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ABSTRACT

The SSC colliding beam storage ring requires su-
perconducting magnets capable of producing & magnetic
¢ield of 6.6 T vhick hss very higb accuracy. For many
of the multipoles, that multipele must be reduced (at
a radiva of 1 centimeter) to the order of 0.2 parts in
10,000. This field accuracy is dictated by the phymics
of storing very small high-current proton beams at en-
ergies ranging from 1 TeV to 20 TeV. Magnetization of
the superconductor can cause sextupole fleld errors of
up te & parts in 10,000 at an injection field of 0,33 T
at ¢ radius of 1 centimeter. Saturation of the magnec
iron can induce sextupole field errors of 1 to 2 parts
in 10,000 at the full fisld of 6.6 I. Manufacturing
errors can induce other multipole components, both
normal and skew. The SSC coil has three uedges sep-
arating the superconducting cc:l blocks on the inner
layetr of the coil. These wedges must be accurately
located, If the vedges have superconductors attached,
one can correct all of the magnetic fileld multipoles
(both normal and skew) from (dipole) to MX=6 (12
pele}, This paper describes this method of correction
as it pertains to the SSC dipole magnet.

Background

The SSC machine requires magnets which produce a
good quality magneric field. The beam in the SSC ma-
chine, particularly at injection, |s sensitive to mag-
netit field errors vhich are ls than 1 unit {one unirt
is defined as one part in 10000.) A partial liast of
the types of field errord which may be present in the
55C magnets include the following:[l)

Errors caused by winding feults fn the magnet
cause both norsal and skev multipoles in the
fleld.

1

Errors introduced by iron saturation or the
inverase caused by a designed in error which
goes to Zerc em the iron ssturatea, Thia
error i3 predominately a normal sextupole
term in the fleld,

Eddy currenta {n the bore rube, the coilas,
the collars and the iron wiil produce predom-
inacely normal sextupole and decspole terms
in the fleld.

3

Magnetizacion of the superconductor will genw
erate a normal sextupole, decupole and N=7 in
the field. If the filament diameter and the
average superconductor critical current are
not the same in the top and bottom coils of
the dipole, a skew quadrupole will be gener-
ated,.[2)

4)

Steering errors might be corrected with a
normal or skev dipole.

$)

Tune errora might be casrected with a normal
and or skev quadrupole or sextupole.

6)

Several methods for correcting the fleld in the
SS5C magnets has been propossd. Lumped correctors
have been used with most accelerators builr to date
but there is a question ss to hov far one can go with

this technique on the 55C., The SSC design atudy{3}
has proposed continuous correction magnets wound on
the dipole magnet bore tube. These correction coils
would provide at least normal quadrupole, and normal
sextupsle. The mumber of bore tube correction magnets
is limited by the radisl space inside the dipole coil.
The bore tube correction magnet alsv have an effect on
the bore tube surface temperature vhen synchrotron ra—
dlation is present at full emergy.[4). Passive cor-
rection of magnetization normal sextupole decapole and
14 pole has been proposed.[5] This method will cor-
rect the magnetization field reasonably vell provided
there ix not too much variation in conductor prop-
erties betwcen the top and boctom coils.
0. L4 o Wed,

Once one has demonstrated that there is a need for
continuous correction slong the dipole magnet bore,
correction using superconductor located on the magnet
wedges should be considered.[6] The advantages of
using the superconducting coil wedges as correction
elements are a3 follovs:

1) The wvedge sust be accurately locaced along
with the coil blocks. As a result, the vedge
position determines the conductor position
with enough accuracy to do a good job of lo-

cating the correction vindings.

The correction occurs along the full straight
section length of the dipole m&gnet. End
effects can be compensated for by small
changes of current in the wedges. (The di-
pole magnet length ia much shorter thsn a
betatron wave length of the machine.)

2)

The bore tube does not have to be machined or
formed becsuse it does not carry correction
coils.

3

The bore tube can be moved closer to che su-
perconducting ¢oil whith permits one to in-
crease the beam clearance somevhac.

