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A new UHV system construction and the surface chegniof
D,O/Zircaloy-4

Kyung-Sun Oh

Department of Chemistry, Graduate School,
Pukyong National University

Abstract

A new ultra-high vacuum (UHV) system was desigmedl constructed for the studies of
Zircaloy-4 surface chemistry. Ultra-high vacuum washieved by a roughing pump (RP), a
turbomolecular pump (TMP), a titanium sublimationnp (TSP) and two ion pumps (IP).
The UHV chamber was equipped with Auger electroectspscopy (AES), low-energy
electron diffraction (LEED), a quadruple mass speckter (QMS), a gas handling system
for temperature programed desorption (TPD) and rgonaion gun for sample cleaning.

The surface chemistry of D dosed Zircaloy-4 surface followed by’ Ar-ion bomaraent
and annealing was studied by means of X-ray: phettieh spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy. (UPS). In SXRtudy, the effects of the Ar
bombardment and annealing were clearly observeé. Afi sputtering led to the gradual
depletion of oxygen on the surface region and tmeeaing caused to remove the oxygen
on the surface of Zircaloy-4. The decrease of axyge the surface region resulted in the
change of oxidation states of zirconium from zifoom oxides to metallic zirconium. UPS
study showed the dominant peak at around 13 eVtlamdoeak at around 9 eV decreased,
but the peak of the metallic Zr 4d state at themirelevel developed as the oxygen

vanished after stepwise Afluences.
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I. THEORY

1. X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is an &ffec and widely used
surface analysis technique, with which most ultrgghh vacuum (UHV)

compatible samples can be studied. XPS was dewklapethe 1960s by K.
Siegbahn and his research group at Uppsala Uriyeisi Sweden [1] and is
often referred to as Electron Spectroscopy for GbaimAnalysis (ESCA).

In an XPS experiment, an specimen is irradiated ldw energy X-rays in

UHV. This causes photoionisation of the atoms a #urface of specimen.
Photoelectrons are emitted from energy levels deterd by the electronic
structure of the atom as shown in Figure 1. Thislyeis technique examines
the kinetic energies . of these photoelectrons to méx@ their energy
distribution. From the results of this. analysis, ist possible to infer which
elements are present on the specimen, what th@&michl states are, and in
what quantities they are present.

In principle, the X-rays cause photoelectrons dfetic energy Ex to be

emitted from the specimen, whef& is related to the X-ray energgv and

electron binding energ¥, by the Einstein relation [2(a)]:

Ek:hV-E;-ﬂ



where g is work function of the specimen in case samplesakd.
XPS is truly a surface analysis technique as dhlyse photoelectrons with

mean free paths of a few atomic layers are ablestape from the material.

Ejected K electron
(1s electron)

Ev / Vacuum

: Work function / .
Er I ¢ Fermi

Valence band /

Incident
X-ray

1s () . Core K

Figure 1. Schematic diagram of the XPS processwisigo photoionization of

an atom by the ejection of a 1s electron.



2. Ultra-violet Photoelectron Spectroscopy (UPS)

Ultra-violet Photoelectron Spectroscopy (UPS) deaily suited to providing
information about the more weakly bound and lessallsed valence electronic
states of surfaces. The low photon energies ussdltran high photoionisation
cross sections and high energy resolutions. ThiskemaUPS a valuable
technique for studying the surface band structwkslean metals and ordered
atomic adsorption layers- on metals. Information uabdhe nature of a
molecule's interaction with a surface, such as Imondsite, decomposition,
orientation and interaction with other ‘adsorbed cE®e can be attained using
this technique. The UPS technique is related to XRE whereas XPS is used
for elemental identification by study of the strondound ‘'core' electrons, the
domain of UPS is the study of the loosely boundemed¢ levels that
participate in chemical bond formation. The resglti photon energy is
relatively low compared to XPS (< 50 eV),.and depem the radiation used
(He I, He IlI, Ne | etc.) and hence the UP spectra eonfined to binding

energies below the photon energies of these radmt[2(b)].

