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Abstract

The design of the LHC vacuum system requires a complete understanding of al processes which
may affect the resdua gas dengty inside the 1.9 K cold bore of the cryo-magnets. So far, a wedth of
experimenta data has been obtained which may be used to predict the resduad gas dengty inside a cold
vacuum system exposed to synchrotron radiation (SR). The purpose of this study has been to include for
the firgt time in addition to the recycling, the effect of cracking of cryosorbed molecules by synchrotron
radiation.

Cracking of molecular species like CO, and CH, have been observed in severa recent studies and
these findings have been incorporated in a more detailled dynamic gas densty modd for the LHC. In this
note, we describe the relevant physica processes and the parameters required for afull evauation.

It can be shown that the dominant gas species in the LHC vacuum system with its beam screen are
H, and CO. The important result of this study is that while the surface coverage of cryosorbed CH, and
CO, molecules is limited due to cracking, the coverage of H, and CO molecules may increase steadily

during the long term operation of the LHC.



1 Introduction

Over mogt of its circumference, the LHC vacuum system consists of acold bore tube insde the 1.9
K cryo-magnets, a perforated beam screen which is homed in the cold bore as to intercept beam induced
effect such as synchrotron radiation (SR) and to carry image current. The experimenta studies of photon
simulated desorption in a vacuum system with cryo-sorbing walls started in 1993 at the Budker Indtitute of
Nuclear Physics (BINP, Novosibirsk, Russia) and at the Brookhaven Nationa Laboratory (BNL, Upton,
NY, USA) in the context of the SSC project. During these early studiesit was found that the gas dengity in
a cryogenic vacuum system conddts, in the generd case, of three parts. primary photodesorption of
grongly bound chemisorbed molecules, secondary photodesorption of weakly bound cryosorbed
molecules leading, in a closed system, to the repested recycling of the same molecules, and findly therma
desorption corresponding to the vapour pressure given by the adsorption isotherm [1]. Subsequent studies
found that some of the cryosorbed molecules, specificdly CO, and CH,, could be cracked to produce
additiona H,, CO and O,, which in turn must be taken aso into account [2,3,4].

The main parameters necessary to predict the gas dengity in a cold beam tube were determined
either on the beam lines of the VEPP-2M storage ring a BINP in collaboration with the SSCL [5,6,7] and
with CERN [8,9,10] or at the EPA storagering at CERN [4,11]. Recent studies, both at BINP [2,3] and
at CERN [4], have highlighted the importance of the cracking of cryosorbed molecules by SR for the
LHC. This effect had not been taken into account in earlier studies, and is addressed in this paper.



2 Photodesorption in a vacuum chamber with cryosorbing walls

The photodesorption processes in a vacuum chamber with cryosorbing walls has been studied
extensvely in the context of the SSC and the LHC projects[1,12,13].

In contrast to a conventional room temperature vacuum system, where the gas molecules are readily
removed by externa pumps, the gas molecules desorbed by the SR in a cryogenic system have a high
probability to stick to the chamber wall after only afew wal interaction. Externa pumping from the endsis
rather inefficient to remove the gas molecules and in fact it is gppropriate to gpproximate a cryosorbing

vacuum chamber as an infinitdy long tube, thereby neglecting end pumping.

The more complete picture of the gas dendty in a cryosorbing vacuum system exposed to SR
depends on the following processes:

1. The desorption of strongly bound chemisorbed molecules from the surface and near-surface
layers of the vacuum chamber by SR, defined as primary desorption.

2. The desorption of weakly bound phys sorbed molecules by SR. These molecules may represent a
substantia surface coverage due to the non-zero sticking probability on the cryosorbing wall.
The photodesorption yied of these cryosorbed molecules is defined as the secondary
photodesorption, in contrast to the primary desorption, or dternatively the recycling coefficient,
illugrating the fact that molecules present in the sysem are repeatedly redesorbed and
recondensed on the walls. This recycling effect clearly depends on surface density of cryosorbed
molecules[1].

