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Generation of self-generated annular magnetic fields at the rear side of a solid target driven by relativistic laser pulse
is investigated by using theoretical analysis and particle-in-cell simulations. The spatial strength distribution of magnetic
fields can be accurately predicted by calculating the net flow caused by the superposition of source flow and return flow
of hot electrons. The theoretical model established shows good agreement with the simulation results, indicating that
the magnetic-field strength scales positively to the temperature of hot electrons. This provides us a way to improve the
magnetic-field generation by using a micro-structured plasma grating in front of the solid target. Compared with that for
a common flat target, hot electrons can be effectively heated with the well-designed grating size, leading to a stronger
magnetic field. The spatial distribution of magnetic fields can be modulated by optimizing the grating period and height as

well as the incident angle of the laser pulse.

Keywords: self-generated magnetic field, laser solid-target interaction, micro-structured plasma grating
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1. Introduction

Development of laser technologies has paved the way
for generation of extremely strong magnetic fields in labora-
tory. Magnetic field as high as ~ 100 MG can be obtained
by laser interaction with matter.!!'~”) Such a strong magnetic
field environment is of great significance for investigating fun-
damental physics of magnetized plasmas, laboratory astro-
physics, inertial confinement fusion, and production of high

8-13] Relativistic laser pulse inter-

quality charged particles.!
acting with a solid target is a promising approach to excite
intense magnetic fields. Interaction dynamics and generation
mechanism of magnetic fields involved have attracted exten-
sive attention due to tight correlation with collimating charged
particle beams!!4-16] and simulating magnetic reconnection
process.[!7-18] For typical ultraintense (> 10'® W/cm?) short
(< ps) laser pulse, annular self-generated magnetic fields in
opposite directions can be induced on the front and rear sur-
faces of solid target.[! The magnetic field on the front surface
results from the hydrodynamic force, which originates from
fast electrons before the target escaping into the vacuum. "]
In contrast, it has been demonstrated theoretically and in ex-
periments that the excitation of annular magnetic fields on the
back of the target can be attributed to the electron recycling at

the plasma boundary. " This field is intense enough to cause
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the electrons to become strongly magnetized.?! The lines of
magnetic force are frozen in the electron fluid and tend to con-
fine the plasma, which may reduce the divergence angle of the
emitted proton or positron beams. [*!

Up to date, several theoretical models have been built
to recognize the underlying physical nature of magnetic field
generation in the laser target interaction.!!>?1=23] For instance,
Sudan found by an analytical modeling that very high dc mag-
netic fields on the front surface are intrinsically from spatial
gradients and non-stationary character of the ponderomotive
force.!” Macchi established a model of the ‘fountain’ ef-
fect to interpret ~ 100 MG magnetic field generation behind
a solid target measured in the experiments at laser intensities
(> 10" W/cm?).[>*l Nakatsutsumi thought the inductive gen-
eration of the strong B-field [~ 1000 MG at laser intensities
(> 102! W/cm?)] is mainly determined by the spatio-temporal
variations of the longitudinal sheath field. [26] I fact, since this
extremely high dc magnetic field is generated by the motion
of hot electrons, the density and energy of the electrons de-
termine the upper limit of the magnetic field strength, so the
detailed dynamic analysis of the electrons behind the target is
valuable. Although Macchi’s model is simple, it captures the
essential factor of current-generated magnetic field and is suit-
able for studying the interaction of laser with targets on the

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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order of several micrometers. However, the contribution of ra-
dial surface return current on the rear surface is not included in
these models. A satisfactory physical understanding for gen-
eration of magnetic fields at the rear side of a solid target is
thus still lacking.

