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Abstract
Experiments were performed to study electron acceleration by intense sub-picosecond laser pulses
propagating in sub-mm long plasmas of near critical electron density (NCD). Lowdensity foam layers
of 300–500 μmthickness were used as targets. In foams, theNCD-plasmawas produced by a
mechanismof super-sonic ionizationwhen awell-defined separate ns-pulse was sent onto the foam-
target forerunning the relativisticmain pulse. The application of sub-mm thick lowdensity foam
layers provided a substantial increase of the electron acceleration path in aNCD-plasma compared to
the case of freely expanding plasmas created in the interaction of the ns-laser pulsewith solid foils. The
performed experiments on the electron heating by a 100 J, 750 fs short laser pulse of
2–5×1019W cm−2 intensity demonstrated that the effective temperature of supra-thermal electrons
increased from1.5–2MeV in the case of the relativistic laser interactionwith ametallic foil at high
laser contrast up to 13MeV for the laser shots onto the pre-ionized foam. The observed tendency
towards a strong increase of themean electron energy and the number of ultra-relativistic laser-
accelerated electrons is reinforced by the results of gamma-yieldmeasurements that showed a 1000-
fold increase of themeasured doses. The experiment was supported by 3D-PIC and FLUKA
simulations, which considered the laser parameters and the geometry of the experimental set-up.
Both,measurements and simulations showed a high directionality of the acceleration process, since
the strongest increase in the electron energy, charge and corresponding gamma-yield was observed
close to the direction of the laser pulse propagation. The charge of super-ponderomotive electrons
with energy above 30MeV reached a very high value of 78 nC.

1. Introduction

The experimental investigation of high energy density (HED)matter states createdwith intense laser [1, 2] and
heavy ion beams [3, 4] requires active backlighting with highly penetrating gamma-rays and energetic particles
that provide important diagnostic tools to access plasma parameters and structural information from inside the
high areal density samples. Intense andwell directed beams of photonswith energies far above 100 keV and
energetic particle beams of electrons/protons of tens to hundreds ofMeV are the best candidates for such
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radiographic applications. TWandPW-class lasers systems that deliver laser pulses of relativistic intensities are
widely used to generate relativistic particle beams and gamma-radiation. Amicrometer-small size laser focus on
a target surface and a short laser pulse duration ensure high radiographic potential of these secondary sources. By
providing up to 10micrometer spatial resolution and snap shots of theWDM-object density distribution in ps-
up to fs-time scale, the analysis of the hydrodynamicmotion of heatedmatter is facilitated [5, 6].

Electrons play amajor role at the very first stage of laser-matter interaction that lead to production of laser
based sources of radiation and particles. There are differentmechanisms of laser energy transfer to high energy
electrons depending on the laser parameters and the type of targets. The targets range from solid density with
sharp boundaries to extended low density gas. In solids, themechanism strongly depends on the gradients of the
pre-plasma on the target surface and can be the vacuum/Brunel [7], resonant absorption in critical density, the
ponderomotive and the (J×B)mechanism of acceleration [8, 9] or stochastic heating [10–13] etc. Laser
interactionwith low density gas targets provides an effective acceleration of electrons to high energies in the
wakefields generated in preformed plasma channels [14–16]. Great results have been achieved in the generation
ofmonoenergetic electron beams. For instance, in experiments on the interaction of relativistic laser pulses with
lowdensity gas jets and capillary plasmas, the obtained energies range fromhundreds ofMeVup to several GeV
[17–20]. Nevertheless, the charge carried by these electron beams does not exceed tens of pC, which is not
sufficient to radiographHED-samples in experiments with a high level of background radiation.

One of the possibilities to increase the electron beam charge above a nC level keeping the electron energy at a
level of tens up to hundreds ofMeV, is to use the advantage of relativistic laser interactionwith plasmas of
subcritical and near critical density (NCD) [21–24]. The critical electron density is defined as n m e4Lcr

2 2w p= ( )/

wherem and e are themass of electron at rest and its charge and Lw is the laser frequency.
One of the first theoretical works that discusses particle acceleration in relativistic laser channels generated in

near critical plasmas is based on results of 3DPIC-simulations [25]. Simulations demonstrated effects of
channeling andfilamentation of the relativistic laser pulse in theNCD-part of expanding plasma and generation
of a strong current of energetic, 10–100MeV electrons that have Boltzmann-like energy distributionwith an
effective temperature, which depends among others on the laser pulse intensity and the length of theNCD
plasma region. This strong electron current is accompanied by the creation of a giant azimuthal quasi-static
magnetic field [25, 26]. Themechanism of the electron acceleration inNCDplasmas has intrinsically complex
nature, as it involvesmany physical processes simultaneously. In [25], the authors propose amechanism of the
direct laser energy coupling into hot electrons that occurs in relativistic laser channels. This coupling requires
strong self-generated static electric andmagnetic fields that confine fast electrons in relativistic channels. The
electrons experience transverse betatron oscillations that provide an efficient energy exchangewhen the
betatron frequency becomes close to theDoppler shifted laser frequency [25]. The effective electron
temperatures obtained numerically for the case of the relativistic laser interactionwith expanding plasmas,
described by the exponential electron density profile with the scale length L=30 μmwas 4.5 MeV for
IL=1019 W cm−2 and 14MeV for IL=1020 W cm−2.

After Pukhov [25], extended analysis of the relativistic laser pulse interactionwith sub-critical plasmaswas
made byArefiev andKhudik et al [27, 28]. They examine the processes of direct laser acceleration (DLA) of
relativistic electrons undergoing betatron oscillations in a plasma channel and the role played by transverse and
longitudinal quasi-static electric fields. In [28], a universal scaling for themaximumattainable electron energy
was derived analytically.Moreover, the authors have shown a threshold dependence of thefinal energy gain on
the laser intensity.

