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Abstract

A fast system for raster scanning of a 250 MeV beam is described. The
_system provides the active formation of a dose field with dimensions up to
40 x 40 cm? with a rate of 1000 lines and 10 shots per second. The principal
feature of the system is that its construction is based on the key components —
thyristors. This removes the limitations on the commutated power, gives a
possibility to increase the frequency of the scanning and makes the system
more reliable.
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1 Introduction

The development of active methods of the dose field formation is one of the
most urgent problems for the proton therapy instrumentation. The choice of -
the dose field formation method and the beam delivery sysiem parameters
depend strongly on the type of accelerator — the proton source and on the
beam parameters — its time structure and intensity.

In the methods currently developed for the passive forrnatlon of dose
fields the uniform distribution of a dose in the tumor is achieved by the
beam scattering and the limitation of irradiated area with the diaphragms
shaped according to the tumor shape providing thereby the conform irradia-
tion. The advantage of this method is its independence of the time structure
of a beam. However, in the simplest case with the use of one scatterer, the
necessity to have a uniform dose distribution with £2.5% enables one to use
only a small fraction (~ 5%) of the total intensity cutting it at the maximum
of the Gaussian distribution of density. The low efficiency of the beam utiliza-
tion requires an increased intensity of accelerator and enlarges the radiation
background in the place of patient location. There are well developed meth-
ods for producing the flat-top on the particle density distribution curves with
the double scattering while the second scatterer of special shapes 1s locating
behind the first one. However, with the need to have a large irradiation
field (40 x 40 em?) its obtaining with scattering requires quite a long dis-
tance from the scatterer to patient. At the same time, with the use in the
hospital based dedicated proton facilities of the systems for beam rotation
around the patient (GANTRY), providing the irradiation from any direction,
the distance from GANTRY to patient is limited by the distance of ~ 2m.
In addition, in order to provide the conform irradiation the construction of
individually matched diaphragms or the use of the complex and expensive
dynamic collimator 1s needed.

The developed methods for active formation of the dose fields allows one
(with the two-coordinate scanning of a small size beam over the target area)
to use efficiently the beam and promptly form the dose field of any arbitrary
shape. With the simultaneous prompt variation of a beam energy there




“is a chance to avoid the use of the passive components like diaphragms,
compensators, Ridge filters, etc., and to provide the 3D-scanning of a beam
over the tumor volume. One of the versions of such a scanning is the raster
scanning. It is achieved with the use of two tandem-located magnets with
the mutually perpendicular magnetic fields, each supplied with the current
of a saw-like form. The period of ”saw” for the first magnet — call it magnet
of the line scanning — is essentially smaller than that for the second one -
magnet of the shot scanning. As a result, the rectangular raster with a large
number of lines within one shot is obtained. The third components of the
system is the chopper system designed boundary of a field corresponding to
the tumor shape inside the rectangular raster. For the time of scanning along
one line the chopper system can switch on/off the beam either once or more
~ times forming the region to be irradiated (Fig. 1). '
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Figure 1: The raster formation of the irradiation field. 1 - chopper
magnet; 2 - line scanning magnet; 3 - shot magnet.

During the operation with the time-continuous beam (from the cyclotron,
for example) the frequency of the line and shot scanning is not crucial and
it is determined by only the time and intensity of irradiation to be limited
desirably by the period within a minutes. With the use of a synchrotron as
a source of protons that enables one to promptly vary an energy from cycle
to cycle, the necessity appears to produce the slow, elongated beam with a
duty factor of the order of ~ 0.5.  In this case, one has to get the raster

