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Summary : The 25 GeV/c proton be-wnm is extraocted from the CERN proton
synchrotron within 2 time-interval of 2.1 us. For the
production of & high flux of pions and kcons the bean is
then guided towards an external torget end in the target
focused to cpnrox. 1 mm2 cross section. Results of preliminary

bean studies are discussed and the apparatus used described.



1. Introduction

It became clear soon ofter the first proposals for experiments with
neutrinos from high encrgy nccclerators were mode thot on extracted becm of high
energy protons would combine o number of properties of interest for such experiments,

such cs :

1) the small emittance of the circulating proton beom could be essentially
preserved. It permits focusing of the beam to a small diameter in a
long ond thin target and hence -n efficient use of the accelerated

protons;

2) the time structure : the total burst length of o fost ejected beonm
would be convenient for bubble chambers. The bunch structure permits
further gating of counters or smark chombers to o ratio of 107 1
ageinst cosmic roys and time of flight rejection of slow neutron

background.

In fact the reotes from internal targets of less than one useful event per

1)

CERN P.S. 2), 3), 4) were marginal for doing neutrino experiments with justifiable

day ond ton of detector realized =t the Brookhaven A.G.S. or expected at the
amounts of machine time, ond the feasibility was largely dependent on the geometry
of the synchrotron magnet. Consider~tions about the use of the then plenned fast

5) led to the proposal of a "magnetic horn" 6),7),8)

ejected proton bean for the C.P.S.
for directing the pions originating from an external target towcrds the detector
of the neutrino induced interactions. This device was expected to increcse the rete
to severcl events per doy in the CERN heavy liquid chamber wi§h0u§ substontially
3), 9

changing the existing proposals for the experimentel layout from which the

present arrangement was developed.

The externcl proton beam hos up to dote delivered in cbout 35 d-oys of
running opprox. 106 pulses mainly of 24.6 GeV/c protons onto the external target.
The accelerated intensity was mostly between 7 and 8.1011 protons per pulse of
which more than 90 o/o were ejected. The benm worked setisfoctorily after little
svtting-up ond testing time 2nd the neutrino experi.ent wes storted immediately.
There was little time available for systemctic studies of the beam ; the presented

doto on the beam properties ire hence preliminary.
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2. Description of the beam

2.1 Trajecto

The layout of the final experimental set-up is shown in Fig. 1. The
experiment has been crranged such as to take up the minimum space in the P.S. South
Hall, i.e. the detectors have been plnced into the North West cormer of this hall,
leaving place for most of the other standerd beams derived from internal targets.
As a consequence, the extracted proton beam could not be used within the range of
directions provided by the ejector uangnet (hotched cone in Fig. 2), but has been

further deflected to follow closely the P.S. ring nognet.

Fig. 2 shows 2 loyout of the wxtraction equipment and the external becm.
The proton beam is c¢jected from the synchrotron by exciting a betatron amplitude
of 20 mm with the fast kicker mognet, ond by o subsequent 24 mrad outward deflection
by the septunm magnet. After hoving left the mnchine field, it is deflected into
the direction of the detectors (pessing at the same time clear behind the yoke of
the P.3. mognet unit 4) by a deflection of 101.5 mred towords the mochine centre,
which is accomplished by 5 pulsed ningnets of opproximately equal strength. A vertical

correction of 0,15 nmrad is provided by a sixth smell mngnet.

The trajectory of the ejected becm through the P.S. ringnet uo to the point
at which it emerges fron the P.S. stray field hes been traced with a computer

10)

programme + This integrctes the equation of motion in smell steps, the field velues
being interpolcted from 2 measured field table ll). Pig. 3 ond 4 show the trajectory
through the P.S. maognet units in more deteil ; also shown i the result of o trajectory
measurement in the last magnet unit (Fig. 4). The outwerd parcllel displecement of

the mecsured curve corresponds to approx. 1.5 mma error in the relative alignment
between the septunm mogret and the mecsuring equipment. This is within the expected

overall measuring precision.

The machine voecuuwn is terminated one magnet unit downstrecm from the septun
mognet. From then on the beam trovels in o vacuum tube, mostly ¢ 40 mm outer diameter
plexiglass tube, ot ¢ rough voacuw: of approx. 3 Torr. The remaining r.m.s. Coulomb
scatturing angle is smaller than 0.02 mrad. That the beam is well centered in the
vacuum tube cen be inferred from Fig. 5 where the spots obtained by introducing

photographic paper directly into the vacuum tuoe are reproduced. For an explanation
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of the small satellite spot visitle in two »laces see par. 3.1.

