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Abstract

This memo presents the formulation of an expression for eddy currents induced in a thin-
walled conductor due to a time-dependent electromagnet field excitation. Then follows an
analytical development for prediction of vacuum chamber eddy current induced field harmonics
in iron-core electromagnets. A passive technique for harmonics suppression is presented with

specific application to the design of the Superconducting Super Collider (SSC) Low Energy
Booster (LEB) Magnets.

1 Summary

In Section 2 an expression,Eqn. (11), is derivedrelating the current densityper unit
length along the crosssection of a conductor (e.g. a vacuum chamber) in a magnetic
field to the vector potential of the fieldover that conductor'scrosssection.

Section 3 usesa Schwarz-Christoffeltransformation to formulate an expression,Eqn.
(21) or Eqn. (24), tor field harmonicsin an iron-core dipole electromagnet inducedby
arbitrarily locatedcurrent filaments.

Section 4 showsthat the chosen'alternative' LFB dipole excitation pattern produces
eddy current inducedharmonicsthat are lessthan half that of a slightly..different'straw-
man' excitation pattern. A closed-formexpression,Eqn. (33), for vacuum chambereddy
current inducedharmonicsin an iron-coredipoleelectromagnetisformulated usingresults
from Sections2 and 3. Analytical resultsof field harmonicsfrom Code EDDY (Appendix

" C) for an elliptical strawman dipolemagnetvacuumchambershape are shownto match
thoseof a lengthytwo-steppair of POISSON runs.An expression,Eqn. (36), for the field

• correction(i.e. harmonicssuppression)providedby a pair of passivecompensatingcoils
of given location andsize in the dipole magnetfield is developed. A candidatevacuum
chambershape,# D of Figure8, is shownto reduceboth the eddycurrentinduceddipole
component and the required maximumcurrent in passivecompensatingcoils by a factor
of 4.6 over that of the strawmanvacuumchamberdesign. The inducedsextupolecompo-
nent is similarlyreducedby a factor of 3.S. Recommendedsizeand positioningof passive
compensatingcoilscapableof nullingboth dipoleand sextupolecomponentsare listedin
Section 4.2.5. A 1 mm error in the positioningof the compensatingcoilsgivesrise to a



field quality error of 1 • 10-4 over r=2.5 cm. A coil positioning tolerance of --, 0.25 mm
(10 mils) would put dipole magnet vacuum chamber eddy current induced harmonics in
the noise with respect to the desired field quality.

In Section 5 a quadrupolemagnet and vacuumchamberare mapped to dipole geometry,
after whicha closed-formexpression,Eqn. (42), for vacuumchambereddy current induced
harmonicsisformulated usingresultsfrom Sections2 and a Schwarz-Christoffeltechnique
analogousto that in Section 3. Analytical resultsof field harmonics from Code EDDY
(Appendix C) for an elliptical strawmanquadrupolevacuum chamber shapeare shown to
matchthoseof a lengthy two-step pairof POISSON[1]runs. A candidate circularvacuum
chamber shape, # F of Figure 14, featuring a 4.0 cm lD circular vacuum chamber is
shownto give a maximum quadrupole harmonicof 0.5.10 -3 B.rc=. at Irl = 2.5 cm (=
0.8-10-3 Bz=_zat Irl = 4.0 cre). Ali higherorderharmonicsare negligible. The magnitude
of the vacuumchambereddycurrent inducedquadrupoleterm for thesevacuumchamber
shapesmay be sufficientlylow dependingon the final dipole-quadrupoletracking design
specificationand tolerance to risk; correctioncoilsmay not be neededin the quadrupole
magnet.

in Section 6 a generalizedclosed-formexpressionfor vacuum chamber eddy current
inducedharmonicsin an rr=th order multipoleof 'symmetrical'vacuum chamber shapeis
formulated [Eqn. (44) or Eqn. (47)]. Generalizedpassiveeddycurrent inducedharmonics
suppressionin an mth order multipole isdiscussed.Pertinent generalizedvacuumchamber
shapes in combination with rnth order multipole magnets are summarized along with
allowedharmonics. Correctioncoilsare not neededin the LEB sextupolemagnets.

2 Eddy Currents in a Thin-walled Conductor

If in an electromagnet with a sinusoidaltime-dependent excitation

lo_t = Zoc+ Ia coso_t (1)

the ironyokeremainsfar from saturation, then, neglectinghysteresis,the two-dimensional
magnetic vector potential .4 in the good field regionis very nearlylinear with current:

A(So.,z,U)= A(Zoc,x,y)+A(la,z,) (2)
w

and the rate of changeof the vector potentialwith time is

dA(lo_..x._/)
dt = -A(la.z.y)wsinwt (3)

SinceB = _ x A. wecan relate the electricfield E to the vector potential via Maxwell:

dB dA

-VxE_ at -rx a-T (4)



from which it follows

dA

- E = -_ + _o (5)

Eddy currentswill be inducedin any conducting medium present (such as a vacuum
chamber),which alter the magneticfield in the regionof interest. The current density in

" the conductingmediumis given by:

j = aE = -a + co (6)

For a vacuum chamber of thickness D, the current per unit length along the arc s of
the conducting chamber is

(ria )g,,(s 6. z) = jD = -aD --_ + co (7)

Sincethere is no net current flowingover the crosssectionof the conductingmedium,

-aD .-_. + co ds = O (8)

where ds is the incremental arc length of the perimeter of the vacuum chamber. Thus
COis given by:

a D "2.4A,--fJ dt ,.v

co = £ aDds (9)

andwe have for a uniformlythick and uniformlyconductivevacuumchamber:

6. z) = -aDwsinw_ [-A(Ia,s)'4-
L aDA(la, s)ds ]Z.o(_

1 _)d_] (1o)

where S is the perimeter of the vacuum chamber.

For a given magnet geometry, POISSON need be run for only one arbitral3r magnet
excitation, say I_a = I_, resulting in a tabulated vector potential distribution A(l_,z,y).

" Since the problem is linear, -_ = _ B(l,,,_a) and l',,Gc(s e (x,y)) can beA(6.za,) = B(h..,,y)
expressedin terms of the tabulated vectorpotential A(II,s) along the vacuumchamber
contour, for any specifiedIa (:orequivalently.BA):

I',,,,c(s e (x,y),t) = aDwsinwt Ia A(I_,s)- -_ A(l_,s)ds (11)
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3 Harmonic Components of Field Perturbations Induced
by Arbitrarily Located Current Filaments

Lee[2] has developedexpressionsfor a multipole expansionof the field in a dipole mag-
net from vacuum chamber eddy currents. Here we formulate analytical expressionsfor
fieldharmonicsin a dipoleelectromagnetinducedby arbitrarily located current filaments.
Analogousexpressionsfor higherordermultipolemagnetsare obtainableafter conformally
mappingthe multipole geometryto a dipolegeometry.

Figure la showsthe gap portionof a wide [in the x-direction] electromagnet dipole
exhibiting midplanesymmetry. Assumingthe vacuum chamber also exhibitsmidplane
symmetry, then current filaments of magnitude I can be thought to occur in pairs at z0
and z_. The return paths for the currents will be -! at -z0 and -z_ if the vacuum
chamber is also symmetricabout the y-axis.

The x-direction width of the iron pole face yoke is assumedeffectively infinite in the
analytical model. Exponentialdecayof field errorsas one movestowards the origin from
the cornerof the iron pole insuresthat this approximationwill not result in largeerrorsof
calculatedharmoniccomponentsnear the beam axis (i.e. the origin in Figure la).

We shall usea Schwarz-Christoffeltransformation to conformally map the gap region
betweenz = (z, +h) of Figure la to the upper half t planeshownin Figure lb. l Choosing
t = oo at z = +oo resultsin the transformation

dz 1/k
- (12)dt t - a

Choosingt = a = 0 at z = -oo makes 1/k take on the value 2__hbsinceat t = O,

Im(Az)---'- Im(_t= 0 ._tdt)_ _ 2h -- Irn(_ i-) -- _. Integrating with respect to t gives

| A|ternativcly_ since the dipole exhibits mldpLs_e symmetry, mapping the half-gap region between y = 0 and y - h
of Figxtre la to the upper ha//t plane yields the same result.



2h ___
z = --lnt A-c, ----, t -- e-2,, (13)7r

Choosing t -- 1 at z = -lh makes c take on the value -ih. The complete transfor-
mation is thus

2h = iek_. z=--Int-ih,----_t iea= =le ° (14)
_r

. wherek -- _ and a - kz.

For a filament of magnitude +I at z0 and its image in the t plane about the real
axis, which makesthe magneticfield perpendicularto the air-iron interface, the complex
potential F(t) is given by

F(t) = -I ln(t - 't(_))(t - t'(_)) (15)

The magnetic field is related to the complexpotential by tt'(z) = i_. For the case
underconsiderationwe have

dF/d,1k o[ , + , ] c,6)
For current filaments of magnitude +I at zo and z_, and their images in the t plane

about the real axis, we have for H'(z):

.dF/dt Ikeo[1 + 1 1 1]H'(z) = Zdz/_ = _-_ e° _ e°* e° + e° _ + e° _ e° _ + e° + e° 0 (17)

where the relations t(zo) = ie °* , t'(Zo) = -le °_, t(z_) -- ie°;, and t'(z_) = -le °°
have been used. Simplifying, we have

. We now decomposethese expressionsfor H'(z) into harmonic components. Define
e z

G(z) _=si.h(.) 1 - r..h(z)'l Then, expandingG in a power series,

1

G(o - _o) = Tanh(a - ao) = F,oa"a. = ao + alo+ a2c_2 + ... (19)

where, sinceO(z) is an odd function, we have



a- 1 = (-1)-+,_ (-1
n!a,, = Oc_" Tanh(c_ - C_o) ,_=o Oa_ Tanh(ao) aa'_

Therefore,

-1-+,c_-ro.a(_o) o.a(_;)]ccd_ _o)+ c(,_-,_;) =_o_-(..+ ¢_)= _.o n! [ _ _ o_;- =

-1-+,,_- [o"a(,_o)]_o .! 2R_i _ (20)

Thus, the multipolecomponentsfor a pair of currentfilaments of magnitude+I at Zo
and z_ are givenby (droppingthe uniformconstantfield):

I --1"+la"

H*(z) = _Ik [G(a - ao) -I-G(a - a_)] = _Eo n! Re [b,,] (21)

where

bo= , _= , b_= ,

- - 3, b.=(-2)2 3 , b,= _ (s_+ ' - o_

'_" and ao =and whereS _=Sinh(ao), C =- Cosh(c_o),T -_ Tanh(c_o), c_= _, - _a"

If additionally,the vacuumchamberis symmetricabout the y-axis, the return paths
for the currentswill be -[ at -zo and -z_.

We have for the z location -ao:

1

G(a + ao) = Tanh(a + ao) = EoC_"a,, = ao + aza + a2a 2 + ... (22)

where

1 )1   (1)0nn!a,, - Oa" Tanh(_ + ao) o=o- _ Tanh(ao) - i)o_

Therefore,

. _"[O"G(ao) O"G(a_)]G(_ + ao) + C(,_ + _o) = r'o_"(a. + ¢_) = _ov. O_ + O_" =

_,- a-c(,_o)l
_o¥2R_ _ j (23)
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Figure 2. SSC Low Energy Boosterstrawmandipole magnet geometry.

Thus, for this specialcasewith currentfilaments of magnitude +Z at zo and z_)and
-Z at -to and -z_, the multipolecomponentsare given by

H'(z)_ rA_._o-2a_ _
I

_, ,,! n_[hd=_,,=o,o,,-_., R_[b.] (24)

where the b=are as given aboveand where the n = odd terms drop out.

4 SSC Low Energy' Booster Dipole Magnet Design

The strawmangeometryfor the SSClowenergy boosterdipole magnet is shownin Figure
2. The nearon-axisfield hascomponentsclueto both the magnet coil excitationand the
eddycurrent excitationin the vacuumchamber:

B;o,(_)= B;_,(_)+ B;, C,_(_) (25)

each of which may be decomposedinto harmonics2 asexpressedby:

_B'(_)= Bo_(b. + _a.)_" (26)
rt'-'O

. The strawman field quality specificationfor these magnets are that _ <_10-4 at
Izl = 2.5 crn (later changedto -_ < 10-4 at Izl _<3.25cos0 + i2.SsinO cre.) The

_Here we use SSC's harmonics nomenclature; POISSON code results are generated using tile convention B'(z) =

En=l in(a'_+ib')r (_),_--I, thus for the L"ta harmonic (k -- 0 being tile dipole) SSC's Bobk and Boak are equJvaletK

to POISSON's (see Figure 4) -(k+l)a_+_r _ and -(k+l')b_!r _' respectively.



excitation is to produce a field strength that cycles between 0.13 T and 1.3 T. The half
gap is 2.86 cm.

Maintaining the dipole quality of the first term of Eqn. (25) consists of designing the
pole so as to avoid magnetic saturation and shaping the tip so as to compensate for the
finite shape of the pole. The LEB dipole magnet design and harmonics tabulations for
various magnet coil excitation_sare discussedelsewhere[3'4]. Specifications are summarized
in Appendix A.

Maintaining the dipole quality of the second term of Eqn. (25) consists of either
shaping the vacuum chamber or adding compensating eddy current carrying conductor
filaments so as to null harmonic components due to the eddy current distribution in
the vacuum chamber conductor. Eddy currents in the vacuum chamber are insensitive
to magnet design changes improving the quality of near on-axis field, thus field quality
improvement modifications associated with the two contributions to the dipole given by
Eqn. (25) may be decoupled.

4.1 Suppression of Pole Magnet Geometry and Iron Saturation Induced
Harmonics

Harmonics suppression via designing the pole so as to avoid magnetic saturation and
shaping the tip so as to compensate for the finite x-direction pole width is outside the
principal thrust of this memo and is discussedelsewhere[3,4].

4.2 Suppression of Vacuum Chamber Eddy Current Induced Harmonics

4.2.1 Effect of Magnet Excitation Pattern on Maximum ._[5]

The field quality goal with repspect to the eddy current induced field perturbations is to

minimize not the field perturbations themselves, but rather the ratio of the field perturba-
tions to the total field Btot. For a magnet of given geometry, it is interesting to see how
minor changes of the excitation pattern can dramatically change the magnitude of the

eddy current induced maximum -_. Here excitation modification effects on harmonics
are illustrated as an aide for those situations when one has such a freedom.

lt should be noted that the ratio of the field harmonics (e.g dipole:quadrupole:sextupole)
due to the eddy current distribution in the vacuum chamber is constant for a given cham-
ber shape and does not change with magnet excitation. Thus when altering the excitation
pattern for a given magnet and vacuum chamber geometry, the various harmonic compo-
nents of eddy current induced field perturbations are altered proportionately. Also note
that IB o.,!>>IBz;. land thus IB,o,I

The magnitude of Bz, o, is proportional to the time rate of change of the field due to
the magnet excitation"

dA

Br..¢(,) c_ I'_(s) c_ j ¢x E c_ --_ oc ?Bi¢o.,/dt (27)
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Figure3. I_1 and23versuswt for twomagnetexcitationfunctions.I B,=_,I

Thus, I£_IB,=is largest whenIdBx=_/dqB_=_,lismaximized.

