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Laser irradiation of deuterated polyethylene nanowire arrays at intensities of 5 × 1019 W cm–2 was recently
reported to accelerate deuterons to multi-MeV energies, resulting in microscale fusion. Here we show that
irradiation of deuterated nanowire targets at intensities of ∼3 × 1021 W cm–2 with high contrast λ = 400 nm laser
pulses of 45 fs duration leads to different plasma dynamics in which the tip of the nanowires rapidly explodes to
form an overdense plasma, but the onset of relativistic transparency allows the ultrashort laser pulse to penetrate
deep into the nanowire array, enhancing particle acceleration. Experiments and particle-in-cell simulations show
that ions are accelerated in the laser beam backward direction to energies up to 13 MeV by a target normal sheath
acceleration (TNSA) field that develops in the front of the target, forming collimated beams characterized by full
wave at half maximum divergence as low as 7.5°. The simulations also show that deeper within the nanowire
array ions are accelerated radially to MeV energies by an internal TNSA field normal to the nanowire surfaces.
These radially accelerated deuterons collide with other D atoms, as do those directed toward the CD2 substrate,
leading to D-D fusion reactions. Irradiation with 8 J laser pulses is measured to generate up to 1.2 × 107 D-D
fusion neutrons per shot. The simulations suggest the use of a thinner substrate would also accelerate ions
originating from a small area in the back of the target in the laser forward direction.

DOI: 10.1103/PhysRevResearch.3.043181

I. INTRODUCTION

Progress in high energy, directional ion production from
laser produced plasmas has closely followed the development
of high intensity chirped pulse amplification laser systems. A
few early experiments reached MeV ion energies per nucleon
in the 1980s and 1990s [1,2] using bulk and thin targets. Three
simultaneous experiments in the year 2000 [3–5] reported
on the so-called target normal sheath acceleration (TNSA)
mechanism [6,7] demonstrating several tens of MeV ions and
various degrees of collimation with decreased divergence as
a function of increasing ion energy, leading to a broad ex-
pansion of interest in the field. TNSA is a process in which
ions are accelerated by a large electrostatic field (GV/mm)
due to space charge buildup caused by the displacement of
electrons accelerated to relativistic velocities by the j × B
force in the laser field. In traditional forward acceleration
TNSA the accelerated electrons traverse the target creating
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an electrostatic “sheath” field as they propagate away from
the target, ionizing the target rear surface and accelerating
the resulting ions in the laser forward direction. As a conse-
quence of this, the primary condition for traditional TNSA
is a laser intensity sufficient to drive the electrons through
the remaining solid target [8]. More recent experiments with
higher intensity, energetic lasers resulted in proton energies up
to 85 [9] or 94 MeV [10] from pulses with duration exceeding
0.5 ps and intensity of (0.7–3) × 1020 W cm–2 on the target.

A variety of other acceleration mechanisms have been
explored demonstrating MeV energy ion beams emanating
from the rear side of foil targets and propagating in the laser
beam forward direction. Among these mechanisms is radia-
tion pressure acceleration (RPA) [11], where at sufficiently
high laser intensity strong radiation pressure (or ponderomo-
tive effect) drives plasma electrons into the target, creating
the electrostatic field conditions for ion acceleration. Two
demonstrated subcategories of RPA are referred to as “light
sail” in thin targets [12,13], and “hole boring acceleration” in
thick targets [14]. A process that occurs in some of the plas-
mas of interest for ion acceleration is relativistically induced
transparency (RIT) [15]. This phenomenon occurs when an
overdense plasma becomes transparent to the laser pulse due
to the increase in the mass of relativistic electrons, which
decreases the plasma frequency and therefore the effective
critical electron density [16,17]. In the case of ultrathin foil
targets, the expansion of the foil may lead to the onset of RIT,
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which can result in enhanced ion acceleration, a regime known
as “breakout afterburner acceleration” [18,19].

