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We report on the design of an ion source for the production of single and double charged Helium
ions with kinetic energies in the range from 300 eV down to 5 eV. The construction is based on a
commercial sputter ion gun equipped with a Wien-filter for mass/charge separation. Retardation of
the ions from the ionizer potential (2 keV) takes place completely within the lens system of the sputter
gun, without modification of original parts. For 15 eV He" ions, the design allows for beam currents
up to 30 nA, limited by the space charge repulsion in the beam. For He? * operation, we obtain a
beam current of 320 pA at 30 eV, and 46 pA at 5 eV beam energy, respectively. In addition, operating
parameters can be optimized for a significant contribution of metastable He** (2s) ions. © 2014 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4884900]

I. INTRODUCTION

The interaction of particles with surfaces plays an im-
portant role in the field of surface science. In particular, dur-
ing the collisions of slow ions with metal surfaces inelastic
and elastic charge transfer between the surface and the pro-
jectile takes place at a distance of a few Angstrgm. The pi-
oneering work by Hagstrum et al.,'? using single charged
particles, showed that a major fraction of the incident ions
are neutralized after scattering at the metal surface, emit-
ting a number of electrons. In a very similar way, the de-
excitation of metastable neutral atoms at a surface proceeds,
depending on the work function of the surface, either by
direct Auger electron emission, or by ionization and sub-
sequent neutralization of the projectile.® Ion neutralization
spectroscopy (INS) or metastable de-excitation spectroscopy
then uses the kinetic energy distribution of the ejected elec-
tron as a particularly surface sensitive electron spectroscopy
tool.

More general, during the neutralization of highly charged
ions (HCIs) at a conductive surface, several electrons have to
be exchanged between the metal surface and the projectile.*
HCIs are ions where all, or almost all, electrons were re-
moved from the neutral atom. A prototypical model sys-
tem for the processes involved is the double charged he-
lium ion, He2t, where the removal of two electrons with a
total ionization potential of 79.0 eV from the helium atom
leaves only the o particle. This is the most simple multi-
ple charged ion where all electrons were removed. Already
for this relatively simple system, several mechanisms for the
charge transfer from the metal to the ion have to be consid-
ered. For instance, capture of electrons into ground- or ex-
cited states can take place assisted by the emission of Auger
electrons. Also, direct resonant transitions take place into
states close to the vacuum, and fill the outer shells. This so
called “hollow atoms” then are subject to subsequent relax-
ation steps.>® The capture of two electrons into the singlet
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or triplet terms of He** is detectable by the energy of the
auger electrons emitted during the relaxation, and was dis-
cussed as a local probe of spin polarization.” Related to the
high surface sensitivity, interpretation of the results, however,
is complicated by subtle changes to the surface electronic
properties.®

In the static picture, the available energy for the emis-
sion of electrons equals the ionization potential of the primary
particle. In contrast to this “potential emission,” inelastic
transfer of the kinetic energy of the ion can lead to “kinetic
emission.” In order to separate the elastic and inelastic neu-
tralization processes it becomes important to control the ki-
netic energy down to values lower than the potential energy
of the ions.’

In this paper, we present the design of an ion source
for low-energy helium ions with controllable charge states,
optimized for the study of the neutralization dynamics at a
metal surface by means of electron spectroscopy. In prin-
ciple, single and double charged ions can be produced us-
ing a commercial sputter ion gun. However, these ion guns
typically operate at acceleration voltages of a few 100 V
up to several kV. When a kinetic energy in the order of
a few eV/q, q being the charge state, is required, the ions
have to be decelerated before arriving at the target. As was
shown by Popova et al.'® using a commercial sputter ion
gun, deceleration to energies of a few eV can be achieved
rather easily by floating the complete ion gun assembly on
a negative potential, whereby the high energy ions that leave
the source are decelerated towards the sample. In order to
achieve a better control over the beam parameters such as en-
ergy spread, impact angle, and focus spot size, we followed
a different approach, such that the ions are decelerated in-
side the lens system. This has the additional advantage that
no electrical fields are present in the room above the sam-
ple, that would interfere with the analysis of ejected elec-
trons by spectroscopy methods. In order to keep the design
as simple as possible, the existing lens system of the commer-
cial sputter ion gun was reused for building the deceleration
optics.

