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Abstract

Error flelds in a dipole due to superconductor
magnettzation and conductor misplacements add
unwanted multipole, mainly sextupole and decapole,
terms to the destired dipole fleld. {wo persfstent
wode sextupole correction colls inside Uhe bore of
model SSC dipoles have Deen bullt and tested. A
shorted superconducting sextupole coil has a current
tnduced in 1t Dy the error sextupole field such that
no sextupole fleld can penetrate 1nto the proten
beam region. The carrection sextupole colls dre one
layer thick and are wound from o stnote lenylh of
insulatea composite Wb-TH and copper wire G.60 wn in
dtameter. E£ach of the six poles has ten turns amd
1% mouated on a 1.7% cm radius stadnless steel bure
tube.  Betalls of testing and trioming of the vor-
rection cotls are described.  Test resulls of the
medsured magnetic fleld within the model S5C dipoles
with the correction colls in and out uf perstistent
wode operation are presented. An electricsl heater
1s used to drive the <afl out of the persistent
mode . Measurements of 3oint resistance and coil
decdy time constants are also given,

lotroduction

The required uniformity of the magnetic fleld in
the superconducting bending aagnets (dipoles) of the
proposed very large Superconducting Super Collider
accelerstor s determined by the requirement that
the particle beam remain within the beam operture
and not be Yost. The allowable Field nonunifermity
1s only abaut 1074 of the gulde dipule tield.
Lrror {ields are uvoerated by errors n conductor
placenent, saturation ot surrounding iron, and “nwy -
netVzation® clrculeting currents flowing 1n  ihe
filaments of the superconductor. These flelds are
large enough to require correction colls to auhieve
this tield unitormity level.

For a magnet wilh dipole symnetry, the only fleld
errors {rum the obove causes allowed are higher ovad
multipoles, viz., sextupole, decapole, elc. 1
there are conducior placement errors that sre not
symetric, even multipules can also be present. For
the “"magnetization® effect, the error aultipoles
decrease rapidly with lacreasing number and we need
unly concern vursel! with lthe sextupole and decapole
induced fields.

Several Smal) aperture dipole maynets have been
butlt and tested at the Lawrence Berkeley Laburatory
das part of the 535C Research and Development pro-
gram. The systematic °maynetization® flelds have
been measured dnd agree well with present theory.
Superconducting sextupole correction colls hdave been
operated with two of the dipoles.

These correcticn colls are placed iaside the
dipole aperture to produte a sextupole free dipote
fFleld at the particle beam location. These cor-

AThis work was supported by the Otrector, Offtce of
tnergy Research, Oftice of High (nergy and Nuclear
Physics, High taergy Physics Divistun, U.S. Dept. of
Energy, under Countract No. OE-ACO3-765H000YH.

rection coils can be powered by an external current
supply. They can also be self-powered by shorting
their leads so 45 to form a persistent super-
conducting circuit.

Nudel SSC Magnels - Sextupole Lrror £ields

The small aperture dipole magnets that we have
been developing and testing dare approximations and
varlations of the 5SC Heference Design A dipole (see
kef. 1).  These two layer magnets with a close-in,
culd-lron return #s shown in cross section in Fig. §
and s described in more detall 1n kef. 2. The
superconducting Nb-TH ftlaments dre some 22 microns
diameter 1n the inside layer and some 17 microns
dlemeter Yo the outside layer. Circulating cur-
rents, whith 2re sel up in edath superconducting
f1famunt as Lhe dipole fteld 1s ramped op and duwn,
resull In perststent-current generuted higher multi-
pule error flelds. Figure 2 shows the sextupole
mumpent, at 1 cm radius, ftor uwagnet D-12A-1, caused

by inbls effect. The constant offsel 15 due to
construction errors. There are similar, but
reduced, fleld errors for the higher multfipoles.

From dccelerator theory consigerations, the
sextupole should be less thon one unit (1/10,000 the
dipole §1eld)} over the entire fleld swing ot the
maynet - as compared with the 30 wunits at an
infection field of 0.3 tesla as shown Yo Fig. 2.
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A satisfactory theory of the magnetization of the
Nb-T1 Filaments throuyh the yeneration  of
persistent-current doublets from changes in the
dipole fleld has been developed by K. Greend and
the calculdted Flelds are 1n good agreement with
neasurement .

