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Abstract

The Large Hadron Collider (LHC) projed, now in the alvanced
construction prase & CERN, comprises two proton storage rings with
colliding beans of 7-TeV energy. The madhine is housed in the eisting
LEP tunre with a drcumference of 26.7 km and requires a bending
magnetic field of 8.4 T with 14m long supercondicting magnets. The beam
vaauum chambers comprise the inner ‘cold bae walls of the magnets.
These magnets operate & 1.9K, and thus srve & very goodcryo-pumps. In
order to reduce the ayogenic power consumption, bdh the hea load from
synchrotron radiation emitted by the proton keams and the resistive power
disdpation by the bean image aurrents have to be asorbed on a ‘beam
screan’, which operates between 5 and 20 K and is inserted inside the
vaauum chamber. The design d this beam screen represents atechndogicd
challenge in view of the numerous and dten conflicting requirements and
the very tight mechanicd tolerances imposed. The synchrotron radiation
produwces grong ougassng from the walls. The design pesaure necessary
for operation must provide abean lifetime of several days. An additional
stringent requirement comes from the power deposition in the
superconducting magnet coils due to protons satered onthe residua gas,
which could lead to a magnet, quench and interrupt the machine operation.
Cryopumping d gas on the mld surfaces provides the necessary low gas
densities but it must be ensured that the vapou presaure of cryosorbed
moleaules, of which H, and He ae the most criticad spedes, remains within
acceptable limits. In the warm straight sedions of the LHC the pumping
speed requirement is determined by ionrinduced desorption and the
resulting vacuum stability criterion.

1 INTRODUCTION

The Large Hadron Collider (LHC) [1] consists of a pair of supercondwcting storage rings with a
circumference of 26.7 kn. Two proton beams, of 530 mA and an energy o 7.0 TeV, circulate in
oppaite diredions. Of the 54-km total length, the acs acourt for aimost 48 km and will be & 1.9K,
the temperature of the superconducting magnets. The basic layout of LHC foll ows the existing LEP
macdine, with eight long straight sedions and eight bending arcs. The present experimental
programme includes two high-luminosity experiments (ATLAS and CMS) as well as a heavry ion
experiment (ALICE) and a B-physics experiment shown schematicdly in Fig.1. In this figure is also
shown the position for the two bean transfer lines from the existing SPSacceéerator, which will be
used as the injedor, the locaions for the accéerating RF system, the beam dump system and the two
beam cleaninginsertions.

To fit the 7-TeV rings into the eisting LEP tunnel spedal design concepts are nealed for the
machine componrents and, most spedficdly, supercondicting magnets with 8.3T field. The magnetic
bending field of 8.3T implies that the supercondicting magnets which use commercially available
NbTi supercondwctors must operate & a temperature well below 4.2 K. A very attradive technicd
solution for the LHC has been to immerse the magnets in a bath of superfluid helium at 1.9 K. A
seledion d the most significant machine parametersisgivenin Table 1.
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Fig. 1 Genera layout of LHC

Principal machine parameters for proton-proton colli sions

Tablel

Value Unit
Energy 7 TeV
Dipdefield 8.33 T
Cail aperture 56 mm
Luminacsity 10* s'cm?
Injedion energy 450 GeV
Circulating current /beam 0.56 A
Bunch spaang 25 ns
Particles/bunch 1.110
Stored beamn energy 350 MJ
Normalised transverse emittance 3.75 Vigg
R.m.s. burch length 0.075 m
Bean lifetime 22 h
Luminasity lifetime 10 h
Energy lossturn 6.7 keVv
Criticd phaon energy 45 eV
Linea phaton flux 1107 m's’
Total radiated pover/beam 3.8 kw




292

The magnets for LHC are based on a two-in-one design, where the two bean channels are
incorporated into a wmmoniron yoke in a mmpad single ayostat [2]. Figure 2 ill ustrates this design
concept showing the aoss ®dion d a dipoe magnet with its cryostat. A similar design has been
adopted for the quadrupde magnets of the short straight sedions (ss9. The compad macdhine design
which results from this construction allows the installation d the LHC madine inside the existing
tunrel sedion d LEP and makes the necessary provision for the aldition d a LEP-like madine on
top d LHC at some later time.

ALIGNMENT TARGET

MAIN QUADRUPOLE BUS-BARS

HEAT EXCHANGER PIPE
SUPERINSULATION
SUPERCONDUCTING COILS
BEAM PIPE

N
N\

SHRINKING CYLINDER / HE I-VESSEL

N
@lﬁ“\

/]

D, -
/. _ | IRON YOKE

Y, 7//’// Y

SN
¥ ‘\"

G NS M
\\\\\{\.\!¢\\\7xf/ Q \

por S\\\\t\ti\‘\““' 2022 (’/I,/<\\\§

\:

- VACUUM VESSEL

N
L
[

[~ THERMAL SHIELD
~— AUXILIARY BUS-BARS

™— NON—MAGNETIC COLLARS

s

\__
N\ BEAM SCREEN
[>— IRON INSERT

™— INSTRUMENTATION WIRES
Y

.

