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Abstract
Superponderomotive-energy electrons are observed experimentally from the interaction of an intense
laser pulse with a relativistically transparent target. For a relativistically transparent target, kinetic
modeling shows that the generation of energetic electrons is dominated by energy transfer within the
main, classically overdense, plasma volume. The laser pulse produces a narrowing, funnel-like channel
inside the plasma volume that generates a field structure responsible for the electron heating. Thefield
structure combines a slowly evolving azimuthalmagnetic field, generated by a strong laser-driven
longitudinal electron current, and, unexpectedly, a strong propagating longitudinal electricfield,
generated by reflections off thewalls of the funnel-like channel. Themagnetic field assists electron
heating by the transverse electric field of the laser pulse through deflections, whereas the longitudinal
electricfield directly accelerates the electrons in the forward direction. The longitudinal electricfield
produced by reflections is 30 times stronger than that in the incoming laser beam and the resulting
direct laser acceleration contributes roughly one third of the energy transferred by the transverse
electricfield of the laser pulse to electrons of the super-ponderomotive tail.

1. Introduction

Electronsmove and can gain energy in response to the electromagnetic fields of a laser pulse; the coupling of the
laser pulse energy to the electrons regulates the entire relativistic intensity laser–plasma interaction.Many other
secondary phenomena of interest arise from this electron heating, including ion acceleration [1–8], high-
harmonic generation [9], x-ray beamgeneration [10–12], and positron production [13, 14]. Electron
acceleration and heating in a plasma is surprisingly complex due to the collective plasma effects that affect both
the laser pulse propagation and the electronmotion itself.

Several parameters determine the dominant electron heatingmechanism at relativistic intensities, the
foremost factors being the plasma density (ne), and the laser pulse duration and intensity. The classical critical
plasma density is defined to be n m ec e L0

2 2 w= , whereωL is the laser frequency. The two extremes for target
plasma densities have been studied extensively. For a very overdense (ne? nc), short scale-length plasma, the
dominant heatingmechanisms become vacuumheating [15] and j×B heating [16], with the expected hot
electron temperature scaling as the ponderomotive potential,U a m c2p e0

2 2» ( ) [17], where a0 is the
normalized laser amplitude. A significant scale-length underdense plasma (ne<nc) could be present ahead of

OPEN ACCESS

RECEIVED

14 June 2018

REVISED

23August 2018

ACCEPTED FOR PUBLICATION

11 September 2018

PUBLISHED

21 September 2018

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 3.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2018TheAuthor(s). Published by IOPPublishing Ltd on behalf ofDeutsche PhysikalischeGesellschaft

https://doi.org/10.1088/1367-2630/aae034
https://orcid.org/0000-0003-4304-0339
https://orcid.org/0000-0003-4304-0339
https://orcid.org/0000-0002-0597-0976
https://orcid.org/0000-0002-0597-0976
https://orcid.org/0000-0002-6495-5696
https://orcid.org/0000-0002-6495-5696
https://orcid.org/0000-0003-3346-5763
https://orcid.org/0000-0003-3346-5763
https://orcid.org/0000-0002-5834-1161
https://orcid.org/0000-0002-5834-1161
https://orcid.org/0000-0001-7030-944X
https://orcid.org/0000-0001-7030-944X
https://orcid.org/0000-0002-3271-5794
https://orcid.org/0000-0002-3271-5794
mailto:wlouise@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aae034&domain=pdf&date_stamp=2018-09-21
http://crossmark.crossref.org/dialog/?doi=10.1088/1367-2630/aae034&domain=pdf&date_stamp=2018-09-21
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0


an overdense target due to heating and expansion either during a laser pre-pulse or on the timescale of the laser
pulse interaction [18, 19]. Such a pre-plasma is known to reduce the j×B heating and the overall energy
conversion efficiency [20–22]. However, a characteristic enhancement in the high-energy tail of escaping
electrons is a typical observation from experiments [23] and has been attributed to other acceleration
mechanisms occurring in the underdense region [19, 21, 24]. There is significant interest in using near-critical
density plasma to enhance ion accelerationmechanisms [2, 5, 6, 8, 25–28], or to generate bright x-ray [29] or
electron–positron plasmas [30] by taking advantage of the high laser energy conversion to hot electrons and the
high electron temperatures.

