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Abttr"ICt 

Dal.I on the per111tent current re1ld~l tlelda 
1n T1v1tron dipole• and q1"1drupol11 are pre11nt1d. 
Tht d1t.. .,., co.pared t.o the doublet theory or 
per111t1nt current r11ldJ, and All 11tl .. tt 11 ll•tn 
ror the •ultlpole tlelela ••Ptctlld in thl 
Superconductlnc Super Collld1r (SSC) d1pol1 propoeed 
bJ Ftr"'9ll1b. 

Introduction 

The .. 1netl11tlon that 11 1en1rated bJ eurrenta 
due to the Meisner effect ln tJpe II auperconduct1na 
r11aa1nts haa been exper1•tntallJ Observed tn .. n, 
accelerator and beast line .a1nets 1

•••
1 and a doublet 

theorJ has been developed that accounts ror the croea 
features of the resultant persistent current fields.• 
The dipole and sextupole fields, ror 3 ln. to 5 
ln. bore diameter dipoles at a reference radius of 
213 the aperture, are typically or the order ot 10 
1auss. A persistent dipole field of this magnt tude 
ts not a pr"oblem ror accelerator performance alnce it 
does not a!tect the aachine's dyn.aa1c aperture. 
However, the effect or the persistent aextupole field 
is to produce disastrous chrcoatic aberrations at low 
aagnet exc1tat1on (injection. ror example) that auat 
be corr"ected lf tile accelerator le to perform over a 
lar1e dy~1c range, aay 20 to 1, aa anticipated ln 
the SSC reference design.• A.lthough there may be 
etr111httorvard vars to coepenaat.e the unvanted 
aextupole and higher -.i.ltlpoles v1th 1nd1•1dual 
.. gnet correction coils it aay be possible to improve 
on t.he fundamental dipole design and incorporate the 
corrections 1n the aagnet at the construction staae. 
This later possibility vill require a thorough 
W1d•rst.and1ng or the mechanism whereby persistent 
fields are generated. It ta tn this aptrtt that the 
cs.ta and calculation.! on ferw1llab Tevatron aa.gnets 
are presented. 

y 

IC 

Figure 1 Superconducting fila.eent ot diaaeter D in an 
external .agnetlc field 8. The center ot the 
tllaaent 19 located It I Ind the field point is z. 
The induced current ele&enu I• and I- are aeparated 
by distance d. The angle a subtends t.he line between 
the centers or induced current and the z uis. 
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r11ur• 1 1howe • auparconducttnc fll ... nt in an 
aatarnal field and the Melantr tttect induced 
par1i1tant (ahtaldlftl) ourrenta that &i•• rt•• to t.hl 
raaldual tlald. Aa d1acuaaed ln tht papera bJ 
Gr1an 1 • •, the oc::.plax tlald I' • I' + ii',••?•• at 
the otiaervatlon point z, due to a t11l..nt It zc 11: 

•• + 11' 
J I 

-p Tito · 2Tr~ .. z >' • 
( 1 ) 

The doublet atrancth, r, la the averace l d Mh1r1 d 
le the d1atance between the poa1t1ve and ne11t1ve 
current el~nta end I la the lntesrated current 
densities J over the recton or penetratton. The 
~alue or r depends en the prevtoua aa1nettc hlatory 
or the auperconductor, filament di .. eter D, and the 
critical CUr"rent density J (8) at the local fil .. ent 
11te. The angle a la pirpend1cul~r t.o the B t1eld 
that la external to the f11 .. ent and &1Yes the 
or!ent•tion of the current doublet. 

To tlnd the persistent current eulttpole 91:9ents 
tor .. gneta with dipole a)'1111tetry, 1.e., J(-1) • 
-J(~). the expression 11ven &bove la ~panded In 
povera or z/zc and integrated: 

b~ • .,c:•1 
> fr'(D,J0,J.> ·~n-2eoa[Cn•2Jt0-o)dA, (2) 

v1th n•0,2,-. tor dipole, sextupole, decapole noraal 
-=eents. For quadrupole aagneta there ta an 
analogous eipresston. The persistent current field 
ta expressed in the pover aeries: 

8' + iB' • I c' z"; c' • b' + ta• 
y x n-On n n n 

(3) 

and z x + 17. For dipole ar-try all the 
peralatent 9'cev 9Cllents, a•, Yaniah. It 1 tor 
era.mple, the top and bottBia dipole coll• are ude 
trcm superconductor Whose J •• 8 curves are 
different, then persistent cfirrent akev maeents aay 
appear in measured data. The tactor r' la fp vhere p 
1• the area density or til1.11enta. r• also includes a 
factor t.hat account.a tor the transport current 
denatt7. Jt. For the aiaplitted aodel ln Figure 1, 