4)

The outaide surface of the bore tube can bde
heliws cooled directly. Hot spota due to
synchrotron radiation can be reduced greatly.

5)

6) Wedge correction can be used to correct the
firat 3ix pultipole terms both normal and
skew depending on howv the vedgea are hoaked

up.

Correct{on winding on the ved;es do present certain
problems, which are:

1) The current leada for the wvedge corrector
might have currents as high as 150 A.
2) The wedges must be extruded in continuous

lengths up Lo 17 meters. This extrusion must
be acceurate and the placement of the super-
conductor on the wedge muat not affect the
vedge cross-section.



3) Additionsl insulation on the wedges may be
required in order to protect the correction
circuit during a quench of the dipols sagnet.
4) Wadge correction will reguire from 3 vo 12
pover supplies par magnet or magnst sst de-
pending on the extent of the vedgs correc-
tion.[7] (Bore tube compensation coils will
require at lesst tvo pover supplies.)

5) Wedge correction may require a large numbar
of gas cooled leads. Thess leads can sig-
nificantly incrasse ths refrigeration nseded
to cool ths machine.

Wedge correction in an SSC dipole magnet is illus-
trated in Figure 1 wvhich shows 3 wedge correction
windings on the inside three vedges of the BRL CABA
coil cross-section.[8) The larg conductor vhich
can ba attached to wedge 1 is ut 0.4 0 in diamater;
vedge 2 vill allov a 0.% m= diameter supeiconductor;
and wedge 3 will sllov a such larger superconductor.
The available correctien is limited by the curreat
vhich can be carried in vedges 1 and 2.

If one limits the psak current in each vedge te 90
pércent of the supercondnctor criticsl curremt at 4.3 K
snd 7 T, ons finds that vedge 1 can carry up to 50 A
and vedge 2 can carry up to 140 A. (This is based on
a copper to supsrconductor ratio of 1 and & suparcon-
ductor specified Jo= 27350 Amm~2 at 4.2 K and 5.0 T.)
Table 1 shows the maximum correction available for the
first five normal terms using the wedge conductors
shown in Figure 1,

Table 1. Maximum Correction at Full Field (6.6 T) for
Various Multipoles
Multipole Gorrection available
(parts in 10000)
1 8.2
2 4.5
3 2.4
4 1.1
5 0.6

#at a radius of 10 mm (ses Figure 1)

If the wedges are hooked up in a way which pro-
duces norsal dipole symmetry (the currants in the sec-
ond and third quadrants is -1 times the currenta in
the first quadrant and currenta in the forth quad-
rant is ths same a8 thoss at correaponding pointa in
the first quadrant), cne can producs correction for
normal dipols {Nel), aextupole (N=3) and dacapole
(Ne5). Tabla 2 shows the values of various norsal
symmatrical sultipoles vhen the currancs are set to
produce a dipole of 0.002 T (3 wmits of correction at
full field, & ssxtupole of 0.00066 T ar & radius of
10 =@ (1 mnit at full fleld), and a decapole of
0.00033 T at a radins of 10 mm (0.5 units at full
field). Table ) showa the values of the symmetric
wedge currents nesded to produce the correction field
partern shown in Tsble 2.

Figure 1.
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Table 2. The Value of Vsrious Symmetric Normal Multi-
poles for Various Dipole, Sextupole and Deca-
pole Corrections at Full Field

Multipole Value (T)*

Nultipole Dipole Sextupole Decapole
Nuiaber Correction Correction Correction
3 Unitn 1 unit 0.6 units
J
/l 0.00200 0.00000 0.00000
/ 3 0.00000 0.00066 0,00000
5 0.00000 0.00000 ©.00033
~ 7 -0.00001 ~0.00002 -0.00001
9 0.00000 0.00000 -0.00003
®at a radius of 10 om
Table 3. The Current on the Wedges in Figure 1 Needed
to Generate the Multipoles Shown in Table 2.
Wedge Correction Current (A)
Wedge Dipole Sextupole Decapole
Number Correction Correction Corvection
3 Units 1 Unit 0.6 Unicn
1 -32.75 -37.27 -46.62
2 - 8.65 21.80 111.18
3 -14.97 as.10 -83.01
14 .
Lead Refrigeration

