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Abstract

The interadions between a bean of charged particles and the residual gas
will be described. In principle we shoud cover beans consisting d any type
of charged particles. Clealy, thisis an impossble task, bu most types are
included. Also, orly the most important interadions are described. The
interadions between the beam and the residual gas will | ead to a reduction
in thelifetime, and pedbly an increase of the beam emittance Knowing the
cross edionfor the interadion in question, these dfeds can be cdculated.
Finaly, the dfeds these interadions will have on the surroundngs in terms
of radiation and badkgroundwill be mentioned briefly.

1 INTRODUCTION

The performance of accéerators and storage rings depends on the many comporents of the
acceerator, and ore very important comporent is the vaauum system. Interadions between the
acceerated particles and the residual-gas atoms may degrade the beam quality. The lifetime may be
reduced and/or the emittance may increase. Idedly, the dm is to oltain an average presaure so low,
that the dfeds from the bean-residual gas interadions may be negleded atogether in comparison
with ather effeds, for example beam-beam effeds. A finite presaure can also leal to losses in transfer
beam lines, bu the requirements to the presaure in such beam lines are usually much more relaxed
than in cyclic accéerators.

| will describe the interadions between the beam particles and the residual-gas
atoms/moleaules in general terms, and try to include most spedes. Hence bath negative ions, pasitive
ions of bath low- and hHgh-charge states, and bdh moleallar and atomic ions are @nsidered.
Furthermore, eledrons and paitrons will be included. The energy range will be very wide, starting
from very low energies of the order of keV and ending at very high energies in the multi-GeV region.

Emphasis is given to the physicd principles, and athoughsome ead formulae ae given,
crude estimates are often sufficient in arder to evaluate the presaure required. Most of the vaauum
related effeds have been described in procealings from previous CERN accéerator schods.
Concerning eledrons and paitrons, seeRefs. [1, 7, and for ions $e[3]. Asadlight addition to these
treaments, the present description is more unified and formulae gply to bah light and heavy
projedil es.

2. THE CONCEPTSOF CROSSSECTIONSAND LIFETIMES

Consider abeam of intensity |, that is | particles per cm® per seaond, crossng a target of thicknessdx
with density n atoms per cm®. This beam will now be atenuated by the wlli sions, and the dange in
intensity dI will be propational to I, n and dx

dl =-londx

where the constant of propartionality o has the dimensions of an area ad is cdled the doss gdion.
The aoss dion can be interpreted as the aeaof the @om inside which the mnsidered readion will
take place seeFig. 1.First estimates of the @oss fdions for the relevant processes are geometricd
cross ®dions, which for atomic and nuclea processes would correspondto o = T’ = (1 A)’ =
310" cm’ and o = 1r’= 1(10 fm)* = 3[10* cm?’, respedively. So it is immediately seen that nuclea
processes can dften be negleded in comparison with atomic ones. We shall later return to more
acairate estimates.
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The target thickness traversed is
given bydx = vdt = Scdt, wherev and c are
the velocities of the projediles and the
spedl o light, respedively. The solution to area o
the dove euationisthen

n atoms
| =1gexpFt/T). per cm3
Hence the intensity  will decy
exporentially, with alifetime 1 given by
_— | particles
_ 1 _— percm?

von /; per sec.

When there ae more proceses of / ‘/dx'

comparable significance, the aoss ®dions _ o _

shoud be alded g, =0+ 0+, the Fig. 1 Definition d cross dion.

inverse lifetimes, the decay rates, shoud be

added YVt _,= 1t + Ut,+... in arder to find the lifetime aising from all processes. This also applies

total

to ared residual vaauum, where several atomic spedes are present.