Here € la the doublet atrenath factor vhlch depends 
on the depth or penetration ot the persistent 
currents vithin the tlla.ment. For a fully penetrated 
filament the llOdel of M.A. Creen llTea € 0.-23.• 
The critical current density J , the coil packing 
factor a. 1.e. the traction ot £be area thlit ta 
Htallic, and the ara ratio ot copper to 
superconductor, a, also appear ln the ezpreaalOl:I for 
T'. It Should be noted that, other factors being 
equal, the persistent current tlelda are proport1onal 
to the filament dlaJteter, D. In ccaparlna persistent 
fields 1enerated in magnets with a1•1lar 1ec.et1"7 but 
different fllaaent alze the paraaeter, €, that 
dtacrtbel the e1tent or penetr1tlon •uat be known. 
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••• :S. ?~ cm '·" 
Figure 2 Tevatron dipole coil cros~ section and 
aaanetlc rield. 

Th1e la partlcularly ~rue in the low current region 
vhere the filaments are not fully penetrated by the 
shielding currents. A.n estimate or ~he pen!tratlon 
depth, 6, ls obtained by applying t X I • µ• J at the 
edge or a filament. The change in 8 necessary to 
achieve full penetration ls round rroa a • 68/p•Jc. 
For J or 12 a 10 1 A/•1 and filaments or 10~. a flux 
changi of about 1kG la aufflctent to saturate the 
fllaeents vith ahleldlna current. 

To calculate the persistent fields a transport 
current 11agnetlc field eap la generated with one or 
the standard field calculation progra.as. As an 
exaaple the Tevatron dipole winding and field are 
ahovn tn Figure 2. When the rteld la known lnalde 

!!: t:!"~~~g~:~ ;~1::.~~o~c{;)d :ancan bebe ::;~:!~~~ 
The critical currenl cieru!o.ity, J , ror NbT1 as a 
function or 8 ls g1~en in the papeF ot Green.• It 
ehould be noted that there can be corui.iderable 
Y&riation in J vhlch in turn lead.& t.o uncertainty in 
calculated ristdual field!l especially at low 
currents. 

Data 

Measurement Technique 

The data on persistent fields ha.Ye been obtained 
by integrating the output •olta.ge or a rotatable flat 
.ea:iurtng coil designed speciflcallJ tor accurate 
iaea..surement or the sult1pole tlelda or Tevatron 
dipoles and quad.rupoles. • The •asurlng coils are 
fabricated with bucking coils so that the dominant 
rtelds are reduced to the point where the other 
•ultJpole~ can be ea:iily mea~ured. Fourier analysis 
ot the resultant aignal, along vlth the known 
&e09etry of the •easuring coila, 7lelds the •arlous 
bar90nlc coetrlcienta in the multipole e:ipansion 

8 • 18 • a. I c z" c0 • b0 • l•n 
1 x n•O n 

vhere b • a are suas ot contrlbutlona from the 
tran:sporf curPent and the persistent current~ These 
coefficients are reported at a reference radius or 1 

ln. ln atand1rd wnita. Vhtirt 1 1tandard Mnlt 11 
obtained bJ 1uppre•a-tna a factor ot 10-- and I, 11 
tile .. 1. r1010 (tho tlpol• r1110 ror tlpoloo ... tllt 
4uadrupole field tor quadrupole -.,net1). Th11 
techntq111 obtal,. ooerr1c11nt• '° 111 •IH1oluta 
aoourao1 or o.~ unit and t.o a roelatl•e aOC\r&CJ ot 
0.1 unit tor ... ,w-.. nt.1 •di aeq...entlallJ •t 
dltfer•nt .. ,net ezcltetlona. In Te•atron ....-ieta 
\.here la al90at no •ar11tlon In b • • with ...,,.t 
ezcltatlon aacrlbable t.o iron .. tura!ion"ln UM Joie• 
or ooll detorution, and .,. 1nt.erprel. ob••rwed 
•a.r1at1on ln bn to bl due t.o •ar1at1on ln b~. 

lot onlJ auat a re111ble .. aeur.-ent ot the 
bar90nlc coeponent1 or t.he aacnetlc field be .. de. 
but alM> the power auppl7 U\at pro•1dea the tranaport 
current .at male:• tranaJtlona from one current lt••l 
to the next vi thout 0•1r1hoot(underah00t) u the 
current 11 increaaed(d1cr1a11d). The latter 11 
•••entlal b1c1uae of the b7ateret1c behavior or the 
auperconductor aa the data presented here vlll lhov. 

