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SUmmary

The dynamic gas densities in the Dispersion Suppressors (DS) and the Long Straight Sections (LSS) of
Interaction Regions (IR), IR1&5 and 1R2& 8, excluding the experimental beampipes +20m from the IP, estimated for
optics version 6.3 in the first years of operation, are presented in this Note. lon, photon and electron stimulated
desorption determine the dynamic gas density in the LHC. Each mechanism is discussed in detail and combined to
give, for the first time, a global picture of the dynamic gas density in these LSS. Assuming adequate installed
pumping to ensure vacuum stability in both cryogenic elements (actively cooled beam screens with distributed
pumping slots) and room temperature regions (lumped pumping), ion stimulated desorption may be neglected. In
order to estimate the contribution from photon stimulated desorption, the sources of synchrotron radiation in the DS
and the LSS in IR1&5 and IR2& 8 are identified and quantified. Since photon and electron stimulated desorption
yields change with dose, known as conditioning, certain assumptions are made regarding an operation scenario for
the machine in thefirst years.

It is estimated that initially some room temperature regions of the machine may exhibit elevated gas
densities, however, they will condition quickly to acceptable levels (defined here somewhat arbitrarily by the LHC
lifetime limit), over the course of the 70 day running period. In the second year of operation the beam current is
assumed to increase to 30% of the nominal with a corresponding increase in photon flux. At and above this current,
beam induced electron multipacting is expected to become significant. Assuming a controllable heat load on the arc
beam screen from the electron cloud at the level of 200mW/m, electron stimulated desorption is anticipated, resulting
in an increased gas density. Due to the efficient conditioning of the vacuum chambers with electrons, the gas
densities will recover quickly to acceptable levels; the higher the acceptable heat load in the cryogenic elements the
more rapid the conditioning will be. Since the conditions for beam induced multipacting depend on many parameters
such a chamber dimension, presence of magnetic field etc., conditioning is not expected to occur simultaneously
around the machine. Dedicated commissioning fills may therefore be required to condition the vacuum chambers
before physics runs. Once the nominal machine parameters are reached the vacuum system is expected to be fully
conditioned and performing to specification.

Thisis an internal CERN publication and does not necessarily reflect the views of the LHC project
management.
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1 Introduction

An Interaction Region (IR) of the LHC consists of a Long Straight Section (LSS) and the two
adjacent Disperson Suppressors (DS). The LSS is defined as the region between Q7 and Q7
encompassing an Interaction Point (1P). The DS is located between Q11 to the bending magnet before
Q7 [1]. There are eéight LSS, four containing high energy physics experiments: ATLAS at 1P1, ALICE
a IP2, CMSTOTEM at IP5 and LHCb at 1P8. The optics layouts of LSS1 and LSS5 are identica
and symmetric about their IP. The optics layouts of LSS2 and LSS8 are not symmetric about their IP
dueto beam linjection in IR2 lhs and beam 2 injection in IR8 rhs.

The firg estimation of the gas dendty, made in 1996, in the room temperature regions of the
LHC assumed purdly therma out-gassing in a lumped pumped vacuum chamber [2]. More recent
estimations were made for the regions between Q7 and D2 in IR1&5 for optics version 6.0, including
photon stimulated desorption [3]. In this present note a more complete study, with al known beam
induced effects, i.e. the dynamic beam vacuum during the first years of LHC operation, has been made
for IR1&5 and IR2&8 using optics verson 6.3. We focus our attention on the experimentd IRs,
exduding the experimental beampipes, i.e. +20 m from the IP (discussed elsewhere), thereby providing
preliminary input for the optimisation of the vacuum system layout in the LSS. In addition this sudy
provides vauable input to the activation estimations and smuations of background in the experiments
from proton gas scattering in the IRs.

2 Considerations

The dements of the LHC vacuum system may be classfied by their operating temperature,
namely 1.9 K, 4.5 K or at room temperature. Of course their exigt transitions between these e ements,
such as interconnections and cold/warm trangitions. For smplicity we assume an operating temperature
of 80K in the latter case. Photon (PSD), Electron (ESD) and lon (ISD) Stimulated Desorption and
thermal desorption are potentiad gas sources in the LHC and al are considered here. These phenomena
have been previoudy studied separately at both cryogenic and room temperature [4-20] and here are

combined to give agenerd picture of the performance of the LHC vacuum system in the IRs.
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In this study we assume that dl the vacuum chambers at cryogenic temperatures have an actively
cooled beam screen operating between 5 and 20K and that the room temperature sectors are pumped
with lumped pumps separated adequiatdly to ensure vacuum stability.

3 A model of dynamic desorption processes in a beam vacuum

chamber

The equations of gas dynamic baance ingde a vacuum chamber can be written as [4,5]:
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where n[molecules’cm?] isthe volume gas density;
s[molecules’cm?] isthe surface density of cryosorbed gas;
V [em?] isthe vacuum chamber volume;
A[cm? isthe vacuum chamber wall areg;
g [molecules/sec] isthe primary beam induced desorption flux;
g¢ [molecules/sec] is secondary beam induced desorption flux (desorption of cryosorbed
molecules);
a isthe sticking coefficient;
S = AV/ 4 istheided wal pumping speed, v isthe mean molecular speed;
C =r kS isthe distributed pumping speed of holes, r is the capture factor for the holes, k: is
thefractiona pumping dot area of the beam screen;
ne [ molecules/cm?’] is the thermal equilibrium gas density;
u=A.D is the specific vacuum chamber conductance per unit axid length, A. is the vacuum
chamber cross section; D is the Knudsen diffusion coefficient.

