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Abstract

The SSC requites a very uniform dipole fleld. A
43 sm bore dlamster winding cross section has been
developed which has computed multipole cosfficlients
less than 1 x 10-¢ of the dipole field at 10 max
radiug for an operating fleld of 6.6T at 4.33 K.
This cross section has 4 conductor blocks (3 wedges,
16 turns) per quadrant in the inner layer, and ktwo
blocks (1 wedga, 20 turns)} in ths outer laysr.
*Partially keystoned” cable is used; the inner cable
has 23 strands of .0318 inch diameter wire; the
outer cable has 30 strands of .0255 inch dlamater
wire. Nodel magnets have besn constructed and the
flelds measured at room temperaturs and at liquid
helium tempersture up to fields axeceeding 6.6T.
Measured flelds osre compared to the predicted
fleld., In addition, the as-built conductor posi-
tions in several magnets have been destermined after
cutting up the magnets. The predictions based on
as-built configucations are computed and compared to
mensurements.

Introduction

A design goal for the S5SSC, a 20 TeV proton-
proton collider, is that the dipole magnetic fisld
be uniform to within | 4B/B | of asbout 104 at
10 am radius for random magnet-to-magnet varia-
tions. Also, systematic variations must be corcect-
able, using a combination of distributed and lumped
trim smagnets, to | 88/B | « 10-5. This requires
that tha winding cross section have sxtremely small
"tuilt-in" systesatic fleld distortions so that
practical trim magnets can be built.

In this paper we describe tha design of a SSC
dipole cross saction that is in accord with the
Gentcal Design Group (CDG) specification for field
uniformity {(comments on the magnet end design and
the slimination of training can be found in Ref. 1
and 2). Ficst, we introduce the computational tools
used in modeling the magnet cross section. Next, we
present the dipole design and report on data and
measucvesents for 9 such models. The diffecence
betwesn ths measured and predicted multipoles is
then discussed. Finally, we discuas measurements of
the conducter positions from an autopsy mnd compare
them with the dewign.

Computational Tools in Maxnet Desizn

In this saction we desccibe two Jdiffscent
computer programs used to model the S3C dipole
magnat crosg section. Thess programe have been used
cautiously since the tsquicement for low multipoles
demanded sccurate modeling. The pcogram PK is a
fast, sasy to use wodaler and optimizer of magnet
cross sections, using s simpie current dJdistcibution
and u = = iron. A design produced by PK iz solved
by ths program POISSON for more realistic iron, and
then further refined by PK. This technique was used
to develop the SSC magnet cross sectlon.

Program PXK

Short fEor PARTIALKEYSTOME, the program PK is a
variation of a computer program developesd by
R. Termow and CG. Morgan (Brookhaven National Labor-
atory) for magnet cross ssctlon design.? This
program uses the dimensions of a single conductor
turn in a process that stacks them into blecks. The
blocks are than stacked into layers, and the layars
into a full cross section for which the multipoles
are calculated. The block dimensions are regulated
by the integer number of turns, whereas the spacing
between the blocks (called wedges) can bs contin-
uously varied. In order to arrive st s cross
section with a predefined set of multipoles (norm-
slly they should all be zers), an optimizer is used
that varies the number of turns per bdlock and then
adjusts the wedge spacing. Of course, the optimiza-
tion process doss not guacvantee that a cross section
with the aexact prespecified multipoles will bde
found. An acceptabls cross section is ususlly one
with multipoles clossest to that called for by the
design.

L '] . Dus to keystoning, ths cable
dimensions correspond to a trapezoid. The current
density is computed from the ares of the rectangle
whose base coincides with the smallest base of the
trapazoid (as suggested by G. Morgan and E. Meuser).
We have verifisd that such an sssumption lz suffi-
ciently accucrate. Using this current density rce-
sults in a gextupoles which is 1.5 units (parts in
104) smaller than that computed by wuse of the
trapezoidal area. The high multipoles ace prac-
tically unchanged.

Program POISSON

The program POISSON (with specisal boundary
conditicns) was used to investligate two types of
multipole contributions assocliated with iron. The
first contribution comes from the axisting notches
slong the inner diameter of the ircn yoke (the
program PK uses only circular iron). The notchas
yisld a systematlec offset that can be computed by
POISSOM. The sscond contribution is the effect of
iron ssturstion with increasing field. POISSON was
also used to compute magnatization effects.d

curcent Density. The POISSON model doss not use
individual turns, using instead entire blocks. Each
block was cut into twe portions (an inner and an
outer) along its middle radial width and 30% of that
block's curcent was assigned to sach portion, thus
assuring some vadial depsndency cof current density,

