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Persistent Current Flelds in Tersilab Tevatron Magnats

5. C. Brown, M. L. Tisk, and N. Hanft

Ferailab National Accelerator Laboratory®
P.0. Box 500
Batavig, lllincie 60510

Abstract

Data on the persistent current residual flelds
in Tevatron dipoles and quadrupoles are pressnted.
The data are compared (o the doublet theory of
persistent current flelds and an estimate is given
for the wmultipole flelds sxpectsd (n the
Superconductling Super Colllder (8SC) dlipole proposed
by Teraillad.

Introduction

The magnetization that is generated by currents
due to the Meisner effsct in type II superconducting
filaments has Deen experimentally observed {n many
accelerator and bear line magneis''**® and a doublet
theory has been developed that accounts for the gross
features of the reaultant persistent current fields,®
The dipole and asextupole flelds, for 31 In. to 5
in. bore diameter dipoles at & reference radius of
2/3 the aperture, are typically of the order of 10
gauss, A peraistent dipcle field of this magnitude
{3 not a problem for accelerator performance aince it
does not affect the machine's dynamic aperture.
However, the effect of the peraistent sextupole fleld
is to produce disastrous chromatic aberrations at low
magnet exclitaticn (injection, for example) that must
be corrected 1f the accelerator is to perform over a
large dynamic range, say 20 to 1, as anticipated in
the SSC reference deaign.' Although there may be
stralghtforward ways to compensate the unwanted
sextupcle and higher multipoles with indlvidual
sagnet correction coils it may be possidle to improve
on the fundamental dipole design and i{ncorporate the
corrections in the magnet at the construction stage.
This later posaibility will require a thorough
understanding of the wmechanism whereby persalistent
fields are generated. 1t 1s in this spirit that the
data and calculatlons on Fermilab Tevatron sagnets
are presented. B
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Figure 1 Superconducting filasent of diameter P in an
sxternal sagnetic field B, The center of the
filament {8 located at z_ and the field point 1s z.
The induced current elefents 1+ and I- are separated
by distance d. The angle a subtends the line between
the centers of induced current and the x axis.
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Theory
Figure 1 shows & supsrconducting filament 1in an
sxternal fleld and the Meisner effect induced

persistent (shislding) ourrsnts that givs riss to the
residual flald. As discussed 1in the papars by
Green''", the ocomplex field Bf = B + (B! $07r8 4
the observation point z, due to a ril‘lent lt :c ta:

{a
= Te
a; * 15; * 21!:-:05' "

The doublet strength, I, ia the average 1 d where ¢
is the distance Dbetween the positive and negative
current elen;ntn and I 1s the integrated current
densities J over the reglon of penetration. The
value of ' depends on the previous magnetic history
of the superconductor, filament diameter D, and the
critical current density J (B) at the local filament
site. The angle a is pSrpend!cullr to the B field
that 13 external to the fllament and gives the
orientation of the current doublet.

(1)

To find the persistent current sultipole moments
for wmagnets with dipole asymmetry, f.e., J(-z2) =
-J{z)}, the expression glven above i3 expanded 1Iin
pewera of z/zc and lntegrated:

¢ o palne)) ' -n-2 i
bn > fr'(D'Jc'Jt) o cog[(na-z).c aldh, {2)

with n=0,2,8, for dipole, sextupole, decapole normal
BOments. For quadrupole maghets there is an
analogous expresaion. The persistent current fleld
is expressed in the power series:

n

ielo-

B + 1IB' =
y X n

Ic"az

b! + la?
=0 n n

(3)

ard z = x + 1y, For dipole symmetry all the
peraistent skew mcments, a', vanish. 1f, for
example, the top and bottdm dipole colls are made
from superconductor whose J_ va B curves are
different, then persistent eﬁrrent skew mosents Ray
appear in weasured data. The factor I'* la I'p where
18 the area density of filaments., I' also Includes a
factor that accounts for the transport current
density, J_ . For the simplified model in Figure 1,

v
2e D J (B =J _/J (B
o € e( n t Jc( 1l )
{1+5) -
Here ¢ Is the doublet atrength factor which depends

on the depth of penetration of the persistent
currents within the filament. For a fully penetrated
filament the model of M. A, Green gives ¢ =+ 0.X%23.°
The critical current density J , the coil packing
factor g, l.e., the fraction of e arep that 1is
wetallic, and the area ratic of copper to
superconductor, 8, alsc appear in the expression for
r‘. It should be noted that, other factors being
squal, the persistent current fields are proportional
to the filament dismeter, D. In comparing persistent
flelds generated in magnets with similar geometry but
different filament slize the paraveter, ¢, that
déscribes the extent of penetration must be kpown.
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Figure 2 Tevatron
magnetic field.

