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Kinetic electron emission from Al, Cu, and Au surfaces exposed to oxygen
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A. Koyama
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~Received 22 January 1998; revised 13 May 1998!

Kinetic electron emission is studied for the impact of 3-keV electrons and of 4-MeV He21 ions on poly-
crystalline Al, Cu, and Au targets, as a function of oxygen exposure. For electron-induced emission, the yield
and the change of the work function is measured, whereas for ions the distribution of the number of emitted
electrons is measured. The distributions found are very well fitted by Po´lya distributions, giving the ion-
induced emission yield and the Po´lya parameterb. For Au targets, no influence of oxygen exposure upon
electron emission was found. For Al targets, exposure up to 50 L gives a reduction of the emission yield;
further exposure results in oxidation of aluminum and increases the yield. The work function is found to
decrease with increasing oxygen exposure. The parametersb of the Pólya distributions are almost independent
of oxygen exposure. For Cu targets, oxygen exposure gives a decreasing emission yield, and a slightly increas-
ing work function. The results are discussed in terms of existing models of oxygen adsorption.
@S1050-2947~97!07510-0#

PACS number~s!: 34.50.Dy, 79.20.Hx, 79.20.Rf
e

le
.
o
ac
si
n-

ll

ec
on

ce
O

fa

in
e-
si
f
a

o

EE

ld

n
r
s

se

m-
lu-

ing
the

bed

he
of
eV
t
re
eld
are
of
sti-
EE
ld

ob-

ber

ess
to a
e

bout
pe
ere
y-

ec-
is
L.
res-

to
I. INTRODUCTION

In recent years, kinetic electron emission has been inv
tigated in detail for the impact of ions on metals@1–5#,
whereas electron emission induced by the impact of e
trons ~secondary electron emission! was studied much less
Kinetic electron emission is sensitive to the work function
the target. Therefore, not contaminated, clean target surf
are required for reliable results. These can be obtained u
ultrahigh vacuum~UHV! and target cleaning and target co
trolling devices~sputter gun and Auger spectrometer!. Un-
fortunately many of the older investigations do not fulfi
these requirements@6#.

The influence of adsorbates on kinetic ion-induced el
tron emission~IEE! and electron-induced electron emissi
~EEE! has been rarely investigated so far. Some authors@1,7#
claim that the electron emission yield of clean metal surfa
is always lower than the yield of contaminated surfaces.
the other hand we found for Cu targets that a clean sur
gives a higher yield compared to a contaminated surface@3#.
Oxide layers on metals or semiconductors were found to
crease the yield@8,9#, in agreement with expectations, b
cause insulators have in general a higher electron emis
~EE! yield than metals@6#. For aluminum a large increase o
IEE emitted at an angle of 48° to the surface normal w
found when Na was deposited on the surface@10#. It is pro-
posed that this increase of IEE is due a to change of the w
function.

The effect of gas adsorption on clean C foils on the I
yield was studied by Arraleet al. @11# for the impact of
2-MeV F31 ions. Oxygen and nitrogen increased the yie
whereas water vapor decreased it slightly. Ferronet al. @12#
investigated the effect of oxygen exposure of clean Al a
Mo surfaces on the IEE yield induced by 2–60-keV A1

ions. For Al they found an increase of the yield for increa
ing oxygen exposure, and they concluded that this increa
PRA 581050-2947/98/58~4!/2978~7!/$15.00
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not due to a change of the work function. Tucek and Cha
pion @13# studied also the effect of oxygen exposure of a
minum on IEE for impact of Na1 ions with energies below
500 eV. They found also an increasing yield for increas
oxygen exposure, but the increase is much smaller than
increase found by Ferronet al. @12#. They proposed that the
enhanced electron emission is due to excitation of adsor
oxygen atoms.

The purpose of this study is to investigate in detail t
influence of oxygen exposure and beginning oxidation
metals on the kinetic EE. The projectiles used are 3-k
electrons and 4-MeV He21 ions, both of which excite targe
electrons mainly by direct Coulomb interaction. Therefo
similar effects are expected for both projectiles. The EE yi
is measured for clean polycrystalline metal surfaces that
gradually exposed to oxygen. In addition, the distribution
the number of emitted electrons, which can provide an e
mate of the contribution of cascade electrons to the total
@14#, is studied for ion impact . The results of the EE yie
measurements are discussed with respect to the results
tained by other surface characterization methods@15–17#.

