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Abstract
+ Physics 94

The LEP collider was operated during 1998 for the firs o §§;;é—;:;evv

time at a beam energy of 94.5GeV. The 272 superconduc I Phveice0s 4500y

ing (sc) cavities were operated at an average gradient

more than 6MV/m. The high current in short bunche:

caused severe higher order mode heating of componen

Nevertheless the machine proved very reliable with ex

cellent performance. The maximum integrated luminosit

over a 24 hour period exceeded 3.5pmand the vertical

beam-beam shift parameter reached more than .075 in tht

of the interaction regions with a record of .08 in the fourth

The present and future performance and limitations of th Days of Running

machine are reviewed as well as some of the crucial techr

cal systems. During 1999 attempts will be made to increase

the beam energy to around 100GeV with the help of an ad- Figure 1: Integrated Luminosity during 1998

ditional 16 sc cavities and by operating at gradients around

7MV/m. higher single bunch threshold for the transverse mode cou-
pling instability due to the reduction in the effective trans-
verse impedance produced by stronger focusing in the ver-

1 INTRODUCTION tical plane. High tune optics also provide higher beam en-

The CERN Large Electron Positron (LEP) collider is &9y for the same RF voltage due to the reduction in the
26.6km circumferenceee~ storage ring which has, un- “Overvoltage factor” brought about by the highgr In ad-
til the end of 1995, operated with 4 to 12 bunches per beaf#ion. at very high energies the natural emittance remains
in an energy range of 20 to 50GeV [1]. below the maximum value of 45qm allowed in LEP for. rea-
The first superconducting cavities for the LEP2 upgrade®"S of background and 'colllm.atlon'. A detailed descrlptlop
were installed in 1993. The complete installation of 256 the advantages of this optics will be presented at this
Niobium film cavities and 16 sheet Niobium was com<onference [4]. o _ _
pleted early in 1998. By using up all remaining spare com- The main dlsadvantage Wlth this optics is assqmatgd with
ponents and purchasing some missing parts a further i low energy running that is required for calibration of
cavities have been produced and installed in the LEP tuff1e detectors on the"Zpeak. The inherent low emittance
nel in early 1999 [2],[3]. It is foreseen to operate LEP2 af@uses the beam beam limit to be reached at moderately
the highest energies compatible with high integrated lum|®W bunch intensities and therefore reduces the peak lumi-
nosity during 1999, and in 2000 to operate at the highe_QPS'ty and Iengthe_ns the time needed to reach the required
possible energy. Operation of LEP2 will be halted toward§tegrated luminosity of 2.5pt.

the end of 2000 to allow the preparation of the tunnel for 1h€ strategy for defining the maximum energy of LEP
the installation and operation of the LHC collider. is as follows. The all-out maximum voltage available is

derived from the sum of

150 ——Physics 98 94.5 GeV

Integrated Luminosity (pb-1)

2 HIGHLIGHTS OF 1998 e the Niobium film sc cavities at their design value of
6MV/m (256 in total in1998)

The integrated luminosity for 1998 (as compared with the o the sheet Niobium cavities at 5MV/m (16 in total)
f0ur preViOUS yearS) iS ShOWI’] in F|g 1. Clearly 1998 was ° and the room temperature Copper Cavities_
highly successful, producing more than a factor of 2.5
higher than any previous year. From this all-out maximum, the “operational” voltage is

1998 was the first year which allowed operation of LEP2valuated by subtracting 4% (for sick cavities) along with a
for physics at high energies over a long uninterrupted pdurther 160MV, which is the voltage reduction which would
riod (around 120 days). The initial physics operation wasesult from the failure of 2 klystrons each of which feed
performed with a new optics configuration with T020° 8 cavities (at 6MV/m). Knowing this operational voltage,
phase advance per cell in the horizontal/vertical plane. Thike details of the optics, the value of the damping parti-
optics was designed to produce higher specific luminosityon number, and assuming a quantum lifetime of 15 hours
due to the inherently smaller horizontal emittance and allows evaluation of the maximum beam energy. During
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physics, the cavities are operated at their all-out maximuf s 200
(sometimes minus 4%) thereby permitting the simultane o Lomiont o st o S v Lo
ous failure of 2 klystrons without incurring total beam loss,| ]|~ Lumnostyperhos N S i ',s’w |
The peak energy value was set to 94.5 GeV for 1998 ar| _ .
was maintained at this value throughout the year. A singl
beam was accelerated to a maximum energy of 96.5 Ge
during a test run.