3. The themd equilibrium between surface and volume gas dendities, i.e. the vapour pressure
corresponding to the specific adsorption isotherm, for sufficiently large coverages must dso be
included. This contribution to the gas density depends on the surface characteridtics, the surface
coverage and the temperature [1,5,14]. Findly, dso the sticking probability of molecules depends
on the its surface coverage, on the characteritics of the surface and on temperature [2].

4. The additiond process, which has been included in this study, is the trandformation through
cracking of condensed gas molecules from one species to one or more other species. For

instance, CO, molecules have been observed to produce CO and Q.. Due to this effect, the



amount of condensed CO, can be reduced while, at the same time, it condtitutes an additiona

source of CO and O, molecules[2—4].

Incorporating these physical processes into an existing modd to describe the photo-stimulated
desorption for a cryogenic vacuum system [12], the baance for each individud gas species can be written

as.

V%:hiG+hiq(Si)G+Ci(Sj)G' aisl(ni - Ny (Si))_ Cin; )
A%=ais‘.(ni - N (Si))' hiq(si)G_ ki®k+m(si )G’ )

wheretheindex i denotes the gas speciesin theresdua gas spectrum;

n [molecules’cm?] isthe volume molecular density;

s [molecules’cm?] isthe surface molecular density;

V [em?] isthe vacuum chamber volume;

A [cm?] isthe vacuum chamber wall ares;

G [photon/sec] isthe photon intengity;

h [molecules/photon] isthe primary photodesorption yield;

h'[ molecules/photon] isthe secondary photodesorption yield;

a isthe gicking probability;

S = AV, /4 [cm®/sec] istheided wall pumping speed, v, is mean molecular speed for the gasi;

C [em*/sec] isthe distributed pumping speed provided by the dotsin the LHC beam screen;

n.[molecules’cm®] isthe thermal equilibrium gas density.

Fndly,

K . vem (Si) [molecules/photon] isthe cracking efficiency of typei moleculesinto type k and type m (i.e.
how well the type i molecules could be cracked per photon);

C; (s;) [molecules/photon] is the cracking yield of the type i molecules from the type j molecules, (i.e.
how many the type i molecules are created due to cracking of the type j molecules per photon). This

parameter is a secondary parameter of cracking efficiency of gases, which produces type i molecules
due to cracking.



In other words, k expresses the remova of one molecular species due to cracking into molecules of
other species and ¢ expresses the production of a molecular species through cracking of some other,
parent, molecule. Thevalue of ¢ are derived from k :

ci(sj)=a Kiein(s),
the coefficient & ; is aratio between the number of moleculestype i produced by cracking to the number

of cracked moleculestypej.

It can be seen that the gas dendity of a vacuum system at cryogenic temperatures depends on a
number of parameters which, to a large extent, are not well known and thus will need to be determined
experimentaly. The limited amounts of available experimenta results have been compiled in Section 3. The
important input parameters include not only the temperature T but dso the critical photon energy e of the
SR and the accumulated photon dose, G. It should be noted that severd of the variables appearing in the
modd depend implicitly on the surface coverage.

The equations (1) and (2) may be smplified for two specia cases which are particularly relevant for
the design of the LHC vacuum system: a bare cold bore tube, i.e. a cold bore without a beam screen, and
a system which incorporates a beam screen with pumping holes. These two cases are characterised by the
condition C =0 and C > 0 respectively.

2.1 LHC cold bore without a beam screen

The gas dengity inside a long cold bore can be obtained by neglecting the gas flow towards both
ends of the system. This approach gpproximates a ‘closed system’ which is independent of any boundary
conditions and gives a uniform longitudina dengty digtribution. In addition, since in the practicd andyss
one is generdly not interested in the fast trangent behaviour but rather in the dow dengty evolution over
many hours of photon irradiation, the following ‘quad-atic’ gpproximeations can be made:

m»Oc’:ﬂd Ad—sl 0
dt dt

Under these smplifying assumptions, the quasi-gatic gas density of each speciesis given by:



ni: (1i+hiq(si)+ci(sj)k;+ne(si). (3)
a S,

It should be noted that under otherwise constant conditions there exists an implicit dependence of
the recydling coefficient h¢ the sticking probability &, the cracking yield C, as well as the thermal vapour
pressure n, 0N the surface coverage. Furthermore, the cracking term ¢, which depends on the coverage of
the parent-type molecules, leads to an effective coupling of the different cryosorbed species by
transforming one type into molecules of another type.