In this study, we develop a model capable to calculate
the generation of magnetic fields behind the target by simulta-
neously considering the comprehensive effect of the axial net
flow and radial surface return one. The spatial strength dis-
tribution of magnetic fields can be quantitatively evaluated for
different laser intensities, which shows good agreement with
that from the two-dimensional (2D) particle-in-cell (PIC) sim-
ulations. Our analytical scaling law indicates that the maxi-
mum strength of self-generated annular magnetic fields at the
side of the solid target grows exponentially with increasing
hot-electron temperature. This provides us a way to enhance
the magnetic field strength. With a well-designed grating tar-
get, the hot-electron temperature is significantly improved due
to efficient energy coupling from laser to target. As a result,
the strength of magnetic fields can be several times enhanced
compared to that of the polished target. This method is robust
for different laser plasma parameters. It is found that the opti-
mal period of the grating is close to a laser wavelength and the
magnetic field strength becomes larger with increasing grat-
ing height. Moreover, the magnetic-field shows a typical ra-
dial asymmetrical spatial distribution when the laser pulse is
obliquely incident on the grating target and most suitable inci-
dent angle is about 45°.

2. Results

2.1. Model of laser-induced self-generated annular mag-
netic field generation

Figure 1(a) shows the sketch of laser-driven self-
generated magnetic field generation. When a relativistic lin-
early polarized laser pulse interacts with a solid target, a large
number of hot electrons with an intrinsic divergence angle 64
are produced on the front surface.*”] These electrons, acting
like a fountain, 323! travel backwards through the rear sur-
face of the target with its maximal beam radius rg. Then they
try to escape into the vacuum behind and form a diverging
hot-electron current Jy. It should be noted that Jj is actually
partially compensated since the sheath electric field E estab-
lished by these electrons tend to drag them back.>”) On this
basis, Macchi proposed a fountain model to analyze the cur-

(241 However,the landing points on the rear surface of

rent Jy.
the target may deviate from the axial direction since they have
radial velocity component. This results in the presence of the
radial surface current components J; when they converge to-
ward the center. J; will form a closed current loop with Jy4

along with the cold electron return one. As a result, strong

annular magnetic fields around the direction of the laser prop-
agation behind the target B will be excited by J4 and J..

(a)

(b) v

Laser

Fig. 1. (a) Schematic of the annular self-generated magnetic field gener-
ation induced by relativistic linearly polarized laser pulse. The red lines
represent the trajectories of some hot electrons. Energetic hot electrons
may eventually detach the targets, while some low energy electrons will
be reflected back to the target by the sheath electric field. The driving
current and surface net return currents will be induced in the opposite di-
rection of the electron motion since the electrons are negatively charged.
The annular self-generated magnetic fields behind the target are thus ex-
cited by the total net currents. (b) Schematic diagram for calculating the
magnetic field formed by radial currents in space.

We now establish a theoretical model about J4 and .J;
to calculate the spatial distribution of the strength of self-
generated magnetic fields behind the target. Assume that the
axis of the current is in the « direction and the thickness of
the solid target is L. The rear surface of the target is located at
the plane of x = 0 and thus the vacuum space behind the target
corresponds to the spatial region of x > 0, which is denoted
as xT in the following. Considering that the current is sym-
metric with respect to the x axis, the cylindrical coordinates
(x,r, @) are more convenient. Thus, r can represent the spe-
cific position at the plane of x = 0. At any point on the surface
x = 0, the total longitudinal net flow J4(r) is the difference be-
tween the outgoing source flow J;(r) and the downward flow
Ji(r). Macchi analyzed a “geometrical” model of a fountain
to evaluate the net flow J4(r) on the ground resulting from the
superposition of the source and the falling streams,**! Ja(r)

can be expressed as[?¥

Ja(r) = Jy(r) = Ju(r)

2
w(1-&)(1-5-150), 0<r<n,
=) -%-7g). Osr=n

1 r
ns(1-eg)

Our work is to calculate the theoretical value of the parameter.

(1
ro < r < Coro.

