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ABSTRACT

Table-top, femtosecond lasers provide the highest light intensities capable of extreme excitation of matter. A key challenge, however, is the
efficient coupling of light to matter, a goal addressed by target structuring and laser pulse-shaping. Nanostructured surfaces enhance coupling
but require “high contrast” (e.g., for modern ultrahigh intensity lasers, the peak to picosecond pedestal intensity ratio >10'2) pulses to preserve
target integrity. Here, we demonstrate a foam target that can efficiently absorb a common, low contrast 10° (in picosecond) laser at an intensity
of 5 x 10'® W/cm?, giving ~20 times enhanced relativistic hot electron flux. In addition, such foam target induced “micro-optic” function is
analogous to the miniature plasma-parabolic mirror. The simplicity of the target—basically a structure with voids having a diameter of the
order of a light wavelength—and the efficacy of these micro-sized voids under low contrast illumination can boost the scope of high intensity
lasers for basic science and for table-top sources of high energy particles and ignition of laser fusion targets.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0038023

I. INTRODUCTION

Basic electrodynamics' tells us that it is not the applied elec-
tromagnetic (EM) field but the local field in the close vicinity of
an object or on a surface that controls the light-matter interac-
tion. Recent studies indicate that, apart from the best focusing
by an external optic, concentration of light benefits tremendously
from the enhancement of electric fields by micro-structures and
nano-structures in the target.””'”> Such structures’'” have, there-
fore, been investigated for enhanced coupling, but they may not
survive the precursor (prepulse) illumination before the main fem-
tosecond pulse and need high “peak to baseline” intensity contrast
of laser pulses;'”'° otherwise, preplasma formation may lead to
self-focusing as well as several other non-linear processes.'®!” Fur-
thermore, surface structures may demand sophisticated preparation,

and therefore, the effort for optimum coupling of light seems dou-
bly demanding. It would, therefore, be attractive to find a structure
that can couple light efficiently without placing special demands on
the laser pulse. It would also be wise to use natural focusing of light
produced by curvy structures (in the form of light caustics'®), which
may enable simple targets and simple laser pulses to achieve intensity
enhancement at a lower cost and complexity.

The porous structure of foams offers a much larger surface
area for interaction and lower average plasma density than that in
a bulk solid. A basic study for fast ignition of inertial fusion'”*! has
shown large increases in the x-ray yield with a low density gold foam
with a pore diameter of 300 nm.”” Very recently, a nanowire array
has been used to demonstrate high energy densities.'' It is impor-
tant to note that a nano-structured target can be characterized by
not only its density but also the size of the structure.”” In simple
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terms, Mie’s field enhancement model tells us that energy coupling
efficiency becomes largest when the pore size is comparable to the
laser wavelength.”* Both these examples”>”* show a large difference
in the fast electron energy spectra depending on the characteristic
structure size. However, all these studies'**** use ultrahigh con-
trast pulses (~10'"). Here, we design a target for optimum coupling
at normal contrast (10°) and experimentally demonstrate parame-
ters for efficient production of fast electrons. We conceptualize these
foam targets as “integrated optics” for intense laser light.

Il. DETERMINING OPTIMUM PORE SIZE OF FOAM

We begin by presenting two-dimensional particle-in-cell (2D-
PIC) simulations’ that lead us to the optimum pore size in the foam.
2D-PIC simulations were conducted with the 2-1/2 fully electro-
magnetic PIC code FISCOF2.”> We consider a target consisting of
pre-ionized Cu™* plasma with different pore diameters from 0 ym
(plane) to 10 ym on the interaction surface. The density is fixed at
10n,, where . is the critical density at the laser wavelength of 0.8 ym.

log,o(ne/n.)

scitation.org/journal/adv

This density is less than that in our experiment, but the simulated
plasma is still sufficiently overdense to the laser light. P-polarized
laser pulses with a duration of 25 fs are normally incident on the
target and focused to a spot size of 1 yum-10 ym, providing a peak
intensity of >10'® W/cm®. The size of the simulation box is 26 x 8
um?. The observation line for accelerated electrons is located at x =
3 pym.