Up to now, only few experiments have been performed to demonstrate the advantages of the discussed
mechanismof the electron acceleration. The energy transfer from anultra-intense laser pulse with an intensity of
1020 W cm−2 to hot electrons inNCDplasmas depending on the pre-plasma scale length [29]was partially
investigated experimentally and partially using 2DPIC-simulations. In order to produce an one-dimensional
expansion of the plasmawith awell-controlled scale length, a separate 5 ns long laser pulse with a 100 μm large
focal spot was used. In the experiment, the coupling of the energy of the ultra-intense laser pulse into hot
electronswas analyzed indirectly usingmeasurements of CuKα-intensity and proton spectra depending on the
pre-plasma scale length that in turnwas simulated in 1D approximation for different energies of the long pulse.
The energy distribution of energetic electronswas notmeasured directly but simulated using a 2DPIC-code. A
discovered one order ofmagnitude variation in the coupling efficiency of the laser energy into fast electronswas
explained by the existence of a density gradient optimum that ensures strong laser pulse self-focusing and
channeling processes.

Measurements of electrons accelerated by a relativistic laser pulse propagating across amm-long extended
sub-NCDplasma plumewere reported in [22]. The experiments showed a strong increase of the ‘temperature’
and number of supra-ponderomotive electrons caused by the increased length of a relativistic ion channel. New
results on the electron acceleration frompre-ionized foam layers conducted at the Titan laser systemwere
reported in [24]. There, 250 μmthick foam layers withmean densities from3up to 100 mg cm−3
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(ne=0.9–30×1021 cm−3)were pre-ionized by ns ASE-prepulse. The 1 kJ, 8–10 ps short laser pulse had
(5.3±1.8)× 1019 W cm−2 intensity. An approximation of the high energy tail of themeasured electron spectra
with aMaxwell-like function resulted in 2 up to 4 times higher effective electron temperatures than
Upond⋍5.4 MeV for aL=6.5.

The production of a hydrodynamically stableNCD-plasma layer remains an important issue for such type of
experiments. 3DPIC simulations of the relativistic laser interactionwith large-scaleNCDplasmas [30, 31]
demonstrated that low density CHOaerogel [32–34] is a very prospectivematerial for creation of sub-mm long
NCDplasmas and efficient electron acceleration. In the preparation of the reported here experimental
campaign, an optimization studywas performed for the range of current PHELIX-laser parameters and various
areal densities of theNCD-plasmas [30]. Results of 3D-PIC-simulations demonstrated effects of self-focusing
andfilamentation of the laser pulse, the formation of relativistic plasma channels, their bifurcation and the
generation of strong quasi-staticmagnetic field. It was shown that part of the energy spectrumof accelerated
electrons can be approximated by the ponderomotive scalingwith laser pulse amplitude increased up to three
times due to the self-focusing effect in theNCD-plasma. Additional acceleration of electrons to higher energies
was explained by the energy gain directly from the high-frequency laserfield (DLA) in the emerging plasma
channel where a quasi-static azimuthalmagnetic field can keep electrons during the acceleration process.

In this article, we present new experimental results on the interaction of relativistic sub-picosecond laser
pulses with sub-mm longNCDplasmas. Polymer foam layers of 2 mg cm−3 density and up to 500 μmthickness
were used to create hydrodynamically stable, large scale, quasi-homogeneous plasmas targets. TheNCD-plasma
was produced by amechanism of a super-sonic ionizationwhen awell-defined ns-pulse with 1–3 J energywas
sent onto the foam target forerunning the relativisticmain pulse. The energy and the duration of the ns-pulse
werewellmatched to themean volume density and the thickness of foam layers in order to optimize the velocity
of the supersonic ionizationwave that creates high aspect ratioNCDplasma.Note that even higher
hydrodynamic (HD) stability of the plasma slab can be reached if CHO-foam layer is heated not directly by ns-
laser pulse, but by x-rays generated due to interaction of ns laser pulsewith anAu-hohlraum [35–37]. In this
case, the electron temperature in the plasma reachesmoderate 20–40 eV and amean ion chargeZ=2.3 (instead
of 4.3 in the case of fully ionizedCHO-atoms). Great advantage of this indirect laser heating is a very stableHD-
behavior of the plasma layer up to 10 ns after the laser energy deposition into the Au-hohlraum. Thismethod
can be applied if the energy of the ns pulse is large enough to generate a hohlraum radiation temperature above
30–40 eV. If the energy of the ns-pulse is restricted or one uses ns-prepulse to drive a super-sonic ionization, like
it was done in [24], direct laser irradiation of the foam layers has to be used.

Directmeasurements of the electron energy distributionwere performed bymeans of two electron
spectrometers with a staticmagnetic field. By comparing shots ontometallic foils and onto pre-ionized low
density foam layers, it was demonstrated that the effective temperature of supra-thermal electrons increased
from1.5 to 2.2 MeV, in the case of the relativistic laser interactionwith ametallic foil at high laser contrast, up to
13MeV for the laser shots onto the pre-ionized 300 and 500 μmthick foam layers. A strong increase of themean
electron energy and number of ultra-relativistic electronswas reinforced by the results of the gamma-yield
measurements. In the case of pre-ionized polymer foams, a 1000-fold increase of themeasured doses in all 10
channels of the gamma-spectrometer covering the photon energy range from30 keVup to 100MeVwas shown.
For interpretation of themeasured doses bymeans of theMonte Carlomulti-particle transport code FLUKA,
the electron spectra were approximated by aMaxwell-like distributionwith two effective temperatures. The best
fit of themeasured values obtainedwith a deviation less than 10% resulted inT1⋍12MeV andT2⋍2–5MeV,
which is in a good agreementwith directmeasurementsmade bymeans of two electron spectrometers.