Forthe currentexcitation given by Eqn. (1), the It,lt inducedmagnetic flux density
in the good fieldregionand its rate of change with time are given by the numeratorand
denominator, respectively,of Eqn. (28):

dBz_./dt -B...wsinwt
Bt=_, = B. + Bacoswt (28)

At its maximum, we have:

IdBI""/dt I -- (29)

W

Assume a 'strawman'dipoleexcitationdesignrange were 0- 13 kG,withinjectionat

1.3 kG. ThusBa. = BA = 6.5 kG. Jaaa-_lversuswt for thesevaluesisplottedin Figure
3 alongwith a plotfortheforan alternative'excitationpatternwitha range1.3- 13.0
kG.andwithinjectionat 1.3kG(i.e. 23g:= 7.15kGand23&= 5.85 kG).

. Forthe strawmanexcitation(23dc"--23A= 6.5 kG), the maximum that the
protonsseeis at injection,wherethe field is1.3 kG(seeFigure3). Herewt __143.t°
and idBB--_I--3.00w. For the alternative excitation (23=lc- 7.15 kG, 23& -,5.85 EG), the

maximum ldB--_Bd=! that the protons see is at wt __ 144.9 ° (see Figure 3). Here the field is



by _-, half when the alt_=rnative excitation pattern is employed. The proposed excitation
pattern for the LEB dipole magnets is that of the 'alternative' excitation pattern above.

4.2.2 Numerical AdaI_tation of Vacuum Chamber Eddy Current Effects to POISSON

lt is convenient to model the continuously varying current sheet [_c(5) of Eqn. (ii) as
discretized currents at N mesh points along the vacuum chamber arc s:

dX,= X'dj (30)

where d.ss = 0.5(Izs+,- 61+ iz,.- g-,l) for j = 2, ..., N - 1, dsl = 0.51z,- _1, _nd
asN= O.51ZN-ZN-l-

If we have Dirichlet vector potential symmetry about the y-axis, as in Figure 2,
A(z, y) = -A(z,-y) and the integral term in Eqn. (11) vanishes. If we also have Neu-
mann vector potential symmetry about the z-axis, as in Figure 2, A(z,y) = A(=,-y)
and we can use the midplane symmetry plane default (con(22) = 1) in POISSON.

Normalization of Eqn. (11) with respect to aD-_S-_ " and using -_ - _ gives for the
input vacuum chamber current filaments in POISSON:

= -DB  smwt S ' B-T

The strawman LEB vacuum chamber is an ellipse with x and y major half-axes a= -- 5.5

cm and by - 2.75 cm, respectively. For this symmetry about the y-axis, with A(O,y) -- 0
the integral term in Eqn. (31) is zero. The eddy current induced harmonic components

from a POISSON run with current filaments Z,j input according to Eqn. (31), with
r'_ dBl_oll

au di = 1 A/cm 2 and with the A(I_,sj), B_ - iB'(z) = B v, and dsj from the
dipole magnet excitation POISSON run with I_t set equal to an arbitrary value I1, a-_
discussed above Eqn. (11), are tabulated in Figure 4. Sample POISSON flies are found

in Appendix B. POISSON results for eddy current induced harmonics for the LEB dipole
magnet are summarized in Figure 5. The quadrupole, octupole, etc. terms are zero for
this vacuum chamber exhibiting symmetry with respect to the y-axis.

4.2.3 Closed Form Analytical Prediction of Eddy Current Induced Harmonics for LEB
Dipole Magnet

r-or a dipole magnet with a vacuum chamber symmetric about the y axis, A(Z,_,v) _ --z.B1 _ -

Thus from Eqn. (11) or (31), we have for the current sheet along the vacuum chamber:

l',,a,(s,t ) = xaD dB. ,..., (32)dt

Using the value for I'_(s,t) given by Eqn. (32) in the expression for eddy current
induced harmonics Eqn. (21) yields

I0



TABLE FOR FIELD COEFFICIENTS

NORMALIZATION RADIUS = 2. 50000

(BX - I BY) = I * SUM N*(AN + I BN)/R * (Z/R)**(N-I)

N N (AN)/R N (BN)/R ABS (N (CN)/R)

1 8. 5375E+00 0. 0000E+00 8. 5375E+00

3 -I. 1488E+00 0.0000E+00 i. 1488E+00

5 5. 6757E-02 0. 0000E+00 5. 6757E-02

7 7. 6619E-03 0.0000E+00 7. 6619E-03

9 -2. 2467E-03 0.0000E+00 2.2467E-03

Figure4. Vacuumchambereddycurrentinducedmagneticfield harmonicstorstrawman
LEB dipolemagnetdesign(POISSON output)

• inputIoi,"perEqn.(31).

• LEB dipolemagnetgeometryper Figure2, halfgap/%= 2.86 cm

• ellipticalvacuumchamberwith majorhalf-axesof 5.5 cm and 2.75 cm

* I_1= 2.5c_:

_mP°"_"tl(c/_)l_=47_a_m,I _t_onditio.#I: _t_ondition#2: I
___.__ D = 0.03cm_ _dB

dipole: -8.5400 -54.5.10 -6 _-20.00 ! -.2800 -11.501-.4865
sextupole: 1.1500 7.34.10 -8 2.7030 I .0377 1.550 I .0656
decapole: -0.0567 -.362.10 -s -.1330 -.0019 -:0765 [ -.0032

whereconditions#1 and #2 aredefinedby

• an excitationpattern:w = 20;r/s, Bac= 7.15 kG, Ba = 5.85 kG, and
1

• a vacuumchamberconductivity(7, ; = 47/_ cm andthicknessD = 0.03 cm

condition# condition o_t _ dB,_,/dt __%
__ (G/_) ' =

at D 0.03 cre,
I

. _ = 47Ffl cm

1 I Bx, maximized 90° I 7150 367,566 51.4 2.346I e/"_ .
2 _mized 144.9° _ 211.368 89.4 1.349

Figure S. LEB dipolemagneteddycurrent inducedharmonicsfrom POISSON
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Figure6. LEB dipolemagnet eddycurrent inducedharmonics(analytical)
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d/, go f_ an.,. = 2h'-'-i" n! da,_o. _ _,
aL) dt a D at ""

(33)

where the b, are as defined in Eqn. (21) with zo E s and integration is along the
vacuumchamberarc in the upperhalfz-plane (which for our ellipticalstrawmanvacuum
chambershapeisdefinedby s(z) = a=cos¢ + ibv sin¢, with a= = 5.5 cm, bU= 2.75 cm,

" and 0 < ¢ < _r). Eqn. (33) is valid only when the vacuumchamberexhibitsmidplane
symmetry.

For h = 2.86 cm, (the LEB dipole magnet half gap), harmonicsat Irl = 2.5 cm as

given in closedform by Eqn. (33) are aD(da1_ldt) = --8.65+ 1.14--0.0709 _ for the
dipole, sextupole,and decapolecomponents,respectively(See Figure 6). Theseresults
for an ideal dipolefield arevirtually identicalto thoseobtained numericallyby POISSON
for the LEB dipole magnet geometryin the previoussection(Figure 5, column2). The
driver program EDDY for evaluationof the harmoniccomponentsgiven by Eqn. (33) for
input vacuum chamberdimensionsin a backgroundtime dependent multipole(dipolefor
this case) field isfound in Appendix C.

4.2.4 Passive Eddy Current Induced Harmonics Suppression

Compensatingeddycurrent carryingconductorfilamentscan providepassivenullingof
harmoniccomponents.Fora filamentof uniformcrosssectionat zo and its returnat zoo,
both parallel to the beam axis, the eddy current densityinduced in the filament is (cf.
Eqn. (11) or (31)):

aBr_,/dt= -A(I,,zo)+--a,o, a(h,)da =

a( -A(I''z°) + ACh'z°)a'° + A(I''zoo)a.=)Br a=o+ a=, = a(A(l,,zoo)- AC,,zo))2/31 (34)

sinceconductorareaa== = a=o. Fora dipolemagnet (a(h,z=)-a(.h,=o)) = --(zoo- Zo).
The compensatingcurrentflowing in the conductorat 7-ois thena!

I=o _ -aa=o(Zoo - Zo) _ -aa=o Az (35)
dBx_/dt - 2 = 2

" The return current locationzoocan be positioned whereit doesnot contributeto the
near on-axisfield.

Usinga pairof compensatingcoilsat z0 and z_ of magnitude +I=o given by Eqn. (35)
in Eqn. (21) (with their returns at zoo),we havefor the magnitude of the fieldcorrection:

B_=° (z) _poO-a=oAz _1"+1a"
= Eo Rc[b.] (36)

dBt_l /dr 4hi n!
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where the b, - b,(ao(Z0)). As an example, say we wish to null both the vacuum cham-
ber eddy current induced dipole and sextupole terms with four compensating conductors
attached somewhere to the vacuum chamber (with their returns located far from the re-
gion of interest). From Figure 6 (or Figure 5), the ratio of the BI.,_ dipole to sextupole
terms is -8.6___.55_, -7.5. From Figure 6, filaments on the vacuum chamber at (z,y) "1.14 --

(:1:3.41, -t-2.16) provides this same dipole to sextupole ratio (-.2_..___o_ -7.5). A maximum.0_80

current magnitude in each of four conductors I,o -- lz_ = --1--.o "- --I_,_ -- 47.5 A
= (!_( .....2o.oQ _

_21_0.210G/AmpI' corresponding to "_t Ima= - 367,566 G/s (see Fig. 5, condition
_1), would null both the dipole and se_q:upolevacuum chamber eddy current induced

= = = (o-3_) would alsocomponents.Two conductors of maximum current ]zo ]z; 95 A _o.o
null both these harmonics, but would create a quadrupole component. From Eqn. (35),
a copper wire conductor with conductivity 1/_r = 1.74/_ cm (,_ 27 times that of the
vacuum chamber), of cross section amo= 0.00750 an = (diameter = 0.0977 cm) would
be required for return filaments zoopositioned in a dipole field such that _z = 6 cm. In

practice, the copper filament crosssection should be several times larger and tuned with
a series resistor. Then the exact location of the return filaments is not important; they
can be positioned anywhere beyond the corner of the tip, away from the Eap so that they
do not directly influence the good field region.

The eddy current conducting copper filaments cannot occupy the exact same physical
location as the vacuum chamber; code EDDY (Appendix C) can be used to calculate the
dipole/sextupole suppression ratio for an arbitrarily positioned conductor.

4.2.5 Dipole Vacuuxn Chamber Shaping

The strawman dipole vacuum chamber design ,'esults in maximum eddy current induced

dipole and sextupole components of -- 50.10 -4 and _, 7- 10_ J3,,_, at Irl = ?..5 cm,
respectively (see Figure 5, condition #2). While the uniform ,_Jipolecomponent does
not cJegrade the field quality, tracking with the quadrupole is adversely affected. The

sextupole component is ,-, an order of magnitude larger than the field quality specification
allows. The cleanest solution is to null both these components, as outlined above. First,
however it is desirable to alter the vacuum chamber shape so as to suppress the initial
(uncorrected) harmonics level itself as much as possible.

For any given vacuum chamber shape, code EDDY allows rapid evaluation of vacuum

chamber eddy current induced harmonics as well as determination of compensating passive
harmonics suppression coil locations without resorting to lengthy POISSON code runs.

Figure 7 showscandidate dipole vacuum chamber shapes. For these candidate shapes,
in Figure 8 are tabulated eddy-current induced dipole/sextupole ratio, wall thickness,
maximum eddy current induced field, and maximum current required in each of four
compensating coils along with their approximate locations along the vacuum chamber so
as to null both sextupole and dipole vacuum chamber eddy current induced harmonics.

(See Appendix C for 'dipole vacuum chamber options' EDDY output files.)

Option D reduces both the eddy current induced (dipole) harmonic and the maximum
required corrector coil current by a factor of _ 4.6 over that of the strawman design A.
The sextupole harmonic is also a factor of _ 3.5 smaller. Part of the improvement is due
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Inner fullaperture: $2 mm wlo_mm, elllptlczl

,4 Wall thickness: 3.0 mm r

A _ " Wall thickness: 1.5 mm

f --=*--J_- _ elliptical

- _ Inner full aperture:

_:)mmx70mm

_.

Inner I'ull aperture: 52 mm x 82 mm, elliptical

m Wall thickness: I.S mm

_* Wall thickness: 1.5 mmLEa:Z

* Inner full aperture:

S_ mm y ft? mm

Figure 7. Candidate LEB dipole vacuum chamber shapes.

horiz. Dip/Sext iB_, (Dip) l,,a= (A) corrector
# label a= by stretch frm vac ch D max % Bl,._l to correct location

length eddy curs. mm (cond. #2) (cond. #1) on vac. cb.

. A straw 5.S 2.7S - -7.59 3.0 0.487 47.5 (3.41,2.16)
B l'tmod 4.2 2.7 - -6.04 1.S 0.156 1S.2 (2.99,1.89)
C leb #1 3.575 2.67S - -S.72 1.S 0.122 11.8 (2.74,1.721
D leb #2 2.67S 2.67S 1.0 -5.70 1.5 0.106 10.3 (2.62,1.62)

Figure 8. Eddy current induced harmonics (at r = 2.5 cm) and required maximum
compensating coil currents and location for the candidate vacuum chamber shapesof

Figure 7 and excitation parameters in Figure S
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Figure 9. Contours of constant dipole/sextupole at r = 2.6 cm in a dipole with half gap
h = 2.86 ¢m.
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to the decreasedthickness and part to the improved contour of the vacuum chamber.

For the conductor conductivity aboveand Az = 6 cm in a dipole field, the required
corrector coil diameter for option D is d = 0.0455 cm, (a_o = 0.00163 cm2).

Let's make the copper conductorwith d = 0.1 cm (a cross-sectionalsafety margin
of ,-- 5) and assumean insulating/protection sheathof outer diameter 0.5 cm. Figure g
can be usedto positionthe correctorcoil as shownnear the vacuum chamberalong the
dipole/sextupole= --5.70 contour at the location (2.86, 1.84). (Alternatively, see 'coil

" positioning'EDDY output files in Appendix C for exact positioning). The coil returns
shouldbe placedgreater than 6 cm awayhorizontallyaroundthe tip corner, as shown.

