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The generalized temporal evolution equation of a magnetic field is derived for high density laser-fusion

plasmas. Magnetic field generation and convection are simulated by using the 2D hydrodynamic code together
with the magnetic field equation. It is found that magnetic fields are generated and compressed in association with
the Rayleigh-Taylor instability of an imploding shell. In particular, the magnetic field convection by the Nernst
effect is found to play an important role in the amplification of magnetic fields. The maximum magnetic field
reaches 30 MG at maximum compression. This magnetic field may reduce the electron heat conduction around
the hot spark. Therefore, it is concluded that the ignition condition for non-uniform implosion is influenced by

self-generated magnetic fields.
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1. Introduction

It is widely known that megagauss magnetic fields
are generated in laser plasmas. In the 1970s, Stamper
et al. measured a kilogauss magnetic field in a laser-
produced plasma [1]. After that, various measurements
and simulations have revealed that magnetic fields in high
intensity laser-produced plasmas reach the order of 1-100
megagauss [2,3]. A mechanism that plays a role in self-
generated magnetic fields can be explained by the non-
parallel density and temperature gradients [4].

In fast ignition, megagauss-order magnetic fields ex-
ert significant effects on the electron heat flux [5]. In
laser plasmas, a magnetic field is not only generated by
non-uniform laser irradiation but also by various instabil-
ities such as collisionless and collisional Weibel instabili-
ties [6, 7], thermal instability [8], and Rayleigh-Taylor in-
stability [9]. When a laser irradiates a solid target, nonpar-
allel temperature and density gradients appear due to the
Rayleigh-Taylor (RT) instability [10]. The RT instability
in the acceleration and the deceleration phases can be the
major source of the magnetic field in imploded plasmas.
The magnetic fields in the acceleration phase of the im-
plosion are convected into the ablation front by the Nernst
effect [11]. These magnetic fields then penetrate further
inward. The magnetic fields are amplified in the decelera-
tion phase as well, where all the magnetic fields are com-
pressed rapidly. Therefore, the magnetic fields become
strong enough to influence the implosion process.

author’s e-mail: ahata@ile.osaka-u.ac.jp

In this paper, we discuss magnetic field generation and
its effects on heat transport due to RT instability in the de-
celeration phase. In Sec. 2, the basic equations for the mag-
netic field’s temporal evolution are derived. Magnetic field
generation and amplification are simulated in Sec. 3. Sec-
tion 4 is devoted to an analysis of the simulation results.
Finally, Sec. 5 provides a summary and a conclusion.

2. Simulation Model
The temporal evolution of magnetic fields is described
by the following Maxwell equation (1) and the equation of
electron motion shown in Eq. (2).
OB
— =—cVXE, 1
ot ¢ M
where B, ¢, and E are the magnetic field, the speed of light,
and the electric field, respectively. The equation of electron
motion is given by
dv, 1
mene—= = —ene(E+~VexB)=Vpe+Rei = 0, (2)
dt c
where n., me, Ve, and p. are the number density, mass, ve-
locity, and isotropic pressure of electrons, respectively. R.;
is the force due to ion collisions. Here, we assume that
the electron inertia is negligible in Eq. (2) and the charge
neutrality n. = Zn;. We define electric current density J as

u=V,-V,=-J/nee=—(c/dnne)VxB. (3)
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The electric field E and V. are eliminated from Eqgs. (1),
Vpe.

