
2201260 (1 of 10) © 2022 Wiley-VCH GmbH

www.advopticalmat.de

Orientation-Dependent Photoion Emission from 
Aerosolized Nanostructures

Xu Han, Hao Huang, Xiang Huang, Wei Cao, Qingbin Zhang,* and Peixiang Lu*

DOI: 10.1002/adom.202201260

exploitation of these applications depends 
heavily on direct mechanistic insight and 
quantification of photofragments gener-
ated from nanostructure. However, the 
experimental diagnosis of photofragments 
emission inevitably presents sample 
damage and charge buildup problems.[15,16] 
These problems can be largely avoided by 
introducing an aerodynamic lens (ADL), 
where the sample is constantly refreshed 
in the particle beam.[17,18]

The particle beam also provides a non-
interacting environment, either with the 
substrate or other particles. An impor-
tant advance of the particle technique 
for angle-resolved studies is the straight-
forward combination with velocity map 
imaging (VMI), which can rapidly provide 
comprehensive information about the 
photofragment angular distribution.[19] For 
example, Powell and Süßmann et al. have 
observed that the photoelectron angular 
distribution for aerosolized nanospheres 
shows a laser polarization dependence 

with the combined method.[20–22] It has also been demonstrated 
that the photofragment angular distribution for nanospheres is 
sensitive to the type of materials and size.[23,24] The preferred 
backward emission occurs along the laser propagation direction 
for the opaque nanospheres, namely nano-shadowing. While 
if the nanospheres are transparent to the exciting radiation, a 
nano-focusing effect occurs when the wavelength of the driving 
laser is similar to or smaller than the size of nanospheres, cor-
responding to an enhanced forward emission in the direction 
of laser propagation. The physical essential behind the changes 
in the photofragment angular distributions is that the photo-
fragments are preferentially formed in regions of high light 
intensity with a probability determined by the local light inten-
sity.[24] Besides the laser polarization, material, and size of nano-
spheres, the slight variations in the geometry of more complex 
nanotarget can also significantly affect the enhancement of 
the incident laser fields. Unlike nanospheres, the near-field 
enhancement of complex nanotarget is orientation-dependent.

For a dimer system consisting of two SiO2 spheres, Finite 
Difference Time Domain (FDTD) calculations predict that the 
dimer systems parallel to the laser polarization direction or 
having a slight deviation from the above orientation condition 
could represent a donut-shaped enhanced field distribution 
around the contacting area of the nanospheres.[25,26] Similar 
orientation-dependent near-field enhancement excites for 
other nonspherical symmetric nanotargets like nanotubes and 

The laser-irradiated aerosolized nanostructures with complex geometries 
offer unique opportunities to steer orientation-dependent photoion emis-
sion for multiple applications of directional ion sources and photocatalysis. 
The orientation-dependent photoion emission is characterized by measuring 
the distribution and probability on differently oriented nanostructures. This 
unique capability is achieved by introducing momentum-to-space orientation 
discrimination in the single-shot velocity map imaging technique with the 
aerodynamic lens. The effect of geometry, polarization, and concentration 
to control the photoion emission from differently oriented nanostructures 
is introduced for optimizing the potential applications of photoion emission 
including directional tunable nanoanode and optical sensors. The mechanism 
behind controlling the photoion emission is visualized by the variations in 
the regions of high laser intensity inside the nanostructures responding to 
the orientation, geometry, and polarization. This work represents an advance 
in characterizing the photoion emission from the randomly oriented aero-
solized nanostructures and facilitates the potential for combining with the 
pump–probe methods to provide an intuitive understanding of their real-time 
ionization dynamics.
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1. Introduction

