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Abstract

Outgasdng stimulated by phdons, ions and eledrons creded by high
energy and highrintensity particle beans in acceerators and storage rings
represents a serious limitation for the design d vaaium systems.
Synchrotronrradiation-induced  desorption is particularly important for
intense light sources and Hgh current storage rings. Gas desorption-induced
by bean generated ions was a serious limitation to the performance of the
Interseding Proton Storage Rings (ISR) at CERN in the past and is a major
concern for the vaauum system design d the Large Hadron Colli der.

1. SYNCHROTRON RADIATION-INDUCED DESORPTION

In high-energy, highrintensity acceerators and storage rings for eledrons and paitrons, the particle
beams emit intense synchrotron radiation in a forward-direded narrow cone. This energetic phaon
flux produces drong ougassng from the vaauum system and thus a large dynamic presaure increase,
which limits the bean lifetime in the machine and may cause increased badgroundin the lli ding-
beam experiments. For the first time asignificant level of synchrotron radiation will also occur with
the 7-TeV proton keamsin the LHC.

1.1 Basicequationsfor synchrotron radiation

The ayuations required to evaluate the vaauum condtions with synchrotron radiation for eledrons or
positrons [1] are:

Total radiated pover (W):
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where E (GeV) is the bean energy, | (mA) the bean current and p (m) the bending radius. The
criticd energy of the S.R. spedrum (eV) isgiven by
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The total phaon flux (s*) aroundthe machine drcumferenceis
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andthe linea phaonflux (m* s*)
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The gas flow due to phdoninduced desorption
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Q=nr (5)

where n is the moleaular desorption yield (moleaules per phaon) averaged owver all phaon energies.
Thetotal gasload including the contribution from thermal outgassng Q, (Torr | s7) is

Q=KnlE+Q, (6)

where the mnstant K converts from moleaules to pressure units (e.g. K = 2.8 10° Torr I/moleaule &
273). Thetotal dynamic pressureis

Payn="g - ™

The instantaneous dynamic presaure increases propartionally with the beam intensity and this quantity
isgeneraly referred to as the dynamic presaure rise (Torr/mA):
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which depends on the pumping speed o the vaauum system. Since the gas desorption accurs all
around the bending sedions of the machine, a distributed pumping system using 'linea integrated'
pumps has sgnificant advantages over individual, lumped pumps.

During machine operation, ‘bean cleaning or ‘beam scrubbng of the vaauum system
effedively reduces the moleaular desorption yield by several orders of magnitude. Since it would be
very expensive to buld a vacuum system with sufficient pumping speed to guarantee the required
bean lifetime & the start-up, most synchrotron light sources and storage rings take advantage of the
beam cleaning process It is an acceted design concept that the required vacuum performance will be
adhieved after aninitial condtioningtime only.

The deaning time or, more spedficdly, the integrated beam dose which is required to reduce
the moleaular desorption yield from itsinitial large value, can be estimated with goodacairacy using
the exporential dependenceonthe beam dose D (MA h)

n=n,D7 9)

The exporent a is foundto vary between 0.6to ~1 depending onthe spedfic macdine [2—4. The
observed clean-up for LEP is siown in Fig. 1. The detailed evolution d the dynamic pressurerisein
LEP depends on the mmbined effed of the dean-up d the vaauum system and o the saturation o
the linea getter pumps (NEG). The indicated straight line with a slope of —1 corresponds to the
measurements with a newly adivated getter and hence a onstant, maximum pumping speed.

Photon stimulated moleaular desorption has been attributed to a two step process|[5, §:
in the first step phdons produce phao-eledrons and semndary eledrons

subsequently secondary-eledrons excite strondy-bound moleaules, which may desorb
sportaneoudly. This model is drondy suppated by measurements that have shown a very
close wrrelation between gas desorption and phdoeledrons produced [7].

1.2 Molecular-desorption yieldsfor various vacuum chamber materials

For the desigh d vaauum systems the most important parameter is the desorption Vield for the
relevant condtions of synchrotron-radiation spedrum, angle of incidence and vaauum chamber
materials. Stimulated by the need to olktain reliable inpu data for the design d vaaium systems,



extensive investigations have been made using the experimental system shown in Fig. 2. This st-up
al ows the measurement of the instantaneous desorption yield aswell asits evolution with beam dose,

the dependence on the synchrotron radiation spedrum (criticd energy) and the angle of incidence A
detailed description d this g/stem which was first installed onan external phaon keam line & the
DCI storageringin ORSAY , France can be foundin Ref. [1].
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Fig. 1 Bean cleaning duingthe first running period o Fig. 2 Experimental system to measure synchrotron
LEP. radiation-induced desorption.

