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ABSTRACT: Ultrafast light-induced molecular reactions on
aerosolized nanoparticles may elucidate early steps in the
photoactivity of nanoparticles with potential impact in fields
ranging from chemistry and medicine to climate science. In situ
morphology discrimination for nanoparticle streams when
measuring light-induced reaction yields is crucial, but lacking.
Here, we experimentally demonstrate, using the reaction nano-
scopy technique, that proton momenta from deprotonation
reactions induced by intense femtosecond pulses exhibit clear,
distinguishable signatures for single silica nanospheres and their
clusters. Our findings are supported by classical trajectory Monte Carlo simulations. The results demonstrate an in situ single-shot
discrimination method between reaction yields from photoinduced processes on single particles and their clusters. We find that the
ionization of clusters dominates at sufficiently low intensities, providing an explanation to resolve previously observed discrepancies
between experimental data and theoretical treatments, which considered only single nanoparticles.
KEYWORDS: nanophysics, atomic and molecular physics, chemical physics, physical chemistry

The surface photochemistry of nanoparticles plays a
fundamental role in areas such as photocatalysis and

atmospheric chemistry.1,2 The absorption of light by airborne
nanoparticles can lead to electron transfer to molecules
adsorbed to the particle surface and initiate molecular
reactions.3 The microscopic details of the surface (photo)-
chemistry of nanoparticles largely determine their impact on
biological systems. For instance, aerosolized mesoporous
dielectric nanoparticles containing drugs showed promise
toward treatment of respiratory symptoms,4 and irradiated
metal nanoparticles have been used extensively for the imaging
and treatment of cancer and thermally controlled local delivery
of active molecules.5

The interaction of light with nanoparticles facilitates local field
enhancement and nanofocusing.6 Through interactions with
intense femtosecond laser pulses, control over light-induced
electron emission and acceleration on subwavelength spatial and
attosecond temporal scales can be achieved.7,8 At moderate
intensities (around and below 1014 W/cm2), a variety of effects
have been discovered that contribute to electron acceleration.
These include elastic electron backscattering in near-fields9−11

as well as local and nonlocal charge interactions.12,13 At higher
intensities, laser acceleration of ions14,15 and plasma dynamics16

have been investigated with aerosolized nanoparticles. In
particular, it has been demonstrated that the spatial dependence

of laser-induced nanoplasma formation inside an aerosolized
nanostructure maps onto angle-resolved ion yields.17 Based on a
similar point-projection mapping concept, but for sufficiently
low intensities avoiding plasma formation, the recently
developed reaction nanoscopy18 has opened the door to the
investigation of femtosecond laser-induced photochemical
processes on the surface of aerosolized nanostructures with
high spatial resolution. In proof-of-principle studies, it was
shown that relative reaction yields of deprotonation reactions on
single spherical nanoparticles can be mapped with nanometer
precision at the surface.18

Nanoparticles are often prepared as colloidal suspensions in
suitable solvents. The tendency of the particles to aggregate in
the solution depends on a variety of factors and can be
controlled.19,20 Furthermore, in the evaporation step, droplets
can contain several single particles that can result in cluster
formation.21,22 Even under best-practice conditions, aerosol
sources generate a beam of single particles and their clusters.
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The ability to characterize the target for each laser interaction is
a critical issue when attempting to distinguish molecular
processes on single particles from those on clusters. While
differential mobility analyzers can characterize average proper-
ties of injected particles,23 such techniques come at the expense
of event rate in the experiment and importantly do not permit
characterization of the sample in the laser interaction volume.
In this work, the point-projection mapping of near-fields to

the angular distribution of laser-generated ions is exploited to
accomplish an in situ discrimination between reaction yields
from single particles and their clusters. In order to illustrate how
near-field induced reaction yields may vary with morphology, we
compare in Figure 1 the calculated near-field distribution of a
single 300 nm silica nanosphere to that of its dimer for two
different dimer orientations with respect to the (linear)
polarization direction of light at a wavelength of 1030 nm.
While the single nanoparticle exhibits a rather dipolar field
distribution, the field pattern around the dimer is more complex,
typically larger in magnitude and strongly orientation-depend-
ent.
As we will discuss in the following sections, these differences

