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Summary 

A prototype permanent - magnet drift tube 
quadrupole with adjustable field strength has been 
constructed and tested. The magnet uses i ron pole 
pieces to provide the required field shape along with 
rare earth permanent-magnet material (samarium 
cobalt) to energize the magnet . 1 A unique feature 
of the configuration is the adjustability of the 
field, accomplished by rotating the outer rings 
consisting of permanent magnets and iron . In contrast 
with a previous prototype magnet,2 this new design 
uses ball bearings in place of slide bearings to 
eliminate potential fai lures. The rotation is now 
achieved with a bevel gear mechanism. The prototype 
de s ign also incorporates a new drift tube shell 
vacuum seal to allow easy disassembly. Tests were 
made of the magnetic properties and the mechanical 
performance of thi s magnet . Field errors are 
extreme ly small, and the magnet passed an accelerated 
ten year lifetime test. It is planned to use this 
type of magnet to replace 24 of the SuperHILAC 
prestripper drift tubes. 

Introduction 

Quadrupole electromagnets for a heavy - ion linac 
prove a demanding application for magnet technology . 
An adjustable, hybrid iron-permanent - magn et 
qua drupole provide s a solution to the problems of 
providing a very high field strength in a small 
volume. The conceptual design of this type of magn et 
ha s been described previously,l as well as the 
rationale for building s uch a magnet for a drift tube 
lina c. In addition, a prototype was constructed an d 
tested. 2 

The previous prototype used a slide bearing to 
accomplish the mechani cal rotation needed for field 
adjustment. Galling of the bearing s urface betwee n 
t he rings and the main body of the magnet limited th e 
li feti me of the prototype. In this paper we present 
a s hort revi ew of the pri nc i pIes of the magn e t and 
discuss a prototype which incorporates a new design 
t ha t allows for the use of ball bearings in s uch a 
mag net . 

Magnet Principles 

Co nven tional iron pol e-pieces are used to 
determine the shape of the quadrupole field. Th e 
region between the pole - pi eces i s filled with the 
rare earth permanent - magnet material. This material 
beh aves as if it were injecting magnetic flux into or 
s ubtracting flux from each pole - piece, as the arrows 
show in figure I, where the arrows refer to the easy 
axis of the permanent - magnet material . A ring of 
iron s ur round s the pole-pieces, with permanent - magnet 
material attache.d to the inner ci r c umference of the 
ri ng . The ring pieces will either add to th e flux in 
each pole-piece, as the figure s hows, or by rotating 
the ring 90 degree s, subtract from the f lu x in each 
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Energy & Nuclear Physics, Nuclear Sc ience Division , 
U. S. Department of Energy under Contract No . 
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Figure 1 - Schematic of th e hybrid quadrupole. Note 
that the outer ring r eprese nt s two rotatable ring s. 

pole - piece . Two axially sepa rated ring s were used 
for the prototype magnet , with the two rings rotating 
in opposite directions to ensure that no net t orqu e 
is introduced during rotation . 

Magnet Construction 

For a 1 inac which operates on a 24 hour per day 
basis it is esse ntial that no repairs be required 
that involve opening the linac and removing the drift 
tubes. Therefore, the mechani ca l de s ign of the 
magnet must be as simple and re l iable a s possible. 
Figure 2 shows a diagram of the magnet construction, 
and a photograph of this actuating mechani s m is s hown 
in figure 3. As can be seen in the figures, eac h 
flu x ring is attached to a ci r cu lar rack (driven 
gear) which i s turned by the bevel gear. The 
me c hani s m uses two circular racks, one for eac h ring 
(only one of which i s s hown) , and one , bevel gear. 
Figure 4 s hows that ball bear ing s are mount ed on t he 
outer circumference of the rings. Thi s is esse ntial 
in order to locate th e pe rmanent ma gn e t s on the rings 
as c lose as po ss ible to the pole - pieces, and so that 
the magnetic permea bility of the ball beari ng s has no 
effect on the magn etic pe rformance of the quadr upol e. 
The drive motor is co nn ec ted to the magnet by a shaf t 



that turns the bevel gear. Therefore, the motor can 
be mounted outside of the linac for easy replacement. 
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Figure 2 - Diagram of the prototype magnet assembly. 

Figure 3 - Photograph of the actuating mechanism of 
the prototype magnet. Note the bevel gear and 
circular rack which prov i de the rotation . 

A pa -ir of buried o-rings is used to make the 
vacuum seal . The drift tube shell screws onto the 
body of the magnet (the threads are not shown on 
figure 4), and the o-rings are located inside the 
shell. The crack on the inner bore of the drift tube 
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is approximately one half the bore diameter from the 
outside of the shell, well away from the region of 
high RF currents. The outer crack wi 11 need to be 
plated over to avoid heating . This technique remains 
to be tested. The magnet is filled with oi) to lubri -

Figure 4 - Photograph 
new design allows ball 
the rotating rings. 
shown. 

of the magnet assembly. The 
bearings to be placed outside 

The removable cover is also 

lubricate the bearings. The oi I can also be 
circulated with a small pump to provide cooling for 
the RF heating of the drift tube. 

The prototype was cycled repeatedly to test its 
reliability. It was operated for 105,000 cycles, 
representing about 10 years of operation based on 
varying the field over its full range 30 times per 
day, six days per week. There were no problems with 
the mechanical system during or after this test. 