Characteristic spatial variations of the ionizing radiation belong 
to the unique properties of nanostructure due to nanoscale 
structures can locally enhance a laser field.[1–7] The sensitivity 
of optical excitation on nanoscale geometry provides a new 
degree of freedom for controlling nanotarget’s photoelectron 
and photoion emission. It thus stimulates emerging applica-
tions like high-quality nanocathode (anode), nanobubbles for 
cancer therapy, and high-efficiency photocatalysis.[3,8–14] The 
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nanocubes.[6,27] However, the investigations on the orientation-
dependent photofragment emission for aerosolized nanotargets 
with complex shapes are still comparatively sparse, not to men-
tion taking advantage of the orientation effect. The challenge 
lies in the random orientation of ADL transferred samples 
due to the intense collision between carrier gas molecules and 
nano samples.[24] The attempt to integrate images of the multi-
shot ion emissions will smear the sensitivity of photofragment 
angular distributions on oriented samples (as shown in the 
Experimental Section). The orientation characterization of the 
nanostructure when attempting to control the photofragment 
emissions from differently oriented nanostructures is crucial, 
but still lacking.

In this letter, we propose an orientation-binned scheme aimed 
at studying the photoion emission from ADL-transferred aero-
solized nanotargets in multiple orientations while avoiding the 
average effect. This method is based on correlating the single-
shot photoion angular distributions (PIADs) with the orienta-
tion of the excited nanotarget in the laboratory coordinate by the 
molecular dynamics (MD) simulation. This solution allows us to 
use the ADL which has a widespread transmission window for 
efficiently transmitting nanotargets with different morphology 
and orientation. The orientation-dependent photoion emission 
is characterized in terms of the PIAD and the probability of 
each specific PIAD. Then we further show how laser polariza-
tion, geometry, and concentration affect the photoion emission 
from the differently oriented nanostructures. When changing 
the laser polarization, the probabilities of the round and bandlike 
PIADs vary inversely, indicating the selective excitation of dif-
ferently oriented nanotubes for directional tunable nanoanode. 
The PIADs from the face-centered cubic sodium chloride (NaCl) 
crystals can be fully switched between ringlike and bandlike by 
only changing the laser polarization, showing the potential to be 
an optical sensor. And we can regulate the probability of band-
like PIAD from the dimer system by adjusting the concentration. 
The changes in PIADs and the different trends of the probabili-
ties of specific PIADs are explained by laser field distribution 
inside the nanostructures for different orientations, geometry, 
and laser polarization.

2. Orientation-Dependent Photoion Emission

Unlike the nanospheres, the aerosolized nanotube with the 
cylindrical geometry is suitable for characterizing how the 
orientation affects photoion emission. Through an ADL, the 
differently oriented but similar-sized carbon nanotubes (multi-
walled, from Aladdin) can be transmitted and then irradiated 
by a constant laser to exclude the size and polarization effect. 
Using the single-shot VMI method, different round and band-
like PIADs (Figure 1a–d) on the detector plane are observed, 
which is supposed to result from the variations of the nano-
tube’s orientation.

To understand the relationship between the shape of PIAD 
and the nanotube’s orientation, we explore the spatial variations 
of the localized plasma on the differently oriented nanotubes, 
which results in ion emission.[24] Nanoplasma generation is 
generally described as an avalanche process starting with laser-
induced electron ionization.[24,28] The localized plasma will be 

