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photon flux will release larger amounts of gas into the system, the difficulty to meet the
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EuroCirCol is a conceptual design study of a post-LHC, Future Circular Hadron Collider (FCC-hh) with
50 TeV of beam energy and 100 km long, which aims to expand the current energy and luminosity frontiers.
The vacuum chamber of the FCC-hh will have to cope with unprecedented levels of synchrotron radiation
power for proton colliders, dealing simultaneously with a tighter magnet aperture. Considering that the high
radiation power and photon flux will release larger amounts of gas into the system, the difficulty to meet the
vacuum specifications increases substantially compared with the LHC. This paper presents a study on the
beam induced vacuum effects for the FCC-hh novel conditions, the different phenomena which, owing to
the presence of the beam, have an impact on the accelerator’s vacuum level. It is concluded that thanks to
the adopted mitigation measures the proposed vacuum system shall be adequate, allowing us to reach

<1x 10" H, eq /m? with baseline beam parameters within the first months of conditioning.

DOI: 10.1103/PhysRevAccelBeams.23.043201

I. FCC-hh VS LHC. NEW CHALLENGES

The Future Circular Hadron Collider (FCC-hh) is a
100 km long particle collider, being developed in the frame
of the EuroCirCol conceptual design study. It is designed to
be the Large Hadron Collider’s (LHC) successor, and it is
aimed at expanding the current energy frontiers and the
understanding of the Standard Model [1,2].

The FCC-hh involves two superconducting proton stor-
age rings circulating in opposite directions and colliding at
the energy of E = 50 TeV per beam, a considerable step
forward compared to the LHC, designed to reach 7 TeV.
To avoid an unaffordable machine length, the maximum
dipole magnetic field is raised from 8.3 T up to 16 T. The
high proton energy and magnetic field lead to a dramatic
increase in the synchrotron radiation (SR) critical energy
(&.), going from 43.8 to 4286 eV [see Eq. (1)]. Even if the
maximum beam current is expected to be lower than in
the LHC (see Table I) the photon flux is increased due to
the much higher magnetic field, as represented by Eq. (2)
(derived from the expressions found in [3,4]):
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e.[eV] = 1.074 x 10~" E2[TeV] B[T] (1)
I',,[ph/(ms)] = 2.101 x 103 I[mA] B[T].  (2)

fph is defined as the SR photon flux, B the dipole
magnetic field and I the proton beam current. The higher

[, and e, of the FCC-hh are translated in an increase of
emitted power per bending magnet (MB) length, going
from the 0.22 W/m present in the LHC to 35.4 W/m. In
order to optimize the cooling efficiency, the beam screen
(BS) temperatures are raised from 5-20 K window up to
40-60 K. All these conditions are unprecedented for a
proton collider. Up to date no proton accelerator has been

TABLEI Comparison of the LHC’s and the FCC-hh’s relevant
baseline parameters [2,5].

LHC FCC-hh
Energy [TeV] 7 50
Current [mA] 580 500
Circumference [km] 26.7 97.75
Dipole magnetic field [T] 8.33 15.96
Photon flux [ph/(m s)] 1 x 10Y7 1.7 x 10"
SR power [W/m arc MB trajectory] 0.22 35.45
SR critical energy [eV] 43.8 4286.3
Angle between dipoles [°] 0.29 0.077
Beam screen temperature [K] 5-20 40-60

Published by the American Physical Society
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Comparison of the beam screen of the LHC, as seen in [10], and the FCC-hh’s. Both figures are represented at the same scale.

The inner diameter of the cold bore is 50 mm in the LHC and 44 mm in the FCC-hh.

built being able to achieve SR power densities in the order
of electron light sources.

As it is known, the outgassing related to photon
stimulated desorption (PSD) scales with &, [6]. The density
of the electron cloud (e~ cloud), effect responsible of gas
release through electron stimulated desorption (ESD),
depends on the photoelectron generation, which in turn
scales with €. as well. Considering the e, increase with
respect to previous machines, meeting beam vacuum
specifications in the FCC-hh is not expected to be straight-
forward. Vacuum specifications are defined by the beam-
gas interaction rate (R):

R:ZJjnjza%Zinj (3)
J

j OH

where the index j represents each gas species in the vacuum
chamber, n the gas density and o; the nuclear scattering
cross section. This allows to introduce the H, equivalent
gas density term (”Hzeq)’ which represents the addition of

all the gas species into one single gas density value:
6 .
_ 2 : J
nHz(/q - nj (4)
—~ 0y
J 2

being <1 x 10" Hyq/m? the value of ny, ~which meets

the vacuum specifications in the FCC-hh [7].

In this document each phenomena responsible of the gas
density increase is separately studied, using the vacuum
chamber geometry and the gas load mitigation measures

proposed in a previous publication [7]. Ultimately, the
feasibility of the FCC-hh vacuum system is assessed.

II. THE FCC-HH BEAM SCREEN

The BS is the main element of the vacuum chamber. Its
principal purpose is to intercept the SR power emitted by
the beam and dissipate it at higher temperatures than the
magnet cold bore (CB) (40-60 K vs 1.9 K). In this way,
the Carnot efficiency is increased, and the total power of the
cryoplants stays within reasonable values [8].

Figure 1 displays a comparison of the BS proposed
for the FCC-hh and the one present in the LHC. Both beam
screens are represented at the same scale. The basic
principle of operation is the same in both of them. The
SR impacts on a highly absorbing area (the sawtooth
surface) to minimize the SR scattering, photoelectron
production and the gas load. The released gas is pumped
through a series of perforations on the BS which lead to the
CB. The CB is cold enough to condense all the H,
molecules hitting its surface, yielding a sticking probability
of =1 [9]. This is the only means of pumping in the arcs
during the machine operation.

