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Abstract

In order to raise the luminosity LEP was operated in 1995 with four equidistant trains
of bunchesin each beam, instead of the usual four or eight single bunches. Each train con-
sisted of up to four bunches. The bunch spacing was about 74 m. A comparison is made
between the plans and expectationsin the 1994 Bunch Train Report, and the actual imple-
mentation and observationsin 1995. The observations made during machine devel opment
sessions and during routine operation for physics are discussed. The effects of the scheme
on the background in the LEP experiments are analysed. The performance of LEP equip-
ment, in particular of beam instrumentation, electrostatic separators, and the RF systems
is presented. The plansfor running LEP with bunch trainsin 1996 are briefly outlined.
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1 Summary

In the winter shutdown 1994/1995 the majority of hardware modifications were completed and the
new mode of operation was commissioned successfully since the 1995 startup. During the course of
the shutdown and following operational experience several small changes were made to the project as
it had been perceived at the end of 1994[1]. These changes and the new understanding of performance
with bunch trains are summarized.

1.1 Physics Goalsfor 1995

At the start of 1995 it was not clear whether the main goal in 1995 would be to significantly improve
the statistics by running on-peak or to reduce the errors on the width of the Z by performing another
energy scan. A key issue for the energy scan was the side effects of bunch trains and most notably a
monochromatisation effect resulting from the presence of dispersion at the | P together with vertical or-
bit offsets. Following simulations and analyses of the probableerrorsit wasfinally decided to perform
an energy scan with atarget integrated luminosity of 10 pb~! on each of the off-peak points. At the
sametime, amajor goal for LEP in 1995 was the commissioning of substantial partsof the new super-
conducting RF system. Additional RF modules were installed during the June and October technical
stops and from June onwards operation had to be adapted to allow for this new scenario.

1.2 ChangestotheMachineLayout and Opticsfor 1995

LEP had been partially modified during the latter technical stopsin 1994 so that tests could be made
using two trains of up to four bunches, colliding in Pits 4 and 8. During the long shutdown the major
steps remaining were the installation of additional separators in Pits 2 and 6, moving the outer sepa-
ratorsin all of the odd pits and converting half of the pretzel sextupolesfor bunch train operation.

Asaresult of observations during the 1994 tests it was decided to move at least some of the skew
guadrupolesoutside the bunch train bump. It wasfinally agreed to moveall three (QT2, QT3 and QT4)
to new locations beyond the outer separator.

It was hoped that a new optics configuration would improve the background conditions for the
experimentsbut adetailed analysis of the side effects of bunch trainsled to this optics being abandoned.
The 1994 opticswas re-matched to account for the new machinelayout and was used throughout 1995.

1.3 Machine Development

In order to establish a baseline for the intensity limit measurements, the single beam limit was first
measured. It was found that although thiswas lower than in previousyears it was compatible with the
changed impedance budget.

Multi-bunch beam breakup (MBBU) is awell-known phenomenon in linacs in which oscillations
of aleading bunch are fed back to following bunches in a resonant manner through the wake fields.
Theory predictsthat large orbit offsetsin the RF cavities should increase MBBU but the oscillation am-
plitudes did not change significantly when the bunch train bump was applied. Measurements demon-
strated that in atrain of three bunches the second bunch (b) had much larger oscillations than the lead-
ing bunch (a) whilst the third bunch (c) had smaller oscillations than the second. In the case of two
bunches per train the second bunch had much larger oscillations. It isthought that these measurements
are still consistent with a manifestation of MBBU with the wakes of the first and second bunch inter-
acting destructively with thethird. At theintensity levelsreached in LEP in 1995 MBBU was not seen
to be alimiting factor.



From the experiments on bump amplitude it was concluded that the effect on the single beam limit
was small. Thefirst attempt to reach the two beam instensity limit with bunch trains demonstrated that
thelimit was similar to that which had been achieved with the pretzel scheme. 1t was a so demonstrated
that a reduction in the bump amplitude to 80% of its nominal amplitude had no effect on the current
limit.

The beam-beam tune shift achieved during operation was lower than expected. Investigationswith
asingle bunch per train (and therefore collisions only in the even pits) showed that the bumps had little
effect onthetune shifts. It proved difficult to push the beam-beam tune shift to high levelswhen using
three bunches per train, but in experiments with two bunches per train tune shifts as high as those
achieved with the pretzel scheme were possible.

1.4 Operation

A totally new way of running the machine had to be mastered by the operation team and new methods
of optimisation had to be developed. These concerned not just luminosity, but also background and
radiation. The processwas agradual onein which the number of bunches per trainwas increased up to
the maximum of four. It wasfelt within the operations group that the bunch train scheme was easier to
control than pretzel although the maximum number of bunches per train which could be comfortably
handled was three.

Operation with bunch trains pushed key equipment, such as separators, to new limits, forcing the
understanding of their performance up a steep learning curve.

Thetheoretical and practical understanding of the many side effectsthat arisefrom colliding bunch
trains, in particular the effects of the parasitic encounters, took some time to obtain. However, a rad-
ically new way of running LEP was commissioned successfully. It was a challenge to the equipment
groups, beam instrumentation, operations, accelerator physicists and management.

1.5 Background

The vertical bumps used to separate bunch trainsin the experimental insertions generate particle back-
ground at the experiments. Detailed Monte Carlo smulations, which were confirmed by measure-
ments, led to the definition of machine settings which minimised the additional background.

The additional large number of synchrotron radiation photons which are radiated from the
guadrupolar fields along the bump can be prevented from reaching the detectors. Thisis achieved
by limiting the bump amplitudes of the incoming beams, at the crest of the bump in Q$4, below a
threshold of 9 to 10mm. This condition was fulfilled for physics runsin 1995 by using 100% of the
nominal bumpsin Pits 4 and 8 and 70% of the nomina bumpsin Pits 2 and 6. Fine tuning was done
by superimposing small asymmetric magnetic bumps on the el ectrostatic bumps when necessary.

The OPAL luminosity detectors were disturbed by a very specific background component which
was coming from off-energy bremsstrahlung particles. In order to suppress this, it was necessary to
closethenearest vertical collimator to an aperture of < +30mm aswell aslimiting the bump amplitude
in Q4. Inorder to close these collimatorsit was necessary to reduce the vertical aperture limitsfrom
300, t0 26¢,. 1N these conditions OPAL was ableto achieve the precision required for the energy scan
with their luminosity measurement.



1.6 Hardware Systems
1.6.1 BEAM INSTRUMENTATION

All of the modifications to the instrumentation required to run with bunch trains were successfully
completed for 1995 and the performance throughout the year was very good.

The bunch current transformersworked well using the fast-sampling oscill oscopes which allowed
measurement of single bunch currents. The new bunch current equaliser is based on these, and isin-
dispensable for filling the machine.

Improvements to the BOM system for 1996 include better triggering for position measurements
of individual bunches and the installation of wide band electronics on 32 more BPMs. It was demon-
strated in 1995 that it will be possible make arapid optimisation of luminosity by scanning the beam
separation whilst measuring the orbit distortion due to the beam-beam effect —thiswill beimplemented.
It has been decided to convert 4 more narrow band BPMs on either side of the experimentsin order to
give more complete information in the region of QS5 to QSO.

The synchrotron radiation telescopes (BEUV) were able to measure beam sizes of individual
bunches in atrain. The absolute calibration of the instrument is checked about once per year but this
calibrationisonly asgood asthe knowledge of the dispersion and 3- functions at theinstrument. It has
been agreed that some changes are required in the control system so that morereaistic informationis
available at al times.

The polarimeters worked well throughout 1995 but suffered from the synchrotron radiation pro-
duced by the vertical separation bump in Pit 1. This radiation damaged the mirror and caused out-
gassing of the supporting structure. These problems will be resolved by replacing the mirror with a
metallic one and removing the coating from the support structure.

1.6.2 SEPARATORS

Operating with bunch trains requires that the trains are separated at all times in the even pits, which
impliesthat all 40 separators are operated at high voltage during physics, thereby increasing the prob-
ability of sparking. In Pit 3 repeated sparking was observed but studies failed to reveal the cause. It
was found that the sparking could be suppressed by operating the separators with positive high voltage
only.

During the high energy run the synchrotron radiation had acritical energy of around 230 keV, com-
paredto 70 keV for 45 GeV operation. Only one spark was recorded during thisrunand it did not cause
any beam loss. During most of this run the separators in the even pits were only run at 20% of their
nominal fieldsbut all of the separatorsin the odd pits were powered normally. Radiation measurements
made during the high energy run show a correlation with the areas where sparking was a problem.

1.6.3 RADIO FREQUENCY SYSTEM

Operation with bunch trains allowed high currents to be accumulated and this in turn facilitated the
debugging of the new superconducting RF systems. One of the major concerns when designing the
bunch train scheme was the possibility of higher order mode (HOM) power coming from the bunches
inatrain causing full coherent addition of thefieldsin acavity. Measurementsin 1995 have not shown
thisto bethe case but in some cases the extracted HOM power exceeded that which would be obtained
if the powers were added.

The longitudinal feedback system was set up to run with afixed bunch spacing of 87 or 174 Agr
during 1995, which was the optimum for four bunches per train. For a different spacing the phase at
the feedback frequency will be different for each bunch in atrain and thereforeit would not necessarily
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work. It is planned to run with only 2 bunches per train in 1996 and the optimum spacing is around
124 \gr. It has been shown that a spacing of 118 Agr Will only cause asmall phase error and the per-
formance of the feedback system should be adequate. The modificationsto the longitudinal feedback
systemin order to makeit work with the closely spaced bunchesin trainsresulted in somevoltage loss
but this has been overcome by operating the system in pulsed mode.

The transverse feedback system was modified to run with fixed amplitude pulses, using one of the
kickersfor bunchesaand c, and the other for bunchesb and d. The system performed very well inthis
mode, made accumulation easier and prevented beam losses at the start of the ramp. The system was
also often used in physics and helped to prevent background burstsin the experiments. The change to
alonger spacing for 1996 means that the system can be re-optimised and the same kicker can be used
for both bunches. In this new mode the maximum damping rate will be a factor of 3 higher than in
1995 for the same beam energy.

