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The Performance of LEP and Future Developments

S. Myers,
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Abstract A description is given of the evolution of the per-
formance of the LEP collider from the first injection in July 1989,
through to the first collisions less than a month later and finally
to the present. The major factors related to each significant im-
provement in performance are described, as well as the present
day limitations to performance. In addition the time schedule
and performance estimates for the plauned upgrade in LEP en-
ergy to allow study of W pair production are reported. Finally
the beam dynamics and technical issues associated with the pro-
posed multi-bunch “pretzel” and polarization schemes are ad-
dressed.

Preparation and Commissioning

The first injection into the LEP collider took place on July 14
1989. one day earlier than scheduled. First collisions of electrons
and positrons were provided almost exactly one month later on
August 13, 1989. In the following four months of interleaved op-
eration for physics and machine studies the collider performance
allowed more than 30,000 Z° particles to be detected in each of
the four experiments. During the first seven weeks of operation
for physics in 1990, the LEP performance allowed the detection
of a furthur 50,000 Z%.

The speed and efficiency with which the LEP collider was comn-
missioned was the result of careful planning and co-ordination
of the testing of components as they were installed in the tun-
nel, and later, the extensive programme of global testing without
beam, just before the official turn-on date. In the nine months
before July, more than 24 kilometres of equipment had been in-
stalled and tested in situ in the tunnel. This work involved the
installation of all magnets, vacuwm chiambers, RF cavities, beam
instrumentation, control system, injection equipment, electro-
static separators, electrical cabling, water cooling and ventila-
tion ete. The installation was followed by individual testing of
more than 800 power converters and their connection to their
corresponding magnets. Great care was taken to check and dou-
ble check that all magnets had the correct polarity. In parallel
the vacuum chambers were “baked out™ at high temperature (ei-
ther by super-heated water or by electrical jackets) and then leak
tested. The RF accelerating units situated around interaction re-
gions 2 and 6 were commissioned and the cavities conditioned by
powering them up to their maximum power of 16 MW. Careful
co-ordination of all work was essential in order to avoid conflicts
between testing of the different systems and the transport needed
for installation of the final octant 3 — 4.

In parallel with hardware installation and testing, a great effort,
with limited manpower, went into the preparation of the software
necessary for the operation of LEP. The software was prepared in
close collaboration with the accelerator physicists and the collider
operators. This allowed a clear definition of priorities so as to
ensure that software became available as it was needed.

On the 7th July, just one week before the scheduled switch
on. the whole of the LEP collider was put through a complete

“cold check-out” which involved operation of all the accelerator
components under the control of the available software. In par-
ticular, the energy ramping proved invaluable for the debugging
of the complete system of hardware and software. The second
cold check-out, scheduled for the 14th July turned out to he a
“hot check-out”, since beams of positrons were already available
from the SPS injector.

The period between July 14 and August 13. was at the same
time crucial and exciting for LEP collider. The accelerator work
done during this period brought about the transition between
sucessful completion of a single turn to physics data taking. For
this reason it is worthwhile to itemize the major accelerator mile-
stones in their order of chironology.

July 14 Successful completion of a siugle turn by a beam of
positrons.

July 18 Capture of the beam by the RF system. This gave
around 100 turns.

July 20 Beam Orbit Monitoring (BOM) systen: used to measure
and correct the single turn trajectory.

July 22 Measurement of the revolution frequency indicates that
the LEP eircumference is aceurate to better than 1 cim.

July 22 Measurement and correction of the betatron tune val-

nes,

July 23 Circulating beam of positrons obtained with a measured
lifetime of 25 minutes.

July 25 Successful injection of electrons.
July 30 Closed orbit measurement and automatic correction.

July 30 Accumulation in LEP bunches and first measurement
of the effect of the beamn on the vacuum pressure.

July 31 Synchrotron light beam monitor conunissioned and al-
lows “real time” observation of the beam cross-section.

August 1 Injection studies give good accumulation rates and a
2 g 2
record current of 500 pA.

August 2 Chromaticity correction with the six sextupole fami-
lies.

August 3 Fuergy ramp to 47.5 GeV. Electro static separators
comumissioned.

August 5 Transverse impedance measured to be only 65% of
estimated value.

