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TOPICAL REVIEW — Optical field manipulation
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Besides the diverse investigations on the interactions between intense laser fields and molecular systems, extensive
research has been recently dedicated to exploring the response of nanosystems excited by well-tailored femtosecond laser
fields. Due to the fact that nanostructures hold peculiar effects when illuminated by laser pulses, the underlying mecha-
nisms and the corresponding potential applications can make significant improvements in both fundamental research and
development of novel techniques. In this review, we provide a summarization of the strong field ionization occurring on the
surface of nanosystems. The molecules attached to the nanoparticle surface perform as the precursor in the ionization and
excitation of the whole nanosystem, the fundamental processes of which are yet to be discovered. We discuss the influence
on nanoparticle constituents, geometric shapes and sizes, as well as the specific waveforms of the excitation laser fields. The
intriguing characteristics observed in surface ion emission reflect how enhanced near field affects the localized ionizations
and nanoplasma expansions, thereby paving the way for further precision controls on the light-and-matter interactions in
the extreme spatial temporal levels.

Keywords: nanoparticle, femtosecond laser field, local field enhancement
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1. Introduction
In the field of strong-field physics, extensive research

has been conducted to investigate the ionization dynamics
in atomic and molecular systems when interacting with in-
tense laser fields.[1–7] The exploration of strong-field physics
beyond the atomic and molecular systems, e.g., in nanosys-
tems, has garnered significant attention as it holds great poten-
tial for advancements in nanoelectronics and nanoionics.[8–11]

The reduced size of nanostructures compared to the wave-
length of the laser fields leads to a highly enhanced near-
field which can induce an increase in localized ionization
yield. Electrons and ions produced from the ionized surface
molecules attached to the nanosystems might significantly in-
fluence the succeeding excitation of the whole nanosystems.
Therefore the surface ionization processes play crucial roles.
Factors such as material compositions, geometric shapes, par-
ticle sizes, together with the incident laser field waveforms
determine both near-field properties and the complex ioniza-
tion processes. By investigating the electron photoemission
from isolated nanoparticles of various materials interacting
with few-cycle laser pulses, people have observed that the ac-
celeration process of electrons can be significantly influenced
by the ionized electrons and residual ions. However, at suffi-
ciently high near-field intensities, the dependence on the mate-

rial constituents is suppressed due to interactions among many
charged particles.[13] Recent research has unveiled an ultra-
fast metallization process occurring in dielectric nanoparticles.
This discovery manifests as a characteristic modification to-
wards metallic limit when the excitation intensities achieve
the level of igniting carrier avalanching within the particle
volume.[14] The energies of photoelectrons emitted from iso-
lated dielectric nanoparticles exhibit a significant size depen-
dency, with higher energetic electrons for larger nanoparticles.
The maximum energies can go up to ∼ 200 times the pon-
deromotive energy due to the dramatic ionization and charge
interactions in nanosystems.[17] The enhanced cutoff energies
hold great potential for producing attosecond electron bunches
through near-field induced photoelectron emission.[11,13,16]

Although poses a challenge to ascertain the origins of
electrons, the distinguishing of ion species opens up possibili-
ties for further investigations into the ionization processes oc-
curring on the surface of nanosystems. The surface molecular
ionization processes in isolated dielectric nanoparticles have
been comprehensively investigated, elucidating the localiza-
tion of the incident laser field resulting from size effects.[12]

Such localized field significantly impacts the probability of
proton emission. Besides the characteristics observed in iso-
lated single nanoparticles, the dimer systems composed of
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a couple of nanoparticles can produce a more pronounced
near field enhancement when interacting with femtosecond
laser fields, leading to the generation of distinct distribu-
tions in the proton emission at relatively low incident laser
intensities.[24,31] Similarly, the variation in the enhanced near
field can be achieved either by changing the nanoparticle ge-
ometries or by tuning the incident laser waveforms, which
can be reflected in the ionization of surface molecules.[15,22,33]

When the incident laser intensity increases to approximately
1014 W·cm−2, the ionization processes can go into a differ-
ent regime. In these cases, the generation of large amounts
of free electrons and ions can induce dramatic interactions in
nanoplasma.[36–38]

In this review, we present an overview of the recent pro-
gresses in strong field ionization of molecules on the surface
of nanosystems. The emitted ions from surface molecules can
be utilized as probes for the near field distributions, and can
be further controlled through manipulating the incident laser
waveform and manipulating the nanoparticles. The techniques
related to laser waveform control and the ion detection are also
concluded. The advancements in the field of strong field ion-
ization of molecules on the surface of nanosystems have raised
interest in adjustable ion sputtering sources, nanoparticle pho-
tocatalysis, etc.

