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Abstract 

Error fields 1n a dtpole due to superconductor 
magnetization and conductor misplacements add 
unwanted multlpole, mainly sextupule and decapole, 
terms to the desired dlpole field. (wo persistent 
mode sextupole correction colts Inside the bore ut 
model SSC dtpoles have been bul It and tested. A 
shorted superconducting sexlupole coll has a current 
Induced In It by the error sextupole field such that 
no sextupole field can penetrate Into the proton 
beam region. The correction sextupole culls are one 
layer thick and are wound from a single length of 
InsuldUd composite Nb-TI and cupper wire 0.60 mn to 
diameter. Each of the six poles has ten turns and 
1s mounted on a 1.7b cm radius stainless steel bur? 
tube. Me tails of test lug and trliinilny of the cor
rection colls are described, lest results of tlie 
measured magnetic field within the model JJC dlpoles 
with the correction col Is in and out of persistent 
node operation are presented. An electrical heater 
1s used to drive the coll out of the persistent 
mode. Measurements of Joint resistance and cull 
decay time constants are also given. 

Introduction 

The required uniformity of the magnetic field In 
the superconducting bending magnets (dlpules) ut the 
proposed very large Superconducting Super Collider 
accelerator Is determined by '.he requirement that 
the particle beam remain within the beam aperture 
and not be lost. Ihe allowable Meld nonunltormtty 
Is only about )0~* of the guide dtpule Meld. 
Error I lelds are generated by errors in conductor 
placement, saturation or surrounding Iron, and •may -
net Ifatlon' circulating currents (lowing In the 
filament* of the superconductor. Ihese Ilelds aie 
large enough to require correct Iun colls to achieve 
this field uniformity level. 

For a magnet with dlpole symmetry, the only field 
errors I rum the above causes a)luwed are higher udd 
multlpoles, viz., sextupole, decapole, etc. If 
there are conductor placement errors that are not 
symmetric, even multtpules can also be present, lor 
the "magnetization" effect, the error (iiulllpoles 
decrease rapidly with Increasing number and we need 
only concern uurself with the sextupole and decapole 
Induced fields. 

Several smal1 aperture dlpole magnets have been 
built and tested at the Lawrence Berkeley Laboratory 
as part of the SSC Research and Development pro-
gran. The systematic 'magnetization'1 fields have 
been measured and agree wel I with present theory. 
Superconducting sextupole correction tolls have been 
operated with two of the dlpoles. 

These correction colls are placed Inside the 
dipole aperture to produce a sextupole free dlpule 
field at the particle beam location. Ihese cor

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

Hudel SSC Magnets - Sextupole trror fields 

The small aperture dlpole magnets that we have 
been developing and testing are approximations and 
variations of the SSC Reference Oeslgn A dlpole (see 
Kef. 1). These two layer magnets with a close-in, 
cold-Iron return Is shown In cross section in fig- 1 
and Is described in more detail In Ref. 2. The 
superconducting Nb-TI f I laments am some 22 microns 
diameter In ttie inside layer and some 17 microns 
diameter In the outside layer. Circulating cur
rents, whli h jre set up In each superconducting 
fl lament as the dlpole field Is ramped up and down, 
result In persistent-current generated higher multi-
pole error fields. figure ? shows the sextupole 
iMjmcnt. at 1 cm radius, lor magnet D-12A-1, caused 
by this effect. The constant offset is due to 
construction errors. There are similar, but 
reduced, Meld errors for the higher mu H I poles. 
From accelerator theory considerations, the 
sextupole should be less than one unit (1/(0,000 the 
dlpole field) over the entire field swing of the 
magnet - as compared with the 30 units at an 
injection field of 0.3 tesla as shown in Fly. ?. 

"This work was supported by the Director, Office of 
Energy Research, Office of High Energy and Nuclear 
Physics, High Energy Physics Division, U.S. Dept. of 
Energy, under Contract No. 0L-ACO3-7bSFO0ugu. 

Figure 1. A cross section of the model SSC main 
ring dlpule culls shuwlng sextupole correction 
coll. iron yoke not shown. 

A satisfactory theory of the magnetization of the 
Nb-T1 filaments through the generation of 
pers I s ten t -current doub let s f rom changes I n the 
dlpole Held has been developed by H. Green^ an! 
the calculated fields are In good agreement with 
measurement. 

Flux Hlocklno via Self-Correctlug Harmonic Co11 

The sextupole Held generated in the dlpole call 
Is opposed by the t (eld generated In a sextupole 
correction coll placed between the particle beam 
region and the Jlpole coll. Ihe first practical 
demonstration of this technique was at SACLAV.* 
If the correcting coll Is superconducting, and put 
In the persistent mode by soldering the leads 
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together, the coll will have zero or very small 
resistance. Then according to Unz's law, the total 
flux through the circuit Is constant, if the total 
flux is Initially zero, the Induced current I In the 
circuit is given by: 

LI • t e x t - 0, where L Is the circuit Inductance 

This current Is continually opposed to the varia
tions of the applied flux and consequently corrects 
the unwanted harmonic. 

