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Ahst.razt 

Mciisuremerr- s ark prrscnl ?d ori th? !-fax+ upole and 
drcapole components in 3;5 HERA dipole:; and on tie 
I:‘-pfile arid 20-pole componr~nt :-: in :I’0 quadrupolcs. ‘1%~ 
Cidta aqrre ~:e-y wrll wlt.h r-mic! c:~:lculat ions based ori 
maqnet.izatio” currents III the niobium-tiranium 
f il amen! s of ‘.he supercg,ndu::t ini: cnb.le. The ilifluence 
caf tte he 1 ium tempi>ret 11r-e 0” t hci saxtupole component 
txs been stud ied. Tnc> dips: t: :rraqnel.s are equipped ,*iith 
superconduct i ng qusdr~Jpcie, sext upr,le and decapale 
correction coils mounte-l cn ii-c beam pipe. The m.ltdal 
inflhencr (of the wsted stipcrcw.dhct ing coi 1 s has ixen 
:;tcdied. The 1,ffrct is found to tw uncrirical for the 
7pc.r;i’ ii)11 (,f I !ltj !ii-XA ?;t c>rcicjcx ring. 

Tntriduction 

ThO pL“~torl :;Lorngc ring of t.ho III:RA collider [ 11 is 
e+ipped with 42% superconducting dipole [Z] and 224 
~prodn~~~c~ I v j i ] II +.~rl::t $7. l,‘.:,r t he mmi na 1 pr‘uCon i=nel-cly 
0‘ 1370 Gc?V dix,lt-? field:: of 4.66 ‘1’ and quadrupcle 
rlrad ier1t.s of ‘90. .! T/r? are required which are achieved 
Wii!i ‘i I‘lll-r~‘ii’ ?f ::#:‘:.!I A. The rnit<Jne: ic lfrigt.:l i I: i>, R I:\ 
fi>r t hv dipol ,:s and 1 .$i m for- the quadrupoles. 

The cdipole magnets crJntnin 6 m long supr- 
I'< rrii1u 1 t i ng gqu xlr-u~c I i' arci sr~:itu~'oli2 co1 I :i wh; r:h I!.< 
mmnt ed in twc layers 01: the beam pip<!. D~x~~pole 
C‘.>!‘l‘,‘C t <-,I-i <-if- :‘.? m icrii.;l b covI>r t hip rnmdillinij pavt :.zf 
t Ii<., iWiUr: pApi‘. ‘lhc :Jiir:r,i.[‘l <Ii il ! :;t r ihit rvd hi3i!l pipt- 
coils was cno.isn since it. appedrl’d diff-i.cult. to 
iIK\l~Jx~I-iIt c s 1 f.fi c ir>rit ly :-i r-<,nq q~~,ldrup~)le correct ori 
ir; :shc,rt ;r>oi.>t pic,ne:; ti~~ci~.~ii~:- wit II t II{’ ~~w:t~ssary 
dipol c’ and ~extup::,lc correct or:;; second1 y, an ext.er.ded 
::cx: up<,i t% ::;,i~w?r! nuizer ior 1 u d i;licrt 1 ens in 
:~xnpr~:i::~3t r;l~ t hi ~‘cr:: is1 53.’ current. irffcxt,;. A clfzr 
iii:,, ~c!:~~i-it ,ic;.- ,f. t k. i:. :,,:hn+~ i:: t ht. mutludl infiuerrc 
iii ’ l/l, ‘I/S :t -sd “;~‘I.,t-r~r)r.ri!;ct inq icni 1~2;: n c.lrrent r:;mit-, irl 
t !I<. nil3 Y :1 .ZO! : cd&; to maqiw:izat.ion current s in thcl 
c~~rr-ixt ior] coi : >I <ind vice versa. 

‘TIK. caffv::t. ;if ~ersist.er~‘. curri’rii :: j -; ) /j(7 ::,)F”‘r- 
ctmdmct inq f ilnmerts is most pronounced al. 1.ho glow 
i:ijw:i icn energy caf 40 C&V. The rca::irlt ing flrzld 
distort ion:; i rorri t hr. c:onrplr:t~~ :;cat of- i;lpiarzondcr:1 iriy 
c<,i I s h:>ve ~ECII c~rrful ly analyzed lrnder different. 
r1111rj _! ,:,,I:’ rclc~viint fur ! hr? opcr-at.ion of the lI~.iu? 
:;t(>r;i,>c, ring. If r:ot explicitly stated al 1 measurements 
cirsl mri;~ al ii helium temperature of ,4-l: 0.0: K. 