Flux Blocking via Self-Correcting Harmonic Coll

The sextupole tield generated tn the dipole col)
is ovpposed by the tield yeneralted In & sextupole
correction coil placed bDetween the particle beam
regton and Lhe Jipole cott, The first practica)
demonstration of this technique was 3t SACLAV.*
tf the correcting <ol is supercorducting, and put
in  the persistent mode by soldering the leads



together, the coll will have zero or very swall
resistance, Then according to Lenz's ldaw, the tula)
flux through the circuit is constant. If tie total
flux s tnitially zero, the induced current [ o the

circutt ¥s glven by:

LI + 8y = 0, where L 4s the ctrcuit Ynductance

This current ¥s contlnually opposed to the varis-
tions of the applied flux and consegqueatly corrects
the unwanted harmonic.
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Fiqure 2. The sextupole moment measured at 1 om
radius 1n magnet D-12A-1 a4 the current 1s increased
and then decreased.

n of the Sextupole

fesige and Construct
C

Three correction coils have been constructed
using  somewhal Wifferent fabrication technlques.
The composite muitifilament ND-TY in copper round
wire is 0.50 om 1n diameter, has orgunic insulation,
and an overal) diameter of 0.60 mn. A single lepyth
of conductor {s used for the entire winding so the
only resistive joint is at the soldered end. lne
first coll was wound as six identical Flat pancakes,
12 turns per pole, eponied logether and then Lrans-
terred to the outer surfdace of a stainless steel
pore tube, Coil testing, for dipole field to sextu-
pole cod) coupling, was performed in a4 large uniform
beam hondling dipole. It was found thet variations
in the etfective pancake areas resulted In dipole
field coupling of the order of 1-2 percent and a
snecia) dipole cancellation Yoop had to be added to
the sextupole cotl to reduce this.

The second snd  thicA  colls were wound as
cylindrical shells on spiders over stainless steel
bore tubes and then moved radially inward onto the
bore tubes, The second ond third correctlon colls
were fonstructed using more precise cunducior alfyn-
ment  technigues. Only 10 (rather than 12) turns
were used in esch of the 6 colls. A relercace ltoe
along the lenyth of the coll form was established
optically to 0.05 am. This same lolerdance was main:
tained for the positioning of the other conduc-
tors/cotls  relative to the reference Mine.  The
dipole tu sextupole coupiing was reduced as above
and, after the dipole cancellation loop was added,
the final coupling was very small. The outer radius
of the bore tube is 3.75 cm; the calls are 1.1 meter
and 1.3 meter long. An electrical heater over the
conductor in the region of the shorted end leads 1s
used to drive the circult out of the persistent

b, X 10% cm™?

mode. A V0 cm long solder juint was used \a coitl 2
and & 26 cm long joint in coll 3.

The second and third colls were tested using the
same equipment (suppiied by the magnet measurements
group) ¢s was used for the first coil. However, &
new mounting fixture wds made that allowed the coil
10 be rotaled smouthly. The effective dipole ares
of the coll, as constructed, was 26.7 cwé. The
effective sextupole area of the coil 's some 3000
cm?, A dipole compensating winding was made from
one of the two coi) leads and was placed on the
correctlon cofl in the apprupriate circumferential
posttisn in the centrdl field region (rather than
the end fleld region) TVhe final dipole linkage was
reduced to 0.25 cm?, which is about 1/10,000 of
the sextupole col) ared, ond 1s smal) enough for the
coil to be used as a self-correcting element,

fests of Self-Powered Sextupole Calls
In Model Dipoles

Magnet D-12A-2

Figure 3 shows the sextupole reduction in dipole
D-12A-2 with the self-powered call up to the maximum
dipole field of 6.5 T. Integrated field values are
shown and the large negative oéfset in the uncor-
rected magaet s caused by very lerge sextupole
fields in the initla) version of the newly developed
tiared oul ends. Angther, possibly better, way of
presenting the data §s to display the seatupale, at
the beam radfus of 1 cm, in gduss as 1s done in
#1g. 4 for the low field reglon and in Fig. 5 faor
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figure 3. Sextupole moment for magnet 0-12A-2 with
and without operating sextupole correction coil.
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Figure 4. Sextupole fleld for magnet D-12A-2 with

and without correction coll oves tow tleld reglon.
the entire fleld range. At low Fleld, the correc-
tiun ¥y excellent but o quuadratic departure s ob-
served at higher flelds and s apparently due to
mechantcal defermation.

The effective resistance of the persistent mode
sextupole cotl s determined by measuring the decay
rate of the Lragped sextupole fleld when the current
in the dipole maguet s reduced to 2ero. A large
sextunole Fleld 1s trapped by energizing the heater
on the sextupole cold) when the dipole 5 at high
fleld. The heater 1s then turned off dand the dipule
current 1s also turned otf. The mean decay time was
48.6 hours, the coll inductance is calculated to be
6.47 x 107% henry, leading to an effective circult
resisiance of 3.7 x 1079 onm.  1his resistance is
higher than that expected for a )0 cm lung solder
Joint, but there was some question a5 to whether the
correct solder was used since this salder cuntatoed
some silver.

