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We examined the influence of small parameter errors on the multipole
structure of the cable dipole magnets. This note considers circular
errors in the straight section of the magnet.
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1. Ceneral Description of Multipoles'

Many people (myself included), do not have an intuitive feeling for what it (

-—

means for a magnet to have, fér example, a large a, component or a small bz
component in the decomposition of its field. For this reason let me briefly
present a general description of multipoles that I have found usefﬁ]; in under-
standing what the presence of various terms mean. The experts should feel freé
to proceed to section 2.

The field at the point (r, ¢) within the aperture of the magnet can be
decomposeé in two dimensional cylindrical coordinates as

B =  ° (bn sin(n+l)¢ + a cos(n+l)d )

Q)

B¢ = nfoir" (bn cos(nt+l)e - a sin(n+l)¢ )

The coefficients 2. and bn in these expansions are the multipoles which can be ('

od e

expressed ir . :ruos of the current density j(r,¢) in the coils as

. [ 2\ 2(n#D)]
” /-J(r,¢) cos(n+l)¢ |1 + (i-) ] dr d¢
2n Jf

L n+l
T

n

(2)

2(n+1)]
j(r,9) sin(n+l)¢ [l + (11’;') t dr d¢

. “uy ,f/‘
an 27 _/ n+l
. T

wvhere R is the inner radius of an infinite iron yoke.

The presence or zbsence of a particular multipole depends on the symmetry of
j(r,¢) with respect 'to é. -The radial depend.enc'e of j(r,d) can influence the
magnitude of a2ny ncn-zeroc terms. |

The multipoles differ because of the differént trigonometric functions

which szmple the current”density function.




2.

The current density within a coil block is assumed to have the form

. _I 1 -2
= y /1 + L _ _;_ -
(cf. H. Hahn, TN305) | Q7=I5(wv7) - T Tl
3(r,¢) = —=1 2 o o (3)
t (ro ri)

where I is the current, ri, T, and r are the'inner, outer, and mean radii of the
coil, and t is the average thickness of a turn.

The symmetry properties of the magnet are determined by the sampling-

integrals
- . 2n : )
B (4) = j(4) cos(nt+l)¢ d¢ (4)
40
r2n : '
WO 1) sin(a+l) d¢ (5)
il J O _ :

vhere j(¢) is £l Zor ¢ iIn the current block ard 0 otherwise.
The sign-comvarntion for Egs. (2,4,5)zwere determined in the fel" ~uwing

manner. Equation (1) ispiies that the y component of the field on the midplane

L

AT~ is given by :

7 4 S -

l o) ©
,/‘;?@x’ By = I -ann- (6
i + 3 -1_;__u, X n=0

i

\\\\.l,//// We require that the pain field component be along
; | | '
|

+y. This means that a current block in the first
quédrant has current flowing into the paper. The function Bo ﬁas'poles at 90°
and 270°-A Since By-is positive in the figure bo must also be positive. This
- means that the function Bo'mustvbe positive in the first quadrant. We can
construct a picture of gée multipole sampling by alternating the sign of the

~ sampling function each time we pass a2 pole a2and then reversing all the signs on

the left hand side of the magnet to take into account the reversal of current




direction on that side. Such sampling figures for multipoles with n < 6 are

shown in Figure 1. It also follows from Eq. (1) that

a |
B.= I a x . ¢))
n=o0

If we consider Bx at the origin then only a  can contribute. The poles of the

ao sampling function are at 0° and 180¢°.

A current block in the first quadrant
u
¢

AT will generate a negatvive Bx’ which implies that
A

//+ 1 _?%% ~a_ must be negative. This requires that the

/ i v/

T ! L :

i ! - ey X first quadrant sampling function be negative.
: i

U I

. ‘ The signs of the remaining three quadrants are

[
I

determined as above.

