
384 

A COMPARISON OF VARIOUS GEOMETRIES 
OF A SEPARATED-SECTOR CYCLOTRON 

V.N.Kanunnikov and V.A.Papadichev 
P.N. Lebedev Physical Institute 

of USSR Academy of Sciences, Moscow 

ABSTRACT 

Using an analytical approximation 
for the magnetic field of a separated- 
-sector isochronous cyclotron, the au- 
thors have analyzed various geometries 
of the cyclotron magnet system from the 
dynamical point of view. The following 
geometries are considered: a radial- 
sector magnet system having a constant 
vertical gap, a magnet having a variable 
gap and azimuthal sector width, and a 
system of radial sectors displaced re- 
lative to the center of the cyclotron. 
It is shown that the last case provides 
acceptable field characteristics and 
reasonable simplicity of geometry. 

INTRODUCTION 

Improved accelerated beam characteristics require 
ever greater -precision of magnetic field spatial confi- 
guration in isochronous cyclotrons. Although, in gene- 
ral, modelling appears to be an unavoidable stage of 
field shaping, the volume of work on models may be con- 
siderably reduced if the accuracy of preliminary calcu- 
lations is increased. The main purpose of calculations 
before modelling is the analysis of various magnet 
terns and the choice of an optimal geometry from the 

sya- 

point of view of particle dynamics and construction 
considerations. 

In the design of separated-sector cyclotrons, there 
is often used the rough "sharp edge" approximation (for 
example,I) or the somewhat more accurate "one sector" 
approximation 2. We have used a more accurate method 
which includes both aforementioned approximations as 
particular cases. The advantage of this method is that 
it allows to reduce (and in some cases even exclude) 
modelling of the field. Using this method,one can obtain 

functional relations between magnetic field characte- 
ristics and betatron frequencies on the one hand and 
geometrical parameters of the magnet on the other. It 
makes possible a rapid comparison of various magnet 
designs and the determination of optimal pole shapes. 
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The method is based on conformal mapping; a detailed 
descriptiop an 
published Jy4v 5 

justification of the method has been 
It allows generalization to the case 

of sectioned mainets having arbitrary pole excitation 4 
and, in addition, taking into account she effect on 
field shape of current-carrying conductors located near 
the working region 'C,S. MO elling of the field of a 
separated-sector cyclotron P and a comparison of the 
calculations with experimental data for a three-sector 
cyclotron 2 have shown that the field approximation 
used is quite accurate. 

f;l-cIGFJEX!IC FIELD APl?ROXI%WI@N 

Below we shall limit our treatment to the simplest 
case, when the current-carrying conductors care located 
sufficiently far from the working region. Under this 
condition, the vertical component of the magnetic field 

in the median plane is expressed in implicit form 
as follows: 

-..-----.- _.__. 
J?= +&?~~~~+p+2 + f f& 
l)"' 

I j+j &j%jp-- 7 
(1) 

“-}J(f//+,:“‘“,y %,,.* i 

where B is the azimuthal angle measured from the 
center of the azimuthal gap between sectors, 8$ 
the azimuthal gap width and /^ a parameter which is 
the most important characteristic of Lhe field distribu- 

is small one can tcake p =SA/z$ where 
vertical gap of the magnet and c the 

radius. More generally, when 6) is large and sector 
edges do not coincide with the radius (Fig.1): 

/CL=;!_ 
X’s& (-5 -f) (2) 

-L- N p 
) i $& $-.p f du,/re’Sih ( $wn z)y 

where N is the number of sectors 2 the radius 
measured from the magnet center, '4 the azimuthal 
width of the sector and 'L the displacement of the 
sectors from the center. The azimuthal gap between 
sectors measured with respect to the common center is 
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Fig.1. Geometry of sector cyclotron poles for the case 
when the sector boundaries do not coincide with radius. 

