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Abstract
The Large HadrorCollider (LHC) at CERN, involves

two protonstorage rings with colliding beams oV | the design ofthe vacuum system. At 7 TeV, thaitical

The machine will behoused inthe existing LEP tnne pergy of the synchrotron radiation spectrum is 44 eV and

and requires 16 m long superconducting bending magn TF .
The vacuum chamber will be the inner wall of the cryost% € radiated power represents a heat Io_aﬂ.z)fW/m per
eam. To prevent thiheat load reachinghe 1.9 K

and hence at the temperature of the magaletbore,i.e. ; . >
at 1.9 Kandtherefore a very goodryopump. Toreduce Cryogenicsystem, it habeen proposed, since tearly
) j design phase, to install inside the cold-bore a 'beam screen'

the cryogenic p_ov_verconsumption,_ the heabad _from which can be operated at a temperature in the range of 5 to
synchrotron radiatiorandfrom the imagecurrents in the 20 K. However, theadditional advantage ofhis beam

vacuum chambewill be absorbed on abeam screen’, . o
screen isthat it intercepts not only the synchrotron

which operates between &d 20 K, inserted in the T L Pl
magnetcold bore. Thedesign pressure necessary fo adiation,but removes also the resistive lossiesipated
operation mustprovide alifetime of several daysand a cgmthaerabtl):%n;mrﬁ?ucgg ‘_’I_Vgg bgl;rr;leen(etﬁ c\évrg:(s:z ?errio:/)ef:
further stringent requirement comes from thepower P g

the more recentlydentified heat source by photoelectrons

deposition in the superconductingagnet coilsdue to ; .
; - [6]. In the course of the experiments whietere started
protons scattered on the residual gas which cleald to a for the SSC Project to study indetail the synchrotron

magnet quench. Cryopumping of gas on ¢blel surfaces N L
: " : radiation induced gas desorption in a cold vacsystem,
providesthe necessaryow gas densities but it must beit became eviderthat in the LHC, thisscreenhad to be

ensured that the vapour pressurerybsorbedmnolecules, ;
of which Hy and HeF\)Noulg bethe r'r?gst critical species, partially transparent so thaphnoleculesdesorbed by the
beam could be pumped permanently the 1.9 Kcold

remains within acceptable limits. In the rodemperature bore surface. Figure 1 shows a section of the ciraala

sections of the LHC, specifically in the experiments, thGOre vacuum chamber (49 mm |.zad ofthe perforated
vacuum n'1ust be stable ag|a|n5t induceddesorption and beam screen, which has a Caref.tdtytimised section for
ISR-type ‘pressure bumps'. both the horizontal (44 mmpnd vertical (36 mm)
apertures. Also shown in the figure are the pumping holes
1 INTRODUCTION which represent approximately 4% of the surfacemdye
The Large Hadron Collider (LHC) [MWill be installed detailed discussion of the function of these pumping holes
in the existing 27 kmundergroundtunnel of theLarge will be given later.

2 SYNCHROTRON RADIATION
Synchrotron radiation in LHC is a dominaattor for

Electron Positron collider (LEP) at CERN in Geneva. The T ] o

main element of the new accelerator/storage wilgbe a R :*2%1@\?\“ ~ COOLING TURTS

string of superconducting magnets, dipoles anc R \E;\é\

quadrupoles,which bend andfocus the two counter / i“\g I SUPPORTS EVERY
rotating proton beams with a design energy of 7 TeV. Th | AR 17m
bending radius i2784 mandthe magnetidield will be \ BN \Q

8.3 T. The dipole magnetse mounted in a ‘two-in-one'
configuration within the sameold iron yoke and in the
same common cryostat. The two inner tubesthif

R EESL o cOoATING
= ﬁ\\\?&:\@\cu COATING
3 &\ﬁ .

cryostat, indirectcontact with the 1.9 K helium, fulfil ..., q(,REE;fE‘\: S

the function of the vacuum chamber for the machine 20K \Q‘S‘Q\ ¥

With this design, the LHC will be the first higtenergy ;—’43\\\\ i,g J
storage ring with a vacuum system aryogenic S%LI%BORE \\\\j?,//ﬁb.. s i

temperaturewhich is exposed tointense synchrotron
radiation emitted from proton beams. The design intensit
of eachbeam is 0.53 A (but only about 0.053 during
the first period of operation). Due to the very higfergy _ _
of the proton beams and since the 'cold-bore' beam pipeFigure: 1 Beanscreeninstalled in the magnetold-bore.

a very eﬁ‘ectivecryopump’ a number of novejesign Coollng plpesand supports are located inthe Verthal
requirements awell as constraints wilhave to bemet. plane aboveand below the beamwhere the resulting
The general design of the vacuum system for LHC [2, @perture reduction can be accepted.