© 2014 AIP Publishing LLC
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Il. ION GUN DESIGN
A. Experimental setup

Similar to the approach in Ref. 10 we decided to base
our ion source on a commercially available sputter ion gun
(SPECS IQE 12/38). The ion gun itself consists of two parts,
the ionizer and the focusing lens system with two cylindrical
elements and x- and y-deflection plate pairs. In addition, the
ion gun is available with a Wien-filter for mass over charge
selection. The Wien-filter is normally installed in between the
ionizer and the optics.

As the ion gun, in its original state, is operated in the
energy range from 500 eV up to 5 keV, ions produced in the
ionizer have to be decelerated to the desired energy, in the
range from 5 eV to 300 eV. The deceleration takes place inside
the cylindrical lens system, after the Wien-filter. The retarding
ratio, R = % defined as the ratio between the energy of the
ions passing the filter, E,, and the final energy, E;,, will be
in the range between R = 10 and R = 100.

The mechanical design of the modified ion source is dis-
played in Fig. 1. The ionizer system together with the Wien-
filter assembly and the U-shaped permanent magnet are in-
sulated with respect to the vacuum chamber and float on a
high potential up to 3 kV. Connections to the pumping sys-
tem, as well as the gas inlet are connected through ceramic
vacuum breaks. An additional ceramic break, including an
electric feed-through and a cylindrical lens (see below), con-
nects the floating assembly to the original ion lens system of
the ion gun, mounted directly to the vacuum chamber.

Except for the ceramic breaks and the transfer lens, no
modifications of original parts of the ion gun are required. We
note however, that in addition to the setup shown in Fig. 1
care should be taken with respect to the mechanical support
of the source, in order to prevent breakage of the ceramics.

The low energy ion source is mounted to an ultra high
vacuum (UHV) chamber (base pressure <5 x 107!! mbar).
Either a W(110) or a W(100) single crystal is used as the
target, prepared by standard procedures.!! The angle of in-
cidence, ¢, measured between the surface plane and the ion
beam, can be adjusted from grazing incidence (~0°) to 90°.
Retarding potential curves and mass spectra are obtained by
measuring the total sample current at perpendicular ion in-
cidence. In addition, secondary electrons emitted from the
ion neutralization processes at the surface are detected us-
ing a hemispherical electron energy analyzer (PHOIBOS 150,
SPECS).

gas inlet Wien—filter
permanent .
magnet ceramic break
ion lens
= =
T I, 120 mm
to pumping system 2

FIG. 1. Outline of the vacuum system of the low energy ion source.
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B. lon optics

In order to find an optimized retarding mode, ion trajec-
tories were calculated using the SIMION'? program package.
As outlined above, the Wien-filter is connected to the original
electrostatic lens system via a DN35 ceramic vacuum break.
From the ion-optical point-of-view, a cylindrical electrode,
Lo, floating on an intermediate potential connects the exit slit
of the filter (A;) to the original lens system with electrodes L;
and L,.

The result of the simulation for a retarding ratio R = 100
is displayed in Fig. 2(a). The horizontal scale is compressed,
for clarity. Here, the ionizer potential is set to +20 V (with
respect to ground) while the source potential is —1980 V, re-
sulting in E, = 2000 eV or 4000 eV for Het or He? * ions,
respectively. The potential difference of 2 kV between the ion-
izer and source corresponds to the normal operating condition
of the original sputter gun. In order to achieve the simulated
configuration, the vacuum-housing of the ionizer and Wien-
filter — electrically connected to the exit apertures of ionizer
(Ap) and Wien-filter (A;) in Fig. 2(a) — is floated on —1980 V
with respect to ground.

The simulation shows trajectories originating from three
points within the 1.8 mm diameter exit aperture of the ionizer,
at the left side in Fig. 2(a). After passing through the mass

1980V ~120V ov
exit aperture *650V -6V
of ionizer A, / J
L 0 L 1

Wien—filter

Wien—filter
exit aperture A

lens exit
aperture A,

sample

(b)

sample

L, Defl, Ly

aperture A, aperture A,

FIG. 2. (a) Calculated ion trajectories for retarding ratio R = 100 shown to-
gether with a schematic electrode layout. Ions start at the exit aperture of the
ionizer, 120 mm left of the Wien-filter exit slit, with 2000 eV kinetic energy,
and arrive at the sample with 20 eV kinetic energy. Blue, green, and red tra-
jectories start at 0, 0.4, and 0.8 mm below the symmetry axis, respectively.
Source potential and lens voltages are set as indicated. (b) The modified exit
aperture, with the additional lens L3 replacing the x-deflection plates. Labels
indicate the electrode names and potentials. The working distance is reduced
to 25 mm.
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filter with E,, ions are decelerated in four steps by the elec-
trode Lo, L, and L,, set to negative voltages with respect to
ground potential, as indicated in the figure. We note however,
that for R ~ 25 zero crossing of the L, voltage is required.
Deflection plates for the x- and y-directions located behind
L,, directly in front of the sample are not used, and connected
to ground.

