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Abstract

A brief review of the performance in1997 is given
whereLEP wasoperated up to 9ZeV perbeam. The
upgrading in the pastand next winter shut-down is
describedwhich allows to raise the beamnergy to
94.5 GeV in1998 and to gradually approaci00 GeV
from 1999 onwards. Preparatory woréind studies are
summarizedvhich aim at thisfurther increase in beam
energy withadequatéuminosity. The initialperformance
in 1998 and the expected performance ithe following
years are reviewed.

1 INTRODUCTION

The Large Electron-Positrorncollider (LEP) at CERN
operated at a beam energy of 46 GeVdoltisions at the
Z° resonance betweerd989 and 1995 providing an
integratedluminosity of 200 pld to each ofthe four
experiments.

In order to fully exploit the design potential of LEP, it
was decided as early as 1989 to upgrade LEP to a collisi
energy well above the W-pair threshold&tf.5 GeV by
supplementing theoom-temperature rsystem with a
superconducting réystem, both operating at 352 Mhz
[1]. Based on the results of a previous R&Bbgramme,
initially a batch of 20 Nb-sheet cavities wasoduced
starting from 1990and, afterthe decision in 1990 to
switch to the more performing technology, t®duction
concentrated oncavities featuring a thin Nb-film on
coppersubstrate [2]. The firssuperconducting cavities
were installed in 1993 in the LEP tunnel. The installatio
of the last 16 cavitiebeforethe LEP run in 1999ill
result in a complement of 288uperconducting cavities
and terminate theupgrade programme whichconcerned
also many other systems [3].

The step-wiseincrease inthe available rf voltage
allowed to operate at higher energtban 46 GeV per
beam from 199%onwardsand to collect the integrated
luminosity shown in table 1.

Table 1: Integrated luminosity per collison point at the
different beam energies

E(GeV) Int.L dt (pb?) Year
65-70 13.5 1995, 1997
80.5 12.1 1996
85-86 11.3 1996
91-92 63.5 1997

The beam energy i94.5 GeV in 1998 andthe aim is
to collect in thissecondong production run about 150
pb. From 1999 onwards all the hardware will be installe
so that the bearanergy can gradually approatB0 GeV
in 1999 and 2000. Originally, LEP washeduled tcstop
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in 1999 but given its scientific potential it hascently
been decided toextendits operation into 2000. This
extension is compatible with thechedule ofthe Large
Hadron Collider (LHC) under construction at CERN
which requiresthe removal of LEPafter the run in the
year 2000. The civil engineering work for théetector
caverns ofLHC is supposed testartalready in1998 but
can bescheduledsuch that the impact on LE& its
injector, the Super Proton Synchrotron (SPS),
acceptable provided precautions are taken in aBPPSP S

[4].

2 OPERATION AND PERFORMANCE
IN 1997 [5,6]

After a start-up delayed by 3#ays due to dire in one
of the auxiliary buildings of th&PS, the lastaccelerator
in the injector chain of LEP, and after having provided 2.3
pb! at the 2 resonancefor detectorcalibration, LEP
operated in a first period mostly at 91.5 GeV. Only a few
runs had slightly lower energieq4.6 % at 91.0GeV,
8's 9% at90.5 GeV) which is a good indication of the
reliability of the rf system. In order to repeat previous data
taking, oneweek was spent at 6&and 68GeV in this
period. The well-triecbptics with 90 horizontaland 60
vertical phase advance per cell in the arcs weasl during
the whole first period. Table 2 shows the paakinosity
and typical parameters used with this optics.

Table 2Peak performance and parameters for
90°/60° optics

Peak luminosity L =5 x em?s?

