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Abntrnct

For rapid cycled accelerators eddy currents

Induced In vacuum chambers (VC) nre ty pI on 11y the

dominant source of systematic and random field aber-

rations. Complex thin wall VC are expensive and

dellcntc where bnkeout In r<-<|ul ri'd, an In the A'!S

Booster undor conn I: m e t Ion. ' Thick wall VC are

rugged rttul economical but produce largo oddy cur-

rents. A "Self-Correction" concept ban been devel-

oped und tOHtud whl.c.li COITIM:LM aul.oniai U-.;i I ly l>v

transformer action, even for variable rt cycle«.

CoilB attached to the outside of the VC cancel eddy

current aberrations over the entire "good field"

aperture. The (Inexpensive) correction col In follow

the local contour of the VC, so large transverse VC

movements are tolerated; both the aberrations and

their corrections have the same displaced coordi-

nates. Experimental results are presented for

Booster correction coll designs domonstratIng both

self-correction and excitation by a separate powur

supply. Analytic ruHults appl I oi1>!i' to I lie H O O H L I M

and other fast cycling accelerators arc discussed.

The eddy current field aberratLons induced In a
pre-production full size vacuum chamber Inserted In
an AGS Booster^ dipole have been successfully elim-
inated by the "self correction" colls attached to
its surface. The voltage Induced In a two-turns per
pole "back leg" winding Is sufficient to supply the
necessary current through the correction winding. A

T h e n<> 1 f - c o r r o o t 1 o n c o l l n f o l l o w t h o t r i e m l n -
tlon;) and rotations of the VC Itself, so tbeisii er-
rors are automatically corrected for. Soxtupolo and
lilp,ln?r L"Mint) an; removed at tho source. This fe.i-
ture Is not available when separate correction mag-
nets are used.

Tin1 Moontor lian fully dlatrlbuUcd chroma t Ic I ly

I'.oiiirol noxLupoluH tu Lliu luttlco. Them? uro uttong
enough to correct In first order for the VC eddy

cut ii'iil nbi<r rnl I onii. H o w e v e r , "no 1 f-rror r or. (' 1 o n "

provides an Inherently superior additional parameter

for optimizing Booster performance. The goal is to

obtain the very highest intensity of protons from

Che AfiS complex. Minimizing non-linear errors to

give bench-nark lattice optics close to its design

parameters Is desirable for maximum acceptance.

Controlled non11 nearIty can then be Introduced oya-

tematlcally to maximize high current performance-

Computational Studies

The self-correction concept was first tested

experimentally using a short section of model VC.

Simple empirically located current corrections

quickly demonstrated large reductions In sextupole

by transformer action.

This success led to a rigorous design using

the computer Code "POISSON".



tuchroraetfTreattached In series provides adjustable
resistance for current control.

Discussion

The (curved) 10° dipole magnets of the Booster
require curved vacuum chamber. High intensity
proton acceleration requires rapid cycling with
dB/dt up to lOT/sec. Heavy ion acceleration re-
quires high vacuum fabrication techniques for the
Booster vacuum system, with bakeout capability.
Thin walled VC are costly and complex. They are
also less rugged than standard thick walled VC.
Since the average eddy current fields are propor-
tional to design wall thickness, the simple thick-
walled, self-supporting VC have larger eddy cur-
rents. Chamber-to-chamber variations', due to wall
thickness, conductivity and geometrical tolerances
produce random eddy current field variations. For
thick walled chambers random variations can be finite
well controlled.

Actually, unit-to-unit random va: >tlons can
also be removed with the "aolf-corroc on" nynii'm,
based on fl«ld measurements.

Thick walled Inconel VC wore chonon for tho
Booster1 dlpoles. The VC eddy currents urn the
largest source of nonlinear field errors for the
rapid cycle proton need ornt Ion. Tho VC have much
larger tolerances than the Iron magnet cores, so
Unlt-tO-unlt variations can be larger for VC' geom-
etry and location. Tho curvature, combined with
thermal insulation hlankuts nn<\ hnkoout capahllltv,
result In a situation whore VC movement Is hard to
control.

*Work performed under the auspices of the U.S.
Department of Energy.

Figure 1 shows the AGS Booster vacuum chamber
cross section. Figure 2 shows the VC approximated
by a large number of current elements which were
used for the P01SS0N calculation. For a given dll/dt
la a dipole field, the voltage applied to each ele-
ment of current Is proportional to Its horizontal
position, where xB0 is the center of the chamber.
The position x, the area of the elements and Its
conductivity define the current for a given dB/dt.
The sum of the fields produced by all elements then
should predict the VC eddy current field.

The second step was to look for a simple con-
figuration, with minimum number of turns, which
produced the same nonlinearlty as the VC itself. A
"two block" configuration with 3 turns per quadrant
was found. This correction geometry is shown in
Figures I and 2.

Each copper turn is insulated and sheathed in a
stainless steel tube. This type of Insulated con-
ductor Is Industrially available. The outer tube is
spot welded periodically to the VC (Fig. I). The
ili.'ta 11 <!<! count; rue t Ion will be done rl bod elsewhere.

8.09 cm

Fig. 1. Booster VC with correction coil.
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(2) 2 TuflNS AT I'OLT MAST
( T O P t B O T T O M ) IN S L N l L S
WITH 3 TURNS ON VC
(TOP*B0TTQM)

Ftg. 2. Computer simulated VC wltli correction coll.

The ugruoment of couipulud VC ivldy cuifouL fl^ld
and experiment is excellent. The top and bottom
8urfac«H of Uu; VG produce mainly ncxLii|»i) I <' (plvm
dipole). The correction removed the Hoxtupole ns
well as suppressing higher moments. It only par-
tially cancels the dipole.

