
IEEE Transactions on Nuclear Science, Vol. M-30, No. 4, August 1983 

APERTURE LIMITS DUE TO THE PRESENCE OF HIGHER MAGNETIC FIELD MULTIPOLES” 

G. Parzen 
Brookhaven National L&oratory 

Upton, New York 11973 

2321 

1. Sumnary 

Superconducting magnets tend to produce magnetic 
fields which have larger higher systematic multipoles 
and larger random multipoles than conventional 
magnets. The current carrying coils in supercon- 
ducting magnets are usually not shielded by the iron 
yoke, and thus the magnetic field shape is determined 
by the current distribution rather than the shape of 
an iron surface. Higher systematic magnetic field 
multipoles are then generated by necessary deviations 
of the current distribution from the ideal desired 
distribution; random multipoles are generated by 
errors in the location of the current carrying 
conductors. The presence of these undesired field 
multipoles will limit the good field aperture of the 
accelerator. One effect of these multipoles is that 
they will distort the working line, the dependencies 
of the V-values, vx, vy, on the momentum bp/p. An- 
other effect of these multipoles is to produce linear 
and non-linear stop bands. This paper is concerned 
primarily with aperture limits due to the distortion 
of the working line. 

Distortion of the working line produced by the 
lower field multipoles is usually corrected with a 
correction coil system provided for that purpose. The 
working line distortion that remains is that due to 
higher field multipoles that cannot be corrected with 
the correction coil system. The magnetic field due 
to the higher multipoles vary like some high power of 
r, the radial distance from the magnet center, like 
at least r 6 in the case of the CBA (Colliding Beam Ac- 
celerator at BNL). The effect of the higher 
multipoles on the working line shape will be small 
for low Ap/p, and will set in very rapidly at some 
higher momentum. The higher multipoles will thus pro- 
duce an aperture wall, inside which the field is 
good. The field then deteriorates rapidly when it 
reaches this aperture wall generated by the higher 
multipoles. 

The considerations given in the following sec- 
tions show that for the systematic field multipoles 
in the CBA, the distortion of the working line leads 
to a se.t of allowed values or tolerances for these 
higher systematic multipoles. For the higher random 
field multipoles, the distortion of the working line 
limits the good field aperature in the CBA at about 
the momentum spread of Apfp = f.014, where Ap/p = 
*.Ol is required for CBA operation. 

2. Aperture Limits Due to 

Distortion of the Working Line 

The aperture limits due to distortion of the 
working line depend on the details of the particular 
accelerator being studied. It will be assumed here 

that the cause of the aperture limit is that found 
for the CBA. For another proton accelerator, perhaps 
the dissusion given below can be modified according 
to the details of that accelerator. For the CBA, the 
aperture limit may be due to the onset of the trans- 
verse collective instability for coasting beams, 
which is sensitive to the shape of the working line. 

*Work performed under the auspices of the U.S. Dept. 
of Energy. 

A study of the transverse instability for the 
CBA was carried out by M. Cornacchia and C. 
Pellegrini. l The working line was shaped to stabi- 
lize the beam, and it was found that what seemed to 
be important was the local chromaticity at the momen- 
tum corresponding to the coherent v-value computed 
from the dispersion relations. These results can be 
used to provide a criterion for the allowed higher 
multipoles based on how much local chromaticity 
effect due to the higher field multipoles will be 
allowed. 

Let us consider the question of how much chroma- 
ticity due to the higher multipoles can be tolerated. 
This depends on how much rhromaticity is needed to 
stabilize the beam, and how much chromaticity can be 
provided by the correction system. 