scanning frequency such as to provide at least one shot for the time of one
cycle of the beam extraction and about 50 lines within one shot. The typical
operation run for the existing [1] and developed [2] "slow” synchrotrons is
the cycle frequency Seyer = 0.5+ 1 Hz at a time of extended beam extraction
tertr = 15, In this case, the system of raster scanning should provide the line
scanning frequency of a beam fi;,. = 50 Hz. The arrangement of such a slow
extraction from synchrotron cyclotron with small circumference ~ 20 m with
the requirement of high time uniformity of the extracted beam intensity is
quite a complex problem from the technical point of view. This problem could
be facilitated essentially with the reduction of the beam extraction time. In
addition, the mteniion reduce to the synchrotron pulse intensity retaining
the required mean intensity of a beam leads to consideration of possibilities
to enlarge the cycles frequency of accelerator operation up to a few Hz. So,
in the project [3] the cycle frequency fey = 2 Hz at the time of extraction of
tertr = 0.2s 1s envisaged; in the project [4] = foyor = 5 Hz at t.zy, = 0.07s. In
this case, the frequency of the line scanning should be of a few hundred Hz
that 1s apparently one of the substantial limitations existing for an increase
in the cycle frequency of synchrotron. '

One should note, that both at a slow extraction and even with continuous
beam the raise of the raster scanning frequency (the number of shots per time
unit) reduces the spatial nonuniformity of a dose density which is caused by
the time nonuniformity of the extracted beam.

In: the work presenied here the sysiem of a "fast” rasler scanning is de-
scribed. The system provides the frequency of the line scanning of fiin. = 1 kHz
(1000 lines per second) and the shot scanning frequency of fopos = 10Hz
(10 shots per second).

2 Main parameters of the system.

- With the distance from the scanning magnets to the patient of ~ 2 m, de-

termined by the radial dimension of a GANTRY, the requirement to provide
the irradiation field of 40 x 40¢m? leads to the necessity to have a beam de-
flection angle a = 40.1 rad in both directions. For the déflection of a proton
beam with energy of 250 M eV (730 M eV /c) at such an angle the field integral
in a magnet should be of H - [ = 2.43 x 10° Qersted - em. The magnet length
is also limited by the GANTRY radial dimension. So, if one takes it to be of
[ = 20 em the required sweep of a field should be of H = 41.22 x 10% Oersted.
If one has the vertical aperture of the first (along the beam path) magnet
for the line scanning of z = 1.6 em, its energy store with such a field will
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be W ~ 100.J. The second magnet (for the shot scanning) should have
larger aperture and energy store will be of W =~ 1kJ. Tor the develop-
ment of the raster scanning system with these parameters one of the main
problems is the creation of the pulse generators providing the power supply
for the inductive-resistive loads being the magnets with the linearly vary-
ing currents of the saw-like shape. Unlike the known methods for solving
this problem with the use of the powerful transistors operated in the linear
mode [5] the principal fealure of the generators for producing the saw-like
currents described below is their construction on the base of the key compo-
nents — thyristers. This removes the limilalions on the commutaied power,

gives a possibility to increase the frequency of the linear scanning and makes -

the system more reliable.

3 Generator of the line "saw”

The basic feature of the generator operation is supplying of the magnet with
bipolar meander of voltage with period much smaller than electrical time
constant 7 = L/R (where L and R are inductance and resistance of the
magnet), avoiding any active correction of voltage on tops of meander.

It’s easy to calculate for one slope of "saw” the relative deviation of the
current derivative from the constant one will be approximately :t:i"T/T where
T is the slope duration (the line duration in other terms). Time constant of
fast scanning magnet is 25 ms so to achieve the linearity of +2% the line
duration must to be < 1ms. With the energy store of the line scanning
magnet W ~ 100 J the required commutation power of a key is Py =
AW/T ~ 400 kW (with account of the transient processes the commutation
power of the key is doubled, at least and in this case, Poomm =~ 1 MW).

Fig. 2 shows the schematic diagrams with voltages epures and currents
of the generator for the linear ”"saw”. Structurally the generator is a full
thyristor’s bridge with a special circuits for switching off the thyristors. Here
the thyristors marked with the 'sign "+ serve for the generation of a ”saw”
of one polarity and "—" — for another polarity. Initial conditions : the load
current is equal to zero, capacitor C7 is charged up to —Ey (Ep is the D.C.
feeding voltage). After switching on of the thyristors 75" the load current
raises linearly. Simultaneously with T;" the thyristor T3 have been ”fired”
, and current through it and inductance Ly charges resonantly the capacitor
C{ up to 3Ey. After the load current has raised to specified value Iq,
the thyristor 75 is turning on, and the capacitor C]" begin to discharge on
the load. While the nearly linear discharging of Cf by the current Iq.. the
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Figure 2: Generator of the line scanning.
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Table 1: Parameters of the line scanning system.

