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ABSTRACT

Ultra-intense laser-driven fast electron beam propagation in a silicon target is studied by three-dimensional hybrid particle-in-cell-fluid
simulations. It is found that the transverse spatial profile of the fast electron beam has a significant influence on the propagation of the fast
electrons. In the case of a steep spatial profile (e.g., a super-Gaussian profile), a tight fast electron beam is produced, and this excites more
intense resistive magnetic fields, which pinch the electron beam strongly, leading to strong filamentation of the beam. By contrast, as the
gradient of the spatial profile becomes more gentle (e.g., in the case of a Lorentzian profile), the resistive magnetic field and filamentation
become weaker. This indicates that fast electron propagation in a solid target can be controlled by modulating the spatial gradient of the laser

pulse edge.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0137973

I. INTRODUCTION

Collimated propagation of an ultra-intense laser-driven fast
electron beam in a target is critical to many applications, such as
fast ignition schemes in inertial confinement fusion." However, it is
not easy to realize high-quality fast electron beam transport in dense
plasmas owing to the accompanying large initial divergence” * and
beam-plasma instabilities.”

Various methods have been proposed to control fast elec-
tron propagation in targets.” '’ One of the most commonly used
is optimized design of target structures, such as double-cone," "
cone-channel,' cone-wire,'” and sandwich'® targets. In these cases,
a strong quasi-static magnetic field or electrostatic field can be
excited during the fast electron transport through the target and
confine the fast electron beam. The fields are produced by fast elec-
trons escaping from or refluxing around the target surface in the first
three cases, and the fast electron beam is controlled by the balance
between the magnetic field and the electric field. With a sandwich

target, the fast electrons are collimated by the resistive magnetic field
generated by the resistivity gradient around the target material inter-
face. To enhance the resistive magnetic field, we have proposed a
scheme in which a low-Z target is doped with high-Z materials."
The gradients of both target resistivity and density are modulated in
this way, and the fast electron propagation is improved. We found
that in addition to the strength of the resistive magnetic field, the
magnetic field structure is also important for collimated propagation
of fast electrons.”’ Thus, a two-pulse driven fast electron collima-
tion scheme is proposed, in which a guiding precursor pulse with a
relatively smaller spot is adopted to generate suitable azimuthal mag-
netic fields that can be used to control the fast electrons generated by
the main pulse with a larger spot. This has been demonstrated to be
a robust fast electron collimation scheme.

It is well known that fast electrons can be confined well by a uni-
formly strong external axial magnetic field,”"”” which forces them to
spiral around the magnetic field lines and reduces their divergence.
A 600 T magnetostatic field has been generated by a high-energy
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nanosecond laser interaction with a Ni-coil target and has been
applied to guide high-intensity laser-driven fast electrons, leading to
efficient fast electron pinching through the solid target.””> However,
since fast electrons usually have energies of the order of several MeV,
the required magnetic field has to be greater than 1000 T, and such
fields are still not easy to obtain. In addition, the magnetic field is not
uniform, as expected from simulations, but has a mirror-like struc-
ture, indicating that the fast electrons can be pinched by the field
only if they are injected at an appropriate position,** otherwise they
will be diffused throughout their propagation. From the resistive
magnetic field generation model, it is found that the beam profile,
which determines the scale length of the spatial gradient of the cur-
rent, will have a significant influence on beam transport. However,
to date, there have been few investigations of the effects of the beam
profile.

In this paper, we study the effects of the transverse spatial pro-
file of a fast electron beam on its transport, based on our newly
developed hybrid particle-in-cell (PIC)-fluid code HEETS."” We
first introduce the theoretical model and algorithmic method of
HEETS. Then, we present the results for the transport in a silicon
(Si) target of fast electron beams with transverse profiles of Gaussian,
super-Gaussian, and Lorentzian form.

Il. THEORETICAL MODEL

As an intense fast electron beam is transported in a dense
plasma, its dynamics can be described by the Vlasov-Fokker-Planck
(VEP) equation

afh,e,i Ty afh,e,i

6fh,e,i _ 8fh,e,i
T v Ox + gnei(E+VvxB) = ( )C, (1)

op ot

where f}.; are the distribution functions of the fast electrons, back-
ground electrons, and background ions, respectively, g, ,; are their
charges, x, v, and p are position, velocity, and momentum, and E
and B are the electric and magnetic fields. This VFP equation is
extremely difficult to solve, because the independent variables con-
stitute a six-dimensional phase space, and therefore we consider the
following equivalent system of Itd stochastic differential equations
(SDEs) instead:*”

dx

i 2

i (2)
—ZI; :—e(E+v><B)+—flIt), 3)

where p = ym v, with y being the Lorentz factor, and m, is the elec-
tron mass. dp/dt is the fast electron momentum variation induced
by collisions with the background electrons and ions and consists of
two terms: one is the friction force term, which leads to energy loss
by the fast electrons,

