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1. Introduction 

A reactive feedback system has been proposed1 for LEP which will control 
the coherent betatron frequency with the aim to increase the threshold for the 
transverse mode coupling instability. The two particle model 2' 3' 4' 5 has been 
used6 to investigate the effect of this feedback system on transverse stability. 
This analysis predicted a significant increase in the thrcsnold for instability. 
More recently the two particle model has been extended7 , 8 to eliminate some of 
the more worrying simplifying assumptions. The improved model confirmed the 
previous predictions that reactive feedback can indeed increase the threshold for 
transverse instability due to mode coupling. 

In parallel with these analytical techniques a multi-particle feedback simula
tion computer code was developed' which included many effects which were not 
included in the simple analytical models. The results of this simulation program 
highlighted some conditions8 under which reactive feedback would not increase 
the threshold for instability even though the transverse coherent tunc shift was 
perfectly compensated. The reasons for these discrepancies are not yet fully un
derstood, although several likely hypotheses have been proposed and are being 
actively pursued. In view of the fact that the performance of LEP (and all other 
large e+e~ storage rings) is thought to be dictated by this transverse instability, 
it is considered crucial that the effect of reactive feedback on this instability be 
known and tested. 
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For this reason it is proposed that (as well as and in parallel to computer 
simulation) a reactive Feedback teat be performed on an existing large electron 
positron storage ring. The two largest electron positron storage rings in existence 
today (PETRA and PEP) have both experienced and suffered from this transverse 
instability. However, there are two important aspects in which their behavior is 
different. Firstly, in PETRA the instability occurs io the vertical plane much 
sooner than predicted by theory, whereas in PEP the agreement with theoretical 
predictions is reasonably good. Secondly, at the onset of instability coherent 
signals are not observed in PETRA while the opposite is true in PEP. This 
second observation indicates that the mode coupling in PEP b between the mode 
zero (which is controllable by reactive feedback) and the mode —1, whereas in 
PETRA the mode coupling appears to occur between higher modes. It b therefore 
apparent that the PEP storage ring is the perfect place to carry out a reactive 
feedback test. 

2- Tfane Shift Requirements 

The transverse wake fields which are induced by particles at the "head" of 
the bunch influence particles at the tail of the bunch. Due to synchrotron motion 
the "head" and "taiP iutcrchangc roles once every half synchrotron period. The 
combination of these two phenomena cause frequency shifts of the natural modes 
of oscillation within the bunch. A simplified diagram of such frequency shifts as 
a function of bunch intensity is shown in Fig. 1-

The threshold for instability is reached when two intra-bunch modes have 
the MIUP frequency. For short bunches the instability usually occurs when the 
frequency of mode zero decreases to meet the frequency of mode —I, i.e., insta
bility (wears when 

Since mode zero is . lie dipole moment of the beam it can be detected by 
a pick-up and acted upon by a deflector. 

The aim of the reactive feedback system b therefore to maintain constant 
the frequency of mode zero. In order to do this the system must provide a tune 
shift AQpjj given by 
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3< Conversion of PEP Feedback from Resistive to Reactive 

The only essential difference between resistive and reactive feedback is the be
tatron phase advance from the pickup to the kicker. A resistive feedback system 
requires An odd multiple of JT/2 whereas a reactive feedback requires a multiple 
of jr. Usually the feedback "kick" is applied about one turn after detection of 
the "error" signal. Consequently the PEP resistive feedback system could be 
converted from resistive to reactive either by (l) increasing the machine tune 
by T/2I (2) waiting (in additional turn before applying the kick, or (3) choosing 
a different pickup ;r/2 betatron radius away from the present one, 

3.1 EXISTING PEP RESISTIVE FEEDBACK SYSTEM 

The essential components of the PEP feedback system10 are 

1. Four titrip-liiic pickups (one for each beam in each plane) 

2. Electronics1 * to detect and measure tbe displacement of the center of grav
ity of each bunch 

3. Amplifiers to amplify these center-of-gravity signals, and 

4. Two 2.8 m long deflectors (one per plane) to apply the correcting kick. 

This system was originally designed to produce a transverse damping time 

Tfjf — 2.4Sms at 14 GeV (700/u at 4 GeV) . (3) 