_ Magnet parameters

Magnet aperture 4.x 1.6 cm?

Magnet length 20 cm

Field amplitude +12 kGs

Energy store 100 J

Inductance S 5

Resistance 198 %1020

Number of turns 19 :

Lamination thickness 70 yun

Magnet weight 150 kg
e Generator paramieters

D.C'. voltage 500 V

Max current 800 A -

Amplitude dynamic range 10

Line duration 1 ms

Nonlinearity +2%

Power cousumption < bW

at continuous mode

reverse voltage is applied to thyristors T1+' during f = ‘}IEng‘/me and while
the £ is more then switching off time of the thyristor TiF it switches off. A bit
earlier the moment when voltage on CJ achieves the value —FEy thyristors
Ty are fired and starts the process of linear drop of the load current with
the recuperation of stored energy from the magnet to the D.C. power supply.
Upon the current falls downto zero T, switches off. Then the other part of
the scheme begins to operate, and so on.

The proposed circuit has a big potential reserve associated with using a
more powerful thyristors then are recently implemented. Another field for
an optimization is the choice of an optimal geometry of the line scanning
magnet in order to improve the electrical time constant. The parameters of
prototype is recently produced are listed in Table 1.

4 Generator of shot ”saw”.

" It’s impossible to use for the construction of the shot ”saw” generator the
same scheme as that used for the line generator since :

e with the required duration of the shot scanning of dozens milliseconds
and more the construction of a magnet with such a time constant seems
to be unreal from technical point of view.

e the shot magnet has an energy store by an order of magnitude higher

than that of line scanning magnet since its aperture should allows to
pass the beam already deflected.

So an another scheme was developed. It consist of two symmetric parts,
each enables one to generate the unipolar current pulse with the linear leading
edge is using for scanning and relatively short “dead” trailing edge. There-
fore, the operation run is assumed either with irradiation of a "half-shot”
for one extraction cycle from accelerator or with switching beam off for the

time of pulse polarity change and with irradiation of two ”half-shots” for one
extraction cycle.
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Figure 3: Generator of the shot scanning.

For the generation of a shot “saw” the thyristor inverter is used which
transmits into a load a precise portion of energy each cycle [6]. The linear -




growth of a current in the shot magnet has been achieved by manipulation :::f
the inverter operation frequency according to a certain law. Nevertheless, in
the initial part of a "saw” the inverter can’t provides the required accuracy.
Therefore, for the formation of this initial part a way similar to that for the
line scanning 1s used.

The shot ”saw” generator scheme and plots of its currents and voltages

are shown in Fig. 3.

Table 2: Parameters of the shot scanning system.
Magnet parameters

Magnet aperture 6 x 8cm?
Magnet length 20 cm
Field amplitude 10 kG's
Energy store 1kJ
Inductance 0.3 H
Resistance 362
Number of turns 390
Lamination thickness 0.5mm
Magnet weight 150 kg

Generator parameters
D.C. voltage of source Ey 200V

Max current 82 A
Amplitude dynamic range 10
Leading edge duration 0.2s
Nonlinearity +0.5%
Power consumption < 10kW

at 2 H z repetition rate

The succession of the generator operation for positive polarity is the fol-
lowing : with firing of 77, T3t the load is connected to the source of voltage
E7 and there the current starts to rise linearly. At the time moment wh:en
the current goes over the accuracy tolerance the thymstor inverter starts its
operation. At first cycle of inverter one of the capacitances Cy charged to
voltage 2Eo while operation of one of the mnverter shoulders, captures the load
current by switching on another shoulder and the thyristors 180408 are off
with the inverse voltage equal to 2Ey— E;. The inverter continues operation,
transmitting to load portion of energy Wy = 2CpEZ each cycle.

