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An accelerator designed for hospital use must satisfy a number of requirements,
which are’ substantially different from those 6f ‘a machine to be’ operated in‘a research
environment [1]. To détermine energy’ rarige, “beam intensity and all“other 'beain
parameters of a dedicated medical accelerator for hadron therapy, first of all, it is
necessary to choose the tumour treatment method The ‘maximum success of hadron ’
therapy can be expected onIy when the |rrad|at|on W|lI most conform to the shape of the
tumour and the dose outS|de the tumour is m|n|m|sed To meet thls requtrement an actlve
*scannlng should be fixed as a base of the desrgned machine [2] " P
Magnetlc scannlng requrres a smooth and slow extraction of the beam from the
accelerator as weIl as a stable pos|t|on “of the beam spot durlng the  extraction.
Reasonable values for the r|se time of the current in the deflection magnets need a stable
extractlon over a penod of at Ieast 400 ms in wh|ch one slice will'be treated. It is
necessary to provide an ‘active energy variation decreasing the pamcle energies
successnvely in steps on request from the scan system and to shift the partlcle range from
slice to slice i in the target volume.
To satrsfy the -special requirements, the medlcal synchrotron should have the
following features lt is necessary to provrde stability . of the lattlce parameters during
extraction. The extracted beam should have the same extractlon trajectory throughout the
spill time to avotd part|cle losses in the septa The chromattcrty of the focuslng structure
should be negatlve to ensure transverse stablllty of the’ extractmg beam lt is necessary to
provide injection and acceleratlon of particles to eliminate the structure of the beam.
Special mampulatlons should be performed before extractlon to. get the. unbunched
particle flow with possible homogeneity. The dedicated medlcal machlne _should
guarantee the step of the energy variability less than 0.4 MeV.. The energy vanablllty
accuracy has to be + 40 keV in the range of the output energy from 60 till 220 MeV. For
the specific medical appllcatlon of the proton beam (for the sIow extractlon) it is necessary
to get the coasting beam structure wrth energy dlstnbutlon as unlform as posslble with
. fequired momentum spread Moreover a medical accelerator should be operated easrly
Investigation of the Iongltudlnal partlcle motton in the med|cal synchrotron it is
‘lmportant to, define behaV|our of main parameters durlng capture acceleratlon and
. extraction of particles. it is obvrously, that the capture process should be performed to
trap the injected protons into the synchrotron without beam ﬁlamentatlon that leads to
- partlcle losses during acceleratlon Acceleratlon regime has to be studied to def' ine
requtred behaviour of the magnetlc fi eld the acceleratlng RF voltage and the phase of the
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RF voltage to get the required output energy and to escape particle losses.during the
acceleration. . . . . o . .

- Results of the numencal calculatlons of the capture acceleratron and specral
beam preparation for the slow extraction are dlscussed in thrs__paper. .

General parameters of the proton synchrotron '
‘ The transverse partlcle mot|on and mam feature of the dedlcated proton
synchrotron has been studred [3] The srngle-tum lnjectlon is chosen w1th the krnetlc
energy of 12 MeV to capture the proton beam wuth the normallsed emrttance of 1n
mm. mrad and the mtensrty of 6 25 10’° particle per pulse The proton beam from the 12
MeV Linac could be used as an lnjector and for productlon of the short-lived
radlophannaceutrcals to develop the posltron emission tomography (PET)

: Maln parameters of the synchrotron for drfferent values of the klnetrc energy are
collected in Table 1.