4] has been presented at several conferences and, therefore, _ _ N )

only the most importantharacteristicsand the results The beam screen is held in position with respect to the
from some recent studies will be described hereletailed ~cold-bore by regularlppacedsupportsandcooled by two

description of the insulation vacuum for the cryomagnetgngitudinal helium pipesplaced inthe vertical plane
can be found in reference [5]. above andelow the beam. Famechanicaknd magnetic
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reasons, thescreenwill be made of alow permeability
stainless steel, approximately 1 mm thick. datailed
description of the required electric, magnetic and
mechanical characteristics of the beanreenhas been

presented previously [7] and the most recent developmefit

are presented in a separatentribution [8]. Theinner
wall, exposed tahe electric field ofthe beam, will be
coated with &.05 mmlayer of high conductivitycopper
to keep the electric impedancdow [9]. W.ith this
mechanical design of the beastreen anoptimum
compromise has to beund between several conflicting
requirements. For example, the good electric conductiv
of the copperconflicts with the magnetiforcesproduced
by eddycurrents during a magnet quench. Thésees
have been evaluated at seveoais per mandimpose the
mechanically strong structure of the screen.

3 DYNAMIC VACUUM

The synchrotron radiatiorwhich strikes theinner
coppercoated surface ofhe beamscreen is expected to
produce asignificant amount oflesorbedyas in spite of
the relatively low criticalenergy photon spectrunwhen
comparedwith conventional synchrotron light sources

The linear photon flux (photons'lsm'l) depends on the
beam current I(A)and the beamenergy E(TeV)and the
bending radius, in LHC it is given by XB016 | E . It
is interesting to note that LHC willave a larger linear
photon flux then LEP2 or the SSC. The resulting flow
photo-desorbed gas is proportional to the photon flux
to the molecular desorption yiel@ver the last years, an
intensive program of measurements haen undertaken,
using mainly arexternalphoton beam line on the EPA
storage ring in CERN to obtaireliable data for the
molecular desorption yields for representative vacuu
chamber surfaces athe relevant photon energies and
covering the temperature ranfyfem roomtemperature to
4.2 K [10], as shown in Table 1.

Table 1
Molecular desorption yield (molecules/photon) éopper
plated stainless steebhnd for 45.3 eV critical energy
photon spectrum gierpendiculaphotonincidence.From
reference [10].

it wasfoundthat the molecular desorption yield fopH
from a coppercoated surface about 10 Kand under

grazing incidence (~10 nrad) is approximately 5.1
olecules per photo(measured after amitial exposure

to a photon dose of 2 % photons/m),hence a factor of
14 larger than the corresponding value in Table 1.

4 NUCLEAR SCATTERING

Beam loss due to nuclear scattering onrdsdual gas

F presents a non-negligible heat load in LHC. Sthese
ssesare due tanteraction of highenergyprotons with

the residualgas, thesecondaries arsufficiently energetic
to escapefrom the vacuumchamberand deposit their
energy inthe cryomagnetsThere aretwo limits to the
residualgas density, the firdue to aconcentrated, local
heat load which could quench anagnetand the second
from the distributed, totaload to the cryosystem. The
first limit applies to a local region with a higbressure
(e.g. as itcould becaused by @aelium leak) while the
second can be expressed terms of theaverage gas
densityaroundthe machine or more conveniently by the
nuclear scattering beam lifetiméh).

Pns(W/m) = 0.93 E(TeV) I(A)(h).

The design of the LHGncludes a nuclear scattering
allowance of~0.1 W/m for the two beamand this
specifies a lowetimit for the beam-gasifetime of 69

O@ours; thus a ‘lifetime limit'" of 100 hours hakeen
aﬁgosen to design the vacuum system. The |@radnch

Imit" on gas densitydepending orthe efficiency of the
collimation system, is expected to be at leafdctor 100
higher.

Gas densities are related to beam lifetintlerough the
H—?Iation 1t = o ¢ n, whereo is the total nuclear
Scattering cross section at 7 TeV, n the gas deanilyc
the velocity of light. For KB andfor the othemmolecular

species in theresidualgas Table 2 gives theelative
nuclear scattering cross sections wi#spect to 4 and

the densities (r'ﬁ)’) corresponding toal00 h beam life
time.

