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Using opened reentrant cone silicon targets, we have demonstrated the effect of micro focusing of

fast electrons generated in intense laser-plasma interactions. When an intense femtosecond laser

pulse is focused tightly onto one of the side walls of the cone, fast electron beam emitted along the

side wall is observed. When a line focus spot, which is long enough to irradiate both of the side

walls of the cone simultaneously, is used, two electron beams emitted along each side wall,

respectively, are observed. The two beams should cross each other near the open tip of the cone,

resulting in micro focusing. We use a two-dimensional Particle-In-Cell code to simulate the

electron emission both in opened and closed cone targets. The simulation results of the opened

cone targets are in agreement with the experimental observation while the results of the closed

cone targets do not show the micro focusing effect. VC 2012 American Institute of Physics.

[doi:10.1063/1.3671954]

I. INTRODUCTION

The generation and transport of fast electrons during the

interactions of high intensity short laser pulses with solid tar-

gets are critical for the applications such as the x-ray genera-

tion,1 high magnitude magnetic field generation2 and the ion

acceleration,3 particularly fast ignition scenario for laser con-

finement fusion.4 Recently, behaviors of fast electrons in a

solid cone target are studied both in experiments5 and simu-

lations6 because the cone target can shield the corona plasma

and guide the heating short pulse laser into high density

region of the pre-compressed plasma.7 Some of the results

indicated that the side walls of the cone target could also

guide the fast electrons to the tip of the cone,8 which is very

helpful in the triggering of the fusion pellet9 or the accelera-

tion of the ions.10 However, some experiments, in which Ka
imaging technique was used to measure the fast electron

transport in a conical target sealed by a plane solid foil, did

not indicate the guiding effect of the fast electrons because

no obvious enhancement of the Ka emission was observed.11

For the sealed conical targets, connecting the tip of the cone

with the plane foil with glue may affect the fast electron

transport,12 and it is difficult to distinguish the electrons gen-

erated at the side walls from the electrons at the tip.

In order to study the guiding effect of the conical targets,

we have diagnosed the spatial distribution of the fast elec-

trons emitted from an opened cone targets without any sealed

foils at the tip. With the opened cone targets, we can distin-

guish the electrons generated at the walls from those gener-

ated at the tip because there is no apparent solid density

plasma at the tip of the cone. The spatial distributions clearly

show that two distinct electron beams corresponding to each

side of the conical wall are generated when the two side

walls are irradiated by the laser pulses simultaneously. This

indicates that under appropriate conditions the fast electrons

from the side walls are focused toward the open tip of the

cone. We find that the number of the forward fast electrons

can be highly enhanced by using different focus conditions

in the opened cone. We have carried out two-dimensional

(2D) particle-in-cell (PIC) simulations of the opened cone

targets. The results agree with the experimental measure-

ments. For comparison, we also utilize common closed cone

targets in the simulations.13–16 We find that the spontaneous

magnetic and electric fields at the sealed plane foil behind

the tip will change the behavior of the fast electrons when

they exit the cone tip, resulting in no micro focusing effect.

II. EXPERIMENT SETUP

The experiment was carried out using the Extreme Light

II (XL II) femtosecond laser system17 at the Institute of

Physics, Chinese Academy of Sciences. The laser was

p-polarized and operated at 800 nm with pulse duration of

about 60 fs and energy of 300 mJ in the experiment. The laser

pulses were focused into the opened cone targets with an

f/3.5, 90�off axis parabolic mirror. Far-field measurements

gave a 5 lm (FWHM) diameter laser spot with a correspond-

ing peak intensity of 6�1018 W/cm2. Third order autocorrela-

tion measurement revealed the presence of a short 10�6

pre-pulse arriving 10 ps before the main pulse. Such kind of

pre-pulse produced pre-plasma after impinging the targets.

The opened cone targets used in the experiment were

manufactured from h100i single crystal silicon wafers by

a)Authors to whom correspondence should be addressed. Electronic mail:

ytli@aphy.iphy.ac.cn or jzhang1@sjtu.edu.cn.
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means of standard semiconductor processing techniques.18

When the wafer is etched in KOH solution, along the h111i
direction, the etching rate is faster than h100i. With suitable

masks and etching time we can produce four-side cone targets

with the size of the opened-tip 5 lm and opening angle 71�.
The arrays and configuration of the targets are shown in

Fig. 1. The sharpness of the edge of the cone tip is guaranteed

by the precision of the photo-etching mask. For 400-lm-thick

silicon wafers and opening squares 500� 500 lm2, tip sharp-

ness is better than 1� 1 lm2. This is important for the similar-

ity between the real cones used in the integrated fast ignition

experiments19 and our experimental ones. Figure 1(c) illus-

trates that the schematic structure of the opened cone targets.

