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O. Summary 

The construction of the fast ejection system for the CERN 25 GeV Proton 

Synchrotron has been completed and the system has successfully operated. It ejects 

the proton beam in the time of one revolution, i.e. 2.1 µs, with an efficiency of 

above 95 o/o, preserving its R.F. structure and essentially the emittance of the 

·beam in the machine. Alternatively one single bunch can be ejected. This paper 

describes the system and early experience in. ejectiri..g the proton beam. 

1. Introduction 

In view of the probable need for high intensity beams, small angle 

production of secondaries and beams of short lived particles, it was, after the 

completion of the C.P.S., on genere.l grounds decided to build ejection equipment 

coveriyi_g as much of the foreseeable applications as possible • 

. ·.The applications seemed essentially to be composed of two classes. On one 

hand, c;roups specialized in cour1ter exreriments were interested in beams exte'..i:lir,g 

as fa;r· u.s possible in time, e.g. some hundreds of m.illiseconds. For bubble chamber 

experiments, on the other hand, bun"ts of 100 µs or leE"3 are convenient. In some 

applications, such as in emulsion ex9eriments, there did not seem to be much preference., 

Though not essential in several of tho cases, high efficiency and "cleanness", i.e. 

low contaru;i.m:..tion of the extracted protons by secondary particles, seemed generally 

desirable fentures. This also, because of the habit of deflected but not ejected 

protons to create spurious background in not entirely predictable places and high 

activity of equipment needing routine maintenance. 

1) 
Sonie prelimi:nnry studies had then already been made by CITRON • However, 

considering the characteristics of the C.P.S., it became clear that the long revo­

lution tim of 2 µs could yield the possibility for entirely electro-magnetic 
' 2) 

ejection in tim'C:s of the ordor of one revolution • The low circumferential filling 
. ' ' . ' 

factor of protons in the lllr'.lchine stimulated the idea to combine very high efficiency 

with extreme cleanness, Some trajectories revealed the possibility of very low 
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extracted beam emi ttnnces. '.I'hough such a "fast ejectlon" would only cover part of 

the applications, work on it started first due to above attractive and challenging 

features. Work on ·"slow ejection" also followed by KH.IENEN 3) and later by HEREWARD 4) 

and some bnrd~mre is now approaching its completion, but this will not be part of 

this paper. 

In the meantime the CEHN radio frequent separator, now under construction 

had been based on fast beam deflection ffild, for later stages, the use of a fest 

extractGd bi:::o..11 had been planned. Finally, the enhanced neutrino experiment, prepara­

tions for which were gradually gathering momentum in CBRi'IJ, in addition to its need 

for a high flux, proposed to use the low duty cycle to gate ag2inst cosmic ray 

background. It is in this experiment, presently being carried out at CEI~~, that the 

fo.st ejGction system has become a necessaI"J condition for success. 

,8.11 extraction schemes have in co:i'lllon th,:; use of an ejection field (shimming 

of the !Jlllin field, perturbation thereof, separate mognet, etc.), i.e. a localized 

field pattern tlnt makos the pe;rticles diverge out of the stable region of the 

guiding-field whenever the beam is perturbed more than some limiting value from ; ts 

closed equilibrium orbit. The differencG between fast, slow or intermediate systems 

is then given by the res1'.Bctive times triken to subsequently perturbing nll pc.rticles 

from their stable orbit. T'ne build-up time of the radial excursion of the particles 

after the onset of the perturbation is not relevant for fnst or slo:w but generally 

governs the efficiency of the scheme as follows. 

The limi tiD.g vnlue of the perturbdion can never be o. rigorous d:Lscontinui ty 

but rather there exists a trmrni ti on r<agion of the field to which corresponds a range 

of perturbations resulting neither in ejection nor in focusing back of the particles 

towards the closed equilibriun orbit. r.rhe particles in question are usually lost 

a,gainst th.e vo.cuum chamber of the accelerator or ngainst other hnrdware. If it 

is. possible to create ;J. p0rturh::1tion which builds up the radiD.l excursion of the 

particles so rapidly tho.t their tr:.1jectory is stc.ble in one revolution but enters the 

diverging field rsgion in the subsequent one, in other words, if one c2n make the 

particle jump the transition region froJC1 one revolution to the next, it is possible 

to obto.in close to 100 o/o extraction efficiency, provided the onset of the radial 

excursion is always on thr:) snme ·~)l,'.J.CG o.long the circuuference of the· accelern tor. 
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In the C.P.S. fast ej0ction system the ejection field is given by a 
. . . 

separate magnet, cnll;;d nbend.ing rnagnet 11 , located in a lo:ri.g straight section 1, 

reserved for such applications in the design of the accolerator. An obvious and 

clean disturbnnce of the protons is a magnetic field, call0Jd 11 kicker magnet 11 , acting 

on the beam somewhere upstreni'll, such th:~ t the angukr deflection created there 

transforms into a radial displacement of the protons o.deqmte to jump the transition 

region of thG ejection field in the bending magnet. Advantage is tcl::en of the Ri!' 

structure of the beam to mc.ke the perturbating field in the kicker magnet rise to 

its nominnl va1 ue between tha po.ssas-e of two subsequent pro ton· bunches. The ·principal 

conditions for clean ejection with close to 100 o / o efficiency are thus fulfilled 

1U1d tho entire beGm will be ejected in the time of on0 revolution or 2.1 µs, 

p:i:-eserving the RF structme. A concomitant feature is the extremely low duty cycle 

permitting the hitherto impossible rejection agninst continuous background ro.dintion 

of 106 to 1 for the benm or 10 7 to. 1 for the bunches. The constant o.nd very nearly 

homogeneous field in the kicker magnet o.nd the bending magnet permits conservation 

of a beam-er:ii tt1::nce close to the one in the accelero.tor. This is only slightly 

offset by non-linearities in the strayflux of the C,P.S. magnet. 

2. Some parameters 

Though the characteristics of the C.P.S. havebeen described before, e.g. 

by REGENSTREIF 5), the repetition of some main parameters is here relevant. 

.·,. 

