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Abstract: The studies discussed in this work are related to a scientific program that aims to
reproduce astrophysical-plasmas in laboratory in order to better understand the nuclear processes
involved in the stellar burning. An experimental campaign aiming to investigate the effects of
innovative nanostructured targets based on Ni, Fe and Co nanowires on laser energy absorption in
the ns time domain has been carried out at the LENS (Laser Energy for Nuclear Science) laboratory
of INFN-LNS, Catania. Nanowires structures are tuned to increase the light absorption in the
visible and infrared range due possibly to plasmonic excitation driven by the incoming photons.
Different diagnostics techniques permit to monitor the plasma and to determine its reproducibility.
Targets were then irradiated by Nd:YAG 2J, 6 ns infrared laser (λ = 1064 nm) at different pumping
energies. Some preliminary results will be illustrated.
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1 Introduction

The measurements of the relevant astrophysical reactions have been studied over the years by using
conventionally accelerated ion beams impinging on solid targets [1]. On the other hand, inside the
plasma the physical properties of nuclear reactions could be drastically changed. Therefore, the
study of nuclear reaction rates in plasma is one of the most important issues of modern science [2],
with interdisciplinary implications in astrophysics, cosmology, etc [3]. One of the main issues is
whether or not electron screening plays a role in stellar nucleosynthesis, and if the current theories
about the screening correctly describe the processes in the stars interiors. The investigation of this
physics in laboratory plasmas requires sufficiently high densities in the electron clouds, and ion
temperatures lying in the ranges of stellar ones. Thermalization of the whole plasma is another
crucial aspect. These requirements induced to argue that ns-laser generated plasmas are suitable
environments for nuclear astrophysics studies, as already mentioned in [4, 5].

The aim of this experiment is to study the behaviour of targets based on metallic nanowires
(NWs), under ns-laser irradiation. This idea is motivated by the unique capability of the NWs
to absorb light at very high efficiency. Therefore the use of such NWs could allow obtaining
plasma conditions different from those achievable from ordinary bulk targets, and investigate
nuclear reactions and fundamental interactions under those conditions [5]. These expectations
are confirmed from recent experiments, for laser pulses in the fs to ns time scale and at various
intensities [6–9]. With this goal, new nanostructured targets based on Co, Ni and Fe NWs have
been developed and irradiated with a 2J, 6 ns infrared laser. Some characteristics of the obtained
plasmas were compared.

2 Experimental setup

Laser irradiation tests were carried out at the LENS laboratory (Laser Energy for Nuclear Sciences)
at INFN-LNS laboratory inCatania, using aQ-switchedNd:YAG laserwith 2 Jmax energy, 1064 nm
fundamental wavelength, 6 ns pulse duration, operated in single shot mode. The laser pulse was
focused on the target with a spot of about 100 µm, at an angle of 30◦ with respect to the normal, at
an intensity of about 4 ·1012 W/cm2, inside an interaction chamber operated at 10−5 Torr. The target
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position and the beam focusing were adjusted with an X-Y-Z translation stage with 1 µm resolution.
The chamber was equipped with several devices, able to characterize the plasma expansion and ions
dynamics. In the present preliminary work, only data collected with an X-ray sensitive CCD camera
(X-CCD) [10] have been used, while the complete data set will be analyzed in future. The X-CCD
was used to measure the X-ray intensity emitted from the plasma, at about 60◦ from the normal
axis. A pin-hole array was placed in front of the X-CCD, equipped with aluminum absorbers of
different thickness (5, 6, 8, 12 and 17 µm), in order to suppress low energy photons and to estimate
the energy of the X-rays. Nanostructured targets are fabricated starting from aluminum sheets,
which are electrochemically anodized into porous alumina, through a consolidated technique [11].
Targets used in the present work all have 10 µm alumina thickness, 15 nm pores diameter and
100 nm interpore distance (pitch). Co, Ni and Fe NWs were electrochemically deposited in the
alumina pores [12], to fill about 2/3 of the channel length.

3 Results and discussion

Targets with Co, Ni and Fe NWs have been irradiated along with a bulk aluminum target to be used
as reference. The only difference among nanostructured targets was the metal inside the alumina
pores. In figure 1, average X-ray intensities as a function of Al-absorber thickness are shown
for each target: a larger X-ray intensity was found for NWs samples compared to bulk-Al, with
about a ten-fold increase for Co and around a five-fold increase for Ni and Fe. The X-ray intensity
normalized to bulk-Al is reported in table 1 for the 6 µm thick absorber. Such a large difference
among Co and Ni or Fe cannot be explained in terms of different atomic numbers, since the expected
difference would be much smaller [13].

Figure 1. Left-side: X-ray intensity after Al absorbers of different thickness, for various target types, as
measured on a CCD. Indicated errors are statistical only. For each target a linear fit is shown for absorber in
the range 5÷12 µm (continuous line) and in the range 12÷17mm (dashed line). Right-side: fit of the X-ray
intensity data with a theoretical model for bremsstrahlung and recombination [14], in order to estimate the
plasma temperature as the one that minimizes the relative errors w.r.t. the data.