When the load current achieves its maximum value, the inverter stops
the generation and at the moment of voltage drop on Cf down to zero the
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thyristor 757 is switched on. In this case, the inverse voltage of Ef occurs

on T7 and T, they are switched off and the load current is captured by the
circuit EJ, Cit. During the charge of capacitor C{ with the load current up

- to a voltage Ey + Fo the diode D3 is opened and the generation process of

the "saw” drop starts and also energy recuperation from the shot magnet into
the source Ej . The inverse voltage occurs on thyristor 75" and it is switched
off. The generation of a "saw” of another sign proceeds in symmetric way.

According to this scheme there is a possibility to generate the shot ”saws”
with the duration ranging from tens milliseconds to a few seconds. The test
results of the prototype for the shot magnet and generator in the mode of
"saw” generation of 0.2 s duration are represented in Table 2.

rl

5 Chopper-system.

The component necessary for the system of raster scanning is the ”chopper”
system providing the prompt switch on/off of a beam on the boundary of
the irradiated area. This is a magnet with small aperture (A4, = 2cm, A, =
1.5 ¢m) and the O-shape magnet core made of ferrite. The proton beam with
an energy of up to Ep,4» = 250 M eV passing through the magnet is deflected
at an angle @ = 0.0l rad and at a distance of 1.5m displacing by 1.5¢cm
is thrown beyond the diaphragm. For the deflection at such an angle the
required field integral is H -1 = 2.43 x 10* Oersted - em. In order to reduce
the magnet energy store its length is chosen to be | = 70 en, so, that the
magnetic field should be H = 340 Oersted and an energy store is W = 0.1 J.
The magnet consists of 5 identical sections of 14 em length. Each section

“has a 8-turn winding and it is supplied with a current I = 50 A from the

special generator; the voltage of each magnet does not exceed V = 500 V.
The magnets are power supplied with current pulses with the leading and
trailing edges of 1 = 3 s duration. The minimal duration of flat top is 30 us,
maximal one is not restricted. With the scanning line length of 40 em such
fronts of pulses enables to form the boundary of the irradiated region with
accuracy ~ 1 mm. |

Fig. 4 shows the schematic diagram of the pulse generator designed for
the ”chopper” system. The succession of generator operation is the following;:
upon switching on the thyristor T the capacitor Cy charging up to voltage
E) discharged to magnet. In this case, the leading front of a pulse with a
time 7 = 7/2y/L,,C is formed. At the moment when the current reaches
its amplitude value [,,,, by switching on the transistor Vs on the load the
voltage of source E» with subtraction the voltage drop on the open diode D;
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Figure 4: Chopper generator.

is fixed. It freeze current in chopper because the value of E, is chosen to
obey equation Es = I, R, where R, is an active resistance of the magnet
winding. In this case, the thyristor T} is switched off. The pulse trailing edge
is generated during the switching off the transistor Va, in this case the stored
energy from magnet transmits through the opened diode D to capacitance
(3, whose nominal is equal to Cj, and further dissipates in the resistance
R5. Simultaneously with switching off the’ transistor Va the tramsistor Vi
is switched on and the capacitance C is charged from the source Ey. The
generator is ready for the next cycle. '
At present the testing of the chopper prototype 1s fully completed.

 The generators of all magnets are located in the same electrotechnical

cabinet of the size 1 x 1 x 2m?®.

The total weight of the scanning magnets s ~ 300 kg. The magnels are
assembled at rigid frame and could be placed at the GANTRY exit (Fig. 5).
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Figure 5: Displacement of magnets on GANTRY.

Appendix

A Basic relations for the slow saw generator.

