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1. Introduction 

Diagnosis and cures will be treated together; coasting beams first, 
then bunched beams; longitudinal and transverse stability in each case. 
I have largely followed the natural tendency of giving more emphasis to 
things I have seen myself - mainly with the ISR. Some rational justifica
tion for this lies in the fact that bunched beams will also be treated in 
another lecture, by G. Voss. 

2. Coasting Beams 

2.1 Longitudinal instability - diagnosis 

In the clean, totally debunched, coasting beam of a proton storage ring 
longitudinal instability only occurs if it is provoked artificially by 
turning on a large coupling impedance. Such experiments have been done 
and their results fully confirm theory. The reason for this instability not 
occurring spontaneously is that the beam is always bunched to start with. 
If the density of the injected bunches is too high, instability already 
occurs during debunching and dilutes the beam with overshoot to a safe value. 

2) It has been found , however, that the theory of coasting-beam longitudinal 
instability can be applied to the local current and momentum spread inside a 
bunch, and as such does present a serious limit to the phase-plane density 
that can be kept, and hence to the current that can be accumulated, in a 
proton storage ring. 

This application of coasting-beam considerations to bunches is limited 
3) 

to high inside-bunch modes whose rise time is fast compared with the 
synchrotron period. But such conditions do occur at very high frequencies, 
from a few hundred megahertz into the gigahertz range, the driving impedance 
being due to discontinuities in the chamber walls. 
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4) 5) If, therefore, one accepts coasting-beam theory as expressed 
by the usual approximate stability criterion as valid locally, inside 
a bunch, one has to satisfy 

Zl 3 2YE '-^¥(?)2-'^)(Mf) 
Y-2 - y-2 ( l a ) 

where Z is the total longitudinal coupling impedance, i.e. simply the total 
induced longitudinal voltage divided by the perturbed beam-current at harmonic 
number n. Furthermore, E /e = 0.938 x 10 9 V, YE is the total proton energy, 

o o Y the transition energy in units of m c 2, I is the local beam current in the t o 
bunch and Ap the full local momentum spread at half height. The form factor 
F depends on the details of the density distribution and is not likely to be 
very different from unity . It should be noted that stability improves 
with Ap 2/I, so that tight bunching is helpful whilst full adiabatic debunching 
of small, dense beams is made difficult. 

There is experimental proof that blow-up due to longitudinal instability 
inside bunches, at microwave frequencies, does indeed occur, and a strong 
indication that (1) is approximately valid. 

Figures 1 and 2 show high-frequency signals observed during debunching 
2) 81) 

in the PS and in the ISR . Fig. 3 shows the output of a narrow-band 
receiver tuned to different frequencies between 0.3 and 2 GHz and connected 

9) to a longitudinal pick-up - also during debunching in the ISR . At low 
beam intensity (up to 80 mA) the signal decays immediately. At high intensity 
it first builds up before it decays. One supposes that the build-up is due 
to an instability, the decay to stabilization by dilution, after overshoot. 
In Fig. 4 the injected bunches are captured by the RF system and then gradually 
lengthened, by an adiabatic decrease of the RF voltage. After a certain time 
a signal occurs. This is interpreted as reaching threshold via the decrease 
of Ap 2/I (cf. (1)) in the lengthening bunches. 

Perhaps the most reliable indication comes from observed threshold 
behaviour of phase-plane dilution versus intensity. In Fig. 5 the 1er 
of a bunch, matched to a given RF voltage is plotted as a function of beam 
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current. At low current some lengthening occurs due to the change of the 
bucket parameters by wall inductance (cf. below). However, at about 
100 mA a knee is clearly visible with strong additional bunch lengthening 
at higher currents. For different RF voltage and hence different values 
of peak Ap and I inside the bunch, the knee point varies as predicted by (1). 
Quantitative application of (1) to the observed thresholds for blow-up in 
the PS and ISR yields values for the total coupling impedance Z/n of a few 
tens of ohms, which seems plausible. 