A significantly underdense plasma offers favorable conditions for electron accelerationwell beyond the
ponderomotive potential, as it allows the laser pulse to propagate with a phase velocity (vph) that remains close to
the speed of light. The laser pulse could excite a co-propagating plasmawave in the underdense plasma leading
to laserwake-field acceleration [31]. For a higher intensity laser pulsewith a duration longer than a plasmawave
period, the plasmawave development is inhibited due to the large and sustained ponderomotive force. Instead,
electrons are expelled from regions of highest intensity and, if the ponderomotive force persists to balance the
electric field acting to return the electrons, a cavitated channel can form [32–34]. In this regime, direct laser
acceleration (DLA) assisted by quasi-static transverse and longitudinal electric fields of the channelmay become
the dominantmechanism generating an electron populationwith characteristic energiesmany times greater
thanUp [35–43].

In this paper, we consider the energy transfermechanisms in the intermediate range of near-critical densities
(ne∼nc), a regime that has received little attention.One compelling reason to consider near-critical density
targets is that they can become transparent at relativistic laser intensities, when a0>1. Accelerating electrons to
relativistic energies, the laser pulse effectively enhances the electronmass, thus reducing the effective critical
density that determines the cutoff for an electromagnetic wave. As a result, the relativistically induced
transparency allows the laser pulse to propagate in plasmaswith electron densities up to n nc cgºg ¯ [2, 44, 45],
where ḡ is the characteristic Lorentz factor. The expected drawback of this regime is the enhancement of vph of
the pulse. This superluminosity leads to poor phasematching between thewave and the electron duringDLA,
severely limiting the electron energy gain [46]. However, the presented experimentalmeasurements from
relativistically near-critical plasma does observe an enhanced super-ponderomotive electron tail formation. It
has previously been noted that even relatively weak oscillating longitudinal electric fields found in a focussing or
defocussing laser pulse can play a significant role in understandingDLA [47]. Here, the two-dimensional
particle-in-cell simulations show one of the dominant energy transfermechanisms into the high-energy tail is
mediated by the evolving longitudinal electric fields within themain plasma volume causing the electrons to
experience huge, rapid acceleration via thismechanism. This is in stark contrast to previously identifiedDLA
mechanisms that have either occurred in the very underdense region or essentially in vacuumwith the overdense
region serving as a source of electrons.

2. Experimental set-up

The experiments were performed using the Titan laser system at the Jupiter Laser Facility [48]. A pulse energy of
127 25 JL =  was delivered on target in a full-width-half-maximum (FWHM) pulse length of
1 0.2 psLt =  . It was focusedwith an f/3 off-axis parabolicmirror to aw0=10±2 μmFWHMfocal spot

diameter containing up to 50%of the laser pulse energy to produce amean peak vacuum intensity of
(5.3±1.8)×1019W cm−2, corresponding to an a0≈6.5±2.2. The prepulse energywasmeasured using a
fast photodiode behind awater-cell to be 16±5 mJ (measurements available for about 20%of the shots), giving
a nanosecond energy contrast ratio of∼104. The laser pulse was linearly polarized and had awavelength of
λL=1.053 μm, so therefore n 10 cmc