While current in magnet with inductance Ljr and resistance Ry rises linearly
from zero to In.r during time T’ the consumed power obey to equation

Im{:-.r 2 ]
P(I)—( 7 ) (Lag -1+ Rar - t7) (1)
The maximal value has been reached at t =1 :
Ly /R
i o TR M/ ITAr
Pma.-r — RM Ima:n (1 + T ) (2)

Inverter transmits into load the portion of energy @ = 2CyEj each cycle so
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the frequency of inverter f;,, must growth by low which is similar to (1) and
at ¢ = T riches a maximum which is equal to

Pmm':
fma.r — m (3)
Evidently, the smaller energy portion @) the higher accuracy of “saw”. But
the smaller @ the higher frequency. The highest allowable frequency depend
on such a parameter of thyristor as switching off time 7,;;. At each cycle of
inverter while one Cf is charging resonantly through LY by cosine-like law

from zero up to 2E, during
Teharge = T\ Lo Gy (4)

capacitor in another shoulder is discharging near linearly by the load current
from 2E, down to zero voltage during

2CH Eq
Tdisch = (5)
II‘H-GI-‘
At the optimal condition, i.e. if
Techarge = Tdisch = l/fma.r (E’)

the time during which the reverse voltage is applied to thyristors of one
shoulder is equal to 1/(2fmaz). Thus

fmaa: = ~1/{2Tﬂff) (T}

and combining (3), (4), (5), (6) and (7) other parameters can be obtained:

EU R Im,a.r (8)
o Tﬂff‘r;‘i:-.m:

(e ®)
47017 Priaz

Ly = 372 (10)
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B Estimations of the dose error.

With the raster dose field formation the center of beam spot (haven gaussian-
like distribution of intensity with meansquare radius ¢) moves on zigzag
trajectory. Whole dose field can be considered as superposition of two “sub-
fields”, each formed by parallel segments of the trajectory with the line spac-
ing S (Fig. 6). Let one use o as unit of length and choose the coordinate
system origin at midpoint of one of the trajectory segment, r-axis is aligning
with the spot trajectory direction.

o | - Uﬂtem}'t}f
RS ;
1//}7 // | ‘V(\\
— Y%y Rk

Figure 6: Beam spot trajectory and pill-up of lines from one subfield.

B.1 Space dose variation with precise line positioning.

First let consider an ideal case: the beam intensity is time-independent, the
beam spot velocity and line spacing is constant, size of irradiation region is
very large in comparison with other values of length’s dimension (i.e. here
and below we consider points which is far enough from the borders of the
irradiation region). Then for one subfield the irradiation dose (we will use
“dose” as synonym of “dose density”) J(g, S) at point with y-coordinate y
is given by the expression:

13,8) = == (11)
Z L‘?"MﬂiL yr=kS

(]

Denominator in (11) is chosen to have the unit dose at y = 0. Ev1dent1}'
J (¥, S) is periodic by § with period S reaching minimums with y = (k+ 3 ) 5.
So there is a systematic error which can be written as:
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J(5,5)
Lapor(S) = 1 - —r—ar :
r(S) =1- F2s (12)

Plot of this function is shown in Flg 7. As one can see the value of £,,.(5)
is negligible small for the actually interesting range S < 1.5

B.2 Variations of the beam spot linear velocity.

For one “subfields” the irradiation dose density is inveréely proportional to
linear velocity of the beam spot v, (). The total dose is. forming by super-

position of two “subfields”, mirrorly symmetrical relatively @ = 0. Total
intensity J as function of z is proportional to :

J(z) : + - 13

ve(2)  vs(—z) (13)

The beam spot velocity as function time is proportional to the field derwahve
in scanning magnet !:

() o Dyase(t) = 22 (1)

which is easy measurable. Since the dose density as function of z-coordinate
is symmetrical it reaches one extremum at ends of interval an another one
Just at middle. So with the empiric suggestion that there exist only one
extremum inside the interval the following estimation for the relative error of
dose associated with inconstancy of the beam spot velocity can be written:

(14)

lit is valid for small deflection angle. Il one take into account first changing of the
effective magnet length, second non-perpendicular projection then the tela.tlw, lnCIEHSIIIg

)= 1~

of the beam spot velocity with deflection angle o can be estimated as -— = tan( =

3 2+ 115 q s
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o] Dyast (%) ( 1 . ) D
e 2L Z % o
{ ‘ Dfaﬁf[o} IJIH.HE[T) ( )

It is accepted that the beam spot is at & = —2,,,, at the time moment ¢ = 0
and reaches # = Z,,r at moment t = T (i.e T is line duration). Of course
it’s necessary to understand that “middle of T” isn’t the same as “middle of
z” but near the middle by = the J(=) is near flat and such a substitution is

legal enough.