Quadrupole ~ 

Ficure 3 lhovs the 12-pole .oment, t,. 
hyetereals curves tor tvo Tevatron quadrupoles vith 
the aame 1eoeetrlcal crosa-aectiona but different 
filament aize vJre. The data tor the standard 
quadrupole (-9um fJlamenta) are labeled TQ122t vhJle 
the other aet ta obl.•.in.::J tr·uu. 111~.:1.:u,,rt:.a.enLs 01. i. low 
beta insertion quadrupole Ql-02 (•l9wa filaments). 
The ratios or the •easured differences 
R._· 6b 1 (atd cable)/Ab1 (lov beta cable) at 300, •oo, 
Sou and 600A are 0.36, 0,39, 0.37, and o.-o, 
respectively. The averaae of these Yalue5 is 0.38. 
To compare these resulta with the prediction or the 
perai1tent current theory we note that expressions 
(2) and {-) differ only ln the rector cD/{1•a) tor 
aagnets vlth identical ge09etry but different v1re. 

I 
-<>-"TQl!e2C(9,."'-f;L) I 

QUIEUCM BE~OlltE J..40 
OA'Tllli I 

I 
I 

0~000.-.. ..... 0 ...... oo" t"'90 
I 
I 

~C"E"SING J 

I C:UR•EU"T Teo 
• I 
\ I 
• ----- }to 
\ eoo soo ~ soo 1 
\ C'""'Aet.J"T(") I 

--+-·,-~---~----t--- .... -=--~o 
--- I ....._...,-• I 

.. '~.,,. I 
• t-•o 

II" INCREA~>JG I 
./ ci.--t=1te:W"T I 
/ t·20 

f --•--Ql"I02 (19'-""f;L) : 
QUE'WC:M B'E.~QlllE t>A'TA. t--'90 

---·-Qt4'02 t 
o-1toooA.-C•~ I 

T"~ 
I 
I 

Figure 3 Tevatron quadrupole 12 pole aoeent b• YS 
current. The scales on the left and rlsht refer t.o 
the standard quadrupole TQ122D(9µm f1luents) and the 
lov beta insertion quadrupole Q1-02(19um filaments), 
respect! vel7. 
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Jf , 1• aa•...,.d Lo lt• th• NIM for beth •1Mtt and 
l.M q.,..nt.lt.J (1 •1} oan be reeaat ln teru of \he 
nl.lllber of fll ... nt.1 and their croaa .. ctlonal araaa, 
then .. ottt.aln the t.Mor'•t.lcal rat.lo 

2050 D'(otO Olblt) 1 th• S10 61(1ov bet.a 01bl1) 

The n~r of fll ... nta ln the atandard and low t>eta 
•trand• 1•, "apectl'f•lJ, 2050 and 510. The 
t2'e0r'•tlcal r1t10 with thti noetnal r11 .. 1nt dt ... t.er1 
or 1.7 ano 19.3 .. 11 0.37 Wlllch 11 In 100<1 .. ct ... nt 
with the aeuured daU. Coap1rtaon or the 12 pole 
h7•t•r••1• dat.a and a theoretical calculatlon tor 9"81 
r11 ... nt.a ahova ..,. .... nt at the 15 to 201 l•••l. 
ror nuple, at 300A tht •aaurtd and calculated 
•aluem ot 9j are -0.861 and ·1.031, r11pect.1Ttlf. 
TM calculat.Sona alao lndlcat.1 that tor the current 
r111on Ibo•• 300A one need not vorr1 about the 
relat1•e penetration ln the t.vo dltftrtnt cablea, 
i.e. the ratio of 12 pole ~nta troe quad• built 
with the two different filament aiie cablee need1 t.o 
be corrected b1 ltsa than 10' in the 300 t.o 6001 
region. 
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Flaure - lormal sextupole 90illent b1 •a. current tor 
Te•atron dipole TB1159. 

