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Adstract

Data on the persistent current residual fislds
in Tevatron dipoles and quadrupoles Ars presanted.
The data are comparsd to the doublet theory of
persistent current flelds and an estimate is given
for the wmultipole flelds expectsd in the
Superconducting Super Collider (8SC) ¢ipole proposed
by Ferailad.

Introduction

The magnetization that s generated by currents
due to the Meisner effsct in type 11 superconducting
filaments has been experimentally observed In many
sccelerator and beat line magnets'’*"' and a doublet
theory has been developed that sccounts for the gross
features of the reaultant persistent current fields.*
The dipole and sextupole flelds, for 1 In. to &
in. bore diameter dipoles at & reference radius of
2/3 the aperture, are typically of the order of 10
gauss, A persistent dipole field of this magnitude
i3 not a problem for accelerator performance since it
does not affect the machine's oynamic aperture.
However, the effect of the persistent sextupole fleld
is to produce dlsastrous chromatic aberrations at low
magnet excitaticn (injection, for example) that must
be corrected if the accelerator 1s to perform over a
large dynamic range, say 20 to 1, as anticipated in
the SSC reference design.' Although there may be
straightforward ways to compensate the unwanted
sextupcle and higher multipoles with Individual
sagnet correction ccils it may be poasible to improve
on the fundamental dipole design and incorporate the
corrections in the magnet at the construction stage.
This  later posaibility will require a thorough
understanding of the wsechanism whereby peraistent
fields are generated. 1% 18 In this spirit that the
data and calculations on Fermilab Tevatron magnetas
are presented.
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Flgure 1 Superconducting filament of diameter D 1n an
external magnetic field B. The center of the
filament i8 located at z_ and the field point Is z.
The 1nduceds current elefients 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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Thoor!

Figure 1 shows a supsrconducting filament in an
external fleld and the Meisner effect induced
persistent (shislding) ourrsnts that give riss to the
residual flaeld. As discussed In the papers by
Green''", the complex field B’ = B? + (B!, $:7re o
the observation point z, cdue to a rillnent | 19 :c ia:
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The doublet strength, T, 18 the average 1 4 where ¢
is the distance between the positive and hegative
current el nte and 1 13 the {ntegrated current
densities J° over the reglon of penetration. The
¥Yalue of T depends on the previcus magnetic history
of the superconductor, filament diameter D, and the
ceritical current density J (B) st the local rilament
site. The angle a 1is pSrpendicular Lo the B field
that 1a external to the filament and gives the
orientation of the current doublet.

To find the persistent current sultipole moments
for wmagnets with dipole symmetry, i.e., Ji-2) =
=J{2), the expression given above is expanded in
powera of z/zc and integrated:

v o baine1) ~-n=2 -
LM -E'—'——fr'(b.-lc.dt) e eos[(n*?)lc aldi, (2)

with n=0,2,8, for dipole, sextupole, decapole normal
BOments, For qQuadrupole magnets there is an
analogous expreassion. The persistent current field
is expressed in the power series:
B! ¢+ 4B’ = Jof 2" ot wp o+ 1 (3
y x neo © n n n

and r = x + |y, For dipole sysmetry all the
peraistent skew moments, a', vanish. 1r, for

¢rample, the top and bottda dipole coils are made
from superconductor whose J ¥v8 B curves are
different, then persistent cﬁrrent skew mosents may
appear in measured data. The factor ' ia Tp where p
13 the area density of filawents. I' alsc includes a
factor that accounts for the transport current
density, JL' For the simplified model 1in Figure 1,

2¢ b Jc(B)[l -JtlJc(B)3B

I . e . (4)

Here ¢ 13 the doublet atrength factor which depends
onn the depth of penetration of the persistent
currents within the filament. For a fully penetrated
filament the model of M. A, Green gives ¢ = 0.k23,*
The critical current density J , the coil packing
factor g, i.e. the fraotion of Ehc area that 1s
metaliie, and the arex ratioc of copper to
superconductor, s, alsc appear in the sxpression for
r. It should be noted that, other factors being
squal, the persistent current fields are proportional
to the fllament diameter, D, 1In comaparing persistent
Tields generated in magnets with similar geometry but
different filament size the parageter, ¢, that
déscribes the extent of penetration must be known.
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Ftgure 2 Tevatron
magnetic lield.

dipole coll ecroas section and

This 1s particularly true in the low current region
where the filaments are not fully penetrated by the
shielding currents. An estimpate or he penetration
depth, 6, 13 obrained by applylng - e at the
edge of a filament. The change ln B necessary to
achieve full penetration is found from § = AB/p,J
For J_ of 12 x 10° A/m' and filaments of 10um, & flix
eha.nss of about tkG la aufficient to saturate the
filaments with shlelding current.