This value determines the overall gain of the system. A reactive feedback system 
with identical gain (i.e., by simply increasing the phase advance from pickup to 
kicker by ff/2) produces a coherent tun- shift given by 

Hence at 14 GeV the feedback tune shift is .00048 and 

^ ^ ~ 0 1 (forQ,~.05) (5) 
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It is clear from Eq. (S) that a reactive feedback test at 14 GeV using the present 
resistive feedback gain would be meaningless since the resulting tune shift is 
nearly two orders of magnitude too low. It b equally clear that this unfavorable 
ratio may only be improved by increasing AQftf and reducing Q.g. 

3.2 INCREASING &QFB 

In terms of hardware parameters the tune shift of the PEP reactive feedback 
system ts 

A < ? r a — \ - ^ m — (0) 

where 

e is the velocity of light 

(Q is the length of the deflector (2.8 m) 

£ is the beam energy 

5 is the transfer function of the pickup plus detector circuitry (volts/m) 

A is the gain of the voltage amplifier (volts/volts), and 

K is the transfer function of the deflector (Tesla/volts) 

If it is assumed that the kicker is given and immovable then the feedback 
tune shift may be increased by 

(i) Increasing fipu. This implies finding a pickup in the lattice which is situated 
at a high 0 and has the appropriate phase advance. One should also realize that 
the stripline pirkups have been specifically installed to give a high sensitivity. It 
is hoped12 that the reduction in sensitivity in going to "button" type pickups 
may be compensated by improvements in the detector circuitry. 

(ii) Reducing the Beam Energy. The test of principle of reactive feedback may 
of course be done at any energy, however, the minimum energy at which PEP 
has operated is 8 GeV. It is generally felt that PEP could operate (with some 
preparation) in the energy range 5 —* 8 GeV. 

(iii) Increasing the Loop Gain A. The limit in increasing the loop gain A is 
given by saturation of the power amplifiers and the signal/noise ratio. This may 
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best be explained by reference to Fig. 2 which shows a simplified block diagram 
of the system. 

The displacement of the beam ( i p u ) is detected and converted into a voltage 
signal S 3tpu. The noise inherent in the detection is represented at Vn\. This 
noise has frequency components coincident with the required signal. This signal 
is then passed through a suppressed carrier modulator to prepare it for the kicker. 
Associated with this circuit there is noise (Vno) introduced at the harmonic of the 
revolution frequency (but not at the frequency of the signal). The input voltage 
to the power amplifier V/tf is given by 

VIK=A[Sxptt + Vnt+Vn2) (7) 

The amplifier saturates when VlK = VJK- The signal/noise ratio [Sn) can be 
defined as (S Xpul/tnt since V„2 is at a different frequency and does not affect 
the betatron motion of the beam. Henci-

where 

A denotes the maximum value of loop gain compatible with maximum input 
signal to the power amplifiers. 

It is clear from (8) that the maximum loop gain may be increased by reduc
ing the signal/noise ratio Sn; this implies that the coherent signal tpu should be 
reduced. The A may also be increased by reducing the noise V„i and \n2 in the 
system: V„2 may be significantly reduced by filterae; since it is at a different fre
quency, however V„2 is inherent in the detector design and is not easily improved 
upon. 

The present values of the parameters ID Eq. (8) arc 1 2 

VIK = 3.0 V ; Vnl = 50 mV ; Vn2 ^ 50 mV (9) 

Hence for 

Sn = 3 A *= 12 and for Sn = 8 A = 6 (ID) 
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3.3 REDUCING QS 

The idea in reducing Qs is simply to reduce the coherent tunc shift at which 
the instability occurs. However, reduction of Qs causes a reduction in the en
ergy acceptance of the rT bucket (and hence the quantum lifetime) as well as an 
incrrasi' in the bunch length. It is known that the threshold for instability can 
he rhanged by large variations in the bunch length. However, since the bunch 
Ir-ngth at; h also energy dependent, i.e., 

the already proposed reduction in energy will help compensate for Qs and main
tain the bunch length reasonably constant. 