The main differences are the cooling channel size,
enlarged in the FCC-hh BS to allow a higher cooling
capacity, and the double chamber layout. This new layout
aims to reduce the transverse coupling impedance of the
pumping holes, to avoid the direct impact of SR and
electrons on the cold mass and to lower the photon flux
arriving to the critical areas where the e™ cloud build up
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happens. These critical areas, as explained in [7,11], are
intended to be treated with laser ablation surface engineer-
ing (LASE) [12-14] or coated with amorphous carbon
(a-C) [15,16] in order to mitigate the secondary electron
yield (SEY) and thus suppress the ¢~ cloud. Owing to the
easiness of LASE application and the higher potential in
SEY and gas load reduction, it is preferred over a-C. Recent
studies in the SPS have proved the efficiency of LASE
[17]. This new feature will also be beneficial to lower Cu’s
ESD [18], and if applied on the sawtooth edges, PSD as
well [19].

Both of these solutions have a very high specific surface
and a high gas adsorption capacity, surpassing even by a
factor of 100 that of a flat Cu surface. Although during an
ideal operation, a large gas coverage is not expected to be
present on the BS, uncontrolled temperature regulations or
magnet quenches could cause a gas redistribution and
increase its amount. A temperature transient could lead then
to undesired gas density peaks, if the desorption window of
the chosen SEY solution falls within the temperature
variation range [20]. To avoid this, the BS temperature
might be adjusted by around +20 K, as it happened to the
HL-LHC BS [21]. Nonetheless, since the exact specifica-
tions of the SEY mitigation solution for the FCC-hh, and
thus its desorption window, are not fully defined yet, this
remains as future work. The impact of this temperature
adjustment on the vacuum performance is expected to be
minimal. In a standard dynamic mode, the electron and
photon bombardment on the BS surface keep the coverage
low, in equilibrium. In static mode, the residual gas density
is minimal and not sufficient to grow a significant coverage
during turnaround times.

Being the pumping holes of the FCC-hh BS screened
from the proton beam, their contribution to the beam
impedance budget is negligible. Therefore, they are
allowed to be much larger than in the LHC. The only
|

photon-stimulated desorption

————
th(nph,j + ’1/ph,j) + Fe(ne.j + ’7;,1')

electron-stimulated desorption

limitation in their size is the amount of radiation leaked to
the cold mass. The increased hole size, altogether with the
mentioned augment in the BS temperature, result in a very
high pumping speed. In the FCC-hh BS, the H, pumping
speed is 898 1/(sm) at 40 K, and in the LHC 490 1/(sm) at
40 K [7] (and 173 1/(sm) at 5 K). The higher temperature
of the FCC-hh BS has nevertheless some detrimental
effects on the collider’s performance, since the PSD
molecular yield, the heat transmission to the cold mass
and the Cu surface resistance scale along with it.

The 1.9 K CB is present in almost all the length of the
arcs with the exception of the cryostat interconnections, in
which there are around 0.4 m without any H, pumping. The
low conductance of the BS (derived from its low diameter)
added to this lack of pumping, may cause the gas density to
increase around one order of magnitude in these regions.

To avoid virtual leaks due to flat-flat contact surfaces, the
cooling channel is welded to the inner and outer BS
components leaving periodic clearances. The possible
molecule reservoirs between the flat surfaces can be thus
evacuated. The good vacuum performance of the BS design
has been benchmarked at BESTEX [22], a dedicated
experimental setup built in the frame of the EuroCirCol
project. It has been designed to explore PSD, photon heat
loads, photon reflectivity and photoelectron generation
originated in the inserted FCC-hh BS prototypes under
SR irradiation, with a SR spectrum similar to the FCC-hh’s
one. At BESTEX, a BS prototype with the latest design has
been tested both at RT and 77K, satisfactorily showing the
absence of virtual leaks.

III. BEAM INDUCED VACUUM EFFECTS

A. General gas density expression

In equilibrium state, n; in the vacuum chamber can be

expressed as follows, in a simplified way:

ion-stimulated desorption thermal outgassing

nj

where §; is the BS pumping speed for each gas species, 77,,,
and n;h are the primary and secondary photon molecular
desorption yields (with different values for each species, as
the other molecular yield terms), 7, and 7/, the primary and
secondary electron molecular desorption yields, l'"e the
electron impingement rate, #; and #; the primary and
secondary ion desorption yields, o; the ionization cross
section, k represents each ionized gas species impacting
against the surface of the chamber, A the surface area of the
studied volume and ¢ the thermal outgassing rate. All the
mentioned yields depend directly on the energy of the
corresponding impinging particle.

S

~~
Wi +migoin(I/e)n;t + Ag;

J

(5)

|
Considering that the sticking probability is the same for
all gas species, S; can be found with Eq. (6):

S = Su,\/Mu,/M; (6)

where M represents the molar mass of the gas (j). Each one
of the first three terms of Eq. (5) with an overbrace
symbolizes the gas load of one beam induced vacuum
effect. During beam runs at nominal conditions, PSD is
expected to feature the highest outgassing rate as long as
ESD is effectively suppressed. The contribution of the
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thermal outgassing to the total gas load in dynamic mode is
considered negligible, owing to the low temperature of the
system. However, it is the only outgassing source during
static mode along with the vapor pressure of the condensed
gases in the vacuum chamber. These two effects alone are
expected to result in a static n; around two orders of
magnitude lower than the dynamic one.

The four most common gas species of a cryogenic
vacuum system have been taken into account in this study,
i.e., Hy, CO, CO, and CH,. The gas load and, ultimately,
the partial gas density (n;) of each beam induced vacuum
effect have been calculated, applying the formula shown
above separately for each different gas species. Afterwards,
they have been added together in H, equivalent units to
obtain the total gas density value. The global gas compo-
sition and the contribution ratios of each effect respect to
the total gas density are also calculated and presented
in Sec. IV.