The beam induced desorption flux consist of PSD, ESD, 1SD:
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where
h and h ¢[ molecules/photon] are the primary and secondary photodesorption yield;
C [photon/sec] isthe photon flux;
f and f ¢[molecules/electron] are the primary and secondary eectron stimulated desorption
yidd;
Q [electron/sec] isthe dectron flux;
¢ and c ¢[ molecules/ion] arethe primary and secondary ion induced desorption yidd;
I [A] isthe proton beam current;
eisthe dectron charge;

s isthe proton ionisation cross section of the residud gas molecules.

It was shown previoudy [ 6] that the gas density increase due to the ISD isinggnificant when the
beam current, 1, is much less than the critica current, | The vacuum stability requirement for the LHC is
that, 1d/lut should not be less than 2, where |y is the ultimate current (0.85A for one beam and 1.7A for
two beams in the same vacuum chamber). Assuming the recommendations from this previous study are
adopted, namdy the distance between lumped pumps in the room temperature regions and the beam
screen with pumping dots providing an adequate distributed pumping speed in the cryogenic eements,
then the ISD contribution to the gas density will be negligible [6]. It istherefore judtified to neglect 1SD
in this sudy.

The solutions of equations (1) and (2) have been discussed previoudy B,6]. Here we are
interested in the solutions in the equilibrium state when the conditions V dn/dt =0 and A dg/dt = 0 are
satisfied. The former is reached a few milliseconds after beam injection and the latter is reached a few
hours or even days after the first beam is injected, see attachment in reference [6]. These conditions
provide the maximum gas dengity during any run of the LHCif no gas were previously condensed on
a beam screen. This vaue will on the other hand be consderably higher if a significant amount of gas

were pre-condensed on the inner surface of a beam screen.
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The solutions to the equations (1) and (2) can be found for three distinct pumping configurations
employed in the LHC and are given below. Consder a vacuum chamber of length L, centred at z = 0,
then the following solutions are used:

a) For an infinitdy long vacuum chamber with distributed pumping, such as in the arcs and DS
with abeam screen with pumping dots:

@

n=_1.
C

b) For a finite length vacuum chamber with digtributed pumping between two pumps with a

pumping speed S, such as the quadrupoles Q4 Q6 with abeam screen with pumping in stand-aone

cryodas:
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pumping speed S,, such as the room temperature vacuum chambers.
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It should be noted that these solutions depend only on the primary desorption, g, i.e. thereisno
dependence on the secondary desorption, q¢ Hence, the gas dengity depends only on primary PSD and
ESD.

A detailed study of the sources of synchrotron radiation (SR) in the LSSs is presented as an
annex to this paper. In the following sections PSD and ESD input data are described. These are used in
section 5 to egtimate the dynamic gas denditiesin the LSSs.



3.1 Photon stimulated desorption

The photon flux is proportional to the beam current, G |, and hence the PSD flux is dso
proportiona to the beam current:
Qi =h(e..G)G(1), ™
1.e.Qp M 1.

The PSD yields have been studied a CERN and other research centres. In the estimations
presented here the PSD yields at room temperature for an in-situ baked (150°C, 24 hrs.) OFE Cu
vacuum chamber [7,8], an in-situ baked (350°C) Cu-lined SS vacuum chamber [9] and for an
unbaked Cu-lined SS vacuum chamber at cryogenic temperatures [10] were used. The PSD yidd, h,
decreases with photon dose proportiondly to & 2. Both the initid PSD yield and the power ain G2
are higher at higher temperatures [L1]. At room temperature a» 2/3 [7,8,11] while a» 1/3 a 78 K
[10,11] and a» 0.1 at 4.2K [4,9,11]. The PSD yidds as function of photon dose a room temperature
and at 78 K are shown in Figure 1 (a) and Figure 3 (a) respectively. Assuming 20% of nomind beam
current the dose can be converted to operation time of the LHC gas (Figure 1 (b) and Figure 3 (b)).
The same data can be converted to the dependence of PSD yields as function of the amount of
desorbed gas (see Figure 1 (¢) and Figure 3 (c)).

3.2 Electron stimulated desorption

The energy of dectrons, Ee, bombarding the vacuum chamber increases with the proton beam
current, |, due to Beam Induced Electron Multipacting (BIEM) and reaches an average energy of few
hundred eV & the nomina beam current [12,13,14]. The ESD yield increases with the impact eectron
energy between afew eV and 2000 €V [15]. The ESD flux is

Q. =f (E.(1),Q)AE.(1)), ®
ie Q. ul*withl<z£2

where f isthe ESD yidd and Q isthe flux of eectrons. Hence, the ESD is more sengitive to the beam
current than the PSD flux.

The power that may be removed from the arc beam screen is given by the ingtaled cryogenic
capacity and is limited to 1.17 W/m. A reasonable average cryogenic hegt load from BIEM is estimated
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to be of the order of 200 mW/m [16]. If the beam parameters are such that the heat load from the
electron cloud corresponds to W = 200 mW/m, then ¢ = W/E,(1)-Forf p E (1) we have
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where k isacondant, i.e. the ESD flux is proportional to the total power deposited by the electrons.

The ESD yidd as a function of electron dose were studied previoudy [16,17,18,19]. Theinitid
ESD yidds as function of baking from 200°C to 600°C for 24 hrs was dso studied [20]. These
different data are found to be in reasonable agreement taking into account the effect of eectron energy,
sample preparation, dependence of baking temperature, etc. For these estimations the most recent data
[18] were used. The reduction of ESD yield after baking at 300°C for 24 hrsis afactor 10 for H, and a
factor 20 for CH,, CO and CO,. The ESD yidlds a room temperature are shown in Fgure 2 as
function of the dectron dose and the amount of desorbed ges.

