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Abstract 

The need for improved radiotherapy modalities and so far 

gained experience with pnrticle beam treatment is outli- 

ned briefly. Thse choice of an appropriate accelerator is 

discussed for protons and light ions. Studies on a light ion 

machine, performed at GSI are reported. In an appendix 
a brief review on earlier proposals is included. 

1 INTRODUCTION 

The cancer case: it is reported [l] that in the year 1980 

were 1.2 mi&on new cancer incidents in the countries of 
the European Community. The cure rate is arount 45 % 
(21 , 22 % by surgery, 12 % by radiotherapy, 6% by the 
combination of both, 5 % by chemotherapy. Radiotherapy 

so far includes electron beam, x-ray, T-ray and neutron 
irradiation. All have an exponential intensity decay when 
penetrating the tissue and suffer from lateral scattering 

as well. Therefore deep seated tumors, even when well 
localized, cannot be cured by conventional radiotherapy. 

The damage to ithe healthy tissue in front of the tumor or 
to sensitive orgrtns near or behind the tumor exclude this 

modality, though any conceivable effort was made to rotate 
the radiation ~o~~rcc around the pntient, or more precisely, 
around the tumor as an isocenter. The nbove mentioned 
cure rnte by radiotherapy is not this low, becnuse it fails, 

rather becauc it is only applicable in a low percentnge of 
cases. An equivalent comment might bc given on the core 
rate of surgery: a large number of tnmors, even if well 

localized, arc nod accessible by invasive methods, because 

they are seated near sensitive organs or nerves, like in the 

eye, brain or close to the spinal cord. 

The above mentioned restrictions ngainst a substantinl 
increase in cure rate can be overcome when proton or light 
ion beams would be included widely in radiotherapeutic 

modalities. These beams rare highly ballistic with nearly 
negligible side scattering and they depose most of their 
energy in the Elragg peak nt the end of their rnnge, the 
latter can be selected by adjusting the pnrticle energy. The 
advnntagc of light ion beame (c&rbon to neon ions) over 

the certainly cheaper proton beams lies in the fact that 
their lateral scattering in tissue is still smaller and that 

the biological cfliciency of cell killing in the Bragg penk 

region is up to 3 times higher than for protons. 

One medical dedicated proton synchrotron with a ma- 
cimum energy of 250 MeV was recently commissioned at 
the Loma Linda Medicnl Center in the USA [3]. 

Only one nuclear physic machine is partly in use for 

light ion therapy beams: the BEVALAC at Berkeley, USA. 

436 patients have been treated at this accelerator mostly 

with neon beams. A still older machine at Berkeley, the 

synchro-cyclotron treated around 2050 patients with he- 
lium benms, but was shut down in 1987. Thus limited 

clinical experience exists for light ion beams. But bio- 

physicnl experiments performed over the last 15 years nt 
Berkeley nnd Darmstadt, strongly bore evidence for the 

physical and biological superiority of light ions over pro- 

ton beams [4]. A very comfortable light ion accelerator 
complex is under construction at NIRS, Chiba, Japan 161. 

Besides the BEVALAC nt Berkeley, there is one more 
machine with the appropriate pnrticlc energy for light ion 
beam therapy: the SIS at Darmstadt. It was proposed 
to use this nuclenr physics facility for patient treatment, 
as well. However, this machine nnd the associnted expc- 

rimental fncilitics arc totally overburdened by beam time 
demands from the nuclenr physics community. A concei- 
vable beamtime share for trenting around 100 patients per 

year would not satisfy the overall demand for patient treat- 
ment but it would definitively contribute to early clinical 
experience. 

2 THE CHOICE OF THE MACHINE 
TYPE 

The literature review of vnrions studies nnd proposnls of 
the last 15 ycnrs is given in a table in the appendix. The 
beam requirements for medical mnchines kept fairly stable 

over the years with flnctnntions of 20 ‘% in energy and a 

fnctor of 5 in intensity. A typical figure is 5 Gy per liter 

and minnte, which corresponds to 10s particles per second 
for NC ions sprend over n one liter tnrget volume. This 

number is ensy to meet for various choices of the mnchine. 