B. Primary photon stimulated desorption (PSD)

Knowing the fph map along the vacuum chamber (in
area units), and knowing the 7, of the irradiated material,
the gas load of this effect can be easily calculated for any
required photon dose. The fph map has been calculated
using SYNRAD+ [23] in units of photons per cm,, as
explained in [7]. SYNRAD+ supports the exportation of
the obtained data to MOLFLOW+ [24-26], allowing a direct
calculation of the resulting gas density in the modeled
vacuum chamber adding 7, ; as an input. For the 77, of Cu
and P506 stainless steel [27] (the BS’s materials) at the
mentioned conditions, 40-60 K and for a SR with &, of
4.3 keV, there is neither exact nor similar experimental data
in the literature. It is expected to be experimentally
measured in the future with BESTEX. Lacking for the
time being the necessary data, they have been numerically
estimated, starting from the closest published values and
then scaling them according to the variation in critical
energy and/or temperature. For Cu, data from the LHC
PSD tests has been chosen [28], taken at 77 K and with
a SR e, of 50 eV. For P506 SS, lacking suitable cryogenic
experiments, data at 3.75 keV ¢. and RT [29] has been
chosen because of the lack of bake-out and because of
the closeness of its ¢, to the FCC-hh’s one (4.3 keV). The
complete process used to convert these chosen yields to the
theoretical ones with the FCC-hh conditions is hereunder
detailed.

For the most common materials used in vacuum tech-
nology, 7,, is in the range of 107°-10~> molecules/
photon, with H, generally featuring the highest yield.
npn decreases over the photon dose that the surface
receives. It is usually plotted separately for each species
on a log-log scale, starting with a constant, high yield, until
a cutoff value of about 10'°-10?° ph/m, corresponding to
the time when the cleaning of the surface starts (see Fig. 4).

After this initial plateau, the curve follows the following
empirical expression [Eq. (7)] [25,30]. No change of slope
is usually appreciated for doses up to 1 x 10> ph/m.

Npn(D) = noD* (7)

no is defined as the initial yield, D is the integrated
photon dose, usually expressed in ph/m in the literature,
and a is the decaying slope (in log-log scale), with values
usually ranged between —0.6 and —1.

The standard units of photon dose, in ph/m, even if they
are useful for fast calculations, are nonetheless not valid as
an input for MOLFLOW+. They also have little physical
meaning, since PSD is a surface effect and has to be
expressed in terms of flux/area instead of flux/length. Two
experiments with the same irradiation in terms of chamber
length, and same flux, could have a different SR beam
width and could be cleaning a different amount of the
vacuum chamber, besides of the scattering effect which can
distribute the radiation all over the chamber and not only on
the initially irradiated areas. As such, the available dose
data has been firstly converted from ph/m to ph/cm?.

The conversion methodology was initially proposed in
[25], where an original experiment built to acquire PSD
data was recreated in SYNRAD+ to know the proportion of
irradiated chamber area per chamber length. A similar
process has been followed in the presented study for the
Cu and P506 SS initial data. The original experiments
were simulated, and the area of irradiation measured. SR
specular scattering has also been taken into account,
filtering the areas receiving small amount of SR power.
For SS data, it has been found that around 70 ph/m linear
dose of the published data correspond to 1 ph/cm? of
surface dose, similarly to [25]. For Cu, it has been decided
to take the same factor as a pessimistic estimation, even if
this factor has been found to be much larger due to a higher
SR beam height of the original experiment, and conse-
quently a larger irradiated chamber area. That said, it is
relevant to highlight the fact that for high photon doses, the
error in the estimations is reduced to a minimum, given the
general convergence of 77,, in common technical materials.

Next, the base yield of the selected data has been
increased taking into account the greater &, of the FCC-
hh SR. 7, increases along with . because, on one hand, a
larger percentage of the SR spectrum is emitted with an
energy higher than the work function of the material
(=4 eV for Cu), being able to trigger photoelectron
emission in the surface, a phenomenon which is thought
to mediate PSD. On the other one, and for the studied
energy range, higher photon energies mean higher photo-
electron energies, more chances to interact with the present
molecules and a higher number of secondary electrons
which in turn can desorb larger amounts of gas. The LHC’s
and FCC-hh’s SR spectrums are plotted in Fig. 2, where it
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FIG. 2. Comparison of the FCC-hh SR spectrum vs the LHC’s,
highlighting the critical energy values. Figure taken from [7].

can be seen the much higher proportion of photons
above 4 eV.

The dependence of 77,,;, on ¢, was found in the past to fit
the following empirical expression [6]:

Mpn = Cscb (8)

where C and b are positive constants different for each gas
and material. b values are usually located between 0.7
and 1.2.

Figure 3 shows an example of the dependence of 7,,;, on
€., using experimental data from the literature [6,31] for
baked Cu at room temperature (RT). The shown depend-
ence has been used to raise the original data up to the
energy relevant for the FCC-hh.

Even if using data taken at RT, the analysis keeps its
pessimistic approach as the variation at high temperatures is
expected to be higher than in cryogenic conditions.
Besides, the extrapolated data corresponds to surfaces
irradiated with glancing incidence, yielding outgassing
rates much higher than with a perpendicular one (as it

10-25 T T L R
g LHC &, — ]
[ 43.8eV =
10° 3
—_ ; 2
<
5 /
2 104 E
o E E
E : / FCC-hhe,
= 4286 eV
10° e .
a4 CO 3
* CO,
10-6 N P SR | .CH4...... L
10 100 1000 10000
SR, [eV]
FIG. 3. 17, dependence on ¢, for RT baked Cu, read at a

common dose of 2.5 x 10%° ph/m, using data from [6,31].

happens for the Y ,;,), which is the case of the FCC-hh,
thanks to the sawtooth finishing. The real 7,,;, is expected to
be lower, then, as it was recently seen in BESTEX [19,32].
For P506 SS, since starting data at RT has been chosen,
the dependence of the 77,,;, with the temperature published in
[33] for a fixed dose has been used to estimate the required
data for the FCC-hh conditions. Nevertheless, P5S06 SS has
very little impact on the total gas load, since Cu is the
material of the BS which receives most part of the SR.
The obtained 7, for each gas were exported to MOFLOW

+ along with the calculated fph map [7] to obtain the partial

gas densities of each species.
By combining Egs. (4)-(6) one can rewrite Eq. (5) for
primary PSD in a more compact form:

r
__rh
nHZWI - SHZ nph.Hzgq (9)

where

7 \'lph.H, OH,

;/I h.j O M
nthzm = ’/IphVHZZ< P2 MI; ) (10)
2

and, simplifying:
rlph’HZeq = rlph’HZKrlph (11)

The estimated 7,, values have been converted to the
above shown H, ., units (17, HM) to allow a direct assess-
ment of the quality of each material with regard to their
impact on the vacuum level. 77, ; have been added together
according to their equivalence to H, in terms of the
amount of beam-gas interaction that each different species
represents. 1,y ,, can also be understood as a conversion
of all different molecules into H, ones (see Table II),
which allows to approximately obtain the same value of
np,,, as if we separately added together all the partial n;
following Eq. (4).