Front side acceleration of ions into the laser backward
direction is of particular interest to the present work. Pub-
lished results for different target configurations producing
front side deuteron acceleration include deuterium clusters
[20], heavy water droplets [21], frozen heavy water solid
targets [22], foils [23,24], and microstructured targets [25].
The most cited acceleration mechanism is j × B heating
of the charged particles in the laser field. An experiment
in which thin Mylar foils were irradiated at an intensity of
5 × 1018 W cm–2 with a > 1010 contrast pulse [26] produced
4.5 MeV protons. The highest proton energy reported from
front side acceleration is 18 MeV [27]. Some of these experi-
ments also investigated the generation of D-D fusion neutrons
[20–22,25,28]. D-D fusion neutrons have also been recently
produced by irradiating arrays of aligned nanowires [29].
Similar to nanoclusters, nanowire arrays have the advantage of
efficient volumetric heating but offer the possibility of creat-
ing a medium with several orders of magnitude higher average
plasma density. Femtosecond laser pulses can penetrate deep
into the nanowire array, depositing nearly their full energy
before a critical layer is formed at the top of the nanowire
array. Once the laser energy is deposited, the heated wires
explode, and ions are accelerated to MeV energies while the
gap between the wires is filled with a semihomogeneous near
solid density plasma with multi-keV temperatures [30–32].
Efficient absorption [33] of femtosecond laser pulses of rela-
tivistic intensity into ordered nanowire arrays leads to extreme
degrees of ionization [30,31], enhanced conversion efficiency
of optical laser light into x rays [30,34–36], and the acceler-
ation of electrons to tens of MeVs [37,38]. We have recently
irradiated arrays of high aspect ratio deuterated polyethylene
(CD2) nanowires with high contrast pulses of 1.6 J energy and
60 fs duration focused to an intensity of 5 × 1019 W cm–2,
accelerating deuterons to 3 MeV, generating up to 2 × 106

D-D fusion neutrons per shot [29].
Here we report experiments observing laser backward

acceleration of ions originating from aligned deuterated
nanowire arrays with nearly two orders of magnitude higher
laser intensities, up to 3 × 1021 W cm–2. Fully relativistic
three-dimensional particle-in-cell (PIC) simulations show that
despite the tip of the wires exploding early in the laser pulse
and forming an overdense plasma, RIT allows the laser light
to still penetrate deep into the array. This in turn extends the
region of interaction, which generates the relativistic electron
currents required to create the large TNSA field that drives the
front side acceleration. Experiments show ions are accelerated
in the laser backward direction to energies up to 13 MeV,
forming well collimated beams characterized by full wave
at half maximum (FWHM) divergence as low as 7.5°. Laser
pulses of 8 J are measured to generate up to 1.2 × 107 D-D
fusion neutrons per shot.

II. EXPERIMENTS AND RESULTS

The experiments were performed using Colorado State
University’s ALEPH petawatt-class titanium sapphire laser
[39]. Deuterated polyethylene nanowire arrays were irradi-
ated at relativistic intensities up to 3 × 1021 W cm–2 with

FIG. 1. Thomson parabola traces for ions at two different angles
with respect to the target normal. (a) TPS at 22.5° off-target normal
allowing for normal impingement of the laser pulse onto the target.
(b) TPS traces normal to the target and laser pulse impinging at
22.5° off target normal. (c) Maximum proton energy as a function
of irradiation angle. (d) Maximum deuteron energy as a function of
irradiation angle.

frequency doubled λ = 400 nm laser pulses. Pulses of up to
8 J of energy and 45 fs in duration were focused into a
∼1.6 μm FWHM diameter spot with an f /2 off-axis parabola.
Frequency doubling in a thin potassium dihydrogen phos-
phate (KDP) crystal followed by five dichroic mirrors with
>99.5% transmission at 800 nm yielded a contrast of >1012,
which prevents the creation of a preplasma and damage to
the nanowires prior to the arrival of the high intensity pulse,
even in the case of the highest intensities used in the ex-
periments. The nanowire array targets were grown by heated
extrusion into nanoporous alumina templates [40]. The targets
used in the experiment were arrays of 200 nm diameter CD2
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FIG. 2. (a) Setup to measure energy and angular distribution of ions accelerated in the laser backward direction using an array of filtered
CR-39 detectors. (b) Microscope images of ion traces in developed CR-39. The data were obtained with the 250 μm Cu filter. The small
displacement in the maximum ion flux from the laser propagation axis is due to target tilt in the vertical axis. (c) Angular distribution of ions
with energy >13 MeV. The ions are confined to a 7.5° FWHM emission cone.

nanowires, 5–10 μm in length with an average density of
19% solid density corresponding to an average wire to wire
distance of ∼400 nm, supported by a 200–300 μm thick
CD2 substrate. The data presented here is for arrays of 5 μm
long nanowires, unless indicated. Targets were mounted in a
vacuum chamber where high energy ion diagnostics included
a Thomson parabola spectrometer (TPS) with a microchannel
plate (MCP)/phosphor screen detector, and filtered CR-39
track detectors. The neutrons were detected with an array of
four time-of-flight (TOF) scintillator-photomultiplier neutron

FIG. 3. CR-39 ion flux angular distribution from an array of
CD2 nanowires (red stars) compared to that from a flat CD2 target
(blue stars) demonstrating the increased ion flux and directionality
characteristics of the nanowires. The measurement was conducted
using 100 μm Cu filters, which select ion energies >7.5 MeV.

detectors. The sensitivity of the detectors was calibrated using
the known neutron flux from a dense plasma focus machine.