21 3= - .
Very low-density foamswere used, withmass densities of 3–100 mg cc 5%1 - that fully ionize to produce

plasmawith electron number density range (0.9–30)×1021 cm−3 (previously used for the experiments in
[2, 25]) to producewell-controlled near-critical density targets. The lowdensity foam targets were fabricated
using the in situ polymerization technique and had a composition of 71%C, 27%Oand 2%Hbymass. The pore
and thread structures were sub-micron, so a relatively homogenous plasmawas expected on theλL scale. The
delicate foamswere supportedwithin 250 μmthickwashers, with the aperture filledwith foam to produce
(250±20) μmthick foam targets. The angle of incidence of the laser pulse onto the front surface of the foam at
s-polarizationwas 16◦. For comparison, some shots were taken ontoMylar foils (fully ionized plasma density of
433nc, i.e.?nc), with thicknesses of 23, 67.5 or 250 μm.
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3. Particle-in-cell simulation parameters

To gain insight into electron heating in near-critical plasmas, two-dimensional simulationswere performed
using a fully-relativistic particle-in-cell code EPOCH [49] for the same range of near-critical target densities. The
laser propagates along the x-axis, and is linearly polarizedwith the electric field in the y-direction. The laser pulse
was approximated by aGaussian beam focused to a 14 μmspot (FWHMof intensity)withλ=1.053 μmand
0.7 ps in duration. The peak vacuumnormalized vector potential was a0=6.5. This laser pulse durationwas
chosen tomimic the experimental setupwhile keeping the simulation box in the case of lower density targets
manageable. At lower densities, the laser pulse easily propagates through the plasma. In order to prevent the laser
pulse fromburning though the target during the simulation, the plasma thickness would have to be increased by
roughly δl≈cδt if the pulse duration is increased by δt. Additionally, the plasmawidthwould have to be
increased as well, because instabilities cause unpredictable and sometimes significant changes of direction for
the propagating laser pulse. Again, the lower density runs aremuchmore impacted by this than the runswith
intermediate densities.

Initially, the plasma is uniform,with a sharp boundary at x=0. The cell size in all the runswas 0.02 μmby
0.04 μmto resolve the dynamics of the accelerated electrons [50]. Therewere 100macro-particles per cell at
ne=30nc and ne=13.5nc, and 50macro-particles per cell in the other runs. The ratio ofmacro-particles in
each cell representing electrons, protons, carbon ions, and oxygen ionswas set at 10:2:7:1. No ionization took
place during the simulation, with the ionization states for carbon and oxygen ions set atZC=6 andZO=8. To
ensure that the plasma is initially quasineutral, the ion densities are initially set at np=0.04ne for protons,
nC=0.116ne for carbon ions, and nO=0.033ne for oxygen ions, so that np+ZC nC+ZO nO=ne. The target
thickness in each case was sufficient to prevent the laser pulse fromburning through the target during the runs
that lasted 2 ps for ne=30nc and ne=13.5nc and 2.5 ps for ne=0.9nc, ne=1.5nc, ne=3nc, and ne=6nc.
Specifically, the target thickness was 140 μmfor ne=0.9nc, 110 μmfor ne=1.5nc, 60 μmfor ne=3nc and
ne=6nc, and 25 μmfor ne=13.5nc and ne=30nc. Using shorter targetsmade these computationally
demanding runsmoremanageable, particularly in the case of high density targets where the number ofmacro-
particles per cell had to be doubled.

4. Results

4.1. Experimental results
The experimental electron spectraweremeasured usingmagnetic electron spectrometers [51]with image plate
detectors. The upper plot infigure 1 shows typical electron spectrameasured along the laser axis for each target
density. The lower plot infigure 1 shows snapshots of the simulated electron spectra at the peak of the laser
intensity. Themaximumvacuum transverse and longitudinal electron γ associatedwith a0=6.5 are py/me

c=a0=6.5 and p m c a 2 22x e 0
2= = , respectively, so nγc is likely in the range n6.5 c–22nc. Both plots show

highermaximum electron energies for near-critical target densities when comparedwith relativistically opaque
densities, i.e. 30nc. The experimental data shows significant fluctuations at the lowest electron densities. The
likely explanation for this is a variable electron beampointing, as illustrated infigure 2. The electron beam
divergence, eq , and pointingweremeasured using a stack of aluminumand image plate layers. Figure 2 shows
electrons beams from two different ne=1.5nc shotswith θe�10° (half angle). The beams have asymmetric
distributions and shotBhas hints ofmore than one beam. Thesemeasurements also indicate that the electron
beampointingwas unstable. The center of the beamwas offset by>10° from the original laser-axis with
apparently arbitrary and randomdirection.

