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Abstract

Designers of vaauum systems of modern high intensity eledron storage
rings have to carefully consider vaauum presaure dfeds as well as
geometricd and eledromagnetic constraints. This paper reviews the basic
aspeds of synchrotron radiation determining the dynamicd vaauum
pressure in the presence of bean. The processs of thermal and phdon
induced desorption are discussed so that a proper estimate of the gas load
can be made. The relevant vacuum dependent loss mechanisms are
summarised in order to cdculate the bean-gas lifetime. Impli cit geometricd
aspeds in the context of macdine impedance ae mentioned as they have a
stronginfluence on beam stahility.

1 INTRODUCTION

Bean lifetime and beam stability are of major importance to any storage ring and require a caeful
design d the vaauum system. The interadion d the stored particles with the moleaules of the residual
gas leals to particle losses, thus cdculating the presaure to be expeded is esential at the design stage.

The gas load and thus the resulting vacuum presaure is determined by thermal desorption and
moreover by the dynamicd gas load which is produced by synchrotron radiation falling on the
chamber walls. The interadion d beam particles with the residual gas moleaules, cause particle losses
by elastic and inelastic scatering pocesses. The knowledge of these processs all ows the bean-gas
lifetime to be cdculated. Neverthelessimplicit requirements such as the chambers' impedances have
to be taken into acourt by the designers to avoid beam instabiliti es caused by wake fields arising
from theinteradion d the beam self-field with the metalli c vaauum-chamber boundxries.

2. SYNCHROTRON RADIATION ASPECTSIN ELECTRON STORAGE RINGS

It has been knawn for abou 100 yeas that an acceerated “eledric charge mncentrated in a point”
radiates energy [1]. Starting from Maxwell’s equation o 1873, Liénard [1] and Larmor [2] worked
out the power that is emitted by a moving charged particle & non-relativistic velocities. This energy
lossof accderated particles was of concern alrealy at the ealy betatrons. [3, 4], but it took urtil 1947
urtil Elder and co-workers [5] saw a “small spat of brilli ant white light” in the visible spedrum,
radiated from the 70 MeV eledron bean of their synchrotron. That's why this eledromagnetic
radiationis dill cdled “Synchrotron Radiation” (SR).

Sincethe energy and the stored intensiti es of eledron keams in storage rings have been raised
to much higher values, SR has an enormous impad on the design d eledron-ring accéerators. The
power of the SR beans that hit the vaauum chamber in modern storage-ring-based synchrotron
radiation light sources or B-meson fadories can be & high as kWM™ causing thermal problems as
well as svere desorption.

2.1 Basic properties of synchrotron radiation

Amongst ealier articles, Schwinger published the theory of synchrotronradiationin 1949[6]. A more
modern derivation d the theory is foundin Ref. [7], where an analyticd expresson d the spedral
and anguar distribution d SR is given in terms of modified Bessel-functions K . For recent review
articleswith connedionto acceerators e 4so Refs. [8, 9.
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The relativistic y-parameter of an eledron with total energy E is defined as

with c the speed of light and m = 511 leV/c’ the dedron rest mass An eledron (with charge €)
moving in a drcular acceerator will radiate atotal energy W per solid angle dQ per unit frequency
interval de per turn of
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where g, = 8.8610™ ASV '’ is the dieledric constant and the agument of the Bessel-function & is
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The terms in the square bradket of Eq. (1) describe the fad that SR is linealy pdarised in the
horizontal, and circularly pdarised in the verticd plane. The aaguar divergence and thus the pedk
intensity of the radiated energy are functions of frequency w and depend onthe verticd observation
angle . Approximating the vertlca divergence 4 the aitica frequency w = « by a Gaussan, the
dlvergence(FWHM) isa=y'. Soarealy at small eledron energles eg. 500MeV where y 11000,
the vertica opening angle of SR is of the order of 1 mrad. Thus SR is extremely well collim ated with
avery small verticd extension.