The Dipole Design

Refecence Design D is a 3 wedge (per quadrant)
ccoss section (cslled C5) for the S3C dipole mag-
net.5  This ecross section had the following
computed multipoles (uaits): by = 0.4, b, = O,
b¢ » 0.2, and by = 0.8 (within the values
tequired at that time). As additional tracking
studies weare made, & new set of multipcle tolarances
was established$ (Tabls I.).
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Table I.
Dipole Magnet Field Uniformity Requirements at 10 mm

Multipole Variances (x10%) Average (x104)
by 0.7 0.2
b2 2.0 1.0
by 0.3 0.1
ba 0.7 0.2
bs 0.1 0.02
be 0.2 0.04
by 0.2 0.06
bs 0.1 0.1

The CDG suggestad that we attempt Lo redesign
the dipols magnet cross ssction so that the higher
multipoles -- by (18 pols) and sbove -- would be
less than 0.2 units of the dipole field. Reducing
the high multipoles required a major changa sincs
small changes ususlly left them unaffected. We
realized that the number of wedges rshould be
increased to 4, and that some of the conductor
blocks should depart from their radial orisntation
in order to improve field quality.

Using the program PX, a cross section with low
sultipole values (lasy than 1.0 X 10°5) wae
found. This cross section (Pig. 1) had 16 turns and
3 wedges (per quadrant)} in the inner layer, and
20 turns and 1 wedge (per quadrant) in the outer
layer. The pols angles could still accommodata the
existing collars. This design was called wCS15.7

XBB 860-5568

Fig. 1. A "Radisl™ Version of asn S3C Dipole
{RC? Design)

once we begasn building magnets, we bullt each
cross sactlon precisely according to the conductor
positions in the design. In cases whers mechanical
difficulties arose, we relaxed requirements of pre-
stress. However, when the need for repositicning of
conductor arose (even when very small), our philo-
sophy required a new cross section design. Such
changes always cesulted in the manufacture of a new
set of wedges. Shims along the midplane or any
other lumped correctors ware not used.

ne Maasu ts

Three machanical models of the HC515 design ware
built, MD-1, MD-2, and MD-3, using stainless steel
coilars. When our first new model magnet waz built

(D14-Bl), the collars ware changed to aluminum, as
this modification has economic advantages for the

SSC. As more was learned from the model magnets,
the design was altered slightly: (NCE), followed by
an improved design (NC7) that makes the blocks mors
radial. Table II is a chronclogical list of the
sagnets that wers built and tested.

Table II.
LBL & VWedge Magnets

Kagnst Design collac Type
MD-1 NC51S Stainless Steel
MD--2 NCS15 Stainless Steel
MD-3 NCS15 Stainless Steel
D14-Bl Ncs1s Aluminus
D14-B2 NC6 Aluminum
D14-B3 MNCE Stainless Steel
D14-BA uc? Aluminum
D14-35 wc? Aluminum
Dl4-Bé | (=] Aluminum

The magnet wmultlpoles ware measured at room
temperature amd during opecation at 1.8 X and
4.35 K. 1Ia order to compare their values with the
design (and requiremsnts), one has to exclude both
magnetization and saturation effects. te thersfors
cepoct here on the ssasursd sextupole componant at
3000 A (~3 tesla) and at room temparsturs
(~ 20 A) (Fig. 2.). In both cases these valuss
are an avarags - between plus and minus current at
toom temperaturs, and betwssn the increasing and
decreasing sextupole at 3000 A. A differsnce in
collar deformation betweaen aluminum and stainless
steal results in an additional ~ 3.0 units of sex-
tupole (cold) for aluminum. This can bes seen in
Fig. 2 by comparing the sextupole value {(cold) for
014-31 with the values for MD-1, 2, 3, and comparing
D14-83 with Dl4-B2.
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Fig. 2. Meassured Sextupole for Configurations
Listed in Table II (symbol = warm, bar = cold}.

The sffect of 1iron saturation on the sextupole
is plotted in Fig. 3. The sextupola data wers obd-
tained by averaging vslues messured during s fleld
increase and during a fleld dJdecrsase, and Lthen
subtracting the resulting average from the value
meagured at 3000 A (~ 3 T). This way we minimized
magnetization effecty so that data can be compared
with predicted valuss computed by POISSON. The
agreemant Dbetween calculstions and measucements
(with regard explicitly to saturstion) sesms reason-
able in view of the procedure taken as well as the
fact that the maximm saturatlon effect on b, is
rather small (~ 42 units). Computations have
shown that 50% of the maximum sextupole (+1 unit) is



a result of the notch in the irom inner cadius
across the pole.8 In s new collar design,
thessnotches have been eliminated.9  Similarly,
the notch along the midplane has an inverse effect
on the sextupole and its size can be increased (with
its current size, itz econtcibution is ~ - 0.3
units).
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rig. 3. Computation snd Messuremants of Saturation
Effect on Dy (dark symbols ave computed).

