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We have experimentally demonstrated that fast electrons emitted from a metallic wire irradiated by a
5 X 10'® W/cm? laser pulse can be collimated along the wire, and that their intensity is significantly
enhanced in the axial direction of the wire. As the wire length is increased up to 30 mm from the laser
focal spot, the angular divergence of the emitted electrons with energies of hundreds of keV decreases to
65 mrad. Numerical simulations reveal that the electrons are trapped by the transient electric field
surrounding the wire and guided along the axial direction.
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Fast electron sources produced through the interaction
of relativistic-intensity laser pulses with solid-density tar-
gets have been extensively studied because of their poten-
tial applications, such as electron diffraction [1-3], particle
acceleration [4,5], and fast ignition fusion [6]. Fast electron
emission processes including laser acceleration, propaga-
tion in plasma, and emission in a vacuum are highly com-
plex, and strongly affected by the characteristics of the
laser pulse and target. Many efforts have been made to
improve the intensity, directivity, and monochromaticity of
electron beams.

Collimated beam generation has been demonstrated ex-
perimentally using various targets. A short thin wire at-
tached to a cone-shape target irradiated with a 0.3 PW laser
pulse has been used to guide and to collimate electrons in
the MeV energy range [7]. The electrons generated in the
cone are guided by the electric and magnetic fields
surrounding the wire, which is in the state of plasma.
Moreover, a small metal target with a resistivity boundary
has been used to collimate electrons by irradiation with a
10 W/cm? laser pulse [8]. Using planar targets, colli-
mated beam generation has also been demonstrated [9-15].
For example, a sub-MeV electron beam emitted along the
surface of a metal foil target has been observed for laser
intensity of 10'® W /cm?; this is interpreted as due to the
static electric and magnetic fields generated on the target
surface [9]. Such energetic electron transport along the
surface has been also studied by observing ions [16] or x
rays [17] emitted from targets. In studies on relativistic
laser-solid interactions, such as the above-mentioned
works, particle-in-cell (PIC) plasma simulations for a
small space (hundreds of micrometers at most) near the
laser irradiation spot have been successfully carried out to
explain the experimental results. That is to say, such phe-
nomena have been explained by effects in small-scale
models.

Here, we experimentally demonstrate collimated
electron-beam generation using long metallic wire targets
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with lengths of the order of centimeters. The characteristics
of the electron emission strongly depend on the length of
the wire: collimation becomes stronger with increasing
wire length. In numerical simulations of electron trajecto-
ries based on a simplified model involving a transient
electric field decaying in time around the wire, the experi-
mental results for the angular distribution of electron emis-
sion are reproduced well.

A Ti:sapphire chirped-pulse amplification system oper-
ating with a central wavelength of 800 nm and a pulse
duration of 150 fs is used as the laser source. Laser pulses
with a pulse energy of 140 mJ are focused with an f/3.5
off-axis parabolic mirror to a spot size of 3 um X 4 um,
resulting in a peak intensity of 35X 10'® W/cm?.
Amplified spontaneous emission is measured to be less
than 1077 of the peak intensity of the laser pulse. The laser
pulse is p polarized and irradiates a tungsten wire with
diameter of 300 wm at an incidence angle of 45°. Imaging
plates (IPs, Fujifilm FDL-UR-V) are used to detect fast
electrons. The IPs have high sensitivity in the energy range
from 40 to 1000 keV and are most sensitive at around
200 keV [18]. The whole setup is placed in a vacuum
chamber with pressure of 0.1 Pa.

Figure 1(a) shows the experimental setup for measuring
the angular distribution of electron emission. Wire length L
between the laser focal spot and the end of the wire is
varied from 2.5 to 30 mm. Double-layer stacked IPs are
placed at a distance of z = 150 mm from the laser focal
spot and are covered with aluminum foil of 11 um in
thickness in order to prevent exposure of the IPs to light.
Figure 1(b) shows typical single-shot images detected with
the IPs for L = 2.5, 5, 10, 20, and 30 mm. On the second-
layer IP, electrons with energies greater than about
400 keV can be detected. The electrons form distinctive
ring-shaped patterns on the IPs. The patterns for each wire
length are highly reproducible; however, the center of the
ring-shaped pattern shows slight shot-to-shot fluctuation
within =30 mrad because its position is sensitive to the
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FIG. 1 (color online). (a) Experimental setup for measurement
of electron angular distribution using stacked IPs. (b) Single-shot
images detected by IPs for L = 2.5, 5, 10, 20, and 30 mm. The
color scale is set independently for each image for maximum
contrast. The actual dimensions of the images are 75 mm X
75 mm. The center of each image corresponds to the wire axis
with an accuracy of *30 mrad.

axial direction of the wire. The overall size of the pattern is
drastically reduced as the wire length L is increased. The
size of the hole in the ring decreases from 65 to 6 mm in
height as L is increased from 2.5 to 30 mm. The full angle
at half-maximum of the electron emission in the horizontal
and vertical direction is as narrow as 20 and 65 mrad,
respectively, at L =30 mm. In contrast, the IP signal
intensity increases with increasing the wire length: the
signal intensity at the brightest spot for L = 30 mm is
sevenfold higher than that for L = 2.5 mm. Assuming a
typical electron energy to be 300 keV (refer to Fig. 3,
described later), the total number of detected electrons is
estimated to be of the order of 3 X 10° at L = 30 mm,
resulting in laser-to-electron energy conversion efficiency
as high as 0.1%.