preferentially formed in regions of high laser intensity (hot-
spots), indicating the initial position of photoion generation. 
The field distributions inside the nanotubes with specific ori-
entations are shown in Figure 2a,b, simulated by the FDTD 
calculation. Here the orientation of the nanotube is repre-
sented by its axis of symmetry. Inside the nanotube, parallel to 
the laser polarization, the laser field shows a focusing hotspot 
(Figure 2a). The strength of the field around the cylindrical sur-
face is stronger than the field around the bottom surfaces to 
induce more ionization. Inside the nanotube, perpendicular to 
the laser polarization, the field strength turns out to be almost 
identical to induce equal ionization everywhere (Figure  2b). 
It is noticed that the number of atoms around the wider cyl-
inder surface is greater than the number of atoms around the 
bottom surfaces. Thus, the photoions are primarily generated 
within the lateral surface regardless of the orientation of the 
nanotubes. The produced photoions via ionization are sprayed 
outward due to Coulomb repulsion with each other. However, 
the photoions emitted toward the undamaged material (two 
circular end faces of the nanotube) will be absorbed and not 
be detected. Only the ions emitted outward from the ionized 
region (surrounding the curved lateral surface) can be recorded. 
So the three-dimensional (3D) ion emission will show a similar 
pie shape as the ionized region within the nanotube, which is 
always homotaxial with the nanotube. To verify this specula-
tion, we simulate the ion emission processes from the differ-
ently oriented nanotubes by the MD model.[13,14] The nanotube 
perpendicular to the detector shows a round simulated PIAD, 
agreeing well with the projection of the pie-shaped ion emis-
sion whose rotation axis of symmetry is perpendicular to the 
detector. While the nanotube parallel to the detector shows a 
bandlike simulated PIAD (Figure 3a,b), consisting of the pro-
jection of the pie-shaped ion emission whose rotation axis of 
symmetry is parallel to the detector. The simulation establishes 
the direct correspondence between the shapes of PIADs and the 
orientations of nanostructures. The detected round (or band-
like) PIAD indicates that the orientation of this nanotube is per-
pendicular (or parallel) to the detector (Figure 4a,b). It provides 
information about the azimuth angle (Figure 6c, red region) of 
the nanotube. And for the nanotubes parallel to the detector, 
the “band” in their bandlike PIADs tends to be orthogonal with 
the nanotube (Figure  3b). So the elevation angles (Figure  6c, 
blue region) of the nanotube parallel to the detector can be 
determined by the orthogonal direction of the “bands” in the 
bandlike PIADs, as shown by the white regions in Figure 1b–d. 
The two angles can identify the orientation of the nanotube. 
This momentum-to-space orientation discrimination is referred 
to as the orientation-binned method. In principle, the photo-
electron angular distribution can also provide similar orienta-
tion discrimination. However, due to the increased electron 
scattering,[24] a lower resolution is expected than that of an ion.

Because the PIAD with a particular shape (specific PIAD) 
can represent a specific orientation of the nanotubes, the 
number of times it occurs quantifies how much of the nano-
tubes with that specific orientation get excited. We manually 
divide the detected PIADs from the nanotubes into two catego-
ries according to their shape characteristics: the round PIADs 
and the bandlike PIADs. The ellipticity of the shape of PIAD is 
set as the criterion for classification (see Section S8, Supporting 
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Information for details). Ellipticity less than 0.5 is classified as 
round, which corresponds to that the orientation of the nano-
tube is perpendicular or only deviated from perpendicular by a 
small angle with respect to the detector plane. Ellipticity greater 
than 0.5 is classified as bandlike, which corresponds to that the 
orientation of the nanotube is parallel or only deviated from 
parallel by a small angle with respect to the detector plane. It is 
also noticed that the number of each specific PIAD tends to be 
different. The differently oriented nanotubes are supposed to 
be transmitted into the laser focus by the used ADL with equal 
opportunities (see  Section S5, Supporting Information for 
details). However, different quantities of them get excited. By 
introducing a normalized ratio between the number of the spe-
cific PIAD and the number of all detected PIADs, we define the 
probability of the specific PIAD to quantify the excitation prob-
ability of correspondingly oriented nanostructures (Figure 5). 
For each group of the probability distribution, ≈100 frames of 
the PIAD images are recorded to ensure statistical credibility.

For example, when the polarization of the laser is perpen-
dicular to the detector, the higher probability of the round 
PIAD (over 80%) is predominant compared with the rare band-

like PIADs (Figure 5a) from the nanotubes. The nanotube per-
pendicular to the detector is more likely to be excited than the 
nanotube parallel to the detector. The field strength inside the 
nanotube (Figure  2a,b) sensitively responds to the nanotube’s 
orientation, explaining their orientation-dependent excitation 
probability. The field strength inside the nanotube parallel 
to the laser polarization shows a ≈30% enhancement at the 
focusing hotspot over the incident field (Figure 2a). In contrast, 
inside the nanotube perpendicular to the laser polarization, the 
suppressive field strength reveals a ≈30% reduction compared 
to the incident laser (Figure  2b). The ability to enhance the 
incident laser makes the nanotubes parallel to the polarization 
more likely to be excited, explaining the higher probability of 
the round PIADs.