N\ \ -___-_— ' - \\ ™— DIPOLE BUS-BARS

[~—— SUPPORT POST

™~— FILLER PIECE

T T T
|— 2812380 m o 2218360 m

U« | 7
[ 1 B TIT 7 T

Fig. 2 Dipole magnet cross £dion with cryostat

In the acs of LHC, representing more than 24 kn of ead ring, the machine lattice onsists of a
successon d regular 53.4m long ‘half-cdls': three 14.2m long twin-aperture dipole magnets, and
one 6.3 m longshort straight sedion. The remaining spaceis taken by various machine dements and
by interconredions between magnets. In the eght long straight sedions the machine layout is
adapted to the spedfic requirements of the experiments or of the other functions and the repetitive,
regular designis localy modified. In the four experimental straight sedions, the beans converge into
one wmmon kean pipe, where they are tightly focused and steeed into head-on collisions at the
interadion pants.

2. THE VACUUM SYSTEM

The vaauum system for LHC consists of two main parts which are kept entirely separated in terms of
vaauum since they must med rather different requirements. the ayogenic insulation vaauum
necessry to avoid hea load by ggs conduction requires a presaure of only about 10° mbar while the
bean vaocuum proper which must provide a good keam lifetime and low badkground for the
experiments requires sveral orders of magnitude better vaauum for the operation with beam.

2.1 Cryogenicinsulation vacuum

The ayogenic insulation vacuum for the maciine @nsists of a nealy 3-km long continuows arc
cryostat, which is, subdvided into 14sedors eat 212m long[3]. Vaaium separationis achieved by
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vaauum barriers which subdvide the ac ayostat into subsedions which can be pumped,
commisgoned and le& chedked independently. These vaauum barriers also separate the vacuum for
the continuows cryogenic distribution line (QRL) from the machine ayostat as snown in Fig. 3.
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Fig. 3 Layout of cryogenic insulation vacuum

While the initial pump dovn can be dore with conventional turbomoleaular pumping goups
shown in the insert of the Fig. 3, the ayopumping onthe large external surfaceof the magnet cold
mass and on the thermal screens will be entirely sufficient for maintaining the static insulation
vaauum once the system has been cooed dawn. Provisions for any additiona pumping duing
machine operation are required ony in the cae that excessve helium leaks would occur. This
additional pumping can be adieved either by conreding external pumps or by installing charcoal -
coated cryo-panels with a large pumping capadty for helium. Whether this option is adually needed
to recover from a degraded vaauum remains to be dedded onthe basis of afailure analysis and based
on experiencewith the final install ation procedure and atest string d the machine.

2.2 Beam vacuum and beam related heat loads

The bean vaauum system has been the subjed of extensive studies over the recent yeas and has been
presented at several occasions [4—6]. The bean pipe in the cantre of the supercondicting magnet
coils, asillustrated in Fig. , isin dred contad with the helium bath at 1.9K (cold-bore beam pipe) so
asto minimise the lossof aperture between the magnet coil s and the beamn stay-clea region.

At this temperature, the vacuum chamber wall becomes a very efficient cryopump with
pradicdly infinite cgadty for al condensable gas gpedes with the sole exception d helium and thus
makes any external pumping superfluous and even inefficient. Unfortunately, this concept has the
drawbadk that the ayogenic system will have to remove even very small amourts of beam induced
power which, for conventional room temperature accéerators, would be insignificant. Indeed, since
the removal of 1 W a 1.9 K requires nealy 1 KW of eledric power, there is a strong incentive to
avoid or to reduceto the bare minimum any source of hed in-le& to the wld beam pipe.
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Fig. 4 Bean-indwed lossesin the LHC

Four distinct beam and vacuum related hea sources to the 1.9 K system can be identified as
shown in Fig. 4and these will be discussed in more detail i n the foll owing sedions:

)] Synchrotronradiation

Due to the cantripetal acceéeration in the bending magnets the beans will emit a synchrotron
radiation flux of abou 10" phdons s' m™* with a aiticd energy of the phaton spedrum of 45eV
equivalent to adistributed linea power of 0.2W m™. For LHC as awhadle, thisamourtsto 7.6kW.

i) Image aurrents from the beam

The inner wall of the bean pipe must conduwct the image aurrents of the beams, which may
disspate typicdly 0.05W m™ per beam duct. This power due to image airrents depends diredly on
the resistivity p, of the vacuum chamber wall material. To limit this hea load, bu aso to avoid
resistive wall i nstabilit y, the resistivity of the vaauum chamber hasto be low. For the LHC this can be
achieved by coating the inner surfaceof the stainless $ed beam pipe with athin copper layer and by
profiting, furthermore, from the fad that at low temperature the resistivity of high-purity copper is
strongy reduced and can be by afador of 10’ better than for stainless sed.

