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ABSTRACT

In this paper the results of numeri-
cal investigation of transverse motion
influence on time duration of the ion
bunch in the isochronous e¢ycletron are
reported. The requirements to the con-
trol degree of transverse motion para-
meters at beam extraction from the
isochronous radius and from the region
with dropging magnetic field are for-
mulated. The ion entry into the addi-
tional bunching dee operating at the
highest harmonic compared with the
accelerating voltage of the main dee
has been investigated. In conclusion
the results of numerical modelling of
the beam acceleration in the ring iso-
chronous cyclotron with double-accele-
ration system at the beam extraction
from radial stability boundary are
glven.

INTRODUCTION

In some cases very fine stabiligation is not
reguired, dut there is a limit to time dbunch du-
ration. ﬁor example, at the cyeclotron operatiom in
neutron spectrometer mode (especially at beam
dropping on the internal target) time dunch du-
ration and phase motion are the controlled parame-
ters, The same is with the cyclotron operation
together with the system of active external beam
monochromatigation[1], though in this case more
accurate control of transverse motion is required.
But the conneotion between longitudinal and tran-
sverse motion limits the betatron oscillation
amplitude., In the first section founding on the
numerical investigations of 1lon acceleration in
the isoohronous cyclotron the requirements to the
control degree of transverse motion parameters are
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formulated.

At the cyclotron operation in neuitron spectro-
meter mode the beam bunching by an additional dee,
operating at the highest harmonic relative to the
main dee voltage can be usefull2]. In the cyclotron
with the internal ion source the additional dee can
start only from a certain radius accounting for its
design. At the dee entry the radial component of the
accelerating voltage perturbates the ion motion. In
the second section of the paper the main investiga-
tion results of the entry into the additional dee
are given,

In the reference[3]the possibility of obtaining
a small energy spread beam at its extraction from
the boundary of radial stability in the ring cyclo-
tron was discussed., It was supposed that accele-
ration is c¢arried out at one of the curve peaks
AW(¢) 4 and near the maximum radius the phase band
i3 shifted into the "well". In conclusion it is
shown that in this case one can obtain the beanm
with energy spread about 5.10-4.

1. The Influence of Transverse Motion
on time bunch duration

At "statistical® mode of beam accelsration and
extraction with time duration of some degrees it is
necessary to limit the connection of transverse and
longituddnal motion. To define the degree of tran-
sverse motion parameter control a number of nume-
rieal ocalculations has been carried out. The data
of magnetic field modelling in Kiev cyclotron for
aceceleration mode of the protons up to 100 MeV were
used[4]. The ion motion in isochronous mode and at
the end of acceleration was considered. The acce-
leration ug to 98 MeV 13 isochronous. In the range
of 98+100 MeV the beam is crossed dy the resonances

: «0.5, Vr =27z «0, 7r =1, The extraction from
the dropping field region, where Yr =0.87, corres-
ponds to 102 MeV,

The maximum phase bunch width increases the effec-—
tive radiasl emittance. The particles with the Same
gtarting conditions over r-motion but different
R,P, phases move over the independent trajectories.
The amplitude of the excited radial oscillatilons to
a great extent depends on the accelerating system
type. In the cyclotron[4]with a_single 1800dee the
ogscillations are rather small. It is well seen in
fig.1, where the particle trajectories with R.F,

hases of 0% and 320° are shown on the phase plane

r, '), But at the end of acceleration after the
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zone 7Yr =1 the ions move along different trajec-
torles, and so the effective beam extraction 1isa
complicated.

Radial oscillations
in turn cause the modn-
lation of the initial
phase band. In linear
approximation radial
osclllationsa excite
phase oscillations with
the frequency Vr . Non-
linear character of the
magnetic field distri-
_ bution causes the cans-
f YR tant phase drift. In
RADIUS © IN T the cyclotron[4]at the

Fig.1, Phase diagram for ;3o0BTonous ggei:ga:
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radial particle mgtion
R - 98 MeV) the constant
;;32‘ .g.phases 0~ and broadening is appro-

o ximately egual to
0.0125%/turn for the amplitude of 6 mm. The maxi-
mum broadening with oscillations is equal to 1.5°,
After passing the zone Y » =1 the broadening in-
creases and at the end of acceleration can be 3.6°
at the same amplitude value.

The longitudinal motion influences very little
the vertical motlion envelope dut phase ellipse
orientation corresponding to the region occupled by
the beam 18 changed.

The vertical ign motion gives also the time
bunch broadening (f£ig.2). In isochronous accelera-
tion mode ph%se band broadening is about 3.10-3

/turn (for Z,= 1 cm). In the dropping field region
the broadening can be 2,50 for Z5=1.4 cm.
At isochronous scce~-
, o wemeeR e leration mode the
- coupling of vertiesnl
7,-07cm and radial motiom is
weak, At the end of
accelaration, where the
field changes quickly,
the picture is quite
different. Fig.3 shows

Pig.2. Phase motion fox  ihe erelniimm Of shass

the particles with the
initial radial emit-
gero radial emittance and tance for the particles

§nvalope over the vertical distributed inside the
0

«0,7 cm and 1.4 cm ]
: * _ ellipse (Z, Z')with
Acceleration is isoochro initial en;elope 1.40m.

noud up to n=30 .
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Fig.3
Phase diagrams for
radial particle
motion., The initial
envelope cver the
vertical is 1.4 cm
over the horizonta{
is O cm. Fig.shows
the turn number .