3. THE INTERACTION BETWEEN CHARGED PARTICLES AND RESIDUAL-GAS
ATOMS

The interadions to be described subsequently dependin general on the type of projedile in gquestion,
and to some extent also onthe residual-gas atom considered. The aomic number of the projedil e will
be designated Z and the dharge state g, whereas the @omic number of the rest gas atoms is cdled Z.
The interadions will be divided into elastic processes, where no energy transfer takes place and
inelastic processes, where energy is lost by the projedile. The processes can be further clasdfied
acordingto the following dvision:

Bremsstrahlung

Inelastic / lonization energy loss
Interaction / §§ Electron capture

Electron loss
Nuclear reactions

Elastic Single Coulomb scattering

N

Disregarding nwlea readions and emisson d bremsdrahlung, atomic oollisions can be
divided into two types, namely so-cdled eledronic oollisions and niclea colli sions. In the dedronic
collisions, the struck atoms are dther excited o ionised. In the nuclea collisions, the interading
atoms reqil as a whale. The typicd energy transfer is much larger for eledronic than for nuclea
collisionsfor projedile energies above afew keV. Hence it isthe dedronic colli sionsthat lead to the
so-cdled ionisation energy loss it is cdl ed the ionisation energy lossalthoughatomic excitations also
contribute. The nuclea colli sions, on the other hand, leal to scatering d the beam particles. These
scatering processeswill be discussed in sedion 3.2 l@low.

Multiple Coulomb scattering

3.1 Inelastic processes

The most important inelastic processes occurring when charged particles colli de with residual-gas
atoms will be described. In some spedal cases, ions may also interad with the bladk-body radiation
emitted by the surroundng vaauum chambers. This interadion may lead to phdo-ionisation d
wely bound rgativeions [4]. Thiseffed can ony be reduced by coding the vaauum chambers.



3.1.1Bremsdrahlung ky dedronsand paitrons

When charged perticles are accéerated, they emit eledromagnetic radiation, i.e. phdons. This
emisgon is only significant for light particles, and ony has pradicd relevance for eledrons (and
positrons). In this resped eledrons and paitrons have the same radiation charaderistics. When
eledrons and paitrons penetrate matter, they are accéerated in the fields of the @omic nuclei, and
eledrons, and emit the so-cdled bremsdrahlung. This bremsdrahlung is very strong for relativistic
eledrons and the average energy lossdue to bremsgrahlungis much larger than the ionisation energy
lossto be described in the next subsedion. Photons of al energies, only limited by the dedrons
kinetic energy E, can be amitted. The emisson d bremsdrahlungis described by the so-cdled Bethe-
Heitler cross ®dion, dfferential in phdon energy

do 4 1 1 hw 3 hw,2
R (R GOk
dhaw 3nLy hw E

where L, is the radiation length gven by

= 4z2ant2 In(183Y3).
0

Herer_ = €/mc®= 2.8210m is the dasscad eledronradius, a = €/mc’ the fine structure mnstant and
n the a@omic density. In the @ove formula @ntributions from scatering df the @omic nuclei have
bee included bu a small term resulting from scatering df the dedrons of the residual gas atom has
been regleded. This is usualy well justified dwe to the Z’ front fador in the Bethe-Heitler cross
sedion. The radiation length for H, and CO, corresponds to 7523n and 183n, respedively, at
atmospheric presaure. The behaviour of this Bethe-Heitler cross £dionis sownin Fig. 2
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When eledrons are drculating in a storage ring they emit bremsdrahlung duing the olli sions
with the residual-gas atoms, and if the phaon energy is too large, the particle will be lost due to the
finite momentum acceptance of the ring. This accetance might be determined by the gerture of the
vaauum chamber in aregion d finite dispersion, a by the so-caled dyramica aperture beyondwhich
the transverse motion is unstable. Finally, the available RF voltage might determine the longtudinal
acceptance Hencethe important cross gdionis the integral of the Bethe-Heitler cross £dion from
the energy acceptance €, to the beam energy E
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This bremsdgrahlung is usualy the residual-gas effed determining the lifetime of an eledron
beam in a storage ring. The lifetime can now be cdculated and expressd in unts of the radiation
length, bu we give here the formula for the lifetime expressed dredly only in terms of the target
atomic number Z,

1 _162z?nc, O1g3l) E 50
- G s tin-—-20
Threms 411 Zi°H €m 80

A very strong dgpendence on the target atomic number is observed, which means that even a small
amount of a heary gas may have ahigher influence on the lifetime than the usualy dominating
hydrogen content.