These observations are consistent with the numericalmodelingwhere for ne=0.9nc and 1.5nc the
simulations showed unstable beampropagation accompanied by significant off axis deviations. The total
electron spectra from the simulation should be unaffected by this instability, but it could lead to a seeming
decrease of themeasured electron spectrum at ne=0.9nc. The feature of primary interest to us here is that the
spectra from the relativistically near-critical target range of 3nc–13.5nc exhibit a similar looking energetic
electron tail. The spectrumdrops only as the density is increased to ne=30nc and the target becomes
relativistically opaque and hence overdense. These trends are in agreementwith the simulation study presented
in [25], where the simulated electron spectra fromdifferent near-critical density targets are considered, but the
electron accelerationmechanismswere not investigated.

The experimental spectrawere generally reasonably exponential so afit wasmade to the data to determine a
Maxwellian-like temperature,Te, along the laser axis and are plotted versus plasma density infigure 3(a), albeit
with significant error in some cases. Individual shot data is plotted as crosses and themean for each density is
plotted by circles with the error-bars showing the 95%confidence interval using Student’s t-distribution. The
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likely reasons for the fairly large variation inTe are the variable electron beampointing, as already discussed, and
uncertainties when fitting to data with non-Maxwellian features.

The average electron energymeasured between 2MeV and the detection threshold is a different way to
present the data (figure 3(b)). Therewas smaller shot-to-shot variation for the average electron energiesmaking
the trend clearer and themean values (squares) have a reduced standard deviation. For the highest density, the
solidMylar foil targets (ne=433nc), and n n30e c= foam, theTe is in reasonable agreement withUp≈5.4 MeV
for a0=6.5. For the lower densities, the high-energy tail enhances theTe and average electron energy to
significantly aboveUp. For bothTe and the average energy, the solid targetmean values (gray lines) are
significantly lower that themean values over all of the foam target shots (blue lines).

Also shown infigure 3 as green triangles are theTe extracted from the simulation spectra. The trends in both
Te and average electron energy are similar, albeit with slightly lower values. This shift is likely due to the

Figure 1.Measured spectra, averaged over each density (upper plot) and simulated (lower plot) electron spectra fromdifferent density
targets. The spectraweremeasured along the laser-axis direction. The simulated spectra are snapshots for the entire plasma volume.

Figure 2.Electron beamdivergence and pointing from two different shots onto 1.5nc plasma. The electron spectrometer acceptance
angle and position is shown as the orange dot.
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difference between two- and three-dimensional effects, as well as the larger effective collection angle for
calculating the simulation spectra.

4.2. Simulated electron energy gain
The key features of the laser–plasma interaction in the near-critical regime (nc<ne<nγc) observed in the PIC
simulations are illustrated infigure 4. The electron density prior to the interactionwith the laser pulse is
uniform,with n n3e c= . The intense laser pulse induces relativistic transparency, which allows it to propagate
through the plasma beyond the ne=nc surface shownwith a red curve infigure 4(a). The electricfield amplitude
E infigure 4(a)has distinct spatialmodulations associatedwith the oscillating field of the laser pulsemore than
20 μmbeyond the ne=nc surface. The density and the field snapshots are taken atΔt≈18 fs after the peak
intensity would have arrived at x=0 μm in the absence of the plasma. The elapsed time since the beginning of
the simulation is t=1.15 ps.

