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Spatially resolved analysis of K« x-ray emission from plasmas induced by a femtosecond weakly
relativistic laser pulse at various polarizations
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Spatially resolved K -shell spectroscopy is used here to investigate the interaction of an ultrashort laser pulse
(A = 800 nm, T = 40 fs) with a Ti foil under intense irradiation (/1> = 2 x 10'® W ;m? cm~2) and the following
fast electron generation and transport into the target. The effect of laser pulse polarization (p, s, and circular)
on the K« yield and line shape is probed. The radial structure of intensity and width of the lines, obtained by a
discretized Abel deconvolution algorithm, suggests an annular distribution of both the hot electron propagation
into the target and the target temperature. An accurate modeling of K« line shapes was performed, revealing
temperature gradients, going from a few eV up to 15-20 eV, depending on the pulse polarization. Results are
discussed in terms of mechanisms of hot electron generation and of their transport through the preplasma in front

of the target.
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I. INTRODUCTION

One of the most important effects produced by the inter-
action of an intense laser pulse with a solid target is certainly
the generation of hot suprathermal electrons, with energies
spanning from a few tens of keV up to several MeV. According
to experimental findings, their average temperature 7o scales
as (I1?)'73 in the irradiance range 10'7-10'> W cm~2 [1], with
energy conversion efficiency and electron beam divergence
strongly depending on the experimental conditions [2]. The
mechanisms of laser energy absorption and of hot electron gen-
eration, occurring in the plasma at the target surface, are deter-
mined by the laser-plasma interaction regime, as shown in nu-
merous works [1-4]. Atirradiances larger than ~10'8 W cm~2,
which can be easily reached by chirped pulsed amplification
(CPA) laser systems, the quivering velocity of the electrons in
the oscillating electromagnetic (e.m.) wave field exceeds their
thermal velocity, so that relativistic effects become dominant.
The energetic hot electrons (extending up to a few tens of
MeV) produced in this regime can penetrate the dense matter
and effectively heat it; therefore, if adequately collimated,
they could be utilized for a number of applications, among
them the ignition of a precompressed thermonuclear fuel,
according to the fast ignition scheme to inertial confinement
fusion (ICF) [5]. In this scheme, a massive collimated beam of
MeV electrons, produced by the interaction of a ~10 ps laser
pulse at ~10?° W cm~2 with the precompressed pellet, delivers
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its energy to the compressed core, causing its ignition. Other
potential applications of energetic electron beams propagating
into the solid matter are the investigation of properties of warm
dense matter, i.e., the calculation of opacity, which has strong
relevance in astrophysics [6], or the production of short bursts
of K-shell x rays [7] or x-ray lasers [8].

All of the above applications require satisfactory control of
the energy spectrum and of the collimation of the hot electrons,
which needs an adequate understanding of the mechanisms
of their generation and transport through the plasma and the
solid. Despite the large number of theoretical and experimental
works and progress in the understanding of the relevant
physics, a clear and general accepted framework of knowledge
is not yet available because of the large number of physical
processes involved, often interplaying, and because of their
dependence on a large amount of experimental parameters,
among them the laser irradiance, the pulse polarization, and
the scale length of the plasma.

The situation is particularly complicated at irradiances
around the threshold at which relativistic effects on electron
dynamics become significant. This occurs at values of the nor-
malized momentum of quivering electrons ay = eE /mwoc =
0.85(11312)"/? around 1, where laser intensity /g is expressed
in units of 10'® W cm™2 and A in units of microns. In this inter-
mediate irradiance regime (ap =~ 1), relativistic mechanisms
of hot electron generation such as J x B heating, betatron
oscillation, and laser wakefield acceleration (LWFA) coexist
with mechanisms which are dominant at lower irradiances,
such as collisional, resonance, or Brunel absorption.

The competition between electron heating mechanisms at
ap ~ 1 was clearly shown by Li et al. [9], who focused linearly
polarized laser pulses onto an Al foil and identified resonance
absorption and J x B heating as the leading processes.
Li et al. measured a two-temperature hot electron distribution
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at subrelativistic intensities (ap < 1), turning in a single
temperature distribution, coinciding for s- and p-polarized
beams, for relativistic ones (ap > 1). At the same time, they
found a maximum of the emission cone angle (6 & 80°) of
forward hot electrons at ay = 1, due to the concomitance of
different heating mechanisms, with respect to that obtained at
lower (6 =~ 60°) and higher (0 =~ 35°) laser irradiances. The
concomitance of different mechanisms in case of p-polarized
laser pulses was found also by Cho et al. [10] by utilizing
an irradiance 712 =2 x 10! W um? cm™2 (ap &~ 3). They
observed two distinct emission regions of coherent transition
radiation (for details on CTR technique, see Refs. [11,12])
produced by hot electron beams on the rear of an Al foil.
Despite the relativistic interaction regime, Cho et al. found that
the production of hot electrons by resonance absorption still
dominates over the J x B heating by one order of magnitude.

In the case of circularly polarized beams, the mechanisms
of laser absorption in the range near ay ~ | are different
and less known. Here, the generation of hot electrons by
ponderomotive J x B heating is almost missing since the
oscillating component of ponderomotive force is suppressed
and the secular cycle-averaged component, i.e., the radiation
pressure, is still small at such irradiance [13]. On the other
hand, when the beam incidence is not normal, an oscillating
electric field along the density gradient is present and can
produce plasma waves and hot electrons. Other absorption
mechanisms proposed for circularly polarized beams relate to
the so-called inverse Faraday effect (IFE) in the underdense
plasma. According to IFE, when a circularly polarized beam
propagates into a plasma, electrons absorb angular momentum
and gyrate in circular orbits, inducing an axial magnetic
field along the laser propagation direction, whose intensity
depends on plasma electron density, laser irradiance, and the
plasma wavelength. According to Zeng et al. [14], when the
cyclotron resonance condition is satisfied, a strong absorption
of laser energy occurs and hot electrons are generated.
Kustyukov et al. [15] suggest that laser energy and momentum
can be resonantly absorbed by electrons executing betatron
oscillations in the ion channel, which could result in both
the generation of the axial magnetic field (IFE) and of hot
electrons. While dedicated experiments have confirmed the
generation of an axial magnetic field into the plasma [16,17],
the conditions for which it develops and how it affects laser
absorption are however still poorly explored and understood.