Integrated luminosity fLdt= 1.9pb/d &
1.3 pbtd

Current in both beams 2 5.0 mA

Bunches per beam L4

at interaction point R}B*=15m/5cm

Emittance (J= 1) €0 =37 NM

Damping partition J,< 1.6

Emittance ratio K=¢/ &05%

Beam-beam tuneshift &, < 0.055

¥ pest 24 h ) average over best 10 days

Fig. 1 shows,, as a function of the bunch curregtals
periodically logged during arun with many runs
superimposed [7]. The value &f is calculatedrom the
measured luminositgndbeam currenassuming that the
vertical beam size, is much smaller than the horizontal
beam sizeo, at the interaction points. Lines of constant
luminosity are hyperbolae inthis diagram.Fig. 1 gives
dn idea of the spread in beam parameters and indicates that
the typical value ofk was between0.5 to 1.0 %. The
vertical emittance was natused bycoupling but by the



beam-beam effecand the vertical residual dispersion peak integrated luminosity of 1.3°pd was achieved with
aroundthe ring. Fig. 1 also shows that the beansse beam-beam tune shifts of 0.05 ard as low as 0.7 %.
dumped when the currentshad decayed to about There wasevidencefor a vertical blow-up of théeeam

I, = 0.3 mA.
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at these higlbeam-beantune shifts for both optics but
the beam-beamlimit was not reached.The horizontal
beam-beantune shiftreached anaximum of abou0.03
and there was no sign of a horizontal beam blow-up.
After the installation of 68&dditionalNb-film cavities
in the shutdown 96/97, 240 sc cavities (including 16
made from Nb sheet) and 84 copper cavities were available
powered by 44 klystrons (1 to 1.3 MW) providing in total
a maximum voltage of 2.65 GV. The operational voltage
of 2.54 GV providedstill sufficient over-voltage margin
so that two klystronseachdriving 8 cavities,could trip
(loss of 164 MV) withoutcreating a beamloss. A
negative rf shift resulting in - 60 Hz relative to ttenter
frequency was applied in case rofiltiple rf trips in order
to increase the longitudinal damping £J1.6 - 0.7, &
1.4 - 2.3) maintaining agood quantumlifetime and
avoiding beam loss. The Nb-film cavitiexperated on
average aroun8.9 MV/m (6 MV/m nominal), the Nb-
sheet cavities aB.6 MV/m (5 MV/m nominal). The
major part (80 %) of thendividual runs were regularly

; ; terminated by the operator, only 10 Werelost by an If
o | . | . fault, which exemplifies the reliability of this huge and
0 0.2 0.4 06 complex rf system [8] containing abou®000 rf
interlocks.

The performance was initially limited by the
%erformance ofhe sc rf system suffering fromondero-

Ptive cavity oscillations, phasirandtuning errors [8].
The former are reduced bypropertuning of thecavities
but the tuningwindow is decreasingwith increasing
acceleratogradient. The latter result inspread in fields
betweenthe cavities which gets worsgith more beam
current.

Bunch current in mA
Fig. 1: Calculated vertical beam-beatane shift as a
function of bunch current. Loggings of many run
superimposed. The expected performance for two values
K is indicated

The typical beam lifetimevaried from 7 h at the
beginning of a run to 11 h at thend ofthe run. The
duration ofdatataking during arun was about 7 h. The . - o
beam decay rate was dominated by the beam-beam Oncethese rf instabilities limiting the totaturrent

bremsstrahlung. The average turn-around time from end Wg"€ overcome by carefubften individual tuning of the
run to start ofdatataking in the next run was about 2 hcavmesandthe totalcurrent could bencreased toabout

2l, = 5 mA, thelarge synchrotron radiatiorpower

(10 MW) and the concurrent, inhomogeneous thermal
stressrevealed anumber ofweak points in thevacuum
system, whichhamperedfurther progress. Most of the
resulting leaks (7 out of 10pccurred in gaskets in
insufficiently cooled or not protectedplaceswhere the
vacuum chamber makes a transition from one shape to
background at the experiments. another. Provisional cooling was installed in all the

In a second, shorter peridtie 102/90° optics was critical places. Despite these leaks the beam lifetigpe
successfully tested. This optics holds the promise of dgtermined by bremstrahlung on theresidual gas,
better performance ahigher energyowing to its lower gradually improved under the effect of beal@aning. The
horizontal emittance being only 78 % of the emittance difoduct 2b.T,, rose from 0.50 to 0.75 Ah from the
90°/60°. Furthermore, it provides a slightly highemergy ~Peginning to the end of the period [9].