" Preciseplacementof the compensatingcoils(as well as tuning of the seriesresistor)is
necessarybecausewe are nulling two harmoniccomponents. Figures8 and 9 showthat a
1 mmerror in compensatingcoilpositioncan leadto as muchasa 0.01% Bio,, stepin the
sextupolecomponent at r = 2.5 cm. Ideally,coil positioningtolerancesshouldbe such
that the remaining sextupolefield dwarvesthe fieldquality spec;a tolerance ,-, 0.25 mm
(10 mils) achievesthis. Alternatively, field quality errors due to coil mispositioningcan
be reducedat the expenseof dipole/quadroplemagnet tracking by tuning the correction
coil resistorso as to completelynull the sextupoleterm at the expenseof partial dipole
nulling.

The decapolecomponent foroption D is 0.5- 10-4 J3z_ at Irl = 2.5 cm; it's within
the strawman field quality specification,but not 'in the noise'.

5 SSC Low Energy Booster Quadrupole Magnet Design

The strawman geometryfor the SSC low energy boosterquadrupolemagnet is shown in
Figure10. The nearon-axisfield hascomponentsdueto both the magnetcoilexcitation
andthe eddycurrentexcitationin thevacuumchamberas givenby Eqns. (25) and (26).

The strawman field quality specificationfor these magnetsare that -_ <_ 10-3 at
= 2.0cm, (later changedto -_ _<10-3 at = 4.25 cm.) The excitation is to

producea field strength that cyclesbetween _, 1.6 and ,-- 16 T/m. (Recall that the
quadrupoleand dipoleare poweredtogether and thus the exactquadrupolefieldstrength
is determined by the current requiredto meet the dipole extraction field strength). The
quadrupoleaperture is5 cm.

Maintaining the quadrupolequalityof the first term of Eqn. (25) consistsof designing
the pole so as to avoid magneticsaturation and shapingthe tip so as to compensate

. for the finite shape of the pole. The LEB quadrupole magnet design and harmonics
tabulationsfor various magnetcoilexcitationsare discussedelsewhere[3,4].Specifications
are summarizedin AppendixA.

Maintaining the quadrupolequalityof the secondterm of Eqn. (25) consistsof either
shaping the vacuum chamber or adding compensatingeddy current carrying conductor
filaments so as to null harmonic componentsdue to the eddy current distribution in
the vacuum chamber conductor. Eddycurrents in the vacuum chamber are insensitive
to magnet design changesimprovingthe quality of near on-axis field, thus field quality

17
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Figure10. SSC Low EnergyBoosterquadrupole magnetgeometry.

improvementmodificationsassociatedwith the two contributionsto the quadrupolegiven
by Eqn. (25) may be decoupled.

5.1 Suppression of Pole Magnet Geometry and Iron Saturation Induced
Harmonics

Harmonics suppressionvia designingthe pole so as to avoid magneticsaturation and
shapingthe tip so as to compensatefor the truncated hyperbolicpole shape is outside
the principalthrust of this memoand is discussedelsewhere{3,4].

5.2 Suppression of Vacuum Chamber Eddy Current Induced Harmonics

5.2.1 Mapping Quadrupole Geometry to Dipole Geometry

To facilitate calculation of eddy current induced harmonics in the region of a time depen-
dent multipole field it is useful to first map the multipole z-plane geometry, including the
vacuum chamber to a dipole w-plane geometry,calculatesn analyticvariableof interest
suchas B'(w) in the w-plane geometry,and then map back to the originalz-plane ge-
ometry. Forthe quadrupolegeometry,we use the transformationw =__u + iu = z2/rp,

where rp is the quadrupoleaperture radius. The ellipticalvacuumchamber describedby
z = a=cos_ + ib_sin_ is transformedto an ellipse in w: w = c_ + a=cos7 + ib,,sin7,
wherec_ = (a2=- b_)/2rp, a= = (a2=+ b2v)/2rp, and b. = (2a=bv)/2r p.

The quadrupolemagnet inducedcomplexmagneticpotential

F(w) =_A + iV = -wB + c2

18



i dr = iB(t) The transformation back to the z-planefrom which it follows B'(w) = d_,
gives for B'(z):

idF] dz = iB(t)2z/rp (37)

5.2.2 Magnet Excitation

the LEB quads 2B,_,,(t)__ 1.6kG/cm and 2B,,_,(t)__0.16 kG/cm. Thus we haveFor
rp rp

2B(t) = 2B,.__._-t-2B...._coswt (38)
rp r r rp

where _ = 0.72 kG/cm and _ = 0.88 kG/cm.rp rp

For this excitation pattern the maximum ]dBB-_]that the protons see is at wt "" 144.9 °

(see Figure 3 or Eqn. (29)). Here 2B(t)/rp = 0.2909 kG/cm and IdV-_ndti= 1.423W.

5.2.3 Numerical Adaptation of Vacuum Chamber Eddy Current Effects to POISSON

The eddy current induced harmonic components for the 'strawman' LFB vacuum chamber

geometry (see Figure 8) from a POISSON run with current filaments Ij_ input according
-- dB z_-,

to Eqn. (31), with cr/.):-=_t " --- 1 A/cm 2 and with the A(II, aj), B1 - (se_
Eqn. (37)), and dsj from the quadrupole magnet excitation POISSON run with Ic_t set
equal to an arbitrary value I1, as discuc_.sedabove Fqn. (11), are tabulated in Figure
11. Sample POISSON files are found in Appendix B. POISSON results for eddy current
induced harmonics for the LEB quadrupole magnet are summarized in Figure 12.

5.2.4 Closed Form Analytical Prediction of Eddy Current Induced Harmonics ibr LEB
Quadrupole Magnet

For a quadrupole magnet mapped to dipole geometry according to the z-w transformation

described above, we have from Eqn. (11) or (31):

• I'_(s= 6. z,t)=aD dBt°*_'dt(u(sz)Bl-Re[C2lB_ If,s u ,, u(sz)B_-Re[c2ldsz)B,
. (39)

where ' - d and sz in the arc location in the z-plane.ds •

Choosing 3 c2 = 0 ==¢, Al(u = O) = 0 and fs, _(")B'-_'ds, = f,•u(s_)ds_ - fiS.Bl

Thus we have for the current sheet density:

3The choice of c2 is arbitrary; F_,qn. (40) results for any choice.
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TABLE FOR FIELD COEFFICIENTS

NORMALIZATION RADIUS = 2.50000

(BX - I BY) = I * SUM N*(AN + I BN)/R * (Z/R)**(N-I)

N N(AN)/R N(BN)/R ABS(N(CN)/R)

2 2.0267E+00 0.0000E+00 2.0267E+00

4 -3.9091E-02 0.0000E+00 3°9091E-02

6 -7.7138E-03 0.0000E+00 7.7138E-03

8 -1.9802E-02 0o0000E+00 1.9802E-02

Figure11. Vacuum chambereddycurrent inducedmagneticfield harmonicsfor
strawman LEB quadrupolemagnetdesign

• inputLi," per Eqn. (31),

• LEB quadrupolemagnetgeometry per Figure 10, aperturerp = 5.0 cm

• ellipticalvacuumchamberwith major half-axesof 5.5 cm and 2.75 cm

s,t = 2.5cre:

harmonic _ (s) iBh." (G) iB;:= (G)
t 47#_ cm, at condition#1: at condition#2:component _. =
D = 0.03 cm --2<TD_B__= 2.887_A _crnLB = ,._n A

quadrupole: -2.0267 -12.94-10 -e --1.463 -.0665 -0.8411 -.1156
octupole: 0.0391 0.2496.10 -e 002822 .0013 0.01623 .0022
12-pole: 0.0077 0.0491-10 -e 0.t;9556 .0003 0_00320 .0004

Nhereconditions#1 and _2 aredefinedby

• an excitation pattern" w = 207r/s,2B_/rp =.8 8 kG/cm, 2Bzx/rp =.7 2 kG/cm,

• a vacuumchamberconductivitya, _ = 47/z_ cm and thicknessD = 0.03 cm

condition condition _ _ _ _ _--, (_-_)rp rp B lc_ I rp dt .

# (G/cm) (G/s-cm) (s) at D = 0.03 cm,
t

..._2 = 47#1_ cm "6

1 i Br= maximized 90o 880.0 45,239 51.4 0.2887
2 [_ maximized 144.9° 290.9 26,015 89.4 0.1660

Figure 12. LEB quadrupolemagnet eddy current inducedharmonics from POISSON
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Figure 13. LEB quadrupolemagnet eddy current induced harmonie (analytical)
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I'_ (s _ E t)z_ 1 t

J, u(s.)ds_ = u- _ (40)aO(riBdr) = u- "_ u ..

where integration is along the entire vacuum chamber arc. Using this value for
I_ac(s=, t) in the expressionfor eddy currentinducedharmonicsEqn. (21) yields

- dbp._., n! n!

(41)

(21), a
WVJ

ao U U(Sz),where the b. are as defined in Eqn. -- 2,.,.' _2-_., = and
integrationin Eqn. (41) is alongthe vacuumchamberarc in the the firstquadrantin the

8"

z-plane (equivalently,upper halfw-plane).

" B"/--_ 2"B"Finally, making the transformationback to the z-plane, B_ = _a, = 7p - andwe
havefor B_:

-aB,__, = --- ,=o ni J, ae[b. l (u - a)ds, (42)_D_ :rp

where the b, = f(c_o), u = u(w(z)), c_0= <xo(w,l(zo)), _ = _ f,,, u(sf)ds,, ds, E z.
andintegrationisalongthevacuumchamberarc in the first quadrantin the z-plane. Eqns.
(41) and(42) arevalid only for a quadrupolevacuumchamberexhibitingsymmetryabout
both y = 0 and x = O.

For rp = 5.0 cm, (the LEB quadrupolemagnet aperture), harmonicsfor the 'strawman'
LEB vacuumchambergeometry (see Figure8) at Irl = 2.5cmas givenin dosed form

_e;.._(=) G for the quadrupole,by Eqn. (42) are ;D(,mz_i/d 0 = --2.08 + 0.0347 + 0.0136
octupole, and 12-pole components,respectively(See Figure 13). These resultsfor an
ideal quadrupolefieldare virtually identical to those obtained numericallyby POISSON
for the LEB quadrupolemagnet geometry in the previoussection (Figure 12. column
2). The driverprogramEDDY for evaluationof the harmoniccomponentsgivenby Fqn.
(42) for input vacuumchamber dimensionsin a backgroundtime dependentmultipole
(quadrupolefor this case) field is foundin Appendix C.

5.2.5 Quadrupole Vacuum Chamber Shaping

The strawmanquadrupolevacuumchamberdesign(A) resultsin maximumeddycurrent
inducedquadrupoleand octupolecomponentsof ,_ 11.5- 10-4 and ,_ 0.2.10 -4 B.,c,t,
respectively(see Figure12, condition#2). While the quadrupolecomponentdoesnot
degradethe field quality,trackingwith the dipole magnet is adverselyaffected; the goal is
for dipole-quadrupoletrackingto within 1 - 10-3. The octupole and 12-polecomponents
are well within the field quality specification. If an altered vacuumchambershapecan
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horiz. Quad/Oct Quad/12-pole iB;,,,_ (Quad)
# label a_ b_ stretch frm vac ch frm vac ch D (max % 8&o,i,

_ length eddy curs. eddy curs. (mm) i.e., cond. #2)

A straw 5.5 2.75 - -60 -153 3.0 0.119
B 1st rood 4.2 2.7 - -26 -178 1.5 0.040

C ieb #1 3.575 2.675 - -27 -236 1.5 0.033
- D leb #2 2.675 2.675 1.0 -32 +67.5 1.5 0.030

E circ 4.5 4.575 4.575 - oo --89 1.5 0.065
F circ 4.0 4.075 4.075 - oo -122 1.5 0.050
G circ 3.5 3.575 3.575 - oo -183 1.5 0.039

Figure 14. Maximum eddy current induced harmonics (at r = 2.5 cm) for various
Candidate quadrupole vacuum chamber shapes and the exaltation pattern of Figure 12

suffidently suppress the quadrupole so that tracking with the dipole is not greatly affected,
we can do without corre :tion coils for the quadrupole magnet altogether.

Figure 14 shows tabulated maximum eddy current induced harmonics for various can-
didate quadrupole vacuum chamber shapes.

Any of the designoptions except A, which has a thicker vacuum chamber wall, will give
maximum quadrupole harmonics of less than the strawman design specification 1 • 10-3
Bz_ at ld = 2.0 cm. In particular, option F, featuring a 4.0 cm lD circular vacuum

chamber gives a maximum quadrupole harmonic of 0.5- 10-3 Bx_ at ld = 2.5 cm. At
- 4.0 cm,however, option F giv_ a maximum quadrupole harmonic of 0.8- 10-3

of Bz_. Ali higher order harmonics are negligible at this radius, thus quadrupole field
quality is not significantly degraded by vacuum chamber eddy currents.

The magnitude of the vacuum chamber eddy current induced quadrupole term for these

vacuum chamber shapes may be sufficiently low depending on the final, dipole-quadrupole
tracking design specification and tolerance to risk; correction coils may not be needed in
the quadrupole magnet.

6 Generalizationof AnalyticalExpressions foran m thOrder

Multipole of  SymmetricaP Vacuum Chamber Shape

6.1 Generalization of Analytical Expressions for Vacuum Chamber Eddy

. Current Induced Harmonics in an mth Order Multipole of 'Symmet-
rical' Vacuum Chamber Shape

Let m be the order of the multipole magnet (m = 0,1,2,... for dipole, quadrupole,
sextupole, etc.) Mapping the multipole magnet in the z-plane onto a dipole geometry

in w according to the prescription w = u + iv = z'+l/r_, where rp is the multipole
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aperture (rp _ h for a dipole magnet), determining the value of B'(w) in w, and then

mapping ,back to z, yields for m + 1 pairs of current filaments of magnitude +I at z0em.l
and (Zoem+')', where j = 0, ...m:

. (±_.,_+.+m
iB'(z) = iB_ + B v = (m + 1)/_oI_,=o-1"+1 ,_,, Re[b,] (43)

2rp n! "

where the b,_ = f(ao) and c_o - 2rp"

The harmonic components induced by eddy currents in vacuum chambers restricted to

be symmetric 4 with respect to the lines in the z-plane 0 = _, j = 0, 1, ...2rn + 1, are
given by:

iB;.._(z) - (m+ l"/z°_'.=o) /. -P_[b.lg=(,,)ds, (_)2rp n! .

where the kernel ]._ac(s=) is given by

1"oo(_,e _,t) 1r
aD(dB/dt) = u - S J.u ,.

u(,sz)d, Sz (45)

where the b_ = f(_) are w-plane variables and the integration in Eqn. (44) is along
the vacuum chamber arc: 0 _ O(sz(z)) _ _r/(m+ 1) (along the entire arc for Eqn. (45)).

The code EDDY of Appendix C evaluates the expressionsgiven by Eqns. (43) and (44)
for a multipole of arbitrary order with a specified 'symmetric' (as defined above) vacuum
chamber shape. Note that Eqns. (21) and (33) are just the dipole specific versionsof
Eqns. (43) and (44), respectively.