The ESD yidds for an unbaked vacuum chamber at low temperatures (between 3 and 77 K) can
differ from those presented in Figure 2. Meanwhile, in the absence of any data onESD yidlds from a
surface at low temperature, the ESD yields at low temperature were estimated using:

f =h xfﬂ_ (20
cryo cryo h
RT

i.e. it is assumed that the ratio h/f for each gas is preserved a room temperature and a cryogenic
temperatures.
The ESD yidds at 78 K are shown in Fgure 4 as function of electron dose and the amount of desorbed
gas. The dependence of time corresponds to the BIEM power of 200 mW/m.

It is important to note that a quadrupole or solenoid magnetic field will attenuate the effect of
BIEM and, hence, also the ESD.
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4 A machine operation scenario

4.1 Firstyear operation, 1<0.3 .

A proposed start-up scenario for LHC in the firgt year is a run for about 10 weeks with a low
beam current [21], where BIEM should be negligible [ 22]. Hence, during thistime the LHC gas densty
will be dominated by PSD. The corresponding photon flux for 20% of the nomind current, 1, in the
arcs and DS will be 220 photons/(sxn). This 70 day operation corresponds to an accumulated photon
dose of 1.24.0?% photons'm in the arcs. This corresponds to areduction in the PSD yield, due to photon
conditioning, of about afactor 15 for the vacuum chambersin the arcs and DS (see Figure 43).

In the LSS the photon flux and critical energy of SR are smaller than that that in the arcs (see
annex). The corresponding accumulated photon dose and therefore the photon conditioning for the
eements of the LSS vacuum chambers will be less. For the cryogenic dements in Ring 1 the photon
conditioning factors are 12 for Q7, 7 for Q6, 5 for Q5 and 4 for Q4. It is important to note that the
dipole D2 may not be irradiated due to the shadow cast by smaller inner diameter of the upstream Q4.
For the room temperature vacuum chambers the photon conditioning factor is a 100 between Q6 and
Q7, 50 between Q5 and Q6 and 25 between Q4 and Q5. In Ring 2 the photon conditioning factors are
aways less than in Ring 1 due to the lower photon flux from D2 and the lower photon criticad energy.
Moreover there are locations of room temperature vacuum chamber shadowed from SR, such as after
each cold-warm trangtion due to the change of vacuum chamber diameter. Conversdy a the
warnvcold trangtion the vacuum will be irradiated by photons with higher intensity (see Table 8). Thus
the photon conditioning factor in LSS will vary between 1 and 15 and between 1 and 100 in the room
temperature vacuum chambers depending on their location.



4.2 Following years operation, 0.3 £ I, £ ..

Following the edimations of F. Zimmerman et al. BIEM will be sgnificant a about 30% of
nomina beam intengty P2]. Since it is difficult to predict the exact power generated by the electron
cloud we use the value of 200 mW/m as an initid power (see section 3.2). Thefind vaue of BIEM
power deposited in an arc dipole magnet a nomina beam current after a long conditioning time is
expected to be ~ 40 mW/m [22].

In order to estimate the initid ESD yidd after the photon conditioning in the first year we asume
that both PSD and ESD yields are directly correlated to the quantity of gas desorbed. In other words
the quantity of gas removed from the vacuum chamber walls due to the PSD in thefirst year then defines
theinitid ESD yidds.

During the 70 day operation in the first year the accumulated photon dose in the arcs and DS will
be 1.24.0?2 photonsm. By comparing the dependencies of PSD and ESD yidlds with the quantity of
desorbed gas (see Figure 3 and Figure 4) one can see that the conditioning factorsin ESD and PSD for
cryogenic vacuum chambers are about the same for the same quantity of gas desorbed. The effect of the
70 days photon conditioning in the arcs and DS corresponds to about one to two days of the operation
in a regime with a BIEM hest load of 200 mW/m. After 10 days conditioning with dectrons the
preconditioning with photons will be inggnificant.

This gtuation is somewhat different in the room temperature vacuum chambers. For example, the
non shadowed part of the vacuum chambers between Q6 and Q7 of LSS1&5, which will be most
intensively irradiated of al room temperature vacuum chambers, will desorb about 104 H./cn? (see
Figure 1), the PSD yield will be reduced by a factor of 100. During this photon conditioning the initia
ESD yield will only reduce by afactor of 20 (see Figure 2). Hence, the conditioning factor for ESD in
the RT vacuum chambers of the LSS is much less than that for PSD. Since some of the RT vacuum
chamber in LSS have a shadowed part there exist places where there will be no photon conditioning.
Meanwhile from Figure 2 one can see that the conditioning is very efficient in the presence of BIEM; the
ESD yield reduces more than factor 25 during 1 day and afactor of 100 during 10 days operation with
aBIEM hest load of 200 mwW/m.

It is ds0 necessary to note that BIEM will not occur smultaneoudy around the machine. First it

will manifest in the arcs and DS resulting in an increased gas density. Once conditioned the machine
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current or bunch density may be increased. BIEM may then become sgnificant in other regions of the
machine, such as in vacuum chambers with larger inner diameters in dipole fields and/or fidld free
regions, resulting in agas dengty increase in these locations. This effect will be repeated until the nomina
or ultimate machine parameters are reached or dl the vacuum system has been conditioned by BIEM.

5 Inputs and results

The cryogenic eements of the machine shdl be equipped with actively cooled and thermally
controlled screens that provide distributed pumping of al gases thereby ensuring vacuum gtability [6].
The transparency of al such screensis assumed to be 4.4%, that of the arc beam screen, with a capture
factor of 0.5 for H, and 0.65 for other gases [23].

