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Abstract

Collective effects due to the impedance of structures along
the vacuum chamber can limit the performance of accel-
erators and storage rings. In particular in LEP, transverse
impedances are limiting single bunch currentsin the verti-
cal, but - to asomewhat lesser degree - also in the horizon-
tal direction. The head-tail motion generally appearsinone
or the other direction. Previoussimulations have taken into
account only a single transverse dimension. This neglects
possible effects in both transverse directions which could
lead to coupling. The 3-D program is based on the simu-
lation program TRISIM, which uses triangular basis func-
tionsto represent the particle distributionsin 2 dimensions
and has shown good agreement with observationsin asin-
gletransverse plane. Theresultsof the 3-D simulationswill
be compared with measurements on LEP.

1 INTRODUCTION

In the operation of the large electron-positron storage ring
LEP, head-tail oscillations of the bunches are often visible
on the stresk camera. By splitting the synchrotron light
coming from thebeam, thedisplay showsboththesideview
- i.e. motioninthevertical plane - and thetop view, i.e. hor-
izontal motion - at the same time. In addition to transverse
dipoleoscillationsof thebunch asawhole, “head-tail” oscil-
lationsof thebunches can appear inthevertica or inthehor-
izontal plane, mainly depending on current and chromatic-
ity settings. With increasing current per bunch, the range
of chromaticities where the bunches remain stable shrinks
to avery small region, and it is sometimes even necessary
to work with negative chromaticities and apply transverse
feedback to stabilise the dipole mode.

2 TRANSVERSE MODE COUPLING

Asthebunch currentsincrease duringinjection, the strongly
detuned m = 0 mode approaches the frequency of the
m = —1 mode and the “transverse mode coupling instabil -
ity” (TMCI) setsin. It usualy leads to loss of only a small
part of the bunch current, and further injection can continue
up to the same level. Nevertheless, it constitutes a major
limitation of current and hence of luminosity in LEP. For a
given machine impedance and optics, the threshold current
is proportional to energy, which has been raised from 20 to
22 GeV last year, increases with longer bunch length, which
isachieved by powering al installed wigglersduring injec-

tion, and with the synchrotron tune which will be raised to
0.15 by using the additional RF voltage available with the
install ation of super-conducting cavitiesinstalled for higher
energy operation of LEP2.

At higher currents aso the head-tail oscillations have a
finite dipole moment, and the m = 1 synchrotron sideband
frequencies fg £ f, are clearly visible on aspectrum anal-
yser even in the absence of externa excitation. Therefore
also these modes are detuned by areactive feedback system,
and the TMCI threshold remains essentially unchanged by
it. More complicated feedback systems using additional os-
cillator circuitshave been proposed to circumvent thisprob-
lem, but have not been very successful so far.
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Figure 1: Average and rmsvalues of particle coordinatesin
longitudinal, horizontal, and vertical directionsas function
of number of turnsin LEP

With LEP operating at 45 GeV, TMCI appeared at about
the same bunch currents as the beam-beam effect, and there
was no strong incentive to increase them. However, for
LEP2 operating a higher energies, the beam-beam effect



will occur at correspondingly higher bunch currents, and
henceit wouldthusbe desirableto overcomethe TMCI lim-
itations.

In LERP, TMC occursfirst in the vertical direction, where
detuning of the betatron frequency with current is almost
twice as large as in the horizontal one. Thislarge ratio is
somewhat surprising, as the biggest part of the transverse
impedance in LEP comes from the RF cavities, which have
circular symmetry and - on average - equal beta function,
hence their contributionto the tune shiftsin both transverse
planes should be the same. The contributionsfrom numer-
ous small, not-rotationally symmetric obstacles in the oval
vacuum chamber - such as shielded bellows, flange gaps,
wall resistance etc. - are considerably weaker, in particu-
lar for bunches which are lengthened by wigglers needed
to reach higher currents. However, asymmetric objects of-
ten cause quadrupol ar wakefields, which actually reduce the
detuninginthe horizontal plane, whileaddingtothevertica
one, which can explaintheir large ratio.

3 CROSS-COUPLING IMPEDANCES

The compensation of betatron coupling by the experimental
solenoidsin theinteractionregionsof LEP isdonewith sets
of skew quadrupoles which are located in the RF sections.
The current dependent wake field kicks of the RF cavities
will change the betatron phase at these quads, and thereby
influence the compensation.

In additionto thiseffect, non-symmetric objects may also
cause cross terms which couple horizonta displacement
to vertica impedance and vice versa. These “cross cou-
pling terms” of most impedances are usualy quite small,
but could haveincreasing importance at the high bunch cur-
rentsdesired for LEP2. Thereforeitwasthusconsidered de-
sirable to extend our existing simulation programsto all 3
spatial dimensions, in order to be able to include coupling
of the motion in both transverse planes.

