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EULIMA BEAM DELIVERY 
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Abstract -- 

The stopping light ion beam must De scanned through the tumour 
in three dimensions, laterally and in range, Range changing with a fixed 
energy cyclotron implies a degrader. Thr optimum beam condition at the 
degrader is calculated, and it is shown that the increase in phase space 
by multiple scattering is acceptahlc. Range straggling and projectihle 
fragmentation are also tolerable. 

In contrast to conventional radiotherapy (x-rays, cobalt) the 
light ion beam from EULIMA and similar machines can be exactly 
localized, laterally to i 1.5 mm, and in range to 5 mm. This allows the 
tumour to bt treated prec~scly by scanning in three dimensions over a 
designated volume of arbitrary shape. The beam delivery system must 
accomplish this reliably and safely at reasonable cost. 

a) This requires lateral (x-y) deflc&on by d fast magnc~l 
b) Variable range 
c) Variable exposure time to achicvc a umf~mn biologically eifectivc 

dose, sfc Fig 1. 
d) I’osition sensitive monitors 
e) Rapid switch off in case of malfunction 
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Fig. 1 3 D Conformal Therapy 

Fig 1 shows a typical treatment plan. By adjusting the range, the 
Bragg curve is placed successively at various depths. Each depth slice is 
scanned in the x-y plane over the tumour cross-section at that depth; 
Note that when distal slice A is treated, the centre of central slice B 
will recc’~ve some dose. Thrs must be compcnsatcd when slice B is 
treated, by givtng more dose at the &gcs than at the centrc. Therefore in 
grneral each slice requires a carefully computed n?n-unif(?m. dose 

In any scanning system tissue movcmcnt is a problem. An 
unfortunate correlation between movement and scanning period could 
cause part of the system to be overdosed while other parts receive 
nothing. Internal organs move cyclically in synchronisation with 
breathing and heart beat. Synchronizing the beam with respiration is 
one possibility 111, and the pulse could also lx included, implymg an 
accelerator with plenty of intensity to spare and good on/off control. T’hc 
altcmativc is to repeat the scan many times and hoF that unforeseen 
correlations will cancel out. Hope is a virtue, but we prefer not to drpnd 

up” it when lives arc at stdke. 

The scanning dc~~si the x-y plinth m,ly bc either c‘antlnuoLi5 
(called “raster scan”) or mtcrmittent (called “pixel scan”), 

Pixel scan 

The target pldnc is treated at J triangular mesh of Ix)ints, f:lg 2, 

with spacing p, and a Gaussian beam spot of standard deviation CI. 
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Fig. 2 Pixel Scanning 

If CJ t 0.5 p the dose is uniform to 1.2 %. The edge dcfimtion depends on o 
and is shown in Fig 2 for u = 2.5 mm, p = 5 mm. This is good enough to 
delineate a cross-section of arbitrary shape by choosing which pixels to 
treat. The procedure would be as follows : beam off-move spot to pixel - 
beam on until desired dose is reach& repeat for next pixel. 

We see the following advantages for the pixel scan 
- flexible shape in each plane 
- each pixel is dosed separately giving flexible dose distribution 
- no collimators 
- no beam when spot is moving 

- no error from magnet rise time or transient oscillations 
- no error from beam intensity fluctuations 

conceptually simple computer control 
-good smlrity 

An essential technical prerqusite is a means of switching the 
tr%.lrn on and off. With a cyclotron this can bc dnnc at low energy in thtl 
inlrctlon line, hecause the particles only spend Ml )IS inside the machine 
and the txam loading is negligible. However with a synchrotron using 
resonant ejection to get a long burst it takes several milliseconds to cut 
the beam; therefore a fast beam switch needs to be included m the 
transport system, and this is expensive. 

The time available per pixel is determined by the desired 
maximum treatment time (5 mn), the number of pixels (l(fl for a onp litrt, 
turnour), and the number of times one scans the tumour in each session 
(say 10). This gives 3 ms per pixel, to include spot settling time, on/off 
srvitching and treatment. 
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Fig. 3 Raster Scanning 

With equally spaced paralled lines, spacing p, a Gaussian spot 
of standard deviation o gives a dose uniform to 2.83 % if o > 0.5 p. In 
principle a cross-s&ion of any shap can be delineated (Fig 3), but it 
requires the horizontal turning points to he correlated with vertical 
position and thrre will bc some overdose at the turning points where the 
spot velocity is less. In general the intensity can bc modulated by 
varying the spot velocity. Note that at Berkeley the raster scan gives a 
rectangular field and collimators are used to drfine the exact turnour 
shape, so the turning points are screened. 

The main advantage of the raster scan is that no on/off switch is 
nwdtxi in the beam. It requires : 

-a steady beam 
- prcxisc control of scan velocity 
- fdst magnrt rcsponsc with no undt~iirahlc tr,tnsicntz 

Disadvantages ar? : 

-probable overdose at turning points or collimator needed 
rapid beam tluctuations cannot bc compcnsatcti 
faster magnet rcsponsc will be needed and this means more power 

ScanninE in ranzc 

Typically the depth required in tissue is 5 cm (min) to 20 cm 
(max). (Shallower tumours could be treated by low energy proton 
machines). The corresponding particle energies for carbon arc 140-340, 
and for oxygen 170-420 MeV/nucleon. With a synchrotron there is no 
problem in varying the extraction energy. A cyclotron howcvtr has a 
fixed extraction energy, so it will be ncccssary to reduce the energy by 
passing the beam through a slab of matter (called the degrader) of 
variable thickness. However the degrader has several undesirable 
cffcuts which must be analyscd 

a) mcrcase of the beam phase space by multiple scattering 
h) increase of the momentum spread by cncrgy straggling 
CI fragmentation of the mcommg particle, giving lighter ions of 

roughly the same vrlocity with a long” range in the patlcnt 

Multiple scatter& 

At any p<>int along the beam ,rxis we assume that in the 
horizontal phase space dcfincvi by 

x=rj 
the distribution of particles is Gaussian, with the one standard 
deviation contour dcfincd by the rllipsr 

The symmetric matrix 

Then specifies the beam shape and arca, and is transform4 arcording to 

d=R~ii (3) 

where R is the usual transpc>rt matrix (3!. Thr overall variance of the 
distribution in Ihe Sdircctlon is Ve = 022. 

