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ABSTRACT

The requirements and limitations of the third generation of synchrotron ra-
diation facilities are reviewed. These machines are designed to emit radiation
of very high intensity, extreme brightness, very short pulses, and laserlike  co-

- - herence. These performance goals put severe requirements on the quality of the
electron or positron beams. Phenomena affecting the injection process and the
beam lifetime are discussed.. Gas desorption by synchrotron radiation, collec-
tive effects (coupled bunch oscillations) and ion trapping (for an electron beam)
play an important role. Low emittance lattices are more sensitive to quadrupole
movements and at the same time, in order not to lose the benefits of high bril-
liance, require tighter tolerances on the allowed movement of the photon beam
source.

1. INTRODUCTION

Third-generation synchrotron radiation sources are cbaractgrized  by an increased emphasis on the qualify .-

of the photon beam, expressed in terms of its spectral brightness. A high spectral brightness requires high-
photon beam intensity, narrow spectral distribution and ease of focusing onto a small spot. A high photon
brightness implies a low emittance of the electron beam:

Electron beam emittance z minimum diffraction limited emittance.

or, for 0.5-1.0  keV photons,

Emittance x lo-’ mrad.
-

The study and understanding of low-emittance lattices has  made great progress over the last few years:
optics like the Chasman-Green, FODO, enlarged Cbasman-Green, and Triple-Bend Achromat, have been
studied in great depth [I]. All these lattices are characterized by the fact that, in order to achieve a low
emittance, the dispersion and horizontal p-function at the location of the bending magnets must be small.
This condition requires a strong focusing,electron  optics. A strong focusing optics has the disadvantage of
requiring strong cbromaticity correction sextupoles and increased sensitivity to quadrupole misalignment
and movement. Strong chromaticity correction sextupoles reduce the maximum amplitude of st,able  betatron
oscillations that can be sustained in the vacuum chamber, and this, as we shall see, negatively impacts the
electron beam lifetime. An increased sensitivity to quadrupole positioning errors leads to movement of the
source. The benefits of high brilliance are compromised if the photon source moves. The challenge of the
new generation of light sources is that the same optics characteristics that produce a high-brightness photon
beam also make it difficult to obtain a long beam lifetime and stable operating conditions.
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Another important feature of third-generation light sources is the presence of a large number of long
insertion devices. Wigglers and undulators constitute a strong perturbation to the lattice, and their linear
and nonlinear effects must be taken into account in the design and operation of the storage rings.

With the increased power of synchrotron radiation sources as research tools, the operational requirements
have also become more demanding in terms of:

b Flexibility (variable wavelength, adjustable optics, etc.).

D Reliability.

D Long, uninterrupted periods of photon delivery to the users.

For many experiments, very short, intense light pulses are required, with variable time intervals.

In the course of this lecture, we discuss some beam dynamics effects that are believed to constitute~-
important limitations to the performance of a synchrotron radiation source. We divide the presentation into
three parts:

D Acceptance-related eflects: These limitations arise due to the finite acceptance of the storage ring (phys-
ical aperture, dynamic aperture and momentum acceptance). Examples: injection and accumulation
efficiency, gas and intrabeam scattering lifetimes.

D Nonacceptance-related instabilities: Coupled-bunch oscillations, single-bunch instabilities, ion trapping.

D Photon beam movement.

The effect of insertion devices on the beam dynamics is an important aspect of the new generation of
light sources: it is discussed in other parts of these proceedings [l].

We will refer to the particles as “electrons,” bearing in mind that, with the exceptionbf ion trapping, ‘*
the beam instabilities discussed in this paper apply equally well to positrons. Section 3.3 contains a brief
discussion on the choice between the two types of particle.

2. ACCEPTANCE-RELATED EFFECTS

We assume that the reader is familiar with the concepts of dynamic aperture and momentum acceptance.
The beam size in a synchrotron radiation source is very small, as is required by the condition of high

_ brilliance.-Typically, for a 1.5-2.0  GeV machine like the Advanced Light Source [a]:

D Horizontal beam size (standard deviation): 300 pm.

D The required horizontal half-aperture is much larger, of the order of 2-3 cm.

The relative momentum spread in the beam is of the order of 0.001 (standard deviation), whereas the
required momentum acceptance can be as large as 0.03 (RF bucket half-height).

The physical aperture and the momentum acceptance are designed to be much larger than the transverse
beam size and momentum spread. As a matter of fact, aperture and momentum spread are determined, not
by the size of the core of the beam, but rather by the following conditions:

D The injection process requires aperture to accommodate the initial oscillations of the injected beam.
A good injection efficiency is required to achieve the design beam intensity in a reasonably short time
(of the order of a few minutes).
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D Elastic scattering of electrons against the residual gas requires aperture in order not to lose the scattered
particles, a necessary requirement for a long lifetime.

D Scattering between particles in the same beam (Touschek efect) and inelastic scattering against the
residual gas requires both momentum acceptance and physical aperture in order not to lose the scat-
tered particles. This is, again, a necessary condition for a long lifetime.

