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Summary 

Superconducting accelerator magnets usually hdve 
magnetic iron yokes to obtain maximum magnetic field 
and to limit stray field. However, the iron is expen
sive and heavy. The smaller size and weight of an 
iron-free magnet can result in lower magnet and re
frigeration costs. However in a colliding beam ac
celerator the stray field from one ring producer aber
rations in the field in the other. 

A way to eliminate this mutual interference is 
to surround each magnet with a coil that exactly can
cels the field from the in the other ring magnet. 
That is expensive in terms of superconductor require
ments. However the cancellation of the external 
dipole field component is unnecessary. Only a small 
amount of superconductor is required for cancellation 
of the higher-order fie d-aberration components. 

Parameters for the iron-free magnet concept are 
investigated, anG a preliminary conceptual design for 
an accelerator is presented. 

Introduction 

If the two rings of a colliding-beam accelerator 
can be spaced very close together, the supercon
ducting magnets can he in a single crynstat and share 
the same structural support; these factors tend to 
make the magnets less expensive than those of sepa
rate rings. 

This idea was examined for the 130-mm-1.0., 5-T 
CBS superconducting magnets at BNL,- and successful 
models were built with two magnets sharing the same 
cjlo-iron structure; a complicat ion was the assy-
metrical saturation effect of the close-ir. iron. 

However, for collider magnets of smaller bore it 
may be advantageous t„ eliminate {or minimize) the 
magnetic iron, and to place the two rings very close 
to each other. The resulting light weight of the coil 
and structure reduces the onduction heat leak of the 
mechanical supports, and he smal1 diameter of the 
cryostat reduces the radiation heat leak; both factors 
tend to reduce the cost of the refrigeration system. 

Without iron, more ampere-turns are requireo for 
a qiven central field; however, at high fields, satu
ration 1 imits the advantages of iron, and the large 
iron mass is a serious drawoack. 

The effect of the str^./ field of one magnet upon 
the field quality in the aperture of the adjacent mag
net will affect the accelerator operation and must be 
properly compensated. In this paper, we calculate 
these stray-field effects and show that compensation 
is quite easy to accomplish. An example case is des
cribed for a two-in-one, 8-T collider magnet with 50 
mm coil inside diameters and 160 mm separation be
tween rings {Figure 1). The stray field outside the 
cryostat is smal 1 and decreases with 1/r^ with both 
rir.gs energized. The effect of a thin iron shield — 
possibly the cryostat wall — is analyzed and can 

eliminate thp stray field, 
necessary. 

•This work supported by Department of Energy, Divi
sion of High Energy and Nuclear Physics, under con
tract number DE-AC03-76SFOO098. 
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Figure 1. Conceptual design of an 3-tesla dipcle 
pair for a very-high-energy collider. '''re coil 
inside radius is 50 mm, and the coil center-to-center 
spacing is 160 mm. A 2-kelvin cryostat for Nj-Ti 
superconductor is shown. 

Discussion 

We have calculated the stray field produced by 
several kinds of coils — a single 60-degree-sector 
coil and a two-layer, so-called intersecting ellipse 
coil — for inside-to-outside radius ratios up to 2.0. 
We have found that such coils can be adequately repre
sented, for practical purposes, by an thin, ideal
ized, cosine-theta (ICT) coi 1 having a radius equal 
to the arithmetic averane radius of the thick coil; 
for the example case, the ICT representation agrees 
with "real" cases within 5 percent in magnitude of 
multipole coefficients of the field produced in the 
adjacent ring. Al 1 equations and graphs presenter1 

here are based on a thin-ICT model. 

We represent 
(By)y=0- °y 

the field the x-axis, 

B = Cj + C ?(x/p) + C 3 ( x / C ) 2 +...+ C^x/p)"- 1 +...(1) 

{See Appendix I, Nomenclature.) C n, then, is the 
magnitude of the ?n-pole field vector at radius o. 

The total field in the aperture, with the two 
dipoles driven in opposite senses, is given by (Ref. 
2) (see Appendix 1, Nomenclature): 

1 + ( a / 2 s ) '] 
/ \ n - ! /-, \H +1 

. . ' C l - ^ — 2 t Si 
1 + U / 2 s ) 2 ' V ' 

<2a) 

(2b) 
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where B 0 is the field in the aperture of a coi 1 
produced by that coil. In Figure 2 we show results 
calculated using this formula for a coi 1 having an 
inside-to-outside radius ratio, a^/aj, of 2.0 — 
abc:'t that of our example design — evaluated for 
o/aj of 0.8, corresponding to the bore tube inside 
radius. A value 2s/aj - 4 represents the condi
tion where the outsldes of the coils are in contact, 
and a value 2s/aj - 6 represents our example de
sign. For the example design, inasmuch as the value 
of C5/C1 is only about 1 x 10~ d, the necessity 
of providing a compensating coil seems marginal. 
The dipole component of the stray field simply adds 
to the central field in the adjacent aperature and 
need not be compensated. 

Relative coil spacing, 2s/a 
Figure 2. Field qualtity in dipole magnets as 
affected by coil spacing, (a^/ai = 2, ola\ = 
0.8). 

In Figures 3 and 4 we show how the ampere-turns 
required for the compensating coils vary with ceil 
spacing. Again, the graphs are for &2lal = ?• 
In Figure 3 the compensating coil is located at the 
r'ipole-coil inside radius, while in Figure 4 it is 
at the cutside radius. We see that, while the 
ampere-turns required for the compensating coils are 
much qreater when they are on the outside of the rli — 
pole coils, the ampere-turns are still quite small. 
For our e* pie design with spacing of 2s/a] = 6. 
{4 percent, tor n = 2, quadrupole; 1.5 percent for n 
= 3; and 1.2 percent for n = 4.) 

