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Abstract

vacuum chamber loosing the desired properties. |dve
energy electrons, produced either by synchrotron

The secondary emission yield (SEY) properties of cdadiation hitting the accelerator walls [6,7] or Hirect

laminated Cu samples for LHC beam screens
correlated to the surface chemical compositio

al

f@nization of residual gases, might undergo a rapid
fultiplication driven by the actual SEY propertigisthe

determined by X-ray photoelectron spectroscopy. Th#all surface. In fact the seeding primary electrtsese"

surface of the "as received" samples is charaetrby
the presence of significant quantities of contating
adsorbates and by the maximum of the SEY cubygy(
being as high as 2.2. After extended electron $6ngpat
kinetic energy of 10 and 500 eV, tBgaxvalue drops to
the ultimate values of 1.35 and 1.1, respectivielyboth
cases the surface oxidized phases are significan
reduced, whereas only in the sample scrubbed ae%00
the formation of a graphitic-like C layer is obseav

the circulating beam and are accelerated in a aampl
dynamics (studied in details in different simulaticodes
developed to this purpose) [8-12] and hit the vatuu
wall. The secondary electrons are produced and a
multiplication, resonant with the beam time struefu
may occur if the accelerator wall surface posseaseSY
{Ryger than unity. This can cause a sudden increbtee
number of electrons in the accelerator, inducing
detrimental effects on beam quality as well as dapi

We find that the electron scrubbing of technical ciy@cuum pressure rises resulting in beam loss. This

surfaces can be described as occurring in two stepsre

phenomenon is called electron cloud (EC) build-apd

thefirst stepconsists in the electron induced desorption dfaS een recognized as a problem in positron/prings

weakly bound contaminants that occurs indiffereatiyt0

like DAFNE, B (Beauty) factories, PEP-Il, KEKB [13-

and at 500 eV and corresponds to a partial decrehisel?] @nd LHC among others.

Omax and thesecond stepactivated by more energetic

electrons and becoming evident at high doses, whiél

increases the number of graphitic-like C-C bondsthie
dissociation of adsorbates already contaminatieg"as
received" surface or accumulating on this surfacend
irradiation. Our results demonstrate how the ket
energy of impinging electrons is a crucial parameteen
conditioning technical surfaces of Cu and otheratsely
means of electron induced chemical processing.

INTRODUCTION

A wide range of applications [1-3] use or are dejgen
on the capability of a given material to emit elens
after electron bombardment. This quantity, calle
secondary electron yield (SEY), is defined as tt@rof
the number of emitted (or secondary) electronshe t
number of incident primary electrons [4], and i
commonly denoted by. The SEYd,a curves, which are
characterized by the behavior at low energy [5] lanthe
asymptotic value at high energy of the incidentttms,
for many purposes can be schematically described
their maximum value &,.x) and the energy at which it
occurs (Bay. Our experiments are performed in th
context of particle accelerator research, sinceenwh
intense and positively charged beams are circigaitin

A mean to mitigate this problem is to exploit the
nditioning or scrubbing effect that the prolonged
electron irradiation has on the chemical statehefwall
surface and that often coincides with a significan
reduction of the SEY [13-16]. LHC, for instancesks
its ability to run at operation conditions on a di@a
reduction of the initially high SEY®[(2.2) of the Cu
surface seeing the beam in the cryogenic dipoles to
much lower valued,,,{1L.3) after a certain electron dose.
Electron scrubbing is considered then necessargach
nominal operation [13-15, 18].

Scope of this study is the detailed comprehensidheo
chemistry variations induced by electron irradiation
technical surfaces, i.e. samples representativethef

éwcelerator walls, exposed to air and not treatéth w

Specific cleaning procedures in vacuum. Recentiesud
have demonstrated that the beneficial effect ofteda
beam scrubbing on these surfaces in some casasdasn

'with the formation of a graphitic surface film [29].

Since the SEY of graphite, and in general of cartbased
materials is lower than that of air exposed mettls
resence of the C thin films reduces the effecB#Y of
e surface [21]. Graphitic film growth occurs besa, in
general, the technical surfaces are covered by C