iii ) Photo-eledrons and multi pading

Bean induced multipading can arise through an oscillatory motion d a doud d phao-
eledrons and d low energy secondary eledrons bourcing badk and forth between oppaite vaaium
chamber walls during successve passages of proton burches [7]. Due to the strong eledric field of
the dense proton kean these dedrons will be accéerated and transfer their energy to the cold wall. In
the LHC the beam pipe radius r , the burch intensity N, and the burch spadng L, are such that the
wall-to-wall multipading threshald corresponds to abou 1/4 of the nominal intensity [8]. The
magnitude of the hea load depends on severa parameters as will be discussed in alater sedion bu a
crude estimate indicaes avalue of 0.2W/m.

iv) Beam lossby nuclea scatering

Nuclea scdtering d the high-energy protons on the residual gas generates an urevoidable
cortinuous flux of high-energy particles, which are lost from the drculating beans. Even under ided
condtions there remains a small fradion d scatered protons which can nd be &sorbed in a
controlled way by the dedicated set of collimators in the bean cleaning insertions (seeFig. 1). These
particles escgpe from the gerture of the madchine and penetrate through the old bae into the
magnets where they are lost. This flux of high-energy protons creaes a shower of secondary particles,
which are ultimately absorbed in the 1.9 K magnet system. The mntinuous hed inpu to the ayogenic
system is diredly propartional to the gas density and hence the maximum all owed value defines an
upper limit of the gas density in the bean pipe. The bean lifetime 1, due to nwclea scatering (the
cross gdionfor 7-TeV protons on hydogen atomsis o~ 5 10 m?’) is given by
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where cisthe spea o light and n the gas density. The linea power load, P (W/m), is propational to
the beam current |, the bean energy E and can be expressed diredly in terms of the beam-gaslifetime
| E E(TeV)I(A)

P=-—=093—~— 2"/ @
cr 7(h)

For thefirst timein an acceerator, bean lossdue to niwclea scattering onthe residual gas represents a
non-negligible hea load. The madiine design includes therefore anuclea scatering all owance of
~0.1W/m for the two beams. Consistent with this requirement a beam lifetime of ~100 houis has
been chasen which in turn implies that the H, density must be < 1 x 10° moleaules m” (e.g. equivalent
to apressureof < 1 x 10° Torr at 10K). A correspondngly lower density is required for heavier gases
asis srown in Table 2 where the limits of the moleaular densities for some common ggs gedes have
been listed.

Table2
Relative aoss gdions and maximum gas densiti es for different gas gpedes
Gas Ss,, N (m?) for 7=100h
H, 1 110°
He 1.26 7.8 10°
CH, 54 1.8 10
H,0O 54 1.8 10
CO 7.8 1.2 10
CO, 12.2 8.0 10°

Amongthe four hea sources shown in Fig. 4 synchrotron radiation, image airrents and phdo-
eledrons can be intercepted at a thermodynamicdly-more-efficient temperature of 20 K. This can be
achieved byinsertingin the mld bae vaauum chamber athermally insulated ‘beam screen’, which is
adively cooed by gaseous helium. The fourth comporent, due to scatered high-energy protons,
canna be intercepted by this sreen and must be included in the ayogenic budget for the 1.9 K
system. This effed, which has a pradicd importancefor the first timein the LHC, defines a‘lifetime
limit’ of 10° H, moleaules m* for the maximum average gas density in the LHC arcs. It must be noted
that in the exceptional case of a limited region with a very high presaure, e.g. for a helium le&, the
related bean lossmay even trigger a magnet to quench.

The sedion d the bean screen with its two coding tubes is $hown in Fig. 5.In order nat to
loose the benefit of the ayopunping onthe 1.9 K cold bae, the screen has narrow pumping slots
aongits length which enable gas moleaules to leave the bean channel proper and to be adsorbed on
the old baewall. Theimportanceof cryosorbing gas moleaules on a surface which is sreened from
the dfeds of the beam, will be discussed in the following sedion.

