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1. Introduction

On the afternoon of 25th October 1976, the SPS first reached its
design intensity by accelerating 1013 protons to 200 GeV (Figure 1). Stable
operating conditions were established in which accelerated beam consistently
exceeded this figure, occasionally reaching 1.2 x 1013 p.p.p. On the night
of 3rd November the design intensity was reached at 400 GeV.

2. Two Pulse Injection from the CPS

Earlier runs had shown that even when the CPS accelerates somewhat
more than 1013 protons one cannot hope to sustain an operational situation
in which 1013 protons circulate at 10 GeV in the SPS. The theoretical
efficiency of the continuous transfer extraction is not above 907 and the
vertical emittance of the beam reaching the SPS can only be kept within
the acceptance by careful tuning of both machines. It became clear that
to sustain the design intensity we would have to load more than one CPS
pulse before accelerating in the SPS at the cost of an extension of the
cycle time of 1.2 seconds, the interval between CPS pulses. Improvements
in CPS intensity now being tested may later allow us to reach 1013 with
a single injected pulse.

This two-pulse mode of injection was tested for the first time
on 25th October. Each of the two CPS pulses contained almost 1013
protons and was transferred to fill half the SPS circumference with the
CPS continuous transfer kickers set to extract over five CPS turns rather
than the ten needed to fill the SPS.

Five-turn transfer of single pulses had been tried in the past
and we had observed that the SPS was if anything less prone to certain
longitudinal instabilities. We had also suppressed the resistive wall
(Ref. 1) and head-tail instability (Ref. 2) with this mode of transfer
and hoped that if it did not provide an easier route to the design
intensity we would at least learn more about the SPS and its limits.



In order to inject the second CPS pulse in the empty half
left in the SPS ring after the injection of the first CPS batch, one
has synchronized the CPS extraction system and the SPS injection kicker
in the following way: once the first CPS batch is injected and trapped
in the RF buckets, the clock pulses at the SPS revolution frequency
generated by the RF system are locked in phase with the hole of the
circulating beam. These clock pulses are sent back to the CPS and are
used to trigger 1.2 sec later the second transfer from the CPS, which
in turn triggers the SPS inflector.

Figure 2 shows the resulting circulating beam as well as the
kick pulse applied to the second CPS batch. The comparison of the wave-
form of the first CPS batch before the second kick and after it on the
following turns shows that this batch is not perturbed by the second
injection. Similarly one can see that the second batch is injected
without losses.

Rough measurements of the width of the holes in the circulating
beam were made by changing slightly the time at which the second kick
pulse is triggered, as well as its pulse duration. One has found:
batch 1 - batch 2 : 1.2 pus + 0.2; batch 2 - batch 1 : 0.8 pus + 0.2.

This double injection scheme has been proved to be effective
and reliable when the intensity per injected batch was raised to

8 - 9.1012 PPP-

3. RF Capture of the Two Pulses

The major tasks of the RF system in the double injection scheme
are:

(1) to prevent the first batch of injected protons
from swerving out into the empty half of the
cdreumference because of their energy spread and

(2) to keep the longitudinal quality of the first batch
from deteriorating during the 1.2 sec wait-time
between the two injections.

The procedure adopted was as follows:

(a) The first injected batch was left to debunch its
9.5 MHz structure during 100 msec. Then, the
RF voltage was slowly turned on and the batch
adiabatically captured into 200 MHz buckets.

(b) The first batch was thus kept by the RF beam control
during the wait-time at constant B field. Then the
RF voltage was lowered adiabatically from 2.2 MV down
to about 100 KV (thus minimizing the longitudinal
blow up) and then switched off abruptly a few milli-
seconds before the second injection.



3.

(c) After injection of the second batch in the empty half
of the circumference, the RF was kept off for 100 msec
so that both the 9.5 MHz and the 200 MHz structures in the
beam would disappear. Then the entire beam was adiabati-
cally captured and accelerated in the normal way. In
spite of the RF gymnastics which half of the beam had
undergone, the overall capture efficiency turned out to
be as good as 907%, which is very close to the efficiency
one has with simple injection (Figure 3).

4. The Magnet Cycle

A special power supply cycle (Figure 4) was used with a
800 msecond rest time after descent to 10 GeV to allow eddy current and
remanent field effects to subside in the guide field (Reference 3). This
was followed by a 1400 msecond injection platform to allow injection of
the two CPS pulses. There was still timewithin the 6 second supercycle to
accelerate to 200 GeV leaving a flat top. Previous experiments (Reference 4)
had shown that Q values of 27.42 horizontally and 27.38 vertically gave
better transmission than the nominal 27.6 working point which lies on
a system of fifth order systematic stop-bands. The lower working point
was used throughout the run, a decision which proved prudent in the light of
a subsequent unsuccessful attempt to reach 1013 at the upper working
point.

5. Tuning Transverse Dynamics

After double-pulse injection had been set up and standard tuning
procedures applied to minimise injection oscillations and closed orbit
excursions, we trimmed Q throughout the cycle to stay close to the desired
Q values.

The injection chromaticity was adjusted with the chromaticity
sextupoles to give maximum coherent ringing of betatron oscillations and
then made slightly negative to suppress the head-tail instability below
transition.

The active betatron dampers were optimised to prevent resistive
wall instability and the harmonic quadrupole correctors set to values which
had compensated the neighbouring half integer stop-bands in a previous
experiment (Reference 5). This was the first time these quadrupoles had
been used in a high-intensity run. Skew quadrupoles were powered to the

settings which compensate the main diagonal coupling resonance (Reference
6).

At this moment a rapidly growing instability was seen between
50 and 100 GeV. We found its onset could be delayed by applying strong
positive chromaticity correction in the horizontal plane with the chromaticity
sextupoles at full current. By ramping the Landau damping octupoles to full
strength from their injection level of 2 amps we were able to prevent the
instability altogether. This behaviour is consistent with a horizontal
manifestation of the head-tail instability.



6. Reaching the Design Intensity

We describe the details of the 200 GeV run; the 400 GeV run was
essentially similar.

Since only a modest loss during the parabola remained, we asked
the CPS for full intensity and very soon observed some pulses which exceeded
the design intensity at 200 GeV. The machine wasclearly better tuned than
ever before and even when the occasional misfire resulted in only one pulse
reachiT§ the SPS the accelerated current exceeded the previous best of
5 x 10+~,

Figure 5 shows an intensity balance sheet with the two CPS
pulses appearing in two columns and three samples of the SPS beam just
before and just after the second pulse is injected and again at 200 GeV.
The units are 1010 protons.

We went on to reduce losses in the early part of the cycle by
tuning Qy in the parabola. There appears to be an acceptance waist in this
region. A peak circulating beam at 200 GeV of 1.2 x 1013 is shown digitised
at 20 ms intervals in Figure 6. At this time the CPS was sending two pulses
of 9 x 1012 into TT10 of which 1.4 x 1013 protons circulated at 10 GeV
in the SPS.

Conditions stabilised with more than 1013 protons at 200 GeV on
all but a few weak pulses. Even when the power supply was switched off,
reloaded with a different cycle and following another experiment reloaded
again, the SPS came back very quickly to more than 1013 per pulse.

During the subsequent 400 GeV run, it became clear that it was
only just possible to stabilise the head-tail instability at high energy

at 1013 protons per pulse. Full damping octupole current was used.
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Note that the capture efficiency is about 907%. Untrapped particles correspond
to the abrupt beam loss at the beginning of the parabola.

Figure 3
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