Table 2 illustrates correction vhen one hooks
the wedge correction system up to correct only noraal
F=1, 3 and#5, The circuit dlsgram for hooking up to
coTTECTIOTS tO e the field shown in
Table 2 is shown in Figure 2. This circuit is auit-
able for correcting superconductor magnerization
effects, eddy current effects, and ironm saturstion
effects, This circuit does not correct any skev terms
or normal quadrupols octupole or Ns6. The refrigera-
tion required to cool the leads for the circuit shown
in Figure 2 is about 1.5 ¥ (liquifaction equivalent)
per magnet or group of six magnets. (The extra re-
frigeration amounts to 0.09 W per meter for one magnet
and 0.015 W per mecer for six magnet groups).

The vedge correction systes can be hooked up to
correct al! the normal terms from Ns=l through Nué6.
The circuit diagram for using vedge correction to cor-
rect only norsal Nsl through & is shown in Pigure 3.
-The refrigeration required to cool thas leads showvn in
Figure ) is about 2,5 W (liquifaction squivalent) per
magnet or group of &iXx m ts. (The extra refrigera-
tion amounts to 0.15 W per meter for one magnet and
0.025 W per meter for aix magnet groups.)

The correction circuit shown in Figure ) will cor=-
rect most of the required terms. The wost troublesome
term not corrected is the sksw quadrupole which is
senerated by symmetric magnetization of the supercon-
ductor on the top and bottom toils of the dipols.
Figure 4 shows the magnetization skev quadrupole and
normai sextupole generated by an SSC dipole with fi1-
anent dismetar in the upper coil of %.2% microns and
filament diamster in the lover coil of 4,73 microns.
A normal sextupole of 6.7 units occurs at injection.
The ten percemt top-hottom varistion of filament
diameter will generate first, to firat order, just
ovar 1 umit of akev quadrupole at injection. Ona
can reduce this term greatly by supercondueror qual-
ity control and by shuffling the superconductors in
the cables used to duild ths dipole,.([9]

Figure 2.
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RESINUAL FIELD RATIO (PARTS IN 1a00n)

Figure 4.

FATIO OF MAGNETIZATION FIELD TO TRANSPORT
CURRENT FIELD WITH A TEN PERCENT TOP BOTTOM
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Figure 5.

CIRCUIT DIAGRAM FOR WEDGE CORRECTORS

CORRECTS 1IN, 2N, 3N, 4N. 5N AND 6N
CORRECTS 1S, 25, 35, 4S, 55, AND 65

Wedge correction permits one to correct the first
#ix terms of both the normal and skev fields should
that become necessary. The circuit diagram for the
correction of al f terms is showvn in FPigure 5.

There are thirteen leada for each set of correctisn
cofls. These lesds will requirs about 4.5 W of re-
frigeration (equivalent liquifaction) per set. ('This
smounts to add refrigeration of 0.045 W per meter for
a set of correction vedges for six magnets in ser{i .,

Congluding Comments

Superconductor movntad on the 55C dipole magnet
vedges can be used to correct the magneric field in
the SSC accelerator. Wedge correction can correct i
more multipoles than either lumped correction coila or
continuous bore tube correction coils, which correct
two or three terms. The three inner vedges can be
used to correct all terms normal and skew from Nal
(dipole) to Ne6. The price one paya is additional
complication of the dipole magnets and additional
helium refrigeration needed to conl the extra magnet
leads, (This refrigeration can be reduced by putting
the vedges in six dipole magnets in series.) Wedge
correction will result in the elimination of contin-
uous bore tube correction coils and it could result
in simplication of the SSC lumped correction magnet
systea.

v
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