The quantum lifetime due to particles escaping from the rf buckets b ap
proximately given by 

r i -«<aMffl 
where 

j£ is the energy damping time 

o~£ is the rnis energy spread of the bunch, and 

&E is the half energy spread of the bucket, and are given by 

AE - - - - L 

E "A \ ~ eos£, J 

Normally for AE as 8ffg the quantum lifetime is tens of hours. Imposing this 
condition in Eqs. (13) and (14) dictates the minimum value of Qs which will 
allow a reasonable quantum lifetime, i.e., 
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For a $s of around 1-10° the term inside the curly brackets is rround unity, For 
the PEP parameters; h = 2592, -ft = 16.6, $ = HO0, p = 165 then 

iQs)min =•*27 X 10~ 3E {BinGeV) (16) 

[Qs — .022 at 8 GcV and .013 at 5 GeV). 

It can be seen from Eq. (15) that Qs may be decreased (at constant energy 
and maintaining constant quantum lifetime) by (i) stronger horizontal focusing, 
i.e., increasing ^t and/or (it) decreasing the energy damping partition number 

4* Horizontal or Vertical Heat 

In order to simplify the experiment it would be helpful to provoke the trans
verse instability and apply the feedback in one plane only: it would, for example, 
be confusing for the interpretation of the results if the feedback cured the vertical 
instability only to find the horizontal instability at a small increment in beam 
intensity. For this reason, machine configurations Wi.ro sought v/hich would in
crease (decrease) the threshold for instability in one plane for above (below) that 
for the other piane. 

The transverse mode coupling instability is governed by the product of the 
betatron amplitude function ft (at the source of the transverse impedance) and 
the value of the transverse impedance. For an existing machine this means thit 
the instability may be controlled by controlling the 0 values in the rf cavity 
regions. Since, in PEP, the cavities are close to some interaction points the first 
attempt to change their fi values was to change the /? at the interaction points.13 

For each configuration the sum of the d values in the cavity regions were evaluated 
in both planes for comparison. These results arc shown in Tabic I. 

Inspection of this table indicates that it is relatively easy to increase the 
threshold for vertical instability far beyond that for horizontal, but not the re
verie It Ihtrtfort appears that the test should be prepared for the horizontal 
plane. It U also worthwhile to note14 that with the usual PEP configuration 
(«JW 1 of Ibe tabic) the instability does occur first m the horizootal plane (but 
at higher intensities tiian are required to reach the beam beam limit). 
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Table 1- Comparison of Horizontal and Vertical Instability 
For Various Configurations13 

Qx Qy It n n h K ZPz L0g Zfi. 0zpu2O 
(over 8 cavities) (m) 

21.25 18.20 19.7 2.7 0.11 101 435 304 110 3.6 145 
21.25 18.20 10.7 4.5 0.11 120 435 262 113 23 06 
21.2S 18.20 19.7 2.7 0.16 101 200 401 128 3.1 145 
21.25 18.20 19.7 1.0 0.13 484 368 056 118 8.1 — 400 
35,25 20.20 22.16 3.0 0.11 175 435 145 112 1.3 — 120 
25.25 20.20 22.16 4.5 0.11 130 435 172 112 1.5 — 05 
25.25 20.20 22.16 7.0 0.11 105 435 13* 123 1.1 — 70 

It is also worthwhile to underline some of the disadvantages in being com
pelled to do the test horizontally. 

(i) Injection. Injection is performed in the horizontal plane. The coherent beam 
motion resulting from the injection process may cause premature saturation of 
the feedback system due to the increased Icro gains needed. However it will 
be seen later that a procedare can be foreseen which will avoid this problem by 
utilizing the range of £ (tz which b apparent in Table 1. 

