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ABSTRACT: Molecular dynamics (MD) computer simu-
lations are used to model ejection of particles from f-carotene
samples bombarded by 15 keV Ar,oy,. The effect of the
incidence angle on the angular and kinetic energy
distributions is investigated. It has been found that both of
these distributions are sensitive to the variation of the
incidence angle, particularly near the normal incidence. For
impacts along the surface normal, material ejection is
azimuthally symmetric, and a significant emission occurs
along the surface normal. The kinetic energy distribution of
intact molecules has a maximum near 1 eV and terminates
below approximately 2 eV. An increase of the incidence angle
breaks the azimuthal symmetry. Most of the intact molecules
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become ejected in the forward direction. The maximum in the polar angle distribution shifts toward large off-normal angles. In
addition, the most probable kinetic energy of ejected molecules is significantly increased. The mechanisms of molecular
emission responsible for the observed changes are delineated. The implications of the observed ejection characteristics for the
utilization of large gas cluster projectiles in secondary neutral mass spectrometry are discussed.

E nergetic ion beams have found numerous applications in
various fields of science and technology. Particularly
interesting applications of ion beams are the analytical
techniques of secondary ion mass spectrometry (SIMS) and
secondary neutral mass spectrometry (SNMS). In these
techniques, information on the chemical composition of
investigated structures is obtained from the analysis of mass
spectra of material uplifted into the vacuum by energetic
projectile impacts. SIMS records ejected secondary ions while
neutral emission is probed by SNMS. In principle, the SNMS
technique should prevail over SIMS because the emission of
neutral particles exceeds the emission of ions by orders of
magnitude.' " Furthermore, detection of neutral species
eliminates the matrix ionization effects,”* significantly
simplifying the quantitative analysis. However, ejected neutrals
cannot be recorded directly. An additional postionization of
the ejected plume is needed,”” which substantially
complicates experimental setups. As a result, SNMS still
remains in the shadow of the SIMS technique. Nevertheless,
there is a lot of potential in SNMS, especially taking into
account a continuous quest for performing a three-dimensional
(3D) chemical imaging with the highest spatial resolution.”
Many postionization techniques utilize photoionization
schemes that provide rather small ionization volumes.”*™"'
For the SNMS technique to detect a large number of ejected
neutral species, the overlap of the confined postionization
volume with the flux of ejecta has to be maximized.” As pulsed
lasers are typically used in SNMS, the actual conditions
resulting in a good overlap depend on both the emission
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directions and kinetic energies of ejected neutral particles.
Therefore, knowledge about these quantities is an important
parameter for the successful design of an SNMS experiment.
There is a significant database of the angular and the kinetic
energy spectra for the atomic projectile bombardment of
inorganic samples'>"® Much less is known about directionality
and energetics of emission for cluster projectiles, particularly
for large gas cluster projectiles bombarding organic solids."*~"”

It has been reported that the shape of the angular spectra
depends on a type of analyzed material and on the properties
of the bombarding cluster projectiles.'*™'*'?7** For cluster
ions with sizes typically used in the GCIBs, the size of the
projectile and its angle of incidence on the surface have the
most significant impact. For large cluster projectiles bombard-
ing inorganic samples, the particles are ejected predominantly
at large polar angles.”**>*”**7>! This type of sputtering is
termed “lateral sputtering”. The MD simulations attribute such
behavior in part to the lateral expansion of the forming crater
but mainly to a blocking effect of projectile atoms hovering for
a long time above the incident region.”””' Recently, it has been
reported that a significant contribution of atoms ejected close
to the surface normal can be observed during 10 keV Ar,4y
bombardment of W and Mo polycrystalline substrates.””" The
effect was attributed to a large elastic (Young’s) moduli of
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these two materials, which allows for particle ejection by the
process of elastic recovery of the surface deformed by the
impact of heavy projectiles.””** However, such a process has
not been reproduced by the MD simulations so far.”'