August 8 Compensation of transverse coupling due to the ex-
perimental solenoids by use of the skew quadrupole system.
Accumulation of record current of 850 pA with solenoids at
nominal settings.
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August 10 Energy ramp to 47.5 GeV followed by § squeeze to
42 ¢m under physics conditions.

August 12 Accumulation of both electrons and positrons.

August 13 Energy ramp and 3 squeeze to 32 em followed by
stable beams for physics with 270 pA per beam.

Following the first stable beams run of August 13, a pilot
physics run was scheduled to cover a five day period. Due to
various technical problems, only 15 actual hours physics were
possible during the scheduled five day period. Nevertheless this
pilot run allowed the “debugging” of the experimental detectors
with a maximum luminosity of 5x10%® em~2 s7'. Around 20 Z%
per experiment were successfully detected during this period.

A period of three weeks of machine studies was scheduled af-
ter the first pilot physics run. The accelerator performance was
greatly improved during this period. In particular, the low J was
reduced to the “back-up” design value of 20 cm, a new optics
with less transverse coupling was commissioned, and injection
stuclies gave higher filling rates and maximum intensities. The
very last shift of this period was forescen as a physies preparation
run and gave a maximum total beam current of 1.6 mA at 45.5
GeV with the low 3 squeezed to 20 em.

The first LEP physies run started on September 20, slightly
more than two months after the final testing of the installed ac-
celerator components. The period between this first run and the
Christimas shutdown was interleaved with physics data-taking
The

physics running period was subdivided into three types of run-

and machine studics aimed at increasing the luminosity.

ning. The first sub-period lasting for five days was scheduled for
operating at the Z° peak (45.5 GeV per beam). During the sec-
ond sub-period a mini-scan of the Z¥ was performed involving
five different beam energies = 1. and £ 2 GeV {centre of mass)
around the peak. The final and longest period was devoted to
scanning the peak by spending 50% of the time on the peak and
50 % off peak. The maximum luminosity achieved during this
period was ~ 5 x 10% em 2 ¢!, about one third of the design

luminosity.

Present Performance and Limitations

TABLE 1
Parameter ACHIEVED DESIGN
Current per bunch (mA) 0.733 0.750
Total current per beam (maA) 2.88 3.00
Total current in both beams (mA) 4.3 6.0
Vertical beam beam strength parameter || .02—.03 || .04
(&)
Horizontal beam beam strength parame- || ~ 033 .04
ter (€x)
Emittance ratio (a) < .040 .040
Luminosity {10*°em=2s71) ~ 58 16.0
Betatron amplitude function at the IP | 4.3 7.0
(3r) em
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Figure 1: Evolution of the integrated luminosity during 1989 and
1990
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Figure 2. Integrated luminosity per week during 1990

Operational Performance 1989 and 1990

The operational performance of the LEP collider has been grad-
wally inereasing since the first run in September 1989 (see Fig
1). The integrated luminosity during the first 8 weeks in 1990
is inore than a factor of two more than that achieved in the 14
weeks of operation in 1989, It should be noted that the absolute
values shown in Figure 1 are optimistic by 20% — 30% since the
vertical blow-up due to the beam-beam effect has not heen taken
into account (see later).

In Figure 2 is shown the integrated luminosity per week for
1990. The best luminosity integrated over a period of one week
is in excess of 750 nb~! as compared with the best in 1989 of
around half that value.

This excellent performance is a direct result of the speed with
which improvements in machine studies have been efficiently in-
corporated into operational procedures and the quality of the
operations staff. In Figures 1 and 2 the average performance
numbers are recorded, however it is also useful to record the
maxima yet achieved in LEP in comparison with design values.
Table 1 gives such a comparison. Unfortunately not all maxima
have yet been achieved simultaneously.

Limitations to Performance

The provision of high energy, high intensity beams involves four
major steps. Firstly the injection and accumulation of the max-
imum current at injection energy of 20 GeV. followed by ramp-
ing this current with minimum loss to Z° energy. Then the
the betatron amplitude function at the collision points (3*) are
“squeezed” to their minimum values. Finally the beam cross-



section must be minimized in collision so as to maximize the
beam-~beam strength parameters (¢). The problem areas associ-
ated with each of these steps is discussed in the following subsec-
tions and where appropriate the solutions are outlined.