The experiment was supported by 3D-PIC simulations that considered the used laser parameters and the
geometry of the experimental set-up.Moreover, it was thereby possible to simulate the absolute number of
accelerated electrons, their energy and angular distributions, whichwas in a good agreementwith
measurements. The simulations and themeasurements showed a high directionality of the acceleration process,
since the strongest increase of the electron energy, charge and corresponding gamma-yieldwas observed close to
the direction of the laser pulse propagation.

The paper is organized as follows: laser and target parameters together with the used experimental set-up are
described in section 2; angle dependentmeasurements of the electron spectral distribution and dosimetry of
hard bremsstrahlung radiation are presented in sections 3; and in 4, PIC-simulations taking into account for the
experimental geometry are comparedwith the experiment; section 5 summarizes the experimental results and
results of themodeling.
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2. Experimental set-up

The goal of the performed experiments was to study the electron acceleration by intense sub-picosecond laser
pulses propagating in sub-mm long plasmas of near critical electron density (NCD) and characterization of the
energy distribution of super-ponderomotive electrons. In [30, 31], it was shown that the interaction of
relativistic laser pulses with foam targets ofNCDprovides an efficient conversion of the laser energy into

relativistic electron beamswith energies far above those predicted byWilks [9]T mc a 1 1h L
2 2= + -( )where

aL is the normalized vector potential, a I0.73 ,L L
2

,18
2l= m mc 511 keV,2 = IL,18 is the laser peak intensity in units

of 1018 W cm−2, and lm is the laser wave length in μm.Distinctive features of these beams are their up to
100MeVhigh energy accompanied by a large number of electrons (tens of nC) and a strong directionality. This
predictionwas realized experimentally by the application of under-dense polymer foamswhile keeping the laser
parameters fixed. Our experiments were performed at theNd:glass PHELIX-laser facility at the
HelmholtzzentrumGSI-Darmstadt, Germany. A s-polarized laser pulse of 1.053 μmfundamental wavelength,
80–100 J energy and 750±250 fs pulse durationwas focused onto the target bymeans of a 150 cm90° off-axis
parabola under 5° to the target normal. In this way, up to 60%of the laser energywas concentrated in the focal
spotwith a FWHM-size of 14±1×19±1 μm2. Shot-to-shot deviations of the laser energy and 30%
uncertainties in the laser pulse duration resulted in the rather large confidential interval of the laser intensities
ranging from2.1 up to 5.1×1019W cm−2. The corresponding normalized vector potentials are aL=3.9–6.0.
The ns laser contrast was kept at the highest level between 10−11 and 10−12.

As targets low density polymer aerogels (foams)with 2 mg cm−3 volume density and conventionalmetallic
foils (Cu, Ti)were used. In order to create theNCDplasma, a foam layer/foil was irradiated by a 1.5 ns long pulse
with a triangular temporal shape and 1–3 J energy forerunning the relativistic shortmain pulse. The delay
between the peak of the ns pulse and the relativisticmain pulse was varied from0 up to 5 ns.

The top-view of the experiment is presented infigure 1. The diagnostics set-up included two portable
electron spectrometers with 250mT staticmagnets. The spectrometers were placed in the target chamber in a
horizontal plane perpendicular to the laser polarization vector. The distance between the interaction point and
the entrance holes of both spectrometers was 450 mm. In order tomeasure an angular distribution of super
ponderomotive electrons predicted in simulations [30], thefirst spectrometer ES1was placed under 18° and the
second one (ES2) under 44° to the laser pulse propagation direction (x-axis, figure 1).

A thermo-luminescence dosimetry (TLD)-based ten channel systemwas used for the spectrometry of the
hard bremsstrahlung caused byMeV electrons interacting with a 17 mm thick Fe-flange that separated the
evacuated target chamber from the environment. TenTLD-cards were placed inside a shielding cylinder with a
collimatorwindowbetween the absorbers, which aremanufactured from lower to higherZmaterials of different

Figure 1.Experimental scheme: orientation of the laser beam relative the target; electron spectrometers ES1 and ES2 placed in the
horizontal plane under 18° and 44° to the laser pulse propagation direction along the x-axis; and a ten channel TLD-detector for
characterization of the gamma-radiation spectral distribution.
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thickness [38]. The incident x-rays penetrate different absorbers and cause a corresponding TLD-signal (dose) in
all ten cannels. The spectrometer was designed for an energy range from30 keV up to 100MeV. The TLD-
detector was placed for one set of shots in the direction of the laser pulse propagation and for another set in
perpendicular direction tomeasure an angular dependence of theMeVbremsstrahlung radiation produced by
supra-thermal electrons.

In order to produce high aspect ratio homogeneous plasmawith a slightly under-critical electron density,
2 mg cm−3 cellulose triacetate (TAC,C12H16O8) layers with thicknesses of 300 and 500 μmwere used [32–34].
TAC-layers are optically transparent and characterized by a highly uniform 3Dnetwork structure consisting of
1–2 μmpores, 0.1 μmthick and 1 μm longfibers with density of approximately 0.1 g cm−3. The density
fluctuations on the focal-spot size area of 100×100 μm2donot exceed 0.5%.Due to their open cell structure,
air contained by pores can be evacuated. Themean volume density of 2 mg cm−3 TAC-foam corresponds to
1.7×1020 atoms cm−3 and amean ion chargeZmean=4.2. Full ionization of all CHO-atomswould
correspond to an electron density of 7×1020 cm−3, which is slightly lower than critical density (1021 cm−3) for
the fundamental wavelength of theNd:glass laser (λ= 1.053 μm).

When the laser interacts with the foam surface, it starts to heat and the solidmembranes/fibers get ionized.
The plasma created by the ionization of 0.1 g cm−3 (8×1021 atoms cm−3) dense, 100 nm thick fibers has an
overcritical electron density and the fiber thickness is larger than the thickness of the skin layer (∼30 nm).
Consequently, it takes time until the created plasmawill expand into the pores reaching undercritical electron
density and allowing further propagation of the laser pulse into the 3D-like aerogel structure. The intensity of the
ns-pulse can bematched to the target density and target thickness in such away that the velocity of the ionization
frontwill bemuch faster than the ion acoustic velocity. During the propagation of the supersonic ionization
wave, the heated high aspect ratio plasma region does not undergo notable expansion.

