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CALCULATION OF EDDY CURRENT EFFECTS IN THE VACUUM

CHAMBERS OF THE BOOSTER SYNCHROTRON
QUADRUPOLE AND BENDING MAGNETS

by A, A¥ner

1. SUMMARY

The magnetic field and field gradient distorsions due to eddy currents in
rectangular and elliptic vacuum chambers of the Booster Synchrotron bending

magnets and in a circular chamber of the quadrupole lenses have been computed.

The field distorsion in the bending magnet at.a main field rise of 7 5 =
mes

7 kG in 100 ms - corresponding to half of the actual PS energy gain, is important:
The maximum relative field error at injection would for a 2 mm stainless steel

rectangular or elliptic vactum chamber amount to — 0,8 o/oo0,

. The, situation in the quadrupole lenses is more convenient : The first order
eddy current field is an idealiquadrupoléf field. The higher order terms, due
to the imaged eddy currents give a relative gradient error at injection of less

than -2'0/00, this at 80 oo of the aperture. '

In order to reduce or compensate the magnetic field errors, the main field
rise time should be increased beyond 600 ms.3:Shou1d this for other reasons not
be possible, ceramic vacuum chambers or eddy current compensating d.c. windings
could be placed on the bending magnet elliptic»or rectangular vacuum chambers,

AN
N

reducing the effective gap by 6 ... 10 mn,
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2. EFFECT OF CIRCULAR VACUUM CHAMBER EDDY CURRENTS IN THE BOOSTER

QUADRUPOLE LENSES.

We assume a circular vacuum chamber of radius r(m), wall thickness & (m)
and conductivity = (Q-1 m—1) placed in an ideal quadrupolar field Bo(r),g.r
V )
(“E%“). The field rises linearly in time, so %%sz cons t.
Applying in accordance with Fig. 1 Maxwell's equation in cylindric

coordinates :

= - S 0Bo 1 O~ - -1 .;d;g.ﬁ
I'OtE-rot EZ——E‘?:—‘%(\Q\\%?) I‘d(P ¢ o (1)

and taking into account that only the B, - magﬁétic field component contribu-~

tes to the creation of eddy currents in the chamber, - see Fig. 1b :

l&:g@gsinz?(p e« o o (2)
r 0¢ ot

" 'The eddy current density is then :

K dBo
i) =rox. %%2 / sin dp = — E ; sk cos 2¢ (3)
©
and the eddy current :
—r2 dB
I (9) = i(9).8 rdp = —5— = & = 008 29 dp - ()

This current will in accordance with Fig,., 2 create a magnetic field By:
. ﬂ PN N

n = | s (rcose-x) cos 2¢ S
) R ETE .
_ , r re+Xc-2rx cos 2¢
with ”
o M= £ dBo ’ :
M= 5 8 T e (6)

After some computation one obtains (1) :

By = <M = [ 5] | ce e (7)
and’ for the‘gradient : '
‘ ‘ = QEZ = - ﬁ;ﬁéﬁg=%§§, [VS] (8)
ge.C. ox 2+ m3 ] e & o
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which corresponds to an ideal quadrupolar field opposed to the lens main field,

dBo
dt
100 ms), & = 0,002m, x = 10*6(0 -1 uB (stainless steel) one finds :

Introducing the following numerical values : = 2,5 -g; (2,5 kG in
jul

-3
B -5 Vs <A§_ _ 1,507
oo™ 1,5 . 10 “;;’, g o = 1.0 = i,S 0/23_

We will now calculate the influence of the imoged eddy current terms. To

do this, we use the conformal transformation :

w=u-+ iV = Z2 = (Xﬁiy)z eesersavvasecne (9)
yielding

u = X2 —y2 ecveserevressenen (lo)

V:2Xy ...'.."’~.‘...'. (ll)

Fig., 2 shows the imaged eddy current density distribution in the w-plane
along a half circle :

2

u + (2vO - v)2 2

=p . e : LI B BB R I I N Y (12)

In accordance with Fig, 3a one obtains for the coordinates of the imaged
current in point Pi (u,v)