Injection and Accumulation at 20 GeV

During the commissioning of LEP several intermediate intensity
limitations have been encountered and solved by one means or
another.

In the very early commissioning days it was found impossible
to accumulate more than ~ 0.1 mA per bunch. It was discov-
ered empirically that by increasing the injection “bump” of the
already stored beam, and thereby reducing the betatron injec-
tion amplitude of the injected beam, then the saturation level
increased. Subsequent machine studies clearly indicated that the
dynamical aperture for LEP was and still is significantly less than
foreseen. Recent measurements [1] at 20 GeV indicate that the
dynamic aperture is only ~ 13 mm compared with the expected
value of ~ 40 mum. At higher energy the dynamic aperture is
somewhat greater. With the present injection settings however,
this effect does not limit the LEP intensity at injection. The
source of the reduction ins dynamic aperture is not yet fully un-
derstood, however there is some suspicion that higher order mul-
tipoles generated because of magnetization effects in the dipole
vacuwmn chambers may be contributing to the problem.

The second intensity threshold was encountered at around 0.2
mA per bunch (less than one third of design) and was accom-
panied by the observation of dipole longitudinal motion on the
bunches. This coupled bunch behaviour was not expected by
theory due to the very large spacing of nearly 7 ki between the
LEP bunches. Consequently no longitudinal feedback was avail-
ahle at that time to damp the longitudinal oscillations. However
it was possible to quickly build an improvised feedback system,
{2] which used existing high power elements in the acceleration
system. This system. in order to treat the electrons and positrons
differently, requires that their synchrotron frequencies are differ-
ent. Fortunately this was possible by dephasing the voltage enve-
lope of the coupled cavity system {3]. This system has now heen
comumissioned and is used operationally for every fill.

The next major intensity threshold occurred at ~ 0.3 mA per
bunch and was observed to result in a saturation of the accu-
mulation rather than a hard threshold. This effect is not yet
fully understood but appears to be due to synchro-betatron res-
onances driven by dispersion and closed orbit deviations in the
RF straight sections. Studies of this effect {4] have shown the
surprising fact that the coherent betatron tunc values as well as
the single particle ones are relevant in the resonant condition

mQ, +nQy, +1Q, =p (1)

where m,n, ! and p are positive or negative integers. This added
complication means in practice that there are two groups of res-
onances to be avoided, one associated with the incoherent (zero
current) tune and one associated with the coherent tune which is
intensity dependent. Since the intensity of each bunch is not al-
ways equal due to many spurious effects such as injection, losses,
etc then the avoidance of all synchro-betatron resonances is a
very complex procedure.

Subsequently a search for a better tune range was initiated
which resulted in the possibility of accumulating ~ 0.55 mA per
bunch. At these same tune values, and by taking great care
to minimise the global orbit distortion in the vertical plane the
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maximum current per bunch increased to ~ 0.6 mA per bunch.
Finally, steering the closed orbit through the centres of all the RF
cavities with good precision allowed a maximum bunch current
of 0.67 mA.

Very recently during machine studies the design current of 0.75
mA was achieved at injection energy by operating with an in-
creased synchrotron frequency (@5 = 0.135). The large value of
Q, provides more space between the synchro-hetatron sidebands
and thereby allows a larger tune shift with increasing intensity
before either the coherent or incoherent tunes approach a reso-
nauce.

The ultimate solution to the problems associated with large
splits between the coherent and incolierent tune values will be
to equalize the two under all conditions. The controls of the
reactive feeedback system [5] , designed to fight the Transverse
Mode Coupling Instability, are now being modified so as to pro-
duce intensity dependent coherent tune shifts for each bunch so
that the coherent and incoherent tunes will remain equal during
accumulation.