Orientation discrimination provides a direct way to char-
acterize the photoion emissions from the differently oriented 
nanostructures. Therefore, we can further introduce geometry, 
polarization, and concentration to control the photoion emis-
sion from the differently oriented nanostructures, which is the 
focus of this work. We prepare aerosolized nanostructures with 
different geometries like face-centered cubic NaCl crystals and 

Figure 1. Display of the different repeatedly measured PIADs from different nanostructures. a) The round PIAD and the b–d) bandlike PIADs in the 
detector plane (x-y plane) from the nanotube. e) The ringlike PIAD and the f–h) bandlike PIADs from the NaCl nanocube. i) The ringlike PIAD and 
the j–l) bandlike PIAD from the Cu dimer. For all of the measurements, the laser propagates from the negative to the positive direction of the x axis. 
The laser polarization in each image is along the y-axis (double arrow) or perpendicular to the x-y plane (dot). The “hole structure,” slight depression 
in ion yields, at the center and bottom right of the PIAD images are due to the degraded responsivity of our detector. Atomic units (a.u.) of the ion 
momentum are used. The white regions represent the differently oriented nanostructures.
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Cu dimers, in addition to the carbon nanotubes (see Section S6, 
Supporting Information for more details of the sample charac-
terization). Their specific PIADs (Figure  1) and the probabili-
ties of PIADs (Figure  5) will be measured respectively before 
and after changing the laser polarization or the sample con-
centration. Similar to the nanotubes, we also manually divide 
the detected PIADs from the nanocubes and dimers into 
ringlike PIAD or bandlike PIAD. Relying on the correspond-
ence between the shapes of the PIADs and the orientations 
of nanostructures (Figure  3), we can identify the orientations 
of the nanostructures (Figure  4) through the detected PIADs. 
The characteristics of the PIADs and the probabilities can be 
explained by the laser field distribution inside them in Figure 2 
(see Section S7, Supporting Information for FDTD simulation 
details).

3. Controlling the Photoion Emission

3.1. Selective Excitation of the Nanotube by Laser Polarization

Firstly, we demonstrate how laser polarization affects the 
photoion emission from the differently oriented nanotubes. 
After rotating the laser polarization from perpendicular (along 
the z-axis in Figure 6c) to parallel (along the y-axis in Figure 6c) 
with respect to the detector, the probabilities of the round and 
bandlike PIADs show opposite trends (Figure 5a,b). The prob-
ability of the bandlike PIADs is increased from 17% to 71%, 
while the probability of the round PIADs reduces from 83% 
to 29%. More (less) nanotubes parallel (perpendicular) to the 
detector get excited, agreeing that the nanotube parallel to the 

laser polarization is always more likely to be excited. The selec-
tively excited nanotube controlled by the polarization builds a 
directionally tunable nanoanode.

3.2. Geometry-Controlled Photoion Emission

To understand how the geometry affects the photoion emis-
sion, we have prepared more nanostructures with different 
geometries to compare with the nanotubes. Due to the face-
centered cubic lattice structure, the crystallized NaCl crystals 
are generally cube-shaped.[29,30] Using the collision-type com-
mercial atomizer (TSI, Model 3076), the micron-sized droplets 
are sprayed from the aqueous NaCl solution (from Aladdin) 
with a concentration of 3  g  L−1. After drying, the aerosolized 
NaCl nanocubes with a size of around 100 nm (see Section S2, 
Supporting Information for details) are generated. Then the 
nanocubes are respectively irradiated by the laser with the 
polarization parallel or perpendicular to the detector plane. The 
specific PIADs (Figure  1e–h) and probabilities of the PIADs 
(Figure 5c,d) from those nanocubes are recorded, showing two 
differences compared with the nanotubes.

