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ABSTRACT Fake _plfice at the four exper_imental IPs e) a V(_artical
vernier’ bump could be superimposed at these points to
Following an intensive MD program in 1994, a bunclellow fine adjustment of the collisions. The bunch train
train scheme was adopted as the operational mode fmrmp in an experimental IP is shown in figure 1.
LEP. The configuration was used throughout 1995 and
produced record luminosities. The year culminated in a »+
high energy bunch train run which produced encouraging
results for LEP2. 8T
In spite of this, the bunch train scheme met with varying , |
degrees of success and the overall performance was rfot
as good as expected. The performance of the machineéiSo
presented, together with the problems encountered arid
the various optimisation techniques used. Th& *]
performance of related hardware and instrumentation Ps,
discussed.
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1. INTRODUCTION Figure 1 : The bunch train separation scheme for one

The bunch train scheme for LEP was partially developegperimental interaction point, with collisions at the IP.

in 1994 [1], and then commissioned operationally in 1995
[2]. The two prime motivating factors in developing the 3. OPERATION WITH BUNCH TRAINS
scheme were: IN 1995

1. To increase the luminosity at, Zenergies by 31 Commissioning
increasing the number of bunches;
2. To raise the maximum bunch current in 8 bunchdauring the commissioning of the bunch train scheme
per beam for operation at W pair energies [3]. particular attention was given to the control of radiation
to the experiments at injection, bunch train bump closure
The 8 bunch Pretzel scheme [4] was limited at injectiot 20 and 45GeV and the background seen by the
energy to bunch currents significantly less than the 1m@xperiments.
hoped for. For 45 GeV operation this limitation was not dhe first physics runs with two bunches per train were
significant problem, since the beam-beam effect limiteBerformed with a total beam current of 3 mA. During this
the bunch current to around 3@8, well below the Period problems with separator sparking caused many
maximum attainable at injection energy with pretzeL fills to be lost. Many studies were also undertaken to try
The plan was to operate LEP in 1995 with found understand a significant non-closure of the bumps,
equidistant trains of bunches in each beam. Each trd@th at injection and during physics. Injection efficiency
was about 220 m long and consisted of up to fouk¥as rather low and the radiation doses received by the
bunches. The results from MD in 1994 had led to higBXperiments seemed to be sensitive to the bump
expectations of possible deliverable luminosity. Thé@mplitude in the non-experimental interaction regions.

results were not as good as expected. Later, an aperture restriction was found in one of these
regions, caused by a mis-aligned vacuum chamber.
2. CONEFIGURATION The logbook during this period reads like a litany of

] . vernier optimisations, background spikes, poor lifetimes
The bunch train scheme used electrostatic separatorsgify coherent oscillations as operations struggled to

provide extended local separation bumps around thgaster bunch train running. However by the end of this
interaction point (IP) such that: &) trains of up to fouperig the typical total currents were around 4.5 mA and
bunches, separated by B coult_j be accommodated; b) ihe peam-beam tune shig was above 0.03 [5].

all bunches in the counter-rotating e+ and e- beams Wek@nough the performance was improving, it was still not
separated at all encounters at injection energy and duriggiimal with two bunches per train. It was clear that the

the energy ramp; c) separation was provided for aljsh had to be towards trains of three and four bunches.
parasitic encounters during physics; d) collisions could



As proof of principle a small number of fills were The main bunch train related problem during this period
performed with three bunches per train. These attempiss the continued experimental background storms,
were reasonably successful with around 6 mA total beaapparently related to beam instabilities. Towards the end
current, peak luminosities of 1.2°@m’s" and a, of  of the period things had settled down so much that the
around 0.02. Thus encouraged, trains of four bunchesinciple question had becomewtly is theg so low?
were attempted. During the last week of running beforRecall that§, = 0.045 had been achieved with pretzel,
the technical stop, extra damping wigglers wer@and steady running abogg= 0.04 was common.)
commissioned and used to accumulate 9 mA. This couiteady running continued until the end of dedicated Z
be ramped to physics energies, but many problems wephysics with special attention paid to regular vernier
encountered going into collision. Low lifetimes werescans [7] and, by varying the RF frequency between
observed, especially for the outermost electron bunchestans, measurement of residual vertical dispersion at each
Six physics fills were performed during this week: all buexperimental IP [8].

two had missing bunches. Typical physics condition$he bunch train scheme at this point was a qualified
with the full compliment of 32 bunches saw currents ouccess. A lot of effort had gone into operating LEP in a
around 25QUA /bunch (~6maA total), peak luminosities of completely new way, resulting in a reasonable perform-
1.5 10" cm’s" and &, of around 0.02. ance. However, the effects of parasitic encounters [9,10]
In a little over a month and a half, operation with twdad lead to the abandonment of four bunches per train,
bunches per train had been successfully proven maapd even with three bunches per train had resulted in
problems resolved. Principle among these were: sparkingwer beam-beam tune shifts than expected.
mis-alignments, radiation at injection and vernier .

scanning. Operation with three bunches per train hat3 The High Energy Run

been demonstrated, and the first dogged attempts Wilpo final

; running period of LEP was planned at
trains of four had been made.

intermediate energies, between 65 and 70 GeV per beam.
The commissioning of the machine for higher energies
3.2 Energy Scan was very quick and within four days the first 65 GeV
For the energy scan of LEP in 1995 it was decided to up@ysics run took place. Because of a cautionary total
three bunches per train, after several more failed attemfitsam current limit imposed by the RF group operation
to use the full four bunch per train configuration. Thevas with one bunch per train.
bunch configuration and other parameters of the machite the final physics fill of 1995 a current, of 5.6 mA was
had to be fixed in order to provide a stable platform foput into two bunches per train and collided at 68 GeV.
the painstaking process of scanning. This was a big success, producing peak luminosities of
Concentrating on a single configuration allowed a slow8.4 16" cm’s". In another experiment using two bunches
but steady improvement in the performance, and by tiper train at 45 GeV, values f in excess of 0.04 were
middle of the period over 8 mA were regularly beingecorded, due to the ability to collide both bunches head
brought into collision. Typical initial luminosities were on in this configuration [11].
around 1.5 10 cm’s’, corresponding to &, of about

0.03. The bunch train scheme was at least equalling the 4, HARDWARE PERFORMANCE
best performance of pretzel [6], and peak luminosities

continued steadily to evolve, as shown in figure 2. 4.1Electrostatic Separators

»s With bunch train all 40 separators are operated at high
voltage during physics. This increased the probability of
separator sparking and related beam loss, and systematic
sparking was observed in several separators, cured either
by operating with positive high voltage only, or by
reducing the bunch train bump. The high energy run was
an important test of the sensitivity of the separators to
higher energy photons (= 230 keV at a beam energy of
68 GeV), with only one separator spark recorded despite
high radiation doses of over 1&d measured at some
0 ‘ ‘ ‘ ‘ ‘ separator locations [12].
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Figure 2 : Evolution of peak luminosity with bunch trains .1 Radio Frequency
through the commissioning and energy scan periods.
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Bunch train operation allowed high currents to be
accumulated which facilitated the debugging of the new
superconducting RF systems. Higher order mode



measurements showed that full coherent addition afderstanding. Not withstanding the lower than expected
cavity fields did not occur, although in some cases tHaminosity yield, the final results of the year bode
higher order mode power exceeded that expected fromxtremely well for LEP2 [14].

addition of cavity powers. The longitudinal feedback
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