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be arranged in groups of azirauthal extent of 2n/v

There is reason to expect that nonlinear imperfec-
tion resonances may be stronger in a high field super-
conducting storage accelerator than in a storage accel-
erator using conventional magnets. A rough study is
done to estimate the minimum correction magnets required
to correct for resonances up to and including the fifth
order. It may be sufficient to have roughly one correc-
tion magnet in each cell of the storage ring, with each
correction magnet having 12 different coll* which are
Independently excited, and with about 36 Independent
power supplies. It is also suggested that these correc-
tion magnet! may be used as all purpose correction mag-
nate and correct for the linear resonance*, central or-
bit displacements, and move the working point Vgt vz as
wall. In this case, about two correction magnet* are
required par cell, ench correction magnet having 21 dif-
ferent windings, and with about 132 Independent power
supplies required.

I. Introduction

This paper suggests that it may be necessary for
storage rings with superconducting magnets like
ISABELLE1 to have a special set of magnetic field cor-
rection elements which can control the effect* of near-
by nonlinear Imperfection resonances. An estimate 1*
given of the number and location of the magnetic field
correction elements, and of the different type of field
windings needed.

There Is some reason to suspect that in a supercon-
ducting etorage ring like ISABELLE the nonlinear imper-
fection resonances may be much stronger than in the ISX
storage ring at CRN. 2 This is because in superconduct-
ing magnets, the field is determined by the position of
the current blocks rather than the iron poll shape as
in the ISR, and random errors In the current block po-
sitions will introduce random nonlinear terms in the
field of each magnet which drive the nonlinear imperfec-
tion resonances.

The ISR observed effects on the beam due to non-
linear imperfection resonances, including high order
resonances like the fifth order which are traditionally
regarded as nonharmful. At the same time, the ISR
working region is in the vicinity of several fifth or-
der resonances without apparent harm to the beam.
Nevertheless, the nonlinear imperfection resonances up
to some high order have to be regarded as potentially
dangerous. The ISR experience can possibly be inter-
preted as indicating that if the imperfection resonances
were 5 or 10 times stronger, they might seriously hurt
the beam.

The above remarks suggest that a superconducting
storage ring should have a set of magnetic field cor-
rection magnets to control the harmonics which excite
the relevant nonlinear resonances. The considerations
given below estimate that it may be sufficient to have
roughly one correction magnet in each cell of the stor-
age ring. Each correction magnet will have about 12
different coils which can produce different field
shapes in the median plane. The correction magnets may

around the ring, where v « vz the Integer close to
the betatron wave number, and the correction magnets
within each group of 2TT/V can be independently excited,
while magnets in different 2TT/V groups have a fixed
relationship in their excitation. Altogether about 36
independent power supplies may be needed.

Instead of thinking of the correction magnets as
having 12 independent multipole windings, each of which
produces a particular multipole field, it may be more
convenient to construct the magnet with 12 independently
excited wires, the currant In each wire being chosen to
give the right combination of desired multlpoles. The
independent wire approach nay be more convenient for an
approach Involving computerized control of the 12 inde-
pendent current*•

It 1* also possible to think of constructing an
all purpose set of correction magnets which will control
not only the nonlinear resonances, but also the linear
resonances, the displacement of the central orbit, and
the vc, Vj of the beam. For this set of all purpose
correction magnets, it may be sufficient to have two
correction magnets in each cell of the ring. Each cor-
rection magnet has 21 different field windings, and the
correction magnets are arranged In groups of azimuths!
extent 2rr/v around the ring. Altogether about 132 in-
dependent power supplies may be needed.

The consideratIons given below are rough and In-
tended to give a general idea of the correction magnets
required. An actual accelerator is complicated by the
existence of straight sections of different lengths,
and the various periodicities due to the presence of
both cells and straight sections.. Some of the conse-
quences of these complications have been Ignored for
the sake of simplicity. However, it seems likely that
the main features of the suggested arrangement of the
correction magnets may remain unchanged In a more
careful study.

II. Working Region Choice. v._ " v

The number of different nonlinear harmonics around
the ring which have to be controlled is considerably
reduced if one chooses vf and vz to be nearly equal,
and to be either both somewhat above the same integer
or both below the same Integer. For example, one night
choose vr =»• v, ="• 16.25 with a working region which is
in the lower left side of the basic square in vr, vz
space. The 6 fifth order resonances which are nearby
are then

5v_ - 81
1 81

81

81

81

(2.1)
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One notices that all 6 resonance lines are driven
by the 81 harmonic, because 81 « 5 x 16 + 1. If v. and
Vj, were not close to the same integer, then 6 different
harmonics would appear on the right side of Eq. (2.1)
making the control of these harmonics more difficult.