2 -radius measured from the cyclotron center, L$ 
muthal width of the sector 

-azi- 

sectons relative to the ce&ter. 
z:, -displacement of the 

Examples of azimuthal distributions of the field 
determined by equation (I) are given in Fig.2. The 
aforementioned approximations are obtained from (I) in 

2)/u +o, 6) -+ - 
two limiting cases: :)p;A'o -"sharp ed e" 

7 
approximation 

is finite - 
approximation, 

"one sector" 

From equation (I) one can obtain by integration ex- 
pressions for the constant component (averkge value) of 
the field $ c and for the flutter F= .cH’>/c:HG-f 

f, = 1/ 4- ;gq&?/z -y - 3 (xltcttla f, ‘I i (4) 

f = {- $gmib+ 
f* -1 
*c (5) 

Eq. (4) and (5) allow calculation of the betatron 
oscillation frequencies LI, ,& the required 
ampere-turns of distributed windings &d the determina- 
tion of the optimal geometry of the magnet. In interes- 
ting practical cases, the value f, is determined 
to an accuracy of better than 1% and for small azimuthal 
gaps 0.1%. 

If one compares (4) and (5) with the "sharp edge" 



GEOMETRIES WITH SEPARATED SECTORS 387 

, /If- 
l,o- 
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Pig.2. Dependence of field on azimuthX=e 3for two 
values of parameter /u- The upper curves ($..=fl ) 
are represented by equation*(I), valid for the case 
when current-carrying conductors are located far from 
the working region (the height above the median plane 
is more than I$-2 vertical gaps). The lower curves+ 
(&= 1 ) were obtained by using formUte taking into 
account the proximity of the conductors and Plotted 
for the case when they are at the edge of the pole. 
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formulae: 

j.) )L $ff ; /7= 7’ -~--, , 
q- ,$‘Q - I 

9 

one can see that approximation (6) gives an error of 
about 2O-3% in the determination of J-c even for 
small /= 0.1-0.2, and may err by a factor 1.5-2.0 in 
the determination of 
(5), 

. Below, using @q.(4) and 
a comparison is of several geometries of a 

separated-sector cyclotron. The calculations are for the 
parameters of spectrometric cyclotron 6, 

RADIALS~CTOR SYSTEM 
HAVING A CONSTANT VERTICAL GM? 

Such a magnet, whose sectors have constant azimu- 
thal width, is geometrically the simplest and is consi- 
dered in a number of designs 7,8. Its distinguishing 
feature is that the average field decreases with radius 
instead of increasing as required for isochronism. 

In Pig.3 are shown the radial dependencies of$,~i~ 
and L'* for a magnet having L:h = ;cr-+, and 6;, =O 
Without correcting turns, d z 0.7 at radius Z= 56 cm 
and then decreases by 3G$ as 2 increases to 300 cm 
("&harp edge" approximation gives f,= 0.5 everywhere). 
At a :final proton energy of 80 MeV about 40 per cent of 
the field must be produced by distributed turns, At 
initial radii, 112 is less than 0.5 and then increases, 
crossing this value. It is necessary to correct I/L 
at initial radii or to increase the injection energy. 

GENERAL CASE: VARIM3lX SECTOR WIDTU; 
AND VARIABLE VDXTICKL GAP 

4 
1Jsing (4) and (5) one can find a geometry for which 
and F (and, hence, I/L ) will varv in accordance 

with a given law. This problem may be re&uced to solving 
at every radius the following transcendental equation 
with respect to ,L" 

jf(fN= q4&42~ .{&& .f;, y+ 

+[{*2$ //Lpf&&w;- q 
(7) 

, 
P’ 
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( I”=” cr and ,?Q =j'.:, 'Y, -dimensionLess radius 2nd ver- 
tical gap, and 3; and. ?; are constant) nnd then 
calculating from p-' the corresponding sector width 

.-F-, 
c?,;( I”,’ = $-{i- 

. % . 
i2 2t C&/1 ;T --- 

g. *i,& y+ /,J % ;’ 
1 

?z:! 1 I( 
&,Lel<;ici IS hl 

and vertical 6aP 

q’f f= u-(3& 
!- *T 

n/ _ c”ItpJ -1 
.Jil’ _. ($a> 

0 L 100 200 300 -r 

Fig.3. Dependence of average field x and bctatron 
frequencies t/'.k'* on the radius in a sector cyclotron 
with N=Y . Radial - sector system, 2ll =IOcn,$=~~~. 
Subscripts P and i in dz signify protons 
and heavy ions, respectively. 