Znee4
-———— InAudt; 4
47‘[6%17!@1/2 d “@

dp = (Ap) dt =

the other is the scattering term, which leads to variation of the
transport direction,
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where dW = I'(t)dt"? is the increment during the Wiener (i.e., diffu-
sion) process. I'(t) is a random number from a Gaussian distribution
with mean zero and variance one. In A, is the drag number and In A,
is the scattering number, the values of which are typically in the
range 5-20 and can be calculated self-consistently during the sim-
ulations. . is the free electron density, Z is the ionization degree, v
is the fast electron velocity, and ¢y is the permittivity of free space.

The background electric field is given by the generalized
Ohm’s law

pe

en,

E=-uxB+7n)- (6)
where u is the fluid velocity, J =J; +]J, is the total current, with J;
and J, being the background ion and electron currents, respectively.
1 is the target resistivity. Since we are interested in picosecond or
subpicosecond time scales, J; can be neglected. The background elec-
tron current J, is given by Ampere’s law, i.e., J, = (1/4,)V x B = J,,
where J, is the fast electron current. Note that the Hall term
] x B/en, and the electron inertial term are not included in Eq. (6)
owing to their negligible contribution in the situation that we
consider here.

The magnetic field can then be obtained from the Maxwell
equation

EZ_VXE. (7)

Combining Egs. (6) and (7), we get

a—B:VX(uxB)—Vx(q])+M.

ot en, ®)

Both the second and third terms on the right-hand side of this equa-
tion generate a magnetic field: the resistive magnetic field and the
Biermann battery magnetic field, respectively. The evolution of the
background electron temperature is given by’

%(CveTe) = 71]?+V'(KVT6) +Qh+Qie- (9)

Here, C,. is the specific heat capacity of electrons, which,
according to Ref. 26, is given by C, = (C;2 + C:2)™"/%, where
Co = %nzneTe /Trand C, = %ne are the electron heat capacities for
a degenerate and a Maxwellian plasma, respectively, with n. = Zn;,
where T is the Fermi temperature and #; the ion density. Although
the above expression for the specific heat capacity is quite simple,
it has been proved that this approach can successfully reproduce
the SESAME data.”” For the case T, > TF, the specific heat capac-
ity Ce » %ne is widely used in hybrid codes.”®” « is the thermal
conduction coefficient, which, for the case of isotropic thermal flux
conduction, is given by

. 16V2 T3/
)/ Ze‘lrrzé/2 InA’

Q= %nh T/ Ten is the energy obtained from the fast electrons, where
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Teh =
“8m neet lnA
is the fast electron relaxation time for collisions with the background
electrons. The final term in Eq. (9), Q,,, is the energy exchange
rate between the background electrons and ions via Coulomb col-

lisions and can be described by the Landau formula® Q;, = 3m,vein;
(T - Ti), where

v,_é(zi)‘”(we )2$
“73\m.) \dmeo) (T,+ Timefmi)*?
is the collision rate.

Lei =In(ry/bo), where ry = raorai/\/ 13, + 75 r4j = vij/wpj, vy and
wp; are the thermal velocity and plasma frequency of species j, and
bo = q,9,/[3(4meo) (T, + Ti)] is the impact parameter for Coulomb
collisions.

Since changes in the momentum of ions can be neglected on the
picosecond time scale, we only concern ourselves with the evolution
of the ion temperature and consider only energy exchange between
the ions and background electrons. The ion temperature satisfies

The Coulomb logarithm is given by

0
E(CviTi) = Qeis (10)

where C,; is the specific heat capacity of ions, and Q,; = —Q,, is the
energy exchange rate between the background ions and electron via
Coulomb collisions.

I1l. ALGORITHM METHOD

We apply the forward time centered space (FTCS) method,
which is commonly employed in particle-in-cell (PIC) simulations,
to solve for the fast electron velocity and position in Egs. (2) and
(3), first without the collision term and then with this term included.
Considering the correction for collisions on the time step, a cutoff
energy needs to be set for the fast electrons as their kinetic energy
becomes small (e.g., of the order of keV) to avoid time-step limita-
tion, especially in the case of high-Z targets. Under such conditions,
we have to ignore the fast electrons. The electric and magnetic fields
are defined on the Yee grid, and the leapfrog scheme is applied to
solve Eqgs. (6) and (7). For the background plasma temperature, the
split method is employed to solve Eqs. (9) and (10), with the con-
tribution of each term to the plasma temperature being calculated
separately.