To improve the collimation of the electron beam, a
circular aperture, with diameter of 0.5 mm in a steel piece
of at least 2-mm thickness, is placed at z = 150 mm, as
shown in Fig. 2(a). IP1 is used to confirm the aperture
position after every laser shot, and IP2 is used to measure
the spatial distribution of the electron beam that passes
though the aperture. The distance between the aperture and
IP2 is 100 mm. The x and y positions of the aperture are
adjusted to obtain the highest signal by repeating the
measurements; as a result, the aperture is placed a few
millimeters away from the wire axis on the x axis. Typical
single-shot images detected by IP1 and IP2 for a condition
with L = 30 mm are shown in Fig. 2(b). Three spots (two
bright spots and a dim spot) are observed in the image of
IP2; furthermore, the distance between the two bright spots
is about 3.5 mm, which is considerably larger than the
aperture diameter. This therefore shows that the electron
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FIG. 2 (color online). (a) Experimental setup for measuring the
angular distribution of the electron-beam through a 0.5-mm
aperture. (b) The two leftmost images are typical ones obtained
by IP1 and IP2. The color scale is set independently in each
image for maximum contrast. The actual dimensions of the
images are 40 mm X 40 mm. The center of the images roughly
corresponds to the wire axis. The rightmost image is an enlarge-
ment of a 7.5 mm X 10 mm area of IP2, along with horizontal
and vertical slices of the bright spots.

source cannot be regarded as a small spot, and the electron
beam clearly has three directional components. The full
width at half-maximum (FWHM) of the lower spot is
measured to be 1.6 mm X 0.8 mm, resulting in FWHM
of beam divergence of 11 mrad X 3 mrad. The number
of electrons contained in the lower spot is estimated to
be 3 X 10° from the energy distribution in Fig. 3 described
below.

The energy distribution of the electron beam that passes
through the 0.5-mm aperture with the same collimation
shown in Fig. 2(a) is measured by using a 0.1-T dipole
magnet with 180° bending angle and an IP positioned in
the magnet focal plane. IP1 is also used to confirm the
aperture position in the same manner as the previous
experiment. Typical distributions of electron energy are
shown in Fig. 3(a) for L = 10, 20, and 30 mm. The IP1
images corresponding to each measurement are shown in
Fig. 3(b) along with the x and y positions of the aperture.
The distributions are broad and have peaks around
200400 keV. As the wire length is increased, the central
energy is slightly shifted to higher energy, and the number
of electrons is increased. The number of electrons per unit
solid angle subtended by the aperture is estimated to be
7% 10" sr™! at L = 30 mm. This value is more than
30-fold higher than the reported one [9], which was ob-
tained by irradiating a planar target at slightly lower laser
intensity (2 X 10'® W/cm?).

Numerical simulations are necessary to understand this
phenomenon. However, it should be noted that a rather
large area over 30 mm on the wire target will affect the
behavior of the emitted electrons. Two- and three-
dimensional PIC simulations of laser-plasma interactions
have not generally been used for such a large target
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FIG. 3 (color online). (a) Energy distributions of the electron-
beam that passes through the 0.5-mm aperture [same collimation
as in Fig. 2(a)] for L = 10, 20, and 30 mm. (b) IP1 images
corresponding to each energy-distribution measurement. The x-y
positions of the aperture are shown for each measurement.
The actual dimensions of the images are 40 mm X 40 mm.
The center of the images roughly corresponds to the wire axis.