2.2 Beam optics

The fields in the twc ejection mcgnets are sufficiently constant in space
and time to hove only 2 smell influence on the becn properties. The effect is

negligible for present purnoscs.

The beom lenves the line~rized field region of the P.S. aperture in the
nagnet units downstrecn from the septwa magnet, whire the locction of the ejected
bean with respect to the pole f-ces is indicrted in Fig. 4. It traverses a horizontclly
focusing field in one and horizontrlly defocusing fields in three holf mcenet units
with nean gredients ot 24.8 GeV wn~chine energy of approx. 4.2 W‘o/m3 in the first
and 4.3 Wb/ms, 2.1 Wb/m3 end 1.3 ‘Jb/m3 respectively in the other sections. The
resulting horizontclly defocusing effect is compensated by inserting ¢ horizontelly
focusing quadrupole (@ in Fig. 2) between the two negnet units. A beon of less than

0.5 nrad divergence is thus produced (cp. Fig. 5).

The beam is then focused to very sncll size by 2 quadrupole triplet
(Q2 - Q,4 in Fig. 2). The lens strengths =28 computed with snother stondard progromme 1
ere displayed in Fig. 6. Fig. 7 shows the spots obtained on Polaroid film when the
lenses ore tuned so ©s to produce o focus in the space between the deflection
mognet B 6 and the horn. Fig. 8 hrs been obtcined by inserting at the s-me place

photographic pcper longitudinally into the bear in horizontal and vertical vnlcnes.

The ottained spot sizcus depend on the sensitivity of the photographic
material ond are in fact too lorge due to secondory porticles. fs typicel examples
G 5 and K - 1 enulsions exposed to 1.6 . 1010 protons are shown in Fig. 9. The large
black spot in Fig. 9 ¢ is seen to be almost entirely due to radiacl tracks of
seconduries, ond the actual beam c~nnot be distinguished. The totzl doses hove been
obtained in different ways ir Figs. 9 b, ¢ ¢nd d which thus give z2n indication of
the stcbility of the system ot lecst during short periods. In order to obtain a better
estinate of the bean size & series of K - 1 cuulsions hes been exposed to doses
betwven 3.5 . 108 znd 1.6 . 10ll protons =nd <2gein ¢ll plctes ~re overexposed in
the centre. Howcver, by plotting cunstant bl-ckening agrinst radius (using a rother
subjective criterion of blackness in microscopic observation) z curve as in Fig. 10

cen be obtained. Though the pezck of the curve is unknown, it allows the conclusion
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thet more than 90 o/o of the beam are contzined in dimensions smeller then 0.8 mm in

horizontal and 1.3 mm in verticcl directions.

It can be inferred from Fig. 4 thot the beam avoids the regions of strongest
nonlinearity of the synchrotron field and thet phase-space should hence be essenticlly
congerved. Phase-spcce ellipses in the horizontal plane have been constructed by
tracing with the computer =« number of trejectories with initial conditions lying
on an assumed machine phase-space ellipse. The resulting contours are shown in Fig. 11.

An approxinate emittance value of con ejected bean of 1.5 . 1010 protons

has becvn estimated from Fig. 10 and similer exposures ot the end of lens Q 4.
The result is shown in table 1. The acceptcnce of the circuleting besm is computed
frou the horizontal becn dimension which is cpproximately determined by letting

the cjection mognet intercept the henm,

Iable 1

Extracted bezm emittance

estimrted emittance

measured enittence of the circulcting beam

horizontal Tn . lO‘7 rad . n 4n . 10-7 red . m for

becn width 6 mm

vertical 3. 10.7 rad . m
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2.3 Efficiency

The bunch structures of the circulating and the ejected bean as observed
with electrostatic pick-up electrodes are shown in Fig, 12. The loss of the second
bunch and occasionzl nutilaticn of the first in the ejected beam sre due to a
temporary deficiency of o storage line of the ejection system (see par. 3.1). Since
normally no beam is left in the machine ond there is no evidence for losses in the
external beam, (cp. Fig. 5), we infer thot the extraction efficiency is at present
between 90 aond 95 o/o. This is in ocgreement with the indication of a czlibrated

bean current trensformer in the external beam path.

The stability of the whole system is such thet 98 o/o of the cjected
pulses pess through o 2.5 mm dicmetor hole in o fluorescent screen nounted in front

of the 4 nm dianeter target without sigificant light production.