Integrating Eq. (1) over al frequencies, the total radiated energy per unit solid angle per
eledron per turn gves:
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This equation indicates that SR is of concern to eledron rings rather than to current hadron
machines; the y/-dependence of Eq. (2) results in a ~10" smaller amourt of SR power radiated by a
proton beam (at the same energy and bending radius), as the massratio of proton and eledron mass
m/m, = 1836.

As energy is radiated in guanta (phaons) with energies u = haw/2rg the distribution d the
number of phaons n(u) emitted by a single dedronto an unt energy interval Au per seoondis

)

where 7 is Planck’s constant and p the dedron’s bending radius in the external magnetic field. Thus
the flux of phaons emitted per seaond byasingle dedronis:
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Equation (2) in pradicd units of beam energy E, magnetic bending field B and circulating
beam current | for the peak power density in the horizontal plane (¢ = 0) becomes

daP
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and integrated ower all verticd angles the total power radiated by the beam into the horizontal plane
is:
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j_z = 4.42E3 [GeV]B[T]0[A] Wimnrad?, (4)

whil e from Eq. (3) the phaon flux emitted into the horizontal planeis:

Z—g' =1.310" (E[GeV]O [A] photongs™ tnrad™ . (5)

The power adsorbed by the vacuum chambers and the power distribution in the accéerator dependsin
detail onthe vacuum chamber design bu is easily estimated from geometrica considerations.

Tedhnicd problems arising from too Hgh paver loads onthe chamber walls are:
> heding d the chamber wall s enhancing thermal desorption;

» thermal expansion d the dambers causing current-dependent defledion d chambers and
elements install ed in the vacuum system, which may crede positi on shifts of lattice éements and
thus intolerable beam orbit drifts;

» phaon indwed desorption increasing the vaauum presaure due to a aurrent-dependent gas load
affeding the beam lifetime.

3. LINEAR POWER DENSITY

Equations (4) and (5) are the power and phdon flux that are amitted by the beam whenever eledrons
are defleded in a magnetic field. In a dipde field B = constant, the beam is bent in a drcle with
constant bending radius p. The power of SR, aswell asthe phaon flux, are emitted tangentially to the
beam path and will hit the vaauum chamber wall. Due to the small verticd dimension d the phaon
beam it is useful to define the 'linea power density’ p, = dP/dL as the verticdly integrated pover per
unit length of chamber wall, Fig. 1. Taking small differences rather than dfferentials, the power
radiated by the dedron beam in a small angle segment A@ is disspated along a distance AL on the
chamber wall s. By thisthe linea power density distribution alongthe whole machineis:
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Fig. 1 Schematic of the cncept of linea power Fig. 2 Linea power density distribution along a unit cdl of the
density. The power P radiated in the ange BESSY Il synchrotron light source (/16 d the ring
segment AB is gread over a distance AL at the circumference). Nea the «it of the bending magnets the power
vaaum system boundry. The linea power density is as high as 250 W/cm. Inpu data: energy 1.9 GeV, stored
density p,, is the power absorbed by the dhamber current 500 mA, bending field 145 T. The minor contribution o
wall per unit length. multipole magnets is negleded in the cdculation. The magnetic

latticeof theringis ketched in the lower part of the graph.
It is obvious that by simple means, e.g. avoiding surfaces perpendicular to the incoming
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phaon bean, the pe&k power density can be deaeased by dstributing the power over a larger
distance AL. Figure 2 shows a cdculation d the linea power density for the 1.9 GeV BESSY Il SR
light source For a stored current of 500 mA the linea power density ranges from 250 W/cm nea the
exit of the bending magnets to lessthan 1 W/cm in the straight sedions. Espedally at the location o
high paver load, a caeful analysis of the expeded temperatures and thermal defledion d
comporents has to be dore (using standard FEM programs) to avoid damage to the hardware
comporents.