The time dependant surface density s(t) of the cryasorbed molecules may be computed through the
integrd:
t . (4)
s, (t) = 5,(0) +% ob, (1) + ¢, (s, (1) - k(s (1)))Get .
t=0
where the parameters in the integrd depend on the time varying surface coverage of each individua
molecular species. The third term depends on the surface density 5 of the cryosorbed molecules of the
typej which could be cracked with appearance molecules of the typei.

It isinteresting to obtain an estimate of the maximum gas density which can occur in the system by
assuming that dl three parameters, the secondary desorption yield and both of the cracking yields increase

with the surface coverage up to a maximum vaue Ny, Kiex @d Crax respectively. Under this condition the

density would have the upper bound:
0, (5)
gli +h$1ax +é Cimax(sj)iG
n £ & 2 _+n,.
a;S

A more redtricting estimation can be made for vacuum chamber, which had no precondensed gas
before the irradiation gets started. In this case only the gas which is desorbed during irradiation can be

cracked, i.e.h; 3 k., =a,;c(s;) , hence:

(6)

& o h. o
éhi +ht., a_:

a;§ 5
where h; is the photodesorption yield of gases which could produce the gasi due to cracking.




A smpler edimation can be made for the gases which can be cracked by photons,
Kie j+(S) * O, but which could not appear due to the cracking of other species, ¢, (s,) =0.
-~ +h. ¢ 7
a;S

For these gases, when the initidly bare surface irradiated by photons, k; (s) will increase until it

reachesits maxima vaue k. .. (S) = h, because the number of molecules, which can be cracked, can not

I max

be greater than the number of desorbed molecules. In this case a new condition occurs in the vacuum
d . L ,
chamber: Ad—? » 0. Let us define a new parameter r;, which is aratio of saturated values of secondary

desorption yield and cracking efficiency: I =h$ ., (S)/K;ax(S) . then h¢<h& . =1k, . =rh;.

S0 the gas dendity can be estimated as:

.£hiG(1+ri) (8)

n + n.(S;) .
[ aisi e( |)

2.2 LHC cold bore with a beam screen

The andysis of a cold bore system with beam screen and pumping holes proceeds in an Smilar manner
to the previous section. The configuration with distributed pumping holes is characterised by C> 0O, hence
by a nonvanishing linear pumping speed in addition to the wal pumping. Furthermore, following the
argument in the previous section, the same approximation of dowly varying gas dendty and surface
coverage can be made by assuming

Vd—n»O and Ad—sl 0.
dt dt

The quas-gatic gas dendity in the sysem is given by:
__hGrhgs)+ci(s))G+s Sn.(s) (9)
| a,S +C |




Contrary to the solution with a bare cold bore, the surface dengity s on the beam screen is effectively
limited by the digtributed pumping C of the holes in the screen and is given by the expression:

(10)
s(t)=s (O)+K O[(h (t) + ¢, (s; (1) - Kk, (s(1))&- Cn0)]dt

t=0

Under conditions where the therma equilibrium dengity n. can be neglected, the dowly varying gas
densty ingde the beam screen can be written in an dternative form:

b®+c(s,®)-k(s®))s Ads (11)
C, C, dt

n(t) =

Ultimately, when the surface coverage has reached a congant value, i.e. A%’ » 0, the gas dengdity

becomes congtant and independent of the wall pumping speed:

_(hi+ci(5j)'ki(5i))G (12)
i C .

Furthermore, in the equilibrium date
hi3Kieiw =a;Ci(s),
hence, thereisan upper limit for the gasi dengity

® (13)

gwé
C,

where h; is the photodesorption yield of gases which could produce the gasi due to cracking.

h; 0
a,}

n £

For the gases which can be cracked by photons, k., (s) * 0, but which can not gppear due to
the cracking of other species, c.(s,,) =0, the limitation of the gas dengty depends only on primary
desorption and distributed pumping speed:



h,G (14)

3 Experimentally determined parameters.
3.1 Primary desorption yields for H,, CH4, CO and CO,

The primary photodesorption coefficient, h, as afunction of accumulated number of photons with a
critica energy of e =50 eV [8] shownin Figure 1 can be modelled by:

h=h, (G/O™*, (15)

where hy is the photodesorption yield corresponding to the accumulated number of photons, Gy.
These experimenta data were obtained from experiments with the LHC beam screen prototype at
T =78 K irradiated by photons with a critical energy of about 50 V.
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Figure 1. Primary photodesor ption yield asfunction of accumulated photon doseat T=78K [8].



