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Electron cloud is a critical phenomenon in particle accelerators operating with high intensity and
positively charged beams, as it is responsible for beam instabilities, vacuum degradation, and heat load on
cryogenic sections. Electron clouds provoke a conditioning of the beam pipe that is reflected on the
reduction of its secondary electron yield (SEY). However, such a benefit is partially lost when vacuum
sectors are vented for maintenance of accelerators; this phenomenon is called deconditioning. Samples
removed from accelerators are also vented before surface analysis. Deconditioning amplifies the electron
cloud at the resuming of beam operation and, on the other hand, hinders the understanding of the electron
multipacting mechanism from surface analysis data. In this paper, copper deconditioning was studied for
samples stored in a desiccator over months. Immediately after air exposure, an increase of the SEY is
observed. This increase is driven by carbon recontamination and copper hydroxide growth on the
conditioned surface as observed by x-ray photoelectron spectroscopy. After deconditioning, the differences
of SEY present on the tested samples partially vanish, in particular, for surfaces conditioned to a maximum
SEY below 1.45, limiting the level of accessible information when analyzing components extracted from
accelerators. However, for a maximum SEYabove 1.45, the differences remain visible for at least 8 weeks
of storage. Among different storage conditions, vacuum efficiently stops the SEY increase over time.
Besides, the memory effect of the conditioning is preserved over at least 4 months when closing the vacuum
system on itself after venting with a clean and dry gas.
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I. INTRODUCTION

The electron cloud effect, i.e., the exponential multipli-
cation of electrons in the beam vacuum, is a critical
phenomenon for particle accelerators operating with high-
intensity positively charged beams [1–4]. Several tech-
niques aiming at hindering the occurrence of the cloud,
e.g., by reducing the secondary electron yield (SEY) of the
beam pipe surface, have thus been developed over the years:
low SEY thin film coatings [5,6], laser engineered surfaces
[7,8], and introduction of a solenoid field [9] and of clearing
electrodes [10]. However, for several materials used in the
beam vacuum system, the bombardment of the beam pipe
surface by the electrons results in a spontaneous decrease of
the cloud intensity, eventually down to a level compatible
with beam operation [11–13]. This so-called conditioning
effect has been demonstrated to result from the reduction of
the SEY of the surface during electron irradiation [14,15].

Several surface modifications are observed during low-
energy electron irradiation, which are responsible for the
corresponding SEY decrease. In the case of copper, the
material of the beam-pipe surface in the cryogenic arcs of
the LHC at CERN, surface cleaning by electron stimulated
desorption (ESD) was reported [16,17], leading to the
decomposition of copper hydroxide CuðOHÞ2 and part of
the adsorbed hydrocarbons [18–20]. In addition, carbon
graphitization of the airborne carbon layer was observed
[14,19–22].
When an electron-irradiated surface is exposed to air, the

reverse process—namely, deconditioning—occurs, leading
to a partial erasing of the conditioning state. A loss of the
conditioning state is a concern for the operation of particle
accelerators, since it translates into a reactivation of the
electron cloud when resuming beam operation, after
technical stops including maintenance and venting. In
addition, for diagnostic studies, it excludes the access to
the original in situ conditioning state of the surface as
induced by the electron cloud, unless an in situ surface
characterization setup [15,23–26] or the possibility to
transfer components to the laboratory under vacuum [15]
exists. Unfortunately, in complex devices such as cryogenic
superconducting magnets as those in the LHC arcs, such

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 23, 093101 (2020)

