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Demonstration of efficient relativistic electron acceleration by surface plasmonics
with sequential target processing using high repetition lasers
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For high repetition ultrahigh-intensity laser system, automatic alignment of structured target is key to
achieving consistent particle acceleration and plasma heating. In this work, we demonstrate efficient electron
acceleration with two sequential steps of laser processing using a high repetition rate, 30-fs ultrahigh-intensity
laser. The first pulse does laser machining and creates a steep cylindrical crater on the surface of a flat stainless-
steel target. The crater is formed by the hydrodynamic expansion of the heated surface and by spallation of the
inner, deeper material by nonthermal relativistic electrons. The crater shape is well controlled and reproducible
with 200 μm width and 350 μm depth. The second pulse irradiates deeply inside the crater and interacts with
the crater wall, efficiently accelerating electrons via surface plasmonic, without need for target realignment. The
laser absorption efficiency increases from 32.5 to 97.5% by the process.

DOI: 10.1103/PhysRevResearch.5.013062

I. INTRODUCTION

High power lasers are widely used in laser machining,
given their excellent fineness and accuracy in manufac-
turing for various applications [1–3]. In recent years, the
development of high repetition rate petawatt-class lasers
sparked the development of plasma-based accelerators, with
a large amount of research dedicated to ultrarelativistic
electron sources via laser wake-field acceleration and more
recently to the development of ion-based plasma accelerators
[4–7].

Moreover, these laser systems can produce bright γ -ray
and neutron sources to be utilized as radiographic tools for
material structures or for nuclear isotopes production [8–13].
When an ultraintense laser strikes to a solid target with a
short scale-length preformed plasma, hot electrons are mainly
generated by two processes: vacuum heating, where electrons
are accelerated normally to the plasma density gradient by the
normal component of the laser electric field [14], and j × B
heating, where electrons are accelerated by the high frequency
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term of the ponderomotive force [15]. Electron energies for
these mechanisms are limited to a few MeV and a great deal
of effort by the scientific community has been focused onto
improving the hot electron energy output in laser-solid inter-
action. Amongst the various approaches, the usage of micro-
and nanostructured targets was thoroughly investigated and
provided some promising results [16–21]. Despite the clear
advantages demonstrated by these techniques, a major draw-
back are the constraints of single-shot operation as opposed to
high repetition rate, alignment accuracy, and manufacturing
costs for these types of targets.

In this work we demonstrate that in situ laser machining
allows to greatly enhance the laser-energy absorption into hot
electrons while allowing for high repetition rate laser oper-
ation, thus opening the door to direct application of bright
laser-generated radiation sources.

For electron acceleration, accurate reproducibility of en-
ergy and current density of electron beams in a high repetition
rate laser system is essential for applications. Intense laser fo-
cused onto a flat target, such as a tape foil or a flat rotating disk
target, accelerates electrons in a preformed plasma mainly via
ponderomotive force as described by Wilks et al. [22]. For
an ultrahigh contrast laser (∼1010) focused near the normal
to the target surface, the electron acceleration becomes ineffi-
cient due to a sharp density profile at the interaction surface.
Therefore, the electron mean energy Te is reduced compared
to the ponderomotive scaling as discussed by Chrisman et al.
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FIG. 1. Schematic comparison between simple flat target (a) and
cylinder crater target with surface plasmonic acceleration (b).

