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Measurement of autoionization rates for electron emission above a metal surface
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We present K Auger spectra arising from collisions of N + ions with a Ni(110) target for different
kinetic energies and observation angles. The bulk of the electrons is ascribed to emission below the
surface. At very low collision velocities (vz & 10 a.u. ) we find a pronounced contribution from
electrons emitted prior to impact. The velocity dependence of the above-surface component is used
for the experimental determination of the time scales involved in electron emission above the surface.
Comparison with theoretical estimates is also presented.

PACS number(s): 34.90+q, 79.20Nc

Neutralization processes that occur during highly
charged ion-surface collisions result in the emission of
large numbers of electrons. These electrons are charac-
teristic of the neutralization dynamics and provide an
insight into the interaction mechanism between highly
charged ions and metal surfaces Acco.rding to the cur-
rent scenario, a multiply charged ion approaching a sur-
face is rapidly neutralized by electron capture from the
surface. This capture proceeds mainly via resonant neu-
tralization into high-lying states of the projectile, re-
sulting in multiply excited neutral atoms with empty or
sparsely populated inner shells —the so-called "hollow"
atoms. The deexcitation of these hollow atoms proceeds
at first via a cascade of autoionization (AI) processes [1].
However, this sequential Auger decay of multiply excited
states is much too slow to allow for a complete relax-
ation of the projectile to the ground state before it hits
the surface. A significant fraction of inner-shell vacan-
cies is therefore carried into the surface and is filled only
after the projectile has suffered close encounters with the
target atoms [2, 3]. An important parameter, for the va-
lidity of this scenario, is the time involved in the Auger
cascade above the surface. Although there exist theoret-
ical estimates [4, 5] for these Auger rates there have been
no direct experimental measurements so far. In this pa-
per we present a direct determination of the time scales
involved during electron emission above the surface.

We have shown in a previous publication [3] that the K
Auger electrons emitted during collisions of Nq+(q=6, 7)
with a Ni(110) target arise predominantly from beneath
the surface. At very low projectile velocities (v~ & 10
a.u. ) the K Auger spectra also contain contributions
from processes that take place above the surface [2, 6, 7].
Here we present electron spectra arising from collisions
of Ns+ with Ni(110) where the contributions from above-
surface and subsurface electrons can be clearly resolved.
The high resolution of our electron spectra allows the
precise determination of the characteristics of the above-
surface peak. By measuring the intensity of this peak
as a function of the collision velocity we have been able
to experimentally determine the time required for the
multiply excited "hollow" atom to decay to the ground

state prior to impact.
We have also measured the Doppler shift at different

observation angles for both the above-surface and sub-
surface components of the electron spectra. Electrons
emitted above the surface show the characteristic shift
associated with electrons that are emitted from the mov-
ing projectile before it has undergone appreciable devia-
tion from its initial trajectory. However, the subsurface
electrons show Doppler shifts that are different from this
characteristic value. This further emphasizes the differ-
ence in the spatial origin of the two components of the
K Auger spectra.

The electron spectra were measured in a ultrahigh-
vacuum p-metal collision chamber with a base pressure
below 2 x 10 Pa. 60 keV N + beams were extracted
from the Kernfysisch Versneller Instituut Electron Cy-
clotron Resonance ion source [8] and then transported
to the experimental setup. Floating the complete ap-
paratus on a positive voltage allowed us to decelerate
the ion beam from the ECR source to the desired colli-
sion energy. The target was a Ni(110) crystal which was
sputter cleaned with Ar ions prior to measurement. The
electron detector was a 180' spherical electrostatic ana-
lyzer equipped with a channeltron and rotatable over a
large range of detection angles. The energy resolution of
the analyzer is 5 x 10 sE full width at half maximum
(FWHM) and its acceptance at the center of the target
is 11.2 x 10 sE (sr eV), with E being the energy of the
detected electrons in eV. A more detailed description of
the apparatus is presented elsewhere [9].

Figure 1 shows a K Auger spectrum measured for 2
keV Ns+ ions colliding with a Ni(110) target at an inci-
dence angle of 5'. The narrow peak on the low-energy
side is assigned to electrons that are emitted above the
surface while the remainder of the electron spectrum is
due to subsurface electrons. The width of the above-
surface peak is much narrower than the subsurface com-
ponent of the K Auger spectra. The narrow width is an
indication that only a small number of initial states con-
tribute to this peak, whereas the subsurface peak con-
tains contributions from a large range of initial states
with different M- and L-shell populations [5]. The en-
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where I'A, is the Auger transition rate of the KLL process.
I' is the average L-shell filling rate and is a measure of
the time required by the AI cascade to populate the L
shell to the minimum level required for a KLI process.
The assumption here is that, above the surface, there is
no direct electron transfer into the inner shells. The ratio
Bof the intensity, IAS, of the above-surface component to
the the total K Auger intensity Itot can then be written
as
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FIG. 1. Background subtracted K Auger spectra arising

from collisions of N + with a Ni(110) target.
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ergy position of the above-surface peak is indicative of
a sparsely populated L shell [5, 6, 10]. The actual tran-
sition energy depends on the exact distribution of the
electrons in the difFerent projectile levels and it is dif-
ficult to extract the correct configuration from the ex-
perimental spectrum. However, it can definitely be said
that the main contributions to the above-surface peak
are from configurations with only two electrons in the I
shell. This is consistent with the fact that, above the sur-
face, the I shell is filled via the AI cascade and the long
time scale of the cascade makes a large I shell population
unlikely.

