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The acceleration of electrons by surface plasma waves (SPWs) generated during the interaction of

ultrashort, linearly polarized, and contrast-enhanced laser pulses at a peak intensity of ~6 x 100 W cm™~

2

with flat, noncorrugated foils at parallel incidence (with respect to the target surface) is investigated. We
experimentally demonstrate the generation of a collimated electron beam (< 0.6 mrad) with a non-
Maxwellian spectrum, characterized by peaks at superponderomotive energies (30-36 MeV) and total
charge ~120 pC. Through particle-in-cell (PIC) simulations, we identify the J x B force at the front edge
as the primary mechanism for injecting electrons into the SPW, where they are further accelerated.
Furthermore, our simulation findings reveal that lateral surface contaminants influence SPW dynamics and

give rise to a long-ranging plasmonic mode.

DOIL: 10.1103/y29y-f63h

Surface plasmons (SPs) or surface plasma waves (SPWs)
are electromagnetic excitations of free electrons that
propagate along the boundary of a sharp material interface
[1,2]. Generating SPWs with a laser pulse can result in
substantial amplification and control of the electromagnetic
field at the interface, with many applications in plasmonics
[3.4]. SPWs from high-intensity laser-matter interactions
[5] promise many benefits, such as producing ultrashort
multi-MeV electron bunches [6,7], enhancing ion accel-
eration [8—10], generating high-flux x-rays [11,12] or high
harmonics [13]. Electron acceleration is particularly effec-
tive as the phase velocity and longitudinal components of
the surface plasmon enable the electrons to “surf” the
plasma wave in a similar fashion to laser wakefield
acceleration (LWFA) [14-18].

Previous experiments at relativistic intensities have
used grating targets engraved with periodic modulations,
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enabling phase matching between the SPW and the laser
pulse [6,7,10,19,20]. This is considered a necessary con-
dition for an obliquely incident laser pulse. However,
grating targets are expensive, difficult to manufacture,
and prone to energy loss due to radiative scattering as
the SPW propagates along the corrugated surface.

A recently proposed configuration, the “peeler acceler-
ation” geometry [8], involves irradiating parallel to the
surface of a thin flat foil. This eliminates the need for a
grating because the phase velocity v, mismatch between the
laser and SPW is greatly reduced. Simulations have shown
that this scheme can effectively excite a surface wave
[8,9,21]. In this case, the laser will destructively interfere
with the SPW when the accumulated phase difference A¢
becomes equal to 7 after propagating a distance L, ~ N4,
where 1 is the laser wavelength and N = n,/n, is the ratio
between the electron and critical density, respectively. This
dephasing length is, however, sufficiently long [8,9] to
accelerate electrons to superponderomotive energies [22].
The electrons are accelerated mainly along the foil’s surfaces
by the longitudinal component of the SPW. In the limit
n, > n., the SPW’s phase velocity v,, ~ ¢, and the fields are
evanescent on both sides of the interface [23]. If an electron
is injected exactly at a wave crest with a velocity equal to v,
it can achieve a maximum possible energy,

gmax = 4NmeczaSPW7 (1)
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FIG. 1. Schematic of the experimental setup. Three high-
resolution electron spectrometers were deployed at different
angles 0°, 10°, and 20° (as labeled) with respect to the target
surface. The bottom inset depicts the irradiating position with the
laser pulse focused 20 pm beyond the front edge of a 6 pm gold
target. The top inset shows the target matrix array used for
parallel incidence shots.

where aspw = (e/m,wc)Espw and Egpyy is the longitudinal
field amplitude [12].

In this Letter, we report the experimental demonstration
of high-energy electron acceleration by surface plasma
waves excited on flat, noncorrugated thin foils. The
electron beams exhibit low divergence, with a non-
Maxwellian spectrum characterized by a pronounced peak
at superponderomotive energies. Multidimensional par-
ticle-in-cell (PIC) simulations [24], conducted under con-
ditions closely resembling those of the experiment, indicate
that the electrons emitted from the rear target edge are
injected into the SPW by the J x B force [25] at the front
edge and are further accelerated along the target surface by
the SPW. The impact of naturally occurring lateral surface
contamination on extending the propagation of the plasma
wave and enhancing the electron energies is also examined.
The findings in this Letter provide key understandings for
advancing high-field plasmonics by enabling the genera-
tion of SPs and their exploitation for electron acceleration
without the need for complex targets.