[23]:

Te = mec2(γ − 1)
√

γ nc

ns
, (1)

where me is the electron mass, c is speed of light, γ is Lorenz
factor given in terms of laser intensity I (W/cm2)

γ =
√

1 + Iλ2

1.37 × 1018 , (2)

λ is the laser wavelength in micrometers, nc is the critical
density for the 0.8-μm laser (1.75 × 1021 cm−3), and ns is the
electron density of the solid stainless steel. The scale length L
of the ”sharp” plasma density gradient at the laser-irradiated
surface is defined experimentally as L � c

ωp
, where ωp is

plasma frequency, ω2
p = 4πnee2/me, then L � 4 μm [24]. In

our experimental conditions we can consider the preplasma-
scale length to be L = 0.5 μm, and the solid density of the
stainless steel is ns = 1.5 × 1023 cm−3. For an ultrahigh con-
trast Ti:sapphire laser with intensity I = 1020 W/cm2 and λ =
0.8 μm, interacting at near-solid density [see Fig. 1(a)], the
resulting hot electron temperature Te is 0.9 MeV as given by
Eq. (1) and the maximum electron energy Emax = 15 MeV,
the latter obtained by using the equation for free-acceleration
limit Emax = a2

0 mec2/2 [25].
The total number of accelerated electrons is estimated as

Ntotal = Sveτγ nc
∼= Scτγ nc, (3)

where S is the focal spot area of the laser, ve is the average
electron velocity, and τ is pulse duration of the laser. The
last form is obtained by replacing the electron velocity with
the speed of light c. Since the energy of relativistic intensity
lasers is absorbed at relativistic critical density plasma density
γ nc within the volume Scτ, the total number of accelerated is
calculated in first approximation as Sct × gnc. Here we are
considering S as the experimentally observed laser spot size
which corresponds approximately to a 2D Gaussian intensity
distribution containing 20% of the laser energy within the full
width at half maximum. For the current experiment, in case
of flat target we had S = 3.8 × 10−7 cm2 and Ntotal becomes
4.6 × 1010. The total electron energy is given by αElaser where
α is the laser-to-electron energy conversion efficiency and
Elaser is the laser energy. From the energy conservation the
following condition must be satisfied:

αElaser ≈ NtotalTe. (4)

The absorbed laser energy is greater than the total electron
energy since a part of the energy will be transferred to the ions
and electromagnetic fields. α is about 0.8% for the case with
I = 1020 W/cm2, λ = 0.8 μm. A laser having an ultrahigh
contrast and nearly normal incidence angle is not efficiently
absorbed and about 60% of the laser energy is unavoidably
reflected. Note that Elaser is the laser energy contained within
the focal spot (having 1020 W/cm2 in average), and it does not
correspond to the total laser pulse energy since the focal spot
contains only 20% of the total laser energy. Since α is intensity
dependent (∼I ) [22], the remaining 80% of light surrounding
the spot will not contribute to electron acceleration.

An electron beam with 0.9-MeV temperature and total
charge of 3.4 nC, which is 0.8% of the injected laser energy,
does not represent a viable source for accelerator applications.
Relativistic electron-beam currents greater than 1 μC/s [26]
are required for the neutron generation and neutron radiog-
raphy applications. Laser-based electron accelerators provide
currents lower than 10 nC/s [27], which are insufficient for the
purpose. Radiography techniques using electron-generated
neutrons have not yet been developed, and this work repre-
sents a step in this direction, demonstrating that very high
brightness electron beams can be generated with high repe-
tition rate.

To increase Te and Ntotal, the most immediate solution
would be to increase the laser intensity I , but it would come at
a large cost since it would imply laser system upgrades. Other
possible methods would include increasing the acceleration
time t and interaction area S. Laser wake-field acceleration
[28], laser-plasma instability-driven acceleration [29] and sur-
face plasmonic acceleration [30–33] are based on this concept.
The first two approaches are based on gas-jet targets which
allows for high repetition rate operation at the cost of very
low number of accelerated electrons due to low gas-jet density
(ne < 0.1 nc).