G

C

OF THIS DZ^'MHl SS USUKlTj

ft:



Although the same harmonic appears in all 6 reao-
nance lines, there are two separate field ahapes in-
volved. Three of the resonance lines are driven by the
fourth order field dependence r cos 56 in the vector
potential, in the plane perpendicular to the direction
of the beam and the field has only a B z component and
no B_ component in the median plane. These are the
three resonance lines in which vz has an even coeffi-
cient. The other three resonance lines are driven by
the field dependence t sin SB in the vector potential
and the field haa only a B r component and no B z compo-
nent in the median plane.

Thus to control the 6 fifth order resonance lines,
four field windings are needed in the correction mag-
nets which are spaced around the ring to generate the
correct 81 harmonic with the right phaae.

The four separate field windings give the two dif-
ferent fields given by the vector potential* rs cos 50
and r5 aln 56 in the plane perpendicular to the beam
motion, and each field winding is needed twice in order
to gat the correct sine and cosine component* of the
required 81 harmonic.

The 6 fifth order resonances can also be excited
by other harmonic* than the 81 because of the periodic-
ity in @-function of the lattice. This is a smaller
affect and for the sake of simplicity we will ignore
it In this paper in order to arrive at a first approx-
imation of the correction system necessary to control
the nonlinear imperfection resonances. A more careful
study will have to include the possibility of exciting
tha fifth ordsr resonance lines by harmonics other than
the 81 harmonic.

The 5 fourth order resonances which are nearby are

4vr - 65
vx - 65

2v • 65
3vB • 65
4v - 65

(2.2)

All five resonance lines are driven by the 65 har-
monic since 6 5 - 4 :< 16 + 1. Three of the resonance
llnea are driven by the field r* cos 49 in the vector
potential which has a B_ component In the median plane
and two are driven by the field r* sin 49 in the vector
potential which has a Br component In the madlin plane,
to control the five fourth order reaonance Unas, four
field windings are needed in the correction magnets
which are spaced around the ring to generate the cor-
rect 65 harmonic with the right phaae.

The four third order resonances which are nearby

3v_

3v
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49

49

, 49
(2.3)

All four resonance lines are driven by the 49 har-
monic since 49 = 3 x 16 + 1. Again, to control the
four third order resonances, four field windings are
needed in the correction magnets which are spaced
around the ring to generate the correct 49 harmonic
with the right phase.

Altogether, one sees that one needs.12 different
field windings to control the third, fourth, and fifth
order nonlinear resonances. In the following section,

the possibility of putting all 12 windings in the same
correction magnet is discussed.

III. Location of the Correction Magnets
Around the Ring

In the previous section, it was shown that 12 dif-
ferent field windings were required to control the fifth,
fourth, and third order nonlinear resonances. In this
section, the possibility will be considered of putting
all 12 windings in one correction magnet which is placed
around the ring in order to generate the required 49,
65, and 81 harmonics.

For the sake of simplicity, we will assume that
the accelerator has N • 48 cells around the ring with
Vf and ve Just above v • 16, which makes N a multiple
of v and the calculation* are easier. If, like In the
proposed ISABELLE storage ring, one has something like
N *• 52 and v " IB, then the calculations are more dif-
ficult but something like the scheme suggested here
should be poasible. It may turn out there are advan-
tages to choosing v to be a submultiple of the N, the
number of ceils.

We divide the accelerator into 16 sections of azl-
muthal extent 2TT/V » 2rr/16. Each 2TT/V section will then
have three cells since M • 48. If one places one cor-
rection magnet in each cell, and lets the three correc-
tion magnets In each 2TT/V section be Independently ex-
cited while the correction magnets of each 2rr/v section
are excited the same as those in any other 2TT/V section,
then one can obtain any specific 48, 64 and 81 harmonic
using tha three independently excited magnets in each
•action. If one now lets the excitation of each 2TT/V
•action vary like cos <p, where Jcp is the atlmuthal angle
around tha ring, then one can generate any required 49,
65, and 81 harmonic. One will also be generating the
47, 66, and 79 harmonic*, but hopefully these will
cause no harm. One will also b* excising asinuthal
harmonics which are close to other multiples of 16, but
these harmonics will excite resonance lines which are
much further away.

