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Beam-induced surface modifications as a critical
source of heat loads in the Large Hadron Collider

Valentine Petit® '® Mauro Taborelli!, Danilo Andrea Zanin!, Marcel Himmerlich® ', Holger Neupert1,

Paolo Chiggiato' & Giovanni ladarola'

Beam-induced heat loads on the cryogenic regions of the Large Hadron Collider (LHC) exhibit
a wide and unexpected dispersion along the accelerator, with potential impact on the per-
formance of its High-Luminosity upgrade. Studies related the heat load source to the ava-
lanche multiplication of electrons at the surface of the beam vacuum chamber, a
phenomenon known as electron could build-up. Here, we demonstrate that the topmost
copper surface of beam pipes extracted from a low heat load region of the LHC consists of
native Cu,0O, while the pipe surface from a high heat load region had been oxidized to CuO
during LHC operation and maintenance cycles. Experiments show that this process increases
the secondary electron yield and inhibits efficient surface conditioning, thus enhancing the
electron cloud intensity during LHC operation. This study relates the abnormal LHC heat
loads to beam-induced surface modifications of its beam pipes, enabling the development of
curative solutions to overcome this critical limitation.
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and resulting from the exponential multiplication of elec-

trons in the vacuum beam pipe? have been identified as a
critical source of beam instabilities*”, pressure rises®’, and heat
load on the cryogenic system®® of the Large Hadron Collider
(LHC) at CERN. Different strategies have thus been implemented
to mitigate the electron cloud build-up. Along room temperature
parts of the LHC ring, the beam pipe surface is coated with a
Non-Evaporable Getter thin film!0, which exhibits a low sec-
ondary electron yield (SEY, governing the multiplication of the
electrons in the beam pipe) after activation!!. In the cryogenic
arcs hosting the superconducting magnets, the mitigation of the
electron cloud relies on beam scrubbing!?, i.e., on the con-
ditioning of the copper beam pipe surface by electrons from the
cloud itself. Indeed, it has been shown that the electron irradia-
tion of air-exposed copper leads to a SEY decrease driven by
surface cleaning through electron stimulated desorption and
graphitization of the airborne carbon layer!3-1°,

Throughout the LHC Run 1 (2010-2013), a clear reduction of
the cloud-related effects has been observed?®2!, proving the
efficiency of the mitigation approach. The venting of the machine
during the Long Shutdown 1 (2013-2015) for maintenance
reactivated the electron cloud at the beginning of Run 2 in 2015
and new scrubbing was required20-22, However, since 2015, the
beam-induced heat load deposited on the cryogenic system of the
LHC arcs has presented some new and unexpected features. The
average heat load varies up to a factor of three between the eight
2.8 km-long LHC arcs?3 in spite of their identical design, and by a
factor up to about 13 between adjacent and nominally identical
dipole magnets**. The presence of high heat load regions per-
sisted all along Run 2 (2015-2018) despite years of accumulated
scrubbing. Unfortunately, in some sections of the LHC ring, the
heat load at nominal beam intensity is currently close to the
cooling capacity of the cryogenic system, i.e., the cryogenic sys-
tem can still maintain the nominal operating temperatures by
dissipating the beam-induced heat loads, but only with little
margins left. This situation could thus induce significant con-
straints on the operation with the increased heat load foreseen for
the High-Luminosity phase of the LHC (HL-LHC), starting in
20272>26. In the absence of a curative solution, any further
increase of the heat load after the Long Shutdown 2 (2019-2021)
would limit the beam intensity in the HL-LHC, with a direct
detrimental impact on its attainable integrated luminosity2°.

Several sources of beam-induced heat loads have been con-
sidered as a possible cause for this anomaly, such as electron
cloud, synchrotron radiation, beam impedance, and beam losses.
However, all of them but electron cloud could be discarded?3. In
addition, the observed heat load scattering corresponds well to
the one obtained from electron cloud build-up simulations,
assuming different SEY in the different parts of the LHC ring, as
confirmed by independent measurements with different beam
configurations?>»?7. Under this hypothesis, the heat load spread
reflects a strong dispersion of electron cloud intensity along the
ring, possibly due to a modification of the surface properties of
some beam pipes and in particular of their SEY. This work aims
to assess this hypothesis, as a first step in solving this critical issue.

