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a b s t r a c t

A quasi-monoenergetic electron beamwith divergence of 3� and energy peak of 1 MeV is observed along
the target surface from interaction of a bulk Cu target and an intense relativistic laser pulse of 1 TW and
70 fs at a grazing incident angle. A preplasma formed by high-contrast picosecond prepulse plays a
crucial role. Particle-in-cell simulations broadly reproduce the result and show that a preplasma with the
proper density and a large angle of incidence is required. The preplasma sets up a static electric field
along the surface can accelerate electrons. The static electric field is formed just after the passage of the
laser. This approach can be extended to higher intensities to generate higher energy beams.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The fast ignition concept [1] stimulated an impressive body of
work on the generation of fast electron emission from laseresolid
interactions [2e14]. Experiments [2e8] and simulations [15e17]
have shown that the fast electrons emitted at an angle between
laser angle of incidence and the target normal direction are due to
mechanisms such as resonance absorption, vacuum heating and
J � B heating. By using a reentrant cone target a 1000-fold increase
in neutron yield has been achieved [18,19]. So, experiments of
obliquely incident laseresolid interaction were performed to
investigate the fast electron generation and propagation problems
along the inner cone surface.

Recently, fast electron jets were observed along the target sur-
face [9e12]. These surface fast electron (SFE) beams appears when
an intense laser pulse is incident at an angle that is large compared
to the target normal. Theoretical work [20,21] indicate that when
the femtosecond laser is intense and incident angle is sufficiently
All rights reserved.
large, the electron current layer is trapped on the target surface and
a strong quasi-static electromagnetic field is formed, thus the
preheated fast electrons are confined in this traveling field and is
accelerated by the reflected light further along the target surface.
The experimental and theoretical works cited above successfully
revealed the electron behavior in the cone. However, SFE beams
produced in this way have a large divergence angle and the energy
spectra exhibit a Maxwellian distribution.

In a previous experiment [22] we showed that by increasing
the angle of incidence and controlling the preplasma parameters
we could achieve surface electron guiding with a peaked spec-
trum, which was much narrower than a Maxwellian distribution.
Here, we prove that when a well designed laser pulse incident
onto a solid target at an angle of incident w72�, a highly colli-
mated electron beam with divergence angle as small as 3� and a
charge of 0.1 nC is created along the target surface and its energy
spectrum is no longer Maxwellian. The extraordinary small
divergence and slightly peaked spectrum suggest a different ac-
celeration mechanism, and further, this is a first attempt to
accelerate particles in a near critical density plasma. The experi-
mental optimization and a theoretical explanation are provided
below.
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2. Discussion of the experiment

The experiments were performed by using a Ti:sapphire laser
operating at a center wavelength of 800 nm. The energy of the laser
irradiating the target surface is approximately 240 mJ per pulse.
Fig.1 shows the experimental layout. A p-polarized laser beamwith
duration s0 ¼ 67 fs was focused by an f/3.5 off-axis parabolic mirror
obliquely incident onto a flat Cu target disk of 50 mm diameter and
6 mm thick. The full width at half maximum (FWHM) of the laser
focal spot was measured to be w7 mm, which results in an average
laser intensity of 2.2� 1018 W/cm2. The temporal contrast at tens of
picosecond before the main pulse is 10�9, which means that the
laser pulse ASE is small. By adjusting the Pockels cell, an intensity-
controllable prepulse was added 7 ns before the main pulse to
produce a uniform preplasma. An electron spectrometer with 0.1 T
magnetic field was set along the target surface direction at
approximately 5� from the target surface and 147 mm away from
the focal spot to measure the electron energy spectrum from 5 keV
to 2 MeV. A stack of four image plates (IPs) (Fujifilm BAS-SR 2025,
calibrated in Ref. [23]) with a 100 mm-thick aluminum filter in front,
was placed perpendicular to the target surface at the far edge of the
target to collect the electrons traveling near parallel to the surface.
By using the CASINO Monte Carlo program [24], we calculated the
energy-dependent penetration depth of electrons that are incident
onto the Al filter and IPs stack. According to the calculation, the four
IPs can stop electrons with energies 0.15 MeV, 0.5 MeV, 0.8 MeV
and 1 MeV from front to back, respectively. In addition, we use a
single-photon-counting X-ray CCD with a knife-edge to measure
the preplasma scale length [25].

