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The increase in energy spread and beam size and the decay rate due to intra-beam scattering in a storage ring are evaluated in the
case of a ring designed for the generation of high intensity coherent radiation in the VUV region.

1. Introduction

The emittance is one of the most important parame-
ters in the design of storage rings for FEL operafion.
This quantity is intimately related to the gain of the
FEL in the small signal regime through the value of the
current density in the undulator: the lower the emit-
tance, the higher is the bunch density, and therefore the
gain.

Such a feature is required also in the recently pro-
posed [1] high gain sources of coherent radiation, where
a high density of the electron bunch and a low energy
spread, at a proper energy, may give rise to collective
instabilities with the production of intense radiation in
the VUV and soft X-ray wavelength range.

Intra-beam scattering is a well-known subject in the
physics of electron storage rings [2]: stored electrons
perform betatron oscillations in a plane perpendicular
to the direction of motion, and can be deflected by
collisions with other electrons in the same bunch. A
fraction of the transverse oscillation energy is trans-
ferred by the collision into longitudinal energy, and this
fraction must be multiplied by the relativistic factor
y=E/my? when the transformation is made from a
reference frame moving with the bunch center of mass
to the laboratory frame. Since ¥ is of the order of 103
for storage rings around 1 GeV (the interesting range
for FEL operation), the energy gained or lost in the
collision may be not negligible with respect to the total
energy of the electrons: if the difference is larger than
the energy acceptance of the ring, the electrons are lost
in the collision, and a decay rate of the stored current
can be calculated. If the energy difference is smaller
than the energy acceptance, an additional energy spread
in the bunch, with a related increase in beam emittance
and bunch length, has to be taken into account. This
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process, called the “multiple Touschek effect”, has a
strong dependence on the energy of the electrons, since
the scattering cross section scales like 1/E* and the
volume of the bunch increases with energy.

2. Multiple Touschek effect and bunch lengthening

Ref. [2] describes the theory of collisions within the
bunch without loss of stored electrons. The relative
energy spread o, characterizing the Gaussian distribu-
tion of electron energies can be written as

2_ 2 2
o, = G5y + Opc» (1)
where o,, is the contribution of quantum emission of

synchrotron radiation, and o,, comes from the colli-
sions: both processes are in competition with the damp-
ing of synchrotron and betatron oscillations, and an
increase in damping (obtained, as an example, with the
insertion of damping wigglers in the storage ring) is the
only way 1o counteract the effects of the collisions. The
quantity

8=0,/0,, 2)

is a measure of the contribution of collisions to the total
energy spread.

The collision rate depends on the value of the total
energy spread, and the value of & can be found by
solving the equation [3]

d(z* =z —s)=(t+1nz)’, (3)

with

z=282, (4)
128 wylon,
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where the symbols have the following meaning:

J, = synchrotron damping partition number (~ 2),
0, =rms energy spread due to radiation only,
r, =classical electron radius =2.82 X107 '° m,

N, =number of stored electrons per bunch,
R, =bending radius in meters,
R,, =average radius of the ring in meters,
2
Ax =(qu/0pq)2,
Az :(Uzq/opq)za
Ax' =(Ux’q/opq) s .
6., =rms horizontal beam size (radiation only),

xq

0,, =rms vertical beam size (radiation only),

0,, =rms bunch length (radiation only),

0,., =rms horizontal angular spread (radiation only).

The contribution of the vertical betatron oscillations
has been neglected, since the coupling factor between
horizontal and vertical oscillations can be made very
small in storage rings without vertical bendings.

A,, A, and A, are functions of the azimuthal
position along the storage ring, so that an average has to
be made to get the value of §: the beam sizes, diver-
gences and bunch length scale linearly with 8.

In storage rings for FEL operation a crucial parame-
ter for the gain of the system is the peak current in the
bunch. In most of the operating storage rings, bunch
lengthening has been observed, as an increasing func-
tion of peak current, together with an increase in energy
spread (this phenomenon has also been called the mi-
crowave instability). However, the amplitude of the
betatron oscillations is not affected by this instability,
so that there is no increase in beam size where the
dispersion function of the ring vanishes.