2469-9888=20=23(9)=093101(9) 093101-1 Published by the American Physical Society

https://orcid.org/0000-0002-6179-1016
https://orcid.org/0000-0002-7749-4104
https://orcid.org/0000-0001-6941-9932
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.23.093101&domain=pdf&date_stamp=2020-09-08
https://doi.org/10.1103/PhysRevAccelBeams.23.093101
https://doi.org/10.1103/PhysRevAccelBeams.23.093101
https://doi.org/10.1103/PhysRevAccelBeams.23.093101
https://doi.org/10.1103/PhysRevAccelBeams.23.093101
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


in situ analyses or sample transfer are not available.
Extracting vacuum components to analyze their surface
is therefore possible only after venting the corresponding
parts [27]. Understanding the mechanisms and kinetics of
the deconditioning would thus enable one to define a
strategy to preserve as much as possible the conditioning
state of electron-irradiated components extracted for analy-
sis or vented for machine maintenance. In addition, such a
study is required to define the limits of accessible infor-
mation when performing analyses on such components.
In thiswork, several aspects of the deconditioning process

of copper are investigated, such as its kinetics and its impact
on the SEY and on differences of SEY which are possibly
present in situ between different parts of the accelerator
before venting. The deconditioning mechanisms are studied
by monitoring the surface chemistry evolution by x-ray
photoelectron spectroscopy (XPS) over storage time in a
desiccator, which provides a reasonably reproducible atmos-
phere. Then, the impact of the storage atmosphere on the
deconditioning is investigated and reported.

II. EXPERIMENTAL

A. Experimental setup

The experiments were carried out at room temperature in
a baked UHV system composed of two main chambers
linked through a transfer line. The first chamber (base
pressure 5 × 10−9 mbar) is equipped for XPS analysis at
45° emission with a nonmonochromatic Mg Kα source
(hν ¼ 1253.6 eV). The energy scale is calibrated using the
Cu 2p3=2 (932.7 eV) and the Au 4f7=2 (84.0 eV) lines. The
second chamber (base pressure 5 × 10−10 mbar) hosts a
SEY measuring setup and an electron flood gun enabling
sample irradiation for conditioning. The samples are
inserted in the system through the XPS chamber load lock.

B. SEY measurement

The SEY δ is defined as the ratio of the total number of
emitted electrons Isec to the number of impinging electrons
Ip. SEY measurements were carried out at normal inci-
dence, between 30 and 1730 eVof electron landing energy,
at steps of 50 eV. The setup is similar to the one described
in Ref. [28] and consists of an electron gun, a collector
biased at þ40 V, and the sample itself, biased at −15 V.
When primary electrons impinge on the sample surface, the
latter emits secondary electrons which are accelerated to
the positively biased collector. During the measurement,
the sample-to-ground Isa and collector-to-ground Isec cur-
rents are simultaneously acquired. In this configuration,

Ip ¼ Isec þ Isa:

The SEY is thus computed:

δ ¼ Isec
Isec þ Isa

:

The primary beam is deflected to the collector between
the acquisition of each point of the SEY curve to limit the
irradiation dose and sample conditioning during the SEY
measurement (estimated corresponding dose for one com-
plete SEY measurement: 2 × 10−7 C=mm2). The maxi-
mum SEY scattering (standard deviation) observed over
three locations of a sample, including the error due to the
current measurement and nonuniformity of the sample, is
typically 0.02.

C. Sample preparation and conditioning

This study was carried out on 15 × 20 mm2 oxygen-free
electronic grade (OFE) copper samples. All samples were
wet-chemically cleaned in a commercial detergent, follow-
ing the procedure for the chemical cleaning of UHV parts at
CERN [29]. The sample state after such cleaning procedure
and approximately 2–3 months of storage in aluminum foil
and polyethylene bag in air is referred to as “as received.”
On such samples, the presence of copper hydroxide on top
of a Cu2O layer is deduced by XPS from the presence
of components at 934.4 and 932.6 eV, respectively, on the
Cu 2p line [30]. Silicon up to a maximum amount of 1.5
at.% is also found on the surface, resulting from the
presence of silicates in the cleaning detergent.
Conditioning was carried out using a flood gun irradiat-

ing the sample at normal incidence and with 250 eV
electrons. The sample current during irradiation was about
15 μA, as measured with a sample bias of þ15 V. The
area irradiated by the flood gun at the sample position was
evaluated to 133 mm2 using a Faraday cup. Partially
conditioned samples were obtained by stopping the con-
ditioning before reaching a dose of 10−2 C=mm2, where
the SEY decrease is found to saturate [19,20]. The flood
gun was extensively degassed during the night prior the
experiment.
After the suitable level of conditioning and acquisition of

the XPS spectrum, the samples were transferred back to the
load lock, vented with nitrogen, and immediately brought
into the chosen storage conditions.

