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Summary 

Several theories '-lo have been proposed to explain 
anomalous bunch lengthening and widening in particle 
storage rings!'-13 All these theories either assume 
a modification of the accelerating potential well or a 
high frequency self-bunching mechanism similar to the 
one proposed for proton bunches.B*10p14*15 Some of 
the theories assume Interaction between several modes 
of self-bunching which leads then to "turbulence". 
In most cases It is possible to derive a stability 
condition in terms of bunch current and impedance, 
but then the assumption is made that the bunch will 
blow up its width to a value which matches the stabil- 
ity condition. To check how valid is this assumption 
we carried out a computer simulation of the beha-Jiour 
of a high-intensity electron bunch. 

jle adopted a very special case of impedance 
model which is a constant and real impedance for any 
frequency. In this case the space charge effect is 
simply proportional to the local current. 

The Equations of Motion 

They are 
q = ha'w (la) 

and 

i = eVc &p(O) (sin+sin@r) + 

- 2eI Ap(0) S 
n=l 

AnGn cos(j+czn+f+) + 

(lb) 

where e is the electron charge, I the bunch average 
current, Q, the angular revolution frequency, 6l the 
angular coordinate, A,(@) a periodic delta function 
with a period Zn/M, M being the number of identical, 
lumped and equispaced RF cavities in the ring. MV, 
is the total peak RF voltage and h the harmonic number. 
The damping factor" 

D = JeUr/E r 

where Jg is the energy oscillation radiation reparti- 
tion factor, and U the average energy loss per turn 
at the reference eiergy E,. 

R’ = - i-2 o2 a/E, 

a being the momentum compaction factor. 
excitation effect" 

The quantum 
is lumped at the location of each 

RF system. The effect is expressed by the random num- 
ber q with zero average and rms value 

<q2> = 2D o E2/M 

where DE is the equilibrium (zero-current) rms energy 
distribution width." The canonical variables which 
describe the motion of the particle are the RF phase 
angle 4 = (e-at), $L being the angular revolution 

*Operated by the Universities Research Association, 
Inc., under contract with the Energy Research and 
Development Administration. 

frequency of particle with energy E and the canonical 
momentum difference 

w= dE/R(E) 

JEr 

+r 
is the synchronous phase angle. 

We assumed that at the location of the RF cavities 
there is also a lumped impedance which at the angular 
frequency R, = nQo has the complex value 

iu. 
Zn=Ane n 

with An and an real. The current distribution is 
described by the complex function 

= Gn e 
iBn 

where Gn and S, are real, N is the total number of 
particles in the bunch and $s the angle value of the 
s-th particle when crossing the RF system. 

In the particular case a, = 0 and An = Z/M (n = 
1,2,3*-m) the summation at the right hand side of (lb) 
reduces to 

& {2Fhg(@)-l} 

where g(4) is the longitudinal particle distribution 
normalized to unit. 

The Computer Simulation 

It is obviously convenient to break down the system 
of equations (la and lb) in a series of difference 
equations which describe the various steps between two 
consecutive RF passages. The steps are: (i) the drift 
between two groups of RF cavities, which takes also 
into account the radiation damping, (ii) the quantum 
fluctuation, where the variable w is added a random 
number q, (iii) the RF kick which is a function of the 
angle variable @, and (iv) the space charge kick. Here 
the longitudinal distribution g($) is calculated in the 
form of a hystogram made up to 40 bins. The kick is 
proportional to the number of particles in the bin 
which include the particle under consideration. 

One computer run is completely determined by as- 
signing the collowing parameters: 

E r, reference energy (19 GeV), 
p, bending radius (192.05 m), 
vs, number of phase oscillations per turn (0.08), 
cr, momentum compaction factor (0.0024), 
h, RF harmonic number (3840), 

M = 2 and JR = 2. The values in brackets apply to 
PETRA" and have been used as reference for our cal- 
culations. One more parameter is given by 

Q = 212 nhlMVc Na (3) 

where N now is tile number of particles fn the simulation 
and o the actual rms bunch length. 
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Typically one-thousand particles are taken in the 
simulation. The computer makes plots of the particle 
distribution in the (?, w) phase space, calculates the 
phase and energy distributions separately in the form 
of hystograms, averages and standard deviations. The 
initial conditions are taken randomly according to a 
gaussiar. distribution with zero averages and standard 
deviations eoual to a factor x times the natural rms 
values. L’sually x = 1. A run lasts at least three 
energy radiation damping times. 

The Computer Results 

We checked the dependence of the bunch width and 
length versus various parameters. For this purpose 
we took the averages a and 6 of the last 6-10 outputs 
of the bunch rms respectively length and width. But we 
first observed that in all cases we ran there was 2 
bunch shape and size change during 2 fraction of the 
first damping time. For the remaining period of time 
the bunch size remained about constant apart from some 
relatively small amplitude oscillations. We convinced 
ourselves that these oscillations were not merely due 
to statistical fluctuations. We could clearly observe 
centre-of-mass oscillations aswell 2s bunch thumbling. 
In one case we follow this constant pattern for a very 
long period of time, up to thirty damping times. For 
very large value of the current we observed initially 
a fast overshoot which was then damped with a charac- 
teristic radiation damping time. When the overshoot 
was too large it caused beam loss. The loss could 
have been reduced and even eliminated by blowing up the 
initial beam size (X > 1). This, we believe, is a 
typical indication that initially the synchrotron ra- 
diation is not important and that an electron bunch be- 
haves initially 2s 2 proton bunch. 