Another important source of aperture requirement is the well-known process of quantum excitation,
both in betatron and momentum space [3].  In the energy regime under consideration (a few GeV) and
for high-brilliance machines, the aperture requirements due to quantum excitation are easily satisfied if the
above conditions (injection, Touscbek and gas-scattering effects) are satisfied also.

Finally, the physical aperture of the vacuum chamber must not be too small in order not to reduce the
. vacuum Conductivity  of the pipe. At the required pressure of 1 x lo-‘, vacuum considerations, as we shall

see, play a major role in the design of the storage ring.

After a brief discussion on the dynamic aperture, we will review the aperture-limiting effects listed
above.

2.1 The dynamic aperture and momentum acceptance

It is beyond the scope of this review to treat in detail the complex aspects of the nonlinear motion in
an accelerator [4]. It is sufficient here to comment qualitatively on the implications of strong focusing on
the dynamic aperture.

If the betatron motion were purely linear, the available aperture would be determined by the physical
aperture (vacuum chamber). Sextupole magnets, nonlinear elements, are required to avoid the “bead-tail” ._
instability [5] and to prevent resonance crossing and loss of particles subject to inelastic collisions. Because
of the sextupole field, the equations of motion are now not linear:

2 +  K, ( s )  I =  S  ( s )  (z2 -y2)

(1)
2 + KS (s) y = -25 (s) zy

where s is the distance along the synchronous orbit, z and y are the horizontal and vertical oscillation
amplitudes, K,(s) and K,(s) are the focusing terms, and S(s) is the sextupole strength.

The perturbing effect of a strong sextupolar perturbation distorts the phase-space motion of a particle.
Typically, close to the dynamic aperture limit, the phase space is distorted, as shown in Fig. 1. It is possible
to reduce the phase-space distortions by introducing more sextupole families to cancel some of the resonances
driven by the cbromaticity sextupoles (61.

There is a rich literature describing the behavior of a particle in phase space. We recognize the following
stages of nonlinear behavior as a function of the starting coordinates of a particle in phase space:

D At small amplitudes, the motion is quasilinear; the tunes are close to their linear values.

D As the oscillation amplitudes of the injected particles increase, the phase-space motion becomes more
distorted and the tunes change quadratically with the betatron amplitudes.
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Figure 1: Hon’rontal phase space distorted by the presence of sextupole magnets.
- -

D At even larger amplitudes, “island chains” with chaotic layers are formed. The tunes vary more rapidly
than quadratically with amplitude.

D Close to the stability limit, the islands are now large enough to overlap. The motion is “chaotic.”
The initial particle amplitudes for which this phenomenon occurs are commonly called the dynamic
aperture.

We are interested here in relating the dynamic aperture to the conditions of high-photon brilliance. A
low-beam emittance  is achieved by strong focusing (small p-function and dispersion in the bending magnets).
Strong focusing leads to high chromaticities, strong sextupoles, and reduced dynamic aperture. Similarly,
the motion of an off-momentum particle is affected by the sextupole field. The momentum acceptance of a
strong focusing electron optics is usually smaller than the one-obtained with more relaxed iattices. .v

The dynamic aperture is sensitive to the degree of symmetry of an accelerator, high periodicity being
usually associated with a larger dynamic aperture. A high-lattice periodicity implies that systematic be-
tatron resonances are widely spaced, and, thus, farther from the resonance overlapping criterion normally
associated with the dynamic aperture limit [7]. Unfortunately, even in a machine designed with high pe-
riodicity, the regular lattice pattern is broken by magnetic imperfections, orbit errors and the presence of
different types of insertion devices in different straight sections.

-
Figure 2 illustrates the fact that new generations of light sources (APS, Elettra, Advanced Light Source,

Super ACO, PEP with a high-brilliance lattice) have a smaller dynamic aperture than those of older and
more conservatively built machines (SPEAR, UV-NSLS, Aladdin) [S].

- 2.2 The injection process

In order to accumulate a high-electron intensity, several (of the order of 100 or more) beam pulses are
required from the injector. The beam is injected off-axis from a bending magnet (the septum), designed in
such a way that its field does not perturb the circulating beam. A typical injection process consists of the
following steps [depicted in Figs. 3(a) and (b)].

D The stored beam is moved close to the septum as much as is allowed by the need not to lose any part
of the particles in its tail. Normally, a distance from the septum equivalent to five beam-size standard
deviations is considered acceptable.
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Figure 2 Dynamic aperture of new generation (ALS, Elettra,  Super ACO, PEP as a synchrotron radiation

WV source, i.e., with a high brilliance optics, APS) and older machines (SPEAR, UV-NSLS, Aladdin).
The decimal logarithm of the dynamic aperture (in mm mrad) is plotted against the decimal logarithm of
the emittance (in ld mm mrad) divided by the square of the energy in GeV. The square energy factor
normalizes the dependence of the emittance with energy. The broken line is meant to give an approximate
idea of the acceptance needed for injection.
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Figure 3: (a) Anamorphic diagram of the storage ring injection process. Figure credit: Fig. S-8, ALS
Conceptual Design Report, LBL Report Pub-5172 (b) Storage ring acceptance, bumped beam acceptance,
and the injected beam in radial phase space, at the end of the septum magnet. The center lines shown are
for the vacuum vessel. Figure credit: Fig. 3-9, ALS Conceptual Design Report, LBL Report Pub-5172

D The orbit of the injected beam follows the septum boundary at a distance of the order of four times
its rms size (since the aperture limitation only acts on the beam for a single crossing, the injected
beam can be allowed to be closer to the septum than the circulating beam).