In this complex framework describing the laser-plasma
interaction at ay ~ 1, the scenario is made far more complex
by the eventual presence of a preplasma with a sufficient scale
length, which can drive plasma instabilities, as stimulated
Raman scattering, two-plasmon decay, or stochastic heating,
affecting the generation of hot electrons, both via a direct
acceleration in the underdense plasma regions [18-21], and
via the considerable reduction of laser energy reaching the
critical density surface.

Beyond the mechanisms of the laser-plasma interaction,
which determine the electron spectrum, their angular distri-
bution, and their conversion efficiency, an issue of primary
importance to be explored is also their propagation through
the plasma and the solid target [22]. The trajectories of the
electrons are in fact not only determined by the collisions
with background ions but are strongly affected by instabilities
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[23-26], self-induced electric and magnetic fields, both in the
plasma [27,28] and into the target [29], and refluxing into the
target [30,31], which determine the shape and the direction
of the electron beam. Self-induced electric fields also affect
the penetration depth of hot electrons into the target, since
the limited conductivity of the solid, especially for insulators,
determines the maximum balancing return current of cold
electrons, and thus the maximum hot electron current which is
able to propagate [32,33]. It is thus clear that the experimental
investigation of laser-plasma interaction mechanisms cannot
be separated from the study of the electron transport, since
both the issues are closely related.

In previous works that focused on the investigation of
electron transport into Ti foils, we investigated the role of
longitudinal resistivity gradients via proton detection behind
the target [34], and the role of directional bremsstrahlung from
fast electrons via high-resolution x-ray imaging [35]. In the
present paper, we investigate the effect of laser pulse polariza-
tion, both linear and circular, on the generation of hot electrons
and on their transport into the target. To this aim, an ultrashort
laser pulse was focused in a mildly relativistic regime (agp ~ 1)
onto a Ti foil and the hot electrons were detected indirectly
by using spatially resolved K« spectroscopy [36]. The K«
lines are emitted by fluorescence cascade of bound electrons,
which have been knocked out from the K shell by a collision
with a hot electron. The dependence of the cross section of
x-ray fluorescence on the electron energy, however, makes
this diagnostics particularly efficient for electrons of a few
tens of keV energy [37,38] and sensitive to refluxing into the
target [39]. A particularly attractive feature of the technique
is the possibility of deriving information about target heating
and density, which is made possible by an accurate modeling
of the lines [40].

K-shell spectroscopy was used here in a focusing spec-
trograph with spatial resolution of one dimension (FSSR-1D)
configuration, which provides a spectrally and 1D spatially
resolved mapping of the electron beam, which is temporally
integrated in a few ps, corresponding to the time of reequili-
bration of the atomic levels. A discretized Abel deconvolution
algorithm was then used to derive the radial dependence
of the K« spectra, which gives information about both the
two-dimensional (2D) spatially resolved emissivity and width
of the lines.

The observed dependence of intensity and width of the
K« lines on pulse polarization was finally discussed in terms
of hot electron generation mechanisms, while their spatial
structure was explained by considering their propagation into
the preplasma.

II. EXPERIMENTAL SETUP

The experiment was carried out at ILIL Laboratory in Pisa
by using a Ti:sapphire laser system, which delivers 800 nm,
40 fs laser pulses at a maximum energy of 100 mJ. The
polarization of the beam was varied by means of half-wave
and quarter-wave plates, located after the pulse compressor,
which results also in a pulse stretching to a duration of 52 fs.
The main pulse was preceded by a 3 ns pedestal due to
amplified spontaneous emission (ASE) at a measured contrast
ratio of 4 x 1073, The beam quality parameter M? is ~2. The
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laser pulse was focused on the target at an angle of incidence
of 15°, to a spot of 10 um full width at half maximum
(FWHM), using an off-axis parabolic mirror (effective f/5
number). The target, consisting of a 12-pum-thick Ti foil with
transverse dimensions of 5 cm X 5 c¢cm, was mounted on a
three-axis translational stage system and moved laterally by
2 mm at each laser shot. The accuracy of laser focusing,
checked online during the experiment by means of a CCD,
was of ~10 pm, which is significantly lower than the Rayleigh
range.

The irradiance on the target was of IA?~2x
10" W um? cm™2 (ag ~ 1). The experiment was performed
in a vacuum chamber at a residual air pressure of ~10~3 mbar.

A spherically bent quartz crystal (2ds130 = 3.082 A, first
diffraction order, R = 150 mm), looking at the rear side of
the target (angle of sight ~10° from the normal) and placed
260 mm from it, was used in a FSSR-1D configuration [41] to
detect Ti K« line emission from the target. This setup allows
the simultaneous spectral dispersion of x-ray lines along the
horizontal direction (x axis on the CCD) and spatial resolution
along the sagittal plane (y axis on the CCD). Moreover,
since the x-ray CCD detector (Andor DX 434) is located on
the Rowland circle (129.1 mm from the Bragg crystal), the
spectral resolution is not limited by the dimensions of the
source. The estimated resolving power of the spectrometer
was A/AX ~ 7500, and the spatial resolution of the images
was approximately 50 pum.

