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Results of the study are presented in work on smoothing of the time structure of the bunch, slowly extracted
from synchrotron. The numerical algorithm has been designed for study of the influence of the radio-frequency field
of the resonator on time structure of the bunch. The numerical algorithm is based on method Monte-Carlo, where
particles in the beam have been extracted by means a slow moving to the third-order resonance conditions.
Characteristics of the time structure are vastly smoothed when synchrotron oscillations have been used as first
experiments showed. Theoretical motivation of the reasons, influencing upon time structure of the slowly extracted

beam, is explained in given work.
PACS: 29.20.-c, 29.20.-Lq, 29.85.+c

1. INTRODUCTION

For most fixed target experiments at the GSI heavy
ion synchrotron a slow extraction via tune variation or
transverse RF-knock-out is used. The simulations which
we will be to consider are dedicated to the slow RF
knock out method [4]. Especially for given extraction
method, aside from other standard device, the RF
exciter is included to the devices queue of a synchrotron
ring. To get an extraction time of several seconds by
means RF method requires the even particles diffusion
with constant separatrix as well as a constant tune.
These non-depend time characteristics are necessary for
the slow extraction during a relatively large extracting
time nearest 3™ order resonance [3] and depend to the
ring magnets. The tune change is disturbed in time by
the variation of the magnetic field due to power supplier
ripples having a main network related 50 Hz (and
harmonics) frequency characteristic. Therefore, the
extracted current is strongly modulated and this should
be taken into account for any rate consideration for our
simulations. Moreover for the cancer therapy, where an
active scanning of the pencil beam is used [2], these
modulations have to be measured precisely (20 ps) to
control the deposited dose within the human tissue,
there are. By bunching the full spill-signal of the
430 MeV/u C*" beam is drawn in the insert. The RF
cavity at a harmonics of the revolution frequency, a
much smoother spill structure can be created. This is
due to a time dependent momentum deviation Ap(?) of
the single particles and its coupling to the tune spread
AQ(t) via the ¢ chromaticity:
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This is an alternative approach to RF channeling or
slow acceleration, where neither additional hardware
nor dynamic software control is needed. Also the
interest role of the chromaticity is observed and
interpreted them with the help of a Monte-Carlo
simulation.

2. THE 3*" ORDER RESONANCE
SLOW EXTRACTION

The RF-knock-out method, which is routinely used
at the HIMAC medical accelerator, has been also
successfully tested at GSI [1]. The RF-knock out system
is designed to extract a beam with a charge to masse
ratio of 0.5-1 up to a maximal energy of 430MeV/u.
Nearest the third order resonance on the sextupole
magnets, the particles amplitudes are enhanced by
means of a transverse electric RF field, which is
generated with AM radio frequency and much small
kick of a particles angle is about 107 per whole angle.
Due to this excitation the particles are moved from the
inner, stable region of the separatrix to the outer
unstable part (Fig. 1) along the separatrix branches in
normalized phase space [4]. This behavior can be
regarded as an emittance growth in the horizontal phase
plane.
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Fig. 1. The particles trajectories are closed by the
sextupole field on the horizontal normalized phase
plane and Steinbach-diagram in the corner, that have
schematically explain RF-knock-out method. The direct
of outgoing particles to unstable region is showed.
Particles have circular phase motion, where the three
accelerator cycles per one whole phase circle
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Then unstable particles are deflected due to the
electrostatic septum (ES). For the RF-knock-out method
the separatrix is kept constant angle of the particles at
ES with respect to the reference orbit is almost constant.
It is necessary for medical treatments, where the beam
position in the synchrotron extraction channel and at the
target of the treatment places can be kept constant
during extraction. But in practice, under condition of
existing power supplier ripples (its time and frequency
characteristics are explained in [1]) the separatrix has
some oscillations occur average angle there are.
Thereby, once a quantity of the extracted particles is
more in lot times then in another time. Therefore the
time structure or spill of the extracted beam has ripple
structure (Fig. 2).
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Fig. 2. Time structure per 20us has been simulated
with 200000 ions C* 430Mev/u extracted beam for
500000 turns and over time profile for several seconds
in the corner. In both cases you easily can to see over
modulation of signal