The coefficient K,M varies with the choice of material,
its treatments, photon dose, etc. For example, it varies with
photon dose: from 8 to 5 for Cu irradiated with ¢, = 50 eV
at 77 K [28], from 50 to 30 for baked Cu irradiated
with e, = 3.75 keV at RT [35], and from 50 to 20 for
non-baked SS irradiated with ¢. = 3.75 keV at RT [29]

TABLE II. Equivalences to H, of the different gas species.
Gas species (j) o;/on, [34] Su,/S; Total Hy,,
H, 1 1 1
CH, 6.0 2.8 16.8
CcoO 9.0 3.7 335
CO, 13.9 4.7 64.9
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FIG. 4. H, equivalent molecular PSD yields (ﬂph‘Hm) for
various common materials and conditions [28,29,35,36]
compared with the estimated yields for the FCC-hh.

(approximated values). This shows that the weight of H, in
the total beam-gas interaction ratio can be insignificant
compared to the other gas species such as CO, and CO.
The found 77,,), 11, values of the BS materials are plotted
in Fig. 4 and compared with other 7, 4, w in the literature.

The resulting curves are quite similar for both Cu and
steel, being placed between the data taken at RT with high
€. and at 77 K with low &, as expected. Even if the 77, of
H, does not decrease much when lowering the temperature,
(by a factor of two, for 45.3 eV ¢, and normal incidence
[33]), the CO,’s 1, can be decreased by a factor of 30.
Being each desorbed CO, molecule equivalent to
~65 molecules of H, (see Table II) the total H, equivalent
yield is dramatically reduced.

It can also be noticed how most of the RT curves end up
converging on the same yield after reaching a dose of
1 x 10% ph/m, when the surface is considered already
conditioned. This effect is thought to be ascribed to the
gas content depletion, the hybridization of the sp® surface
carbon layer into sp*> carbon [37] and the increase of the
carbon concentration in the irradiated areas [38]. The
growth of the sp? carbon layer is translated into similar
Y, ultimate values in the different original surfaces.

C. Secondary photon stimulated desorption
(PSD’, gas recycling)

It is known that the total PSD molecular yield increases
along with the gas coverage on the irradiated surfaces. The
gas molecules accumulated on a cold surface are released
back into the system when high energy photons impact
onto it, presenting molecular yield values much higher than
those of a clean surface. This so-called recycling effect is
represented by the secondary molecular yield (11’,) ,»)» which
must be taken into account during the design of a cryogenic
vacuum system. Besides of the interception of the heat load
at higher temperatures, the recycling effect is another

40x10°F T T T
_ o t 3.5eV: Inner copper SR spectrum
g 3:5x10° I Gold bore ¢, ., —— Cold bore SR spectrum 7
m A H 1 ]
R 3.0x10° F P ; 3
S 25x0°F \  |is4ev i 3
£ : ! | photoelect ti ; ]
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i")’, 2.0x10° : ; ]

S 1.5x10° | 3
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; 1.0x10 ] Inner copper aceqi E

0 5.0x10° F ; 7
0.0t ' -

1 10 100
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FIG. 5. Spectrum of the SR arriving to the CB and to the inner
chamber [7], with most part of their photon flux below Cu’s work
function. Calculated with SYNRAD+. Figure taken from [7].

reason of using a beam screen, since the continuous photon
and electron impact on the 1.9 K pumping surfaces would
remove the gas being condensed, not allowing the coverage
to grow and rising the gas density in the system over time
until eventually surpassing the established limit.

In this study only the ;1’ph of the 1.9 K area, the CB (see
Fig. 1), has been taken into account. The BS inner surface
coverage has been considered to be in equilibrium, with a
coverage under the monolayer, balanced by the constant
removal of adsorbed gas by the scattered SR, ions and
impinging electrons and by the sticking coefficient the
surface presents at the defined range of temperatures [39].

In the proposed design, the cold mass never gets directly
irradiated by the SR. However, around 1% of the total
emitted photon flux above 1 eV succeeds in reaching the
CB through the pumping holes after hitting the sawtooth
surface. Fortunately, the equivalent critical energy (e, ) of
the photon flux reaching the cold mass is extraordinarily
low, less than 3.5 eV, given that high energy photons have a
very low probability of being reflected after hitting a
perpendicular surface. Fig. 5 shows the calculated energy
spectrum of the SR arriving to the CB and inner chamber,
cropped at 1 eV, where it is possible to see the low energy of
the radiation arriving to the bore, in the range of visible and
UV mostly. As for the SR power, much less than 0.01%
of the total emitted one is expected to be leaked up to
the CB.

To calculate the gas load of this effect, the evolution of
the surface coverage has been estimated for a period of two
years, the established time in the LHC between allowed
cold mass warm-ups. As a conservative estimation, it has
been considered that all the gas desorbed inside the BS due
to PSD and ESD is uniformly accumulated on the area next
to the pumping holes, about 10 mm wide, with a perfect
sticking factor of 1. In reality, the gas desorbed from the CB
could be distributed over all its surface. Calculated values
are shown in Fig. 6.
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FIG. 6. Worst case of estimated surface coverages on the CB
over time, for a continuous operation during Phase 1 [40].