In this work we propose to generate bright ultrarelativistic
electron beams by surface plasmonic acceleration on the sur-
face of a laser-processed solid target under oblique irradiation.
The laser focused onto a cylindrical target inner wall with
shallow incidence angle and large spot size can dramatically
boost the ultrarelativistic electron-beam generation. Fig. 1
shows the schematic comparison of laser irradiation of flat
target and a cylindrical laser-machined crater target where
surface plasmonic acceleration occurs. For the latter case,
a strong surface magnetic field and an electrostatic sheath
field confine electrons on the target surface and excite the
oscillating plasmonic waves. When intense, P-polarized laser
pulses irradiate solid targets with short scale-length preplasma
(shorter than the laser wavelength L < 0.8 μm), and incidence
angle >65◦, electrons are mainly accelerated by surface plas-
monic generated and propagating along the target surface. The
magnetic field associated with the electron current prevents
the electrons from penetrating the over-dense plasma, while
the charge-separation electric field confines the electrons on
the target surface, therefore undergoing continuous acceler-
ation and boosting the relativistic electron energy to values
much higher than standard laser-solid interaction at shallow
angle would [30].

The electrons are therefore continuously accelerated along
the target surface until they move out of the laser focal
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spot area. For continuous surface acceleration to occur, the
Larmor radius rL of the electrons must be smaller than the
excursion length ros = a0λ/2π in the laser field where a0 =
eEL/(mecω) is the normalized vector potential and EL is the
laser electric field. The maximum electron momentum pmax is
estimated by the condition rL ∼ ros as pmax/mec = 2πbsros/λ,
where bs = eBs/(mecω), Bs being the surface magnetic field
and ω being the laser frequency. The maximum energy an
electron can gain is described as [30]

Emax = mec2

(√
1 +

(
pmax/mec

1 − sin θ

)2

− 1

)
, (5)

where θ is the laser incidence angle. For values of bs ∼ 0.5 a0,
a0 ∼ 4, and θ = 65◦ we obtain a maximum electron energy
Emax ∼ 40 MeV. (1 − sin θ ) components which is coming
from the balance between magnetic field potential and target
normal component Pmaxsin θ indicates a larger θ can gain a
larger energy from the mechanism [30]. The maximum elec-
tron energy is estimated for a given angle θ and momentum P,
with normal component and parallel component being Pz =
P cos θ , Px = P sin θ , respectively. The magnetic potential
A(z) reflects the electron at the target surface. By momentum
conservation, the maximum momentum an electron can attain
is Pmax< A(z)/1 − sin θ .

The mean electron energy is estimated from the cycle-
averaged electron oscillation energy in a laser electric field
with shallow incident angle as Te = mec2 (γ−1) � 1.1 MeV.
The process also significantly increases the total number of
accelerated electrons. For defocused laser pulses such as the
one we expect to interact with the crater wall, the quasitotality
of laser energy is encircled in the focal spot. By geometrical
considerations we can see that the laser intensity for the crater
irradiation case is reduced approximately 25 times, while the
encircled energy in the focal spot is increased by 5 times.
In defocused conditions the energy in the (larger) focal spot
is approximately100% of the laser energy. Therefore, apply-
ing again Eq. (3), Ntotal becomes 5.4 × 1011 (86 nC), which
is increased by 25 times compared to the flat target. Then
αbecomes greater than 2.4% because there are nonthermal hot
electron components (T > Te). This value is one of the high-
est values in high repetition late electron acceleration by rela-
tivistic intensity lasers. Moreover, for the case of crater target
about 100% laser absorption efficiency can be expected be-
cause of multiple laser reflections inside the crater contribut-
ing to the absorption [18]. From the above considerations we
can conclude that the cylindrical crater target is a promising
method to generate high flux, high energy electrons.

In the following section we introduce a combined scheme
of ultraintense laser machining and laser acceleration by
sequential processing with two consecutive pulses in high
repetition rate and demonstrate the reproducibility of this effi-
cient electron generation method with a simple disk target in
an automatic and long (hours) operation time.

