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0. 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 us, 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 egingle bunch can be ejected. This paper

describes the system and early experience in ejecting the proton beam.

1., Introduction

In view of the probable need for high intensity beams, small angle
‘ produc tion of secondaries and beams of short lived particles, it was, after the
completlon of the C. P.S., on venercl grounds decided to build egectlon equlpment
covering as much of thp fores seeable applncatlono as possible. ‘
_ The appllcatlons seemed essentlallj to be composed of two classes. On one
hand. roups sn901allzed in counter experiments were 1nterested in oeams exte Jln,‘
as far us poss1b1e 1n t mu, e.g. some hundreds of mlllloeconds. For bubblo chamber
'experlmcnts, on thd othcr huna, bursts of 100 us or lees are convenlent. In some
epplications, such as in emulsion cxnorlmente, there dld not seem to be much preferencc.
Thoﬁgh not essential in several of th= cases, high elllclency and "cleanness", i.e.
low contamination of the extracted protons by secondary particles, ueemed”generally
‘d031rablo feuturns. This also, because of the habit of deflected but not eJected
protons to oreate sparlouo ackvround in not entirely predlctable placeo and hlgh

activity of uqulbmenu needing routine malntenancv.

‘ Sore preliminary studies had then already been made by CITRON 1). However,
considering the dharacteristics of thevC.P.S., it became clear that the 1ongvrevo~ B
lution time of 2 ps could yield the po ssibility for entirely electro-magnetic '

ejection in times of the order of one ruvolutlon 2 . The low circumferential filling
factor of protons in the machine stimulated the ides to combine very high“éffiéiency

with extreme cleamness. Some trajectories revealed the possibility of véry low
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extracted bean emittances. Though such a "fagt ejection" would only cover part of

- the epplications, work on it started first due to above attractive and challenging
features. Work on "slow ejection" also followed by KRIENEN 3) and later by HEREWARD 4)
and some hardirare is now approachingrits completion, but this will not be part of
this‘paper.

In the meantime the CERN radio frequent separator, now under construction
had been based on fast beam deflection and, for later steges, the use of a fest
extracted beam had been planned. Finally, the enhanced neutrino experiment, prepara—
tions for which were gradually gathering momentum in CERN, in addition to its need
for a high flux, proposed to use the low duty cycle to gate ageinst cosmic ray

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

fast ejection system has become a necessary condition for success.

All extraction schemes have in common the use of an ejection field (shimming
of the main field, perturbation thereof, separate megnet, etc.), i.e. a localized
field pattern that makes the particles 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 difference betwe.n fast, slow or intermediate systemsv
is then given by the resgeofive times token to subéequently perturbing ail ﬁarficles
from their stﬁble orbit. The build—up time of the radial excursion of thevpartiéles
after the onset of the pertgrbation is not relevant for fast or slow but generally
gdverns the efficiency of thé scheme as follows. _

The limiting value of the perturbatidﬁ can never be a rigoroﬁs diséontinuity
but rather there exists a transition region of theifield to which'cbrresponds a range
of perturbationé resﬁltingineither in ejection nor in focusing back of-the particles
towards the closed equilibrium orbit. The particles in question are usually lost
against the vacuum chamber of the accelerator or againét other hardware. If it
is . possible to create a perturbation which tuilds up the radial excursion of the
particles so rapidly that their trajectory is stable in one revolution but enters the
diverging field region in the subsequent one, in other words, if one cen make the
particle jump the transition region from one revolution to the nexf, it is possible
to obtain close to 100 o/o extraction efficiency, provided the onset of the radial

excursion is always on the same place along the circumference of the accelerator.
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In the C.P. S fast ejection qyotem the ejection field is given by a
scparate magnet, call‘d “benilng magnet", located in a long straight section 1,
reserved for such anpllcatlons in the design of the accelerator. An obvicus and
clean dlsturb@nce of the protons is a magnetic field, called "kicker magnet!, acting
on the beum Qomewhhre upstrean, uch that the aréulgr deflecvlon created there
trqnsfbrms Jnto & radial dlelacement of the protons adequate to jump the transition
region of the uJectlon field in the bendlng magnet. Advant ge is taken of the RP
utructure of the beam to meke the perturbating field in the kicker magnet rise to
Slts nomlnal value between the passage of two subseouent proton bunches. The pr1n01bal
conditions for clean ejection With close to 100 o/o efficiency are thus fulfilled
and the entire bean Wlll be uguctea in the time of one revolutlon or 2.1 wsy
preserving the RF structure. A concomitant featurb is the extremely low duty cycle
permitting the hltherto impossible rejection egalpst contlnuouu badkﬁround radlatlon
of 106 to 1 for the beam or 107 to.l for the bunches. The consfan and very neﬂrly,
homogeneous field in the kicker mv@net and the bendln magnet pcrmlts COHSCngﬁlOD ;

of a beam-enittence close to the one in the acceler“tor. This is only sllgntly

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

2. Some parameters

‘Though the characteristics of the C,P.S. have been described before, e.g.