In the room temperature sections of the machine the lumped pumping (sputter ion pumps and Ti
sublimation pumps with a 200 |/s nitrogen equivaent pumping speed [24]) is assumed. These pumps are
located at every coldwarm transtion and according to vacuum stability requirements [6], i.e. these
pumps are foreseen to be located every 7 m for the standard ID 80 mm drift chambers.

The gas compostion in a vacuum system, required to cdculate the backgrounds to the
detectors, is strongly related to the temperature of the vacuum chamber, via the temperature
dependence of the desorption yields and the molecular conductance of the gases (pumping speed), and
is presented in Table 1. A range of vaues in the gas composition a room temperature is given to reflect
the scatter in the experimenta data from OFHC Cu reported by various different research groups and
the observed changes with dose. The gas densties are related to both lifetime limit and background for
experiments via the total nuclear scattering cross section, s. The reative nuclear scattering cross

sections with respect to H,, s /s |, a 7 TeV derived in [25] are dso shown in Teble 1.

Table 1. The gas composition in the elements of the LHC and therelative nuclear
scattering cross sectionswith respect to He.

Gas SiSu, RT Cryogenic vacuum
vacuum chamber chamber

H, 1 ~30-50% ~99%

CH, 54 ~2% 0.04%

CO 7.8 ~10-15% 0.5%

CO, 12.2 ~40-50% 0.03%




The estimations are made for each eement of the vacuum chamber and the results are presented
in the form of an effective H, equivaent average gas density, given by:

<ng, >=n(H,)+5.4n(CH,) + 7.8n(CO) +12.2n(CO,). (1)

The varidions of the gas compostion indicated in Teble 1 affects the resulting effective gas
density, < neg >, by only +5% and is therefore insgnificant when compared to the factor of two
uncertainty in the input data

51 IR1and IR5

Since the optics layouts of LSS1 and LSS5 are identical and symmetric about their IP, gpart
from the dope of the machine, it is convenient to consider only one sde. A schematic of the optics
verson 6.3 of LSS1 lhsis shown in Fgure 5.
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Figure 5. Schematic of the LSS |hsin IR1 and IR5.

The vacuum chambers between D1 and TAN consst of two dements with ID = 164 mm and
ID =212 mm and with L » 38 m each and with pumps every 7 m, no BIEM are foreseen in these
vacuum chambers [26].

The estimated average H, equivalent gas dengties at various times for the assumed operationa
scenario of the machine are presented in Table 2. (RT) identifies dements a room temperature, dl
others are at cryogenic temperatures. Values greater than 10 molecules/n?, the beam lifetime limit, are

highlighted in bold.
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Table2. The Hz equivalent average gas dendity in the vacuum chamber of the IR1& 5.

<ng> (mol/n¥),
1 year 2nd year 3rd year

Element L, (m) beginning | after 70 days beginning +10 days +90 days

=021, =021, | ~031,, | ~0.31, =1,

W._=0 W,_=0 W_=0.2W/m | W=0.2W/m | W_=40mW/m

Intercon 0.83 1.540% 24013 240" 240 140
Q1 7.70 2408 34012 5403 84012 60%?
Intercon. 1.40 2408 3402 30" 340 1.540%
Q2 12.58 2408 34012 3403 5402 340'?
I ntercon. 1.90 2408 3402 310" 340 1.540%
Q3 8.40 2408 310 54013 810" 6402
DFBX 3.23 2408 310 330" 340 1.540%
Digrn |~25 140% 2408 640'° 620" 54012
'‘Conus ~57 ~10%2 ~10%2 ~10%2 ~10%2 ~10%?
(RT)
TANRT) |49 140% 11204 940 840 740'?
Ring 1. The beam from MB to IP.
VC (RT) 7.50 3404 1408 740" 640 54012
D2 11.67 <102 <102 6X0'° 3401 1.540%
Q4 8.65 310% o101 64014 44013 24018
VCrr) |19.38 140" ~102 6x10'° 6404 54012
Q5 8.25 6012 1.240% 54014 4303 24013
VCRT) |2476 240% 2408 640'° 620" 54012
Q6 8.25 1.540% 240 4401 4405 2401
VCRT) |17.73 4X0% 2.5405 6106 6401 54012
DFBA 8.58 740% 7401 64014 3401 1.540%
Q7 9.00 1.540 1.240% 1.840% 1.640 2403
DS&Arcs 2404 1405 1.540% 34013 440'?
Ring 2. The beam from IP to MB.
VCRrT) |7.50 <102 <1012 7410 6404 54012
D2 11.67 <10% <102 640" 340 1.540%
Q4 8.65 <10% <10 6404 44013 2401
VC (RT) 19.38 140% ~10% 640 640 54012
Q5 8.25 340% 1.240"? 540 44013 2401
VC (RT) 24.76 840+ 1403 6x016 6104 54012
Q6 8.25 240% 140 5404 44013 2401
VC (rT) 17.73 504 140 6x10'° 640 540'?
DFBA 8.58 2401 14012 61014 3401 150"
Q7 9.00 240% 140% 1.840%5 1.6403 2401
DS 1714 240% 1403 7401 3401 440%
Arcs 2404 1405 1.540% 3401 440'?
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5.2 IR2 and IRS8

The optics layouts of LSS2 rhs and LSS8 Ihs as well as LSS2 |hs and LSS8 rhs are identical
but not symmetric about the IP.

A schemdtic of the optics verson 6.3 of LSS2 isshown in Figure6.
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Figure6. Schematic of the LSS in IR2.