3. Apparatus and instrumentation

3.1 Fast beamn extraction

The beann is extracted in two stoges (see Fig. 3). A sudden distortion
induced by the "kicker" magnet in the synchrotron orbit makes the beom pass through
the aperture of a second nmegnet (bending megnet in Fig. 3) which deflects it out
of the synchrotron magnet field. For maximum efficiency the kicler mngnet field
rises between the passage of two subsequent bunches of the circulating proton beanm
(i.e. in 100 ns) to approx. 0.1 W‘b/m2 and stoys constent for the revolution time of
the synchrotron of 2.1 us (Fig. 13). It yields 1 mrad deflecticn and some 20 mm
amplitude of the orbit distortion. The bending magnet must have low leckage field
in order not to distort the synchrotron orbit before ejection, beceouse its field
rises more slowly and to a higher value. It rises to 1 Wb/m2 in 75 ps nnd deflects
the beam through 24 mrad angle cut of the machine. The pulse of the kicker magnet
is synchronized to the top of the sinusoidel pulse (top trcce in Fig. 14) which
is sufficiently flat during the 2.1 us interval within which the berm is ejected.

Both mrgnets cre loc~ted inside vacuum tanks and cover in their working
positions p>rt of the I'.S. vacuum gperture. Since the beam fills a large port of the

vacuun chamber at low energies the ejection mnognets are moved into their positions
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in each acceleration cycle after the betatron oscilletions have been sufficiently
damped and the beam diemeter is smaller than 1 cm. The magnets are shown in their

vacuum tanks and the hydrcoulic actuators are indicoted in Figs. 15 ~nd 16.

In order to obtain the required trapezoidol ficld pulse shape, the kicker
13), 14)

nagnet is pulsed in a matched transmission line circuit of 10 ohm impedznce
as schenatically represented in Fig., 17. A lumped clezent transmission line (1sL

and SSL) is cherged to o curtcin voltege. Upon closing the gap G a voltoge wove of
half the charging voltage with the ossociated current weve travels down the circuit
through the magnet, the energy finolly being dissipoted in the terminating resistor R.
The charged line consists of two narts, one for pulses of 100 ns duration (SSL) and
one for 2.1 ps (LSL) pulse duration which pernit respectively the ejection of single
bunch.s or of thc totnl beom. A mismntch of the 100 ns storcge line in the first
csseubly explains the deporture from trapezoidal pulse shape in Fig. 13, the

existence of the second spot in Fig. 5 (due to the bunch deflected by the first peak

of the pulse) and the missing bunch in Fig. 12 which fnlls into the subsequent minimum.

The pulse generctor assembly is shown in Fig. 18. The whole system hos
been designed coaxicl, the outer conductor clways being connected to ground potenticl.

The rack contcins from top to bottom the 2.1 pws stornge line, a high voltage switch,
17)

the 100 ns storage line, the three electrode "swinging coscode" type spark gap ,
and 2 mutual inductsnce for observation purposes. Five 50 ohm cables in parallel guide

the pulse to the mognet and further to the oil-covled resistor assembly.

The kicker mognet consists of two units (Figs. 19 and 20) of cocxial
structure the outer conductor of course being interrupted to open the wmognet geov.
Ferrite rings with an air gep are located between the inner aend outer conductors
and the impedcnce is matched by circuler plate capncitors located between the
ferrite rings. The whole megnet is sealed vocuum tight and is oil-impregnated to
improve the high voltage reliability. The radial field distribution in the gap is
shown in Fig. 21. Some pormmeters ond ratings of the kicker magnet and its circuit

are collected in tcble 2.

A low leokage field is achieved by 2 "septum" type mognet structure,
where the return current conductor ("septum") is so placed that it closes the magnet
gep. The septun magnet (Fig. 22) consists of two units in series each built up of

blocks of glued Si-steel plates cnd is excited by o single -turn winding. It is
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pulsed in order to ease the problems of cooling the heavily loaded septum conductor.
Eddy currents induced by the pulse in the front plate that cools and retains the
septun at the same time reduce somewhat the leakege field. The radiel field
distribution in the gep «r.d the leakage field outside the septum cre shown in Figs. 23
and 24.

Fig. 25 shows the "delayed crowber" pulsing circuit of the septum magnet.
The capacitor is first discheorged through the ignitron pair S and the magnet
(Fig. 14, top trace). The dischorge would continue ringing, but before the reverse
voltage reaches its peck the caopacitor is rapidly discharged through the ignitrons
CS and the low inductance demping resistors DR dissipate the stored energy. (Fig. 14
lower trace). In Pig. 26 the low inductonce arrangement of the pulser circuit is
shown. Parameters ond rotings of the bending mognet and its circuit are given in

teble 3.