3. Temperature Programmed Desorption (TPD)

Temperature programmed desorption (TPD) known hsrmal desorption

spectroscopy (TDS) is one of the earliest methodeduin investigating the



state of adsorbates on surfaces. It involves hgaan sample contained in
vacuum and simultaneously detecting the residual igathe vacuum by means
of a mass analyser (quadruple mass spectrometelS{QEs shown in Fingure
2. As the temperature rises, certain absorbed epewgill have enough energy
to escape and are able to desorb from the surthes, the pressure will rise.
After that will be detected as a rise in pressuoe & certain mass. If the
temperature continuously rises, the amount of thsoded species on the
surface will reduce and the pressure will drop mgdihis results in a peak in
the pressure versus time plot.

The general rate expression.for desorption proadsghe absorbed species

on the surface can be written as :

Ries A . Nexp (- E*IR T)

where A is the pre-exponential (or frequency) fact®les is desorption rate
(= -dN/dt). x is the kinetic _order of the desorption procesgi¢slly 0, 1 or
2) and E.*% is activation energy for desorption. The valuesAofind x can be
deduced and thuky can be calculated [3].

The area under a peak is proportional to the amowiginally adsorbed, i.e.
proportional to the surface coverage. The kineti€sdesorption (obtained from
the peak profile and the coverage dependence ofd#serption characteristics)
give information on the state of aggregation of thdsorbed species. The

temperature of the peak maximum provides infornmatam the binding energy



of the bound species. The position of the peak (fpeak maximum
temperaturg is related to the enthalpy of adsorption, i.e. tte strength of

binding to the surface.

S I UHV

ample

4 5

° s | Computer
® — [ | Mass spectrometer and

.\ € |MS control
Desorped Species b

T(t) = To + Bt

Figure 2. The schematic diagram ‘of a TPD grpmt (B is heating

rate (K/s)).



4. Auger Electron Spectroscopy (AES)

Auger Electron Spectroscopy (AES) has developedne of the most useful
analytical techniques providing access to surfdm®viécal composition and, in
many cases, the chemical state of the atoms insthface region of a solid
material. An Auger electron spectrum plots the nembf electrons detected as
a function of kinetic energy of electron. Elememt® identified by the energy
positions of the Auger peaks, while the concerdratof an element is related
to the intensity of its peaks. when combined withe tnecessary scanning
electronics, AES can be used to map the distributaf elements in the
surface with very high spatial resolution. Composiil depth profiles can be
obtained by combining AES with ion beam sputterhietg. Auger electron
spectroscopy' has found widespread use in an ex&engriety of materials
applications, especially those requiring surfaceecHjgity and high spatial
resolution [4]. AES cannot detect hydrogen or hmlidbut is sensitive to all other
elements, being one of the most sensitive techsidqoethe low atomic number
elements.

The Auger process occurs after an atomic level been ionized by incident
photons or electrons. The hole in the inner skdilled by one electron from a higher
level and a secondary electron (called Auger alagtescapes into the vacuum with
the remaining kinetic energy.

In the Figure 3, the first process is the ionmatiof an inner shell, say, a K

shell (1s electron). The second process is thernaketransition of an outer



electron, for example, andilelectron (2s), to the K shell to fill the hole.
Apparently, a second electronic level becomes iradlhere. The third process
is the energy transfer to a third electron (the @&uglectron), often of the
same shell (b or Ls=2Pi», 2p), but of course, also from an outer (M) shell.
No matter from where the Auger electron is emittéitkee electronic states
participate in the process, and with relaxation noimeena neglected, the kinetic

energy of the Auger electron can be written

Exn = E1 - E; - Es3 - work function

where E; donotes the binding energy of the initial core cklan prior to
ionization, E; that of the electron that fills the core hole, aBgl the binding

energy of the ejected electron [5]. We call thecpss is KLl 5 3.
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Figure 3. The KLL,3 Auger electron process.