in the near-fields significantly affect nonlinear processes such as
strong-field ionization of the nanoparticle surface and the bond
breaking of molecules attached to the surface. Using reaction
nanoscopy, we investigated proton emission from molecular
dissociation on the surface of silica nanoparticles, concluding
that distinct differences in the proton momenta allow
discrimination between reaction yields from single nanoparticles
and their clusters. Because of this sensitivity to the precise shape
of the enhanced near-field, reaction nanoscopy can be
considered, collaterally, as an in situ particle characterization
technique, as we will demonstrate here.

■ EXPERIMENTAL TECHNIQUES

For the reaction nanoscopy experiments, a fiber laser system
with a repetition rate of 150 kHz, a central wavelength of
1030 nm and a pulse duration of 40 fs was used. See theMethods
section for further details. The laser pulses were focused into the
interaction region of the reaction nanoscope (Ultrafast
Innovations GmbH) reaching intensities of up to 5 ×
1013 W/cm2. Silica nanoparticles with a diameter of 300 nm

and a polydispersity of 2.9% were aerosolized from an aqueous
suspension, dried by a membrane dryer, and subsequently
collimated and introduced into the vacuum chamber by an
aerodynamic lens. The beam of nanoparticles crossed the laser
beam path in the interaction region, resulting in the creation of
electrons and of ions from molecules (residual solvent and
synthesis agents, see Methods) on the nanoparticle surface. The
sample delivery system and the reaction nanoscope are depicted
in Figure 2.

While large clusters of nanoparticles are eliminated from the
aerosol by a small-aperture impactor after the membrane dryer,
small clusters consisting of only a few silica particles are still
transmitted. The aerodynamic lens has been designed and
characterized with optimum transmission of particles with
100 nm diameter with a steep decline for larger particle sizes and
about 20% of the maximum transmission at 300 nm diameter.24

Larger size particles or clusters are transmitted with much less
efficiency. The transmission window for the lens is ideal for the
purposes of this work, where for 300 nm diameter single
nanoparticles, we expect that detected nanoparticle clusters are

Figure 1.Near-field distributions in the polarization−propagation plane for a 300 nm silica nanosphere and its dimers. The laser field (at 1030 nm) is
indicated by the red line, with polarization (E) and propagation (k) directions, as shown on the upper left. The electric field distributions are obtained
from finite-difference time domain simulations (see Methods for details). The inset is a sketch of laser-induced deprotonation of molecules from the
nanoparticle surface. θ is the angle between the dimer axis and the laser polarization axis. The color scale indicates the field-enhancement factor.

Figure 2. Sketch of the reaction nanoscope’s main components, the
nanoparticle source and the constant-field (E) coincidence spectrom-
eter. NPS: nanoparticle sample, AG: aerosol generator (operated with
Ar), MD: membrane dryer (operated with dry compressed air), SAI:
small aperture impactor, AL: aerodynamic lens, ED: channeltron
electron detector, ID: MCP/delay-line ion detector, NP jet: nano-
particle jet. The depicted coordinate system is used throughout this
work.
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predominantly dimers, while trimers and larger species are
strongly suppressed.
The reaction nanoscope enables the characterization of the

momenta of ions generated by the laser pulses by measuring
their time-of-flight (TOF) and impact position on a two-
dimensional position-sensitive detector. Discrimination of ions
originating at the surface of the nanoparticles from those
originating from background gas is achieved by the coincident
detection of emitted electrons with a channeltron electron
multiplier. The interaction of the laser pulse with the
nanoparticles gives rise to a burst of many photoelectrons,
while only a few electrons are generated from interactions with
background gas. The temporal width of the decoupled
channeltron signal at a fixed threshold is acquired on a single-
shot basis. It is representative of and increases with the number
of detected electrons.
The coincident detection of protons and electrons is