The experiment was carried out using the Gemini laser
system at the Rutherford Appleton Laboratory, UK. A
double plasma mirror (DPM) setup was implemented for
temporal pulse cleaning [26-28] to ensure a sharp density
gradient between the target and vacuum. With the DPM
deployed, the laser delivered approximately 6 J on target in
a 45 fs full width at half maximum (FWHM) pulse with a
central wavelength 4 = 80 nm. The P-polarized beam was
focused on the target at parallel incidence with an f/2 off
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FIG. 2. (a)-(c) Raw BAS-TR image plate data from Espec

0 degrees. Electrons are generated from gold foils irradiated at
parallel incidence using 200, 250, and 300 pm targets, respec-
tively. (d) Electron spectra at 0 deg, smoothed using a 6o
Gaussian filter. Several representative shots for target lengths
ranging from 180 to 300 pm are highlighted, while others are
plotted in light gray to indicate shot-to-shot variations. Gaps
around 17 MeV correspond to the electron spectrometer arrange-
ment, specifically the separation between two image plates.

axis parabola producing a ~2.7 pm FWHM Gaussian focal
spot and a peak intensity of ~6 x 10 W cm™2. A deform-
able mirror (DM) was implemented to correct for higher-
order aberrations. To test the mechanism’s dependence on
polarization, a half-wave plate was placed in the beam path
between the DM and the f/2 parabola. The main diag-
nostics included three electron spectrometers (Espec), each
equipped with BAS-TR image plate (IP) detectors [29].
These were positioned at 0°, 10°, and 20° relative to the
laser axis, with horizontal acceptance angles of approx-
imately 21, 14, and 3 mrad, respectively. Gold targets with
lengths in the range of 100 — 300 pm were used with the
beam focused 20 pm beyond the front edge, which in turn
determines the effective spot size at the front surface and
parallel surfaces (see Fig. 1).
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(a) 2D simulated electron spectra at different values of target lengths taken 100 fs after exiting into vacuum. Particles were

selected within a 20 pm slice. The inset shows the linear electron charge density vs target length. (b) Energy spectrum of electrons
selected within the final spectrum for 250 pm target at 400 fs and 900 fs, respectively. Peaks 1 and 2 indicate electrons selected at 400 fs
for Fig. 4, with an inset showing these electrons trapped in an SPW. (c) Polar plot of the angular distribution of the tracked electrons

emitted from the rear edge of a 250 pm target.

The angular and energy distributions of electrons emitted
from flat gold foils irradiated at parallel incidence are
presented in Figs. 2(a)-2(c), as measured by the zero-
degree electron spectrometer. For targets exceeding
200 pm in length, electron beams remain collimated along
the laser axis, with a divergence of 0.6 mrad (full width at
1/e*> maximum) at the spectral peak, and an average
divergence of 2.2 4 0.4 mrad over the 17-150 MeV energy
range. During parallel incidence shots, only a low flux of
electrons with energies on the order of the ponderomotive
energy €, ~6 MeV were observed on the 10- and 20-
degree spectrometers.

The electron spectra obtained on the zero-degree Espec
for a target length scan with P-polarized pulses are shown
in Fig. 2(d). A non-Maxwellian distribution was consis-
tently observed in each spectrum examined, with a promi-
nent peak in the 30-36 MeV range with amplitude
increasing with the target length. Targets with lengths
greater than 300 pm were longer than the mount and were
not self-supporting; thus, results from such shots were
inconsistent due to alignment issues. While most spectra
exhibited cut-off energies of 60-80 MeV, on one occasion,
a second broad peak with lower amplitude and energies
extending up to 140 MeV was observed. In general, the
charge accelerated in the electron beam was estimated to be
Qapg =~ 120 £ 8 pC. Decreasing the thickness from 6 to
2 pm resulted in a decrease in electron flux to ~72 £ 5 pC,
as highlighted in Fig. 2(d) for a 300 pm long target. Shots
employing S-polarized pulses (250 pm by 5 pm targets)
led to a large reduction of flux with a thermal spectrum and
cutoff energy of 4-6 MeV.

The low energies and flux in the S-polarized shots
reinforce the interpretation of electron acceleration by
SPWs, as surface plasmon excitation necessitates P-polar-
ized light [1,30].