The first two deceleration steps at Ly and L; correspond
to a combined retarding ratio of ~14, i.e., the kinetic energy
in the center of L; is 140eV/q. This high retarding ratio is
connected with strong focussing of the ion beam, such that
an intermediate gaussian image is formed in the center of L;.
The last lens element, L,, is used to refocus the ion beam such
that a second Gaussian image is located at the sample surface.

All potentials were optimized in order to obtain a high
ion current density, i.e., a small beam diameter at the sample,
and high transmission of the optics. For R = 100 we esti-
mate a lower usable limit of the beam diameter of ~4 mm,
i.e., a magnification of 2:1 with respect to the exit aperture of
the ionizer. From Fig. 2(a) it is evident that stronger focus-
ing by L, will lead to a cut-off of outermost trajectories at
the exit aperture, A, of the original lens system, owing to the
large distance between L, and the sample. On the other hand,
transmission is mainly limited by trajectories that cannot pass
through A,. Thus, transmission can be maximized by plac-
ing the second Gaussian image not at the sample, but close
to the lens exit aperture and deflector assembly, at the cost of
loosing a well defined focused beam spot at the sample.

It is therefore desirable to refocus the ion beam after the
exit of the retarding lens, in order to combine a high trans-
mission with a small beam diameter and a high current den-
sity. Figure 2(b) shows a modification of the exit of the ion
optics. In order to overcome the limitations of the original
design, an additional cylindrical lens, L3, is introduced in
front of the sample, replacing the (unused) x-deflection plates.
In parallel, the working distance is reduced to 25 mm, and
the aperture diameter is reduced to 2 mm. As displayed in
Fig. 2(b) after deceleration by potentials Ly through L, a sec-
ond intermediate Gaussian image is formed in front of the
aperture A, — which is the exit aperture of the retarding lens.
No ion trajectories are cut off at this point, as the intermedi-
ate image is smaller than the aperture diameter. Focusing is
always accomplished by a positive potential on L. From the
simulation a unity magnification is estimated, i.e., we expect
a beam diameter of ~2 mm at the sample surface. The max-
imum beam divergence is limited by the diameter of the last
aperture, Az, which was chosen 2 mm, i.e., a beam divergence

of ~zarctan 225“““ =4.6°
mm

lll. RESULTS

One critical parameter in the collision of ions with sur-
faces is the velocity of the projectile, i.e., the kinetic energy of
the ions, intimately connected with the time scale and the tra-
jectory above the surface. This is particularly important when
using slow ions with kinetic energies of a few eV. As outlined
above, the kinetic energy of ions arriving at the target crystal
is set by the anode potential with respect to ground, multiplied
by the charge state of the ion. Keeping the negative source
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FIG. 3. (a) Total sample current versus retarding potential applied to the sam-
ple, measured using He? * ions produced at an ionizer potential of 30 V (e),
40V (4), and 50 V (4). (b) Ion energy distribution obtained from the retard-
ing potential curves.

potential fixed at ~2 kV we measured the ion energy distri-
bution by the total sample current in perpendicular incidence
geometry.

Figure 3(a) shows the sample current as a function of the
positive retarding potential applied to the sample. The three
curves correspond to an anode voltage of 30 V, 40V, and 50V,
respectively. All curves exhibit a common slope on the low
energy side of the spectrum. This is interpreted as the con-
tribution of Auger- and secondary electrons emitted from the
sample during the ion neutralization. The energy distribution
of these electrons is fixed by the ionization potential of the
charged particle, and independent of its kinetic energy.’

On the high energy side, the sample current rapidly drops
to zero, indicating the maximum kinetic energy of the ions.
The energy distribution displayed in Fig. 3(b) is obtained
by numerical differentiation. We find a narrow peak with a
full width a half maximum (FWHM) of about 1.2%, located
~20V below the anode potential. The difference can be inter-
preted as the amount of energy needed to extract an ion from
the plasma inside the ionizer.