The phaon kean is extraded from a bending magnet and passes througha set of verticd and
horizontal collim ators which predsely define the total phaton flux which enters the experiment. Due
to the verticd divergence of synchrotron radiation the verticd collimation hes been chosen
sufficiently large so as nat to attenuate the phaton spedrum at low phaon energies (e.g. kelow abou
5 eV in the DCI set-up). To study the dfed of ange of incidence a set of bellows has been
introduced so that the test chamber can be pivoted in the horizontal plane. Total and pertial presaure
measurements are dore with a mmbination d cdibrated total presaure gauges and a cdibrated
quadrupde mass pedrometer. To correlate phaoeledrons with moleaular desorption, an eledricdly
biased wire dedrode has been installed in some of the test chambers.

With the growing importance of reliable inpu data for the design o future synchrotron light
sources and €'e storage rings, similar experiments have been installed in several other synchrotron
light sources at KEK Japan, BNL USA, EPA a CERN, INP Russa and ESRF Fance The results
obtained with this st-up can be nsidered as representative for a red macdiine vaauum system.
However, it shoudd be noted that the measurement gives a net desorption yield since only the net
amount of gas leaving a test chamber through the cdibrated condiwctance can be observed.
Furthermore, with grazng phdon incidence, a fradion d the phaonsis refleaed from the region o
the primary impad and may not desorb moleaules. These refleded phdons may nevertheless
contribute to the gas desorption when they strike the end face of the test chamber under nea
perpendicular incidence. For amore acarate measurement, the anount of refleded phdons shoud be
estimated and the moleaular yields correded for this effed.

1.3 Measured desorption yields

Measurements at DCI have been made with a aiticd phaon energy between 0.8and 3.75 eV and
11mrad grazng phdon incidence on a 3.5m longtest chamber. A seledion d results is $own in
Figs. 3 to 6 respedively referring to in-situ baked (between 150C and 300C) vaauum chambers
made of aluminium alloy, urtreded stainless ¢ed and stainless $ed baked under vacauum at 950°C
(vaauum degassd) as a pre-treament and finally OFHC-copper. Additional results for an untaked
stainless sed chamber may be found Ref. [3]. In order to fadlit ate the scding d these data to the
spedfic condtions in ather acceerators, the bean dose has been expressd in acamulated phdons
per m of test chamber rather than in machine mA hours.
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Fig. 5 Molealar desorption yields for vaauum fired stainless  Fig. 6 Moleaular desorption yields for OFHC copper.
sted.

The total duration d the phaon expasures in these measurements ranges from some 24 hous
to many weeks in the cae of Fig. 6. Therefore, ead individual plot represents many successve
expaosures with intermittent periods when the presaure in the test chamber has time to recover. In spite
of these interruptions, the dynamic presaure evolution and the moleaular desorption yields derived
from it follow a steadily deaeasing trend.

1.4 Energy dependence of the molecular-desor ption yield

The dependence of the desorption yield onthe aiticd energy o the S.R. has been measured over a
range of energies and for different vaauum chambers. Basicdly one can exped a lower threshold at
which the phaon energy is insufficient to produce phaoeledrons (~5 eV). With increasing energy,
phaons penetrate progressvely deeper into the surfacesuch that the escgpe probability for eledrons
isreduced. This effed shoud lead to a deaeasing desorption efficiency per total number of phaons.
For very high phdon energies, above several hunded keV and even MeV as in LEP, the Compton
cross £dion daninates over the phato effed. Compton scattering will produce ashower of energetic
remil eledrons and an increasing number of scatered secondary phaons. The global effed, as e
in LEP at beam energies above 50 GeV is an increasing cdesorption yield. Figure 7 shows a
compilation d desorption cata mlleded from various experiments and madines and covering the
range of critica phaon energies from 12eV up to several hunded keV. The data referring to a



Desorption yield (arbitrary units)
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particular machine have been oltained under the same wndtions and shoud refled the energy
variation for this particular system while the data from different experiments may na be diredly
comparable and have therefore been potted in arbitrary units. At very low energies, representative of
the situationin the LHC [8], the yield increases grondy with energy.
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Fig. 7 Relative desorption efficiency asafunction d the Fig. 8 Integral gasload for an OFHC copper chamber.
criticd phaon energy.