How much local chromaticity is needed to stabi- 
lize the beam is not easy to determine accurately. 
It depends on the model used for the impedance of en- 
vironment, on the mode number, and on solving the dis- 
persion relationship for the coherent tune shift. A 
rough answer for the 8A beam in the CBA is that a 
local chromaticity in the vicinity of 8 may be 
required, which may be off by a factor of 2. The 
chromaticity C is defined by C = pdv/dp. This result 
may be deduced from the results of Cornacchia and 
Pel1egrini.I It may be also estimated by finding 
what V-spread and chromaticity provided by only 
sextupole correction coils is needed to stabilize the 
beam, which is a problem whose solution exists in the 
literature.2 

How much local chromaticity can be provided by 
the correction coils is limited by the v-spread one 
can allow over the beam and still stay away from 
nearby non-linear resonances. For the CBA, a reason- 
able assumption may be that each correction coil not 
be allowed to produce V-shift at Ap/p = .Ol of more 

than AU = .02. For the CBA, the dodecapole is the 
highest multipole provided by the correction coils, 
and thus the local chromaticity that can be provided 
by the correction coil system at Ap/p = .OI is very 
roughly C = 8. Ap/p = .Ol is the extreme edge of the 
beam for the CBA. This conclusion uses the relation- 
ship between the V-shift Au, and the chromaticity at 
Ap/p due to the nth multipole, C = 100 (n-1) A’J, for 
Ap/p = .Ol (See Eq. (1) for definition of 
multipoles). 

The numbers given above for the local chromatic- 
ity required for stability, and the local chromatic- 
ity that can be provided by the correction coils are 
very rough. Fortunately, the tolerance on the higher 
multipoles is rather insensitive to these numbers. 
The chromaticity generated by one of the higher 
multipoles is varying rapidly with the momentum Ap/p. 
Thus if one of the higher multipoles is within a fac- 
tor of 2 or so of the allowed value for a beam that 
extends to Ap/p = .Ol, it will exceed the allowed 
value for a slightly higher Aplp. In other words, 
there is not much physical diEference between results 
for the allowed higher multipoles which differ by a 
factor of 2 or so. 

The results given above indicate that the local 
chromaticity needed for stability and the local chro- 
maticity provided by the correction coils are roughly 
equal for the CBA. This means that the chromaticity 
corrections are quite tight, and any effect, like the 
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local chromaticity due to higher multipoles that can 
use up chromaticity correction capacity, can be harm- 
ful. 

I” the following two sections the above consider- 
ations will be applied to determine the effect of the 
systematic higher multipoles, and the random higher 
multipoles on the good field aperture in the CBA. 

3. Aperture Limits Due to Systematic 

Higher Magnetic Field Multipoles 

To establish a criterion for the allowed system- 
atic higher multipoles due to the chromaticity ef- 
feet, it will be assumed that each systematic field 
multipole should produce a chromaticity at Ap/p = .Ol 
of no more than C = .8, which is 10% of the amount 
needed for stability and 10% of the amount that can 
be provided by the correction coils for CBA. Ap/p = 
.Ol is the edge of the beam in CBA. 

The field multipoles, b, and a” are defined by 
expanding the median plane field 

BY 
= B, (bC + bl x + b2 x2 + . .) (1) 

Bx = B, (a0 + al x + a2 x2 + ..I 

” b:, 

6 .37 
7 .54 
8 .80 
9 1.2 

10 2.0 
11 3.3 
12 5.4 
13 8.9 
14 16 

The b: = b” x (4.4)“/10-4. 

A different set of allowed systematic higher 
multipoles can be obtained from a second, more crude 
criterion, which for historical reasons are the 
allowed values used for the CBA. It is interesting 
to note that this more crude criterion gives essen- 
tially the same results. This second criterion is to 
allow each higher systematic multipole to generate, 
at Ap/p = .Ol, a V-shift which is no larger than 10% 
of the V-spread needed to stabilize the beam; this 
means, a V-shift of about .002 since the V-spread to 
stabilize the beam is about .02. This second crite- 
rion gives allowed systematic multipoles given by the 
following table. These results for the allowed 
multipoles are used at the CBA. 

where B, is the main dipole field in the accelerator. 
The V-shift due to the systematic b” multipoles may 
be written as 

Av = Av” (Ap/ )“-l P ’ (2) 

where Av, is given by 

Avn = c & L(k) 7 X;-‘(k) B(k) . 
(3) 

dipoles quads 

.46 .93 

.80 1.3 
1.41 1 .8 
2.5 2.6 
4.5 3.8 
8.2 5.6 

15. 8.2 
27. 12. 
50. 19. 