II. CHAPTER 1. Newly designed ultra-high vacuum
(UHV) system

All solid materials interact with the outside wibrlby their surfaces. The
surface chemistry will influence such factors asrr@sion rates, catalytic
activity, adhesive properties, contact potentiald #ailure mechanism. Surface,
therefore, is important for the properties of thalids. In surface science, a
vacuum system is used to produce a clean surfacgk ramintain for a
sufficiently long time for experimental investigats.

In this work, “a new ultra-high vacuum (UHV) systemas designed and

constructed for the studies of Zircaloy-4 surfatemoistry in our laboratory.

1. UHV chamber

The vacuum chamber presented in Figure 4 (frdatvvand 5 (top view)
was made of stainless steel (SUS 304) and consted main chamber for
surface analysis and a preparation chamber which eguipped with many
pumps to get ultra high vacuum.

The pumping systems included a roughing pump (R&®)turbomolecular
pump (TMP), a titanium sublimation pump (TSP) ame tion pumps. The RP
and TMP were separated from the main chamber bg galves. These pumps
were used to evacuate the chamber from atmosppeegsure to high vacuum.

One of the IPs and TSP were also separated by a gate valve and the



other IP was directly equipped in the main chamblier maintain UHV

condition.

The base pressure of this chamber was 1ki0rr as read with nude ion
gauges. In this UHV chamber, two nude ion gaugesewwsaced to measure
the pressure in different regions of the system.e Omas placed on the
analysis chamber and the other was attached orpriffgaration chamber.

The UHV chamber was equipped with a quadruple msgsectrometer
(QMS) to display a local total pressure as the sexp® of the gases from gas
handling system for the temperature programed géear (TPD) experiment.

A 4-grid retarding field low-energy electron ddfition (LEED) system was
combined with a Auger electron spectrascopy (AE&)viging surface-chemical
composition on the main chamber to determine sarfatructures. A digital
camera will 'be used to record the back-scatterettren diffraction patterns
appearing on a phosphor screen through a viewport.

Many view ports. were also attached on the analgdiamber to see the
position of samples and observe the specimens gluhia experiments.

An argon ion gun was located on the main chamber sample surface

cleaning.

2. Gas handling system

A stainless steel gas handling system incorpayatimo precision variable leak

valves is depicted in Figure 6. The custom-made lgasdling system allowed

_‘IO_



for controlled, reproducible and independent inacighn of both inert and
reactive gases into the main chamber.

The main chamber could be backfilled with the @gdsinterest. The gas line
itself had two isolatable regions. One half of tmeystem allowed the
introduction of reactive gases and was monitoredabgonvectron gauge, while

the other half of the gas line was for inert gasitacm.

3.-Sample manipulator

The vacuum ' chamber was also equipped with a mimtgou that allowed

limited sample motion along three orthogonal axesl grovided rotational

capability about the manipulator axis. The manifmrladenoted as the x, vy, z,
theta manipulator, allowed samples mounted on thenipolator arm to be
cooled by liquid nitrogen as well as resistivelyatesl and controlled by a
temperature controller.

The sides of the samples, Zircaloy-4 andCB{100), were spot-welded to 0.5
mm diameter tantalum wires, which were in turn ntednonto machined
copper arms. A copper braid connected a cold fintgerone of the copper
arms to provide cooling of the sample. Insulatedesiiwere connected to the
copper arms of the manipulator chassis for sampglatify. The samples were
electrically isolated from the manipulator arm bgppghire glass. Two type-K

thermocouples were directly spot-welded onto th#essiof the Zircaloy-4 and

_‘I‘I_



PtCo single crystal to monitor sample temperature.
In the present, the surface chemistry ofOZircaloy-4 is being studied using

TPD and AES in the UHV system.

