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ANTIPROTONS IN THE CERN INTERSECTING STORAGE RINGS 
P.J. Bryant 

CERN, Geneva, Switzerland 

FOREWORD 
As you are probably aware, the Intersecting Storage Rings (ISR) will stop colliding-beam 

operation at the end of this year. Next year there will be a brief period of single-ring 
operation at 3.5-7.0 GeV for the gas-jet target experiment, after which the ISR will be dis
mantled. It is with this in mind that I have included some historical material in this 
seminar. 

INTRODUCTION TO THE ISR 
As Professor Johnsen has already mentioned in his Opening Address, the first study of 

how to put antiprotons into the ISR was carried out in 1962. Figure 1 shows the ISR tunnel 
under construction seven years later, in 1969, so one can begin to appreciate how long this 
idea for exploiting the ISR has been nurtured. The tunnel was constructed by the cut-and-
fill method. One can clearly see the ring in the triangular end of the CERN site, where 
it pushes its way across the border into the French countryside. The Swiss half of the 
site is beneath the vantage point of the photographer. Part of the TT2 transfer tunnel, 
which brings the protons from the PS to the ISR, is visible in the lower right-hand corner. 
The large hall at the top of the picture was used for assembling the equipment and later 
became an SPS experimental area. Figure 2 takes us inside this hall where two main magnet 
blocks are being prepared for installation. These are C-shaped combined-function magnets. 
The blocks are laminated, more from cost and steel-quality considerations than from a need 
to suppress eddy currents. In brief, the laminations were precision punched, phosphated, 
and stacked between 5 cm thick end-plates. The stack was then compressed by a force of sev
eral tons and bars were welded along the sides. These magnet blocks were equipped with either 
individual coils, or, as shown in Fig. 2, long coils embracing two blocks. In the latter case, 
the blocks sit on a support beam with a small relative angle to match the particle trajectory. 
All magnets were equipped with pole-face windings, which are used to move the operating posi
tion in the tune diagram and to shape the working line to fit between resonances, to compen
sate for saturation at high fields, and to compensate for space-charge loading. In Fig. 3 
the magnet units can be seen installed in the tunnel. The magnets are arranged in two rings, 
which mutually intersect eight times. It is still 1969 and the long units in the outer arcs 
are protected by plastic sheets from the dust created by the civil engineering work. The 
inner arcs contain only short units. One year and five months later the first colliding 
beams (protons) w e r e seen in the ISR on 27 January 1971. It was during the next few years 
that the pioneering work on stochastic cooling was carried out using the ISR. 

THE CERN ANTIPROTON PROJECT 
In the second half of the seventies, CERN was studying possible new projects, and at the 

end of 1977 the European Committee for Future Accelerators was presented with a broad range 
of proposals. From these studies the LEP and the antiproton-proton collider projects were 
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chosen, so determining the future of CERN for two decades. For the antiproton project, the 
original plan was to transmit the antiprotons directly to both the SPS and ISR at 3.5 GeV/c, 
the production momentum. This would have made ISR operation extremely difficult and would 
have severely restricted the luminosity. It was then decided to send the antiprotons to the 
Proton Synchrotron (PS) for acceleration before passing them on to the user-machines. This 
certainly simplified life for the user-machines, but it did require the construction of new 
transfer lines and involved the PS in some complicated gymnastics. In January 1979, approval 
was given to the ISR Antiproton Project to construct a new transfer line called TT6 from the 
PS to TT1 (see Fig. 4) and to modify the existing transfer line TT1 and ring 2 of the ISR 
for antiprotons. The project was to be completed in two years. The excavation of the TT6 
tunnel started in May 1979, but progress was slow until the molasse rock stratum was reached. 
Once in the molasse the Westphalia boring machine shown in Fig. 5 was used. The excavation 
was finished by January 1980 and at this time the wall of TT1 was cut open to link the two 
tunnels as shown in Fig. 6. By June all civil engineering was finished and installation 
began. This was complicated by the restricted access when the PS, the antiproton accumulator 
(AA), and the ISR were working, but by January 1981 the work was done and the line was power 
tested on 21 January 1981 right on schedule. 

Experience with other beam lines in CERN showed that a high degree of re^.-^ility could 
be expected. This led us to adopt an all-welded vacuum system, which was far cheaper. 
Figure 7 shows the junction between two dipoles. The design was such that these bellows could 
be opened and rewelded five or six times. 