2
u = X‘ had Y'Z = p COS¢ cev s esv000ms00000 (13)

v

il

QX' y’ = 2VO - P Sin¢f s s0penveenser (14)

From eq. 13 and 14 the corresponding real plane coordinates x!, y' of the

inmoged eddy current part can be found for different values of ¢ (°<¢<9O§)-

Fig. 3b shows the obtained location of the imaged eddy currents in the original
x-y plane. In order to evaluate the corresponding gradient error, the original
eddy current will be quantized and assumed concentrated in three points corres-
ponding?to 91 = 7,5° (for thergufrent between 0% ¢ <15°) oo = 22,59 (for 15° <
9<30°) and to g5 = 37,5° (for 50°< ¢ < 45°),
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- The amount of these currents can be calculated from equation (4) :
¢

I = /ﬁi r2 & B0 cas2pde
Lo | -7 % 0082
ey '
= 2 s 3Bo_(sin2g,,- sin2e,) (1
RRAE at e ; 1 s s o » 5)

Introducing the former numerical values one obtains the following values

for the quantized imaged éurrents H ==3,12 A -vlocated atiy' = 3,6 cm,x! =

I
A U ] , : '
6,0 cm ~-, I902 =-2,28 A - located at y' = 3,17 cn, x' = 5,2 cm, and ICP3 =-0,85 A -

located at y' = 3,3 cm, x' = 4,1 cm ;

These currents result in field gradients, which can in accordance with

Fig. 4 be calculated from equation (16) [ 2]

9By _ 4luo \ K =Lyt o=l
g= gzlAﬁ.ﬁ.fzxk/;(hk~5) (=1)"cos[ (4k-2)(E - ten §?>} .<%§ ... (16)
=

In our case, introducing I ... I one obtains for the relative gradient

3
error at injection and at x, = 0,8, r (80 o/0 aperture) :
A .
<—g§> == 1,77 %
inj »
'XO=O,8T

This is a. small error which can be tolerated in the booster gquadrupole

lenses. No special vacuum chamber eddy current compensation is thus required.

5. EFFECT OF RECTANGULAR OR ELLIPTIC VACUUM CHAMEER EDDY CURRENTS IN BENDING

MAGNETS.

3.,i.) Rectangular Vacuum Chamber.

Fig., 5 shows a réétangular vacuun chamber with a wall thickness & (m),

conductivity x ( ot mfl) placed in a uniforn magnetic field B ( E% ), rising
‘ ] n
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linearly in time, so=aim(;g) = const., The vacuum chamber is placed in the
gap of a window frame magnet with the upper and lower walls on the iron

surfaces,

To find the eddy current field distorsion for this case, only, the currents
in the tup and bottom horizontal chamber parts have to be considered; in the
vertical walls a constant current will flow creating at any instant an
opposite sign,uniform magnetic field in the gap, thus reducing the amount
but not disturbing the field hbmogeneity in the gap.

Applying again Maxwell's equation, now in Cartesian coordinates and
putting the condition 2 Ie = 0, a linear eddy current distribution in the

* .

chamber horizontal parts is obtained :

I(x)= -5 = %% ax o(x-5%) [a] c e (17)

The magnetic field ABy(xp) due to this eddy current and its images -

see Fig. 5 - is given by :

k  Xo aB
N 2o Cx Xo dx
imy) =) [ = BTG B0 (o) 18)
vy P ZZJ , T 2V (2n+1)2h2+(x0—x)2 (
n=o0 O

yielding

< Dbz S 2xp=%o (2n+1)2h2+(x -X )2
1B (x ) = T, 2608 FE (141, %¢n 2 1% %)
v p /. L (2n+1)“h +x§ ‘
=0

-1 Xp=X -1 X
=P 0 . P o o s
+(2n+1) .h(tan (oei)n tan (2n+1)h) ; (19)

The maximum effect is obtained in the gap center for x =X .