Calculated result:: are Freserted in Pig.~+. isochronous 
.&(SJ for constant r" is obtained if the sector 

width #J cand the vertical gapd? vary; this variation 
must be particularly large in the region of small radii. 
Beginning at a certain radius, the azimuthal gap remains 
constant. Since shaping poles in both directions results 
in additional technological difficulties, it is natural 
to consider the case when only the sector width vmxes* 
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f(p)=~, .#O)=o.S 
1;=//90cm 0 m /==a64 

I I 
40 ai a2 

, ,a 
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Fig,4, Dependence of azimuthal width 8s dimension- 
less v;tiical half-gap 9 and vertical beiatron freq.u- 
ency on the dimensionless radius p 
ronous &erage field &ip) 

for isoch- 
and constant flutter f =0,64. 

COi~STAKC VERTICAL GAP, VARIABLE SECTOR I"IIDTH 

The dependence @J(Z) is determined from the con- 
dition that the average field is isochronous. Ia such 
a case, the flutter is not constant; it decreases at 
large as well as small radii but the decrease of 
at small radii is not so abrupt as for constant @S 

t/r 

Hence, a sector having such a geometry allows one ti 
obtain a good approximation of the isochronous field 
and to some degree correct J, at small radii. 

The realization of a magnet in which the sector 
width varies strictly in accordance with calculations is 
hardly expedient, since different laws govern the ac- 
celeration of different ions, so that correcting coils 
are unavoidable for retuning the field. However,the 
sector width should be as close as possible to the 
calculated value in order to minimize the Eield devi- 
ations which must be compensated for by correcting 
windings. 

"DISPLACED" SECTORS 

As the simplest approximation of the case conside- 
red in the previous section, let us consider a sector 
having straight azimuthal boundaries. In this case, one 
can satisfy the isochronous condition at two radii. 
Geometrically, such a method of rield shaping may be 
represented as the displacemeilt of a sector having cons- 
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t ant azinuthal width f% by a distance FIG from the 
center of the system [see ii'ig.1). An apalogous method 
is used in the three-sector cyclotron d. 

If '7, and Y, are the radii at which the average 
field is equal to that of the isochronous, then from 
(3) we obtain two equations for BS and t, : 

& +h! 
t, G-2 L_ 
-=~y& ; 

zc 
JZh .6?J -6, 

Siri hi;‘; ’ 
(10) 

z -7- 
.& l/ = 

2 

where 8,-&),(rr) and @4=@~;?c' 
and $:(c,,J , respectively. 

are determined viali-,! 
Solving these equations, 

one can determine the parameters 6% and YC determi- 
ning the magnet geometry, and then the magnetic field 
distribution and its deviation, from the "optimal". 
The results of such calculations are presented in Pig.5. 
One can see that deviations from the isochronous field 

0 I ~~ ~..--. _. . ..-- 
loo 200 300---r 

Fig.5. Dependence of average field Aft) and betatron 
frequencies Pr,r/r on the radius in a sector cyclot- 
ron with ,A/ =4, 
2R =IOcm. 

"Displaced" sectors, 4 ~0.9, Z0=30cm 

and the variation of 3 ,with radius are less than for a 
sector having cons ant azimuthal width.Hence,a magnt 
having laced" sectors has better characte- 
ristics than the radial-sector system considered above. 
Thus,using a magnet having "displaced" sectors seems 
to be most expedient from the point of view of simple 
geometry and acceptable field characteristics. 
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CONCLUSION 

The final choice of magnet geometry depends in many 
respects on the maximum energy and the types of ions 
being accelerated. To accelerate ions having different 
charge to mass ratios, e/m one must change the 

A(Z) law and, hence, use a sy&tem of retuning turns. 
In such a case, it is desirable to select a pole geomet- 
r;p providing an isochronous law for some "intermediate" 
value of Wm 

The field*of the selected magnet may be calculated 
by means of the more accurate formulae 9, taking into 
account the location of windings. 
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