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

At the beginning of the C.P.S. accéle ratlon cycle the proton beam is 1"ather
diffusc.ond fills a large part of the elliptical machlne aperture of 150 mn w1de
and 75 mm high. Adisbatic damping of the betatron oscillation makes the bcam dlameter
shrink rapidly during accelaration, such that it is around 12 mm at 10 GoV, 10 mm
at 17 GeV'and 7 mm at 25 GeV. Hence, for all practical applications close to 100 o/o
of the beam current is within o circular cross section of 10 mm ¢, apert from a
diffuse halo around the beam, continuously being created by scattering with the
residual gas. Radial pogition instabilities in one cycle ond from pulse are from
a few tenths to 1 or 2.mm, depending on energy and machire condition.. The vertical
stobility is better. In the second part of the accelerator cycle closed orbit

distortions, both vertical and horizontal are of the order of a few mm.
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| The number of betﬂtron OSClllublODS on the circumférence of th C.P.S.
of around 6.25 together wiih the Ilngwdlamctbf of 200 m results in a 'wavelength of
100 m. ‘

At reiati?istic‘energiés the 10 Md/s accelerating frequency yields a
spacing ofAthe proton Bunches in time of 105 ns. For the given machine dismeter
the circumference of the accelerator then contains 20 bunches and the revolution
time of the proftons is 2.1 us. Damping of the synchrotron oscillations brings the

bunch 1ength down to less then 10 ns in time, before the times relevant for ejection.

Engineering considerations, such es minimization of angular deflections

and of energies and voltages, led to a decision for small megnet apertures, enough
to contain the beam and allowing for position incertainties and adequate clearings.
It then becomes necessary to use the septum construction for the bending magnet, 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 magnet will allow.
Since by their small gaps the kicker mognet and bending magnet must during- operation
block a part of the useful aperture of the accelerator, these magnets must be brought
into their working position in the second half of the acceleration cycle when the
beam has shrunk to the quoted dimensions. The machine aperture is thus left un-
obstructed right after injection when its full section is needed.

_ The cited becam diameter, o reagonable clearance between beum and magref
poleu of a few mm and the ugual departure from homogeneliy of the field close to
the outside of the gap of C-shaped magnets give 15 mn high and 25 mm w1de a8
convenient dimensions for the KM aperture. The available space between two magnet
units in the short straight section 97 limits the total length of the kicker magnet

to 0.90 m.

Similar considerations hold for the bending magnet but some mqfe horizontal
space is provided to allow for variations in horizontal bean displacement due to
possible inconstancy of the kick, small vertical displacements due to a posgible
radial component in the KM field and for the curvature'of the trajectory in the
bending magnet, which consists of two straight halves inclined to each other. The
aperture of the BM is then taken 25 mm high ond 45 mm wide. The long straight

section 1 permits a total length of 2 m.
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Thb nlnlmum dbllcctlon an&ﬂe of the BM for ¢jecting the beam is 16 nrad,
At 25 GeV/c oroton nomentun this corresoonﬁ< to o fisld of 0.65 Ub/ﬁ over ths
length of 2 i. Thv bean dluﬂbter nd t e cosen septun thjcknvso of 6 mm ~1ve with
,reasonable perwtlng clvgrance, o reou1rvd minirum beas displacenent of 20 mn for
Jthlon. A convenient opbrutlnx v"lu; is 25 nm. This corr¢~wonds to 1 1 mrad of
deflection of the Kicker magnet for which a fleld of 0.1 Ub/m is needed over the

length of 0.90 e

3. Layoﬁtiaﬁd outline

Fig. 1 shows a loyout of the fast ejection system. The bending magnét is
in the long straight section No. 1, which is convenient, for the following three
C.P.S. nﬂgnet units are of the inside type, lecving the spoce free for the extractéd
besm. The klckur mvgngt is one qu rter of & betatron wovelength upstream in the
short stralwht section No. 97. '

_ The two ﬁagnets are located in the C.P.S. vacuun sySfem which isvloéally
enlqrged to boxes thet contzain the mognets und thelr dloglucel ent. The movement
is given by hydroulic actuators outside the vacuum boxes over o connection shaft
that slides through a vacuun seal., Fig. 2 and Fig. 3 gﬁVe'sectional views of
respectively the kicker mognet ond bending magnet in their vecuunm tanks.

In the first holf of C.P.S. mognet unit no 1 the vacuun tube is widened
at the exterior to contain the deflected beam. In the centre of this unit it s»lits
in two and o semrate, narrow pipe tokes the bg cted beom out of the machine.

The pulse generators are kept close to thu marnets. For tbe kicker nognet
it is in the C.2.S. r1nb, for the bending wognet in the basement. The D.C. suppliés

for charging the cugu01tors and lwnes ore located outside the machine.

