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ABSTRACT

Acceleration of protons by transient strong electric fields formed with intense ultrashort laser pulses is important for advancements in
radiography and biomedical applications. Controlling the absorption mechanisms by material modification or adding structural features to
the solid substrate is important to enhance ion energies for a given laser intensity. We present here an experimental demonstration of
enhanced proton acceleration when a BK-7 glass target is coated with 150 nm diameter silica hollow spheres. The hollow particle coated
target yielded a maximum proton energy of � 800 keV at a peak intensity of 1018 W cm�2 while the maximum energy is only up to 200 keV
with a plain glass target under otherwise identical conditions. Two-dimensional particle in cell simulations demonstrate the role of local fields
in the hollow spherical cavities that lead to the enhanced proton energies comparable to the experiments.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003464

I. INTRODUCTION

When an intense ultrashort laser impinges on any substrate,
instantaneous ionization of atoms followed by electron heating leads
to a hot dense high temperature plasma. At intensities�1014 W cm�2,
most atoms undergo tunnel or over barrier ionization.1 Electrons
continue to interact with the incident laser fields and experience both
collisional and collisionless absorption2 depending on the target geom-
etry and laser pulse parameters. Prominent laser absorption mecha-
nisms include vacuum heating,3 resonance absorption,4 anomalous
skin effect,5 and~J �~B heating.6 Ponderomotive drive by the incident
fields and quasi-static electric fields generated by the plasma density
gradients result in a hot electron temperature as large as a few hundred
keV energy and steep plasma density gradients.7,8

Hot electrons cross the target surface and create a charge sepa-
rated sheath potential9 that is as large as a few TV/m.10 This large
quasi-static field leads to ion acceleration. Protons have the lowest
mass/charge ratio for the ions. They acquire a much larger velocity
than any other ions and are the fastest to leave the target surface. Since
the laser energy is deposited in a few micrometers area, both electron

and ion emission have a low spatial source size. The ultrashort nature
of the burst leads to a compact, high brightness source of electron
beams, ion beams (especially protons and carbons), neutral atoms,
and x-ray beams. Such particle beams have potential applications in
fast ignition schemes,11–13 proton radiography,14 streak deflectome-
try,15 and generation of medical isotopes.16

The physics of intense laser matter interaction, depends on the
type of target (gas, solids, mass limited targets) and various laser
parameters (intensity, pulse duration, etc.).17 For a thick solid target,
hot electrons leave along a direction normal to the target and the tran-
sient field generated at the target surface leads to backward emission
of ions. For a very thin target, hot electrons also leave at the rear side
target and ion acceleration is possible both at the target rear and the
front side, where the laser is incident. A large volume of work studying
proton acceleration from laser solid interactions18,19 exists in the litera-
ture. Rear side proton acceleration studies are usually performed with
a few micrometer thick foil targets wherein high quality proton beams
with MeV energies20,21 are produced. On the other hand, the front
side ion energies are never as high as the rear side. Expansion of the
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electron density at the target front brings down the sheath potential
and consequently lowers ion acceleration. Front side proton energies
are <200 keV at 1018 W cm�2 with plain solid metal targets.22 Front
side acceleration schemes are, however, important to study the effect
of surface modifications on the ion acceleration. Surface modifications
such as nanoparticle coating, foam coating, and micro-/nanopores on
the target enhance the absorption of laser energy23 and the resultant
particle acceleration.24–27 Phenomena such as enhanced laser energy
absorption beyond the skin depth due to nanoparticles28,29 or laser
excited surface waves that enhance the local electric field,30 are notable.
Anharmonic heating of electrons leading to enhanced electron and
proton energy31–33 by microparticle coatings has also been shown to
contribute to efficient particle acceleration.

In this context, a coating of spherical hollow nano-particles on a
substrate is a novel target surface modification. Considering an isolated
nano-particle, with a large number of surface atoms compared to the
core, larger transient electrostatic field gradients are possible. All ions
on the spherical surface will experience a uniform potential,34–36 so
mono-energetic features in the ion acceleration can also be anticipated.
The present study explores the possibility of enhancement in proton
generation utilizing hollow nano-spheres. We demonstrate that up to
800 keV protons are generated with a hollow particle coated target
where the maximum energy is only about 200 keV with the plain target.
2D-particle in cell (PIC) simulations show that electron depletion from
the hollow spherical shell leads to sharper transient electrostatic field

gradients. Both the electron energies and proton energies are larger
with the hollow particle coated targets and the simulated proton spectra
correlate well with the experimental measurements.

