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Summary 

This report describes the design and the construction of the magnetic 

circuit of an Isochronous ~ow ~nergy ~yclotron ( ILEC). 

Special attention bas been paid to the design of the pole faces. The 

shape of these faces bas been determined by a number of technical conside

rations and by the condition of isochronism. A systematic overrelaxation 

procedure bas been employed to determine the final shape of the pole faces. 

With the estimated field orbit calculations uave been performed. 

Also some orientating calculations have been performed to determine 

the shape of the extractor and the focussing channel. 

The complete magnetic circuit will be ready within some weeks ( 1.e 

March-April 1983) 

The magnetic field will be mapped with help of the magnetic field 

measuring machine of the Cyclotron Labaratory and the pole faces will 

be corrected if necessary. 
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Chapter I Introduetion 

§1.1 The ILEC project. 

At the Cyclotron Laberatory of the Eindhoven University of Technology 

a small cyclotron for the acceleration of protons up to 3 MeV is under 

construction. This project, called ILEC ( Isochronous Low ~nergy ~clotron), 

was initiated at the beginning of 1982. 

The objectives of ILEC are: 

I) to perferm orbit dynamics studies, more specifically studies on 

a) constant turn extraction 

b) flattop acceleration 

c) effects of space charge on the beam properties 1n the 

central region 

2) application as a 3 Me\' ?roton souree for a microbeam ( 20 J.lm 

diameter) to be used in a device for scanning PIXExanalysis ( ·Kiv80) 

The studies mentioned in the first objective are to a certain 

extent a preparatien for the last one, which is a long-term goal. Protons 

are focused in a magnetic quadrupele lense arrangement ( PriaJ). Such 

a set-up suffers from chromatic aberrations which cause significant 

broadening of a beam spot on the target. This effect can be limited 

sufficiently in practice by allowing an energy spread of the beam of 

notmore than I %o. 

Limitation of the energy spread 1n a cyclotron beam can be achieved 

by: 

I) Constant turn extraction 

In the constant turn mode of operatien all extracted ions have 

undergone the same number of revolutions. It is necessary there to 

have a radial orbit separation larger than the radial beam width 

1n the extraction region. 

2) Flattop acceleration 

If the dee voltage of a cyclotron could have a square wave farm, 

then the final energy of an accelerated partiele would not depend on 

the phase with respect to the accelerating dee voltage. In this hypo

thetical case there would be a monoenergetic beam during 50% of the 

time. 

* . . Proton Induced x-ray Em1SS1on 
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This ideal situation can be approximated by adding an auxiliary 

H.F.accelerating system that oscillates at the third harmonie of the 

frequency of the main accelerating system at' the appropriate amtHitude and phase. 

It is expected that by means of flattop acceleration, ILEC can 

produce a beam with a relative energy spread of less then l~during 

10% of the time. 

3) Diaphragming 

If no flattop acceleration is employed then the final energy depends 

strongly on the H.F.phase. Hence a small energy spread can be achieved 

by selection of particles according to the proper HF phase interval. 

Because the radial position of the particles is also dependant on the 

HF phase, this phase selection can be clone by inserting diaphragms at 

the proper place. It is advantageous to place these diaphragms in the 

central region for two reasons. These are: 

The selection in the radial position of the particles with the 

HF phase is at strengest there. 

The energy of the particles stopped there is low and the particles 

are not yet capable to evaporize diaphragms or to induce radioactivity. 

In contrast te flattop acceleration this methad of energy selection 

has the disadvantage that it reduces the beam current. It is an interes

ting methad however for conventional cyclotrons and has been applied 

( Gor66 ) ,though without reaching a relative energy spread of 

less than I %c. An important reason for this disappointing resul t Kas 

an incomplete knowledge about all effects on beam formation. Cndoubted

ly space charge plays an important role. 

It is our aim to incorporate this effect ~n the orbit dynamics theory 

developed in our group so far and to verify the theory with ILEC. Because 

the central geometry of our cyclotron does not deviate essentially from 

any normal scale cyclotron, the results will have a general character. 

The ILEC cyclotron is very well suited for experiments on the fore

mentioned subjects because of the following reasons: 

I) Being a constant energy cyclotron a lot of parameters featuring 

variable energy cyclotrons are fixed, such as the frequency of the ac

celerating voltage, or even absent, like concentric correction coils. 

This enhances the reproducibility and the reliability of the machine. 
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2) Being a very small cyclotron, acces to the vacuum chamber is made 

easily just by lifting the upper part of the yoke. Trnis allows for 

quick servicing or altering of the interior layout, e.g. repositioning 

of diaphragms or altering of the accelerating system geometry. 

§1.2 Survey of this report 

This report deals with the design of the magnetic cicuit of ILEC 

and its consequences for beam properties and further design. 

The magnetic circuit itself is described in Chapters 2 and 3. 

Chapter 2 deals with the design of the yoke and main coils. An 

estimate of the consumption of electricity and cooling water is given. 

Chapter 3 describes the design of the pole tips, the magnetic 

field between the pole tips being crucial for the performance of a 

cyclotron. 

After having obtained a general idea of the shape of the magnetic 

field, orbit calculations could he performed. The results of these cal

culations are compared with the outcome of the application of an ana

lytica! theory and are presented in Chapter 4. 

Chapter 5 deals with the extraction process. In this process the 

last turn is 'bent' out of the magnetic field by means of an extractor. 

The beam will he seriously defocused here by the action of the fringe 

field. To compensate this action an electrastatic focusing channel is 

designed. 

Besides the work presented in detail, attention has been paid to a 

design for a central dee geometry. 

The ion souree of ILEC will he mounted axially. Therefore a hole is 

drilled through the yoke. The position of this hole fixes the radial position 

of the source. To estimate an optimum position for the souree opening 

some partiele tracks have been calculated by hand for first orientation. 

After having determined the shape of the central region of the segment 

plates, a tentative central region electrode geometry was designed. To 

perferm centre orbit calculations we approximated the electric field 

geometry of this model by two dimensional Gaussian curve shaped fields. 

~ith help of this computer program we have optimised the position and 

orientation of the open~ng of the ion source. Based on the results of 

these calculations a magnetic analogon model has been constructed,and 

and a hole has been drilled. 

With the electric field geometry obtained from the analogon model, 

new centre orbit calculations will he performed, and the central region 

will be modified if necessary. 
- 3 -



Chapter 2 Yoke and :!ain Coils 

§2.1 General considerations 

At this stage three considerations must be stressed which are very 

important for the design of ILEC. 

I) ILEC is an isochronous cyclotron. In this type of cyclotrons the 

magnetic field is modulated azimuthally by a proper shape of the pole 

faces. This is why such type of cyclotrons is also called Azimuthally 

~arying ~ield ( AVF ) cyclotrons. 

The angular velocity of the accelerated particles in an AVF cyclotron 

1s constant during the accelerating process so the frequency on the 

accelerating dee can be kept constant. Another advantage of the AVP

principle is that a good vertical stability of the beam is obtained. 

For ILEC we have chosen a fourfold rotational symmetry. 

2) The flattop acceleration principle will be applied. In a flattop 

electrode layout an auxiliary dee is added on which a voltage 1s applied 

that oscillates at the third harmonie of the main dee frequency. For 

acceleration with one sector shaped dee ( with a sector angle<l80°) 

the orbit centre of an ion floats away. To prevent this, a symmetrical 

dee layout must be applied. For ILEC we have chosen a twofold symmetry. 

For such a 2(2n+l) symmetry the frequency of the dee voltage must 

be an even number\~he cyclotron frequency f = q
2
B we apply the secend 

o nm. 
harmonie on the ma1n dee and the sixth harmonie on the auxiliary dee. 

The top voltage on the secend harmonie dee is 36 kV, on the sixth har

monie dee this voltage will be about 4 kV. 

The secönd harmonie dees are inserted 1n the valleys to allow for 

minimal mean width between the pole faces. The sixth harmonie dees are 

located on the hills. ( see fig.2.J). The maximum gapwidth is made equal to 

50 mm. 