To calculate the persistent fields a tranaport
current magnetic fleld sap 13 generated with one of
the satandard fleld calculation programs. A= an
example the Tevatron dipole winding and field are
shown in Figure 2. When the fleld 1s known inside
the winding the values of J and o can be detersined
and the integral in equation (2} can be performed.
The critical current densjty, 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
caiculated r&sidual flelds especially at low
currents.

Data

Measurement Technique

The data on persistent fields have been odtained
by integrating the output voltage of a rotatable flat
measuring coil designed specifically for accurate
measurepent of the sultipole flelds of Tevatron
¢ipoles and quadrupoles.® The measuring coils are
fabricated with bucking coils sc that the dominant
fielgs are reduced to the point where the other
msultipcles can be eanily measured, Fourler analysis
of the resultant afgnal, along with the known
geometry of the measuring coils, ylelds the various
harmonlc coefficients in the multipole expansion

B+ 1B =B, Jc 2" ;e eb_ ¢+ 1a

y o M n n n

vhere are sums of contributlons from the
tranaporg curpent and the peraistent current. These
coefficients are reported at a reference radjus of 1

-tk

in. in standard units., where a standard wnit i»
obtained by auppressing a factor of 10-° and 8, 1i»
the main [fielo (the dipole fleld for dipoles or the
quadrupole fisld for quadrupole sagnets). his
taschnique obtaine occefficients to an absolute
scouracy of 0.5 unit and to & relstive accuracy of
0.1 unit for measurssents sade sequantially st
differsnt aagnet wxcitations. In Tevatron magnets
there 18 almost no wvariation in b , & with sagnet
sxcitation ascribable to iron .lturafion in the yoks
or ooll deformation, and we Interprel observed
variation in bn to be dye to varjation in b;.

Not only sust & reliable seasurement of the
harsonic c¢omponents of the sagnetic flald be made,
but also the power supply that provides the tranaport
current Bust make transitiona from One current level
to the next without overshoot{undershoot) as the
eurrent is increased(decressed). The latter 1»
easential because of the hysteretic behavior of the
superconductor as the data prasented here will show.

Quadrupole Data

Figure 3 shows the 12-pole wmodent, b,,
hysteresls curves Tfor twe Tevatron quadrupoles with
the same geometrical cross-sections but different
filament aize wire, The data for the standarc
Quadrupole {(~Sum filaments) are labeled TQ122l while
the other set is obtained frow wedasuresenlts on a low
beta insertion quadrupole Q1h02 (~19um filaments).
Thc ratios of the measured differences

« 4b,(stc cable)/Ab,{low beta cable) at 300, 400,
sBo and 600A are 0.36, 0.39, 0.37, and 0.0,
respectively. The average of these values is 0.38,
To compare these results with the prediction of the
persistent current theory we note that expressions
(2) and (&) daiffer only in the factor eD/{1+s) for
magnets with identical geometry but different wire.
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Flgure 3 Tevatron gquadrupcle 12 pole moment b, vs

current. The acales on the left and right refer to
the standard guadrupole TQ122D{9%um filaments) and the

low beta insertion quadrupole QiINO2(19um filaments),
respectively.
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If ¢ 1s assumed to be the same for both magmets
the quantity (1+a) can bs recast In terms of the
number of filaments and their cross sectional arsas,
than we obtain the theorstlioal ratio

ang

. 2050 D*(atg cable)
th 510 D¥(low Deta 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,
i.m. the ratio of 12 pole moments from quada bullt
with the two different filament site cables nesds to
be corrected by less than 105 in the 300 to 600CA
region.
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Figure 4 Normal sextupole moment b,
Tevatron dipols TB1150.

vs. current for

Dipole Data

In the routine seasurements of Tevatron dipoles
and gquadrupoles, harscnic data were not usually taken
for currents below 6604 which corresponds to the
injection [fjeld for the Tevatron. Recently a few
dipoles have been measured to determine the current
dependetice of the residual fields, Figure A shows
the variation with current of the normal sextupole
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 rasp)
~b,{up ramp) at a fixed current, depends on the
product J_D. Thus, the large value of &b, at low

current I8 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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varistion of about T95. Thia represents the J
varistion In  sanifacture of the wire and if
oonalatent with the ssasured short sample dats st
sTie, o

The spyaptotic value of the norail sextupols
scment, b,, for TH1159 is 13.7 units, which is close
to the averags of 13.8 units for the oanter portion
of Tevatron dipoles. The cantral 13.8 units are used
to balance the nagative sextupole geanersted by the
ends ©f the winding. To find the parsistent currngt
sextupole in gauss, we calculate B} = B, r! (b, -b,)
at r 1 in. The current dependence of B] is
indicated in Pigure 5. Data from two diffesrsnt up
ramps show & one gauss differsnce at 304 depending on
whethar the magnet has deen Quenched befors the data
wers takesn., The sextupole fisld st 220A 1» -6 gauss
at 1 in. A calculation of the expected peraistent
current ssxtupclse field 1s also glven. Although the
theoretical curve is not a good fit to the data, the
level of persistent field is correct in the raglon of
interest and gives confidence that differant dipcle
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 sextupcle
msoment due to the geometric placement of conductor
has been subtracted from the measured data to yleld
the plotted points. See text.

