maintenance before failures occur, particulanyith
magnet power supplies, vacuum componedmd water
cooling systems.Accelerator reliability is extremely
important, particularly for patients in thmiddle of three-
or four-week treatment schedules. Clinical data have
shown that patients whose treatments halieen
interrupted fortwo or moreweeks havencreasedrisk of
tumor recurrence compared patients whokeep regularly
scheduledreatments. Most of thaccelerator dowrtime
(2%) overthe pastthree yearsvasdue to power outages
that causedvacuum failuresand magnet powersupply
problemsrelated tochilled watersystems. Oftentimes,

efficiency at LLUPAF are 90%, with extracted beam
currents less than 5 nA (time averaged). Tédsls to very
low equipment activation and low exposure to personnel.

5 REQUIREMENTS FOR BIOLOGICAL
STUDIES

A large NASA program has begun at Lorhanda to
investigate the healtheffects of space radiation on
astronauts on long missions. These experimpresent
requirementghat differ from therapy beam requirements.
In general, theyrequire very low dose exposures,
extending from one day to several weeksatoommodate

any missed treatments caniede up on weekends or bythese requirements, tha&cceleratormust have intensity

increasing daily dose fractions.

A new facility must bedesignedfor high patient
throughput to be financially solveand torapidly acquire
statistically significant clinicadatafor each diseassite
being treated. High patient throughputequires a large
number of activities to run smoothly. On thecelerator
end, the ability to switch beamenergiesand treatment
room destinations quicklyand reliably is crucial to

control that is roughly 100 times lower thaherapy
beams with energies from 20 890 MeV. Smallenergy
changes (< 4 MeV) of once psecondwould berequired
to cover this large dynamic range. Many ofhese
irradiations must bedonebetweenpatient treatments and
therefore require a separateom with semipermanent
biologic setupsAcceleratorandbeam line controlsnust
be able to switch between a treatment roamd the

reducingpatient waiting times. For the same reason, tfigSearciroom fast enough (less than one minute) so that

dose ratgor intensity) from theacceleratomust also be
sufficiently high to avoid limiting patient throughput.
At LLUPAF, the average treatment tirper patient is
about two minutesand the time to switchtreatment
rooms less than one minute. Since the time to align
patient requires typically ten to fifteen minutes, the

13

patient wait timesarelow. In addition, measurements of
mammalian cell damage on the sharp distigefalloff of
the Bragg peak (se€ig. 1) require energy stability of
0.1% from theaccelerator.Fortunately, this is within

figcuracy andstability limits of modernproton therapy

accelerators. These are only two examples of a large class
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of research requirementhat need to besatisfied by the Depth Dose Uniformity
accelerator and control system. 8 cm SOBP, 155 MeV, 4 mm peak spacing
12
6 INTENSITY REQUIREMENTS FOR . %
BEAM SCANNING gw',_j/“W/\AT
[m]
The stacked Bragg peaks in Fig. 2 show thatritegrated o 8 / \
dose for each peak is different. A dynamic rang@@fl is T 6 / \
required toobtain thedesireddose uniformity throughout & 4
the SOBP. Approximately ten to twengypergieswill be o ——’——mma/\ \

requiredfor eachtreatment togeneratethe desired dose ﬁf\ \ \
uniformity over the entiredepth of the tumor. Studies 7 - * y )

L . " 2 4 6 8 10 12 14
haveshowr that it is much more timefficient to vary
the acceleratointensity for different proton energies than o e

. y R p ; g . Fig. 5 Effects of 0.5 MeV (1 mm range) energy error on the
to vary thedwell time for individual energies taachieve uniformity of the SOBP.Note that the clinical tolerance af3% has
the 20:1range of doses between Braggaks. Variable Peen exceeded.
intensity control is,therefore, desirableThe ability to
control the beamcurrent from the acceleratorwith an
accuracy oft 10% over the 20:dynamic rangealso is

Table 1. Energyaccuracy to achieve + 3% Dose
Uniformity in the SOBP

desirable For beam scanning applications, it desirable (Energy ) éllowed Correstondi Eisl,ltafl_f f BDose
. . . . maximum nergy ng ange| Falloff of Bragg
to havethe intensity as uniform as po§S|bIe as bleam Error Error peak  (90%-
is swept across a target volume, to “paint” a unifawse 10%)
distribution. The detailed requirement depend¢hebeam | 100 MeV | £0.1MeV 1 0.1 mm 1.8mm
spot sizeg in the patienandthe sweep speed, v, of the | 155 MeV +02MeV | #0.4mm 4.3 mm
' 250 MeV + 0.3 MeV .8 mm 10.0 mm

scanning magnets. In general, falquenciesbelow f =

v/o should have intensity ripple belowt 3% to have . ) ) )
dose errordess thant 3% in the plane transverse to thd9- 6 shows theloseuniformity as a function ofange

beam direction. For example, a typical beam diameter o0 for SOBPs with 100 MeV, 155 Meahd250 MeV

cm andmagnet sweepspeed of 1cm/ms, yields an maximum energies. The graph is a compilation of
intensity stability requirement oft 3% for frequencies 1000 SOBPs wititandom range errors selectéom a

below 1 kHz. gaussian error distribution. The dose uniformity is
indicatedfor the 95 percentile group of the 1000 SOBPs
7 ENERGY CONTROL which were generatefor eachgaussian range error. The
REQUIREMENTS FOR BEAM range erroffor £ 3% doseuniformity is consistent with
SCANNING the values shown in Table 1.
Due to the sharp falloff at the distadge of amono- Beam Energy (range) Error Analysis

