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Intrcductien 

'l'h1s report reviews the technical investigatien carried l.;IIlt by 

the authors en behalf of the sse Central Design Group of the TAC 

superferric magnet design. The studies reported here include 

conductor current Il!Yel optimizations at 0.15 T, 2.0 T, 3.0 T. and 

3.25 T, III8ldmum calductor fields at 3.25 T. sensitivity of field 

qual! ty to variaticns in the magnetic shunt, and affects of up-dom 

~tries. 

'lhe general. features of the design are shcN1 in Fig. 1. Nrlch 

is a diagra of the upper right-hand quadrant of the magnet 

cross eecticn. In partic:u.lar, this design is characterized by II 

negnetic sbmt lolhich aepuoat_ the aperture frca the pr~ (.Oils. 

'lhe c:u.rrent in the three coila, labelc Ic' lin' and lout' ~ be 

1nd1vUually centrollc. '!'No ccnfigu:raticm of the tria coil. labelc 

Ic' t<iB'e mv-t1gated.. n. nca1nal location. is ildicated. by the aol1d 

centaur in Pig. 1; tbe alwmate locat1an.. ~ wrtlcally by 

-o.O&".is 1rd1cated by the dMMcl contour. 'l'lw tm. c:ura.lt:8 are to 

.. l..t _ c--ta. to cafttrOl the cUp)1. field val •• ani to Z8'O 

~ fint tM) all~ t.r.Dlc CQi(XlhMlta. U. ~l. an! ciaclp)l •• 
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~ 1. Upper Right IIaDd Quadrant 
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Ml!!gnet tt:del 

'!'be analysis reported here relied upon the use of the .agnet 

.odeling code POISSCIf, and its related opt:illl1zatial code MIRT. A 

great deal of care was tala!n to set up the model to :insure accuracy in 

the calculatia1S. '!'be total ruaber of node points was near the 

maxi.DuD allONec1. Fig. 2 shcNs the mesh in the aperture, and coil 

regial. 

The integratien arc used to canpIlte the harmcnic field 

coefficients is defined by 48 equally spaced points en a radius of 

1.0 em. "r.1e IIII!Sh NIS constructed such that the integration points 

correspcni to mesh node points; this insures greatest accuracy for the 

calculatien of the field at these points, since no interpolatien is 

required at node points. "nil! 1ntegratien arc is apparent in the mesh 

of Fig. 2. 

Part I - CUrrslt OptiJl:lzatial 

Tables 1 through 4 report the results for 0.15 T, 2.0 T, 

3.0 T, and 3.25 T field levels, respectively. For 2.0 T and 3.25 T 

results are included for the two different locaticns of the tria coil, 

labeled Ic in Pig. 1. 'l'tw 0.15 T.-d 3.0 T c=-- include results cnly 

for the naa1nal locatial of the tria coil. 

'1'hIt notation for the ~c coefficients relates to the 

• follawbv fora for • : 

•• - .x - my • Z Cn aD; en • ~ + Ibn. 

I'br the 1~ *l_tr.1_ Ni*L1ln~ by tM ~It __ I. the only 

alla.rJ bamanlc:a an boo b2 • b4'~. tt. coeflc1mts bn (n Ii 0) an 

raaU..t IPt ba iIIIl twpa..s 1D -.Its of 10-4. 



POISSON .... used to obtain initial current valUBII MUch 

conesporld to the target value far bOO This initial soluticn ... then 

used _ 1q:ut to MIR'l' to search far a local .wu.. of the objective 

tuncticn. In each of the caees, the objective function was the S1.D of 

the squared values of b2 am b4 • The tree variables tere tMO of the 

three currents; the third current, the largest of the three frcm the 

initial evaluation, was held fixed. In general, since the total 

current was not c:cnstra1ned, the fundamental, b
O

' dri.fted slightly as 

a result of the optimization. 

r.ble 1 
o .1a T, Nca1nal Trill Co11 IDeation 

Harnalic Coefficients 

bOlT) b
2

(10-4 ) b
4

(10-4 ) b
6

(10-4) ba(10-4 ) 