Finally Fig. 6 - also pertaining to the ISR - shows a curiosity. 
What is shown is a series of spectrum analyses scans of the signals from a 
longitudinal pick-up. The centre frequency is 86 MHz. The top traces 
show a regular acceleration of the injected beam towards the stacking 
momentum (from right to left on the picture). After a fraction of a second 
noisy clusters can be seen to emerge from the main beam and to be decelera
ted (supposedly by self fields) back towards the inner aperture limit. 
The slope formed by the front edges of the noisy bands gives the energy loss 
per turn, about 2 kV in this case. These self-decelerating clusters con
tain only a small - and as yet unmeasured - fraction of the injected beam. 
They do not seem to present a practical problem so far. 

2.2 Longitudinal instability - cures 

The second part of (1) shows how little choice one has. The term in the 
first brackets contains the longitudinal phase-plane density, a performance 
parameter one certainly wants to conserve; in a storage ring it determines 
the beam current that can be stacked in a given radial aperture. The term 
in the second brackets - equal to the spread in revolution frequencies -
tends to become smaller with increasing machine circumference. Indeed, far 
above transition this term simply approaches AR/R, the relative spread in 
average radii of the closed orbits. Thus, this instability tends to be a 
severe problem for large storage rings - less so for their smaller injectors -
and forces the designer to obtain very small coupling impedances (e.g. a few 
ohms for Z/n in ISABELLE ) by very smooth chamber walls. 

2.3 Transverse instability due to wall impedance - diagnosis 

Transverse instability in coasting beams, due to resistive and inductive 
12) 13) walls , generally leads to the loss of at least part of the beam. 

Fig. 7 shows an example from the early days of ISR. Beam current is built 
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up by stacking and lost again by instability. With present-day beam 
densities one is obliged to make any such loss trigger the beam dump to 
avoid damage of the vacuum chamber. As this instability is one of the 
basic limitations to the current in a storage ring, one is led to operate 

. . 14) 
very close to the threshold. Latent instability (i.e. around the thresh
old a seemingly stable beam can become unstable due to a very small, often 
unknown, perturbance) leads - via the unavoidable beam-dump trigger - to the 
irritating phenomenon of "spontaneous" beam loss, sometimes hours after 
stacking. 

If one catches the right moment, one has no difficulty in seeing the 
coherent signal from a dipole pick-up on an oscilloscope, or determining 
the azimuthal mode n with a spectrum analyzer. The threshold can be 
measured by observing the occurrence of the instability with gradually 
reduced chromaticity, and hence Landau damping, for different beam currents 
and different densities in momentum space. For such experiments it is 
recommended to give the beams small transverse kicks in order to eliminate 
"latent" phenomena as much as possible. The result, for the ISR, is in 
reasonable agreement with the expected wall impedance due to skin-effect, 
bellows, changes in chamber cross-section and clearing electrodes. 

Recently a new, non-destructive, method for studying this instability 
15) has been introduced . Small transverse oscillations are excited by a 

swept frequency on a kicker. The beam's response, in amplitude and phase, 
is recorded. Commercial equipment for "network analysis" can be employed 
for this and polar plots, not unlike the stability diagrams of servo systems, 
can be made. Fig. 8 gives the raw output, viz phase and amplitude of the 
beam's response around one mode. Fig. 9 shows a resulting plot of the 
inverse of the beam's response (real versus imaginary part) for three diffe
rent stability margins (obtained by three different values of chromaticity; 
cf. (5c) below for the definition of Q'). The curves form a replica of the 
stability limit, but shifted by a vector proportional to the negative of the 
complex coupling impedance. The stability limit itself, calculated from the 
measured (by a longitudinal Schottky scan) density distribution is also drawn 
in Fig. 9 (dotted line). This last curve is given in an absolute scale. 
The three others are scaled to enclose the same area, the absolute gain of 
the observation equipment being unknown. Other methods employ white noise 
dipole excitation, or observation of the transverse Schottky-noise spectrum 
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emitted from the beam . There is hope that these methods may ultimately 

enable one to plot the phase and amplitude of the transverse coupling impe

dance, defined as 

[total deflecting field around the circumferencej 
T 6 [the beam's perturbed dipole moment! 