3. COMPUTER SIMULATIONS
AND ITS ALGORITHM

For numerical calculations of the slow beam
extraction process with a spill ripples a code using
Monte-Carlo method has been written. Thin lens
approximation is used for treatments of the effects of
the nonlinear magnetic field and the high frequency
perturbation field according to [6]. The betatron
oscillation and nonlinear resonance of the beam are
analyzed in the normalized horizontal phase space. The
given phase space normalizations has several
particularities or advantages from other similar phase
spaces. It means that the beam emittance is given as a
sum of new phase coordinates squares
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This transformation from standard to normalized
phase space is given by equation [4]
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where a and S are the Currant-Schneider’s functions; ‘x’
is a standard coordinate and and ‘X’ is a new normalized
coordinates. The space normalization provides that the
accelerator is not considered in detail, but phase
advances Ay, between the important elements: (2
sextupoles, RF' exciter, electrostatic septum ES and RF
cavity) are taken into account. This numerical method
provides the trajectories calculation for every particle
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every turn. Trajectories of particles are calculated by
means transfer matrix [4], where Au;; has been used.
The Ay, is a phase advanced, which consists of two
part: first is the tune variation (Eq. 1); second is the
phase between every device.

Dp;=2m(Q o+ ¢ Ap/ p)+ By, 4
where indexes i and j mean transformation for j-th
particle at given i-th turn. Main part of the program
algorithm is aimed to ideal extraction conditions, but for
any practice rate we needs more completed algorithm,
which will take to account the ripples of a magnet
system power supply. The experimental data are studied
in detail and two its characteristics are choose.
Frequency diapason of the ripples noises are obtained
where they have important role for time profile, it is 0.4
...10kHz [1]. Another characterization of the ripple
structure more suited for the specification from the
experimentalists is the variation of the maximum-to-
average ratio within a certain time. For a non-bunched
beam, the maximum-to-average is between 10 to 20 on
the 20 ps scale and decreases between 0.1 and 3 ms to
about 2 in experiments [1]. For imitation of the ripple
structure of an extracted beam the additional value Ag
has been added to phase advanced Au. The time
dependence Ag (2) is given by equation [5]:

A¢(t) = Z Ai COS(27TVI~T;,ev(Nrev + Nk /NS)) (5)

where A is the intensity of ripples, v is the typical
frequencies of ripples, i is a serial number of the
frequency group, N., is a revolution number during
extraction, Ni(N,) is the serial number of a particle (over
quantity of particles into beam). The tune ripple
frequency is chosen randomly in the range of 0.4-
10kHz and the corresponding amplitude for 100 %
modulation.
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Fig. 3. Distribution of the particles inside of the

separatrix after 10000 turns. The RF voltage is about
2kV

Due to the bunching, the time dependent momentum
deviation is calculated solving the differential equation
for the longitudinal motion [6]
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Ap=¢-¢,, s corresponds to the reference orbit of
particles motion, /& is the harmonic number of



synchrotron’s oscillating frequency w=hw,., Vi is a
voltage amplitude of RF cavity, E; is the energy of the
particle on the reference orbit with w, phase [5]. Under
influence of RF field the synchrotrons oscillations
appear and longitudinal motion is divided to bunches
with certain separatrix (Fig. 3). The parameters used in
the simulation are corresponded to the 430 MeV/u of
C beam. The speed of the resonance line moving to
the beam is AQ/turn=2[10*. The calculated time profile
for an unbunched beam is shown in Fig. 2. Computer
simulation has been carried by means of the computer
programmer’s language C and developed by C++, as a
modern software package for simulations. The
chromaticity effect smoothing is studied by variation
parameter of the simulations.
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Fig. 4. The spill structure for bunched beam (see
Fig. 2) under RF voltage 2 kV and chromaticity -5

4. INTERPRETATION AND EXPLANATION

The intensity modulation can be described in a
Steinbach diagram, as shown in (Fig. 5a). A ’stripped
resonance bands’ with increasing amplitude over the
time need to be proceed from the unstable region
outside of the separatrix to the position of the ES. The
slopes of these resonance bands are given by the
chromaticity. The time profile of the extracted beam
current can be obtained by summing up the projection
of these stripes, leading to a strong modulation in case
of small chromaticity and momentum spread. For a
bunched beam this situation is changed (Fig. 5b). In this
case at definite time all particles with amplitudes on the
resonance line do not become unstable simultaneously
as in the case of an unbunched beam. Now the time to
reach the unstable region depends on the momentum of
the particle because of the synchrotron oscillation that
causes a time dependence of the momentum. In the
Steinbach diagram it is seen that a particle with a certain
momentum deviation can move back to the stable
region. Such a particle performs excursions into the
stable region during several synchrotron periods, while
the particle betatron amplitude will be increased enough
to reach finally the ES. This additional velocity
component results in an increased slope of the stripped
band equivalent to an enhancement of the chromaticity.
Our calculation shows that time delay of the extracted
bunched beam nearest to U, =2 kV is about 8/5 times
more compared then unbunched beam. Such time delay
of some fraction of the particles results in an
improvement of the spill quality (Figs.4,6). The
correspondence between measurement and calculation
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Fig. 5. Steinbach-diagram to visualize that the flux
of particles is obtained by summing over the ’strip
profiles’ without bunching (left) and with bunching