III. RESULTS

A. Preplasma dimensions

The estimation of preplasma extent at the arrival time of
the main peak is crucial both for assessing the laser absorption
mechanisms as well as for describing the propagation of
hot electrons before they enter the solid target. The marked
variation of the Ko line intensity with pulse polarization,
showed in the following sections, implies that the preplasma
profile at densities near a critical density n. is planar (1D), i.e.,
the scale length L = n/(dn/dx) at n. cannot be larger than
the spot size (~10 wm). When 2D effects prevail, in fact, the
preplasma shape tends to become spherical and the oscillating
electric field of the e.m. wave becomes orthogonal to Vn
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(approaching s polarization) for any linear beam polarization.
These circumstances would lead to little dependence on
polarization, which is in contrast with our observations.

To support this conclusion, we performed a simulation
of preplasma by using the 2D hydrodynamic code POLLUX,
by considering a 3 ns FHWM Gaussian pedestal, Gaussian
distributed along the focal spot (10 um FWHM), at a maximum
irradiance of 8 x 10'° Wem™2. The code was originally
written by Pert [42] to model high-intensity laser irradiation
(I > 10'" W cm™2) of solid targets. In these conditions, only a
small fraction of the laser pulse interacts with the solid target
surface, because of the rapid formation of a plasma slab in front
of it, and plasma thermodynamics can be described by an ideal
gas equation of state. Laser energy is prevailingly absorbed
into the flowing outward plasma by inverse bremsstrahlung up
to the critical density surface, which is justified by the low
irradiance regime. The prevalence of collisional absorption
implies also that preplasma dimensions are not affected by the
polarization of the ASE prepulse.

The resulting preplasma electron density contour and
profile along the longitudinal direction, at the time of arrival
of the main pulse, are shown in Fig. 1. In accordance with
previous considerations, the simulation shows evidence of a
scale length value of 3—4 um at the critical density. However,
a large plasma region with densities 10'7-10'8 cm™> extends
for 100—150 um in the radial direction and for 150-250 um
along the normal to the surface; the importance of such a low
density plasma for the propagation of hot electrons will be
discussed below.

B. Polarization effects on the K« spatially integrated emission

Ko spectra (~4.5 keV) from Ti ion fluorescence were
acquired for s, p, and intermediate linearly polarized laser
pulses as well as for circularly polarized ones. In each case,
several measurements, each one including 100 laser shots,
were performed. As an example, the raw image obtained by
averaging 100 p-polarized laser pulses is reported in Fig. 2(a),
where the horizontal and the vertical axes provide spectral dis-
persion and 1D spatial resolution, respectively. The resulting
spectra for p, s, and circular (O) polarization, obtained by
averaging 100 individual shots and after background removal,
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FIG. 1. (Color online) Preplasma density contour (a) and profile along the longitudinal direction at a plasma radius r = 0, at the time of
arrival of the main pulse, obtained by the 2D hydrodynamic code POLLUX. In (a) the laser propagates along the z direction from the right.
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FIG. 2. (Color online) (a) K« raw image obtained by averaging 100 p-polarized laser pulses. The horizontal and vertical axes provide
spectral dispersion and 1D spatial resolution, respectively. (b) K« spectra obtained by different laser pulse polarizations, and obtained by

averaging 100 laser shots.

are reported in Fig. 2(b). In all the cases Ko and Ko lines
are visible and well resolved. The ratio of Ko, to K« line
intensity is in the range 0.47-0.50, which is in good agreement
with the theoretical value of 0.5.

Both the intensity and the width of the lines show a marked
dependence on the polarization of the laser pulse. In Fig. 3(a)
the K o doublet intensity obtained with different polarizations,
where the signal has been spatially and spectrally integrated, is
reported. The largest intensity is obtained by using p-polarized
pulses, with an evident decrease when s polarization is
approached. For O-polarized pulses, the signal is comparable
to that obtained by s pulses.

The width of the K« line in the different cases is reported
in Fig. 3(b), obtained by fitting the Ko doublet with two
Lorentzian line shapes. Residue analysis of the line fitting
shows a systematic inadequacy of a single Lorentzian profile
to fit the bluetail of the K« line, because of a marked
underestimation of the curve with respect to the experimental
spectra. This result is due to the emergence of blueshifted
satellites from ionized Ti [40] and will be discussed in the next
section. Line fitting with a Lorentzian profile appears, however,
sufficiently accurate to reproduce the peaks of the lines and to
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estimate their FWHM. The significant variation of linewidth
shown in the figure denotes a different thermodynamic state
of the source plasma, then following a different laser-plasma
interaction. We observe that while in linear polarization the
lines become narrower when s polarization is approached, a
circularly polarized beam produces K « linewidths comparable
to those obtained by p pulses.

C. Spatial structure of K« emission

The data reported in Fig. 3 are spatially integrated and can
provide only an estimation of the plasma temperature averaged
in the emission region. A more detailed analysis of space-
resolved spectra is then needed to extract information about
the spatial variation of plasma temperature and the transport
of fast electrons into the target.

The extent of the Ko emission region can be obtained
by measuring the FWHM of the emission along the y axis
of the CCD, i.e., in the sagittal plane of the spectrometer
configuration. By fitting single shot spectra, we obtain a
FWHM of ~280 um [relative standard deviation (RSD) of
~10%], the same within the experimental uncertainty at a
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FIG. 3. Spectrally and spatially integrated intensity of (a) the K« doublet and (b) width of the K« line obtained with different laser pulse
polarizations. The values are obtained by averaging three measurements of 100 shots, and the error bars represent the standard deviations

obtained in different measurements.
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FIG. 4. (Color online) Spatial profile of K« doublet intensity,
normalized at maximum intensity, obtained by averaging 100 laser
shots for p (black line) and s (red/light gray line) polarizations.
Black squares represent the discretized intensity values obtained by
approximating the plasma as composed by four shells of thickness
52 pm, i.e., by performing a two-line binning. Blue stars represent
the emissivity values (in a.u.) in different shells calculated by the
deconvolution algorithm.

different pulse polarization. As shown in Fig. 4, the emission
profile (spectrally integrated) along the y axis exhibits a
cylindrical symmetry and a dip in the center, where the signal
is lower by ~10%—15% with respect to the maximum value of
K « intensity, which is situated at a distance of ~90 £ 25 um
from it. The structure is present for all the polarizations used
and confirmed in all the measurements series.