D The injected beam enters the storage ring. Since it is injected off-axis, it executes betatron oscillations.
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At the septum location, the maximum amplitude of the oscillations, Xi, is given by

X i  = 8UI + t  +5Uc

where al and oC are the rms sizes of the injected and circulating beams, respectively. Xi is of the
order of 15-20 mm, depending on the beam emittance,  lattice functions, septum t_hickness,  and safety
factors. The amplitude Xi  propagates around the ring following the modulation of the p-function,
attaining its maximum value where the p-function is largest. It is good design practice to have a
p-function at the septum as large as possible, in order to minimize the oscillation amplitude anywhere
else in the ring.

Typically, a minimum dynamic aperture of the order of 15-20 mm is required by the injection process.
Failuretoachieve this aperture makes it necessary to move the circulating and injected beam closer to the
septum and, as a likely consequence, loss of particles during the injection process.

The conditions of efficient injection represent the strictest and most uncompromising requirement of the
design, since it fundamentally affects the performance of the storage ring.

2.3 Gas scattering

The interactions of the circulating beam with the atoms of the residual gas can be of two types:

D Elastic. The electron receives an angular kick without experiencing a change in its energy. The
scattering starts a betatron oscillation. The particle is lost if the amplitude of the oscillation exceeds
the available aperture (dynamic-or physical, whichever is smaller).

D Inelastic. The electron energy changes at the point of- the interaction. The particle describes syn- .v
chrotron oscillations and is lost if the amplitude of the oscillation exceeds the momentum acceptance of
the machine. At the same time, betatron oscillations are also excited, if, at the location of the energy
change, the value of the dispersion function and/or its derivative is nonzero.  Because of the energy
change, the particle finds itself displaced from the closed orbit appropriate to the new momentum and
describes betatron oscillations around the new orbit.

In this context, only single scattering events need to be considered, since, for the vacuum pressures
- which are required for a long lifetime, the average time interval between consecutive interactions is much

longer than the radiation damping times.

In what follows, we briefly describe the types of interactions that are possible, and the expressions for
the associated lifetimes. We also give a brief introduction to the main cause of gas emission in synchrotron
radiation sources, namely photodesorption.

2.3.1 Gas scattering lifetime

D Elastic scattering on nuclei.

The effect is an angular deflection. The cross section for the process is given by [9]:

4r2 Zz 17
01 = e )

-i2 eg
(2)

where Zi is the atomic number of gas species i, r e is the Lorentz radius of the electron, and 0s is



the angle associated with betatron amplitudes greater than the available horizontal and vertical half-
apertures u, 6. The aperture restriction usually occurs in the vertical plane (undulator gap). In this
case

2b260 = -
S”S ’

where /3” is the vertical p-function at undulator, and a is the average vertical p-function around the
ring.

D bremsstrahlung on nuclei.

47.2  z? 4u2 = TEE+3 [in($)][ln((*PfP)lim)-i] ’ (3)

where (AP/P),i, is the maximum relative momentum deviation accepted by the storage ring.

This process has a very weak dependence on energy.

The above are the most important processes; elastic and inelastic scattering on electrons have much
smaller cross sections.

For a given cross section, the lifetime is given by
1 1 dN
- = - - -  = gfcn
7 N dt

Cl = Ql + 02 ,

where n = 3.22 x 1O22  P (n in m- 3; P in Torr.) for a monatomic gas at 300’ K, and c is the electron velocity.

Normally, one sets .*

CiZfPi W PZ,2, , (5)

where P is the total pressure, Zep  = 7-10 (typically, for nitrogen, Z = 7).

From Eqs. (2) and (3), one sees that elastic scattering becomes more important at low energy, and
bremsstrahlung at high energy.

In third-generation light sources, the most important aperture limitation is given by the gap of the
_ insertion devices, which could be as small as 1 cm. Figure 4 shows the lifetime due to gas scattering as a

function of the total pressure in the SRRC synchrotron  radiation source at 1.5 GeV [lo].
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Figure 4: Gas-scattering lifetime as a function of total gas pressure in the 1.3 Ge V Synchrotron Radiation
Source currently under construction in Taipei, Taiwan, Republic of China.



2.3.2 Photodesorption

Figure 4 indicates that a vacuum pressure of 1-2 nTorr  is required in the SRRC storage ring. This
low pressure is a common requirement of the new generation of light sources. To maintain a vacuum
level of 1 nTorr  in the presence of synchrotron radiation is a difficult technological problem. Photons
emitted by synchrotron radiation produce photoelectrons when they strike the vacuum chamber walls. The
photoelectrons desorb gas. An important empirical quantity is the gas desorption coefficient, defined as the
number of molecules produced per incident photon: Nmor  = qN,h. Typically, this number is of the order
of 10m5  to 10B7,  depending on the conditions of the chamber wall. Several experiments have been carried
out at various laboratories (CERN, Daresbury, KEK) to measure this quantity. An experiment performed
at Orsay  by an Orsay-CERN  team in an aluminum chamber led to the following empirical formula [ll]:

- -. ‘I = 10(-2.110~D+27)
(6)

where D is the dose in photons per meter (number of photons that hit 1 m of vacuum chamber after a
certain “conditioning” time, which is the length of time the chamber is exposed to radiation).