The laser pulse produces a narrowing, funnel-like channel in the plasmawith a laser-driven longitudinal
electron current that generates and sustains a relatively strong slowly evolvingmagnetic fieldBz.Bz is averaged
over ten laser periods tofind the quasi-static component that denoted as Bá ñ. Two contours, B B0á ñ =  , are
shown infigure 4(b), whereB0 is the peak amplitude of the lasermagnetic field in the absence of the plasma.
Evidently, the quasi-staticmagnetic field is not negligible compared to themagnetic field of the laser and should
be expected to impact the electron dynamics inside the funnel-like channel [12, 52].

The energetic electrons are tracked during their energy gain process and themajority of the electrons from
the energetic tail are found to originate inside this relativistically transparent channel. Figure 4(b) shows a
representative electron trajectory to be discussed in detail. As evident from the color-coded γ-factor in
figure 4(b), the energy gain for this electron takes placewell inside the plasmawhere ne>nc. Figure 5(a) shows
the time evolution of the electronmomentum components and the γ-factor for the same electron, illustrating
that the electron is accelerated primarily in the laser propagation (x) direction. To determine the underlying
mechanism, the contributions to the γ-factor from thework done by the transverse, Ey, and longitudinal, Ex,
components of the electric field are calculated and shown infigure 5(b) as functions of time.Here we use the
following definitions:

W
m c

e E v t
1

d , 1
e

x x2 òº - ∣ ∣ ( )

W
m c

e E v t
1

d , 2
e

y y2 òº -^ ∣ ∣ ( )

so thatW W 1g+ = -^ . Remarkably, half of the energy gained by this tracked electron is contributed by Ex.
The significant role of the longitudinal field is unexpected, since the longitudinal component is negligible in

the considered incoming beamdue to the large beamwidth. In the incoming beam, it can be estimated from the
condition∇·E=0, which yields E E Rx y l»∣ ∣ ∣ ∣ , whereR is the characteristic transverse scale ofEy. Taking

Figure 3.The experimentalTe, (a), and average electron energy, (b), extracted from the spectra along the laser-axis direction. The
crosses show the individual shot data, whereas the circles give the averaged data for each density with the corresponding error-bars
showing the 95% confidence interval using Student’s t-distribution. The black line shows the average solid target values and shaded
region the error and the blue line shows the averagewith the standard error (shaded region) over the foam target shots and to guide the
eye, the dashed line shows themaximumvalues at each density. The error on the individual shots is not shown for clarity, but typical
errors are∼10%. The green triangles show the simulation temperature and average energy.
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into account that R w2 0» , we find that E E E0.05 0.05x y 0»∣ ∣ ∣ ∣ , where E0 is the amplitude of the transverse
electric field in the focal plane of the incoming laser pulse. In order to determine the actual fields experienced by
the considered electron as it travels into the target, we use awindow that ismovingwith the speed of light along
the beamaxis (x-axis). The tracked electron is in the center of thewindowwhen it begins its longitudinalmotion
at t=1153 fs (from the beginning of the simulation) and x=6.55 μm. Figures 5(c) and (d) show Ex, Ey, and the
longitudinal electron displacement in themovingwindow. In contrast with the transverse field, a strong
longitudinal electric fieldwith E E0.5x 0~∣ ∣ emerges well inside the near-critical plasma (x>6.55 μm). This is

Figure 4.Data from the ne=3nc simulation atΔt≈18 fs after the peak of the laser pulse has arrived at x=0 μm (elapsed time since
the beginning of the simulation is t=1.15 ps). (a) ne on a logarithmic scale and the ne=nc contour is indicated. The total electric
fields normalized to the peak electricfield in the absence of the target, E0, is overlaid to highlight the relativistically transparent
channel. (b)The same ne on a linear scalewith quasi-staticmagnetic field contours shown.Overlaid is an example electron trajectory
that is color-coded to indicate the γ at each position.