1.7 Bunch Trainsin 1996 and beyond

Running at higher energies implies that we will have smaller separations, fewer bunches per train,
larger energy sawtooth and stronger effects from RF asymmetries. In the long term the RF power
available will limit the total current and in order to optimise luminosity it will be desirable to put the
maximum current in the smallest number of bunches. In 1996 it has been decided that the beam current
will be kept low during early running as a cautionary measureto protect the new RF equipment. During
thisinitial phase LEP will be operated with four bunches and after the current limit has been raised,
with eight bunches.

The side effects from bunch trains are driven by the parasitic encounters and although the beam-
beam tune shift scales as E—!, the dependence on the separation is §~2 and therefore the tune shift will
increase when we move to higher energies. Furthermore, higher bunch currents will drive the tune
shift to even higher levels. However, it is believed that the stronger damping at higher energies will
compensate this effect to some extent.

When operating with only two bunches per train, the bunches can be collided head-on and thus
the beam-beam induced orbit effects will not be a problem. Running with two bunches per train also
offersthe possibility to minimisethe parasitic beam-beam effects by changing the bunch spacing. It has
been shown that a spacing of between 115 and 160 Arr Would be a good choice. Vertical dispersionis
another troublesome effect which will be reduced when running at higher energies because it isdriven
by the bump amplitude.

The strongly increased synchrotron radiation associated with running at higher energies leads to
a significant sawtooth in the horizontal orbit and an asymmetric energy distribution around the ring.
This effect can lead to anon-closure of the separation bumps which is enhanced when the RF distribu-
tion becomes more unbalanced due to RF trips. Simulationsindicate that the likely vertical separation
caused by this can be corrected with the separators. There is also an effect in the horizontal plane but
thisis expected to be relatively small.

Because the maximum achievable separation at 90 GeV is 5.5 mm, whichiswell below the critical
amplitude, no additional photon or off-energy background problems are expected with the bunch train
scheme for LEP2.

1.8 Conclusion

1995 was a difficult year for operation because the machine was very different and had to berunin a
completely new way. The modificationsto the hardware were completed on time, even the additional
work of moving skew quadrupoles. The hardware performed very well although many changesto the
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way in which it was used were necessary in order to optimise performance. Although the luminos-
ity yield was lower than had been hoped for, the physics goals for the year were met and the overall
expectations for operating LEP2 with bunch trains are high.

2 Implementation

In this section, we describe the main differences between the bunch train scheme as planned and de-
scribed in [1] and the actual implementation in the course of 1995, under the following headings: (i)
Lattice, (ii) Bump amplitudes, (iii) Number of bunches, (iv) Coupling and solenoid compensation.

2.1 Lattice

The even pits were re-matched, in three stages:

1. A new configuration, MP, was devel oped [ 2] inwhichthe excitationsof both the upright and skew
guadrupoles were changed. This configuration had smaller 3-functionsin the RF sections than
the L P configuration, and a perfect solenoid compensation. It was abandoned becausethe vertical
beam-beam kicks at the parasitic collision points caused avertical crossing angle for trains with
four bunches which was considered unacceptable[3].

2. We then returned to the LP configuration which had been used for the 1994 bunch train tests
[4], and had smaller vertical crossing angles than the MP configuration, and adapted it to the
new quadrupole positions[5]. However, this LPv3 configuration did not have a perfect solenoid
compensation, as discussed in Section 2.4.

3. This configuration was modified several timesin order to reduce the vertical amplitude function
B, in particular in QS4 and thus the background in the experiments. We commissioned L EP after
the 1994/95 shutdown with the LPv6 configuration which had even more serious problems with
solenoid compensation, as discussed in Section 2.4.

2.2 Bump Amplitudes

The bump amplitudes actually used in physics at 45.6 GeV were smaller than those planned. Tab. 1
shows the scaling factors. The bump amplitudes in pits 2 and 6 were reduced in order to limit the
photon background originating at the quadrupolesin the bumps, as discussed in Chapter 5. The bump
amplitudesin the odd pitswere reduced because of asparking problemin Pit 3, discussed in Chapter 7.
We decided to reduce the bump amplitude also in the other odd pits in order to preserve the cancella-
tion of variousside effects. For their calculation, we used the first-order perturbation theory embedded

Table 1: Scaling factorsfor bunch train bumps

Pit 1 2 3 4 5 6 7 8
Factor 89 07 89 1 89 07 89 1

intheor bi t 9 program [6], and anew post-processor t r ai n for MAD [7] which finds the individ-
ual closed orhits of al electron and positron bunches in LEP, and computes the side effects on these
orbitsin atruly self-consistent manner [8]. The results for the side effects at the bump amplitudesin
Tab. 1 aredisplayed in [9] in the form of tables of the separated beam-beam tune shifts, the tunes and
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chromaticities, and of the vertical offsets and separations, the vertical dopes and crossing angles, the
vertical dispersion, the CM energy shifts [10] and the relative luminosities in the even pits.

2.3 Number of Bunches

After someinitia attemptsto inject trainsof four bunchesinto LEPR, which were not very successful as
discussed in Chapters 3 and 4, LEP was operated with trains of three bunchesfor most of the remainder
of 1995. The bunch spacing was kept at s = 87Arr because the longitudina feedback system only
operated at this value although it is not the optimum for trains of three bunches.

24 Coupling and Solenoid Compensation

In the 1994 design [1], most of the skew quadrupoles which compensate the solenoids in the LEP de-
tectorswere inside the vertical bumps excited by the el ectrostatic separators. The two most noticeable
consequences were ahorizontal emittance blowup, related to the vertical bumpsand the solenoid com-
pensation, which was never explained satisfactorily, and a horizontal crossing angle in the even pits
[1]. In order to avoid them, the skew quadrupoleslabelled QT2, QT3 and QT4 were rearranged in the
1994/95 shutdown close to the QS7, QS8 and QS9 quadrupoles, beyond the separators which close
the bumps. The skew quadrupoles labelled QT1 remain close to the QS2 quadrupol es, where the two
beams are not separated during colliding-beam physics runs.

The LP configurationshavethe drawback that the sol enoid compensation intended to fully decouple
the horizontal and vertical betatron oscillations at the IPin Pits4 and 8 is not perfect because the skew
guadrupole QT4 close to QS9 is not strong enough. 1nthe LPv6 configuration, the QT4 quadrupolein
Pit 4 should be 61%, and that in Pit 8 27% stronger. In the LPv3 configuration, the strengths of QT4
aresmaller. No mechanism has been found in smulations[11] of the LPv6 configurationwhich relates
the actual coupling compensation to the observed beam sizes. However, it was observed during MD
[12] that the vertical beam size was sensitive to the solenoid compensation scheme applied.

3 Resaultsof Machine Development

During 1995, dedicated bunch train machine development sessions were used to study various bunch
train configurations and limitations such as intensity limits at injection [13], effects of bunch train
bumps, beam-beam tune shifts and beam breakup.

3.1 Bunch Intensity Limitationsat 20 GeV
3.1.1 SINGLE BEAM LIMIT

Since 1993, the single beam limit has decreased. Consequently, the singlebeam limit inthebunchtrain
configuration was checked first. The single beam limit in the flat machine, i.e without any bunch train
bump, was established [14], and it was confirmed that from 1993 to 1995 it decreased by about 10%.
Thisis consistent with an increase of the LEP impedance of about 8% from 1993 to 1995 [15, 16].

The effect of forming trainswith a single beam was then addressed. With onetrain of two bunches
aand c, [14], theintensity accumulated into thefirst bunch (a) of the train was close to the single beam
limit. However the intensity accumulated in the second bunch (c) was lower by about 10 to 15% than
the single beam limit. In both cases, it was clearly observed that when the bunch intensity reached
500 A , bunch c started to lose intensity each time bunch awasinjected. Thiswasthereal limitation
in accumulating more intensity and no real cure could be found.
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The effects of bunch train bumps on the intensity limit were studied during the same experiment
[14], using one train of two bunches of positrons, and with the bunch train bumps switched on in the
even pitsonly. Accumulation into the bunches aand ¢ showed that the effect of the bunch train bumps
onthe singlebeam limit wasvery small. Inanother experiment[17], thistime donewith asingle bunch
single beam, the bunch train bumps were switched on in al points and it was observed that the single
beam limit was lowered by at most 10%. From these experiments, it was concluded that the effect of
the bunch train bumps on the single beam limit was small.

3.1.2 MULTI-BUNCH BEAM BREAK-UP

Multi-bunch beam break-up (MBBU) occursin bunch trains and may lead to large oscillations and/or
particle loss in later bunches[18, 19]. MBBU was studied in two MD runs, in particular by measur-
ing the oscillations of individual bunches and their dependence on orbit separation [20]. With three
bunches per train, the oscillation amplitude of the first bunch (a) was small but finite, always below
1 mm. The oscillation amplitudes of the second bunch (b) —at 87 Agr or about 75 m distance — were
larger (up to 4 mm), while the amplitude of the third bunch (c) — at twice the distance from a— was
somewhat smaller (1.5 mm). This could be explained if the wakes of bunch aand bunch b happen to
interfere destructively, but more likely the large-amplitude oscillation of bunch b leads to sufficiently
large frequency detuning that the resonant buildup of the oscillation of bunch ¢ was disturbed.

With only two bunches per train, higher bunch currents could be reached and it was observed that the
second bunch (c) still had considerably larger oscillation amplitudes, about 3 to 5 times larger that of
the first one. This might explain the large background observed with bunch trains of high currents.
While measuring the effects of orbit separation in SC cavities, it was observed that the oscillation am-
plitudes of al bunchesdid NOT change significantly when the bump was applied, i.e. for a substantial
vertical displacement of the orbitsinside the SC cavities.

Thetransverse feedback did reduce the oscillation amplitudes, but the amplitudes of bunch b remained
larger than 1 mm. Longitudinal bunch motion occurred, probably due to loss of Landau damping, and
longitudinal feedback was needed to keep the bunches stable. Synchro-betatron resonances were dif-
ficult to avoid with such alarge number of bunches, with dightly different tunes which split into a
number of sidebands at higher current levels.

3.2 Two Beam Studiesat 20 GeV
3.2.1 MAXIMUM INTENSITY WITH TWO DIFFERENT BUNCH TRAIN CONFIGURATIONS

In November 1994, ingtallation of additional separatorsin IP4 and | P8 had permitted the first accumu-
lation of two counterrotating beams [21]. In 1995, one experiment was dedicated to the comparison
of the 1994 and 1995 results[14]. The intensities reached were found to be dightly lower than those
found in the machine development in November 1994 but this could be explained by the higher syn-
chrotrontune used in 1994. During the same experiment, no significant differencesin the accumulated
intensity were observed between a bunch configuration with collisionsin 4 and 8 and a configuration
with collisionsin 2 and 6 [14].

