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Beam Loading Effect in SSCL Coupled Cavity Linac 

Yu. Senichev, R. Cutler, J. Hurd, D. Raparia 
Superconducting Super Collider Laboratory· 
2550 Beckleymeade Ave., Dallas, TX 75237 

1. INTRODUCTION 

The Superconducting Super Collider Accelerating Com
plex consists of a cascade of accelerators and each one 
of them accelerates the beam to some energy and then 
transfers it to the next stage. The design luminosity of 
1033cm- 28- 1 is obtained by the high efficiency of all stages 
and the ability to accelerate beam with as minimum emit
tance growth as possible. For this purpose the Linac pulse 
length is specified as 9 J.'s in order to minimize the number 
of target crossings and so to minimize the emittance growth 
during charge exchange injection into the LEB booster. 

However, the transient caused by switching on the beam 
makes up a significant part of the pulse length and can 
influence the characteristics of beam. In this paper we 
present the results of the transient study of the coupled 
cavity linac and discuss the model that predicts the para
metric resonance between the beam and the field distortion 
setup during transient. 

II. RF TRANSIENT IN CAVITY 

The CCL structure consists of 9 modules and each one 
ofthem has 8 tanks [1]. Each CCL tank is formed by braz
ing together 16 identical accelerating cells and 17 identical 
coupling cells with 7% coupling coefficient. The tanks are 
connected with bridge couplers that have 16% coupling co
efficient. The power from the generator is input into the 
central bridge. 

The excitation of the module can be described by a sys
tem of normal modes for the periodical chain of coupled 
cells (accelerating and coupling). Every cell is considered 
in a single mode approximation. We shall solve the prob
lem of beam loading and compensation of beam's electro
magnetic field perturbation by the generator. It is assumed 
that at the moment t = 0 the beam enters the resonator(in 
our case module). Simultaneously, the generator gives the 
additional power required to compensate for beam load
ing. In common form, the total electromagnetic field is 
described by the equation: 

N 

E(x, y, z, t) = Re[L ~a$(t)eih.Z 
$ N.w. 

Eo(x, y, z)[i jg E:dv - i je E:dv]e- iwt], (1) 
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where jg and je are the generator and beam currents, K J 
is the coupling coefficient. N. is a norm, Q. is a quality 
factor, h. is a wave number and w. is a frequency of 8-th 
mode. The first integral describes the additional power 
of the generator and the second one is the excitation by 
beam. The coefficients outside the integrals are the same, 
so the beam loading compensation in the trivial case is 
when the integrals cancel. However, in practice it is pos
sible to compensate only for one mode since the character 
of the interaction of the beam and of the generator with 
the resonator is quit difference. Actually the beam and the 
generator currents can be written as 

l(z, t) = it(z)e-i(wt-hbz) 

jY(z,t) = it 6(z - zo)e- iwt , 

(5) 

(6) 

where hb = w /Vb, Vb is beam velocity, Zo is point of power 
input into the resonator, it means first harmonic and the 
frequency of the beam and the generator equal each to 
other. Here the magnitude of the currents is taken as an 
average over the cross section of the beam and the loop 
(or hole) since we study the excitation of axial symmetrical 
modes only. It is obviously that the integral of the beam in
teraction for a constant first harmonic along the resonator 
doesn't equal to zero except for fundamental mode (8 = 8 J ) 
under the condition when h. = hI), At the same time the 
integral for generator doesn't equal zero for any mode if the 
coupling coefficient Re[eih•zo ] has a "nonzero" magnitude. 
In other words, in order to compensate the beam pertur
bation of the fundamental mode, we have to input power 
which equals the beam power but simultaneously this local 
input of power excites all modes. Let's rewrite the expres
sion (1) for the field induced by beam, taking into account 
that only the fundamental mode will be excited: 

Eb1 = Re [(1 - e - ~t)eih.z Eo(x, y, z)e-i(wtH.) RP] , 

where RP = P'um 
• 

Plo.CO.</>. 

(7) 

Here we have taken Pto. = ~lt ,Qo is the loaded qual
ity factor of the resonator for \he fundamental mode, 



Pbeam == teosl/l$ Iv jf E; dv , and 1/1. is the synchronous 
phase of beam. Now since we are interested in the effect 
of the interaction of the beam with the perturbed field by 
itself, let's represent the field of the generator in the view 
of the traveling harmonics El :::: 0.5Eo with the phase ve
locity equal the beam velocity: 

where 

(9) 

From this expression one can see that the space-time dis
tortion (front) of the electromagnetic field with the carrier 
resonant frequency moves along the resonator with a ve
locity equal to average velocity for all modes: 

(10) 

Since 

then it means that the front of perturbation which the 
beam "sees" moves with the group velocity. It is obviously 
that each mode has its own group velocity and moreover, 
it damps slightly differently. Due to this the front will 
change shape as it moves along the resonator. Bs(z, t) for 
s ::::: S J is the average of the electromagnetic field over the 
length ofthe resonator at any moment in time. It is exactly 
equal to the field induced by beam, when Pbeam ::::: Pgener. 