As shown in figure 1 left-side, considering only the 4 absorbers in the range 5÷12 µm, the
X-ray intensity as a function of absorber thickness, can be well represented by an exponential fit,
for all samples. In fact, at the present laser intensity, the relatively soft X-ray spectrum is “selected”

– 2 –



around the absorption k-edge of the aluminum, at 1.56 keV. Thus, assuming a quasimono-energetic
flux, attenuation lengths have been calculated from the fits and the corresponding X-ray energies
have been extracted from literature data [14],1 and reported in table 1. The energy associated to
such a quasi monochromatic flux is characteristic of the plasma emission and can be defined as the
“transmitted energy”, ETx , through an Al thickness in the 5÷12 µm range. As shown in figure 1
left-side, at higher absorber thickness (12÷17 µm), fits have a lower slope, corresponding to higher
attenuation lengths. This implies that a small component of the flux has energies higher (about
30%) than ETx , as expected. From table 1, it can be observed that among NWs the transmitted
energy is quite similar, while the bulk-Al gives about a 10% higher value. This also means that
the plasma temperature for bulk-Al is higher than for NWs plasmas. In fact, different plasma
temperatures for the various targets have been estimated, as shown in table 1. Assuming X-ray
spectrum to follow Planck’s law, taking into account the CCD quantum efficiency [10] and the
photon transmission probability through the absorbers [14],1 the experimental X-ray intensities are
fitted with the theoretical model to extract the black body temperature, TBB, which minimizes the
relative differences. Different plasma temperatures have been extracted by fitting the data with a
model that assumes bremsstrahlung and recombination contributions, according to the following
expressions for the spectral intensities [15]:

IR (hυ) ∝
∑
n

1/n3exp
[(

Z2EH/n2kT
)
− hυ/kT

]
and IB (hυ) ∝ exp[−hυ/kT] ,

with a relative ratio IR/IB ≈ 2.4 · Z2EH/kT , where Z is the average ion charge and EH the
hydrogen ionisation energy. The relative differences between the model and data, as a function of
the plasma temperatures, are shown in figure 1 right-side. As reported in table 1, the extracted
bremsstrahlung-recombination temperatures, TB+R, are larger than the black body temperatures,
for all samples.

Table 1. For each target, the table contains: the X-ray intensity normalised to bulk-Al for the 6 µm thick
absorber; the attenuation length λ, obtained by fitting the distributions of figure 1 for thin absorbers (5, 6, 8
and 12 µm); the corresponding transmitted photon energy ETx ; plasma temperatures, TBB and TB+R , which
are estimated respectively with a black body emission model and with a recombination plus bremsstrahlung
emission model. For all data, the first error is statistical and the second is systematic.

Target
Normalised λ ETx TBB TB+R

X-ray intensity [µ m] [eV] [eV] [eV]

bulk-Al 1 3.05±0.04±0.52 992±8±90 110 ± 5+30
−25 155 ± 10+75

−40

Co NWs 10.6±0.3 2.39±0.03±0.42 913±15±60 75±5±15 100 ± 5+20
−15

Ni NWs 5.4±0.5 2.53±0.11±0.44 930±4±60 80 ± 5+20
−15 105 ± 10+30

−20

Fe NWs 4.4±0.1 2.15±0.02±0.70 885±8±100 70±5±15 90 ± 2+20
−15

1For updated values, see http://henke.lbl.gov/optical_constants/.
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4 Conclusions

Special targets, based on Co, Ni and Fe NWs, with high absorbance in the VIS and NIR range, have
been irradiated with a 6 ns laser pulse and 1064 nm wavelength, at an intensity of about 4 · 1012

W/cm2. From preliminary results, a higher X-ray intensity was observed for all samples compared
to bulk-Al, with about a ten-fold increase for Co NWs and around a five-fold increase for Ni and
Fe NWs. Further tests are needed to explain such a difference among metals, which cannot be
accounted in terms of different atomic numbers. Moreover, there are strong indications that plasma
conditions for NWs targets are quite different from those obtained for bulk targets. In fact, since
the estimated plasma temperatures are quite similar for NWs and the bulk-Al targets, while X-ray
intensities are much increased for NWs target, this indicates an increasing in terms of plasma
density and/or in terms of plasma stagnation [4] for NWs targets. This indication could be very
promising, since it could open the possibility to study specific nuclear reactions in plasma, at high
rates. Concerning the results on the plasma temperature analysis, NWs and the bulk-Al target seams
have close temperatures. This scenario is consistent with the indication that plasma conditions for
NWs targets are quite different from those obtained for bulk targets, at least in terms of plasma
density and/or plasma stagnation [4]. If confirmed, these results could be very useful for nuclear
physics studies, because can contribute to the increasing of the total reaction events.
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