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Figur= 3. .O'Jtlin.-.' zd flux distribution of (:cp) Collias qu=irupole ead (bottem) s=xtupols magnet.
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A LIST DF THE POISSGN GROUP PROSREMS AND THEIR FUNCTIONS

(1) LATTICE - GENERATES AN IRREGULAR TRIANGULAR MESH FROM INPUT DATA

2>

(&)

(6>

7y

e

POISSON — SOLYES BY SUCCESSIVE. POINT OYER—RELAXATION POISSON‘S

FOR THE “LOGICAL~ AND PHYSICAL COCDRDIMNATES DESCRIBING THE PRORLEHS -
CALCULATES POINT CURRENT TERNS IN REGIONS WITH DISTRIBUTED :
CURRENT DENSITY, SETS-HP-MESHPOINI RELAXATION-ORBER»—AMI-URITES
THE—INFORMATION NESSED-TH-SOCLVE - THE-PROBLEM_ON-THE-=TRPE3S"

FILE—(DUNP—NUMBER—-D-.

(BR=EARRASESS) ERUATION FOR THE YECTOR (SERE=AR) POTENTIALS

WITH NON-LINERR IRON (DTEESETRES) FOR THO-DIMEMSIONAL DR
CYLINDRICARL PROSLEMS» CALCULATES THE DERIYATIVES OF THE POTENTIAL
(FIELDS AND GRADIENTS) » CALCULATES THE STORED ENERSY,

AND PERFORMS HARMONIC (HMULTIPOLE) ANALYSIS OF THE POTENTIAL.

DIRECT — SAME AS POISSON EXCEPT SOLYES BY A "DIRECT™ METHODs
I.E. A DIRECT SOLUTION OF THE BLOCKX TRIDIASIHIRL SYSTER DOF
DIFFERENCE EQUATIONS. WITH THIT PROGRAM “PERMAMENT™ MAGNET
PROBLEMS MAY BE SOLVYED. : i ‘ Pl

TEKPLOT — PLOTS PHYSICAL MESHES AHD EQUIPOTENTIAL LINES.

FORCE ~ CALCULATES FORCES AND TORQUES DN COILS AND IRON
REGIGONS FROM POISSON POTENTIAL SOLUTIONS.

AUTOMESH — PREPRRES THE INPUT DATA FOR LATTICE FRIOM PHYSICAL
GEOMETRY DATA BESCRIBINS THeE PROBLEXM»> I.E. CONSTRUCTS THE
"LOGICAL™ MESH AND B6ENZRATES (X»Y) COORDINATE DATA FOR
STRAIGHT LINESs, ARCS OF CIRKRCLES» AND SESHENTS OF HYPERBOLAS.

MIRT - OPTIMIZES POISSON PROBLEMS IN TERMS OF MINIMIZING FIELD
ERRORS BY ADJUSTING POLE PROFILESs CURRENTS» COIL SHAPES» ETC.

REFINE — RESOLYES RLL OR PART OF A POISSCN PROBLEM YITH
ONE HALF THE ORIGINAL MESH SPRCING.

-

SUPERFISH — SOLVES FOR THE "TEM™ RESONANT MODES (FUNDAMENTAL
AND ALL HIGH=ER FREQUENCIES)> INCLUDING FIELD DISTRIBUTIONS
IN CYLINDRICARLLY SYPMETRIC RADIO FREQUENCY CARYITIES.
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Perturbation Studies on G-2 Magmet

1. Parametric Study

For‘paramgtric study, the CERN magnet geometry was approximated as
input to the POISSON Magnet Computation Code.

Figure 1 shows the basic cross section used.
Figure 2 shows the flux distribution in the air and in the iron.

The magnet was heavily impacted by saturation at B, = 1.47T. Since
the magnet is only operated at a single field, bumps can be found for the
basic pole face geometry, at that field, to produce the desired uniform
field quality.

CERN has ground the pole faces to accomplish this level of field
quality. Further grinding was done to correct for practical errors.

For our parametric purposes, saturation was changing the field shape
too rapidly.

Simple éingle bumps at the outer edge of the plane poles were added
to flatten the magnet field at low fields, uy = =, (see Fig. 1).

Table 1 shows the computed multipoles expressed as AB in gauss at x
= +5 cm on the HMP (y=0) for uy=», Column A is for 2(x2) identical bumps
3 cm wide x 0.4 cm high. Column B shows the effect of 2(x2) identical
bumps 3 cm wide x 0.5 cm high.

Comparing columns A and B shows the value of the computations for
perturbation calculations on the magnet. The 4~fold symmetric change
from A to B should not effect the quadrupole (N=1) or octupole (N=3),
only the allowed symmetry sextupole (N=2) and ten-pole (N=4) etc.

The calculations support this: the change in N=1 and N=3 are less
than 1 PPM.

If one had chosen, a column B' could be linearly interpolated for
even better flattening.

In column C, the average of the 4 bumps is identical to that in
column B, so the symmetrical sextupole, etc., is exactly the same. How-
ever, the bumps at positive X farthest from flux return of the C-magnet)
are 1Z higher than in B, while the bumps at negative X are 1% lower. The
quadrupole and octupole terms are reduced by this arbitrary change. The
column D perturbation is a linear extrapolation of the change in (N=1)
quadrupole produced by C. The extrapolation worked exactly. That is,
column D computations give zero quadrupole, as predicted.
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In practical application, precision measurements of actual magnets
with NMR probes, for example, can be used, plus computed perturbations to
find pole edge shims, etc.

2. Real Permeability

Figure 3 shows the effect of real permeability on the sextupole and
the ten-pole term.

The geometry could be perturbed with pole face bumps etc. to make
the terms zero at B, = 1.47T, and even to somewhat attenuate the very
large slopes. However, the tolerances on steel properties, dimensions,
etc., are inhibiting. Figure 4 shows the quadrupole and octupole. The
same comments apply. .

The goal is to perform the experiment with ~1(x greater accuracy
than previously. From the above it was concluded that a greater ratio of
pole width to pole gap is desirable, for B_ = 1.47T, and generally lower
B in the iron return as well as a broader 2nterface between blocks 5 and
6 (pole material) in Fig. 1.

When the final magnet geometry is precisely defined, rhe perturba-
tion analysis will be repeated for real permeability at B,, considering
all orders and without reflection symmetry on the HMP,

3. 3D versus 2D Calculations

In preparation for the 1984 g-2 Summer Study, calculations were made
on a B, = 5T air core magnet, and on tolerances on coil locations.

The differences between theoretical solutions in cylindrical coor-
dinates, centered at the center of the g-2 ring, and a 2D local expansion
where (x,y) = (0,0) is the center of the beam pipe, appears in low order
terms.

We found it much easier to perturb in 2 dimensions, compute the 2D
to 3D transformations, and then test the results with actual 3D computer
calculations. The hardest part of the problem is high moments with a
high power of (r,60). These are local in their origins, thus less 3
dimensional.

This approach will also be used on the actual B = 1.5T iron poled
magnet. The significant impact of the p = 700 cm radius of the ring is
on practical questions. There are no theoretical difficulties relating
to applying field perturbations to improve magnet uniformity.
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4. Exercises on Geometrical Tolerances and Possible Fe Shimming

Figure 5 shows the effect of air between blocks 5 and 6 (see Fig.
1.

One possibility for the new magnets is to fabricate blocks 4 and 5
with conventional magnet tolerances and with conservative dimensions
(lower yoke fields) and "no ends”. Block 6 is the unconventional portion
most highly sensitive to magnetic and mechanical tolerances.

Tolerances on dimension changes due to errors or possibly by
adjustable shimming are explored.

By

b —
n
BO

at x = +5, y = 0 cm.

Figure 5 shows the effect of increasing the magnet half gap by 0.25
cm and 0.50 cm.

Figure 6 shows the multipoles produced by introducing "air"” (or
non-ferrous structural material) between block 6 and top rlate 5.

For example, 0.25 cm of "air” means that 0.25 cm of Fe is removed
from the top of block 6.

Note that the sextupole slope is opposite in sign and roughly equal
in amplitude for the two perturbations in Figs. 5 and 6.

It is noted that all these perturbations are calculated for fixed
ampere turns, chosen to give B = 1.2T in the base magnet with a real
permeability table used.

It was judged that the final magnet with its wider pole will roughly
behave similarly at B, = 1.47T.

Table 2 gives the calculated field multipoles at X = 5 cm, y=0 for
the base magnet with gap/2 = 7 cm, and also with gap/2 = 7.25 and 7.50
Cie e

Note that this is done without bumps to flatten the base field. The
purpose is to demonstrate differences due to gap changes. This is the -
same information shown in Fig. 5.

Table 3 gives the calculated differences due to "air" between blocks
5 and 6. This is the same information shown in Fig. 6.
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In a further study, a standard gap of 0.25 cm was established at the
top of pole block 6.

This region divided into 4 quarters which were either "air” or Fe in
various combinations as shown in Fig. 7.

Table 4 lists the differences generated by various combinations of
Fe shims in the 0.25 cm "air™ gap. -

Table 2, 3, 4 are very useful in established tolerances on construc—
tion parameters, and open up the possibility for additional shimming
techniques.

Once the final magnet is established, the edges of the pole will be
perturbed with Fe pole bumps to make it theoretically flat at B, = 1.47T.

Table 5 shows the difference effect for the present 3 em wide x 0.5
cm high at B _= 1.22T. This is illustrative of a perturbation, even as

. far away as the edges of the pole. Note that N=6 (and higher) allowed

terms must be considered at a level of >10™2 of the sextupole (N=2).
More complex bumps will be used to reduce all moments theoretically.

Also shown in Table 5 is an (extropolated) change in the bump of .05
mm, expressed in PPM.

This shows that careful construction tolerances should produce only

"low order terms “on paper.”

The thickness of the vertical yoke member [block 4, Fig. 1] was
varied for real permeability at B = 1.22T and showed essentially only
changes in dipole field. The changes were 6 gauss for 1 cm reduction and
13 gauss for a 2 cm reduction in the vertical yoke.

The dipole field, if uniformly changed by 1 x 10~"* parts, would move
the average radius of the stored beam p by 0.7 mm.

5. Current Shimming

Variations of the g-2 ring precision field with time, cycling, ex—
ternal world perturbations, etc., will in the end be easiest handled with
pole-face windings.

These can generate all magnetic moments and can correct if necessary
in closed loop operation, instructed by a very large network of precision

measurement data.
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However, pole-face windings, like magnetic or dimensional irregu-
larities in the pole faces, are close enough to the beam that one would
like to keep perturbation by currents small.,

Experiments can establish the extent of "shimming” by slight changes
of dimensions or additions or deletion of ferromagnetic material to mini-

mize coill current requirements.



NN

-

: . c_
CenNTER OF mtﬁ Lz

—— mu_nJoo ™M

T

n

I

NI




/ﬂéf
| /// W ._m.\\" P
\. 7 |




F¢CLD

}L =L

®
®

VLoS3,

_ ﬂ o&kf;
Sha e '

ﬂJoS%l—,
PR . —

3U~1PS /TOLLflAr\?CL S

sb_]_:l . 3.