(I) Left-right symmetry

In this case we czn write the current density as
39) = -3 (7 - ¢) (8
Tne ninus sign arises since the current in the right and left halves of the
magnet travels in opposite directions. We will explicitly calculate the effect
on Bn to demonstrzte the technique. Substitute (8) into (4) and adopt the

. notation n = n+l

/2 _ 31/2 . _ |
Bn(¢) =,.g j(¢) cos np d¢p + .{ (=) j(m-¢) cos no d¢ (9)
-/2 /2 _

f we made the substitution 6 = 71-¢ in the second integral we get

-n/2 _
I,= - ( j(8) cos n (m-8) (-de)

J /2

w2 _ o

= - ' j(8) cos nm cos nd de
-n/2

()




Substituting back into (9) gives

w/2
B_(¢) = J' j§(4) cos n¢ (1 - cos(n+l)1r)d4>

-n/2
/2 _ X

- ZI j(4) cos n$ d¢ (n even) . Qo
-n/2 ' ) _

= 0 ' | . (n odd)

Thus we see that the presence of>odd bn terms reflect a left-right asymmetry
in the current density distribution.

-
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Similarly if we substitute (8) into (5) we find that

w/2
2_(3) = zj. j(¢) sin né do (n 0dd)
-n/2 ; : )

(11)
= 5 (n even)

It follows that even 2 teérms also indicate that the magnet doesn't have

left-right symmetry.

(I1) Up-down symmetry

If a coil is up-dowri symmetric we must have
3(8). = 3(-¢) , (12)

Substitutitig back into (4) and (5) we find that

w P
B (¢) = ZS j(9) cos né dé (all n)
n o ‘ (13)

% A (¢) =0 : '. (all n)

We see that the presence of any a  term would indicate an up-down asymmetry.




(III) Parity symmetry

Finally let us consider the symmetry
Jo) = -j(=r¢) - (14)
This symmetry would arise if the magnet were constructed from identicél

(but possibly asymetric) coil halves.

We find that

ﬂ . L
Bn(é) = 2;[ j(¢) cos np dé (n even)

° (15)

= 0 (n odd)

a_(2) '5(¢) sin n¢ dé (n even)

]
~
k-—.-\
o] =3

(16)
=0 (n odd)

Th?s czse shows tha%, although the .presence of an cdd a, term indicates

an up-down asy:metiy in the magnet, iF doesn't follow that_the absence of
odd a, terms indicates that the magnet is up-down symmetric. As an e*ample.
consider ﬁhe followiﬂg current distribution
which is grossly up-down asymmetric but

hwhich has all odd a equal 0 since it has

parity symmetry.

These symmetry considerations lead naturally to dividing the multipoles

into four classes.

TN




6.

(1) Even b . These are the allowed terms. We see that b° is sampled
: positively everywhere meaning thaﬁ all the current density coﬁtfibutes to the
E | dipole field. The size of the sextupole (bz) tern depend; on the relative |
amount of current.density within:30o of the midpléne as compared to the
current density outside this region. |

(2) 0dd a . This is the most likely class of forbidden terms which
would not be present in a perfectly symmétric magnet, We see that ;hése
terms can arise if the current density is not symmetric up and down with
respect to the nmidplane. These terms will be present if, for example, the
two coil halves have different sizes. |

(3) gég_éﬁ. The#e forbidden terms reflect a left~right asymmetry in
the magnet. Left~-right asymmetries are more unlikel& than up-down ones buf

could arise if, for example, the molding fixture or pusher pieces were

asymzmetric,
(4) Evem 4 .. Ve have seen that these terms are forbidden for both
———

left-right znd up~-down symmetric magnets. It follows that if these terms
are present the current distribution must be both left~-right and up-down
asymmetric. However, these terms may be equal in importance to the odd

bn terms since they are allowed by the parity symmetry.

2. Magnet Design ,
A cross section of the current ISABELLE dipole design (R. Palmer,

TLM=-22) is shown in Fig. 2. The design values for the iron enhancement
factors En are.given in Table 1 along with the design values of the
pultipoles. In this and the following tables we will list the quantity

b - itself but express the other multipoles in the form
o .