2irR 

/ [E + vxB] ds 

• j WÏ ( " / m ) ( 2 ) 

over a wide range of frequencies. Another experimental method for measu

ring transverse wall resistance, this one more suitable for high frequencies 

up into the gigahertz range, will be mentioned in chapter 3. 

Such measurements are important because, in practice, the easily calcu

lable skin impedance of smooth pipes, with its 45° phase angle and square-

root frequency dependence, dominates the situation only at the lowest modes. 

At medium frequencies, up to perhaps a few hundred megahertz, the dominant 

effect is wall inductance due to corrugations (vacuum bellows), steps in 

cross-section, clearing plates etc., accessible to only approximate calcula

tion at best. At even higher frequencies, resonances may appear. 

Furthermore, there are simple relations between the longi

tudinal coupling impedance Z of (1) and the transverse impedance Z which 

make reliable measurements of Z even more useful (and vice versa). 

The following is worth noting in passing: as Z is, generally, based 

on magnetic deflection it is proportional to Z /n, not Z alone. For a 
Li Li 

circular pipe of radius b and given surface impedance the relation is 
• , 20) 

simply 

where u> is the actual frequency and c the velocity of light. For a given 

stabilizing frequency spread, constant wall inductance L leads to a 

frequency-independent Landau threshold, in both the longitudinal and the 

transverse cases. This can be seen by inserting (3), with Z = wL, into 
21) 

the transverse stability criterion presented by B. Zotter in an earlier 
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lecture of this series, viz 

Z J < 4 F ^ £ § X i Au 

T1 e I R 
0 

r 
(4) 

where Q is the betatron wave-number, R. the average machine radius, I the 
o 

total coasting beam current, u /2TT the revolution frequency and Au the 

stabilizing frequency spread (full spread at half height; a formula will 

be given below) which one can observe directly on Schottky scans (the 

spectrum of statistical noise picked up from the beam). The form factor 

F depends on the density distribution in Au and on the phase of Z , but is 

unlikely to differ much from unity. 

2.4 Transverse instability due to wall impedance - cures 

The basic cure is Landau damping by means of a tune spread (i.e. sex-

tupole fields). Above transition a positive chromaticity is required to 

avoid cancellation - at some high mode - of the tune spread and the direct 

spread in revolution frequencies produced by a given momentum spread Ap. 

This can be seen from the following equation, expressing the total, stabili

zing frequency spread Au, for the potentially unstable modes at frequencies 

(n-Q)u , in terms of the chromaticity £ and of the transition parameter n, 

which is negative above transition (cf. (la)): 

u 
Aw = Ap — [(n-Q)n - QÇ] (5) 

P 

with 

5 S t sq p 
3p Q 

n = 3w p 
3p u 

(5a) 

(5b) 

Here, n is the circumferential mode of the instability. Instead of Ç, 

Q' = P U = Qç <5c) 

is often used. Clearly, cancellation between the two terms in the square 
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brackets of equation (5) has to be avoided. The same point is illus
trated by Fig. 10 showing a transverse Schottky scan. The small peaks 
are revolution harmonics and the large peaks are the bands of betatron 
frequencies at (n ± Q)f . Every other such band is narrowed by partial 
cancellation of tune spread and revolution spread, but, with the choice 
of signs made, they are the inherently stable "fast waves" at (n + Q)f . 

The tune spread is limited, however, by the requirement of avoiding 
low-order resonances. Fig. 11 shows the two areas in the tune diagram 
(vertical tune Q plotted versus horizontal tune Q ) generally used in the V H 
ISR. These areas yield large tune spreads free from resonances below the 
order 6 (or even 8 in the upper area). In order to keep the working line 
in the prescribed area - with its edges close to the bordering resonances -
and to keep the local chromaticity the same everywhere inside the stacked 
beam, a precise compensation of the local space-charge tune shift across 
the aperture must be performed. The details of these "working-line 
corrections" are far outside the scope of this lecture, but they have been 
among the main-line developments at the ISR, directly motivated by the 
problem of transverse stability. 

