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ABSTRACT This Letter presents the first observation of coincidental emission of

photons, electrons, and secondary ions from individual Cgo keV impacts. An
increase in photon, electron, and secondary ion yields is observed as a function
of Ce projectile energy. The effect of target structure/composition on photon and
electron emissions at the nanometer level is shown for a Csl target. The time-
resolved photon emission may be characterized by a fast component emission in
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emission follow a Poisson distribution.

SECTION Dynamics, Clusters, Excited States
he use of cluster bombardment (e.g., C¢o and Auygo)

I for surface analysis and characterization has shown

significant advantages due to enhanced emission
of molecular ions, low damage cross section, and reduced
molecular fragmentation.' > Although a large number of
practical applications have been envisioned,* © the under-
lying physical processes that govern the cluster—target inter-
action remain to be elucidated. A few reports on secondary
ion (SI) emissions from Cyo keV impacts for a variety of targets
and experimental conditions (e.g., projectile energy and
incidence angle) can be found in the literature.” "' We have
previously shown the benefits of studying the projectile—
target interaction of temporally and spatially discrete ion
impacts.'*'? In particular, the inspection of co-emitted photons,
electrons, and SIs from single impact sites should be most
informative.'* Studies on electron emission from individual
Coo keV impacts are sparse;'>'® recently, we reported the
effect of surface composition and topography on the number
of emitted electrons.'”'® Although several explanations have
been proposed to describe the unexpected electron emission
under massive cluster impacts,'”?° the electron emission
mechanism remains a subject of investigation. While photon
emission from surfaces exposed to ion bombardment is well-
documented,”"** little is known about the photon emission
from individual cluster impacts. We have recently reported
the first evidence of photon emission from individual impacts
of massive gold projectiles for several projectile—target com-
binations.”” In this Letter, we report the first experimental
observation of co-emitted photons, electrons, and Sls from
individual Ceo keV projectile impacts. Time-resolved photon
spectra, electron, and Sl distributions were measured as a
function of the impact Cgq energy.

An experimental setup that comprises a Cqo primary
cluster beam, an electron emission microscope, and a ToF
mass spectrometer was used for this study.'”"'®*> Emitted
photons, electrons, and Sls were collected per projectile
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impact. Photons were detected using a photomultiplier
(PMT, R4220P model from Hamamatsu Photonics), with an
active window from 185 to 710 nm and a maximum 22 %
detection efficiency at 410 nm and positioned behind the
target (solid angle of 0.6 & sr). Electrons emitted from the
impact site were accelerated and then deflected using a
weak magnetic field toward an electron emission micro-
scope where the initial signal was amplified (x 100) and later
detected using a position-sensitive detector (more details in
ref 17). The ToF signals of the SIs were collected using a
microchannel-plate based detector positioned ~100 cm from
the target surface and were stored in a multichannel time-to-
digital converter (TDC). The photon signal from individual
impacts was time-delayed and stored on one of the TDC
channels. Cesium iodide powder was obtained from Sigma
Aldrich (St. Louis, MO) and used as received. Surface target
homogeneity was achieved by using a vapor deposition
technique. All samples were deposited onto a 70— 100 /sq
indium tin oxide coated glass (ITO/glass) substrate from
Sigma Aldrich (St. Louis, MO).

Photon emission was detected from single Cqo impacts
on a Csl target. A linear increase in photon emission was
observed with Cg( projectile energy (Figure 1 inset). The time-
resolved photon spectrum can be characterized by a narrow
peak distribution (~2 ns at fwhm) with a short decay time
(Figure 1). Photon emissions from Csl targets under mono-
and polyatomic projectile impacts have been previously
reported.'*'” In general, light emission from Csl crystals after
electronic excitation comprises a photon electron emission at
(i) 310—320 nm with a short decay time (~16 ns) due to inter-
atomic transitions, which represents 70 % of the observed light,
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and (ii) 500 nm with a larger decay time (> 1 us) associated
with defects on the crystal.** During cluster impacts, a
different mechanism of energy transfer/deposition into the
solid occurs, mainly because of a different ionization density
and path length. In the energy range studied here, we can
associate the two-component peak distribution of the fast
photon emission to the structure/composition of the Csl
polycrystalline surface. Previous investigations have shown
fast photon emission with a strong dependence on the Csl
target preparation methods (e.g., the observation of multiple
fast components with 0.7—2, 6—10, and 28—36 ns decay
times).>*~?7 Photon emissions from atomic and polyatomic
projectiles have shown a long tail distribution with a 7—8 ns
lifetime from Csl targets related to the collision cascade
mode of interaction.”> A single-component, fast photon
emission has been observed under massive gold projectile
impacts (Aujgo—400) from the same target associated to
projectile coherent motion.?> In the case of Cgo, we attribute
the two fast components to the hollow nature of the projec-
tile, which dissociates after penetrating a few layers and
induces collision cascades involving projectile constituents
and surface target atoms.
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Figure 1. Time-resolved photon emission spectra from individual
Ceo impacts on a Csl target. In the inset, photon yield dependence
on the Cq impact energy.
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A number of SIs per impact were observed in coincidence
with the emitted photons. The number of SIs per impact
follows a Poisson distribution, where the mean value in-
creases with the Cqo impact energy (Figure 2a). The negative
SI spectra are characterized by a high abundant cluster ion
emission of the form (Csl),-o—;»I . In the low mass region
(mlz < 100), some other peaks were observed (full spectra
in Supporting Information). For example, the presence of
H and OH peaks is likely a result of water molecules and
hydrogen atoms adsorbed to the surface, and the presence of
Ch->-4H peaks may be a result of pump oil and carbon
contamination on the surface. The (Csl),—o—;»I cluster ion
yield Y can be described as Ye<a exp(—kn), where k = 1.1 and
0.7 forn < 5andn > 6, respectively (Figure 2b and spectra in
the Supporting Information). Parameters a and k are directly
related to target material and projectile characteristics
(particularly on its charge state, velocity, incidence angle,
mass, and molecular structure). In the case of atomic ion
bombardment, an exponential coefficient & dependence on
the cluster size has also been observed and has been attrib-
uted to the SI formation/fragmentation mechanism.*® For
cluster ion bombardment, besides the exponential depen-
dence on the cluster size, a power law yield dependence on
the cluster size has also been proposed (Y ~ n”), where the
power coefficient b is determined by the SI emission
volume.*® A similar trend is observed in the case of single
Ceo projectile impacts on the Csl target in the energy range
studied here.