3. PRIMARY DESORPTION BY SYNCHROTRON RADIATION

At 7 TeV, the aiticd energy d the synchrotron radiation spedrum is ~45 €V and the radiated power
represents ahed load of 0.2 W/m per bean. The adively-cooled beam screen intercepts this power so
that it does not load the 1.9K system. For vaauum reasons, the screen has to be partially transparent
so that moleaules desorbed by the synchrotron radiation can escgpe from the bean channel and e
pumped permanently onthe mld bae surface aill ustrated in Fig. 5.
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Fig. 5 Actively-cooled beam screen in the magnet cold bae

The synchrotron radiation, which strikes the cpper-coated inner surface liberates a significant
amount of gas, propational to the phaon flux and to the moleaular desorption yield. The moleaular
yield for H, from a copper surface 410K istypicaly 5 10" moleaules per phaton whil e other spedes
have considerably smaller values. Figure 6 shows the primary moleaular desorption yield for copper-
coated stainless $ed as a function d the phaon dese measured ona test chamber at 77 K, grazng
phaonincidence and with a aiticad phaonenergy of 50eV.
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4. VAPOUR PRESSURE AND RECYCLING OF PHYSISORBED GAS

Among the desorbed moleaules, hydrogen, which has the largest moleaular desorption yield, is the
most criticd spedes for which the thermal desorption is high and the sorption capadty at the
temperature of the beam screen surfaceis rather small. Without the pumping hdes, the surfaceof the
screen would therefore not provide any useful pumping cgpadty sincethe eguili brium vapour density
at 5 K for amondayer of hydrogen exceals by several orders of magnitude the accetable limit [9].
With the cncept of pumping hdes however, hydrogen, and even more so al other gas edes, will
be ayosorbed onthe 1.9K surfacewith a negligibly-low vapou presaure and hencewith apradicdly
unlimited capadty.

Since dired and scattered/refleded phdons as well as phao-eledrons continuowsly strike the
interior surface of the beam screen, cryosorbed gas moleaules are dficiently re-desorbed. This
‘regycling effed increases with surface overage and may dominate other sources of outgassng. The
global result of thermal desorption and d regycling d gas implies that only a small quantity of gas
can be acommodated onthe inner surfaceof the beam screen. Theredter any additional moleaules
will gradually escgpe throughthe haes and the presaure rise stabili ses when the rate of production o
gas moleaules equals the pumping throughthe hales.
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Experimental data for the regycling effed have been oltained from an experiment at the VEPP
2M storage ring at the Budker Institute of Nuclea Physics (BINP) in Novosibirsk, Rusda[1(]. In this
experiment a sample can be loaded initially with a known quantity of a gas. Subsequently, the sample
is exposed to aknown number of phaons and the quantity of moleaules remaining after this exposure
is measured duing its warm-up. The results of this experiment are given in Fig. 7 where it can be
seen that the regycling d H, by synchrotron radiation phdonsis avery pronourced effed already at a
coverage well below amondayer (< 10" moleaules cm?).

It is interesting to nde that this recent result for the hydrogen re-cycling coefficient isin good
agreement with olbservations made previously when investigating the problem of an abnamal
hydrogen vapou presaure in condensation cryopumps [11]. It was observed that exposure to room
temperature thermal radiation can desorb very strongy hydrogen condensed ona substrate & 2.3 K.
Indeed, extrapalating from these ealier measurements to LHC condtions, the synchrotron radiation
power density on a @ld bae withou screen (~ 0.14W cm? could increase the saturated vapour
presaureto avalue mmparable to the lifetime limit.

The evolution d the vaauum presaure is ill ustrated in Fig. 8 which shows the experimental
results from atest at the VEPR2M phaon kean line & BINP [12]. For better comparison, the data
shown in the figure have been scded to the phaon flux in the LHC correspondng to the initial
condtions of 1/10 d the nominal current. With a ~2% areaof pumping hdes, hydogen saturates at
~310°m?, which is well below the spedfied lifetime limit. Warming the bean screen to 77K while
maintaining the mld-bore & ~3K, to the remove ayosorbed hydogen demonstrates the regycling
effed of cryosorbed gas onthe inner wall of the bean screen. This processeffedively desorbs al the
hydrogen. During the second expasure hydrogen acawmulates again onthe screen urtil the gas density
readies a new saturation level.
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Fig. 8 Evolution d the hydrogen density during phdon exposure

5. DYNAMIC MODEL FOR H2

The dynamic vaauum behaviour for hydrogen in the ald parts of LHC with a perforated bean screen
may be described very acarately by a linea model for the interadion between the volume density,
n (m®), and the surfacedensity, © (m?), of adsorbed moleaules on the wall of the bean screen. The
volume and the surfacegas interad acarding to the foll owing set of linea equations:

dn

V— =g—-an+bO 3
at q 3

and
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Here, Visthe volume and F isthe net wall areaper unit length of the vaauum system. The parameters
a, b, c and g represent the foll owing physicd quantiti es:

i) g represents a source of gas, here in particular the phaon induced desorption rate determined
by the product of the desorption yield, n (moleaules/phaon), and d the phaon flux, r , hence
a=n r (moleaules s'm™). In more general terms g can include any source of chemisorbed gas e.g.

by ion- or by eledron-stimulated desorption.

i) a (m’ s*) describes the total pumping onthe surfaceof the wall andin particular throughthe
areaof the hdesin the beam screen. It can be expressed as

a=i\7F(s+f) (5)

where V is the average moleaular velocity, s the sticking probability of the moleaules on the beam
screen andf isthe fradion d the total surfaceof the bean screen with pumping hdes, nae that f<<1.

iii) b represents gas originating from a physisorbed surfacephase, ©, by thermal- and by phdon-
induced desorption. In contrast to g, thisis not a source of 'new' gas but constitutes a surface phase
interading throughadsorption and desorption with the gas in the volume.