Table 2

Relative nuclear scattering cross sections with respect to

T (K) H2 CHg co CQo H2 and densities corresponding to a100 h beam life time
300 150104 |1.610% | 2510 | 2.2 10% in LHC
4
Molecules ojloH2 -3\ __
7 | 2510%|4.010%| 1510 | 7.010° = - n (i) T‘iOOh
5 2 9.8 10
N _ _ _ He 1.26 4
42 13516°|8.016’ | 6.010 | 7.010° 7.71d
6 CHy 5.4 18 1014
H20 5.4 18104
These latest results indicate a decrease of the molecutat <o 78 - 7
desorption yieldwith temperaturebut at 4.2 K, the ) 1.2 10l
observed yields are still significant. In addition, #ffect COp 12.2 3.0 1014
of the grazing photoincidence inLHC has yet to be .

included. This dependence ophotonincidencehas been

studied by measurements on a photon beam line at the
VEPP-2M storage ring at INP in Novosibirsk [11]. There
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The 100 h beam lifetime limitequires an equivalent
H2 density < 165 m'3 . At thetemperature ofhe beam 7 RECYLING OF PHYSISORBED GAS

Due to the photon flux which strikes the inrserface
of the beam screemryopumpedgas molecules on the
screen may be re-desorbed. Masurements ofthis

5 BEAM INDUCED HEAT LOAD 'recycling' coefficient{secondarnydesorption) forhydrogen

The justification for a beanscreen tointercept the [13] give values increasing in proportion to therface
power from the various beanelated sources which coverage and reaching approximately 1 molecule per
otherwise wouldeachthe cold bore and load the 1.9 K photon at a monolayer. For any significamblecular
cryogenic system can be seen in Figure 2. Apart from tkeverage of the beam screéinis secondary effedior Hp
resistive losses in the beasoreenall other heatloads is severalorders of magnitude largethan the primary
increasewith the beam energy. The contributidfom desorption. The global result of thermal desorption and
photoelectrons will be discussed in a subsequent sectionrecycling will be that a limited equilibrium quantity of gas

O E L R B R R R R can beaccommodated otthe innersurface ofthe beam

screen (average ~10 K), this corresponds f8 T0rr.

otal // screen. Thereafterall the primarydesorbedyasload will

. / -~ be transferredhrough the pumping holes to the 1.9 K
£ i / 7 vacuum chamberwall with a pumping speed now
8 01 L —— determined bythe total hole area. A schematic picture of
2 i — Z resisive 1 this process is illustrated in Figure 3.
2 L _ ] The recycling coefficients for the importahieavier
g - nuclear scaftering (@f 1 gases, Cl, CO and C® have alstheenmeasured and it
g 0.01 was found that even for thickphysisorbed layers (10-20

monolayers) these coefficientge small and can not be
distinguished from the respective primary photodesorption

4
/ 7 / photoelectrons

oA coefficients [14] i.e., they range below 1(53
0.001 molecules/photon. Fore these gases the recyulitighe
0 1 2 3 4 5 6 7 8 . . . .
Beam energy (TeV) small andthe pumpingspeedwill remain, in contrast to
Ho, at the leveldetermined bythe screenarea and the
Figure: 2 Estimatedndassumed beanmducedlosses in respective sticking coefficient.
LHC. The contribution from photoelectrons will be  This behaviour of the vacuum system is illustrated in
discussed in a latexection.Nuclearscattering is the only Figure 4 which shows experimental results from a

part which can not be removed by the beam screen. prototype beanscreen athe VEPP-2M photonbeam
line. Thedatahave beerscaled tothe photon flux in the
6 VAPOUR PRESSURE LHC at 1/10 of the nominal current. With a ~2%ea of

The cold length of the LHC vacuum systerfsome pumping holeshydrogensaturates at ~3 18 m'3, well
80% of thecircumferenceyelies on the cryopumping of below the specified lifetime limit.
the 1.9 Kvacuum chamber through theerforated beam An important parameterfor the design ofthe LHC
screenAmong thedesorbedgases, hydrogen, which hasvacuum system is also the total amountesorbed H.

the largest molecular desorption yield, is the most criticglyig quantity has been estimated 26 monolayers
species for which the vapour pressurehigh and the qyring the initial year of operation and as 10.5 monolayers
pumping capacity of the beam screeperatecbetween 5 qyring the second year ahe full nominal beancurrent.
and 20 K, is very small. Without the pumping holes, thenis |arge quantity of gas should not pose a problem with
cryopumping of the bearscreen wouldnot provide any the present design dfie LHC vacuum system since the
useful capacity for LHC operation. In fact, the equilibriumygleculescan diffusethrough the pumping holeand be

vapour density at 5 K for a monolayer of hydrogen exceegdgisorbed on the 1.9 old bore with a negligiblesapour
by severaborders ofmagnitude theacceptabldimit [12].  pressure.