To each coverage value a 17, has been assigned using
experimental data from the literature [41]. These values are
shown in Table III for a particular time frame. H, is
the gas most easily desorbed, presenting a very high
”/ph’ almost 3 orders of magnitude higher than 7,,. For
this gas, it does not vary in excess after the monolayer
(=3 x 10" molecules/cm? [42]). The rest of the species
have a much more varying secondary yield value within the
range of the primary one. It is not expected to surpass 10~*
molecules/photon over the two years of operation.
Therefore, the composition of the recycled gas would be
mainly H, in more than 90%. ]

With the displayed yields and the I",,, map found in [7],
the recycling gas load can be easily calculated, as shown in
Eq. (5). It is concluded that, thanks to the sawtooth
finishing and the pumping holes layout, the SR power
reaching the cold bore is kept within safe values, and does
not entail an unaffordable desorption of the condensed gas.

It is also relevant to highlight that the experiment from
which the chosen 7/, values are taken was performed with
a g. of 284 eV, far greater than the ¢.,, of the photons
arriving to the CB. These data have been chosen since no
data for a lower ¢, is available. The published values have
been used without any conversion as a pessimistic

TABLE III. n;, ,, over time, in molecules/photon, as interpolated
from the experimental data published in [41] and calculated for
the coverage values shown in Fig. 6.

Gas

species (g) 1 week 1 month 1 year 2 years
H, ., 0.53 0.54 0.60 0.61
H, 0.51 0.51 0.55 0.56
co 33x 107 37x10™% 52x107* 59x107*
CO, 13x107* 1.6x10™% 32x10™* 42x10™*
CH, 34x107* 38x10™* 53x107™* 62x107*

estimation, yielding even so gas load values relatively
low. Future experiments at 1.9 K would be necessary to
properly asses the stability of the condensed gas.

As for the photocracking effect [43,44], process where
the adsorbed CO, and CH, dissociate into CO + O, and
C + H, due to the interaction with the incident radiation, it
has not been considered for the calculations. Most of the
photons arriving to the CB have an energy lower than the
necessary one to break the chemical bonds, so it is not
expected to influence the gas composition in a high extent.
Moreover, part of the C present in the cracked molecules is
not expected to be released as a gas, lowering the total H,
equivalence of the released species. Consequently not
taking this process into account results in a conservative
scenario.

Another effect which is expected to take place is the gas
recycling by means of the thermal radiation coming from the
BS. This phenomena was reported to prevent the saturated
vapor pressure to go below of only 1071°-10~!" mbar,
without observed dependence on the BS temperature within
20-100 K, and it was attributed to the surfaces at room
temperature [45]. Therefore, even with the difference of BS
temperature, itis notexpected to have a significant impact on
the beam lifetime.

D. Electron stimulated desorption (ESD)

As previously explained, the e~ cloud effect is expected
to be suppressed in the FCC-hh thanks to the application of
LASE (the preferred and hereby studied option) and/or a-C
on the beam screen.

Even if the electron impingement rate (fe) on the
vacuum chamber would be considerably low, mainly
thanks to the SEY mitigation, it can still trigger some
non-negligible gas desorption through ESD. The
ESD contribution to the total n; must be then taken into
account.

The ESD gas load can be calculated multiplying 7, by fe
[see Eq. (5)]. An estimation of 5, for Cu at cryogenic
temperature and with electron energy of 300 eV can be
found in [46]. Lacking data for LASE, these values have
been conservatively chosen as a pessimistic scenario. 7,
depends on the incident electron energy [47] following the
same empirical expression as for 77,, [Eq. (8)]. For each
material, 7, is usually proportional to 77, and Y ,,. LASE’s
11pn has been found to be much lower than untreated Cu
during the latest runs in BESTEX [19], as well as its Y,
[48-50], as described in [7]. Consequently, even if still not
measured, LASE’s 7, values are expected to be lower than
Cu’s, being safe to use the values found in [46].

fe has been calculated with the PYECLOUD code [51,52]
for 1-1.8 SEY and different bunch spacing options, and for
50 TeV, 500 mA beam. fe depends directly on the photo-
electron generation rate, N,, which is directly calculated
with T

»n and Y, using Eq. (12):
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TABLE IV. Worst case of fph (calculated using pessimistic
sawtooth reflectivity properties) above 4 eV and subsequent N,
on different BS regions. 50 TeV, 500 mA beam. Inner chamber e~
cloud build-up areas and photon absorber are considered to be
treated with LASE. Rest of the showed regions are OFE Cu.

Beam screen area L, [ph/(cm? s)] N, [e7/(cm? s)]

SR absorber central region 4.0 x 10'6 5.9 x 101
Sawtooth stopping facets 1.8 x 10'° 2.4 x 105
SR beam tails screen 1.6 x 103 8.7 x 10!
Interconn non-SR areas 1.2x 108 5.0 x 10"
Quad e~ impact regions 9.4 x 10'2 1.6 x 101
Dip e~ impact regions 1.9 x 10"2 2.3 x 100
Epax -
No= [ EE) (B dE (12)

N, results for some representative BS areas are shown in
Table IV.

The most critical areas to analyze are the regions close to
the beam which delimit the magnetic field lines [53]. They
can be appreciated in Fig. 7, for quadrupoles and dipoles.
N, on these areas has got the highest weight in fe final
values, so they should be the ones protected the most from
SR incidence and/or treated for SEY mitigation.

fe values are shown in Figs. 8, 9, and 10, for dipoles,
quadrupoles, and drift spaces between dipoles. I', is
projected on the horizontal direction in the BS for a bunch
spacing of 25 ns, the design value. The abscissa axis
represents the horizontal width of the BS, whose inner
radius, measured in the secondary chamber, is 19.425 mm.
The point x = 0 mm represents the vertical plane where the
proton beam is positioned.