It was shown analytically [39] and experimentally [40] that the velocity of the super-sonic ionization front
propagation in an initially porousmatter is lower than in a homogeneousmediumof sub-critical density, like in
a gas. Estimations of the ionization front propagation velocityVp that considered the delay caused by hydro-
homogenization processes on themicrometer scale have beenmade in accordancewith equation (27) in [37]
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for the following values that describe the laser parameters andC12H16O8 foam structure used in the experiment:
meanA=8;mean ion chargeZm=4.2,mean foamdensity ρa=2 mg cm−3,fiber density ρs=0.1 g cm−3,
laser wave lengthλL=1 μm, normalized to 1014W cm−2 laser intensity I14=0.5 and a power factorα=0.8
that reflects the geometry of the foam structure [39]. The velocity of the ionization front amountsVp

=2× 107 cm s−1 and an estimated time required for ionization of a 300–500 μmthick foam layer by the 1 J ns-
pulse reaches 1.5–2.5 ns. Due to the fact that the foam-targets were enclosed intoCu-washers (see target station
infigure 2)we could notmeasure experimentally the electron density profile to the time of relativistic pulse
arrival.We can assume that at a large delay between the ns- andmain pulses, the front part of the created plasma
expands toward the incident laser. PIC-simulationsmade for a plasma layer with a constantNCD electron
density and for a combination of the linear density profile with a density plateau showed no noticeable difference
in the electron energy distribution and charge.

In the case ofmetallic foils, an inhomogeneous plasma plume that expands toward themain laser pulse with
an exponentially decaying electron density was produced by the same 1–3 J ns pulse forerunning the relativistic
shortmain pulsewith the delay varied from0 up to 5 ns.

Figure 2.Combination of a low energy ns-pulse and a sub-psmain-pulse (left), high resolution image of the TAC-structure (center)
and a target station used in the experiment (right).
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3. Experimental results

The laser shots that we analyze hereweremade ontoCu-foils andCHO-foams at 10–11 ns laser contrast with and
without an additional nanosecond pulse. The results of electron spectrameasured by two electron spectrometers
ES1 and ES2 and the TLD-dose caused by the bremsstrahlung radiationwere very stable from shot to shot for
every type of laser pulse and target combination.

3.1. Electron spectra
For themeasurements of the electron energy distribution, two electron spectrometers with a 250mTnominal
staticmagnetic fieldwere used. The principal scheme of the electron spectrometer is shown infigure 3. The
spectrometer consisted of an iron housing that held two imaging plates (IPs). A signal on the long, side-on IP
corresponds to electron energies 1<E<12MeV and the short, end-on IP covers the electron energy range
from12MeVup to 100MeV. A 2D-map of themagnetic field distribution inside the spectrometer at the height
of the entrance holewasmade bymeans of a hall-probe. In the center of theNeodym-magnets themeasuredB-
field reached 245–250 mTwith a gradient of 2–5 mTmm−1. The B-field dropped down to 190mT at a distance
of 1 mm from themagnet edges. The dispersion curve that accounts for this gradient dynamics was used to
simulate electron trajectories. The response of BASFMS IPs to an electron impact accounting for the electron
energy and angle of incidence was taken from [41, 42].

Raw electron spectra for high contrast shots ontoCu-foil (sh.30), shot onto theCu-foil with awell-defined
ns-pulse (sh. 27), and onto 300 and 500 μmthickCHO-foam targets (sh. 31, 34, 38, 44) pre-ionized by the ns-
pulse are presented infigure 4. The signalsmeasured by the electron spectrometer ES1 placed 18° to the laser
pulse propagation direction are shownon the left side offigure 4 and thosemeasured by ES2 under 44° on the
right side offigure 4. Two spots in themiddle of the end-on IP (see e.g. figure 4, sh.31, ES1) are produced by
x-rays (low intensity signal) andMeV-protons (saturated signal) that experience only a slight deviation in the
magnetic field. The position of the x-ray signal would correspond to infinitely large electron energy.

Infigure 4, one observes a low background signal on the long, side-on IP (electron energies E12MeV) for
shots onto foils at a high laser contrast (sh. 30) and an increased amplitude of the IP signal and higher electron
energies in the case of a shot onto pre-ionizedCu-foil (sh.27). In the case of sh.27, a three times smaller entrance
hole (0.3 mm instead of 1 mm)wasmounted onto ES1-spectrometer, so that the amplitudes of ES1 and ES2
signals are not comparable. Nevertheless, one can clearly observe the appearance of high energy tails in both
signals.

The saturated IP signal in the case of the laser irradiation of foams (sh. 31, 34, 38, 44), whichwas regularly
detected in the IP-regionwith electron energies below 1MeV, is probably caused by a strongly increased amount
of laser accelerated electronswith E>6–8MeV. These electrons having a large stopping range, penetrated
directly the 5 mm thick front iron-wall of the electron spectrometer andwere deflected bymagnetic field in
accordancewith theirfinal energy.We excluded this energy region fromour analysis and present results for
electrons that entered the spectrometer through the 1 mmcollimator holewith energies above 4 MeV.

