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Abstract The total beam current was limited to around 6.2 mA
After the installation of 32 additional RF cavities in theby the RF system (see section 2). Operation was with two
1997-1998 shutdown LEP was operated at a beam enefggams of four bunches, except for tHerdnning where

of 94.5 GeV. The total integrated luminosity for the yeatwo beams of eight bunches were used due to beam-beam
1998 clearly surpassed its target and reached 198 pbmitations.

Vertical beam-beam tuneshifts of more than 0.07 were Vertical beam-beam tune shifts of more than 0.07 have
obtained. The performance did not seem to be beadpeen obtained on several occasions, with peak
beam limited, but the total beam current was limited bjuminosities of about 0 cm’s’. From figure 2 it is
power dissipation problems to around 6 mA. apparent that the beam-beam limit has not been reached.
A high phase advance optics (3,020), with a smaller Beam size measurements do, however, show beam-beam
natural emittance, was used for regular operation in 1998low-up when large beam currents are collided [1].

This contributed to the excellent performance of LEP, The improved performance, compared to 1997, can be
together with the further reduction of both the horizontahttributed to the small beam size of the high phase
and vertical beta function at the interaction points. Nadvance optics, the further squeezing of the beta function

dynamic aperture problems were encountered. at the interactions points, the larger beam currents
(typically 6.0 mA in 1998 compared to 5.2 mA in 1997)
1 PERFORMANCE and the good performance of the RF system.

The total integrated luminosity delivered by LEP to each
of the experiment during 1998 was 198" p[his is
significantly more than the performance of the previous
years. Figure 1 gives a comparison of the LEP 08
performance over the last six years with the
corresponding beam energies. The beam energy increased
over the years following 1995 because of the addition of
superconducting cavities to the existing copper RF
system. The operating beam energy for 1998 was
94.5 GeV, apart from 3.2 phat the 2 peak (45 GeV)
used for detector calibration.

102/90 94.5GeV &y =21 NM (+135 Hz, Jx = 1.75)

fills 5142 - 5262 (8.9.-5.10.1998), Bx*=1.25m, Py*=5cm
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Figure 2: Vertical beam-beam tuneshift versus bunch
current for the fills during the month of September.
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2 THE RADIO FREQUENCY SYSTEM

EEEEEEEEEEEE: The beam energy of 94.5 GeV could be obtained by the
installation of 32 additional superconducting RF cavities.
The RF system consisted of 272 superconducting cavities
Ghd 48 copper cavities. The maximum total voltage

0 (o

Figure 1: Comparison of the integrated luminosities for
the years '93 to '98 with the corresponding beam energi
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obtained was 2870 MV, while the required operating 3 OPTICS

voltage to have sufficient quantum lifetime was 2720 M . .
(this allows operation witll = 1.75). This safety margin\lrowards the end of the 1997 operational period a new

was generally sufficient: only about 10 % of the fills thafégh3]ph$§?5 aodvt?cnscf/vgguﬁze(& for) t\)AcI) ?ﬁ iﬁ??ilsﬁloenne;
were put in physics were lost due to the RF system. The ~ P 9 gy

e - oo : i

good performance can for a large part be attributed to thend and the Zcalibration run in 1998.' The main

L . i advantage of the (102 90) optics relative to the

new control facilities which included automatic switch on reviously used (96, 60°) optics is the small natural
of tripped cavities, automatic field reduction in case of y b

field oscillations and an automatic tuner set-point contr {)ngtirrf?orotfh:s()é% 6n0T),oa:icg4:|?heGh?Vr,1 Cﬁggaggsar\:\gteh
to reduce the ponderomotive oscillations. : pucs. gnp

The total beam current that could be accelerated fnrpg :gzsheistzesrgﬁgrer r?ﬁg;ecr:;rl]"rgecg?hﬁgsggr};?‘zori\chgF

LEP during 1998 was limited by the heating of the main oy 9
voltage.

antenna cables to around 6.2 mA. The antenna cabl

e . .
couple out a fraction of the higher order modes aboy, No_ evidence of dynamic apert.ure problqms were
: ound, even not after further squeezing the horizontal and
3 GHz. At high enough power levels the cables can bhe . . . . . .
) . ) .vertical beta functions at the interaction points during the
irreversibly damaged (burnt). As the signal from the main .
. _.year. Table 1 summarises ti values used over the
antenna cables are also used for the tuning of the cavities - . ;
. . . ear. The initial squeeze of the horizontal beta function
the cavity becomes unusable if both main antenna cab 54 a clear positive effect on the luminosity. The
are damaged. P Y

following reductions of the beta functions probably

The higher order modes above 3 GHz depend strong| . .
on the bunch length. For this reason the bunch length Wcéntrlbuted to the improved performance, but were hard

kept as long as possible during the ramp and generac%#t?rzi\é?s{;om the other optimisations which took place

above 10 mm. This involved careful control of the S .