3.1.2lonization energy loss

The ionisation energy lossis charaderised by the so-cdled stopping pover, the energy lossper unit
distance The velocity-dependence of the stopgng paver for singly-charged particles is given in
Fig. 3. This figure shows the stoppng paver of silicon, which namally is not relevant for vaauum
effeds. The behaviour is, however, quelitatively, and also to alarge extent quantitatively independent
of atomic number. Clealy, the stopping pawver is propational to atomic density. Actualy, the figure
shows the stoppng paver asfunction d By, which is the particle momentum divided bythe rest mass
Asusual, = vicisthe particle velocity relative to the velocity of light, and y= (1-3)™”. This quantity
By is a very convenient parameter, which equals 8 when By << 1 and ywhen By >> 1. For small
velocities, the stoppng paver increases linealy with velocity urtil it readies a maximum. This
maximum occurs at a velocity correspondng to typicd target eledron wvelocities, where energy is
eaily transferred to the dedrons. The crrespondng proton energy is around 100 kV. Abowve the
maximum, the stoppng pover deaeases inversely propational to the velocity squared, urtil a
shallow minimum is readed at around By = 1. For even higher velocities, the stopping paver has a
logarithmic increase, the so-cdled relativistic rise. Above the maximum, the stopping paver can be

described by the famous Bethe-Bloch formula with corredions
25 .4

_dE =ﬂn{ln(2mcz,82y2 /|)—c/zt - B2 —5/2}.
dx rnv2

The velocity dependence described abowe is diredly seen from this formula. The parameter
describing the aomic properties of the residual-gas atoms is the so-cdled mean ionisation pdential I,
which is given approximately by | = Z[14 eV. The shell-corredion C/Z, is usualy a small corredion
taking into acount that the aomic dedrons have a finite velocity. The density effed 9 is a
relativistic corredion saturating the distant atomic colli sions at high values of By due to pdarisation

of the aomic dedrons. The Bethe-Bloch formula can be written in a form more suitable to estimate
presaure-dependent ionisation energy-losseffeds|[3]

dE -

Here P, isthe pressure in mbar and m the number of atoms/moleaule, and K .= 0.0137eV/mbar/m.

In most cases, the ionisation energy lossis an unimportant effed masked by dher effeds. It
can, howvever, be observed bah for bare and almost bare nuclei at high energy [3]. Ancther asped of
the energy lossis that there is a spread, since it is formed by a series of discrete losses. Hence the
average energy loss and the width o the energy loss distribution, the so-cdled straggling,
charaderise the energy loss The @owve two formulae describe the average energy loss The energy-
lossdistributionis Gausdgan at high velocities for nat too thin targets.
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3.1.3Eledron capture andloss

A paositive ion can capture dedrons from the residual-gas atoms during a alli sion. Similarly, a not
fully stripped ion can loose an eledron. Eledron cgpture and losseffeds canna be described by ore
or afew simple formulag sincethe aoss £dionin genera isa complicated function d the projedile
charge Z, the projedile dharge state g, the target atomic number Z, and the projedile velocity f,

0= 0(Z,0,82).

The charge exchange processes can be divided acarding to the foll owing scheme:

X +Y o, X@* +Y +e
X +Y - X+Y+e
XY o X@DF Lyt

where the first two processes are dedron loss by paitive and regative particles, respedively,
whereas the last processis eledron capture. The projedile of charge g is here represented by X and
the rest gas atom by Y. Clealy, multiple lossand cepture processes are dso passble, bu they are in
general much lessprobable than single processes.

Some scding relations and qualitative feaures can, havever, be given, bu in genera it can
only be said that the relevant cross dion shoud be foundin the literature, either from measurements
or from cdculations. Measurements and cdculations of charge exchange aoss gdions have been an
important part of atomic physics for many decales, and the qualitative, and to a large extent also the
quantitative, behaviour of the aoss ®dions are understoodtoday.