II. EXPERIMENTAL SETUP

The experiment has been performed at the Centro de
Laseres Pulsados (CLPU) facility by using the Ti:sapphire 200
TW laser system VEGA-II, with a pulse width of 30 fs, 4 J of

FIG. 2. Experimental setup and photos of the target and bubble
detector.

energy, and capable of operating at frequency up to 10 Hz.
Fig. 2 shows the experimental setup at CLPU; the 4-J VEGA-
2 laser pulse was focused using an F#4 off-axis parabola on
the target with 25◦ incident angle with a spot size of 7 μm
full width at half maximum (20% encircled energy within
the area) achieving a peak laser intensity of 1 × 1020 W/cm2

[34,35]. A 10-cm-diameter, 1-mm-thick stainless-steel (SUS)
disk was used as target for generation of hot electrons and x
rays. The target was irradiated with a repetition rate of 1 Hz.
The target surface was refreshed every two shots by rotating
the target. The surface roughness was measured to be less
than 5 μm, which is smaller than the Rayleigh length of the
VEGA-2 laser. A glass cell, with a diameter of 10 mm and
length of 20 mm, filled with D2O water to be used as neutron
generator was placed at 10 mm behind the target SUS disk
correspondingly to the laser focal spot position. Three bubble
neutron detectors filled in an air glass cell were placed around
the target to measure the neutron flux: the bubble detectors
were monitored by a charge-coupled device (CCD) camera
during the laser shots. Hard x-ray generation was monitored
by a plastic scintillator shielded by a 5-cm-thick lead block to
filter out hard x ray with energy less than 1 MeV.

III. RESULTS

A. Creation of the high aspect ratio crater via ultraintense
laser manufacturing

Figure 3 represents the schematic of the two-shot sequen-
tial process (a), the optical microscope image of the craters
(b), the line profiles of craters created by the first pulse and
the second pulse (c), and the reliability of the crater diameter
created by the first pulse (d). The inner diameter of the crater
is 200 ± 14 μm and the crater depth is 403 ± 11 μm. When
an ultraintense laser pulse interacts on the side wall of the
crater, the laser absorption efficiency significantly increases
compared to flat targets given the 65◦–70◦ incidence angle
for which the surface acceleration is most efficient. We will
describe the physics in detail in Sec. III.

The cylindrical crater shape is essential to the electron
acceleration process. Target processing by a single laser
pulse of relatively low intensity (I ∼ 1015–1016 W/cm2) with
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FIG. 3. (a) Schematic of the sequential pulse irradiation. (b)
Microscope image of the first shot crater; note that the cylindrical
section of the crater is spatially shifted compared to the spherical one
as results of the directional relativistic electron beam. (d) Lineouts of
craters. Five shots are plotted to indicate crater shapes are highly
reproducible. (d) Microscope image of the second shot crater and (e)
lineouts of craters. The second pulse is injected in the first crater and
generates an ultrabright relativistic electron beam.

tight focal spot usually creates hemispherical craters. This is
because the laser pulse only heats up a small portion of the
target volume in a very short period, increasing the pres-
sure and driving spherically symmetrical shock waves that
ultimately determine the shape of the crater. Our peculiar
crater shape is determined by nonthermal processes induced
by relativistic electron beams generated by laser pulses of
much higher intensity compared to the one of femtosecond
laser-machining techniques. We remark that material pro-
cessing by ultrahigh intensity femtosecond pulses has not
been investigated. We investigated how the steep and deep
cylindrical-shaped crater was created by using three simula-
tion codes: collisional two-dimensional particle-in-cell code
PICLS-2D [36], two-dimensional hydrodynamic code PINOCO-
2D [37], and Monte Carlo code PHITS [38]. The electron
energy density and induced ionization by laser-plasma in-
teraction were obtained from PICLS-2D simulations. These
quantities were then implemented as initial conditions into
PINOCO-2D, which calculated the hydrodynamics of crater for-
mation. The hydro code, however, is capable to simulate the
thermal hydrodynamic expansion of the plasma but it cannot

simulate the nonthermal processes related to the relativistic
electron ballistic transport into the target material. Therefore,
the recorded relativistic electron source from the PIC code
was set as input in the Monte Carlo code PHITS to calculate
the deposited energy deeper into the target material.