(2), and (3) to obtain
c
Vx(V,—xB)+—[V><( )
e Ne
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where the collision term R,; is separated into the thermal
force Rt and the friction force R,. Rt and R, in Eq. (4)
are defined as follows:

oB

ot

(VxB)xB
4rne

RT+RU

Nne

Rr = _IB\LTTVnTe _,BiTViTe —,3'/4\]-’1 X VT,

R,=-ou,—a,u, +ahxu,

(&)
(6)

where h is a unit vector in the direction of the magnetic
field. The vectors u, and u, represent h(u - h) and h X
(u X h), respectively. T, is electron temperature, and V, T,
represents h(h - VT,). Also VT, represents h X (VT X h).
a and 3 are given by

B =nBo, BT =nB’ +By)/A
B = nex(Bix® + By) /4,
MeNe Mele a'/l/\/z + 06
ay = ——, a, = (1 - )’
Te Te A
mene X(@ x* + )
ap = s
Te A
X =weTe,  A=x"+61x* + 6. (7

Here y is the Hall parameter, w. = eB/mc is the electron
cyclotron frequency, 7. is electron-ion collision mean free
time, and Bo, 8}, 8y, B8, By @0, @}, @y, @, @, 8o, and 8 are
thermal transport coefficients, respectively. These coeffi-
cients are listed in detail in Ref. [12]. The first term on the
right-hand side of Eq. (4) represents the convection and the
stretching of the magnetic field by hydrodynamic motion.
The second term, (c/e)V X (Vpe/n.), is the source of the
magnetic field, called Rihi Ludac effects. If we treat elec-
tron pressure as ideal gas, we obtain the well-known result
(c/(ene))VT. x Vn.. This means that eddy currents are gen-
erated when nonparallel gradients of electron density and
temperature exist. The third term on the right-hand side of
Eq. (4) shows the ion Hall effect. The Hall effect is impor-
tant when the magnetic spatial scale is comparable to ion
skin depth. The last term on the right-hand side of Eq. (4)
contains the diffusion of the magnetic field and the Nernst
effect, which plays an important role in the motion of the
magnetic field. The Nernst effect is due to the generation
of current perpendicular to the temperature gradient and
the magnetic field.

We next concentrate our analysis on the thermal force
R and the friction force R,. Inserting Egs. (5) and (6) into
Eq. (4) together with taking into account the relation of the
velocity u in Eq. (3) to the magnetic field, the last term on
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the right-hand side of the Eq. (4) is written as

Rr+R ,
Vx($)=—Vx(ﬂVTe)
ne
- fo(Bxﬁ”EVTe) +V><(mec il h{(VxB)-h})
c Me dre nete
L
+V><('"°C ¢ hx{(VxB)xh})
dre nete
a,,
+V><{ (V><B)><B}. 8)
4nne

Here, coeflicients 8, 8 , @ , and @” depending on w,7. are
given by

B =B +By/4,

a = (ax? +ay)/4,

B = Bx*+ By,

o’ = (@) +ay)/A.

©)

First of all, combining the first term on the right-hand
side of Eq. (8) with the VT, X Vn, term, the source of the
magnetic field is rewritten as

1
E—VTe X Vne +
e Ne

SV X (BVTe) = VT, x V(logne - B).
e e
(10

The second term V X (,B'VTe) on the left-hand side of
Eq. (10) denotes the thermal force associated with the
electron-ion friction force in the presence of the thermal
gradient. Note that V x (8 VT,) is 0 when B = 0. In ad-
dition, the contribution of V x (ﬁ/VTe) to magnetic field
generation is usually smaller than the VT, X Vn, term in a
high density plasma.

Nishiguchi e al. [11] have studied the convection pro-
cesses of a magnetic field in a laser-produced plasmas in
terms of the Nernst effect. This term is written as follows:

v (B,B”%VTE) =-V-(BVy), Vp= —ﬁ”%vn.
(3 (3

(1)

According to their work, the magnetic field is convected to-
ward the lower temperature region with velocity Vr which
is comparable to the fluid velocity V; in a laser-driven ab-
lation. The velocity Vr is the heat flow velocity and V - V
is negative on the ablation front. As a result, the magnetic
field is amplified at the ablation front. The third term and
the fourth term represent diffusion parallel to the magnetic
field and that perpendicular to the magnetic field, respec-
tively. Both terms are derived from the friction force R,.