3.2.2 EFFECT OF THE BUNCH SPACING ON THE ACCUMULATED INTENSITY

Injection into bunches (a,b) (87 Arr) Was compared to injection into bunches (a,c) (174 Arr) [14].
With thebunches (a,b) noinjection problemswere observed with acurrent above 400 pA and it seemed
significantly easier to reach 400 to 450 xA than with the (a,c) configuration. The injection was limited



by losses on the bunches not injected. The threshold where this occursis dightly higher than when
bunches aand c areinjected. This might come from the fact that the bunch ¢ has a smaller separation
at the crossing points in the odd pits.
It was concluded that a configuration with bunches a and b seemed more favourable for filling than
bunchesaand c. It can be expected that for a bunch spacing optimized for atwo bunch operation, the
intensity limit can be pushed further.

3.2.3 RECORD INTENSITY WITH BUNCH TRAINS VS. PRETZEL

Oneimportant issue was to compare the bunch train scheme results with the pretzel scheme results, in
terms of “record” intensity. Two beams of four trains of two bunches were injected [14]. The syn-
chrotron tune was Q,=0.098, there was no transverse feedback and the polarization wigglers were
switched on. Accumulation into bunches aand b of each train gave an average intensity of:

< I > =452 yAlbunch for et and < I > = 365 pA/bunch for e~

The maximum intensity reached in the positron bunches was 495 pA. Theinjection was again limited
by losses on the bunches not injected. These results were obtained during one single attempt. For
comparison, the best results obtained with the pretzel scheme [22] were:

< I > =440 pA/bunch for et and < I > = 387 pA/bunch for e~

This was obtained with a synchrotron tune Q,=0.097, the transverse feedback was switched on but no
polarization wigglers were used.

It was concluded that the first attempt with bunch trains was similar to record pretzel intensity, under
similar conditions.

3.2.4 EFFECT OF THE BUNCH TRAIN BUMP AMPLITUDE ON THE ACCUMULATED INTENSITY

Due to the side effects of the bunch train bumps, it isimportant to evaluate the minimum bunch train
bump amplitude which still gives sufficient intensities. In 1994, it was shown that for one train of
two bunches against one train of two bunches, 60% of the bump amplitude gave the same maximum
intensity as for 100% [21].

In 1995, no dedicated experiments were done during injection to study the effects of the bunch train
bumpson theintensity. A quick attempt was however done[14], and a reduction to 80% of the bump
amplitude had no effect on the intensity. It was concluded that for trains of two bunches, the effect of
reducing the bunch train bump amplitude is very minor, if any.

It was also observed that if bunches (a,c) were used, ¢ was limited due to encountersin the odd points,
and if (a,b) were used, b was limited due to encounters in the even points. These observations were
confirmed in studies of the beam lifetime as afunction of the bump amplitude [23, 24].

3.3 Beam-Beam Tune Shift Studies

During 1995, the beam-beam tune shift parameter measured during normal operationwith bunchtrains
of three bunches per train was lower than expected and rarely exceeded ¢, = 0.03. Extensive studies
were performed to explain this observation and the parameters that affect the beam-beam tune shift
were studied.

The first candidates which were suspected in the beam-beam tune shift reduction were the bunch
train bumps. During one experiment [25] it was shown that with asingle bunch per train and only col-
lisonsinthe even points, the presence of the bunch train bumpshad no immediate and drastic effect on
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the beam-beam tune shift although an optimization was easier without the bumps and an improvement
was possible with some effort. It was also observed that the initial beam-beam tune shift was already
higher than in normal operation.

In another experiment [12], another hypothesis was tested that the observed low tune shift was

originating from unavoidable collision offsets when more than two bunches per train are used. After
the vernier scan, the tune shift from the experiments was aready significantly larger than the usual
values observed in standard physics conditions with three bunches per train, indicating a potential for
higher tune shifts in this configuration with four trains of two bunches.
M easurements of the beam-beam tune shift and its possible limit were performed, first with al bumps
on and then with bumpsin even points reduced to 50%. The average beam-beam tune shift from the
two experiments which were taking data, together with the “best” tuneshift, i.e. the better of the two
experiments, isplotted in Fig. 1.

o005 Average and best beam —beam tuneshift from 2 experiments

0.045

0.04

0.035

0.03

0.025

0.015

0.005

L e e e e e e e e e e e e ey
o L
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

]

Time (s)

Figure 1. Average (lower line) and best (upper line) beam-beam tune shift from the two experiments.

With all bumps at nominal values, and following orbit corrections and further optimization with
coupling and emittance wigglers, tune shifts of about ¢, = 0.036 were achieved, with potential for fur-
ther improvement. The best value found using only the luminosity from one experiment was around
¢, =0.038.

After the bumps in the even pits were reduced to 50% (a scenario which is expected for LEP2), no
immediate gain was observed, but after alengthy and steady optimization using coupling compensa-
tion, vernier scans, orbit and asymmetric dispersion bumps, an average beam-beam tune shift of up
to ¢, = 0.042 was measured, corresponding to an average luminosity of 15.1 - 10°*° cm~? s! with a
beam current of 3.6 mA. Using only the luminosity seen by one experiment abest value aslarge as ¢,
= 0.045 was obtained.

It was concluded that, in the configuration studied, beam-beam tune shifts as high as observed with
the pretzel schemein 1994 could be reached after careful optimization.
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4 Resultsof Machine Operation

41 Overview of the Year
4.1.1 START-UP

After the cold-checkout LEP came up fairly smoothly and the first closed orbit was obtained on the
22nd April. Several issues relating to bunch trains and more general machine conditions were dealt
with beforethefirst physicsrun onthe 3rd May. Thefirst physicsrunswere performed with one bunch
per train and with bunch train bumps reduced to 10%. Of note during the running in period:

¢ Radiation to the experiments at injection. It was proven that this could be effectively controlled
by ensuring that the vertical injection trgjectory was properly optimised, by reducing the bunch
train bump amplitude, by using asymmetric magnetic bumps, and the use of vertical collimators
near the interaction point (1P).

¢ Adjustment of the superconducting quadrupoles’ calibration curvesin order to equalise the mea-
sured 3’s at the | Ps, a somewhat empirical process.

e Bunch train bump closure at 20 and 45 GeV. Corresponding separators either side of an IP are
driven by the same generator. By adjusting the voltage ratio between the pairs of separators used
to produce abump, it is possible to minimise the non-closure of a given bump.

e Background. Much work was performed to understand and cure the background caused by the
bunch train bumps, c.f. Chapter 5.

4.1.2 FIRST RUNNING PERIOD 6TH MAY - 25TH JUNE
Two bunches per train

On the 6th May thefirst physics run with two bunches (a& c) per train was performed with atotal cur-
rent of around 3 mA. Subsequently the machine was dogged by anumber of problemswhich included
persistent separator sparking in point 3 and on going concern about the non-closure of the separator
bumps at both 20 and 45 GeV (more on this below).

Injection efficiency was generally low and the radiation produced seemed sensitive to the bump
amplitudes in the odd points, particularly point 3. It eventually transpired that there was an aperture
restriction either side of point 3, caused by misalignments of the vacuum chamber.

The log-book during this period reads like a litany of vernier scans, background spikes, poor life-
times and coherent oscillations as operations struggled to master bunch train running. However, all
was not doom and gloom: by the middle of May typical total currentswere around 3.6 mA and beam-
beam tune shiftswere between 0.02 and 0.03. By the end of May the beam-beam tune shift was above
0.03 and over 4.5 mA was being collided. During this period the commissioning of the superconduct-
ing RF cavities started with attendant teething problems. The non-closure of the asymmetric bumps
seemed to have been accepted as afact of life by this stage.

It always takes time to bed the machine down and optimiseit properly. It was clear that LEP was
on it's way but had yet to reach optimal performance with two bunches per train. It was also clear,
however, that the push had to be towards trains of four and LEP continued running with two bunches
per train until June 18th when the first attempts at trains of three bunches were made.

By this stage the bunch currents at start of physics were around 300 pA/bunch (~ 5mA total),
the peak luminosity was about 1.3 - 103*cm~2s~! and the beam-beam tune shift hovered around 0.03.
The bunchtrain bumpsin physicswere at 64% of maximum in L3 and Opal, 80% in Aleph and Delphi.
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Three bunches per train

As proof of principle a small number of fills were performed with three bunches per train. These
attempts were reasonably successful with currents around 250 pA/bunch (=~ 6mA total), peak lumi-
nositiesof 1.2 - 103'cm~%s~! and beam-beam tune shifts of around 0.02.

Four bunches per train

Thus encouraged, trains of four bunches were attempted during the last week before the technical stop
scheduled from June 26th. The polarisation wigglers were successfully commissioned and with their
help 9 mA was accumulated. It proved possible to ramp and squeeze with four bunches per train with-
out loss. However thefirst attempts at physicswerefoiled by sparksin P2 and | P6 and other problems.

There was aready an indication of something pathological: the lifetime of electron bunchesaand
d seemed to be poor in collision. Of nineteen attempts, three were lost at the start of the ramp, 6 were
lost at the end of the squeeze (separator/orbit reload), 4 were lost during collision. 4 physicsfillswere
performed with missing bunches, 2 with afull complement of 32 bunches. Thusit was that operations
limped into the shutdown on 25th June.

Typical conditionswhen in physicswith four bunches saw currentsaround 250 pA/bunch (=~ 6mA
total), peak luminositiesof 1.5-10%* cm~2s~! with beam-beam tune shiftsaround 0.02. Thesefillswere
performed with bunch train bumps at 100% of maximum.

In a little over a month and a half, operation with two bunches per train had been successfully
proven and alot of problemsresolved. Most noticeable among these were: sparking, misalignments,
radiation at injection, vernier scanning and QS0 calibration. Three bunches atrain had been tried suc-
cessfully, and the first dogged attempts with trains of four had been made.

4.1.3 SECOND RUNNING PERIOD 14TH JULY - 9TH OCTOBER

Physics was reestablished after the technical stop with initia runs with trains of one and of three
bunches. Repeat tests on the asymmetric bumps showed that by this stage they were closed.

