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Abstract
2 FIELD DESCRIPTION

TWC.’ prototype qonllnear multipole magnets haseen In initial particle-tracking simlations of the beam
designedor use in the 800-MeV beam test of the APTo,nander, the fields of the nonlinear magnetsvere
beam-expansion concept at LANSCE. Tim-dominated  gescribed by truncated multipole expansions with a leading
magnetseachconsist ofthreeindependentoils, two for octupole term followed by higher order terms, i.e.,
producing a predominatelgctupolefield with a tunable " _ 4 5 4 6
duodecapole component, and one for cancetiegesidual B =By -iBy =-iggz°(1+az” +bz" +cz”), (1)
quadrupole field. Two such magnets, one for shapaai
transverseplane, are required to produce arectangular,
uniform beam current densitdistribution with sharp
edges onthe APT target. This repowill describe the
magnetic design of these magnets, along Witld meas-
urements, and a comparison to the magnetic design.

wherez=x+iy, gg is the octupole gradiend adds a duode-
capole component, etc[2]. Tle@ordinates inEq. 1 refer
to the local magnetoordinatesthey arethe same as the
beamline coordinates for tremcondnonlinear magnet and
are rotated 90for the first nonlinear magnet. Typical
values of theparameters fothe two magnets thagave
good results for particle-trackingsimulations of the

1 INTRODUCTION 800 MeV beam expansion experiment at LANSCE are
Static beam-expansion systems made up of a combinatiited in Table I, along with the magnet lengtrgl clear
of linear and nonlinear magnets have been proposed ftwream apertures. Since the magnets are long in comparison
various accelerator-drivemeutron sources such as thdo their apertures, a two-dimensional field description is
Accelerator Production dfritium (APT) facility[1l]. The entirely adequatdor simulation purposes. Theonlinear
static beam-expansion system proposed for ABdepts a magnets built for the experiment at LANS@BRd planned
nearly round Gaussian beam with a meadius of a few for APT are variable-profile magnets for which Eg. 1 can
millimeters and produces @.16 m by 1.6 mrectangular be only an approximate description of the various possible
beam distribution on the targénside the rectangle, the field profiles. Indeed, apart from theleading octupole
current density is nearlyconstant, while outside, the behavior and the fact that tfield strength levels off to a
current density drops off sharply to essentially zero. Thalue lower than a pure octupdield at largerx, there is
nonlinear expansion is accomplished in a two-stagething fundamentabbout the form of Eq. 1. From the
process. Quadrupoles and driftefirst used to produce a point of view of the present beam-expansion scheme it is
beam that is highlyelongated inthe y direction, with a merely a convenient form to use for field-profile optimiza-
waist in thex-z plane. The first nonlinear magnet istion. For the parametervalues of both the LANSCE
placed atthis waist. Theleadingterm in the multipole experiment and the APT design, contours of constant flux-
expansion for thecentral field of this magnet is an density aroundthe axis for the two magnetre oval-
octupole term; the higher terms thae presentmodify shaped and elongated the samedirection asthe beam
the octupole behavior darger distance$rom the axis. cross section. lwwould not befeasible toproduce these
The effect of the first nonlinear magnet is fold in the fields with round-aperture magnets. Fortunately this is not
tails of the distribution ity-y’ phase space, while leavingnecessary irview of the elongatedbeam profiles. Since
the x phase-spacdlistribution substantiallyunchanged. the magnets have aperturewith alarge width-to-height
The first nonlinear magnet is followed loyiadrupoles and ratio, a singlepower-serieexpansion, e.gEq. 1, cannot
drifts that produce abeam that iselongated inthe x-x’
phase space, with a waist in titez plane. Anonlinear Table |
magnet at the second waist that is similar to the first oneField shape parameters, dimensions of theam
but somewhatargerandrotated 90, folds in the tails of ~ envelope, and length of the two nonlinear magnets.

thex-x’ phase-space distribution. Finallyyadrupoles and Magnet First Second
drifts are used to produdée desired expandetdeamsize gs 6.498x1@ T/m3  1.979x1d T/m3
onthe target. = _ a -1.847x16 Um2  -7.072x1@ 1/m2
As a test of this concept, two nonlinear magheise b 1.279x16 1/nf 1.876x16 1/nt*
been designed andbuilt for use in abeam-expansion c -3.936x16 1/nP  -2.211x10 1/nP
experiment using the 800-MeV proton beam of LANSCE.paam height 3 mm 5 mm
beam width 25 mm 40 mm
*Work supported ly the US Deartment of Enegy length 500 mm 500 mm