The angular spectra of neutral organic molecules ejected by
large gas cluster projectile bombardment have only been
measured in a single experiment. Lorentz et al. have
investigated directionality of mass ejection from Irganox
1010 samples bombarded by 10 keV Ar,yy, projectiles at
various incidence angles.'® Similar aspects have been studied in
MD simulations performed on benzene samples.'*'”** For the
normal incidence, Lorentz et al. report that organic material is
ejected at large off-normal angles. However, it should be
pointed out that due to limitations of the adopted experimental
technique, particle ejection below 40° polar angle could not be
detected. MD studies were focused on the analysis of the off-
normal impacts. As a result, no information about the angular
distributions of benzene molecules for the normal incidence is
available.

For the off-normal incidence, maximum of the angular
spectra shifts in the specular direction, and the emission
becomes azimuthally asymmetric.'*'®'?** The effect increases
with the projectile size."*'®** For instance, for cluster
projectiles composed only of tens of atoms, such as Cg, the
shift is not visible and the angular spectra peak near the surface
normal even during bombardment along the 45° incidence
angle.'*">** For large cluster projectiles, the effect is strong for
small deviations from the normal incidence, but it becomes less
pronounced at larger impact angles."*'*** Increase of the
incidence angle has two effects on the ejection process. The
off-normal bombardment shortens the time necessary to
disperse of the blocking cloud.'® Furthermore, a significant
number of organic molecules can be “washed out” by
interaction with an intense flux of redirected Ar atoms,
which slide over the side of the crater facing the incoming
beam.'*'? The process is very efficient for loosely bound
materials and emission at the off-normal angles can dominate
in the angular spectrum. This effect is also responsible for a
robust azimuthal anisotropy of the ejected plume.

Whereas the angular emission of particles from organic
materials bombarded by large gas cluster projectiles has been
investigated to some extent, nothing is known about the kinetic
energy distributions of neutral molecules and fragments
emitted from these solids during the bombardment by large
cluster projectiles. As already indicated, knowledge about the
angular and the kinetic energy distributions is a vital parameter
to design of the SNMS experiments effectively. The research
presented in this paper aims at filling this gap. Molecular
dynamics computer simulations are used to investigate the
angular and kinetic energy distributions of particles sputtered
from the p-carotene sample bombarded by 15 keV Ar,gy
projectiles at 0°, 15°, and 45° incidence angles. The results of
the simulations are compared with the recent experimental
measurements performed by Lorenz et al.'®

B EXPERIMENTAL SECTION

Computer Model. The molecular dynamics (MD)
computer simulations are used to model 15 keV Ar,
bombardment of B-carotene samples. A detailed description
of the MD method can be found elsewhere.”* Briefly, the
motion of the particles is determined by integrating Hamilton’s
equations of motion. The forces between carbon and hydrogen
atoms are described by the charge-implicit ReaxFF, which has
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been designed directly to model high—energy phenomena
taking place in hydrocarbon systems.”” Interactions among
argon atoms, and between argon atoms and all other atoms in
the system, are modeled by a Lennard—Jones 6—12 potential,
which is splined at a short distance with the KrC potential for a
proper description of high-energy collisions.”® The shape and
size of the sample are chosen based on visual observations of
energy transfer pathways stimulated by impacts of Aryy
projectiles. As a result, a hemispherical sample with a diameter
of 40 nm is used. This sample contains 17 055 p-carotene
molecules or approximately 1.6 million atoms. Rigid and
stochastic regions near the external boundaries of the sample
with a thickness of 1.0 and 2.0 nm, respectively, were used to
simulate the thermal bath that keeps the sample at the required
temperature, to prevent reflection of pressure waves from the
boundaries of the system, and to maintain the shape of the
sample.”” The simulations are run at 0 K target temperature in
an NVE ensemble. They extend up to 70 ps, which is long
enough to achieve saturation in the ejection yield vs time
dependence. Projectile impacts along incidence angles of 0°,
15°, and 45° relative to the surface normal are modeled. For a
given incidence angle, impacts at 34 different points, randomly
selected near the center of the surface are simulated to achieve
statistically reliable data. Simulations are performed with the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) code,”® which was modified to model sputtering
conditions more efficiently. More details about simulations can
be found in Supporting Information.

