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Accelerating with solid core magnets 

G. NORMAN, D. REISTAD, 0. JOHALVSSON, 
The Svedberg Laboratory 

ARSTRACT - The CEI.SII!S rin g in Uppsala is a corlthined 
cooler stor:tge ring and slow-cycling s)nchrotrcm The cliplr 
magnets we made of solid (non-laminaicd) steel. Therefore high 
eddy cwrer.~c ar: ir~luced in the steel while the magnr~ic field is 
changed rapidly. A method to eliminate the effects of the eddy 
C~llmmS has ken cfedoped. A total of 24 pnr:mercr5 are coIltrolleil 

by vector tahlci. This means that each poner stlppl>~ can IX 
pr~qrimrneti :o f, ~Ilw~ II spwi!!c ~w-vc during 3 niachirc cyck:. Thy 
main winding gencratcs the dipoic field, hack-leg windines arc USC~ 
10 CoI~ecf the ;iipOk field ill hi: cd InaglletS alld [H)k-face \vkhr~gh 

;ire used to correct the field clisl:‘ihution. These para!WlcrS UC‘ 
lIpdated by art itemtivc procedure &there each iteration includes 
tt]~;lSur~IltCrt[ of “lt2ld arlCl field tli<lriburion durir>g .L mackinr c>‘Clc, 
e;ilculation of differcna2.5 between mzasurcd values and desired 
valucc :lnd c;ilct~ 3ti0n of IIC:~ vcct~ t.112~~ 5~i.h ttat ;f hclti’r rc~llt 
is obtnincd in the ncyt tn;lihinc cyclic. Other pram.%m such 3~ 
quadrulmlc an2 RI”‘-frcqucnc\ arc cslcul,lted tl~rrctly frcm the 
dipole field. A dcscriptim is given nf the huill-in field rtwU’~lrefll~~tt 

sysrent, the (~vrrc*;tiolt windings :txi :IK prc)c;:~l:u-v to prcpm the 
riny for accelcr31~on. 

INTRODUCTION 

The CELSIUS ri~t~ pmduccs cc~olcd and r~ccclerared ions for 
nu~lenr and particle research I: consihtj of four 90° bending bect:)rs 
and four stmight ~cc1~01ts. Tkch quadrant hab IO dipo!c rn;lfn<ts 
with :ilbm:lting gi-adicnts (F-rn:~gnet\ md I>-rriagn~is,) rndc c~i‘solid 
steel. All 40 dipole ruugnets art exited hy a main winding. Thzrc ;W 
;~lso cc~rrcclion fiirtdings. 12 of the rnagncts have t,;tck-leg 
windings to correct the dip~lr field. Four of the tnagnctc in each 
qu;3dr:rn1 haire polz-face windings to correct the field tlistribulion. 
Both the gradisn~. and rhe scxtupole conqtoncnt of tlte field art he 
corrrcted. 

A typical tn:i;tiinc cycle ionsis:i of injccti<\n, ;iccclcralio:l. 
cxpcrirnent and dccct’leratiort. After illjccticln the field shall be 
changed as hst as possible to the field ieccl determined by the 
experitnent, and rcrnain cortsI,utt as long 3s the experimenl 
continues. This c:ln be achieved by a cnnect prograrmming of the 
magnet currcnl a5 ;L function of tir:le. 

The eddy L‘urrt:nt> will give a diffrrcnt cnntrihution to the dip<)le 
field in the end maprtels than in the other magnets. If not 
cotmpensuted thcsc et-rr,rs would produce B closed orhit distortion 
and hean> loss. 3’hese errors can he eliminated by n correct 
progranrning of the cur-rents in th: hack-leg wintlirtp 

The eddy currents will also contribute IO the multipolc 
components of the field If not cornpensatcd theqe errors would 
c3iiSc tune shifts, resulting in resonances and barn loss. It is 
possible to elintinatc these errors by a correct prograrnrning of tltc 
the currents in the pole-face windings. 