0-7803-4376-X/98/$10.00 0 1998 |IEEE 3309



be used talescribethe field overthe entire volumedccu- quadrupole component of field at the origin is supposed to
pied by the beambecausehe radius of convergence is be zero inthe present expansion scheme, there are
limited to the distance from the origin to thearesiron. effectively two degrees of freedom iwvarying the field
Accordingly, a more sophisticated field description hagrofile. Thecurrent inthe inner windingrequired tonull
beendeveloped tgparameterizehe two-dimensionafield out the quadrupole field is very nearly a constant times the
in a way thatcan be used imparticle-tracking simula- current inthe middle winding and almost independent of
tions[3]. Thisfield descriptionuses a set of overlappingthe current in the outer winding. Incremental change®
triangular dipole density distributions uniformigistrib- made tothe pole tip shapes until thdifference between
uted onthe surface offictitious poles. The poles are the desired anccalculated fieldsvas minimized over the
planes of infinite extenand permeabilityand are located width of the beam. The resulting cross section for the first
outside the beam envelope, but not substantimlyre magnet, including the conductors, is shown in Fig. 1. A
than the minimum magnet gap. Weights for the triangleomparison of the mplane field for the first magnet
source elements are found by a least-squares fit thettle calculatedwith a finite-elementcode andthe fields from
data. Eq. 1 using theparametewvalues of Table | is shown in

Fig. 2.
3 MAGNETIC DESIGN

It is possible todesigniron pole-piecemagnets that
produce a fieldthat closely approximates theuncated
power series of Eq. 1. fdixed parametewaluesgs, a, b,
andc. The design approach Imsed orthe fact that high-
permeability pole piecesre very nearly contours of
constantscalarmagnetic potential. Thacalar magnetic
potential is the real part of the complex potentibfained
by integrating Eq. 1, i.e.,

2 4 6
¢:—iggz4(%+a%+b%+ci—o), @

eNeNZNZN\7Z =\ &
Pole-tip profilesare obtained bychoosing contours of iiii w%’ﬁ%é%ﬁ\”\\
constantreal scalapotential thatclear the beam pipe. 0 \’m \’IW\
(I

Although the full plot of the scalar potential of Eq. 2 hg

20 lobes, inpracticeonly 8 lobes (twgper quadrant) are ‘ N
needed for a practical magnet, since distant lalffest the L
field inside the beam envelope negligibly. Thepere- lem

turns required to excitthe polesare obtained by dividing
the respective scalar potentials by the permeabilitiyeef
space. Unfortunately, aeight-fixed-polemagnet cannot [nner [ Middie Outer

be used ifthe parameters of Eq. 1 (or othiield descrip- Fig. 1 Cross section of the first nonlinear magsteiw-

tions) are to besubstantiallyvaried by varying only the . the inner. middle. and outer windings.
currents, since the constant-potential contours for one segt ’ ’

of parameters dmot coincide with the contours for
another set of parameters. dnder to allow field-profile 0404
variation, wehave adopted a differentlesign approach,
employing twelve polesnstead ofeight in avariable- 031
profile magnet thaprovides a range of leading octupolem;
strengths and varying rates départurfrom the octupole 020
field at largerx. In the design ofthe 12-pole magnet,
contours of constanscalar potential for the limits of  o.0]
parameter variation of Eq. Were plotted andinitial pole-

piece shapes that could, when appropriatehergized, O.OOQ-O-O—OM : : :
approximate the limiting contoussere found. Flat pole- 0 5 10 5 2 =

. . K . . X (mm)
tip surfaces were used to simplify the modelarngl fabri- _. . _ .
cation of the magnet. The innenjddle, andouter poles F'9- 2 Comparison of thdesired andtalculated midplane
. : . . fields of the first nonlinear magnet for the nominal setting
were energized byinner, middle, and outer windings