B RESULTS AND DISCUSSION

The presentation of the results is divided into three parts. We
will start with the analysis of the effect of the incidence angle
on the ejection characteristics of the sputtered material. The
mass, angular, and kinetic energy spectra will be analyzed.
Subsequently, the processes responsible for the observed
changes in these characteristics will be delineated by tracing
the energy deposition and transfer pathways inside the
bombarded samples. Finally, the implications of current
research for the most efficient detection of neutral particles
by postionization will be discussed in Supporting Information.
Ejection Characteristics. The mass spectra of particles
ejected from a f-carotene sample bombarded by 15 keV Ar,
projectiles along 0°, 15°, and 45° incident angles are presented
in Figure S1 in Supporting Information. Two main groups of
sputtered particles can be distinguished. One group contains
molecular fragments with masses below 70 amu. The second
group is composed of intact f-carotene molecules and van der
Waals complexes M, of these molecules. In this group, the
most efficient is the ejection of intact molecules. A more
detailed discussion can be found in Supporting Information.
As already indicated, we would like to relate our results to
the results of measurements performed by Lorenz et al.'® Due
to the adopted measuring technique, i.e., analysis of a material
deposited on a flat collector plate, only the total deposited
mass could be recorded in this experiment. The polar angle
distributions of ejected material obtained from simulations and
the experiment'® are shown in Figure 1 for 0° and 180°
azimuths and 0°, 15° and 45° incidence angles. Due to a
limitation of the experimental arrangement, only the data for
the ejection angles above 40° are available. Lorenz et al
estimate that for the 15° impact, they are able to collect around
74% of all ejected mass. Our results show that around 55% of
the total mass is sputtered above 40° at the same impact
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Figure 1. Polar angle distributions of the total mass sputtered within a
solid angle of 0.21 sr for three different incident angles —0°
(continuous line), 15° (dashed line), and 45° (dash-dotted line) for
the experiment (red lines) and computer simulations (black lines).
Positive numbers represent polar angles along 0° azimuth, while
negative numbers represent angles along azimuth 180°. The
experimental data were extracted from Figures 3 and 4 from ref 16.
The maxima of the experimental plots are normalized to the off-
normal maxima of the simulation data corresponding to the same
incidence angle.

conditions. These values are in reasonable agreement. A
difference in the surface roughness between simulated and
experimental systems could be invoked as a reason for this
discrepancy. However, simulations investigating the effect of
this factor on the angular spectra show that the development of
the surface topography leads to a relative enhancement of
emission near the surface normal.>® In other words, the surface
roughness would lead to even a larger difference between
theoretical and experimental results.

The experimental polar angle distributions peak at slightly
higher polar angles as compared to the results of the computer
simulations. Such discrepancy is not surprising taking into
account differences in the primary kinetic energy and in a type
of material investigated in the experiment and simulations.
However, the trends observed in the angular spectra are similar
in both of these studies. With the increase of the polar
incidence angle, distributions become azimuthally asymmetric,
and the material becomes ejected at off-normal polar angles.
For the 15° incidence angle, emission of particles near the
surface normal is unaltered as compared to the normal
incidence. However, an off-normal peak emerges near the 0°
azimuthal ejection angle, and the signal decreases above
approximately 50° along the 180° azimuthal direction, as
compared to the signal obtained for the incidence along the
surface normal. The off-normal peak becomes a dominant
component of the polar angle distribution for the 45°
incidence.

While, in general, we should not make a quantitative
comparison between our data and the results of Lorentz et al.,
there is one point that requires some comments. Lorentz et al.
postulate that the angular distribution of ejected material for
the normal incidence has a maximum near 55°.'° Our results
do not support this conclusion. In fact, computer simulations
indicate that efficient ejection occurs along the surface normal.
The experimental arrangement could not detect particles
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ejected below 45°. Nevertheless, the authors argue that the
reduced ejection of material at polar angles lower than 45° can
be extrapolated from the available data. We attribute the
observed difference between our results and the experimental
data to possible problems with proper consideration of the
dependence of the sticking coefficient on the incidence angle
during the analysis of the experimental results. Lorentz et al.
have made a considerable effort to consider this phenomenon.
Nevertheless, the accuracy of their approach decreases for
analysis of material deposited near the edges of the flat
collectors, where the particles emitted with low polar angles are
deposited. A decrease of the sticking coeflicient toward the
edges of the collector is expected.’”