2. Experimental techniques
In this section, we provide an introduction to the manip-

ulation of laser waveforms and the detection techniques for
studying the underlying dynamics in nanosystems.

2.1. Manipulation of laser waveforms

The waveforms of the femtosecond laser fields signifi-
cantly influence the underlying processes induced in various
nanosystems. Factors such as wavelength, pulse duration, po-
larization direction, etc., play crucial roles. Few-cycle laser
pulses with well-controlled carrier envelope phase (CEP) and
femtosecond two-color laser fields have been utilized to con-
trol the ionization processes in nanosystems. For few-cycle
laser pulses down almost one optical cycle, manipulation of
instantaneous forces acting on bound electrons and influenc-
ing their succeeding motion can be achieved by controlling the
CEP, where the symmetry of laser waveforms can be dramat-
ically altered accordingly.[19–21] Greater complexity in laser
waveform manipulation can be achieved through combining
the laser pulses at two different frequencies. This involves co-
herently superposition of the fundamental wave (FW) and its
second harmonics (SH), by precisely tuning the strengths, the
polarization directions, and the relative phase of the two com-
ponents. To give an example, we show two-color femtosecond

laser fields combined at various polarizations. The synthesized
femtosecond laser fields can be expressed as

Elinear(t) = EFW(t)cos(ωFWt)+ESH(t)cos(2ωFWt +φL) , (1)

𝐸bicircular(t) = EFW(t) [cos(ωFWt)𝑒z + sin(ωFWt)𝑒y]

+ESH(t)
[

cos(2ωFWt +φL)𝑒z

± sin(2ωFWt +φL)𝑒y
]
, (2)

where EFW,SH(t) represent the envelops of the laser fields,
ωFW is the frequency of the FW, and φL is the relative phase
between the FW and SH. 𝑒y,z are the unit vectors along the y
and the z directions in the laboratory frame. The linearly po-
larized two-color fields at various relative phases are presented
in Figs. 1(a1)–1(a3). If the two components are linearly po-
larized at orthogonal directions, the combined laser fields are
shown in Figs. 1(b1)–1(b4). Interestingly, if two circular po-
larized femtosecond laser pulses are used for the superposi-
tion, trefoil or semilunar waveforms can be realized, depend-
ing on the helicities (Figs. 1(c1)–1(c4) and 1(d1)–1(d4)). For
example, a phase-controlled linearly polarized two-color field
can be utilized to steer the electrons emitted from dissocia-
tive ionization of hydrogen towards recapture by one of the
outgoing nuclei.[20] The polarization and relative phase of the
two-color laser fields significantly influence selective proton
emission during dissociative ionization of molecules absorbed
onto SiO2 nanoparticles.[22]

2.2. Detection techniques

The techniques employed for nanosystems interacting
with intense femtosecond laser fields encompass time-of-
flight (TOF) spectroscopy, velocity map imaging (VMI) spec-
troscopy, and reaction nanoscopy. The principle of TOF spec-
troscopy involves the separation of ions based on their trav-
elling time passing a flight tube.[25] The trajectory of an ion
in a TOF spectrometer is determined by its momentum, ki-
netic energy, acceleration voltage, and m/z ratio. Compared
to TOF measurements, experimental results from VMI and re-
action nanoscopy can provide more information about angle-
resolved momentum and energy distributions. Nano-VMI is
developed that combines VMI spectrometer with an aerosol
source to study the interactions between femtosecond laser
pulses and isolated nanostructures. A simple design of nano-
VMI is depicted in Fig. 2. The nanoparticles are delivered into
vacuum via an aerosol generator and pass through an aero-
dynamic lens and a set of skimmers for differential pumping.
The application of a flowing aerosol source ensures the avail-
ability of fresh nanoparticles for every laser shot, thereby en-
abling the utilization of single-shot angle-resolved photoion
spectroscopy techniques.[23,26,27]
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Fig. 1. Waveforms for various two-color femtosecond laser fields. (a1)–(a3) Parallel polarized two-color laser field at φL = 0, π/2, π (IFW = ISH).
3D Waveform and its projection to polarization plane for (b) orthogonal two-color laser field (IFW = ISH), (c) corotating two-color laser field, and
(d) counter-rotating two-color laser field.
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Fig. 2. Schematic diagram of nanoparticle aerosol source and VMI
equipment.