The gas dengity in the TDI is esimated in the retracted position, i.e. after injection. For the
egimations a thermd outgassng rate of 10° Torr¥sem? for graphite, type SGL1501 G (Carbor
Carbon composite proposed for the TDI), after an in-situ bake-out at 200 to 250°C for severd daysis
assumed. In addition an installed pumping speed of 3600I/s [27], neglecting the restricted conductance
of the screen pumping, is assumed.

The vacuum chambers between D1 and D2 consst of a number of inner diameter tubes
between 206 mm and 600 mm and with lengths between pumps between 5 m and 8 m [28]. No



ggnificant BIEM is foreseen in these vacuum chambers. The largest diameter vacuum chamber, closest
to D2, is connected to a recombination vacuum chamber (Y-type chamber). This chamber makes a
smooth trangtion from one vacuum chamber for both beams to two separate vacuum chambers for each
beam. In IR2 this vacuum chamber is compatible with the Zero Degree Cdorimeter (X2ZDC).

The estimated average H, equivdent gas dendties at various times for the assumed operationd
scenario of the machine are presented in Table 3. (RT) identifies dements a room temperature, dl
others are at cryogenic temperatures. Values greater than 10% molecules/n®, the beam lifetime limit, are
highlighted in bold.



Table3. The Hz equivalent average gas dendity in the vacuum chamber of the IR2& 8.

<ng> (mol/n¥),
1t year 2nd year 3rd year

Blement | L, (M) M peginning | after 70days | beginning +10 days +90 days

=021, =021, [~031,, [~031, =1,

W=0 W=0 W=0.2W/m | W=0.2W/m | W _=40mW/m

Intercon 0.83 1.540% 24013 240"° 240" 140
Q1 7.70 2403 340% 54013 8402 640%?
[ ntercon. 1.40 2401 340% 340" 340" 1.540%
Q2 12.58 2403 340% 34013 5402 34012
[ ntercon. 1.90 24013 31012 340 31014 1.540%
Q3 8.40 24013 3402 54013 84012 64012
DFBX 3.23 24013 340% 30 340" 1.540%
D1 11.36 2:4013 31012 340% 340 1.5404
TDI (rT) | 5.0 ~10'6 ~10'6 ~10'6 ~10% ~10'°
conus(rr) | 47.07 ~10% ~10% ~10%2 ~10%2 ~10'12
XZDC(RT) | 1.50 30" 1404 1.540% 5403 ~10t2
inlR2
Y (RT) 1.0 140 1104 91016 8404 74012
inIR8
Ring 1. The beam from MB to IP.
VCrT) |40 <102 <1012 740 6404 540%2
D2 11.67 <10t <10% 6X0% 340 1.540%
Q4 12.50 34012 9401 64014 44013 24013
VCrr |1675 | 140° <1012 6x01° 640 5402
Q5 12.99 340" 9401 64014 4403 24013
VCRT) |6096 | 34205 1405 6401 6404 54012
Q6 10.36 340 240 430 4403 24013
DFBA 14.7 140" 7401 64014 340" 1.540%
Q7 9.00 1.540% 1.240'3 1.840%1 1.640% 24013
DS& Arcs 240" 140 1.540% 3401 440"
Ring 2. The beam from IPto M B.
VCRT) |40 <1022 <1022 740" 640 54012
D2 11.67 <10t <10% 6X0% 340 1.540%
Q4 12.50 340 940! 64014 440 24013
VCRrT) |1675 | 240 ~10%2 6x1016 6401 54012
Q5 12.99 34012 1.24012 54014 44013 240713
VCrr) |6096 | 240 1408 6x0%° 640 5402
Q6 10.36 240" 140t 54014 4403 24013
DFBA 14.7 1,404 1102 61014 31014 1.5:40%
Q7 9.00 140 140t 1.840%1 1.640% 24013
DS 170.4 240" 140 7404 3401 430"
Arcs 240" 140 1.540% 340 44012




5.3 Discussion

In Table 2 and Table 3 it can be seen that in the first year, with a bunch dengity of < 20%, the
initid gas dengty in the arc will be within the beam lifetime limit. All dements a cryogenic temperature
shdl reman bdow 10% moleculesn® thanks, in part, to the distributed pumping provided by the
ingtaled beam screens. In only a few of the room temperature vacuum chambers in the LSS shdl the
gas dengity initidly exceed 10" molecules/n®. The highest initid gas densities are predicted to be in the
TAN in IR1&5 (10'* moleculesn®), at the X2ZDC in IR2 (320 molecules/n®), in the recombination
chambers in IR2 and IR8 (10'® molecules/n?) and the TDI in IR2 lhs and IR8 rhs (101 molecules/n®).
It should be noted that these devated gas densities will however not affect the beam lifetime since it is
determined by the average machine gas dengity. These devated gas densities are due to the high photon
fluxes intercepted by these chambers except for the TDI that is dominated by therma out-gassing. The
gas dengty in the TDI can be improved sgnificantly by a judicious choice of materials and design; out-
gassing rates of various graphite types can vary over three orders of magnitude! After 70 days operation
under these conditions the vacuum system shdl improve sgnificantly with the highest gas density in the
order of 10" molecules’m?; the exception being the TDI. Hence the performance of the beam vacuum
system is expected to be quite acceptable in the first year.

Once BIEM becomes significant ESD is anticipated and the gas density will increase. In the arcs
the gas densty is expected to remain below the beam lifetime limit. However a BIEM induced ges
density rise in the range of 10' molecules/n? in the fidld free regions and in the D1 and D2 dipole fidlds
are predicted. Such gas dengties may affect the beam lifetime and may cause magnet quenches and/or
background to the experiments. Fortunately, the gas dendity in these regions is expected to reduce to
acceptable values after afew days of continuous operation, perhaps requiring dedicated commissoning
runs. If a higher heat load can be accepted then the ESD flux will be correspondingly higher and the
conditioning will be quicker. Once the nomina machine parameters are reached the vacuum system is
expected to be fully conditioned and performing to specification.



