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Abstract
Experimental and simulation data [Moreau et al., Plasma Phys. Control. Fusion 62, 014013 (2019); Kaymak et al., Phys.
Rev. Lett. 117, 035004 (2016)] indicate that self-generated magnetic fields play an important role in enhancing the flux
and energy of relativistic electrons accelerated by ultra-intense laser pulse irradiation with nanostructured arrays. A fully
relativistic analytical model for the generation of the magnetic field based on electron magneto-hydrodynamic description
is presented here. The analytical model shows that this self-generated magnetic field originates in the nonparallel density
gradient and fast electron current at the interfaces of a nanolayered target. A general formula for the self-generated
magnetic field is found, which closely agrees with the simulation scaling over the relevant intensity range. The result
is beneficial to the experimental designs for the interaction of the laser pulse with the nanostructured arrays to improve
laser-to-electron energy coupling and the quality of forward hot electrons.

Keywords: nanolayered target; self-generated magnetic field; ultra-intense laser pulse

1. Introduction

The interaction of relativistically intense laser pulses
with solid targets has stimulated considerable interest
because of its practical applications in laser-driven particle
acceleration[1–7], high-brightness ultrafast hard X-ray and
Kα source[8–11], cancer treatment[12, 13], fast ignition in
inertial confinement fusion[14], etc. A crucial issue, in all
these applications, is to produce high-quality forward hot
electrons efficiently. Some experimental and simulation
results[15–25] indicate that the interaction of the intense
laser pulse with the subwavelength nanowire targets can
significantly increase laser energy absorption and enhance
the flux and energy of relativistic electrons compared to flat
targets. In addition, nanowire arrays can greatly affect the
transport of the fast electrons and the generation of mega-
ampere relativistic electron beams [17, 26, 27]. There are also
strong magnetic fields (about 100 MG) produced within
the nanowire arrays[20, 27]. It is worth noting that the self-
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generated magnetic field plays an important role in both the
production and the transport of the fast electrons. However,
the mechanism of the generation of the magnetic field in
nanostructured arrays has not yet been studied in detail.

In this paper, we consider an ultra-intense laser pulse
normally irradiating on a fully ionized nanolayered tar-
get. The schematic diagram of the electron density for the
nanolayered target (partial) is shown in Figure 1. Since the
averaged electron density of the nanolayered target is much
larger than the critical density nc, the interaction of the laser
pulse with the nanolayered target mainly occurs near the
front surface of the target. Here, nc = meε0ω

2
0/e

2 is the
critical density; me, −e, ε0 and ω0 represent the electron
mass, electron charge, dielectric constant in vacuum and
laser angular frequency, respectively. During the interaction
of the laser pulse with the nanolayered target, a large number
of energetic electrons are accelerated by the laser pulse,
resulting in the formation of a relativistic electron beam.
At relativistic intensities, 1018–1022 W/cm2, most of the
laser energy is transported by relativistic electrons, which
are collisionless. Charge neutrality requires that a flux of
relativistic electron beam into the target must be balanced
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Figure 1. Schematic diagram of the initial electron density for the partial
nanolayered target.

by a return current of thermal electrons. Note that the
returned thermal electrons are reflected by the sheath field at
the interface of the nanolayered target while the relativistic
electrons can spread inside the target with a divergence
angle, resulting in a net current along the surface of the
nanolayered structure. Thus, quasi-static magnetic fields
of the order of 100 MG can be produced inside the gaps
between the nanolayers.

2. Generation mechanism of the magnetic field

If the laser spot size is large enough, we can simply assume
that an equally infinite and uniform fast electron beam with
electron density nh and averaged velocity vh propagates
along the x-axis. The neutralizing electron current also flows
in the x-direction with averaged velocity ve0. Since magnetic
fields can develop in a very short time, the combined system
of the fast electron beam and the response of the background
plasma can be suitably treated by a single-fluid electron
magneto-hydrodynamic (EMHD) description, which con-
tains electron-fluid equations and Maxwell equations. The
electron-fluid equations consist of the continuity equation
and the force balance equation. From it, we can obtain the
relationship between the self-generated magnetic field and
the electron flow velocity as[28, 29]

B =
c
e
∇ × pe, (1)

where pe = meγeve0 is the momentum of the background
electrons, γe is the relativistic factor, −e is the electron
charge and c is the speed of light. Besides, the self-generated
electromagnetic fields in the nanolayered target satisfy the
Maxwell equations

∇ × B =
4π
c
(−enepe/meγe + jh)+

1
c
∂E
∂t
, (2)

where jh is the current density of the fast electron beam
and ne is the background electron density. Here, for a long
beam with pulse length lb � vh/ωp, where vh and ωp
are the fast electron beam velocity and background plasma
frequency, the displacement current (1/c)(∂E/∂t) is of order
(vh/ωplb) � 1 compared to the electron current. So, the
displacement current can be neglected. Equation (2) can be
rewritten as

pe = −
mecγe

4πene
∇ × B+

meγe

e
jh

ne
. (3)