Detailed simulations performed with the x-ray tracing
code ORTO, developed at ILIL Laboratory [43], accounting
also for the crystal rocking curve, enabled us to exclude
that the observed spatial profile was due to an experimental
misalignment of the spectrometer.

The observed structure, although resolved in 1D along
the vertical direction of the CCD (y axis), is, however, still
spatially integrated along its horizontal direction (x axis,
the spectral dispersive direction); thus, the spectra extracted
at each y position incorporate the contribution of radiation
emitted at different x positions (and radii) (see Fig. 5).
Assuming a cylindrical symmetry of the emission, where the
symmetry axis is perpendicular to the target surface (z axis), a
process of spectra deconvolution was performed, which finally
provided the spectral emissivity, i.e., the number of photons
per unit surface, in 2D as a function of the radius. As shown
in literature [25], the cylindrical symmetry can be broken by

FIG. 5. Plasma “onion” model utilized for Abel deconvolution.
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the filamentation of the beam, caused by plasma instabilities;
however, such an effect should be here adequately overcome
by averaging 100 CCD images. Given the lack of symmetry in
the z axis, it is not possible to spatially resolve the emission
in 3D; however, since the depth of the target (12 pwm) is much
smaller than the Ko emission diameter (~280 pum), and is
smaller than the K« self-absorption distance, the plasma is
considered here as a thin disk of a constant emissivity along z.

The algorithm utilized is a discrete version of the Abel
inversion, similar to that used by Zastrau et al. [44] and
described in detail in Refs. [45,46] (despite being used there
for a different experimental configuration). In the algorithm a
plasma slice (of depth z) is modeled as an “onion” structure
(Fig. 5) composed of n shells of constant thickness Ar and
characterized by a constant emissivity ¢;(r). Clearly, the model
approximates better the real plasma when Ar is shorter than
the scale length over which the parameters characterizing
the plasma change significantly. The smallest thickness Ar
that can be used in the algorithm is the experimental spatial
resolution Ay of the apparatus. In our case, the spatial
resolution is ~50 um, so that we performed a vertical
binning of the CCD image by averaging at least two lines
(corresponding to ~52 um) in each deconvolution process
(see Fig. 5). After the binning, the spectra were averaged by
pairs (the plasma was symmetrized) and slightly smoothed
by a low-pass frequency filter to reduce the noise. Then,
starting from the intensity (1D) at the border of the spot,
which evidently includes only the contribution of the most
external shell, the spectral emissivity (2D) of all the shells
was calculated by considering the spectral intensity measured
closer and closer to the center of the spot and subtracting
the intensity derived from the external shells. During the
deconvolution, the algorithm accounted for the geometrical
fill factors of the shell portions along the horizontal line of
integration.

In Fig. 4, the spectrally integrated emissivity values
referring to p polarization, obtained by approximating the
plasma as composed of four plasma shells (where a vertical
binning of 2 was used), are reported; by comparing the results
with the intensity (1D) values at different vertical heights,
which are spatially integrated along the x axis, it is evident
that the deconvoluted profile exhibits an even more enhanced
dip in the center (signal reduction larger than 50%) and a
slightly larger diameter of the maximum emission ring. A
qualitatively similar spatial profile was also obtained in s and
O polarization, showing no macroscopic changes.

The analysis of emissivity spectra also allowed the line
shapes and widths at different plasma radii to be derived, which
are important to infer the temperature distribution into the
target. Here, however, the task was made more complicated
by the noise present in the spectra, which is significantly
amplified by the deconvolution algorithm. In order to reduce
this drawback, a binning of three CCD lines was used, resulting
in a plasma model of three shells of 78 um thickness; an
example of deconvoluted emissivity spectra with a binning of
3, obtained in p polarization [for which the signal-to-noise
(S/N) ratio is higher], is reported in Fig. 6(a). Despite the
poor accuracy of the deconvoluted line profiles arising from
the rough plasma approximation (here the shell thickness
Ar is larger than the length of intensity variation), and their
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FIG. 6. (Color online) (a) Spectrum and (b) width of the K« line, obtained after a deconvolution by considering a three-shell plasma

model.

unreliability for precise temperature evaluation, the emissivity
spectra nevertheless can suggest trends of temperature and
density values along the plasma radius. In this case, the
width of the lines coming from the inner region, obtained
by the deconvoluted spectra, was appreciably smaller than
those coming from external shells [Fig. 6(b)]. Such a trend is
visible in all the cases, but more evident in spectra obtained
by p-polarized laser pulses where the S/N ratio is higher
and the extent of variation of the width seems larger. This
result would imply a lower bulk target temperature in the core
of the K« emission region and a higher one in the ring of
maximum emission. It is worth noting that the width of the
Ti Ko lines coming from the inner region (deconvoluted by
the experimental broadening ~0.7 eV) is just a fraction of eV
higher than the natural width of the line [47], suggesting that
heating of the target in that region is small.