The recently developed reaction nanoscopy,[12] which is
based on three-dimensional (3D) momentum spectroscopy of

charged molecular fragments, enables the imaging of near-

field-induced reaction yield distributions on the surface of iso-

lated nanoparticles and their clusters.[28] The experimental

setup consists of two side electrode plates, a channeltron for

electron counting, microchannel plates (MCP), and a delay-

line detector (DLD), as illustrated in Fig. 3. Electrons are ac-

celerated towards the channeltron for precise quantification.

Fragments resulting from molecular photodissociation are di-

rected towards the ion detector. In reaction nanoscopy, si-

multaneous detection of electrons and ions generated from

nanoparticle-mediated photoreactions can be achieved. By

measuring the time-of-flight and impact positions of ions and

electrons on their respective detectors, three-dimensional mo-

mentum distributions can be reconstructed to investigate spe-

cific reaction processes.
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z

x

y

Fig. 3. Schematic drawing of a reaction nanoscope. Fragments arising
from molecular photodissociation are accelerated towards the ion detec-
tor (bottom: microchannel plates (MCP) and delay-line detector (DLD))
by a homogeneous electric field. Electrons are accelerated towards the op-
posite side of the spectrometer and are detected with a channeltron (top).
Electrons and ions are recorded in coincidence.[12]

3. Surface molecular ionization induced by en-
hanced near field in nanoparticles
The nanoparticles interacting with intense femtosecond

laser fields unavoidably adsorb solvent molecules or radicals
on their surfaces. When excited by a femtosecond laser pulse,
localized near field will be induced around the nanoparticle.
The strength of the induced near field can be somewhat en-
hanced compared to the incident laser field. This can lead to
an efficient near field strength to ionize the surface molecules
attached to the nanoparticle when the excitation laser inten-
sity is relatively low. And H+ ions are the main product of
surface ionizations. In recent years, there has been a flourish-
ing research focuses on understanding the ionization mecha-
nisms of surface molecules in nanosystems. The momentum
distributions of these ions exhibit intriguing features that re-
flect the underlying ionization processes occurring. The iden-
tification of these ions allows for retrospective identification
of the reaction sources. It is worth noting that factors such as
the nanoparticle sizes, geometric shapes, and constituents of
nanoparticles and the solvents play crucial roles in determin-
ing both the near-field effects and the ionization processes.

3.1. Ion emission from isolated nanoparticles in well-
controlled femtosecond laser fields

Dielectric materials, due to the absence of loosely bound
or free electrons drifting through the material, undergo po-
larization when exposed to an electric field. This results in
moving towards the outer direction for the positive charges
and moving in the opposite direction for the negative charges,
thereby generating a robust internal field that diminishes the
overall electric field within the material. Simultaneously, the
light-and-nanoparticle interaction significantly amplifies the
electric field on the nanoparticle surface, leading to a plethora
of intriguing phenomena. Within the region of relatively low
laser intensities, the momentum distributions of ions emitted

from a single nanoparticle are predominantly determined by
the localized near-fields, which are closely dependent upon the
driving laser fields.

(a)

(b) (c)

(d) (e)

Fig. 4. (a) Averaged time-of-flight spectrum from SiO2 nanoparticles ex-
posed in intense femtosecond laser fields. The inset figure shows the en-
larged peak of H+ ions on a momentum scale along the polarization direc-
tion (ppol), for events with nanoparticles (blue) and with just background
gas (red). (b)–(e) Comparison of the measured and calculated proton dis-
tributions. The 3D (ϕ , θ , r) momentum distributions of protons are inte-
grated along the radial coordinate and the retrieved two-dimensional (ϕ ,
θ ) density map is spanned over a unit sphere. The number of protons per
solid angle is encoded in the color scale. (b) Measured and (c) calculated
proton distributions for the 110 nm particles. (d) Measured and (e) calcu-
lated proton distributions for the 300 nm particles.[12]

