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Abstract
The fast head—taillvzv3 (or transverse mode coup-
ling) instability occurs in most recent electron-posi-
tron accelerators when the frequency of the mode O
(the transverse coherent dipole motion) becomes equal
to the frequency of mode -1. In the absence of feed-
back these modes approach each other as a function of
beam intensity. When the modes couple at the thre-
shold current the transverse emittance of the bunch
becomes 'blown up' and a strong coherent dipole oscil-
lation is usually observed. A transverse 'reactive'
feedback system can control the frequency of the cohe-
rent dipole moment (made 0) by employing a beam pick-
up/kicker arrangement with a multiple of 0.5 tune
shift between them. This system can be used to shift
the mode 0 away from the mode -1 and thereby allow the
accumulation of higher intensities before the onset of
instability. The effect of reactive feedback on the
instability has been studied using analytical tech-
niques with various combinations of localized/distri-
buted wake fields and localized/distributed feedback
systems. In addition a 'few-particles' model has
been used to study the case of localized wakes and
feedback with betatron phase advance between the two.
Finally a multi-particle simulation code has been
written and used to investigate the instability in the
presence of feedback under the most realistiec condi-
tions. A dedicated machine experiment has been per-
formed on the PEP storage ring using a modified ver-
sion of the existing feedback system. This experi-
ment clearly demonstrated that the use of a strong
feedback system can greatly increase the threshold for
the transverse mode coupling instability.

Introduction
The approximate parameter dependence of the

threshold intensity for the _transverse mode coupling
instability"»°:® is given by
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where fg is the synchrotron frequency, 83, klj

are the amplitude function and the loss factor of the
impedances: the sum is performed over the transverse
impedance and the form factor f(og) has a minimum of
around unity when the beam pipe diameter is of the
order of the full bunch length (~ 4gg).

For the LEP collider the design intensity is dic-
tated by the threshold for this instability. The
estimated threshold current of 0.75 mA/bunch has been
obtained only after optimization of the parameters of
equation (1). This optimization involved:

(i) reduction of the 8 values at the RF cavities,
{ii) design of new bellows so as to reduce their con-
tribution to the total transverse impedance,

use of wiggler magnets at injection so as to in-
crease the natural bunch length and hence in-
crease F{og), and

increase of the synchrotron frequency.

(iii)

(iv)

In addition to these measures a transverse feed-
back system has been proposed8 to combat this instabi-
lity. Such a system should ensure that the design

503

current is not limited by the TMCI provided the trans-
verse impedance of the 'rest' of the ring (i.e. exclu-
ding the copper cavities) is within approximately a
factor of four of its presently estimated value. In
the event that the estimated impedance is correct the
maximum intensity will be limited at a level above the
design intensity, possibly by phenomena other than the
TMCI.

Many different approaches have been used to study
this type of instability, ranging from the use of sim-
plified two’ (or more) particle models to the solution
of the Vlasov equations®”, and later computer simu-
lationslz,l3,l“. Experimentally the sym?toms of the
instability were first measured in SPEAR > and later
at PETRA'® where in fact the first successful attempt
was made to explain its nature. Since then systema-
tic measurements have been made at PEP!7, CESR'® and
DCI'® to establish and improve the theory.

Principle of Reactive Feedback

The onset of the TMCI occurs when the frequency

of head-tail mode 0 (i.e. the coherent or centre of
gravity betatron motion) decreases with inereasing
beam current and finally couples to mode -1. Clearly

this situation may be avoided by controlling the cohe-
rent betatron frequency (without changing the incohe-
rent one) so as to prevent coupling to mode -1. The
coherent betatron frequency may be controlled by a
feedback system (gain = g) which has an even multiple
of n/2 betatron phase advance between the pick-up and
the kicker (reactive feedback), i.e.

— _ Bpu
Ay = Wpu = 9 Bk_yk (for Mipk = 2n) (2)

and hence the approximate coherent tune shift is

-Bic Byi,

e = - 9/BkPpy
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Usually, for technical convenience, the pick-up and
kicker are located physically close to one another,
and the correcting kick is applied after one (or more)
turns. Consequently the phase advance between the
pick-up and kicker depends on the machine tune. This
dependence is easily avoided by using two separate
pick-ups, spaced by approximately n/2 in betatron
phase. In this case the feedback damping coefficient
(a = 1/t..) as well as the coherent tune

shift (AuFB/Zn) can be independently controlled by

adjusting the gains in the loops cantaining each pick-
up, i.e.

2 trey

- %FB = g1vB1Bk sin py + goYByBk sin upok

(4)

Z{COS(Ub+PFB)—COSUQ} = gl/ﬁlﬁksinukl + gz/ﬁzﬁKsinukz
(5)
The design parameters for the LEP feedback system are

described in an accompanying paper to this confe-
rence.

