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Hot electrons are produced, guided into a beam, and transported over 60 �m in a small canal to the

outside tip of a structured cone target. The diameter of the electron beam is defined by the inside tip

diameter. This carries the potential to create electron beams of specific diameters propagating over

specific distances of interest for several applications.
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The interaction of high intensity short-pulse lasers with
conical targets has been of increasing interest in recent
years. The most studied application is fast ignition [1–15].
In a cone target, the laser light is optically guided by the
conical geometry and focuses at the tip [8]. When a suffi-
cient magnetic field is generated along the surface, a
significant fraction of the electrons is guided toward the
tip [8,14]. These processes increase the energy density and
particle fluxes in the tip of the cone making this area
relevant for not only fast ignition [1–14,16] but also stock-
pile stewardship, radiative properties and equations of
state, laboratory astrophysics [15,17], enhanced back-
lighters [18–20], and medical applications [21,22].
Recent studies have investigated the effect of the cone
angle and f number of the focusing optic, the ratio of the
laser spot size to the cone tip size [2,13,23], preplasma
filling inhibition of fast electron energy deposition [24,25],
and deeper propagation and energy deposition into the
cone at higher contrast [26]. It has also been suggested
that target structure can collimate fast electrons [27]. The
data presented here show that, under the right conditions,
the electrons are guided into the tip where they form a
beam equal to the inside tip diameter. In addition, due to
the presence of a canal in the tip, we see collimated
transport of this beam over 60 �m to the outside tip where
the coherent transition of radiation (CTR) is emitted
[28,29]. Such a target, along with controlled irradiation,
has the potential to obtain electron beams with specific
characteristics.

The experiment was performed at the University of
Texas, Austin, on the Texas High Intensity Optical
Research laser with 0.7 J at 800 nm, 40 fs FWHM, 7 �m
FWHM focal spot diameter, and 2� 1019 W=cm2 [30,31].
Typical cones were characterized with a scanning electron
microscope (SEM) and systematically aligned to obtain
reproducible parameters on target [31,32]. The best focus

was aligned on axis at the base of the cone allowing the
laser to diverge as it enters the cone, thus enlarging the
irradiation diameter to 21 �m (and reducing the intensity
to 1018 W=cm2) before hitting the faces of the cone, mit-
igating preplasma issues [31]. We recorded 2D images of
the 800 nm CTR light emitted on axis from the tip of the
cone with a 2-inch diameter, 4-inch focal length achromat
[32].
Figures 1(a) and 1(b) present SEM images of these

extended tip copper cone targets. Figures 1(a) and 1(b)
are, respectively, the top and side view of the 15–20 �m
outer tip diameter. The dashed circle [Fig. 1(a)] and the
dashed line [Fig. 1(b)] represent the diameter of the laser
irradiation spot inside the cone. An inset in the bottom left
corner of Fig. 1(a) shows a typical 5 by 5 �m FWHM of
the 2D CTR emission from the outside tip of these cones.
The filled solid circle in Fig. 1(a) and the filled solid
rectangle in Fig. 1(b) represent the hot electron beam that
produces the observed CTR signal. The dotted lines in
Fig. 1(b) represent the inside faces of the cone to the inside
tip. An inset magnifying the tip is shown at the bottom of
Fig. 1(b). The solid black rectangle at the very tip of the
cone represents the size of the CTR emitting zone. The
dashed red lines represent the collection optic solid angle.
The solid orange lines are perpendicular to these. The tip is
quasiflat over a transversal dimension 3–4 times larger than
the CTR emitting zone. Under these conditions, it seems
reasonable to assume that the electrons are emitted from
the extended tip at an angle close to the surface normal
[33]. Consequently, the CTR is emitted within the collec-
tion angle of the imaging optic. Figure 1(c) shows the
inside of the cone as the laser ‘‘sees’’ it. The dashed circle
corresponds to the diameter of the laser irradiation spot
inside the cone. Figure 1(d) has been taken at a higher
magnification as far as possible into the tip. The smallest
inside tip diameter we could measure is of the order of
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5 �m. This is equal to the CTR emission diameter from the
outside tip. We see in Fig. 1(b) that the hot electron beam
propagated about 60 �m (from target metrology) from the
inside tip to the outer tip of the cone. Figure 2 presents the
horizontal and vertical FWHM of the CTR emission from a
series of targets, including 10 �m thick flat targets. As we
go from a flat target to cones of different characteristics, we
see both the vertical and the horizontal diameter of the
CTR emission become smaller and more reproducible. All

cones had a blunt outside tip. The focus of this Letter is the
third population, which has an extended tip compared to
the rest. Bremsstrahlung x-ray measurements gave us a
temperature of about 350 keV for both flat and cones in
agreement with CTR emission from different thickness Al
targets as explained in [32].
These targets built under contract by Nanolabz are en-

tirely made of solid copper. The fabrication process does
not involve any glue and thus increases the efficiency of

FIG. 2 (color online). Horizontal and vertical CTR emission (FWHM) as a function of target type.