The steps of the calculation process are as follows:

1. According to experimental results for the fast electron energy
spectrum, density, and angular distribution, initialize the
momentum corresponding to the fast electron velocity vV /2,
the positions x" and x"'~', the initial temperatures T" ' and
TV, and the electromagnetic fields EN-!, BY"', EY, and BY,
where N is the time-step number. The ionization model is
used to set the initial ionization degree Z of the material and
thus the density ) of the background plasma.

2. For each fast electron, calculate the electromagnetic fields EY

and BY at the position of the electron at time step N and obtain

N+1/2 from Eq. (3).
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3. Calculate the momentum correction caused by the collision of
the fast electrons with the background plasma. First, calculate
the temperature T and density #)® at the position of the elec-

tron at the time of scattering N, and obtain In Ay, In Ay, and the

corrected v/"*!/* from Egs. () and (5). The position x;' ™"/ of

the fast electron at the time N + 1 is then obtained.

4. Communicate the fast electron information, exchanging fast
electrons at the boundary of the region. Boundary conditions
are also applied to correct the position and momentum of the
fast electrons escaping from the computational region.

5. Calculate the current deposition of fast electrons ]QIH/ ? on the

grid and statistically obtain T "' and the number density of

fast electrons ny *'. This process requires field communication
to merge the field quantities on the boundary of the region, as
well as the application of boundary conditions.

6. From the temperature equation, calculate the correction terms
for electron-electron collisions.

7. Use the iterative method to solve for the field quantities at time
N + 1. Field communication and field boundary correction are
required in this process.

IV. EFFECTS OF THE TRANSVERSE SPATIAL PROFILE
OF THE FAST ELECTRON BEAM ON ITS TRANSPORT

We have previously studied laser-driven fast electron propaga-
tion in a Si target using PIC simulations, the results of which revealed
an ionization wave propagating in the target with a velocity that was
dependent on the laser intensity and was slower than the fast elec-
tron velocity.” However, macro-instabilities, such as filamentation
instability, could not be shown, owing to limitations of time and spa-
tial scales. Here, we mainly focus on the influence of the transverse
spatial profile of a fast electron beam on its evolution within a spatial
scale of a few hundreds of micrometers for several picoseconds.

The simulation box employs 250 x 200 x 200 cells with a 1 ym
cell size. As the laser irradiates the target, laser energy is absorbed
by the target, generating fast electrons. Ponderomotive heating is
the main mechanism by which electrons are heated during ultrain-
tense laser interaction with solid targets,’” and many theoretical and
experimental results’” ** show that the fast electron energy scales
with the laser intensity. Thus, the transverse distribution of fast
electrons is assumed to be consistent with the distribution of the
laser intensity, for example, with I(r) = aly exp [~(r/rspor)*] for a
Gaussian laser, where « =0.3 is the laser absorption efficiency
as reported in Ref. 35, Iy = 10* W/cm? is the laser peak inten-
sity, r is the radial distance from the focus center (y = x = 0 ym),
and rgpot = 9.6 ym is the laser focal spot radius. The laser wave-
length is set to A = 1.06 gm. The temporal profile of the laser pulse
is Gaussian with a duration of 1 ps (full width at half maximum,
FWHM). The fast electrons are injected from the left bound-
ary (x=0) and are assumed to have an exponential energy
distribution f(E) = (1/(E))exp(—E/(E)), where (E) is the aver-
age energy given by the ponderomotive scaling,’” i.e., (E) = m.c*
[\/1 +1(r,t)A*/1.37 x 10" - 1], and (E) = 4.15 MeV corresponds
to the peak laser intensity. The initial angular distribution of
fast electrons is described by f(6) = cos™(af), where M =2,

a=(1/6p) cos™' (0.5"™), and @, = 35° is the half width at half max-
imum (HWHM) of the fast electron injection angle as obtained
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experimentally.”® The target is a Si target with a density of 2.33
g/cm’ and an initial temperature of 1 eV. The Lee-More resistivity
model®” is applied for the target resistivity, and the target ionization
process is considered self-consistently using the Thomas-Fermi ion-
ization states fitted by More.”® Absorbing boundaries are adopted for
the transverse and longitudinal boundaries for the particles and the
electromagnetic fields.