(ii) Momentum Dispersion. Momentum dispersion is much larger horizontally 
in tbe arcs. Hence for pickups placed in the arcs, the effective feedback loop gain 
will be reduced by coherent energy oscillations. This problem may be alleviated 
by using a pickup in a dispersion-free region. 

tin) Pickup Sensitivity. S is less by around a factor of two in the horizontal 
plane. This is simply due to the pickup geometry imposed by the beam aspect 
ratio and of course reduces the available tune shift proportionately (Eq. (6)). 

The main advantage of doing the test horizontally is that the horizontal /? 
value at the symmetry point (where the kicker and the strip-line pickup are 
situuted) is much larger than ihu vertical one by around a factor of 6. 
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5. Machine Time Required For Reactive Feedback 

As stated previously (Section 3) the PEP ff'H^.k system may be made 
reactive either by (i) increasing the tune by around .25 to near the half integer, 
(ii) applying (he kick (Ax*) after two turn? instead of one, or (iii) finding a suitable 
pickup at a tune shift of 0.25 from the present one. 

It was also pointed out in Section 3.2 that the feedback tune shift could be 
increased by using a pickup at a position of high 0. Since it to now clear that the 
test should be done horizontally it appears appropriate to look for an existing 
button pickup which is located at a high 0t value. For all the configurations of 
Table 1 the best pickup was found to be the one located 20 m from the interaction 
point. The 0 values (called 0xpU2o) at this pickup are also shown in Table 1 and 
range from around 100 to 400 in comparison with the 0X at the symmetry point 
(strip-line pickup) of 30 meters. This pickup at twenty meters from the IP in 
all configurations is at a AQ from the IP of 0.21 to 0.23. Consequently the Q 
advance from pickup to kicker &QPK is 

*?™: = ~ ° ± n . 2 i (17) 

where the plus (+) refers to use of the pickup upstream (in the direction of the 
beam) of the IP and the minus (--) to downstream. 

Consequently for AQPK to equal a multiple of 0.5 the following Q0 values 
are needed. 

Q0 =± 21.04or21.59 using upstream pickup 
(18) 

Q0 = 20.95.or21.50 using downstream pickup 

These values, close to the half-integer and integer arise since this pickup is ap
proximately 1.5 betatron wavelengths from the kicker and is therefore in an 
identical bet: trf>n phase space position to the strip-line pickup. 

If the feedback signal is delayed a further turn, then 
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In this case the valid Qo values are 

Qo — 21.02 or 21.28 using upstream pickup 
(20) 

Q 0 = 21.24or 20.08OT2l,r»0 using downstream pickup 

From the possibilities given in (IS) and (20) the best using the upstream pickup 
(which is nearer the kicker by 40 m) is 

QQ = 21.50 and feedback after one turn 

<?o ~ 2 1 - 2 8 a D < 1 feedback after two turns 

Operation of PEP at the latter tune value is clearly possible. However, if the 
accelerator could be optraf cd for single beams at a tune value of 21.59 this would 
be preferable for the reactive feedback test as the experimental interpretation 
would not be further complicated by application of the feedback signal after two 
complete turns. 

0. Estimates of AQp^/Qs 

Rcpeoting Eq. (6) for the horizontal plane 

c<o\lPK&puSxAzKx 

*Q™=~^im— 
where11 

St =^ 250 V/m (this is half the vertical value) 

Ax will depend on admissible signal/noise ratio (Eq. (8)) 

Kx = 3 O X l 0 - & r / V 

j % ==: 32 m 

IQ = 2.8 m 

and repeating (16) for the approximate Q$ dependence on E 

Qs = 2.7 X 1 0 _ 3 £ [E in GeV) 
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AQro __ \ceQy/fasrKx\v^« A* . u 

Qs ~ \4ff X 2.7 X 10° j 0 ~ K ' 
where all parameters which cannot vary significantly are grouped inside the 
brackets. Inserting values gives 

^_^4^± ( £ f a G e V ) ,22) 

where flpti may be (i) .32 tn for the striplinc-lino pickup, (Si) 145 m Tor the 20 m 
pickup with fl*z = 2.7, or (iii) 400 m for the 20 m pickup with j9£ = 1.0 m, and 
Ax will be in the range 6 (signal to noise ratio = 8) to 12 (signal to noise ratio 
= 3), and E may be in the range 5 to 8 C»V. 

