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Abstract &
S 115 ———
The Large Electron-Positron Collider (LEP) at CERNS  L._._._._._._._._._._._._._. 74._._
. . . . i 195%C.L. excluded by LEP, 10-Oct-2000 o
completed its operation in 2000. Electron-positron colli-§ ] @102,5 Gev
sions were established at centre-of-mass energies of up $ 110 and more
209 GeV. The maximum energy reach of LEP collisions —-._._._._._._._.,_._._.% _________ —
195%C.L. excluded by LEP in 1999‘/ 101 GeV,

was thus extended by another 7 GeV, compared to th%
year 1999. At the same time the luminosity rate was kepg o
high, yielding a total delivered luminosity of 233"pin = ] S
2000. High beam energy and high luminosity allowed forg 19

an extended discovery reach of LEP. The successful erg—

105-|

ergy increase of LEP is analysed in detail and the opera- g(f,/,//ée GeV
tion and performance in the regime of ultra-strong 95 /s cev
damping is described. 1 /
o0 /.
1 INTRODUCTION 1 Patrick Jand]
Based on the collider performance (luminosity and en- 0 100 200 300 400 500
ergy), the Higgs & sensitivity for LEP can be calculated Days at high energy

(assuming the standard model cross sections) [1]. It §gyre 1: Given the delivered luminosity and energy at a
shown in Figure 1 for the years 1998 to 2000. Given thg,ecific date, the largest standard model Higgs mass, as

delivered LEP luminosity and energy at a specific datgservable from the LEP data with a statistical signifi-
Figure 1 shows the largest Higgs mass that would haygce of 3 standard deviations. is shown.
been observable from the LEP data with a statistical sig-

nificance of 3 standard deviations. The LEP discovery Tgple 1: Overview of LEP performance 1994-2000.
reach for the Higgs boson was pushed from 95 Getw/c

113 GeV/é from 1998 to 2000. This increase in discov Year Beam energy Total Average
ery reach was the result both of the successful increase of [GeV] lumi- luminosity
beam energy and the higher than expected luminosity nosity rate
production at the LEP2 beam energies. In this paper the [pb] [pb*/day]
different contributions are analysed. 1994 456 64 0.31

Table 1 summarises the maximum beam energies, infe=; 5oz 45.6 — 70.0 a7 0.23
grated luminosities and the average rate of luminosity
production for 1994 to 2000. Figure 2 shows the LEP igg? ggg:ggg 52 gég
luminosity production versus time for the years 1989 t - - ;

. o ~ 1998 94.5 200 1.16

2000. The LEP performance was improved significantl
over the years. From the totally delivered 1000 pbr 1999 96.0 - 101.0 254 1.35
experiment (from 1989 to 2000) almost 70 % were pra 2000 100.0 -104.5 233 1.10

duced in the last three years. The distribution of delivered
luminosity versus beam energy is shown in Figure 3 folr

the year 2000 . The achievabldield strength of the magnetic ele-
' mentsthat guide the beam in a circle and provide the
2 ENERGY REACH OF LEP necessary transverse beam stability. The required

_ _ field scales linearly with beam energy.
The LEP collider was the highest energy electron?, The availableaccelerating field that compensates

positron coIIidgrs to date. Its energy surpassed that of radiative energy losses and provides the required
other e+e- colliders by more than a factor of three. The longitudinal beam stability. In electron-positron

achievable beam energy in a storage ring is in principle
determined by several factors:

" Figure provided by P. Janot.



‘Integrated luminosities seen by experiments from 1989 to 2000
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Figure 2: Luminosity production (per experiment) versus time for LEP. Separate lines represent the different years of
operation; the corresponding beam energies are indicated in the labels. Almost 70 % of the total luminosity were pro-
duced in the last three years.

colliders the radiative energy loss per turp ibl a 0 —
steep function of the beam energy E: "a 50 g 1
(=} [ 3
> : ]
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Here, an iso-magnetic lattice is assumed @rute- g 1w0f E
notes the average bending radius of the ring collider= ok 3
(3100 m for LEP). In LEP at 104 GeV about 3% of 100 100.5 101 101.5 102 102.5 103 103.5 104 104.5
the beam energy were lost per turn [2]. The acceler-
ating field must replace the lost energy and provide Beam energy [GeV]

sufficient overhead for longitudinal beam stabilityFigure 3: Distribution of delivered LEP luminosity in the
(about 14% over-voltage was required for LEP ayear 2000 versus beam energy. The three bands of lumi-
104 GeV). nosity production correspond to the three typical beam
3. Limits in the dynamical behaviour of the stored energies during a single physics fill. The beam energy
particle beams (dynamic aperture, transverse beaffas ramped with colliding beams to move from one band

size, ...). to the next (compare section 2.5).
4. Legal limits, for example due to the allowable level
of radiation. particular the 102/90 optics was modified to reduce the