3) To make ILEC as small as possible was an important design a1m because 

the costs of construction and eperation as well as the costs of periferal 

equipment of a cyclotron are strongly related to the size of the machine. 

A small cyclotron is usually designed with a magnetic field as large 

as the saturation of the yoke material permits. Furthermore one has to 

accept a small gap to keep the cross sectien of the excitation coils 

small. 
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znd harmonie 

hill 

valley 

fig.2.1 Topview of the poZe face with the dees inserted. 
!Jumrrry dee Ziners are orrri tted for c Zari ty. 
Cross section A-A' is shown beZow. 

d . 1 . 0 c:::==============:~ ,o c========::::::::l 
me 1.an p ane~---------- 50 rmn 

A o A' 

The workshop costs have been kept low by employing a mild rolled 

steel for the yoke. This steel, St 37, has a relatively low carbon 

content of 0.2% and a magnetic saturation fieldstrengthof 1.84 Tesla. 

Besides that it is easy to machine and inexpensive. Also attention 

has been paid to keep the construction of the yoke simple and to keep 

the number of parts small. The yoke is not laminated, but is built up 

of massive blocks. The pole faces,which must be accurately shaped, are 

two separate plates, called the segment plates. 
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92.2 Glossary of yoke parts 

It makes sense to introduce some nomenclature and conventions about 

co-ordinate frames here. 

The yoke consists of four rectangular blocks, two cylindrical poles 

and two segmentplates ( see fig.2.2 ). 

fig.2.2 

GZossary of yoke parts 

We distinguish lower and upper yoke blocks ( Ia resp. Ib ), leftand 

right yoke blocks ( Ila and Ilb ), upper and lower poles ( lila and IIIb) 

and lower and upper segmentplates ( !Va and IVb ). 

The plane halfway the pole faces is called the median plane. The axial 

co-ordinate, z, is taken zero there. 

On the segmentplates there are four heights, called segments or hills, 

which have a straight sector shape. The four hills are identical. The lower 

parts between the hills are called the valleys. The height of the hills 

with respect to the valleys increases stepwise with radius r. 

We call such step a terrace. 

§2.3 Determination of the yoke dimensions 

The final design of the magnetic circuit ~s the result of straight

forward calculations, estimates and considerations of mere practical kind. 

We may however distinguish four stages in this process : 

I) Determination of the pole diameter 

2) Total magnetic flux estimate 

3) Dimensioning of the coils 

4) Dimensioning of the yoke 
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§2.3.1 Determination of the pole diameter 

The maximum value of the azimuthally varying magnetic field, B , 
ma x 

must be somewhat smaller than 1.84 T, the saturation fieldstrengthof 

St.37. We choose B = 1.80 T. The average field, B, can be calculated ma x 
if the fieldmodulation, f, is known. We define the field modulation by 

-
B ~s 

A p 

-
B - B f = max ( 2. I) 

-
B 

the magnetic field ~n the median plane averaged over the pole surface 

B=i-fBdA 
p p 

The fieldmodubtion must ensure a good vertical focusing. We take f =0.2 

Substitution of this value in eq.2.1 yields a mean magnetic fieldBof 

1.5 T. The orbit radius of protons with an energy of 3 MeV in a magnetic 

field of 1.5 T is easily calculated from the well known equation 

r = E_ where p the kinetic momenturn of the partiele and qB 
q its charge. For 3 MeV protons ~na homogeneaus field of 1.5 T this 

equation yields a radius of r = 16.63 cm .. 

Because the magnetic field drops off at the pole edge ,the pole radius 

must be larger than the orbit radius of the protons with their final energy • 

It is practice to add one minimum gapwidth to the extraction radius to get 

a suited value of the pole radius. The minimum gapwidth is estimated as 

follows. The fieldstrength is in first approximation inversely proportional 

to the gapwidth. The maximum gapwidth is already put equal to 50 mm.( cf. 

§2.1 ). A simple calculation then shows that fora max~mum magnetic field 

of 1.8 T the gapwidth will be about 33.3 mm.,thus yielding a pole radius R pole 
of 20 cm. 

§2.3.2 Determination of the magnetic flux 

Since both the average magnetic field B, the polediameter and the gap

width are known, the total magnetic flux ~ can be calculated using a semi
t 

emperical formula (ref Phi66 ): 

~=an(R 
1

+lg. ) 2 B +(1-a)n(R 
1

+lg ) 2B. 
t po e ~n max po e max m~n 

(2.2) 

where a the relative azimuthal width of the hill 

1 a correction factor that takes into account 

the leaking flux 

g , B :.the gapwidth resp. the magnetic field of the hills min max 
g B : the gapwidth resp. the magnetic field of the valleys max' min 

- 7 -



For the azimuthal width of a single hill we adopted a value of 400 

yielding a total relative azimuthal width of the hills of a =4/9. The 

correction factor 1 is taken equal to 0.7, which yields a worst case 

estimate of the flux. Substitution of these values in eq.2.2 yields a 

total flux of 

~ = 0.2410 Wb 
t 

§2.3.3 Dimensioning of the ma~n coils 

The total number of ampereturns which the ma~n coils must deliver 

equals the integral ~ H:dï taken along a closed loop through the median 

plane, enclosing the main coils (see fig.2. ). 

fig.2.3 Integration ~oop 
through the yoke 

Although the magnetic fieldstrength H cannot be calculated fully, 

because the dimensions of the yoke are not determined so far, a good 

estimate for the contribution to p H dl from the g2p can be given: 

f 
- - B H dl = min 

gap --;::- gmax 
0 

4 7. 75 kAturns ( 2.3) 

The contribution to the number of ampereturns of the path through the 

yoke equals about 4.25 kAturns, so the total number of ampereturns then 

becomes about 52 kAturns. The power supply, available for the time being, 

~s a Heizinger 60-9000 which has a current rating of 150 Amperes. 

The main coils are built up from so-called pancakes. A pancake ~s 

a coil, wound from a single piece of copper tube, two layers thick and 

with the ends at the outer side. We accepted coils, each consisting of 

six pancakes, one pancake being sixteen windings wide. This yields a 

total number of turns, n , of n =384. Conneetion of the two coils and 
t t 

the pancakes ~n ser~es needs a current of 135.3 A, well below the 

maximum rating of the power supply. 
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A square section for the capper tube is choosen to obtain good 

packing density and a hole is provided for watercooling (see fig.2.4). 

The tubes are constructed from OHFC capper in an extrusion process at 

the Lips Capper Division in Drunen, the Netherlands. 

fig.2.4 Cross section th:.~ough the 
capper tube. Dimensions in mm. 

The tubes are insulated by glassfiber tape and impregnated with 

an epoxy resin, yielding a total size of 8.3x8.3 mm. The top and bottorn 

of the main coils are covered ty aluminium plates of 5 mm thickness to 

provide mechanical protection. The dimensions of the ma~n coils are now 

determined.A cross sectien through the coil is shown in fig.2.5. 

150 mm 

R = 720 mm 

R = 420 

~~-~ 
0 0 0 110un 
0 0 oio 
0 0 0\C\. 
0 0 0 CIC\ 

1/ ./ // ///////////////////~ 

fig. 2. 5 
Dimensions of the main 
coi ls. 

The resistance of the coils has been measured and equals 0.311 ~. 

With a current of 135.4 A there will be a voltage of 42.2V across the 

coils and'the power consumption then equals 5.70 kW. 

The power must be removed by the cooling water. Allowing a temperature 

r~se of 10°c a cooling water flow of 8.2 1/min is needed In the 

cooling circuit the pancakes will be connected parallel for the time 

being so that sufficient cooling can be achieved by tapwater( 6P= 2.105 N/m2). 