The formation of complicated elements in aerosol
nanoparticles, originating from the nanoparticles, the resid-
ual solvents and the background gases, determines the vari-
ety of ions that will be emitted from the laser focusing region.
Figures 4(b)–4(e) illustrate the angular momentum of protons
ejected from SiO2 nanoparticles with diameters of d = 110 nm
and d = 300 nm.[12] When the particle diameter (110 nm) is
much smaller than the laser wavelength (720 nm), the momen-
tum distribution of protons exhibits a dipole shape. This char-
acteristic can be attributed to the electrostatic field generated
by charged nanoparticles, which repels protons while neglect-
ing fast escaping electrons. To provide a clear explanation, we
introduce Mie parameter ρ = πd/λ ,[30] where d represents the
diameter of the nanosphere and λ denotes the excitation wave-
length. When ρ � 1, the localized near-field exhibits a dipole
shape that drives protons to form a similarly shaped momen-
tum distribution as dictated by electrostatic field properties.
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When the diameter is increased to a level such that ρ ∼ 1,
e.g., d = 300 nm, the localized near-field exhibits a focusing
effect, resulting in the forward bending in the proton momen-
tum distribution. In a word, the distribution of the enhanced
near-field on nanoparticle surface significantly influences the
proton ejection behavior.

(a1) (a2) (a3)

(b1) (b2) (b3)

(c1) (c2) (c3)

(d1) (d2) (d3)

(e)

(f)

Fig. 5. (a) The enhanced near field distributions and (b) the projected
proton momentum distributions on the polarization plane for 300 nm sil-
ica nanoparticles. (c) The experimental data and (d) the simulation of
mollweide projection of the angular distributions of the proton yield. The
gray symbols indicate the polarization state for each panel. The pulse
energy is 18 µJ in all cases, corresponding to a peak intensity at about
2×1013 W·cm−2 for the linearly polarized case. The numbers 1, 2, 3 in
panels (a)–(d) represent the results for linear (waveplate angle: 0◦), ellip-
tic (waveplate angle: 35◦), and circular (waveplate angle: 45◦) polariza-
tions, respectively. (e) Histogram as a function of position and time-of-
flight for 300 nm silica nanoparticles in (fully deuterated) methanol-d4
excited by circular polarized laser pulses. (f) Time-of-flight spectra of
ions emitted from 300 nm silica nanoparticles.[15]

When exposed to elliptically polarized laser fields, the
overall distributions of field enhancement and thus the pro-
ton momentum distributions in the polarization plane exhibit

similar shapes. However, there are variations in localized
field magnitudes as depicted in Figs. 5(a1)–5(a3) and 5(b1)–
5(b3).[15] To confirm that protons originate from dissociative
ionization of hydroxyl radicals from covalently bound silanol
groups, experiments by replacing the solvent with methanol
and fully deuterated methanol-d4 have been conducted. Re-
markably, even with these changes, protons still dominate the
TOF spectrum (Fig. 5(f)), showing nice agreement between
the experimental (Figs. 5(c1)–5(c3)) and the calculated results
(Figs. 5(d1)–5(d3)). This suggests that any residual solvent
on nanoparticles rapidly evaporates upon injection into a vac-
uum environment, thereby the detected protons primarily arise
from covalently bound silanol groups.

With the advancement of experimental and theoretical
investigations on near-field induced ionization of nanoparti-
cles, there is an anticipation for further realization of complex
polarization and waveform control. Boris Bergues et al.[22]

have reported the achievement of all-optical control over the
proton emission in nanoparticles. By analyzing the ion mo-
mentum distribution in the polarization plane, it is observed
that SiO2 nanoparticles with diameter of ∼ 300 nm interact-
ing with linearly polarized two-color laser pulses (comprising
an FW at 2 µm and an SH component at 1 µm) can gener-
ate asymmetric near-field when the relative phase φL is either
0 or π , resulting in either upward or downward proton emis-
sions (Figs. 6(b1)–6(b4)). These findings are consistent with
the calculated near field distributions obtained from FDTD
simulations (Figs. 6(a1) and 6(a2)). Furthermore, the proton
emission depends on φL while exhibiting weak depends on the
emission energy. Hence, the regulation of one-dimensional
proton emission can be achieved through precise adjustment
of the relative phase of the two-color laser fields. The phase-
dependent angular distribution Θ

xy
f of protons ejecting from

300 nm and 600 nm nanoparticles shows similar oscillation
in the ion yield but different in the most probable emission at
angles of about ±90◦ and ±70◦ (Figs. 6(c1)–6(c4)).