(0.3 GeV per beam) for a given voltagrecause of its A sharperimit on total beam currenbccurred at 5.5
lower transitionenergy andthus, thebeam energgould mA because the f:ryogenics power duetoa temp_orary fault
be raised to 92.0 GeV. Although the time for tuning waSCuld not copewith the beam-inducedosses  athigher

rather short, thelatataking periodwas only one week, a currents. Since injection became somewhat difficult at 5.4
’ "~ mA due tosynchro-betatron resonances, it wdesided

with the recordjust below 1 h. During rampirfiy,* was
gradually lowered from 10 cm at injection to 5 amd at
higherenergythe horizontal beam size walecreased by
reducing® *from 2.0 m to 1.5 mand byincreasing the
damping partition mumber, Jrom 1 to 1.6 through an
increase ofLl20 Hz in the rf. Thelecrease iremittance
resulted in ahigher initial luminosity and a lower
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also in view of the vacuum problems to limit the totalielding already up to1.2 pb' per day with J, = 1.6
current to 2§ = 5mA and tostay with four bunches per though LEP is not yet completely tuned and sijlerates
beam in order to get maximum luminosity [5]. with 2I, = 4.8 mA and 4 bunches per beam.

The precise measurement of the W mass is one of theFig. 2 shows theexpectedpeak luminosity as a
objectives of the four LEP experimerandthis requires function of the total beam current. At low beam currents,
the best possibl&nowledge ofthe beamenergy athigh  the luminosity increasesproportional to (2)* until the
energy. To this end, the beam energy weatrated in 16 beam-beam limit is reached. This diagram [11] is based on
special single-beam runs at 41, 44, @ 55GeV with  first order theory neglecting any beam-beam blow-up
the resonance depolarisation method having a precisiontmfore the beam-beam limit &, = 0.055 isreached. The
a fewMeV. A special optics with 60phaseadvance in latter value is the highest valueferred in 1997. For
both planes in tharcs has beedeveloped. In addition, higher currents, the beam is assumed to blow-up such that
the closed orbit measurementind correction has been & remains constant which implies a lineacrease in
improved by installing the K-modulation equipment in alluminosity with current. This behaviour habeen
octants which permits to measure the off-sets ofbsmmn  observed in LEP especially at 46 GeV. Consequently the
position monitors relative to thadjacentquadrupolewith  luminosity during arun initially decaysproportional to
a rmserror of 30um. Thesetwo measures allowed to 2I, andnot with (21)*> and, hence, a highéntegrated
reach the required polarisation level (5 %) even at 55 Gevminosity per run is obtained
and considerably increased the polarisation rate at the ott
energies. Although the polarisation lewebhched at 60
GeV was too low (1.5 %}here are good prospects that
calibrationcan beextended tahis energyresulting in a -
better lever arm for extrapolation to collision energy. This 120 ﬁu e
extrapolation isgguided by 16NMR probes positioned in 1004 fyoom /
several main dipoleand the flux loop whichmeasures . g);;:;:‘;zﬁ_m .
96.5 % of the total magnetic field. The preliminary R oo
estimate of theerror in beam energy #1-92 GeV is “ : e
somewhat under 30 MeV but not yet at 15 MeV as desire “
for determination of the W mass [10]. ©