The computed VC eddy current field variation on
the horizontal mldplane (HMP) Is shown In Vlg. "i In
curve (a). Tho corrected field nonlinear I ty shown
In curve (c) Is better than a purely sextupolar
correction would be (curve (b)).
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I'lg. 4. I'OISSON computation of VC with correction
off the JIMP.

Experimental Results

A long curved search coil penetrated the proto-
type VC In the Booster dipole magnet.

The magnet was fast pulsed with a current ex-
citation approximately that required for proton
acceleration. Figure 5 shows (curve 1) the vari-
ation In field with radius on the HMP. The (cir-
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Fig. 3. POISSON computations of VC and correction
on HMP.

The two location correction coil will produce
field bumps immediately adjacent to the current
elements. Figure 4 shows that these have a very
small impact. Consider an injection beam size ver-
tically of ±2.54 cm. This would shrink to ± 2 cm
by O.25T, where l5/B is maximum. Note that the in-
jected beam vertical size is expected to be smaller
than this aperture limit assumption. Similarly the
full radial aperture of ±7.6 cm at injection would
have shrunk to ±6.1 cm by O.25T. In fact, the
horizontal bump injection mechanism considerably
limits beam width below the full aperture width.

cled) point at r - 0 is arbitrary or normalize*
(<ll pole). McmiurtMncntH mntlo prov lonely without i\ VC
show a very much smaller radial variation. Thus the
large nonl Inuar I ty which Is predominantly sextupolar
In M H O i.o M i e VC.. T'li I ii u n c o r r o c t ofl rcniilr. W I N oli-

tnfncd at ft - UT/sec.

The VC correction coll wan first powered with a
small auxiliary power supply. The field produced as
a functLon of radius was measured with the long
coll. It was observed that a current of about 20
amps was required to produce a field variation equal
and opposite to that produced by the VC alone.

Figure 5 (curve 2) shows the effect of con-
necting the self-correction circuit. A variable
sue Lea resistor Ls aet to the proper value. Since
ft/B max occurs at 2500 gauss, the field is every-
where flat to 1 x 10"'* by transformer action
throughout thla fust proton cycle.
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Fig. 5. Uncorrected and "Self-Corrected" field at
B - l l T/sec.



I ' t g u m i> c o n t a i n s t h e n a m e I n f o r m a t i o n h u t i ' o r
a t e n t Lmot» l o w e r r l n o r a t e . Tin* t o n c l i m v i n u ) : \ l h > r
VC e d d y c u r r a n t n p r o d u c e d a r e n i l I I c o r r e c t e d , ! » • -
c a u s o t h o c o r r e c t i o n t » I n d e p e n d e n t o f r l n « r a t _ o _ .
T h e H o r l o r t r o t i I n t a m ' p I n n o ! C I U I H K 1 " ' - T h i n p r ' o v I I I M M

ft g r o t s i m p l i f i c a t i o n t o M o l d c o n t r o l d u r i n g p r o -
t o n a c c e l e r a t i o n u l i i c e t h o H o o u t i ' r w i l l h a v e a c o m -
p l e x o x c l t a t l o n c y c l e , w i t h l a r g e C I I I U I K O H o f ft.
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Fig. 6. Uncorrected and "Self-Corrected" field at

ft = 1.1 T/sec

F i g u r e 7 shown t h e " s e l f - c o r r e c t e d " f i e l d

i'or uooutur proton fas t c y c l i n g , I n j e c t i o n
ooeurn nt 0 . H)T Mild e j e c t i o n lit 0.56T. dU/dt It)
only I .VI ' /HI ' I 1 'it I n j e c t i o n , r I u I nx, to HT/m>c by
0.2rjT, which occuro about 30 mlll lf lec I n t e r . Since
i lin V0 i I inn CDIHII nut In iihort', t « O.V) ml 1 I I IUV. ,
the r;iti> of change of dli/dt 1« a d l a b a t l c . The t lm;
coiiHtant of Lho VC c o r r e c t i o n c i r c u i t In nouiuwlwit
nlmrtor ilxin Mini- of the VC itMolf. S t i l l Cho coin-
Id nud ren|)Oi\H« Is Vaster than that ot the chamber
a lone . While not Important h e r e , for f a s t e r cycled
a c c e l e r a t o r s t h i s could be h e l p f u l . Indeed, by
add I ng nomi! Horlort Inductance the two time cons t an t s
c.DiiliI he imitcluul, providing yot anotl-cr advuutnge to
"so 1 f - c o r r e c t I o n " by t ransformer a c t i o n .

With th<! rtlmple c o r r e c t i o n used, the d ipo l a r
Lerm of the VC eddy cur ren t i s only p a r t i a l l y cor-
r i 'c t i 'd . The ilIpolftH and both quadrupole s t r i n g s
wil l n i l c.ontii I n VC. TtnnnducurH nifamiro tho fund/i-
mi'iiLal compoiu'ntu In a LI t h roo . luldy cur ronto In
the magnets and VC, as well a9 magnet iza t ion in the

]t n i-m* I I I hii I i' I it I l ium' P i| lid 'imp 111 ,i 1 f I r> 1 <] q : I

to dLpolar In the dlpoles and quadrupolar In the
quadrupoles. Servoing of power supplies controls
the tracking or tune of the machine. The purpose of
the "self-correction" Is to suppress sextupole and
higher moment aberrations.



shape, run at three different rise niteH. it IH
Clear that this system easLly removes VC eddy cur-
rent field non-linearities.
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This method can be extended to more elaborate
corrector designs. In sor.e cases printed circuit
technology could be employed. Fast cycling machines
can benefit. For some Intermediate frequency ma-
chines the method might extend the frequency range
of aluminum VC, for example.
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