Ef fect.s of Maqwt izat.ion Currents 

The mu lt.ipole components of tie magnr:t !i arc doi ined 
L,y the exparxion 

m 

B8 (r,H) = Rye,): (>)n-l(b cos(nO)tansin(nR)) 
n=l 0 n 

,l,ll.l 13 cl,l.l-e.;i’~-‘rldirlilly. ‘I’hr? rrfi:rc:~r::~ riir: i I,:; i 5: 
r = 55 mm, i.e. 2,/3 of thi: inner coi: radius. B i s 
tile snpl itude of the main field (dii>:>li rasp. 

ref 

qilrhxpole) at r = r 
Any change of theomagnet current induces magnc?t.iza- 

tion currents in the rriobjum-titnrlillrn filaments which 
generate multip~ic Tical&; of ~11 ardor? allowed TV t.hp 
coil r~ynm~:ry: n-l, 1, S,.. for :liFnlcs, and n -2, 6, 
1r, iC>‘. i{u’ld”ill,(il(:~.. ‘r;?w;i~ closi?-‘- ., 1 o!:‘p CU I‘ rents hwr, 
c,pposi+.cl dirwzt. ion for increasing an? decreasing mai.” 
f ivld:;, r~~sult.~rrg in t.:w we1 1 known hysteresis effwts 
of t-he 6- and IO-pole coefficients oL dipoles and thv 

I:!-p:)lf end 20-pole coefficients of quadrupoles. In 
FlJS. 1 and 2 we show the averaged nultipole components 
!:f atxxl- 300 dipoles and 225 quadwpoies with their rm- 
VAT int i ens. &fore performing t-he rwasuremenl s :.he 
magncis are qu~rxhed and the current 1s cyciwi 0 A -:7 
t,o:?o A .-b 50 A to Pstablish well dp1incd irsitinl 
coodit ions. For- the dipole magnets the measurements al-e 
zlun~ in the 3m long section outside the quadrupoln ,%nrt 
scxtilpol P correct ion coils iind are therefore not 
affect-pd by magnetization currents ir: these coils. 
M.agnet.ization currents in the decnpole coil qewrxt i’ 
only mull ipoles of very high order (T: : 9, lq, . .) 
which ax’ in addition quite small sir.ce the cr>il is 
implemented as a single wire loop. Similarly, thr 

rridciii~t iza:.ic,li (J,f the l:?-p~>le ci3; 1 in t-he <~uadrirpol v.: 
kas no influence on the multiples in Fig. 2. 

lt. should be noted that the time dependence of t ho 
persistent currents [4) introduces a systematic error 
irl the multipole coefficient-s. ?‘he measurements 

present.ed here are made with rctating pick-up coils and 
::t art about ! mindtr: iif\ t'r- ii prr~:‘r~l<~~+c*d hwrrC%nt ha!: 
bran r-eachpd. The measurement it ::r%l f + aktl:; 5 wctrnd~; 
We es:imate tnat. t.hp mull. ipolc c;x?ff icier-its are shifted 
:~yst.mhar icnl I y hy ii frw prrccnt &I<; IO :hrir:c drlays. 