illustrated in Figure 3 for a nanoparticle concentration of

0.2 g/L in the suspension and a peak laser intensity of 5 ×
1013W/cm2. Figure 3a shows a density plot of proton counts as a
function of electron signal temporal width and ion time-of-flight
and exhibits a clear separation of protons originating from
background gas (blue dashed box) and from nanoparticles
(orange dashed box). The main origins of those background
protons are injected solvent molecules (water) and residual gas
in the experimental chamber (background pressure ≈
10−10 mbar). It should be noted that a sample without
nanoparticles (e.g., pure water) does not produce any counts
in the orange region. Apart from the difference in the number of
associated ejected electrons, protons from background gas and
nanoparticles have significantly different energy distributions
(Figure 3b), where protons from nanoparticles carry much
higher energy due to Coulomb repulsion from the highly
ionized, and thereby highly charged, nanoparticle surface. Under
these conditions and given that the near-field distributions for

single particles and dimers differ substantially, as shown in
Figure 1, important differences in the corresponding momen-
tum distributions of protons from molecular dissociation at the
nanoparticle surfaces are expected.

■ PROTON EMISSION FROM CLUSTERS
In order to investigate the influence of particle clustering on the
proton momentum distributions, a series of measurements at
different sample concentrations were carried out. Figures 4a−c

show the projections of the proton momentum distributions
onto the plane of laser propagation and polarization at a peak
intensity of 5 × 1013 W/cm2 for dispersed silica nanoparticle
concentrations of 0.2, 0.4, and 1.5 g/L, respectively. For the
lowest concentration of 0.2 g/L in Figure 4a, a nearly dipolar
proton emission pattern is observed. In this case, a slight
asymmetry in the propagation direction arises from Mie
scattering, where for the nanoparticle diameter (d = 300 nm)
and irradiation wavelength (λ = 1030 nm) used, the Mie
parameter is ρ = πd/λ ≈ 0.9 (cf. Figure 1 for the corresponding
near-field distribution). From a comparison of the data in Figure
4a to previous work,18 we conclude that the proton data at a
concentration of 0.2 g/L is dominated by protons from single
nanoparticles, with a negligible fraction of nanoparticle clusters
in the target beam. As the nanoparticle concentration in the
suspension is increased from 0.2 g/L (Figure 4a), over 0.4 g/L
(Figure 4b), to 1.5 g/L (Figure 4c), an additional component in
the proton momentum distributions appears. Unlike the
emission along the polarization axis observed for single
nanoparticles, this additional feature appears, clearly distinguish-
able, strongly forward-concentrated in the direction of
propagation. We attribute this signal to an increased cluster
content in the aerosol.
The reaction nanoscope also allows for the analysis of

proton−proton coincident emission events originating from the
same laser pulse. For the highest concentration data in Figure 4c,
we analyzed events where at least two protons were detected in
coincidence. The resulting momentum distribution for the

Figure 3. Coincidence-based detection of ions from the nanoparticle
surface. (a) Density plot of proton counts as a function of electron
signal temporal width and ion time-of-flight (TOF). Protons associated
with nanoparticles fall within the orange dashed box, and those
associated with background gas fall within the blue dashed box. (b)
Energy spectra of protons within each box shown in (a). In absence of
nanoparticles in the suspension, no counts in the orange region were
observed.

