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ABSTRACT 

The results of the investigation of 
optimization of acceleration condition 
and beam extraction in the 200+300 MeV 
ring oyolot ron, o 
with external aot P 

erating together 
ve monochromatlzation 

system are reported. It &z shown, that 
It is possible to obtain the beam with 
ourrent of 6ome tens of microamper with 
transverse emittanoe 3* mE4mrad at 
energy inhomogeneity 2.10 
factor 0.2. 

and duty 

INTRODUCTION 

At Oxford Conference the paperC11 describing the 
external beam monochromatlzation s 

s 
stem of t 

P 
e 

A.F.V. cyclotron with R.F. cavity debuncher field 
was presented. The longitudinal momentum separa- 
tion of the particles, required In this case is 
carried out in achromatic bending system. Reoently, 
the suocesaful operation of similar scheme of beam 
monochromatization of the electron linear aooele- 
rator was reported C21. 

The system of cyclotron beam monochromatleation 
not only uompensates energy spread, but also in- 
creases bunch duration and oontrols smoothly the 
beam energy in small rangefll. In the present work 
the problem of beam acceleration and extraation 
modes optimum from the point of view of monoehro- 
matization system applioation in oyclotron ie 
qualltively considered. This is a ring cyel tron 
with external injection (of Indiana typeE31 P with 
proton energy up to 200-300 MeV, though the 
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conclusions are valid for “conventional” A.P.V. 
oyolotron. Aooeleration on the 6-th harmonic allows 
to oarry out the monochromatizntion system of this 
cyclotron more compact, than in the case of IOOW 
cyclotron considered earlier Ill . 

In principle, an other method than in[ll of ener- 
gy inhomogeneity compensation by B,F, field is pos- 
sible, when longitudinal. component of electric 
field in the cavity is proportionnl to the distance 
from its axis. The cavity is preoeded by bendfng 
system creating large transverse momentum disper- 
sion 141 . The transverse emittance of the monochro- 
matized beam is increqsed for the beam with zero 
phase length by the same faotor that the energy 
spread is reduced ; also there is an effect of addi- 
tional emittanoe increasing when bunch duration is 
different from zero one. 4fier beam monochromstor 
of SLAC electron accelerator the oompated trans- 
verse emittance is increaeed by 135 times [43 . It 
is clear that in the case of cyclotron this is 
unpractical. 

1. ACCXLGBATION MODE3 AHD DUTY FACTOR 

For successful functioning of monoehromatlzatlon 
system the beam with narrow phase band should be 
accelerated in cyclotronIll. At narrow phase band 
Ay the single-tarn extraction mode was considered 

natural, when at the process of lsoohronous aocele- 
ration the bunch phase is “froten” at the top of 
the acoelerating halfwavef51. But Instability of 
accelerating voltage gives Instability of average 
beam energy (within energy gain 

f 
er turnA Ea) 

though instant energy spread OE 58 small. 14 
fig.la the longitudinal beam emittance after def’leo- 
tor and the range of its shifting on ‘phase planeUE,~p) 
Is plotted roughly for this case. Beside it is the 
same after debuncher. It is considered, that for 
the 81: 
used. P 

eriments the beam with energy spread AEm is 
t Is seen, that the length of the used 

portion of the bunch is even deoreased and the 
longitudinal bunch position is unstable. Thus at 
single-turn extraction mode the function of mono- 
chromatizatlon system is the compensation of aoce- 
l.;i.zing voltage instability without improving duty 

If it acceleration the narrow phase band la 
suffiuiently shifted relative to the top of acce- 
lerating voltage, then the particles with different 
number of turns get fnto the defIeotor, 
if phase band of 6O 

