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Effect of the surface processing on the secondary electron yield of Al alloy samples
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In this study we have investigated the relation between the secondary electron yield (SEY) and the
surface chemical state for technical Al alloy samples cut from the inner walls of the Petra III storage ring.
SEY curves measured after prolonged electron beam irradiation at 500 eV showed maximum values
(6max) between 1.8 and 1.5. By combining x-ray photoelectron spectroscopy with SEY measurements, we
have been able to relate the surface chemical composition to the &,,,, values for the “as-received” surface
(6max = 2.7), for the electron beam conditioned sample (6., = 1.8 — 1.5), and after substantially
removing the surface contaminating layer by means of Ar* ion sputtering (6. = 1.3). Our detailed
chemical analysis shows that the SEY strongly increases in the presence of the thin surface oxide film
which unavoidably forms on the clean Al alloy sample under electron beam irradiation even in ultrahigh
vacuum conditions, and suggests that the high reactivity of pure Al and Al alloys to oxygen could be the
cause of the difference among the SEY values measured in different ultrahigh vacuum environments.
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L. INTRODUCTION

For several years now, a growing number of observations
of the electron cloud (EC) effects have been recorded in
several high-energy particle accelerators [1-4]. The term EC
refers to the accumulation of electrons inside an accelerator
beam pipe capable of affecting the accelerator operation by
causing emittance growth, vacuum pressure increase, and
possibly beam loss and degradation of the beam diagnostics.
During operation, the internal walls of the particle accelera-
tors are exposed to synchrotron radiation and/or electron
bombardment that can cause desorption of gases and pro-
duction of primary electrons. These may be accelerated by
the Coulomb potential of the circulating beam producing
secondary electrons and leading to EC buildup [1-4].

At the synchrotron radiation facility PETRA III at
DESY, the measured tune spectra show beam character-
istics typically observed in connection with EC effects [5].
The estimation of such effects with the available EC simu-
lation codes requires a clear determination of the second-
ary electron yield (SEY) of the chamber wall [5].
Furthermore it is crucial to investigate whether EC effects
induce a conditioning of the accelerator environment,
which changes the chemical state of the chamber surface
and leads to a permanent lower SEY [6—13].
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PETRA III operates a positron beam in a primary cham-
ber made of AIMgSi0,5 (6060), a technologically important
Al alloy used to build vacuum chambers as well as critical
inner components of particle accelerators. The investiga-
tions carried out so far on technical Al samples have
emphasized the impossibility to obtain surfaces with a
low SEY even after extensive conditioning [14,15], indicat-
ing the difficulty to modify in the desired direction the state
of the Al surface via the impact of charged particles. On the
other hand the large spread of the 6,,,, values reported in
the literature for different Al and Al alloys [6,8,14-16]
(Omax being the maximum of the measured SEY curves)
denotes the importance of the chemical state of the metal
surface, but also to the properties of the specific alloy, in
determining the secondary electron yield. This poses a
crucial issue as the simulation codes developed to correctly
analyze, predict, and possibly mitigate the EC-related un-
wanted effects for PETRA III necessitate, among other
input parameters, a reliable 6,,,, value.

The most consistent way to face this need is via an
ad hoc investigation aimed at determining the SEY of the
accelerator walls. This is done by measuring the SEY and
the chemical surface composition of an Al alloy sample as
similar as possible to the actual ring wall, in correspon-
dence of those surface modifications expected to occur
during machine operation (e~ and ion bombardment).
Therefore, in this study, representative samples cut from
a prototype dipole chamber of Petra III at DESY were
studied by combining the measurement of the SEY curves
with the surface chemical analysis obtained by x-ray
photoelectron spectroscopy (XPS) with two principal ob-
jectives: (i) to provide a reliable range of values for &,,, as
input value for the ECLOUD simulation code [17], and (ii) to
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relate the evolution of §,,, to controlled treatments of the
Petra III sample capable to alter its surface chemical state.
To this aim the data taken on the “‘as-received” samples
were compared with those measured after electron beam
irradiation, performed to simulate the effect of the EC, as
well as with the curves obtained for the Ar* ion sputtered
and for the oxidized Al alloy surface. The possibility to
relate the measured SEY to the chemical composition of
the sample surface has revealed the critical impact that
adsorbates and contaminants have on the secondary emis-
sion properties of such an Al-based alloy.

II. PETRA III

PETRA III [18] is a third-generation synchrotron radia-
tion facility at DESY. The PETRA ring was built in 1976 as
an electron and positron collider and used as a preacceler-
ator for the HERA lepton hadron collider ring from 1988
until 2007. During the conversion to a synchrotron radiation
facility from 2007 to 2009 one octant of the PETRA ring
has been completely redesigned to provide space for 14
undulators. Furthermore the whole vacuum system [19,20]
was replaced while the dipole and quadrupole magnets in
seven octants were reused. The end section of the dipole
vacuum chamber is shown in Fig. 1. Synchrotron radiation
light impinges on the internal part of the vacuum chamber,
as indicated by the white arrow. This chamber, made of an
extruded aluminum alloy profile, is 5.8 m long and is used
in the dipoles of the seven octants. A nonevaporable getter
(Zr, Ir, V alloy) strip is installed in a side channel of the
aluminum alloy profile to provide distributed pumping
along the chamber. Additionally two ion pumps are in-
stalled at each end of the chamber [20].