On the 18th July, attempts with trains of four bunches recommenced; 8 mA was successfully
brought through the squeeze, but lost going into collision with a separator fault.

Several more attempts were made with four bunches per train, but the ramp and squeeze, although
not impossible, was sensitive, bunch a of either beam being particularly susceptible to problems. In
collision thelifetime of buncheswhich experienced the closest encounters of aparasitic kind were gen-
erally poor. The situation was exacerbated by the commissioning of new superconducting RF cavities
at the sametime. A strategic retreat to trains of three bunches was made on the 23rd July. Around this
time the use of transverse and longitudinal feedback in physics started: this clearly helped stabilise
physics running.

The rest of the running period was devoted to an energy scan. To facilitate this, the running con-
ditions were bedded down to provide a stable framework for the painstaking process of the scan. The
amplitude of the bunch train bumpswere fixed at 70/100/70/100% of their maximum in points 2, 4, 6
and 8 respectively. Currentswere limited somewhat below their maximum. Transverse feedback was
in use during the ramp.

The fixed conditions allowed a dow, but steady, improvement in performance and by the end of
August over 8 mA was being regularly brought up the ramp and through the squeeze. Beam-beam tune
shiftswerearound 0.03 with typically initial luminositiesof 1.7-10**cm~2s™*: the bunch train scheme
was at least equalling the best performance of pretzel [26]. Besides the normal operational frustrations
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the main bunch train related drawback was the continued background storms which appeared to be
related to beam instabilities.

Things had settled down so much by the end of August, that the key question had become: “Why
is the beam-beam tune-shift so low”. Recall that peaks of 0.045 had been achieved with pretzel, and
steady running above 0.04 was not uncommon. All the usual tools of the operations' twiddling trade
were tried to no avail. Thisincluded a squeeze of the horizontal beta at the interaction points. This
might have produced an improvement, but thorough re-optimisation at the reduced beta was not pur-
sued. The ¢, observations for bunch train operation with trains of three bunches [27] are shown in
Fig. 2.

NFILL.GE.2816.AND.NFILL.LE.3042LEP1 95 4*3+4*3

K=1%:,=0.04

0.04

>=0.02B
70 %

etzel
0.02

vertical tune shift parameter Ey

0 0.2 0.4
Bunch current in mA

Figure 2: ¢, observations for bunch train operation with 4x3+4x3 bunches,

Steady running continued through September with the tune splits corrected with the bunch train
sextupoles, and dispersion measurements at the | P performed using vernier scans. The scan continued
until the machine development period which started on 4th October, the machine development period
was followed by high energy machine tests which signified the end of Z° running at LEP.

The bunch train scheme to this juncture has been a qualified success, alot of effort had gone into
operating LEP in a completely new mode, and a very reasonable performance secured. However, the
effects of the parasitic encounters had led to the abandonment of four bunches per train, and the beam-
beam tune-shiftswith threebunches per train had stalled at around 0.03, presumably dueto orbit offsets
at the interaction point produced, again, by the parasitic encounters. The gradual mastering of the
scheme is apparent in the luminosity production, see Fig. 3.

4.1.4 THE HIGH ENERGY RUN

Commissioning for high energy running began on October 27th, and within four daysthefirst physics
at 65 GeV took place. Because of the cautionary current limit imposed by the RF group, the high energy
run took place with four bunches against four bunches with the amplitude of the bunch train bumps
reduced initially to around 20%, and later to around 50%, of their maximum values. The attendant
background conditions are described in Chapter 5, but were generally good.
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Figure 3: Luminosity through the 1995 Z° running period. The ordinateisin unitsof 10*°cm=2s71.)

Thefinal run of the year was performed with 5.6 mA intrains of two bunchesat 68 GeV. The bump
amplitudes were set to 70/100/70/100% of the maximum in points 2, 4, 6 and 8 respectively. Thiswas
abig success producing peak luminositiesof 3.4 - 103 cm~2s™!, with clean background conditions. In
another experiment which used trains of two bunchesthe beam-beam tune shift was rai sed above 0.04.
In this scenario, with suitable optimisation, both bunches in atrain can be collided without an offset
[12].

4.2 Observationsfrom Operations
4.2.1 NON-CLOSURE

There was initially some concern about non-closure of the bunch train bumps, which was visible in
differenceorbits. Ther.m.s. of thevertical difference orbit (bumps suppressed) at 20 GeV was as high
a1l mm at the beginning of May. At 45 GeV the figure was typically 0.5 mm.

Two points should be made: firstly thebumpsin4 & 8 at 20 GeV were an amost perfect 3= bump,
with no voltage on the internal separators, precluding adjustment of the closure by varying the ratio of
internal and external voltages. Secondly, closure was checked point by point, with all other separators
at standby. Thereturned out to beafloating 3to 4 kV ontheexternal separatorswhen at standby, which
certainly would have confused any corrections.

However, the situation was further clouded by the observation of non-closure of asymmetric bumps
which were used to alleviate the experiments’ background. Suffice to say that by the start of running
period two, concern, and to some extent the non-closure, had abated. Operationally we learnt to live
withanr.m.s. vertical differenceof around 0.8 mmat 20 GeV, and ar.m.s. vertical differenceof around
0.5 mm at 45 GeV.

Also of notewas acuriousand larger.m.s. horizontal differenceat 20 GeV which reached 1.2 mm.
This effect was subsequently explained by the discovery of atilted superconducting quadrupolein pit
6 at the end of the year.
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4.2.2 TUNE SPLITS

With three bunches per train there was a measured difference between electrons and positrons of
0.019 + 0.006 horizontally and —0.0164 + 0.006 verticaly, while the tunes of b differed by ~ .004
from those of aand c. These agree, more or less, with the theoretical predictions[9].

4.2.3 BETA BEATING

At the start of the year the beta beating seemed improved after the QS0 adjustments and beating was
below 20%. Similar values were obtained in subsequent measurements. For example on 15 May at
45 GeV with bumpsfully on the beating was generally lessthan 20%. Again onthe 29th May beating of
15-25% was seen with bumps at 80%. Associated phase advance measurementsrevealed small errors.
At 20 GeV with bump train bumps the beating was around 12%. During a beam instrumentation cross
calibration MD, measurements were made with and without bumps. Thereis evidence that the bunch
train bumpsincrease the beating by 10% or so.

4.2.4 VERNIER SCANS

Standard operations practice to ensure optimum collision was the use of an automated vernier scan.
This was aso used heavily during the energy scan to minimise the centre of mass energy shift in a
given IP dueto collision offsets. A typical on-linedisplay is shown in Fig. 4. The ability to perform
these scans was vital to the energy scan and the results have been carefully analysed [28].
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Figure 4. Typical on line display. The last vernier scans in each interaction point is displayed. The
individual fit results and their %2 areindicated on the right, together with their weighted mean.

4.2.5 DISPERSION

Vertical dispersion was measured occasionally through the year to have typical r.m.s. values of 6 to
8 cm. Therewas some evidence of adispersion split withavalue of 5.1 cm being recorded for positrons
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versus 9.0 cm for electrons. Recall that magnetic errors cause vertical dispersion errors of the same
sign for electrons and positrons while the separator bump causes vertical dispersion of opposite sign.
The difference in dispersion at the interaction points was measured by performing vernier scans at
different RF frequencies. Differencesin the vertical dispersion of the beams of up to 3 to 4 mm where
observed. Again the results are in approximate agreement with predictions[9].

4.2.6 HORIZONTAL MISCROSSINGS

Some evidence for horizontal miscrossingsat the interaction points came fromfitsto difference orbits.
Estimatesof upto 40 pm were calculated [29]. The miscrossingsappear to scale with bunch train bump
amplitude. They are believed to have originated from the tilted SC quadrupolein pit 6.

5 ParticleBackground

Two types of beam-induced background to the experimental detectors are important in LEP: photons
from synchrotron radiation (SR), mainly radiated in the straight section quadrupoles, and off-energy
electrons and positrons, produced by beam-gas bremsstrahlung along the last part of the bending arcs
and the straight sections. Both background types are influenced by the vertical separation bumps. The
amount of additional photon and electron background as function of the bump amplitude has been
carefully studied by Monte-Carlo simulation and has been compared with measurements [30, 31].
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Radiation source | Radiated photons X 10°
no bump | full bump — 108
QS11 to QS6 24 30 é’
QS5t0 QS3 11 324 5 10
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Figure5: SR photon sourceswith and without 1072

separation bumpsin|P6 (OPAL) for 45.6 GeV 101 102 103
beams of 40 nm horizontal emittance. Photon Ey (keV)
ratesarein unitsof 10° photons per 1 mA cur-

rent in one bunch crossing (BX xmA) Figure 6: Photon energy spectrum in 1P6.

Nominal (100%) bump amplitude (full line),
no bump (broken line).

5.1 Synchrotron Radiation

Symmetric vertical separation bumps are generated by electrostatic separatorsin the experimental in-
sertions. These bumps span nearly 100 m through quadrupoles QS3 to QS6 on either side of the IP.
The separated beams pass through the quadrupoles in the bump region off-axis and radiate therefore
more and harder synchrotron radiation photons. SR-photon ratesin 1P6, with and without separation
bumps, are tabulated in Fig. 5, the corresponding energy spectra are shown in Fig. 6.
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However, not only doesthe bump radiate four timesas many photons, but the generated photon fans
have also larger angleswith respect to the beam axisand will therefore strike the vacuum system closer
to the IP. This can lead to arapid increase of the photon background in the detectors, if the photons
reach nearby vertical collimator jaws, from where they can be back scattered with high efficiency into
the detectors.

To study the additional photon background from separator bumps the Monte-Carlo code “PHO-
TON” [32] has been extended to include electrostatic separators. With this modification symmetric
and antisymmetric vertical bumps can be generated around the IP's. The expected, and experimen-
tally observed, very steep increase by more than two orders of magnitude of the photon background
rate for bump amplitudes above a certain threshold value, could be reproduced and is shown in Fig. 7.

g 10% 3 : :
% 1 O ALEPH 'bgdl': — 35 —————
m - : : 8
] ® DELPH ’bgdl® g | J
D g3 I MCAEPH L f -
° 3 — MC DELPHI =
2 3 : =
& 2
] o
[0 70" RUUENIRERI S 0 - “.c_.;
] <
101 _E ........................................
100 LI I B | | T T | T 1 1 1 25 L . L . L .
0 5 10 15 40 60 80 100
: bump amplitude (%)
bunp anplitude at @4 (mm
Figure7: Comparison of ssimulated (lines) and Figure 8. Smallest tolerable collimator
measured (points) SR-photon ratesin ALEPH COLV.QS1 opening in I1P6 as function of the
and DELPHI as function of the separation vertical separation bump amplitudein Q4.

bump amplitude.