II. EXPERIMENT

The measurements were performed in an UHV cham
with a base pressure of 3310210 mbar. The targets were
produced by evaporation on silicon or on polished stainl
steel backings. After preparation the targets were moved
manipulator in the UHV chamber without breaking th
vacuum. The thickness of the evaporated layers was a
100 mg/cm2, which is much larger than the mean esca
depth of electrons. Before measurements all targets w
sputter cleaned using 3-keV Ar ions until no carbon or ox
gen contamination was visible in the Auger electron sp
trum ~AES!. Other contaminations were not found. Th
gives an upper limit for contaminations of about 0.02 M
After beginning the measurements, the oxygen partial p
sure was increased in the UHV chamber by a leak valve
2978 © 1998 The American Physical Society
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the range of 1029 mbar. Subsequently measurements w
performed for different oxygen exposures. The composit
of the surface layer as a function of oxygen exposure w
investigated by Auger spectroscopy.

The electron gun of the Auger electron spectrometer w
used to measure changes of the target work function.
target potential was set to 36 V, and the low-energy pea
the emitted electrons was measured. The lowest electron
ergy measured yields the difference of the work functions
the target and of the spectrometer. For evaluation the en
was taken at half intensity of the peak on the low-energy s
(EW). A change ofEW following exposure to oxygen give
the change of work function, if the work function of th
spectrometer is not influenced by oxygen exposure. For
targets no change ofEW was observed for increased oxyge
pressure; therefore the influence of oxygen exposure on
work function of the spectrometer was neglected. By t
method, we can determine changes of work function to
accuracy of about 0.05 eV. Here local work functions at
place of electron emission are measured, not the ave
values found by the frequently used more accurate Ke
method@15,18#.

3-keV electrons from the electron gun of the Auger sp
trometer were used to measure the EEE yield. The an
between the electron beam and the surface normal was
At a constant primary electron beam current, the target c
rent was measured for a target potential of both136 V (I 1)
and236 V (I 2). The EEE yield was then given by

g512
I 2

I 1
.

The change of the electron-impact energy due to the a
tional target potential (636 V! was considered negligible
Since the positive voltage of 36 V might be too low to su
press emission of all electrons from the target and since
flected primary electrons could also contributeI 1 , the accu-
racy of the absolute value of the yieldg was estimated to be
about 25%. The reproducibility of yield measurements w
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about 0.5%, and the relative yield~with respect to the yield
of the clean metal surface! had an accuracy of about 0.5%

The IEE was measured using the emission statis
method. The experimental setup and evaluation of the m
sured data are described in detail in Ref.@19#. 4-MeV He21

projectiles were obtained from the 1.6-MV tandem accele
tor of Linz University. Here, the target potential was219
kV, so that the emitted electrons were accelerated and
cused to a solid-state detector~PIPS type!. From the mea-
sured electron spectra, emission amplitudesCn were deter-
mined giving the number of events for emission ofn
51,2 . . . electrons. All measured distributions ofCn could
be fitted very well using Po´lya distributions. From the fitted
Pólya distributions, the mean number of emitted electro
the emission yieldg, and the Po´lya parameterb were ob-
tained. The Po´lya parameterb describes the deviation from
Poisson distribution~for b50 the Po´lya distribution be-
comes a Poisson distribution!.

An advantage of the emission statistics method for inv
tigating EE is that almost every ion impinging on the targ
is detected by the emitted electrons; therefore a very sm
ion beam current is sufficient. A counting rate of 103 events
per second would correspond to a beam current of ab
10216 A. Such a small ion current will hardly influence th
surface conditions and the adsorbed gas layers.