At the beginning of the C .P .s. acceleration cycle the pro,ton beam is rnther 

diffuse. and fi1ls a lerge part of the elliptical machine aperture of 150 rru:n wide . 

and 75 mm high. Adiabatic damping of the betatron oscillation makes the b8run diameter 

shrink rapidly during acceL'1ration, such that it is around 12 rmn nt 10 GeV, 10 mm 

at 17 GeV nnd 7 JI!111 at 25 GeV~ Hence, for all practical. applications close to 100 o/o 

of the bl3nm current is vrithin c.. circulnr cross section bf 10 mm ¢, apfirt frorn a 

diffuse halo ciround the bernn, continuously being c:reated by scnttering with the 

residual gas. RD.dial position instabilities in one cycle o.nd from pulse are from 

a few tenths to 1 or 2 mm, depending on energy nnd mo.chino condition., The vsrtical 

sto.bili ty is better. In th_;, ·second part of the acc0lerator cycle closed orbit 

distortions, both vertico.l and horizontal a:t'E'; of tho order of 2. few nnn. 
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The number of betcctron oscill2tions on the circumference of th;; C.P.S. 

of around. 6.25 together wiU1 the ring-dfometer of 200 m results in a wavelength of 

100 m. 

At relativistic energies the 10 l'fic/s accelerating frequency yields a 

spacing of the prnton bu.viches in time of 105 ns. For the given machi:De dicmeter 

the circumference of the accelerator then contains 20 bunches and the revolutio::1 

time of the protons is 2.1 µs. Dnmping of the synchrotron oscillo.tions brings the 

bunch length down to less thm 10 ns in time, before the times relevc.nt for ejection. 

Engineering considerations, such 2.S minimization of angulo.r deflections 

and of energies and voltnges, led to a decision for small mo.gnat npertures, enough 

to contain the beom ond allowing for position incertnintiGs nnd adequate clearbgs. 

It then becomes necesso.ry to use the septum construction for the bending mngnot, thus 

minimizing the transition region, and to operate it as close to the undisturbed 

orbit as beam-instabilities and the leakage field of the bending m2gnet wHl allow. 

Since by their smD.11 gaps the kicker mognet E:nd bending tl1..'l.gnet must during- operation 

block a part of the useful o.perture of the e.ccelere.tor, these magnets must be brought 

into their working position in the second half of the acceleration cycle when tl1e 

beo.m has shrunk to the quoted dimensions. The mo.chine aperture is thus left un­

obstructed right after in<iection when its full section ;_s needed. 

The cited boam dfo.filet•ar, l'.. reasonable clearance between beam and magnet 

poles of a few mm and. the u:Jual departure from homogeneity of the f.i.eld close to 

the outside of the gap of C-·sha:ped magnets give 15 mm high and 25 mm wide as 

convenient dimensions for the KM aperture. The .avc.ilable space between two magnet 

units in the short strEight section 97 limits the total length of the kicker magnet 

to 0.90 m. 

Similar considerab.ons hold for the bending magnet but some more horizontal 

space is provided to allow for vo.riations j_n horizontal be~un displacement due to 

possible inconstancy of the kick, SE1c.i.ll vsrtico.l displace,,ients du8 to a possible 

radial component in the Kf.1 field rrnd for the curvP..ture of the trajectory in the 

bending magnet, which consists of two straight halves inclined to each other. 'l'be 

np0rture of the BM is then taken 25 rnm high z:md 45 rmn wide. The lo.ng stro.ight 

section 1 permits o. total length of 2 m. 
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The mm.mwn deflection nngle of the BM for ejecting th.s beam is 16 !tlrc,d. 

At .25 GeV/c p,rot~n· momentum this cor~e-sponc1s to c, field of 0.65 Wb/rri.2 over the 

length of 2 m. Tho beo.:~. diru:ie.ter :::'.rld tl'la c iosen septum thickn~ss of 6 mm give with 

.reo.sonoblo op~rnting clec.rance, ::.t required minimum bvo.:.n displacer.lent of 20 nun for 
~. .· ' 

eje9tion. A, convenicn:t op0rc.tincs vc~lue is 25 mm. This corresponds to i.l mrnd of· 

defhO)ction of .the kicker magnet for which o. field of O.;L trb/m2 is needed over the 

length of 0.90 m •. 

3. Lnyou.t and outiine 

• Fig. 1 shows a layout of th . .;) .fast ejection system. The .bending mDgnet is 

in th,; long straight section No. 1, which is convenient, for the following three 

C.P.S. rnagnet units nr0 of the inside type, le~vinG the spcce free for the extrD.cted 
" .,;. . . '• 

be.'.llil. The kicker ma.gnat is one qunrtor of n betatron wnvelength upstream in the 
.·· .. - .. 

short straight section No. 97. 

The two mgnets aru locD.h:d in the C.P.S. vncuuin system which is locally 

enlarged to boxes tl'll'..t cont:::.in the rJ2.3nets nnd thc:i..r dispihceih~nt. The movement 

is giv1:m by hydmulic a.duntors outside the v..:cuum boxt1s ovo.;r o. connectiOn shnft 

that slides through a vacuum seal. Fig. 2 o.nd Fig. 3 give sectionnl views of 
respectively the kickor a.".,snet o.nd bending magnet in tl:leir vo.cuU!l tanks. 

In th" first hnlf of C.P.S. r.10gnet unit no :L.th0 vacuum tu.be is wicl~ned 

at the exterior to cont..'lin th8 defl0cted beam. In thu centre of this unit it s,lits 

in two and. n sei:nrn.te, no.rrow ·pip.,; tdrns th0 ejected benm. out of the mchine. 

The. pulse gcnero.tors ~re kept close to the; rri.nc;nets. For the kicke~ rr!ngnet 

it is in the C.P.S. ring, for the bending IBO.gnet in the b~sement. The D.C. su?plies 

for che.rging the ca.pncitors and lines r.re located outsidu the mchine. 