For simplicity, the outgoing source current at point r on the
plane x = 0 can be expressed as J+(r) = Jo(1 — r?/r§), where
Jo = enpvy, is the maximum current along the x direction, ny
and v, are the number density and averaged velocity of hot
electrons. In the electrostatic plasma expansion model,3%-31]
np = neexp[—(x/cst + 1)), where ne is the electron density of
target, k is the Boltzmann constant, T;, is the temperature of
hot electrons, ¢s = \/ZikT;,/m; is the ion sound speed, m; and
Z; are the rest mass and charge of ions, respectively. Using

kT, = (y—1)-mec? and y = 1/4/1—12/c2, we can obtain

055203-2
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vh = /(Y + 1)kTy, / y*me, where ¥ is the relativistic factor. Tak-

ing x = vyt, ny = ne exp|— (vn/cs + 1)] and Jp can thus be given
by

(y+ 1)kT;
7’2’"6 )

(y+1Dm; +1)}

V2Zime @

Jo = eneexp {— (
In the following, we use Egs. (1) and (2) to calculate the
theoretical value of the current. For the thrown electrons
with averaged velocity vy, the distance between the landing
point and the center on the plane of x = 0 can be written
as r' = r+ (2ymevi JeEs)rL/ (r* + L*). Since r? < 13 < L?
(i.e.,64 = 1), ¥ can be approximated to r ~ Cyr, where
Co=1+ ZYmevﬁ/eEsL ~1+ 2ymevﬁ 604/ eEsry is the constant.
Itis found that J4(r) >0 for 0 < r < ry=1/r3C%/(1+C}) and
Ja(r) <0 in the range of r, < r < Cyrg. The magnetic field By
from J4(r) is thus strongest at r = r, since an inverse magnetic
field will be excited by the negative current of J4(r) < 0 for
larger r. From the Biot—Savart law, we have

27 r
Ba(r:) = - [ do [ aa(ryrar )

Similarly, by choosing the different landing planes in the space
of x > 0, we can obtain the general formation

2 r
By(x,r,0) = %/0 d(p/0 Ja(r,x)rdr. 4)

We next consider the contribution of J; to the magnetic field
generation. J; is in an axisymmetric radial circular distribu-
tion with its inner and outer radii r = r, and Cyrg on the plane
of x =0, as shown in Fig. 1(b). The total radial return current
can be obtained by integrating

2 C()r()
Ir:/ d(p/ Je(r)rdr. 5)
0 ra

Obviously, J; will form a radial magnetic field B, with
the same spatial distribution as Bq. To conveniently calcu-
late B, by generated by J;, we assume that J; is sprayed
out from a semi-infinite (—oo, 0) linear current /; equal
to I, and I; does not affect the distribution of J.. The
magnetic field B; generated by I; can be given by B; =
— (ol /47r) (1 —x/+/r? +x2).13%) For any point P(x,r) in the
x*t space, § Bodl = By - 27r = 0 from Ampere loop theorem
and thus By = 0, where By is the total magnetic field of I,
and ;. According to the superposition principle of the fields
By = B; + B;, we have

Bf:ﬂli(l‘ﬁ) ©

Since the magnetic fields from J4(r) and J;(r) are in the same
direction, by combining Eqgs. (4) and (6), the strength of total
excited magnetic field B behind the target is

Lo 2 /-r Uol; x
p=1o R,
27”/0 do A Ja(r,x)rdr+ 477:r( r2+x2> 7

The maximum By and B, on the rear surface of target (i.e.,
x=0)is at r = r,. The maximum longitudinal, radial and total
magnetic fields can thus be given by

2

Ymevy, ( 1) UoJokTy 64

Bdmax = Og=(14+—-)———
d,max Ho eES JO d + y eEs ) (8)

7 1\ poJokTh 64
B %—(1 7)7, 9
r,max 10 + y ¢y 9
1 JokT:, 6

Bmax :Bd,max +Br,max ~ 17<1 +7)M (10)

Y eES

In the freely expansion plasma model, the sheath accel-
erating field behind the target is Es = kTj/ecst for a single-

.13

species ion target.[33] In a two-species plasma target case, Es

beyond the heavy-ion front can be expressed as!3*!

