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Summary 

Due to the recent improvements in phase displace- 

ment accelerat iorl, operating techniques and beam diag- 

nostics, considerable progress has been achieved in 

operating the ISF' at the maximum energy of 31.4 GeV 

(this centre of mass energy corresponds to a 2 TeV 

fixed target machine). High intensity stacks are 
stored at 26.6 GeV before acceleration by phase dis- 

placement to 31.4 GeV. At this energy up to 34 Amps 

are obtained with corresponding initial luminosities of 

2.1031cm-2s-1 per intersection and 4.3 1031cm-2s-1 in 

a low-6 intersection. Due to the long beam lifetime, 

ph,isics data taking may be performed over periods of 60 

hours. The principle of phase displacement and the 

associated beam Phenomena are discussed together with 
the control of the magnetic machine and the mutual in- 

teraction of the two beams. The operational technique 

is &scribed and it is shown that the present day per- 
formance of the ISR at 31.4 GeV is comparable to the 
previous performance 119771 at 26.6 GeV. Consequently, 

in 1978 about 90% of the time requested for physics 

data collection wss at 31.4 GeV. 

1. Introduction 

During the period 1971 to 1977 the ISR operated 
primarily at 26.6 GeV which is the optimum ejection 

energy of the injector synchrotron CPS. Early accele- 
ration tests in 1372 had demonstrated that the magnetic 

field precision could be maintained up to a maximum 

energy of 31.4 Ge'ii, the limit being set by the main 

power supplies. Improvements in stacking techniques' 

and the introduction nf new equipment have permitted 

stable circlllating currents of 36 Amps to be stacked at 

26.6 GeV. Paralllel development of acceleration by 
phase displlicemen,x has enabled such high intensity 

stacks to be accelerated to 31.4 GeV with only a few 

per cent loss in beam current. 

2. Principle 0: Acceleration by Phase Displacement 

By this tech?ique2, a stacked beam is accelerated 
stepwise in small energy increments (i.e. 0.025 GeV). 

Each increment corresponds to the passage of a train of 

30 empty buckets t;hrough the coasting beam, and is re- 
ferred to as "a sweep". The buckets generated by the 

normal stacking RI' system pass from high to law momen- 

tum and ideally the step increase in momentum is: 

ap= P Ab 

piy2-iF 
(11 

where Ab .i% -;hc tolal bucket area, which is a 

fl?nctioii of i-iltl RI‘ phase angle $s and /?VF. 

The bedrn is maintained in the centre of the vacuum 

chamber by simultl~neously increasing the main bending 

field during each RF sweep, Variations iI1 the 
machine tune, chromaticity and closed orbit due to mag- 

netic saturation [tnd increased beam momentum are cor- 
rected at the snmc! time. A typical acceleration re- 
quires some 2DO s\/eeps and simultaneous control of both 

the RF system and magnet systems is performed by the 

control computers I. 

3. kffects r1-f Modulation on the Bucket Area -~ 

The longitud.nal efficiency of phase displacement 

acceleration may tie quantified by three main parameters: 

the relative beam intensity loss per sweep (AI/II, the 
increase in rms momentum width per sweep (6p,,,l, and the 

amount of acceleration per sweep (T;r;l (see equation 11. 

In the ideal case of a perfect RF system and constant 

bucket parameters throughout the sweep AI/I is zero, 
and 

(6P rms (2: 

where c1 [rl is the ratio of the area of a moving to a 

stationary bucket, and r = sin4 . 
s 

In practice, variations are produced in the bucket 

area parameters due to : 

al RF "noise". Unwanted frequency modulation 
[noise) on the accelerating frequency causes variatiori; 
of 4s and hence Ab, When this modulation frpquancy is 
of the same order as the synchrotron frequency for 
small amplitudes, some particles penetrate the supara- 
trix of the RF bucket, spiral towards the centre of the 
bucket before spiralling outwards again4. However, 
some particles,which are still trapped inside the RF 

bucket, are unavoidably lost against the inner aperture 

limit as the RF bucket reaches the end of the frequency 

sweep. Intensity losses have been reduced to very low 

levels by the use of special low noise RF control elec- 
tronics, thus eliminating the need for a phase loch 

system on the empty buckets. 

bl Space charge effects. The longitudinal density 

modulation produced by the sweeping er,pty buckets gene- 

rates ac image currents which flow in tile '~dCUlJrE LIIJT- 

ber and RF cavities. The resulting electric fields 

change the RF bucket area. This change depends on the 

local longitudinal density at the positior of the mo\:ing 

empty bucket in the stack. The beam loading compensti- 

tion system for the RF cavities6 has been adjusted so 

as to reduce the beam loss per sweep C AI/I I by a factor 
of two. The total loss per sweep AI/I has been reduced, 
due to the above mentioned mechanisms, to about 0.01%. 

cl YT variation with Ap/p. Measurements' in the 

ISR have shown that AyT/yT = -Ap/p; this momentum de- 

pendence causes all bucket parameters, related to YT, to 
change as the bucket is swept through the stack. It has 

been shown that4 for low I' values, a significant in- 

crease in the momentum blow-up per sweep (6p,,,l results 
from this dependence of YT on Ap/p. 

