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Abstract 2 DYNAMIC CONTROL OF PENCIL

_ o _ . BEAM
Pencil Beam Scanning is a dynamic beam delivery system
developed for proton therapy. The radiation field necesTo reach a uniform dose distribution within the tumor vol-
sary to reach in a fast and robust way a prescribed 3D doséne, the 3D tumor is divided into several 2D layers or-
distribution is obtained by accurately controlling both thethogonal to the beam axis. The irradiation of each layer
extraction of the beam from a 235 MeV accelerator and this associated to a specific energy of the beam, calculated
motion of the beam spot thanks to scanning magnets. Th#!ch as to adjust the position of the Bragg peak to the axial
paper focuses on the trajectory planning aspect of this coposition of the layer. When irradiating a specific layer, the
trol problem, i.e. the calculation of the desired time evolayers located upstream are also irradiated and receive part
lution of the beam current and scanning magnets Vo|tagé§ their dose. It results that the dose to be delivered in a

to reach a desired profile in minimum time while satisfyingParticular layer is no longer uniform (excepted for the most
the actuator constraints. downstream layer). In upstream layers, the target dose pro-

file exhibits high gradients and amplitude variations that
can reach a ratio of 1 to 10.

1 INTRODUCTION Acpyrate trgcklng. of the prescrlbeq 2D dose prof]le ina
specific layer is achieved by controlling the spot trajectory

Proton therapy designates irradiation by protons for th(§-."’]dtth?3 be_arg:l intensity, which involves the following three
treatment of cancers and related diseases. The medi¢Q"" o' Varabies:

advantage of protons over the more conventional use of ¢ The beam currenf, is a normalized variable with
photons or electrons has long been recognized due to the  range|0, Imax] reflecting thed — 100% utilization

excellent physical properties of protons for dose localiza-  of the available beam flux in a given layer.
tion. But the developments of proton therapy have also long

been hampered by the technological challenges of produc-* The horizontal componefit, and the vertical compo-
ing very high energy beams (over 200 MeV) and reliable ~ nentV,, of the spot velocity.

beam delivery systems. The control algorithm can be decomposed into three dis-

Several proton beam delivery systems are currently dginct components: the reference generator, the inner loops,
veloped at lon Beam Applications S.Rassive systems gnd the outer loops.
are designed to produce large flat fields (20 cm and abOVe)Thereferencegenerator is a central component of the al-
from the well-focused beam spot (a few mm diameter) exyorithm. Its task is to precalculate the desired time history
tracted from the accelerator. The dose field is then shap?gr time trajectory) of each control variable over a given
to the tumor profile by means of various hardware compaime horizon in order to reach the target dose profile. The
nents (collimator, aperture, compensator). In contrast, thput of the reference generator is a two-dimensional dose
Pencil Beam Scanning system discussed in this paperfig|d p,(r) that specifies the amount of charged particules
an active beam delivery system aimed at directly controlg pe delivered at each point= (z,y) of the considered
ling the trajectories of the beam spot and the beam intensifyyer. In our theoretical analysis, we trdt(r) as a scalar
such as to accurately ‘paint’ the prescribed 3D tumor profie|d. In practice, the target dose is given in the form of a
file. The overall beam delivery system design is simplifiegjiscretized 2D dose matrix. The output of the reference
but requires performant actuation and sophisticated contrgknerator is a set of reference trajectories for the pencil
algorithms. velocity and beam intensity over the time intery@7].

For a further explanation of the IBA Pencil Beam ScanMathematically, the reference generator is an inverse of the
ning concept, the reader is referred to the companion papdose model that calculates the delivered dose from the spot
[1]. The present paper focuses on the control algorithrtrajectories and the beam intensity.
needed to translate a 3D prescribed dose distribution into Theinner loops of the control algorithm produce the ref-
dynamic commands for the spot displacement and beaarence trajectories by means of physically controlled quan-
intensity. tities: the beam current is regulated with a time constant
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of about50us and a settling time below00Ous. The con- variables between the time varialiland the spatial vari-
trol of magnet voltages by 8kHz PWM amplifiers makes itables. We use this change of variables to convert the time
possible to regulate the spot velocity with a time constaritegration of the dose mode??) into a path integration
of about300us and a settling time of abo@00us. The alongv(s), which yields
slow magnet is ten time slower than the fast magnet, giving
a velocity rangey,, of £2000¢m /s and a velocity range, D(r,T) = /L i(s) o (— 7 —~(s) ||?
of £200cm/s. SRR o2