To find 011 rhcsc currents 3s 3 function of tin:e we use an 
aulottl:rtic iter’;itibc procedure v.hcrc each iter;iiion includes 
n~easurernent of field and field distribution during a machine cycle, 
~alctil;~tion of differences t>ctHer’n mcnsured values 2nd dcsirctf 
values and calculation of new vector tables such that a better result 
is 0ht;iirtrd in tht wrt rnochinc cqclc. 

Fix. 1 I)-rrqtw aI cjrlti c3,I 0x’ <jliCi(lFfJHI 

In one elf tlic quxlr;tntb 2 f’isltl nIc:Lsurcxwnt i:;htt’r:i 1, 
~n~i;tlled.~l‘l~~ nxaswrm~rit quailmttt ix tiividcti !nlcj iwl- gn’~pb 
rlj Li,llo\v~. 
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(;rottp 2 has it0 bath-lsg uintling and is usetl :t t1w ~~t~crell~l~ 

group 1’01, diit(>le ficld rneBsL1rrrttr~ll!s. In each group w WYI:~ 10 
nlcasurc the tlipolc field, the gradient and thz sextuple 
component of the field 
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The change of the field is measured with stationary pick-up 
coils. The pick II;) coils arc made as a pattern on a douhlc-sidccl 
cirquit board. Each board consists of three coils placed at three 
dif~eren: rxlial ~osilions. The Irrards are riic~1rw4l on the nppcr JW~L- 

faces of all magnets in quadrant 4 and the middle coils are placed at 
the central orhit poGtion. 

Fig’. 2. Pick-up ioils. 

The signa: from the midtllc coils is integrated and gives the 
‘+Xl~~ Of the diJWk fidd. 

t 

l,(t)-B(o) = 
I 

da,, NA+t 

lsl 

where 
NA is the total flux-collecting arca 

O,, i< the flus .~t crn!ral jxGtion 

‘fir ntJt:‘r anti inxr coils ilre used to Jllr‘iiFIIJ~C thr gradient ff11ri 

thi’ \cstu;x11t! c:crrrl;lc?w~t 01‘ the lieltl. 

To know t\lc tlijx)le field a: the time when the integration starts 
wi’ u\c 3 Ilip co11 arid an intqqtor-. Tlic initi31 vnlucs of the gradient 
and the scx~u~~oIc component of the field are known from static 
J Iall plate 1132 isurcrncnts arid arc read h> :he c0mputcr from a data 
file. 

The in~~~gr;lrors wc use’ v.cre clrvclopcd at the i.T:I’ division in 
CAIRN. The signal from the pick-up coils is amplified and added to 
a t.5 V xfcrt:nce voltage. This signal is fed to a 100 h1 jz V/l 
convcrtyr. The: ou~jxlt JNIIS~S from the V/f converter are counted by 
a 31 lxt cclunt<r. A reference frequency of SO kjlz is counted hy 
another i’outitcr. The Gh3 micrtxomput~r ~-cads the two counters 
anti \uhtr:tcts th<x two readings. In this w:ty a hipolar integrator i\ 
obtsinsd. ‘J’hc counters arc read when a trigger signal comrs. At the 
>amc monxnt the counting is switched over to another set of 
c0u11tc’rs. 

I<ach group has a rack containig three integrators, a preamplifier 
and ;I Gh.1 rni(.ri? comjxltcr. Rack nr 5 con~;~ins the inrrgrztor fix- the 
flip-coil anti ;I (254 micro computer system which triggers all the 
integralor>, cc~llec;s the dab from thr other four racks and sends the 
data to the tri.lin computer. The flip-coil is flipped once per machine 
cycle Cat time:0) and the integrator is read in both positions 
(clockwi\c and cc)utltr’r-clockwise ). 
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PKEI’AKING ‘I’IIE KING FOR A(:(:k:I,EKA’I‘ION 

Static mode 

The prt~ed~re to prepare the ring for ,~cceleration stx15 by tuning 
up all parameters in static mode. The magnetic field is determined 
by the energy and the charge state of the particles delivered by the 
injector cyclotron. The stored heam intensity and lifetime is 
optimixd with the following constraints: 

keep the tunes at the tlesirtxi working j)oint 
keejl the relation txtwccn magnetic field and RTT-frequenc)~ ikccj) 
the cirqumference constant) 
keep the bcarn on ihe decircd closed orbit 

When the c!ptimum setting:, have hcen found the flip-L‘(~~il is 
flipped and read. h jxogram reads the scttingi of all st:ltic 
parameters and qxjates the indax files ncctfctl for the jxoframs 
which liptl;itc the vector tables. 