These data have been used in Eq. (5) to calculate the
ESD gas load for 25 ns, which is shown in Sec. IV. For
dipoles and quadrupoles, an SEY =1 and Y,, LASE
values [50] are considered. For the drifts between dipoles,
the SEY has been set to 1.4 and Y ,;, Cu data [50] have been
used. No magnetic field has been taken into account in
these regions as a pessimistic scenario, even if the magnetic
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FIG. 7. Electron density graphs for an LHC-type BS and SEY
curves Cu-like, for baseline parameters. On the left, BS in a
dipole magnetic field, on the right in a quadrupole magnetic field.
Figure taken from [7].
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FIG. 8. Horizontal projection of the electron impingement rate

inside the FCC-hh BS with a 16 T dipole magnetic field,
depending on the SEY. 50 TeV, 500 mA, 25 ns beam. Inner
chamber flat areas treated with LASE.

106 AN I UM I I UL I I I I
i 25 ns quadrupole 1 sev
10%5 | 4
j—18
. ] —17
— 14 L i
IO 1— 16
S 101 ] 15
5 | ]
< q012 b 13
E 1.2
10 b i 1.1
A= 4 i—1.0
r Inner chamber width ]
1010 AT B P P P P B B

20 -15 -10 -5 0 5 10 15 20
Horizontal position [mm]

FIG. 9. Horizontal projection of the electron impingement rate
inside the FCC-hh BS with a 360 T/m quadrupole magnetic
field, depending on the SEY. 50 TeV, 500 mA, 25 ns beam. Inner
chamber curved areas with LASE.

1015 frorrrrryrrrTyrYTTTTYTrTrTprTYr YT T

25 ns drift space SEY

1] —18
—17
1—186
] —15
] —14
——13

1.2
] 1.1
]l —1o0

1014 -

I, [e/(cm? s)]

10" |

Inner chamber width
1012 il PP INITETIT INEPITIT S INIPATIT S APETIT A IS e | I

2l 1 2l
20 15 -10 -5 0 5 10 15 20
Horizontal position [mm]
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inside the FCC-hh BS in the interconnect area, with no magnetic
field, depending on the SEY. 50 TeV, 500 mA, 25 ns beam. Only
absorber slope region treated with LASE.
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FIG. 11. Average electron impact energy in a dipole and drift

space with SEY = 1.4, and in a quadrupole with SEY = 1.1.
50 TeV, 500 mA, 25 ns beam. Drift space without magnetic field
presence.

field in the magnets interconnects is far from being
negligible.

I, has been generally found to be very low in dipoles and
quadrupoles with SEY < 1.0, the maximum value of the
proposed LASE option for the FCC-hh BS [54], for

0-1000 eV electron energies. In the drifts, however, I,
is considerably high owing to the presence of the photon
absorber, with a high SR power density, and owing to the
absence of an SEY mitigation treatment in the other
elements. In total, provided the SEY is set under the
multipacting threshold [2,7], it produces a considerably
small rise in the gas density for all the possible bunch
spacing options (25 ns, 12.5 ns, 5 ns), representing in
average 10% of the total gas density in the arcs for the 25 ns
bunch spacing option.

In order to avoid electron multipacting, leaving the
vacuum chamber without SEY mitigation treatment is only
possible in dipoles and drifts, for 25 ns and 5 ns [7]. In
dipoles, for a scrubbed Cu with a defined SEY = 1.4, the
ESD gas load has been estimated to be two times higher
than for LASE treated Cu. This option would entail a
further conditioning of the BS until being able to reach the
baseline current and energy parameters with a nuclear
scattering beam lifetime above 100 h, adding approxi-
mately 20 Ah of necessary dose.

The average electron impact energies have also been
calculated. An example for the 25 ns baseline is displayed
in Fig. 11, plotting the values as an horizontal projection. In
all the three studied magnetic field variations the electron
energy remains always under 300 eV, making the chosen 7,
data [46], with 300 eV electron energy, an even further
conservative choice.

In this figure it is also possible to appreciate the low
energy of the electrons in the secondary chamber of the BS
in the dipoles and quadrupoles, starting at around 14 mm

in the horizontal length. The electrons generated in the
sawtooth surface, where most part of the SR impacts,
are far from the positive space-charge potential generated
by the beam, and since they are forced to follow the
magnetic field lines, they receive a very small kick when a
bunch passes.

As for the photoelectrons generated well inside of the
secondary chamber, behind the inner chamber, the amount
of energy increase is negligible. The inner chamber shields
completely the electric field generated by the bunches,
preventing the generated photoelectrons from being accel-
erated. This feature is especially relevant because the CB
would otherwise receive a significant heat load from the
electrons leaked though the pumping holes, and very high
amounts of condensed gas in the 1.9 K surface would be
desorbed. The electron shield present in the LHC [55] is
thus expected to be unnecessary in the FCC-hh.

In the drifts, the 1.9 K cold bore is not present. Therefore,
the power which is leaked in this region through the
pumping holes is not as dangerous as it would be inside
the magnets. Additionally, the simulations with PYECLOUD
have been performed considering a BS profile without
pumping holes, with an effective N, on their otherwise
empty volume. The shown fe can be thus considered
overestimated.

Thanks to the low electron power leaked though the
pumping holes, the recycling effect ascribed to ESD has not
been taken into account in the total gas density calculation,
neglecting the value of 7, in Eq. (5).

E. Ion stimulated desorption (ISD)

In proton colliders the beam current that can be stored is
limited among other things by the ISD. The positively
charged proton beam ionizes residual gas molecules in its
path and repels them by the positive space-charge potential.
Ions are then accelerated toward the vacuum chamber walls
and release some of the stored gas. Since the resulting
increase in the gas density exacerbates the ionization rate,
an avalanche process may then occur, triggering a gas
density overrun when the beam current is high enough [30].
This beam current value is defined as the critical cur-
rent (1.).

To calculate the critical current, a simple approach found
in [56] for a two gases system has been followed. Two
representative areas of the arcs cell have been studied: the
BS inside the MBs and short straight sections (SSS); where
a constant and distributed pumping speed is present thanks
to the cold mass presence, and the magnets interconnects;
where no active pumping is present and the pipe conduct-
ance plays a major role. As the critical current depends on
the capacity of the studied area to evacuate the generated
gas, the interconnects will be consequently the system’s
bottleneck.