By contrast, for most filament-less ion sources, for in-
stance electron-cyclotron-resonance (ECR) plasma sources, a
positive value of the ion energy offset is observed. There, the
sheath formed between the plasma and the walls leads to a
positive plasma potential, which is typically in the order of
some ten eV/q."* In the presence of a hot-cathode however,
the effective potential at which the ions are created can be
lowered compared to the potential of the ionizer due to elec-
tric field penetration form the cathode, and the buildup of a
negative space charge. The negative offset of about —20 eV
is in good agreement with values reported in Ref. 10 for the
same type of ionizer.

In the example above, we used a beam of He2t ions.
Mass and charge selection is accomplished by the Wien-filter.
As outlined above, ions pass through the filter with a high ki-
netic energy, before being decelerated. Inside the filter, ions
move in a pair of crossed magnetic and electric fields. Ions
with mass m will pass through the filter when the electrostatic
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force and the Lorenz force which acts on the charged parti-
cle cancel out, and the ion moves along a straight line. This
condition is fulfilled in the case of

L 1

S =2 Uags 1)
Here, m and q are the mass and the charge state of the ion, re-
spectively, and the total acceleration voltage U, corresponds
to the kinetic energy by Uy = %’]’ In the experiment, the
magnetic flux density, B, is fixed by the permanent magnet,
and the electric field, E, is adjusted in order to select the ion
species.

Equation (1) shows that it is not possible to distinguish
He? * ions form HJ ions, using the Wien-filter, as both species
have the same mass over charge ratio, and a contamination of
the He? * beam by hydrogen cannot be ruled out completely.
Therefore, we operate the ion source with *He gas instead of
natural “He. (Without special notice, in the following He* and
He? * always refers to the ions of the *He isotope.)

Mass spectra are obtained by variation of the electrostatic
deflection field in the Wien-filter. Figure 4 shows the mea-
sured sample current on a logarithmic scale as a function of
the mass over charge ratio. Several contributions to the ion
beam can be identified. As expected, the major contribution is
the He™* peak at m = 3 with a sample current of 29 nA. Dou-
ble charged *He? * is observed with a peak at m = 1.5 and
a current of 0.33 nA. This corresponds to an efficiency for
the production of double charged helium of about 1%, com-
pared to single charged helium. Other ion species identified in
Fig. 4 indicate contamination of the residual gas atmosphere
inside the ionizer. The major contribution of the residual gas
is hydrogen, i.e., the ion species H* and H} observed at mass
m =1 and m = 2, respectively.

Quantitatively, hydrogen contributes to the spectrum with
about 15% of the *He? * intensity. The contribution of the “He
isotope to the spectrum can be measured by the intensity ratio
% = 0.04%, in agreement with the isotope ratio of the gas
used. A significant contribution of “He? * to the peak at m = 2

Intensity (pA)

Mass m (amu)

FIG. 4. Mass spectrum of ions leaving the source during operation with *He
gas. The total sample current was measured at normal incidence using an ion
energy of 15 eV/q and retarding ratio R = 100:1.
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FIG. 5. Beam profile of 80 eV (e), 60 eV (W), 40eV (4), and 20 eV (A)
He? * ions retarded from 4 keV pass energy. Solid lines show fits to a Gaus-
sian profile with FWHM of 2.35 mm, 2.45 mm, 2.56 mm, and 4.27 mm,
respectively. (Inset) 40 eV beam profile for the modified (solid symbols) vs.
unmodified (open symbols) exit lens (FWHM = 4.41 mm).

therefore can be ruled out. For the production of a pure *He? *
beam a further reduction of the residual gas pressure inside
the ionizer is advisable, which could be achieved either by
prolonged operation and outgassing of the source, or a more
efficient pumping system for hydrogen.

The current density distribution of the He?* ion beam
was derived by measuring the total sample current while mov-
ing the edge of the target crystal through the beam, using
the z-translation of the manipulator. Figure 5 shows current
profiles for He? *ions with a kinetic energy of 80 eV, 60 eV,
40eV, and 20 eV, using the modified exit lens from Fig. 2(b),
including the additional focusing element L. In all cases,
the pass energy was 4 keV, thus the ion optics was operated
at a retarding ration of R = 50:1, 67:1, 100:1, and 200:1,
respectively.