The formula shows that the magnitude of the desorption coefficient decreases with the accumulated
photon dose, since photon bombardment cleans the chamber walls.

As an example, let’s calculate the time required to reach a vacuum of lo-’ Torr in a 2 GeV ring having
the following characteristics:

Circumference: 200 m

Energy: 2 GeV

Bending radius of curvature: 5

Circulating beam intensity: 400 mA

Vacuum pipe diameter: 5 cm

The number of photons produced by the circulating beam per unit photon energy (c), unit time (t), and
unit electron beam intensity (i) is given by-

d3Nph  - 6.95 x 10
00

13 P photons- -
dedtdi

E2 J KS/~ (3) dx eV.sec.mA  ’ (7)
6

where E is in GeV, e and cc (critical photon energy) are in eV, and p (bending radius) is in meters; K5f3 is

the modified Bessel function.

Integrating Eq. (7), one finds that the number of photons above the photoelectric yield (- 10 eV)

a = 7  x  102’ photonsJsec .
dt

The number of molecules produced per second is

dNrn,I dNph
-=“dt,dt

a



From the state equation, the throughput Q is

where NA = 6.0 X 10 23; R = 8.32 J x mole-’ K-‘; T = 3 00” K; P and V are the gas pressure and volume,
-- -

respectively;

Q = 4.2 x 1O-21  r] F ( T o r r  x  liters/set) .

The conductance of a pipe of diameter D as function of the distance L from the pump is [12]:

(10)

- -

c = 1
l+ L

(liters/set) , (11)
Tiz7

where S, is the pump speed in liters/set, and L and D are in cm.

Let’s assume there is a pump every 3’ m of the storage ring, S, = 200 l/set, and L = 150 cm. The
effective pumping speed (dominated by the size of the pipe) is 2000 liters/set for the entire ring.

The value of the desorption coefficient needed to reach a vacuum of 1 nTorr  is, from Eqs. (9) and (lo),

P C
rl=

4.2 x 1O-21  q
= 7 x 1o-7 .

According to the Orsay-CERN  empirical formula, this vacuum is achieved after a dose D = 4.5 x

1O2g  photons/m. From Eq. (6),  we see that this dose is achieved after the chamber has been exposed to the
photon flux for a time of 3.6 x 10’ hours!

.*

7-89
6402A9 m m5.11”

- Figure 5: Cutaway view of the Light Source vacuum chamber, showing a photon stop and titanium subli-
mation pump. Figure credit: Fig. 9.45, ALS Conceptual  Design Report, LBL Report Pub-51 72.

In order to overcome the problem of a small chamber vacuum conductance and of the gas desorbed
from the chamber wall, in most designs the photon beam is made to intercept the chamber only at selected
discreet locations where water cooled photon absorbers and vacuum pumps are located. This is the solution
adopted, for example, by the Advanced Light Source, the Taiwan Light Source, the Advanced Photon Factory
and the ESRF machine in Grenoble. Figure 5 shows a layout of the Advanced Light Source chamber with its
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antichamber. The arc vacuum chamber is made of two halves of machined aluminum, welded together.
The chamber geometry is such that the synchrotron radiation is intercepted by 96 photon absorbers lying
outside the perimeter of the magnetic elements. The radiation emerges through a 1 cm slot that separates
the chamber where the electron beam circulates from the radiation exit port. A titanium sublimation pump
located underneath, and close to, the photon absorber intercepts most of the gas created by desorption.
Modeling computations indicate that the designed vacuum pressure of 1 x 10mg  Torr should be reached after
an accumulated dose of 100 Ah. A very careful control of the orbit is required to prevent the photon beam
from accidentally hitting the vacuum chamber at unwanted locations.

2.4 Intrabeam scattering (Touschek effect)

This effect was first observed in the 200 MeV  storage ring ADA in 1963. It manifested itself as a
fast-reduction in lifetime when the beam energy was decreased. It was  interpreted by Bruno Touschek as
being caused by wide-angle Coulomb collisions between electrons in the same bunch. The collision transfers
transverse betatron momentum into the longitudinal and the particle is lost if the associated oscillation
amplitudes are greater than the accelerator acceptance.

The Touschek effect is important at high-charge density, as in the case of short, high-current bunches
with low emittance,  as required by the new generation of synchrotron radiation sources. The theory of
single-intrabeam scattering is well established [13] and will not be repeated here. We give a qualitative
description of the basic collision mechanism and the expression for the beam lifetime.

Direction of
the Beam

uoI*l

Figure 6: (a) Collision dynamics of Touschek effect in the moving frame of the bunch. (b) The transverse
momentum of the electron is transferred longitudinally at an angle a with the longitudinal direction.