3 EXPECTED AND ACHIEVED —_—
PERFORMANCE IN 1998 o

In the shutdown 97/98 the vacuum system wa
improved by removal of obsolete equipmergesign of Fig. 2: Expectedluminosity as a function of the total
cooling and shielding of remaining transition sections,current 2§ for k, = 4, 6, 8. Thebeam-beamlimit
and displacement of particularly strong sources O\Ey_0055 isreached orthe oblique straight line. The
radiation, notably wigglers [9]. These measures tzmen 1998 cryogenicdimit is indicated.The rf powerimit is
supplemented by better temperattmenitoring incertain ~ 'eéached at 12 mA.
parts of the ring. The sextupole powering for the®/BIR
optics was reconfigured in order to allow for better control

of the amplitude dependence ofthe betatron tunes cryogenic limit is reached. Thigmit at 2, = 6.5 mA 'is
dQ./ d¢, which can now be reduced to 10 % of thaue brought about bybeam-inducedosses in thecavities
use:j in 3997 exhausting together with the rf dissipation fitgiid He

cooling capacity at4.5 K of the cryoplants. The

) merical value idvased ormeasurements of dissipation
peformed in 1996 and 1997 which revealed these
unexpected losses in the cavities increasing stromgbn

the bunchlength isreducedbelow 1 cm. The most
plausible explanation is that the two antennae mounted in
each cavity pick up either directly beasignals orprobe
higher-order modeghom) induced by the beam. The
cables connecting them to the outside of the cryostat
passing through the superinsulation dissipate a part of
this power inside the cryostat. Moredetailed
measurementare planned toconfirm this hypothesis
which is supported by thfact that a number oéintenna
cables were found to be damaged [12].

Luminosity vs. Total Intensity 1998

Lo/10**30 (cm-2s-1)

It is expected that the current canibereaseduntil the

In addition, a furtherset of 32 Nb-film cavities was
installed and, in order to make space for these cavities,
copper cavities have been removedhis resulting
complement of 272 sand 48 Cu cavities provides
nominally an rf voltage of 2.85 GV. Since it wascided
to ratheropt for high integratedluminosity instead of
highestenergy in 1998, thebeam energy washosen
rather conservatively ab4.5 GeV so that the beam
lifetime remains sufficiently long evenwith two
klystrons off and some cavities temporarily detuned.

LEP is now operating at this beam energy fata
taking after afast start-up in mid-Mayand the ususal
calibration runs at the “Zresonance wher2.5 pb® were
collected. The 102/90° optics performs satisfactorily



Examination of Fig. 2 shows that @cord peak Examination of the table shows that 6.8 MV/m are
luminosity of about 7 x T cm? s* can be expected with required for 100 GeV in these cavities. Thisaverage
4 bunches per beanktxperiencehas shown that the gradienthas beerreachedduring cavity conditioning in
averageluminosity is about 20 % of theecord peak 1998 though withquite some spread. A considerable
luminosity. This yields arexpected integrateldiminosity amount of further work [13] will be required to reach these
of 1.2 pb' per day and 150 phin the 125daysscheduled values safely in operation. Although therngalenches do
for high-energy operation i6998. Fig. 2further shows not occurthanks to thecoppersubstrate field emission
what could be gainedvith 6 bunches per bearand 8 creates increasedryogeniclossesand ahigh level of
bunches per beam at the cryogeracsl the beam-beam radiation leading tocomponentdamage oractivation.
limit providedthe rf andthe vacuum systengcould deal  Significant reduction in field emission can bltained by
with more than 6.5 mAWhetherthis potentialcan be pulsed rf power processing or He processing which can be
useddepends orthe progress with the rf systemhich applied insitu but thesgrocedures needtmost care to

will be rather gradual in order to avoid risks. avoid damagingthe cavities, couplers or circulators.
Ponderomotive oscillations (microphonics) proportional
4 FUTURE PERFORMANCE to the square ofthe gradient arealso a serious limit but

can be suppressed by operating the cavities on tune which

reachthe highest possiblenergywith good luminosity, reguiresclose control of the tuningndentails op_eration
it has beendecided toconstruct fouradditional s¢ rf With < 10 % of the rfpower reflected. Acampaign has
modules, containing 16 Nb-film rf cavities, using allbeen started teeducethe imbalance in the fields of the

available spare partand toinstall them in thewinter cavities by insertingtransformers inthe waveguide in

shutdown 98/99. Furthermore, tegrade ofthe LEP order toeliminate couplingerrorsand by improving the
cryoplants for LHC will be advanced tothe same directivity of the magic tees. Phasgors arecorrected to
shutdown so that the dynaniisad capacity a#.5 K (see * 1° Py adding delays (waveguide posts) [13].