With regard to the gas mixtures studied, the combination
of CO and CO, has been found to be the worst one due to
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the high cross section and yields of these species. Values for
a mixture of H, and CO, the most common species, are
shown for comparison.

Cje

1.(j.k) =
MNik,jOik

(13)

Equation (13) represents the partial critical current for a
region with a constant distributed pumping (C;). Complete
formulas used for both representative areas can be found in
[56]. 17; . ; depends on the ion impact energy. Procedures for
calculating the energy of ions for round and flat beams are
described in [57,58] and [59], respectively. The probability
of ionization p(r) of the residual gas molecules is propor-
tional to the density of protons in the bunch at the molecule
position (r) at the ionization time. For a Gaussian distri-
bution of particles in a round beam:

p(r) < e/ (14)

where ¢ in Eqgs. (14) and (15) is the transverse RMS beam

size and r = \/x? + y? is the radial position. The energy of
ions hitting the beam vacuum chamber wall depends on the
beam parameters and the initial ion position. The radial
electric field, E,, of the bunch in the FCC-hh can be
calculated with Eq. (15):

Ey(r)=—2 (1

= —e 15
dreglyr ¢ ) (15)

where ¢, is the proton bunch charge (with a bunch
population of 10'"), g, is the vacuum permittivity and [,
is the RMS bunch length, 8 cm [2]. This expression, for a
round beam case, has been chosen for the sake of
simplicity. For the case of a more accurate elliptical beam,
see [60]. In the model for the calculation of the ion energy,
an ionised particle is accelerated by the peak electric field
during the bunch passage and then drifts with a constant
velocity until the next bunch arrives. A numerical integra-
tion method is employed to estimate the ion velocity just
before collision with a vacuum chamber wall in the absence
of magnetic field. The iteration formulas for the ion
velocity v and the radial position r in the presence of a
bunch are

vy = v, +E, LAt (16)
m
Fp =y + v, Af (17)

where A7 = 7/N is the time interval, n = 1,2...N, and 7 is
defined as the bunch duration, 0.26 ns. The time interval
should be chosen small enough so as not to influence the
final result. This requirement was found to be satisfied for
N =1000. Between two bunches the ion drifts with
velocity v; = vy to the radial position r; when a new
bunch arrives:

TABLE V. Average ion energies for different beam sizes,
without magnetic field presence. f is the beta function.

Ton species Arcs (., = 225 m) IP (5, =1.1 m)
HY 185 eV 16 keV
Cco* 142 eV 5.2 keV
CO; 141 eV 3.7 keV
rg=ry+ oy(T =7) (18)

where T is the bunch spacing in seconds. The results of the
calculation are shown in Table V, showing the results for
the interaction points as well, for comparison. For each set
of beam parameters, the ion energy was calculated for
different initial positions of the ion across and along the
beam, according to the distribution of protons within the
bunch. The calculations were performed for H, CO", and
COj3 . No difference was found between them.

Average ion impact energies with no magnetic field
result in around 185 eV for H, and 142 eV for CO and CO,.
In the presence of a dipole magnetic field, an energy
increase by a factor of 1.05-1.15 was estimated for the
LHC for H,, without any change for CO [58]. For quadru-
poles, a factor of 1.3-1.7 was found only for H,.

1i x,j values estimated for the LHC studies [56] have been
chosen as an input for the calculations, with 500 eV for H,
and 300 eV for the other species. This approach should be
safe enough as the real values for the most dangerous
species (CO and CQO,) are expected to be lower due to the
lower ion energies. The recycling effect has not been
considered, as ions are not expected to reach the 1.9 K CB.

As for the cross section values, the estimations for the
FCC-hh are displayed in Table VI. They are compared with
the ones for previous colliders. They are around a 15%
higher than the values found for the LHC due to the higher
beam energy.

TABLE VI. Comparison of the ionization cross sections for the
FCC-hh and previous proton accelerators, with a clear depend-
ence on the beam energy [61].

Beam ionization cross section (¢;) 10722 m?

SPS 0.45 TeV  LHC 7 TeV  FCC-hh 50 TeV

Gas species

H, 0.36 0.45 0.51

CcO 22 2.7 33

CO, 34 43 5.1

CH, 2.5 32 3.7
TABLE VII. Results of /. and related gas density increment in
the BS of the arc magnets.

Arc BS inside magnets H, + CO CO + CO,
1. 37 A 19 A
Related Any, 1.4% 2.7%
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TABLE VIII. Results of 7, and related gas density increment
for the critical area of the MB-MB FCC-hh interconnection.

MB-MB interconnect H, + CO

I, 12.8 A
Related Any, | 4.1%

CO + CO,

6.8 A
7.9%

TABLE IX. Maximum length of the interconnect for different
gas species, at 40 K.

Gas H2 CcO C02 CH4

18.6 m 2.0 m 2.2 m 9.0 m
6.2 m 0.68 m 0.73 m 3.0 m

Max length
Safety factor 3

The calculated 7. values are displayed in Tables VII
and VIII. Due to the uncertainties of the input parameters in
the calculation of /., a safety factor of 3 is applied in this
work (as recommended in the LHC design studies [56]).
The current in the FCC-hh arcs would be limited then to
6.8 A, around 2.2 A taking into account the safety factor.
Since the FCC-hh is designed for a baseline beam current
of 0.5 A, it is concluded that ISD should not trigger any
vacuum instability. However, a slight rise in the gas density
is expected owing to the generated ions. It can be easily
calculated using Eq. (19).

(19)

In the worst case, for a gas mixture composed entirely of
CO and CO,, nw,,, would rise 7.9% in the middle of the
interconnects and a 2.7% inside the magnets. In a more
realistic one (see expected composition in Table XI) only
4.1% in the middle of the interconnects and 1.4% inside the
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magnets are expected, becoming ISD the beam induced
vacuum effect with the smallest contribution to the total gas
load in the FCC-hh.

