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The excitation of synchrotro-betatron resonances 
due to spurious dispersion and induced transverse de- 
flecting fields at the RF cavities has heen simulated 
for the LEP storage ring. These simulations have been 
performed for various possible modes of operation. In 
particular , a scenario has been studied in which LEP 
is operated at the maximum possible value of the syn- 
chrotron tune throughout the acceleration cycle, in an 
attempt to maximise the threshold intensity at &ich 
the Transverse Mode Coupling Instability (TMCI) 
occurs. This mode of operation necessitates the cros- 
sing of synchro-betatron resonances at some points in 
the acceleration cycle if low order non-linear machine 
resonances are to be avoided. Simulations have been 
performed in which the machine tune is swept across 
these synchro-betatron resonances at a rate given by 
the bandwidth of the magnet plus power supply circuits 
of the main quadrupole chain. The effect of longitu- 
dinal and transverse wake-fields on the excitation of 
these resonances has been investigated. These studies 
indicate that the distortion of the RF potential well 
caused by the longitudinal wake fields increases the 
non-linear content of the synchrotron motion and con- 
sequently increases significantly the excitation of 
the higher order synchro-betatron resonances. 

maintenance of a constant synchrotron tune (OS) with 
energy has unfortunately an undesirable effect on the 
intensity threshold for the transverse mode coupling 
instability [ref 41, i.e 

Abstract 

Introduction 

The avoidance of synchro-betatron resonances during 
injection and especially during acceleration has been 
a great concern for all recent large electron colli- 
ders. The excitation of these resonances comes from 
two main sources: momentum dispersion at the RF cavi- 
ties [ref 1 ] and transverse deflecting fields [ref 
2,3] induced by the bunches themselves. In order to 
minimize the strength of these resonances, LEP has 
been designed with zero dispersion and with the possi- 
bility of very precise orbit control in the RF 
regions. Nevertheless in addition to these measures 
it will almost certainly be necessary to control the 
synchrotron and betatron tune values so as to avoid 
the resonance condition which is qiven by 

llQy + nQx + mQs = p (I) 

In the past this has been achieved by an appro- 
priate choice of the betatron and synchrotron tune 
values and maintaining them constant during the energy 
ramping. 

Indeed this procedure has been applied to LEP and 
Fig.1 shows the RF voltage required to provide a 
constant 0, of .085 during the energy ramp. The 
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where f, is the synchrotron frequency, Bi, kli 
are the amplitude function and loss factor of the 
impedance. 

Fig.1 shows the dependence of Ith on energy for a 
constant bunch length and constant 4,. Clearly the 
beam intensity is most severely limited at injection 
energy. 

Operating at maximum RF voltage 

It is clear from equ.(Z) that (for constant bunch 
length) the threshold intensity could be increased if 

QS was controlled to vary inversely proportional to 
the energy. However due to RF power limitations this 
in not possible. In this case it is obvious that Qs 
(and hence the RF power) should be maintained at its 
maximum value throughout the energy ramp. 

0, 1 9 

0.18 

O,l? 

0,16 

0,lS 

0,14 

0,13 

0,12 

0,ll 

0,lO 

0.09 

0.08 

I __ 

‘\ 

/ 

\ 
\ 

\ 

QS 
\ 

\ 
\ 

1 1.0 
\ 

\ 
\ . 

20 25 30 35 40 45 50 55 

Fig.2 Variation of 0, and Ith with energy for 
constant RF voltage of 360 MV. 

Fig. 2 shows the approximate dependence of Qs and 
Ith on beam energy [from equ.(Z)] for this mode of 
operation. Here it has been assumed that steps have 

1323 CH7.387.9187/0000-13?S Sl.00 D IEEE 

© 1987 IEEE. Personal use of this material is permitted. However, permission to reprint/republish this material

for advertising or promotional purposes or for creating new collective works for resale or redistribution to servers

or lists, or to reuse any copyrighted component of this work in other works must be obtained from the IEEE.