If we have an additional m + 1 pairs of current filaments of magnitude -I located at
iw(_i+l)

_o_-+, and(_oe-'+, )', wh_rej = O,...rr,,analogousto Eqn.(43)weobtai,:

_B'(_) _B.+ By (m+ Z)_,oZr.._o_o- (_)"('--_"'+"+"= = '"" n_[b.] (46)
rp R!

Thus. harmoniccomponents inducedby a multipolemagnet'svacuum chamber which
exhibitsthe additionalsymmetry about the z-plane[ines0 = _(,_+l)' J = O,...2m + 1 is:

iBL.,(:)=(_+I)"°r,.==o.-(_)"""(-"_"_+"+_'
r, n! f_.Re [b,]I'_,_(s.)ds, (47)

4Note that a non-circular, elliptical vacuum chamber in a sextupole magnet does not. exhibit this symmetry, and
thus E<ln. (44) does not apply. This interesting case is treated separately in Appendix D.
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where the kernel/'_ac(s=)is givenby Eqn. (45). Note that Eqn. (24) is just the dipole
specific versionof Eqn. (47).

6.2 Generalization of Passive Eddy Current Induced Harmonics Suppres-
sion in an mth Order Multipole

Compensating eddy current carrying conductor filaments can providepassivenulling of
" harmoniccomponentsin any mt/` ordermultipole. Mapping to dipole (w) geometry, for

a filament of uniformcrosssection_ 7.oand its return at zoo,both parallelto the beam
. axis, the eddy currentdensityindue,.4in the filament is (cf. Eqns. (11) and (31)):

J_ a (-A(I, Wo) + 1 _ A(I,,w)da) =dB,=,/at= ' ,,,o---;

(-A(Z,,Wo)+ Wo)O..+A(Z,,wo.)o.=) - Wo))(48)
_xx a=o + a.= = 2Br

since a.= = a=o In the mapped dipole geometry, (a(h,_=)-a(t,,_)) _--(uoo -- Uo),• BI --

t B'(=).b"
whereBa - =,'(.,+z)=-l- The compensatingcurrent flowingin the conductorat tooisthen"

= = (49)
dBz_,/dt 2 2

The return current location woo can be positionedwhereit doesnot contributeto the
near on-axisfield.

Figure 15 summarizesthe eddy current induced harmonicsand suppressiondiscussion
of this section.

Usingthe magnitudeof compensatingcurrent Z=ogivenby Eqn. (49) in Eqn. (43), the
magnitudeof the field correction in an rath order multipolewith m + 1 pairsof current

, _2_z2.r.,°
filamentsof magnitude +I at z0e-,+_ and (z0e-,+')-, where j = O,.'..m (and with their
returns at zoo), is

_- \ rp/

dBi¢olt/dt 4r.i _.=o n! Re [b.] (50)

• _ w-plane variables.where the bn = b.(_o - 2r_) are

. One can null both the vacuum chamber eddy current induced fundamental and next
allowedharmonicterm with m + 1 pairsof compensatingconductorsattachedsomewhere
to the vacuum chamberat the appropriatelocations and with their returns located far
from the regionof interest. (See Figure 15a,c,e.)

Forthe caseof additionalvacuumchambersymmetrydiscussedaboveEqn. (47), using
the value of compensatingcurrent I_0 given by Eqn. (49) in Eqn. (46), the magnitude
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Figure 15. Summaryof eddycurrentinducedharmonicsand passivesuppressionfor
multipolemagnetswith variousgenericvacuumchambershapes
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of the field correction in an mth order multipole with rr=-!- l pairs of current filaments of

magnitude -!-I at zoe-+_ and (Zoe-,.')" and m-I-1 pairs of current filaments of magnitude
_(2i+l),, ___

-I at zoe -+l and (zoe -+a -)', where j = O,...m is

B_,.o(z) -(ra + 1),Uocra_Au _,.,=,,.,,,., Re [b,_] (51)
dBt,_,/dt 2rpi n!

o.

w-plane variables.where the bn - bn(c_0-: 2r_ ) are

" One can null both the vacuum chamber eddy current induced fundamental and next
allowed harmonic term with 2(m -I- 1) pairs of compensatin'g conductors attached to the
vacuum chamber at the appropropriate locations, and with their returns located far from

the region of interest. (See Figure 15b,d,f.)

6.3 Vacuum Chamber Eddy Current Induced Harmonics in the LEB Sex-
tupole Magnets

The strawman field quality specification for these magnets are that -_ _< 10-3 at lzl = 2.0
cm, (later changed to -_ _< 10-3 at - 4.0cm.)The excitation is to produce a field
strength that cycles between 6 and 60 T/m 2. The sextupole aperture is S cm.

6.3.Z Mapping Sextupole Geometry to Dipole Geomet__,

For the sextu-ole, geometry, we use the tran_ormation w = u -F iv = z3/rp,2 where rp is
the sextupole aperture radius. The sextupole magnet induced complex magnetic potential

F(w) = A + iV = -wB + c2

from which it follows B'(w) = i_-'_Fd_= iB(t). The transformation I;ack to the z-plane
gives for B*(z):

.dF .dz = iB(t)3z2/r (52)

. 6.3.2 Magnet Excitation

For the LEB sextupoles 3Bm;.(i) .._ 60 G/cm 2 and 3B,...(l) N 6 G/cm 2. Thus we have

3B(t) 3Bd_ 3Ba

r2 -- r"_ -l- r---_-COSWt (53)

where _r, = 27 G/cm 2 and _ = 33 G/cm 2.

27



• input ISs,o per Eqn. (44),

• ideal sextupolemagnetgeometry,aperturerp ---5.0 cm

• circularvacuumchamberwith radius4.075 cm

_,t = 2.5cm:
.. ,,

harmonic ,,D(dB/d,) dBIdt (S) iBt_°c (G) iBr, o,:(G) "
component (G/_-_) _ = 47pD cm, at condition#1: at condition#2:

3 _r_ dB

D = 0.015 cm _,u-_- = .00541---_a 3 _ndB A_,, u-_- = .00311_---_ .
(G) (%ofB,_,) (G) (%ofB,_,)

sextupole: -0.794 -2.534- 10-e -.0358 -.0130 -8.411 -.0226
18-pole: 0.0012 0.0038- 10-e .00005 .00002 .0127 .00003

, ,,, , ,,

whereconditions#1 and #2 are definedby

• an excitationpattern: w = 20_r/s, 3B_/r_ = 33 G/cm', 3Ba/r_ = 27 G/cm',
z

• a vacuumchamberconductivityo, _ = 47pN cm and thicknessD = 0.015 cm
_,

condition condition c_rt 3Bl_-'__p -3(dBle-_lldt)r-_ dSIc_l/dtBl¢.oi_ _3arDdJ_l_Oi!dt (_A'_T )

# (G/cm') (G/s-cm2) (s) at D = .015 cm,
_z= 47p_, cm

1 Bz,u maximized 90° 33.00 1696 "5i:4 .00541

2 _B,, maximized 144.9° 10.91 975 89.4 .00311.....

Figure16. Ideal sextupolemagneteddycurrent inducedharmonics(analytical)

Forthis excitationpatternthe maximumI'_] that the protons see isat wt "¢,144.9°

(see Figure 3 or Eqn. (29)). Here 3B(t)/r_ = 10.91 G/cre' and [_B--_B_] = 1.423_.

6.3.3 Closed Form Analytical Prediction of Eddy Current Induced Harmonics for LEB
Sextupole Magnet

For a vacuumchamberin a sextupolemagnet field that is symmetricwith respectto the
lines in the z-plane 0 -- £_3,J = 0,1,...5, (as is the casefor a circular vacuum chamber)
the eddycurrent induced harmonicsare given by Eqn. (44) with m - 2.

For rp = 5.0 cre, (the LEB sextupole magnet aperture), harmonicsfor a circular
'strawman' LEB sextupolevacuum chamberof radiusr - 4.075 cm and thicknessD =

_B;...(_) _
0.015 mm, at - 2.5¢m,s given in closedform by Fqn. (44) are oD(dB,_o_,/-_ --O

-0.794+0.0012 _ for the sextupoleand18-polecomponents,respectively(See Figure
16, column 2). The driver programEDDY for evaluationof the harmoniccomponents
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given by Eqn. (44) for input vacuum chamber dimensions in a background time dependent
multipole (sextupole for this case) field is found in Appendix C.

The strawman sextupole vacuum chamber design results in maximum eddy current

induced sextupole and 18-pole components of ,-_ 2.3''10 -4 and 0.003- 10-4 BIco, at
r - 2.5 cre. respectively (See Figure 16. condition #2). Eddy current induced harmonics
do not significantly degrade the sextupole field quality; passive correction coils are not
needed on the LEB sextupole magnets.
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Appendix A: Suppression of Harmonics due to

Magnet Geometry and Iron Saturation
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9 Appendix A: Suppression of Harmonics due to Magnet

Geometry and Iron Saturation

See the series of memos la]entitled LEB Dipole and Quadrupole Magnetics Design Sum-
mary, #1, 2, 3, 4, 4/91-7/91. Final magnet designs yield:

• a dipole magnet withP

- a good field region with AB/B < 1- 10-4 within the ellipsez < 3.25 coso +
i2.5 sin 0 at injection, where t3 __ 1300 G,a

- a good field region with AB/B < 1- 10-4 within the ellipsez < 1.40cos0 +
il.40sin# at extraction, where B = 13000 G

• a quadrupolemagnet with

- a good field region with AB/B < 1- 10-3 within the ellipsez < 4.25cos0 +
i4.25 sin # at injection, where dBJdz ": 1600 G/cm,

- a good field region with AB/B < 1- 10-3 within the ellipsez < 4.00cos0 +
i4.00sin 0 at extraction, wheredB/dz = 16000 G/cm,

• The dipoleand quadrupolemagnetstrack to within 1- 10-3 over the entire range of
operation, injection to extraction.
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Appendix B: POISSON Files for Eddy Current
Induced Harmonics of SSC LEB Magnet Designs

1. LEB001: LEB dipole magnetexcitation

2. LEBV001: LEB dipole magnetvacuumchambereddycurrentexcitation

3. LEBQUAD: LEB quadrupolemagnetexcitation

4. LEBQUADv: LEB quadrupolemagnet vacuumchambereddy currentexcitation
p
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LEB001, h-magnet *6 -2 *46 6 *ii0 5 16 2.5 90. 2.5 0. *43 13 *45 8 S
$REG NREG=5, DX=.5, XMAX=26.7, YMAX=21.5, NPOINT=5$
SPO x= 0.00 , y= 0.005
SPO x= 26.70 , y= 0.005
SPO x= 26.70 , y=21.5005

$PO x= 0.00 , y=21.5005
SPO x-- 0.00 , y= 0.005
SREG mat=2, NPOINT=9$

SPO x= 0.00 , y= 4.0005
$PO x= 8.800 , y= 4.0005

$PO x= 8.800 , y=12.0605
$PO x=17.500 , y=12.0605

$PO x=17.500 , y= 0.005
SPO x=26.700 , y= 0.005

• $PO x--26.700 , y=21.5005
$PO x= 0.00 , y=21.5005
$PO x= 0.00 , y= 4.0005

SREG mat=l, NPOINT=5 , CUR=2308.$
SPO x= 9. 300 , y= 2.8605
$PO x=17.000 , y= 2. 8605

$PO x=17.000 , y=Ii.5005
$PO x- 9.3Q0 , y=Ii.5005
SPO x- 9.300 , y= 2.8605
5REG mat=2, NPOINT=6$

$PO x= 0.00 , y= 2.8605

5PO x- 8.500 , y= 2.8605
$PO x= 8.800 , y= 3.2005

$PO x= 8.800 , y= 4.0005
$PO x= 0.00 , y= 4.0005

5PO x= 0.00 , y= 2.8605
SREG mat=l, NPOINT=I2$

SPO x= 5.500 , y= .0005
$PO x= 5.000 , y= 1.1455

$PO x= 4.500 , y= 1.5815
$PO x= 4.000 , y= 1.8875
$PO x= 3.500 , y= 2.1215

$PO x= 3.000 , y= 2.3055

$PO x= 2.500 , y= 2.4495
5PO x= 2.000 , y= 2.5625

$PO x= 1.500 , y= 2.6465
$PO x= 1.000 , y- 2.7045

$PO x= .500 , y= 2.7395

SPO x= .000 , y= 2.7505
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PROB. -_t o h-_sgnet, xG O M4GG _lt CYCLE- SGO
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SQU RES OrP OBLE,CYCLE
,

'H MAG SYMMETRY TYPE _I

STORED ENERGY = 1.3849E+01 JOULES / METER OR RADIAN

XJFACT= 1.000000 _: --I01_

K L A(VECTOR) X Y BX(GAUSS) BY(GAUSS) HT(GAUSS) DE

" 1 1 0.000000E+00 0.00000 0.00000 0.000 -1014.049 1014.049

2 1 5.108502E+02 0.50377 0.00000 0.000 -1014.042 1014.042

3 1 1.021692E+03 1.00755 0.00000 0.000 -1014.016 1014.016

4 1 1.532515E+03 1.51132 0_00000 0.000 -1013.966 1013.966

5 1 2.043304E+03 2.01509 0.00000 0.000 -1013.875 1013.875

6 1 2.554031E+03 2.51887 0.00000 0.000 -1013.715 1013.715

7 1 3.064650E+03 3.02264 0.00000 0.000 -1013.439 1013.439

8 1 3.575083E+03 3.52642 0.00000 0.000 -1012.959 1012.959

9 1 4.085192E+03 4.03019 0.00000 0.000 -1012.117 1012.117

I0 1 4.594734E+03 4.53396 0.00000 0.000 -1010.6"70 1010.670

Ii 1 5.103309E+03 5.03774 0.00000 0.000 -1008.177 1008.177

12 1 5.568549E+03 5.50000 0.00000 0.000 -1004.304 1004.304

13 1 6.114276E+03 6.04528 0.00000 0.000 -996.601 996.601

1 2 0.000000E+00 0.00000 0.43878 0.000 -1014.055 1014.055

2 2 3.070387E+02 0.30278 0.44057 0.008 _I014.052 1014.052

3 2 7.877885E+02 0.77687 0.44290 0.022 -1014.038 1014.038

4 2 1.293525E+03 1.27562 0.44475 0.043 -1014.005 1014.005

5 2 1.806382E+03 1.78140 0.44700 0.079 -1013.944 1013.944

6 2 2.322652E+03 2.29060 0.45066 0.140 -1013.833 1013.833

7 2 2.839386E+03 2.80032 0.45518 0.246 -1013.641 1013.641

8 2 3.353274E+03 3.39737 - 0.45620 0.428 -1013.310 1013.310

9 2 3.864874E+03 3.81239 0.44626 0.734 -1012.724 1012.724
m

10 2 4.381410E+03 4.32270 0.42331 1.223 -1011.663 1011.664

- ii 2 4.901304E+03 4.83708 0.39733 2.012 -1009.770 1009.772

12 2 5.401667E+03 5.33333 0.38167 3.285 -i006.579 1006.584

13 2 5.894869E+03 5.82443 0.39850 5.695 -1001.423 1001.439

1 3 0.000000E+00 0.00000 0.87755 0.000 -!01_.070 1014.070

2 3 5 a35944E+02 0 53605 0 88d17 0 025 -_01_ 066 101d _• " " " • _ • . _OO
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LEBV001, h-magnet *6 -2 *46 6 *Ii0 5 16 2.5 90. 2.5 0. *43 13 *45 8 *49 13 S
$REG NREG=5, DX=.5, XMAX=26.7, YMAX=21.5, NPOINT=5$