The bunch length in this regime can be written as [1]

Rk }/ ©)

st WV

where I is the stored current per bunch, V is the total
voltage in the rf cavity and |Z,/n| the effective longitu-
dinal coupling impedance of the ring. Of course, the
bunch length cannot be smaller than the radiation length
0,4, multiplied by 8§ when the multiple Touschek effect
is taken into account. It is a threshold behaviour, with
the bunch length given by eq. (9) when o4 > §o,,. The
energy spread in this regime is enhanced by the same
factor, namely

apl/opq = osl/asq‘ (10)

Zn
n

3. Decay rate due to intra-beam collisions

It has been mentioned in the introduction that, if the
energy transfer into the longitudinal direction is larger
than the energy acceptance of the ring, the colliding
particles cannot be kept inside the stable region in
synchrotron phase space, and get lost on the walls of the
vacuum chamber. The current in the bunch decays like

dN,/di= —aN?, (11)

and the time 7 when N, = Ny,/2 (N,, being the initial
number of electrons) is given by

1
T= ;x—]g , (12)
with
_dmrie [ J(np) )
v\ 87%% 00, |

where n=A4E_  /E is the energy acceptance of the
ring, o,, o, and o, are the beam dimensions (taking the
multiple Touschek effect into account) and J(n, p ) is
given by the integral
Vitx?

x

o0
J(m, p_L)=f dx
n

|

o X 1__n\/l+x?)__ , 4x?+1
1+ x? x x2(1+x?)
V 2 (x/P 1)
xln(n 14x ) e : (14)
x Wmp
with
PL=v0.=Y80,,/4,. . (15)

Also in this case an average has to be taken over the
length of the ring, since p , and the beam sizes depend
on the azimuthal position. The decay rate may be very
fast for low emittance, low energy storage rings of the
kind of those being proposed for FEL operation: how-
ever, the beam enlargement due to multiple Touschek
effect counteracts the loss of particles, and if a sufficient
energy acceptance is provided, by means of a large
voltage in the 1f cavities, long lifetimes can be obtained.
If the beam growth is limited, for example by the use of
damping wigglers, the Touschek lifetime may become
an important limitation to the performance of the ma-
chine.

A computer code has been written in the Frascati
National Laboratories, which calculates the increase in
beam size and energy spread due to intra-beam scatter-
ing, following the method described in section 2, and
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taking into account the effect of bunch lengthening
when the threshold condition is satisfied. When the
factor § has been found, the program evaluates the
decay rate corresponding to a given acceptance. The
program needs, as input data, the complete magnetic
structure of the ring, the bunch lengthening factor o,, /0,
(which is neglected if ¢, <d0,,) and the energy accep-
tance of the ring.

4. Intra-beam scattering in a low emittance storage ring

It has recently been proposed [1] to generate coher-
ent radiation in the VUV and soft X-ray wavelength
range by means of a collective instability of an electron
beam passing through an undulator with a large number
of periods. The beam quality required for the start-up of
the lasing action can only be provided by a storage ring
with a bypass operated at low repetition rate, in order
to restore the equilibrium properties of the beam after
each passage through the undulator.

The efficiency of the energy transfer [1] from the
electron beam to the electromagnetic radiation is given
by the parameter

i KyOZ.QP }

471%(00

2/3

p=

(16)

where K is the undulator parameter
K =66.0 By)g, (17)

where B, (T) is the maximum field in the undulator and
A, its period; v, is the energy of the electron beam and
Yr is the resonant energy

-2 1/2
. ["_d}_;xf_l] _ (18)

w, is the undulator frequency

2m@e
W =—}\;)—, (1'9)

and @ the relativistic plasma frequency

) 2 11/2
o - [@ﬂ"_} , 20)

%
with n, the particle density in the bunch
N
ng= _t (21)

(27) 60,0, '

The electron beam transfers a fraction p of its energy to
the electromagnetic wave after a number of undulator
periods of the order of 1/p, if the following condition is
satisfied

0¥ <p, (22)

¢* being an effective energy dispersion coming from the

quadratic combination of the energy dispersion o, of
the electrons and the inhomogeneous broadening contri-
bution o,

2 2 2

o3 (o) bt s (g ) @
2\ ) 1+ K2 1+K2\B. B

¢, and ¢, being the horizontal and vertical emittances of

the electron beam, and B, and B, the values of the

betatron functions at the undulator.

