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Abstract

The emission of X-rays from solid tin targets irradiated by low-energy (few mJ) femtosecond laser pulses propagated
through air plasma sparks is investigated. The aim is that to better understand the X-ray emission mechanism and to
show the possibility to produce proper radiation for spectroscopic and imaging applications with a table-top laser
system. The utilization of a controlled ultrashort prepulse is found necessary to optimize the conversion efficiency of
laser energy into L, radiation. The optimum contrast between the main pulse and the controlled prepulse is found
about 10%. A correlation between the laser contrast value and the laser near-infrared spectra at the exit of the plasma
spark is observed.

Keywords: Air plasma sparks; X-rays; Femtosecond laser

1. INTRODUCTION present work, the generation of L, line from air plasma
sparks in front of a metal target is studied, following
(Pikuz et al., 2010) where K, emission was used to perform
micro-radiographies. Based on (Nagao et al., 2004; Faenov
et al., 2010; Ledingham et al., 2011; Zhidkov et al., 2012),
we optimized the X-ray radiation from a thick (2 mm) tin
(Sn) target, by moving the target relative to the laser focus
in the presence of the air plasma spark. In addition, at each
point we conducted a scan by varying the energy ratio be-
tween the main pulse and a controlled prepulse. The laser
energy was varied in order to characterize the efficiency of
such a setup as X-ray source. Finally, spectral measurements
in the near-infrared range have been done, by varying again
the laser contrast, with the goal to find a correlation with the
X-ray signals. The striking aspect of this experiment is that of
producing several keV photons in air with a table-top laser
system, 3 mJ in 50 fs, corresponding to 60 GW power. For
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The interaction of an ultrashort laser pulse with a gas target
offers a wide variety of physical phenomena, due to the com-
plex interaction between the laser and the electrons of the
generated plasma. The particular interaction is determined
by the adopted interaction scheme, by the laser system pa-
rameters and the environment parameters. The interest in
gas targets grew up dramatically in the last decades, especial-
ly due to the non-linear optics applications. Just to cite some
of them: laser wakefields generation (Tajima & Dawson,
1979; Mangles et al., 2006; Malka et al., 2008), harmonic
generation in gases (Franken et al., 1961), pulse compression
(Lange et al., 1998), beam filamentation (Braun et al., 1995),
terahertz radiation generation (Hoyer et al., 2005), and light
coherent scattering (Mitryukovskiy et al., 2013). In the
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presence of keV electrons, responsible for the X-ray emission
from metal, is not expected. The presence of the plasma
spark, composed by air plasma and metal surface plasma,
is the environment where the electrons are accelerated, pro-
ducing X-ray radiation when they are damped inside the
solid density region of the Sn target. The ablation depth of
a metal target in atmosphere is found to be much smaller
than in vacuum (Di Bernardo et al., 2003), due to the atmo-
spheric pressure, which prevents the formation of big craters
by redeposition mechanisms. The plasma expansion from the
metal surface in this configuration is strongly inhibited (Chen
et al., 2013). The direct laser—solid target interaction is also
affected in atmosphere by the effect of the plasma defocusing
due to the strong ionization occurring meanwhile the laser is
tightly focused in air. The expected laser intensity in vacuum
is such that X-rays in the keV region could be observed from
the interaction with the solid target, nevertheless keV pho-
tons are unexpected when the interaction occurs in air. In pre-
vious works (Faenov et al., 2010; Ledingham et al., 2011;
Zhidkov et al., 2012), kHz repetition laser were used show-
ing a higher efficiency in the number of yield K, X-ray pho-
tons. This could be due at least to two reasons: the first is the
higher efficiency of K, line production with respect to L, line
through electron inelastic scattering inside metals; the second
is related to the air refraction index properties, which on the
millisecond scale can bring memory from the previous pulse
to the next giving birth to focusing effects in some cases, in-
creasing and maintaining the laser intensity over many Ray-
leigh lengths (Jhajj et al., 2014). The correlation showed in
the last section of the present paper between X-ray signals
and near-infrared signals can lead to a better interpretation
of the phenomenon under analysis, related to an efficient
multi-photon ionization of the air plasma.

2. EXPERIMENTAL METHOD AND RESULTS

The experiment consisted in three parts: plasma extension
characterization through a visible charge-coupled device
(CCD) camera, X-ray spectra detection through an X-ray
CCD camera in single-photon counting mode, near-infrared
spectroscopy through a fiber spectrometer. The experimental
setup is shown in Figure 1.

