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The mission of this workshop is a discussion of the techniques for track-

ing particles through arbitrary accelerator field configurations to look for

dynamical effects that are suggested by various theoretical models but are not

amenable to detailed analysis. A major motivation for this type of study is

that many of our accelerator projects are based on the use of superconducting

magnets which have field imperfections that are larger and of a more complex

nature than those of conventional magnets. Questions such as reasonances,

uncorrectable closed orbit effects, coupling between planes, and diffusion

mechanisms all assume new importance. Since, simultaneously, we are trying to

do sophisticated beam manipulations such as stacking, high current acceler-

ator, long life storage, and low loss extraction, we clearly need efficient

and accurate tracking programs to proceed with confidence.

To the orbit theorist or the programmer developing the tracking programs,

the physical reasons for magnet imperfections are of no importance. All that

is required is some set of numbers that accurately and completely describes

the fields. This paper is thus a diversion; a tutorial for those who never

saw a helium dewar.

The nature of this presentation will be qualitative. For those who need

details, I refer to the host of technical notes and reports from the various

centers where magnets are being built . The presentation will be heavily

biased by Brookhaven examples not because of any belief that these magnets are

better or worse than other examples (they are in fact typical), but because of

their familiarity to the author.

In the previous generation of accelerators, magnets were constructed such

that to a very good approximation, the strength and spatial distribution of

the magnetic field was determined only by the amount of current and the geo-

metric profile of the pole tips of the iron. At low magnetic fields there are

contributions from remanent magnetization, the earth's field and possibly eddy

currents if the magnet is pulsed. At high field, the field shape distorts
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because of saturation of the iron. These problems can be reduced to modest

annoyances by proper attention to detail in the magnet design and we have a

magnet capable of precision essentially determined by the accuracy with which

the pole tips are machined. We begin to see a departure from this ideal in

the Fermilab main ring magnets. These magnets are of a window frame type in

'which much of the current carrying material is in the magnet gap. Here the

coil can be "seen" by the beam, i.e., imperfections in the positioning of the

conductors of the coil now cause field errors. This design, dictated by

economics, has field shape characteristics inferior to the earlier design but,

as experience has shown, adequate for the job. The superconducting magnet

goes a step further. In these magnets the iron is largely decoupled from the

problem and the field shape is essentially determined by the geometry of the

coil. In principle this situation is not so bad. The sensitivity to coil

positioning errors is no worse than the sensitivity of ordinary magnets to the

geometry of the iron. The problem is that the fabrication techniques of coils

are not amenable to the level of precision that is common practice with iron.

The principle advantage of superconductivity is that the conductors have very

high current density permitting construction of high field magnets. We see

that the loss of field quality is an inevitable corollary.

It is instructive to estimate by

a very simple model the magnitude of

imperfection to be expected for

reasonable coil positioning errors.

Considers a coil made up of N blocks

around a cylinder like the old braid

magnets at Brookhaven. A given block

contributes a field H.
1 r e

where I

is the current in the i-th block

(mixed gaussian units). The vertical
21,

component of this field is H — cos e±.
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current in a midplane block. Then the total field is Hz = £ ^T c o s 2 ^ N ^ *

i=l

If the block is displaced by an amount 6x in the 6 direction, an error field is

generated of which the vertical component is

21.
AH . = (6x.) sin 9..

zi o i i

Again using 1^ = IQ COS 6^, assuming the 6x's are uncorrelated we find

4 I 2 (6x ) 2

<AH>2 = I 2 L _ C0S2 e _ s i n2 e s
c2r4 X

<AH> m J__ <6x>
H SIB r

For a coil radius of 6 cm, <6x> = 0.005 cm, and N = 24, we have <AH>/H = 10"1*.

Now, although this result was derived for a block type coil, it is essentially

correct for any geometry. For example, at Brookhaven when the switch was made

from braid to cable with a coil geometry that is, at first glance, quite dif-

ferent, it was found in detailed calculations that the sensitivity to coil

fabrication errors was about the same for the two geometries. We also see

from this simple result that there is little that can be done to improve

accuracy. The obvious solution is to make the coil larger but such a choice

is expensive.

The errors can be calculated in more detail. In the space inside the

coil, the z component of the vector potential is given by the sums

A = B (2 a r sin nG + b r cos n&)
z o v n n ;

This representation is quite general although there is no unanimity among

magnet experts on the nomenclature or normalization of the coefficients.