Table 2 shows the calculated values of AQfy and &QFBIQS over a plau
sible range of energy and configuration. In addition the threshold intensity for 
instability has been rstimated for each case using the relationship 

and scaled from the measured result Ilh = 12 mA, Qs = -042, E = 14 GcV, 
0* = 2.7 m configuration. 

Conditions under which the threshold current per bunch is less than around 
1.0 mA should be avoided due to possible limitations in the detection of the 
coherent signal from such low intensities. 

It is clear from I Ms table that a rca-onable experiment can be foreseen over 
the whole energy range. 

7. Experiment Preparation and Procedure 

The simplest technique which one would envisage for a reactive feedback 
test would be to accumulate beam to the instability limit with and without feed
back and compare the intensities of threshold for the two cases. However, dur
ing injection and accumulation the beam is subjected to excitations (due to 
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injection kickers dr.) which provoke coherent oscillations. In order to satisfy the 
conditions of AQru/Qs for a reasonable test the gain of the feedback system 
must bo stretched to its limit, (.'ousfquently, the injection coherent oscillations 
are very likely to cause saturation of the feedback system and thereby confuse 
the interpretation of the results. 

Table 2. Parameter Range For Test 

Eneigy Qs fc fa hh Ax &QFB £<?Fff 
Qs (CeV) (mA) 

<n .022 2.7 32 3.6 6 
12 

.012 

.021 
.56 

1.09 

1.0 400 1.5 G 
12 

.042 

.085 
1.91 
3.8G 

2.7 145 3.6 6 
12 

.026 

.051 
1.18 
2.32 

4.5 96 5.4 0 
12 

.021 

.042 
0.05 
1.01 

7.0 .010 2.7 32 2.7 12 
.014 
.028 

.73 
1.45 

1.0 400 1.1 G 
12 

.048 

.096 
2.57 
5.14 

2.7 145 2.7 e 
13 

,029 
.058 

1.55 
3.09 

4.5 90 4.1 6 
12 

.024 

.048 
1.26 
2.52 

•i.O .016 2.7 32 1.9 6 
12 

.016 

.032 
.99 

1.98 

1.0 400 0.8 6 
12 

OSfl 
.112 

3.5 
7.0 

2.7 145 1.9 6 
12 

.031 

.067 
2.10 
4.21 

4.5 06 1.0 0 
12 

,027 
.055 

1.71 
3.43 

5.0 013 2.7 32 1.3 6 
12 

.01Q 

.037 
1.42 
2.85 

1.0 400 0.5 6 
* 
* 

.066 

.131 
5.04 

10.08 

2.7 145 1.3 6 
12 

.039 

.079 
3.03 
6.0G 

4.5 C6 1.9 G 
12 

.032 

.005 
2.47 
4.93 
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A more clean test would be to accumulate current close to the threshold 
in one machine condition, then switch on the feedback system (having stopped 
injection) .md then ramp the machine condition towards a less stable condition. 
The threshold for instability (in the absence of feedback) is given by (Eq. (23)) 

/ <rEQ* 
'th^^Ta 

/-•Peav 
Consequently, thfl situation of instability can Ya influenced by any (or any com
bination) or the following techniques 
(i) Energy. Current could be accumulated at a higher energy and later the 
energy ramped to a lower value. 
(>>) Qs- At ffcttl energy the synchrotron tune may be varied by varying the rf 
voltage. In this case enre sbould be taken to ensure sufficient quantum lifetime 
at the lower Qs* 

(Hi) £ ffcav It has been shown b Table I that the Eft 0 » may be varied over 
a reasonable range horizontally by varying the ft6 at the interaction point. 