The same wncept is used to derive the linea phaon flux density n, = d(dN/dt)/[dL
[phatonsS*'@m™] onthe chamber walls using Eq. (5):
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4, THERMAL- AND PHOTON-INDUCED DESORPTION

For a vaauum system withou beam, the gas originates from a variety of processs as permedion,
diffusion, desorption/re-adsorption and the material’s vapou presaure. For eledron rings it is
normally sufficient to consider the thermal desorption o molealles bound to the dhamber-wall
surfaces only. In the presence of eledron beans the phaoninduced desorption by synchrotron
radiation gves a significant contribution to the vaauum presaure.

4.1 Thermal desorption

The surfaces of the vacuum vessls are dways covered with some layers of moleaules which are
adsorbed at binding energiesin the range of eV. In consequence @ntinuous gas loads Q, consisting d
gas comporents ‘i’ likeH,, CH,, H,O, CO, CO, are desorbing, gvingatotal gasload Q:

Qo =.2Qi

The desorption rates g [mbarIS'idém?], often also termed spedfic outgassng rate, are the gas
loads per surface aeaA: g = Q/A. These rates canna be cdculated by general means, as they are a
property of the material and depend onits history, e.g. the way the surfaces have been cleaned [10].

According to Frenkel’s equation, the gas load Q, depends on temperature T. Q, is the sum of all
the desorbing comporentsi, at asurface overage N, [moleaulesidm®] and kinding energy E::
E
Qo O z Ni e KT |
i

Baking the vaauum system increases the temperature T and enhances desorption. For clean stainless
sted-samples gedfic outgassng rates of 10 mbardIS'@m?® are adieved routinely after in-situ
bakeout at ~300 C. In unkeked systems the outgassng rate is typicaly afador of 5to 10 hgher.

Let us assume that the spedfic outgassng rate @ function d time q(t) is propational to the
total amourt of gas g,; adsorbed onthe surface
q(t) =-dq,/dt.
When the surface overage is considered to change by desorption orly
N(t) =3 [N(t=0)- (f g dt)]

the gasload Q will deaease exporentialy with resped to time & a charaderistic time-constant 7, for
eat gas gedesof aFrenkel typerelation:

T =1, exp(-E/KT) .
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When asauming that for a baked and an unkeked system the binding energies are the same
(since the relative composition d adsorbates days unchanged — which definitely is an ower-
smplification) it takes a time of approximately 2.3r, for an unkeked system to arrive the gas load Q,
of abaked ore (andthus at avaoauum pressure P, = Q,/S). Here 7, isthe timeit needsto reduce Q, by a
fador of 1/e in the baked system. So, for a thermal desorption daminated vaauum system bake-out is
useful to achieve low presauresin ashort time.

4.2 Photon-induced desorption

In the presenceof SR the balance of outgassngis sgnificantly changed. Synchrotron radiation on o
hand increases the temperature of the vaauum chamber, therefore increasing thermal desorption. On
the other hand the SR phaons hitti ng the vaauum chamber wall s creae phaoeledrons which scater
onthe walls, causing adsorbed moleaules to desorb [11]. Thus the total gas load has to be mnsidered
as the sum of thermal and phdoninduced desorption

Q= Qo NNk,

where Q, is the thermal gas load and ) the desorption yield, e.g. the number of moleaules released per
incident phaon, k is the conwversion fadtor from moleaulesto Torr | (k = 3.10.0” TorrlImoleaules” at
25°C) and d\/dt the phaon flux. According to Eq. (6) the phaon flux is afunction d positionin the
macdhine.