- -

ﬂ 05% eAuss- b
,000 s

e R o e e - e
%__:5 B8 7h EaS3TT —-.it':i»_'.i.'_'j_“;.._"-.cﬂ-o_”'"
e __'—-...>'+3 g e’ st et N e
g e e TG e e e
s el e el e
L i e, el s . v emen s e ' - + Wl s e
01'7 c;mss £ 08 R = b ‘°‘ f’”‘" 508
( i BRI R : &0_ A N
'.)_'_“ S B lin .
i CASL. @ ’Sl buM?S ,"3 cmxo-q— M bk
e e ".".'.'L,ibc‘-m o R R g
e @) . =cE x(o S2 .005) S e
e @) '3m x(o,s* on?S) Y e

I R TS

(""1:_,3_5’ DS

, cx?fl.r:’,SCE?D A’f : +5 <M

L —
e i e - -

- me— .

-

FRom & o ';;m




__
LN
:

£ S N O e
A O I i B
. Y ' ST |
T3 ¥
— ' _6 S . . speees : )
et g f 1 A “."...._I o o
" -.-mF -".. pre e _ﬁ-m O- .

l.nlin.. . . o e - ?

! ) :
“_.. . oL . . I ;
e ] s oy - L e -
. 1 i . 0) i 4

8 = g eia

L H5E:

—
Chrs iy

.

.

.

.

1

4

. .

. y
——— i —

L] _ H
L St [

sl ek

== saf o puaeed o
—t s e e w— S 8w — S
o} ae
‘

»

!
% :
5o

B i

t—srom ,“....t_ e
* !

]
: "“és Q"
i

- S s——

i
per S P P RS R L L R TR, P (G o R S e
H 3 J
b we . .“- . b - .
H = i ' ' :
! N Jes . b v R o e es sunmal] emigeinehimegases
o b NG S : b - et
X ' 4 4 H . . 4 L i : : . 1
e B _@ g e ......;.w.......:...J"..:_..... T e K s wlee s _ . -m  sedene IR o N R G g i
gk i o e : ; ; o | i H . -ERE AL h y I i ..*,. . m vional s ...
o _ . * ﬁ - : ! m e _ i " i ' — _ % ; - . —
SR e T Ceet esemem o meoes ! B L T T Y A ;..Lf.._.i...:.. —a B LTy (LT [eoee ELPEU SPRSSSY SRS
= ;! i% b A paieics g SR [
' . : ; _ 1 ef i e e S0 RTE _ i : . X R Gl T m . _
By at ' : -t ] : i [ ) : . 'y : .
S o e e s sawe e e a0 el et e e o e i
’ | i F m S ' g 5o “ _ o : : h H : T ] G |zes *
okaf e el o B o T o borerjen g wer (o e e tlae ke S i A “. R L R T
T : ! e B T AP
il o g ' s AT e L L R ST TR o S (N ORI YU | W ) LU e b LI PO R [ | ..#
| _ ' i H o . i ' 5 HiH i i ! ! . ! H
[ ﬂw e H K ol = i i ' i I o : ' ! I i - H “ . |
.z.._ P - R v astes 20 goge fetmr.oead.meniess fonsedoomm gouo 0o 2k whiosepmime o pervepees deiormeaifoin pmesfernfen o) cosemlof saess l.l-_qnlv! ——pee u.lm- = M..llm..!ﬂ:l.hg
' * ! ¥ '
' { P » B ww EmLe T '
g ! w ] ; . ! |
| . H * ' e L
.IH- - d - _ m -.tl-v"l l..‘l.l‘l"—- lld
1 n__q o e e m 3 SR
H . ] -
_ 5 e comiprt Josentons)|en olneen juensim _ i
: 7 ' B -
I “ i Qo par ; vil
e . b 2 i . |
L]

2 53

e
o
. @ A

-1




R

el 1 \ | m PR it R 1..": “Nf Pt et il et el
: : i _ : T iy ™ - - - * - 7
— . .m.c-.— i — T il _-. ' -“nrb. 2 m — ' dl o .__ e Ly
S tens s Ny v i ,.r...._....,_ o et A i * e il E
e : . ! ; H ..mv . "...!_!..l L=~ ete « yin o] ifarn of wve i
L S AN i
. : ! “ w -... HE T ek b -.m!o fome-lae o“.. - ._ e das m bae fassagune
..l- emial b4 ....-cl..n. Iy Ty ] . _ § 4 . _
. : . . . SR TS oI BT e . . m.ln. -y w
.m_..n. 0 H banedes b
£ o . ; !
=etive foe o g .!ml..”t..ou.o..u .
Bl i
v e 0 ; =
=L ) i F il SO ST :
0” tlav s lln. wes .“ ae ....:w.o e
oy b i W
o . : )
——— e !.m-.-l-a....m_.l. o;hll.l......u
- 3 ; 1%
Lol O e S oy i O e g e e oy e o
_ ._ o ! ot : 8 H | ' . “ ' [} 5 2 !
| “ | —u . : — : .m. .“ e - PN S .w. ERITETE .Q. i R -.w N ......““ Aiits) i [ m
. . i el e ! e b : . e . . 2
TR e =0 i LR, LI W8 IO L S8 L o R
SR S ST T N - m i~ e o (i el o
aa e Givy RIS I R e S R o] ol S [ M [
| : ! . .n bt dentsn o 1 w i h L] g i i ” ACERL L - 0 I
‘e H . N 2 o L b R ...l.-l.tl .‘ . m . - . :
SR Sl R e P e et B D i o €
e T RS TR A e R T T R T R e
S T T e __ O AICE: FRFE OO PR ol (G . t ; 2 | : ._
2R : - wae pome fmat o 28 4. wailmeag : : : :
S LA O RE T o il o i S Rt B + :
2 TR ! T8 0 e R I D [ : H s ‘. : _
v v friiagemn basmon 0 femetenind o i H : _ : 1 o K “, B S £
R , L PR O, S O P R R o S e T AN _
i o = . T TS S PR UG Yy S 1 i
H 1 1 b _ ; ! “ 4 i : : “
L ' .. ' | | _ L TCE TR EL R T -4+ -o-_, o Jovsnpens I % % i
| - n...n.. .i.l-.-. - -!....m..l . : ' . .— .. J ' : : ! i
g ! _ o y ._ ......;_...._ T JOR S TLRL™ JRTSI NUPY RS SN PSS AR !
— . . . Er) .. . — g ’ : -
H ' m u H ! — Vo _ . ! : : m
T _. maad o ST P [ RES RS0 DRGSRt ; _
iy e m i v — ' : I [l 0 ]
: _ R i Gh O S O B
o L Ep i 4 ! _ : g | <
! §— -.-qll. L I . : ! . ' : i .
G : Nt ot e
sole I foii o L o
L % o : TRR B T y
£ | > b} : wba
me i 12 0 8 s onespem sgasse te i - k
, T T S S S _
: . 3 L emdes b e jimeinm -
fu] » L] il o iy
. " . ' m
o : w
. T :
N O N R I | i
: : fre
...iw-. b 3 - H Ilhl.... - " .
H ' Bovey i
AT S e .
i ' | 1. H H e %y
AT M SRR, O e !
; . H o .I..- b
. L :
._44 e " e mq
i Vet LoOi ot CORCRE Sest IOV I |2 ) PO DOl | i
) ) e o R e 3
Fadiidat ol Gkl i
] .._A " B i . 1 LT B
C i S LR Lol .......—m.l. it L \—l. kil
(4]

T
QT = 1
_.5 Nik __..u %_un. L] MM




(2

45 3004 -0

THE CEXnMOnR

X

1

Bt G Phew Yok

LU AN

B i v 1 et e

[

=

sirafrecs

C. 3.5 - 0 & QA?/;{ LQM]




s ame——

e 1

fF=——==—-r

|y g

w3801 -60

10X 10 10 THE CENTIdETIR

SQUARL

L

‘g

«

Ly

R}

ML

et Bl e} e

i

o




et Y s e e vy

OF CUANGES IN VERTI<AL GAP

GA?/’& Lem) —

e e T

P evig o B G T = 197"} GATES
bt i e o =1.0 S 1 %
VS oM f;--SSo_L____.______ P U < R
P T — 2 R S 7
i o T S SRR F=ie A S | % — |
K TS S N R T
T 4 B s . [T SR i : R
e REEEREDCE CAgE U T T
f& B A SN A BT TS SEIHE Gl FE TN SR AL
= O A = e e i AR et o o o s v 8 i b L S S T TS S Ul -
£t xA% t_t_ ’c?\ R SR
g AR s * '"“::_; :
- S NS S BT e BRI
(1 : SERTHAEA SlrammaaE T T
¢ G EYe e
( . . =




=0 ,.

& - -
= "_”"'"'"'*'"'_"'.'5_'7"‘. 2.6 _ e 7 BRSNS . [ B 5

FES - R _.;_,50 3+ SO R R 3.5 \v___‘

|

Tﬁ_& F_c‘.ml A

0F VARTIOUS THICKNESSES oF “AzR”.

o i S e

0 Lf'-!:'?'as _JQ ,J-[-

st 5o tans

‘_'_'.'.'6'_"_"..___*____0_._5-_.-__.._- B ¥ P 1287 M- YK

~""0'_' Sl WG ;"6__?__5_. 1 0_,__8‘ =

— e e e

e R =T | =1

= TLL\—EYZ.LMC_L __HCAS‘. B = i 5
o 4 Z' > ; NSRS GO SRR ST i
s i —— - — — — e — - — it .':-_.__. =
s = "‘AB A '3 HLSSEERR T R S
s | . :
e et (IR S IR N T B - r
e = B b e e e
¢ . e
i‘\‘ e - -




-{!EA:I.!\‘

m

Sketed o0fF VUARToOUS

AL/ E

: e Bl B LR T
W—n ok T e b e i
-
=h LR L R e T

ALRANGEMENTS

- 7 QT (ATC AT
s i ! l ! : :
w13 57,2787 36 G / 77 / 5 | SN [0 . 2

i Jl_f////l , §

| / f/l!/’l

i | U/um e

i
' "‘r 5
! b
' ]

i
V . : i
. : i .

A ."_"”' v il A _ | X (f‘iS’},’]g"Fi:E‘) E
| _“—1}////;//:///'& i . i
:“:___ m:'l_/_ / 7 f‘“l 77 /I ' i "R ' j&.-.s._()-.‘."/o_"l‘%i@)
i’m — _--[——--m—w— u 177 /?// ///; } g _ _
_“* '_-E._:m ﬁl_}/;//// L1 I ] ~ 1 a =

¢ "f‘_’f"_'__, RPN TSRS S ST . M

(’35"’!0 F E)

i e i - .___...-,__.. ———

w/z/m_ﬂ_m,__u/ =

L T PN | < R *:;._._; _:_j—_"_:__.____':-:'.__:.___________}___:_“_.4;__-_
it g E PRGN e _._m_._ R e ;
e e ";jf: :#:_E—‘G 7 oS R R <




L3

aebabipL .