The greater ampere-turns requirement for compen
sating coils on the outside is partially mitigated 
by the lower magnetic field (down by 40 percent) in 
that region. 

If the compensating coils are separated-function 
coils located between the dipole magnets, then Fig
ures 3 and 4 still apply but in a different way. To 
first order, if the thickness of a compensating coil 
equals that of the dipole coils, and it has the same 
current density, then the ratio of the length of the 
compensating coi 1 to that of the main coil is re
presented by the ordinates of the graphs, and we 
would use an ordinate value intermediate between 
those given by the two graphs, [f the compensating 
coils are thinner, then they must be proportionately 
longer. 

Relative coil spacing, 2s/a 
Figure 3. Ampere-turns required for compensating 
coi Is on the inside of the dipole coi Is. (a?/ai 

Relative coil spacing, 2s/a 
Figure 4. Ampere-turns required for compensating 
coils on the outside of the dipole c<">-ls. (a?/aj 
= 2) (Note that the ordinate scales in i^gures 3 and 
4 do not correspond.) 

One might be concerned about the stray field 
outside the cryostats. The two-dimensional stray 
field on the x-axis is given by2 : 

B = 4 B Q s x /( x 2 - s2)2 (3) 

where B 0 is the field in the aperture. For x >> s 
the stray field is essentially that of a regular 
(non-skew) quadrupole magnet, and falls off as r~3. 
For a magnet with a2/ai = 2, one somewhat thicker 
than our base design, the stray field is presented 
in the following table. 
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Stray Field 

Coil inside radius 
Coil outside radius 
Coil spacing, center-to-center 

25 min 
50 mm 

160 mm 

Radius, m 1 
Field, T 3.7xl0" 3 4.5x10"* 2.9xl0-5 

The stray field at a distance of 5 meters is already 
less than the earth's magnetic field. But closer to 
the n ignet the stray field could conceivably cause 
problems, and so we consider the effect of replacing 
the non-magnetic vacuum chamber with one made of mild 
steel, or of providing a separate shield. Some con
cerns over the use of such a shield are: The 
effectiveness of the shield in reducing stray field 
levels; t!ie effect of the shield on field quality in 
the magnet apertures, and of changes in field quali
ty, depending on aperture field levels, resulting 
from saturation. 

The radial field at the inside surface of the 
iron at 45*, 135°, etc., is essentially given by the 
equation: 

s / b (4) 

where 8 0 is the field in the aperture. For our 
example design, with the iron vacuum vessel having a 
radius of 200 mm, the peak radial field is only 
0.90 T. The required thickness of the vessel, for a 
maximum field to 2 T in the iron, resul ting in a 
stray field of only a fnw gausses right next to the 
vessel, is 15 mm. The required thickness goes as 
b~?, and the volume of iron as b~l. 

Since the iron is not saturated, we can calcu-
1 ate the field aberrations as if the iron has in
finite permeability. Under those conditions, the 
field aberrations produced by the iron become easy 
to calculate, but the expressions — messy series of 
terms — are too long to present here. For the 
example design, however, with the 8-inch-radius steel 
vacuum vessel, the aberrations are as shown in the 
following table: 

Field Aberrations caused by Iron Shield 

Coil inside radius = 25 mm 
Coil outside radius = 50 mm 
Coil spacing, center-
to-center = 160 mm 
Iron inside radius = 200 mm 

Cp/Cj (Ouadrupole) 
C3/C1 (Sextupole) 
C4/C1 (Octapole) 

6.40 x 10-3 
2.40 x lO- 4 

2.52 x 10-4 

In the dipole magnets, compensation of the 
dipole component of the stray field from one magnet 
in the aperture of the adjacent magnets is certainly 
unnecessary. Compensation of the quadrupole com
ponent by special windings is probably unnecessary 
too; the strengths of the quadrupole magnets that are 
required as part of the ring lattice structure can 
be adjusted slightly to compensate. Similarly, 
n = 3, and 4 compensation can be provided by using 
separate coils located in a separate trim coil pack
age along with the normal trim coils required for 
accelerator tuning. The extent to which higher order 
field-aberrations must be compensated depends on 
their magnitudes and more extensive analysis of the 
particle beam dynamics, and is not known. 

A similar analysis ol the quadripole magnet has 
been performed.? The stray-field components fal 1 
off more rapidly than those of the dipoles. F.ach 
quadrupole produces a dipole component in the ad
jacent quadrupole, but these cancel within each cell 
of the accelerator strurture. 

Some attention has been paid to the possibility 
of using short-circuited compensatinq windings, 
driven by induction, in place of separately excited 
ones. Our very preliminary conclusion is that, in 
this case there is no compelling incentive for usinq 
such compensators since the required excitations are 
predictable, 'rientical for all coils, and linear with 
field. 

Conclusion 

The results of this brief, preliminary study 
strongly suggest that, for closely spaced rinqs 
using magnets with no close-in iron flux-return 
yokes: 

1. The interaction of the maqner.ic fields of 
the magnets of the two rings with each other and with 
an external iron shield, if used, can be comppnsated 
with little difficulty, or ignored; 

?. The capital and operatinq costs, of such a 
machine can be substantial ly less than that of a 
machine of a more conventional configuration. 
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Appendi: 

Nomenclature 

Horizontal distance measured from center 
one coil or_ from center of system 
Multipole coefficent of field, see Eq. 1. 
Reference radius for multipole coefficents 
Oipole field in magnet aperture 
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