Figure 1 shows the transverse profiles of the Gaussian, super-
Gaussian, and Lorentzian lasers employed in this paper. When
the laser irradiates the front surface of the Si target, the electrons
around the surface are accelerated and propagate into the target.
Note that the laser—plasma interaction process is not included in the
hybrid code, and the characteristics of the fast electron beam are
directly given by the abovementioned theoretical and experimen-
tal results. The super-Gaussian laser has a sharp periphery, while
the Lorentzian laser has a much slower decreasing profile along
the radial direction compared with the other profiles. Although the
laser energies are close for the three transverse profiles, we will see
later that the differences in the laser profiles can induce significant
differences in the fast electron beam propagation in the target.

Figure 2 shows the transverse distributions of fast electron
density at ¢t = 1.6 ps for a Gaussian laser-driven electron beam prop-
agating in the Si target. It can be seen that the transverse distribution
of the fast electron beam expands with increasing penetration depth
owing to its initial divergence. The fast electron beam has a uni-
form distribution in the region x = 1-50 ym, while filaments appear

T T T
1+ — Gaussian =
! = = superGaussian
=== Lorentzian
0.8 1
~06[ 1
0.4 1
0.2 1
T N,
0 b o Se——
-50 -25 0 25 50

z [um]

FIG. 2. Transverse distributions of denary logarithm of fast electron density at
t = 1.6 ps. The density in this and the other figures is in units of m=3.
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after it has penetrated x = 100 ym into the slice. This filamenta-
tion becomes more pronounced as the penetration depth increases,
resembling an octopus structure.

Figure 3 shows the longitudinal distributions of fast electron
density, target resistivity, and magnetic field B at ¢ = 1.0 and 1.6 ps,
respectively. It can be seen from Figs. 3(a) and 3(b) that fast elec-
tron filaments begin to appear after x = 100 ym, accompanied by
the generation of magnetic fields of about 80 T. The target has
a higher resistivity around the electron beam and filaments, since
there is higher ionization but a lower target temperature there com-
pared with the region of the target around the laser propagation
axis. The maximum resistivity is around 4 x 107 Q-m. The resis-
tive magnetic field B o< nJ/Lt reaches 1026 T at the periphery of the
fast electron beam at x = 90 ym at ¢ = 1.6 ps, as shown in Figs. 3(e)
and 3(f), where L is the characteristic length of spatial variation of
the resistivity/fast electron current density. The self-generated mag-
netic field strongly pinches the fast electron beam. Thus, the cone
angle of the fast electron distribution is much smaller than the initial
divergence.

Figure 4 shows the background electron and ion temperatures
at t = 1.6 ps. The heating of a solid target is mainly Ohmic, i.e., #J%,
which, owing to the moderate target density, is a much more efficient
heating mechanism than the direct collision of fast electrons with the
background electrons.”! Fast electron energy is deposited first to the
background electrons, and then energy is transferred from the elec-
trons to the background ions by collisions. It can be seen that the
electron temperature around the laser injection position can reach
1469 eV, while the maximum ion temperature is 808 eV. The tem-
perature of the background electrons is always higher than that of
the ions along the propagation path of fast electron transport, as
shown in Fig. 4(c), indicating that the ions and electrons are not
in equilibrium. Since the electron-ion collision frequency v.; scales

with T. "2, the temperature difference between electrons and ions
becomes smaller as the fast electrons penetrate deeper into the tar-
get, owing to the lower fast electron current density and thus the
reduced target heating efficiency, leading to a higher frequency of
electron-ion collisions.

To see clearly the effect of the transverse profile of the fast elec-
tron beam on its propagation, we model the transport of the fast
electron beams produced in the Si target by super-Gaussian (fourth-
order) and Lorentzian lasers with respective intensity distributions
I(r) = aly exp [~ (r/rspot)*] and I(r) = aloT*/(r* + T?), where T is
the HWHM. The transverse distributions of the fast electron den-
sity for super-Gaussian and Lorentzian laser injection at ¢ = 1.6 ps
are shown in Fig. 5. It can be seen that the fast electrons produced
by the super-Gaussian laser are pinched to a much smaller spot than
those produced by the Lorentzian laser. However, in the case of the
super-Gaussian laser, owing to the stronger pinching of the fast elec-
tron beam by the resistive magnetic field, there is a higher electron
current, allowing more filaments to be observed. The Lorentzian
laser-driven electron beam has a much more uniform distribution,
and so obvious filaments only appear deeper (~200 ym) in the tar-
get. Owing to the weak confinement of the resistive magnetic field,
the fast electrons have a widely spread spot at the rear of the target
(x = 250 ym).

