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Abstract 

Among the multiple modes of operation of the PS and 

SPS, CERN has implemented a llmlted exploratory program 

Of experiments with fully stripped oxygen 10"s which 
can be accelerated to an energy of up to 225 GeV per 
nucleon iGeV/u$. In September 1986, for the first time, 

a beam of 2.10 oxygen ions was accelerated to 200 
GeV/u, ~.e. 3.2 TeV per ion, extracted and transferred 

to an experimental area. Towards the end of 1986. five 
Tpd,OT and 6 smaller experiments among which five 
emulsion eXpOSUreS, were taking data at 60 and 
200 GeViu ciur1ng a successful 17 day period. A second 

run possibly wzth sulphur IOllb. 1s foreseen for 
7ctober 19H7. 

This paper describes t h e acceleration of oxygen 
ions frsm an ECR source through successively an RFC' 

11nai to 140 keV/u, a linac to 11.4 MeVfu, the booster 
synchrotron (PSBi to 261 MeVlu, the proton synchrotron 
(PSI to '0 GeViu and the super proton synchrotron (SPSt 

up to 225 GeV/,J. The performance of the accelerators in 
provldlng uxyger, ion beams of 60 and 200 GeV/u to the 

experiments is discussed. 

Introduction 

At (TERN. acceleration of l&ons other than protons to 

energies higher than 1 GeViu has prevrous1.y remained 
l.lmlted to deuterons and a partlcies. Although the 

first deuterons were accelerated in the 50 MeV Linac I 

AS early as 1964, it took until 1976 before they were 

Injected and accelerated in the PS and subsequently 

transferred and stacked In the ISR at 15.5 GeV/u per 

beam :ll. As from 1960, low intensity u particle beams 

were stored in the ISR [21, with a three-.time Intensity 

increase in 1983 when passing through the Booster [33. 
Several studies 0 li the possrbrllties 0 f 

accelerating heavier ions in the CERN machlnes were 

made from 1975 to 1977 [4,51. In 1980 a first ion 

nhysics experiment was proposed at the PS 161. A 
subsequent study [71 showed that the mass range 
accessrble for ion acceleration in the PS complex is 

restricted by conditions such as the maximum 
accelerating field sustained by Cinac I and the lower 
current 11m1ts for controlling and monitoring the 
circular decelerators. 

Fig. 1. Fig. 1. Layout Layout of the accelerator complex for the of the accelerator complex for the 
16 16 

0 0 

beam. The North Area with its beam transfer beam. The North Area with its beam transfer line line (not (not 
shown) is shown) is located located 120' 120' clockwise around the SPS from clockwise around the SPS from 

the transfer line to the West Area. AA, the transfer line to the West Area. AA, LEAR and LEAR and LPI LPI 
are not involved. are not involved. 

Due to the evolution in physics considerations the 

required ion energies shifted to values attainable in 

the SPS and led to the decision to implement the 

present oxygen ion program [El by using the Linac 

I-PSB-PS-SPS chain while leaving free the Llnac 

II-PSBPS chain for other uses such as delivering a 

deuteron beam for dldgnostic purposes. Fig. 1 shows a 

general view of the accelerators Involved. 

Acceleration in the imtor and Linac I 

The minimum requirement of the oxygen project, as 

far as the Linac 1s concerned, 1s to provide a 

sufficient number of fully stripped oxygen Ions to the 

downstream accelerators for beam control and 

dlagnostlcs needs. This sets a lower limit of 10 uA 

per pulse every 1.2 s at the Linac I exit. 

The oxygen inlector [91 shown In fig. 2 consists of 

an electron cyclotron resonance (ECR) source [lOI, a 
low energy beam transport system (LEEiT for charge and 

mass analysis, a radio-frequency quadrupole fRFQ1 

accelerator [ill and two rebuncher cavities [121. The 

ion source and transport elements before the RFQ have 

been provided by GSI, Darmstadt, and the RFQ by LBL. 

