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DESIGNING ACCELERATOR VACUUM SYSTEMS

P. Marin
LAL, LURE, Orsay, France

Abstract

The reasons for adchieving utra-high vacuum are reviewed first, with a
particular emphasis on lepton storage rings. The relationship between
particle beams and their environment is also presented in terms of
spedficaions. Genera considerations on the design d modern accéerators
and their consequences are finaly approached. Here and there, particular
examples are given to ill ustrate the subjed.

1 INTRODUCTION

Looking ore or two decales badk, onaccéerator design and techndogy, ore finds that vaauum is not
a dominant culture in comparison with ather fields sich as bean optics and magnet design, a the
technique of accéeration for instance.

It comes into play as a necessty that is addressed orce anew machine is at a well advanced
design stage. Vaauum has to adapt itself to an environment already defined. A few exceptions to such
asituation could be foundwith the ealy eledron-pasitron colli ders, or the Interseding Storage Rings
at CERN which either for obvious reasons or for unforeseen ores, had to ded with utrahigh vaauum.
Progressvely also came out the idea that vaauum could o shoud be improved on a long term
operation.

To this sad picture one must add the difficulty of condwcting clean and acarate experimentsin
the field of vaauum. Also, orce amacdhine began to operate, beam time was usually allocaed to
"nole experiments"' rather than to "obscure" and" unrewarding' tests.

Things began to change in the midd e of the 80's and naw the situation hes drasticaly reversed
in the last period with the outcome of the new e'e€ high energy colliders, the 3rd generation o
synchrotron radiation sources and the future cnstruction o LHC. The purpose of this talk is to
ill ustrate this evolution and to describe the new trends.

2. THE PHYSICAL AND TECHNICAL BASIS FOR THE SPECIFICATIONS OF
ACCELERATOR VACUUM SYSTEMS

Before designing and bul ding an acceerator vacuum system, ore has to reaognise the various reasons
for achieving dtra high vaauum and the relevance of the diff erent techndogies that will be neaded. In
what follows, | have listed the main problems encourtered in the field of €'e colli ders or synchrotron
radiation sources. Problems omewhat similar are encourtered with madines with stored proton
beams. | will make ashort description d ead o these, thus preparing aher speakers for a deegoer
analysis of particular cases. Most problems can belisted in five different classes.

2.1 Theinteraction of stored particleswith neutrals

Whatever they are, atoms, moleaules, shell eledrons, eventualy phaons, the physicd effeds we ae
dedingwith are:

- Alimitation of the lifetime of the stored particle beams due to nwclea or eledrons <atering as
well as Bremsarahlung on nualei or shell eledrons. Let us quae afew fads.

The aoss ®dion for Rutherford scatering (on niclei) is propationa to Z? therefore agon
and carbon monoxde ae much more dangerous than hydogen. Furthermore the betatron amplitude
of the oscill ation that results from a defledion 6 from the central orbit is:
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where B, and S, are the values of the betatron function respedively at the locaion d the scatering
nuclei and at the locaion d observation. ¢ is the so-cdled phase alvance between these two pants
and v is the betatron number. If an obstade is st at a distance d from the beam it will kill all the
particles with an amplitude A larger than d. The beam gas lifetime @ntribution from nuclei scatering
will require an integration over the machine drcumference of the Rutherford scatering cross £dion
o(6) abowve the limiting 6 due to the obstade, weighted by the locd presaure. The dependence of the
beam gas lifetime versus the distanced is of the type:
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Usualy the limitation on eam gas lifetime occurs in the verticd plane, the vaauum chamber
wall being closer to the beam.

Bremstrahlung is the source of an energy loss by the particle from the beam due to a y-ray
emisgon. The particle loss which occurs in the horizontal plane aises from the limited energy
acceptance of the machine that defines an energy window where the particle energy deviation can be
acceted or even compensated.

Table 1 presents the adoss ®dion d the different processes invoved when a relativistic
eledroninterads with residual gases.