$PO x= 0.00 , y= 0.005
SPO x= 26.70 , y= 0.005
$PO x= 26.70 , y=21.5005
$PO x= 0.00 , y=21.5005
$PO x= 0.00 , y-- 0.005
$REG mat=2, NPOINT=9$

SPO x= 0.00 , y= 4.0005

$PO x= 8. 800 , y= 4.0005
$PO x= 8. 800 , y=12.0605
$PO x=17.500 , y=12.0605
$PO x=17.500 , y= 0.005

$PO x=26.700 , y= 0.005
SPO x=26.700 , y=21.5005

$PO x= 0.00 , y=21.5005
SPO x- 0.00 , y= 4.0005
$REG mat-l, NPOINT=5$

$PO x= 9.300 , y- 2.8605
SPO x=17.000 , y= 2.8605

$PO x=17.000 , y=ii.5005
5PO x- 9.300 , y=11.5005

5PO x- 9.300 , y- 2.8605
$REG mat-2, NPOINT-6$

$PO x- 0.00 , y- 2.8605

$PO x= 8.500 , y= 2.8605
$PO x= 8.800 , y= 3.2005

$PO x= 8. 800 , y= 4.0005
SPO x= 0.00 , y= 4.0005

5PO x= 0.00 , y= 2.8605
SREG mat-l, NPOINT=I2$

5PO x= 5. 500 , y= .0005

$PO x= 5.000 , y= 1.1455
$PO x= 4.500 , y= 1.5815

$PO x= 4.000 , y= 1.8875
$PO x= 3. 500 , y= 2. 1215

$PO x= 3.000 , y= 2. 3055
$PO x= 2.500 , y= 2.4495

SPO x= 2.000 , y= 2.5625
$PO x= 1.500 , y= 2.6465

SPO x= 1.000 , y= 2.7045
SPO x= .500 , y= 2.7395

5PO x= .000 , y= 2.7505
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LEAST SQUARES EDIT OF PROBLEM , CYCLE 580

'H' MAG SYMMETRY TYPE

CURRENT FILAMENT AT 12 i, ( 5.50 0.00), HAS 3.4300 AMPS

CURRENT FILAMENT AT ii 4, ( 5.00 1.14), HAS 4.7800 AMPS

CURRENT FILAMENT AT 8 5, ( 3.75 2.00), HAS 1.0350 AMPS

CURRENT FILAMENT AT 9 5, ( 4.00 1.89), HAS 1.7250 AMPS

CURRENT FILAMENT AT i0 5, ( 4.50 1.58), HAS 2.8120 AMPS

CURRENT FILAMENT AT 7 6, ( 3.00 2.31), HAS 1.5800 AMPS

CURRENT FILAMENT AT 8 6, ( 3.50. 2.12), HAS 1.4160 AMPS

CURRENT FILAMENT AT 1 7, ( 0.00 2.75), HAS 0.0000 AMPS

CURRENT FILAMENT AT 2 7, ( 0.50 2.74), HAS 0.2500 AMPS

CURRENT FILAMENT AT 3 7, ( 1.00 2.70), HAS 0.5030 AM.PS

CURRENT FILAMENT AT 4 7, ( 1.50 2.65), HAS 0.7580 AMPS

CURRENT FILAMENT AT 5 7, ( 2.00 2.56), HAS 1.0200 AMPS

CURRENT FILAMENT AT 6 7, ( 2.50 2.45), HAS 1.2910 AMPS

STORED ENERGY - 3.2568E-04 JOULES / METER OR RADIAN

XJFACT= 1.000000

K L A(VECTOR) X Y BX(GAUSS) BY(GAUSS) BT(GAUSS) DB_

1 1 0.000000E+00 0.00000 0.00000 0.000 -8.539 8.539

2 1 4.293969E+00 0.50377 0.00000 0.000 -8.492 8.492

3 1 8.540224E+00 1.00755 0.00000 0.000 -8.352 8.352

4 1 1.269386E+01 1.51132 0.00000 0.000 -8.125 8.125

5 1 1.671217E+01 2.01509 0.00000 0.000 -7.816 7.816

6 1 2.055655E+01 2.51887 0.00000 0.000 -7.435 7.435

7 1 2.419223E+01 3.02264 0.00000 0.000 -6.987 6.987

8 1 2.758604E+01 3°52642 0.00000 0.000 -6.474 6.474

9 1 3.070296E+01 4.03019 0.00000 0.000 -5.886 5.886

10 1 3.351033E+01 4.53396 0.00000 0.000 -5.279 5.279

ii 1 3.613195E+01 5.03774 0.00000 0.000 -4.798 4.798

12 1 3.951679E+01 5.50000 0.00000 0.000 -1.074 1.074

13 1 3.744845E+01 6.04528 0.00000 0.000 1.655 1.655

1 2 0.000000E+00 0.00000 0.43878 0.000 -8.575 8.575

2 2 2.594663E+00 0.30278 0.44057 0.050 -8.558 8.558
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TABLE FOR FIELD COEFFICIENTS

NORMALIZATION RADIUS = 2. 50000

(BX - I BY) = I * SUM N*(AN + I BN)/R * (Z/R)** (N-l)

N N (AN)/R N (BN)/R ABS (N (CN)/R)

1 8. 5375E+00 0. 0000E+00 8. 5375E+00

3 -i. 1488E+00 0.0000E+00 I. 1488E+00

- 5 5. 6757E-02 0.0000E+00 5. 6757E-02

7 7.6619E-03 0.0000E+00 7. 6619E-03

9 -2.2467E-03 0.0000E+00 2.2467E-03
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LEBQUAD *24 1 *II0 4 16 4.5 90. 2.5 0. *46 4 *43 25 *45 14 S

&REG NREG=5, DX=.25,XMAX=20.,YMAX=20.,NPOINT=5, _END
&PO X= 0. ,Y= 0. ,&END

&PO X=20. ,y= 0. ,&END
&PO X=20. ,Y=20. ,&END
,&PO X= 0. ,Y=20. ,&END
&PO X- 0. ,Y- 0. ,&END

&REG MAT=2, NPOINT=21, &END
&PO X=2.31, Y=6.75, &END
&PO X=1.88, Y=6.50, &END
&PO X"I. 76, Y=6.25, &END

&PO X='1.98, Y=6.00, &END
&PO X-2.14, Y-5.75, &END

&PO X-2.2727, y"5.5, &END
&PO X-3.5355, y-3.5355, R-5.0, &END
&PO NT-3, X-5.5, Y-2.2727.. R-5.0, &END

&PO ]{-5.75, Y_2.14, &END
&PO ](-6.00, Y-1.98, &END
&PO X-6.25, Y-1.76, &END

&PO X-6.50, Y-1.88, &END
&PO X-6.75, Y-2.31, &END

&PO X-16.75, Y-12.31, &END
&PO X-16.75, Y-0.00, &END

&PO X-20.00, Y- 0.00, &END
&PO X-20.00, Y-20.00, &END
&PO X= 0.00, Y-20.00, &END

&PO X- 0.00, Y-16.75, &END
&PO ]{-12.31, Y-16.75, &END
&PO X-2.31, Y-6.75, &END

&REG MAT-1,CUR- 15000. ,NPOINT-5, &END
&PO X-15., y-5., &END
&_O X-16., Y-5., &END

&PO X-16., Y-6., &END
&PO XuI5.,Y-6., &END
&PO X-15., Y-5., &END

&REG MAT-l, CUR--15000. ,NPOINT-5, &END
&PO X-5.,y-15., &END
&PO ]{-5.,Y-16., &END
&PO X-6., Y-16., &END

&PO X-6.,Y-15., &END
&PO X-5.,Y-15., &END

&REG mat-l, NPOINT-12, &END

&PO x- 5.500 , y- .000, &END

&PO x- 5.000 , y= 1.145, &END
&PO x- 4.500 , y= 1.581, &END

&PO x- 4.000 , y= 1.887, &END
&PO x- 3.500 , y= 2.121, &END

&PO x- 3.000 , y- 2.305, &END

&PO x= 2.500 , y- 2. 449, &END
&PO x= 2.000 , y- 2.562, &END

&PO x- 1.500 , y- 2.646, &END
&PO x- 1.000 , y= 2. 704, &END
&PO x- .500 , y- 2.739, &END

&PO x- .000 , y- 2.750, &END
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LEAST SQUARES EDIT OF PROBLEM , CYCLE 830

SYMM QUA SYMMETRY TYPE

STORED ENERGY = 1.1441E+03 JOULES / METER OR RADIAN I _%_Z_'C_ I_/ __ (o_," _

XJrACT- 1.000000 I <_ }

K L ACV_CTOR_ X Y BXCGAUSS_ BYCGAUSSl BTCGAUSS_DB" "

1 1 1.581940E+03 0.00000 0.00000 0.000 0.000 0.000

2 1 1.630515E+03 0.25000 0.00000 0.000 -373.036 373.036

3 1 1.770382E+03 0.50000 0.00000 0.000 -744.133 744.133

4 1 2.002833E+03 0.75000 0:.00000 0.000 -1115.688 1115.688

5 1 2.328308E+03 1.00000 0.00000 0.000 -1488.121 1488.121

6 1 2.746965E+03 1.25000 0.00000 0.000 -1861.135 1861.135

7 1 3.258947E+03 1.50000 0.00000 0.000 -2234.747 2234.747

8 1 3.864412E+03 1.75000 0.00000 0.000 -2609.036 2609.036

9 1 4.563541E+03 2.00000 0.00000 0.000 -2984.091 2984.091

i0 1 5.356534E+03 2.25000 0.00000 0.000 -3359.980 3359.980

ii 1 6.243606E+03 2.50000 0.00000 0.000 -3736.732 3736.732

12 1 7.224970E+03 2.75000 0.00000 0.000 -4114.310 4114.310

13 1 8.300819E+03 3.00000 0.00000 0.000 -4492.572 4492.572

14 1 9.471295E+03 3.25000 0.00000 0.000 -4871%272 4871.272

15 1 1.073646E+04 3.50000 0.00000 0.000 -5250.039 5250.039

16 1 1.209628E+04 3.75000 0.00000 0.000 -5628.312 5628.312

17 1 1.355052E+04 4.00000 0.00000 0.000 -6005.197 6005.197

18 1 1.509865E+04 4.25000 0.00000 0.000 -6379.128 6379.128

19 1 1.673963E+04 4.50000 0.00000 0.000 -6747.384 6747.384

20 1 1.847151E+04 4.75000 0.00000 0.000 -7105.525 7105.525

21 1 2.029095E+04 5.00000 0.00000 0.000 -7446.651 7446.651

22 1 2.219244E+04 5.25000 0.00000 0.000 -7760.056 7760.056

23 1 2.416712E+04 5.50000 0.00000 0.000 -8030 212 8030.212 -

24 1 2.620199E+04 5.75000 0.00000 0.000 -8234 813 : 8234.813

25 1 2.827732E+04 6.00000 0.00000 0.000 -8351 120 8351.120

1 2 1.549517E+03 0.00000 0.21739 -327.655 0 000 327.655

2 2 1.567763E+03 0.15055 0.21789 -325.990 -225 160 396.190

3 2 1.660277E+03 0.38595 0.21863 -32_.90_ -574 262 _._:73
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LEBQUADv *24 1 *ii0 4 16 4.5 90. 2.5 0. *46 221 *49 13 S plebq.dat
&REG NREG=5, DX=.25,XMAX=20., YMAX=20.,NPOINT=5, &END
&PO X= 0. ,Y= 0. ,&END

&PO X=20. ,y= 0. ,&END
&PO X=20. ,Y=20. ,&END

&PO X= 0. ,Y=20. ,&END

&PO X= 0. ,Y= 0. ,&END

&REG MAT=2,NPOINT=21, &END _.

&PO X=2.31, Y=6.75, &END

&PO X=1.88, Y=6.50, &END

&PO X=1.76, Y=6.25, &END

- &PO X=1.98, Y=6.00, &END

&PO X=2.14, Y=5.75, &END

&PO X-2.2727, y=5.5, &END

. &PO X=3.5355, y=3.5355, R=5.0, &END

&PO NT-3, X=5.5, Y=2.2727, R=5.0, &END

&PO X=5.75, Y-2.14, &END

&PO X=6.00, Y=1.98, &END

&PO X=6.25, Y=1.76, &END

&PO X=6.50, Y=1.88, &END

&PO X=6.75, Y=2.31, &END

&PO X=16.75, Y=12.31, &END
&PO X=16.75, Y= 0.00, &END

&PO X-20.00, Y- 0.00, &END

&PO X-20.00, Y-20.00, &END

&PO X= 0.00, Y=20.00, &END

&PO X= 0.00, Y=16.75, &END

&PO X=12.31, Y=16.75, &END

&PO X=2.31, Y=6.75, &END

&REG MAT=I,NPOINT=5, &END

&PO X=15.,y=5., &END

&PO X=I6.,Y=5., &END

&PO X=I6.,Y=6., &END

&PO X-15.,Y=6., &END

&PO X=I5.,Y=5., &END

&REG MAT=l, npoint=5, &END

&PO X=5.,y=15., &END

&PO X=5.,Y=I6., &END

&PO X=6.,Y=I6., &END

&PO X=6.,Y=I5., &END

&PO X=5.,Y=I5., &END

&REG mat=l, NPOINT=I2, &END

&PO x= 5. 500 , y= .000, &END

&PO x= 5.000 , y= 1.145, &END

&PO x= 4.500 , y= 1. 581, &END

&PO x= 4.000 , y= 1. 887, &END

&PO x= 3.500 , y= 2. 121, &END

&PO x= 3.000 , y= 2. 305, &END

&PO x= 2. 500 , y= 2. 449, &END

&PO x= 2.000 , y= 2. 562, &END

&PO x= 1. 500 , y= 2.646, &END

" &PO x= 1.000 , y= 2. 704, &END

&PO x= .500 , y= 2. 739, &END

&PO x= .000 , y= 2. 750, &END
a • .
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LEAST SQUARES EDIT OF PROBLEM , CYCLE 860