During the LHC Long Shutdown 2, several cryo-dipoles, pre-
senting different heat loads, were extracted from the ring. After
venting of the corresponding sections, the beam-exposed vacuum
components of a low and a high heat load dipole were extracted
from their 15.5 m-long magnets according to a specific procedure
to limit their deconditioning?8. In the present work, the chem-
istry, the secondary electron yield, and the conditioning beha-
viour at room temperature of their beam-exposed copper surface
are characterized in the laboratory. Differences between surfaces
of the low and the high heat load dipole vacuum components are

E lectron clouds developing in modern particle accelerators!-?

identified and clearly related to their respective conditioning
performance. The characteristic features of each surface are also
examined within the context of existing knowledge on copper
conditioning and deconditioning mechanisms!316-19:2829 pos-
sible origins of these differences are then discussed, and curative
solutions are considered.

Results

Selection of LHC dipoles and beam screen extraction. The
dipole magnet located at the LHC position B31L2 (see Supple-
mentary Note 1 and Supplementary Fig. 1 for the naming con-
vention of the LHC positions) was selected as the high heat load
magnet for this study, since it exhibits a heat load of 60 W with
two circulating beams, during a typical LHC physics fill. In par-
allel, the dipole located at the position C21R6 (see Supplementary
Note 1) was chosen as the low heat load magnet. Even though the
heat load for this individual dipole is not directly measured by
sensors, the heat load of its associated half-cell (three dipoles and
a quadrupole in series) is 30 W, i.e., half of that of the single
B31L2 dipole magnet. The beam-induced heat load is thus sig-
nificantly different for the two selected dipoles, despite a similar
design and manufacturing process of their vacuum components
and an identical functional position in the accelerator.

Extracting a vacuum component of a LHC dipole requires the
venting of the corresponding LHC arc. Partial deconditioning of
the beam exposed surfaces, ie., an alteration of their in situ
conditioning state via surface adsorption and reaction processes,
is thus expected and unavoidable?8, However, based on a
deconditioning study?$, a specific strategy was implemented to
preserve at most the surface state and ensure a comparability of
the different samples in spite of the time spread of the analyses.
After a warm-up of the concerned LHC arcs from cryogenic to
room temperature and venting of the beam pipes to atmospheric
pressure with a high-purity mixture of nitrogen-oxygen (80%-
20%), the two beam lines were cut at the dipole extremities and
the open ends were immediately closed with Viton®-sealed caps.
The magnets were then extracted from the ring, transported to
the tunnel access pit, and lifted to a facility on ground level.

A schematic profile of one LHC cryo-dipole beam vacuum
system is shown in Fig. la. The cold bore, surrounded by the
superconducting coil, is maintained at 1.9 K during operations.
To intercept the beam-induced heat loads due to synchrotron
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Fig. 1 LHC beam screen. a Schematic of the beam vacuum system in the
LHC arcs with the orientation of the dipole magnetic field B, b beam screen
section collected for laboratory analysis, before, and ¢ after cutting for
fitting into the experimental set-up. The identification name of the different
beam screen sides is indicated in (@, ¢), where the welding side refers to the
full lateral side and not only to the welding itself.
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Fig. 2 Beam screen sampling positions. Positions of the beam screen
sections cut for analysis (black stripes) for Low Heat Load C21R6 and High
Heat Load B31L2 LHC dipoles, and simulated electron cloud density
distributions in the field and field-free regions.

radiation, impedance, and electron cloud effects, a beam
screen”812 (co-laminated copper on stainless steel) operating
between 5 and 20 K is inserted into the cold bore.

For this study, the beam screens of each magnet, referred to as
High Heat Load (B31L2) and Low Heat Load (C21R6) beam
screens, respectively, were collected. For each beam aperture
(named V1 and V2, respectively, see Fig. 2), 5cm-long beam
screen sections as shown in Fig. 1b were sampled from different
longitudinal positions depicted in Fig. 2. Beam screen sections were
extracted with a clean saw from regions within the dipole field and
from the field-free regions of the magnet assembly, since their
electron cloud spatial density distribution is different, as shown in
Fig. 2. To fit into the surface analysis setup, the sections were cut
again into six parts, as displayed in Fig. lc, where the naming
convention for the beam screen sides is also defined. The inner
copper surface of the entire beam screens was visually inspected,
and no irregularity was observed. The extraction process lasted one
day and all the beam screen sections were stored in static vacuum
after extraction, to stop their deconditioning?® before proceeding to
their analysis. The sample collection schedule was optimized so that
only two weeks were required from the venting of the LHC arcs to
the storage of the samples under vacuum. During this period, the
surfaces have been exposed to 1bar of dry air as the vacuum
components were sealed by end caps after the venting procedure.