By optimization of the parameters of the relativistic intensity
laser pulses at grazing incident angle on a Cu target, we could
obtain highly collimated and reproducible quasi-monoenergetic
electron beams along the target surface. Fig. 2(a) shows the spatial
distribution of the emitted target surface electron jet, which is
achieved in case of the laser incident angle of 72� and an appro-
priate ns prepulse. The ns laser contrast that is defined as the ratio
of the 7 ns prepulse to the main laser pulse is 10�5. We observe that
electrons with energy above 0.15 MeV form a small spot on the
second IP and get smaller for deeper level in the stack. At the 4th IP
layer, which records electrons of energy Ek> 0.8MeV, the divergent
angle of the SFE beam is calculated to be 3�. Fig. 2(b) exhibits the
angular distribution in polar coordinate of emitted electrons is
obtained from the signals of the second IP of the stack along the
target surface, whereone observes that the profile of the target
surface electrons is intense and highly collimated. For the same
shot, the corresponding energy spectrum was detected from the
electrons passing through the hole on the IP stack, as shown in the
Fig. 2(c), which shows a non-Maxwellian distribution with a slight
peak at 0.6 MeV and a sharp cutoff.
Fig. 1. Experimental setup.
In order to confirm the quasi-monoenenrgetic distribution of
the spectrum, we calculated the photo-stimulated luminescence
(PSL) values, which are a measure of the intensity of the electron
signal, on the IPs in Fig. 2(a) and obtained the electron spectrum
shown as a histogram. From Fig. 2(d), the number of the target
surface electrons whose energy is above 0.8 MeV is larger than that
of electrons whose energies are between 0.5 MeV and 0.8 MeV. This
indicates that there is a monoenergetic peak above 0.8 MeV, which
is corresponds with our experimental results.

3. Simulations

Emission of electrons along the target surface has been observed
in Refs. [9,11] when an intense relativistic laser pulse irradiates a
solid target at an oblique angle of incident. This surface emission is
responsible for generation of surface static electric fields and
magnetic fields. However, the energy spectra of electrons in these
previous works are of a Maxwellian type. A new physical picture
needs to present to explain the formation of quasi-monoenergetic
spectrum observed in our experiments. In the following we
comment on a set of particle-in-cell (PIC) simulations that were
performed to clarify this question.

The PIC code employed includes two-dimensional (2D) co-
ordinates (x, y) and full momentum space. In the simulations, we
simulate an 800-nm-wavelength, p-polarized laser pulse with a
FWHM duration of 70 fs and a FWHM spot size of 7 mm. We use a
peak intensity of I ¼ 4 � 1018 W/cm2, i.e., power of 1.14TW and en-
ergy of 240 mJ, and an angle of incidence q ¼ 80� as standard laser
parameters, unless otherwise specified. We take a 4l thick
plasma slab with a density of 10nc and a 10l thick preplasma in the
front of the plasma, where l is the laser wavelength and
nc ¼ 2.14 � 1021 cm�3 is the critical density. The plasma and pre-
plasmaare uniformalong the xdirection and the vacuum-preplasma
boundary is located at y ¼ 65l. We take the preplasma density ne of
0.5nc as a standard parameter, unless otherwise specified. The high-
density plasma slab prevents the passage of the laser pulse. Actually,
the laser pulse with q ¼ 80� is reflected at a very small depth in the
preplasma of 0.5nc in our simulations, which is in agreement with
the critical density cos2 qnc (1þ a0

2/2)1/2 at the reflected point for an
oblique laser, where a0 is normalized laser field strength.

A quasi-monoenergetic electron beam emitting along the sur-
face is observed in the simulation with the standard parameters, as
shown in Fig. 3. The quasi-monoenergetic peak is about 3 MeV, the
FWHM divergence angle is around 20� at 0.59 ps, and it has a
FWHM size of about 24 mm along the x direction. Here, we only
count the electrons moving in the þx direction, with energies
>0.5 MeV and near the surface, i.e., 63l<y < 67l. One can see from
Fig. 3(c) and (d) that the beam is mainly located at the surface and
travels along the surface, i.e., the þx direction. We increase pre-
plasma density and find that the divergence is reduced and while
the quasi-monoenergetic peak disappears gradually. Actually, the
quasi-monoenergetic peak appears only when the preplasma
density is between 0.2nc and 0.6nc, as observed in Fig. 4(a). Also,
this peak occurs only with q � 72�, as displayed in Fig. 4(b).