The thermal contribution to b [13] may be expressed as the moleaular vibration frequency
vo = 10* s* multi pli ed with a Boltzmann facor

e' g/kT (6)

charaderised byits adivation energy E and bythe temperature T.

The phaon-induced desorption processcan be expressd as kI , Where K is the re-cycling
crosssedionin m’ per phaon, thus

E

b=Fv, e K +kI* . (7)

iv) cistherate of adsorption d gas moleaules on the surfaceof the bean screen only. This effed
ispropational to the sticking probability of the moleaules, s,

1_
==VsF . 8
c 4vs (8)

This dynamic model cortains a reasonably small number of parameters, which, for simplicity may be
asaumed to be acnstant. In particular it impliesalinea adsorptionisotherm.

VsF
n= %VS n. 9

_E _
Fvoe T +KkI

6=

olo

Here © (n) depends on the re-cycling crosssedion as well as on the phaon flux. Therefore, the
isotherm and the eguili brium surface o©verage for a given vadume gas density will depend onthese
spedfic condtions (i.e. on the beam current) which effedively reduce the sojourn time of any
physisorbed moleaules on the surface
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As $rownin Fig. 9the experimental data presented in Fig. 8,can indeed be described in a very
satisfadory manner by this smple model by chocsing a small number of free parameters only, see
Table 3. Parameters $iown in bdd face have been adapted to best fit the data. The fradion o
pumping slotsf, takes into ac@urt the Clausing fador due to the wall thicknessof the beam screen.
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Fig. 9 Comparison d experimental datawith the dynamic Fig. 10 Surfacedensity of H, moleaules normalised to a

model for Hy density (m®) asafunction o time mondayer coverage & afunction d time
Table3
List of parameters.
Desorption yield n 5 x 104 moleaules/phaton
Screen temperature T 10K
Linea phaon flux (200mA) r 3.14 x 1016 phatons/s/m
Sticking probability o 0.6
Mondayer capadty 3 x 109 moleaules/m?
Re-cycling coefficient K 5x 10721 m?2
Activation energy E 800cd/mole or 0.035eV/moleaule
Spedfic surface aea F 0.14m
Fradion o pumping slots f 1.28%
Spedfic volume \ 1.3 x 103 m2

The model provides in addition to the volume density also the surfacedensity of gas, which is
shown in Fig. 10.Thereit can be observed that the final coverage oltained remains indead well below
amondayer as aresult of the strongrecgycling d gas moleaules.

In equili brium conditions, when the volume and surfacedensities no longer change with time,
the volume density is sSmply given by
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and depends lely onthe primary desorption by synchrotron radiation and onthe pumping through
the halesin the bean screen.

6. ION STIMULATED DESORPTION AND PRESSURE INSTABILITY

lonization d the residual gas moleaules will produce ions, which are geded by the positive bean
patential and accéerated towards the beam screen. The final impad energy of the ions may be up to
300eV in the acs of the LHC. As with phdons, the energetic ions are very effedive in desorbing
tightly-bound @s moleaules, a process which is charaderised by the moleaular, desorption yield, nj
(moleaules per ion). Desorbed moleaules may in turn be ionised and thus increase the desorption rate.
This positive feedbadk can lead to the so-cdled ‘ioninduced presaure instability’ known from
previous experience with the Interseding Storage Rings (ISR) at CERN [14]. As a result of this
feedback medanism the pressure increases with beam current from the initial value, P,, as

R
nl
(M) erit

A= (11

Since the dedric charge of the beam is grondy concentrated in 2835 individual, short
burches, the resulting instantaneous pek eledric field amounsto several kV. The final energy of the
ions at the impad on the vacuum chamber wall can reat several hunded eV depending onthe bean
intensity and the type of ion. Fig. 11shows the impad energies caculated for H, He, CH,, CO and
CQ, ions as afunction d the average bean intensity. Because of the bunched structure of the beam,
light ions may gain considerably more energy than heavier ones.
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The presaure runaway depends criticaly onthelocd cleanlinessof the surface throughthe ion-
indwced moleaular desorption yield, n, and on the locd pumping speed. The stability limit is
expresed by the condtion that the product of beam current | and o the moleaular desorption yield
must be lessthan a aiticd value given bythe dfedive pumping speed of the system, Sy

(ni I )crit = g Seff (12)

where eisthe dedron charge and o the ionisation cross £dion d the residual gas moleaules for high
energy protons. According to Eq. (12) the presaure will doulde & half the aiticd value. lonisation
cross edionsfor high energy protons for some coommon gas moleaules are givenin Table 4 [15].