X At injection and during the energy ramp the frequenc
wigglers, RF voltage, frequency offset (to lengthen th(E")ffset \J/vas 115 Hz Thig was necgeyssarypto Iengtqhen tr)fe
bunch) and betatron tunes to avoid dangerous resonanges '

The gymnastics which were necessary is illustrated i unich during the ramp (see section 2). During physics the

) requency shift was generally 135 Hz, resulting in a value
figure 3. It shows the measured bunch length and th J, of about 1.75. This reduced the horizontal emittance

power measured at the exit of an antenna cable during Pe ; X
energy ramp. tto 22.1 nm at 94.5 GeV. Assuming that the vertical

A study estimated the maximum power level whic emittance stays constant, this increased the Iumjnosity by
could be tolerated by the antenna cable to be 8.0 W. %. .The reduced beam size was also beneficial for the
beam dump interlock was established at 8.5 W. Attempggducnon. (.)f the background. I—_|owever,. the backg.round

S Was sensitive to small changes in especially the horizontal
to push the power limit higher towards the end of the yeal - resulting in back d st 4
lead to a rapid increase in the number of broken cablegn®: fesulling in background s orms [4].
The total number of broken cables at the end of the

running period was 31, resulting in 8 cavities being out of Table 1: The values of the horizontal and vertical beta

functions at the interaction points during 1998.

function.
During the 1998-1999 shutdown all main antenna Date B, V2
cables will be replaced so they will not limit the beam Stahlrtup: & May 2.0 2.0cm
current in 1999. 29" May 15m °.0cm
th
8" September 1.25 5.0 cm
5" October 1.25 m 4.0cm
) Oes s I 4 PHASES OF OPERATION
. down '/ l"\_,_—‘r\ﬂ d"l_‘.n-ﬂ_\‘; 80 4 1 l . .
Eopsnen o0 17 7» ) 4 Iniection
Z, g st . o: Injection took place at the usual 22 GeV using
§ . lo 2 synchrotron injection. The maximum bunch current was
7 : ———— DuMPargsw | 5 around 775pA, resulting in a total beam current of
£ - 15 6.2 mA. The injection efficiency was often not very good
7 110 and had a typical value of about 60 %. Almost all the RF
6 0 cavities were kept on at injection, so the time lost waiting
— —Bunch length (button) Bunch length (streak) Cable power —— Energy

during the ramp for switching on cavities was minimised.

The 520 MV demanded at the injection energy kept the

Figure 3: Bunch length and power measured at the exit 8F cavities near the lower limit of their operational
the RF antenna cable during the energy ramp. voltage.
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for both beams. Typical values for the RMS vertical

dispersion were around 3 cm. The coupling was well
corrected. Dispersion free steering was also developed
and will be available in 1999 [6].

Injection not
followed by
physics

Coast in
physics
Injection 4.4 Turn-around
followed by

> : Startu
physics  \achine Down time P

studies

The average turn-around, the time between dumping a fill
which was in physics and restarting physics for the next
fill, was 1 hour and 38 minutes, with a minimum of 42
minutes. Poor turn around was mostly related to poor
injection or optimisation of the RF system.

Machine
access

Energy
calibration

Figure 4: Distribution of the total time available for

operation in 1998.

The average time after which a physics coast was
dumped was 3 hours and 42 minutes.

Figure 4 shows that 38 % of the total time available for

operation was spent injecting particles.
significantly larger than in other years.

4.2 Energy Ramp

Because of the limitation imposed on the bunch lengt
{hdneasurements.

and the working points at injection and full energy,

energy ramp was difficult and a lot of time was spe
optimising the ramp, varying betatron and synchrotro

n

This was

5 ENERGY CALIBRATION

Four percent of the operational machine time was used to
measure the beam energy by resonant depolarisation. A
ﬂedicated (60 60) optics was used for these
For the first time polarisation was
measured and the beam energy calibrated at an energy of
éo GeV. More details of the energy calibration results can
e found in [7].

tunes. This is reflected by figure 4, which shows that only
about half of the total time which was spent injecting
particles, was followed by a physics coast. 6 CONCLUSIONS

The development of the ramp was made a lot easier fhe year 1998 was a very successful year of LEP
the use of the Q-loop, a real time feedback of theperation with a total integrated luminosity of 198 @b
measured betatron tunes to a pair of trim power suppliesbeam energy of 94.5 GeV. The total beam current was
which act on the main quadrupoles. The fine control dimited to about 6 mA due to the heating of the RF
the coherent betatron tunes would have been veantenna cables. The heating of the cables also imposed a
difficult without it. limit on the bunch length during the energy ramp which

Once a good ramp was established excellemésulted in a laborious development of different ramps.
transmission rates (current at injection divided by the The (102, 90) optics, developed in 1997, was used
current in physics) were obtained, generally above 90 %during the whole of 1998 for both the high energy run

Initially the squeeze of the beta functions took placend the Zrun. The small emittance of this optics together
near 45 GeV (the Zenergy). Small beam losses werewith the additional squeeze of the beta functions at the

observed in the ramp between 50 and 60 GeV, possilihteraction points and the operation wifte 1.75 largely
caused by an insufficient momentum aperture of theontributed to the excellent machine performance.

squeezed (10290) optics. Squeezing the beta functions
above 92 GeV proved to be a solution to get rid of these
beam losses. 1]
At 92 GeV a pause in the ramp was made to optimise
the RF system if necessary. At this energy the RF wid
already ramped to the level needed at 94.5 GeV
(2720 MV). Once the RF system was optimised, th8l
continuation of the ramp to 94.5 GeV was generally
without any problems. [4]

4.3 Physics [e]

As in the previous years a continuous optimisation of the
horizontal and especially the vertical orbit took place t&']
find the so-called 'golden orbit'. Even once this orbit was
found it needed regular updating because of the
continuously changing machine conditions. It is likely

that the golden orbit is the result of an empirical search
for the orbit with the lowest residual vertical dispersion
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