. i Depth dose uniformity vs. range error for stacked Bragg peaks
energetic Braggeak,each energynust bedelivered very

precisely relative to theprecedingone to generate a
superposition oBraggpeaks (or SOBP) witlgood dose
uniformity throughout thelepth ofthe target.When the
mono-energetic bearmee generatefom the accelerator
and not from passivdevices inthe treatment roorbeam
delivery system, much tighteenergy control is required.
A minimum targeted doseuniformity throughout the
tumor volume iscurrently £ 3%. Note that thelistal
dose falloff is sharper at lower energiedue to lower
energystraggling for particles of lesgange in tissue.
Therefore, the dose uniformity, in depth, is more sensitivi
to range errors at low energies than at high energies. T r.m.s. Range Error (mm)
effects of a 0.7 MeV error (or equivalently 1 mmrahge)
from one of the Bragg peaks can be clearly sedfign 5, ][:ig. 6: A monte carlo analysis of 10@DBPsfor each gaussiagrror

. . . unction. Each mono-energetic Bragg peak is given an error and the
wherethe dosenon-uniformity hasncreased tdl0% near uniformity of the SOBP iscalculated. The curves indicate tog@per
the distaledge.Further simulationshave shown that an limit of non-uniformity for 95% of the cases.
energy accuracy ot 0.1 MeV tox 0.3 MeV (see Table
1, below) is necessary to inswe3% doseuniformity in
the SOBP.

100 MeV = Emax

155 MeV = Emax

o = @ w0
i R L T O Bl

w

il i T S Acceptable limit

% Depth-Dose Uniformity
ra

250 MeV = Emax

G T T T o |

4 6 .8 1.0 1.2

(S

Comparison of the three baskcceleratortypes for
proton therapy is outlined in Table 2. Alree designs
have been shown to work for therapy applicatiand all

14
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three are currently being built or used for therapy facilities

aroundthe world. Theparameters listed aboware those
that customers examine most when selecting
accelerator.  Vendors ofproton therapy synchrotrons
include Mitsubishi Electric Corp. in Kobe, Japan and
Optivus Technology, Inc. of SaBernardino,CA. The
intensity limit for synchrotrons in Table 2 is takéiom
the Hitachi accelerator, which uses multiturn injection.
The cost foreachtype of acceleratorhas notbeen
included because depends orthe vendor's amortization

schedule and the quantity of units to be sold. For examplg, systems

the cost of development, engineering andrheadmay be
included differentlyamong vendors. Thiglependence is

probably larger than the difference between economical and

more expensive designs. Roughly speaking, caisges
can beexpected tdall betweeneight and fifteen million
dollars (in 1999 dollars) for the three acceleratortypes,
with maximum energy capabilitiesbhetween220 to 270
MeV.

Table 2: Accelerator comparisons

Synchrotron Cyclotron LINAC
Vendor(s) Fermilab/ IBA

Optivus (Belgium) ENEA(Italy)

Technology

(USA)

Hitachi

(Japan)
Energy levell continuous fixed continuous
selection
Intensity  limit [ 5x10*/min. AHAN AHAN
(ave.)
Size (diam. on 6 meters 4 meters 37 meters
length)
Ave. power
consumed 370 kW 300 kW 320 kW
(beam on)
Beam emittance|] 1-3 1™ mm-| 10 T mm-| 0.17t
(unnormalized, | mrad mrad mm-mrad
67% of beam)
Rapid  energy| 4 MeV/s 4 MeV/s 4 MeV/ms
changes
Duty factor (%[ 20% at 0.5Hz | 100%  of 0.1%
beam on time) CW at 300Hz
Beam intensity
uniformity  (for | adequatg& good good
scanned beams)
Beam extraction| 90% N/A N/A
efficiency
Energy spread| *0.1% +0.5% +0.1%
(typ)
Energy stability +0.1% N/A +0.1%

N/A  Not (yet) available

IBA — lon Beam Applications, Inc.

* While the energy extracted from the cyclotron is fixedagable
thickness plastic wheel, which intercepts the beam, can reduce
energy to the desired level in a continuous fashion. The main penal
are higher emittance frommultiple scattering and highemtensity
losses from the energy degrading process which contributegter
shielding requirements.

** AHAN — As High As Necessary. Thedatensitiescan exceed
100 pA but they can be hardware limited at ioa source to the 30 to
300 nA range.

*** Beam intensity uniformityfor active beam scanningenerally
requires intensity regulating feedback loops to achieve uniform
intensity. First demonstrated use of a scanning beam systeorred
at the Berkeley synchrotrbrin 1992. Adequatespill uniformity was
achieved using intensity control feedback loops.
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8 SUMMARY

The design effort for developing a hospital-babedvy-
@Harged-particlefacility mandates ahighly orchestrated
program thatrequiresthe hospital personnel teams to
work closely with the architects, physicise)dengineers
of the vendors involved in the facility. The clinidadam
delivery systems and the integrated consiydtemsneeded
for the facility arecomplexandare, in general, less well
developedthan the acceleratorsmaking anorchestrated
development efforall the morenecessary to ensutbat
including theccelerator.function for the
benefit of the patient.
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