Table4
lonisation cross edions for some mwmmon moleaules
lonization cross-section
(in10™ sz)

Gas 26 GeV 7000 GeV
H2 0.22 0.37
He 0.23 0.38

CHy 1.2 2.1
CO 1.0 1.8
Ar 11 2.0

CO2 1.6 2.8

The dfedive pumping spedl in the mld sedions of the LHC can be very large for moleaules,
which condense on the wall of the beam screen. However, it has a well defined, lower limit
determined by the ayosorption onthe 1.9 K vaauum chamber surfacethroughthe pumping hdesin
the bean screen. The andtionfor vacuum stability can be defined by the aeaf of pumping hdes per
unit length

le._

(nil)crit = ZEV f. (13)
From this equation the stability limit for the old arc is typicdly 10 A for hydrogen and
somewhat lessfor the other gas gedes. The gradual acawmulation d physisorbed gaes on the wall
leads to an increasing desorption yield which may read values as large & 10° H, molealles/ion at a
mondayer [16]. Nevertheless with the high effedive pumping speal o the hdes the old sedions
with beam screens are expeded to operate well inside this gability limit. In addition, as siown in
Fig. 10, the euili brium surface overage for H, will not increase indefinitely but shoud remain well
below a mondayer due to the @ntinuows re-cycling effed and the pumping through the holes.
Therefore, the ion-induced presaure instability can be avoided by ensuring that moleaules are

cryosorbed onsurfaces, which are in the shadow of the beam.

More serious is the vaauum stability in the warm sedions of LHC due to the limited pumping
spead, which can be provided by conventional pumps, and the limited conduwctance of the vaauum
chamber as imposed by the design d small aperture magnets. The most stringent condtions are
encourtered in some of the experiments due to the required small beamn pipesin the central detedors
and duwe to the locdly increased ion energy. Indedl, the strong focussng d the two beams at the
interadion pants increases the space targe and therefore the dedric force on the ions such that the
impad energy increases to several keV. Measured room temperature yields for the relevant range of
impad energies range from about 1 to 8 moleaules/ion[17] and depend criticdly onthe deanlinessof
the surface Spedal methods of surface ondtioning d the beam pipes by vacuum firing, Ar-glow
discharge deaning and byin-situ bakeout are under study.

7. BEAM-INDUCED ELECTRON MULTIPACTING

Bean induwced multipading [18], which can arise through cxcillatory motion d a doud d
phaoeledrons and low energy sewmndary eledrons bourcing badk and forth between oppaite
vaauum chamber walls during successve proton burches, represent a patential problem for the
machine[19]. The key parameters for this processare:

burch intensity and burch spadng,

synchrotron radiation intensity,

phaoeledric and secondary eledron yieldsincluding the dfed of the angle of incidence,
energy dstribution o secondary eledrons,

phaonrefledivity,
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beam screen shape and dmensions as well as
external eledric and magnetic fields.

The average value of energy transferred to eledrons may be of the order of 200 €V. Under
situations where the sewndary eledron yield exceeals unity, the dedron cloud may then grow
indefinitely and, as a mnsequence, provoke dedron-stimulated gas desorption. A first criterion for
the onset of multipading is obtained from the necessary condtion that the transit time of eledrons
from wall to wall must be equal or lessthan the time between the passage of succesdve bunches ©
that the dedron cloud can move in synchronism with the beam

2
=—b— (14

Np = .
e Lbb

Here r_(m) is the beam pipe radius, L, is the distance between burches and r, the dasdcd eledron
radius. In the LHC the determining parameters like the bean screen radius, the bunch intensity and
the bunch spadng are such that the wall-to-wall multi pading condtionis stisfied between abou 1/4
to 1/3 of the nominal current [20].

The mnsequence for the machine operation can be an additional hea load duwe to the power
deposited by the phao-eledrons in the wall of the wld vacuum system, eledron-stimulated gas
desorption and finally coherent beam oscill ations of the proton bean with the dedron cloud leading
to emittance growth and utimately to beam loss These dfeds have been studied extensively over the
past yeas and it was concluded that an average hea load of 0.2 W/m shoud be included in the
cryogenic budget. To reduce the dedron cloud effed, one must find ways to reduce the production
rate of phao-eledrons and to achieve alow semndary eledron yield at the internal surfaceof the
vaauum chamber and d the beam screen [21].

A sewond important condtion, which has to be satisfied, is that the energy transfer to the
eledrons is aifficiently large to oltain a secondary eledron yield, which exceals unity. Detailed
numericad simulations for the nominal operating condtions have shown that in case of a secndary
eledron yield excealing 1.3to 1.4the dedron cloud could grow indefinitely until it finaly saturates
due to nonlinea effeds and space darge [22].