Experimental photodesorption data exist for photon doses between 10 to 10 photons/m
[1,5,6,8]; the photodesorption yields a higher accumulated photon doses are estimated with
Equation (15). Table 1 shows the experimentd data[8] and extrapolated data for the accumulated photon
dosesin the range 10™ to 10** photons'm which will be used in the following estimations. The accumulated
photon doses may be converted to the operating time of the LHC assuming nomina beam current and
neglecting any reducing, commissioning of the LHC. For nomina photon intensity G = 10*" photor/(secm),
one hour of the LHC operating time corresponds to the accumulated photon dose of 3.6 X10*° photong/m.
The row “Operating time’ in Table 1 shows the time of LHC operating at nomina current for the arcs, i.e.
with the photon flux of 10" photor/(secom).

Table 1. Photodesor ption yield for different gasesat cryogenic temperatures

G, [photons'm] 10" 10% 10% 10% 10% 10*
Operating time 106 sec 18 min 3 hrs, 30 hrs. 12 days | 4 months
Photodesorption yield, [molecules/photon]

Gases Experimentd data Edtimated vaues
H, 240° 840" 430" 240" 940° 540°
CH, 240° 140° 720° 340° 1.540° | 940’
cO 240" 140* 540° 240° 140° 540°
CO, 340° 140° 720° 240° 140° 5407
Tota amount of desorbed molecules'm

H, 220 1.040" 6.040" 340" 1.840° | 940"
CH, 20" 1.140" 7.540" | 45%0° 330" | 1.340%
cO 240" 1.140" | 6.940% 330" 220 90
CO, 330" 1.240" 7.540" 430" 20" 90"

These data can be compared with the data for hydrogen from the same paper for abeam screen a 5
K to 10 K [8]. At the lower temperature the initid photodesorption yield for H, is 5 times lower, but the



cleaning effect due to photons is dso reduced, i.e. the photodesorption yields are the same at the dose of
10% photons'm. The signd for other gases was below the RGA senstivity in that experiment.

The datain Table 1 can be dso compared with datain ref. [11]. Theratio of photodesorption yields
for different gases at LHe and LN, temperatures was specidly studied by V. Baglin  [4]. There it was
shown that the ratio of initiad photodesorption yields of different gases changes with temperature. In
particular, theratio h(CO) / h(CO,) » 1 at T= 4.2 K was obtained. A very “pessmigic’ estimation with
the consequence that the data for CO, increased by an even larger factor of 50 is made in this paper
especidly for this case.

3.2 Secondary desorption yield and cracking of molecules

The gas molecules condensed on the cryogenic surface can be removed from the surface by SR in
two ways. either as a whole molecule (so-caled secondary desorption or desorption of cryosorbed
molecules) or as cracked species of these molecules [2-4].

In the experiments performed in the * closed geometry’, the measured vaue was the gas pressure
which can be converted into (h+hd/a or (h+h&-c)/a in the case of cracking, i.e. it is only possble
extract from this experiment the ratio h¢a and c/a. In the ‘closed geometry’ experiments the ratio hda
for H, was measured. This vaue increases with increasing surface coverage and reaches a saturation vaue
of about 5 molecules/photon at the surface coverage of about 330" molecules'ent [1]. The same vaue
was measured for the surface coverage of 10-20 times higher [2]. For other gases (CH,, CO and CO,),
only the upper limit of this vaue was measured [9]:

(h+hg/a » 10° molecules/phaton.

The experiments performed in the ‘open geometry’ the photodesorption yield of cryosorbed
moleculesis not affected by the sticking probability a [2,3,10]. The remova efficiency, hgd, i.e. how many
molecules condensed on the cold substrate can be removed from the substrate per photon, was measured
for dl cryosorbed gases B, CH,;, CO and CO, and was found to increase with increasing surface
coverage and to reach a saturation vaue.

