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Summary

_____ 1~10 1 Loan e PR =
have been proposed to explair

JEV!:L dJ. LllcUl..LEb
anomalous bunch lengthening and widening in particle
storage rlngs““13 All these theories either assume
a modification of the accelerating potential well or a
high frequency self-bunching mechanism gimilar to the
one proposed for proton bunches.®:!%:3%:15 gome of
the theories assume Interaction between several modes
of self-bunching which leads then to "turbulence'.

In most cases it ig nr‘.ecfh'lp to derive a ernh11it\1

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 behaviour
of a high—intensity electron bunch.
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We 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

The Equations of Morion

They are
o = hQQ'w (1a)
¢ 1§ (la)
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and

w =‘eVC 5p(8) (sin¢—sin¢r) +
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where e is the electron charge, I the bunch average
current, {, the angular revolution frequency, 8 the
angular coordinate, 6,(8) a periodic delta function
with a period 2m/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/Er

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

Q= - 9_2 Q/E_
L

a being the momentum compaction factor. The quantum
excitation effect!? 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
<g® = 2p o 2 /M
E

where O is the equ;}ibrium (zero~current) rms energy
distribution width.*’ The canonical variables which
describe the motion of the particle are the RF phase
angle ¢ = (0-Qt), @ being the angular revolution

*Qperated by the Universities Research Asso
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Inc under contract with the Enerev Research
Inc., under contract with the Energy Resgearcr

Development Administration.
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frequency of particle with energy
momentum difference
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¢r is the synchronous phase angle.
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We assumed that at the location of the RF cavities
there is also a lumped impedance which at the angular
frequency (, = n{l, has the complex value

n

with A, and o, real. The current distribution is
described by the complex function
0
-i— 0 if
1 h "s _ n
gn(t) =J aZ1 e = Gn e

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

T +hn mawredannlavr Aoan o~ = N anA A TIM S =

In the particular case ap = C and Ay = Z/¥ (n
1,2,3-+-+) the summation at the right hand 51de of (1b)
reduces to

7 (2mhg(6)-1}

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

The Computer Simulation

s oo

+m heeanls Aavee + man
down the system

It is obviously convenient to bresk
of equations (la and 1b) 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
______ P S § ~ o~ d
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which include the particle under consideration.

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

E,, reference energy (19 Gev),
¢, bending radius (192.05 m),

Y] numbher of nhasge ogcillations par turn

Vg RUMDET phase oscirllilations

a, momentum compaction factor (0.0024),
h, RF harmonic number (3840),

M= 2 and Jg = 2. The values in brackets apply to
PETRA'® and have been used as reference for our cal-

One more parameter iz given by

culations
. s gi

q = 212 ﬂh/MVC Ng (3)

where N now is the number of particles in the simulation
and 0 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
gaussian distribution with zero averages and standard
deviations eoual to a factor A times the natural rms
values. Usually A = 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 ¢ and § 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 a
bunch shape and size change during a fraction of the
first damping time. For the remaining period of time
the bunch size remained about counstant 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 as bunch thumbling.
In cone 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 1t caused beam loss. The loss could
have been reduced and even eliminated by blowing up the
initial beam size (A > 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 as a 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. The energy
distribution looks to be gaussian within the limit of
the hystogram resclutions,

Denote with 0, and ¢, the natural value of the

bunch rms length and width then
§=g/c and R = §/&
o o

are respectively the lengthening and widening factors.
We show the dependence of S (black circles) and R
(white circles) on various parameters (i, Q, Vg, @, h,
c and Ep) 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
interpolation. From their inclination we worked out the
power dependence. The fluctuations are probably due
to our way of averaging for ¢ and ¢&.

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 followingltwo formulae

Q_ % 3
= 1 7x1n? 5. p
S = 1.7x10 (ah) E (3a)
P IRY
- 3 Qo 5
R = 1.9x10 (ah) E: (3b)

(Ex 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 current below
which § and R are about unit as cne can see from Fig. 3.

Discussion

As one can see Irom (2), Q is inversely propor-
tional to S. Henceforth, unfolding this dependence
and using standard formulae,!’ Eqs. (3a and b) change

to
IZD7/scos®r 1/3
§ = 0.15 (——=—") (4a)
r
and
R=1.1 vs% oY% s (4b)

where I is in Ampéres, 2 in ohms, p in meters and E
in GeV. The dependence of the factors $ and R are
more or less in agreement with some of the theoretical
predictions. The SPEAR II experimental data'® could
be fitted by Egs. (4a and b) if one takes Z = 8 «fl,
which is a reasonable value. The impedance value for
a machine like PETRA, based on a 5-cell cavity measure-
ment,’® 1s of about 60 k. At 19 GeV with a peak
voltage of 102 MV one has vg = 0.08 and

S=1.7 and R = 1.3
for a bunch of 20 mA and @ = 0.0024, It is convenient
to operate at low RF voltage, compatible with a reason-
able long quantum lifetime, and at larger value of «.
At the lower energy of 7 GeV ome can take vg = 0.01
and cos$,. = 0.5, then

S =5.5 and R = 1.5.

Thus, according to our computer results not much

bunch widening 1is expected for a storage ring like
PETRA.

For the near future we plan to repeat the same
numerical calculation employing a more physical im-
pedance model.
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Figs. 2-8 Dependence of S and R on various parameters
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