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In the superconducting magnets of the Large Hadron Collider (LHC) at CERN, most of the beam-induced heat
load is intercepted by a beam-screen (BS) cryogenically cooled to 5-20 K. When circulating the bunched proton
beam, an electron cloud (EC) can form and bombard the BS copper surface with high doses of predominantly
low-energy electrons, which desorb gas and consequently increase the pressure. The beam-induced pressure rise
decreases during operation as the electron irradiation diminishes the secondary electron yield (SEY) and the
electron-stimulated desorption (ESD) yield, a phenomenon referred to as ‘beam conditioning’. Low ESD and SEY
values achieved rapidly are requisite to mitigate EC and maintain UHV in storage rings. We report data on ESD
and SEY electron conditioning completed at cryogenic temperature with 0-1 keV electrons up to an electron dose
of 5.107% C mm ™2 Our results show that SEY conditioning depends on the primary electron energy and also that
ESD yield significantly decreases with temperature. At 15 K, the amorphous-carbon coating and laser-treated
copper present SEY below 1.1 and have initial ESD yields 3-6 times lower than OFE copper. Our results

conform to the SEY and ESD’s general understanding and extend it towards cryogenic temperatures.

1. Introduction

The CERN’s Large Hadron Collider (LHC) and other present or future
cryogenic storage rings [1-6] develop an electron cloud (EC) when
circulating a bunched particle beam. Inside the LHC beam-screen (BS)
the circulating 7 TeV proton beam emits synchrotron radiation (SR) at
critical energy of 44.1 eV [7], which irradiates the technical-grade
copper surface of the BS and extracts photoelectrons [8,9]. These
mostly low-energy electrons gain more energy from the electric wake-
field behind passing proton bunches and impinge on the BS surface again
while extracting secondary electrons. If the secondary electron yield
(SEY) is sufficiently high, a positive feedback loop can form that is
known as electron multipacting. The EC activity also leads to a pressure
rise via electron stimulated desorption (ESD). High EC activity triggered
by high SEY values imposes additional heat load on the BS cryogenic
cooling, while high ESD yield values ultimately lead to a large dynamic
pressure rise when circulating the proton beam. Hence, low values of
ESD and SEY achieved in a short time of operation, are an imperative to
maintain UHV conditions, to mitigate EC and to limit the heat load on
cryogenics of storage ring. As a remedy, both the SEY and the ESD yield
of the BS decrease to sufficiently low values when subjected to extended

electron irradiation, which is a commonly observed effect in LHC
[10-13] and other accelerators [3,14-16]. In fact, dedicated
beam-scrubbing runs were performed in the LHC to quickly reach high
electron doses on the BS, leading to low SEY and ESD values that enable
operating the machine at its full performance [17]. In-situ measure-
ments performed at the LHC Vacuum Pilot Sector (VPS) by E. Buratin
[18], as well as EC simulations by G. Iadarola [19], and other in-
vestigations [20], demonstrated that low-energy electrons below 20 eV
dominate the EC energy spectrum with a minor peak of
beam-accelerated electrons at few hundreds of eV. New accelerators
operating at cryogenic temperature are designed with techniques in
mind to mitigate the EC and the dynamic vacuum effect [21-23]. For the
High-Luminosity LHC (HL-LHC) upgrade, novel low-SEY surface treat-
ments are developed to effectively suppress electron multipacting
leading to an EC formation and doing so also suppress the dynamic
pressure rise caused by the ESD [24].

We present new ESD and SEY data measured at room and cryogenic
temperatures for a technical-grade OFE copper in an as-received
unbaked state cleaned for UHV by a warm ultrasonic isopropanol
bath. The copper we used in this study closely represents the current
state of the LHC beam-screen surface [8,9], which is made of an OFE
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copper, colaminated onto a stainless-steel sheet and heat-treated under
Hy atmosphere. We didn’t measure a notable difference between these
two within our instrumental precision. This OFE copper surface serves as
a baseline for comparing the two new low-SEY surface treatments
studied for the HL-LHC: amorphous-carbon (a-C) coating [25] and
laser-treated copper [26].