A variety of measurements to determine the desorption yield n have been published, [12-14.
The desorption yield 17 is deaeasing with time or, to be more predse, with the acumulated phadon
flux, also named “phaon dese”. The desorping moleaules follow a dependence

n=n,D*,

where n, is the initial desorption rate of the order of 10” [moleaulesiphaon’] for most gas pedes
such as H,, CO and CO, from standard materials sich as dainless sed, copper and aluminium. It is
obvious that 1, is a quantity that depends on the deaning procedure. It also depends on the history of
the material. a determines the dependence on phdon dmse D (e.g. the integrated phdon flux
[phaons] or integrated eledron current with resped to time [AM] using Egs. (4) and (5),
respedively). Typicd values of a are 0.8to 1.2. Water, which is loosely bound by @n der Wads
forces, behaves omewhat diff erently in this context [14].

Figure 3 dsplays a typicd measurement
result of the desorption yield for an OFHC-copper
surface [15]. Starting at 1, 0 10° at a dose of
some 10° phaons, the yield is rapidly deaeases
to values below 10° after a dose of 10° phaons,
equivalent to an integrated bean current of
[b0OAh — as 10° phaonsS* were hitting the
sample. This well-known effed, often cdled
“bean scrubking’, is a powerful cleaning method
for vaauum surfacesin eledron macdines.

Calculation d the desorption dstribution
thus has to reflea the desorped gas load
Q(x,n(D)) which is dependent on the phaon flux
at locaion x as well as on the desorption yield
which itself depends on the acumulated beam
dose D. In oder to determine the mean gas
presaure, we have to dedde on the pumping
scheme, the location o pumps and their pumping
spedd to derive the presaure distribution.

Fig. 3 Desoprtion yield vs. integrated phdon dcse,
from Ref. [15].



5. PUMPING SCHEME & PRESSURE DISTRIBUTION

The magnetic dements of the accéerator set important geometricd boundiries to the layout of the
vaauum system. The avail able gertures in the multipole magnets determine the aoss dion d the
chambers. At the same time the flexibility for optimised pasitioning o vacuum pumps is limited by
the presence of magnets and aher elements. Thus, there is no simple way to optimise the vaauum
system. Neverthelessone can derive asimple model of the vacuum system [10,14 to oltain arough
insight into the performance of the pumping system. As, indeed, major parts of the vaauum chambers
do nd change their shape, we mnsider a beam tube of constant elli pticd cross £dion with pumps at
constant distance L from ead ather. The gas flow Q [mbar(IS"] gives rise to a presaure difference dP
due to the spedfic condwtance w [mIIS*] of the pipe. Along the diredion x of the pipe in linea
approximationthe gasload is

=wP
Q(x) = de.

Asauming that the spedfic gas load q [mbar s'M?] per spedfic surface aeaA [m] stays constant
andthe total surfaceof the pipe of length L is F = AL [m7, then

aQ._
dx
Combining the two equations gives.
dx

With the boundry condtions that the presaure is equal to AgL/S at the location o vaauum pumps
with pumping speed S, and that due to symmetry of the problem there is amaximum at x = L/2:

dP
|x L2 =0,

aparabdlic presaure dependence foll ows with the arerage presaure:
< Hﬁ + L
M Ts,

For an ellipticd pipe of length L [cm] and semi-axes a [cm] and b [cm], the condwtance
C=w/L [I(5"] for agas moleaule of massM [amu] at temperature T [K] is given bytherelation 1Q:

2hn20
C= 431@Ehb

@WE{F

Defining an effedive pumping speed S, the average pressure in the sedionis given by.

(7)=

AgL

Sef'f
with

For condwctance limited vaauum chambers as in the straight sedions of the BESSY |l storage
ring the spedfic conductance is w = 20 miisS* for N, (M = 28). The dfedive pumping speed as
function d distance L and pumping speed S is plotted in Fig. 4. The graph immediately shows that
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the optimum solution is to pace & many small pumps as closely together as posgble when lumped
pumps are used. Irrespedive of the pumping speed o the pumps, the maximum effedive pumping
sped is limited to12w/L. Redistic distances L are éou 2 to 3m demanding punps of typicaly less
than 60 I/s pumping speed, yielding S, = 20 I/s. On the other hand the dfediveness of linealy
distributed pumps all along the madine drcumference is obvious as L approaches zero, in this
concept the maximum pumping speed S is avail able & the vacuum chamber.