‘I’he predictxxls :,I. i, maqnc?t i zril. ion current model1 5 1, 
shown ~3.5 cont. inuou:: curve!: irn Fig:;. 1 and 2, are in 
excel liint iigr~~rvr,i:rll wit ii t Iii: d+l d. ‘V%v pwsi:;t cent 
current contribui ior: to :.hr main field in the dipcle 
;Iritl <~‘r~~dr~ipole magnets is discussed clsewhcrc [ 6). in 
1 IIC~ rwdc I I ong 1 ar:t ing rddy current s (II-O a:;:;umcv~ 1 o 
occur within single filaments, but no- between 
tl i f fvrctnt f i ! 4ni-znt.s of ii strand or be~wt?cn diff+wnt 
!:’ rrlrlil:: of A t ranspo:;ed cnhl ii. The ~EIS ist.r:ril eddy 
c,\lrrt:nt s are calculated according: tc the experimentally 
vcrif ied "cr.iticaL stai.c" mid<~ 1 j ‘I ] and <II’<’ t hc!rt?filw 
~,~m~~r?cd by I hc- crit ic;rl (‘11~rr,rli dvt~t;it y ac(n,T) al +‘ili? 
VivPn Inca1 fic’Ld and : tmpc~r:~i II~P. To di>l vrn- L”P J 
lr>w f icld.;, WF t?ov-e used rer:i:nt rrlt~~i:;url‘rnc~~~t :; ‘::y 

: : ,a + 

Ti. Ghooh [H] on the magnetizalji~ri of ARIl cable sampl<~!r. 
The uncertainty in ,:- is c.?:;t im;!lwi *o lx, about 10 “6. 

The Mt~~:isnc;r f'ht:':i ha:; -1<,t tx!vri : akan into B;CCIUI~: 
in the n,odrl, allhough its influence can be clearly 
F;WII when a vi r-q in miqnrt is <%x<‘i+ ed to fields below 
Bcl(T). Aft.rr ii largr’field sweep, however, fluxoids 
rem.~ I n trapped in the superconductor and the Mcissner 
p!iar;c~ i ;: st.ri)nyly suppressed except in a lin:t c,d r-w? ioil 
of the coil where the local field is sufficient.ly low. 
This rclyion is too small tc contrihut.e signif'if:i!rit.ly ICI 
the m;lltipole fields. 

The HERA dipoles from the Iwo vendors ABE (Germany) 
and Ansa?do/Zanon (Italy) have only sllght.ly different. 
pcrslstent. current multipoles, alt.hough they are made 
from different supercon&Jctors . In the German maqr.ets, 
AEB conductor with filaments of 14 w diameter is used 
and the average sextupole at injection energy is b3 = 
(-35.7~1.2) E-4. In the Italian magnets, made from LMl 
r:civ~u::t:,r wi:li 10 pm filaments, bj -. (-36.7t1.6) E-4. 
The product. of filament. diamet.er and critical current 
density is nearly the same for both cnnductors and so 
RI<: t.tx magnet iaaltion effects. 

To irxcstiqate the influence of temperature on the 
niayncl izat- iorn curt-ent s, a dipole magnet was cooled with 
Vw-p)-:a::e forced-flow helium in the tenperature rarwc of 
4.4 K t:o h.4 K. As can he see” in Fig. 3, a clear 
t.c?rryc~rature dependence of- the sextupole hyst crw i:: i :: 
observed. in the IIERA accelerator the temprrafuri? 
around t-he ring is expected to \iary by at. m:.x;1 0.7 K. 
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F1g. 2: 
The averaged I?-pale and %O-pole coefficients from 136 
quadrupoles. 

The result irig sext upole ~~nriations are therefore- iibout 
il 1 h-r, <It t tl;* IIlJPC:* 101, P!>C+rl]y. 

Magnet iz2tion Effect.s of Car:-ect inn Co i 1 s ____. ..-- 

The beam IJ’~F:, correct ion coils necred inside the 
mnir: d ipr1le roll c~c~nr?ratP prrr; i:,tnn+ current effecrs in 
t w:! ways. k’il-s tly , t.hiBy ,4ct a:; pus:: ivr all;.~rconducror!;, 
i .e. any i:han;>e in the main d~polc field induces eddy 
“llrrf~r1l.i: i li I i:o : ilame:lts whist, irlflucnco the field at 
the protnn ‘CPRIP. Secondly, wi-er the correct ior. coils 
iii-i, ctxc: i I ~213 I t c-a i *. c,i.cter fl-l d i titilic:~~i: !wiiJ:lL:t i 7.at ioil 
currt~r~t :; III 1 kc: iilments ot 1 he main d ipc::r coi 1 which 
hnv~ t 11 :-~myct 6’ wi;h t ir al rw~dy vxi fit ing per-siz:trilt 
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F’icj. I: 
i:, :c:l i;p,; i’ t1y.:: l’r,.:; I :; / I f:!iPii iii}at;ii, n.lgri~! wit11 ,.Ml 
r~.jnduc 0:. f-of- Iii ff vrr.rlt t emperaiuws. The c~:rve:; RI’<’ 
i~y~~b;il I : i’ !: Ii) th:? :!ir~xilrc~d da1 R point F. 