One of the technological difficulties when using such

kind of micro-structured targets is the alignment of the target

and the incident laser.20 Since the cone targets are opened,

we tackle this by observing the forward leak laser directly

with an objective lens and a CCD. When the target is pre-

cisely aligned with the incident laser, the leak image has a

symmetric distribution on the CCD. By carefully adjusting

the target and the laser, the 5 lm laser focal spot was aligned

into the opening tip of the target with a 1 lm precision.

In the vacuum target chamber, three layers of imaging

plates (IPs)21 (type: BAS-SR2040) separated by 13 lm alu-

minum filters between each layer then wrapped by a 13 lm

aluminum filter were placed 50 mm behind the cone target to

measure the fast electrons escaped from the target. The front

aluminum filters were used to block the visible light and the

separated aluminum filters are intended to select different

electron energies. When we used a pair of magnets in front

of the imaging plate no obvious signal was found, which

indicated that the signal on the imaging plate mainly came

from electrons. The imaging plates covered about 140� in

horizontal direction and about 100� in vertical direction. The

setup is schematically shown in Fig. 2.

In the experiment, using the microscopically imaging

system we controlled the focal spot to interact with the cone

target in three cases, as shown in the left column of Fig. 3,

(i) the laser pulse was tightly focused and aligned with the

symmetrical axis of the cone target; (ii) the laser pulse was

tightly focused onto one of the side walls and its axis paral-

leled with the axis of the cone; (iii) the laser pulse was

adjusted to be a line focus and interacted with two side walls

simultaneously, while paralleling with the axis of the cone.

In this case, the laser light is also p-polarized and the size of

the line focus spot is 20 lm long and 5 lm high. With the

similar laser energy and pulse duration as the case (i) and

case (ii), the laser irradiance is 1.5� 1018 W/cm2 on target.

We also plan to carry out an experiment by using femto-

second laser interaction with closed cone targets. However,

this experiment was not made due to large reflection of laser

light from the target.

III. EXPERIMENTAL RESULTS

The measured electron spatial distributions for the three

focusing cases are shown in Figs. 3(a)-3(i). Because of the

stopping effect of the imaging plates and the aluminum fil-

ters, each layer of the imaging plates detects different energy

intervals of the electrons. The minimum detected energy of

each layer is calculated by the code CASINO.22

In case (i), the fast electrons are mainly emitted in

the direction of the laser propagation, as shown in Figs.

3(a)–3(c). The diameter of the laser spot (FWHM) is compa-

rable to the opened width of the target. Therefore, most of

the laser energy cannot directly interact with the walls but

with the pre-plasma generated by the ASE and pre-pulse.

The beam pattern on the first layer is more like a disk with a

divergence angle of 69�. On the second layer, the divergence

FIG. 1. (Color online) (a) Image of the

re-entrant cone arrays etched in a silicon

wafer. (b) Image of an etched cone taken

by a scanning electron microscope (top

view). (c) Schematic view of the cone

configuration. The width of the open en-

trance is 5 lm.

FIG. 2. (Color online) Schematic picture of the experimental setup. The IP

stack behind the target detects the spatial distributions of the fast electrons.
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is reduced to 41� and on the third layer 34�. The electrons

are believed to be generated by the ponderomotive force,

which accelerates the electrons in the forward laser propaga-

tion direction.23

In case (ii), the spatial distribution of the electrons with

lower energy (first layer) is similar to the case (i). However,

for the higher energy electrons (second and third layer),

another bunch of electrons in addition to the electrons in the

laser propagation direction is presented [Figs. 3(e) and 3(f)].

This new electron bunch is emitted in the direction of the

side wall, onto which the laser pulse is shined. In the first

layer, the signal of this electron bunch is covered by the

lower energy electron component. This indicates that the

electrons in the direction of the wall have higher energy and

fewer numbers. We believe that this bunch of electrons is

generated due to the quasi-static electric and magnetic field

generated by the interaction of the laser with the wall as dis-

cussed below.