Theexperimental pointsinFig. 7 arenormalised “figure-of-merit” photon background rates* bgdl”
taken by ALEPH and DELPHI for various amplitudes of the separation bumps measured at Q4 [33].
Good agreement with ssimulations is obtained. The actual value of the threshold amplitude depends
linearly on the opening of vertical collimators, in particular on the nearest collimator COLV.QSL to
the IP. The morethis collimator is closed, the smaller isthe amplitude at which photonsradiated in the
bump reach the collimator jaw and consequently produce unacceptably high photon background rates.

This dependence has been measured in OPAL and is shown in Fig. 8. As explained in section
5.2, collimator COLV.QSL is required to protect the experiments from additional off-energy electron
background, generated by the separation bumps, and must therefore be closed as much as possible.

The amount of SR-photon background from the separation bump depends al so on the el ectron beam
size and transverse density distribution. With bump amplitudes and collimator openings adjusted to
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safely stay below the photon threshold, large non-gaussian tails or sudden blowup of the vertical beam
size can shift conditionsinto the high background region and lead to large spikes in the photon back-
ground. This phenomenon has been observed frequently during physics coasts with bunch trainsin
1995.

The very high photon background rate from large beam displacements through the straight section
guadrupoles can in principle be reduced by superimposing antisymmetric magnetic orbit bumps onto
the electrostatic separator bumps. The separator bumps are symmetric in the sense that the electron
and positron beams have the same displacement amplitude on both sides of the IP. A superimposed
antisymmetric magnetic bump allows the reduction of the excursions of the incoming beams on both
sides, while keeping the beam separation constant (Fig. 9). The increased radiation generated by the
larger excursions of the outgoing beams will produce many more back scattered photons. However,
the probability for these photons to reach the detectorsis small due to the large distance between the
point of impact and the | P, and because more than one scattering is heeded to reach the detectors.
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Figure9: Schematic presentation of symmetricand Figure 10: Comparison of measured and

antisymmetric vertical separation bumps. simulated photon ratesin OPAL as func-
tion of the amplitude of a antisymmetric
correction bump.

The effect of antisymmetric (correction) bumps has been simulated and compared to measurements
[34] (Fig. 10). Starting with a bump amplitude of 12.6 mm for the incoming positron beam (100%
bump in 1P6), which iswell above the threshold amplitude, the photon rate could be lowered by more
than one order of magnitude, down to acceptablelevels, by superimposing an antisymmetric correction
bump of 3to 4 mm. Again, simulations allow close prediction of the experimental results.

The superimposed anti symmetric magnetic bumps, however, produce unwanted vertical dispersion
and were therefore avoided during 1995 physics data taking as much as possible. Instead, the beam
separation around the | P’'swas chosen to stay well bel ow the critical threshold bump amplitude of about
9to 10 mm.

Synchrotron radiation masks, which were present in 1P6 and | P8 during 1995, are designed to pro-
tect the experiments against photons with shallow incident angles of less than 3 mrad [35]. They do
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not intercept photons back scattered from the nearby collimators, and therefore provide no protection
against photon background from the separation bumps. They will, however, not |ead to increased pho-
ton background as long as their inner tips can be shielded against direct impacts of SR photons from
the QS3 to Q4 region. This shielding is provided by the nearest vertical collimators COLV.QS1.

5.2 Off-Energy Beam Particles

During the 1995 energy scan, where avery accurate luminosity measurement was essential, it became
evident that a bunch train specific component of off-energy background was present at the LEP lu-
minosity detectors. This background family, clearly detected by OPAL [36], had very distinct fea-
tures: a sharp peak inits energy distribution around 30 GeV and a concentration in the vertical plane
at small radii. These characteristics made it particularly difficult to discriminate off-energy particles
from Bhabhaevents and theref oreendangered the envisaged precision of lessthan 102 for the absolute
luminosity measurement.
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Figure 11. Simulated vertical density distribution of off-energy electrons (left) and bremsstrahlung
photons (right) at 2.4 m from I P6, without (open circles) and with 100% vertical separation bump (full
circles).

In order to understand the origin of this background, Monte-Carlo simulations of off-energy par-
ticlesin LEP have been performed, using a special DECAY-TURTLE code [37]. The program was
modified to include the effect of electrostatic separators on beam and secondary particles. Only
bremsstrahlung by beam particles on rest-gas molecules has been included as source for off-energy
particles. The contributionto background events from scattering with thermal photons has been shown
to be negligible at LEP1 beam energies [38].

The simulations [31] showed that the effect was due to beam particles that have lost energy in a
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beam-gas bremsstrahlung interaction in the straight section upstream of the experiment and are then
directed by the vertical separation bump into the upper and lower sectors of theluminosity detector. All
the observed special features of this background family were confirmed by simulation. The vertical
blowup of the off-energy electron beam at the OPAL luminosity detectors, 2.4 m downstream from
IP6, due to the separation bump, is clearly seen in Fig. 11a. The vertical size of the bremsstrahlung
photon beam is also enlarged, but stays within the vacuum chamber diameter of 106 mm (Fig. 11b).
The pronounced changes of the radial and energy distributions of the off-energy background with R >
60 mm at the luminosity detector are shown in Figs. 12aand 12b, respectively. As a consequence of
the separation bump, off-energy particles are more concentrated at smaller radii and are focused into
two energy bands, around 30 GeV into the lower detector, and a weaker component around 15 GeV
into the upper detector. The origin of particlesin the high momentum band are the RF regions around
| P6, upstream of the downwards pointing first part of the separation bump for theincoming beam. The
15 GeV band originates from a region, much closer to the IP, along the upwards pointing part of the
bump.
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Figure 12: Simulated radial (left) and energy (right) distributions for off- energy electrons at 2.4 m
from I P6, without (open circles) and with 100% vertical separation bump (full circles).

The good understanding of this particular bremsstrahlung background, obtained by detailed s mu-
lations, allowed the devel opment of measuresto protect against it. As verified by measurements[36],
shown in Fig. 13, the vertical collimators COLV.QSL1, located 8.7 m from the IP, are very efficient at
stopping off-energy particlesfrom reaching theinteraction region in the presence of vertical separation
bumps. Corresponding simulation results are shown in Fig. 14. The most disturbing high momentum
component (full circlesin Fig. 14) can be almost completely suppressed, if this collimator is closed
to 30 mm. Asisclear from Fig. 8, this opening can only be reached, without generating unaccept-
ably high photon background rates, if the vertical separation bump amplitude (in OPAL) isreduced to
<70% of its maximum value. In addition, to ensure that collimator COLV.QS1 does not scrape into
the beam tails, the vertical aperture limit must be closed from 30 ¢, to 26 o, [31]. During the second
part of the 1995 energy scan, this solution was adopted, and gave the expected improvement.
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6 Beam Instrumentation

All modificationsand devel opment to cope with bunch trains[39] have been successfully implemented
inthe courseof 1995. A review of the performanceachieved by thevariousinstrumentsduring machine
operation with bunch trainsis presented and plans for further development are given.

6.1 Bunch Current Transformers (BCT)

In 1995 the origina BCT acquisition system using long integration gates has been replaced by a
500 MHz digital sampling oscilloscopeto measureindividual bunchesintrains[40]. Sinceall bunches
were being measured on the same channel, excellent bunch to bunch normalisation was obtained. How-
ever, even after averaging, the 8-bit digitisation limited the relative precision of the single bunch mea-
surementsto about 500-10~¢, which was insufficient for monitoring single bunch lifetimesin real time.
This must be compared to relative precision values around 90-10-% produced by the original muilti-
channel 16-bit acquisition system, prior to theintroduction of bunchtrains. Asaresult it was necessary
to maintain both systems operational, the oscilloscope-based system providing single bunch currents
and the original system providing fast monitoring of beam lifetimes and injection |osses.

At the end of the 1995 L EP run, atest was made with another 16-bit acquisition system, known as
BOSC, that has been successfully used in the SPSfor anumber of years. This system usesapeak hold
detector and so isinsensitive to timing jitter and can be gated to acquire individual bunchesin trains.
In a short experiment with beam, a relative precision of 25.10¢ was obtained, which represents a
considerable improvement both on the oscill oscope-based system and the original 16-bit acquisition
system. It therefore seem likely that this system should be able to do the job of both these systems. A
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full evaluation will be made early in the 1996 LEP run, with aview to replacing the existing systems
for the 1997 LEP run. It is, however, intended to retain one of the oscilloscope-based systems and
reprogram it to scan for the distribution of beam around a complete LEP turn. In thisway it will be
possibleto detect any unwanted parasitic bunchesthat have been injected outside the nominal positions
or indeed any error in the relative timing of the two accumulated beams.

6.2 Bunch Current Equalizer (BCE)

A new Bunch Current Equaliser system hasbeen implemented for the start of the 1995 LEP runto allow
the filling of any combination of one to four bunches in each of four equidistant trains in each beam
[41, 42]. The system is abletofill also a pretzel type beam of eight equidistant bunches. A dedicated
VME system running LynxOS samples the individual bunch currents measured by the BCT each SPS
supercycle and, taking into account the LEP operator’s requirements, controls the LEP filling process
viatheinjection kickers and the RF injection timing system. This system has proved to bevery flexible
infilling complex arrangements of bunchesin 1995 and will also handlethe simpler eight bunch beams
(bunch train or Pretzel) planned to be used from 1996 on.

63 BOM Wide-Band (WB)

The external triggering proposed to allow position measurements for all individual bunches has been
implemented and was used for data taking in 1995. This new mode of acquisition was very success-
ful but suffered from instabilities of the TDM system used to transmit the necessary timing reference
pulses. With optical fibre transmission replacing the TDM in spring 1996 this inconvenience should
completely disappear. During 1995 physics datataking a new programme was scheduled to measure
and log al bunch positions. These data have been analysed by the four LEP experimentsin order to
understand if, together with an accurate survey of the QS0 quadrupole vertical positions, they could
provide an on-line assessment of the vertex position. The conclusion is positive [43] and these BOM
data will therefore beincluded in all physics datataking for LEP2.

