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Abstract. In the study of the interaction of ultra-intense laser pulses with thin
plasma targets there appears self-generated magnetic fields in the plasma tar-
get. The strong magnetic fields were directly measured in the plasma target, and
were attributed to a mechanism of non-parallel electron temperature and density
gradients. These magnetic fields can become strong enough to significantly affect
the plasma transport. The underlying mechanism of the self-generated magnetic
fields in the ultra-intense laser—plasma interactions is presented by using a two-
dimensional particle-in-cell simulation.

1. Introduction

Recent advancements on ultra-intense, short-pulse lasers have allowed for the ex-
ploration of many novel regimes in the field of laser—plasma interactions. Fast
particles generated by laser—plasma interactions can be used in many applications,
from manufacturing to medicine and even for the initiation of tabletop nuclear
reactions. IEnergetic particle generation by the interaction of ultra-intense laser
pulses with plasmas has been demonstrated in many previous studies [1-4]. Self-
generated magnetic fields have also been reported [5-9] in laser—plasma interac-
tions. Experimental measurements of the self-generated magnetic field during ultra-
high intensity (>10' W em™2) interactions indicated the existence of peak fields
between 340 MG and 460 MG at intensities in the range of 9 x 10! W em™2 [5].
Particle-in-cell (PIC) simulations indicate that spontaneous quasistatic magnetic

fields may be produced in the plasma when an ultra-intense laser interacts with the
plasma. Such a self-generated magnetic field exerts tremendous influence on inertial
confinement fusion, particularly for energy absorption and energy transport [10].
We have also determined the saturated magnetic fields of the Weibel instability [11,
12] in ultra-intense laser—plasma interactions using the laser intensity and plasma
density [9
generation by ultra-intense laser pulses on the surface of thin plasma targets [1].
Strong self-generated magnetic fields also appeared in the interaction of ultra-
intense laser pulses with thin plasma targets. These magnetic fields affect the
movement of the energetic protons.

. We have previously analyzed energetic proton acceleration and bunch
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This paper reports a mechanism for self-generated magnetic fields in the inter-
action of ultra-intense laser pulse with a thin plasma target, resulting from non-
parallel electron temperature and density gradients by theory and PIC simulations.

2. Mechanism for self-generated magnetic fields

In the interaction of ultra-intense lasers with plasma, the electron momentum
equation can be written as [7]

d;’t" = —¢E— Ev x B — niev(”“T") 2.1)
where d/dt = 0/0t+v. "V, pe = me(T.)7yv. is the relativistic momentum, m.(T,) =
moG(&) = moK3(€)/Ky(€). € = mo® /T, v = (1 —v2/c?)7V/? is the relativistic
gamma factor, m, is the electron mass, myg is the rest mass of the electrons, e is the
electron charge, T is the electron temperature, n, is the electron number density;,
and K, is the Macdonald function of nth order.

We separate all the field variables as sums of the slow- and fast-varying parts.
Thus v, = (ve)+ver, E= (E)+E¢, and B = (B) +B;. The slow-varying component
of (2.1) is written as

D{p. 1
lgpt ) _emy - () x (B)+F = —V(n.T,), (2.2)
F = —c*V(ym.(T.)) + Cije(Te), (2.3)
2 A2 1/2

where D/Dt = 8/9t + (v.) - V, F is the electron ponderomotive force, and A is the
vector potential of the laser light.

The equation of the averaged electric and magnetic fields are given by Faraday’s
law and Ampere’s law,

V x (E) = —%%, (2.5)
V x (B) = 4Ze"<<vi> — (Vo). (2.6)

Here n = n. = n; is the quasi-neutral plasma number density, and the mean
velocity v;i of the non-relativistic ion fluid is determined by
Div; e 1
m; {vi) =e(E) + —(vi) x (B) — —V(n,T}) (2.7)
Dt c n;
where D/ Dt = 8/0t+(v;)-V, m; is the ion mass, and the ponderomotive force acting
on the ion fluid is ignored because it is smaller than the electron ponderomotive
force.
We take the curl of (2.2), assuming that the inertial force is small in comparison
with the ponderomotive force, and we use (2.5) and (2.6) to obtain

O(B) c V x (B)
W = Tﬂ_ev X <<B> X 7718

where the ions are assumed to be immobile.

ene

3
) + S VI x Vi, + ;?Vme(Te) X VY (2.8)
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In (2.8), the source terms of the self-generated magnetic fields are the second
term and the third term on the right-hand side of (2.8). We consider the second
term on the right-hand side of (2.8) and we obtain

6<B1> C

ot ene

VT, x Vn,. (2.9)

We obtain from (2.9) that

1\* A2 T. mowyc 1\2 N2 T
Bil)~ {50 ) @t = (=) L (wt)—5B 2.10
<| 1|> <27T> lTl” (WL )mOC2 € <27T) lTln (WL )'rn(]C2 0 ( )

where )\, is the laser wavelength in micrometers, wy, is the laser angular frequency,
By = mywyc/e = 101 MG and Iy, I, are the characteristic scale lengths in micro-
meters of the temperature and density inhomogeneities, respectively.

In (2.10), the temperature T, is obtained by balancing the pressure gradient
and the relativistic ponderomotive force of the circularly polarized electromagnetic

waves as [4,13-16]
T, = moc® (/14 A2 115/2.74 — 1) (2.11)

where I1g is the laser intensity in units of 10'¥ W em™2 and Ay is 1.06.
From (2.10) and (2.11), the magnetic field (|B;]) is given by

3
A

lT ln

(B;]) ~ 1.53 x 1072 (wit)\/ 113 By (2.12)

where I1g>1 [9].