D. Storage conditions

To investigate the influence of the storage conditions on
the deconditioning kinetics, fully conditioned samples
(conditioned to 10−2 C=mm2) were stored in different
controlled atmospheres: (i) unbaked vacuum (base pressure
10−8 mbar) after 1 h transfer in air, (ii) saturated vapor
pressure of water at room temperature, (iii) closed stainless-
steel tube previously cleaned with the CERN standard
procedure for UHV parts, at atmospheric pressure of air,
and (iv) desiccator (closed glass container hosting silica
gel, humidity level below 10%). In the desiccator, the
samples were wrapped in aluminum foil to allow stacking.
For the last three cases, the transfer time from the UHV

analysis system to the storage container was below 2 min.
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All storage environments were selected either because they
represent extreme situations of humidity in air (saturated
vapor pressure of water) or conditions under which samples
extracted from an accelerator could be stored before
analysis. Furthermore, the dry air of a desiccator is similar
to the gas used for the venting of the LHC arcs (ultrapure
nitrogen and oxygen mixture). At defined times, the
samples were extracted from storage to be analyzed and
immediately placed back in the storage container after
analysis.

III. RESULTS

A. Deconditioning kinetics

To evaluate the rate of the deconditioning occurring on
an electron-irradiated surface exposed to dry air, the
evolution of the maximum SEY δmax of two fully con-
ditioned twin samples (A and B) was followed during
storage in a desiccator. The corresponding plot is shown in
Fig. 1. For storage times shorter than 2 weeks, the trend is
identical for the two samples. The maximum SEY follows a
logarithmic increase. The SEY increase occurring in the
first minutes of air exposure is equivalent to the one
occurring in the next 2 weeks of storage. However, after
4 months of storage, the SEY of both samples is still
significantly lower than the one for the as received state.
This demonstrates that the memory effect of conditioning
persists after 4 months of storage in a desiccator.
The SEY curves of sample B in its as received and fully

conditioned states as well as for different storage durations
are shown in Fig. 2. In agreement with a previous study
[18], the energy of the maximum SEY Emax shifts to higher
values during conditioning. A shift back toward the initial
energy immediately starts at air exposure and is fully

completed, within the resolution of the measurements,
after only 8 h of storage. A similar behavior was observed
for sample A.

B. Evolution of surface chemistry

The decrease of copper hydroxide and carbon signals, as
well as carbon graphitization, were identified as main
characteristics of an electron-irradiated copper surface
[18]. The reverse processes are expected to occur when
this surface is exposed to air. The evolution of the surface
chemistry was followed for sample B, previously presented
in Figs. 1 and 2. The XPS Cu 2p line of the as received and
conditioned states of the surface, together with its evolution
during storage, are shown in Fig. 3(a). As expected, the
CuðOHÞ2 component at 934.4 eV [30] and the correspond-
ing Cu(II) satellite between 939 and 949 eV [30] disappear
after full conditioning. A clear increase of this component
and of the satellite intensity are observed over storage time
in a desiccator. After 4 months of storage, these compo-
nents remain still lower than before any conditioning. This
behavior is coherently observed in the O 1s line [Fig. 3(b)]:
during storage, an increase of the component at 531.3 eV
corresponding to hydroxide [31] is observed. In parallel,
an increase of carbon coverage was observed during
storage, due to airborne contamination. Figure 4 shows
the evolution of the maximum SEY, the atomic carbon
surface concentration, and the ratio of the intensity of the
Cu 2p3=2 line at 934.4 eV to that at 932.6 eV, corresponding
to ICuðOHÞ2=ICu;Cu2O, for the same sample. The time t ¼ 0

corresponds to the fully conditioned state, just before
venting.
Both the carbon concentration and the hydroxide

amounts are observed to increase during storage. Since
both adsorbed hydrocarbons and copper hydroxide increase
the SEY of clean surfaces [28,32,33], their buildup on the

FIG. 1. Evolution of the maximum SEY of two fully condi-
tioned OFE copper samples (A and B) during storage in a
desiccator. The time t ¼ 0 represents the fully conditioned state.