The legal limit of the beam energy for LEP was raiseflorizontal beam sizes in points 4 and 8.
from 100.0 GeV to 105.0 GeV by the French authorities The available accelerating field, as produced by the RF
in summer 1999. For the start-up in 2000, the 102/90 OBystem, then limited theaximum beam energyin LEP.
tics [3] was optimised such that the available magnet fieljote that the maximum energy reach was also slightly

strength was sufficient for a beam energy of at leagtcreased with a larger average bending radius of the LEP
105.0 GeV. It was also checked that the beam behavioglbsed orbit, as explained in section 2.4.

was acceptable for luminosity running at 105.0 GeV. In
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Figure 4: Evolution of beam energy, nominal voltage (with design gradient 6 MV/m) and available RF voltage.

Table 2: Contributions to the energy increase in 2000. The different contributions to the energy increase of

The different improvements are explained in the text.

LEP in the year 2000 are listed in Table 2. They are ex-

plained in the following sub-sections.

Contribution Change in

maximum effective

energy energy

Additional RF cavities +0.14 Ge
Higher RF gradient +0.96 GeVY
Less RF margin +1.60 GeV 1.
Less RF frequency shift +0.70 Ge
Increased bending radius  +0.17 GeV
Total +1.27 GeV| +2.30 GeV

To achieve a good efficiency of the collider, the effec-
tive beam energyfor luminosity production is always set
below the maximum energy (before the year 2000 it wa
typically lower by 1.6 GeV). The required “safety mar-
gin” is a function of the trip-rate of klystrons in the RF-
system.

The discovery reach of LEP for the Higgs-boson was
optimised by both pushing the maximum and effective
beam energy:

1. Increase of the maximum achievable beam energy,
mainly by increasing the total available accelerating

2.1 Available accelerating RF voltage

The evolution of the available RF voltage in LEP is
shown in Figure 4 for the years 1995 to 2000. The RF
voltage was increased in two ways:

Installation of additional RF cavities. It was in
practise limited by the available space, infrastructure
and resources. The resulting voltage increase is
shown with the graph of “nominal RF voltage” (as-
suming the design gradient of 6 MV/m) in Figure 4.
Most of the energy gain for LEP2 was due to the
higher nominal RF voltage.

Increase of the accelerating gradiendbf the super-
conducting RF cavities. Up to 1998 the accelerating
gradient in the super-conducting Nb/Cu cavities was
close to its design value of 6 MV/m. After a cryo-
genics upgrade, it was continually improved to a
maximum value of 7.5 MV/m in 2000 (compare Ta-
ble 3). As a result the available RF voltage in LEP
was significantly higher than the nominal RF voltage
in 1999 and 2000.

field. It should be noted that the RF system experienced signifi-

2. Increase of the effective energy of luminosity pro-cant damage during operation at high energies. An exam-
duction (as close as possible to the maximum beapte of a less severe damage in a RF waveguide is shown
energy), mainly by reducing trip rate and safety maiin Figure 5. On one occasion a hole was melted into one
gin and by optimising operational procedures. waveguide, requiring its replacement.

" Data provided by O. Brunner.



value is 6 MV/m.

Beam energy (year

Average acceler-
ating field [MV/m]

96 GeV (1999) 6.1
100 GeV (1999) 6.9
104 GeV (2000) 7.5

Table 3: Average accelerating field in the Nb/Cu cavities
of LEP achieved at different beam energies. The design

Table 4: Effective beam energy and average length of
LEP physics fills, assuming constant energy, a voltage
reduction of 100MV per trip, atrip rate of
1/(14 minutes), and a recovery time of 2 minutes for the
tripped klystron.

Figure 5: Damage in one of the LEP waveguides.