The outer loops are correction loops that will compen-
sate for the model uncertainties and external disturbanceBhe quantitieg,(s), |v(s)|, and the ratid(s) = \TI|(S) can
Reliable outer loops are crucial for the safety of the Perbe thought of as the three independent control variables of
cil Beam Scanning control algorithm but they are not disthe model. The first control (velocity directian,(s)) de-
cussed in the present paper. The reference generator is teemines the geometric path that will be described by the
feedforward (or open-loop) part of the algorithm. The in-pencil as time evolves frori to 7". The second control
ner and outer loops are the feedback (or closed-loop) partdose densityi(s)) then determines the dose field by the
of the algorithm. The separation of the feedback loops inteonvolution operation (2). Finally, the third control (ve-
inner and outer loops rests on a time-scale separation lsicity norm|uv(s)|) determines the speed at which the spot
their respective action. Typically, the time scale of the indescribes its path.
ner loops must be fast with respect to the time-scale of the

reference generator, while the time-scale of the outerloops 4 PATH PLANNING ALGORITHM

will be slower (quasi steady-state corrections).

Js  (2)

4.1 Basics

3 REFERENCE GENERATOR In accordance with the spatial reparametrization of the dose
Let the variableD(r,¢), called the “dose”, denote the model, it is advisable to design the reference generator as

amount of charged particles (protons) accumulated &0 @utonomous dynamical system, thatis, a 'feedback rule’

time ¢ at pointr = (z,y) of the irradiated plane that specifies the rate of change of the control variables not
- b . . . . .

The reference generator must precalculate the time hi@S & function of time but as a function of the current posi-

tory (or reference trajectories) for the controlled variable&©on of the pen?il beam. For instance, one will prefer the
(0o (t), vy (), I, (t)) over a time horizo0, T] in order to feedback rule 'invert the sign of velocity when reaching

reach a certain dose field.(r) = D(r, T). The instanta- the next edge of the target profile’ to the open-loop rule

neous rate change or time derivativelfr, ¢) is the prod- INvert the sign of velocity at time¢ = 3ms’. The al-
uct of two variables: the beam flux, proportional to thegorithmic construction of the reference generator can thus

beam currenf,, and a 2D gaussian profile centered at th€ rephrased as follows: given a dose fifld(r), design
pencil positionk = (X,Y’), to model the beam spread-outthe corresponding feedback rule such that proper initial-
(the value ofs depenés on the spot size, typically a feyiZation of the generator produces the desired trajectories.

millimeters). This leads to the following dose model: 1€ feedback rule consists of a unitary vector fiedr)

(that will dictate the geometric path of the pencil), a veloc-
{ P = D) _ I, (t) exp(— ||r_f2(t)||2) ity scalar field|v(r)| (that will dictate the speed at which

(1)  the path is followed), and a beam current scalar figid)

de
(that will determine the dose density scalar field through

R:% = o(t)
the ratio%).

To compute the currerdt, and the velocity that will pro-

duce the desired targéd(r, T'), the dynamic relationship dularitv.  The algorithmi lexity of the ref
(1) must be inverted. Reference trajectories that achieve tlj'}@0 wlarity. - The aigoriinmic compliexity of the reterence
enerator will clearly raise with the required performance

desired objective are of course not unique. But they muét : . -
satisfy a number of constraints arising from the inner Ioop§e'g' measured 'by the total dehvery t|me.and the precision
that generate them and from various safety, robustness, Gdose Iogallzatlon. A rnodulgr des'g’ﬁ will makg It POSSI-
performance considerations. Among the reference traje le to provide the algorithm with additional functionalities

tories that satisfy these constraints, the optimal referenﬁes they are tested and experimentally validated. The most

trajectories will be those that minimize the time horiZbn asic '.“”Od‘:'e of tthe ﬁlgor|thm (\;V'”.;?Es'St of a(ljlnle tt_)y line h
required for the complete dose delivery. scanning at constant low speed with beam modulation suc

The crucial step of the path planning is the selection of> to follow the densny fiel Tk Add'|t|onal modulles will

a geometric path for the spot. This geometric path of to[nclude speed mpdulaﬂon along a given geometric path and
tal length L can be described by a one-parameter curvgraCkIng of special contours.

v :[0,L] = IR? : s — ~(s). Denoting bylv| the norm of .