Effective Pumping Speed
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Fig. 5 Presaure distribution o a 1.9 GeV, 500 mA bean
in the BESSY |l storage ring as expeded after
acaimulation o various beam doses (1, 10 and 100A[ )
as well as the base presaure withou beam. The magnetic
latticeof BESSY I is ketched to scde (lower part).

Fig. 4 Effedive pumping speed of a cnduwtance limited
chamber (w = 20 mISY) as function o distance L. The
curves are for different values of the pumping speed S, (20,
60, 1201(S* and infinite pumping spedd).

In amore redistic model the sssumption d constant outgassng rate has to be replaceal by the
position dependent g(x), whil e the varying condictances w(x) have to be cnsidered corredly. Many
different computer codes have been developed to evaluate the problem Eq. (7), ranging from
sprealshed-based maaos[17], upto Monte-Carlo simulations [18, 19. Thus the presaure profile can
be @proximated piecavise and/or evaluated dredly taking into acmunt the dose-dependent
desorption rates. Figure 5 shows a cdculation that was performed for the BESSY |l storage ring. The
presaure distribution is plotted for different desorption condtions (acaumulated doses of 1, 10and
100 AM) and for thermal outgasdng, i.e. withou bean. To adieve the design pesare of
<P> = 10° mbar, an integrated dose of J200AM is required.

6. SINGLE-PARTICLE LOSSMECHANISMS

Once the vaauum presaure and the gas composition are known, scatering d the stored eledrons with
residual gas moleaules will cause particle losses from which we will cdculate the bean-gas lifetime.
As the beam particles are mnsidered to be independent from ead ather, beam-gas interadions are
considered as incoherent effeds that are treded statisticdly.

There aetwo dff erent interadions to consider:

» Elastic scatering which leals to a transversal defledion d the bean particle. After the
collision the dedrons will start to perform betatron cscill ations around the dosed orbit.
With the asaumption that the beam-stay-clea aperture of the vaauum chamber is of the
same size & the dynamicd aperture, the particle is lost when the amplitude of the orbit
oscill ation excedls the medhanicd limit (mostly the verticd chamber height).

« Inelastic scatering, where aphaon is emitted in the @lli sion, changes the beam particles
energy. If the dispersive orbit exceals the mecdhanicd (normally the horizontal) aperture, or
if the rf-accetancelimit i s exceeaded, the particleislost [20, 21.
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6.1 Coulomb scattering

Scatering d an idedised mono-energetic dedron beam in the Coulomb field of the nucleus of a
residual-gas atom of nuclea charge Z leads to an anguar defledion, depending on the impad
parameter b, i.e. the shortest distance between the incoming perticle trgjedory and the point-like
target. Taking into acount the screening o the Coulomb field by eledrons from the target-atom
which is important for particles at large b (equivalent to bean particles satered into small angles)
and modifying for the finite size of the nucleus, the differential cross ®dion d the scatering pocess
can be foundin many text books. [7]. Integrating this cross dion from the minimum angle 6, for
which a particle gets lost and maximum angle 6, CITtgives:

2mz?%rZ 1
y:? 0§

As a mnsequence of the angle defledion 6, the particle performs betatron cscill ations with
maximum amplitude

— 1 .
Y max —mu\/ﬁ(s) E{/EEBO-

The particle hits the vacuum wall if y > a. B and ((s) denate the horizontal or verticd amplitude
function o the ring at the locaion i where the scatering takes place ad £(s) somewhere in the
macdhine, whil e a represents the horizontal or verticd half aperture of the chamber.

Averaging owr all possble locaions i (replacement of 3 by the mean beta value <f3>) the
cross gdion die to Coulomb scateringis[20, 23:

_ 21z re2 dﬁ> Brmax
oc=—"> 2
% a

It isevident that for increasing energy this lossmedanism beames lessimportant.