Flgure 6 shows the average norsal decapole wmoment
data with increasing current for dipoles TBOASY and
TB1159., Displayed in the Inset is the norsal
decapole Tfileld in gauss. The expected theoretical
curve is also shown. Note that the decapole field
dropa off much more rapidly than the sextupcele fleld.
Again the shape of the theoretical c¢urve is not a
good representation of the data, but the sfgn and
magnitude {+1 gauss} of the calculation agree well
with the measured data,

The persistent current also 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 zerc current Is predicted to de



about T jgauss. By eycling the magnet and then
sespuring the dipole fleld after the power supply has
been shul down, the residual dipole can be Beasurasd.
Care must bs taken to also deteraine the fleld due to
the Llron yoke that surrcunds the oryostat. To
Ssasure the resanent iron field, it is neceasary to
sannihilate the superconducting persistent currents by
warsing the superconductor either (1) by quenching
the magnet on a second ramp that follows the residual
field messuresent, or (2) by flowing warm gas through
the magnet until its temperature is above 10K. Both
methods yisld 6:0.5 gauss for the iron Fleld; and
when this ls subtracted fros the residual field, the
result is 6.9 and 7.1 gauss for the persistent dipole
fields in magnets TBONO9 and TB1159, respectively.
Current dependent measuresents have also been made
with an ¥MR probe that has the senaitivity to measurs
absolute flelds to better than 1 gauas. By
subtracting the up and down ramp NMR data at 1000A a
difference of -14 gauss 18 obtained as anticipated.
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vs. current, The inaet shows the decapole field in
gauss and the theoretlcal prediction (dashed curve).

Transition Curves

Figure Ta shows some sextupole moment data from
TBOUOS taken in a manner similar to TB1159 data shown
in Figure 4. Also shown 1s the hysteresis that
results when the down ramp is halted at 800A and the
current Is reversed. Such a transition shows that
after a Al of 300A, when the current Is TCOA, the
Tilaments are saturated with the reverse persistent
current and the persistent sextupole field ia hearly
the same as when the winding was excited without
previous magnetic history. Similar data obtained
after a different current reversal point, e.g.
1000A, show similar behavior,

Ir AbE 1s the difference between the down ramp
da%a and the transition curve, then the quantity

4b,/8b, is a normaljzed wmeasure of filament
penetration since Ab; measures ¢J_  and Ab, is
proportional to J ; see equations {2) and (&),

Transition curye dSta from Figure 7a is replotted in
Figure Tb as Ab,/Ab, versus Al = I{current reversal)
b Figure 7b alsc shows the normalized filament
penetration versus a ascaled Al for the 10004
transition curve: Previcusly it was indicated that §
is approximately equal to AB/u.Jc; and alnce AB s

proportional to Al, the universality of tranaition
curves can be measured by scallng Al with J ., Since
the average value of J_ is 2%% higher in tHe NOOA
region than In the "1000A to 1200A reglon, the
norsalited transition curve data with  ocurrant
reversal at 10004 are plotted against A1%1.25. The

unlversality of transition ourves 1s  clearly
indicated, )
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Figure 7(a) TBONOS normal sertupole moment, b,,

¥3. current; the transition curve shows how b,
changes when the down ramp is halted at 400A and the
current 1s reversed. (b) Yarlatlon of the scaled b,
¥8. scaled current, Scaled data from two transition
curves are plotted.

SSC Dipole

The proposed 2 iIn. diameter aperture Fermilab
version of the 55C dipole has a two shell coil with
wedges in the coll winding to provide fleld shaping.
The inner shell conductor cable 13 made from 0.030
in. diameter strands containing 710  Nbh7.5%T!
filaments of dlameter 16.5um. While the proposed
cuter shell has somevhat less superconductor,
calculations on persistent fields have assummed the
same conductor 1in  both  shells. The current
dependence of the peraistent dipole, sextupole, and
decapole is expected to be very asimilar to the



moasured data Just discussed. A computer calculstion
gives the following fields (Bg, B}, B.) at 53, 10%,
and 15% of full field (5T) snd at s reference radius
of 2/3 the aperture: (-10.5g, -10.3g, 1.6g), (-9.2g,
-9.2g, 0.9g), and (-B.1g, -8.1g, 0.7g), respectively.
These fields can Dbde halved by using smaller
filaments, but even then there will need to De
persistent current field correction slements unless
steps are taken at the magnet design level to reduce
these fields. Two possidle schemes using, (a)
filament size variation in the winding or (b) use of
passive superconductor, have been suggested as ways
to get around this problem.'!
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