Figure 4. Measured proton momentum distributions for different
sample concentrations. (a−c) Proton momentum distributions, in
atomic units (au), in the polarization−propagation plane (cf. Figure 2)
for dispersed silica nanoparticle concentrations of 0.2, 0.4, and 1.5 g/L,
respectively. The data was taken at a peak intensity of 5 × 1013 W/cm2.
(d) Events from the data in (c) reduced to two coincidently detected
protons per laser shot. (e) Angular distributions of counts for the data
from (c) green line and (d) red line, where the definition of the proton
emission angle α is contained in (c).
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coincident protons is shown in Figure 4d. The forward directed
component in the momentum distribution is reduced to a great
extent, and it becomes similar to the one seen for the lowest
concentration (Figure 4a). This is illustrated also in Figure 4e,
where we compare the angular distributions for proton emission
corresponding to Figure 4c,d. We conclude that the coincident
protons originate only from single nanoparticles. With an ion-
detector dead time of 30 ns between two consecutive hits, it is
impossible to observe two protons where both momenta along
the polarization axis |ppol| are small, that is, lie in region II of
Figure 4d, as the corresponding time-of-flights would be too
close to each other to be resolved (cf. TOF scale, Figure 4c).
However, it is in principle possible to observe a proton hit in
region I in coincidence with a proton hit in region II as the
underlying proton time-of-flights can be far enough apart.
Therefore, the lack of the forward emission feature in the
coincident proton momentum distribution proves that the
forward directed feature and the dipolar pattern along the
polarization axis are generated independently of each other.
Further evidence for the interpretation of the feature in

propagation direction for high sample concentrations is
obtained by a measurement at very low intensity (1.85 ×
1013 W/cm2) and with a concentration of 1.5 g/L, see Figure
5e,g, where the momentum distributions in the propagation-
polarization plane and the plane of propagation and nanoparticle

jet are shown, respectively. Under these conditions, the field
enhancement around single particles is not high enough for
substantial ionization of the surface and proton generation.
Thus, the proton counts with momenta |ppol| between 35 and 66
au, that is, counts in region I in Figure 4d, only make up 3.5% of
the total yield of protons. The momentum distribution is
dominated by a ring-like component, that is concentrated in the
forward direction, in contrast to the situation for the
corresponding single nanoparticle momentum distribution,
obtained for a sample concentration of 0.2 g/L (cf. Figure 5a,c).
We attribute the forward component to protons generated at

the surface of nanoparticle dimers. The clear separation of the
cluster signature permits estimation of the ratio between single
nanoparticles and dimers inside the focal volume of the laser
beam. For this, we take the ratio of counts in regions I and II of
Figure 4d to be typical for hits of single nanoparticles.
Furthermore, we assume that the fraction of protons from
dimers in region I is smaller than or equal to the experimental
value of 3.5%. Under these assumptions, the content of dimers
can be determined as (14.0 ± 0.5)%, (32.0 ± 0.5)%, and
(59 ± 1)% for the data in Figure 4a−c, respectively.

■ THEORETICAL RESULTS
In order to further support our assignment of the observed
feature in propagation direction for high sample concentrations,
we have carried out semiclassical simulations for single
nanoparticles and dimers. In our simplified model, we assume
that the proton momenta are dominated by charge interaction
with the ionized nanoparticle surface. Electron−proton
interactions are assumed to mostly affect the magnitude of the
protons’ final momentum. The effect of the electrons on the
protons’ emission direction, however, is assumed to be small.
For this reason, we introduced the number of static charges on
the surface (i.e., ionized electrons) as a free parameter into the
model and neglected the Coulomb interaction between the
ionized electrons and the protons. Furthermore, because of the
high mass of the protons and the short laser pulses, we assume
that the ponderomotive energy transfer from the laser field to the
protons is negligibly small. Finally, we typically observe only few
protons from a nanoparticle or dimer per laser shot which
justifies neglecting proton−proton interactions in the model. A
detailed description of the model is contained in the Methods
section. In short, the distribution of static, positive point charges
on the nanoparticle surface is calculated from the near-field
enhancement using a quasi-static ionization rate. Protons are
then propagated in the static field to obtain momentum spectra.
The proton generation probability is assumed to be a product of
a radial Gaussian centered at the nanoparticle surface and a
power law depending on the local intensity.
In our simple model, the distribution and number of surface