Table1
Interadion d ultrarelativistic dedrons with residual gases

- Rutherford scatering on niclei (elastic oolli sion)
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- A dispersion over the accelerator circumference of the scattered and energy degraded particles
together with their secondaries which leave the vaauum system. They are the most important
contribution to the badkground d the physics detedors and o the sensors. Hedth physics is aso
mostly concerned by these particles.
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- The source of a beam emittance blow-up at low energies. The last phenomenonis however rarely
observed. It is particularly important at the CERN Antiproton Decderator where the particles are
injeded at 3.5GeV/C and subsequently decderated to 100MeV/C.

2.2 Theinteraction of the stored particles with charged particles and possibly with charged
micr 0-objects

Here we have to consider separately negatively and paitively charged beams.

- Electron beam and positive ions

Following the ionisation d a neutral atom or molealle, the low-energy eledrons will be
repelled by the beam. The pasitive remnant charges will be atraded by the beam. This is the so-
cdled ion trapping [1]. The incressed nuwclel density lowers the bean gas lifetime and the
maaoscopic dedric field o the ions produces extra focussng forces on the stored bean. Various
adverse dfeds can be observed: an extratune spread of the stored particles, an increased effed of the
macdhine nonlinea resonances and a blow up d the transverse beam cross ®dion. lon trapping
widely observed onsmall eledron rings was considerably wedened on large dedron synchrotron
radiation sources. Thisresult is obtained from the combined effed of a beam over focusdng (very flat
beam cross gdion) together with partial circumferencefilling[2].

Strange dfeds on beam lifetime ae observed when small dust particles ionised by stray
phaons are dtraded bythe dedron keam. They keep traversing the beam and cscill ating aroundit. A
large reduction d the beam lifetime is ®a if the micro-objeds resist the high temperature incresse
from internal ionisation bythe high-energy particles. On ather occesions, afast partial destruction o
the bean occurs, the micro-objed being simultaneously melted away. Such phenomena were
observed bah at DCI, Orsay [3] and at HERA, Hamburg.

- Positive bunched beam interaction with ions or e ectrons

While much lessliable to troule, the interadion d proton a paositron beans with "vaauum" can
display a number of typicd effeds.

The proton-pasiti ve ion aval anche was observed at the ISR [4]. Following a proton colli sion on
residual gases, pasitive ions are accéerated orto the vacuum chamber wall. Under ion banbardment,
neutral moleaules are released thus contributing to a amulative avalanche process with infinite
asymptotic behaviour under some drcumstances.

The proton (positron)-pasitive ion instability: a leading burch with a vertica global betatron
motion will | eave its print on the paositive ions it creaes. These will communicate to the next coming
burnch aforce d the betatron frequency. The successve bunches can uncdergo a transverse instability
above a cetain presare threshdd. Seen onthe CERN Proton Synchrotron in the 60, this process
was revisited by Rusgan physicists [5]. It was never observed however until now. Note however the
problem of the fast ioninstability [6].

The pasitron-eledron cloud instability. This has been seen a¢ KEK (phaon fadory) [7], at
Beiji ng (€'e colli der) and more recently at Argonre (APS and at SLAC (PEP I1). It is also a subjed
of worry for LHC. A low energy initial eledron s attraded by the beam. If it crosses the orbit before
the arival of the next bunch with a sufficient energy, it will hit the chamber wall on the other side,
possbly creaing more than ore secondary eledron. In these mndtions an avalanche can occur. This
leads to a very strong pesaure rise dbove athreshold current through multi padoring and pasbly to
beam instability.