0.146 0.024 0.658 0.149 -0.892 0.033 0.016 0.035 

'hbl.2a 
2.0 T. IIIa1Dal Tria Cot1 Locatian 

s.r.xuc COeff1c1ent:8 

bO(T) 02U0-4) b.(10-4) b
6

(10-4) b
8

U0-4) 

1.872 0.040 9.077 1.951 -2.213 2.722 1.534 0.", 

• 



The 2.0 T solution reported in Table 2a, with the ncainal tria 

coil location, did not satisty the criteria within MIRT far a local 

However, the convergenc:e rate was so slow that MIRT 

teI'lllinated without finding a solution. A series of optimizatioos were 

attempted wi thout ~roving en these results. 

currents (kA) 

Ic Ioot 

Table 2b 
2.0 T, AI ternate Tria Coil Location 

HarJoonic Coefficients 

b
2

(10-4 ) b
4

(10-4 ) b
6

(10-4 ) b
8

(10-4 ) 

2.539 0.062 9.258 2.055 -0.517 2.382 0.378 0.161 

Notice that the alternate trim coil location resulted in an 

ilIq;lroved solution. as sb:::N1 in Table 2b. In this case the solution is 

a local 1IliniDID.. Althcllgh the value of b" did not illpl'CM! 

dramatically ~ to case 221.. b2 did drop below 1 1.U'lit; a side 

effect taS an iqlrcved value for b
6

• 

or.ble 3 
3.0 '1'. II:aiJal TrDl 0011 IDcat1cn 

&ar.:In1c Ooeff1c1ma 

b
2

U0-6) b.(10-6) b,UO-6) beUO-6) 

-2.&14 t.951 11.302 2.944 O.OS4Z -0.058 2.819 0.522 

s 



Notice that while the local IIIin1JIuD for this case corresponds 

to low valUll!S for b2 azn b4 , the value for b6 , tilich is net being 

ccntrolled, is the dan1nant coefficient for this case. 

Table 4a 
3. 2~ T, NaD.inaJ. Trim Coil Locaticm 

CUrrents (leA) Harmonic Coefficients 

Ie lout b
2

(10-') b
4

(10-4) bs (10-4) b
8

(10-4 ) 

-5.265 15.278 11.379 3.198 1. 461 -0.558 3.238 0.585 

'l'able 'b 
3.25 T, AI temate TrJa Coil Location 

Hamonic eo.tt1cimts 

b
2

(10-4) b,(10-4) b
6

(10-4) ba(10-'> 

-5.588 15.278 12.297 3.2'7 -1.040 -1.751 '.756 1.191 

At: 3.25 T. r_cmmle wluee for b2 a'd b, wre feRn! for both 

coil cont1guratIcrw. 1Ic:IN.vw. the relatIve value of bS !a quite 

large. pu'tIcu1vly for the alwnate trill coil locatIon. nported in 

~. Cb. n. ~ta Iwpxted 1ft ~_ 4a aid Cb ta{letbPr with 

tt... at 'bbl. 3 ~ tbat .. GUtlanal. ccmtl'Ol u ~ at 

f1alct. at 3.0 T lid IIbaIM to.mtaJa.ap~ val_ fer b •• 

• 



Part II - MW1 •• CCnb:tor Pields 

The mxiDI.a field value NIlS checked at 3.0 T and 3.25 T with 

and wi thcut the magnetic mmt. The results are illustrated in 

Pigs. 3 and 4. The IIIIIXiDun field point is different for 3.0 T and 

3.25 T. Also the value as a percentage of the central field, for the 

case with the shunt, has increased fran 100% to 121'. In both cases 

the maximum field value is increased by removin1 the shunt. In all 

cases, the maximum field point lies on the edge of the conductor 

closest to the aperture. By refering to Tables 3 arx1 4, we also see 

that in each case the maximum field point occurs where the current is 

also the highest. 