-




bn n 4

n
o
a | a”n
I <] n 04
an bo (4.4 cm) x 1

3. Radial Varijations

In this section we will examine radial changes in the current
distribution, keeping the azim;thal distribution fixed at the design
values. We first consider the influence of the radial dependence of the
current density on the multipoles. The current ‘density given in Eq. (3)
is strictly valid for a rectangular cable laid around a circle. It is also
valid for s keystoned ceble if the wire density within the cable fa}ls off
like 1/r. Cross sections cut through the cable show that this is approxi-
marely trus. A true monolithic keystoned cable on the ofher hand should
nave the curreszt density |

I

S 3(z,¢) = (18)

t(ro-ri)

Presumabliy the zctual current density distribﬁtion lies somewhere between
Egs. (3) ané (18), In order to see how sensitive our results are to the
form of j(r) we have recalculated the radial integrals using Eq. (18).

The shifts iﬁ the multipoles are given in Table 2. The largest effect is

on the sextupole but no shift is very significant. ‘We conclude that we

- are not sensitive to the exact form of j(r) and exhibit multipoles calcu-

lated from Eq..(3) in the remainder of this report.
We have considered five perturbations to the radii given in Fig. 2.
L Increase r_ . by 5 mils. Keep T Ar, and R at the design

values (Ar is the radial width of the cable).
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(2) Increase r,_ by 5 mils keeping ;o .Ar, and R at design

in ut’

values.
r

(3) Increase Ar by 4 mils keeping r and R at design

in® “out’

values.

(4) Increase R by 5 mils keeping ;in’ T _, and Ar at design

out

values.

(5) Decrease R by 5 mils keeéping T n’ T

out? and Ar at design

values.
The results are given in Table 2. We see that the multipoles are
relatively insentitive to reasonable variations in the radii. The

largest efiects occur in the sextupole term. The most semnsitive para-

"

Deter appears to be the mean radius of the inner coil.

izuthal Variations

Ia this section we will consider various perturbations to the
azimuthal current distribut;on. The radial dependence is fixed .t the
design valuaz, We first considered the effect of using large current
blocks in the azimuthal integral. The actual current distribution consists
of many thin wedges of conductor separated by insulation layers. The
program was modified to sum over individual conductgrs. It was assumed
that there are 4 mils of insulation on each side of the conductor when it
is compressed in the magnét. We found that the lafée block approximation
was extremely accurate, The largest deviation occurred in bz', which
decreased by .0l1. The reason for the good accuracy in the approximation
is that, evan though the fraction of the azimuth that is integrated over
is incressed, the current density is proportional to 1/t and t also

—

increases.




Now consider the changes in the multipoles that arise from errors
in angular positions or wedge sizes. Figure 3 illustrates thé.parameters
that have been varied. All of the perturbations listed below involve a
change of 8 mils which corresponds to .167° for the inner coil and .150°
for the outer coil.
(1) Post angle, The ioner aﬁd outer post anéles have been
separately increased by 8 mils. Note.that this error is only
introduced at the ang}e indicated. Results for symmetriec
errors can be déduced from the symmetry relations-in Section 1.
Ié was assumed that the ufpér post angle, the copper wedge size,
arnd midplane shim size remain fixed aﬁ their design values and ::
the coil blocks share the 8 mil compression préportionately.
Th2 results are indicated in Table 3.

(2) Micplane shim size. The inner and outer midp;ane shim sizes

'have been separately iv-r>ased by 8 mils.* It was assumed that
the post angles, and copper wedge sizes remain fiﬁed at the
design value and the coil blocks share the compression propor-
tionatély., The results are given in Table 4; Note that this

. perturbation decreases all the b; and dOQ§ not affect the a;

- (3) Copper wedge size. One of the inner or outer copper

vedge sizes has been increased by 8 mils.' It was assuﬁed that
the post angles, midplane shim size and other'copper ngge sizes
reaainéd fixed at the designlvalues, and that the coil blocks
share the compression proportionately. The results are shown

in Table 5.