II. EXPERIMENT

The laser facility at the Tata Institute of Fundamental Research,
Mumbai, is operated at 40 TW. A P-polarised, 500 mJ, 800 nm, and
25 fs laser pulse is routed onto a target and focused at 45� to the target
normal with an f/3.5 off-axis parabolic mirror (OAP) to generate an
intensity of 2� 1018 W cm�2 on the target. The focal waist of the
beam is 30lm in diameter (FWHM) and contains 63% of the beam
energy (500 mJ). Figure 1(a) illustrates the experimental schematic.
The target placed in a vacuum chamber maintained at 10�5Torr pres-
sure is rastered with X and Y translation stages such that each laser
shot is incident on a fresh spot of the target substrate. Ion emission is
sampled through a 100lm aperture placed at 63.8 cm from the laser
focus at the target normal and diagnosed using a Thomson Parabola
Ion Spectrometer (TPIS).37 Ions deflected by parallel electric and mag-
netic fields are detected on a microchannel plate (MCP) (F2225–21
PGF) that is kept at 1.36 m from the target. MCP is coupled to a P43
phosphorus screen and the ion splat position is recorded with a 12-bit
CoolSnap HQ CCD camera. Ions of given m/q form a parabolic trace.
The undeflected neutral atoms and photons strike at the origin of the
spectrogram. The lower the energy of the ions, the higher the deflec-
tion is, so the highly energetic ions strike closer to the central spot. The

FIG. 1. (a) Experimental setup: a 500 mJ laser beam is focused on a 3mm thick solid target at 45� to the target normal and ion emission at 1018 W cm�2 is studied using a
Thomson Parabola Ion Spectrometer either on a k= 10 polished BK-7 glass or the same substrate coated with 150 nm hollow spherical particles. (b) Scanning electron micro-
scope image of the dense particle coated target. Top view depicts that the spin coating results in a uniform layer of hollow particles and the variation in the thickness is about
one monolayer. (c) A high resolution transmission electron microscope image gives a magnified view of a single nano-particle of size 1506 10 nm and a shell thickness of
30 nm. (d) A TP spectrum of ion emission from the plain glass target with low dispersion fields in the TP, shows well resolved parabolic ion traces. Ion energy spectra extracted
from the image are shown separately.
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magnetic field and electric field are varied to resolve traces of different
ion species and also to obtain the kinetic energy. The Thomson Parabola
(TP) spectrum from a plain solid target is shown in Fig. 1(d). Protons
and different charge states of carbon and oxygen are resolved. By switch-
ing off the electric field, ions are dispersed along the axis labeled B-axis.
Similarly, the magnetic field is switched off to deflect the ions along the
E-axis. Using the axes and the parabolic equations of ion motion, charge
resolved ion spectra are derived from the TP images. We note that the
noise in the image varies non-linearly from the point away from the ori-
gin. We follow a detailed noise analysis elaborated in our earlier work.38

The signal at the origin is largely due to the neutral atoms and is different
for the plain glass target and the nano-particle coated target. The
extracted ion energy spectrum takes note of the noise corrections and is
not influenced by the change in the signal at the origin.