D. Line modeling

An accurate modeling of K« line shapes was performed to
extract information about the temperature and its distribution
into the target. In order to reproduce the bluetail of the lines,
described previously, it is necessary to calculate the detailed
atomic structure and the charge state distribution of Ti ions.
To this aim, we used the hybrid-structure collisional-radiative
code SCRAM [48-50]. The modeled atomic structure includes
states accessible by single-electron excitations from all shells
of all ionization states up to a principal quantum number n =
10 and multiple-electron excitations from the valence and
first inner shells up to n = 6. All of the standard processes
of collisional excitation, ionization, radiative recombination,
Auger and radiative decay, and the reverse rates are included,
along with an ion sphere model of continuum lowering. A
small fraction (f < 1%) of suprathermal electrons was taken
to exist in a hot Maxwellian distribution with Tj, ~ 10 keV
(there is little dependence on the exact temperature [51]); these
electrons produce the K -shell holes that lead to K« emission.
The collisional processes from bulk thermal electrons control
the charge state distribution, thus providing a temperature
diagnostic from the observed line structure [40]. The K«
emission lines are broadened by thermal, natural, collisional,
and approximate Stark [52] effects.

The K-shell emission due to the fluorescence cascade of
electrons knocked out by the impact with hot electrons occurs
within 10 ps, which can be estimated by the traveling time of
fast electrons into the target and by the reequilibration time of
levels by collisional-radiative models (1-10 ps) [53]. In this
short time, the ions, moving on a hydrodynamic time scale,
can be considered fixed, which justifies the solid state density
utilized in the code.

The bulk-temperature dependence of the Ko emission
feature intensities and shapes from a solid-density Ti foil
(0o = 4.5 g/cm?) is shown in Fig. 7. As T increases from
<1 eV, thermal ionization of the valence electrons increases
the average ion charge from its cold-metal (Z) ~ 3 up to
~5 at 20 eV and ~10 at 100 eV. As the 3p electrons are
ionized and multiply excited states are populated, the screening
of the nucleus is reduced and K« emission lines shift to
higher energies. The effect of increasing temperature initially
manifests as a broadening of the K « feature, and for 7 > 20 eV,
the broadened feature exhibits a global blueshift. No opacity
effects were considered, as the optical depth of the K« line

!

Intensity (arb. units)

2730 2760

Wavelength (A)

FIG. 7. (Color online) Dependence of solid-Ti K« emission on
the bulk thermal plasma temperature 7. The hot electron fraction is
0.1% and T;,,, = 10 ke V.
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along the instrumental line of sight is much less than unity,
and time-dependent effects were not included due to the high
electron density. It is not possible to achieve a satisfactory
fitting of line profiles using the calculated emission profiles
at a single temperature, because the narrow FWHM width of
the lines (implying temperatures as low as 1-2 eV) is not
compatible with the marked high-energy tail (which is due to
blueshifted satellites of ionized Ti from hotter plasma regions,
especially visible in the K« line).

The measured emission spectra thus imply spatial and
possibly temporal temperature gradients in the emitting
plasma. The relative contributions of temporal and spatial
temperature variations are difficult to establish since it would
require accurate particle-in-cell (PIC) simulations or dedicated
experiments (e.g., able to decouple the two effects or focused
to improve spatial resolution in Abel inversion). The spatially
deconvoluted spectra described above establish the presence
of radial gradients, suggesting a cold core surrounded by a
hotter ring. Both the higher K« yield and larger linewidths
in the outer ring suggest a larger density of hot electrons
there; the derived emissivity profiles [Fig. 6(a)] suggest that the
density of hot electrons in the outer ring is approximately two
times higher than the hot electron density in the target center.
Thus, we modeled the plasma assuming two plasma regions
following the deconvolution presented in Fig. 4: a cold core of
~100 pum radius with a bulk electron temperature 7 ~ 1-3 eV
and a hot electron fraction f surrounded by an annulus
with Ar ~ 25 um, a higher T ~ 15-20 eV, and a higher hot
electron fraction ~2 f (the region around the ring is neglected
because of its low emissivity). This two-region model results
in a reasonably good fit of the time- and space-integrated
experimental spectra, as shown in Fig. 8, and the spatially
deconvolved emissivity profile given in Fig. 4. The p-polarized
laser pulses are best fitted with higher temperatures and

35
Ko 1
3.0 4 P-polarized
3f hot electrons inr; =100 pym @ py, T=3 eV
— +6finr, =125 , T=20eV
W 251 of inry Mm@ po
c
35
o 20
[
s’ KOL’_)
:'? 1.5 7 S-polarized
2 fhotelectronsinr; =100 um @ pg, T=1¢€V
Q +2£inr, =125 ym @ po, T=15eV
£ 10 it m @ p
0.5 4
0.0 t ==
2.730 2.735 2.740 2.745

Wavelength (/i)

FIG. 8. (Color online) Space-resolved Ti K« emission from s-
and p-polarized beam experiments (solid lines) modeled with a two-
temperature plasma based on the intensity deconvolution given in
Fig. 4 and the linewidth analysis given in Fig. 6: A cool, few-eV
solid-density core with radius ~100 um is surrounded by a warm,
solid-density annulus with thickness ~25 um, 7' = 15-20 eV, and a
higher hot electron fraction.
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hot electron fractions than those obtained by s-polarized
beams, which is in accordance with the intensity variations
shown in Fig. 3. The hot electron fraction is not uniquely
correlated with the derived temperature, suggesting there
may be non-Joule heating mechanisms, temporal effects, or
surface effects. Moreover, the dependence of efficiency of K«
emission on the hot electron energy should also be considered
for a more accurate determination of hot electron fractions
at various polarizations. We note, too, that the given fits are
not unique; other combinations of volumes, temperatures, and
hot electron fractions could give similar results. However, the
given parameters are a minimum set that can describe both the
shapes and intensities of the emission features with reasonable
confidence.

Finally, we remark on the possibility of a spatial tempera-
ture gradient along the longitudinal direction (z axis), as it has
been observed, e.g., in Ref. [40]. An axial gradient is due to the
different stopping range of hot electrons of different energy,
so that a large hot electron current (and then a large return
current of background cold electrons) is present near the front
surface, where all hot electrons contribute to it, and a minor
one, only due to hotter electrons, propagates near the rear side
(according to the electron stopping power, a 50 keV energy is
needed to reach the rear of the target). Further measurements
would have to be made to quantitatively assess the contribution
of axial gradients to the overall signal.