A first outline of the fast cjection system hos bewn presented in ref. 5

and a more detailed nccount of the completed installetion in ref. 16.

3,2 Beam trznsport

In order to deflect the beam into the chosen plcce for the detectors and
at the sacme time to produce a focus nenr the ucchine the becm transport components
had to be loccoted very necr the synchrotron rognet. This requirement limits their
external dimensions, while the small size of the beam allows for small zopertures.
The deflsction fields ond the gradients hove been planned for very high values in
order to reduce the required lengths. The associated power problem in the restrictsd
space can be coped with by pulsing all these ragnets, since the fast e¢jected beanm

has only 2 us pulse durction.

There are four types of magnet components, short and long window frame
bending magnets snd short and long quadrupoles with hyperbolic pole pieces. They
are all ande from low carbon steel loninstions and excited by several turns of water
cooled copper conductor cost in enoxy resin. The different components are shown in
Fig. 27 and 28 and their relevant dainensions nre included in table . The field
distribution in the deflection mognets is shown in Fig. 29 and the veriation of the
gradient in the quadrupoles is represented in Fig. 30. The pole profile of the

quadrupoles favours the high grodients.
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The beam transport components n~rv pulsed from circuits such os shown in
Fig. 31. The capacitor is dischorged into the magnet coil through ignitron 1. The
ringing frequency of the circuit is such cs to ~llow the ignitron to extinguish after
one half cycle, leavirng the¢ copacitor chorged with reversed polority. The capacitor
polority is subsequently returned to the initial sense via ignitron 2, recovering
approx. 35 o/o of the initial voltage. BExtinguishing of the ignitrons is ensured by
the saturable rezctor. The frequencies of the circuits for the various magnets
(see toble 4) very ~ccording to the inductonce of the magnetic components :nd
according to the required current within the limit imposed by the requirement of
ignitron exstinction. Standordized capocitor units can thus be used, the supply
voltcoges being the swmize within certoin limits. The capacitors cre charged by trons-

17)

ductor controlled supplicvs which ere stoble to better than 0.1 o/o.

The moin persneters of the bewrn tronsport mognets ond the pulsing circuits
cre listed in table 4. The instnlled beem tronsport magnets are shown in Figs. 32
and o pulser rack in Fig. 33. i nore detoiled description of the beem transport

equipnent is given in r<f. 18.

3.3 Beocm obscrvation and monitoring

The essential nroperties of this becm - densities of the order of lO11 P / mm2
. 18 . . . . .
in space and 3,107 p / s in time - render impossible the use of detection methods
relying on the identification of single porticles. The following techniques are there-

fore used for becn observition purposes :

-~ fluorescent screcns for becm cligneent adjustment and monitoring ;

- o toroidcl transformer for intensity monitoring ;

- electrostatic pick-up clectrodes for time - structure (ounch number)
observation ,

- photogrsphic nctericl of various kinds (normzl copying paper, Polaroid
materizl, nuclear emulsions) re used for specicl purposes as described

in wvor. 21 end 22.

Normal ZnS fluoruscent screens viewed by television cameras have been the

19)

mein tool for observing the ejected bean « Spacus for screens and their pneunetic
or ¢lectromcgnetic drives hnve buen provided in the places marked in Fig. 2. Most

of them served in the setting=up period, but only two cre essentizl for the continuous
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nonitoring of the beam. . window frume screen around the averture of the septum
nagnet is used to monitor the position of the circulating synchrotron bean relative
to the ejection equipment since the beem position and diameter have a tendency to
vary slowly. iinother screen, with ¢ 2.5 mn diameter hole in the centre, is mounted
onto the target holder of the megnetic horrn and aligned with the target. Noraally,

the beam will pass through the hole ~nd hence hit the target.

The bean current transformer is of a type siuilar to that used for the

20)

measurenment of the circulating beam intensity and has been described elsewhere

an electrode placed necr the beam typicelly produces an <lectrostatic
pick-up voltage up to 1 V. It yields direct information on the beam bunch structure.
A system of four electrodes ploced ~round the beam is being made as an alternetive

for bewa position wmonitoring.