Following Ref. 13, the collision dynamics are studied in the moving frame of the bunch [Fig. 6(a)]. The
relative motion occurs perpendicularly to the direction of motion and is nonrelativistic. The transverse
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The transverse momentum in the center-of-mass system of the pair of particles is

Pz = l/2. [(Pz)l  - (pz)2]  . (13)

If the transverse momentum qz is transferred in the longitudinal direction at an angle Q [Fig. 6(b)], the
relativistic factor 7 magnifies the longitudinal momentum ps by

A ps = 7 qz COST  . (14)

The following example, due to LeDuff,  illustrates that the collision may result in a large momentum
transfer in the longitudinal direction.

Consider a beam of momentum 1 GeV/ c, and a particle oscillating with a maximum betatron amplitude
(2) of 0.1 mm. If, at the location of the collision, the value of the p-function is 10 m, then the maximum
angular coordinate is z’ = x//3.  The relative momentum change in the longitudinal direction is

A p8 742 7”- = - = - = 0.02 )
IPI IPI B

(15)

if all the transverse momentum is transferred longitudinally.

The particle is lost when the energy deviation exceeds the longitudinal acceptance of the RF system or
when the amplitude of the synchrotron  and betatron oscillations (the latter are excited when the longitudinal
momentum transfer occurs in a nondispersive region) exceeds-the available aperture (physical or dynamical).,_

A study of the Coulomb cross section integrated over the particle distribution gives the half-life of the
beam [13],

NO r,” c
7112 =

( >
y"

[D(6)] 7
87r r2 (~2 uz u.

maz

(16)

where NO is the number of particles per bunch; r, is the classical electron radius; o,, g,,  and (T, are the
bunch size standard deviations-horizontal, vertical, and longitudinal, respectively; and (AE/E&  is the
energy deviation acceptance of the storage ring. The function D(S) is given by

(17)m
+i (36-6ln6+2)  / c d u  .

u
6

with

where uZr  is the standard deviation of the angular distribution.
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The expression D(S) is a weak function of 6 in the range 6 = 0.01-0.1.

Note that the expression only includes the beam size due in betatron space, and neglects the effect of
dispersion and momentum spread on the beam size. This effect has been calculated by LeDuff  [14].  Eq. (17)
gives the basic parametric dependence; the scattering rate is a strong function of energy, the particle density

- in the bunch and the momentum acceptance of the storage ring. The Touschek effect becomes increasingly
important as the energy is lowered. Figure 7 gives the Touschek half-life as a function of energy in the
SRRC Light Source [lo].
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Figure 7: Touschek lifetime as a function of the bunch current in the 1.3 GeV Synchrotron Radiation
Source currently under construction in Taipei, Taiwan, Republic of China. The curves refer to two different
vertical/horizontal emittance coupling ratios.

The scattering process described above  involve single, wide-angle scattering. Multiple small-angle
Coulomb scattering occurs at high-charge density [15]. This ‘*prbcess  causes diffusion in both longitudinal
and transverse phase space, resulting in increased longitudinal and transverse emittances. This phenomenon
is very important for lower-energy (2 1 GeV) beams, but does not constitute a serious limitation in storage
rings of energy 1.5-2.0 GeV and higher.

2.5 Experimental observation of gas and intrabeam scattering

In this section, we describe an experiment carried out by Gaetano Vignola [16]  at the VUV ring of the
Brookhaven  National Laboratory. This experiment is representative of a situation in which both Touschek
and gas scattering contribute significantly to a lifetime reduction. In June 1985, it was found that the
beam lifetime was in gross disagreement with the theoretical predictions based on 4.0 cm of available half-
aperture. The beam lifetime measurements instead predicted 2.5 cm of available aperture, and this finding
was independent of the horizontal-vertical emittance coupling.

In Fig. 8(a), the theoretical Touschek lifetimes are calculated for three different emittance coupling
factors as a function of the horizontal aperture. The parameter x is the ratio of vertical to horizontal
emittances.

The experimentally measured lifetime is the sum of the gas scattering and Touschek contributions:

1 1-=
TCZP $+-.‘-Touschek

(18)

Fig. 8(b) depicts the curve of gas scattering as a function of aperture, as calculated from Eq. (18)
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and Fig. 8(a) for three different coupling factors. Since the gas scattering lifetime does not depend on the
coupling, the three curves must intersect at an aperture corresponding to the real aperture limit: 2.5 cm.
This result is in excellent agreement with the known available aperture of 2.7 cm (limited by a septum
magnet). lo4 e

.
5 4c
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,:Ii7 5 3 1

HORIZONTAL APERTURE (cm)

Figure 8: (a) Touschek lifetime in the 750 Me V Light Source at Brookhaven National Laboratory calculated
for three different values of the emittance  coupling factor x. Electron energy: Y50 Me V; current per bunch:
3.9 mA. (b) Gas-scattering lifetime as a function of machine aperture.

3. NONACCEPTANCERELATED EFFECTS

In this section, we discuss three effects that are not directly related to the betatron or momentum
acceptance of the storage ring: coupled bunch oscillations, single bunch oscillations, and ion trapping.