Substituting Equation (3) into Equation (1), we can obtain

B =
mec
e2

(
1
ne
∇ × jh −

1
n2

e
∇ne × jh

)
−∇ × (δ2

pe∇ × B),

(4)
where δpe = c/ωpe is the electron skin depth and ωpe =

(4πnee2/me)
1/2 is the electron plasma frequency. The

three terms of the right-hand side of Equation (4) are the
source of the self-generated magnetic field. The first term
generates a magnetic field that pushes the fast electrons
toward regions of higher fast electron current density, and
the second term pushes the fast electrons toward regions of
lower density. The third term represents the interaction of
the self-generated magnetic field with the plasmas of the
nanolayered target. From Equation (4), it is obvious that
a sharp electron density gradient and a strong fast electron
current are necessary to generate a strong magnetic field. For
the nanolayered target, in order to keep the charge neutrality,
the return electrons must exist inside the nanolayers. Due
to the strong self-generated magnetic field, most of the fast
electrons and return electrons are bounded near the edges of
the nanolayers.

To further understand the characteristics of the self-
generated magnetic fields, we take a part of the nanolayered
target as an example to analyze the generation of the
magnetic field when the laser pulse interacts with the
nanolayered target. As shown in Figure 1, three regions
are divided as follows: region 1 with−d1−d < y < −d and
the region 3 with d < y < d+d1 are the high-density plasma
for the nanolayers and region 2 with −d < y < d is the gap
between the nanolayers. In order to solve Equation (4), a
one-dimensional model is adopted to quantitatively estimate
the self-generated magnetic field. In other words, only the
spatial variations in the y-direction are considered. Then,
Equation (4) can be rewritten as

−δ2
pe1

∂2

∂y2 B+ B = 0, −d − d1 < y < −d,

−δ2
pe2

∂2

∂y2 B+ B = 0, −d < y < d,

−δ2
pe1

∂2

∂y2 B+ B = 0, d < y < d + d1,

(5)
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where d1 is the width of the nanolayer, δpei = c/ωpei is
the electron skin depth and ωpei = (4πni e2/me)

1/2 is the
electron plasma frequency for the i th region (i = 1, 2).
Here, the electron density n2 and the fast electron current
density jh are assumed as constants. From Equation (5), the
self-generated magnetic field can be solved analytically as
follows:

B=



c1exp

(
y

δpe1

)
+ c2exp

(
−y
δpe1

)
, −d − d1 < y < −d,

c3exp

(
y

δpe2

)
+ c4exp

(
−y
δpe2

)
, −d < y < d,

c5exp

(
y

δpe1

)
+ c6exp

(
−y
δpe1

)
, d < y < d + d1.

(6)
The constants c1, c2, c3, c4, c5 and c6 can be solved by the
boundary conditions

c1 =

B0exp
(

d1

δpe1

)
− B1

exp
(
−d + d1

δpe1

)
− exp

(
−d − d1

δpe1

) ,

c2 =

B1 − B0exp
(
−d1

δpe1

)
exp

(
d + d1

δpe1

)
− exp

(
d − d1

δpe1

) ,

c3 =

−B0exp
(
−

d
δpe2

)
+ B1exp

(
d
δpe2

)
exp

(
2d
δpe2

)
− exp

(
−

2d
δpe2

) ,

c4 =

B0exp
(

d
δpe2

)
− B1exp

(
−

d
δpe2

)
exp

(
2d
δpe2

)
− exp

(
−

2d
δpe2

) ,

c5 =

B0 − B1exp
(
−d1

δpe1

)
exp

(
d + d1

δpe1

)
− exp

(
d − d1

δpe1

) ,

c6 =

B1exp
(

d1

δpe1

)
− B0

exp
(
−d + d1

δpe1

)
− exp

(
−d − d1

δpe1

) ,

(7)

where B0 and B1 are the maximum magnetic fields at the
nanolayer interfaces (y = −d and y = d). Note that
n1 � n2, d1 � δpe1 and d � δpe2 in the nanolayered
target. In order to get the values of B0 and B1, we integrate
Equation (4) across the interfaces of y = −d and y = d .
Then, we can obtain the integrated magnetic flux[30, 31]


Φ0 = (δpe1 + δpe2)B0 =

mec
e2

(
jh2

n2
−

jh1

n1

)
,

Φ1 = (δpe1 + δpe2)B1 =
mec
e2

(
jh3

n1
−

jh2

n2

)
,

(8)

where Φ0 =
∫ 0
−d−d1/2

B dy, Φ1 =
∫ d+d1/2

0 B dy are the
integrated magnetic fluxes and jhi = enhivhi (i = 1, 2, 3) are
the electron current densities within different regions. Since
the background electron density satisfies n1 � n2 and the
fast electron current densities are assumed as jh ' jh1 '

jh2 ' jh3, the terms jh1/n1 and jh3/n3 can be neglected in
Equation (8). Then, we can obtain

B0 =
mec

e2(δpe1 + δpe2)

jh

n2
,

B1 = −
mec

e2(δpe1 + δpe2)

jh

n2
.