EFFECT

0F VARIoULS

' “A—xi”/ F.i'

Sl e e s o

SHEM ComBTRATIONS

TAB LE Y

: _ﬁ.&m S Q,,?..,—.Q .

XQ

Y9 o

‘a“rq 50

m*&—‘-‘n GF\USS

e v e :::"_'f:-@._s_ :

3 =15d.|

“‘50 JJ

k] 00_0#2?‘

5 eI

-——-J-—_‘ o=

—'-'>‘Elb

0.1

M)

\

5.3

...."{T.{'_

M P I

.

0.2 _

—0-S

_f oS

=0

:"'Qf:] i

=

' ""_0-.§L ; ’

St AR e AR T e _ _Rq__: . __:*:__ -__1-_ —-Q A -_q::cj‘“ : 5 .. ey
( ’;;"__ RS TTV R em = e e ™
G SRR T B el RLAY ORI SN

BRE=T KO _'_'f"_'_l_f"f_-\\ 0 __ e

=Dl

T I = T TNENE - Y B ;
L e T . WDERIRA (P - BT 0 Y :
1 i PRI Y. TSN S o e

AR B

-:i.')
B

4B

TRl \s?ﬂ____m %?
B o .'f'.ff.'__'_ '-"'-—u;i el __..m_._.;_:m." "B
= Lh‘% i

-

.kk Q,_-____.___,,_ .(?._....-_

weu

_._:_TLGB’ C??'J_w B

g
e C
=T e S

‘__D' b e e ot b S o e

o O

(ramsz? CAOSS
_____________ - _306- G_EEM

""‘_:'__-_- (TN

=T

pivr g ‘-_o g

e e S T



\

Z EEEST 3 TULERANCE OF  SYMMETRICAL EE foLE  BomP

LEAL PERMEABILITY

. = ‘ Pp— _E_ =os: __-...?_ s P Dog{f_,':—.:-—.:‘.-:_-r et _______,__éz:__ i__' Tt
oW L EBFREDY O . TolefDcE : ;

e SR T 0,,0_"? P?_ME R ;
S GG /e SIS B 8 (6 ' ’
SN O Y S
' DT T
-l B, P Y 5
5

Sy~ v =T =08 GRIES

T i
L !
L 0 ]
BEL o el e ! e i '. | i
0. i 1S B P 5 F : J
e ; : i . i i i
£ i ] jx E : i
e ; i ) : :
G R TR . ; I . e :
R s i 1 t I :
findos £y S % o :
L — i i s ———
S S N S e e 0 0
L'C_ * i !, E
i B TABEE o En e
1 TS ENaRA LSRR T PR BT e !
1 b S
i3 R SR B R : 5 """’i
— — ———— e —_—— : l ;
- B— ...._.t.. a—— -:l
T R S e : | 'i
MO e i ok 5 - £ ' ; 8
; . E_ ‘__- g ‘ !
: : i
b ‘I-...- -... o rp— — — — — _-_:—- — - — — —— v e — P i
s 0 g TR Ee GRS i :
S vl B e o - :
U R i eS|
: ; i | ;
, ; Y :
b5 0 5 s Sl T G e e e
=
% -— _—— - .- —-—— - - T - r— e - ——
Fat e taias dhmanicdtic e st bt s o
S e e = __:L_ S




Magnet Field Correction and Shimming

G.T. Danby and J.W. Jackson

e ; : Introduction

\
A. - How will the new G-2 experiment achieve an order of magnitude
greater accuracy than the last CERN experiment on which it-1is based?

' The basic magnet design will incorporate several improvements.

1. The magnet is continuous in azimuth. This eliminates the 40
"ends"” which were a dominant field error in the original

experiment.

2, The magnet pole gap will be increased from 14 cm to 18 cm. The
fundamental reason for the larger magnet is to allow space for
very elaborate "in vivo" magnetic measurements and correction
feedback as required.

The CERN experiment performed complete field measurements only
between physics runs. During physics data taping, representa-
tive monitors were used to give field measurements sufficient

for their required accuracy.

Strictly speaking, it is knowledge of the integrated magnetic

field per revolution of the orbiting particles that is required
to a few parts in 107 accuracy. The earlier experiment stopped
at the point where AB/BO errors were small compared to statis=-

tical errors.

NMR measuring probes can give the required precision. The
greater the uniformity of the magnetic field, the smaller num-
ber of effectively simultaneous magnetic measurement data
points are required. The precision of location of the position

of a data point is eased.
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The goals are to control the field to a few parts in 108, and
then to compute the last factor of ten. Both these goals will
require the more elaborate measurement matrix planned during
physics data taking. This is heFéiﬁ called "in vivo" measure-
:meut._ This will also be used for feedback of magnet control.

3. An auxiliary benefit of the larger magnet gap is that the beam
will be kept furthér from the pole surfaces. This will
directly aid magnetic field uniformity.

4. The ratio of pole width to gap height will be made larger than
in the original experiment. This will reduce somewhat the
field enhancement in the poles due to the pole edge fringing
flux, thus raising the permeability in the pole pieces.

In addition, wider poles place the pole edges further from the

beam, thereby easing tolerances.

How is an improvement of two orders of magnitude in field uniformity
to be achieved, as compared to conventional beam quality magnets
with AB/B_ (~107%)?

L. The idealized "paper" magnet is cylindrically symmetric de-
signed with the aid of computer codes to give the required

uniform field at 1.47T. Figure 1 shows the cross section.

2. Bumps located at the edges of the plane parallel poles
(designated by numbers 8 and 9 in Fig. 1) are designed with the
aid of the computer so that they compensate for the finite pole
width producing the required uniformity of field over the "good
field" aperture occupied by the beam. g
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In detail, the geometry of bumps 8 and 9 are required to be
slightly different. This compenaﬁtes for the C-magnets asym—
metry produced by having all the magnet flux return to the
outside. This magnetic asymmétry is required to preseﬁt an

open mid-plane for muon counters.

Even.the'magnet idealized to have perfect cylindrical symmetry
on the inside radius is subjected to field errors compared'to
computed prediction. For example, the geometry of the irom or
of the coils may be different due to forces (the magnetization
properties of the steel may be different from those assumed or
the completed turns). The calculations themselves.cannot be

assumed to converge to a 1 x 10~® absolute accuracy.

It is demonstrated, however, that perturbations can be computed
for small differences and can be performed to define with con-

fidence to the desired accuracy.

Measurements of the actual field errors in the x,y plane (see
Fig. 1) will reveal the differences from the computed field.
The computed perturbations will be added to cancel these er-
rors. This is much easier and more accurate than totally em—

perical shimming experiments.

Finally, the real magnet will not be cylindrically symmetric.
No practical computer codes exist to handle this part of the

problem with the necessary precision.

The flux in the magnet aperture is directly proportional to the
magnet reluctance. This is dominated by the magnet air gap.

(Region 7 in Fig. l.) The poles will be surface ground so that
they are planar, parallel and equidistant to tolerance errors ~

10x smaller than typical machining tolerances.
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The reluctance of the iron will also contribute significan:ly

to field errors, (see Fig.igk. Maximum uniférmity produced in

the pole pieces will be obtained by using Fe processed-and

corrected f;r homogenous magnetifation.- (Fig. 1, Block 6).

The pole pieces are by far the most critical Fe members.

(i) The flux density is highest, resulting in-lowe£ per;"
meability and greater sensitivity to variations in még-

netization properties.

(ii) Being close to the beam, Fe variations not only can change
the central field Bo(z) but can generate higher deriva-
tives (moments) in the field.

The massive flux return members are much more remote. These
effect essentially only the dipole field. Bo(z). Their cross
sections can be empirically adjusted by adding or subtracting
steel tﬁ give uniform Fe reluctance around the circle. After
this is done residual Bo(z) errors are gap determined. These
variations of are short wavelength in the z direction (< 1

meter).

Localized field errors will be corrected locally to the neces-
sary accuracy or by adding on ferromagnetic material, or by the

use of the pole face coils.

These pole face correcting techniques might in fact be used to
do the entire shimming job. However to obtain ultimate preci-
sion there is great advantage attained in correcting for
remotely caused, long wavelength variations by the use of

remote corrections. If both the cause of the error and the



i

12,

corrections are remote from the pole face lower order, fiéld

: variatiops with small azimuthal and transverse'derivatives‘are

produced. The better the field quality before local cor-

rections are used, the better redult is to be expected.

‘Finally, the circumference will be divided into 50 azimuthal

zones-which_will have current control pf dipole, quadrupole,
sextupole, octupole and 10 pole field ccrrectionsQ- This zone
is 0.88 m long. The average within each zone will be cor=-
rected; ‘The variations in field due to small “"pot holes” etc.

will be analytically integrated over the 88 cam.
The correcting coils will correct both for reproducibile short

wavelength effects and for dynamical variation such as cyclic

changes, environmentally induced, time dependent effects, etc.

Computed Field

The magnet cross section is shown in Fig. 1. This geometry is com—

puted with the program POISSON. A representative low carbon steel per-—

meability table is used. Computations are made in two dimensions (2D).

The computations define the geometry of the bumps on the pole edges to

effectively make the poles appear infinitely wide, as seen from the beam
location, at B = 1.47T.

1.

The 2D version of the program has a subroutine which fits the
computed field very accurately to a multipole expansion
description of the field. This is a very powerful, accurate
way to calculate perterbations of the field. The tactic used
in flattening the field is first to flatten the field in 2
dimensioué. This pole profile cross section is then used for

the 3D calculations. The transformation from a true 3D
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cylindrical expansion of the magnetic potential and a 2D multi-
pole approximation at.any azimuth is straightforward. The
difference involves low or&er terms in the field expansion.
These deviations bétween 3D and 2D are removed by iteration,
using 2D péfturbations of_équal %mplitude and opposite sign
(i.e;':he_dévigtidn in'3D'is‘coprected by a 2D iteration of the
geometry until the calculated 3D field is uniform.

During tﬁe 1984 G~2 Summer Study an analysis of tolerances on a
B = 5T air core design was performed. =The above 2D to 3D
perturbation techhique worked very straightfo:wardly, éven with
a 3 times smaller radius of curvature. For the present B =
1.47T design the impact of p = 700 cm is quite small and
straightforward to apply. 'This simply says that the impact on
the field at a given point is dominated by nearby mechanical
and magnetic imperfections (which is the hardest part of the
shimming problem). The effect of the radius of curvature is

systematic and non-local.

The accuracy of the "POISSON" Code for magnetic field

calculation and analysis is illustrated in Appendix I.

The fields were generated for various small perturbations to
the pole surface. These were fit to multipole expansions and
used to extropolate to uniform field with high precision (EQE

B
o

~ 1 x 107%).

The effect of real p on the G-2 magnet is very large. Using a
Eypical low carbon steel p table, the dipole saturation
calculated for the magnet geometry is shown in Fig. 2. Note
that the central field is 10% less than for uy = @ at B = 1.47T.
This means the ampere turns (NI) required are more than 10%

larger than for u = =,
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5. The major signifiéance is not the higher Ni, but the impact on
iron magnetization tolerances. The choice of B0 = 1.47T is
arbitrary. It corresponds to the CERN field exactly.