The last term also originates from the friction force.
Ultimately the temporal evolution of the magnetic field is
subjected to

B ~ ,
9B _ Vx{(Vi+Vr)x B} + VT, x V(logn. - §)
ot e
ed .
-V x { @ (VxB)xB} -Vx (mec o h{(VxB) - h}
4nne dre nete
Ly
—Vx(mec a hx{(VxB)xh}). (12)
dre nete
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In summary, it is found that the temporal evolution of
the magnetic field is composed of the source, the Nernst
effect, diffusion, and the pressure of magnetic field. It is
important to notice here that the thermo-electric current
VT, X Vn, is the only source of the magnetic field.

3. Simulation of Magnetic Field Gen-
eration in the Stagnation Phase

In order to simulate the temporal evolution of the mag-
netic field, we use space-time dependent plasma profiles
which are obtained by hydrodynamic simulation. The im-
ploded fuel pellet is a CH capsule which contains DT fuel.
The thickness of the CH capsule shell, solid DT, and gas
DT are 2 wm, 100 pm, and 795 pm, respectively.

Figure 1 shows the pulse shape of a 0.35um wave-
length implosion laser. The laser pulse energy is 50 kJ with
a corresponding intensity of 1.4 x 10'* W/cm?. The laser
pulse duration is 3.72ns.

We used the ILESTA-1D code [13] until stagnation
phase r = 3.9 ns, then 2D simulation was carried out for the
plasma profile obtained by 1D calculation. The streamline
of the implosion is shown in Fig.2. At the beginning of
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Fig. 1 The pulse shape of 3w laser with energy of 50kJ.
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Fig.2 The R-T diagram of the implosion obtained by the
ILESTA-1D code. This 1D code was used until 3.9 ns
as an initial condition for the calculation of a magnetic
field.
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the stagnation phase (t = 3.9ns) we switched to the 2-D
simulation code where we used the ideal fluid equations
[14]. The fluid equations are given by

8U+8Fx+8Fy_
o ox  dy
P pu pv
2
U=|P" P = p +pu Y- puv2
pU puv p +pv
E uE + up vE + vp
14 L 5,
= —+ —(u" +v°), (13)
y-D-p 2

where p and E are mass density and the total energy, re-
spectively. u and v are the velocities of the direction of
x and y, respectively. The specific heat capacity ratio y
is assumed to be 5/3. We set 10% velocity perturbation
at 3.9ns and calculated the magnetic field from 3.9ns to
4.4 ns where the Rayleigh-Taylor instability of mode 6 is
included in the deceleration phase. The temporal evolu-
tions of magnetic fields depend on velocity v ~ 107 cm/s
and a spatial scale length which is determined by the tem-
perature and density gradients. When we solve the mag-
netic field equation (12), the time step should be shorter
than L/v which is longer than 10ps when L > 1pum. In
this case, it is justified that the time step is 10ps. In our
model, we investigated the generation of a magnetic field
in axisymmetric cylindrical geometry (, z) so that we have
only a Bs component. The total size of the simulation is
384 umx 768 um with a mesh spacing of Ar = Az = 1.5 um
in the r and z directions, respectively. By is defined at a cell
center, and ion velocity is defined on a cell corner. The
boundary condition of By is a free boundary, along the z
axis.

~

4. Analysis of Simulation Results at

Different Times

Figure 3 shows electron density and electron temper-
ature profiles in the deceleration phase. The simulation of
the magnetic field started when the shell was compressed
toward the center at + = 3.9ns. The compression of the
fuel continued until 4.16 ns, where the peak electron den-
sity and temperature reach 3.3x 10% cm™ and 8000 eV, re-
spectively, near the center. After maximum compression,
the target expands outward. Ignition and burn are not in-
cluded in this simulation.

