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The effects of defocusing a high intensity pulse of laser light on the generation of hot electrons in a

cone are investigated using particle-in-cell simulations. The results indicate that defocused laser

light can soften the electron energy spectrum and increase the coupling efficiency compared to the

use of a laser in tight focus. It is shown that this is a consequence of the density profile of plasma

produced by the laser prepulse, which is less dense in the case of the defocused laser. The relevance

of this result to fast ignition inertial confinement fusion is discussed. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4961080]

I. INTRODUCTION

Fast ignition inertial confinement fusion is a promising

scheme which aims to release energy by nuclear fusion.1–3 In

the past two decades, there have been many theoretical and

experimental investigations performed to explore the suitabil-

ity of this approach. However, the success of this scheme

relies on the production of hot electrons and energy transfer

from laser light to the dense imploded fusion fuel. Many

methods have been explored to increase the coupling effi-

ciency. In one approach, a gold cone is used to assist the laser

in propagating within a short distance of the dense fuel,

avoiding the laser light having to propagate through a signifi-

cant depth of plasma before it interacts with the fuel.4

There are several issues which may impact the effective-

ness of using a cone in fast ignition. The laser prepulse, caused

by amplified spontaneous emission, can cause significant

deposition of energy in the cone prior to the arrival of the high

intensity laser light. This prepulse is typically of nanosecond

duration and may contain as much as 10�4 of the energy of

the main pulse. As a result, the inner surface of the cone may

be ionized by the laser prepulse and filled with preplasma. It is

observed that this preplasma can fill the cone to a depth of

around 100lm (Refs. 5–7) using sub-ignition-scale lasers.

The presence of this preplasma can severely degrade the cou-

pling efficiency between of main pulse and the cone tip.

A number of schemes have been considered to try and

resolve this problem. Some of these look at reducing the

amount of energy in the laser prepulse via technological

improvements in the laser chain.8 However, removing the

prepulse entirely may not always be feasible or economic.

The idea that is considered in this manuscript is that of

changing the focus position of laser light and so reducing the

laser intensity at the cone-wall. Doing this also impacts on

the hot electron spectrum produced during the interaction.

This change in the electron spectrum’s characteristic

temperature is also of interest since another difficulty in fast

ignition is that the electrons can tend to be too hot to facili-

tate efficient coupling to the fuel. Another factor to consider

is how the efficiency of energy coupling from laser to the

fuel changes as the laser is defocused. Following Ref. 9, it

was shown experimentally that the electron spectrum is soft-

ened in defocus while coupling is approximately maintained.

In this paper, we will try and explain this result further using

particle-in-cell (PIC) simulations of the interaction of defo-

cused laser light with cone targets.

Simulations using a two-dimensional three-velocity

particle-in-cell code have been performed exploring a range

of different focus positions in a cone target. The electron

energy spectrum, distribution of divergence angle, effective

location of emission, and the energy coupling efficiency are

evaluated. It is observed that the hot electron energy spectra

are softened when using defocused laser pulse, as shown in

Ref. 9; in addition, the coupling efficiency is increased as

well.

II. SIMULATION SETUP

A 2D3V particle-in-cell (PIC) code10 is used to simulate

the laser-cone interaction and hot electron production. (In

this paper, a collisionless code is sufficient. Due to high

energy of hot electrons, the effects of collision basically can

be omitted.) The density profile of the preplasma produced

by the prepulse of the laser is calculated using the radiation-

hydrodynamics code Hyades.11 The focus position of laser

light is changed from before the cone tip to beyond it.

A simulation box, with the size of 200 lm� 200 lm, is

employed in all of the PIC simulations performed here. In

this box, there are 4000� 4000 cells in the whole area, so

both the transverse and longitudinal resolution Dx ¼ Dy

¼ 0:05lm. Meanwhile, there are 64 electrons and 16 ions in

each cell, which is enough to avoid artificial self-heating

interfering in the simulations. It has been verified that it

makes no significant difference to add more particles than

this to the cells in these simulations. The coordinate system
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and the geometry of the gold cone are shown in Fig. 1. The

inner surface of the cone’s tip is located at the origin of

the coordinate system. The half angle of the cone is 20�, and

the conical wall is 20 lm thick. The diameter of the inside of

cone’s tip is 30 lm, and the tip itself has a thickness of 6lm.