Althoueh more thfill one method is known 2 ) for obtf.';ininc; ~ fest r:i,se 

followed by a consttmt fi<::ld in th& kicker mo.gnet during tho 2 µs of extraction, 

the delo.y li:ri.0 syst0i:::i proposed 6) mid first npplied ?) by 0 'NEILL. wns adbpted for 

its relative f}implicity of ci:I'cuit D.nd switchieer o."d for its possibility to 

tfJrnioc~te the pulse. Tha latter permits p_-;.rtic.J. E:xtrc.ction of tl1i:i: beam, leaving 
...... 

the remo.im1er undisturbed for internal brgeting applications or ·slow ejection. 
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The principle of the kicker r-c.o.gn0t circuit is givGn in fig. 4. All pnrts 

of the circuit .cu:'e m.'.'.tcliud to tb:.: J1;r9ed::.nce of 10 .i1.. Tht< kiclrnr mngnet is 21 four-

polo nnd ho.s deLiy line chc:ract:..ristics. 'I'wo pulse forming Yi<Jtv;orks connected in 

s0ries by a switch S are ck~rged fror~ .::. HV ?Ower sui)ply through o.n isJlntinG resistor 

IR. If thu saJ) G is firec: n rect::.nL~ulc.r ;_Julsa of twice tho delo.y tima of t:1e lines 

nnd is dissipo.ted in the t0E1innhng rc}sistors. 

The bending rl>3.t_:;net field h:-:ls the requirement of low leakage fidd, met by 

the septun construction, tmcl high constcncy of the field durine the 2µs of pctss2ge 

of th0 kicked bG::un. To reduce coolii1g requireoents ~:~nc. the lec.knse field this mo.0ri1et 

is alno pulsed, for sinplicity with 11 hcrlf sin"' wc.ve of rv 150 µs bo.se. 

The pulse is d0rived from c~ crowb::tr circuit c:.ccording to fig. 5. When the 

cnpo.ci tor bonk is switched to tl10 inducto.nce of the n'.:tgnet exci tntion loop, the 

circuit stc:.rts :i rinc;inr.s disclr.rce. After the first h2,lf lTC.vc,, w:1en the cnp'.lci tor 

voltnge is reverrn~d and the current is zero, thu crowbe,r switch CS shunts thG coil 

with ['. resistor R. The se.turable ronctors hc .. ving permi tte,: the ({np S to extinguish 

the co.pe,,ci tor k.nk will dissipate its energy in th;; resistor in n sinc;lG,1 d~'lTiped 

current surge. 

The 2 µs KJ'II ~)ulse is synchronizud on th0 crest of th0 BM pulse. 

4. The k:i.ck8r r.:ngnet nnd its circuit 

Th8 theory of the delo,y lin0 mngnets 11ns been trented in detail else-

where; 
2, 6, 8) 

Here it is useful to elucicbh;; the coh0rence of the pnrcmet0rs by . 
the- following o.rgument. 

Th0 c'vD .. il.'.J.bk lencth 1 cmd th0 chosen width b of ths o.perture 0,nd height 

h dGt0rnine th..; induct:cnce of th8 kicker rn::;znet with singl0 loop excitc:,_tion by 

(1) 
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The magnetic kick K, defined as 

K~JeBdSJ 
0 

(2) 

wh0re B is th0 magnetic field in the kicker, mid S the coordinate along the trajectory, 

is subject to requirements for IDgni tucle and rise time. The latter is for a delay 

line rr10.gnet essentially its deloy time Tk, pr6vided th\:J lendi1ig edge of the current 

pulse is considerably shorter. This determines the capc.ci ty Ck of the kicker magnet 

by 

(3) 

and hence the inpedance Z as 

.. 

The gap height h und the required angular deflection, hence kick, give the current i 

~ .. .: ; (5) 

and the voltage vk 

:::: i . z ) (6) 

the charging voltage v1 of the line being twice this value. 

In order to keep this voltage limited one will; according to (6), take 

tho mnximum delny time ·for the kicker that is compatible with the requirement of 

rise time, leaving some margin for jitter in synchronization and non.:...zero rise tir:1e 

of the current pulse. The impedance co.n most conveniently be chosen to fit some 

nearby combination of stando.rd resistors or trsns;nission c.J.bles. If the v61to.ge is 

still to be reduced the only wo.y is division of the kicker magnet into units, in 

case the total le rig th is given, or, if space is available; tho addition of kicker 

r,10.gnets using o. fro.ction of the current in each. In both ·1.·ays the. voltage is reduced 

by a corresr)onding factor. For the C. P. S. a division into two uni ts yielded acceptable 

voltages. Each unit is excited by its own pulser, P'-'rmitting their separate use. 
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The mo.in parruneters of the kicker magnet circuit are collected in table I. 
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Table I 

Parameters of kicker magnet circuit (per unit) 

Number of units 

Gap height / Ferrite 
......... useful for beam 

Gnp width / Ferrite 

"' useful for beam 

Length 

Ferrite length 

Pulse duration 

Delay time kicker 

Inductance of kicker 

Cnpacitance of kicker 

Characteristic impednnce 

Max. kicker voltage a 

II 

II 

II 

II 

II 

line voltage 

current 

energy in storage line 

mc:::.gre tic energy in kicker 

electrostatic energy in kicker 

11 obtainable kick in entire magnet 

11 fieldi n Ferrite 

* value for single bunch ejection 

2.1 µs 

260 J 

*~ !llD.Ximum means highest v~luo used ovor 

at least 106 operations 

2 

22 mm 

15 mm 

32 mm 

25 mm 

450 mm 

280 mm 

l'V 0.07 µs 

l'V 0.7 µH 

rV 6600 pF 

l\J 10.4 n 
35 kV 

70 kV 

3500 A 

9.3 J 

9.3 J 

0.15) Wb/rri 

l'V0.3 Wb/n?· 

0.10 µs 

13 J 

·' 

:£ 

* 

. .. 

!. 
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.Af3 for the highest m1J.chi:ne energies c:.nd for the envisaged maximum deflection 

line voltages well nbove 50 kV were er,,1ected, s:xcinl 2.ttentiori was ~iven to the 

high voltage engJ..ne,;;ring. At th<::se voltages ~,ulsed devices, using o:;;:en insulators, 

e.g. op0n end.s etc., suffer fr<:>r.1 severe -;;roblems of surface fksh-over. For this 

rtinson, for purposes. of r:r..;tching nnd to reduce interference production an entirely 
I 

couxiul construction was :.cdopted. Fit;. 6 shows th<J two ::iuls8 fSenerators with their 

triggering ge2r ~nd controls. 