The amorphous-carbon was proven to lower the SEY below the EC
multipacting limit, even at remarkably thin coverages [27]. We inves-
tigate the same 50 nm thin a-C coating that was recently deployed in one
LHC quadrupole magnet during Long Shutdown 2. This is not to be
confused with a much thicker version of 400 nm that was tested with
LHC-type proton beams at CERN’s SPS machine [28,29] and at cryo-
genic conditions inside the COLDEX experiment [30,31] and recently
deployed in the CERN’s SPS [32]. The samples tested here were created
as witness samples when coating the COLDEX BS with a 50 nm a-C prior
to installation for future tests in the framework of the HL-LHC upgrade.

The laser-treated surface was also successfully tested at cryogenic
temperatures with LHC-type proton beams in the COLDEX [33,34]. The
OFE copper samples investigated here were laser-treated with the
following COLDEX-like parameters: 532 nm wavelength, 5 pJ pulse
energy, 10 ps pulse duration, 240 pulses. s71, 200 kHz repetition rate,
13 pm beam width, 24 pym hatch distance, 10 mm s~! scanning speed
and under Ny atmosphere. The laser settings indeed influence the
resulting SEY, as reported [35], and presumably also the ESD. The same
laser treatment also generates equally low SEY for stainless-steel and
aluminium [26].

2. Material and methods

The experimental setup aims to reproduce in a controlled way the
relevant HL-LHC conditions (UHV, temperature below 20 K, unbaked
sample) of its cryogenic system and to study the ESD and SEY. Detailed
technical description is given in a dedicated paper [63], so only briefly
(see Fig. 1). At cryogenic temperatures, residual gases cryosorb on the
cold surfaces, including the studied sample. Hence, the UHV is a must,
corresponding to a Langmuir monolayer formation time in the order of
few hours, giving enough time to study the intact surface. The pressure
range of 1071% mbar is achieved by a combination of a turbomolecular
pump, a non-evaporable getter pump and a bakeout at 150 °C during 72
h. The uy-metal chamber houses a 4-axis cryomanipulator capable of
cooling the studied flag-type sample down to 15 K by an open-cycle LHe
cooling. Samples are inserted via a Load-lock, hence unbaked samples
can be studied.

Cryostat

Sample
-28 V (SEY,ESD)
+46 V (Condi.)

(QMS @Apj +ADj 56 v E Colz)e:/:tor
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Vg Ve

e gun
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Fig. 1. Schematized arrangement for SEY and electron desorption measure-
ments in the 0-1 keV region. See the text and Ref. [63]
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Yet another experimental target is to reproduce the low-energy
electron irradiation in the form of a monoenergetic slice of the elec-
tron cloud energy spectrum. This implies high accumulated doses, up to
few mC.mm 2, of low-energy electrons in the sub-keV range. A Kimball
ELG-2 electron gun irradiates at a normal incidence the studied sample
surface in a way that the EC in an accelerator would. The gun generates
an electron beam with a low-energy (0-1.5 keV), low-intensity (0.1 nA -
10 pA), small spot size (3-7 mm?) and with a flat-top profile, as
measured by a Faraday-cup. A custom-designed collector is positioned
0.25 mm away from the sample and creates a closed geometry that
captures the electrons and molecules that escape the studied sample as a
result of the primary electron bombardment. The collector is spot-
welded from stainless steel sheets, forming a geometry essentially con-
sisting of a 75 mm wide and 750 mm long tube extending toward the
QMS and an endcap with two 4 mm circular holes left for the primary
electron beam to pass through the collector to the sample. Both the
sample and collector are electrically floating, insulated by a sapphire
plate and a ceramic interpiece, respectively, which allows measuring the
electron currents and imposing a retarding sample bias. In addition, the
collector acts as a Feulner cap [36] that protects the sample from any
parasitic contamination originating from the setup and restricts the
pumping speed to guide the desorbed gas molecules towards the quad-
rupole mass spectrometer (QMS) prior to being pumped. The
conductance-limited pumping speed on the collector’s inner volume,
where the QMS is located, is invariably fixed by the geometry and does
not change with the pumping speed inside the y-chamber, that can vary.
The pumping speed of the collector, with one hole covered by the
sample, was calibrated against a known reference conductance by
injecting gases alternately through this known conductance and into the
collector. The measured conductance is 21.8 #/s for Hy, with an un-
certainty of 20%, and scales proportionally to (2/M)"? for other gases of
molecular mass M. This conductance is higher than expected for a 4 mm
hole alone, because of gaps in the welded sheets. The collector is held at
an ambient temperature, so the desorbing gases readily thermalize to
300 K, ruling out the need to correct for cryopumping and thermal
transpiration. Meanwhile, the cryostat reaches ~5 K during a cooldown
and the sample temperature remains around 15 K. The collector was
redesigned since our last publication [37] towards a Feulner cap design,
to mitigate gas recycling on the cold cryostat. Using this new experi-
mental arrangement and methods, we measure the SEY and ESD yield of
material surfaces as a function of energy and dose, at ambient and
cryogenic temperatures, as follows.

