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Ahstract

During  LEP  operation in 1993 the luminosity
performance, ie. the vertical beam-beam tune shift has
varied bv almost a factor of two between “good’ and ‘bad’
coasts. High tune shifts could svstematically be veproduced
v correcting the vertical orbit towards a “golden reference
orbit”, that had been saved during a previous good physics
coast. This paper gives the results of machine studics
undertaken in order to find the relevant physics parameters
thar vary with the vertical closed orbit and determine the
luminosite performance. In this paper we will concentrate on
the effects of residual vertical dispersion and machine
coupling. We show that in the case of LEP, after carefid
realignments [1], alreadv with coarse orbit corrections the
residual vertical dispersion is small and no longer limirs the
luminosity performance. On the other hand the strategy for
corvecting the vertical orbit affects the gquality of the
machine coupling compensation and hence the luminosity
performance.

1. INTRODUCTION

During the 1993 LEP run it was discovered that certain
closed orbits produced high vertical beam-beam tune shifts.
By correcting systematically back to one of these orbits at the
beginning  of each physics coast, a reproducibly  good
luminosity performance was achieved. These so called
“golden orbits™ were initially found by trial and error. The
most common method was to use a ‘bare orbit’ correction
strategy. With this method a theoretical orbit is computed
from a measured orbit by zeroing all the correctors in the
machine. A standard MICADQ type correction on the result
was then used to establish a list of correctors to use. This
method has the advantage that it re-seeds the closed orbit
with a completely new set of correctors. Further corrections
on the resulting orbit often lead to small vertical beam sizes
and hence high vertical beam-beam tune shitts. In general
this strategy worked one timc in three attempts. Once
established the golden orbit was used as the basis for
correction in later fills. The technique of performing a bare
orbit correction was maintained, but then difference to the
reference orbit was corrected, usually with many correctors.

The difference between good and bad orbits proved
difficult to quantify. In all cases the rms. value of the orbit at
the pickups was less than 0.8mm. [n general orbits with the
smallest rms. values were not nccessarily the best for
luminosity. Studies were undertaken to try and understand
the influence of the orbit on the vertical beam size, and hence
luminosity. These concentrated on two parameters which play

a significant role in determining the vertical beam size
namely the vertical dispersion and the machine coupling.

2 EMITTANCE RATIO IN PHYSICS

The ratio of the vertical to the horizontal emittance gives
a mcasure of the coupling in the machine. This can be
computed from the luminosity scen by the four LEP
experiments and the horizontal emittance at the LEP UV
light monitors (BEUWV)[2]. The vertical hcam size at the
BEUV is not used, as beta-beating from beam-beam has been
found to significantly affect the vertical beam size readings.
The cmittance ratio, k, is then given by:
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Figure 1. Emittance Ratio From Luminosity and Horizontal
BEUV Beam Size. Fill 1891,

The data for the LEP physics Al 1891 is shown in
Figure 1. The emittance ratio quickly setties down to a value
of about 2%. During the coast it decreases slowly to about 1%
towards the end of the fill. For optimum performance the
horizontal and vertical becam-beam tune shifts should be
equal. For this the emittance ratio and the beta ratio (at the
1P’s) should be the same. In 1993 the beta ratio was 2%. If
the emittance ratio is larger than the beta ratio the vertical
beam-beam tune shift (which determines luminosity) will be
relatively lower than the horizontal. It is therefore important
to keep the emittance ratio at, or below, the beta ratio. This
was achieved during this fill. In order to reach this limit, all
contributions to the vertical beam size need to be kept small,
Dispersion. betatron tunc and coupling are obvious
parameters.

3. OBSERVATIONS ON RESIDUAL VERTICAL
DISPERSION

During the middle part of 1993 a scries of measurements
were made of the dispersion at the beginning and end of
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physics coasts. Logged luminosity data was used to compute
the wvertical beam-beam tunc shift at the time of each
dispersion measurement, The results are shown in Figure 2.

There is no correlation between the vertical beam-beam
tune shift and the measured rms. vertical dispersion. It
should be noted, however, that the data is biased towards
"average” quality fills, The physics coasts with very high
luminosity performance arc absent from this plot - as there
was a natural tendency of the operators to not measure
dispersion with a very high luminosity, With this caveat, and
within this range of dispersion. wc conclude that the
luminosity is not being dominated by the residual rms.
vertical dispersion.
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Figure 2: Bcam-Beam Tune Shift vs. Vertical Dispersion

Measurements on the variation of single beam size with
residual vertical dispersion are shown in figure 3. Dispersion
was varied by using different orbit correction strategies and,
in the case of large dispersions, by the use of dispersion
bumps. Data was recorded for dispersions in the range
between 6 and 44cm. The beam sizes used are those read by
the BEUV in a place of zero horizontal dispersion.
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Figure 3: Horizontal and Vertical Beam Sizes, Measured at
the BEUV as a Function of rms. Vertical Dispersion

The data of figure 3 indicates that below a certain value
the vertical beam size is no longer dominated by residual
vertical dispersion. In the case shown, the critical value of
dispersion was about 15cm. As the dispersion in physics is
generally lower than this, other processes must be dominating
the beam sizes and hence luminosity.