Qualitatively, eledron-cgpture aoss ®dions have a maximum at projedile velocities
correspondngto the typicd eledron velocity of the target atom. This qualitative behaviour isgivenin
Fig. 4. This can be eaily be understood, since the catured eledron haes to follow the projedile,
which then is the case before the lli sion for equivelocity particles. Similarly, for eledron losscross
sedions. From the same type of arguments, there exist for a given projedile with gven velocity
passng through a given material a so-cdled equili brium charge, where the cgture and loss cross
sedions are equal. Bohr has estimated this cross £dion[3] to be

q=Z;(1-exp( W)) :

This equili brium charge state only depends on the projedil e velocity. From known cross dions for
ions of this equili brium charge state, the aoss ®dions for other charge states can be estimated from
simple scdingrelations [3]

o.(9) =0 . (@)()"
0,(0a) =0, (@)(5)"

where a= 4 and b= -2.3for charges lower than the equili brium charge state axda = 2 and b = -4 for
higher charge states. Many ather scding relations exist.
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Fig. 4 Qudlitative behaviour of eledronlossand capture aoss gdions.
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As an important example for a negative ion, we show in Fig. Sthe dedron losscross £dion
for H ions on H, moleaules [5]. The aoss &dionis ®e to have ashallow maximum of around 10°
cm?’ at around 100 kV, andto deaease slowly with increasing energy, slightly faster than E'.

The dedron cepture aoss ®dion for protons, H', coII|d|ng with H, moleaules is shown in
Fig. 6[5]. Again a maximum, with a value of around 10° cm?, is observed, but with a rather fast
deaease towards both lower and higher energies. The deaease for high energies is indeed very fast,

rougHy propartional to energy to the @ghth power, E°.
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Finally, as an example of an eledron
cgpture aoss ®dion for highly charged
ions, we show in Fig. 7 the cature aoss
sedion as function d energy for highly
charged ions colli ding with argon [6]. The
scding implied by the coaice of axes is
observed to apply reasonably well. The
deaease with energy is rougHy with E'.
Note, that the displayed cross gdions are
normalised to the darge state g, which
means that eledron cgpture aoss dions
for highly charged ions can be much larger
than the geometricd cross ®dions.
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3.1.4Nuclear reactions

The aoss ®dion for nuclea readionsisin genera much smaller than atomic cross gdions, as was
aso seen from the comparison ketween the geometricd cross ®dions above. There ae, however,
cases where anuclea processis the dominating loss process For example for bare nuclel at high
energy, cepture aoss gdions are very small; see dove. Anather important case is antiprotons, where
eledron capture dealy is excluded. Furthermore the energy shoud be so high that the dastic
processes described below can be negleaed.

In general, the relevant nuclea cross ®dion hes to be looked upin the literature. Some of the
relevant cross ®dions for elementary particles can be foundin [7]. The geometricd estimate of a
nuclea cross ®dion made in sedion 2 d around 10* cm’ gives reassonable estimates for protons
colliding with protons at bean momenta of around 100MeV/c. At relativistic energies, above
1 GeV/c, the aoss dionisaroundafador of 100smaller.

3.2 Elastic processes

In the beginning d sedion 3it was argued that the so-cdled nuwclea colli sions, where the residual-gas
atom rewils as a whale, are dmost elastic; i.e. there is only a very small energy transfer. There is,
however, asignificant scatering d the projedil e asciated with these wlli sions. If the projedilein a
single-collision event is catered ouside the ring accetance, it will belost andleal to areductionin
the lifetime. The ring accetance ca either be physicd, determined by the transverse gerture of the
vaauum chambers, or it can be dynamicd, determined by the boundry between stable and urstable
motion. Additionally, multiple or plural scatering can lead to an increase of the beam emittance The
emittance growth can clealy be so large and fast that particles again are lost on the goertures, bu a
dilution d the density in phese spaceis in general disturbing. A slow multiple scétering can,
however, be murteraded by plase-space oding, e.g. eledron a stochastic codling a in the cae of
eledrons by radiation damping.