The first difference focuses on the “hollow” ringlike PIAD 
of the nanocube (Figure 1e) compared with the round PIAD of 
the nanotube (Figure 1a), indicating the absence of low-energy 
ions from the nanocube. The second difference appears in the 
degraded orientation dependence of the shapes of the PIADs 
from the nanocubes compared with the highly orientation-
dependent PIAD shapes from the nanotubes. When the laser 
polarization is perpendicular (parallel) to the detector, only 
the ringlike (bandlike) PIADs are observed regardless of the 

Figure 2. The field distribution of the nanostructures with different geometries by FDTD simulations. a) The field distribution of the multi-walled 
nanotube (length l  =  500  nm and width r  =  60  nm with a central 10  nm gap) when the laser polarization is along the y-axis (double arrow) or  
b) perpendicular to the x-y plane (dot). c) The field distribution of the nanocube (100 nm) when the laser polarization is parallel (along the y-axis) or 
d) perpendicular to the x-y plane. e) The field distribution of the dimer system (connected two Cu nanospheres) when the laser polarization is along 
the y-axis or f) perpendicular to the x-y plane. The color scale of the field intensities are normalized to the incident field intensity. The black lines rep-
resent the surface of different geometries. The nanotube and dimer are fixed along the y-axis. The orange box is the partial magnification of the field 
distribution near the connecting region.
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orientations of the nanocubes, supported by the 100% prob-
ability of the corresponding PIADs in Figure 5c,d.

To explain the above differences, we examine the field dis-
tributions (Figure  2c,d) inside the 100  nm nanocubes in the 
800  nm laser. Firstly, the forward–backward symmetrical field 
distribution inside the nanocube without the focusing effects 
results from its smaller size than the laser wavelength. And the 
regions of the highest intensity (hotspots) of the internal field 
are always located at the shallow layer inside the nanocube close 
to the surfaces marked by the white color (defined as the side 
surfaces). And the field strength is gradually weakened from 
the surface to the deeper layer. At the shallow layer around each 
side surface, the identical field distribution (Figure 2d) equally 
induces the nanoplasma generation. The Coulomb interaction 

will immediately repel the generated photoions within the 
shallow layer around the side surfaces, and therefore show a 
“hollow” distribution with the absence of the low-energy ions. 
By the MD simulation, we simulate the ion emission from the 
nanocube. The nanocube whose side surfaces are perpendic-
ular to the detector shows a “hollow” ringlike simulated PIAD 
(Figure 3c). It indicates that the ions are emitted from the side 
surfaces equally and supports the absence of the low-energy 
ions, while the nanocube whose side surfaces are parallel to the 
detector shows a bandlike simulated PIAD (Figure 3d). By the 
correspondence between the shapes of the PIADs and the ori-
entations of the side surfaces, we can identify the orientations 
of the side surfaces of the nanocube through the detected PIAD 
(Figure 4c,d). Correspondingly, the hotspots inside the nanotube 

Figure 3. The simulated PIADs from differently oriented nanostructures simulated by the MD simulation. a,b) The simulated PIADs from the nano-
tubes perpendicular and parallel to the detector. c,d) The simulated PIADs from the nanocubes whose side surfaces perpendicular and parallel to the 
detector. e,f) The simulated PIADs from the dimers perpendicular and parallel to the detector. The schematic on the right of each PIAD image is the 
nanostructures with different orientations, where the black plate represents the fixed detector.

Adv. Optical Mater. 2023, 11, 2201260
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are always at the deeper layer in the bulk (Figure 2a,b). The ions 
generated inside the nanotube will experience different degrees 
of collision and scattering before they get sprayed, which aver-
ages the ion speeds. The slow ions fill the hollow regions. For 

this reason, we can observe a broad momentum distribution in 
both the experimental and simulated PIAD images of the nano-
tube (Figures 1a and 3a).

To explain the degraded orientation dependence for NaCl 
nanocubes, we show the field distributions inside the NaCl 
nanocubes with different orientations in Figure S1 (Supporting 
Information). Due to the face-centered cubic morphology, the 
NaCl crystals have a high rotational symmetry. So the loca-
tion of the internal field hotspot is insensitive to the orienta-
tion of the NaCl crystals but only determined by the direction 
of the laser polarization. The hotspots are always located at the 
shallow layer close to the side surfaces that are parallel to the 
laser polarization in Figure 2c,d. So the localized plasma genera-
tion on the nanocubes is insensitive to the orientation, causing 
the orientation-independent PIADs. Moreover, the shape of the 
PIADs from the nanocubes can be switched between ringlike 
and bandlike by only changing the laser polarization. As shown 
in Figure 5c,d, before and after changing the laser polarization, 
the probability of the ringlike PIADs reduces from 100% to 0%, 
while the probability of the ringlike PIADs increases from 0% to 
100%, both having a modulation depth of 100%. If we analogize 
the two specific PIADs to a traditional electrical sensor’s high 
and low electrical levels, the nanocube can serve as an efficient 
optical polarization sensor. The advantage of the sensor based 
on the aerosolized nanocube is that it can be delivered in the gas 
or biological environment compared with the on-chip sensor.[31]