Firstly, the Sample-Collector system acts as a Faraday cup that
geometrically captures all the incoming electrons, as we have experi-
mentally verified. The sum of collected currents equals the beam current
Iz =I5+ Ic. This beam current Iy is then taken to calculate the SEY and
ESD yield, as all these primary electrons do interact with the sample in
some way. We set the sample bias to —28 V to measure the SEY and ESD
as a function of primary electron energy. The low-energy electron beam
in combination with the repulsive bias enables the energy sweep to start
at 0 eV, as referenced to the sample. In this setting, the secondary
electrons produced at the sample are repelled towards the grounded
collector, where they form the collector current I¢. Dividing the collector
current I by the beam current Iy gives the SEY, denoted 6, as follows:

6=l [Is =Ic [ (Is +1¢) 1)

Secondly, the differentially pumped collector enables measuring the
ESD yield 7,; of a gas species j as a result of primary electron irradiation
of the studied sample. The yield is calculated from the calibrated vac-
uum conductance C; of the collector and the pressure rise Ap;, as
measured by the in-situ calibrated QMS.

"= CjAp/ é + Cj'Apj,BG ﬁ ~ CjAp/ é
kg .T qe kg .T qe kg .T qe

The measured ESD yield of a gas species 7, ; has two terms. The first
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term corresponds to the gas desorption from the studied sample stimu-
lated by the primary electron beam Iz. The second term represents the
dynamic background stimulated by electron current I impinging on the
molecular collector which itself is a source of electrodesorbed gas. The
collector is made of a 0.1 mm stainless-steel sheet that was UHV-cleaned
and baked to achieve low degassing [38], followed by an in-situ electron
conditioning. Hence, this dynamic background, captured by the second
term, is generally much lower than the first term that comes from the
high-yielding as-received sample under investigation. The static back-
ground from the residual gas is subtracted, as expressed by the Ap; term
in Equation (2). However, the dynamic background is not subtracted
and its level is visible in the 0-10 eV range of Fig. 4. When measuring the
ESD yield conditioning in Figs. 5 and 6, we use a +46 V sample bias to
further minimize the dynamic background by attracting the secondary
electrons back to the sample (in this case, the beam current Iy is still
calculated as a sum of Is+ I¢, but SEY cannot be measured). The dy-
namic background level measured in Fig. 4 is used to remove the dy-
namic background from the data in Figs. 5 and 6.

The ESD yield is monitored for Hy, CO, CO3, CHy4, CoHg, which are
the main gases desorbing as a direct result of electron irradiation. The
energy dependence is measured on the same spot and acquired point by
point, increasing the primary electron energy, as seen in Figs. 2 and 3 for
the SEY and Fig. 4 for the ESD yield. The energy step is set to 1 eV and
0.25 eV for ESD and SEY energy sweep, respectively, to capture the
detailed dynamics of the low-energy region. This energy step is then
spaced further apart, to minimize the electron dose imposed on the
studied surface. In an SEY energy sweep, the beam current of 0.3 nA
integrates to a dose of 10~8 C mm™2, making the SEY measurement a
non-destructive routine. For an ESD curve, a similar energy sweep is
done with a pA beam current that integrates to a few 10™> C mm™2,
Although this current is received mostly at low energy, measuring ESD is
destructive by definition, as some molecules are removed from the
studied surface. Indeed during an ESD energy sweep, we observe a
conditioning effect of a few tens of percent. A smoothed curve is fitted
into the data to guide the eye by capturing the trend behind the scattered
datapoints.

The conditioning effect achieved by extended electron irradiation
can be measured at room and cryogenic temperature, as shown in Fig. 5,
which plots the ESD yield against the accumulated electron dose. The
same irradiation with 300 eV primary electrons is done at 260 K and 15
K for comparison. Fig. 6 shows the ESD yield conditioning curves of low-
SEY surface treatments under 300 eV electron irradiation at 15 K.