The magnetic field perturbations are absent. At the
end of acceleration the radial envelope is equel to
3 mm and the vertical one is reduced toc 8 mm.At the
radigl oscillation amplitudes higher than 5 mm and
the first harmonic of the magnetic field higher
than 3-4 Gs the beam can be lost at the dees,

At beam extraction from the radius, where Vr<
to keep the high~quality beam at bunch scceleration
with phase duration less than 5° the initial enve-
lope of radial oscillations should be not bhigher
than 2~3 mm and that of vertical oscillations
should be not higher than 10 mm. The amplitude of
the magnetic field first harmonic should be con~
trolled with the accuracy better than 1 Gs, At
isochronous acceleration mode for the similar con-
digions the radial oscillations up to 6 mm are pos~-
sible.

2. lLongitudinal motion at bunching
dee entry

In the reference(3]the beam bunching effect in
the double accelerating system cyclotron was dis-
cusgsed when phase band is transferred from the
*well® on the curve AW(Y) to the pesk Tthe main
dee and the one operating on the highest harmonic
are switched opposite one another, and the voltage
amplitudes are approximately egnal). In the inter-
nal source oyclotron the bunching dee can extend
with a certain radius, In this case the particles
at the dee entry are influenced by the tranaverse
eleotric R,F, field. The isochronous cyclotron
with axisl~symmetric magnetic field was used as a
computed model (vertical motion was not considered).
The data of the dee electric field measurement on
the electrolytic tank are used at cecalculation.
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Transverse B, F, field excites radial oscillat~
ions correlating with the phase. It i3 appeared,
that for the initial phase band of £5° the ampli-
tude of the additional radial oseillationa is equal
to 0.6 mm, and for that of %15°, the amplitude is
1.3 mm. Another effect is the broadening of the
initisl phase band. Thus, the phase band of #50 is
increased by 3.5 times and the band of 215° is
broadened up to 65C,

Apparently, the latter effect can be used for
the beam bunching by the additional dee R,F, field
at simultaneous dee switching. In this case the
subsequent non-isochronous acceleration mode is
not necessary. At the ratio of energy gain per turn
from the additional and main dees equal to 4-5 the
ten-fold bunching can be odtained.

3., The beam dynamics in the ring cyclotron
at the beam extraction from the radius,
where Vr— 0O

The main difference of this cyclotron version
from the designs(5,6] is the beam extraction near
the boundary of ra&ial stability at small energy
gain per turn. The double accelerating system [3)
provides for sufficiently high energy gain per turn
in the main acceleration region.

At beam dynamics investigation the four=-sector
cyclotron, considered in(6] was used as a model.
Fig.4 gives two versions of dependence of the
average magnetic field on radius. In the first

, version the rate of
rJ7?“b“°W R,F, phase change in
; the extraction zone is
small. But the phase
volume ococupied by the
beam at passing the
resonance gone Vr=4/3
can be distorted. The
calculation results
showed that this fac-—
tor should be consi-
dered even at the
initial amplitude of
radial oscillations of
2 mm. In the second
case d¢/d¥ is maximum
Fig.4. The dependence on at the extraction ra-
the average magnetic field dius, However, the
radius. The dotted line radial motion for the
is the isoohronous field . amplitude up to 5 mm
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is completely stadle. Fig.5
of small radial oscillation
and energy galn per turn on
starting was at 72 MeV, the
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Fig.5. The dependence of
the radigl oscillation
frequencies, R,F, phases
and energy gain per turn
on the turn numbdber .
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Fig.6. Phase diagrams for

radial motion. Top - start-

ing over the equilibrium
orbit, the radial oscil-

lation amplitude is 3 mm.

Bottom - starting with
3 mm drifting from the
equilidbrium ordbit, the
amplitude is 2 mm ,
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shows the dependences
frequencies, R,F,phase
the turn number (the
extraction - at 80 MeV).

Fig.6 shows the phase
diagrams (r, r') of
initially monoenergetic
beam. In the upper part
of the fig. the datsm
for the particles
starting along the
equilibrium orbit are
given a8 well as for
the ions with oscil-
lation amplitude of
3 mm. The results of
the lower part of the
fig. refer to the case,
when the axial trajec~
tory is drifted by 3 mm
from the equilibrium
orblt and the amplitude
is equal to 2 mm. The
upper diagram illustra~
tes the extraction modg
when the orvit separg-
tion is defined by
energy gain per turn.
On the 253th turn the
separation is suffi-
cient for the particles
with the initial ampli-
tude of 2 mm. The con-
dition in the lower
part of the fig. 1is
more favourable for
extraction. The orbit
separation in this case
is defined by enerxgy
gain per turn as well
a8 by the orbit pre-
cesslon. The amplitude
of coherent oscillat-
ions in 3 mm can be
excited at the end of
acceleration at passing
the resonance gone

r =1 by introducing
the first harmonic of
the magnetic fileld of
about 0,5 Gs.
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The energy sBread in the beam gs a result of in-
stability of B.F, voltage in %1079 over the ampli-
tude and in *1° over the phase at the phase band of
200 can be eatimated as 32 KeV at halfheight. The
initial phase band of 2° corresBonds to the phase
band of 200 at the extraction. lUne to the coupling
of transverse and longitudinal motion the additio-
nal energy gain in the initial monoenergetic beam
with maximum phase volume afpeara. The spread value
depends on the amplitude {1inearly) and phase of
radial oscillations. The spread in the beam is
about 3 KeV at the amplitude of 1 mm, Thus at the
initial amplitude of radial oscillations of 2 mm
the total energy inhomogeneity is about 5.1074,
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