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Tolérances mécaniques liées au champ magnétique pour le

cyclotron supraconducteur â ions lourds proposé pour Chalk River

E.A. Heighway et K.R. Chaplin

Résumé

Un cyclotron de quatre secteurs a champ variable azimutalement

ayant des enroulements principaux supraconducteurs a été proposé comme

post-accélérateur à ions lourds pour l'accélérateur MP Tandem Van de Graaff

de Chalk River. On pourra faire varier le profil radial du champ axial

moyen en utilisant des tiges de réglage en acier. Les erreurs de champ

dus à l'enroulement, aux tiges de réglage et aux imperfections du pôle

de vibration sont calculées. Les erreurs considérées sont celles du champ

axial, des champs axiaux harmoniques azimutaux premiers et seconds, du

champ transversal et du premier champ transversal harmonique azimutal.

Ces champs engendrent des oscillations cohérentes radiales, axiales ou

phasées et peuvent donner lieu à une instabilité axiale ou radiale des

faisceaux. Les imperfections permises (tolérances) requises pour conserver

la stabilité et maintenir des amplitudes d'oscillation suffisamment

petites ont été calculées.
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MAGNETIC FIELD RELATED MECHANICAL-TOLERANCES FOR THE

PROPOSED CHALK RIVER SUPERCONDUCTING HEAVY-ION CYCLOTRON

E.A. Heighway and K.R. Chaplin

ABSTRACT

A four sector azimuthally varying field cyclotron

with superconducting main coils has been proposed as a

heavy-ion post-accelerator for the Chalk River MP Tandem

Van de Graaff. The radial profile of the average axial

field will be variable using movable steel trim rods. The

field errors due to coil, trim rod and flutter pole imper-

fections are calculated. Those considered are errors in the

axial field, first and second azimuthal harmonic axial

fields, transverse field and first azimuthal harmonic

transverse field. Such fields induce phase slip, axial or

radial coherent oscillations and can result in axial or

radial beam instability. The allowed imperfections

(tolerances) required to retain stability and maintain

acceptably small coherent oscillation amplitudes are

calculated.
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1. Introduction

A four sector azimuthally varying field cyclotron

with superconducting main magnet coils has been proposed as

a post-accelerator for the Chalk River MP Tandem Van de Graaff

accelerator . A wide range of heavy ions from 15 through

50 MeV/nucleon carbon to 3 through 10 MeV/nucleon uranium

will be accelerated in average magnetic fields between 2 and

5 tesla. The niobium-titanium copper composite conductor is

designed to deliver a peak current of 2500 amperes through

a total of 2500 turns. The full-scale model of the magnet

and radiofrequency system being built has been described

2 3)
elsewhere ' , and a detailed design of the cyclotron as an

operational accelerator is being undertaken. Part of this

design is the detailed study of the orbit dynamics of the

4 5)
accelerator '

2. The Cyclotron Magnet and the Tolerances

The cyclotron magnet is shown in Fig. 1. It con-

sists of an octagonal outer yoke wall supporting two end

rings. The end rings each support a central cylindrical

pole each of which in turn supports four flutter poles and

an annular skirt. The flutter pole assembly possesses

four-fold azimuthal symmetry and mirror symmetry about the

magnet midplane. A cylindrical hole penetrates the magnet

along the axis of cylindrical symmetry. The superconducting

coils are located in the annular volume between the central

poles and the outer yoke wall. There are four separate
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Fig. 1 Isometric View of Cyclotron Magnet



coils, two above and two below the magnet midplane. The

two coils closest to the midplane form a series-connected

pair and the two coils further from the midplane form a

second series-connected pair. Separate excitation of these

two coil pairs allows the radial gradient in the magnetic

field to be altered to approximately match that required

for isochronism for a given ion. The isochronous field is

4 6)
more accurately matched using movable steel trim rods '

which penetrate the end rings, main poles and flutter poles.

The rods are retracted along their axes and reduce the

magnetic field locally at the midplane. There are four sets

of 13 pairs of trim rods (104 total).

Imperfections in the various magnet components

introduce changes to the magnetic field. The most important

are changes to the azimuthally averaged field <B >, the
z

introduction of azimuthal harmonics B and B , the
Zl Z2

introduction of a non-zero azimuthally averaged transverse

field <B > and its first harmonic B
r r i

When the magnet is first assembled magnetic field

measurements will be made which will map <B > and B • B
z 2 l z2

can also be determined from an analysis of the complete B
z

map but with less precision than for B^ , which is measured

directly.

zl

The measured values of <B > will differ from the cal-
z

culated values because of approximations used in the comput-

ational model. Calculated values of the coil currents and



tr ... r-'â ositions to provide specific isochronous fields

wi'i . replaced by new values based on the field measure-

meats. It may also be necessary to modify the flutter

polei to bring all the required operating fields within the

tuning r nge of the coils and trim rods. Because of this

process, few of the tolerances presented here associated

with errors in <B > are intended to represent manufacturing
z

or assembly tolerances. These will in most cases represent

reproducability tolerances. These are allowed variations in

the magnet parameters between separate operations of the

cyclotron with a specific ion, such that only a small amount

of tuning is required to reproduce the earlier operation.

Any first harmonic axial field B measured will
zl

have been produced not only by imperfections in the cyclotron

but also by separate cyclotron features which do not

possess fourfold symmetry. Examples of these are the

injection and extraction holes through the magnet yoke, and

the beam extraction channel which is composed in part by a

series of magnetic elements to guide the beam out of the

cyclotron. The yoke holes produce a B of up to 2 mT but
zl

this will be compensated by a third hole in the yoke

and the residual field has been calculated to be < 0.02 mT

The injection and extraction steering magnets also will

introduce stray fields of the order of 1 mT as will the

8)
magnetic extraction channel . These stray fields will



depend on the individual magnet excitations cind must be com-

pensated using the trim rods. Similarly any B due to
zl

magnet imperfections will have to be compensated using the

trim rods. Using the trim rods in this way to remove B
zl

fields? reduces their ability to fulfill their primary role

of correcting the <B > field. However the removal of 5 mT
z

B would require only of the order of 3% of the rod
zl

capacity. So asking the rods to remove ^ 1 mT B generated
zl

by magnet imperfections in addition to the stray fields

already mentioned from the injection and extraction magnets

and extraction channel is acceptable. The trim rods can

remove stray B fields quite readily but of necessity will
zl

still leave a residual field which is of the order of 1% of

4)the stray field to be removed . Thus if the total stray

B is 5 mT, it is to be expected that residuals of the
zl

order of 0.05 mT will remain. It is in fact the sensitivity

of the cyclotron orbits to such a residual field which will

limit the maximum tolerable stray B
zl

Due to the difficulty in measuring the transverse

components of field sufficiently accurately, they will not

be measured during the field mapping and their presence will

only be detected during accelerator operation with a beam.

Thus quoted tolerances associated with transverse fields

will be actual manufacturing or assembly tolerances

which should be met at the outset to ensure acceptable

cyclotron operation. In some cases however there will be



adjustment available," for example the coil assembly can be

moved radially and axially relative to the yoke, and the

trim rods can of course be moved axially- In these cases

the tolerances could be relaxed if necessary and adjustments

made empirically during cyclotron commissioning.

The presence of the imperfections in the magnetic

field influences the beam orbit dynamics within the

cyclotron. Each field error produces specific behaviour:

A<B > introduces phase errors and increases the number of
z

turns required to reach extraction, B , B produce coherent
zl Z2

radial oscillations and/or radial instability and <B >, B

coherent axial oscillations and/or axial instability. These

effects are described briefly in an outline of cyclotron

orbit dynamics in the appendix, while more detailed works

9)

on orbit dynamics are those of Smith and Garren and

Hagedoorn and Verster . The influence of field imperfec-

tions is described by Gordon ' and van Nieuwland and
14)

a useful work on tolerances is the report by Joho on the

SIN cyclotron.

The ions accelerated by the cyclotron will span wide

mass and energy ranges and the effect of a given field

imperfection will be different for each ion. The tolerances

must then be determined by the beam behaviour for the ion

most sensitive to the given imperfection. These ions are

3 MeV/u uranium (the lowest v and most sensitive to harmonic

axial field imperfections), 10 MeV/u Uranium (the lowest v
z



most sensitive to radial field imperfections), 15 MeV/u

carbon (v closest to unity and most sensitive to a first
z

harmonic radial field) and 50 MeV/u carbon (largest product

of harmonic number and number of turns and most sensitive

to changes in the average axial field <B >).
z

For the magnet coil imperfections the tolerances

have been determined by direct evaluation of the beam

behaviour in the resultant error field. However for the

trim rods and flutter poles, where a multiplicity of com-

ponents is involved, a statistical approach has been used

in the evaluation of the tolerances. If a tolerance x is

to be placed on parameter y such that y - x < y < y + x

•(where y is the ideal value of y) it has been assumed

that all values of y between y - x and y + x are equally

probable. The tolerances have then been calculated from the

expectation root mean square (rms) value of the appropriate beam

parameter from the distribution of values resulting from a random

selection of imperfections y - y uniformly between ± x for

each of the components (e.g. for each of the trim rods).

This statistical or Monte-Carlo method then defines

tolerances in terms of probabilities of occurrence of field

errors outside that value which is acceptable. The

tolerances to be quoted in this report are such that the

probability of a field error being within the acceptable

region is 68%. If the quoted tolerance was halved then the

probability would be 95%.



The acceptable limits to the allowed phase excursions

and coherent oscillations depend on the ability to extrac1-

the perturbed beam. For this report the following objectives

have been set:

- phase errors should not increase the turn

number by more than 1%;

- coherent oscillation amplitudes should be

less than 1 mm;

- beam growth in passing through any instability

should be less than 10%.

Each of the tolerances has been calculated independe - L.'y

with the assumption that each imperfection was the sole con-

tributor to a given error field.