(right)
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Fig. 6. The vratio max/average time depended
characteristics for the same beams with different: RF
voltage amplitude (top) and chromaticity parameter
(bottom)

is quite good taking experimental uncertainties and
numerical simplifications into account. It is clear that
overlapping of the stripped bands will be higher if the
angles of these bands are increased resulting in an
improvement of the spill quality. Simultaneous using of
RF-field modulation with chromaticity variation brings
about significant result (Fig. 6). Whole improvement of
the spill quality has been reached under condition of
amplitude U, =2kV and &=-5 (Fig. 5), when simu-
lations well describe the experimental data [1,7].
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CIJIA’)KUBAHUE BPEMEHHOM CTPYKTYPBI IYYKA, MEJIJIEHHO BBIBEJJEHHOI'O U3
CHHXPOTPOHA RF-KNOCK-OUT METOJOM

A.B. Bonounwk, A.B. Jlonunckuii, O.A. becueiiko

IIpencraBiensl pe3ysbTaThl UCCAEAOBAHNUSA 110 CTIAXKUBAHUIO BPEMEHHOM CTPYKTYPBI IIy4Ka, MEAJIEHHO BbIBOJUMOIO
U3 CHHXPOTpOHA. Pa3paboTaH 4YHMCIEHHBIA aNropuT™ Ul U3yYEHUs BIMSHUS BBICOKOYACTOTHOT'O IOJISI pe30HATOpa Ha
BPEMEHHYIO CTPYKTypy Iy4ka. UHCICHHBIA aITOpUTM OCHOBaH Ha MeToxe Morte-Kapio, rae 6etaTpoHHBIE KOJIeOaHHS
JaCTHI[ B YCKOPHTEJIE PAaCCMAaTPHBAIOTCA C YYETOM TOTO, YTO IMYYOK MEUICHHO BBIBOAWUTCS PE30HAHCHBIM METOJIOM
TpeTbero nopsaka. Kak ITOKa3bIBalOT NHepBbIE SKCIHEPHMEHTHI MO MEUICHHOMY BBIBOAY ITy4YKa, IOIBEPKEHHOMY
CHHXPOTPOHHBIM KOJI€OaHMSAM, BpPEMEHHAs CTPYKTypa 3HAYHUTEIBHO CIJIAXKHUBAETCS. TeopeTHYecKoe OOOCHOBaHHE
MIPUYMH, BIUSIOIINX Ha BPEMEHHYIO CTPYKTYPY MEUICHHO BBIBOJMMOTO ITy4Ka, IPHUBEJCHO B JAHHOH padoTe.

3TJIAJIKYBAHHA YACOBOI CTPYKTYPH ITYUKA, IO MMOBIJIbHO BUBOJUTHCS 3
CHHXPOTPOHY RF-KNOCK-OUT METOJOM

A.B. Bonouniok, O.B. /loaincovkuii, O.A. Be3uiuiixo

Ilogano pe3ynpTaTé MOCHIMKEHHA IO 3IJIa/UKyBaHHIO YacoBOi CTPYKTYpH IIydKa, IIOBUTBHO BHBEICHOTO 3
CHUHXPOTpPOHY. P03po0ieHo 4YMCIOBMII aJrOpuUTM JUIs BHBYECHHS BIUIMBY BHCOKOYAaCTOTHOTO IIOJISI pe30HAaTOpa Ha
XapaKTEpPUCTHKN YacOBOI CTPYKTYpH ITydka. YucioBuil anroput™ Oasyerbesi Ha Meroni Monte-Kapio, ne GeraTpoHHi
KOJIMBaHHS YaCTHHOK B TIPHCKOPIOBaui PO3IIIIAIOTHCS 3 YpaXyBaHHIM TOTO, 10 TOBUIGHHUI BUBIJ ITyYKa BiJ0yBa€ThCs
32 PE30HAHCHUM METOJOM TPETHOI0 MOPSAKY. SIK MOKa3ylOTh IEpIli €KCHEPHMMEHTH 3 IMOBIJIbHUM BHBOJOM ITy4Ka,
gacoBa CTPYKTypa 3HAYHO 3IVIAJKY€ETHCS 3aBISKM BUHHUKHEHHIO MOB3IOBXKHIX CHHXPOTPOHHHX KOJHMBaHb. TeopeTuyHe
OOI'pYHTYBaHHSI IPUYHH, 110 BILUIMBAIOTH HA YaCOBY CTPYKTYPY HOBLIBHO BUBEACHOI'O ITy4YKa, HABEJCHO B JIaHiil poOOTi.
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