For the design of medical accclerntors, there are few is- 
sues not relcvnnt for nuclenr physics machines: the extreme 
care in beam control in respect to patient safety. This im- 
plies the fast benm switch-off capability nnd monitoring 

redundnncy. The time strnctnre of the beam extraction 
needs some concern in case of a synchrotron when combi- 
ned with a mngnctic scnnning system. 

For the accelerator builder the question of protons or 
light ions strongly folds into the choice between cyclotron 

and synchrotron. This COIIICS not this much from the dif- 

ference of charge-to-mnss ratio, this is a matter of bending 
power, hence a matter of cost. It comes from the fact that 
for the same pcnetrntion depth in tissue, say 25 cm, n beam 
energy of 230 MeV is required for protons and around 600 

MeV/u for neon ions. The latter value presents focusing 
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difRculties for an isochronous cyclotron. long injector linac, which existed before and it implies an 

For proton beams, the required meximum energy lies ultra high vacuum system in the ring as well. These nnd 

well in the domain of normal conducting [S] nnd supcrcon- 

ducting [7] cyclotrons. Of course, a synchrotron can be 

mnny other features ncccssnry for R maximum of flexibility 
requested by the nuclear physics community do not con- 

chosen (81 as well. For both machine types examples exist 
and both choices are likely to be available from commercial 

stitute a model situation for a medical machine optcrating 
at lower energies and lighter pnrticlcs. However, the pcr- 

manufacturers. fcctly nvailnblc energy variation from pulse to pulse was 

The tumor occupies a large volume compnrcd to the pri- demonstrated routinely and is nn indispensable fenturc for 

mary beam size and his stopping depth. So fnr, the volume a therapy facility. 

was covcrecl by defocusing or scattering the beam trans- Unlike the usual design gonl, saying that high beam in- 

versely and masking out R tumor conform slice shnpc by tcnsities nrc beneficial for whnt reason so ever, here the 

fixed or programmable collimators. This method by no npproach of low, but still sufficient intensities is followed 

means takes advantnge of the good beam quality of the ns an exercise. The 10’. neon ions per second nre taken as 

nccclcrator nnd it does not allow for adjustable island sha- a specific&ion, assuming no losses in the high energy beam 

ping inside of the slice contour. A sizable fraction of the transport Rnd beam delivery system In the rare event that 

beam is lost on the mnsking npcrturc with consequences the tumor volume exceeds one litrc, the irradintion time 

on activatian and neutron production. Develcoumcnts in will then be more than one minute. The usunl sources of 

several laboratories [Q] have the promise to avoid the above beam losses in the linnc and the ring arc well considered. 

mentioned disadvantages by a magnetic scanning system, But nny ndditionnl intensity reserve, which then would 

for which line length nnd writing speed are freely progrant- have to be accounted for in the shielding dimensioning, is 

mablc and the shnrp bennt spot is really used for obtaining deliberately excluded. This restrictive philosophy on in- 

the contour precision in R loss-free way. tensity manngement allows one to resort to a short linac 

Going one step further in the desire for a clean and flc- and single turn injection, the letter reducing substantially 
xiblc beam delivery, the depth control must be considered. the magnet and power supply cost. The low emittance of 

Since isochr~onous cyclotrons with mnximunt energies men- the circulnting bran1 simplifies the cxtrnction adjustment. 

tioned earlier, arc not energy vnriable and synchrotrons, 
though being energy variable in principle, were not opera- 

ted in this WRY, the beam energy had to be trimmed by 
degraders with fixed thickness for conrse depth adjustment 

and ndditionally by a device with modulated thickness for 
Bragg peak lengthening. Again, the consequences of this 
passive approach arc intensity and quality losses of the 
beam and limited flexibility in depth control. For light 
ions, with their inherent susceptibility to nuclenr fragmen- 

tation, the pnssivc depth control is still more questionable. 
Only the choice of a modern synchrotron can nvoid the 
above outlined disadvantnges. It has been shown, in the 

menntimc [IO] that it is energy varaiblc in coarse and fine 
steps from pulse to pulse, and the nssociated beam line 

setting follows accordingly. 