E\= @ ee®0/2KTh | | | (r—x) e€90/2kT, 71’ an
elpy 2Ap¢

where Ay is the hot-electron Debye length, ¢ is the electric

potential at the location of heavy ions, x and x; are the positions

of the light- and heavy-ion fronts, respectively. In the initial

stage in which heavy ions have not responded (i.e., x; = 0), E{

reaches its maximal value when ¢y = 0, we have

kT, - kT,

E/ =~
ST e(Ap+x)  ecqpt’

12)

where ¢g) = \/Zi kT, /mj is the sound speed of light ions.
E} is thus consistent with that in the freely expansion plasma

model. Taking 63 =tan~' \/2/(y—1)?" and t = 10, the max-
imum magnetic field can be calculated by

1 ZkT; 2
Bax & (1+')/)\/ m‘htanl\/(y_l)lj,quoTo. (13)

100 - 400
(a)

75 300 ﬁ%“ g?ilie§.§>
fa s e 5 FiN uge's
5 5 ) 91 ¢ h g
= = :

2 50 200
i —
Z Z
Q25 Q100

0 R 0 = -

0 2 4 6 8 10 0 10 20 30 40 50
kT, (MeV) ag

Fig. 2. Dependence of the maximum magnetic field Byax on (a) the
temperature of hot electrons k7;, and (b) the normalized laser amplitude
aq for several existing scalings of the hot-electron temperature. The
inset in (b) shows the comparison between Bp,x from PIC simulations
and that obtained by Eq. (13) based on Haines scaling.

Figure 2(a) shows the maximum magnetic field strength
Biax versus kT;,. We can see that B,y rises rapidly with in-
creasing k7. This provides us a way to enhance the strength
of self-generated annular magnetic field behind the target, i.e.,
with increasing k7y. For instance, we can increase the laser
intensity to enhance the magnetic field generation since kTj
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scales as a; (here n > 0) under different laser-target condi-
tions, where ag = eE; /me®;c is the normalized laser ampli-
tude, e and m, are the electron charge and mass, E; and @, are
the electric field and frequency of the laser, respectively.
Figure 2(b) shows the dependence of Bpax on the
laser amplitude ap for several existing scalings of the
hot-electron temperature, including Wilks’s ponderomotive
force scaling®! kTj, = [(1 + a3)'/? — 1]mec?, Beg’s em-
pirical scaling!®! kT;, = O.47aé/ 3mecz, Haines’s relativis-
tic scaling®®) kT, = [(1 4 2"%ap)'/? — 1Jmec®, Kluge's
weighted average scalingl®”l kT, = [1/2K(—ad) — 1]mec?,
where K(—a3) is the complete elliptical integral of the first
kind. Here, Wilks’s scaling is based on the theory that the tem-
perature of hot electrons is equal to the ponderomotive force
potential of the laser.!*”! Beg’s scaling is from the experimen-
tal diagnostic result that the temperature of hot electrons is
significantly lower than that of Wilks’s scaling.[>>! Haines et
al.3% explained why this difference occurs, which is attributed
to the fact that the distance of hot electrons travelling forward
in a laser cycle is greater than the skin depth of the laser, so
the electrons cannot acquire the full ponderomotive potential.
In addition, in order to accurately calculate the hot electron

z (pm) J (107 A/m?)

temperature, Kluge ez al. also obtained the exact solution un-
der both non-relativistic and relativistic conditions by means
of the weight average of the kinetic energy of a large num-

s.137] For all the hot electron scalings, we find

ber of electron:
that Bnax grows almost exponentially with increasing ag. In
the Wilks scaling case, Biax is even as high as 1 x 10* MG at

ag — 20.

2.2. Simulation validation of magnetic field generation
model

We perform the 2D-PIC simulations to verify the above
analytical model. A p-polarized laser pulse is normally inci-
dent along the x axis (8 = 0) and is focused at the front sur-
face of the target. Its spatio-temporal profile is given by a =
agsin® (7t /279) exp(—r?/r3), where ag = 10, and 7 = 10T
and rg = 3¢ are the pulse duration and the focal spot radius
of the laser, respectively. The target of thickness Ly = 3¢
is fully ionized with the electron and ion densities of ne =
Tnp = Tnee+ = T0n, which is located between x = 101y and
x = 13A¢. Here, ne, np and n+ are the electron, proton and
C%*_jon densities, ne = me wp> / 47e? is the critical plasma den-
sity, and @y is the central frequency of laser.

z (pm) J (107 A/m?)