2)

Although more than one method is known for obtgining a fost rise

followed by o constont ficld in the kicker mognet during the 2 us of extractlon,

the delay line systenm pronosed 6) ﬂn‘ flrst uwplled 7) by O NEILL was adopted for
its relative simplicity of 01rcu1t end uw1tch'ﬁ“ o+d for its possibility to

terminete the pulse. The latter permits portial extraction of the beam, leaving

the remoinder undisturbed for internal tergeting applications or -slow ejection,
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Thé principle of %he kicker magnet circuit is given in fig. 4. All parts
of the circuit are motchied to thuvimped:nce of 10 L1, The kicker magnet is a four-
pole ond Has delay line characteristics. Two nulse forming networks connected in
series by a switch S are chérged from = HV vower supply through en isolating resistor
IR. If the zap G is fired a rectonmulor pulse of twice the deloy time of the lines
and half the chargiﬁg voltage ‘propagmtes to the right, troverses the kicker magnet

and is dissipated in the terminating resistors.

The bending magnet field hns the requirement of low leakage field, met by
the septun construction, and high constency of the field during the 2us of passage‘
of the kicked beam. To reduce cooling requirements cnd the lecknge field this magnet

is also pulsed, for simplicity with o half sine wove of ~ 150 us base.

The pulse is derived from & crowbar circuit according to fig. 5. When the
capacitor bank is switchéd to the inductance of the mognet excitation loop, the
circuit sterts o ringing dischorge. After the first half wove, when the capacitor
voltage is reversed and the current is zero, the crowber switch CS shunts the coil
with o resistor R. The saturable reactors hoving permitted the gzap S to extinguish

the capacitor bonk will dissipate its energy in the resistor in a single, damped

current surge.

The 2 ps KM pulse is synchronizud on the crest of the BM pulse.

4. The kicker nmagnet aond its circuit

The theory of the delay line magnets hosg been treated in detail else-

2, 6, 8 A e
where ). Here it ie useful to elucidate the cohsrence of the poremeters by
the following argument. P

The cvailable lensth 1 and the chosen width b of the aperture and height

h determine the inductance of the kicker nognet with single loop excitation by
1.b |
L oad b = ' (1)
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where B is the magnetic field in the kicker, 'and S the coordinate along the trajectory,
is subject to reguirements for mognitude and risetime. The latter is for a delay

line magnet essentially its deloy time TQ; prdVided”th\ leading’édgeléf:fﬁé current

pulse is considerably shorter. This determines the capacity Ck'of the kicker magnet

by .
Tk_’r‘d; v Lk . Cki e o (3)

and hence the impedance 7 as

2= 1/, @)

The gap height h and the required anguler deflection, hence kick, give the current i

. B.h - .
v e B - fodne Ry (5)
“ (o}
and the voltage vk
ho=iezs SR (6)

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

In order to keep this voltage limited one will, according to (6), take
the maximun dqldy time for the kicker that is compatible with the requirément -of
rise time, 1e§viﬁg some margin for jitter in synchronization and non-zero rise time
of the current pulse. The impedance can most conveniently be chosep to fit some
nearby cowbination of standard resistofé dfhtransmiésiqn cables. If the v&ltage ie
still to be reduced the only w&y:is division of thé‘kibkér magnet‘ihto uﬁ{ts, in
case the total length is given, or, if space is évdiléblq,fhe addition of kicker
nagnets using a fraction of the current in each. In both ways the voltage is reduced
by a corresponding factor. For the C.P.S. a division into two units yielded acceptable

voltages. Bach unit is excited by its own pulser, permitting their separate use.
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The main parameters of the kicker megnet circuit are collected in table I.

Table T

Parameters of kicker megnet circuit (per unit)

Number of units ' ’ : : 2
Gap height o Ferrite 22 mm
™ ugeful for bean 15 mm
Gap width s Ferrite o 52 mm
' ™ useful for bean 25 mm
Length 450 mm
Ferrite length 280 mm
Pulse duration 2.1 us 0.10 us ®
Delay time kicker ~ ~0.07 Hus
Inductance of kicker ~ 0,7 wH
Capacitance of kicker . ~ 6600 pF
Characteristic impedence ' o~ 10.4 S1
Max. kicker voltage o 35  kV
" line voltagze 70 kV
" current ' T 3500 A
" cnergy in storagé line | 260 J 133 %
" mognetic energy in kicker 9.3 J
" electrostatic energy in kicker 9.3 J
" obtainable kick in entire magnet 0.153% Wb/m
" fieldinFerrite S ~ 0.3 Wb/hg
* value for single bunch e¢jection

¥ noximum means highest value used over

at least lO6 operations
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As for the highest machiﬁé energies and for the envisaged meximum deflection
line voltages well above 50 kV were expected, special attention was ziven to the
1igh'voltage engin eéring. At these voltoges pulsed devices, using o;en.insulators,
e.g. open ends ete., suffer from severc problems of surface flash—over; For this
reason, for purposes.af mtehing and to reduce interference production an éntirely
coaxial construction was cdopted. Fig. 6 shows the two pulée generators with their
triggering geor. and controls. | ‘ |