The plasma density of the gold cone is assumed to be

20nc, where nc is the critical density. The actual density of

the cone can in reality approach �104nc, so the density used

in the PIC simulations does not accurately reflect this. It was

found that it makes no significant difference to the simula-

tion results to increase the density of cone beyond this point

however. As discussed in Refs. 5–7, the long duration pre-

pulse of the laser, which is of the order of ns can produce a

preplasma inside the cone, which is of the order of 10�2nc
to 10nc. This means that when the main pulse arrives, it is

going though the preplasma prior to interacting with the

denser plasma near the cone tip. Due to the inability of the

PIC code to accurately low-intensity interactions over many

hundreds of picoseconds, a pre-defined preplasma configura-

tion is used to initialise the PIC simulation. This predefined

plasma fills the interior volume of the cone, in order to simu-

late the effects of the preplasma on the characters of hot elec-

trons generated by the interaction with the main pulse. As

presented above, the density profile of the preplasma is cal-

culated by the Hyades radiation hydrodynamics simulation

code. A different preplasma profile is calculated using the

Hyades code for each defocus position, assuming an identi-

cal laser power profile, thereby mimicking what would be

seen in an experiment with a given laser pulse. In porting the

results from the hydrodynamic code to the PIC code, both

the cone and the preplasma are assumed to be initially cold,

which is reasonable given that the electron temperatures

induced by the laser prepulse are insignificant in comparison

to those induced by the high intensity part of the pulse. The

PIC code has been tested by Wilks’ scaling law12 with

parameters presented above, in order to ensure that the simu-

lation results are physical.

The laser employed in all these simulations is propagat-

ing from left to right towards the center of the cone (as

shown in Fig. 1), with a wave-length of 1lm and an intensity

of up to 3� 1019 W/cm2. The laser beam has a double

Gaussian profile, resulting in the high intensity pulse having

a duration of 1 ps and a spot size of 8lm (FWHM) in tight

focus. All the relevant parameters of simulations are main-

tained unchanged for the different focus positions. (The

plasma condition of cone is fixed for all simulations, while

the preplasma change with laser focus position accordingly.)

The focus position is changed from �800 lm to 800 lm,

with respect to the inner surface of the cone tip.

III. SIMULATION RESULTS

In order to collect information pertaining to the hot elec-

trons generated by the main pulse, a collecting plane is located

8lm behind the inner side of tip of the cone (Fig. 1), where

electrons are recorded when they pass. As a result, all the spec-

tra of energy and divergence angle are time-integrated, which

enables ready comparison with the experiment.

In all the following discussions, the laser with focus

position of 0 lm (i.e., the laser is focused on the interior sur-

face of the tip of the cone) is called tight focus; all of the

other cases are called defocused. The simulation results

show that there is a crucial difference in the hot electrons’

character going from tight focus to defocus.

Fig. 2 shows the electron energy density distribution

with different laser focus positions. The energy density here

is defined as EdN/dE, where E is the energy of electrons

and N the number density of electrons. As shown by these

9 curves, the most obvious result is that the energy density

curve is substantially broadened in tight focus as compared

to the defocused case, and the electron energy is reduced in

the defocused case. However, there is not so much of a clear

trend between the defocused cases. So, all the defocused

cases seem to have a similar effect on the energy distribution

of hot electrons. Going from one simulation to another, both

the focus position and the profile of the preplasma are

FIG. 1. The coordinate system and geometry of gold cone employed in the

simulations.

FIG. 2. Electron energy density for the tight focus and defocus cases. The

focus positions of all the laser light are �800lm, �600lm, �400lm,

�200lm, 0 lm, 200lm, 400lm, 600lm, and 800lm, respectively, repre-

sented by the different lines in the figure.
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changed in the PIC simulations, so a simple trend is not nec-

essarily to be expected. It should be noted that there is more

preplasma produced by the prepulse of the laser in the tight

focus case than that in the defocused case and both the pres-

ence of this plasma and the higher laser intensity combine to

produce the higher electron temperatures seen.

Aside from the energy distribution of the electrons,

another interesting quality of the hot electrons produced by

the laser light is their divergence angle. This angle is calcu-

lated as h ¼ arctanðjv?j=jvkjÞ, where v? and vk are the per-

pendicular and parallel velocity of electrons along the

propagation direction of laser, respectively. As shown in

Fig. 3, the divergence angle is smaller in the tight focus case,

which is about of 0.5 rad full width (or 28:6�). However,
when the defocused laser is used, this divergence angle is

increased to approximately 1 rad. This result is obvious

because with defocused laser light, the spot size is much

larger than when the laser is in tight focus. Therefore, the

laser interacts initially with the conical wall, reflecting and

scattering, finally resulting in a complicated intensity profile

when it interacts with the tip of the cone and produces hot

electrons. Consequently, the hot electrons are distributed

into a larger region than in the tight focus case. An interest-

ing phenomenon is that the divergence angles split into two

directions in the f-400 defocused case, and the emission cen-

ter is not in the direction of the laser injection.

In order to present the divergence angle distribution for

the f-400 case in more detail, the electron energy-density dis-

tribution in momentum space is shown in Fig. 4. As one can

see from this figure, the electron energy-density is more dis-

tributed in two directions, which are around �0.75 rad and

0.5 rad. As mentioned in Ref. 9, when the prepulse hits the

cone, the intensity of the laser is much higher at the center of

the tip than at the edge. On the other hand, with a higher

intensity of illumination, there are more gold atoms ionized

into plasma. Therefore, there is more preplasma at the center

of the cone. Consequently, when the main pulse arrives, the

laser can be concentrated in the area between the cone and

the preplasma at the center. As a result, many hot electrons

are generated away from the symmetry axis of cone. As for

the asymmetrical distribution of divergence angle, this is

caused by the asymmetrical reflection of the laser light on

either side of the cone, which can be seeded by small non-

uniformities. Since such non-uniformities can arise through

both physical and non-physical mechanisms in the model-

ling, it is expected that asymmetries would appear in an

experiment but that they may not entirely mirror those seen

in a simulation due to the presence of non-physical factors;

much as with any PIC simulation of filamentation or other

beam-plasma instabilities.