6 Conclusions

It is important in the design of the LHC vacuum system to estimate the dynamic gas density in
order to verify thet the proposed system meets specification. In this paper the dynamic gas densitiesin
the DSs and the LSS of IR1&5 and IR2& 8 are estimated for optics version 6.3. 1SD, PSD and ESD
determine the dynamic gas dengity in the LHC. Each are discussed in detail separately and combined to
give, for thefirg time, agloba picture of the gas dengity inthese LSS,

Assuming that adequate pumping is ingaled to ensure vacuum gability 1SD in both cryogenic
elements (actively cooled beam screens with distributed pumping dots) and room temperature dements
(lumped pumping), ISD will not contribute sgnificantly to the dynamic gas densty and may therefore be
neglected. In order to estimate the contribution from PSD the sources of SR in the DSsand the LSS in
IR1&5 and IR2& 8 are identified and quantified. Since the PSD and ESD desorption yields change with
dose, known as conditioning, certain assumptions have to be made regarding an operation scenario for
the machine in the first years. Namdly, the beam current is assumed to be <30% of the nomina (0.56A
per beam) for 70 daysin the first year followed by and increased beam current to 30% of the nomind in
the fallowing year. The PSD and ESD yidlds are discussed in detail using the available data, in particular
the conditioning with dose. These inputs are used to estimate the gas dengties in the DSs and LSSs in
IR1&5 and IR2& 8, excluding the experimental beampipes £20m from the IP, in the first years of
operation.

In the firg year, the dynamic gas dendgty will be dominated by photon stimulated desorption
snce BIEM is not anticipated to be sgnificant at this bunch dengty. The estimated dynamic gas density
scdes linearly with beam current and is caculated assuming 20% of the nomind. Initidly some room
temperature egions of the machine may exhibit elevated gas dendties, however, they will condition
quickly to acceptable leves over the course of the 70 day running period, assuming that the vacuum
sectors are not re-exposed to air due to lesks or for reasons of maintenance. The only exception being
the TDI where the therma out-gassing of the proposed graphite for the collimator materid, will
dominate and remain constant due to it being retracted from the beam after injection and therefore not
subject to beam conditioning. Significant improvements to the gas dendty in the TDI can be made by
design, induding a judicious choice of materid with a low thermd out-gassing rate. The average gas
dengity in the room temperaiure sectors adjacent to cryogenic dements are cominaed by the gas



densty a the coldwarm trandtions, due to the change in vacuum chamber dimensons thereby
intercepting the photon flux and due to the fact that this region is unbaked. Locating pumping as close as
physicaly possible to the cold/warm trangtion shdl limit this local gas densty rise and thus ensure an
acceptable average gas density over the sector.

In the second year the beam current is assumed to increase to 30% of the nomind with a
corresponding increase in photon flux. At and above this current BIEM is expected to become
ggnificant and assuming a controllable heat load on the beam screen from the eectron cloud, at the level
of 200mW/m, ESD is anticipated resulting in an increased gas dengty. This ESD flux is estimated
directly from the deposited power and the caculated eectron energy in the cloud. Due to the efficient
conditioning of the vacuum chambers with eectrons, the gas densities will recover quickly to acceptable
levels, the higher the acceptable hest load in the cryogenic eements the more rgpid the conditioning will
be. It should be noted that the conditions for BIEM depend on the presence of a magnetic fidd, the
vacuum chamber dimensions and the presence of one or two beams in the vacuum chamber. BIEM
conditioning is therefore not expected to occur Smultaneoudy around the machine. Dedicated
commissioning fills may therefore be required to condition the vacuum chambers before physics runs.
Once the nomind machine parameters are reached the vacuum system is expected to be fully
conditioned and performing to specification.

These estimated gas dendties may be used, for: i) optimisation of the vacuum system layout, ii)
esimations of the background to the experiments from proton gas scettering in the IRs and iii)
estimations of the hardware activation due to proton losses in the IRs. Care should be taken in using
these data since they are based on a specific commissioning scenario and it is assumed that the machine
will never be exposed to air due to leaks or accidental venting during maintenance; these assumptions
may not be valid in redity. In addition some of the estimations may not be reevant for certain
aoplications, such as the initid gas dendties when BIEM become dgnificant, for experimenta
background smulations since this will be a ‘trangent state’ and will not necessarily be compatible with
datataking. Findly it should be noted that these present estimates provide, for the first time, a complete
picture of the dynamic gas dendty in the specific LSS, they deviate from the initid estimates [2] that
assumed a purely gtatic vacuum, i.e. consdered only therma out-gassing.

Further theoretical and experimenta studies are required to understand better the conditions for
BIEM, such as the dependence on chamber dimensions, in the room temperature chambers. Idedly
such experimenta studies can now be performed with a LHC—like beam in the SPS. In addition such a

3



beam may be usad to closdy smulate the performance of the LHC cryogenic vacuum system,
particularly during BIEM and in the presence of physisorbed gases accumulated on the inner surface of
the beam screen, such as after a magnet quench. BIEM smulations can help identify the critical

parameters for the optimisation of the drift vacuum chambersin the IRs, such as dimensions and surface

topology.
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Annex: Synchrotron radiation in the IRs.

