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ABSTRACT 

In this paper the results of nameri- 
cal investigation of transverse motion 
influence on time duration of the ion 
bunch in the isochronous cyclotron are 
reported. The requirements to the con- 
trol degree of transverse mot ion psra- 
meters at beam extraction from the 
isochronous radius and from the region 
with drop 

B 
lng magnetio field are for- 

mulat ed . he ion entry Into the addi- 
tional bunching dee operating at the 
highest harmonic crampared with the 
aooeleratlng voltage of the main dee 
has been investigated. In canaluslon 
the results of numeriaal modelling of 
the beam aoeeleration in the ring iso- 
chronous cyclotron with double-accele- 
ration system at the beam extraction 
from radial stability boundary are 
given. 

IBTRODUCT IOB 

In some case8 very fine stablllsatlan i8 not 
required 

9 
but there Is a limit to time bunoh da- 

ration. or example, at the cyolotron operation in 
neutron spectrometer mode (especially at beam 
dropping on the internal target) time bunch du- 
ration and phase motion are the eontrolled parame- 
ters. The same is with the cyclotron operation 
together with the system of acttive external beam 
monoshromatltation~l], though In this Gase more 
accurate ctontrol of transverse motion is required. 
But the oonneation between longitudinal and tran- 
sverse motion limits the betatron oscillation 
amp1 ltude. In the first seotlon founding on the 
numerical Investigations of ion aooeleration in 
the lsoohronous cyclotron the requirements to the 
uontrol degree of transverse motion parameters are 
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formulated. 
At the cyclotron operation in neutron apectro- 

meter mode the beam bunching by an additional dee, 
operatfng at the highest harmonic relative to the 
main dee voltage can be usefu1121. 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 
aooelerating voltage perturbates the ion motion. In 
the second eection of the paper the main investiga- 
tion results of the entry into the additional dee 
are given. 

fn the referencelb.?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 aooele- 
ration is aarried out at one of the curve peaks 
nww 9 and near the maximum radius the phase band 

is shifted into the "well". In oonclusion it is 
shown that in this case one can obtain the beam 
with energy spread about 5.1 O-4. 

1. The Influence of Transverse Motion 
on time bunch duration 

At “stat ist ical ' mode of beam acueleration and 
extraction with time duration of some degrees it is 
necessary to limit the oonnection of transverse and 
longitud%inal motion. To define the degree of tran- 
8ver98 motion parameter control a number of nume- 
rical oalculations has been carried out. The data 
of magnetic field modelling in Kiev cyclotron for 
aoeeleration mode of the protons up to 100 MeV were 
usedC4.l. The Ion motion in isochronous mode and at 
the end of aooeleration was considered. The acce- 
leration u to 96 Mev is Isochronous. In the range 
0 J9W;OO Eev he b earn is crossed by the resonance8 

?I, -2 9-k -0 vr 
the dioiping field 

-1. The extraction from 
legion, where ?ir ~0.87, corres- 

ponds to 102 Yev. 
The maximum phase bunch width inorrrases the effeo- 

tive radial emittanoe. The particles with the same 
starting conditions over r-motion but different 
B.F. phase8 move over the Independent trajeotories. 
The amplitude of the excited radial osoillations to 
a great extent depends on the accelerating system 
type. In the cyclotron[4]with a single 1800dee the 
osoillations are rather small. It is well. seen in 
fig.1, where the particle trajectories with R.T. 

P 
hases of O” and 120° 
r, r’). 

are shown on the phase plane 
But at the end of acceleration after the 
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zone vt-- 11 the ions mov@ along different trajea- 
tories, and so the effeetlve beam extraction is 
complikat ed. 

L... .9$.---h+--- 
RADIUS r IN C”l 

Flg.1. Phase diagram for 
radial 
with 2. ? 

articrle mgtion 
.phasea 0 and 

+,200. 