Figure 5. (a),(b): The example electron γ (blue dashed) as a function of time. The longitudinal (green line) and transverse (pink dots)
components of the electronmomentum (a) and contributions to the energy gain due to the each electric field component (b) are
shown. (c),(d)The longitudinal (c) and transverse (d) electric fields in awindowmoving along the x-axis with c. The location of the
center of thewindow is shown above the panels as a function of the elapsed time t since the beginning of the simulation. The example
relative electron position is color-coded according to the energy gain (γ) from the corresponding electric field component.
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thefield that contributes to the electron energy gain, rather than theweak longitudinal field that we estimated for
the incoming beambefore it enters the target. Themechanism responsible for generating thisfield is explained
towards the end of this section, but herewe simply point out that it is critical for the electron acceleration: the
simulations observe a 30 fold increase in the longitudinal field comparedwith the vacuum case.

The electronmomentum is primarily longitudinal and, in agreementwith equation (1), this enables a rapid
transfer of energy from Ex to the electron, shownwith the color-coded circles infigure 5(c). The electron gained
the remainder of its energy from the transverse fieldwhere the self-generatedmagnetic field plays an important
role in enabling this energy transfer. The initial contribution right after the electron reaches the axis of the beam
and begins its longitudinalmotion (see figure 4) ismade via the conventional DLAmechanism.However, the
presence of the near-critical plasma considerably limits the resulting energy gain by increasing thewave phase
velocity vph and thus deteriorating the phasematching. As shown infigure 5, the phase velocity of the transverse
electric field in side the channel is vph≈1.075c. According to [46], we should expect an energy gain
corresponding to a v c c2 160 ph

1 2g » - »-[ ( ) ] . Thismatches well theEy-contribution at about 1160 fs
shown infigure 5(b). The second significant increase inW⊥ occurs after the electron encounters a regionwith a
strongmagnetic field at 1183 fs and becomes deflected (seefigure 4). The transversemomentum increases as a
result of the deflection, which is typically detrimental for theDLA. Themagnetic field however also breaks the
synchronismbetween py andEy that otherwise prevents further energy gain. Following the deflection, the
electron enters a region of negative Ey (see figure 5(d))with a substantial positive transversemomentum py (see
figure 5(a)). This then allows for a rapid transfer of energy shown infigure 5(d)with the color-coded circles,
similar towhat was observed in the case ofEx.

Detailed electron tracking has also enabled us to determine average relative contributions by Ex andEy over a
wide range of electron energies, shown infigure 6.We have tracked electrons in a box enclosing the funnel-like
channel, y 8<∣ ∣ μmand x<30 μm, recordingWP andW⊥ over 250 fs (1050 fs< t< 1300 fs).We show the
results for electronswith γ>40 that leave the boxmoving to the right through the boundary located at
x=30 μmduring 1050 fs< t< 1300 fs. Figure 6(a) shows a relative contribution,ΔWP/γ, of thework done by
the longitudinal field towards the total energy of each tracked electron. As the funnel structure becomesmore
pronouncedwith time, the effect of the longitudinal electric field becomesmore pronounced. After t≈1.17 ps,
there are electrons, shownwith yellowmarkers, that have gainedmore than 60%of their total energy fromEx.

The energy exchangewithEx is positive only for some electrons, while others lose an appreciable amount of
energy toEx. Figures 6(b) and (c) provide a statistical analysis of the electron heating in order to determine the
effect ofEx for each energy range.We split the electrons into those that leave the box before and after t≈1.17 ps.
For the electrons that leave at t<1.17 ps,most of the energy had been accumulated outside of the spatial region
of interest or beforewe started tracking them. For the electrons that leave after t≈1.17 ps,most of the energy is
accumulated inside the regionwith the funnel-like channel. The inset infigure 6(b) shows the count of the
macro-particles representing electrons in the histograms offigures 6(b) and (c). The curves are essentially the
electron spectra. They confirm that the heating for the first group is ineffective, so its contribution compared to
that of the second group is relatively insignificant. Themost important trend for the second group is that the
longitudinal electric field contributes a considerable amount of energy of the energetic electrons, with