Table 1

Ring circumference ‘m ;] 36.56
Injection energy ‘MeV 112.0

| Maximum extraction energy - s | MeV 1.220.0
Minimum extaraction energy . MeV 60.0
Time of the operation cycle ' sec 1.0
Minimum dipole magnetic field : Tesla - 1-0.252 .
Maximum dipole magnetic field . . Tesla 1.2
Minimum RF frequency MHz 1.265
Maximum RF frequency E “MHz 4.804
Transition energy Lo e L -|:5.6
Momentum spread of captured beam +0.003
Phase angle B rad +1:8

Harmonic of revolution frequency : : 1

The repetition rate is equal toMt Hz to provide the required duration - of ‘the
extraction spill. The capture acceleration and special beam preparation for the" slow
extractxon have to be performed dunng '250:300 msec. “These’ longitudinal beam
'mampulat|ons should be made to meet the folIowmg demands. First of all, it is necessary
to get a maximum capture efficiency of the mjected particles in the acceleration regime.
'Dunng acceleration particle losses have to be escaped by a ‘special choice of the
magnetlc field, the RF phase and the RF voltage which are functions of time. Siich
opt|m|satron of the synchrotron parameters should be made for the output eriergy from 60

tilI .220, MeV. For the medical application it, isrnece:ssary‘ to pro_vide_the particle capture
and acceleratlon W|thout beam filamentation.. .. , L

From the techmcal pomt of view the maxrmum magnetrc fi eld ramp have to be less
than 10 T/sec and the maximum RF frequency ramp - less than 40 MHz/sec. )

The theory of the Iongltudlnal partlcle motion in synchrotrons is presented in many
reports [4 5 Bl To meet the reqmrements fi rst of aII the adlabatlc capture and

acceleration should be performed In thls case main parameters of the synchrotron should

n’be chosen so that the “change of the synchrotron frequency is small” during the

synchrotron period. Under the adiabatic condition”the motion “of any arbltrary particle in
terms of deviations from the synchronous particle can be expressed by the following set

of the first order differential equations:

ds M
il 2;; EqV(sm(‘D sm(I)a)
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where 6 rs the momentum devnatlon (D |s the RF phase of the, partlcle q is the charge

of the partlcle h is the number of harmomc of the revolution frequency, ,B is the relatlve

veloclty of the particle, E‘is the full particle energy, @, is the-angular revolution frequency

of the synchronous’ part|cle V Wy, (Do are varying functions of the time. 7(J) ‘is the

: phase slrp factor whrch in the adiabatic region can be expressed as q(b‘) qo,

7, ={(a, 1,%) y Qg = Lz | 50~ Here 1o is the relativistic factor of the reference particle.
Yo e

Calculation results

Capture process
. At low energy synchrotrons, the space charge force and the microwave growth for
the intense beam usually limit: parameters of the injected beam. The peak voltage is
limited by the power. supply. The RF voltage requirement in the low energy synchrotrons
has to have enough bucket height for the injected beam. during the injection. Theoretically
very little loss in the synchrotron phase space can be achieved with ¢, = 0.
Injection over half the circumference of the synchrotron into a matched bucket and
RF capture and acceleration on the fundamental harmonic of the revolution frequency
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(h=1) are con5|dered The burich is injected into the synchrotron in the quasl-adlabatlc

regime while the RF voltage is on and setto a value V such that the bucket aspect ratio

matches

that of the bunch in the longltudlnal phase plane To achleve this value of the momentum
spread a debuncher itis necessary to use at the exit of a RFQ/DTL Lrnac

The amphtude of the acceleratmg voltage (V) have to be rncreased till the

maximum value v, on the follow_mg law

vy - o ®3)

where V, the initial RF voltage, o is so-called adiabatic factor, T, is the synchrotron
period. The bending magnet field is constant during the capture. Choosing the adiabatic
factor one can capture the beam without any losses and beam filamentation.

To model of the longitudinal particle motion the beam is presented by the group of
non- |nterect|onal partrcles The number of the partrctes in the numerical experlments is
equal to 300. ’ ’

The initial distribution:on the longitudinal phase-plane has the form of rectangle
with the momentum spread equal to + 0.00125 and the phase angle equal to + 1.8
radians (Fig.1). The |n|t|al momentum spread is chosen to get the momentum spread of
the trapped beam less than + 0.003. - - o

As is mentioned-above the RF voltage should be changed accordingly (3). This
value of the adiabatic factor is chosen to get a 'good’ particle distribution in the captured

beam. The time dependence I7(t) is shown in Fig.2. The first curve is according to

adiabatic factor & = 0.2, the second one - & =0.02.