Vertical bunch positionsmeasured on both sides of the experimental |Pshave also allowed aprecise
observation of the orbit distortion due to beam-beam effect [44]. In the future, an automatic procedure
will be set-up to perform a scan of the beam separation in no more than three minutes and adjust the
bump parameters for head-on collisions.

Sincethe WB signal detection needsaclean interval of 40 ns, aBPM cannot work inthe vicinity
of abunch crossing (&6 m). Inthe future, when 32 more BPM s will be equipped with WB electronics
inthe even straight sections (see section 6.4), the number of those put out of service, asafunction of the
bunch separation, is shown in Fig. 15. With the bunch spacing of 118 IRF as chosen at the Chamonix
Workshop 1996, all those BPMs will be available in bunch train operation.

6.4 BOM Narrow-Band (NB)

With bunch trains a number of BPMs located from Q5 to Q9 can measure only the beam incoming
toward the | P and therefore do not deliver compl ete information on the closed orbit [45]. In order to
improve this situation [46] it has been decided to convert four BPMs on each side of even IPs from
NB to WB electronics. This conversion will be availablein 1997.
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Figure 15: Number of BPMs put out of service asfunction of bunch separation (measured in RF wave-
lengths) for trains of 2 bunches

6.5 Q-meters

Two Q-meters of the new generation are now available with almost compl ete functionality: measure-
ment in swept frequency mode, PLL mode and random excitation mode. PLL mode can be used for
continuous tune measurements, random excitation can give a continuous display in the frequency do-
main. All modesof measurement are provided with alogging facility, somewith an automaticlogging.
Selective excitation of several bunches cannot be done with bunch trains because of the length of the
shaker pulses; but beam-beam modes can be measured when signals from two bunches are mixed with
the appropriate phase [47]. Thisfacility will be developed in the course of 1996.

6.6 Synchrotron Radiation Telescopes (BEUV)

In the normal mode of TV observation (20 ms integration) the measured beam sizes are based on a
superposition of al bunch images, including beam oscillations and systematic closed orbit differences.
This|latter effect existswith bunch trainsand can lead to some bl ow-up of the measured emittances. To
be able to distiguish bunchesin trains, studieswere made on the fast intensifier-shutter and the related
signal processing in the CCD detector. A second generation MCP (Multi Channel Plate) intensifier
was installed in all telescopes to be able to acquire separately the various bunches of atrain, which
was used extensively to perform machine studies on the individual behaviour of the bunches. The fast
acquisition of turn-by-turn beam images wasimproved. A schemewherethe CCD detector isused asa
memory and asignal processing component for turn-by-turn projection cal cul ationsis being devel oped
[48].

To cope with the smaller vertical emittances encountered during 1995, many improvements and
beam measurements have been made, with the result to be able to measure reliably vertical emittances
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down to 0.2 nm, afactor five smaller than originally foreseen. Much smaller beam size or emittance
changes can of course be detected, which is useful for machine tuning [49].

The absolute calibration of the instrument is checked typically once a year in an MD devoted to
cross-calibration of severa instruments. But BEUV tel escopesare measuring only beam sizes. Inorder
to convert those values into beam emittances an exact knowledge of the actual betas and dispersions
isneeded. These |attice parameters are characteristic of the machine optics and of the actual running
conditions and therefore should be obtained from aBOM harmonic analysis (1000-turn measurement)
followed by a correction to take account of the beam-beam effects.

6.7 X-Ray Monitors(BEXE)

BEXE detectorsallow turn by turn observation of vertical bunch sizes. Since theintroduction of bunch
trains, pulsing of the detector bias voltage has been implemented, tested with beam and found adequate
to select any bunch in abeam. An on-line display which will provide the operation team with a con-
tinuous look at beam-beam instabilities is also being developed. In order to keep the same level of
synchrotron radiation dose to the detectors as they had at LEP1, the BEXE enclosures will be rebuilt
and displaced from QL 12 to QL8 during the summer 1996.

6.8 Streak Camera

The requirement for the streak camera to measure different “family” bunches in trains (i.e. non-
equidistant bunches) led to the development of a general fast timing module that permits the selec-
tion of aseries of any buncheswith aresolution of 12 ps and ajitter below 4 ps. It isused to measure
up to 4 bunches per LEP turn, with at most one from each of the 4 equidistant trains.

A new installation of two additional dipoles has made it possible to modify the mini-wigglersin
such away that the parasitic light produced by quadrupoles QL4 does not interfere with the wanted
light from the mini-wigglers[50].

6.9 Luminosity Detectors

The acquisition system of the eight pairs of Bhabha detectors has been adapted to allow parallel data
taking for trains with up to four bunches and has been intensively used for luminosity scans during
1995. With the advent of LEP2, the Bhabha rate will decrease and the particle background increase
in adisastrous way for luminosity measurement [51]. In order to reduce by an order of magnitude the
number of accidental coincidences some new collinearity cutswill haveto beintroduced by measuring
the position of both particles. To do so silicon strip detectors (both horizontal and vertical) will be
added in each minicalorimeter and the data acquisition will be updated in consequence. Whenever
an event is detected in afirst level trigger, afull analysis will have to be done as fast as possible in
order to minimize the dead time of the detector; thiswill probably require new DSPs. One pair of
minicalorimeters of this new generation will be tested during 1996 and a conversion of the ensemble
will be ready for 1997.

6.10 Polarimeters

The main difficulties encountered during polarimeter runsin 1995 were due to synchrotron radiation
produced by thevertical separation bump at IP1. The mirror with amulti-layer dielectric coating which
deflects the laser beam to meet the electron beam has been damaged by synchrotron radiation during
1995 and will be replaced by a more stable all-metallic mirror [52]. The problem encountered with
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outgassing of the supporting structure should be resolved by suppressing its chromium oxide coating
[52]. But thismirror system will remain vulnerable to the radiation swept in the vertical plane.

7 Electrostatic Separators

A total of 40 electrostatic separators are required to achieve the closed orbit separation bumpsin all
LEP pitsfor the bunch train scheme [1].

Running with bunch trains in 1995 meant that the separators had to be operated in a new way,
notably the necessity for high fieldsin all units throughout the physics data-taking. The effects of the
‘new’ separator system, are discussed with respect to the hardware performance, in terms of separator
gparks, reliability and flexibility. The performanceduring the 1995 high energy runisbriefly examined.

7.1 Hardware Summary

The separator hardware layout for bunch trainsis documented at length in references[53, 54, 55]. The
streamlining of the controls of the separator system is detailed in [56].

The conversion of the separation system to allow operation with bunch trainsinvol ved the addition
of eight new vertical (ZL) separators near to QS7 in the even pits (designated ZL 7). Each even pit has,
therefore, atotal of six separators, powered in three pairs (ZL2, ZL4 and ZL7). In the odd pits, eight
existing ZL weredisplaced to positions near QL8 (designated ZL 8). Thefour separators per odd pit are
powered in two pairs (ZL1, ZL8). Inall, atotal of 40 vertical separators are needed for bunch trains.
The use of thehorizontal ZX and ZX T separators has been discontinued, asthe high voltage generators
and cables were needed for the ZL7 separators. The overall control structure was streamlined to use,
in general, one high level application program, one operating system in the PCAs and one type of
electronicsin the equipment ECASs.

At the beginning of 1995, the plan was to remove the ZX and ZXT separators during the course
of the year, after bunch trains had been proven. These separators were then to be transformed into
vertical ZY units, and reinstalled in the 1995/96 shutdown at positions near QS2, in order to increase
the separation available for LEP2. The actual performance of the machine with bunch trains during
1995 prompted a re-evaluation, and at present only the two ZXT separators have been removed and
transformed into ZY. The eight ZX separators are still in LEP. The possible uses are asvertical ZY, as
horizontal ZH to provide a horizontal vernier, or as ZX if pretzel isresurrected. All of these options
will require resources and time to implement.

7.2 Mode of Operation

Asaresult of the operating constraints inherent to bunch trains, several changes wereimposed on the
way inwhichthe separatorswere operated. The synchronous discharge switch could no longer be used
to collide the beams, because the required separator voltages are non-zero. As a result, the method
for bringing the beams into collision with a squeezed optics was to ramp the separator voltage dowly
fromthe separated valueto the colliding value, using an exponential interpolationto minimisethetime
required. This procedure typically took four or five minutes, compared to a few seconds with the old
synchro switch method.

Another disadvantage was that the dedicated vertical vernier system could not be used to optimise
the collisions; instead a method was developed using the main high voltage generators driven by a
separate application program in the SloppySoft controls system. The discontinuation of the ZX and
ZXT separators al'so meant that no horizontal vernier adjustment was possible.
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Finally, the basic requirement to separate the bunches in the trains at al times meant that all 40
separators were operated at high voltage during physics conditions, which increased the probability of
a spark occurring during physics conditions.

7.3 Separator Sparking

A detailed analysis of the separator sparking in 1995 is reported in [57]. The main conclusions are
given below.

7.3.1 ZL4.R4 SPARKING WITH BUNCH TRAINS

During thefinal testsin the 1994/1995 shutdown, the separator ZL4.R4 in pit 4 exhibited a rather poor
performance with positive polarity, which was on the limit for acceptance. Due to time constraints
and the workload already imposed by the bunch train programme, the decision was made to leave the
separator in the machine for 1995, but to change it if necessary during the first technical stop. At the
start of the year, six sparks occurred in this separator, at which point the ratio of positive to negative
voltage was altered to reduce the voltage on the suspect electrode. This manipulation worked, and the
separator was operated in thisway for the remainder of the year. It has now been removed from the
machine and replaced with another unit.

7.3.2 ZL8 SPARKING IN PIT 3WITH BUNCH TRAINS

At the start of the bunch train tests in 1994, and during the initial commissioning period in 1995, a
problem emerged with repeated sparking on the ZL8 separatorsin pit 3 [58]. A total of 21 of the 61
gparks observed during 1995 were on these two separators (and 12 of the 21 sparks seen during the
bunch train test period at the end of 1994). The sparking had the following features:

o All sparksoccurred at 45 GeV;

o All sparkswere on the ZL8 units, never ZL 1;

o All sparkswerein pit 3, never in pit 7;

e Sparks could happen with a single beam of either et or e™;
e Sparks were often associated with beam loss.