EDIT ITYPE 221

CURRENT FILAMENT AT 23 i, ( 5.50 0.00), HAS 2.7709 AMPS

CURRENT FILAMENT AT 21 6, ( 5.00 1.14), HAS 3.0119 AMPS

CURRENT FILAMENT AT 19 8, ( 4.50 1.58), HAS 1.2112 AMPS

CURRENT FILAMENT AT 16 i0, ( 3.75 2.00), HAS 0.1045 AMPS

CURRENT FILAMENT AT 17 i0, ( 4.00 1.89), HAS 0.3722 AMPS

CURRENT FILAMENT AT 15 ii, ( 3.50 2.12), HAS -0.0344 AMPS

CURRENT FILAMENT AT ii 12, ( 2.50 2.45), HAS -0.8184 AMPS

CURRENT FILAMENT AT 13 12, ( 3.00 2.31), HAS -0.4739 AMPS

CURRENT FILAMENT AT 5 13, ( 1.00 2.70), HAS -1.4442 AMPS

CURRENT FILAMENT AT 7 13, ( 1.50 2.65), HAS -1.2979 AMPS

CURRENT FILAMENT AT 9 13, ( 2.00 2.56), HAS -1.0904 AM.PS

CURRENT FILAMENT AT 1 14, ( 0.00 2.75), HAS -0.7805 AMPS

CURRENT FILAMENT AT 3 14, ( 0.50 2.74), HAS -1.5311 AMPS

STORED ENERGY = 4.5703E-05 JOULES / METER OR KADIAN

XJFACT= 1.000000

K L A(VECTOR) X Y BX(GAUSS) BY(GAUSS) BT(GAUSS) DB"

1 1 -3.775190E+00 0.00000 0.00000 0.000 0.000 0.000

2 1 -3.748710E+00 0.25000 0.00000 0.000 -0.204 0.204

3 i -3.672503E+00 0.50000 0.00000 0.000 -0.405 0.405

4 1 -3.545983E+00 0.75000 0.00000 0.000 -0.607 0.607

5 1 -3.369107E+00 1.00000 0.00000 0.000 -0.808 0.808

6 1 -3.142082E+00 1.25000 0.00000 0.000 -1.008 1.008

7 1 -2.865236E+00 1.50000 0.00000 0.000 -1.206 1.206

8 1 -2.539022E+00 1.75000 0.00000 0.000 -1.403 1.403

. 9 1 -2.164057E+00 2.00000 0.00000 0.000 -1.596 1.596

i0 1 -1.741158E+00 2.25000 0.00000 0.000 -1.786 1.786
,o

" Ii 1 -1.271398E+00 2.50000 0.00000 0.000 -1.971 1.971

12 1 -7.561750E-01 2.75000 0.00000 0.000 -2.150 2.150

13 1 -1.972908E-01 3.00000 0.00000 0.000 -2.320 2.320

14 1 4.029561E-01 3.25000 0.00000 0.000 -2._80 2.4S_

15 1 1.041664E400 3.50000 0.00000 0.000 -2.627 2.62 _
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'FABLE FOR FIELD COEF["ICIENT5

NORMALIZATION RADIUS = 2. 50000

(BX - I BY) = I * SUM N*(AN + I BN)/R * (Z/R) **(N-I)

N N (AN)/R N (BN)/R ABS (N (CN)/R)

2 2. 0267E+00 0. 0000E+00 2. 0267E+00

4 -3. 9091E-02 0. 0000E+00 3. 9091E-02

6 -7. 7138E-03 0.0000E+00 7.7138E-03

8 -I. 9802E-02 0.0000E+00 i. 9802E-02
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Appendix C: Code EDDY files for Eddy Current
Induced Harmonic Analytical Calculations

1. Code EDDY

2. Code EDDY_STR

3. dipole vaccum chamber options

4. dipole coil positioning

5. vacuum chamber thickness and tolerance study

6. dipole coil positioning

7. quadrupole vaccum chamber options

8. sextupole vaccum chamber

9. miscellaneous EDDY results

10. Code EDDYCONT
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c

c Program eddy: given vacuum chamber contour, e.g. ellipse with axes
c (a,b), |vac. ch. midplane symmetry required for any
c magnet, additionally quarter plane vac. cb. symmetry

c required for quadrupole, 1/6 plane vac. ch. synunetry
c required for sextupole, etc. ] and magnet half gap or
c aperture radius (h), determines:
c (2) total harmonic components of field in

c multipole magnet due to vac. ch. eddy currents "
c (i) harmonic comp_n, s of eddy current induced field

c in multipole magnet due to current filament pairs
c (useful passive harmonics hulling information) .
c

c created: Feb. 1991 Ross Schlueter
c

c modified: May 1991 - see Eddy_str version of this program when
c ellipse is to have a stretched straight
c section syn_metric w.r.t, x-0.
c

c

c SET UP
c

dimension x_0(200), y__0(200), sarc(200), w_0(200),
& u 0(200), v 0(200),m

& Fn(200), Sc(200), Td(200), Fr (200), Ff(200),
& w Fn(200), w Sc(200), w Td(200), w Fr(200), w Ff(200),

& p2(5), zh(5)

complex w_0, zi, C, S, alpha_0, wm, wp, zm, zp
real k, mu, mpl, mu2h, mu2hmpl

open (unit-2, file-'eddy_out.dat', status=' old ',
& carriagecontrol-" fortran' )
pi-4. *atan (I.)
zi=(0, i)

c

c INTERACTIVE INPUT/WRITE HEADINGS
c

write (5,100) ! multipole #, vac. ch. geom., eval. point
9 read *,m, a,b, h, r

if(h.lt..i) h=2.86
write (2, i01)

write (2,102)m, a,b,h, r
x shift=0.0

y_shift=0.0
c

c GET VACUUM CHAMBER CONTOUR IN W-PLANE
c

c if(m .eq. 0) then

c w = r ! r=Izl the eval. radius
c a w=a

c b w =b

c else if(m .eq. I) then
c w = r**2/h

c a w = (a**2+b**2)/(2.*h)
c b w = a*b/h

c c w = (a**2-b**2)/(2°*h) ! (c_w is an alternate name for u hat)
c else if(m .eq. 2) then

c ellipse transforms to irregular shape
c end if
c

c EQUATION 43 (or 21 for special case of a dipole magnet)
c

c alpha = pi*w/(2.*h)
k=pi/ (2.*h)
imax=42
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mu = .4*pi
mu2h=mu/(2. *h)

mpl = float (m+l)
mu2hmpl=mu2 h'mpl
do 1 hpl= 1,5

p2 (npl)--(pi/2. )** (npl-l)
zh (npl)= (r/h) ** ((m+l) * (npl-l) +m)

1 continue
c

do 12 j=l,l ! m+l
do 11 i=l,imax+l

ij=i + (j-l)*(imax+l)

. angle=(pi/float(m+l))*(float(i-1)/float(imax)) +(j-1)*pi/(m+l)
x 0(ij) - a'cos(angle) + x shiftw

y_0(ij) = b'sin(angle) + y_shift
u_0(ij) = real(cmplx(x_0(ij),y_0(ij))**(m+l))/h**m
v_0 (ij) - aimag (cmplx (x_0 (i9) ,y_0 (ij)) ** (m+l))/h**m

c for m-0, u-x - a'cos (angle),
c v-y - b'sin (angle)

c for m-l, u-(x**2-y**2)/h - a w*cos (2. *angle) + c w

c v- (2*x'y)/h - b_w*sin (2. *angle)
c for m-2, u-Re[(x+iy)^3]/h^2

c v=Aimag [(x+iy) ^3 ]/h^2
c

w_0 (ij )-cmplx (u_0 (ij), v_0 (ij) )
alpha_0-k*w_0 (ij)
C - (exp (alpha_0) +exp (-alpha_0))/2.

S = (exp (alpha_0) -exp(-alpha_0) )/2.
Fn (ij)=mu2hmpl*p2 (i) *zh (i) *Real (-C/S)

Sc (ij)=mu2hmpl*p2 (2) *zh (2) *Real (-i./S*'2 )
Td (ij)-mu2hmpl*p2 (3) *zh (3) *Real ( (i./2. )* (-2. *C) / (S*'3))
Fr (ij)-mu2hmpl*p2 (4) *zh (4) *Real ((i./6.) * (-2/S*'4) * (2"S*'2+3))

Ff (ij) =mu2hmpl*p2 (5) *zh(5) *Real ((i./24.) * (-8.*C/S*'5) * (S*'2+3))
************************************************************************
11 continue

12 continue
c

c GET STOT, SARC, AND CENTER OF GRAVITY OF VAC. CHAMBER ARC IN W-PLANE
c

u hat=0.
Stot-0.

do 22 j=l,l ! m+l
do 21 i=l,imax+l

ij=i + (j-l)*(imax+l)
if(i.gt.l .and. i .lt. imax+l)then

zm=cmplx (x_0 (ij) -x__0 (ij-l), y_0 (ij) -y_0 (ij-l))

zp=cmplx (x_0 (i j+l )-x_0 (ij), y_0 (ij+l) -y_0 (ij) )
sarc(ij) = .5*sqrt(Real(zm)**2+Aimag(zm)**2)+

& .5*sqrt (Real (zp) **2+Aimag (zp) **2)
else if(i.eq.l) then

zp=cmplx (x_0 (ij+l)-x_0 (ij), y_0 (ij+l) -y_0 (ij))
sarc(ij) = .5*sqrt(Real(zp)**2+Ain_ag(zp)**2)

" else if(i.eq.imax+l) then

zm=cmplx (x_0 (ij)-x_0 (ij-l), y_0 (ij) -y_0 (ij-l))
sarc(ij) = .5*sqrt (Real (zm) **2+Aimag(zm) **2)

- end if

u_hat = u_hat + u_0(ij)*sarc(ij)
Stot=Stot+sarc (ij)

21 continue
22 continue

u hat=u hat/Stot
c

c EQUATION 44 (or 33 for special case of a dipole magnet)
c

Fn tot=0.

Sc tot=0.
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Td tct=0.
Fr tct=0.
Ff tct=0.

do 32 j=l,l ! m+l

if (j. na. I)write (2,107)

write (2,108)Stor, u hat,

& ((m+l)*npl-l,n--pl=l,5), ((m+l),npl_l npl=l 5)
do 31 i=l,imax+l ' '

ij=i + (j-1)*(imax+l)
F = u_0(ij) - u hat

w__Fn(ij) - F*FnTij)
w_Sc (ij) - F*Sc (ij)
w_Td(ij) - F*Td(ij)

w_Fr(ij) - F*Fr(ij)
w Ff(ij) - F*Ff(ij)

write (2,111) i,x 0(ij),y_0(ij),sarc(ij),u 0(ij),v 0(ij),
& Fn([j),Sc(ij),Td(ij),Fr(ij),Ff(ij), --

& w Fn(ij),w Sc(ij},w Td(ij),w Fr(ij),w Ff(ij)
Fn_tot-Yn tot_w Fn (ij}_sarc (ij)-- -- --
Sc__tot-Sc--tot+w--Sc (ij)*sarc (ij)
Td_t ot-Td_--tct +w--Td (ij)*sarc (ij )

Fr tot-Fr tot+w--Fr (ij) *sa_:c (ij }
Ff--tot-Ff--tot+w--Ff (ij) _sarc (ij }
if (i .eq.--imax/2 +I)

& write (2,112)Fn tot, Sc tot, Td tot, Fr tot Ff tot31 continue .... ' --

write (2,113) Stot, Fn tot, Sc tot, Td tot, Fr tot, Ff tot32 continue .....
c

c FORMATS
c

100 format(, input multipole # (0-dipole, 1-_/uad, atc),',/,

&' vac cham axes "a,b", half gap or aperature "h", eval rad "r"'}
101 format (' program eddy',/)

102 format('Input: multipole # (0-d/pole, 1-quad, atc) m-' il,

& 3x,'ellipse axes: (a,b) (_& fS.2,',',,5.2,,) cm,', 3x h-',f5.2,' cm,',3x,
& 'harmonics evaluated at r-',f5.2 ' cm' /)

107 format (///) ' '

108 format ('Output :, 36x,I

&' J- z-plane harmonic components iB*(z) (G) for I=l A -',

&' l-- components weighted by u(i) - Inr s u/S ds (G-cre) I /,&16x ' - -- '

&' I- at z(i)e^(i2j pi/ro+l), j-0, '•..m, and conjugates, -l',
= ' 16X, '& ' (S ',f8 5,'), , [ ' f8 5,'• , • ], /

&43x,' I cf. Eqn. (21) or (43) ..... I',/,
&' harmonic component mn+m+n (n-0,1,2,...) :,,10(4x, i2,5x),/
&' i x(i) y(i) sarc(i) u(i) v(i) '

&' Fn(i) Sc(i) Td(i) Fr(i) Ff(i) ,

&' w_Fn(i) w Sc(i) w Td(i) w Fr(i) w Ff(i)',/_
c &' I-- I (x (i) ,+/--y (i) ) . 1 Amp, cf. Eqn. (21) or 743) --I',
iii format (i2, 5 (2x, f6.3), 2x, i0 (eJ. 3, 2x) )
112 format (/, 47x,

&' Sum_i w zz(ij)*sarc(ij), where zz=Fn, Sc,Td, Fr,Ff: ,,
& 5 (eJ. 3,2x) ,/)

113 format (/, 7x, 'Sum sarc(i):, ix, f6 3,' ' Ix,, o • , m

&'Sum__i w_zz(ij)*sarc(ij), w/ zz-Fn, Sc,Td, Fr, Ff,,
&' (cf. Eqn. (33) or (44)): ', 5(e9.3,2x))c

c CLOSE
c

if(3 .lt. 2)go to 9

close (unit=2, status=" keep, )end
c

************************************************************************
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c

c Program eddy_str: given vacuum chamber contour, e.g. ellipse with axes

c (a,b), [vac. ch. midplane symmetry required for any
c magnet, additionally quarter plane vac. ch. symmetry

c required for quadrupole, 1/6 plane vac. cb. symmetry
c required for sextupole, etc.] and magnet half gap or
c aperture radius (h), determines:
c (2) total harmonic components of field in

c multipole magnet due to vac. ch. eddy currents
c (I) harmonic components of eddy current induced field

c in multipole magnet due to curre,it filament pairs
c (useful passive harmonics nulling information)
c

c created: Feb. 1991 Ross Schlueter
c

c modified: May 1991 - this Eddy_str version accomodates an added
c vac. ch. straight section symmetric w.r.t, x=0.
c FOR USE ONLY IN DIPOLE AND QUADRUPOLE MAGNETS;

c the equations below are not valid for this

c asymmetry condition in higher order multipoles.
c See eddy_elsex for special case of elliptical
c sextupole.
c

c

c SET UP
c

dimension x 0(200), y_0(200), sarc(200), w 0(200),
& u 0(200), v 0(200),

& Fn(200), Sc(200), Td(200), Fr (200), Fr(200),

& w Fn(200), w Sc(200), w_Td(200), w Fr(200), w Ff(200),
& p2(5), zh(5)

complex w_0, zi, C, S, alpha_0, wm, wp, zp, zm
real k, mu, mpl, mu2h, mu2hmpl
open (unit=2, file=reddy_out.dat ,, status=, old ,,