In the first case there were no losses of the particles from the separtrix, but.one
can see filamentation of the beam (Fig.3), that leads to losses of one third of the particles
in the acceleration regime. In the second case (Fig.5) the particle losses are 4 particles
from:the initial three hundreds, i. e. smaller than 1.4%. The histograms of momentum
spread in these cases are shown in Fig.4 and Fig.B, respectively.
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Figure 2: Time dependence of trapped voltage
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Figure 3: Distribution of trapped beam (adiabatic factor = 0.2).
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Figure 5: Distribution of trapped beam (adiabatic factor = 0.02).
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_Figure 4: Histogram of momentum spread of the trapped beam
(adiabatic factor = 0.2).
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Figure 6: Histogram of momentum spread of the trapped beam
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Acceleratidn process

The next stage af the working cycle of proton synchrotron is the acceleration of the
beam. There are two independent parameters of accelerating electric field: the amplitude
of voltage and the RF phase of this field. The investigation of the time dependencies of
these values is fulfilled for the synchronous particle. The running of the group of particles
is made in the finding fields for the control of particle losses from the separatrix to study
the behaviour of particles on the phqse-plane. The time dependencies of the amplitude of
voltage and RF phase are shown -irh'_lF,jg_J “and Fig.8, respectively. The RF phase
dependence has the following charriacteirf'At: 'th'e initial and final stages of acceleration the
RF phase is quadratic function b‘f ihé tlmelnthe middle region t‘he phase has a tendency
to linear growth. The first de}rivativévs' in theﬁpo“,inrts of sewing together are equal each other
from the left hand and right'hahd ;s'ides,.‘ln"thg ﬂfst stage of acceleration the voltage has
linear growth from 400 V up to 547_ V' and then slowly decreases to 320 V with the time
dependence of: R :
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Figure 7: The phase of accelerating field
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Figure 8: The amplitude of accelerating field

During acceleration of the particles in the region from 60 to. 220 MeV the time
dependencies are of identical forms, but the time of acceleration varies from 74 msec for
energy 60 MeV up to 250 msec for energy 220 MeV (Fig.9). Theré were no losses of
particles in this stage. '

Time dependencies of RF frequency and synchronous magnetic field are shown in
Fig.10 and Fig.11, respéctively. The maximum change of the amplitude of magnetic field
is no more than 6.8 T/sec. The maximum change of the RF frequency is approximately
equal to 30 MHz/sec that essentially smaller than the restrictions on these parameters.
The particle distributioﬁs of the accelerated beam are shown in Fig.12 (60 MeV) and
Fig.14 (220MeV). As one can see from the obtained results, the momentum spread is of
the same order with the momentum spread of the injected beam (<' +0.001). The
histograms of the momeﬁtum spread of the beam for the kinetic energy of 60 MeV and
220 MeV are shown in Fig.13 and Fig.14, respectively.



~
o
o

(3
o
o

3.00E-03

100E.03

0.00E+00 v

-1.00E-03

Momentum Spread

-3.00E-03. - - : e
-3.44 .2.61 -188 -1.26 -0.63 0.00 0.63 126 188 2.51 3.14

Phase Angle

220 MaV © -
= 150
&
5 100
=
w
50
e - o‘
ELEEEEEEER EEETT T
Time (ms) .
Figure 9: Kinetic energy as a function of time
for two values of final energy (60 and 220 MeV)
a7 {
L)
Tzl 220 MoV
2 37 4
- B2
g 2.7
-
22
=
w17
1.2 95, + . :
Mmoo NTANOe-MOOQ NYNO-=MILW
_FNMODODONSMNOOA NN ONONDONM™
Time (ms)
~ Figure 10: RF frequericy as:a function of time -
_for two values of final energy (60 and 220 MeV)
1.2
1.1 4 220 MeV
R .
E o
= 08¢
2 0.7 ¢
L oo |
~ 0.5 4
@ 0.4 |
0.3
0.2 . .
-_MuU DO NN ODOe=MIODENwMONe=MID
-0 MmO OO OA =~NMw OO OONMNw
- NN NN
Time (ms)