Manipulator

I—n

Viewport

b

oar bl

Leak Valve

Nude lon Gauge

S~

Halogen lamp

TSP

|

Figure 4. Schematic representation (front view)tlsd new ultra high vacuum

system.
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Viewport

b

Leak Valve

Viewport

Viewport
[ ] Nude lon Gauge
4 Viewport
LEED
Manipulator &
AES
\ lon Gun
Viewport
Leak Valve

Figure 5. Schematic representation (top view) @ tiew ultra high vacuum

system.
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Analysis chamber

Leak valve
/
Active part Inert part
{>T<} D}<J}—~_{ TMP&RP
Ar &
cylinder e“”w:;:ﬁ"“
D,0 C,Ds0D ND;OD
CZDG Spare round valve T-valve
Figure 6. Schematic representation of the new tgaslling system.
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Ill. CHAPTER 2. The effects of Ar-ion bombardment and
annealing of D,O/Zircaloy-4 surfaces
usng XPS and UPS

1. Introduction

Zircaloy-4 is widely used in the nuclear industag cladding materials for
fuel containment in nuclear reactors, those arelecody water/heavy water,
because of its corrosion resistive property and lkhwrmal neutron scattering
cross-section. The corrosion [6-9], oxidation [1¥]-lor hydrogen absorption
kinetics [14-17] of Zircaloy-4 and its nuclear apptions have been of great
concern and investigated with a variety of surfamence techniques in the
literatures. Zircaloy-4 oxidation by water fB)) and steam environments has
been reported in numerous studies [18-23]. Therdntn of HO with

Zircaloy-4 was investigated. using Auger electronecsscopy (AES) and
Temperature programmed desorption (TPD) methodsROy. Ramsier et al

[18]. They reported that following adsorption obH at 150 K, the Zr(MNV)

and Zr(MNN) Auger features shifted by ~6.5 and 4e¥, respectively,

indicating surface oxidation. Heating ®fZry-4 resulted in molecular
desorption of water at both low and high tempeestur The effects of
adsorbates on the oxidation of Zircaloy-4 in aid asteam were studied by the
measurement of the weight gain of specimens [19jeyT reported that the

effect of LiIOH was dependent on the surface comdlititemperature and the
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type of atmosphere. The behavior of water with wultlioxide pre-exposed
Zircaloy-4 surfaces was also studied in R.D. Rarissiggroup [20]. They

reported that adsorption of $Qaused shift of the Zr(MNN) Auger electron
feature by 3.0 eV, whereas subsequent water admorgittenuated the sulfur
Auger signal and resulted in the development ofiraomium oxide, Zr(MNN),

feature. However, despite the fact that a numberadicles deal with the
interaction of DO on zirconium [24-25], little is known about theurface

chemistry of deuterium containing species on Zogal surfaces [26-27].

In this study, the effects of Ar-ion bombardmenmtdaannealing on the
surface of DO dosed Zircaloy-4 surface were investigated uskKgS and

UPS.

2. Experimental section

2-1. Sample preparation
Zircaloy-4 sample in this work had ‘a surface arda20.22 mnmi from a

sheet of Zircaloy-4. Its elemental composition isminally 1.2~1.7 wt% Sn,
0.18~0.24 wt% Fe, 0.07~0.13 wt% Cr, 0.08~0.015 wi?and the balance Zr
[28]. The Zircaloy-4 sample was polished with abms papers and a
mechanical polisher (Buehler, gamma alumina, 0.G6ran). After mechanical
treatment, it was ultrasonically degreased in ametéor 20 min after dried
with nitrogen gas. After ex situ O (99.999% purity, Aldrich) dosing on

Zircaloy-4, the specimen was installed in an ulthigh vacuum (UHV)

_16_



chamber.

2-2. UHV system

The UHV chamber as shown in Figure 7 used in thiglys is pumped by
two stages of pumping system and the pumping systenthe same as the
previous paper [29]. The first one is that a turbtaoular pump (TMP)
backed by a two stage rotary vane pump (RP) sygpeimps a fast entry
airload-lock (FEAL) chamber.-And the second-systeomsists of an ion getter
pump and a Ti-sublimation pump and evacuates asalgisamber to maintain
UHV condition.”An ion sputtering gun is_equipped time analysis chamber for
sample cleaning and depth profile study. A chamgpted device (CCD)

camera guides to set up the sample for X-ray and pbgtoelectron analysis.