Fog 
width is shlfted by 20 

examplg 

extraction Is carried out within 10 turns a 4 :!%1 
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number of turns equal to 250. Beam properties at 
such multltuxn mode of 
extraction axe well com- 
mented in the woxkC61. In 
this case energy spread is 
about energy gain per turn 
at stable average energy. 
The longitudinal space 
ohargs effeot oan be useful. 
In faot, 10096 extraction 
efficient 
but go-90 % 

is not achieved 
efficiency is 

practically possible. 
Fig.1 b illustrates the 

transf oxmation of lon- 
gitndinal emittance fox the 
eeoond mode. After the 
deflector the particles 
fill completely the xec- 
tan le 0 

Fig.1. Longitudinal ( Af Cp r 
the phase plane 

Stripped emittan- 
emittance at cyclotron ce sixuctire la connected 
exit and after debun- with multitarn extraction 
chext 161. After debuncher the 

bunch Is stretched over a - single-turn extxac marimum value 
tion mode; defined by 

b - multiturn extrac- monochromatis~lion system 
tion mode; parameters. It is seen 

AEi, n’P1 - Initial from fig.lb, that at multi- 
energy s read and phase turn extraction mode duty 
width; b !l a - energy faotox is slightly depends 
gain per turn; AEm, on energy spread AEm of 

Aqm- energy spread the used portion of mono- 
and phase width of the chromatised beam. 
used portion of mono- If the beam injeoted in 
chromatieed beam. a ring cyolotron is bunched 

by an external buncher, 
then after the inflector 

the beam has energy spread comparable with energy 
gain per tarn. At such a mode duty factor after 
debuncher slightly depends on phase band posi- 
tion. 

BeCeAtly a practical method of matching particle 
aooelexatlon modes in aonventional A.F.V.injeotox 
cyclotron and ring cyclotron was offered when fre- 
quenoies of acoelerating aystems differ &y AOA- 
integer faotoxl’ll. In this case at using monoohxo- 
matization system the o timum duty faotox will be, 
when narrow phaee band f s shifted at aoceleratlon 
relative to the top of sinusoid just more than in 
the example considered above. 
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2. HAHMOL'TIC lWPBEB 

Magnitooptic part of monoohromatitation system 
is more compact at the higher AUmbeX of accelera- 
ting voltage harmonic. The effective length of the 
system[ll, required for longitudinal momentum sepa- 
ration, is proportional to extraction radius di- 
vided by the harmonic number. The design of separa- 
ted-sector ring cyclotrons[bl allows to use the 
accelerating system, operating at much higher fre- 
quencles than in conventional oyclotxons. 

3. AI?J EXAMPLE OF A PARTICULAR SCHEME 

In fig.2 a xfng cyclotron with outer beam radius 
about 300 cm is shown, which is similar to Indiana 
cyclotron131. Aoceleration is supposed atthe 6-th 
harmonic. Magnetic optics of monochromatization 

system consists of two 135) 
magnets, one 2700 magnet 
and two quadrupoles[81. 
Bending magnet field is ixr 
homogeneous (n=0.832), 
bending radius Is equal to 
200 om. The initial dis- 
pexsion is oreated b 

o&2wo 
METERS 

xies, the longitudinal mo- 
mentum separation is oreated 
at fhe expense of txajec- 
tory length difference in 
the magnet pd. Then the beam 

Fig.2. Possible scheme 
of beam monochromatiea- longitudinal se'jijaration is 

f;42 cm which oorreeponds 
tion Of ring *Y*lOtrOn* to &48a, The debmoher T2 

operates at frequenoy of 
cyolotron accelerating system. The oavity T1 is 
intended fox energy variation in small range. 

Analyzing magnet AM oontxols the energy of mono- 
ohromat iraed beam. 

The soheme of fig.2 ehould Involve sextupole 
lenses, oompeneating the aberrations of transverse 
and longltn~inal motion. 
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4, MONOCHROMATIZATION SYSTEM EPPICIENCY 

The particle portion extracted from cyclotron 
with energy spread A%/& = 2.10a4 after analyzing 
slit C2 (flg.2) at different phase width of the 
beam aocelerated in the cyclotron has been calcula- 
ted. It is assumed that 

4 
t 

spread is equal to 4.10 
cyclotron exit energy 
Initial distribution of 

energy Intensity is assumid according to the cosine 
square law; 
triangular. 1 

hase distribution is assumed to be 
11 these data refer to the full width 

at half-maximum of distribution Gurves. The sinn- 
soidal form of debuncher R.F. voltage is taken 
into account. 