3. Magnetic Error Fields from Coil Imperfections

The magnetic field at the cyclotron midplane is cal-

culated in two steps. The yoke walls, end-rings, central

poles and superconducting coils are treated as a cylindrically

symmetric system. (The octagonal yoke walls are represented

by a single annular wall of the same cross-sectional area

and wall thickness as the actual octagonal walls.) The

magnetic field in this cylindrically symmetric system is

calculated using the magnetostatic code POISSON which is an

evolved form of the code TRIM and a component of the code

SUPERFISH '. The magnetic field from the flutter poles



\7)
and skirts is calculated using the code MAGHILL .

MAGHILL assumes the iron to be magnetized to its saturation

magnetization value with the magnetization direction every-

where axial. After a correction is made for the influence

of the flutter poles and skirts on the POISSON calculation

the two calculated fields are simply added to give the field

on the cyclotron midplane.

Because of the superposition method of calculating

the magnetic fields, the effects of changes in the coil

geometry can be calculated using the POISSON calculation

alone. For each case to be described, a base magnetic field

was calculated for the coils at their design positions and

dimensions, and a perturbed field calculated with the coil

geometry altered. The error field is then simply the

difference between the two.

Three types of problems have been examined -

(a) cylindrical and midplane symmetry are maintained but

the coil dimensions are altered; (b) midplane symmetry has

been maintained; and (c) no symmetry. In all cases the

number of ampere-turns within the cross section of the coil

is assumed to remain constant even though the coil dimensions

may have changed. These problems are illustrated in the

sketches below:

z
(a) Cylindrical symmetry

about z, midplane symmetry

through r.
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(b) Cylindrical symmetry (c) No symmetry.

about z, no midplane

symmetry.

Because POISSON can only treat cylindrical symmetry or two-

dimensional Cartesian problems, case (c) has been calculated

using a cartesian representation and the validity of the

approximation checked by an independent calculation.

Two configurations of the magnet steel were used -

one in which the section along a flutter pole center was

used as the cylindrically symmetric cross section - and one

in which the section along the valley between flutter poles

was used. These will be referred as the 'hill configuration*

and 'valley configuration' respectively.
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3.1 Coil Dimensional Changes that Maintain Cylindrical

and Midplane Symmetry

For this calculation POISSON was used in the 'hill

configuration1. Because midplane symmetry is maintained,

no transverse field will be introduced at the midplane ',

only <B > and 3<B >/3r are altered.J z z

7
<|/-L \)

The effect of changes in the coil dimensions and

position are illustrated in Fig. 2 where the A<B > is plotted
z

against radius for 5 mm coil dimension changes. The effects

are additive, e.g. the effect of z, and z2 both changed by
5 mm is equal to the sum of the effects of z..

independently.

and

The distance z of the lower coil surface from the

midplane is the most sensitive parameter producing a

maximum change in B of ^ 60 mT at 725 mm radius.
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3.2 Coils have Maintained Cylindrical Symmetry but have

Lost Midplane Symmetry

u

-t — 1
u

Je.

1.

We expect changes in <B > and 3<B >/3r and these
z z

can be estimated by inspection from the previous section.

But because there is no longer any midplane symmetry

present, transverse components of field will occur and

these are calculated.

(a) r -r. =1.0 mm. In Fig. 3 B is plotted against radius.

B rises monotonically to a maximum of 6 mT at 750 mm,

falls to zero immediately below the coils at 'v. 830 mm and

continues to another extreme of -7.5 mT at ^ 950 mm.

Both the valley and hill configurations were used but

only small differences between the two are seen.
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T

(b) z^ 1 mm Both coils moved upwards 1 mm.

<B > is not changed signifi-

cantly (less than 0-05 mT)»

Figure 4 shows the transverse

n field B resulting. The hill1 mm r

configuration has B less by a

factor of 2 than the valley configuration at radii less

than 659 mm. As expected B is largest beneath the

coils (18 mT). B in general has the same sign as the
r 3B

unperturbed field gradient 3B /9r (i.e. = —~£) and can

be interpreted largely as a global midplane shift.

(c) The midplane surfaces have been

distorted to take up parallel

conic sections,i.e. the gap

centre is lowered 1 mm at the

inside radius and raised 1 mm

at the outside radius. No B
z

errors arise. B is shown in

Fig. 5 and reaches a maximum of

^|7j mT just inside and outside

the coil.

1 mm

T
•i

3.3 Coils have no Cylindrical Symmetry (may or may not

have midplane symmetry)

This geometry can no longer be treated in a

cylindrical symmetry representation but may be treated to

some approximation in cartesian coordinates by looking at a
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cross section through the magnet centre. As a test of this

approximation, problem 2(a) was repeated in Gartesian

coordinates and a comparison of the values of B is shown

in Fig. 6. Only the hill profile was treated. The agree-

ment between the two is surprisingly good and confirms the

validity of using Cartesian coordinate calculations in this

way.

(a)
I

1 mm

I

±L
1 mm ~r x

Now the consequences of moving the upper coil laterally

by 1 mm parallel to the midplane can be examined. This

is shown in Fig. 7. The B is symmetric about the

magnet central axis so that <B > will be zero as one

would expect. We do however get a large first harmonic

in B . Also locally at the injection or extraction

channel large B of the order of 6 mT would be present.

There is also a first harmonic B introduced due to this
z

shift of the coil relative to the yoke. (This is half of

the effect due to moving both coils laterally which is

shown in Fig. 9, page 20.) The peak is beneath the coils.

At the extraction radius the amplitude is 1 mT for the

1 mm lateral shift.
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19

(b)

gl

i
I

z/ <

J

= 2 mm

The gap between the coils is non-uniform having a first

harmonic amplitude of 1 mm. Since this case has mid-

plane symmetry there is no Br generated. There will be

no contribution to <B > but there will be a first harmonic

B . This is plotted in Fig. 8. The amplitude is quite
z
large reaching a maximum of 10 mT just beyond the coils.

ITo check that the calculations of (bjFand (c) were

valid a MAGTWO18^ calculation of the effects of (b)

was compared with POISSQN. These agreed quite well

and are tabulated here for inspection.

3ius (mm)

200

400

600

850

1000

AB (POISSON)
. z

mT .

1.5

2.7

6.3

0

-10

AB (MAGTWO)z

mT

0.8

2.3

5.8

0

-9
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Fig. 9 AB- Due to a Radial Shift of a l l Coils by 1 mm.
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(c)

original J?t

center ^

2 —> I j ^ _ 1 mi

(d)

coils moved in x by

1 mm. There is no B

because of the midplane

symmetry here. The change

x in B along the axis ofz

the coil shift is large

reaching a maximum of

16 mT beneath the coils

as shown in Fig. 9.

The azimuthally averaged change A<B > will be zero, all
z

the error being in the form of a first harmonic.
z

|SA/V

1 mm -___£
1 mm

The coil gap is constant but the gap centre is axially

displaced with a first harmonic amplitude of 1 mm. The

contribution to B is negligible. Also <B > = 0 butz z

there is a large first harmonic B . Figure 10 shows

the error field B which is a maximum of 18 mT beneath

the coils.
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extraction
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-ve

500 1000 1500 2000 2500

x(mm)

3000

Fig. 10 B Due to a F i r s t Harmonic Axial Shif t of Coil
Midplane of 1 mm.



23

(e) 2 mm

Because the coils are made up of separate pancakes

stacked to form each coil, it is conceivable for the

coil to become distorted by a radial motion of the

pancakes relative to each other. A case is considered

here where the top of the coil has moved 2 mm relative

to the coil bottom and where the lower •toil displace-

ment is in the same direction as that for the top

coil. This gives rise to a first harmonic B as shown
z

in Fig. 11. At 650 mm radius the amplitude is 3 mT

for the 2 mm shift.

(f) If the pancakes move as described in (e) but now in

opposite directions
there is no B firstz

harmonic but instead

there is a first har-

monic B as shown in

Fig. 12. At 650 mm
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AB Due to Uniform Radial Motion of Coil Pancakes
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Direction

10 —

o.i

x extraction
radius

1/

1

cyclotron
center

1 1

extraction
radius

*""""̂  +ve W

1

1

-ve

1

7 ,L

500 1000 1500 2000 2500
x(mm)

3000

Fig. 12 B Due to Uniform Radial Motion of Coil Pancakes

Relative to Each Other. Outermost Pancake Motion
2 mm. Upper and Lower Coils Distorted in Opposite
Directions
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radius this has an amplitude of 3.5 mT.

The motion of

z

entire coil pairs relative to each other

is also a possible

distortion. The error

fields due to such a

2 mm shift will be very

x similar to those of

Fig. 11 and Fig. 12

and have been considered

to be identical for

this report.

4. The Effects of Coil Imperfections on the Beam Dynamics

4.1 Changes in the Azimuthally Averaged Axial Field <B_>

Changes to <B > will alter the isochronous condition
Z

and the beam loses phase $ each turn n according to the

equation

A<B

dn~

z

<Bz>
(see Appendix)

where h is the rf harmonic number.

If the field error is large enough ,the phase error

may reach 90°, and the beam is decelerated1 inwards towards

the cyclotron center. <



26

An interesting case to consider is when the field

error is large enough to give a phase error of 90° after

n turns just as the beam reaches extraction. This occurs

when

<B >
A < B z > = 2iHh

Table 1 lists values of n and h (harmonic number)

for several ions, nh is at maximum around 400. For a
*

<B > = 5 T the extreme A<B > is 2 mT for nh =400. This
z z

would occur if the coil dimensions were changed (but still

retained cylindrical and midplane symmetry) as follows:

z ± 0.40 mm

z» ± 0.67 mm

1 ± 2.0 mm

r_ ± 2.0 mm

A more demanding case is to reset the

cyclotron parameters to a known operating point while allowing

the turn number to differ by not more than 1% from that

required. The turn number in the presence of a field

error can then be calculated from the relation

n-h . sin(2,nhA) (gee A p p e n d i x )

where A is used as an abbreviation of A<B >/<B > and n is
z z o

the design number of turns. For a value of n /n = 0.99,
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Table 1

Turn Number n for Some Ions

Ion

Carbon

Carbon

Chlorine

Bromine

Bromine

Iodine

Iodine

Tantalum

Tantalum

Uranium

Uranium

Energy/

Nucléon

(MeV)

15

50

33

3

20

3

15

3

12

3

10

Number of

Turns

(@ 100 kV dees)

40

200

100

30

100

50

100

50

100

50

100

Harmonic

#

4

2

2

6

4

6

4

6

4

6

4

i. <B >z
fcesla

2

3

3

2.8

3.9

3.8

4.5

3.5

5

4.3

5
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A is 10 . That is,for a <B > = 5 T the A<B > should be

less than 0.5 mT. This then imposes constancy of the coil

dimensions as follows :

z.. ± 0.10 mm

z_ ± 0.17 mm

r1 + 0.50 mm

r ± 0.50 mm

The phase error due to a small residual A<B > can

be removed by making a small change in the rf frequency.