In the routine aeasurements or Te'fatron dipoles 
and qu.adrupoles, haraonic data were not u.suallJ taken 
tor currents below 660A vhich corresponc1B t.o the 
1nJect1on t1eld tcr the Tevatron. Recently a tew 
d1polea ha'fe been measured to determine the current 
dependence or the residual r1elc1B. Figure - ahowa 
the •artation with current ot the normal sextupole 
mo.ent, bs• tor the central longitudinal portion or 
TB1159 Which had been quenched before the diaplaye<i 
datai were taken. Each point on the graph va.s 
obtained with the aa.gnet current held constant while 
the meu.urlng probe vaa slowly rotated t.o obtain the 
•U:lttpole data. l negative 9extupole .oment va..s 
obser•ed at low ~citation, which then increased as 
the ugnet current va.s increased. It llOOOJ the 
ourrent va.s reTeraed (do'ol?l ramp) and data vere aa;ain 
accumulated. The difference, Aba ba(down rasp) 
-b 1 (up raap) at a fixed current, depends on the 
product J D. Thus, the larse •alue or Abs at low 
current ii prlaarllJ due to the lncreaaed 'l'alue or J 
u, B, the tleld in the winding, la decreased. rof. 
.a&net TBt159, Ab 3 at 1000A ts 5 unite. A hietograa 
ot 6ba at 660A tor Tevatron dipoles ahovs an ,._, 

Yarlatlon 
Yarlatlon 
OOMlatent 
st••. 

or 
In 

with 

about '9'1~ Thil repreaent.• 
aanUtatturt of the wire 

the .. atured llbort 11ea1>l• 

.... J 

""° 1i 
data at 

TM a119ptotic T&lut of th• norul M1t.upolt 
-=-ent, '•• for Tl11S9 la 13.1 unlta, llltlloh 11 cloae 
to the •••raa• of 13.11 un1t1 tor u.e oenter portion 
or Tnatron 4ipo111. The central 13.11 untta are U:.Md 
to )Alano• the necatl•• .... tupol• c•n•rated ,7 th• 
enda or th• v1nd1nc. To find th• ptr1i1tent. curregt 
.. 1tupole Sn 1au11, we oaleul•t• •• • '• r 1 (bs -b1 ) 

1t r 1 1n. The curr•nt dependence ot •• 11 
1nd1Cltld in F1sure 5, Data from tvo ditt1rent up 
raapa •how • one 11u11 <11rrerence at 80A dtpendinc on 
whether the aaanet !\al been quenched before the d1t1 
ver1 taken. The 111tupole fltld at 2201 11 -6 1au1a 
at 1 Sn. A calculation or the expected peralst.ent 
current aextupolt tield ii alao 11wen. Althou.sh the 
theoretical curve 1• not 1 100d rit to the data, the 
level or per111t1nt field 11 correct ln the r111on ot 
1ntereat and 11ve1 contldence that different dipole 
1et8etr11s, 1uch aa those of interest tor the SSC, 
can be reasonably reckoned. 
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Figure 5 Current dependence of the Tevatron dipole 
persistent aextupole rield at r•1 ln. The aextupole 
moment due to the geometric placement or conductor 
ha.a been subtracted from the aeasured data to yield 
the plotted points. See te1t. 

Figure 6 ahovs the average norcal decapole ~ent 
data with 1ncreas1ng current tor dipoles TB0-59 and 
TB1159. D11played in the inset la the nor-aal 
decapole field Sn gauss. The expected theoretical 
curwe ls also shown. lote that the decapole field 
drops orr •uch 90re rapidly than the sextupole field. 
Aca1n the shape or the theoretical cur~e le not a 
100<1 representation or the data, but the sign and 
aagnttude (+1 aaua~) or the calculation agree vell 
with the measured data. 

The persistent current also 1enerates a dipole 
field that 1a predicted to be -5 gauss at 3001 ror 
increasing current, while the value after an up and 
down cycle ending at zero current la predicted to be 
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about 1 pia.1. ly cycl1n1 th• M&net anG t.htn 
••••urine tl\e dipole tltld art.er the pover •upply h•• 
been 8hut dovn. the realdual dipole can be .. aeurtd. 
Cart •u•t be taken to alao d1t1r11ln1 the rltld due to 
th• tron JOk• t.h•t .1urround1 the or701tat. To 
••••ur• the r ... ~nt Iron field, lt 11 neee1.1ary to 
annlh1late the aupereonduct1ns per111tent current• by 
varalnc the euperconouctor tither ( 1) by quenchtnc 
th• .. cnet on a .. cono r .. p that rollova the re•ldual 
r1110 Maeur ... nt, or (2) by r1ov1nc var11 1•• throu1h 
the .. cnet until lt• t ... peratw-• 11 above 10K. loth 
aethOd• 11110 6t0.5 11u11 tor the lron tleld; and 
vhen thla la aubtracted frOll the rt•ldual tleld, the 
r11ult le 6.9 and 7.1 1aua1 for the peralatent dipole 
fields in .. 1net1 T80-09 and TB11S9, reapecttvely. 
Current dependent 11eaaur1•enta have alao been made 
vlth an JIHR probe that haa the 11n.altlYlty to •••aure 
absolute flelda t.o better than 1 1auaa. By 
aubtractlnc the up and dovn ramp HKR Clata at lOOOA a 
difference or -14 caua& la obtained aa anticipated. 
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Figure 6 Dipole magnet persistent decapole moment b~ 
vs. current. The inset &hows the decapole t1eld in 
gauss and the theoretical prediction (dashed curve). 