dipole c¢oll croas Bsection and

This ia particularly true in the low current reglon
where the filaments are not fully penetrated by the
shielding currents. An estlmate of §he penetration
depth, 4, 1s obtained by applylng x8- Me at the
edge of a filament. The change in P necessary to
achieve full penetration is found from & = 4B/u,J_.
for J_ of 12 x 10" A/m? and filaments of 10um, a fifix
eh.mgi of about tkG 1s sufficient to saturate the
filaments with ahlelding current.

To calculate the persistent flelds a tranaport
current magnetic fileld map 1s generated with one of
the standard fleld calculation programs, As an
sxample the Tevatron dipole winding and fleld are
shown in Figure 2. When the field 1is known inside
the winding the values of J and o can be determined
and the integral in equation {2} can be performed.
The critical o¢urrent density, J_, for NbTi as a
function of B {s given In the paper of Green.' It
should be noted that there can be considerable
variation in J_ which in turn leads to uncertainty in
calculated r&sidual flelds especlally at low
currents.

Data

Measurement Technlque

The data on persistent fields have been cbtained
by integrating the output voltage of a rotatable flat
measuring coil designed specifically for accurate
measurepent of the wmultipole fields of Tevatron
dipoles and quadrupoles.® The measurlng coils are
fabricated with bucking coils so that the dominant
flelds are reduced to the point where the other
multipoles can be easily measured. Fourler analyais
of the resultant signal, along with the Kknown
geometry of the measuring coils, ylelds the various
narmonlc coefficlents in the multlipole expansion

n’ouax-a.Ic

n
z ;e _=b_ +*1a
=0 n n n

n

vhere b , a are sums of contributlons from the
trnnsporg curpent and the persistent current. Theae
coefficients are reported at a reference radius of 1

[ Y

in. in standard units. wvhere & standard unit is
obtained by auppressing a factor of 10-° and 8, fi»
the main fie)d (the dlpole fleld for dipoles or the
quadrupole fiesld for quadrupole Bagnats). nis
tschnique obtaine ocefficients 6 an absoluts
acouracy of 0.5 unit and to & relstive accuracy of
0.1  unit for weasuresents sade aequantially at
differsnt magnet sxcitations. In Tevatron magnets
thers 1s alsost no varlation in b, 8 with magnet
sxcitation ascribable to iron uwuelon in the yoks
or ooll deformation, and we Interprel observed
variation in bn to be due to variation in b;.

Wot only must & relisble seasurement of the
harsonic componsnts of the sagnetic fleld be made,
but also the power supply that provides the transport
current Bsust make transitions from one current levael
to the next without overshoot{undarshoot) as the
eurrent is increased{decrsased). The latter 1i»
essential because of the hysteratic behavior of the
superconductor as the data prapented here will show.

Quadrupole Data

Figure 3 shows the 12-pole moment, b,,
hysteresls curves Tor two Tevatron quadrupoles with
the same geometrical cross-sections but different
filament Bajze wire, The data for the standard
quadrupole (-Sum fllamenta) are labeled TQ1220F while
the other set is oblained frow weasurcoents on a low
beta Insertion quadrupele Q1402 (~19um filaments).
The ratios of the measured differences
R« 4b,(std cable}/ab,{1low beta cable) at 300, 400,
s80 ane 600A are 0.36, 0.39, 0.37, and O0.%,
respectively. The average of these values 13 0.38,
To cowpare these results with the prediction of the
persistent current theory we note that expressions
(2} and (&) aiffer only in the factor eD/{1+3) for
magnets with identical gecaetry but different wire.
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Figure 3 Tevatron quadrupole 12 pole moment b, vs

current, The acales on the left and right refer to
the standard quadrupole TQ122D{%um filaments) and the

low beta insertion quadrupole QIN02(19um filaments),
respectively.