Thus it appears one may be able to control the non-
linear resonances up to the fifth order for the example
shown by putting one correction magnet In each cell
where each correction magnet haa 12 different field
colls. The correction magnets are divided into groups
of aeimuthal extant 2rr/v around the ring, and the cor-
rection aagnats within each group of 2n/v can be Inde-
pendently excited, while correction magnets in differ-
ent 2TT/V groups have a fixed relationship In their ex-
citation. Thirty-six independent power supplies,
roughly 12(M/v), are required.

The above considerations are rough. An actual ac-
celerator is complicated by the existence of straight
sections of different lengths, and the various periodic-
ities due to cells and straight sections which allow
other [harmonics besides the three considered above to
excite the possibly harmful nonlinear resonances. How-
ever, it is likely that the main features of the sug-
gested arrangement of the correction magnets will remain
unchanged in a sore careful study.

IV. Independent Correction Wires

Each of the correction magnets proposed in the
previous sections, have 12 field windings to produce
the 6 different field shapes required to control non-
linear resonances tip to the fifth order. Instead of
thinking of the magnets as having 12 different aultl-
pole windings, each of which produce a particular B M U I -
pole field, it may be more convenient to construct the
nsgnat with 12 independently excited wires as Is shown
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Fig. 1. Correction wires.

In Fig. 1. Six of the wires carry the Independent cur-
rents C} to Cg, while six wires carry the independent
wires T?i to Bfi as shown in Fig. 1.

One can see that one can generate a pure B s field
or a pure Br field on the median plane using the coll
arrangement shown in Tig. 1 by putting either B- • C n
or C B • - C n. Further for each of the four kinds of
fields which correspond to either Br or lc components
In the median plane and the sine or cosine component of
the required harmonic, there are 3 independently excit»
ed wires which can be used to obtain the desired third,
fourth, and fifth harmonics in the currant distribution
In order to obtain the required nonlinear multipole
fields.

One may note that in addition to the desired third,
fourth, and fifth harmonics in the current distribution
in each correction magnet, one will alto generate har-
monica which are lower and higher than the required har-
monica, which will create other multipole fields. How-
ever, it is possible that the undesired multlpoles that
are so generated may not be harmful since they will be
generated with the wrong harmonic around the ring to
excite the closest resonance lines. But if this is not
the case, then one will need additional independently
•xcited wires to control the undeslred multipole fields.

V. All Purpose Correction Magnets

So far >s>e have thought of the correction magnets
as being used to correct the nonlinear fields. One can
also think of putting Into the same magit-ts, wires or
windings to correct linear resonance lines. Nearby
second order linear resonances are

2vr - 32

v + v • 32

2v* - 32 ,

or possibly

* 33
- 33
m 33

Nearby first order resonances which move the
central orbit are

vr - 16

v - 16 .

Controlling the above first order and second order
resonances will require 8 more windings, 4 for each, in
the correction magnets, and in order to control the
atimuthel around the ring harmonic 16 and 32 or 33, one
dill need 2 correction magnets per cell or 6 correction
magnets par 2TT/V section which would give the possibil-
ity of correcting 6 harmonics of v » 16.

Since we now have 2 correction magnets per cell,
one can think of using the correction magnets to con-
trol v_ and vt with an additional quadrupole winding
In each correction magnet which ia different In the
2 correction magnets which are In the same cell in that
one has a positive field gradient while the other has a
negative field gradient. These quadrupole windings are
excited in the same way In every cell, and may be
thought of as corresponding to the zero harmonic of
v - 16.

The all purpose correction magnets that control
both linear and nonlinear resonance lines and also can
aove Mj., vE will have 21 windings in each magnet.
There are 2 correction magnets per cell, and 132 sepa-
rate Independent power supplies are needed. The 132 is
6 x 22 since there are 6 correction magnets in each
2TT/V section.

Host of the correction currents required ere rela-
tively •mall, and tome tclnd of computerized control of
the 132 pwer supplies seems a possibility.

V I . The vr • v 0 Msonance tine

The suggestion that Vg " vt, in order to reduce
the number of different harmonics that drive the nearby
resonances, also implies that the working region will
be quite close to the v_ - va • 0 linear coupling reso-
nance. This resonance line is driven primarily by the
sero harmonic of a linearly varying field with a Br
component in the median plane. Thus a rather small Br
gradient which is the same in each magnet will produce
a large amount of coupling between the r and z motions.
It is not clear that this coupling is in any way danger-
ous. However, to avoid this coupling one would require
a rather severe tolerance on the allowed systematic B_
gradient in each magnet or some way of correcting out
the B r gradient.
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