In Fig. 6, the longitudinal distributions of fast electron den-
sity, target resistivity, and magnetic field B, for super-Gaussian
and Lorentzian laser injection at t = 1.6 ps are presented. It can be
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FIG. 3. Longitudinal distributions of
denary logarithm of fast electron density
[(@) and (b)], target resistivity [(c) and
(d)], and magnetic field By [(e) and (f)]
att=1.0ps[(a), (c), and (e)] and 1.6 ps
[(b), (d), and ()]. The resistivity and mag-
netic field in this and the other figures are
in units of Q-m and T, respectively.

FIG. 4. Longitudinal distributions of back-
ground electron temperature (a) and ion
temperature (b) att = 1.6 ps and the cor-
responding temperature profile along the
x direction around the z axis (c). The
temperature is in units of eV.
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see that the depth at which filaments appear decreases with increas-
ing transverse spatial gradient of the laser profile. The resistivity
26 filaments only appear when the fast electrons have propagated to
the rear of the target. The accompanying resistive magnetic field

25
around the filaments can reach 400 T, which is five times that in
24 the case of the Gaussian laser. The magnetic field reaches 1029 T at
-100 the periphery of the fast electron beam at x = 90 ym. This is close
50 100 150 200 250 100 0 yum in magnitude to the magnetic field of the Gaussian laser, but it has
X [um] a much more uniform distribution deep into the target and thus
imposes a stronger pinch on the fast electron beam. The magnetic
(b) o7 field in the Lorentzian case is only around 689 T, inducing a weak
100 pinch effect.

26 We have developed a collimation criterion for fast electron
= propagation in dense plasmas, with the resistive magnetic field val-
1S 25 . . . . . .
= 0 ues required to achieve electron collimation being described by
N 24 Eq. (9) in Ref. 19. The situation described here in which fast elec-

-100 trons are reflected by the magnetic field corresponds to case (a) in
-100 0 .
0 50 100 150 00 250 100 Y [zm] Ref. 19, as given by
X [em] d>d,
FIG. 5. Transverse distributions of denary logarithm of fast electron density for 1 (11)
> > N N L > 2ry sin =0 + L.
super-Gaussian (a) and Lorentzian (b) laser injection at t = 1.6 ps. 2
Here, d and L are the transverse width and longitudinal length,
seen that obvious filaments appear after x = 50 ym for the super- respectively, of the self-generated magnetic field,
Gaussian laser, whereas the fast electrons do not begin to separate
into filaments until x = 150 ym for the Lorentzian laser. Similar fil- _ 1 _ Rcos @
) . . e di =ro(1—cos -6 2= ———,
amentation behavior can be seen in the resistivity distributions. We sin|0 - «]

z [um]

27
26
25
-1 00 -1 OO 24

100 150 200 250 100 150 200 250 10
X
100 4
— S0 3 FIG. 6. Longitudinal distributions of
S 0 9 denary logarithm of fast electron density
= [(@) and (b)], target resistivity [(c) and
N (d)], and magnetic field By [(e) and (f)]
-50 1 att = 1.6 ps for super-Gaussian [(a), (c),
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FIG. 7. Transverse profiles of denary
logarithm of fast electron density at
x =150 ym (a) and the number of fast
electrons penetrating through an area of
radius 55 um at the slice x = 150 ym (b).
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and ro = y,mevo/eBg is the Larmor radius, with vo, e, m,, and y,
being the fast electron velocity, charge, mass, and Lorentz factor,
respectively. 0 is fast electron initial divergence and « is the tilt angle
of the resistive magnetic field. R is the transverse offset of the fast
electron injection position with respect to the magnetic field layer.
When the tilt angle of the magnetic field approaches the fast electron
divergence, i.e., « — 8, then L, — oo, and so L becomes very large.
We can see that even for the Gaussian laser, the width (FWHM) of
the magnetic field is ~5 g m (around x = 50 ym), which satisfies the
condition in (11), but the length of the magnetic field is much greater
than that in (11) (i.e,, 11 ym for By = 710 T) at t = 1 ps. The mag-
netic field becomes stronger in the case of the super-Gaussian laser,
and so the confinement of the fast electrons by the magnetic field is
enhanced. The fast electrons can also be confined by the magnetic
field around the injection region in the case of the Lorentzian laser,
where the width and magnitude of the magnetic field reach 6 ym and
500 T at t = 0.8 ps, but the fast electron trajectories diverge later as
the magnetic field becomes weak, and the conditions in (11) cannot
be satisfied.