6.2 Bremsstrahlung

Inelastic scattering d an eledron df a nucleus causing kremsdrahlungleals to an energy lossof the
circulating perticle. The dedronis lost when the energy deviation exceals the rf accetance g, of the
ring. The total cross £dionfor particlelossis[22, 23:

2522
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6.3 Elastic e-e scattering

Similar to the dastic scatering o eledrons off the nucleus, the beam particles also scatter with the
eledrons of the aoms of the residual gas. In this process the beam eledrons transfer part of their
energy to the gas atom. Again if the bean particles energy loss excedls the rf accetance limit, the
particleislost. The total cross dionfor the processis[20, 21:

2mrlz 1
y Exf

Oel,ee =
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6.4 Inelastic e-e scattering

In inelastic scatering d the beam eledrons with the dedrons of the residual gas atoms, a phaon is
emitted, which caries away part of the dedron energy. Particle loss occurs when the energy
accetanceis excealed. The losscross ®dionisgiven by[20, 21:

2 2
4rs Z e 0 0
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6.5 Thebeam-gaslifetime

The number of beam particles N divided bythose lost per time interval -dN/dt is the 1/e-bean lifetime
1. The relative losses equal the aoss ®dion g times the density of target atoms n (the index i
corresponds to the different moleaules j in the residual gas composed o k; atoms of type i with
nuclea charge of Z). The bean travels with the spead of light ¢ so the beam experiences a density of
these target atoms per second d Y nc. Thus the inverse bean lifetime is given by summation d the
abowe aoss gdions:

1_1dN _ K { }
TN ¢ 2KijNiOc,i +0Bji *Telee,i * Tinelee,i
It
The densities n, of atoms i from moleaules | Beam Lifetime @ 1.7GeV
are related to their vaaum pressre P via LA et i
Boltzmann's constant k and the temperature T:
1000.0 £ S & ey
n = Ff E T < coulomb
kT — = BrerIs
strahlung

- + - Elastic e-e

At room temperature this relation in pradicd units
is:n [m?®] =3.217c1G” P [Torr].

Comparing measured and cdculated beam
lifetimes as a function d the drculating beam F
intensity show good agreament at low currents, i Tousehek
Fig. 6. For high intensity beam, i.e. high burch 01
currents, espedaly if only a few burches are
circulating dscrepancies are visible.  The
underlying process is <atering o eledrons g g Bean lifetime for the various lossmechanism as a
amongst ead ather inside the burch. This effed  fynction of the beam current in BESSY I1. The cdculated
was identified first in the small Frascai ADA 1ing  ota pean-gas lifetime is the solid line. Solid dds
and explained by Touschek [24]. Though the represent measured data when runring the arrent in 120
“Touschek effed” is not related to the vaouum  prches The difference of total beam-gas lifetime and
pressure & all, it is discussed in some detail here @  meaured data is due to the Touschek effed. Taking this
the horizontal aperture of the vaauum chamber is  gfeq into acourt, the measured beam lifetimes are

affeded. predsely described.
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6.6 Touschek effect

Low emittance synchrotron light sources as well as B-meson fadories operate & high eledron
densities in the drculating burches. The probability that eledrons inside the same burch scatter off
eat aher is propationd to the particle density in the bunch. Thus current dependent particle losses
further deaease bean lifetime with resped to bean-gas lifetime.