The curves have a step-like shape, which can be fitted by
the error function, assuming a Gaussian beam profile. For the
first three experiments, the fits result in a FWHM of 2.35 mm,
2.45 mm, 2.56 mm, respectively. This is in remarkably good
agreement with the calculated beam diameter. For example,
we expected a beam diameter of ~2 mm for R = 100:1 (see
Fig. 2(b)). It has to be pointed out though, that for higher re-
tarding ratios like R = 200:1, and above, we could not find
better focusing conditions than displayed in Fig. 5, with a
FWHM of 4.27 mm.

The inset in Fig. 5 compares the beam profile for retard-
ing ratio 100:1 and 40 eV kinetic energy, for the two geome-
tries of the exit lens displayed in Figs. 2(a) and 2(b). Solid
symbols show the data discussed above, obtained using the
modified exit lens. In contrast, open symbols correspond to
data measured with the original ion optics, without Ls. For
the latter, we find a FWHM of 4.41 mm, which is signifi-
cantly larger than for the optimized geometry. Looking at the
ion trajectory simulations this is the expected result, however.
Simultaneously, the total beam current increased from 200 pA
to 300 pA, using comparable He-gas pressure in the ionizer.
(The background pressure in the main chamber was reduced
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from 1.6 x 1078 to 5 x 10~° mbar, due to the reduced di-
ameter of the exit aperture, though.) In conclusion, adding the
additional exit lens L; to the original ion optics of the sputter
gun considerably increases the performance in terms of a four
times increased current density and a reduction of the focal
spot size from 4.4 mm to 2.6 mm.

The ion optical calculations did not include effects due
to the space charge of the ion beam, so far. This is justified,
regarding beam currents of some 100 pA for He?’* opera-
tion. However, it is well known that space charge induced
broadening of the beam might become an issue for low energy
ions.!* For instance, we can consider a Het ion beam, where
beam currents of 30 nA can be obtained (compare the peak at
m = 3 in Fig. 4). Given the diameter of the exit aperture d
= 2 mm, the broadening Ad of a parallel ion beam can be
approximated by Refs. 14 and 15,

Ad _(z\* 1 [m I @
dy ~ \do) 4meo\ 2qe y3*

where 7 is the distance from the exit aperture, € the dielectric
constant, m and g - e the ion’s mass and charge, I the beam
current, and Up = % the beam voltage. Inserting values for

15 eV 3He* ions and 30 nA beam current (e.g., see Fig. 4) we
obtain a typical broadening of Ad/dy = 10% for the geometry
from Fig. 2(b). It is evident from Eq. (2) that space charge
effects become dominant when higher beam currents or lower
ion energies are desired.

The maximum beam current that can be obtained strongly
depends on the acceleration voltage and the final kinetic en-
ergy of the ions. While a high pass energy, in general, favors
a better extraction efficiency of the ions, it is accompanied
by larger retarding ratios and reduced transmission of the de-
celerating optics. Figure 6 shows the beam current of He?*+
ions as function of the kinetic energy on a double logarithmic
scale. Individual curves were measured at constant pass en-
ergy, as indicated in the figure, i.e., by changing the retarding
ratio.
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1 10 100 1000
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FIG. 6. He?* ion beam current as function of the kinetic energy, measured
for 2000 eV (o), 3000 eV (H), 4000 eV (A), and 5000 eV (#) pass energy.
Solid lines serve as a guide to the eye.
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Considerable He? * beam currents were only obtained at
pass energies above 2 keV, i.e., when the accelerating poten-
tial is above 1 kV. Increasing the pass energy to 3 keV fur-
ther improves the ion current for the same Ey;,. Higher pass
energies do have no considerable influence on the beam cur-
rent, therefore 3 keV represents the best working point for
the source. When a small focus diameter is required, the re-
sults from Fig. 5 further suggest that the smallest possible re-
tarding ratio should be chosen. We note that in addition to
Fig. 5, where retarding ratios up to R = 200:1 were shown, the
lowest kinetic energy measured in Fig. 6 was around 3.7 eV
for He? *, corresponding to R = 800:1. While the experiment
shows that such low kinetic energies are possible to obtain at
ion currents of a few 10 pA, no well defined beam profiles
could be observed.