In conclusion, the observed spectra are produced by a
nonstationary and/or inhomogeneous temperature distribution
inside the target. The fitting of the lines suggests the presence
of regions of temperatures going from a few eV to 15-20 eV,
depending on the laser pulse polarization. A modeling of two
concentric regions can roughly reproduce the experimental
spectra, although a more accurate description would account
also for the longitudinal gradient and for the time dependence
of temperature.

IV. DISCUSSION

A. Effect of laser pulse polarization on K« lines

The trends of Ko line intensity and width shown in
Figs. 3 and 8 are dictated by different mechanisms of hot
electron generation at varying the laser pulse polarization.
The multiplicity of mechanisms is driven by the irradia-
tion regime (ap ~ 1), which lies in a region of transition
between classical and relativistic electron dynamics during
the laser-plasma interaction. For the interpretation of the
results it is useful to bear in mind the values of the hot
electron temperature (i.e., the slope temperature of the electron
spectrum) predicted by Beg’s scaling [1], experimentally
derived by using p-polarized beams in a regime dominated
by resonance absorption, and by the ponderomotive scaling,
introduced by Wilks [3] for relativistic interaction, which
does not depend on pulse polarization. Such values can be
calculated by T.2% = 0.215[1;522]"/% ~ 233 keV, and TP°™ =

hot hot
mec?[y/1+ % — 1] = 106 keV, respectively, where laser

intensity I, is expressed in units of 10'® Wem™2 and A in
units of microns. The lower value given by ponderomotive
scaling is due to the still modest effectiveness of the J x B
mechanism in the regime utilized.
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The concomitance of different mechanisms is shown, in our
case, by the different intensity of the K « lines measured for s-
and p-polarized beams. In case of linear polarization, in fact,
J x B heating does not depend on the direction of the E field
vector of the e.m. wave; so, when this mechanism becomes
dominant (i.e., for ay > 1), the conversion efficiency and the
spectrum of hot electrons generated by s and p beams tend to
converge [54,55].

In s-polarized beams, J x B heating as well as plasma in-
stabilities in the underdense plasma can generate hot electrons.
The relevance of plasma instabilities is difficult to estimate,
but can be significant, as suggested by the higher temperatures
of hot electrons measured in the presence of a considerable
preplasma [56] and obtained by PIC simulations [57,58].
Adam et al. [20] performed particle-in-cell simulations of
laser pulse propagation (/1% = 2.6 x 10'® W um? cm™2) in
underdense and overdense plasma slabs of tens of microns,
finding a strong pulse absorption (ranging from 50% to
90%), associated with plasma instabilities, resulting in electron
energies up to tens of MeV.

When p-polarized beams are used, in addition to J x B
heating and plasma instabilities, hot electrons are produced
by resonance absorption or Brunel heating. Here, however,
Brunel heating is not efficient because the preplasma scale
length L is larger than the laser wavelength A. Therefore, we
assume that the larger values of K« intensity and linewidth
(Figs. 3 and 8) observed in p polarization with respect to
s polarization is due to resonance absorption. Besides, it
is possible that the generation of hot electrons by plasma
instabilities may also be affected by pulse polarization, as
shown, for example, for stochastic heating in Ref. [21], which
could also contribute to the results obtained. In a previous
work [59], where a Ti foil target was irradiated at [/ YRS
5 x 10'® W um? cm~2, we observed a similar dependence of
x-ray yield on pulse polarization; however, in that case, the
rise of x-ray intensity from s to p polarization was larger than
one order of magnitude, while it is only a factor 3—4 in the
present work. The difference in the two experiments can be
explained by the inefficiency of the J x B heating at 1A> ~
5x 1010w ,um2 cm~2, while the mechanism is expected to
play a significant role in the present experiment, resulting in
an increase of Ko emission in the case of s polarization.

p-polarized beams result also in a significantly larger width
of the K « lines, which indicates a stronger heating of the target.
A larger efficiency of laser energy conversion into hot elec-
trons, due to the presence of resonance absorption, can explain
this observation. Also the higher average electron energy for
p-polarized beams, reported in numerous experiments [9,60]
and PIC simulations [54], can lead to a higher target heating
if electron refluxing plays a significant role.

Ko spectra produced by O-polarized beam irradiation
show a dual behavior, characterized by a low line intensity,
comparable to s-polarized beams, but also by a linewidth
comparable to p-polarized beam irradiation. In order to discuss
this discrepancy, it is useful to review the processes affecting
line intensity and linewidth. In case of sufficiently thick targets,
the efficiency of Ko emission versus the incidence electron
energy does not trace the K o fluorescence cross section curve.
In fact, the most energetic electrons downgrade their energy by
collisions along their trajectories until they become low-energy
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electrons, so that ultimately they result in a number of K«
photons proportional to their energy. At the opposite, in the
case of a thin target (as the present), it was experimentally
shown that the efficiency of K« emission is substantially
given by the K o fluorescence cross section curve [61]. This is
substantially justified by the outflow from the rear side of the
foil [37] (where, however, a partial refluxing of the electrons
can bring some change to this picture). This suggests that the
electrons responsible for K« line emission are predominantly
those in the low-energy side of the spectrum (in the range
10-50 keV), where the peak of the cross section is situated.
Conversely, the width of the lines, depending on the charge
state distribution of Ti ions, is related to the heating of the
target, which is produced both by the collisions of hot electrons
with the bound and free electrons into the solid as well as by
the resistive Joule effect produced by the return currents of
background electrons. In turn, to justify an efficient penetration
of hot electrons into the solid, the return current J; should
almost balance the direct hot electron current Jyo, i.€., Jret ~
Jhot [22]. In the present experiment, considering the current
density flowing into the target (Jyo &~ 2 x 101 Acm~2,
calculated according to the spatial distribution of K« emis-
sion; see below), the two contributions have a comparable
weight. It is worth noting that, while the heating via direct
hot electron collisions is more effectively produced by the
less energetic electrons, similarly to the Ko fluorescence
emission, the heating rate by the resistive Joule effect does not
depend directly on the electron spectrum but on the current
density.