The data presented in Figure 1 have only a limited
application for finding the most efficient SNMS detection
configuration, as they contain all emitted particles. Detection
of intact molecules is often preferred in SNMS experiments.””
As already mentioned, due to the adopted measuring
technique, it was not possible to distinguish between recorded
particles in the Lorentz et al. experiment. It has been
postulated, however, that the ejection process is dominated
by the emission of intact molecules, which is a justifiable
assumption taking into account low kinetic energy used in this
study. In our case, the effect of molecular fragmentation is not
negligible. The polar angle spectra of molecular fragments,
intact molecules, and molecular complexes are calculated,
therefore, to investigate the influence of the type of ejected
species on the angular distributions. The results are shown in
Figure 2. In all cases, a total mass of a given group of particles
ejected within a solid angle of 0.21 sr is plotted versus the polar
angle. Most of the observed changes caused by variation of the
incidence angle are associated with the emission of intact
molecules and molecular complexes. Emission of molecular
fragments is less affected by a variation of this parameter. For
the normal incidence, ejection of all investigated species peaks
near the surface normal. The change of the incidence angle
from 0° to 15° does not influence the emission of fragments.
However, an off-normal peak emerges for intact molecules and
molecular complexes. The off-normal peak becomes a
dominant component of the polar angle spectrum for projectile
impacts along the 45° incidence angle. The position of this
peak moves to a larger polar angle when going from fragments
to molecular complexes.

The incidence angle also has a pronounced influence on the
kinetic energy of emitted particles. In principle, we should
repeat the analysis for all groups of ejected particles. However,
we will restrict our further discussion only to intact molecules,
as detection of these particles is usually of interest in SNMS
experiments.” The kinetic energy distributions of intact
molecules emitted at various polar and azimuthal angles
within a solid angle of 0.21 sr are shown in Figure 3. The
spectra for 0°, 30°, and 60° polar angles collected along the 0°,
30°, and 60° azimuths are presented. For the normal incidence,
the kinetic energy spectra peak near 1 eV for all polar and
azimuthal angles of ejection. The spectra are narrow, with a
half-width of approximately 1 eV. The intensity of peaks
decreases with the increase of the polar angle of ejection. The
kinetic energy distributions do not depend on the azimuthal
angle of ejection, which is a consequence of the azimuthal
isotropy of the ejection process. For the 15° incidence angle,
the kinetic energy distribution of molecules ejected near the
surface normal does not change much. However, a significant
change of the kinetic energy spectra is observed for molecules
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Figure 2. Dependence of the total mass of particles emitted within a
solid angle of 0.21 sr on the polar angle for (a) molecular fragments,
(b) intact molecules, and (c) molecular complexes for three different
incident angles: 0° (continuous line), 15° (dashed line), and 45°
(dash-dotted line). Positive number represent emission along 0°
azimuth, while negative numbers represent emission along azimuth
180°.

ejected near 30° and 60° polar angles. The intensity of these
distributions increases, and the high-energy tails extend to
higher kinetic energy. The most pronounced changes of the
kinetic energy distributions occur for the 45° incidence angle.
The high-energy tail becomes very pronounced, particularly for
molecules emitted near the 60° polar angle; the peak of the
spectra of these molecules shifts to higher kinetic energy. The
spectra become wide, with a half-width of ~5 eV, and a
significant number of molecules are ejected with kinetic
energies above 10 eV. The only exception to the general trends
observed by changing the incidence angle from 0° to 45° is a
behavior of the kinetic energy distributions of molecules
emitted near the surface normal. The peaks of these
distributions shift to lower kinetic energy relative to the
spectra collected at smaller impact angles. Evidently, a part of
the primary kinetic energy is consumed to stimulate the off-
normal emission, when the incidence angle increases.
Ejection Mechanisms. So far, we have focused on
performing analysis of ejection characteristics. The mecha-
nisms of particle ejection stimulated by an impact of Ar,gy
projectile should be delineated to understand and explain the
changes observed in these spectra. This task can be
accomplished by performing the mechanistic analysis capable
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of tracing energy deposition and transfer pathways.'*** An
example of such analysis is shown in Figure 4, where snapshots
of the motion of particles show a temporal evolution of the
bombarded system. Black, red, and green colors represent
intact molecules, molecular fragments, and Ar projectile atoms,
respectively. The beginning of the arrows depicts positions of
the center-of-mass of particles at a given time. The vector
direction represents a direction of the particle motion, while its
length represents velocity.