Usually experiments and modeling are conducted with azimuthal symmetry with
a focused laser beam propagating in the x-direction and interacting with a planar
solid surface normal to the axis. The dominant component of Vn, is (9n,/0x)x,
the dominant component of VT, is (07./0y)y and then the direction of the self-
generated magnetic fields is in the z-direction.

3. Numerical simulation and discussion

In order to explain the mechanism of the self-generated magnetic field, we per-
formed an electromagnetic PIC simulation. Simulations were performed for a laser
with a wavelength A, of 1.06 pm, a laser pulse width of 40 fs, a laser beam diameter
of 1.5 yum, and a laser intensity of 10> W ¢em~2. The laser pulse is linearly polarized,
normally incident, and the intensity distribution has a Gaussian shape in space.
We consider a circular concave target. The maximum electron density is n, = 4n.,
where n, is the critical density. The initial temperature of electrons and ions is 1 keV
and 0.8 keV, respectively, and the electron—ion mass ratio is 1/1836. The time step
is chosen to be 0.1/wy,, and the spatial step is 0.3¢/wy,. The gradient and constant
plasma densities were in the ranges of 1.0 ym and 2.0 pm, respectively. In this sim-
ulation, the coordinate x is longitudinal and y is transverse. The laser pulse is in the
z-direction. Periodic boundary conditions are applied in the transverse direction.
We assume an absorbing boundary for the fields and a thermal reflection boundary
for particle in the z-direction. The number of spatial grids in the plasma region and
particles in the default parameter are 118\, X 17\, and 7 x 10°, respectively.
The geometry of the target containing the concave cavity [1]is shown in Fig. 1. In
Fig. 2, the spatial distribution of the electron density from a circular concave target
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Figure 1. Geometry of the target containing the concave cavity.
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Figure 2. Spatial distribution of electron density from a circular concave target at
wrt = 350. The laser pulse (I = 102 W ¢m™2) comes in from the left.
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Figure 3. Spatial distribution of magnetic fields at wy,t = 350.
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Figure 4. Schematic figure of the self-generated magnetic fields and currents J.

at wr,t = 350 is shown. In Fig. 3, the self-generated magnetic fields from a circular
concave target for I = 10?° W em™2 at wy,t = 350 are shown. The schematic figure
of the self-generated magnetic fields and currents is shown in Fig. 4. In Fig. 4, the
lines zwy,/c = 105 and ywy,/c = 165, the lines zwy,/c = 107 and ywy,/c = 170, the
lines 2wy, /c = 105 and ywy,/c = 135, and the lines 2wy, /c = 107 and ywy,/c = 130
cross at the point A, B, C, and D, respectively. In Fig. 5, the electron temperature
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Figure 5. Temperature profile on the line zwy,/c = 105 at wi,t = 350.
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Figure 6. Temperature profile on the line zwy,/c = 107 at w,t = 350.
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Figure 7. Density profile on the line ywy,/c = 130 at wy,t = 350.

is shown on the line zwy,/c = 105 at wi,t = 350. In Fig. 6, the electron tempera-
ture is shown on the line zwy,/c = 107 at wi,t = 350. In Fig. 7, the electron density
is shown on the line yw;,/c = 130 at w,t = 350. In Fig. 8, the electron density is
shown on the line ywy,/c = 135 at w,t = 350. In Fig. 9, the electron density is shown
on the line ywy,/c = 165 at wi,t = 350. In Fig. 10, the electron density is shown
on the line ywy,/c = 170 at wi,t = 350. The positive direction of the self-generated
magnetic field on point A in Fig. 4 is explained by the mechanism of VI; x Vn, by
using Figs 5 and 9. The negative direction of the self-generated magnetic field on
the point B in Fig. 4 is explained by the mechanism of VI, x Vn, by using Figs 6
and 10. The negative direction of the self-generated magnetic field on the point C
in Fig. 4 is explained by the mechanism of VI, X Vn, by using Figs 5 and 8. The
positive direction of the self-generated magnetic field on the point D in Fig. 4 is
explained by the mechanism of VI X Vn, by using Figs 6 and 7. In Figs 11 and 12,
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Figure 8. Density profile on the line ywy,/c = 135 at wy,t = 350.
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Figure 9. Density profile on the line ywy,/c = 165 at wit = 350.
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Figure 10. Density profile on the line ywy,/c = 170 at wi,t = 350.

180

175 5
170

165

yo /c

160 |

155

150 K&
90 95 100 105 110 115 120
Xo /c

Figure 11. Distribution of the vectors of electric current density in the ranges
90 < zwr,/c < 120 and 150 < ywy,/c < 180 at wi,t = 350.
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Figure 12. Distribution of the vectors of electric current density in the ranges
90 < 2wy, /e < 120 and 120 < ywy,/c < 150 at wit = 350.
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Figure 13. The self-generated magnetic fields on the line zwy,/c = 105 at wi,t = 350.
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Figure 14. The self-generated magnetic fields on the line zwy,/c = 107 at wy,t = 350.

distributions of the vectors of electric current density are shown. In Figs 13 and 14,
the self-generated magnetic fields are shown.

The self-generated magnetic field can be calculated using lr = [,, = 4 (um) which
is estimated from Figs 5-10 and (2.12) to be (|By|) = 403 MG for I = 10 W ¢m~2.
From Fig. 14 we can estimate the peak value of the self-generated magnetic fields
to be about (B) = 350 MG for I = 102 W ¢m™2. The self-generated magnetic field
(/By]) is consistent with (B).
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4. Conclusions

In the interaction of ultra-intense laser pulses with thin plasma targets there ap-
peared strong self-generated magnetic fields in the plasma target. The self-generated
magnetic fields were attributed to a mechanism of non-parallel electron temper-
ature and density gradients. The spontaneously generated magnetic fields could
significantly affect the propagation of laser-produced energetic plasmas.
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