In parallel with this work,i,jííígh-sensitivity electronics for TT1 and ring 2 had been 
developed and installed, the original experimental stochastic cooling systems in the ISR 
were rebuilt and considerably improved, the split-field magnet (SFM) vacuum chamber was 
modified, some steering dipoles were designed, made and installed, and finally innumerable 
interlocks and computer programs were revised for antiproton operation. £OT»'CX. ̂ /HSX.) 

OPERATING WITH ANTIPROTONS 
The first beam entered the TT6 transfer line on 13 February 1981, the first beam cir

culated in the ISR on 2 April, and after stacking some more pulses 610 uA of antiprotons 
were collided with a modest 830 mA of protons on 4 April 1981 giving a luminosity of 
1.1 x 10 2 5 cm - 2 s - 1. The beams were dumped on 7 April 1981 after the first ever proton-
antiproton physics run at 26 GeV/c. In Fig. 8, this stack can be seen with the last pulse 
that was left at injection. This double beam formed a double interaction diamond with the 
single proton beam and for a short while had the physicists checking their equipment for 
faults. 

Since the start of operation there have been ten colliding-beam physics runs yielding 
a total of 1419 h of physics data-taking time and 5 gas-jet target runs yielding 350 h of 
data time. The main characteristics of these runs are summarized in Table 1. The runs 

*1 
denoted by FP/TW •* were especially devoted to total cross-section measurements. The runs 
denoted by DL (double-low-ß) use both the superconducting low-ß insertion in Intersection 8 

*) FP and TO are the file names for the ISR magnet settings. 
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Table 1 
Synopsis of ISR proton-antiproton physics runs 

i) Collider runs 

Starting Current^ 
date Antiproton Proton 

(mA) (A) 

Peak 
luminosity 

(x 10 2 G .,— 2 ,.-]-. 
cm s ) 

Momentum 
(GeV/c) 

Physics 
data time 

00 

Working 
condition 

04.04.81 
22.05.81 
29.05.81 
05.10.81 
19.10.81 
29.03.82 
06.04.82 
24.05.82 
21.06.82 
06.12.82 

0.610 
0.190 
0.480 
0.102 
1.998 
2.038 
3.486 
4.180 
4.320 
6.48C 

0.827 
9.41 
11.95 
11.64 
11.17 
12.80 
12.60 
11.10 
11.80 
21.15 

0.11 
0.20 
0.80 
0.30 
9.00 
5.70 
12.00 
16.00 
78.00b) 

250.00 

26.6 
26.6 
26.6 
26.6 
26.6 
31.4 
31.4 
15.4 
26.6 
26.6 

94 
58 
94 
57 

325 
23 
109 
215 
149 
295 

FP/TW 

it 

DL 

a) The antiproton beams are frequently the result of accumulating two or three 
transfers over several days. In cases where the proton beam lias been renewed, 
the maximum current is quoted. 

b) Luminosity in the superconducting, high-luminosity insertion. 

ii) Gas-jet target runs at 3.5 GeV/o 

Run Date Antiproton 
current 
(mA) 

Initial luminosity 
(cm-2 s _ 1) 

Momentum 
(GeV/c) 

Physics 
data time 

(h) 
1345 10.05.83 0.35 0.09 x 10 3 0 4.06 72 
1363 19.07.83 0.70 0.15 x 10 3 0 4.06/5.72 80 
1364 25.07.83 2.00 0.60 x io 3 0 4.06/5.72 92 
1365 01.08.83 1.10 0.40 x 10 3 0 3.68/4.06 93 
1366 08.08.83 3.01 1.6 x io 3 0 3.68 13 

and the conventional steel-copper magnet insertion in Intersection 1 to give the maximum 
overall luminosity, while the gas-jet target runs were mainly used as preparation for opera
tion in 1984. 

When it is realized that it takes one day to accumulate just over 10 1 1 antiprotons in 
the AA (equivalent to 5 mA circulating in the ISR), whereas normal PS pulses at a repetition 
rate of 2.4 s are 3x1o 1 2 protons (or 150 mA in the ISR), it is clear that antiproton opera
tion demands a very different approach. At the design stage, this caused considerable concern 
because TT6 cannot be tuned with reverse-direction protons as can the AA injection or PS 
ejection to SPS, but it has to be set up using antiprotons alone (see Fig. 4). As a result, 
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considerable emphasis was put on diagnostics. Firstly more sensitive pick-up electronics 
were designed for ring 2 and TT1, and new pick-ups were designed for TT6. Single-passage 
orbits in TT6 can be measured with as few as 6 x 10a antiprotons in a single bunch and 
orbits in TT1 and the first turn in the ISR require ̂  10 9 particles, but the average, multi-
turn ISR orbit needs ^ 2 x 10 s particles. Over the two years of operation the magnet set
tings have proved to be reproducible and ideally only three pulses are required to check 
the transfer and optimize the injection from PS to ISR. 