15 Integral desorbed-gasload

A quantity, which is particularly relevant for a getter-pumped vaauum system in order to estimate the
intervals when the getter will have to be recondtioned, is the integral amourt of desorbed gas during
the deaning process This quantity can be obtained by integrating the respedive deaning curves. For
the OFHC copper chamber the result of the integration is shown in Fig. 8. The observed deaease of
the desorption yield n as function o the gas load Q (Torr I/m) can be described closely by the
exporential expresgon:

-Q
n=ne®. (10)

The respedive values of the two parameters ), and Q, for different gas gedes are given in Table 1.
The first line gives the mondayer capadty, which hes been used to caculate the value of Q, in the
last line.

Tablel
Parameters for OFHC copper
H, CH, CO CO,
Moleaules (cm2/mondayer) 1.81G°5|1.2105|1.010° | 9.6 104
n, (moleaules/phaton) 9.210° | 2310" |3.710° |5.51¢
Q(Torr I/m) 3.010 |4510 8410 | 1110
Q,(mondayers) 0.13 2910 |6.510 |8.910

It can be seen that, e.g. for a baked copper chamber, the total amourt of gas which needsto be
pumped remains well within the cgpadty of commercia getter pumps. By comparison, the gas load
for an auminium alloy vaauum chamber is more than ore order of magnitude larger but in spite of
thislarger load it has not caused any vacuum limitations during LEP operation [9].



1.6 Observations of time-dependent effects

Detail ed measurements have shown that moleaules desorb na only from the diredly ill uminated
region bu from the entire inner surfacedue to the scatered/refleded phdons as well as swndary
eledrons. As a oonsequence, a vaauum chamber must be deaned ower its full perimeter and nd only
alonganarrow diredly ill uminated strip.

A pronourced and persistent wall pumping effed has been olserved after prolonged phdon
exposure, which translates into a moleaular sticking probability of abou 10°. Due to this pumping
effed, moleaules may re-adsorb several times on the wall s before leaving the system. Therefore, the
system in Fig. 2measures an effedive, net yield rather than atrue, intrinsic desorption rate.

Meta-stable, excited molealles acawmulate and recombine on the surface prodwing rew
spedes, e.g. H,0 and O, which have been olserved after a prolonged phdon exposure. This effed is
illustrated in Fig. 9 where it is $iown that several hous of exposure may be required urtil the
desorption processreadies a steady state.
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Fig. 9 Time-dependent partial presaures at the beginning Fig. 10 Time-dependent partial presaures following an
of anirradiation period following an interruption d irradiation period.
several hous.

The inverse processwhen the phaon kean is dopped after alongirradiation periodis 1ownin
Fig. 10. While cetain moleaular spedes $iow a large instantaneous reduction, several other gases
such as H,0, deaease by avery small amourt only and cortinue to evolve over avery long period d
time. Indeed it may take many hous and even days until the system comes bad to its pre-irradiation
conditions. Based onthese ohservations, synchrotron radiation stimulated desorption can be separated
into a

- prompt comporent, charaderised by the faa that desorption stops immediately with the
phaonirradiationand a

- delayed comporent, equivalent to an increased level of thermal desorption persisting long
after the phaonirradiation and charaderised by the gppeaance of 'new' molealar spedes. The
best illustration for this delayed comporent may be O, in Fig. 9. This edes acamulates
during the irradiation freeperiod precaling the measurement sinceits initial desorption yield is
by afador of 1.6 Hgher than its seady state value.

Photon stimulated desorption d H, can be described very closely by a diffusion model from the bulk
to the surface[1Q].
2. ION-INDUCED DESORPTION

In storage rings with intense, pasitively-charged beams of protons and pdaitrons the pressure can
increase due to ionrinduced desorption from the walls of the beam pipe. lons creaed from the
residual gas are repelled by the positive spacecharge potential and are accéerated towards the wall .
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lons may gain energies of several hunded €V per ampere of circulating current and are thus very
effedive for desorbing strondy-bound @s moleaules. Since the rate of ionisation is propartional to
the gas density an avalanche processmay occur resulting in a continuowsly increasing presaire, see
Fig. 11.

Thetotal flux of desorbed gasinto the vaauum system is:

Q=no pg'+Qo (11)

where np is the moleaular desorption yield (moleaules/ion), o the ionisation cross ®dion d the
residual gas moleaules, P the presaure, | the average beam current, e the unit charge and Q, is the
thermal outgassng rate from the wall .