& carriagecontrol=' fortran' )
pi=4. *atan (i.)
zi=(0, i)

c

c INTERACTIVE INPUT/WRITE HEADINGS
c

write(5,100) ! multipole #, vac. ch. geom., eval. point

9 read *,m,a,b, str,h,r ! str added to accomodate stretched ellipse shapes
if(h.lt..i) h=2.86

write (2, i01)
write(2,102)m,a,b, str,h,r ! str

if( m .gr. i) then
write (5,999)

999 format('invalid symmetry condition for this code')
stop

end if

x shift = 0.

y_shift = 0.
c

c GET VACUUM CHAMBER CONTOUR IN W-PLANE
c

c if(m .eq. 0) then
c w = r ! _=Izl the eval. radius
c a w = a
c b w= b

c else if(m .eq. i) then
c w = r**2/h

c a w = (a**2+b**2)/(2.*h)
c b w = a*b/h

c c_w = (a**2-b**2)/(2.*h) ! (c_w is an alternate name for u hat)
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c else if(m .eq. 2) then
c ellipse transforms to irregular shape
c end if
c

c EQUATION 43 (or 21 for special case of a dipole magnet)
c

c alpha = pi*w/(2.*h)

k-pi/(2. *h)
imax=42 ! make it even

c

istr=0

if (str .ne. 0.) then
imax-imax-4

istr-4
end if

c

mu - .4*pi
mu2h-mu/(2. *h)

mpl - float (m+l)
mu2hmpl_mu2h*mpl
do 1 npl- 1,5

p2 (npl)- (pi/2.) ** (npl-l)
zh (npl)-(r/h) ** ((ro+l)* (npl-l) +m)

1 continue
c

do 12 j-l,l ! m+l
do ii i-l, imax+l+istr

ij-i + (j-l)*(imax+l)
c

if (istr.eq.0) then

angle- (pi/float (m+l) )* (float (i-l)/float (imax) )+ (j-i )*pi/(m+l )
x_0 (ij) - a'cos (angle) + x_shift
y_0 (ij) m b'sin (angle) + y_shift

else if (i .le. imax/(2-m) + l)then

_ngle- (pi/float (m+l)) * (float (i-l)/float (imax)) + (j-l) *pi/(ro+l)
x_0(ij) - a'cos(angle) + str/2. + x shiftn

y_0 (ii) _ b'sin (angle) + y_shift
else if(i .ge. imax/(2-m) + 6)then

angle-(pi/float (m+l)) * (float (i-5)/float (imax))+ (j-l) *pi/(ro+l)
x_0(ij) = a'cos(angle) - str/2. + x shiftE

y_0(ij) - b'sin(angle) + y_shift
else

x_0 (ij) - x 0 (imax/(2-m) +i)

& - (str/(4.*(m+l)))*float(ij-(imax/(2-m) +i)) + x shift

y_0(ij) = y_0(imax/(2-m) +i) + y shift
end if

c

u_0(ij) - real(cmplx(x_0(ij),y_0(ij))**(m+l))/h**m
v_0(ij) = aimag(cmplx(x_0(ij),y_0(ij))**(m+l))/h**m

c for m=0, u-x - a'cos(angle),

c v=y = b'sin(angle)
c for m-l, u= (x**2-y**2) /h = a w*cos(2.*angle) + c w

c v= (2*x*y) /h = b_w*sin(2.*angle)
c for m=2, u-Re[ (x+iy)^3]/h^2

c v=Aimag [(x+iy) ^3]/h^2
c

w_0 (ij)_cmplx(u_0 (ij), v_0 (ij))
alpha_0--k*w 0(ij)

C = (exp (alpha_0) +exp (-alpha_0))/2.
S -- (exp(alpha_0)-exp(-alpha 0))/2.
Fn (ij) --mu2hmpl*p2 (i) *zh (i) *Real (-C/S)
Sc (ij) --mu2hmpl*p2 (2) *zh (2) *Real (-i./S*'2)

Td(ij)=mu2hmpl*p2(3)*zh(3)*Real((I./2.)*(-2.*C)/(S*'3))

Fr(ij)=mu2hmpl*p2(4)*zh(4)*Real((I./6.)*(-2/S*'4)*(2,S*,2+3))

Ff(ij)=mu2hmpl*p2(5)*zh(5)*Real((l./24.),(-8.*C/S**5),(S**2+3))
•**************************************************************** ***'012
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Ii continue
12 continue
c

c GET STOT, SARC, AND CENTER OF GRAVITY OF VAC. CHAMBER ARC IN W-PLANE
c

u hat=0.
Stot=0.

do 22 j=l,l ! m+l
- do 21 i=l,imax+l+istr

ij=i + (j-l)*(imax+l)

if(i.gt.l .and. i .lt. imax+l+istr)then

. zm=cmplx (x_0 (ij) -x_0 (ij-l), y_0 (ij) -y_0 (ij-l))
zp=cmplx(x_0(ij+l) -x_0(ij) ,y_0 (ij+l) -y_0 (ij))
sarc(ij) = .5*sqrt(Real(zm)**2+Aimag(zm)**2)+

& .5*sqrt (Real (zp) **2+Aimag (zp) **2 )
else if(i.eq.l) then

zp-cmplx (x_0 (ij+l) -x_0 (ij) ,.y_0 (ij+l) -y_0 (ij))
sarc(ij) = .5*sqrt(Real(zp)**2+Aimag(zp)**2)

else if(i.eq.imax+l+istr) then

zm-cmplx (x__0(ij) -x_0 (ij-l) ,y_0 (ij) -y_0 (ij-l))
sarc (i9) " -5*sqrt (Real (zm) **2+Aimag (zm) * *2 )

end if

u_hat z u_hat + u__0(ij)*sarc(ij)
Stot=Stot+sarc (ij)

21 continue
22 continue

u hatmu hat/Stot
c

c EQUATION 44 (or 33 for special case of a dipole magnet)
c

Fn tot=0.

Sc tot=0.
Td tot=0.
Fr tot=0.
Ff tot=0.

do 32 j=l,l ! m+l
if (j .ne. I)write (2,107)

write (2,108)Stot, u__hat,

& ((m+l) *npl-l: npl=l, 5), ((m+l) *npl-l, npl=l, 5)
do 31 i=l,imax+l+istr

ij=i + (j-l)*(imax+l)

F = u_0(ij) - u hat
w_En(ij) = F*Fn(ij)
w Sc(ij) = F*Sc(ij)

w_Td(ij) = F_Td(ij)
w Fr(ij) = F*Fr(ij)
w Ff(ij) = F*Ff(ij)

write(2,111)i,x_0(ij),y_0(ij),sarc(ij),u 0(ij),v 0(ij),
& Fn(ij),Sc(ij),Td(ij),Fr(ij),Ff(ij), --

& w__Fn(ij),w Sc(ij),w Td(ij),w Fr(ij),w Ff(ij)
Fn tot=Fn tot+w Fn(ij)_sarc(ij) - -- --

- Sc_tot=Sc_tot+w_Sc(ij)*sarc(ij)
Td_t ot=Td_tot +w_Td (i j)*sarc (i j)

Fr tot=Fr tot+w Fr(ij)*sarc(ij)
• Ff tot=Fr tot+w Ff(ij)*sarc(ij)

if(i .eq. imax/2 +i + istr/2)

& write (2,112 )Fn_tot, Sc_tot, Td_tot, Fr_tot, Ff tot
31 continue

write(2,113)Stot, Fn_tot, Sc tot, Td_tot, Fr tot, Ff tot
32 continue -- --
c

c FORMATS
c

i00 format(' input multipole # (0=dipole, l=quad, etc),',/,

&' axes "a,b", "str", half gap or aperature "h", eval rad "r"')
I01 format(' progL-am eddy_str',/)
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102 format('Input: multipole # (0-dipole, l=quad, etc) m - ',il,
& 2x, 'ellipse axes: (a,b)=(',

' 2x,'str =',fS 2,' cre,',
& f5.2,',',fS.2,') cm: ,
& 2x,'h =',f5.2,' cre, , 2x,
& 'harmonics evaluated at r-',f5.2,' cm',/)

107 format (///)

108 format ('Output :', 36x,
&" i- z-plane harmonic components iB*(z) (G) for I_l A-',

&" i-- components weighted by u(i) - Int_s u/S ds (G-cm) --i',/,
&16x, ' ",

&" I- at z(i)e ^(i2j pi/ro+l), j-0, ...m, and conjugates, -I',
& " (S -',fS.5,'),',16x,'[ ',f8.5,' ]',/ "

&43x,' I cf. Eqn. (21) or (43) i',/,

&' harmonic component mn+m+n (n-0, i, 2, ... } :', I0 (4x, i2, 5x},/,
&' i x(i) y(i) sarc(i) u(i) v(i) ',
&" Fn (i) Sc (i) Td(i) Fr (i) Ff (i) '
&' w Fn(i) w Sc(i) w Td(i}- w Fr(i) w Fr(i)',/)

c &' [--- I (x (i) ,+/---y(i) ) - 1 Amp, cf. Eq_. (21) or _43) --i',
iii format (i2, 5 (2x, f6.3), 2x, I0 (eg. 3,2x) )
112 format (/, 49x,

&" Sum i w zz(ij}*sarc(ij), where zz-Fn, Sc,Td, Fr,Ff: ',
& 5 (e9.3, 2x),/)

i13 format (/, 7x, •Sum sarc (i) :',ix, f6.3, ",',Ix,

&'Sum i w zz(ij)*sarc(ij}, w/ zz-Fn, Sc,Td, Fr, Ff',
&' (cf. Eqn. (33) or (44)}: ', 5(eg.3,2x))

c

c CLOSE
c

if (3 .lt. 2)go to 9
close (unit-2, status-' keep' )
end

c

************************************************************************
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C

c Program Eddycont: This program takes values of Z over an X-Y plane
c and plots Z contours.
c

c created: 11/25/88 Schlueter
c

c modified: 12/xx/90 changes to graflh.olb: putword replaced by ptext
c pscale (Ii, x_.Lin_xmax, ymin, ymax, IQUAD)

c modified: 06/xx/91 specific version for SSC LEB dipole vac. ch.
c eddy current induced dip/sext contours

c modified: 06/xx/91 see Eddycont2 for blowup of good field region
c

c

c DECLARATIONS
c

dimension x(201), y(113), ! (201,113)= # of points in (x,y) directions
& z(201, i13), ! 26 - # of contours to be plotted
& alev(13), ws(4000), ! 2000 - arbitrary (large) workspace dim.

& w 0(201, I13), xp(28), yp(28), xr(22), yv(22)

complex w_0. C, S, alpha_0
real k

c
character ddevice* 3

character*60, string
c

common/xylim/xmin, xmax, ymin, ymax !for use w/ pcont
commo n/de vi ce /ddevi ce

c

ddevice-' qms '
c

************************************************************************

c

c INPUT DATA AND INITIALIZE
c

data xmin,xmax, ymin,ymax/0., 14., 0., 14./ !for use w/ pcont
data xv/0.000, 0.250, 0.500, 0.721, 0.940, 1.157, 1.369, 1.575,

& 1.773, 1.963, 2.143, 2.312, 2.468, 2.611, 2.739, 2 853,
& 2.950, 3.039, 3.093, 3.139, 3.166, 3.175/

data yv/2.675, 2.675, 2.675, 2.666, 2.639, 2.593, 2.530, 2.450,
& 2.353, 2.239, 2.111, 1.968, 1.812, 1.643, 1.463, 1.273,
& 1.075, 0.869, 0.657, 0.440, 0.221, 0.000/

data xp/0.00, 1.40, 1.65, 1.90, 2.15, 2.40, 2.65, 2.90, 3.15,
& 3.40, 3.65, 3.90, 4.15, 4.40, 4.65, 4.90, 5.15,

& 5.40, 5.65, 5.91, 6.17, 6.43, 6.67, 6.85, 7.01,
& 7.11, 7.21, ii.9/

data yp/2.86, 2.86, 2.86, 2.86, 2.86, 2.86, 2.86, 2.86, 2.85,
& 2.85, 2.87, 2.89, 2.90, 2.88, 2.84, 2.80, 2.81,
& 2.76, 2.71, 2.71, 2.75, 2.77, 2.82, 2.90, 3.08,

& 3.30, 3.51, 13.3/
c

hp=28
nv=22

c

h=2.86
r=2 .5

pi=4. *Atan (!.)

k=pi/(2.*h)
C

imx=201

jmx=ll3
do I0 i=l,imx

x(i) = float(i-l)*.025 + i. ! (cm)
i0 continue
C
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do Ii j=l, jmx
y(j) = float(j-l)*.025 ' (cm)

ii continue
c

do 13 i=l,imx

do 12 j=l, jmx
w 0(i, j)=cmplx (x(i) ,y(j) )

alpha_0--k*w 0(i, j)
C = (exp (alpha_0) +exp (-alpha_0))/2.