i) 1st antiproton pulse, ̂  10 9: checks PS-ISR transfer, pulse is dumped. 
ii) 2nd antiproton pulse, »v 2 x ios: measures ISR injection error, checks RF trapping, 

pulse is dumped. 
iii) 3rd antiproton pulse, ^ 2 x 10 9: checks injection correction, pulse is trapped and 

used to explore limits of the aperture, pulse may be kept. 
iv) 4th antiproton pulse, -v- 5 x ios: starts stacking. 
An example trajectory in TT6 is shown in Fig. 9. 

Full orbit measurements are stored for every pulse, so that optimization of the injection 
correction is possible at any time during stacking. Of course, the above sequence is preceded 
by a series of procedures. Firstly the AA injection and transfer to the PS are tuned using 
reverse-direction protons, followed by an acceleration test in the PS using protons. Finally, 
the PS ejection into TT6 is tested with antipi'otons. The reproducibility is again very good 
so that the first pulse in the above sequence is often only the 2nd or 3rd to be taken from 
the AA stack. In the event of a new condition such as the introduction of a low-0 insertion, 
four or five extra pulses would be needed. Once optimized the transfer efficiency from AA 
to ISR is between 90 and 100$ except at 3.5 GeV/c where it drops to 75 to 801. 

*1 
In addition to the pick-ups, Ilall probes ' were installed in the transfer-line magnets 

for making accurate relative changes in field so avoiding hysteresis and saturation effects. 
This is particularly useful for correcting the injection error into the ISR. Finally, all 
systems are computer checked before injecting a pulse and all pick-up readings are logged 
by the computer so that fault conditions and trends can be more easily diagnosed. Above all 
patience is required. 

When stacking the aim is to avoid loss of pai. tides rather than obtaining a high phase-
space density, since momentum cooling can easily regain what is lost. With standard AA re-
bunching parameters it is just possible to use a normal ISR RF stacking cycle with suppressed 
buckets C 2 5 instead of the usual 10) and not to have spill-out if a low value of the sine of 
the synchronous phase angle is used. Sometimes, in order to empty the AA as far as possible, 
larger longitudinal emittances are rebunched but then correspondingly larger final RF voltages 
are required in the ISR, for which suppressed buckets cannot be used. Consequently, the stack 
is diluted and the aperture is rapidly filled, but again momentum cooling can easily regain 
that space if a further transfer is planned once the AA has refilled. Phase-displacement 
acceleration has been used to accelerate antiproton stacks from 26 to 31 GeV/c in just the 
same way as proton stacks, except that it is done with the absence of a stack in the other 

*) Their temperature is stabilized to better than 0.1 °C for ambient temperatures between 15 
and 30 °C and they give a precision of lO"11 of full scale. 
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Table 2 
Brief history of the 7th antiproton physics run (April 1982) 

•AA stacks 1.05 x IO 1 1 antiprotons 

Close ISR tunnel. 
Transfer lines from PS and ISR set-up with 4 antiproton pulses. 
Pulses 5 to 21 stacked. 3.834 mA (7.68 x 1 0 1 0 giving 731 efficiency overall). 
Peak stacking efficiency 941. 

h Antiproton beam accelerated to 31.4 GeV/c now 3.532 mA. 
19.30 h Terwilliger scheme applied now 3.486 mft. 

00.15 h 14.1 A of protons stacked in other ring. 
• 02.25 h Proton beam accelerated and Terwilliger scheme applied. 
06.00 h Beams steered, Roman Pots in, stable beams, luminosity 0.98 x 1 0 " cm- 2 s~' 

(3.486 mA x 12.6 A ) . 
20.00 h Cooling on both beams. Protons have small transverse blow-up, but antiprotons 

cooled at 8.11 per hour. Peak luminosity of 1.2 x 1Q 2 7 çm~* s"' reached. 

108 hours of physics for total cross-section measurement at 31.4 x 31.4 GeV/c2 

-18.10 h Beams: 9.055 A x 3 .118 mA dumped. 
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ring as beam-beam resonance excitation of a strong stack on a far weaker one provokes 
considerable losses. Also, it is necessary to monitor the stack position using Schottky scans 
because the normal stack position detector is too insensitive, being built for a 10 A stack. 