3.2.1Snge scattering

The scatering ketween padnt-like charged particles is described by the so-cdled Rutherford cross
sedion, which in the small-angle gproximation reads

do [H2zZ¢ 1

dQ c’B?yH 6*
Deviations from this very simple formula exist for small angles due to eledronic screening eff eds of
the aomic nucleus and for large angles due to the finite size of the nucleus; seeFig. 8.
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Fig. 8 Qualitative behaviour of the Rutherford Fig. 9 Anguar scatering dstribution.
scatering cross dion.



The relevant cross dion for cdculation o lifetimes is the integral of this Rutherford cross
sedion from 6,, the minimum angle for which lossoccurs, to avery large angle. This maximum angle
nead na be spedfied since the most important contribution comes from the small angles. The
resulting cross dionis

e AT 4a = 21221 N2’
o dQ B’y?6;
where r| = 1.54610° m is the dasscd proton radius. For eledrons the projedile massin amu is

A =1/1836, which means that the formula can be written in terms of the dasscd eledron
r,.=2.8210"m.

The minimum aperture gives the maximum acceptable scatering angle, and in the cae of one
small aperture b with a betatron amplitude & this position o 8, the angleis given by

where the betatron function 3 is averaged over the whole drcumference In the cae of a modern
synchrotron radiation source, this aperture would be the height of the unduator vaauum chamber with
smallest gap.

3.2.2Multi ple scattering

Many small-angle scatering events will | ead to an increase of the emittance of a beam. Sincethis can
be arelatively slow process coding the beam with a suitable aaling method, e.g. eledron coding a
stochastic codling can compensate it. The multiple scatering in a given thickness of material s is
given by

where p is the momentum of the projedil es and again L, the radiation length. In a storage ring, amore

\V<6%> =6, =14mradZ /s/ L,/ p[GeV/d

interesting quantity is the amittance increase per unit time, which can be expressed by the increase in
the divergence by
Theincrease in dvergenceisrelated to the radiation length by

de d<62>

— [4< >——

dt Pry dt

From this expresson, ore ca cdculate for example the time it takes for the emnittanceto grow from

d<6%> oot S 1 EZ—'EZ .
dt XO Bsyz A

In genera, there is clealy a transition between single Coulomb scatering and multiple scattering.

aninitial to afina value

At = € final ~ €init
4< By >(d<6%>/d)

This ®-cdled plura scatering accurs in the transition region, and the qualitative behaviour of the
scatering angle distributionis given in Fig. 9.
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4. LOCAL VERSUSAVERAGE PRESSURE

The average presaire determines in general the lifetime of a beam, and the amittance growth. There
are however, exceptions to this. For example if there is a locd presaure bump, the gerture
determining the single-scatering lifetime cdculated in subsedion 3.2.1is the goerture (1/4+m/2)A
downstream of the presauure bump. Here A is the betatron wavelength and m an integer. This is
because ascatering will initiate a betatron oscill ation, which has a maximum amplitude & these
distances downstream of the scattering pcsition.

The other important issue wncerning Hgh locd presaires is the badkground stemming from
colli sions between the beam particles and the residual gas. This badkgroundcan, for example, be the
badkgroundin a detedor in a allider, it can be the high-energy y-radiation emerging from a straight
sedion in a synchrotron-radiation source, or it can be the neutralised ions giving a badkgroundin a
capture-experiment in a aader synchrotron. And there ae inevitably other examples, where spedal
care hasto be taken in order to minimise locd pressure bumps.

5. CONCLUSIONS

In the present contribution to the CERN Accderator Schod on Vaaum Tedhndogy the diff erent
vaauum-related processes leading to a degradation d the accéerator performance have been
described. The dominating processes for different particles at different energies are outlined in Fig.
10. In severa cases, the lifetimes can be estimated from the description presented, bu in many cases
the literature has to be consulted in order to find the relevant cross gdions.

Bremssdrahlung

Fig. 10 The most important residual gas interadions for different projedil e typesin the diff erent energy regimes.
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