To measure ion energy spectra the TPS was placed 1.2 m
from the plasma at an angle of 22.5° from the laser axis with
the laser impinging at either normal incidence [Fig. 1(a)],
11.25°, or 22.5° with respect to the target normal, such that
in the latter case the target normal is aligned with the axis of
the TPS [Fig. 1(b)]. The energy along the D and H ion traces in
the TPS was calibrated using an ion TOF method in which the
MCP is gated for different time delays [29] and was confirmed
with SIMION simulations [41]. The cutoff ion energy in the
TPS traces was found to increase as the target normal was
rotated toward the TPS. A proton energy exceeding 7 MeV

FIG. 4. Oscilloscope trace from a scintillator/PMT neutron TOF
detector on a deuterated nanowire array target 10 μm in length
irradiated with an intensity of 3 × 1021 W/cm2. The peak at the left
is from the plasma x ray/gamma ray burst and the second broader
peak is the neutron signal. The integrated D-D neutron yield from
four TOF detectors for this shot is 1.2 × 107 neutrons.
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FIG. 5. Three-dimensional PIC simulation of the evolution of the density and energy of free electrons (left) and the incident laser electric
field (right) into the CD2 nanowire array irradiated with a 45 fs FWHM duration laser pulse at an intensity of 4 × 1021 W cm–2 . Frame times
are with respect to arrival of the peak of the laser pulse at the tip of the nanowire array. In (b,c) the laser pulse is seen to penetrate into the
nanowire array due to relativistic transparency, which extends the interaction length.

was detected in the target normal direction (target rotated
22.5° with respect to the laser beam).

Of particular interest is the ion distribution at shallow an-
gles with respect to target normal when the laser beam axis
is aligned with the nanowires. However, the TPS cannot be
used to diagnose the ion energy when the target is irradiated at
normal incidence, as the line of sight is blocked by the off-axis
parabola. The ion beam peak energy and directionality for
normal incidence irradiation was instead measured using an
array of filtered CR-39 detectors mounted on a thin curved
stainless steel “sickle” positioned directly in the laser beam
path at 10 cm from the target, as shown in Fig. 2(a). The mount
was 1 mm thick to avoid blocking a significant fraction of the
incident laser beam. Eleven CR-39 detectors were positioned
on it at different angles ranging from –65° to +65° with
respect to the beam axis as shown in Fig. 2(a). Copper filters of
100, 250, and 300 μm thickness with deuteron cutoff energies
of 8, 13, and 15 MeV, respectively, were mounted on top of
the CR-39. No ions were detected using the 300 μm thick
filters. The maximum ion energy of 13 MeV was observed
using the 250 μm filter. The maximum flux was observed near

the target normal [Figs. 2(b) and 2(c)]. Only small ion track
signals were observed at the surrounding angles. These data
indicate that the ions with the greatest energy are highly di-
rectional, contained within a 7.5° FWHM cone. A comparison
between the nanowire target and a solid density CD2 flat target
irradiated with the same laser pulses is shown in Fig. 3. To be
able to detect the lower ion flux associated to the solid flat
target’s thinner 100 μm Cu filters were used, which saturated
the central CR-39 track detectors for the ion flux produced
by the nanowires. What is clear from this figure is the large
increase of flux and directionality of the ions at this energy
from the nanowire targets in comparison with the flat solid
target.

The D-D fusion neutron flux generated was measured us-
ing four time-of-flight scintillator-photomultiplier detectors
placed at different angles and distances from the target nor-
mal. Figure 4 shows the x-ray and neutron signals from a
single detector. The time-of-flight separation for the x-ray
pulse and neutron peaks consistently indicated that the energy
of the neutrons from all four detectors placed at different
distances from the target is the 2.45 MeV characteristic of
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FIG. 6. Electric field distribution in the nanowire axial (longitu-
dinal) direction (in linear scale) in an array of 200 nm diameter, 19%
solid density CD2 nanowires at 30 fs after arrival of the peak of the
45 fs FWHM laser pulse to the tip of the nanowires. A TNSA field
develops near the top of the array that accelerates ions in the laser
backward direction.