The distributions of the self-generated magnetic field
are shown in Fig.4. The positive value of B, indicates a
right-handed circular direction. Magnetic fields are created
near the steep gradient of electron temperature, which rise
up to 30 MG at maximum compression. In the early stage
of the deceleration phase, magnetic fields generated by the
source term are generated around both sides of spikes of
the Rayleigh-Taylor mode shown in Fig.4 (b). The mag-
nitude of the magnetic field reaches its maximum at maxi-
mum compression, and the magnetic fields are compressed
rapidly toward the center by the stagnation motion.
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Fig.3 The contour profiles of (a)-(e):
3.9,4.05,4.13,4.16, and 4.25 ns, respectively.
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Fig. 4 The profiles of B,(G) at (a) ¢ = 4.13ns, (b) t = 4.16 ns, and (c) ¢ = 4.25 ns, respectively.

Figure 5 represents the relations among ion velocity
Vi, the Nernst velocity Vr, and the total velocity V; + V¢
at 4.16ns. The ion fluid flows toward the center until
the maximum compression and the velocity |V;j| extends to
6.0x 107 cm/s. The Nernst velocity is defined as a function
of the magnetic field and the heat flow caused by the gradi-
ents of electron temperature. The heat flow is opposite ion
velocity on the inner surface of the imploding shell so that
V; and V71 cancel each other on the shell’s inner surface.
On the other hand, on the outer surface of the shell, V; and
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V1 are the same sign and V; + Vr is large on the outside
of the shell as shown in Fig. 5 (c). Therefore, the magnetic
fields are compressed on the inner surface of the imploding
shell as shown in Fig.4 (b). Along the z axis, cylindrical
spikes collide around the center. As a result, very strong
magnetic fields are generated on the z axis near the cen-
ter of the core plasma. As the result, the combination of
imploding plasma flow and the Nernst effect amplify the
magnetic field effectively during stagnation.

The distribution of the Hall parameter defined by w7,
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Fig. 5 The comparison of the ion velocity(vector) with the Nernst velocity(vector), and the temperature profile(contour lines) at r =
4.16ns. (a) ion velocity; V; [cm/s], (b)the Nernst velocity; Vr [cm/s], and (c) V; + V1 [cm/s]. The shortest arrow indicates 1.0 X

107 cm/s.

is shown in Fig.6. The heat conduction is reduced by a
factor of 1/{1 + (wete)?}. This factor could be as small
as 1/2 in the strong magnetic fields. Therefore, the self-
generated magnetic field could play an important role in
hot spark ignition.

5. Summary and Conclusion

Temporal evolution equations of self-generated mag-
netic field are derived by including convection as well as
the Nernst effect for imploding plasmas. We simulated
magnetic filed generation in association with the Rayleigh-
Taylor instability. The maximum magnetic field reaches
30MG around the hot spark at maximum compression.
The amplitudes of the magnetic field are estimated by the
balance between amplification rate and diffusion. By this
estimation, the magnetic field intensity is roughly obtained
as B ~ Tewp,/(ecvei) o« T3>, Namely, B ~ 30MG at
maximum compression. Here, w,. and v are electron
plasma frequency and e-i collision frequency, respectively.
If temperature increases as high as ignition temperature
T. = 10keV from T. = S5keV which is the maximum
temperature of this simulation, the magnetic field increases
5-fold because the intensity of the magnetic field is propor-
tional to T>>. Therefore, the peak magnetic field reaches
150MG.

Since electron heat conduction is strongly affected by
this magnetic field, the electron temperature profile is mod-
ified and hydrodynamic motion may be strongly affected in
burning plasmas.

The electron’s Lamor radius for a 30 MG magnetic
field is estimated as r 50 um, thus there exists the
possibility that particles may be trapped by the magnetic
field. Therefore, the influence of the self-generated mag-
netic field on ignition should be critically investigated. In
three-dimensional simulations, stretching and dynamo ef-
fects will appear to affect the magnetic field structure on
an ablation surface. The three-dimensional effects will be
important in this case and should be investigated in future
studies.

Finally, we note that the strong magnetic field in the
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Fig. 6 The distribution of the Hall parameter w,Te.

imploded plasma plays an extremely important role in rel-
ativistic electron heating in fast ignition.

Therefore, the effects of a self-generated magnetic
field on relativistic electron transport should also be inves-
tigated in the future.
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