The spectral peak observed in the P-polarization shots
indicates that as the electrons traverse the target surface

they synchronize with the SPW and settle into a relatively
narrow energy range, forming a narrow band bunch. This
peak is consistently observed within a similar energy range
across all target lengths, suggesting that each target exceeds
the maximum acceleration length.

The results obtained at the two different thicknesses are
particularly noteworthy because both target thicknesses
greatly exceed the skin depth. Assuming all electrons are
continuously “peeled” from within the skin layer along the
lateral surfaces, one would expect similar charge accumu-
lation across different target thicknesses. However, the
observed increase in electron flux with thicker targets
suggests that electron injection is largely influenced by
the conditions at the front edge of the target and that the
available surface area for injection is a critical factor in
determining the total charge.

To support and interpret the data, we performed 2D
particle-in-cell (PIC) simulations using the fully relativistic
EPOCH code [24], under conditions similar to the experi-
ment. The target comprised Au’'* ions neutralized by
electrons at 100 n., with 10 n,H" layers of varying
thicknesses on both lateral surfaces and the rear, represent-
ing typical experimental contamination. As typically the
rising edge of the laser pulse removes front-layer contam-
inants [31], this layer was omitted. The target was irradiated
at parallel incidence by an idealized 45 fs pulse with a
2.71 pm diameter (both Gaussian FWHM), focused 20 pm
beyond the target edge. Simulations used a grid with Ax =
15 nm and Ay = 10 nm, extending from [-30 pm, 30 pm]
along y and [-20 pm, Target length + 100 pm]| along x,
with the laser propagating in x. Initially, the simulation
contained 400 particles per cell for electrons and protons
and 200 particles per cell for gold. Time zero corresponds
to the pulse entering the domain at x = —20 pm.

Figure 3(a) shows the simulated electron spectra for
1 pm thick gold targets at various lengths with 50 nm
contaminant layers. To simulate the Espec detector, we
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sample the electrons ejected from the rear edge by taking a
410 pm slice along the y direction, as SPW-accelerated
electrons are predominantly emitted parallel to the target’s
surface. We observe the same spectral profile and trend as
in the experiment with the electron flux increasing with the
target length [see inset of Fig. 3(a)]. We estimate the
electron charge in a real 3D geometry to be in the range of
110-220 pC by multiplying the linear charge density by the
pulse FWHM diameter. Shown in Fig. 3(b) is the temporal
evolution of the electrons for the 250 pm target at two
separate time steps when the electrons trapped within the
SPW are 90 pm along the target (400 fs) and when they
reach the end of the target (900 fs). The electron spectra
initially form two distinct peaks at different energies.
During the interaction, the extra length allows the lower-
energy electrons (Peak 1) located at the leading and trailing
edges of the SPW to be accelerated further. Meanwhile, the
higher-energy electrons (Peak 2) situated near the center of
the SPW are decelerated as the field decays, causing the two
peaks to merge.

As seen in Fig. 3(c), for long targets, nearly all
accelerated electrons are contained within a +10° window,
with the majority of the flux directed along the laser axis.
This supports the experimental data, where we observed a
collimated electron beam at 0° Espec and no high-energy
electrons on the 10° and 20° Especs. There are two electron
bunches with energies > 80 MeV that are directed off axis
compared to the region of highest flux. Our diagnostic
arrangements would not capture these beamlets on typical
shots due to their directionality and collimation, although
they may be detected occasionally in case of slight
misalignment, which may be the case for the shot with
the 140 MeV cutoff shown in Fig. 2(d). We estimate the
maximum theoretical electron energy using the simulated
longitudinal field Egpy = 3.4 x 10'> V. m~!, correspond-
ing to agpw = 0.85. For a 100 n. target, we obtain
Emax = 174 MeV, as given by Eq. (1), which is consistent
with the highest energy observed in the off axis jets.
However, most electrons also experience some transverse
deflection, which may cause them to leave the accelerating
region. In previous grating-based experiments, the final
energy agreed reasonably with &,../4 [6,12], which
equates to ~43 MeV in our simulations.