FIG. 1 (color online). SEM images of typical extended tip targets. (a), (b), (c), and (d) show, respectively, the outside tip of the target,
the target side on, the inside tip of the target, and the same inside tip at a higher magnification.
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our targets due to an enhanced electron transport mecha-
nism [14]. Copper was deposited onto a thin silicon struc-
ture later etched away. Even though the deposition time
was set to deposit 10 �m of copper, the shape of the target
makes it possible for the thickness of the deposition to be
slightly uneven along the target structure. For example, it is
very likely that, at the base where the target is flat, the
thickness is indeed 10 �m. On the sides of the cone closer
to the tip, perpendicular to the base, it is likely that the
deposited copper is thinner. Hence our outside measured
diameter of 15–20 �m does not preclude a 5 �m or
smaller diameter inside the canal.

We performed 2D collisionless particle-in-cell (PIC)
simulations with the code PICLS to assess the electromag-
netic field structure and hot electron transport in these
cones. Collisionless PIC simulations investigate hot elec-
tron generation and transport and reveal most of the phys-
ics involved when the laser intensity is high enough for
collisional effects to play a small role in electron transport
[34]. In the simulations, the incident laser pulse has a
1 �m wavelength, a pulse duration of 40 fs, and a trans-
verse spot size of 21 �m FWHM at 3� 1018 W=cm2

similar to the experiment [31]. The shape and thickness
of the cone target in the simulations reproduces that shown
in Fig. 1(b) with a 5 �m diameter inside tip continuing into
a 5 �m inside diameter canal into the extended tip. The
temporal and spatial (transverse) profiles are Gaussian, and
the pulse is injected to the left of a 150� 150 �m box.
The laser interacts with the target at normal incidence, and
its electric field is in the simulation plane (p polarization).
The peak of the pulse enters the box 40 fs after the begin-
ning of the calculation. So that the laser does not propagate
inside the target, we set a target density 10 times higher
than the relativistic critical density a0nc, where a0 is the
normalized laser amplitude and nc is the critical density
[nc ¼ 1:1� 1021=� ð�mÞ2 cm�3, � is the laser wave-
length]. The plasma, composed of Al ions and electrons,
is initially fully ionized. The mesh size is �x ¼ �y ¼
80 nm with 5 aluminum ions and 65 electrons per cell.
The target is initially cold (i.e., the initial electron tem-

perature is zero) and the time step equal to 2:6� 10�1 fs.
The preplasma used in the simulation fills the cone funnel
and has a constant density of 0:8nc.
Figures 3(a)–3(c) show the 2D electron energy density

for the funnel cone at 3� 1018 W=cm2, respectively, 132,
264, and 396 fs after the beginning of the calculations. The
cone geometry increases the laser intensity from 3�
1018 W=cm2 to 2:2� 1019 W=cm2 at the inside tip. The
laser transverse electrostatic field maximum amplitude is
4:6 TV=m before entering the cone. It reaches 12:7 TV=m
at the cone inside tip (entrance of the cone funnel) and
strongly decreases inside the funnel to 1:6 TV=m after
propagating over one-third of the funnel length. The laser
energy absorption is strongest at the inside tip of the cone
where the laser is stopped by the high-density preplasma
filling the funnel. That high electron energy density re-
gion (a signature of hot electron localization) shown in
Fig. 3(b) is much smaller than the laser irradiation di-
ameter of 21 �m and is equal to the diameter of the inside
tip. Figure 3(c) shows that it preferentially propagates in-
side the canal and that, after several tens of microns of
travel inside the canal, the hot electron beam is still nar-
rower than the laser irradiation pattern. The 2D PIC simu-
lations performed therefore indicate that the experimental
observation of a CTR emission FWHM smaller than the
laser pulse FWHM is due to the cone geometry and the
structure of the extended tip. The temperature shown in
Fig. 3 is calculated using the electron energy density and is
a signature of the presence and localization of hot elec-
trons. It is not a reliable indication of the background
electron temperature at such an early time in the simulation
(and even later in the simulation as binary collisions are not
treated) [35].
We also performed two more simulations with different

inside tip diameters prolonged into a canal of the same
diameter as the tip. This demonstrates the crucial impor-
tance of the inside tip diameter in relation with the diame-
ter of the hot electron beam. Figures 4(a)–4(c) show,
respectively, a 2, 5, and 10 �m inside tip size. Strikingly,
the hot electron beam diameter increases with the inside tip

FIG. 3 (color online). (a), (b), and (c) show the 2D electron energy density for our cone target, respectively, 132, 264, and 396 fs after
the beginning of the calculations.
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(the canal entrance diameter) but remains small compared
to the laser FWHM.

In conclusion, our data confirmed by simulations show
the conical structure funnels the electrons into the tip of the
cone. The beam being formed at the inside tip of the cone
then travels into the canal inside the tip, to the end, over a
distance of, in our case, 60 �m. Structuring the target
could form and guide an electron beam of a specific
diameter over specific distances. This opens the door to
bigger tip sizes, which would increase the electron beam
diameter available at the tip for applications such as fast
ignition, equations of states, radiative properties, astro-
physics, and enhanced backlighters.
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FIG. 4 (color online). (a), (b), and (c) show the electron energy density at 264 fs for, respectively, a 2, 5, and 10 �m diameter inside
tip cone target.
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