§2. 3.4 Dimensioning and construction of the yoke 

In the design of the yoke the following considerations have been 

taken into account: 

a) The magnetic field strength B ~n the yoke blocks must be less 

then I. 7 T 
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b) The yoke must fit into the magnetic field measur~ng machine 

of the Cyclotron Labaratory 

c) The yoke blocks must be made from standard sized steel slabs, 

with as little machining as possible 

'cl) The space between the coils must be about 12 cm to have 

enough building space for the vacuum chamber. 

e) The upper yoke block tagether with the upper coil and pole 

must be easily removable by lifting. 

Among these rather technical considerations also the following points 

are considered: 

f) The deviations from parallelism of the pole faces must be. l~ss then 20~m 

also after lifting and repositioning of the upper yoke assembly. 

A non-parallelism of 20 ~m corresponds to a first harmonie 

field error of about 5.10-4 • 

g) A hole must be made , parallel to the axial ax~s for insertion 

of the ionsource. Ta restare the symmetry an identical hole 

~s drilled through the lower yoke part. 

Fe accepted a space of 127 mm. between the coils to insert the 

vacuum eh amber. Th is makes the space between the upper and lower yoke 

block 347 mm.( see fig 2.7). 

After assembly of the total magnetic circuit the magnetic field in the 

median plane will be measured in the magnetic field measuring machine ( see 

fig.2. 6). 
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121 ~·I 

This machine consistsof a frame, made of heavy box girders, which 

supports a gantry equipped with a measur1ng Hall probe. With a length 

of 107 cm and a width of 49.5 cm of the ~oke blocks, the yoke will fit 

1n the measur1ng machine. 

The maximum thickness available of St.37 1s 200!5 mm, the secoud 

larges t 180±5 mm • We have chosen 190 mm for the thickness of the upper 

and lower yoke blocks and 170 mm for the left and right ones, leaving 

enough material for accurate machining. 

Except for the segmentplates the dimersions of the yoke are now known 

and are shown in fig.2.7. 

I I 
-no-----t 

I 1 

/070 

~ 
12.1 

I 'JO 

! ' 
I I 
l..:..-:...·--_-_: ::: ---~j.'· 

!"1.-.:..:.-=-.-_ ---- ~: ~-, 

i 

fig .2.? 
Final dimensions o.f the 
yoke. Dimensions ~n mm. 
Note that the segment 
plates are not drawn in 
this figure. 

The faces between the yoke blocks and between the poles and the yoke 

blocks are grinded in strips of 0.1 mm height.(see fig 2.8). This is clone 

to ensure a thight and reproducible tight contact of these faces after 

assembly and reassembly. 

- 11-
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All parts of the yoke are fitted with holes and pegs so that after 

assembly and reassembly of the yoke or after lifting of the upper yoke 

p2rt, all parts will come into the right position with high accuracy. 

Now the staterneut that the number of a!D-pereturn~ •• J H dJ. in the 

yoke equals about 4 kAturns kan be verified. In order to do so the 
e 

relation b~ween the magnetic induction B and the magnetic fieldstrength H ~ 

must be known. This relation is presented in the B-H curve. The B-H curve 

for a steel similar to St.37 has been recorded at the Philips Research 

Laboratories and has been confirmed for several points with help of a 

simple set-up by us. The B-H curve is shown in fig 2.9. 

t ·~ 
" f p 

fig. 2.9 
The B-H curve 
of St.3? 

The line integral J H dl taken from the upper pole face through the 

yoke to the lower poleface has been approximated by replacing the integral 

by a sum : 

j H dl = k H.l. 
1 1 1 

for 1 indexing the path elements shown 1n fig.2.IO 

I I 
-·-· - . ---- . r-· -

I J I 1 

.2 
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fig.2.10 
Indexing of integration 
path elements in the 
yoke . 



Becaose of the symmetry we only consider the path from the upper pole 

face to the median plane . Along one pathelement i we take the cross sectional 

area A., the magnetic induction B and the magnetic fieldstrength H. constant. 
1 - , 

Assuming that no flux is leaking away from the yoke, the magnetic induction 

fellows from: 

q, 
t 

Bi=2A. 
1 

q,t 
and 1n the poles by B -----pole A 

pole 
( 2.6) 

After calculation of B., H. is read from the lower part of the B-H curve. 
1 - 1 

The result of this sum is listed in table 2.1 

1 2A. (m2 ) B. (T) 
1 1 

H. (A/m) 
1 

2H. 1. (kA) 
1 1 

I 16.8 lo-2 I .432 1200 0.4 

2 18.8 11 I .281 800 1.0 tahZ.e 2.1 

3 13.8 11 I. 740 7000 1.5 

4 12.6 11 I. 918 16000 2.0 

L:=4.9 kA 

The cyclotron will be mounted on a frame. On this frame adjustments 

are made which provide six degrees of freedom: The cyclotron can be trans

lated in the x,y and the z direction and can be tilted around three ortho

normal axis which interseet each other at the centre of the of the bottom

plane of the lower yoke block ( see fig.2.11). 

fig. 2.11 
positioning of the yoke 

--------- ____ [ _________ _ 
,/-T-- -
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§2.4 Deformations of the yoke 

The yoke may he deformed by mechanical forces and by thermal 

expans~on, giving rise to magnetic field deviations. These deviations 

should nat exceed a relative amplitude of S.I0-4 , corresponding toa 

gapwidth variation of 20 ~m. 

- Thermal expansion 

Suppose the yoke heats up during operation. Then the gap becomes 

wider by an amount ~gth: 

~g = À g ~T 
th 

where À the linear thermal expansion 

coefficient of St.37 (18.10_6.) 

g : the gapwidth 

( 2. 7) 

The gapwidth variation due to a temperat~Te rise of 10°c amounts to 7 ~m. 

- Mechanical forces 

The poletaces are pulled towards each other by the magnetic field. 

This force, F , amounts toF= 1.44.105 N . To estimate the gapwidth 
m m 

variation caused by this force we neglect the weight of the yoke itself 

( this weight is about 2.104 N), and consider the upper and lower yoke 

blocks as beams with the supporting lines 70 cm apart from each other 

In this worst case estimate we assume that the force F is applicating 
m 

in the middle as a point load. The gapwidth variation ~g caused by 
m 

this force can he calculated from (see fig.2. ): 

where E 

I 

Youngs modulus of St.37 

moment of inertia 

1 the distance between the supporting points 

F 
m 

70.cm 

F 
1.'1 
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Mechanical deformation 
of the yoke 



The factor 2 ~n eq.2.8 accounts for the deflection of both blocks. 

Fora beam of 495 mm wide and 190 mm thick I becomes 2.801 .10-4m-4. The Youngs 

modulus of St-.37 is 210.109N/m2 • Substitution of these values in eq.2.3 

yields a gap variatien ~g of 35 ~m. This 1s about 1 % of the gapwidth. 
m 

Such a deflection is not dangerous however because the poles will not 

deform and the parallelism of the pole faces will not he affected (see 

fig.2. 12· 

20 ~m 

§2.5 Temperature r~se at the pole centre 

fig.2.12 
Deformations of 
yoke. 

A design feature of ILEC is the absence of a watercooled, grounded 

sheet, covering the pole face and serving the removal of heat generated 

by the dees. Omission of this sheet has the advantage that the gap can 

he kept smaller. Now the heat must he removed by thermal conduction 

through the yoke. We will show in this paragraph that the temperature 

rise at the centre of polefaces with respect to the pole edge "1-.rill not 

exceed an amount of o.zoc. 
In this estimate we consider the dee as a circular disk on which 

a voltage 1s applied with a frequency f and a top value V: Also the 

pole face ~s considered as a flat surface. The distance between the pole 

face and the dee equals d (see fig.2.13). 

fig. 2.13 
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From the dee to the pole face a dielectric current ~s flowing with 

a homogeneous density. This current flows away radially through the 

coppered pole face and dissipates heat.Because of the high frequency 

the conduction through the pole face takes place in a thin layer at 

the surface ( skin effect). A measure of this layer is the skin depth ok .. s -~n 
The heat generated per unit of time and surface, P, is now a quadratic 

' . ' \ ~ 

function of r: 

I r 2 
P(r) = ï6 8"0 

s 
where e: the 

0 the 

0 the 
s 

d the 
A 

V the 

( 2.9) 

permittivity of vacuum 

conductance of copper 5.8I 10 
7 [2--l -l m 

=I;/ 2na 
f 

j 

skindepth defined by 0 2n.::_ 
s c 53 ).Jm 

dis tance between dee and pole face 

top dee voltage 

The total dissipation is obtained by integrating eq.2.9 from r=O to 

r= 0~2 m and yields after substitution a total dissipation of I23 Watt 

per pole face. This 1s a pessimistic guess because the dee ~s not a 

circular disk, but has a sector shape. 

