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For rapid cycled accelerators eddy currents
{nduced 1{n vacuum chambers (VC) are typleally the
dominant source of systematic and random fleld aber-
rations. Complex thin wall VO are expensive and
delicate wherae bhakeout tu required, an I the AGS
Rooater undar conatruction,’ Thick wall VG are
rugged and economleal but produce large eddy cur-
rents. A "Self-Correction” concent has bheen devel-
opad and tamted which corrects nutomntlcally by
trangformer actlon, even for varlahle B cycles.
Coils attached to the outside of the VC cancel eddy
current aberrations over the entire "good field”
aperture. The (Inexpensive) correction colls follow
the local contcur of the VC, so large transverse VC
movements are tolerated; both the aberrations and
thelr correctlons have the same dlsplaced coordl-
nates. FExperimental results arc presented for
Booster correction coll designs demonstrating hoth
self-correction and excitatlion by a separate power
supply. Aaalytic results applicable to the Boonter
and other fast cycling accelerators are discussed,

The eddy current fleld aberratlions induced In a
pre-production full size vacuum chamber inserted in
an AGS Booster! dipole have been successfully elim-
inated by the "self correctlion” colls attached to
its surface. The voltage induced in a two-turns per
pole "back leg” winding is sufficient to supply the
necegsary current through the correctlon winding. A
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The nelf-correction colla follow the traasla-
tions and rotations of the VC itself, so these er-—
rors are automatically corrected for. Sextupole and
hWigher termn are removed at the source. Thig fea-
ture 1s not avallable when separate correction mag-
nets are usged,

The Boovster hasg fally dlstrlbuted clhiromatliclty
control gextupoles In the lattice, Theso ure wtrony
enough to correct In first order for the VC eddy
curvent abervattonn,  lHowover, "aclf-carrection”
provides an Inherently superior additional parameter
for optimlzing Booster performance. The goal Is to
obtaln the very highest Intensity of protons from
the AGS complex. Minimizing non-linear errors to
give benchmnark lattice optics close to {tg design
parameters s desirable for maximum acceptance.
Controlled nonlinearity can then be Introduced sys-
tematically to maximize high current performance.

Computational Studies

The self-correction concept was flrst tested
experimentally uslng a short section of model ve. 2
Simple empirically located current corrections
quickly demonstrated large reductions in sextupole
by transformer action,

Thls success led to a rigorous deslgn using
the computer Code "POISSON™.



n!cgrome wire attached in series provides adjustable Figure 1 shows the AGS Boosgter vacuum chamber

resistance for current control. cross section. Figure 2 shows the VC approximated

hy a large number of current elements which were
Discussion used for the POISSON calculation. For a given dB/dt

in a dipole fleld, the voltage applied to each ele-
The (curved) 100 dipole magnets of the Booster ment of current Is proportional to its horlzontal

require curved vacuum chamber. High Intensity position, where x=0 1{s the center of the chamber.
proton acceleration requires rapld cycling with The position x, the area of the elements and itg
dB/dt up to 10T/sec. Heavy ion acceleration re- conductivity define the current for a given dB/dt.
quires high vacuum fabrication techniques for the The sum of the fields produced by all elements then
Booster vacuum system, with bakeout capabllity. should predict the VC eddy current field.

Thin walled VC are costly and complex. They are
algso less rugged than standard thick walled VC.
Since the average eddy current {lelds 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 fleld varfaticns. For
thick walled chamberg random variations can be quite Each
well controlled.

The second step was to look for a sluple con-
figuration, with mini{mum number of turns, which
produced the game nonlinearity as the VC ftself. A
“"two block™ configuration with 3 turns per quadrant

wis found., This correction geometry {s shown in
Flpgures 1 and 2.

copper turn is insulated and sheathed In a
stainless steel tube. This type of insulated con-
ductor is industrially available, The outer tube iy
spot welded perfodically to the VC (¥ig. 1). The
detalled conntructlon wlll be described elaewhere.

Actually, unit-to-unit random va: tions can
algo he removed with the "gelf-correc "on” aystoem,
based on fleld measurements.
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Thick walled Inconel VG were chosen for the [
Booster ! dipoles. The VC eddy currents are the |
largest source of unonlinecar fleld errors for the _&yre
rapld cycle proton acceleration. The VO have mach ‘fﬁa”’”—
larger tolerances than the {ron magnet cores, 8o !
unit=to-unit varf{attons can be larger for VO geom- *%“"--n— ---------- 6.00 ¢m
etry and location. The curvature, comhined with H
thermal insulatton blankets and bakeout capabiltty, ,\‘1
result in a situation where V¢ movement Us hard to ‘
control. ] Loy
*Work performed under the auspices of the U.S. ! 16.31
Department of Energy.