The scattering d particles within aburch is cdled the Touschek effed. If the energy transfer in
a mllision is large enoughthe particle is lost if the momentum deviation exceeals the momentum
accetance of the madine. Furthermore if the scatering takes place in a dispersive region the
amplitudes of the resulting haizontal betatron oscill ations may exceal the geometricad vaauum
chamber aperture. Touschek beam lifetime [20, 24, 26 is not related to the vaauum presaure but the
vaauum chamber design may influence it via pure geometricad parameters. The inverse Touschek
lifetimeisgiven by:.
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with

for aflat beam and the D-function defined by

21y
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It may be worthwhile to pant out that the Touschek loss rate
depends on the sgquare of the number of eledrons in a burch as
two eledrons are involved in the wllision, d\V/dt = -aN’.
Therefore the total bean lifetime does nat show an exporential
decy with time t as in case of the beam-gas events. The
development of current I(t) withtimeis:

I
T e v—
1+1g@0

Depending on the madiine momentum acceptance,
Touschek-scatered eledrons require a cetain minimum beam-
stay-clea aperture. As an example Fig. 7 shows the theoreticd
predicted Touschek lifetime & BESSY Il as a function o
horizontal chamber half-apertures at different momentum
acceptance Ap/p of the ring. The Monte-Carlo approach [27] is
in excdlent agreament with the analyticd approach used in the
ZAP program [28]. Thus the vaauum chamber design hes to
provide an aperture wide enoughto all ow safe operation.

Espedally for low energies and Hgh intensity storage rings
one requires a more detailed analysis of multiple-small-angle
Couomb scatering (multiple Touschek scatering) [29]. The
effed of intra-bean scatering has been seen in hadron and heavy-
ion machines espedally when phese-spacecodling techniques are
used [30]. However, littl e time has been spent on this problem in
the cae of eledron storagerings.

u

u

the BESSY Il Synchrotron Light Source &
a function d horizontal aperture ad
machine-momentum acceptance Ap/p. A
100 mA beam spread in 320 buihes with
burch length 0 = 5 mm is asaumed. The
dots are lifetimes obtained uwsing the
program ZAP, the solid (dashed) lines are
relativistic (nonrelativisticy Monte Carlo
results [27].

7. IMPLICIT REQUIREMENTSFOR THE VACUUM SYSTEM

The bean particles generate a1 eledromagnetic “self”-field acording to Maxwell’s equations. The
boundiry condtions that are given by the geometry and eledromagnetic properties of the vaauum
chamber materials grondy influence the solution o the differential equations. An analyticd solution
of Maxwell’s equation taking into acourt all details of an adual macdiine environment is definitely
impossble. Nevertheless in arder to get information oninstabiliti es generated in the beam in the
presence of the dedromagnetic fields, the mncept of impedances was introduced. In analogy to
Ohm’s law, longtudinal and transversal impedances Zpand Zp are defined [31, 37 by:



1 =00 .
E, +vxB|,(t,0)=-—— Z,Sy(w0)e! dw
[// ]//( ) = I 1 (w,0)

W=-00
and
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[E+vxB; (t.0)=- L2 [ Zpsr@e)el taw

w=-0

where S, is the bean current and S; the beam signal while E and B are the dedricd field and
induction, respedively. The impedances are mnsidered as the origin of longtudinal and transversal
beam instabiliti es. The impedances are complex function o frequency w.

It is useful to distinguish between single-bunch and multi-burch operation in the accéerator.
Single burches are dfeded, with resped to stability, by kroadband impedances associated with short-
range wake fields. The longtudinal broadband impedance may cause burch lengthening, while the
transverse impedance dlows the airrent-dependent growth rates of instabiliti es (i.e. head tail and
strong head tail instability) to be derived. If these growth rates are faster than the “natural” damping
times due to the anisson d SR, the beam will be unstable.

Similarly, when trains of burches are drculating in the ring (multi-bunch operation), the long
range wake field and their assciated longtudina and transverse impedances can generate
longtudinal and/or transverse muded-burch oscill ations (instabiliti es). Only in very spedal cases
can analyticd formulae for the impedance be derived, i.e. the resistive-wall impedance of a long
circular tube.