To estimate the temperature r~se ~n the centre of the pole face we 

consider two approximations: 

I) The edge of the pole tip ~s held at a constant temperature T , for 
0 

instanee by a watercocled wall of the vacuum chamber. The heat proèuction 

and the heat conduction takes place radially through a layer of iron of 

I cm thickness. For the heat souree function p we apply eq.2.9.( see fig 2.I4). 

I cm 
fig.2.14 
Onedimensional heat 
conductance. 

The temperature as a function of radius, T(r) is obtained by solving 

the scationary Poisson equation for rotational syrmnetry: 

~ T(r) + _!_ 3T(r) =-· p(r) x!OO ( 2.10) 
ár2 r 3r a 

where a is the heat conductance of St. 37 (a= 52 W/mK). 
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The factor 100 takes into account that the heat conduction takes place 

through a layer of I cm. This equation yields a temperature distribution T(r) 

T(r) T - c r 4 
0 t ' 

( 2 .10) 

Substitution of r = 0.2 m yields a temperature drop of 0.14 K. 

2) The cylindrical surface of the pole is insulated. The bottorn of the 

pole is kept at a constant temperature and at the top face of the pole 

we apply the heat souree function given by eq.2.9. This geometry is expan

ded periodically in the axial direction z (see fig.2. ll).The heat souree 

function is also expanded periodically in z: 

r 

p(r,z) = P(r) o( z- 2nd ) ' n€N 

where 8 the delta-Dirac function 

z 

Bath T(r,z) and p(r,z) are written as a series: 

T(r,z)= + JT A 
0 0 

1 1 knz 
p(r z)=---r2 +-- r 2 E cos (---) 

' 2zo zo k zo 

( 2.11) 

fig.2.15 
Periadie e:xpansion 
of tlw po"le. 

( 2.12) 

These equations are substituted 1n the Poisson equation written 1n 

cylindrical co-ordinates: 

L'lT(r,z)= 
a2T 1 aT a2T 
--+--+ 

p(r,z) 
( 2.13) 

ar2 r ar az2 a. 

Solving this equation yields a temperature r1se of about 0.17 K. 
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Chapter 3 The Segmentplates 

§3.1 Introduetion 

An important requirement for an AVF field ~s that it must be shaped 

~n such a way that the revolution frequency of the particles during the 

acceleration process remains constant, i.e. the field has to be isochronous. 

This requirement does not specify the field uniquely, there are many ways 

to shape an isochronous field. 

For ILEC the number of ways to realize such field is limited by a 

number of constraints in th.e physical shape of the pole faces. In this 

chapter we will discuss how the segments can be shaped so that a good 

isochronous field is achieved. 

Because it is very elaborate to calculate a threedimensional magnetic 

field starting from some boundary equipotential surface, as the pole faces 

are, the final design presented bere is the result of calculations employ

ing twodimensional approximations. 

It is highly probable that the actual median plane field is not 

sufficiently ischronous. It will le measured and orbit calcultions will 

be performed. From the results propo~3als for geometrical corrections will 

be derived, if necessary. This process may be repeated a few times. 

§3.2 Requirement for an isochronous field 

We consider only the axial component of the magnetic field ~n the 

median plane, B (r,8). Because of the fourfold symmetry of ILEC and be
z 

cause the segments have a straight sector shape, the magnetic field can 

be written as a Fourier cos series: 

( 3. I) 
- I 1 

where B = r; !I'B(r,e) de 

we take e=O at the centre of the hill{ see fig.3.1) 

fig. 3.1 

- 18 -



In Hag62 a condition for isochronism Ls derived: 

B(r)= B. (r)= B ( l-L I ( cz+ en c~ ) ( 1- s2 ) -1 1 n= 4,8,12 LSO 0 n 2(n2 -t) n 2 ) 

ac
4 

B qr 
( 3.2) with C = r ___ n_ s 0 

the velocity of light c 
4n ar m c 

0 B the magnetic field at the cent re 
0 

Eq.3.2 defines a 11Sollwert" for B(r) which we denote by B. (r). 
LSO 

§3.3 Geometrical situation 

In paragraph §2.3.2 we already mentioned some considerations concernLng 

the layout of the segmentplates: 

- The gapwidth in the valleys LS taken equal to 50 mm. 

- The azimuthal width of the hills is 400. 

Furthermore the gapwidth in the centre of the segmentplates is kept 

equal to the mean gapHidth g , g= 40 mm. This LS done by ins erting a 

small disk, called the centre disk, which can be easily replaced by another 

reshaped one if it turns out that the magnetic field at the centre must 

be altered (see fig.3.2 ). 

// 

w------bo4-----~+--___.~ V 

) 

fig. 3. 2 
The centre disk 

I . 
t--- _ ___!!!~dL an _ :2l_ai).~ ______ _ 

I 
I 

I 

I 
i 
' rn!777777ll71 
I 77777777 

H 

The magnetic field will certainly be disturbed by the hole through 

which the ion souree is mounted. Calculations of the centre orbits, after 

mapping of the measured field must indicate whether a correction will be 

necessary. From these calculations it also may turn out that it would 
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be advantageous to alter the posîtion of the souree slightly; the centre 

orbit calculations made to determine the position of the ionsouree hole 

are based on a fictitious ( electric) field. A 2:1 magnetic analogon 

model of the cyclotron centre is built which enables us to measure the 

electric field geometry in the cyclotron centre. 

Another reason to employ a centre disk is that it 1s technically 

difficult to machine the segments down to the centre. Moreover the mag

netic field modulation would be small and unimportant for axial focusing 

there. For the first few turns focussing is accomplished by the electric 

field between the dee and the dummy dee 

§3.4 First estimate of the hill shape 

The only way to obtain an isochronous field now 1s to vary the height 

of the hills with radius. 

For the initial guess of the segment height we employed a semiemperical 

approximation of the magnetic field at a rectangular ridge which was used 

1n the design study of ORIC at the Oak Ridge Labaratory ( Coh 60). 

As in ORIC the segments of ILEC are rectangular shaped 1n the azimuthal 

direction ( see fig.3.3). There the field at the ridge of the segment is 

assumed todrop linearly with a rate of dB/ds: 

B .ma 

• 

median plane 

w 
drop 

x 

B . 
m1n 

dB 
cl;= 

B 

fig.3.3 

ma x 
-

2g 

The 'trapezium edge'' 
approximation 

This drop starts at a distance of 0.6g . and extends across a distance wd m1n rop 
and amou nts to the difference b€tween the maximum magnetic field and the 

minimum field. The validity of this assumption can be checked by an solution 

making use of conformal mapping (ref Appendix ) . The dis tance w now 
drop 
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yields 

-
w = 

drop 
2g ( 

B 
ma x 

- B . 
m~n ) 

B 
ma x 

( 3.3) 

Assuming that e4 (r)~-0.2 and e4, en and e~ ( nf 4) equals zero, 

an error of 2.7 10-
3 

in Bis made with respect toB .. If we assign 
~so 

the symbol a
1 

to the relative azimuthal width where the field is at max~-

mum and a
2 

to the relative azimuthal width where the field has its 

m~n~mum value then the average magnetic field B can be expressed as 

B = a 1B + !-e
8 

wd ( B + B . ) + a2B . max rop max m~n m~n 

where e = 2rrr 

For clarity we introduce reduced values: 

B =I, g'=I 
B . = 0.8 
m~n 

B 
ma x 

' wd = 2 ( 1- 0. sg• . ) rop m~n 

a 1=4/9-4.8 g1
• /e 

m~n 
, a2=4/9-4. 8/ . +8wd /e 

m~n rop 

Substitution yields: 

-19.2 
e 

.t2 + (-8- - 5 . 8) • ( 4 8 ) 
5m~n e 9 gmin + 9 + C 

gmin= 4 ~in (cm) 

0 

Thè solution of eq.3.7. ~s listed ~n table 3.1 

r(cm) g . (cm) 
m~n 

4 3.438 

6 3.394 

8 3.354 

JO 3.319 

12 3.287 

14 3.259 

16 3.233 

18 3.210 

20 3.189 
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§3.5 A numerical approach 

The methad discussed in the last paragraph yields insufficiently 

accurate results especially for smaller radii. A more realistic approach 

to the problem was looked for based on a numerical salution of the 

Laplace equation. 