FIG. 2. SEY curves of an OFE copper sample stored in a
desiccator after full conditioning. The dotted lines indicate the
energy position of the maximum SEY.
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conditioned surface contributes to its deconditioning.
However, the growth kinetics is different for the two
species. Indeed, immediately after venting, the carbon
content significantly increases, while copper hydroxide
is not yet detected on the surface. For storage times below 4
minutes, the SEY increase is therefore driven by carbon
recontamination. For storage times between 4 minutes and
8 hours, both the carbon amount and hydroxide contribu-
tions increase. For times longer than 8 hours, the carbon
uptake seems to have saturated for this storage condition
and reaches in this case the as received surface content. The
further SEY increase seems therefore driven only by
hydroxide buildup.
The airborne origin of the carbon recontamination is also

visible through the evolution of the C 1s line shape, shown
in Fig. 5. During conditioning, the C 1s line shifts from
284.8 to 284.4 eV, translating a graphitization of the
adventitious carbon layer [34], and the carboxyl group
contribution at 288.5 eV disappears, as already observed
[18–20]. During storage, the C 1s line shifts back toward its
initial position, as expected for a recontamination by
hydrocarbons (sp3 hybridization). In addition, carboxyl

groups are readsorbed on the surface as witnessed by the
increase of the intensity at 288.5 eV. After 4 months in the
desiccator, the maximum of the C 1s line is only at 0.1 eV
away from its initial (as received) position; i.e., the shift
back is mostly completed and the remaining difference with
respect to the as received state is within the energy accuracy
of the experimental setup. This shift back results from a
globally less graphitic carbon overlayer due to the read-
sorption of sp3 carbon. A conversion of the graphitic film
into sp3 carbon is unlikely [35,36]. The same trends were
observed for sample A, for the hydroxide and carbon
recontamination.

C. Impact of deconditioning on the SEY contrasts

To evaluate the impact of deconditioning on the attenu-
ation of the SEY contrasts, i.e., the differences of SEY
which are possibly present in situ between different parts of

(a)

(b)

FIG. 3. X-ray photoelectron spectra of an OFE copper sample
in the as received and fully conditioned states and after different
storage times in a desiccator: (a) Cu 2p lines (normalization to
the intensity at 932.6 eV after linear background subtraction)
and (b) corresponding O 1s lines, after Shirley background
subtraction.

FIG. 4. Evolution of the maximum SEY, atomic surface
concentration of carbon and ratio ICuðOHÞ2=ICu;Cu2O over storage
time in a desiccator after full conditioning. The time t ¼ 0
corresponds to the fully conditioned state, just before venting,
and the three data points for the maximum SEY, carbon
concentration, and ICuðOHÞ2=ICu;Cu2O overlap there.

FIG. 5. C 1s lines of an OFE copper sample in its as received
and conditioned states and after different storage times in a
desiccator.
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the accelerator, samples were partially conditioned down to
different maximum SEY by stopping the conditioning at
different doses. These samples were then immediately
stored in a desiccator. Their maximum SEY was measured
after 2 weeks, 8 weeks, and 4 months of storage. Results are
shown in Fig. 6 as a function of the SEYobtained by partial
conditioning.
After 2 weeks of storage, a clear trend is observed for