Magnet 0-128-1

A third SSC model magnet, with fnproved ends, is
0-128-1, The third correction to¥l was longer than
the one discussed above (1.27 meters v: 1.0B awters)
and the solder used for the end joiInt was 50 percent
Yead-40 percent tin, which Vs presuned to e super-
conducting #n the low field region. Also the end
Joint was lengthened to 26 cm (frum 10 cm).

The test data are shown 1n sextupale moment upits
in f1g9, & and one can see that the integrated sextu-
pole component for the upcorrected magnet s much
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better than the previvus naynet, fig. 3. The im-
provenent with the sextupole coll operating can also
be seen. A false magnet trip signal whea the mauynet
wds being ramped trom | to 2 kA allowed 8 to 10 G of
sextupule 1o enter the beam aperture region. The
cause of this {lux penctration 15 unknown; fast
current rundown (0.1 sec) may have quenched the
sextupole cotl. Ay a result of thiy perturbation

the correcled curve §s not centered about cero field
and the run could not be repeated a3 the experiment
was ended tor other reasons.

The mean decay time for this coil was 78Y hours.
The calculated in+actance of 7.59 x 10°% H results
\n an effective <1 rult resistance of 2.7 « 10710
onms .

Di-cus _don of Results

4. Success of Se’ -forre~ting Sextupole Cold

The persistent moue sextupole correcting colt
operated 4% expecied ¢nd reduced the error sextupole
tield frum the dipole by & factur ranging from five
1o Fifteen.  This s“ielding factor may dlready be
enouyh 10 dllow for this type of tield correction In
a4 major accelerator. Some reasons for the lack of
perfect shielding are discussed below.

b, Sextupule due to sextupole coil deflection

A quadrattic dependence of the corrected sextupole
fleld on centrdal dipole Fileld con be observed in
Fly. 5. This 1s duc tu a current induted in the
col) by o dipole coupling, which }s caused by the
Lorentz force on the sextupole c¢oll. This force,
4and the subsequent dipole moment and deflection are
proportlional to the product of the dipole Flels and
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Figure 6. Sextupole moment for magnet D-128-1
the uncorrected sextupole fleld, which ts dpproxi-
malely proportiona) to the fleld squared. A
complete discussion ¥s given 1n an LBL finternal

noted. The deflectton could obviously be reduced
by using a thicker construction tube for tlhe coll.
Since the final dipole magnet will have a much
smaller sextupole component than these early models,
the sextunule correctian current and the subsequent
Lorentz force will also be much reduced.

c. Residugl sextupole due_ to misalignment ot dipole
and sextupole cotls

An auxiliary experiment was don2 with the 0-128-1
magnet in which the sextupole coll operated os an
externally powered correction element. Current was
fed iInto the correction coil through two spucial
current leads with the heater energlzed. AU o di-
pole curreat of 1000 A, the sextupole currenl way
varfed to yield the minimum net sextupole fileld.
The minimum, which occurred at B.0 A, was 5 percent
of the origindl field, and at an angle almost 90
degrees out of phase with the ortginal error {ield.
This 1s consistent with the dipole and sextupole
co1ls being oriented some 3 degrees with respect Lo

each other. Upon disassembly, measurements con-
Firmed that the misalignment was 1n the 2 to 3
deygree range.  Future assemblles will be aligned

more precisely,

d. er ¢ lack of complete cancallation
The sextupale coil is in the form of a uniform
current density block but with a relatively small
number of turns per pole (10) The cdlculated
coupling, or overlap integral, for this geometry is
about 98 percent. Higher multipole flelds are

generated by the small aumber of current carrying
wires - ihts effect has been estimated to be some 2
to 3 percent.  These lwo effects alone could reduce
the correction efffclency 1o some 96 percent. We
are 4nalyzing other possible reduction sources, §.e.
vud effects.

¢. Time Constants

(1) doipty

resistances quoted, 3.7 x 1079 ang
2.1 x 10710 onm, are somewhal higher than we ex-
pected from previous experimenls carrfed out on
shurter Joints. Huwever, the lower value of 2.7
2 1010 “gpms  ts sattsfactory for a tull length
correction elemenpt some 17 meters long since 1t
would result in a mean decay time of greater than
one yedr. Kesearch 1s continuing on reducing the
Joint resistance still further.

the jolat

{11) Flux penetration at hiyh B-dot

The one magnet trip in which the dipnle magnet
434 not go normal but flux wds pumped tnto the beanm
reglon wes either a case of the sextupole coll's
guing nurmal for a short time or represents some
B-dot 1imit that was exceeded. Future tests on the
tilux rate capabitlities of these correcticn colls are
planned.
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