The magnetic field B(r,8,z) fellows from a scalar potential V 

B(r,8,z)= VV ( 3.8) 

where the potential V fellows from the Laplace equation which ~n 

cylindrical coordinates reads: 

a2 v I av a2v a2v 
-- + --+ --+ 0 
ar2 r ar r 2 ae 2 az 2 

We considered two situations, namely ( see fig.3.4) 

I) A cross sectien along circles from 6 to I8 cm 

( 3.9) 

( A-A I) 

2) cross sections along a radius in the fringe field region 

( B-B 1 
, c-c 1 

) 

RI 

fig. 3. 4 
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In both situations we employed a systematic overrelaxation algorithm to 

determine the potential distribution in the area considered, using an ap

propriate two dimensional Laplace operator. The relaxation coefficient 

was determined experimentally. After the relaxation reached a convergen

ce limit, the iteration was stopped and the magnetic field in the median 

plane was determined by five point differentiation. In both cases 

we divided the area in a square mesh of 1 mm. wide. 

We will discuss the two cases in more detail now: 

1) The magnetic field along a circle (A-A', see fig 3.4 ) 

In this case we iterated a minimum gapwidth for the radius consider 

eed so that the average magnetic field B(r) had a relative deviation of 

1%Gfrom the isochronous value B. (r). The isochronous value of the mag
~so 

netic field was approximated by 

The boundary values in this case are (see fig.3.5) 

- V=O on the median plane 

- V=V on the pole face 
m 

- the left and right vertical boundaries are symmetry lines 

V=o 
~ 

A 

( 3. 10) 

fig.3.5 
I 

.:j~ J mm V=V 
. ~ m 

Boundary conditions 
for the reZaxation 

17777/J/77//~ ' 

7777////lll/;1 

x-- av =o 
Fere we assumed that the potential did not deoend on r, ar 

case the Laplace equation reads: 

x= re ( 3. 11) 

Because the face of the hill will in general not coincide with a gridline, the 

gridline immediately above the hill face is considered as a boundary line. 

The potential on this line ~s approximated by a simple linear extrapolation. 

The flow diagram of this program is shown in fig.3.6. 
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yes 

Insert r 

Insert grnin 

L 
t' 

Calculate V(x,z) 

Calculate B(x,O) 

Calculate 
-B, C4, es, c12 

• Calculate B. 
~sa 

-
B. - B 
~so 

< %a no 
-
B 

,. 
-List B, Biso'c4,c8,cl2 

Plot B (x ,0) 

" 

Sto 

fig. 3. 6 

Flowdiagram of the program 
used to determine the 
nrinimwn ga:t}UJidth 

-B> B. 
~so---
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increase grnin 
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2) The fringe field 

With help of the previous program we determined the profile of 

the segments from a radius of 6 to 18 cm. For calculations on the 

extraction process we must must know the magnetic fringe field ~.e. 

the magnetic field from a radius of 15 to 30 ·cm. To determine the 

fringe field we considered a cross section through the centre of a 

hill and through trough the centre of a valley , B-B' resp c-c' 
( see fig.3.4 ). W.e neglected the second partial derivative of V 

with respect to the azimuth, so the Laplace equation. reads 

!::.V 
a2v 1 av 
--+--+ 
ar2 r ar 

( 3. 12) 

The potential on the median plane and the right vertical boundary 

was put equal to zero. The potential on the left boundary and on the 

coil surface was assumed to drop :i.i~tearly from V to zero (see fig. 3. 7). 
m 

.- '> median lane 

\J~~c 
V= 0 

V 

C' 
fig. 3.? 
Poten ti al at the V= 0 

"\ 
lower boundary 

1---- Co i 1: ----------; 

V 

0-+--------------------------------------~ 

15 r(cm) 35 

§3 .6. The magnetic field in the central reg10n 

The magnetic field of the central region is mainly determined by 

the centre disks. Although the ion souree hole will influence the mag

netic field there, it will be highly homogeneous. Still some flutter 

caused by the segments will be present. The Fouriercoefficients C (r) 
n 

are approximated by a function proportional to the n-th power of the 

radius. This is a feature of a magnetic field with a n-fold symmetry 

in the median plane for a radius up to a value in the order of the 

mean gapwid th. 
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§3.7 Final estirnate of tne ü:agnetic field shape 

In §3. we showed how the rnagnetic field shape was estirnated in three 

regions. Fora radius of 6 to 15 cm B(r), c
4

(r), c
8

(r) and c
12

(r) are 

fairly well known. For the fringe field we only have an idea of the maxi

murn and the minimum value of the rnagnetic fieid. 

We will show how B(r) and the Fouriercoefficients are calculated in 

the fringe field region. We finally fit these values to 

radius smaller than 15 cm. 

those of a 

Frorn the rnagnetic field ~n the fringe field region we know the rn~n~rnurn 

and the maximurn value Bf . . resp Bf . which we can express as 
r~ rn~n r~ max 

Bf . . .( r) 
r~ rn~n· 

( 3. 13) 

Bf .(r)( I+ c4 - .(r)+ Cs f .(r)+ cl2 f .(r) ) 
r~ rr~ r~ r~ 

We assurne that the ratio between the Ecuriercoefficients for a radius 

larger than 15 cm is the sarne as on r= 15 cm~ 

( 3.14) 

The average fringe field follows frorn: 

Bf . ( 11 = ( B f . . ( r ) + B . ( r) ) I 2 
r~ r~ rn~n fr~ rnax· 

- -
If we plot Br>l 5 and Br<l 5 as well as the Fouriercoefficients for 

these intervals we see adicontinuity at r =15 cm (see fig.3~f). To eli 

rninate these discontinuities we rescaled Bf . so that Bf .(15) = B (15). 
r~ r~ 

Also the Fouriercoefficients of the fringe field region are rescaled and 

altered rnanually to give a srnooth transition 
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Also for the centre field reg1on the Fourier coefficients were adapted 

to g1ve a smooth transition in the centre field reg1on. 

To obtain the final values of B (r), c4 (r), c
8

(r) and c
12

(r) we employed 

a cubic spline in the interpolating mode. The cubic spline coefficients 

are stored in a data file for further calculations. The advantage of a 

cubic spline is that it yields an interpolating function with continue 

first and second derivatives so that numerical differentiation can be 

avoided. 
-

The values of B(r), c
4

(r), c
8

(r) and c12 (r) we adopted for further 

use are plotted m fig.3.g' and listed in table 3.1 on page 27~. 

-1 
18 

"' 
'-' 

..; 
'-' 

-· 18 

A more pictorial picture of the assumed field 1s shown in fig 3.10 



fig.3.10 
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Tab'le 3.1 
Properties of the assumed field. 
In this tab'le the fo'l'lowing abbreviáti@ns 
are used: 
DB/ 73 : ( B - B . ) I B • · av t-so t-so 

DM 
'dB r-ar 

DDM 
2a2B 

r --
ar2 
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Chapter 4 Evaluation of the Hypothetical Magnetic Field 

§4.I Introduetion 

The magnetic field has an important influence on the beam properties. 