IV. OUTLOOK: ELECTRON SPECTROSCOPY

The performance of the ion source to produce well char-
acterized beams of He* ions with a Kinetic energy down to
5 eV, or He2* ions with a kinetic energy down to 20 eV,
makes it ideally suited for the studies of the electronic inter-
actions between the valence electrons of the metal target and
the projectile. We aim to analyze electrons emitted during the
neutralization process that takes place while the slow ion is
scattered at the single crystalline metal surface. The prototype
process observed in “ion neutralization spectroscopy,” as de-
veloped in the pioneering work by Hagstrum and Becker,"? is
the “Auger capture” of electrons to the 1s ground state of He™.
The excess potential energy ejects an Auger electron from the
surface. As pointed out in Refs. 1 and 2, the obtained elec-
tron spectra are closely related to the self-convolution of the
density of states involved in the neutralization process.

To this end, we show electron spectra measured during
the neutralization of 5 eV He™ ions at a clean W(100) sin-
gle crystal in Fig. 7(a). The angle of incidence is set to 10°
with respect to the target surface, and electrons are detected
using the hemispherical analyzer at an emission angle of 60°
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Z100f /
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FIG. 7. (a) Energy spectrum of Auger electrons emitted in the neutralization
of 5eV He™ ions at a clean W(100) surface, and after exposure to 0.12 L and
0.3 L of Hy. (b) Electron energy spectrum form the neutralization of 30 eV
He? * ions at a clean ‘W(100) target.
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=+ 7.5° and energy resolution A Ey;, .- = 0.2 eV. The spec-
trum represented by the solid line was obtained immediately
after preparation of the W(100) crystal. The procedure com-
prising several cycles of flashing (1700 K) in 5 x 10~% mbar
O, atmosphere, and a final high temperature (2500 K) flash
removing the oxide layer, is known to lead to clean W(100)
surfaces.!'! In addition, absence of surface reconstructions was
checked by electron diffraction, and no traces of carbon or
oxygen were detectable in Auger electron spectroscopy.

The overall shape of the spectrum of the clean surface
is very similar to those published for nickel and copper sur-
faces in Ref. 2. The cut-off at about 15 eV is governed by the
available potential energy, i.e., the ionization potential of free
He™(1s) which is 24.6 eV, minus twice the work function of
the surface. We demonstrate that the details of the electron
spectra are particularly sensitive to the cleanliness of the sur-
face. For instance, it is well known that tungsten single crys-
tal surfaces are sensitive to adsorption of hydrogen from the
UHYV residual gas atmosphere.'® In our experiments, the H,
partial pressure during operation of the ion source is around
1.5 x 107'° mbar, and the sample acquired a dose of 0.14 L
(1L=1 x 107 Torr s) after 20 min and 0.34 L after 50 min,
represented by the dashed and dotted curves in Fig. 7(a), re-
spectively. Changes at the high energy side of the spectrum
point out the exceptional surface sensitivity of the electron
spectra.

In parallel, hydrogen adsorption on the W(100) surface
results in a change of the work function, A®.!® Compared
to the clean sample, we find an increased work function by
AP =0.16 £ 0.05 eV and 0.30 £+ 0.05 eV for the exposure
of 0.14 L and 0.34 L, respectively. For comparison, values re-
ported in Ref. 16 are A® ~ 0.15 eV and 0.27 eV for the same
H, doses.

Figure 7(b) shows the electron spectrum obtained for
30 eV He?* ions. In contrast to Fig. 7(a), the spectrum ex-
tends to higher energies, up to 37 eV. Features in the spec-
trum account for the contribution of different neutralization
channels.'” For instance, sharp peaks around Ey;, .- = 34 eV
and 36 eV belong to the intra-atomic He-KLL Auger emission
of metastable He** atoms formed above the surface.

As pointed out above, the neutralization of He™ ions
emits electrons with a maximum kinetic energy of about
15eV. This allows us to separate the contribution of
metastable He*™(2s) ions present in the beam. The electron
configuration He**(2s), i.e., one electron is the 2s shell, is
stable with respect to radiative decay to the 1s ground state.
At the target, electron capture leads to the formation of dou-
ble excited He** with electron configuration 2£2¢’ (with £, ¢’
= s,p), similar to the neutralization of He? *.

