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Detection of sputtered metastable atoms by autoionization
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We report on a scheme for the detection of sputter-generated metastable atoms that is based on the
resonant excitation of an autoionizing state by single-photon absorption from a tunable laser. Using this

technique, sputtered silver atoms ejected in the metastable 4d 5s D, ~2 state with an excitation energy
of 3.75 eV have been detected. This represents the highest excitation energy of sputtered metastable
atoms observed so far.

PACS number{s): 32.80.Dz, 32.80.Fb, 79.20.Nc

The ejection of surface particles from an ion-
bombarded solid, i.e., sputtering, is not only connected
with elastic, but also with inelastic atomic interactions.
Such processes cause a certain fraction of the neutral
atoms —which in most cases form the vast majority of
the sputtered particle flux —to be ejected in electronically
excited states. The investigation of such particles is of
special interest, since the related processes are by far not
yet completely understood. Therefore, a number of stud-
ies have been devoted to the state-selective detection of
sputtered atoms, a review of which can be found in Ref.
[1]. In principle, two experimental cases must be dis-
tinguished.

Short lived excited-states, on the one hand, decay radi-
atively within a distance of several millimeters above the
sample surface and, hence, can be easily identified by the
emitted photons [1—3]. In this case, however, a major
difficulty arises from cascading transitions if the experi-
mental results are to be interpreted in terms of excitation
mechanisms occurring during sputtering [1].

Metastable states, on the other hand, must be detected
by laser spectrometrical methods. Among these, laser-
induced fluorescence has been extensively used to study
atoms sputtered either in low-lying excited states belong-
ing to the ground-state multiplet [4—11] (with excitation
energies of typically 0.1 eV) or in higher metastable states
outside the ground-state multiplet [7, 12—14]. The
highest excitation energy reported so far is 1.8 eV for Ca
atoms sputtered in the P2 state [13].

Another possibility for state selective detection of sput-
tered metastable atoms is by resonant-multiphoton-
ionization (REMPI) spectroscopy. Using this technique,
sputter-ejected metastable rhodium atoms have been in-
vestigated recently [15—17]. So far, however, only the

P7i2 state with a relatively low excitation energy of 0.2
eV above the ground state ( P9&z) could be detected. In
the present Brief Report, we report on sputtered silver
atoms ejected in the metastable Ag* 4d Ss D5&2 state
with an excitation energy of 3.75 eV above the ground
state. Since the population of a given excited state in
sputtering has been found experimentally to decrease ex-

ponentially with increasing excitation energy [4,5], the
detection of atoms in such a high-lying metastable state
requires an extremely efficient detection scheme, which is
described below.

The experimental setup is essentially the same one used
for REMPI. A MARZ grade polycrystalline silver sam-
ple located in an UHV chamber (base pressure 10
mbar} is bombarded under 45' with a pulsed beam of 5-
keV Ar+ ions (pulse duration 1 ps). The plume of neutral
particles sputtered from the sample surface is intersected
by a photon beam from a pulsed tunable laser at a dis-
tance of approximately 2 mm above the surface. The
photoions generated by laser ionization of sputtered neu-
tral atoms are extracted toward a reflectron-type time-
of-flight mass spectrometer providing good mass resolu-
tion (m /km —=500) and high transmission ( =—10 ). De-
tails of the setup have been described elsewhere [18] and,
hence, will not be repeated here.

The sputtered particles are ionized by means of a
frequency-doubled tunable dye laser operated at wave-

lengths between 263 and 285 nm. Figure 1 shows the
spectrum measured in this wavelength range if the mass
spectrometer is tuned to the ' Ag isotope. Apart from a
continuous background resulting from nonresonant two-
photon ionization of ground-state silver atoms, three dis-
tinct lines of different widths are found at wavelengths of
272.3, 279.7, and 282.5 nm, respectively. Due to the rela-
tively large wavelength step of 8 picometers (pm) em-

ployed in Fig. 1, the maximum of line (1) was not exactly
hit and, hence, the background is largely overestimated
in Fig. 1. Therefore, Fig. 2 shows a high-resolution scan
of the wavelength region around line (1} which reveals
that the background is almost negligible.