In this chapter we will consider four of them: 

I) Isochronism 

2) The radial motion 

3) The axial motion 

4) The beam envelope, radially and axially 

We will employ analytical formulea to investigate I, 2 and 3. Numerical 

calculations are used to calculate I, 2, 3 and 4. It will be shown that the 

results obtained by these different methods agree very well. 

§4.2 Orbit Theory 

§4.2.I Equilibrium orbits 

In the theory of orbits in an AVF cyclotron ( Hag62 ) we consider so 

called standard equilibrium orbits ( abbreviated by SEO ). A SEO is an orbit 

of a partiele which has an· azimuthal symmetry corresponding closely to the 

S)1nmetry of the magnetic field. 

If the magnetic field has a rotational symmetry then the SEO for a partiele 

with momenturn P and charge q is a circle with radius r for which holds 

p 
r = 

o qB(r ) 
0 

0 

(4. I) 

It is convenient to describe the SEO with a dimensionless radial 

coordinate, x, and a canonical conjungate momenturn p defined by: 
x 

x = 
r -r 

0 

r 
0 

(4 .2) 

The azimuth eis considered as a independant variable( see fig.4.I). 

y 

fig. 4.1 

x 
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In an AVF field as described by eq.J,twe findan SEO can he written as 

c 
x = y + I-n- cos (ne) , 

e n2-I 

( 
3n2 -2~ 2 I ) y =-t::- c + ---- c c' 
4 ( 2 I)4 n 2 (n'-J) n n n - ,L -

where c' ~s defined by c '= racn 
n n ar 

A typical value for the 

for the constant y ,y =-0.004. 

amplitude of x 
e 

( 4.4) 

~n ILEC ~s 0.02 and 

It is clear that the condition of isochronism states that the time 

to complete one SEO must be the same for every radius, i.e. the length 

of an ~quilibrium orbit divided by the velocity of the partiele must 

be constant, 

§4. 2. 2 Radial motion 

A partiele which has a small deviation from its SEO will oscillate 

around this orbit.To get some insight in this motion consider a rotational 

symmetrie field B(D. The radial motion in such a field is given by 

.. 
mr= m 

v2 
- qvB(:r) 

r 
r 

dr 
dt ( 4. 5) 

Expressed m the coordinates defined by eq .4. 2, eq .4. 5 becomes up to 

first order: 

with 

orbit 

d?:x _ mv2 ( I 
md'tL-r -

o B 
e=w t,w=L 

m 

d2 x r 
( I 

0 --+ + 
d e2 B(r ) 

0 

d2x 
--+ \)2 x = 0 
d6 2 r 

x ) B ( I x, a B) ) 
- qv + "ii'ä'r r ( 4 Ji) 

0 

eq 4.6 becomes after substraction of the equilibrium 

aB 
( )r ) x or, 

3r 0 

( 4. 7) 
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The quantity -~~is called the field index n. B ar 
From eq .4. 7 we see that the horizontal motion a stable if 

( 4. 8) 

§4.2.3 The vertical motion 

Similar to the horizontal motion the vertical motion with respect to 
dz the SEO can be described by two dimensionless coordinates z and p , p = -

z z de 
( s ee fig . 4 • 2) • z 

dz 

fig.4. 2 
AxiaZ motion 

Also bere the axial motion can be approximated by a secend order dif

ferentiation equation: 

( 4. 9) 

§4.2.4 Phase space representation 

The radial and the axial motion can be depicted in the Liouville 

phase space (_see fig. 4.3). A partiele that perfarms an oscillation 

around the SEO will travel on a closed path in the phase space, called 

the eigenellips. The oscillation nurnbers v and v give the frequency 
r z 

of the motion on this curve. 

.\ 
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I 

z ma x 

z 

fig.4.3 
Eigene Uipse in 

the phase space 



The eigenellips , for instanee in the z,p phase space, can be de-scribed 
z 

by the Twiss parameters a ,S and y 
z z z 

Yzz2 + 2azp + B p2 
z z z z E: z 

area 
7T 

The amplitude z can be expressed by these parameters as 
ma x 

z IE: B max z z 

§4.2.5 Transfer matrices 

( 4 .I 0 ) 

( 4. I!) 

All information about the Twissparameters is contained ~n the 

elements of the transfermatrix. Also the revolutionfrequency can be 

obtained from this matrix. Again, let us consider just the axial motion. 

The equations of axial motion are linear ( cf.5. ). The transfermatrix 

M (8) determines the position of a point in the phase-plane afte~ are 
z 
revolution: 

rz(8+2rr) ) =(m 11 (8) m12 (8)) (z (8)) 
p

2
(8+2rr) m21 (8) m

22
(8) p

2
(8) = 

M (8) (e ( 8)) 
z p

2
(8) ( 4. 12) 

We take z at an azimuth of 8=0 equal to z =0 max max 
The element m

17
equals Beand the emittance E~equals 

E = m
12

(0) ( 4 ·13) 

Substitution of eq.4.11 in eq.4.13yields for the r~lative amplitude 

( 4 .J4) 

The matrix M (8) is obtained by numerical orbit integration of 
z -+ -+ • • 

two veetors in the phase space z 1 (8), z 2(8) ···"':~cl:-. are g~ven by-

c 4.rs) 

so that 

M (8) 
z 

( 4. 16) 
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The revolution number v follows from 
z 

1 ( mll+m22 v
2
= 2n arccos 

2 
) 

( 4.17) 

The motion in the radial phase space has been treated analogously . 

·§4.3 Analytical expressions 

- Isochronism) To check the isochronism of the magnetic field we considered 

the quantity(B- B. )/B. . This gives the rate of change of the phase 
~so ~so 

slip ~~ per unit of time: 

-
B- B. 

~so 

B. 
~so 

d ~cp 

d T 
T = wt ( 4.18) 

We employed eq.3. to calculate B. 
~so 

- The radial oscillation number) In Hag62 two expressions are derived for 

the radial oscillation number v , one for the isochronous field ( 7.11)~ 
r 

and one for the actual field ( 7.10~ We employed the last one which reads: 

V = 
r 

I I 
( 4. 19) 

c" cl2 + 
4(n2-l) c + 

4(n2-4) n n n 

ac 
a_2c 

Cl C" r2 n = r n = n ar n ar2 

- The axial oscillation number) In the same artiele also two expressions 

are derived for the axial oscillation number of which we again used the 

one with the actual field inserted: 

r 3B ._,___ 
B ar 

n 2 I I I 
L C2 - C C I C C 11 + C I 2 

+ n .,...2...,..(n ..... z..-_-:-l..-)- n 2 (nz-1) n n - 2 (n2-J) n n """2ri7 ; n 

§4.2 Numerical calculations 

-Equilibrium orbits and Isochronism. 

We considered 'fá equilibrium orbits. The energy difference between 

the orbits was taken 100 keV. The equations of motion we employed are 
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dr 
dë = rpqr, 

dp 
d8 r_ qrl - rB(r,f0/M 

( 4. 2 J) 

q = r , M ~s the ratio of momenturn and charge 

An SEO was determined by using the following iteration procedure: 

- Choose rCO), p (0)=0 
r 

- Integrate eq.4. 21 over 5400 

- Determine a next approximation rn(O) by 

r (0)= ( r(O) + 2r(90°) + 3r(l80°) + 4r(270°) + 3r(3600) + 2r(4500) 
n 

+ r ( 540 ° ) ) I I 6 

The idea behind this iteration is that a particle,whose'orbit ~s 

deviating from the SEO slightly, will oscillate around this orbit: 

r(e) = r (8) ( I + (r (0)-r(O)) cos(v 8)) 
e e r 

with r (8) the radial postion of the SEO at azimuth e 
e 

The radial oscilation number, v , differs slightly from 0. 
r 

V = I + V I 
r r 

v' <d 
r 

( 4. 22) 

( 4. 23) 

Expanding cos( v 8) up to s.econd order in v'e and substitution ~n eq.4.22 
~ ! r 

then yields the radial position at 8=0°of the SEO. 