Transition f!!!:!!! 

Figure 7a shows some sextupole mo.ent data from 
TB0•09 taken in a manner aimllar to TB1159 data shown 
in Figure -· .llao shown is the hysteresis that 
results when the down ramp ts halted at 400A and the 
current la reversed. Such a trarus1tlon shows that 
after a 61 ot 3001.. when the current i:s 7DOA. the 
filaments are saturated with the reverse persistent 
current and the persistent sextupole field ls nearly 
the Salle ~when the wlndln& was excited without 
previous magnetic history. Similar data obtained 
after a different current reversal point, e.g. 
1000A. show similar behavior. 

Ir Ab; ts the difference between the down ramp 
da(a and the transition curve, then the quantity 
Ab 1 /4b 1 le a normaltzed measure ot filament 
penetration since Ab 2 measures cJ and Ab 1 is 
proportional to J ; see equations c{2} and {-). 
Tra~ition curle dSta from Figure 7a !s replotted in 
Figure 7b as Ab 2 /Ab 2 versus Al • !(current reversal} 
-I. Figure 7b also shows the nor10allzed filament 
penetration versus a scaled Al ror the 1000A 
transition curve: Previously it was indicated that ~ 

is approzimately equal to t.Bl~,Jc; and since t.B ts 

proportional to ll. the Yn1••r••l1tJ or tranaltlon 
c~r••• can be .. asurtd by aca11n1 61 vlth J • Since 
the ••1ra11 •alu• of J 11 2SS hllh•r ln tRe •ooA 
reclon than ln the c,OOOA to 1200A r•cton, th• 
noraal 1&td tranat tlor'" Cur•t data vl th current 
rt•tr1al at 1000A art plotted acalnat 4?•1.2s. The 
u.nl•er1alltJ or .tra.n11tton our••• 11 clearl1 
1ncs1c1ted. 

(a.) 
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Figure 7(a) TB0-09 noraal sextupole 110111ent, b2 , 

vs. current; the tran.altion curve shows how b 2 
changes when the down rUIP la halted at -ODA and the 
current ia reyeraed. (b) Yarlatlon or the scaled b2 
?e. scaled current. Sealed data frOll two transition 
curves are plotted. 

The proposed 2 in. diameter aperture Fermilab 
version or the SSC dipole has a two shell coil with 
wedges 1n the coll winding to provide field shaping. 
The inner shell conduct.or cable ls made from 0.030 
in. diameter strands containing 710 Nb~7.5ST1 
filaments or diameter 16.Sµm. While the proposed 
outer shell has aomevhat lea& superconductor, 
calculations on persistent fields have asswmDed the 
.same conductor ln both shells. The current 
dependence or the persistent dipole, sextupole, and 
decapole is expected to be very similar to the 
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aeaaured data Juat d1acu1aed. A computer calcul1t1on 
11ve1 the follovtn1 f1elda (8~, Bi, 8~) at 51, 101, 
and 151 or full fle.ld (5Tl and at 1 reference r1dlu1 
or 2/3 th• apertures (-10.51. -10.3,, 1.61), (-9.21. 
-9.21, 0.91>. and (-8.11. -8.11, 0.71), reepect1••ly. 
Th••• rtelda can be halved by ua1ft1 111aller 
rtlamenta, but even then there will need to be 
pera1stent current fleld oorrectlon el ... nts unle11 
steps are taken at the .. ,net d•s11n level to reduce 
th••• tlelde. Two possible teh ... 1 Uliftl, (1) 
filament a1zt var1at1on 1n the vindlftl or (bl use or 
passive 1up1rconductor, hive been auggeated as w1y1 
to 1et around thia problem. 11 
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