Hollow silica nanoparticles (HSN-150) were synthesized using an
established procedure39 with some minor modifications. 20mg of HSN-
150 was mixed in 2ml of ethanol and sonicated for 10min. The mixture
was vortexed for 5min and 5 layers of HSN-150 solution were coated on
a 3mm thick k=10 polished BK-7 glass substrate using a spin coating
technique in a clean room. A quarter of the substrate was left uncoated
for experimental convenience so as to compare the experimental results
with the coated and uncoated targets under otherwise identical condi-
tions. The Scanning ElectronMicroscope (SEM) image of the substrate
is shown in Fig. 1(b) and and indicates that the coating is uniform
to variation of up to one mono-layer of the nano-particles. The
thickness of the coating is larger than the skin depth and so essen-
tially the laser energy is deposited in the nano-particle coating. The
target is rastered and the laser pulse irradiation is done over several
fresh portions of the target to measure the proton emission to
include the changes in the target coating thickness. The large
changes in the proton emission due to coating reported here are
beyond the variations that may occur due to the changes in coating
thickness. The transmission electron microscope (TEM) image of
individual HSN-150 particles with a high resolution is also shown
in Fig. 1(c). HSN-150 particles have a very uniform diameter of
150 nm6 10 nm and the shell thickness is about 30 nm. A compar-
ison of the ion spectra extracted from the TPIS is used to decipher
the effect of the particle coating on ion acceleration.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the proton spectrum with very low dispersion
fields in the TP (150 Gauss magnetic field and 20V/cm of electric
field) with the uncoated BK-7 target. The ion energies are below
100 keV. In these conditions, the proton parabola is not fully separated
from the central spot. Even with larger dispersion fields, the proton
energies are at best 200 keV with the plain glass target. We emphasize
that, for similar intensities with the use of (<5lm) foil as the target
and at the rear side, we do observe the proton spectrum with the maxi-
mum energy extended to 2–5MeV.37 For experiments with low dis-
persion fields in TPIS, the low energy proton spectra shows no
difference with the HSN-particle coating, as shown in Fig. 2(b).
However, when the fields in the TPIS are increased to separate the pro-
tons from the central spot, the proton spectrum is very different with
and without the HSN-150. Figure 3 demonstrates the results of such
an experiment. As anticipated, we find that the major changes are
associated with the proton spectrum and especially at the higher
energy end of the proton spectrum. So, the E and B fields of the

spectrometer are changed so that the higher energy components in the
proton spectrum are well resolved. As can be seen in Fig. 3(b), a zoom
into the high energy proton spectral region, there is a clear trace of
high energy protons only when the laser is impinged on the HSN coated
target. Figure 3(c) shows the same region of the spectrum with the plain
glass target. There is barely a discernible signal of the protons in this
energy range. Figure 3(a) shows the proton energy spectrum derived
from the raw images shown in Figs. 3(b) and 3(c). The red circles in the
spectrum give a measure of the weak signal above the background in
the same region of the spectrum for the plain glass target. The proton
signal in the 150–1000keV energy range is very low in the absence of
the HSN coating and signal-to-noise ratio is poor due to the weak signal.
The interference from the neutral atom spot is larger at the high energy
end and this shows up as increased signal in the plot. On the other
hand, the HSN-150 coated target clearly shows proton emission with
energies as large as 800 keV. The high energy proton yield is large and is
not influenced by the signal at the central spot. We note that there are
no significant changes in the heavy ion spectra with the increase in the
TP fields. The maximum ion energy of the Oþ is the same with or with-
out particle coating, though the Oþ ion yield is larger with the particle
coating. Figures 2(c) and 2(d) show the Oþ spectrum with low and high
dispersion fields. Since the parabolae are well separated from the spot at
the origin, there is very little difference. The low energy ions (<80keV)
are presumably due to the hydrodynamic pressure and do not change
much with the particle coating. The higher energy protons driven by the
sheath field are however influenced by the particle coating.

For the over dense plasmas possible with solid targets; laser
intensity, polarization, pulse contrast, and pre-plasma scale length
control the mechanism for electron acceleration. Based on various
experiments, models, and calculations, the temperature scaling of
hot electrons is related to the ponderomotive scaling as

Ee � mec
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ a20=2
p

� 1
� �

,40 where a0 is the normalized peak

strength of the laser given by a0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

I=I0 � k
2

q

and I, the peak laser

intensity in units of W/cm2, and k is the driving laser wavelength
in lm, I0¼ 1.37� 1018 W/cm2. The generation of relativistic elec-
trons requires relativistic laser intensities of the order of a0 > 1,
i.e., I> 2� 1018 W/cm2 for wavelength 800 nm. The self-consistent
sheath electric field from the isothermal plasma expansion model

can be estimated to be, E0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n0 � KB � Te=�0
p