A few single cavities deteriorated during high energy

A - ) ) ] Effective Average length
operation and would not hold their previous high gradi- beam energy of physics fil
ents. They had to be detuned permanently. The resulting Maximum 14 min
slow degradation of the available RF voltage was ab- Maximum — 0.8 GeV =15 hours
sorbed by gradual increases of the accelerating gradients Maximum — 1.6 GeV Set by dump

in other cavities.

2.2 Rate of RF trips

The RF system for LEP was the largest RF system in a
storage ring to date. As shown in Figure 4, it was installed
progressively and reached its largest potential in the year
2000. At the end of LEP it contained: S
288 super-conducting cavities that were supplied byE
36 klystrons plus the required waveguides.

53 kW cooling power of He at 4.5K, distributed to
the 288 super-conducting cavities located in four dif-
ferent LEP insertions.

56 copper cavities that were supplied by 8 klystrons
plus the required waveguides.

About 10,000 interlocks for hardware protection.

The operation of the RF system could be disrupted tofgure 6: Available RF voltage (left vertical scale) and

certain extent by each of the 10,000 interlocks. Interlockgean time between trips (right vertical scale) in LEP ver-
could disrupt one klystron, 2 klystrons or the beam. Tripgys time (April to July 2000).

occurred mainly on a statistical basis, most often pro-
duced by field emission, causing Helium level or pressure The rate of RF trips determined the required overhead
problems. The recovery of a tripped klystron usually tooly RF voltage. As the trip rate depends on beam current
2-3 minutes. the intensity at highest energies was operationally limited,
The temporary loss of a klystron caused a reduction gfso minimising transient voltage reductions during trips.
about 100 MV in the available accelerating RF voltage. The RF stability was improved using fast GPS based
During the time of the trip, the maximum LEP beam engjagnostics, active damping of field oscillations and vari-
ergy was then reduced by about 0.8 GeV. If at the time g{;s hardware improvements. Figure 6 shows the mean
the trip the beam energy was above the now reduc@ghe between trips. It was about 14 minutes in 2000. The
maximum energy, the beams were lost and physics end'?é’eovery time per trip was about 2-3 minutes.
As a consequence, the beam energy should be 0.8 GeVne rate of one trip every 14 minutes illustrates the low
below the maximum beam energy (all klystrons on) iRfficiency when running at the maximum beam energy.
order to have the beams survive a single RF trip anthe average length of physics fills would only be
1.6 GeV below the maximum beam energy to survive 4 minutes and short against the time required to re-
double RF trip. establish physics (about 60 minutes). The probability to
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" Figure provided by A. Butterworth.



experience another trip, during the 2 minutes recovel T —

time of a tripped klystron, is about 1:7. Running at
beam energy that allows one klystron to be off, we d 3547 MV
then calculate an average physics length of abo
1.5 hours. This estimate is in excellent agreement with t
experience in the 2000 run. Table 5 summarises the
average length of physics fills, assuming a constant beam
energy in each fill. The trade-off between beam energy
and efficiency is evident.

2.3 Horizontal damping partition number

The horizontal beam size, is proportional to beam
energy E, the rms horizontal dispersiofi"Dthe betatron
function 8, and the horizontal damping partition numberFigure 7: Display output (total RF voltage) of the com-

J; puter program that automatically controlled The three
[ s cases correspond to 1 klystron off (upper left), recovering
oy Bl I -DTE ) (upper right), and all normal (bottom).

The increase of horizontal beam size with energy re-
sults in lower luminosity and larger background in the

experiments. This is counteracted with a highofgtics 110 — T T T — —
[3] and an operational increase gfttirough an increase _ 90 [
of the RF frequency. However, the increasededuces I g0 |

both beam energy (longer orbit) and RF voltage overheagd 70 |

. ] 60 -
(Iarggr energy _spread) [4]. F(_)r maximum LEP beam eng 50 [
ergy it was desirable to run with the largest(lowest ) = 40 F
possible. & 38 -

When enough margin in RF voltage was available (for 10
example at lower beam energy) it was advantageous to o L ' ' ' 1
RF frequency shift and, dvere controlled automatically Time
for LEP. A specific computer program was monitoring

the beam energy and the available RF voltage. Its displ@gure 8: Shift of the RF frequency (with respect to the

is shown in Figure 7 for three different cases: central frequency) versus time.
1. The trip of one klystron reduces the RF voltage by