S = (exp (alpha_0)-exp (-alpha_0))/2.
p2zh= ((pi/2 .)* (r/h)) **2

. z (i, j) =Real (-C/S)/Real ((i./2. ) * (-2. *C) / (S*'3))/p2zh !z=FnTd
if(j.eq.l .or. j.eq.10 .or. j.eq.20 .or. j.eq.ll3) then

if(i.eq.l .or. i.eq.17 .or. i.eq.34 .or. i.eq.201) then

type *, i,j,x(i),y(j),z(i,j)
end if

end if

12 continue
13 continue
c

ccc open (unit=l, file=' oldfilename.dat', status=' old' )
c
************************************************************************

c

c BEGIN GRAPHING
c

call plstart('mac')
c call plstart('QMS')

iquad=0

call pscale ('linlin', xmin, xmax, ymin, ymax, IQUAD)
c call pfont ('ROMAN' )

call pgrid('on', on')

call ptitle('Dipole/Sextupole = Constant Contours (for r=2.5)',
& ' x (cm) $',

'y (cm)$', '$')
c

xlet- (xmax-xmin) *. 01/i. 6

ylet= (ymax-ymin) *. 015/1.6
xmm=xmax-xmin

ymm=ymax-ymin
call setchar(xlet,ylet)

call setpos (l.10*xmm, .98*ymm)
cll call ptext ('CONTOURS :')
c

************************************************************************

c

c graph lines of constant Gamma:
c

xi=12.3

yl=3.65
x2=14.0

y2=3.65

call pline(xl,yl, x2,y2)
xl=12.3

yi=3.65
x2=12.3

y2=12.9 ,

: call pline (xl, yl, x2, y2)
xi=12.3

yi=12.9
x2=14.0

y2=12.9

call pline (xl, yl, x2, y2)
xl=ll.9

yi=13.3
x2=14.0
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y2=13.3
call pline (xl, yl, x2, y2)
call pcur(xp, yp,np)

call pcur(xv, yv,nv)
ilev=13

alev(1) = - 3.
alev(2) = - 5.

alev(3) = - 7.
alev(4) -- - 9.
alev(5) = -ii.

alev(6) = -20.
a!ev(7) = -50.

c

alev(8) = -I.

alev(9) _ -2.
c

alev(lO) = 20.

alev(ll) = 5.
alev (12) = 50.
alev (13) m i0.

c

call pstyle ('solid' )

call pcont('linlin', x, y, z, imx, imx, jinx,
,$, ,$, ,$,)& al,re ilev, iquad, '$', , ,

c

xlet-(xmax-xmin) *. 01/i. 6

ylet- (ymax-ymin) *. 015/i. 6
call setchar(xlet,ylet)

call setpos (I .06*xmm, .95*ymm)

ccc call ptext('-l/3, -1/4, -1/5 ,-1/6, -1/7, -1/8, -1/9, -1/10, )
call setpos (I. O0*xmm, .95*ymm)

ccc call ptext('i/inf, 1/200, i/I00, 1/50, I/i0')
c

xmult-. 95

do 30 iter=l,ilev
xmult=xmult-. 02

call setpos (I. 06*xmm, xmult*ymm)
write (string, ' (f5.0) ' )alev (iter)

cll call pr,xr(string)
30 end do
c

************************************************************************
C

C TITLES
C

xlet = (xmax-xmin) *. Ol

ylet = (ymax-ymin) *. 015
xmm=xmax-xmin

ymm=ymax-ymin

call setchar(xlet,ylet)
call setpos(.30*xmm,.97*ymm)

ccc call ptext('put legend here')
call setpos(.32*xmm, .935*ymm)

ccc call ptext('legend continued')
c

************************************************************************

C _-

C CONSTANTS FOR GRAPH
c

call setpos(1.06'_mm, .65*ymm)
ccc call ptext('input data here')
c

************************************************************************

c

c Contour Line Labels
c

8O



call setpos(.64_xmm, .67*yn_n)

ccc call plineh(.64*xmm, .68*ymm, .60*xmm, .64*ymm)

ccc call ptext (' z contour' )
c

c

call pclose

close (unit=l, status=' keep')
c

end

c

D
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Appendix D: Elliptical Vacuum Chamber Eddy
Current Induced Harmonics alud their

Suppression for a Sextupole Electromagnet
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Figure 17. Sextupole magnet with elliptical vacuum chamber: (a) lab frame z-plane, (b)
dipole frame w-plane, (c) upper half t-plane, (d) first quadrant li-plane

12 Appendix D: Elliptical Vacuum Chamber Eddy Current
Induced Harmonics and their Suppression for a Sex-
tupole Electromagnet

For the sextupole magnet with an elliptical vacuum chamber in the laboratory z-plane

(Figure 17a), we use the transformations w -- zaire, where rp is the-sextupole aperture
radius, to map to a dipole tu-plane geometry (Figure 17b). The Schwarz-Christoffel
transformation

a,, (ilk)_
(_-/= (t - a,)Ct- 1) (54)

. maps the region of interest of the dipole to-plane to the llpper half t-plane (Figure 17c).
Vacuum chamber eddy current induced magnetic field lines are perpendicular to the L-
plane's positive abscissa,but parallel to its negative abscissa.A mapping function _L= v/L

" results in field lines in the iron-free _-plave perpendicularto the positive abscissa,parallel

to the positive ordinate, and thus perpendicular to the negative abscissaas well (Figure
17d). Contributions to th,, magnetic field of current filaments are readily calculated in

SComputation_ily, one must be careftd in transforming from iu I_ck to z, since values in the w-plane with negative
imaginasy pm't_ are handled intenu_y by the computer as having an argument 0: -pi < 0 _ 0 (refer to Figure ITo),
while t_rmformationally pl < 0 <_ 3w/2. Carrion!
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the iron-free _2-planeand transformationback to the laboratoryz-plane yieldsthe desired
solution for eddy current induced B'(z).

The relationship between w and _ is

dw dw di (2/k)( 1 [ -a a 1 -1 1
--= = = [_+ F_+_ lda dt da (t-a2)(t-1) k(1-a 2) a-a a+a a-1 a+l

(55)
:1:.. and Im(&wlt= ,) = rp :1:,_ +Now Im(Awlt=., ) = --2r v = k(,2_1) = kii-,,) so we have

z ±3._a=-t-2._=_ and

_-g= -T- 2 + a_-2+ a- 1+_/¥z

Integrating, we have

91"

--to=2tu(a-2)-21n(a+2)-In(a-z)+In(n+ z)-.i (57)
rp

This equation's format is useful for numericalwork sinceon the computer -_r <
lm(ln(f(_)) __7rand C_valuesare restrictedto the first quadrant; combiningthe terms
under just one or two 'In' signsleadsto transformation errors byfactors of _ri: Caution!
We havew = f,(ft); obtaining n = f2(w) comprisessolvingthe complexcubicequation
in C_for the appropriateroot. Figure18 showsthe overallz-_ mapping.

For current filaments in the C_-planeof magnitudes+I at _, and -I at -C_[ and their
imagesabout the midplane:

F(fl)=-I [(fl- fl,)(fl- fl;)] (58)l__ +a;)Ca+a,)

and

iF'(fl)= I [ I 1 I I _]2,---7a-a--------_+ n - a; - a +a; - a +a, (59)

This current filament distribution in C_is equivalent to filaments in the z-plane of
magnitudes +I at zt(w_(tt(C_t))) and -I at -z_ and their images about the midplane
in z. So for this current distribution, the magneticfield in the laboratory z-plane is:

B'(_)= B'(_)l(dzld_)=_o_(a)l(a_Ida)/(d4a_)=

[, , , ,]-3/_oIz 2 _ + _ ..t_+n; n+n,

2r_i [n---_22+ ' "+ + (60)
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Figure 18. First quadrant of elliptical sextupole in z plane conformally transfocmed to

iron-free first quadrant S_-plane
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Using the value of ]',c(s,) from Eqn. (45), Eqn. (60) can be integrated over the
portion of the elliptical (or any shape symmetrical with respect to both the x and y axes)
vacuum chamber arc lying in the first quadrant of the laboratory z-plane to yield the eddy
current induced field in a sextupole magnet.

Field values from Eqn. (60) agree beautifully with a test POISSON run on a sextupole
magnet.

As z _ O, we have to --_ O, a_ V/_'/ _ __dt . ka 2, w = t312, _ -- d,udt _ __df_ -- dt df_ -- 2_ --
3z 2 -I2Re Qz

(2_)_/3_o f_ --'* O. iF'(f_ = O) = _iln_l_ ). and thus

iB'(z=O) = (61),-,,
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c

c Program elsexcont:This program takes values of Z over an Omega plane

c and plots Re(Z) and lm(Z) contours (or alternatively,
c Mag(Z) and Arg(Z) contours).
c
c created: 7/91 Ross Schlueter
c

c this version: for elliptical sextupole z-to-Omega plane transform
c

c
c DECLARATIONS
c

dimension rOm(100), AiOm(100),

& rz(100,100), aiz(100,100), radz(100,100), argz(100,100),

& alev(13), ws(40000) ! 2000 - arbitrary (large) workspace dim.
complex Ota, w, z, zi

c

character ddevice*3

character*60, string
c

common/xylim/xmin, xmax, ymin,ymax !for use w/ pcont
common/device/ddevice

c

ddevice=' qms '
c

************************************************************************

c

c INPUT DATA AND INITIALIZE
c

data xmin,xmax,ymin,_/max/0., 4.1, 0., 4.1/ !for use w/ pcont
c data xmin, xmax, ymin, ymax/0., 20.1, 0., 20.1/ !for use w/ pcont
c

rp=5.

zi=cmplx (0., 1.)
pi=4. *Atan (I.)

c
imx=100

jmx=100
c

do 13 i=l,imx
rOm(1) = 0.0001

if(i.ne.l) rOm(i) = float(i-2)*.l +.05 ! (cre)

do 12 j=l, jmx

if(j.le.5) AiOm(j) = float(j-l)*.025 ! (cre)
if(j.gt.5) AiOm(j) = float(j-5)*.l +.I ! (cre)

c

Om--cmplx (rOm (i), AiOm (j) )
w= (-rp/pi) *

& (-2. *log(Om-2.)+2.*log(Om+2.)+log(Om-l.)-log(Om+l.)) - rp*zi
c23456789012345678901234567890123456789012345678901234567890123456789012

z= (w* (rp**2)) **. 3333

if (Aimag (w) .lt. 0. )z=z*exp (zi*2. *pi/3. )
" rz(i, j) = Real(z)

aiz(i, j)= Aimag(z)

radz(i,j) = sqrt (aiz (i, j)**2 + rz (i, j) **2)

' argz (i, j)=atan (aiz (i, j)/(rz (i, j)+. 01) )

c radz (i, j)= (sqrt (real (w) **2+aimag (w) 5"2) *rp* *2 )**. 3333
c argz(i, j)=(atan(aimag(w)/(real(w)+.01)))/3. ! alternate method not as c_

c if(argz(i, j) .lt.0.)argz(i, j)=argz(i,j)+(2.*pi/3.)

c rz(i, j) =radz(i, j) *cos (argz (i, j))
c aiz (i, j)=radz (i, j) *sin (argz (i, j))
12 continue
13 continue
c
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ccc open (unit=l, file='oldfilename.dat', status='old' )
c

C

c BEGIN GRAPHING
c

call plstart('mac')
c call plstart('QMS')

iquad=0

call pscale('linlin',xmin, xmax, ymin,ymax, IQUAD)
c call pfont ('ROMAN' )

call pgrid('on','on')
c call ptitle('Mag(z) and Arg(z) contours in Omega plane',

call ptitle('Re(z) and Im(z) contours in Omega plane',
& ' O x (cre) $',

& 'O_y (cs) $'7 '$')
c

xlet = (xmax-_min) *. 01/i. 6

ylet= (ymax-ymin) *. 015/1.6
xmm_xmax-xmin

ymm-ymax-ymin
call setchar (xlet, ylet)

call setpos (0.80*xmm,, .98*ymm)
cll call ptext ('CONTOURS :')
c

c

c graph line_ of POLE _IPS:
c

xl=l.

yi=0.01
x2=l. 95

y2=0.01

call pline(xl,yl,x2,y2)
xi_2.05

yl=0.01
x2=xmax

y2=O.Ol

call pline(xl,yl,x2,y2)
C

ilev=13

alev (I) = O. O0*rp
alev (2) = O. lO*rp

alev (3) = O. 20*rp
alev (4) _= O. 30*rp
alev (5) = O. 40*rp

alev (6) = O. 50*rp
alev (7) = O. 60*rp

alev (8) = O. 70*rp
alev (9) = O. 80*rp
alev(lO) = 0.90*rp

alev(ll) = l. O0*rp

alev(12) = 1.10*rp
alev(13) = 1.20*rp

c

call pstyle('solid')
call pcont('linlin', rOm, AiOm, rz, imx, imx, jmx,

& alev, ilev, iquad, '$', '$', '$', '$')
c

call pstyle('solid')

call pcont ('linlin', rOm, AiOme aiz, imx, imx, jmx,
& alev, ilev, iquad, '$', '$', '$', '$')

c

call pstyle('dashed')
cc call pcont('linlin' , rOm, AiOm, radz, imx, imx, jm×,
cc & alev, ilev, iquad, '$', '$', '$', '$')
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c

alev (i) = 0.00*pi/2.
alev(2) = 0.10*pi/2.

alev(3) = 0.20"pi/2.

alev (4) = 0.30"pi/2.

alev (5) = 0.40"pi/2.

alev (6) = 0.50"pi/2.

alev (7) = 0.60"pi/2.
alev (8) = 0.70"pi/2.

alev (9) = 0.80"pi/2.

alev(10) = 0.90"pi/2.

i alev(ll) = 1.00*pi/2.

alev(12) = 1.10*pi/2.

alev(13) = 1.20"pi/2.
c

call pstyle ('dashed' )

cc call pcont ('linlin', rOm, AiOm, argz, imx, imx, jmx,
cc & alev, ilev, iquad, '$', '$', ,$,, ,$,)
c

call pclose

close (unit=l, status=' keep')
c

end
c

************************************************************************
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c program: log
c

c analytical check for elliptical sextupole (i current filament in ist quadrant)
c

c input: Omega, Omegal

c output: B* (z (Omega) ,Omegal)
c

complex zi, Bst, z, w, Om, zl, wl, Ornl, Omlst, fpOmi, dwd0m, dwdz

open (unit=2, file=' log_out.dat', status =' old',
& carriagecontrol=" fortran' )
rp=5.
Cur=1000.

zi=cmplx (0., i. )

pi=4. *atan (i.)
read (5, *)Om, Oml

c23456789012345678901234567890123456789012345678901234567890123456789012

w--(-rp/pi) * (-2. *log (Om-2.) +2. *log (Om+2.) +log (Om-i.) -log (Om+l.) )
& -rp*zi

z = (w'rp**2)**.3333

if (Aimag (w) .lt. 0. )z-z*exp (zi*2. *pi/3. )
wl= (-rp/pi) *

& (-2. *log (Ornl-2.) +2. *log (Oml+2.) +log (Oml-I.) -log (Oml+l.) ) - rp*zi
zl = (wl*rp**2)**.3333

if (Aimag (wl) .lt. 0. )zl=zl*exp (zi*2. *pi/3. )
type *, Om, w, z

type *, Ornl, wl, zl

Omlst=cmplx (Real (Oml), -AImag (Oml))
fpOmi= (Cur/(2. *pi*zi) )*. 4*pi*

&((I./(Om-Oml) )+(i./(Om-Omlst) )- (i./(Om+Omlst))- (i./(Om+Oml) ))
dwdOm=

& (-rp/pi)* ((-2. / (Om-2)) + (2. / (Om+2)) + (i. / (Om-l))- (i. / (Om+l)) )
dwdz= 3.*(z**2)/(rp**2)
B st=dwd z*fpOmi /dwdOm

type *, fpOmi, dwdOm, dwdz, Bst

Bst = (3.*(z**2)/(rp**2))*(Cur/(2.*pi*zi))*.4*pi*
& ((i. / (Om-Oml)) + (I. / (Om-Omlst)) - (i. / (Om+Omlst)) - (i. / (Om+Oml)) )/

& ((-rp/pi) * ((-2. / (Om-2)) + (2./(Om+2) )+ (i. / (Om-l)) - (I. / (Ore+l)) ))
type *, Ornl, Omlst, Bst

99 end
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