Berkeley. A 60' Inflector magnet between the two 

bunchers permits the inJection of proton or H' bunches 

from a separate injector. 
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Fiq. 2. Proton and oxygen injector for CERN Linac I. 

The ECR source provides about 100 pA 0 
6t 

ion beam 

at 5.6 keV/u; a pulse duration of 30 ms (fig. 31 is 

needed for the formation of the highly charged ion 

states ln plasma. A 200 us slice of this beam is 

accelerated to 139.5 keV/u6ty the RFQ (fig. 41. 

Subsequently, the 0 beam 1s accelerated by 

Llnac I in the 2@h mode with a 33% increase In electric 
and magnetic fields compared to those for 

El+ 
proton 

acceleration. Stripping to 0 is done with good 

efficiency 8: the end of Linac I by a 1 fern carbon foil. 

Next, the 0 beam with a pulse duration of some 100 ps 

15 sent to the PSB at an energy of 11.4 MeVlu with an 

energy spread of + 0.1%. The beam was 

typically 15 to 30 MA, 

intensrty 

varying within the pulse and 

from pulse to pulse due to the fluctuations at the 
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source exit tflg. 5). In spite of the complexity of the 

SOUL‘.)~ and the extreme working cond1tlons of the old 

LlnaC, this preln3ector complex proved to be quite 

reproduclblr and reliable. 
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beam from source. Flq.4. 06+ beam from RFG. 

To achieve these performances. several hardware and 

lnstrumrntatlon problems had to be solved. The first 

i:.vac cavity had to he prntected against Vat" mm 

polht’on to prevent excessive recomblnatlon of the 0 
k+ 

10r15 and Its cc,ndltlorllng, which needed computer con- 

trol, proved to be very d1fflcult. Two beam llneS, for 

neasur;rly t ?I e energy spread and the emlttances, do:? 

to a current of 0.5 UA with a reso3.utlon of 0.25x10 

1 I? Apip, proved to be indispensable dlagnostlcs tools. 

tlonltcriny ;n the transfer l*ne was only posslhle with 

!ensltlve SEM yrlds with a 'nlnlmum rescrlutlon of 20 nA 

t -I 

8* 
loops 

F1o. 5. The 0 beam in LI-PS6 line; 4 pulses super.~ 

Imposed. 

Acceleration An the PSB 

The 0" beam with the above characterlstlcs 1s 

ln3ected into the four PSB rings. filling 7.5 turns by 

betatron stacking 1n each ring. An adiabatic RF Capture 

1s appllad on harmonic 10 (3 MHz) lnstedd of harmonll: 5 

normally used for protons, because of the limitation In 

the RF frequency range. The 10 bunches, with an lnltlal 

bunch area of 0.04 eVs, are accelerated to 47.8 MeV/U 

(RF frequency of 6 MHzi where the harmonic number 1s 

changed from 10 to 5 by a debunchlng-rebunchlng process 

on a 50 ms lntermedlate magnet lc flat-top. These 5 

bunches are ttlen accelerated to 261 MeV/u corresponding 

to the standard PS ln]ectlon field. Fig. 6 Illustrates 

this acceleration. 

i 

20 

ms! 

CllV. 

Flo, 6. PSB acce-- 

leration lncludlng 

the debunchlng. 

rebunchlng process 

ih=lO -+ 51. The 

scans start at 

140 ms after I"- 

Jectlon. 

oue to llmltations in the pulse lengths of the 

extractron and recomblnatlon kickers. only four bunches 

per ring can be extracted and transferred to the PS. 