Some of the observations have already been revealed in our
earlier studies on the cluster bombardment of solid
benzene.'”*” and polymer samples.”® Due to a large projectile
momentum and small binding energy between p-carotene
molecules, Ar,y, projectile penetrates the sample. Although
the projectile is quickly deformed upon impact, it preserves its
spatial integrity pushing the sample material down and
sideways. The interaction between projectile atoms and the
organic molecules is gentle and spatially correlated. As a result,
very few molecules are being fragmented by direct interaction
with projectile atoms. Figure 4 indicates that, at the early stage
of sputtering, fragments are created in a compressed region,
which is formed near the boundaries of the crater.
Unfortunately, the density of a compressed volume is so
high that our analysis software fails to differentiate between
individual particles. It is not possible, therefore, to determine
precisely the moment when molecules begin to fragment.

A degree of material compression depends on the incidence
angle. The largest compression occurs for normal incidence
when projectile atoms have to decelerate entirely before
reversing the direction of their movement. For off-normal
incidence, both the amount of material being compressed and
a degree of compression decrease, as compared to impacts
along the surface normal. At these impact conditions, only a
vertical component of projectile momentum must disappear at
the time of the highest compression. A lateral component of
momentum is nonzero at any time, as projectile atoms slide in
a forward direction along the walls of the crater. As a result, the
amount of the primary kinetic energy available for material
compression decreases with the incidence angle. In addition,
only a volume located at the right side of the crater is being
compressed. The number of molecular fragments should
decrease with the increase of the incidence angle because of
these two phenomena, which is indeed observed, as shown in
Table S1.

For normal incidence, the energy deposition and transfer
processes are azimuthally symmetric. As already discussed, the
projectile atoms are decelerated to almost zero velocity at the
time of maximal sample indentation. Due to a weak interaction
between Ar atoms and the organic molecules, nearly all
projectile atoms are ultimately ejected into the vacuum. A large
indentation in the form of an azimuthally symmetric crater is
formed. The projectile atoms stay together for a long time,
creating a layer that effectively impedes particle emission from
the inside of the crater. At this stage, the sample particles are
moving up predominantly along the walls of the forming crater
in a fluid-flow fashion.*” Formation of small corona
surrounding the opening of the crater is a consequence of
this movement. Some particles are ejected from the forming
corona, predominantly at the off-normal polar angles, as shown
in Figure 4. Only after tens of picoseconds, when the Ar atoms
are spread in a larger volume or are already back-reflected into
the vacuum, then the density of the Ar cloud is reduced to the
point where ejection of particles is possible from the inside of
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Figure 3. Kinetic energy distributions of intact molecules emitted from the f-carotene sample bombarded by 15 keV Ar,y, along the incidence
angles of (a—c) 0°, (d—f) 15°, and (g—i) 45°. Number of molecules ejected into a solid angle of 0.21 sr inclined at the polar angles of 0° (solid
line), 30° (dashed line), and 60° (dash-dot line) along the 0° (left panel), 30° (middle panel), and 60° (left panel) azimuth is shown. The kinetic

energy resolution used to prepare this plot is 0.1 eV.

the crater. However, at this time, a part of the primary kinetic
energy is already carried away from the impact volume. As a
result, the molecules are ejected with low kinetic energies by an
effusion process.”** Particle ejection near the surface normal
is preferred because the walls of the crater prevent the emission
of particles at large off-normal polar angles. Furthermore, the
impact of a massive cluster on soft material results in the
formation of a deep indentation with steep walls. As a result,
particles ejected by fluid-flow from the crater corona also will
be emitted at lower polar angles as compared to the emission
from a wide and shallow crater, where the walls are less steep.
The latter will be a typical case during large gas cluster
bombardment of metals or semiconductors, which are stiffer as
compared to organic solids.