III. RESULTS

A. Aluminum

Aluminum targets were first sputter cleaned until C and
peaks were no longer visible in the Auger spectrum. Th
the partial pressure of oxygen was increased to abou
31028 mbar and kept constant while Auger spectra we
measured. In the differentiated energy spectra the p
heights~difference maximum to minimum! were evaluated
for O ~KLL! and for Al ~LVV! transitions. For Al, two con-
tributions could be separated, a line at 66 eV correspond
to a transition in metallic Al and a line at 53 eV, whic
appeared after longer oxygen exposure, due to AlLVV tran-
sitions of aluminum oxide. In Fig. 1 the dependence of
FIG. 1. Auger line intensities~difference maximum to minimum in differentiated energy spectrum! for metallic Al ( –d – ) ~LVV at 66
eV, the values are divided by 10!, for oxidized Al ( –s – ) ~LVV at 53 eV!, for O ( –3 – ), and the change of work functionDF (n) vs O
exposure.
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FIG. 2. Electron emission yield ( –3 – ) and Auger line intensity of oxidized Al ( –s – ) for the impact of 3-keV electrons on aluminum
vs O exposure.
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individual peak heights on the oxygen exposure is shown
can be seen that the oxygen peak increases almost lin
with time, but the aluminum oxide line becomes visible on
after an exposure of about 50 L. On the other hand the
tallic Al line decreases from the very beginning. Evident
there are two phases of oxygen adsorption: phase~1! when
oxygen is adsorbed without oxidizing Al and phase~2! when
aluminum is oxidized.

Figure 1 shows also the change of work functionDF,
relative to the work function of clean aluminum, as a fun
tion of O exposure. A decreasing work function was fou
for increasing oxygen exposure. In phase~1! ~under 40 L!
the rate of decrease (dDF/dL) is slightly smaller than in
phase~2!. For oxygen exposures larger than shown in Fig
the work function is found to decrease slightly further a
DF approaches a value of about20.35 eV.

The shape of the low-energy EEE spectra was not sig
cantly changed by oxygen exposure. Within the uncerta
of measurement~5%!, no change of the width@full width at
half maximum~FWHM!# of the low-energy peak was foun
for low oxygen exposure~up to 50 L!. For large oxygen

FIG. 3. The O exposure giving minimum EE yield, vs O pre
sure.
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exposure a decrease of about 10% of the width was
served. This is in agreement with the known fact that
width of the low-energy peak of insulators is smaller th
that of metals@6#.

The measured electron emission yield induced by 3-k
electrons is given in Fig. 2, together with the oxidized Al~53
eV! Auger line, as a function of O exposure. It can be se
that the yield decreases at first slightly to a minimum value
an O exposure close to the onset of phase~2!, then the yield
increases. Even at an exposure as large as 10 000 L the
still increases with increasing O exposure and does not
proach a constant value. At these large O exposures the
ger peaks of O and Al~53 eV! converge to a constant value
Long series of measurements of Auger spectra or EEE y
caused problems, because enhanced aluminum oxidation
found at intensely bombarded target areas. Therefore the
pact position of the electron beam on the target was o
changed during long measurements.

EEE yield as a function of O exposure was also measu
at different partial pressures. The exposure that gives m

FIG. 4. Electron emission yield of Al for impact of 4-MeV
He21 ions, vs O exposure.
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FIG. 5. Pólya parameterb of the distribution of the number of emitted electrons for the impact of 4-MeV He21 ions on Al ~a! vs O
exposure;~b! vs emission yield. The dashed line gives a linear fit.
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mum yield (Lmin) was about 50 L at about 1028 mbar, but at
higher pressures (1027 mbar! the minimum yield occurred a
higher exposures. Figure 3 givesLmin as a function of O
pressure.

IEE yield versus O exposure is shown in Fig. 4 for impa
of 4-MeV He21 ions. It can be seen that the IEE yield
similar to that of the EEE yield. The IEE yield was obtain
from emission statistics discussed above. The parameterb of
the fitted Po´lya distributions is shown versus O exposure
Fig. 5. The error ofb is estimated at about 10%. The vari
tion of b is small, and opposite to the variation of the yie
Figure 5 shows theb values versus yields, corresponding
different O exposures. It can be seen that there is rough
linear relation withDb/Dg520.13.