7.1 Resistive-wall impedance

Thefinite resistivity of the vaauum chamber is the origin of alongtudina and transversal impedance
(restive-wall impedance). For a long circular pipe of radius b the impedances are given by the
analyticd expresdons[32, 33:

zo@) =3z, Rrs
b3
and

Zyw) _(1-) 5 5
n 2b °

with the dhamber length C = 2R equal to the machine drcumference. p is the resistivity of the wall
material with skin depth  given by

5= | 2P
W,

where = 1.2910° Vs A* m? is the permedbility of the vacuum, and Z, = p @ = 377 Q the
impedance of vaauum. Asit iscommonto use Z/n rather than Z, we dso will use the relation:

M=Z(ou)G(A)—°,
n w

where w, = 2tf] with f_ the revolution frequency of the beam in the ring.

The longtudina impedance givesrise to a growth rate of longtudina couged burch modes for
abeam of n burches and burch-current I. If the inverse growth rate is larger than the natural damping
time, the bean will be damped, aherwise the bunches gart longtudinal oscill ations.
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Transverse oouded burch oscill ations are excited when the growth rate is snaller than the
transverse radiation damping time. Fortunately — as the resistive-wall growth rate depends on
chromaticity and working pant of the machine — changes to the excitation d sextupde magnets in
the ring o seledion o anew tune can help to damp the instability. Neverthelessthe b® scding o the
transverse impedance is a problem for modern SR light sources where a onsiderable fradion d the
maahine drcumferenceis equipped with narrow vertica chambers for small gap unduators.

7.2 Impedance of the vacuum system in general

Designers of vacuum chambers are cnfronted with the problem of including into the machine various
items auch as bell ows, flanges, pumping pats and tapers for changes of the chamber cross £dion. To
evaluate their contribution to the machine impedance eab item needs to be @nsidered separately,
using well known codes such as MAFIA [34] and TBCI [35]. In the time domain the wake function
W(t) generated by the bunch with charge distribution I(t) is cdculated from Maxwell’ s equations. The
couding impedance Z(cw) then is the complex power spedrum of the wake function namalised to the
charge distribution in the frequency domain:

}OW(t) e gt

Z(w)="——— @)

Figure 8 shows an example using a Gaussan charge distribution I(«) = g, exp[-'/,(wr)?] with
the resulting wake function [36]. The geometry uncder consideration in the example is that of one of
the 112 keam position monitors in the BESSY |l storage ring. They give asignificant contribution to
the longtudinal impedancewith a prominent resonance d w= 45 GHz.

Summing upall impedances at BESSY |l gave atotal longtudinal couding impedance nealy
constant over the frequency range w= 0 — 140GHz for the BESSY Il ringwith (Z/n010.3Q, Fig. 9.

Fig. 8 Upper part: Bean charge distribution i(t) and wake
function W(t) caused by a bean paosition monitor as function
of time. The two lower graphs $how the red and imaginary
part of the longtudina impedance[36].

Fig. 9 Cdculation d the longtudinal couging
impedancefor the BESSY Il storagering[36].



8. ACCELERATOR VACUUM SYSTEMSIN ROUTINE OPERATION

Already duing acceerator commissoning any error in the design and production d the vaaium
hardware will show up. Effeds range from incorred vaauum gauge presaure reaings, due to the
sensors being install ed too close to the fringe field of magnets, to enhanced desorption rates of heavy
contaminants caused by inappropriate deaning methods. Obstades in the dhambers as a result of
manufaduring a cleaning errors as well as melted rf linersin bellows sometimes reduce the vaauum
chamber aperture to the point that no keam can be injeded. In such cases, the vacuum system has to
be re-opened to cure the problem. Maaoscopic particles such as “dust” degrade the bean lifetimein
some dedron machines in an ungedictable way. Finding the origin o the problem and its cureis a
very difficult job.

9. CONCLUSION

There is a wide range of technicd details that have to be mnsidered by the vaauum designers.
Whatever solutions are seleded they have to allow corred operation o the macdiine. Thus vaauum
design d today’s acceeratorsisa chall enging task.
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