The balance of gas desorbed bythe bean and removed by external pumps, Sis given by

PS:/70%3P+Q0 (12
and therefore
P= 80 [ (13
S-no-
e

One finds that the presaure increases with beam current and that above a citicd value no equili brium
presaire eists:

es

() = 14
Merit == (14)
p, e+ Beam X x+hx
Ibeam ~ amps X < Q(X)
CO,
2S 2L 2S
Fig. 11 Bean induced desorption mechanism. Fig. 12 Linea vaauum system with ion-induced desorption.

2.1 Parameterswhich deter mine vacuum stability

lonisation cross ®dions for some mmmon gas edes are listed in Table 2. The values have been
cdculated for the beam energiesin the ISR and for LHC using Ref. [11].
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Table2
lonisation cross gdions

lonisation cross-gection
(in 10® cm)

Gas 26 GeV 7000 GeV
H2 0.22 0.37
He 0.23 0.38
CHa 1.2 2.1
co 1.0 1.8
Ar 1.1 2.0
COo2 1.6 2.8

2.2 Effective pumping speed S,

The pumping speed which is required to compensate the desorption byions depends grondy on the
configuration d the vaauum system: For a periodicdly pumped, linea vaaium system with the
layout as in Fig. 12,the vaauum stability can be cdculated as shown below [12]. The adition d
distributed pumping, e.g. by a continuows, linea getter pump o by cryopumping in a cld-bore
vaauum system can be implemented as a straightforward extension d the mathematicd formali sm.

Gas flow Q(X) [Torr m*s’]

Spedfic linea outgassng rate: q(x) [Torr m* s’]

Spedfic moleaular condictance of the vacuum chamber: ¢ [m® s7]
Pumping speed S[m’ s7]

lonrinduced desorption coefficient b [m® s*] where

b=on+ a9

with | the beam current, e the dedron charge, o the ionisation cross £dion and n the moleaular
desorption yield which is expressed here in moleaules/ion.

In stationary condtions, the presaureis given by

d’p
c +bP+qg=0. 16
2 q (16)

Boundary condtions for a uniform, periodic vaauum system with pumps (ead punp has the speed
2S) at aregular distance2L are given by

LgpU __
c E&a:ﬂ =F SP[+L] . a7

Threetypes of solutions exist for this g/stem, which depend onthe range of the parameter b:
For b = 0, ore obtains the usual parabadlic presaure distribution for a periodicaly pumped system:

2 0O
W@=q%£%fi+§ﬁ. (18)

For b > 0, the solution hasthe form
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0 C
0 C
=3 “BQ?E” -1k, (19
E:os[\/m L] _3he sinfy/c L] £
S
A finite solution exists as long as:
cosfyb/c L] —%sin[m L]>0 . (20)

The limit of vaauum stability, i.e. the largest stable value for the parameter b corresponds to the first
root of the transcendental equation

LV tanlL{e] == (2

and can be computed numericdly. Nevertheless an upper limit for b exists when the vacuum system
is grongy condwctance limited (Sand L very large or ¢ very small), which can be obtained simply
from the agument when the tangent goesto infinity:

m c
max — 7 F . (22
The aitica beam current for this limiti ng condtionis
” ec
Mo =52 - 23

For any pradicd cese, the aiticd current will be lower but any ‘well designed’ vaauum system
shoud fall within 30% of this smplified condtion.

Finally for b < 0O, the presaure deaeases snce the beam ads like an ionpump — keam
pumping. The presaure distribution follows a hyperbdic function and remains aways gable.
Numericdly the ‘pumping speed’ of the beam can be cdculated from the expresson

Speam="- 1 (') (24)

where k represents the probability that an incident ion is captured at the wall. Beam pumping
increases with the bean current and hes been observed frequently, bu nat systematicdly, in the ISR
with currents of upto 60A [13]. The pumping depends diredly onthe cature probability of theions
on the wall and a rough estimate of this effed may be derived from the pumping spead of a
commercial ion punp as k~0.1[14].