B. Copper and gold

For Cu the height of the OKLL Auger peak and the
change of the work function for 3-keV electrons is show
versus O exposure in Fig. 6. Here, both the O peak he
and the work function increase with increasing O exposu
This is contrary to the behavior of Al. The shape of t
60-eV MVV line of Cu did not change with increasing
t

a

ht
e.

exposure in contrast to aluminum, where the Auger tran
tions involving valence electrons indicated an oxide state

The EEE yield is given in Fig. 7 for impact of 3-keV
electrons. It can be seen that the yield decreases slightly
increasing O exposure. A continued increase of the yield
larger O exposures, as found for aluminum, was not
served.

For Au targets, the Auger spectrum was found to be
changed with increasing O exposure. An O Auger peak w
not found. The EEE and the IEE yields were also found to
constant, independent of O exposure.

IV. DISCUSSION

A. Aluminum

The adsorption of oxygen on aluminum and the sub
quent oxidation were studied in recent years for sing
crystal surfaces@17,18,20# and recently also for polycrystal
line aluminum@16#. Arranz and Palacio@16# investigated in
detail Auger spectra for aluminum exposed to oxygen. F
evaluation they used a factor analysis method. Their res
are in good agreement with the results of Auger measu
e.
FIG. 6. Auger line intensity of oxygen (3) and change of work functionDF (s) for impact of 3-keV electrons on Cu vs O exposur
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ments of this investigation. Exposure of oxygen until abo
50 L @phase~1!# leads mainly to adsorption in a chemisorb
state. The chemisorbed oxygen gives rise to an oxygen
ger line and decreases the intensity of the metallic Au
line. At 50-L exposures only less than 1 ML O is adsorbed
the surface because of small sticking coefficient~about 0.01
@17#! for oxygen on aluminum. With further oxygen expo
sure oxidation of aluminum starts@phase~2!# and the alumi-
numLVV line of aluminum oxide appears in the Auger spe
trum at lower energy compared to the line of metal
aluminum.

Chemisorbed oxygen is expected to increase the w
function, because of transfer of negative charge to adso
O atoms@17#. But for polycrystalline Al@22# and recently for
single-crystal Al surfaces@18,21#, the work function was al-
ways found to decrease with increasing oxygen expos
For single crystals the amount of decrease depends on
type of crystal surface. The largest decrease is found for
~100! surface of more than 1.2 eV. The change of work fun
tion for polycrystalline aluminum found in our work is i
agreement with results of Michelet al. @18# for the ~111!
surface, where chemisorbed O gives only a small decreas
work function, while for aluminum oxide a decrease of abo
0.3 eV is found. The question is still open why chemisorb
oxygen@phase~1!# does not increase the work function@17#.

To understand kinetic electron emission, one can div
the process into three steps@6#: ~1! production of primary
electrons by ionization of target atoms by projectiles and
decay of plasmons excited by projectiles;~2! production of
secondary electrons by fast primary and secondary elect
~cascade electrons!, transport of electrons to the target su
face; ~3! escape of electrons with enough energy from
target surface.

The well-known fact that the EE yield of metal oxides
higher then that of pure metals@6,23# can be qualitatively
understood on this basis: In step~1!, mainly atomic pro-
cesses at high energies are important, which are insens
to changes of binding energies of the order of 10 eV. T
difference is attributed to step~2!, where the absorption
length of low-energy electrons is a dominating factor. Lo
energy (,10 eV! electrons have a much larger mean fr
path in metal oxides, because of the large band gap, tha

FIG. 7. Electron emission yield for impact of 3-keV electrons
Cu vs O exposure.
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metals. Therefore also electrons excited at a large depth
contribute to electron emission in metal oxides. Step~3! is
influenced by the work function of the target. Decreasi
work functions would enhance the probability for escape
electrons from the target. As the mean energy of electr
emitted from metals is about 5–10 eV@6#, changes of work
function of the order of 1 eV have only a minor influence
the EE yield. Therefore the large increase of the EE yield
oxides compared to metal is in the main not due to a cha
of work function, but it could contribute.

Thus an increase of EE yield for electron and ion exci
tion found in phase~2! beyond about 50-L oxygen exposu
compared to metals can be explained by the large band
of aluminum oxide, which increases the escape depth
electrons and, to a lesser extent, by the decrease of w
function.