%ontaining contaminants that once exposed to terehn

flux tend to decompose and partly rearrange in lgtiap
assemblies [22,23]. The occurrence of material

vacuum chambers of small transverse dimensions, M@%nsformation at the atomic level induced by ettt

interact with low energy electrons also presenttha

irradiation has been often reported in the caseahif



films and nanostructures [24,25]. In particular,e thRecently the effect of the kinetic energy of theubbing
graphitization of carbonaceous films is a frequansicess electrons on the SEY has been investigated in déise of
and relies on the higher stability of graphitiditz at or co-laminated Cu for LHC beam screen which, when
below ambient pressure over the other possible €haracterized "as received" showa, of 2.2 [20]. At
allotropic  structures. The electron-induced chemicaach kinetic energy of the primary bedn between 10
reactions at the basis of contaminant graphitinaéad to and 500 eV, electron scrubbing was found to lovier t
the dissociation of C-H [26,27] and C-O bonds anthe  SEY, with .., decreasing asymptotically down to an
formation of volatile compounds that desorb frone thultimate minimum value, which, for kinetic energy
surface. In parallel C-C bonds reorganize fromdpen- between 50 and 500 eV is 1.1, whereas for kinetargy
chain geometry, typical of aliphatic hydrocarbawsform  of 10 eV remains around 1.35 [20]. The stabilifytie
domains with the honeycomb arrangement charagterisy, . values after further irradiation indicates thate th
of the graphltlc materials, due to the transitidnthe C Samp|es are in each case "fu”y scrubbed" at the
atoms from the spto s hybridization state. Moreover, corresponding energy. This is shown in Fig.1 fa 8,
since the incident electrons are emitted by a ifeént, .yrves taken o, = 10 and 500 eV. As a consequence the
this, if not properly degassed, could contributetmcal mgajority of the electrons forming the e-cloud i thHC,
increase of C-containing contaminants. In additthat, haying energy below 20 eV [20], do not contribute i
the electron beam might also induce the deposiioa  |4yering 5., below the value of 1.3 desired for machine
thin graphitic layer by d|_SSOC|at|ng_ C-containin@sg stability at design operation [13-15, 18]. The velece of
phase molecules present in the residual pressutaeof s jssue for accelerator wall conditioning motesadeep
vacuum chamber [28]. investigations of the effects of the electron kinenergy
on the surface chemistry of technical metal sudace
In this study the SEY properties of co-laminated Cu

L A e e e L L e samples for LHC beam screen scrubbed at 10 an&%00
221§ N were correlated to the surface chemical composition
determined by X-ray photoelectron spectroscopy (XPS
Our results show that electron scrubbing at 10 eV
— efficiently removes many contaminating species fithm
l sample surface diminishing significantly the oxygen

l i content, but fails to induce a substantial graphtton. In
. contrast, the formation of a graphitic C layer Isacly
observed on the surface scrubbedsg 500 eV, whose

SEY

o 10eV T SEY is satisfactorily mitigated.
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Dose (C/mm’) XPS and SEY measurements were performed at the
Material Science Laboratory of the INFN-LNF in Feas
(RM). The experimental apparatus is described i@aide
Figure 1 . values measured on taminated Cu elsewhere [6]. Briefly the UHV system (base pressur
samples for LHC beam screen as a fiomcof the electro 2x10"° mbar) includes qu-metal chamber dedicated to
dose atE,=500 eV and 10 eV [20].The arrows indicat SEY measurements and XPS analysis and a preparation
the doses used in this experiment. chamber. The SEYJ], i. e. the ratio of the number of
electrons leaving the sample surfal®} {o the number of
This process, that is certainly more relevant iw 10 jncident electrons Ij) per unit area, is determined
vacuum environments, might occur even in ultra higbxperimentally by measuringp and the total sample
vacuum regimes (1910"° mbar) due to the dissociation ¢ rrent li=lp —ls so thatd=1-l; /l,. For the SEY
of molecules such as CO and £Ghat are usual measurements, the electron beam was set to beesmall
components of the residual gas. In fact, the graftihin  than 0.25 mmin transverse cross-sectional area at the
carbon layers is routinely observed on surfacesseg to sample surface. To measure the current of the igipin
high energy radiation as in electron microscopyl.[29primary electrons, a negative bias voltage (-75W&s
extreme ultraviolet lithography [3,30] or synchmtr applied to the sample. The SEY measurements and
radiation beamlines [31]. Both the graphitizationtioe glectron irradiation were performed at normal iecice,
pre-existing contaminating layer and the growth &of py ysing electron beam currents of a few nA (touire
graphitic film due to the cracking of the residgds minimal “scrubbing” during data acquisition) and-51
molec_ule_s occur with a different efficiency deperdobn HA, respectively. In order to take XPS spectra fie t
the kinetic energy of the electrons used to sctud tgjeciron irradiated regions the electron beam wasred
surface to scrub a 83 mnt area, and thereforethe doses
delivered to the sample in this experiment werevelo