2
X 2o 6x %% Y%i 1 % ( )
= £20)- . LRoCZ 4t - 14Y o]y o - > e 0 20
ABy (xp = 5%) - Zgm)xo 2(2n+1) *hetan ST Th
max :

n=0

The minimum effect is obtained for xp = 0, OT xp: %X, (corners) :

k aB

. i 2.2 2
iB (X ) 0) ) \ ) iﬁiﬁm 'Ek+1 )Xo- %C..Q. in (2n+1 12 h?2_+Xo -
Tin P L T (2n+1)“.h

- -1 %
(2n+1) h. tan Em] o o o (21)
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'Ihtroduéihg’numericai values for the proposed Booster Synchfotron
.. . L , 4B \J . .
bending magnets It = 7 5 or 7 kG in 100 ms;

h=3.10"%m, & = 2 .1072n, = = 10° 0" "Bin4=0,15 Y8 or 1500 G one cbtains
m

[t}

- for (ABy)max -1, 17_10—3 ZE .

. m2
) -3
<§§1 ) 21707 43 g
Binj max- 0,15 i TSmomm=
end  (MBy) = -5 . 1070 8-
min m
<ﬁ§l > = - 0,3 %
: Binj . ===m==
min

The By . f (xp) diagram is shown on Fig, 6,
Binj

3.ii) *Elliptic vacuum chamber

Fig. 7 shows an elliptic vacuum chamber of constant wall thick-
ness 8 (m). To calculate the eddy current effect for this configuration
a concentrated current IX will be supposed for every vacuum chamber element
of length Ax and of effective (vertical) and variable thickness § (x) :

I(x) = - %%. Ax o x o X . B(x) [A] . e . (22)
The magnetic field ABy(xp) in point xp is then given by
- .. Xn .o ) v I Z .
L N T P LT (% Xn - X - ‘
AB (x ) = ?;1 {.‘;1 (%) wo ( 2y 5 } SN (23)
779 =) L/ T [(omy)Pe(ap-m) 2]
-Xn n=1
The maximum field error is again obtained in the center
(x =O) : . .
P Xn e ; ‘
e Ve : )
BB (x_=0) =S [\ _2L(x) .o x T ()
A /UL ﬂ(2nh—y)2 + x° J
b n=1
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Introducing the numerical values for I(x) and & (x) in accordance

with Fig, 8a, and the same values for h, =, 5? and Binj as on page 6
one obtains : '
ABy = -1 ,16.10° ( ) <BmJ> == 7,7%
mx max
and - Vs AB .
/ ABy = 5.10 E?) R <§;hj o= 3, 3%
“in

The é$¥'= f(Xp) diagram is shown on Fig., &,
ing
The above field errors are too high - they are probably excessive
even at a 600 ms - rise time - and should be compensated. The most efficient
compensation consists in placing adequately insulated, d.c. carrying con-
ductors along the rectangular and elliptic chambers. The compensablng

currents could have a distribution shown on Fig. 5 and 7.

An interesting possibility for reducing the field error due to
eddy currents in an elliptic chamber may consist in making the latter with
Ay . .
variable wall thickness. A line current density I, (ﬁ) in accordance with
Figs 9 :

= o cosq’
]i = gonst, — e (25)
/1_ a“-b 0052(;)'
N a2

would give an ideal dipole field in an iron free space or for a configura-

tion with iron placed immediately around the current sheet [5,&]. If in
our configuration the projected (vertical) thickness follows the right
hand side of eq.(25) a dipole field is obtained for the main, not imaged
term, The imaged term compensation could, for example, be found by
analogue plate model measurements., As a practical example let us consider
an elliptic vacuum chamber with a maximum vertical thickness of Smax =
5.10’3m; at ¢' = 80°, one would obtain 8800 = Smin: 3,8.10—4m, as the
chamber cannot be made with a final thickness 8 = 0. The error due to this
approximation could easily be corrected by small current carrylng strips
in accordance with Fig. 9. For 2a= 0,14 m,2b = 0,06 m and == 7 the
correcting d.c, current would amount to Icorr: 35 mA.,

A, ASner
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