The decreasing EE yield for increasing O exposure in
chemisorbed phase~1! would be in agreement with an ex
pected increasing work function@17#. But the measured
slight decrease of work function for polycrystalline Al is i
contradiction to expectations. Therefore the decreasing y
cannot be explained by a change of work function@step~3!#.
But a chemisorbed O atom (Oad! will have an influence on
both steps~1! and ~2!. It is known @17# that oxygen mol-
ecules are not adsorbed as such, but after dissociatio
individual O atoms accumulating negative charge. In step~1!
the Oad atoms can be ionized by the projectile and contrib
to primary electron production. The IEE yield is known to b
roughly proportional to the energy deposited by the proj
tiles in a surface layer@6#. The mean energy deposited p
atom is described by the stopping cross section which g
for 4-MeV He ion impact on O a value of 23 eV cm2/1015

atoms and for impact on Al 31 eV cm2/1015 atoms@24#. The
larger stopping cross section for Al compared to O is roug
due to the larger number of bound electrons. Therefore it
be concluded that, in step~1!, an O atom will contribute less
to electron emission than an Al atom.

In step ~2! Oad will contribute to scattering and energ
loss of the low-energy secondary electrons. Because l
energy electrons can transfer energy by scattering mainl
valence electrons, the electronic state of target or adso
atoms is important for step~2!. It is assumed@17,13# that Oad
accumulates negative charge and therefore its electronic
will be close to that of an O2 ion. Because the electro
affinity for O2 ions is only 1.4 eV, O2 ions can take even
small amounts of energy from secondary electrons and c
tribute considerably to energy loss.

If we assume that the contribution of an Oad atom to scat-
tering and energy loss to low-energy electrons@step ~2!# is
roughly equal to that of an Al atom, but the contribution
electron production is less than an Al atom@step~1!#, a de-
crease of the EE yield can be expected for increasing
exposure, as found experimentally for the adsorption ph
~1!.

According to this model an O atom in aluminum oxid
will also contribute less to electron production than an
atom @step~1!#, but because of the large band gap of alum
num oxide it will also contribute only little to the energy los
of secondary electrons@step ~2!#, which gives a larger EE
yield for aluminum oxide than for metallic aluminum.
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Fast light ions and electrons~velocity larger than Bohr
velocity! excite target electrons mainly by direct Coulom
interaction@25# @step ~1!#. Production of cascade electron
transport, and escape of electrons from the target sur
@steps ~2! and ~3!# should not depend on the projectil
Therefore it is expected that the effect of oxygen exposure
the yield is the same for electron and He21 ion impact. The
experimental results confirm this model.

Slow heavy ions with bound electrons excite target el
trons mainly by other mechanisms~e.g., by level crossing!.
This fact may explain why in previous investigations usi
slow heavy-ion impact@12,13# no decrease of the EE yiel
for low oxygen exposure@phase~1!# was observed.

In our model for the emission statistics of IEE@14# we
proposed that theb parameter of the Po´lya distributions de-
scribing emission statistics is a measure of the contribu
of secondary~cascade! electrons to total electron emissio
~primary electrons excited by the projectile and second
electrons!. If it is now assumed that the difference of ener
loss for low-energy electrons@step~2!# for different oxygen
chemical states~chemisorbed and oxide! is the same for pri-
mary and secondary low-energy electrons and that
change of electron emission after oxygen exposure is ma
due to change of energy loss for low-energy electrons, t
the b parameter of Po´lya distribution should not depend o
the O exposure.

The change of IEE yieldDg and of theb parameterDb
due to O exposure can be compared to the changes due
variation of projectile energy. Projectiles with higher ene
gies will have a smaller probability for target ionization, th
producing a smaller amount of primary electrons and
smaller emission yield. Step~2!, when cascade electrons a
produced, and step~3! will not be influenced by a change o
projectile energy. The contribution of primary electrons
therefore smaller for higher projectile energies, giving
larger value of the parameterb @14#.