The PETRA III vessel was only prebaked by flowing
150 °C steam in the water cooling channels of the dipole
chamber prior to installation [20]. After that the PETRA III
chamber is not baked with external heaters but synchrotron
radiation is used to perform the conditioning of the vacuum
system [20]. In March 2012 the typical pressure measured
at the ion pumps at the end of the dipole chambers was

FIG. 1. PETRA III dipole vacuum chamber. The end of the
chamber is shown with the ante chamber at the left side. A NEG
strip is mounted in the ante chamber. The full width of the
elliptical chamber is 80 mm and the full height is 40 mm. The
arrow indicates where the primary synchrotron radiation is
hitting the chamber wall.

6 X 1071 mbar without beam and about 3 X 10~° mbar
with beam (100 mA).

Commissioning with the beam started in April 2009 and
user runs were started in 2010 [21]. PETRA III is presently
running in a top-up operation mode with positrons since it
is sharing the same preaccelerator chain with the synchro-
tron source DORIS, which is running with positrons to
avoid problems with ionized dust particles. The main
design parameters are listed in Ref. [18].

The design current of 100 mA has been achieved but using
different filling schemes than originally foreseen, since a
vertical emittance blowup has been observed for a filling
scheme with 960 equidistantly spaced bunches. In 2011
three filling schemes, which are shown in Figs. 2(a)-2(c),
with bunch-to-bunch spacing of 192, 128, and 32 ns were
used. The total current was 100 mA for the schemes with 60
and 240 bunches and 80 mA in the 40 bunch mode. For a
filling scheme with 40 and 60 bunches no phenomena were
observed that could be related to EC effects. However, for
the filling scheme with 240 bunches (32 ns spacing) a slight
vertical emittance growth was observed (g, ~ 0.025 nm),
which was still acceptable for user operation.

During the startup phase for the 2012 running period,
scrubbing runs with 480 equidistant bunches and a total
beam current of 100 mA were done for 4 days. The filling
scheme is shown in Fig. 2(d).

During the scrubbing run, phenomena related to EC
effects have been observed: horizontal and vertical emit-
tance growth and extra lines in the vertical tune spectra.
After the scrubbing run it was possible to operate
PETRA III with 240 bunches with a smaller vertical emit-
tance (e, ~ 0.01 nm) than in 2011. It was also possible to
run with 320 equidistantly spaced bunches and a small
vertical emittance growth. But for filling schemes with
480 bunches [Fig. 2(d)] and 960 bunches (8 ns bunch
spacing, design parameter), a significant emittance growth
was observed, which excludes these filling schemes for
user runs.

Fllhng Bunch positions (8 ns spacing)
scheme 1 3 5 7 25 27 29 31..960
192 ns
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FIG. 2. Bunch filling schemes of PETRA III for the user runs
in 2011 (a)—(c) and for the scrubbing run in March 2012 (d).
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FIG. 3. Integrated beam current of PETRA III. The time scale

starts at May 1, 2009, and ends at October 22, 2012.

The integrated beam current of PETRA III is shown in
Fig. 3 from May 1, 2009, to October 22, 2012. The first user
runs with 240 bunches started in August 2010 with a special
scheme with 60 trains with 4 bunches [22]. The integrated
beam current was 230 Ah. At the beginning of the user runs
in February 2011 an integrated beam current of 430 Ah was
reached and the filling schemes of Figs. 2(a)-2(c) were used,
including the scheme with equidistantly spaced bunches.
Aside from the scrubbing runs, in 2012 a conditioning effect
based on the integrated beam current was observed.

To have a simple estimate of the number of electrons
hitting the accelerator wall during the described operation
periods, we first calculate the number of emitted photons
per length and per positron in the bunch in the dipole
magnet with bending radius p(~192 m):

dN, _ 5 E 1
= — —

ds 23 myc? p

where a(~1/137) is the fine structure constant and E is the
energy of the beam. The electron dose due to photoelec-
trons and secondary electrons on the surface can be esti-
mated by using the simulation code ECLOUD [17].
Assuming a photoelectron yield (¥) of 0.1 and taking
into account a SEY of only 1.5, one obtains a photoelectron
dose of 7.6 X 1072 C/mm? in the central region of cham-
ber using the filling scheme c of Fig. 2 and also considering
that the integrated current was 9.6 Ah for the scrubbing
runs (4 days at 100 mA). In the simulations most of the
photoelectrons were emitted from the region where the
primary synchrotron radiation hits the wall, but a fraction
(30%) was emitted from other parts of the chamber due to
the reflectivity of the Al alloy surface (see also the results
for Cu in Refs. [9,23]). For a SEY of 1.8 one obtains a
photoelectron dose of 0.19 C/mm? in the central region of
the chamber. These simple calculations suggest that
0.1-0.2 C/mm? is a reasonable dose range expected to
hit the accelerator walls during operation and scrubbing