The effectiveness of the blocking mechanism decreases with
the increase of the incidence angle. The azimuthal symmetry
also is broken. Even for the 15° impact, there is a significant
difference between a movement of projectile atoms along 0°
and 180° azimuths. This difference is very substantial for the
45° impact. The increase of the incidence angle also shifts the
deposited energy closer to the surface as the projectile
penetration depth is reduced. This effect could lead to an
increased ejection. However, the overall emission enhance-
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ment is not very significant for Ar,yy, projectiles. The kinetic
energy deposited near the crater does not change much. As a
result, the amount of effusing molecules remains almost the
same, and the signal recorded near the surface normal is
unchanged, which is indeed visible in Figures 1 and 2. The
most drastic change of the energy deposition and transfer
pathways is a formation of a flux of Ar atoms sliding over the
right side of the crater.'** Both the intensity of this flux and
its average velocity increases with the incidence angle. The
interaction of projectile atoms with weakly bound sample
species leads to a significant ejection of organic particles, which
are “washed out” from the crystal””’ Velocities of these
particles are comparable to velocities of Ar atoms. As a result,
organic molecules are emitted with a much higher kinetic
energy by this process as compared the molecules ejected by a
fluid-flow mechanism or an effusion process, which explains
the data shown in Figure 3. Another consequence of such a
type of ejection is a strong azimuthal anisotropy observed in
the emission of particles, as shown in Figures 1 and 2. Finally,
it can be seen that many molecules are ejected by interaction
with sliding Ar atoms in similar directions with comparable
kinetic energies for the off-normal impacts. These conditions
allow two or more molecules to be combined into van der
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Figure 4. Time evolution of the ejection events represented by vector plots illustrating the position and velocities of center-of-mass of particles at a
given time for the f-carotene sample bombarded by 15 keV Ar,, along the incidence angles of 0° (left panel), 15° (middle panel), and 45° (right
panel). Black, red, and green colors represent intact molecules, molecular fragments, and Ar atoms, respectively. The length of a vector represents
particle velocity. A cross-sectional view 4 nm wide and centered at the impact point is shown.

Waals molecular complexes. This phenomenon accounts for
the increased ejection of molecular complexes observed with
an increase of the off-normal incidence angles, as presented in
Table S1.

Our results have pronounced consequences for the design of
SNMS experiment when using large cluster projectiles. In
general, bombardment near the 45° incidence angle and
application of long ion-beam and laser pulses are preferred
experimental conditions at least from the point of view of
recorded signal intensity. A detailed discussion can be found in
Supporting Information due to space limitation.

Finally, some comments should be made about the influence
of the surface roughness on the presented results. The kinetic
energy distributions are insensitive to the development of the
surface topography.26 Therefore, the kinetic energy distribu-
tions calculated at a flat surface are a good representation of
the results obtained in experiments performed in dynamic
conditions. The same is not true if the shape of the angular
spectra is discussed, especially for impacts near the surface
normal. Surface roughness enhances relative emission with low
polar angles.”® The effect is less severe for the off-normal
bombardment of organic solids, as the washing out mechanism
is less sensitive to the surface roughness. Nevertheless,
although making a direct comparison between angular spectra
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obtained from simulations and dynamic experiments can be
risky, discussion of the relative changes observed in these
spectra with modification of projectile parameters is legitimate.

B CONCLUSION

We have found that the total sputtering yield, as well as the
shape of the angular and kinetic energy distributions of
particles emitted from f-carotene samples by Ar,, projectiles,
depends on the impact angle. The total ejection signal
increases with the incidence angle within the investigated
range of incidence angles. Emission of intact molecules is the
mostly preferred ejection channel. For projectile impacts near
the surface normal, there is a significant emission of particles
near the surface normal. This ejection channel was not
observed by Lorentz et al.'® due to experimental limitation. As
the angle of incidence increases, the emission of particles shifts
toward off-normal polar angles. Additionally, the obtained
kinetic energy spectra show that the intact molecules are
ejected within a narrow range of energies for 0° and 15° impact
angles, while the kinetic distribution is much wider for 45°. All
observed changes can be attributed to the “washing out”
mechanism. Our results show that bombardment near the 45°
incidence angle and application of long ion-beam pulses are
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preferred experimental conditions for SNMS measurements, at
least from the point of view of the signal intensity.
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