Fig. 3. Distributions of (a) longitudinal current density J, and (c) transverse current density Jy at ¢ = 26Tj and their profiles along the

x=13.2 um axis [(b) Jy; (d) Jy] from PIC simulations.

102 MG
2
l
.,

y (pm)

B (102 MG)

10 20 30
@ (um)

Fig. 4. (a) Distributions of self-generated magnetic field B; at t = 267

and (b) its transverse profiles along both axes Ax =0 um and 1 pm

from the rear surface of the target from PIC simulation [Ax = 0 pum:

blue curves; Ax = 1 um: pink curves] and Eq. (7) [Ax = 0 um: black

curves; Ax = 1 um: red curves].

Figure 3 shows the distributions of the longitudinal and
transverse current density at + = 267; and their profiles along
the x = 13.2 um axis. We can see from Figs. 3(a) and 3(b) that
there are positive (J;) and negative (J;) current components

for both J, and J, since the hot electrons will be transported
forth and back by the sheath electric field Es. In addition, some
slightly lower-energy hot electrons will fall down to either side
of the +y-axis due to their inherent divergence angle. With the
cold electron return current in the target, this leads to the fact
that J, (or J; in 3D geometry) is greater than O in the +y di-
rection and is below O in the —y direction. As a whole, the
electron current distribution described in the above theoretical
model is consistent with that in PIC simulation.

Figure 4(a) shows the distribution of magnetic field
strength B, from PIC simulation. One can see that self-
generated annular magnetic field is indeed produced on the
back of the target.
Ax =0 pum and 1 pum from the rear surface of the target can
be seen in Fig. 4(b). We find that they agree well with that

Its transverse profiles along both axes
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of Eq. (7) in terms of both the whole spatial distributions and
their maximum values. It needs to be noted that, because J;
is assumed to be distributed on the whole plane x = 0 when
we calculate it, there exists an overestimation of the magni-
tude of the magnetic field in regions where Ay < —5 pum and
Ay > 5 pum, and this result does not affect the estimation of
other regions. The simulations with different laser amplitude
ap are performed. As shown in the inset of Fig. 2(b), Bmax
from our theoretical model (based on the Haines relativistic
scaling!*®!) are in accordance with that of PIC simulations.
This indicates that our model is capable to quantitatively pre-
dict the magnetic field generation behind the target. It should
be mentioned that the reason for the good agreement with the
model results from Haines scaling is that the electrons cannot
receive all energy from the ponderomotive potential with use
of short fs level laser pulses,®¥! and their temperature from
PIC simulations is therefore is closer to that of Haines model
predicted.

3. Enhancement of magnetic field from laser
pulse interaction with grating target

From the magnetic field generation model established
above, we can see that it is possible to enhance the strength
of magnetic fields by increasing the hot-electron temperature.

20—

For short fs laser pulse interacting with solid target, strong
laser reflection is unbeneficial for light absorption and thus the
hot-electron temperature is rather limited. Micro-structured
plasma grating targets have been widely used to enhance en-
ergy coupling between laser and solid targets, improve the
effects of electron heating, charged-particle acceleration and
radiation.®**8! Here, we focus on the magnetic field gener-
ation from laser-driven grating target. The grating is a sinu-
soidal modulated grating structure placed on the front surface
of solid target, as shown in Fig. 5(a). Its height is 7 = 0.5 um
and the period of sinusoidal structure is / = 2.0 um. Other pa-
rameters are the same as the above simulation in Section 2.2.
For comparison, the transverse profile of magnetic field and
spectrum of hot electrons are also shown in Figs. 5(b) and 5(c).
Figure 5(b) shows the spatial distribution of self-
generated magnetic field B; att = 26Ty for both the cases with
and without grating structure. We can see that, with use of
surface grating, the strength of B, behind the target is as high
as 2.8 x 10> MG, which is about 2 times higher than that in
the flat target case. This is attributed to the fact that the hot
electrons can be heated to a higher temperature due to more
efficient energy coupling, as seen in Fig. 5(a). Further, we
also note that the transverse width of B, widens from 16 pm
to 26 um and B; in the front of the target shows different in-
terference patterns due to the modulation of plasma grating.