=0.645m™ !, (1)

runs. This defines the necessity of experimentally measur-
ing the SEY of the Petra IIl sample not only on the as-
received surface but also after an electron dose comparable
to the one here estimated. The goal is then to cross-check
experimentally if the Al SEY could decrease to values as
low as 1.8 — 1.5 validating the input parameters used in
ECLOUD simulations.

III. EXPERIMENTAL

XPS and SEY measurements were performed at the
Material Science INFN-LNF laboratory in Frascati
(Rome, Italy) under ultrahigh vacuum (UHV) conditions
(unbaked system, base pressure 2 X 10~° mbar). The UHV
system includes a w-metal chamber, with residual magnetic
field at the sample position lower than 5 mG, dedicated to
SEY measurements and XPS analysis connected to a sec-
ond chamber used for in situ sample preparation.

The samples used in this work were cut out of a proto-
type chamber of Petra III used for assembly tests. The
prototype chamber, made of the AIMgSi0,5 (6060) alloy,
had the same material properties and got exactly the same
surface processing [sodium hydroxide and alkaline agent
(Grato 90) cleaning procedures, each step followed by high
pressure water rinsing] as the chambers that were installed
in the accelerator.

The SEY(S) is defined as the number of secondary
electrons emitted per incident electron, i.e., the ratio be-
tween the number of electrons leaving the surface and the
number of incident electrons per unit area. In practice the
currents measured experimentally are the primary current
hitting the sample /p and the total sample current I =
Ip — I, where [ is the secondary electron current leaving
the sample, so that § = 1 — I/Ip. The maximum value of
the SEY is indicated by 6,,,x and this parameter is used for
the simulations of the EC buildup in the accelerators. For
the SEY measurements the electron beam was set to be
smaller than 0.25 mm? in a transverse cross-sectional area
and stable in current for energies between 10 and 500 eV,
as confirmed by a line profile and by stability tests done by
using a homemade 1 mm slot Faraday cup. To measure
low-energy impinging primary electrons, a negative bias
voltage (~75 V) was applied to the sample. Such bias
allowed us to work also at very low primary energy (close
to 0 eV) while keeping the gun in a region where it was
stable and well focused. The 7, current was measured by
means of a Faraday cup. During SEY acquisition, the gun
current was set to low values (a few tens nA) not to perturb
the surface with the electron beam; we calculated that the
maximal electron dose delivered during the most accurate
& measurements was of the order of 3 X 107> C/mm?.
The electron dose was determined from the relation D =
Q/A = (Ip X T)/A, where Q is the total charge incident
on the sample surface, /p is the impinging beam current
(generally a few @A), and T is the irradiation time. The
area A was determined by assuming that the electron beam
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spot on the sample is circular. All electron irradiation and
SEY measurements were performed at room temperature
and at normal incidence. During scrubbing, the beam
current was typically a few wA and the electron beam
hit the sample in a fixed area of ~1 mm?. In the course
of this study, we found the SEY measurements for a given
sample condition to fluctuate by 5% at most.

XPS spectra were obtained by exciting the sample with
nonmonochromatic MgKa photons (hy = 1253.6 eV) and
detecting the photoemitted electrons by means of an
Omicron EA125 hemispherical electron analyzer.
Photoelectrons were collected in normal emission geome-
try. The binding energies (BE) are referred to the Fermi
level measured on the sample. The area viewed by the
electron analyzer (~ 1.5 mm?) was slightly larger than
that of the region effectively modified by the electron
beam (~ 1 mm?). This implied that the collected photo-
electrons were not entirely coming from the irradiated
area, but for a minimal fraction originated from the sur-
rounding region. Because of that, the effect of the electron
irradiation can result slightly underestimated by the XPS
spectra.

IV. RESULTS AND DISCUSSION

A. SEY of the as-received and electron-scrubbed sample

Figure 4 shows the XPS spectra and the SEY curves
recorded in different conditions on the Al alloy sample cut
from the Petra III prototype chamber. The curve (a) in the
top panel shows the survey XPS spectrum acquired on the
as-received sample, i.e., just after the insertion into
the analysis chamber. The most intense peaks are the Ols
and Cls core levels at 532 and 286 eV, respectively, due to
surface adsorbates related to ambient air, like water, hydro-
carbons, and carbonaceous oxides. Such contaminants
cover the sample surface and dump the intensity of the
Al2p and Al2s peaks, which are slightly visible at BEs of
75 and 120 eV, typical of oxidized aluminum [24]. A
negligible contamination due to Ca atoms is also observed
at about 350 eV.