CH2387-9/87/0000-0503 $1.00 © IEEE
PAC 1987



Effect of Reactive Feedback on the TMCI

The first analysis of the effect of the proposed
reactive feedback on the TMCI was performed using a
two-particle mode1? , distributed wake fields and dis-
tributed feedback, and a step function wake field.
This analysis concluded that a factor of two enhance-
ment in threshold current would be expected for a
reactive feedback system capable of providing a cohe-
rent tune shift of the sape magnitude as Qg. The
model was later improved by going to an infinite
number of particles (Vlasov equation) and using a rea-
listic wake field calculated for the LEP RF cavities.

The improved model gave essentially the same results
as the simpler model. Some doubts about the validity
of the assumption concerning distributed wake fields
and feedback maotivated the development of another sim-
ple model which allowed study of the effect of a sing-
le localised wake field and a localised feedback sys-
tem®”. This model indicated the existence of 'cohe-
rent' synchro-betatron resonances, but also showed
that feedback would enhance the threshold current pro-
vided the betatron tume value was properly chosen.
This model was later extended to allow
i) more particles; up to five were studied
ii) variation of the phase advance between the

kicker and the wake field
and
iii)  many wake fields per turn.
This model clearly demonstrated that (at least for
high Qg values of the aorder of » 0.1) the enhance-
ment of the threshold current is a strong function of
the betatron phase advance from the localised kicker
to the localised wake field.
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Fig. 1

In parallﬁ% with the analytical studies, a compu-
ter simulation”” was developed which allowed study of
feedback under more realistic conditions (e.g. non-
zero chromaticity, higher harmonic cavities etc.) and
permitted many localised wake fields separated in
betatron phase space as well as many feedback systems.
A comparison between the simulation model and the
few-particles model showed that, under identical and
necessarily simplified input conditions (imposed by
the simpler model), both techniques produced approxi-
mately the same results. In addition the simulation
code clearly confirmed the importance of the betatron
phase advance between the kicker and the localised
wake field.

Feedback Experiment at PEP

In view of the fact that the performance of the

LEP collider is dictated by the TMCI it was considered
crucial that the effect of feedback on this instabili-
ty be studied not only theoretically but also experi-
mentally. Consequently a proposal was made to per-
form a dedicated machine exyeriment on the PEP colli-
der. For this experiment2 the PEP storage ring was
operated at low energy (4.5 GeV), with modified optics
and modifications to the existing PEP feedback sys-
tem. The PEP storage ring was chosen for the follow-
ing reasons.

(i) It is likely that the impedance produced by the
PEP accelerating structure is wvery similar to
that of the LEP structure since both structures
resonate at ~ 350 MHz and are similar in con-
struction.

(ii) Previous experimental observations had shown (un-
like the PETRA storage ring) that the onset of
the instability was accompanied by coherent sig-
nals at the betatron frequency of the beam. This
suggests that the mode coupling takes place bet-
ween the dipole mode (m = 0) and the quadrupcle
mode (m = -1). This is a necessary condition
for feedback to have a significant effect.

A special configuration was chosen so as to en-
sure that the TMCI would occur predominantly in a sin-
gle transverse plane (horizontal). In order to con-
vert the existing feedback from resistive to reactive
a time delay was incorporated so as to apply the feed-
back kick on the secand turn.

The coherent horizontal tune shift produced by
the wake fields was measured as a function of beam
current in the absence aof feedback {(ref. Fig. 1).
One set of these results (marked x) was taken by accu-
mulating current to near the threshold current and
then removing particles with a scraper and measuring
tune as a function of current; the other set (marked
o) was measured during accumulation. From these re-
sults it can be seen that the tune shift increases
linearly for currents up to ~ 0.8 mA. Above this
intensity the increase becomes less steep. Above
0.8 mA it was also observed that the beam became
longitudinally excited, indicating longitudinal turbu-
lence and bunch lengthening (see later). Also shown
in Fig. 1 are the results of the simulation program.
The agreement is very good for both the tune shift and
the threshold current (see later Figs. 2 and 3).

The simulation tune shifts were obtained by per-
forming FFTs on the centre of gravity motion of the
beam. The computed FFTs are shown as a function of
current in Fig. 2 and Fig. 3 shows the frequency shift
of the lower modes as a function of beam current.

The gain of the feedback system was calibrated by

measuring (at low current) the coherent tune shift as
a function of the gain setting. The threshold
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Fig. 2 FFTs of centre of gravity motion as a func- ©
tion of bunch current (simulation).
current was measured as a function of the gain of the 24 -
reactive feedback by setting the gain at the beginning ‘
of accumulation and then accumulating current until a 224 -
fast loss occurred. The results (shown in Fig. 4) ! /,/4
show that the enhancement of the threshold current in- 20& P
creases fairly linearly with the feedback gain. At ; PE
gain values equivalent to a feedback tune shift of 1.8 ¢ P
greater than 2Qg the instability in fact completely .7
disappeared. 16 e
: L2t
The measured increase in the threshold current 14 -7
agrees well with simulation results up to a feedback > React .
gain of around Qg. However at feedback gains grea- 12 e Gmwisgﬁfux"
ter than Qg, theory shows that with small currents /-‘/ . Gain ('}i;)
mode O should couple to mode +1 thereby decreasing the 1.0 - - - - =
threshold. It is not vyet fully understood why in 10 20

practice this does not actually happen.
Fig. 4 Measured enhancement of threshold current as