D 
8 /B • 100'" 8 y • 0.' ell. ---

PIg - .0· 2.M T - II1th ShWlt 

1 



D 
B fB 0 .. 114% @ Y .. 0.1 em 

max 

Pig 3b, B 0 • 2.98 T - Without Shunt 

B !B - 121' 8 y • 1.05 c:a 
IUJIC 0 

..... .0. 3.B l' - II1tb SIl1Ult 

• 



D 
B /B.. 126% @ y - 1.05 em 

max 0 

Fig "b. 8 o· 3.29 r - Without Shunt 

~ III - Field s.n.itivity to Shunt Yariatians 

The previou. aectians dealt with the characteristics of the 

ideal TAC ~t: ie., the chanicter1stic. Nlich are expected to 

correspad to a mgnet built exactly to specification. 'l'his section 

ard the follClldl1Q' section d.iacu8e the ... itivity of the field quality 

to dwiati~ frca the ideal -.gnet. 

V&riatiarw in Mlgwtic stult ~ 

'DIe ~ of the .-gnetic 8Iult on the field ~ 

~tly OIIW the rw:Ige of cmtral field VIllu.. rr.:a injection to 

_1_ field. At. cmtra1 field val .. of Q.15 T the val .. of tt. 

pel Ul1ty. II. in the ..... t 18 abaIlt: 15.0. 1h1a val .. 1a lCIW 

CXAiWed to" 11\ the pole piKe. blat .un l.-~ CUiiiWed to 1.0. the 

to iIIibrr.lt 1.1. 

, 



Consider the 0.15 T case. Because J.I is large ~ to 1.0, 

the magnetl,: flux is ccmstrained to be approximately ccmstant through 

all horizcmtal cross-sectioos of the slnmt. Scalar potential lines 

are CCXlStrained to be approximately perpendicular to the vertical 

l:x:n:iOOaries of the slnmt and with uniform spacing. HcMever, for this 

case, since the value of J.I is not so large as to be effectively 

infinite, the unifc',;;dty of scalar potential lines, and their 

associated field lines in the vicinity of the shunt is directly tied 

to the geanetric and material unifonni ty of the slnmt. In particular, 

local variations in either its thickness or its value of J.I will 

directly affect the field uniformity . 

. This observation was tested by making small variatiuns in the 

shunt thickness. The variaticn took the fom of a notch of 0.00 51 an 

(2.85 mils) deep by 0.3 em high; the notch Nri~ also tapered at: each 

end. to reduce possible corner &tfeets. '!be cnly field .inveetigateci 

here NIS 0.15 T since the affect is expected to be smaller for higher 

fields. Pigs. Sa. 5b. and 5c show the shunt with a schMIatie 

illustraticn of the three d!~i'erent notch locations Nlich ware 

ccmsidered. Note that the notch depth is greatly exaggerated i., the 

figures. '1be c:orrespxx:ling results are replrted in the acccmpnying 

tabl •• 

10 



~ 
'!IIble !Sa 

• b ..:ibn n 

I b2 : 11.067 10.174 

I b4 : 6.866 6.538 

I i 
b6 : 2.457 1.695 

JJo·~~ 
b8 : 0.705 0.350 

b10 : 0.357 0.070 

* .d;: Ibnl - Ibn'l 
.11. 

O.OO~1 em b' are values in ~ble 1. n 
Fig. 5a 

BO = 0.149 T 

Ie ~ 0.146 kA, I out = 0.024 kA, Iin = 0.658 kA 

Table 5b 

4--O.OO~1 0=-

* bn .dbn 

b2 : -6.648 5.756 

r~o.~~ 
b4 : -3.033 2.705 

b6 : -0.241 -0.516 

n~~ 
b8 : 0.123 -0.232 

bIO: 0.248 -0.040 

• 41. Ibnl - Ibn' I __ 1 
bn ' ... wl~ m '!IIbl. 1 

Fig. 5b 

80 .0.141 t' 