Derived from the same results, it is possible to
calculate the critical length of the interconnect region,
length at which the pumping speed at its middle point is
so low that the beam current reaches its critical value.
Equations (20) and (21) have been used to estimate these
values for different single gas compositions, shown in
Table IX.

ue

L )~ J 20
max(J) & 7 o, (20)

d&® |zRT
e 21
Y3 2m, (21)

where u is the specific conductance of the interconnect
pipe, d the equivalent pipe diameter and R the ideal gas
constant. Results show a maximum pipe length of
0.68 m, taking into account a safety factor of 3 and
without considering any sticking coefficients in this
region, for any gas. Being 0.4 m the proposed inter-
connect length without CB, the design shall be safe.

It is also worth mentioning the importance of keeping a
low gas coverage in the interconnect, specially during the
pumping/cooling down process. #; values grow consider-
ably fast along with the coverage, being /. lowered in the
same proportion.

IV. MOLECULAR DENSITY PROFILE AND
EVOLUTION IN THE ARCS

All the partial gas densities of each gas species, for all the
beam induced effects [see Eq. (5)], have been converted to

4.0X1015_'|'|'|'|'|'|'|'|'|'|'|'|'|'|'|'_
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FIG. 12. On the left, ny,  is plotted in H; ,, units over the accumulated photon dose and its equivalent time in months for 30 mA of
average current. On the right, the ny, profile of the most irradiated MB in the arc cell, representing the periodic profile in the arcs. It is

characterized for the bump in the interconnection area, with no cryopumping present for most gas species. Values given for 50 TeV,
500 mA, LASE with an SEY = 1.0 and Cu with a SEY = 1.4, for both subfigures.
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TABLE X. Gas load ratios of the beam vacuum induced effects
for two different arbitrary doses.

TABLE XI. Gas composition ratios of the main four species, for
an arbitrary dose of 120 Ah.

Dose PSD PSD’ ESD ISD Gas H, CcO CO, CH,
36 Ah 80% 10% 8% <3% Total H,, 29% 57% 12% 2%
120 Ah 70% 18% 11% <3% Absolute 79% 17% 2% 1%

Abs w/o recycling 63% 31% 4% 2%

H, ., units [see Eq. (4)] and added together over a series of
arbitrary photon doses. They are plotted in the left side of
Fig. 12, representing the evolution of the total n H,,, OVer

time, for a 40 K He MB BS and a 500 mA, 50 TeV, 25 ns
beam, with SEY = 1. It has been calculated as a pessimistic
estimation taking the average ny,  along the most irradi-

ated MBs of the arcs cell (the four ones before each short
straight section, SSS), which are expected to be the most
critical elements in terms of vacuum quality.

According to the obtained results, the goal of 100 h
nuclear scattering lifetime, corresponding the previously
mentioned gas density of 1x 10" H,./m?, would be
achieved within a dose of 80 Ah, for baseline parameters. It
is equivalent to around 4 months of continuous operation
with an average current of 30 mA, value similar to that of
the first years of the LHC commissioning, with around 300
Ah per year. Running at 50 TeV is still possible before
reaching this level of conditioning, but with beam current
limitations. Ultimate beam parameters are usually reached
only after some years of conditioning, so vacuum is not
expected to be a bottleneck in the FCC-hh commissioning
out of the initial pump downs.

As expected most of the gas load is caused by PSD, with
the other effects playing a minor role. ESD and ISD would
be efficiently suppressed thanks to the SEY mitigation
treatment and to the high pumping speed of the BS,
respectively. PSD’ may represent a significant gas load
after some months of use. However, as previously dis-
cussed, its Hy¢q ’7;;;, does not vary much for the coverages
that the cold mass is expected to reach (see Table III).
Therefore, a point in which the decaying rate of the ny,

along dose is reversed, and the 100 h lifetime limit is
surpassed due to high gas recycling taking place, is not
expected to happen during 2 years of continuous operation.
The ultimate gas density will be limited by this effect. For
baseline beam parameters, it would be difficult to go under
1 x 10~° mbar in the presented pessimistic scenario. Future
measurements of n;h, with a lower ¢, value than the one
corresponding to the used data, will allow to lower this
estimated value.

Table X shows the calculated gas load ratio of each
studied effect respect to the total one. Being both PSD and
PSD’ conservatively overestimated, the error with respect
to the real phenomena may be large. Even so, the shown
data are useful in an indicative way, highlighting PSD as the
effect with the highest impact on the beam lifetime.

On the right side of Fig. 12 the n,., profile along
the most irradiated MBs of the cell is plotted. The first
two MB after the SSS would have lower gas density
because the negligible SR emission from the SSS magnets.
A gas density bump can be appreciated on the right side. It
is ascribed to the absence of pumping in the interconnect
region, to the high SR power density on the photon
absorber present at the end of each MB, and to the high
ESD gas load in this region. Along each magnet the gas
density does not vary considerably thanks to the distributed
cryopumping.

The calculated gas composition is shown in Table XI. In
absolute units, H, is the predominant species. Nevertheless,
after converting all the species to H, ,, units, CO becomes
clearly the most relevant one, featuring the highest impact
on the beam lifetime. Even if CO, presents the highest
cross section, its 7, is expected to be considerably low at
the studied range of temperatures due to the chemical
nature of this species.

V. CONCLUSIONS

In this paper the beam induced vacuum effects in the
vacuum chamber of the FCC-hh have been studied. It is
concluded that, in spite of the much higher synchrotron
radiation power and beam screen temperature, the vacuum
system of the FCC-hh shall be adequate.

The amount of conditioning which is needed to run the
collider with baseline beam parameters and 100 h of beam-
gas scattering lifetime is acceptable, i.e., lower than 80 Ah.
These favorable provisions would be possible on one side
thanks to the new beam screen design, which features a
pumping speed more than three times higher than that of
the LHC beam screen, and on the other one thanks to the
expected SEY mitigation, relegating ESD to a minor role.

That being said, the high uncertainty of these estimations
derived from the lack of data in the literature leaves these
results as mere tentative. To completely assess the viability
of the FCC-hh vacuum system, dedicated experiments will
have to be carried out in the future.
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