Figure 6.Electron heating in the n n3e c= simulation during the time interval of 1.05 ps� t� 1.3 ps. The electrons are tracked inside
a boxwith y 8<∣ ∣ μmand x<30 μmduring 1050 fs< t< 1300 fs. The panels show the electron data for the electrons that leave the
boxwith γ>40moving to the right through the boundary located at x=30 μmduring 1050 fs< t< 1300 fs. (a) shows a relative
contribution,ΔWP/γ, of thework done by the longitudinalfield towards the total energy of each tracked electron. (b) and (c) show a
statistical analysis of the components of thework done for t<1.17 ps (Δt<38 fs) and t�1.17 ps (Δt�38 fs), respectively. The
inset shows the count ofmacro-particles representing electrons in panels (b) and (c).
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W W 0.3D D »^ for γ>80. Contrary towhat onemight expect, thework by the transverse electric field inside
the region of interest never exceeds 70%of the total energy for the energetic electron tail with γ>60.

4.3. Acceleratingfield structure
Wehave determined that the longitudinal electricfield that arises inside the narrowing plasma channelmakes an
appreciable contribution towards the electron energy gain.Here, we show that it is caused by reflections of the
incoming laser beamoff thewalls of the funnel-like channel rather than by beam focusing or space-charge
effects.

Snapshots ofEy andEx shown infigure 7 have seemingly uncorrelated patterns. The transverse component
Eyhas almost flat wave-fronts as deep as 10 μm into the plasma. In contrast to that, Exhaswhat appears as tilted
wave-fronts, such as in the regionwith y>0 μmand 0 μm< x<10 μmwhere thewave-fronts ofEy are still
flat. In the case of beam focusing, thewave-fronts ofEx andEy are aligned (for example, see [53]where a narrow
channel is used to amplify Ex). However, this pattern is not visible in the incoming beambecause the
corresponding field, E E0.05x 0»∣ ∣ , is tooweak. The focusing in the narrowing channel is also insufficient to
explain the observed increase of the longitudinal field. The beamwidthwould have to decrease at least by a factor
of ten for Ex to be visible infigure 7(b), but the beamwidth decreases by notmore than a factor of twowhen Ex
becomes strong.

Figure 8 showsmagnified snapshots ofEx andBz in the regionwith tiltedwave-fronts of the longitudinal
electric field. A comparison offigures 7(a) and (b) reveals that the transverse periodicmodulations ofBz coincide
with thewave-fronts of Ex that are shownwith contours in both panels to guide the eye. The fact that there is a
correlation between Ex andBz indicates that space-charge effects are unlikely to be the cause of the strong
longitudinal electric field. Themodulations are consistent with reflections.

In order to demonstrate the role of beam reflections in creating the observedfield structure, we consider a
simplemodel where three planewaves overlap, producing an interference pattern. The electric andmagnetic
fields in each of thewaves are given by

E E x tsin cos 2 , 3x * q p l y= - ¢ +[ ( )] ( )

E E x tcos cos 2 , 4y * q p l y= ¢ +[ ( )] ( )

B E x tcos 2 , 5z * p l y= ¢ +[ ( )] ( )

where E* is thewave amplitude, θ is the angle between the x-axis and the direction of thewave propagation,ψ(t)
is the time-dependent phase and

x x ycos sin 6q q¢ º +( ) ( ) ( )

is the distance along the direction of thewave propagation.Wemimic the case observed in the simulation by
assuming that themainwave propagates forward along the x-axis, such that E E , 00* q= = .Without any loss
of generality, consider two lower amplitudewaves that come in at an angle, where E E0.25 , 30* q p= = -
and E E0.1 , 80* q p= = .