Figure 1 presents electromagnetic field strength distribution, 40
fs after the main pulse injection. Figure 1(a) shows the schematic of
interaction for 10 ym foam pore diameter. The incident laser focal
spot is varied systematically from 1 gm to 10 ym. Figures 1(b)-1(e)
indicate that the highest field enhancement is achieved for a laser
spot (wo) of 10 ym. In addition, the focusing of the EM field is
observed at the center of foam [Fig. 1(e)]. The EM field at the center
of foam is found to enhance 3-7 times compared to that at the edges.
Such foam target induced “micro-optic” function is analogous to the
miniature plasma-parabolic mirror.”

Figure 1(f) indicates field strength at the surface and the total
energy of accelerated electrons (referenced to a plane target) as a
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FIG. 1. EM field strength distribution 40 fs after the main pulse injection. (a) Schematic of interaction, with a laser focal spot diameter (wo) of (b) 1 gm, (c) 3 ym, (d) 5 um,
and (e) 10 um. (f) EM field strength (red) and enhancement factor of fast electrons (green) as a function of the pore diameter (plain to 10 m) for a 10 um laser focal spot.
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function of the pore diameter, for a fixed laser focal spot of 10 ym.
For 7.6 ym diameter, the field is enhanced five times, but the strength
at the surface is lower than that in other cases. This implies that the
light concentrated at the center of the pore does not contribute to the
electron acceleration. On the other hand, smaller pore diameter lim-
its the laser transmission inside the hole.?”*® Moreover, the concen-
trated field energy is smaller as the diameter goes down. Therefore, a
pore diameter less than the incident wavelength is less effective than
that of larger pores. The electric field enhancement factor indicates
that the optimum pore diameter is ~2 ym.

Figures 2(a)-2(c) show electric field intensities, and
Figs. 2(e)-2(g) exhibit electron energy density distributions
for plane and foam targets detected 40 fs after the incident laser
injection. The electric field concentration occurs at the bottom of
the pores [Fig. 1(d)] and not at the edges as usually observed, and
the concentrated electric field becomes stronger for larger pore
diameter and the strength reaches six times the initial value for the
1.9 ym foam. This concentration can be explained by the reflection
and refraction of the laser beam at the inner surface of the pore,
similar to that of a focusing mirror (see the general discussion
later). The larger pore can collect more field energy in its focus,
but for a too large diameter, the focus moves away from the inner
surface, reducing plasma formation. These conflicting requirements
prescribe an optimum pore diameter for efficient laser absorption.

Such enhanced laser field can extract and accelerate a large
number of electrons from the target surface. As shown in Fig. 2(g),
energetic electrons are pulled out by the laser field propagating along
the inner surface. These electrons are accelerated along the laser
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propagation direction via the J x B mechanism with enhanced laser
fields.” Actually, at the rear side of the target [Fig. 2(g)], a bunch
of fast electrons are periodically accelerated at twice the laser fre-
quency, consistent with the J x B mechanism.” This highly effi-
cient production of fast electrons can be attributed to the field
concentration in the foam followed by collisionless absorption.

A similar calculation for plane foils [Fig. 2(e)] does not show the
same level of acceleration as the foams. The efficient laser absorption
in foam targets, a possible cause of efficient x-ray emission observed
in our previous studies,”” may result from the lower average density
or larger interaction surface than those for a solid plane foil. In other
words, the larger foam target adds a geometric factor that enhances
fast electron production.