The SEY curve measured on an as-received sample and
shown in the bottom panel of Fig. 4 (black line) exhibits a
Omax Value of 2.7. This high value can be attributed to the
surface contaminating compounds that are known to in-
crease the secondary electron yield [15,25,26].

In order to simulate the electron conditioning in the
accelerator environment, the sample was irradiated for
increasing time by an electron beam at kinetic energy of
500 eV. Subsequent irradiation cycles progressively re-
duced the SEY down to a final 6,,,, value of 1.8 (red curve
in Fig. 4) obtained for a cumulative electron dose of
1.2 X 107! C/mm?. In principle the electron scrubbing
acts as an electron stimulated desorption process, which
modifies the chemistry of the topmost layers and partially
removes the surface contaminants [27]. This action usually
reflects in a sizeable decrease of the whole SEY curve, and
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FIG. 4. Top: XPS survey spectra; bottom: SEY curves vs
electron beam energy measured on the PETRA III Al sample.
(a), (black) as-received and (b), (red) after e~ beam irradiation,
500 eV, 1.2 X 107! C/mm?. The numbers in the bottom panel
report the 8., value of each curve.

indeed several technical surfaces in their “fully scrubbed”
state meet the requirement compatible with machine op-
eration [28]. In this case, however, the irradiation time
(electron dose) needed to reduce the SEY to acceptable
values for PETRA III normal operation is significantly
longer than any reasonable value, and this renders such
EC mitigation scheme of limited efficiency. We show here
that this is due to the fact that the chemical state of the
surface is not affected significantly by the prolonged elec-
tron irradiation. In fact, the XPS spectrum measured on the
scrubbed sample shown by the curve (b) in Fig. 4 indicates
that the composition of the surface layer has not been
noticeably modified. The only change evident with respect
to the as-received spectrum consists in the decrease of both
Ols and Cls intensities with a preferential desorption of
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oxygen with respect to carbon; indeed the Ols and Cls
spectral intensities measured on the scrubbed surface were
22% and 14% lower, respectively, than those of the as-
received surface. The &, value of 1.8 measured on the
scrubbed surface is consistent with those reported for ex-
periments performed by electron bombarding similar Al
alloy samples [14,15]. In contrast the §,,,, value measured
on the sputter cleaned Al alloy 6061 surface is around 1 [6].

The decrease of C and O intensities suggests that con-
taminating adsorbates are partially desorbed by the electron
beam and the variation of &,,,, from 2.7 to 1.8 indicates that
these species gave a high contribution to the SEY. What is
left after the scrubbing is basically the same Al oxidized
surface with a lower amount of O-carrying contaminants on
top. The fact that the line shape of the Al core levels does not
change appreciably after scrubbing could indicate that most
of the desorbed species were not directly bonded to Al, and
that the Al oxide layer is not decomposed by the electron
beam. However, it is also possible that residual gas adsor-
bates (H,0, CO, CO,) dissociated by the electrons replace
the desorbed O (and C) atoms, so that on the average we do
not see any substantial change. The balance between the
electron beam-induced desorption and recontamination,
which determines the ultimate 6,,,, measured after scrub-
bing, depends on the value and composition of the residual
gas pressure in the UHV chamber where the electron con-
ditioning is performed. The vacuum environment where the
experiment was performed, that is an unbaked system with a
background pressure of 2 X 10~ mbar dominated by the
H,O partial pressure [py,o (m = 18) =5 X 107'% mbar]
[29] (see Supplemental Information [30]) is representative
for the PETRA III vessel, which was only prebaked prior to
installation and whose typical pressure with beam running is
about 3 X 10™° mbar. The role of the background pressure
and residual gas composition in the evolution of the SEY of
the Al alloy sample with electron scrubbing becomes clear
when comparing the results reported above with those ob-
tained by electron scrubbing a similar PETRA Il sample in a
second cryo-pumped, baked UHV chamber with a base
pressure of 1 X 107!° mbar dominated by the mass peak
due to hydrogen [py,o (m = 18) =2 X 107" mbar] [29]
(see Supplemental Information [30]). In this case an equiva-
lent dose of 1.2 X 10! C/mm? at 500 eV reduced &, to
values as low as 1.5 [5]. We want to stress that the main and
this second UHV systems were almost-twin, having similar
shape and volume, and were equipped with identical e-guns,
vacuum gauges, and Faraday cups. It can be reasonably
excluded that the different §,,, values measured in the
two UHV systems could be due to different geometry or
focusing conditions. As it will be better shown below, this
proves the dramatic reactivity of the Al surface to adventi-
tious adsorbates that might result even enhanced under
electron beam irradiation.