22) Feedback stabilization is basically not difficult for the lowest 
azimuthal modes. Apart from a gain in stable current by a factor that will 
be discussed below, feedback stabilization, even if limited to low modes, 
yields the following advantages: 

i) Only at the lowest frequencies is the transverse wall impedance 
dominated by the skin impedance. The possibility of dealing with these 
frequencies by feedback (whose loop-gain is hardly limited, in practice) 
rather than Landau damping makes a chamber material of high electrical 
resistivity (stainless steel!) much less objectionable. 

ii) The working line near to the integer resonances, shown in Fig. 11, 
becomes possible. It permits a particularly large tune spread (about 
0.1), but the large skin depth at the very low frequency of the lowest 
mode n-Q (down to roughly 10 kHz in the ISR) would offset this advantage 
for Landau damping. 

iii) Feedback damping is free from the frustrations of "latent" 
behaviour. 
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However, as one must still rely on Landau damping above the feedback's 
cut-off frequency, the factor gained in stable current is only the Landau 
threshold just above cut-off over the threshold at the lowest mode. Over 
a wide range of frequencies (a few tens of megahertz in the ISR) gain comes 
only slowly with extension of frequency-range, because Z , dominated by 
constant wall inductance, does not fall (3) and Aw of (5) rises only slowly, 
as the first term in the square brackets becomes dominant. 

One technical obstacle to the extension of feedback frequency-range is 
22) electronic noise which tends to blow up the beam's transverse emittance 

(beams in proton storage rings are kept for several tens of ours, typically). 

Other problems are stable roll-off of the loop gain (a low-frequency 
system can be cut abruptly between two discrete modes) and output power (to 
cope with induced signals during injection). A limitation to the loop gain 
may arise from having to keep the modes at (n + Q)f stable, for which the 
feedback tends to act with the wrong phase. 

The ISR now operates with a vertical feedback having unity loop-gain at 
about 50 MHz (viz about 160 times the revolution frequency). No appreciable 
blow-up due to amplifier noise is observed. The system yields a gain in 
stable current by about a factor two for the working line marked 8 C in Fig. 11, 
somewhat less for the larger tune spread of the other line, marked ELSA. 
Close to 40 A circulating current has been obtained. 

2.5 The e-p instability 

A transverse coasting-beam instability of very different nature can occur 
in the coupled oscillations of protons and electrons, which are created by 
ionization of the residual gas and trapped in the protons' electrostatic 

23) potential. This has been observed in the Bevatron and has long been 
24) a problem for the ISR . At typical ISR beam currents the electrons' 

oscillation frequencies in the protons' potential is of the order of 100 MHz 
or higher. The instability is by no means destructive. In fact, the 
observed dipole moments of proton oscillations are extremely small, equiva
lent to bary-centre amplitudes of a few times 10 m- Fig. 12 shows an 
example. It is the output of a spectrum analyzer scanning the signal from 
a single plate pick-up electrode sensitive both to vertical oscillations and 
to variations of longitudinal charge density. The regular comb of spectral 
lines at all revolution harmonics is the longitudinal Schottky noise of the 
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protons. The lines in between, at (n-Q)f are due to electron-proton 

instability. The instability is intermittent. It stops when the 

electrons, driven to large amplitudes, are shaken out to the walls, or 

out of resonance with the protons. It restarts when a sufficient 

number of new electrons has been accumulated. Slow beam blow-up and 

background problems are the result. 

In spite of many unexplained observations there is at least qualita-
25) 

tive agreement with theory . Typical threshold values of electron 

concentration for the onset of this instability are very low; of the order 

of a few electrons per thousand protons. The only effective cure is to 

improve the clearing, by installing many clearing electrodes and by lowering 

the pressure to the point (below 1 0 - 1 1 torr in the ISR) where electron-

proton collisions can compete with the electron production rate and, thus, 

contribute to the clearing. 