2.3 Thesynchrotron radiation case

When bent by the dipde field of a magnet, relativistic dedrons emit a charaderistic radiation, the
synchrotron radiation. The phaon spedrum spans from infrared to X-rays. Besides, synchrotron
radiationis <lf collimated, very powerful, pdarised and is time dependant due to the burching d the
particles. All these properties justify the tremendous interest of many researchers in various fields of
science The power emitted reades Megawatt levels at LEP and still hundeds of kW in smaller
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maahines (6-8 GeV) at ESRF, APSor SFRING 8. Such an enormous beam power must be &ésorbed
on spedaly cooded copper absorbers. Large fluxes of secondaries are produced, scatered o
fluorescent phaons and phdo-eledrons. These in turn produce astrong ougassng despite UHV
conditions established prior to storing a beam of particles. This is the so-cdled Photon Stimulated
Desorption. Longterm outgassng will | ead to surface ondtioningthrougha progressve depletion o
the protedive oxide layer from its moleaule content. The deaned surface develops a very adive
pumping bythe walls, larger in size than the installed pumping, thus modifying the initial pressure
profile dongthe madine[§].

Two extreme cases of synchrotron radiation exist or are foreseen : the third generation d high
brilli ance synchrotron radiation sources and LHC. Concerning the first one, the most important
problems will be aldressed in 8 3.3. In the cae of LHC, the protons, despite their heavy mass have
such a high energy that they emit soft energy phdons. These ae the sources of several problems
which will be dedt with by dher spedkers during this course.

2.4 Theinteraction of bunched beamswith the vacuum chamber wall

The image aurrent of a bunch of particlesin the wall of the vacuum chamber vessels travels together
with the burch [10]. It is the source of problems in conredion with the wall condctivity and with
discontinuities of the dnamber cross £dion. The RF fields developed by the bunch moving alongthe
maadhine drcumference ae particularly adive in bellows, RF cavities, beam kickers and protrubing
absorbers. These objeds coupe to the bunch eledromagnetic field. The eccitation by the beam of
locd parts of the vacuum chamber that can be mnsidered as high frequency resonatorsis governed by
the beam frequency content and the quality fador of the drcuits. Depending onthe damping d the
RF field induced by a burnch urtil the arival of the next one, different situations will be experienced.
In large machines operated with dfferent bunch patterns, wide band and rarrow band excitation will
therefore occur.

Besides power disspationin the vaauum chamber walls, one observes an increase of the burnch
length with current, and d the particle energy spread due to the so-cdled microwave instability [11].
Transverse and longtudinal excitations of the bunch are seen. The latter occurs as a burch centre-of-
gravity motion, bu internal modes can also develop altering the natural Gausdan distribution o the
particles. A large dfort has been gradually devoted in the most recent madines to achieve avaauum
chamber cross ®dion as snocoth as possblein order to reduce the so-cdled chamber impedance[12].
There is a spedal concern for the accéerating radio-frequency cavities that from construction have
many resonating modes beside the fundamental one. Grea ingenuity was $iown in the design d the
RF cavity impedance a the frequency of the modes (HOM), with spedaaular results [13]. The
residual part of the phase oscillation d the burch centre-of-gravity motion is dedt with, using
damping feedbad.

2.5 Superconductive accelerating cavities

These have been the subjed of much R&D, espedally during the last fifteen yeas. The goal hereisto
obtain the largest posshle accéerating gadients (LEP, €'e€ linea colliders) through hgh quality
surfaces based onelaborate cnstruction techniques, careful surface oating and cleaning, and finally,
condtioningwith large pulsed RF fields [14].

Anather problem encountered in RF cavities is multi padoring. Here we ae mostly concerned
with the multi padoring that occurs in a remote part of the cavity, the so-caled energy couper. DC
voltage bias and low-semndary-emisgon coatings have been used succesully to overcome the
troube.
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3. THEDESIGN OF VACUUM SYSTEMS
3.1 Thestandard technical problems

3.1.1 The chamber envelope

Three different materials have been used with successin various machines for building the vessl
bodes: stainless sed, aluminium and copper aloys. Concerning the @wnreding flanges they are
mostly of the stainless $ed-copper gasket-CF type, except at KEK (Japan) and more recently at
Argonre and Stanford (USA) which make use of aluminium all oys.

Diff erent arguments were used for suppating perticular choices:

- Hea condutivity in relation with bake out and coodling for the evaauation d the power from the
seancaries.