Sewondary eledron yield data for ‘technicd’ Cu and Al surfaces measured onsamples in the
laboratory indicate that for baoth materials aunit yield is excealed at an eledron energy o lessthan 50
eV [23] and that the respedive yield versus energy curves pe& at 2.2 and 2.7 letween 300and 450
eV respedively. Therefore, to be safe against eledron multipading, it will be esential to provide a
vaauum chamber surface with a lower secondary eledron yield and pimarily for this reason
auminium has been excluded as a material for beam pipes. Even for the more favourable materials
like copper or stainless $ed, it will be necessary to reduce their seandary eledron yield below this
criticd value by in-situ condtioning, i.e. beam scrubking, with synchrotron radiation.

8. MECHANICAL DESIGN ASPECTS

8.1 Beam screen

The beam screen is codled by two longtudinal coding tubes placed in the verticd plane dove and
below the beam where this is acceptable from the point of view of the required bean aperture. For
medhanicd and magnetic reasons, the screen must be made of a low-permeability stainless sed,
approximately 1 mm thick. A detailed description d the required eledric, magnetic and mechanicd
charaderistics of the beam screen may be foundin [23] and [24]. The inner wall, exposed to the
eledric field o the beam, is coated with a 0.05 mm layer of high-conductivity copper to kee the
eledric impedance low [25]. With this medhanicd design an ogimum compromise has to be found
between many, partially conflicting requirements. For example, the goodeledric condictivity of the
copper conflicts with the magnetic forces produced by eddy currents during a magnet quench. These
forces have been evaluated at several tonnes per m and impose the mechanicd strength of the screen.
A list of main design parametersisgivenin Table 5.
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Table5
Bean screen design parameters

Aperture & 5K radial/verticd mm 455/ 35.7
Length m ~16
Wall thickness mm ~1
Material Mn all oyed stainless sed
Magnetic permeability < 1.005
Temperature K 5-20
Codling tubes (number/inner diameter) mm 2137
Codling capadty W/m 1
Impedance longtudinal Ohm <0.5
transverse @ 3.3 kHz <10°
Quench resistance @ B dB/dt = 300 T*s* > 50
Quench stress MPa 340
deformation mm <0.7
Copper coating @ RRR~ 100 mm 0.05
Pumping dlots (effedive aed % 2-4
8.1.1 Aperture

The aoss ®dion d the bean screen inserted in the magnet cold bae has been shown in Fig. 5 Since
the spaceinside the wld baeisvery limited, a design, which maximises the gerture available for the
beam, must be found. The sedion is the result of an extensive study which takes into acourt the
beam requirements at all stages of operation from injedion, kean cleaning, colliding keans, to bean
dumping. Anindividual beam screen for adipole magnet is approximately 16-m longand its nominal
cleaanceto the old baeislessthan 0.5mm. It will be atechnicd challenge to med these very tight
dimensional tolerances and the required straightness

The beam screens in ore half-cdl will be woded in series by helium with 5K inlet and 20K
outlet temperature. The preferred method for the atachment of the madling tubes is by laser welding
to minimise deformation and to keep the hea affeded zone of the welds as small as posdble. After
the screen has been inserted in the magnet cold bae, there shoud remain a smal annuar gap to
obtain onthe one hand agoodcentring bu onthe other alow thermal contad.

8.1.2 Magretic properties

The magnetic permeability of the bean screen and its comporents must be very low. Since ay
asymmetry in the distribution d magnetic material could gve rise to undesirable harmonics of the
magnetic guiding field of the beam. The spedfication imposes a magnetic permeability nat exceeding
1.005at the low temperature. This requirement eliminates more conventional types of stainless $eds
used in vaauum applications, e.g. 304and 316type steds, and imposes the use of highly stable
austeniti c stainless $eds all oyed with Mn and N [26].

8.1.3 Copper coating andmagnet quench

The inner surfaceof the screen must be mated with high-conductivity copper to oltain goodeledric
conductivity. The thickness chosen for this copper layer results from an optimisation o several
conflicting requirements:
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A sufficiently thick, high condctivity layer will reducethe power disspated byimage airrents,
provide alow eledric impedance and thus limit the growth rate for the transverse resistive-wall bean
instability. A larger power disspation would require more or larger helium codling channels and thus
complicate the design a reduce the verticd aperture. On the other hand, a thicker copper layer will
entail larger eddy currents and eledro-mechanicd forces during a magnet quench and rencerequire a
medhanicaly stronger, i.e. thicker bean screen, which again reduces the gerture. The @mpromiseis
0.05mm of copper and a [1l-mm wall thicknessfor the stainless $ed tube. The stresses induced in
the beam screen duing a magnet quench, results in a ~0.7-mm defledion in the horizontal plane.
Among the different methods for producing the copper layer roll-bondng d copper onto stainless
sted strips is the most cost effedive for a series production. The ated strip is then shaped into the
final profilein a mntinuows tube-forming madine with asinge longtudinal laser weld.