In order to compare resistive and reactive feed- a function of the reactive gain.

back an experiment was performed where all conditions

were identical except the phase advance between the to emphasize the fact that the maximum gain shown on
pick-up and the kicker. Figure 5 shows the results the plot is indeed strong damping; a value of 1.0 for
of this test. Unexpectedly, at high gain the resis- the normalized gain corresponds to a damping rate of
tive feedback produced a larger enhancement of the ~ 7 turns when Qg =~ 0.022.

threshold current than the reactive feedback. This

is in contradiction to the results obtained from As previously pointed out, longitudinal turbu-
theary and is not fully understood. It is worthwhile lence was suspected at currents above ~ 0.8 mA. For
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tive feedback.

this reason the bunch length was measured as a func-
tion of current; the highest currents being obtained
with the use of feedback. Figure 6 shows indeed
strong bunch lengthening at currents above around
0.5 mA. Such bunch lengthening may easily accentuate
the improvement measured and attributed to the feed-
back system in the following way. The feedback sys-
tem allows an increase in the threshold current which
in turn causes bunch lengthening and therefore increa-
ses the threshold even more. The bunch lengthening
was included in the simulation program by simply impo-
sing the measured dependence of bunch length on cur-
rent in the search routine for the threshold current.

Figure 7 shows the simulation results of thre-
shold current against bunch length for three values of
reactive gain. Also included in the plot is the mea-
sured bunch length as a function of current. Clearly
the point at which a threshold current curve inter-
sects with the bunch lengthening curve gives the thre-
shold current (and bunch length) for a given feedback
gain. It can also be seen that the threshold current
is significantly increased by increasing the gain to
0.8 Qg and that the threshold current is never
reached with a gain of 2.2Qq. This is in agreement
with the experimental observations at high gain; how-
ever the simulation code has not been successful in
reproducing the experimental results in the gain
region fram 1.0 QS to ~ 2.0 Qs.
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LEP Hardware Requirements

A detailed description of the LEP feedback hard-
ware is given in an accompanying paper to this confe-
rence; however for completeness a short description
of the main components is given here. The feedback
system is comprised of the following principal compo-
nents per transverse plane:

(i) two 1.5 m kicker magnets

(ii) one 'pulser' amplifier

(iii) fast digital processing electronics

(iv) two standard LEP beam position monitors plus
detection electronics.

The bandwidth of the system allows each counter-

rotating bunch to be treated independently.

The inductance of the 'vacuum' cored kicker mag-
net is incorporated in a_resonant circuit as has been
previously done in PEP and PETRAZ’. The current
pulser is triggered once per bunch passage and pro-
duces a full sine wave current pulse in the kicker
magnet . The trigger time of this current pulse is
modulated so as to provide the computed kick at the
time of arrival of the bunch. The computed kick is
evaluated in a fast digital processor from input va-
lues of the required damping coefficient, the feedback
tune shift and from the digitized measured betatron
amplitudes at the two beam monitors. The analogue
signals from the beam monitors are digitized using
fast analogue to digital converters (FADC). The
closed orbit contribution (common mode signal) is sup-
pressed by averaging the digitized signal over pre-
vious turns.

The kicker magnets are made from stainless steel
and are comprised of a cylindrical tank and a pair of
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water-cooled electraodes. The field quality in the
gap is much impraved by shaping the edges of the elec-
trodes (lips). The fields and the distribution have
been computed and measured”® .

For a maximum estimated coherent betatron oscil-
lation of 1 mm peak-to-peak the system must be capable
of providing an integrated field of around 4 Gauss-m,
requiring a peak current fram the pulser of around
30 Al

Conclusions

It has been shown, both theoretically and experi-
mentally, that a strong feedback system can conside-
rably enhance the threshold current for the Transverse
Mode Coupling Instability. In the case of Reactive
feedback the experimental behaviour has been predicted
fairly accurately by a simulation code up to feedback
gains of the order of the synchrotron tune. For
gains between one and two Qs the simulation (and theo-
retical) results predict a reduction in the threshold
current whereas in practice a linear increase with
galn was measured. The effect of bunch lengthening
has been shown to be capable of exaggerating the bene-
fical effects of feedback. Unexpectedly it has been
shown experimentally that strong resistive (damping)
feedback greatly increases the threshold. This beha-
viour is currently being investigated.

A strong feedback system (one per transverse
plane) has been designed and is currently being built,
for the LEP collider. This system is capable of
being totally reactive or resistive or a mixture of
the two. The reactive system is capable of tune
shifts greater than Qs, and the eqguivalent resistive
system capable of damping times of the order of two
machine revolutions.
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