Surface characterization of as-extracted samples. Chemical
analysis by X-ray photoelectron spectroscopy (XPS) and SEY
measurements were performed on the copper surface of the dif-
ferent beam screen sections after extraction, at different azimuthal
positions.

Azimuthal profiles of maximum SEY for V1 beam screens
(where the proton beam 1 was circulating) of both the Low and
High Heat Load dipoles are shown in Fig. 3. The grey areas show
the range of maximum SEY measured on reference beam screens
(spares from the stock, never installed into the LHC).

For the Low Heat Load beam screen, all the three azimuthal SEY
profiles exhibit very small scattering and no specific azimuthal
pattern. In particular, for sections inside the dipole field, no

systematic maximum SEY difference is observed between the flat
(top and bottom) and the curved lateral (sawtooth and welding)
beam screen sides (see Fig. 1) in spite of the confinement of the
electron cloud by the magnetic field. The maximum SEY value is in
average between 1.6 and 1.8, ie., significantly lower than for the
spare beam screens. The same holds for the field-free region.

For beam screen sections in the field region of the High Heat
Load dipole, a trend appears, beyond the larger scattering of the
data. On the flat sides, the maximum SEY lies between 1.8 and
2.0, which is significantly higher than for the Low Heat Load
beam screen case. On the lateral sides, the maximum SEY is
found between 1.6 and 1.8, close to the values measured on the
Low Heat Load beam screen samples. The beam screen section in
the field-free region of the High Heat Load magnet exhibits a
globally flat SEY profile, between 1.8 and 2.0, i.e., at the SEY level
of the flat sections in the field region of this magnet. Similar
observations were made for the V2 beam screens from each
dipole, in which the second proton beam was circulating in
opposite direction.

The SEY curves of the central top point (azimuthal position =
0°) of two beam screen sections in the field region of the High and
Low Heat Load dipoles, as well as the one for a lateral side of the
High Heat Load beam screen—in field—are shown in Fig. 4.

The Low Heat Load beam screen sample—top side—exhibits
both a lower maximum SEY and a lower energy of the maximum
SEY than the top side of the High Heat Load beam screen section.
The energy of the first cross-over to SEY > 1 is similar in all cases.
The curve of the lateral side of the High Heat Load beam screen
section and one of the flat sides of the Low Heat Load beam
screen have a similar shape, even though the SEY of the latter is
slightly higher.

Surface chemical analysis of the beam screens by XPS revealed
the presence of carbon, oxygen, copper, as well as nitrogen and
traces below 1 atomic percent (at.%) of sulfur and silicon,
originating from the detergent used for the cleaning of the beam
screens for UHV compatibility3?,

Photoelectron and X-ray-induced Auger lines of the top sides in
the dipole field of the High and Low Heat Load dipoles are shown
in Fig. 5. The corresponding survey spectra are displayed in
Supplementary Fig. 2 in Supplementary Note 2. The Cu 2p, O 1s,
and Cu LMM Auger lines of the Low Heat Load sample are at
932.5, 530.5, and 916.7 eV respectively, indicating that copper is
dominantly in Cu,O form31:32. The presence of a satellite between
939 and 947 eV on the Cu 2p line, and of a high energy shoulder
on the O 1s and Cu 2p;, states are ascribed to the presence of
copper hydroxide3132, The comparison of spectra acquired at
normal, and 60° emission angle confirmed that the hydroxide
layer is at the outermost surface, i.e., covering the copper oxide.
The core-level line shapes are significantly different for the High
Heat Load sample. The characteristic shape of the Cu 2p line
satellite and the positions of the Cu 2p, O 1s, and Cu LMM lines at
933.5, 529.7, and 917.7 eV, respectively, clearly demonstrate that
copper exists dominantly in CuO form3!. The component at about
531.2eV in the O 1s spectrum is ascribed to the presence of
hydroxyl groups?, even though the strongly CuO-dominated
shape of the Cu 2p satellite does not enable to confirm the
presence of Cu(OH),. For both the High and Low Heat Load
samples, the C 1s line has its maximum at 284.7 eV, which is
compatible with a graphitized carbon layer shortly exposed to
airl®28, In addition, a carbon concentration of 23.5 at.% is present
at the surface of this Low Heat Load sample (30.2 at.% of oxygen
and 43.5at.% of copper), while the carbon content is as low as
10.7 at.% for the High Heat Load sample (39.6 at.% of oxygen and
48.3 at.% of copper).