D-D fusion reactions. By integrating the neutron signals from
all four detectors the generation of up to 1.2 × 107 neutrons
per shot into 4π sr was measured. Previous work conducted
at pulse energies up to 1.65 J and intensities up to 2 ×
1020 W cm–2 found a rapid supralinear increase in the number

of neutrons generated as a function of laser pulse energy [29].
Our results covering a range of intensities above this value
and up to 3 × 1021 W cm–2 find that the increase in the number
of neutrons in this higher intensity range is approximate linear.

III. SIMULATIONS AND DISCUSSION

Fully relativistic three dimensional particle-in-cell (PIC)
simulations were performed using the VIRTUAL LASER

PLASMA LABORATORY code [42] to gain understanding of
the ion acceleration mechanism. The code includes relevant
physics packages for optical field ionization, binary collisions,
and sequential electron impact ionization. The simulations
considered an array of CD2 nanowires 200 nm in diameter
and 5 μm in length at 19% of solid density, irradiated by
a high contrast λ = 400 nm laser pulse of 45 fs in duration
with an intensity of 4 × 1021 W cm–2 impinged parallel to the
wires. They were conducted with initially three particles per
cell. The number of electrons grows to as many as eight per
cell when the atoms are ionized. The cell size was 0.05–0.1
wavelengths. The nanowire array was simulated by either
modeling a single nanowire with periodic boundaries in the
transverse plane creating a mirror symmetry to synthesize
the array, or an array of multiple wires. The multiple wire
simulations used more realistic nanowire target settings with
up to 170 individual nanowires within the relevant irradiated
region.

The simulations show that the dynamics differs from that
studied in CD2 nanowire arrays at much lower irradiation
intensity [29]. Figure 5 shows maps of the free electron
density, electron energy, and the laser electric field at four
different times with respect to the arrival of the peak of the
laser pulse to the tip of the nanowires. At the highly relativis-
tic intensities of the present study the tips of the nanowires

FIG. 7. PIC simulations of ion acceleration in an array of 200 nm diameter CD2 nanowire irradiated at an intensity of 4 × 1021W cm–2 with
a 45 fs laser pulse. (a) Trajectories of deuterons from the exploding nanowire tips accelerated in the laser backward direction; (b) trajectories
of radially accelerated ions which lead to D-D fusions.
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rapidly explode as illustrated by the electron energy maps in
Fig. 5(a), corresponding to a time of 19 fs prior to the arrival
of the peak of the laser pulse to the tip of the nanowires.
The plasma in the interwire gaps becomes overdense, pre-
cluding further penetration of the laser pulse deep into the
array. However, as the laser intensity increases toward its peak
value, relativistic transparency takes place [Fig. 5(b)]. At an
intensity of 4 × 1021 W cm–2 relativistic effects increase the
critical electron density by a factor γ∼15 to necr ∼ 1023 cm–3

(necr = γ nec, where the relativistic factor is γ =
√

1 + a2
o

2 and
the normalized vector potential is ao = 21.5). This increase
in the critical density makes it possible for the laser pulse
to penetrate deep into the overdense CD2 nanowire array
plasma [Fig. 5(c) at a time of +41 fs)], approaching, but not
surpassing the critical density inside the substrate. Electrons
are extracted from the nanowires by optical field ionization
mostly perpendicular to the wire axis. These electrons are
accelerated by the laser field toward the target substrate, cre-
ating a displacement of charge that leaves the nanowire tips
highly positively charged. Subsequently, a strong quasistatic
electric field accelerates the electrons from the substrate in the
laser backward direction, creating an electron return current
which propagates along the entire length of the nanowires
to balance the charge separation. During this process which
lasts 50–100 fs the charge separation creates an electric field
in front of the nanowire array that accelerates the ions from
the tips in the backward direction toward the laser (Fig. 6).
The strength of this axial target normal sheath acceleration
(TNSA) field on front of the target reaches 2 × 1011 V/cm.
This field is an order of magnitude smaller than the laser field.
However, because it is a quasistatic field and has a spatial
dimension larger than the dephasing length within the nanos-
tructure plasma, it dominates in accelerating the deuterons to
large energies. The PIC simulations agree with the experiment
in depicting the formation of a well collimated ion beam in
the laser backward direction, in which the most energetic ions
have a low divergence of <10◦ FWHM, [Fig. 7(a)]. The sim-
ulated electron energy spectra, and the corresponding spectra
of ions accelerated in the laser backward direction are shown
in Fig. 8 for three different times with respect to the arrival
of the peak of the laser. The hot electron temperature near the
time of arrival of the peak of the laser pulse is computed to
reach 3.7 MeV. The ion cutoff energy is computed to reach
∼24 MeV 140 fs later, which is in reasonable agreement
with the experiment, taking into account the limited dynamic
range of the measurement. Using these values in the TNSA
relationship between ion cutoff energy and hot electron tem-
perature Eion = αThot used in the literature [6,7], we find a
value of α ∼ 6.5. In the range of laser parameters investigated
(normalized vector potential ao = 5–20), the ion cutoff energy
is also found to be approximately proportional to the ao, as in
regular TNSA ponderomotive scaling.