-2-



It ¢ 1s assumed to be the same for both aagnets
the quantity {i+s) can bs recast In terss of the
nusber of filamants anc their crosa sectional arsas,
than we obtain the theorstiocal ratio

and

. 2050 D>(std cable)
th 510 D% (low bela cable)

The number of filasents 1n the standard and low beta
strands is, respectively, 2050 an¢ 510. The
theorstical ratic with the nominal filament diasetera
of 8.7 and 19.3 um is 0.37 which 1ls in good agreesant
with the measured data. Coaparison of the 12 pole
hysteresis dats and a theorstical calgulation for 9um
filaments shows agressant at the 15 to 208 lsvel,
Por example, at 300A the measured and calculated
valuss of B} are -0.86g and -1.03g, respectively.
The calculstions also indlcats that for the current
region above 300A one need not worry about the
relstive penetration in the two different cables,
1.8. the ratio of 12 pole moments from quada bullt
with the two different filament size cables nesds to
be corrected by less than 105 in the 300 to 600A
region.
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Figure 4 Normal sextupole moment b,
Tevatron dipols TB1150.

vs. current for

Dipole Data

In the routine measurements of Tevatron dipoles
and quadrupoles, harsonic data were not usually taken
for currents below 660R which corresponds to the
injection field for the Tevatron. Recently a faw
dipoles have been measured to determine the current
dependence of the reslidual flelds. Figure % shows
the variation with current of the normal saxtiupole
moment, b,, for the central longitudinal portion of
TB1159 uhich had been quenched before the displayed
data were taken. Each peint on the graph was
obtained with the magnet current held constant while
the measuring probe vas slowly rotated to obtain the
Bultipole data. A negative sextupole moment was
observed at low excitation, which then lncreased as
the magnet current was increased. At A000A the
current was reversed (down rasp) and data were again
accumulated. The difference, Ab, b,{down rasmp)
~b,(up ramp) at a fiyxed current, depends on the
product J_D. Thus, the large value of &b, at low
current 18 primarily due to the increased value of J
as, B, the rleld in the winding, 1a decreased. | 4
magnet TB1159, Ab, at 1000A is § units., A histogram
of Ab, at 660A for Tevatron dipoles shows &an rms
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variation of sbout 193, Thia represents the J
varistion In  asanifatture of the wire and if
oonalstent with the ssadured short sample dats at
ST, ot

The agysptotic value of the norasl Mextupole
scment, b, for TPI159 s 13.7 units, which is close
to the average of 13.4 unite for the center portion
of Tevatron dipoles. The central 13.0 units are used
to balance the nagative sertupcle genersted by the
ends ©f the winding. To find the persistent currogt
sextupole in gauss, we calculate B} = B, r' (b, -b))
at r = 1 in. The currsnt dependencs of B] 1s
indicated in Pigure 5. Data from two differsnt up
raaps show & one gauss differsnce at 80A depending on
whethar the magnet has bdesn quenched before the data
wers taken., The sextupole field at 220A 1s -6 gauss
at 1 in. A calculation of the expected parsistent
current ssxtupclse field is alsc glven. Although the
theorstical curve is not a good Tit t0 the data, the
level of persistent field is correct in the raglon of
interest and gives confldence that different dipole
geometries, such as those of interest for the SSC,
can be reasonably reckoned.
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Figure 5 Current dependence of the Tevatron dipole
persistent sextupole field at r=1 in. The sextupole
moment due to the gecmetric placement of conductor
has been subtracted from the measured data Lo yield
the plotted points. See text.

Flgure 6 shows the average normal decapole moment
data with increasing current for dipoles TBOASY and
TB1159., Displayed In the inset is the norsal
decapole Tfield in pgauss. The expected theoretical
curve is also shown. HNote that the decapole field
dropa off much more rapidly than the sextupole fleld.
Again the shape of the theoretical ourve I8 not a
good representation of the data, but the aign and
magnitude {+1 gauss)} of the calculation agree well
with the measured data.