because of computational limits. Here, we perform a three-
dimensional simulation of electron trajectories in a sim-
plified electric field that approximately simulates the
sheath electric field on the target surface. Using proton
radiography, Quinn et al. have investigated the transient
electric field produced as a result of a laser-wire interaction
at 3 X 10 W/cm? [19]. In that work, they observed that
an outward-pointing radial electric field as strong as
8 X 10° V/m on the wire surface is produced as a result
of the laser—wire interaction and disappears within tens of
picoseconds. Referring to those results, we assume that the
strength of the radial electric field at a given radial distance
r from the axis can be approximated by 1/r outside the
wire, and the electric field at a given time ¢ from the laser
irradiation can be approximated by exp(—z/7). The simu-
lation is performed using the General Particle Tracer code
[20]. All electrons are emitted from an infinitesimal point
on the side surface of the wire at t = (. The initial energy
distribution of the electrons is uniform in the range of
50-1500 keV. The angular distribution is uniform on a
half-sphere. The electrons injected into the wire area are
excluded. The electric field on the wire surface is expressed
as a uniform line charge that decays with time. Although
the electric field around the wire is in fact not uniform and
not electrostatic, this assumption gives a good approxima-
tion that the electrons will receive electric forces around a
wire from the sheath electric field. When we assume
exponential decay exp(—t/7) for the line charge density,
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FIG. 4 (color online). Results for numerical simulations of
electron trajectories. The x, y, and z coordinates correspond to
Fig. 1. The center of each image corresponds to the wire axis.
(a) Distributions of electrons that hit a screen at a distance of
z = 150 mm from the electron source for L = 2.5, 5, 10, 20, and
30 mm. Color scale is set independently in each image for
maximum contrast. (b) Distributions of electrons that hit a screen
at a distance of z = 150 and 250 mm from the electron source
for L =30 mm, when an aperture of 0.5 mm in diameter is
placed at z = 150 mm. (c) Trajectories of 30 typical electrons
passed through the aperture with the same conditions as
Fig. 4(b). The trajectories are classified into three groups: clock-
wise spiral, counterclockwise spiral, or no rotation.

the distinctive ring-shaped pattern observed in the experi-
ment is roughly reproduced by setting the time constant 7
to be several picoseconds, but the size of the calculated
pattern is much larger than the experimental one. In order
to reproduce the experimental results well, we introduce
exponential decay with two time constants for the line
charge density; specifically, the line charge density is given
by p(t) = p, exp(—t/7;) + p,exp(—t/7,). The unknown
parameters are chosen as p; =5 uC/m, p, = 1 uC/m,
71 = 5 ps, and 7, = 50 ps, resulting in an initial electric
field of 7 X 108 V/m at the wire surface.

Figure 4(a) shows the calculated distributions of elec-
trons that hit a screen at a distance of z = 150 mm from the
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electron source. The distinctive ring-shaped patterns ob-
tained experimentally, shown in Fig. 1(b), are well
reproduced for various wire lengths. Moreover, when an
aperture with diameter of 0.5 mm is placed at z = 150 mm
in the same setup as shown in Fig. 2(a), the two bright spots
and the dim spot shown in Fig. 2(b) are reproduced well in
the simulation [Fig. 4(b)]. The electrons that form the three
spots have a broad energy range from 100 to 1200 keV,
which is roughly consistent with the experimental data.
The trajectories of 30 randomly selected electrons that can
pass through the aperture are also shown in Fig. 4(c). The
calculation results are summarized as follows. (i) The
emitted electrons are immediately decelerated by the elec-
tric field normal to the wire surface; consequently, the
electrons are returned into the wire or guided along the
axial direction, and electrons escape from the wire accord-
ing to their initial energy and direction. (ii) Some portion of
the electrons can propagate on spiral trajectories along the
wire because of the balance between the centrifugal force
and the electrical force. This is the reason that the ring-
shaped pattern is formed. However, the ring is not axisym-
metric, because the electrons are emitted from a point
source only on the x > 0 side, and the number of spiral
rotations is one or less for most electrons. (iii) The wire
length affects the energy loss that occurs at the wire end. In
the case of the short wires, the electrons guided along the
wire are decelerated by the axial component of the electric
field at the wire end and are spread in the radial directions,
because the electrons reach to the wire end before the
electric field decreases. (iv) The trajectories can be classi-
fied into three groups: clockwise spiral, counterclockwise
spiral, and no rotation, as shown in Fig. 4(c). These groups
correspond to the three spots observed when the electron
beam is spatially selected by the aperture.

In conclusion, we have demonstrated collimated fast
electron emission through the interaction of intense femto-
second laser pulses with long metallic wire targets with
lengths of the order of centimeters. Emission of electrons
with high angular density of nearly 10'? sr™! and energies
of hundreds of keV was observed. From the viewpoint of
potential applications, since the generated electron beam
has a broad velocity distribution and is energy chirped in
time, it would be particularly useful as a novel electron
source for single-shot time-resolved measurements of ul-
trafast phenomena, for instance, an electron streak camera

[1] or ultrafast electron diffraction with pulse compression
[3]. In regard to another aspect of intense laser interactions,
these experimental results proved that large regions of a
metallic target can affect electron emission. The electron
trajectory simulation, which does not take into account the
electron acceleration process in the laser-plasma interac-
tion, reproduced the experimental results well. Therefore,
it can be considered that the present phenomenon is
strongly related not to the acceleration process, but rather
to the target shape.
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