In the arcs and DS the linear photon flux has the highest value of 10t photor/(sxn) at the LHC
nomind current | = 0.56A and a critical energy of 44.1 eV. The SR from the last bending magnet (MB)
in the DS irrediates some regions of LSS in Ring 1 on the left- hand-sde (Ihs) and Ring 2 on the right-
hend-<de (rhs). The photon flux dilution in the LSS (determined previoudy in reference [3]) between
Q7 and D2 as afunction of distance from MB shown in Figure 7, assumes a uniform 1D 50 mm vacuum
chamber. Thisis an ided case and in redity may be quite different due to the different vacuum chamber
dimensions. Any changes or trangtions in a vacuum chamber cross section will ether intercept the SR or
cast a shadow over the neighbouring vacuum chamber depending whether the trangition is decreasing or
increasing in dimensors, respectively (see Table 8 below). It should be noted that this estimetion differs
in the region of D2 from that presented previoudy [3] due to the assumed geometry of the vacuum
chamber in D2.
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Figure 7. Photon flux from thelast MB in the DS asafunction of distancealong the LSS, for different photon
reflectivities. The positions of quadrupolesare shown for L SS1& 5.



There exist severd other sources of SR in the LSS such as from the quadrupoles and the D1
and D2 dipoles. The SR sources in LSS1&5 and LSS2& 8 are presented in Table 4 and Table 6. In
these Tables are shown: the angle of irradiation, g, the SR critical energy, e, photon flux from the
source, G, and its power, Ws, for one beam. The total photon flux, G ot and total power, Wia, from
Inner Triplet, (IT), from the D1 and D2 dipoles, from the Q4-Q7 quadrupoles and from the arc are
shown for two beams. These estimations were made previoudy for optics verson 6.1 [29] and do not
change significantly for optics verson 6.3. The vadues from the arc dipoles and from the D1 and D2
dipoles are well defined, however, arange of vaues is given for quadrupoles due the uncertainties in the
beam pogtion within the quadrupole. The parameters defining the beam position are the beam off- set
used in the crossing scheme (a few mm in IT), the dosad orbit deviation (4 mm) and the dignment
tolerance of the magnet (1 mm). The estimations are made for the nomind beam current | = 0.56 A and
with the photon reflectivity of 65 to 95 % by photon flux or 20 to 50% by SR power.



Table 4. The sources of the synchrotron radiation in LSS1 and L SS5 at nominal beam current.
The photon flux G, and the power W, are shown for one beam and thetotal photon flux G, and

power W, are shown for two beams.

R a, [mred] € GS, W, C ot Wi,
source [eV] [phot/sed] [waitt] [phot/sec] [waitt]

Q1 0.3-08 | 6-16 810124 0" 0.02-0.17 9410Y—

Q2 0.3-0.9 6-19 | 1.740'-4.540Y 0.06-0.4 17408 0.4-14

Q3 0.5-1.0 | 819 | 1.240'-2.640% 0.05-0.25

D1 1.1 5.7 340V 0.086 610’ 0.17

D2 11 14.4 320Y 0.217 610 043

Q4 | 0103 | 2-11 2:1016-8: 016 0.002-0.042

Q5 | 001-0.3]| 0.5-75 44 01°-8x 0% 0.0001-0.028 810— 0.01-0.28

Q6 | 0.01-0.3 | 0.5-75 14015-8x 016 0.0001-0.028 740

Q7 | 00105 | 0585| 440"-1.340'" | 0.0001-0.055

MB 4.2 44.1 1.1540'8 251 1.15408 251

Total SR power in LSS1 or L SS5: 7.0-9.6




Table5. The absorbed SR in the e ements of L SS1 and L SS5 at nominal beam current.

Colphsed [ P [W] Colphsed | PoW]

IT and D1 SRfromD1 SR from Q1-Q3
Q1 120%-240% 0.003-0.007 <1408 0.2-0.6
Q2 440Y°-640% 0.01-0.02 £140'® 0.2-0.8
Q3 110°-240% 0.004-0.008 <1408 0.2-05
D1 — — 1.240'-2.640Y 0.05-0.25
Total inIT < 340Y < 0.086 <1.540% <13
TAN-conus < 2.540Y <0.07 < 740Y <05
Ring 1. Thebeam fromMB to IP

SR from MB SR from Q4-Q7
TAN 2401340 0.01-0.03 6401°-8406 0.002-0.03
D2 5.540'%-8x0'6 0.026-0.081 1.54016-2.240% 0.005-0.08
Q4 1.440%-1.840% 0.014-0.024 0-2.040% 0-0.08
Q5 3.040'°-3.6:40% 0.032-0.052 0-1.320% 0-0.05
Q6 7.24016-7.740% 0.093-0.134 — —
VC 4.040Y-4.740Y 0.79-0.96 — —
Q7 6.040'"—6.340% 1.33-1.37 — —
Total D2-Q7 1.1540'8 2.51 3.74016-3.540%7 0.005-0.14
Ring 2. The beam from IPto MB

SR from D2 SR from Q4-Q7
TAN, D2, Q4 — — — —
Q5 3.040% 0.021 — —
Q6 1.040% 0.007 0-64.0'6 0-0.03
VC 2.040% 0.015 0-1.440% 0-0.06
Q7 6.040% 0.004 0-1.420% 0-0.06
Total D2-Q7 340% 0.3 440%-1.640" 0.01-0.07




Table 6. The sources of the synchrotron radiation in LSS2 and L SS8 at nominal beam current.
The photon flux G, and the power W, are shown for one beam and the total photon flux G, and

power W, are shown for two beams.