This makes the magnetic field isochronous but for a final

energy slightly different from that originally intended.

If the average field error has been removed in

this way then there only remains the tilt in A<B > due to

coil imperfections. This is illustrated below.

A<B

<B

±

original field
error

field error after
frequency correction

+ &

radius
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If the same criterion that nh has to be within 1%

of the design n h is applied, then a limit can be placed

on the allowed tilt. The number of turns will be

n h
= cos<(> (see Appendix)nh

dn
where

and (j> = 2irh/A(n)dn

The A(n) is assumed to increase linearly from -6 at

injection to +6 at extraction.

For a 1% change in turn number and h = 4, n = 100,

-4
integration gives 6 = 1.5 x 10 . At <Bz> = 5 T this

requires that A<B > be less than 0.5 mT. Referring to
z

Fig. 2 and approximating the field tilt by straight lines,

the 1% change would be caused by the following changes: -

z. ± 0.08 mm

z» ± 0.7 mm

r1 ± 0.5 mm

r« ± 0.5 mm

4.2 B - A First Harmonic Amplitude in AB
Z ̂  ' Z

Section 4.1 considered coil imperfections which

retained both cylindrical and midplane symmetry. There are

imperfections which give a zero azimuthal average field
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error A<B > but where AB is a function of the cyclotronz z

azimuth 9. This type of imperfection was described in

section 3.3 and includes: a displacement of one coil axis

parallel to the midplane (Fig. 7, page 18), a first harmonic

error in the coil axial separation (Fig. 8, page 20) and a

displacement of both coil axes in a plane parallel to the

midplane (Fig. 9, page 20). AB takes the form'of a first
zharmonie of amplitude B such that AB = B cos Q.

zl z zl
The radial shift Ax of the equilibrium orbit (EO)

under the influence of a first harmonic axial field B is
zl

given by
B <R>
z-i where <R> is the orbit

Ax = ~
<B >(v -1) average radius,
z * r

This shift should be small compared to the phase space

stable region. The size of this region is proportional to

v -1 and so is smallest for 3 MeV/u uranium where v is

least. But even here the stable region is large compared

with the 2 mm radial extent of the beam as shown in Fig. 13.

The stable region shrinks to vanish at the v = 1 point at

^ 620 mm radius. If the shift in the EO is of the order of

the dimension of the unperturbed stable region, the perturbed

stable region becomes very small and may even vanish. If

the regions distant from-the normal extraction region are

considered, i.e. less than 590 mm radius, then the B
zl

amplitude required to reach radial instability is 3 mT.
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3 MeV/u Uranium.
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Residual B after compensation using the trim rods will be
zl

less than ^ 0.05 mT so that instability due to B will not
zl

occur.

There remains then the coherent radial oscillations

induced by the B fields. In normal operation the residual
zl

B field will have phases which oscillate between 0° and

180° 'so that the coherent oscillations will follow a

constantly moving EO. For a B of amplitude 0.05 mT with
zl

sinusoidally varying phase of radial period ^ 50 mm (average

trim rod separation), the coherent radial oscillation

amplitude for 3 MeV/u uranium is calculated to grow to 0.8 mm.

This is in large part due to the anadiabatic nature of the A

motion for the rapid acceleration of 3 MeV/u uranium (only

50 turns, see Table 1, page 27). Thus the criterion that

the coherent oscillation amplitudes be kept below 1 mm is

consistent with the criterion that the total stray field to

be removed by the trim rods should be less than i- 5 mT.

It is intended that cyclotron operation for a given

ion energy be reproducible without requiring readjustment

of the trim rods. In this case any B due to coil motions
zl

will remain uncompensated and it is this stray B that will
zl

determine the allowed variation in the coil dimensions. In

such a case the B has a fixed phase as a function of
zl

radius and the coherent motion will be simply that of

precession about a fixed but shifted EO. For v = 1.005

and the 50 turns of 3 MeV/u uranium, an uncompensated B
zl
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of 0.1 mT produces a mean coherent oscillation amplitude of

1 mm. This then is the criterion that determines the tolerable

variation in the coil dimensions between different excitations.

However the extraction region has net yet been considered

but as will now be seen, this does not change the tolerances.

At extraction a B field is deliberately introduced
zl

in the region where v crosses unity. This increases the

radial component of momentum and/or increases the turn

separation at the entrance to the extraction channel. Values

of B to be used have been calculated to lie between 0.5 mT
• z i

and 1.0 mT. It has also been calculated that to avoid

extensive retuning of the extraction system any unknown,

uncompensated component to B should be less than 0.1 mT.
zl

This limit then is consistent with the limit imposed by

coherent oscillations at the inside radii and the

reproducibility of the coil parameters can be specified.

These are as follows:

- coil axes must remain in the same location

radially to ± 0.05 mm

- coil axial separation must remain constant

to ± 0.013 mm

and - coils must remain coaxial to ± 0.083 mm.

A movement of the component pancakes of the coils

relative to each other can give rise to B fields as shown
zl

in Fig. 11, page 24. For these movements it has been assumed

that the incremental displacement between each pancake is
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uniform resulting in a parallelogram cross section for the

coil. For such a distortion the displacement of the upper-

most pancake relative to the lowest must be less than 0.07 mm

to keep the B less than 0.1 mT.
zl

A lateral displacement of the entire upper half of

the coil by 0.07 mm relative to the bottom coil half would

produce the same B field.
zl

4.3 <B > - Azimuthal Average Transverse Field

This can be caused by the upper and lower coils

having different radii (section 3.2 (a), Fig. 3, page 14);

by an axial shift in the midplane of the coils (section

3.2 (b), Fig. 4, page 16); or if the coil midplane surfaces

are not parallel to the midplane (section 3.2 (c), Fig. 5,

page 16).

In the presence of an azimuthally averaged radial

field <B > the shift Az in the equilibrium orbit is given by

<R><B >
Az = ^-T

< B z > v z 2

where <R> is the orbit average radius. This is worse for low

fields and Fig. 14 shows the coherent axial motion of the

beam integrated through a <B > field one tenth that of

Fig. 3, page 14 (coils of different radii). The data is for

a 10 MeV/u uranium 33 beam which has the lowest v . (The

data of Fig. 5, page 16 (coil midplane surface conical)

would produce similar behaviour.) The beam performs coherent
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Fig.14 Coherent z Motion of Beam in an Error Field 1/10

that of Pig.3 (Upper Coil Radius Increased by 1 mm).
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oscillations about the displaced EO and because the movement

of the EO is slow the oscillation amplitude about tne EO

remains approximately constant resulting in the cycloidal

motion along the z axis. At the outside of the cyclotron

v rises rapidly and the displacement of the EO moves back

rapidly towards the origin. The beam is unable to follow

this rapid change in EO and is left with a residual coherent

oscillation about the origin of approximately 1 mm amplitude.

To restrict such coherent amplitudes to less than

1 mm/ the upper and lower coils must have identical radii

to ± 0.1 mm. Similarly the surfaces of the coils facing

the midplane must be flat such that the radially inner and

outer edges of these surfaces must be within 0.1 mm of

being in the same plane.

In Fig. 15 a <B > field one tenth that of Fig. 4,

page 16 (coils shifted axially), the motion of a 10 MeV/u

uranium beam has again been integrated to show the coherent

z oscillations. The beam moves along the z axis until the

radius where <B > changes sign and then the cycloidal motion

changes direction. The error field <B > is then changing

too rapidly for the motion to remain adiabatic and the

coherent amplitude grows. Finally at the outside radius, v

rises rapidly taking the displacement of the EO back to zero.

The beam attempts to follow the EO shift but is left with a

residual coherent amplitude of 0.3 mm. To restrict these

coherent oscillations to less than 1 mm amplitude, the coil

midplane must coincide with the geometric midplane to ± 0.3 mm.
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Because the extraction system has an axial magnifi-

cation of the order of 5 it is desirable to arrange that the

beam arrive at the extraction system on center (i.e. z and p

both zero). This can be done by use of a pair of vertical

steerers in the injection beam line and would allow the beam

to be extracted without decreasing the tolerances because of

the extraction system magnification or acceptance. This

however requires a larger coherent amplitude at inner radii

as shown in Fig. 16 for the data of Fig. 3, page 14.

The amplitude is now 1.5 mm at inside radii compared with

the previous 1 mm of Fig. 14, page 35. Similar results are

shown in Fig. 17 for the data of Fig. 4, page 16, where the

amplitude is 1 mm at inside radii instead of the previous

maximum of 0.3 mm.

During injection the beam must pass through the

region between the coils where the <B > can be large.