4 ORBIT CORRECTION AND ITS EFFECT ON
COUPLING

Figurc 4 summarizes the results of measurements made
of the effect of vertical orbit correction strategy on coupling,
The simplest way to measure coupling is via the closest tune
approach[3]. Here the two betatron tunes are crossed with
the Q-meter mcasuring continuously in PLL mode. The
smallest distance in tune between the two is a measure of the
strength of the coupling resonance. Each curve shows the
variation of the closest tune approach with changes to the
imaginary part of the machine coupling for a particular orbit,
The complete machine coupling compensation used for LEP
is purely imaginary and has a value of 1.6 in the same units.
Secveral strategies were used to correct the orbit. In all cases
the resulting orbit had an rms. value of less than 0.5mm and
all orbits were qualitatively similar. In each case the
measured mean vertical dispersion was less than &em. The
strategics used to correct the orbit were:

Standard :  Multiple standard corrections.

64 Bare Bare orbit using only 64 Correctors.

Special 64:  Correction with many correctors (~250) then
a bare orbit with 64 correctors on the result.

Golden Correction of the difference to an good orbit
for luminosity, found empirically.
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Figure 4: Coupling Curves for Various Vertical Orbit
Correction Strategies.

The resulting variation in the minimum of the curves is
about a factor two. In addition there is a significant shift in
the imaginary coefficient at which the minimum occurs. The
normal trimmed setting for this parameter in physics coasts is
-0.01. At this point there is a factor three between of the
closest tune approach given by the different orbit correction
strategics. As the closest tune approach is directly related to
the amount of coupling in the machine, the effect is
considered to be significant. The curves of figure 4 were
checked with and without pretzel separators and were found
to be identical.

5. COUPLING AND ITS EFFECT ON BEAM SIZE
In a machine with no vertical dispersion, the

relationship between the emittance ratio and the closest tune
approach is given by the equation [4]:
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Where 3q is the measured closest tune approach and |gy-q. is
the distance to the main coupling resonance. LEP is operated
in physics with tunes; Qu= 90.3, Q.= 76.16. Thus [qu-q =
0.14, In LEP the synchrotron sidebands of the coupling
resonance have proved important [5]. Assuming the above
equation [1] holds also for the first synchrotron sideband, the
distance from this resonance is only 0.075, as the standard
synchrotron tune,Q,=0.065. Figure 5 shows the variation of
the emittance ratio with the closest tune approach based on
equation [1], for the case of the main coupling resonance and
the first synchrotron sideband.
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Figure 5: Emittance Ratio vs. Closest Tune Approach for
Main Coupling and the st Qs Sideband Resonances.

In order to keep the emittance ratio below 2% the closest
tune approach must be better than 0.028 for the main
coupling resonance. From figure 4 it can be seen that this is
achieved for all correction strategies. If the 1st synchrotron
sideband of the coupling resonance is strong, then the closest
tune approach must be less than 0.015. This may not always
be reached. Of course the strength of the 1st synchrotron
sideband is not exactly the same as the main coupling
resonance and, in both cases, the dispersion is neglected.

During some of the measurements made to form the
curves of figure 4, the beam sizes on the BEUV were
recorded. The data is shown in figure 6. The same beam was
used for the three data sets and the machine conditions kept
constant (except orbit). The beams were separated and
measured vertical dispersion was in the range 6 to & cm. A
clear correspondence can be seen between the closest tune
approach data of figure 4 and the beam size variations of
figure 6. In each case the changes in the beam size with
variations in the imaginary coupling coefficient are similar
and much larger than would be expected with the distance of
the tunes from the main coupling resonance. The data of
figure 6 is, however, qualitatively similar to that expected if
the first synchrotron sideband of the coupling resonance is
causing the emittance ratio to increase.

The data of figure 6 can be used to estimate the effect of
coupling and orbit on luminosity. From figure 6 a change in

beam size of 40% can casily be generated by using differemt
orbit correction strategies.
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Figure 6: The Variation of Beam Size with the Imaginary
Coupling Coefficient and Orbit Correction Strategy.

5 CONCLUSIONS

Of several machine parameters which contribute to the
beam sizes in collision and the hence to the luminosity
delivered to the experiments, the residual vertical dispersion
is recognized as being very important. Since a re-alignment
of the LEP machine in the vertical plane was done, the
residual dispersion has been routinely maintained at
relatively small values. At these low levels of dispersion
other parameters seem to dominate the beam size

Another parameter has been studied; coupling. Here it
has been found that the residual coupling in the machine is a
strong function of the way in which the vertical orbit has
been corrected. Theoretical studies are underway to look at
how the orbit correction strategy might affect the beam
position at the sextupoles (the major cause of coupling). The
idea of an orbit where the beam position in the sextupoles is
such as to cause very little coupling links quite well with the
operations groups recent use of "golden orbits".

The large changes in the beam size as a function of the
(relatively small) measured changes in coupling cannot be
explained by the standard coupling theory as the distance
from the main coupling resonance is too great. However the
first Qs sideband of the main coupling resonance is strong in
LEP. It is possible that this resonance causes the observed
beam size variation with coupling.More investigations will be
made during 1994,
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