Typical bunch distributions are shown in Fig. 1. 
The longitudinal distribution is bell-shaped with a 
long backward tail and a sharper front edge. Theenergy 
distribution looks tc be gaussian within the limit of 
the hystogram resolutions. 

Denote with o. and 6, the natural value of the 
bunch rms length and width then 

s = ‘03/T 
0 

and R = 6/6o 

are respectively the lengthening and widening factors. 
We show the dependence of S (black circles) and R 
(white circles) on various parameters (h, Q, us, a,, h, 
:: and E,) in Figs. 2 to 8. To show more explicitly the 
power of the dependence we plotted the logarithm of all 
the parameters involved. The straight lines are our 
interpolat ion. From their inclination we worked out the 
power dependence. The fluctuations are probably due 
to our way of averaging for u and 6. 

From Fig. 2 we see that the lengthening and widen- 
ing do not depend on the initial beam size as we would 
have expected. The dependence with the other parameters 
can be summarized with the following two formulae 

Q‘j 3-i 
s = 1.7x103 (2) f 

r 

R = 1.9x103 (*)+ “’ clh E, 

(3a) 

(3b) 

(E, in GeV and p in meters) where the two factors have 
been obtained by averaging over all our computer runs. 
Observe also that there is a threshold ccrrent below 
which S and R are about unit as one can see from Fig.3. 

Discussion 

As one c2n see from (I), Q is inversely propor- 
tional to S. Henceforth, unfolding this dependence 
aad using standard formulae,” Eqs. (3a and 5) change 
to 

s = 0.15 
Iz3’/6 cosQr Ii3 

(NE+- ) (4a) 
r 

and 

R = 1.1 vsli p”‘j S (4b) 

where I is in Amp&res, 2 in ohms, p in meters and 
in GeV. The dependence of the factors S and R are 

Er 

more or less in agreement with some of the theoretical 
predictions. The SPEAR II experimental datai could 
be fitted by Eqs. (4a and b) if one takes 2 = 8 Kfi. 
which is 2 reasonable value. The impedance value for 
a machine like PETRA, based on a 5-cell cavity measure- 
ment,” is of about 60 Kfl. At 19 GeV with a peak 
voltage of 102 MV one has 'is = 0.08 and 

S = 1.7 and R = 1.3 

for a bunch of 20 mA and o = 0.0024. It is convenient 
to operate at low RF voltage, compatible with 2 reason- 
able long quantum lifetime, and at larger value of u. 
At the lower energy of 7 GeV one can take vs = 0.01 
and cos$, = 0.5, then 

S = 5.5 and R = 1.5. 

Thus, according to our computer results not much 
bunch widening is expected for a storage ring like 
PETRA. 

For the near future we plan to repeat the same 
numerical calculation enploying a more physical im- 
pedance mbdel. 

Acknowledgement 

The author wishes to thank Prof. G.A. Voss, Dr. W. 
Hardt and Dr. D.Kohaupt for their valuable contri- 
butions in stimulating this work. 

1. 

2. 
3. 

4. 

5. 
6. 

7. 

a. 

9. 
10. 

11. 

12. 

References 

C. Pellegrini and A.M. Sessler, Ncovo Cimento 3, 
116 (1971) 
E. Keil, PEP Note 126, SLAC (Aug. 1975) 
P. Germain and H.R. Hereward, CERN/ISR-Di/75-31 
(July 1975) 
A.N. Lebedev, Physics With Intersecting Storage 
Rings, ed. by B. Thouschek(Acad. Press, NY 1971) 
A.M. Sessler, PEP Note 28, LBL (April 1973) 
A. Renieri, LNF-76/11(R), CNEN (Frascati, Feb. 
1976) 
P.J. Channel1 and A.M. Sessler, LBL-4613 
(Nov. 1975) 

X. Month and E. Yesserschmid, Proc. of the 1977 
Particle Accelerator Conference (Chicago, 
March 1977) 
A.G. Ruggiero. DESY PET-76/08 (Sept. 1976) 
A.G. Ruggiero, Proceedings of the 1977 
Particle Accelerator Conference (Chicago, March 
1977) 
F. Amman, Proc. of the 1969 Particle Accelerator 
Conference, IEEE Trans. Nucl. Sci. NS-16, No. 3, 
1073 (1969) 
M.A. Allen et al., Proc. of the IXth International 
Conf. on High Energy Accelerators, p. 352 (1974) 

1883 



13. SPEAR Group, Proc. of the 1975 Particle Accel- 
erator Conference., IEEE Trans. on Nucl. Sci. 
NS-22, No. 3. 1366 (1975) 

14. D. Boussard, LAB II/RF/Int./75-2, CERN (1975) 
15. H.G. Hereward, Proc. of 1975 ISABELLE Summer 

Study, Vol. II, p. 555, BNL (1975) 
16. PETRA proposal, DESY, Nov. 1974 and Rev. Feb. 

1976 
17. M. Sands, SLAC 121 (Nov. 1970) E,:i-C$,, 

18. A.G. Ruggiero, DESY PET-76/06 (Aug. 1976) 
Mr2.':. 
51 z,':;;-< 

9 W 

Fig. 1 Typical Bunch Shape 
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Figs. 2-8 Dependence of S and R on various parameters 
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