PAC 1987



been taken to ensure that the bunch length is indepen- 
dent of the synchrotron tune. The variation of 0, 
between injection and design energy necessitates a 
corresponding variation of the betatron tunes in order 
to avoid the resonance condition of equ.(l). An exam- 
ple of a possible scheme to accomplish this is shown 
in Fig.3. 

It can be seen that such a scheme requires precise 
control of the betatron tune as a function of the syn- 
chrotron tune as well as traversal of higher order 
synchro-betatron resonances. The former requirement 
is attainable with the proposed LEP control scheme, 
whereas the latter requirelnent necessitates a control- 
led fast change in settings of the quadrupole cur- 
rents. The time constant of these circuits is around 
50 ms. Consequently the main question to he answered 
is whether or not the beam survives traversal of these 
resonances. For this reason a computer code was used 
to simulate the LEP conditions at 39 Gev. The results 
of this and other simulations are presented later. 
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Fig 3 ,Avolrjance of synchro-betatron resonances during 

energy rampinq 

Excitation of synchro-betatron resonances 

It has beer? shown that the transverse growth rates 
due to synchro-betatron resonance excitation may be 
well aporoximated by including only t.he energy trans- 
fer from the longitudinal to the transverse plane. 
This results from the fact that the total energy avai- 
lable in the longitudinal phase plane qreatly exceeds 
t,hat. available 111 t.he transverse one, thereby alloninq 
the Innqit.udinal to he treated as an infinite enerqy 
SOUL-CC?. For the case of dispersion (D) at the accele- 
ratiriq cavities, the increas? in the betat,rnn dimen- 
sions per t.urn (for linearized synchrotron motion) is 
giver hy 

dY 
Dye'JRF 

q - --T--- a cos 4, 

(3) 

D$evR[- 

dy' 1-7 9 cos $:; 

Consequently the cmittance increase per turn given by 

36 = WyiP y + 2Ryy’dy’ (4) 

is therefore 

dE q -4n Qs[yDyifi + DyBv’] G (5) 

It is clear from equ.(5) that unless the betatron 
a?d synchrot,ron frequencies are multiples of one 
another the long term average of the emittance blow-up 
is zero. Assuming that the betatron and synchrotron 
frequencies <are equal and with the same phase gives 
the emittanre grorith rate for the first sideband, i.e 

<+> q 

EQsfrev Dy ; ;IE/E (6) -- 

Equ.(h) (although only an approximation) gives the 
parameter dependence for the more accurate computer 
simulation which may include many other effects. 

It has also been shown that transverse deflecting 
fields which vary with longitudinal position drive 
synchro-betatron resonances. In this case the trans- 
verse kick is given by 

dy’ : F$$.& (7) 

and using the same assumptions as before the emittance 
growth rate is given approximately by 

<z> q * [\zdt ctg (8) 

I- -J 

Once again equ.(t)) gives the parameter dependence for 
the excitation of synchro-betatron resonances due to 
transverse deflecting fields. 

Simulation Code 

In the simulation code [ ref.51 particles are 
tracked through a section which consists of an RF sta- 
tion followed by a betatron phase shift. A single 
machine turn may consist of one or more such sections. 
At each RF station each super-particle in the beam can 
he subjected to the following 

- an energy change corresponding to the arrival 
time of particles with respect to the sinusoidal elec- 
tric field. 

- a change in the betatron position and angle given 
by the dispersion at the RF station times the relative 
energy gain of the particle. 

- an energy change produced by the longitudinal 
wakefields of all particles which traversed the RF 
station in front of the reference particle. 