So if this term subtracted from equation(9) then we shall 
get field which the beam sees. Knowing the dispersion 
function of the structure, it is possible to calculate what 
the distribution of electromagnetic field will be during the 
transient. Figure 1 shows the field of generator at the mo
ments t=O.4IlS and 0.91ls and total field at the moment 
t:::::OA 1'8. This picture explains what will happen in the 
cavity during injection of beam and simultaneous input of 
power. The origin of coordinates corresponds to the point 
of the power input. In the case of the sse, this is the mid~ 
dIe of the resonator. Physically, it means that the beam 
moves with the phase velocity and fills the resonator 11 KJ 
as fast as the wave front from generator. So after first tens 
of ns the beam interacts with the whole resonator and the 
average level of field will decrease in accordance with the 
exponential law'" (1 - e-wt/2Qo). The generator creates 
a wave which radiates in both directions from the middle 
and divides the resonator into three parts with alterna~ 
tive drops of field. The overfall change in time goes as 
'" e-wt/2Qo. The main contribution to the distortion of 
the field in resonator is done by harmonics which are re
flected with coefficients /p/==l . The incident and reflected 

waves give standing wave: 

(12) 

which means that the distribution is described by cos ';S n, 
where N is the total number of cells in module and n is 
number of cell. One can say that the integral over mod
ule of the total distortion (except the fundamental mode) 
equals zero. However, the front of the wa.ve can have sig
nificant impact. For the simplest case, when we use linear 
dispersion, W 4 -w ::::: ~ WfSt, it is possible to get an analyt
ical expression for the height of the wave [2): 

6E
l 

::::: 2E
1
RP LCQV ...!:!-e-wt/2Qo (13) 

Vgrotlp 2Qo ' 

or ~sing Pbeam = ~ltE1cos<fos, one gets the expression by 
takmg Rshunt':::: E 1 L eavity/Pro38u: 

J:E I R rgr -tfT. 
VI::::: 1 .hunt-e , 

Tt 
(14) 

where Tgr == Lcav/vgr and Tt ::::: 2Qo/w. The value Kr:::::r.:;. 
defines the ratio between the front of the wave at the ini~ 
tial time and the final magnitude of the electromagnetic 
field obtained when we excite the resonator by a generator 
with the vector ltR.hunt. For sse case Kr=0.35. This 
means inputting a generator power into resonator with a 
shunt impedance R.hunt = 50MO to compensate the beam 
loading with first a harmonic 11 ::::: 210 ::::2*0.02 rnA, then a 
wave is excited with a front amplitude equals to 0.7 Mv 1m. 
This is 10% of the accelerating harmonic. 
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Figure 1. Field perturbation along module. 

Ill. BEAM DYNAMICS 

Thus, during the transient the beam sees almost rectan
gular wave which radiates from the point of power input 
and damps simultaneously. In this section we shall do the 
analyze of the beam dynamics in this perturbed field. 

The eeL structure has some features and one of them 
is a constant cell size in each tank which implies a con
stant phase velocity along the tank. So the equations for 
longitudinal motion are: 

dp eE 
- = ---E.sin<fo 
dlj; 2w 



dIP = 1 _ (3w 
dt/J (3 , (15) 

where Ep is field which the particle sees, p is the momen
tum of the particle, (3 and ¢J are the relative velocity and 
phase of particle, (3w is the phase velocity of the wave and t/J 
is the normalized longitudinal coordinate which connects 
the longitudinal coordinate z as t/J=z / lcell' lcell is length of 
cell. 

This system of equations can be represented by the sec
ond order, nonlinear, inhomogeneous, differential equation: 

(16) 

where O~ = m e~'!/,:~{32 is the synchronous frequency for 
particles near the or1gin of the separatrix, T is the period
icity of the tanks, 6Ed E1 is the perturbation amplitude 
of the electromagnetic field during the transient, 6(3w / (3w 
is the jump of stepwise function of the phase velocity from 
tank to tank. One can see that even in an ideal structure 
we have the inhomogeneous equation what means that in 
the structure with constant cell size, the quasi-synchronous 
particle oscillates along the structure. During the tran
sient the synchronous frequency becomes a function of the 
longitudinal coordinate t/J. Using (8) we can write the ex
pression for the variable synchronous frequency 0: 

N 

0 2 = 0~[1 + Re L2B3 (z,t)] (17) 

Each harmonic has a distribution along the resonator of 
cos( N - t)n. Taking into account that we have para
metric and external resonances simultaneously the motion 
becomes unstable in the case when 

20 
v=-, 

m 
(18) 

where v is the frequency of the perturbation and m is the 
order of resonance. However, one should remember that 0 
here is the average synchronous frequency which depends 
on amplitude of oscillation (nonlinear resonance). In other 
words, we have many resonant conditions. The effective 
side band of resonance is defined by the perturbation am
plitude and the degree of nonlinearity. Figure 2 shows 
the behavior of the quasi-synchronous frequency along the 
CCL accelerator. The vertical lines show the possible reso
nance frequency. Oscillation of the frequency is due to the 
constant phase velocity of the tank. If particles go through 
a resonance losses will be observed. Figure 3a shows the 
separatrix if we go through resonance. It is clear that this 
situation is unacceptable for the accelerator. To avoid this 
effect we need to increase periodicity of the electromag
netic field perturbation. One solution is to input power 
in two symmetrical points at 1/4 and 3/4 of the module 

length. Then the amplitude of the wave will decrease two 
times and the frequency of perturbation will increase two 
times giving the possibility of avoiding the resonant con
dition. On the same picture the case when we input the 
power in two points is shown (Figure 3b). The separatrix 
has a quit perfect shape. 
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Figure 2. Synchronous frequency versus on cell number. 
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Figure 3. Corrected (a) and uncorrected (b) separatrix. 

IV. CONCLUSION 

In conclusion we would like to make a general comment 
concerning accelerator design. Increasing the rate of accel
eration increases the probability of resonance crossing. For 
the SSCL linac we pass through resonance in the second 
module. The maximum acceptable perturbation of electro
magnetic field for our case is 2-3%. To reduce the strength 
of a perturbing resonance, we have considered the method 
of resonance damping by "two points" power input. 

In conclusion the authors would like to thank to Dr. 
W .Funk for his helpful discussion and support of this work. 
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