3.1 Coupled bunch oscillations

In order to achieve high-photon brilliance, accelerator designers strive to design machines that can store
a large beam current. Because of the limit on the number of electrons that can be packed in single bunch,
the design- tries to accommodate as many circulating bunches as possible. The electromagnetic field of “long
memory” resonant objects in the ring tends to couple the motion of the bunches. Under certain conditions
that depend on the characteristics of the coupling impedance of the resonant objects, a positive feedback
develops by which the voltage induced by the beam interacts with the beam itself, leading to an instability.

The instability can be longitudinal, resulting in growth of synchrotron oscillation amplitudes, or trans-
verse (growth of betatron amplitudes). The theory has been developed by several authors [17].  Considering
first the longitudinal motion, the fastest-growing instability is normally the one wherein each bunch behaves
as a single rigid particle (dipole mode). The growth time r is given by:

e IOU 9 ~0”r = 4n E wSo E [(
P M - l )  R - - ( P M + l )  R+] , (19)

where I,,, is the average circulating beam current, 7 is the momentum compaction function, ws  is the angular
revolution frequency, E is the electron energy, and w,n  is the small-amplitude synchrotron frequency.
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The summation extends over all the frequencies that can resonate with the cavity-like objects in the
ring. R+ and R- denote the resistive part of the impedance at the frequencies (PM + 1)~s  + wss  and
(PM - l)wo - wso. M is the total number of bunches, and 1 is the mode number. To define the latter, we
note that, given M bunches of equal charge, equally spaced, closure and symmetry require that the phase

-. - of oscillation of each bunch relative to the preceeding  one be the same for all bunches. The phase shift from
bunch to bunch is given by 27r  l/m. The modes of oscillation of a four-bunch system are shown in Fig. 9.

Mode
n=O

rbl

n=2

n=3

Modes of Oscillations of 4 Bunches

Figure 9: Modes of oscillation of four bunches.
.v

As we mentioned earlier, resonant objects distributed around the ring contribute to the impedances R+

and R-. These objects are given by discontinuities that cause a sudden change in vacuum chamber cross
section. Since the condition of long memory of the wakefields requires a high Q resonator, the RF cavities
are, normally, the main offending objects.

Beside the rigid bunch mode, higher-order modes can develop (quadrupole, sextupole, etc.), wherein the
_ shape of the bunches is modulated.

The instability develops when its growth time is shorter than the longitudinal radiation damping time.
The experimental observations indicate that the longitudinal coupled bunch oscillations rarely cause beam
loss: the momentum oscillation increases its amplitude until the nonlinearity of the RF bucket introduces

- enough decoherence to damp the instability. This instability does, however, represent a potentially serious
performance degradation. Its effects are: increase in bunch length, increase in spot size from bending magnet
radiation (via the increased momentum spread), fluctuating intensity of the light, low accumulation rate,
and short lifetime.

It is interesting to note, in Eq. (19),  the dependence of the growth time of the instability on the
momentum compaction function 7. As the focusing of the lattice increases to achieve smaller spot size,
the momentum compaction function normally decreases also, and makes it more difficult to achieve stable
operation.
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Resonant conditions can be derived from transverse coupled bunch osciZZations  [I8]. These oscillations
are driven by transverse deflecting electromagnetic fields that decay slowly and act on the following bunches.
The transverse instability usually has longer growth times than the longitudinal one.

Several measures can be taken to increase the growth Gme for the instabilities. The most effective one
is to limit the impedance of the ring by careful design of the vacuum chamber, the accelerating cavities and
other discontibuities. Special care is taken in damping the nonaccelerating modes of the RF cavities by the
introduction of antennas. In case of a chain of cavities, introducing a slight shift in the resonant frequencies of
the nonaccelerating modes may help, since these modes do not all overlap at the same frequencies. Splitting
the synchronous frequencies of the individual bunches with a low harmonic cavity can also be effective in
decoupling the bunches.

FW  the transverse oscillations, RF quadrupoles that split the betatron frequencies of the bunches and
decouple the transverse motion may prevent the onset of the instability.

Landau damping, or the introduction’ of nonlinearities to the motion, can theoretically be obtained in
the longitudind,  case via the addition of a higher harmonic cavity (for instance, the fourth harmonic of
the main accelerating frequency). In the transverse plane, Landau damping usually requires octupoles to
introduce amplitude-dependent tune shifts. For high-brilliance sources, however, the small longitudinal and
transverse emittances require very strong nonlinearities for Landau damping that can be detrimental to the
lifetime of the beam. This is particularly true for the transverse instabilities, where octupoles tend to reduce
the dynamic aperture.

The most effective way to damp coupled bunch oscillations is to use the feedback system. In the
longitudinal plane, a beam monitor detects a change in position in the horizontal axis dae to a change in.-
energy, or a change in the arrival time at a fixed location. The signal is fed to a special RF cavity that acts
on the beam in such a manner as to damp the growth of the oscillations. For the longitudinal instability,
the maximum voltage per turn V required by the feedback cavity is

2 E  A E
v=--

7 frev E ’ (20)

_ where AE/E is the relative energy error acted on by the feedback system, fr,, is the revolution frequency,
and T is the rise time of the instability.

For transverse oscillations, the betatron amplitude is detected and fed back to a transversely deflecting
device.