Figure 18 shows the displacement of the beam during injection

for <B > error fields one tenth that of Figs. 3 (page 14)

and 4 (page 16). The beam arrives at the stripper radius

off axis and diverging and will give rise to coherent

oscillations during subsequent acceleration as seen in

Figs. 19 and 20 respectively. Comparing Figs. 19 and 20

(injection effects included) with Figs. 14 (page 35) and

15 (page 37) (injection effect absent)shows that the

increases in coherent oscillation amplitude because of the

injection path are small.
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Fig. 16 Coherent z Motion of Beam in an Error Field 1/10

that of Fig. 3 (upper coil radius increased 1 mm)

but Requiring Centering at the Extraction Channel

Entrance.
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Fig. 18 Coherent z Deflection of Beam During Injection
(a) for Error Field 1/10 that of Fig. 4
(b) for Error Field 1/10 that of Fig. 3
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Fig. 19 Coherent z Motion of Beam in Error Field 1/10
that of Fig. 3 Including Effect of Injection
Trajectory
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Fig. 20 Coherent z Motion of Beam in Error Field 1/10 that of

Fig. 4 Including Effect of Injection Trajectory.
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During extraction the beam traverses a path approxi-

mately one metre long. If the beam is initially centered

in the extraction channel a 6 mT <B > would generate a 1 mm

axial displacement which should be handled easily by the

external beam transport system. The extraction path there-

fore also is not particularly sensitive to <B > fields for

beams centered at the channel entrance. »

4.4 B - First Harmonic Component to B

rl *

If a first harmonic transverse field is present the

EO is shifted in an oscillatory motion out of the midplane

with the frequency of the transverse field harmonic. The z

motion is that of forced oscillations and is resonant when

v = 1 . No ion actually reaches v = 1 before extraction

but 15 MeV/u carbon 5 comes close. For this ion the

coherent z motion through the data of Fig. 10, page 22

(coil gap has first harmonic error) has been calculated and

did not exceed 0.5 mm when the extraction radius was reached.

Taking the calculation beyond the extraction radius to

allow the beam to pass through the resonance showed that

the coherent amplitude reached a maximum of only 1.6 mm.

This is in reasonable agreement with an analytical calcula-

tion which uses the equation for the maximum amplitude given
14}

by Joho as
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Forv = 1 , 8v /3n = 0.4 (100 kV d e e s ) , B = 2 mT, r a d i u s
Z Z 3T -I

R = 650 mm and <B > = 2T, the value of z is 1.2 mm.

The error fields of Fig. 7, page 18 Icoil axes

separated radially) and Fig. 12, page 24 (coil pancakes

have linear radial shift along coil axis) are quite similar.

The motion of the beam through the field of Fig. 7, page 18,

has been integrated. In this case B does not change sign

with increasing radius before extraction (in contrast to

Fig. 10, page 22) and the coherent amplitude is approximately

2 mm even before reaching the v = 1 region, but decreases
Z

to around 0.5 mm at v = 1 and then grows again to 2 mm
z

after v = 1.
z

In summary, to keep the axial coherent oscillation

amplitude below 1 mm the coils must be within the following

tolerances:

The coil axial midplane must lie in the magnet

midplane with a first harmonic displacement of amplitude

less than 0.6 mm.

The two coils above the midplane should be coaxial

with the two coils below the midplane to better than 0.5 mm.

Any parailelogramming of the coils must be such

that the outermost pancake is displaced radially relative

to the innermost pancake by less than 0.5 mm. This also

applies to the coil pairs as a whole. The axially outer

coil pair can be radially displaced from the lower coil

pair by no more than 0.5 mm.
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4.5 B - Second Harmonie Component in the Axial Field
Z2

The addition of a second harmonie amplitude (or

radial gradient of a second harmonie) to the axial field B
z

distorts the radial phase space diagram moving two of the

unstable fixed points towards the equilibrium orbit. If

the second harmonic components are large enough the fixed

points vanish to leave an unstable equilibrium orbit (v

imaginary) with no stable region. Analysis by ,van Nieuwland

predicts that this occurs when the following inequality is

satisfied

— 2 , 1̂  <R> 2 , 1̂  <R> Z
2 <B > 4 <B > 3R > ^ r " 1 ' + 2~ <B > 3~R~

z z z

For the Chalk River cyclotron, 3 MeV/u uranium is

the ion with the smallest global values of |v
r~

1!• Figure 21

shows how the stable region at 400 mm radius is changed with

increase in B while Fig. 22 shows the similar distortion
Z2

with the introduction of a second harmonic gradient. The

values at which stability vanishes at <R> ^ 400 mm for

3 MeV/u uranium - B = 7 5 mT, 3B /3R = 0.27 mT/mm - agree

rather well with the values B = 6 9 mT, 3B /3R =0.32 mT/mm
Z2 Z2

derived from van Nieuwland's equation above.

If the types of coil imperfections which gave rise

to first harmonic components in the axial field are now

treated in terms of second harmonics, then inspection of

Figs. 7 (page 18), 8 (page 20) and 11 (page 24) shows that
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Fig. 21 Unstable Fixed Points in Radial Phase Space at
a Radius of 400 nun as a Function of B z

Amplitude for 3 MeV/u Uranium 2
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Fig. 22 unstable Fixed Points in Radial Phase Space at
a Radius of 400 mm as a Function of, Bz Radial
Gradient for 3 MeV/u Uranium 2
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the tolerances on any second harmonic components in each of

the coil radius, coil midplane gap and coil pancake tilt are

many millimetres so that other error fields are more

important.

However at the extraction radius,v does decrease

rapidly and passes through unity. At this radius a small

second harmonic component could create a region where v

would be imaginary. Because v is changing rapidly, the

radial interval of any imaginary v region will be narrow

and to estimate the tolerance to the existence of this

unstable region it is necessary to examine the beam motion

through it. For 3 MeV/u uranium the rate of change of v

per turn is 3v /3n ^ 0.005 at the v = 1 crossing. Also

the modulus of the imaginary v in the presence of second

harmonics is small at about 0.01. If a 10% growth in radial

beam size after passage through the unstable region is

acceptable, then using x = x sinh(v 6), this would occur

after approximately one turn. Using the value 3v /3n ^ 0.005

this then means that the second harmonic components have to

be large enough to drive v imaginary from-1.0025. This

requires a B of 22 mT or 9B /3R of 0.07 mT/mm.
Z2 Z2

For a second harmonic amplitude of 1 mm in the coil

radii (Fig. 9, page 20) a B of 2 mT and 3B /3R of 0.025
Z2 Z2

mT/mm result , placing a tolerance on this amplitude at 3 mm.

For a second harmonic amplitude in the coil midplane gap of

1 mm (Fig. 8, page 20) B is 7.5 mT and 3B /3R 0.025 mT/mm
Z n Z
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at 650 mm radius restricting such a second harmonic amplitude

to 3 mm. The relative displacement of the coil pancakes

with a second harmonic amplitude (Fig. 11, page 24) of 2 mm

gave B of 2.5 mT and 9B /3R of 0.025 mT/mm. Such a coil
Z2 22

distortion is then restricted to be less than 6 mm maximum.

In conclusion, the influences of coil imperfections

which give rise to second harmonic field imperfections are

small, the corresponding tolerances being large, and other

field errors will be more important.

4.6 Summary of Coil Imperfection Effects

For reference the effects of the coil imperfections

have been tabulated. Table 2 summarized the coil changes

that affect isochronism.

Table 3 summarizes the imperfections that introduce

a first harmonic component to B and which are limited by the

ability to reproduce the first harmonic B field required

z

for extraction.

Table 4 summarizes the imperfections that introduce

an azimuthal average radial component of field B .

Table 5 summarizes the imperfections that produce

a first harmonic component of transverse field B .

The manufacture and assembly tolerances are then

listed in Table 6. Table 7 lists the required stability

tolerances. Items in Table 6 must be considered also to be

maintained as part of the stability requirements. All these

tolerances were based on the most restrictive effect.



Table 2. The Influence of Coil Dimensional Imperfections on Isochronism

1. Coil Parameter 2. Magnetic Field 3. Orbit Dynamics 4.
Change Effect

Magnitude of
Change to 1
responsible
for Effect 3

a.

b.

c.

d.

e.

f.

g-

h.

i.

j-

k.

Magnet midplane to
axially inner surface
of coil

•I

Magnet midplane to
axially outer surface
of coil

H

Coil inner radius

Coil outer radius

H

Magnet midplane to
axially inner coil
surface

Magnet midplane to
axially outer coil
surface

Coil inner radius

Azimuthal average of
B incorrect
z

11

M

II

II

It

11

tl

Tilt to azimuthal
average of Bz
(Mean B correct)z

n

n

90° phase slip

Turn number increased

90° phase slip

Turn number increased

90° phase slip

Turn number increased

90° phase slip

Turn number increased

Turn number increased
by 1%

11

II

1%

1%

1%

1%

0.4 mm

0.1 mm

0.7 mm

0.2 mm

2 mm

0. 5 mm

2 mm

0.5 mm

0.08 mm

0.7 mm

0.5 mm

Coil outer radius 0. 5 mm



Table 3. Coil Dimensional Imperfections Producing a First Harmonic B_

1. Coil Parameter
Change

2. Magnetic Field
Change

3. Orbit Dynamics
effect

4. Magnitude of
change in 1
responsible
for Effect 3

a. Radial displacement
of coil axes relative
to magnet axis.

Introduction of B Extraction B unknown
z

to 0.1 mT.

0.05 mm

b. Coil axial gap has
azimuthal first
harmonic amplitude.

0.0i3 mm

c. Parallelogramming of
radial cross section.
Axially inner and outer
surfaces parallel but
displace radially.

Radial displacement
of outermost pan-
cake relative to
innermost 0.07 mm

d. Radial shift of halves
of split coil relative
to each other.

0.07 mm



Table 4. Coil Dimension Imperfections Producing an Average Transverse F .eld

1. Coil Parameter
Change

2. Magnetic Field
Change

3. Orbit Dynamics
Effect

4. Magnitude of
Change to 1
responsible
for 3

a. Coils above and
below midplane have
different radii.

Introduction of
average B .

Coherent z oscillations
of amplitude 1 mm at
extraction.

0.1 mm

b. Axially inner surfaces
of coils are parallel
but not parallel to
midplane.

One edge of surface
displaced 0.1 mm
axially from mid-
plane relative to
other edge.

tn

c. All coils shifted
axially relative to
magnet rnidplane.