This saturation value is about 0.55 molecules/photon for H, at 330™ molecules/ont.

an



For CH,, CO and CO,, the saturation vaues reached at the surface coverage of three orders of
magnitude higher (~10" molecules'ent) and the are 0.45, 0.4 and 0.04 molecules/photon for CO,, CH,
and CO respectively.

The removd efficiency, h 4, was obtained from amount of cryosorbed gas before irradiation, Q,
amount of desorbed gas after irradiation, Q, and photon dose, G: h¢=(Q, - Q,)/G. This indudes
molecules removed from the substrate by two effects: secondary desorption and cracking: h¢=h¢+k .
Theratio h@k can be etimated from the gas spectrum andysis. It was concluded from results of

experiments [2,3,10]:

The desorption processes of cryosorbed CO, and CH, molecules involves mosily cracking of these

molecules
h#CO,) =h€CO,) +k coeco+o and h#CH,) =h¢CH ) +k CH,® 2H,+C -
The cracking efficiency is about 10 times higher than the secondary desorption for both of these gases
[2-4]:
_ h¢CO,) 5 1

k CO,® CO+0 10

_hecH,) 1

d Tfen, =

Co, 4

k CH,® 2H,+C 10
No dependency of the observed desorption-removal process on temperature in the range 5.5K to
20K for CH,, 5.5K to 15K for CO and 5.5K to 68K for CO, wasfound [2,3].

The parameter of the cracking yidd c is a secondary parameter of the cracking efficiency k. For

example, the CO, cracking process gives one molecule of CO and one aom of O, hence
Cco(scoz) :kcoz®co+o and Coz(scoz) = 0-5kcoz®co+o-
The CH, cracking process gives two molecules of H, and one aom of C, hence

Cy, (Sch,) = Kenoam,«c @d Cc(Sch,) =K g @ 21, +c - For an esimation of the upper limit of the gas

density, it is necessary to take into account the possibility of process CH, + CO, +§ ® 2H, +2CO |

inthis case: Gco(sco2 + SCH4) = kcoz®co+o +k CH,® 2H,+C -



Maxima vaues of the parameters describing the secordary desorption and the cracking are

presented in Table 2.



Table2. Maximal values of secondary desorption and cracking parameters.

H, CH, CcoO 0O, CO,
h r¢max 0.55 0.4 0.04 — 0.45
h ,Q 0.55 0.04 0.04 no data 0.04
ax
Kk max _ k CH,® 2H,+C » _ _ k CO,® CO+O »
» 0.36 » 041
C ax Cy, (SCHA) » — Cco (Sco2 + SCH4) » | Cyg, (Scoz) » —
»0.72 » 0.41+ 0.36 » 0.2

There are no experimental data on photodesorption of cryosorbed Q, o it is assumed in our

estimation to have the same value asfor CO,i.e. h ¢ (O,) = 0.04 .

3.3 Sticking probability

The vadue of the sticking probability can beintherangeof 0 £a £1 and depends on the nature of

gas, the temperature of both the gas and the surface, the surface materid, the surface conditions (clean or

not, roughness) and etc.

The gticking probability a for H, could be estimated from experiments with a beam screen [6,15] :
a»0lwithe=284¢eV and Tys=4.2K;
a»05withe =50eV and T,s = 5-11 K.

The gticking probability a for CO is expected to be closeto 1.

Meanwhile there are some experimenta data for the sticking probability of CO, [2] and H; [16],

which indicate that the sticking probability could be close to zero on a surface without precondensed gas

and increase to about unity with a surface coverage.

3.4 Thermal equilibrium gas density




Many researchers sudied the gas dendity indde a vacuum chamber a cryogenic temperaturesas
function of temperature, surface nature and molecular coverage [17], molecular flux [18], time of gas
deposition [9], presence of other gases (gas mixtures) [14]. The gas density depends of each of these
parameters. It is more difficult to estimate the gas dendty a low surface coverage (less than one
monolayer) when sticking probability is undefined.