An azimuthally-resolved view of the oxidation state of the
beam screens and its dependence on the dipole field configuration
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is obtained by a Wagner plot including all the XPS data acquired
on the extracted beam screens. Indeed, displaying the kinetic
energy of the X-ray induced Cu LMM line as a function of the
binding energy of the Cu 2ps/, line allows to distinguish between
various copper compounds, in particular between CuO, Cu,O,
and Cu(OH),33 Wagner plots are typically used for pure
compounds, where a single chemical component with its pure
XPS chemical shift appears. In the present case, the surfaces often
exhibit mixtures of different copper oxidation products, whose
presence results in an additional shoulder on the lines rather than
in a pure chemical shift. To account for this aspect, a Wagner-like
plot was created by computing the position of the centre of
gravity of the area below the Cu 2ps,, line between 927 and
938.5eV and using this energy instead of the usual energy
position of the maximum intensity. The resulting plots are shown
in Fig. 6. The data points corresponding to pure CuO
(Ex=9179eV and E,=9342¢eV) and Cu,O (E,=9169eV

and E, = 932.7 eV) samples are shown for reference. For clarity,
only the direction of the pure Cu(OH), position (Ex =916.5eV
and E, =934.8 eV) is displayed, since its position is far outside
the current scale.

From the distribution of the data points in Fig. 6a, b, it appears
that all the sections from the Low Heat Load beam screens are
uniform in the longitudinal direction, uniform in azimuth (circle
and crosses are grouped), and exhibit Cu,O slightly covered by
Cu(OH),. The only exception is the V2 field-free section, which
exhibits more hydroxide than other sections.

In the field region of the High Heat Load dipole (Fig. 6¢), two
families of points appear, corresponding to different locations on
the beam screen. The data points corresponding to the lateral
beam screen sides (crosses) are located in the same plot region as
for the Low Heat Load beam screens, i.e., copper is mainly
present in form of Cu,O, with a thin top layer of hydroxide.
Instead, the data points acquired on the flat beam screen part
(circles) are found closer to the CuO region of the plot. CuO thus
appears to be the dominant copper oxide on these flat sides. The
scattering of the data points for the flat sides does not correlate
with the longitudinal position of the corresponding sections along
the magnet. Fitting Cu 2p;,, lines acquired on the flat sides (see
example in Supplementary Fig. 3 in Supplementary Note 3)
allows to calculate the fraction of Cu present in the form of
CuQ3l. The fraction of CuO was thus calculated to extend
between 69 and 94% among the flat sides of the different samples.
XPS spectra acquired at 60° emission angle on samples in an
intermediate position between CuO and Cu,O in the Wagner-like
plot showed that CuO is the top-most oxide. In the field-free part
of the beam screens, the distinction between flat and lateral beam
screen sides is no longer observed in the Wagner-like plot for the
High Heat Load samples: CuO is found at all azimuths.

Therefore, from this Wagner-like plot, both a systematic
difference of copper oxidation product between the Low and
High Heat Load beam screens, and a systematic field-related
distribution of CuO are confirmed for a large number of spectra.

Over all the spectra acquired in this study, the Low Heat Load
samples show on average 50% more carbon than the High Heat
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Fig. 6 Systematic identification of copper oxidation products. \Wagner-like plots, considering the position of the Cu 2p3,, peak centre of gravity instead of
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Load samples. No significant difference in carbon content was
detected between the different sides of the beam screens, even in
the field region of the dipoles.

Laboratory experiments of electron conditioning. All types of
surfaces were conditioned, i.e., exposed to an electron flux at 250 eV
in the room-temperature laboratory setup, to assess whether the
observed difference in surface chemical properties impacts the
conditioning kinetics and the associated surface chemical

modifications. In addition, a reference spare beam screen sample,
which had never been installed in the LHC, was characterized for
comparison. The conditioning curves of the bottom and welding
sides of a beam screen section from the High Heat Load dipole, of
the top side of a beam screen section from the Low Heat Load
dipole, both located in the field region of their respective magnet
and of a reference beam screen are shown in Fig. 7.