If r(o) was approximated by eq.4.4 the iteration yielded an 

estimate of r (0) that was correct up to the 5thdecimal after two strokes. 
e 0 

After ~ (0) was approximated, eq.4.21was integrated over 90 and R 
e av 

and the circumference, 2nReff' we~e determined: 

TheSEO's for protons from 0.2 to 3.3 MeV are plotted ~n fig.4.1. 

R = -2
1 ~ r(e )de , av n 

( 4. 24) 

The relative de,7iation from isochronism of the assumed field is plotted ~n 

Radial motion fig.4.2-

The transfer matrices for the radial motion have been determined by 

the integration of two unit veetors in the radial phas~ space from 0 to 

90°. The matrix thus obtained ', M0~90~ was taken to the fourth power. 

Because of the fourfold rotational of the magnetic field this fo1Urth ~ower 

matrix equals the transfer matrix M . x 
The equations of motion used are 

- 33 -



fig. 4·1 
Equilibrium orbits in ILEC. 

The energy of th . e &nner orbit is 200 keV 

the outer orbit is the SEO of 7 7 M ~ · a v.v eV proton. 

-
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( 4. 25) 

dp 

de 
x = -p p q - x ( E ( r, 8 ) + r ~ B ( r' e) ) /M 

x r r r 

These are the equations of motion of the linear radial motion with respect 

to the SEO. Th~ radial frequencies are listed in the third colon of table 

'4.1 ap~ plotted in fig.4.3. 

-Axial motion 

To obtain the axial frequency number v , we integrated the follmving z 
1 inear equations of the axial motion wi th respect to the SEO. 

dp aB(r,e) -aB(r,e) 
de z = z ( r ar - prqr ae ) /M 

( 4 .2 6) 

The axial frequences obtained by numerical and by analytical means 

are lsited in the sixth and seventh colon of table 4.1 and plotted ~n fig.4.4. 

I 

~ 
I 

.02 i 
I vR; I..,MAL)'TI-Cr L 

. 01 
·~ 

I 
i 

I 

"" 0 
::J I z 

-. 01 

r 
-.02 

-.03 
V:?-1 

-.04 fig. 4. 3 RadiaZ frequency 

-.05 
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 IE 

R (CM) 

. 7 Vz. ,<jNALYT' CAl 

ivz • 6 

N 
. 5 ::J 

z 

. 4 

. 3 I 

. 2 

t ~. l .I Vz NUMEK.I C~l 

0 
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 7 18 

R <CM) 

- 34 -



·····- r 

E (MeV) R (cm) 
av __ .;.___._ 

V -1 r num. v r - 1 
7. 10 v r -I_~. ~_1_--L --~~~l1m ---~ -~ ~ _a~~L---~- (B av~~io) 1~ ~is o l 

8:888~9 o.~ooo 
0.3000 
0.4000 
o.sooo 
0.6000 
0.7000 
o.~ooo 
0.9000 
1.0000 
1.1000 
1. 2000 
1.3000 
1.4000 
1.5000 
1 t 6000 
1.7000 
1. 8000 
1. 9000 
2.0000 
2.1000 
2.2000 
2.3000 
2.4000 
2.5000 
2.6000 
2.7000 
2.8000 
2.9000 
3.0000 
3.1000 
3.2000 
3.3000 

~:~9~~ 8:88~~ 
6.0849 0.0032 
6.8041 0.0027 
7.4544 0.0030 
8.0515 0.0044 
8.6052 0.0066 
9.1226 0.0093 
9.6102 0.0102 

10.0737 0.0102 
10.5169 0.0094 
10.9431 0.0077 
11.3550 0.0051 
11.7549 0.0015 
12.1446 -0.0021 
12.5246 -0.0044 
12.8952 -0.0059 
13.2566 -0.0064 
13.6087 -0.0060 
13.9518 -0.0047 
14.2857 -0.0025 
14.6104 0.0007 
14.9261 0.0045 
15.2332 0.0067 
15.5345 0.0023 
15.8354 -0.0092 
16.1370 -0.0164 
16.4371 -0.0235 
16.7395 -0.0397 

0.0023 
0.0045 
o .oo:H 
0.0026 
0.0029 
0.0042 
0.0065 
0.0092 
0.0099 
0.0100 
0.0093 
o.oon 
0.0053 
0.0017 

-0.0018 
-0.0041 
-0.0057 
-0.0063 
-0.0061 
-0.0049 
-0.0028 

1 -0.0001 
0.0036 
0.0082 
0.0056 

-0.0083 
-0.0168 
-0.0190 
-0.0332 

17.0493 ~ -0.0602 I 
11.3726 -0.0973 
17.7406 1 -0.1937 

-- -- ~-- --------

-0.0537 
-0.0773 
-0.1485 

Table 4 .I 

I IV 

I 
I 

0.0023 
0.0045 
0.0031 
0.0027 
0.0030 
0.0043 
0.0067 
0.0094 
0.0099 
0.0099 
0.0090 
0.0072 
0.0046 
0.0007 

-0.0029 
-0.0049 
-0.0060 
-0.0063 
-0.0056 
-0.0039 
-0.0019 

0.0026 
o.oon 
0.0043 

-0.0032 
-0.0107 
-0.0231 
-0.0365 
-0.0409 
-0.0647 
-0.1326 
-0.2109 

, ... 
0.0756 
0.1185 
0.1503 
0.1572 
0.1561 

8:H18 
0.1254 
0.129? 
0~1393 
0.1527 
0.1688 
0.1867 
0.2058 
0.2222 
0.2320 
0.2374 
0.2389 
0.2366 
0.2305 
0.2202 
0.2055 
0.1862 
0.1735 
0.1983 
0.2505 
0.2776 
0.3015 
0.350? 
0.4029 
0.4787 
0. 3739 

o.o754 
0.1183 
0.1511 
0.1569 
0.1557 

8:H~} 
0.1218 
0.1265 
-0~1351 
0.1481 
0.1639 
0.1814 
0.2014 
0.2184 
0.2282 
0.2341 
0.2361 
0.2342 
0.2285 
0.2188 
0.20-H 
0.1848 
0.1637 
0.1766 
0.2408 
0.2820 
0.2895 
0.3322 
0.3960 
0.4565 
0.5891 

0.00034 
-0.00001 
-0.00031 
--0.00041 
-0.00026 

0.00014 
0.00063 
-ö~ööiö6 
0.00139 
0.00156 
0.001~5 
0.00133 
0.00088 
0.00028 

-0.00040 
-0.00109 
-0.00174 
-0.00232 
-0.00279 
-0.00312 
-0.00329 
-0.00333 
-0.00339 
-0.00378 
-0.00454 
-0.00550 
-0.00686 
-0.00888 
-0.01184 
-0.01742 



Chapter 5 Extraction and Beamguiding 

§5.1 Introduetion 

The extraction ~s the process where protons with max~mum energy are 

removed from the cyclotron and guided into an ev~ated pipe which trans

mits the beam to the experimental set-up. Here we consider the beam from 

the last but one turn to the beam exit of the vacuum chamber. 

In this process we distinguish three aspects: 

- Orbit seperation 

- deflection of the last turn 

- focusing of the beam to maintain good ion optical quality 

In ILEC a good orbit sep~ration is accomplished by the relatively 

high energy gain per turn and the quick decrease of the magnetic fringe 

field. Additional orbit separation can be obtained by introducing first 

and second harmonie field deviations by means of harmonie coils ( Nie72 ). 