Magnetic Measurements 

The field quality was measured for this magnet 
after 67,000 cycles. The error fields (in the form 
of multipole errors) are presented below_ Errors 
which are unique to the hybrid i ron-permanent - magnet 
technology are those due to unequal excitation of the 
poles. These errors introduce odd harmonics in the 
multipole fields. In a conventional magnet, pole 
excitation errors are avoided by wrapping equal 
number s of turns around each pole and connecting 
these turns in series. For the adjustable Rare Earth 
Quadrupole (REQ) magnet, ident i cal pole excitation is 
achieved by precisely matching the strength of the 
permanent-magnet mater ial surrounding each pole tip. 
See reference 3 for a detai l ed study of errors in 
multipole magnets . 

Errors due to unequal excitation of adjacent 
poles, such that opposite pairs of poles are equally 
excited, do not produce field errors. This error 
configuration will shift the value of the magnetic 
equipotential on the symmetry axis between the 
adj acent poles, but wi 11 not affect the magnet 
quality. However, unequal excitation of opposite 
poles violates the 90 degree rotational symmetry and 
contributes odd harmoni cs to the field. 

To minimi ze the unequal excitation of opposite 
poles the large blocks between the polepieces should 
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be arranged so that, referring to figure 1, the 
excitation streng t hs of bl ocks 1 and 3 are matched 
and t he excitat ion strength s of blocks 2 and 4 are 
ma tched . For the ri ng s, the permanent - magnet blocks 
shou ld be placed s uch t hat the differe nce in st reng t h 
for pieces located 180 degree s apart is minimized . 
See reference 2 for more detail on the sorting scheme 
needed to achieve minimal error fie l ds. 

Measurement s were made of the field harmonics at 
the poletip radi us for the prototype. Of the odd 
harmonic measurements, which form the errors unique 
to t he permanent-magnet technology, only the third 
harmonic is presented si nce the errors in this 
multipole are the most serious . 
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Figure 5 - Third harmonic er ror field and foc using 
field s trength as a function of the ring rotation 
angle . 

Figure 5 shows t he third harmoni c, normalized to 
the fundamental, as a functio n of rotation angle . 
This figure shows that the error fields change as a 
function of the field strength, but that the 
magnitude i s quite small , less than 0.4% . If many 
identi cal magnets were bei ng made, as would be the 
ca s e for a linac, the field errors should be even 
smaller because there would be a much greater 
selection of permanent-magn et pieces from which to 
choose matching pairs. Figure 5 also s hows the 
effective focusing strength , 8 ' L, as a function of 
the rotation a ngle of the rings. Note that the 
focusing strength increa ses relatively linearly with 
rota ti on angle except near the e nd points. The ratio 
of ma ximum to minimum is a factor of three, as is 
need ed for a heavy- ion linac which accelerates ions 
of vastly d ifferent charge-to-mass ratio . The 
ma ximum strength is somewhat les s than desired. This 
prototype, however, was designed to test the 
mechani cal arrangement, and ha s not been optimized to 
achieve the maximum f ield strength possible. 

Future Plans 

Plans have been made for using this type of 
magnet in the Su pe rHILAC prest ripper . The 
prestripper is an Alvarez linac used to accelerate 
ions with a charge-to-mass ratio varying from a high 
of 0.5 to a low of 0.055 . This wide variation, 
needed to accelerate beams ranging from hydrogen 
( H2+ is used) to uranium , means that the drift tube 
quadrupoles must be adjustable. Operations are now 
l imited by the c urrent limits of t he conventiona l 
quadrupoles, which have been set relatively low to 
avoid conventiona l magnet failures due to overheating. 
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The prototype i s de s ign ed to be the l argest of 
the different size magnets needed in the prestripper, 
and operates with the high est torque needed to 
actuate the rings . It therefore provides a good 
mechanical tes t for the prestripper magnets, a nd 
shows no signs of deterioration . Ins tallat i on of 
this type of magn e t in the prestripper is expected to 
result in a transmis sion increas e of a bout a factor 
of two for the heavi est beams . 2 Twenty four of 
these magnet s are scheduled to be constructed, for 
installation in the entra nce section of the 
prestripper during the s ummer of 1988 . 

Conclusion 

A prototype adjustable hybrid Rare Earth 
Quadrupole magnet has been built and tested . Thi s 
magnet behaved a s expected magnet ica ll y , with very 
small field errors. The se field errors are expected 
to decrease even fur t her if many identical magnets 
are constructed, a s i s the case for drift tube 
quadrupoles in a linac. Th e me c hanical design of the 
magnet has been te sted by repeated cyc l i ng to ens ure 
reliability over the lifet ime of an acce l erator . 
Plans have been made to use t hi s type of magnet in 
the SuperHI LAC prestri ppe r. It i s expected that 
installation of this type of magnet would increase 
transmission of the prestripper by up to a factor of 
two over present operation for the hea viest beams, 
s uch as urani um. 

Acknowledgement s 

We wish to thank Curtis Cummings, Anthony 
Tammmer , and Wayne Ogle sby for their aid i n the 
design and construction of t he hybrid drift t ube 
quadrupole. 

References 

[1] K. Halbach, "Conceptual Des ign of a Permanent 
Quadrupole Magnet with Adjustable Strength", 
Nuclear In s trument s and Met hods, 206, 353 (1983). 

[2] K. Halbach, B. Feinberg, M.I. Green, R. MacGill, 
J. Milburn, and J. Tanabe, "Hybrid Rare Ea r th 
Quadrupo l e Drift Tube Magnets", IEEE Trans . Nucl. 
Sci., NS-32, 3643 (1985). 

[ 3] K. Halbach, "First Order Perturbation Effects in 
Iron-Dominated Two -Dimens io nal Symmetrica l 
Multipoles", Nucl ear In s trument s and Methods, 74, 
147 ( 1969) . 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



......... ..;,." 

LA WRENCE BERKELEY LABORA TOR Y 

TECHNICAL INFORMATION DEPARTMENT 
UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

,.. -"'~.l 