When excited using bicircular two-color laser pulses,
more complex manipulation of the proton emission can be
achieved. Figures 6(d) and 6(e) show the momentum distribu-
tions and the asymmetry maps of protons at φL = 0 and φL = π .
In the counter-rotating condition, three maximum regions can
be obtained for the whole angular range (Figs. 6(d1)–6(d4)),
whereas in the co-rotating condition, only one lobe is observed
(Figs. 6(e1)–6(e4)), agreeing with the calculated results de-
picted in Figs. 6(a3)–6(a6). However, it should be noted that
the maximum asymmetry value of protons for the counter-
rotating condition (∼ 75%) is considerably lower compared to
that of co-rotating cases (∼ 30%). Consequently, by tailoring
the laser waveforms, the nanoscale near field distributions and
charge distributions on the surface of nanoparticles can be well
controlled thus influencing the directional proton ejections.
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Fig. 6. The enhanced near field distributions for 300 nm SiO2 nanoparticle exposed to ((a1), (a2)) linear, ((a3), (a5)) counter-rotating and ((a4),
(a6)) co-rotating bicircular two-color laser fields. Proton momentum distribution from ((b1), (b3)) experiments and ((b2), (b4)) simulations on
300 nm SiO2 nanoparticles exposed to phase-changed linear two-color laser fields. (c1) Measured and (c3) simulated emission angle Θ

xy
f and

phase φL-resolved momentum distributions of protons from 300 nm SiO2 nanoparticles in linearly polarized two-color laser fields. Panels (c2)
and (c4) are same as panels (c1) and (c3) but for the case of 600 nm nanoparticle. (d1) Measured and (d2) simulated momentum distributions of
protons emission at φL = 0 of a counter-rotating bicircular two-color pulse. (d3) and (d4) The corresponding two-dimensional asymmetry pattern
of the spatially selective proton emission. Panel (e) is same as panel (d) but for the case of co-rotating bicircular two-color pulse.[22] Adapted
with permission from Ref. [22] © Optical Society of America

3.2. Forward focusing effect in surface molecular ioniza-
tion for nanoparticle dimers

When using the aerosol source, there are inevitably a cer-
tain amount of nanoparticle dimers in the floating nanoparti-
cles towards the interaction region. FDTD calculations indi-
cate that the degree of field enhancement is apparently larger
in dimer systems compared to isolated particles (as shown
in Fig. 7(a)), therefore surface ionization from nanoparticle
dimers can dominate the reactions especially for relatively low
laser intensities. It has been demonstrated that protons emitted
from surface molecules on nanoparticles can serve as probes
for detecting the spatial distributions of dissociative ionization
yields.[31] Nanoparticle clusters consisting of only a few sil-
ica nanoparticles can be transmitted to the vacuum through
the aerosol source. The formation probability of nanoparti-
cle dimers increases for higher particle concentrations in the
aqueous suspension. As the dimer injection increases, pro-
ton yield in the forward direction gradually becomes dominant
(Figs. 7(b)–7(d)), which can be dominated by the localized
near fields (Fig. 7(a)). By analyzing the momentum distri-
butions obtained from nanoparticle flow generated from high
concentration solutions, as shown in Fig. 7(e), events origi-
nating from single nanoparticles can be identified due to their
dipole-shaped momentum distributions. Therefore, at rela-
tively lower laser intensities (around 1.5×1013 W·cm−2), pro-
tons are mainly produced from nanoparticle dimers rather than
individual nanoparticles.