� �

with n0 being

the maximum electron density, KB Boltzmann constant, Te the hot
electron temperature, and �0 the permittivity of free space. Clearly,
the quasi-static field that accelerates the ions depends strongly on
the electron density and hot electron temperature. Modifications
of the target surface change the local fields and the plasma scale
length which affect the absorption of the laser pulses. Both the
electron temperature and effective electron density change the
quasi-static sheath potential and subsequently the maximum elec-
tron energy. A fourfold increase in the maximum ion energy would
require a 16-fold increase in the (n0 � Te). To evaluate the changes
in plasma generation and to correlate with the experimental mea-
surements, we perform fully relativistic 2D-3 V electromagnetic
PIC simulations. The PIC code used by us is a suite of programs
developed by one of the co-authors for laser plasma interaction
studies (in 3D, 2D, 1D). Necessary details of the PIC simulation
and its usage are elaborated in our earlier studies.31–33
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In the PIC simulation, we simulate two different target configura-
tions irradiated by a laser pulse of wavelength k¼ 800 nm mimicking
the experiments: (i) a slab substrate of (transverse � longitudinal)
dimension Lx � Ly � 20k� 2k and (ii) the same slab substrate on
which a number of hollow-spherical particles (outer diameter 150nm
and shell-thickness 40 nm) are placed close to each other along the
target-front surface. We use a uniform numerical grid resolution of 40
grids per wavelength (D ¼ k=40) in the PIC simulation for the conver-
gence of numerical results and negligible numerical heating. For
k¼ 800, it gives grid size D¼ 20nm and a shell thickness of 40 nm
will cover two grids fully. However, with this resolution, a 30 nm
shell will cover only 1.5 grids and the field and particle dynamics
within the shell will be less resolved. One may argue that a grid size
of D ¼ k=80 ¼ 10 nm would be even better in the simulations, and
in this case, we can take an exact 30 nm shell as in experiments.
But that increases the computational burden 20–25 times, which is
unaffordable. Since the aim of the calculations is to probe the local
field effects, the inferences drawn from the computations are not
erroneous.

Both the slab-substrate and hollow-spheres are assumed with
electron density ne 	 20nc, neutralizing the ion (proton) background
at the initial time, where nc 	 1:72� 1021 cm�3 is the critical density
at 800 nm. The choice of nc is based on prior experience with simula-
tions on nano-/microparticle coatings.31–33 Since experiments were
performed with a 25 fs (FWHM) laser pulse (for which total duration
is approximately 66 fs), we have kept the same duration for simula-
tions. Simulations are performed on a computational box having
1000� 1000 uniform rectangular grids with size Dx ¼ Dy ¼ k=40. A
uniform time step of Dt ¼ Dy=2c (c is the speed of light in a vacuum)
is chosen to ensure energy conservation and negligible numerical heat-
ing. The target is rotated in the incident x–y plane about the vertical z-
axis to control the angle of incidence of the laser so that the center of
the target coincides with the center of the simulation box. The laser is
assumed to be a p-polarized Gaussian beam of focal width w0 ¼ 15k
with the transverse electric field as Exðt; x; y ¼ ylÞ ¼ E0ðw0=
wðyÞÞexpð�r2=wðyÞ2Þ�Re½expðixðt�y=cÞÞþiarctanðy=yRÞ�ixr2=
2cRðyÞ
 which is numerically excited at the left longitudinal end y¼yl
and propagated across the computational box to the right in the

FIG. 2. (a) Proton spectrum for the uncoated plain BK-7 glass and (b) proton spectrum with HSN-150 particle coating. Here, the dispersion fields in TPIS are low and the proton
trace is not well separated from the central spot. Higher dispersion fields are mandatory to separate the proton trace away from the neutral atom spot at the center. [(c) and (d)]
Oxygen ion spectrum with the HSN-150 particle coating with low and high dispersion fields, respectively. Unlike the proton spectrum, even in the low fields, the ion trace is well
separated from the spot at the origin and increase in TPIS dispersion fields does not change the ion spectrum.
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þy-direction, where yR¼xw2
0=2c is the Rayleigh range and

RðyÞ¼yþy2R=y is the radius of curvature of the beam. The peak inten-
sity, pulse width, and angle of incidence of the laser beam are taken as
close as to the experiment: 3:5�1018 W/cm2, 25 fs, and 45�, respec-
tively. Figure 4 shows the essential results of the simulations after the
end of the laser pulse, i.e., at �66 fs. The large number of particles
used in the simulation imply that the particle emission should follow
Poisson statistics and the error in electrons/protons with N counts
scales as sqrt(N). The key point of the plots is not the absolute value of
the electron/proton yield but the differences in the emission compared
to the plain solid target. Only the statistically significant differences are
discussed in understanding the changes in plasma with the nano-
particle coating.