94 MV.
2. The tripped klystron is recovering, providing already

20 MV. 100

3. All klystrons are working normal with a total voltage
of 3641 MV.
The computer program computed the available margin in

k (urad)

RF voltage from the actual beam energy and RF voltage © 0

and set the RF frequency shift andadcordingly. Fig-

ure 8 shows an example of the RF frequency stfijt -50

(with respect to the central frequency) versus time. The

data illustrates the automatic controlAdf, and J. The J -100

was increased to about 1&( = + 102 Hz) for maxi- 0 100 200

mum luminosity at lower beam energies, where sufficient
voltage margin was available. In the case of a RF trip and Corrector No.
subsequently reduced RF voltage, thevds reduced to Figure 9: Corrector excitations around LEP during a typi-
about 1 Af.. =+ 7 Hz), in order to maximise the margincal high energy physics fill.

in RF voltage during the recovery from the trip. The RF

trips are easily visible in Figure 8.

" Figure provided by J. Wenninger.



104.5

2.4 Average bending radius

The energy loss per turn is a function of beam energy % 104

and average bending radipgcompare Equation 1). The g 103.5
higher the average bending radius, the higher the beang

energy that gives the same energy loss per turn. The avep- 103
age bending radius can be increased operationally by usg

ing additional bending contributions from quadrupoles® 1025 ]
and horizontal dipole correctors [5]. The principle is eas- T R T T BT T ST P T
ily understood. Imagine, the LEP bending magnets pro- 01/05 01/06 01/07 01/08 01/09 01/10 01/11

vide 2t bending for a given beam energy. If additional
bending is installed, the beam energy will adjust itself
such that the total bending will again be @vith higher Figure 10: Beam energies with luminosity production
beam energy). The dipole magnets contribute now leggrsus time (LEP 2000 run). The red dotted curve indi-
than 2 to the total bending and the average bending raates the three typical beam energies during a run (from
dius (dominated from the dipole magnets) is increasedottom to top: 2, 1, and 0 klystron margin).
As a result higher beam energy can be achieved with the
same accelerating RF voltage. o 140 preepreerereeere e
The dipole correctors of the horizontal orbit and thei 120 £
quadrupoles were used in LEP as additional bends. Fig-;é’ 100 _
ure 9 shows the excitations of dipole correctors in LEP2
during a typical high energy physics fill. The averageg
bending radius of LEP was thus increased by 0.7 %, corg £
responding to an increase of maximum beam energy bg 40 F
about 0.2 GeV. 0.4 % of the total bending was then geng 20 E

erated in the dipole correctors (two thirds) and the quad- 0 Fueszasieers
rupoles (one third). 01/05 01/06 01/07 01/08 01/09 01/10 01/11

Date

102.8-103.6 GeV
80 F

60 F

>103.6 GeV -
"""" . T T T

2.5 Highest beam energies with reduced mar- pate

gin in RF voltage Figure 11: Luminosity production in 2000. The different

The average length of physics fills depended on tHe/rves represent different ranges of beam energy (2, 1,
available RF margin (the actual beam energy and ﬂﬂ_pd O_klystrons pverhead). The dashed line indicates lu-
maximal available RF voltage) and the rate of RF tripdlinosity production below 102 GeV.

Its average value was given in Table 4 for different run- i )
ning scenarios. At maximum beam energy (without any AS @ result many different beam energies were used

margin) the average physics coast would only laduring luminosity production in 2000. Figure 10 shows
14 minutes, which is much less than its set-up time &/l beam energies with luminosity production versus time.

about 60 minutes. Operation would be quite inefficienf Ne three typical beam energies (2, 1, 0 klystrons margin)

and the rate of luminosity production would be severel@® Well visible and are indicated by red dotted lines.

reduced. However, the Higgs discovery reach favours'e€ bands of high energy running can be distinguished:
high energy against higher luminosity. 1. 102.0-102.8 GeV: Lowest energy for luminosity pro-

In order to combine high effective energy and accept- duction with a margin large enough to accommodate

able luminosity production, a special ramping strateg¥ two Klystrons off. , o
was implemented (“mini-ramps”). A physics fill was 2 102.8-103.6 GeV: Medium energy for luminosity
started at a lower energy (2 klystrons margin), then
ramped in collision to a medium energy (1 klystron mar-
gin) and ended with maximum energy (no margin). Dugd: : ) X
to the rapid transverse damping at the highest beam ener- NSty production. Any trip of a klystron caused an
gies (60 turns at 104 GeV) it was possible to ramp the mmediate beam loss.