(a)

(b) (c) (d)

(e) (f)

Fig. 7. (a) Near-field distributions in the polarization–propagation plane
for a 300 nm silica nanosphere and its dimers. Measured proton mo-
mentum distributions for different sample concentrations. (b)–(d) Pro-
ton momentum distributions, in atomic units (a.u.), in the polarization–
propagation plane for dispersed silica nanoparticle concentrations of
0.2 g/L, 0.4 g/L and 1.5 g/L, respectively. The data are taken at a peak
intensity of 5× 1013 W·cm−2. (e) Events from the data in panel (d)
reduced to two coincidently detected protons per laser shot. (f) Angu-
lar distributions of counts for the data from panel (d) green line and
panel (e) red line, where the definition of the proton emission angle α

is contained in panel (d).[31] Reprinted (adapted) with permission from
(COMPLETE REFERENCE CITATION). Copyright (2020) American
Chemical Society.
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Fig. 8. The single-shot momentum distributions for the ions ejected from
the nanoparticle systems. The black and red arrows indicate the laser
propagation and polarization directions, respectively. Panels (a) and (b)
are the momentum distributions for the Si+ ions at an excitation intensity
of about 3× 1013 W·cm−2. Panels (c) and (d) are the calculated initial
charge distributions and the final momentum distributions.

Not only do the ion products from surface molecules ex-
hibit forward focusing effect in the dimer system, but also
the ions generated from the nanoparticles display a distinct
forward focusing momentum distribution from nanoparticle
dimers.[24] At the laser intensities from 1.7 × 1013 W·cm−2

to 3×1013 W·cm−2, the ejected Si+ ions from SiO2 nanopar-
ticle dimers show a clear forward distribution, as being pre-
sented in Figs. 8(a) and 8(b). In order to elucidate the hol-
low core structure observed in the momentum distribution of
Si+, a two-dimensional simulation (Figs. 8(c) and 8(d)) em-
ploying Newtonian equations involving Coulomb interactions
is employed. Calculations demonstrate that this specific mo-
mentum distributions are originated from Coulomb repulsion
within spatially separated charges in nanoparticle dimers.

3.3. Orientation-dependent ion emission originated from
near-field deformation in nanosystems

With the development of material science and nanofabri-
cation techniques, novel nanostructures can be designed and
produced, providing endless potential for manipulation of the
light-and-nanostructure interactions. The near field induced
in various nanosystems, e.g., in nanotubes and nanocubes, ex-
hibits variations in relation to the spatial alignment between
the axis of symmetry and the polarization direction of the laser
fields. This leads to orientation dependent ion emissions.[32]

Nanoparticles composed of metal materials possess the
ability to shield electric fields within. The reaction of a
gold nanocube in intense femtosecond laser field has been
studied by detecting the ion products from surface molecu-
lar ionization.[33] To calculate the near-field distribution sur-
rounding a nanocube, a discontinuous Galerkin time-domain
(DGTD) method is utilized. When compared to similarly sized
nanospheres, nanocubes exhibit distinct orientation depen-
dence in the near field distribution and more pronounced prop-

agation effects, as depicted in Fig. 9. At relatively low laser in-
tensities, the final momentum distribution of the ejected ions is
primarily determined by the initial charge distribution that was
induced by the enhanced near field. As a result, protons emit-
ted from the surface of nanoparticles can serve as probes to
detect the instantaneous near-field distribution. Since the size
of the laser focus is significantly larger than that of nanopar-
ticles, each nanoparticle may experience varying laser intensi-
ties, resulting in proton momentum distributions with distinct
characteristics. By sorting the total number of protons in each
frame, a histogram can be derived corresponding to grouped
events with increasing light intensity.

(A)

(B) (C) (D)

(E) (F) (G)
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Fig. 9. (a) Histograms obtained for the H+ ions at x- and y-polarization
excitations. (b) Momentum distribution obtained by integrating the single-
shot images within three distinct histogram regions for the y-polarization,
corresponding to different intensity conditions. The red and green arrows
indicate the laser propagation and polarization directions, respectively.
Panel (c) is same to panel (b) but for the x-polarization. (d) The DGTD
simulation result of the near field distribution at the surface of a gold
nanocube (90 nm) in the exciting laser whose wavelength is 800 nm.[33]

Adapted with permission from Ref. [33] © Optical Society of America

3.4. Nanocluster and mosaic nanostructure

Nanoparticles with irregular shapes also possess inter-
esting features when excited with femtosecond laser pulses.
For instance, 100 nm TiO2 nanoclusters composed of ∼
5 nm crystals are utilized to investigate the motion of ionized
particles.[29] Compared to NaCl nanocrystals with similar di-
mensions, the ejection of ions from TiO2 nanoclusters exhibits
a roughly symmetric distribution, as depicted in Figs. 10(a)
and 10(b). FDTD results validate that the field strength sur-
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rounding an individual TiO2 nanocrystal is significantly en-
hanced on its surface. However, there is no preferential direc-
tion for laser propagation when it comes to clusters.