The intensity of the above-surface component is criti-
cally dependent on the interaction time available to the
projectile before colliding with the target surface. Low-
ering the collision velocity increases the fraction of K
vacancies that are filled above the surface, thereby in-
creasing the intensity of the above-surface peak. This
enhancement does not, however, continue indefinitely but
the intensity of the peak saturates at a certain fraction
of the total K Auger intensity. This saturation effec is
a direct consequence of the acceleration of the projec-
tile by its image charge [11],which imposes an intrinsic
lower bound to the collision velocity. Figure 2 shows the
change in the intensity of the above-surface component
as the interaction time prior to impact is varied. This ve-
locity dependence of the intensity can be used to directly
estimate the time scales involved during electron emission
above the surface. For the sake of simplicity the filling
of the K vacancy above the surface is described in terms
of three states —the initial state where the projectile is
a hollow atom with an empty L shell, the intermediate
state with at least two electrons in the L shell, and fi-
nally the state where the K vacancy has been filled. The
population numbers of these states, respectively n;, nl.
and n~, are determined by the transition rates between
them. The following set of coupled differential equations
has to be solved in order to determine the time evolution
of the population numbers:
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FIG. 2. Ratio of the intensity of the above-surface com-
ponent and the total K Auger intensity as a function of the
vertical velocity v&. The primary energy E„ofthe beam was
250 eV and the velocity was changed by adjusting the angle
of incidence on the surface.

where t is the total interaction time above the surface. In
terms of the perpendicular velocity v~ of the projectile,
Eq. (2) can be written as

rkA=1+ e «r, -rk
where d is the distance from the surface where the Auger
cascade is initiated. In order to extract the transition
rates from Eq. (3) we need to know the exact energy gain
E; due to the image acceleration and the distance d.
Winter [11] has experimentally determined E~ and for
a projectile with initial charge state q = 6, E, = 17 eV.
Simulations performed by Burgdorfer and co-workers [4,
12] using the classical overbarrier model show that for
N + the image acceleration is switched off at a distance of
13 a.u. from the surface due to a complete neutralization
of the projectile. It should be noted that this distance is
different from the characteristic distance for the onset of
electron capture. In the case of N + the first electrons
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are captured when the projectile is at a distance of 19.1
a.u. from the surface but a reduced image acceleration
continues until its effective charge goes to zero. The solid
curve in Fig. 2 is a fit to data points using Eq. (3) with
F d and I'A, d as free parameters. The above-mentioned
value for the energy gain due to image acceleration has
been used as an input. It is clear from Fig. 2 that this
simple picture reproduces the general trend of the data
points rather well. The fit results in Fgd = 1.3 x 104 mis
and I'~ d = 4.5 x 10 m/s. In order to extract the ac-
tual decay rates we have assumed that the Auger cascade
starts at an intermediate distance between the point of
first electron capture and the point where the image ac-
celeration is switched off. Using d = 16 a.u. we have I'
= 5 x 10i2 s i and I'A, = 1 5 x 10is s i. The result for
I ~ is in agreement with theoretical estimates [4] that re-
quire time scales of the order of 10 ~ to 10 s for the
completion of the AI cascade. It should be noted that
the experimentally determined value for I'I, is lower than
the value of the same I'(= 3.4 x 10 s ) determined for
subsurface Auger processes [3]. We ascribe this differ-
ence to the different L shell populations during electron
emission above and below the surface. Calculations per-
formed by Hansen, Schraa, and Vaeck [5] show that the
average transition rate of configurations with two L-shell
electrons is 2.6 x 10 s, while that of configurations
with six electrons in the L shell is 1.7 x 10 s . This is
consistent with the fact that the measured value for I'A,

is lower in the case of above-surface processes where the
L shell is sparsely populated.

Measurement of the Doppler shift of the Auger elec-
trons allows one to probe the emitter velocity at the time
of electron emission. Previously we have reported [3] that
the subsurface electrons show Doppler shifts that are not
consistent with the original projectile velocity. This was
taken to be an indication that interactions with the target
atoms lead to a change in the projectile velocity, resulting
in the measured deviations. If this is indeed true, then
electrons that are emitted prior to collision with the sur-
face should show no such deviation. Figure 3 shows the
Doppler-shift measurements for both the above-surface
and subsurface components of the K Auger electrons.
The solid curve is a calculation of the Doppler shift, as-
suming that the electrons are emitted while the projectile
is still in its initial trajectory. The dashed curve in the
lower part of Fig. 3 is a least-squares fit to the measured
data with the energy of the projectile as a free parameter.
The fit results in an energy of 1.5 keV, which is clearly
lower than the initial value of 2 keV. Figure 3 clearly
demonstrates that the above-surface electrons show the
characteristic Doppler shift associated with 2 keV N +
projectiles, in contrast to the behavior of the subsurface
component.

In conclusion it can be said that the experimental re-
sults and the predictions of Eq. (3) are in reasonable
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agreement with each other. The simple scenario used to
derive Eq. (3) is a good approximation of the AI cascade
and allows the direct determination of the time scales in-
volved during electron emission above the surface. The
measured Auger rates indicate that the L shell is sparsely
populated during electron emission above the surface.
The average L-shell filling rate is long compared to the
time (- 10 i4 s) available to the projectile before it col-
lides with the surface and results in only a small fraction
of the K vacancies being filled above the surface. This is
consistent with the fact that the measured electron spec-
trum consists mainly of electrons coming from below the
surface.
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FIG. 3. (a) Position of the centroid of the above-surface
component of the KiLL peak in N + as a function of the
detection angle g. (b) Position of the half maximum at the
high-energy side of the subsurface component of the K&LL
peak in N + as a function of the detection angle 8. The solid
curves are a calculation of the Doppler shift, assuming the
decay occurs while the projectile is still in its initial trajectory
while the dashed curve is a least-squares fit to the measured
data with the energy of the projectile as a free parameter.
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