The setup enables the study of SEY and ESD yields of material sam-
ples as a function of energy and dose. We typically measure the SEY and
ESD energy dependence of an as-received surface state of each studied
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sample. Then, another intact spot is chosen on the same sample that is
irradiated with electrons at a given energy. We chose the 300 eV primary
energy as a baseline as it provides the most effective conditioning effect.
During this irradiation, the ESD yield of the main gas species is measured
and plotted as a function of the impinging electron dose. At last, another
SEY curve is measured on the conditioned surface to describe the final
surface state. The SEY measurement is also used to reference the primary
electron energy scale with respect to the sample. Thereby, all electron
energies are taken with respect to this vacuum level Ey,, as localized by
the inflection point of the work function edge of the sample.

3. Results and discussion
3.1. SEY measurements

Using this experimental method, we have measured the effect of SEY
conditioning for various surfaces held at 15 K. The effect of varying
primary electron energy is illustrated on an OFE copper. The surface
state of an as-received unbaked OFE copper that we studied featured a
maximum SEY, §pq = 2.8, peaking around 300 eV. The presence of
contaminants on the intact surface not only manifests by a large §mqy, but
is also evidenced by the presence of ~7 eV peak visible in the inset of the
left graph on Fig. 2. Electron conditioning was then done for three
different primary electron energies. The 300 eV electrons at a dose of
2.3 mC mm ™2 condition the Smqy to 1.1 and shift the peak towards 200
eV. Conditioning with 1 keV electrons at the same dose achieves almost
the same conditioning effect. This conditioning process is well under-
stood and described at ambient temperatures [39-41]. The low SEY and
peak around 200 eV is assigned to precipitation of graphitic carbon
overlayer on the copper surface. Conversely, 23 eV electrons do not
condition the SEY nearly as well as, not even at twice the dose. The Spax
does not decrease below 1.45 and the peak does not shift towards 200
eV. Such limited conditioning effect that low-energy electrons have on
copper was also measured by Refs. [39,42], in these cases at room
temperature, and was linked to the lack of surface carbonization.

The right graph in Fig. 3 shows the SEY conditioning effect measured
for the case of 50 nm thick a-C coating and for laser-treated copper
surface, both of which are in an as-received unbaked state and held at
15 K. Both surface treatments are designed to have intrinsically low SEY
[25,26] well below the LHC multipacting limit of 6 = 1.35 in dipoles
(or 1.1 in quadrupoles) for 6.5 TeV protons beams [43].

The data show that the SEY is further reduced by 300 eV electron
irradiation. When exposed to an electron dose of 4 mC mm™2, the Spax Of
a-C drops from 1.15 to 0.85 and the peak shifts closer towards 200 eV,
corresponding to the lack of contaminants on the graphitic surface. This
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As-received .
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Fig. 2. SEY curves of OFE Cu measured at 15 K as a function of primary electron kinetic energy, which is referenced to the vacuum level of the sample. Left graph
zooms into the low-energy region and shows the contaminant removal and surface graphitization.
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Fig. 3. SEY curves measured at 15 K as a function of primary electron kinetic energy, referenced to the sample vacuum level. The SEY curves for 50 nm amorphous-

carbon and laser-treated copper show the as-received and conditioned states.
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Fig. 4. ESD yield as a function of primary electron energy, as measured for an
unbaked as-received OFE copper at 15K. The energy threshold is marked by an
arrow around 10 eV and is similar for all chemisorbed gases. Below this
threshold lies the collector’s dynamic background signal, which is highest for
H, and CO.

corresponds to results obtained for amorphous-carbon in an as-received
state with the §pqc in the 1.15 to 0.85 range. The obtained Spmqx Was
demonstrated to vary with the surface state, achieved by specific coating
process parameters, storage methods and thermal treatments [25,
44-46).

Owing to its microgeometry, the laser-treated copper surface exhibits
a characteristically flat SEY curve with only a flat peak and intrinsically
1ow Smax [35,47-49]. We measured that the 5,4, further decreases, from
0.73 to 0.5, when irradiated with 300 eV electrons at a dose of 3.3 mC
mm 2. The overall decrease can again be ascribed to the
electron-stimulated removal of surface contaminants, as evidenced by
the reduction of the 7 eV peak. Likewise the bare copper and a-C coating,
the general shape of the SEY curve does not evolve during an e” con-
ditioning, but only scales down towards lower SEY values.