From other computatioms, it is kLow that about one half of the -
.101 sétu;ati0u induced increése in reluctance comes in the pole
pleces themselves. They carry close to B - 2T,-in or&er to
provide the fringing flux. Figure 3 illustrates flux concen-

tration in the poles.

6. Figure 4 shows the sextupole (N=2) and 10-pole (N=4) effects of
saturation. Note that in this case the very large saturation
effect is almost entirely due to the pole region, not due to

the saturation in the remote flux return.

7. The pole edge bumps are modified to move the zero crossing on
Fig. 4 to the operaﬁing field. However, tolerances on reluc—
tance due to steel magnetization will result in variationms at

the operating field, partiecularly in sextupole.

8. Figure 5 shows the left-right asymmetry (quadrupole series) due
to saturation. The same remarks apply as for the sextupole

series shown in Fig. 4.

In summation, even assuming idealized cylindrical symmetry is main-
tained, the permeability as well as the geometry of the pole pieces
strongly influence both the dipole field Bo and the transversé field
shape, or "multipole” content. As will be seen in the tolerance discus-
sion, the more massive, remote flux retuén members essentially effect

only the central field Bo.

Ce Dipole Tolerances and Initial Shimming

Strictly speaking, the-tolerances on the absolute dipole field are
not too tight. A change in the average field of 1 x 10™* would result in
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ﬁ,? mm sﬁift in the radius of curvature. This is small compared to the
momentum acceptance. Similarly, a cylinﬂrically symmetric tilt of the
magnét-midplaﬁe producing a uniform horizontal field B would be com-
pensated bf the electrostatic qu::'nit:l.lpﬁ:)ll.t’:s.'l

._In practical terms, this is of-liEtle,bengfit to shimminé the real
-“ﬁagnet,_which-is‘ggé cylindrically symmetric. g

Variations in the magnitude and direction (twist) of the field at
the central ofbi; as a function of z will result in field derivatives in
the traﬁsversé piane (%,9)« Sin;e div B=0 applies over any elemental
'volume; the spatial derivative should be small in all.difectibns from a

field reference point.

l. The variation in central field at the nominal orbit center, Bo
around the azimuth of the ring will consist of long wave length

components and short wave length, or local variatioms.
2. - Long wave length is defined as greater than the pole width.

3. Long wave length tolerances can be explored with the POISSON
calculations.

Table 2 shows the effects of very large changes in the thick-
ness of the return flux iron. Column # shows the effect of a
4% reduction in width of the midplane flux return piece (Block

4 in Fig. D). !

This very large change in cross section causes a 0.1% drop
(1000 PPM) in the dipole field. All other field moments are
unchanged to < 1 PPM.



5.

6.

7.

10.

Column III shows a 4.65% reduction in the thickness of the top
and bottom pole pieces (Block 5 in Fig, 1). Note that with a
0.426Z change in the dipole field, the only significant multi-
pole is the sextupole with 5.6_PPM.

The effect of steel magnetization tolerances will be small
'compared to these above perturbations, even with routine magnet

construction materials.

The first.shimming operation will be to reduce the long wave
length.Bo(z) variations to a level < the design mechanical
tolerances of the pole pieces, by adjusting the reluctance of

the return yokes.

This can be performed either by adding steel to the periphery,
or by inserting steel in tuning holes drilled in the returns.

Measurements at a low field as well as at operating field with
separate geometric reluctance variations from steel variations
to the extent that magnetic forces are cylindrically symmetric

in their resultant strain on the structure.

After the returns are tuned to give cylindrically symmetric
reluctance, the field problems are concentrated on the pole

regions and short wave lengths.

The best uniformity pole piece materials that are economically
practical will be used.

The surface grinding of the pole faces of the 18 cm height gap,
will provide maximum practical parallelility and planarity of
the pole surfaces. This will make geometrical errors ~10x

smaller than for conventional (~10~%) magnet construction.
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11. The magnet gap: will be determined-by the surface ground bridge

12,

structures between the poles,'also with gap errors ~10x smaller

than conventional. -

g Tabie_S shows in Col. II the efcht of 25 ym gap change (large

for ground surfaces).

Since the gap controls 90%Z of the reluctance and thus of the
figld-}d(z), these special measures should give a magnet
already at the few parts in 10° level of uniformity. Table 6
shows the effect of 25 um of air between the pole pieces and
the Fe return. Again, only the dipole term is significantly
effected.

D. Multipole Shimming

Temporarily setting aside the question of magnetic potholes or other

local irregularities in che:steel, quadrupole, sextupole, etc. field

tolerances are controllable to small levels, even before considering the

use of current correction.

1.

A smooth gap variation of 25um across the width of the poles
results in a quadrupole of 12 PPM at x=5 cm, or a gradient of
2.3 % 107,

In Table 3 the effect of bump geometry errors is considered for
real permeability.

Just as in the py=~ cases in Appendix A, conventional good con-

struction tolerances suffice.
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Column II shows that if all (2z)2 bumps are raised in height 25
um, the multipole content changes by < 1 PPM. Thus 25 pm RMS

errors will have no significant \effect.

Iron uniformity dominates static fiel& shimming consideratious.
Table 4 illustrates a type of possible quadrupole control.

A block of steel 2.54 cm thick was added to the widgh of top
and bottom, block 5 in Fig. 1 directly above and below the pole

pleces, towards center of the rings.

Column II shows a 10.4 PPM quadrupole change, with no other
significant multipole change.

Modifications to the height of the edge bumps can be made to
correct for changes in the pole steel magnetization properties

for long wave lengths. =

Transverse field flattening and azimuthal flattening can be

applied iteratively.

Local Field Errors and Correction

As the magnet is progressively flattened, short wave length azi-

muthal and transverse descriptions of errors become progressively

indistinguishable.

Finally, three dimensional expansions around a locatioms, z=z , x=0,

y=0 will have to be used with appropriate local ferromagnetic grinding,

adding of shims, and/or current shimming to correct to an acceptable

level in an empirical manner.
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Strictly speaking, it is knowledge of the field over the pét%
ticle orbits which is required.

If the pole steel is uuiform, the "potholes™ within each of the
defined 50 zones round the circumference should be sufficiently
small in their field qariatian that a praptical matrix of mea- y

surements will avefage'the fluctuations analytically for pos-—

'sible current corrections.

The goal is to minimize or avoid completely spot grinding or

- shimming of pole surfaces near the beam. Local corrections can

generate higher moment “lumpy" errors which were not present in
the field before correction.

F. Localized Static Shimming

Setting aside questions of hysteretic or time varying environmental

changes to be discussed in the next section, static shimming to a very

high degree of accuracy is practical.

1.

The hardest question, to define, short wavelength local vari-
ations in the poles, is fortunately subject to experimental
testing on a small scale. This will finally define a realistic

network of data points for averaging and corrections.

If experiments so indicated, more localized Fe shimming to con-
trol the reluctance at the base of the pole pleces could be

incorporated into the pole design.

In Appendix 2 an analytic example of diverting flux trans-
versely is given. Such a technique could be used either

transversely or longitudinally for short wavelength tuning.

Other short wavelength passive techniques could be employed on
the pole pieces, such as very small tensioning rods for very

fine tuning.



Ge

Dynamical Considerations

1.

With a solid core magnet, charge times of several hours are

desirable to prevent eddy currents redistributing flux during

:charging of the magnet. This might result in a very small but

significant effect on magnetization after operating field is

obtained.

Thermal effects, i.e. hysteretic heating, is comparatively a
smaller effect: typically millidegrees both due to enthalpy

charge.

Magnetostriction will lead to dimensional changes which are
small compared to mechanical tolerances and should be cylin-

drically symmetric.

The Curie Temperature of ion is 770°C. This results at ambient
temperature in a change of saturation magnetization of 1.0 x

10~% parts per degree C.

Again, the effect on the magnetic field should be small and
cylindrically symmetric.

The coefficient of thermal expansion is 12.3 PPM per degree C.
The enthalpy and thermal flywheel is enormous. Insulation and
good thermal contact between pieces should suffice if room

temperature is well controlled.

It is especially important to prevent temperature differences

between pieces and thus twisting forces.



H. Current Control and Ripple

Magnet electrical parameters areIBO turns per coil x3.9 kA x2 coils,
or NI=234 kAT. The inductance is 0.75h. The stored emergy is 11
megaj olileé. o5 : '_ i _ g
( 2 One advantage of supérconduqting coils is thaq a low voltage,
) highl} f;;téred power supply of small coFt gnd-smallvpowér

consumption can be used.

2. Consider a one hour time constant.

V = LI = 0.75h x gggg-amps/sec = 0.81 volts

3600

Thus, a servo controlled power supply of very low voltage will
suffice.

3. Consider the magnet response to ripple.

wL ( 60 ~) = 283 Q
(360 ~) = 1,696 Q
(729 ~) = 3,393 Q

For 100% voltage modulation (totally absurd) and 1 volt output

5 /Io = 1.5 % 107, ata,

= -7
/Io 9 x 1077, 1360_

60

4., The power supply filter will suppress these very small ripple

currents to negligible levels.

In addition, eddy currents in the solid iron core magnet will
suppress field ripple.

S. Servoed current control using the NMR monitored field can give

10~® absolute field regulatiom.
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The usual "power dips"” at BNL which play havoc with electronig
protection equipmeﬁt, etc., should.appear as a ripple tran-
sient. However, in the evenﬁ magnet current were to drop
significantly, the magnetization cycle would have: to ﬁe
restored. 1 i

The probability of such a major dip during a run will have to

be compared with other- alternatives to operating the magnets.

One basic question will be the relative probabilities of cryo-
genic failure versus electrical utility failure.

Liquid helium and nitrogen volume requirements per day are
small enough that extended operation is practical, even if the
dedicated liquifier was down. ‘

It is practical to consider the entire experiment being per-

formed on a single magnet cycle.

It is feasible to consider persistent switch operation. 1In
that case, the 3 separate cryostats housing the four main coils
would be interconnected with superconducting leads designed to

minimize joint resistance.

A single persistent switch across the four series operated

coils would guarantee equal currents in all main conductors.

However, even with all series resistance as low as 10710 ohms,

for example, the decay time constant would be 109 days.

Persistent mode operation may require auxiliary coils adjacent
to the main coils which servo the field to compensate for the

decay.
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: Periodically as the auxiliary coil approached its maximum cur-

rent, the main coil would be recharged.

If transients are avoided, this can be performed with constant

_:otal ampere turns and the fiel& undisturbed.

& oy

Bifilar, gwisted-curréht leads to each of the foué main coils

. will make no siguific;ut_céntributiou to the field in the use-
ful aperture. If desired, these leads could be quadrifilar.

Pole

In Table X (note, not calculated yet), the effect of 1 mm dis-

placement of the main coils is demonstrated.

Small auxiliary coils in the cryostat can compensate over the
good field aperture for displacements of the main windings.

Face Windings

l.

2.