Radial oaoillatlons 
in turn oause the modu- 
lation of the init ial 
phaae band. In linear 
approximation radial 
osoillationa excite 
phase oscillations with 
the frequency 7)~ . Hon- 
Linear oharacter of the 
magnet la field dlst rl- 
butlon causes the cons- 
tant phase drift. In 
the oyclotron[4] at the 
isoehronous 
tion re ion 

ct ) 
7 

coelera- 
92 MeV - 

- 98 Me the aonstant 
broadening is appro- . .- - . 
rmately equal to 

0.0125’/turn for the amplitude of 6 mm. The maxl- 
mum broadening with oaaillatlona IS equal to 1.5’. 
After sassing the zone ‘$ P -1 the broadening in- 
ore8888 and at the end of aooeleration oan be 3.6’ 
at the same amplitude value. 

The longitudinal motion influenctms very little 
the vertical motion envelope but phase ellipse 
orientation oorre8pondlng to the region oooupied by 
the beam is ohanged. 

The vertical i n motion gives alao the time 
bunoh broadening P fig.2). In lsoohronons aoaelera- 
$ion mode ph 

/turn (for 8 
se band broadening is about 3.10'3 

1 am) In the droppzlng field region 
the broaden&=aan be.2.50 for%o=1.4 cm. 

At ieoohronous aoce- ‘“RN NUnsiR n 

different. 
Fig.2, Phase motion for 
the partioles with the 
tere radial emlttanoe and 

F 
velope over the vertloal 
-0.7 cm and 1.4 OQ. 

Agaeleratlon 18 leoehro- 
not19 up to n-30. 

the evolution-of phase 
beam volume with zero 
inlt la1 radial emlt- 
tanoe for the partloles 
distributed in lde the 
ellipse (z, Z’ ywith 
Initial envelope 1.4on. 
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br.=O 

A?:=0 Fig.3 
Phase diagrams for 
radial particle 
motion. The Initial 
envelope over the 
vertical is 1.4 cm 
over the horieonta i 
is 0 cm. Fig.ahows 
the turn number. 

The magnetic field perturbations are absent. At the 
end of acceleration the radial envelope is equal to 
3 mm and the vertical one is reduced to 8 mm.At the 
radial osoillation amplitude8 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 ?)r< 1 
to keep the high-quality beam at bunch acceleration 
wAth phase duration less than 50 the initial enve- 
lope of radial osoillations should be not higher 
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 6s. At 
lsoohronous acceleration mode for the similar con- 
ditions the radial osolllatlons up to 6 mm are pos- 
sible. 

2. Longitudinal motion at banuhing 
dee entry 

In the referencel3jthe beam bunching effeot in 
the double aoceleratlng system oyclotron was dis- 
cmssed when phase band Is transferred fro 
"well" on the curve An(Y) 'p 

the 
to the peak the main 

dee and the one operating on the highest harmonic 
are ewitched opposite one another, and the voltage 
amplitudes are approximately e aal). In the lnter- 
nal sourcse oyclotron the bunch ng dee oan extend P 
with a certain radius, In this Ca8e the partloles 
at the dee entry are influenced by the transverse 
eleotricl B.F. field. The %.soQhronoas oyolotron 
with axial-eymmetrio magnetic field was used as a 
uomputed model (vertloal motion was not aonsidered). 
The data of the dee eleotric field measurement on 
the eleatrolytlc tank are used at aalculation. 
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Transverse R.3. field excites radial oscillat- 
ions oorrelating with the phase. It is appeared, 
that for the initial phase band of *5O the ampli- 
tude of the additional radial oseillationa ie equal 
to 0.6 mm, and for that of il5o, the amplitude Is 
1.3 mm, Another effect is the broadening of the 
initial phase band. Thus, the phase band of t5o is 
inGreased by 3.5 times and the band of 215’ is 
broadened up to 65O. 

Apparently, the latter effect can be uaed for 
the beam bunohing by the additional dee R.F. field 
at simultaneoue dee switching. In this caee the 
subsequent non-isochronous aoceleration mode is 
not neoessary. At the ratio of energy gain per turn 
from the additional and main dees equal to 4-5 the 
ten-fold bunching can be obtained. 

