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The effect of inner-surface roughness of conical targets on the generation of fast electrons in the laser—cone interaction
is investigated using particle-in-cell simulation. It is found that the surface roughness can reduce the fast-electron number
(in the energy range E > 1 MeV) and energy, as compared to that from a cone with smooth inner wall. A scaling law for the
laser reflectivity based on the vacuum-heating model is derived. Both theory and simulation indicate that laser reflection
increases with the height-to-width ratio of the periodic inner surface structure and approaches that of a smooth cone as this

ratio becomes zero.
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1. Introduction

In the fast ignition (FI) scheme of inertial confinement fu-
sion, the laser-precompressed dense fuel core is locally ignited
by energetic electrons produced from the interaction of a laser
drive (hundreds of kJ in energy and 10 ps in pulse length) with
a solid target or the outer part of the fuel plasma.'!l One of the
challenges is how to effectively guide or transport the ener-
getic electrons generated in the relativistic critical density re-
gion to a suitable ignition point in the ultra-dense compressed
plasma over hundreds of micrometers. A practical scheme is
to impinge a laser driving pulse on a cone inserted into the
fuel pellet, since the cone can shield the ignition laser pulse
from the corona plasma as well as guide the generated en-
ergetic electrons to the cone tip, which is deeply inside the
high-density region of the pre-compressed fuel.[>® Accord-
ingly, the efficiency of fast-electron generation and propaga-
tion in the cone are the key issues of this scheme. To im-
prove the laser-to-electron energy conversion efficiency and
the energetic-electron propagation properties, targets with dif-
ferent surfaces have been proposed and investigated exten-
sively both experimentally and numerically./’~!7!

Many novel tailored cone targets designed to improve the

electron generation and transport have been proposed.>!8-211
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Particularly, the structured surface with sub-wavelength peri-
odic patterns can greatly enhance laser absorption or fast elec-
tron number. [7-13-22:231

In practice, the inner wall of the conical target is not
smooth. The effect of inner surface roughness on laser ab-
sorption, as well as on the generation and propagation of fast
electrons, has not been investigated in detail. In this paper,
we model the roughness of the inner cone wall by assum-
ing a periodic corrugated surface, and consider the interaction
between the laser light with the latter structure. To investi-
gate the effect of the surface roughness on laser absorption
and fast-electron generation and transport, we catrry out two-
dimension-in-space and three-dimension-in-velocity (2D3V)
particle-in-cell (PIC) simulations on the interaction process,
as well as obtain analytically a scaling law for the laser reflec-
tivity based on the vacuum-heating model.

In Section 2, we present the target model and the simula-
tion parameters. For comparison, both smooth and corrugated
conical targets shall be considered. In Section 3, the effect of
inner surface roughness on laser reflection is examined analyt-
ically and numerically. In Section 4, the effect of roughness
on the properties of the generated fast electrons is considered.

A summary is given in Section 5.
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2. Target configuration and simulation parame-
ters

A 2D3V PIC code is used to simulate the response of a
conical target with corrugated inner surface to a p-polarized
intense laser pulse.**! Figure 1(a) schematically shows a cone
target with smooth inner surface and figure 1(b) a target with
rough inner surface. For simplicity, the latter is assumed
to have a sinusoidal structure given by y(z) = ztan 6y + % -
%sin (%) where d and h are the actual width and height
of the sinusoidal structure, respectively. The cone has a full-
opening angle of 34°, with 44 thick wall and an inner tip width
of 84, where A = 1 pum is the vacuum laser wavelength. Both
targets are assumed to be pre-ionized Cu>* plasma with ini-
tial electron density ny = 10n., where . is the critical density.

The initial temperatures of the electrons and ions are 100 eV.
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Fig. 1. (a) Cone target with smooth inner surface, and (b) cone target
with corrugated inner surface. The cone has a 34° full-opening angle
with 44 thick wall and an internal tip width of 8A.

The size of the simulation box is 44 x 66 um?. The
laser propagates along the z axis and (y,z) is the simulation
plane. A p-polarized laser pulse is incident normally from
the left boundary of the simulation box. The laser pulse
rises exponentially for 87, where T is the laser cycle and re-
mains at the peak intensity for 1027. The laser parameter is
ap = eEy/mmyc ~ 6.4, which corresponds to the laser inten-
sity [ ~ 5.6 x 1019 W/cmz, where —e, m, @y, Ey, and ¢ are
the electron charge, electron rest mass, laser-light frequency,
maximum laser electric field amplitude, and speed of light in
vacuum, respectively. The laser axis is at y = yo = 224 and
the transverse profile of laser pulse is Gaussian with spot ra-
dius w = 10A. Unless otherwise stated, the simulations are
performed with these parameters.