4,

The use of pole face windings to provide refined correction of
the field is well known. The CERN ISR employed fully distri-
buted windings to give accurate field control of its stored

beams.

We assume that the circumference will be divided into 50 equal
zones, each with independent sets of normal and skew multipole

corrections.

These will be very weak, typically one ampere-turn capability

foré-]-':'-fv Lo iira.
B

Much higher capability is practical. However, it is desirable
to keep the space occupied to a minimum and also to generate

very little heat.
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If cylical effects can be kept very small by careful cycle
control, for example, by exciting several perceht_above Bo’
coming down to Bb and establishing of a very small minor loop,
static shimming can be carried yery far towards the design
goals._ : :

As discissed earlier, it may be possible to carry out the ex-

periment on a single cycle.

The above, plus envifonmenta; effects will finally establish
the requirements for local, short wave length, pole face cor-
fections like spot ferromagnetic grinding, the less reqdired,
the better.

Experimental Effects

1.

2.

External magnetic fields sources and magnet reluctance pertur-
bations will be minimized by shielding the experiment with a
ferro-magnetic structure. This should be cylindrically sym—
metric and adequate to reduce any residual earth's field to a
vertical component. Horizontal fields entering the magnet
opening on theHMP which are not cylindrically symmetric are

undesirable.

The temperature of the magnet Fe blocks should be held very
constant. The very large enthalpy will control this automa-
tically, provided the separate blocks of the structure are

thermally coupled to keep differences very small.

Survey and Positional Control Vibration

This is the most difficult environmental control problem.

1s

The slab under the magnet and the f£ill material under the slab

must be very uniform.
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2. The slab should "age™ for sevefal_months with a_loéd approxi-
mately the same as the magﬁéc to get beyond settling.

3. _The magnet is not a “terrain—following" design. The blocks are
bolted and keyed together to create a "rigid structure” to high

precision.

4, The space will have to be laid out to maximize the ease and
accuracy of survey, before, during, and after assembly of the
'mégnet. Survey during operation will be permissible, as

reduired.

5. The eight separate blocks making up the bottom return ?oke will

be set up on pre=surveyed, many=-point support jacks.

6. These blocks must be absolutely aligned: concentric and in a
horizontal plane as accurately as can be obtained using many 50

um readings.

7. The HMP blocks then are attached, locking the substructure into
a single mechanical ring. The alignment is constantly moni-
tored and touched up.

8. The inside cryostat is then inserted in the magnet.

9. The top yoke blocks are then assembled. The ground bridges
providing reference shop tolerances on the pole piece gaps are
inserted and the Fe structure “locked up". '

10. The outside two cryostats and other auxiliaries are added.

11. During the above, the alignment must be precisely controlled in

order not to overstress supports, yield materials, etc.
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12.

13.

_19...

Vibrations of the ground should'not'lead to undermining the
support, provided water erosion is not a factor in undermining

the subfill. Care must be taken to avoid erosion.

I g i’
The structure, if assembled and ﬁaintained'to its structural
tolerances and good- but practical surveying tolerances, should

behave as a single ring to required accuracy.

The field errors then should be dominated by properties of the
poles and the reluctance of the flux return, as discussed in

earlier sections.

Modelling Program

ll

It appears clear that a next generation G-2 experiment with 10x
greater accuracy has been credibly established. This uses
refinements to the magnet and much more elaborate monitoring,
"in-vivo™ field calculations, and responsive current feed back

control.
A modelling program is not required to justify proceeding.

However, refined quantification of the most difficult problems
does not have to await final comnstruction. Much of this could

be carried out in parallel with construction.

This will inevitably reveal that several of the. multipole
problems attacked in the Proposal are easier than feared to

solve,

The result will be a less elaborate and expensive experiment,

with effort focused on the most difficult problems.



Appendix 1
Parametric Demonstration oftPole Edge Bumps

In fig Ai; a simple rectaugulér bump was added aé,each pole edge and
the field calculated. This was first performed for low fields (u = «) to

'dgmdnstrate the precision of the perturbations and the multipole fits;

At B = 1.47T, considerable saturation and field shape changes occur.

The magnet geometry was perturbed to flatten the field only at operating
B = 1.47T. This is done also by perturbation of the bumps.

For purposes of illustration of field perturbations, the p = = case
is clearer. The predictability of the multipole fits is not obscured by

rapidly varying permeability.

1.

3.

Table Al lists in Col. I the multipole terms: N=0 (dipole),
N=1 (quadrupole), N=2 (sextupole), etc. ‘

Column IT shows the field content for am arbitrary choice of
2(x2) bumps on each pole edge, 3 cm wide x 0.4 cm high. The
field components are expfessed at x = 6.43 cm on the horizontal

midplane (HMP).

Column III shows the results’ for increasing the height of the
2(x2) bumps by 0.13 cm. Note that the left-right symmetric
terms N=2, 4, etc. have been significantly changed.

At the level AB/B ~ 1 x 10~®, the dominant residual error in
Col, III is the asymmetry of the C-magnet design left to right:
quadrupole (N=1), octupole (N=3).



6.

10.

" To attack this asymmetry, an arbitrary charge of £.0064 cm in-

the bump heights was imposed to raise the field furthest from
the flux return side. This is shown in Col. IV.
|

Assuming linear extrapolation of the quadrupole to zero, an.

-asymme try of'2.01446‘was obtained.i This was calculated, Col.

v, and_indeéd gave zero.
The N=3, 5, etc., terms are also very'small.

In going from Col. III to Col. V, the average of the (2x)2
bumps is unchanged. Note that N=2, 4, etc.,'are unchanged,
reflecting this average.

In summary, even the simplest bump structure resulted in a
“paper” magnet of AB/B ~ 1 x 107® over the entire good field

aperture required by the beam.

Slightly more elaborate bump structure could have made even

more accurate field shape.

In Table A2 the tolerances on dimensional control of the bump

structure is explored.

Column II shows the effect of all (2x)2 bumps being 25 pmeters
too high. Note that all field terms are changed by < 1 x 10-%
B -
o

Column III shows a "worst case” quadrupole error; i.e. both
bumps closest to the flux returm are =25 um in height, and both
furthest bumps are + 25 ym in height. The left-right asymmetry
is slightly largef than 1 x 10~ Bo'
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RMS errors in bump height of 25 um:will have smaller effects
than the above, and will genmerate both the normal multipoles
listed in Table Al and A2, and also skew multipoles (where By=0

on the HMP). \

i

11. B = 1.47T with realistic real u pole pieces requires modifica-

: tion to the shape of the bumps.' Keeping the bumps as near the -
pole edges as possible suppresses generation of higher moments
by the bump themselves, qualitétivély behaving like the y = «
illustration. ' '
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BROOKHAVEN NATIONAL LABORATORY
MEMORANDUM

DATE: _ November 1, 1985

TO:

Robert B. Palmer g
- 2 3 a4

=% = il._r".

FROM: Gordon Danby , " J. Ja ksonj '

" John Tarr

SUBJECT: Position requirements for G-2 Coils

One question that arose during the discussion of the G-2 proposal was the
requirements on coil position to obtain the desired field homogeneity. While
detailed analysis on this question has not yet been performed, we estimate that,
on the basis of preliminary calculations, a 1 mil coil displacement will yield
less than a 1 part in 106 change in the magnetic field (see table). This
requirement will be substantially loosened when the effects of other considera-
tions are included. This is true for a number of reasons. First, the field
homogeneity is most strongly dominated by the shape of the iron pole, given the
low field level of 1.47T and the substantially increased volume of iron that is
proposed (relative to the CERN experiment) to minimize the effects of
saturation.

The homogeneity of the assembled magnet including pole shimming is 1 part in
105, Based on field uweasurements, correction coils will then be used to obtain 1
part in 106. The magnet is designed to be operated continuously, and at only one
field value. The use of superconducting coils will minimize the magnetic cycling
while maximizing the magnet stability from not only a magnetic and electrical
viewpoint, but from a thermal viewpoint as well. 1In addition, the location of
the coils can be adjusted while the magnet is energized. The ability to make
magnetic measurements and adjust the magnetic configuration (by adding shims to
the pole and/or the return frame, by using correction coils, and by adjusting the
location of the main coils) means that the requirements on coil position are
significantly reduced.

In comparison to other magnet systems, note the attached figure (pg. 48 of
the proposal) which shows the small coil cross section proposed, located far from
the good field region. In the Tevatron, SSC, etc., a 1 mil motion of the coils
will yield on the order of 1,000 ppm, but the stability of operation of the
Tevatron indicates the absence of coil motion to a high accuracy compared to 1
mil. The coils proposed have considerably lower currents and coil fields, by
comparison, and will therefore have forces that are only a few percent of those



-2 -

in an accelerator magnet. We believe that the key issue for this magnet is’
stability, and that the proposed concept is an ideal approach from this

perspective.

-In addition to the NMR trolley measurements, we will have-continuous field
monitoring at many locations on the outside of the vacuum chamber. This, coupled
with two and three dimensional analyses, will provide detailed knowledge of the
-field configuration, which is required. _ ; !

2 In summary, a simple air core perturbation analysis indicated that a 1 mil~
coil displacement will yield approximately a 1 ppm field change. The gradient .
effects will be roughly a factor of 50 times less due to the coil locations ‘and
size relative to the good field region. Images in the iron act to substantially
reduce these errors, as indicated by the tabulated computer results (attached).

/mif
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BROOKHAVEN NATIONAL LABORATORY
MEMORANDUM
DATE: . April 11, 1986 - , —
TO:. . Muon G-2 Group ' e ,
.- i ) :% ' g'w : SRR e
FROM: G.T. Danby and J.W. Jackson 3
SUBJECT: Magnet Design

Some fufther computations were performed using Brookhaven's CDC7600 and the
POISSON code installed on that machine.

Table I shows the computed field harmonics as a function of convergence crite-
ria. These computations were performed for two types of magnet steel, 1006
(Table II) and decarburized iron (Table III), in order to obtain some feel for
the permeability tolerance.

The R/L parameter tests the convergence of the potential solution of air,
interface and iron points with R/L =5 x 10~/ being the standard (default)
value in POILSSON.

The field harmonics are expressed in PPM's at X,Y = 5,0 cm. The center of the
storage region is defined as 0,0 for the magnet geometry included in the AGS
g-2 proposal (Fig. 1).

The quantity, &, is defined as the difference between the field at 5,0 and the
field as obtained from summing the harmonic values expressed at 5,0. This
quantity is a measure of the internal consistency and fitting accuracy of the
POISSON code.

In order to test the consistency of the computation between the CDC7600 (60-
bit word length) and the VAX 785 (32-bit word length), the "standard” magnet
geometry (Fig. 1) was set up and run on each machine with identical ampere-
turns and permeability table. Since the VAX version of POISSON contains a
"bug" which prevents obtaining a harmonic analysis for a C-magnet type geome-—
try, the difference in the HMP field deviations was plotted .as a function of
distance along the HMP (Fig. 2). This plot shows a random jitter of ~ * 2
PPM, peak—-to-peak.
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BROOKHAVEN NATIONAL LABORATORY

MEMORANDUM

DATE: - May 19, 1986 . |
©TOy _ Muon G-2 group o
: ] - QUTJY
FROM: - G.T. Danby/J.W. Jacksocn

SUBJECT: Magnet Design

The purpose of this memorandum is to provide the magnet design subgroup
with certain computations which had limited distribution last month and also to
provide additional comments on magnet shimming.