In generd, one can conclude that is impossible to predict the therma gas dengty in area vacuum
chamber with many parameters changing with time. To avoid this problem the gas densty is Sudied at
extremely low or high coverage, i.e. when the therma gas dengity is either much less than both the dynamic
gas density due to photodesorption and the lifetime limit or much higher than the lifetime limit. The saturated
thermal gas densgity is negligible for al gases at 1.9 K. At 4.5 K the saturation gas dendity for H; is about
10" moleculeslent, which is much higher then the lifetime limit for the LHC (10° molecules’ent).

3.5 The mean molecular speed

A mean molecular speed of v » 830* crm/'s corresponding to a gas temperature of about 60 K has
been measured at a critical photon energy of e, = 284 eV for photodesorbed H, molecules [7]. There are
no experimental data for other molecules or for e = 44 V. One may assume that the mean molecular
speed for desorbed H, at e, = 44 eV could belessthan for .= 284 eV.

For H, thisfactor could be:

_V(e,=441eV) _ [441

. T — =04
©  V(e, =284eV) 248

Thiswill increase our estimations by afactor of 2.5 for H,.
For dl other gases, the mean molecular speeds have not been measured, but one may assume that
the velocity should scale with the ratio of the molecular mass Mgas:
M

— Hy
Kk, = .

M

gas

For CO k,, =0.27andfor CO; k,, = 0.21, resulting in an increase in the gas density by factor of 9.5 and
12 for CO and CO,, respectively.



In other words, this assumption gives the mean speed of photodesorbed molecules, which
corresponds to about 10 K, i.e. in the range of the beam screen operating temperature (between 5 K and
20 K). Since the lowest gas temperature gives amore ‘pessmigtic’ estimation (i.e. higher gas densty), the
reduced mean molecular speed is used.

4 Estimation of upper limit for the dynamic gas density inside the LHC

vacuum chamber

There are four main photodesorbed gases in a cryogenic vacuum chamber: H,, CH,, CO and CO,,
and two of them (CH, and CO,) can be cracked by photons, g :

CH,+g® C+2H, and 2CO, +g® 2CO+0,. (16)

The addition amount of H,, CO and O, appearsin avacuum chamber due to photo-cracking of CH,

and CO,. Snceh,, >>h,, , wewill assume here that there are no free radicals:

~ . (17)
CH, +K,CO, +G® 2kH, +( +k)CO +E2- kD,

As it was shown in Section 2, one can estimate the upper limit of gas dengity in a vacuum chamber. In

this section these estimations are done the LHC vacuum chambers.

4.1 LHC cold bore without a beam screen

The upper limit of the gas dengty for H,, CO and O, can be estimated from equation ( 5 ) in the
following way. The maxima vaue of both the secondary desorption yield and the cracking yidd are much
higher than the primary desorption yield for H,, CO and O,. The saturated vaue of the equilibrium gas
density, Nemax, @€ Negligiblea T= 1.9 K and T= 4.5 K all gases except H at T= 4.5 K. Hence, the
upper limit of the gas densty for H, and CO could be estimated, in case when surface coverage is

unknown, as.



Ny, £ Moy, & T = 45K (18)

8 e *+C o, (Sc,)) G (19)
ng, £— - L a T =19K
" a,,Sy,
(hgo max + CCOmax (SCOZ) + CCOmax (SCH4 )) G ( 20)
N £ ,
a'COSCO
G0, (50) G (21)
0, aoz Soz .

For a vacuum chamber with walls with some amount of precondensed gas the equation ( 6 ) should
be used, then we have:

Ny, £ Nopa, @ T = 4.5K (22)
£h§m'°‘XG T =1.9K (2)
n 2 =1.
“Ea.s, ot
bgOmax +hCO2 +hCH4)G (24)
nCO £ ’
aCOSZO
(hg . + 0500 )G (25)
n02 £ 2 2 '
Ao, S,