beams in collision, while the experiments continued dati® luminosity production in those three bands of energy

taking. The target energies were adjusted on a case_@_summarised in Figure 11. It is seen that most luminos-

case basis, taking into account the available RF voltadd Was initially produced in the band of 102.0-
and the Klystron trip rate. 02.8 GeV, with a lesser but still very significant produc-

tion at the higher beam energies. From middle of July
onwards, most luminosity was produced between

production with a margin large enough to accommo-
date one klystron off.
103.6-104.45 GeV: Highest beam energy for lumi-
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Figure 13: Average total beam current (in two times 4
bunches) for different beam energies from 1998 to 2000.
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Figure 12: Beam lifetime and “page 1” for one of the last Beam energy [GeV]

LEP runs at 104 GeV.
Figure 14: Peak luminosities for different beam energies
102.8 GeV and 103.6 GeV, with an increased productidnom 1998 to 2000.
at the maximum beam energy around 104 GeV. The best
sustained production rate at 102.8-103.6 GeV was I".3pb 3 LUMINOSITY PERFORMANCE
per day. At 103.6-104.5 GeV the best sustained produc-yy, 46 off between beam energy and luminosity for

t!on rate was 0.55 phper (_jay, with almost zero produc- LEP in 2000 favoured energy increases on cost of lumi-
tion at lower beam energies. The balance between effqa:I

i d luminosit ducti i tif osity production. In addition to the “natural decrease” of
Ve energy and luminosity production rate was guantiiie minosity with beam energy (higher energy spread with
and was constantly optimised for a maximum Higgs dlsé

onstant rms dispersion) the following factors caused a
covery re_ach. .reduction in instantaneous luminosity:
The maximum beam energy was reach(_ed after rampig  The peam currents were limited at higher beam ener-
close to the quantum lifetime limit. At high energy the gies in order to increase RF stability and avoid ex-
LEP current lifetime was limited from the beam-beam cessive damage in the RF system. Figure 13 shows

c_oIIi_sions. Depending on the achieved luminosity the the average total current in both beams for beam en-
lifetime typically varied between 5 and 9 hours [6,7]. ergies used from 1998 to 2000. A substantial de-

However, as the energy was pushed closg t_o the maxi- crease below the highest value at 98 GeV is observed
mum beam energy, the lifetime became limited by the for the year 2000

quantum lifetime. Figure 12 shows the current lifetim The J was set close to 1 for maximum energy reach

and the LEP “page 1" for one of the last LEP runs. The in 2000, resulting in substantially larger horizontal IP

energy had been ramped to 104.0 GeV. At this energy the spot sizes. For comparison s typically set to 1.6
beam lifetime was about 2.5 hours (quantum lifetime), in 1999 '

!USt long enough to avoid a too_stro_ng current _decay d%‘. The frequent energy ramping during a physics fill
ing the expected length of luminosity production at this reduced the available time for luminosity optimisa-
energy (14 minutes). Record beam energy of 104.45 GeV tion at a given beam energy

was reached with current lifetimes as low as 0.2-
0.5 hours.
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Figure 16: Number of physics fills with luminosity pro-
duction in the last three years of LEP operation. The rela-
tive increase with respect to the previous year is indi-
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Figure 15: Instantaneous luminosity in LEP for three dif-
ferent days in 1999 and 2000. The selected days illustrate
the different modes of operation for 98 GeV, 102.7-
104.1 GeV (standard running 2000) and mainly 104 GeV.

Table 5: Average overhead time per physics fill (time
from the end to the start of luminosity production).

Year Overhead per fill
1998 110 min
1999 93 min
2000 65 min

o Figure 17: Vertical beam distributions and time histories
The peak luminosity for the last three years of LEP ORs¢ yertical beam size for positrons (top) and electrons

eration is shown in Figure 14. Highest peak luminosit bottor) as measured in LEP at 104 GeV. The measure-
was reached for 98 GeV. The contributions to the exc fent was performed with the BEXE device [10].