Ie: • 0.14& ItA. I o .. t • 0.024 ItA. t m • 0.658 ItA 

u 



rO.OO57 CII Table Sc 

• b ~n n 
0.30 CII 

b2 : -1.098 0.205 

b4 : 2.350 -0.093 

b6 : 0.752 -0.013 

1.30 CII b8 : 0.360 0.005 

b10: 0.287 -0.001 

• ..:I = Ibnl - Ibn'l 
bn ' are values in Table 1 

Pig. Sc 

BO - 0.149 T 

Ie - 0.146 kA~ lout - 0.024 kA, lin - 0.658 kA 

All of the smmt ncrwniformi ties considered aboIIe carrespolld 

to variaticns within the ncmJBl. quadrant syDIRtry (the next: section 

cawidere uy.etric variaticns). Althaugh. ncam1fcma1ties due to 

..m.cturing are not in general expectecl to ~ to thI!IIIe 

~tri_. U- r.W.ts 1nd.icate an extt __ 1tivity in field 

quality to mmt ncnm.1fondti.. In put1cular. _ iId1cated in 

Table sa. ~t1v1ty is very high tor ncnm.1fanliti. mar ttw 

horblantal a1~. 

0.001 c:a aN ".., I1Dly. Yar1at1cm. af ....-..J. pecmt in local 

v.I .. of " is epct.d to ~ .J_Jl .. ~t.. 



ou.r Affect:a of the Ml!5jlnetic Sbmt 

In additicn to the aaerical results diacuaeed aI:xJve. there 

are several signifiamt qualitative obaervations tihich will be 

diac:uaeed here. Refer to Pigs. 6. 7. ani 8. tihicb shaN field line 

plots for 0.15 T. 2.0 T. and 3.25 T fields, respectively. In 

particular, notice the shift in the Ueld vector orientaticn at the 

juncture of the shunt and the pole piece between 0.15 T and the higher 

fields. 

1'Jg" US or 

13 



Pig 7, 2.0 r 

I " :' 'I . 

Ie 
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'l'he shift in field vector orientaticn in the critical reqicn 

DII!IIU' the aperture as a functicn of central field value inllcates that 

the H an! e vectors will not 1'eIIIl1n parallel in 'this regicn as the 

cerrtral field value dl2lZ1geS. '111ere are several Diplicaticns related 

to this .agnetizaticn affect. First of all, since H ani B are not 

parallel, the _terial is IIIi1gl1I!tically anisotropic ani historitic in 

this regicn. '!'his presents a difficulty for analysis since CCIIPlter 

analysis codes such as POISSON typically treat a material as 

isotropic, and codes such as PA..,IRA, related to POISSON with the 

adr!i tional capability of treating anisotropic permanent magnet 

materials, do not deal with hy!Iteresis. This si tuaticn makes it 

difficult to predict the significance of the effect numerically. 

The hysteresis introduced into the design is again directly 

related to the presence of the shunt. This is the result of the large 

differe!lCe in flux through the shunt caupared to the pole at low 

tields. At higher tields, due to drop in Ii, the differential flux 

between the shunt and pole piece is SIIBll. 

The hysteresis will resul t in a magnet \<\bcse tuning 

characteristics are clOlgely associated with the state of the 

shunt-pole interface. In ~icWar, a gap or llisplacement of the 

shunt will likely CI'iange the tUliing charact:eristic=». Since these 

~ of design variations will be cliffeNnt for each ~t, tuning a 

group of ~ _ a NIDI. -V ~t probl_. 

15 



PEt IV - s..it1v1ty to 1Jp-DcIII! ~1_ 

The ~tries cawidered here include _terial property 

variaticms between the top an! bette. J..dnaticms, an! ~tric 

~tries of the ugnetic shlmt. The former category includes a ~ 

variatiCll in J.l arxl a 1'" variatic:n in stacking factor bebJeen the top 

arxl bottCIII pole lasainatioos. The latter category includes a .0025 em 

gap between the magnetic shunt and the top laminatiCll, arxl a taper in 

the magnetic shunt, where the width at the top of the shwlt is 9~ of 

the bottCIII width. 

Fig. 9 illustrates the features of the mdel used for the 

analysis of these cases. n,e upper right-hand and. lower right-hand 

quadrants are included to allow for up-dc:Nl asynmetries. Left-right 

synmetry is maintained. The details of coil geanetry have been 

simplified in this mdel caupared to the single quadrant model shcNl 

in Fig. 1. The location of the trim coil corresponds to the 

al ternated locatic:n of F'ig. 1. 