Cryosorbed CH, and CO can be cracked with SR. Following equation ( 7 ) for an unknown initial

surface coverage the maximal gas densities are

h G (26)
nCH4 £ M ’

aCH4SCH4

he, ... G (27)
Neo, £F——

aco2 S:o2

For the vacuum chamber with walls without precondensed gas the equeation ( 8 ) should be used:

an



£h0H4 (1+ rCH4)G (28)

nCH4 ,
Acy, SCH4
oo, L+ 1o, )G (29)
co, .
aco2 %02

4.2 LHC cold bore with a beam screen

The upper limit of the gas dengity for H, and CO can be estimated for the equilibrium sate as:

i £(hH2+2f1¢H4)G (30)
H, CH2 ’
N £ (hco "'hco2 +hCH4)G (31)
O )
CCO
n £ 0.5h., G (32)
2 CO

2

Hence the gas density for CH, and CO, could be estimated as.

ih., Gh. (1+r., |Gi (33)
nCH4 £ mln} CH4 ’ CH4( CH4) :H’

1 CCH4 SCH4SCH4 g

ih. G h. [L+r.. Gi (34)
Mo, £ min}_ co, ’ coz( coz) H

t Ceo, S c0, o0,

The numericd results of the upper limit estimation for the LHC are presented in Table 3.



Table 3. Upper limitsgas density in the LHC vacuum chamber.

n(Hy), n(CHy), n(CO), n(O,), n(COy),
[Ha/enT] [CH./cn] [CO/emT] [OJ/cn] [CO./enT]
Vacuum chamber without a beam screen (any surface coverage)

T=19K 5.140" 2.310° 6.10" 1.940% 3.740°
T=45K n»10" 1.540° 3.940" 1.240% 2.440°
Vacuum chamber without a beam screen (without precondensed gas)

T=19K 2.240% 1.240° 3.040° 3.240° 3.140°
T=45K n»10" 8.140° 1.940° 2.120° 2.040°
Vacuum chamber with abeam screen
T=5K 8.240° 2330’ 3.60° 240’ 5.640’
T=20K 4.140° 1.240’ 1.840° 1.240’ 2.840’

5 Dynamic gas density inside the LHC vacuum chamber

The cdculaions were made for the gas dengity insde the LHC vacuum chamber with and without a
beam screen using the ‘pessmidtic’ input vaue for the primary photodesorption yield shown in Table 1 and
Figure 1 for the photon intensity asin the arcs, i.e. 10" photons/(sec’m). Asit was mentioned in Section 2,
only the solutions for the infinitely long vacuum chambers are congdered. The pumping a the end of
vacuum chamber could improve the vacuum if the vacuum chamber is short [13]. Hence, the gas dengty
edimations for either a long vacuum chamber or the upper limit of gas dengty for the any length vacuum
chamber are made.

It should be noted that if the gas dengity will be increase beyond the lifetime limit of the LHC then

the machine would require warming-up to desorb the condensed gases.



5.1 The gas density inside a vacuum chamber without a beam screen.

The estimation of gas dengty (equation ( 3 ), the surface coverage (equation ( 4 )) and the
secondary desorption yields as function of accumulated photon dose are presented in Figure 2. The main
gas in the vacuum chamber is H,, athough CO is second gas in spectrum, it is much less than H,.

The dynamic processes in vacuum chamber are quite sendtive to effect of cracking. The gas dendty
and the surface coverage (and, hence, the secondary desorption) of CH, and CO, are limited due to the
cracking. Figure 3 demondrates the estimation with the same parameters but without taking into account
the effect of cracking. Here thereis no limitation of the gas density, the surface coverage and the secondary
desorption yield for CH, and CO,. In that case the main gas in the vacuum chamber is H,, and its dengity is
the same. Although the gas dengty of CH,, CO and CO, are comparable they is much less then H,.

5.2 The gas density inside a vacuum chamber with a beam screen.

The LHC beam screen will be held at temperature in the range of 5 to 20 K. The gas density is
shown for two extreme conditions for T = 20 K in Fgure 4 and for T =5 K in Fgure 5. The surface
coverage, s, and the secondary photodesorption yield, h €, are also shown.