4. Variation of stack position 

and density distribution 

Due to the difficulties in evaluating and control- 
ling the RF bucket area during a sweep, a mismatci- between 

the increase in beam momentum and the magnetic field 

changes does occur. The resultant displacement of the 

stack position is corrected by executing only an RF 

sweep [stack moves outward) or only a power supply in- 

crement (stack moves inward). The average displacement. 

in each case is about 1.5 mm. The momentum blow-up 

C&P rmsl changes the density profile of the stark end 

consequently the incoherent space charge effect ~IJC to 
image forces. This requires a regular correctiun of the 
tune values in the stack. Furthermore, during the phase 

displacement process itself, the stack is split into two 

parts by the sweeping RF bucket; this effect results in 

small transient changes of the tune and chromaticity alid 

requires extra horizontal aperture. 

c--- 
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5. The Magnetic Machine 

The ELSP1 working line is employed because of the 

large tune spread available for transverse stability 

and also because it is free of non linear resonances of 

order less than 7. This working line permits the addi- 

tion of the low-6 section7 in one intersection which 

is applied at 26 GeV and progressively adjusted during 

acceleration to 31.4 GeV. Additional tuning quadru- 
poles have been used so as to leave the poleface win- 

dings with a greater flexibility in correcting for mag- 

netic saturation and incoherent space charge effects. 

Systematic cycling of most magnetic elements is per- 
formed prior to injection. Since tune values on the 

high momentunl side are close to the integer resonance, 

the closed orbit beccmes extremely sensitive to small 

magnetic errcrs. Both the working lines and the closed 

orbits were measured and corrected for each 1 GeV step 

in an initial experiment. Interpolation between set- 

tings at theie fixed energies is performed for each mag- 
netic element and for every phase displdcement sweep. 

6. Contrcll of the vertical transverse emittance Fig. 1 Normalised Beam-Beam Resonance 

Excitation Function for one Intersection 

In a mac:hine with horizontal crossings, careful 
control of the vertical beam height is required to pro- 
duce maximum luminosity. During the acceleration pro- 
cess, the trclnsverse motion of the protons may be affe- 
cted by machine, coasting beam-beam, and overlap knock- 

outa resonanr.es. The effects of machine and beam-beam 

resonances are further increased by the rnotion of the 

particles around the empty buckets and by the transient 

tune change due to the stepwise nature of phase dis- 

placement aci:eleration. 

Single beam effects (machine and single beam 

lap knock-out;) have not been found to be harmful. 

The pre:;ence of a beam in the 

voke strong [resonance excitation: 

over- 

ring can pro- 

(il Coasting beam-beam resonances increase the 

vertical bet(3tron amplitudes of the particles which are 
accelerated <icross these resonances and result mainly 
in proton 1o;ses on the vertical aperture limits, i.e. 

dump block aid collimatorsq. This accounts for 80 per 
cent of the losses per sweep. With vertical separa- 
tion of the Ibeams in the intersections, this beam-beam 

effect can bls reduced by 50%. 

(ii1 TWI beam overlap knock-out results from the 
interaction ,f the longitudinally modulated beam on the 

coasting beaNn in all intersection regions; due to the 

RF frequency swing, the resonances traverse the com- 

plete stack, causing an increase in the vertical beam 

height of typically 20%. 

The conditions required for overlap knock-out are 
such that dipolar and higher order resonances are ex- 
pected to be excited. For large beam separation in one 

intersection, the excitation function of the dipolar 

resonance is maximum whilst it is small for higher 
order overlap knock-out and coasting beam-beam resona- 
nces. (Fig. 11. Therefore, the requirements for 
simultaneous minimisation of the current loss per sweep 
and of the vertical beam height cannot be met simply. 

Development is in progress to compensate for the di- 

polar resonance either by suitable beam separation in 

all intersecting regions, taking into account the ir- 
regular phase advance between the intersections due to 

the low-6 insertion, or by active damping. 