The box on top of the rack is.q 20 section lur ud element delay 11ne
(lonz storsge line or ISL) ¢ *v1n" 2 pulse of 2.1 ps flat ton, the cyllndcr halfway
the colun is o 9 section lumped e ement line (short storcge line or SSL), producing
a 0.1 ps pulse. Between then is the coaxial sw1tch (S in fig. 4), operafed by oil
pressure end below the short storcge line is the triggered sparkgap. When the 1§tter
is fired the pulse traverses a tube containing pulse cbservation oHrobes and is
transmitted towords the kicker negnet througn 5 BICC type 100 P4 »ulse cables of
50[11n parallel. The elemdnts of the pulsers are connccted to each other with bi-~
conJC“l plugs with silicon HV grease, as con be seen in fig. 7 giving the construction

of the sparkgoep. The result ng mognetic palsb in the kicker magnet is shown in fig. 23.

This gep is of the three electrode swinging cascade typs described by
FITCH ond McCORMICK 9) and can.be operated at different volta ges by chenging its
~air pressure. The centre electrode is kept on half the (negotive) charging voltage
of the mein electrodes by & hiszh Nveﬂ“nce voltesge divider. The rasn.tlve trigeesring
pulse olmost iinmedictely breaks‘down the 05 mn gap betweun the shnrp trlgberlng
needle and the centre ele ctrowv, ionizing upper and lower gao, by u]tfu~v1olet
irradiation through the holes in the c¢lectrode and, in chorging the 1atter creates
o ropid ricze of its voltage. The upper gop will fir: bringing the full churglng
voltage over the lower gop, which then also brenks down. The centre ¢lectrode then
kes the pulse voltage, whnich is equal to the initial DC_level, untii the ehd
of the pulse when it is discharged comgletcly and goes up to zero.
The gaps of the two lines ore: trl roered simultancously by o mester gap,

£5
o

which in its turn is flrcd by o hydrogen thyr tron. The absolute overall time Jltter

and the mutual jitter between the two noin gops is f the ordpr of lO ns.
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Each of the two kicker magnet units (cf. fig. 8a and 8b ) is essentially
made of two coaxial conducting tubes with seventeen ferrite rings between them,
The outer tube and the ferrite are cut for the beam aperture. Fig. 9 gives the
configuraﬁion. Fach of the ferrite rings constitutes an inductance and is clad in
aluminium; This shields 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 oﬁfer conductor and located between two clad ferrite rings with polyethylene
as dielectric (cf. fig. 10 & and 10b). KEach magnet unit is vacuum impregnated
with silicon 0il and hermetically sealed. The two units are supported together in
a C—tprofiled beam, (cf. fig. 11). Input and output comnections go through the
transmission shaft linking the magnet in the vacuum to the hydraulic actuator in the
air. For constructional reasons these connections had to be mismatched but this has

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 0 in parallel, each of them termirated by a 504i 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 ancd the oil is cooled by a wauv: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 referenoe.voltage, with an oscilloscope as zero indicator. The setting was better
than 1 %. TFig. 12 gives the kick as a function of the radial dimension with 60 kV
on the line. TFig. 1% shows a magnetization curve combined with & nomogram 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 magnet and its circuit

For a given nominal current in this magnet the forces due to the ficld
and to thermal stresses are largely a function of the duty cycle, So is the
average tempercture of the magnet, influencing the dielectric properties of the

organic insulation meterials. One will hence tend to reduce the duty cycle as much
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as is compatible with the requirement that the field be constont to prescribed
accuracy during the 2 ps of ejection. A low duty cycle, i.e. a fast pulsé, hos the

additional advantoge that the leakoge field can be made small using the eddy

<

T IE T I

current effect, shielding with conducting screens.

In order to avoid the comulicgtion of 3u13gwforming networks, a half
sinewave nulse was token. As 2 normel ringing dischorge would dissipate almost the
full energy in the moasnet excitation looyn, 2o dunping resistor must be incorporated.
The present scheme, with the dumping resistor in the crowbar branch, yiclds a smaller
duty cycle for the magnet than the normal d:npéﬂ series circuit and also requires
smeller voltage and energy for o given current. Teble II‘gives the reroneters of fhe

circuit and Fig. 14 shows an oscillogram of the mognet current and crowboar current.

Table 2

Parameters of thebending magnet circuit

45 mn wide
Magnet aperture
25 mm high

Mzgrnetic length | 1.96 n

Inductance of the magnet S - 4.2 pH

Onset of saturation effects _ 4arounq‘l.5>Wb/m2
Current at 1.5 Wb/m2 : 30, khAmp
Pulser capacitor (HYDRA) 328 uf
Capacitor voltoge at 1.5 Wb/mz , 4.5 XV
Crowbar resistor E 0.1 S
Crowbar circuit inductance 0.2 pH
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The mein switch S (cg. fig. 5) and the crowbar switch CS are both composed
of two commercial A.5.1. type BK 34 iznitrons in parallel. Roch »Heir of ignitrons
is triggercd fron a hydrogen thyratron, the crowbar switch over an adjustable delay.