than those reached when irradiating a fixed pod®].] around 285 and 531 eV respectively, due to surface
The SEY was foundo fluctuate by 5% at most. XPS contaminants after the prolonged permanence inTéie.
spectra were acquired by exciting the sample with- C1s core level spectrum, shown in Figs.2d, congibis
monochromatic Mglé photons (h=1253.6 eV) andby main structure peaked at 284.6 eV and a weaker peak
detecting the photoelectrons in normal emissiomuysiny centered around 288.1 V. The first peak can beeelto

by means of an hemispherical electron analyZbe field the presence of C-C and C-H bonds, with the C atoms
of view of the electron analyzer was smaller thak 1having on the average a hybridization state inteliate
mnt. The binding energies (BE) are referred to therfrer between spand sp, that are characterized by typical BE

level measured on the sample. values of(284.3 and(285.1 eV, respectively [32,33], as
indicated by the arrows in Fig.2d. This chemical
RESULTSAND DISCUSSION arrangement derive from the different compoundsfog

Figure 2a shows the SEY curve measured on the g adsorbed layer. The high BE tail of the mairs Géak
received” sample (trace A) that exhibitSa, value of 8S well as the weaker peak at 288.1 eV are ingedtr

2.1. The XPS spectrum taken on this surface (ggedy the presence of C-OH, C-O-C and C=0 bonds [34].
shows the Cu spectral features but also reveals the
presence of C and O indicated by the C1s and Cdlsspt
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Figure 2:a) SEY curves measured on the "as received" coaled Cu sample for LHC beam screen (grey, circles
and in the middle (red, triangles) and in the peeiy (violet, diamonds) of the sample area33nnf ) scrubbed with
500 eV electrons (Q=1x10° C/mnf); b) d.ax Values measured along a line crossing the scrubkgion; c) XPS
spectra measured on the "as received" sample (wppee) and in the middle of the scrubbed reglowégr curve); d)
C1s core level spectra measured on the "as ret'edanple; in the periphery and in the center efgbrubbed region



This sample was irradiated at a primary electron
energyE;=500 eV over an area ok3 mnt obtained by
scanning the electron beam up to a total dose of
Q=1.210% C/mnf. According to the Fig.1 this
corresponds to have the surface almost “fully
scrubbed” The effect of electron scrubbing was studied
by comparing the chemical composition and the
secondary electron emission measured outside and
inside the irradiated area. After electron conditig
the SEY curve measured in the center of the irtadia
area shows &, value of 1.2 (see trace C in Fig.2a).
This value is almost constant over a length of a8
along a line crossing the electron beam spot (red i
Fig.2b), indicating an homogeneous scrubbing effect
over the region. Higher values are measured in the
periphery of the scrubbed region (purple area ¢n2h),
in correspondence of the tails of the electron heam
where the delivered electron dose is lower. Th& SE
curve measured in the periphery of the scrubbemeg
(trace B in Fig.2a) shows &, of 1.8. However, this
value is strongly dependent on the exact positiothe
sampled point, as the highly slopidg.x curve shown
in Fig.2b indicates. On the other hand, far awaymfr
the irradiated region (grey circles in Fig.2b) Hample
maintains thed,., values typical of the "as received"
surface. The variation of the secondary emission
corresponds to significant modifications of theface
chemical composition. The XPS spectrum measured in
the center of the irradiated region is shown in.XFg
whereas Fig.2d compares the Cls spectra takerein th
center and in the periphery of this area. In théppery
region (violet curves), that is, in the area scadht a
lower electron dose, the C1s spectrum has losCtke
component. Consistently the intensity of the Ols
spectrum (not shown) has decreased substantially.
These chemical modifications are likely due to the
dissociation of Cu-O, C-H [26,27] and C-O bonds and
to the recombination of volatile molecules ag &nd
H,O that easily desorbed under the action of the
impinging electrons. In this reaction, a possiltdée rof
secondary electrons coming from the bulk of thegam
cannot be excluded [35]. The loss of O containing
molecules reduces the oxidizing components in the
contaminated surface and results in a SEY decrease
[36].

In the center of the scrubbed area the amountisf O
even lower and the C peak has shifted to lower BE.
[20] This means that, in addition to the reactions
occurring at the periphery of the beam spot, haee t
impinging electrons have also converted the C
hybridization from spinto sg. Such effect usually is
accompanied by a decrease of the SEY of technical
surfaces [19,20Moreover in the scrubbed area the Cls
intensity which is1 20% higher than in the periphery,
hints at the occurrence of electron beam induced
deposition of graphitic C. The additional C layeo\gth
originates from the dissociation of residual gas
molecules present in the UHV chamber or even retbas

by the hot ebeam filament, typically CO and GChat
adsorb on the sample surface where they are crdmked
the impinging 500 eV electrons. After the dissadoiat

the O atoms desorb as @hereas the C atoms bind to
each other and condense in graphitic-like organized
network.