A different spatial propagation of the hot electrons induced
by s- and O-polarized pulses could in principle explain the
different linewidths observed, but this hypothesis conflicts with
the measured K « spatial structure, which is similar in the two
cases. It can be therefore hypothesized that the dual behavior of
the intensity and width of the lines is produced by a different
energy distribution of hot electrons obtained by p- and O-
polarized beams, where in the latter case, a lower amount of
electrons in the 10-50 keV range coexist with a large current
density into the target, resulting in a significant heating.

The low efficiency of hot electron generation in the case of
circularly polarized pulses predicted by PIC simulations [11,
62], performed at an orthogonal beam incidence, and also some
experimental results obtained at an oblique incidence [63],
however, do not support the presence of a large current density.
A different situation would occur if a resonant absorption of
the e.m. wave in the longitudinal magnetic field produced by
IFE [14,15] would play a significant role; such phenomena
have been, however, poorly investigated until now and need
experimental verification.

B. Ko emission spatial structure

The second issue that needs to be discussed is that which is
relative to the K « emission spatial structure. The extent of K«
fluorescence is much larger than the irradiated spot (by a factor
of ~28), which qualitatively agrees with other experiments
showing considerable dimensions of the K « regions [64—67].

It is worth noting that an annular distribution of K«
emission cannot be trivially produced by the Gaussian spatial
profile of laser intensity. One, in fact, could assume that the
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largest amount of low energetic electrons, which are more
effective in driving K« line emission, was produced by the
low-energy tail of the pulse spatial distribution. However,
a rapid estimate of the amount and spectrum of electrons
produced in each spatial position, by considering a constant
efficiency conversion of 30-40% and a Maxwell distribution
of electrons with the average temperature given by the Beg’s
law, shows that the amount of 10-50 keV electrons produced
in the center of the focal spot is always greater than in
its periphery. This rough estimation agrees with the results
obtained by Kern et al. [64], focusing a 35 fs laser pulse
at IN2~2x10° W umz c¢cm~2 onto a Ti foil, who measured
the spatial distribution of the highest-energy electrons via CTR
imaging and the bulk of hot electron population via spatially
resolved K« spectroscopy. Their results show that the fastest
electrons are distributed in a small central spot (~7 um),
but also the Ko emission is peaked in the center despite
extending into a much wider region (~50-100 wm). Also the
hypothesis of an overionization of the central part of the spot
would require multi-keV temperatures and must be discarded.
It is thus evident that the annular distribution of K« emission
needs a circular distribution of hot electrons, as confirmed by
the higher temperatures found in the periphery of the spot.

Many papers report a measured annular distribution of
electrons, in a wide range of experimental conditions, and
suggest mechanisms for its formation, in some cases supported
by theoretical modeling. A certain number of authors hypoth-
esize mechanisms related to the transport of electrons into the
target. Davies et al. [29] showed that for sufficiently large
laser irradiances (1A% > 5 x 10" W um? cm~?) the toroidal
magnetic fields generated into the target by the hot electron
beam push the electrons toward the external higher resistivity
regions, resulting in the hollowing of the beam. However, a
large irradiance is required to generate a hot electron current
density so large as to produce a low resistivity region in
the central region. Koch er al. [53], using a 5 ps pulse at
I)? =3 x 10" W um? cm™2, observed annular x-ray images
(of diameter 50-100 pm) from buried layers in CH targets and
a columnar temperature distribution, with a larger heating at
the edge of the column; following the 3D PIC-hybrid results
of Taguchi et al. [24], they suggest that the annular pattern
is related to a local growth of the Weibel instability. Storm
et al. [25], focusing a 500 fs pulse at /A% ~ 10" W um? cm™2
over metal targets, observed filamentlike structures distributed
along an annular pattern (of diameter 5-35 um, increasing
with target thickness) from CTR imaging of the rear side
emission. The authors suggest that the structure derives from
a partial collimation of the initially divergent fast-electron
beam produced by self-generated resistive magnetic fields;
the hypothesis is supported by a 3D hybrid particle-in-cell
simulation code [68].

All these mechanisms seem unfit to explain our results,
because the penetration depth of low-energy electrons (T <
100 keV) at a target temperature of 1-10 eV is much lower
than the radius of the K« spot. The collisional stopping range
of 50 and 100 keV electrons, calculated by means of the ESTAR
program distributed by NIST, is in fact ~15 and 45 pum,
respectively. Moreover, if we hypothesize that hot electrons
originate from a focal spot region of ~10 um diameter and
then propagate into the target, we must account for the effects
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of the electric fields on the electron transport that in this case
become dominant upon the collisional ones. According to
Bell et al. [32] and considering the semiclassical term for the
electrical conductivity (the Spitzer term is lower by a factor 103
at T = 1eV and by a factor 10 at T = 10 eV), the penetration
depth of 100 keV energy electrons is &2 um. Thus, in the case
of electron transport into the target, such a wide region could be
explained only by the propagation of MeV electrons, moving at
large divergence or reaching the rear of the target and refluxing
backward; in this case, however, most of the produced fast
electrons, which have a lower energy, would stop at lower radii,
which is not compatible with the ring structure observed. These
considerations suggest that the measured dimensions and the
annular distribution of K« emission are not explainable with
mechanisms related to the electron transport into the target.

The transport of electrons inside the preplasma, where the
Spitzer conductivity is larger than into the target, and the
effect of self-generated electric and magnetic fields on electron
trajectories, should then be considered.