charges is the dominating factor in determining the final proton
energy. While their spatial distribution is fixed in the simulation,
the number of surface charges is a free parameter. It is obtained
by fitting the proton momentum distribution for the case of a
single nanoparticle to the corresponding experimental data,
resulting in a total surface charge of about 1600e at an intensity
of 5 × 1013 W/cm2 (cf. Figure 5b,d). The projection of the 3D
momentum distribution onto the polarization−propagation
plane, displayed in Figure 5b, shows near-quantitative agree-
ment with the experimental result (cf. Figure 5a). The
experimental and theoretical results for the projected momenta
onto the plane normal to the polarization (Figure 5c,d) agree to
a similar extent. For a better demonstration of the quantitative

Figure 5. Comparison of experiment and simulation for nanoparticles
and dimers. (a, c) Measured momentum distributions of protons from
isolated nanoparticles at a peak intensity of 5 × 1013 W/cm2 and a
sample concentration of 0.2 g/L. Here, pprop and ppol are defined as in
Figure 4, and pjet is the momentum component along the nanoparticle
jet (cf. Figure 2). (b, d) Corresponding model simulations for single
nanospheres. (e, g) Experimental data for dimers at a lower peak
intensity of 1.85 × 1013 W/cm2 and a sample concentration of 1.5 g/L.
(f) and (h) display the corresponding model simulations for
nanosphere dimers.
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agreement between theory and experiment, Figure 6a−c show
one-dimensional projections of the momentum distributions
onto all three axes. Apart from minor discrepancies at small
values of |ppol| (Figure 6a) and large values of pprop, the shape of
all threemeasured distributions is well reproduced by themodel.
The results for nanoparticle dimers were obtained by the same

theoretical model, but have been averaged over dimer
orientations. While the number of surface charges on the single
particle is obtained by fitting the simulated results to the data,
the number of surface charges on a dimer of a certain orientation
can be determined without any additional fit. It is obtained from
the ratios of ionization probabilities for the single particle and
dimer, which were determined byMonte Carlo integration. This
ratio was then used to scale the number of surface charges for the
dimer, yielding a total surface charge of about 400e for the case of
an aligned dimer (θ = 0, cf. Figure 1) at an intensity of
1.85 × 1013 W/cm2. The relative numbers of protons for
different dimer orientations were calculated by a similar
approach, by integration of the probability distributions for
proton generation. This approach leads to a very good
agreement of the simulation with the experimental data for the
low intensity at a high sample concentration, where clusters
dominate the signal. The projections of the momentum
distributions onto the polarization−propagation plane for
both, experimental (Figure 5e) and theoretical (Figure 5f)
data, show a narrow distribution around the propagation axis
with a strong concentration of counts in the forward direction.
For the plane perpendicular to the polarization axis, the ring-like
proton emission pattern is also well reproduced by the model
(cf. Figure 5g,h).
The projected momentum distributions onto the polarization

(Figure 6d) as well as the propagation axis (Figure 6e) are
reproduced to a high degree by the simulations. The largest
discrepancy is observed for the distribution of pjet (Figure 6f),
where for the dimers the proton emission in the experiment is
confined to a smaller solid angle around the propagation axis
than the simulation would predict. We suspect the power law for
proton generation to be too simple to account for the full physics
in this case. Nevertheless, and also considering the lack of
inclusion of electron−ion interactions, the quantitative agree-
ment between the model and the experimental dimer data is
remarkable.

■ DISCUSSION

We conclude from our theoretical results that protons generated
from dimers that are aligned at small angles θ with respect to the
polarization axis, dominate the alignment-averaged proton
momentum distribution. To be more quantitative, 95% of the
total proton yield is generated by dimers at angles θ smaller than
30°. The vast majority of those protons (99.6%), in turn,
originates from the contact area between the two nanoparticles
and is accelerated radially. This gives rise to momenta
concentrated in the plane of pprop and pjet. The concentration
of counts in the forward direction of propagation for dimers is
directly related to their near-field distributions (cf. Figure 1).
Only 0.4% of protons are emitted along the polarization axis