For other technical surfaces as TiN and Cu [6-8,12,13] it
has been observed that electron conditioning reduces the

high &,,,, values measured on the as-received samples to
values of the order of 1.3 or even lower, and this behavior
has been related to the desorption of contaminants as well
as to the formation of a graphitic film upon the interaction
of the electron beam with C containing surface adsorbates.
For the PETRA III Al alloy sample, however, in spite of the
large quantity of C at the surface, a similar growth of a
graphitic layer has not been observed. The Cls peak mea-
sured on the scrubbed surface, besides the limited intensity
decrease mentioned above, maintains the pristine broad
profile centered at 285.6 eV, indicating the presence of a
disordered assembly of C atoms involved in C-C, C-H, and
C-O bonds. The stability of the Cls line shape excludes a
reorganization of the C atoms into a sp? graphitic network,
that would contribute at BEs more than 1 eV lower [31],
and thus determine a shift of the measured Cls spectrum.

B. Effect of the surface oxidation on SEY

In order to evaluate the effect of the adsorbate contami-
nation on the SEY properties we cleaned the Al alloy
surface by Ar" sputtering. In the XPS spectrum measured
on the ion bombarded sample, which is shown by the curve
(a) in Fig. 5, the Ols peak has halved its intensity, the C
contamination is almost eliminated, and the intensity of the
Al2s and Al2p core levels appears strongly enhanced. The
presence of negligible extra peaks due to nitrogen (397 eV)
and tantalum (240 eV and 238 eV) can be attributed to
native metal contamination and to the sputtering of the
sample holder, respectively. The SEY measured on the Ar"
sputtered Al surface (green curve in Fig. 5) is strongly
reduced showing a 6,,,x value of 1.3, which approaches the
value of the clean metal alloy [6].

The high resolution Al2p spectrum measured on the Ar*
sputtered surface is shown at the bottom of Fig. 6. Because
of the low percentage of the other alloy components (Si and
Mg = 0.6 wt%; Fe =0.3 wt%; Zn, Cu, Mn, Ti=
0.15 wt%) the spectrum was decomposed by considering
Al-Al bonds and Al atoms coordinated with chemisorbed
oxygen or organized in oxide phases [24,32-34]. The
spectra were best fitted with Voigt functions by using
four doublet components, the first at BE (2p3,) of
72.5 eV (C1) due to metallic Al and the others at 73.4 eV
(C2), 73.9 eV (C3), and 75.1 eV (C4). In agreement with
the literature C2, which has a chemical shift of 0.9 eV with
respect to C1, is attributed to Al atoms bonded to chem-
isorbed O atoms [24] and C3 and C4 shifted by 1.4 and
2.6 eV to tetrahedral and octahedral Al,O; phases, respec-
tively [32,33].

The Al2p core level analysis shows that after prolonged
ion bombardment there are still Al atoms bonded to oxygen
even in a Al,O5 environment, indicating the difficulty to
remove completely the Al oxides in the 2 X 10~° mbar
background pressure of our system. This is due to the high
propensity of Al to oxidize even at room temperature: the
minimal partial pressure of water contained in the residual
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FIG. 5. Top: XPS survey spectra; bottom: SEY curves vs
electron beam energy measured on the PETRA III Al sample.
(a), (green) after Ar™ bombardment at 2 KeV; (b), (blue) after e~
beam irradiation, 500 eV, 2.9 X 1072 C/mm?; (c), (cyan) after
e~ beam irradiation, 500 eV, 1.4 C/mm?2. The numbers in the
bottom panel report the ., value of each curve.

gas was sufficient to hinder the achievement of a stable,
clean Al alloy surface. Such surface oxide phases are
responsible for the difference between the measured 6,
value of 1.3 and the value of 1 expected for the clean
surface [6].

We proved the strong role of the surface oxygen in
increasing the SEY by oxidizing on purpose the Al alloy
surface by electron beam irradiation. In fact, due to the
extremely high affinity of Al towards O radicals, the dis-
sociation of a residual gas molecule as H,O and CO
induced at the metal surface by the electron beam deter-
mines a rapid oxidation of the spot area hit by the beam, as

Al2p
e- beam irradiation

Q (C/mm?)
1.4

2 weeks
in low vacuum

Binding energy (eV)

FIG. 6. Al2p spectra measured on the Al PETRA III sample
(a) after ion sputtering at 2 KeV and after electron beam
irradiation at 500 eV up to a dose of (b) 2.9 X 1072 C/mm?
and (d) 1.4 C/mm?. (c) Spectrum taken on the dosed sample (b)
after two weeks of permanence in low vacuum (1 X 10~* mbar).
The experimental spectra (black circles) are shown together with
the best fit curves (red lines) and the C1-C4 doublet components
(see text). Spectral decomposition was obtained by considering a
spin orbit splitting of 0.4 and a branching ratio of 2 between the
3/2 and 1/2 doublet components.

well as, although to a lesser extent, of the surrounding
region.

