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Abstract

The luminosity required of a future linear et o~
cellider in the TeV energy range puts high demands on
the final focus elements. In particular, if a classi-
cal quadrupole arrangement is chosen, the last magnet
should be capable of producing a gradient of several
tesla per millimeter. We have studied the performance
limits of a gquadrupole having soft ferromagnetic poles
of sufficiently simple geometry to allow fabrication to
sub-micron tolerances, excited by blocks of commercial
permanent magnet material. It is shown that it should
be possible to obtain a good quality quadrupole of less
than 1 mm aperture, with up to 1.4 T pole-tip field.

Introduction

Studies are presently underway for the next gene-
ration of electron-positron collidersl’z. In order
to produce a useful interaction rate, these linear
machines, with a maximum centre-of-mass energy in the
1-2 TeV range, require extremely small transverse beam
dimeasions at the collision point. This can hopefully
be achieved by a final focus optics based essentially
on magnetic quadrupoles, but incerporating sophistica-
ted chromatic corrections3>%. The most critical fo-

cusing element is the last quadrupole before the inter- Fig. 1 Schematic cross-section of the quadrupole
action point: we seek a magnet producing a gradient in

the 1-10 T/mm range, with a channel through which the A

spent (and disrupted) beam can pass, and the axis of

y

which can be aligned with a precision of some tens of
nanometers. In order to minimize the interference with
the experimental apparatus which will be installed
around the interaction point, these magnets should
themselves preferably be of relatively small transverse
dimensions; this constraint, together with the fact
that the quadrupoles may be immersed in the field of a
spectrometer magnet would indicate the cheoice of pure
permanent magnet technology, and this line of approach
is indeed being followed upé, It may however be less
difficult to satisfy the other constraints by calling
on a hybrid approach with permanent magnets providing
the magnetomotive force for a quadrupolar field produ-
ced by poles of simple geometry, made from soft map-
netic material. The purpose of this study is to ex-

plore such a possibility.

The Model

The cross=-section of the model chosen for study is
shown schematically in Fig. 1. Referring to this fi-
gure, magnetic flux originating in rectangular blocks,
l, of permanent magnet material, is guided to the pole-
tips via suitably shaped soft magnetic material, 2.

The upper and lower halves of the quadrupole, each of

which resembles somewhat a recording head, are posi-

tioned with respect to one another by means of non-

magnetic spacers, 3, providing a passage, 4, for the

spent beam. Magnetic shunts, 5, give the possibility F‘
f adjusting the field in each half magnet.

Fig. 2 <Charscterization of the pole region
The pole region is shown in detail in Fig. 2; the

coordinate axes and pole parameters are also defined The model has been chosen with regard to achieving
here. The gap, 2g, between the poles is determined for a mechanical definition of the pole geometry to as high
each half-magnet by a lccal non-magnetic spacer, the an accuracy as possible. The determination of the mag-
thickness of which can be accurately gauged. The poles netic axis follows, provided the uniformity of the

have only flat surfaces. The bore radius rp is defined material of the poles can be assured. At present, this
as the distance from the axis to the 45° plane. would seem to be the preferred approach due to the
—— difficulty of defining the magnetic axis to sufficient
* KEK, Tsukuba, Ibaraki, Japan accuracy by means of magnetic measurements.
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We shall see in the next section that, thanks to
local fourfold symmetry, even with a seemingly crude
flat surface approximation to the ideal hyperbolic pole
shape, a rather clean quadrupolar field can be ob-
tained.

Results of Computations

The basic parameter study was performed using the
program POISSON, simulating the magnetized permanent
magnet material with sheet currents, and using a stand-
ard permeability table corresponding to low-carbon
steel. Subsequent trial runs were made with other per-
meability tables, corresponding to such materials as
vanadium-cobalt steel (saturation induction 2.3 T) and
amorphous metal (saturating at 1.7 T): as was to be
expected, the maximum gradient depends linearly on
these saturation characteristics. Typical flux lines
in one quadrant are shown in Fig. 3.
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Fig. 3 Flux lines in one quadrant of the magnet

Referring to Fig. 2 for the definition of the pa-
rameters, it has been verified that the taper angle of
the pole, ¢, should be in the range 25° to 30°; o and B
should be similar, but not necessarily identical.
Likewise, provided X. is greater than 1.6 ry, and y_, is
greater than or equal to x., the quadrupole field is
symmetric within the bore radius. The influence of the
ratio g/ry, On the variation of gradient across the
aperture 1s shown in Fig. 4. The maximum gradient
which can be obtained is also weakly dependent on this
ratio as can be seen in Fig. 5. Nominally, i.e. assu-
ming low-carbon steel type characteristics for the
poles, it can be seen that the gradient corresponds to
a pole-tip field of about 1.4 T. It has been verified
that this can be trimmed over the range 10 to 100 % of
full field by suitable choice of thickness and position
of the magnetic shunt.
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Studies have also been made on how to take advan-
tage of the fact that the required good field area is
usually elliptical rather than circular. It is found
that any departure from fourfold symmetry in the imme-
diate vicinity of the bore leads to significant compli-
cation of the pole geometry for similar gradient qua-
lity. For the example of Fig. 6, the nominal gradient
is 4 T/mm, with good field as shown in Fig. 7. The
gain is about 15 % if we consider the larger useful
in the vertical plane, and if the reduced
in the horizontal plane is acceptable.

aperture
aperture
The effect of errors in pole geometry has been
computed by introducing displacements of the corners of
one or more poles. Typically for a symmetric quadru-
pole of bore radius 0.5 mm, the influence of random
errors of up to 1 pm would appear to be acceptable.
The asymmetric magnet is more sensitive to such errors.
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Construction

It is envisaged that a complete 1-2 m long magnet
will be assembled from individually optimized 20-100 mm
long modules. This will provide convenient units for
micro-machining and measurement, and the possibility of
longitudinal sculpture of the gradient and cross-
section. The lateral spacers will be part of a rigid
girder structure, fine adjustment of the axis being
achieved by displacement and/or deformation of this
girder using a series of piezo-electric jacks. Coarse
changes in gradient will be obtained by adding or
taking away modules, fine changes by equipping one of
the modules with adjustable magnetic shunts or coils.
The similarity of the basic half-module to a recording
head would suggest that techniques exist for obtaining
the required sub-micron tolerances’,

Magnetic measurements

The small aperture of these magnets limits the
choice of techniques which can be applied to their

01 - measurement. The classical method of integrating the
voltage induced across a wire when it is displaced
1 l | I“mm’ in the field would however appear to be viable. As
£ f t 1 T T T -

the magnet can be assembled around the wire, we envisa-—
ge displacing a module relative to a fixed wire to
generate the signal. High demands are placed on the
quality of the integrator, and the system will have to
be carefully shielded against noise. Techniques using
the forced vibration of the magnet table and/or the
natural vibration of the wire are also under investiga-
tiom.
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Fig. 6 Possible pole geometry for an asymmetric magnet
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Conclusion

Micro-quadrupoles generating magnetic gradients of
up to about 5 T/mm appear to be feasible. For the pur-
poses of optics and aperture studies, one should assume
a pole-tip field of 1.4 T. The possible advantages of
the hybrid permanent magnet/soft pole design for this
application warrant further studies and model work in
parallel with that underway for the pure permanent mag-
net design.
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