A rather poor dispersion of the end-on IP, where signals from electronswith energies between 12 and
100MeV are accumulated, still allowed for the registration of the pronounced effect of the effective laser energy
coupling into electrons inNCD-plasmas and their acceleration up to tens ofMeVs (see raw electron spectra
measured by ES1 end-on IP for shots 31, 34, 38, 44). Data from the absolute calibration of the image plates for
relativistic electronswith energies up to 10MeV and the dependence of the absolute signal on the electron angle
of incidence onto the IP [41, 42]were used to evaluate the number of electrons in different energy ranges.
Additionally, the IP-signal was corrected for energies above 10MeVwhere the stopping power increases by a
factor of 2 between 10 and 100MeVdue to radiation losses. Experimental energy distributions of electronswith
energies between 4 and 80MeV that entered the spectrometer through the 1 mmcollimator hole are presented

Figure 3. Scheme of the electron spectrometer.
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infigure 5(a). Figure 5(b) shows the total number of electrons that entered the spectrometer with energies above
the given one.

Themeasured electron spectra werefitted by severalMaxwell-like distributions with different temperatures
(dashed lines infigure 5(a)). One part of the electron spectra that can bewell approximated by a ponderomotive
‘temperature’ of 1.5–3MeV is present in all shots onto the foil andCHO-foams under 18° and 44°.When
shooting onto the pre-ionized foams, we observe at least a 10-fold increase of the number of hot electronswith
E<10MeVmeasured by ES1 and ES2 and a dramatic increase of the number of ultra-relativistic electronswith
energies above 20MeV (sh. 34, 44,figure 4)measured bymeans of ES1 under 18°.

Themaximumof the effective electron temperatureTh⋍13MeVwas achieved in the case of 300 μmand
500 μmthick pre-ionized CHO-foam layers of 2 mg cm−3mean density and 5 ns delay between the pre-pulse
and themain pulse (e.g. sh. 34, 44). This is at least 5–8.6 times higher than predicted byWilks scaling determined
by the vacuum laser pulse intensity 2.1–5.1×1019 W cm−2 (Th=1.55–2.60 MeV) andmeasured in the high
contrast laser interactionwithCu-foils (Th=1.57–2.23 MeV, e.g. sh. 30). The energy distribution of electrons
detected under 18° and 44° is very similar in the case of shots with a high laser contrast (compare raw spectra and
electron energy distributionmeasured by ES1 and ES2 in sh.30,figure 4). By interaction of the relativistic laser
pulsewith low density foams pre-ionized by the ns-pulse, we observe a predominant effect in the electron
spectrameasured by ES1 (figures 4, 5) under 18° to the laser propagation direction. An approximation of the
high energy tails (E>25–30MeV)with aMaxwell-like distribution function results into 12.8–13MeV effective
electron temperature, while themeasured number of electronswith energies E>30MeV that entered the
spectrometers trough the 1 mmhole reached 3×105 particles (figure 5(b)). The IP signal of the electron spectra
measured by ES2 caused by electronswithE>25–30MeV is at the background level (figures 5(a), (b)).

3.2.Measurements of the TLD-doses caused by bremsstrahlung radiation
The observed tendency towards the strong increase of themean electron energy and number ofMeV laser-
accelerated electrons is reinforced by the results of the gamma-yieldmeasurements.

The bremsstrahlung radiation (BS)was produced byMeV electrons passing through a 17mm thick steel
flange, located at a distance of 868 mm from the target in the laser pulse direction. An absolute calibrated ten-
channel TLD-spectrometer [38] based on themethod of thermo-luminescence dosimetry was used as a
measurement tool for the bremsstrahlung. The ten TLD-cards were placed between absorbers inside a shielding
cylinder with a collimatorwindow. These absorbers having different thicknesses were fabricated fromdifferent

Figure 4.Raw electron spectrameasured bymeans of electron spectrometers ES1 and ES2 under 18° and 44° to the laser propagation
direction for various combinations of the ns-pulse energy and the delayΔt between the ns- and short pulses. The color scale of the IP
signal expressed in photo-stimulated luminescence (PSL ) is the same for all presented spectra.
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materials of increasingZ ranging fromPVC to steel. Thematerials of the TLD cards are pieces of doped lithium
fluoride in two variations: TLD 700 (7LiF:Mg, Ti) andTLD700 H (7LiF:Mg, Cu, P). They are suitable for the
detection of fast pulsed radiation. The response of the detectors is based on the excitation of the decoupled
atoms. TLDs absorb radiation and emit photons proportionally to the deposited dosewhen heated to a few
hundred degrees Celsius and have reduced residual signal. TLD700 H cardswere calibrated for low- to high-
dose ranges from1 μGy to 20 Gy and have a very good dose-response and linearity atmuch higher doses. The
spectrometer is designed for an energy range from30 keV to 100MeV, resolved in 10 different energy bins. The
widths of the ten energy binswith j=1–10 are:ΔEj=[0.02; 0.05; 0.15; 0.25; 0.5; 1.5; 2.5; 5.0; 40; 50]MeVwith
corresponding interval centers: Ej=[0.04; 0.075; 0.175; 0.375; 0.750; 1.75; 3.75; 7.5; 30.0; 75.0]MeV.

Figures 6(a) and (b) show themeasured dose readings thatwere obtained by the 10-channel TLD-
spectrometer for laser shots generated at different conditions; target type, high contrast interaction or
application of the ns-pulse prior to the relativisticmain pulse and position of the TLD-spectrometer: (a) at 0°
and (b) at 90° to the laser pulse propagation direction.

When the TLD-spectrometer was placed at 0°, the lowest dose values weremeasured for shots ontoCu-foils
(sh. 4, 25, 28) and 500 μmthickCHO-foams (sh. 37) that used the high ns contrast10−11, see figure 6(a). For
high contrast laser shots no dependence of the TLD-doses on the targetmaterial and the target structure was
measured. Shots 1, 2 deal with the case when themain laser pulse interacts with expanded plasma created by the
ns-pulse that hit theCu-foil.

The density profile of the expanded plasma comprises a relatively shortNCD-region, inwhich effective
electron acceleration takes place. Experimentally, we observe a strongly increased level of EMPs in the laser-bay
outside the target chamber and one order ofmagnitude increase in the dose of the gamma-radiationmeasured
by the TLD-detectors.