The standard P.S. displays of radial bean position, trapped proton intensity
(digital indication et preselected nachine energies), and of the variation of the
proton intensity during the ccceleration cycle complete the necessary set of

nonitoring equipment.
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Table 2

Parameters of kicker magnet circuit (per unit)

Number of units 2
.~ Perrite 22 mm
Gap height .
™~ useful for beam 15 mm
Gap width f/ Ferrite 32 mm
N yseful for beam 25 mm
Length 450 mm
Ferrite length 280 mm
Pulse duration 2.1 s 0.10 ps *
Delay time kicker ~ 0.07 us
Inductance of kicker ~s 0.7 uH
Capacitance of kicker ~ 6600 pF
Characteristic impedance ~10.4 S0
Mex. kicker voltage X=X 35 kV
" line voltage 70 kV
" current 3500 A
" energy in storage line 260 J 13 J *
" magnetic energy in kicker 9.3 J
" electrostatic energy in kicker 9.3 J
" obtainable kick in entire mognet 0.153 Wb/m
" field in Ferrite ~ 0.3 Wb/m2
3 value for single bunch ejection

*x naximum meaons highest value used over

at least 106 operations
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Table 3

Paroneters of the bending magnet circuit

45 mm wide
Magnet aperture

25 mm high
Magnetic length 1.96 n
Inductance of the magnet 4.2 pH
Oneget of saturation effects around 1.5 Wb/m2
Current at 1.5 Wb/m2 30 kAmp
Pulser capacitor (HYDRA) 328 uF
Capacitor voltage at 1.5 Wb/m? 4.5 kV
Crowbar resistor 0,1 Lo
Crowbar circuit inductance 0.2 pH
Ringing frequency 3.5 kHz
Crowbar delay 110 us
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Fig. 9

m

—_— 3 m
01 L34 5

Images obtained on (a) G 5 and (b,c,d) K - 1 exulsions by exposing to
doses of 1.6 x 103° protons. (Snlargement~5 x). a) and ¢) obtained
from one pulse of 20 bunches, b) from one single bunch and d) from

20 single bunches of subsequent machine pulses.
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Pig. 10 Intensity distribution at the edge of the extracted beam, as

obtained from the exposure of X - 1 emulsions to the indica;:ed

doses
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Fig. 11 Computed horizontal phase - space contours for beam traversing the

P.S. leakage field.



Pig. 12 Time structure of the beam. Rottom trace : circulating beam, top trace :
e jected beam.

Fig. 13 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 ys/div.
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Pig. 14. Top: Bending magnet current. Bottom: Crowbar curreht,
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Fig. 15 a. Sectional view of the kicker magnet in its vacuum tank.

b. Kicker magnet, being aligned in its tank.
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Fig. 16 a. Sectional view of the bending magnet in its vacuum tank.

b. Bending magnet in its workxing position.
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Fig. 17 Princiole of the kicker magnet circuit. HV = charging line
from high voltage set ; IR =« isolating resistor § LSL = long
storage line 3 S = switch (when closed: 2 pe pulse; when open:
100 ns ovulse); SSL = short storage line; G = sparkgap; oc = pulee
cables; KM = kicker magnet; R = matched terminating resistors.

Fig. 18 Pulse generators for the kicker magnet. Center: Two coaxial
lines with soarkgaps. Left: High voltage set. Right toos High
voltage distribution box. Lower right side: Triggering azear
and local controls.
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Fig. 20 Structure of the kicker magnet. Top: View on one end of the

SIS/ R/6831 angsembled magnet. Bottomt Horizontal section of one unit.
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Fig. 23 Integrated field along the bending magnet as a
function of the radial position in its gap.
Expressed as a percentage of itg value at r = 20
10 20 30 40 50 60 (mm] and at & field B (P) = 0.9 Vb/-" in the reference
) point P (cp. sketch of fig. 20).
Fig. 21 The kick K as a function of the radial position in the

#ap of the kicker magnet.
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Fig. 24  Leakage field of the bending magnet as measured point

SIS R/ &30

to point along the undisturbed machine orbit (co. the
sketch of fig. 20). Expressed as a oercentage of the
field B(P) in the reference ooint P.
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= BM

—_ 0 7T

DR PSC

T

Fig. 2% Princiole of bending magnet circuit. CR = charging resistor;
C = canacitor bank; S = switching ignitrona; SR = saturable reac-
tors; CS = crowbar switchy DR = dumping reaistors; PSC = oarallel
s:rin conductors; BM = bending magnet.

Fig. 26 a Fig. 26 o
Bending magnet nulse gsenerator. Pront left: Ignitron rack. Ignitron rack. Ton: Dumoing resistor. Right: Ignitrons.
Behind that:i Caoacitor bdank. Righti Ignitron and bending 3ottom: Saturable reactors. Center left: Low inductance
magnet temoerature control. shunts for current observation.
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Field error as function of transverse distance froz axis of

deflecting zagnet
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Fig. 21 Pulser circuit for pulsed beam transport megrets

firing of ignitron 2

Pig. 22 View 0f the irstalled external proton bean
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