As already observed, the SEY after extraction of the CuO-free Low
Heat Load beam screen sample (dose for SEY measurement = 1.6 x
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Fig. 7 Conditioning curves. Electron-irradiation-induced variation of the
maximum secondary electron yield (SEY) of the bottom (dark blue) and
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uncertainties for a confidence level of 68.3% based on three measurements
performed in different locations of the samples.

1077 Cmm—2) is lower than for the reference beam screen and
remains so up to a dose of 2 x 1073 C mm™—2. The ultimate SEY, ie.,
the maximum SEY at saturation of the conditioning and the dose
required to reach it are identical for the reference and the sample
from the Low Heat Load beam screen. In particular, the ultimate SEY
is well below the calculated SEY threshold of 1.25 for electron cloud
build-up in the LHC arc dipoles?®34, The bottom part of the CuO-
rich High Heat Load beam screen section exhibits a higher SEY
directly after extraction and the subsequent decrease of the SEY is
different. Indeed, no saturation of the decrease is observed, even for
doses as high as 3 x 1072 C mm™2, i.e, three times the dose required
to reach the ultimate SEY on a reference beam screen. After such a
dose, the maximum SEY remains significantly above the ultimate
ones of the Low Heat Load beam screen and reference samples.
This different conditioning behaviour was consistently observed
for several flat beam screen sides at various locations in the field
region of the High and Low Heat Load dipoles. In contrast, the
conditioning of the CuO-free lateral side of the same High Heat Load
beam screen section is similar to the reference and Low Heat Load
sample ones. A saturation of the SEY decrease is observed for a dose
of 1072 C mm 2. The ultimate SEY is above the one reached for the
Low Heat Load beam screen and reference samples but is well below
the electron cloud build-up threshold of 1.25.

Cu 2p, O 1s, and C 1s spectra for the three different beam screen
surfaces are shown in Fig. 8, for different electron doses during
conditioning. The corresponding survey spectra of the LHC
extracted samples before and after conditioning are shown in
Supplementary Fig. 4 in Supplementary Note 4. For the Low Heat
Load beam screen sample, the Cu 2p satellite, the high energy
shoulder of the Cu 2p;;, excitation, and the contribution in the O 1s
line at around 531.5eV all vanish as a result of the reduction of
compounds from Cu(Il) to lower oxidation state. After full
conditioning, the Cu 2p line is similar for the Low Heat Load
beam screen and reference samples. As expected!®, a shift of the C
Is line of the Low Heat Load beam screen surface from 284.7 to
284.4 eV is observed during conditioning and the contribution at
about 288.5 eV vanishes, indicating surface graphitization. For the
bottom side of the High Heat Load beam screen, the intensity of the

CuO-related satellite and of the high energy shoulder on the Cu
2py3 line both decrease, indicating a reduction of CuO during
electron bombardment. This is also coherently reflected in the O 1s
line, where a small shift of the maximum intensity occurs towards
higher binding energies. However, the Cu 2p satellite is still clearly
present after a dose of 3 x 1072 C mm~2 and the binding energy of
the O 1s line (529.9 V) remains lower than expected for Cu,032,
The reduction of the CuO layer is thus not fully completed under
these experimental conditions. In parallel, even if a shift from 284.7
to 284.5eV of the C 1s line is observed during irradiation, the
contribution at 288.5 eV persists after irradiation, by opposition to
the processes that occur for reference and Low Heat Load beam
screen samples. For the welding side, the electron irradiation leads
to the complete reduction of Cu(Il) to Cu(I), as evident by the
absence of the corresponding satellite line in the Cu 2p spectrum
and the O 1s peak position at 530.5 eV after full conditioning (dose
of 1072C mm2). A shift of the C 1s line from 284.7 to 284.5 eV is
also observed and, as for the CuO-covered bottom side, the C 1s
component at 288.5 eV is still present after conditioning.