Fast Fourier transformation of the resistive magnetic fields B,
shown in Figs. 3 and 6 reveals the existence of an oblique instabil-
ity mode, and the oblique angle increases with decreasing transverse
spatial gradient of the laser: 77° for the super-Gaussian laser and 80°
for the Lorentzian laser. The instability is strongest in the case of the
super-Gaussian laser, in which the transverse wave number increases
to become as large as 7 um™'. This instability can be attributed to
filamentation instability, as reported in Refs. 39 and 40, but it is not
a purely transverse mode, and longitudinal modes also grow. The
transverse spatial profile of the electron beam does indeed affect the
growth rate of the instability, which can be weakened by making the
spatial density gradient more gentle.

From the transverse profile of the fast electrons at the slice
x =150 ym [Fig. 7(a)], it can be seen that the tendency to fila-
mentation of the fast electron beam becomes much stronger as
the transverse distribution becomes steeper. The profiles of the
fast electron distributions in the deep target become hollow for
both the cases of Gaussian and super-Gaussian lasers. This can
be attributed to the steep current density in these two cases, pro-
ducing a more intense resistive magnetic field that repels the fast
electron current by the return current. Although the areal den-
sity of the Si target here is only pR = 0.06 g/cm?, which is much
smaller than the fast electron penetration range corresponding to

Time [ps]

the mean energy ((E) = 4.15 MeV), a large fraction of fast elec-
trons with low energies (due to the exponential energy spectrum)
are stopped in the target both by the resistive fields and by colli-
sions, as can be seen in Fig. 7(b). The total number of fast electrons
penetrating through the slice x = 150 ym increases in the case of
a more slowly increasing transverse profile. This indicates that the
transverse spatial profile of the fast electron beam has a significant
influence on its propagation, and we can control the propagation of
a fast electron beam in a target by modulating the spatial profile of
the laser.

The temperature profiles of electrons and ions along the x axis
around the central axis are also investigated for the Gaussian, super-
Gaussian, and Lorentzian lasers (however, for brevity, the results
are not shown). The target electrons are heated to a higher tem-
perature around the laser injection position for the super-Gaussian
laser. This can be attributed to the fact that higher fast electron
current density for the super-Gaussian laser, due to the strong pinch-
ing by the resistive magnetic field, leads to efficient Ohmic heating
of the target. However, because the fast electron current tends to
become filamented in the deep target, and we have cut off the laser
as its intensity decreases to 0.1Iy in the radial direction to reduce
the computational burden, the total input electron energy for the
Lorentzian laser is somewhat higher than that in the other cases.
Thus, both the electron and ion temperatures in the deep target for
the Lorentzian laser are higher than those in the other cases. It is also
found that the electromagnetic field energy in the case of the super-
Gaussian laser is about 1.35 times that in the case of the Lorentzian
laser, i.e., more fast electron energy is transferred to the electromag-
netic fields. This is consistent with the magnetic field distributions
in Fig. 6.

It is worth mentioning that although the hybrid PIC-fluid
model can simulate larger spatial and time scales than PIC simula-
tions are able to do, microphysical processes, such as two-stream and
Weibel instabilities, are not modeled in the simulations. The influ-
ence of such micro-instabilities can be approximately accounted
for by a suitable choice of resistivity. In addition, the laser-solid
interaction process is not included, meaning that accurate descrip-
tion of the fast electron characteristics is quite important to reflect
the realistic process of fast electron transport. To characterize the
fast electrons accurately, their density, divergence, energy, temper-
ature, etc., need to be extracted from accurate PIC simulations or
experimental results.
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V. CONCLUSION

Fast electrons driven by ultra-intense laser propagation in a
silicon target have been studied by hybrid PIC-fluid simulations.
We have found that the transverse spatial profile of the fast elec-
tron beam can significantly affect the propagation of these electrons.
Fast electrons are pinched tightly by the resistive magnetic field in
the case of a super-Gaussian profile, which also leads to a greater
tendency to filamentation. In the case of a Lorentzian profile, the
fast electron beam spreads widely in the target owing to the weaker
confining magnetic field. We can modulate the spatial profile of
the laser to control fast electron propagation. The findings of this
study should be helpful for laser-driven fast electron applications,
especially with regard to the fast ignition of inertial confinement
fusion.
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