7. Operational Techniques 

Stacking at 26.6 GeV is performed in a manner simi- 

lar to that [described in a previous paper1 except that 

improvements in the vacuum system and in operational 

procedures have permitted stacks of up to 36 Amps to be 

made. These improvements have equally enabled these 

high intensity currents to be stacked more efficiently, 

and reliably. The new approach to magnet cycling has 

improved the reproducibility of the magnetic machine, 
in particular with respect to the horizontal closed 

orbit, which governs the available aperture during ac- 

celeration. The 36A stack at 26 GeV would ideally be 

built with a momentum spread of 3% (with an average 

width of 60 mm and a density of 0.6 A/mm). In practice, 
a somewhat lower current is stacked [Fig. 21 in order to 
ensure a safety margin against transverse instability 
and tc avoid problems during acceleration. The density 
during stacking is controlled by regulating the inten- 

sity of the injected beam pulses by vertical scraping. 
After stacking, the withdrawal of the injection kicker 
magnets allows the stack to be centered in the vacuum 

chamber at 26.6 GeV, thus increasing the available 

horizontal aperture for phase displacement acceleration. 

DENSITY 

Acceleration of the AImp / AFTjiR STACKIYG i 1 

first stack takes place with 

no beam circulating in the 

other ring and the total 

current loss during this ac- 

celeration is only around 
3% [Fig. 31. Prior to the 

acceleration of the second 
stack, a small test stack of 

around 5 A at 26 GeV is made 

in the second ring. Both 

beams are then steered ver- 
tically so as to define the 

zero beam separation in the 

intersect ions. From this 

reference position the beams 

are separated vertically by 

3 to 50 (where (3 is the rms 
beam height, i.e. u s 1.2 0’8[jAF%-R ACCELEF#iTIONj 1 

mm) so as to reduce all 
higher order resonance exci- 
tation. This separation is 

maintained during the sta- 

eking and acceleration of 
the second beam and beam 

loss is reduced to around 7% 0 Lo ao/ Jo cIL .&_b$Tsb 
in this way. The vertical tmmJ 
positions for optimum beam- Fig. 2 Stack Profile 
beam collision are restored before and after 
before permitting physics Acceleration 
data taking. 



1 ; During the actual acceleration process, advantage Table 1 : Representative data of 31 GeV runs for physic: 

may be taken of the ac component produced in the coas- 

ting beam by the sweeping empty RF buckets. From beam 

pick-ups, signals ,3re obtained which indicate the stack 

position, the closed orbit distortion, the stack density 

profile and if the beam is subjected to weak transverse 
excitation the tunls values in the stack may also be 

determined". Based on this information, corrections 
are applied to the machine tune and the closed orbit 

whenever variat iom exceed prescribed limits. A system 

of beam loss ionization chambers is triggered on every 
RF sweep and the examination of the resulting beam loss 

pattern and its timing can indicate the source of the 
beam loss, e.g. inner/outer aperture limit, resonance 
excitation, RF noise etc. Finally, signals of the 

natural Schottky noise ‘I are used to measure the stack 
density profile (Fig. 21 of the coasting beam and also 

the tune values at the edges of the stack. 

8. Performance for physics data-taking 

During physics data-taking periods, the betatron 
amplitudes of the particles are continuously growing 
due to the high order machine and coasting beam-beam 

resonance excitation, intra beam scattering and to a 

lesser extent collisions with the residual gas. Power 
supply fluctuations may also be transmitted onto the 

beams. The result is that interventions are necessary 
at 2-5 hour intervals, during which the beam "halo" is 

removed by thin fclil scrapers. A comprehensive colli- 
mator system9 limits background in the intersections 
during these interventions and during stable beam 

periods. Furthermore, adjustment of tune and closed 

orbits is possible in order to minimise background 
levels for experimenters. 

The improvements in ISR luminosity performance at 
31.4 GeV since 1977 are shown in Fig. 3. Table 1 shows 
further data on riins for physics. 
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Initial current : 25-34 A, Initial Luminosity see Fig. 3 

Average effective beam height = 4.3 mm 

Loss in luminosity : 0.65% per hour 

Beam current loss rate : 0.02% per hour 

Setting up, filling and acceleration time : 6-12 hours 

Data taking time : 50-60 hours, 

9. Conclusion 

The ISR are currently operated close to the long- 
term vacuum and transverse stability limits; develop- 

ments to the relevant systems are in progress and com- 

bined with improved exploitation of the control system 

and with new diagnostics12, will provide the capability 
to obtain 40 A of circulating beam current at 31.4 GeV. 
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