Discussion

Two major differences in surface composition have been identi-
fied between the beam screens from the Low and the High Heat
Load LHC dipoles. The first one concerns the copper oxidation
state of the surfaces. A summary of the dominant copper oxi-
dation products for the different beam screens and field config-
urations is given in Fig. 9 together with the electron cloud density
distributions obtained from simulations.

The dominant copper oxidation product in the Low Heat Load
beam screen is Cu,O, the native room-temperature copper sur-
face oxide3>. A weak signal associated with hydroxide was also
observed by XPS and can be associated with the air exposure of
the beam screens during extraction?8. This hydroxide signal is
weaker than for a non-conditioned surface!®28. It confirms a
clear beam-induced conditioning effect and the effective mitiga-
tion of the deconditioning by the extraction procedure. Only one
beam screen exhibits significantly more hydroxide at its extre-
mity, which is a place more prone to contamination during the
extraction phase (i.e., when opening the beam lines). The Low
Heat Load beam screens are uniform in azimuth, independently
of the field and electron cloud density distribution. By opposition,
the beam screens from the High Heat Load dipole exhibit cupric
oxide CuO, which is not observed on air-exposed reference
copper surfaces neither before nor during conditioning at room
temperature nor during subsequent deconditioning!®28. From
Fig. 6, it appears that some XPS spectra acquired from these beam
screens are quasi-identical to the one of pure bulk CuO.
Assuming a mean-free path A of Cu 2p photoelectrons of 1.2 nm
in CuO3, the thickness of CuO in the high heat load beam
screens is at least 3.6 nm (considering 3A, i.e., 95% of the XPS
signal). Furthermore, the oxidation state of the High Heat Load
beam screens shows a field-related azimuthal distribution, which
corresponds perfectly to the simulated electron cloud density
distribution: CuO is present where the density of impinging
electrons is the greatest. It should be mentioned that the CuO-
rich areas are also the ones where the energy of the impinging
electrons is the highest due to the beam screen geometry and the
orientation of the magnetic field. In addition to a particular
oxidation state, the High Heat Load beam screens also present a
very low carbon coverage, well below the one of the Low Heat
Load beam screens. In particular, the surface cleanliness of some
High Heat Load beam screen samples is unachievable by the
detergent cleaning process applied to the beam screens prior to
their installation in the LHC. Based on these observations, it is
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sample, and ¢ the High Heat Load lateral side sample.

concluded that LHC beam operation is an essential—but not
unique—factor for both, the formation of CuO and the low
carbon surface concentration.

These two major differences in the surface chemical compo-
sition of the beam screens from the two dipoles have con-
sequences on LHC performance. Even after short exposure to
ambient conditions, the Cu,O-dominated regions show a max-
imum SEY between 1.6 and 1.8, which remains lower than the
SEY of air-exposed copper, proving again a clear beam-induced
conditioning effect. By opposition, the CuO-rich regions exhibit a
higher SEY, between 1.8 and 2.0. Thus, the presence of CuO
favours the electron cloud build-up compared to Cu,O. A further
evidence of a worse performance of the CuO-rich surfaces is their
delayed and less effective conditioning at room temperature in
the laboratory. The conditioning at room temperature of CuO-
rich samples relies on the partial reduction of CuO to Cu,O. Such
a reduction under electron bombardment at room temperature
has already been observed3”-38. However, it has been demon-
strated that this reduction is strongly hindered at 180 K due to the
slower diffusion of copper and oxygen atoms’. An even slower

or inhibited conditioning is thus expected at the operation tem-
perature of the LHC beam screens (5—20 K). This hypothesis is
compatible with the presence of CuO observed in the High Heat
Load beam screens even after years of accumulated scrubbing. A
dedicated laboratory setup is currently under construction to
perform conditioning coupled with XPS analyses of Low and
High Heat Load beam screen samples at about 10K and to
investigate these aspects in greater detail. Moreover, the low
carbon amounts observed on the high heat load beam screens as
extracted from the ring also affect the conditioning, since the
presence of carbon to be graphitized is necessary to decrease the
maximum SEY of air-exposed copper down to about 1.1 during
electron irradiation!®. A low carbon amount translates into a low
in situ graphitic coverage of the surface, and thus a limited SEY
reduction by electron cloud bombardment. This could thus be the
reason why the CuO-free lateral side of High Heat Load beam
screen has a higher ultimate SEY than the CuO-free Low Heat
Load flat beam screen side in Fig. 7. Furthermore, carbon was
shown to assist in the reduction of underlying CuO oxide, by
allowing an oxygen transfer from copper to carbon373.
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Consequently, a low initial surface carbon content is also not
favouring in situ CuO reduction via electron bombardment.
Based on these observations, both the presence of CuO and the
low carbon coverage of some beam screens are currently con-
sidered as likely responsible for the observed high beam-induced
heat load in some sections of the LHC ring.