Iteration of’ the field 
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RESIJLTS 

The specifications of the desired dipole field cycle are entered IO an 
indata file. If the breakpoints during the cycle are new or if the 
desired field levels are changed a lot. a program is run which 
creates new vector tables by analytical formulaz. Then the cycling 
of the magnets ie started. After a few cycles the field is reproducible 
from cycle tcl cycle. Then the iteration program is started. The 
program reads the meiiq\lrenlent file of the previous cycle, corrects 
data for effects riot seen by the measurement syi;tem and calculates 
the difference txtween tht measured and thr: desiretl dipole field in 
the reference group Then new vectors are calculated and loaded to 
the database and to the function generator of the power supply foj 
the main winding. Then the progam waits for the end of the next 
measurement cycle nod the prwxhre is repxtcd until the error ix) 

the dipole field is small enough. It takes typically 10 iterations to 
reach a field which differs from the desired field by less than 
O.(H) 1 T at any time during the cycle. 

To optimize the injections we introduse ;L small linear ramp oi 
the dipole field a few seconds around the dcsircd injection moment. 

Then me inject \r,ith high pulse repetition frequency and can see at 
what time the injections arc best. Ttxu WC go hijck to single tx11se 

injccti!>n\ and n~wc the injection rtmncn! to tlw time which ~;IVC’ 
best injections. 

The desirLb<l dipole ficltl in c,nc of the other groups of the 
mcasurcmcnt ~lu;dr;mt is ;I constant factor times the tlipole field in 
the rcfcrcnce group. Tt3\ fncbl~ is fi~t~rjtf from the back leg wi:icling 
current in the st:Ltic case. To find the back-leg winding current 
which gives the dcsii-cd dipole field the iteration progj-;ml is used 
again. The same procedure is repeated until the error in the dipole 
field of any gr~)t:ll is s~nall enoi~gh. This (al\?> typically 5 iterations. 
Then the hick-leg currents for the other quadrants arc calculated 
from the hack-leg currents of the mcastj:emcnt yuadrant. 

Finally the (iij-rents of the pole-face winding? arc ircratcrl to 
keep the mcawretl values of KI and Kz constant in each group (K I 
is the gr;ldirnt norrn;~li7ed to the rnagnclir rigidity ii114 K: ij is the 
sextupole component of the field normalized to the magnetic 
rigidity). 

Experience has shown that it is also possible to calculate the 
currents of the pole-face windings md of the hack-leg windings 

directly from th: dipole field and the Current in the main winding 
with sufficient aq:cur;icy. 

Quadrupolcs :ind RF-frcqucncy 

To calculate the currents of the quadrupoles and the RF-frequency 
we need a measurrment of the dipole field with hettcr time 
resolution. For this purpose we use a separate measurement channel 
where the dip&: field of the reference group is measured with a 
time resolution of 50 117s. 

A program n&ads thic fast B-measurement file, corrects delta for 
effects not seer; by the measurement system and calculates vector 
tables for the cluodrupotes and the RF-frequency. Using vcctoj 
tables means that we introduce a linearization error. To minimize 
this error the Iength of each vector is calculated to give ;1 
linearization error smaller than a selected maximum error. The 
mawimunl number of vectors has txrrl increased to 2% by running 
four M-vector t,lbies per cycle. 

The first acceleration attempts started in spring 1980. Since then 
protons have been accelerated to a maximum energy of I CeV. At 
600 MeV the maximum nr of stored protons has &en 5 x 109. 

The main difficulties have been to calculate the RF-frecluenzy 
with sufficient accuracy nncl IU keep the tunes constant during 
acceleration. These problems have been solved by adding artificial 
bumps in the c;tlcillatcd vcct~ II t;d)le3. 
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