(9)

If we simply assume that the absorbed laser energy flux
is approximately equal to the electron energy flux ζ I18 =

0.02 f nh T 3/2
keV [32], where the electron temperature is ex-

pressed by the ‘Beg law’[33] with TkeV = 200I 1/3
18 , nh =

ζ I18/(0.02 f T 3/2
keV) is the density of energy carrying electrons

in units of 1023 cm−3, ζ is the fraction of laser energy
absorbed by the fast electrons and f is the flux limiting
factor. Here, the ratio of ζ to f is approximated as ζ/ f =
0.39. Thus, the maximum value for the magnetic field can
be written as

Bmax = 188
ζ

f
I 1/2
18(

1
/√

n1

nc
+ 1

/√
n2

nc

)
n2

nc

vh

c
MG, (10)

where vh ' c is the fast electron velocity, n1 is the electron
density of the nanolayers, n2 is the electron density in the
gaps between the nanolayers, nc = meε0ω

2
0/e

2 is the critical
density and I 1/2

18 is the normalized laser intensity.
Substituting Equation (7) into Equation (6) and combining

Equation (9), we can obtain the complete expression of
the self-generated magnetic field in the transverse direc-
tion. It can be found that the self-generated magnetic
field is strongly dependent on the sharp gradient of the
plasma density near the nanolayer interfaces (y = ±0.3 µm)
and the current density of the fast electrons. Figure 2(a)
shows the magnetic field generated in the nanolayered target
with different electron densities n2 = 2nc, 4nc, 10nc (in
the nanolayered gap). The initial plasma density of the
nanolayers is n1 = 120nc and the current density of the
fast electron is assumed as jh = 3ncec. The width of
the nanolayers is d1 = 0.2 µm and the width of the gap
between the nanolayers is 2d = 0.6 µm. It can be clearly
seen that the maximum value of the self-generated magnetic
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Figure 2. The magnetic field generated in the nanolayered target (a) with
different electron density of n2 = 2nc, 4nc, 10nc and (b) with different fast
electron current density of jh = 1ncec, 3ncec, 5ncec. The initial plasma
density of the nanolayers is 120nc . The other parameters are d1 = 0.2 µm
and d = 0.3 µm. The unit of the magnetic field here is meω0c/e ≈ 100 MG.

field is present near the nanolayer interfaces y = ±0.3 µm
with the values of B0 and B1. The intensity of the self-
generated magnetic field decreases as the nanolayered gap
plasma density (n2) increases due to the decrease of the
plasma density gradient near the nanolayer interface. It is
clear that the magnetic field exists within the skin depth δpe,
so the magnetic field decays rapidly to zero in the nanolayer
region. And due to the lower electron density in the
nanolayered gap, the magnetic field decays much slower than
that in the nanolayer region. Figure 2(b) shows the magnetic
fields generated in the nanolayered target with different fast
electron current densities of jh = 1ncec, 3ncec, 5ncec. The
electron density in the nanolayered gap is 1nc. The other
parameters are similar to those in Figure 2(a). We found that
with the same plasma density gradient near the nanolayer
interfaces (y = ±0.3 µm), the maximum intensity of the
self-generated magnetic field increases as the fast electron
current density ( jh) increases. The physical reason is clear
that the higher fast electron current density could induce
higher return current density, which in turn makes the self-
generated magnetic field much stronger. In addition, the
theoretical analysis does not consider the detailed interaction
process between the laser pulse with the nanolayered target.
So, in the theoretical analysis, the width of the nanolayered
gap does not affect the maximum intensity of the self-
generated magnetic field but only affects the distribution of
the self-generated magnetic field.

Figure 3. (a) The distribution of the magnetostatic field Bz at time 46.7 fs.
(b) The transverse distributions of self-generated magnetic fields at x =
8 µm and y = (0, 1) µm are plotted. The blue solid curve is for the
simulation result and the black dot curve is for the analytical result.