We used a Ti:Sa (0.8 um central wavelength) 3 mJ, 50 fs
laser split in polarization through a half-wave plate, which
ensures the adjustability of the energy ratio between the con-
trolled prepulse and the main pulse (the contrast), and a po-
larizing beam splitter. The intrinsic contrast of the laser
system is 10, preventing us to have more than one significant
prepulse. The overall elongation of the laser pulse inside the
glass of the optical elements is compensated through a pre-
chirp induced in the compression phase. The main pulse
and the prepulse are separated by 0.5 ns. The plasma lifetime
for the plasma generated by the controlled prepulse is expect-
ed to be about 10 ns (Couairon & Mysyrowicz, 2007). In this
way, the main pulse interacts with a preformed plasma. A
telescope is mounted in order to increase the beam diameter
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up to 4 cm before the final 20 cm focal length lens. Given our
parameters, the expected laser beam diameter inside the air
plasma channel is expected to be some tens of microns.
This average value typically comes out from the compensa-
tion of many focusing/defocusing effects, such as initial
lens focusing, plasma defocusing, diffraction, and pre-
plasma focusing. The CCD-X camera is at ~5 cm from
the Sn target. The CCD-X line of sight forms an 1t/6 angle
with the laser beam impinging on the target. The X-ray radi-
ation is attenuated during the free propagation in air and also
by the passage through a 75 um Kapton window put on the
entrance of a short flange mounted in front of the CCD sen-
sors in order to keep them to —20°C, so lowering the elec-
tronic noise. In front of the sensors is also applied a
composed thin filter 4 pm PoliPropylene plus 0.4 pum alumi-
num, useful to screen the visible—infrared radiation coming
from the interaction point.

Tin Target
* Plasma

<4 f=20cm

4—p =1m

d=0.5m

Fig. 1. Experimental setup: the laser beam starts from the right, and then it
passes through a half-wave plate in order to distribute the laser energy into
the s- and p-polarizations in a controlled way. After this, the laser is split
in polarization by a polarizing beam splitter. The delay line between the
main pulse and the prepulse is 0.5 ns. A telescope is mounted with the
goal to increase the beam diameter at the entrance of the last focusing
lens. The two pulses are focused in air by a 20 cm positive lens. The air
plasma is formed in front of the Sn target. When target is moved along
the spark X-rays are observed and detected by a CCD-X in single-photon
counting mode.
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2.1. Plasma extension

The measured plasma longitudinal extension was 700 um, as
in Figure 2a and 2b. This parameter turned to be important in
the phase of focus-scan, where the Sn target was moved
along the plasma channel. Figure 2b shows the air plasma ex-
tension, namely without the target. Nevertheless during the
interaction the plasma composition and evolution is strongly
affected by the presence of the target, in fact the overall
plasma is a mixture of air plasma and metal surface
plasma. In this environment, electrons are accelerated to
some keV, inducing X-ray radiation when decelerating
inside the solid density region.

2.2. X-ray detection and characterization

The X-ray spectra were detected in single-photon counting
mode, taking into account in the analysis the effect of
CCD-X quantum efficiency, the air absorption, the Kapton
window and the aluminated-plastic filter. First a focus-scan
was made moving the Sn target along the plasma spark in
order to find the best point of interaction, yielding the max-
imum number of L, photons. In Figure 3a-3c, the results are
reported. In particular, Figure 3a and 3b show the formation
of L, line and the yielded number of photons when varying
the distance of the solid target from an optimum point
marked as zero. The negative (positive) sign indicates the
negative (positive) sense of moving, namely toward (in the
same vs. of) the impinging laser. The number dN/dQdE of
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Fig. 2. (a) Spectral and temporal integrated plasma light: longitudinal profile
of the plasma spark. (b) Line-out of the longitudinal profile of the plasma
spark.

photons per unit solid angle and unit energy emitted by the
source per each laser shot is reported.