The technological limit of the feedback system is represented by the fact that, in order to act on
each individual bunch, the frequency band of the system must be large, of the order of half of the bunch
repetition frequency. This, coupled with the voltage normally required for fast damping [Eq. (20)], poses a
limit (practical, if not conceptual) to the total number of bunches that can be stored in the ring.

3.2 Single-bunch instabilities

These instabilities are driven by short wavelengths (of the order of the bunch length) and short memory
wakefields in cavity-like objects in the ring. The longitudinal microwave instability [19],  also known as
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turbulent bunch lengthening, causes the momentum spread to blow up and increases the length of the
bunch.

The maximum peak current that can be stored in a single bunch before bunch lengthening occurs is
given by

where AP/P is the rms momentum spread in the beam, E is its energy, e is the electron charge, and n is
the momentum compaction function. [Z/n]  is the modulus of the effective longitudinal impedance in the
high-frequency region divided by the harmonic n of the revolution frequency. IZ/nl  is a very important
quantity that depends on the total impedance of cavity-like objects distributed around the ring. Typical
contributors to this “broadband impedance” are the accelerating cavities, beam position monitors, bellows,
vacuum chamber discontinuties in the transition from a regular cross section to the smaller cross section of
an undulator, etc.

In older-generation machines, lZ/ n is of the order of tens of ohms. In the radiation sources presently1
under construction, designers try to keep the value below 1 ohm.

The longitudinal microwave instability rarely causes beam loss, but it does increase the momentum
spread and the bunch length. This may be a problem for those users who require very short photon pulses,
as might be the case for time-resolved experiments.

The transverse microwave instabilib  [20) is also called “fast blow-up instability.” This instability leads
to beam loss. Fortunately, its current threshold is usually higher than that of the longitudinal instability. .w

3.3 Ion trapping

The phenomenon of ion trapping by the potential well of the circulating electron beam has been observed
in all electron synchrotron  radiation sources. This phenomenon can manifest itself as transverse beam blow-
up, but most commonly as sudden loss of beam lifetime. This is an elusive and poorly understood process,
usually blamed for any unexplainable beam quality deterioration!

Using positrons instead of electrons gets rid of the problem. This represents a sensible solution for
-higher-energy radiation sources (6-8 GeV),  where the cost of a positron facility represents a relatively small
portion of the total cost of the machine. In lower-energy radiation sources the cost impact is greater; for
this reason, they are generally designed for electrons. The option usually is left open to accelerate positrons
later on, should ion trapping be a serious performance limitation.

Ion trapping is caused by the ionization of the residual gas by the electron beam. Ions are produced
at thermal velocities, and almost at rest in the laboratory frame (a few hundred m/set) compared to the
electron velocity. The ions receive transverse kicks at successive passages of the e- bunches, which act ss a
focusing force. The outcome of the cumulative effect of all the kicks is one of the following:

D ions remain in the potential well of the electrons (ion trapping); or

D ions escape the potential well (no ion trapping).

The effects of trapped ions on the electron beam are:
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D increased gas pressure, multiple gas scattering with associated reduced lifetime.

D space charge effects that cause tune shift and tune spread and, ultimately, particle loss.

D coherent electron ion-oscillations are also possible.

The stability of the ion motion under the conditions described above have been studied by several
authors [21].  The starting point of all the models is to study the motion in the linear approximation. The
ions feel a periodic focusing kick (the electron beam) followed by a drift (time between transits of electron
bunches). The transformation matrix for a period (bunch crossing + drift) is, at the start of accumulation,

(I) = (i :‘)(:a Y)(iz) ’ (22)

for ion oscillations in the vertical plane, and where

N 2r,c  1
a = n uv (a, + by) A ’

A is the atomic number of the ion, N is the total number of particles per beam, n is the number of bunches,
o, and cry  are the transverse electron beam sizes (standard deviations), tb is the interbunch time separation,
re is the classical electron radius, and c is the speed of light.

According to the standard stability criterion, the motion is stable (ions are trapped) if

-2<Tr(M) =  2-ax&, < 2  .

This corresponds to a critical ion mass

A ,  =
r,NC

2n2 by (0% + oy) ’ (23)

where C is the ring circumference.-
All the ion species for which A > A, accumulate.

As the ions accumulate, the defocusing force of the ion cloud must be taken into account; the drift space
is now replaced by a defocusing lens and the ion stability changes:

A  > A ,  - kd;

where
c2 1

k=?rr, -0n 1 + uy/uz

and di is the ion density.

As the ions accumulate, lighter and lighter ions are trapped. This process is called the ion ladder.
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Ions can be made unstable by leaving one or more gaps in the train of bunches, in analogy with exciting
the half-integer resonance in the ion motion. This is a very effective method to suppress ions, successfully
applied in several synchrotron  radiation sources. The length of the gap that is required varies for different
machines, but is, typically, of the order of one-third of the ring circumference.

