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ABSTRACT 

-4 rpdrsign of the SLC South Linac-to-Ring beam line re- 
clllired that, the width of a good field of three of the bending mag- 
nci s be increased while utilizing the same yoke and coils. Further 
rc~cluircments were that the resulting magnets should have the 
sang strengt,h at two different operating currents as the original 
Inagnrts. The idea of replacing the steel poles with pole pieces 
of t hr high permeability material Permendur was investigated. 
Drsign calculations were done using TOSCA and POISSON. .4n 
existing prototype magnet was modified with Permendur poles, 
and Inagnc,t ic measurements wcrc done. The new magnets were 
I-ompleted, and rneasurrments agreed well with the calculations. 

INTRODUCTION 

‘fhr SI,iiC Collider Sou1.h I,inac-to-Ring beam line has been 
rcdcsiglled to incorporate an energy compressor! An increase 
in rnagltct aperture width was required at several points in the 
beam transport line. One of the requirements was that the good 
ficsld width of three identical bend rnagnet,s bc essentially dorl- 
bled. ‘I’hcre were several important constraints. The magnets 
woultl be wired in srrirs with other un-altered bend magnets 
a11d would have to achieve the same strength (s B, dz) as these 
~rlagnc~ts at two different rnergy settings. The original plan was 
to r~lilovt’ the magnet.s during a shut-down period and mod- 
ifv the poles, This meant that the new design would have t.o 
,liilizcx t 11c old yoke and coils. Previous computer studies on 
sinliliar magnets llad shown that replacing the steel poles with 
I’c~rrnc~ntlur would give an increase in good field because of the 
high saturation induction properties of that material. Because 
of t hc- constraints mentioned above and a critical time path, we 
ilecid~~l t0 use this material. So far as we know, previous mag- 
net designs ut,ilizing this material have been mainly for wiggler 
1iiagri1~1 h and wcrc relatively small in size. Our pole pieces were 
ol‘ tllfa ortlcar of 2 X 11 X 12 incllos. 

PERMENDUR 

I’crrrrelltiur. an alloy of steel and cobalt in equal propor- 
t ions \\ith about 2% vanadium, can normally be obtained ill 
almost any shape; however, only 3 inch rolled stock was avail- 
ahlc wit bin si.u rnollths. This material was obtained and forged 
illto Ijlocks approsirnatcly 2.5 x ~1.5 x 13 inches. The forging was 
tlonp at an est,imated temperature of 10.10” C, and the pieces 
\v+‘r(’ allowed lo cool rnldcr ambient conditions. We fo?lFwed an 
anr>c~alillg procedure suggrst,ed by E. Hoyer of LBL. Values 
of intrinsic illdllction (B ilOfZ) of 2.X Tesla were measured at 
1.131, (5t.f’ l:ig. 1). The fi II . curve deviates from the GE chart 
for I’c~rnlr~liclllr, which is shown for reference. This may be due 
10 I~(.;ll Ireatmcnt and/or chemical differences in the material. 
Ollr computations and Ineasurcrnents agree best when using the 
l,RI, table. 

\2Tc \vc7’t- taut ioned lo do a second anneal beCore final finisll- 
i11g. ‘l’his sccontl anneal caused the material to expand laterally 
nboui 0.005 inches and to shrink about 0.020 inches in length. 
‘I his inay have brcn a stress relief process due to the forging. 

DESIGN CALCULATIONS 

(‘ollfigt~ra~iorl for the magnets arc shown in Figs. 2 and 3. 
I’II(Y are !I0 I)t’nd magnets. Each polr rnd face is rotated f 4 .-so 
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angles to the pole face. The first comput.cr studies were done 
with POISSON. Previous work had shown that, good field widths 
1)redictrd by POISSON were too high by a factor of two when 
colnparcd to measurements of 1 U, dz distribution for this type 

of nia.gnet. TOSCA” runs and measurements show that two- 
dirrlc~llsional calculat,ions are only good at the center of the mag- 
Ilet. b:vcn though the ratio of length-to-gap is about 1.5 for this 
magnet. it, is highly saturated at, t,hc pole rdges. The magnets 
wcw required to have a value of s R, dz of 0.604 Tesla-meters 
at n c-ilrrcnt of 35.5 amps for opera&, at 1.153 GeV. A value 
of 0.69~1 Tehla-meters at, 395 amps was required for operation 
at 1.21 GcV. The good field required was f 28 mm in x for a 
decrease of s I?, d z of 0.25%. The good field for the original 
magnets was f 15 mm. The magnets were made stronger by 
0.9% to correct for measured losses to neighboring quadrupoles. 
Strength adjustments were done by varying the length of thr, 
magnets with t,hin shims located between the poles and the pole 
ends. A further adjustment can be made by t.rim wrindings. This 
allows operation at two energies. 