Figure 11: Magnetic field as a function of time

for two values of final energy (60 and 220 MeV)
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Figure 12: Particle distribution of accelerated beam (60MeV)
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Figure 13: Histogram of momentum spread of the accelerated beam (60MeV)
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Figure 14: Particle distribution of accelerated beam (220MeV)
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Figure 15: Histogram of momentum spread of the accelerated beam (220MeV)
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Special beam manipulation before the slow extraction

The last phase of the working cycle of the dedicated proton Synchrotron for hadron
therapy is the preparétion of the beam for the resonarfce extraction. This process consists
of two stages. As a first step, it is necessary to |ncrease maximum momentum spread of
the accelerated particles (in pamcular t|ll t 0 003) And as a second step, the accelerated
beam has to be debunched to get coastmg proton beam with the momentum distribution -
as uniform as possible wnth requured momentum spread.

The process is studled for the 220 MeV beam. Increasing the voltage from the final
value (~320 V) ‘upﬁio 1.4 kV during the time of 0.1 msec (after the acceleration phase)
one can solve the first task. The resulting particle distribution is shown in Fig.16.

The second task may be solved under the following conditions. It is necessary to
overturn the RF-phase from zero value to the phase, Which isveqUaI to = (so-called, RF
gymnastic). The amplitude of thé RF-voltage has to be reduced to zero value. The result
of this procedure is shown in Fig.17, where one can see that the angle size of the beam

is equal to 2x.
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Figure 16: Particle distribution of the accelerated beam
with increased momentum spread
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Figure 17: Particle distributiort of the coasting beam

Conclusion

The optimisation of the RF parameters and of the magnetic field is performed. The
capture of the injected beam rn the acceleration regrme requrres the -following RF-
parameters: Vo =100V, V= 400 V the time of the capture is of the order of 23 msec.

The losses of particles are smaller Athan 1.4%. The momentum spread of the injected
beam has to be less than + 0. 001>2‘5 and the phase length is equal to + 1.8 rad. The time
dependencies of the RF-parameters and the synchronous magnetlc field have been
determined. The maximum RF voltage ln the acceleration phase of the working cycle is
equal to 547 V. The parameters meet the requirements on the values of their ramps and
provide the acceleration of the beam .in' ‘the region of energies from 60 MeV up to 220
MeV. The maximum change of the amplitude of magnetic field is no more than 6.8 T/sec.
The maximum change of the RF frequency is approximately equal to 30 MHz/sec. The
possibility of the special beam manipulation to get the coasting beam with the required
momentum spréad and phase angles has beén shown.
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Hccnenosanne nNpoaonbHOTO JBMXEHHS YacTHLL
B CNELMANU3UPOBAHHOM NPOTOHHOM CHHXPOTPOHE Ul PAmMOTEpaTiiK

Hccnenyercss npogonbHOe OBHXXEHHE YacTHLl B CrELHanM3HPOBAHHOM NPOTOH-
HOM CMHXpPOTpOHe Ans paguotepanuu. [lpoBemeHa omTMMM3allks OCHOBHBIX Napa-
METPOB yCKOpSIOLIEH CHCTEMBI M TOBOPOTHOTO MArHHTHOTO TOMS YCKOPHTENs.
BbINOMHEHO YHC/IEHHOe MONENHpOBaHHE TMpPOLIECCOB anHabaTHYECKOro 3axBaTa
YaCTHL, YCKOPEHHs U CMIELHAIbHOIO MaHUNYIMPOBaHHs YCKOPEHHBIM IyYKOM [epen
MeIyIeHHbIM BBIBOJIOM YacTHLl H3 CHHXPOTPOHA. '
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Longitudinal Particle Motion in a Dedicated Proton Syachrotron
for Hadron Therapy

The longitudinal motion of the charged particles in the dedicated synchrotron
for proton therapy is investigated. Optimization of the RF parameters
and of the magnetic field of the accelerator has been obtained. The quasi-adiabatic
capture, acceleration and the special beam manipulation before the slow extraction
have been calculated using the designed multi-particle-tracking program.
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