Figure 7.The transverse and longitudinal electricfields shown at the same time as the images infigure 4 (t=1.15 fs andΔt≈18 fs).
Both components are normalized to E0≈2×1013V m−1, the peak amplitude of the electricfield in the incoming laser beam in the
absence of the plasma. Themaximumandminimumvalues of these field components are: E Emax 1.8y 0 »( ) , E Emin 1.7y 0 » -( ) ,

E Emax 0.9x 0 »( ) , and E Emin 1.1y 0 » -( ) .
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The interference patterns atψ=0 for the electric andmagnetic fields are shown in figure 9. Similarly to
what is seen infigure 7, thewave-fronts ofEy are vertical, but thewave-fronts ofEx are clearly tiltedwithout any
correlation between the two patterns. This pattern has a clear origin: thewave-fronts ofEx are created exclusively
by the lower-amplitudewaves. The explanation is further corroborated by the difference in the longitudinal
phase velocities ofEx andEy in figures 5(c) and (d). These results were obtained from the PIC simulation and they
show that thewave-fronts ofEx aremoving faster. Since the lower-amplitudewaves that are responsible forEx
aremoving at an angle with respect to the x-axis, their phase velocity along the x-axis is indeed increased.

The last point to emphasize is the correlation between themodulation ofBz and the tiltedwave-fronts ofEx
infigures 9(b) and (c). This pattern is again similar towhat is seen in the PIC simulations and shown infigure 7.
The incoming beamhas only one component of themagnetic field, which isBz. Reflections do not alter the
polarization of themagnetic field, as opposed towhat happens to the electric field. As a consequence, the tilted
wave-fronts contributemore to themagnetic field of themainwave than toEy and that is why themodulations
in themagnetic field aremuchmore pronounced than those in the transverse electric field.

Figure 8.Magnified region of the longitudinal electricfield Ex (a) and transversemagnetic fieldBz (b) at t=1.15 fs. Themagnetic field
is normalized toB0≈66.2 kT, which is the peak amplitude of themagneticfield in the incoming laser beam in the absence of the
plasma. The black curves in both panels indicate the contours of constant Ex, withEx /E0=0.1. Over the entire simulation domain,

B Bmax 2.1z 0 »( ) and B Bmin 1.8z 0 » -( ) .

Figure 9.Awave pattern produced by three overlapping planewaves of different amplitude. The dotted curves in the right panel
indicate the contours of constantEx, with Ex /E0=0.
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This simplemodel elucidates themechanism responsible for the observed 30 fold increase in the
longitudinal field comparedwith the vacuum case. The increase takes placewithout any significant laser beam
focusing. Thefield is particularly beneficial for energizing electrons that are accelerated in the forward direction
by the pulse, i.e. themain component of thewave. Since the electronmomentum is primarily longitudinal, a
rapid transfer of energy fromEx to the electron takes place, shownwith the color-coded circles infigure 5(c).

5. Summary

In conclusion, we have shown that laser beampropagation in near-critical plasmas, where nc<ne<nγc, can
create conditions favorable for electron heating to energies well beyondwhat is achievable using transverse
electric fieldDLA in such plasmas.Oscillating longitudinal electric and quasi-staticmagnetic fields generated by
the narrowing plasma channel play a profound role in electron heating, enabling rapid and significant energy
transfer to electrons from the laser pulse despite the appreciable super-luminal phase velocity. On average, the
longitudinal electric field contributes roughly one third of the energy transferred by transverse electric field of
the laser pulse to electrons of the super-ponderomotive tail.

Situations where thismechanismmay be particularly important are in thin foil targets that decompress to
near-critical densities on the timescale of the laser pulse [54, 55], for neutron beamgeneration [56], for hole-
boring fast ignition [57], or for the next generation of laser systems, currently under construction, that will reach
intensities accessing a ‘QED-plasma’ regime—where nonlinear synchrotron γ-ray production andmulti-
photonBreit–Wheeler pair production become important—and even solid aluminum targets will be in the n cg
regime [58].
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