(a) 10° MG (c) —w/o
2 1018
—~ —Ww
10 ‘?
1 g \
= = 16\ t=26Tp
g £ 10
S 0 "”" 0 8 \\\\\
> -~ 4
% 14 R ’5\)» o 2
-10 o 10 7 sl
l 4 N\ Moty e
7 o
o L3 s
4, WSy 4 1
3 % Bk CY Y
—20 i -2 1012 W T o ] 1
0 10 20 30 0 10 20 30 0 5 10 15 20
@ (um) @ (um) E (MeV)

Fig. 5. (a) Schematic of relativistic laser pulse interacting with grating target (w). The inset gives a partial enlargement of grating
target. (b) Distribution of self-generated magnetic field B, att = 267 for both cases with (w) and without (w/o) grating structure. The
red and blue curves represent its transverse profiles along the rear surface of grating target. (c) Spectra of electrons at t = 267y for
both the cases. The electron temperatures are labeled around the curves.

(a)

n
PIC Fitting

ag

(b)

8/ pIC Fitting

ao

—
/>-\ w/o O w/o
9 3o — w = 6 — W
E o preplasma
~ (e}
= 2 ° - 4
g - z

1 rd 2

A
0./_1. —— - 0 N
0 5 10 15 20 0 5 10 15 20

Fig. 6. Dependence of (a) the temperature of hot electrons k7;, and (b) the
maximum strength of magnetic field behind the target B, on the normal-
ized laser amplitude ag for both the cases with (w) and without (w/0) the
micro-structured grating. Here, red and blue symbols are the PIC simu-
lation results, and red and blue lines represent their linear fittings. The
green symbols are the simulation results with the preplasma of density

0.1n and thickness 1 pm in front of the substrate of grating target.

We next extend the laser intensity range to obtain the scal-
ing laws of the maximum magnetic field strength Bp,«. Since
Buax 1s positively correlated with k7;, in Eq. (13), the depen-
dence of the Bpnax On qg is firstly given in Fig. 6(a). One can
see that kT;, is proportional to ag for both the cases and k7j, has
increased by more than 2 times by using a grating target. As a
result, Bmax 1s about two-fold enhanced, as shown in Fig. 6(b).
This indicates that it is easy to achieve intense magnetic fields
with strength > 10> MG and the enhancement effect for Bpax
with use of plasma grating is robust in a wide range of laser
intensity. We then discuss the preplasma effect on B, since

it is inevitable even using modern laser cleaning techniques.
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Figure 6(b) also shows the simulation results of laser interac-
tion with a grating target with a preplasma of density 0.1n
and thickness 1 um in front of the substrate. One can see that
the enhancement effect of magnetic field is still significant in
the presence of the preplasma. However, for longer and non-
uniform preplasmas, the mechanism of magnetic field genera-
tion still needs further research since Betatron-like resonance
heating*°! may become dominant.

4. Parametric effect and robustness of the mag-
netic field enhancement regime

Figures 7(a) and 7(b) show the transverse profiles of mag-
netic field at the rear surface of the grating target for different
incidence angle o of laser pulse. From Fig. 7(a), one can see
that the magnetic field exhibits a typically asymmetrical distri-
bution due to the oblique incidence of the laser. In addition, we
find that k7;, and By, are highest at ¢ = 45° in Fig. 7(d) since
the field intensity after laser interference is most intense in this
case.P9 It should be mentioned that, for the sinusoidal grat-
ing, surface plasma waves (SWs) will be generated to promote
the laser absorption if the grating period, electron density and

the incidence angle satisfy the resonant coupling condition>!]