7,1 POSSIBLE PnOCEDUHE 

The experiment may be performed with a single bunch or electrons 

1. Set up the more unstable machine "configuration" (configuration «) 

2. Inject and accumulate beam; during accumulation measure &Qw as a 
function of intensity up to the threshold citrvent (/ u) 

3. Set up the more stable machine configuration [S) 

4. Inject and accumulate beam and measure AQw as a function of current 
up to threshold (1$) 

5. Reduce intensity 1$ to around /« + around 10 -» 20% ( = /(); with in
tensity /< (feedback still off) slowly change from the stable towards the 
unstable configuration and note the conditions at which instability occurs 

6. Reset the stable configuration and accumulate to around 1.5 i u ; measure 
Q and Qs 

7. Switch on the feedback initially with reduced gain, and slowly increase the 
gain while measuring Q; when AQFti =z Q$ fix the gain 
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8. Slowly chang" from the stable to the unstable configuration. Hopefully 
tlic intensity 1.5 fv will still be stable when the ynst.ihlc configuration is 
reached, thus showing that the feedback has enhanced the tt>rcshold (at 
this point a short "'champagne break" would be appropriate) 

0. Reduce slowly the feedback gain until instability occurs 

10. Repeat points 6 to 0 with in creasing current to find the maximum enhance
ment factor due to &QfB = Qs 

11. Kepeat point* & to 10 "with increasing AQJTB-

This is the main part of the test, however if everything goes unexpectedly 
well, the polarity of the feedback can be reversed for comparison of the two 
suggested possible modes of operation of reactive feedback. 

7.2 EXPERIMENT FllE-REQUISITES 

(i) Lattice. A low energy lattice should be prepared which has good injection. 
In addition it should be possible with this lattice to vary Pi continuously in the 
range 1.0 to t.5 m. It would also be useful if the same lattice could be maintained 
during continuous energy change with beam (over a range say of a factor of two). 

(ii) rf. The low Qs and low energy require a low Vrj (e.g., at 8 GcV, Qs =; 
.022, Vtj = 3.6 MV). It would be useful if Vtj could be continuously varied 
[upwards) over a range of say four. In order not to be bothered by energy 
oscillations, the longitudinal feedback (phase lock) should be operating, 

(iii) Feedback. It would be very useful to be able to use either the stripline 
pickup or the pickup situated 20 m from the IP (on the feedback side). This 
should if possible be easily switchable and tested beforehand. 

It should be possible to apply the feedback signal after one turn or two turns 
(or ft x/2 phase shift of the detected signal). This may be necessary if the machine 
cannot be operated near the half-integer as required for n phase advance between 
pick'ip and kicker and a single turn between detection and feedback kick. This 
should also be tested if possible beforehand. 

la order to alleviate somewhat more the possibility of saturation of the feed* 
back loop it may be appropriate to filter out the noise component (referred to as 
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V*no iii Section 3.2) at 00 /o which results from the suppressed carrier modulation. 
Once again this should be tested beforehand if at all possible. 

8. Simulation 

Before the experiment actually takes place, the feedback simulation program 
will he used to predict the results of the experiment and possibly suggest some 
improvements to the experimental technique. The exact conflguration to be used 
in the actual experiment will be input to the simulation. 

9. Conclusions 

An important and realistic test to examine the effect of reactive feedback 
on the transverse mode coupling instability could he performed at PEP using 
the existing feedback system with some minor modifications. This test would of 
necessity take place at low eaergy and low synchrotron tune. 

Such an experiment is of great importance for the design of the LEP reactive 
feedback system and for the ultimate evaluation of LEP performance. 
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Fig, 1. Approximate frequency shift of head-tail modes with beam current. 



Sx p o +V n | 

8-84 4901A2 

Fig. 2. Simplified block diagram of PEP feedback systems. 
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