From this vector potential, one finds the fields on the median plane are

given by:

By = Bo (1 + b1 x + b2 x2 + b3 x3 + . . . )

Bx = Bo (aQ + ax x + a2 x2 + a3 x3 + . . . )

in which we have made an additional obvious normalization of the constant

term.

The coefficients are determined from the current distribution in the case

of an infinite u cylindrical iron yoke

B b = -1 j2% j £2LJii(i +£_!! ) j pdpde
o n-1 c oJ pJ n ^ 2n ;

P rj

B a - - 1 I1* J ^ L _ 2 i ( ! + £_4_) j p d p d e
o n-I c oJ p J n K 2aJ

where J (p) is the current density at radius p and r j is the inside radius

of the iron. The fields from an arbitrary current distribution including any

possible mechanisms for errors in the distribution are thus readily

ca lcu la ted .^

The representation of the fields in this orthonormal set has three inter-

esting properties:

(1) The integral which determines each coefficient is amenable to calculation

in many cases analytically and in all cases by simple computer programs.

(If the assumptions of circular iron or infinite \i are dropped, the com-

puter models become complicated.)

(2) Each coefficient can be individually measured as a Fourier component of

the field at a fixed radius. This property is a key feature of most of

the measurement techniques used at the various laboratories.

(3) The same coefficients enter naturally into most of the beam dynamics

phenomena.
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As one examines the properties of the integrals one sees immediately some

important symmetry properties. If the coil has up-down symmetry and left-

right assymmetry, then all of the skew coefficients (a's) and the odd numbered

b coefficients vanish. These are sometimes referred to as "unallowed" terms;

the "allowed" terms are the even numbered b ' s . Measurement of the unallowed

terms for a single magnet provides a strong indication of how well the coil

winding tooling determines the final conductor placement and therefore, how

much magnet to magnet variation can be expected in all of the coefficients.

This argument is somewhat simplistic in that perfectly fabricated coils can be

imperfectly assembled in the iron resulting in unexpected magnet to magnet

variation. As examples, coils off center in an iron yoke generate quadrupole

(a, and b. ) terms and coils in which the top and bottom halves do not close to

the correct spacing have a sizable sextupole (b2) term.

The appearance of large allowed terms indicates systematic errors in the

tooling which, if left uncorrected, would generate the same imperfections in

al l the magnets. In a machine like ISABELLE, such systematic errors cause

distortions of the working line and, because of the relatively large momentum

spread to be stacked, the tolerances for these coefficients are very tight.

Since for the lower order terms correction coils will be provided, these tol-

erances become requirements on the correction power supply stability and

reproducibility.

It appears from the work of most groups that real magnets can be made

with coils positioning accuracies of about 0.005 cm. For ISAEELLE size mag-

nets this precision generates error fields of order 10"14. For smaller aper-

ture magnets like Fennilab, the field errors are larger for the same position-

ing precision but, fortunately, the application is not so demanding so the

design and application renains well matched.

The coil placement problem usually dominates a discussion of magnetic

field imperfections but, actually, i t is only one part of the picture. Other

significant sources of imperfections are superconductor magnetization, eddy

currents, coil motion, and effects of the iron yoke.
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Magnetization is caused by the fact that the individual superconductor

filaments diamagnetically oppose any change in flux penetration. A simple

empirical model of this effect has been developed by Bean.(2) In this model,

one visualizes the current density to be at critical current density j c

everywhere in the filament but in opposite directions in two zones. The

boundary between zones is off center in the filament so that the algrebraic

sum of the currents provides the transport current. The orientation of the

boundary is chosen so that the magnetization direction is opposite that of the

local B. There is, of course, a complicated hiatus region when one changes

the direction of B. From this simple model one can compute the field coeffic-

ients using the general expressions given above. The geometric integrals are

usually done numerically but some features emerge before one writes the

computer program:

(1) The field errors, AH, scale like jcd where j c is the critical current

density and d is the filament diameter. Since the critical current is

roughly inversely proportional to B, the relative field errors AH/H (or

the a and b coefficients) scale like (l/B2)d. This a bulk effect and it

is desirable to have as low j c and as little superconductor as possible

which implies that at high field, there is little margin between oper-

ating current and critical current. This is typical of the many compro-

mises and judgments that must be faced by the superconducting magnet

builder. Similarly, we would like smaller d but that is expensive.