0.3 mm

d. Coils above and below
midplane have different
radii.

Coherent z oscillations
of amplitude 1 mm at
inner radii. Beam

0.07 mm

centered in z z1

at extraction.
space

Axially inner coil
surfaces are parallel
but not parallel to
midplane.

One edge of surface
displaced 0.07 mm
axially from the
midplane relative
to the other edge.

f. All coils shifted
axially relative to
magnet midplane.

0.1 mm



Table 5. Coil Dimensional Imperfections Producing a First Harmonic

1. Coil Parameter
Change

2. Magnetic Field
Change

3. Orbit Dynamics
Effects

Magnitude of
1 to produce
the Effect of
3

a. Coil midplane is
displaced axially
relative to magnet
midplane with first
harmonic amplitude.

First harmonic B Coherent z oscillations
of amplitude 1 mm at
extraction radius.

0.6 mm

b. Radial displacement
of axis of those
coils above the mid-
plane relative to
coils below the mid-
plane.

0.5 mm
.ft-

Parallelogramming of
radial cross section.
Axially inner and outer
surfaces parallel but
displaced radially.

0.5 mm

Radial shift of halves
of split coil relative
to each other.

0.5 mm
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Table 6

Coil Manufacture and Assembly Tolerances

Mean radii of coils above and below midplane

equal within ± 0.07 mm

Coil midplane coincident with magnet midplane

to within ± 0.1 nun (adjustable)

Coils above midplane coaxial with coils below

midplane to within ± 0.5 mm

All coil pancakes coaxial to ± 0.5 mm

Coils coaxial with magnet axis to ± 0.5 mm

(adjustable)

Coil gap first harmonic component < 0.13 mm

Coil midplane displaced with first harmonic

component from magnet midplane < 0.6 mm

Coning of coil midplane surfaces < 0.07 mm
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Table 7

Coil Stability Tolerances

Coil axis motion relative to magnet axis ± 0.05 mm

Change or introduction of gap first harmonic ± 0.013 mm

Individual pancake radial shifts ± 0.07 mm

Coil gap constant ± 0.08 mm

Coil radii constant ± 0.5 mm

Coil height constant ± 0.2 mm

5. Magnetic Field Errors from the Trim Rods

The axial magnetic field must be tailored to ensure

that it is isochronous for any given ion. This is accom-

plished in part by the use of movable steel trim rods '

These rods penetrate down through the magnet poles and hills

and their end surfaces lie flush with the midplane surfaces

of the hills. By retracting the rods away from the midplane,

the magnetic field can be locally reduced, and so provide

the appropriate isochronous field, <B >.
z

The trim rods will operate in pairs, axially opposed

to each other across the magnet midplane, and withdrawn

symmetrically.
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flutter pole

Any single rod can be mispositioned radially or

azimuthally or its retraction can be in error. The resulting

error fields were calculated using the uniform magnetization

approximation, that is the retracted steel (the void) was

represented by an equivalent current sheet with surface

current density J = M where M is the saturation magnetization

of the trim rod steel. The calculated error field is simply

the difference between the field produced by the rod in its

correct position and that in its incorrect position.

Il
'I
il equivalent current

sheets

/

II
H
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5.1 Axial Mispositioning of Rod Retraction

This error field due to axial mispositioning is

largest when the rods are closest to zero retraction and

Fig. 23 shows the fields resulting from a mispositioning

of 1 mm.

1 mm

upper rod at

correct position

lower rod

in error

Two rod diameters, 40 mm and 60 mm, will be used and the

data shown is for a 60 mm diameter rod located at a cyclotron

radius of 500 mm. The error in the axial field B is
z

maximum beneath the rod center while a radial component of

magnetic field has been introduced which changes sign at the

rod center. Figure 24 shows an azimuthal section through

the error field. An azimuthal component of field B. has

been introduced but this has a small affect on the beam

motion because the beam direction is in general azimuthal.

The B field shown is for an azimuthal section at AR = 20 mm.

The eight rods (4 rod pairs) at any given radius

will contribute error fields components which will combine

to give a net change in the azimuthal average of the axial

field <B > and transverse field <B >. They will also con-

tribute to the harmonic components of both fields,i.e. B ,
zl
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-10

AR(mm)

-100 -50 50 100

Fig. 23 Radial Profile of Error Fields Resulting from
a 1 mm Axial Misposition of a 60 mm Diameter
Rod at a Radius of 500 mm
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Fig. 24 Azimuthal Profile of Error Fields Resulting
from a 1 mm Axial Misposition of a 60 mm
Diameter Rod at a Radius of 500 mm
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B and B • A Monte-Carlo calculation was made to estimate
Z2 rl

the rms expectation values for the error fields. The rod

errors were chosen to be uniformly distributed within a

displacement of ± 1 mm and the expectation rms value of the

error fields A<B > and <B > and their harmonics B , B and

z r zl z
2

B found.

Inspection of Figs. 2.3 and 2.4 shows a con-

tribution to <B > which is maximum just beneath the rod

center. The contribution to <B > is also finite but changes

sign with radius, the maximum contributions to <B > occurring

beneath the rod edges while <B > is zero at the rod center.

The expectation rms values of the error fields are

presented in Table 8 for the 1 mm maximum error in the rod

retraction.

A Monte-Carlo calculation of the expectation rms

phase error at the extraction radius has been made for 50

MeV/u carbon by integrating the phase slip through several

error fields. These were generated by interpolating in the

data of Table 8 at the actual design radial positions and

diameters of the 13 trim rod sets. The rod position errors

were randomly selected from a uniform distribution between

± 1 mm. The expectation rms phase error is 4.3° while the

expectation rms value for the average cosine of the phase

cos(}> during acceleration is 0.9985. The turn number is

inversely proportional to cosiji and so will exceed the design

turn number by only 0.15%. If an error in turn number of 1%



Table 8. Expectation rms Values for Field Errors produced by a Random selection of

Rod Axial Position Errors from within a Uniform Distribution between ± 1 mm

Trim Rod Diameter

(mm)

40

40

40

60

60

60

Cyclotron Radius

(mm)

150

400

650

150

400

650

<B >z

(mT)

0.87

0.30

0.17

1.65

0.60

0.35

B
Zl

(mT)

1.90

0.66

0.37

3.59

1.30

0.76

B
Z2

(mT)

1.72

0.60

0.34

3.24

1.20

0.69

<Br>

(mT)

0.66

0.25

0.15

1.24

0.46

0.29

B
rl

(mT)

1.28

0.48

0.30

2.38

0.90

0.56
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is acceptable (cos<j> = 0.99) then the rod retraction

uncertainty could be ± 2.8 nun which is very large.

The expectation rms values for the first harmonic

field B are listed in Table 8. For the outer sets of rods
zl

the extraction requirement that the first harmonic component
8 )of B be known to 0.1 mT ; dictates that the rod retraction

21
must be known to ± 0.13 mm and ± 0.25 mm for the last and

penultimate rod sets respectively. To get an estimate of

the amplitude of the coherent oscillations expected during

acceleration, random errors in all 13 rod sets were chosen

from a uniform distribution of errors up to ± 1 mm. The

harmonic phase was also chosen randomly and the beam motion

through the error field integrated. The ion chosen for

this calculation was 3 MeV/u uranium with its low v of

^ 1.005. For several random error fields the mean coherent

radial oscillation amplitude was a- 5.5 mm while the maximum

amplitude anywhere during the acceleration was ^ 14 mm. If

the coherent oscillations are to be kept always below 1 mm

amplitude then the rod axial positions including the outer-

most rods should be known to ± 0.07 mm.

The expectation rms B is as large as B but
Z2 zl

recalling the analysis of section 4.5 it would require a

second harmonic amplitude of 70 mT to make v imaginary for

3 MeV/u uranium at 400 mm radius. At the v = 1 crossing a
B of 22 mT is needed to generate a 10% beam growth. These
Z2

are large enough to allow relatively large tolerances to

these error fields.
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The expectation rms values for the radial field <B >

for the 1 mm rod retraction error are also given in Table 8.

These are values found by azimuthal integration at the radius

of maximum B (see Fig. 23, page 59). Again random rod

position errors were chosen from a uniform distribution and

the motion through the resulting error fields integrated.

The ion chosen in this case was 10 MeV/u uranium with the

lowest v at 0.12, The mean z coherent oscillation amplitude
z

was "\» 8 mm and the maximum >v 12 mm. To restrict the maximum

coherent amplitude to less than 1 mm then the rod error

should be less than ± 0.08 mm.

Section 4.4 showed that a B of 2 mT generates z
rl

coherent oscillations less than 2 mm in amplitude for 15 MeV/u

carbon at v = 1 . From Table 8 the expectation rms B is
rl

0.56 mT for the 1 mm rod retraction error so the tolerance

based on B is ± 1.8 mm which is again relatively large.
rl

5.2 Radial Mispositioning of the Rod Center

These errors are associated with the location of the

rod guide holes in the magnet poles and hills and unlike the

rod axial position no adjustment is available. Thus this

will be a manufacturing tolerance rather than a resettability

tolerance.

Figure 25 shows the error fields B , B and Bo

against radius as generated by the radial mispositioning of

a rod by 1 mm. The data is for a 60 mm diameter rod at
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20

15

10
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-10

Error
field
(mT)

Bz(A9 = 0°)

B (A9 = 0°)
r

= 5°)

AR(mm)
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Fig. 25 Radial Profile of Error Fields Resulting from a

1 mm Radial Mispositioning of a 60 mm Diameter

Rod at a Radius of 500 mm.
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500 mm radius and retracted 40 mm (the maximum retraction

possible is 60 mm, but the 40 mm represents a more reaonable

maximum operating retraction). The contribution to B is
z

zero at the rod center and largest at the rod edge. B r #

like B , has both positive and negative contributions but
Z

is largest beneath the rod center. Figure 26 plots the

field against azimuth at the radii of peak B and B

showing that they will contribute to finite <B > and <B >.
Z 3T

The expectation rms values of the error fields due

to a set of eight rods are given in Table 9. This was cal-

culated by randomly selecting individual rod errors from

within a uniform distribution between ± 1 mm radial shifts.