Clearing electrodes are also effective in suppressing the ions. A difference of potential of a few kV
over 2-3 cm across the vacuum chamber can be effective in taking the ions out of the potential well of the
electrons. This field has no effect on the highly energetic circulating electrons. For larger currents and
smaller gaps, stronger clearing fields are required that might be difficult to implement. Ion clearing becomes
more effective if the clearing field is modulated at the oscillating frequency of the ions. However, when
the ion reaches the nonlinear region of the electron charge density, its oscillating frequency changes and an
oscillating field tuned to the linear frequency becomes less effective. In this case, a combination of static
and oscillatory field is more effective [22]:

D the static field drags the ion in the nonlinear part of the field.

D the oscillating field, tuned at the ion shifted frequency, increases its amplitude out of the electron
beam and the ion is lost.

4. POSITIONAL STABILITY OF THE PHOTON BEAM

Movement of the ground or local temperature changes causes the magnet support structure to move. As
a consequence, the magnets also move, and so do the electron beam and the emitted photon beam. In the
new generation of light sources, the problem is exacerbated by the fact that these machines are characterized .m
by small electron beam size, thus

D small photon spot size and consequent tight orbit stability tolerance (a fraction of the spot size).

D increased sensitivity to quadrupole movement because of stronger electron optics focusing.

Thus, it appears that the severity of the photon beam stability problem scales like the square of the
photon brilliance.

_ In this section, we discuss the stability requirements, the causes of photon beam movement and possible
prevention and cures.

4.1 Stability requirements

The major effects of the photon beam movement depend on the detail of the beamline, but basically are
the following:

Position change: loss of photon flux.
Angle change: loss of photon flux and wavelength shift.

As an example, consider the positional stability of a beamline  with entrance slit. Let’s assume that
the slit is open at f2 standard deviation of the photon beam size (assumed of Gaussian shape). A simple
calculation shows that, for a 1% throughput stability, the photon beam must be stable within 17% of the
standard deviation of its transverse size. For a machine like the Advanced Light Source, this requirement
implies an orbit stability of the electron beam of 33 pm horizontally and 6 pm vertically. The relationship
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between the quadrupole positional stability and the orbit movement is given by

(24)

where < Ax, y >or(ii  is the rms probability of horizontal and vertical orbit shifts, BZ,r(s)  is the p-function at
the orbit observation point, vZ,r are the betatron tunes, Kili is the integrated strength of the i-th quadrupole,

Pz,r,i is the p-function value at the i-th quadrupole location, and < Ax, y >guad  is the rms value of the
horizontal and vertical quadrupole movements.

Eq. (24) gives the dependence of the orbit sensitivity to quadrupole misalignments on the strength of
the quadrupoles. For the example of 1% throughput stability given above, Eq. (24) gives an rms quadrupole

positiona]  stability of the order of 1 pm!

4.2 Causes of magnet movement

(a) Ground movement (seismic motion; ground settlement, traffic, cranes, heavy machinery, etc.).

(b) Temperature effects (temperature changes and gradient in magnet support structure, thermal distor-
tions in mirrors and monochromators).

(c) Electrical disturbances (power supply ripple, booster synchrotron cycling, long-term drift of magnetic
field).

(d) Magnetic e&&s  on orbit (hystereses after orbit changes, ramping, magnet cycling). Changes of
insertion device field strength. -

(e) Electron beam instabilities (coupled bunch oscillation-ion trapping). .w

The parameters influencing the sensitivity of the orbit to mechanical and thermal perturbations are the
amplitude and wavelength of the perturbation. The longest wavelength of interest is given by the length of
the ring diameter + beamlines. Assuming a velocity of ground motion of 1.5 km/set  and a facility diameter
of 100 m gives frequencies of interest of about 15 Hz and higher. Frequencies corresponding to a betatron
wavelength are particularly sensitive (about 50-100 Hz).

The conditions vary from site to site, but, for most machines, in the frequency domain above 1 Hz, most
- of the important disturbances are manmade, with typical oscillation amplitudes of 0.1-1.0 pm.  Thermal

effects are probably the most important cause of beam movement.

4.3 Prevention and cures

Several measures are being taken to reduce this problem. To reduce the magnetic effect (magnetic
field ramping), most third-generation machines inject at the operating energy of the storage ring. Care is
taken in the design of the magnet support structure: the mechanical resonant frequencies are damped where
necessary, and effort is made to reduce the temperature gradient in the magnet support. The environmental
sources of noise should be minimized: the geographical location is conveniently chosen and one tries to
decouple the ring from the source of vibration (by introducing damping in support and floor construction).
Air conditioning (local or global) may be required. After all of the above is done, however, it is unlikely
that the quadrupoles will not move by more than the estimated tolerance (pm).  For this reason, nearly all
modern synchrotron radiation sources use feedback systems to stabilize the orbit.

19



Various methods of feedback systems can be used to:

D Measure the orbit movement and correct the electron orbit.

D Measure the photon beam movement and correct the electron orbit.

-. _ D Measure the photon beam movement and correct the photon beam trajectory (with mirrors).

Orbit feedbacks may consist of a localorbit bump in the insertion device region, or they may compensate
globally for the main closed orbit harmonics (those close to the value of the betatron tunes). The prac-
tical limitations of the feedback systems are represented by the beam position monitor sensitivity (about
10 microns for a state of the art device) and by the frequency response of the system. The latter is limited,
usually, by the magnetic field attenuation in the vacuum chamber to, typically, 50-100 Hz.
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