R a, [mred] € GS, W, C ot Wi,
from [ev] [phot/sec] [wett] [ phot/sec] [wett]
Q1 0.3-08 | 6-16 810124 0" 0.02-0.17 9410Y—

Q2 0.3-0.9 6-19 | 1.740'-4.540Y 0.06-0.4 17408 0.4-14
Q3 0.5-1.0 | 819 | 1.240'-2.640% 0.05-0.25

D1 1.52 19.7 4.120Y 0.403 8.240% 0.81
D2 1.52 19.7 4.120Y 0.403 8.240% 0.81
Q4 | 0103 | 2-11 2:1016-8: 016 0.002-0.042

Q5 | 0.01-0.3 | 0.5-75 44 01°-8x 0% 0.0001-0.028 80— 0.01-0.28
Q6 | 0.01-0.3 | 0.5-75 14015-8x 016 0.0001-0.028 740

Q7 | 00105 | 0585| 440"-1.340'" | 0.0001-0.055

MB 4.2 44.1 1.1540'8 251 1.1540% 251

Total SR power in LSS2 or L SS8: 9.4-11.8




Table 7. The absorbed SR in the dements of L SS2 and L SS8 at nominal beam current.

Magnet Golphsed | Py, (W] Colpvsed | PolW]
IT SRfromD1 SR from Q1-Q3
Q1 2105340 0.01-0.02 <1408 0.2-0.6
Q2 6:401°-910% 0.04-0.08 £140'® 0.2-0.8
Q3 3101540 0.02-0.04 <1408 0.2-05
D1 — — 1.240'-2.640Y 0.05-0.25
Total inIT < 430Y <03 <1.540% <13
Ring 1. ThebeamfromMB to IP

SR from MB SR from Q4-Q7
D2 8.34016-1.340" 0.037-0.12 1.040'6-2.040% 0.004-0.08
Q4 1.640'-2.240% 0.015-0.027 0-2.040"7 0-0.08
Q5 2.740%%-3.440% 0.026-0.045 0-1.340% 0-0.06
Q6 1.440Y-1.540% 0.22-0.29 — —
DFBA 2.0407-3.040Y 0.54-0.63 — —
Q7 6.04017—6.340% 1.33-1.37 — —
Total D2-Q7 1.1540'8 2.51 3.740%-3.540Y 0.005-0.14
Ring 2. The beam from IPto MB

SR from D2 SR from Q4-Q7
D2, Q4 — — — —
Q5 3.140% 0.069 — —
Q6 5.040% 0.011 0-84.016 0-0.03
DFBA 47405 0.01 0-1.640Y 0-0.06
Q7 3.540% 0.007 0-1.640% 0-0.06
Total D2-Q7 4.140Y 0.4 440%-1.640Y 0.01-0.07




Table 8. The shadow and photon flux at each cold-warm trangtion (CWT).

Vacuum Photon flux at CWT
ﬁmﬁ (Lrg'gth Shadowed Locationof | Photons's & nomind
CWT current
LSS1&5

Ring 1. The beam from MB to IP, SR from MB and Q4-Q7.

TAN to D2 75 Fully — —

D2 11.67 | Fuly — —

Q410 Q5 19.38 | Fully Q4 74016

Q5to Q6 24.76 18.5 m from Q6 Q5 1.340%7

Q6 to DFBA 17.73 7.5 m from DFBA Q6 2.54017

Ring 2. The beam from IP to MB, SR from D1, D2 and Q4-Q7.

TAN to D2 75 Fully — —

D2+Q4 20.32 Fully — —

Q410 Q5 19.38 | Fuly Q5 240V

Q510 Q6 24.76 | 16 m from Q5 Q6 1.540%7

Q6 to DFBA 17.73 Fully Q7 84016

LSS2& 8

Ring 1. The beam from MB to IP, SR from MB and Q4-Q7.

X2ZDCtoD2 | 2.76 Fully — —

D2 1141 | Fully — —

Q410 Q5 16.74 | Fuly Q4 54016

Q5to Q6 60.96 14.5 m from Q6 Q5 (ID42.4) 140%
Q5 (1D56.4) 74016

Q6 to Q7 14.78 | 2.0 mfrom Q7 Q6 1.3407

Ring 2. The beam from IPto MB, SR from D1, D2 and Q4-Q7.

X2ZDCtoD2 | 2.76 Fully — —

D2+Q4 2414 | Ry — —

Q410 Q5 16.74 | Fuly Q5 (ID42.4) 320
Q5 (ID56.4) 24017

Q5to Q6 60.96 | 20 m fromQ5 (ID42.4) Q6 94016

13 mfrom Q5 (1D56.4)
Q6 to Q7 14.78 | Fully Q7 24016

Asone can seefrom Table4 and Table 6 the SR from the dipoles and quadrupolesin the LSS can be

ggnificant in mogt cases with fluxes comparable to those in the arc, however distributed over alonger

distance. These fluxes should therefore be taken into account in estimations of the gas dengity in the

LHC.

It is dso important to estimate where the SR will be adsorbed. The SR fluxes and powers
adsorbed on dl cryogenic dements are shown in Table 5 and Table 7, respectively from the dipoles
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with subscript D and from the quadrupoles with subscript Q. SR from the arcs in the LSS has less
intengty, as shown in Figure 7, with the same critical energy ~44.1 eV [3]. D1, D2 and the quadrupoles
produce SR with a lower intengty and a lower critica energy than that in the arc. The photodesorption
flux per unit length of LSS is therefore less or equd to that in the arcs. As previoudy mentioned any
trangtion or change in a vacuum chamber cross-section, such as & a CWT, will ether intercept the SR
or cast a shadow over the neighbouring chamber. The length of shadowed vacuum chambers after
trangtions, location and photon flux intensties of adsorbed photons are shown in Table 8. It istherefore
recommended as a good design principle to incorporate lumped pumping, as close as physcaly
possible, to these locations that represent a significant source of gas.
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