FIG. 3. (Color online) Typical fast electron spatial distributions detected by imaging plates behind the opened cone target. The focusing and target geometry

are illustrated on the left. Each column of the images has the same detected energy interval and is scaled to the same intensity level. The first layer of the imag-

ing plates detects the fast electrons with energies >45 keV, the second layer> 550 keV, and the third layer >900 keV, respectively.

FIG. 4. (Color online) The integrated intensity of the signal on the three IP

layers for three cases. Cases (i), (ii), and (iii) correspond to the three cases

described in the text.

FIG. 5. (Color online) The 2D PIC simulation configuration of the

interactions.
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In case (iii) the line laser spot interacts with the two op-

posite walls of the cone target. The angular distribution of

the electrons with lower energy is similar to the other two

cases. However, for the electrons with higher energy, it is

clearly seen that two distinct regions of electron signals are

observed, as shown in Figs. 3(h) and 3(i). These two bunches

of electrons lie in the direction of the two side walls. These

two bunches of fast electrons should cross each other out of

the entrance of the cone resulting in micro focusing.

Figure 4 shows the integrated electron signal on the sec-

ond and third layer of the imaging plates. For the three cases,

the incident laser energy is almost kept to be similar. The

signal intensity of case (ii) is stronger than that of case (i).

The signal intensity of case (iii) is stronger than the other

two cases. Those indicate that more electrons are generated

and transported to the tip of the cone when the laser inter-

acted with the walls of the cone target. Note that for case

(iii) the laser intensity is lower than the other two cases since

the area of the line focus is larger while the laser energies

are similar.

IV. SIMULATIONS AND DISCUSSIONS

In order to understand the fast electron emission, we have

carried out 2D particle-in-cell simulations with a relativistic

fully electromagnetic code.24 The configuration of the simula-

tions is illustrated in Fig. 5. The simulation box is

45k0� 90k0, where k0¼0.8 lm is the central wavelength of

the incident laser light in vacuum. There are 25 cells per

wavelength and 25 particles per cell. The opened cone target

is composed of two plasma slabs, each of which is 35k0 long,

15k0 wide with a density 10nc, where nc is the critical density.

The two plasma slabs are separated by a distance 5k0 to simu-

late the opened entrance of the cone targets. Each of the

plasma slabs is covered by a pre-plasma with a density 0.1nc

and a scale length 2k0. The laser is incident from the left.

The simulations of the interactions are also classified by

the laser spot shape and position as illustrated in the left col-

umn of Fig. 3. We changed the laser focus spot both in the

position and shape while keeping the target the same during

the simulation to coincide with the experiment. We diag-

nosed the fast electrons angular distribution out of the en-

trance of the opened target. The simulated angular

distributions of the fast electrons are plotted in Fig. 6, in

which 0� corresponds to the symmetrical axis of the target.

In Fig. 6(a), we can see that the when the laser pulse

was focused tightly along the symmetric axis of the cone,

fast electrons are emitted mainly in the direction of the cone

axis for all energy intervals, which are similar to the pattern

observed in the experiment. Figure 6(b) shows that when the

laser pulse was tightly focused onto one of the side walls, the

distribution peak of fast electrons is shifted to the direction

of the cone wall. However, a large number of fast electrons

are still emitted in the laser direction. In Fig. 6(c), two peaks

are presented in the directions of the two side walls. This pat-

tern is similar to the experimental result in case (iii). We

have used several different scale lengths of the pre-plasma to

see how the pre-plasma affects the fast electron generation

and transport. We find the two peaks will not dominate the

distribution if the scale of the pre-plasma is too large or

small in case (iii). Figure 7(a) shows the simulated angular

distribution of the fast electrons with a pre-plasma scale

FIG. 6. (Color online) (a) The simulated angular distributions of the fast electrons out of the entrance of the cone targets for case (i), (b) case (ii), and (c) case

(iii) at time t¼906 fs. The red dashed dotted line indicates the laser propagation direction (0�).