The runs to date have been so few that virtually each one was unique in some -way, either 
the use of the Terwilliger scheme to create small interaction diamonds, the use of different 
energies (15, 26, and 31 GeV/c and more recently 3.5 GeV/c), or the introduction of the 
conventional and superconducting low-ß insertions. The stochastic-cooling systems have also 
been introduced progressively, with the most recent addition being momentum cooling. In 
Table 2 a step-by-step account of a rather complicated run is given, which illustrates the 
sustained care that is necessary. Figure 10 shows the evolution of the beam current in the 
longest run to date. This 2 mA beam circulated with no measurable loss for 55 h while ex
tensive luminosity measurements were being made by the Van der Meer method. Later losses 
occur when the Terwilliger scheme is applied or the aperture is limited by the Roman Pots; 
however, after 14 days a current of 1.83 mA. is still found in the machine. During the first 
55 h of stable conditions, the circulating antiproton current was measured every 15 min. 
A control run showed these measurements to be reproducible to ±2.5 uA, including long-term 
drift. As there was no measurable loss, the mean lifetime was 30,000 h at 26 GeV/c, which 
gives a lower limit on the antiproton mean lifetime at rest of 1000 h, a considerable improve
ment over previous measurements. 

4 . USE OF STOCHASTIC COOLING 
Three stochastic-cooling systems have been made for the ISR antiproton operation. 

i) Vertical betatron cooling for the proton beam. 
ii) Vertical betatron cooling for the antiproton beam. 
iii) Momentum and horizontal betatron cooling for the antiproton beam. 

The measured gain and phase response curves and the deduced cooling-time constant are 
shown in Fig. 11 for the first of the above systems. The system works at microwave frequencies 
using Faltin-type slot pick-ups and kickers. There are in fact two parallel systems; one 
treating the inner half of the aperture and the other the outer half. The equipment is unique 
inasmuch as it cools high-intensity beams of several amperes. It is capable of stabilizing 
a 10 A beam at 26 GeV/c with an effective height of 4 mm against the natural blow-up mechanisms. 

Figure 12 shows the cooling-time constant for the vertical betatron cooling for the 
antiprotons again calculated from the measured gain and phase characteristics. The system 
works in the 500 MHz frequency range (cut-off at 700 MHz) and is designed for milliampere 
beams. Figure 13 shows the improvement in beam size over 8.6 h seen from vertical Schottky 
scans taken during a run at 15 GeV/c. Typically this system shrinks the antiproton beam 
sufficiently to give a 15-20$ gain in luminosity (the proton beam is held stable by the first 
system). In the same 15 GeV/c run, the luminosity increased from 9.8 x 1 0 2 6 to 
12.0 x i o 2 6 cm - 2 s _ l in 14 h owing to this effect. 

Figure 14 shows a rather spectacular result of momentum cooling by the third system. 
This makes it possible to optimize RF parameters to minimize spill-out and then to cool the 
stack to create space for a further transfer one or two days later, which is in fact the 
operational mode used to reach high intensities and luminosities. 
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5. WORKING CONDITIONS 
The scarcity of antiprotons means that antiproton beams are always measured in milli-

amperes, whereas the proton beam is 3 to 4 orders of magnitude bigger. This disparity be
tween the beams makes the luminosity signal-to-noise ratio critically dependent on the loss 
rate of the stronger beam, since this can easily swamp the low luminosity in background noise. 
The early runs were on the FP and TW working lines, which are conditions with fourfold machine 
periodicity and stable resonance-free tune values far from integer and half-integer resonances. 
The physics conditions were correspondingly stable and gave very low noise. The antiproton 
loss rates were immeasurably small and the proton loss rates were of the order of 1 to 2 parts 
per million per minute. Later runs used the DL working line to boost the luminosity, but 
the machino periodicity is then reduced to unity and the tune values are closer to the integer 
resonance = Qy = 9. Consequently, non-linear resonance excitation is increased and the 
proton-beam loss rate grows in a few hours to tens of parts per million per minute. In order 
to re-establish good physics conditions the proton beam has to be periodically scraped to 
remove its halo. 

The Terwilliger scheme referred to earlier is a special machine condition for creating 
very small interaction diamonds. This is achieved by reducing the radial width of the stack 
in the crossing regions by arranging for the equilibrium orbits for all momenta to coincide 
in these regions. This is done by imposing a strong 8th order harmonic on the focusing 
gradient around the ring. The stack is then modulated with eight nodes of minimum radial 
width, but owing to the unequal lengths of the inner and outer arcs only four intersection 
points benefit from the small interaction diamond; the remaining four nodes fall near the 
ends of the outer arcs. The small interaction diamond is of special interest for small-
angle scattering experiments measuring the total proton-antiproton cross-section. This 
condition and the requirement of extremely stable, low-background beams has dominated the 
early antiproton runs. 