A fine scan was then performed with 10 pum steps in the
proximity of the optimum point. The optimum point was
found around the center of the spark as in (Zhidkov et al.,
2012), where the plasma is a mixture of air plasma and
metal surface plasma. The number of L, photons, that is,
the number of photons emitted in the region of the Sn L,
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Fig. 3. (a) X-ray spectra for different negative (toward the incoming laser)
positions of the Sn target inside the plasma channel with respect to the op-
timum point taken as the origin of the displacements. The optimum point
is found in the center of the plasma spark. (b) X-ray spectra for different pos-
itive (in the same vs. of the incoming laser) positions of the Sn target inside
the plasma channel with respect to the optimum point taken as the origin of
the displacements. The optimum point is found in the center of the plasma
spark. (c) Summary of the focus-scan results. FWHM width of the Lorent-
zian fit Az = 27 pm. The spectral and angular integrated number of L, pho-
tons is reported with respect to the position of the target inside the plasma
spark.
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nominal energy 3.44 keV, per shot emitted from the
target along the plasma channel is showed in Figure 3c to-
gether with a Lorentzian fit. The full wifth half maximum
(FWHM) of the fit curve is found Az =27 pm, less than a
tenth the plasma extension length. It means that significant
changes in the number of L, photons could be observed
only outside a region of about 2 Az around the optimum in-
teraction point. The second part of the X-ray analysis consist-
ed in characterizing the L, radiation with respect to the
controlled contrast. The Sn target was fixed in the previously
found optimum position and the contrast was adjusted trough
the half-wave plate in front the first Polarizing Beam Splitter
(PBS) (see Fig. 1) in such a way to work with contrasts be-
tween 1 and 100. In order to work with higher contrasts, suit-
able neutral density filters were adopted on the prepulse line.
The results are showed in Figure 4a and 4b. The presence of a
prepulse seems to be fundamental when looking to Figure 4b
where is showed that the maximum yielded radiation is ob-
tained for contrast between 10' and 10% while for the
lower and higher contrast value the number of photons
decays rapidly. For higher contrasts the L, emission is
strongly suppressed probably due to the fact that the prepulse
fluence falls under the damage threshold of the metal (about
1 J/cm?), making impossible the formation of a composed
air—metal plasma profile.
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Fig. 4. (a) X-ray spectra for different contrast value. The target is positioned
in the optimum point for the yield L, photons, and then with the help of the
half-wave plate the energy ratio between the main pulse and the prepulse is
adjusted. (b) Number of L, photons versus laser contrast. The target is posi-
tioned in the optimum point for the yield L, photons. The spectral and angu-
lar integrated number of L, photons is reported with respect to the energy
ratio (contrast) between the main pulse and the prepulse.
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Fig. 5. Conversion efficiency of the laser energy into L, radiation. The target
position and the contrast between the main pulse and the controlled prepulse
are chosen in such a way to optimize the yield L, photons. The ratio between
the energy irradiated at the L, line and the laser energy is reported for differ-
ent values of the laser energy.

The final part of the X-ray detection study consisted in the
characterization of our system as X-ray source. The conver-
sion efficiency from the laser energy to L, radiation was stud-
ied for different values of the laser energy. The contrast was
fixed at 10* and the target was in the zero (optimum) posi-
tion. The result is shown in Figure 5, and it is referred like
in Figure 3c and 4b to the number of photons emitted from
the Sn target. The L, radiation production is very low for en-
ergies approximating to some hundreds of pJ probably be-
cause of the 10% contrast, which makes the prepulse to be
not efficient in modifying the air index refraction. It is
worth noting that in previous works K, radiation was found
even for laser energy around some tens of wJ, working with
a kHz high repetition laser (Faenov et al., 2010; Pikuz
et al., 2010; Zhidkov et al., 2012). Even if in these works
no punctual mention is given about the laser contrast, the
K, production in the same configuration seems to be more
efficient.

2.3. Correlation between X-ray and near-infrared
spectra

We have demonstrated the correlation between the near-
infrared spectra and the X-ray spectra when the laser contrast
is adjusted. The spectra were detected at the exit of the
plasma channel without the Sn target. We showed that by
varying the ratio between the artificial prepulse and the
main pulse a significant blue-shift of the self-modulated
laser radiation is obtained for ratios approaching to the opti-
mum contrast 10? (Fig. 4b). If varying the contrast value in
the region 10" — 10% where the maximum L, production ef-
ficiency was found, no significant change in the blue-shifted
spectra were registered (Fig. 6). This demonstrates the exis-
tence of a parameters region where the laser intensity reaches
a maximum value independent from the energy ratio between
the prepulse and the main pulse. Previous works demonstrat-
ed that blue-shifts of some tens of nanometers can be related
to efficient multi-photon ionization, and a constant shift can
be related to a fixed laser intensity (Giulietti & Giulietti, 2015
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Fig. 6. Near-infrared laser spectra at the exit of the plasma channel for dif-
ferent contrast values.

and references therein; Koga et al., 2000). This leads to the
conclusion that the role of the prepulse is in modifying the
index of refraction of the air plasma, determining a maximum
intensity for the main pulse capable to interact with the
air-Sn plasma accelerating electrons up to many keV.

3. CONCLUSIONS

The characterization of L, radiation from air plasma sparks in
front of an Sn target was performed by using a Ti:Sa, 3 mJ,
50 fs laser. The focal scan showed the existence of a narrow
27 um region in which the production of radiation is more ef-
ficient. The contrast scan showed that the presence of 1% of
the laser energy ultrashort prepulse is required to obtain op-
timum conversion efficiency to L, radiation. At this level of
prepulse, above the damage threshold of the metal, the la-
ser—electron interaction occurs in a region where the
plasma composition is determined by the air plasma and
the metal surface plasma. The near-infrared spectroscopy
points out the influence of the ionization process in air by ul-
trashort prepulse on the focusing of the main laser pulse on
metal target. The correlation found between the laser contrast
value and the laser near-infrared spectra at the exit of the
plasma spark, without the solid target, could be an indirect
diagnostic method for the optimization of the X-ray flux
when the target is inserted in the setup.
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