Figure 5. (a)Energy distribution of electrons with energies from4up to 80 MeV that entered the spectrometer; (b) evaluated total
number of electrons that enter the spectrometer with energies above the given one.
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At relativistic laser interactionwith pre-ionizedCHO-foams, the creation of the 300–500 μm longNCD
plasmas ensures a longer acceleration path than in the case of freely expanding plasmas, which results in an even
more effective coupling of the laser energy into energetic electrons. For example, this effect was clearly observed
in the shots 31, 34, 37, 38, 44, where the relativistic laser pulse interactedwith pre-ionized CHO-foam. TLD-
measurementsmade in the direction of the laser pulse after its propagation through the long scaleNCD-plasma
showed a 1000-fold increase of themeasured doses in all 10 channels compared to the high contrast case.

In the perpendicular direction (figure 6(b)), themeasured TLDdoses in the case of pre-ionized Cu-foil (sh.
52) andCHO-foam layers (sh. 46, 50) are very similar. The dose values are close to thosemeasured in the
direction of the laser pulse propagation at high laser contrast (figure 6(a)).

The dose readingsmeasured in the different channels of the TLD-spectrometer resulted from contributions
made by photons and electronswith different energies. Consequently, the deconvolution of the spectral
distributions of the electrons requires information about the response functions of the dose of all the
spectrometer layers tomono-energetic particle fluxes. The responsematrixRijwas calculated using theMonte
Carlomulti-particle transport code FLUKA [43, 44] in the energy region between 100 keV and 100MeV for
electrons. The real geometry of the experimental set-up and environment were recreated for the simulations
with help of the FLAIR interface for FLUKA. The approximate dose values for 20 energy intervals with different
interval widthsΔE=[0.1; 0.175; 0.25; 0.375; 0.5; 0.75; 1; 1.75; 2.5; 3.75; 5; 7.5; 10; 15; 20; 25; 30; 40; 50; 75; 100]
MeVwere calculated by the equation D E R Ei j j ij jcalc 1

20= å F D= ( ) with an electron fluenceΦj(E) and an average
responseRij of a channel i over the energy intervalΔEj. For the calculation of the electron spectrum, an
unfolding-algorithmwas created and applied, since the analytical calculation is impossible due to an inverse
problem. The electronfluence idepending on energywas approximated by aMaxwell distribution functionwith
two electron temperaturesT1 andT2 and corresponding absolute numbers of electronsN1 andN2:
dN/dEj=N1/T1×exp(−Ej/T1)+N2/T2×exp(−Ej/T2). The unfolding-algorithmwas based on a
sequential enumeration ofmatching data series and performed a best possible curvematchingwith the

Figure 6. (a)Doses registered by the ten-channel TLD-spectrometer placed in the direction of the laser pulse propagation for shots
made at different conditions; (b) samemeasurementsmade in the direction perpendicular to the laser pulse propagation.
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calculation of errors for deviations between the experimental and the simulated dose values. According to the
above-written equation the spectralfluencewas retrievedwith a precision better than 10%.

Figure 7 shows the resulting values ofTe1 andTe2 for selected laser shots:N° 31, 34, 38, 44weremade onto
pre-ionized foam and 4, 25, 28, 37 onto foil/foam at highest laser contrast. As expected, in the case of foams,
when theTLDdoses reached theirmaximumvalue, both electron temperatures are essentially higher compared
toTe1 andTe2 evaluated for the case of high contrast shots. These results show a very good correlationwith the
experimental conditions andwith the results of the electron spectrometers. Themeasured doses allow retrieving
the absolute numbers of electronsN1 andN2 that interacts with the flange and produce a signal inside the TLD-
cards. According to the set-up geometry, these are electrons that propagate along the x-axis with a divergence
θ=3.3° (half angle). In the case of the laser interactionwith pre-ionized foams, the bestfit of all ten TLD-signals
was obtained forT1⋍12MeV andN1=0.5–1×1010 electrons. This number corresponds to up to 8–16 nCof
thewell-directed super-ponderomotive electron beam.

4. Results ofmodeling and comparisonwith experimental data.

3DPIC simulationswere performed using the virtual laser plasma Laboratory code [45] for the laser parameters
and interaction geometry used in the experiment (section 1,figure 1). In particular, the FWHMaxes of the
elliptical laser focal spot were 13.4 and 18.8 μm, the laser pulse energy in the focal spot was 54 J (full pulse energy
94 J) and the FWHMpulse durationwas of 700 fs. Resulted laser pulse intensity reached 4.4×1019 W cm−2

(aL=5.67). The plasmawas composed of electrons, fully ionized ions of carbon, hydrogen and oxygen.
Simulations accounted for the ion type and the ion fraction in accordance with the chemical composition of
triacetate cellulose C12H16O8, see e.g. [30]. The simulation box had a size of 610 μmalong the x-axis. Thefirst 10
and the last 100 μmof the space in this directionwere free of the plasma at the initialmoment. The box had
100 μmsize both along the y-axis and the z-axis. Sizes of a numerical cell were 0.05 μmalong the x-axis and
0.5 μmalong the y-axis and the z-axis. The number of particles per cell equalled 4 for the electrons and 1 for the
ions of each type. Boundary conditions were absorbing for particles and fields in each direction.

The initial electron density profile (together with the neutralizing ion density) at themoment of themain
pulse arrival consisted of two parts: 2/3 ofmass had a plane density distributionwith initial critical electron
density ncr=1021 cm−3 and 1/3 had a linearly ramped profile that expands into the laser pulse direction, ne
=(0.1+0.9 (x−10)/250) ncr for x<260 μmand ne=ncr for х�260 μm.This electron distributionwas
chosen as a result of 1Dhydrodynamic (HD) simulations of the 1.5 ns laser pulse interactionwith 2 mg cm−3

homogeneous 500 μmthick layermadewith a code RADIAN [35]. Results ofHD-simulationsmade for the
initially homogeneousNCD-slabwere corrected to the homogenization time that is required to convert low
densitymicro-structuredmatter into homogeneousNCDplasma [39, 40]. PIC-simulations weremade aswell
for a step-like density profile with ncr and 0.5 ncr [30, 31]. The simulations result into a very similar behavior of
the energy and angular distributions of super-ponderomotive electrons in allmentioned cases.