The effect of the kinetic energy of the impinging
electrons on the conditioning of the LHC sample was
investigated by performing a similar irradiation
experiment on a second "as received" samplg, aif
10 eV over a 3x3 mmarea. Fig.3 shows the SEY
curves measured after electron doses okB)2 and
4.8x10° C/mnf that exhibitd.., valuesof 1.64 and
1.54 whereasa final value of 1.46 is reached after a
dose of 1.%10% C/mnf, which is still lower than that
required to fully scrub the sample at 10 eV, asnsho
by the curve plotted in Fig.1.
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Figure 3: a) SEY curve measured on the co-lamihate
Cu sample for LHC beam screen "as receivaad in
the middle of the area ¥3 mnt ) scrubbed with 10 e’
electrons (dose 1: Q=3%20° C/mn¥; dose 2: 4.810°
C/mnf; dose 3: 1.410° C/mnf), and afterward
scrubbed with 500 eV electrons (dose 4: Q=1(%
C/mnf); b) Cls core level spectra taken on the sal
surface scrubbed at 10 eV and subsequently
scrubbed at 500 eV...

284

Correspondingly the Cls spectrum shows a single
symmetric peak centered at BE of 284.7 eV as on the
"as received" sample (see Fig.2d), whereas the geak



BE of 288.1 eV, that before irradiation was indicat

of C-H, C-O and C=0O bonds (see Fig.1d), has
disappeared. This shows that the prolonged electro
scrubbing aE, of 10 eV has successfully removed the
oxidized components resulting from O containing
contaminants, but is not effective in converting th
hybridization state of the C atoms to form graghiti
domains. The decrease &f.; from 2.1 to 1.46 has
then to berelated to the reduction of the surface
contaminants after the desorption of oxygen-cagyin
species.

To confirm that the key factor in fully reducingeth
SEY is the kinetic energy of the impinging electron
this sample was subsequently scrubbe&s600 eV
up to a dose of 1¥10° C/mnf. Then, an efficient
graphitization was obtained as indicated by the Cls
line shape, that after such additional scrubbirigjlets
the asymmetric profile peaked at 284.3 typical of
graphitic carbon (Fig.3b). In this particular cagbe
growth of additional C under the action of the béam
marginal as shown by the comparable C1s intensities
measured before and after the scrubbing at 500neV.
agreement with the behavior observed before, thé SE
curve measured on the graphitized surface shadys,a
value of 1.2, confirming the beneficial effect dfra
thin graphitic-like C films on the secondary emissi
properties of copper technical surfaces.

By combining the results obtained B of 500 and
10 eV it is possible to describe the electron doindp
of technical Cu surfaces as occurring in two steps,
where thefirst step consists in the electron induced
desorption of weakly bound contaminants that occurs
indifferently at 10 and at 500 eV and corresporda t
partial decrease ., and thesecond stepactivated
by more energetic electrons and becoming evident at
high doses, which increases the number of graphitic
like C-C bonds via the dissociation of adsorbates
already contaminating the "as received" surface or
accumulating on this surface during irradiation.

CONCLUSIONS

We have shown that the SEY of co-laminated Cu
sample for LHC beam screen can be decreased by
electron scrubbing. However, lowering the initdgly
of 2.1 to values below 1.4 requires the formatiéra
graphitic film. This occurs via electron beam inddc
reactions in the C-containing contaminating layer
covering the "as received" sample, and/or via ebect
beam induced dissociation of adsorbates coming from
the residual gas of the vacuum chamber or relelaged
the égun filament (typically CO and Cf) whose
fragments partly desorb and partly organize in kjtap
domains. Due to this evidence some concern arises
with respect to the comparison of data taken at
different base pressure and by using differently
degassed electron beam filaments. Undoubtedly more

systematic studies are required to fully understiued
processes leading to surface conditioning.

We confirm the mitigating effect of thin graphitic
films on the surface SEY, and demonstrate the didhit
scrubbing effectiveness of the low kinetic energy
electrons. As a matter of fact neither the low kne
energy impinging electronsEg=10 eV) nor the low
energy secondary electrons coming from the bulk of
the sample are efficient towards surface graphitina
but the interaction with energetic electrons setortse
indispensable to convert the adsorbed C atomsanto
graphitic-like network. These results, having aedir
relevance for LHC, might also widen the general
perspective of accelerator wall conditioning andyma
be of interest to the much wider community studying
the SEY surface properties in various fields oéezsh.
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