lent performance at 98 GeV are described in detail in

[8,9]. Due to the trade-off between energy and lUMINOY-Ep required an unavoidable turn-around for initialising
ity, peak Igml_nosmes in the year 2000 were significantly,e machine (degauss, collimators, tune settings, ...),
below their highest values at 98 GeV. Nevertheless, ORjing the required intensities at 22 GeV, ramping to the
eration still profited from the improvements in d'SperS'_orbhysics energy, and setting-up for luminosity production
optimisation and tuning that were implemented d“””@collimators, golden orbits, tune adjustments, ...). The
1998 and 1999. _ _ turn-around was continually improved down to an aver-
Figure 15 illustrates the different modes of running aége time of 65 minutes per physics fill in 2000 (with a
98 GeV (constant energy), at 102.7-104.1 GeV (a fepica| fast turn-around of 45 minutes). Table 5 summa-
mini-ramps), and mainly 104.1 GeV (early mini-ramp Qjses the average turn-around time. It was reduced by
highest energy) during three different days in 1999 angs minytes from 1998 to 2000. This reduction was an
2000. It is seen that the instantaneous luminosity and th&nortant contribution to the excellent average rate of
length of physics fills were significantly reduced thﬁuminosity production in 2000.
higher the effective beam energy was pushed. As a con-cgj|iger performances are often characterised using the
sequence the number of physics fills increased dramafjatica heam-beam parametert is calculated from the
cally over the last three years of LEP operation (from 43@easured luminosity L, the design vertical beta function

fills with luminosity production in 1998 _to 1356 _fills in bﬁy* at the IP, the beam energy E, and the bunch cugrent i
the year 2000). The increase is summarised in Figure 16.

The sharp increase in the number of physics fills did 2re me(:2 -ﬂ*y L
not only increase the workload for the operation crew but y = n.i-E ’
also reduced the efficiency of LEP. Each physics fill in b b

®)



The term p denotes the number of buncheg,erand Table 6: MaX|mum vertical beam-beam paramétedP
m, are the classical radius, charge and mass of the eléeta functions, /B bunch current,j horizontal damp-
tron, and c is the light velocity. Re-expressing it in termig partition number Jand transverse damping timg,,
of the IP spot sizes, andcy*, it is seen thaf is essen- (in number of turns) for different beam energies in LEP.
tially a measure of the achieved beam cross-section at thiee collider was operating in beam-beam limited mode

IP: for 45.6 GeV and 65 GeV. The beam-beam limit was not
reached for the higher beam energies. Up to 91.5 GeV a
rm ',3* i 90/60 optics, above 91.5 GeV a 102/90 optics were used.
e y 'b
, = — (4)
2re-f,,-Eo,0, Beam | & | B /B, | b | % | Tm
energy | (max) [m] [nA] [Td
The measured vertical beam distributions and the time[GeV] | per IP
histories of the vertical beam size at 104 GeV are shown 45.6 0.045 | 2.00/0.04 320 1.0 721
in Figure 17. Those local measurements (away from the 65.0 0.050 | 2.00/0.05 400 1.0 249
IP) were routinely used for luminosity optimisation, to{ 91.5 0.055 | 1.50/0.05 650 1.6 89
gether with other observables [7]. 94.5 0.075 | 1.25/0.0% 750 1.8 81
The &, is closely related to the beam-beam tune shift 98.0 0.083 | 1.50/0.0% 800 1.6 73
per IP [11]. Naively we can assurog « E ando, o E 101.0 | 0.073| 1.50/0.05 700 1.8 66
and we see thdf would decrease with the third power off > 102.7| 0.055 | 1.50/0.059 650 1.1 <63

energy with the same machine imperfections. Numerous
improvements in the performance of LEP counteracted

and overcame this steep decrease. é g'ii 3 ‘9‘8‘6‘ v A
The achieved values fdy, in LEP are summarised in g 0'12 3 e

Table 5 for different beam energies. Several other ims '01 3

portant machine parameters are listed as well. It is seeh E

that the beam-beam parameter reached significantly 0.08 32

higher values as the beam energy was increased. Abo@e 0.06 2

65 GeV LEP did not reach the beam-beam limit. The mm 0.04 1

crease of the beam-beam limit with beam energy is due E) 0.02 3 | | | | L3
the rapid transverse damping for the highest LEP enel O ) = o o o

gies. Implementing many improvements and raising the
beam current, a maximum vertical beam-beam parameter
per IP of 0.083 was achieved in LEP.