samples conditioned to a maximum SEY between 1.2 and
1.7: the higher the maximum SEY after conditioning, the
higher the maximum SEYafter 2 weeks of storage. Instead,
all samples with an initial maximum SEY of about 1.12
(fully conditioned) lie in a δmax range of 1.58� 0.05. As it
is visible from Fig. 6, a value of δmax in the range 1.58�
0.05 after 2 weeks of storage could come from any sample
with a maximum SEY between 1.1 and 1.45 after con-
ditioning. The contrast is thus actually lost for any con-
ditioning below δmax ¼ 1.45. Furthermore, the spread after
storage in between the fully conditioned samples (SEYafter
conditioning around 1.12) is larger than for the partially
conditioned samples. This observation is coherent with
Fig. 1, where the two fully conditioned samples exhibit
different SEY after weeks of storage. For the set of fully
conditioned samples in Fig. 6, it is worth mentioning that
the SEY after full conditioning is independent from their
carbon amount on the surface after irradiation. On the same
line, the SEY increase observed for these samples during
storage does not correlate with their carbon amount after
irradiation, with their carbon amount increase, nor with
their hydroxide amount increase during storage, separately.
The observed SEY spread after storage is thus likely due to
a combination of these different quantities. More data
points would be required to disentangle the role of these
different contributions. After 8 weeks of storage, the SEY
globally increased, and the limit between distinguishable

and nondistinguishable samples is now at δmax ¼ 1.55 after
conditioning. After 4 months of storage, all samples lie
within a maximum SEY window of 0.15 width, and their
distribution seems random in this range, regardless their
maximum SEY after conditioning.

D. Influence of the storage atmosphere

The impact of the storage conditions on the decondition-
ing kinetics was studied by storing samples in different
atmospheres after a full conditioning process, in analogy to
the case presented in Secs. III. A and III. B for the
desiccator storage. The evolution of the maximum SEY
of these samples was followed for 2 weeks, 8 weeks, and
4 months of storage (except for vacuum storage, performed
for only 2 weeks for logistics reason) and is reported in
Fig. 7. Figure 8 displays the maximum SEY of these
samples plotted as a function of their ICuðOHÞ2=ICu;Cu2O ratio
and as a function of their carbon concentration. For the
storage in a desiccator, a single sample was selected, close
to the average SEY value of all the fully conditioned
samples presented in Fig. 6.
It clearly appears that the increase of SEYoccurring after

extraction of the sample from the UHV analysis setup can
be either slowed down or dramatically accelerated by the
storage medium. The storage in a stainless-steel tube allows
for an equivalent preservation of the SEY to the storage in a
desiccator. Besides, these two samples exhibit similar
evolution of the CuðOHÞ2 and carbon amounts over storage
time [Fig. 8, circles and squares]. The sample stored in
saturated vapor pressure of water undergoes the fastest SEY
increase. After only 2 weeks in a humid atmosphere, the
SEY is found at the level of the as received state. In parallel,
a rapid growth of hydroxide is observed on the surface
[Fig. 8(a), triangles]: after only 2 weeks in a humid
atmosphere, the hydroxide amount of this sample is higher
than that of the samples stored in the stainless-steel tube or

FIG. 6. Evolution of the maximum SEY during storage in a
desiccator of OFE copper samples conditioned to different
maximum SEY.

FIG. 7. Evolution of the maximum SEY of samples stored in
different atmospheres after full conditioning. The vacuum storage
was performed for only 2 weeks.
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in the desiccator for 4 months. This sample also undergoes
a larger carbon uptake than other samples, which is mostly
completed after 2 weeks of storage. On the contrary,
storage in vacuum efficiently limits the SEY increase.
The observed SEY increase of 0.3 in 2 weeks can be
easily ascribed to the 1 h air exposure which was required
for the transfer of this sample from the UHVanalysis setup
to the storage chamber. Indeed, this increase is similar to
the one observed for 1 h dry air exposure in Fig. 1. In
parallel, the hydroxide growth on the surface of this sample
is negligible; only carbon contamination is observed
[Fig. 8, crosses].

IV. DISCUSSION

In real cases, i.e., the analysis of surfaces of components
extracted from accelerators, a comparison between “as
extracted” and “as received” states is not always possible.
Indeed, the surface state before accelerator operation is
often not precisely characterized and may present some
scattering along the beam pipes. Therefore, the assessment

of beam-induced modifications of the surfaces of accel-
erator-extracted components is often only based on the as
extracted characterization, which may limit the accessible
information. However, in the present laboratory case, the as
received state of the samples was systematically charac-
terized. This allows carrying out a complete analysis of the
deconditioning mechanisms and memory effect.
SEY reduction, surface cleaning through conversion of