2.3 Molecular-desorption yield

Desorption yields which are measured in a laboratory system [15] and in a red madine where the
bombarding ions are generated dredly from the residual gas, are related to eadh aher by the
condtion

M = Mab =K . (25)

In the cae where k > 1, the dfedive yield is negative and the beam will ad as a pump. The upper
limit for k is unity correspondng to the situation when all ions are implanted and pumped onthe wall
of the vaauum system. In redity, the cature probability will be considerably lessthan urity and ore
may exped that it depends onthe surface onditions, the type of ions and onthe ion energy.
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lonrinduced desorption yields have been measured for a number of vacuum chamber materials
and for a large variety of vacuum treadments [16]. The most relevant data for designing future
acceerator vaauum systems, the desorption yields for unbaked and for in-situ baked stainless $ed
chambers, are shown in Figs. 13and 14asafunction d theionenergy [17].

ETA (molecules / ion)
N

Unbak'ed

1000 1500

2000

Energy (eV)

2500 3000

Fig. 13 Desorption yields for unbeked stainless
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Fig. 14 Desorption yields for baked stainless sed
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The most significant permanent improvement among a variety of posgble treaments has been
achieved by wsing an argonion dow discharge followed by an in-situ bakeout, seeFig. 15.A glow
discharge treament withou subsequent in-situ bakeout of the vaauum system results only in a small,

often insufficient improvement [18].
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the ISR.

2.4 Vacuum stability in a cold bore system with cryosor bing walls (LHC)

(101 u) ainssald

In a ayogenic vaauum system with cold walls moleaules are ayopumped with high efficiency
diredly onto the mld bae. The pumping speed per unit lengthiis

St =

lvsF
4

(26)

with v the mean moleaular velocity, s the sticking probability of moleaules on the wall and F the
surface aeaper unit length.

With a cld beam pipe of radiusr,, the stability limit is

(’7 ! )crit =

TT_
—V ST

2

£
Po

(27)



and for s~1 the aiticd current shoud be very large, of the order of kA [19, §. However, this large
stability limit can be off set by two fadors:

Firstly, the sticking probability can be much small er than unty

Seoondy, the moleaular desorption yield for condensed ges, spedaficdly for H, acaumulating
on the old bae, can become very large. Values of up to 10 moleaules per ion have been
measured in the laboratory [20]. However, as has been demonstrated within the on-going LHC
vaauum studies, cryosorbed hydogen which is irradiated by phaons will desorb with a very
high efficiency. This drong regycling effed courterads the acamulation d hydrogen onthe
wall of the LHC bean screen and limits the surface density and at the same time dso the
related desorption yield to an acceptable value. A detailed dscusson d ion-induced vaauum
stability in a cold vaauum system can be foundin Ref. [21].

25 ISR observationsand remediesfor theion-induced pressureinstability

Up to naw, the ISR has been the only madine where the ion-induced presaure instability has been
observed. In the ISR, the presaure rise has been olserved initially at very low beam currents of only a
few amperes. Following many yeas of intensive dfort this limit could be increased to abou 60A by
installing additional pumps, thus reducing L and increasing S but primarily by improving
systematicdly the surface ¢eanlinessof all vaauum chambers. A typicd example of the build-up o
an urstable presaure during beam stackingis snown in Fig. 16.A consistent observation also shownin
thisfigureis dow build-up d the presaure over many hous foll owing the stacking d the beam which
isnat expeded from the simple stability condtion. To uncerstand the observed slow time resporse of
the pressure amodel, which involves the interadion d the volume gas with an adsorbed surface
phase, has been developed [22] which is very similar to the more recent treament for the LHC cold
bore vaauum system [23]. A further important observation hes been that while apresaire instability
develops, the gas compasition slowly evolves from a hydrogen-dominated rest gas to a rest gas
dominated by CO [24]. Since for this gas gedes the desorption yield is larger (larger ion masg and
the dfedive pumping speed smaller (smaller vacuum condwtance) compared to hydogen, the
stability limit can be significantly lower.

3. CONCLUSIONS

From the ISR observations the foll owing conclusions have been drawn [25] which may be relevant
aso for the design d future madines:

n(CO) for 300°C baked stainless $ed chambers ranges between 2and 4.

Vaauum chambers which have been cleaned by argon-ion dow-discharge prior to install ation
and which have been baked in-situ show ) values which are reliably and permanently close to
Zero or even negative.

Beam pumping hes been olserved in many places at intermediate beam currents, particularly
where the intrinsic pumping speed o the system was low and thus the relative dfed of the
beam larger. A safe, conservative vaauum design shoud, howvever, na be based on this
transient effed.

For the LHC, it is expeded that many room-temperature sedions will require speda measures
to guarantee vacuum stability. This applies in particular to the vacuum systems for the experiments
which reed to be designed with adequate safety margins by making the necessary provisions for the
pumping and for low desorption yields.
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