In conclu5ion: for protons there defiuitively exists the 
choice between the cyclotron and the synchrotron. The 
former being more compact, the lntter providing varinble 

energy. For a light ion fncility only the synchrotron is 
at present a realistic choice. In the following the proton 
option is neglected and design considerations arc presented 
for a light ion synchrotron. Of course, it can accclernte 

proton5 as well. 

3.1 The injector 

Aside of the synchrotron ring itself, the injector linac is 

R major subsystem of the nccelerator complex, and con- 
tributes one third of the total hnrdwnre cost. Moreover, 
linacs were responsible for R regretably large fraction of 
lost bcnm time. In the past 20 yews progress in the lnyout 
and the con~pol~cnts of the synchrotron rings wns rather 
slow. But ntnjor progress wns mndc in the linac design. 
Three items of this dcvclopment should be mentioned in 

particulnr. 

After a development time of 20 yenrs, the Penning 
sources nrc now replaced by ECR sources, yielding 

adequnte currents in ntuch higher charge states [12], 
[13] . Operation experience is largely avnilnblc and the 
expected long life time, stable current yield and good 

emittance was proven. The ECR source is basically n 
DC source and is particularly ndvantagcous for cyclo- 

trons. For a pulsed mode, typical for n synchrotron, a 
current increase of a fnctor of two was veryfied. The 
mysterious “afterglow mode”, yielding a factor of 6 - 
10 more current for short pulses of heavy ions, does 

3 SYNCHROTRON DESIGN STUDIES 
not exist for light ions. 

AT GSI (b) The RFQ t s ructure 1141 has replaced the bulky and 

unrelinblc high voltage DC preinjcctor at all modern 
At the GSI n heavy ion synchrotron SIS is in operation 
since 1990 [nl] , having a maximum energy of 2 GcV/u, 
much higher thnn necessary for thernpy. SIS is designed 

for a 3 orders of magnitude higher beam intensity than 
necessary for cancer irradiation. The dcmnnd for the RC- 
celerstion of very henvy ions, up to Uranium, implies a 

proton nnd heavy ion linnca. Developments arc still 
going on, aiming for an improved RF efficiency and 
mechanical stability. The RFQ structure becomes less 
efficient with increasing particle energy and at 30~1 - 
600 keV/u it is advisable to switch over to some other 
linac structure, still suitnblc for low particle velocities. 
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(c) A novel RF nccelerating structure, the Interdigital H- 

Type (III) structure [I61 is now replacing the traditio- 

nal Alvnrez structure. In the energy rnnge considered 

here, the IH structure hna a 3 times higher RF effi- 
ciency, is 2 ti.mes shorter for the same energy gnin and 

is smaller in diameter and simpler in its mechanical 

characteristics. 

For nn injector of the medical synchrotron all three 
above outlined developments should be fully npplicd. 

But even with these improvements the linnc still reprcs- 
cnts a substantial fraction of the cost of the facility and 
should be as short as possible, or more precisely, the injec- 
tion energy should be 8s low as possible. There are some 
conflicting laws involved. 

For the high intensities of nuclear physics machines the 
space charge limit nt injection is the limiting f&ctor which 

can be improved by higher injection energy. For B mcdicnl 
facility WC can ignore the space chnrgc limit. 

Another important issue is the stripping efficiency which 
increases up to saturation at 8 McV/u. But the benefit of 
higher energy is pertly offset by the fact thnt for higher 
particle velocities, hence shorter filling time for one single 
turn, less pnrticles Rre transferred from the ion source in 
the ring. 

Thus, the injection energy should lie between 3 and 5 
McVju, giving a 1.6 times lnrger beam intensity for the 

higher vnlue. The importance of this factor is by fnr out- 

weighted by present uncertainties of source ebundrmcc and 

stripping efficiency. Considerations on the prncticnbility of 
the large rf swiug of 1:9.9 and the evaluation of electron 

capture at lo-‘mb during the early rRmp stnrt did not 
reveal objections ngninst the lower injection energy. A fi- 
nal decision will be made during the detailed design of the 
linnc, becnuse linnc cost goes up somewhnt stepwisc with 

energy, depending on an approprintc choice of tank nnd 
amplifier numbers. 