Multielectron emission was observed under single Cgo
projectile impacts on Csl targets, below the kinetic emission
threshold for electron emission observed for atomic ions.' In
particular, two main electron distributions (PE1 and PE2)
following a Poisson distribution were observed (Figure 3).
Mean values of the electron distributions (y.) are related as
1:2, where the PE1 and PE2 distributions account for 70—80
and 20—30% of the total number of electrons emitted per
impact, respectively. The mean values of the electron distri-
bution increase linearly with C¢o impact energy (see inset of
Figure 3). Electron distributions from atomic ion bombard-
ment have also shown a Poisson-like distribution,’®>" which
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Figure 2. (a) SIdistributions from individual C4o impacts on Csl at different C4o impact energies. Notice that the experimental data follow a
Poisson distribution where the mean value increases as a function of the C4o impact energy. (b) (Csl),I cluster ion yield as a function of the

cluster size at different C¢ impact energies.
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Figure 3. Electron probability distributions from individual 15.0 keV
Ceo impacts on a Csl target. The experimental data follow the sum
of two Poisson distributions (PE1 and PE2). In the inset, notice
the increment of the mean values y. as a function of the Cgg
impact energy. Experimental values are not corrected for detec-
tion efficiency.

has been attributed to the stochastic nature of the particle
emission during ion bombardment.'* Recent experiments
using individual Cgo impacts have shown mainly a single
electron distribution, where the mean value of the distribution
varies as a function of target composition and morphology.'”'®

The analysis of the number of electrons emitted with a
specific ion (e.g., H, OH™, C,_»—4H ", and (Csl),I ) showed
that there is no specific electron distribution associated with
them (PE1 or PE2), that is, the electron distribution associated
with individual ions showed the same two-component elec-
tron distribution (PE1 and PE2) as that observed with the total
SI signal (see Supporting Information). The same result was
observed when the analysis was made with the coincidental
emission of two Sl signals (e.g., H and OH™, CH™ and C,H ™,
and [ and (CsI)I"). On the other hand, the inspection of the
SI spectra that correspond to the electron distributions PE1
and PE2 showed differences in the H, OH , and (Csl),,I” ion
yields (see Supporting Information). The larger number of
electrons emitted per impact (PE1) is accompanied by a
larger emission of SIs. Thus, we infer the two Poisson distribu-
tions as a consequence of the structure/composition of the Csl
surface. The dependence of the number of emitted electrons
with the Csl surface characteristics is in good agreement with
previously reported measurements.' >

The analysis of individual Ceo keV impacts on a Csl surface
has shown the stochastic nature of the co-emission of photons,
electrons, and Sls from a nanometric size emission volume.
Inspection of the photon and electron emissions shows that
the emission profiles are correlated with the target structure/
composition at the nanometer level, with the particularity
that co-emitted photons, electrons, and Sl pairs can be used
as indicators of the surface content and homogeneity. The
Poissonian SI distribution suggests that the measured ions
represent a small percent of the total number of desorbed
particles, in good agreement with previous experiments with
massive gold cluster bombardment.>”> We interpret the Pois-
son form of the electron distribution as a consequence of a
small number of electrons emitted from the excited impact
site, which can be related to the electron escape and detection
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probability. Projectile energy dependence on photons, elec-
trons, and Sls yields suggests that higher-energy cluster
projectiles are promising candidates as nanometric probes
of the target structure, composition, and homogeneity. Further
experiments with higher-energy cluster projectiles should
permit a better description of photon wavelengths and their
relationship with target characteristics. Moreover, character-
istics of the projectile—target interaction can be extracted from
the photon emission.

SUPPORTING INFORMATION AVAILABLE Total secondary
ion spectra, coincidental single and dual ion spectra with the electron
distribution, and emitted electron distributions at different Cqq impact
energies. This material is available free of charge via the Internet at
http://pubs.acs.org.
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