Since no electronic levels of the silver atom exist at or
even around the excitation energies corresponding to the
observed lines (36724, 35740, and 35398 cm ', respec-
tively), these structures clearly cannot be generated by
resonant multiphoton ionization of ground-state silver
atoms. Scanning through the literature, one finds that ex-
actly the three lines observed here have been previously
reported [19]when metastable silver atoms generated in a
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TABLE I. Experimental linewidths (FWHM) of the ion sig-

nals measured here and those estimated from lifetimes of corre-
sponding autoionizing states (taken from Ref. [19]).
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gas discharge were ionized by absorption of dipole radia-
tion from a tunable laser. Following the classification
given in Ref. [19],the observed ion signals correspond to

9 22resonant transitions between the metastable 4d Ss Ds/z
state and the autoionizing 4d Ss( D)Sp F7/2 P3/z and9 3 2 2

D5&2 states of the silver atom, respectively. Apart from
the exact agreement of the line positions, further evi-

FIG. 1. Wavelength dependence of ion signal obtained for
postionized neutral ' Ag atoms sputtered from polycrystalline
silver by 5-keV Ar+ ions. Power density of the ionizing laser:
5X10 W/cm; wavelength step: 8 pm.

dence supporting this interpretation can be gained from
their profiles. From Figs. 1 and 2, one finds experimental
linewidths [full width at half maximum (FWHM)] which
are listed in Table I. Also included in the table are the
lifetimes of the corresponding autoionizing states which
were taken from Ref. [19]. From these values, expected
linewidths are estimated which agree surprisingly well
with the values measured here. The remaining discrepan-
cy, i.e., the fact that the measured FWHM of lines (2}and
(3) are slightly larger than the estimated values, may be
due to the power broadening of the resonant single-
photon transitions, since the laser power density used in
Fig. 1 was fairly high (approximately 10 W/cm ). Note
that the observed width of line (1) is essentially deter-
mined by the laser linewidth.

We have also investigated the dependence of the ob-
served intensities on the power density Pi of the ionizing
laser. In order to estimate PI from the measured pulse
energy, a rectangular time profile of the laser pulse with a
duration of 20 ns and a beam cross section of 1 mm in di-
ameter (defined by an aperture in front of the beam en-
trance window} were assumed. Figure 3 shows the results
obtained for transition (1) in Fig. 1. The dotted line also
included in the figure corresponds to a fit according to

I Io(1—exp[ —oIr r]), —

which is expected from standard rate theory of a single-
photon ionization process [20]. In Eq. (1), rr denotes the
photoionization cross section, II the laser photon flux

U)
.~ 600—

C3

—400
lU

~
U)
lO

200

2.0—
CD

1.5—

C3

lU 1.0—
~
U)
V)

~
0

0.5—

0
272.22 272.25 272.28

0.0-'
0

I ~ I I

5 10 15

laser power density (10 W/cm )

20

wave length (nm)

FIG. 2. High-resolution scan of line (1) in Fig. 1.
FIG. 3. Intensity of line (1) in Fig. 1 vs the power density of

the ionizing laser.
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density, and ~, the laser-pulse duration, respectively.
From the fit indicated in Fig. 1, a value of o. around
1.7X10 ' cm is estimated which means that the ion-
ization will be saturated at laser power densities around
5 X 10 W/cm .

From the above, we conclude that we have detected
sputtered neutral silver atoms which are ejected in a
metastable excited 4d 5s Ds&2 state by using single-
photon ionization via autoionizing states. The corre-
sponding excitation energy of 3.75 eV represents the
highest metastable excitation of sputtered atoms observed

so far. In future work, we will try to quantify the abso-
lute fraction of metastable atoms within the Aux of sput-
tered particles by saturating the ionization process for the
metastable as well as for the ground-state atoms. This
should be no problem for the metastables, since the above
estimated power density required for saturation ioniza-
tion should be easily attainable with the available laser
system.

One of the authors (K.F.) would like to thank the Alex-
ander von Humboldt foundation for financial support.
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