Figure 4 represents the results for the set of simulations
performed. Figure 4(a) shows the hot electron energy density
calculated by PICLS-2D code, which clearly shows the heated
region area corresponding to the highest electron energy
density as well as the ultrarelativistic electrons propagating
ballistically inside the target material. Figure 4(b) shows
the hydrodynamic simulation results with the formation of
circular crater as the result of hydrodynamic expansion of the
heated material volume. Figure 4(c) shows the ballistic elec-
tron trajectories calculated by the Monte Carlo code PHITS and
the resulting hot electron flux exceeding 1014 electrons/cm2

is lined out and superposed to the experimentally measured
crater profile in Fig. 4(d). This is under the assumption that the
obtained crater shape is produced as a direct result of the high
flux relativistic electron transport in the material. In Fig. 4(d)
the simulated crater shape was magnified by an arbitrary fac-
tor 1.7 before being matched to the experimental result.

In the Monte Carlo simulation (cylindrical crater), we
assumed that 1014 e/cm3 is the relativistic electron density
threshold for material ablation (spallation). This threshold is
chosen arbitrarily since no related study has been done for
high intensity lasers. The choice of this threshold does not
affect the shape of crater.

We identify two different mechanisms for the creation
of the crater shape: the circular (hemispherical) section of
the crater is produced by thermal expansion while the deep
cylindrical feature is the result of material spallation by the
relativistic electron beam.

Therefore, through our analysis we can qualitatively ex-
plain the formation of this peculiar crater structure that is
crucial to the brilliance and energy enhancement of the rel-
ativistic electron beam.

B. Experimental result of electron acceleration

In order to diagnose the relativistic electron-beam genera-
tion, we set up a suite of hard-x-ray and neutron diagnostics
which provide indirect, yet very reliable information on
the electron acceleration efficiency and electron-beam en-
ergy. In this experimental setup the SUS disk is extremely
thick (1 mm) compared to standard target thicknesses in
laser-plasma interaction experiments. Therefore, most of the
electrons are stopped within the SUS volume, making the
direct measurement of hot electron spectra via classic mag-
netic spectrometers unfeasible in the experiment (an electron
spectrometer was equipped in the experiment but little to no
electrons were recorded). Relativistic electrons were mea-
sured indirectly by their by-products consisting of hard x rays
and neutrons. The hard x rays are generated by the fast
electrons via bremsstrahlung emission radiated during the
hot electron transport in the dense target medium. There-
fore, the relativistic electron spectrum can be indirectly
estimated by measuring the hard x-ray spectrum. The scin-
tillator detector shielded by a 5-cm lead block provides a
lower energy detection threshold of 1 MeV. The neutron is
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FIG. 4. Simulation results for crater formation. (a) Electron energy density obtained from 2D PIC simulation; (b) density and temperature
map obtained by hydrodynamic simulation; (c) fast electron flux as obtained from Monte Carlo calculation. (d) Comparison of cross section
of simulated (isodensity profiles in (b) and >1014/cm3 electron flux profile in (c) are plotted in (d) after being multiplied by 1.7 scaling factor)
and experimentally observed crater clearly showing that the simulation results can qualitatively reproduce our experiment.

generated via photonuclear reaction between the hard x rays
and the deuterons with a steplike cross-section function that
allows neutron generation for x-ray energies >2.2 MeV [see
Fig. 7(b)]. From these measurements we can estimate the hot
electron spectrum via Monte Carlo simulations.