B.3 Variations of the line spacing.

There exist a statistical error in the dose density which is caused by errors
in line’s positioning. If the error of the positioning has normal distribution
with dispersion dy and displacement of lines is independent then the relative
error of the irradiation density caused by this can be calculated from (11) as

6.J ..
= Jy'gsrmp{yas];
I8
o v — 9" 2
o (dd o 25 )
i h=—nco s
g.mup{ﬂsb) s o0 y?
: Z g__':b'
k=—pmo
2l b |
+ [ (y=9) e tv-9 dy
—N £

&

L

(16)

25

Il

= [

2w

§ disappears from (16). Of course it’s result of changing sums for integrals
which was made in assumption S < 1. But comparison with numerical
estimation (Fig. 8) which is made from “pure” sums, which depend on y
shows that (16) has precision of ~ 10% up to S = 1.5.

Equation (16) gives estimation of the dose error for one of two “subfields”
It can be accepted that the second one has independent random shift of lines

-
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- if one looking far enough from vertexes of whole trajectory of the beam spot.
In such a case the relative error of the irradiation density for the subfields
superposition is /2 times smaller.

It may to be interesting to rewrite (16) in more practical form, when all
physical values aren’t dimensionless. Let Y4, 1s half-size of raster by y. This
y—position of beam spot is reaching with I;,.; — a maximal value of current in
the spot scanning magnet. Let one sign N = Y},,4/S (it is number of lines of
one direction in “half-raster”). Then the relation between the relative error
of intensity 6.J/J and relative error of the magnet current 61/1,,, 4. is:

L 2
e (&’,W)JN,,% ( oI ) o
J 227 o I?H-u;!:,

Here o i1s the meansquare radius of the beam spot.

B.4 Variations of the extracted beam intensity.

If space profile of the beam spot is gaussian, the beam intensity is time—
independent, then for an observation point which laying on the beam spot

trajectory the time dependence of irradiation intensity is gaussian too with
meansquare duration 7

t—7)°
Tl (18)
V2T

Here t is the clock time, { is moment when spot passes the observation point.
But there always exist time variations of the beam intensity during extrac-
tion. Let us to consider it’s contribution into the irradiation nonuniformity
at semi-quality level, accepting average value of the beam intensity as unit,
and calling all deviation from average value as “noise”. Let the beam noise
Jnoise(l) in frequency domain has a spectrum F, is¢(f). Then from the con-
volution theorem the meansquare error of the integral of the beam intensity

from one passing the observation point by beam is equal to:
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S{:i'oss(-?'rw.az‘ses?'] e / t:’“ﬁnuise(f}ﬁ ﬂ_{zw‘fﬂ?df (19)

But the observation point is irradiating not only when the beam spot moves
along the selected line of raster. Accounting all lines from both “subfields”
leads to multiplication of (19) by factor P(S) < 1:

i e—(kS)*
1 k=—rca \/E
P(S) = . = = e 5l (20)
2 -3 2w

k==00

There S, the same as above, is line spacing measured in units of the mean-

square beam radius.
And finally the relative error of the irradiation intensity arising from the
time variation of the beam intensity can be written as:

g!inw(-}rﬂ.m&sm T, E"} ;o E"crr::-.ss{;iwish T) : P(S} (21}

B.5 Total error of the irradiation density. -

Since all factor have been considered above (the extracted beam intensity,
the line spacing, the beam spot velocity) comes into irradiation density by
the multiplicative way then total relative error £;41q 1s the sum of all partial
relative errors:

= e b Ssmlp : ‘Sy + &line (22)

Here 8y is the meansquare error of the line positioning and it is measured
in units of the meansquare radius of the beam spot - the same as in text

above.
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Total error of the irradiationdensity. . . . . . . . .. .. ...

..........
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