Examination of Fig. 25 shows that the integration jf

of the B error field along a radius will result in a small i
z

final phase error. The phase change in the negative B
z

region will be largely compensated by an opposite change in
the positive B region. The expectation rms phase slip has

z

been calculated by randomly selecting the position errors

for the 13 rod sets and integrating the motion through the

resultant fields. The value as expected is small at 0.3°.

The expectation rms value of cos$ is also changed but is

extremely close to unity at 0.99999. Thus the tolerance
to <B > errors induced by radial mispositioning is relativelyz

large.

The coherent radial oscillations induced by the

B error field have been calculated again by the Monte-Carlo
zl
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Error
field
(mT)

-10

B (AR = -20 mm)

— B (AR = 0mm)

A6 (degrees)

I I I I
-15 -10 -5 10 15

Fig. 26 Azimuthal Profile of Error Fields Resulting from a

1 mm Radial Mispositioning of a 60 mm Diameter Rod

at a Radius of 500 mm.



Table 9. Expectation rms Values for Field Errors Produced by a Random Selection of

Rod Radial Position Errors from within a Uniform Distribution between ± 1 mm

Trim Rod Diameter

(mm)

40

40

40

60

60

60

Cyclotron Radius

(mm)

150

400

650

150

400

650

(mT)

0.48

0.18

0.11

1.05

0.40

0.24

B
zl

(mT)

1.05

0.39

0.24

2.33

0.88

0.54

B
Z2

(mT)

0.93

0.35

0.22

2.01

0.79

0.49

<B >

(mT)

0.63

0.25

0.16

1.40

0.54

0.35

B
rl

(mT)

1.22

0.48

0.32

2.69

1.06

0.68
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method. The expectation rms mean coherent amplitude during

acceleration for 3 MeV/u uranium is 3.5 mm while the

expectation maximum amplitude is 9.5 mm. To keep the

maximum amplitude less than 1 mm then requires the rods to

be placed radially to within ± 0.1 mm.

The tolerance to B , as for the axial mispositioning, is
Z2

relatively large,the analysis being similar to that in section 5.1.

The coherent axial motion induced by the <B > error

field has been calculated by the Monte-Carlo method. The

expectation rms mean amplitude during acceleration for

10 MeV/u uranium is 8.5 mm and the expectation maximum 13.5

mm. To keep the maximum amplitude below 1 mm then requires

the rods to be located radially to within ± 0.075 mm.

As for the axial rod errors the tolerance to B

error fields is high. From Table 9 the expectation rms

rl

B at 650 nan is 0.68 mT. To keep the coherent amplitude
rl

at the v = 1 resonance below 1 mm then requires that the

rods be positioned radially to ± 1.5 mm which is again

relatively large.

5.3 Azimuthal Mispositioning of the Rod Center

This error, as for the radial mispositioning, will

define a manufacturing tolerance on the rod azimuthal location.

Figures 27 and 28 show the error fields B , B and

B. as a function of radius and azimuth respectively. Again

the data are for a 60 mm diameter rod at a cyclotron radius
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Fig. 27 Radial Profile of Error Fields Resulting from a

1 mrad Azimuthal Mispositioning of a 60 mm Diameter

Rod at a Radius of 500 mm.
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Fig. 28 Azimuthal Profile of Error Fields Resulting from

a 1 mrad Azimuthal Mispositioning of a 60 nun

Diameter Rod at a Radius of 500 mm
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of 500 mm and retracted 40 mm. The azimuthal mispositioning

is 1 milliradian which for the 500 mm radius corresponds to

a 0.5 mm shift.

Both B and B are seen in Fig. 28 to be zero at the

rod center and maximum at the rod edges and will integrate

azimuthally to zero. Therefore there will be no contribution

to <B > or <B > and as a consequence, no contribution to
Z JL

phase errors or changes in the turn number nor generation of

coherent axial oscillations. There are however finite but

small contributions to B , B and B as listed in Table 10.
Zl Z2 rl

The expectation rms mean coherent radial oscillation
amplitude due to B has been calculated by the Monte-Carlo

zl
method to be 0.15 mm while the expectation maximum amplitude

is 0.35 mm. So to allow 1 mm maximum amplitude the rods

could be azimuthally mispositioned by ± 2.9 milliradians

which is ± 0.44 mm at a radius of 150 mm and ± 1.9 mm at

650 mm.

The expectation rms B at 650 mm radius is 0.009 mT
rl

from Table 10. For 15 MeV/u carbon this would generate a

0.01 mm coherent amplitude at the v = 1 resonance so the

z
tolerance is relatively large, being many millimetres.

5.4 Summary of Trim Rod Mispositioning Effects

The calculations are summarized in Table 11 showing

the effects of the various mispositionings. The influences

of B and B have been omitted from the table because they
Z2 rl

are in general small.



Table 10. Expectation rms Values for Field Errors Produced by a Random Selection of

Rod Azimuthal Position Errors from within a Uniform Distribution between

± 1 mrad.

Rod Diameter

(mm)

40

40

40

60

60

60

Cyclotron Radius

(mm)

150

400

650

150

400

650

(mT)

0.0

0.0

0.0

0.0

0.0

0.0

B
Zl

(mT)

0.026

0.010

0.0060

0.087

0.033

0.021

B
Z2

(mT)

0.049

0.018

0.012

0.162

0.064

0.039

<Br>

(mT)

0.0

0.0

0.0

0.0

0.0

0.0

B
rl

(mT)

0.0.12

0.0043

0.0027

0.038

0.014

0.0090



Table 11. Effects of Trim Rod Position Errors as Determined by Monte-Carlo

Calculations for Rod Errors Randomly Selected from within Uniform

Distributions with Defined Limits.

Accumulated
Phase Error
for 50 MeV/u

Carbon

Increase in
Turn Number

50 MeV/u
Carbon

Coherent Radial
Oscillation

Amplitude for
3 MeV/u
Uranium

Coherent Axial
Oscillation

Amplitude for
10 MeV/u
Uranium

Axial Misposition

± 1 mm

4.3 0.15% 14 mm 12 mm

Radial Misposition

± 1 mm

0.3 negligible 9.5 mm 13.5 mm

Azimuthal Misposition

± 1 milliradian

None None 0.35 mm None
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Table 12

Rod Positioning Tolerances

Axial Position ± 0.07 mm

This is based on maximum coherent radial oscillation

of 1 nun.

For the outermost rod this is also the tolerance to

have a probability > 95% of the extraction B^ being

within 0.1 mT of design.

Radial Position ± 0.1 mm

Azimuthal Position ± 3 mrad

zl
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Table 12 summarizes the tolerances on the rod

positioning. In each case the tolerance is determined by

the requirement to keep expected coherent axial oscillations

below 1 mm amplitude.

It should be recalled that because of the statistical

approach used, the values in Table 12 are those that give a

68% probability of the effect of the errors being less than

the maximum desired. If the tolerances in Table 12 are

halved then the corresponding probability is 95%.

6. Magnetic Field Errors from Flutter Pole Imperfections

The eight flutter poles are shaped steel blocks

attached to the magnet poles and are located with 4-fold

azimuthal symmetry and mirror symmetry about the magnet

midplane (see Fig. 1, page 2). Figure 29 shows the midplane

projected cross section of one flutter pole. The particular

shape is chosen to provide a magnetic field which increases

with radius while maintaining adequate axial stability. It

is selected so that an isochronous field with good axial and

radial stability can be reached for all ions by field changes

introduced by the main coil splitting and trim rod motion

mentioned in section 2.

If the flutter poles are identical and possess

their intended symmetry they contribute only to the axial

magnetic field B at the midplane and this field will

possess 4-fold azimuthal symmetry.
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600

Fig. 29 Flutter Pole Cross Section Parallel to Midplane
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If the flutter poles are not identical and/or not

located correctly then they will contribute error fields to

the midplane. The most important of these, as for the coils

and the rods, will be errors in the azimuthally averaged

axial field <B >, the introduction of harmonics into the
z

axial field B and B , the introduction of a finite
zl Z2

azimuthal average transverse field <B > and its harmonic B
r r±

The error fields due to the flutter pole errors

have been calculated using the uniform magnetization code

19)
MFLD '. First the ideal magnetic field due to a single

flutter pole has been calculated, followed by a calculation

of the magnetic field from a flutter pole changed in dimen-

sion or position. The resultant error field is then the

difference between these two calculations and represents

the effects of the dimension or position error above.-

The error fields, by the very nature of the flutter

pole, are complex and the dominant error field component

(B , B or B ) depends on radius and azimuth. To illustrate

these fields, typical azimuthal profiles are shown in Figs.

30 through 34.

At this point the constraints on the various error

fields will be recapitulated in the context of the flutter

pole manufacture and positioning. If the flutter poles are

not made with the dimensions as specified but are still all

identical and positioned correctly the errors will be solely
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Fig. 30 Azimuthal Profile at a Radius of 350 mm of Error

Fields Resulting from a Flutter Pole Axial Mis-

positioning by 1 mm.
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Fig. 31 Azirauthal Profile at a Radius of G50 nan of Error

Fields Resulting from a Flutter Pole Radial

Mispositioning by 1 nun.
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Fig. 32 Azimuthal Profile at a Radius of 450 mm of the

Error Fields Resulting from One Edge of a Flutter

Pole Changed in Azimuth by 1 mrad.
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Fig. 33 Azimuthal Profile at a Radius of 350 mm of the
Error Fields Resulting from a Flutter Pole Rotation
about a Radial Axis by 1 mrad.
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Fig. 34 Azimuthal Profile at a Radius of 650 mm of the

Error Fields Resulting from a Flutter Pole Rotation

about an Axis Parallel to the Midplane and Normal

to a Radius by 1 mrad.
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A<B > and give errors in isochronism. Because of approxi-
z

mations in the theoretical model used to calculate the

magnetic fields of the magnet, initial field mapping will

reveal discrepancies between calculation and measurement

and the flutter poles may in fact have to be modified to

bring the fields within acceptable limits. The tolerance

specified for the absolute dimensions of the flutter poles

then would be expected to reflect this but in fact the

tolerances will be determined by the requirement that the

poles be identical. The flutter poles have to be made

identical to sufficient accuracy to ensure that the transverse

field components (which will not be measured) are small

enough to keep coherent axial oscillation amplitudes below

^ 1 mm. Pole differences will also give rise to the field

harmonics B , B and B . The stray B error fields will
zl Z2 rl Zl

be removed by the trim rods and a contribution of * 1 mT to

the stray B due to the pole imperfections could be tolerated.
zl

B is only a problem at the v = 1 resonance and should be
rl z

kept less than 1 mT to limit coherent amplitude to ^ 1 mm.