Figure 1: Layout of n light ion synchrotron with 4-fold 

symmetry. BM = bending magnet. FQ DQ = focussing 
nnd defocussing quadrupoles. RQ = resommt quadrupole. 

DS = extrnction bumper magnets. SX = sextupole. ES 
= electrostatic septum. SM = septum magnet. LM = 

inflector magnet. KM = kicker magnet. RF = accelerating 

cavity. 

turn injection, nnd doublet focussing further reduces the 

ring size. 

The relntivrly low benm intensity is R favournble option 
nllowing for n decently smnll dipole aperture of 80 times 
40 111111. This aperture size provides generous rcnl space 
for closed orbit distortions. It helps evidently to reduce 
the mngnet weight nnd enses the design of the dipole va- 
cuum chnmber. The weight of the individunl mngnets is 
low enough thnt no crane for nsscmbly nnd repair is requi- 
red, nor n particular basement or floor slab fortitictrtion. 
The total mngnet weight is about 99 tons, compared to 
R superconducting cyclotron with nn iron mnss of around 

600 tons. 

3.2 The ring 

The following design of R medical synchrotron WBS based to 
R smRllcr extend. on the heavy ion synchrotron SIS. Older 
studies and proposals, tsbulated RS R literature review in 
the apcndix were not used either ns R starting point: These 
rings were too large and contnined inherent features of high 
intensity mt\chines. 

Advantage was taken from the design progress of n JR- 

pnncsc proposnl for R 250 MeV mcdicnl proton synchro- 
tron (81. The key issue of this proposal WRS nn extensive 
study, how the :machine size could be reduced by vnrious 

options of the ring optics, or more precisely termed: lattice 
layout. In this context the length of atrnight sections, den- 
sity of focussing elements, edge nngles of dipoles, magnet 
apertures, valne of the transition energy etc. arc weighted 
against each other under the constraints of injection nnd 

extraction requirement. 

The GSI design, as given in Fig. 1 nnd Tnble I, is not 
just a scaling-up from protons to neon, i.e. by R 2.5 times 

larger beam stiffness, but contnins new elements: single 

Prtrticulnr attention has been given to the beam cxtrnc- 
tion pcrformnnce, becnuse nt the SIS, low extrnction effi- 
ciency nnd poor time structure of the extcrnnl bcnm was 
found initially. In order to nvoid the delicntc resonnnt cx- 
traction scheme, stripping extraction of partially stripped 
circulating ions was studied, but it was given up bccnuse 
of the increnscd ring size nnd R much more complicated 
vncuum system. In fact, most of the shortcomings of the 
rcaonnnt extrnction, i.e. the enhnnced stability require- 

ments for power supplies, would hRve persisted even for 

stripping ejection. 

In view of the encouraging experience at SIS over the 
lnst two ycnrs the third order resonnnce extraction WBS sc- 

lected for the medicnl synchrotron BS well. However, the 



Table 1: Selected Psram 
Particle Species 

Final Energy 
Energy Definition 
Beam Int. in lO*pps 

Repetition Rnte 

Beam Burst 

Beam Emittance norm. 

Beam rigid. B,p 

Injection 
Extraction 
Ring size 
Lattice periodicity 

Straight se’ctions 
Magnets: 

Aperture 

Vacuum 
RF 

‘rs of the GSI Design Stud, 

p,He,C,O,Ne 
var. 60-480 McV/u 
- 0.3 % 
Hc:9.6, C:4.2, 
N:3.7, 0:2.0, Ne:l.o 

1 Hz 
var., typic. 400 ms 

vert. 0.5~ mm mrad 

hor. 0.1~ mm mrad 
max. 7 T.m 
single turn at 3 MeV/u 
slow (l/3 integer reson.) 
squared 17 x 17 m 
4 focussing doublets 

2.9 m 

12 dip. 2.7 m long, 

B ,nae 1.4 T 
8 quad. 0.46 m long 
1 sextupo1e 
dipoles: 40 x 80 mm 

quad.: 100 mm diam. 

lo-‘mb, not b&able 

first harmonic 

0.44-4.13 MHz 
1 cavity 0.85 kV 

structure of the external beam must be much cleaner and 
repeatable for a medical synchrotron associated with a ma- 
gnetic scanning beam delivery, compared to the tolerance 
of nuclear physics tnrgeting. This was not emphnsized in 
the enrlier proposals, perhaps because a final decision on 
the tumor conform beam delivery wns never included. 