4 SIMULATION PROGRAM TRISIM

The computer program TRISIM[1] simulates particle mo-
tionin the longitudinal and in one of the transverse planes,
which is usually assumed to be the more sensitive vertica
one. Collective single bunch effects in LEP have been in-
vestigated in detail, and the results are generaly in quite
good agreement with experimental observations. The code
works with a sufficiently large number of super-particles,
typicaly a few thousand, whose distribution is approxi-
mated by a superposition of a number of shifted, equilat-
eral triangular base functions, typically 20 - 50. The wake
potentials of all significant impedances in LEP have been
pre-computed for such triangular distributionswith the 2-D
wake field code ABCI[2]. The values are stored in tables
which can be used to obtain the wake potentia of an arbi-
trary distributionin afast and efficient way. For transverse
effects, the super-particlecharges are multiplied by their off-
setsfromtheaxis, and theresulting dipoledistributionis ex-

~—
4| -
2 ~x_= 10 mm
BN
3] >~ >~
U~ T~ b
=) 2| g, T T~ ~< ~-
3 = T~ = S~
i 1 i . . T \‘\\\\
x 0 > - ~a_ j\
ol X2 X =0 mm o
-1 ST
) -4
2.5 5. 7.5 10
y/ mm
1
10|
10
—~
8| y =10 mn//
- - 4
o T - -
s < 6 — —
z z //" Pl —
,4”/ e
2 a7 -
< = o -
— e
2 T e 8
eV =0 m
i

Figure 2: Horizontal and vertical loss factors (V/nC) in
shielded LEP bellows as function of offset.

panded in a similar fashion into triangular base functions.

The evolution of the particlemotionisfollowed for afew
radiation damping times, which isabout 6000 turnsfor LEP
at injection energy. The average bunch positions and rms
values are displayed as function of time, as well as their
Fourier transforms, in graphical form similar to that avail-
able in the LEP control room. One can thus observe bunch
deformations, displacements, tune shifts, or TMC thresh-
olds, generally in excellent agreement with measurementsin
LEP Furthermore, it was possibleto study various methods
to increase the threshold currents such as bunch lengthen-
ing, operationwith high synchrotrontunes, or reactive feed-
back systems, and to optimise parameters, thereby saving
precious machine time[3].

5 PROGRAM TRISIM-3D

In order to extend this computer program to handle particle
motion in al three spatial dimensions ( TRISIM-3D), the
equations of motion were re-written in matrix formulation,
thereby allowing coupling between horizontal and vertical
planes. An expansion of the distribution of first moments
in the second plane was added. Also the graphica output
was changed to show both transverseplanessideby side (see
Figure1).

5.1 Equations of motion

The longitudinal motion is described by the energy devia-
tion e and time delay ¢ with respect to a synchronous par-
ticle. For the transverse motion the horizontal and ver-
tical positions and slopes z’, ¢’ are represented by the 4-
dimensiona vector z = {z,z’,y,y'}. The interaction of
the particles with the i-th impedance element can be writ-



ten:
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where &? isthe phase of the synchronous particle with re-
spect tothe RFwave, and thewake-field matrix M., isgiven

by:

1 0 0 0

. Wer 1 wyy O

M, = 0 0 1 0
Wyy 0 wyy 1

where w;, and wy, are the usua horizonta and vertical
wake potentials, and w;, and wy, linear coupling terms
which vanish for cylindrically symmetric structures. For
a rectangular model of the LEP shielded bellows the hor-
izontal and vertica wake potentials were calculated with
MAFIA for different offsets in both transverse directions.

A major part of the work was to identify impedances in
LEP which contribute significantly to the off-diagona ele-
ments of the impedance matrix, and to compute their val-
ues with 3-D wake field codes such as MAFIA[4]. The
most likely sources of such coupling € ements are asymmet-
ric structures such as the shielded bellows or slotted inserts
for the pumping-T’s, which have obstaclesin or near the 45
degree plane. The cross-section changes are usualy quite
small and reasonably exact computation of their wake po-
tentialsis rather difficult. However, since there is often a
large number of such elements, their effects can not be ne-
glected. First estimates of non-zero, off-diagonal coupling
terms of shielded bellows and pumping sl ots were obtai ned
and have been used in the program TRISIM-3D, together
with fixed coupling by solenoids and skew quadrupoles. In
Fig.2 we show the correspondinglossfactorsfor aGaussian
bunch of rmslength o = 10mm.

5.2 Results

Some preliminary results obtained with this program are
shown, but amore systematic study of such wake-field cou-
pling effectsis still in progress.

The bunch positions and rms dimensions in al 3 spa-
tia directions are shown in Fig.(1) as function of number
of turns. The influence of this coupling can be seen more
clearly inthe spectraof the horizontal and vertical bunch os-
cillations which are shown in Figs.(3) and (3, without and
with wake field coupling.

Furthermore, we are studying the influence of wake po-
tentials of the (axialy symmetric) RF cavities on the cou-
pling compensation of the solenoidswith skew quadrupoles
which is induced mainly by the current dependent tune
change.

6 CONCLUSIONS

Coupling between horizontal and vertical motion is influ-
enced by off-axistermsin thewake potentia matrix, caused
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Figure 3: Spectra of the horizontal and vertical bunch os-
cillationswithout and with wake field coupling.

by axially non-symmetric elements such as shielded bel-
lowsor screensfor the pumping-T'swithmany slotsin LEP.
Such elements can cause a negative loss factor in the hori-
zontal direction when they are wider than high, which sub-
tract from the always positive contributions of the axially
symmetric RF cavities. Thismay a so explainwhy horizon-
tal betatron tune shifts are much smaller than vertical ones
in LEP, athough the main contribution comes from the ax-
ialy symmetric RF cavities. By introducing properly de-
signed elements one could thus actually reduce the lossfac-
torsinthevertical direction, and thereby increasethethresh-
old current for the vertical transverse mode coupling insta-
bility, which is the main limitation of single bunch current
in LEP2.
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