2-3. XPS and UPS experimental details

The XPS and UPS experiments were carried out in UH¥se pressure 7.5
x 10™ torr) chamber equipped with a concentric hemispher analyzer
(CHA), a twin anode X-ray source (Mg and Al,K253.6 and 1486.6 eV,
respectively) for XPS (VG ESCALAB 2000) and a UVusme (He | 21.2 eV,
He Il 40.8 eV) for UPS.

During survey scans, XP spectra were obtained u#gihgk, x-ray source.
X-ray source was at high voltage of 15 kV, beamremnr of 15 mA, filament
current of 4.2 A, pass energy of 20 eV, dwell timle50 ms and energy step

size of 1 eV in constant analyzer energy (CAE) matelarge area XPS

_17_



(LAXPS) for annealing and small area XPS (SAXPS) &iudy of Ar-ion
bombardment effect and other factors were samehasparameters used in the
investigation of annealing effect. He | was used the exciting source for
UPS measurements. Pass energy of 2 eV, energy sizepof 0.05 eV and
large area UPS mode were applied for UPS survey soad narrow scan.
D,O dosed Zircaloy-4 sample was pre-pumped in the é&mry air loadlock
(FEAL) chamber for approximately 2 hrs before lowdiinto the analysis
chamber which was pumped by a turbo molecular p§iP, 70 I/s) backed
by a roughing pump (RP, 200 I/min). Obtained XPS 23t and O 1s peaks
were divided into several peaks according to thekiemical environments by
means of deconvolution process. The full width halbximum (FWHM) of
each peak of Zr 3d and O 1s were between 1.3 ahde¥, 1.5 and 2.3 eV,
respectively, and G/L ratio of 27% (Lorentzian-27%aussian-73%). Our XPS
data were deconvoluted using XPSPEAK' software @@).

During Ar (99.999% purity, Aldrich) ion bombardmenthe argon pressure
was kept at 7.5 x I0torr, the sample current was about 2.08 and the
argon fluence was 0.52 x fOAr‘/cn? per 1 cycle of At sputtering. In the
UPS measurements, the sample current was about [1A65and the argon

fluence was 0.39 x I® Ar'/cn? per 1 cycle of At sputtering.
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Figure 7. Schematic representation of XPS system.
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3. Results and Discussion

3-1. The effect of Ar" sputtering by using XPS
Figure 8 and 9 present the Zr 3d and O 1s XP spectr D,O exposed

Zircaloy-4 sample after different Arfluences (indicated in each spectrum).
Prior to Ar sputtering (bottom line in Figure 8), the XP spacbf Zr 3d
showed four elementary peaks of different Zr 3destaThe intensities of high
binding energy peaks of Zr ggaround 183.7 eV and 182.8 eV were reduced
those were assigned for zirconia and high bindingrgy oxide, respectively.
Whereas the peaks at low binding energy around4l@é¥. and 181 eV were
gradually dominated as the ‘Afluence was increasing in the amounts. Those
peaks were assigned for metallic zirconium and lbimding energy oxide
[30-31]. The values of the peaks were in good agest with previous data
[32]. In Figure 9, the O 1s spectra were composed two components
centered at about 532.9 ‘and 531.1 eV which wenébaied to OD and G,
respectively [6, 32-34]. The peak around 532.9 easvalmost disappeared and
the peak at 531.1 eV was increased at the initiagjes of ion bombardment
then decreased after further Ar-ion bombardment.

The peak deconvolution of Zr 3d and O 1s spectfa DgO exposed
Zircaloy-4 before and after Arsputtering (Af fluence ; 12.4 x 1§ Ar/cnt)

is depicted in Figure 10 and 11. The Zr 3d pealsn(orbit splitting is 2.4
eV) at 183.7, 182.8, 181.0 and 179.4 eV were atiith to ZrQ, two

zirconium oxides and metallic Zr, respectively [80-31]. The oxygen as OD
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form was almost removed and the oxygen of @rm was considerably
reduced after Ar bombardment. The effect of the Arlombardment was
clearly observed as we can in Figure 8~11." Atombardment caused a
decrease of the oxygen on the surface of Zircalogrtl therefore led to
change the oxidation state of the zirconium fronrcaiia to metallic
zirconium.