I1l. EXPERIMENT

We now demonstrate the above predictions by experiments.
The experiment is performed with a 20 TW Ti:sapphire chirped
pulse-amplified laser at the Tata Institute of Fundamental Research
in Mumbai, India, operating at a repetition rate of 10 Hz. The laser
has a pulse duration of about 30 fs and a nanosecond prepulse with
an intensity contrast (peak to pedestal) of 5 x 10° and 10° at 20 ps
(inset of Fig. 3). Sharp spikes at +10 ps and +20ps are measure-
ment artifacts. P-polarized, 0.8 ym, 30 fs laser pulses irradiate the
target at 40° with an f/3 off-axis parabolic mirror. The focal spot
is about 10 ym diameter corresponding to an intensity of 5 x 10'®
W/cm®. Two magnetic electron spectrometers (ESMs), with image
plates as detectors,’’ are installed behind the target along the normal

(z-Wwozwrip 101) / g
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FIG. 2. Electric field strength distribution for (a) a plane Cu foil and (b) 0.5 um and (c) 1.9 um of pore diameter foam targets. (d) Schematic of focusing by a pore. Electron
energy density distribution for (e) a plane Cu foil and (f) 0.5 4um and (g) 1.9 um of pore diameter foam targets.
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FIG. 3. Experimental setup. A 0.8 um, P-polarized laser pulse irradiates the target at 40°, and accelerated electrons are measured with two ESMs at the target rear: one
along the target normal (ESM: 90°) and another along the laser axis (ESM: 140°). An image plate is placed behind the target to measure the angular distribution of the fast
electrons exiting the target. Bottom left: Picosecond intensity contrast of the laser pulse. Bottom right: SEM images showing the pore diameter of 0.5 yum and 1.9 ym Cu

foam targets. A 2 um foam layer is coated on a 20 um copper substrate.

direction (ESM: 90°) and along the laser axis (ESM: 140°). In addi-
tion, an image plate is placed a few centimeters behind the target
to measure the angular distributions of the fast electrons exiting the
target. The image plate has a small hole along the line of sight of the
ESM: 90°, to allow for transmission of the electron flux toward the
spectrometer.

Our metal nanofoam targets are fabricated by micro-template
and electrochemical plating techniques.’’ The electrochemical cell
consists of a polystyrene (PS) modified copper electrode (1 x 1.cm?)
as the working electrode, a copper counter electrode (2 x 2cm2),
and a Ag/AgCl reference electrode. We made two types of Cu foam
targets, 0.5 ym and 1.9 ym pore diameter with a total foam thick-
ness of 2 ym, deposited on a 20 ym substrate of the copper foil. As
PS spheres get accumulated in the hexagonal close-packed system
on the back plate, the density of the electrochemical plated foam
target is independent of the PS diameter and always 20% that of
the solid material. For the same reason, the PS diameter does not
change the surface area. As a comparison, a 20 ym polished copper
foil is also used in the experiment. Figure 3 also shows scanning elec-
tron microscopic (SEM) images of Cu foam targets for 0.5 ym and

1.9 ym pore diameter, respectively. Note the uniformity of pore size
and spacing.

IV. RESULTS AND DISCUSSION

Figures 4(a) and 4(b) show the fast electron energy spectra mea-
sured along the target normal (90°) and along the laser axis direction
(140°), respectively. The fast electron temperature along the target
normal (90°) is found to be 49 + 3 keV for a 20 ym thick plane Cu
foil, which increases significantly for foam targets to 132 + 4 keV (for
0.5 ym pore diameter) and 760 + 6 keV (for 1.9 ym pore diameter).
The fast electron temperature increases ~16 times, whereas the total
electron flux increases 11 times for the 1.9 ym foam target compared
to the plane foil.

While the electron spectra observed at the laser direction
exhibit strong anisotropy, spectra along the laser axis (140°) have
ten times less total electrons along with lower electron energy than
those along the rear target normal (90°) direction. The fast electron
temperature along the laser axis (140°) is found to be 18 + 2 keV
for a Cu foil, which increases significantly for foam targets to
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FIG. 4. Electron energy spectra (a) along the target normal (90°) and (b) along the laser axis (140°).