- Optimisation d magnet gaps, considering also the wall thickness to withstand atmospheric
pressaure.

- Easeof fabricdion.

- Conredion d vaauum vesslswith reliable flange and gasket systems.

- Avalilability of equipment on the market: pumps, gauges, RG anaysers with stainless sed CF
flanges.

None of the three materials has definitely emerged as having oustanding poperties in
comparison with the others.

3.1.2 The special equipment

This concerns the injedion and kean kickers, the RF cavities and eledrostatic bean separators, the
current and beam position monitors, the feedbadk vessls.

Among these, the bean kickers with ceramic vacauum chambers deserve spedal attention. In
order to reduce the beam eledromagnetic field propagation ouside the ceamic, a titanium coating,
usualy ore micron thick, is made. A peadliar effed, investigated by A. Piwinski [15], thus occurs.
Due to the lower propagation velocity of the E.M. field in the ceamic, a much higher longtudinal
current density appeas in comparison with the norma value in ordinary condwctors. A
correspondngly large joule power is developed which hasto be evaauated.

3.1.3 Thedistribution of pumping in relation with the conductance of the various chamber vessels

Montecalo programs exist to cdculate the presaure profile from static or dynamic vaauum.
Experimental data on the latter are beaoming avail able on material such as gainless $ed or copper,
which allow to make evaluation more redistic than in the past. Finaly it shoud be passble to add to
thisaroughevauation d the dfed of the wall pumping speeal at various dages of irradiation.

3.1.4 Pressure monitoring

It shoud be emphasised that gauges and RG analysers are sensitive to several disturbing effeds sich
as. phao-eledron fdck-up, phdo eledrons from stray phaons, RF induced pick-up which requires
spedal eledrostatic shielding[16].

3.1.5 Threetypical designs

We have chosen to present here threetypicd designs of vaauum chamber vessls for eledron-pasitron
colliders or synchrotron radiation sources. They differ mostly by the disposition d the phaon
absorbers.

- LEPdesign[17], CERN, Fig. 1

It is an extruded aluminium vessl where the phaons drike diredly the outer side of the dhamber
wall. Channels with water codling all ow the power to be removed from the primary phaons and from
the seaondaries. When run at 130 °C they can be used for vessl bake out. Note dso the extra leal
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shielding ouside the vessl. Its sle purpose is to absorb the X-rays that escepe the duminium vessl
in order to reduce the radiation level in the environment. A recessin the inner side of the chamber

contains a NEG ribbon pump dstributed all alongthe vessl.

Lead shjelding

Extruded Aluminium

Inner

Cooling channels

side

Pumping recess

Fig. 1 LEP vaauum chamber in the acs (cross gdion)

- ALSdesign[18], Berkeley, Fig. 2.

This is again an all auminium vessd. In this design,
full use is made, all over the drcumference of the
chamber/antechamber concept. The dedron bean
circulates in the small particle chamber and the
phaons are dlowed to stretch in a huge atechamber
after crosdng a small verticd recess The latter
demudes the particle chamber from the antechamber,
from the impedance point of view. Several so-cdled
copper crotch absorbers are put in dfferent
longtudinal locaions.

- ESRF design[19], Grenole, Fig. 3.

Here the vacauum chamber wall s are made of stainless
sted. Use is made of the dhamber/antechamber and
crotch absorber concept in the dipde vessls. In the
other straight sedions, longtudinal copper absorbers
are brazed on the thin wall, together with ouside
water cooled channels. Note dso the presence of two
other channels with water codling onthe outside of the
chamber to remove the power disspated by the
se@ncaries.

Chamber / Antechamber section

Pumping ports
Longitudinal
absorber

Electron beam chamber

Beam particle chamber

Photon antechamber

Chamber cross section in dipole magnets

Beam particle chamber

Photon antechamber

Chamber cross section in
quadrupole and sextupole magnets

Photons

Water cooled
photon stop

Electron beam Pump

Cutaway of the chamber
showing a copper crotch absorber

Fig. 2 ALS design. Chamber/antechamber
and copper crotch absorbers

Fig. 3 ESRF mixed design



These designs have diff erent advantages or drawbadks which would need along dscusgon on
comparative aspeds. At the moment, all of them have given satisfadion to the users, see however
§3.3and3.4.

