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Abmtract

Rare earth ( RE) permanent-magnet quadruples
(PMQs) have been u~d for many applications in ptwticle
accelerator. They have the ad-umtage over electromagnet
cfbeing lightweight and reliable. One chfflculty associated
with PMQs is that the quadruple gradient is not easily
adjusted. Over a certain m.nge, the magnetization of KE
magmta is a revemible function of temperature. We have
d?velopd a ~heme w uaa thin property ta make variable
gradient PMQs. I%e field ~adient changes required for
tuning are typically on the order of a few percent. For many
RE magneta, this requires temperature changes of a few kns
of degrees centigmde and is accomplished by actively
heating or cooling the quadruples.

Introduction

The Beam Experiment Akard Rockets’ project at Loa
Ala.mos hax used permanent-m.~gnet quadrupolea for the
low-energy beam transp-t (IJIBT; from the H” ion source
to the rad.hfrequency quadrr.rpole ( RFQ) accelemtor and for
high-energytumm tranaport [HEBT) frnm tk RFQ w the
beam neu~alixer. These quade are quite convenient for a
spnce-ba-d application where all components mutxt he
lightweight and ru~ged. One disadvantage ia that the fized-
Ln-un nature of the Iensm is uverly restrictive. Adding
nctuatnra for mechanical n~ustmentx 4 increaaerr wei~ht,
Complexity, and the likelihood of failure.

The LEtiT is an area nf par%;cular di~culty. Here the
beam transport I- particularly sensitive ta the degree of
space-rhnr~e neutralization, With nunadnptive optia one
cnnrmt cnrrectfor nonldeal plnsma ronditiorm In the !rrn
source and L.EBT,3 The n~uatment of the quadruple
strength required m compensate ior tir nonldeal space
rhurge neutralization is typically m he (nxler I ‘h
Furthermore. it is urnually poasihle ta manufacture ma~ets
U, within only n 1% ~]lerance o(t!,e dm~,~ g-radient.4 AN we
will ee? below, the match inta tie IWQ In vrry sen~iuvc M
vnrlmtronn from the ideal In both m’thwe nrena,

VJr will uhow tint nppnlprln~ MdjuR ,nrn~ bI
quadruple grndienta, Wlthm.11 nltorln~ Lhe filllri

rllst.rlhution, may he mnde hy rarrfully cllntn)lllng lhr
wm~rxrturw of the mn~neu %nnl~vltv IIf K~ mHtinPh IAI
k’mpernlurc hrm Lradltlmrnlly he~n cmuxlrlrrrri l~nrlmurnhl~,”
h(,wevrr. hrrr wc uae ILbI our ndvnnta~r

“u’..IL ~wrft,rtnd ,,ntio.t I I,,. ,t, t.l,l, c.. IA I I,,, I S. lh,,n,,~ll)v,,l ,,* I I..,vM,
1,,, t)),, ;Il,tl,. ul, 11,,,,.1,”1’ Ilh,l,,ll!, v I MT,,,,

field ~adient of each quad may be adiueted only by the
additi;n of aluminum sl&ur between the-magnet bl_ock~ and
the inner houung wall. Using thin technique, the
quadruple grndient of each magnet may be a~usud to
within approximately 1% of the design value. To a~ust the
ahima, the entire triplet has m be dismantled.
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Fig. 3. The nrrmm~l I.KHT deuign for a rnalchd barn at Lhr IWQ Thr
phti M- elllpau m (X.X”) nnd (Y, Y’) MN uhown nt the wurce and
IWQ, -lone with sssaaawd Twice furmnwtere a, ~, and rms emlttwrca r
Icm mrmd) Tho PMQ grsdmru ●m In T/m
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Th nneltivity of tlw mwh ● *S RFQ ta magnet
gradient errom is indica!ad in Pig. 4. In this case, the
gradient of PMQ #2 hm been increseed by 1% over the
nominal design value. Thiu MUIW in mkumtch factors (m)
uf m, = 5.9 inX mdmy = 0.19 in Y. A misnmkhedbeam Fig. 5. Mamtumd phme npra 1.(,X’) profllm MI ttFQ ~ntr~nrv. :$I

will oscillsta about the ideml, or matched u=, such that wlthoul nenon .+nd (H) wllh a senon pertlal preemurr of { w Ill ~ Imr

.wrnewhere in the FLPQ he beam will be a factor (1 + m) (’onurur Ievelornrr(l 91, 0 I!E, (1 1, 1) 2, I), h. () 4 and(l .50f pcmk MIMTIml

Inrger than the matched SIZ0.7 In thin cam, the hewn
uanem.ieeion through the RPQ would be reduced to ICN than
40%. Hence the tbility ta comect for such gmdient ●rrom is
LV-Iucnl for i.he optimum performance of the acceiemuw,