CuðOHÞ2, and ESD of hydrocarbons, as well as carbon
graphitization, were observed during conditioning of an air-
exposed copper surface. The reverse processes are thus
expected to occur when a conditioned surface is exposed
again to air. Indeed, during storage in a desiccator, an SEY
increase is observed for all samples, regardless of their
SEY after conditioning. For a fully conditioned sample, a
fast loss of conditioning state, i.e., SEY increase, occurs
immediately at air exposure. The SEY keeps then increas-
ing over months, more and more slowly. A corresponding
increase of the CuðOHÞ2 component is observed, together
with an increase of the atomic carbon concentration, as
expected during air exposure of copper [37]. Both hydrox-
ide and airborne adsorbed hydrocarbons are known to
increase the yield of a clean surface [28,32,33]. The
observed SEY increase during storage can thus be ascribed
to the buildup of these species onto the conditioned surface.
As a confirmation, the sample stored in a humid atmos-
phere undergoes the strongest recontamination by hydrox-
ide and carbon (the sample was not wrapped in aluminum
foil during storage) and also the highest SEY increase.
For the desiccator case, carbon recontamination is

immediate (timescale of minutes) at air exposure, while
the buildup of hydroxide requires more time. It is also
observed that, while carbon uptake almost saturates after
2 weeks of storage in a humid atmosphere, the hydroxide
keeps building up on the surface of this sample for the
following weeks. Such a difference of timescale can be
due to the different mechanisms behind these recontami-
nations. While carbon adsorption is immediate at air
exposure due to the high surface energy of the clean
conditioned surface, hydroxide growth involves the dis-
sociative adsorption of water followed by the reaction of
copper ions with the adsorbed hydroxyl groups [38–41].
The mechanism of carbon increase by adsorption corre-
sponds well to the general shape of the curve in Fig. 4 for
the carbon concentration, which flattens and saturates when
the surface is completely covered and the sticking coef-
ficient decreases. It is shown, by storage in different
atmospheres, that the kinetics of the two effects can be
further influenced by the storage conditions and relative
abundance of water and hydrocarbons.
It is worth remarking that in spite of the graphitization,

i.e., modification of the surface airborne hydrocarbons to
graphite during conditioning, there is no strong passivation
effect on the surface. For the case of the adsorption of
hydrocarbons, this is explained by the fact that even if the

(a)

(b)

FIG. 8. Maximum SEY as a function of (a) the ICuðOHÞ2=
ICu;Cu2O ratio and (b) the carbon concentration, for the fully
conditioned state and after 2 weeks, 8 weeks, and 4 months
storage in different atmospheres. The ellipses indicate the
regions corresponding to the as received state of the different
samples.
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surface energy of graphite (54–127 mJ=m2 [42,43]) or
graphene [42] is lower than that of metals and oxides
(100–1000 mJ=m2 [43]), it remains higher than that of
most hydrocarbons (about 25 mJ=m2 for alkanes [44]),
and, therefore, a full hydrocarbon coverage of the surface is
thermodynamically favored. Again, this is in agreement
with the flattening of the carbon concentration curve in
Fig. 4 for long storage times, since the resulting sticking
probability of hydrocarbons on a hydrocarbon layer is
expected to be weaker than for hydrocarbons on a clean
surface. For the formation of the hydroxide, the graphitic
layer is not sufficient to protect from a further reaction
either because it is not fully covering the surface or because
it is not an effective barrier to chemical reactions. In this
sense, the role of graphene layers on top of copper is still
unclear [45], and so is the effect of the graphitic layer
formed during irradiation. A study of hydroxide formation
as a function of the amount of carbon could better
disentangle the two arguments.
According to the above-mentioned mechanisms of

deconditioning, storage of the conditioned surfaces in a
clean and dry atmosphere is clearly ideal. Indeed, excellent
preservation of the SEY was obtained while storing a
conditioned sample in vacuum after a 1 h transfer in air
from the UHVanalysis setup to the storage chamber. Such a
low SEY increase relies, in particular, on the mitigation of
hydroxide buildup and is due only to carbon recontami-
nation during the transfer. Unfortunately, the data in Fig. 4
display an increase of the SEY during dry air exposure,
which is almost linear on a logarithmic timescale. This
reflects a very fast increase occurring at the very beginning
of the air exposure, and the further deterioration of the
surface properties proceeds more slowly.
As discussed above, this fast initial deterioration is