Another experiment is conducted with a 50 nm Au
nanoparticle embedded on a 100 nm poly-vinylpyrrolidone
(PVP) sphere, compared with multiple 17 nm Au nanoparti-
cles embedded on PVP nanosphere.[29] Considering that the
Au nanostructure embedded on the surface might be ionized
prior to the PVP, the laser field can be strongly absorbed near
the surface of the Au nanoparticle, leading to the formation of
localized nanoplasma. The experimental results demonstrate
that the directions of ion explosion for the 50 nm Au-PVP

combination are equally probable in all orientations in mul-

tiple measurements. Molecules around the Au sphere domi-

nate ionization process, and the Au sphere orientation is ran-

dom. Thus confirming that spatial orientation of nanostruc-

tures serves as a determining factor. In 17 nm Au-PVP hybrid

structures, the ions predominantly emit in the direction op-

posite to the propagation direction. This discrepancy can be

attributed to plasma generation occurring primarily within the

gaps between Au nanoparticles, where localized field enhance-

ment is significant. It appears that laser penetration depth can

be impeded by the adhesive Au nanoparticles.

(a)

(b)

Fig. 10. (a) Nanoscale light absorption mechanisms and (b) FDTD calculations of the electric field intensity inside the various nanostructures
with similar diameter (∼ 100 nm), including NaCl particles, TiO2 aggregates, 50-nm-gold-PVP nanostructures and structures composed of 17 nm
gold nanospheres and PVP. The laser propagates from left to right, and the color scale is in units of the incident field intensity.[29]

3.5. Surface molecular ionizations in nanodroplets

Investigations have also been carried out on surface ion-
izations in nanodroplets.[28] The resulting ion emission can
be utilized for molecular structure analysis on the surface
of propanediol (PDO) nanodroplets, including 1,2-PDO and
1,3-PDO. The intensity-dependent proton momentum distri-
butions reveal that the dominance of the dipole component
increases with laser intensity, which can be attributed to the
nanoparticle size effect.[18] Simultaneously, the most probable
emission angle αmax (with respect to propagation direction)
approaches 90◦ and correlates with droplet size which can be
reproduced by calculations using Mie-solution of Maxwell’s
equation.[30,35] Unlike solid nanoparticles, nanodroplets tend
to rupture when they contain an excessive number of charges

beyond the Rayleigh limit.[34] In a droplet environment, vari-
ations in CH+

3 yield between 1,2-PDO and 1,3-PDO can be
attributed to distinct molecular arrangements on the droplet
surface.

4. Ion shock wave formation in nanoparticles
When the excitation laser intensities reach approximately

1014 W·cm−2, the dramatic ionizations in nanosystems can
produce sufficient charged particles thus forming nanoplasma.
The ionized electrons can be subsequently accelerated by
the strong laser field and undergo impact ionization, leading
to high temperatures.[36–38] By exposing the nanocrystals of
NaCl, KCl, KI, and NH4NO3 (∼ 100 nm) to dual laser pulses
(at 400 nm and 800 nm, respectively) with adjustable delay,
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people reported a sharp ring structure in the two-dimensional
projection of the photoion angular distribution (PAD), i.e.,
the shock wave formation, as depicted in Fig. 11(a).[23] The
threshold laser intensity required to induce shock formation is
approximately proportional to the ionization potential of the
compound. Notably, NH4NO3 nanoparticles possess a high
ionization potential and do not produce shock waves in a sin-
gle pulse excitation condition, making them suitable for dual
laser experiments. It is demonstrated that the formation of
shock waves strongly relies on the timing between pulses. The
first pulse excites the nanostructure to generate an expanding
nanoplasma, while the second arriving pulse ignites the shock
wave. To produce a shock wave in nanoplasma, the strengths
and the relative time delay of the two excitation laser pulses
need to be optimized.[39,40] When the electron density of the
plasma reaches the critical level, resonant interaction between
the laser field and electrons can cause enhancement in energy
absorption. It has been demonstrated that the increase in ion-
ization yield occurs on a timescale similar to shock wave for-
mation, confirming that both processes rely on plasma expan-

sion dynamics. Moreover, it is important to note that the time
delay also influences the probability of shock wave formation.