8.2 Beam screen interconnects

The mecdhanicd design d the cld arc vaauum system requires a large number of interconredions for
the bean vaauum between the bean screens of adjacent magnets. Foll owing the proven design d the
LEP-type RF-finger contads a new concept has been developed which takes into acourt the large
thermal contradion (approx. 45mm) between room temperature and operating temperature [27]. An
important design criterion to be met is the requirement of installation and alignment of the long
cryomagnets withou the risk of damaging the deli cate finger contads even in case of lateral off sets of
up to 4 mm. The principle of the designis siown in Fig. 12.To by-passthe RF bellows, the bean
screen codling tubes are joined in the insulation vaauum enclosure by a flexible tubing. With this
concept the risk of a helium le& affeding the iticd beam vaauum can be minimised. In the final
cold pasition the required smoath and well-defined eledric contad is established with a wntrolled
forceof the RF contad fingers.

Fig. 12 Bean vaaum
interconred

9. SUMMARY

Thedesign d the LHC vaauum system must satisfy a number of requirements, which depend nd only
on vaauium isaues but also on considerations of both bean impedance and hea losses into the
cryogenic system and/or the supercondicting magnets. The pumping relies entirely on cryopumping
of the 1.9 K cold bae surface which dofers a pradicdly unimited cgpadty for all gases except
helium. The detailed design d the vaauum system is grondy influenced by the relatively large
amourt of synchrotron radiation, which represents a significant source of phaon-stimulated
outgassng, creaes phaoeledrons and is thus a driving mecdhanism for beam-induced multi pading.
The bean induwced hed load to the 1.9K system has alarge importance for the design and imposes by
itself the presence of an adively-cooled beam screen. The intense proton burches with their high peak
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current lead to energetic ions which strike the wall s and may cause ion-induced desorption and ion-
induced presaure rise. Due to the ayogenic temperature of the walls, most moleaular spedes are
strongy cryosorbed and stick to the surface This effed leads to a build-up d layers of cryosorbed
gas, which in turn may desorb either thermaly (vapou presaure dfed) or by phdon-stimulated
desorption (re-cycling effed).

ACKNOWLEDGEMENTS

The description d the LHC vaauum system presented here refleds the work of many colleagues in
the LHC Vaauum Group. The important contributions, in particular from the groups LHC-CRI, EST-
SM and SL-AP are dso gratefully acknowledged.

REFERENCES

[1]
[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

The LHC Study Group, The Large Hadron Colli der, Conceptual Design, CERN/AC/95-05
(1995.

L. Evans and Ph. Lebrun, Progress in Construction d the LHC, LHC Projed Report 239
(1998.

J.C. Brunet, et al., LHC-Projed Report 280and PAC-99, New York, (1999.

A.G. Mathewson et a., EPAC-94, London, 1994.

A.G. Mathewson et al., PAC-95, Dall as, 1995.

O. Grébrer, Vaauum, 45, 767(1995.

O. Grobrer, 10" Int. Conf. On High Energy Accderators, Protvino, July 1977.

O. Grobnrer, PAC-97, Vancouver 1997.

E. Wallén, J. Vac Sci. Technd. A 15(2), march/April 1997.

V.V. Anashin, O.B. Malyshev, R. Calder and O. Grobnrer, Vaauum 53, 269272 (1999.
C. Benventuti, R. Calder and G. Passardi, J. Vac Sci. Technd. 13, 6,Nov/Dec (1976.
R. Calder et d., J. Vac Sci. Technd. A 14(4), Jul/Aug 1996.

P. Redhea et al., The Physicd Basis of Ultrahigh Vaaium, AIP (1993.

O. Grobrer and R. Calder, IEEE Trans. Nucl. Sci., NS-20, 760, 1973.

F. Rieke and W. Prepejchal, Phys. Rev. A 6, 1507(1972.

J.C. Barnard, |. Bojko and N. Hill eret, Vaauum 47, 4, 347(1996.

I.R. Collins, O. Grébrer, P. Lepeule and R. Veness EPAC-98, Stockhalm (1998.

O. Grobrer, 10" Int. Conf. onHigh Energy Accderators, Protvino, July 1977.

F. Zimmermann, LHC Projed Report 95, 27February 1997.

O. Grobrer, PAC-97, Vancouver, 1997.

V. Baglin, |.R. Callins and O. Grobrer, EPAC-98, Stockham, 1998.

O. Brininget a., PAC-99,New York (1999.

A. Ponce et al., EPAC-94,London, 1994.

P. Cruikshank et al., PAC-97, Vancouver, 1997.

F. Ruggero, R. Caspersand M. Morvill o, PAC-97, Vancouwer, 1997.

S. Sgobka and G. Hochoertler, International CongressStainlessSted, to be published (1999.
R. Venesset al., PAC-99,New York (1999.