Tho box on top of thi:: rack is a 20 section lUi.'J.:tx~d element delny line 

(loY.15 stor2.ge line or LSL) gj_'9-ng c. pulse of 2.1 µs fht top, the cylinder, halfway 

the colum is o. 9 section lUL1poC: element line (short storo.Ge line or SSL), producing 

a 0.1 µs pulse. Between the;:1 is thd conxinl _switch (s in fig. 4), operated by oil 

pressure llnd bolow the short storo.ge linG is the triggered. spo.rkgo.p. When th8 latter 

is fir~d the pulse traverses a tub0 containing pulse observ~tion )robes nnd is 

transmitt0d tow~rds the kicker ncgP~t through 5 BICC typa 100 P4 ~ulse cables of 

50n in po.ro.llel. The ehm;.)nts of the pulsers o.re connected to ench other wi tb. bi­

conic.:::i.l plugs' with silicon IN grense, ns c::-~n be seen ·in fig. 7 ei.vfog the construction 

of the sp:irkgo.p. The resulting hl.'.lgnetic puls0 in tha kicker mngnet is shown iu fit;. 23. 

This gnp is of th0 three electrode swing:i.ne cascnde typ0 described by 

FI'l'CH o.nd McCORNICK 9) end cnn.be O]_)er2ted nt different ~oltnge~ by cho.nging its 

. nir pr8ssure. The c0ntre 8lectrode is kept on half the (nogntive) charging volbge 

of. th::; mrdn el~ctrodes by a. high i1Iqed:cnce voltn~.se divider. The positive triggering 

pulse dmost. ii:medidely breiks .down th& 0. 5 WlU g.::.p between the sharp triggering 

needle o.nd the ccntr.a el.actroda, ionizin& upper [.me. lowe:r go:~ by ultra-violet 

irrudio.tion throueh t\W holes in the idlectrode nnd, in cho.rging the lo.tter, creo.tes 

a. rapid riE.e of its voltnge. The: u:Jp0r gep will fin: bringing the fJ.11 chargine 

voltage over th<: lower gc,p, which then nlso bredes down. The centre electrode than 

: tokes the pulse voltage, which is equal to th0 initio.l DC_ level, until the end 

of tne pulse when it is dischD.rced com2let~ly ~nd goes up to zero. 

The go.iJs of t~c.e two lin:; s o..r.1 trigc;ered simul tnne6usly by a m0..ster go.p, 

which in its turn is firud by ::-1 hydrog1..m thyrntron. The o.bsolufo overall tir:le jitter 

:::.ncl thG mutuo.l jitter betvmen the two L12.in gc,ps is of the ord8r of 10 ns. 
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Each of the two kicker magnet uni ts (cf. fig. Ba and 8 b ) is essentially 

made of two coaxial conducting tubes with seventeen fe:r;rite rings between them. 

The outer tube .and the ferrite are cut for the beam aperture. Fig. 9 gives the 

configuration. Each of the ferrite rings constitutes an inductance and is clad in 

aluminium. This shieldn the ferrite from the electric field and keeps it at the 

inner conductor potential. The capacitors are formed by aluminium foils in contact 

with the outer COtlductor and located between two clad ferrite rings with polyethylene 

as dielectric (cf. fig. 10 a and 10 b). Each magnet unit is vacuum impregnated 

with silicon oil and hermetically sealed. The two units are supported together in 

a C- profiled beam, (cf. fig. 11). Input and output connections go through the 

transmission shaft linking the magnet in the vacuum to the hydraulic actuator in the 

air. For constructiond.l reasons these connections bad to be mismatched but this bas 

partially been compensated for by capacitors before and after the pieces in question. 

After traversal of the kicker magnet the pulse goes again into 5 cables 

of 50 .n. in parallel, each of them terminated by a 50 .J1- resistor in a coaxial con­

.figuration with oil dielectric. The 5 resistors are together in an oiltank in which 

an agitator forces the oil along the resistors and the oil is cooled by a wat. ::r 

spiral. 

The magnetic kick was measured with a single long loop through the gap of 

the complete magnet. A zero method was used, balancing the integrated signal against 

a reference voltage, with e.n oscilloscope as zero indicator. The setting was better 

than 1 ~~. Fig. 12 gives the J:cick as n function of the radial dimension with 60 kV 

on the line. lt"'ig. 13 shows a magnetization curve combined with a no mo gram for 

finding the beam displacement at the bending magnet. The shape of the curve in 

fig. 12 is better than 1 % accurate, the levels of fig. 13 around 5 %. 

5. The bending rn.a.gnet and its circuit 

For a given nominal current in this magnet the forces due to the field 

and to therme.l stresses are largely a function of the duty cycle. So is the 

average tempero.ture of the rmgnet, influencing the dielectric properties of the 

organic insulation materials. One will hence tend to reduce the.duty cycle as much 
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ns is comp~:.tible w:i.th the requirement thnt the field be const'..mt to prescribed 

nqcurncy durinc the 2 µs of ej&ction. A low duty cychi, .i.e. n fast pulse, res the 

ndditioml advo.ntc.0e tlut th"' leo.knge field co.n be E1..'1.de swcll using the eddy 

current effect, shit:ldiP..g w.:_th conducting scr.aens. 

In or:d~r to :::.voicJ. thu ccn:;rnlicntio_n of mlse-forming networks, n hc .. lf 

sinewnve pulse wo.s ta.._1rnn. As .1. normcl ringing clischv.rc0 would dissipnte almost tht:J 

full enerc,y in tffi r.1o{;net excitdion looi), .'.l clurn~1ing rasistor must be incorporated. 

The present scheme, with the dumping resistor in the crowbo.r br'.:nch, yi0ld.s a small0r 

duty cycle for the i.ID.t,-rnet thon th1:: norDal d::rn:;:er'l. s0ries circuit and nlso requires 

smeller yoltage mrl 0nergy for n given current. Teble II gives the :xm:m1eters of tb.e 

circuit nnd Fig. 14 s~1ows .'.ln oscillogrruil of the rrngnet current and crowbnr current. 

PS/3943 

Table 2 

Pnrnmeters of thebenc~ng magnet circuit 

45 mm wide 
Magnet aperture -

25 mm high 

MG.gne tic length 1.96 m 

Inductance of the magnet 4._2 µH 

Onset. of saturation effec.ts 

Current at 1.5 Wb/m2 

-nroun~. 1. 5 Wb/m2 

Pulser capacitor (HYDRL) 

CaJ?C.citor volt'..'.[S'e nt 1.5 Ub/rn.2 

Crowbnr resistor 

Crowbar circuit inductu.nce 

30 

328 

4.5 

0.1 

0.2 

kAmp 

µlt, 

kV 

.0 .. 