The key factor contributing to the flux increase in longer
targets is the reduced divergence of electrons in Peak 2
from Fig. 3(b), resulting in more electrons detected within
the slice and, thus, captured by the experimental Espec.
This phenomenon is illustrated in Fig. 4 when tracking
electrons within the two selected spectral regions. For
shorter targets, the spectrum exhibits the double peak shape
at the end of the target, where the electrons in Peak 2
interact with the EM field diffracted from the edge. At this
point, the SPW dissipates its energy and excites strong
plasma oscillations. These fields accelerate the electrons off
axis at large angles (see Video 1 in Supplemental Material
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FIG. 4. Cycle averaged electric field component E,, with tracked
electrons. (a) 100 pm target at 530 fs. (b) 300 pm tafget at 1200 fs.
(c),(d) Indicate the angular distribution of electrons selected from
Peak 1 and Peak 2 at 400 fs indicated in Fig. 3(b). Dashed ellipses
show electrons that would be detected on Espec 0.

[32]). The overall effect diminishes with longer targets
because both the trailing electron bunch and the SPW are
weaker at the edge.

The simulations further reveal the origin of the electrons
contributing to the spectral shape. Figure 5 shows particle
tracking results, where electrons within the spectrum are
traced back to their source and overlaid on the electron
density and the E, component of the electric field. We see
that the detected electrons originate from the front edge,
where they are injected and subsequently trapped in the
SPWs excited on both sides of the target with a wavelength
of ~4, (since w, > ;) and a phase shift of 1, /2 between
the two sides.

In this instance, the dominant injection mechanism is the
J x B force, accelerating electrons with velocity and
propagation direction closely matching that of the SPW
[33]. The J x B injection mechanism at the front edge is
consistent with the experimental results shown in Fig. 2(d),
where thicker targets tend to accumulate more charge. The
double-peaked spectral shape in Fig. 3(b) can be attributed
to the injection at the front edge, with the higher energy
electrons injected by the laser pulse peak and the lower
energy electrons injected by the leading and trailing edge of
the pulse (see inset).

Since the injected electrons are confined to the lateral
surfaces, their dynamics can be affected by contamination
commonly present under experimental conditions. In
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FIG. 5. Particle tracking simulation snapshots of a parallel

laser-solid interaction, showing the tracked electrons from the
spectrum in Fig. 3(a) (cyan) overlaid with the electric field
component £, and electron density (gray) at times (a) = 80 fs
and (b) r = 100 fs.

simulations without these contaminants, the same non-
Maxwellian spectrum does not appear, and a thermal
spectrum is observed (see Supplemental Material [32]).
With the presence of contaminants, surface plasmonic
modes are excited at the different interfaces of this multi-
layer system (metal-contaminant interface and contami-
nant-vacuum interface) [1]. In the contaminant layer, the
field profile dips as the two evanescent waves couple. The
field gradients on either side (plasma and vacuum) are
shallower compared to a standard SPW. As a result, the
fields of this plasmonic mode extend farther from the
surface helping trap electrons within the SPW by reducing
lateral deflection and exhibiting reduced electron heating in
the transverse direction [12]. The simulations suggest the
decay rate of the SPW field strength along the propagation
direction (x axis) is reduced by the presence of a lateral
surface contaminant, making the configuration more favor-
able for electron acceleration. In plasmonics, this is known
as a long-ranging surface plasma wave (LRSPW), which
has less confinement and, therefore, longer propagation
lengths [34-36].

In conclusion, our Letter demonstrates the excitation of
surface plasma waves on flat, noncorrugated foils at
relativistic intensities. This interaction produces a colli-
mated electron beam featuring a non-Maxwellian spectrum
with peaks at superponderomotive energies. We establish
that the SPW is the primary mechanism responsible for the
high-energy electron acceleration, while identifying the
J x B force at the front edge as the dominant driver for

injecting electrons into the SPW phase and highlighting the
impact of lateral surface contaminants on SPW dynamics.
The electron acceleration scheme reported here, while less
efficient than established mechanisms such as laser wake-
field, advances significantly the capabilities of acceleration
processes employing solid targets, including SPW-based
schemes relying on complex grating structures. The com-
pact nature of the required setup may benefit scientific
experiments where introducing the long focal length optics
required for wakefield acceleration may be impractical, due
to space constrains, e.g., in multibeam arrangements.
Finally, as the peeler’s geometry has been originally
introduced in the context of an advanced proton acceler-
ation scheme [8], the demonstration of efficient electron
beam production is an important milestone, as an inter-
mediate step toward achieving the enhanced proton beam
characteristics (high energy, high flux, narrow-band spec-
trum) observed in simulations [8,9].
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