\Vhilc simply replacing the steel poles with I’ermrndul 
wol~ltl increase the good field widt,h, the resulting good field does 
not meet, that rrquired. A narrow pole with edge shimming was 
designed hvhich did meet the requirements, but this design was 
overruled in favor of a flat pole for simplicity of construction. A 
flat, pole must be made wide, and the loss in cficirncy creates a 

CH2669-O/89/0000-0351$01.0001989 IEEE 

© 1989 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

PAC 1989



8 

4 

-4 

-8 

o.5- 
F 0 
8 
t 
a 

i 

i 

f 9 I -0.5 

m 
w 
F 

5 

E -1.0 

8 

5 

1 

8 

Ii o -1.5 

I 

)Typy) 

: \ 
: 1 I 

: \ \ 
: \ i 
: I L 

1 

Steel Pole 

:I- : 
/Steel Pole 

: 
i 
I i 

: 
: 
: 

L I I I I I 

-40 -20 0 20 40 -40 -20 0 20 40 
: 39 
6x1** X POSITION (mm) 289 

6251417 X (mm) 

Fig. 9. SB, dz us. I with linear term subtracled. Is’ig. 7. Contours of BY/B, of 99.75% for the steel pole 
and the permendur pole magnets. 
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Fig. 8. J-B, dz vs. x at 1.21 GeV. 
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Fig. 10. Current us. energy setting for the steel pole and 
for the permendur pole magnets. 
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Permendur pole are running at fields above 2.3 Tesla. .4 com- 
parison of good field contours is given in Fig. 7. ,The distortion 
in x is due to the 4.5” pole rotations. Figure 8 shows the s B, 
dz distributions accross the magnet. The slopes are due to the 
pole-end rotations, and the slight dip in the distribution for the 
new magnet is due to the swallow-tail correction. TOSCA runs 
showed that higher order corrections are possible, but they in- 
troduce unnecessary machining difficulties. In Fig. 9, we show 
the S By dz distribution when the linear term is subtracted from 
a fit to measurments. The excitation curves shown in Fig. 10 
show that the Permendur magnet is more efficient at low cur- 
rents because of the higher permeability, while less efficient at 
high currents because of the wide, flat pole design. The differ- 
ences are made up by trim windings. 
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problem with strength, since the current could not be increased. 
POISSON and TOSCA studies showed that strength could be 
increased about 2% by recessing the pole piece into the steel 
yoke by 2 cm. This was accomplished by sandwiching the base 
of the pole between two finely ground steel blocks. A square 
pole end increased strength, but decreased the good field width. 
This was compensated by shaping the pole ends with a small 
notch! or swallow-taii. TOSCA was quite useful and accurate in 
studymg such end effects. 
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Fig. 3. Pole configurations for the old and new SLC 
SL7’R Rend 1Wagnets. 

MAGNETIC MEASUREMENTS 

Two methods were used: (1) a moving Hall probe, and (2) 
~11 int,rgrating long wire. 

hloving probe measurements were made using a Hall probe 
digital gaussmcter with an IEEE488 interface to a microcom- 
puter. The probe was set on a precision lead-screw cross-slide 
assclnhly so that the probe could be moved both along the lon- 
gitudinal axis (z) and the transverse axis (x). Precision lead 
scrrwslides were driven by Slo-syn stepping motors controlled 
by two Carnac Stepping Motor Controllers (SMC) int,erfaced 
to a Inicrocomputer. The magnetic field strength (IEEE digital 
gaussmr~tcr) and the excitation current(IEEE digital volt-meter) 
were read each time the probe stopped moving in the z direc- 
tioll. ‘I’hc measurement accuracy was approximately 0.01% for 
the gaussmeter readings, and the excitation current varied less 
tllan 0.001% during each longtitudinal survey. The precision 
lead screws were accurate to within 5 microns. This method 
gave an accurate shape of the B-field in both x and z directions. 
Solr~c result,s of these measurements are shown in Figs. 4 and 5. 

Tntrgrating long wire measurements were made using a 10. 
turn long wire (coil) that was stretched through the magnet. 
‘l’hr wire, bvas moved in the transverse direction (x) by two high 
prcbcisio!l stc,pping lnotor slides. Thr distance moved was read 
as we’ll as thp coil output in volt-seconds (digital voltmeter) and 
rc~cor&~rl bv a microcomput,c~r. The accuracy of this method was 
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Fig. 4. P, US. z and 5 for the original steel pole. 
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Fig. 5. B, us. z and z for the new permendur pole. 
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approximately 0.03%. This method was used for measuring the 
absolute strength (J 8, dz) at different transverse (x) locations. 

RESULTS 

The final magnets were within 0.1% of t,heir required 
strength at 1.21 GeV and had good field regions of f 32 mm in 
x at, 1.153 GeV and rfl 30 mm at 1.21 GeV. The good field was 
defined as the value of x where s B, dz is down 0.25%. The field 
distributions along the z axis for both the new and old designs 
arc given in Fig. 6. Note that the Permendur pole runs at a 
lower value of B, at the center of the magnet, but has a sharper 
edge. Hall probe measurements indicate that the corners of the 
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