3. Bunched Beams 

Bunched-beam longitudinal instability tends to occur with low threshold 

intensity in most proton machines . To bring classification to the 
30) 

colourful world of observation one needs two sets of mode numbers , viz 

a) (in a multibunch ring) an azimuthal index n, which specifies the 

bunch-to-bunch phase difference 2ïïn/M for coupled oscillations of M 

bunches filling the azimuth (or 2Trn/h, where h is the number of RF 

buckets, not necessarily all filled), 

b) a within-bunch mode number m, with m = 1 for dipole (rigid-bunch) 

oscillations, m = 2 for quadrupole oscillations (a mismatched bunch 

periodically becomes shorter and longer), m = 3 for a sextupole 

mode and so on, as shown in Fig. 13 

Figure 14 shows an almost pure dipole oscillation (left) and a super

imposed quadrupole oscillation (right) occurring for two different RF 
28) 

conditions in the ISR ; Fig. 15 shows a sextupole mode in the CPS boos-
31) 

ter ; Fig. 16 permits a determination of the bunch to bunch phase shift 

and Fig. 17 shows the growth of a (predominantly) dipole oscillation in 

the ISR. 

30) . • 
A general theory exists predicting growth rates and stability 

criteria for different kinds of coupling impedance. The bunch-to-bunch 
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memory of a resonant impedance is, in general, required to produce coupled 
oscillation. Such parasitic resonators may be formed by higher modes in 
the accelerating cavities, large vacuum boxes, inflector structures etc. 
Finding the main offender in a large, existing, machine can be a problem. 
The growth rate of different modes m is proportional to a form factor F 

30) . m 

which is plotted in Fig. 18 as a function of 

A<f> = ai x bunch length in seconds (6) 
res 

i.e. of the phase change of the resonator during the passage of the bunch. 
By observing which is the dominant mode m for different RF voltages and, 
hence, bunch lengths one can find ranges for A<f>. This, then, can give a 
likely range for f , the offending resonator's frequency. Observation res 
of the coupled bunch mode n may give additional information on f 
(If the RF frequency is very high this alone, or the observation of the 
corresponding spectrum of bunch frequencies, may be all that is required to 
identify f e.g. in 29) .) If the machine circumference is only partly res 
filled a comparison of the growth of the first and the last bunch yields an 
estimate of the quality factor. 

The Landau damping for these instabilities can be grossly affected by 
30) self-forces inside the bunch , due to space-charge capacitance and wall 

inductance. These self-forces also change the effective RF bucket para
meters and the incoherent phase oscillation frequency. The latter effect 
lends itself to rather reliable measurements . The shift, Af , of 

s incoherent frequency is proportional to 

[ 2 3 ^ " U r L (7) 

where g is a geometric coefficient, Z = (u /e ) , L the total wall induc-
o o o o • 

tance and I the bunch length. The incoherent shift is difficult to measure 
directly, and the frequency of the coherent dipole mode is not affected by 

32) 33) self fields. However, coherent higher modes are affected . The 
quadrupole mode is shifted from twice the phase oscillation frequency by 
f /2, and this can be measured directly. An elegant method consists in 
exciting simultaneous coherent dipole and quadrupole oscillations and 
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measuring the beat between the two oscillations. Figure 19 shows 
this for the ISR. Observing the energy dependence may even permit a 
separate determination of the direct space charge (g in (7)) and the 
wall inductance L, but the latter is predominant in high-energy machines. 
Figure 19 yields a total wall inductance of 13 yH for the ISR, consistent 
with estimates of the effects of chamber cross-section variations, and 
clearing electrodes. One may make use of this result for calculating 

21) transverse coasting-beam stability via (3), (4) and (5) 

3.1 Longitudinal instabilities - cures 

In proton machines, where the phase-oscillation frequency is low, the 
growth of the coupled bunch instability is relatively slow (although the 
threshold tends to be low). Hence one can often live with it. If the 
bunches are well centred and matched at injection it takes several e-folding 
times before the original errors have grown to appreciable amplitudes. 
Acceleration or stacking may be completed before much harm is done. This 
is the case in the ISR, for example, where the time-scale of Fig. 17 should 
be compared with the duration of a stacking cycle of about two seconds. 
However, to make the growth rate that slow, large resonant coupling resis
tances (of vacuum boxes and the like) must be carefully weeded out. In 
general, the instability will stop by itself, due to nonlinearity, once 
the bunch has been blown up to fill the bucket. But this would correspond 
to a drastic dilution of phase-space density. 