(2) Since the critical current is temperature dependent, one finds a require-

ment on the temperature control of the cryogenic system or, at least, a

precision set of temperature measurements to be folded into the

correction scenario.

(3) In the geometry integrals one finds the magnetization primarily in the

allowed terms. It could appear in other terms if there is variation in

critical current density in the coil. For example, if the top and bottom

halves of a magnet have quite different j c values, one finds apprec-

iable skew terms (odd a's).
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(4) Because magnetization is such a large effect, the magnet builders should

monitor their conductor samples to assure that j c is not too large!

One normally worries only about j c being large enough for high field

operation.

Eddy currents in the superconducting cable can produce effects very sim-

ilar to those of magnetization. The cables are made of individual wires which

form a mesh with finite resistance at the crossing points. Magnetization

results from eddy currents in these little loops. This magnetization is

transient in nature being determined by finite resistances and decays to a

value proportional to B whereas the superconductor magnetization is frozen in

and does not decay. This difference permits the two types of magnetization to

be separated in the measurements. Eddy currents caused serious imperfections

in the old ISABELLE braid magnets because the conductors were so wide and the

interstrand resistance was very low in the solder. Eddy current induced

imperfections are usually not large in magnets with other conductor designs.

The magnetic forces in superconducting coils are large and cause elastic

motion of the coils. Since we have seen that coil displacement leads to field

errors, one might expect to see field coefficients that vary as B2. Fortu-

nately, in an accelerator, the field quality is less important at the beam

size damps down so such distortions are not critical. In ISABELLE magnets,

these affects cannot be separated from the iron saturation effects in the

measurements.

The effects of the iron yoke can be the largest of the magnet imperfec-

tions if the iron is close coupled as in the ISABELLE design. In conventions!

magnets, one frequently injects at low magnetic fields and the iron yoke

design is such that remanent field effects are quite large. In superconduct-

ing magnets the injection field is usually high and the vertical gap is large

so that the usual remanent field and coercive force tolerances are modest.

The large problem in superconducting magnets is that because of the high

current density available, one usually drives far into the saturation regime.
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The results are that the field increases less rapidly with current and the

field shape can change. The effects are large although, in principal,

confined to allowed harmonics. Magnet to magnet variations can be expected

but probably only significantly in the field itself; the sextupole variations

should be less than those from the coil geometry variations for a design like

that of ISABELLE. For warm iron designs, the field imperfections from

saturation are much less. Even in the ISABELLE case, the correction of the

large systematic saturation sextupole tt=rm is comparable to the requirement

for adjusting the chromaticity so it is nothing to be alarmed about if the

variations from magnet to magnet are not excessive.

The figure shows the typical b2 versus field for a typical ISABELLE mag-

net. We use a normalization of (cm"2). In these units, the 0.005 cm coil

positioning accuracy leads to a random variation of about 8 x 10~b cm"2. The

large magnetization and saturation contributions are clearly visible. These

must be compensated by correction coils which must also supply ± 200 x 1C~6

cm"2 to correct the natural chromaticity of the machine. To avoid excessive

uncertainty in tune, the corrections must be held to 0.3 x 10~6 cm"2.

We see that the magnet builder has a number of design trade-offs that

have a bearing on field quality. Cold close coupled iron introduces satu-

ration effects but reduces slightly most other errors particularly supercon-

ductor magnetization because less conductor is required. Larger size always

helps but at considerable cost. Magnetization is reduced if one can work very

near short sample at high fields. Good precision tooling is a must. Every

good thing that can be done compromises some other feature of the magnet or,

at least costs extra money.

The accelerator physicist also has to make trade-offs between security of

performance and cost. There is no possible way to produce superconducting

magnets of the quality that most accelerator theorists would like. We must

compromise, recognizing that each step we back down in field quality intro-

duces more uncertainty in performance and complexity in operation. We some-
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times are encouraged to believe that field errors can be corrected and,

surely, a few simple corrections can be made. But correcting inherently bad

magnets with a few corrections makes about as much sense as sending Hercules

into the Aegean Stables with a bottle of perfume.

Finally, we must understand what we are doing and that is why our track-

ing studies are so vital.
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