Presently 1% development program is underway at GSI, 

aiming for an extracted beam pulse of rectangular time 
shape, with steep leading and trniling edges nnd a flat top 

level regulated in the range of a few percent. The technical 

measures for reaching these properties nllow, at the same 
time, any fast turn-off of the external benm for ending a 
scan pattern or for other interlock purposes. 

If the desired pulse shape is not renched nnd the ordinary 
bell-shaped time structure with fluctuating height must be 

accepted, the problem is trnnsferrcd to the renlisntion of 

a much wider dynamical range of the speed control in the 
rasterscan electronics. 

4 REFERENCES 

[l] C.S.Muir et al, The Burden of Cancer in Europe. 
Eur.J.Cancer Vo1.20, No.11/12, 1090, p.111 

[2] V.T. de Vita, Progress in Cancer Management, Cancer, 
51, 1983, p. 2401 

[J] J.M.Slater et al. An Integrated Hospital-Based Facility 
for Proton Beam Therapy. Proc. NIRS Int.Workshop 
on Heavy Charged Particles. NIRS-M-81, Chiba, Japan, 
1991, p.82 

[4] C.A. Tobials et al. Radiological Basis for Heavy Ion The- 
rapy in Treatment of Radioresistant Cancers. 
M.Abe, K.Sakamdo, T.I.Philips, Editors, Elsevier/Nocth, 
Holland, Biomedical Press, 1978 

[a] Y.Hirao, HIMAC Project at NIRS, 2nd. EPAC, Nice, June 
1980, p.280 
K.Sato, HIMAC Project Status, NIRS-M-81. Nat. Inst. 
Rad. Sci. Chiba, 1991, p.23 

[6] Y.Yongen, Development of a Low-Cost Compact Cyclo- 
tron System for Proton Therapy, Proc.Int.Workshop on 
Heavy Charged Particle Theray, NIRS-Mel, NIRS, Chiba, 
1991, p.lBQ 

[7] H.Blosser et al. Prelim.Dcsign Study Exploring Building 
Features Required lor a Proton Therapy Facility. MSUCL- 
760 a. Michigan State University, March 1991 

[8] K.Endo et al. Smaller Sychrotron Design for Proton Thc- 
rapy, 2nd EPAC, Nice, 1990, p.1784 

[9) Biophysics Group, GSI. Design, Construction and First 
Experiments of a Magnetic Scanning System for Therapy. 
GSI-91-18 Report, June 1091 

[lo] D.B6hne, Biomedical Activities at the SIS. Proc. In- 

tern.Workshop on Heavy Charged Particle Therapy, 
NIRS-M-81, Nat.Inst.Rd.Sci, Chiba, 1991, p.222 

[ll] D.BBhne, The Performance of SIS and Developments at 
GSI. 2nd EPAC, Nice 1980, p.18 

[12] R.Geller, The Upgrading of the Multiply Charged Heavy 
Ion Source, MINIMAFIOS, Nucl.Instr. and Meth. in Phys. 
Res. A 243(1980), p.244 

[13] I.Antaya, ECRIS for Highly Charged Ions. Int. Ion Source 
Conf. Bensheim, Sept. 1991 to be published in Rev. of Sci. 
Instrum. 1992 

[14] A.Schcmp. Recent Progress in RFQs. Proc. of the 1080 
LINAC, Newport News, CEBAF 89.001(1989), p.460 

[15] U.Ratzinger, The IH-Structure and its Capability to Ac- 
celerate High Current Beams. PAC, San Francisco. Mai 
1881. To be published in IEEE Series NS 1992 