After initial conditioning and commissioning, the RF |
system behaved with remarkable reliability at (and some| = 107 ‘
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Figure 2: Daily and Hourly Luminosity during 1998
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times above) its design gradient and with a total beam cu \ ’
rent of 6 mA. The beam current was limited to this value by
Higher Order Mode heating of the cavity control antenna
(see later) and for normal operation the cavity condition
were optimized for this intensity value. Although the total
current was limited, record peak luminosities of 21032
cm~2s~! were reached due to the very small emittance ra-
tio of 1% achieved (refer to Fig 3). The maximum inte- 08
grated luminosity reached in a floating 24 hour period was
3.5pb ! and 3.2pb'! for a calendar day (see Fig 2).

On the beam dynamics front, the vertical beam-beam.,
tune shift €,), as measured from the average of the lumi-3
nosities in the four detectors, reached valted75 (see g
Fig 3) with a peak of-.080 in one of the collision points. g
Even at these elevated values there was little sign of satE .04
ration with &, increasing almost in direct proportion to the g
bunch current. Nevertheless such very high value§,of =2
can only be achieved and maintained by very careful fin§
tuning of the lattice parameters (tunes, betatron couplingg? 02
global dispersion, local dispersion at the interaction points
and the RF stations, etc.). This fine tuning is performed
continuously during the physics data taking and success-

40

1-Oct
15+ OCI
29-Oct =

1031 cm2sl
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ful manipulations are retained for future fills (“golden set- 0o 02 04 06 08
tings”). Bunch current in mA
3 PERFORMANCE LIMITATIONS IN Flgur_e 3: Vertical Beam-beam strength parameigy &s a
function of bunch current.
1998
3.1 Energy Calibration maining systematic error of aroure?0OMeV comes from

discrepancies between the NMR and the flux loop. In or-
Bkr to reduce these errors to arountioMeV it is planned
n 1999 to attempt resonant depolarisation at even higher
Hergles In addition a new spectrometer device [7] will be
4ade available in 1999 as an additional cross-check.

In LEP the accuracy of the measurement of the bea
energy is of crucial importance for the precision of th
physics. For LEP1 the beam energy is measured aroug
the 2° equivalent energy by transverse resonant depol

ization [5]. For LEP2 it is likely that the polarization level Other techniques for energy calibration based on the en-

aﬁ hl')gh energies will be toobsmall'to bednt])easured. lH,encéargy loss per turn and the relationship between the syn-
the beam energy at Wmust be estimated by extrapolation ., - tune and the RF voltage were also tried [8] for the

from beam energy measurement using resonant depolarlgf)St time in 1998. These tests produced some promising
tion at lower energies [6]. The extrapolation is performe lesults and will be pursued in 1999.

by the use of 16 NMR probes situated in a number of LEP
dipoles, and the total bending field as measured by the fl T .

loop. Clearly the accuracy of the extrapolation depen(lg'2 Limitation due to cryogenic power

on the energy range over which the precise depolarisatiém 1998, LEP2 was reliably operated with 4 cryogenic sta-
measurements can be performed. In 1998, for the first timégns each having a maximum cooling capacity of around
successful calibrations were performed at four different er:-2kW. After subtracting the static losses associated with
ergies in the range 41 to 61 GeV/beam and in the same meach of these stations the remaining “dynamic” power for
chine run. A second similar calibration was performed latezooling the cavities and any beam losses-&2kW. The

in the year. Following this extension of the range, the rerequired power for cooling of the cavities is
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variations. The maximum beam intensity was ultimately

Py X Gradient? (1) limited to around 6mA.
) Qcav Towards the end of the 1998 run, the limit was increased
where Q... is the cavity quality factor which decreasesto 8.5W and the rate of loss of cables increased dramati-
with increasing gradient. cally. Hence for the last few weeks the intensity was more

The second contribution to the cryogenic power is due t8eVerely constrained in order to survive with a full comple-
higher order mode losses and can be characterised by ment of cavities to the scheduled end of the run.