- a change in betatron angle produced by the trans- 
verse wake fields induced by all particles in front of 
the reference particle; the magnitude of the wake 
field induced by a given particle is proportional to 
the charge in the superparticle times its transverse 
displacement in the RF station. The transverse dis- 
placement is given by 

y = yp + yco + Dy bE/E (9) 

In general, in order to save computinq time, many 
RF cavities are localized in a single ‘station’. For 
the case OF synchrotron energy gain and lonqitlJdina1 
wakes this is a good approximation since the synchro- 
tron phase advance between RF cavities is usually very 
small. In addition this has been shown [ ref I] to be 
a good approximation for the case of dispersion at the 
cavities provided there is no bending magnets between 
the cavities which are grouped together. 
understood from equ.(5) 

This may be 
where in a straight section y 

and Dy fallow the same trajectory, hence eliminating 
any possible cancellation effects due to betatron 
phase advance. 

For the case of the induced transverse wake fields 
it has been previously shown [ ref 61 that the excita- 
tion of synchro-betatron resonances is strongly depen- 
dent on the betatron phase advance between the sources 
of the wake fields. 

For the LEP simulation runs, each group of 32 cavi- 
ties is simulated by a single RF station. The beta- 
tron phase advance between the four stations was cho- 
sen to be equal to the phase advance between the cen- 
tres of the groups of the 32 cavities. This is some- 
what pessimistic since no account is taken of the 
betatron phase shift across the 32 cavities which is 
of the order of T[. 
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Simulation Conditions 

The simulation code was run under the following 
conditions 

- The longitudinal and transverse wakefields used 
were those derived [ref 71 for the LEP accelerating 
cavities. An additional factor of 50% was added to 
account for the rest of the vacuum impedance such as 
bellows, kicker tanks, etc. 

-The cavities were grouped in four locations as is 
the real situation in LEP. The beta value was ob- 
tained by averaging over the 32 cavities at each loca- 
tion. 

-The vertical dispersion at the cavities was 
chosen to be O.lm. This is somewhat pessimistic since 
calculations [ref R] have estimated the spurious un- 
corrected dispersion to be about half this value. 
Measurement and correction may result in an even lower 
value. 

-At injection energy (20Gev) the maximum Qs was 
taken to be .147. This value results from the neces- 
sity to maintain the bunch length constant (by using 
wlqqler magnets and varyin the damping partition 
numbers) while increasinq as ref 91. 
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unpeturbed tune 

Fiq. 4 It,h as a function of betatron tune 

Simulation Results 

Fig.4 shows tile threshold current as a function of 
betatron tune for the two chosen values OF 0, at in- 
jection energy. Clearly the hiqher OS increases as 
expected the threshold current,but only over a rather 
1 imited tune ranqe. In the high Ps case there is a 
very strong influence of the second harmonic of OS 
which excludes working at tune values around 0.3. The 
factor of improvement at the req(Jlred tune value of 
around 0.4 is about 50% which is slight1.y less than 
expected (65%). 

In t.he example shown in Fiq.3 a tune jump (at 
39 Gevl across a third order synchro-hetatron resa- 
nance is required. In order to find the optimum 
starting and endinq point for the tune jump the code 
was run at 39 Gev (aqain with a dispersion of O.lm). 
Fiy.5 shows the vertical ‘blow-up’cafter 500 turns) as 
a function of hetatron tune. The first and second 
sidebands are very strong whereas the third sideband 
is rather weak. In order to understand the source of 
the non-linearity driving these resonances, thr lonqi- 
tudinal wakefields were artifically switched off. The 
results, also shown in Fig.5, show clearly that the 
perturbation to the synchrotron motion brought about, 
by the longitudinal wakefields greatly increase the 
strength of the hiyher order resonances. 
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i’ig 5 Vertical blow-up as a function of vertical tune 

From the results of Fig.5 a tune jump starting at 
0.39 with an amplitude of 0.8 was chosen. The LEP 
quadrupole power supplies can be controlled to make 
such a tune jump. The response time is 5Oms. Fig.6 
shows the vertical ‘blow-up and the actual tune as a 
funct,i.on of the number of turns. There is a transi- 
tory small increase or’ the beam size during the actual 
traversal of the resonance. However once the reso- 
nance is crossed, radiation damping prevails and the 
beam size tends towards its equilibrium value. These 
simulation results indicate that such a tune jump 
would do no permanent harm to the beam. 
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