The insensitive ringlike PIADs from the Cu nanospheres 
(100 nm, from Chaowei Nanotechnology, aerosolized from the 
Cu nanosphere suspension with a concentration of 1  g  L−1) 
without orientation or polarization effect provide further evi-
dence for the geometry-controlled photoion emission (see 
Figure S2, Supporting Information for details). The nano-
spheres are well-known for enhancing the laser field to show 
dipolar hotspots along with the polarization on the surface.[22] 
However, the field inside the Cu nanosphere always shows a 
shadowing distribution regardless of the laser polarization 
(Figure S2c,d, Supporting Information). The field strength is 
gradually weakened from the surface to the deeper layer. So the 
localized plasma is primarily generated over the shallow layer 
of the nanosphere, spraying the ions in all directions, which 
results in the constant ringlike PIADs.

3.3. Concentration-Controlled Photoion Emission from Mixed 
Aerosols

However, when increasing the concentration (to 3 g L−1) of the 
Cu nanospheres suspension, we also observe bandlike PIADs 
in addition to the ringlike PIADs, as shown in Figure 1i–l. The 
bandlike PIAD is supposed to originate from the photoion 
emission from the aggregated clusters.[26] In the evaporation 
step of aerosolizing the Cu nanospheres, the undried droplets 
having 1, 2, 3, or more nanospheres respectively result in the 
formation of single nanospheres, dimers, trimers, or larger spe-
cies. With a concentration of 3  g  L−1, the average number of 
the Cu nanosphere in each undried droplet is slightly less than 
one (see Section S2, Supporting Information for details). Some 
droplets still have a chance to contain two or more nanospheres 
and generate aggregated dimers. However, the used ADL can 

Figure 4. Identifying the orientations of the nanostructures by detected 
PIADs. a) The round PIAD originates from the nanotube perpendicular to 
the detector (along the z-axis in the lab coordinate). b) The bandlike PIAD 
originates from the nanotube parallel to the detector (along the y-axis in 
the lab coordinate). c) The round PIAD originates from the nanocube 
whose side surfaces (marked by white color) are perpendicular to the 
detector. d) The bandlike PIAD originates from the nanocube whose side 
surfaces (white surfaces) are parallel to the detector. e) The round PIAD 
originates from the dimer system perpendicular to the detector. f) The 
bandlike PIAD originates from the dimer system parallel to the detector. 
The detector is fixed in the x-y plane.
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only transmit the single Cu nanosphere (100  nm) and dimer 
system (200 nm) (see Section S5, Supporting Information). The 
transfer of the trimers or larger species is strongly suppressed. 
Only the contributions of the single Cu nanospheres and the 
dimer systems to the observed PIADs need to be considered.

The Cu dimer system has been reported to show a donut-
shaped 3D photoion emission.[26] The internal field inside the 
dimer system is only strongly enhanced around the connecting 
area between the two nanospheres to generate photoions 
(Figure 2e,f). We also simulate the ion emission from the dif-
ferently oriented dimers by the MD simulation. The dimer 
whose axis is perpendicular (parallel) to the detector shows 
a ringlike (bandlike) simulated PIAD in Figure  3e,f. It indi-
cates that the photoion emission is confined within the small 
angle between two nanospheres, which explains the donut-
shaped 3D ion emission from the dimer. Similarly, the orien-
tations of dimers should have been identified by the detected 
PIADs (Figure 4e,f). However, the ringlike PIAD may originate 
from the single nanospheres or the dimer systems perpen-
dicular to the detector, making it difficult to retrace its origin. 