originating from the areas around the outer poles of the dimers.
This result is consistent with our conclusion from the analysis of
coincident proton hits. The proton momentum distribution
generated from isolated nanoparticles has practically negligible
overlap with the momentum distribution generated from
nanoparticle dimers. More importantly, it generally permits to
also analyze and make this separation for the momentum
distributions of heavier fragments when at least one proton is
detected in coincidence. Prompted by the agreement between
the experimental observations for 300 nm particles and the
predictions by our simple model, we performed simulations for
different sizes. These indicate that the distinction between the
proton momentum spectra of single silica particles and dimers
(or larger clusters) is feasible for a Mie parameter up to about
ρ = 1.8, typical for irradiation in the near-infrared and the
transmission of aerodynamic lenses, such as the one used in our
current study. Moreover, the method presented here can be
applied to a wide range of dielectric materials, although with a
different expected intensity scaling of the proton momentum
distribution depending on the material’s refractive index and the
effective ionization potential. Finally, simulation results for
clusters consisting of more than two particles indicate that the
proton emission data from single nanoparticles can still be
distinguished from cluster signals, which show a pronounced
feature in forward emission direction.
Previous work on electron emission from silica nano-

particles9,25 showed a pronounced discrepancy between
experimentally obtained cutoff values with theoretical predic-
tions, considering only single nanoparticle interactions, for very
low intensities (around and below 1.5 × 1013 W/cm2). The

Figure 6. Projected proton momentum distributions for single nanoparticles and dimers. The projected distributions are obtained from the data in
Figure 5. The results for single particles are displayed in the first row (a)−(c). The results for dimers are depicted in the second row (d)−(f). The first
column (a), (d) shows the momentum component along the laser polarization ppol, the second column (b), (e) the component along the laser
propagation axis pprop, and the third column (c), (f) shows the component along the nanoparticle jet pjet.
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origin of this discrepancy remained elusive. Here, we clearly see
for aerosolized nanoparticle streams the cluster signals to prevail
at low intensities, while the signal from single nanoparticles
vanishes due to a lack of sufficient field enhancement preventing
ionization (cf. Figure 5e,g). Under such conditions, without
ionization from single nanoparticles, even a very small portion of
clusters in the nanoparticle stream can dominate the obtained
electron emission signals. Our observations here thereby offer a
suitable explanation for discrepancies between previous
experimental data at low intensities and theoretical predictions
that were solely based on single nanoparticle models.9,25 Our
studies also show an influence of clusters on photoion emission
from nanoparticles for high sample concentrations. Related
studies on photoelectron or -ion emission for high sample
concentrations could thus also contain contributions from
cluster signals.

■ CONCLUSIONS

In summary, we have demonstrated that proton momenta
obtained by reaction nanoscopy are characteristic for single
nanoparticles and their clusters in an aerosol stream. For 300 nm
silica nanospheres and illumination at 1030 nm, clusters of silica
nanoparticles exhibit a clear proton momentum feature in
propagation direction, which is not present for single particles.
Semiclassical trajectory Monte Carlo simulations based on
charge creation in near-fields and quasi-static interactions
support the experimental findings. The distinct identification
between single nanoparticles and clusters is expected to work for
a large range of particle sizes and dielectric materials as long as
propagation effects in the single particles remain small, resulting
in a close-to-dipolar field enhancement pattern. Reaction
nanoscopy of laser-generated protons, thus, provides an in situ
single-shot discrimination method between reaction yields from
photoinduced processes on single particles and their clusters.
Our results show that cluster signals dominate over single
nanoparticle signals at low intensities, offering a suitable
explanation for discrepancies between previous experimental
data on the electron emission cutoff from silica nanoparticles
and theoretical predictions based on single nanoparticle
models.9,25 More generally, the role of clusters in aerosolized
nanoparticle (electron or ion) photoemission needs to be
(re)considered in the interpretation of related work, certainly at
low intensities, but also for combinations of high intensities and
high sample concentrations.