ascribed to the hydrocarbon adsorption and is almost
unavoidable for practical application, where components
must be extracted from an accelerator. Indeed, in such
cases, the exposure to air before the analyses can last
for weeks [27]. In addition, collecting samples from a
vacuum component of an accelerator may involve steps
like drilling, cutting, etc., which may further degrade
their surface state.
This has a consequence on the possibility to detect a

contrast between more or less conditioned areas of the
surface. For samples conditioned to a maximum SEY
below 1.45, the maximum SEY after 2 weeks in a
desiccator lies in a range of 0.1 centered around 1.58.
The contrasts existing between these samples at the end of
the conditioning are thus erased by the 2 weeks of storage.
Such an effect results from a higher SEY increase for the
most conditioned samples. Considering the proposed
deconditioning mechanisms, a hypothesis for this behavior
is an increased surface reactivity of the most conditioned
samples driven by their stronger surface modification
during conditioning. For an SEY after conditioning above

1.45, the contrasts are still present after 2 weeks. Therefore,
an estimate of the in situ SEY could be deduced from the
SEY after 2 weeks of venting.
The above-mentioned findings have various practical

consequences. First, in view of saving conditioning time at
the resume of the operation after venting, the vacuum
system should be kept in a dry atmosphere, exempt from
hydrocarbons. In this context, it is worth mentioning that
storage in a desiccator, which is clearly unpractical for large
components, is equivalent to a vacuum system closed on
itself after air venting (Figs. 7 and 8, closed tube). On the
same line, the venting should be performed with a dry gas,
e.g., nitrogen-oxygen mixture, and exposure to the ambient
atmosphere should be limited at most.
Second, for the surface analysis of components extracted

from their operational environment, stopping the decondi-
tioning in a controlled way after extraction is of particular
importance to ensure comparability of the different surfa-
ces, if the analyses spread over long timescales.
Third, the logarithmic behavior implies that a loss of the

in situ conditioning state irremediably happens if air
exposure of the surface—even of short duration—is
required. The air exposure erases the in situ conditioning
contrasts, and within 2 weeks of dry air exposure it is
impossible to distinguish between surfaces having an
advanced conditioning state, i.e., with an SEY in a crucial
region spanning, for instance, just above and below the
threshold for electron cloud buildup in a machine like the
LHC [46]. Therefore, if such contrasts have to be inves-
tigated, the analyses should be performed after the shortest
possible venting time, and the limit of the accessible
information for the particular storage time and conditions
has to be taken into account while interpreting the results.

V. CONCLUSIONS

The kinetics and mechanisms of deconditioning were
studied for a copper surface stored in a desiccator after full
conditioning by electron irradiation. An immediate SEY
increase is observed at venting, driven by a recontamination
of the surface by carbon adsorption and hydroxide growth.
It is demonstrated that, during storage in a desiccator, the
SEY contrasts present after conditioning between different
samples tend to disappear, due to a faster SEY increase for
the most conditioned samples. Therefore, if vacuum com-
ponents have to be exposed to air before their surface
analysis, some in situ SEY contrasts may irreversibly be
lost, limiting the level of information accessible with such
analyses. However, the memory effect of the conditioning
is still clearly present after 4 months of dry air exposure.
It is then demonstrated that the storage conditions

significantly impact the deconditioning kinetics. While a
conditioned sample recovers the as received SEY value
after only 2 weeks of storage in a humid atmosphere,
vacuum is found to efficiently hinder the SEY increase of
the conditioned surface. However, intermediate storage
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options, like closing the vented beam pipe on itself, allow
for a reasonable preservation of the conditioning state while
being more easily implemented than vacuum storage. In
this case, the venting atmosphere is of particular impor-
tance, and venting should be performed with a dry and
clean gas.
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