We use Fig. 5 to explain the dependence of the quasi-
monoenergetic peak on the preplasma density and the incidence
angle. The quasi-monoenergetic beam starts to form at 0.48 ps, see
Fig. 3(a), and disappear at 0.64 ps. The second column in Fig. 5 is a
typical result during the quasi-monoenergetic beam formation at
0.59 ps. At this time, the reflected laser pulse has just left the target
surface, see Fig. 5(a) and (b), and a static electric field <Ex> along
the surface is formed in the ion hole bored by the pulse, as shown in
Fig. 5(k). The leading edge of <Ex> is at the deceleration phase and
the lagging edge of the field, which has a size of about 30l along the
x direction, at the acceleration phase. Such a static field acts like a



Fig. 2. In the case of low ns laser contrast and large incident angle of 72� , (a) the angular distribution of target surface electrons on IP, (b) the angular distribution in polar coordinate
of emitted electrons is obtained from the signals of the second IP of each stack that subtended from the target surface direction, target normal direction and laser reflection di-
rection, (c) the energy spectrum of the target surface electrons, (d) the energy spectrum in histogram of the target surface electrons.
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wakefield [26] can accelerate the electrons on the surface [see
Fig. 5(f) and notice that the red color denotes the return current
along the ion hole] and produce a quasi-monoenergetic beam. At
earlier times, this acceleration process does not occur because the
laser field dominates the electron production and hence the quasi-
Fig. 3. PIC results. Energy spectra, angle distributions and special distributions of electro
monoenergetic peak starts to form just after the laser pulse de-
creases substantially. Note that such this static field structure can
be maintained for less than 0.1 ps, as observed in our simulation,
due to the lifetime of the ion hole, which is plotted in Fig. 5(i). More
and more background electrons come to the ion hole and form a
ns with energy higher than 0.5 MeV and around the target surface at different time.



Fig. 4. PIC results. Energy spectra of electrons around the target surface with different preplasma densities [unit of nc] (a), different incident angles [unit of degree] (b), and different
intensities [unit of W/cm2] (c), where the preplasma density of 0.8nc is taken with intensities of 4 � 1019 and 8 � 1019 W/cm2 in (c).
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complex return current structure, see Fig. 5(g) that corresponds to a
complex static field structure shown in Fig. 5(i). Similarly, Fig. 5(h)
and (m) illustrate a complex static field structure and return cur-
rent when the laser field is small because a higher preplasma
density of ne¼ 0.8nc is used, so that a clean ion hole is more difficult
to form and has a shorter lifetime. As a result, no quasi-
Fig. 5. PIC results. Spatial distributions of fields [unit of mc u=e] and current densities [unit
second one temporal average current densities along the surface, and the third one tempor
results with the preplasma density of 0.5nc obtained at the time of 0.426, 0.586 and 0.693 ps,
temporal average magnetic field normal to the interaction surface at 0.586 ps.
monoenergetic beam is observed with relatively high densities. In
our simulation, a static magnetic field and a static field along the
normal in Fig. 5(j), (b)e(d) are also seen to collimate electrons along
the surface. Such collimation fields are strong with relatively high-
density preplasma and large angle incidence [9,11] and therefore,
collimated and quasi-monoenergetic beams cannot be formed at
of 104 � ecnc], where the first row denotes electric fields along the target normal, the
al average electric fields along the surface [except (j)]. The first three columns are the
respectively. The last column at 0.586 ps with the preplasma density of nc. Plot (j) is the
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low densities and at relatively small incident angles. In addition,
such quasi-monoenergetic surface beams with higher energies can
be generated by higher intensity lasers interacting with higher
density preplasmas, as seen in Fig. 4(c).

4. Conclusions

In summary, a MeV quasi-monoenergetic electron beam with
3� divergence angle has been observed along a Cu target surface
when a fs laser pulse of 1 TWwith appropriate ns prepulse and at a
72� angle of incident. The PIC simulation has shown that the quasi-
monoenergetic peak is produced by a static electric field along the
surface, which forms just after the passage of the laser. A quasi-
monoenergetic beam of 10 MeV has been demonstrated by PIC
simulation by use of a 10 TW laser. Such electron beams maybe
applied in ICF experiments with cone target and in the next gen-
eration of accelerator as new type of photocathode.
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