The hard x-ray diagnostic consisted of a plastic scintillator
shielded by a 5-cm lead block to discriminate for x rays with
energies higher than 1 MeV. Example data for this diagnostic
are shown in Fig. 5, where the integral of oscilloscope wave-
form for the first shot (red line) and the second shot (black
line) were, respectively, (330 ± 2)10−9 Vs (or 6.6 nC) and
(1380 ± 8)10−9 Vs (27.6 nC). Therefore, we have a 4.2 times
enhancement in hard x-ray yield with the two-shot sequential
approach. We also tested the hard x-ray yield for a third
sequential shot and the x-ray signal reduced to the level of
single-shot irradiation. This is due to the crater geometry that,
after the second shot, becomes round shaped and shallower
compared to the one after the first shot [see Fig. 3(c)].

We would like to remark that although we only represented
one image of oscilloscope traces from the plastic scintillator,
the results were consistently obtained over more than 100
shots with great reliability.

Neutron diagnostics were constituted by bubble detectors
and a neutron-imaging detector. In our experiment neutrons
are created by hard x-ray-deuterium photonuclear reaction,
provided by the D2O glass cell described in the previous

section of the paper. After 150 consequent shots, 14 neu-
tron counts in the bubble detector were detected. The bubble
detector used in the experiment was BDS 600 sensitive to
neutrons with energies from 0.5 to 10 MeV. The neutron
yield at the target for this energy range was estimated to be
(1.7 ± 0.7) × 107 (for 4πsolid angle) per sequential shots,
with the assumption of isotropic neutron emission. The 150

FIG. 5. Example of scintillator oscilloscope signals. The red
curve corresponds to a single pulse irradiation and the black curve
corresponds to the second pulse interacting with the crater wall. The
hard x-ray signal is 4.2 times higher than for simple irradiation of a
flat target.
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FIG. 6. (a) Photo of neutron flux monitor; (b) lead and water
were placed in front of the scintillator panel; (c) x-ray image and
neutron image.

sequential shots generated a total of (2.6 ± 1.1) × 109 neu-
trons in the energy range 0.5 to 10 MeV. The neutron yield
for nonsequential shots (target surface was refreshed for each
shot) was (3.5 ± 2.7) × 103 per shot. We therefore observed
4800 times neutron yield enhancement for two sequential
shots, providing further confirmation of the effectiveness of
this technique in generating bright ultrarelativistic electron
beams.

The neutron flux was also monitored by neutron-imaging
detector to cross check the neutron flux obtained by the bubble
detector. Figure 6 shows (a) photo of the detector while (b)
and (c) show, respectively, a lead brick and a water bottle that
were placed in front of the scintillation panel and the related
hard x ray and neutron radiographs. The imaging detector
consists of a liquid scintillator-based pixeled scintillator array
panel and gated-image intensifier CCD [39]. F-number 0.95
imaging lens ensures a high detection efficiency so that single-
count neutron signals can be discriminated. X-ray radiograph
was taken by imaging a liquid scintillator by a gated 16-bit
ICDD camera with 10-ns time gate centered at the time of
the shot and we can clearly observe the shadow casted by the
lead brick. The pixeled scintillator creates neutron-induced
scintillation lights from a pixel; then, it is observed as a
bright spot in the ICCD. The neutron image was taken with
a time gating of 100-ns duration and by image reconstruction
the bright scintillation spots, corresponding to neutron signal,
were selected, and accumulated over 100 sequential shots.
The neutron flux on the detector was 300 neutrons per cm2,

corresponding to a neutron yield of 1 × 107 neutrons per shot,
in agreement with the bubble detector measurement.