Besides this front TNSA field external to the nanowires
which accelerates ions backward toward the laser, the simu-
lations show there also exists an internal TNSA field in the
nanowire array that accelerates the ions radially. This internal
field is also a quasistatic field but in the radial nanowire direc-
tion. This radial field that surrounds each of the nanowires
is formed due to the displacement of electrons from the

FIG. 8. Simulated electron (blue) and proton (black) spectra
computed from PIC simulations at three different times with respect
to the peak of the laser pulse: (a) –3 fs, (b) +57 fs, and (c) +137 fs. A
fit of the Maxwell Boltzmann distribution for the electrons is plotted
in red with the temperature in the inset.

nanowire surfaces into the voids by the laser electric field
(so-called Brunel electrons). Because the effective accelera-
tion length from the displacement of the positively charged
nanowires and negatively charged voids is half of the interwire
separation, the ions are accelerated to only ∼10%–20% per-
cent of the energy of ions at the tip. The radial acceleration due
to the internal TNSA field is visible in Fig. 7(b). Ions only gain
energy in the vicinity close to the nanowire surface after which
they move in the radial direction scattering and dissipating
their energy. Because the external TNSA field acceleration is
much larger than the radial acceleration ions at the tip have
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FIG. 9. One-dimensional phase space plots of ion momenta at different times with respect to the time of arrival of the peak of the laser
pulse to the tip of the nanowires. Negative values represent momenta in the laser backward direction. The modulations in (c), (d) contain only
a small fraction of the ions. The elongated feature on the bottom left of (d) contains ions originating from the nanowire tips, accelerated by
a quasistatic field created by the laser. The rest are created by the laser field and the quasistatic field, with a periodicity related to the laser
wavelength divided by the index of refraction of the plasma.

a narrow angle of divergence. Deep into the nanowire array,
an internal axial field visible as a red region adjacent to the
target in Fig. 6 bends the radially accelerated deuterons toward
the CD2 substrate. These deuterons collide with the substrate,
adding to the generation of neutrons. The number of deuterons
accelerated to >0.2 MeV at angles between 0° (target normal
in the forward direction) and 90° contributing to D-D fusion
is computed to be 3.8 × 1012, while the number accelerated
to >1 MeV is computed to be 3 × 1011 . The corresponding
computed deuteron phase space is shown in Fig. 9 for four
different times: (a) 30 fs preceding the arrival of the peak of
the laser pulse to the tip of the array, (b) at the time of arrival
of the peak of the laser pulse, and (c,d) 30 and 60 fs following
the peak of the laser pulse. The ions are drawn out of the tip of
the wire and gain momentum due to the creation of the front
TNSA field. The negative momenta represent motion toward
the direction of the incoming laser.

A simulation conducted for laser pulse energies up to 8
J impinging on an array of 10 μm long nanowires estimated
the generation of ∼2 × 107 neutrons, in reasonable agreement
with the experimental measurement of more than half that
value. The deuteron momentum distribution was computed
with the PIC code. The number of neutrons generated per
deuteron was subsequently computed based on the stopping

power of deuterons in the CD2 nanowires and in the substrate.
The contribution to neutron production from deuterons collid-
ing with the 200–300 μm thick substrate layer that supports
the nanowires is important. However, the dependence on tar-
get thickness is less so because the majority of the deuterons
impinge at large angles with respect to the surface normal
and have energies below 1 MeV which are stopped within
less than 10–20 microns in the CD2 substrate. The simulation,
shown in Fig. 10, indicates that initially the number of neu-
trons produced increases supralinearly as a function of laser
pulse energy, as previously reported in Ref. [28] for laser
pulse energies up to 3.5 J, corresponding to an intensity of
up to 1.6 × 1020 W cm–2. The supralinear growth of neutron
creation at the lower intensities is associated with the fast
growth of the D-D reaction cross section with increased D
ion energy. However, in the higher intensity range investigated
here the growth of the number of neutrons with laser energy is
computed to progressively decrease into linear, in agreement
with the experiments. At energies above 5 J, the dependence
becomes practically linear as shown by the slopes in a spline
fit to the numerical data.