Magnetlic Distortions

The values of ths measursd sextupole (Fig. 2.)
wera far from what we had expected. e rveslized,
howsver, that we could account for a part of the
sextupolse in such factors as manufacturing errors
and 1ldealizstion of current density. These contri-
butions to the sextupole have besn calculated and
subtracted fcom ths wmeasucemants, leaving s net
difference betwsen the predicted sextupole and its
ssssured value. We assuse that this unexplained
“gistortion” iz a vcesult of real dimension
distortions that occur during the collaring
process. Figuce 4 plots the sextupcle "distortion”
as a function of the pesk collacing pressure in the
inner layer.

Although tha requiced prestress in this type of
magnet is about % kpsi (warm), sssembly pressure is
usually much higher. (Ses Pig. 5.) A momentarily
high pressure excesding ~ 17 kpsi, which is dus to
the existing collar and ksy system, is enough te
cause lrreversible distortions in both the condue-
tor and insulation. This kind of distortion direct-
ly asffacts the multipoles. Evenn though such
"damage” wmight be reproducible and its multipole
distortion compensated magnstically, it is uneon-
teolled, and tharefors a possible source of random
acrors. In ocrder to find such areas of mechanical
distortions, wa have parformed autopsies on a mmbar
of our magnets.

Disto alit

It was the pucpose of the autopsies to provide
snswers to the following two questions: 1) can the
conductor be measursd accurately enough to provide a
cross check betwesn multipoles calculated from as-
bullt geomstry and multipoles from magnetic measure-
wents, and 2) can systematlic distortions of the
design be identified, and 1f so, is there evidence
that they are responsible for the wagnetic distor-
tions? ’

Positive answers to thess questions should
provide confidence in our modeling and uncover arseas
that might be affected by high stiress.
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Fig. &. The Difference Ratwean The Msasured and
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The Disitisec

Since we hopad to use the mesasuring technique
mors than once, we focussed on a massuring system
that delivers high accuracy, convenlence, and
spead. HWe have found and used a system, called
Sigus-Scan, (Jandel Scientific, Sasusalito, CA, USA)
which is a digltizer connected to an IBM PC that is
fully integrated with a software package that can
messurs X,y coordinates.

The magnet cross seaction was digitized from »
photographic enlargement (X5). Using fiducial marks
on the sample that have basn accurately measuced,
the photograph was calibrated and then oswasured
(digitized). Two sets of measurements wece normally
taken; one was the "4 cornecs” of each of the
trapezoids around each turm (576 in all), and the
other consisted of every strand in every turn (3872
in all). Typically, this process cequired less than
a day's work.

Once the measucements wers done, the magnetlic
multipoleas were computad. Such ecalculations were
done separately for thea stcands and trapezoids, and
then compared with the magnet wessurements. (Ses
rig. 6.)

Good sgreement betwean these mathods confirmed
st the same time the quality of the magnetic



3 E—_ HEE Measured 300 K )
2 - {77 Digitized Strands o
—_ f b BRI Cigitized Boxs
F) sE-
= I
3 2 E.
2 ; :
a I :
Y Bk
S~ KT
[ H 3K —y
o -1 :
g -2 BENE o
- . H |
~3 i B
-4 1 2 3 & 5 6 7 8 9 10 11 12 13 , i
n CB8  B869-7511 .
Pig. 6. Comparison of the Measured Multipoles PU—

with Those Calculated From the Digitixed
Autopsy of Magnet D14-Ba.

measuremants and the asdequate accuracy of the
photo—digitizatien process, It also confirmed the
sufficient accuracy of using trapszoids in the cable
modeling of the prograa PK.

Pigure 7 1is = superposition of the digitized
stcands and the digitized turns of magnet D14-B4.
In order to have a direct comparison between tha PK
design and the digitized geometry, we have super-
imposed tha two and plotted them in Fig. 8. Dbis-
tocted areas can sasily be seen, especlally around
the midplane blocks of the inner conductor layer.
The effect of these distortions on the sextupcle was
computed snd ~ 90% of the total was found to arise
from such midplane distortions.

m e
rig. 7. Superposition of the Msasured Strands
and Tucns
Conclugionsg

The program PK can accurately wmodel high
uniformity dipole cross sections.

The program POISSON satlisfactorily pradicts the
influence of iron on the sextupole.

The predicted and measured sextupole is the same
during low prestress operation, but the difference
begins climbing sharply at around 10 kpsi to +6
units at spproximately 20 kpsi.

tost of the magnetic distoctions asscclated with
high prestress operation are the result of permanent
deformation of the midplans dlock of the inner layer.

rig. 8. Superposition of the Measured Turns and
Their Computed Design Location
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