Figure 1 shows the standard set-up of the magnet geometry. In order to
allow access to the pole base for shimming and to find a "force-free" location
for the inner coil we have moved the inner coil to various heights and computed
the force on the coil. These results are summarized in Table I with the
“standard” value for the vertical center line of the inner coil being 23 cm
(Fig. 1) and the coil being moved to 26, 28 and 30 cm. We also plotted (Fig.
2) the force in the horizontal direction on the inner coil as a function of Yp

in order to indicate where Fx = 0.

Comments

1) Column 2 in Table I shows very little change in B_ for large vertical
inner coil displacements with constant ampere—turns.

2) Most importantly, the "force-free” inner coil location provides easy
access to the large air gap between the pole and yoke for precision
ferromagnetic shimming.

3) This method of shimming was explored for the CERN magunet design in the
1985 Summer Study, but was not included in the AGS proposal.

4) For this year's Summer Study we expect to repeat the shimming exercise
on the present magnet design.

5) The results should be quite similar to 3). The earlier study showed
that this shimming method provided anm attractive way for adjusting with short
wavelengths the dipole field as well as the allowed and error multipoles,
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i AR Sl iy June 13, 1986 i J _ %6 J{ !
r : ‘ Muon g-2 Group _ P /\JV)-@'/LVL-P.

e G.T. Danbyf3.W. Jackson

Magnek Design : : o

&

rpa

We would like to report on {1} recent 61986:‘ magnctié. desig:h work that has :
- contributed. to the para-tera and tolerance of the prelininary engincering
. drauings. -

In addition- [2}, couments will be given on earlier work prior to the Proposali

and [3] on.plans for mew activities prior to the proposal revisioms later this
sucmer. )

1. 1986:-Magneric Design Work

a, The POISSON calculations were compared for different convergence
criteria for two differeat but realistic permeability tables (1006 and
deccrburized Fe/sheet steel) and also for the ag-eement between the

multipoles and the actual computed field.

»

b. The version of the POISSON code on the BNL CDC7600 and the VAX code
were: compared. They agreed on the calculated field, but disagreed oo the
multipole description of the fleld. This problem was due to a “bwg”™ Iin
the VAX version as related to calculating C magnets (zero not at the

{ center of the universe of the problem).

c. This problem with the VAX at Yale was rectified by Y. Kuang.

d. During 1985 we explored locating an air gap at the base of the
poles. This can be shicmed to control the field. This tecbnigue wowld
e wucll easier {0 vse LI tne inside colls were located Inrfhey from the
horizontal midplane.

The magnetic field produced for constant currect and the efficlency
of the magnstic circuit were observed by calculating the wmagaet for var-—
jous coll locations. In fact, the efficlemcy of the nagnet is only very
slightly effected, so the weight of Fe required does not change as the
coil is moved above the pole.

e. An additional advantage £s that near the desired new locatiom, the
inside coll becomes “force—free” in the horizontal plane. At the
original locatiowm, the force created a negative hoop stress.
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f. The effictency of the magoet, as defined by minimizing the Fe vol- -
ume, requires minimizing the integrated flux across the HMP

( ; outside _ : : ' 5
; BW = 'I Bdr : ' : _' -
inside

In fact, by this criteria, the present preliminary design with the cha-farad
pole is somewhat more efficient than the CERN designa

Z. VWork Prior to Proposal

a. The magnet in the Proposal weighed 1000 tons. It was costed.by MIT
at 0.50 $/1b or 1M$ in total for the magnet irom components. Two late
modifications were made to the design in the Proposal by the amthors.

b. The design used the 2D computed cross section, but applied directly
to a closed ring structure. ' Since the Fe returm is at a larger radius,
this results in a larger overestimate in required Fe.- Corrected for this
3D effect, the Fe weight is 794 tonnes.

c. A preliminary design of a detalled pole profile was computed to dem=
onstrate the necessary field uniformity. This was included in the Proposal.

d. With this pole profile, it was observed that the pagnet was slightly
( ; more efficient than the CERN magnet. The field in the yoke is ar present
' 15 kG, as compared to the 16 kG in the CERN magnet.
e. - The CERN magunet weighed 450 Tznnes. gt is poteworthy that the Pro—
posal magnet welght of 794 [ x ( ] = 450 tonnes. Thus, sc2l-—
ing the Proposal magnet from 18 cm gap to Yé co gap and redvciog the
yokxe thickness by results in the same veighr == k= 22 zzos

——— e -—
e

f
!
£
E
l__
;
:
3
;.

w1 New Acrivities

2. During tlie svemer of 1985, the question of an alr gap betuwees the
poles and yoke retuvrm wa® explored by the avthors in two reports. This
approach was not Included in the Proposal because it was too preliminary
and the design f the Proposal was more directly based on CERN.

b. For the late July meeting, it is intended to study shimwing of a
thick air gap at the pole base for field control.

Ce An auxtliary benefit of decoupling the poles fro= the yoke return is
that wve can operate the yoke at somewhat higher fields z2ad save some
additional velght.
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Material for G-2 Meeting
September'?—B, 1986

G.T. Danby and J.W. Jackson

: ; _ - ol IS
Summary: Review of magnet development prior to the 1985 G-2
Proposal. i B e e,

1.

The purpose of the magnet effort was to base the design in thé
Proposal closely on the very successful third generation CERN
experiment, for enhanced credibility. '

The conceptual engineering design was primarily performed by
Marston et al. (MIT). This design for the iron yoke was essen-
tially the CERN magnet cross—section, sealed up from 14 cm to
18 cm gap to allow space for more detailed field monitoring and
correction.

Superconducting excitation coils replaced the Cu coils used in
the CERN design.

Since Fe was judged to be cheap, the cross—section was more
conservative (larger), with 10% to 15% lower field in the re-
turn yoke than in the CERN magnet. The engineering design
drawings appear in the Proposal.

The computer—aided precision magnetic field design of the pole
shapes and of field shimming was carried out by Danby and
Jackson (BNL). This included:

(1) demonstration of very high precision (PPM) field shaping
capability for perturbations.

(ii) tolerances on pole-pieces, yoke pieces, and coil loca—
tions were calculated.

(iii) shimming methods to provide fine control of field shapes
to very high tolerances, i.e., small compared to con-
struction errors even with the very best machining.

Some of this precision field design effort appeared-in the
Proposal and some did not.



4.

In the Proposal was:

(1) . a preliminary pole shaped to demonstrate théoretically a
very uniform field. ; , _

(i1)  the necessary 2D to 3D tr;usforma;ion of the return yoke
‘was recognized and calculated. This will be explained
in'Appéndii I. This impacts on the total magnet weight
and provides the equivalent 3D yoke reluctance to that
computed (2D).

The reduced 3D weight was included in the Proposal, as
was a sketch of the 3D cross—section. However, the
engineering drawings showed the 2D cross—section.

Not in the Proposal was a computer—aided precision shimming de-—
sign study of a large air gap located between each pole piece
and the return yoke. This has two great potential benefits to
exploit.

(a) The air gap makes the field in the aperture much less

sensitive to the properties of the yoke flux return.

(b) The studies demonstrated that shimming at various loca-—

tions in this air gap behind the pole plece was a power—
ful technique for very sensitive field shaping.

This air gap study was not included in the Proposal because, in
spite of its attractiveness, it deviated from the CERN experi-
ment and was judged to need more development.

Progress during 1987 related directly to the Proposal update.

1.

The efforts of an enlarged Group at BNL (Shutt et al.), Yale,
and Boston University have concentrated on solicitation of
industrial quotes to establish a cost basis for the magnet

return yoke.

The engineering cross—section contained in the Proposal was
used, with the computer designed polé pieces assumed. (This is
a small change in terms of cost.) 2



2,3 =

During the preparations for the solicitation of industrial
suppliers, additional ‘study of assembly, support, and tolerance
consideration was carried out and small modifications made.

During the course of 1987, the theoretical design of poles with
a large shimable air gap-interfacing with the yoke return has
been aétepted as the main- stream approaéh,presently favored..

Experimental studies of this concept will be carried out in.
existing magnets during the next year.

Subject to this verification this approach will be assumed to
be correct, and its consequences for second generation pole
profile design and for large yoke weight reduction will be
exploited for the next stage of iteration.

Comments on meeting with Kobe Steel

1‘

They responded to the Solicitation which has a cross—section
substantially the same as that in the Proposal, and assumes 30°

sections of arc.

Removing of corners or other simple shaping of geometries is
practical for either casting or forgings. Cost reductions will
be linear with weight reductions.

The 2D to 3D transformation will itself result in a 12% weight
reduction.

Raising the field level in the return yoke by ~ 10% (still less

than in the CERN design) will bring the reduction in weight to
25%.

Kobe said that a 25% weight reduction would result in 25% cost
reduction.

Furthermore, reducing the number of arc sections would result
in considerable savings.

The BNL weight limits would now permit 40° arc sections, re-

sulting in 3/4 as many pieces. Al c
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10.

sy i

For comparison, note that tﬁg CERN magnet (450 tonnes) scaled
up in cross—section directly from 14 cm to 18 cm gap would
weigh 84% as much as the original_solicitgd magnec.

As a result, a magnet solidly based on the CERN experience,
weighing 75% of the weight in the Solicitation and with 75% as-
many pleces as were costed, should have cost savings of > 30%
compared to the. Solicitation price responses.

This ignorés any further gains*from slicing off cormners.

This puts the magnet Fe as a very reasonable cost with basi-
cally an established "CERN" design.

If further work on the air gap pole design is confirmed in the
next year, newer designs can result in large additional savings

prior to actual comstruction.
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2.

3.

5‘

6.

Appendix I

- The 2-to—-3 Dimensional Transformation

[2D to 3D] |

The CERN magnet yoke was eésential;y a polygon, qpﬁposed of 40
straight magnet sections. : '

The present design assumes a continuous ring assembly to avoid the
field errors associated with magnet ends.

The magnet yoke cross-section was designed in two dimensions: the
toctal weight of a polygon design would be the weight per meter of
length times a length of 27 x 7 meters.

In the continuous ring design, the bulk of the Fe flux return yoke
is at a considerably larger radius and the cross—section should be
scaled down accordingly.. An angular section which is one meter
long at the aperture center line radius of 7 m should have the same
weight as the 1 m long 2D section.

This transformation was not performed on the engineering drawings in
the Proposal.

Consider first the horizontal mid-plane block to establish the
smaller 3D outside radius Tgj.

2D area = 3D area (for same reluctance)
2 2
(Fz rin) x2nx7 m= (F3 Fin)ﬂ

Finally, a 1/T thickness adjustment should be applied to the top and
bottom yoke pieces.