Again the results reported below refer to the following 

* toepresentation of B : 

B* a B - is ,. E c zn. cn ,. an + ibn. x y n' 

For the case of left-right syIIIIetry wi thaI1t up-dct.n ~try I the 

variaticms in Pole r..:lnat1aw 

Tabl. 6. 7 • an! 8 report: the r.ul.ts for 1. wriatiaw in Il 

ard sta:Jdng tactar. be~ tM tcp ard bottca 1X)1e 1..u.t.1cn.: -=tl 

affect .. c:cr.1da1.wl ~tely. III -=tl ~ the PI"'*' U. of the 

tcp laainat1an ard t:Iw .-gnetic .tult c::ol'ftIIPCXd to rw:alIwl PI"'*' U_ 

15 



all used tor the single quadrant .oc1el. '!be IJ values are traa the 

standard IJ table at POISSCIf; the stacking factor is lex.. 'lbe 

variations in the batte:. lallinatial correspond to the standard IJ table 

III1.ltiplied uniformly by 0.99. and a ~ stacking factor. 

11 



Table S - 2.0 or 
Ie - 2.~39 ItA, ICIIJt - 0.062 ItA, IJn - 9.258 ItA 

AlIOlll!d Hamcoics 
Nol'llal. " stacld.ng sv-etzy Factor "'" b1 b2 

tb
2

t - tb
1

t b3 tb3t - tb
1

t n n n n n n n 

bo(T) 2.0~4 2.0~2 -0.002 2.054 0.000 

b
2

(10-4) 0.643 0.540 -0.103 0.635 -o.oo:a 

b
4

(10-4) 3.112 4.493 1.381 3.123 0.015 

b
6

(10-4) 0.416 0.477 0.016 0.459 -0.002 

b
S

(10-4 ) -0.379 -0.383 0.004 -0.383 0.004 

-4 b10 ( 10 ) 0.121 0.123 0.002 0.124 0.003 

Skew IIanalics 
No:rnal " Stacking 

SyDmetry Factor " ,., 
a! a! 

2 1 a - a n n a! 
3 1 a - a n n 

-4 a1 (10 ) 0.011 -1.077 -1.088 -0.114 -0.125 

a
3

(10-4 ) -0.068 -0.497 -0.429 -0.100 -0.032 

a
5

(10-4 ) 0.032 0.006 -0.026 0.029 -0.003 

~(10-4) 0.094 0.098 0.004 0.093 -0.001 

~(10-4) -0.121 -0.123 -0.002 -0.124 -0.003 

II 



-r.ble "1 - 3.0 T 
Ie .. -2.64" ItA, IOIlt .. 11.302, lin :z 9.957 

AlICJNl!d HarlllCnics 
Normal ~ stacking 
~try Factor ~fJ 

b1 b2 Ib2 1 _ Ib1 1 b3 Ib3 1 _ Ib1 ! n n n n n n n 

bolT) 2.939 2.931 -0.008 2.938 -0.001 

b
2

(10-") 13.316 11.804 -1.512 13.069 -0.247 

b
4

(10-4 ) -2.628 -2.419 -0.209 -2.580 -0.048 

b
6

(10-") 3.365 3.385 0.020 3.373 0.008 

b
8

(10-4 ) 0.579 0.577 -0.002 0.580 0.001 

-4 b10(10 ) -0.029 -0.035 0.006 -0.034 0.005 

Skew HarIoonics 
Normal ~ Stacking 

SynIDetr.y Factor ~ fJ 

a~ a~ 2 1 a 3 3 1 a - a a - a n n n n n 

-" a 1 (10 ) -0.016 -10.519 -10.503 -2.107 -2.091 

a
3

(10-") -0.070 -0.800 --0.730 -0.251 -0.181 

a
5

(10-") 0.033 0.0-'8 -0.015 0.029 -0.004 

~(10-") 0.09-' 0.102 0.008 0.097 0.003 

<Ig (10-") -0.123 -0.12" -0.001 -0.122 0.001 

19 



'l'IIble 8 - 3. 2S or 
Ie - -5.094, Iout s 15.278, Iin s 11.589 

AllONed Harmonics 
Nomal ~ Stacking 

SyDIDetry Factor ~I" 