‘l,l N ) Fig. 1. Booster VC with correction coil.
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Fig. 2. Computer simulated VC wlth correction coll.

The agroeement of computed VO vddy caveent flald
and experiment 1s excellent. The top and hottom
surfaces of the VC produce malnly wextupole (plun
dipole). The correctlion removed the sextupolie as
well as suppressing higher moments. Tt only par-
tially cancels the dipole

The computed VC eddy current fleld variation on
the horizontal midplane (HMP) {s shown in Fig. 3 1in
curve (a). The corrected fleld nonlinearity shown

In curve (c) 1s better than a purely sextupolar
correction would bhe (curve (h)).
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Flg. 4. POLSSON computation of VC with correction

of f the HMP.

Experimental Results

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

The magnet wags fast pulsed with a current ex-
cltation 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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Flg. 3. POISSON computations of VC and correctien
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 0.25T, where B/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 0.25T. 1In fact, the
horizontal bump Injection mechanism considerably
limits beam width below the full aperture width.

(dipole). Measurements made previously without a VG
show a very much smaller radlal varliation. Thus the
large nonllacarfty which {8 nredomlnantly sextupolar
fn dae to the Vo, Thia ancorrectoed ropult wan obh-
tatned av B = 11T/sec.

The VO correctlon coll was flrat powered with a
small auxillary power supply. The fleld produced as
a functlon of radius was measured with the long
coll. Tt was obsecrved that a current of about 20
amps was required to produce a fleld varlation 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
serley reslstor s set to the proper value. Since
B/B max occurs at 2500 gauss, the field is every-
where flat to 1 x 10™% by transformer action
throughout thla fast proton cycle,

INCHES
, -3 - - N b 'y r3
i o B! R t ' nibel el e
@
e @ o) o 0 2 9 ® ¢ 0+
ik
f I 5AUSS J/@&‘
Cl / \
/ Q
/ 5
-1k /
1 /é
vl
=20+ /
/
- 30} ?
/
! )
15
-40

Bz 11 T/SEC (T-UNCORRECTED @~-CORRECTED

Fig. 5. Uncorrected and "Self-Corrected” fleld at
8 = 11 T/sec.



vigurae b contalns the dame foformation but fox
a ten times lower rine rate. The ten times uamalloer
VC eddy currenta produced are stil! corrected, be-
cause the correctton ts (ndependent of rine rate.
Tha marlas rontstance 1 not changed.  Thiw provides
a great slmpliflication to fleld control during pro-
ton accelaration aluce the Boonter will hve o cows

plex excitatlion cycle, with larpge chanpoen of A,
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Fig. 6. Uncorrected and "Self-Corrected” fleld at
8 = 1.1 TI/sec

Figure 7 shows the "self-corrected” flald

ror pooster proton fast cycling, injection
occurn at 0.16T and eectlon at 0H,.5AT. dB/dt le
only 1.4T/wee at Injoctlon, rinlng to 87/aecc by
0,257, which occurs about 30 milllsec later, Since
the VC thee conntant In short, = 0.5 wll | aae,
the rate of change of dB/dt is adlabatic., The time
conntant of the VC correctlon clrcult Lo somewhat
nhorter than that of the VG {tuelf. Still the com-
blued regponse s faster than that ot the chamber
alone, While not {mportant here, for faster cycled
accelerators this could be helpful. Indeed, by
ndding some serles inductance the two tilme constanty
could be matched, providing yet another advantage to
"self-correction” by trangformer action.

With the atmple correction used, the dipolar
term of the VC eddy current Is only partlally cor-
rected.  The dipoles and hoth quadrupole strings
will all contaln VG,  Trannducors meanure Lho Tuanda=
mental components {n all throe. Bddy curronts in
the magnets and VC, as well as magnetization in the
mapnotn corty fhate to thone Tundnmental flelda: oo
to dipolar tn the dipoles and quadrupolar Iln the
quadrupoles. Servoing of power suppllies controls
the tracking or tune of the machine. The purpose of
the "self-correction” ls to suppress gextupole and
higher moment aherratlons,




shape, run at three different rise ravtes. Tt s
clear that this system easlly removes VC eddy cur-

rent fleld non-linearities.

This method can be extended to more claborate
corrector deslgns. TIn sore cases printed clrcult
technology could be employed. TFast cycling machines
can benefit. TFor some iIntermediate frequency ma-

N , . (N ' ) , chines the method might extend the frequency range
R K [ ! “+ =+ 3
L T T AU S of aluminum VC, for example.
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