Since cupric oxide CuO is not observed at any step of the
copper conditioning and deconditioning experiments at room
temperature in the laboratory!628, the CuO build-up observed in
some LHC beam screens should be related to a difference of
experimental conditions between the laboratory and LHC
environments, in particular to the difference in temperature.

To understand CuO build-up mechanisms in the LHC, dif-
ferent sources of oxygen are considered. The first one is the
residual gas in the beam vacuum system itself. The fact that CuO
is not observed on the lateral sides of the high heat load beam
screens in the field region implies that CuO is not formed by
radicals moving around as neutrals produced by the electron
cloud or the beam. CuO can be produced by bombardment of
copper surfaces by oxygen ions at cryogenic temperature?. The
presence of such ions in the beam vacuum system of the LHC is
plausible. However, the residual gas density is too low to explain
the build-up of at least 2 nm of CuO within the operation time of
the LHC, as demonstrated in Supplementary Note 5. CuO build-
up from any residual gas being adsorbed on the beam screen
surface is also excluded. Indeed, before cool-down of the
machine, the beam vacuum system is evacuated to 10~4 mbar. In
the assumption that all this residual gas is water (unbaked sys-
tem) and is being condensed on the inner surface of the beam
screens during cool-down leads to an additional surface coverage
of 0.01 monolayer of water, which is too low to explain the
observed CuO amount. The residual gas density after cool-down
and during beam operation is even lower by orders of magnitude
and is therefore not a significant source for gas adsorption on the
beam screen surface.

Another source of oxygen is the one already present on the
surface due to air exposure. Hydroxide, which spontaneously
grows on an air-exposed copper surface3241, was certainly present
on the beam screen surface at the restart of the LHC after the
Long Shutdown 1. Electron irradiation of bulk Cu(OH), gen-
erates CuO on the surface*2. However, at room temperature,
airborne Cu(OH), was reduced to Cu,O upon electron
bombardment®3. This difference compared to electron irradiation
of bulk Cu(OH), indicates that the underlying substrate and
diffusion phenomena play a crucial role in the surface reduction
to CuyO. Under this hypothesis, electron irradiation of airborne
Cu(OH), at cryogenic temperature could also result in CuO
formation due to limited oxygen diffusivity. This hypothesis is
compatible with the correspondence of CuO and electron cloud
density distributions. Furthermore, the absence of CuO observed
on the lateral sides of the High Heat Load beam screens (in their
field region), where the energy of the impinging electron is lower,
could also indicate an energy threshold for the conversion of
Cu(OH), into CuO. These different hypotheses will be tested in
the laboratory on the cryogenic setup being currently built. If this
is confirmed, the difference of heat load observed along the LHC
ring could be related to a difference in the hydroxide content
present at the restart of the accelerator for Run 2. CuO build-up
from other adsorbed species (water present at a sub-monolayer
coverage after pump-down, oxygen-containing contamination
etc.) will also be investigated.

The relation between the distribution of CuO and the one of
carbon is still unclear. The carbon depletion and the component
on the C Is spectrum at about 288.5 eV that persists at all azi-
muths after conditioning of the High Heat Load beam screens
seems to indicate that, besides CuO formation, other surface
reactions occur in parallel, which possibly includes the formation
of mobile, reactive species, as well as volatile products, which are
not influenced by the magnetic field. Understanding the origin of
CuO build-up could help in turn understanding the origin of
carbon depletion and the non-uniformity of the LHC heat load
distribution.

Preventing any further increase of the LHC heat load during
the Long Shutdown 2 is crucial since some sections of the
accelerator were already operating close to the limit of the
cryogenic capacity during Run 2. Under the hypothesis of CuO
being responsible for the high heat load, and until the exact
mechanism for its build-up in the LHC being elucidated, the
strategy consists in limiting the oxygen input by re-pumping
down the beam vacuum system as soon as the Long Shutdown 2
maintenance is completed.