sina+7;=\/(1—ze)(2—ze). (14)

For the laser-grating parameter given above, SWs can be ex-

cited at & = 30°. In contrast, we find that SWs are not as good
as the interference effect o = 45° for achieving higher k7, and

Bmax~
\; rrrrrrrrrrrrrrrrrrrrr 8
b o KTy,
) ’>Bm|<. —
g S0 A
= 23“ P \\\ =
2 S o 4 %,
— =) o o =
~ ]
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Fig. 7. Temperature of hot electrons (the left red y-axis) and the max-
imum strength of magnetic field Bpax (the right blue y-axis) versus (a)
the period / and (b) height 4 of plasma grating. Temperature of hot elec-
trons (the left red y-axis) and the maximum strength of magnetic field
Bax (the right blue y-axis) versus (c) the period / and (d) height & of
plasma grating.

The grating size and the incidence angle of laser pulse
play an important role in the magnetic field generation. We
firstly examine the effect of grating period / on kT;, and Bpax,

as shown in Fig. 7(c). One can see that the optimal grating pe-
riod is at about / = 1 um for effective electron heating and thus
intense magnetic field generation, which is in good accordance
with our previous simulation and theoretical results.>?! This is
due to the fact that more localized electromagnetic fields can
be excited inside the gaps between the gratings, which is bene-
ficial for laser absorption and electron heating.>?! The grating
height % is also crucial for the magnetic field generation. Fig-
ure 7(d) shows that hot electrons are heated to a higher temper-
ature, and stronger magnetic fields can be generated with in-
creasing & due to longer acceleration length. It is worth noting
that for gratings larger than 1 um in height, plasma grating ac-
tually behaves like multiple plasma channels. 332331 Attosec-
ond electron bunches can be pulled out from the inner walls of
the grating surfaces by the transverse electric fields and may be
accelerated by the longitudinal electric field of transverse mag-
netic mode excited inside the plasma channels. 382531 When
energetic dense electron bunches cross the rear surface of the
target, self-generated annular magnetic fields can also be in-
duced. The slight difference is that the radial return current J;
is greatly reduced since these electrons have very large longi-

tudinal momentum. 1385253

5. Methods

PIC simulation Simulations are performed by using the
well-known PIC code EPOCH.!>*! The simulation box is x x
vy = 1004y x 401y with 5000 x 2000 cells, where A9 = 1 um is
the laser wavelength. Each cell contains 108 charged particles,
including electrons, protons and C%* ions. Open boundary
conditions for both particles and fields are used at all bound-
aries. The initial target plasma is cold and its temperature is
set to 0. In Figs. 6 and 7(a)-7(c), ao, I, h, and & are changed
in turn and other parameters remain the same as those in Sub-
section 2.3.

6. Conclusion

Magnetic field generation is one of basic physical phe-
nomena in the relativistic laser pulse interacting with solid tar-
get. Hundreds-MG intense annular self-generated magnetic
fields can be generated by the longitudinal electron current
and radial electron return one. To summarize, we establish a
theoretical model to quantitatively predict the spatial strength
distribution of magnetic fields behind the target from the total
current consisting of the above two directions, which agrees
well with that in the simulations. Analytical results show that
the strength of magnetic fields is positively associated with
the hot-electron temperature. This provides us a way to im-
prove the magnetic field characteristics. We propose to use
surface grating structure in the front of solid target to improve
hot-electron temperature and to enhance the magnetic field
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strength. It is found that, for ultraintense ultrashort laser pulse,
the magnetic field strength is several times increased with use
of plasma grating, compared with the flat target case. The op-
timal grating period is at about one laser wavelength and the
magnetic field strength becomes stronger with increasing grat-
ing height. It is possible to obtain asymmetrically distributed
magnetic fields when the laser pulse is obliquely incident on
the solid target. The strongest magnetic field appears at an
incidence angle of 45° due to the localized electromagnetic
fields from light interference. Our results may be useful for
controlling charged particle transport and related explorations
in laboratory astrophysics.
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