µH 

. ' .. 
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The mo.in switch S (c:;;i. fig. 5) o.nrl the crowb':'.r switch CS J.re both composed 

of two conL'lercinl J •• .C.I. type BK 34 ignitrons in pnrnllel. Ench -;inir of ignitrons 

is triggered froe1 n hydrogen thyrntron, th8 crowbo.r switch over nn ndjustnble delo.y. 

The low inducknca tlm1i;ing r0sistor DR consists of folded strips of 

stainless stt;l0l sheet with uylo.r insulation, cli:nr,ied h3tween two wo.tGr cooled plates. 

For rt:>lio.ble o ,Jerc,tion n.nd low jitter, which is e ssent L:l for prcro.llel firing of 

two ignitrons, the L-i.tter c.N o)erated at nrou....11d 25° C. To reduce shrting up time 

a tempor'.ltur0 control syst.:Jri first h00.ts the ignitron cooling w::.,t;r, thEm cools it, 

as th0 working tc;:i.perc,ture is roached. This hnn~:iero.ture is ke~)t constant between 

24 ° nnd 26° C. Fig. 15 c.nd 16 show the bending mo.gne t l;ulse eenern.tor. 

Th::l cn:po.ci tor b3.n_lc is clw.rg..:,d through n Philips type DCG 12/30 thyro.tron, 

the grid of which is controlh)d by the difforence betwe1Jn the co.po.citor voltnge 

and n stnbilized preselecfo<l reference voltc.ge. Cho.rgin,g- is stop~;t:d when th<.> reference 

voltc.t~e is rec~ched. This yi._:lds n :;?recisi::m of bettur than 0.4 o/o at 3 kV on the 

bank. 

From the co.:i10.ci tor bank Emd switch gear the puls.as nre transr.ii tted over 

low inducto.nce p.'."l.ro.llel copp:H strip conductors to th0 bending mo.gnet. The flexible 

lends to the movine mo.gnet nre outsidu the vo.cuun and the current enh:rs the vacuum 

box throueh n comcial f._:ed in the nctuntor s~ft (cp. fig. 3). 

The b1::mding mngnet consists of two straight units of c.p·.~roximntely 1 m 

length sup;;ortecl in n C - ~;rofile steel bec.m which is mounted on t'1e verticel she.ft 

of the hydraulic actu~tor. The horizontal inclir~,tion of the steel beam to the 

equilibrium_ orbit of the _protons in the mo.chine, and the angle between the two 

bending magmt units can be changed to fit difforent extrnction nngles and :Jroton 

energies. 

Ea.ch ''El{"_;net unit is madt: of O. 35 rru:1 thick lamin::i.tions of transformer 

steel &lued to:-sether by epoxy r0sin. Th8 exci tc.tion windine is a single loop 2 ram 

thick CO)per stri~) insul:l ted t::.0ninst the me,f;net iron by lo.yers of mylar sheet to 

o. toto.l of O. 5 mn thick. The leo.J:-,.,uge fi"'ld is reduced by use of an edl'..y current 

s::ielcling of bras., in front of the septum. The shield dso gives nechanical support to 

the lnttar but increo.ses its totv.l thickn8ss to 6 th:t. Tha se)tum and the inner 

conductor u.re not directly cooled, but tro.nsfer their heat to shield, respectively 

magnet steel which lnvc wnter i;i)es fc.stened to them. Fig. 17 shows the completed 

structure. 
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The nagnetic_. field in the wngnet has been measured point t) point by meo.ns 

of Ho,11 probes. Fig. lf3 gives the field integrntecl along the trajectory in the magnot 

ns a function of the re.dial position, nt different excifation levels. Fig. 19 gives 

a :point to )oint, mec,suren:ent of the lenkago field outside the se)tur:::l along the 

equilibriun orbit in the mchine. Fig. 20 shows this field integrated and expressed 

ns a percentage of the field in the lilD.gnet. The homogeneity of the field is better 

than 1 o/o for rriediurn fiel(.s an~l better thc~n 2 o/o for snturdion fields in the 

interesting radial rang'B. One ce.n deduce t:b.at the kick resulting fro:n the leakage 

field is always less than 0.015 Wb/m. It occurs only at higher machine energy. 

6. Controls o.ncl monitoring 

A block diagrrn:i of the controls lO) that coordinate the kicker r:mgnet 

and bend.inc; mognet pulses, the moverrsnts of these and the C.P.S. c:.cceler2,tion cycle, 

is shown in fig. 21. Apart from the specific controls, such G.s permitting switching 

on and off, E:'.cljusting voltcge or movement, the controls consist mainly, on one hn.nd, 

of the so-ce.lled fast cbEmnel synchronizil",g kicker m2gnet with the ill!' structure 

of the bew., nnd on the other hand of the electronic progrnmrning system for the 

hydraulic servo-actuntors. 

The genaral timing is deriv'-'d from the so-cc.lled lVI-sequence of pulses, 

which come nt 3.3 ns interval and are synchronous with the C.P.S. acceleration 

cycle. The oje ction nnd the movement c.re started by pulses fror:i this sequence, each 

of the two preselected by means of a separate preset countar timing unit. This 

permits easy displo.cement in ti!".td of om to :mother. 

§..§:§t channel 

Pulses c.t n repetition frequuncy of 10 fllc/s end synchronous with the R.F. 

nccelemting volto.ge nrs frequency divided tv giv0 peo.kt~d impuls0s nt 2 [ts intervnl. 

These PEl8s through a g.'lte, a discriminz~tor ::lld a vr:.dc:ble ddo.y, then trige;er the 

kick2r r1agnet pulse generators, thus ensuring synchroniza.tion b<::twecm. kicb:;;r Do.gnet 

field .and RF structure of the beam.· '.l'he pulse trisgering the Br1i, derived from the 

~1I-sequence via one of the tw0 pr.:;set counter units Gdes tlE RF pulses Over n 

100 µs vc:riable delay end o. eating pulix-' r;eneri~ tor,· The moment of ejection is 

thGrefore roughly chosen from the M-soquenco of the C .P.S., but the KM is triggered 
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by the first RF pulse passing th8 gate. Th0 disc.riminator lets through only heD.lthy 

unmutilated pulst:s. The 150 ns variable delay permits ad,justir,g of the rise of the 

KM field between.the bunches. 