Figure 4 demongtrates that at relaively high temperatures (T = 20 K), the H, gas density reaches
its maximum value dmogt indantly (for a = 0.01 and lower). At lower temperatures (see Figure 5), there
is some finite pumping capacity of the cold walls of the beam screen (a =0.5) and the initid gas dengty is
less than the maximum vaue which is reached after about 15-20 minutes (corresponding to 10%°
photons'm) of LHC operating conditions. There is no difference in the shape of the curves a higher

accumulated photon doses. However, due to the different molecular speed, there is a difference in the

absolute value with afactor /T, /T, = /20K/5K =2, i.e the gas density istwo timeslower a T = 20K
than at 5 K for dl gases. At both temperatures, the H, gas densty is limited by pumping through the holes
of the beam screen.

The shape of the gas dengity curves for CH, and CO; is very smilar to the one for H;, but for a
different reason. The surface coverage of these gases is limited by cracking and consequently, the



secondary desorption yields of these molecules are limited and comparable with the primary desorption
yidd.

The initid shape of the curve for CO gas dengity dso looks the same until an accumulated photon
dose of 10% photons'm is reached (about one day of LHC operation), from then onwards, the CO gas
dengity reaches its lowest vaue and then raises dowly due to the secondary desorption. This CO gas
density does not reach the saturated vaue limited by pumping holes even after an accumulated photon dose
of 10* photons/m (about four months of LHC operation).

Figure 6 demondtrates the estimation with the same parameters but without taking in account the
effect of cracking.

In Figure 2 to Figure 5, the primary desorption of CO is much higher than that for the gases which
can be cracked: i.e. h(CO) >> h(CO,), h(CO) >> h(CH,). In some studies h(CO,) is higher than one
used in this paper, as it was discussed in Section 3.1. Henceiit isinteresting to study how the results change
when h(CO,)>>h(CO). In the cdculations presented in Figure 7 avdue h(CO,) was increased by a
factor of 50 compared with the previous estimations; al other parameters remained as before. The CO,
gas dengty is 50 times higher in Figure 7 due to the larger primary photodesorption, while the shape of this
curve remains the same. However the shape of the CO gas densty becomes dightly different. An
additional peak appears in the range between 10%* and 10% photonsm due to the significant cracking of
CO, molecules. Hence, we may conclude that for the doses below (2-3)X4.0% photons'm, the CO gas
density depends only on the primary desorption. With the increasing dose, the main source of CO
becomes photocracking of cryosorbed CO,. Starting from the dose of about 3:30%* photons/m, the
secondary desorption becomes dgnificant and from then onwards is the dominant process in
photodesorption of CO. The main gas species in this case are H and CO, until a dose about 3407
photons/m (about 2—3 days of the LHC operation), after that the main gas species in this case are H, and
CoO.
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As mentioned in Section 3.3 there exist an evidence that the sticking probability on a surface
without precondensed gas could be much less than on the surface with condensed gas. The case with the
dticking probakility equa to zero dl molecules of gas will be removed through the pumping holes, there is
no gas condensed on the beam screen and, hence, no secondary desorption, and no transition in the gas
dengty between the smple vacuum chamber estimation and the vacuum chamber with a beam screen as
seen on Figures 2—7. The gas density depends only on the primary desorption yield of molecules and the
distributed pumping speed of the beam screen dots:

h G
n = —.
C,
The esimation of gas dengdty in the vacuum chamber with the beam screen for the zero ticking
probability for al gases is shown in Figure 8. This case with the zero gicking probability is hardly

improbable at the beam screen temperature of 5 K, however provides an upper limit of gas density for any

dticking probability.
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Figure 8. Theupper limit of the gas density in a vacuum chamber with a beam screen at T=5K (a =0).



6 Conclusions

This sudy dlows one to identify the dominant vacuum processes in a vacuum chamber with
cryosorbing walls exposed to synchrotron radiation, to describe these processes using experimentally
determined parameters and to estimate the gas dendty for various conditions.

As an gpplication to the LHC, it is shown that the dominating gases indde the LHC vacuum chamber
with abeam screen are H, and CO.

The amount of cryosorbed molecules of CH, and CO; is limited due to the cracking. The surface
coverage of CO will increase continuoudy during the LHC lifetime without warm-up.

This sudy dso confirms that gas dendty inside that vacuum chamber with a beam screen will remain
much below the beam lifetime limit aso when taking into account the effect of cracking.

When the LHC vacuum chamber will be warmed up after long time operation the main gases to be
pumped out will be H,, CO and perhaps O..
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