P g2 Bm(s) 5 4 FUTURE PERFORMANCE AND
cm tot tot ( )
noke LIMITATIONS

wherenyk;, is the total number of bunches in both beams ) )
andR,, (o) is the bunch length dependent impedance reé4-1  Higher Order Mode Heating

lated to the HOM loss factor. . . Replacement of RF Antennae Cables By the end of
Measurements of the increase in the cryogenic power §§s 1998 run, even with the total beam current limited
afunction of beam currentallowed (in 1997), tobe eval- 4 6mA, more than 30 cavity antennae cables had been
uated as 161 [9]. . ~ burned. In September 1998 an in situ test was scheduled to
Use of equations (1) and (2) with the known maximumep|ace the existing antennae cables on a single RF module
dynamic power and the measured value fo, allows (4 cayities) by thicker ones which were not routed through
evaluation of the maximum permissible current as a funGne syperinsulation. Following the success of this test a
tion of the cavity gradient (beam energy). This procedurgrash programme was launched to replace every single an-
indicated a total current of around 6.7mA at an average grgsnnae cable in LEP during the winter shutdown. This
dient of 6MV/m which corresponds to a beam energy ofrogramme was successfully completed by mid February
94.5 GeV. 1999. Consequently the level of the intensity limitation due
to antennae cable heating will in the future be significantly
3.3 Heating and Damage to Cavity Antennagigher than other intensity limitations.
Cables A comparison of the power losses in the module

During the winter shutdown 1997/1998 it was discovere quipped with the new cables showed that the beam related
eat losses were reduced by nearly a factor of two (in equa-

that many of the cables attachgd to the cavity eIectr%-on (2). R,,, was reduced to around 88). This results
magnetic field probes were electrically damaged and some . . .

T rom the better heat conducting properties of the newly in-
were severely burnt and open circuited. These cables trag%é”e d cables
mit the signals used to control the field and phase of the '
cavities. The damage always occurred at a location where

the cables had been routed through the cavity supering®-2 ~Cryogenics Upgrade

lation.  Subsequent studies showed that the spurious cayhas been shown in section 3 that, with the existing 12kw
ity (produced by the housing inside which the antennaggp? cryogenic installation, the beam energy in LEP can-
were lodged) was responsible for significantly enhancingot pe significantly increased beyond the 1998 values. In
the coupling of the high frequency beam power to the ansrder to allow an increase in the operational energies it was
tennae. decided in 1997 to upgrade the four cryogenic installations.
Later investigation also showed that the heating of th¢e most economic way to perform these upgrades was to
cables explained the beam-related cryogenic losses as MBRM an early installation of part of the cryogenics system
sured via equation (2). needed for the LHC magnets. In this way each of the four
In order to reduce the risk of overheating a large NUMeryo plants could be upgraded to around 18kW thereby

cable temperature should be limited. It was however iMzctor of two increase.

possible to obtain an accurate measurement of the temper-

ature in situ and in the presence of beam. For t_h|s reasgng  nE Gradients

a power/temperature calibration test was done in the lab-

oratory [10] in order to evaluate the power at which th&he over-riding limitation to the beam energy comes from
cable temperature reached the upper limit of its specifihe available total RF voltage which is simply the product
cations. Following this calibration the power induced irof the active length of the cavities and the average gradient.
the cables as measured in the tunnel was limited to 8Wuring the 1998/1999 shutdown an additional 16 Niobium
which corresponded to the maximum temperature permifitm sc cavities were installed in the LEP tunnel bringing
sible. Throughout the 1998 run every effort was madéhe total to 272 with an additional 16 sc cavities made from
to increase the beam intensity without exceeding the 8Wiobium sheet.