The XPS spectra measured on the surface exposed to
electron doses of 2.9 X 1072 and 1.4 C/mm? at 500 eV
and shown by the curves (b) and (c) in Fig. 5, respectively,
indicate a progressive increase of the Ols peak in contrast
to the constant intensity of the Cls peak, that keeps the
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value measured after ion bombardment. In agreement with
the Ols increase, the Al2p spectra in Fig. 6 show, after the
first irradiation [Fig. 6(b)], a weak increase of the C2 as
well as of the C4 component, and later [Fig. 6(d)] a
dramatic enhancement exclusively of the most oxidized
Al,O5 phase. Accordingly &, rises to 2.7 after the first
and to 3.5 after the second electron irradiation, the increase
being due to the growth of Al,O3 [35]. We want to point
out that between the first and the second irradiation
the sample was kept for two weeks in low vacuum
(1 X 10™* mbar) to probe the rate of Al oxidation without
the action of the electron beam. We found that the perma-
nence of the sample in low vacuum was ineffective to more
heavily oxidize the surface. Indeed, the survey XPS spec-
trum (not shown) as well as the high resolution Al2p
spectrum [see Fig. 6(c)] were very similar to those mea-
sured two weeks before [Fig. 6(b)]. This proves the strong
effect that electron irradiation has on the oxidation rate and
therefore on the 6 increase of the Al surface.

The relation between the SEY and the oxidation state of
the surface is summarized in Fig. 7, where the intensity of
the Ols peak, as well as of the C4 component of the Al2p
core level, are compared with the J,,,, values after each of
the treatments described above. The comparison clearly
shows that the SEY variation follows the oxygen content of
the Al alloy surface. These results disclose an unfavorable
scenario for the possibility to achieve electron beam con-
ditioning of the inner wall of PETRA III, as well as of other
accelerator chambers made of Al alloys.

Because of the high chemical propensity of Al towards
oxygen and to the high SEY of the Al,O5 phases, each
chemical reaction producing oxidizing radicals in the en-
vironment surrounding the Al surface unavoidably binds O
atoms to the metal surface and increases the 6,,,, value.
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FIG. 7. Ols intensity (squares), Al,O; (C4) intensity (tri-
angle), and &, (circles) measured on the Petra III Al sample
after different surface treatments comprised in two experiments
that are the irradiation of the as-received Al alloy (left part) and
the irradiation of the sample cleaned by Ar" sputtering (right
part); (black) as-received; (red) e~ beam, 500 eV, 1.2 X
107! C/mm?; (green) Ar™ bombardment, 2 KeV; (blue) e~
beam, 500 eV, 2.9 X 1072 C/mm?; (cyan) e~ beam, 500 eV,
1.4 C/mm?.

The evidence we obtained that C does not accumulate on
the surface under electron beam irradiation at 500 eV tends
to discard the possibility that electron scrubbing could
generate a thin C-based passivating layer on Al alloys, as
happens in the case of other metals [7,36]. The conclusion
of this study is that radiation conditioning inside Petra III
might not be successful in decreasing the 6,,,, to values
lower than 1.5. Where lower SEY are desired it seems that
the only possibility to use Al vacuum chambers for accel-
erator rings is to coat the inner walls with a stable thin film
of a low &,,,, material, suitable to hinder the interaction of
the Al surface with the oxidizing species that inevitably
develop during machine running. A similar strategy was
also suggested by preliminary studies performed in the
Positron low-energy ring of the PEP-II accelerator [8§].

V. CONCLUSIONS

We measured the SEY curves and studied the effects of
electron conditioning for Al alloy samples cut from the
dipole chamber of PETRA III at DESY. X-ray photoelec-
tron spectroscopy gives us a way to understand the chemical
origin of the observed 6,,,, variations. Our measurements
show that the SEY decrease upon electron scrubbing at
500 eV is limited, and the final §,,,, value ranging between
1.8 and 1.5 might not be sufficiently low to prevent EC
effects. This is consistent with simulations done for differ-
ent filling patterns indicating that the SEY is below 2.0 in
PETRA III after conditioning and scrubbing in 2012.

Our experimental study shows that such value is indeed
possible to be obtained after scrubbing. Also the dose
necessary to reach such SEY values is consistent to the
one received by the accelerator walls during last year
operation, as estimated by simple calculations. We than
confirm that the minimum SEY value of Al alloy of
Petra III can indeed be assumed to range between 1.5 and
1.8 after scrubbing, and that the calculation used to dem-
onstrate the importance of EC phenomena for the emittance
growth of Petra III are based on reasonable parameters.

The analysis of the chemical mechanism governing the
scrubbing for such Al alloys shows that the SEY of the
samples is severely affected by the presence of surface
contaminating species. Indeed we find that the Al alloy
surface is very sensitive to experimental conditions (like
residual pressure and its composition, gun degassing, etc.),
and this could explain the spread in the 6, measured
from different samples and in different UHV environments.
We demonstrate the predominant role of the Al,O5; phase
in rising the SEY. Moreover we show that the Al,O;
growth is promoted by the residual gas cracking induced
by electron irradiation at 500 eV. This evidence indicates
the limited usefulness of electron scrubbing for achieving
inner wall conditioning of Al alloys. The use of coated or
otherwise treated Al walls seems to be the most promising
possibility to face the EC problem.