v and bye, the unitary vector?;, we obtain that the slope 4.2 Path selection

‘;—Z = e, determines the velocity direction along the pathThe selection of a geometric path is equivalent to the pre-

while the relationshipls = |v(t)|dt induces a change of scription of the vector fiel@&,(r). Line by line scanning

2534 Proceedings of EPAC 2000, Vienna, Austria



limited to the 2D dose envelope is the most simple and thalong the path. This velocity variation along the path can
most generic geometric path to be included in the referenaasily reach a factor of 1 to 10 and requires good synchro-
generator. It can be used for arbitrarily complicated dosaization between the current and velocity control loops.
targets and is implemented through very simple feedback
rules. It is also the most favorable path with respect to the 5 EXPERIMENTAL RESULTS
velocity constraints since it can be followed at the speed
of the fast magnet, which is ten times faster than the slof first version of the control algorithm has been tested ex-
magnet. perimentally at lon Beam Applications. The target dose
In layers that exhibit high dose gradients, it is advisablécalar fieldD.(r) is encoded as an 8-bits (256 colors) im-
to track isodose contours prior to the line-by-line scanning2ge- Deconvolution (with suitable filtering) is applied to
Contour sweeping is of course tumor dependent and coff1is matrix to generate the density scalar fié(d). Line-
siderably slower than line by line scanning because of th@y-line scanning limited to the target envelope is then pro-
constraint on the slow magnet. But it makes it possibléluced by the reference generator. In this first implementa-
to obtain smoother contours and to achieve accurate trackon, each line is swept at a constant speed, so that tracking
ing of high dose gradients. After the preliminary contourof the dose gradients is accomplished by modulation of the
sweeping, fast line-by-line scanning can be used to confeam current only. The velocity is limited to 500 cm/sec
plete the irradiation of the layer. If a line-by-line scanning(1/4 of the maximal speed) to reduce the tracking error due
is used directly, the fast scan must be slowed down (by # the time constant of the beam current inner loop. Radio-
factor of ~ 10) at each crossing of the high dose regiongraphic films are used as a dosimetric support to evaluate
Contour sweeping thus not only results in improved conthe dose conformity. Several experimental results are illus-

tour smoothness but may also contribute to make the alggated in the companion paper [1], showing excellent quali-
rithm faster. tative conformity between the prescribed and the measured

dose profile.
4.3 Deconvolution

. . : 6 CONCLUSIONS

The relationship (2) between the delivered ddsge:, T')
and the density field(r) is a consequence of the beamPencil Beam Scanning is a promising dynamic delivery
spread-out. In the case of a one-dimensional dose profilgystem to be used in proton therapy. The 3D irradiation
the resulting dose is the true (1D) convolutiors¢f) with  is decomposed in a sequence of planar irradiations by ad-
a gaussian. In the case of a two-dimensional dose profilgisting the position of the Bragg peak. In each layer, active
the relationship betweeR andé depends on the selected control of the spot trajectory and of the beam current mod-
path. However, we assume that the path is selected in suglation makes it possible to reach an arbitrary dose profile.
away that (2) can be approximated by a true (2D) convoluFhe main part of the control algorithm is a reference gener-
tion. In the case of line-by-line scanning, this for instancetor for the spot velocities and for the beam current. The of-
imposes to choose the interline spacing such as to optimi#éne calculation of these reference trajectories is based on a
the superposition effect of adjacent gaussians. dynamic inversion of the dose model subject to the actuator

The density fields(r) is thus obtained by deconvolution constraints. Preliminary experimental results demonstrate
of the target profileD .. (r). This deconvolution operation is the feasability of the proposed approach.
important not only to ensure a sharp fall-off of the dose out-
side the tumor envelope but also because upstream layers REFERENCES
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The scalar field(r) fixes the ratiof to be followed along June 2000.

the selected geometric path. Neglecting the inner loops that
regulate the control variablgg and|v|, that is, assuming
that the beam current and the spot velocities are the phys-
ical control variables, the calculation @f and |v| from
the scalar fieldi(r) and the vector field,(r) is the so-
lution of a static (pointwise) optimization problem: at any
pointr = (z,y), maximizelv(r)| under the amplitude con-
straints on the maximal velocity and the maximal current.
The dynamics of the inner loops put limitations on the
above optimal velocity and beam current fields. The time
constant associated to the beam current regulation imposes
to slow down when sharp dose gradients are encountered
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