FIG. 7. (Color online) The simulated

angular distribution of the fast electrons

in case (iii) with a pre-plasma scale

length (a) 0.1k0 (b) 6k0.
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length 0.1k0. In this result the two peaks disappeared, which

is probably because that under such circumstances the

absorption rate of the incident pulse laser on the side walls

will decrease and the total number of fast electrons along the

surface of the side walls is reduced. Figure 7(b) demonstrates

the angular distribution of the fast electrons with a pre-

plasma scale length 6k0 and the contrast ratio of the two

peaks to the base of the distribution is substantially

decreased, which results from the destruction of the quasi-

static magnetic and electric field in pre-plasma with large

scale length.

Figure 8 shows the integrated intensity of the simulated

fast electrons with energies E> 550 keV and E> 900 keV

for the three cases. We can see that the change of the inte-

grated numbers of fast electrons is similar to the experimen-

tal results, where more electrons are accelerated along the

side wall of the opened cone target in case (iii).

The surface magnetic fields are very crucial to the gen-

eration of the fast electrons along the surface of the target

wall. The time-average magnetic field distributions for all

three cases at the time of 240 fs are shown in Fig. 9. The

magnetic field is normalized to x0me/e, where e is the elec-

tron charge, x0 is the frequency of the incident laser wave in

vacuum, me is the mass of the electron. We can see that the

magnetic field distributions for the three cases are different.

In case (i), because of the tight focus the main laser pulse

cannot interact with the cone walls, the magnetic field at the

surface of the inner walls does not grow up. In the other two

cases strong magnetic fields are generated at the inner surfa-

ces of the cone wall.25 Because of the quasi-static magnetic

fields, the fast electrons flow along the cone wall. We also

diagnose the time averaged current density in case (ii) and

case (iii), as shown in Fig. 10. The current density is normal-

ized to ecnc, where c is the speed of light in vacuum. The

current density along the cone wall in the region of the inter-

action can be clearly distinguished from the background.

In order to compare with the opened cone targets we

carry out another simulation by using closed cone targets.

We construct the target by adding a plane plasma slab with a

thickness of 6k0just behind the tip of the cone (see Fig. 11).

The laser is incident into the cone from the left as a line

focus. The laser intensity is the same as the simulation in

case (iii) with opened cone targets. The angular distributions

of the fast electrons with different energies for the closed tar-

get are shown in Fig. 12. We can see that the angular distri-

butions just have one peak presented in the direction of the

incident laser. This is much different with the result shown

in Fig. 6(c).

Figure 13 shows the distributions of the static magnetic

fields, electric fields, and the current densities in closed-tip

cone at two times t¼160 fs and t¼187 fs. It is implied that

the collision effect in the slab and the quasi-static magnetic

and the static electric fields change the transportation of the

fast electrons and smear the two peaks into one peak only.

Also the solid state plasma just in front of the laser will be

heated and resulting in more electrons accelerated in the

laser direction. In the opened cone targets case, there is no

apparent solid state plasma and no sharp boundary between

plasma and vacuum at the tip, where the magnetic field is

FIG. 8. (Color online) The integrated intensity of fast electrons in different

energy intervals for the opened cone targets.

FIG. 9. (Color online) (a) The time-

averaged magnetic field distributions for

case (i), (b) case (ii), and (c) case (iii) at

time t¼240 fs.

FIG. 10. (Color online) (a) The time-averaged current density for case (ii)

and (b) case (iii) at time t¼240 fs.
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small, as shown in Fig. 9(c). The electrons can escape easily

from the cone keeping their initial status at the side walls.

V. CONCLUSION

The spatial distributions of the fast electrons emitted

from the tip of the opened micro cone targets when irradiated

by femtosecond laser pulses for different laser focus condi-

tions have been investigated. In line focus case, the spatial

distribution of the electrons with energy more than 550 keV

are emitted mainly in the direction of the side wall and the

integrated signal intensity is enhanced compared to the other

two cases, which means that more electrons flow into the tip

of the cone. We attribute this micro focusing to the quasi-

static magnetic field when the laser pulse interacts with the

side walls of the cone. We also compare the angular distribu-

tions of the emitted fast electrons from both opened and

closed targets by simulations. For closed cone targets, there

is no apparent micro-focusing effect. Fast electron micro fo-

cusing with cone targets is favorable to the ignition of the in-

ertial confinement fusion, the x-ray generation, and the

acceleration of the ions. Moreover, such targets may be used

as a kind of plasma device to control the behavior of the fast

electrons during the interaction of the short pulse laser with

solid state targets.
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