The laser prepulse effect is precluded in our simulation
assuming that the laser pulse has a contrast ratio larger than
10°.

3. Effect of surface roughness on laser absorp-

tion

An analytic expression for the laser reflectivity is ob-
tained using the vacuum-heating model.[>>?%! We assume that
the electrons at the sharp edge of the plasma-vacuum inter-
face are directly exposed to the laser field. A thermal electron
arriving near the plasma—vacuum interface at the right phase
of the laser cycle is dragged out into the vacuum beyond a
Debye sheath Ap = vie/®,, Where v is the thermal velocity
of the electron and @, is the electron plasma frequency. As
the field reverses its direction, the electron is accelerated back
into the plasma. The laser electric field £y has a component
E4 = Ep sin By normal to the cone surface, and it drives the
electrons back and forth. The laser acting on the smooth cone
wall with an incident angle 6y = 73° is split into two equal
components at equal and opposite angles of incidence due to
light reflection and a standing wave will be set up. The driving
electric field normal to the surface becomes Eq = 2E} sin 6y
and the maximum electric field positions correspond to mag-
netic field nodes, so that the magnetic Lorentz force can be

(251 Suppose this field pulls a sheet of electrons out

neglected.
to a distance of Ax from its initial position, a charge-separation
electrostatic field AE = 4meo, where o is the surface number
density of the sheet and given by ¢ = 2Ey sin 6y /4me, will be
created. When the electron sheet returns to its original posi-
tion, it will acquire a driven velocity of vq =~ 2vyg sin 8y, where
Vose = eEL/me@y. Assuming that the kinetic energies of these
electrons are all from the laser irradiance, then the average en-

ergy density absorbed per laser cycle is

2

Ome Vg 1 e 3
P, = =~ E
TT 2 T 16m meayy ¢

Comparing it to the incoming laser power, we can obtain the
laser absorption rate as

P, 4ag sin® 6y
T ocosBy

na—PL

Figure 2 plots a schematic diagram of the incident laser

and the corrugated conical target. The points M and N (red
dots) mark adjacent peaks on the corrugation surface, and
point D (red dot) is the intersection of the corrugation surface
and the line (parallel to the z axis) passing through M. The
black arrow on the left indicates the direction of the incident
laser, where 0 is the angle between the incident laser and the
normal (black dash-dot line) to the inner cone surface at the
laser impact point K. The angle 6; is measured from the line
OM to the z axis, where O is the origin (0, 0). Taking into
account the reduced driver field amplitude due to imperfect
reflectivity, we replace Eq by Eq = (14 +/T—1,) ELsin6. It
should be noted that now the incident angle 6 is not constant.
Instead, it depends on the location of laser field on the rippled
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surface. The return velocity of the electrons becomes relativis-
tic at intensity of 10! W/cm?. We should introduce the rela-
tivistic correction, that is, the absorbed laser energy over one
laser period is denoted as 276 (y — 1)mec? by replacing the
\/1413/c2
and vq/c ~ (1++/T—13)apsin. Using the above correc-
tions, an implicit expression is arrived

electron kinetic energy by (y— 1)mec?, where y =

1 . 1/2 sin @
Rezl——{l 22 sin% 6 —1} .
(6) ﬂ:aof ( T/ dpsin ) cos 6 M
where f =1++/1 —1N,.
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Fig. 2. (color online) Schematic diagram showing the incident laser and
the corrugated conical target surface. The points M and N are adjacent
peaks on the corrugated surface, and the point D is the intersection of
the corrugation surface and the line parallel to the z axis and passing
through M. The black arrow on the left marks the incident laser, where
6 is the angle between the incident laser and the local normal (black
dash-dotted line) to the corrugation surface at the laser impact point K.
The angle 0, is the angle between the line OM and the z axis, where O
is the origin (0, 0). Furthermore, the corrugation period d is the distance
between M and N, and the corrugation height % is the distance between
M and the base (red dashed line) of the corrugation.