E£9gro.;;!.:':lin,r;: cf the actuators 

The hydraulic· servo;..systeE1s tho.t move the moenets follow an ainpli tude 

modulated 400 c/s electric programme voltage, the displo.cement being pro~ortional 

to the omplitude of the carrier. The d.c. }_..TOgra;r:rne is first.composed in steps by 

relay units switching at chosen instants to chosen taps of a d.c. fed j_Jotcntiometer. 

It is then smoothed by a filter. The relay units are triggered by 4-coincidence 

circuits, tho instances beLDg chosen by a 4 - digit combination on the corresponding 

co.thod&s of two 4 - place C.ec2.tron tube sc.'.3lers counting M - pulses.- -One scaler is 

gated via n relay unit from the other, thus permitting to delc.y the second progrc.rmne 

to th8 first. 

The 100 taps of the _stabilized d.c voltage progromme potc:nti.orr.eter, the 

contacts of twenty relay units, their coincidence_conn~ctions end the scaler c~thodes 

are united .on n I.B.M. progrc.:Tulling po.nel on which the progr.:::.nill10s ccn be composed. 

Monitorin?. 

The slow monitoring system using a double bcom oscilloscope can 1:'.t choice 

display the d.c. step progrrun.~e, the modulated progrD.L'IJIDe, nnd the ]rinciple feed­

backs, representing movement, velocity and acceleration of the mngn8ts, all either 
.. 

modulc.tecl or demodulated. A peek is ·;,:ermanently superimposed on the display at tho 

moment of ejection. J!"'inally, one channel displays the intornnl proton beam current 

in the synchrotron for observing possible interception if the magnet movement is 

adjusted. 

The fast monitoring system, using a Tektronix 585 sco:i;ie, can display all ._ 

signals pertaining to .. the mgne ts or the bENJlll, such o.s the KM spnrkgap triggering 

phenomenon, current pulse in kicker rnnt,"Ilet ond in bending magnet, m.:::.gnetic field 

in the KM units, their sum, ::their differ':'nce (interlocked over n discriminator), 

the pulses arriving on th;;: te:rmino.ting resistors, BN ond KH pulses superimposed 

(check on synchronis.'ltion), internal be:Jn1 structure, external be run structure, rise 

of kick ·ond bunchGs supE;rimposed:_ 
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The extrncted bel"1.ra cnn be observed on the screan of a television receiver 

with chonnels to different cameras. The first camc:ra views the upstream end of the 

bending mcgnet be~ring a fluorescent fr~Jll~ that covers the septum nnd the mD.gnet 
. ' ~ . . 

around its o.pertura. Here one can see the bending magnet intercepting the benm nnd 

check whether the lntter is kicked into the aperture. A second cDmera views ti screen 
. ,· '·.. . . 

in, straight section 2 on which the defhiction of the bending magnet can be observed, 

. . 

The signal of the e·xtornal berun structure comes from an ·elect~ostdic 

pickup electrode c.round thti:l bei.-un after the screen in straight s.ection 2. 

A beniu current tronsformer with an integrntor gives a digital display 

of the extrncted number of i)rotons and a tot.s.lizer gives the integral number. 

" · . :-The position of. the i"iw.gnets at a given moment can be measured by making 

a zero setting between thG 400 c/s position feedback signal ~rom ~he serv:oactuators 

n:nd a 400 c/s voltage from o. :POt.entiometer. The zero indicator is gated at the 

desired moQent,. 

7. Supporting engine;.;r:i.ng 

Considerable mechanical engineering effort was involved in mnnufncture 

and instcllation of the ejecti.on equipment, besid.es for ma~ets Dnd puls? gene:pators 

muinly for the hydraulic movement and for the vacuum. 

r .. 

·;: · ...• Bot.h actuators are three sto.ge elecfro-hycl~i:mlfoal servo' systems. The 

first stage is D. torque motor dr:i:ve~· by "on ei~ctron:Lc mnplifier, the movement being 

fed back to the input of the 8.lilplifie r by means of induction 'potentiometers. 

The k:i.,cker magnet and bending mognet hove masses of about 250 ruid 450 kg, 

respectively. For displacernent (accelerdio.n and braking) over distances of 300 mm 
. . . 

in,times·of tht: .order of 100 ms they must have considerabhi thrust and will crel'.te 
·.. ' . ·. . .'• ' . 

corresponding reaction forces. They-:O,J:'.'-~ tlierefore not SU})ported on the concrete 

ring-shaped be.s.m, beo.ring th~ C.P.S. ·mo.gnat, but their supporting girders am 

sepo.rnte1y anchored. into the concrete structure of thc- building • 

.A hydraulic high pr0ssure source with nde.quate power ratings is installed 

in tho ne::trby sub-generator room. The oil is piped to th•:; actuator over about 60 m 
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distcmce. Ench 2ctmttor is equipped with .'.:\n input ond output oil accumul'.:'- tor which 

sup~1lieEi respectively t<,kes up the flOw m.J.rges. 

The vacurnn tanks are basically c,luminium boxus of adequate dinemiions 

foreseen with enough easily removable covers to ~Gr:cke the magnets ecccossible. 'L'he 

kicker mccgnet tc,nk is equi:;:ipecl with one, t118 bending m2gnet .bnk with two type V 3 D 

Galileo diffusion punps of capc.ci ty 3000 1/s, and ench tank has o. Heraeus type R 152 

root,~q ·,·.-·l:un-::'. of c.~ .. "' .. aci'ty 150 '1'3/h ·n llel t rd cl t· e T"e ' ~ - ~ l", ~,v '" l :;iar& . o Tei uce purnp oirm :1m ·. il ' 11urr1];> 

cccpaci ty has· be10n overdimensioned on one hcnd for reasons of pump doirm time, on the 

other h~md to have some r:mrgin for choosing rnc,teric.ls for the ejection equip:11ent 

that aro less favourable for vacuum. 