For a plain slab target, as shown in Fig. 4(a), the electron spec-
trum shows two temperatures. The higher temperature at about
1.3MeV is very low in yield. But, in the presence of hollow-spherical
particles, the higher energy component is clearly present. A differential
electron density plot (ne � ne0, with respect to the initial density ne0)
given in (c) clearly shows that the shell region of each hollow-spherical
particle has a significant electron density depletion by 	15nc, while
the void region has a significant electron density enhancement by
	20nc (see also the projection in the inset). These highly localized
density structures at the target front, cause a sharp transient quasi-
static potential gradient that can accelerate the protons with enormous
energies from the target front. The resulting proton spectra with and
without the hollow particles are shown in Fig. 4(b). The proton spec-
trum shows three temperature components. The lowest temperature
at about 18 keV and is anticipated to be due to the Hydrodynamic
forces in the plasma. The second temperature component at about
706 5 keV is due to the sheath field developed at the plain target

surface. While the low energy part of the spectrum is similar to that
with the plain slab, there is clearly a high energy component in the
proton emission that extends to about 1.3MeV when there is a
hollow-spherical particle coating on the slab. The high energy compo-
nent is due to the local fields formed only when there is nano-particle
coating at the target and shows enhanced coupling of laser energy with
the HSN. The induced quasi-static (transient) longitudinal electric
fields Ey (in units of 5:14� 1011 V/m) due to density spikes in-and-
around the hollow-spherical nano-particles are clearly visible in the
panel Fig. 4(d). Here, the corresponding induced fields for the plain
slab case are subtracted from those in the case of the coated slab for
better visibility. The maximum value of the induced field is Emax

y 	
4� 1012 V/m in the panel of Fig. 4(d). For a crude estimation of pro-
ton energies, an average field E

avg
y 	 2� 1012 V/mmay be assumed to

act during the interaction time (s 	 66 fs) in the case of hollow-
spherical particles. It gives an estimate of the maximum proton energy
E 	 ðqpE

avg
y sÞ2= mp 	 1:1 MeV close to the simulation results in

panel (b) and correlates with the experiments fairly well, although the
simulated maximum proton energy is slightly higher than the experi-
mental data. Thus, the enhanced proton energy is attributed to the
changes in local fields and indicates better coupling of incident laser
energy.

IV. CONCLUSIONS

To summarize, coating a plain solid slab target with a few layers
of 150 nm hollow spherical particles enhances the plasma temperature
and the electron density responsible for the formation of the sheath
potential on the surface of the target. Measurement of the proton
energy at the front side of the target, where the laser energy is

FIG. 3. (a) TPIS proton spectrum with larger TPIS dispersion fields with and without the HSN-150 coating. Higher proton energy with the particle coating is clear (see the text).
TPIS images for both the nano-sphere coated target (b) and the plain target (c) at the relevant portion are shown.
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deposited, provides a very good demonstration of this effect. Proton
energy measurements are carried out using high contrast, 25 fs laser
pulses focused to 1018W/cm2 on a plain glass target either with hollow
particle coating or on a (uncoated) plain solid slab. While the plain,
solid target yields a <200 keV proton energy, the hollow particle
coated portion of the target yields a maximum proton energy that is
extended to about 800 keV. 2D-PIC simulations show that the hollow
particle coating leads to a component of electrons with an enhanced
temperature of about 1.3MeV. The laser irradiation on the hollow par-
ticles therefore results in an electron depleted spherical sheath. The
electron density varies sharply between the void and the shell of
the hollow particle. Both the enhanced electron temperature and the
higher electron density gradient result in an enhanced sheath potential
and increased high energy proton emission. The proton spectrum sim-
ulated in the PIC simulations clearly shows the generation of a high
energy proton component that is possible with the hollow spherical
coated target.
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