Figure 2. The sextupole moment measured at 1 cm 
radius 1n magnet D-12A-1 as the current Is Increased 
and then decreased. 

Pes!')" ind Construction of the Sextupole 
Correction Coll 

Three correction colls have been constructed 
using somewhat different fabrication techniques. 
The composite multifilament Nti-TI 1n copper round 
wire Is 0.50 mm 1n diameter, has organic Insulation, 
and an overall diameter of O.bU run- A single length 
of conductor is used for the entire winding so the 
only resistive Joint Is at the soldered end. Ine 
first coll was wound as six Identical flat pancakes. 
12 turns per pole, upoxted together and then trans
ferred to the outer surface of a stainless steel 
bore tube. Col) testing, for dipole field to sextu
pole coll coupling, was performed In a large uniform 
beam handling dipole. It was found that variations 
in the effective pancake areas resulted In dipole 
field coupling of the order of 1-2 percent and a 
special dtpole cancellation loop had to be added tu 
the sextupole coll to reduce this. 

The second and thlcl coils were wound as 
cylindrical shells on sp1d°rs over stainless steel 
bore tubes and then moved radially inward onto the 
bore tubes. The second and third correction colls 
were constructed using more precise conductor align
ment techniques. Only 10 (rather than 12) turns 
were used in each of the 6 colls. A rulerence line 
along the length ol the coll form was established 
optically to 0.05 am. This same tolerance was main 
talned for the positioning of the other conduc
tors/colls relative to the reference line. The 
dipole tu sextupole coupling 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 ts 1.75 cm; the colls are 1.1 meter 
and 1.3 meter long. An electrical healer over the 
conductor in the region of the shorted end leads Is 
used to drive the circuit out of the persistent 

mode. A 10 cm long solder joint was used In coil 2 
and a 26 C M lung Joint 1" coll 3. 

The second and third colls war* tested using the 
same equipment (supplied by the magnet measurements 
group) as was used for the first coil. However, * 
new mounting fixture was made that allowed the coll 
to be rotated smouthly. The effective dipole area 
ut the coll, as constructed, was 2b.7 cm?. The 
effective sextupole area or the coil H some 3000 
cm?. A dipole compensating winding was made from 
one of the two coil leads and was placed un the 
correction coll in the appropriate circumferential 
position in the central field region (rather than 
the end field region) The final dipole linkage was 
reduced to 0.25 cm 2, which is about 1/10,000 uf 
the seKtupole coil area, and Is small enough for the 
coll to be used as a self-correcting element. 

Tests of Self-Powered Sextupole Colls 
[n Hudel Olpoles 

Magnet D-I2A-2 

Figure 3 shows the sextupole reduction In dipole 
0-12A-2 with the self-powered cull up to the maximum 
dipole field of 6.5 T. Integrated field values are 
shown and the large negative offset In the uncor
rected magnet is caused by very large seKtupole 
fields In the Initial version of the newly developed 
flared out ends. Another, possibly better, way of 
presenting the data is to display the sextupole, at 
the beam radius of 1 cm. In gauss as is don* In 
tig. 4 for the low field region and In ft?,- * for 
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Figure 3. Sextupole moment for magnet 0-12A-2 with 
and without operating sextupole correction toll. 
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Figure A. Sextupule field for magnet 0-12A-? with 
and without correction coll ove.- lew tie Id region. 

the entire f leld range. At tuw Meld, the correc
tion Is excellent but a quadratic departure is ob
served at higher fields and Is apparently due to 
mechanical deformation. 

The effective resistance of the persistent mode 
sextupole coll 1s determined by measuring the decay 
rate of the trapped sextupole Held when the current 
In the dtpole magnet 1s reduced to zero. A large 
sextuple field Is trapped by energizing the heater 
on the sextupole toll when the dtpole H at high 
field. The heater Is then turned off and the dtpole 
current is also turned off. The mean decay time was 
48.6 hours, the coil Inductance Is calculated to be 
6.47 x 10~ 4 henry, leading to an effective circuit 
resistance of U.J x I0" y ohm. lhls resistance Is 
higher than that expected for a 10 cm lung solder 
Joint, but there was some question as to whether the 
correct solder was used since this solder contained, 
some silver. 

Magnet D-I2B-1 

A third SSC model magnet, with improved ends. Is 
Q-12B-1. The third correction toll was longer than 
the one discussed above (1.27 meters v;- 1.0U meters) 
and the solder used for the end Joint was 10 percent 
lead-bO percent tin, which Is presumed to be super
conducting In the low field region. Also the end 
joint was lengthened to 2b cm (from 10 cm). 