However, the metastable He*"(2s) is quenched when
passing through an electric field of some 100 V/cm due to
the Stark effect.'® In our experiment, electric fields inside the
ionizer and the Wien filter are responsible for the quenching,
when the pass energy is set too high. Figure 8 shows the yield
of He**(2s) ions, measured as the integrated number of elec-
tron counts in the energy range 30-38 eV and normalized to
the total beam current, as function of the deflection field in
the Wien filter. It is evident that for deflection fields above
320 V/ecm no He*"(2s) is present in the beam, even though
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FIG. 8. He** (2s) yield versus electric field in the Wien filter, measured by
the number of electrons emitted in the energy interval from 30 eV to 38 eV
and normalized to the total sample current. (Inset) Normalized electron spec-
trum using 20 eV He** (2s) ions at the retarding ratio 10:1.

the total beam current was around 40 nA. For a low deflection
field of 240 V/cm, i.e., at 200 eV pass energy, a reduced to-
tal beam current of 8 nA, but a largest possible fraction of
metastable ions is obtained. The inset in Fig. 8 shows the
corresponding electron spectrum of the He-KLL Auger line
measured on a W(110) surface. Comparing the electron count
rates with the He? spectra, we estimate that the fraction of
metastable ions arriving at the target is around 1.3%.

V. DISCUSSION

A major difference in our design compared to the ap-
proach described in Ref. 10 is to keep the exit aperture of the
electrostatic lens system at ground potential. This is achieved
by electrical isolation using ceramic vacuum breaks between
the original lens system and the ionizer, whereby the decelera-
tion of ions takes place completely inside the lens system. By
this design, the region around the sample is free of strong elec-
tric fields, in contrast to Ref. 10, where deceleration mainly
takes place directly in front of the sample surface. The field-
free sample environment is a prerequisite to study the emis-
sion of low energy electrons during the neutralization of the
multiple charged ions by means of electron spectroscopy.

In addition, decelerating the ions inside the three-element
lens system gives control over the beam focusing, verified by
trajectory simulations. By using a Wien-filter for mass and
charge separation it is possible to select a specific charge
state of the ions. As demonstrated in our experiments, double
charged helium is obtained at a fraction of ~1% compared to
single charged ions. While this results in beam currents of a
few 100 pA for He? T, other types of ionizers like electron cy-
clotron resonance,'® or axial electron beam ionizers?>-2! are
more efficient when higher charge states are desired. The se-
tups typically also require a high acceleration voltage of sev-
eral kV in order to extract the highly charged ions efficiently
from the plasma. In principle, the retarding optics presented
here could also be adapted to these kind of sources, when
slow beams of HCIs with charge states larger than He? * are
required.
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Using helium in particular, we showed that the operating
parameters can be optimized towards a relatively large frac-
tion of metastable He'(2s) ions in the beam, i.e., by both,
a low acceleration voltage and retarding ratio. For instance, a
direct comparison of the neutralization of He? + and He*™*(2s)
in the same experiment could provide improved insight to the
mechanism of the spin-dependent capture of two electrons
from a surface, and the interpretation involved.”® In con-
trast, operation at high acceleration voltages leads to a pure
He*(1s) beam with no detectable (2s) contribution. This can
be particularly useful for the selective investigation of differ-
ent paths in the neutralization of the helium ions.

When the exit lens is used without modification, accept-
able performance in terms of beam current and focus size can
be obtained. In this configuration the source still can be used
as a conventional sputter gun, when the ionizer housing is
connected to ground. In this case, operation by the original
power supplies is possible when the transfer lens L is con-
nected to L;.

By replacing the exit aperture by a smaller one, and intro-
ducing an additional focusing lens (see Fig. 2(b)) in place of
the x-deflection plates, the current density at the sample was
increased by a factor of four. The original y-deflection plates
are unused so far, and connected to ground. However, they
could possibly be used for blanking the beam or generating
short ion bunches by applying a differential voltage pulse.

In summary, we presented the design of an ion source
optimized to produce a focused beam of ions with kinetic en-
ergies down to a few electron volts. The design is based on
a commercially available mass filtered sputter gun, requir-
ing only a minimal set of modifications. Due to the com-
pact size, the source is ideally suited for the installation in
surface analysis systems, dedicated to electron spectroscopy.
Due to its outstanding surface sensitivity, INS could comple-
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ment other techniques such as ultra-violet photoelectron spec-
troscopy. Special emphasis was put on the production of dou-
ble charged, or metastable Helium ions, for the study of the
physics of ion neutralization in vicinity of the target surface.

Moreover, we can imagine applications that cover the
study of surface modifications by reactive or non-reactive
ions, e.g., when an energy range in between thermal sources
and classical sputter guns is required, or ion scattering
experiments.
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