The above expression can be simplified in the relativistic
limit (ag > 1). In the condition considered here, fapsin6 > 1,
we can get N, = f2sin? 0 /(zcos 6). Finally, the laser reflec-
tivity can be achieved by letting @ = sin® 6 /cos 0, that is,

4o
RO)=1———. 2
0)=1 o @

From M to N, the reflectivity in one period of the corru-
gated surface is

IN
P

= R(z)dz, 3)
IN —ZD Jzp

where y is a shape factor and depends on the laser transverse
shape. It is assigned as y = 0.586 with the Gaussian laser pro-
file of exp [—(y—22)%/10?]. The angle between the line OM
and the z axis is tan 0 = tan(90° — 6y) + 2k, where 6y = 73°
and k¥ = h/d is the height-to-width ratio, or the corrugation
parameter, of the surface corrugation. Accordingly, the reflec-
tivity R can be written as

R 1 4g> 4
—=1l——log(l+—= )4+ —-—r 4
v Cog( +x +%(7(+4C)’ @

where { = 7k /sin6, and y = 1+ 1/cos 6;.

The solid curve in Fig. 3 shows the dependence of the
reflectivity on the corrugation parameter k from the analyt-
ical expression (3). The result from PIC simulations (aver-
aged from 107 to 90T) are given by the cyan square, red
circles, blue diamonds, green plus, and magenta cross for
k=0, 1/6, 1/4, 1/3, 1/2, 1, 3/2, and 2, where the cyan
square, blue diamonds, red circles, green plus, and magenta
cross are for h = OA, 0.5, 1A, 1.54, 24, respectively. As
shown in Fig. 3, the analytic scaling law for the dependence of
the laser reflectivity on the corrugation parameter x obtained
from the vacuum-heating model fits approximately with the
simulation results for different x values of the periodic cor-
rugation structure. Figure 3 also shows that the reflectivity
increases with k as expected since the reflection surface be-
comes larger. For the same corrugation parameters (x = 1/3
and k = 1/2) but different values of 4, the red circles and blue
diamonds are for h = 1A and h = 0.54, respectively. We see
that the surface with lager i leads to larger reflectivity even
if k¥ remains the same. That is, the laser reflectivity is more
sensitive to height & of the corrugation than the width d. Fur-
thermore, for &1 — 0 or d — oo, the reflectivity approaches that
(cyan square in Fig. 3) obtained from the analytical expression
(3) for a smooth inner-surface cone.
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Fig. 3. (color online) Dependence of the laser reflectivity on x = h/d.
The solid curve is from the theoretical scaling law given by the for-
mula (3), and the cyan square, red circles, blue diamonds, green plus,
and magenta cross are from the simulations (averaged from 107 to 90T)
for k=0, 1/6, 1/4, 1/3, 1/2, 1, 3/2, and 2, where the cyan square,
blue diamonds, red circles, green plus, and magenta cross are for 4 = 0,
0.51, 1A, 1.54, 2A, respectively. The corresponding & values (in units
of A) are given in the legend.

4. Role of inner surface roughness in generation
of fast electrons

We now investigate the influence of the surface roughness
of the conical target on the characteristics of the fast electrons
generated by the laser—plasma interaction. It is a basis in the
applications such as FI !l novel high-brightness X-ray, and
K sources.[27]

Figure 4 shows the energy spectrum of fast electrons in

the cone tip region (45 um < z < 55 pm and 15.8 pm <y <
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24.2 um) at 1107 for both smooth surface (black solid line)
and corrugated surface (red dashed line), and we can see that
energy spectrum of fast electrons generated by the corrugated
target is softer than that by the ideal cone target. According
to our vacuum heating model in Section 3, the laser reflec-
tivities for corrugated cone targets are larger than the smooth
cone, namely, the laser irradiation energy absorbed by the fast
electrons produced in corrugated cone is lower than that in a
smooth cone. When these fast electrons propagate along the
cone walls towards the cone tip region (45 um < z < 55 pm
and 15.8 pm < y < 24.2 um), smooth cone walls have no im-
pediment to go forward, while rough cone walls prohibit them
from approaching the cone tip smoothly. Therefore, spec-
trum of fast electron generated by the corrugated cone target is
softer due to the higher laser reflection as a result of the rough
inner surface.

10-3 cone target

— — corrugated cone target
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Electron energy/MeV

Fig. 4. (color online) Energy spectrum of the fast electrons (1 MeV <
E <2 MeV) in the cone tip region (45 um < z < 55 um and 15.8 pm <
y < 24.2 um) at 1107 for the smooth cone (black solid curve) and the
corrugated cone (red dashed curve).