Ramping to Z° Energy

The ramping procedure in LEP [6] has been designed so that the
beam sees the same magnetic fields at a given energy irrespec-
tive of whether the fields are being ramped or in a stationary
state. This procedure was adopted so that measurements made
at intermediate stops would be valid during actual ramping. This
greatly facilitates the procedure for the manufacture of the ramyp
files. One simply ramps in small energy increments and at each
intermediate stop, measures the relevant parameters, applies the
corrections and saves the values in a file. Future ramps are done
by linear interpolation between the power supply settings in the
files,

However, this procedure is complicated by the intensity de-
peadent coherent tune shifts which are also cnergy dependent.
Cousequently buaches with different intensities are ramped with
different and varying tuncs. In LEP the measured vertical tune
dependence on intensity, at 20 GeV. is

égl' = 120.0 (2)

2
and about half as much in the horizontal plane. This effect is
taken care of iy preparing the ramp files witli low intensities, and
using differences in magnet currents as a function of energy, with
respect to injection energy. In this way, for high intensity fills,
the change in the quadrupole fields which compensates the effect
of current at injection energy is maintained constant throughout
the ramp. Hence the energy dependence of the intensity tune
shift is antomatically compensated.

However, in practice it has been found that the tunes and the
orbits are not wholly reproduceable over long time scales such
as several days to weeks. Consequently on average around 10%
of the total intensity is lost during the ramp. For this reason a
tune lock devise has been recently brought into operation. This
involves measuring the tunes continuously, and correcting to a
predefined value. It is hoped in the future this device will oper-
ationally reduce the losses to nearly zero.

Squeezing to Minimum j3~

After energy ramping the beams are brought into collision be-
fore reduction of the 8* from 5.0 and 0.2 metres (horizontally
and vertically resp.) to the design values of 1.75 and 0.07 me-
tres. This procedure is identical to that used for ramping except,
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SPECIFIC LUMINOSITY & CURRENT PRODUCT
as FUNCTION of TIME
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Figuve 3: Specific luminosity (;%) and current product as a func-
tion of time during a high intensity run.

of course that the dipole fields are held constant. In the ear-
lier commissioning days the 3 squeeze did result in some loss of
intensity, however since the optics parameters {7} have been care-
fully measured and corrected, the squeeze to .07 m is now doue
without loss of intensity. In fact the relative ease with which the
7 o squeeze has been attained has led to machine studies with
squeczes to 4.3cm. This lower 2 squeeze has been successfully
performed many times both at the end of physics fills and dwring
machine studies, and will be brought into standard operation in
the near future.

Maximizing the Beam-Beam Tune Shift

Very recently, analysis of the luminosity results from the four
LEP experiments [8] have brought to light the fact that the spe-
cific luminosity (é} decreases by up to a factor of 3 when operat-
ing witl high intensity beams.This is clearly due to an increase
in the beam-beam forces with increasing intensity, During the
same runs, measurcnients of the vertical beam profiles by the
wire scanuers bave shown that the lower intensity bunches are
“blown up” by large factors. At present for the maximum in-
tensity fills, the luminosity remains constant for around the first
5 to G hours in collision. For this reason the run durations are
now regularly scheduled for 10 hours and on occasions the beams
have been maintained for up to 15 hours. Figure 3 shows, for a
typical high intensity fill, the measured specific luminosity and
the product of the total current in each beam plotted during the
duration of a run. It can clearly be seen that the specific lumi-
nosity inereases dramatically during the first 7 hours and then
stabilizes at a value of around 2.8 (the design value is 2.7 for 4%
emittance coupling). This data has been analysed (see Figure 4}
in order to evaluate the vertical beam size. For simplicity it has
been asswmed that both beams are equally blown up (“strong

strong™). From these calculations it appears that above a beam-
beam strength parameter of around 0.018 the bunches become
hadly blown up. This effect is certainly accentuated in LEP due
to the fact that, until now, no effort has gone into optimization of
the beam-beam effect. Following these results top priority is now
being given to maximizing the beam-beaim strength parameter
for these intensity levels and above. This will involve a thorough
search for optimum tune values in collision, the equalization of
the intensity in the 8 bunches to a level of around 1%, the min-
imization of the bLetatron phase advance error per interaction

VERTICAL BEAM 8IZE & BEAM-BEAM STRENGTH
as function of BUNCH CURRENT
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Figure 4: Vertical beam size (o)) and Beam-Beam strength pa-
rameter (£,) as a function of current per bunch ()
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point. The reduction of the dispersion at the interaction points,
and the elimination of any residual separations at the collision
points.