■ METHODS

Laser System. The current studies used a novel high-power
fiber-based laser amplifier system (AFS-UFFL-300-2000-1030-
300 from Active Fiber Systems GmbH) in the Common
Research Facility at the American University of Sharjah (AUS)
with a central wavelength of 1030 nm, a repetition rate of
150 kHz, and a pulse duration of 40 fs. The laser polarization was
linear with beam quality close to the diffraction limit (M2 < 1.3).
The system’s average output power is about 150 W with a
stability of better than 1% RMS. Only ≈1% of the maximum
laser power was used for the present experiments. Neutral
density filters were employed to control the power entering the
experimental chamber. The laser pulses were focused
( f = 10 cm) into the center of the interaction region of the
reaction nanoscope. The peak laser intensity was calibrated in
situ from the ratio of generated Ar2+ versus Ar+ ions using Ar as a
target.26

Aerosol Source. Aerosolized silica nanoparticles with a
diameter of 300 nmwere generated from an aqueous suspension
with a constant output atomizer (Model 3076, TSI Incorpo-
rated) using argon as an aerosolization and carrier gas. The
aerosol was subsequently dried in a counterflow membrane
dryer, introduced into the vacuum chamber through a 120 μm
glass nozzle, and collimated by a differentially pumped
aerodynamic lens to form a beam of nanoparticles.

Sample Preparation. The silica nanoparticles were
produced by the Stöber method.27 First, small seed nano-
particles were prepared by adding 21 g of TEOS, 28 mL of
ammonia solution (25%wt. in water), and 1 mL of water to
530 mL of ethanol and stirring the mixture for 24 h. A further
shell was grown on the seed nanoparticles via the seeded growth
method28 until the desired particle size was reached. All samples
were stored in ultrapure ethanol after cleaning. A polydispersity
of 2.9% was determined by means of transmission electron
microscopy and dynamic light scattering. Suitable aliquots of the
mother suspension were dispersed in larger volumes in
deionized water at the required concentrations ranging from
0.2 to 1.5 g/L, then briefly sonicated, and used in the
experiments.

Simulation Details. The near-field distribution around
silica spheres with a diameter of 300 nm and their dimers is
obtained from FDTD simulations (Lumerical 2020a, FDTD
Solver version 8.23.2194) on a regular grid with 5 nm spacing.
The probability distribution for the generation of static, positive
charges on the surfaces is calculated from a Ammosov-Delone-
Krainov-type quasi-static ionization rate29 for a Gaussian laser
pulse with 40 fs fwhm (full-width-at-half-maximum) of the
temporal intensity envelope. An ionization potential for silica
nanoparticles of 10.2 eV was used in the simulations.30 The
distribution of protons near the surface is assumed to be the
product of a radial Gaussian distribution (r0 = 150 nm, σr =
30 nm) and a power law (I13). The Gaussian distribution models
the spatial distribution of molecules near the nanoparticle
surface, while the power law accounts for the intensity
dependence of proton generation,18 adapted here for a
wavelength of 1030 nm. The initial positions of protons are
sampled from the corresponding probability distribution and
then classically propagated in the static field of a sample of
positive point-charges drawn from the surface-charge distribu-
tion. Trajectories inside a nanoparticle are neglected. Multiple
sets of sampled charges are simulated to ensure convergence of
the final momentum distribution. With the power law for proton
generation, it is implicitly assumed that the intensity is far below
the saturation regime for proton generation, which is ensured
experimentally by a proton rate of less than one generated
proton per laser shot. The effect of focal-volume averaging can
be neglected, as in the nonsaturated regime the proton yield very
strongly scales with intensity. For the orientation averaged
results for dimers, about 600 random dimer orientations were
used. For faster convergence, the sampling density for different
alignment angles θ (cf. Figure 1) was adapted to the expected
proton yield. The final protonmomentum spectra were obtained
by a weighted sum of the results for the individual orientations.
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