It is remarkable to note that cooling down both studied low-SEY
treatments to a cryogenic temperature does not strongly modify the
Smax as compared to room temperature studies [25,50]. Our data for
laser-treated copper agree with SEY measurements done at cryogenic
temperatures [51].

3.2. ESD yield as a function of primary electron energy

Similarly to the SEY, the ESD yield can also be measured as a function
of energy, as illustrated in Fig. 4. The ESD signal only consists of the
dynamic background in the 1-10 eV energy region. As the primary en-
ergy ramps up, the signal from the studied sample eventually surpasses
the dynamic background level and rapidly becomes the predominant gas
source. We interpret this discontinuity to be the desorption energy
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Fig. 5. ESD conditioning curves measured for OFE copper held at 260 K (left) and 15 K (right).
The copper surface in an unbaked as-received surface state was irradiated with 300 eV electrons.
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Fig. 6. ESD conditioning curves measured for 50 nm amorphous-carbon (left) and laser-treated (right) copper surface. The studied surfaces are unbaked, as-received,

held at 15K and conditioned with 300 eV electrons.

threshold, as described in the framework of the classical IMGR model,
developed independently by Ishikawa [52], Menzel & Gomer [53] and
Redhead [54]. This is remarkably close to the 10 eV effect mentioned in
Redhead’s memoirs [55] and the values extrapolated by Billard et al. for
room temperature OFHC copper [56]. As much as the data scatter and
dynamic background allows us to draw conclusions, the energy
threshold is similar for all monitored gases and lies below 10 eV. Beyond
this energy threshold, the ESD yield increases linearly due to the primary
electron energy being deposited within the secondary electrons (SE)
escape depth. The yield reaches a flat peak at a few hundreds of eV and is
followed by a slow decrease. This decrease at higher energies is partly
due to electron conditioning done during the energy sweep itself and
partly due to the primary e~ depositing energy deeper within the bulk, in
a depth comparable to the SE escape depth. The ESD yield of all moni-
tored gases follows a similar trend across the entire energy range.

3.3. ESD conditioning

Extended electron irradiation decreases the ESD yield of all desorb-
ing gas species, i.e. Hy, CO, CO, CHy4, C2Hg, in an effect called condi-
tioning. Subjecting a surface to a continuous 300 eV electron irradiation
desorbs molecules, depletes their surface coverage and decreases the
ESD yield. The ESD yield can be plotted as a function of accumulated e™
dose, as illustrated in Fig. 5 for unbaked copper at 260 K and 15 K. Fig. 6
shows 300 eV conditioning for amorphous carbon and laser-treated
copper both unbaked and held at 15 K.

In the ambient temperature case, the conditioning curve of an ESD
yield for all species typically starts with a plateau which holds the initial
ESD yield for about a decade of electron dose until a few 10'° e".cm™2. A
steady decrease then follows at higher doses. The conditioning rate
asymptotically approaches a constant decline that can be fitted by an
inverse power law with an exponent typically in the 0.5-1 range. The
conditioning rate approaches a slope of 1 for copper at ambient and
cryogenic temperature. The ESD yields of CH4, CoHg and CO3 and by
extension their conditioning rates are less conclusive at high electron
doses, as we are approaching the sensitivity limit of the experimental
setup.

The ESD yield of all monitored gas species behaves differently, when
comparing the ambient temperature to the copper at 15 K. The cryogenic
temperature causes the initial yield to decrease, presumably due to
lower recombination rate/mobility on the surface or diffusion in the
bulk. The initial H; yield is the least affected and drops only by a factor
of 4. The initial yield of CH4, CoHg and CO decreases by a decade, whilst
the CO; yield drops by almost two decades. The formation of CO5 on the
surface and a subsequent desorption seems very ineffective at 15 K for all
the studied surfaces. By contrast, the Hy and CO yields, approach their
room temperature counterpart at high electron doses.