The peak intensities of the different oxidationates of zirconium as a
function of the Af fluence have been depicted in Figure 12. At thigialn
stage of Af bombardment, the O 1s intensity of surface oxyderm was
increased then gradually decreased .with furthef Aombardment (Figure
12(a)). This phenomenon caused sudden increaseircbnmm oxides then
decrease as we can see in Figure 12(a). Up to drdurx 10° Ar'/cnt,
surface oxygen was depopulated at a certain ldvah the ratios of the peaks
were stayed constant level. This study showed that bombardment was

limited to recover metallic zirconium from.D dosed Zircaloy-4.
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Figure 8. XP spectra of the Zr 3d obM exposed Zircaloy-4 surfaces after

different Ar fluences.
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Figure 10. Deconvolution of measured Zr 3d speofrahe DO exposed
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3-2. The effect of anneadling by using XPS

Figure 13 and 14 represent the evolution of the sf@ctra in the Zr 3d and
O 1s region of BO dosed Zricaloy-4 after stepwise thermal treatmdine Zr
3d and O 1s XP spectra were composed of severdlspedich were Zr@
(183.7 eV), two zirconium oxides (182.6 and 180\ @nd metallic Zr (179.3
eV) as shown in Figure 9 and 12. Zr 3d XP specta stacked up by the
annealing temperature in Figure 13. Decrease of Zhe8d peak intensities at
183.7 and 182.6 eV, which was intense at room temtpe, was observed
with increasing the annealing temperature and dlmamished at 913 K.
While the peak around 179.3 eV was increased ahehigemperature and
dominated at 913 K. In the Figure 14, the peak shayas changed by
annealing temperature. At the highest temperattire, O 1s peak wass almost
disappeared. We analyzed the peak shape changedmnwblution process.
The deconvoluted peaks at the different annealemgperatures are shown in
Figure 15 and 16. Up to 787 K, the O 1s. peak 6f @ound 530.9 eV is
dominated because the bulk oxygen "diffused out hHe subsurface region.
After that, surface oxygen was depopulated a®© DBlesorption. After 787 K,
the O 1s intensity was decreased dramatically. Tdassed the decrease of
zirconium oxide and increase of metallic zirconium.

Figure 17 shows the integrated areas of detaileddrand O 1s in different
chemical environments by the annealing temperatdrmealing of DO dosed
Zircaloy-4 surface results in depopulation of oxygat the surface. This

caused conversion of zirconium oxides to metallicanium.
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3-3. The UPS results after Ar® sputtering

Due to the lower kinetic energy of the electrongited from the valence
band, UPS has a higher surface sensitivity than X3 The changes of the
valence band structures of ;@ exposed Zircaloy-4 after stepwise Ar-ion
sputtering was studied by means of UPS. The UP trspegere obtained by
using He | as the exiting source are shown in EgdB8. The substrate
valence band was dominated mainly by the O 2p andidZ orbitals extending
from approximately 5 to 16 eV of kinetic energy sisown in Firgure 18(a).
The window of valence band spectra observed in #tigly little bit wider

than the result of valence band experiment by Senal. [36]. The valence
spectrum of the BD exposed Zircaloy-4 exhibited a dominant peak raturad

13 eV which could be assigned to surface Zré@nd was attributed to
emission from O 2p states interacting with the ddsa of zirconium (bottom
line in Figure 18(a)) [35, 37].-The shoulder ceeterat about 9 eV could be
correlated with surface OH which was commonly .pnésen untreated metal
surfaces [37]. No Fermi edge was observed in thiialinstate of Af

sputtering as we can see in Figure 18(a). Afterpveise Ar sputtering

process, however, there were significant changethefvalence band spectrum,
such as the dominant peak at around 13 eV and hbelder peak at around
9 eV were decreased and the Fermi level was emeagedhown in Figure
18(b). The decrease of the oxygen on the surfaceZiodaloy-4 by AF

sputtering led to suppress the dominant peak {Zr13 eV) and the peak at

around 9 eV as surface hydroxide, but develop a peak of the metallic Zr
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4d state (20.5 ~ 21.0 eV) at the Fermi level.
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Figure 18. UP spectra of.D exposed Zircaloy-4 after Ar-ion sputtering (a)

survey scan and (b) high resolution UP spectra feami level.
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IV. CONCLUSION