Figure 7.Electron temperatures evaluated from themeasured TLD-doses via the best-fit procedure using FLUKA-simulations that
accounted for a real geometry of the experimental set-up and the environment and used a two electron temperatures approximation.
The bestfit was achieved by keeping the deviations of the simulated doses frommeasured values below 10% for all 10 detector
channels simultaneously.
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Figure 8 illustrates the plasma electron density dynamics during the laser pulse propagation in the plasma
channel for twomoments corresponding to ct=150 and 550 μm (note that at t=0 the laser pulse has its
maximum intensity at the target front side). The creation of a plasma channel togetherwith a strong self-
focusing,filamentation and bifurcation of the laser pulse are seen infigure 8.

The presence of self-generated fields is the characteristic feature of a laser pulse channeling in plasma caused
by the relativistic and ponderomotive effects. Ponderomotive expulsion of background plasma electrons from
the channel creates a radial quasi-electrostatic field, while the current of the accelerated electrons generates an
azimuthalmagnetic field [25, 26, 30, and 31]. The structure of the electron current density along the laser
propagation axis, as well as the two components of themagnetic field in the plasma channel are shown infigure 9
for ct=250 μm. For the laser pulse electricfield polarized alongOY axis (see figure 1), the z-component of the
magnetic field bz shown infigure 9(b) containsmainly a laserfield strongly increased by the self-focusing effect.
At the same time, the y-component of themagnetic field by shown infigure 9(d) correspondsmainly to the
quasistatic azimuthalmagnetic field produced by a current of accelerated electrons (see figures 9(a), (c)). This
field can hold fast electrons inside the channel. In particular, for 30MeV electronsmoving in a 100MG
azimuthalmagnetic field, which corresponds to the dimensionless z-component |bz|≈1 infigure 9(d), the
Larmor radius is equal to 9.4μm.This value is close to the radius of the electron current infigures 9(a), (c), which
indicates the ability of the generated quasistaticmagnetic field to hold the accelerated electrons in the plasma
channel.

An additional focusing force for accelerated electrons can be provided by a quasistatic electric field caused by
the decreased electron density in the plasma channel. Electrons trapped in the plasma channel and experiencing
betatron oscillations can get in phasewith the laser field and accelerated further [25, 26, and 31]. Amore detailed
discussion of electron accelerationmechanisms in a relativistic plasma channel based on a three-dimensional
PIC simulationwill be done in the next article.

The transverse electronmomentumobtained in the process of acceleration determines the angular
distributions of accelerated electrons shown infigure 10. A comparison of the angular distribution of accelerated
electronswithout restriction on the energy (depicted infigure 10(a))with distributions at higher energies,

Figure 8. Snapshots of the electron density distributions in the planeXZ (see figure 1) at the timemoments corresponded to ct=150
and 550 μm (t=0 corresponds to the laser pulsemaximumat the target front side). The electron density is normalized to ncr.

Figure 9.The electron current density jx normalized to n eccr in the plane z 0= a( ) and y 0= (c); the components ofmagneticfield
normalized to mc e :Lw( ) ∣ ∣/ bz in the plane z 0= (b) and by in the plane y 0= (d) at ct=250 μm.Herem and e are themass of
electron at rest and its charge, c is the speed of light andωL is the laser frequency. For the laser wave lengthλL=1 μmadimensionless
magnetic field |b|=1 corresponds to 107MG.
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figures 10(b)–(d), shows that themain part of relatively low energy electrons (E<3MeV) are acceleratedmostly
in the radial direction by a ponderomotive force that pushes electrons out of the plasma channel.

Super-ponderomotive electrons (E>3MeV) that experience the betatron oscillatons and theDLA in the
plasma channel [25] leave the plasma under the angle to the direction of the laser propagation axisOX; this angle
is determined by the ratio of the transversal electronmomentum py and pz to the longitudinal px. Increasing of
the angle underwhich electronswith higher energiesmove relative to the laser propagation axisOX (compare
figure 10(b)with (c) and (d)), reflects an increased transversemomentumof electrons accelerated by the laser
pulse due to transverse betatron oscillations in the self-generated quasi-static electric andmagnetic fields of the
plasma channel.

Wewould like to emphasize that the 3D capability of the PIC code allows simulations that are close to real
experimental conditions. Thus, the absolute energy spectra, i.e. the number of accelerated electrons in any
energy range, and also its angular distribution can be obtained. The electron spectra were simulated at the ranges
of angles p parctg z xq = ( )/ =18°±5° (magenta line) and 44°±5° (blue line), which correspond to the
positions of the ES1 andES2 spectrometers (figure 10). For 4.4×1019W cm−2 (aL=5.67) vacuum laser
intensity, high energy parts of the electron energy distributions (E>25MeV) simulated under 18° and 44° to
the laser pulse propagation directionwere approximated by theMaxwell-like functionswith effective hot
electron temperaturesTh=17.7 MeV and 12.2 MeV.Note that in our simulations we used slightly smaller
pulse duration, 700 fs, than the average value of 750±250 fs indicated for the range operated in the experiment.
Increasing of the pulse duration together with some decreasing of the pulse energy in the confidence intervals
will lead to decrease of the laser intensity and consequently to lower hot electrons temperatures as it was checked
in simulations. The square root scaling of theThwith the laser intensity suggested in [25]would lead to
Th=12MeV (θ=18°±5°) and 8.6 MeV(θ=44°±5°) for 2.1×1019 W cm−2 that represents the low limit
of the confidential interval of laser intensities used in the experiment (see section 2). These numbers are in a good
agreementwith directmeasurements of the electron energy distributions resulting inTh=12.8–13MeV
(θ=18°±5°) and 7.5–8.0 MeV (θ=44°±5°), see figure 5(a).