The Overall efflclency *entry PSientry PS6 Wd 

typically about 32%. A total lntenslty Iof 3 to 6X10 
$ 

charges, depending on the strong Llnac beam structure, 
was dell.vered 111 16 bunches of 0.15 eVs each 

Several hardware modiflcatlons, mainly on RF low 

level electronics and beam instrumentation 1141 were 

carried out to adapt the PSB to the Very low Intensity 

beams as well as to the extensive RF gymnastics 

required. The beam control loops acting on beam phase 

and mean radial posltlon have been ImproVed tn handle 

these Very low lntensltles In a pulse,;harlng mode w1:h 

cycles having lntensltles of up to '0 prutorslr1ng. 

Acielerdtlon ln the PS 

The 16 0 
at 

buqches from the PST3 are ln>ected and 

cdptUred in the PS on a magnetli: flat-buttom. then 

accelerated to 10 LeV/u wltt#in a cycle of standard 

duration of 1.2 s. Fast extraction sends these 16 

bunches of about 0.2 eVS each, towards the SFS. 

Transmlsslon efflclency through the PS was practil:ally 

loo%, as shown cn fig. 7. 

+ 
50 ms/dlV 

E1q. 7. Signals from the beam current transformer 

c top) and the wide-bdnd PU, as well as d6/dt (bottom) 

during one PS cy~:le. 

To frt the SPS requirements on the Apip of the 

extracted beam, an RF gymnastic 1s applied prior to 

extraction: In this way, the extracted bunch length 

could be adlusted from 10 ns lwlthout rotation) down to 

4 ns. Four 1.2 s PS cycles were dedicated to this 

operation during the 14.4 s SPS cycle, allowing on 

request 
to 6.10' 

the transfer of 1 to 4 consecutive beams of up 

charges each on the SPS In-Jectlon flat-bottom. 

addltlon. Ln the Llnac II-PSB-PS chain, a deuteron 

g;,,::b;:m~~~~mch::~~te~~st~~~o~~t ;;iFg,",n lntenslty 

, was always 
avaIlable for ad-justments of the SPS. 

TO cope with the low intensltles involved and to 

dllOW parallel running with the high lntenslty 

operations, a dedicated RF beam control has been 

optimised for low lntenslty acceleration 110 
bullf, 

to 2.10 

charges1 and able to handle any type of Ion In a 

Cycle-to-cycle sharing mode. As In the SPS this system 

does not Use a radial loop, but relies instead on an 

accurate frequency program to control the beam 

posltlon. This avoids the "se of very low level beam 

posltlon PU slgndls and opens the way to open loop 

acceleration foreseen In the future for mlxed beam 

acceleration. A phase loop was incorporated to damp 

coherent dlpolar oscillations, using a high quality 

non-resonant PU and large dynamic range electronics (60 

dbl. 

For beam monltorlng. the already existing PS beam 

current transformer has been adapted t 0 these 1OW 

intensities (fig. 7) with a resolution of +lO* charges. 

In the beam transfer lines, an rmproved type of 

sclntillator screens and a new type of vldlcon proved 

to be very successful. 
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Acceleration in the SPS 

Ions with q/A = 0.5 can be accelerated in the SPS 

tn a maximum energy of 225 GeV/u, 1.e. the equivalent 

of 450 tev protons. A typical SPS cycle 1s shown r.n 
Fig. 8. The duratron of the flat-bottom permits the 

in-jection of up to 4 batches of ions transferred from 

the PS. The 1n Jectlon energy has been chosen at 

10 GeVlu because It is the minimum energy compatible 

with the bandwidth of the travelling wave structure 0 f 

the SPS cavities without change of harmonrc number 
during the cycle and the maximum enerqV which permits a 

1.2 s duration for the PS cycle 

3 12 3 4 5 6 7 8 9 101190 We 
lime 

Flq. a. SPS 

f~~~~ Of 

14.4 s. duration for the 
acceleration of 10"s to 200 GeVlu with 4 batch 

in)ectinn and a flat-top length of 4.4 s. 