3. The beam dynamic8 in the ring cyclotron 
at the beam extraction from the radius, 

where ?)r--- 0 

The main difference of this 0yclotron version 
from the deaignsl5 61 la the beam extracrtlon near 
the boundary of ra ial stability at small Ii ener y 
gain per turn. The double aooelerating ayatem f 31 
provides for sufficiently high energy gain per turn 
In the main acceleration region. 

At beam dynamics investigation the four-sector 
ayolotron, aoneldered lnf6I was used as a model. 
Fig.4 gives two versions of dependenoe of the 
average magnetic field on radius. In the first 

3 q-z ,L’-ma kV 

RAOIUS IN Cm. 

Fig.4. The dependence on 
the average magnet10 field 
radius. The dotted line 
Is the ieoohronoue field. 

version the rate of 
R.F. phase change in 
the extraotlon eons is 
small. But the phase 
volume ocoupied by the 
beam at passing the 
reaonan0e eon8 VP =4/3 
oan be distorted. The 
oaloulatlon results 
showed that thti8 fao- 
tor ehould be oonsi- 
dered even at the 
init la1 am litude of 
radial P 080 llatlons of 
2 mm, In the second 
uase do)/dW is maximum 
at the extraotlon ra- 
dius. However, the 
radial motion for the 
amplitude up to 5 mm 



is completely stable. Fig.5 
of emall radial oscillation 
and energy gain per turn on 
starting was at 72 Hey, the 
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yig.5. The dependence of 
the radial oscillation 
frequencies, B,F. phases 
and energy gain per turn 
on the turn number. 
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Fig.6. Phase diagrams for 
radial motion. Top - start- 
ing over the equilibrium 
orbit, the radial osoil- 
lation amplitude IS 3 mm. 
Bottom - starting with 
3 mm drifting from the 
equilibrium orbit, the 
amplitude 15 2 mm , 
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shows the dependences 
frequencies, R.F phase 
the turn number t the 
eXtraOti.On - at 80 Me@. 

Fig.6 shows the 
diagrams (r, r') of 

phase 

initially monoenergetic 
beam. In the upper part 
of the fig. the data 
for the partlctlee 
etartlng along the 
equilibrium orbit are 
given as well a0 for 
the ions with oscll- 
lation amplitude of 
3 mm. The results of 
the lower part of the 
fig. refer to the case, 
when the axlal trajeo- 
tory is drifted by 3 mm 
from the equilibrium 
orbit and the amplitude 
Is equal to 2 mm. The 
upper diagram illuetra- 
tes the extraction modg 
when the orbit separa- 
tion is defined by 
energy gain per turn. 
On the 257th turn the 
separation 18 suffi- 
cient for the partloles 
with the initial ampli- 
tude of 2 mm. The con- 
dition in the lower 
part of the fig. is 
more favourable for 
extraction. The orbit 
separation in this case 
Is defined by energy 
gain per turn a8 well 
tzs;fo;he orbit pre- 

The amplitude 
of ooheient osoillat- 
Ions in 3 mm can be 
exci.ted at the end of 
acceleration at passing 
t 

9 
e resonance sane 
r ~1 by introduaing 

the first harmonic of 
the magnet&c field of 
about 0.5 us. 



328 YU. G. BASARGIN et al. 

The energy 8 read in the beam 
stability of R. P 

8 a result of la- 
. voltage in t10 4 over the ampli- 

tude and In tic over the phaae at the phaae bandof 
200 can be eetlmated a8 32 KeV at halfheight. The 
initial phase band of 2* correa onde to the phase 
band of 200 at the extraction. 8 ue to the coupling 
of transverse and longitudinal motion the additio- 
nal energy gain In the initial monoenergetic beam 
with maximum phase volume a pears. 
depends on the amplitude (1 nearly) P 

The spread value 
and phase of 

radial cecillaticna. The spread in the beam ie 
about 3 KeV at the amplitude of 1 mm. Thus at the 
Initial amplitude of radial caofllatlons of 2 mm 
the total energy Inhomogeneity ie about 5,10a4. 
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