The 3D geometry of the simulations that was chosen in conformity with the experimental set-up allows
obtaining not only the shape of the spectra and realistic angular distributions, but also the absolute numbers of
accelerated particles. Taking into account the solid angle, under which the electron spectrometer ES1 is seen, the

Figure 10.Distributions over angle p parctg z xq = ( )/ of electrons, which left the target with px>0 and p mc0.1 ,y <∣ ∣ at the time
moment corresponding to ct=550 μmfor different energy ranges: (0,∞) (a); (3, 12)MeV (b); (12, 100)MeV (c) and (30, 100)MeV
(d).
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number of electrons reaching the spectrometer with energies above 30MeV is 6×105, as follows from
figure 10(d).

Similar number of electrons can be estimated from figure 11 for the range of angles
p parctg z xq = ( )/ =18°±5° (magenta line), taking into account that the energy spectrum accumulates

particles with any transversemomenta py. The obtained number of electronswith energies above 30MeV
6×105, coincides rather well with the numbermeasured by the electron spectrometer ES1 in shot 44 (3×105,
see figure 5(b)). Table 1 presents the total number of electrons, their charge and corresponding conversion
efficiency for different intervals of electron energies obtained in PIC-simulations. The total charge of electrons
with energies above 3 MeV reaches 2 μC,while the charge of super-ponderomotive electronswithE>30MeV
reaches a very high value of 78 nC.

In recent simulations [46], 30 fs, 4 J laser pulse of 8×1020W cm−2 intensity interactedwith an ionized
planar target. A target electron density was varied from0.05 ncr up to 2 ncr and a layer thickness from10λ up to
500λ. The authors reported an ability to generate up to 7 nC total charge of electrons accelerated to energies
above 30MeV. This number corresponds to 1.7 nCper 1 J of the input laser energy. The achieved efficiency is
very close to our result (78 nC at 54 J in the focal spot, see table 1) obtained atmuch lower laser intensity of
4.4×1019W cm−2 for 700 fs laser pulse duration. A high available energy of sub-picosecond laser pulses
(∼100 J)makes it possible to generate a high total charge of accelerated electrons. The number of accelerated
electronswith energies above 30MeV can reach a 300 nC level. This result was obtained in [31] for the case of a
(0.5÷2) ncr plasma layer and a 700 fs, 120 J laser pulse with an intensity of 5.7×1020W cm−2, focused into a
4 μmfocal spot, and corresponds to an efficiency of 2.5 nC per 1 J of the full input laser energy.

Figure 11.Electron energy spectra obtained in PIC simulations at 4.4×1019 W cm−2 (aL=5.67) for spectrometers ES1 and ES2 at
the ranges of angles p parctg z xq = ( )/ =18°±5° (magenta line) and 44°±5° (blue line). Brown and green dotted lines are
exponential fits for effective temperaturesTh=17.7 and 12.2 MeV.

Table 1.Energy dependent number, charge and conversion efficiency of
accelerated electrons which left the target with px>0 at ct = 550 μm
predicted by PIC-simulations.

Energy

range,

MeV

Number of

electrons

Charge of

electrons, μC

Percent of

laser energy

(0.5,+∞) 3.22×1013 5.15 40%

(3,+∞) 1.15×1013 1.84 31%

(3, 12) 9.09×1012 1.45 14.8%

(12,+∞) 2.38×1012 0.381 16.3%

(30,+∞) 4.85×1011 0.078 6.4%
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5. Conclusion

In this article, we present new experimental results on the interaction of relativistic sub-picosecond laser pulses
with extended, sub-mm longNCD-plasmas. Low density polymer foam layers were used to create this type of
hydrodynamic stable, large scale, quasi-homogeneous plasmas. Interaction of the relativistic laser pulsewith
large-scaleNCD-plasmas ensures a long acceleration path and results into effective coupling of the laser energy
into energetic electrons.

Experiments on the electron heating by a 80–100 J, 750 fs short laser pulse of 2–5×1019 W cm−2 intensity
demonstrated that the effective temperature of supra-thermal electrons increased from1.5–2MeV, in the case of
the relativistic laser interactionwith ametallic foil at high laser contrast, up to 13MeV for the laser shots onto the
pre-ionized 300–500 μm long foam layerwith aNCD.Themeasurements showed high directionality of the
acceleration process.

The observed tendency towards the strong increase of themean electron energy and number of super-
ponderomotive electrons is reinforced by the results of the gamma-yieldmeasurements. In the case of laser
interactionwith long-scale NCD-plasmas, the dose caused by the gamma-radiationmeasured in the direction of
the laser pulse propagation showed a 1000-fold increase compared to the high contrast shots onto plane foils and
dosesmeasured perpendicular to the laser propagation direction for all used combinations of targets and laser
parameters. The effective temperature of super-ponderomotive electrons retrieved from themeasured TLD-
doses bymeans of theMonte-Carlo simulations reached 11–12MeV, which is in a good agreement with direct
measurements by the electron spectrometers.

The experiment was supported by the full 3D-PIC simulations that account for the used laser parameters
and the geometry of the experimental set-up and allow, in contrast to usually used 2D-3VPIC analysis,
simulating the absolute number of accelerated electrons, their energy and angular distributions. The obtained
simulation results are in a good agreement withmeasured amount of electrons thatwere registered by the
electron spectrometers and indicate the effective electron acceleration inNCDplasmaswith a total electron
charge of about 2 μC at the energies above ponderomotive one (>3MeV), while the charge of super-
ponderomotive electronswithE>30MeV reaches a high value of 80 nC.
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