One may try to decouple the oscillation frequencies of different bunches 
by a modulation of the focusing force with a subharmonic of the main radio 

27) frequency (to be provided by a separate subharmonic cavity). 

Sometimes deliberate blow-up early in the acceleration cycle by "bucket 
31) shaking" can be effective in obtaining an optimum density distribution 

and avoiding overshoot by instability. Figure 20 shows this for the CPS 
booster. 

Landau damping is provided by the frequency spread inside the bunch, 
due to the nonlinearity of the RF wave. However, space charge and induc
tive walls - while not contributing to the growth rate of the instability 
- produce a frequency shift (the same for all particles in a bunch of 
parabolic line density) that can move the working point far outside the 
stable region due to the spread of incoherent frequencies. This is 
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particularly so for small bunches in large buckets (cf. the third power 
of bunch length in (7)). To re-establish stability one may drastically 
increase RF nonlinearity by means of an additional cavity ("Landau cavity") 
operating at a harmonic of the main RF. This has been successfully tried, 

28) e.g. m the ISR 

Finally, feedback can be employed. The n = 0, m = 1 mode is automa
tically dealt with by the phase-lock system, which is mandatory in all 
proton machines for other reasons. (One may also lock the RF to one 
bunch, which is then stabilized, as distinct from all others.) The in
fluence of beam-loading on the stability of phase-lock and other feedback 

34) loops generally employed in proton RF systems is discussed in ref. 
The n = 0, m = 2 mode can be stabilized rather easily too, by an amplitude 
modulating feedback treating all bunches equally, and often employed for 
other reasons. But all other azimuthal modes, n, have to be stabilized 
also. 

If the bunch number is not too large, one employs different feedback 
channels for different modes n, separated by filters. Such a system has 

35) been built for the CPS booster where n = 5. Two heterodyne tracking 
filters are sufficient in this case: one tracks the sixth harmonic of f 

r 
and covers modes n = 1 (upper synchrotron frequency sidebands) and n = 4 
(lower sidebands) while the other tracks 7 f to cover modes n = 2 and 3. 
Because f changes by a factor of three during acceleration, a variable 
phase shift is added to each channel, controlled by counting RF periods. 
The bandwidth of each filter extends to four times the synchrotron frequency 
(±20 kHz) and therefore can simultaneously damp dipole, quadrupole, sextu-
pole and octupole within-bunch modes. A block diagram is shown in Fig. 
21). 

Another solution has been adopted for a feedback system in the ISR , 
where each of the 20 bunches is treated separately. There are two sets 
(for m = 1 and m = 2) of 20 identical channels (Fig. 22), each with its 
own sensing device and subsequent low-pass filter. Here, the sensor for 
dipole oscillations is a phase detector; for quadrupole oscillations it 
is a peak detector, taking advantage of the fact that the peak RF voltage 
induced in a pick-up varies as the inverse of the bunch length. Fast, 
beam-synchronized switches and fast modulators for phase and amplitude 
make each channel "see" its own bunch only. The final power amplifier and 
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cavity is made broad-band (for small signals) by a powerful feedback 

circuit, which is anyhow part of the ISR RF system. 

In either case, the correction signal contains frequency components 

far outside the (unloaded) bandwidth of the RF cavity. This is possible, 

so long as overload of the power amplifier can be avoided. 

Single bunches and two bunches in one accelerator are generally found 

stable, in accordance with theory. One may profit from this in new 

designs (e.g. for acceleration in ISABELLE ) or for the undisturbed study 

of single bunch phenomena, such as blow-up by RF noise. 

3.2 Transverse instability - diagnosis 

Coupled bunch motion, similar to the longitudinal case, is also possible 

transversely. Figure 23 gives an example, observed in the CPS booster. 

However, the head-tail instability, created by the combination of 

synchrotron and betatron motion, does not require long-range wake fields and 

is often observed as a single bunch phenomenon. 

