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Abstract

A two-layer target irradiated by an intense laser to generate strong interface magnetic field is proposed. The mechanism is
analyzed through a simply physical model and investigated by two-dimensional particle-in-cell simulation. The effect of
laser intensity on the resulting magnetic field strength is also studied. It is found that the magnetic field can reach up to

several ten megagauss for laser intensity at 10’ Wem ™2,
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1. INTRODUCTION

The self-generated magnetic field (Stamper ef al., 1971;
Sudan, 1993; Tatarakis et al., 2002; Wu et al., 2009; Zhou
& He, 2008a, 2008b) during laser-plasma interaction has
been widely investigated theoretically and experimentally
over the past decades, because of many potential applications
(Ghoranneviss et al., 2008; Hora et al., 1984, 2002, 2008b;
Hora & Hoffmann, 2008a; Tan & Min, 1985; Zhou & He,
2007a, 2007b, 2007¢), such as in fusion science, beam col-
limation, and electron acceleration, etc. When ultra-intense
> 10" Wem ™2 umfz) lasers interact with overdense or
solid targets, relativistic electrons are generated at the relati-
vistic critical density. These fast electron currents will pene-
trate into the target and become a source of strong magnetic
field, which can be up to 100 megagauss (MG) for laser
intensities of 10°° Wem ™ 2.

Recently, there have been works on the generation and appli-
cation of strong interface magnetic fields. With specially
designed target structures, both hybrid-Vlasov-Fokker-Planck
(HVFP) (Robinson et al., 2007) and hybrid-fluid-particle-in-cell
(HFPIC) (Zhou et al., 2008a, 2008b) simulations show that
strong interface magnetic fields are generated because of
the gradients in the resistivity and density at the material
interface. However, in realistic experiments and applications,
the fast electrons are generated during the laser-plasma
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interaction (LPI). The earlier HVFP or HFPIC simulations
cannot consider this process directly. Instead, in these simu-
lations, the electron beams are injected and are assumed to
satisfy certain scaling law (Wilks ef al., 1992). By making
use of the explicit two-dimensional particle-in-cell (PIC)
simulation and including the LPI directly, here we investigate
the generation of strong interface magnetic fields in a two-
layer target irradiated by ultra-intense lasers. The effect of
the laser intensity on the field strength is also studied. It is
found that the interface magnetic field can reach up to tens
MG for laser intensity at 10" Wcmfz, and even hundreds
of MG for 10%° Wem ™2,

2. PHYSICAL MODEL

The self-generated magnetic field from the intense laser-
produced fast electron flux is given by (Bell er al., 1998):
0B/dt =V x jr+ Vn x j, where j is the fast electron
current density, and m is the space-dependent resistivity.
Since the standard explicit PIC simulation cannot include
the effect of resistivity, the magnetic field is due to the
density gradient alone.

We now consider the target shown in Figure 1. It consists
of two plasma layers of different densities (layers 1 and 2
with densities n; and n,, respectively). For laser-driven elec-
tron beam with currents larger than the Alfvén limit, a return
current j, moving in the opposite direction will be induced
to establish charge and current equilibrium. The local
net current density is thus jpe = j,+jr~ MJIV x B,
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Fig. 1. A laser pulse incident on a two-layer target (layers 1 and 2 with
plasma densities n; and n,, respectively), and the self-generated interface
magnetic field.

corresponding to I, ~ 17.1 BykA (Batani et al., 2002) in a
width on the order of 0.1 pm.

The net currents on the two sides of the interface are differ-
ent due to the density difference, but as a whole, there is a
current balance: ][(13 ~ = ]f,ze)t (see Fig. 1). Therefore, a mag-
netic field B, = B{" + B will be generated near the inter-

face according to Ampere’s Law. We can write
B. ~ po oL + mojiala, )

where L; (i = 1, 2) is the transverse width of the current. The
fast electron current j can be estimated from the scaling law
(Wilks et al., 1992):

N I8
0.511<\/1 A2/ 1.38 — 1)