Future
Energy Upgrade

The future development of LEP to phase 2 has alveady been ap-
proved by the CERN Council and will take the beams up to
encrgies to allow the study of W pairs. This will require the
installation of at least 192 superconducting cavities from the be-
ginning of 1990 till the first quarter of 1994 (sce Figure 5).

As the thermal conductivity of these cavities is crucial for their
quench hehaviour two lines of development have heen followed.
Firstly niobium sheet metal with greatly improved thermal con-
ductivity has been ordered from industry and secondly a success-
ful technique has been developed to sputter the inside surface
of copper cavities with niobium. Although both types of cavities
have already reached their design gradient of 6 MV /m, it is hoped
that the copper-nichium type may reach even higher gradients of
7—9 MV /m. Consequently although the first 32 superconduct-
ing cavities to be installed will be of niobium sheet, it is intended



that the rest will be of the copper-niobium type. For the cool-
ing of these cavities, four cryogenic plants with an initial cooling
power of 12 kW at 4.5°K, but designed for an ultimate capacity
of 18 kW will be installed at the even LEP points, following the
cavity installation programme.

Whilst the production of the superconducting cavities is tech-
nically the most challenging aspect of the energy increase pro-
gramme, many other systems have to be upgraded. In particular
the superconducting low § quadrupoles must le replaced, many
power converters must be modified. new klystrons are required to
provide the power, and klystron galleries must be dug at points
4 and 8. The successful completion of this project will allow ex-
perimenters to study the physics of 11" pair production in 1994.

Polarization

Schemes are being studied to provide polarized beams in LEP.
Transverse polarization will allow absolute calibration of the
beam energy down to precisions of <5 x107%. Analytical compu-
tatious and simulations have predicted a very low ( 2% — 5%),
but measureable transverse degree of pularization, even with the
relatively large spread in the beamm energy. A polarimeter [9]
has been designed and installed in LEP and the necessary tech-
niques developed to increase the polarization level once it has
been detected. The polarimeter has been tested and has already
detected back-scattered photons. Although the present vield is
low (~1%), a factor of 10 improvement is haped for by mid year.

In addition, dedicated polarization wigglers have been ordered
and will be installed in 1991. Thesc will improve the polarization
growth rate to a calculated 35 minutes.

Longitudinal polarization, obtained by rotating the polariza-
tion through 90°, would enable the study of the weak couplings
To this end Richter-
Schwitters type spin rotators have been designed and will be in-

at the Z9 peak with great precision.

stalled provided the outcome of the transverse polarization stud-
ies is favourable. A proposal has been made to install a proto-
type spin-rotator scheme in one of the non experimental collision
points in order to study possible beam dynamics problems asso-
ciated with such a scheme.

High Luminosity at the Z° Peak

By increasing the number of bunches [10] per beam above the de-
sign value of 4. a substantial increase in the LEP luminosity may
be attainable throughout the operating energy range. Increas-
ing the number of bunches however, automatically increases the
number of unwanted collision points and thereby would gener-
ate additional beam-beam problems. One way of separating the
bunches at the unwanted collision points is by means of a “pret-
zel” scheme[11]. A preliminary feasibility study of such a scheme
shows that, with respect to the design values of 4 bunches per
beam and 0.75 mA per bunch, the luminosity could be increased
by as much as a factor of 9 ( by operating with 36 bunches per
beam) if operation with the pretzel scheme has no negative influ-
ence on the maximum attainable current per bunch. In addition,
by operating with 8 bunches per beam, a luminosity increase by a
factor of 2 may be attainable at 90 GeV, if sufficient RF power is
installed to replenish the beam power lost due to synchrotron
radiation. The pretzel scheme depends on the availability of
superconducting cavities foreseen for the energy upgrade. The
technical details of this scheme are presented in an accompany-
ing paper at this conference [12].
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Conclusions

From a hardware point of view LEP phase 1 has been succesfully
completed and every effort is now being made to increase the
luminosity up to and hopefully beyond the design value. The
future development of LEP to phase 2 has already been approved
by the CERN Council and will, as previously stated take the
beams up to cnergies to allow the study of M7 pairs.

The present LEP collider, its energy upgrade, and the future
progranunes of higher luminosity and polarization, is providing,
and will continue to provide for the physicists of Europe and
the rest of the world, a unique, and powerful physics tool for
fundamental research in the 1990s.
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