The measured dependence of the beam-beam param
ter on the bunch current is shown in Figure 18 for bes

ited case (solid line) and a beam-beam fit (dashed line)

performance. Though the beam-beam Ilimit was n
reached, some beam-beam related blow-up was obserlg]
A beam-beam limit o, = 0.115 and an unperturbed ver-

Bunch current [pA]

é;ure 18: Vertical beam-beam parameter versus bunch
rrent. The data is compared to the not beam-beam lim-

TMCI limit "RF" limit on total
tical emittance of 0.1 nm was inferred from a fit [12]. The — (2on2) beam current
fitted curve was used for predictions of luminosity per-{i‘w ig T R
formance in LEP for different running scenarios. ' 60 3 Present peak E

An example for using the fitted dependence of lumi" 50 _ Lwith4ond ~~ "IN T 7 _

nosity on bunch current is shown in Figure 19. The cal‘é 40

culated luminosity is shown versus the total current in thes, 55 £ Abunches o

two beams both for 8 bunches (standard 4 on 4 running'§ 20F (o2 . S unches 3
and 4 bunches (2 on 2 bunches). The total beam curre 10 F (4 on 4) 3
was limited to about 5 mA for 8 bunches (imposed from 3 o(; 1 — ; — ; - ':1' BT

the RF system) and 3.6 mA for 4 bunches (single bunch
limit due to transverse mode coupling instability at injec- Total beam current [mA]

tion). It is seen that the achievable instantaneous lumi-

nosity for 2 on 2 bunches is only slightly below the lumifigure 19: Calculated luminosity versus beam current for
nosity that was routinely achieved for 4 on 4 bunche2-on-2 and 4-on-4 bunches, based on a fitted beam-beam
(5510° cm? s ), however, with a reduced luminosity limit of 0.115 per IP. The limits for the single bunch cur-
lifetime. rent (TMCI) and total current are indicated.
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Figure 20: Instantaneous luminosity, total beam current, and beam energy during 4 on 4 bunch (start and end) and 2 on
2 bunch (16:00 — 7:00) operation.

It was hoped that the lower total current for 2 on 2EP during 1999. The beam-beam limit was not reached
bunches would result in a better RF stability with a sulfor operation with beam energies above 65 GeV. Using
sequent increase of the effective energy for luminositfits of the beam-beam data, the beam-beam limit was in-
production. The option to run with 2 on 2 bunches waferred to be about 0.115 per interaction point (above
tried for a short period of time (see Figure 20). With 40988 GeV).
less total current, the luminosity was reduced by about The operational overhead per physics fill was reduced
30% (due to the limited time for orbit optimisation).from 110 min in 1998 to 65 min in 2000, maximising the
However, no significant improvement in RF stability wadime available for physics. At the same time the number

observed and this way of running was abandoned. of physics fills increased from 436 to 1356 per year.
On November %, 2000 the LEP beams were perma-
5 CONCLUSIONS nently shut down (compare Figures 21 and 22) and dis-

Nmantllng of the accelerator started. This ended the “life”
of the highest energy electron-positron collider to date
pd one of the largest machines that mankind has built.

The Large Electron-Positron Collider (LEP) at CER
completed its operation in 2000. Electron-positron colli®
sions were established at centre-of-mass energies of up10
209 GeV. The maximum energy reach of LEP collisions
was thus extended by another 7 GeV, compared to the 6 ACKNOWLEDGEMENTS
year 1999. The luminosity rate was kept high, yielding a This is the last of 554 contributions on LEP to the
total delivered luminosity of 233 pbin 2000. High beam Chamonix workshop, authored by 118 different scientists.
energy and high luminosity allowed for an extended disFhe results presented here were made possible only be-
covery reach of LEP. The LEP experiments ALEPH andause of this impressive foundation. Everything is based
L3 reported on several candidate events for the Higgs the huge amount of scientific and technical work un-
boson [13,14]. dertaken at CERN by many, many people over the last 23

The successful energy increase of LEP was analysedyiears. O. Brunner, A. Butterworth, P. Janot, M. Lamont,
detail and the performance in the regime of ultra-strongnd J. Wenninger provided data or a figure for this report.
damping was described. A maximum beam-beam pa-
rameter of 0.083 per interaction point was achieved in

" Figure provided by M. Lamont.
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Figure 21: Ceremonial dump of the last physics fill in LEP on Novenife2ano.
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Figure 22: The end of LEP.
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