B 
he four PS batches of 1.65 us duratron wrth about 

5x10 ions/batch are inJected equidistantly around the 

crrcumference of the SPS. The beam is distributed 

around the ring through debunching during at least 1 s. 

about 3 times the time constant fo 
-5 

this process 

assuming a momentum spread Aplp = 110 Thereafter, 

the ions are captured by the RF system9 The total atxe- 

leratsd intensity was typically 1 IO oxygen lon5 per 

SPS cycle. 

As in the PS, rather than usrng the radral loop for 
the control of the RF frequency during acceleration, 
which would imply the use of a pick-up with a critical 

beam intensity threshold, the radial beam position is 

controlled through a frequency loop wrth a fine RF fre- 
quency program desrgned to cover the entrre energy 
range from 10 to 225 GeV/u. The allowable error rn 
quency at transition for no particle loss is ~6x10 

-ire- 
of 

the fundamental frequency. A sensitive resonant phase 

pick up has allowed capture and acceleratron of beam 

intensities down to 10 charges Il51. 

The minimum intensity needed for reliable operation 

is mainly determined by the SPS because of its 11 times 

larger crrzumference as compared to that of the PS. The 

available intensity of the oxygen beam is below the 

threshold for observation of the closed orbit. The ope- 

ration in the SPS, including extraction, 1s therefore 

optimized with the deuteron beam coming from Cinac II- 

PSB-PS and the oxygen beam is accelerated with minimum 

instrumentation. 

Fxtractlon and beam transfer from the SPS 

The rxperrmehts requrr-ed oxygen beams at 60 and 

200 GeV/u with, at each energy, simultaneously shared 
slow extractron to the West and North experimental 

areas. The choice of 200 GeViu rather than 225 GeVlu 

was for taking advantage of the longer flat-top of 

4.4 s instead of 2.8 s for the latter energy. The cycle 

for 60 GeVlu is merely a truncated Version of that 

shown in Fig. 8 and has a flat-top duration 0 f 7.4 5. 

The beam sharing ratlo can be adjusted from 0.1 to 0.9 

through a change of the radral position of the circula- 

t1ng beam with respect to that of the electrostatrc 
septd 1” the two extractron channels by means of local 

closed orbit bumps. The effective spill time of the 

slow extracted ran beams at 60 and 200 GeV/u, for low 

frequency intensity modulation of up to lkHz, was 50 to 

70% of the flat-top duration with the RF turned Off 

during the flat-top. Through a combination of conven- 

tlonal resonant extraction and stochastrc resonant ex- 

traction [16,171. the effective spill time improved to 
about 75% at 60 GeV/u and to 95% at 200 GeV/u. 

Four out of the five ma3or experiments were located 

1n open experimental areas, of which one in the West 

Area and three in the Hall EHNl of the North Area. The 

intensity in each 

limited to L lo6 

beam 11ne in these areas must be 

ions per pulse due to the absence of 

sufficient shielding. The fifth experiment was 

installed in the shielded Hall ECN3 of the North Area. 

This latter 

intensity 

experimekt could therefore recerve a high 

beam of 1. 10 oxygen 10"s. Five of the 8 

smaller experiments, those which Involve emulsion 

exposures, were also done in the West and the others in 

the North Area. 

The beam intensities per SPS cycle requested for 
the drfferent experiments varied Bfrom 10 10"s for some 

Of the emulsion exposures to 10 LOOS for the experi- 

ment in ECN3. All experiments are installed at the end 

Of beam lines normally used for the fixed target 

physics program with protons. The srmultaneously shared 
extractions were adJusted for extracting 907. of the 

circulating beam to the North and the remainder to the 

West Area. The beam transfer to the West did not 

involved beam splitting, but the beam to the North Area 

was divided twrce by means of splrtter magnets rnto 3 
different beams [lBl. The very low intensities for 

emulsion exposures were created by krckrng the beam out 
of the transfer lrne about 50 ms after the start of 

extractron. The contamination by nuclear fragments of 

the core of the beams at the end of the transfer lines 

was less than 2% [191. 
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