20) 
A complete theory is given in from where the classification of 

possible modes, represented in Fig. 24 is taken. It shows the waveforms 

appearing on a fast dipole pick-up as the same bunch passes by on successive 

revolutions, k. For zero chromaticity, all particles have the same beta

tron frequency, and the bunch can oscillate rigidly (m = 0 mode) or in the 

various higher within-bunch modes (m = 1, 2, . . . ) . In this case, any two 

parts of the bunch move either in-phase or 180 degrees out-of-phase, so short-

range wakes cannot produce instability. Figure 25 shows the zero chro

maticity, m = 0 mode as observed in the CPS booster. 

For finite chromaticity, Ç, the modulation of betatron oscillations 

with synchrotron motion makes different parts of the bunch oscillate with 

different phase. Rigid motion is no longer possible. Instead, the 

lowest mode (m = 0) appears on a stationary PU as a snake with phase-shift 

X between head and tail where 

£- Qw T (8) 
n r 

and T is the bunch length in seconds. 
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The same phase-shift occurs for the higher modes (M > 0), but modu

lated by the standing wave pattern with m nodes. Because of the addi

tional phase-shift, different parts of the bunch now oscillate with a 90° 

out-of-phase component, so short-range wakes can also cause instability. 

All this is beautifully borne out by experiment, as can be seen from 

Fig. 25 to Fig. 27 ' referring to the PS and the PS booster. 

Equation (8) defines a "chromaticity frequency" 

h = n Q £ r ( 9> 

which is the peak of the bunch's frequency spectrum. The width of the 

spectral peak is the sharper, the longer the bunch. The growth rate, 

produced by a given real part of transverse coupling impedance, ReZ , is 

predicted by theory. For m = 0 and a broad band impedance the growth 

rate equals 

egc2I _ 
ReZ ff) . (10) 

2Qw yE *• T r 

where I is the current in one bunch of length I (in metres), and Z is 
b T 

averaged over the width of the bunch spectrum. One can use (9) and (10) 

to measure ReZ over a wide range of frequencies, by observing the growth 

rate (generally at m = 0) for different (negative, above transition) 

chromâticities. Very high frequencies can be reached near transition, 

because of the denominator n in (9). In this way ReZ in the PS has been 
37) 

explored up to 2 GHz. The result of such measurements might then be 

applied to coasting beam stability calculations in storage rings (although 

it is true that knowledge of |z| rather than ReZ would be required for 

predicting thresholds). 

3.3 Transverse instability - cures 

The sweeping cure for bunched^beam transverse instability is octupole 

field, providing amplitude dependence of frequency. Contrary to the coasting-

beam case, chromaticity does not contribute to Landau damping because of 

the averaging of particle momenta by synchrotron motion. However, if only 

short-range wakes (broad-band impedances) are present, instability is 
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prevented by making the chromaticity zero. On the other hand, for 
longer-range wakes, for example resistive-wall, sufficiently large chroma-
ticity can sometimes reduce the growth-rate by shifting the instability to 
the higher modes, which grow more slowly. 

Feedback systems have been used and are being planned . In 
39) particular, a fast, bunch-to-bunch, dipole feedback in the ZGS seems 

to be among the first electronic systems ever used to fight a coherent 
instability. More recently, a fast, turn-by-turn feedback damper has 

40) been built for the FNAL accelerator . A similar system is planned for 
the SPS. 

4. Conclusions 

I have said nothing quantitative about the heart of the matter, the 
coupling impedance, in spite of the large amount of material on calculation 
* • J c - A i • A + • t 4) 12) 41) 42) , 
of impedances for idealized geometries (e.g. and even on 43)-45) bench measurements . Unfortunately, this still reflects the actual 
situation. In existing machines one had to be content with the elimina
tion - during construction or running-in - of only the most conspicuous 
resonant elements, and with approximate measurements - with beam - of the 
remainder, which one calls "reasonable" so long as Z /n does not exceed 
a few tens of ohms, although such values are far above the skin impedance 
of smooth walls for all but the very lowest frequencies. In future 
machines, smooth chamber walls will have to be a basic design feature from 
the start. 
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66562 