According to the proposed model@14#, a change of the
yield due to a projectile energy change should also changb,
but a change of yield due to O exposure should not cha
b. For 4 MeV He21 impact a slopeDb/Dg520.32 is ob-
tained for changing projectile energies@14#, whereas a slope
Db/Dg520.13 is found for O exposure in this work~Fig.
5!. This difference is in agreement with the proposed mod
A more detailed model than the proposed one@14# for emis-
sion statistics of EE would be necessary for understand
the small dependence ofb on the O exposure.

In previous studies of O exposure on aluminu
@17,18,20# the dependence of the onset of aluminum oxid
tion on the oxygen pressure was not investigated. As
cussed above, the minimum of EE yield is an indication t
at this point oxidation of aluminum is becoming importan
Therefore dependence ofLmin on O pressure found~Fig. 3! is
an indication that the onset of aluminum oxidation depe
on the O pressure. If the onset of aluminum oxidation d
not only depend on the amount of adsorbed O but also on
time of exposure, a dependence ofLmin on the pressure is
expected. A larger O pressure will give the same expos
Lmin in a shorter time. But if this shorter exposure time is n
large enough to start oxidation, then oxidation will com
mence at a later time, resulting in a larger valueLmin . There-
fore the dependence ofLmin on the pressure found may be a
ce
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indication that the onset of aluminum oxidation depends
only on the amount of O exposure, but also on time.

B. Gold and copper

Gold was used as a reference target. As expected
change of work function and no change of yield due to
exposure was found. This proves that our results for ot
target materials are indeed target properties, and do not h
systematic errors depending on O pressure.

For Cu the decreasing EE yield and increasing work fu
tion for increasing O exposure is an indication that O is o
chemisorbed on Cu and copper is not oxidized, correspo
ing to phase~1! of Al. The increase of work function found
is in agreement with published data for single-crystal s
faces@15,26#. It is also found for Cu single-crystal surface
that low pressure oxygen exposure as high as 105 L does not
produce an oxide layer@15#. For an explanation of the de
creasing EE yield the same model as proposed for Al can
applied.

Because of the increased work function it can be assum
that the adsorbed O is accumulating negative charge, fo
ing a state similar to an O2 ion. In step~1!, the O2 ion will
lead to a decreased electron production compared to that
Cu atom, because the number of bound electrons is sm
for O2 ions than for Cu atoms giving also a smaller stoppi
cross section. The energy loss of low-energy electrons@step
~2!# can hardly be estimated for O2 ions compared to metal
lic Cu atoms. Both have the possibility to take a sm
amount of energy from secondary electrons and contribut
energy loss. The increased work function will decrease
escape probability for EE@step~3!# resulting in a lower EE
yield. Therefore the adsorbed O2 ions may only contribute
in step~2! to an increased yield, but taking also steps~1! and
~3! into account a slightly decreasing EE yield for increasi
O exposure may be expected, as experimentally observe

V. CONCLUSION

The influence of oxygen exposure upon kinetic electr
emission was measured for metal surfaces. For Au the
yield remained constant, whereas for Al a nonlinear dep
dence of the EE yield upon O exposure was found. For sm
O exposures the yield decreased and a minimum yield
obtained, when aluminum oxidation began. Further alu
num oxidation increased the yield. Incipient aluminum o
dation was determined by Auger spectroscopy. It is propo
that the different effects of oxygen on the EE yield for a
sorbed O and for O in aluminum oxide are mainly due
differences in energy-loss contributions to low-ener
(,10 eV! electrons, because of different valence electr
energies. Therefore EE yield measurements can provide
formation on the electronical~chemical! state of adsorbed
atoms on surfaces. For Cu the decreasing yield for increa
O exposure indicates that O is adsorbed not in the stat
copper oxide, but in a state with low excitation levels lik
that of O2 ions.

Measurements of EEE yield can be performed in a sh
time, therefore this technique may be useful to study f
adsorption processes on surfaces. First measuremen
yield change for O exposure at higher O partial pressure g
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indications of a time-dependent oxidation process. Impro
ments of the experimental setup are in progress that sh
make faster measurements of EE yield possible. Furthe
vestigations of the pressure and temperature dependen
O adsorption on metals by electron emission are planne
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