Curative solutions against CuO are also considered and
developed for a future implementation in the LHC during the
Long Shutdown 3 (2025—2027). A first approach consists of
reducing CuO either by thermal treatment or UV exposure, both
possibly assisted by a reducing atmosphere?*=48 or with an
atmospheric-pressure hydrogen-containing plasma*’. A second
option could be to etch away the CuO layer by physical etching,
e.g., ion bombardment®. Finally, covering the CuO surface by
injecting a carbon-rich gas followed by the beam-scrubbing of the
newly adsorbed layer, or by directly applying a low-SEY carbon
coating®!>2 will be tested. The feasibility of all these options will
be evaluated in the light of the different constraints imposed by
the specificities of the LHC beam vacuum system.

Conclusions

During the Long Shutdown 2 of the LHC, the surfaces of beam
screens extracted from a low and a high heat load LHC dipoles
were analyzed in the laboratory. The beam screens from the low
heat load dipole exhibit the usual features of an electron-
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irradiated copper surface: the dominance of Cu,O copper oxide,
slightly covered by Cu(OH), and low SEY. In contrast, the beam
screens from the high heat load dipole consist of a CuO-rich
surface, which exhibits a field-related azimuthal distribution
matching the one of the electron cloud density, as well as a low
carbon coverage. The presence of CuO is demonstrated to
increase the SEY of the copper surface and significantly slow
down its room temperature conditioning, i.e., its SEY reduction
under electron bombardment. Therefore, a direct relation
between the chemical state of the LHC beam screens and their
electron-cloud-related properties have been evidenced, which
could explain the abnormally high heat load observed in some
LHC sections.

Several hypotheses for the formation of the CuO layer and
carbon depletion are under investigation. The results should
enable to find the cause of the differences which developed
among the nominally identical parts of the LHC ring and will give
an important feedback helping to prevent a further formation of
CuO and a possible increase of the heat load in different regions
of the LHC.

Methods

Surface characterization in the laboratory. Surface chemical analysis by XPS,
SEY measurements, and conditioning tests were performed in a room temperature
UHYV system described in detail elsewhere!®. It consists of a main vacuum chamber
(base pressure 6 x 10710 mbar) equipped with a monochromated Al Ka X-ray
source and a hemispherical electron energy analyzer collecting photoelectrons at
normal emission angle. The energy scale is calibrated setting the Cu 2p;, and the
Au 4f;, states of sputter-cleaned metals to 932.6 and 84.0 eV, respectively. The
atomic concentrations of the present elements are obtained assuming a uniform
material and weighting the respective peak area of the XPS spectrum by the cor-
responding sensitivity factor.

The SEY, defined as the ratio of a number of emitted electrons per number of
incident electrons, is measured with a dedicated electron gun using the method of
alternating sample bias!® (V,, = +47.5 V). The energy of the primary electrons is
varied by steps from 10 to 1800 eV. The estimated dose associated with such a SEY
spectrum is 1.6 x 1077 Cmm~2 The reproducibility of the measurement is
estimated from the acquisition of two consecutive SEY curves at the same sample
position to 0.01 on the maximum SEY. SEY measurements are performed before
XPS analysis, to avoid any X-ray-induced conditioning effects of the surface, which
could impact the SEY values.

Conditioning is carried out using a flood gun irradiating the samples at normal
incidence angle with 250 eV electrons at a current density of about 140 nA mm~2.
The samples were irradiated up to a dose of at least 10~2C mm~2, at which the
SEY decrease is known to saturate for the conditioning of air-exposed copper!8.

Sample preparation. The samples from LHC extracted beam screens were col-
lected from the vacuum storage system just before their analysis, to limit at most
their deconditioning. Samples of spare beam screens from the stock, never exposed
to LHC’s proton beam, were also analyzed, and conditioned for comparison. These
samples have been cleaned in an alkaline detergent solution based on NGL 17.40 P.
SP from NGL Cleaning Technology SA, to ensure their UHV compatibility>, as
the LHC extracted beam screens analyzed in this study, prior to their installation in
the accelerator.

Reference samples of CuO, Cu,O were obtained by sputtering while Cu(OH),
reference sample was produced by anodization of copper in 1M caustic soda
solution.

Data availability
The datasets generated and analyzed during the current study are available from the
corresponding author on reasonable request.
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