. - . ) (solid curve and solid points respectively). Also shown are
respectively. In finding the final pole-piecghapes, the ¢ gesired andtalculated midplane fields #te limits of

midplane field wasalculatedfor various combinations of the field profile variation(dashecturvesand open points
currents with a two-dimensional finite-elemestide and respectively). The normalfield component (By) is

compared with the desired range of field profiles. Since th@tisymmetric inx.
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The desiredfield shape of thesecondmagnet was 04 ! ! ! ! J,
similar enough to that of the first that its pole-tipfile °o°°
was simply a scaled-up version of that of the first magnet. (5| f

|_
4 MECHANICAL DESIGN AND E
FABRICATION 0.04 s
Both the nonlinear magnetsere built with the same 000
mechanical design and fabrication procedures.piiie tip 02 ooes i
profile was machined by electron-dischargeachining o0
(EDM) followed by alight grinding of the pole tips and $600°
other critical dimensions tachievethe desiredtolerance 0.4 ] . . . .
on the pole tip profileandspacing. Due to limitations in 25 -15 5 5 15 25
the EDM machining the 50 cm-long ironore was X (mm)

machined in two 25 cm-long segmengdter machining, Fig. 3 Calculatedand measurednidplane field at the
the two segmentsvere alignedand held together by center of the first nonlinear magnet for all three windings
stainless steel strongbacks. Iron yokes on eiiée at their nominal values (solidurve and solid points
maintained the spacing between the top and bottom halygspectively). Also shownare the midplane fields

of the magnets. As shown iRig. 1 the firstnonlinear measured athe limits of thecurrent range othe outer
magnet was wound with just 1, 8nd 1turns of hollow- winding, (open points).

core copper conductdior the inner, middle, and outer

windings respectively. Thdarger size of the second 0.10 . . .
nonlinear magnetmade it possible to quadruple the
number of turns per winding. The windinggre formed

on a mandreffit into their respective spaceand potted = _
with epoxy. Thecorrespondingvindings ineachquadrant &
were connected inseries allowing the magnet to be £ 0.00]
energized by three independent power supplies. 2

0.054

>
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5 MAGNETIC MEASUREMENTS -0.05
The central field othe first nonlinear magnet waseas-
ured atthe Los Alamos Nationalaboratory (LANL) -0.10 : : :
using a smalkalibratedHall probe mounted on three- -20 -10 0 10 20
axis measuring machine. Measuremem¢se made of the X (mm)

normalfield component in thenidplane atthe center of
the magnet for the three windingeergizedseparately as
well as simultaneously. Some typicaheasurement
results for the first nonlinear magnet are showrkiig. 3.
Also included inFig. 3 arethe results of théwo-dimen-
sional field calculations for the nominaurrent settings.
The fields from the three windingsnergized separately
were found tovary linearly with current. This linearity
implies that, to ayoodapproximation, thdield with all
three windings energized simultaneously equals the sum of
the fields with the windings energized separatignce it
is sufficient to characterizethe field for the windings
energized separately. Inaddition to the Hall probe
measurements, the integriéld of the first nonlinear
magnet was measured atthe Brookhaven National
Laboratory (BNL) using a rotating coil system. The 6 CONCLUSIONS

rotating coil waswound with tangential windings at a Two nonlinear multipole magnets have bedgsigned,
radius of7.4 mm from the axis of rotation. The rotatingfabricated and measured. The calculated and measured fields
coil measured the integral field as it wetepped in 3 mm for both magnets were found to be in good agreement. The
intervals across the width of the magnethese Magnetsarepresently being installed in the firsiperi-
measurementprovided a harmonic description of the ment at LANSCE.

magnetic field, from which both the integral of the normal

and transverse field components couldchiulated at any 7 REFERENCES

point of interest over thareameasured. Asshown in [1] B. Blind, Nucl. Instr. and Methods, B57, p1099 (1991).

Fig. 4 the rotating coil measurementare in good [2] P. Walstrom, AOT-1:TN-95-109, LANL internal report (1995).
agreementvith the two-dimensiondiield calculations on [3] p. walstrom, LANL, LA-CP-97-13, (1997).

and above the midplane.

Fig. 4 Results of the rotating caiteasurements of the
first nonlinear magnet showing the integfigld 5 mm
above as well as on the midplane for a typicairent
setting (operandsolid points respectively). Also shown
arethe integral fields for the same conditioestimated
from the two-dimensiondield calculations (curves). The
integral fields were estimated from thewo-dimensional
results by multiplying by the 0.5 m length of the magnet.

Thesecondnonlinear magnet waseasured at LANL
with a Hall probeand three-axis measurement machine
with similar agreement betweethe measured and calcu-
lated fields.
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