[ltl] Dedicated Medical Inn Accelerator Design Study, LBL- 
7230, 1077. 
R.A. Gough et al. Design of a Dedicated Heavy Ion Accele- 
rator for Radiothcrapie, IEEE, NS-30, No.4. 1883, p.3067 

[17] The Heavy Ion Medical Accelerator. Final Design Sum- 
mary. LBL PUB-5122, June 1984 

[la] R.A.Gough, Medical Heavy Ion Accelerator Proposal, 
IEEE NS-32, No.5, 1985, p. 3282 
R.A.Gough, The Light Ion Biomedical Research Accelera- 
tor LIBRA, LBL-220132, 1086, p.177 

(lQ] Maria Design Symposium, Vol.111. Med.Acc.Res.Inst. in 
Alberta, Edmonton, Canada. 

(201 P.Mandrillon et al. Progress of the Feasibility Studies of 
the European Light Ion Medical Accelerator, 2nd EPAC, 
Nice 1990, p.1790 

[21] G.Cesari et al. Feasibility Study of a Synchrotron for EU- 
LIMA, CERN/PS/Ol-08(Di)l901 



221 

APPENDIX 

Ught Ion Modknt Accolemtof Pmpoulr 

lsq173 191)7[18] ls8o[l9] 1987[5] *@NW lwl[Zl] 
LBL LBL EULIMA EUUMA 

LBL-Artzona H.I.Medic.Acc. LIBRA MARIA HIMAC Cyclotron Synchrotron 

He He P IO” tie. 10’0 
C 6.10’ Si 2-log NC. 3.4.10’ 0 5,101’ 0 I.100 

Si 3.107 Ne Ar IO’ Ar 2.7.10’ Na 5.10” 

250 
415 28cm 30cm 500 38cm 35cm 30cm 400 400 22cm 

800 1000 800 
: n r . 

4 ErmoYI-lng slow slow slow blow 
pulse to pulse pulse to pulse? (5min) not included pulse to pub 

t 

scattering Scattering 
5 hum @wadudng Raster Scan Raster Scan ? Raster Scan Raster Scan 

Wobler Wobler Wobler 

6 7mabnmtRoom* 3 6 
6 4 4 3 2 

vuaed Beam8 3 1 2 1 up 8 down 2 1 1 

Red. Physics Rad. Physics Nuclear Sci Physics 
7 athuPwuo.0 none Biology Chemists Atom. Phys. end Biomsd. none 

Legend to Table II 
1. Short term of proposal title and year of publication. 

2. Design particles and beam intensities of the nccelera- 
tor in particles per second. 

3. Maximum energy for the particles of line 2 and pene- 
tration depth in tissue. 

4. Comment on energy variability. Slow means from 
treatment to treatment, pulse to pulse means that the 
dose monitor of the rnstcr scan determines the next 

energy step in increments of abont 3%, but not faster 
thnn from cycle to cycle. 

6. Beam broadening indicates how the beam covers a 
target area of about 15x15 cm. The traditional mc- 
thod is scattering, the most advanced is the raster 

scanning. 

6. The first line gives the number of treatment rooms 

with horizontal beams, the second line gives the num- 
ber of those rooms, which have a vertical beam, as 

well. 

7. Other purpose means, whether research and npplica- 

tion fields,, other than cancer therapy, have been con- 

sidered in the pnrnmeter table and fncility lay-out. 

8. This line denotes the accelerntor type which was cho- 
sell finally. 

9. Indications arc given, which other accelerntor types 
have also been studied as alternatives to the final 

choice. 

10. Bending power of the dipole mngnets. 

11 t Gcomctricnl machine diameter. 

12. Repetition rntc is the number of beam bursts per se- 

cond. 

13. Type of ion source nnd charge state extracted from 

the source. PIG means the classical Penning source. 
ECR means the modern Electron Cyclotron Reeo- 

nancc source. 

14. The trnditional synchrotron injector is the Alvarez 

structure. Modern injectors definitively include n ra- 
dio Frequency Qundrupolc structure in front of an 
Alvarez structure or, more recently, an Interdigital 

H-Type structure. 

15. Cost figures arc vague in a sense thnt only a lengthy 
tabulntion can give evidence about what is included. 

For References, see end of mnin paper. 