limit. This involved the maximization of the bunch length The required average gradient of the installed sc cavities
throughout the ramp by the use of wiggler magnets apd Qs plotted as a function of the beam energy in Fig 4. Itis
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Figure 4: Required gradient in the 272 NbCu cavities as Eigure 5: Measured radiation as a function of the gradient.
function of the beam energy (1%20° optics andJ, = 1.5)

20

clear that the design gradients of 6MV/m must be increased 16| (mfeldsithransformers

to 7MV/m in order to reach a beam energy of 100GeV. The 14
three main difficulties with increasing the cavity gradients
are:

[N
N
L

Frequency
=
o

1. electron emission,

2. dispersion in the gradients about the average value,

3. mechanical oscillations driven by the electro-
magnetic pressure (ponderomotive oscillations).
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cavity field (MV/m)
Electron emission in the cavities. Early in 1997 af- ) ) o ) )
ter conditioning and processing the sc cavities up to their Figure 6: Dispersion in cavity gradients.
design value of 6MV/m, it was found that the radiation lev-
operating at GMVIm.  Early i 1996, i order 1 reducds CEar thal an average of 7MVim wil be more easily ob-
the radiation levels (at the nearby vacuum valves) to bé@med if the spread of gradients in the modules is signifi-
low around 10krads/hour, the cavities were conditioned bgf”mtly reduced'. . . .
a mixture of pulsed and continuous processing at gradients | "€ SPread in the gradients results from waveguide dif-
between 6.5 and 7MV/m. Fig 5 shows that this operatioffT€NCeS, asymmetries in the power splitting and most im-
was successful in that at average gradients of 6Mv/m tHRPrtantly differences in the external Q values. The latter
levels are all below 10krads/hour. However further augt@n P€ improved by installing transformers in the waveg-
mentation of the gradients produced a large increase in tHi€S- Fig 6 shows (for measurements made in a test sec-
radiation (refer to to points at or above 7MV/m in Fig 5_tor) the spread in 'gradlents for modules before.and after
Consequently, in order to operate around 7MV/m with re2€ing equipped with such transformers. Following these
duced radiation, it will be necessary to condition the ca/€Sults an aggressive programme is on-going to equip the
ities with a mixture of pulsed and continuous processinf!@imum number of cavities with such transformers.
at fields between 7.5 and 8MV/m. Such high fields will
be risky for the whole RF system, particularly the couplers Ponderomotive Oscillations Early operation of the
and the cavities themselves. LEP2 cavities showed that, at high beam currents and high
Helium processing is used less frequently because of tiggadients, the cavities oscillated mechanically at around
time constraint and the inherent danger for the main col00Hz which resulted in large gradient oscillations at the
plers. Nevertheless Helium processing has and will cosame frequency. The cause of these oscillations was later
tinue to be used to recuperate “sick cavities”. identified [11] as an instability driven by the combination
of volume changes in the cavities, caused by the electro-
Dispersion in cavity gradients. When an RF unit (8 magnetic forces and the fact that the cavities are driven
cavities fed by one klystron) is operating at an average graff-tune. The growth rate of the instability was shown to
dient per cavity of 6MV/m, the spread in the gradients ide proportional to the product of the gradient squared and
typically more thant-1MV/m. Consequently some of the the beam current. These oscillations have, until the end of
cavities in a unit are already being operated at 7MV/m. 11998 been controlled by variation of the tuning of the cav-
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Active Damping System 6 CONCLUS'ONS
. Feedback OFF Feedback ON The performance of the LEP collider was significantly im-
AYAY \\ a /\ e proved for the 1998 run with higher energies and a very
;\{/\/\/\/\ el b high integrated luminosity. The recent various technical
AR ' Cav 14 7Ty upgrades combined with the detailed work carried out to
/\ / /\\ N U I 0 B allow higher RF gradients may allow operation at energies
/ Cav1s in the 100GeV range with high luminosities.
AVAY A \\ peptsmmps e
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