An interesting fe:..:.ture is the vc.cuurn sec.l, cround the actuu tor she.ft of 

which ::::. cut is shown in fig. 22. '.l.1he seal is mounted on the su)porting girder of 

the actu::-1 tor and connected ·with El bGllows to the tn ... 11k in order to [_:void reaction 

forces on the lcttrar. The two )Orous bronze rings clign the seal around the shaft. 

For this puri;>ose the inner seo1 ht',s the necessary degrees of freedom, The so~:cl h:is 

two ste,~os wit'. :.i )re-vacuum in between. 'rhc~ greasing is done with li.piezon C high 

vacuuI:i oil, com:nonly used in diffusion pumps. The st8el shaft is hare. chromium 

plotecl end polished to ci high gloss. 

8. Operation and experi0nce 

Apart fror::l the accelerntor as such and the ejection hard.we.re some facili­

ties incorpore~ted in the C .P .S. are essentinl and some are convenii:.:nt for opero.tion 

of the extrt~ctecl beam. 

The position of the closed orbit cen be subject to some c!.'L11nge in hme. 

In or~1er to avoid realigning of the ejection rrDgnets, it is useful to have ~:;ome 

simple merms to o.djust the bC:[1.lT1 position. For the kickur ro.o,gnet this possibility 

is rlcdinlly given by the r:1ovoment i tsolf, which cnn be e,d.justed to a lc,rge ro.nge 

of been pos:L ti ons. In c:,eldi ti on, so~·cGlle d ro.clio.l perturh'.tions can be pro gr.:::·nmed 

o.nd introduced as error signals in thG plnso of tho bec:cm control syst8m, thus 

cl.isplo.cing the be~Jn over a contra 112d re.dial distance at clesireO. instances. 
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The bes.m con be locally clis:placed in the vertic1:.:l direction by sets of 

two .berun kickers, i.e. identic2l moc;netic fields rc.cting. on the becm hc.lf a betatron 

wave length 0,part, thus crentin_g n bump on the closed orbit. Two sets of these 

nre availc.blc~ for ejection : One set making the bump in straight section 97, slightly 

affecting tho verticc·l angle in. strdght section 1, :::'.nd 2noth:;;r for a bump in 

straight section 1. This :;::iossibility also exists ro.didly. 

The halo of sc0,ttered protons around the ber.:m, believed to be of the order 

of O. l o/o, is prevented from hitting the ejection equipment by shaving it off. 

For. this. the beom is rc;,dially steered. 2 cm immrds ecround 300 ms before ejection onto 

a target in str£dght section 12 thcct trims of the hdo but does not affect the bea'11 

intensity. The radid perturb:::~tion is then suppressed 3lld another on0 is introduced 

placing the benm at the right distc.nce in front of the so)tum. This hC.;J)Ons as 

shortly ~'s possible before ejection but early enough to mo.ko o. benm position rending. 

Severc.l ms ~cfter oject;lon n strong inward perturbd;ion d.UEps whnt remains of the 

interno.l beon onto the mentioned shaving forgot. Tho dumpint; opero.tion is to o.void 

build-Uj:l of reodionctivi ty in unwanted plo.ces in ccse o.nythir:ic .is left circulo.ting 

o.fter ejection. 

11) 
Some prelimine:.ries precede the actual ejection • They rove been 

performed in early extr':lction experiments [Lnd OJ'.'(;) gradually being relaxed CcS more 

experience ond confid.ence j_s gb.ined. 

If the placing perturbr~tion is increr~sed until interception cJ.n be 

detected by loss of ben.'ll current and by light on the TV screen 1 then further until 

the totnl beo.m is lost, the ro.dius of the bomn is equ8.l to the differencr;;: between 

the respective position rec.dings. 'I'he reading u.t the onset of intorception, corrected 

for the dL:-&:eter, must corroborate with the supposed alignment of the bending magnet 

septum. On0 cc.n now adjust 2 convenient cleD.ring of 1 to 2 mm between the beom and 

the septum, '{.' ·~ . 

The verticc.l ;:iosi tion of the ben,dint:r. ms.:;net o.t l)bcing of the beam con be 

ad.justed on the television screen. The lic;ht flnsh of bec.m interception should come 

frorn1 verticrdly, the centre of the se]Jium. 
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The kickc1r mD.,snet has its own additionc.l razors (cp. fig. 2) to protect 

it against the consequences of vertical been ·disalignrnents. These razors consist 

of a fork at the downstream end of the magnet. The dist.S.nce between the tips of the 

fork .is 11 mm. This is 3 mm nnrrower thD.n the other side , which follows tha 

'contours of the gap·, but protrudes · 0. 5, mm into it. These razors trim the beam to 

its right vertical size o.s the :nagne t advances, leaving adequate clearings betwe,~n 

beom and gap. 

The kicker mo.gnet razors are usad for check of the b6nm pbsi ti on to kicker 

magnet nperture. A reduced movement is set up, bringing tho.; points of thEJ fork over 

the beora.. If no interception is observed this inc,icc~tes e. clc;.::::.ring ofo.t·leo.st 1.5 mm 

between berun and magnet poles. Sym.~etry can be checked by creating bumps in the 

closed orbit until interception by upper or lower fork tip. The currents excitinri. 

these bumps raus t bG eqool c..nd of op:)osi te sign. Th:Ls is so within the precision of 

the test. The kick~r mngnet stroke:~ co.n then grn/udly be magnified until onset of 

bemn interception by th<~ magnet yoke. At t'iis moment, the becm position reading, 

corrected for the diD.11."Bter should corrobor:.cte with the magnet position c..s red on· 

the comparator. Reducing the stroke, the kich:ir magnc t is now placed in its 

working position, i.e. radially half way its aperture. 

If the kick0r megnet is excited and the voltage is gradually being 

increased, one first sees on ths television screen the beoin fnlling on the septum 

and then it disap~1enrs into the aperture of the bending magnet. This can be checked 

by reducing the stroke of the B.M., such that the kicked boam falls on the up~er 

side of the fr:Jllle. 

'l'he pulse shape (cp. fig. 23) nrising from unequal imped~nce of short 

storc.ge line awl long storage line makes that with small cleero..nces and. at the 

nominnl voltoge of 40 kV c.t 25 GeV on the kickor magnet pulser one extracts 18 

bunches, i.e. only. 90 o/o of the becm, losing the first two on the bending magnet 

septum. By increc.sing the voltage to 45 kV 19 htmches are extracted (cp. fig. 24) 

.the missing second bunch corresponding to th.:J dip in the pulse .'.:l.fter th0 first peck. 