The low inductince dumping resistor DR consists of folded strips of
stainless steel sheet with uylor ins 1ation, clamped between two water cooled plates.
for reliable o erction and low jitter, which is essenticl for perallel firing of
twe ignitrons, the latter ore operated at around 250 C. To reduce starting up time
a.tempcrature control systen first heats the ignitron coolinz wut.r, then cools it,
as the working temperature is reached. This temperoture is keont constant between
240 and 26° C. Fig., 15 ond 16 show the bending magnet pulse generator.

The capacitor bank is cha géd th oﬁgh a Philins type DCG 12/30 thyratron,
the grid of which is controllesd by the difference betwecn the capaciteor voltage
and a stabilized preselected reference voltoge. Charging is stopped when the reference
voltege is reached. This yields a precision of better thanr 0.4 o/o at 3 ¥V on the
bani.

From the capacitor bank snd switch zeor the pulses arxe trensmitted over
low inductonce parallel copier strin conductors to the bending mognet. The flexible
leads to the moving mognet are outside the vocuun and the current enters the vacuum

box through a coaxial feed in the actuctor shoft (cp. fig. 3).

The bending magnet consists of two straight units of eporoximately 1 m
length supported in o C - profilé steel beem which is wmounted on tﬁe vertical sheft
of the hydroulic actuator. The horizontal inclinotion of the steel beam to the
equilibriun  orbit of the osrotons in the machine, and the angle between the two
bending magnet units can be changed to fit different extraction angles and nroton
energies.

Bach namnet unit is made of 0.35 min thick laminations of transformer
steel glued together by epoxy resin. The excitation winding is o single loop 2 mn
thick copper strip insuvlated oo ninst the magnet iron by layers of mylor sheet to
a totel of 0.5 mn thick. The leakage ficld is reduced by use of an eddy current
siielding of brase in front of the septum. The shield rlgo gives mechsnical support to
the latter but increcses its total thickness to 6 mu. The septum and the inner
conductor arc not directly cooled, but transfer tiheir heat to shield, respectively
nagnet steel which have water pines fostened to them. Fig. 17 shéws the completed

structure.
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The magnetic field in the magnet has been measured point t5 point by mesns
of Heall proﬁeg. Fig.”18 gives fhe field‘integrafed‘along the trajgctory in the magnet
as a function of the radial position, at different excifation levels. Fig‘ 19 gives
a point to point mescsurement of the leckege field outside'fhe septun along the
equilibriun orbit in the machine. Fiz. 20 shows this fxeld 1ntegr ted and expressed
as a percentage of the field in the magnet. The hoao geneity of the fleld is better
than 1 oo for medium fields and better than 2 ofo for saturation fields in the
interesting radial range. One cen deduce that the kick resulting from the leakage

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

6. Controls and monitaring o

10)

and bending mognet pulses, the moverents of these and the C.P.S. accelerstion cycle,

- A block diagram of the controls that coordinate the kicker magnet
is shown in fig. 21QVA0art from the specific cohtrols, such as permitting switching
on and off, °d3ust1nb voltege or movement, the controls consist nainly, on one hand,
of the so?calledvfast channel synchronizing kicker mognet with the RF structure
of the bean, and on the other hand of the electronic programming system for the
hydraullc servo~actuators. é

The genﬁrﬂl tlmlng is derived from the so-called l-sequence of pulses,
which come at 3.3 ms 1nterva1‘and are synchronous with the C.P.S. aneleratlon
cycle. The ejection and the movement éré started by pulées from this séquence, each
of .the two preselected by means ofba sépa;ate preset counter timing unit.xThis

)

permits easy displocement in time of one to onother.

Fagt channel

Pulses at a repetitibn freguency of 10 Mé/s end’ synchronous with the R.F.
accelerating voltage arc frequency divided to give pecked impulses at 2 us intervel.
These p 1SS througa a gate, a discriminﬁfor mmd a veriable delay, then'trigger the
kicker s gnet pulse gcnerators, thus enourlnq synchroplzﬂt¢on between kicker nagnet
field.end RF structure of the beam. The pulse triggering the BM, derived from the
Me-se qucnoc via one of the two proset counter units gotes the RF pulses over a
100 ps variable delay erd o gating pulce generator. The moment of ejection is

therefore roughly chosen from the M-sequence of the C.P.S., but the KM is triggered
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by the first RF pulse pessing the gate. The discriminator lets through only healthy
vnmutilated pulses. The 150 ns variable delay permits adjusting of the rise of the

KM fizld between the bunches.