3.2 Surface problems

3.2.1 Surface cleaning

Various surfacecleaning techniques have been developed which are adapted to the particular metal
alloy used. They have becwome standard and are described in the ‘cleaning chapter of these
procealings [20]. Note aproblem with the use of chlorides for welding stainless $ed coding ppes
outside vaauum vessals. Insufficient cleaning will producelongterm corrosions.

3.2.2 Surface-oxide layer and bulk

Whatever the initial preparation, there exists an oxide layer of a few tens of A, which separates the
metal bulk from vaauum. It seems that Photon Stimulated Desorption (PD), the most powerful toadl
with ion banbardment, removes a number of moleaules compatible with the moleaule content of the
outside layer. Except for hydrogen, there is noindication that one has to cdl for atom diffusion from
the bulk to explain the phaon stimulated ougassng at large phaon kean doses.

3.2.3 Primaries and secondaries

There is a naive ideathat desorption induced by phdons comes from the primary beam. However
very soon after running an € or an € beam, degassng proceels throughthe secondaries. These have
severa origins: the scatered primary phaons which for X-rays occur mainly at glancing angle, the
fluorescent phaons which follow the de-excitation from the ésorption d a phaon byan atom, and
finally the phao-eledrons (and Auger eledrons). The diagram of emissonis very different from one
type of seconcharies to another. The dedrons may also be deely affeded by stray magnetic fields.
For a number of reasons the seconderies appea to be present pradicdly everywhere in the vacuum
vessls, seenext paragraph.

3.2.4 Photon-stimulated desorption

After a norma bake out, typicdly 24-28 hous at 150 °C, a vacuum system (surface teaned
beforehand by suitable method) readies ultra high vaauum, well bellow 10° mbar, depending onthe
surface aea and the pumping speed of the system. However, the first stored beam of relativistic
eledrons or positrons develops a very large presaure increase, the so-cdled dyremicd vaauum, which
is observed whatever the dloy used for the construction d the vessls.

The behaviour of the P has been foundto be very similar for al madines. In particular, it
shows a gradual condtioning with the increase of the longtudinal phaon beam dose, and pradicdly
al parts of the ves=ls are deaned-up. One can understand this behaviour by the fad that the parts
with high phdon fluxes are well condtioned, the other parts with smaller fluxes being nd as well
degassed. The product of the locd flux and the moleaular yield (moleaules/phaon) is therefore more
or less constant. It has been olserved that the static presaure of a vaauum system, including water
vapour, shows alarge condtioning, thanks also to stray phaons.

3.2.5 Multipactoring and cures

We have dready dedt briefly with this subjed in §2.5. It may occur as a two-paint or a single-point
effed. In the first case, two surfaces participate to the dfed whereas only one participates in the
seoond case. Eledrons from secondary emisson have severa origins : the metal itself, the oxide layer
and the molealle mverage on a within the surface layer. It is believed that multipadoring
condtioning accurs from the moleaule mverage which is progressvely depleted with the dedron
bombardment. After some time, only the first two contributions dominate.



278

3.2.6 Surface coatings

Many attempts have been reported for diff erent purposes and with more or less siccess TiN coating
of aluminium RF cavities has eliminated an atherwise indestructible multi padoring. Gold coating o
vaaium vessels was reported to be no better than urcoated ores from the PD point of view. New
types of coating have been o are being investigated at CERN for LHC [21] and for achieving large
distributed pumping speeds [22]. The problem of the long-term behaviour of such techniquesisraised
in view of the large-scde production o vesls.