Thesearchfor the cause of thissparking led to the discovery of an aperturerestrictionin pit 3 caused
by a misaligned vacuum chamber; however, removal of the pit 3 aperture limitation did not stop the
gparking. Studies with scintillators to try and locate the cause of the sparking proved inconclusive.
Finally, it was found that the sparking could be suppressed by operating the separators with positive
high voltage only: the threshold negative voltage for sparking was between 10 kV and 30 kV. The
separators were operated for the remainder of the year at a total positive voltage of 166 kV, instead
of the nominal 114 kV each of positive and negative voltage; in addition the inter-electrode gap was
reduced from 100 mm to 78 mm, to give 93% of the nominal field.

7.3.3 ZL4 SPARKING IN PITS 2 AND 6 WITH BUNCH TRAINS

From June 1995 onwards a series of sparks were observed in the ZL4 separators to the left and right
of IP2 and IP6. A total of 16 sparks were recorded, and these sparks were generally associated with
partial or complete beam loss. Almost all sparks occurred during the ‘adjust’ machine mode. The
investigation of possible causes proved inconclusive, however nearly all sparks seemed to occur at
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moments when the separator voltage was being changed. The situation was substantially improved by
reducing theamplitudeof the bunch train bumpsin these pitsto 70% of thenominal val ue; subsequently
only four sparks were seen on these separators over the final seven weeks of LEP operation in 1995.

7.4 System Constraints

The constraints with the bunch train separator system are that no horizontal vernier adjustment is pos-
sible; the main generators have to be used for the vertical vernier; the beams have to be brought into
collision dowly; separator sparking in pit 3 effectively limits the bump amplitude to 93% of the nom-
inal value.

7.5 Equipment Faults

The number of equipment faultsin 1995 [57] was much lower than in 1994, due to the improvements
in the control system, the reduction in the quantity and complexity of the operational equipment, and
the simplification of the mode of operation, particularly in the vertical vernier adjustment.

7.6 Resultsfrom the 1995 High Energy Run
7.6.1 SEPARATOR SPARKING

At 65 to 68 GeV the Synchrotron Radiation (SR) from the LEP arcs has a critical energy of around
230 keV, as compared to some 70 keV at a beam energy of 45 GeV. Despite this, only one spark oc-
curred during the 1995 high energy run, and this did not cause any beam-loss. During this period, the
separatorsinthe even pitswere generally operated at 20% of the nominal fields; however, all separators
in the odd 1P were powered normally.

7.6.2 RADIATION DOSE MEASUREMENTS

The measurement of the accumul ated radiation dose on the separators during the 1995 high energy run
isdescribed in detail in [57]. Dosesin excess of 107 rad were measured on the ZL8 separatorsin pit 3
and pit 7, and dosesin excess of 10° rad on three of the ZL4 separatorsin pit 2 and pit 6.

The origin of the radiation is not known, with possible sources being SR from the bunch train
bumps, SR from the polarisation wigglers (in pit 3 and pit 7) or particle losses on collimators (in pit
2 and pit 6). The correlation with the systematic sparking problems seen in pits 3, 2 and 6 earlier in
1995 (at 45 GeV) isaso evident.

8 RF Equipment

8.1 Superconducting RF Units

The beam current and bunch structure for the bunch train scheme are quite different from the original
LEP design specifications. The consequences of this on the higher order modes have aready been
discussed [1]. The geometry of the LEP superconducting cavity modulesimposes that three different
frequency regions have to be considered for acompl ete study of the HOM |osses:

¢ Higher order modes below 1.1 GHz, the cut-off frequency of the cavity end flanges, stay within
the cavities and haveto be taken out by the HOM couplers. At both ends of afour-cavity module
aconical transition to room temperature reducesthe beam pipe diameter to 100 mmwith acut-off
frequency of 2.2 GHz.
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o Modeswith frequencies between 1.2 and 2.2 GHz can |leave the cavities but not the cones. They
will partly be absorbed by the HOM couplers, if these couple to them, and partly be dissipated
in thewalls of the conical transitions.

e Above 2.2 GHz the modes can enter the beam tube. They will be absorbed by the beam pipein
the quadrupoles or in the inter-cavity equipment.

8.1.1 HOM COUPLERS

Four different typesof HOM couplersweretested in LEP. The two CERCA bulk niobium modulesare
equipped with type 1 couplers, whereas the eight Nb/Cu modul es are equipped with type 5 (5C, 5G, or
5M) couplers. These, contrary to type 1 couplers, have flatter high pass characteristics and are more
likely to couple to the modes between 1.1 and 2.2 GHz.

The loss factors to be applied for type 1 and 5 HOM couplers were measured with one bunch in
asingle beam, in order to avoid any coherence between the bunches of the same beam and the two
counter-rotating beams. These give loss factors of about 0.28 V/pC for HOM couplerstype 1 and of
about 0.44 V/pC for al three different HOM couplers type 5. A comparison with theoretical calcu-
lations of the loss factors [59] indicates that HOM couplerstype 5 (C, G and M) coupleto all modes
below 2.2 GHz while type 1 couplers only extract about 60% of the power coming from these modes.

In the measurements of HOM power done so far with bunch trains there is no indication of full
positive coherent addition of fields. However, we observe that for the bulk Nb cavities the extracted
HOM power is higher than what would be obtained if just the powers were added. For the 32 Nb/Cu
cavitiesthe HOM power isabout or even below the incoherent value.

8.1.2 HOM LOSSES IN THE CONICAL TRANSITIONS

Lossesintheconical transitionswere carefully studied inthe Nb and Nb/Cu SC cavity modules. Power
estimates were done by measuring the temperature profile variations of the conical transitions as a
function of the beam current. Using the equation of heat and the geometry of the cones, the HOM
power dissipated in the cones could be estimated to be about 2-3 W per module. However, the loss
factorsfor frequencies above 1.2 GHz are strongly dependent on the bunch length [60]. Calculations
including the whole system are presently being done [59, 61].

8.2 Longitudinal Feedback

Dipole coupled bunch oscillations are observed in LEP when the current per bunch exceeds about
150 pA and either four or eight equidistant bunches are circulating. These oscillations are damped
with afeedback system operating at about 1 GHz [62]. The system has now been upgraded so that it
can be used with eight bunch trains of upto four bunches each.

8.2.1 FEEDBACK FREQUENCY

The feedback system works at a frequency which is 247/87 times the RF frequency. For this reason
the bunch spacing in atrain was chosen to be either 87 or 174 RF wavelengthsin 1995. For adifferent
gpacing the phase at the feedback frequency will be different for each bunch in atrain. With only two
bunches per train a bunch spacing which gives little phase error can be found. 1n 1996 it is planned
that LEP will be operated with a bunch spacing of 118 RF wavelengths. The distance between bunch
aand b in terms of wavelengths at the feedback frequency is then

28



Agp = E 118 = 335.0115App
87
and the phase error between bunch aand b is 4.1 degrees, which is fully acceptable. The same phase
error with opposite sign is obtained with a bunch spacing of 143 RF wavelengths.

For more flexibility in the choice of bunch spacing the frequency of the feedback system could be
changedto 17/6 frr = 997.93 MHz but when the bandwidth of the cavitieswasincreased the minimum
resonant frequency went up to 999.5 MHz. More work is required to bring the centre frequency back
toitsorigina value.

8.2.2 FEEDBACK VOLTAGE

In order to cope with bunch trainsthe bandwidth of the feedback cavities has been increased by afactor
7.7 to 2 MHz. This modification was done by changing the power coupler loop size and varying the
field distribution in the seven cells with a new fixed tuner in cell no. four. Unfortunately this change
has, as mentioned, increased the resonant frequency by about 2 MHz.

Although not initially foreseen, the voltage | oss caused by this modification has been partially com-
pensated by operating the system in pulsed mode (Fig. 16). During the passage of two counter-rotating
bunch trainsthe power is about 250 kW and during the intervals about 50 kW. In thisway the average
power is kept below 100 kW and multipacting in the power coupler prevented. When the system was
commissioned the feedback voltage was measured with an average power of 140 kW and found to
be 0.79 MV. The calculated value is 0.83 MV. During routine operation in 1995 the power was about
100 kW and the voltage then 0.67 MV. The corresponding maximum damping time constant is about
7 ms.

8.3 Q, Measurement System

The Q, measurement system has al so been upgraded for bunch trains. For the transmission to the PCR
only two channelsare available, one for electrons and one for positrons. The Q, of any bunchinatrain
can be measured. The selection is done remotely. In addition, on request from the LEP experiments,
the synchrotron frequencies of all the bunches of an electron and a positron train are measured simul-
taneoudly in the tunnel and recorded in thelogging data base. Due to beam |oading and the modul ated
RF waveform in the copper cavities Q, isdightly different for the bunchesof atrain[1]. In most cases
differences of only afraction of apercent were measured, partly because the bunch current was rather
low, partly because SC cavities were used.

8.4 Transverse Feedback System

Although not originally foreseen, the kicker amplifiersfor the transverse feedback system have been
completely redesigned for the bunch train scheme because tests have shown that it was not possible to
generate four kicker pulses of a reasonable amplitude spaced by only 87 RF wavelength. In addition,
it was found desirable to improve the linearity of the amplifiersfor small amplitudes.

It wastherefore decided that fixed amplitudekicker pulseswould be used and that timefor recovery
between pulses would be given by using one of the two kickers for bunches aand ¢ and the other for
bunchesb and d (Fig. 17). Dueto theinductive load, the pulses aretriangular if the amplifier isdriven
by square wave pulses. This characteristic is used for the modulation which is done by changing the
timing of the kicker pulses as function of the required kick. The resolution is 0.7 ns. With a pulse
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Figure 16: Timing diagram for operation of the longitudinal feedback system in pulsed mode.

amplitude of 10 A the maximum a.c. variationis +5 A. This corresponds to a damping time constant
of about 10 msat 20 GeV. Asseenin Fig. 17, both with and without modulation the bunches are given
ad.c. kick which deflectsthem by 0.5 urad at 20 GeV for ad.c. kicker current of 5 A.

The system was used in thismode during the 1995 runs. 1t made accumulation easier and prevented
beam losses during the start of the ramp. In many runs the system was also used in physics. It was
claimed that the transverse feedback system prevented background bursts in the experiments.