Progromming of the actuators

The hydraulic'serVO—syst@ms that move the magnets follow an amplitude
modulated 400 c/é electric programme voltage, the displacement being proportional
to the emplitude of the carrier. The d.c. trograsmne is first.composed in steps by
relay units switching at chosen instants to chésen taps of 2 d.c. fed potentiometer.
It is then smoothed by a filter. The relay units are triggered by 4-coincidence
circuits, tho instances being chosen by & 4 - digit combination on the corresponding
cathodes of two 4 - place decatron tube scelers counting M - pulses+ One scaler is
gated via o relay unit from the other, thus permitting to delay the second progromme
to the first. .

The 100 taps of the stabilized d.c voltage progremme potentiometer, the
contacts of twenty relay units, their coincidence connections end thé.scaler cethodes

are united on a I.B.M. progromaing vonel on which the programmes cen be composed.

Monitoring

The slow monitoring system using a double bcam oscilloscopne can ot choice
displéy thé.d.c.‘step programme, the modulated programme, and thé orinciple feed-~
backs, repfesenting mévement, velocity and ccceleration of the mognets, 211 either
modulafed or démodulated. A peck is vermanently supsrimposed on the‘display at the
moment of ejection.ﬂFinally, one channel displeys the internal proton beam current
in the synchrotron for observing poséible interception if the mognet movement is
adjusted.

The. fast monitoring systen, using a Tektronix 585 scope, can dieplay o1l
signals pertaining to the mognets or the beam, such as the KM sporkzap triggering
phenomenon, current pulse in kicker mognet and in bending magnet, mognetic field
in the KIf units, their sum, their differgnce (interlocked over o discriminator),
the pulses arriving on the teminnting resistors, Bl cnd KI pulses superimposcd
(check on synchronisation), internal beon structure, cxternal beam structure, rise

of kick end bunches superimposed.

PS/3943
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The extracted beam con be observed on the screen of a television receiver
with channels to different comeras. The first camera views the upstream end of the
bending mawnﬁt becring a fluorescent frome that covers the geptum and the mognet
around 1ts aﬁerturb. ﬁerc onb cen see the bending magnet 1ntcrcepi1ng the beamn and
check wbetl er the 1uttur is leK d into thu aperture, A s»cond camera v1ews a screen

in stralght sectlon 2 on which uhe uoflpctlon of the bendlng mggneL cen be observed,

The signol of the extoernal bean structure comes from an electrostatic

pickup electrode around the beam after the screen in straight section 2.

A beam current tronsformer with an integrator gives a digital display

of the extrocted number of nrotons and o totelizer gives the integral number.

~The position of the mognets at given moment can be meas ured,by making

a zero setting between the 400 c/s position feedback signal from the éerv_oactuatd‘ijs'

»

and a 400 c/s voltage from a potentiometer. The zero indicator is gated at the

desired moment,

7. Supporting enginecring

Considerable mechanical engineering effort was involved in manufacture
and ingstollation of the ejection equipment, besides for mavnccs and pulse generators

moinly for the hydraulic movement and for the vacuum.

PR
L

Both ncfuators are three st"ge eleotro—hydr“ullc 1 servo systems. The
flrst st~~e is ¢ torque motor driven uy o blectronlc amollfler the mdvement'beiﬁg
fed back to the input of the amplificr by means of induction'potentidmeters. '

The kicker magnet and bending mognet have masses of obout 250 end 450 kg,
respectively. For displacement (acceleration and bre kzng) over dlstanCe,u of 300 o
in.times of tﬂu order of 100 ms they must ‘have considerable thrust und will create
corresponding reaction forces. They.ore therefore not supported on the concrete
ring-shaped beom, bearing the C.P.S. mognet, but th01r supportlnb Olrderu are
separately anchored into the concrete structurc of the building.

A hydreulic high pressure source with adequate power ratings is installed

in the nenrby sub-generator room. The oil is piped to the actuator over about 60 m

PS/3943
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dlst ance. Bach ectuator is equipped with on input and output oil asccumulotor which

supplies resnoctlv 21y takes up the flow surges.,

The vacuum tanks are ba31c 11y aluminium boxes of adequate dlmyn31on
foreseen with enough easily removable covers to make the magnets accessible. The
kicker magnet tank is equipped with one, the bending megnet tark with two type V 3 D
Galileo diffusion pumps of capacity 3000 1/0, and each tank has o Heraeus type R 152
rootés pump, of copacity 150 ms/h in parzllel to reduce pumd down time. The pump

apacity has'bean‘overdimensioned on one hend for reasons of pump down time, on the
other hond to have some margin for choosing moterials for the ejection equipment

. that arc less 1avouroole for vacuum.

An interesting fecture is the voacuum secl, cround the actuotor shoft of
which o cﬁt is shown in fig. 22. The seal is mounted on the supporting girder of
the actuator and connected with a bcllows to the tenk in order to gvoid reaction
forces on the latter. The two porous bronze rings align the seal around the shaft.
For this purpose the inner seal has the necessary degrees of freedom. The seal has
two stages with o pre-vacuum in between. The greasing is done with iApiezon C high
vacuum 0il, commonly used in diffusion pumps. The steel shaft is hard chromium

plated and polished to o« high gloss.