Correspondingly, the bandlike PIADs only originate from the 
dimer parallel to the detector.

Similar to the nanotube, the differently oriented dimer 
system can also be selectively excited by controlling the laser 
polarization. After changing the laser polarization, the prob-
ability of the bandlike PIADs is increased from 6% to 49%, 
while the probability of the ringlike PIADs reduces from 94% 
to 51% (Figure  5e,f). As we already demonstrated, the single 
nanospheres show polarization-independent ringlike PIADs. 
So the reduced probability of the ringlike PIAD only results 
from the suppressed excitation of the dimers, whose axes are 
perpendicular to the detector. In contrast, the increased prob-
ability of the bandlike PIAD indicates the increasing excitation 
of the dimers perpendicular to the detector. The dimer systems 
parallel to the polarization are also more likely to be excited, 
explained by the more substantial enhancement of their internal 
field (≈10.5 times the incident laser), shown in Figure 2e.

Considering that the bandlike PIAD only originates from 
the dimer parallel to the detector, its probability sensitively 
responds to the proportion of dimers in the mixed aerosols, 

Figure 5. The probabilities of specific PIADs. a,b) The probabilities of the round PIAD and the bandlike PIAD from the nanotube. c,d) The probabilities 
of the ringlike PIAD and the bandlike PIAD from the nanocube. e,f) The probabilities of the ringlike PIAD and the bandlike PIAD from the mixed aerosols 
(Cu dimers and single Cu nanospheres) with a concentration of 3 g L−1. g) The probabilities of the ringlike PIAD and bandlike PIAD from the mixed 
aerosols with a higher concentration of 10 g L−1. The parallel/perpendicular above the ratio histogram shows whether the polarization of incident laser 
is parallel (along y-axis) or perpendicular (along z-axis) to the detector (fixed in the x-y plane). The diagram below the ratio histogram is the schematic 
to show the origin of the specific PIADs.

Adv. Optical Mater. 2023, 11, 2201260

 21951071, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202201260 by H
uazhong U

niversity O
f Sci &

 T
ech, W

iley O
nline L

ibrary on [05/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2201260 (8 of 10)

www.advopticalmat.de

which can be controlled by the sample concentration. When 
increasing the concentration of Cu nanosphere suspension 
(from 3 to 10 g L−1), the average number of Cu nanosphere in 
each undried droplet reaches nearly two, highly increasing the 
potential of assembling dimers. The increased proportion of 
the aggregated dimer systems in the mixed aerosols leads to the 
surging probability (from 49% to 70%) of the bandlike PIAD in 
Figure 5g compared to Figure 5f.

4. Conclusion

In conclusion, we establish a new orientation-binned scheme 
to identify the orientation of the complicated nanostructures by 
the detected PIADs. This unique capability is based on the PIAD 
and the orientation correlation. The orientation-dependent 
photoion emission can be characterized from two perspectives 
of PIADs and probabilities. We further show how to control 
the photoion emission of the differently oriented nanostruc-
tures by geometry, polarization, and concentration. It suggests 
new applications of photoion emission like directionally tun-
able nanoanode and optical sensors. Although not explicitly 
addressed in the text, access to characterize the photoion emis-
sion from differently oriented nanostructures opens up enor-
mous possibilities for observing the time-resolved ionization 
dynamics of differently oriented complicated nanostructures by 
further combining with the pump–probe methods.