b
1 
n b

2 
n 

Ib2 1 _ Ib11 
n n b

3 
n Ib3 1 _ Ib1 1 n n 

bO(T) 3.213 3.202 -0.104 3.211 -0.082 

b
2

(10-4 ) -16.584 -15.127 -1.451 -16.418 -0.104 

b
4

(10-4) -5.433 -5.235 -0.198 -5.287 -0.146 

b
6

(10-4) 4.066 4.099 0.033 4.044 '-0.022 

b
8

(10-4 ) 0.893 0.903 0.010 0.910 0.017 

-4 b10 (10 ) -0.03.2 -0.012 0.000 -0.009 -0.003 

Skew Harmonics 
Nomal ~ Stacking 

SyrImetry Factor ~ I" 

a~ a 2 
n 

2 1 
~-~ ~ 3 1 

~ - an 

a
1

(10-4) -0.010 -12.936 -12.946 -l.590 -2.600 

a
3

(10-4) -0.066 -0.906 -0.840 -0.316 -0.250 

a
5

(10-4 ) 0.(,~3 -0.015 -0.048 0.038 0.005 

~(10-4) 0.096 0.119 0.023 0.094 -0.002 

&g(10-") -0.126 -0.132 -0.006 -0.126 0.000 

20 



There are several points to note abJut these results. First 

of all, the currents for the 3.0 T and 3.25 T cases are not optimized 

for this coil ca'ltiguraticn. Therefore the values for ~ and b4 are 

ab'lormally high. For this reason the ooted change in these values due 

to the asyJIIIII!tries is not relevant. 'l11e values of primary 

significance due to up-dc:Nl asynmetries ar<! the skew terms. the 

all~ harnarlcs are l1cN!ver reported for canpleteness. Note that 

for the normal synmetry cases. the skew terms, a
l

• a 3 • etc.. should 

ideally be 0.0. The calculation of these values is a measure of the 

accuracy of the code in calculati~ harmonic coefficients. 

The most significant result is the value of ~. In 

particular. note that the field quality at 3.0 T and 3.25 T is 

extremely sensitive to variations in stack1~ factor. 

Other Variations in SynInetry 

The analysis of the sensi tivi ty to other asynnetries is still 

in ProgI ess. Resul ts have been caq;lleted for a 0.0025 em gap between 

the top laminaticn and the shunt, am a l~ taper of the shunt (t.he top 

width of the shunt is 99'i1 of the blttcm width) . The only significant 

9I!!IlI!I1tlv1ty (chaDges in coefficients larger than a unit) that results 

frca ~ variati0r8 is for the caae of the tapered stamt at 0.15 T. 

In this CMe. &1 - -5.7 units. an! ~ • -1.4 units. 

21 



'!'be anlaysis of the magnet as tuil t to specificatien indicates 

t.lJat with proper current settings the values of b2 ani b" can be 

reduced to acceptable numbers, with the possible exceptiCL'l of 

intermediate field values around 2.0 T. '!'be results :fraD MIR1' suggest 

salle difficu.l ty in t1ming for this range of field values. '!'be 

tunabili ty in this ~ is however improved by the al temate tr.im 

coil location. 

Even though b
2 

and b
4 

are effectively controlled in this 

design, b
6 

becCJDl!S large for field values exceedinJ 3.0 T. At 3.25 T 

b6 = 4.756 units. 

The field values at the coils becc:me large at high values of 

the central field. For 3.25 T, the maximum coil field value is 121" 

of central field. The IMldmum field point lies on the coil with the 

higMst current. The maximum field value is reduced. only slightly by 

the presence of the shunt. Wi thaut the shunt the maximum value 

increases to 12~ of central field. 

The IIIIIgnetic slmnt presents a critical I:x:JundaIy ccnU tion to 

the field within the aperture. Field quality at the injection field 

level 1s very sens1tIve to both ~tric ani asyIIIIIetric geaaetric and 

_terial property perturbations of the sbmt. 

~tr1c var1atia. en the order of 1" in either the 

stack.1ng factor or pel bil1ty in the JX)le t.1nat1a. NWlt in 

s1~f1cmt ... ~l. t.-. a 1 • 
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