3. Numerical simulation

In the following, the generation of magnetic fields is stud-
ied in further detail by the two-dimensional (2D) particle-
in-cell (PIC) simulations, which are performed using the
simulation code EPOCH[34]. In simulations, we take p-
polarized laser pulses with normalized intensity of a0 = 6.0,
which are incident along the x-direction. The wavelength
and duration of the laser pulse are λ0 = 1 µm and τ =
330 fs, respectively. The laser spot is large enough so that
the transverse intensity of the laser pulse is uniform. The
simulation box is 15 µm × 10 µm with a resolution of 170
cells per λ in the longitudinal and transverse directions.
The nanolayered target is located from 5 µm to 15 µm, and
the electron density of the nanowires is 120nc. The gaps
between the nanolayers are empty at the initial time. Similar
to the structure in Figure 1, the width of the nanolayers
is d1 = 0.2 µm and the width of the nanolayered gap is
2d = 0.6 µm.

During the interaction of the laser pulse with the nanolay-
ered target, most of the laser energy is absorbed by the
nanolayered target. And a large number of energetic elec-
trons can be accelerated by the laser pulse. The simulation
results indicate that the peak of the laser energy absorption
can reach as high as 80%. The temperature of the fast
electrons calculated from the electron spectrum is about
0.81 MeV, which is well consistent with the calculated value
Te = 0.79 MeV by the Beg law.

Figure 3(a) shows the magnetic fields produced by the
interaction of a laser pulse with the nanolayered target at
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time 46.7 fs. In Fig, 3(a), it can be clearly seen that the
strong periodic positive and negative quasi-static magnetic
fields are generated near the nanolayer interfaces. In this
case, the maximum value of the magnetic field can reach
300 MG. Figure 3(b) shows the transverse distribution of
self-generated magnetic fields at x = 8 µm. The blue solid
curve is for the simulation result and the black dot curve
is for the analytical result. To obtain the analytical result,
we have to count the current density jh and electron density
n2 from the PIC simulation results. The current density
jh = −3.3ncec is counted as the averaged current density of
the forward fast electrons at the position x = 8 µm and the
transverse range of y = (0, 1) µm. The electron density of
the nanolayered gap n2 = 0.7nc is counted as the averaged
background electron density at the position x = 8 µm and
the transverse range of y = (0.2, 0.8) µm. The velocity
of the fast electrons is approximately assumed as vh ' c.
Then the transverse distribution of self-generated magnetic
fields can be obtained by using Equation (6). We can see
that the simulation result is well consistent with the analysis
result. The slight difference of the self-generated magnetic
field between the analytical result and the PIC simulation
is only at the position of the nanolayered gap. Here, the
distribution of the self-generated magnetic field is affected
by the distribution of electron density in the nanolayered
gap. In the analytical model, the distribution of electron
density of the nanolayered gap is counted as a uniform value.
But, in PIC simulation results, the distribution of the electron
density near the nanolayers could be higher than that away
from the nanolayers. So the slight difference of the self-
generated magnetic field in the nanolayered gap is mainly
caused by the nonuniform electron density.

In the theoretical analysis, the current density of the
fast electron beam could affect the intensity of the self-
generated magnetic field. So, we can change the intensity
of the laser pulse to affect the current density of the fast
electron beam and thus the intensity of the self-generated
magnetic field. In Figure 4, we plot the maximum intensity
of the self-generated magnetic field versus the normalized
intensity of the laser pulse. The blue dashed line stands
for the simulation results and the black solid line stands
for the theoretical analysis results by using Equation (10).
In the analytical model, the velocity of the fast electrons is
approximately assumed as vh ' c, and the electron density
of the nanolayers is n1 = 120nc; the electron density of the
nanolayered gap is approximately n2 = 1nc, and the ratio of
ζ to f is approximated as ζ/ f = 0.39. In simulations, except
for the laser intensity, the other laser and plasma parameters
are the same as in Figure 3(a). In Figure 4, it can be seen that
the simulation results and the analytical results are basically
consistent.

4. Summary

In summary, we have established accurate results for the gen-
eration of magnetic fields in a laser irradiated nanolayered

Figure 4. The maximum intensity of the self-generated magnetic field
versus the normalized intensity of the laser pulse. The unit of the magnetic
field here is meω0c/e ≈ 100 MG. The blue dashed line stands for the
simulation results and the black solid line stands for the theoretical analysis
result.

target based on the EMHD approximation. The resultant
structure and amplitude of the magnetic field inside the
nanolayered target are determined for a given laser intensity
and plasma density. It reveals that the characteristics of the
self-generated magnetic field are strongly dependent on the
density gradient of the nanostructured arrays and the fast
electron current. The 2D-PIC simulation results are in good
agreement with the theoretical analysis. When designing
the relevant experiments of the interaction of ultra-intense
laser pulse with a nanowire target, our work can better
predict the structure and the intensity of the self-generated
magnetic field inside the nanowire target, which is beneficial
to improving the quality of the energetic electrons and ions
accelerated by the laser pulse in the nanowire target.
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