The peraistent current alsc generates a dipole
field that 1is predicted to be ~5 gauss at 300A for
increasing current, while the value after an up and
down cycle ending at zero current is predicted to be



sbout T gauss. By cycling the magnet and then
messuring the dipole fleld after the power supply has
been shul down, the residual dipole can be measursd.
Care must be taken to also deteraine the fleld due to
the 1ron yoke that surrounds tLthe goryostat. Te
measurs the resansnt iron fleld, it ia neceasary o
anninilate the superconducting persistent currents by
wvarsing the superconductor either (1) by quenching
the sagnet on & second ramp that follows the residual
field measuresant, or (2) by flovwing warm gas through
the wmagnet until {ts temperature is above 10K. Both
methods yield 6:0.5 gauss for the 1iron [leld: and
when this s subtracted from the residusl fisld, the
rasult is 6.9 and 7.1 gauss for the persistent dipole
flelds {n magnets TBOANDY and TB1159, reapectively.
Current dependent measuresents have alsc been made
with an NMR probe that has the sensitivity to meaaure
absclute flelds to better than 1 gauas. By
subtracting the up and down ramp NMR data at 1000A a
difference of -14 gauss |2 obtained as anticipated.
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Figure 6 Dipole magnet persistent decapole moment b
vs. current., 7The inaet shows the decapole fleld in
gauss and the theoretical prediction {dashed curve).

Transition Curves

Figure 7a shows some sertupole moment data from
TBO4OY9 taken in a manner similar to TB1159 data shown
in Figure 4, Alspo shown is the hysteresis that
results when the down ramp is= halted at 300A and the
current 1s reversed. Such a transition shows that
after a Al of 300A, when the current is TO0OA, the
rilaments are saturated with the reverse persistent
current and the persistent sextupole field is nearly
the same as when the winding was excited without
previous magnetic history, Similar data obtained
after a different current reversal point, e.E.
1000A, show similar behavior,

Ir AbE i2 the difference between the down ramp
da{a and the transition curve, then the gquantity

Ab,7ab, is a  normaljzed measure of fillament
penetration since Ab; measures ¢J and 4Ab, is
proportional to J ; see equations {2} and (&),

Transition curye dSta from Figure 7a 1s replotted in
Figure Tb as Ab,/Ab, versus Al = I{current reversal)
-1. Figure 7Tb also shows the normalized filament
penetration versus a scaled Al for the 10004
transition curve: Previously it was indicated that §
is approximately equal to AB/u.Jci and alnce AB s

proportional to Al, the universality of transition
curves can ba measursd by scaling Al with J_. Since
the average value of J_ is 258 higher In tHe 400A
region than In the C1000A to 1200A reglon, the
norsalized transition curve data with ourrent
reversal at 1000A are plotted againat AI%1.2%, The

univeraslity of transition curves 1s clearly
indicated, )
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Figure 7(a) TBOU0Y normal sextupole moment, b,,

¥3. current; the transition curve shows how Db,
changes when the down ramp Is halted at 400A and the
current 1is reversed. (b) Yariatlon of the scaled b,
¥s. scaled current. Scaled data from twoe transition
curves are plotted,

SSC Pipole

The proposed 2 In. diameter aperture Fermilab
version of the 3SS5C dipole has a two shell coil with
wedgea In the coll winding to provide fleld shaping.
The {nner shell conductor cable 13 made from 0.030

in. diameter strands containing 710  Nb4&7.53Ti
filaments of diameter 16.5um. While the proposed
outer shell has somevhat less superconductor,

calculations on persistent fields have asszummed the
saxe conductor 1in  both  shells. The current
dependence of the peraistent dipole, sextupocle, and
decapole is expected to be very similar to the



measured oata just discussed. A computer calculation
gives the following fields (B, B;, B.) at 5%, 10§,
and 158 of full field (5T) and at s reference radius
of 2/3 the sperture: (-10.5g, =10.3g, 1.6g), (-9.2g,
-9.2g, 0.98), and (-8.1g, -8.1g, 0.7g), respectively,
These fields ocan ©be halved by using smaller
filaments, but even then there will need to be
parsistent current fleld correction elements unless
steps are taken at the magnet design level to raduce
these fields, Two possidle schemes using, (a)
filament size varistion in the winding or (b) use of
passive superconductor, have been suggested as ways
to get around this prodblem.’!
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