The sum over k is a sum over all the magnets in the 
accelerator. L is the magnet length, p is the radius 
of curvature and Xp _ is the closed orbit dispersion. 
If there is an appreciable closed orbit sagitta in 
the dipoles, as is the case for CBA, the sagitta ef- 
fect needs to be included, and in Eq. 3 one needs to 
replace X”-l(k) 8(k) by 

P 

(Xp(k)Ap:p)“-1 8(k) + & Ids (Xp Ap/p + x&“-‘6, 
(4) 

where xs(s) is the sagitta, the closed orbit relative 
to the axis of the dipole, and the integral is over 
the dipole. 

The chromaticity C = pdV/dp is then given by 

c = (n-1) Av” (Aplp) 
n-2 

(5) 

The above equations can be applied to the system- 
atic multipoles b, in the dipoles to find the allowed 
values of these b, so that the chromaticity generated 
by each multipole at Ap/p = .Ol is less than C = .8. 
For the CBA, this gives the following allowed values 
for the systematic multipoles in the dipoles. 

Although the allowed systematic multipoles give” 
by the two criterions differ by almost a factor of 3 
for some of the multipoles, they differ by only 10% 
as far as the aperture is concerned. As mentioned 
earlier, fairly large changes in the allowed b” give 
only small changes in the good field aperture. 

4. Aperture Limits Due to Random Higher 

Magnetic Field Multipoles 

To establish a criterion for the allowed random 
higher multipoles due to the distortion of the 
working line in the CBA, it will be assumed that each 
random multipole should produce a chromaticity at 
Ap/p = .Ol of no more than C = .8 peak value (C,, = 
.4), which is 10% of tht? amount needed for stability 
and 10% of the amount that can be provided by the cor- 
rection coils in the CBA. 

The v-shift due to the random b, multipole may 
be written as 

Avrms = Awn (Ap/p)“-‘, 

where Av” is given by 

Av” = & {I c L(k) b”(k) x;-1(k)8 (k)) 2} 
l/7. 

k (7) 
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The sum over k is a sum over all the magnets in the 
accelerator, and L(k) is the length of each magnet. 
If there is an appreciable sagitta in the dipoles, 
then in Eq. 7 one needs to replace Xi-l(k) B(k) as 
indicated by Eq. 4. 

The rms chromaticity, C,, = pdV/dp is the” 
given by 

C 
rms 

= (n-1) Av” (A~/P)“-~ (8) 

The above equations could be applied to the ran- 
dom multipoles in the dipoles to find the allowed 
values of these b, so that the chromaticity generated 
by each multipole at Ap/p = .Ol is less than C,, = 
.4. However this leads to a set of allowed random b, 
which are less severe than the allowed random b, 
which are presently being used at the CBA for other 
reasons than the distortion of the working line. It 
is more interesting to use the equations given above 
to compute the good field aperture, as determined by 
the distortion of the working line, for the presently 
used allowed b, at the CBA. This is given in the fol- 
lowing tab le. 

” bri C AP /P 
Dipoles Quads A~/;:01 Aperture 

0 5 5 
1 2.9 5 
2 1 .6 2 .28 
3 1 .o 1 .o -38 
4 .75 .75 .32 
5 .50 .50 .23 
6 .35 .35 .15 
7 .25 .25 .lO 
8 .17 .17 .048 
9 .ll .ll .032 

10 .07 .07 .013 

.OlO 

.Oll 

.013 

.013 

.013 

.014 

.014 

.015 

1n the above table, b: = b, x (4 .4)“/10-4. The 
b; are the allowed random b; preseytly be+ng used 
for the CBA. The allowed random a” and b, are 
equa 1. The above table shows that for the higher ran- 
dom multipoles, the good field aperture for the CBA 
is about Ap/p = .Ol$ as determined by the chromatic- 
ity reaching C,, = .4. The presently required 
aperture for the CBA is Ap/p = * .Ol, which is not 
very far from the aperture limit of Ap/p = .014 due 
to the chromaticity effect being considered here. 
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