With the concept ofpumping holes in the beastreen,
hydrogen, and evemore so all other gas speciesn be
pumped onthe 1.9 K surfacewith a negligibly low
saturated vapour densityand hence in practical an
unlimited capacity. Effectively, the pumping holes
provide aconstant pumpingspeed,proportional to the
surface area athe holesandwhich can beoptimised for
different requirements. However, one importaxception
is He since even at 1.9 K, only a small amounttha$
gas can be accommodated andhis highlights the
importance of aperfect leak tightness for theébeam
vacuum system.
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the ions may be up to 300 eV. As for the photons, the
T energeticions can desorhtightly bound gas molecules
Pi oy with a molecular desorption yieldj (molecules peron).
S T:. s 19K Desorbed molecules will in turn be ionisadd participate
® NN in the desorption process. This positfeedbackcanlead
'\\ to the so-called'ion induced pressureinstability’ known
molecules \ o from previousexperiencewith the Intersecting Storage
) ¢ Rings (ISR) at CERN. Theressure runawagepends
Pumping slots critically on the local cleanliness of theurface,via the
ion inducedmolecular desorption yieldand onthe local
s.r photons
section of theresidual gas molecules for higkenergy
protons (typically 20 barn fdnydrogen)and Seff is the
T effective linear pumping speed. In theld sections of the
LHC, a well defined, lower limit of the pumping is
. ) ) ) ) determined bythe cryosorption on the 1.9 Kacuum
Figure: 3 Beam screefunction with primarydesorption  chamber surfacghrough the pumping holes. Treafe

pumping speed.The stability limit is expressed by the
condition that theroduct of beam current and of the
and recycling of physisorbed gas. Permanadsorption  condition for vacuum stability for theold sections is

given by the pumping speed
e
Nil< — Seff
o

wheree is theelectron chargeg the ionisationcross

molecular desorption yieldj must be less than lamit
beam screen from synchrotron radiation an

photoelectrons. _ KT e
Nil < = —=Af
\V2mmo
o with k the Boltzmann constant and m the mass of
- E the molecules.

1015 + Lifetime limit i With the parameters oL HC, the stability limit for
e 8 ] hydrogen isnj | = 103 A. Since a typical primary ion
g [ ] desorption yield for amnbaked surface is afrder unity,
@ 10" | 4 and since the large recycling coefficient for hydrogeas
g g warm-up 77K E not permit the formation of a thiclayer of H» on the
-~ - w screen, theold sections of LHC willoperatewell inside

103 - this stability limit. However, this situation will be

1 different in the room temperaturesections, where the
i ] conventional, external pumping system is limited through
o e the conductance dhe beam pipe. The control of the

0 20 40 60 80 100 120 140 parameter by appropriate surface preparatom by
Time (h) bakeout will be essential.

. . ) 9 PHOTOELECTRONS AND MULTIPACTING
Figure: 4 Evolution of the molecular density ob H Beam induced mitipacting [15] which may arise

during photon exposure in an experiment\EPP-2M - gk synchronous motion of photoelectramsl low
with a perforated beam screen to simulate LHC during t%ergy secondary electrons bouncing bacland forth
f|rst. running year with 1/10 of the nominal beaunrent. betweenopposite vacuunchambemwalls with successive
During the experiment, thecreenhas beewarmed-up 10 pro10n bunchegepresent apotential problem for the

77 K, while maintaining thecold-bore at~3K, to the 15chine [16]. In the LHC the beam screen radigs 22
remove cryosorbed hydrogamdthus to demonstrate the

repetition of the recycling effect. mm, the bunch intensitiNp = 1 10’Ll protonsand the
bunch spacingtpp = 7.5m aresuch that the wall-to-wall

In the LHC, the ionisation of theesidual gas
molecules will produce ions which then are repelled by the N rp2

positive beam potentiednd acceleratetbwardsthe beam Np =
screen othe vacuunchambemwall. The final energy of

, (e the classical electron radius),
e Loo
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work by many colleagues in the LHC Vacuum Group.
can be reached at about 1/4 only of the nominal intensityrhe important contributions, in particular from the groups

[6].

An additionaleffect attributed to synchrotroradiation
is the production of photoelectrons a source wiachely
dominates electrons from residuajas ionisation.
Measurements on the photon beam line at EPA [17] with
an LHC test chamber give a photo-yield of typic&llp2
electrons/photon for the synchrotron radiation spectrum é]
LHC. Due to the strongelectric field of the proton 3]
bunches these electrons can be accelerated dabmlsam [ 4]
pipe and transfer energy to the beam screefirsg still [5]
very approximate estimate of theffect gives 0.2 W/m 5]
[6]. An additional consequence dhese photoelectrons
will be enhanced outgassing which waltld tothe photo-
desorption.

[6]
[7]
10 MECHANICAL DESIGN %

The mechanical design of tleld arcvacuum system
requires darge number of interconnections for theam

vacuum between the beasareens of adjacemhagnets.

LHC-CRI and EST-SM, are also gratefully acknowledged.
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