New ultra-high vacuum (UHV) system which was dasd and constructed
for the studies of Zircaloy-4 surface chemistry liWed a quadruple mass
spectrometer (QMS), Auger electron spectroscopy SpBHow-energy electron
diffraction (LEED), an argon ion gun for sample asing and was housed a
gas handling system for temperature programed pesor(TPD).

We observed the surface chemistry ofODexposed Zircaloy-4 by Ar-ion
sputtering and annealing. In the XPS study, Ar-ibombardment caused
decrease of the oxygen on the surface region afaltiy-4 and therefore leads
to change the oxidation states of the zirconiunmfroxide to metallic form.
In addition, oxidation states of zirconium were mipead to lower oxidation
states of zirconium due to depopulated oxygen oe #urface region by
annealing. Up to about 787 K, the bulk oxygen diffd out to the subsurface
region and after this temperature, the oxygen an dtirface of Zircaloy-4 was
depopulated. UPS study showed that the valencetrapeof the DO exposed
Zircaloy-4 exhibited a dominant peak at around M @&nd no clear Fermi
edge was detected. After stepwise” Aputtering processes, the decrease of the
oxygen on the surface of Zircaloy-4 led to supprése dominant peak at
around 13 eV, the peak at around 9 eV and develmp new peak of the
metallic Zr 4d state (20.5 ~ 21.0 eV) at the Fetevel.
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VI. APPENDIX

PROCEDURE FOR ULTRAVIOLET PHOTOELECTRON
SPECTROSCOPY

Process

Make sure cleaness of He gas line.
1) Turn on Roughing Pump (RP) for UPS (but normdty™).
Cleaning the He gas line (if you need).
a. Close the V11, V12 (black round valves near Usamp), V1
(Main Gate Valve) and V3 (matal angle valweddferential line).
b. Open He regulator till 0.5~1 PSI as VX (Redpstvalve at Ar gas line)
is closed.
c. Close the He .regulator and open VX then opet8 V(He gas
inlet).
d. Close VX then open V19 (roughing line) slowiyr He venting
as watching pirani gauge in the pressure gazantroller.
(V18 and V19 are on the right side of the Ineisystem).

* Repeat ¢ and d as you need (4-5 times).
After He gas line is cleaned,

2) Open VX, open V18, close V109.
3) Open V11 slowly.
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4) Open V12 slowly (pressure increased little bit).
Maximum pressure change should be less than ""om@ler by ion
gauge.

5) Set the current knob on UPS controller maximuockwise).

6) Push the power button on UV unit.
(multimeter(kV) value should reach almost thal exf the meter scale).

7) Open V13 (leak valve) slowly to admit He.

8) When the color of the UV lamp changes to whitekp(about 5 x 18 ~
5 x 10" mbar), close V13 slowly to reduce the pressureoaty x 10°

mbar) but the lamp must be turned on.

Program

1) Click the user set up page - Lens Mode - SElBRS".
2) Start Avantage.
3) Manual source - Selected Gun Maode - Select "He |
4) Experiment - "Manual point" - "Scan".

Energy scale - "Kinetic".

Mode - “CAE".

Envergy Ranges - "UPS".

Lens mode - "UPS".

Start E - "21.2" eV.

End E - "0" eV.

Energy step size - "0.05" eV.

Pass energy - "2" eV.
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Dwell time - "50" ms.

Click "Apply".

Turn off UPS

1) Turn off UPS power on the controllor

2) Close VX and V13
3) After 20-30 min, close V11 and V12.
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