later) will be nearlydoubled.With the further continuous _1he highergradients & will increasethe ohmic losses
improvement of the stabilitand reliability of the rf I the cavities described by the first term of the following

systemand the vacuum system, reconfiguration of thefduation which gives thpower dissipated ione module
power converters forthe magnet systemand better containing 4 cavitiegach ofthem providing the voltage

protection of components sensitive to synchrotro?(C 5
radiation, all thenardwarewill be ready atthe start-up of P =4 V(B Rm(0y) (21y)?
1999 tofurther increaseéhe energy ofLEP with the aim " (RIQQ(E,) NpKp,
to eventually reaciO0 GeV per beam [13]. The magnet
system hadeendesignedfrom the beginning tocope The qualityfactor Q isalso a function of Edropping
with 100 GeV. The beam-inducdihckground inthe LEP  due to the non-quadraticlossesand field emission at
detectors can be controlled up tbis energy with the higher E. Higher-order mode lossese characterised by a
existing masks and proper setting of the collimators[13].resistance R which has beermeasured to beabout
Table 3 gives theequired rfvoltage for 24 hquantum 16 MQ and to increase strongly oncebtivech lengtho,
lifetime as a function of the beam energy for the°/BI2 is lower than 1 cm. Thdenominator inthe second term
optics (J = 1.0). If the superconducting cavities operate as the product of the number of beams<n2 and k the
their nominalfield (6 MV/m for Nb-film; 5 MV/m for number of bunches per beam. Singe~E" holds, higher
Nb sheetlandthe remaining 52 Cu-cavitiggovide0.13 energiesdemand astrong increase in cryogenicsooling
GV the maximum rf voltage is 3.05 GV. Since anpower. Given the latter, the maximum possiblgrent
operational margin isneededfor the tripping of one and luminosity can bealculated as &nction of energy.
klystron and for some cavities not being operational, it iBig. 3 shows this limit in the luminosity-energyane
assumedhat two klystronsfeeding 16 Nb-film cavities  for two values of the nominal power whicéfers to one
are off, i.e. a loss of 0.16 GV, which leads toeffiective  of the four cryoplants cooling 20 modules: 6.2 kW is the
voltage of 2.89 GV. This is sufficient to reach 9TG8V. value before, 12 kW the valwdter upgrading, which is
Higher energiesrequire raising the accelerating gradient vital for good performance as can be seen in the figure.
E., which can only be done in the Nb-film cavities, to the Fig. 3 shows amxampledrawnfor the mostprobable
values given in the table (fof 3 1.5 add 0.1 MV/m).  set of opticsparametersand J = 1.0.The current and
consequentlythe luminosity vanish when thenergy
Table 3: Energy losperturn, rf voltageand gradient in  requires a gradient where the ohmic losses consume all the
Nb-film cavities versus beam energy cooling power. This yields an uppdimit in energy

E(GeV) 96 98 100 102 which becomes 101.5 GeV in this example.
U,(GeV) | 2.48 | 2.70| 2.92| 3.16

V,(GV) | 273 | 2.96| 3.21| 3.47
E.(MV/m) | 5.65 | 6.19| 6.75| 7.36

In order tofully exploit the potential of LEPand to
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92 GeV per beam. The rf system consisting of a
- m combination of copper and superconducting cavities
reliably provided an rivoltage of 2.5 GV. In 1998after
an addition of 32\b-film cavities, theenergyhas been
raised to 94.5 GeV and 1.2 bper day has begoroduced
in the present runningeriodwhich will extenduntil end
of October1998. After a further addition of 16 of these
cavities, the operationally available rf voltage witach
2.9 GV in 1999. Theadvancedupgrading ofthe four
- cryogenicplants for LHC will double the dynamic load

— capacity available a4.5 K for the LEP cavitieandwill
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