This possibility is not discussed here 

The last turn will be deflected by application of an electrastatic 

field perpendicular to the beam. This field is provided by a device called 

the extractor. The extraeter consists of two electredes parallel to the 

extracted beam, the inner electrode,the so called septum, being grounded 

and·tlë·auter.at a high negative potential. 

fig. 5.1 

The extraction 
process 

After leaving the extractor, the beam crosses the magnetic fringe field, 

which defocuses the beam radially ( cf. eq .4. 7 ) . We conpensate this effect 

by an electrastatic focusing channel( see fig 5.1) 

In the extraction process the beam will obtain a phase slip caused by 
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the non-isochronism of the fringe field. This phase slip must be limite~ 

because it affects the energy definition of the extracted beam. 

In this chapter first some teehuical considerations are presented. Next 

the orbit separation and the maximum phase shift are considered. Finally 

a code, named EXTRACTOR is described and some results obtained by this 

code are dicussed. 

§5.2 Teehuical considerations 

The small pole gap puts a limit to the s1ze of the extraeter and 

the focusing channel and to the voltages applied at these devices. A 

rule of the thumb 1s that the product of the electric field and the voltage 

on the electredes should not exceed 1.5 J0 4 (kV) 2 /cm. (Nie72). 

To avoid beam loss it is also important that the beam does nothit 

the electredes so that: 

a) good orbit separation must be provided at the entrance of the 

extraeter 

b) the radial and axial s1ze of the beam must not exceed 5 mrn., the 

distance we accepted between the electredes of the extraeter and 

between the electredes of the focusing channel 

§5. 3. I' Orb i t separation 

\..Je will only consider orbit separation caused by energy increase 

and by the decrease of the magnetic field. The relation between the radial 

position, r, the kinetic energy E.and the magnetic field B in the non 

relativistic case is given by: 

( 5. I) 

The increase of radius after one turn, ~r~ can he obtained from 

this equation by differentiation, yielding: 

~r 

r 
I ~E 
2 E 

~B 

B 
( 5. 2) 
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If we assume that the energy ga~n per turn ~s 100 keV then the 

relative energy gain at a radius of 17 cm. equals 1/30 and yields 

an amount of about 2.5 mm. to the orbit separation. The relative deviation 

from the isochronous field at this radius is about -2 10-3 and contributes 

about 2 mm to the orbit separation, so a total orbit separation of 4.5 mm 

is obtained. This estimate agrees very well with the results of §4. 

For the extraction region ( r>l6 cm.) the orbit separation forthelast 

turnsis listed in table 5.1. 

The advantage of a good orbit separation by acceleration into 

the fringe field is at the expense of a phase shift M ·. The energy 

gain per turn for a equilibrium orbit is givên by (Sch78) 

dE 
dn = ( 5. 3) 

the top dee voltages of the the second resp. 

the sixth harmonie dee 

the half dee angle of the second resp. the sixth 

harmonie dee 

n turnnumber 

To achieve good flattopping acceleration , the phase shift 

mu~t not exceed an amount of J0°k'l~~ +fle 1:/',f["u;u-lo-)/ /jv(X'()5 
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§5.3.2 Deflection 

The extraeter ~s inserted in a valley. The entrance is at an 

azimuthof 250° and the exit at 290°. The actual geometry,and the 

necessary voltage follow from numerical calculations. A cross sectien 

through an extraeter used in the Philips Compact Cyclotron is shown 

in fig. 5. ( 1~-iû~ 

fig.5.2 
The extractor of the 

PhiZips Compact Cyclotron. 

A similar extraeter can be used ~n ILEC. 

§5.3.3 Radial focusing 

After deflection, the beam is defocused by the rapid decreasing 

magnetic field. Protons at the outside of the beam will'see' a smaller 

magnet ie field than the protons on an orb i t with a smaller radius than 

the centre of the beam. This will defocus the orbit. 

To compensate the magnetic field gradient we will employ an elec

trastatic focusing channel. This device consists of two electredes 

parallel to the extracted beam. The inner electrode (see .. fig.5.3) is 

grounded and has a right angle cross section, the outer is at a 

high positive voltage and hasa curved cross section. For the moment 

we assume thet this electrode has a hyperbalie cross .section with 

the asymptotes coinciding "':' th the surface of the earthed electrode. 

fig.5.3 
The focusing 
channeZ 

The potential between these electredes ~s given by: 
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and. the electric fields by 
vo vo 

E =-2 -;z x E = 2 37 y 
x df . y df 

( 5. 4) 

No te that the horizontal electric field wi ll •·push 1 the beam towards 

the centre of the cyclotron. The gradient of the magneti~ field equals 

~bout 0. 3 T/ cm. To compensate this the gradient of the electri c field; 

La E I a x must be ~n the order of: 
x 

aE /ax aB /ar aE· /ax = 
vo 

= V ' -2 7'"2 x z x d f ( 5. 5) 
~.-ith V the velocity of the particles with final energy 

Acceptinga width df of 1 cm, the voltage V
0 

must he about 36 kV. 
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§5.4 The computer code EXTRACTOR 

To investigate the extraction process, and more specifically to deter

m1ne the shape of extraeter and the focusing channel, a ray tracking code, 

named EXTRACTOR, bas been written. 

In this code nine orbits are calculated in a x,y,z-frame. These n1ne 

orbits form a grid in the radial phase space. The centre of this grid 

corresponds to the first orbit which we consider as the reference orbit. 

Also the axial motion is considered. 

In EXTRACTOR sEepwise acceleration 1s employed. Suppose a proton 

1s at some azimuth 8 at a time t and crosses a dee gap located at an azimuth 

8 dee during the integration of the orb i t from t=t 1 to t 2 =t,+4t. Then the 

proton is given an energy increase of ~È ( see fig 5.4) : 

LlE qV cos( hW((t-(8-8d ) + T ) dee ee o ( 5.6) 

fig. 5. 4 

-+ 
From this increase of energy the rate of change of the velocity vector v 

1s calculated and taken perpendicular to the dee gap ( see fig.5.4). 

The electric fields of the extraeter and the focusing channel are 

taken perpendicular to the extracted beam. These field are simulated by 

the introduetion of an appropriate change of the magnetic field, LlB: 

for the extractor: LlB = extr 

E extr v,the velocity of the partiele 
I V I 

aB 
d f h f . h 1 AB -- ( foc ) (r + cf ) an or t e ocus1ng c anne : u foc ar oe 

aBf oe 
ar 

( 5. 7) 

The influence of the vertical motion on the horizontal motion was 

neglected. 
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The horizontal magnetic field components,Br and B
8

, are taken linear 

lil z 

3B z z 
B =--

8 r 38 z=O 
B = r 

aB 
z z ____...__ 

ar z=O 

The equations of motion we used now reads ( Nie77): 

mx =-qy (B + 6 B) 
z 

my qx (B + 6 B) 
z 

( 3B • . mz =zq z xy-yx óB z xx+yy 
är r ä8 r 

8=arctan (Z) 
x 

/J. B= l'l B t + 6 Bf ex r oe 

3Bf oe ) 
ar 

( 5.8) 

( 5.9) 

~~e emp loye,d a fourth order Runge Kutta integrating procedure and an 

integration stepwidth 6 t= w TI, corresponding to 1·0_, 

The motion with respe~~0 to the reference orbit 1s described by the 

dimensionless variables u and p , z and p and the independant variable u z 
s, the lengthof the reference orbit ( see fig.5.5); The variables u and 

pu are defined by: 

u(s) 
r ( t) 
r(O)' 

p (s)= du(s) 
u ds 

~--··-

' L ~ 1./~7....-?M 
/ j). l Reference orb i t 

f " 
Lz 

-I 

( 5. I 0) 

fig.S.S 

We have chosen r~O) = -1,0,1 mm and dr(O)/ds = -5,0,5 mrad. 

The radial coordinate and the radial momenturn for t= t~ are calculated 
0 
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fig.5.6 

The extraction· 
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Concluding remarks 

The magnetic circuit of ILEC will be completed in the beginning of 

April 1983. Magnetic field measurements and corrections will be performed 

~n the course of 1983. 

Orientating calculations show that sufficient axial focusing can be 

expected. The radial frequency number will he low, so special attention 

to first harmonie field deviations must be paid. 
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