It should be emphasized that the 2D to 3D core transformation not
only saves weight and cost, but it is necessary to make the magnet
equivalent to the computer calculations. Otherwise there 1s excess

yoke cross—section.
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11.
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NOTES OF g-2 MEETING
February 5, 1987

G.T. Danby and J.W. Jackson

Asked to speak on the status of the maﬁnet.
Magnet Fe has received the bulk of the attention to date
(a) dominates the precision of the field

(b) dominates cost.

After the g-2 Group decided to concentrate on a 15 kG design similar

to the CERN ~l PPM magnet system, the decision was made to increase
the gap. from 14 cm to 16 cm. ;

The extra space was allotted for additional field monitoring and
correction coils, etc. to try for a factor of > 10 improvement in

the field uniformity and knowledge of the field.

The credibility of a Proposal for such a superprecise experiment was
greatly enhanced by basing it on the very successful CERN design.

Vernon and Gordon went to MIT to talk about the experiment. P.
Marston suggested the credibility achieved was not diminished by
going to superconducting excitation coils [Super Ferric].

This was accepted and the Group proceeded with a larger cross
section C magnet design than CERN, also operating at Bp = 14.7 kG.x
Tm radius.

Marston et al. at MIT carried out the bulk of the preliminary steel
and coil design and cost estimates which appear in the 1985
Proposal.

We (Danby and Jackson) specifically countributed a precision pole
design and a reduction in weight (in the tables--not the drawings)
by the appropriate 2D to 3D transformation.

Of course the entire Group involved contributed to the evolution of
the design and to the material in the Proposal.

The Proposal was well received, and attention shifted to the credi-
bility of the costs, especially the dominant cost factor, the magnet
steel which was costed at 50¢/1b.

An enlarged BNL Group (Shutt et al.) took on the task principally of
preparing for solicitations on the steel so that the 1986 Proposal
Review would have established steel costs.

More recently the coil design is receiving considerable attention,
but that is Ralph Shutt's story.
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June 13, 1986
Muon g-2 Group
G.T. Daaby/J.W. Jacksoa

Magnet Design . : B RO fola i

We would like to report on [1] recent (1986) magnetic design work that has
contributed to the parameters and toletance of the preliminary engineering
drautngs.

In addition [2], comments will be given on earlier work prior to the Prdpos#l

and (3] on plans for new activities prior to the proposal revisions later this
gummer.,

1. 1986 Magnetic Design Work

C) a. The POISSON calculations were compared for different convergence:
" i criteria for two differeat but realistic permeability tables (1006 and
¢ h‘r‘h C¥  decarburized Fe/sheet steel) and also for the agreement between the
“““"J.-;;’ nmlt::l.poles and the actual c.omputed flatds . 3 . : .
5fﬁA4 b. The version af the POISSOY code on the BNL CDC?&OO and the VAK code

SRSRERAR EREEEEREE s e “"

mdltipole description of the field. This problem was due to a bug 1u
the VAX version as related to calculating C magnets (zero not at the
center of the universe of the problem).

c. This problem with the VAX at Yale was rectified by Y. Kuang.

de During 1985 we explored locating an air gap at the base of the
poles. This can be shimmed to coatrol the field. This techaique would

Q:‘“-Sa. be much easier to use if the inside coils were located further from the
horizoantal midplane.

The magnetic field produced for coanstant curreat and the efficlency
of the magnetic circuit were observed by calculating. the.magﬁet for: var-—
fous. coil locations.. In fact, the efficleacy. of the magnet. s’ only very
slightly effected,_so the weight of Fe required does ‘not. change as the
coil is :moved above. the pole. L : =
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PROBLEMS ADDRESSED

G

Thickness and tolerances on yoke piecés. (W and W/O air gap.)
Yoke shimming and pble shimming ("wavelength").
\ :

Studied air gap before 1985 Proposal Not. included until 1986 ver—
sion. (Untested) : ;

-Shimming in the air gap is ~ 2 orders of magnitude less sensitive

than pole face shims. (Agap = 1 mil ~ 140 PPM.)
Longer "wavelength" shimming, implies smooth pole surfaces.
Forces and positional tolerances on coils.

Moving inner coil to "force free" radiayéondition to prevent col-
lapsing forces on the coil hoop.

Reduced Fe weight to ~ 2/3 original
(a) air gap permits higher B yoke
(b) "3D" not discussed today
(c) "cormers" can be cut and save raw steel in forgings

(d) weight reduction permits 45° sectors which are within AGS
crane limits

PROBLEMS TO BE ADDRESSED (incomplete list)

L.

Yoke pieces have conventional tolerances and requirements (most of
cost) but dimensions etc. are subject to feedback.

Caution: Interaction with other components is quite incomplete.

Pole pieces are special:
(a) grinding and/or polishing is possible if necessary
(b) testable and interchangeable (removable)

CERN did extensive grinding in situ om pole surface
(a) time consuming

(b) makes "potholes" if perturbations are near beam aperture.

Hope to minimize Item 3, if possible. Experiments are required.



5. Modeling Program (1987)

(a) > 1/2 scale pole profiles in existing AGS beam magnet
(with coils spread)

S ' : e . ol e
(b), will model pole surfaces, air gap, and air gap shimming

(¢) need transistor regulation if NMR used.

GENERAL PROBLEMS
) Interaction
(a) injector
(b) coil support
(¢) coil ends
(d) vacuum system, etc.

(e) correction coils

2. Environment
(a) siting at AGS

(b) Stable mechanical and thermal base with temperature
control

(c) wvibration "free"
(d) housing - flux and thermal screening

(e) redundant very reliable cryogenic system to minimize mag-
net cycles (magnetization)

(£) stable magnet support, with survey and adjustment of
supports.
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_|shows the general layout of the experiment.

March 16-19,

ULTRAPRECISE MAGNET DESIGN AND SHIMMING*

G.T. Danby and J.W. Jackson
AGS Department, Brookhaven National Laboratory,

Upton, Long Island, New York “11973 G B s KT e i

Abstract

= TMIS LL.

conputar studies of pole design and magnet shim=-
nins techniques are discussed for a very precise 14,72
kG iron core storage ring magnet to be used for the
é&opoted meagurement of the muon anomalous magnetic
» moment. The experiment requires knowledge of the field
in the 7m radiuu if"rage ring dipole to approximately
0.1 ppm (1x10=7). “The goal is to produce field uni-
gbruity of approximately 1 ppm. Practical and mathema-
tical limitations prevent obtaining such accuracy dir-
E%tly with a computer code such. as POISSON, which is
used in this study. However, this precision can be
obtained for perturbations of the magnetic field.
Results are presented on the internal consistency of
the computations and on the reliability of computing
perturbations produced by Fe shims, Shimming tech=-

niques for very precise field modification and control
.are presented.

I. Introduction
This report, limited in its scope to computer
studies by the authors, discusses a part of the ongoing
design effort for an ultraprecise 3 GeV/c storage ring.
The g-2 experiment proposall has been approved as part
of the future physics program at the high intensity,
post-Booster, Alternating Gradient Synchrotron (AGS).
n international collaboration is involved in detailed
1esign of the storage ring and detection apparatus..
: The computer studies are of general interest be-
cause of the precision required. Most accelerator. i
wagnets perform at a AB/B_ > 1x10™% field uniformity, :
r wvhich the computer codes—in this instance POISSON?
an, if carefully used, reliably predict the field I
thin the beam aperture. For example, the AGS Booster
poles agreed with computations to AB/B ~1x10~" gyer '
e "good field" aperture. High field superconducting:
gnets denigned by the authors had similar agreement.’
Q The experiment and the storage ring design are
solidly based on a highly successful CERN design.?
The third of a series of muon g-2 experiments, it
:esulted in a knowledge of the magnetic field integral
appropriatcly averaged over the muon orbits to AB/B
11 to 2x10~6, This, plus other smaller systematic er-
rors were less than the statistical uncertainty of 7
PPM obtained in the experiment. The result stands as

the state of the art.

.. Operation at 5x10!3 protons in the AGS using the
Booster, should permit a statistical uncertainty of 0.3
PPM.in the new experiment, assuming the same pion decay
injection technique as at CERN. Other injection pos—
sibilities might further reduce this error. To carry
out this very fundamental measurement, it is desirable |

that “systematic errors be <0.1 PPM. These are domina-'

'|ted by magnetic field uncertainty, which involves |the
‘|error in knowledge of the magnetic field, averaged over
"|space and time in relatiom to the muon distribution.

Figure 1 taken from the 1986 update" of the proposal
Figures 2.
and 3 show the magnet cross section.
. The improvements in precision anticipated for the
vew experiment come from several areas. ;
i) The gap increase from 14 to 18 cm allows more
elaborate field monitoring and feedback. For CERN the

‘|* Work performed under the auspices of the U.S. Dept.

of Bn«rgy.

‘sections by correction coils.

principal error?® was control of each of the 40 magnet
These used feedback from
a single point MMR measurement in edch section, With
extra space much more elaborate. control can be used. !
(i1) A "tyolley" capable of moving &round the circum-

‘ference inside the beam aperture carrying & matrix of
~ NMR probes is being constructed. This can be "parked"

out of the way without breaking vacuum. This "“on-
line," albeit intermittently, coexistence of complete -
mapping and physics running is a new feature.

.(1ii) The "end effects" of- the CERN 40 magnet blocks,
although continuous at the pole, contributed signifi-
‘cant field and measurement errors between blocks. The
new ring will be constructed with 45° sectors machined
to be close f;ttxng at their ends to approximate a
continuous ring.

" (iv) More elaborate use of field shimming by ad]ustment

to the iron cross section remote from the pole faces is
planned. A large air gap between the poles and the
return yoke will be used as part of this strategy.
(v) Superconducting coils improve B, stability and
reduce the need for magnet cycling. (Pouer saving.)-

The goal of the computer stmulatxons has been to
develop techniques to control the dipole fxeld and
lower order multipoles so that 4B/B_ < ix10-3
necessary "good field" 9 cm diameter can be relatively
easily obtained. The error would be reduced to <1x10-6
by special local static shimming or active current
control such as pole face windings. The final factor
of 10 to" AB/B ¢ 1x10~7 would come from measurements,
i.e., knowledge of the field adequate to compute the
orbits over the muon distribution.
: The calculations have already produced a good
prcciaion pole profile, although not final.  An experi-
pan:al program will model the polar region in exact
s¢dle,  Specialty steels will be tested,” the impact of °
dAnclusions or voids, and grinding or polishing to in-
‘crease pole surface planarity. ;
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1 ::ﬂn'i'@pﬁiié_zation e

f¥)  _ace the cross section and weight of the magnet to
" 12/3 that in the Proposal.?

Tbetween each pole and veturn yoke facilitated this,
e the flux return reluctance is significantly

ecoupled from the be&:flor of the polel.