CUL‘EI~~S in tiik,i;o f I I iimer:l :i. 
The “pa:;!; iv,? ;i~~c?rr:xiuuc:t oz-” aspcict can bt~ :;t udit,d 

~xperimentsl ly F; i IIZP 1-te qx.adrupole and sext.upole 
correc: iorl coil:; ccv~r ucly Iwo thirds of t:he main 
dipole c0i 1 . T.? F:g. 4 we have plotted the difference 
of tho scxtupole comporents measured inside and outside 
1.11~ correct ion co1 is (et zex correction coil current) 
and similarj ly fcr t-be decapole. Good agreement is 
observed bet wcen the data and model calculations. It is 
interesting to nct.e that the quadrupole windings 
cont ribut.c to the sextcpole field and the sextupole 
windings t.o the drcapole. 

Marc compl iceted are the persistent. currents in the 
main dipole co11 which are induced by current changes 
ir1 the (luadrupc!e or sext.upole correction coils. Large 
field distortlcns at the injection energy may result if 
the current in the c:irrection elements is raised to 
unreasonably high values. The quadrupole correctors 
sllii’t. the tune of the machine at 300 ,GeV by 2 units 
with a correction coil current of 33 A. The chromati- 
city correction at this energy requires a sextupole 
current of 40 A. At the injection energy of 40 GeV the 
currents needed irl the correction ~011s are below 4 A. 
The multlpcle components resulting from a correction 
current vari at ior. of 4 A have been measured and are all 
below 1. ~-4 ar.d thus rather modest. 

Moreover, it- should be noted that during the proton 
~XWII i:lJiyct i.)n ml;<: I l- smaller- variatlsns of Ihe 
correction coil current-s are needed to control the 
working point and the chromaticity of the machine and 
1.0 accomdotc for the time dependence of the persistent. 
cirrrent .?ffvcts. When t.he protons are accelerated the 
cnrrxzt. ior) c:i:rrents BTP raised in proportion tc the 
main currcrt , tul the multi;o!e coefficients induced by 
the increasing correctjon fields remain small since the 
min dipole j irld i:; also> increasing. At large fields 
they become totally negligiS:e since the critical 
run-rent. dens i i-y i :; dt-opp; ng rapidly there. 

Ilnncceptnble field distort ior.s may result., hcstievl:r, 
if accidentally the corrf”:ti~n rl?ilr should have been 
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Fig. 4: 
Sextupole and decapolt? components generated by 
persistent currents in the beam pipe correction coils 
a s a function of the dipole current. Shown are data 
from a singls mqnet (RL 53'1) and the averace values 
with runs variations f-ram 315 dipoles. The ramp 
direction of the main dipole current is ir.dicated by 
arraws. (the correction coil current is zero in these 
rreosurements). 

excited to currents much larger ttan 4 A while the main 
magnets are close to the injcct.ion field or if, after a 
luminosity run ai. 800 GeV, the main current and the 
correction coil currents are not ramped down 
simultaneously. 

Forturlat.el y, these field distortions can be 
completely extinguished by performing an extra current 
cycle 250 A -> 2000 A -> 50 A -> 250 A in the main 
mag:lets as has been verified experimentally. 

Conclusions 

The field distortions from magnetization currenis 
have been measured for the majority of the HERA magnets 
and are found to be in excellent agreement with model 
calculations. The correction coils inside the main 
dipole coil modify the sextupole and decapole 
components. Current changes in these coils have only a 
small effect on the magnetization of the main dipole 
coil provided the correction currents are limited to 
the allowed range. Stronger persistent currents, which 
may be induced by large accidental excitations of the 
correction coils, can be eliminated by an extra current 
cycle in t-he inain coil. The HERA control system will 
include energy dependent Limits for the correction coil 
currents Lo prevent such excitatior;s. 
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