8. Operation and experience

. Apert froim the accelerator as such and the ejection hardwere some facili-
ties incorporated in the C.P.S. are essentisl and some are convenlvnt for opbrutlon

of the extracted beam.

Th» position of the closed orbit can be subject to some change in time.
In order to avoid realigning of the ejection magnets, it is useful to have some '
simple means to adjust the beam position. For the kicker mognet this pogsibility
is redially given by the movement itsclf, which ¢ can be adjusted £ a large range
of been positions. In addition, so-celled radiél‘perturbctiong can be programned
and introduced as eTToY signals in the phasce of the beam control system, thus

displacing the beam over a controlled radisl distance at desired instances.
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Thu besm can be 1ocally dl ed in thu vertical dlrectlon by sets of
two bean kickers, ;16; identicel magnetlc fields acting.on the becm half_a betatron
wave length epert, thus creating a bump on the closed orbit. Two sets of these
are ovelleble for ejection : One set making tdo bump in straight seotion 97, slightly
affecting the Vepticgl aogle in . streight seotion 1, md enotherkfoi a>bump in
gtraight section 1. This possibility aléo existes radiclly. |
e The halo of scattered protons around the becm, believed to be of the order
of 0.1 o/o, is Drbvented fronm hitt"bg the egectlon equipnent by c*thlng 1t of f.
For this the beam is T“dlolly stecred. 2 cn inwords Lrouna 300 ms before e3e0u10n onto
a target in qtralfht section 12 thot trims of the htlo but does not "‘fect the beam
intengity. Thc Tddlul rerturbwtlon is then suppressed a d another one is 1nt“oduced
placing the beam ot the right distence in front of the septum. This hoppens as
shortly as possible before ejection but éar y enough to make o beam position reading.
Severcl ms “Itoriogect1on a stron~ 1nwurd p@rturboilon durps what remains of the
internal beom onto the mentioned sh aving taorget. Tho dumping op pratlon is to avoid
build-up of radioactivity in unwzntor olaces in case anytnlng is 1eft cwrculutlng

after ejection.,

11)

Some"prelimiharies precede the actuanl ejection . They have been
performed in oarly eftroctlon exocrlments and are 9raduully being relexed as more

exp@rlence and confldence ws galned

If the placing porturb tion is increcsed until interception can be :
detected by loss of beam current and by ]1ght on the TV screen, then further untwl
the totﬂl beum is lost ‘the rodius of the berm iB eauul to the difference between
the resoectlve p051tlon readlnps. The readlno at tho onset of interception, corrected
for the dlameter, must corroborate with the supposed alignment of the bending mognet
septun. One cen now adjust a convenient olearing of 1 to 2 mm between the beam and
the septﬁm.ﬂ ' o L i v St

“hé &erfical position'of the bending magnet at placing of the beam con be
adguoted on.the te leviéioh ?oféen. TheAlight flash of bean interception should come

frou, vcrtlc l_Ly, tnc centrc of th ;eptum. '
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The kidkgr noynet has its own additionsl razors (cp. fig. 2) to protect
it against the consequences of vertical becm disalignments. These rozors consist
of o férk af the downstresm end of the'magnét. The distance between the tips of the
.fork.is lllmm. This ié B'mm’narrower than the other side , which follows the

contours of the gdp, but protrudes 0,5 mm into it. Thesec razors trim the beam to

{2

its right vertical size as the mognet advahces, leaving adequate clearings betwecn
heam and gap. v |
The kicker mognet razors are used for check of the beam position to kicker
magnef aperture. A fedﬁced movement is sct up, bringing the points of the fork over
the beam. If no interception is obsefvéd this indicctes a clearing of at least 1.5 mnm
between beam ond magnet poles. Symmetry can be checked by creating Eumps in the
closed orbit until interception by upper or lower fork tip. The currents excifing
these bumps must be eqﬁal cnd of opposite sign. This is so within the preoisionAbf
~the test. The kicker magnet stroke can then gracuelly be magnified until onset of-
beom interception by the mognet yoke. At this moment, the beeﬁ position recding,
corrected for the diameter should cofroborite with the mégnet position as red on
the comparator. Reducing the stroke, the kicler mognet is now placed in its '
working position, i.e. radially half wey its aperture.
If the kicker megnet is excited end the voltage is gredually being
increased, one first sees on the television screen the beom falling on the septunm
and then it disappears into the aperture of the bending magnet.,This can be checked

by reducing the stroke of the B.M., such that the kicked bcam falls on the upﬁer

side of the fraome.