It is clear that the most important requirement to the
design of a storage ring for this kind of FEL operation
(the same considerations hold, however, for other rings
designed for operation at visible wavelengths) is a very
low emittance, which will enhance p and limit the
contribution of o,. The methods used in the design of
low emiftance storage rings are described in another
paper presented at this conference [5].

Intra-beam scattering and bunch lengthening may
become therefore a very serious limitation to the perfor-
mance of storage ring FELs. Both these effects become
important at low energy (< 1 GeV) storage rings: on the
other hand, the gain decreases and the energy dispersion
increases with the electron energy.

In order to estimate the contribution of these effects,

Table 1

Parameters of the model storage ring

Energy 500 MeV
Bending radius 5 m
Circumference 1274 m
Periodicity 2
Number of achromatic bends 8

rf voltage 1 MV
Harmonic number 100
Average current 100 mA
Number of bunches 1
Momentum compaction 6.3x1073

4.0x107° m-rad
40x10~" m-rad

Horizontal emittance
Vertical emittance

Horizontal betatron tune 7.6
Vertical betatron tune 52
Horizontal chromaticity —-19.2
Vertical chromaticity —-8.3
Zero current energy dispersion 1.9x10™4
Zero current bunch length 1.7 mm
Synchrotron tune 1.4x1072
Rf acceptance 45%107?2
Free length of the undulator straight

section 4m
Horizontal beta at undulator 1.31m
Vertical beta at undulator 1.44 m
Coupling factor (¢, /&,) 1072
Rms horizontal beam size at undulator 72X107%m
Rms vertical beam size at undulator 7.6x107¢m
Rms horizontal divergence at undulator 5.5X107° rad
Rms vertical divergence at undulator 52%107° rad
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Fig. 1. Optical functions of the model storage ring.

a low emittance optics has been designed, following the are listed in table 1. The bypass has not been included
guidelines of ref. [1], and the computer code described in the optics and it has been assumed that its optical
in the preceding section has been used to find the functions can be made equal to those of the storage
parameters of the ring with Touschek effect and bunch ring. The energy of the ring has been left as a free
lengthening taken into account. parameter, since the effect of intra-beam scattering and
The most interesting parameters of the storage ring bunch lengthening has been investigated up to 1 GeV.
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Fig. 2. Rms beam sizes o, (no coupling) and o, (full coupling) of the model storage ring.
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The values listed in table 1 are referred, however, to an
energy of 0.5 GeV and do not take into account intra-
beam scattering and bunch lengthening.

Fig. 1 shows the optical functions B,, B, and the
dispersion % in one quarter of the ring, while beam
dimensions (the horizontal beam size is without cou-
pling while the vertical one is in full coupling to be
represented on the same scale) are displayed in fig. 2.
The storage ring has a twofold symmetry and each
superperiod is symmetric with respect to its center. The
straight section for the undulator is 4 m long and the
beta functions at its center can be rather easily shaped
by means of a quadrupole triplet at each side.

The undulator siraight is an insertion in the machine
optics and the superperiodicity two comes from the fact
that, for symmetry reasons, the same insertion has to be
‘put on the opposite side of the undulator straight. If the
insertions are not taken into account, the periodicity of
the ring is 8, each period being a “Chasman-Green”
achromatic bend [5]. The emittance of this lattice is a
factor ~ 2 larger than the minimum achievable with this
kind of magnetic arrangement, avoiding in this way
large chromaticity and extreme sensitivity to alignment
errors.

Due to the large peak current (100 mA in a single
bunch, corresponding to 2.65 X 10! stored electrons)
bunch lengthening cannot be neglected. The same ap-
proach as in ref. [1] has been adopted, namely three
values for {Z,/n| (see eq. (9)) have been chosen for
comparison, |Z,/n|=0.1 2, 1 £, and 10 2 correspond-
ing to bunch lengths of 1.3 cm, 2.7 cm and 5.9 cm
respectively.

Fig. 3 shows the behaviour of the increase 8 in
energy spread (see eq. (2)) due to intra-beam scattering,
as calculated by the program described in section 3, as a
function of the storage ring energy, for different longi-
tudinal coupling impedances. It can be seen that the
effect is very large (> 3) below 0.5 GeV, irrespective of
bunch lengthening, which tends to counteract the
Touschek effect to some extent.