The CO and CO;, yields exhibit a transient maximum before starting a

steady decrease. We ascribe this maximum to the fact that at 15 K, we
measure a recycling ESD yield in our conductance-limited collector.
Hence, the measured signal is a superposition of the primary desorption
and secondary desorption of gases cryosorbed into a sub-monolayer
coverage, similarly to the case studied in Refs. [57,58]. Indeed, we
observe vacuum transients similar to the above references where the
upper-limit of the recycling yield is given by the quasi-static gas density
in the collector, that is determined by the ratio of the collector
conductance to the cryo-sample pumping speed. In our case, this upper
limit value equals 2. Hence, the initial ESD yield we measure in our
experimental arrangement can only be underestimated by a factor of 2.

The same measurement of ESD yield conditioning was performed on
a 50 nm amorphous-carbon and the laser-treated copper, both held at
15 K while irradiated with 300 eV electrons. The a-C exhibits an initial
ESD yield lower by a factor of 3-6, as compared to copper at 15 K. There
is no transient maximum and after the initial plateau, the ESD yield
declines for all gas species. Similarly to the a-C, the laser-treated copper
exhibits lower initial ESD yields. However, a transient maximum is
observed, especially for CO and COs, this time at a higher electron dose
than for copper, which can be linked to the large specific surface.

Table 1 gives the ESD yields for different stages of the conditioning
process and serves to compare the a-C and laser-treated sample against
bare OFE copper at 15 k. For clarity, we focus on Hp and CO as the
predominant desorbing gases. The copper at 260 K is used to substan-
tiate the different behaviour of ESD yield evolution with electron dose at
ambient and cryogenic temperatures.

When comparing the a-C and laser-treated samples against the bare
copper at 15 x, they exhibit overall lower initial ESD yields. In fact, the
as-received copper at 15 k requires a dose of 10 e~.cm ™2 to reach the
same H, yield as amorphous-carbon has ab-initio. At a dose of 10'8 e~
cm 2, the copper conditions to similar ESD yields as the laser-treated
surface, but the a-C already has by almost a decade lower ESD yields.
The reduction of Hy and CO yields can be calculated between doses of
10'7 and 10'® e~.cm™2. The copper surface, regardless of the tempera-
ture, reduces its ESD yields by a factor of 5.5-10 per decade of electron
dose. This is a characteristic observation for a clean metal surface, where
the decrease approaches a factor of 10. By contrast, both surface treat-
ments reduce their ESD yield at about half the rate, even at high e~
doses. Hence the electron conditioning seems less effective here and is
likely linked to the surface porosity.

The integral amount of gas desorbed during a conditioning can also
be evaluated. For an electron dose of 10'7 e”.cm™2, there are only
marginal differences in the Hy and CO desorbed from copper, regardless
of temperature, and including the laser-treated copper. The desorbed gas
corresponds to 5-11 .10%° molecules. cm~2 for Hy and 0.7-3 .10'%
molecules. cm™2 for CO. At the same electron dose, the amorphous-
carbon desorbs about 6 times less Hy and CO than bare copper at 15 K.
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Comparison of H, and CO yields of the studied surfaces as sampled at the initial as-received surface state and at doses of 10'” e ".cm~2? and 10'® e~.cm 2 during the 300

eV conditioning.

OFE Cu at 260 K

OFE Cuat 15K

50 nm a-C/Cu at 15 K Laser-treated Cu at 15 K

H, co H, co H, co H, co
Initial Yield [molecule/e’] 6.2E-1 8.3E-2 2.3E-1 7.9E-3 4.1E-2 2.8E-3 7.4E-2 2.7E-3
Yield at 10’7 e".cm ™2 [molecule/e’] 3.7E-2 1.4E-2 3.7E-2 8.4E-3 7.0E-3 1.5E-3 3.0E-2 6.5E-3
Yield at 10'® e.cm™2 [molecule/e’] 3.8E-3 1.9E-3 4.4E-3 1.5E-3 1.1E-3 4.0E-4 7.4E-3 2.9E-3
Reduction factor in 10'7-10'® e".cm™2 [-] 9.8 7.1 8.4 5.6 6.6 3.8 4.0 2.3

Desorbed gas at 10'” e".cm ™2 [mbar.L.em™2] 4.5E-4 1.2E-4 3.7E-4 5.1E-5 5.7E-5 9.1E-6 1.9E-4 3.0E-5

4. Conclusions

We have developed and validated a methodology for measuring SEY
and ESD yield at cryogenic temperatures and in the low-energy range of
0-1 keV. The new setup produces data in excellent agreement with
values found in literature taken under similar parameters. This includes
the SEY measured at ambient [40] and cryogenic temperatures [59] and
of ESD yields and conditioning rates measured at ambient temperature
[56,60,61] as well as the effect that varying primary electron energy has
on the SEY conditioning process [39]. We first studied an OFE copper
representing the LHC beam-screen to establish a reference at both
ambient and cryogenic temperatures. We then proceeded with studies of
novel low-SEY surface treatments to directly compare their SEY, ESD
yields and electron conditioning effects.