Jr= ; 2

where I; 13, Mo, jr represent the laser intensity, wavelength,
and current density, in units of 10'8 Wcm_z, pm, and
10'? Acm ™2, respectively, and m, is the laser absorption
rate. For a typical intensity of I, = 10'"® Wem ™2 and 30%
absorption rate, the magnetic field strength can reach more
than 30 MG according to Eqgs. (1) and (2). It is also expected
that the field strength will increase with increasing incident
laser intensity.
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3. SIMULATION RESULTS

Since we are mainly interested in the generation of the interface
magnetic field by the density effect, the standard two-
dimensional PIC technique is sufficient (Birdsall & Langdon,
1985). Our target configuration is shown in Figure 1. The two-
dimensional (x, y) simulation box is 20 pm x 20 wm. The
mesh resolution is 1200 x 1200 cells with 50 electrons and
50 ions in each cell. The initial temperature of the plasma elec-
trons and ions is 1 keV. As shown in Figure 1, there are vacuum
regions on the four sides of the target, 1 wm in the left and the
right sides of the plasma (in the x direction), 2 wm in the front,
and 1 pm behind the target (in the y direction). The periodic
boundary condition is used in the x direction and the outgoing
boundary condition in the y direction. The width of the inner
layer (layer 1) is 4 wm in the x direction. The laser is incident
from the bottom along the y direction with a rise time of
about 4 fs, after which it remains at the constant peak intensity.
The laser transverse profile (along the x direction) is super-
gaussian with a 2.4 wm spot size. The laser wavelength is
chosen to be A = 1.05 wm.

We now consider two cases. The peak intensity of the inci-
dent laseris I; = 10" Wem ™2 in case I,and 6 x 10" Wem ™2
in case II. The target density profiles for the two cases are the
same: n; = 20n,., n, = 50n.., where n, is the critical density.

Figures 2a and 2c show the net current density and the
corresponding magnetic field at = 160 fs for case I. It is
clearly seen that the net currents on the two sides of the inter-
face have opposite signs, and the values are up to the order of
10'? Acm 2. Such strong opposite currents generate a strong
magnetic field along the interface (see Fig. 2¢). In case I, the
interface magnetic field can be more than 30 MG. The
similar net currents and interface magnetic fields also appear
in case II, as shown in Figures 2b and 2d. It is noted that
the values for the current and magnetic field in case II are
much larger than that in case I, as shown in Figure 2.
According to Egs. (1) and (2), higher laser intensity will gen-
erate higher current, and thus higher magnetic field.

In order to show the effect of laser intensity on the inter-
face magnetic generation more quantitatively, several
other cases have also been considered: 2 x 10! Wem ™2,
4 % 10" Wcmfz, 8 x 10" Wcmfz, and 10%° Wem ™2, The
other simulation parameters are identical to these in cases I
and II. The strength of the resulting magnetic fields as a
function of the incident laser intensity is shown in
Figure 3. The line with the error bars is from the simulation,
confirming that the field strength increases with the laser
intensity. The analytical estimate based on Egs. (1) and (2)
is given in Figure 3 by the line with triangles. The good
agreement demonstrates that the simple physical model is
useful for estimating the interface magnetic field strength.

4. SUMMARY

To summarize, we have proposed a two-layer target for
generating strong interface magnetic fields. The scheme is
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Fig. 2. (Color online) The net current density in the y direction jye (in 10'? Acm™2) at 160 fs: (a) for case I and (b) case II. The corre-

sponding magnetic fields B, (in MG): (c¢) case I and (d) case II.

12—
—0O— simulation results
—a— physical estimate /§
. /
a /
2
) /
40
e/
0.00E+000 5.00E+019 1.00E+020

Intensity(Wcm™)

Fig. 3. The interface magnetic field B, (in MG) against the incident laser
intensity: simulation results (squares with the error bars) and physical
estimate from Eqs. (1) and (2) (the line with triangles).
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analyzed with a simple analytical model and the process
is investigated using two-dimensional PIC simulation. It is
found that the interface field can reach several tens MG
at laser intensities of 10" Wem ™2, Furthermore, we have
also studied the effect of laser intensity on the magnetic
field strength. Our simulation results agree very well
with that from the analytical model. Thus, the proposed
scheme as well as the physical model should be useful in
the applications such as in fast electron collimation and
high energy density physics, where strong magnetic fields
are required.
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