The test data are shown 1n sextupole moment units 
1n F1g. 6 and one can see that the Integrated sextu
pole component for the uncorrected magnet Is much 
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Hyure 5. Sextupole field for magnet D-12A-2 with 
and without correction coll over entire field 
region. 

belter than the previous magnet, fig. 3. The im
provement with the sextupole coll operating can also 
be seen. A false magnet trip signal wttea the may net 
was being ramped from I to '£ kA allowed 0 to 10 G of 
sextupole to enter the beam aperture region. The 
c ause of th is t lux petietrat ton 1 s unknown; f as I 
current rundown (0.1 set) may have quenched the 
sexlupule colt. As a result of this perturbation 
the corrected curve is not centered about *ero field 
and the run could not be repeated as the experiment 
was ended tor other reasons. 

The mean decay time for this coll was 7B1 hours. 
The calculated in*-ictance of 1 .by x 10"* H results 
In an effective ti -ult resistance of 2.1 *. 1 0 " 1 0 

ohiis. 

uucus Ion of Results 

a. Success of Se' -rorrtf'-tlnq Sextupole Coll 

The pers is tent moue sextupole cor rec t ing col I 
operated a-, e x p e t u J ind reduced the e r r o r sextupole 
H e l d frum the d lpole by a f a c t o r ranging from f i v e 
to f i f t e e n . This sh ie ld ing f a c t o r may a l ready be 
enough to a l low f o r th is type of f i e l d cor rec t ion In 
a flu J or a c c e l e r a t o r . Some rejsons for the lack of 
perfect sh ie ld ing are discussed below. 

b. Sextupule due to sextupole coll deflection 

A quadratic dependence of the corrected sextupole 
field on central dlpole field can be observed In 
Fly. S. This Is due to a current Induced 1n the 
coll by a dlpole coupling, which Is caused by the 
Lorenti force on the sextupole coll. This force, 
and the subsequent dlpole moment and deflection are 
proportional to the product of the dlpole field and 
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Figure 6. Sextupole moment for magnet D-12B-1 

the uncorrected sextupole Meld, which Is approxi
mately proportional to the field squared. A 
complete discussion Is given In an IBL Interna 1 
note &. The deflection could obviously be reduced 
by using d thicker construction tube for the coll. 
Since the final dlpole magnet will have a much 
smaller sextupole component than these early models, 
the sextupule correction current and tJie subsequent 
Lorentz force will also he much reduced. 

generated by the sou 11 number of current carrying 
wires - this effect has been estimated to be some 2 
tu 3 percent. These two effects alone could reduce 
the correctIon efHelency to some 96 percent. We 
are analyzing other possible reduction sources. I.e. 
end ellects. 

e. lime Constants 

(I) J»lnts 

Hie Joint resistances quoted, 3.7 x 10"' and 
2.7 x lO^1** ohm, Are somewhat higher than we ex
pected from previous experiments carried out on 
shorter Joints.' However, the lower value of 2.1 
x 1U" 1 0 ohms Is satisfactory for a full length 
correction element some 17 meters long since H 
would result In d mean decay time of greater than 
one year. Research Is continuing on reducing the 
Joint resistance still further. 

(II) Flux penetration at high B-dot 

The one magnet trip In which the dtpola magnet 
did not go normal but flux was pumped Into the bean 
region was either a case of the sextupole coil's 
going normal for a short t Ime or represents some 
U-dut limit that was exceeded. Future tests on tht 
tlux rate capabilities of these correction colls art 
planned. 
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c. Residual sextupole due to mlsalIgnment of dlpnle 
and sextupole culls 

An auxiliary experiment was don? with the D-I2B-1 
magnet In which the sextupole coll operated JS an 
externally powered correction element. Current was 
fed Into the correction coll through two special 
current leads with the heater energl/ed. At a dl
pole current of 1000 A, the sextupole current was, 
varied to yield the minimum net sextupule field. 
The minimum, which occurred at B.O A, was 5 percent 
of the original field, and at an angle almost yo 
degrees out of phase with the original error Meld. 
This 1s consistent with the dlpole and sextupole 
colls being oriented some 3 degrees with respect lo 
each other. Upon disassembly, measurements con-
f 1 rmed that the mlsa 1 tgnment was In the 2 tu 3 
degree range. Future asseinbl les will be a I Igned 
more precisely. 

d. ptRer causes for lack of complete cancellation 

The sextupole coll Is In the form of a uniform 
current density block but with a relatively smal I 
number of turns per pole (10) The calculated 
coupling, or overlap Integral, for this geometry Is 
about 98 percent. 6 Higher multlpole fields are 
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