5. Experimental Section
Experimental Apparatus: The schematic illustration of the experimental 

apparatus is shown in Figure  6. In detail, the isolated nanostructures 

are firstly dispersed in pure water, which is next aerosolized by a 
commercial atomizer (TSI, Model 3076) to generate an aerosol beam 
consisting of the nanostructures suspended in the CO2 carrier gas. 
Then the dried aerosol beam by a dryer will flow into the ADL system, 
which disperses the CO2 carrier gas and collimates the samples along 
with the skimmer into the interaction region of the velocity-map imaging 
spectrometer where the pressure is ≈10−5  mbar. The ADL with a wider 
transmission window is used for maintaining a high transmission 
efficiency for different-sized nanostructures (detail in Figure S5, 
Supporting Information). The nanostructures with different orientations 
or geometries can be transmitted without obvious suppression. Then 
the nanostructures will be irradiated by femtosecond laser pulses at 
central wavelengths of 800 nm from a 1 kHz Ti: sapphire laser system. 
The irradiated nanostructures in the laser focus continuously get 
renewed, orient in random directions, and experience different irradiated 
intensities. The emitted cations from the irradiated nanostructures 
will be accelerated by an electrostatic field within the VMI lens system 
and collected on an MCP/phosphor screen detector, whose PIADs are 
then recorded by a charge-coupled device  camera with a high readout 
frequency.[32]

Sing-Shot Imaging: When the laser pulse hits the nanostructure, the 
PIAD image with a higher ion yield can be effectively distinguished from 
the background image. The ion yield per shot of the background image 
is less than 10 counts, where the used laser intensities (≈1013 W cm−2) 
were too weak to cause the intense ionization of the background gases. 
In addition, the adjusting suspension concentration ensures the thin 
density (less than 105  particles  cm−3) of the aerosol sample in the 
interaction region, so the hit event always occurs within 0.1–1% rate 
even using the high-repetition-rate laser pulse (1  kHz).[24] And the low 
enough hit rate eradicates the probability that two or more samples 
simultaneously get hit by the laser pulses during one camera exposure 
(250 Hz).[33] Each frame of the PIAD image is entirely dominated by the 
single-shot excitation of only one sample (Figure 6b).

Sampling of Laser Intensity: The intensity-dependent pondermotive 
energy shift of the above-threshold ionization photoelectrons from 
atomic Argon gas to calibrate the accurate peak intensity of the laser 
fields in the reaction region is detected. The estimated peak laser 
intensity within the laser focus volume is 3.3  ×  1013  W  cm−2 for the 

Figure 6. Experimental apparatus for observing single-shot photoion angular distribution from randomly oriented nanostructure. a,b) The integrated 
and the single-shot photoion angular distributions. c) The experimental apparatus where an 800-nm femtosecond laser pulse hits gas-carried aerosol 
nanostructures (dimers for example) transported by an aerodynamic lens and the emitted ions get recorded by a microchannel plate (MCP) and 
phosphor screen detector. The laser is propagating forward along the x-axis, while the detector is placed in the x-y plane. The azimuth angle and the 
elevation angle in the space coordinate are respectively shown by the red and blue region.
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800-nm wavelength. It is noticed that even while keeping the constant 
peak intensity of the incident laser, the actual intensities irradiated 
on different nanostructures will span several orders of magnitude 
(from 6.6  ×  1011 to 3.3  ×  1013  W  cm−2 for 800-nm wavelength), which 
sensitively depends on their positions within the laser focus. Only the 
nanostructures located at the center of the laser focus experience peak 
intensity. To avoid the laser focusing volume effect, the yield of the 
photofragments is employed to guide the actual irradiated intensity of 
each single-shot PIAD image. Selecting the PIAD images with similar 
ion yields ensures the constant irradiated intensity of the studied 
nanostructures. When the irradiated intensity is high enough to form 
the uniform plasma throughout the completely damaged sample, the 
intense collision averages the PIAD to be isotropous, degrading its 
sensitivity to the orientation of the nanostructure.[19,26] So, the PIAD 
images that primarily originate from the localized plasma generated 
from the ionization of the sample itself under moderate irradiated 
intensity is preferred to select. The different plasma generated in the Cu 
nanospheres can be easily distinguished by comparing the asymmetries 
between the PIADs and the field distributions (see Figure S3, Supporting 
Information for details). And the ion yields of the localized plasma on 
different materials show no significant difference in magnitude.[24] The 
ion yield (≈103 counts) of the localized plasma on the Cu nanosphere 
provides a general criterion for selecting the PIAD (Figure  6b) of 
the localized plasma on the nonspherical nanostructures with other 
materials. The ion yield was used (≈103 counts) for the subsequent PIAD 
selection in the text.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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