The simulations also predict that in the case in which a
thinner substrate was to be used, a high energy ion beam
propagating in the laser forward direction would also be gen-
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FIG. 10. Computed neutron number as a function of laser pulse
energy. The increase in neutron production changes from supralinear
to increasingly linear.

erated from a TNSA field generated on the back surface of
the target. Figure 11 shows the results of a simulation for
the nanostructure parameters and laser irradiation intensity
investigated in this work, but assuming a CD2 target substrate
thickness of 1 μm. In practice, the thin plastic substrates
would be supported by an electroformed metal mesh. The
electrons accelerated by the laser field in the forward direction
traverse the thin substrate generating a quasistatic TNSA field
on the back of the target, where ions are accelerated in the
forward direction. While the magnitude of this bottom TNSA
electric field is several times smaller than the laser and sur-
face wave fields that create charge displacement and radial
acceleration, it has an extent of the order of several microns,
much larger than the submicron interwire distance, hence
accelerating ions to higher energy. Energies up to 20 MeV
are predicted for protons, which could be further increased,
optimizing the nanowire parameters. For the specific laser and
nanowire parameters of this work, this forward propagating
ion beam is computed to emanate from a very small area
(submicron diameter) at the bottom of the nanowires and at
the rear of the substrate, which allows the generation of highly
collimated or tightly focused deuteron/proton beams of spe-
cific energy with the use of a magnetic lens. This small source
size is a consequence of relativistic transparency, which en-
hances the penetration of the most intense central part of
the laser beam relative to the wings. This additional effect

occurs because since the index of refraction, n = 1−
√

ne
γ nc

,

has its maximum on the axis, refraction deflects the light
toward the center. This process of strong self-focusing sig-

FIG. 11. PIC simulations illustrating that the use of a thin
nanowire array substrate (1 μm) would also result in a beam of
high energy ions propagating in the forward direction. Relativistic
transparency within the nanowire array leads to a small forward
propagating ion source size.

nificantly increases the laser field magnitude on axis after
propagating just a few micrometers within the nanowire array.
This increases the relativistic critical density and the gamma
factor on axis by 2–3 times, causing the plasma to become
even more relativistically transparent. As a result, the laser
intensity reaching the substrate is amplified by almost an or-
der of magnitude, approaching 4 × 1022 W cm–2 . Enhancing
electron or proton acceleration by this process of self-focusing
will require optimization of nanowire density and length, as
well as the substrate parameters. The creation of such for-
ward propagating beams will require a substantially thinner
nanowire substrate than those in the targets used in the present
experiment.

IV. CONCLUSIONS

The irradiation of aligned nanowire arrays of CD2

nanowires with femtosecond pulses of relativistic intensities
up to 3 × 1021W cm–2 was measured to result in well colli-
mated deuteron/proton beams with energies up to 13 MeV
propagating in the laser backward direction. At these highly
relativistic intensities the tip of the nanowires rapidly explodes
and the interwire gaps fill with an overdense plasma prior to
the arrival of the peak of the laser pulses. However, relativistic
transparency allows the laser pulses to penetrate the array all
the way to the substrate. PIC simulations show that the ion
beam propagating in the laser backward direction originates
from ions from the exploding nanowire tips that gain energy
in a TNSA sheet electric field that develops on the front of
the nanowire array. Further away from the nanowire tips, in
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the central part of the nanowires, a radial TNSA field that sur-
rounds each of the nanowires accelerates ions radially to high
energy. The resulting deuteron-deuteron collisions and those
of deuterons colliding with the CD2 substrate are measured
to produce bursts of up to 1.2 × 107 2.45 MeV D-D fusion
neutrons per shot. The well collimated ion beams measured
here could be used in a pitcher-catcher configuration with a
conversion target such as Be to produce directed beams of
higher energy neutrons. Simulations also predict that the use
of a thinner substrate would result in the generation of an ion
beam propagating in the forward direction emanating from a
small area and accelerated in a back surface TNSA field.
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