In fig.3 the curve 1 corresponds to dependence 
of system efficiency on phase width of accelerated 
beam at fine system adjustment. It is seen, that 
at initial phase width of 6' 56% of the beam 
extra ted 
2.10 4 

from cyclotron have energy spread within 
, phase bunch length being 720, if multiturn 

extraotion mode Is used. 

90 
80 

--;-70 
z 
ifi 60 

g50 

1 
2 4 6 8 IO 12 
PHASE W~DTH(DEGREE.S~ 

Fig.3 
Percent of monochroma- 
tlaed beam particles with 
energ 
2.10 4 

spread within 
(effic5encs of mo- 

nochromatization system). 

5, TRANSVERSE EMITTANCE 

Achromatic magnetooptio system does not change 
the value of transverse emittance. Horizontal 
emittanoe of nonmonoenergetic beam is inoreased due 
to transverse dispersion at extraction from cyclo- 
tron. This effect can be compensated by the bending 
magnet placed between cyclotron and monochromatiea- 
tlon system. In fig.3 achromatieatlon of extraoted 
beam is carried out by the magnet HM? and optic 
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elements preceding it. Beam emittance after BM2 is 
equal to the emittance of the beam circulating In 
cyclotron. If the amplitude of radial and axial 
oscillations IS about 3 mm, then the appropriate 
transverse emittance is equal to 37I mm.mrad. 

If the beam injected in the ring cyclotron has 
energy spread due to external buncher, then with a 
view to prevent the growth of radial oscillation 
amplitude it is necessary to arrange the ion optics 
elements after the bunoher which provide getting of 
the particles with different energies on respective 
orbits. The aim11 
into aynohrotron 'I 

r problem Is solved at injection 
see, for examplel21 1. 

6. 2OLERANCES 

Non-close tolerances of accelerating voltage 
amplitude and accuracy of isochronous field forming 
by trimming coils in cyclotron are assumed, if 
multiturn extraotlon mode is used l61. In fig.3the 
curve 3 corresponds to phase shifting of the 
debuncher (or the beam bunch) by lo. It is seen 
that this deoreases the system efficiency by S-8%. 

The curve 2 of the same fig. corresponds to 3% 
deflection from optimum voltage value at the drift 
tube of the debuncher, It is seen that accuracy of 
voltage adjustment is non-critical. 

Magnetic field stability tolerance of t_$e mag- 
nets in monochromatization system is 2.10 
lerance for quadrupole lenses is 10'4. 

, to- 

Tolerance for stability of phase band position 
of the beam extracted from cyclotron is most cri- 
tical. At 250 turns and the sixth,harmonic the 
accelerated phase is shifted by 1 at instgbility 
of magnetic field level of cyclotron 2.10 . The 
application of pulsation suppression schemes 
allows to decrease rapid changes of the field below 
this level. The effect of slow changes of the field 
oan be compensated by automatic tuning system of 
bunch phase position with using pick-up electrodes. 
In this case stabil 
at the level of 10' 5 

ty of cyclotron magnetic field 
is sufficient. 

7. CONCLUSION 

The possibility of obtaining 200-300 MeV beam 
with the ourrent of some tens microamper and 
transverse emlttance 3ti mm.mrad at energy spread 
2.10m4 and duty factor equal to 0.2 from ring cyc- 
lotron with external monochromatizatlon system may 
be considered valid. Also, the requirements beyond 
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the limits of nowadays possibilities are not claimed 
to the cyclotron. It is important, that multiturn 
extraction mode promotes at the same time to 
increasing of duty factor and tolerance weakening. 
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