We report the first laboratory measurements of electron conditioning
of both SEY and ESD yield performed at a cryogenic temperature of 15 K.
We showed that the primary electron energy has a major influence on
the SEY conditioning efficiency. We evidence this by incomplete SEY
conditioning when irradiating the OFE copper with 5.4 mC mm 2 of 23
eV electrons that only resulted in §;,qx = 1.45. This is to be compared to
the full conditioning effect, i.e. 5,0 = 1.1, achieved by exposing copper
to 300 eV electrons at a dose of 2.3 mC mm™2. The lack of conditioning
efficiency of low-energy e~ was previously demonstrated for copper at
room temperature [39], and we evidence this effect at cryogenic con-
ditions. Our results complement the existing data on SEY conditioning
measured in the cryogenic temperature region by Cimino & Collins [59].
Here we further investigate the effect of primary electron energy on the
OFE copper conditioning.

The ESD yield from OFE copper at 15 K was also studied as a function
of primary e energy, revealing a ~10 eV threshold, below which the
electron-stimulated desorption yield is nil. This observation compares
well to the values extrapolated by Billard et al. [56] for as-received
OFHC copper at ambient temperature. The energy dependence of ESD
is linear for all monitored gases until reaching a flat peak at a few
hundreds of eV. Unlike for the SEY conditioning which is rather
temperature-independent, the ESD yields are substantially lower for
copper at 15 K. The cryogenic conditions lead to about a decade lower
initial ESD yield for CHy4, CoHg and CO, whilst the initial Hy yield drops
by a factor of ~3 and the initial CO, yield decreases by 2 decades. The
ESD conditioning curves also exhibit a very different behaviour at
cryogenic temperatures, when compared to copper ambient tempera-
tures. The CH4, CoHg and CO; yields remain lower at high electron
doses. By contrast, the Hy and CO yields ultimately converge to the
values obtained for a room temperature copper. The conditioning rate at
high electron doses remains unchanged at 15 K and approaches a slope
of 1 for copper and about half of that for the studied low-SEY treatments.

We also report the first results taken at cryogenic temperatures on
electron conditioning of HL-LHC-relevant low-SEY surface treatments.
We demonstrate across the studied energy range that both surface
treatments preserve their low pq even at cryogenic temperatures.
Indeed, the SEY of as-received unbaked amorphous-carbon (50 nm) and
laser-treated copper do remain well below the multipacting threshold
for LHC cryodipole, i.e. Smgx < 1.3. The SEY further decreases when
exposed to 300 eV electron irradiation at 15 K. The &g, of amorphous-

carbon conditions from 1.15 to 0.85 at a dose of 4 mC mrn’z, whilst ey
of laser-treated copper conditions from 0.73 to 0.5 at a dose of 3.3 mC
mm™“.
The initial ESD yields of both low-SEY surface treatments are lower
than of an as-received unbaked OFE copper. The ESD yield of copper
only conditions to comparable ESD values at an electron dose of few
10~* C mm 2. Compared to the copper, the amorphous-carbon coating
lower by almost a decade at an electron dose of few mC.mm™2. Contrary
to the copper surface, both amorphous-carbon and laser-treated copper
exhibit a slower ESD conditioning rates that approach a slope of 0.5
rather than 1. The conditioning curves produced at a cryogenic tem-
perature do complement the observations made by Hannah et al. for a
laser-treated copper at ambient temperature [62]. The conditioning
rates at high electron doses are similar to Hannah’s, but the initial yields
are overall lower at 15 K, which is expected knowing the substantial
decrease of copper ESD yields in Fig. 5.

The presented experimental results link the e™ cloud activity, the
dynamic vacuum effect and the beam conditioning, all observed in the
LHC’s cold arcs. These new insights into the LHC vacuum system are
especially relevant with the HL-LHC upgrade under way [24]. The data
can also serve other cryogenic machines [3] and provide an input for
design and simulations of new accelerators, such as the FCC-hh [5,23].
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