In 1996 LEP will be operated with two bunches per train spaced by 118 RF wavelengths. The
system will be optimised for this mode of operation (Fig. 18). Due to the longer spacing between
bunches aand b the same kicker can be used for both bunches. In addition, the delay between the two
kicker pulses can be increased further by placing bunch a on the negative dope of the first pulse and
bunch b on the positive dope of the second pulse if the modulation signal for the latter isinverted. A
pulse amplitude of about 13 A can be reached which means that for the same energy the maximum
damping rate will be afactor three higher in 1996 than in 1995.

9 Bunch Trainsin 1996

In 1996 LEP will be operated at higher energies, i.e. above 80 GeV per beam, which implies new
features that can have immediate consequences for the bunch train scheme:

e Smaller amplitudes of the separation bumps
e Two bunches per train
¢ Energy sawtooth and RF asymmetries
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Figure 17: Timing diagram of the transverse kicker pulses for the 1995 runs.

Furthermore, the RF power available will limit the total current, and to obtain the highest luminosity
it is advantageous to accumul ate the highest possible intensity into a small number of bunches. Itis
thereforelikely that in 1996 LEP will befirst operated with four and later with eight bunches per beam.

9.1 Smaller Bump Amplitudesand Scaling of Side Effects

Animmediate consequence of the higher energy isthereduction of the bunch train separation bumpsif
the layout of the separators or their strengths is unchanged: the bump amplitudes scale with the beam
energy E as1/E. Asaconsequence the separation of the two beams at the parasitic collision points
isalsoscaled by 1/E.

Both reduced separation and bump amplitudes have consequences for all the side effects of the
bunch train scheme. The most important are beam-beam effects, vertical dispersion and coupling. Al-
though the coupling due to the solenoids is not a direct consequence of the bunch train bumps and is
not affected by their reduction, it is of crucial importance for the performance and has a clear energy
dependence.

9.1.1 BEAM-BEAM TUNE SHIFTS

For sufficiently well separated beams the tune shift from a parasitic encounter can be approximated by
[63]:

where N isthe bunch population and y the vertical separation. Although E appearsin the denominator
of the beam-beam tune shift, its dependence on the separation is stronger (x 1/y*> o« E?), and
results in a tune shift which increases with energy. Further we hope for higher bunch intensities and
must therefore expect alarger parasitic tune shift. It is believed, that the stronger damping at higher
energies helpsto allow for ahigher tune shift but it should be minimized as much aspossible. At LEP2
in 1996 we shall operate with two bunches per train and therefore can optimize the bunch spacing to
reduce the overall beam-beam tune shift.
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Figure 18: Timing diagram of the transverse kicker pulses for the 1996 runs.

9.1.2 BEAM-BEAM INDUCED ORBIT EFFECTS

Another important consequence of parasitic beam-beam interactions is their effect on the closed or-
bit. The coherent beam-beam kick changes the closed orbit of the bunches [63, 64] and furthermore,
the closed orbit is usually different for the individual bunches of atrain. This beam-beam kick scales

approximately as:
N

Ay «c —— x N
y - F

Although the beam-beam kick increases proportionally to the decreasing bunch separation, the stiffer
beam at the higher energy makes this effect practicaly energy independent. It is again possible to
minimize this effect further by larger bunch spacing and fewer bunches. The case of two bunches per
train isaspecial case where the two bunches of atrain can be collided head-on at the interaction point
by a proper adjustment of the separators at the collision points provided the bunch intensities are not
too different. Thisis a consequence of the symmetry and the first bunch of atrain has the opposite
displacement to the last bunch of the corresponding train from the opposing beam [65, 8]. Thisclearly
favours an operation of LEP with two bunches per train.

9.1.3 VERTICAL DISPERSION

Theresidual vertical dispersion isadirect consequence of the vertical bump and therefore al relevant
parameters scal e as the bump amplitudes, i.e. energy:

D= D D oy o 1/E

All associated side effects such as e.g. energy offset at collision point, vertical emittance increase and
excitation of resonances are therefore reduced.
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9.1.4 COUPLING (SOLENOIDS)

In 1995 the vertical emittance was affected by not fully compensated coupling from the solenoid mag-
nets of the experiments. Although not fully understood, it was found in operation and experiments
[12] that the coupling compensation scheme strongly affected the luminosity performancein 1995 with
bunch trains. Since the fields of the solenoids remain constant, their effect decreases with increasing
energy o< 1/ E. Such behaviour has already been observed intherun at 65 GeV in October 1995 where
the vertical beam emittance was significantly reduced compared to 45.6 GeV.

9.2 Bunch Spacing for fewer Bunches

For the maximum number of four bunches per train the choice of the bunch spacing was very limited
and congtraints from the longitudinal feedback system led to a spacing of 87 Agr. For lessthan four
bunches per train the spacing can be chosen with more freedom, respecting however the boundary
conditions from the longitudinal feedback system and the BOM (cf. Sections 6 and 8).

With two bunches in one train, it is possible to choose a spacing which minimizes the parasitic
beam-beam effects. Thisisillustrated in Fig. 19, where the integrated parasitic beam-beam tune shift
for each bunch in atrain is plotted for the horizontal and vertical planes. For the ideal bunch spacing

Total tuneshift for different bunch spacing (2 bunches)
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Figure 19: Integrated parasitic beam-beam tune shift as function of bunch spacing, 2 bunches per train. Open
symbolsfor vertical and full symbolsfor horizontal plane.

the tune shiftsassume aminimum for both planesand all bunches of atrain. For two bunches per train
thereisno difference between the two bunches due to the symmetry and they have the same tune shifts
provided the bunch intensities are not too different. The assumptions for this calculation are:

Optics with phase advance: 108°/60° and 3 = 1.25 m.

Energy is 87 GeV

Full bump ison

Intensity per bunch 0.5 mA, all bunches equal

Emittances: ¢, = 30 nm, ¢, = 0.33 nm (correspondsto ¢, = 0.045in collision)
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From Fig. 19 one can determine that a spacing between 115 and 160 Arr Would be a good choice
with a minimum of the envelope of both curves around 124 A\gr. The choice of the parameters for
the calculation does not affect the results substantially because the results are either rather insensitive
(e.g. optics) or they just scale with the parameters (energy, intensity etc.). Together with the constraints
described above the recommended spacing for LEP in 1996 is 118 Arr [67]. Other side effects which
depend on the separation are al so reduced.

9.3 Effectsof Energy Sawtooth and RF Unit Trips

Animportant differenceto the operation of LEP at lower energiesisthe strongly increased synchrotron
radiation and therefore the increased energy 1oss per turn. Thisresults in a sawtooth orbit in the hori-
zontal plane and an asymmetric energy distribution around the ring. 1t also implies a small horizontal
separation of the electron and positron beams.

Furthermore, when the energy is not matched, the vertical separation bumps are not exactly closed
and it is important to evaluate whether this non-closure is correctable with an appropriate separator
adjustment. The non-closure of each bump depends on thelocal energy offset and the effects from the
different bumpsin the eight interactions points have to be added. The resulting non-closure therefore
depends on the energy distribution around the whole machine. Unlike the orbit differences caused by
parasitic beam-beam kicks, all bunches of atrain are affected in the same way.

9.3.1 ENERGY SAWTOOTH AT 87 GEV

The scenario used for the cal cul ationsisthe oneforeseen for September 1996 where87 GeV areachiev-
able. The total RF voltage used in the structure was 2100 MV. The horizontal positron orbit for this
distributionisshowninFig. 20 for 87 GeV. It can be seen that the horizontal excursion can be aslarge
as 2.5 mm. The asymmetry in the horizontal orbit is a consequence of the asymmetric distribution of
the RF units.

9.3.2 EFFECT OF ENERGY SAWTOOTH AND RF UNIT TRIPS ON BUMP CLOSURE

This asymmetry is enhanced when some RF units have tripped and the RF distribution becomes even
more unbal anced, resulting in alarger non-closure of the bumps.

To evaluate thisnon-closure the closed orbitsin the presence of the bunch train bumps were calcu-
lated for 4 RF scenarios and the results are shown in Table 2. Without any RF, i.e. without a sawtooth,

Table 2: Vertical and horizontal separationin um at interaction points for different RF configurations

Vertical separation Horizontal separation
RF scenario: IP2 | IP4 | IP6 | IP8 | IP2 | P4 IP6 | 1P8
No sawtooth 00 | 0O | 00 | 00 | 00 0.0 0.0 0.0

AllRFok.,87Gev | +11|+11|+12| 410 -12| —-87 | +0.7| +84
RFrightof 4and8 off | —-34 | —44 | -36 | —-45| +04 | —-100 | +1.1 | —10.0
RF around 8 dl off | -22| -13|-03|-07| -36| -100| —31| —125

the bumps are obvioudy completely closed and for the nominal RF structure the non-closureisin the
order of um. Inthe horizontal plane the separation is severa pm, depending on the interaction point.
The asymmetric case where all RF unitson theright of 1P4 and | P8 are off isnot stableand isascenario
with the largest energy offsets at the even interaction points and the biggest vertical separation. It was
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Figure 20: Horizontal positron orbit (sawtooth) at 87 GeV with all RF unitson

studied to eval uate the magnitude of these effectsin theworst case. For thiscase the non-closurecan be
aslargeas4to 5 uminthevertica plane, still small enough to be easily corrected with the separators.
The horizontal offset is enhanced and is up to 10 pm in the horizontal plane, still much smaller than
the horizontal beam size. The fourth scenario where al RF units around one even interaction points
are off results obvioudly in thelargest energy offsetsin the odd points since the RF voltage distribution
becomes very localized. Thisisan important source for poorly closed bumps.

9.4 AreBunch Trains Compatiblewith other Schemes?

An important question is the compatibility of the bunch train scheme with alternative schemes such
as 4 equidistant bunches per beam which would be the preferred scenario when the total intensity is
limited by the available RF power. Such a scheme was indeed used for most of the LEP operation
at 65 and 68 GeV and its success indicates that there are very few problems. To completely restore
the old situation (i.e. before pretzel or bunch trains) the separators next to the even points have to
be re-conditioned (polarity change) and two separators in each of the odd pits have to be moved to
their original positions. However, the successful running at 65 and 68 GeV and in particular the small
vertical emittances achieved suggest that such a modification is not necessary. In particular since the
effect of the bumps get smaller with increasing energy.

A possible alternative scenario for an operation with 4 bunchesis a scheme with two trains of two
bunches in each beam which has the advantage that the bumps in the odd points can be switched off.
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