TABLE 1: HMuitipole Change with Air G4p lnd Weight -
. uction, B = 14.7 k¢

© amen s —
g

: = SR ¢ ng v
e : Base*  WeSScm We=55cm W=55cm -
i+ (W=65cm) +4 corners off +4 vorners. off
b . +10 ¢ém off
{7 aNt/Wibase) .0 +2.16% 42,401 +4,30%
e & /5, (Normalized). R
T gel (qued) 0 .13 RN -2.6PK ~2.6PPK
7% 2 (sext) 0°- = .6 s Ty -7
S 9 = - .1 - .1
-l s gy 0 - 0 a .l
: .S 0 0 0 0
i e v 0 0 0.
7 0 0 () 0
8 0o 0 0 0

" i; Duﬁnz 1986 the computer calculatioﬁ; were ua.ed to

The use of 1 cu "air" gaps

(Ttble 1)

- Col, I:  the 1935 Proposal Magnet Crol- Sce:lou, wich
"1 em.air :ap behind each pole.. . | :

col. 11: £or a 10 em (18%) reduction “in width of the

Col. II1: also-cut four cormers off magnet.

'Col. IV: also reduced thickness of top and Botton goke
wember by 10 cm. (This increased reluctance by ~21.

- ( [a all cases in this Report, multipoles are exp:elsed
3 a:r.-&Su.y-o-n = 14,7 kG. .

wmrarY|
] b

R
s M

re.turns requirement, but no significant change in .
ltipole field errors.
lerances of the yoke flux return are not unusually
:ght and are relevant mainly to the dipolar term.

thﬁ HMP block would produce dipolar change of 1.4
107"

ol. IV in Table I.

return yoke block, centered on the hori:ou:al nmidplane.

7.The- result of very large weight-(and-cost) :educ- '
n ‘is -an appreciable increase in reluctance and am—

The magnetic and dimensional

For
ple, scaling from Col. II, a8 0.65um change in width

equivalent to & 25 im .change in the 18cm gap.
Consider the effect of raising the central field
% 1% in two cases, .the geometry of Col., I and of the
This result is shown in Table II.

' § TABLE II:_ Change for B increased by 1% to 14.847 kG.
N % 11
i : : (Base, 1985) (light weight)
ANI/NI (base) 1% + 0.16% 17 + 0,582
i
t 4B /B, (4.5 cum)
w = 1 (quad) -14.2 PPM -14.7 RPM
. 8 =2 (sext) -6.6 - 6.8
s a3 - .2 - 0.2
cawk - .3 - 0.3
,a=35 0 0
: in=6 0. 0
i:ge] 0 0
5-_u -3 0 0

ometry.
ymerry. .
- .fin.the vicinity of the air gaps.

‘Bbility in the poles also effects the sextupole,

The reduced perme—

zation properties in the pole steel.
aturation magnetization would produce roughly the

ﬁh“‘. in Table II, The storage ring central field
i1l always operste;at,14,72-kG, . . o

FET. o

-.”qotc the effect on the multipoles of vaising B, by 12

¢ aluost independent of the very large changes ‘in yoke:
The quadrupole is due to C-magnet yoke as=
The 1% higher £ield reduces the permeability

: Table.
I.can also be used to establish tolerances on magnet~-
A 17 change in
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Fig. 2,

The C-magnet return produces a very large systema-
:tic gradient. Three perturbations have beea explored‘
(1) tilt the pole faces, (ii) larger bumps on the in-
iside pole edges than on the outside, (iii) shim in the
.air gap at the rear of the poles to induce more flux on
the inside. While (i) and (ii) are possible for re-
‘fined shimming, they are too local to the "good field"
.aperture and generate significant octupole. Method
‘(iii) can give a large almost pure quadrupole so the
-magnet can start off with the systematic C-magnet
gradient removed. See Table IIIL.

1 -TABLE III. Perturbing Air Gap Behind Pole to Remove
: Quadrupole.
: 1 II 111
4B IB “Standard" Pole gap Effect of
(& 5 Sm) Case Slope 10.40 cm "wedge" gap
n=l(quad) ~-204.6 PPM + 3.4 PPH +208 PPM
n=2(sext) - 38.9 -32.8 + 6.1
3 *: 107 - 1.1 - 2.8
4 - 0.2 - 0.5 = 0
5 + 0.2 + 0.2 0
6 = 1l =13 0
7 = 0,2 - 0.2 0
: 8 - 0.2 - 0.2 0
' Col. I: standard case (see Fig. 2) 1 cm air gap.

Col. II: base of pole wedged so that air gap varies
from 1.4 cm at R = +28 cm to 0.6.<m at R = -28 cm.
This effect can be accomplished also by moving the
center of gravity of shims in the parallel air gap.
Col. III is the difference between Il and I.

‘Note the almost pure quadrupole, with only 1% octupole
‘contribution. Because of the very large radial as-
:gymetrty being corrected, a small sextupole change
.occurs ln the baseline gradxent corrected magnet.

=

NN

'
Svperconacung
g b — wi
] T “..—-—-——¢
| hirnl ——
. r— i : gk
Lt “"
[ ‘l_$|ﬂ9¢ meo-on rOnIomg i oone

rooud s Tm 0

) ////////V////_/zm ‘

: N Lir Cap
\\\ EI*
1006 STCOL
?13. . Magnet Polar Regionm, .



Lo

Rt s . X
1‘F5; effect o£ the,cqil*na:ion is shoun in Table Iv.
f. ?L- TABLE IV: CQil Po itioa Tolnranee
L= £ 5
25 " Wultipole Outer Cotl ‘Outer Coil
~H (4.5 cm) Up | wa. - Iovard 1 wm,
© %0 Dpipele - 24.1 PPy + 7.56 PPH
£ 1. - 'Quadrupole + 0.60- .+ 0.38
1-2 Sextupole - 0.09 - =0.12
¥3 Octupole T+ 0,02 + 0,04,
£ & - Decapole - 0.01- - 0.02
£ Hotes: ; i
5 ter coils .aré -located at R-TJ? cm, y=£15 cm (Fig.-
i .2 _and Fig. 3.)
-2, " Inner ¢oil not tabulaced but sensitivity less.
i 3. All wmultipole térms < 1 PPM, except for dipole.
y 3, :
III. Shimnzqg Perturbations_
“The :pproach oﬁ the g-2° design is to produce pole |
;artlccl as flat as ‘économically practical by machining;

plus possibly grinding or. polishing the surface of sec-i
‘tions to minimize "hill and dale" errors, Very homo-
geneous material will be used’ to minihize "pot holes."
. Por reference, consider simplified 0.001" (25 um) :
rrors in the gap and the parallelity of the pole sur-
faces: (i) a .001" systematic. gap error gives 141 PPM
dipole change, (ii) a .001" side-to-side tilt gives a
uadruple of 11 PPM at R = 4,5 cm, (iii) a .001 sym-
tric variation:
ut than at the pole edges, gives ~ 3.6 PPM. sextupole,
ase illustrate the incentive to wake the dipole
4B /B, very small around the azimuth by shimming the
-Ipctance or posaibly by current loops remote from the’
le surfaces. The present state of the design is
hown, in Col, II of Table III.
metric pole profxle will remove the 33 PPM sex-
ole. Touchup of radial asymmetry can take care of
drupole and octupole in the computed magnet. The
rturbation studies at this semsitivity illustrate
chuiques for optimization:  :the magnet as first con-
tructed will have larger errors.
Wext to the pole faces themselves, the most sensi-
.ve perturbations are the bumps on the edges of the
le fences.  In the present design these are 0.5 cm
i

.(l

ick and 6 cm wide, starting at' R'= % 15 cm. Their
lerances and their utility for perturbations are
own in Table V.,

TABLE V, Perturbation of Bumps on Pole Face Edges.

I II I1I
B_/B Add .02 ecm Add .02 ca. Predicted
(8.5%ca to {mner _ to outer Sum
bumpis bumps
o=l{quad) "#18,0 " - +187%
2(sext) +14.9
3(oct)

.
Computed

;xanow TYPE

*
*
+
*
In Col. I and II, the field has been computed for the
:hickuass of the two bumps increased at the inner and

outer radius respectively. Col. III i{s the snalytic
,~oum of T and II. Col. IV is the computed suum.

ote that Col, IV shows symmetric perturbation and
_glves only eymmetric terms. The ratio of 10 pole to
. pextupole is 20%. This bump perturbation should be
sed in combination with more remote perturbation to
uppress both sextupole and (n=4) 10 pole simultaneous-
.anges (I-II) were made on the inside and outside
adius, the sextupole would not change, only quadrupole
1d" other odd terms. "This is a good way.to reduce
ctupole, with residual gradient donme by other means.

ro

DO NOT ¥4 Bisliw aI§ 1iKi:

]
j.

the gap at the center .001" differ-

A slight change to the

Col. I and II show that if equal and opposite sign

Table V permits estimating .001" (25 m) rms bumps -

iheight ‘errors: 2 PPM sextupole and 2 PPM quadrupole

" 1occur, with everything else smaller. Skew moments (mot

-icomputed) with be comparable. Three tests are used for
:the internal consistency of the computations. The .
:'magnetic fields as computed and the magnetic nultipole
- fie agree in the 9 cm "good field" region to'l PPM (See
Fig. = 4.) Wext, a change in the geometry of-an .iren
portion of the magnet is made and'the difference in the
multipole content computed. The amplitude of this
change“is varied. A linear relationship for the malti-
pole content of the change is observed for reasonable
perfurbatiolls lending itself to extrapolation.. Finally
the computed field is tested based on symmetries. An
iromw bump is added to one of the-four corners of the

- poles_and the change computed. By symmetry, the multi-
poles resulting from this perturbation will also be
produced by similar bumps in the other 3 quadrants,
iwith predictable phase changes. This permits predic-
_t;on of -any combination of up to 4 bumps. The computa-
.tione confirm the prediction for modest size pertur=- .
xbcclonl. Note this process involves generation of the
‘nesh for each geometry, iterative calculation of the
~'field everywhere in the iron and azr, and. sener;txon of
ithe field uult;poles.

1 ——

3

|

+.2r x \GAP
(PPM) - it
- — L L L)
2 ! I I 1 1 HMP
0 1 2 r(em) 3 4 45
: Fig. 4. Difference é=Field-Multipole Recoﬁstruction.

:The computations need only be credible to perform per-
JCurbations at the PPM level, i.e. to predict the neces-
'gsary correction for the residual error measured in the
‘magnet. The magnet will have both cylindrically sym-
metric and azimuthally varying field errors due to geo-
metrical factors, magnetic forces, wagnetizatiom in
iron, temperature control, etc. (Note thac 1 PPMZ0.18
um gap tolerance.) Careful operating control plus
shimming perturbations can correct anything except the
most local pole surface defects. A fundamental limit
is the temporal stability and reproducibility of the
magnet, Active feedback must be used beyond this
:limit. Dynamic and possibly also static corrections
‘will be made with current loops applied in sectionms,
possibly 1 meter long. Such coil corrections are ana-
lytxcally straightforward to compute, but should be
;small at least on pole surfaces. 1In addition to taking
__ispace-and generating heat coils have "lumpy" current P
1dtltribut10ns which generate higher multipole errors as
jthey correct. This will impact on the final < 0.1 PPM
'knowledge of the field.

i
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