3.3 Newtrendsin acceleratorsdesign

It is not a surprise that all trends go towards increasing dfficulties. Let me just briefly review the
present trends before looking at their consequences in the next paragraph 3.4.

a) For obvious reduction d construction and running cost (power hill) the goal of smaller and
smaller magnet gaps, quadrupde and sextupde bores is important. In the particular case of
unddator insertion devices in S.R. sources, the dm is to read higher performances. harder
monachromatic X-rays. Bean optics must follow in order to preserve beam gas lifetime and
prohibitive dosed orbit distorsions. However, as a result, the vaauum chamber cross dion is
drasticdly reduced.

b) Larger andlarger beam currents, total or burch current are adieved or contemplated.

¢) Higher radiated powver and paver density are foreseen in 3rd generation synchrotron radiation
sources, also from increased beam energy.

d) Higher power losses from HOM (Higher Other Modes) result also from more intense and shorter
burches.

€) Smoather vessd cross ®dions arerequired in places that were previously negleded.

f) The design of the so-cdled RF lined bellows, particularly sensitive to large burch currents, has
been pushed towards unprecadented bu more expensive designs.

g) Asaresult of @), b),and c) higher density power from secondaries are expeded with the averse
eff eds of temperature gradients which have to be limited with spedal codling. This could prodwce
vaauum vess!l deformation with several consequences.

h) Finally, bu for independent reasons, much tighter spedfications, at the micron level, are now set
for the phaon and therefore the dedron/positron bean stability. This difficulty cumulates with
some of the @&ove ones.

An interesting question: how far can this racego or? Before stating some physicd limits to
this, it isinterestingto look at a cetain number of consequences which we have presently to face

3.4 Theconsequences of the new trends

a) Much tighter tolerances for fabricaion are now required as a genera result from nost of the
above new trends. We ae now at the level of asmall fradion o one mm, sometimes 100 microns
for LHC for instance

b) Therewmurseto laser cutting, eledron-beam welding and even to machining vaauum vessls from
solid blocks are favoured in comparison with dder types of fabrication.

c¢) Bakeout isgiven upin favour of intense bean scrubbing. Dedicated beam-line experiments have
clealy demonstrated this passhility. This has also been demonstrated recently with the operation
of the new PEP Il machines. The asence of bake out jadkets, no matter how thin they are, leaves
more free space between vaauum vessls and magnets. Air codling of hea from secmndaries is
better achieved.

d) New problems for suppats arise with the vaauum vessels becming "spaghetti-like objedas' with
relatively heary pumps attached to thin bodes with small moment of inertia.



f)

9)

h)

4,

New strategies for bean orbit and corredion control are now developed in two stages. The
mechanicd design is of the so-cdled "girder type" with a number of criticd items being predsely
asembled onsolid girders. These ae digned acairately so as to seaure a ¢osed orbit with all
corredors being set at zero. This orbit must be safe from the paoint of view of the synchrotron
radiation impinging only on copper-cooled absorbers. Final orbit corredions with very limited
amplitude ae adieved. They alow safe operation with large stored beams. When necessary
redignment of girdersis made with the help of microjadks.

Fast beam abort triggered from vaauum sensors distributed in all patentially dangerous edionsis
required.

Poor bean lifetime can be eaed also by aregular toppng-up d the bean current. The feasibility
of this proposal has dill to be demonstrated from the hedth pdnt of view, as well as for
preserving the quality of the experiments carried ou by the users.

Finally the adverse wnsequences of small insertion-device aoss gdions can be overcome with
adjustable vaauum chamber walls restoring some flexibility for the machine optics. This
posshility has not been widely exploited yet, being subjed to a number of problems raised in the
above paragraphs.

Accurate des for computing secondaries and their effeds are becmming more and more
necessry.

CONCLUSIONS

From vessl construction to surface problems and particle bean stability, vaauum techndogy for
particle accéerators covers a very large number of aspeds. The receit period has witnessed an
evolution towards increasing complexity which brings vaauum to the forefront of acceerator
techndogy. This stuation has led to a number of experiments towards a better knowledge of the field
so leading to more daborate designs.
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