Figure 5 shows time evolution of number of fast elec-
trons with kinetic energies £ > 1 MeV in the cone tip region
(45 um < z < 55 pm and 15.8 um < y < 24.2 pm) during
1107 for the smooth cone (black solid line) and corrugated
cone (red dashed line). At the beginning (+ < 64T), the corru-
gation on the inner wall leads to more energetic electron pro-
duction since the interaction area and the range of incidence
angles are significantly larger in the laser—target interaction.
However, at later times there is less laser-energy absorption
due to laser reflection from the enhanced preplasma, and the
forward motion of the electrons is also hindered by the in-
duced electric and magnetic fields. As a result, the number
of fast electrons generated from a corrugated surface becomes
less than that from a smooth surface.

The five-laser-cycle averaged longitudinal current J, at
t = 110T is shown in Figs. 6(a) and 6(b). Because of the
periodic inner cone surface, J; is no longer continuous and
monotonic, like that for the smooth cone. Although the cur-
rent is still along the corrugation surface, but it appears to be
discontinuous. The negative currents (J; < 0) at the crests of

the rippled structure originate from the forward-propagating
fast electrons. The positive currents closer to the surface of
the rippled structure are associated with the returned-current
electrons propagating backwards. The current induces elec-
tric and magnetic fields. Our simulation results yield J, ~
6.6 x 10'7 A/m? for the smooth and J, ~ 6.0 x 1017 A /m? for
the corrugated cone surfaces. This drop can be attributed to
less laser absorption due to increased reflection and hindrance
of the forward electron motion by the large-amplitude ripples
in the induced electric and magnetic fields.
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Fig. 5. (color online) Time evolution of number of fast electrons with

kinetic energy E > 1 MeV in the cone tip region (45 pm < z < 55 pm

and 15.8 um < y < 24.2 pm) at 1107 for the smooth (black solid curve)
and the corrugated (red dashed curve) cone.
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Fig. 6. (color online) Snap shots of longitudinal current component J,
for (a) the smooth conical target and (b) the corrugated conical target,
both at time 1107. The longitudinal current component J, is averaged
over five laser cycles and normalized by ngec.

For comparison, the average induced electric and mag-
netic fields at 1107 for the smooth and corrugated cone sur-
faces are presented in Figs. 7(a)-7(d), respectively. Signifi-
cantly different electric field configurations can be observed.
For the corrugated cone surface, as shown in Fig. 7(c), the
induced electric field has a regular periodic structure. The
positive electric fields tend to drive the electrons backward,
and the negative fields tend to drive the electrons forward. In
fact, some electrons are trapped in the periodic structure, and
cannot propagate forward to the cone tip. Figure 7(d) shows
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that around the corrugated inner cone surface the induced mag-
netic field B, is in the form of a string of localized clumps, or
magnetic islands, with a spatial scale of 34, which is roughly
the same as the period d of the surface structure. This mag-
netic field configuration can be attributed to the two corrugated
sheets of longitudinal current J,, as shown in Fig. 6(b). The
sheet currents are in opposite directions, with the negative J,
having substantially larger magnitude. As a result, the dis-
continuous but unidirectional B, in the corrugation valleys can
drive the fast electrons forward. From the Ampere’s law and
the value of J; found in Fig. 6, the magnitude of the magnetic
field can be estimated to be B, ~ 3 x 108 Gs, which agrees
fairly well with the simulation result shown in Fig. 7(d).
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Fig. 7. (color online) Snap shots of the fields at # = 1107". (a) Longitu-
dinal electric field E; and (b) magnetic field B, for the smooth-surface
cone. (c) Longitudinal electric field E; and (d) magnetic field B, for
the corrugated-surface cone. The magnetic and electric fields are aver-
aged over five laser cycles and in units of 3 x 10'© V/cm and 10% Gs,
respectively.

5. Summary

In summary, the effect of inner-surface roughness of con-
ical targets on laser absorption and generation of fast electrons
in the FI scheme of ICF is investigated using 2D3V PIC sim-
ulations and theoretical modeling. It is shown that a corru-
gated conical target with periodic inner-wall surface structure
leads to higher laser reflection and slightly less efficient gen-
eration of fast electrons in that the energy spectrum is softer
and the number is less. A scaling law for the laser reflectiv-
ity is derived using the vacuum-heating model. The theory as
well as the simulation show that laser reflection increases with
the height-to-width parameter x of the periodic corrugation
and approaches that of the smooth surface in the limit & — 0.
With the corrugated surface, the laser generated fast electrons
in the skin layer of the inner wall are trapped and slowed by
the induced electric and magnetic fields. Our results indicate
that the smoothness of the inner surface should be taken into

consideration in the fabrication of cone targets for ICF.
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