The B is less important and at v = 1 a 22 mT B would
Z2 r Z2

generate a 10% beam growth due to local radial instability

near the resonance.

Because the error fields due to flutter pole errors

influence the entire acceleration region, the tolerances have

been determined by examining the perturbations to the complete

acceleration turn pattern for the most sensitive ions. As
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previously these were 50 MeV/u carbon (most sensitive to

isochronism errors), 10 MeV/u uranium (lowest v and
z

most sensitive to transverse fields) and 3 MeV/u uranium

(lowest v and most sensitive to harmonics in the axial

field).

The method of calculation was to randomly select

the amplitude of the imperfection for each of the eight

flutter poles from a uniform distribution between plus and

minus the one unit used for the calculation of the error

field due to a single flutter pole (already described). For

example for a radial shift of 1 mm, shifts between ± 1 mm

were selected. By making many such selections the expectation

rms values of the error field components A<B >, B , etc.
z Z;L

have been determined as a function of radius. A new error

fie1" was then created which had error field components

equal to the calculated expectation rms values and this was

then used as a field perturbation and the perturbed accelerated

motion examined.

The expectation values of the beam parameters are

presented in Table 13. The nature of uhe flutter pole errors

are mostly self-explanatory. The azimuthal width data,

however,were generated by separately selecting random changes

in both the leading and trailing edges of the flutter pole,

making a total of 16 random selections for the eight flutter

poles. This then includes the possible errors in flutter

pole azimuthal width and mean azimuthal location. The

radial and azimuthal rotations are rotations of the flutter



Table 13. Expectation rras Values of Beam Parameters Resulting from Flutter Pole

Errors

Coherent Radial
Oscillation

Amplitude for
3 MeV/u
Uranium

(mm)

Coherent Axial
Oscillation

Amplitude for
10 MeV/u
Uranium

(mm)

Change in Final rf
Turn Number Phase Error

for
50 MeV/u
Carbon

(%) (degrees)

Radial Position

Error (± 1 mm)

Pole Edge Azimuth

Errors (± 1 mrad)

5.5

6.0

8.1

2.3

0.7

0.4

11.2

10.1

00

Midplane to Pole

Bottom Surface

Error (± 1 mm)

15.0 8.0 2.9 32.8

Radial Rotation

(± 1 mrad)
3.3 2.0 < 0.1 4.4

Azimuthal Rotation

(± 1 mrad)
3.7 2.6 0.1 6.7
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pole about a radius (i.e. a constant azimuth) and about a

horizontal axis normal to a radius respectively. Rotations

about a vertical axis were not considered since these can

be represented by a combination of azimuthal and radial

shifts.

The coherent radial oscillation amplitude (due to

B fields)T turn-number change and final phase shift (both
zl

due to A<B > fields) indicate only the consequence of
z

uncorrected field errors, since the coil splitting and

trim rods will in fact be used to compensate these. The

coherent axial oscillation amplitude, however, cannot be

compensated and therefore dictates tolerances on the

flutter poles which are presented in Table 14.

The expectation rms values of B , B and B as
zl Z2 rl

a function of radius are shown in Table 15. The B and
rl

B are only of importance at 650 mm radius and generally
Z2

lie well inside the acceptable limits of 1 nil and 20 nsT

respectively. Only the radial shift produces an excessive

B of 1.9 mT which would place a tolerance of ± 0.5 irai to
rl

that error. However the tolerance of ± 0.13 mm placed by

the <B > error field (Table 14) takes precedence. The B
r Z l

fields are also generally within the acceptable 1 mT except

at a few radii but here too, any tolerances placed on the

flutter poles would not be as tight as those placed by the

<B > requirements.
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Table 14. Tolerances Requried for the Flutter Poles to

keep Coherent Axial Oscillation Amplitude due

to <B > less than 1 mm.

Radial Position

and Pole Radii
± 0.13 mm

Pole Edge Azimuth ± 0.4 mrad

0.06 mm at 150 mm

0.16 mm at 400 mm

0.26 mm at 650 mm

Pole Height ± 0.13 mm

Radial Rotation ± 0.5 mrad (tangent 0.5 mm per metre)

Azimuthal Rotation ± 0.4 mrad (tangent 0.5 mm per metre)
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Table 15, Expectation rms Values of Harmonic Error Fields

B , B and B due to Flutter Pole Errors.
zl Z2 rl

,. Harmonie Error Fields (mT)

(mm) B B B
7 *f V*
Zl Z2 rl

Radial Position 150 1.6
Error (± 1 mm) 250 1.1

350 0.6
450 0.6
550 0.5
650 1.0 1.7 1.9

Pole Edge Azimuth 150 0.6
Errors 250 0.7
(± 1 mrad ) 350 0.7

450 0.7
550 0.7
650 0.7 0.7 0.6

Midplane to Pole 150 4.5
Bottom Surface 250 2.6
Error (± 1 mm) 350 3.2

450 0.7
550 2.4
650 4.9 5.0 1.0

Radial Rotation 150 0.5
(+ 1 mrad) 250 0.4

350 0.3
450 0.3
550 0.2
650 1.6 1.6 0.7

Azimuthal Rotation 150 1.6
(± 1 mrad) 250 0.7

350 0.3
450 0.2
550 0.5
650 1.5 1.5 0.4
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The tolerances described so far have been treated

statistically as if they occurred randomly. In the case of

the flutter poles there are possible systematic errors

arising from the method of assembly.

The first of these is that the upper and lower sets

of poles have each been assembled correctly but have been

misaligned azimuthally. By reference to Fig. 32 the error

field contains B and B components beneath the flutter

pole edge. These are however to a large extent matched by

equal and opposite fields at the other pole edge so that

there will be little or no contribution to <B > or <B >.
z r

Further since each of the poles is displaced equally the

total fields will possess no harmonic content less than 4,

i.e. no B , B or B , and so will have very little
zl Z2 rl

influence on the beam motion. The actual effect is to

introduce a high frequency small amplitude coherent oscilla-

tion into the axial motion. Of course for a very large

azimuthal misalignment (say a significant fraction of the

midplane flutter pole gap) then the vertical focusing will

be altered and the coherent amplitude would become significant.

A second systematic error can arise if the upper

and lower sets have been misaligned radially. In this case

systematic first harmonic error fields B and B result
zl rl

as given in Table 16. But even in this case the tolerance
to such a shift is ± 0.4 mm to keep the B below 1 inT.

zl
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Table 16. Harmonie Error Fields B^ and B Resulting from
zl rl

a Systematic Radial Misalignment of Upper and

Lower Flutter Pole Sets by 1 mm.

Radius (mm)

150

250

350

450

550

650

B (mT)
zl

1.0

0.5

0.4

0.4

0.2

1.2

B (mT)
rl

0.8

0.4

0.2

0.1

0.1

0.2

Table 17. Harmonic Error Fields B and B Resulting from

a Systematic Tilt of the Upper and Lower Flutter

Pole Sets by 1 mrad from the Midplane in Opposing

Directions.

Radius (mm) B (mT)
zl

0.8

0.3

0.2

0.1

0.2

0.4

B (mT)
rl

0.1

0.1

0.2

0.2

0.3

1.3

150

250

•,,350

450

550

660
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Table 18

Summary of Flutter Pole Manufacture and Positioning Tolerance:-.

Random Errors 0-13 mm

The errors in dimensions and

positions of the flutter poles

should be such that each actual

flutter pole edge location is

within ± 0.13 mm of the design

location.

bounds on ,
acceptable i
contour (_

Systematic Errors

- An azimuthal rotation of the upper pole set with

respect to the lower pole set should be less than

± 1 0 mrad.

- A radial displacement of the upper pole set with

respect to the lower pole set should be less than

± 0.4 mm.

- A tilt of both the upper and lower pole sets away

from the midplane should be less than + 0.7 mrad.

-\

de si an corrccj



93

A third systematic error enters if the upper and

lower pole sets are oppositely tilted at an angle to the

midplane. B and B fields again result and are presented
zl rl

in Table 17. The fields are not very large placing a

tolerance on such a tilt at 0.7 mrad, the tangent of

which corresponds to a height difference of 0.7 mm per

metre to keep B below 1 mT.
rl

So in conclusion the flutter poles are quite

tolerant to these systematic errors.

A summary of the tolerances on the flutter poles

is presented in Table 18.
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APPENDIX

A BRIEF OUTLINE OF CYCLOTRON- ORBIT DYNAMICS

1. Equilibrium Orbit and Betatron Oscillations

The motion of a particle in a cyclotron is described

in terms of the properties of static orbits, i.e.,

orbits of fixed energy (no acceleration). For a given energy

a unique orbit can be found which closes on itself after one

revolution in the cyclotron and whose center is the cyclotron

center. This orbit is called the equilibrium orbit (EO) and

particles not on the EO but displaced a small distance from

it oscillate about it (Fig.Al). These are betatron oscilla-

tions and are characterized by their frequency - v for

radial motion (oscillations in the cyclotron midplane) and

v for axial motion (oscillations perpendicular to the midplane)

The frequencies v are defined as the number of betatron

oscillations per revolution in the cyclotron. (For the Chalk

River cyclotron v lies between 1.002 and 1.050 and v between
r z

0.1 and 0.6.)