C. Simulation of electron generation with
single- and sequential shot

In order to better understand the physics at the origin
of the relativistic electron source enhancement by two-shot
sequential target irradiation we performed two-dimensional
PIC simulation using the code EPOCH 2D [40] followed by
simulations with the Monte Carlo code PHITS [38]. The two
cases of single- and two sequential shots irradiation were
studied with a simplified crater target for the latter case. In the
simulations we assumed a preformed plasma of 0.5-μm scale
length resulting from the very high contrast (∼1010) of Vega-2
laser [34,35]. In the simulation we adopted a mesh size of l/40,
to resolve the laser skin depth c/ωp with two cells. The sim-
ulation domain size is 60 × 60 μm for the flat target case and
100 × 80 μm for the crater case. Smooth currents algorithms
to minimize the numerical heating and noise in the simu-
lation have been applied, together with smoothed iterations,
stride filtering, and current smoothing during the particle
push. These tools prevent numerical heating while allowing
for (relatively) fast execution of the simulation. Laser energy
absorption processes for ultraintense laser-plasma interaction
are collisionless, especially regarding the hot electron genera-
tion mechanisms.

We therefore performed collsionless simulations on fully
ionized plasma since the main goal of the simulation is to
explain the fast electron generation mechanism for the two
cases.

For the single-shot case, laser pulse equivalent to the tightly
focused Vega-2 pulse was focused onto a flat surface with an
incidence angle of 20◦, while for the two sequential shots case,
the laser pulse was focused onto the crater wall with an inci-
dence angle of 70◦ as shown in Fig. 1. Spatial profiles of the
laser spots were also adjusted to the experimental conditions.
In the first shot, 20% of the laser energy is contained within a
7-μm focal spot with an intensity of 1 × 1020 W/cm2, and the
remaining 80% of energy was distributed over a larger area
with less than 5 × 1018 W/cm2 intensity. For the crater-case
simulation instead, 100% energy was included in 30-μm focal
spot diameter with an intensity of 2 × 1019 W/cm2, which is
the estimated laser profile considering that the best focus is
about 300 μm away from the interaction region.

Snapshots of the simulation results are shown in Figs. 7(a)
∼ 7(d), where we represent the azimuthal component of the
magnetic field together with the fast electron-energy flux
whose direction and magnitude are represented by black
arrows. For the single-shot case, at 20◦ incidence angle a
significant fraction of the laser energy is reflected at the target
surface owing to the sharp preformed plasma profile, resulting
in limited absorption into forward-moving hot electrons. In-
stead, in the case of sequential shots, the grazing incidence an-
gle of the P-polarized laser, together with the larger spot size,
strongly enhances the laser energy absorption into hot elec-
trons via the excitation of surface plasmonics along the crater
wall, mechanism that was described in the introduction of this
paper. Part of the hot electrons are injected inside the target
and propagate almost parallel to the crater surface, while most
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FIG. 7. (a) EPOCH2D simulation results showing the incom-
ing laser pulse interacting with the target surface for single-shot
case and (b) the laser pulse being almost completely reflected with
generating a small fraction of hot electrons indicated by the black
arrows (fast electron energy flux). (c) EPOCH2D simulation for the
sequential-shot case. We observe a strong surface current of electrons
accelerated by surface plasmonics, with a fraction of these electrons
injected inside the surface and propagating alongside the laser pulse.
(d) Fast electron current injected at the bottom of the crater resulting
in a much brighter relativistic electron beam. The multiple reflections
of the laser pulse on the crater wall and bottom cause the high
laser energy absorption of 97% calculated in the simulation. (e)
Fast electron energy spectra for single shot and two sequential shots
represented, respectively, in black and related hard x-ray generation
in red.

of the electrons accelerated by surface plasmonics are con-
fined along the crater surface by the large (∼10-kT) magnetic
field and are finally injected into the highly dense plasma at
the bottom of the crater. In the simulation surface plasmonics
acceleration and electron accelerated normal to the target by
vacuum heating and Brunel effect are both observed in the
PIC simulation and all electrons are measured. The extrac-
tion planes for collection of the fast electron distribution are
positioned on three sides of the simulation box. Because of
very large incidence angles, even hot electrons generated by

vacuum heating and Brunel effect are also mostly directed
along the surface. This is due to the formation of a large
magnetic field right at the target surface, due to the large fast
electron current density component that prevents large num-
ber of hot electrons from penetrating inside the target. The
detailed mechanism on the process is described in Ref. [30].