157 + 3 keV (for 0.5 ym pore diameter) and 418 + 5 keV (for 1.9
ym pore diameter). The fast electrons are predominantly created for
the 1.9 ym foam target, and the total energy is enhanced ~22 times
compared to the plane foil. The total electron flux also enhances 11
times for the 1.9 ym foam target compared to the plane foil.

Figures 5(a)-5(c) exhibit the electron angular distributions (IP)
of the fast electrons existing the target with the help of IP for a
plane foil and 0.5 ygm and 1.9 ym diameter Cu foam targets, respec-
tively. Figure 5(d) indicates the line profiles of electron emission
captured on an imaging plate located behind the target. It is clear
that the electron flux is also significantly enhanced for the 1.9 ym
foam target. Note that the signal intensities obtained from the foil
and 0.5 ym foam targets are scaled up by a factor of three to facili-
tate presentation on the same graph. The black lines (Gaussian fit)
indicate that the beam divergences are comparable among these tar-
gets (~55° in FWHM), in contrast to the near isotropic emission
observed in previous studies.”* We now address the survival of the

0 14000
N T |

porous foam structure by the rising edge of the intense laser pulse.
Our observations clearly establish the role of the foam structures in
the fast electron generation, and so the structures do play a role in
the interaction at the peak intensity. We argue that a small scale
plasma along the porous inner surface, in fact, assists the concen-
tration of the electric field close to that surface, via refraction of
the incident light. In fact, our two-dimensional radiative magneto-
hydrodynamic (MHD) FLASH simulations®>* (carried out using a
measured picosecond contrast) clearly indicate that the critical den-
sity surface is located very close to the initial inner porous surface
(details are in the supplementary material, Sec. S1), although some
amount of dilute plasma is created inside the pore. It is interest-
ing to note that the diameter of the pore is also important from
the point of view of intensity contrast—the pore should be large
enough not to fill up with preplasma before the main femtosec-
ond pulse arrives! All in all, it is very clear that our target design
facilitates efficient coupling with no special demands on the laser
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Foam 1.9 pm
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1.2E3
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FIG. 5. Electron angular (65°-95°) dis-
tribution of the fast electrons exiting the
target measured with the help of IP for
(a) a plane foil and (b) 0.5 pm and (c) 1.9
pm diameter Cu foam targets. (d) Line
profile of electron energy angular distri-
bution, for a plane foil and 0.5 ym and
1.9 um diameter foam targets.
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pulse. We have also measured the self-generated magnetic fields
created during intense pulse-foam interactions (details are in the
supplementary material, Sec. S2), which further affirms the enhance-
ment of surface field strength of the foam compared to plane foil
targets.

We seek to offer some thoughts that may aid generalization of
the creation of high light intensities. Can we use the natural focusing
of light to enhance the interaction? As is well known from the the-
ory of “caustics”'® and that of the rainbow,”* the concentration of
light produced by natural structures is omnipresent and much more
robust than the focal spot produced by an artificial lens. Structures
of all sizes can produce such geometric focusing, but the effects are
enhanced when the size becomes comparable to the wavelength. It is
perhaps interesting to seek connections with these ideas so that we
can further improve the design of targets for intense laser studies.

V. CONCLUSIONS

In summary, porous foam targets demonstrate a great improve-
ment over common, plane targets in coupling normal, low contrast
laser pulses even at high, relativistic intensities. The enhanced laser
field in the pores effectively accelerates electrons inside the target.
This “micro-optic” function of the foam target is quite similar to the
small plasma-parabolic mirror, which shows enhancement of ener-
getic ion production.”® However, we do not need such an expensive
small parabolic mirror and an additional target for electron/proton
production. Moreover, precise alignment of the focusing optic is not
necessary—our target does all these by itself.

SUPPLEMENTARY MATERIAL

See the supplementary material for (S1) estimation of pre-
plasma using 2D radiative MHD simulations and (S2) measurement
of self-generated magnetic fields.
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