051003-7



D.R. GROSSO et al.

Phys. Rev. ST Accel. Beams 16, 051003 (2013)

ACKNOWLEDGMENTS

This work was partially supported by INFN-NTA fund-
ing agency, within the IMCA project. The assistance of the
technical team of DAFNE-L is deeply acknowledged. We
thank the group MVS at DESY for providing the Al
samples and the photograph of the dipole vacuum chamber.
R. W. would like to thank K. Balewski, A. Kling, and G. K.
Sahoo for valuable discussions.

(1]

(2]
(3]
(4]
(5]

(6]

[7]
(8]

R. Cimino, I. Collins, M. Furman, M. Pivi, F. Ruggiero, G.
Rumolo, and F. Zimmermann, Phys. Rev. Lett. 93, 014801
(2004).

J. Wang, Z. Guo, Y. Liu, Q. Qin, J. Xing, and Z. Zhao,
Phys. Rev. ST Accel. Beams 7, 094401 (2004).

K. Harkay and R. Rosenberg, Phys. Rev. ST Accel. Beams
6, 034402 (2003).

M. Izawa, Y. Sato, and T. Toyomasu, Phys. Rev. Lett. 74,
5044 (1995).

D.R. Grosso, M. Commisso, R. Cimino, R. Flammini, R.
Larciprete, and R. Wanzenberg, Proceedings of
IPAC2011, San Sebastidn, Spain (EPS-AG, Spain,
2011), p. 1533, TUPS009.

V. Baglin, J. Bojko, O. Grobner, B. Henrist, N. Hilleret, C.
Scheuerlein, and M. Taborelli, Proceedings of the 7th
European Particle Accelerator Conference, Vienna,
Austria CERN-LHC-Project-Report No. 433, pp. 217-221.
M. Nishiwaki and S.Kato, Vacuum 84, 743 (2009).
M.T.F. Pivi, G. Collet, F. King, R.E. Kirby, T.
Markiewicz, T.O. Raubenheimer, J. Seeman, and F. Le
Pimpec, Nucl. Instrum. Methods Phys. Res., Sect. A 621,
47 (2010).

R. Cimino, Nucl. Instrum. Methods Phys. Res., Sect. A
561, 272 (2006).

R. Cimino, I.R. Collins, and V. Baglin, Phys. Rev. ST
Accel. Beams 2, 063201 (1999).

R. Cimino, M. Commisso, T. Demma, D.R. Grosso, N.
Mahne, and A. Giglia, Proceedings of ECLOUDIO,
Cornell University, Ithaca, New York, 2010, p. 46, MIT03.
R. Cimino, M. Commisso, D.R. Grosso, T. Demma, V.
Baglin, R. Flammini, and R. Larciprete, Phys. Rev. Lett.
109, 064801 (2012).

R. Larciprete, D. R. Grosso, M. Commisso, R. Flammini,
and R. Cimino, Phys. Rev. ST Accel. Beams 16, 011002
(2013).

R. Rosenberg, M. W. McDowell, Q. Ma, and K. Harkay, J.
Vac. Sci. Technol. A 21, 1625 (2003).

F. Le Pimpec, R.E. Kirby, F. King, and M. Pivi, J. Vac.
Sci. Technol. A 23, 1610 (2005).

Y. Lin and D. C. Joy, Surf. Interface Anal. 37, 895 (2005).

[17]
[18]

[19]

[20]
(21]

[22]
(23]

(30]

051003-8

G. Rumolo and F. Zimmerman, CERN Report No. CERN-
SL-Note-2002-016 (AP).

DESY Report ISSN 0418-9833, DESY 2004-035, and
http://petra3-project.desy.de/general/tdr/index_eng.html.
M. Seidel et al., Proceedings of the 21st Particle Accelerator
Conference, Knoxville, 2005 (IEEE, Piscataway, NJ, 2005),
p. 2473.

R. Bospflug et al., J. Phys. Conf. Ser. 100, 092012 (2008).
K. Balewski, Proceedings of the First International
Particle Accelerator Conference, Kyoto, Japan, 2010
(IPAC’10 Organizing Committee, Asian Committee for
Future Accelerators, Kyoto, 2010).

R. Wanzenberg, DESY Report No. DESY 11-140, 2011.
N. Mahne, V. Baglin, I. R. Collins, A. Giglia, L. Pasquali,
M. Pedio, S. Nannarone, and R. Cimino, Appl. Surf. Sci.
235, 221 (2004).

C.F. McConville, D.L. Seymour, D.P. Woodruff, and S.
Bao, Surf. Sci. 188, 1 (1987).