Fig. 4 shows the horizontal emittance, which scales
with 82 and with E2. There is a flat minimum of &, for
|Z,/n|=1 £ and 10 £ around 1 GeV, while for |Z,/n|
= 0.1 £ the minimum is shifted towards higher energy.

The decay rate r, assuming an rf system operating at
a peak voltage of 1 MV with an harmonic number of
100 is displayed in fig. 5. Obviously, the harmful effect
of increased beam size due to intra-beam scattering is
an advantage from the point of view of decay rate, since
the bunch volume is increased (see eq. (13)). For a
coupling impedance of the order of 1 £ or less the
lifetime decreases with energy, and a minimum is
reached around 1 GeV. For |Z,/r|=10 2 the mini-
mum occurs around 0.8 GeV, and then the lifetime
increases again, following the natural behavicur of the
Touschek lifetime without intra-beam scattering.

20+ 6
| Z.
-
15
Zy|
=
10
Z
~
54
E (Gev)
T T T T T T T T T T
N .2 3 4 .5 6 7 .8 R 1.0

Fig. 3. Energy spread enhancement § due to intra-beam
scattering for different coupling impedances.

The possibility of generating high frequency coherent
radiation depends on condition (22). In order to esti-
mate the impact of bunch lengthening and intra-beam
scattering on this condition, a model undulator has been

4- 8,107 (m.rad)

Fig. 4. Horizontal emittance as a function of energy.
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Fig. 5. Decay rate due to the Touschek effect (V,, =1 MV,
harmonic number =100).

assumed [1] with
K=28, Ay=25cm.

The output wavelength as a function of energy is shown

Ay
3000+
2000+
1000
E (Gev)
A 2 3 4 5 .8 7 .8 .9 L0

Fig. 6. Output wavelength from the model undulator (K = 2.8,
Ap=2.5 cm).
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Fig. 7. p, o, and o} for |Z,/n|=0.

in fig. 6. The behaviour of p, o, (the energy spread of
the electron beam) and o (the effective energy spread
which takes inhomogeneous broadening into account) is
shown in figs. 7-10 for |Z,/n|=0, 0.1 2, 1 £, 10 L.
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.Fig. 8. p, o, and o for |Z,/n|=0.1 Q.



20~

S\ Guiducci et al. / Effect of intra-beam scattering 359

az.10°

~_ 7

——

¢.10° \%\
\

Gp10°

E(Gev)
T T 1 T r T

Fig.

204

Fig.

. . T
i .2 3 4 5 & 2 8 .9 10

9. p, o, and o for |Z,/n|=1 Q2.

15 -108
n

* 3
610

\i’

3
S —
\
e \\\
E (Gew)
1 2 = 4 & & 7 8 o.10

10. p, o, and o for |Z,/n|=10 Q.

From these plots some conclusions can be drawn:

a) the difference between p and o, does not depend
strongly on beam energy;

b) for large coupling impedances (Z,/n|> 1 £2) condi-
tion (22) cannot be matched since the intrinsic en-
ergy spread in the beam is larger than p;

c) for |Z/,/n| <1 & the contribution of the inhomoge-
neous broadening is much larger than the intrinsic
energy spread, leading to ¢* > p. This is due, how-
ever, to the rather low value of the horizontal beta
function in the undulator (B, ~ 1.3 m). This value
must be increased by a factor larger than 10 to get
o = 0,, and this can easily be done by designing the
undulator insertion in a different way. As a draw-
back, the larger value of B, in the undulator will
decrease the value of p, but only like 871/%, while
o scales like 8771,

5. Conclusions

The effect of intra-beam scattering and bunch
lengthening on the performance of a storage ring for the
generation of high frequency coherent radiation appears
to be critical in low energy (< 0.5 GeV) and low emit-
tance storage rings. A possible way to avoid the increase
in emittance and energy spread induced by intra-beam
scattering is the use of wigglers at other straight sections
in the ring to increase damping. The insertion of wig-
glers, however, could make the operation of the storage
ring more troublesome, and the system must be care-
fully designed, in order to avoid increase in energy
spread (due to the wigglers) and in emittance (due to
mismatch between the optical functions of the wigglers
and those of the storage ring).
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