~i#. & ~ Inllutihed kam al ~~~ mma reull of IIlcrenmnti Lhe nLrr.ll@ d
I’WQ2 Ili II ,,wrl IMIIIIIIUI “rhr Illlmlmwtl fmrkrm {1111fir- ntruwll

The wtuatmn 10 fufier comcdicntod by the vnrlabl~ d

xrn~,n HtrkIn rddrd b) lmprrw~ ❑pme char~e rwutraliznuim.
1’}10.,Ipunl,lm pnrunl prwwurp ,,f x~non IU LypIrnlly 3 X 11}‘
Ljrr “~hi. rfTcrL {,( IL Icmm mldihun Itr Indirntmi III t.hr
,Ilrnsurrrl rmlL~nr~ plIItJ LLtIJIC RFQ rn~nnre sh~lwn In

t -g !) Wlth,mt xrmjn, the henm IS gnmoly mlnrnntihed IIL
Iht. llFtJ t.ntrnnrp The nddlhon IIf xrn,m lm~r,wrn thr

;M.16nl Lhn( In Unlkr fl~ll~n]ld Ml ~)m~ lhrrr In nn i“fh’llvr

i.llrr~llt IIf () I; IIIA, thnt In, IW undrr n~ulrnllznhl)rl “I”hr

11.irnmnuh IIIHV tw nwrrrM hv lnrrrnnln K tti~ Krndien! II(
i,nrh I’WQ nrnlIIllIIwn l’M~ , ;! !I%, I’MQ2 t I L!%, nnd
I’WLJI * I :1’1

(;radlent Adjustment by Tempernturr (qunlrul

There nrc ncverrrl of typm (If 11.lt mugnct mnwrlnls
nvnllnhle wlt.h dilTcrent tcrn~rrlurc rlw~lrlonm. T%,,

rwrrm!)l~ temperntur~ rne~lclen~ K Indefind mI fIIllIIWN

K I IWrtllr#riT)
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Temperature subtilization of the material is necessary

to avoid severe irrevemible changes in Br when the magne@
are heated. Smbilization can be achieved when the mu~eta
are heated to t~mperatures beyond the desired working
range.b

The gradient of a PMQ is linearly pmpcrt.ional to B,.

Therefore, varying the temperature of a P.MQ will var~ Lhe
quadrupol. gradient wiLhout varying the field distribution,

hecauae there io no motion of magnet ma~rial. Lf one
wiahea W minimize the Wmperature excurmion for a given
gmdient variation, the optimum choice of inatanal is
XdFeB.

Figure 7 shows the mensured varia~ion of an NdFeB
PMQ gradient with temperature. The temperature of Lhe
quad was varied through a number ofcycles fmm 4°C M 50”C
by placlng the quad In a water ba~, whose Wmperature vas
knuwn M =0.l”C. The magneta had &en goabd witi. .
anu-corrosion coaung by he manufacturer. The sverage
value of K was found tube 0,09 = 0.004 %flC.
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In n prnctical situa~un, it is deairnble tu have
I ndependrnt wmperntum control of ●ach PMQ. Each PMQ
shuuld be thermally imlated. heating/cooling of the I)MQo
mny b nchieved hy wrapplnH cmdant lines nmund the
[ju~lde ufeach quad. The wmperature of the cwlant can he
iwntrollrd by small heatem installed in the tubing Such
tvnjlant IS readily aval!able im mnst nrceleratom, including
the HEAR accelerator I)erauae the likely Wmperature
chMnKea {If the llMQa nr~ only n few tens of degreen
rrnu~rndr, the nddlbim III thr ?xtrn rwlant IInrrr WIII mlt
,}vprhu~pn pxlMlln~ rm)lln~ ~yuwma

Iieating the PMQs abcve room temp-rHLure is likely w
be more convenient than cooling Lhem. Therefore, IL is
desirtible b construct quads thtIL mny be sli~htlv str[mKer
than desired at room temperature. In tie case of ?JdFeB,
one can redllce tie quad stren@ by up LO11’?, in the riinge
25- 145”C.

(-unfortunately, everi ~rnperature-s~bihzed RE
magnet alloys are subject ‘m aging when held at elevabd
temperatures for long perioda. Metal. bonded SmzCo Ii
nppeam to be one uf the ma~riala leant prone tu aging;
however, it still ●xhibits a flux Ions of ~ 1% when held at
100EC in dry air for 1000 houm.U l~ncoated NdFs3 alloy is
subject to corrosion, sut h that nL 60”C In 90% relative
humidity atmosphere a 2% flux IUW is nowd in 300 hours.”
Coatings are avullnble thrnt prevent corms ;,~rrin vnrlous
sltuauuna.
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