B. Henrist, N. Hilleret, C. Scheuerlein, and M. Taborelli,
Appl. Surf. Sci. 172, 95 (2001).

N. Hilleret, C. Scheuerlein, and M. Taborelli, Appl. Phys.
A 76, 1085 (2003).

M. Ding and E. Williams, Vacuum 39, 463 (1989).

F. Zimmermann, CERN Report No. CERN-SL-2001-003
DI, 2001.

The H,O partial spectra were derived by the mass spectra
calibrated with the total pressure values as measured by
hot filament vacuum gauges. We did not perform any
additional calibration to account for the different ioniza-
tion cross sections of the different molecules in the resid-
ual gas. This can generate some error on the absolute
values of the H,O partial pressures of the two systems,
without affecting significantly their ratio as the mass
spectra and the total pressures were measured in the two
systems with identical devices.

See Supplemental Information at http://link.aps.org/
supplemental/10.1103/PhysRevSTAB.16.051003 for
residual gas analysis in the two UHV systems used for
the scrubbing experiments of the PETRA III Al alloy
samples.

J. Diaz, G. Paolicelli, S. Ferrer, and F. Comin, Phys. Rev.
B 54, 8064 (1996).

A. Mulligan, V. Dhanak, and M. Kadodwala, Langmuir
21, 8312 (2005).

A. Bianconi, R. Z. Bachrach, and S. B. M. Hagstrom, Phys.
Rev. B 19, 2837 (1979).

C. Berg, S. Raaen, A. Borg, J. N. Andersen, E. Lundgren,
and R. Nyholm, Phys. Rev. B 47, 13063 (1993).

M. Belhaj, Th. Tondu, and V. Inguimbert, Appl. Surf. Sci.
257, 4593 (2011).

M. Nishiwaki and S. Kato, J. Vac. Sci. Technol. A 25, 675
(2007).


http://dx.doi.org/10.1103/PhysRevLett.93.014801
http://dx.doi.org/10.1103/PhysRevLett.93.014801
http://dx.doi.org/10.1103/PhysRevSTAB.7.094401
http://dx.doi.org/10.1103/PhysRevSTAB.6.034402
http://dx.doi.org/10.1103/PhysRevSTAB.6.034402
http://dx.doi.org/10.1103/PhysRevLett.74.5044
http://dx.doi.org/10.1103/PhysRevLett.74.5044
http://dx.doi.org/10.1016/j.vacuum.2009.06.028
http://dx.doi.org/10.1016/j.nima.2010.04.059
http://dx.doi.org/10.1016/j.nima.2010.04.059
http://dx.doi.org/10.1016/j.nima.2006.01.042
http://dx.doi.org/10.1016/j.nima.2006.01.042
http://dx.doi.org/10.1103/PhysRevSTAB.2.063201
http://dx.doi.org/10.1103/PhysRevSTAB.2.063201
http://dx.doi.org/10.1103/PhysRevLett.109.064801
http://dx.doi.org/10.1103/PhysRevLett.109.064801
http://dx.doi.org/10.1103/PhysRevSTAB.16.011002
http://dx.doi.org/10.1103/PhysRevSTAB.16.011002
http://dx.doi.org/10.1116/1.1593051
http://dx.doi.org/10.1116/1.1593051
http://dx.doi.org/10.1116/1.2049306
http://dx.doi.org/10.1116/1.2049306
http://dx.doi.org/10.1002/sia.2107
http://petra3-project.desy.de/general/tdr/index_eng.html
http://dx.doi.org/10.1088/1742-6596/100/9/092012
http://dx.doi.org/10.1016/j.apsusc.2004.05.271
http://dx.doi.org/10.1016/j.apsusc.2004.05.271
http://dx.doi.org/10.1016/S0039-6028(87)80138-3
http://dx.doi.org/10.1016/S0169-4332(00)00838-2
http://dx.doi.org/10.1007/s00339-002-1667-2
http://dx.doi.org/10.1007/s00339-002-1667-2
http://dx.doi.org/10.1016/0042-207X(89)90269-8
http://link.aps.org/supplemental/10.1103/PhysRevSTAB.16.051003
http://link.aps.org/supplemental/10.1103/PhysRevSTAB.16.051003
http://dx.doi.org/10.1103/PhysRevB.54.8064
http://dx.doi.org/10.1103/PhysRevB.54.8064
http://dx.doi.org/10.1021/la0509753
http://dx.doi.org/10.1021/la0509753
http://dx.doi.org/10.1103/PhysRevB.19.2837
http://dx.doi.org/10.1103/PhysRevB.19.2837
http://dx.doi.org/10.1103/PhysRevB.47.13063
http://dx.doi.org/10.1016/j.apsusc.2010.12.081
http://dx.doi.org/10.1016/j.apsusc.2010.12.081
http://dx.doi.org/10.1116/1.2738491
http://dx.doi.org/10.1116/1.2738491