Replacing the short stor:::.ge line by one having the right impedance, will bring the 

first peak up to th8 nominal value o.nd the dip slightly below that level. 100 o/o 

ejection, now only possible nt higher voltages tlnn commonly used in the· first runs, 

will the 't become nomo.l practice at presently used low vo ltnges. 
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For this npplicc.tion on<:: ::-J.rendy has to syncbronize the ris.e to the first 

peak between two subsequent proton bunches. Jitter and delay between the two pulserr1 

h::s to be small. For di::gnost:Lcul rensons this synchronisntion betvreen bunches can 

best be done with single bunch ejection adjustiri_g the delo.y in the fa"'.t channel until 

only one bunch clis:::.)peo.rs. Fig. 25 shows thd internal beam structure after ejection 

of one bunch. 'rhe tvrn mutilated bunches come from infloctfon or1d conveniently nnrk 

th:, revolution puriod. 

A typical pnrticle tro.jectory, obt£1.ined by an electronic computer progrcs1me12 ) 

is shovm in fig. 26. With tl1v norairn:\l current in the. ben(iing magnet the beam n)11ears 

close to the co.lculclted point on the screen of stro.ight section 2, outside the 

The fnst ejection system he.s now completed several we0ks of operation 

in the CERN neutrino experiment, to a total of 95 o/o of its plonned runnine; time 

and with m c.verage extrnctin:( efficiency of between 90 and 95 o/o. 
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Fig. 2a. Sectional view of the kicker magnet in its vacuum 'anK. 

Fig. 2b. Kicker magnet, being aligned in its tank. 
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Pig. 1. Layout of the fast ejection system. 
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Fig. 3a. Sectional view of the bending magnet in its vacuum tank. 

Fig. 3b. Bending magnet in its working position. 
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Fig. 4. Princiole of the kicker magnet circuit. HV = charging line 
from high voltage set ; IR= isolating resistor ; LSL = long 
storage line ; S = switch (when closed: 2 ps pulse; when open: 
100 ns oulse); SSL= short storage line; G = snarkgap; nc =pulse 
cables; KM = kicker magnet; R = matched terminating resistors. 

s SR 

cs '-----fl~ - __,,,_.....~ ~ BM 

PSC DR 

Fig. 5. Principle of bending magnet circuit. CR = charging resistor; 
C = canncitor bank; S = switching ignitrons; SR= saturable reRc­
tors; CS = crowbar switch; DR = dumoing resistors; PSC = parallel 
strip conductors; BM = bending magnet. 



Fig. 6. Pulse generators for the kicker magnet. Center: Two coaxial 
lines with snarkgaps. Left: High voltage set. Right top: High 
voltage distribution box. Lower right side: Triggering gear 
and local controls. 

Fig. ?. Coaxial sparkgap. 

cable 

~Qoteotial electrode 
connected to kicker magnet 

bico:iical connector to be mounle 
with silicon H.V grease) 

air inlet from pressure source 



ffi ;::: 

i 

Fig. Ba. Kicker magnet unit. View of the gan side. 

~ 
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Fig. 8b. Kicker magnet unit. Backside, showing coaxial connectors. 
On the end of the cylinder is a loaded bellows for uressure 
equalization. 

Fig. lOa. Aluminium clad ferrite ring for the kicker magnet, 
with polyethylene dielectric boxes. 

Fig. lOb. Assembled kicker magnet section, showing aluminium 
foil that constitutes a capacity with the inner conductor. 
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Fig. 9, Structure of the kicker magnet. Too: View on one end of the 
assembled magnet. Bottom: Horizontal section of one unit. 
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Fig. 11. Assemhled kicker magn1it, above its vacuum tank. Front le:ft: 
Cable coming from the oulse observation loon in the gap. 
On the other end of the magnet: The beam-razor fork. 
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Fig. 12. The kick K as a function of the radial position in the 
gap of the kicker magnet. 
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Fig. 13. Magnetization curve of the kicker magnet. Kick K as a function 
of the line voltage v1 • The nomogram gives the relation between 
the line voltage, the proton momentum p and the radial displace-... 
ment of the beam at the bending magnet. 
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Fig. 14. Top: Bending magnet current. Bottom: Crowbar curreht • 

Fig. 15. 

. 

··.,~ 
, 1 . 

Bending magnet nulse generator. Front left: Ignitron rack. 
Behind that: Caoacitor bank. Right1 Ignitron and bending 
magnet temperature control. 

SIS/H/G683 

Fig. 16. 

Ignitron rack. Too: Dumning resistor. Right: Ignitrons. 
Bottom: Saturable reactors. Center left: Low inductance 
shunts for current observation. 
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Fig. 17. Assembled bending magnet. Black nlate in front is the eddy 
current shield for reducing the leakage field. 
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Fig. 18. Integrated field along the bending magnet as a 
function of the radial position in its gap. 
Expressed as a percentage of it~ value at r = 20 
and at a field B (P) = 0,9 Wb/m in the reference 
point P (cp. sketch of fig. 20), 

Fig. 20. Integrated leakage field as a function 
of the excitation level. Expressed as 
a percentage of the integrated bending 
magnet field. 
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Fig. 19. Leakage field of the bending magnet as measured ooint 
to ooint along the undisturbed machine orbit 00. the 
sketch of fig. 20). Expressed as a percentage of the 
field B(P) in the reference point P. 
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Fig. 23. Sum of magnetic kicks in the two kicker magnet 
unito. Each derived from a loop through the 
entire length of the unit. Sweep: 0.5 ps/div. 

Fig. 25. Internal beam structure after the extraction 
of a single oroton bunch. Distance between 
half neaks is one revolution. The half neak 
is the proton bunch mutilated at inflection. 

SIS/R/GG8G 

Fig. 24. Structure of the extracted beam. Second bunch 
lost on the sentum due to din in the kicker 
magnet field (cp. fig. 23). 

8 
Fig. 28. Image spot of ejected beam, focused on 

an external target ln the magnetic horn. 
True scale. 
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Fig. 26. Typical extracted beam trajectory. 
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Fig. 27. Horizontal beam emittance before and after ejection. 
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