Shock wave formations can also be achieved with sin-
gle pulse excitation. Clear shock wave structures have been
obtained in the H+ and Si+ ions emitted from 50 nm SiO2

nanospheres excited with single femtosecond pulse, as shown
in Figs. 11(b) and 11(c).[24] In this study, the shock waves have
been discovered both in the surface ion emission and in the
ion product distributions of the nanoparticle. Compared to the
sharp rings observed for the H+ ions, the Si+ shock waves ex-
hibit a broader radial momentum distribution ranging towards
∼ 500 a.u. The different features observed for the surface
molecular ionization product and the Si+ ions produced from
the nanoparticle may be attributed to the fact that the Si+ ions
could be emitted from different depths in the nanoparticles
thus producing a broad distribution in momentum. As high-
velocity inner ions surpass their lower-velocity outer counter-
parts, a critical surface characterized by high charge densities
is formed, thereby forming the ion shock waves.
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Fig. 11. (a) The sharp photoion angular distribution (PAD) of shock wave from a single NH4NO3 nanoparticle irradiated with dual femtosecond
laser pulses at 400 nm and 800 nm. The black and red arrows indicate the laser propagation and polarization directions, respectively.[23] (b) The
momentum distribution of the H+ ions from a single SiO2 nanoparticle irradiated with a single beam of laser pulses at 800 nm, showing shock
wave features. Panel (c) is similar to panel (b) but is obtained for the Si+ ions. The white and red arrows indicate the laser propagation and
polarization directions, respectively.

5. Conclusion

We introduce some of the important results in the sur-
face molecular ionizations in nanosystems excited by tailored
femtosecond laser fields. The interaction between nanoparti-
cles and femtosecond laser fields leads to a non-uniform en-
hancement in the localized electric fields in the close vicinity
to the nanoparticles, therefore dominating the ionizations of
molecules attached to the surface. By manipulating the laser
waveforms and altering nanoparticle appearances, it becomes
possible to control and direct the characteristic ion emissions
from surface molecular ionizations. At relatively low laser in-
tensities, the momentum distribution of surface ions emitted
from individual nanoparticles predominantly exhibits a fea-
ture reflecting the near field distribution. As the incident laser
intensity increases, more and more charged particles can be

produced in the light and nanoparticle interactions thus can
generate a nanoplasma, where dramatic absorption and ion-
ization processes occur. The exploration of related underly-
ing dynamics is still lacking. Advanced experimental tech-
niques for studying the surface ionization processes have been
developed in recent years to explore the unknown phenom-
ena. However, the strong field and nanoparticle interactions
discussed in this review are manybody systems comprising a
substantial number of electrons and ions. The interaction be-
tween many particles in strong laser fields gives rise to com-
plex dynamics that pose great challenges for theoretical calcu-
lations. At high laser intensities, existing theoretical models
become inadequate in explaining the underlying dynamics in
the nanometer and femtosecond spatial temporal regime. The
blooming experimental observations can definitely help to es-
tablish new models to study the nanosystems. We expect the
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development of advanced experimental and theoretical efforts
in the field and more significant investigations taken place for
revealing the mysterious physical mechanisms. These are of
great importance for further precise control of the light-and-
matter interactions at the extreme spatial temporal levels.
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Meiwes-Broer K H, Fennel T and Kling M F 2020 ACS Photonics 7
3207

[15] Rosenberger P, Dagar R, Zhang W, Sousa-Castillo A, Neuhaus M,
Cortes E, Maier S A, Costa-Vera C, Kling M F and Bergues B 2022
Eur. Phys. J. D 76 109

[16] Salditt T, Egner A and Luke D R 2020 Nanoscale Photonic Imaging
(Cham: Springer) p. 523

[17] Powell J A, Summers A M, Liu Q, Robatjazi S J, Rupp P, Stierle J,
Trallero-Herrero C, Kling M F and Rudenko A 2019 Opt. Express 27
27124
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Meiwes-Broer K H, Varin C, Ramunno L, Brabec T and Fennel T 2010
Phys. Rev. Lett. 105 053401
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K H 2005 Phys. Rev. Lett. 94 013401
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