In order to determine the characteristics of hot electrons

in the experiment, a wire is used at the end of the cone tip to

provide diagnostic emission.9 In a fast ignition experiment,

this wire is replaced by the fuel. Considering the coupling

process of hot electrons with the wire or fuel, therefore, it is

also important to know not only the divergence angle but

also where the electrons are diverging from. In the present

study, the velocity of the diverging electrons is traced back-

ward until it intersects with the axis of the laser, a “virtual

focus” point can then be found as the effective location of

the emission. Fig. 5 shows the distribution of virtual emis-

sion location for the different focusing positions considered.

From Fig. 5, one notes that the virtual emission locations

of the hot electrons tend to lie close to the tip of the cone,

which means that the majority of the hot electrons seem to

be emitted from a region near the tip of the cone. However,

the size of this spot changes with the focus position, with the

most broad width of about 20 lm for the f-400 case and most

narrow width of about 6 lm for the f-800 case. Therefore, it

seems that the focal position of the laser has little to do with

the spot size of the emission of hot electrons. Meanwhile, the

location of the emission spot (e.g., the effective location of

emission) is defined here as a point, on both sides of which

there is half of the total electron energy. Naturally, this effec-

tive location is changing with the focus position of the laser

light, as is shown in Fig. 6.
FIG. 3. The distribution of divergence angle of electrons for the different

laser focus positions.

FIG. 4. The electron energy density distribution in momentum space for the

f-400 case.
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The last quantity determining the utility of the hot elec-

trons produced is the coupling efficiency, which is the ratio

of the laser energy transferred to electrons. As shown in Fig.

6, it is obvious that the defocused lasers are more efficient

than the tight focus laser. (Over 90% of laser energy is

reflected by the cone, that is why the coupling efficiency is

low.) As mentioned above, as the focus position is changed,

the density profile of preplasma is changed as well in the

PIC simulations. Therefore, both the focus position and the

density profile of preplasma can have an impact upon the

coupling efficiency. This result is in keeping with the find-

ings of the experiment; however in the experiment, it was

not possible, given the experimental errors, to state conclu-

sively that the coupling was increased in defocus—it was

merely observed to be approximately maintained (in itself an

interesting result).9

All of the results above are diagnosed on the collecting

plane located at x ¼ 8lm, which is at the outside of the back

of the cone. Therefore, these results can be affected by the

sheath field at the edge of the cone. This is acceptable when

there is no other material at the end of the cone; however, it

is also interesting to investigate what occurs when there is

material beyond the cone tip, for example, a wire.9 So, Fig. 7

shows the electron energy distribution again except that now

the collecting plane is located inside the cone with x ¼ 5 lm.

Clearly, the shape of all these curves is totally different from

that in Fig. 2, because there are so many cold electrons; how-

ever, the basic conclusion is the same. As one can see from

the figure, the electrons generated by the tight-focus laser

still have higher energy than those generated in the defo-

cused case, which means that defocus still results in a soften-

ing of the electron energy spectrum. Again, there is no

significant difference among the results for all of the defo-

cused cases, except for similar observations to those men-

tioned above in respect of the f-400 case.

IV. CONCLUSION

In this paper, the effects of defocusing the high-

intensity laser-light irradiating the interior of a gold on the

properties of the hot electrons generated are investigated

using PIC simulations. The simulation results show that the

focus position of the laser light has a significant impact on

the electron energy-spectrum, divergence-angle distribution,

effective emission location, and energy coupling-efficiency.

When the tightly focused laser is used to produce hot elec-

tron in a cone, the electron energy spectrum is broadened

greatly by the preplasma generated by the prepulse of laser

arriving at the cone tip before the main pulse. This pre-

plasma also reduces the coupling efficiency of the laser

energy to hot electrons. In contrast, the electron spectrum is

softened when using defocused laser light and the coupling

efficiency is increased. Therefore, although the tight focus

laser displays the smallest hot electron divergence angle, the

increased electron temperature and reduced coupling effi-

ciency imply that the effects of preplasma can tend to coun-

ter this potential benefit of using a tightly focused laser in

fast ignition.
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FIG. 6. Energy coupling efficiency and effective emission location for the

different focusing positions considered.

FIG. 7. Electron energy distributions generated in the different focus

positions, where the data are collected at a plane inside the cone with

x ¼ 5lm.

FIG. 5. The distribution of virtual emission location for electrons produced

in the different laser focus positions.
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