—

* that ie¢ 4 mils were added to the wedge above the midplane and 4 mils
were acced below the midplane '




(4) Copper wedge angle:. The angular position of one of the inner

oxr outer copper wedges has been moved 8 mils closer.to the mid-
plané; The post apgles, shim and wedge sizes, and wedge positionsﬁfii'
in the other coil are fixed at their design values. The coil block
below the wedge is expanded by the 8 mils while the’ 3 coil blocks

above the wedge are compressed proportionately. The results

’ f are shown in Table 6.

(5) Midplane shim angle. The angular position of the midplane

shiﬁ.of one of the coils is increa;ed by § mils toward the upper
post. The poé? apgles, shim and wedge sizes, aﬁd the other mid-
piane shim are fixed at their design values. The 2 coil blocks
above and below the midplane are compressed‘o; expaﬁded propor-. 
ticnztely. The results are given in Table 7. Note that this

erTor has practically no effect on the b' terms but can fairly
; ~

s r
e2sily generate a large a’ term. ' L
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Table 1. Design Enhancements and Multipoles

Inner Coil

E
1.645
1.417
1.269
X.17%4
1.112
1.072
1.047
1.030

1.019

Outer Coil

En
1.809
1.655
1.530
1.429
1.347
1.281
1.228
1.184

1.149

b'
n

15.1060
0
-11.02
0

- 2.56

11
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Perturbations

Decreasa R

—

Table 2. Multipole Changes for Radial
]
&b, 8b, Ab, b} bbg
Torm of j(z) -.0025 +.45 -.07 -.01 +.02
Increase T -.0004 -.25 +.06 +.01 -.01
out :

‘Increase T, -.0013 +.53 -.10 -.02 +.02
Increase Ar +.0001 -.01 .00 .00 .00
Increase R -.0073 -.19 +.03 +.01 .00

+.0073 +.19 . -.03 .00 +.01




Table 3. Multipole Errors from Post Angle Error

Inner Post

Ab;
+.0033
+2.47
+ .62
_ s
- .36
+ .05
+ .12
+ .02

- .03

-—

Aa'
n

~4.21

-1.11

+

+

.93
.60

12

.22

.02

.06

002

Out;r Post

s, ta,
+.0012 -2.77
+1.26 -2.06
+1.02 - .82
+ .53 - .09
+ .15 + .12
- .02 + .09
- .05 + .02
- .03 - .02
.00 - .02
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Table 4. Multipole Errors from Midplane Shim Size

Inner Shim

-n - Abx;-

0 -.0017
1 _ - =1.96
2 -1.61
3 - - .93
4 | - 46
5 . | - .26
6 ' - .18
7 - .12

8 - .07.

—

Outer Shim
~ Ab!
n
-.0005

- .69

- .03
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Table 5. Multipole Errors from Copper Wedge Size

Ab?

n
+.00
42.31
+ .90
- .31

- .46

- .09

+ .14
+ .09

- .01

Inner Wedge
Aa'
n

27 4.14

Outer Wedge

ab!
n

+.0003

+ .36

+

+

40
.35
.25
.15
.08
.03

.0l

pat

n
-2.09
-1.89
-1.1¢
- .56
- .19
- .02
+ .04
+ .04
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Table 6. Multipole Errors from Copper Wedge Angle

e
Inner Wedge Outer Wedge o
! pa! ab! sa?
+.0031 4,31 . +.0008 -2.86
+2.47 ~1.34 + .94 ~2.35
+ .79 + .56 ) + .86 -1.20
- .43 + .72 + .55 - .39
- 43 - .0 T+ .26 - .03
- .02 - .26 + .09 + .06
+ .14' - .08 +.01 4 .05
+ .06 + .06 - .01 + .02
- .02 + .05 | .00 + .01
| ~
- C




Table 7.

Multipole Errors from Midplane Shim Angle

- 17 -

Inner Shim

Ab!
n
-.0001

oll

- .04

+ 01

+ .01

.00

- .01

.CO

+ .01

Aal
n
-4.91
=3.40
-1.21
- .17
.00

- .06 "

Outer Shim
Abt'l | Aax;
.0000  -2.89
_.06  -2.60
-.04 -1.62
-.02 - .82
-.0l - .36
.00 - .14
.00 - .05
.00 - .02
.00 - .0
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