Table I summaries values obtained by simulation and ex-
periments. In the first shot, 32.5% of the laser energy is
absorbed and 0.9% is converted into the fast electrons; in the
second shot, 97.5% of the laser energy is absorbed and 8.2%
is converted to the fast electrons. In Fig. 7(e), a comparison
of the electron-energy spectra for the two cases is shown
with black lines. Electron slope temperature and number are
successfully increased from 0.4 to 3 MeV and from 1 × 1011

to 6.3 × 1011 per shot, respectively. These values agree very
well with the theoretical estimation in Sec. I.

PHITS simulations were performed to reproduce the x-
ray and neutron signals from the obtained electron spectra.
Equivalent electron sources to those obtained by the EPOCH

simulation were injected into the target SUS disk with a D2O
cell. It was confirmed that all neutrons were generated by the
D2O and no neutrons were generated from the SUS disk. The
neutron yield for the first and the second shots are 1.5 × 103

and 2.0 × 106, respectively, with neutron generation boosted
by 1300 times. Although there is a discrepancy between
the experimentally observed [(1.7 ± 0.7) × 107] and the
simulation (2.0 × 106) in the neutron yield, the experimental
data are qualitatively reproduced.

The photonuclear reaction cross section is plotted in
Fig. 7(b) on the right y axis. The neutron production abruptly
increases when x-ray energy exceeds 2.2 MeV, which in
turn is generated by ultrarelativistic electrons with energies
significantly higher than 2.2 MeV. Since the cross section
of γ -d photo nuclear reaction is a steplike function at
2.22 MeV, the neutron production increases in a highly nonlin-
ear way when the x-ray distribution significantly exceeds the
2.22-MeV threshold by the superthermal electron generation;
the increment of the neutron signal is the convolution between
the cross section and the x-ray spectra for the two cases.

This boosting mechanism by the double shooting realized
the production of a practical neutron flux for imaging applica-
tion. We concluded that the double-shooting method improved
the magnitude of quantum yield on high repetition ultraintense
laser accelerator. Since the method is quite simple, it can be
a promising scheme for many applications in next-generation
laser accelerators.

IV. CONCLUSION

In conclusion we demonstrated an efficient method to
significantly increase the brilliance and energy of ultraintense
laser-generated electron beams by sequential target processing
using the laser pulse itself as a machining tool. This method
allows for high repetition rate operation and has excellent
shot-to-shot stability. In this method the first pulse created
a steep cylindrical crater and the second pulse accelerated
electrons from laser interaction with the crater wall via
surface plasmonics mechanism. The high aspect ratio
cylindrical crater shape is generated via nonthermal laser
processing by the laser-generated relativistic electron beam.
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TABLE I. Table summarizing the simulation and experimental results for this work.

Flat target Crater target Increment factor

Laser absorption efficiency (sim) 32.5% 97.5% 3
Laser to hot electron energy (J) and conversion efficiency (sim), α 0.036 J 0.33 J 9.1

0.9% 8.2%
Electron temperature (sim) 0.4 MeV T1 : 0.3 MeV(0.98) 7.5

T2 : 3 MeV(0.02)
Total electron number (sim) 1.0 × 1011 6.3 × 1011 6.3
Total x ray energy (sim) 0.0017 J 0.053 J 31
Neutron yield (sim) 1.5 × 103 2.0 × 106 1300
Hard x-ray signal (exp) 6.6 nC 27.6 nC 4.2
(photomultiplier tube signal)
Neutron yield (exp) 3.5 ± 2.7 × 103 1.7 ± 0.7 × 107 4800

The dramatic enhancement in hot electrons, x rays, and
neutrons was confirmed by both experiment and simulations.
We believe that this method will find numerous applications
in laser-plasma physics for the generation of bright electron
and radiation sources.
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