We consider how the matrix o is changed by a degrader of finite 
thickness t, adding the effects of multiple scattering in each larger dt to 
the effect to the drift distance dt. For drift alone 

(4) 

For scattering alone 

du,ddt = dek, = K(t) (5) 
with K(t) = 200 Z2/A2 p2 p* X,, (h! 
for a projectile of charge Z, mass A velocity PC, and momentum p in 
MeV/c, in a degrader of radiation lcnght X0. K varies with t trcause p 
and pare changing. Adding (4) and (5) gives the total change in (T, 

dJdt = (7) 

For ‘L degrader of tutal thickness t, ( 7 ! cdl> tx- intfj;ratcd term bj 
term to give at the output 

Qut = ado + os (81 

where udo is the matrix cxpcctcd at the end of the degrader due to the 
drift distanrr Q& and the effect of the scattering is entirely included in 

(9) 

with 

A(t) = 
I 

t 
Kdt, B = 

0 I 

t 
Adt, and C = 2 tBdt 

Q I Q (IO) 
Note that os is independent of the phase space of the incoming beam, 
and depends only on the properties of the degrader, plus the beam 
momentum. In general the beam emittance, that is the area of the 
ellipse in phase space is 

IC = nvQx3-m 

The emittance is not changed by dnft dlstancr only so the input 
beam emittancc is givrn by 

2 
% = det Co,,) 

In (8) WC now vary the cl\mponcnts of “dv kcvping thr C~IIJTICC fixed, to 
find the condition for minimum cmittancc rout at the output with 
scattcrmg included 0nc finds for the optimum heam, 

Uj, = tEin/Es) US (II) 
whcrc 

Es2 = AC- B2 (12) 

That is the components of the unscattrred beam must be proportional to 
& comuonents~..~ os , with magnitudes adjusted to give the correct 
determinant. Substituting in (81, one finds in this cast, for the output 
emittancc including scattering 

c*d = tin + ‘v (13) 
In summary, if the shape of the input beam is optimized the 

increase in emittance due to the degrader is es ; this is only a function of 
the degrader characteristics and adds linearly to the input emittancr 

The integrals in equation (10) have been evaluated for various 
materials, slowing down a beam from 20 cm range in water to 5 cm range. 
The results are given in Tahle 1 for beams of fully stripped carbon. 
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Table 1 
Dqradrr paramctcrs for C I2 beam slowing down from 20 cm rangein- 

tissue to 5 cm 

The densrty of the degrader 1s significant, as well as the 
thickness in radiation lengths, and for this reason boron carbide turns out 
to be the best material. (Diamond would be even better, but is not 
avariable in the rrquircd thickness). The output cmittance of ?.ffi mm. 
mrad (one standard deviation) for B4C is encouraging. However the one 
standard deviation ellipses, in horizontal and vertical planes together, 
only contain 16 % of the particles. To pass 40% of the particles we must 
double the rmittance in both plnne~ to 4 mm.mrad, which is comparable> 
to synchrotron output beams with no degrader. As the cyclotron has 
plenty of intensity to spare WC can sacriflcc the rest of the beam and still 
have more particles. 

One concludes that multiple scattering in the degrader is not an 
impedlmcnt for a light ion cyclotron. 

Ener~v strati 

For a thin layer with a projectile of charge 2, velocity PC , in a 
target of charge i!T, the variance V in energy increases as 

dV/dt = 4nne~Z2Z,~l-~2/2~/~1- p*) (14) 
where n is the number of target atoms per cm3. Projecting to the end ol 
the degrader and integrating, thr final variance IS 

v = /I,{ $.,,$$’ gdt (15) 

Degrading a cartwn ion beam from i0 cm range in water to 5 cm range 
gives dp/p = 0.5 %. If non-dispersive bends arc used this should not be a 
problem for the tvam optics 

It is intended to place the degrader close lo the cyclotron, so that 
fragments with the wrong magnetic rigidity will be lost in the bending 
magnets. As frngmcnts in general have the same vcloci~y as the 
incoming projectile, only those with the same Z/A as the projectile ncvvi 
be considered. Light fragments of the same Z/A have much smaller 
dE/du and longer range. Therefore only the fragments produced in the 
final layers of the degrader will have the same rigidity as the main 
beam 

Partial cross-sections for carbon and oxygen beams of 2.1 &V/n in 
a beryllium target for deutcron production are 329 and 417 nb 
rcspcctivcly ; for helium production 38.1 and 501 nb. At 400 Mrv/n the 
cross-sections will be smaller Other fragments arc much less probable. 
For oxygen penetrating 10 cm of beryllium one finds that d* + He4 
together arc 10 %a of the beam ; hut allowing for the diffcrrnt dE/drc w(’ 
crprct only about 1% of the ham to have the correct rigidity. 

Therefore fragmentation does not stem to be a serious problem 

provided that a momentum selection i< made after the dcgradrr. 

&!an\ layout 

A preliminary drawing of thr ECIt.IM.4 hram dclivc~ sy~trm I\ 
given in Fig 4. Initially there will be one vertical and one horizontal 
beam, both with scanners. Further beams can he addcxi as indicated. 
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Fig. 4 Typical beam layout 