Amiranoff et al. [65], using irradiances in the range
10-10'® W um? cm~2 over various planar targets, observed
an annular Ko emission region of diameter of the order of
a millimeter, increasing with laser pulse duration. Results
were explained by the presence of a toroidal magnetic field,
surrounding the interaction region and produced by the usual
VT x Vn mechanism, which channels the fast electrons
toward the edge of the plasma cloud. According to this
interpretation, longer laser pulses result in larger plasmas and
then in larger K « ring radii. Similar results have been obtained
at higher irradiances (/A% =~ 10'-10'® W um?cm=2) by
Burgess et al. [27] and Paradkar ef al. [69]. The thermoelectric
toroidal magnetic field is expected to saturate at a few MG
intensity, because of the advection term in the field generation
equation [70], as verified by dedicated experiments [27,71,72].
The mechanism of hot electron transport toward the lateral
plasma boundary was numerically modeled by Forslund ez al.
[73] and Fabro et al. [74]. More recently, in Ref. [69] a
3D-hybrid code was used to describe the trajectories of hot
electrons in the presence of a preplasma, and the results
were compared with experimental findings, performed at a
laser irradiance 1A% = 3 x 10'® W um? cm~2). According to
the simulation, a certain amount of hot electrons traveling
through the electric sheath at the critical density surface is
driven by the E' x B drift along the radial direction, where the
peak of the simulated azimuthal magnetic field is ~0.21 MG.
When electrons reach the lateral edge of the plasma, where
both the magnetic field and plasma conductivity abruptly
fall, they are pulled back toward the solid target by the
thermoelectric magnetic fields and the self-generated electric
fields. The sheath at the plasma edge is relevant when the
density of traveling hot electrons becomes larger than the
background density in the preplasma, so that the hot electron
current cannot be neutralized anymore by the return currents
of colder electrons; according to Ref. [69], this occurs in the
10'7-10'® cm~3 electron density region, whose dimensions
determine the radius of the electron ring. According to the
simulation, the spectral distribution of electrons that reenter
into the solid has a lower average temperature, since the hottest
electrons are not affected by the electric sheath at the plasma
boundary or are less deviated by the toroidal magnetic field.
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Both dimensions and the spatial structure of K« emission
obtained in the present work can be satisfactorily described by
this model. In fact, according to our hydrodynamic simulation,
the density contour at 10'7-10"® W cm™2 has a radius of
~100-150 pm [Fig. 1(a)], which agrees with the dimensions
of the K« ring. Moreover, the dimensions of the K« annular
structure do not depend on laser pulse polarization, which can
be explained by the fact that the dimensions of the emission
ring coincide with those of the preplasma, that, in turn, do
not depend on laser beam polarization. Finally, in our results
the ring is situated at the border of the emission spot, and
the intensity steeply falls around it, which agrees with the
inhibition of the motion of the less energetic electrons out of
the plasma boundary. Also the low energy of electrons entering
into the target (lower than ~80 keV, according to Ref. [63])
agrees with the peak of cross section for Ti K« fluorescence
at 10-50 keV.

V. CONCLUSIONS

Spatially resolved Ko spectroscopy was utilized to inves-
tigate the dependence of hot electron generation and transport
on laser pulse polarization in the mildly relativistic (ag &~ 1)
laser-plasma interaction regime.

While the polarization is found to affect significantly the
amount and energetic spectrum of the hot electrons, as well as
the resulting heating of the target, it seems not to influence their
transport into the solid. The largest K« intensity measured
in the case of p-polarized pulses suggests that resonance
absorption is still dominant in this regime, even if the K o signal
obtained for s polarization shows that J x B heating and/or
plasma instabilities are also present. The higher efficiency
of hot electron generation in the case of p-polarized beams
produces also a slightly higher temperature in the target
compared to s-polarized beams, with maximum values of
T ~ 20eV versus T ~ 15 eV. Results obtained with circularly
polarized pulses could be explained by a different energetic
spectrum of hot electrons with respect to those produced
by linearly polarized pulses. However, the identification of
laser absorption mechanisms for O-polarized pulses is not a
trivial task, because of the still limited knowledge in the field;
further investigations are needed to study the generation of hot
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electrons by mechanisms related to the inverse Faraday effect.
Generation mechanisms related to plasma instabilities in the
underdense plasma region are possible in all the cases and
could result in a large absorption of pulse energy, according to
the literature; however, they are difficult to quantify here.

The 2D spatial structure of Ko emissivity, calculated by a
discretized Abel deconvolution algorithm, gives evidence of
an annular region of ~200 um diameter (~20 times larger
than the focusing laser dimensions), where both the intensity
and the width of the K« emission lines are larger. The ring
structure found for the K« linewidth is a strong indication of
the spatial distribution of the plasma temperature and suggests
that hot electrons propagate into the target mainly along the
ringlike structure. Accurate modeling of measured Ko line
shapes can satisfactorily reproduce the observed spectra, by
supposing a hot ring of ~200 um diameter and 25 um
thickness with T ~ 15-20 eV, surrounding an inner colder
region with T ~ 1-3 eV. A gradient of temperature along
the target depth could also be present, due to the different
penetration depths of hot electrons of different energies. The
annular structure of K« emission is compatible with a model
of electron transport into the preplasma which accounts for the
self-generated electric and magnetic fields. According to the
model, the electrons are drifted laterally by the E x B force,
and then pulled back toward the target at the lateral borders
of the plasma, where the plasma conductivity significantly
drops. Finally we want to remark that the present qualitative
interpretation of the phenomena observed, which seems able to
explain the experimental results, should be corroborated by a
self-consistent simulation, including laser-plasma interaction
modeling, hot electron generation, and propagation into the
preplasma and into the target. This work is, however, outside
the scope of this paper.
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