The betatron oscillations are described by the

equation „
3 x 2

= % x

and the solution

x = a cos a) t + b sin u> t

or us ing v = CJ /to and 6 = tat
X X

x = a cos v 6 + b sin v ,9 (1)
X
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Z AXIAL

OSCILLAT IONS

EO

RADIAL
OSCULATIONS

MIDPLANE

Fig.Al Radial and Axial Betatron Oscillations about the

Equilibrium Orbit

Fig.A2 Plot of x and x1 to Form a Phase Space Diagram
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where x is the displacement from the EO, t time, 0 the

azimuth in the cyclotron and w cyclotron frequency.

The motion may also be unstable - that is hyperbolic

instead of sinusoidal - in which case the motion is described

by the equation

32x 2
—*• = to x

7? x

and solution x = a cosh v 6 + b sinh v 6 (2)
X X

where v is imaginary for unstable motion.
X

The Phase Space Diagram

If equation (1) is differentiated with respect to

time then

x1 = c cos v 9 + d sin v 9.
X X

A plot of x1 against x as in Fig.A2 is called a phase space

plot. The units of x1 are normalized and plotted in the

same units as x so that sinusoidal motion about the EO

appears as a circle. Further, for accelerated motion x1 is

normalized in proportion to the total momentum so that even

accelerated sinusoidal motion would be circular in phase

space.

It is common to construct a phase diagram by looking

at x and x1 at a fixed azimuth and plotting these at the

end of each revolution. This gives a diagram consisting of

single points whose locus is a circle outlining the orbital

precession as in Fig.A3. The central fixed point is the

equilibrium orbit at that azimuth.
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3. The Isochronous Cyclotron

In a classical cyclotron the betatron frequencies

are given by the equations

u 2 -, + <3! 5 < B >v lvr " l <B> 3R

and

v 2 <R> 3<B>
z <B> 3R

where <R> is the mean orbit radius and <B> the mean field at

that radius.

v is real only if 3<B>/3R is negative, i.e. field

decreasing with increasing radius. For an isochronous

cyclotron accelerating ions to relativistic energies, the

magnetic rigidity Bp is proportional to n (= 3Y» where 3 =

2 1/2
v/c and y = (1 - 8 ) , the usual relativity constants).

The orbital period T = — ^ z — must be constant (isochronism)

and so <R> must increase in proportion to 3 and hence <B> =

Bp/<R> = )C3Y2IT/T3C (i.e. <B> « y) must increase with radius,

so v will then be imaginary.

This incompatibility between isochronism and stability

is overcome by the introduction of azimuthal variation in the

2 3 4)
magnetic field ' . This introduces additional terms into

the expressions for v and v ' which contribute positively
Z JT

to v and provide the required axial stability in thez

isochronous cyclotron.

4. Fixed Point Orbits

The introduction of azimuthal variation in magnetic

field complicates the simple picture of a single EO with
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X t , P R E C E S S I O N A L M O T I O N

A N T I - C L O C K W I S E

Fig.A3 Phase Space Diagram - Constructed by plotting xx1

Coordinates at the End of Each orbit

STABLE
FP

(a)

UNSTABLE
FP

ASSYMPTOTE

Fig.A4 Motion about Fixed Points - (a) stable fixed point

(b) unstable fixed point
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sinusoidal motion about it. Instead of a unique closed

orbit it becomes possible to find other closed orbits whose

centers are not the cyclotron center. There is in fact a pair

of such orbits for each 'hill1 in the magnetic field - one

orbit centered to take more flux from one hill than the

others and one taking less flux. Because these orbits close

on themselves, they (like the EO) appear as a single point

in the xx1 diagram and are called fixed points and the

associated orbits fixed point orbits (FPO).

The FPO which is centered to take more flux from one

hill than the others is stable - particles with small dis-

placements oscillate sinusoidally about it - while the other

FPO is unstable - particles with small displacements will

diverge from it hyperbolieally. This is shown in Fig.A4.

The complete xx1 space including the fixed points is

shown in Fig.A5 for a four sector cyclotron. The stable

region surrounding the EO is bounded by a separatrix joining

the four unstable fixed points and separating it from the

four outer stable regions surrounding the four stable fixed

points. Particles moving beyond the fixed point stable regions

are in the so called 'super-stable' region and perform quasi-

sinusoidal motion about the EO.

In a cyclotron the beam is placed to occupy the

central stable region which should be large compared to the

beam dimensions. For the Chalk River cyclotron the design

radial beam width is ^ 2 mm while the unstable fixed points

are typically 50 mm apart.
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EO

SUPER STABLE MOTION

UNSTABLE FIXED POINTS

STABLE FIXED POINTS

Fig.A5 Complete Phase Space Diagram with Fixed Points

SL(H»E 15

B = 0

Fig.A6 Shift of the EO in the Presence of a First

Harmonic B Field
z
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The direction of precession is clockwise in an EO

stable region if v > 1 and ant.i-clockwise if v < 1. Th

direction of precession is conserved on crossing the séparatr:--y..

so that v for the FP stable regions is < 1 for Fig.A5.

5. Fixed Point Orbits in the Presence of Field Errors

If any asymmetry is introduced into the magnetic

field the EO and FPO will be shifted. Consider an error

field AB whose amplitude changes with 0 such that AB =z z

b, cos 9. This is a first harmonic error field. Figure A6

shows schematically what would happen. At opposite azimuths

the field has been increased and decreased respectively &nd

to maximize enclosed flux the orbit is displaced laterally

by a distance Ax which by inspection can be seen to be

given by

Since to first approximation

vr " L <B> 3R

then b <R>
Ax = i—, (3)

<B>(vr -1)

This equation is a good approximation where the EO

shift Ax is small enough that 3<B>/9R can be considered to

be constant. More detailed behaviour of fixed points in the

presence of field imperfections is described by Gordon and

Hudec . The effect of such a shift is seen in Fig.A7 where
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ORIGINAL tO AND

BEAM LOCATION

Fig.A7 Phase Space Diagram in the Presence of a First

Harmonic B Field. Note the change in the separatrix,
z

Eventually at large enough error field the stable

region around the EO vanishes

(a)

UNSTABLE FIXED

POINTS MIGRATE TOWARD

(b) E0 (c)

Fig.A8 Phase Space Diagram in the Presence of a Second

(b) and (c)Harmonic B Field.
z (a) No B error.

increasing B error. At (c) no stable region remainsz
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the xx1 phase space is shown for small b.. . The beam located

at the origin will precess about the shifted EO as a coherer f

oscillation of the beam. Further, the EO has moved towards

the fixed points and the stable region is smaller. A large

enough b, would eliminate the stable region completely

resulting in radial instability.

A second harmonic error field AB = b_ cos26 gives

the EO an elliptical distortion and also moves two of the

unstable fixed points towards the EO. This is described by

8)

Van Nieuwland and is shown in Fig.A8. A large enough b«

brings the fixed points to the EO resulting again in radial

instability.

6. Axial Motion in a Transverse Error Field

The introduction of a transverse field <B > to the

midplane field will deflect the beam out of the midplane.

The <B > field upsets the midplane symmetry of the axial

focusing force and coherent oscillations of the beam about

a shifted plane occur. These are governed by the equation

2
q v <B > - m ui Az = 0

q - particle charge

v - particle velocity

m - particle mass

Az - shift in oscillation center.
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2
Using u> = v to, to = g<B>/m and q v<B> = mv /<R> the shift isz z
given by

<B ><R>
Az = — ^ j (4)

<B > vz z

The beam then performs coherent oscillations about

this shifted center as shown in Fig.A9.

7. Periodic Transverse Field

If the transverse field B is proportional to cos n 0

the axial motion becomes that of forced oscillations governed „
I

by the equation

-> q v B
9 z , .. 2 _ _ - nui z = — cos nwt

at" * m j
where B is the amplitude of the nth harmonic in B .

n
The amplitude of the oscillations can be given by

q v B r

z = - n

2 2 2
m(o) -n a) )

z

which us ing o> = v a , ID = q<B>/m and qv<B> = mv /<R>
z z

becomes

<B>(v -nz

Only n = 1 will be significant in the Chalk River cyclotron

since v never approaches any integer other than unity.
z
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ûz

MOTION OF

BEAM

BEAM

SHIFTED EO

Fig,A9 Coherent Oscillation of Beam due to Precession about

Shifted Axial EO
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8. Isochronism and Error Fields

If the maximum energy gain per turn is E then the

rata of change of energy per turn n is given by

f| = Et cos * (6)

where <f> is the particle phase at that turn and h is the rf

harmonic number (= rf frequency/cyclotron frequency).

The phase <j> is given by the integral of the

equation

|i , „ h ,te + 42i, m

where Aw is the deviation from the design cyclotron frequency

to and A<B> the deviation from the isochronous field <B>.

Using the abbreviation A = — + * * and assume A is

a constant independent of radius then integrating (7) gives

<*> = 2-ÏÏ h n A + <j> (8)

Combining (6) and (7) gives

E tdE = j ^ c o s <t> d<f> (9 )

which after substitution from (8) and integration gives

E = E Q + j^ sin (2TT h n A + <j>Q) (10)

where E is the initial energy. Ideally A = 0 and E = E +
° do

Et nd w h e r e Ed i s t h e design energy and n, the design turn number.

If A ^ 0 then E is not a linear function of n but has

a sinusoidal dependence and will reach some maximum energy

where the phase <j> has reached 180° and the beam is decelerated.
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In the limiting case where the beam just reaches E after a

turns then

_ sin(27ThAn)
nd 2vhA

Since $ = 180°, and sin <j> = 0 then

« i_
2irhn,a

is the maximum error that will still allow the beam to reach

design energy. The number of turns to reach this energy will

be

IT
n • 2 nd
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