More recently experiments have needed more luminosity and the Terwilliger scheme has 
been replaced by the DL working condition which exploits the two ISR low-ß insertions. The 
proton beam has also been increased to intensities far beyond the capabilities of the cool
ing system. However, proton beams are easily replaced once they start to blow up and cause 
high background. 

Most recently, operation has started at 3.5 GeV/c for the gas-jet target experiment. 
In this mode of operation, the PS only acts as a transfer line. The antiprotons enter at 
straight section 16, make a i turn, and are kicked out at straight section 58. Thus the AA. 
determines the bunch size and shape, and the momentum (of 3.575 GeV/c). The ISR cannot stack 
normally, so the M ejects one or two test pulses to check and then one big pulse. This is 
phase displaced out of the kicker and then a second pulse can be added and stochastically 
stacked using the momentum cooling system. The resultant stack is phase displaced to the 
final required energy. A maximum of 3 mA has been achieved so far but 5 mA should be easily 
obtainable on an operational basis. The beam loss rate is typically 200 parts per million 
per minute, which is virtually all due to the luminosity. To the pleasant surprise of the 
physicists the reproducibility of the ISR central orbit momentum is ±0.5 MeV/c and the momentum 
cooling reduces the fractional momentum spread in the beam to better than +5 x 10"11 (minimum 
of ±3.5 x 10"1*). The momentum cooling system can also be used for acceleration for fine 
adjustments to the beam. 
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6. FINAL REMARKS 
The ISR is extremely well-suited to antiproton operation and has made very efficient 

use of the very few available antiprotons. The main features to note are the following: 
- The physics experiments were nearly all in place and working, making it possible to get 
results immediately a beam was available. 

- The ultra-high vacuum of 10" 1 1 to 10" 1 2 Torr gives essentially infinite beam lifetime 
and essentially no background from residual gas. 

- The field quality in the magnets and the high reliability of the equipment make runs of 
several weeks possible, so that setting up can be done carefully in the confident know
ledge that conditions will remain stable for a long time. 

- The independence of the two rings greatly simplifies operation. 
- The ISR team has many years experience of RF stacking, phase-displacement acceleration, 
stochastic acceleration, cooling, low-0 insertions and so on, which are all important 
elements in antiproton runs. 



Fig. 1 A view of the CERN site during ISR construction (1969) 
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F i g . 3 Installation of the magnet units in 1969. The inner arc on the left comprises single 
magnet blocks, so-called short units, while the outer arc on the right comprises pairs of 
magnet blocks, so-called long units. 
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Fig. 4 CERN Antiproton complex. The transfer lines TTL2, TT70 and TT6, shown in heavy lines, 
were specially constructed for the transfer of antiprotons to and from the PS. 

Fig. 5 The Westphalia mobile-head, boring machine 



Fig. 7 View of an all-welded junction between dipoles 
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Fig. 8 The first antiproton stack in the ISR (4/4/81). The last injected pulse was left on 
the injection orbit on the right-hand side of the figure. 
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Fig. 9 Trajectory of an antiproton pulse measured in TT6 
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F i g . 10 Evolution of the antiproton beam current during a run 
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a) Radial sensitivity curves for the slot-type pick-up with a slot length of 30 mm. The points 
are measured and the line is calculated. 

heff 3 mm 
I t 10 A 
V = 266 QeV/c 

} position » or - 20 mm 

position 0 mm 

b) Cooling time constant as a function of momentum spread for a stack of 10 A with the stack 
centred at 0 mm and at + or -20 mm. The continuous line is for an ideal system and the broken 
line is for the installed system calculated from the measured gain and phase responses. 

F i g . 11 Characteristics of the high-intensity, microwave cooling system for the vertical 
betatron oscillations of the proton beam 
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Fig. 12 Cooling time constants as a function of antiproton beam current for the low-intensi 
cooling system which cools the vertical betatron oscillations of the antiproton beam (graphs 
for two constant current densities, p = 26.6 GeV/c and = 1.2 mm). 
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F i g . 13 Performance of the low-intensity cooling system for the vertical betatron oscilla
tions of the antiproton beam. This shows vertical Schottky scans before and after 8 h of 
cooling. The beam height is proportional to the integrated signal. The cooling-time con
stant is 7.4 h. 
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Fig. 14 Performance of the low-intensity, momentum cooling system for the antiproton beam. 
This shows density profiles of an antiproton stack before and after 25 h of cooling. 