Fig. 1. Microwave signal during debunching in the CPS. 
Top: RF voltage 
Bottom: pick-up signal 1.5 to 1.8 GHz 
Sweep: 2 ms/div. 
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800 revolutions 

1000 revolutions 
2 x vertical scale 

10 ns 

Fig. 2. Bunches in the ISR at different times after injection, 
with the RF turned off. 
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I n s t a b i l i t y appear ing dur ing RF-voltage decay. 
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Fig. 4. 400 MHz pick-up in the ISR, appearing during 
adiabatic decay of RF voltage. 
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Bunch length and bunch area vs. current 
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Fig. 5. Bunch length and area in ISR versus 
beam current. Blow-up occurs above 
130 mA. 
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Fig. 6. A series of spectrum analyser scans of the signal 
from a longitudinal pick-up in the ISR, showing 
the presence of particles at different momenta and 
different times after injection in the ISR. The 
injection momentum is to the right. The top traces 
show the regular acceleration of the injected beam 
towards the stacking momentum. After about 0.4 s 
noisy clusters of particles can be seen to emerge 
from the main beam and to be decelerated back 
towards the inner aperture limit. The slope 
formed by the front edges of the noisy bands gives 
the energy loss per turn, about 2 keV in this case. 
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Fig. 7. "Brickwall" intensity limitation in the ISR 
due to transverse instability. 
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Fig. 8. Amplitude and phase response of coasting beam 
to swept-frequency RF excitation (dipole mode), 
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b) Q« = 2 .0 
e ) Q< . 1 .5 
d) Q' - 1 .1 

(n-Q) = 0 .38 

a) c a l c . from long . Schottky scan 

ÔTB-^T-

Fig. 9. Dotted line: Stability limit in the U', V 1 plane, 
calculated from measured (by Schottky 
scan) density distribution. 

The other three lines: The inverse of the beam's 
response to a swept-frequency excita
tion, for different values of 
Q 1 = 3Q/p3p. They form a replica of 
the stability limit shifted by a vector 
proportional to the negative coupling 
impedance. The curve marked Q' = 1.5 
is plotted from Fig. 8. 
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Fig. 10. Schottky scan of coasting beam in ISR, 
showing different width of alternate 
bands of betatron frequencies. 
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Fig. 11. Tune bands used in the ISR. 
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Fig. 12. Spectrum analyzer scan showing 
e-p instability in the ISR. 
(The regular comb of lines is the 
longitudinal Schottky noise.) 
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13. Internal modes m of longitudinal bunch oscillations. 

Top: phase-plane diagrams 
Bottom: line density as seen on a pick-up 
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Fig. 14. Bunch oscillations in the ISR for 
two different RF voltages. 

Fig. 15. Sextupole bunch oscillation in 
the PS booster. 
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100 ns 

Fig. 16. Coupled bunch oscillations in the ISR. 
Bunches with the same phase are connected 
by the oblique dashed lines. 
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Fig. 17. Growth of longitudinal instability in the ISR. 
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Fig. 18. The form factor F for different modes m 
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of longitudinal bunch oscillations. 
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Fig. 19. Interference between dipole 
and quadrupole oscillations. 
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Fig. 20. Stabilization (lower trace as compared 
to upper one) by "bucket shaking" in 
the CPS booster. 
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Fig. 21. Feedback system stabilizing longitudinal 
bunch oscillations in the CPS booster. 
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Fig. 22. Feedback system stabilizing longitudinal 
bunch oscillation in the ISR. 
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Fig. 23. Coupled bunches, transverse oscillations in the 
CPS booster. Growth rate is shown to the right. 
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Fig. 24. Head-tail modes of transverse oscillation. The diagrams show the 
contortions of a single bunch on separate revolutions, and with 
six revolutions superimposed. Vertical axis is difference signal 
from position monitor, horizontal axis is time, and Q = 4.833. 
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Fig. 25 

mode o 
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Fig. 26 

Fig. 27 

m = 1 
X = 6.9 radians. X = 

Head-tail modes as shown in Fig. 24, actually observed in the PS 
and the PS booster. 