The pulse shape (cp. fig. 23) arising from unequal impedonce of short '

storcge line and long storage line mokes that with small cleerances and at the
nominzl voltage of 40 kV ot 25 GeV on the kicker magnet pulser one extracts 18
bunches, .i.e. only. 90 o/o of the beam, losing the first two on the bending magnet
geptum. By incrensing the voltage to 45 kV 19 bunches are extracted (cp. fig; 24)
the missing second bunch corresponding to the dip in the pulse after the first peck,
Replacing the short storage line by one_héving the right impedance, will bring the
first peak up to the nominol valuc end the dip slightly belbw thét level. 100 o/o
ejection, now only pogsible at higher voltages thon commonly used ih the first runs,

will the become normal practice at presently used low voltages.
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For this applicotion one clready has to synchronize the rise to the first
peak between two subsequent proton,bunches. Jitter and delay between the fﬁéméﬁlSBrs
hag to be small.: For disgnostical reasons this synchronisation between bunches can
best be done with single. bupcb bgectxon u&JUbulpﬁ the delay in thc fast channcl unill
only ore bunch disoopears. Flg. 25 ohOWS the internal beam struCpure after egectlon
of one bunch. The wo nutilated bunches come from inflection and conveniently mark
th: revolution pcriod.A - v '

A typlcal purtlcle trs Jectory, obtﬂlned by en electronlc computer prog mmelz)

is shoyn in ng. 26. With the nominal current in the bonilng magnet the bean odnears
close to the calculnted point on the screen of stra“ght section 2, outside the

C.P.S, vacuum chanber. . ' | |
. 1%)

For the trajectory used in the CERN neutrino exverimen the computed

phese ellins of the extracted beam in straight section 2 is compared to the internal
emittance in fig.'27;'Finally, fig. 28 is obtaihéd:from exposing photographic paper
to a proton bean focused at the external turnct in the magnetic horn 3).
The fast ejection systen hfs now completed several wecks of operatlon
in the CERN neutrino experiment, to a total of 95 o/o of its plunned runnlnb tlme

and with an average extracting efficiency of between 90 and 95 o/o.
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Fig. 2a. Sectional view of the kicker magnet in its vacuum tank.

Fig. 2b. Kicker magnet, being aligned in its tank.
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Fig. 4.

CR

Princivle of the kicker magnet circuit. HV = charging line

from high voltage set 3 IR = isolating resistor ; ISL = long
storage line ;3 S = switch (when closed: 2 ps pulse; when open:
100 ns nulse); SSL = short storage line; G = sparkgap; pc = pulse

cables; KM = kicker magnet; R = matched terminating resistors.
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/(
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Fig. 5.
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Principle of bending magnet circuit. CR = charging resistor;

C = capacitor bank; S = switching ignitrons; SR = satursble reac-
tors; CS = crowbar switch; DR = dumoing resistors; PSC = parallel
strip conductors; BM = bending magnet.

BM
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Pulse generators for the kicker magnet. Center: Two coaxial

lines with sparkgaps. Left: High voltage set. Right top: High
voltage distribution box. Lower right side: Triggering gear
and local controls.
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Fig. 10a. Aluminium clad ferrite ring for the kicker magnet,
with polyethylene dielectric boxes.
Fig. 8a. Kicker magnet unit. View of the gap side.

b

Fig. 8b. Kicker megnet unit. Backside, showing coaxial connectors. Fig. 10b. Assembled kicker magnet section, showing aluminium
On the end of the cylinder is a loaded bellows for pressure foil that constitutes a capacity with the inner conductor.
equalization.
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Fig. 11. Assembled kicker magnet above its vacuum tank. Front lefi:
Cable coming from the pulse observation looo in the gape.
On the other end of tne magnet: The beam-razor fork.
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Fig. 14. Top: Bending magnet current. Bottom: Crowbar curreht.

Fig. 15. Fig. 16.
Bending magnet vnulse generator. Front left: Ignitron rack. Ignitron rack. Top: Dumping resistor. Right: Ignitrons.
Behind that: Capacitor bank. Right: Ignitron and bending Bottom: Satursble reactors. Center left: Low inductance
magnet temperature control. shunts for current observation.
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Assembled bending magnet. Black
current shield for reducing the

B T

plate in front is the eddy
leakege field.
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Fig. 23.

Sum of magnetic kicks in the two kicker magnet
units. Each derived from a loop through the
entire length of the unit. Sweep: 0.5 ps/div.
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b

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

Fig.

24.

Fig.

Structure of the extracted beam. Second bunch
lost on the septum due to dip in the kicker
magnet field (ecp. fig. 23).

28. Image spot of ejected beam, focused on
an external target §n the magnetic horn.

True scale.



2899/4/S1S

3000

4403

3140

magnetic length

4263

1740

physical length

153,8

1255

|
|

995

limit normal

machine aperture

) | 1400 1400 100 kicker magnet
. bending magnet . ’ | . ’ . .
///umH - ‘@ . unit 100 (% unit /99 , _unit 99 ., unit 97
V0 2 . 7 8 ss1o|1 b ©4 5599 Wk V88 SS98 080 7 s
1 1 1 1 I 11 11 il 1 L] . !
T T T [y (3] ™F 1
Fig. 26. Typical extracted beam trajectory.
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Horizontal beam emittance before and after ejection.
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